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CHAPTER 1

Overview of Nanolayers: Formulation
and Characterization Methods
Toyoko Imae

National Taiwan University of Science and Technology, Taipei, Taiwan

1.1 Introduction

The concept of monolayer was established by Irving Langmuir (1881–1957, Nobel Laureate in
Chemistry, 1932) after the report regarding the adsorption of gases on plane surfaces [1]. Since

then, the fourth phase, “surface” or “interface” at the phase boundary, has been recognized as

significant in addition to the traditional three main phases of gas (air), liquid, and solid, and

Langmuir earned respect as a pioneer of surface science (chemistry), as it was he who

introduced the concept of two-dimensional molecular array, in addition to the concept of two-

dimensional thermodynamics, on the interpretation of the surface. Moreover, his establishment

of methodology preparing water-insoluble monomolecular film on Langmuir-Blodgett trough

enabled the development of not only the basic research of molecular films on surface but also

the preparation/modification technology of practically preferable molecular films.

Another important advance in surface science was the development of the scanning probe

microscope by G. Binning and H. Rohre in 1981 (Nobel Laureates in Physics, 1986) [2]. This

development allows us to see molecular surfaces directly over the estimation. The arrangement

of nanolayers including monolayers, bilayers, and multilayers at the interface had formerly

been estimated by chemical and physical analyses. However, after the visualization of such

molecular arrangement became successfully possible especially as to the thickness of the

layers, scientists and engineers expected the strict control of the regularization of nanolayers at

the interface and their precision characterization, since they recognized that the characteristics

of materials and instrumentation were subjected to the interface. Their expectation encouraged

the development of surface analysis methodology based on spectroscopy and electromagnetics.

Nowadays, on the strength of these developments, many scientists and engineers in academia

and industries have focused on the investigation of surface science. Thus the research is

evolving with industrial products relating to adsorption, adhesion, coating, colloidal particles,

thin films, chemical reaction, analysis, and separation. Especially notable, such methodologies

are currently tactical on high-precision surface processing technology.

Nanolayer Research. http://dx.doi.org/10.1016/B978-0-444-63739-0.00001-3
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This chapter gives an overview of nanolayers. Different types of nanolayers including

monolayers, bilayers, and multilayers are prepared at different interfaces and with different

procedures. The as-prepared nanolayers are analyzed for their structures and properties by

means of various methodologies and technologies, which adapt to different scales of specimens

and characterizations depending on the particularity of each methodology and technology. For

instance, visualization technology by microscope is limited to the resolution by beam

wavelengths for optical and electron microscopes and by probes for scanning probe

microscopes. In electromagnetic methodology, while light scattering is used for the analyses of

structures of larger dimension, X-ray and neutron scattering cover small-scale structures.

Spectroscopy is utilized for the analyses of rather fine structures like the orientation or

compactness of molecules in the layers. Fig. 1.1 indicates the methodologies of visualization,

electromagnetics, and spectroscopy for nanolayers in relation to size scale. In the following

section, the formulation of nanolayers at different interfaces and their characterization using

microscopy, electromagnetics, and spectroscopy are reviewed.

1.2 Formulation of Nanolayers

1.2.1 Monolayers at Interface

Monolayers are formed at any interfaces between three phases of gas (air), liquid, and solid.

Monolayers formed at different interfaces are given different specific names as listed in

Table 1.1.

1 Å 1 nm 10 nm 100 nm 1 μm 10 μm

OM

EM

SPM

WAS SAS USAS

LS

Spectroscopy

Fig. 1.1
Microscopy, electromagnetics, and spectroscopy for nanolayers sectioned by size scale. OM: optical
microscope, EM: electron microscope, SPM: scanning probe microscope, LS: light scattering, WAS:

wide angle scattering, SAS: small angle scattering, USAS: ultra-small angle scattering.
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1.2.1.1 Monolayer at gas (air)-liquid interface

Based on two-dimensional thermodynamics, the surface free energy Fs at the air-water

interface of area A and temperature T is described by

dFs¼�SsdT + ΥdA, Υ ¼ @Fs=@Að ÞT (1.1)

where Ss is the surface enthalpy and Υ is the surface tension, that is, surface free energy per unit

area. Since the surface tension is positive, the surface always has a tendency to be minimalized.

According to Gibbs’s definition, the surface excess density of water is zero at the dividing

surface (plane) (Гw¼0) (Fig. 1.2A). Then the surface excess density of solute in water is

nonzero (Г i>0: positive adsorption, Г i<0: negative adsorption [Fig. 1.2A and B]), where Г i is

the surface excess density of component i.

Table 1.1 A list of layers and their remarks at different interfaces

Interface Layer Remark

Gas-liquid Gibbs adsorption monolayer Surface tension
Langmuir monolayer Langmuir-Blodgett trough

Gas micro- or nanobubble Air and nitrogen bubbles
Gas-solid Langmuir gas adsorption Langmuir adsorption isotherm

BET gas adsorption BET adsorption isotherm
Langmuir-Blodgett accumulation

film
X-, Y-, and Z-film

Liquid-solid Self-assembled monolayer Adsorption
Solid suspension Laundry

Gas-gas Soap bubble (bilayer, multilayer) Bubble mineral processing
Liquid-liquid Micro- and macroemulsion Foods and cosmetics

Lyotropic liquid crystal Lamella and bicontinuous phase
Solid-solid Alloy Solid solution

x x

Cw C

In C

(Negative adsorption) 2

1

(C)(B)(A)

(Positive adsorption)

Inorganic electrolytes

Simple organic solutes

Amphiphilic solutes

°

go
Gw = 0 G2 > 0

Fig. 1.2
(A) Profiles of surface excess densities of water and solute at Gibbs dividing surface, (B) typical curves
of surface tension of a solution as a function of solute concentration, and (C) formation scheme of

Gibbs adsorption monolayer.
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When component 2 dissolved or dispersed in water, (component 1) is adsorbed at the interface

of water with air (Fig. 1.2C), the Gibbs adsorption isotherm is described by

�dΥ ¼
X

Г idμi, Г i¼ nsi=A (1.2)

where i¼1 and 2, and μi and ni
s are the chemical potential and the number of ith component at

the interface, respectively. Thus, Г i is the excess number of ith component per unit area at

interface.Meanwhile, the differential chemical potential dμ2 of solute (component 2) in an ideal

solution can be described by

dμ2 ¼RTd lnC2 (1.3)

where R is the gas constant and C2 is the concentration of the component 2 in the bulk phase.

Thus the Gibbs adsorption isotherm becomes

Г 2¼�dΥ=dRT lnC2 ¼� 1=RTð Þ @Υ=@ lnC2ð ÞT,P (1.4)

Eq. (1.4) is applicable for one solute system, but other equations must be derived for a

multisolute system, the Gibbs adsorption multilayer, and so on [3].

Generally, simple organic solute lowers the surface tension of water with increasing the solute

concentration by positive adsorption, but some inorganic electrolytes slightly increase it due to

negative adsorption, as described earlier. Amphiphilic solutes (mainly surfactants) initially

decrease the surface tension with initial increase of solute concentration, but these keep a

constant surface tension above a certain solute concentration (Fig. 1.2B) called critical micelle

(aggregate) concentration, where the air-liquid interface is occupied by monolayer of solute

molecules. Since micelles of amphiphiles are formed at the critical micelle concentration, this

concentration is adopted as a barometer of the micelle formation in bulk. The preparation of

Gibbs adsorption monolayer is also possible even by means of amphiphilic polymers [4,5] and

nanoparticles [6] besides surfactants [3,7].

Another type of monolayer at air-water interface is well known as the Langmuir monolayer.

Whenwater-insoluble molecules dissolved in water-immiscible solvents (chloroform, benzene,

and so on) are spread on water surface (subphase) in a trough and solvents are evaporated,

monolayer remains on subphase [8]. In this situation, molecules are dispersed throughout whole

water subphase and are referred to as gas-state monolayer, as shown in Fig. 1.3. If the area of the

subphase is compressed, the surface pressure increases through gas-liquid equilibrium state,

liquid state and solid state, and finally the Langmuir monolayer is destroyed at excess

compression. Then, surface pressure π (¼ Υ0�Υ , Υ0: surface pressure of water, Υ : surface
pressure covered by water-insoluble molecules) is described by π¼kT/A (k: Boltzmann

constant) for gas-state. This equation is comparable to the three-dimensional pressure-volume

state equation. When amphiphilic solutes (e.g., surfactants with hydrophilic head and
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hydrophobic tail) are spread, well-packed monolayers can be formed in the solid state. Then the

surface area occupied by one molecule can be calculated from surface area at solid state.

Incidentally, since the smallest cross-sectional area (critical area) of alkyl chain at a well-

packed, solid-state Langmuir monolayer is 20 Å2 [9], which can be attained by eicosanoic acid

(arachidic acid, CH3(CH2)18COOH), the solidity of Langmuir adsorption films can be

assessable from the surface area [10,11]. The critical area corresponds to the extrapolation at

π¼0 in a relation of π¼b�aA for solid state (see Fig. 1.3).When Langmuir monolayer formed

at air-water interface is transferred onto solid substrate, one can form Langmuir-Blodgett

monolayer film on air-solid interface as described later.

Langmuir adsorption monolayer consisting of the mixture of mutually insoluble components

sometimes provides the aspect of two-dimensional phase separation and the uniquely patterned

texture as cases of arachidic acid/azo-dye hybrids [12] and perfluorinated/hydrogenated

amphiphiles hybrids [9], although patterns vary depending on surface pressure and mixing

ratio. Most Langmuir adsorption monolayers are prepared on water subphase, because the

subphase of organic solvent with low surface tension is not adequate. The only exceptional

subphase besides water is mercury, which is liquid at room temperature. In this case, even thick

homogeneous films like 10 μm thickness with smooth surface can also be produced [13].

1.2.1.2 Monolayer at gas-solid interface

The gas adsorption on solid has been investigated as a physical phenomenon since the 18th

century. The adsorption is mainly categorized as chemisorption, which is an adsorption

concerned by chemical interaction (activated energy), and physisorption, which is an

adsorption by weak interaction like van der Waals force, etc. The different types of adsorption

Solid state

Liquid state

Gas-liquid

Gas state

Surface area

Monolayer

Air

H2O

H2O

H2O

S
ur

fa
ce

 p
re

ss
ur

e

equilibrium

Fig. 1.3
Schematic representation of surface pressure-area isotherm and gas, liquid, and solid states of the

monolayer.
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have been developed theoretically as well as experimentally, as illustrated in Fig. 1.4A.

A simple and convenient equation is called a Freundlich equation, described by

v¼ αp1=n or logv¼ 1=nð Þ logp+ logα (1.5)

where v is an adsorption amount, p is a partial pressure of adsorbate gas. The α and n are a

constant depending on adsorbate and a constant characteristic of adsorbent, respectively, and

obtained from a slope and an intercept of the plot of log v as a function of log p, respectively.

This equation fits at wide concentration region of adsorbate, but it is an empirical equation as

well as a Henry-type adsorption isotherm (v¼αp).

The physicochemical interpretation of gas adsorption on solid by introducing molecular

concept was performed by Langmuir [1]. The theoretical equations derived by Langmuir are

called Langmuir adsorption isotherm. The theory takes into account chemisorption of adsorbate

on solid, and the concept of binding site on adsorbent surface is introduced on the Langmuir

adsorption isotherm (Fig. 1.4B), where the binding site has a same size as adsorbate and one

adsorbate can occupy one binding site, indicating that the size and number of binding sites are

varied depending on the adsorbate. When equilibrium among free site (S), adsorbate (A), and

occupied site (A�S) exists (Eq. 1.6), the equilibrium can be described by an Eq. (1.7).

A+ SÐA�S
ka

kd
(1.6)

kap Ns�Nað Þ¼ kdNa (1.7)

V

p

p

p

p

p

p

V

V

V

Henry-type Freudlich-type

(A)

(B)

(C)

BET-type

kd

kd

ka

ka

A

AS
S

Hysteresis-type

Langmuir-type

Step-type

V

V

Fig. 1.4
Schematic illustrations of (A) various adsorption isotherms, (B) Langmuir adsorption, and (C) BET

adsorption.
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where Ns and Na are numbers of total site and of adsorbed site (adsorbate), respectively, and ka
and kd are rate constants of adsorption and desorption, respectively. Thus the adsorption amount

of adsorbate v is described by

v�Na ¼ ka=kdð ÞNsp= 1 + ka=kdð Þp½ � (1.8)

as a function of a partial pressure of adsorbate p and with constants ka/kd and Ns, where Nb

corresponds to the saturation adsorption at p!∞.

The representative theoretical equation as well as Langmuir adsorption isotherm was derived

by S. Brunauer, P. H. Emmet, and E. Teller and named the BET adsorption isotherm [14]. The

concept is that adsorbates are multiply adsorbed on the adsorbate monolayer on adsorbent

surface (see Fig. 1.4C). Then the interaction of adsorbate with adsorbent is different from the

interaction between adsorbates. It can be generally assumed that the former is chemisorption

and the latter is physisorption. Supposing that the Langmuir adsorption isotherm equation is

approved at each adsorption layer, the adsorption amount of adsorbate v is

v¼ vmcx= 1� xð Þ 1� x�cxð Þ, x¼ p=p0 (1.9)

where vm is the gas amount adsorbed on first monolayer and c is a BET constant relating to

activation energy of adsorption, p and po are the gas pressure and saturation gas pressures of

adsorbate at the temperature of adsorption. Thus, vm corresponds to a saturation adsorptionNs in

Langmuir adsorption isotherm in Eq. (1.8).

Among profiles of various types of adsorption isotherms illustrated in Fig. 1.4A, the Henry-type

isotherm corresponds to the linearly increasing initial adsorption, and the Freundlich-

type isotherm covers slightly higher adsorption region deviating from linearity. The Langmuir-

type isotherm saturates at limited adsorption, but the BET-type isotherm further adsorbs up to

infinity in a theoretical sense. The step-type isotherm occurs on the adsorbent with distinctively

shaped pores, and the hysteresis-type isotherm is sometimes observed on mesoporous

adsorbents. The gas adsorption is the more common phenomenon possible with high frequency,

which is practically utilized in industry in dehumidifiers, deodorants, smoke extraction, gas

chromatography, solid catalyst, etc.

Along with Langmuir adsorption isotherm, Langmuir adsorption kinetics is popularly used for

investigating kinetics of gas adsorption on solid substrates. On the Langmuir monolayer

adsorption described by Eq. (1.6), the rate equation is written by

dNa=dt¼ kap Ns�Nað Þ� kdNa (1.10)

and

Na ¼ Nskap= kap+ kdð Þf g 1� exp � kap+ kdð Þtf g½ � (1.11)

This principle can be extended to the adsorption kinetics with multiple binding sites. Thus, the

derived equations can exactly fit to gas (CO2) adsorption with three adsorption sites on layer-

by-layer of clay and dendrimer [15].
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1.2.1.3 Monolayer at liquid-solid interface

Although Langmuir and BET adsorption isotherm equations are deviated for gas adsorption, the

same isotherms are also applicable to the adsorption of solute from a solution on adsorbent

solid. In such cases, a partial pressure of gas must be replaced by a concentration of solute. This

case belongs to the adsorption at liquid-solid interface, and many layers on solid substrates are

prepared by this procedure [16]. Its principle regulates the efficiency of chemical adsorbent, ion

exchange resin, chromatography, catalyst, etc.

Incidentally, the self-assembled monolayer (SAM) is a representative monolayer at liquid-solid

interface, although it can be regarded as a specific case of Langmuir adsorption of solute in

solution on solid. When adsorbate molecules have specific binding functional groups to the

substrate solid, molecules adsorb on solid with molecular orientation and it is a monolayer in

almost all cases. Thus such an adlayer is called SAM. Thiol and siloxane compounds are most

favored for SAM formation on gold and glass substrates, respectively [17,18], and such

compounds are strongly immobilized on these substrates (Fig. 1.5). If desirable functional

groups are introduced on free terminal of compounds facing to bulk solution, the surface

characters of the SAM-substrate can be completely altered. Thus, the formation of SAM is the

preferable method for surface modification and nowadays often utilized in academic and

industrial researches. The kinetics of the SAM formation on Au surface obeys simple Langmuir

(monolayer) kinetics as described by Eqs. (1.10), (1.11), although it is not a case of electrostatic

adsorption of cationic surfactant on SAM [19].

R
R R

R

(A)

(B)

R

HO

HO

OHSi

R

HO OHSi

O

O

O

R R

Si Si

O O

OHO

O

H H H H
Si

SH

S S

Gold

Glass
Glass

CondensationSol-gel reaction

Organosiloxane

Organoxysilane

(CH2)n

(CH2)n (CH2)n

OCH3

OCH3

H3CO

Fig. 1.5
Schematic representation of SAM formation on (A) gold and (B) glass substrates.
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1.2.1.4 Monolayer at finite interface

Monolayers are formed even at finite interface between closed phase and surrounding bulk

phase. In most cases, amphiphilic molecules (surfactants) are localized at interface and stabilize

closed phase in bulk phase. There are three typical cases: gas bubbles (gas in liquid) with gas-

liquid interface, emulsions with liquid-liquid interface, and suspensions with liquid-solid

interface (see Fig. 1.6). While finite phase larger than micrometer is unstable in bulk phase and

causes coagulation, destruction, float, or precipitation, small finite phase such as nanoscale

stably disperses in bulk phase. Gas micro- or nanobubbles are a current topic in surface

chemistry [20]. Although air macrobubbles in water easily come to the surface and are broken,

micro- or nanobubbles are stably dispersed in water without any variation of bulk appearance

for a long time.

The research is performed not only as academic investigation but also from necessity on

practical applications, since air (oxygen) nanobubbles are useful for the transportation of living

water (sea) animals in closed containers and inmedical treatment, and nitrogen nanobubbles are

available for biocidal and antirust in water. However, the stabilization of nanobubbles in the

recently reported cases is not necessarily due to the contribution of monolayer but it can occur

by mechanical means in one case, although its stabilization is less. Micro- and nanoemulsions

of oil-in-water (o/w) and water-in-oil (w/o) are already utilized in a general way in commercial

products, especially in foods and cosmetics. Suspensions are very common on removal or

separation of solids, such as in laundering, for example.

1.2.2 Multilayers at Interface

Bilayers are popular in the natural world. The case is the basic structure of cell membranes

formed by amphiphilic lipid molecules, which is called liposome (Fig. 1.7A). Lipids form

bilayers, where hydrophobic tails are inside and hydrophilic heads locate at the periphery,

because they are exposed to aqueous media [21,22]. Similar structures to bio-based liposome

Water Water Water

Gas Oil Solid

(A) (B) (C)

Fig. 1.6
Schematic illustration of monolayers at finite interface: (A) gas bubble, (B) emulsion, and

(C) suspension.
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can be formed using artificial amphiphilic molecules (surfactants) and are called vesicles

(Fig. 1.7B) [23]. Aggregates of surfactants in solution change their shapes, if the adequate

conditions are chosen. For instance, surfactants in solution form micelles in water, and if oil

components like hydrocarbon are added to water, they aggregate into microemulsions (o/w

microemulsions), subsequently vesicles and lamellar phases. Further addition of oil

components results in bicontinuous phase, where continuous water and oil phases are balanced

and surfactants are located at the interface of two continuous phases.With further increase of oil

components, reversed lamella, reversed vesicles, reversed microemulsions (w/o

microemulsions), and finally reversed micelles are formed. In inverse ordering of bilayers,

hydrophilic heads are inside and hydrophobic tails locate at the periphery, because water is

trapped close to hydrophilic heads in the middle of layers. The aggregates of lamellar,

bicontinuous, and reversed lamellar phases are known as lyotropic liquid crystals as well as

cubic phase. Aside from bilayers at liquid-liquid interface, bilayers of surfactants at air-air

interface are known as soap bubbles (Fig. 1.7C), where hydrophobic tails locate at the periphery

of bubbles, because a bubble is surrounded by hydrophobic bulk air. Although water blocked in

bubble film is protected by hydrophilic heads, the bubble thickness becomes thinner with time

due to the evaporation of water. Thus the color of soap bubbles changes with time and the black

bubble just before breaking is a bilayer of surfactants.

Accumulated monolayers can be fabricated using Langmuir-Blodgett accumulation procedure

in trough. The fabricated multilayers depend on the deposition process, and X-type (###),
Y-type ("#"), and Z-type (""") films are accumulated, as seen in Fig. 1.8A. Besides the vertical

dipping method as shown in Fig. 1.8A, horizontal (flat) adsorption procedure is also possible to

prepare X-type films. Although the Langmuir-Blodgett accumulation procedure is applicable

only for water-insoluble molecules, the Gibbs adsorption monolayer formed by water-soluble

molecules is also possible to transfer on solid substrate, if the monolayer is adsorbed on

substrate by the horizontal adsorption procedure.

Water

Water

Water

Gas

Gas

(A) (B) (C)

Fig. 1.7
Schematic representation of bilayers: (A) cell membrane bilayer (liposome), (B) vesicle, and (C) soap

bubble.
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Layer-by-layer accumulation can be achieved by alternative electrostatic attraction adsorption

of inversely charged polymers (or molecules) from solution on substrate (Fig. 1.8B). On the

alternative adsorption of polyelectrolytes, a substrate is alternatively dipped into two solutions

of cationic and anionic polymers. If the layer-by-layer films are prepared from anionic linear

polymer and cationic spherical dendrimer, the average thickness of unit bilayer is about 2 nm

[24], being enough large thickness of bilayers compared to bilayers between linear polymers.

Another procedure for multilayer preparation is the intercalation method (Fig. 1.8C). Clay has

well-ordered sheet structure, and small molecules between sheets can exchange with other

molecules (ions). Thus not only surfactants but also polymers can be intercalated between clay

layers [25], although intercalated compounds depend on the character of clays, namely, cation-

exchange or anion-exchange [26]. Similar intercalation happens for graphite layers, and the

products are called graphite intercalation compounds [27]. Two types (accepter type [19] and

donor type [28,29]) of graphite intercalation compounds are reported depending on the charge

of interaction ions.

Lithography is an excellent technique for the fabrication of three-dimensional heterogeneous

nanolayers, which are formed by accumulation of different layers to become devices. In

general, the procedure is progressed through the processes of (1) the coating of substrate (wafer)

by photoresist (photosensitive organic molecule), (2) the exposure by light after covering by

patterned mask, and (3) etching and photoresist removal (Fig. 1.9A). Thus the production of

semiconductor device, printed circuit board, printing plate, liquid crystal display panel, plasma

display panel, and so on is expected. An alternative procedure is (1) the SAM formation on

substrate, (2) the exposure by light after being covered by patterned mask, and (3) the

immobilization of another chemical to selected pattern (Fig. 1.9B) [30]. Of course, other

options are also available.

Langmuir filmLangmuir film

Langmuir filmLangmuir film

LB Z-type filmLB Z-type film LB Y-type filmLB Y-type film

(B)(B)

(C)(C)(A)(A)

LB X-type filmLB X-type film

Fig. 1.8
Schematic illustration of (A) accumulation of Langmuir-Blodgett films, (B) layer-by-layer film, and

(C) intercalated film.
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At present, hierarchical structures are required especially for the fabrication of applicable

materials [31]. They are roughly classified into planar or nonplanar and homogeneous or

heterogeneous. The preparation of well-ordered planar hierarchies can be achieved by means of

conventional adsorption [16], casting, SAM, or Langmuir-Blodgett accumulation [32].

Heterogeneous planar hierarchies can be constructed using layer-by-layer accumulation [24] or

interlayer intercalation [25,27]. The assemblies by amphiphilic molecules are automatically

heterogeneous layers consisting of hydrophilic, hydrophobic, or solvophobic layers [33]. The

adsorption of Gibbs monolayer to Langmuir monolayer films on subphase allows the formation

of Janus-type hybrid and their accumulation [6,34]. Lithography is themost focused technique for

the fabrication of heterogeneousmultilayers [30] and themost useful technique for the fabrication

of electronic and optical devices. The nonplanar core-shell hierarchies are mainly prepared by

self-assembling of surfactants or block copolymers in bulk solvents [35]. Concentric multilayer

hierarchies or multilayer tubes/rods/wires can be formed by hierarchic surface modification on

core sphere or tube/rod/wire, respectively [17,36]. The resultant hierarchies are potentially or

practically applicable to electrical or optical devices, sensing systems, and therapeutic treatments.

Substrate

mask mask

Light-sensitive film (resist)

Resist removal

Self-assembled monolayer

Vacuum UV Vacuum UV

Etching Material

(A) (B)

Substrate

Fig. 1.9
Scheme of photolithography: (A) resist coating, masking, light-irradiating, and etching, and (B) SAM-

preparing, masking, light-irradiating, and molecule-immobilizing.
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1.3 Characterization Methods of Nanolayers

1.3.1 Characterization of Nanolayers by Microscopy

1.3.1.1 Transmission electron microscope

Significant characterizations of nanolayers are the visualization with microscopy and the

analyses by electromagnetics and spectroscopy. The observation of morphology is possible

using optical microscopes, electron microscopes, and surface probe microscopes. Optical

microscopes classified as bright-field, dark-field, phase contrast, polarization, differential

interference contrast, and fluorescence microscopes should be used according to the purposes

and objectives [37–39]. Compared to these microscopes consisting of a pair of objective lens

and eyepiece lens, the Brewster angle microscope is a nonlens optical microscope due to the

principle that the reflection intensity of p-polarization of laser light is null at an angle of 53.1

degrees to water surface. Thus the texture of materials at water surface can be observed.

Although the resolution of optical microscopes is not so high, the electron microscope is

appreciated as the observation tool with rather high resolution. On the transmission electron

microscope (TEM), the transmitted photos of structures and electron diffraction are taken. In

addition, the ultra-high-resolution TEM enables the resolution of crystal lattice arrangement in

metals and pore arrangement in mesoporous particles [40]. Scanning electron microscope

(SEM) is adequate for viewing of the surface morphology and equips elemental analysis and

elemental mapping functions. Since both TEM and SEM are condensed by electromagnetic

lens in high vacuum, the instruments are rather large, expensive, and always require fine

alignment. In comparison with TEM, which has enough resolution even for crystal ordering,

since the resolution of SEM is less high, the tool for the observation of surface by higher

resolution is desired. Moreover, although the specimen must be maintained in vacuum for TEM

and SEM observation, the in situ observation at ambient conditions like atmospheric pressure,

room temperature, and time interval but at high resolution is also required.

By the way, the various techniques are utilized with TEM observation depending on the

situation of specimens. If specimens include elements with high electron density like metals,

the images are contrasted sufficiently by their high X-ray absorption (Fig. 1.10(1)). Since many

organic molecules do not include such high-contrast elements, the contrast by the negative

staining method by spreading heavy metal atoms like uranyl and tungsten ions is helpful

(Fig. 1.10(2)). When a large texture like that of a living organism is the objective, this technique

is adequate. However, it sometimes makes a texture lacking accuracy. On occasion, the

observation of the structure in a medium is required, and thus particles dispersed in water can be

observed by the freeze- fracture method or cryo method. In the freeze-fracture method

(Fig. 1.10(3)), the solution is instantaneously frozen, the ice is cleaved, the cleavage surface is

contrast treated, and the replica is prepared. This method is powerful for the detection of

multilayers and determination of the thickness, but not for understanding the morphology of the
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texture of thin specimens dispersed in water, since the whole texture is difficult to determine.

The adequate technique for dispersion in medium is the cryo-TEM method (Fig. 1.10(4)). In

this method, the frozen thin film of a solution is directly observed in the instrument with the

attachment to keep the liquid nitrogen temperature. This technique provides more exact

morphology of the specimen in the solution. Thus, caution should be taken in the selection of an

adequate method depending on the specimen. For example, thin fibers can be correctly visible

by cryo-TEM, but they appear rather thicker on negative staining TEM, and very few specimens

are observed with freeze-fracture TEM, as seen in Fig. 1.10 [41]. However, the freeze-fracture

TEM is preferable to other methods for the observation of textures including liquid crystals

such as microemulsion, sponge structure, and bicontinuous structure [42].

1.3.1.2 Atomic force microscope

The goal of visualizing the surface at high resolution has been reached by the development of

the scanning probe microscope (SPM) by G. Binning and H. Rohre in 1981 (Nobel Prize

Laureates in Physics, 1986) [2]. Moreover, the SPM contributed to the viewing of nanolayers.

The instruments with different probes are named in connection with the probe such as scanning

tunneling (STM), atomic force (AFM), scanning frictional (SFM), magnetic force (MFM),

scanning near field (SNFM)microscopes, etc. Among them, although STM is specified only for

materials with tunneling effect, AFM is applicable to whole materials, because materials

always have any force (attractive or repulsive force) with probe material (Fig. 1.11A). When a

tip on cantilever comes close to the specimen in the sample stage, the force between tip and

Fig. 1.10
Schematic representation of different preparations of TEM specimens. Insets are TEM images of

helical N-hexanoyl-L-aspartic acid fibers in water: (a) negative staining TEM, (b) freeze-fracture TEM,
and (c) cryo-TEM. Reprinted with permission from T. Imae, Y. Takahashi, H. Muramatsu, Formation of fibrous
molecular assemblies by amino acid surfactants in water, J. Am. Chem. Soc. 114 (1992) 3414–3419, Copyright

1992, American Chemical Society.
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molecules in the specimen causes and the cantilever moves. Then the reflection of the laser

from the cantilever shifts, and the shift is measured at detector (Fig. 1.11B). Fig. 1.11C shows

an AFM image of LB Z-type monolayer film of arachidic acid on mica, which was prepared at

surface pressure of 25 mN/m of solid state. Each circle indicates methyl terminals. The

terminals are well ordered in solid-state Langmuir film with almost hexagonal package.

Table 1.2 lists the comparison of characteristics of microscopies. The resolution of optical and

electron microscopes mainly depends on beam wavelength, and thus it is several hundred nm

(close to visible light wavelength) and Å (close to X-ray wavelength �1.5 Å), respectively.

The resolution of SPM depends on the probe (force), cantilever (material and shape), and

measurementmode,but it is atomic scale (Å) forSTMandAFM.Opticalmicroscopes areavailable

for many types of specimens at liquid and solid, in normal pressure, at surface and in

dispersion, if the low resolution is not a drawback. On the other hand, it must be noticed that

specimensonelectronmicroscopearealwaysput invacuum,even if the imagescanbe takenathigh

resolution. Since the scanning probe microscope does not use any electromagnetic beam, the

instrument is rather simple and operated at nonspecific conditions (at normal pressure and

temperature).AlthoughAFMisnowcommonlyused, especially forgettingheightprofiles superior

to other microscopic techniques and from the merits of rather easier operation and higher

resolution, this technique can be effective only with surface analysis, not with interior analysis.
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Probe distance from surface

No deflection (Tip is
far from the surface)
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(A) (B) (C)

Laser

Cantilever
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Surface

Attractive regime (Tip is
pulled toward the surface)
Attractive regime (Tip is
pulled toward the surface)

Repulsive regime
(Tip is in hard contact)

Fo
rc

e

Fig. 1.11
Schematic illustration of (A) force curve, (B) principle of AFM measurement, and (C) AFM image of

arachidic acid LB Z-type monolayer film on mica (25 mN/m). Full scale of AFM is 9 nm.

Table 1.2 Comparison of characteristics of microscopies

Microscope Optical Electron

Scanning Probe (Limited

to STM and AFM)

Probe Light beam Electron beam Tunnel current, atomic
force

Lens Optical lens Electromagnetic lens No lens
Resolution Several thousand Å Several Å Several Å
Observation Interior, surface Interior, surface Surface
Condition Solid, liquid Solid in vacuum Solid, solid in liquid
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As has been described, microscopic images depend on the type of microscope and especially

on the magnification. One case is now introduced. Na-[Cr2(L-tart2H)(phen)2] (tart¼ tartrate

(IV-), phen¼1,10-phenanthroline) formed dinuclear metal complex as expected, but it also

showed lyotropic liquid crystal phase in water [38]. Such unique character by a metal

complex has rarely or never been reported. On further analysis, the nematic liquid crystal

phase was clarified from the observation under polarized optical microscope (Fig. 1.12A), and

ribbonlike supramolecular assemblies with crystallographic structure (elucidated from

electron diffraction) were displayed by cryo-TEM observation (Fig. 1.12B). Although AFM

image at low magnification proved the existence of similar ribbonlike assemblies

(Fig. 1.12C), the observation at high magnification revealed the molecularly ordered texture

(Fig. 1.12D). The analysis based on chemical structure of the relevant molecule allowed the

clarification of the molecular arrangement in supramolecular assembly (Fig. 1.12E).

1.3.2 Characterization of Nanolayers by Electromagnetics

1.3.2.1 Light scattering

Another characterization method of nanolayers is based on electromagnetics, mainly light and

X-ray beams. Since Lord Rayleigh has elucidated the phenomenon of static light scattering

(elastic light scattering) from smaller particles than the wavelength of the light, the instruments

100 μm 1μm

~21 Å

~8 Å

Assembly axis

16.5 Å

(a)

(b)

(D) (E)(B)

(C)(A)

9 Å

500 nm 5 nm

Assembly

axis

Fig. 1.12
(A) Polarized optical micrograph, (B) transmission electron micrograph, (C) and (D) atomic force
micrographs for specimen prepared from an aqueous solution of Na[Cr2(L-tart2H)(phen)2], and
(E) schematic representation of (a) a molecule and (b) molecular arrangement in ribbonlike

assembly. Reprinted with permission from T. Imae, Y. Ikeda, M. Iida, N. Koine, S. Kaizaki, Self-organization of
dinuclear metal complex in lyotropic liquid crystal: ribbon-like supramolecular assemblies, Langmuir 14 (1998)

5631–5635, Copyright 1998, American Chemical Society.
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based on Rayleigh scattering theory and the characterization of small particles have been

developed. Static scattering intensity I(q) at scattering vector q is contributed by three factors:

number density of particle np, particle scattering factor P(q), and interparticle scattering factor

S(q), in common among light, X-ray, and neutron scattering [43–49].

I qð Þ¼ npP qð ÞS qð Þ (1.12)

where q (¼ (4πno/λ)sin(θ/2) for light scattering) is a function of incident ray wavelength λ,
refractive index of solvent no, and scattering angle θ (Fig. 1.13A).

When the concentration of particle is diluted and the scattering angle is small, Eq. (1.12) is

developed as [50]

Kc= Rθ�R0
θ

� �¼ 1=Mð Þ 1 + 1=3ð ÞR2
Gq

2
� �

+ 2B2c (1.13)

whereK ¼ 4π2n2o @n=@cð Þ2Cs=NAλ
4, @n=@cð Þ2Cs

�
: specific refractive index increment of a solution

at a constant salt concentration (Cs,NA: Avogadro’s number) is the optical constant; c andM are

the particle concentration and particle weight (molecular weight), respectively; Rθ�R0
θ is the

reduced scattering intensity difference of solute with solvent at a scattering angle θ; RG is the

radius of gyration; and B2 is the second virial coefficient. When the values of Kc= Rθ�R0
θ

� �
are

plotted as a function of concentration and angle (called a Zimm plot), the numerical values of

RG and B2 can be calculated from the slopes at c!0 and θ!0, respectively, and the value ofM

is obtained from the extrapolation at θ!0 and c!0 (Fig. 1.13B) [51].

The molecular weight of polydisperse molecules (particles) is described by number average

(Mn¼
P

NiMi/
P

Ni, Ni andMi: number and molecular weight of ith molecule), weight average

ðMw¼
P

NiM
2
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P
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NiM
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Fig. 1.13
(A) Principle of light scattering and (B) a Zimm plot of light scattering for aqueous 0.5 M NaCl

solutions of hexadecyltirmethylammonium chloride at 25°C. The c0 is the critical micelle
concentration. Reprinted with permission from T. Imae, S. Ikeda, Characteristics of rodlike micelles of

alkyltrimethylammonium halides in aqueous sodium halide solutions: their flexibility and entanglement, in: K.L.
Mittal (Ed.), Surfactants in Solution, vol. 7, Plenum Publishing Co, New York, NY, 1989, pp. 455–472, Copyright

1989, Plenum Publishing Co.
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Mn�Mw�Mz. Themolecular weight obtained from static light scattering is weight average and

the radius of gyration is Z average.

Another analysis method based on light scattering is dynamic light scattering (quasielastic light

scattering) [44]. The Doppler effect, where the scattered light is slightly deflected from elastic

Rayleigh scattering and therefore it widens (see Fig. 1.14A), occurs with the fluctuation of

particles and depends on the particle size and shapes. The correlation function of fluctuation

<A(0)A(τ)> is a function of correlation time τ (see Fig. 1.14B), and the first-order correlation
function of scattering light electric field g(q,τ) at scattering vector q is described by Eq. (1.14).

g q, τð Þ¼ exp �Γτð Þ, Γ¼D qj j2 (1.14)

Decay constant Γ relates to mutual diffusion coefficient D.

For monodisperse system, the correlation function is a simple exponential decay, and its

logarithmic plot as a function of correlation time shows a linear decrease with a slope �Γ (see

Fig. 1.14C). The evaluated diffusion coefficient is a function of scattering vector and solute

concentration and described as Eq. (1.15) at the condition of dilute solute concentration and low

angle [52].

D¼ kBT=6πη0RHð Þ 1 + kDcð Þ 1 + 2=15ð ÞRG
2q2

� �
(1.15)

where kB is the Boltzmann coefficient, T is the absolute temperature, η0 is the viscosity of

solvent, RH is the hydrodynamic radius, and kD is the hydrodynamic virial coefficient. Thus,

hydrodynamic radius can be calculated after the extrapolation to θ!0 and c!0, that is, it

reaches to Stokes-Einstein equation.

limD
θ!0, c!0

¼ kBT=6πη0RH (1.16)
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Fig. 1.14
(A) Relation of different scatterings as a function of electric field, (B) principle of correlation function,

and (C) plots of simple correlation function of scattering light electric field and its logarithm.
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Both the radius of gyration and hydrodynamic radius calculated from static and dynamic light

scattering, respectively, depend on particle shape. For instance, the relation for spherical shell

structure with outer and inner radius ro and ri (ro> ri) can be described as

RG¼ 3 ro
5� ri

5
� �

=5 ro
3� ri

3
� �� �1=2

and RH ¼ ro (1.17)

For prolate core shell ellipsoid with long and short hemiaxes (a and b) and shell thickness (x)

[44,46],

RG¼ 3 a5� s5
� �

=5 a3� s3ð Þ+ 2 b5� t5
� �

=5 b3� t3ð Þ� �1=2
RH ¼ a2�b2ð Þ1=2= ln a+ a2�b2

� �1=2� �
=b

h i

a¼ s+ x and b¼ t + x (1.18)

For wormlike chains with contour length Lc and persistence length a [53],

R2
G=a

2 ¼ Lc=3a�1 + 2a=Lcð Þ 1� a=Lcð Þ 1�e�Lc=a
� �h i

(1.19)

Thus the parameters characteristic to the shape can be evaluated from numerical values of

radius of gyration and/or hydrodynamic radius [50,54].

The issue on the data analysis of dynamic light scattering happens for the dispersion of

nonhomogeneous particles. Therefore Eq. (1.14) must be rewritten to become Eq. (1.20).

g q, τð Þ¼
X

Ai exp �Γiτð Þ+ constant (1.20)

The analysis of this equation for getting size distribution has been tried by means of the

different computation procedures. Using the cumulants method of analysis [55], the average

particle size and polydispersity of size distribution are calculated. The analysis by histogram

method displays directly the size distribution by histogram. Multiexponential fitting method

[56], CONTIN method [57], and maximum entropy method [58], etc., are also proposed. Since

the results depend on the analytical method and the different analytical procedures are installed

in commercial instruments, users should select adequate instrument and analysis. Although the

molecular weight of polydisperse particles can be described by number average, weight

average, and z-average, the histogram result is convenient for calculating these averages.

The third notable light scattering technique is an electrophoretic light scattering (ELS). This

methodology is based on the theory and procedure initially developed by Ware and Flygare

[59]. The principle of the instrumental system is similar to that of dynamic light scattering and

only an electrophoretic cell should be attached, not a normal cell, although reference light pass

must be equipped (see Fig. 1.15A). When the electric field is applied in a cell, charged particles

migrate along positive or negative electrode, depending on applied electric fields. Then the

first-order correlation function of scattering intensity at angular frequency ω is written by [60]
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g q, τ,ωð Þ¼ exp �Γτ + i ω+Δωð Þτð Þ (1.21)

and the power spectrum expression obtained by Fourier transform of correlation function

(Fig. 1.15B) is as below:

F q,ωð Þ¼Γ= Γ2 + ω+Δωð Þ2
h i

(1.22)

Then the Doppler shift Δω under applied electric field E is described by

Δω¼ 2πno=λð ÞEU sinθ (1.23)

where no is the refractive index of solvent, λ is the incident light wavelength, and U is the

electrophoretic mobility. Supposing that spherical particles are dispersed in solvent with

viscosity η0 and dielectric constant ε, zeta potential ζ can be calculated from

ζ¼ 4πη0U=ε (1.24)

The zeta potential is an indispensable parameter in the evaluation of the dispersion of particles

in medium. Fig. 1.15C shows the electrophoretic mobility of surfactant micelles [61]. The

mobility shifts from negative to positive with increasing degree of protonation, and two

differently charged micelles change their amounts at high degree of protonation. Moreover, the

evaluation of electrokinetic properties (electrophoretic mobility and surface charge density)

from electrophoretic light scattering provides the information relating to adsorption effects of

small ions on aggregate surfaces [62]. On the other hand, the evaluation of zeta potential on the

flat surface is also requested in nanolayer investigation, but the development of such

instrumentation is limited.
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1.3.2.2 Small angle scattering

As described, particle weight, radius of gyration, second virial coefficient, or hydrodynamic

radius of large particles can be obtained from the analysis of light scattering, but fine structures

of small particles or particle-particle interaction are difficult to evaluate from light scattering

because of the limitation of scattering vector range, although it is always necessary to analyze

such information. For this purpose, small angle X-ray and neutron scattering (SAXS, SANS) is

more suitable than light scattering [43–49]. The principle of small angle scattering is the same

as light scattering and contributed by number density of particle np, particle scattering factor

P(q), and interparticle scattering factor S(q). However, the difference is the scattering factor and

scattering efficiency. The scattering factor is molecule, atom, and atomic nuclei, and the

scattering efficiency is determined by refractive index increment, X-ray scattering amplitude,

and neutron scattering length for light scattering, SAXS, and SANS, respectively. Thus,

although the scattering equations similar to those of light scattering (Eqs. 1.12, 1.13) are

approved even for small angle scattering, small angle scattering can provide more accurate

numerical values of particle scattering factor P(q) or radius of gyration of particles [63], and the

structures like the short and long axes of ellipsoidal micelles, the diameter of rodlike micelles,

and the thickness of multilamellar vesicles and lamellar layers can be numerically determined

[64–66]. Moreover, interparticle scattering factor S(q) can be distinguished from particle

scattering factor P(q) [65,67].

The neutron scattering length of hydrogen (�0.37�10�12 cm) is extremely different from that

of deuterium (0.67�10�12 cm) and other elements, and this particularity is valuable in

neutron-based experiment and analysis. That is, by changing the ratio of H2O and D2O in

aqueous solution, the internal structure of corresponding particles can be analyzed. This is

called the contract variation method. By supposing a five-layer structure with different

thicknesses and scattering length densities and assuming the water penetration within

dendrimer molecules, segment density and water penetration in each layer can be evaluated

from the SANS measurement [68,69]. The distribution of both segment density and water

penetration strongly depends on the chemical structure of component of dendrimer.

The dynamic information of particles is also obtained from neutron facility. Normalized

intermediate scattering function I(q,t)/I(q,0) at Fourier time t on neutron spin echo is

described by

I q, tð Þ=I q, 0ð Þ¼ exp �Γtð Þ, Γ¼Dq2 (1.25)

in a single exponential equation. Thus the diffusion coefficient can be obtained in a similar way

to dynamic light scattering. The diffusion coefficient obtained by means of the neutron spin

echo can be fitted to double exponential equation for poly(amido amine) dendrimer [70]. The

diffusion coefficient of the slowmode is close to translational diffusion coefficient regulated by

interdendrimer interaction and almost equivalent to translational diffusion coefficient from
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dynamic light scattering. The fast mode on the dynamics is originated by microscopic motion,

maybe segment motion. It should be noticed that such fast segmental or chain dynamics can be

detected by limited techniques like 13C NMR relaxation [71], quasielastic neutron scattering

[72], or computer simulation [73–75] besides neutron spin echo but not from dynamic light

scattering.

1.3.2.3 Reflectometry

On the nanolayer investigation, the evaluation of layers is requested rather than overall particle

structure. Although the nanolayer thickness can be evaluated from AFM, surface plasmon

resonance, quartz crystal microbalance, and ellipsometry, these techniques are not sufficient for

investigating the internal fine structure in nanolayer. Thus one method that reveals the internal

structure is X-ray and neutron reflectometry [76]. When nanolayers are formed by the

accumulation of layers, the reflectivity profile responds depending on the existence of such

multilayers as seen in Fig. 1.16A. The Kissig fringe and its amplitude reflect the layer thickness

and density contrast, and the reflectivity decrease indicates the roughness of the surface

(Fig. 1.16B). The reflectivity profile based on the Fresnel equation (Eq. 1.26) can be Fourier

transformed to obtain the density-depth profile (Fig. 1.16C).

R qð Þ=RF qð Þ¼ 1=n0ð Þ
ð

dn zð Þ=dzð Þexp iq � zð Þdz, q¼ 4π sinθ=λ (1.26)

where R is the reflectivity, RF is the reflectivity at air-substrate interface, n0 is the reflective

index of substrate, and n(z) is the reflectivity density at z depth. The density is the electron

density on X-ray reflectivity or scattering length density on neutron reflectivity. Thus, layer

properties like thickness, density, and roughness of each layer as well as layer number are able

to be determined from reflectometry [77]. Accordingly, the composition, layer structure, and

molecular orientation in nanolayers can be determined in nanoscale. This method is applicable

to nanolayers at air-solid, liquid-solid, air-liquid, and liquid-liquid interfaces.

For instance, intercalation composites of dendrimer between clay layers in water were

adsorbed on arachidic acid Langmuir monolayer at air-water interface and transferred on
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arachidic acid monolayer LB film on silica substrate (Fig. 1.17A), and the layered

structure was determined by X-ray reflectometry [78]. Solid multilayer film displayed

remarkable Kissig fringe (Fig. 1.17B), and the computational analysis of this reflectivity

plot resulted in meaningful layer profile (Fig. 1.17C), where films were distinctly

divided into hierarchy layers of dendrimer/clay/arachidic acid/SiO2/Si. Monolayers at air-

water and air-solid interfaces of block copolymers consisting of hydrophobic and

perfluoroalkyl side chains were investigated by neutron and X-ray reflectometry [79] and

compared to a case of mixture of block copolymers and perfluoroalkanoic acid [33].

Unlike the nonflat arrangement of block copolymers, the mixture presented well-ordered

triple hierarchical structure of oleophilic/solvophobic/hydrophilic layers. Neutron

reflectivity at air/suspension interface and X-ray reflectivity of the film transferred on a

silicon substrate revealed the structure that the dendrimer molecules localized on the upper-

half surface of gold nanoparticles, indicating the formation of Janus-type dendrimer/

nanoparticle hybrid [6].

1.3.3 Characterization of Nanolayers by Spectroscopy

1.3.3.1 X-ray spectroscopy

Spectroscopy, especially surface spectroscopy, makes a significant contribution for analyzing

nanolayers. Three types of surface spectroscopies are notable, since the existence, location, and

orientation of elements or molecules in nanolayers can be clarified. One is X-ray spectroscopy.

On X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis

(ESCA), when soft-X-ray is irradiated on the surface, the electrons of atomic orbital adsorb

photo energy and are emitted as photoelectron energy. Thus the elements constituting the
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surface are analyzed from intrinsic binding energies as a kind of elemental analysis. Moreover,

since a slight shift of binding energy reflects the chemical species and electron states, the

chemical bond state and oxidation number can be analyzed from fine spectra of XPS. It must be

noted that the detection depth of this analysis is only of several nm.

In X-ray absorption spectroscopy, the electron states of elements and local chemical states are

obtained from the analysis of near edge X-ray absorption fine structure (NEXAFS) appearing at

absorption edge. In X-ray absorption spectrum at higher energy than NEXAFS up to 1000 EV,

extended X-ray absorption fine structure (EXAFS) is observed and the position of atom

neighboring to X-ray absorption atom is identified, since the photoelectron irradiated from

X-ray absorption atom is scattered by neighboring atom, the photoelectron interferes with

scattering wave, and the X-ray absorption coefficient of X-ray absorption atom changes.

1.3.3.2 Vibration spectroscopy

Because the vibration absorption spectroscopy directly involves vibrational level (or

vibrational energy) of molecules, this method is an extremely accurate technique for analyzing

molecules in nanolayers. Although the transmission mode is the most general technique in

infrared absorption spectroscopy, it is not necessarily applicable to all nanolayers, especially to

nanolayers on solid substrate. The reflection mode is powerful in surface analysis of nanolayers

on substrate. Not only chemical species but also their orientation is also analyzed using this

mode. With the reflection absorption (RA) mode, the infrared radiation reflected from the

surface of infrared radiation-nontransmitting substrate is observed, when the p-polarized

infrared ray is radiated at large angle [80]. The infrared absorption bands with transition

moment at vertical direction to the substrate surface are intensified a maximum of 20 times at

80 degrees incident angle. In the attenuated total reflection (ATR) mode, the infrared

absorption spectra of reflection from themetal (silver or gold)-deposited substrate are measured

at larger angle than critical angle. The signal-to-noise (S/N) ratio of ATR mode is better than

that of RA mode.

Amore powerful technique using infrared absorption spectroscopy is surface enhanced infrared

absorption (SEIRA) spectroscopy. Local surface plasmon resonance generated on metal

particles (Au, Ag, Cu, Al, etc.) is accumulated on evanescent (incident electromagnetic) field at

metal surface and the field is enhanced (see Fig. 1.18A). Then, SEIRA spectroscopy has a

selection rule, where the perpendicular transition moment of vibration absorption bands of

relevant molecule to metal surface is selectively enhanced. Enhancement factor of Ag is higher

than Au and Ag is cheaper than Au, but it is easily sulfureted in air. When plasmon metal

particles exist in substrate, the vibration spectra of molecules on such substrate are detected at

high sensitivity by this enhanced surface field. SEIRA spectroscopy can be carried out at

transmission, RA, and ATR modes. No additional tools are required for transmission mode

except an infrared absorption instrument, but a specific attachment must be equipped for both

RA and ATR modes. The attachment of Kretschmann optical arrangement for ATR modes is
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illustrated in Fig. 1.18B. In this mode, since a solution cell can be built in, the in situ adsorption

of adsorbate on solid surface is possible.

Fig. 1.19A shows ATR infrared absorption spectra measured for solutions of bis(N-

octylethylenediamine)zinc(II) chloride:benzene (1:1 w/w) with various water contents up to

30 wt% [42]. While infrared absorption bands of metal complex and benzene remain

invariable, bands at 3369, 3261, 1652, 1636, and 1085 cm�1 attributed to water (OH group) are

intensified by adding water. Thus, by setting a solution cell on a prism-type ATR system,

infrared absorption bands of water can be determined. On an ATR-SEIRA system equipped
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with a solution cell, the fine time-resolved investigation of adsorption of solute on liquid-solid

interface is possible. As seen in Fig. 1.19B, the adsorption of 3-mercaptopropionic acid from an

ethanol solution on the gold island film can be clarified from time-resolved infrared absorption

bands of CH2 stretching vibration modes at 2980 and 2902 cm�1 [19]. Moreover, the absorbance

of absorption bands on SEIRA spectrum is 20 times higher than infrared RA spectrum

(Fig. 1.19C). As well as the clarification of orientation of molecules on interface, the strength of

infrared bands is also a matter of concern for preferable detection of molecules by infrared

absorption spectroscopy. Therefore further improvements to the measurement techniques of

infrared absorption spectra at interface must be made. Although the reported enhancement factor

of SEIRA spectra had been 10–100 [81], a recent report indicated the enhancement factor around

200 on confeito-like gold nanoparticles instead of spherical gold particles [82].

Raman scattering is inelastic scattering against incident radiation (Fig. 1.14A). Raman

activity depends on the symmetry of molecules, and therefore it is not necessarily the same

as infrared activity [83]. Thus the vibration spectra by Raman scattering should be measured

in contradistinction to those by infrared absorption. Moreover, surface enhancement occurs

even on Raman scattering, and the effect of surface enhanced Raman scattering (SERS) is

also intensified by the resonance Raman effect, where the excited wavelength of laser beam

is close to being resonant with electronic absorption bands of relevant molecule, and thus

the Raman scattering cross section is remarkably increased [83]. Thus the efficiency of

SERS depends on excited wavelength. Since the surface enhancement effect by SERS is

remarkably high and superior to the effect by SEIRA, research is mostly focused on the

improvement of the enhancement factor. The enhancement factor depends on the size,

shape, orientation, and density of plasmon particles. A size of around 20 nm is most

effective [84], the rod particle is preferable to sphere [85], perpendicular orientation of rod

is superior to horizontal or random orientation [86], and the close arrangement of confeito-

like particles are preferable because of the formation of a large amount of active sites (hot

spots) [87]. Thus the enhancement factor larger than 100,000 times is achieved by confeito-

like gold nanoparticle-adsorbed SAMs [87]. As well as infrared absorption and Raman

scattering spectroscopy, ultraviolet-visible absorption and fluorescence spectrometry are

also expected to exhibit the surface enhancement effect [88–91]. Surface plasmon

fluorescence spectroscopy is preferable to strongly excite fluorescence probe on energy-

transfer-controllable organic thin films [91], but the ingenious setup of adequate distance

between the probe molecule and the metal surface is required, for example, by layers,

bilayers, SAMs, and layer-by-layer accumulation.

1.3.3.3 Surface plasmon resonance spectroscopy

Another methodology for investigating adsorption statics and kinetics belongs to plasmonics by

means of the same principle as surface enhanced spectroscopy described earlier but of different

phenomenon from it. When the wave vector of the compressional wave of electron propagating
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along surface by the assembled energy at interface of metal and dielectric (surface plasmon) is

synchronized with parallel component alongmetal surface of wave vector of incident excitation

electromagnetic beam (evanescent wave), surface plasmon resonance (SPR) results

(Fig. 1.20A), and the energy of incident radiation is used for the excitation of surface plasmon,

inducing the attenuation of the reflection light. This phenomenon is valuable for surface

analysis from some advantages.

Suppose that on Kretschmann-type SPR optical cell (Fig. 1.20A), plasmon and evanescent

waves with vectors ksp and kev, respectively, are resonated, if there is no adsorption of

molecules on metal. However, when molecules (dielectric constant ε3) are adsorbed at

thickness d3 on metal (dielectric constant εm) from aqueous solution at the interface with water

(dielectric constant εs), plasmon and evanescent wave vectors vary to k0sp and k
0
ev, respectively.

If an incident radiation at incident angle θ has wave vector of kp, then, the variation of wave

vector is described by

Δksp¼ k0sp�ksp 	 d3 2π=λð Þ2 εmεsð Þ3=2 ε3�εsð Þ= εm� εsð Þ2ε3 ¼ d3 2π=λð Þ2f εð Þ
k0ev¼ kev +Δkev¼ kp sin θ +Δθð Þ¼ kp sinθ + kpΔθ

k0ev¼ k0sp, kev¼ ksp and kp ¼ 2πn=λ (1.27)

from resonance condition. Thus,

Δθ	 d3 2π=nλð Þf εð Þ (1.28)

where n is the dielectric constant of prism.

This phenomenon happens in the vicinity of metal surface (below micrometer) and,

incidentally, the strength distribution of surface plasmon is exponentially attenuated in

perpendicular direction to surface. Thus, only molecules adsorbed on surface can be

selectively detected from reflectance spectrum variation or time-course of angle shift

(Fig. 1.20B and C). Its sensitivity is high due to the resonance enhancement effect. Since the

methodology is not affected by electric noise and it is possible to introduce optical analysis

technology, the methodology can be applicable to photo sensor. The measurement can be

carried out in situ and at nondestructive inspection. In fact, this technique is used for the

detection of dielectric constant, thickness, molecular orientation, and of reaction as

biosensor, chemosensor, and thermosensor. The results of in situ adsorption kinetics of

amphiphilic molecules on solid substrates measured by SPR and ATR SEIRA spectroscopy

can be analyzed by Langmuir monolayer adsorption and two-step adsorption kinetics [16].

Thus, SPR method is powerful for investigation of nanolayer films [92,93]. Moreover, when

the electrochemical cell is set up in SPR system (Fig. 1.20D), the characterization of ultrathin

conducting polymer films can be examined as seen in Fig. 1.20E [94]. Then the combination

of electrochemistry and SPR methods is better activated for monitoring the growth of

polymer films [94–96].
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Based on the property that the SPR’s spectrum sensitivity changes by film thickness and

dielectric constant of materials contacting on metal surface, the device for the observation of

two-dimensional distribution of dielectic constant or film thickness is developed and named as

near field scanning optical microscope [97]. By the interaction of metal surface with

electromagnetic field, the optical electric field can be limited in an enough smaller region than

light wavelength, and thus nano- and mesoscopic structures can be detected by this high-

resolution microscope with resolution of 20 nm. Thus this microscope can be qualified as one

of SPM.

1.4 Conclusions

In the first half of this chapter, the formulation of nanolayers was explained. Nanolayers are

formed at different interfaces between hetero- or homo-phases of gas, liquid, or solid state.

Therefore, they are considerably different in formulation procedures and differently named.

Nanolayers vary from monolayer to multilayer and their thickness is controllable to be

nanosize, depending on the procedure. The shape of nanolayers is dominated by the shape of

interface, namely, flat or finite interface. The nanolayers can be formulated by single

components or multiple components and by homogeneous or heterogeneous layers, depending

on the purpose.

In the second half of the chapter, the characterization methods of nanolayers were

described. The method using microscopy covers the visualization of nanolayers from

micrometer to nanometer (or Å) scale. Depending on the type of microscope, different types

of nanolayers at liquid and solid states can be visualized and analyzed as to their size, shape,

components, crystallization, and ordering. The electromagnetics method yields quantitative

characteristics of nanolayers such as the size, shape, and crystallization of nanolayers and,

moreover, the ordering and structure of hierarchic layers. The characterization by

spectroscopy provides information of molecular basis in detail such as molecular packing,

ordering, and orientation.

This chapter provided an overview of formulation and characterization methods of nanolayers.

For more detailed descriptions, refer to specialized review articles and books. Books have been

published on the chemistry of monolayers at interfaces [98]; SEM [99]; scanning probe

microscopy [100]; atomic force microscopy [101]; light, X-ray, and neutron scattering [43–49];
reflectometry [76]; NEXAFS spectroscopy [102]; surface-enhanced Raman spectroscopy

[103]; and surface plasmon resonance [104]. The following chapters in this book introduce

some specific morphologies and technologies for nanolayers. Nanolayers are nowadays an

important material for devices in electronics, mechatronics, and photonics, etc. This

information will assist in the engineering of such materials as well as providing the basic

science.
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CHAPTER 2

Electrical Double Layer
at Nanolayer Interface
Hiroyuki Ohshima

Tokyo University of Science, Chiba, Japan

2.1 Introduction

The surface of charged entities immersed in an electrolyte solution or the interface between two

immiscible media can be charged owing to adsorption of ions onto the surface and/or

ionization of dissociable groups on the surface. Mobile electrolyte ions with charges of the sign

opposite to that of the solid surface charges are called counter ions. They tend to approach

the charged solid surface to neutralize the surface charges, but thermal motion of these ions

prevents accumulation of the ions so that around the solid surface is formed an ionic cloud. In

the ionic cloud the concentration of counterions becomes very high while that of coions

(electrolyte ions with charges of the same sign as the particle surface charges) is very low. The

ionic cloud together with the solid surface charge forms an electrical double layer, as shown

in Fig. 2.1. The electrical double layer plays an essential role in the electric behaviors of

charged particles and charged interfaces, including electrostatic interactions between charged

particles, the motion of charged particles in an electric field (electrophoresis), and the motion

of an electrolyte solution on a charged surface (electroosmosis) [1–14].

Special attention should be paid to the case in which a solid entity is connected to an external

power supply such as batteries. In such cases we call this entity an electrode. An electrical

double layer is also formedaround anelectrode immersed in an electrolyte solution.Anelectrical

double layer around an electrode, however, differs from those around other charged entities

due to their different surface chargingmechanisms. It is possible to regulate the surface charge of

an electrode by applying an external electric potential. Fig. 2.2 shows that electrical double

layers are formed around two electrodes, anode and cathode when a battery is connected to the

electrodes, while they disappear when the battery is disconnected. An electrical double layer

formedby the surface charge and counterions canbe regardedas an electrical capacitor (Fig. 2.2).

The electrical double layer capacitors have attracted growing interest as rechargeable (or

secondary) batteries from the viewpoint of green chemistry, since the electrical double layer

capacitors do not use chemical reactions unlike usual secondary batteries.
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Fig. 2.1
Electrical double layer of thickness 1/κ (the Debye length) around a spherical charged particle.
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Fig. 2.2
Electrical double layer capacitor. An electrical double layer is formed around electrodes when a

battery is connected to the electrodes but disappears when the battery is disconnected.
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The present chapter starts with the Gouy-Chapman-Stern model [15–17] for an electrical

double layer, which is the most widely used model for an electrical double layer (Section 2.2).

The potential distribution in a Gouy-Chapman diffuse layer can be obtained by solving the

Poisson-Boltzmann equation. After discussion of the general feature of electrical double layers

around charged surfaces without surface structures in Sections 2.3 and 2.4, we consider

the main topic of this chapter: electrical double layers around charged entities covered with

surface layers of the order of nanometers, that is, nanolayer-coated surfaces, in Sections 2.5

and 2.6. We deal with surfaces coated with a nanolayer of porous material (Section 2.5) and

that of polyelectrolytes (Section 2.6). Nanolayer-coated surfaces are of interest not only

theoretically but also in applications, since in many cases electrodes in electrical double layer

capacitors are covered with nanolayers. The effect of discreteness of charges in the surface

nanolayer on an electrical double layer around the surface is then discussed in Section 2.7.

Finally, in Section 2.8, we consider the modified Poisson-Boltzmann equation by taking into

account the effects of finite ion size.

2.2 Gouy-Chapman-Stern Model for Electrical Double Layer

The most widely used model for an electrical double layer around a charged entity is the

Gouy-Chapman-Stern model [15–17] (Fig. 2.3). In this model the electrical double layer

consists of two layers, that is, an internal Stern layer, where the finite size of ions is taken into

account, and a Gouy-Chapman diffuse layer, in which ions are treated as point-charges and

move freely, forming a diffuse layer. The Stern layer has two planes, that is, the inner

Helmholtz plane (IHP) and the outer Helmholtz plane (OHP), as shown in Fig. 2.3. The IHP is a

plane on which some ions may specifically be adsorbed (specific adsorption), and it passes

through the centers of the specifically adsorbed ions on the solid surface. The OHP, which

passes through the centers of solvated ions at the distance of their closest approach to the solid

surface, is the onset of the Gouy-Chapman diffuse layer.

Consider a planar wall surface in contact with an electrolyte solution and take an x-axis

perpendicular to the surface with its origin 0 at the wall surface. The Gouy-Chapman-Stern

model involves the values of electric potential on three planes, that is, (i) ψo¼ψ(0) on the wall
surface at x¼0 (0-plane), (ii) ψβ¼ψ(β) on the IHP at x¼β (the IHP potential), and

(iii) ψd¼ψ(d) on the OHP at x¼d (the OHP potential). The OHP is the onset of the diffuse

double layer. Let the values of the relative permittivity in the following three regions,

(i) 0<x<β, (ii) β<x<d, and (iii) x>d (the electrolyte solution), be ε1, ε2, and εr, respectively.
We also denote the density of the wall charges on the 0-plane by σo and the density of the

charges due to adsorption of ions on the IHP from the electrolyte solution phase by σβ. The
model taking into account the specific ion adsorption on the IHP is called the triple-layer model

[18]. We denote the density of the total charges on and just outside the wall consisting of the

charges on the 0- and β-planes by σ¼σo+σβ. We call σ the surface charge density of the wall.
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The potential distribution ψ(x) obeys the Laplace equation for the region between the 0-plane

and the d-plane (0<x<d) and the Poisson equation for the region x>d, namely:

d2ψ

dx2
¼ 0, 0< x< d (2.1)

d2ψ

dx2
¼�ρe1 xð Þ

εrε0
, x> d (2.2)

where εo is the permittivity of a vacuum and ρel(x) is the space charge density resulting from the

electrolyte ions. The boundary conditions for Eqs. (2.1), (2.2) are
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Fig. 2.3
Gouy-Chapman-Stern model for an electrical double layer. OHP is the outer Helmholtz plane

and IHP is the inner Helmholtz plane.
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ψ β�ð Þ¼ψ β +ð Þ¼ψβ (2.3)

ψ d�ð Þ¼ψ d +ð Þ¼ψd (2.4)

dψ

dx

����
x¼0+

¼� σo
ε1εo

(2.5)

ε1
dψ

dx

����
x¼β�

� ε2
dψ

dx

����
x¼β +

¼ σβ
εo

(2.6)

ε2
dψ

dx

����
x¼d�

� εr
dψ

dx

����
x¼d +

¼ 0 (2.7)

ψ xð Þ! 0 and
dψ

dx
! 0 as x!∞ (2.8)

Equation (2.5) implies that it is assumed that there is no electric field within the wall. By solving

Eq. (2.1) subject to Eqs. (2.3), (2.4), we find that the potential distribution ψ(x) for 0<x<β and
that for β<x<d are given by

ψ xð Þ¼ψo +
ψβ�ψo

β
x, 0< x< β (2.9)

ψ xð Þ¼ψβ +
ψd�ψβ

γ
x�βð Þ, β< x< d (2.10)

with γ¼d�β. Eqs. (2.9), (2.10) show a linear potential drop in the regions 0<x<β and

β<x<d. By substituting Eqs. (2.9), (2.10) into Eqs. (2.5), (2.6), we obtain the following

relationships among ψo, ψβ, and ψd:

ψo�ψβ ¼
σo
C1

(2.11)

ψβ�ψd¼
σo + σβ
C2

(2.12)

Here C1 is the capacitance per unit area of the first capacitor formed by the 0- and β-planes, and
C2 is the capacitance per unit area of the second capacitor formed by the β- and d-planes. They
are given by

C1¼ ε1εo
β

(2.13)

C2¼ ε2εo
γ

(2.14)

We obtain the total charge amount σd contained in the electrical double layer per unit area,

which is given by
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σd ¼
ð∞
d

ρel xð Þdx (2.15)

By substituting Eq. (2.2), that is, ρe1 xð Þ¼�εrεo d2ψ=dx2
� �

, into Eq. (2.15) and using the second

equation of Eq. (2.8), we obtain

σd ¼�εrεo

ð∞
d

d2ψ

dx2
dx¼ εrεo

dψ

dx

����
x¼d +

(2.16)

From Eqs. (2.5)–(2.7), (2.11), (2.12), (2.16), we find

σo + σβ + σd ¼ 0 or σ + σd ¼ 0 (2.17)

This agrees with the electroneutrality condition for the whole system (the charged wall plus

the electrolyte solution). It is also to be noted that Eq. (2.16) can be rewritten, by using

Eq. (2.17), as
dψ

dx

����
x¼d +

¼� σ

εrεo
(2.18)

This is equivalent to the boundary condition for a wall located at x¼d carrying a surface charge

density σ¼σo+σβ. We use Eq. (2.18) as the boundary condition for the electrical double layer

potential ψ(x) for the Gouy-Chapman diffuse layer in the region x>d.

2.3 Electrical Double Layer Around a Planar Surface

In the Gouy-Chapman-Stern model, the electric potential ψ(x) in the Gouy-Chapman diffuse

layer (x>d) can be obtained by solving the Poisson-Boltzmann equation, which assumes that

electrolyte ions behave like point charges. Let the electrolyte be composed of N ionic mobile

ions of valence zi and bulk concentration (number density) n∞i (i¼1, 2,
…

, N), where

XN
i¼1

zin
∞
i ¼ 0 (2.19)

Since electroneutrality holds in the bulk solution phase. The space charge density resulting

from the electrolyte ions ρel(x) is given by

ρel xð Þ¼
XN
i¼1

zieni xð Þ (2.20)

where ni(x) is the concentrations of ith ions at position x and e is the elementary electric charge.

We assume that the ion distribution is given by the Boltzmann distribution:

ni xð Þ¼ n∞i exp �zieψ xð Þ
kT

� �
(2.21)
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where k is Boltzmann’s constant and T is the absolute temperature. Eq. (2.21) can be derived as

follows. The electrochemical potential μi(x) of ith ion at position x is given by

μi xð Þ¼ μoi + zieψ xð Þ+ kT ln ni xð Þð Þ (2.22)

where μi
o is a constant. At equilibrium, μi(x) takes the same value as that in the bulk solution

phase, where ψ(x)¼0, namely,

μi ∞ð Þ¼ μoi + kT lnn∞i (2.23)

By equating μi xð Þ¼ μi ∞ð Þ, we obtain Eq. (2.23) and thus Eq. (2.20) becomes

ρel xð Þ¼
XN
i¼1

zien exp �zieψ xð Þ
kT

� �
1, x> d (2.24)

then Eq. (2.2) as combined with Eq. (2.24) becomes the following Poisson-Boltzmann

equation:

d2ψ

dx2
¼� 1

εrεo

XN
i¼1

zien exp �zieψ xð Þ
kT

� �
, x> d (2.25)

For the low potential case, Eq. (2.25) can be linearized into

d2ψ

dx2
¼ κ2ψ xð Þ, x> d (2.26)

where

κ¼ 1

εrεokT

XN
i¼1

z2i e
2n∞i

 !1=2

(2.27)

is the Debye-H€uckel parameter. This approximation is called the Debye-H€uckel linearization

approximation. Eq. (2.26) subject to Eqs. (2.4), (2.8) can be solved to give

ψ xð Þ¼ψde
�κ x�dð Þ, x> d (2.28)

The reciprocal of κ (i.e., 1/κ), which is called the Debye length, corresponds to the thickness of
the Gouy-Chapman diffuse layer, since ψ(x) decays over the distances of the order of 1/κ. The
value of 1/κ depends on the valences and concentrations of ions. Fig. 2.4 shows the Debye

length calculated via Eq. (2.27) for various electrolyte solutions. It follows from Eqs. (2.5),

(2.28) that the surface charge density σ/the OHP potential ψd relationship is given by

σ¼ εrεoκψd (2.29)

or
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ψd¼
σ

εrεoκ
(2.30)

which gives the capacitance Cd¼σ/ψd of the Gouy-Chapman diffuse layer:

Cd¼ εrεoκ¼ εrεo
κ�1

(2.31)

The capacitance Cd given by Eq. (2.31) is equivalent to the capacitance of a capacitor having

the interelectrode distance equal to the Debye length 1/κ. Also, in the absence of specific ion

adsorption at the IHP (σβ¼0 and thus σ¼σο), it can be shown that the total capacitance of the
electrical double layer C¼σ/ψο¼σο/ψο is given by

ψo ¼
σ

C
(2.32)

with

1

C
¼ 1

C1

+
1

C2

+
1

Cd

(2.33)

This means that the total electrical double layer capacitance C is given by C1, C2, and Cd

connected in series.
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Fig. 2.4
The Debye length 1/κ for aqueous 1:1, 2:1 (or 1:2), 2:2, and 3:1 (or 1:3) electrolyte solutions as

functions of electrolyte concentrations n (M) calculated at 298.15 K and εr¼88.54.
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Now we consider the case in which the wall surface is immersed in a z-z-type, symmetrical

electrolyte solution of valence z and bulk concentration n. The Poisson-Boltzmann

equation (2.25) reduces to

d2ψ

dx2
¼ 2zen

εrεo
sinh

zeψ xð Þ
kT

� �
, x> d (2.34)

The nonlinear planar Poisson-Boltzmann equation (2.34) subject to Eq. (2.8) can be integrated

by multiplying dψ /dx on both sides to give

dψ

dx
¼�2κ

kT

ze

� �
sinh

zeψ xð Þ
2kT

� �
, x> d (2.35)

Further integration of Eq. (2.35) yields

ψ xð Þ¼ kT

ze
ln

1 + γ exp �κ x�dð Þð Þ
1� γ exp �κ x�dð Þð Þ
� �

, x> d (2.36)

with

γ¼ tanh
zeψd

kT

	 

(2.37)

and κ is the Debye-H€uckel parameter of a z:z symmetrical electrolyte solution (x>d),

defined by

κ¼ 2z2ne2

εrεokT

� �1=2

(2.38)

Note that the electrolyte concentration n in Eq. (2.38) is given in units of m�3. If one uses the

electrolyte concentration given in units of M, then C in Eq. (2.38) must be replaced by 1000

NAn, where NA is Avogadro’s number. Fig. 2.5 shows some examples of the calculation of the

electric potential ψ(x) for an aqueous 1:1 monovalent electrolyte solution (z¼1) using

Eq. (2.32) (solid lines) at 298.15 K and εr¼78.55 as a function of x-d measured from the OHP

placed at x¼d for several values of the OHP potential ψd. Fig. 2.5 also gives the results

obtained from the linearized Poisson-Boltzmann equation (2.28) as dotted lines, showing that

the linearization approximation to the Poisson-Boltzmann equation always gives

overestimation but the deviation becomes negligible for ψd lower than 50 mV. Fig. 2.6 shows

an example of the calculation of the concentration of cations n+(x)¼nexp(�zeψ(x)/kT) and that
of anions n�(x)¼nexp(zeψ(x)/kT) for an aqueous 1:1 monovalent electrolyte solution (z¼1,

298.15 K, and εr¼78.55) plotted as functions of the distance x-d measured from the OHP

placed at x¼d at C¼0.01 M and ψd¼50 mV.

We can derive the relationship between the total surface charge density σ and the OHP potential
ψd by evaluating the potential derivative dψ /dx, which is given by Eq. (2.31), at x¼d and using

Eq. (2.18), we obtain

Electrical Double Layer at Nanolayer Interface 43



σ¼ 2εrεoκkT

ze
sinh

zeψd

2kT

	 

(2.39)

or equivalently

ψd ¼
2kT

ze
arcsinh

zeσ

2εrεoκkT

� �
(2.40)

For the special case of low potentials (∣ψo∣<40 mV for 1–1 electrolytes), Eqs. (2.39), (2.40)

reduce to Eq. (2.29). Since Eqs. (2.35), (2.36) show that σ is not a linear function of ψd unlike

Eqs. (2.30), (2.31), we derive the differential capacitance Cd¼dσ/dψd with the result that

Cd¼ εrεoκ � cosh zeψd

2kT

	 

(2.41)

Eqs. (2.36), (2.39)–(2.41) apply for the planar solid surface in contact with a z-z

symmetrical electrolyte solution. We now consider the potential distribution ψ(x) and the σ/
ψd relationship for the case where the planar wall is in contact with asymmetrical electrolyte

solutions.
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Fig. 2.5
Electric potential distribution ψ(x) for an aqueous 1:1 monovalent electrolyte solution calculated
using Eq. (2.36) (solid lines) at 298.15 K and εr¼78.55 as a function of x-dmeasured from the OHP at
x¼d for several values of the OHP potential ψd. The dotted lines are the results obtained from the

linearized Poisson-Boltzmann equation (2.28).
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For 2-1 electrolytes, the Poisson-Boltzmann equation is given by

d2ψ

dx2
¼� en

εrεo
exp �2eψ xð Þ

kT

� �
� exp

eψ xð Þ
kT

� �� �
(2.42)

which is solved to give the following expressions for the potential distribution ψ(x), the
relationship between the surface charge density σ and the OHP potential ψd, and the differential

capacitance Cd:

ψ xð Þ¼ kT

e
ln

3

2

1 + 2=3ð Þγ0 exp �κ x�dð Þð Þ
1� 2=3ð Þγ0 exp �κ x�dð Þð Þ
� �2

�1

2

" #
, x> d (2.43)

σ¼ εrεoκkT

e
1� exp �eψd

kT

	 
h i 2

3
exp

eψd

kT

	 

+
1

3

� �1=2
(2.44)

Cd ¼ εrεoκ

3
1 + exp

eψd

kT

	 

+ exp �eψd

kT

	 
h i 2

3
exp

eψd

kT

	 

+
1

3

� ��1=2

(2.45)

with
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Fig. 2.6
The concentration of cations n+(x)¼nexp(�zeψ(x)/kT) and that of anions n�(x)¼nexp(zeψ(x)/kT) for
an aqueous 1:1 monovalent electrolyte solution (z¼1, 298.15 K, and εr¼78.55) plotted as functions

of the distance x-d measured from the OHP placed at x¼d at n¼0.01 M and ψd¼50 mV.
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γ0 ¼ 3

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2exp eψd=kTð Þ=3 + 1=3p �1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2exp eψd=kTð Þ=3 + 1=3p

+ 1

( )
(2.46)

κ¼ 6ne2

εrεokT

� �1=2

(2.47)

In the case of a mixed solution of 1-1 electrolyte of concentration n1 and 2-1 electrolyte of

concentration n2, we have

d2ψ

dx2
¼� e

εrεo
n1 exp �eψ xð Þ

kT

� �
+ n2 exp �2eψ xð Þ

kT

� ��
� n1 + n2ð Þexp eψ xð Þ

kBT

� ��
(2.48)

Eq. (2.48) yields

ψ xð Þ¼ kBT

e
ln

1

1�η=3

1 + 1�η=3ð Þγ00 exp �κ x�dð Þð Þ
1� 1�η=3ð Þγ00 exp �κ x�dð Þð Þ
� �2

� η=3

1�η=3

" #
x> d (2.49)

σ¼ εrεoκkBT

e
1� exp �eψd

kT

	 
h i
1� η

3

	 

exp

eψd

kT

	 

+
η

3

h i1=2
(2.50)

Cd¼ εrεoκ

2
1� η

3

	 

1 + exp

eψd

kT

	 
n o
+
2η

3
exp �eψd

kT

	 
� �
� 1� η

3

	 

exp

eψd

kT

	 

+
η

3

h i�1=2

(2.51)

where

γ00 ¼ 1

1�η=3ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�η=3ð Þexp eψd=kTð Þ+ η=3p �1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�η=3ð Þexp eψd=kTð Þ+ η=3p

+ 1

( )
(2.52)

κ¼ 2 n1 + 3n2ð Þe2
εrεokT

� �1=2
(2.53)

η¼ 3n2
n1 + n2

(2.54)

2.4 Electrical Double Layer Around Spherical and Cylindrical Surfaces

2.4.1 Spherical Surface

The Poisson-Boltzmann equation for a planar surface can be solved exactly. The spherical

Poisson-Boltzmann equation, however, has not been solved analytically except when the

Debye-H€uckel linearization for small potentials is allowed. In this section we derive

approximate analytic expressions for the potential distribution in the Gouy-Chapman diffuse
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layer around the surface of a sphere of radius a and the surface charge density σ and the OHP

potential ψd. Since the distance d between the sphere surface and the OHP is very small

compared with sphere radius a, we may assume the OHP is located at the sphere surface.

Consider the potential distribution ψ(r) around a spherical particle of radius a carrying a surface
charge density σ immersed in a symmetrical electrolyte solution of valence z and bulk

concentration n. We take a spherical polar coordinate with its origin 0 at the center of the

particle (Fig. 2.7). The potential distribution ψ(r) in the Gouy-Chapman diffuse layer obeys the

spherical Poisson-Boltzmann equation for the region r>a,

d2ψ

dr2
+
2

r

dψ

dr
¼ 2zen

εrεo
sinh

zeψ

kT

	 

, r> a (2.55)

subject to boundary conditions

dψ

dr

����
r¼a+

¼� σ

εrεo
(2.56)

ψ rð Þ! 0 and
dψ

dr
! 0 as r!∞ (2.57)

Loeb, Overbeek, and Wiersema [19] tabulated numerical computer solutions to the nonlinear

spherical Poisson-Boltzmann equation (2.55). The following accurate analytic approximate

expression for ψ(r) has been derived [20,21]:

ψ rð Þ¼ 2kT

ze
ln

1 +Bsð Þ 1 +
Bs

2κa+ 1

� �

1�Bsð Þ 1� Bs

2κa+ 1

� �
2
664

3
775 (2.58)

with

0
a

r

Fig. 2.7
A spherical particle of radius a.
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s¼ a

r
exp �κ r�að Þð Þ (2.59)

B¼
2κa+ 1

κa+ 1

� �
tanh

zeψd

4kT

	 


1 + 1� 2κa+ 1

κa+ 1ð Þ2 tanh
2 zeψd

4kT

	 
( )1=2
(2.60)

As for the σ/ψd relationship, the following first-order approximate expression derived

[20,21] is

σ¼ 2εrεoκkT

ze
sinh

zeψd

2kT

	 

+

2

κa
tanh

zeψd

2kT

	 
� �
(2.61)

where κ is given by Eq. (2.38). The maximum error of Eq. (2.61) is about 20%. Amore accurate

σ/ψd relationship has been derived [20,21]. The result is

σ¼ 2εεoκkT

e
sinh

eψd

2kT

	 

� 1 +

1

κa

2

cosh2 eψd=4kTð Þ +
1

κað Þ2
8 ln cosh eψd=4kTð Þ½ �

sinh2 eψd=2kTð Þ

" #1=2
(2.62)

which is the second-order σ/ψd relationship [20,21]. Eq. (2.62) is in excellent agreement with

the exact computer results with the relative error <1% for 0.5�κa�∞.

The present approximation method can be applied also to the case of a sphere in a 2-1

symmetrical solution, yielding

σ¼ εεoκkT

e
pq 1 +

2

κa

3�pð Þq�3

pqð Þ2
" #

(2.63)

as the first-order σ/ψd relationship and

σ¼ εrεoκkT

e
pq 1 +

4

κa

3�pð Þq�3

pqð Þ2
"

+
4

κað Þ2 pqð Þ2 6 ln
q+ 1

2

� �
+ ln 1�pð Þ

� �#1=2
(2.64)

as the second-order σ/ψd relationship, where κ is given by Eq. (2.47) and

p¼ 1� exp �eψd=kTð Þ (2.65)

q¼ 2

3
exp

eψd

kT

	 

+
1

3

� �1=2
(2.66)

Exact numerical computer solution is also available in Ref. [19]. The relative error of Eq. (2.64)

is found to be less than 1% for 0.5�κa�∞.
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Similarly, for a sphere in a mixed solution of 1:1 electrolyte of concentration n1 and 2:1

electrolyte of concentration n2, in which case exact computer solutions are not available, the

first-order σd/ψd relationship is given by

σ¼�εrεoκkT

e
pt+

2

κa0pt
3�pð Þt�3�31=2 1�ηð Þ

2η1=2

��

� ln
1 + η=3ð Þ1=2
n o

t� η=3ð Þ1=2
n o

1� η=3ð Þ1=2
n o

t+ η=3ð Þ1=2
n o

0
@

1
A
9=
;
3
5 (2.67)

with

t¼ 1� η

3

	 

exp

eψd

kT

	 

+
η

3

h i1=2
(2.68)

η¼ 3n2
n1 + 3n2

(2.69)

where κ is the Debye-H€uckel parameter for a mixed solution of 2-1 and 1-1 electrolytes

(Eq. 2.53) and p is given by Eq. (2.65).

For low potentials, Eq. (2.58) reduces to

ψ rð Þ¼ψd

a

r
e�κ r�að Þ (2.70)

and Eqs. (2.61)–(2.64), (2.67) all reduce to

σ¼ εrεoκψd 1 +
1

κa

� �
(2.71)

which holds irrespective of the type of electrolyte.

2.4.2 Cylindrical Surface

Now we consider an electrical double layer around a cylindrical particle of radius a carrying a

surface charge density σ immersed in a symmetrical electrolyte solution of valence z and bulk

concentration n (Fig. 2.8) [22].

d2ψ

dr2
+
1

r

dψ

dr
¼ 2zen

εrεo
sinh

zeψ

kT

	 

, r> a (2.72)

The following approximate expressions for the potential distribution y(r) have been derived [22]:

ψ rð Þ¼ 2kT

ze
ln

1 +Dcð Þ 1 +
1�β

1 + β

� �
Dc

� �

1�Dcð Þ 1� 1�β

1 + β

� �
Dc

� �
2
664

3
775 (2.73)
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with

D¼
1 + βð Þ tanh zeψo

4kT

	 


1 + 1� 1�β2
� �

tanh2
zeψo

4kT

	 
n o1=2
(2.74)

β¼K0 κað Þ
K1 κað Þ (2.75)

where Kn(z) is the modified Bessel function of the second kind of order n.

Approximate analytic expressions for the σ/ψd relationship have also been derived [22]. For a

cylinder in a z:z electrolyte of concentration n,

σ¼ 2εrεoκkT

ze
sinh

zeψo

2kT

	 

1 +

K1 κað Þ
K0 κað Þ
� �2

�1

( )
1

cosh2 zeψd=4kTð Þ

" #1=2
(2.76)

where κ is given by Eq. (2.38). For a spherical particle in a 2:1 electrolyte of concentration n,

σ¼ εrεoκkT

e
pq 1 + 2

K1 κað Þ
K0 κað Þ
� �2

�1

( )
3�pð Þq�3

pqð Þ2
" #1=2

(2.77)

where κ, p, and q are, respectively, given by Eqs. (2.47), (2.65), (2.66). For a cylindrical particle
in a mixed solution of 1:1 electrolyte of concentration n1 and 2:1 electrolyte of concentration n2,

0
a

r

Fig. 2.8
A cylindrical particle of radius a.
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σ¼ εrεoκkT

e
pt 1 +

2

ptð Þ2
K1 κað Þ
K0 κað Þ
� �2

�1

( )"

� 3�pð Þt�3�31=2 1�ηð Þ
2η1=2

ln
1 + η=3ð Þ1=2t� η=3ð Þ1=2
n o

1� η=3ð Þ1=2t + η=3ð Þ1=2
n o

0
@

1
A

8<
:

9=
;
3
5
1=2 (2.78)

where κ, p, and t are, respectively, given by Eqs. (2.53), (2.65), (2.68).

For low potentials, Eq. (2.73) reduces to

ψ rð Þ¼ψo

K0 κrð Þ
K0 κað Þ (2.79)

and Eqs. (2.76)–(2.78) all reduce to

σ¼ εrεoκψd

K1 κað Þ
K0 κað Þ (2.80)

2.5 Electrical Double Layer Across a Nanolayer of Porous Material

In this section we consider the electric double layer potential distribution in a charged

cylindrical narrow pore [23,24]. This problem is important especially in applications, since the

large surface area of highly porous activated carbon electrodes is used for electrical double

layer capacitors, in which a porous nanolayer is modeled as a sheet with an array of ordered

cylindrical pores, as shown in Fig. 2.9 [25–27].

Consider a charged cylindrical narrow pore of radius a filled with an electrolyte solution

(Fig. 2.10), which is connected to an external bulk symmetrical electrolyte solution of valence z

and concentration n. We treat the case where the pore space can be considered to be an infinitely

long cylinder so that end effects may be neglected. We take a radial cylindrical coordinate r

measured from its origin 0 on the cylinder axis.We assume that the electric potential ψ(r) obeys
the cylindrical Poisson-Boltzmann equation, namely,

d2ψ

dr2
+
1

r

dψ

dr
¼ 2zen

εrεo
sinh

zeψ

kT

	 

(2.81)

where εr is the relative permittivity of the electrolyte solution. Eq. (2.81) is subject to the

following boundary conditions:

ψ að Þ¼ψd (2.82)

dψ

dr

����
r¼0

¼ 0 (2.83)
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Here ψd is the pore OHP potential and Eq. (2.83) is derived from the symmetry of the system.

The OHP potential ψd is further related to the pore surface charge density σ by

dψ

dr

����
r¼a�

¼ σ

εrεo
(2.84)

Here we have assumed that the OHP is located at the pore surface at r¼a. If we introduce the

scaled potential y(r)¼ zeψ(r)/kT, then Eq. (2.81) becomes

d2y

dr2
+
1

r

dy

dr
¼ κ2 sinh y (2.85)

Porous
nanolayer

Plate

Fig. 2.9
A planar substrate covered with a nanolayer of porous material, which is modeled as a sheet with an

array of ordered cylindrical pores.

yo

a
r

0

Cylindrical pore

Fig. 2.10
Schematic representation of a cylindrical narrow pore of radius a carrying the OHP potential ψd filled

with an electrolyte solution.

52 Chapter 2



where κ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2z2e2n=εrεokT

p
is the Debye-H€uckel parameter. The potential distribution y(r) in a

cylindrical pore is given by the solution to the cylindrical Poisson-Boltzmann equation (2.85).

An example of the numerical solution y(r) for yd¼1 and κa¼1 is shown in Fig. 2.11.

Now in order to obtain an approximate analytic solution to Eq. (2.85), we put

y rð Þ¼ ym +Δy rð Þ (2.86)

where ym¼y(0) is the scaled potential y(0)¼ zeψ(0)/kT at the cylinder axis, and we considerΔy
to be the small quantity. This treatment holds good when the pore radius a is less than the Debye

length 1/κ, i.e., κa�1. Then on the right-hand side of Eq. (2.85) we have that

sinh y¼ sinh ym +Δyð Þ� sinh ym + cosh ym �Δy¼ coshym � Δy+ tanh ymð Þ (2.87)

Thus Eq. (2.85) reduces to the following equation linearized with respect to Δy

d2Δy
dr2

+
1

r

dΔy
dr

¼ κ2 cosh ym � Δy+ tanh ymð Þ (2.88)

which can easily be solved subject to Eqs. (2.82), (2.83) so that we finally obtain

y rð Þ¼ yo� yo� ym + tanh ymð Þ � 1� I0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh ym

p � κrð Þ
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh ym

p � κað Þ
� �

(2.89)
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Fig. 2.11
Scaled electric potential distribution y(r) in a cylindrical pore as a function of κr¼ κ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p
calculated for yd¼1 and κa¼1. From Ref. H. Ohshima, A simple algorithm for the calculation of the electric

double layer potential distribution in a charged cylindrical narrow pore, Colloid Polym. Sci. 294 (2016)
1871–1875.
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Here I0(z) is the zeroth-order modified Bessel function of the first kind. Eq. (2.91) involves an

unknown quantity ym. We obtain the value of ym and thus the potential distribution y(r) by

iteration approximation. As the zero-order solution, we put

y 0ð Þ
m ¼ yo (2.90)

Then Eq. (2.89) gives

y 0ð Þ rð Þ¼ yo� tanh yo � 1� I0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κrð Þ
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
� �

(2.91)

Eq. (14) was first derived by Martynov and Avdeev [23].

The first-order solution is obtained by putting

y 1ð Þ
m ¼ y 0ð Þ 0ð Þ¼ yo� tanhyo � 1� 1

I0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coshyo

p � κað Þ
� �

(2.92)

and thus we have the first-order approximation for y(r) from Eq. (2.89), namely,

y 1ð Þ rð Þ¼ yo� yo�y 1ð Þ
m + tanh y 1ð Þ

m

	 

� 1�

I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh y

1ð Þ
m

q
� κr

� �

I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh y

1ð Þ
m

q
� κa

� �
8>><
>>:

9>>=
>>;

(2.93)

In a similar manner, higher-order approximate expressions ym
(n) and y(n)(r) for ym and y(r) can be

derived. Fig. 2.12 show some example of the calculation of y(r) on the basis of the zeroth-order

approximation derived by Martynov and Avdeev [23] (Eq. 2.91) in comparison with the exact

numerical results (given by filled circles). It is seen that the zeroth-order approximation is in

excellent agreement with the exact results for κa¼0.1.

One can also derive the zeroth-order and first-order approximations for the relationship

between the surface charge density σ and the OHP potential ψd (or the scaled OHP potential

yd¼ zeψd/kT) from Eqs. (2.91), (2.93), respectively, as combined with Eq. (2.94), namely,

σ 0ð Þ ¼ εrεoκkT

ze

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p
� tanh yo � I1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ (2.94)

σ 1ð Þ ¼ εrεoκkT

ze

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh y

1ð Þ
m

q
� yo�y 1ð Þ

m + tanh y 1ð Þ
m

	 

�
I1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh y

1ð Þ
m

q
� κa

� �

I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh y

1ð Þ
m

q
� κa

� � (2.95)

where I1(z) is the second-order modified Bessel function of the first kind.
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For the low surface potential limit, Eqs. (2.91)–(2.93) reduce to

y rð Þ¼ yo � I0 κrð Þ
I0 κað Þ (2.96)

and Eqs. (2.94), (2.95) to

σ¼ εrεoκkT

ze
yo � I1 κað Þ

I0 κað Þ¼ εrεoκψo �
I1 κað Þ
I0 κað Þ (2.97)

We can further derive the corresponding expressions for the differential electric double layer

capacitance Cd¼dσ/dψo (or dσ/dyo) for a narrow cylindrical pore from Eqs. (2.94)–(2.95). The
result for dσ(0)/dyo is explicitly given here:

Cd¼ εrεoκ
1

cosh3=2yo
� I1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
�

+
κa

2
� sinh

2yo
cosh yo

1� I1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh yo

p � κað Þ
� �2

( )#

(2.98)
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Fig. 2.12
Scaled electric potential distribution y(r)¼ zeψ(r)/kT as a function of κr calculated with the

zeroth-order approximation (solid lines, Eq. (2.91), Martynov and Avdeev [23]) in comparison
with the exact numerical solution (filled circles) to Eq. (2.81) calculated at κa¼0.1 for several values

of yd. From Ref. H. Ohshima, A simple algorithm for the calculation of the electric double layer potential
distribution in a charged cylindrical narrow pore, Colloid Polym. Sci. 294 (2016) 1871–1875.

Electrical Double Layer at Nanolayer Interface 55



For the low potential case, Eq. (2.98) reduces to

Cd¼ εrεoκ
I1 κað Þ
I0 κað Þ (2.99)

2.6 Electrical Double Layer Across a Nanolayer of Polyelectrolytes

In this section, we consider a charged planar plate covered with a surface nanolayer of

polyelectrolytes. Polyelectrolyte-coated surfaces or particles are often called soft surfaces or

particles, which can be a model for biocolloids and biointerfaces [9,11,28–49].

Consider a surface nanolayer (or, simply, a surface layer) of thickness d coating a planar hard

plate in a symmetrical electrolyte solution of valence z and bulk concentration (number density)

n (Fig. 2.13). We suppose that fully ionized groups of valence Z are distributed at a uniform

density of N in the surface layer and the plate core surface is charged with a surface charge

density σ. We take an x-axis perpendicular to the surface nanolayer with its origin x¼0 at the

boundary between the surface nanolayer and the surrounding electrolyte solution so that the

surface nanolayer corresponds to the region �d<x<0 and the electrolyte solution to x>0

(Fig. 2.14).

The charge density ρel(x) resulting from the mobile charged ionic species is related to the

electric potential ψ(x) by the Poisson equation

d2ψ

dx2
¼�ρel xð Þ

εrεo
, 0< x< +∞ (2.100)

Polyelectrolyte
nanolayer

Plate

− −

−−

−
−

−

−

−
− − −

−

−
−−

− − − −

−

d

Fig. 2.13
A hard substrate covered with an ion-penetrable surface nanolayer of polyelectrolytes of thickness d.
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d2ψ

dx2
¼�ρel xð Þ+ ρfix

εrεo
, �d< x< 0 (2.101)

with

ρfix ¼ ZeN (2.102)

where εr is the relative permittivity of the solution. Here we have assumed that the relative

permittivity in the region within the surface layer takes the same value as that in the bulk

electrolyte solution phase. Note that the right-hand side of Eq. (2.101) contains the contribution

of the fixed charges of density ρfix¼ZeN in the polyelectrolyte layer. We assume that the

distribution of electrolyte ions obeys Boltzmann’s law. Then, the concentrations of cations,

n+(x) and that of anions, n�(x) are given by

n� xð Þ¼ nexp 	 zeψ xð Þ
kT

� �
(2.103)
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Fig. 2.14
Ion and potential distributions around a polyelectrolyte-coated plate. Potential distribution ψ(x)

across a surface layer of thickness d coating a solid surface.
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and thus

ρel xð Þ¼ ze n+ xð Þ�n+ xð Þf g¼ 2zen sinh
zeψ

kT

	 

(2.104)

The potential ψ(x) at position x in the regions x>0 and –d<x<0 thus satisfies the following

Poisson-Boltzmann equations:

d2ψ

dx2
¼ 2zen

εrεo
sinh

zeψ

kT

	 

, x> 0 (2.105)

d2ψ

dx2
¼ 2zen

εrεo
sinh

zeψ

kT

	 

�ZeN

εrεo
, �d< x< 0 (2.106)

Eq. (2.105) is the usual Poisson-Boltzmann equation whereas Eq. (2.106) contains an additional

term ZeN/εrεo, which arises from the fixed charges ρfix¼ZeN in the surface layer.

As will be shown, the Donnan potential in a polyelectrolyte nanolayer plays an important role in

determining the potential distribution across the surface nanolayer [9,11]. Donnan potential

ψDON is obtained by setting the right-hand side of Eq. (2.106) to zero,

sinh
zeψDON

kT

	 

¼ ZN

2zn

� �
(2.107)

or equivalently

ψDON ¼ kT

ze

� �
arc sinh

ZN

2zn

� �
¼ kT

ze

� �
ln

ZN

2zn
+

ZN

2zn

� �2

+ 1

( )1=2
2
4

3
5 (2.108)

Note that the Donnan potential ψDON does not depend on εr. Eq. (2.108) can also be obtained by
equating the electrochemical potentials of ions deep inside the surface layer and those in the

bulk electrolyte solution phase. When ∣ZN/zn∣≪1, Eq. (2.108) gives the following linearized

Donnan potential:

ψDON¼
ZNkT

2z2ne
¼ ZeN

εrεoκ2
(2.109)

Eq. (2.106) may be rewritten in terms of the Donnan potential ψDON, namely,

d2ψ

dx2
¼ 2zen

εrεo
sinh

zeψ

kT

	 

� sinh

zeψDON

kT

	 
n o
, �d< x< 0 (2.110)

Also, we term ψo
ψ(0) (which is the potential at the boundary between the surface layer and

the surrounding electrolyte solution) the surface potential of the polyelectrolyte layer.

The boundary conditions at x¼�d and x¼0 are
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ψ �d�ð Þ¼ψ �d +ð Þ (2.111)

ψ �0�ð Þ¼ψ �0+ð Þ (2.112)

dψ

dx

����
x¼�d +

¼� σ

εrεo
(2.113)

dψ

dx

����
x¼�0�

¼ dψ

dx

����
x¼�0+

(2.114)

ψ xð Þ! 0 as x!∞ (2.115)

dψ

dx
! 0 as x!∞ (2.116)

Eq. (2.113) corresponds to the situation in which the plate surface is charged with a surface

charge density σ and the electric field within the plate can be neglected. The solution to

Eqs. (2.105), (2.106) (or Eq. (2.110) subject to the boundary conditions (2.111)–(2.116)
completely determines the potential ψ(x) in the present system.

Fig. 2.15 shows some examples of the calculation of the potential distribution using

Eqs. (2.105), (2.106) for several values of the scaled surface charge density Q¼ zeσ=εrεoκkT
(where κ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2z2e2n=εrεokT
p

is the Debye-H€uckel parameter) and the scaled Donnan potential

yDON¼ ze ψDON/kT.

For the simple case where ψ(x) is low, Eqs. (2.105), (2.106) can be linearized to become

d2ψ

dx2
¼ κ2ψ , x> 0 (2.117)

d2ψ

dx2
¼ κ2 ψ�ZNkT

2z2ne

� �
�d< x< 0 (2.118)

The solution to Eqs. (2.117) and (2.118) subject to Eqs. (2.111)–(2.116) is given by

ψ xð Þ¼ ZeN

2εrεoκ2
1�e�2κd
� �

e�κx, x> 0 (2.119)

ψ xð Þ¼ ZeN

εrεoκ2
1� eκx + e�κ x+ 2dð Þ

2

� �
, �d< x< 0 (2.120)

The surface potential ψο
ψ(0) and the potential at the particle core, ψc¼ψ(�d) are given by

ψo¼
σ

εrεoκ
e�κd +

ZeN

2εrεoκ2
1�e�2κd
� �

(2.121)

ψ c¼
σ

εrεoκ
+

ZeN

εrεoκ2
1� e�κd
� �

(2.122)

Electrical Double Layer at Nanolayer Interface 59



Note that when κ d ≫1, the surface potential ψο becomes half the Donnan potential:

ψo ¼
1

2
ψDON¼

ZeN

2εrεoκ2
(2.123)

Consider the case where the plate core is uncharged and the thickness of the surface layer

d is much larger than the Debye length 1/κ. In this case the electric field (dψ /dx) and its

derivative (d2ψ /dx2) deep inside the surface layer become zero so that it follows from

Eq. (2.110) that the potential deep inside the surface layer becomes the Donnan potential ψDON,

given by Eq. (2.108). By integrating Eqs. (2.104), (2.110) once and equating them at x¼0

(Eq. 2.114), we obtain

ψo¼ψDON�
kT

ze

� �
tanh

zeψDON

2kT

	 


¼ kT

ze

� �
ln

ZN

2zn
+

ZN

2zn

� �2

+ 1

( )1=2
2
4

3
5

0
@ +

2zn

ZN
1� ZN

2zn

� �2

+ 1

( )1=2
2
4

3
5
1
A (2.124)
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Fig. 2.15
Scaled potential distribution y(x) across a polyelectrolyte nanolayer of thickness d as a function of
scaled distance κx for several values of the scaled surface charge density Q¼ zeσ=εrεoκkT and the

scaled Donnan potential yDON¼ ze ψDON/kT.
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An approximate expression for the potential ψ(x) at an arbitrary point in the surface layer can be
obtained by expanding y(x) around yDON. If we put ψ¼ψ DON+Δψ in Eq. (2.110) and linearize

it with respect to Δψ , then we obtain

d2ψ

dx2
¼ κ2m ψ�ψDONð Þ (2.125)

with

κm ¼ κ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh

zeψDON

kT

	 
r
¼ κ 1 +

ZN

2zn

� �2
" #1=4

(2.126)

where κm may be interpreted as the effective Debye-H€uckel parameter of the surface charge

layer that involves the contribution of the fixed charges ZeN. Eq. (2.125) is solved to give

ψ xð Þ¼ψDON + ψo�ψDONð Þe�κm xj j �d< x< 0 (2.127)

For the external region outside the polyelectrolyte layer, the potential distribution y(x) is given

by Eq. (2.36), namely,

ψ xð Þ¼ 2kT

ze

� �
ln

1 + γe�κx

1� γe�κx

� �
x> 0 (2.128)

with γ¼ tan h(zeψο/4kT). Fig. 2.16 shows some examples of the calculation of the potential

distribution using Eqs. (2.126), (2.128) for three values of yDON. It is seen that the potential y(r)

in the region deep inside the surface layer is practically equal to the Donnan potential.

2.7 Discrete Charge Effect

In the preceding section, the electric potential distribution has been derived via a continuum

model in which fixed charges arising from ionized groups inside the surface layer are

uniformly distributed with a smeared continuous volume charge density. The continuum

approximation, however, becomes invalid when the distance between the point charges is

much larger than the Debye length. A number of theoretical studies have been made on the

discrete charge effects on the electrical properties of two-dimensional charged surfaces. Nelson

and McQuarrie [50], in particular, considered a charged surface carrying a squared lattice

of point charges and solved the two-dimensional linearized Poisson-Boltzmann equation for the

potential distribution. They showed that the potential is given by a sum of the screened

Coulomb potential produced by point charges distributed on the surface. In this section, on the

basis of a three-dimensional lattice array of fixed point charges distributed inside the

surface layer and the linearized Poisson-Boltzmann equation, we derive expressions for the

potential in the regions inside and outside the surface layer [51,52].
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We consider a platelike soft surface consisting of a hard planar substrate covered with an ion-

penetrable surface layer of polyelectrolytes of thickness d in an aqueous electrolyte solution of

relative permittivity εr and the Debye-H€uckel parameter κ (Fig. 2.17). We treat the case where

the surface layer carries fully ionized groups, giving rising to fixed charges distributed in the

surface layer. We take x- and y-axes parallel to the plate surface and z-axis perpendicular to the

plate surface with its origin 0 at the surface of the plate so that the region 0< z<+∞ is the

electrolyte solution and the region –d< z�0 is the internal region of the surface layer

(Fig. 2.17). We treat the case where the thickness d of the surface layer is much larger than the

Debye length so that the surface layer can practically be considered to be infinitely thick. We

also assume that the surface layer is penetrable to electrolyte ions as well as water molecules

and that the relative permittivity εr takes the same value in the regions both outside and inside

the surface layer. We treat the low potential case and employ the following linearized Poisson-

Boltzmann equations for the electric potential ψ(r) in the respective regions. Now consider the

case where fixed charges are distributed within the surface layer (�∞< z�0) at a discrete

density of ρ(r), which is not uniform but a function of position r(x, y, z). Let us obtain the

electric potential ψ(r) at position r (relative to the bulk solution phase (where ψ(r)¼0)), which
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Fig. 2.16
Scaled potential distribution y(x) across a polyelectrolyte nanolayer of thickness d coating an

uncharged planar substrate (σ¼0) as a function of scaled distance κx for several values of the scaled
Donnan potential yDON¼ ze ψDON/kT for the case where d≫1/κ.
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depends not only on z but also on x and y. In this case, ψ(r) satisfies the following three-

dimensional linearized Poisson-Boltzmann equations:

@2

@x2
+

@2

@y2
+

@2

@z2

� �
ψ rð Þ¼ κ2ψ rð Þ�ρ rð Þ

εrεo
, �∞< z� 0 (2.129)

@2

@x2
+

@2

@y2
+

@2

@z2

� �
ψ rð Þ¼ κ2ψ rð Þ, 0< z< +∞ (2.130)

Eqs. (2.129), (2.130) are subject to the following boundary conditions:

@ψ rð Þ
@z

����
z¼0�

¼ @ψ rð Þ
@z

����
z¼0+

, ψ rð Þjz¼0� ¼ψ rð Þjz¼0+ (2.131)

ψ rð Þ! 0,
@ψ rð Þ
@z

! 0 as z! +∞ (2.132)

z

x a

q

a

a

y0

Planar
substrate

Electrolyte
solution

Surface layer
of  thickness d

(d >> 1/k)

Fig. 2.17
Surface nanolayer consisting of a discrete cubic lattice of fixed point charges q with a spacing of a
within a surface layer. Reprinted with permission from H. Ohshima, Discrete charge effects on the Donnan

potential and surface potential of a soft particle, Colloid Polym. Sci. 292 (2014) 749–756.
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@ψ rð Þ
@z

! 0 as z!�∞ (2.133)

In order to solve Eqs. (2.129), (2.130) subject to Eqs. (2.131)–(2.133), we write ψ(r) and ρ(r) by
their Fourier transforms,

ψ rð Þ¼ψ s, zð Þ¼ 1

2πð Þ2
ð
ψ̂ p, zð Þexp i p � sð Þð Þdp (2.134)

ρ rð Þ¼ ρ s, zð Þ¼ 1

2πð Þ2
ð
ρ̂ p, zð Þexp i p � sð Þð Þdp (2.135)

where ψ̂ p, zð Þ and ρ̂ p, zð Þ are the Fourier coefficients, s¼ (x, y) and p¼ (px, py). We thus obtain

ψ̂ p, zð Þ¼
ð
ψ s, zð Þexp �i p � sð Þð Þds (2.136)

ρ̂ p, zð Þ¼
ð
ρ s, zð Þexp �i p � sð Þð Þds (2.137)

By solving Eqs. (2.129), (2.130) using the Fourier transforms, we finally obtain

ψ rð Þ ¼ 1

2 2πð Þ2εrεo

ð
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

κ2 + p2
p

ðz
�∞

ρ̂ p, z0ð Þexp +
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z0

	 

dz0

� �"

�exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z

	 

� exp i p � sð Þð Þdp

+

ð0
z

ρ̂ p, z0ð Þexp �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z0

	 

dz0

� �

exp +
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z

	 

� exp i p � sð Þð Þdp

i
, �∞< z� 0

(2.138)

ψ rð Þ¼ 1

2 2πð Þ2εrεo

ð
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

κ2 + p2
p

ð0
�∞

ρ̂ p, z0ð Þexp +
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z0

	 

dz0

� �
�

exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 + p2

p
� z

	 

� exp i p � sð Þð Þdp, 0< z<∞

(2.139)

where

p¼ pj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
p2x + p

2
y

q
(2.140)

Eqs. (2.138), (2.139) are the general expressions for the electric potential ψ(r) at position r in

the regions inside and outside the surface layer.

Now we deal with the case in which a surface layer consists of a cubic lattice of point charges q

with spacing a (Fig. 2.17). The point charges are thus located at lattice point (la,ma, na), where

m and n take both positive and negative integers and n takes only negative integers, since the
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surface layer occupies the half space�∞< z�0. The volume charge density ρ(r) (�∞< z�0)

is then expressed as

ρ rð Þ¼ ρ s, zð Þ¼ q
X

�∞<l,m<∞,

�∞<n�0

δ x� lað Þδ y�mað Þδ z�nað Þ, �∞< z� 0 (2.141)

from which we have

ρ̂ p, zð Þ¼ q

ð X
�∞<l,m<∞,

�∞<n�0

δ x� lað Þδ y�mað Þδ z�nað Þexp �i p � sð Þð Þds

¼ q
X

�∞<l,m<∞,

�∞<n�0

exp �i pxla+ pyma
� �� � � δ z�nað Þ (2.142)

Substituting Eq. (2.142) into Eqs. (2.138), (2.139), we have [51]

ψ rð Þ¼ q

4πεrεo

X
�∞<l,m<∞,

�∞<n�0

exp �κ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + z�nað Þ2

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + z�nað Þ2

q �∞< z< +∞

(2.143)

Eq. (2.143) is the required expression for the potential distribution ψ(r) for the case of cubic
lattice of charges. The surface potential, which is a function of x and y, is given by the potential

at z¼0, that is, ψ(x, y, 0), which is a function of x and y, is given by

ψ x, y, 0ð Þ¼ q

4πεrεo

X
�∞<l,m<∞,

�∞<n�0

exp �κ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + nað Þ2

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + nað Þ2

q (2.144)

It is seen that Eq. (2.143) is just a sum of screened Coulomb potentials produced by point

charges located at the lattice points. The results of some calculations for the electric potential

ψ(r) are given in Figs. 2.18–2.20 [51]. Figs. 2.18 and 2.19 show a profile of electric potential

ψ(x, y, z) on the x-y plane at z¼�0.5 nm and z¼�1 nm in the region inside the surface layer

(Fig. 2.18) and at z¼0.5 nm and z¼1 nm in the region outside the surface layer (Fig. 2.19)

calculated via Eq. (2.143) usingMathematica. Here the surface layer has a cubic lattice of point

charges q¼e¼1.6�10�19 C with a spacing of a¼2.5 nm in an aqueous 1-1 electrolyte

solution of bulk concentration 0.05 M at 25°C (εr¼78.55). It is seen that the potential exhibits

peaks at positions closest to the lattice points.
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Fig. 2.18
Profile of electric potential ψ(x, y, z) on the x-y plane at z¼�0.5 nm and z¼�1 nm inside the surface
layer. The surface layer has a cubic lattice of point charges q¼ e¼1.6�10�19 C with a spacing of
a¼2.5 nm in an aqueous 1-1 electrolyte solution of bulk concentration 0.05 M at 25°C (εr¼78.55).
Reprinted with permission from H. Ohshima, Discrete charge effects on the Donnan potential and surface potential

of a soft particle, Colloid Polym. Sci. 292 (2014) 749–756.
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Fig. 2.20 shows ψ(x, y, z)/ψDON as a function of scaled distance κz calculated at x¼κa/2 and

y¼κa/2 for several values of κa in comparison with the continuous mode (given by the dotted

line). We see that ψ(x, y, z) oscillates with a period of κa and the amplitude of the oscillation

decreases with decreasing κa, and in the limit of κa!0, the discrete charge model approaches

the continuous charge model.
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Fig. 2.19
Same as Fig. 2.18 except that z¼0.5 nm and z¼1 nm in the region outside the surface layer. Reprinted
with permission from H. Ohshima, Discrete charge effects on the Donnan potential and surface potential of a soft

particle, Colloid Polym. Sci. 292 (2014) 749–756.

Electrical Double Layer at Nanolayer Interface 67



It can be shown analytically on the basis of Eq. (2.143) that the discrete charge model

approaches the continuous charge model in the limit of κa!0. In this limit, the discrete sum

with respect to l, m, and n in Eq. (2.143) can be replaced by a continuous integration. By

introducing a smeared continuous charge density ρ¼q/a3, we consider the following potential

deep inside the surface layer, which is shown to be equal to the Donnan potential:

lim
z!�∞

κa!0

ψ rð Þ¼ lim
z!�∞

κa!0

q

4πεrεo

X
�∞<l,m,n<∞

exp �κ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + z�nað Þ2

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + z�nað Þ2

q (2.145)

Here the range of n, that is, �∞<n�0 has approximately been extended to �∞< z<+∞,

since we are treating the limiting case of z!�∞. We introduce

r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2 + z�nað Þ2

q
and replace the discrete sum with a continuous

integration

X
�∞<l,m,n<+∞

! 1

a3

ð∞
0

4πr2dr as ka! 0 (2.146)
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Fig. 2.20
Change in ψ(x, y, z)/ψDON along the z-direction at x¼κa/2 and y¼κa/2. Reprinted with permission from
H. Ohshima, Discrete charge effects on the Donnan potential and surface potential of a soft particle, Colloid Polym.

Sci. 292 (2014) 749–756.
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then Eq. (2.145) becomes the Donnan potential,

ψDON¼
ρ

4πεrεo

ð∞
0

e�κr

r
4πr2dr¼ ρ

εrεoκ2
(2.147)

which agrees with the result obtained by the continuous charge model (Eq. 2.109). We thus see

that integration of the screened Coulomb potential over the entire space �∞< z<+∞ yields

the Donnan potential. If the integration is made over a half-space �∞< z�0, then the surface

potential ψo is obtained and its value is half the Donnan potential, that is, ψo¼ψDON/2, which

agrees with the result of the continuum approximation (Eq. 2.123). The overall potential

distribution in the limit of κa!0 can also be derived in a similar manner. We introduce

cylindrical coordinates: s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� lað Þ2 + y�mað Þ2

q
and z¼ na� z0, and replace the discrete

sum with a continuous integration

X
�∞<l,m<+∞

�∞<n�0

! 1

a3

ð∞
s¼0

ð�z

z0¼�∞
2πsdsdz0 as ka! 0 (2.148)

then Eq. (2.143) tends to

ψ zð Þ¼ ρ

4πεrεo

ð∞
s¼0

ð�z

z0¼�∞

exp �κ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 + z02

ph i
ffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 + z02

p 2πsdsdz0 ¼
ρ

εrεoκ2
1�1

2
eκz

� �
, �∞< z� 0

ρ

2εrεoκ2
e�κz, 0< z< +∞

8><
>:

(2.149)

Eq. (2.149), which depends only on z, agrees with Eqs. (2.119), (2.120) for d≫1/κ.

2.8 Modified Poisson-Boltzmann Equation

The standard Poisson-Boltzmann equation for the electric potential distribution in the

preceding sections assumes that ions behave like point charges and neglect the effects of ionic

size. There are many theoretical studies on the modified Poisson-Boltzmann equation [53–59],
which take into account the effect of ionic size by introducing the activity coefficients of

electrolyte ions [53,60–62]. In the present section on the basis of the equation for the ionic

activity coefficients given by Carnahan and Starling [61], which is the most accurate among

existing theories, we present a simple algorithm for solving the modified Poisson-Boltzmann

equation and derive a simple approximate analytic expression for the surface charge density/

surface potential relationship for a planar charged surface [59].

Consider a charged planar wall surface in contact with a symmetrical electrolyte solution of

valence z and bulk concentration (number density) n and take an x-axis perpendicular to the
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wall surface with its origin 0 at the wall surface. We denote the surface potential and the surface

charge density of the wall by ψo¼ψ(0) and σ, respectively. The potential distribution ψ(x)
obeys the Poisson equation for the region x>0,

d2ψ

dx2
¼�ρe1 xð Þ

εrεo
(2.150)

Here εr is the relative permittivity of the electrolyte solution and ρel(x) is the space charge

density resulting from the electrolyte ions and is given by

ρel xð Þ¼ ze n+ xð Þ�n� xð Þf g (2.151)

where n+(x) and n�(x) are, respectively, the concentrations of cations and anions at position x,
and e is the elementary electric charge.

The standard Poisson-Boltzmann equation (2.150) assumes that electrolyte ions are pointlike

charges. This assumption, however, becomes invalid especially in the region very close to a

highly charged surface, where the concentration of counterions is very high. We must thus take

into account steric interactions among ions of the finite size, by introducing ionic activity

coefficient γ into Eq. (2.22) in the standard Poisson-Boltzmann approach. We assume that the

activity coefficients of cations and anion have the same value γ. The electrochemical potential

μ+(x) of cations and that of anions μ�(x) are thus given by

μ� xð Þ¼ μo�� zeψ xð Þ+ kT ln γ xð Þn� xð Þ½ � (2.152)

which must take the same value as those in the bulk solution phase, where ψ(x)¼0,

μ� ∞ð Þ¼ μo� + kT ln γ∞nð Þ (2.153)

where γ∞¼γ (∞). By equating μ� xð Þ¼ μ� ∞ð Þ, we obtain

n� xð Þ¼ γ∞n

γ xð Þ exp 	zeψ xð Þ
kT

� �
(2.154)

so that Eq. (2.151) gives

ρel xð Þ¼ γ∞

γ xð Þzen exp �zeψ xð Þ
kT

� �
� exp

zeψ xð Þ
kT

� �� �
¼�2γ∞

γ xð Þzen sinh
zeψ xð Þ
kT

� �
(2.155)

Thus Eq. (2.150) becomes the following modified Poisson-Boltzmann equation:

d2ψ

dx2
¼ 2zen

εrεo
� γ∞

γ xð Þ sinh
zeψ xð Þ
kT

� �
(2.156)

which reduces to the standard Poisson-Boltzmann equation (2.34) when γ (x)¼1 and γ∞¼1.

We now assume that cations and anions have the same radius a. We introduce the volume

fraction ϕ+ of cations and that of anions ϕ� at position x. Then we have
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ϕ� xð Þ¼ 4

3
πa3

� �
n� xð Þ (2.157)

The total ion volume fraction ϕ(x) at position x is thus given by

ϕ xð Þ¼ϕ+ xð Þ+ϕ� xð Þ¼ 4

3
πa3

� �
n+ xð Þ+ n� xð Þf g (2.158)

Let the total ion volume fraction in the bulk solution phase be ϕB
ϕ(∞). Then from

Eq. (2.158) we obtain

ϕB¼
4

3
πa3

� �
� 2n (2.159)

so that Eq. (2.158) becomes

ϕ xð Þ¼ϕB n+ xð Þ+ n� xð Þf g
2n

(2.160)

By substituting Eq. (2.154) into Eq. (2.160), we obtain

ϕ xð Þ¼ϕB

γ∞

γ xð Þ cosh
zeψ xð Þ
kT

� �
(2.161)

By using Eq. (2.161), Eq. (2.156) can be rewritten as

d2ψ

dx2
¼ 2zen

εrεo
� ϕ xð Þ
ϕB

tanh
zeψ xð Þ
kT

� �
(2.162)

Now we employ the expressions for γ(x) derived by Carnahan and Starling [62], namely,

γ xð Þ¼ exp
ϕ xð Þ 8�9ϕ xð Þ+ 3ϕ2 xð Þ� �

1�ϕ xð Þf g3
" #

, γ∞¼ exp
ϕB 8�9ϕB + 3ϕ

2
B

� �
1�ϕBð Þ3

" #
(2.163)

Then Eq. (2.161) becomes

ϕ xð Þ¼ϕB exp � ϕ xð Þ 8�9ϕ xð Þf + 3ϕ2 xð Þ
1�ϕ xð Þf g3 �ϕB 8�9ϕBð + 3ϕB

2

1�ϕBð Þ3
 !" #

� cosh
zeψ xð Þ
kT

� �

(2.164)

which is an equation for ϕ(x) for given values of ϕB and ψ(x).

The zeroth-order approximation in the limit of very small ϕB, we have from Eq. (2.164) by

approximating the exponential factor to be unity,

ϕ xð Þ¼ϕB cosh
zeψ xð Þ
kT

� �
(2.165)
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If we substitute Eq. (2.165) into Eq. (2.162), then the modified Poisson-Boltzmann

equation (2.162) reduces back to the standard Poisson-Boltzmann equation (2.34). In order to

obtain the first-order approximation for ϕ(x), we expand the exponential factor on the right-

hand side of Eq. (2.164) in a power series of ϕ(x) and ϕB to give

ϕ xð Þ¼ϕB

1 + 8ϕBð Þcosh zeψ xð Þ=kTð Þ
1 + 8ϕB cosh zeψ xð Þ=kTð Þ (2.166)

By substituting Eq. (2.166) into Eq. (2.162), we obtain the following first-order approximation

to the modified Poisson-Boltzmann equation:

d2ψ

dx2
¼ 2zen

εrεo
�

sinh
zeψ xð Þ
kT

� �

1 +
16ϕB

1 + 8ϕB

� �
sinh2

zeψ xð Þ
2kT

� � (2.167)

By solving Eq. (2.167), we find that the relationship between the surface charge density σ and

the surface potential ψo is given by

σ¼ sgn ψoð Þ2εrεoκkT
ze

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 8ϕB

16ϕB

s
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1 +

16ϕB

1 + 8ϕB

� �
sinh2 zeψo

2kT

	 
� �s
(2.168)

or equivalently

ψo¼ sgn σð Þ2kT
ze

� arcsinh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 8ϕB

16ϕB

exp
4ϕB

1 + 8ϕB

� �
zeσ

εrεoκkT

� �2
" #

�1

( )vuut
0
@

1
A (2.169)

and the potential distribution is given by

κx¼�sgn ψoð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ϕB

1 + 8ϕB

s ðy
yo

dyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1 +

16ϕB

1 + 8ϕB

� �
sinh2

y

2

	 
� �s (2.170)

where yo¼ zeψo/kT is the scaled surface potential. Eq. (2.170) gives the scaled potential

distribution y(x)¼ zeψ(x)/kT as a function of the scaled distance κx.

In the limit of ϕB!0, these results tend to the results obtained via the standard Poisson-

Boltzmann equation. Fig. 2.21 shows an example of the calculation of the surface potential ψo

via Eq. (2.169) as a function of the electrolyte concentration n (in units of M) in an aqueous

monovalent electrolyte solution containing cations and anions of radius a¼0.4 nm (z¼1,

εr¼78.55) for three values of the surface charge density σ (σ¼0.01, 0.02, and 0.05 C/m2) at

T¼298.15 K. The solid lines are the results obtained by the modified Poisson-Boltzmann
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equation (Eq. 2.169), and the dotted lines are those obtained by the standard Poisson-

Boltzmann equation (Eq. 2.40). Fig. 2.21 shows how the effects of ionic size on the surface

potential become appreciable for higher surface charge density and higher electrolyte

concentrations. For σ¼0.05 C/m2 and n¼0.05 M, for example, the modified Poisson-

Boltzmann equation gives ca. ψo¼82 mV, while the standard Poisson-Boltzmann equation

gives only ca. 72 mV, the difference being higher than 12%. The ionic size effect always gives

rise to an increase in the surface potential ψo. This is because the ionic concentration becomes

lower due to the ionic size effect, leading to a decrease in the ionic shielding effects so that the

magnitude of ψo increases. If the surface charge density σ is low, on the other hand, then the

ionic size effect becomes small. In order to see this more clearly, we expand ψo given by

Eq. (2.169) in a power series of σ with the result that

ψo¼
σ

εrεoκ
� 1

24
� ϕB

1 + 8ϕB

� �
ze

kT

	 
 σ

εrεoκ

� �3

+O σ5
� �

(2.171)
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Fig. 2.21
Surface potential ψo of a charged planar surface in contact with an aqueous electrolyte solution. The
solid lines are the results obtained via the modified Poisson-Boltzmann equation (Eq. 2.169), and the
dotted lines are the results from the standard Poisson-Boltzmann equation (Eq. 2.40). Calculated for
the surface charge density σ¼0.01, 0.02, and 0.04 C/m2, the ionic radius a¼0.4 nm, T¼298.15 K,
and εr¼78.55. FromH. Ohshima, An approximate analytic solution to the modified Poisson-Boltzmann equation.

Effects of ionic size, Colloid Polym. Sci. 294 (2016) 2121–2125.
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We see that the first term on the right-hand side of Eq. (2.171) does not involve ϕB so that in the

limit of σ!0, the ionic size effect vanishes. The ionic size effect appears only in terms of the

second and higher orders of σ.

Finally, we present an approximate expression for the differential electric double layer

capacitance Cd¼dσ/dψo:

Cd ¼ sgn ψoð Þεrεoκ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16ϕB

1 + 8ϕB

s
�

sinh
zeψo

kT

	 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1 +

16ϕB

1 + 8ϕB

� �
sinh2

zeψo

2kT

	 
� �s

� 1

1 +
16ϕB

1 + 8ϕB

� �
sinh2

zeψo

2kT

	 
 (2.172)

2.9 Conclusion

We have developed theories of electrical double layers at nanolayer interface. We started with

the discussion on the general feature of the electrical double layer around charged surfaces. We

then considered the electrical double layers across nanolayers coating hard substrates. As two

important examples, we treated a nanolayer of porous materials and a monolayer of

polyelectrolytes. In the latter case, the Donnan potential was shown to play an essential role in

determining the electrical double layer across a polyelectrolyte layer. We then discussed the

discrete charge effect on the Donnan potential in the polyelectrolyte layer. Finally, the modified

Poisson-Boltzmann equation taking into account the ionic size effect was discussed.
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3.1 Introduction

Scanning probe microscopy (SPM) has become an indispensable tool for visual understanding

of the nanospace for development of modern materials research, especially for nanoscience.

SPM is used to visualize solid surface structures with nanoscale resolution. All SPM techniques

are based on tracing a surface with an atomically sharp needlelike probe controlled by a

feedback loop with interaction monitoring between the probe and the surface. SPM skims the

surface of an object while the distance (or interaction, such as the force or tunneling current)

between the apex of the probe and the surface is kept constant by a feedback mechanism. From

the traces of the tip probe, surface morphology images are created.

SPM techniques are classified by the difference in the physical quantity between the probe and

the surface. Scanning tunneling microscopy (STM) is based on the tunneling current as the

feedback. It was developed by Binnig and Rohrer in 1982, and it was the first SPMmethod [1].

Atomic force microscopy (AFM), which is also known as scanning force microscopy (SFM), is

based on the force as the feedback. A large variety of AFM techniques and peripheral

measuring modes have been developed, not only for simple surface morphological imaging but

also for mapping of the surface properties, surface manipulation, surface processing, and so on.

SPM techniques have been widely used to elucidate the structures of various surfaces, including

metals, semiconductors, and organics (polymers), in air, in vacuum, and even in liquid. In this

chapter, we introduce SPM techniques and their applications in modern nanomaterial

chemistry.
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3.2 Submolecular Imaging of Two-Dimensional Supramolecular Systems
by SPM

With the progress of semiconductor lithography technology, production of large-scale

integration circuits based on sub-10-nm-scale patterning has become a reality. However,

lithography is approaching its theoretical limit. Therefore, over the last two decades,

construction of sophisticated supramolecular architectures by self-assembly has attracted

considerable attention as a “bottom-up” approach starting from atoms or molecules [2,3]. Self-

assembly based on supramolecular chemistry and in-space imaging by SPM has attracted

considerable attention in the last two decades as bottom-up nanoscience [4,5]. Among the SPM

techniques, STM is advantageous in terms of real atomic resolution, although it has the

disadvantage that an electroconductive substrate is required to apply the bias while AFM does

not have this limitation. However, it is also possible to observe a very thin insulating adlayer

with a thickness less than the tunnel distance on a conductive substrate. STM can be used to

visualize each atom andmolecule on a conductive surface. Therefore, highly orderedmolecular

adlayers on atomically flat electroconductive substrates, such as single-crystal metals,

semiconductors, and highly ordered pyrolytic graphite (HOPG), have been intensively

investigated as visualizable two-dimensional (2D) supramolecular systems by STM.

In general, adlayer structures are strongly affected by adsorbate-substrate interactions,

intermolecular interactions, and their balance. In the case where the adsorbate-substrate

interactions are dominant, molecular adlayer structures have often been considered from the

point of view of epitaxy in terms of the crystallographic match with the substrate lattice. Where

the adsorbate-substrate interactions are relatively weak, adsorption is predominately governed

by the thermodynamic equilibrium as a function of the surface concentration of molecules

based on solution conditions, such as temperature and concentration. In this case, the molecules

on the surface are relatively unrestrained by the surface, so isolated molecules on the surface

can freely move to form a thermodynamically stable adlayer structure, as a result of 2D

crystallization. Thermodynamic self-assembly can be explained by classical theories according

to crystallization and colloidal chemistry. High-resolution STM images of various complicated

2D supramolecular systems produced by well-controlled self-assembly have been reported in

air [6–8], under ultrahigh vacuum (UHV) [9–11], in nonpolar solutions, and in aqueous

solutions under electrochemical potential control [12–18]. STM operation in an open gas

condition is rare owing to high electric noise. In UHV systems, molecular adlayers are usually

prepared by controlled sublimation and subsequent thermal annealing to induce self-assembly.

The molecular dynamics on substrates is frequently described as a function of the temperature.

Low-temperature STM is commonly used to observe isolated molecules because the motion of

molecules is frozen at low temperatures.

In solution systems, the adlayers on solid-liquid interfaces are generally prepared by

spontaneous adsorption from the solution phase, and STM imaging is performed at the

solid-solution interface in the presence of sample molecules in the solution. Under appropriate
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conditions, highly ordered molecular adlayers with supramolecular arrangements form as a

thermodynamically stable phase. In situ STM imaging at the solid-liquid interface is a powerful

tool because it allows not only static nanostructures but also dynamic molecular motion to be

observed [19]. Observation of dynamic processes is crucial to understand the mechanism of

self-assembly on surfaces. Ordering, breaking, Ostwald ripening, and order-disorder and order-

order phase transitions of molecular arrays on surfaces have been successfully visualized as a

function of the surface coverage by in situ STM [20]. Adjusting the thermodynamic self-

assembly conditions can also be achieved by the management of the electrochemical potential

because the adsorption strength is a function of the potential [21,22]. Potential control (at the

millivolt scale) is advantageous for very delicate tunes of adsorption and the ordering

equilibrium on the surface.

As typical examples of order-order phase transitions, highly ordered adlayer structures of the

triangular building block molecules trimesic acid (TMA) [23] and 2,5,8-triamino-tri-s-triazine

(melem) [24] have been independently reported. Two ordered phases, namely, a honeycomb

network and a close-packed structure, were reversibly observed for both systems, as shown in

Fig. 3.1. In the honeycomb network, TMA andmelemmolecules are connected to each other by

hydrogen bonds. Increasing the surface coverage induces a transformation from a honeycomb

network to a close-packed structure with much higher coverage by breaking intermolecular

Fig. 3.1
High-resolution electrochemical STM images and the corresponding models of the honeycomb

networks and close-packed ordered adlayers of trimesic acid and melem on Au(111) in
aqueous solution. Reprinted with permission from the references. Y. Ishikawa, A. Ohira, M. Sakata, C.

Hirayama, M. Kunitake, A two-dimensional molecular network structure of trimesic acid prepared by adsorption-
induced self-organization, Chem. Commun. (2002) 2652–2653. Copyright 2002 Royal Society of Chemistry.
S. Uemura, M. Aono, T. Komatsu, M. Kunitake, Two-dimensional self-assembled structures of melamine and
melem at the aqueous solution-Au(111) interface, Langmuir 27 (2011) 1336–1340. Copyright 2011 American

Chemical Society.
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hydrogen bonds in the honeycomb network. Specific intermolecular interactions, such as

hydrogen bonds, can overcome the loss of the thermodynamic energy owing to the low

coverage. In addition, construction of diverse, multiple-component, supramolecular

architectures has also been achieved. Different two-component self-assembled structures

composed of melamine and melem have been formed on the Au(111) surface by varying the

melamine and melem concentrations and the electrochemical potential [25].

3.3 On-Site STM Imaging of Covalently Bonded 2D Supramolecular
Structures by Surface-Mediated Selective Polycondensation

Initially, sophisticated supramolecular structures were self-assembled by adjusting relatively

weak noncovalent interactions, and they were mainly based on structural beauty rather than

functionality. Construction of covalently bonded nanostructures on well-defined substrates has

recently attracted attention because of the use of nanomaterials and nanodevices with the

progress of bottom-up technology.

Most covalent self-assembly systems are prepared by a thermally initiated reaction on surfaces

in UHV, such as thermally initiated C–C coupling [26–28], Ullmann coupling between

aromatic halogen molecules [29–31], esterification between boronic acid and hydroxyl units

[32,33], and azomethine (Schiff base) coupling between a primary amine and aldehyde units

[34,35]. Among these systems, preparation of graphene nanoribbons (GNRs) on surfaces has

attracted attention because GNRs have excellent thermal, electronic, and magnetic properties

[36]. A variety of linear, zigzag, and branch-shaped GNRs have been constructed on surfaces

under UHV by the appropriate selection of building blocks and controlled thermal reactions.

In covalently bonded molecular systems, it is difficult to avoid unfavorable disordered

nanostructures because of the irreversibility of the coupling reactions. A dynamic reaction

equilibrium for the coupling of building blocks is generally required to construct highly

sophisticated ordered structures. Under UHV conditions, successful preparative strategies are

kinetically controlled, thermally activated reactions performed at very low surface coverage of

building blocks. Note that many covalent architecture systems have been constructed at high

temperature in UHV, and the STM observations were performed at or below room temperature.

Reversible polycondensation reactions have been proposed to connect building blocks in

extended frameworks as a soft solution process based on aromatic Schiff base (also known as

imine or azomethine) coupling between aromatic primary amines and aromatic aldehydes

[37–40]. The important concept of this methodology is the surface-selective polycondensation

reaction even under solution conditions, wherein homogeneous solution reactions do not occur

[41]. This has been achieved by carefully controlled conditions based on two major equilibria:

adsorption-desorption and coupling-decoupling. The reaction equilibrium is then essentially

controllable by tuning the solution pH. At higher pH values relative to the pKa of the building
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blocks bearing primary amino units, the reaction immediately proceeds at room temperature,

frequently inducing sedimentation of an oligomeric product. However, protonation of the

primary amino group at acidic pH values induces “breakdown” of the coupling. Therefore, the

pH of the reaction solution is carefully selected for each system and is slightly acidic relative to

the pKa. Under such pH conditions, the surface reaction might proceed even though the reaction

in a homogeneous solution might be restrictively inhibited. The reaction equilibrium on the

surface is shifted onto a chemically inert and hydrophobic substrate surface.

Because of the high degree of reversibility and controllability of the reaction, pH-controlled

Schiff-base coupling is useful in supramolecular chemistry as a dynamic reversible covalent

coupling reaction with a high reaction equilibrium rate even at room temperature. The basic

concept of the careful control of dynamic reversible reactions for thermodynamic equilibria can

be generalized by the design and construction of various supramolecular systems through the

use of a wide array of equilibrium coupling reactions. This soft solution process is not limited to

a planar 2D surface and can be readily applied to arbitrary three-dimensional (3D) micro- and

macrostructured objects. The combination of top-down lithography and the previously

mentioned bottom-up assembly allows arbitrary patterned deposition to be performed by the

strong surface selectivity of the reaction.

Various nanomesh structures have been constructed by combining 5,10,15,20-tetrakis-(4-

aminophenyl)-21,23H-porphyrin (TAPP) and several linker molecules prepared by

thermodynamic self-assembly as shown in Fig. 3.2. High-resolution STM imaging allows

Connected
0 s     

Disconnected
64 s     

Connected
128 s   

Fig. 3.2
Sequential in situ STM images of a TAPP-TPA(terephthalaldehyde) nanomesh of 2D π-conjugated
supramacromolecular frameworks prepared by on-site successive polycondensation. Reprinted with

permission from the reference R. Tanoue, R. Higuchi, N. Enoki, Y. Miyasato, S. Uemura, N. Kimizuka,
Thermodynamically controlled self-assembly of covalent nanoarchitectures in aqueous solution, ACS Nano 5 (2011)

3923–3929. Copyright 2011 American Chemical Society.
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discrimination of each building block molecule in the covalent porphyrin-based 2D mesh

frameworks. Moreover, visualization of the molecular dynamics, such as bond formation, bond

dissociation, the host-guest reaction, and the order-order phase transition, has been achieved by

in situ real-space imaging. These observations clearly show the reversibility of the covalently

bonded systems at the solid-liquid interface at a well-balanced equilibrium point. When the

equilibrium slightly shifts toward the adsorption or coupling side under typically less acidic

conditions, continuous lateral film growth on the substrate can be achieved by chemical liquid

deposition (CLD). Various colorful π-conjugated films of very simple building blocks can be

spontaneously formed by simple immersion in a solution. Furthermore, they frequently have

unique surface morphologies; for example, vertical nanowalls were frequently observed [44].

In addition, a position selective reaction to form a high-symmetry product has also been

achieved by surface-selective polycondensation [45].

In contrast to dry processes, such as molecular beam epitaxy, CLD based on surface-mediated

selective polycondensation is a low-cost and ecofriendly soft solution process, because the

reaction can essentially be performed in a beaker of water at room temperature. Construction of

2D and 3D macromolecular architectures that consist of functional building blocks on well-

defined solid surfaces is a crucial milestone to bridge top-down and bottom-up

nanotechnologies, and also to bridge supramolecular chemistry and nanomaterial science.

3.4 Surface Characterization of 2D Nanomaterials by AFM and KPFM

Even without real atomic resolution as in STM, AFM has been established as a popular research

method to observe surface morphologies in material science because an electrically conducting

substrate is not necessary. Here, we introduce several studies of nanofilmmaterials using AFM,

especially studies beyond simple topological imaging.

Metal-organic frameworks (MOFs) [46–54], also known as porous coordination polymers

[55–59], and covalent organic frameworks (COFs) have had a large impact in the field

of materials science because of the possibility of designable crystalline porous frameworks with

a wide range of applications. Moreover, surface-attached MOFs (SURMOFs) on well-defined

substrates have been investigated for device applications, such as functional electrodes [60],

sensors [61,62], and electronic devices [63–66]. Simple thermal equilibrium treatment in

acetic acid vapor has been proposed as a straightforward method to produce large 2D

nanosheets of crystalline coordination frameworks on HOPG [67]. An acetic acid vapor

environment dramatically accelerates recombination of coordination bonds between metal

ions and carboxylate ligands by decreasing the activation energy, as shown in Fig. 3.3.

AFM imaging is effective for evaluating SURMOFs in spite of the relatively low resolution.

Generally, AFM imaging simultaneously gives a topographic image and a phase image. Phase

imaging is extremely effective for surface mapping of the physical characteristics, such as the
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roughness, friction, adhesiveness, stiffness, and elasticity [68,69]. In the topographic image

(Fig. 3.4a), the intact HOPG and MOF islands are not easy to distinguish. In contrast, in the

phase AFM image (Fig. 4aʹ), the flat nanosheets are easily distinguishable from the uncoated

HOPG regions by different contrast [70],

Precise phase imaging has been shown to be remarkably useful for analyzing the crystalline

domains of SURMOF nanosheets. In the phase image (Fig. 3.4bʹ), multiple domains with

different phase contrast are found even in regions that appear to be a single uniform nanosheet

with homogeneous contrast in the topographic image (Fig. 4b). The phase contrast of the flat

sheets without differences in the topographic thickness can be attributed to the differences in

the crystal orientation of the 2D single crystalline domains in the nanosheets (Fig. 3.4c). The

phase signal in tapping AFM imaging is very sensitive to the anisotropic angle between the

AFM scan direction and the crystal orientation of the nanosheets. Similar visual discrimination

of anisotropic domains in a single-crystal lamella of polyethylene has been reported using AFM

with frictional force mode [71].

Fig. 3.3
AFM images of (A) the spin-coated precursor MOF before thermal treatment and (B) MOF

nanosheets formed after thermal treatment in acetic acid vapor. (C) Schematic representation of 2D
crystal growth of MOF nanosheets achieved by treatment in acetic acid vapor. Each scale bar

represents 200 nm. Reprinted with permission from the reference K. Sakata, S. Kashiyama, G. Matsuo, S.
Uemura, N. Kimizuka, M. Kunitake, Growth of two-dimensional metal-organic framework nanosheet crystals
on graphite substrates by thermal equilibrium treatment in acetic acid vapor, Chem. Nano Mater. 1 (2015)

259–263. Copyright 2015 Wiley.
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Stretched helical polymers with large molecular weight and high persistent length, such as

DNA, are suitable samples to relatively easily visualize the real chain structures. Molecular

nonwoven fabrics, which are helical polymer films with covalent crosslinking, have been

assembled on substrates by the layer-by-layer techniques based on an alternate ester-amide

exchange reaction between poly(γ-methyl-L-glutamate) (PMLG) and crosslinking agents, such

as ethylene diamine. The secondary structures of the helical polymer are advantageous for

construction of a covalently bonded, ultrathin nonwoven fabric consisting of single polymer

strands based on regular growth of helical monolayers without excessive adsorption [72].

In the high-resolution AFM images as shown in Fig. 3.5B and C, the PMLG strings are scattered

and partially connected to each other over the surface in a meshlike assembly. Frequently,

Fig. 3.4
Simultaneously recorded topographic (a and b) and phase (aʹ and bʹ) images of theMOF nanosheets,
and schematic representation of discrimination of crystalline domains in MOF nanosheets by phase
imaging (c). The scale bars in (a and aʹ) and (b and bʹ) are 200 and 500 nm, respectively. Reprinted with
permission from the reference K. Sakata, S. Kashiyama, G. Matsuo, S. Uemura, N. Kimizuka, M. Kunitake, Growth
of two-dimensional metal-organic framework nanosheet crystals on graphite substrates by thermal equilibrium

treatment in acetic acid vapor, Chem. Nano Mater. 1 (2015) 259–263. Copyright 2015 Wiley.
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individual helical polymer chains can be clearly recognized on indium tin oxide (ITO)

substrates. The height and width of the single PMLG chains are about 1.2 and 40 nm,

respectively. Although the height is similar to the real diameter of α-helical PMLG (1.20 nm)

[73,74], the width might reflect the radius of curvature of the AFM tip.

The PMLG nanofilms have been characterized by Kelvin probe force microscopy (KPFM),

which is also known as surface potential microscopy, and the potential of KPFM as a technique

for characterizing organic materials has been simultaneously evaluated. In principle, KPFM

allows the work function of surfaces to be visualized. The work function is related to many

surface phenomena, including the catalytic activity, reconstruction of surfaces, doping and

band-bending of semiconductors, charge trapping in dielectrics, and corrosion. A KPFM image

can be simultaneously collected with an AFM image at the same location. Comparison between
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Fig. 3.5
(A) Schematic representation of alternate deposition of helical polymers. (B) Topographic AFM image
of molecular nonwoven fabrics consisting of a 20 PMLG multilayer. (C) Topographic AFM and
(D) surface potential images of 5 PMLG multilayers. Reprinted with permission from the reference
R. Higuchi, M. Hirano, M. Ashaduzzaman, N. Yilmaz, T. Sumino, D. Kodama, S. Chiba, S. Uemura, K.
Nishiyama, A. Ohira, et al., Construction and characterization of “molecular nonwoven fabrics” consisting of

crosslinked poly(γ-methyl-L-glutamate), Langmuir 29 (2013) 7478–7487. Copyright 2013 American Chemical
Society.
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the topographic image and the corresponding KPFM image is useful to estimate the surface

structure and properties. The principle of KPFM and its application to organic semiconductor

systems will be discussed later.

A segregated bundle structure in PMLG nanofilms has also been observed in KPFM images

shown in Fig. 3.5D, similar to topographic images. When the surface roughness is high, the

structure in the KPFM image will be mainly reflected in the topographic features rather than the

difference in the surface potential. Although it can be very difficult to eliminate topographic

information from KPFM images, KPFM achieves imaging of defects based on differences in

the surface potential.

Local surface potential mapping measured by KPFM is highly significant for organic materials.

However, the reproducibility and reliability of KPFM images, especially in terms of the surface

potential values, are not high because of contamination of the tip and difficulty in

deconvolution of the topographic information. To avoid these problems, normalization of the

tip before and after imaging has been proposed using standard samples of HOPG and well-

cleaned ITO, which have standard surface potentials of �0.16�0.01 and 0.00�0.03 V,

respectively [72].

3.5 Characterizations of Advanced Materials for Polymer Electrolyte Fuel
Cells by SPM Techniques

More recently, the characterization of energymaterials for fuel cells, solar cells, and batteries by

using the SPM technique has been developed [75]. Here, we will give examples of SPM

observations in polymer electrolyte fuel cell (PEFC) research, especially for advanced electrode

materials and electrolytes, which are the key components for high performance of PEFCs [75].

In PEFCs, highly active platinum is used for the oxygen reduction reaction (ORR) [76]. There is

great interest in understanding the effect of the size, form, including the index surface, and

dispersibility of platinum particles loaded on carbon supports on the catalytic activity of the

ORR [77]. To investigate the influence of the exposed surface of the platinum particles on the

catalytic activity, an atomically flat single-crystal surface is frequently used as a model

electrode for fundamental research [78]. Direct observation of the electrode surfaces and

electrolyte adsorption under potential controlled conditions has been reported using

electrochemical STM [78–80]. In particular, because the perfluorinated sulfonic acid ionomer

is used for the polymer electrolyte membrane (PEM) in PEFCs, many studies have reported

STM observation of specific adsorption of sulfuric acid anions [78,81–85].

Watanabe et al. investigated the relationship between not only different index surfaces of

single-crystal platinum but also platinum-based nanoparticles with different surface texture and
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the ORR activity by electrochemistry and STM observation in acid solution [76,86,87].

O’Hayre et al. reported that an AFM measurement system with a platinum-coated cantilever

and a solid PEM, such as Nafion, under hydrogen flow conditions can be used to investigate the

ORR characteristics in an environment that closely mimics PEFC operating conditions [88].

Hoshi et al. showed that the ORR activity of the high-index platinum surfaces is higher for steps

than terraces using a combination of techniques, such as AFM observations, electrochemistry,

and simulations [89–91]. Furthermore, they first succeeded in direct observation of the

degradation behavior of platinum particles with different surface indexes under potential

cycling in real time using high-speed AFM, as shown in Fig. 3.6 [91]. In Fig. 3.6, the detailed

change of the shape of a single platinum particle has been clearly observed during potential

cycling in acid solution.

Masuda et al. investigated the adsorption behavior of the perfluorinated sulfonic acid ionomer

as an electrolyte on the platinum single-crystal (111) surfaces by a combination of in situ AFM,

quartz crystal microbalance measurements, and surface-sensitive surface X-ray scattering

coupled with electrochemistry [92]. They reported that the adsorption-desorption behavior of

the ionomer significantly depends on the state of surface oxidation of platinum: The ionomer

adsorbs on pure platinum surfaces but detaches from oxidized surfaces, as shown in Fig. 3.7.

This result implies that the catalytic activity for ORR is governed by the adsorption state of the

ionomer present in the vicinity of surfaces.

In recent years, alloy systems and core-shell catalysts that have relatively high catalytic activity

to reduce the amount of platinum for practical use have been developed [93]. If SPM can

analyze the electronic states of the interface between dissimilar metals, it is expected that the

catalytic activity mechanism will become clear.

As previously mentioned, the PEM, which is one of the most important components of PEFCs,

requires various characteristics, such as high proton conductivity with low humidity not only at

high temperature but also in the subzero region, a high gas barrier, and mechanical and

chemical stability [94–96]. Even though various types of PEMs based on perfluorinated and

hydrocarbon-type sulfonic acid (perfluorosulfonic acid [PFSA]-type and hydrocarbon [HC]-

type, respectively) PEMs have been developed, PFSA-type PEMs, such as Nafion, Aciplex, and

Flemion, are still state-of-the-art because these membranes possess high mechanical, thermal,

and chemical stability as well as high proton conductivity [94,95,97–100]. However,
alternative HC-type membranes have recently become desirable in terms of their cost,

environmentally friendly nature, and stability at high temperature [94,96]. As non-PFSA-type

alternative membranes based on aromatic hydrocarbon polymers, sulphonated poly(ether ether

ketone) (SPEEK), poly(ether sulfone) (SPES), poly(imide)s (SPI), polyphenylene (SPP),

poly(phenylquinoxaline) (SPPQ), and polybenzimidazoles (PBI) doped with phospholic acid

that possess superior heat-resistant and mechanical stability have been developed so far
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(A) Schematic illustration of high-speed AFM cell ((left) side, (rigt) top view), (B) high-speed AFM
images of cubic Pt nanoparticle in 0.1 M HClO4 saturated air during potential cycles between 0.05
and 1.6 V (RHE) at a scanning rate of 2.0 V s�1, cross-sections, height, and width normalized to the
values before the potential cycles (imaged area: 70 nm�70 nm), and (C) corresponding dissolution
model of cubic Pt nanoparticle (side view) determined by high-speed AFM observation. Reprinted with
permission from the reference N. Hoshi, M. Nakamura, C. Yoshida, Y. Yamada, M. Kameyama, Y. Mizumoto,
In situ high-speed AFM of shape-controlled Pt nanoparticles in electrochemical environments: structural effects on the

dissolution mechanism, Electrochem. Commun. 72 (2016) 5–9. Copyright 2016 Elsevier.
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[94,96,101–113]. Furthermore, development of building blocks that can be prepared by

copolymerization with various types of sulfonated and nonsulfonated aromatic hydrocarbon

monomers has advanced the potential application to PEFCs [114–119].

McGrath et al. first demonstrated that multiblock-type membranes composed of completely

aromatic copolymers with a sulfonated poly(arylene ether) block part and a nonsulfonated

poly(arylene ether) or poly(imide) block part show much better performance for proton

conductivity at lower humidity than membranes composed of random copolymers [114–116].
The existence of phase-separated, hydrophilic-hydrophobic domains in the membrane, which

provide the opportunity for the formation of large continuous water channels where protons are

mobile, may result in the membrane exhibiting high proton conduction, especially at low

humidity. Miyatake et al. reported that synthesized multiblock-type PEMs in which the sulfo

groups are integrated with a hydrophilic block show good proton conductivity comparable with

that of Nafion in the low relative humidity (RH) region [117].

Rikukawa et al. successfully synthesized diblock and triblock polyphenylene-based

copolymers that are expected to have a high-order structure, such as a favorable cylindrical or

lamellar structure for high proton conductivity, and they reported that the proton conductivities

of these membranes are much higher than that of the homopolymer system even with much

lower water content [119].

With the development of polymer synthesis, understanding the structural properties is

necessary to develop high-performance PEMs, and elucidation of the relationship between the

morphology and physical properties, such as the proton conductivity, gas permeability, and

chemical/physical stability, is also required. In the case of PFSA-type PEMs, much information

about the surface and bulk morphologies has been obtained [120], and the relationships among

the morphology, proton conductivity, and gas permeability seem to be relatively clear.

Although the recent progress in various analytical methods has accelerated elucidation of the

structural properties, there is not as much structural information about HC-type PEMs as there

is about PFSA-type PEMs. Because the characteristics of PEMs strongly depend on the water

activity under PEFC operating conditions where water is constantly generated and ejected, it is

important to investigate the dependence of the physical properties and functions on the water

activity. The characteristics of PEMs, such as their proton conductivity and gas permeability,

are evaluated under a controlled atmosphere. Therefore, to investigate the correlation between

the structure and the physical properties, it is also necessary to analyze the structural changes

under controlled conditions. TEM is mainly used for structural observation of PEM at the

molecular level. However, there is a concern about unexpected structural deformation and

change caused by the electron beam and staining with metal ions, in addition to the advanced

techniques required for sample preparation. Furthermore, because TEM observations are

generally performed in UHV conditions, it is difficult to confirm the structural changes of the

PEM accompanied with the water content change. SPM allows direct visualization of not only
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the conformation of the isolated polymer chain but also the intricate morphology of solid

films with nanoscale resolution under various conditions, such as in vacuum and liquid even at

high temperature. In particular, because SPM can generate an image that reflects the

interaction between the membrane surface and the probe tip, the morphological features of the

hydrophilic-hydrophobic region can be evaluated. This flexibility of the measurement

conditions is a great advantage for PEM research because the proton conductivity, gas

permeability, and viscoelastic properties of membranes depend on the water uptake, which is

associated with the RH. There have been various unique and interesting reports of AFM

observation of PFSA-type PEMs, such as the Nafion membrane [121–124].

McLean et al. used AFM to observe the phase-separated morphology of PEMs, and they

successfully distinguished the crystalline and ionic domains at the surface of Nafion by

precisely controlling the oscillation amplitude of the cantilever in phase mode [124]. These

morphological features were supported by SAXS measurements. After this pioneering work,

characterization of the membrane morphology of perfluorinated PEMs by SPM has rapidly

progressed, and it has been established as a useful method for advancing PEM development. In

addition to characterization of the phase-separated structure, direct imaging of active proton-

conductive regions has also recently been reported using conductive AFM based on current

detection (current mapping), which is usually performed in contact mode coupled with the

electrochemical method [125].

Ohira et al. succeeded in simultaneous observation of proton conduction and the surface

morphology of PEMs using AC mode, rather than contact mode, coupled with the

electrochemical method [126–130]. Direct simultaneous imaging clearly revealed that the

phase images have higher correlation with the current mapping images than with the

topographies for Nafion. Furthermore, active proton paths were found to cluster into large

proton-conductive regions during hydration. However, for SPEEK and SPES, only a relatively

small and disperse proton path was observed, and it showed no significant change even

with an increase in the water content. Moreover, a very poor relationship between the phase

image and the current mapping image was obtained for SPEEK and SPES, in contrast to

the case of Nafion. This difference in the structural change during hydration between PFSA-

and HC-type membranes indicates that very careful interpretation of typical AFM images

is required to determine the surface morphology (Fig. 3.8), and it is difficult to characterize

morphological change only by AFM phase imaging.

There has been only one study of the correlation between the membrane surface morphology

and the fuel cell performance using AFM coupled with electrochemistry. In that case, a series of

hydrophilic-hydrophobic multiblock copolymers based on SPES with different block lengths

was investigated. The results revealed a significant dependence of the hydrophilic/hydrophobic

phase-separated structure on the block length. The conductive area ratio estimated from the

current mapping image decreases as the block length increases in addition to the difference on
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Fig. 3.8
Left: Schematic illustration of the principle of atomic force microscopy coupled with an electrochemical imaging technique.

Right: AC-AFM images of (A, a) SPEEK, (B, b) SPES, and (C, c) Nafion N-115 at 90% RH. (A)–(C) are phase images (z-scale 20o), and
(a)–(c) are corresponding current-mapping images (z-scale maximum 10 pA). The dark regions corresponding to the proton-conductive
regions. Scan size is 100 nm�100 nm. Scan rate was 5 Hz and the applied bias voltage was �1.5 V. Left: Phys. Chem. Chem. Phys.
15 (2013) 11494–11500—Reproduced by permission of the PCCP Owner Societies. Right: Reprinted with permission from the reference N.

Takimoto, L. Wu, A. Ohira, Y. Takeoka and M. Rikukawa, Hydration behavior of perfluorinated and hydrocarbon-type proton exchange membranes:
relationship between morphology and proton conduction, Polymer 50 (2009) 534–540.
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the front and back side of the membrane, and it was found to be closely related to the cell

resistance, which is one of the most important factors for the fuel cell performance (Fig. 3.9).

The most important finding was that although a well-defined, phase-separated structure of

(A)

Random copolymer

BPSHx-BPSx

O

O O O O

F F F F

F F F F

O O S

O

OO

O

S

O

HO3S

HO3S

SO3H

SO3H

35 65

XX n

n
O

S

O

O O

O

S

O

(B)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(s) (t)(r)(q)(p)

(b)(a) (c) (d) (e)

Random

0
20

 p
A

0
30

�
0

10
nm

BPSH3-BPS3 BPSH5-BPS5 BPSH7-BPS7 BPSH10-BPS10

A
ir-side

S
ubstra

te-side

Fig. 3.9
Top: Chemical structures of multiblock and random copolymers based on SPES (A) BPSHx-BPSx and
(B) random copolymers. Middle: AFM images of BPSHx-BPSx and random copolymer membranes at
22°C and 50% RH. (a–e) Topographic, (f–j) phase, and (k–t) proton conduction images. The scan
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regions. Reprinted with permission from reference N. Takimoto, S. Takamuku, M. Abe, A. Ohira, H.S. Lee, J.E.
McGrath, Conductive area ratio of multiblock copolymer electrolyte membranes evaluated by E-AFM and its impact

on fuel cell performance, J. Power Sources 194 (2009) 662–667. Copyright 2009 Elsevier.
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multiblock copolymers potentially improves the proton conductivity without any undesirable

large water uptake or dimensional change by swelling, it sometimes affects the interfacial

connection with the catalyst layer adversely, resulting in lower fuel cell performance. The

knowledge obtained from this study indicates the importance of understanding the interfacial

structure between membrane surface and catalyst layer, and the need for further improvement

of the membrane morphology by optimizing both the casting conditions and the molecular

design of the block sequences. These results also suggest that well-controlled microscopic

morphologies, which can associate the proton path with a small amount of absorbed water, are

crucial to improve the proton conductivity at low RH. Thus the observation technique that can

directly visualize an active proton path is a powerful method for characterizing phase-separated

structures.

Hara et al. constructed a new experimental system that mimics the reaction of the fuel cell to

more quantitatively evaluate the fuel cell performance using current-mapping AFM, and they

observed the proton-conductive region of PEMs formed from their synthesized multiblock

copolymers [131] (Fig. 3.10). This method is expected to be a useful method for investigating

the fuel cell performance as a membrane surface analysis technology that is taking into

consideration the influence of the interface between the membrane and the catalyst layer.
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Left: Schematic illustration of the principle of the current-sensing AFMmeasurement under hydrogen
atmosphere. Right: Current sensing (CS)-AFM images of hydrocarbon-type multiblock copolymer
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Imaging individual proton-conducting spots on sulfonated multiblock-copolymer membrane under controlled
hydrogen atmosphere by current-sensing atomic force microscopy, J. Phys. Chem. B 117(2013) 3892–3899.

Copyright 2013 American Chemical Society.
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Thus recent progress in the SPM technique enables understanding the structural-property

relationship of the electrode materials and the PEM, which can contribute to further advances in

materials for PEFC.

3.6 Recent Thin Film Organic and/or Inorganic Solar Cells

On the development of organic, inorganic, and organic/inorganic hybrid solar cells, SPM has

attracted much attention for investigating the local morphology, work function, and

photocurrent. Conventional analyzing techniques give photoelectric conversion efficiency

calculated from the short-circuit photocurrent, open-circuit voltage, and fill factors in the

current/voltage curves. To determine the work function and energy level of the highest

occupied and lowest unoccupied molecular orbitals of semiconductor layers, Kelvin probe,

UV photoelectron spectroscopy, UV-vis absorption spectroscopy are used. In the case of

inorganic solar cells such as Si and compound solar cells, these techniques are sufficient

to determine the photovoltaic characteristics because three-dimensional crystal structures

can be formed over a wide range in the active layers of solar cells. However, in the case of

organic solar cells, phase-separated and amorphous structures often form in the electron

donor and electron accepter layers, which cause formation of the boundary of the crystal

domains in each layers. These domain boundaries cause a decrease in the carrier mobilities,

resulting in the low power conversion efficiencies as low as 0.97% in pn junctions [132]

and Schottky organic solar cells [133] fabricated with small molecular organic semiconductors

by dry processes.

To enhance the power conversion efficiencies of organic solar cells, the approaches of increases

in electron donor and electron accepter phases have been developed as pin-type [134] and bulk

heterojunction solar cells [135] by utilizing easy occurrence of phase separation of electron

donors and electron acceptors at the micrometer or nanometer length scales in the active layer

of organic solar cells, resulting in the enhancement of the power conversion efficiency by as

much as 5%. The power conversion efficiency is determined by four parameters: (1) the photon

absorption efficiency, (2) the transport efficiency of excitons to the electron donor and accepter

interface, (3) the charge separation efficiency, and (4) the carrier collection efficiency. The

strategy of phase-separation approaches is categorized in the improvement of (2) and (3).

However, the random distribution of electron donor and acceptor domains in the active layer of

the solar cells causes carrier traps at the surface of the electron donor or acceptor domains,

which means decreases in (4) the carrier collection efficiency. For the necessity of adjusting

these trade-off parameters, G€unes et al. proposed ideal bulk heterojunction solar cells structures

consisting of an active layer of periodically aligned electron donor and acceptor phases at a

diffusion length of excitons of less than 50 nm, hole transport layers of donors, and electron

transport layers of acceptors [136–138]. The morphology and electric properties at the

nanometer length scale need to be known to discuss formation of such periodically aligned

structures and their electric properties.
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3.7 KPFM for Determination of the Work Function in Solar Cells

Varieties of AFM such as scanning capacitance microscopy (SCM), electric force microscopy

(EFM), and scanning near-field optical microscopy (SNOM) are used to investigate the small

photocurrent, carrier densities, and other semiconductor properties. In this section, we focus on

conductive AFM and KPFM operated with conductive probes and lock-in amplifiers for

determination of the local photovoltaic characteristics in solar cells. The details of the

principles of conductive AFM and KPFM have been summarized in other reviews [139,140].

The name of Kelvin probe originates from the method developed by William Thomson (Lord

Kelvin) to explain the formation of contact potential differences in metals [141]. The work

function ϕ is the minimum energy required to remove an electron from the electronic ground

state. In metals, ϕ can be described by the free-electron model [142], which defines the

difference in the electron energy between the vacuum state and the Fermi energy (Fig. 3.11A).

In the case of semiconductors or insulators, ϕ can be estimated by the energy difference

between the vacuum level and the most loosely bound electron [143]. When two plates of a

capacitor consisting of different materials are electrically connected (Fig. 3.11B), electrons will

move from the lower work function material (ϕ2) to the higher work function material (ϕ1),

generating opposite charges on the capacitor plates, which leads to the formation of contact

potential difference (CPD). To detect the CPD, an external potential Vc is applied to force

electrostatic force between the electrodes to zero, resulting in the externally applied potential

being equal to the CPD (Fig. 3.11C). Normally, the work function of the reference plate (ϕ1),

such as Pr and Au, is known and the work function of the sample material can be determined by

ϕ2¼ϕ1�qVc, where q is the elementary charge. Zisman improved the Kelvin probe technique

by vibrating the reference plates [144]. This mechanical oscillation induces capacitance

changes, leading to small alternating signals that can easily be detected even down to �1 mV

[145–147]. The principle of KPFM is similar to the Kelvin probe technique, except that it is for

investigating not electrical currents but electrostatic forces. An oscillating potential Vac at

frequency x is applied to the probe, and the probe displacement is detected at the same

frequency as Vac on photodiode detectors by a lock-in amplifier. The oscillation amplitude at

frequency x is proportional to the surface potential difference between the probe and the sample

surface. However, these electrostatic interactions will be essentially difficult to be quantified

because of the complexity of the system dynamics and the shapes of the probe and the sample.

To minimize the electrostatic interaction between the probe and the sample surface, an

additional feedback loop of direct current (dc) offset voltage (Vdc) is applied to the probe

(Fig. 3.8D). The total voltage between the probe and the sample can be expressed as

ΔV¼Δ∅�Vdc +Vac sin ωtð Þ (3.1)

where Δϕ is the CPD, Vdc is the dc offset potential, and Vac and x are the amplitude and

frequency of the applied ac voltage, respectively. The potential energyU in the plate capacitors

can be expressed as
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U¼ 1

2
CΔV2 (3.2)

where C is the capacitance between the probe and the sample. The electrostatic force is defined

as the derivative of the energy with respect to the probe-sample distance z:

F¼ �@U

@z
¼�@C

@z
ΔV2¼Fdc +Fω +F2ω (3.3)

with components at the dc
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Fig. 3.11
Schematic diagram of KPFM. (A) Two different work function materials 1 and 2, where ϕ1 and ϕ2

correspond to the corresponding energy differences between the Fermi level ε and the vacuum level.
(B) When the two materials are electrically connected, electrons move from 2 to 1 until the Fermi
levels coincide, leading to appearance of a contact potential Vb. The presence of the charges in the two
materials causes an electric field E. q is the electron charge and CPD is the contact potential difference.
(C) The electric field is removed by applying an external potential Vdc that is equal to the CPD.

Illustrations of the (D) KPFM setup and (E) morphological effect between conductive probes and
rough surfaces. Reprinted with permission from reference V. Palermo, M. Palma, P. Samori, Electronic

characterization of organic thin films by kelvin probe force microscopy, Adv. Mater 18 (2) (2006) 145–164.
Copyright 2006 Wiley.
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Fdc¼ �1

2
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@z
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and at frequencies ω and 2ω

Fω ¼ �1

2

@C

@z
Δ∅�Vdcð ÞVac sin ωtð Þ½ � (3.5)

F2ω ¼ �1

4

@C

@z
Vac

2 cos 2ωtð Þ� �
(3.6)

When the x component is zero, Vdc is equal to the work function differenceΔϕ between the probe

and the sample surface (i.e., Vdc¼ Δϕ), allowing quantitative imaging of the CPD (Δϕ) by
monitoringVdc.KPFMuses the firstharmoniccomponent (Fx) todetermine the localwork function

on the samples. The measurements can be performed using the frequency-modulation method.

Two different KPFMmodes are commonly used: noncontact mode and lift mode. In noncontact

mode, the CPD and the topographical signals are simultaneously detected from two different

oscillation frequencies. In lift mode, a first scan records the topography while a second scan

operatedata largeprobe-surfacedistancegives theCPD.Theprobeshapeoftenaffectselectrostatic

interactions between the probe and the sample surface. Numerical simulations of the probe shapes

have been performed to determine the influence on the KPFM resolution (Fig. 3.11E) [148,149].

3.8 Morphology and Work Function Distribution of Bulk Heterojunction
Solar Cells

The morphology of bulk heterojunction organic solar cells has been investigated by AFM as

well as transmittance microscopy [150–152]. To discuss the local work functions, Hoppe

et al. reported surface potential measurements of poly[2-methoxy-5-(30,70-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)/[6,6]-phenyl-C61-butyric acid

methyl ester (PCBM) films [42,43]. Fig. 3.12 shows an AFM image, surface potential

images, and schematic images of MDMO-PPV/PCBM films at a weight ratio of 1:4 with

toluene and chlorobenzene. In the case of toluene, the fast evaporation leads to formation of

small PCBM domains with sizes of several tens of nanometers. In the case of

chlorobenzene, the slow evaporation leads to formation of larger PCBM domains with sizes

of several hundreds of nanometers. The surface potentials are homogeneously distributed in

the MDMO-PPV/PCBM films prepared with toluene, and with the PCBM domains in the

MDMO-PPV/PCBM films prepared with chlorobenzene. The increase in the surface

potential is because of a decrease in the work function of the sample, indicating that the

domains consist of PCBM-rich films. The external quantum efficiency of the films prepared

from toluene solution is higher than that of the chlorobenzene films. This can be explained

by considering that the PCBM domains are completely covered with MDMO-PPV layers,

which causes electron carrier traps. Chiesa et al. also reported surface potential images of
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polyfluorene/PCBM diodes [153]. In this work, local work functions on a heterojunction

morphology of the solar cells were observed, and the path of electron donors in the electron

acceptor regions were visualized.

Watanabe et al. reported quantitative analysis of the electron donor and acceptor concentrations in

the structured bulk heterojunctions photovoltaic devices of polyvinyl carbazole/PCBM films

[154,155]. The surface relief gratings were fabricated by periodic photopolymerization of vinyl
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Fig. 3.12
Morphology, surface potential, and schematic images of MDMO-PPV/PCBM films prepared at a
weight ratio of 1:4 with (A) toluene and (B) chlorobenzene in the dark [42,43]. Note that the work
function in the z-range scales should be replaced by the surface potential because of a mistake in the
original article. Reprinted with permission from references H. Hoppe, T. Glatzel, M. Niggemann, A. Hinsch, M.C.
Lux-Steiner, N.S. Sariciftci, Kelvin probe force microscopy study on conjugated polymer/fullerene bulk heterojunction
organic solar cells, Nano Lett. 5(2) (2005) 269–274. H. Hoppe, T. Glatzel, M. Niggemann, W. Schwinger, F.
Schaeffler, A. Hinsch, M.C. Lux-Steiner, N.S. Sariciftci, Efficiency limiting morphological factors of MDMO-PPV:
PCBM plastic solar cells, Thin Solid Films 511–512 (2006) 587–592. Copyright 2005 American Chemical

Society and copyright 2006 Elsevier, respectively.
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carbazole/PCBMfilmsexposed toan interference patternof two laser beams.Fig. 3.13Ashows the

surface potential of the films comparedwith that of ITOplotted against the concentrationofPCBM

in poly(N-vinylcarbazole)/PCBM films. The increase of the surface potential by increasing the

PCBM concentration is due to higher work function of PCBM against poly(N-vinylcarbazole).

Fig. 3.13B–D shows the surface potential, profile, and schematic images of the surface relief

gratings in poly(N-vinylcarbazole) and PCBM films fabricated by periodic photopolymerization

with exposure to the interference pattern of two laser beams. The surface potential increases and

decreases in the photo-illuminated and unilluminated regions of the films, respectively, indicating

formation of a PCBM concentration distribution along with the surface relief gratings. KFPM can

obtain a resolution as small as several millivolts, meaning that the concentration of the electron

donors and acceptors in the films can be determined at high resolution.

3.9 Local Photovoltaic Characteristics of Bulk Heterojunction Solar Cells

The local photocurrents of photovoltaic devices have been investigated with near-field excited

light [156–160]. Ginger et al. reported time-resolved electrostatic force microscopy for

observation of the generation rate of photocarriers, which is proportional to the photovoltaic

Fig. 3.13
(A) Calibration curve of the ITO-normalized surface potential plotted against the concentration of

PCBM (from 0 to 50 wt%) in poly(N-vinylcarbazole)/PCBM, (B) surface potential image, and
(C) profile of the surface relief gratings in poly(N-vinylcarbazole)/PCBM films (80/20 wt%). The black
line in profile (C) is the ITO-normalized surface potential in the poly(N-vinylcarbazole)/PCBM films
(80/20 wt%). (D) Illustration of the surface relief gratings of the poly(N-vinylcarbazole)/PCBM films.
Reprinted with permission from reference S. Watanabe, Y. Fukuchi, M. Fukasawa, T. Sassa, M. Uchiyama, T.
Yamashita, M. Matsumoto, T. Aoyama, Electron donor and acceptor spatial distribution in structured bulk
heterojunction photovoltaic devices induced by periodic photopolymerization, Langmuir 28 (28) (2012)

10305–10309. Copyright 2012 American Chemical Society.
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efficiency [161], and local photocurrent images of organic bulk heterojunction solar cells

obtained by conductive AFM [162]. Fig. 3.14A–D shows an AFM image, a photocurrent image,

the current-applied voltage curve, and schematic images of MDMO-PPV/PCBM films on an

ITO substrate. A photocurrent response can be observed on the domains at a diameter of

100 nm. The important point is that the photocurrent is also distributed over micrometer length

scale regions, indicating that there are large PCBM domains in the MDMO-PPV films, as

shown in Fig. 3.14D. In the case of the PCBM domains near the surface of the films, the

photocurrent responses increase because of smooth charge separation. Similar results have been

obtained for bulk heterojunction organic solar cells consisting of tetrabenzoporphyrin and

PCBM [163]. Hole-blocking layers have also been investigated by conductive AFM [164,165].

Kutes et al. successfully obtained the short circuit photocurrent, open-circuit voltages, and fill

factor mapping of organic solar cells at several tens of nanometers length scales, meaning that

nanoscale photocurrent conversion efficiency can be discussed [166].

KPFM is also a powerful method for characterizing organic solar cells under light illumination.

The surface potential changes because of the generation of photocarriers in the films, which is

proportional to the open-circuit voltage. This in situ KPFM also enables the photovoltaic

characteristics of organic semiconductor films with low carrier mobilities to be determined
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(A) AFM image of MDMO-PPV:PCBM (20:80 wt%) films and (B) photocurrent map at an external
bias of 0 V and an illumination intensity of 100 Wm�2 at 532 nm. (C) Local current voltages obtained

at the three locations in (A) and (B). The inset shows the local current-voltage data without
illumination. (D) Scheme of MDMO-PPV:PCBM (20:80 wt%) films under light illumination. Reprinted
with permission from reference D.C. Coffey, O.G. Reid, D.B. Rodovsky, G.P. Bartholomew, D.S. Ginger, Mapping
local photocurrents in polymer/fullerene solar cells with photoconductive atomic force microscopy, Nano Lett. 7(3)

(2007) 738–744. Copyright 2007 American Chemical Society.
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because of the high resolution of the surface potentials. In addition, the carrier traps can also be

investigated bymeasuring the disappearance speeds of photocarriers after the light illumination

is turned off. The in situ KPFM has been investigated in organic bulk heterojunction solar cells

prepared with poly(3-hexylthiophene) (P3HT)/N,N0-bis(1-ethylpropyl)-3,4:9,10-perylenebis
(dicarboximide) (PDI) and its derivatives [167,168].

Fig. 3.15 showsAFMandKPFMimagesofP3HT/PDIderivative films in thedarkandunder light

illumination.ThePDIderivatives formed100-nmwidthnanofibers consistingofHaggregates in

the P3HT matrix. Light illumination leads to a decrease in the surface potentials for all of the

regions of the films, and also a decrease in the surface potential difference between the electron

donor (P3HT) and acceptor (PDI) regions. The decrease in the average surface potential is

because the hole carriers generated by light illumination migrating to the ITO substrates.

Fig. 3.15
(A) AFM and (B) KPFM images of a 60-nm-thick film of P3HT/PDI derivative films spin-coated on poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) films. The light was switched on during the AFM
and KPFMmeasurements. (C) Surface potential plotted against elapsed time in dark (gray region) and
under white light illumination at 60 mW cm�2 (white region). The red lines show the exponential

curves of the charging and discharging processes. Reprinted with permission from references A. Liscio, G. De
Luca, F. Nolde, V. Palermo, K. M€ullen, P. Samorı́, Photovoltaic charge generation visualized at the nanoscale: a
proof of principle, J. Am. Chem. Soc. 130 (3) (2008) 780–781. Copyright 2008 American Chemical Society.
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The decrease in the surface potentials of the PDI acceptors can be explained by migration of

electron carriers to a PDI acceptor resulting in formation of stable PDI anions [169,170]. In the

case of MDMO-PPV/PCBM films, the surface potential shift remains unchanged after light

illumination is turned off, indicating carrier traps and low carrier mobilities. In situ KPFM

mapping of nanostacked structures consisting of thiophene-fluorene-2,1,3-benzothiadiazole

derivatives at the nanometer scale has been achieved by frequency-modulated-KPFM in UHV

[171]. The action spectra in situ KPFM on the surface relief gratings in the bulk heterojunction

photovoltaic devices under illumination at each wavelength were reported [172].

Fig. 3.16A and B shows the change of surface potential difference between the electron donor

and acceptor moieties ΔVd and the baseline shift of the surface potential ΔVa under light
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(A) Surface potential difference of the surface relief gratings on polycarbazole/PCBM (80/20 wt%)
between the donor- and accepter-rich regions ΔVd and (B) the average surface potential difference
between the baseline in the dark and under illumination ΔVa plotted against the intensity of the

incident light fitted with a sublinear function. (C) Surface potential action spectra of ΔVd and ΔVa
normalized with respect to the light intensity. The KPFM probes were repeatedly scanned at the same
line position of the samples. Reprinted with permission from the reference S. Watanabe, Y. Fukuchi, M.

Fukasawa, T. Sassa, A. Kimoto, Y. Tajima, M. Uchiyama, T. Yamashita, M. Matsumoto, T. Aoyama, In situ KPFM
imaging of local photovoltaic characteristics of structured organic photovoltaic devices, ACS Appl. Mater. Interfaces 6

(3) (2014) 1481–1487. Copyright 2014 American Chemical Society.
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illumination plotted against the light intensity at each wavelength, respectively. The ΔVd and

ΔVa values indicate migration of hole carriers to the ITO substrates and formation of PCBM

anions, respectively. Fig. 3.16C shows the action spectra of ΔVd and ΔVa normalized by the

light intensity. The action spectra are almost the same as the UV-vis absorption spectra of

poly(N-vinylcarbazole) and PCBM films, indicating the surface potential changes originate

from photovoltaic effects. These reports demonstrate that photocurrent AFM and in situ KPFM

allow nanoscale mapping of the short circuit photocurrent, open-circuit voltages, fill factor, and

phase-separated structures in organic bulk heterojunction solar cells.

3.10 Local Photovoltaic Inorganic and Organic/Inorganic Hybrid
Solar Cells

Silicon [173] andcompoundsemiconductors [174–176] solar cells havebeen investigated for local
photovoltaic imaging with SFM. The work function changes and diffusion rate of carriers under

light illumination have been determined by in situ KPFM and SCM [177–179]. Recently,
inorganic/organic hybrid perovskite solar cells have attractedmuch attention because of their high

power conversion efficiency [180–182]. Gao et al. reported photocurrent AFM observations for

discussion of the local photovoltaic characteristics of perovskite solar cells [183].

Fig. 3.17 shows an AFM image, photocurrent images, and schematic images of the carrier

mobilities on perovskite solar cells fabricated with variation in the experimental conditions for

the TiO2 layers, perovskite active layers, and capping layers. The AFM and photocurrent

images indicate that the photocurrent on the grain boundary is lower than that on the surface of

the particles. This can be explained by considering recombination of hole and electron carriers

at the interface of the electrode and perovskite active layers. The high power conversion

efficiency of the perovskite solar cells is because of the micrometer length scale of the diffusion

length of the exciton in the perovskite active layers. Extremely long diffusion length of the

exciton was proved by Weber et al. using photoconductive AFM [184].

3.11 Conclusions and Outlook

In this chapter, we have discussed the recent progress of SPM methods and their application to

evaluate nanomaterials. The importance of SPM in materials science will continue to increase.

Because it can overcome the limitation of the need for a conductive sample in STM, the real

atomic resolution achieved by AFM is increasing the scope of applications. High-speed AFM

systems above the ordinary video rate have also been developed while maintaining high

resolution. This progress allows investigation of the atomic and molecular dynamic motions in

materials. Moreover, on-site imaging and nanoscale mapping of the physical properties by SPM

allows investigation of the behavior at the sites where the device is working or the reaction is in

progress. Surface imaging methods based on modern SPM will pave the way for revolutionary

innovation in nanomaterial science.
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probe microscopy on bulk heterojunction polymer blends, Adv. Funct. Mater. 19 (9) (2009) 1379–1386.
[170] E.J. Spadafora, R. Demadrille, B. Ratier, B. Gr�evin, Imaging the carrier photogeneration in nanoscale phase

segregated organic heterojunctions by kelvin probe force microscopy, Nano Lett. 10 (9) (2010) 3337–3342.
[171] B. Gr�evin, P.-O. Schwartz, L. Biniek, M. Brinkmann, N. Leclerc, E. Zaborova, S. M�ery, High-resolution

noncontact AFM and Kelvin probe force microscopy investigations of self-assembled photovoltaic donor-

acceptor dyads, Beilstein J. Nanotechnol. 7 (2016) 799–808.
[172] S. Watanabe, Y. Fukuchi, M. Fukasawa, T. Sassa, A. Kimoto, Y. Tajima, M. Uchiyama, T. Yamashita,

M. Matsumoto, T. Aoyama, In situ KPFM imaging of local photovoltaic characteristics of structured organic

photovoltaic devices, ACS Appl. Mater. Interfaces 6 (3) (2014) 1481–1487.
[173] A. Kikukawa, S. Hosaka, R. Imura, Silicon Pn junction imaging and characterizations using sensitivity

enhanced Kelvin probe force microscopy, Appl. Phys. Lett. 66 (1995) 3510.

[174] M. Tanimoto, O. Vatel, Kelvin probe force microscopy for characterization of semiconductor devices and

processes, J. Vac. Sci. Technol. B 14 (1996) 1547.

[175] R. Shikler, N. Fried, T. Meoded, Y. Rosenwaks, Measuring minority-carrier diffusion length using a kelvin

probe force microscope, Phys. Rev. B 61 (2000) 11041.

[176] S. Sadewasser, T. Glatzel, S. Schuler, S. Nishiwaki, R. Kaigawa, M.C. Lux-Steiner, Kelvin probe force

microscopy for the nano scale characterization of chalcopyrite solar cell materials and devices, Thin Solid

Films 431–432 (3) (2003) 257–261.
[177] S.A. Galloway, P.R. Edwards, K. Durose, Characterisation of thin film CdS/CdTe solar cells using electron

and optical beam induced current, Sol. Energy Mater. Sol. Cells 57 (1) (1999) 61–74.
[178] S. Smith, P. Zhang, T. Gessert, A.Mascarenhas, Near-field optical beam-induced currents in CdTe/CdSCdTe/

CdS solar cells: direct measurement of enhanced photoresponse at grain boundaries, Appl. Phys. Lett.

85 (2004) 3854–3856.
[179] I. Visoly-Fisher, S.R. Cohen, A. Ruzin, D. Cahen, How polycrystalline devices can outperform single-crystal

ones: thin film CdTe/CdS solar cells, Adv. Mater. 16 (11) (2004) 879–883.
[180] M.M. Lee, J. Teuscher, T. Miyasaka, T.N. Murakami, H.J. Snaith, Efficient hybrid solar cells based on meso

superstructured organometal halide perovskites, Science 338 (2012) 643–647.
[181] J. Burschka, N. Pellet, S.-J. Moon, R. Humphry-Baker, P. Gao, M.K. Nazeeruddin, M. Gr€atzel, Sequential

deposition as a route to high-performance perovskite-sensitized solar cells, Nature 499 (7458) (2013) 316–320.

Scanning Probe Microscopy Techniques 113

http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0800
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0800
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0805
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0805
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0810
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0810
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0815
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0815
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0820
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0820
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0825
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0825
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0825
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0830
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0830
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0835
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0835
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0835
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0840
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0840
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0840
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0840
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0845
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0845
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0850
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0850
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0850
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0855
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0855
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0855
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0855
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0855
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0860
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0860
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0860
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0865
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0865
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0870
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0870
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0875
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0875
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0880
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0880
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0880
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0885
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0885
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0890
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0890
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0890
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0895
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0895
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0900
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0900
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0905
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0905
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0905


[182] M. Liu, M.B. Johnston, H.J. Snaith, Efficient planar heterojunction perovskite solar cells by vapour

deposition, Nature 501 (7467) (2013) 395–398.
[183] Z. Zhao, X. Chen, H. Wu, X.Wu, G. Cao, Probing the photovoltage and photocurrent in perovskite solar cells

with nanoscale resolution, Adv. Funct. Mater. (2016) 3048–3058.
[184] V.W. Bergmann, Y. Guo, H. Tanaka, I.M. Hermes, D. Li, A. Klasen, S.A. Bretschneider, E. Nakamura,

R. Berger, S.A.L. Weber, Local time-dependent charging in a perovskite solar cell, ACS Appl. Mater.

Interfaces 8 (30) (2016) 19402–19409.

114 Chapter 3

http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0910
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0910
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0915
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0915
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0920
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0920
http://refhub.elsevier.com/B978-0-444-63739-0.00003-7/rf0920


CHAPTER 4

Surface-Enhanced Spectroscopy for
Surface Characterization
Masaki Ujihara1, Toyoko Imae

National Taiwan University of Science and Technology, Taipei, Taiwan
1Corresponding author

4.1 Introduction

It has been known from the Roman era that gold and silver compounds can stain glass [1]. In the

middle of 19th century, Faraday found the size dependency on the colorization of colloidal

gold; however, he could not interpret this phenomenon [2]. Today, the colors of gold and silver

nanoparticles are understood as the results of interaction between free electrons in the

nanoparticles and the incident light, and the group motion of free electrons in the

nanoparticles is named “localized surface plasmon” [3]. The behaviors of localized surface

plasmon are being investigated within the fields of electronics and optics, and this is itself

developing as a field of science and technology named plasmonics [4,5]. An important

application of plasmonics is ultrasensitive spectroscopy. The localized surface plasmon can

resonate with incident light and provide a strong electric field in the vicinity of metallic

nanoparticles [3]. The intensified electric field can interact with surrounding materials,

allowing the enhanced spectrum to be observed. Therefore, this interaction is called

“surface-enhanced spectroscopy” [6]. This method is now applied in various spectroscopies,

such as Raman spectroscopy [7,8], infrared (IR) absorption spectroscopy [9], and fluorescence

spectroscopy [10]. In this chapter, we focus on these surface-enhanced spectroscopies.

Historically, a unique enhancing effect of a roughened silver surface in Raman

spectroscopies was first reported in 1974 [11]. In this study, the silver surface was electrically

treated to extend its surface area and to allow more adsorption than the plain surface. The

Raman spectra obtained from the rough surface indicated strong Raman signals from pyridine

molecules adsorbed on the silver surface. First, the enhanced Raman scattering was associated

with an increased amount of adsorption, as the researcher intended. However, the intensity

ratios of Raman scattering differed from those in bulk solution. This difference was attributed to

the coordination of pyridine molecules onto the charged surfaces. In 1977, another mechanism

of enhancement was proposed: the localized surface plasmon intensified the Raman scattering
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[12,13]. This mechanism was widely accepted, and since then, effective nanostructures have

been designed to maximize the plasmonic effects. Some studies report the single-molecule

measurement adsorbed on the silver nanoparticle, and in this case, the enhancement was higher

than 1014 times [14,15]. The theory of surface-enhanced Raman spectroscopy has also been

developed, and the extremely high enhancement can be explained as the two-fold resonances of

the localized surface plasmon with light (resonances between excitation light-plasmon and

plasmon-emission light) and the resonance with the adsorbed molecules [16,17].

As mentioned above, the surface-enhancing effect has also been examined for the other

spectroscopies. For the IR absorption spectra, the enhancements are generally at the order of

�103 [9]. The IR light can’t resonate with the localized surface plasmon well because their

frequencies differ substantially, and the enhancement in the emission doesn’t occur. However,

IR absorption spectroscopy is intrinsically much more sensitive than Raman spectroscopy, so

measurement of single-molecule level can be realized in surface-enhanced IR absorption

spectroscopy (SEIRAS) using a specially designed antenna (a study reported the enhancing of

12,000) [18]. Fluorescence spectroscopy also enables observation at the single-molecule level

for similar reasons [19]. However, the fluorescence on the nanoparticles can be quenched,which

suggests energy transfers between the localized surface plasmon and the emission light. The

idea of chemiluminescence enhancement by the metallic nanoparticles was suggested by this

energy transfer mechanism, and has been applied to chemiluminescence analysis [20,21].

Thus, the “surface-enhanced” phenomenon using metallic nanostructures has developed

beyond the field of spectroscopy. Today, enhancement caused by the interaction between

the localized surface plasmon and light is applicable to the photoelectric devices [22] and

photochemical reactors [23]. In this chapter, surface-enhancing nanostructures and

physicochemical phenomena associated with themwill be discussed, and practical technologies

involved in surface-enhanced spectroscopies will be explained. Moreover, recent applications

using the interaction between localized surface plasmon and light will be touched.

4.2 Types of Surface-Enhanced Spectroscopies

Surface-enhanced spectroscopies are based on two enhancing mechanisms: the intensification

of an electric field bymetallic nanostructures, and the charge transfer between the metal surface

and the adsorbates. In this section, these mechanisms are explained.

When a metallic nanoparticle is exposed in an electromagnetic field (light), free electrons in the

nanoparticle are oscillated by the external electric field as their collective motion (localized

surface plasmon) (Fig. 4.1).

The polarization of nanoparticles can be described as in Eq. (4.1). The dielectric constant of

metal depends on the nanoparticles’ size and frequency (ω) (Eqs. 4.2, 4.3). Then, the dipole

moment caused by the electromagnetic field (polariton) can be coupled with the localized
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surface plasmon as the localized plasmon polariton at a certain frequency to maximize

polarization [1,24].

α¼ 4

3
πabc

ε�εm
εm +Li ε� εmð Þ (4.1)

α is the polarizability

a, b, and c are the radius of metal nanoparticle along principal axes

ε and εm are the dielectric constant of metal and surrounding medium, respectively

Li is the geometrical depolarization factors, index i is principal axes and ΣLi¼1

ωp
2 ¼Ne2=ε0me (4.2)

ε¼ 1�ωp
2= ω2 + iγω
� �

(4.3)

ωp is the plasmon velocity of bulk metal

N is the electron density

e is the elementary charge

ε0 is the dielectric constant of vacuum space

me is the effective electron mass

γ is the relaxation frequency

The localized surface plasmon polariton is constrained in the nanoparticle, and its dispersion

relation can’t match with that of the light in the surroundingmedium. Then, the electromagnetic

field generated in the nanoparticle can’t be propagative in the surrounding medium; the

intensity of electromagnetic field decreases inversely with the triplet of distance from the

particle center: a3/(a+d)6, where a is radius of the nanoparticle and d is the distance from

surface of nanoparticle [3,25]. This means that the electric field is concentrated in the vicinity of

the nanoparticle. Therefore, the adsorbed molecules on the nanoparticle can be strongly excited

Electron cloud

Electric field
Metal
nanoparticle

–

– –

–

– –

–

–

+ ++

+ +

+ +

+

+

–

Fig. 4.1
A schematic of interaction between incident light and metal nanoparticles. Arrows in nanoparticles

represent the polarization of nanoparticles.
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by the concentrated electric field on the nanoparticle. In this case, the enhancement in the

electric field is at the order of 10 to 103 [26].

A set of two nanoparticles allows a polarization of the localized surface plasmon in their gap, as

the two electrodes in a capacitor (Fig. 4.2).

The electric field is more concentrated in the gap, and the enhancement becomes stronger for

the adsorbates in the gap. The electric field can be concentrated typically at an order of 105–6,

which differs by the distance between the nanoparticles, as their interaction decreases at longer

distances [27]. This “nanodimer” is a basic structure for surface-enhanced spectroscopies

[28–30], and arrangements of nanoparticles are important for surface-enhanced spectroscopy.

Another structure contributing to the surface-enhanced spectroscopies is taper structures. The

electric field concentrates at the tip of metallic nanostructures, in what is known as the

“lightning-rod effect” [27,31–33]. The degree of concentration depends on the aspect ratio of

the projections in nanostructures, and the adsorbates on the tips are strongly excited. These

structures (nanogaps and tips) are called “hot sites” (or “hot spots”) (Fig. 4.3) [27,34]. To

prepare hot sites, the simplest method is to use agglomeration of nanoparticles. More precisely,

the nanostructures can be designed by chemical and physical methods. These methods will be

discussed in Section 4.3.

Raman spectroscopy is generally of low sensitivity: the scattering cross-section is �10�30 to

10�25 cm2, and it is much smaller than that of fluorescence (from 10�16) [14,35,36]. Therefore,

surface-enhancement is especially important for Raman spectroscopy. According to the

two-fold enhancing mechanism (Eq. 4.4) [16], the magnitude of enhancement (M) in

Raman scattering is described by both excitation (factor of M1) and emission (factor of M2)

processes via resonance with localized surface plasmon.

M λL, λð Þ¼ Eloc λLð Þ
EI λLð Þ

����
����
2

� Eloc λð Þ
EI λð Þ

����
����
2

¼M1 λLð ÞM2 λð Þ (4.4)

l= 559 nm

Colloid

108 107
106

105

2 nm

Enhancement factors
on the surface:

Fig. 4.2
A simulated image of hot-site generated in the gap of two gold nanoparticles and its enhancing effect
in the gap of 2 nm [30].Modified from P.G. Etchegoin, E.C.L. Ru, A perspective on single molecule SERS: current

status and future challenges, Phys. Chem. Chem. Phys. 10 (2008) 6079–6089. PCCP Owner.

118 Chapter 4



M is the enhancing factor of electric field intensity

λL and λ are the wavelengths of excitation and emission, respectively

Eloc and EI are the intensity of a local field and a far field, respectively

Moreover, the effective enhancement is achieved via the resonance of surface plasmon with

both of lights (excitation and emission) and the molecular Raman band of adsorbed molecules

[14,37–40]. This surface-enhanced resonance Raman scattering can lead to enhancement of
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�1014, as demonstrated in the single-molecule measurement of rhodamine 6G adsorbed on

silver nanoparticles [14,15]. To this ultrahigh enhancement, the contribution of concentrated

electric field (electromagnetic effect) is estimated to be in the order of 108 to 1011, and the

additional effects of resonance (103 to 104) and charge transfer effects (�103) can be considered

[26,27].

For IR absorption spectroscopy, the contribution of resonance effects is relatively small,

because of the mismatched frequencies between the excitation light and the localized

surface plasmon. The enhancement in the IR absorption is instead induced by the polarization

of metal nanostructures, which causes oscillation of dipole moments of adsorbed molecules [9].

That is, the metal nanostructure can absorb the light more than the molecules, and the molecules

in hot spots are polarized much more strongly than in other locations. This polarization of

molecules perturbs the dipole moment of metal nanostructures. Then, the IR absorption spectra

are amplified. This mechanism is supported by the low dependency of wavelength on the

enhancement. The enhancement can be caused by a thick film (�20 nm) which has metallic

luster [41]. This low dependency could be preferable for IR absorption spectroscopy, which

uses a wide range of incident light (700–4000 cm�1, typically). Besides the electromagnetic

effects, a charge transfer effect using a conducting polymer is also suggested. This effect can be

useful to understand the charged-carrier transfers in materials [42].

In contrast, surface-enhanced fluorescence spectroscopy depends on the resonance of surface

plasmon with light and molecular bands [19,25,43–47]. A concentrated electric field can

improve the excitation probability of fluorescent molecules, and emission is also strengthened

by metal nanoparticles: energy transfers from the excited molecules to the metallic

nanoparticles allows an effective emission [43]. This emission is strongly polarized by the

oriented film of gold nanorods, which suggests that the nanorods worked as an antenna to

emit the light [19]. That is, there is a two-step enhancing mechanism as in Raman scattering

[16,17]. However, the emission process has a bilateral character: enhancement and quenching

[19,44]. The energy transferred from molecules to the metal nanoparticle can be emitted

with certain efficiency. Therefore, enhancement in the emission process is positive when the

quantum yield of the dye itself is lower than the luminous efficiency of the nanoparticle.

Inversely, dye with higher quantum yield can suffer a loss of emission in the nonradiative

process in the metallic nanoparticle [25,45]. Therefore, the fluorescence of molecular probes

with low quantum yields but high usefulness in biological applications can be significantly

enhanced using gold nanostructures [43,46].

The enhancing effect of an electric field in the vicinity of nanoparticle is inversely proportional

to the cube of distance from the surface (d�3) [1,3]. On the other hand, the energy transfer ratio

sharply depends on the distance between the dye and the metallic surface (as an interaction

between spherical particle and a molecule, distance (R) dependencies of R�6¼a6/(a+d)6 at

large distances and d�4 for shorter distances, where a is radius of the nanoparticle) [25,47].
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Then, there is an optimum distance at which to maximize fluorescence (Fig. 4.4). These

behaviors were confirmed using proper spacers (e.g., DNA, silica shell, self-assembled

monolayer (SAM), and polymer thin films) [48–53]. Moreover, as expected from the

mechanism, quenching/emission is facilitated by overlapping the plasmon band and molecular

band [54,55]. When the energy level of the plasmon band is lower than the emission band of

molecule A and higher than the absorption band of molecule B, the metal nanoparticle can

mediate the energy transfer from the molecule A (donor) to the molecule B (accepter) [56].

Enhancement of the emission process is supported by enhancement in chemiluminescence

[20,21]. Typically, the emission from luminol reaction is enhanced by tens of times. In this case,

matching between the plasmon absorption band and emission wavelength was effective for

valid enhancement. As an application, the gold nanorods were chemically modified with an

enzyme to catalyze the chemiluminescence reaction, and then the chemiluminescence was

measured to quantify the target compound [21]. The enhancing mechanisms in the Raman, IR

absorption, fluorescence, and chemiluminescence spectroscopies are summarized in Fig. 4.5.

Some studies report ultrasensitive analyses of monolayers using metallic nanoparticles in the

UV-vis absorption spectra [57–61]. Although significant enhancement in the absorption spectra

was observed (at the order of 10 times), these changes could overlap with a shift of the plasmon

absorption band of metallic nanoparticles. As demonstrated in Eqs. (4.1)–(4.3), the plasmon
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absorption band depends on the dielectric constant in the vicinity of nanoparticles. However,

this behavior can be applied for ultrasensitive detection using a micro-tip of gold nanoparticles

[57,58]. The color change of nanoparticles induced by the aggregation can be used in

ultrasensitive detection, too [60]. The other ultrasensitive detection methods, such as

extraordinary optical transmission using nanohole and nanoarray, have been reported [61].

However, these methods detect change in the dielectric constant in the vicinity of metallic

nanostructures, not the molecular band itself. Therefore, these methods can be lumped into

the same category as surface plasmon resonance (SPR) analysis [62], and should not be

classified with surface-enhanced spectroscopies.

4.3 Metallic Nanostructures for Surface Enhanced Spectroscopies

Commonly, gold and silver are used for surface-enhanced spectroscopies. Compared to

gold, silver has better plasmon resonance properties (sharper and stronger resonance) because

of its high density of free electrons [63,64]. However, the silver nanostructures have a

disadvantage in chemical stability [65]. To solve this issue, hybridization of silver with gold is

reported; the core-shell structure of gold-silver nanoparticles produced nanoparticles with

silver-like plasmonic properties and gold-like chemical stability [66,67]. Although aluminum

can have a plasmon absorption band in the visible range and be used for optical devices [68],

it is chemically too unstable, making it unsuitable for spectroscopies, which require close

contact with specimens. Copper is also unstable in oxidative conditions and requires surface
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protection, although it is available for surface enhancing [69]. Platinum is chemically stable,

but its complex permittivity has a large imaginary component, which dampens oscillation of

localized surface plasmon [64]. The plasmon absorption spectra of these metals (Au, Ag, Cu,

and Pt) are shown in Fig. 4.6.

However, the catalytic activity of platinum is attractive and valuable in various applications, so

nanostructures of platinum may be preferable for surface-enhanced spectroscopies to trace

chemical reactions on platinum catalysts [70]. To improve the enhancing effect, the core-shell

structures can be used. In the core-shell structure, the charge transfer from the core metal (gold)

to shell (platinum) improves the plasmonic properties of platinum [71,72]. Some common

metals, such as iron and nickel, are also used as catalysts. For these cases, SEIRAS is preferable

because of its low dependency on the resonance between the excitation wavelength and the

localized surface plasmon [73].

The localized SPRs of gold and silver nanoparticles can be easily observed as the colors of their

colloidal dispersions [1,2,74]: typically, the spherical nanoparticles of gold are red, and the

spherical nanoparticles of silver are yellow. These colors are explained by the plasmon

absorption bands, which satisfy ε0 ¼�2εm (Eq. 4.5).

A∝
εm

3
2a3

λ

ε00

ε0 + 2εmð Þ2 + ε002 (4.5)
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Fig. 4.6
UV-vis absorbance spectra of various metal nanoparticle arrays (nanoparticle diameter of 40 nm, and
height of 30 nm.) The inset is extended spectrum of Pt [64]. Reproduced with permission from D. Ok Shin,
J.-R. Jeong, T. Hee Han, C. Min Koo, H.-J. Park, Y. Taik Lim, S. Ouk Kim, A plasmonic biosensor array by block

copolymer lithography, J. Mater. Chem. 20 (2010) 7241–7247. The Royal Society of Chemistry.

Surface-Enhanced Spectroscopy for Surface Characterization 123



A is the absorbance

a is the radius of nanoparticle (sphere)

ε0 and ε00 are the real part and imaginary part of dielectric constants of nanoparticle,

respectively

These colors change by the aggregation of nanoparticles: Their absorption bands red-shift and

broaden by the interparticle interaction (Fig. 4.7) [28–30,75,76]. The hot site for surface-
enhanced spectroscopies would be formed in the gaps between the nanoparticles by this

interparticle interaction [27,28,34]. This change can also be used for other ultrasensitive

analyses as mentioned in Section 4.2 [57,59]. The color is sensitive to the structure of

nanoparticle. As the particle size increases, the band red-shifts, and then a new band

corresponding to the quadrupolar excitation appears [77].

The crystal growth can result in polyhedral and plate-like structures, such as triangle shapes,

and the additional band appears in the near-IR region as the Eq. (4.1) suggests [78,79]. The

electric field is concentrated at the tips of the edges on nanoparticles, and relatively weak

resonance modes appear at the sides [1,77,80]. Therefore, these polyhedral structures can be

used for surface-enhanced spectroscopies, too [14,81,82]. Therefore, the nanoparticles for

surface-enhanced spectroscopies can be designed by controlled particle growth. These
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(A) Experimental (top) and calculated (bottom) linear scattering spectra of a single quadrumer before
(left) and after (right) adsorption of p-MA. Dashed line: the pump beam at 800 nm; zone (850–950 nm):
the Stokes scattering region; zone (700–750 nm): the anti-Stokes scattering region. The inset is an SEM
image of a gold quadrumer. (B) Schematic of polarization of the quadrumer at 800 nm pump (top)

and 900 nm (bottom) [76]. Modified from Y. Zhang, Y.-R. Zhen, O. Neumann, J.K. Day, P.
Nordlander, N.J. Halas, Coherent anti-stokes Raman scattering with single-molecule sensitivity using a plasmonic

Fano resonance, Nat. Commun. 5 (2014) 4424. Copyright 2014, Macmillan Publishers Ltd: Nature
Communications.
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morphological changes are due to the differences in surface free energies of each facet. That is,

octahedral and plate-like morphologies are formed to extent (111) planes of face-centered

cubic lattices, while cubic nanoparticles can be covered with (100) planes [83,84]. Typically,

these morphologies appear when the gold nanoparticles are synthesized with citrate as the

protecting agent [85]. The protecting agents can adsorb on specific crystalline facets through

selectivity [83,84]. Hexadecyltrimethylammonium bromide (CTAB) can preferably cap the

(100) and (110) facet of a gold nanoparticle, and then the crystal grows on the (111) facet to be

the nanorods under a mild reaction condition [86]. The aspect ratio of nanorods can be

controlled via reaction condition, and then their localized surface plasmon bands can be tuned

[86,87]. The nanorods have two sharp bands, which correspond to the dielectric constants

in short and long axes (see Eq. 4.1). The band of longer wavelength is for the long axis, and it

shifts to a longer wavelength as the aspect ratio of the nanorod becomes higher. The absorption

in the long axis is stronger than that of short axis because of its higher dielectric constant

[86,88]. These properties are preferable for the surface-enhanced spectroscopies: The sharp and

strong bands can be tuned for the light sources and the molecular bands of target compounds

to achieve resonance effects [3,14,16,17,19,37–40,43]. The hot site is formed at the edges

of nanorods [1,34,80], and substrates for surface-enhanced spectroscopies have been designed

with gold nanorods [21,88–91]. The vertical orientation of nanorods leads to higher

enhancement than horizontal and random orientations [91].

Other types of nanoparticles have been designed and examined for surface-enhanced

spectroscopies. The point is how to prepare sharp edges and tips on the surfaces of

nanoparticles. Cubic and octahedral structures [92–94] can be formed by specific protecting

agents [83], and they were used for surface-enhanced spectroscopies. Selective crystal growth

[95,96] and etching [97], or the aggregation of seeds of nanoparticles [98,99] can result in

complicated structures which have strong plasmonic effects. These structures are named based

upon their resemblance to common items, such as flower-like nanoparticles (nanoflower)

[100,101], nanostar [102–104], nanourchin [105], confeito-like nanoparticles [106,107], and

so on [33,108–112]. To avoid any confusion in their applications, these structures should be

organized according to the scientific meaning. Control of particle growth can result in a

network of metallic nanostructures [113]. The surface plasmon would be concentrated also

in the voids in network. The networks can be obtained by etching [114,115] and

electrochemical deposition [116], and then the network can be used as plasmonic material.

More precisely, the tips and pores in ultrathin metallic films are prepared with templates. The

metals can be formed with physical methods, such as lithography [117] and vapor deposition

[118–123], and the electrochemical deposition [124]. These methods allow various structures,

such as nanorods [118,119], spikes [120] arrays of triangles [121], cups [123], and pores

[122,124]. These nanostructures provide strong surface-enhancing effects, and are formed

using templates and masks independently from the crystal lattice of metals (Fig. 4.8). This high

degree of structural design freedom is attractive for plasmonics.
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To design metallic nanostructures for surface-enhanced spectroscopies, the finite-difference

time-domain (FDTD) method is preferable to simulate electric field distributions in the

vicinity of nanostructures [1,3,26–28,77,80]. Excitation energy is given to the surrounding

molecules as the square of field intensity, providing enhanced optical responses

[3,16,17,19,25–27,34,43–47]. Enhancement in the spectrum is also affected by other factors,

such as resonance effects [3,14,16,17,37–40,43] and charge transfer effects [26,27].
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Fig. 4.8
Colloidal crystal masks (A) and silver nanoparticle arrays obtained (B). Fabrication procedure of gold

nanocrescent moons using polystylene (PS) templates (C). The scale bar represents 200 nm
[120,123].Modified from C.L. Haynes, R.P. Van Duyne, Nanosphere lithography: a versatile nanofabrication tool
for studies of size-dependent nanoparticle optics, J. Phys. Chem. B. 105 (2001) 5599–5611; Y. Lu, G.L. Liu, J.
Kim, Y.X. Mejia, L.P. Lee, nanophotonic crescent moon structures with sharp edge for ultrasensitive biomolecular
detection by local electromagnetic field enhancement effect, Nano Lett. 5 (2005) 119–124. Copyright 2001 and

2005, American Chemical Society, respectively.
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Eventually, the enhancement is experimentally quantified by the enhancing factor (EF) as the

ratio of intensity, which is normalized via concentration of target compound (Eq. 4.6).

EF¼ Ienhanced
Icontrol

� Ccontrol

Cenhanced

(4.6)

Ienhanced is the intensity of enhanced spectral band

Icontrol is the intensity of corresponding spectral band in the control system

Cenhanced is the concentration of the target compound in the enhancing system

Ccontrol is the concentration of the target compound in the control system

However, it should be noted that the EF does not directly reflect the degree of enhancement

in the excitation of specific molecules at the hot site. As the Eq. (4.6) suggests, the EF is

corrected by the concentration of target compound applied to the system. Therefore, the

EF indicates averaged enhancement in the whole system, and then the ratio of molecules

properly located in the hot site versus their total amount can significantly change the EF.

The adsorption behavior is influenced by surface conditions of metallic nanostructures and

their interactions with the target compounds. A study suggested that the intrinsic EF could be

106 to 107 times higher than the apparent EF [14]. These issues will be discussed in the

Sections 4.4 and 4.5.

The stability of metallic nanostructures should also be considered as a factor in enhancing

phenomena. As the Gibbs-Thomson effect suggests, nanostructures are thermodynamically

unstable. The melting points of nanoparticles significantly drop when particle sizes decrease

to a single nanometer [125,126]. Light absorption by a nanostructure leads to the heat

generation in media by several 10 degrees [127], and local temperature at the hot spots can rise

high enough to deform the nanostructures during laser irradiation. It is reported that gold

nanorods can be thermally deformed in dispersions to be short (even lower than 100°C), while
they are stable to 600°C at a dry condition [128,129]. The surface-enhanced Raman scattering

(SERS) measurements are carried out via laser irradiation on sample solutions, and then the

thermal deformation of nanostructures can be caused. Several studies estimated the local

temperature of molecules in the SERS measurements from the ratio of anti-Stokes and Stokes

Raman scattering. They suggested that even weak laser irradiation (0.5 and 0.2 mW)

significantly increased local temperature by several 10 degrees within seconds [130,131]. It is

interesting that the temperatures fluctuate and differ according to the vibration mode,

suggesting that the adsorption states of molecules vary according to the amount of irradiation

[131]. This phenomenon is likely related to “blinking” of SERS, which is discussed later. As

mentioned above, the structural changes in plasmonic materials can be easily observed as their

color changes. Therefore, the substrate should be checked if the color didn’t change during the

measurement, and reproducibility of EF should be confirmed. The decreasing in intensity

during a measurement is reported, and it is attributed to relaxation in the nanoarray [132].
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4.4 Physicochemical Phenomenon of Materials in the Vicinity of Metal
Nanostructures

The localized surface plasmon is affected by the surrounding medium, as indicated in

Eqs. (4.1), (4.5): the plasmon band shifts as the dielectric constant of the matrix changes

[78,133,134]. If the surface of a metallic nanostructure is oxidized or suffers other chemical

modifications, materials on the metal surface can change the plasmonic properties [65,68,135].

SPR measurement is based on this phenomenon and can detect changes on the metallic surface

as the angle shift of reflectance [62]. The adsorbed molecules on metallic nanostructures

change plasmonic properties as well, making preparation methods for metallic nanostructures a

factor for surface plasmon; the surface of nanostructures synthesized by the wet process are

covered by protecting agents and solvent molecules [47,85,86].

The substrate also interacts with the nanostructures (Fig. 4.9). The nanoparticles are spread,

adsorbed, and deposited on a dielectric substrate, and then the substrate is polarized by the

localized surface plasmon [136]. This interaction provides hot sites in the gaps between the

nanoparticles and the substrate, making a higher dielectric constant of the substrate material

preferable for intensifying the electric field [137]. Not only molecules beneath the

nanoparticles (sandwiched by the substrate), but also molecules adsorbed on substrate between

nanoparticles can be excited by polarization of the substrate [138]. Polarization can propagate

on the substrate and then couple with the other nanoparticles not irradiated by the incident light

[139,140]. Therefore, it should be considered that molecules on the substrate in the light spot

and nanoparticles out of the light spot can be excited and emit surface-enhanced light.

The substrate can be a metal. In this case, the coupling of surface plasmon between

nanoparticles can compete with interaction with the substrate [141–143]. Proper distance
between nanoparticles should be maintained to maximize the intensity of the electric field

between the nanoparticle and substrate. The distance between the nanoparticle and the substrate

can be easily and precisely controlled by coating layers, while the gaps between nanoparticles

would be influenced by the nanoparticles’ density.

Since the surface plasmon is localized in the nanostructure, the target molecules should be in the

vicinity of the nanostructure. The relation between the adsorption state of a molecule and the

enhancing effect has been investigated [14]. In this study, the molecule (rhodamine 6G) was

diluted, and it was expected that about 80% of rhodamine 6G molecules adsorbed on the

nanoparticles. Then, each nanoparticle carried an average of onemolecule. The results suggested

that the polarization of excitation light should match the orientation of the nanoparticle

(nanorod) and the vibrational modes of the target molecule. The importance of the orientation

of the molecule on the hot site is explained by the surface-selection rule [9,144,145]: the

vertical components of vibrational modes are selectively excited due to the strong polarization

of the electric field from the surface of the metal and the offsetting of the horizontal component

of the dipole moment of molecule by the mirror-dipoles in the metal surface (Fig. 4.10).
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However, it should be noted that the “mirror-dipoles” theory is questioned for the

SEIRAS, because the occurrence of mirror-dipoles is too sensitive to the distance from the

surface [9]. This was also confirmed by the variation of spectra obtained from different

particles, which corresponded to the difference in adsorption states [14]. Therefore, only

limited molecules can be effectively excited in the hot site. In this study, it was estimated that

only one out of 100 to 1000 particles was optically hot, and only one out of the 104 molecules

could be effectively excited. The adsorption states change by time, too. The studies on the
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(A) Maximum electric field jEj/jE0j in the gap (2 nm) between the Ag nanoparticle (R¼25 nm) and
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Physics - Journals.
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SERS at much diluted conditions report a “blinking” of SERS from the single particle [14,146].

The Raman scattering indicates a sudden on-off intermittency when the number of molecules

adsorbed on one particle becomes lower than several tens. This blinking is attributed to the

adsorption/desorption of the single molecule onto the hot-site [147], and is considered evidence

of the single-molecular measurement [14,146]. Therefore, blinking can be inhibited by

fixing the molecule onto the hot site [148] and cooling to 77 K to reduce thermal motion of the

molecule [149]. The dynamic properties of molecules adsorbed on the surface would result

in time-dependent spectrum changes, allowing adsorption behaviors and configuration changes

in the adsorbed film (orientation of molecules) to be observed (Fig. 4.11) [150,151].

For effective enhancement, effective adsorption on the hot site is essential, and the co-existing

ions can play an important role in improving the adsorption of specific molecules on the

nanoparticles [39]. The silver nanoparticles strongly adsorb chloride ions on their surface,

changing their surface charge to negative [14]. Thus, negatively charged silver nanoparticles

can selectively adsorb cationic dyes on their surfaces through electrostatic interaction,

improving the enhancing effect. The interaction of the metallic surface with the ions and

functional groups differs from metal to metal, as does the binding site of molecules on the

metallic nanostructures. Typically, rhodamine molecules can take rather vertical orientation

toward the silver surface via their electrostatic interactions, while they form coordination bonds

between their amino groups and the gold surface and flatly adsorb on the gold surface
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(Fig. 4.12) [152,153]. Other functional groups such as carboxyl groups can also strongly

interact with gold surfaces to control the orientation of molecules [154,155]. Thiols take

different angles toward the gold and silver surfaces [156]. A porphyrin ring vertically adsorbs

on the gold surface via ionic interaction, while the SAM of 4-pyridinethiol interacts with the

central metal ion (Zn2+) to allow horizontal adsorption [157,158].

The interaction between functional groups and metals are well studied on the adsorption of the

thiols on gold surfaces, and it is widely applied for the surface modification of gold [159,160].

For the SERS, thiols are used as model compounds, and it was reported that different crystal

planes of gold surface vary enhancing effects on the adsorbed thiols [161,162]. First, the thiol

was adsorbed on the gold substrate to form the SAM, and then the gold nanoparticles were

placed on the SAM. The hot site was formed in the gap between the substrate and the

nanoparticle, and then the SERS from sandwiched SAM was measured (Fig. 4.13). It was

reported that the SERS from the SAM formed on (111) plane was around four times stronger

than that from SAM on (100) plane, and the ratios of band intensities in their spectra were

different. This difference was attributed to the strong chemical effect (charge-transfer effect) on

the (111) plane. Moreover, the importance of the interaction between sulfur atoms and gold

atoms was confirmed via SERS measurement using the single-molecular junction of benzene-

1,4-dithiol [163]. The sulfur atom can take three states of adsorption on the gold surface (top,

bridge, and hollow: Fig. 4.14). The adsorption states were controlled by changing the distance

of the nanogap, and the degree of coupling between the sulfur and gold atoms was measured by

the current-voltage properties of the single-molecular junction. Then, the SERS of the dithiol

linking the gold electrodes was measured in parallel. The results demonstrated that the
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generation 2 (G2) and 3 (G3) aza-C6-PAMAM dendrimers. Marks: G2 on bare gold (square), G2 on
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dendrimers with an azacrown core and long alkyl chain spacers on solid substrates, J. Colloid Interface Sci. 293
(2006) 333–341. Elsevier.
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SERS was measured only for the “bridge” state, which had the highest conductivity of the

molecular junction. That is, the strong coupling between sulfur and gold atoms is required

for the SERS.

As mentioned above, the difference in chemical interactions between the metallic surface and

specific molecules results in selective capping on crystal facets, which can be used to control

particle morphology [83,86]. This phenomenon can be applied to selective modification to

immobilize the target molecule on the hot site (e.g., edges of nanorod). The details of surface

modification will be introduced in the next section.

It should be considered that the conformation and the other characteristics of molecules

adsorbed on the metallic nanostructures can be varied from those of molecules in bulk

solutions. The adsorbed molecules could change their vibrational modes, and then the variety

in Stokes shift in SERS (within several cm�1) was observed as the results of adsorption by

their different moieties in the molecule [14]. The strong interaction between the nanostructure

and the target molecule can induce the orientation of the molecule on the surface [164,165].

This interaction increases the local concentration of molecules on the nanostructure’s surface,
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and the complicated nanostructures allow the molecules to take J-aggregates [16,166–168].
J-aggregates can be detected by the red-shift of fluorescence, which is measured with the

SERS emission. This orientation can be facilitated more easily on the tips of nanostructures

than in the gaps in aggregates of nanoparticles because of the spatial degrees of freedom on the

tips and the crowdedness in the gaps.

Change in molecular conformation can be induced by mechanical stress, too. The tip-enhanced

Raman spectroscopy [30,71,169,170] can be used to apply pressure on the target molecule

by sandwiching it between the tip and the substrate, and the obtained spectra differed from both

SERS and the bulk Raman spectrum [171,172].

4.5 Practical Methods for Surface-Enhanced Spectroscopies

Historically, the SERS was found on electrochemically roughened silver surfaces, and the

aggregates of colloidal particles have been used to measure surface-enhanced spectra. Today,

metallic nanostructures are designed and synthesized with some techniques. In this section,

these techniques are introduced.

First, the metallic nanostructures can be formed using vapor deposition and sputtering methods.

The obtained film on substrate has an island structure, which consists of aggregates of

“pancake-like” nanoparticles [173]. Then, the gaps between the nanoparticles work as hot sites

to enhance the optical responses of adsorbed molecules. This island structure of pancake-like

nanoparticles can be flattened to a step-terrace structure with (111) plane through annealing

[174]. Therefore, the thermal deformation of metallic ultrathin films should be considered

to control their roughness [175]. The vapor deposition and sputtering methods can be applied to
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Raman scattering

Bridge site

Hollow site

Atop site

Fig. 4.14
A schematic of nanogap electrodes and the adsorption states of 4-benzothiol in it [161].Modified from

S. Kaneko, D. Murai, S. Marqu�es-González, H. Nakamura, Y. Komoto, S. Fujii, T. Nishino, K. Ikeda, K.
Tsukagoshi, M. Kiguchi, Site-selection in single-molecule junction for highly reproducible molecular electronics, J. Am.

Chem. Soc. 138 (2016) 1294–1300. Copyright 2016, American Chemical Society.
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templates to obtain patterned structures (see Fig. 4.8) [118–123]. These films demonstrate high

surface-enhancement efficiency, as introduced in Section 4.3.

Metallic films can also be formed to sandwich the target molecule [176]. In this case, hot sites

are formed between the two layers, and then the target molecules can be effectively trapped in

the hot sites to provide strongly enhanced spectra. This sandwich structure can be prepared

using a template, too; the SAM of target molecule was sandwiched by a bilayer of silver

nanorods formed in the nano-pores of anodized alumina template, indicating much stronger

SERS than the single nanorod did [177]. In this case, the nanorods were oriented well, as the

pores arranged in alumina membrane, and then the excitation light was effectively coupled with

the nanorods’ localized surface plasmon.

Optical properties of the substrate for the vapor deposition/sputtering should be considered for

the enhancing effect: the high dielectric constant of a substrate would improve its enhancing

effect [136,137]. The methods of measurement (e.g., the transmission, reflection, or attenuated

total reflection (ATR) method) can also be the issue. Especially for the SEIRAS, the

Kretschmann configuration is preferably used (Fig. 4.15), because this ATR apparatus can be

directly applied to in-situ observation and it allows the flow cell system for kinetics study [151].

Of course, the prism should be transparent to IR light, and Si and Ge should be used as the

prism. This configuration has an issue to be solved: if the metallic film is too thick, the light and

plasmonic effect can’t penetrate the specimen, even if the upper surface is properly prepared to

localize the surface plasmon. On the contrary, the too thin film can’t provide enough hot sites.

The optimum thickness was estimated to be around 20 nm, and this maximum condition was

associated with the saturation of plasmon absorption in the UV-vis transmission spectra

(Fig. 4.16) [41].

Thus, the thickness of metallic films should be ultrathin to maximize enhancement. The

deposited film is just physically adsorbed on the substrate, and is then mechanically unstable.

This metallic film can be easily removed from the substrate, and then should be carefully

Solution
Au

q

Fig. 4.15
A schematic of an ATR attachment for the SEIRASmeasurement with the Kretschmann configuration.
Angle θ indicates the incident angle of infrared light [151]. Reproduced with permission from T. Imae, H.

Torii, In situ investigation of molecular adsorption on au surface by surface-enhanced infrared absorption
spectroscopy, J. Phys. Chem. B. 104 (2000) 9218–9224. Copyright 2000, American Chemical Society.
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handled. Often, the film would be exfoliated from the substrate in the flow cell during

measurement, and its spectral intensity drops. To avoid this trouble, the SAM can be applied on

the substrate: typically, dithiol and (3-aminopropyl)triethoxysilane are used to modify the

substrates to immobilize gold nanoparticles [57,178–180]. This method allows the use of

nonspherical nanoparticles synthesized via wet processes [83,86,92].

The other methods for preparation of metallic nanostructures on substrates are the Langmuir-

Blodgett (LB) method and the Langmuir-Schaefer method [181–183]. Metallic nanoparticles,

which were prepared via a wet process, are spread on a water subphase as their monolayer and

then transferred onto the proper substrate. To use this method, the nanoparticles should be

hydrophobized by SAMs and then dispersed in organic solvents such as chloroform and

toluene. To improve homogeneity of the Langmuir film of nanoparticles, a drop of the

dispersion medium (e.g., chloroform and toluene) can be spread before the application of

nanoparticles on the water surface. The nanoparticles form domains or networks on the water

surface because of their hydrophobic interactions, and their density can be controlled by the

surface pressure (Fig. 4.17) [184].

In this case, the nanoparticles are fully covered by the SAM, and then the nanoparticles are

arranged with a gap of few nm, which corresponds to the thickness of protecting SAMs

(bilayer). Therefore, the plasmon absorption band of the film doesn’t change significantly

during the compression on the Langmuir trough, and its absorbance increases. On the other

hand, the nanoparticles can be arranged by another process using the LB method: a monolayer
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(A) UV-vis spectra of gold vacuum-deposited films with thicknesses of (a) 5, (b) 10, (c) 15, (d) 20, and
(e) 26 nm. (B) Plots of the relative enhancement factors for the bands at 1612, 1571, and 1472 cm�1,
respectively [41]. Reproduced with permission from Z. Zhang, T. Imae, Study of surface-enhanced infrared

spectroscopy, J. Colloid Interface Sci. 233 (2001) 99–106. Elsevier.
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of amphiphilic molecule is spread on the dispersion of nanoparticles, and then the nanoparticles

are adsorbed beneath the monolayer [185,186]. In this case, the hemispheres of nanoparticles

are covered by amphiphiles, and the other hemisphere is exposed to the water phase [187].

Then, these Janus-type nano-composites have an amphiphilicity, and they distribute at the

air-water interface in the balance of attractive (e.g., hydrophobic interaction and van derWaals’

force) and repulsive (e.g., electrostatic interaction) forces. By the compression of Langmuir

film, its plasmon absorption band changed from that of isolated nanoparticles to that of the

aggregates [185]. The LB film of spherical nanoparticles can form a hexagonal lattice as the

closest packing on the water subphase after compression (Fig. 4.18). The other nanostructures,

such as nanorods, are difficult to take the closest packing (Fig. 4.17). Their anisotropy prevents

them from rearrangement during film compression. The nanorods first form domains of

raft-structures consisting of several nanorods on the water subphase because of their strong

hydrophobic interaction between their side walls [187–189]. Then, the rafts aggregate to form
networks with many voids. Therefore, the obtained films have rather low density.

From the viewpoint of enhancing effect, the orientation of nanorods in the LB film is important.

The fully hydrophobized nanorods lie on the water surface when they spread. Therefore, the hot

sites in their film are not effectively facing the target molecules, although the EF of LB film of
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against surface pressure. (B) TEM images of LB films of GNS and GNR at surface pressures of 10 and
30 mN m�1 [182]. Reproduced with permission from Y.-H. Wu, T. Imae and M. Ujihara, Surface enhanced
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nanorods is significantly higher than that of spherical nanoparticles [187–189]. To improve the

enhancing effect of films of anisotropic nanoparticles, their hot sites should be vertically

arranged to face to the target molecules. The film of vertically-arranged nanorods can be

prepared by drying the dispersion under controlled conditions [190]. When the nanorods
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TEM and AFM images of gold nanospheres in LB films on ultrathin carbon films (TEM) and Si
substrates (AFM). TEM: (A) (C) (E). AFM: (B) (D) (F). Surface pressure (mN m�1): (A) (B) 5,

(C) (D) 20, (E) (F) 40 [182]. Reproduced with permission from Y.-H. Wu, T. Imae and M. Ujihara, Surface
enhanced plasmon effects by gold nanospheres and nanorods in Langmuir-Blodgett films, Colloids Surf. A (2017),

doi.org/10.1016/j.colsurfa.2017.05.015. Elsevier.
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dispersed in chloroform slowly dry, they vertically adsorb on substrates. The importance of

slow drying was also suggested in the case of the other nanorods [191]. On a patterned

substrate (octadecylsilane/Si), a selective adsorption of vertically arranged nanorods was

observed [192]: the nanorods are selectively accumulated on the octadecylsilane SAM. This

suggests that the interactions between nanorods, substrates, and the dispersion medium play

an important role in the aggregation at the liquid meniscus to form laminar aggregates.

Obtained film of vertical nanorods demonstrates a higher enhancing effect than nanorod

films with other orientations. A study reports that the enhancing effect of vertical nanorods is

four times higher than that of randomly aggregated nanorods, and 1.6 times higher than the

parallel nanorod (Fig. 4.19) [91].

The other nanostructures prepared using wet processes can be accumulated on substrates.

To effectively use the hot sites of nanoparticles, they should be oriented to the target molecules,

or symmetrically prepared to expose their hot-sites. A group of nanoparticles (flower-like,

star-shaped, nano-urchin, confeito-like nanoparticles, etc.) have been designed in this strategy,

and they demonstrated strong surface-enhancing effects [33,100–112]. However, these
nanoparticles require specific protecting agents and messy processes. Recently, a simple

method to prepare confeito-like gold nanoparticles was reported, and their strong enhancing

effect was introduced [107]. In this preparation method, the protecting agent is not limited, and
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(A)–(E) SEM images of LB films of gold nanorods in different arrangements. (F) TEM images of gold
nanorods in perpendicular arrangement. The inset is a high-resolution image. (G) SERS spectra of
rhodamine 6G adsorbed on gold nanorods array with different arrangements. Laser excitation

wavelength was 532.3 nm [91].Modified from T. Imae, X. Zhang, Effect of Au nanorod assemblies on surface-
enhanced Raman spectroscopy, J. Taiwan Inst. Chem. E. 45 (2014) 3081–3084. Elsevier.
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the reducing agent is hydrogen peroxide, which completely decomposes to water and oxygen.

Therefore, the obtained nanoparticle can be easily used for further surface modification in

various applications. The confeito-like nanoparticles indicate a significant enhancing effect

even in dispersion [168], and they can be accumulated onto the patterned substrate to improve

the enhancing effect as their amount increases [193].

The surface modification of nanostructures is important to capture target molecules on the hot

sites, as mentioned above. The surfaces of nanoparticles adsorb the co-existing ions, which can

change the adsorption behavior of the target molecules [14,39]. These ions can change the

properties of nanoparticles by ambient conditions, such as pH, meaning the adsorption of the

target could be controlled by the conditions. Typically, the citric acid covers the surface of gold

nanoparticles when used as the protecting agent [85,193], and it can provide ionic interaction

and hydrogen bonding to capture the target. This interaction would affect the orientation of

adsorbed molecules, and it could be confirmed by the intensity ratio of the spectrum [168]. The

carboxylic acid (target compound) was more strongly and more perpendicularly adsorbed on

the surface.

However, the hot-sites on the nanoparticles are only small parts of the surface. The

stronger enhancing effect is expected in the smaller part. Therefore, the most of target

molecules are not effectively excited, and the intrinsic EF could be 106 to 107 times higher than

the apparent EF, as mentioned above [14]. To estimate the adsorption behavior of the target

molecules and the capacity of hot sites, the concentration dependency of the EFs should be

checked. Based on Freundlich’s equation (Eq. 4.7), the double logarithmic plot of EFs against

concentration can be used [168,193].

x

m
¼KCenhanced

1=n (4.7)

x and m are the masses of adsorbate and adsorbent, respectively.

K and n are the empirical constants, which will be obtained from the data.

If it is assumed that the signal intensity of surface-enhanced spectrum is proportional to

coverage of surface (x/m), the Eq. (4.7) is illustrated as the Eq. (4.8).

EF¼AB
x=m

Cenhanced

(4.8)

A is the a proportional constant of the intensity of surface-enhanced spectral band

against x/m

B is the a constant representing the Ccontrol/Icontrol.

Then, the Eqs. (4.7), (4.8) are merged to the Eq. (4.9) or (4.10).
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EF¼ ABKCenhanced

1
n�1
� �

(4.9)

log EF¼ 1

n
�1

� �
log Cenhanced + log ABK (4.10)

Thus, the linearity of the double logarithmic plot of EFs against concentration suggests that

the adsorption property of target molecules onto hot sites is constant. When the slope of plot

is 0, the hot sites are open enough to allow the increasing of adsorption amount proportional

to the concentration of target molecules. In contrast, the target molecules can’t adsorb on

the hot sites anymore if the slope is �1. The value intermediate between 0 and �1 implies

that the hot sites are rather occupied, and then the target molecules can’t adsorb onto the hot

site effectively. It is likely they form multilayers. In a study comparing the EFs of dispersion

and film of the confeito-like gold nanoparticles, dispersion was found to provide more hot

sites and stronger EFs than the film did (Fig. 4.20) [168].

4.6 Recent Applications: Beyond the Spectroscopies

Surface-enhanced spectroscopies have been used as strong tools in biomedical fields. The

minor components in the specimen are selectively adsorbed on the hot sites on the

nanostructures, and the surface-enhanced spectra help the detection of the target molecules
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Enhancing factors of SERS of rhodamine 6G mixed with the dispersions of gold nanoparticles (large
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gold nanoparticles (Master’s thesis), National Taiwan University of Science and Technology, Taipei, 2013.
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[194,195]. In these cases, DNA, antibodies, and enzymes are preferable to achieve selective

adsorption of the target biomolecules (Fig. 4.21). Using the surface-selection rule [9,144,145],

the configuration of the adsorbed film and the orientation of functional groups in the target

molecules can be estimated. The enhancement of spectra facilitates time-resolved spectrometry

to interpret the mechanism of enzyme reaction; the mechanism of photosynthesis is

energetically investigated using the SERS and SEIRAS [196–199].

While the SERS and SEIRAS can be performed on substrates with nanostructured metals,

dispersions of nanoparticles can be used in biomedical research. Since metal nanoparticles

strongly absorb or scatter light, they have been used asmarkers in tissue. Gold nanoparticles can

be easily observed under dark-field microscopes [200]. These nanoparticles can provide a

plasmonic effect to realize the multiphoton excitation of dyes on nanoparticles, and then the

sensitivity and selectivity of fluorescent microscopy can be improved [201–204]. This
improvement on the fluorescent microscopy can reveal the microenvironment in the living

tissues. Moreover, the living cells adsorbing silver nanoparticles were observed by the

SERS under microscope, and their local components (proteins) were analyzed (Fig. 4.22)

[205–207]. This method is expected to be a strong tool to reveal biomaterials and their reaction

mechanisms in situ.
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Even in the other research fields, applications for plasmonic behaviors are developing. For

photoelectronic devices, enhancement of the electric field is used to improve the efficiency of

LED and solar cells [22,208–211]. Metallic nanoparticles work as antennas to re-emit light at

the interface in the LED. Nanoparticles can effectively absorb light and excite dyes and

semiconductors in solar cells. This characteristic is desirable for dye-sensitized solar cells

and organic solar cells, which have difficulties in the trade-off between the light absorption

(the thicker, the better) and the electrical resistance (the thinner, the better). Metallic

nanoparticles can provide the electron transfer pathway in the solar cell, and it can increase

efficiency. While these solar cells use the surface-enhancing mechanism (excitation of dyes

and semiconductors), some reports demonstrate direct energy generation. Metallic

nanostructures absorb light and excite surface plasmon, and then the excited electrons

(plasmon) transfer from the metal surface to other materials (typically, semiconductors)

[212–219]. This electron transfer from the metals to the semiconductor is observed in the pairs
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(A) An optical microscopic image of a yeast cell with adsorbed Ag nanoparticles (dark field).
The scale bar represents 1 μm. (B) Raman spectroscopic imaging of the yeast cell wall with

adsorbed Ag nanoparticles. (C) Raman spectra obtained from positions (1) to (4) in (B) [206].
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1803–1809. Springer.

Surface-Enhanced Spectroscopy for Surface Characterization 143



of gold/TiO2, silver/TiO2, and Cu/TiO2. The nanostructures of silver and copper would be

ionized by this electron transfer, and then their reactions would show as a change of their colors.

Thus, the plasmonic technology is now considered not only for passive applications

(measurements and observation), but also for active ones; the microenvironment in the vicinity

of metallic nanostructures can be changed by plasmonic effects. The photothermal effect is an

application [220]. The electron-transfer results in reduction of H2O on TiO2 at the edges of gold

nanorods (hot sites) [221]. The plasmon-induced redox reaction can be used for water-splitting

and photosynthesis of ammonia and hydrocarbons with metal-semiconductor composites

[221–225]. The photo-polymerization of monomers in nanogaps demonstrates selective

polymerization via second-order harmonic generation [226]. Therefore, the active effects

caused by plasmonic behaviors can be observed via in-situ surface-enhanced spectroscopies.

4.7 Conclusions

In this chapter, the basic concept of surface-enhanced spectroscopies, nanostructures for them,

and physicochemical behaviors were introduced. Practical methods and new applications were

presented, too. Recently, plasmonics have been rapidly developing, and understanding of the

interactions between the light and materials has been expanded. Spectroscopies are direct

methods for observing the interactions between light and materials, and their importance is

increasing not only for applications, but also to provide new insight into the phenomena

occurring at the interface of nanostructures.
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[161] S. Kaneko, D. Murai, S. Marqu�es-González, H. Nakamura, Y. Komoto, S. Fujii, T. Nishino, K. Ikeda,

K. Tsukagoshi, M. Kiguchi, Site-selection in single-molecule junction for highly reproducible molecular

electronics, J. Am. Chem. Soc. 138 (2016) 1294–1300.
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5.1 Introduction

Neutron reflectometry (NR) measures the nanometer-scaled structure of near-surface regions,

interfaces, or thin films. Since many green chemistry phenomena involve surface and interface

processes, this technique can provide valuable insights into the structures and phenomena that

drive or result from these reactions. Specifically, specular neutron reflectometry measures a

material property called the scattering length density (SLD) of the neutron or ρN (which is

determined from the composition), as a function of depth relative to a surface or interface.

Neutrons are particularly sensitive to light elements and can probe interfaces buried in samples,

in contact with liquids, or deep within complex in operando sample environments. Therefore

layered structures often found in green chemistry technologies, such as electrochemical,

photoactive, or energy storage devices, can be characterized. This chapter describes the basis of

the technique, concentrating on one of the most stringent, complicated, and comprehensive

applications for which NR has been applied to green chemistry: in operando electrochemical

measurements. Therefore this chapter focuses on the example of NR as applied to

electrochemical systems for green energy storage.

The “contrast” that is observed with NR, i.e., the parameter that is described in the structural

depth profile, is the scattering length density, ρN (z), which is the sum over all the isotopes, i, of

the bound coherent neutron scattering length, bc (colloquially, the “neutron scattering power”

of the nucleus) times the number density, N, of that isotope:

ρN zð Þ¼
X
i

bc, iNi zð Þ (5.1)

Here, the depth, z, dependence is specific to the specular geometry, which (as described in

Section 5.2) averages over any variations ofρN in the plane parallel to the reflecting interface, but
determines variations of ρN along the surface normal direction. In the z direction, specular

Nanolayer Research. http://dx.doi.org/10.1016/B978-0-444-63739-0.00005-0

2017 Published by Elsevier B.V. 155

http://dx.doi.org/10.1016/B978-0-444-63739-0.00005-0
http://dx.doi.org/10.1016/B978-0-444-63739-0.00005-0


reflectometry is sensitive to layers with thickness ranging from less than 1 nm depending on the

system studied, up to roughly 0.5 μm, depending on the instrument resolution used. Since bc
values are known for all isotopes, a single measurement can determine composition in systems

with two or fewer phases, or in binary alloys if the density versus composition is known. One of

the main advantages of using neutron instead of X-ray or electron probes is that neutrons scatter

from the nuclei, as opposed to scattering from the electrons in a material. First of all, this

provides scattering lengths that are alternative and complementary to those probes (which have a

low contrast for elements with low atomic number or neighboring elements). Also, because

neutrons scatter from the nucleus, bc can vary greatly for different isotopes of the same element,

which can be used to determine the depth profile of the number density Ni(z) by comparing the

depth profiles determined from samples containing the two different isotopes. Furthermore, by

labeling materials of interest with the isotope that has the highest contrast to surrounding

materials one can highlight those features. Alternatively, an isotope abundance can be selected

to match the contrast of one material to another (called “isotopic contrast matching”), thus

eliminating scattering effects from those two materials in order to isolate the scattering from a

thirdmaterial. Finally, isotopic substitution can be used to label one of the reactants to determine

the extent to which it contributes to the products that are incorporated into the sample.

Other unique advantages of neutron scattering are derived from the fact that neutrons are

weakly interacting particles. Because of this, they are nondestructive, with no ionization or

local heating, and can easily penetrate thick solid materials. This promotes both robust

in operando and multimodal sample environments since the environment can be tailored to

the other technique; for example, the neutron can be incident through infrared prisms. Neutrons

can also probe the entire sample providing statistical ensemble averages of structures.

Scattering from the nucleus eliminates the atomic form factor that must be applied to techniques

that probe the electron cloud. With almost zero absorption, the scattering theory is simpler

and quantitative, and in fact, the phase problem for diffraction can be solved, allowing inversion

of the data if variable reference layers are employed.

Other neutron advantages are less applicable to green chemistry, but are mentioned here for

completeness. Because neutrons also have a spin and magnetic moment, they scatter from, and

thus are highly sensitive to, magnetism in materials. Polarized neutron reflectometry is thus

able to determine the depth profile of both the vector magnetization and nuclear ρN. In addition,
a magnetic layer can serve as the variable reference material required for phase inversion.

Finally, because of their large mass, the energy of neutron is similar to that of vibrations,

excitations, and diffusion in materials, and the neutron can exchange energy with these modes,

in techniques (elastic or quasielastic scattering) collectively called neutron vibrational

spectroscopy (NVS). NVS is complementary to IR or Raman spectroscopy and is especially

sensitive to vibrational modes of H because of its large cross section. Because there are no

dipole-selection rules for NVS, all vibrational modes are observable. NVS can also obtain the

scattering direction in single crystals to obtain phonon dispersion curves, and the length scale of

the excitations to help determine the physical mechanism of the vibrations or diffusion.
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In specular NR measurements a ribbon-shaped beam of neutrons is directed onto the planar

sample at a grazing incidence angle, θ, and the reflected intensity is measured as a function of

the momentum transfer Q
!
, which has a magnitude:

Q¼ 4π

λ
sinθ (5.2)

Diffraction of the neutron from the various interfaces in a material results in variations in

the reflected intensity as a function of Q. For a pair of interfaces, i.e., a thin film, this results

in an intensity oscillation with a period in Q that is inversely proportional to the thickness of

the layer. Multiple layers in the sample produce a beating pattern. Generally, a continuously

varying ρN(z) can be accurately approximated by a series of thin layers with uniform ρN and

distinct interfaces, from which the scattering can be determined. Least squares refinement

or in some cases direct inversion is used to determine the ρN(z) structure of the sample from

the reflected intensity, R(Q). Because specular NR requires very flat, smooth samples and

averages in the plane, it is not possible to study surfaces, interfaces, or grain boundaries in

three-dimensional samples, for example, between particles in agglomerations. Instead we

study planar thin film layers made of the same materials as analogs to those grain

boundaries or conformal coatings. These serve as idealized models of the real-world

interfaces.

The many unique aspects of neutron reflectometry, primarily its proficiency for in operando

sample environments, sensitivity to light elements, and isotopic control of contrast make it an

excellent technique for studying electrochemical and other phenomena involving layered

structures coatings and ordering at interfaces. Alone or in conjunction with complementary

techniques, NR will continue to provide useful insights for green chemistry technologies.

5.2 Theory of Neutron Reflectometry

5.2.1 Introduction

The wavelike properties of a moving neutron can be used to measure distances, and the nuclear

and magnetic interaction potentials to measure materials properties. Combining these

properties with the geometry of a thin flat sample, we arrive at the concept of neutron

reflectometry. The wavelength of the moving neutron depends on its velocity, through the de

Broglie relationship (for nonrelativistic particles, wavelength λ¼ h

mnv
, where h is the Planck

constant, mn is the neutron mass, and v is the velocity). Neutrons with wavelengths close to the

interatomic spacing are produced at research facilities in order to probe materials at the smallest

scales.

There are two types of neutron sources for research in common use in the world today: reactor

based and spallation sources. Reactor-based sources are centered around a nuclear fission
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reactor, in which excess neutrons from the fission process are used, while in spallation sources a

high-energy particle beam is focused onto a target, and neutrons are liberated from the nuclei of

the target materials through kinetic energy. The particle beam in spallation sources is most

often pulsed with time, so that a well-defined burst of neutrons is produced with each pulse,

while reactor sources typically operate in a continuous mode where neutrons flow from the

source at a nearly constant rate. Spallation sources have the advantage of having a band of

wavelengths in each pulse (wavelength within a pulse is determined from the travel time to the

detector, inversely proportional to the velocity), thus measuring a range of length scales

simultaneously. Because accurate timing and predictable pulses are used, time-resolved probes

of materials can be straightforward to set up at a spallation source. Continuous sources provide

other optimizations; the time-averaged intensity at particular wavelengths of interest can be

much higher than a spallation source, and instrument design can be simplified by not needing

time-resolving hardware.

No matter which type of source it originated from, the interaction potential for a neutron with

matter has two components:

1. The nuclear potential, which depends on the number of protons and neutrons in the nucleus

of the atom with which the neutron is interacting. The nuclear potential varies in a

nonmonotonic way with the atomic number of elements (and isotopes of those elements) in

the periodic table [1]. Notably, many lighter elements have strong nuclear potentials (Be, B,

C) while heavier elements sometimes are relatively weak scatterers (Co, In, Sm, W) and

some are even negative (H, Li, Ti, Mn). A negative scattering length indicates an attractive

force between the neutron and nucleus. Compare this to the scattering potential of X-rays

with matter, which depends on the electron density of the material, and so X-ray scattering

measurements are usually dominated by the heaviest elements present.

2. The magnetic field (B). Scattering only occurs from changes in the vector B
!
as a function

of z; further, Maxwell’s equations applied to thin films dictate that the change in the

z-component of B (Bz) along z must be zero, so that Bz is a constant through the film

and magnetic NR is only sensitive to changes in the in-plane components Bx ,By as a

function of depth z. Any uniform field (e.g., the applied external magnetic field) does not

contribute to the scattering, which arises only from the magnetic potentials due to the

material itself, such as in ferromagnets or ferrimagnets, or in superconducting thin films

which create magnetic discontinuities through the Meissner effect.

5.2.2 Specular Theory

The theory of specular scattering can only be completely solved for films that are uniform

in-plane. In reality, the theory works quite well for samples that have relatively small contrast

variations in-plane, or samples where this contrast has a much smaller length scale than the

coherent extent of the neutron wavefunction during the interaction with the sample (e.g.,
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interatomic variations in SLD in-plane, nanoscale porosity or domains, etc.) For most samples

that can be described as layered thin films it works quite well; on the other hand, very strong

in-plane contrast such as from a ruled grating on a surface [2] makes this analysis moot and

computationally intense approximations are required.

If we go back to the de Broglie relationship mentioned earlier, we can write a wavefunction for

the neutron: ψ(z)¼ceikz+de� ikz, where k is the wavevector along z, related to the momentum as

ℏk¼pz¼mnvz for nonrelativistic velocities v. The change in the momentum of the neutron due

to the scattering is Q
!¼ k

!
out� k

!
in, and Q is often used as the independent variable that is

changed in a reflectometry experiment. On the actual instrument, Q is controlled through a

combination of sample angle and incident wavelength, since Q¼ 4π

λ
sinθ where λ is the

wavelength and θ is the angle of incidence of the neutron on the sample. At a reactor source, the

angle is typically varied for a fixed wavelength, while at a spallation source a spectrum of

wavelengths is typically incident at just a few fixed angles.

The form of the wavefunction ψ given here has the correct wavelength as specified by de

Broglie. The coefficients c and d correspond to the amplitudes of the forward- and backward-

traveling waves. If we apply conservation of momentum, conservation of energy, and

conservation of particle number at each of the boundaries between layers of the sample, we can

write down a series of equations for the amplitude of the neutron wavefunction in each layer.

In the incident medium (the material through which the neutron travels to reach the first

interface of the sample), we know that c0¼1 and d0¼ r, because the wave traveling toward the

sample c is the incident flux which we normalize to 1, while the backward-traveling wave in the

incident medium is the reflection that we measure, r. In every subsequent layer l there is a value

of {c,d}l which can be determined by enforcing conservation of particle number across the

boundary ψ l(Zl)¼ψ l+1(Zl) where Zl is the interface between layers l , l+1, and also by enforcing

conservation of momentum with the simultaneous equation
d

dz
ψ l Zlð Þ¼

d

dz
ψ l+ 1 Zlð Þ. Using

conservation of energy, we can get an equation for kl, the wavevector in the next layer, by

keeping the sum of kinetic and potential energy the same:

E0¼K:E: +P:E:¼ 1

2
mnv

2
l +

ℏ2

2mn
4πρn, l¼

ℏ2

2mn
k2l + 4πρn, l
� �

(5.3)

where ρn¼ρN+ρM is the scattering length density for neutrons (the sum of nuclear and

magnetic components).

So if we know the scattering length density of a layer, ρn,l then

kl¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mN

ℏ2

� �
E0�4πρn, l

s
(5.4)
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Note that this gives an imaginary value for kl when the scattering potential in the material

exceeds the incident energy E0¼ ℏ2

2mn
k20 ¼

ℏ2

2mn

Q2

4
. Then the wavefunction inside the layer is a

decaying exponential rather than a plane wave, though the transmitted amplitude through

the layer can still be large if the layer is thin compared to the decay length (quantum

tunneling of the particle wavefunction!). If the layer with imaginary k is thick enough (such as

the substrate), the transmission goes to zero and there is total external reflection. In this

case the measured reflectivity R is 1: Every neutron that hits the sample is reflected. This

happens for Q below the point we call the critical edge Qc
2¼16πρn, which is where kl in

the high-SLD layer goes through zero (and then is imaginary).

The two boundary-value equations for ψ give two equations for the two unknowns c and d

in the next layer, allowing us to calculate cl+1 ,dl+1 based on the values cl and dl in the

previous layer. Arranging these equations as a 2 � 2 matrix we get:

c

d

� �
l + 1
¼ 1

2kl + 1

kl + 1 + klð Þe�i kl+ 1�klð ÞZl kl + 1�klð Þe�i kl+ 1 + klð ÞZl

kl+ 1� klð Þe+i kl+ 1 + klð ÞZl kl + 1 + klð Þe+i kl+ 1�klð ÞZl

 !
c

d

� �
l

(5.5)

The off-diagonal matrix elements that connect the forward-traveling wave amplitudes c to the

backward (reflected) wave amplitudes d are proportional to the difference in k between one

layer and the next, which in turn depends on the difference in SLD at that interface. For large

values of E0 (high angle in a reflectometer), the difference in k at an interface becomes roughly

linearly proportional to the difference in SLD, so that the amplitude of the high-angle

reflectivity is a measure of the SLD contrast that caused it, while oscillations in the reflectivity

are caused by interference between the reflected waves from interfaces at different depths. For a

single layer, the reflections from the top and bottom of the layer will interfere destructively

whenever kl� Δzð Þl¼ n+
1

2

	 

π, so that the period of the oscillations (particularly at highQ) is

roughly equal to ΔQ� 2π

Δz
.

If we call the matrix above Al (including the prefactor 1/2kl+1), we can write an equation that

traverses all the layers as a product of the Al, getting cl and dl in terms of the incident intensity 1

and reflected amplitude r (still unknown):

c

d

� �
L
¼
Y0
l¼L

Alð Þ
" #

c

d

� �
0

(5.6)

Note that the product moves in reverse order through the indices l of the layers.

In the final layer (usually the sample substrate, if there is one, or the same material as the

incident medium for a free-standing film), there is one more boundary condition: We can
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identify the forward-traveling wave amplitude cL as the transmission amplitude often called t,

which is a measurable quantity like r, but also we know that for the experimental setup there is

no backward-traveling wave (other neutron source) coming from that side, so that dL¼0, where

L is the total number of layers (including the incident and transmission media). Then we have

two equations and we can solve for the two unknowns, t and r (where M¼
Y0

l¼LAl

h i
as given

previously)

t

0

� �
¼M

1

r

	 

(5.7)

So

t¼M11 +M12r

0¼M21 +M22r
(5.8)

Solving gives

r¼�M21

M22

t¼M11�1
M12M21

M22

(5.9)

One can immediately see that for a single interface, this reduces to the familiar Fresnel

reflectivity r¼ (k0�k1)/(k0+k1).

Note that while the theory is derived for a series of slabs of constant ρn, any smooth depth

profile for the SLD can be accurately approximated as a series of thin slabs. The thickness of the

slabs can bemade arbitrarily small without affecting the validity of the theory, although below a

certain threshold (roughly calculated from the measured Q-range as
2π

Qmax

) no accuracy in the

model is gained by further reducing the thickness.

The amplitudes t and r here are complex numbers containing phase information. The measured

quantities (reflectivity R and transmission T) are the square of the amplitudes ∣r ∣2 and j t j2, and
all phase information is lost in the measurement.

5.2.3 Phase Recovery

For any scattering experiment such as reflectometry, the measured quantity (in this case, R) is a

real number with no phase information, so the matrix equations that were described cannot be

directly inverted to get a unique solution to the layer-by-layer scattering length density. There

are some experimental tricks we can employ to recover that information, though. If we have

perfect knowledge of the scattering length density of the media surrounding the sample of
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interest, and we can vary that SLD, the mathematical constraints from this knowledge can be

used to construct a series of equations where the phase is recovered. This technique is described

in the literature [3].

The most commonly used methods of altering the media in a known way is to substitute pure

D2O for H2O in a liquid reservoir that abuts the sample, or by flipping the magnetization of a

magnetic underlayer, which changes the SLD by a known amount for a polarized neutron

(polarized neutron techniques described elsewhere) [4]. The technique only works when there

is no appreciable absorption in the sample, which makes it a more useful tool in neutron

scattering than in X-ray scattering, where the absorption is much larger.

5.2.4 Isotope Substitution

Another useful strategy for extracting unambiguous real-space information from the

scattering data is isotope substitution. One can achieve a targeted measurement of the

density profile of a particular element by exchanging a particular atomic component of a

material for a different isotope of the same element, in an otherwise identical structure. Then the

difference in SLD (see Eq. (5.1)) as a function of depth, divided by the difference in bc,i, is a

direct measure of the distribution of that element. Because the exact location of this contrast in

the SLD profile is unknown ahead of time, the data cannot be directly inverted with this strategy

alone, but the two techniques (isotopic substitution and surround variation to achieve direct

inversion) can be combined, of course.

5.2.5 Near-Specular Techniques

While the specular technique is an elegant solution for measuring uniform, flat samples,

sometimes the sample of interest has some kind of in-plane structure, while still resembling

mostly a thin-film structure. In this case, one must consider the scattering in more than just

one dimension; unfortunately, there is no closed-form solution to the more general 3D

scattering problem as there was for the 1D case given. Two near-surface scattering

techniques in common use include:

1. GISANS, which is essentially SANS (small-angle neutron scattering) where the

incident beam is at or below the critical angle of total external reflection, θc, for the
sample. By small variation in the incident angle then, the user can tune the penetration

depth of the evanescent probe wave that tunnels into the sample; through a series of

measurements a depth-dependent, in-plane scattering picture can be built up. GISANS

covers a Q-range in-plane that is similar to the out-of-plane direction.

2. Off-specular scattering, in which the instrument geometry is largely unchanged from

the specular case, but the sample is tilted so that the momentum-transfer vector Q has a

small in-plane component. Because of the very small angles of incidence involved, the

range of Qx (in-plane) that is covered is small but very good precision is achievable,
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and long-range-ordered structures with repeat distances of hundreds of microns can be

resolved [2]. While it is possible to measure with extremely high Q-resolution, the max Qx

that is attainable with reasonable scattering intensity is much smaller than specular

Qz-range.

5.3 Practical Aspects

Neutron reflectometry can provide precise and accurate structural information for features as

small as subnanometer thickness under ideal conditions. However, in order to accurately

achieve this level of precision, numerous practical aspects must be carefully attended to. These

issues are addressed in this section, and range from sample preparation, sample environment

(including electrochemical cell) construction, instrument use and data collection and reduction,

to (not least importantly) selection and validation of models and data fitting. Best practices and

the reasons behind them are presented, to provide the reader the basis to obtain useful NR

results or when evaluating research to distinguish the accuracy of measurements.

5.3.1 Neutron Reflectometers

A basic understanding of a neutron reflectometer is necessary to both correctly and

optimally collect data and to understand sample and cell design requirements. The specific

design of neutron reflectometers differs slightly based on the type of instrument, for example,

time-of-flight reflectometers at pulsed beam [5] or continuous beam spallation sources [6],

monochromatic [7] or proposed polychromatic reflectometers (similar to polychromatic

diffractometers [8]) at continuous beam, reactor-based sources. However, there are numerous

similarities, and where differences exist there are typically analogs in the other techniques.

Therefore, in the interest of brevity, to convey the concept of how a reflectometer works, the

simplest form, a monochromatic reflectometer, will be described herein, with some of the more

important differences with the other types pointed out.

Fig. 5.1 shows a typical monochromatic reflectometer with a horizontal scattering plane and

thus a vertical sample surface, often called a vertical sample reflectometer (further details can

be found in the literature [7]). For ease of discussion, the coordinate system is as shown with “z”

in the vertical direction and “y”, which rotates with the sample, along the bisector of the

incident and reflected beams. A focusingmonochromator is placed in a gap in the neutron guide

to diffract a nearly monochromatic beam (Δλ/λ¼0.015) at a right angle from the guide for

neutrons with a wavelength λ ¼ 0.4743 nm; however, other angles and wavelengths can be

used. A cryogenically cooled Be filter in the incident path removes neutrons with a wavelength

under �0.39 nm, particularly the λ/n higher orders that would otherwise also be diffracted by

the monochromator into the beam direction. A vertical slit near the monochromator and another

near the sample define a beam that is narrow and has small angular divergence in the horizontal

plane (which is needed to provide high resolution for the incident angle, θ, and to control the
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area of the sample that is illuminated). The monochromator is curved to provide vertical

focusing to allow a greater flux on the sample. An adjustable aperture is placed near the sample

to better define the vertical extent of the beam. While the vertical focusing increases the beam

divergence in this direction (relative to having a flat monochromator), this is orthogonal to

theta, and therefore minimally increases the resolution along the specular direction. The only

issue with a large vertical divergence is that it can integrate off specular scattering, if present,

into the specular signal. Because the incident beam is fixed in space, the incident angle θ is set
by rotating the sample on a goniometer, and similarly the reflected angle, D, is set by rotating

the detector. For specular scattering D¼2θ, both the θ and D axis must be concentric and

vertical, and intercept the beam to an accuracy of a few tens of micrometers for typical

reflectometers. A pair of slits, one just after the sample and the other just before the detector

along the line between sample and detector, define the reflected beam and limit the acceptance

to a region near the sample, to reduce the background signal. Each slit is composed of two

blades of a neutron-absorbing material with an adjustable gap between them (called the slit

width), but with a center point that is fixed to provide a stationary beam path and a fixed

wavelength. Typically, a beam monitor is placed intercepting a portion of the incident beam at

some point along its path and is used to normalize the incident intensity against variations in

source flux over time. A cylindrical 3He-type detector is typically used. This must be tall

enough to intercept the diverging beam from the focusing monochromator. Alternatively, the

detector slits can be removed and a position-sensitive detector can be installed to allow efficient

measurements of off-specular scattering.
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Fig. 5.1
Neutron reflectometer at a continuous source, with major components labeled. Axes are shown for

ease of discussion.
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As a final note on neutron reflectometers, because acceptable neutron fluxes can only be

achieved at specialized facilities (reactor or spallation sources) rather than lab-based neutron

sources, NR experiments require travel to user facilities, of which there are currently 23 major

ones throughout the world [9]. This in itself imposes additional constraints on experiment

design. There is usually a significant lead time for proposals to be written, reviewed, and for

beam time to be awarded and scheduled. There are limited opportunities for follow-on

experiments or corrections. Therefore it is often helpful to precharacterize the samples to ensure

that the structures are as desired and of sufficient quality, then to model the expected data to

investigate the sensitivity of the measurements to the phenomena of interest. Most user

facilities have instrument scientists to provide varying degrees of support from simply

providing access through collaboration, which is a great advantage since it allows new users to

learn a new technique while ensuring valid measurements.

5.3.2 Data Collection

The objective of an NR measurement is to accurately and precisely quantify the reflectivity,

which is the specularly reflected intensity divided by the incident intensity as a function of

incidence angle, which is often expressed as Q. To accurately determine the angle, sample

alignment is crucial. The sample must be aligned to the common rotation axes of the sample and

detector goniometers (to which the beam is already aligned) with precision to several

micrometers. These axes must lie on and bisect the surface of the sample that is to be measured.

The sample surface normal must also be aligned along the momentum transfer vector, Q
!
.

Alignment begins with the detector placed in the incident, direct beam, and the sample is

translated along y until the surface intersects the beam as indicated by a dip in intensity due to a

reflection. Then θ is scanned and set to the value for the maximum transmitted beam. Finer

alignment is achieved by setting the detector angle just below the critical edge of the sample to

obtain total reflection, and adjusting θ, y, and χ (the rotation about the horizontal axis in the

plane of the sample surface) to maximize the intensity of the reflected beam. This defines θ as
half of the value of D that was used.

Data is typically collected with step scans where the sample angle, detector angle, and slit

openings are driven to the desired values, and the reflected intensity is counted on the detector

and monitor for a specified amount of time (or counts on the monitor or detector), then repeated

for a range of theta values. Typically, the incident slits are increased linearly with θ to keep the
beam footprint on the sample constant, to provide a constant ΔQ/Q, and a flux that increases as
Q2, to partially offset theQ�4 dependence of R for reflectivity from a plane. The amount of time

per point is also increased with Q to provide adequate counting statistics for the reduced

reflectivity with increasing Q. However, at low angles where slit motor precision becomes a

significant fraction of the slit opening, and at higher angles where the slit opening approaches

the detector width, a fixed set of slit openings can be used. The specular condition is maintained
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by setting the detector angle to twice the sample angle, and although this includes both

specularly reflected neutrons and isotropically scattered neutrons as well as other sources of

background, it is called the specular scan. For convenience, the Q-range of interest can be

divided into a series of separate specular scans. In situations where the sample structure might

change during the course of an experiment, this possibility should be checked by taking several

series of specular data (over either the full or limited Q-range), retaining only those scans for

which the reflectivity as a function of Q does not change. Measuring a sample that is changing

over time could result in misinterpretation of the structure because the time average reflectivity

curve does not correspond to the scattering from the time average structure. If the data were

taken by scanningQwith time, the oscillations and Bragg peaks would shift with time, and each

Q would correspond to a different structure, so that fitting the whole NR pattern would not

correspond to any particular sample structure. For example, shifts in oscillation maxima due to

a changing sample thickness could appear as a beating pattern in the oscillations, which in turn

would be interpreted as a thin layer that does not exist in the sample. Even if all Q were

measured simultaneously (as with time of flight reflectometers), changes in sample thickness

would shift the phase of intensity oscillations, and time averaging especially at higherQ would

broaden the oscillations, making the interfaces appear more diffuse than otherwise.

Since nonspecular scattering also occurs at the specular conditions, this and other sources of

backgroundmust be accurately subtracted from the total intensity that was measured in the scan

of the specular condition. This is achieved by offsetting either the sample or detector angle until

the specular beam no longer enters the detector. Typically, this is done symmetrically on both

sides of the specular condition (to account for possible gradients in the background intensity)

and the average is used.

Finally, the incident intensity as a function of slit settings (and wavelength in polychromatic

instruments) must be determined. This is typically done by taking a “slit scan” through the

sample environments and incident media, but with the sample surface displaced from the beam,

in which the detector is placed in the direct beam and the intensity is measured for the full range

of slit settings used in the specular reflectivity measurement.

To determine R versus Q, the background is subtracted from the specular data, which is then

divided by the slit scan. The counting statistics of these individual measurements are

propagated through the reduction to provide uncertainty estimates for each data point. If fixed

slits are maintained at low Q, the beam may be wider than the projection of the sample surface

onto the plane perpendicular to the beam (YZ). This gives rise to a sin θ (roughly linear) increase
in intensity for the reflected intensity (proportional to the fraction of the beam intercepted by the

sample, called the footprint) up until the point where either the sample fully intercepts the beam

or where slits are opened in proportion to θ. A “footprint” correction can be applied if

necessary. The sample is often not perfectly planar at the level of beam divergence, which can

be on the order of 0.01 degree, either due to polishing errors, or warping due to film deposition,
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other processing, stresses applied by the sample holder or cell. Therefore the reflected beam can

be broadened by the sample. This will affect both the downstream slits openings needed to

accept the full specular beam, and will round off the footprint profile, which can affect the

choice of slit settings below the critical edge.

5.3.3 Data Fitting

Like diffraction, it is the intensity not amplitude that is measured in reflectivity, so the phase

of the probe wave function is lost, and the data cannot be analytically inverted to determine

the SLD profile that gives rise to the pattern in the reflected intensity. Instead, the SLD

profile is usually determined by defining a model of the expected structure (typically a series

of layers described by the complex SLD, the thickness, and amount of intermixing and profile

shape at each interface), and adjusting the model parameters until the predicted reflectivity

matches the data. Since most thin film samples consist entirely of intentionally placed layers,

this approach is simple and direct; typically the parameters vary a limited amount from the

expected values. However, in electrochemical systems, layers may be generated without a

priori knowledge of their composition and structure, or in some cases without knowledge of

even the number of distinct layer units. Therefore, in many of the systems of interest to this

chapter, one does not even know what model will best describe the sample, and considerable

effort must be employed to determine the appropriate model while at the same time

determining the best fit parameters. In general, the model definition (in terms of fitting)

includes not only the number of layers, but also the values of fixed parameters and the fitting

ranges. Model selection in cases with an unknown structure is complicated by the fact that it

is mathematically possible that two symmetry-related SLD profiles can result in exactly the

same NR curve [10].

Several approaches can be applied to reduce the number of unknowns, both to provide accurate

determination of the remaining parameters, and also to help determine the best model to

describe the data. External probes can provide a great deal of complementary information.

These can characterize the actual sample investigated with NR before and/or after the NR

experiment to further define the initial and final states. Alternatively, samples can be prepared

in the same manner and studied at each of the conditions also examined by NR, thus

determining the model and restricting the parameter ranges to reflect sample-to-sample

deviations. The most useful probes to help in model selection are those that also provide a depth

profile, even if they lack the sensitivity or resolution of NR, for example X-ray reflectivity

(XRR), Rutherford backscattering spectrometry (RBS), cross sectional electron microscopy, or

sputter depth profiling coupled with compositional probes such as X-ray photoelectron

spectroscopy (XPS), secondary ion mass spectrometry (SIMS), or secondary neutral mass

spectrometry (SNMS).
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There are several NR methods that can be applied to assist in model selection and fitting.

If the initial sample consists of multiple layers, one can measure NR or XRR, at various stages

of sample layer deposition to determine the layer parameters in simpler systems as the layers

are added (though be aware that the underlayers can change over time depending on the

deposition method). The inversion methods specific to neutron reflectometry (see

Section 5.2.3) use information from a set of measurements with a reference layer set to

different SLD values to directly invert the data. Reference layers can be a fluid reservoir,

where fluid exchange controls the contrast, or a magnetic layer, where polarized neutron

reflectometry provides different total SLD for the different polarizations. Simultaneously

fitting the same pair of data sets will also resolve the symmetry issues, while allowing prior

information from complementary measurements to constrain them [11]. Two samples that

are prepared identically but with different isotopes for one component (isotopic substitution)

can be used to determine the number density depth profile of that element, and to help

verify that a correct model has been employed. Finally, if these methods are unavailable

there are approaches that can be taken during fitting to determine the best model. For example,

a series of models with different number of layers can be used to fit the data, and the

Bayesian information criteria (BIC) can be applied to determine the best fit among varying

models [12]. Models can be underdetermined, characterized by a relatively poor fit and high

χ2, or overdetermined as indicated by a low χ2 and possibly strong correlations between

parameters, but ultimately by a higher BIC than models with fewer parameters and similar

SLD profiles [13]. Free-form modeling where the depth profile is described by a set of

orthogonal basis functions has also been demonstrated [14]. Combined models, with

structured layers for the well-defined parts of the structure and free-form sections where

model composition is not well controlled, provide additional flexibility.

There are certain limitations on what can be determined from neutron reflectometry. Since the

period of oscillation inQ space is inversely proportional to the thickness of a layer, a feature may

be too thin to produce an observable oscillation in the data. Therefore, in general, a lower limit for

observable feature size is approximately 2π/Qmax, where Qmax is the largest Q for which the

data has reasonably small error bars. In some cases, smaller features can be inferred from the data,

for example if a certain contrast at an interface (which does not exist for the layers that are

observable, being thicker than 2π/Qmax) is required to fit an oscillation amplitude, but cannot be

achieved by the SLD of the other adjacent layers due to known materials properties or the fitting.

However, in these cases, extreme care must be used to demonstrate that such a contrast is actually

required. Similarly, an upper limit on the thickness of a layer is set by the resolution of the

instrument, 2π/Qmin, where Qmin is the smallest oscillation period that is not obscured by

instrumental broadening. Models must also be evaluated for realism; the SLD values determined

by the fits must correspond to what is possible given the materials in the system. SLD values

lower than what is expected for bulk materials can be explained by lower density or porosity.

Interdiffusion from adjacent layers can explain SLD values either lower or greater than bulk,

within reasonable limits dictated by mass balance.
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When fitting, one must be diligent in evaluating whether the returned best fit is actually the

global minimum in χ2 or is merely a local minimum. Gradient descent approaches can easily get

stuck in the nearest local minimum, but restarting the fit from numerous different initial

conditions can increase the chances of finding the global minimum. The more robust but slower

Monte Carlo approaches can ideally find the global minimum, and can also be used to

determine a likelihood band for the model parameters, but even they have difficulty in

distinguishing between different local minima with similar χ2 See Section 5.4 for more details.

5.3.4 Sample Requirements

X-ray reflectometry and neutron reflectometry have similar sample requirements. First,

samples must be very flat. Deviations from planarity, generically referred to as “warp”

regardless of the cause, broaden the effective instrumental resolution by increasing the range of

incident angles on the sample. Warp also increases the divergence of the reflected beam,

requiring increased downstream slit width and thus decreasing signal-to-noise ratio. It also

distorts the profile of the reflected intensity versus θ in the region before the sample intercepts

the entire beam, making footprint corrections more difficult to apply, or alternatively

decreasing the maximum initial beam width required to avoid these corrections.

Samples must also have smooth surfaces and interfaces (approximately less than 2 nm root

mean square [RMS] or more depending on the system), since roughness increases the

overall rate of decline in R versusQ, faster than the typical R�Q�4 for smooth planar surfaces,

thus decreasing signal to noise faster than otherwise. Interfacial roughness also decreases

oscillation amplitude (by amounts that increase with Q), thus decreasing sensitivity to layers

(or equivalently, in real space, distributing thinner layers over a larger depth range, thus

averaging their distinct composition over larger regions and decreasing the ability to distinguish

thin layers.)

Because of the relatively low fluxes of neutron sources, the sample area should be maximized

(up to the limits of the beam size) to maximize the signal and minimize the time required for

obtaining adequate counting statistics. However, film thickness must also be uniform across the

film (typically <2% variation) since separate regions of the sample with various thicknesses

each would produce different oscillation periods. These are measured simultaneously and

incoherently averaged over, effectively broadening the oscillation and decreasing its amplitude

increasingly with higherQ in a manner similar to the effects of interface roughness, for which it

can be mistaken in the fits. On a smaller scale, in-plane inhomogeneities smaller than the

projection of the neutron coherence length [2] onto the sample surface, �1 μm/sinθ, are
averaged over. For larger inhomogeneities the measured intensity is an incoherent combination

of the reflectivity from each component of the inhomogeneity. If the number of different lateral

components is known, the data can still be analyzed, though with greater uncertainty. This

requires a set of models of the depth profile for each lateral component of the inhomogeneity

and a weighting parameter proportional to the relative area of that component. Except in the
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simplest and most well-defined cases, this becomes unsolvable due to the large number of

fitting parameters and the decrease in information content of the R versus Q due to averaging

over multiple different NR curves.

Cells that contain a liquid reservoir typically require the neutrons to be incident through the

substrate. At some angle the neutron beam will transition from being incident through a

substrate edge to being incident through the back of the substrate. This should be avoided by

using thick enough substrates (on the order of several mm) to avoid unnecessary scattering from

the substrate edge and a change in incident angle due to a change in refraction of the beam.

Electrochemical processing can induce stress in layers andmaterials, including adhesion layers,

and processes must be chosen to avoid delamination. Surface oxides, even on the nanometer

scale, that can develop upon exposure of the prepared thin film to the atmosphere, can

drastically affect both the electrochemistry and the scattering, and must be taken into account.

Relatively smooth films can be produced by sputtering; however, in some cases the ion energy

can lead to interdiffusion, or penetration of the sputtered material through existing layers, such

as the native oxide on Si [15].

While avoiding these pitfalls, the intentionally deposited thin films can be customized to

provide advantages. The thickness of all layers and composition of the adjacent layers should be

chosen to differ from the values of the layer expected from the electrochemical effect being

tested, to avoid ambiguous interpretation of features in the NR data and to provide adequate

contrast. In some cases, the underlying structures can be designed to actually enhance the

sensitivity to those layers. Modeling the NR data produced by the potential underlying

structures can be used to optimize the sensitivity to the phenomenon to be measured, and to

demonstrate this sensitivity in proposals for beam time at neutron facilities.

5.3.5 In Operando Neutron Reflectometry/Electrochemical Cell Design Considerations

In operando/in situ NR-compatible electrochemical cells for battery materials have been

described previously [13,16–21], and in other articles by the same groups. Since neutrons are

weakly interacting due to their charge neutrality, they can readily penetrate single crystals, but

are highly attenuated in amorphous materials and liquids (due to scattering from the liquid

structure) and in particular from materials containing H (due to incoherent scattering).

Therefore, all NR electrochemical cells operate in a back-reflection configuration, using a

single crystal substrate (commonly silicon, quartz, or sapphire), which supports the working

electrode (WE), as the incident medium. Refractive effects are avoided by directing the beam

through the side of the substrate that is perpendicular to the sample surface. Thus the substrate

itself must be sufficiently thick to accommodate the range of incident angles. This thickness is

also useful in minimizing warp due to the stresses induced by sealing the cell. Additional

thickness can be added by stacking another substrate of the same material behind the WE
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substrate. However, the WE substrate should be thick enough that any reflection from its back

surface occurs at adequately high angles that the reflectivity of the substrate is very weak. This

reflection can be minimized by using unpolished surfaces and ensuring that there is no

contamination, such as electrolyte, between the WE substrate and the additional backing plate.

At the NIST Center for Neutron Research (NCNR), 5 mm-thick, 76.2 mm-diameter silicon

substrates are typically used.With a 2.6 mmmaximum beamwidth, this condition begins at θ¼
5.55 degrees or Q ¼ 2.5 nm�1, and no anomalies are observed there in either the specular or

background scans.

The electrolyte reservoir can be sealed with a thin gasket or O-ring. In one commonly used cell

type, referred to herein as “thin cells,” the counter electrode (CE) is a film deposited onto a

substrate similar to that used for theWE, and placed directly against the other side of the gasket

[13,17–22] (see Fig. 5.2). The thickness and inner dimensions of the gasket thus define the

electrolyte reservoir volume. Minimizing the volume is important for several reasons. First,

large volumes increase the absolute amount of contaminants (such as water) even for small

concentrations. For a cell containing 1 mL of solution, one monolayer of contamination would

correspond to a solution contaminant concentration on the order of 10�5 mol/L. Also,

deuterated solvents (which are very useful for controlling scattering length density contrast by

mixing with natural isotopic abundance solvents, for measuring porosity, and for tagging

reactants of interest) can be expensive, sominimizing both the reservoir volume and the volume

required to fully exchange the fluid can be economically essential. The latter benefits from a

Solution port

Compression
plate

Compression
plate

Channel for incident
and reflected neutrons

WE lead

CE/RE lead(s)

CE/RE lead(s)

WE lead
WE film

CE/RE film

CE/RE substrate

WE substrate
Adhesion layer

CE/RE substrate

WE substrate

Si backing plate

Solution Gasket

Fig. 5.2
Schematic cutaway view of an in situ NR electrochemical cell (not to scale), with magnified view to

show greater detail.
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uniform, nonturbulent, flow front in addition to the small reservoir volumes. Care must be

taken, however, that the counter electrode does not contribute to the reflected signal, for

example, by having a solution volume sufficiently thick to absorb or scatter the beam

transmitted through the working electrode. Furthermore, the reservoir thickness should be

greater than the projection of the longitudinal coherence length [2] of the neutron in that

direction (�100 μm) so that any scattering that does occur is incoherent with the scattering from

the working electrode. This must be balanced, however, with the desire to minimize the

background scattering, which is achieved by both minimizing the thickness of the reservoir and

by using deuterated solvents. Fortuitously, in the case of lithium ion measurements, a

sufficiently thick lithium foil counter electrode will absorb most of the neutrons in the beam

(though care must be taken in the disposal of the lithium, since 6Li is converted to tritium by

neutron absorption). In liquid cells without a lithium counter electrode, an unpolished side of a

wafer is typically faced toward the reservoir, decreasing its reflectivity.

Thin cells have been made either with or without fluid inlets. In the latter case, the gasket is

placed on top of one electrode, and solution added to the reservoir, then the second wafer is

lowered onto this, taking care not to trap any bubbles. Alternatively, inlets can be provided via

holes drilled through the counter electrode substrate. Tubing can then be sealed to the back side

of the counter electrode substrate with O-rings, gaskets, or tube fittings such as those used for

high-performance liquid chromatography (HPLC).

In another cell type, the reservoir is defined by a cavity within a structure that seals against

the WE with the gasket or O-ring. Such “cavity cells” have been constructed from glass [17],

polytetrafluoroethylene (PTFE) [16,23], and polyethylene [24]. The primary advantage of a

larger cavity is that it allows a conventional reference electrode to be located within the

reservoir between the WE and CE. It also facilitates incorporation of fluid inlets. The

counter electrode can be a macroscopic sheet, wire, or gauze. Yonemura et al. employed a

hybrid approach in which the cavity in an aluminum body was only 0.5 mm thick except

for two �5 mm-diameter inlet holes machined perpendicular to the WE surface, one that also

housed a combination counter electrode/reference electrode [21].

The CE should have the same area as the WE to ensure uniform potential distribution, since

nonuniform effects on the sample structure across its surface would incoherently contribute

different reflectivity versus Q to the measured reflected intensity and prevent accurate

modeling of the sample structure. Care must be taken that the CE reactions do not produce

significant volumes of gas, as bubbles could become trapped in the gap. Not only would this

lead to inhomogeneity in the electrochemical reactions at the working electrode, but the SLD of

gas bubbles will most probably differ from the SLD of the solution, leading to lateral

inhomogeneities of the sample. Furthermore, small bubbles would produce small angle

scattering, leading to increased background. Also, given the long duration of NR

measurements, species produced at the counter electrode have ample time to diffuse across the
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gap and could potentially react at the working electrode. While a separator could slow this

crossover, it would undesirably contribute to scattering at the working electrode/solution

interface.

Platinum is commonly used as a counter electrode in aqueous media, and compensates charge

passed at the working electrode either by oxidizing or reducing water. While platinum is quite

stable, some soluble platinum species can form with the passage of current, and particularly

under conditions where an oxide layer is repetitively formed and reduced [25]. For lithium ion

measurements, lithium foil is most commonly used as the counter electrode. Lithium metal

adheres fairly readily to glass and quartz, and to ground surfaces in particular, and counter

electrodes can be prepared by pressing foil against the substrate with a roller.

A reference electrode (RE) can be incorporated in several ways. A conventional RE can be

installed in the thick reservoir of a cavity cell. Alternatively, it can be installed in a “T” in one of

the fluid inlets or can be placed in a dedicated cavity in the counter electrode substrate for a

shorter path to the reservoir. A thin wire quasi/pseudoreference electrode can also be inserted

directly into the reservoir, but these are potentially less accurate/reproducible than a

conventional RE and more susceptible to drift since potential is not poised by a well-defined

redox couple.

The type of reference should be chosen on a case-by-case basis, depending on compatibility

with the system under consideration. The Ag/AgCl electrode is a convenient reference to use in

aqueous media, but either the system must be tolerant of chloride contamination, or measures

(e.g., use of a cation selective membrane) must be taken to prevent chloride from reaching the

working electrode. Given the long time scales of NR measurements, there would be time for

significant amounts of chloride to diffuse out of the reference. Chloride specifically adsorbs on

metal electrodes, meaning it can adsorb in preference to other less strongly adsorbing species,

even when present at far lower concentration. The reactivity of an electrode surface with

adsorbed chloride may differ significantly from that of an electrode surface free from

specifically adsorbing anions. There are other aqueous references, such as the saturated calomel

electrode (SCE), Hg/Hg2SO4, Hg/HgO, and hydrogen electrodes (RHE, DHE, SHE/NHE),

which are described in detail elsewhere [26].

One possible reference for nonaqueous measurements is the Ag/Ag+ electrode [26]. For

nonaqueous lithium ion electrolytes, a piece of metallic lithium can typically be used as a

reference electrode. Very commonly, measurements in lithium ion electrolytes are carried out

in a two-electrode configuration, with a single sheet of lithium serving as both the reference and

counter electrode. Such two-electrode measurements are valid only so long as the polarization

of the combined reference/counter electrode is minimal. While its placement is not ideal [27],

one possible method of incorporating a lithium reference electrode is to adhere an additional

piece of lithium to the counter electrode substrate in a location separate from the counter

electrode (assuming the counter electrode substrate is an insulator).
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The structure holding these components together should be electrically isolated from the

working and counter electrodes and must be designed such that no additional material is placed

in the direct and reflected beam paths in order to avoid background scattering and signal

attenuation, respectively. An additional useful feature is to have a transparent component,

either the counter electrode and its substrate (e.g., using a quartz substrate) in thin cells or a

window in the cavity cells, to allow observation of the working electrode in case of bubble

formation or delamination. It is important to confirm that all materials in contact with the

electrolyte are chemically compatible. This includes the lining of inlet holes drilled in the CE

substrate, all sealing materials, tubing for solution ports, and even adhesion layers under the

working and counter electrodes, since those electrodes can become porous during an

experiment. The material used to make electrical contact to the CE must either be stable within

the potential range over which the CE polarizes, or must not come into contact with solution.

Particular care must be taken that the current collector/lead used to make electrical contact to

the WE is not in contact with the solution; otherwise the lead will contribute to the observed

electrochemical behavior, producing ambiguous results. Due to the long times required for NR

measurements, the cell should be tested before the experiment for similar amounts of time to

determine if the structures are stable. Also, the WE should be checked after this test for

delamination or in-plane nonuniformity.

In the case of cells containing lithium or other sensitive materials, assembly should be

carried out in a glove box or dry room to protect the reactive components from atmospheric

gases. Lithium will react with oxygen, nitrogen, and carbon dioxide. Additional protection

can be added during the NR measurements by placing the cell in an enclosure with flowing

inert gas. The material used for the neutron windows on this enclosure should be selected to

minimize neutron absorption and scattering. Thin aluminum sheet functions adequately in

this role.

5.4 Modern Data Analysis

As mentioned previously, it is typically not possible to invert reflectometry data, so we must fit

the data to determine the SLD profile. Since we can exactly calculate the reflectivity from a

given SLD profile as described in Section 5.2. we can adjust the parameters for the profile until

we have the best fit to the data. We approach this from the Bayesian perspective, wherein we

calculate the likelihood of seeing the measured data for a given set of parameters and adjust the

parameters to maximize this likelihood. This approach allows us to incorporate prior

information into the fitting process and to understand the uncertainty in the resulting fit

parameters. In Section 5.4.1 we show that this approach is equivalent to traditional least squares

and describe some practical algorithms for finding the maximum likelihood. In Section 5.4.2

we show how we can compute uncertainty on the fitted parameter values.
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5.4.1 Maximum Likelihood Analysis

Consider what it means to perform a measurement. Given some control stimulus x, a system f

characterized by parameters b produces response D. The purpose of the measurement is to

infer the properties b from the response, i.e., given D¼ f(x,b), determine b. The measurement

process is not perfect, with the measured response D only being known with some

uncertainty, which can best be represented as probability distribution P(D). There will be

some information about the system from previous measurements, so b will have a prior

probability P(b). This is refined by the measurement to produce the posterior probability

P(b jD), which is the probability of b updated by the information from the measurement D.

(The control stimulus x also has uncertainty, but this is usually very small and can be ignored

or incorporated into the model f.) Using the joint probability of two events A and B both

occurring, P(A,B)¼P(A jB)P(B)¼P(B jA)P(A), we can derive Bayes’ rule for probabilistic

inference. Applying this to the measurement question P(D,b), we get

P bjDð Þ¼P Dj bð ÞP bð Þ
P Dð Þ (5.10)

That is, if we can compute the probability of observingmeasured valueD for system parameters

b, then we can combine that with prior information about b to refine our estimate of the

probability of b. The P(D) term is a constant independent of b, so we can form the maximum

likelihood estimate using b̂¼maxbP bjDð Þ¼maxbP Dj bð ÞP bð Þ. Assuming normally

distributed measurement uncertainty, P(D jb)∝e�χ2/2 where χ2¼Piri
2(b) for weighted

residual ri(b)¼ (f(xi,b)�Di)/ΔDi, and no prior information so P(b) is constant, then

�lnP(b jD)¼χ2/2+C and traditional least squares optimization b̂¼minbχ2 determines the

Bayesian maximum likelihood estimate.

The Levenberg-Marquardt (LM) algorithm [28] is a very efficient method for minimizing χ2 in

a nonlinear system. Using the n�m Jacobian matrix Jwith Jij¼ @ ri
@ bj

for data point i and fitting

parameter bj, the LM algorithm updates an estimate b using

b0 ¼ b+ JTJ + λdiag JTJ
� �� ��1

JTr bð Þ (5.11)

The parameter λ controls the type of update step, ranging from the first-order gradient descent

method for large λ to the second-order Gauss-Newton method for small λ. If the proposed
step b

0
is an improvement with χ2

0
<χ2 then we are approaching the minimum, so favor the

second-order method by decreasing λ, setting λ λ/10 for the next iteration and keep the

improved point by setting b b
0
. If the step is worse, then reject it, leaving b unchanged and

bias the next iteration toward the more robust first-order method by setting λ 10λ.
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Because the LM algorithm only uses the gradient and curvature at the current point to determine

the next point, it is a purely local optimizer and can fail on complex fit spaces. As layer

thicknesses in reflectivity models change, the peaks and valleys of the reflectivity signal go in

and out of phase with the data, leading to many widely separated local minima in χ2, so LM is

unlikely to find the global minimum from an arbitrary starting point. Since we cannot even be

sure that we have the correct model to describe the system, we need robust optimizers, only

using LM to perform quick fits at the beginning of the analysis and “finishing” fits at the end.

The LM algorithm, which requires that f be a sum of squares, is only useful for χ2

minimization, and not for full Bayesian analysis with arbitrary prior information about the

fitting parameters. Even simple bounds on a fit parameter, which corresponds to a uniform

prior probability P(bk) for the parameter bk within a range, is not supported by LM. More

general Gauss-Newton and gradient descent optimizers such as Broyden-Fletcher-Goldfarb-

Shanno (BFGS) can operate directly on the negative log likelihood function – lnP(b jD) using
numerical derivatives, but these are still local optimizers that suffer from the robustness issues

of the LM algorithm. Also, care is needed when handling parameter bounds, since the

derivative is not defined at the boundary. The Nelder-Mead simplex algorithm [29], while still

a local optimizer, does not directly use the gradient and so is less drawn toward the nearest

minimum and can handle more complex constraints but has slower convergence. Differential

evolution (DE) is still more robust, using population-based search to traverse the parameter

space b [30]. DE selects a pair of points bi and bj from the population, defines the difference

vector δb¼bi�bj, projects this onto a random subspace by setting components to zero with

probability CR (or “crossover ratio”), scales by a factor F near 1 and applies the resulting

vector to a third point bk producing

b0k¼ bk +FδbCR (5.12)

If the step is an improvement, so that P(D jbk0 )P(bk0 )>P(D jbk)P(bk), then point k is updated

using bk bk
0
. While still a “descent” algorithm in that it only accepts parameter sets that

improve the likelihood, the population {bi j i¼1 ,… ,n} tunes itself to the space b, collecting in

the minima. This works well for reflectivity problems, allowing DE to jump between the

quasiregular minima in the probability density.

The most robust algorithms are not strictly descent algorithms, but are instead able to take

steps to lower probability points in the parameter space. With many iterations they can take

enough “bad” steps to climb out of a local minimum and drop into another one. Simulated

annealing [31] uses the notion of temperature T, with the probability of taking the step from bi
to bj as

αij¼
e�ΔE

T
, ΔE> 0

1, ΔE� 0

8><
>: (5.13)
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The ΔE term is the log probability ratio

ΔE¼ ln

P Dj bj
� �

P bj
� �

P Dð Þ
P Dj bið ÞP bið Þ

P Dð Þ
¼ ln

P Dj bj
� �

P bj
� �

P Dj bið ÞP bið Þ
(5.14)

The selection of the test point bj given the current point bi must be random, selected from

some “proposal distribution” q with qij¼P(bj jbi) giving the probability of selecting bj. This

could be as simple as picking a random direction in the n-dimensional parameter space and

stepping a random distance, bj¼bi+Fb/∣b ∣ for random F and b, or it could use an adaptive

step such as the FδbCR update from DE. Simulated annealing also needs an “annealing

schedule,” which starts at high temperature allowing easy movement between minima, and

then lowers with each iteration until the algorithm is strictly descending and converges to the

local minimum. The annealing schedule may include temperature increases, allowing the

algorithm to cycle between searching for the nearest minima and then allowing it to escape to

nearby minima.

5.4.2 Uncertainty Analysis

Parameter uncertainty can be characterized by integrating over the posterior distribution

P(b jD) usingMarkov chain Monte Carlo analysis (MCMC). Consider the sequence of points at

each iteration of simulated annealing, including duplicates if the proposed point is rejected.

When run at a constant temperature T¼1 with steps chosen from proposal distribution qwhich

preserves the “detailed balance” condition qijαijπi¼qjiαjiπj [32], the sequence forms a Markov

chain with the remarkable property that it will eventually reach a steady state wherein the

elements bi of the chain appear with probability πi. That is, using πi¼P(D jbi)P(bi)/P(D) the
sequence b1 ,b2 ,… will be a “random draw” from the posterior distribution P(b jD). (Since
P(D) is constant it cancels when computing ΔE, so we only need πi∝P(D jbi)P(bi).) With

randomized DE as the proposal distribution, the resulting differential evolution adaptive

metropolis (DREAM) algorithm [33] provides the framework for robust optimization with

uncertainty analysis. Unlike many other MCMC algorithms, the DE proposal distribution is

self-adaptive, so the DREAM algorithm can be applied to many different problems with very

little parameter tuning.

Given the sequence of points generated by MCMC, we can use Monte Carlo integration

with importance sampling to estimate a number of statistical properties of the fitted

parameters. Importance sampling allows us to compute the integral
Ð
f(b)π(b)db by selecting

points bi from π(b) and summing f(bi) over all points. Since points from high-probability

regions are more likely to appear in the sequence, those regions will contribute more to the sum,
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implicitly weighting f(b) by π(b). More formally, given a random draw S from x2ℝn with

probability π(x),

S¼ xij i¼ 1…Nf gwithP xi 2 Sð Þ¼ π xið Þ (5.15)

then

Î¼
Z
ℝn
f xð Þπ xð Þdx� 1

N

X
i
f xið Þ (5.16)

with variance

Var Î
� �

∝
1

N
(5.17)

So if we have enough samples S from P(b jD) we can estimate the following to arbitrary

precision:

• the expected value, or mean of parameter bk as

bk¼
Z
ℝ
bkP bkjDð Þdbk¼

Z
ℝn
bkP bjDð Þdb� 1

N

X
i
bk i½ � (5.18)

Here, bk[i] is the value of parameter k from point i in the set S. The resulting average is

“marginalized” across the entire joint distribution P(b jD), including any correlations between
the parameters that might favor some values of bk over others.

• the variance of parameter bk as

σ2¼
Z
ℝ
b2kP bkjDð Þ dbb2kP bkjDð Þdbk�μ2� 1

N

X
i
bk i½ �2�μ2 (5.19)

Using estimated mean μ̂¼ bk instead of the true mean μ, the usual correction of N/(N�1) is

required to remove the bias in sample variance.

• the probability density histogram as a set of integrals plotted as a bar chart, with width 2Δ
and probability p(x) as

p xð Þ¼
Z x +Δ

x�Δ
P bkjDð Þdbk� 1

N

X
x�Δ<bk�x+Δ1

(5.20)

The 2D correlation histogram is similar, but uses pixels rather than bars.

• the 1�α credible interval as (xl,xr) where

Z xl

�∞
P bkjDð Þdbk¼

Z ∞

xr

P bkjDð Þdbk¼ α

2
(5.21)
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which can be estimated by bk
Nα

2

� �
, bk N�Nα

2

� �	 

for sorted bk. This extends to all quantiles q

including the median q¼0.5, which can be approximated using bk[Nq].

• the 1�α shortest credible interval as (xl,xr) from

min
xl<xr

xr�xl such that

Z xr

xl

P bkjDð Þdbk¼ 1�α (5.22)

which can be estimated as xr�xl¼mini(bk[N(1�α)+ i]�bk[Nα+ i]) for sorted bk. This

estimate will be biased low and should only be used for large sample sizes.

• the maximum likelihood value b̂ as the value with the highest probability; the value

mini� lnP(bi jD) should be close to the maximum likelihood value, and is an excellent

starting point for the Gauss-Newton algorithm to find the best fit. Note that the best fit is an

accident of the measurement. If you were to repeat the experiment with an identical

sample in the identical environment, you would measure slightly different R(Q) and find a

different maximum likelihood value, but the credible intervals should remain mostly

unchanged.

• a random sample as a subset of S. Random samples can be useful for example to generate a

set of typical scattering length density profiles from the fit and compute a 68% confidence

band. The subset should be selected at random to avoid short distance correlations between

points in the Markov chain.

Thequalityof the estimatedvaluesdepends not only on the length of theMarkovchain, but alsoon

its quality. If the DREAM algorithm is stopped too soon, then the Markov chain may not have

converged, and sample setwill be skewed toward the initial guess. Thiswill be visible as a gradual

reduction in the averageP(b jD) valuewith eachgeneration.Thepoints from this “burn-in” period

cannot be used for subsequent analysis, and are thrown away. For particularly difficult problems,

the DREAM algorithm may become stuck and show poor “mixing,” so instead of well-behaved

chains that quickly traverse the high-density regions of the posterior probability P(b jD), many

consecutive samples on each chainwill remain at the samevalue. Sometimes “thinning” the chain

by only keeping 1 in 10 sampleswill help in this situation, but usually it requires constraints on the

search space, such as limiting the fit range or reducing the number of fitted parameters.

The correlation histograms are particularly useful for understanding uncertainty in the model

parameters. The ideal situation would show circular patterns for every pair of parameters,

indicating that every parameter is independent of every other parameter. A correlation between

parameters will appear as a diagonal on the parameter-parameter plot. With the reflectivity

interference pattern highly dependent on the overall thickness, these can appear as a trade-off

between the thickness of one layer with another. If there are many correlations, this can be a

sign of an overly complex model, with the extra degrees of freedom trading among each other,

and so the number of layers should be reduced. More complex correlations can appear,
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especially with constraints between the parameters. Although rare in reflectivity modeling,

multiple solutions will appear as disconnected blobs in the correlation plots. For example, in

small angle scattering models with ρf and ρs as the SLD for the particle and the solvent

respectively, the intensity I(Q)¼Δ2V2F2(Q) is proportional to the square of the contrastΔ¼ρN,
f�ρN,s so identical scattering will appear for ρN,f¼ρN,s+Δ and ρN,f¼ρN,s�Δ. When fitting ρN,f
using DREAM with no prior probability restricting ρf>ρs, the returned fit will show equal

probability for each solution. Similarly, when applied to a crystallography problem in which

symmetries were not removed, DREAM was able to return the four equally probable solutions

within the fit range [34]. The demonstrated ability of DREAM to return multiple widely

separated minima in a multidimensional search space provides confidence that it is able to find

the global minimum.

The Refl1D [35] software package from the NCNR includes support for the various

optimization methods found in this section, including LM, BFGS, Nelder-Mead simplex, DE,

and DREAM. MotoFit [36] from ANSTO provides LM and DE.

5.5 Current Examples

Neutron reflectometry has been applied to electrochemical systems for green energy including

batteries, supercapacitors, and fuel cells. These energy conversion and storage technologies

most often rely on light nuclei, i.e., hydrogen and lithium, to which neutrons are particularly

sensitive relative to photon- and electron-based techniques. In studying these interfaces, NR has

been used to detect the formation/presence of surface layers, to measure layer porosities,

thickness changes, water (or solvent) uptake, and diffusion rates through layers. After an overall

review of these applications, three specific examples will be presented to highlight in greater

detail some of the techniques that make NR of particular value to studies of electrochemical

energy storage and conversion.

5.5.1 General Review of Many Types of Green Energy Applications

5.5.1.1 Li-ion batteries

Lithium ion batteries achieve high energy densities by the use of anodes poised at extremely

reducing potentials and cathodes poised at highly oxidizing potentials. The anode and

sometimes the cathode potentials are poised outside the thermodynamic window of stability of

the solvent and electrolyte [37,38]. Without the formation of a passivating layer, referred to as

the solid electrolyte interface (or interphase) (SEI) [39], at the solid-liquid interface, continuous

breakdown of the solution would occur, and the battery would rapidly fail. Major aims of
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battery research are to improve the energy density, safety, and cycle life of Li-ion batteries, and

the nature of the SEI plays an important role in all of these aspects.

The importance of understanding the SEI is evident in the gamut of techniques that have been

used in characterizing it [38,40]. Characterization of the SEI is challenging as it is highly

sensitive to the ambient atmosphere, and removing an SEI-coated electrode from a cell for ex

situ measurements could alter it, as even trace levels of oxygen can oxidize these nanometer-

scale films. Even if the electrode is kept in an inert atmosphere between being removed from the

cell and being characterized, washing procedures could also alter the SEI, e.g., by removal of

material or collapse of porosity [41]. Thus in situmeasurements are of great value. Techniques

including Fourier transform infrared (FTIR) spectroscopy, electrochemical quartz crystal

microbalance, cantilever surface stress measurement, x-reflectometry [42,43], ellipsometry

[44,45], scanned-probe techniques, and others have been used for in situ characterization. The

SEI consists mostly of light element-containing compounds, to which neutrons show greater

sensitivity/specificity than other probes. Neutron reflectometry is also sensitive to the

nanometer-scale thickness of the SEI.

Several groups have recently used NR to characterize SEI formation on electrodes including

titanium dioxide [46], copper [20], carbon [47], and silicon [24,48–52] as model anodes, and on

lithium iron phosphate [23,53], lithiummanganese nickel oxide [22], lithiummanganese nickel

oxide [22], and lithium cobalt oxide [54] cathodes.

5.5.1.1.1 Li-ion battery anodes

Anatase In the study of lithium intercalation in an anatase TiO2 thin film, the nature of the

phase boundary between lithium titanate and lithium anatase phases was investigated [46].

The phase front was found to be parallel with the surface throughout reduction and oxidation,

with a model showing the titanium oxide layer splitting into two layers of differing SLD

during reduction. This model was taken to support lithium ion diffusion across the anatase/

lithium titanate phase boundary as the rate-limiting step. Another possible mechanism

considered was for the phase transformation to proceed heterogeneously (e.g., propagating

fastest along grain boundaries and then spreading out laterally from these boundaries). The

layer model proposed for this mechanism showed the SLD of the titanium oxide layer

changing homogeneously (since reflected neutrons would average out lateral

inhomogeneity). This model was found to be a worse fit than that in which the oxide layer

bifurcated, so the latter was preferred. Additionally, it was noted that there was an additional

surface layer, interpreted to be an SEI, on an electrode that had been reduced and oxidized

once. The oxidation and reduction of anatase proceeded at about +1.8 V vs Li/Li+. This

material could be considered a high-potential (safer) anode, or possibly as a low-potential

cathode.
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Copper Owejan et al. were the first to apply NR to systematically characterize the evolution of

the SEI layer as a function of potential and number of cycles in an experiment specifically

designed to emphasize the SEI [20]. Cu was chosen as a working electrode since it alloys

essentially no Li, and thus all the changes to the NR could be associated with the evolving

SEI layer and all the accumulated charge could be associated with the electrolyte breakdown.

A 4 nm SEI was found to form after 10 potential cycles, and evolve in thickness, composition,

and uniformity with depth as a function of the cell potential. This study will be described more

fully as one of the three detailed examples to follow.

Carbon Carbon (graphite) is the anode used in commercial Li-ion cells at present. Preparation of

model carbon electrodes presents a challenge because deposition of thin graphite films

typically results in the graphitic planes parallel to the surface, rather than the more

technologically interesting plane edges through which the Li intercalates. While other types of

carbon can have significant capacity [55], SEI growth on these may differ from that on

graphite. Kawaura et al. prepared amorphous carbon thin films on a titanium adhesion layer

by magnetron sputtering [47]. Fitting of in operando NR data indicated a 21% expansion of

the carbon layer anda decrease in its SLDwhen sweeping the electrodepotential fromopen-circuit

potential to 0 Vvs.Li/Li+,whichwas attributed to lithiationof the carbon.Themodel also included

an interfacial layer, interpreted to be the SEI,which approximately doubled in thickness during the

negative-going potential sweep. Inclusion of an interfacial layer in themodel was needed even for

fitting the data at open circuit. Based on the decrease in the SLD of the carbon layer, it was

determined that about 25% of the total reduction charged passed went into SEI formation, though

this calculation did not take into account the possibility of co-intercalation of 1H–containing
species (solvent molecules) along with lithium ions, as graphite may do [56,57].

Silicon Silicon is presently of interest as a high-capacity anode material (3580 mAh/g on a

prelithiated basis for a Li3.75Si1 stoichiometry) and has been the focus of several NR studies

[24,48–52]. Silicon undergoes a volume expansion of up to 300% upon lithiation [58], which is

particularly demanding on the SEI, which must expand with the electrode or be broken to allow

expansion of the electrode. The latter may allow for further SEI formation (and irreversible

lithium sequestration) with the electrode surface reexposed to solution.

In an initial study, Jerliu et al. measured NR of an amorphous silicon thin film electrode at open

circuit, and after each of three periods of galvanostatic reduction (lithiation) and two periods of

oxidation (delithiation) [24]. No SEI/reaction layer formation was noted at open circuit. With

reduction, the silicon layer thickness increased and its SLD decreased, as would be expected.

During oxidation, the layer contracted, returning to the initial thickness to within error, and its

SLD increased. The silicon film SLD did not return to a value as high as the original value,

indicating some lithium remained in the layer. Interestingly, while an SEI was not detected after

reduction, it was present after oxidation.
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In a subsequent study, Jerliu et al. used NR to measure changes in this thickness of an

amorphous silicon thin film at several points during electrochemical lithiation [48]. A more

limited range of Qz was used to shorten the data acquisition time to enable collection of

more data sets. Fitting of the data showed the thickness did not change in the initial stages

of lithiation, though no explanation was offered for this. At higher degrees of lithiation, a

linear relation of thickness with degree of lithiation was shown, with a slope of about

0.8 (V/V0)/stoichiometric equivalent of Li. This value was found to be consistent between

40 nm and 140 nm silicon films, and also between the first and second cycles. After the 40 nm

electrode was reduced, it was reoxidized galvanostatically. Its thickness after oxidation was

60 nm, indicating the reduction process was chemically irreversible, and that some lithium

remained in the film. The limited Qz range made it impossible to discern whether any gradients

in lithium concentration existed within the film, or whether an SEI was present.

An initial study by Veith et al. investigated the nonelectrochemical reaction of an

amorphous Si surface with an electrolyte consisting of a LiPF6 solution in a mixed dimethyl

carbonate/ethylene carbonate solvent [49]. Measurements of the as-deposited sample in air

indicated a 2.3 nm-thick surface layer attributed to a suboxide or contamination. The sample

was then soaked in the electrolyte, washed in dimethyl carbonate, and finally assembled into a

liquid cell in contact with deuterated cyclohexane. In this state the surface layer of 3.5 nm

thickness appeared, consuming both the former 2.3 nm layer and 1.8 nm of the Si layer (which

decreased from 76.5 to 74.7 nm in thickness). Also, fitting of NR data from the bare electrode

showed a lower than theoretical SLD of the silicon film, suggesting that the film contained 5%

void space, which was further substantiated by another measurement in which the film was

immersed in deuterated cyclohexane.

In subsequent work Veith et al. measured NR of an amorphous silicon film electrode [51].

A 4.5 � 0.5 nm SEI/reaction layer with a (2.4 � 0.5) � 10�4 nm�2 SLD formed at open circuit,

accompanied by consumption of some of the silicon layer as this became thinner when placed in

contact with the electrolyte (decreasing from 66.3 � 0.1 nm in air to 59.3 � 3 nm in solution at

open circuit) [59]. The reaction layer was taken to be formed from the LiPF6 rather than the

solvents as its SLD was significantly lower than that of the deuterated solution

(4.6 � 10�4 nm�2). An initial process observed during galvanostatic reduction was assigned to
the reduction of an impurity, possibly hydrofluoric acid, and resulted in an increase of the

surface layer thickness to 17.5 � 3.5 nm, with an SLD of (4.7 � 0.3) � 10�4 nm�2, which is

similar to that of the solvent.With further cycling, the SEI thickness was found to decrease with

reduction and increase with oxidation, although both changes were within one standard error.

Based on the fitted SEI SLD, it was concluded that the SEI had higher LiF content at low

potentials and higher Li-C-O-F content at higher potentials.

Most recently the same group studied the behavior of a silicon thin film electrode in a solution

consisting of a novel dimethyl perfluoroglutarate solvent and a bis(trifluoromethanesulfonyl)
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imide electrolyte [41]. While this solution has significantly lower conductivity than typical

Li-ion electrolytes, it could be prepared with higher purity than commercially available

deuterated solvents, since it has a relatively high scattering length density and low incoherent

scattering. Also, it may be stable to higher potentials than conventional carbonate solvent-based

solutions, have lower flammability, and good SEI characteristics. No SEI/reaction layer was

detected at open circuit, but a 14.4 � 3.2 nm SEI with an SLD of (4.5 � 0.1) � 10�4 nm�2

(slightly below that of the electrolyte SLD of 4.78 � 10�4 nm�2) formed upon reduction

to +0.7 V vs. Li/Li+. The SEI thickened to 26.6 � 2.1 nm with an SLD of (4.7 � 0.1) �
10�4 nm�2 after reduction to +0.4 V. Further cycling of the electrode showed the SEI to

contract during reduction and swell during oxidation. Ex situ XPS measurements on another

electrode indicated the opposite: contraction of the SEI during oxidation and swelling during

reduction. The discrepancy was attributed to loss of weakly bound species from the SEI upon

removal from the cell and washing, highlighting the value of performing measurements in situ.

DeCaluwe et al. [50] used NR to study a thin film amorphous silicon electrode covered with an

aluminum oxide protective layer. The protective layer acts as an artificial SEI providing ionic

conductivity while being electronically insulating, thus preventing direct contact of the solution

with the electrode and preventing SEI formation. This simplifies the system under study since

the changes should then only be due to bulk transformation of the silicon layer and not changes

to its surface. It was found that in the initial stages of lithiation, the silicon layer thickness did

not increase significantly, though it did in later stages of lithiation (as seen in the earlier

studies). The pore collapse and regrowth (PCRG) mechanism was proposed wherein expansion

of the silicon layer first proceeded by isotropic expansion of the silicon to fill void space

initially present in the layer. Once the void space was filled, the layer expanded anisotropically

along the surface normal. When the electrode was reoxidized, the silicon layer first receded

along the surface normal anisotropically, and then the void space regrew. Addition of an SEI

layer to the model used to fit the data did not improve the quality of the fit, indicating the AlOx

layer was effective at preventing SEI formation.

A different approach taken recently by Seidlhofer et al. was to use a bulk sample consisting of a

conductive (0.005 Ω cm) phosphorous-doped single crystal silicon <100> wafer as the

electrode, rather than an amorphous thin film over an Li-blocking substrate [52]. At open

circuit, a 2 nm-thick reaction layer with an SLD of 1.87 � 10�4 nm�2 was present on the

surface over the native SiO2. The wafer was subjected to two cycles of galvanostatic reduction

and oxidation, while NR was measured between 0.07 nm�1 and 0.63 nm�1 at 5 min/pattern.

Upon galvanostatically reducing the electrode, a layer of SLD lower than that of the solution,

presumably due to enrichment of Li in the phase, formed over the native silicon oxide. With

continued reduction, the Li-enriched layer and the native oxide were removed, and a decrease in

the silicon SLD penetrating about 50 nm into the bulk was then noted. This lithiated layer

consisted of a 20 nm-thick skin region of higher lithium content (with a calculated Li2.5Si

stoichiometry), and a second region of lower lithium concentration (Li0.1Si) extending beyond
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this into the bulk. The limited depth to which the lithium penetrated into the bulk may be

attributed to the build-up of stress limiting further lithiation. Some lithium remained in the bulk

upon reoxidation of the electrode as was indicated by the presence of a 3 nm-thick layer with a

0.56 � 10�4 nm�2 SLD, corresponding to about Li1.1Si. Additionally, a 3.6 nm-thick surface

layer with a 1.99 � 10�4 nm�2 SLD, taken to be the SEI, formed during oxidation. The changes

in the NR during the second cycle of galvanostatic reduction and oxidation were similar to those

in the first cycle, again showing the formation of a more heavily lithiated skin layer and a more

dilute lithiation region extending further into the bulk. The SEI that had formed during the first

oxidation step was removed during the second reduction, though it formed again during the

second oxidation.

The larger number of studies of the Si surface allows some trends to be observed. A surface

layer/solid electrolyte interface was noted in some of these studies [24,41,49,51,52]. In one of

the cases in which it was not observed, it could have been present but not detectable due to the

limited range of Qz measured [48], and in another case the presence of a protective layer over

the silicon prevented SEI formation [50]. In the cases in which an SEI was detected, one group

observed it to form during oxidation following an initial reduction [24,52], while another group

observed it to form during the initial reduction [41,51]. It was suggested that the difference was

possibly due to differing experimental conditions, e.g., the rate at which the electrochemical

reaction was driven or the supporting electrolyte used. The formation of a reaction layer at open

circuit was noted in some cases [49,52], which may be produced by a reaction between the

solution and a preexisting oxide or contamination layer present on the as-prepared film. There is

a general consensus that no expansion occurs for low Li concentration in amorphous Si, which,

in the absence of contamination, can be explained by the PCRG mechanism [50].

In addition to these in situ electrochemical NR measurements, H€uger et al. studied lithium

transport in silicon using a multilayer structure consisting of repeated 6LiNbO3/

Si/naturalLiNbO3/Si units, [60,61] which showed superlattice peaks corresponding to the

chemical, 2-layer Si/LiNbO3 periodicity and also half-order peaks corresponding to the isotopic

4-layer 6LiNbO3/
naturalLiNbO3 periodicity. Upon thermal annealing, lithium diffused between

the LiNbO3 layers through the silicon layers, resulting in the loss of the
6LiNbO3/

naturalLiNbO3

half-order peaks. From these data, the diffusion coefficient of Li in silicon was determined to be

(1.0 � 0.6) � 10�13 cm2/s. These experiments will be elaborated on as one of the following

detailed examples.

5.5.1.1.2 Li-ion battery cathodes

LiFePO4 Cathodes were first investigated in 2010 by Hirayama et al. in a study of epitaxial

pulsed laser deposition (PLD) deposited LiFePO4 that utilized both XRR and NR [23,53]. The

XRR of the initial sample in air indicated a 2.4 nm-thick contamination layer on the surface and

showed no significant changes to the LiFePO4 when again measured in air after cycling. XRR

measurements in an electrochemical cell (after removing the electrolyte and contacting the
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surface with a Kapton [62] window) showed effects of the window on the scattering and

could not detect any significant changes to the sample. The NR was done in operando with

Si incident and a thick electrolyte reservoir. The three oscillations seen in the NR data in air

were severely suppressed upon adding the electrolyte.

LiMn2O4 The same group investigated the cathode material LiMn2O4 [21]. Here, fits to the

NR data showed that the LiMn2O4 SLD increased and decreased with the delithiation and

lithiation processes; however, the thickness of this cathode remained constant within the

measurement uncertainty which was relatively large due to the low amplitude of the

oscillations due to the large roughness in the sample.

LiMn1.5Ni0.5O4 Browning et al. investigated LiMn1.5Ni0.5O4 cathode film before and after

adding electrolyte and after oxidation (delithiation) to 4.75 V [22]. Their data had much larger

amplitude oscillations, corresponding to much sharper interfaces than the previous two studies,

allowing them to confirm that the LMNO film became thinner and increased in SLD after

oxidation. A 3.3 nm-thick surface layer was observed in the presence of the electrolyte, which

remained the same thickness and SLD to within uncertainty upon reduction of the film.

However, since the data obtained on this sample in air prior to insertion in electrolyte were not

comprehensively fit to models that included the surface, it is not clear when it formed.

LiCoO2Most recently, NRwas used to study the interface at LiCoO2 thin films oriented with the

(104) plane exposed to solution [54]. The as-prepared sample had an 0.9 nm surface layer of

Li2CO3 or LiOH formed by the reaction with moisture and carbon dioxide in air. When it was

brought into contact with the solution, the surface layer apparently became much thicker,

30.6 nm, and rougher, limiting the features in the NR.

The cathode studies may be classified into two groups, those which report a thick SEI

(LiFePO4, LiMn2O4, LiCoO2), and one with a thinner SEI that does not change thickness

with potential (LiMn1.5Ni0.5O2). The larger roughness in the thicker cases increases the

uncertainty of the information that can be obtained. No systematic studies have yet been done

to determine if this is an intrinsic effect or due to differing experimental procedures by the

different research groups.

5.5.1.2 Fuel cells—Nafion

In the area of fuel cells, NR has been used to investigate the interface between Nafion (the

membrane used in polymer electrolyte membrane fuel cells) and several solids at varying

degrees of ambient humidification [15,62–68]. Nafion is a copolymer consisting of a

perfluorinated alkyl backbone and sulfonate-functionalized side-chains [69]. The latter

make the polymer a cation-conducting membrane. The hydrophobic perfluorinated

backbone domains and hydrophilic sulfonate groups phase segregate, with the latter forming a

cation-conducting network of inverted micelles connected by channels [69]. The degree of

hydration affects the structure and the ionic conductivity.
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NR has been used to investigate the interaction of Nafion with various substrates, including

silicon oxide [63], organosilicate glasses of varying degrees of hydrophilicity [67], Pt and Au

thin films [15,63], and glassy carbon [64]. It was found that the interaction of sulfonate groups

with hydrophilic substrates leads to the formation of lamellar structures with alternating

hydrophilic and hydrophobic domains (alternating low and high SLD layers, respectively, with

hydration) [12,63,65,67]. These layered structures persist even when the film is dehydrated.

The use of contrast variation to determine the depth profile of the three separate phases—water,

fluorocarbons, and sulfonate groups—will be presented as one of the detailed examples in the

following. In contrast, only a single water-rich layer formed at Au and Pt surfaces.

A study using D2O to hydrate Nafion films indicated a hydrated layer adjacent to the vapor

interface and a hydrophobic (lower SLD) region adjacent to Pt on an as-prepared Pt film

on a glassy carbon substrate [64]. For an electrochemically oxidized Pt film, there was

instead a D2O-rich Nafion layer at the interface with Pt and a water-poor layer adjacent to

the vapor phase. For a Nafion film on glassy carbon, the data were fit with a three-layer

model with hydrophilic (higher SLD) regions adjacent to the Nafion/carbon and Nafion/air

interfaces.

5.5.1.3 Capacitor

There is one example of NR used to characterize a supercapacitor electrode. Vezvaie studied a

thin film Co3O4 in 0.01 mol/L potassium hydroxide solution [70]. Initially, two measurements

were made in air, one with air as the incident medium and the other in back-reflectivity mode

with silicon as the incident medium. Measurements were then made in three different

(electrolyte-free) H2O/D2O mixtures of differing SLD in an attempt to match the SLD of the

Co3O4 layer. These measurements suggested the presence of a surface layer with an SLD

slightly lower than that of the bulk, which was attributed to either contamination or possibly

nanobubbles or orientationally constrained water molecules. The SLD of the cobalt oxide layer

increased when brought into contact with (mostly deuterated) water, indicating a reaction (e.g.,

forming CoOOD or Co(OD)2). No significant change occurred when the electrode was brought

into contact with potassium hydroxide (KOH)-containing solution. When a potential of +1 V

versus SCE was applied to the working electrode, the SLD of the Co3O4 increased and the

surface layer was removed. The increase in the SLD during the potential hold at +1 V versus

SCE suggests greater incorporation of deuterium into the film (e.g., through further CoOOD

formation). When the electrode was released to open circuit again, the SLD of the Co3O4 layer

returned to the original value in solution, and a surface layer of SLD slightly higher than the

bulk Co3O4 and SLD-matched solution was present. These changes indicate a chemically

reversible reaction in the Co3O4 film attributed to Co hydroxide and or oxyhydroxide, and a

chemically irreversible reaction in the in the contamination layer. The data also indicate that the

entire thickness of the film is altered in the electrochemical reaction, rather than only a surface

layer being active.
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5.5.1.4 Aqueous battery cathode

There is an example of NR used to study nickel hydroxide, an aqueous cathode material, in situ

[71]. Nickel hydroxide/oxyhydroxide-based materials are the cathode used in nickel metal

hydride and nickel cadmium cells. When nickel hydroxide is oxidized and reduced, charge

balance is maintained in the material by insertion and removal of hydrogen ions. Water can also

intercalate into nickel hydroxide films, particularly the disordered α/γ phases. The SLD of the

film is thus expected to vary with oxidation state.

A nickel hydroxide electrode was prepared by electrochemical precipitation from an 0.1 M

Ni(NO3)2 solution onto a gold filmand then transferred to a 1 mol/LLiOHsolution inD2O forNR

measurements. NRwas measured at a fixed angle just above the critical angle while the potential

was cycled. It is not possible to fit the NR data at a fixed angle for a monochromatic instrument,

thoughsimulations indicated that the reflectivity at this anglewouldvary inapproximately a linear

mannerwith theSLDof the nickel hydroxide film.The advantageof this data collection strategy is

better time resolution, though it sacrifices the ability to fit the data to a model to determine a

thickness/composition profile. The reflectivity had an approximately linear dependence on the

amount of chargepassed.Thiswas attributed to expulsionofdeuteriumwithoxidation, thoughLi+

insertion was also considered a possibility (however, this is unlikely during oxidation). In one

complete potential cycle, a net oxidative charge was passed (i.e., there was Coulombic

inefficiency), and the reflectivity did not return to its original value. This was attributed at least in

part to trapping of some nickel with an oxidation state greater than +2 in the film.

5.5.1.5 Nonenergy storage/conversion electrochemistry

A few publications study the growth of oxides on refractory metals in aqueous media including

titanium [13,17] and zirconium [72]. Reductive hydrogen absorption was also studied in the

latter case [72], as well as in another paper considering titanium [73]. The corrosion behavior of

nickel has also been studied in mildly acidic chloride-containing aqueous media [74].

5.5.1.6 Redox active polymers

There are also several papers regarding redox active polymers, including electropolymerized

conducting polymers [16,75–80] and polymers functionalized with redox-active groups

[81–86]. One example is polyvinyl ferrocene (PVF) [84–86], which has been considered as a

lithium ion battery electrode [35], among other possible uses. The electrochemical behavior of

electroactive spin-cast PVF films was investigated in a series of NR measurements in aqueous

sodium perchlorate solutions. The initial study considered equilibrated films at constant

potentials with different concentrations of supporting electrolyte [84]. In subsequent studies, a

novel technique that allowed NR to be measured under potentiodynamic conditions was used

[85,86]. While the electrode potential was cycled, the NR data was sorted into bins spanning

different segments of the potential sweep using a boxcar averaging technique on a TOF
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instrument. The bins covered either 20 mV or 50 mV potential ranges [85,86]. This type of

measurement requires a system that undergoes very little change with cycling.

A PVF film with a capacity of about 1.75 mC/cm2 and about 37 nm thick in the reduced state

was studied at 1 mV/s [86]. The film expanded upon oxidation and contracted upon reduction in

approximately a linear manner with charge passed (�0.2 nm/mC). In the reduced state, the

ferrocene groups of PVF are neutral, but become positively charged with oxidation. To

maintain charge neutrality, anions enter the film. The anions may remain solvated to some

degree when entering the film. Contrast variation measurements were made with D2O and H2O

solutions, which allowed the degree of film solvation to be determined. In the reduced state, the

film contained about 1 molecule of water per ferrocene group. Upon oxidation, this increased to

about 4.5 water molecules per ferrocene group, with most of the change taking place during the

passage of the first 25% of the oxidation capacity of the film. Based on the molar volume of

water and the perchlorate ionic radius, the swelling of the filmwith oxidation was not as great as

would be expected. This was taken to indicate that there was void space in the reduced state of

the film that is inaccessible to water, possibly due to greater hydrophobicity.

Measurements were also carried out at 10 mV/s. In this case, there was found to bemore solvent

remaining in the film in the reduced state than with the slower measurement. The SLD profile

varied less homogeneously with oxidation and reduction at this higher sweep rate, and this was

taken to indicate the anion movement was slower than electron transport within the film. Also,

the film lost some capacity with cycling at the higher sweep rate, and the decreased film

thickness measured with NR suggested this may have been due to loss of some of somematerial

from the film.

5.5.2 Examples

Three different examples are chosen to highlight several advantages of neutron reflectometry

that can be applied to green energy systems. In the first, the use of in operando electrochemistry

is demonstrated through clear characterization of changes in the structure and composition of

the SEI layer as a function of potential within a cycle and with number of cycles. In the second

example, a detailed depth profile of composition at the interface between Nafion, a polymer

electrolyte, and a hydrophilic surface is obtained using isotope substitution of water. Finally,

isotopic contrast variation is used to measure the tracer diffusivity of Li in Si.

5.5.2.1 In operando neutron reflectometry measurement of the evolution of the solid electrolyte

interphase in Li-ion batteries with potential and number of cycles

Owejan et al. used in operando NR to systematically characterize the evolution of the SEI

structure as a function of potential and number of potential cycles on an anode-approximating

working electrode [20]. To enhance the sensitivity of the measurement to the SEI, a

nonintercalating working electrode, Cu, was selected. This ensured that all the changes to the

Nanolayer Analysis by Neutron Reflectometry 189



NRwould be associated with the evolving SEI layer, and not with changes (due to Li absorption)

to the working electrode itself. Furthermore, the total charge passed could be associated with the

electrolyte breakdown. Cu could also bemadewith sufficient smoothness to avoid averaging over

a thin SEI that could potentially be as thin as a few nanometers by allowing useful measurements

to Q > 1.5 nm�1. The electrolyte consisted of 1 mol/L LiPF6 in a 1:2 (v/v) mixture of ethylene

carbonate-d4 and diethyl carbonate. The ethylene carbonate was fully deuterated to increase the

SLD of the electrolyte and thus increase its contrast with and sensitivity to the SEI (which was

expected to have a low SLD due to the presence of 1H from the DEC and particularly Li). The

deuterated solvent also has the added benefit of decreasing incoherent scattering, thus decreasing

the background and allowing measurements to higher Q values.

NR data (Fig. 5.3), collected at each fixed potential, was initiated after the current had decayed.

NR data was taken as several series of specular scans, which were compared to ensure that the

sample structure did not change (to within measurement statistics) over time. Consecutive

scans that did not vary from one another within statistical uncertainty were subsequently

combined to reduce measurement uncertainty. Therefore the duration of the reflectivity data

collection is not believed to affect the interface structure being studied. Throughout the

experiment the current was recorded and the integrated charge at each test point was

determined. Model selection was aided by a simultaneous fit of the initial two data sets; one

with the sample at open circuit, and the other after 10 potential cycles to form an SEI layer. This

simultaneous fit reduced the uncertainty in the model and more accurately determined the

structure of the underlying layers including the Cu electrode and the Ti adhesion layer.

Detailed statistical methods were used to demonstrate the accuracy of the fits, including χ2

values below 1.59, a Bayesian comparison of fits between models with and without the SEI

layer included, and 68% confidence intervals determined from Monte Carlo fitting techniques

reported for both the fitted parameters and the best fit-determined SLD profiles. These validate

the accuracy to which the presence of the SEI layer is demonstrated and show sufficient

sensitivity to how it differs at various potentials and number of cycles. The NR results were

combined with in operando electrochemical measurements and careful postmortem

measurements to provide a more detailed discussion of the structure of the SEI and an

interpretation of the processes that occurred.

In particular, the NR measurements were first taken in the presence of electrolyte at open

circuit, which revealed the presence of a 7 nm-thick layer, likely consisting of Cu carbonate and

copper hydroxide. After 10 potential cycles, ending with a hold at 0.25 V vs. Li/Li+, the initial

layer was removed and a 4.0 nm SEI was observed (which is similar in thickness to the SEI

observed in several other studies. The next NR data was taken while holding at 0.15 V after

10 more potential cycles. Here it was found that the SEI had grown to 4.5 nm and had a nearly

identical SLD. Subsequently, the potential was ramped to sequential test points corresponding

to oxidation and reduction peaks and other points determined from the voltammogram. These
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Fig. 5.3
(A) Neutron reflectivity of a thin-film copper electrode in a 1 mol/L LiPF6 in ethylene carbonate-d4 and
diethyl carbonate (1:2 vol./vol.) solution at open circuit and then held at +0.25 V vs. Li/Li+ after
10 potential cycles. The inset shows the SLD profiles determined by a simultaneous fit to the data. In

both, the darker and lighter shaded bands represent the 68% and 95% confidence intervals,
respectively. (B) Nested inset: cyclic voltammogram of the copper thin film electrode showing selected
cycles at 10 mV/s. Test points b–i denote the locations of potentiostatic holds for NR measurements.
(B) A portion of the SLD profile as a function of depth for the SEI deposited on Cu, showing the
evolution of the thickness, SLD, and interface roughness with the potential at which the electrode was
held indicated. Lines for b–i are the best individual fits, with several parameters kept constant at values
determined from the simultaneous fit of the OCV and +0.25 V data (see text for details). The first inset
shows the full SLD profile, with the fits coaligned on the Ti layer. From J.E. Owejan, J.P. Owejan, S.C.

DeCaluwe, J.A. Dura, Chem. Mater. 24 (11) (2012) 2133–2140.



measurements revealed an SEI layer that became slightly thinner, and increased in SLD (lost Li

atoms) as the potential was raised to the first oxidation process at 1 V, then became even thinner

at 2.3 V, beyond a second oxidation process. Upon decreasing to 1.5 V, the SEI grew

considerably in thickness with a much higher relative SLD as the potential dropped below the

first reduction peak, presumably by adding material poor in Li at potentials where the

electrolyte first became unstable. Lowering the potential to 0.8 V resulted in no significant

change to the SEI as expected from the lack of features in the voltammogram in this range.

Then, as the potential was sequentially lowered to 0.25 V, then 7 mV, the SEI increased in

thickness and roughness with a lower SLD preferentially at the electrode side of the SEI, as

presumably more Li was added. This final SEI was 8.9 nm thick but with a substantially

increased surface roughness, perhaps due to the prolonged holds at intermediate potentials.

Decreased amplitude of the features in the CV with SEI growth confirmed the passivating

nature of the SEI. In addition, postmortem X-ray photoelectron spectroscopy (XPS)

measurements established candidates for the composition of the final SEI. The volumes of each

of these were adjusted to match both the SLD and thickness measured by NR at each test point.

The charge associated with the formation of this suite was calculated for each test point. For

earlier test points, roughly twice as much charge was measured compared to the amount needed

to form the suite of molecules determined by the modeling. This ratio increased to a factor of 5

for later scans. This indicates that most of the species generated by reducing the electrolyte do

not contribute to formation of the SEI (Fig. 5.3).

5.5.2.2 Detailed investigations of phase segregation in polymer electrolytes

Nafion has become the most widely used polymer electrolyte in PEM fuel cells because of its

high proton conductivity, structural properties, and low permeability to fuel and oxygen. It is

composed of a perfluoroethylene backbone with perfluorinated vinyl ether side chains that are

terminated by sulfonic acid groups. When hydrated, the hydrophobic backbone phase-

segregates from the water, with the sulfonic acid groups at the interface. In a fuel cell, H ions are

transported through these interconnected ionic domains. However, the morphology of the ionic

domains is poorly understood, with a variety of models that fit the small angle scattering data

[69,87,88]. Recently cryo-TEM has indicated that the structure resembles an interconnected

network of ribbonlike ionic domains [89]. In addition to the complex bulk structure, it was

discovered [63] that while a single water-rich layer forms at the interface with metallic surfaces

(e.g., Au and Pt) the ionic domains rearrange into a multilamellar structure near hydrophilic

substrates, both the native oxide on Si in the original study and other hydrophilic materials, e.g.,

organosilicate glass [67]. These multilamellar structures may have relevance to the water

retention effects of hydrophilic fillers [90,91] and to transport within the nanoscale Nafion

coatings that surround the Pt nanoparticle catalyst and their carbon black supports in fuel cell

catalyst layers. The spontaneous formation of these lamellae complicates the structural analysis

since the number of layers in the sample must first be determined, as in the previous example

and other green energy thin film systems.
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DeCaluwe et al. sought to further characterize these lamellae in three ways [12]. Statistical

methods were used to determine not only the best fit, but the best model (including the number

of layers). Comparing the structure observed for samples with two very different thicknesses

helped verify the model, by diminishing the possibility that the fit represented an incorrect

symmetry-related model. Finally, isotopic substitution quantified the depth profile of the water

content including lamellae, and also determined the SLD profile of the remaining material.

Two samples with Nafion content equivalent to thicknesses of 42 nm and 5 nm were prepared

using standard spin coating techniques, annealed at 60°C to ensure bonding, and loaded into a

custom-designed sample environment that would control temperature and relative humidity to

within 0.2°C and 1.5%, respectively. Because of Nafion’s slow uptake of water, repeated

reflectivity scans were compared, and only data taken after the sample was verified to be at

equilibrium water content was retained. Background scattering was measured and subtracted,

for a useful Q range of 0–4.0 nm�1.

The 42 nm sample was measured in a relative humidity, RH ¼ 92% H2O and, after drying, in

RH ¼ 0% (in Ar gas). A series of models, each with increasing number of independent

lamellae, n, were fit to the data. The χ2 values decreased with n, up to 6 and 3 layers for

RH ¼ 92% and 0% respectively, and were roughly constant for larger n, i.e., additional layers

did not help the fit. Also the Bayesian information criteria (BIC) had a minimum for 6 and 3

layers, confirming that they were the statistically best models. As a further check, an additional

model that could accommodate any number of layers with a fixed number of parameters within

a single model was used to fit the data. This “damped oscillator model” implicitly supported the

observed structure with composition variations of the lamellae decreasing from nearly pure

water and pure Nafion near the interface toward an intermediate water volume fraction for the

remainder of the film. The SLD of the water-rich layers (and separately the Nafion-rich layers)

as a function of layer number were fit to exponential decay functions, as in a damped oscillator.

Similarly, to allow for variations in the thickness of the Nafion-rich and water-rich layers, they

were fit to functions that allowed a geometric increase or decrease with distance from the SiO2

interface. The SLD of the layers were found to significantly vary from remainder of the film

only for the first 6 and 3 lamellae in agreement with the independent layer series of models.

Furthermore, the entire SLD profile of the best fit to this model was compared to the profile of

the best independent lamellae model, and they were found to agree within the 1 sigma

uncertainty bands, for both humidities. This confirms that these fits accurately describe the

individual lamella thicknesses and compositions as well as the damped oscillator model of the

composition variations.

The 5 nm sample, also measured in H2O vapor at RH ¼ 92%, had a lamellar structure very

similar to that of the 42 nm sample. This indicated not only the lack of finite size and surface

effects but also supported the accuracy of the measurement, model, and best fits. In addition,

isotopic substitution of the H2O for D2O water was applied to analytically determine the depth
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profile of the water volume fraction of the thin film. A simultaneous fit of these two data sets was

used to providemore accurate SLDprofiles for the twocases.By subtracting the twoSLDprofiles,

the depth profile of the water volume fractionwas derived, confirming that the SLD variations are

due to water-rich lamellae and not simply density variations. In addition, the SLD depth profile of

the remaining material was obtained. The variations in SLD of this profile indicated that the

composition of this remaining material was not uniform. Assuming the bulk SLDs of the two

components ofNafion, fluorocarbons and sulfonic acid, andmaintaining the known stoichiometry

to provide sensitivity for layers below the effective resolution of NR, a detailed nanoscaled depth

profile of the phase segregation of the Nafion within the lamellar structure was determined (see

Fig. 5.4). This structure includes -SO3H side-chain terminal groups bonded to the SiO2 substrate,

with the attached side chains spanning across the first water-rich lamellae. The first Nafion-rich

layer consists of hydrophobic fluorocarbon backbones expelled from thewater-rich region, which

in turnexpel theadditional layersof sulfonicacidgroups to thenext layer,whichattractswater, thus

establishing an alternating phase segregation between water-rich and water-poor lamellae, with -

SO3H groups lining the interfaces between.

Finally, to investigate the lamellar structure that is observed for a dried sample, its fitted SLD

profile was compared to the SLD profile derived from the humidified sample by removing the

water, which both increased the SLD and decreased the thickness of layers in proportion to the

water volume fraction. These two profiles were very similar, having nearly the same layer

thickness, but with fitted profile having smaller layer-to-layer SLD variations than the “water

removed” model. Since the model retained the entire phase segregation of sulfonic acid and

fluorocarbons seen when hydrated, the lower amplitude of SLD variations indicated partial but

not complete interdiffusion of the fluorocarbon and sulfonic acid phases during the 1 h anneal at

60°C that was used to dry the sample.

This example highlights the utility of the quantitative nanoscale SLD depth profile obtained by

NR when care is taken to establish the uniqueness of the model, the power of isotopic

substitution to determine single component depth profile, and the ability to use an SLD depth

profile to determine the depth profile of two known phases.

5.5.2.3 Studies of diffusion using isotopic labeled lithium

In two related papers, H€uger et al. used isotopically labeled Li to study its diffusion through Si

thin films [60,61]. In this example the choice of the isotope not only controls the contrast, but

also allows the investigation of diffusion in a material system under chemical equilibrium (after

minor transients). The multilayer samples consisted of five repeats of four layers: Si, 6LiNbO3

(92% 6Li isotopic purity), Si, and natLiNbO3 Si (where
natLi is 7Li0.9

6Li0.1). These samples

produce a large diffracted intensity in the Bragg peak arising from the 2-layer chemical

periodicity due to large contrast between Si and either form of LiNbO3. Additionally, due to the

large isotopic difference in the scattering length for Li, there is also a large half-order peak
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corresponding to the 4-layer periodicity. As the sample is heated, the two isotopes are

exchanged between the reservoirs of the two isotopes of Li, decreasing the isotopic

dissimilarity of the two reservoirs and thus the half-order peak intensity, which is used to

measure the diffusion constant. By moving Li between chemically equivalent full reservoirs,

rather than from a full to an empty reservoir, this approach also eliminated the effects of

variation in chemical stoichiometry, density, and unit volume (with its related degradation

paths) on the structure that would have affected the transport properties and the interpretation of

the SLD of the materials.

The multilayer samples were deposited by ion beam sputtering, and carefully precharacterized

to determine the composition of interfacial layers that spontaneously formed. This ensured that

the correct model was fit to the data and provided an accurate description of intervening layers

through which Li must diffuse, which greatly improved the understanding of the transients that

were observed during the approach to chemical equilibrium. Cross sectional scanning electron

microscopy (SEM) images showed the distinct layer structure and Auger electron spectroscopy

(AES) further identified a 2 to 3 nm-thick Li-Si-O interfacial layer. This was confirmed by

Fourier transform infrared (FTIR) spectroscopy. The isotopic concentrations, as well as the Nb

and Si composition modulations, were confirmed with secondary ion mass spectroscopy

(SIMS) depth profiling.

In the first study, the intended thicknesses were 10 nm of Si and 15 nm of LiNbO3, which, due

to interfacial reactions upon deposition, formed 10.5 nm of Si surrounded by two 2.4 nm

Si2Nb2O3 interface layers, separated by 13.7 nm (12.5 nm) of natLiNbO3 (
6LiNbO3). NR data

was collected out to a Q of �0.3 nm�1, enough to observe both the half- and full-order Bragg

peak. The sample was annealed at 225°C for 10 min, 45 min, 2 h, and 12 h and returned to room

temperature after each anneal for measurement. For all measurements, the chemical Bragg peak

had the same integrated intensity and height, indicating that the chemical modulation remained

unaltered. After 10 min of annealing, the half- order peak was also the same as the initial

condition, indicating that for this time period no isotopic intermixing had yet occurred (during

which the intervening Si layers absorb a small amount of Li and the system approaches

chemical equilibrium). Thereafter half-order peak intensity decreased monotonically.

The 6Li and 7Li concentrations in their respective reservoirs were determined by fitting the NR

data. These concentrations versus time were fit to exponential decays, which determined the lag

time to be (9 � 2) � 102 s. The exponential decay constants were also determined, which yields

the permeability, P ¼ (1.3 � 0.2) � 10�17 cm2/s, which is the same for both isotopes. Using a

solubility S from the literature, the tracer diffusivity was estimated to beDS ¼ P/S � (6 � 2) �
10�14 cm2/s.

The second experiment was enhanced by using the AMOR (apparatus for multioption

reflectometry) reflectometer with the Selene option, which allows multiple incident angles to

be measured simultaneously [92,93]. This provides much higher flux with a simultaneously
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measured range of Q values. NR could be measured for a small, 2 mm � 10 mm sample in

roughly 2 min out to Q � 0.6 nm�1, which was far enough to include the first two chemical

Bragg peaks. Therefore the sample could be measured at the annealing temperature in real time

for various snapshots of time ranging from 1 to 120 min. This in situ approach avoided the

complications with accounting for diffusion during cooldown and reheating of the sample, and

allowed for measurement on shorter time scales and with more test points. Background

scattering with the multibeam approach was estimated by measuring an empty sample holder.

The sample was similar to the one used in the first experiment, with five repetitions of the

[6LiNbO3 (18 nm)/Si (9 nm)/natLiNbO3 (18 nm)/Si (9 nm)] unit. Upon fitting it was determined

that the thicknesses were Si (5 nm), with Li2Si2O5 (1.8 nm), and LiNbO3 (16.7 nm) for both

isotopes of Li.

Again, only the half-order peak changed with annealing time. The rest of the reflectivity

curve (including the critical edge, both chemical Bragg peaks, and the intensity between the

Bragg peaks) remained the same, indicating that the chemical structure, including the

interface widths, remained constant during the experiment, and that potential effects of

sample warping with heating and prolonged annealing were not present in this case. This was

corroborated by measurements at room temperature before and after annealing. The

integrated intensity of the half-order peak, which is linearly proportional to contrast, or

relative isotope abundance, was plotted as a function of time. The fraction of 6Li/total Li in

the reservoir that was initially 6Li rich was determined by fitting the NR data. The time-

dependence of this fraction was then fit to an exponential decay, yielding a permeability of

P ¼ (2.8 � 0.3) � 10�17 cm2/s, and a tracer diffusion coefficient of D ¼ (1.0 � 0.6) �
10�13 cm2/s at 240°C, which is in good agreement with the DS � (6 � 2) � 10�14 cm2/s at

value obtained at 225°C in the first experiment.

While not discussed, the greater time resolution allowed better investigations of the time lag

observed in the first experiment. While the first experiment included a 15-min lag, during

which the isotopic ratio remained roughly constant, in the second experiment the greater time

resolution showed that there was possibly a more rapid exponential decay to a plateau of

approximately 82% 6Li over the first roughly 15 min; however, this deviation from a single

exponential decay (which was fit to the data) was within the error. It is possible that the higher

temperature of the second experiment decreased the time lag disproportionally compared to the

diffusion.

As mentioned in Section 5.3, measuring a sample that is changing over time could induce a

misinterpretation of the structure in that the time average reflectivity curve may not correspond

to the scattering from the time average structure. However, in this case two aspects of this

experimental design minimize these effects. Because all Q were measured simultaneously

rather than in series, the reflectivity curve does not have aQ versus time dependence, which can

cause spurious layers to appear in fits. Furthermore, the chemical structure is shown to be
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invariant after the transients occur, so the only effect is the intensity of the half-order peak.

While averaging over time of an exponentially decaying intensity does not exactly give the

intensity at the average time, it is a small effect for these short time integrations.

This third example demonstrates the power of isotope labeling made possible by the scattering

lengths for neutron reflectometry. In addition, the ease of implementing in situ neutron sample

environments and rapid data acquisition rates over a limited required Q range allows for

measurements to be made in real time during annealing. Finally, by choosing a sample in

which the chemical structure remained constant while only the isotopic concentrations varied

allowed accurate measurements of the neutron reflectometry in a time-varying system.

Combined, these approaches resulted in the precise determination of the tracer diffusion

constant for Li in Si.

5.5.3 Summary

Numerous examples in the literature point out the usefulness of neutron reflectometry for

studies of structures related to green energy applications. These examples benefit from the

many advantages of neutron scattering, including the large variations in neutron scattering

length for isotopes, particularly of H and Li, which are of interest to energy applications. This

control of contrast enables self-diffusion studies and has been used to enhance contrast to layers

of interest, for example the SEI, using proper selection of isotopes for components of the

electrolyte. Also, contrast variation has been used to obtain precise depth profiles of a given

phase, e.g., water volume fraction in polymer electrolytes. Moreover, robust and realistic

in operando sample environments, such as electrochemical cells, are made possible by the

large penetration lengths of neutrons to many materials. Studies successfully employing these

have provided nanoscaled structural information for unperturbed structures, in their native

environments at applied potentials. This not only removes the ambiguities caused by processing

required for postmortem measurements but also provides access to nonequilibrium samples.

For future studies of green energy systems neutron reflectometry can provide unique

opportunities and perspectives.

5.6 Conclusions

Neutron reflectometry has been demonstrated to be a technique capable of providing unique

benefits for studies related to nanolayer research in green chemistry. Proper application of this

technique can be used to obtain accurate depth profiles with subnanometer precision under

in operando condition of active material in their native environments. This chapter illuminated

this less-known and underutilized technique by providing an introduction, practical guide,

examples, and best practices; with the goal of bringing these opportunities to a larger audience.

While there remain numerous opportunities to apply the demonstrated techniques to a greater
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number of similar experiments, future enhancements to the technique will also allow a greater

diversity of applications.

One of the largest future challenges will be to extend the Q-range of the measurements, so that

smaller feature sizes can be discernible. Currently this is limited by the signal-to-noise ratio at

higher Q where the reflectivity is low, rather than by the flux of the source. Signal to noise is

dominated by isotropic scattering from the sample itself, predominantly liquid reservoirs, or

absent this, from the substrate itself. Decreasing the noise will require some means to decrease

the thickness of these components, or to distinguish and reject the isotropic scattering and retain

the specular. The current method of isolating the specular intensity by subtracting the

background (measured away from the specular conditions) is of limited value due to counting

statistics. Inordinate time is required to achieve useful uncertainties as the difference between

the specular reflection and background becomes small.

While extending the Q range may prove challenging, recent and planned developments are

targeted toward much greater throughput, through shorter acquisition times and more effective

data analysis. Several approaches have been reviewed [94], and new reflectometers such as

AMOR with the Selene enhancement [6,92,93] and Candor apply multiple beams (and in the

case of Candor also multiple wavelengths with a continuous source), to increase the effective

flux on the sample, allowing for much quicker measurements. This greater throughput will not

only allow more measurements to be made, but will also allow studies of kinetics on

increasingly shorter time scales or studies of less stable samples, opening up additional

possibilities for investigation. Advances in data fitting will allow the researcher to more quickly

and efficiently determine the correct model corresponding to the sample structure, and thus

decrease the time required to correctly fit the data, keeping up with the greater pace of data

collection. Some data collection and fitting techniques (e.g., the expanded use of reference

layers and model independent profiles) will also increase the ease of analysis and help provide

unique solutions, thereby decreasing the level of experience required to ensure that the results

accurately represent the structures that exist in the samples.

In addition, more sophisticated sample environments (e.g., automated fluid and sample

changers, and more stable and easy to assemble electrochemical cells) will help researchers to

better utilize the increases in throughput. Multimodal measurements (i.e., simultaneously

performing a second type of measurement while taking NR data) is another advance that will

increase the utility of neutron reflectometry. In particular,measurements capable of determining

composition (crystallographic, molecular, and/or atomic) will best complement reflectometry

where otherwise, the compositional information is limited to atomic concentrations.

These advances open up numerous new opportunities and applications for an expanding

neutron reflectometry user community, as acquisition times get shorter, data fitting becomes

easier, and complementary techniques enhance the applicability of the data to a greater

diversity of scientific disciplines.
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6.1 Introduction

Many important processes such as electrochemical reactions, biological processes, and

corrosion are taking place at solid/liquid interfaces. To precisely understand the mechanism of

these processes at solid/liquid interfaces, information on structures of molecules at electrode/

electrolyte interface including short-lived intermediates and solvent at the interface is essential.

The determination of the interfacial structures of the intermediate and solvent is, however,

difficult by conventional surface vibrational techniques because the number of molecules at the

interfaces is far smaller than those of bulk molecules.

Recently, sum frequency generation (SFG) spectroscopy has been shown to be a very powerful

technique for probing molecular structure at interface [1–6]. SFG is a second-order nonlinear

optical (NLO) process, in which two photons of frequencies ω1 and ω2 generate one photon of

sum frequency (ω3¼ω1+ω2) [2]. The second-order NLO processes including SFG are

prohibited in media with inversion symmetry under the electric dipole approximation and are

allowed only at the interface between these media where the inversion symmetry is necessarily

broken. By using visible light of fixed wavelength and tunable infrared (IR) light as two input

light sources, SFG spectroscopy can be surface-sensitive vibrational spectroscopy as the SFG

signal is resonantly enhanced when the energy of IR beam becomes equal to that of a vibrational

state of surface species [2]. SFG spectroscopy is particularly useful to study the structure of

water molecules, themost common solvent, at various interfaces where presence of much larger

amount of bulk water than interfacial water makes the measurement of interfacial water by

other vibrational techniques very difficult. Furthermore, SFG is free from the ambiguity
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associated with the choice of reference spectrum as required for linear spectroscopy applied to

interfaces such as surface enhanced IR absorption spectroscopy (SEIRAS) [7] and surface

enhanced Raman scattering (SERS) [8]. Furthermore, time-resolved vibrational spectroscopy

based on SFG is possible because a short pulse laser is used. Thus SFG spectroscopy is an ideal

technique for investigating the mechanism of interfacial processes at solid/liquid interfaces

[6,9–12].

Here we describe the basic principle and detailed experimental arrangement of SFG

spectroscopy and present several examples of SFG study at solid/liquid interfaces.

6.2 Sum Frequency Generation Spectroscopy

6.2.1 Brief Description of SFG

NLO phenomena that can be observed with static electric and magnetic fields such as the

P€ockels and Faraday effects have been known since the 19th century. Frequency conversion

such as second harmonic generation (SHG) and SFG requires intense optical fields, and its

realization had to wait for the invention of the pulsed laser at the end of the 1950s. SHGwas first

observed by Franken et al. in a bulk of quartz crystal in 1961 [13]. The foundation of theory of

NLO was laid by Bloembergen in the early 1960s [14]. The surface SHG was detected for the

first time in 1974 from the surface of silver [15]. The first observation of surface SFG was in

1986 by Shen et al. for the coumarin dye on glass [16]. SFG spectroscopy has become extremely

attractive for analysis of interface science, thanks to the recent development of tunable laser

source.

SFG is one of the second-order NLO processes, in which two photons of frequencies ω1 and ω2

generate one photon of a sum frequency (ω3¼ω1+ω2), as shown in Fig. 6.1.

The second-order NLO processes including SFG are strictly forbidden in media with inversion

symmetry under the electric dipole approximation and are allowed only at the interface between

these media where the inversion symmetry is necessarily broken. In the IR-visible SFG

measurement, a visible laser beam (ωVis) and a tunable infrared laser beam (ωIR) are overlapped

at an interface, and the SFG signal is measured by scanning ωIR while keeping ωVis constant.

w2

w3

w1

Fig. 6.1
Energetic scheme for SFG process.
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The SFG intensity (ISFG) is enhanced when ωIR becomes equal to the vibration levels of the

molecules at the interface. Thus one can obtain surface-specific vibrational spectra at an

interface between two phases with inversion symmetry, which cannot be obtained using the

traditional vibrational spectroscopy such as IR and Raman scattering.

In addition to the surface/interface selectivity, IR-visible SFG spectroscopy provides more

attractive features since it is a coherent process: (1) Detection efficiency is very high because

the angle of emission of SFG light is strictly determined by the momentum conservation of the

two incident beams, together with the fact that SFG can be detected by a photomultiplier (PMT)

or charge-coupled device (CCD), which are the most efficient light detectors, because the SFG

beam is in visible region. (2) The polarization feature that NLO intrinsically provides enables us

to obtain information about a conformational and lateral order of adsorbed molecules on a flat

surface, which cannot be obtained by the traditional vibrational spectroscopy [17–20]. (3)
A pump and SFG probe measurement can be used for an ultrafast dynamics study with a time

resolution determined by the incident laser pulses [21–24]. (4) As a photon-in/photon-out

method, SFG is applicable to essentially any system in as much as one side of the interface is

optically transparent.

6.2.2 Origin of SFG Process

The induced dipole (μ
!
) of a molecule placed in an electric field (E

!
) is given by

μ
!¼ μ

!0 + α
$
E
!

+ β
$
E
!
E
!

+ γ
$
E
!
E
!
E
!

+ � � � (6.1)

α
$
, β
$
, and γ

$
are the linear polarizability, the first- and second-hyperpolarizabilities,

respectively, and are represented by second-, third-, and fourth-rank tensor, respectively, and

μ
!0 is a static polarizability.

In condensed phases, it is more convenient to consider the dipole moment per unit volume or

polarization (P
!
)

P
!¼ P

!
0ð Þ +P

!
1ð Þ + P

!
2ð Þ +P

!
3ð Þ + � � �

¼ P
!

0 + ε0 χ
$ 1ð Þ

E
!

+ χ
$ 2ð Þ

E
!
E
!

+ χ
$ 3ð Þ

E
!
E
!
E
!

+ � � �
� �

(6.2)

where χ
$ 1ð Þ

, χ
$ 2ð Þ

, and χ
$ 3ð Þ

are the first-, second, and third-ordered susceptibilities, respectively,

and ε0 is dielectric constant in vacuum. For a simple molecular material, the susceptibility

depends on the number of molecules per unit volume, N, multiplied by molecular polarizability

averaged over all orientation of molecules in the material.

χ
$ 1ð Þ ¼N α

$D E
=ε0, χ

$ 2ð Þ ¼N β
$D E

=ε0, χ
$ 3ð Þ ¼N γ

$� �
=ε0 (6.3)

where the brackets < > denote the ensemble average of the molecular orientation. Since few

materials have a static polarization, the first term in Eq. (6.2), P
!

0ð Þ, can be dropped.
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P
!¼ ε0 χ

$ 1ð Þ
E
!

+ χ
$ 2ð Þ

E
!
E
!

+ χ
$ 3ð Þ

E
!
E
!
E
!

+ � � �
� �

(6.4)

When the electric field (E
!
) is weak, as it is in a nonlaser light source, the second and third terms

can be neglected and polarization (P
!
) can be expressed as in the following, corresponding to a

linear optics.

P
!¼ ε0χ

$ 1ð Þ
E
!

(6.5)

When the electric field (E
!
) is strong, as in a laser light source, the second and third terms cannot

be neglected and NLO processes take place. A remarkable consequence of the higher-order

terms in Eq. (6.4) is that the frequency of the light can change. If we consider two electric fields

with frequencies ω1 and ω2,

E
!
1 r

!
, t

� �
¼ E

!
1 r

!� �
cos ω1tð Þ E

!
2 r

!
, t

� �
¼ E

!
2 r

!� �
cos ω2tð Þ (6.6)

where r
!
and t represent a position vector and time, respectively. The second-order polarization,

P
!

2ð Þ, in a material in which χ
$ 2ð Þ

is nonzero is given by:

P
!

2ð Þ ¼ ε0χ
$ 2ð Þ

E
!
1E
!
2

¼ ε0χ
$ 2ð Þ

E
!
1 r

!� �
cos ω1tð ÞE!2 r

!� �
cos ω2tð Þ

¼ 1=2ε0χ
$ 2ð Þ

E
!
1 r

!� �
E
!
2 r

!� �
cos ω1 +ω2ð Þtð Þ+ cos ω1�ω2ð Þtð Þf g

(6.7)

This shows that there are now oscillating dipoles at frequencies (ω1+ω2) and (ω1�ω2), which

give rise to SFG and difference frequency generation (DFG), respectively. When ω1¼ω2,

Eq. (6.7) becomes:

P
!

2ð Þ ¼ 1=2ε0χ
$ 2ð Þ

E
!
1 r

!� �
E
!
2 r

!� �
1 + cos 2ω1tð Þf g (6.8)

The first term in the brackets represents a static electric field in the material, and the second

term represents a dipole oscillating at 2ω, twice the frequency of the incident light. This is a

process known as SHG.

6.2.3 SFG Spectroscopy

In SFG vibrational spectroscopy, ω2 is usually fixed in the visible region and ω1 is scanned in

the infrared region. In the most widely used geometry, the two laser beams are incident in either

counter- or collinear-propagating geometry and the reflected SF light (ωsum) is detected. Let us

consider the case where visible and infrared beams are incident from the medium 1 to the

interface with the medium 2 as depicted in Fig. 6.2. The direction of emission is determined by

conservation of momentum parallel to the surface.
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ωSFG ¼ ωVis +ωIR (6.9)

ωSFG sinθSFG ¼ωVis sinθVis +ωIR sinθIR (6.10)

where θSFG is the emission angle of SFG light and θVis and θIR are the incident angle of the

visible and infrared light. Since the angles θVis, θIR, and the frequency ωVis are constant in a

given SFG measurement, θSFG can be expressed as a function of ωIR.

θSFG ωIRð Þ¼ sin�1 ωVis sinθVis +ωIR sinθIR
ωVis +ωIR

� �
(6.11)

As shown in this equation, the angle of emission changes as ωIR is scanned.

The intensity of emitted SF light (ISFG) is expressed by the following equation [25],

ISFG¼ 8π3ωSFG
2 secθSFGð Þ2

ћc3 � n1 ωSFGð Þ � n1 ωVisð Þ � n1 ωIRð Þ F
$
: χ
$ 2ð Þ���

���2IVisIIRAT (6.12)

where IVis and IIR are the intensities of incident visible and infrared lights, respectively; c is the

speed of light in vacuum; A is an overlapping beam cross section at the sample; T is a pulse

duration; and n1(ωi) is refractive index of the medium 1 at frequency ωi and F
$
is a

Fresnel factor.

For a polar monolayer of molecules at an interface, the resonant χ
$ 2ð Þ

is typically

10�14�10�16 esu. If we take χ
$ 2ð Þ � 10�15esu, IVis� 1mJ=pulse and IIR � 100 μJ/pulse,

T�25 ps, ωVis¼5.64�1014 s�1 (532 nm), ωIR¼9.0�1013 s�1 (3333 nm),

ωSFG¼6.55�1014 s�1 (458.77 nm), A �10�3 cm2, ωSFG �67 deg, Eq. (6.12) predicts a

signal of 1.5�104 photon /pulse. Such signal can readily be detected by a PMT or CCD

detector.

wVis

w IR

qIR

qVis qSFG wSFG

Medium 1(centrosymetric)

Medium 2(centrosymetric)
Interface

Fig. 6.2
Schematic drawing of optical arrangement of an SFG measurement.
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If neitherωVis norωSFG is in resonance with an electric dipole transition in the material and only

electric dipole transitions are considered, the hyperpolarizability, βlmn, near a vibrational

transition in a molecule is given by [25]

βlmn¼
1

2ћ2
�
X
s

gh jμl sj i sh jμm vj i
ωSFG�ωsg

� gh jμm sj i sh jμl vj i
ωVis +ωsg

	 

vh jμn gj i

ωIR�ωvg + iΓ

	 

+ const: (6.13)

where jg> is the ground state, jν> is the excited vibrational state, js> is any other state, Γ is the

relaxation time of the excited vibrational state, const. is an off-resonant term, which can be

considered as a constant and μ¼ er is the electric dipole operator. The first bracket is identified

as a Raman transition dipole moment Mlm, and the term <νjμnjg> as an IR transition dipole

moment μn
vg. If we substitute ωvg to ω0, Eq. (6.13) becomes:

βlmn ¼
1

2ћ2
� almn
ωIR�ω0� iΓ

+ const: (6.14)

where almn¼Mlm � μvgn .
From this equation, it is clear that βlmn takes the maximum value when the IR frequency is in

resonance with the molecular vibration, that is, ωIR¼ω0, and only the molecular vibration that

is both IR and Raman active is SFG active.

If we introduce A
$¼N=ε0 a

$D E
, a description of macroscopic resonant second-order

susceptibility, χ
$ 2ð Þ
R , is given by

χ
$ 2ð Þ
R ¼ 1

2ћ2
A
$

ωIR�ω0� iΓ
(6.15)

The emitted SFG light is a sum of resonant contributions with n th vibrational states, χ
$ 2ð Þ
R,n and

nonresonant contributions, χ
$ 2ð Þ

NR.

χ
$ 2ð Þ ¼ χ

$ 2ð Þ
NR +

X
n

χ
$ 2ð Þ
R,n ¼ χ

$ 2ð Þ
NR +

X
n

1

2ћ2
A
$
n

ωIR�ωn� iΓn
(6.16)

Here, χ
$ 2ð Þ
NR is the sum of nonresonant contributions from molecules (χ

$
NR,mol), substrate

(χ
$
NR,sub), and interaction between molecules and substrate (χ

$
NR,m�s).

χ
$
NR¼ χ

$
NR,mol + χNR,sub + χNR,m�s (6.17)

Combining Eqs. (6.12), (6.16), the SFG intensity can be written as:

ISFG∝ χ
$ 2ð Þ

eff,NR +
X
n

A
$
eff,n

ωIR�ωn� iΓn

�����
�����
2

(6.18)

where χ
$ 2ð Þ
eff,NR¼ F

$
: χ
$ 2ð Þ
NR and A

$
eff,n ¼ F

$
: A
$
n. This is the equation generally used to analyze an

observed SFG spectrum.
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6.2.4 Experimental Arrangement for SFG Measurements

6.2.4.1 Laser and detection systems

Picosecond (ps) and femtosecond (fs) laser systems are most often used for SFG spectroscopy.

Ps SFG spectrometers cover a wide spectral scanning range (about 1000 cm�1 without

realignment). The narrow band ps light pulses are tuned through the spectral region, while the

SFG signal is generally collected for a few minutes for each wavenumber to gain reasonable

signal-to-noise (S/N) ratios (the repetition rate for ps light pulses is usually in the order of

10–25 Hz). Detecting spectral regions of about 1000 cm�1 usually takes 10 min.

Broadband SFG (BB-SFG) spectroscopy is based on fs laser pulses (usually around 100 fs)

covering a spectral range of about 200 cm�1. The repetition rate of these systems is two orders

of magnitude higher compared to ps systems (of the order of 1 kHz). This allows around 1000

acquisitions per second in a spectral range of about 200 cm�1, with a reasonable S/N ratio in

about 2–5 min. In an fs SFG spectrometer, a narrow band ps visible pulse is mixed at the

interface with a broadband fs infrared pulse. The resulting broadband SFG signal is dispersed

on a grating within a spectrometer and subsequently detected by a multichannel CCD detector.

Fig. 6.3 shows the schematic diagram of a picosecond SFG spectrometer used in this work.

A passive mode-locked Nd:YAG laser system (EKSPLA, PL2143B) generates �25 ps pulses

of 1064 nm (fundamental), 532 nm (second harmonic generation: SHG), and 355 nm (third

harmonic generation: THG) at a repetition rate of 10 Hz. The total output power was

ca.33–5 mJ/pulse and typical pulse energy of 1064, 532, and 355 nm were 8, 8, and 6 mJ/pulse,

Fig. 6.3
Schematic drawing of picosecond SFG system.
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respectively. The ratio of the harmonic generations can be adjusted to some extent by tuning the

phase match angles of mixing crystals. Half of the SHG and 15% of the third harmonic

generation (THG) were split and transferred to a pump line. The residual SHGwas directed to a

sample through a time-delay and used as the incident visible light for an SFGmeasurement. The

power of the incident visible light can be adjusted by a combination of a half wave plate and a

Gran-Taylor prism, and the polarization can be changed by an additional half wave plate. The

85% of THG output (ca.5 mJ/pulse) was used to pump an optical parametric generation and

amplification (OPG/OPA) (EKSPLA,PG401VIR/DFG) system, containing a lithium triborate

(LBO) crystal and double gratings. The output from the optical parametric generation/optical

parametric amplification (OPG/OPA) was mixed with the 1064-nm laser output in a nonlinear

crystal, Ag2GaS2, to generate a tunable infrared output from 2.3 to 8.5 μm by the DFG process.

The power of the incident infrared light can be roughly adjusted by tuning a total power of the

laser and the ratio of the harmonic generator. The polarization of the IR beam can be changed by

exchanging the mirror sets, which contains 3 and 4 mirrors. The line-width of the tunable

infrared output was �6 cm�1 determined by the double grating setup in the OPA path.

The “visible” output from the laser and tunable infrared output from the DFGwere incident and

overlapped at the sample surface with angles of 70 and 50 degrees, respectively. Either 532 nm

or 1064 nm laser output was used as the “visible” light in the SFG measurement. A BK7 lens

(f¼600) and a ZnSe lens (f¼50) were used to focus the visible and IR beam, respectively. The

position of the ZnSe lens was controlled by anXY stage to perform the spatial overlapping of the

two incident beams. The beam spot of the “visible” and infrared lights had an elliptical shape

with a dimension of ca.2.5�0.9 mm2 and 0.3�0.2 mm2, respectively. The SFG signal was

separated from the reflected visible and IR lights by passing through irises and a

monochromator (Oriel Instruments, MS257) and was detected by a photomultiplier tube (PMT:

Hamamatsu, R630-10 or R3896) with a gated electronic system (Stanford Research System).

When the 532-nm visible light was used, two holographic Super Notch filters (Kaiser Optical

System, INC, HSPF-532-1.0) were placed in front of the monochromator to further reduce

scattered visible light.

All SFG spectra were obtained by averaging 50–400 pulses per data point and were

normalized against the intensity of the visible and infrared inputs, which were

simultaneously monitored by a power meter (Oriel instruments, Model 70833 and 70811)

and Si photodiode, respectively.

6.2.4.2 Spectroscopic cells

6.2.4.2.1 Spectroelectrochemical cell

Fig. 6.4 shows spectroelectrochemical cells used in electrochemical SFG measurements. An

Ag/AgCl (saturated NaCl) and a Pt wire were used as a reference electrode and a counter

electrode, respectively. The electrolyte solution was deaerated by bubbling high-purity Ar gas
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(99.999%) for at least 30 min prior to the electrochemical measurements. The electrode

potential was controlled with a potentiostat. The electrode potential, current, and SFG signal

were recorded by using a personal computer through an analog-to-digital (AD) converter.

After the introduction of the working electrode to the spectroelectrochemical cell, continuous

potential cycling was performed to obtain the clean surface before each electrochemical

SFG experiment until the cyclic voltammogram (CV) became that of a clean electrode.

When single or polycrystalline disk electrodes are used as a working electrode, the

electrode must be gently pushed against the CaF2 window of the spectroelectrochemical cell to

achieve a thin layer (ca.5 μm) configuration so that strong absorption of the IR beam by the

electrolyte solution is avoided. Thin metal electrode deposited on a hemispherical prism

can also be used as a working electrode. Strong absorption of the IR beam by the

electrolyte solution can be more easily avoided in this configuration.

6.2.4.2.2 Flow cell

In situ SFG measurements were carried out in the internal reflection geometry to avoid the

strong absorption of IR incident beam by water. Since SFG signal from the quartz disk/water

interface is very weak if a flat quartz disk is used as a window due to the very large reflection

loss of the incident beams at air/quartz interface and the small Fresnel factors at the quartz/

water interface, a hemicylindrical prism, where higher enhancement of the sensitivity is

expected, was used for the in situ SFG measurements. The flat face of the quartz prism was in

contact with electrolyte solution, and the infrared and visible beams were incident from the

quartz prism side and were overlapped at the quartz/electrolyte solution interface. The incident

angle of the visible light was about 70 degrees, which is near the critical angle of the total

reflection (Θc) of quartz/water (72 degrees), so that a strong surface field can be obtained. The

incident angle of the infrared light was set at 50 degrees, which is far from Θc, so that a large

change in the Fresnel factor can be avoided when the IR frequency is scanned over the OH

stretching vibration region.

Fig. 6.4
Spectroelectrochemical cells for electrochemical SFG measurements.
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A flow cell made of polychlorofluoroethylene, which is schematically shown in Fig. 6.5, was

used for gas or liquid to be changed during SFG measurements. Electrolyte solution was

introduced into the flow cell by the pressure of the pure argon gas so that the solution could be

exchanged without being exposed to the atmosphere, and the optical alignment and the sample

position were not affected when solution was exchanged.

6.3 Structure of Organic Monolayer Studied by SFG

Construction ofmolecular layers on solid surfaces is one of the most important subjects not only

for fundamental science but also for a wide range of applications such as wetting control,

corrosion inhibition, and molecular and bioelectronic devices and is one of the essential key

techniques for the development of nanotechnology and nanoscience. A self-assembly (SA)

technique in solution has been extensively employed to construct organic layers because a

molecularly ordered structure can be very easily prepared without expensive equipment, which

is essential for the organic layer formation in an ultrahigh vacuum [26].

The most studied SA system is the self-assembled monolayers (SAMs) of alkanethiols on

various metals, especially on gold [26,27], and SAMs with a wide variety of functionalities

have been constructed [28,29]. The formation process and the structure of the thiol SAMs

on gold have been investigated in detail by various techniques including IR spectroscopy

[30,31], a quartz crystal microbalance (QCM) [32,33], and a scanning tunneling microscope

(STM) [34–36]. Guyot-Sionnest and Shen first obtained the vibrational SFG spectra in the

CH stretching region of the Langmuir film of pentadecanoic acid (PDA) on water surface

and demonstrated that vibrational SFG spectroscopy is effective for the investigation of an

organic monolayer as shown in Fig. 6.6 [37].

Since then, a number of papers concerning the structure of the Langmuir-Blodgett (LB) film

and SAM have been published by many research groups. SFG spectra of a long chain alkyl

monolayer has a unique property such that the methylene bands, which are the dominant feature

in an IR spectrum, are not seen and only themethyl bands are active when themonolayer is fully

packed because the methylene groups in the alkyl chain of the all-trans configuration have

Fig. 6.5
A flow cell for SFG measurements.
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inversion symmetry and SFG signal of the methylene modes are canceled out. In another way,

one can consider the SFG spectrum of alkyl monolayer to be an indicator of the all-trans

configuration, that is, conformational order of the alkyl chain, when the SFG spectrum shows

no methylene bands. For another feature, one can evaluate the orientation angle of a terminal

group such as the methyl group from the ratio of the SFG intensities of the symmetric/

asymmetric stretching modes in an SFG spectrum or of the SFG intensities of a stretching mode

in different polarization combinations [17,18]. Furthermore, SFG provides information about

the lateral order of adsorbed molecules on a flat surface. Over the last decade, several groups

have reported the two-dimensional anisotropy of rubbed polymer films [38] and multilayered

LB films [39] based on azimuthal dependent SFG measurements. However, only a few cases

were reported for such anisotropy of a SAM [40,41].

6.3.1 Evidence for Epitaxial Arrangement and High Conformational Order
of an Organic Monolayer on Si(111) by SFG Spectroscopy

To construct ordered molecular layers with various functionalities on a semiconductor surface

will become important as far as technological applications are concerned. Although several

attempts have been made to use GaAs [42–44] and InP [45] as a substrate, silicon should be the

Fig. 6.6
SFG spectra of PDA at full monolayer coverage with various (IR) polarization combinations: (A) s
visible, p IR; (B) p visible, s IR; (C) p visible, p IR. The lines simply connect the experimental data points

(squares). Inset: coordinate axes chosen for the methyl group. Reprinted with permission from P.
Guyotsionnest, J.H. Hunt, Y.R. Shen, Phys. Rev. Lett. 59 (1987) 1597–1600.
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most important semiconductor substrate for organic layer formation at present because of

possible applications for molecular and biomolecular devices in conjunction with the advanced

silicon technology. There are two major methods to form an organic layer on silicon. One is via

the SidOdSi bond using silane coupling reactions on a preoxidized Si surface. The other is via

the direct SidC bond either on a reconstructed Si(100) surface or on a hydrogen-terminated Si

surface using thermal [46–48], photochemical [49], or electrochemical [50] reactions or

reactions with radical initiators [50,51]. The latter method is more attractive because (1) the

SidC bond is expected to be more resistant to hydrolysis than the SidOdSi bond, (2) a higher

structural order is expected because an organic molecule directly bonds to the Si atom of the

single crystalline surface, and (3) the thickness control of the oxide is difficult in the former

method. Both gas phase [52,53] and liquid phase [46–51] reactions have been used to form

organic layers via the SidC bond, but the latter is more useful for practical applications

because the former requires expensive ultrahigh vacuum (UHV) equipment to prepare and

maintain the reconstructed, clean Si surface.

Here, we measured the SFG spectra of the C18 monolayer on a hydrogen-terminated Si(111)

surface at various azimuthal angles and confirmed that the monolayer is in a nearly all-trans,

that is, highly ordered, conformation as well as in threefold lateral symmetry, that is, epitaxial

arrangement of the monolayer with the Si(111) substrate [54]. The SFG spectra were

quantitatively analyzed, and lateral alignment with respect to the Si substrate and the tilt angle

of the terminal methyl group were estimated.

6.3.1.1 Theoretical basis

Wedefine the axis systems as depicted in Fig. 6.7. In the laboratory-fixed axis system (I, J,K¼X,

Y, Z), the Z-axis is surface normal and the X–Z plane is the incident plane of the visible and

infrared beams. In the surface-fixed axis system (i, j, k¼x, y, z), the x-axis is set in the 21 1
� �

h

hy f

q

x
H H

H

C
−X

Vis

IR

SFG

Z

−Y
−Y ’

X

C

x

z

z

Fig. 6.7
Schematic drawing of the definition of the laboratory-, surface-, and molecular-fixed axis systems, The
γ was defined as the angle between the 21 1

� �
direction of the Si(111) substrate and the plane of

incidence. Reprinted with permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K. Uosaki, J. Am. Chem. Soc.
126 (2004) 7034–7040.
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direction of the Si(111) surface and the z-axis coincides with the Z-axis. The angle between the

X–Z and the x–z planes is represented by γ. In the molecular-fixed axis system (p, q, r¼ξ, η, ζ),
the ζ-axis is taken to coincide with C3 symmetry axis of a methyl (CH3) group and the ξ–η plane
is one of the CdCdH planes of the CH3 group. The θ, ψ and φ are defined as angles between

the z- and ζ-axes, the projection of the ζ-axis on the surface and the x-axis, and yʹ- and η-axes,
respectively.

A resonant molecular hyperpolarizability near the nth vibrational state in the molecular fixed

coordinates (βpqr,n) is expressed as

βpqr,n¼
apqr,n

ωIR�ωn + iΓn
(6.19)

where apqr,n is the product of a Raman polarization tensor (αpq,n) and vibrational transition

dipole moment (μr,n) with <gj being ground state and <vj being nth vibrational state [55]:

apqr,n ¼ gjαpqjv
� �

vjμrjgh i (6.20)

Here, the relation between A
$
eff,n and apqr,n is given by:

A
$
eff,n ¼N

X
I,J,K

FIJK aIJK,nh i¼N
X
I,J,K

FIJK uIJK,pqrapqr,n
� �

(6.21)

where N and uIJK,pqr represent the total number of the surface molecules and a transformation

coefficient, explicit expression of which is presented in Ref. [18]. The brackets hi denote the
ensemble average. FIJK is a combination of Fresnel factors and is represented as [56]:

FIJK ¼ êI ωSFGð ÞLI ωSFGð Þ� êJ ωVisð ÞLJ ωVisð Þ� êK ωIRð ÞLK ωIRð Þ (6.22)

where LI(ωSFG), LJ(ωVis) and LK(ωIR) are the Fresnel factors for the SFG, visible, and IR

beams, respectively, and êI(ωSFG), êJ(ωVis), and êK(ωIR) are the unit polarization vectors for the

SFG, visible, and IR beams, respectively. For the ppp polarization combination, A
$
eff,n is

given by:

A
$
eff,n¼NfFZZZ aZZZh i�FXXZ aXXZh i�FXZX aXZXh i+FZXX aZXXh i

+FZXZ aZXZh i�FXZZ aXZZh i+FZZX aZZXh i�FXXX aXXXh ig
(6.23)

6.3.1.2 Determination of the molecular orientation by SFG

Fig. 6.8 shows an SFG spectrum in the CH stretching frequency region of a Si(111)-C18

monolayer at γ¼0. The open circles and solid line represent the experimentally observed SFG

signals and a fitted curve using Eq. (6.18), respectively. The spectrum very much resembles the

previously reported SFG spectra of the octadecyltrichlorosilane (OTS) monolayer on a fused

quartz substrate with ppp polarization [1]. The three peaks observed at 2878, 2945, and

2962 cm�1 can be assigned to the CH symmetric vibration (r+), Fermi resonance between r+ and
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the CH bending overtone, and the CH asymmetric vibration (r�), respectively, of the terminal

methyl (CH3) group. Two peaks due to the CH symmetric stretching (d+) at 2850 cm�1 and

asymmetric stretching (d�) at 2917 cm�1 of the methylene (CH2) group are very weak

compared to those of the CH3 group. These results indicate that the octadecyl chain in the

monolayer is essentially in an all-trans conformation. In this conformation, only the terminal

CH3 group, which is in noncentrosymmetry, contributes to the SFG spectrum because CH2

groups are approximately in inversion symmetry and are, therefore, almost SFG inactive. Thus

the formation of a highly organized octadecyl monolayer with a very low gauche density on the

Si(111) surface [47] is confirmed.

One of the advantages of SFG spectroscopy compared to infrared absorption spectroscopy

(IRAS) is the ability to determine the lateral symmetry based on the azimuthal angle

dependence of the SFG spectra, that is, rotation anisotropy of the SFG spectra. Fig. 6.9 shows

the azimuthal angle dependencies of the SFG intensity, that is, rotation anisotropy, at
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Fig. 6.8
The SFG spectra of an Si(111)-C18 monolayer obtained at various azimuthal angles (circle) with the
fitted curves to Eq. (6.18) (solid line): (A) 0, (B) 30, (C) 60, (D) 90, (E) 120, (F) 150, and (G) 180
degrees. Reprinted with permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K. Uosaki, J. Am. Chem. Soc.

126 (2004) 7034–7040.
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(a) 2962 cm�1 for r�, (b) 2878 cm�1 for r+, and (c) 2800 cm�1 where no peak was observed.

Threefold patterns were observed for the peaks at 2962 and 2878 cm�1, suggesting the

existence of lateral symmetry in themonolayer assembly. A threefold pattern was also observed

at 2800 cm�1 where no peak corresponding to the monolayer exists and only the nonresonant

component contributes to the SFG spectrum.

Because the SFG intensity of a hydrogen-terminated Si(111) at 2083 cm�1 corresponding to the

SidH vibration, whose symmetry axis is perpendicular to the surface, is essentially

independent of the azimuthal angle (Fig. 6.9D) despite the fact that the SFG signal at

2120 cm�1 corresponding to the nonresonant response from the silicon substrate produces a

threefold symmetry pattern (Fig. 6.9E), it is reasonable to conclude that the observed SFG

anisotropy originated not from the anisotropy of the binding site but from the anisotropy of the

orientation of the tilted alkyl chains.

To quantitatively discuss the symmetry of the methyl group, it is essential to study the

azimuthal angle dependence of the effective amplitude of the CH signal. Fig. 6.8 shows the SFG

spectra at various azimuthal angles with the fitted curves (solid line) to Eq. (6.18). It is clear that

the shape and position of the resonant peaks as well as the nonresonant background level
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Rotation anisotropy of the SFG intensity of the Si(111)-C18 monolayer at (A) 2962 cm�1,

(B) 2878 cm�1, and (C) 2800 cm�1 and of Si(111)-H at (D) 2083 cm�1, and (E) 2120 cm�1 as a
function of the azimuthal angle. Reprinted with permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K.

Uosaki, J. Am. Chem. Soc. 126 (2004) 7034–7040.
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strongly depended on the azimuthal angle. Thus the nonresonant contribution should be

separated from the SFG spectra using Eq. (6.18). The amplitudes of the r� mode (Aeff,r�)

and nonresonant contribution (χNR
(2) ) were determined by fitting to Eq. (6.18) and are plotted

against the azimuthal angle as shown in Fig. 6.10. A threefold symmetry of the r� mode is

clearly demonstrated. χNR
(2) also shows threefold symmetry, but the phase angle is different from

that of the r� mode.

If we assume C3v symmetry for the methyl group, the nonvanishing components of the amplitude

of the molecular hyperpolarizability, apqr,n, for the r
� mode of the methyl group are [42]

aζξξ ¼ aζηη, aξζξ¼ aηζη (6.24)

aξξξ ¼�aηηξ¼�aξηη¼�aηξη (6.25)

where the subscript r� is dropped for simplicity. Since the experiments were carried out at room

temperature, free rotation of the methyl group is expected, and the components in Eq. (6.25)

should be zero [18]. Moreover, since the Raman tensor components αζξ and αξζ are equal [17],
aζξξ and aξζξ should also be equal according to Eq. (6.18) [57]. The nonvanishing apqr
components for the r� mode are then:

aξζξ ¼ aηζη ¼ aζξξ¼ aζηη (6.26)

If the orientation of the tilted alkyl chain has C3v symmetry, the nonvanishing components in

the laboratory-fixed axis system, aIJK, related to the r
�mode can be written as follows under the

free rotation of the terminal methyl group [18].
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Fig. 6.10
Plots of A

$
eff , r� (circle) and χNR

(2) (triangle) determined by the fitting of the SFG spectra shown in Fig. 6.9
against the azimuthal angle. The solid line shows the fitted curve to Eq. (6.29). Reprinted with

permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K. Uosaki, J. Am. Chem. Soc. 126 (2004) 7034–7040.
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aZZZ ¼ 2aζξξ cosθ� cos3θ
 �

, aXXZ ¼�aζξξ cosθ� cos3θ
 �

,

aZXX ¼ aXZX ¼ aζξξ cos
3θ, aXXX ¼�aζξξ

2
sin3θ� cos 3 γ +ψð Þf g

(6.27)

Since θSFG and θVis are almost equal and the refractive indices of silicon at the SFG and visible

wavelengths are not much different, the Fresnel factors FZXX and FXZX are approximately the

same, and therefore the third and the fourth terms in Eq. (6.23) are canceled out. Eq. (6.23) can

then be rewritten as

Aeff,r� ¼ 2aζξξ cosθh i� cos3θ
� � �

NFZZZ + aζξξ cosθh i� cos3θ
� � �

NFXXZ

+
aζξξ
2

NFXXX sin3θ
� �� cos 3 γ +ψð Þf gh i

(6.28)

If we assume a delta function for the distribution of ψ , that is, the distribution being negligible,
and introduce parameters U for the first and second (isotropic) terms and V for (anisotropic) in
aζξξ
2

NFXXX sin
3θ the third term in Eq. (6.28), Eq. (6.28) can be written as:

Aeff,r� ¼U +V cos 3 γ +ψð Þf g (6.29)

The experimental results were well reproduced by Eq. (6.29) with the angle offset Ψ ¼0. Thus

we can conclude that the terminal methyl groups in the octadecyl monolayer aligned in the

particular directions of Ψ ¼0, 120, and 240 degrees with respect to the in-plane orientation,

resulting in C3v symmetry. A possible lateral arrangement that has C3v symmetry is illustrated

in Fig. 6.11. In the present model, the octadecyl chains tilt toward either 211
� �

, 121
� �

, and

112
� �

direction in each domain, forming C3v symmetry as a result.

In most cases, the tilt angles of the terminal methyl groups of the alkyl monolayer on a metal

and quartz and of the polymer side chain have been estimated by many researchers by

comparing the SFG intensities of the r+ mode with the ssp and sps polarization combinations or

those of the r+ and r� modes with the ssp polarization combination [20,55,58]. The calculation

[011]

[211]

Fig. 6.11
A schematic model of the lateral arrangement of the alkyl chain with gray and white balls denoting the
silicon atoms of the top and the second top layers, respectively. Arrows denote the dipole moment of
the methyl group. Reprinted with permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K. Uosaki, J. Am.

Chem. Soc. 126 (2004) 7034–7040.
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of tilt angle of the methyl group can also be carried out by comparing the value of the

anisotropic term to the isotropic term in Eq. (6.29). This calculation has an advantage because

the value of the ratio of the susceptibility tensors (aζξξ,r�=aξξζ,r +aξξζ,r +=aζζζ,r +), which is

necessary to compare the SFG intensities for the r+ and r� modes [20,55,59], is not required.

By combining Eqs. (6.28), (6.29), the ratio between U and V is given as

U

V
¼ 2 cosθh i� cos3θ

� � �
2FZZZ +FXXZð Þ

FXXX sin3θh i (6.30)

The ensemble average of the tilt angle of the terminal methyl group is expressed as follows by

assuming a Gaussian distribution [55],

cosmθh i¼
ð1
�1

cosmθ � f cosθð Þd cosθð Þ sinmθh i

¼
ð1
�1

sinmθ � f sinθð Þd sinθð Þ,

f θð Þ¼Cexp � θ�θ0ð Þ2
2σ2θ

" #
(6.31)

where C, θ0, and σ are the normalization constant, the center angle, and the root-mean square

width of the distribution, respectively. The validity of the Gaussian distribution has been

discussed by Wang et al. [60]. Fresnel factors FZZZ, FXXZ, and FXXX are estimated to be 0.17,

0.041, and 0.031, respectively, using refractive indices of silicon that are

n ωSFGð Þ¼ 4:55 + 0:134i, n ωVisð Þ¼ 4:14 + 0:045i, n ωIRð Þ¼ 3:42 + 2:0�10�7i, [61], with the

assumption that the refractive index of the interface is that of the monolayer, that is, nʹ¼1.42.

The ratioU/V is then plotted against the tilt angle of the methyl group (θ) as shown in Fig. 6.12.
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Fig. 6.12
The plot of the ratio (U/V) versus the tilt angle of the methyl group (θ). The bars show the

experimental value obtained from Fig. 6.10. Reprinted with permission from S. Nihonyanagi, D. Miyamoto,
S. Idojiri, K. Uosaki, J. Am. Chem. Soc. 126 (2004) 7034–7040.
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Since the experimentally determined value of U/V is �2, the angle θ is determined to be about

85 degrees, assuming σ¼0; that is, the distribution is neglected. Even in the case of σ¼10 and

σ¼20, θ is still about 85 degrees. The corresponding tilt angle of the alkyl chain is ca.50

degrees, which is in qualitative agreement with the previously reported value of ca.45 degrees

estimated from the IR and X-ray reflectivity [46] as well as the theoretical calculations [62,63].

It was found that the monolayer was epitaxially arranged with the Si(111) substrate with C3v

anisotropy, and the alkyl chains tilt toward the 211
� �

directions. The tilt angle of the methyl

group was estimated to be about 85 degrees, which correspond to ca.50 degrees of the tilt angle

of the alkyl chain. The possible orientation model is depicted in Fig. 6.13.

6.3.2 Interfacial Molecular Structures of Polyelectrolyte Brush in Contact with Dry
Nitrogen, Water Vapor Studied by SFG Spectroscopy

Polyelectrolyte is one of the most important materials in many fields including biological

systems and materials science. For examples, nucleic acids, one of the key materials in

biological system, are polyelectrolytes with phosphate backbone. Polyelectrolytes are used for

85deg.

50deg.

[211]
−−

Fig. 6.13
The model of the possible orientation of the octadecyl chain. The alkyl chain is essentially in the all-
trans conformation and epitaxially arranged being tilted toward the 211

� �
directions. The tilt angle of

the methyl group is estimated to be about 85 degrees with respect to the surface normal. Reprinted
with permission from S. Nihonyanagi, D. Miyamoto, S. Idojiri, K. Uosaki, J. Am. Chem. Soc. 126 (2004)

7034–7040.

Interfacial Molecular Structure and Dynamics at Solid Surface Studied 221



polymeric drugs [64], antibacterial coatings [65] by protecting the surfaces of prostheses organs

or catheters from adhesion of proteins, improvement of the stability of colloids [66–68], and the
formation of multilayers of nanoparticles [69–71]. It is also a very important component of

polymer electrolyte membrane (PEM) fuel cell. As polyelectrolyte has hydrophilic and

hydrophobic components, an interaction between polyelectrolyte and water plays a crucial role

in controlling the structure and functions of various materials. One of the most important

examples is a folding/unfolding process of a protein.

A polymer, which is grafted on a solid substrate, is called “polymer brush” and in the case of

polyelectrolyte, it is called “polyelectrolyte brush.” The polyelectrolyte brush has recently

attracted much attention because of its wide variety of possible applications [72,73]. It is also

considered to be a model system of a biological membrane. To understand the function of

polyelectrolyte in general and polyelectrolyte brush in particular, it is essential to know

molecular structures of polyelectrolyte surfaces under various environments. However, only

bulk structures of polyelectrolytes have been investigated [74–76], and almost no study on

surface structure is available [77].

SFG spectroscopy is a useful technique for investigating the structure of polymer brush in

contact with various environments including liquid water, and we apply it to poly(4-vinyl-N-

n-alkylpyridinium)bromide (alkyl¼ ethyl, hexyl and dodecyl) polyelectrolyte brushes formed

on a quartz surface, which have been reported to have an antibacterial function [78]. It was

found that the conformational order of alkyl chains is very strongly affected by environment.

Alkyl chains are in relatively high conformational order in dry nitrogen, gauche defects are

introduced to alkyl chains upon contact with water vapor, and alkyl chains became totally

disordered in liquid water. Structures of interfacial water of the brushes in contact with water

vapor and liquid water were also investigated. Structural change was reversible and fast when

the environment was changed between dry nitrogen and water vapor. Effects of chain length

and ionic strength on the structure of water were also studied.

Fig. 6.14 shows the SFG spectra in the CH stretching region of (A) C2-PVP, (B) C6-PVP,

(C) C12-PVP covered quartz prism in contact with dry nitrogen. For a comparison, the result of

quartz prism modified by OTS monolayer is also shown in Fig. 6.14D. Open circles and solid

lines represent experimental data points and fitting curves for Eq. (6.18), respectively. Several

peaks were observed. Two peaks at 2862 and 2916 cm�1 were attributed to be due to CH

symmetric stretching (d+) and asymmetric stretching (d�), respectively, of methylene (CH2)

group. Three peaks at 2880, 2941, and 2968 cm�1 were assigned to CH symmetric stretching (r+),

Fermi resonance between r+ and CH bending overtone (FR), and CH asymmetric stretching (r�),
respectively, of methyl (CH3) group. A broad peak observed at around 3040 cm�1 was assigned

to overlapped aromatic CH stretching vibrations of the pyridinium ring (ring CH).

The SFG spectrum of C6-PVP (Fig. 6.14B) is similar to that of OTS (Fig. 6.14D), and the

peaks corresponding to CH2 groups were very weak. As mentioned previously, SFG is inhibited
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in the centrosymmetric media. It is well known that no methylene peak is observed at

OTS-modified surface [79,80] when OTS is in all-trans conformation where CH2 group is in

inversion symmetry and is, therefore, SFG inactive [80]. Thus it can be concluded that

hexyl side chain of the C6-PVP polymer brush is also mainly in all-trans conformation without

gauche defect where only terminal CH3 group is in noncentrosymmetry and contributes to

the SFG spectrum.

Fig. 6.15 shows a series of SFG spectra of C6-PVP obtained sequentially in (A) dry nitrogen,

(B) water vapor saturated nitrogen, (C) dry nitrogen after the removal of water vapor, (D) liquid

water, and (E) dry nitrogen after the removal of water. The peaks due to CH2 groups, which

were very weak in dry nitrogen (Figs. 6.14C and 6.15A), were clearly observed when the brush

was in contact with water vapor saturated nitrogen (Fig. 6.15B), indicating that a higher degree

of gauche defects was introduced in the hexyl side chain with water vapor [81].

Fig. 6.14
SFG spectra in the CH stretching region of (A) C2-PVP, (B) C6-PVP, (C) C12-PVP, and (D) OTS

covered quartz prism in dry nitrogen.
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The tilt angle of the methyl group can be calculated from the intensity ratio of r�/r+ based on the
procedure proposed by Hirose and his colleague [17,57]. By assuming an azimuthally isotropic

interface, the ratio of the vibrational intensities of r+ and r� can be approximated by

A r�ð Þ
A r +ð Þ
����

����¼ βcaa
βaac

� �2 cosθ� cos3θð Þ
1 + rð Þcosθ� 1� rð Þcos3θ

����
���� (6.32)

Fig. 6.15
SFG spectra of C6-PVP in the CH stretching region in (A) dry nitrogen, (B) water vapor-saturated
nitrogen, (C) dry nitrogen after the removal of water vapor, (D) liquid water, and (E) dry nitrogen after
the removal of water. Conformational structures of C6-PVP are schematically shown at the right hand

side of each spectrum.
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where θ is the angle between the main axis of the methyl group and the surface normal, βcaa and
βaac are the nonzero components of second-order hyperpolarizability β, and r is the ratio of βccc/
βaac. The values of βcaa/βaac and r are 0.25 and 4.21, respectively [17]. Tilt angles of methyl

group with respect to surface normal of C2-, C6-, and C12-PVP polymer brushes deduced from

Eq. (6.32) in dry nitrogen are 43, 34, and 51 degrees, respectively.

6.4 Interfacial Water Structure Studied by SFG

Interfacial water molecules play prominent roles in many physical, chemical, and biological

processes. Although many theoretical studies on the structure of water molecules at various

interfaces are available, most of the experimental investigations on water structure have been

carried out mainly in the vapor or bulk aqueous phase due to the lack of an experimental probe

for interfacial study. Over the past decades, many spectroscopic techniques such as SERS,

SEIRAS, and X-ray diffraction have been used to investigate the interfacial water structure.

However, these techniques have limitations with respect to their surface selectivity

applicable samples. Due to the high surface specificity based on second-order nonlinear

spectroscopy, SFG spectroscopy has been widely employed to study the interfacial water at

various interfaces.

6.4.1 SFG Study on Potential-Dependent Structure ofWater at Pt Electrode/Electrolyte
Solution Interface

Here, we demonstrate the usefulness of SFG spectroscopy in the study of water structure at

electrode/electrolyte solution interfaces by showing the potential-dependent SFG spectra in OH

stretching vibration region at a Pt thin film electrode/0.1M HClO4 solution interface in internal

reflection mode.

Fig. 6.16 shows a typical CV of a thin Pt film electrode in 0.1 M HClO4 solution. The hydrogen

waves in the potential range between�250 and ca.50 mVwere observed, and surface oxidation

and reduction peaks were observed in positive potential region (>600 mV). This result

confirmed that the conductivity of the Pt thin film was good enough to be used as an electrode.

Fig. 6.17 shows SFG spectra in OH stretching region (2800–3800 cm�1) obtained at the Pt

electrode in 0.1 M HClO4 solution at various potentials. Two broad peaks were observed at

ca.3200 and 3400 cm�1. The peaks around at 3200 and at 3400 cm�1 have been assigned to the

vibration of OH oscillators of three coordinated hydrogen bonded water—that is, less ordered

“liquid-like” water—molecules and that of the four coordinated hydrogen bonded water—that

is, highly ordered “ice-like” water—molecules, respectively, based on the IR study of water

clusters [82]. Thus the intensity ratio between these two peaks can be considered as an index of

the order of the interfacial water [81,83]. Our previous work showed that the SFG spectra of Au

Interfacial Molecular Structure and Dynamics at Solid Surface Studied 225



thin film/0.05 M H2SO4 solution interface were dominated by the peak corresponding to the

“liquid-like” water at all potentials we investigated [84]. Thus water seems to be more highly

oriented at the Pt electrode than at the Au electrode [9,85].

While the shape of the SFG spectra did not change significantly with potential, the intensity

depended on potential. To clarify the potential dependencies of the SFG intensity, the integral

intensities of SFG spectra between 2800 to 3800 cm�1 of the Pt electrode taken from Fig. 6.17

were plotted against electrode potential as shown also in Fig. 6.16. Parabolic behavior of SFG

intensity was observed between �200 and 600 mV with a minimum around 200 mV, which is

close to the potential of zero charge, pzc, of Pt electrode in HClO4 solution [86], although the

value of the pzc of Pt electrode is still debated [87].

Previously, we have proposed that SFG intensity due to interfacial water at quartz/water

interfaces reflects the number of oriented water molecules within the electric double layer and

in turn the double layer thickness based on the pH dependence of the SFG intensity [88] and a

linear relation between the SFG intensity and (ionic strength)�1/2 [89]. In the case of Pt/

electrolyte solution interface, the drop of the potential profile at the vicinity of electrode

becomes precipitous as the electrode becomes more highly charged. Thus the ordered water

layer at the vicinity of the electrode surface becomes thinner as the electrode is more highly

charged. Since the number of ordered water molecules becomes smaller, the SFG intensity

should become weaker at the potentials away from the pzc. This is contrary to the experimental

result.
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Fig. 6.16
CV obtained with a sweep rate of 50 mV/s (solid line) and potential dependence of integrated SFG

intensity in OH stretching region (•) of a Pt thin film electrode in 0.1-M HClO4 solution.
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When the electrolyte concentration is relatively high, potential dependence of the double layer

thickness is low, and the potential dependence of the fraction of oriented water predominantly

determines that of the SFG intensity. Since the polarization of IR in the present experiment is “p”,

water orienting in normal to the surface is effectively detected by SFG. Water molecules are

expected to be lying parallel to the surface around the pzc and reorient from “oxygen-up” to

“oxygen-down” as the surface charge of electrode surface changes from negative to positive as far

as no specific adsorption of ions take place. IR study [90,91] as well as computer simulation

Fig. 6.17
SFG spectra in OH stretching region at a Pt electrode at each potential in 0.1 M HClO4 solution.
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[92,93] also suggest that water molecules at the metal electrode surface have an oxygen-up and

oxygen-down orientation on negatively and positively charged surfaces, respectively, on average.

For fixed nonresonant χNR
(2) sign, when the dipole moment of a molecule rotates by 180 degrees,

the relative phase between the resonant and nonresonant part of the signal changes also by 180

degrees [19]. Thus, by analyzing the relative phase difference between χNR
(2) and χR

(2), the

potential-dependent orientation of water molecules on Pt electrode surface can be determined.

Fig. 6.18 shows the potential dependence of relative phase difference between χNR
(2) and χR

(2).

Relative phase was changed by ca.180 degrees at 200 mV, which is close to the pzc for Pt

electrode in HClO4 electrolyte solution [86]. This orientation change is most probably

associated with a change in sign of the charge at Pt surface. This clearly demonstrates that the

orientation of water dipoles flip by 180 degrees at the pzc.

SFG intensity in OH stretching region decreased as potential became more positive where Pt

oxide was formed as shown in Fig. 6.17. There are several possibilities for this decrease. One is

the disruption of well-ordered hydrogen bonded network structure of water molecules at a

roughened Pt electrode surface compared to atomically flat surface since it is well known that

the atomically flat surfaces of Pt were roughened by surface oxide formation [94]. The other

possibility is the electric effect. Since Pt oxide is like an insulating thin film [95], additional

potential drop takes occurred within the Pt oxide layer, resulting in a smaller electric field

within the double layer. Furthermore, surface charge should also be affected by the oxide

formation.

In conclusion, electrochemical SFGmeasurements showed that the SFG spectra in OH stretching

region (2800–3800 cm�1) at the Pt electrode in 0.1MHClO4 solution showed two broad peaks at
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Potential dependence of relative phase difference between χ(2)NR and χR

(2).

228 Chapter 6



ca.3200 and 3400 cm�1, which are assigned to the vibration of OH oscillators of three

coordinated hydrogen bonded water (i.e., less ordered “liquid-like” water) molecules and that of

the four coordinated hydrogen bonded water (i.e., highly ordered “ice-like” water) molecules,

respectively, in contrast to the Au thin film/0.05 M H2SO4 solution interface where the spectra

were dominated by the peak corresponding to the “liquid-like” water at all potentials, showing

that water molecules are more highly oriented at the Pt electrode than at the Au electrode. The

SFG intensity of OH stretching region of interfacial water at Pt/electrolyte solution interface

exhibits a strong dependence on electrode potential. Parabolic behavior of SFG intensity was

observed between�200 and 600 mV with a minimum around 200 mV, which is close to the pzc

for Pt electrode in HClO4 electrolyte solution. In the Pt oxide formation region (more positive

than 600 mV), SFG intensity due to interfacial water decreased.

6.4.2 Humidity-Dependent Structure of Surface Water on Perfluorosulfonated Ionomer
Thin Film Studied by SFG

Proton exchange membrane fuel cell (PEMFC), which electrochemically converts the chemical

energy of a fuel, for example, hydrogen, directly into electrical energy, is one of the most

promising energy conversion systems for the near future due to their high efficiency, high

power density, and environmental benignity [96,97]. Considerable research efforts have been

focused on improving the efficiency and stability of the PEMFC [96,97]. Water management is

one of the most critical and widely studied issues in the PEMFC research [98,99], since the

performance of a PEMFC is strongly dependent on the proton conductivity of the membrane.

Nafion is a perfluorosulfonated ionomer, which contains a fluorocarbon backbone with pendant

side chains terminated with sulfonate groups and the most commonly used PEM [100]. The

hydrophilic domain of Nafion, which is formed by the presence of sulfonate group, facilitates

the uptake and transport of water, cation, and other polar solvents [101,102]. Proton

conductivity is strongly dependent not only on temperature [103] but also on water

content within the membrane. Thus understanding of the hydration behavior of Nafion

membrane is not only a subject of chemical interest but also of great importance for the

development of PEMFC.

Many studies on water structure in the Nafion membrane have been carried out by using IR

[104,105], nuclear magnetic resonance (NMR) [106,107], neutron scattering [108],

thermogravimetric analysis (TGA) [109], and impedance measurements [103]. However, all

these experiments deal with the water “within” the Nafion membranes. Since electrochemical

reactions take place at Nafion/electrode interfaces, molecular-level understanding of water

structure at Nafion membrane surface is very important particularly when the reaction

mechanisms at anode and cathode reactions in the PEMFC are considered. Humidity control is

also another important issue for operating PEMFC, while excess water will result in electrode

flooding, which may result in the decrease of cell performance [98,99].
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Here, the structure of water at Nafion thin film surface was examined under various relative

humidity (RH) by using SFG spectroscopy. It was found that water structure at Nafion thin film

surface drastically changed depending on the RH. When Nafion thin film was exposed to low

value of RH (<61%), a peak centered around 3600 cm�1 was dominant in the SFG spectra.

With the increase of RH, both broad peaks centered around 3200–3300 cm�1 and a narrow peak

at 3740 cm�1 increased. These results suggest that two different types of water exit on Nafion

thin film surface, one at sulfonate site and the other at fluorocarbon site.

Fig. 6.19 shows SFG spectra in the OH stretching region of water molecules obtained at Nafion

thin film surface measured at different RH.

Under dry Ar gas flow (RH¼0%), a very weak broad peak centered around 3300 cm�1 was

observed (Fig. 6.19A). This peak should be originated from the water molecules, which are

physisorbed on Nafion surface during the surface cleaning process. This broad peak

disappeared when Nafion surface was exposed to a dry Ar gas for a long time. SFG peaks

centered ca.3720 cm�1 (peak A), and ca.3600 cm�1 (peak B) appeared when water vapor was

introduced into the cell (Fig. 6.19B–E). The position of peak A is close to that corresponding to

the “dangling bond” or “free OH bond” of water molecules, observed at the vapor/water

interface [110]. This “free OH bond” peak is usually observed when water molecules are in a
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Fig. 6.19
SFG spectrum of OH stretching region of water at Nafion thin film/water vapor interface under

various RH conditions: (A) 0%, (B) 17%, (C) 40%, (D) 61%, and (E) 100%.
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hydrophobic environment [88,111]. The wavenumber of peak B is at slightly lower than the

“free OH bond” peak. Falk and coworkers reported Fourier transform infrared (FTIR) studies

for the water in Nafionmembrane and showed two peaks in OH stretching region at ca.3700 and

3530 cm�1 [104]. They studied the Nafion membrane in various cationic forms, they assigned

the higher wavenumber peak to the structure of water molecules forming hydrogen bonds

between sulfonate in the proton channel, and low wavenumber peak as water molecules

exposed to fluorocarbon environment [104]. Based on their assignments, we can conclude that

peak B is originated from the water molecules at the proton channel surface.

When RH was increased to 61%, another new broad peak centered ca.3300 cm�1 (peak C) was

observed. The intensity of this peak increased accompanied with a red shift as RH was

increased and finally reached to ca.3200 cm�1 at RH¼100% (Fig. 6.19D and E). A shift of

SFG peak in OH stretching region toward lower wavenumber indicates a structuring of

hydrogen bonding network among water molecules. It is well known that the SFG spectrum of

ice surface will give a broad OH stretching peak at around this low wavenumber region [112].

Such ordering of water molecules has also been observed at OTS/water interface [88]. The

highly hydrophobic nature of surface should be the most important origin for the ordering of

water molecules at the surface.

Fig. 6.20 shows the schematic model of Nafion/water vapor interface depending on RH. At low

RH, most of the water molecules at Nafion surface exist in the proton channel, that is, sulfonate

site to form a hydrogen bond between sulfonate sites.When the RHwas increased, water started

to adsorb also at the fluorocarbon site of Nafion surface, which has hydrophobic properties, and

began to structure a hydrogen bond network among water molecules.

In conclusion, RH dependence of structure of water at Nafion thin film surface was studied for

the first time by using SFG spectroscopy. It was demonstrated that two different types of water,

Fig. 6.20
A model of Nafion/water vapor interface depending on RH: (A) low RH and (B) high RH.
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one at sulfonate site and the other at fluorocarbon site, exist at Nafion thin film surface, and its

structure strongly depends on the RH.

6.5 Surface Dynamic of Surface Molecules Studied by SFG

Ultrafast dynamics studies dealing with short-lived reaction intermediates and vibrational

relaxation are important for understanding the physical property of molecules and chemical

reactions. SFG is almost the only technique that provides both a surface specificity and a high

time resolution limited by pulse widths of an incident laser beam. Hydrogen on silicon is well

studied by near IR pump/SFG probe technique due to its relatively long lifetime with respect to

that of adsorbates on metal. The lifetime of the H-Si(111) stretch vibration (T1) as well as its

dephasing time (T2) were determined to be 800 ps [113] and 13 ps [114], respectively. The

vibrational relaxations of cyanide at the metal/electrolyte interface were also investigated. The

lifetime of CN- stretching mode was determined to be around 20 ps [115,116].

Ultrafast dynamics of adsorbates on catalyst surfaces have also been investigated by near

infrared (NIR) pump/SFG probe technique in ultrahigh vacuum system. Domen and coworkers

have investigated the thermal decomposition reaction of formate and succeeded in identifying

the intermediate [117].

Subpicosecond time resolution can be achieved when a broadband (or multiplex) SFG is

employed as a probe without lowering the spectral resolution. Bonn et al. investigated the CO

stretching vibration of carbon monoxide adsorbed on a single crystal Ru(001) surface during fs

NIR excitation leading to desorption (Fig. 6.21) [118].

Here we would like to discuss the photoinduced surface dynamics of adsorbed CO in

electrochemical system.

6.5.1 Photoinduced Surface Dynamics of CO Adsorbed on a Platinum Electrode

The dynamics of interactions between molecules and a surface such as vibrational excitations,

energy exchange, and relaxation are of fundamental importance in surface science [119,120].

The time scale of these processes is in the pico- to femtosecond regime. Recent development of

short pulse laser techniques has enabled direct observation of ultrafast surface dynamics not

only to identify the surface species but also to probe the transient species generated by the pump

pulse in real time [121,122]. Although most of the SFG studies so far have been concerned with

static structure of molecules at interfaces, a more important contribution of SFG spectroscopy

should be its high time resolution, and time-resolved SFG (TR-SFG) is expected to be one of the

most powerful methods for observing and identifying transient states of surface adsorbates

[115,123–125].
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Adsorbed CO on a metal surface is one of the simplest adsorbates and has attracted significant

interest within the community of fundamental surface science, catalysis, and electrochemistry.

An understanding of the oxidation mechanism of adsorbed CO is important to design and

develop electrocatalysts for fuel cells [126–129], and the surface dynamics of adsorbed CO on

electrode surfaces in electrolyte solutions should, therefore, be very important to be

investigated.

TR-SFG seems to be an ideal tool to study the surface dynamics of adsorbed CO at solid/liquid

interfaces. Although there are several reports of TR-SFG study on an electrode, they are only of

investigations of vibrational relaxation lifetime by IR excitation [115,123,130].
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Transient SFG spectra of the CdO stretch vibration while desorption is occurring for delay times
indicated in the graph (absorbed pump fluence: 55 J/m2). Lorentzian fits to data in the left inset are
shown as dashed lines. Right inset: Depletion curve demonstrating CO desorption under these

excitation conditions. At laser shot number 1, the shutter opens and the surface is irradiated. The CO
yield decreases rapidly after the first shot, indicating a�50% desorption probability for the first pulse.

Reprinted permission from M. Bonn et al., Phys. Rev. Lett. 84 (2000) 4653–4652.
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In the present study, we investigated the SFG response of CO adsorbed on a Pt electrode surface

in an electrolyte solution upon irradiation of intense visible pulses in the time resolution of

ca.20 ps.

Fig. 6.22 shows CVs of the Pt electrode in 0.1 MHClO4 solution with and without (inset) 0.1 M

HCHO. They are in good agreement with the results reported before [131]. The hydrogenwaves

in the potential range between �250 and ca.50 mV (inset) were suppressed in the solution

containing HCHO, indicating the existence of a CO adlayer on the Pt electrode surface [129].

SFG measurements were carried out in the potential range between 0 and 300 mV, where the

presence of adsorbed CO was expected, after a CO adlayer was formed at 0 V. Fig. 6.23 shows

SFG spectra of the Pt electrode in 0.1 M HClO4 solution containing 0.1 M HCHO at various

potentials. A peak centered at ca.2055 cm�1 was observed in agreement with results of previous

studies by IR spectroscopy [132], and was assigned to the stretching vibration of CO (νCO)
adsorbed on a one-fold coordinated (atop) site of the Pt surface. As the potential became more

positive, the peak position of this band shifted to a higher wavenumber by approximately

33 cm�1/V up to 200 mV (Fig. 6.22 inset), which also agrees with the previous IR results [132].

This shift has often been referred to as electrochemical Stark tuning. Intensity decrease and red

shift of the SFG peak were observed at 300 mV, indicating the loss of adsorbed CO as a result of

CO oxidation. When the potential was made more positive, the SFG peak was not observed any

more (data not shown), indicating complete loss of the adsorbed CO from the Pt surface. The

CO oxidation threshold potential observed by SFG in the present experiments was c.200 mV

more negative than that expected from the CV (Fig. 6.23). Similar discrepancy between the CO
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CVs of a Pt-poly electrode in 0.1 M HClO4 with and without (inset) 0.1 M HCHO with sweep rate of
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oxidation potential in CV and the potential of the disappearance of SFG signal was previously

reported [133,134]. The difference in the data acquisition time (SFG: 20–60 min for a spectrum

at a given potential, CV: typically less than 1 min) is considered to be the origin of this

discrepancy.

Fig. 6.24 shows the temporal profile of the intensity change in the SFG signal at the peak of νCO
mode (2055 cm�1) at 0 mV induced by visible pump pulse irradiation. The solid line is the

least-squares fit using a convolution of Gaussian function for the laser profile (FWHM¼20 ps)
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Fig. 6.23
SFG spectra of the Pt surface in a solution of 0.1 MHCHO in 0.1MHClO4 at (A) 0, (B) 100, (C) 200,

and (D) 300 mV.
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and a single exponential function for the recovery profile. The SFG signal fell into a minimum

within ca.100 ps and recovered to the initial value. There was a linear correlation between the

pump fluence and the intensity decrease induced by the pump pulse, and no intensity change

was observed when the pump fluence was less than that of the SFG probe (532 nm) pulse.

Fig. 6.25 shows TR-SFG spectra at the delay times of�80, 0, and 70 ps. The spectrum observed

at �80 ps, that is, 80 ps before pumping, is the same as those observed without pumping

(Fig. 6.23), indicating that the irradiation-induced changes in the spectra were restored during

the 0.1s interval of pump pulse repetition (10 Hz). When the delay time was 0 ps, maximum

change in spectral features was observed. The height of the SFG peak at 2055 cm�1 was

decreased, the peak position was slightly shifted to a lower wavenumber, and the peak was

broadened. The values of FWHM derived from the fits are ca.20 and 25 cm�1 at �80 ps and

0 ps delay, respectively.

At 0 ps, in addition to the changes of the peak at 2055 cm�1, a new peak appeared at around

1980 cm�1. One possible origin of the new peak is ν¼1!2 transition (hot band) of stretching

vibration of CO adsorbed on the Pt surface. Due to a vibrational anharmonicity, a hot band will

give rise to a new peak in a lower wavenumber region than the fundamental peak (ν¼0!1).

The frequency shift from the initial CO stretching band to the new broad peak observed in the

present study was, however, ca.88 cm�1, which is much larger than the previously reported

value for CO on a Pt surface (ca.30 cm�1) [118] and in gas phase (ca.27 cm�1) [135]. Thus it is

unlikely that the new peak is due to excitation of the hot band generated by pump pulses.

Another possible reason for the appearance of the new peak is the transient site migration of CO

on the Pt surface. It has been reported that CO adsorbed on a multibonded [136] or asymmetric

Fig. 6.24
Temporal profile of SFG signal intensity at 2055 cm�1 at potential of 0 mV. The solid line is the results

of a least-squares fitting.
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bridge site [137] gives a peak at ca.1980 cm�1, which is in agreement with the position of the

transiently observed peak in the present study. Thus it is reasonable to assume that the decrease

of the peak at 2055 cm�1 and the appearance of the new peak at 1980 cm�1 were caused by

reversible site migration of CO on the Pt surface from the on-top site to a multibonded or

asymmetric bridge site induced by intense pump pulse irradiation.

The low-frequency shift and the broadening of the CO spectra at 0 ps suggest that the low-

frequency modes of adsorbed CO, that is, stretching, frustrated rotation, and frustrated

translation modes of Pt-CO, were thermally excited by pump pulses as reported by Bonn et al.

[118]. Thus, it is concluded that the transient site migration of adsorbed CO on the Pt electrode

surface was caused by a transient rise in the surface temperature of Pt induced by pump pulses.

In conclusion, TR-SFGmeasurements at a Pt electrode/electrolyte interface covered with a CO

monolayer excited by the irradiation of picosecond visible pulses showed that the population of

on-top CO instantly decreased accompanied by an increase in multibonded CO due to the

transient temperature jump at the surface, and the initial state was recovered within 100 ps,

showing the transient reversible migration of CO molecules on the Pt surface under

electrochemical conditions as schematically shown in Fig. 6.26.
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TR-SFG spectra in the CO stretching region at delay times of �80, 0, and 70 ps.

Interfacial Molecular Structure and Dynamics at Solid Surface Studied 237



6.6 General Conclusion

SFG is a nonlinear, second-order optical technique that provides information about surfaces and

interfaces. It is applicable to many interfaces accessible by light and is commonly used to obtain

IR vibrational spectra of molecules at an interface.

Unlike the conventional UHV surface probe technique, SFG can be used under ambient

conditions at air/liquid, air/solid, solid/liquid, and liquid/liquid interfaces. Although SFG can

determine the molecular structure and orientation of adsorbates on the surface, it is more

important to identify the structure of water molecules at solid/liquid interfaces, which are

impossible to carry out in UHV condition.

Thus SFG spectroscopy receives a lot of attention from the medical community seeking a better

understanding of biocompatible polymers. Performance of biocompatible materials depends on

surface and interface properties that include wettability, friction, lubricity, adhesion. Because

these properties, in turn, depend on molecular structure at the material surface, SFG

spectroscopy may be the best tool for process control of biomedical surfaces.
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CHAPTER 7

Nanolayer Analysis by X-Ray Absorption
Fine Structure Spectroscopy
Toshiaki Ohta

Ritsumeikan University, Kusatsu, Japan

7.1 Fundamental Aspects of XAFS

Atomic absorption spectroscopy at energies near and above the core-level binding energies of

the atom is called X-ray absorption spectroscopy (XAS). Specifically, in chemistry, it is called

XAFS (X-ray absorption fine structure) because of spectral fine structures that reflect on

chemical state and local atomic structure of a specified atomic species. X-ray absorption is

associated with the probability of electronic transitions from a core level to empty orbitals and

continuum states. In general, X-ray absorption transition probability σi!f is expressed by

Fermi’s golden rule with the dipole approximation, the same as UV-visible absorption

spectra [1].

σi!f∝
ð
φf e

! � r!φidτ

����
����
2

(7.1)

where φi,φf are wave functions of initial and final states, respectively. e
*
is the X-ray

polarization vector and r
!
is the position vector. Unlike UV-visible spectra, φi is a core orbital,

highly localized around the atomic nucleus. As a result, the atomic selection rule, l! l�1

(l is the orbital quantum number), holds for XAFS with a good approximation. This means that

transitions s! p, and p! s,d are only allowed. Eq. (7.1) tells us also that the transition

probability is the largest when the transition moment is aligned to the electric polarization

vector.1

As shown in Fig. 7.1, XAFS spectrum shows a sharp rise at the core electron binding energy and

decay with fine structures. XAFS is expediently divided into two energy regions: X-ray

absorption near edge structure (XANES) and extended X-ray absorption fine structure

1 XANES is also called, NEXAFS (Near edge XAFS), especially for organic molecules in the soft X-ray region. In

this chapter, we use XAFS instead of XAS, and XANES instead of NEXAFS.
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(EXAFS). They have the same physical origin, but the information obtained is different from

each other. Here, the basic aspects of XANES and EXAFS are briefly described.

7.1.1 XANES

XANES spectra correspond to the electronic transitions from a core orbital to empty orbitals

below the ionization threshold and continuum states above that by 30–50 eV. As a typical

example, Si K-XANES spectra of several Si compounds are shown in Fig. 7.2, where spectral

profiles change dramatically depending on the nearest neighbor atoms. This clearly

demonstrates that XANES spectra reflect the local environment around an X-ray

absorbing atom.

K-edge XANES spectra are the most typical ones, which are associated with the transition from

1s orbital to np orbitals due to the dipole selection rule. Since 1s orbital is highly localized, the

spectral profile should reflect directly on the unoccupied partial density of states (PDOS). This

is true for the case of a metal, since the core hole is well screened by free electrons, while that of

an insulator reflects fairly distorted PDOS due to the core hole Coulomb attraction. The

absorption edge is defined as the ionization threshold to continuum states. Metals give a

broadband starting from the ionization threshold, while insulators or semiconductors give sharp

peak(s) below the threshold and broadband above the threshold. Fig. 7.3 shows S K-XANES

spectra of several sulfur compounds [3]. The peak energy shifts to higher energy with the

oxidation state. Each spectrum also has a specific profile depending on its functional group,

which is useful information for identifying a compound.
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Fig. 7.1
V K-XAFS spectrum of vanadium foil [2].
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XANES is also sensitive to the coordination symmetry. For the octahedral coordination with Oh

symmetry, there is no mixing between 3d and 4p orbitals, while the mixing occurs for the

tetrahedral coordination with Td symmetry, and also for the case of symmetry breaking of Oh by

distortion. Fig. 7.4A shows V K-XANES spectra of several vanadium oxides with different

coordination symmetries. No pre-edge peak appears for VO with Oh symmetry, but the pre-

edge peak gains its intensity with the extent of distortion. V2O5 has a square pyramidal

structure, and the strong mixing of 3d and 4p orbitals exhibits a sharp pre-edge peak [4].

Fig. 7.4B shows the energy shift with oxidation state. Note that the slope changes depending on

the absorption features. It is due to the fact that energies of the pre-edge features do not directly

correspond to the oxidation state because both the energies of initial and final states are affected

by the chemical state [4].

K-edge XANES spectra of organic molecules have been extensively studied and used for

characterization of organic functional materials, following the pioneeringwork by J. St€ohr, who

referred to them as NEXAFS [5]. Typical spectral profile consists of sharp π* peak(s), if the

molecule has unsaturated bonds, and broad σ* band(s), whose energies are almost the same for

the same functional group. A typical example is shown in Fig. 7.5 [6], which exhibits C K-

XANES spectral change in the process of polyimide formation as a function of annealing time.

The spectra clearly show how starting materials change their structures and finally form

polyimide film.
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If sample molecules are aligned to a specific direction, its K-edge XANES spectrum exhibits

distinct polarization dependence. As described in the previous section, the peak intensity can be

expressed by the Fermi’s golden rule. When we focus on the molecular orientation, Eq. (7.1)

can be rewritten as Eq. (7.2),

I∝ e
! �

ð
φp r

*
φ1sdτ

����
����
2

¼ cos2δ �M2
1s!p (7.2)

whereM1s!p is the transitionmatrix element from 1s to np orbital and δ is the angle between the
electric vector of the incident X-ray and the transition moment for a specific peak. The intensity

attains to the maximum when the E-vector is parallel to the transition moment (δ¼0). Since π*
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and σ* transitions have the transition moments perpendicular and parallel to the chemical bond,

respectively, the polarization dependence of the spectra gives the information of the orientation

of the molecular axis if the specific peak can be assigned. A typical example is shown in Fig. 7.6

for C K-XANES of a single crystalline graphite [7].

In general, σ* resonance is observed as a broadband. In the molecular orbital scheme, it is a

transition to an antibonding orbital, and its energy becomes higher as the corresponding bond

distance is shorter. In the scattering scheme, the resonance takes place when half of the de

Broglie wavelength of the ejected electron is coincident with the atomic distance. In both

schemes, the energy of the σ* resonance is related to the interatomic distance. Empirical

relations for several atomic pairs were obtained from experimental σ* resonance energies,

which are useful for the rough estimation of interatomic distances. Fig. 7.7 shows C K-XANES
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of acetylene, ethylene, and ethane, which indicates how the σ* resonance shifts to lower energy
with elongation of the CdC bond-length.

For the study of the electronic, magnetic, and geometric structures of transition metals and their

compounds, L-edge XAFS can be effectively used, where 2p electron is excited to unfilled d

orbitals. The created 2p5 core hole has an orbital angular momentum L¼1, which is coupled

with the spin angular momentum S¼1/2 to produce J¼3/2 and J¼1/2 final states. These states

are observed as lower energy L2/3-edge and higher energy L1/2-edge peaks. When we consider

the electronic structures of the final states, 2p5 and 3dn+1, there are many possible

configurations depending on the number of d electrons and spin states [9]. Accordingly, L2,3-

edge spectra are much more complicated than K-edge spectra, but they provide a wealth of

information. Fig. 7.8 shows simulated spectral profiles of L2,3-edge XANES [10]. Note that the
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Nanolayer Analysis by X-Ray Absorption Fine Structure Spectroscopy 249



profiles of high spin and low spin states are significantly different from each other. These spin

structures cannot be observed in K-edge XAFS.

Circularly polarized X-ray is the electromagnetic wave propagating with rotating electric field

and interacts with the angular momenta of atoms. Thus the circularly polarized X-ray

absorption additionally requires a new selection rule, Δm¼�1 for magnetic quantum number

m: Δm¼ + 1 for right and Δm¼�1 for left circularly polarized X-rays. If a metal or its

compound is ferromagnetic, there exists an imbalance in empty spin-up and spin-down states.

Accordingly, we can observe circular dichroism for a ferromagnetic sample, since the transition

probability from the p state to the unfilled d states excited by the right circularly polarized X-ray

is different from that excited by the left circularly polarized X-ray. This is called XMCD (X-ray

magnetic circular dichroism), which is a very effective tool for studying magnetic properties of

ferromagnetic materials [11,12]. It has several advantages, such as being element-specific and

surface sensitive by adopting the electron yield mode as described later. It also provides unique

information about spin orientation from the sign of XMCD signal, and separate orbital and spin

moments from “magnetic sum rules” [13–15].

Fig. 7.9 schematically shows the origin of XMCD.
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7.1.2 EXAFS

It has been known since the 1930s that X-ray absorption spectrum exhibits fine structures

extending up to 1000 eV from the ionization threshold, but has been neglected as a physical

phenomenon until the 1970s.

In the early 1970s, Lytle, Stern, and Sayers developed a new analytical approach based on the

scattering theory to interpret the fine structures [16–18]. They called this method EXAFS and

demonstrated that the local structure around an X-ray absorbing atom can be obtained as a

radial distribution function by using Fourier transformation of the fine structures. Their

EXAFS theory has stimulated both theoreticians and experimentalists in the world, who

contributed to the improvements of the analytical methods and experimental developments

[19–21].
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The X-ray absorption coefficient μ is proportional to the photoionization cross section as

expressed in Eq. (7.1). Here, the oscillatory part is extracted and expressed as a function of

wave vector, k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m E�E0ð Þ

p
=ћ

� �
, as follows,

χ kð Þ¼ μ kð Þ�μ0 kð Þ
μ0 kð Þ ¼ 1

k

X
j

Aj kð Þsin 2kRj +ϕj kð Þ� �
(7.3)

where E�E0 is the kinetic energy of the ejected photoelectron. μ0(k) is an atomic absorption

coefficient. Rj, ϕj(k) are the distance from the X-ray absorbing atom to the jth coordinated

atom(s) and the phase shift. The amplitude function for the jth coordination, Aj(k) is expressed

as follows,

Aj kð Þ¼ S20
N∗
j

Rj
2
fj kð Þ�� ��exp �2σ2Rj

2
� 	

(7.4)

where S0
2 is a reduction factor taking account of multiple excitations that do not contribute

EXAFS oscillation. fj(k) is a backscattering amplitude, which is larger and decays slowly with k
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Left: Schematic illustration of the origin of XMCD by the simple two-step dichroism model. In the first
step, circularly polarized photons are absorbed by the spin-orbit split 2p core shell, leading to the
excitation of spin-polarized electrons. In the second step, spin-polarized electrons are selectively
analyzed by the spin imbalanced valence shell. Right: L-XANES spectra excited by right and left
circularly polarized photons. By subtracting μ(�) from μ(+), XMCD spectrum can be obtained.
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in case of heavy atoms, smaller and decays rapidly with k in case of light atoms.

An exponential term is introduced to take into account thermal and static disorders. σ2 is
called the Debye-Waller factor, which expresses the mean square relative displacement.

Nj* is called the effective coordination number, which is expressed as follows for K-edge

EXAFS:

N∗
j ¼ 3

XNj

i¼1

cos2θi (7.5)

where θi is the angle between the position vector Ri and X-ray electric vector e for a randomly

oriented sample, N∗
j ¼Nj. But for an oriented sample, Nj* changes depending on the

polarization angle, which gives information about the orientation of a bond.

Eq. (7.3) shows that the EXAFS function χ(k) is a sum of sine functions, indicating that Fourier

transformation of Eq. (7.3) gives a radial distribution function with peaks at Rj+ϕj. In principle,

we can determine the distance Rj, since the phase shift, ϕj values can be theoretically obtained

quite reliably. However, it is not straightforward for real samples composed of surrounding

atoms with various distances. In general, the part of a specific bond is extracted with the

Fourier-filtering technique and is transformed back to the k-space, which shows a simple

sinusoidal EXAFS function by a single scattering atom. The analytical process is schematically

shown in Fig. 7.10.

The scattering atom can be easily estimated from the envelope profile. The bond distance Rj,

coordination number Nj*, and Debye-Waller factor σj
2 can be determined by the least square

fitting of the EXAFS function. The software packages for EXAFS analysis have been well

developed, and even beginners of EXAFS can analyze EXAFS spectra by using them.

However, one should be careful to check whether the results obtained are chemically

reasonable.

7.2 Experimental Development of XAFS

7.2.1 Electron Yield and Fluorescent Yield Methods

XAFS spectra can be measured for every element on the periodic table, regardless of the

sample’s state; gas, liquid, and/or solid. They can also be applied for noncrystalline and

disordered materials. However, XAFS is inherently not surface sensitive because X-rays fairly

penetrate in matter. For application of XAFS to the structure analysis of nanolayers, special

techniques are required, which have been dramatically developed by the advent of synchrotron

radiation. It is an ideal light source of XAFS due to its unique properties: highly intense photon

density, wide energy range from infrared to X-rays, highly directed beam like laser, variable

polarization, pulsed structure, etc.
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X-ray absorption causes photoelectron ejection, and core holes created as a result are quickly

filled by electrons in upper levels. Energies gained by transitions from an upper level to a core

orbital are compensated for either radiatively with fluorescent X-ray emission or nonradiatively

with Auger electron emission. Nonradiative decay rate dominates for the lower Z elements than

Zn for K-shell absorption and for almost all elements for L-shell absorption.

Photoelectrons and Auger electrons from the X-ray absorbing atom in the bulk collides with

surrounding atoms elastically and/or inelastically, and only those reaching surface can come

out from the surface. Electrons interact with solid much stronger than photons; thus most

Fig. 7.10
Analytical process of an EXAFS spectrum [22]. (A) Experimentally measured Ni K-XAFS spectrum μ(E)
from a Ni foil, from which pre-edge, and post-edge smooth functions, μpre, μpost are estimated. E0 is
also determined, typically as the energy of the maximum derivative of μ(E). (B) EXAFS oscillations χ(E)

is extracted from (A) by using μpre, μpost and rescaled to χ(k) as a function of wave number,

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m E�E0ð Þ

p
=ћ

� �
. Sometimes, χ(k) is multiplied by kn to emphasize the high k region. (C) Fourier

transformation of the EXAFS function χ(k), which corresponds to the radial distribution function.
(D) Back Fourier transformed spectrum from the first peak filtered out in (C). Dots are experimental

plots and solid line is a curve-fitting from the structure parameters, R, σ2, N*, etc.
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electrons lose energies by inelastic collisions and only part of the electrons near the surface can

escape.

Auger electron yield (AEY) and partial electron yield (PEY) which collect only electrons with

higher kinetic energy, are surface-sensitive detection modes. On the other hand, total electron

yield (TEY), which collects all electrons including secondary electrons, is less surface sensitive

because most electrons are secondary electrons coming out after inelastic collisions. Typical

photoelectron distribution curve and the kinetic energy dependence of the electron escape depth

[23,24] are shown in Fig. 7.11. For the AEY mode, we need an electron energy analyzer to

collect Auger electrons with a specific kinetic energy, while for the PEY mode, we adopt a

simple assembly of the electron detection system composed of an MCP (microchannel plate)

and a retarding grid, which rejects secondary electrons.

Consider the Auger yield in more detail. The number of electrons emitted from a layer dz in

depth z in the sample can be expressed as Eq. (7.6), when X-rays with energy E impinge on a

sample surface with the incident angle θ and electrons are emitted into vacuum. A schematic

layout is given in Fig. 7.12.

dIe E, zð Þ∝ I0 Eð Þexp �μtot Eð Þ z

sinθ

h i
μx Eð Þεe exp � z

λ Ekð Þ

 �

dz (7.6)

where μtot(E),μx(E) are the absorption coefficients of the sample and of the element x at the

X-ray energy E, respectively. λ(Ek) is the escape depth of electrons with kinetic energy Ek

and εe is the Auger probability. Eq. (7.6) indicates how incident photons I0(E) are lost in the
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(A) Typical photoelectron energy distribution curve, composing of photoelectron peaks, Auger bands,
and secondary electron feature. Double-headed arrows indicate the energy regions for three electron
yield modes. (B) Electron escape depth in solids as a function of electron kinetic energy. Depending on
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Nanolayer Analysis by X-Ray Absorption Fine Structure Spectroscopy 255



process of reaching an atom x (the first exponential term), and how ejected electrons from the

atom x are lost in the process of reaching the surface (the last exponential term).

By integrating Eq. (7.6) along z from sample surface to infinity, we obtain the following

relation.

Ie Eð Þ∝I0 Eð ÞμX Eð Þεe Eð Þ � 1

μtot Eð Þ+ sinθ

λ Ekð Þ
∝μX Eð Þ (7.7)

Since the penetration depth of X-rays, 1/μtot(E), is much longer than the electron escape depth,

λ(Ek), the second term of the denominator is dominant, which is independent of the X-ray

energy. As a result, electron yield Ie(E) turns out to be proportional to the absorption coefficient

of the element x, μx(E).

Thus the electron yield is a simple and straightforward technique to get the surface-sensitive

absorption spectra.

On the other hand, let’s consider the fluorescence yield mode detecting the fluorescent X-rays

of the energy Ef. This mode is called PFY (partial fluorescence yield), in contrast with the TFY

(total fluorescence yield), which collects all the fluorescent emission. For the PFY mode, the

number of fluorescent X-rays can also be expressed with an equation similar to Eq. (7.6), as

follows,

X-ray

Electron

Fluorescent
X-ray

f

q

le<10 nm

>100-1000 nm
lf = 1/mf

Fig. 7.12
Experimental layout of the electron and X-ray fluorescence yield modes. λe is the electron escape
depth, depending on the kinetic energy, as shown in Fig. 7.11B. λf is the X-ray penetration depth,

which is an inverse of X-ray absorption coefficient.
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dIf E, zð Þ∝ I0 Eð Þexp �μtot Eð Þ z

sinθ

h i
μx Eð Þεe exp �μtot Ef

� 	 z

sinφ


 �
dz (7.8)

where we define the direction of fluorescent X-rays from the surface plane, ϕ, as shown in

Fig. 7.12. By integrating the equation along x, the following equation is obtained.

If Eð Þ∝ I0 Eð ÞεX Eð Þ � μX Eð Þ
μtot Eð Þ+ μtot Ef

� 	 sinθ
sinϕ

(7.9)

Here, μtot Eð Þ ¼ μx Eð Þ+ μothers Eð Þð Þ is comparable with μtot(Ef). Since Ef is constant, μtot(Ef) is

constant, while μtot(E) changes with E. However, if the element x is very dilute

μx Eð Þ<< μothers Eð Þð Þ, If Eð Þ is nearly proportional to μx(E), since μothers(E) does not change
around the absorption edge of the element x. Furthermore, if one sets the experimental layout

with the normal incidence and glancing emission (sinθ=sinϕ≫1), the constant second term is

dominant in the denominator, prevailing over μtot(E). Consequently, If(E) is again nearly

proportional to μx(E).

Otherwise, the fluorescence yield is not proportional to μx(E), but is deformed by the so-called

self-absorption effect [25,26].

Recently, another way of overcoming the self-absorption effect was proposed especially

for metal oxide samples [27]. This is the way to monitor not the fluorescence from the

element x, but that from oxygen, which appears as a negative signal, and to take the inverse of

the signal.

This process can be expressed as the following equation.

I Eð Þ∝ I0 Eð ÞεX Eð Þ � μO Eð Þ
μtot Eð Þ+ μO Ef

� 	 sinθ
sinϕ

(7.10)

where μO(E) and μO(Ef) are the absorption coefficient of oxygen at the energy E around the

absorption edge of the element x and at the energy Ef of O Kα.

By taking the inverse of Eq. (7.9),

I0 Eð Þ
I Eð Þ ∝

μtot Eð Þ+ μO Ef

� 	 sinθ
sinϕ

εX Eð Þ � μO Eð Þ ¼A μtot Eð Þ+Bð Þ (7.11)

where A and B are constants. If the sample contains sufficient amount of element x, I0(E)/I(E) is

proportional to the absorption coefficient of the element x. This method is called IPFY (inverse

partial fluorescence yield) mode and can be effectively applied for L-edge XANES spectral

measurements of 3d metal oxide samples. A typical example is shown in Fig. 7.13.
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7.2.2 Depth-Resolved XAFS for Nanolayers

The PEY, TEY, and FY modes are quite common for XAFS experiments in the soft X-ray

region, in which the penetration depth of X-rays is relatively short. Typically it is about 1000 Å

at hν¼1 keV. Simultaneous use of these three modes provides a useful depth profiling method.

The PEY mode is generally performed by the set of a retarding grid and an MCP. It works

successfully in the low-energy, soft X-ray region below 1000 eV, but it does not provide a

surface-sensitive PEY spectrum above 1000 eV with the conventional setup due to mixing of

FY spectra. A special setup to avoid FY spectra is necessary. One example is shown in

Fig. 7.14A [28], which almost completely suppresses the mixing of FY spectra in the higher

energy region above 1000 eV. A demonstrative example is shown for a silicon crystal covered

with silicon oxide in Fig. 7.14B, where the surface-sensitive PEY gives exclusively a spectrum

of SiO2, while PFY with SDD (silicon drift detector) gives that of bulk Si, and TEY with a leak

current gives a spectrum intermediate between Si and SiO2.

Another application is characterization of multiwall carbon nanotube (MWCNT) grown by the

surface decomposition of SiC [29], as shown in Fig. 7.15. The TEY mode spectra exhibit a
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Fig. 7.13
Ni L-edge XANES spectra of NiO taken by (A) PFY, (B) IPFY, and (C) TEY modes. TEY mode gives a

nearly correct spectrum, while the spectrum by PFY mode is significantly deformed by the self-
absorption effect. This is fairly recovered by IPFY, in which Ni L-XANES spectrum is taken with O Kα

emission [2].
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distinct polarization dependence, indicating that the MWCNT array stands upright. In contrast,

the PEYmode with retarding voltage of 240 V gives almost no polarization dependence. This is

due to the fact that the top of the MWCNT is covered by carbon nanocap, composed of

hemispherical graphene sheets (see inset of Fig. 7.15A), and that their angular dependence

should be small.

Order parameter (OP), defined as (I┴� I║)/(I┴+ I║), was determined to be 0.38, which is much

higher than that of CNT grown by the CVD (chemical vapor deposition) method (0.08–0.145).
Thus the polarization dependence of C K-XAFS revealed that the MWCNT grown from SiC is

highly oriented.

Quantitative depth analysis can be performed by measuring the emission angle dependence of

Auger electrons. Since the electron escape depth λe of Auger electrons is constant, electrons
emitted in the glancing angle come out only from surface, but those in the normal direction

come both from surface and bulk. Fig. 7.16A illustrates how the probing depth changes

depending on the emitting direction. The probing depth is expressed as λe� sin θ, where θ is the
emitting angle with respect to the surface plane. More precisely, the relation between θ and λe is
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Fig. 7.14
(A) Experimental setup for the PEY mode for high-energy, soft X-ray XAFS, in which only electrons
come into the MCP. (B) Si K-XANES spectra of an Si crystal covered by 8-nm-thick oxide, taken with

FY, TEY, and PEY modes [28].
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Fig. 7.15
(A) Cross-sectional TEM image of the CNTs. The upper inset shows a close-up image of the top of the
CNTs, and the lower inset shows their schematics. (B) TEY and (C) PEY C K-edge NEXAFS spectra of
the CNTs grown by the surface decomposition of the SiC obtained at different incidence angles. The
inset in (C) shows the incident geometry of the vector orbitals for vertical CNTs (axis along z) on the
sample surface (parallel to the x–y plane) with respect to the incident X-ray beam (hν) (in the y–z
plane) and the electric field vector E, which remained perpendicular to the incident X-ray beam. The
incidence angle,θ, is defined as the angle between the X-ray beam and the sample surface [29].

Reproduced with the permission of The Japan Society of Applied Physics. Copyright © 2012.
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experimentally determined by fitting the thickness dependence of the edge jump for a bilayer

system. Thus, in principle, we can obtain layer by layer XAFS spectra from the analysis of

angular dependence of the Auger electrons by using the experimental setup, as shown in

Fig. 7.16B [30,31].

A typical example is an application to surface magnetic layers [31–34]. Magnetic thin films

exhibit interesting phenomena depending on the thickness. Understanding the magnetic

properties at surface and interface is important in developing actual magnetic materials. By

using circularly polarized X-rays as an incident light and measuring XAFS spectra of a sample

magnetized with one and another direction, we can obtain XMCD spectra. Furthermore,

combining this with the depth-resolved technique, we can get information of magnetic

properties of surface and interface layers.

Fig. 7.17 shows a series of Fe L2,3 XMCD spectra of 3 ML thick and 7 ML thick Fe on Cu(100)

samples as a function of effective escape depth. XMCD spectra were taken at the remnant

magnetization at 130 K with the normal incidence. Observation of significant XMCD spectra

for both cases indicates the perpendicular magnetization. However, the probing depth

dependence is different from each other. For 3 ML Fe/Cu(100), XMCD profile is almost the

same irrespective of the escape depth, while for 7 ML/Fe/Cu(100), the amplitude decreases as

λe increases. These results suggest that Fe is uniformly magnetized for 3 ML Fe case, but the

inner layer is nonmagnetized by increasing the Fe layer. Detailed magnetic structure can be

analyzed by simulation. We can consider each spectrum as a sum of contributions from several

X-rays X-rays

Retarding grid

Microchannel plate

Phosphor screen

CCD cameraAuger
electrons
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e−
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e−

d
q

Surface Sample

Fig. 7.16
Schematic drawing of (A) the principle of depth-resolved analysis and (B) the experimental layout.
The emitted Auger electrons with various θ are simultaneously collected with an imaging type detector
consisting of an MCP, phosphor screen, and a CCD camera. Note that a retarding voltage should be

applied between the sample and detector to avoid secondary electrons.
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layers. It has been revealed that for 7 ML Fe/Cu(100), the top two layers are perpendicularly

magnetized, but the inner layers are in the spin density wave (SDW) state antiferromagnetically

coupled with the top layer.

Compared with soft X-ray, hard X-ray above 4 keV is highly penetrating in solid, and the

transmission mode is generally adopted for absorption spectroscopy. Thus, to obtain XAFS

information of surface and interface, measurement at glancing angles is often used.

The refraction index n of X-rays is expressed as follows.

n¼ 1�δ� iβ, δ¼ reλ
2

2π
N, β¼ λμ

4π
(7.12)

where re is the classical electron radius, λ is X-ray wavelength, and N is electron density of the

material. Since δ and β are of the order of 10�4–10�6, n is very close to 1, but less than 1.

Accordingly, when one makes the incident angle of X-rays smaller and smaller on a flat sample

surface, total external reflection suddenly occurs at the critical angle, θc. defined in Eq. (7.13).

θc ¼
ffiffiffiffiffiffiffiffiffiffi
2δ¼

p ffiffiffiffi
re
π

r
�

ffiffiffiffi
N

p
� λ (7.13)

Eq. (7.13) means that the critical angle is smaller as the X-ray energy is higher and the atomic

number of the material is smaller. In the total reflection condition, X-rays do not penetrate into

bulk, but propagate along the surface as an evanescent wave in the surface region of 2–3 nm.
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Fig. 7.17
Fe L-edge XMCD spectra from 3 ML and 7 ML thick Fe/Cu(100) films taken with various probing

depths together with the corresponding magnetic structure models.
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When the incident angle becomes larger than θc, the reflectivity suddenly drops and the

penetration depth increases. Such behavior is shown in Fig. 7.18 for Cu metal at an X-ray

energy of 9 keV.

Using the Fresnel equation, reflectivity R can be expressed by optical constants, δ, β and the

incidence angle θ [36].

R¼ h� θ=θcð Þ 2 h�1ð Þ½ �1=2
h+ θ=θcð Þ 2 h�1ð Þ½ �1=2

, h¼ θ

θc

� 2

+
θ

θc

� 2

�1

" #2

+
β

δ

� 2

8<
:

9=
;

1=2

(7.14)

Eq. (7.14) indicates that reflectivity contains information of δ and β, which are also related to

each other through Kramers-Kronig relation. Although it is not straightforward to extract

EXAFS function from reflectivity R(E), several methods have been proposed [37–39]. Below
the critical angle, θ< θc, R(E) spectrum exclusively comes from the evanescent wave,

propagating parallel to the surface and the absorption coefficient μ can be approximated by the

following relation.

μ� 1�R Eð Þ
1 +R Eð Þ (7.15)

The method to measure R(E) is called “ReflEXAFS,” which is a useful technique to obtain the

structural information of surface and buried interface. A typical experimental setup is shown in

Fig. 7.19.
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X-ray incidence angle dependence of the reflectivity and penetration depth of Cu at an X-ray energy of
8 keV. Critical angle at 9 keV is about 0.3 degree (5.1 mrad) [35]. Copyright© 2007, American Institute of

Physics.
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In the experimental setup shown in Fig. 7.19, it is also possible to measure fluorescent X-rays

emitted from surface, simultaneously with reflectivity, by setting a detector either on the top or

the side of the sample.

Heald et al. demonstrated the usefulness of grazing-angle XAFS method to study surface and

interface structures by using a model sample of 1000 Å thick, Al deposited Cu substrate [40].

Cu-Al alloy is formed in between Cu and Al layers, whose structure could be determined by

grazing incidence XAFS. Fig. 7.20A shows theoretical reflectivity of a bilayer system of

1000 Å thick Al on a Cu substrate as well as those of pure Cu and Al surfaces. The reflectivity

experimentally obtained well-reproduced the calculated one. Since Al is a lighter element than

Cu, its critical angle is smaller. Note that strong interference oscillations are observed between

the critical angles of Al and Cu, whose structure contains information concerning the thickness

of Al overlayer.

Cu K-EXAFS spectra are shown in Fig. 7.20B for the fixed incidence angle (uncorrected) and

the adjusted angle (angle corrected) cases. Since the incident X-ray energy scan is consistent

with the incident angle scan, the critical angle is changed, which results in a distortion of the

EXAFS spectrum.

This problem can be overcome by adjusting the incidence angle so as to synchronize with the

scanning energy. Combining X-ray reflectivity (XRR) and grazing incidence X-ray absorption
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Fig. 7.19
Experimental setup of the three circle reflectometer for ReflEXAFS experiments constructed in ESRF

[35]. Enlarged view of the sample position is shown in upper left inset.
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(GI-XAFS) measurements is a useful technique for studying surface and interface. Several

works have been done for nanolayer systems [41,42].

For the fluorescence yield XAFS experiment, it is essential to suppress the background X-rays

as much as possible. For linearly polarized X-rays, the scattering cross section is not isotropic

but has a certain angular dependence, which is minimized when the detector is set parallel to the

incident X-ray E vector. Accordingly, in the case of s-polarization arrangement, the

fluorescence detector should be set in plane with the sample surface and perpendicular to the

beam direction, while the detector should be set vertical to the sample plane and perpendicular

to the beam direction for the p-polarization arrangement, as shown in Fig. 7.21. Both
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(A) Calculated reflectivities of pure Al (dashed line), pure Cu (dotted-dashed line), and 1000 Å of Al
on Cu (solid line at 8.6 keV). (B) Cu K-edge EXAFS spectrum taken at 4.0 mrad incident angle by the

fluorescence yield mode for uncorrected spectrum, while the corrected spectrum was taken by
scanning angle and energy simultaneously [40]. Copyright © 1988, American Physical Society.
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arrangements are used case by case, but s-polarization is superior to p-polarization with respect

of surface sensitivity. In case of the soft X-ray XAFS experiment, p-polarization is popular, and

the detector is set not in plane like Fig. 7.21B, but out of plane, underneath the sample. This

arrangement avoids scattering X-rays and enhances the surface sensitivity [5].

Recent advancement of a 2D X-ray detector has enabled us to develop a new type of depth-

resolved XAFS. In the arrangement of Fig. 7.21A, one can set a 2D detector, PILATUS instead

of SDD. The PILATUS is a space-resolved detector, composed of a number of pixels.

Fluorescence X-rays emitted in normal direction are originated both from surface and bulk,

while those emitted in the grazing direction are predominantly from surface. Situation is similar

to the depth-resolved XMCD using Auger electrons described earlier, but X-rays penetrate in

solid much deeper than electrons and the present depth-resolving technique using PILATUS

gives deeper information from the surface.

Takamatsu et al. studied the local structure of an LiCoO2 thin film at the solid electrode/

electrolyte solution interface by the depth-resolved XAFS, as shown in Fig. 7.22 [43,44]. They

designed a unique He gas filled spectroelectrochemical cell. During the charge process, the

cathode was immersed in the electrolyte solution with Li metal as a counter electrode, and a

constant voltage was applied by a potentiostat to charge the electrode. For each XAFS

experiment, the cathode was pulled up from the electrolyte and was irradiated by the grazing

incident SR beam coming through a Be window. Fluorescent X-rays were detected by a 2D

pixel array detector, PILATUS 100 K, located 0.45 m apart from the sample. XAFS spectra

were taken after soaking in the electrolyte, before charging (3.2 V vs. Li/Li+), charged to 4.2 V

and overcharged to 4.4 V.

Fig. 7.23A and B shows Co K-edge depth-resolved XAFS spectra of the LiCoO2 film after

soaking and before charging and their Fourier transformations. From the bulk to the interface,

the edge shifts toward lower energy, indicating the surface Co was reduced just by soaking. In

E

(A) s-polarization (B) p-polarization

SDD

E

SDD

Fig. 7.21
Experimental layout for the grazing incidence XAFS with fluorescence yield mode for (A) s-polarization
and (B) p-polarization arrangements. SDD (silicon drift detector) is used as a favorite detector for

X-rays with energy resolution of about 50 eV at 500 eV.
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the Fourier spectra, the first peak at 1.5 Å is associated with the CodO bond. Its peak height

decreases with decreasing channel number, keeping the bond distance the same, indicating that

the Debye-Waller factor of the surface CodO bond is more increased than the bulk ones. By

charging to 4.2 V, the edge shifts to higher energy, and by overcharging to 4.4 V, the CodO

distance decreases and the DW factor increases significantly toward the surface (not shown).

These structural and chemical changes of bulk and surface are useful information for secondary

batteries.

Fig. 7.23
Depth-resolved Co K-XAFS spectra of the LiCoO2 electrode film at each channel of PILATUS detecting
around the interface before charging. (A) XANES and (B) Fourier-transformed spectra of the k3-

weighted EXAFS oscillations [43]. Copyright © 2011, American Chemical Society.
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Fig. 7.22
Schematic illustration of the depth-resolved XAFS experiment. Emitted fluorescent X-rays are detected

by the PILATUS detector which is located perpendicular to the incident X-ray beam direction.
Positions at lower angles detect X-rays emitted from surface, while those at higher angles detect X-rays

emitted both from bulk and surface.
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Recently, the usefulness of combination of grazing emission XRF (X-ray fluorescence) and

grazing emission XAFS with fluorescence yield mode is emphasized by applying the same

setup to the study of surface oxidation of an Fe layer on Si and Ge, as shown in Fig. 7.24 [45]

7.2.3 Time-Resolved XAFS for Nanolayers

The use of intense and energy-continuous synchrotron radiation as the light source for XAFS

spectroscopy dramatically shortens the data acquisition time. However, in the conventional

method, spectra are taken point by point by scanning the photon energy step by step. It takes

5–10 min for XANES spectrum and 20–30 min for EXAFS spectrum. To shorten the

acquisition time, the quick scan method (QXAFS) has been developed [46], where the photon

energy is scanned continuously with a detector kept open. This method saves the loss of time in

step scan and reduces the data acquisition time by 1/2 or 1/3. To shorten the time further, the

dispersive XAFS (DXAFS) method was invented by Matsushita and Phizackerly [47], which

can get a spectrumwith one shot by using an energy dispersive method. The schematic drawing

of this method is shown in Fig. 7.25. Synchrotron radiation is an X-ray nearly parallel white

beam. By using a cylindrically bent Si crystal, X-rays are polychromatized and focused at a

sample, and the transmitted X-rays are dispersed and detected by a position-sensitive detector

located at the downstream of the sample. Recent advancement of synchrotron light source has

made it possible to get XAFS spectra within 1 ms by using this DXAFS method. A number of

DXAFS studies have been reported for tracing chemical reactions [48].

However, this is the transmission mode probing bulk of a sample. To apply XAFS to

nanolayers, a surface-sensitive method is necessary.
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Illustrative figure of grazing emission XRF and XAFS with fluorescence mode. In the 2D detector,

abscissa corresponds to the incident photon energy and ordinate to the probing depth. By scanning
the incident photon energy, one can get the depth profiled XAFS spectra [45]. Copyright © 2015,

American Chemical Society.
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Amemiya et al. have developed an energy dispersive XAFS method for soft X-ray region,

applicable to nanolayer surface [49]. This method makes use of the Hettrick-type optics

beamline with a varied-line-spacing grating and a micro ESCA with a position-sensitive

electron analyzer. A schematic diagram of the system is shown in Fig. 7.26. In general, this

beamline is used as a monochromator by narrowing the exit slit, but by fully opening the exit

slit, it works also as a polychromator covering a certain energy range. Since the dispersed
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Ehigh
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Fig. 7.25
Schematic view of DXAFS optics. Parallel white X-ray beam hits a bent crystal. Since the crystal is
circularly bent, the incident angle changes point by point and as a result, diffracted X-ray energy

changes point by point. These polychromatic X-rays are focused at a sample position and
dispersed again.
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Fig. 7.26
Schematic diagram of an energy dispersive XAFS method in the soft-X-ray region. Energy dispersed
photons irradiate the sample. Auger electrons emitted from a position generate Auger spectrum on a

position of x axis of the MCP by using a micro-ESCA.
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polychromatic X-rays are spread vertically, they are rotated by 90 degrees with a plane mirror

and irradiate a sample surface with the X-ray energy spread along the horizontal axis. With

X-ray absorption, Auger electrons are emitted from each position and collected separately with

a micro ESCA system. A 2D image of Auger electrons can be obtained at once on an MCP,

whose horizontal (x) and vertical (y) axes correspond to the position on the sample surface

(that is, photon energy) and the electron kinetic energy, respectively.

Electrons are accelerated by MCP, keeping their positions and irradiating the phosphor screen,

whose 2D image is taken by a CCD camera. By summing all the Auger electrons along the y

(electron kinetic energy) axis, we can get the XAFS spectrum with the AEY mode with one

shot. Since one makes use of all photons diffracted by grating at the same time, more than 100

times higher gain can be expected. It is easy to switch back to the conventional mode by

narrowing the exit slit. However, it should be noted that there are some limitations for this

system. The sample is assumed to be uniform, and the energy width is limited to �20 eV at

CK-edge region and 30 eV at OK-edge region.With this system, the spectral acquisition for the

XANES region is less than 10 s even for submonolayer adsorbates.

As a typical application, this method was applied to the study of CO oxidation on Pt(111).

This is one of the simplest surface reactions, well known since 1920, but practically

important as automobile catalysts for exhaust gases. It has been established that atomic

O adsorbed on a Pt(111) surface reacts only with adsorbed CO to form gaseous CO2.

Several reaction mechanisms have been proposed, but the dispersive XAFS is suitable for

real-time monitoring of surface reactions and elucidation of the mechanisms via kinetic

analyses. Fig. 7.27 (left) shows how O K-XANES spectra change by CO exposure on the

O pre-adsorbed Pt (111) surface [50]. Intensities of atomic O and CO π* peaks of each

spectrum were converted to the coverages θO and θCO, which are plotted as the time evolution

in Fig. 7.27 (right (A)). This figure shows that a fast reaction occurs at first, followed by a

slow reaction process, as shown in Fig. 7.27B. According to the detailed analysis, the

latter process was found to obey the half-order kinetics, suggesting that reaction occurs at

O island peripheries. On the other hand, the former part can be interpreted as the reaction

of disordered or isolated O atoms. The reaction mechanism was elucidated by using the

dispersive XAFS method.

7.2.4 Space-Resolved XAFS for Nanolayers

XAFS measurement with wide X-ray beam size gives averaged structural information of the

irradiated area, even though the sample is nonuniform. The impetus to pinpoint structural

information of materials has prompted development of the space-resolved XAFS, in other

words, micro-XAFS. This has been achieved thanks to the combination of high-brilliant

synchrotron radiation and the advanced X-ray focusing optics and detectors.
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Space-resolved XAFS is a technique for obtaining element-specific images of materials, or to

obtain XAFS spectra of micron-order spots. These microscopes can generally be divided into

three types:

(a) A monochromatic X-ray beam is focused either by an FZP (Fresnel zone plate) or by a KB

(Kirkpatrick-Baez) mirror set to a sample on a stage that can move in x- and y-directions so

as to raster-scan a whole area. Transmitted X-rays and emitted fluorescent X-rays are

detected by an X-ray detector, and electrons (photoelectron, Auger electron, and

secondary electrons) are detected by a channeltron or MCP. By scanning the incident

X-rays with fixed sample stage, one can obtain micro XAFS spectrum of a specified

element at a certain point. By scanning the sample stage at an incident X-ray energy tuned

to the absorption edge of a specified element, one can obtain a spatial distribution of the

element. Although this system is time-consuming, it provides plenty of information about

a sample. This system is called STXM (scanning transmission X-ray microscopy)

especially for the case of recording transmitted X-rays.

0 1000 2000 3000

0.0

1.0

2.0

3.0

4.0

v 
[1

0−4
 M

L/
se

c]

Time (s)

fast slow

TimeAtomic  O

CO p*

(A)

(B)

0 1000 2000 3000
0.00

0.05

0.10

0.15

Time (s)

q O
[M

L]

q C
O

[M
L]

0.0

0.1

0.2

0.3

0.4

0.5

O

CO

525 530 535

Photon energy (eV)

In
te

ns
ity

 (
a.

u.
)

540
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Left: O K-XAFS of O pre-adsorbed Pt(111) during CO titration (1�10�8 Torr) at 240 K. It took 30 s
to get each spectrum. Right (A) Time evolution of θO and θCO, and (B) Reaction rate as a function of

time, which exhibits fast and slow processes.
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(b) A monochromatic or polychromatic X-ray beam is focused by a condenser FZP at a

sample position, and the diverging beam is further focused by an objective FZP onto a

CCD camera. A magnified image is taken the same way as with an optical microscope.

The advantage of this system is to get the image of an element without scanning the stage

by subtracting the image taken by the X-ray energy below the absorption edge of the

element from that above the edge.

(c) Grazing incident monochromatic X-rays irradiate a sample. Photoelectrons emitted from

different regions of the sample are imaged on a phosphor screen through electron

microscopy optics with a magnified scale. By scanning the incident X-ray energy, one can

get a series of images, fromwhich a pinpoint view of the XAFS spectrum at each point can

be obtained. Recent development of the electron lens system, this system provides images

with a spatial resolution of 10 nm, which is much smaller than the X-ray focusing system.

This system is called XPEEM (X-ray photoelectron emission microscopy) and is widely

used for micro XPS and XAFS experiments. These three microscopy systems are

schematically shown in Fig. 7.28.

Recently, a number of studies using micro-XAFS and imaging XAFS have been reported.

Here we focus on the application to graphene. Graphene is a single layer of graphite,

first prepared and studied in detail by Novoselov, Geim, and their group in 2004 [51].

Graphene exhibits interesting electronic properties and is promising for future applications,

especially in nanoelectronics. Extensive studies have been performed both theoretically

and experimentally to clarify these unique properties. XAFS is a powerful tool

for characterizing graphene. Pacile et al. reported XAFS studies combined with

XPEEM [52,53]. They prepared samples by micromechanical cleavage of HOPG (highly

oriented pyrolytic graphite) on SiO2 substrates. Fig. 7.29 shows OM (optical microscope)

and XPEEM images collected at the peak of C K-edge (285.5 eV). Brighter parts indicate

thicker layers and by the contrast of PEEM image, the number of layers can be easily

discriminated.

Fig. 7.30A shows C- K spectra of single layer to four layers of graphene with two polarizations,

E1 and E2 (perpendicular and parallel to the surface plane, respectively). Distinct polarization

dependence exhibits flat lying structure of graphene, but a significant π* peak appears in the

spectra of E2 polarization, indicating the possibility of distortion, corrugation, and/or roughness

of SiO2 substrate. Fig. 7.30B shows a zoom in of the π* peak of a single layer graphene with E2

polarization. Two distinct peaks appear below and above the main π* peak. The authors

assigned the lower peak to the van Hove singularity of the unoccupied π electronic states, and

the higher peak to the analog of interlayer state of graphite. However, the possibility of residual

COOH and CH species cannot be ruled out.

Schultz et al. also studied graphene sheets using STXM, CK-XAFS in conjunction with density

functional theory calculations [54]. They prepared the samples with the CVDmethod using Ar,
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Fig. 7.28
Three types of typical space-resolved XAFS techniques: (A) X-ray beam focusing type (STXM),

(B) imaging type using FZPs, and (C) electron imaging type (XPEEM).

Fig. 7.29
Optical microscope and XPEEM images of graphene on SiO2 [53]. In the PEEM image, the brighter
part is thicker and the distinct difference of contrast indicates the difference of number of layers.

Copyright © 2009. Elsevier B.V.



H2, and CH4 at 1000°C. Fig. 7.31 shows an STXM image of a CVD grown graphene sheet and

C K-XAFS spectra from individual regions. The domain A corresponds to a single layer

graphene, and brighter domains to multiply folded layers.

As the STXM image was taken by polarized X-rays at normal incidence, the E vector is

parallel to the graphene basal plane, suppressing π* peak intensity. Appearance of the π*
peak can be correlated to electronic corrugations or roughness of graphene flakes. Interestingly,
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Fig. 7.30
(A) C K-edge XAFS spectra from 1 to 4 L graphene flakes with E1 and E2 polarizations. (B) Zoom in of

the single layer graphene with E2 polarization [53]. Copyright © 2009, Elsevier B.V.

Fig. 7.31
(A) STXM mapping of the CVD grown single layer graphene on Cu. White scale bar is 1 μm.

(B) Integrated C K-XAFS of entire image in (A). (C) Isolated C K-XAFS spectrum of each region
displayed in (A). The pre-edge feature is clearly observed in spectra D and F shown in the inset [54].

Copyright © 2011, Nature Publishing Group.
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the π* peak intensity changes domain by domain. Peaks below and above the π* peak are

more clearly observed than the previous paper, especially in domains F and D. With the aid

of DFT calculations, they assigned the pre-edge peak to dopant-induced states, as it has also

been observed for graphite intercalated with FeCl3. As for the higher energy peak, they found

it disappeared by annealing and ascribed this to the COO- and CH-related carbon

contaminations.

As has been described, graphene has unique electronic properties, such as linear band

dispersion and high carrier mobility. Thus graphene is a promising optoelectronic device for the

next generation. Recently, Fukidome et al. [55] assembled an actual graphene transistor, in

which bilayer graphene andNi thin films worked as a channel andmetal electrode, respectively.

SiO2 thin film on a Si substrate worked as a capacitor. They obtained μ-XAFS spectra of the

graphene foil by a PEEM with the AEY mode. The negative gate bias (Vg) was applied step by

step, which caused hole-doping to graphene. C K-edge XAFS spectral change was monitored.

Although detailed analyses have not been done yet, it should be emphasized that the μ-XAFS
using PEEM can be effectively applied to real nanodevices.

For the 3D imaging of a specific element in a sample, X-ray computed tomography (XCT)

is a well-known method in which the sample is rotated about an axis perpendicular to the

incident X-ray beam with energies both below and above the absorption edge of the element.

By using the angiography technique, a 3D image of the element is computationally

reconstructed. This is used for bulk imaging, suitable for rod-shape sample. On the other hand,

for a layer sample, X-ray computed laminography (XCL) is a useful technique, in which

a sample is inclined and the rotation axis of a sample is not fixed at 90 degrees with respect

to the X-ray beam.

This XCL can be easily combined with XAFS by measuring images, scanning the incident

beam energy. It is rather time consuming, and only applicable in the hard X-ray region, but

contains full of information about spatial distribution of a chemical state of a specific element.

Saida et al. applied the XCL-XAFS technique to visualize a cathode catalyst layer in a polymer

electrolyte fuel cell [56].

They prepared a membrane electrode assembly (MEA) for fuel cell, composed of 50 wt% Pt/C

cathode layer, polymer electrolyte, 50 wt% Pd/C anode layer. They studied how the

degradation affects the distribution of Pt catalyst by monitoring Pt L3 edge XAFS-XCL. They

found the degradation caused Pt nanoparticle aggregation. XAFS-XCL is a promising

technique for visualizing heterogeneous structural information in MEAs.

7.3 Selected Applications to Green Chemistry

Proton-exchange-membrane fuel cells (PEMFC) are known to be an environment friendly

device to convert chemical energy to electrical energy. When hydrogen is used as the fuel, the
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combustion product is only water. Thus PEMFC should be used to solve environmental and

energy problems. However, Pt and Pt alloys, currently used as the most efficient cathode

materials, are very expensive and the cost of the cell hampers wide application. Many efforts

have been directed at finding alternative materials for PEMFC cathode, and several candidates

have been reported, such as metal carbides, transition metal chalcogenides, and biological

mimics. Here, two promising materials are introduced, in which the XAFS method was

effectively used for their characterization.

(1) Co-based pyrolyzed porphyrins

Porphyrin is regarded as an active site of biological mimics, although porphyrin itself does

not work under various PH and temperature conditions. The materials obtained by

pyrolyzing carbon-supported porphyrin precursors were found to be a possible candidate

that is stable in PEMFC conditions [57]. However, the preparation of the materials,

including pyrolysis, is a complicated procedure, which results in ambiguity of the active

site. Ziegelbauer et al. studied the Co-based pyrolyzed porphyrins by using XPS, Co K-

and L-edge XAFS [58]. They prepared samples by pyrolyzing silica supported

Co-porphyrins under N2 gas flow at 600°C, 700°C, and 800°C, and peeling off from the

silica template by KOH washing and drying in air. Obtained samples were porous

pyropolymer of balled-up graphite planes, as confirmed by transmission electron

microscope (TEM). Electrochemical test using rotating ring disk electrode indicated the

rank of the performance as 700°C>600°C>800°C.
Fig. 7.32 shows in situ Co K-edge XANES of three kinds of samples with reference

Co(II)OEP (octaethyl porphinato) and Co metal foil.

Co(II)OEP, a model compound before pyrolysis, has a square planar structure and

exhibits sharp pre-edge peak. Pyropolymer samples show similar profiles to that of Co(II)

OEP, but loss of the pre-edge peak indicates the breaking of square planar structure.

As shown in the right figure, by increasing the anode potential, the peak suddenly

gains intensity at 0.80 V. This might be associated with oxygen adsorption. Co K-edge

EXAFS analysis (figures not shown) revealed that the coordination numbers NCo–N

were 3.1, 2.8, 1.4 for 600°C, 700°C, and 800°C pyropolymers, respectively. This

indicates that three Co–N bonds remain at 600°C and 700°C, one or two bonds remain

at 800°C.
However, EXAFS provides bulk-averaging information, and the conventional analysis

is of limited use for such heterogeneous pyropolymers. Thus they adopted the Δμ
technique of XANES analysis [59], a subtraction method to extract the changed structures

and oxygen adsorption sites. Here, the Δμ spectra were generated by the following

relationship:

Δμ¼ μ Vð Þ�μ 0:30Vð Þ
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where the spectrum at 0.30 Vwas the reference spectrum of an adsorbate free structure. To

interpret the Δμ spectra with different anode potentials, theoretical XANES spectra were

calculated for several model structures by using the FEFF8 program package. Then the

calculated spectra were subjected to the same difference process by the following

relationship.

Δμ¼ μ Co�Nx�Oadsð Þ�μ Co�Nxð Þ
Fig. 7.33 are the experimentalΔμ spectra for three pyrolyzed samples. For all the samples,

a large minimum peak appears in the range 0–12 eV above the edge, suggesting the

breaking of the square planar structure with increase of applied potential. In the energy

range 12–40 eV, doubly split maxima is observed for 600°C, and a sharp decaying

maximum for 800°C, and a mixed profile for 700°C pyropolymer samples. On the other

hand, theoreticalΔμ spectra are shown in Fig. 7.34 for three model structures. This clearly

indicates that the axial adsorption gives double maxima, while planar adsorption gives a

single maximum. Comparison between experimental and theoretical Δμ spectra clearly

indicates that pyrolysis remove nitrogen from the plane of the Co–N4 center, resulting in

Oads in a planar geometry.

The usual cathode half reaction in the fuel cell, oxygen reduction reaction (ORR), is

O2 + 4H+ 4e�! 2H2O

Fig. 7.32
In situ Co K-edge (7709 eV) XANES spectra of the pyropolymer electrocatalyst in 1.0 M HClO4. Left:
0.40 V versus RHE with Co referenced [58]. Right: XANES spectra of pyropolymer (700°C) with

several anodic potentials. Copyright © 2008, American Physical Society.
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Fig. 7.33
The experimentalΔμ¼μ(V)�μ (0.30 V) spectra of Co K-edge spectra for the pyrolyzed pyropolymers:
0.50 V (solid), 0.60 V (long dash), 0.70 V (short dash), and 0.80 V (dash-dot). Data was collected

in situ (anodic scans). Copyright © 2008, American Physical Society.
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Fig. 7.34
Top: representative model structures for calculating the theoretical Δμ spectra by using the FEFF
program code: (left) Oaxial on Co-N4, (center) Oplanar on Co-N3, (right) Oplanar on Co-N2. Bottom:

theoretical Δμ¼ μ Co�Nx�Oadsð Þ�μ Co�Nxð Þ spectra obtained by FEFF8 calculations [58].
Copyright © 2008, American Physical Society.
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However, another ORR with oxygen is possible: O2 + 2H+ + 2e�!H2O2.

This side reaction lowers the performance of the catalyst. The peroxide yield of the 800°C
pyropolymer was found to be noticeably higher than for the other two samples. This Δμ
result suggests that the Oads in a planar geometry enhances the side reaction forming

peroxide. These results demonstrate the usefulness of theΔμmethod, which removes bulk

information from standard XAFS spectra and allows for direct spectroscopic probing of

adsorbates on an electrocatalyst surface in operando conditions.

(2) Nitrogen-doped carbon alloys

Recently, carbon-based materials doped with nitrogen or boron have attracted much

attention due to their relatively high ORR (oxygen reduction reaction) activities [60].

However, there is still debate about which functional group is an active site.

Niwa et al. [61] prepared nitrogen-containing carbon materials with three kinds of

methods and studied the ORR activities and NK-XAFS spectra for these samples and tried

to correlate between the active site for ORR and the functional group. Samples prepared

were (1) CoPc-ph-900, prepared by heating Co-phthalocyanine and N-containing

polymers and acid washing to remove Co, (2) AO50 and AO90, prepared by amino-

oxidation of carbon black and ammonia, and (3) N1 and N2, prepared by polymerizing

melamine and furfuryl alcohol and carbonizing them by heating. The ORR activity was in

the order of CoPc-ph-900>N2>AO50, in which surface composition ratio N/C, studied

by hard X-ray PES, was N2 (2.1%)>AO050 (1.4%)>CoPh-ph-900 (0.8%).

N K-XAFS spectra from these samples are shown in Fig. 7.35. In the π* state region,

there are three characteristic peaks, A1, A2, and A3, which are assigned to pyrrole-type,

pyridine-type, and graphite type nitrogen, respectively, with the aid of theoretical

calculations. These assignments were further confirmed by DFT calculations [61a].

The sample CoPh-ph-900 has the highest ORR activity among three kinds of samples,

even though the nitrogen content was relatively low. This suggests that the nitrogen site of

CoPh-ph-900, graphite-type might be an active site for ORR. They proposed that the

effective doping with graphite-like nitrogen is a practical guideline for the synthesis of

active carbon alloy catalysts.

7.4 Future Prospects of XAFS

XAFS is the most fundamental technique for the monitoring of local electronic and atomic

structures of specific elements in a material. It is applicable to any state of a sample, gases,

liquids, bulk, and surface of solids, and has been applied to wide varieties of systems. Thanks to

the development of the synchrotron light source and the detector system, the XAFS technique

has been evolving with respect to the resolutions of energy, time, and space.

Space resolution is important for monitoring heterogeneous practical samples. It has been

greatly improved by the advent of a highly brilliant synchrotron source and the technical
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innovation to fabricate extremely smooth mirrors [62]. Now, the X-ray beam can be focused to

the size of diffraction limit at a sample position with Kirkpatrick-Baez optics at SPring-8 (about

100 nm at the photon energy of 10 keV). Spatial resolution of the XPEEM method is also

improved by reinforcing the aberration correction and has reached to about 10 nm. XPEEM is

especially useful for nonhomogeneous nanolayer surface analysis.

Time resolution has been dramatically improved by adopting the DXAFS method, and is

limited by the data acquisition speed. DXAFS spectra can be obtained within 1 ms for

XANES and 5 ms for EXAFS at SPring-8 [48]. The recent advent of XFEL with 100%

coherency has made it possible to get XANES spectra by subnanoseconds resolution by

making use of its femotoseconds pulse structure [63]. Another aspect is XAFS measurements

under various environments, such as high pressure, high or low temperature, and under

operating conditions. Operando experiments of XAFS for secondary batteries and fuel cells

have been strongly demanded to monitor in situ phenomena under a specific environment.

Operando XAFS is rather easy for hard X-rays, but is difficult for soft X-rays due to the low

penetration depth. Several challenges have been met by fabricating a specially designed

electrochemical cell [64].

Green chemistry is one of the innovative scientific fields aiming at development of alternative

sustainable technologies. The subjects to be clarified are getting more and more complicated.

XAFS is a powerful tool of characterization, but provides only limited information about
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Fig. 7.35
N K-XAFS of π* region from N-doped carbon materials. Peaks A1, A2, and A3 are associated to
the pyrrole-type, pyridine-type, and graphite-type nitrogen, respectively [61]. Copyright © 2009,

Elsevier B.V.
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short-range structures of specific elements. Combining with X-ray diffraction (XRD) and/or

pair distribution function (PDF) analysis, which give long-range structural information, one can

perform more detailed analysis [65]. Theoretical simulations are also quite helpful for

interpreting complicated XAFS spectra. Now it is indispensable to combine these techniques to

get the whole view of the targeted systems [66].
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CHAPTER 8

Nanolayer Analysis by
Photoelectron Spectroscopy
Masaharu Oshima

The University of Tokyo, Tokyo, Japan

8.1 Principle of Photoelectron Spectroscopy

Photoelectron spectroscopy (PES), or photoemission spectroscopy, is one of the most important

and useful techniques for investigating electronic and chemical states in solids, especially in

nanolayers because of its high-energy resolution and surface sensitivity [1–5]. The physics
behind PES is an application of the photoelectric effect. Through photoelectric ionization by

irradiating samples with X-rays, vacuum ultraviolet (VUV) or ultraviolet (UV) light, the

energies of the emitted photoelectrons are characteristic of their original electronic and

chemical states. Therefore PES is one of the most sensitive and accurate techniques for

measuring the energies and shapes of electronic states and molecular orbitals. X-ray

photoelectron spectroscopy (XPS) was developed by Kai Siegbahn in 1957 and is used to study

the energy levels of atomic core electrons, mainly in solids. Siegbahn referred to the technique

as electron spectroscopy for chemical analysis (ESCA), since chemical structure can be

determined by analyzing the core levels with small chemical shifts depending on the chemical

environment of the atom. Siegbahn was awarded the Nobel Prize in Physics in 1981.

Since photoelectrons can escape only from the surface region ranging from a monolayer or

nanolayer to several tens of nanometers, depending on incident photon energy and sample

materials, only the surface layer or nanolayers can be analyzed, as shown in Fig. 8.1. [6].

Therefore clean ultrahigh vacuum (UHV) condition is strongly required. The emitted

photoelectrons are energy analyzed, resulting in a spectrum of electron intensity as a function of

the measured kinetic energy. The kinetic energy values Ek can be converted into binding energy

values EB by using the equation: Ek¼hν�EB�ϕ. Here, hν is the energy of incident photons,

and ϕ is the work function. Synchrotron radiation source is the most promising light because of

its brightness, cleanness, variation of energy, directionality, linear and circular polarizability,

and pulse character [6–8]. Taking advantage of these characteristics, ultrahigh energy

resolution analysis, surface and bulk sensitive analysis, nanospace analysis, magnetic property
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or spin-resolved analysis, and time-resolved analysis become possible. The binding energies of

the measured electrons are characteristic of the chemical structure andmolecular bonding of the

material.

PES uses monochromatic sources of radiation. The photon is absorbed by an atom in a molecule

or solid, resulting in the emission of an inner shell electron. In ultraviolet photoelectron

spectroscopy (UPS), the photon interacts with valence levels of the molecule or solid, leading to

ionization by removal of one of these valence electrons.

Although there are many different designs of electron energy analyzer, the most commonly

used analyzer for high-energy resolution analysis is a concentric hemispherical analyzer, which

uses an electric field between two hemispherical surfaces to disperse the electrons depending on

their kinetic energy. Every element has its characteristic core levels with binding energy

associated with each core atomic orbital. The presence of peaks at particular energies therefore

indicates the existence of a specific element in the sample. Since the intensity of the peaks is

related to the concentration of the element within the probed region, the technique provides a

quantitative analysis of the surface composition. In order to precisely discriminate chemical
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Principle of photoelectron spectroscopy.
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states with different oxidation states or chemical environments, high-energy resolution is

required. Since the intrinsic width of the initial energy level and the lifetime of the final state are

limited, only two factors can be improved. One is the line-width or energy-width of the incident

radiation. The other is the resolving power of the electron-energy analyzer. Since the

directionality or brightness of synchrotron radiation light from third-generation storage rings is

much higher than the conventional X-ray and VUV sources, very high-energy resolution X-rays

or VUV ranging from several tens meV to less than 1 meV strongly depending on photon

energy can be obtained. Furthermore, thanks to the rapid progress of electron analyzer with

large orbital radius (such as 200 mm) of hemispherical analyzer, total energy resolution of PES

is reaching less than 1 meV, depending on photon energy.

The degree of surface sensitivity of PES can be controlled by collecting photoelectrons emitted

at different emission angles to the surface plane by changing the incident photon energy.

Fig. 8.2 exhibits Si 2p core level spectrum from the clean Si(100) surface with 2�1

reconstruction by incident photon energy of 130 eV, which is a very surface sensitive condition,

resulting in a relatively large amount of surface state peaks such as S, SS, and S0 originating
from surface atoms or surface core levels schematically shown in Fig. 8.1. [9] This approach

can be used to perform nondestructive analysis of the variation of surface composition with

depth. Furthermore, in-depth profiles can be obtained by means of maximum entropy method

(MEM) or least square method from angle-resolved photoelectron spectroscopy (ARPES)

intensity distribution. Thus the adsorption of relatively simple molecules on metals can be
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Si 2p photoelectron spectrum from clean Si (100) surface with 2�1 reconstruction measured with
synchrotron radiation at the photon energy of 130 eV. Reprinted from E. Landemark, C.J. Karlsson, Y.C.
Chao, R.I.G. Uhrberg, Core-level spectroscopy of the clean Si(001) surface: charge transfer within asymmetric
dimers of the 2�1 and c(4�2) reconstructions, Phys. Rev. Lett. 69 (1992) 1588, with the permission of The

American Physical Society.
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analyzed by surface-sensitivity-dependent photoelectron spectra in comparison with the

calculated molecular orbitals of the adsorbed species.

Furthermore, this ARPES method can provide us with detailed electronic structures of solids

such as semiconductors, metals, superconductors, and two-dimensional unique materials that

are typical nanolayers, which are the complete band structure mapped out in k-space. Fig. 8.3

shows the principle of ARPES, where the component of electron momentum in the plane of the

sample should be conserved, resulting in energy band diagram as a function of wavenumber (k),

as shown in Fig. 8.3B.

Thus PES is a very powerful technique for investigating electronic and chemical structures of

various nanolayers and devices for green chemistry. In order to make sustainable society or low

carbon society, we have to solve several problems such as energy problems and natural resource

problems using green chemistry. As shown in Fig. 8.4, we classified energy problems into three

categories: (1) power generation materials/devices such as fuel cells, solar cells, thermoelectric

devices, and water-splitting photocatalysts for hydrogen generation, (2) energy efficient

materials/devices such as low-voltage Si metal oxide semiconductor field-effect transistors

(MOSFETs), graphene FETs (GFETs), organic FETs, resistance random access memories

(ReRAMs), magnetic or spintronic materials/devices, and (3) energy storage materials/devices

such as lithium (or sodium) ion batteries (LIB) and redox flow batteries. Since most of them

utilize nanomaterials such as nanolayers, nanotubes/nanofibers, and nanoparticles for better

performance, more advanced analytical methods to characterize electronic and chemical

structures of these nanostructures are strongly demanded.
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8.2 Highly Energy-Resolved PES for Chemical and Electronic Analysis

Taking advantage of highly bright synchrotron radiation with excellent directionality and high

flux together with highly energy-resolved electron analyzer, extremely high energy resolution

photoelectron spectroscopy (HRPES) in the VUV region, the soft X-ray (SX) region and the

hard X-ray (HX) region, is now available at various third-generation storage rings in the world.

Details in very high-resolution PES including PES below 1 meV energy resolution are

reviewed in a book by Huefner [10], and most of them are related to basic physics in condensed

matter. Therefore this chapter mainly focuses on more practical electronic and chemical

properties in nanolayers with reasonably high-energy resolution for green chemistry.

One of the most important examples for HRPES may be the electronic structure of high Tc
(critical temperature) oxide superconductors, which are expected to be applied to

superconducting cable for electric transmitter with less energy loss, energy storage with

superconductor magnets (SMES), and magnetic levitation (maglev) train with superconducting

magnets. In order to develop higher Tc and Jc (critical current density) superconducting

magnets, electronic structure of superconductors should be precisely investigated. In the VUV

region, Ding et al. [11] reported high-energy resolution PES results on Bi2Sr2CaCu2O8 single

crystals with the Tc of 87 K. They performed ARPES with the energy resolution of 18.8 meV

(full width at half maximum, FWHM) at the sample temperature of 13 K. As shown in Fig. 8.5

(labeled 17) corresponding to near the M point, superconducting gap Δk is opened by 34 meV,

while along the Γ-Y direction (labeled 12) no gap is opened. Based on various valence band

spectra along the Fermi surface (FS), they concluded that superconducting gap in

Bi2Sr2CaCu2O8 single crystal is consistent with anisotropic s-wave gap.

In the SX region, electronic structures of interfacial nanolayers can be probed because of longer

escape depth of photoelectrons than the VUV region. One example is the unique metallic

interfacial layer at the heterointerface between the band insulators LaAlO3 and SrTiO3, which

Energy storage devices

Power generation devices

Li(Na) ion battery
Low VDD FET, MRAM, ReRAM,
OFET, Graphene FET, GaN
HEMT

Fuel cells, Solar cells,
Thermoelectric, Photocatalysts

Energy efficient devices

Synchrotron radiation

Fig. 8.4
Three categories of energy materials and devices analyzed by synchrotron radiation.
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was discovered by Ohtomo et al. [12] This unique metallic interface can be applied to a

switching device controlled by electric field through the third electrode, that is, a gate in FET.

Then, Yoshimatsu et al. [13] investigated this unique interfacial metallic state and its origin by

high energy resolution in situ PES of laser molecular beam epitaxy (MBE) grown LaAlO3 thin
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Fig. 8.5
High-resolution photoelectron spectra of valence band measured at different k points by ARPES for

Bi2Sr2CaCu2O8 oxide superconductor. Reprinted from H. Ding, J.C. Campuzano, A. Bellman, T.
Yokoya, M.R. Norman, T. Takahashi, H. Katayama-Yoshida, T. Mochiku, K. Kadowaki, G. Jennings, Momentum
dependence of the superconducting gap in Bi2Sr2CaCu2O8, Phys. Rev. Lett. 74 (1995) 2784–2787, with the

permission of The American Physical Society.
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films on SrTiO3 substrates. As shown in Fig. 8.6A, Ti 2p peak is shifted toward higher binding

energy for the metallic LaAlO3/TiO2-terminated SrTiO3 interface, while almost no peak shift is

observed for the insulating LaAlO3/SrO-terminated SrTiO3 interface (B). Plots of the energy

shift of the Ti 2p core-level peaks for metallic and insulating LaAlO3/SrTiO3 interfaces as a

function of the LaAlO3 overlayer thickness suggested the formation of a notched structure on

the SrTiO3 side due to downward band bending at the metallic LaAlO3/TiO2-terminated SrTiO3

interface, as shown in Fig 8.6C. In contrast, this structure is not observed at the insulating

LaAlO3/SrO-terminated SrTiO3 interface. These results indicate that the metallic states

originate not from the charge transfer through the interface on a short-range scale but from the

accumulation of carriers on a long-range scale.

On the other hand, Yajima et al. [14] demonstrated the tuning behavior of the band

alignment in perovskite metal-semiconductor heterojunctions over a broad range of 1.7 eV

by the insertion of positive (LaO)+ charge or negative (AlO2)
� charge at the SrRuO3/

Nb-doped SrTiO3 interfaces, and the resultant dipole formed by the induced screening

charge. They found that the interface dipole between the ionic charge and the induced

screening charge decreases or increases the Schottky barrier height (SBH) with maintaining

the relationship: SBH¼ϕ�χ +Δ, where ϕ is work function of SrRuO3, χ is electron affinity

of Nb:SrTiO3 and Δ is interface dipole. They claim that this approach can be broadly

applied to the cases where decoupling the band alignment from the constituent work

functions and electron affinities can enhance device functionality. Thus new functional

devices with nanolayers for green chemistry can be developed based on these electronic

structures precisely analyzed by in situ SX PES.
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Regarding energy storage devices, LIBs have attracted great attention nowadays because of

their superior performance for storage of green energy generated by solar cells, wind-power

generation, geothermal power generation, biomass generation, and so on. However, there

remain several problems to be solved in order to improve the battery properties such as

gravimetric energy density (Wh/kg) and gravimetric power density (W/kg).

Since LIB cathode materials usually contain 3d transition metal (TM) such as Co, Mn, Fe, and

Ni, resonant photoelectron spectroscopy (RPES) using high-resolution SXs is a useful

technique to selectively enhance 3d component compared to O 2p component in valence band

spectra. Horiba et al. [15] attempted to utilize this TM 2p-3d resonant photoemission

technique to clarify changes in the electronic structures under charging and discharging

conditions, namely delithiation from and lithiation into cathode materials. This change

corresponds to oxidation and reduction, namely hole doping and electron doping into 3d

orbitals. Therefore they measured Fe partial density of states (DOS) of LiFePO4, and its

related compounds such as Li2FeP2O7, Li2Fe1�xMnxP2O7 and Na2Fe1�xMnxP2O7 by resonant

photoemission whose principle is schematically shown in Fig. 8.7A, where Fe 3d states in

valence band are selectively enhanced through Fano resonance. They have succeeded in

extracting the Fe2+ partial DOS and have found the systematic shift toward higher binding

energy and broadening of Fe 3d t2g down-spin states accompanying with the Mn substitution

into Fe site, as shown in Fig. 8.7B. The peak shift of the Fe 3d t2g down-spin states from 1.9 to

2.4 eV of binding energy is well matched to the change of Fe3+/Fe2+ redox potential from 3.5

to 4.0 V for x¼0 to 0.75, suggesting that the origin of high Fe3+/Fe2+ redox potential in
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Li2Fe1�xMnxP2O7 is the shift of the Fe 3d t2g down-spin states to the higher binding energy

with Mn substitution. Thus cell voltages can be predicted by measuring the Fe 3d t2g down-

spin states in cathode materials.

Regarding energy-efficient devices, Si LSI (large scale integrated circuit) has been

achieving continuous progress of four times in every 3 years following the Moore’s law,

contributing to green technology for sustainable society. In Si CMOS (complementary

metal oxide semiconductor) technology, one of the most important processes is reportedly

the formation process of gate stack structure consisting of metal gate layers, high-k

(dielectric constant) gate insulator films, and Si substrates. So far, cross-sectional

transmission electron microscope (TEM) has been used to analyze the gate stack structure.

However, precise chemical and electronic information of gate stack nanolayers cannot be

obtained by TEM. Toyoda et al. [16] developed a high-energy resolution in-depth profiling

technique using MEM analysis of angle-resolved photoelectron spectra where in-depth

information and chemical bonding information are contained.

Photoelectron intensityF(s) can be expressed by the Laplace transformation, that is, the integral

of f(t) times the attenuation function of photoelectron: exp(�st), as follows:

F sð Þ¼
ð∞
0

f tð Þexp �stð Þdt (8.1)

s¼ 1=λ cos θ,

where f(t) is the real in-depth profile of atomic concentration as a function of depth or thickness

(t), s is an angle factor, λ is escape depth or inelastic mean free path (IMFP) of photoelectron,

and θ is take-off angle of photoelectron. Therefore f(t) can be obtained by the inverse Laplace

transformation. Toyoda et al. succeeded in obtaining in-depth profiles for a metal gate TiN/

high-k gate stack structure of La2O3/HfSiO/SiO2 on an Si substrate using backside ARPES, as

shown in Fig. 8.8. They also discussed the annealing effects of gate stack nanolayer structure.

In-depth profiles before and after annealing clearly show that La atoms diffuse through the

HfSiO layer and reach interfacial SiO2 layers by rapid thermal annealing. Peak shift of Si 2p

core-level spectra by about 0.3 eV suggests that there are changes in the band discontinuity at

the high-k/SiO2 interface, which is well related to the Vth shift (0.3 V) based on the interface

dipole model. Thus HRPES can correlate the electronic states with device performance in

addition to in-depth profiling in nanolayers.

In the HX region, PES with much higher energy resolution than the conventional XPS with

monochromatized Al K α X-rays [17] was realized using a combination of from Si (444) to Si

(777) channel cut monochromator and Si (111) double crystal monochromator, and a high-

sensitivity hemispherical electron analyzer [18]. Taking advantage of much deeper probing

depth than 10 nm, various green chemistry materials and devices have been analyzed without

any surface-cleaning procedures. The details will be described in Section 8.7).
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8.3 ARPES for Band Structure of Nanolayers

ARPES is one of the most important methods to directly analyze the distribution of the

electrons or the DOS in valence band in the momentum-energy space of solids, especially

nanolayers. Detailed information on band dispersion and FS can be obtained by ARPES.

Although conventional ARPES with VUV light can provide us with band structure in the

surface region because of the short probing depth of photoelectrons within a few nanometers

from surface, recent rapid progress in much brighter SX beam, and an angle-resolved electron

analyzer with much higher angle resolution down to 0.1 degrees has enabled SX-ARPES,

resulting in band dispersion in the deeper region, that is, more intrinsic bulk electronic

properties undisturbed by surface effect.
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Cross-sectional TEM images of the as-grown (A) and annealed (B) samples of a metal gate TiN/high-k
gate stack nanolayer structure of La2O3/HfSiO/SiO2 on an Si substrate. In-depth profiles for as-grown
(A0) and annealed (B0) samples are obtained from the angle-resolved core-level intensity as a function
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Kumigashira, M. Oshima, T. Ohtsuka, Y. Hata, M. Niwa, Annealing effects of in-depth profile and band

discontinuity in TiN/LaO/HfSiO/SiO2/Si gate stack structure studied by angle-resolved photoemission spectroscopy
from backside, Appl. Phys. Lett. 96 (2010) 042905, with the permission of AIP Publishing.
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Since photon momentum in the VUV and SX regions, which is relatively small compared to

electron momentum, can be usually neglected, the component of electron momentum in the

plane of the sample is conserved for the samples with smooth surface. Then the following

equation can be given

ћkik ¼ ћkfk ¼
ffiffiffiffiffiffiffiffiffiffiffi
2mEf

p
sin θ (8.2)

where ћkf and ћki are the momentum of the outgoing electron and the initial momentum of the

electron, respectively, and Ef is the energy of the final state. On the other hand, the normal

component of electron momentum ki? can be expressed by the following equation by assuming

that the final in-crystal states are free-electron-like,

ki? ¼ 1

ћ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m Ef cos

2θ +V0

� �q
(8.3)

whereV0 is an inner potential denoting the band depth from vacuum includingwork function. In

order to determine the dispersion relation between the binding energy, EB, and the wave vector

ki of the photoelectron parallel to or perpendicular to the surface, as shown in Fig. 8.3, these

equations for energy and momentum should be solved.

So far, ARPES had been applied to electronic structure analysis of cleavable layered materials

such as graphite, black phosphor, and MoS2. Since most of the technically and scientifically

important materials are three-dimensional, ARPES was not significantly contributing to green

chemistry, namely practical and industrial applications. However, since most of high Tc

superconductors are layered materials that can be easily cleaved in UHV, yielding flat and

smooth surface suitable for ARPES, various kinds of cuprate superconductors have been

analyzed by ARPES so far. Ding et al. [19] succeeded in obtaining band mapping by high-

resolution ARPES, and revealed spectroscopic evidence for a pseudogap (a suppression of

spectral weight) in the normal state above Tc of underdoped high-Tc superconductors

Bi2Sr2CaCu2O8+δ (Bi2212). They used 19 or 22 eV of photon energy with an energy resolution

of 22 or 27 meV, respectively.

For terahertz wireless telecommunication applications of ultrahigh-speed FETs, graphene has

exhibited great application potential as the host material for next-generation electronic devices

because of its extremely high carrier mobility. However, despite its intriguing properties, the

lack of an energy gap in its electronic spectra is a critically weak point for device applications.

Zhou et al. [20] reported electronic structure for graphene determined with ARPES in order to

open a gap in graphene’s electronic spectra. They used epitaxial strain from SiC substrates and

succeeded in obtaining a gap of 0.26 eV, as revealed by ARPES band mapping in Fig. 8.9. This

gap decreases as the sample thickness increases and eventually approaches zero when the

number of layers exceeds four. They also revealed that the origin of this gap is the breaking of

sublattice symmetry owing to the graphene-substrate interaction. Their results with ARPES

suggest a promising direction for bandgap engineering of graphene.
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In order to widely apply ARPES to band dispersion analysis of three-dimensional materials,

Horiba et al. [21] developed an in situ ARPES system combined with laser MBE system.

Chikamatsu et al. [22] reported ARPES band mapping of La1�xSrxMnO3 (LSMO) showing

a colossal magnetoresistance behavior that can be applied for switching devices. They observed

changes in the electronic structure across the filling-control metal-insulator transition by means

of in situ ARPES of epitaxial thin films. The FS gradually disappears near the MI transition by

transferring spectral weight from the coherent band near the Fermi level EF to the lower

Hubbard band, as shown in Fig. 8.10 (upper panel), whereas a pseudogap behavior also exists in

the ARPES spectra in the close vicinity of EF for metallic LSMO. These results indicate that the

spectral weight transfer derived from strong electron-electron interaction dominates the gap

formation in LSMO associated with the filling-control MI transition, as schematically shown in

Fig. 8.10 (lower panel).

Another interesting application of this in situMBE-ARPES system is the first discovery of the

quantum confinement of strongly correlated electrons in artificial structures grown by laser

MBE, providing a platform for studying the behavior of correlated Fermi-liquid states in low

dimensions. Yoshimatsu et al. [23] reported the creation and control of two-dimensional

electron-liquid states in ultrathin films of SrVO3 grown on Nb:SrTiO3 substrates, which are

artificial oxide structures that can be varied in thickness by single monolayers. As shown in

Fig. 8.11, ARPES results for the SrVO3/Nb:SrTiO3 samples with quite low lattice mismatch

clearly exhibit metallic quantum well states that can be appropriately described by the
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well-known phase-shift quantization rule. The observed quantumwell states in SrVO3 ultrathin

films show distinctive orbital-selective quantization originating from the anisotropic orbital

character of the V 3d states and unusual band renormalization of the subbands near the Fermi

level. These results suggest complex interactions in the quantum well.

For more practically applied materials, Ueoka et al. [24] reported ARPES results for low-power

dissipation thin film transistor (TFT) InGaZnO (IGZO) materials for liquid crystal display. The

electronic structures of amorphous IGZO film on SiO2 layers before and after annealing were

observed by constant, final state, angle-resolved X-ray photoelectron spectroscopy (CFS-XPS)

and X-ray adsorption near-edge structure spectroscopy (XANES) using a two-dimensional,

display-type, spherical mirror analyzer (DIANA: DIsplay-type, spherical mirror ANAlyzer

Fig. 8.12A), with which Matsui et al. [25] succeeded in three-dimensional band mapping of

graphite.Angle-resolvedCFS-XPSusingSXs reveals the in-depth change of the electronic state in

4.0

B
in

di
ng

 e
ne

rg
y 

(e
V

)

3.0

2.0

1.0

x = 0.1 [FI] x = 0.2 [FM] x = 0.3 [FM] x = 0.4 [FM]

EF

E

G003 X003 G103 G003 X003 G103 G003 X003 G103 G003 X003 G103

Hole concentration (x)

O 2p
Ο 2p

Ο 2p

k k k

(A) (B) (C) (D)

eg (coherent)

eg (incoherent)

t2g

Wave vector

EF

Fig. 8.10
Experimental band structure of the La1�xSrxMnO3 thin films along the Γ-X direction [x¼ (A) 0.1,
(B) 0.2, (C) 0.3, and (D) 0.4] obtained from the ARPES measurements (upper pane). Dark parts
correspond to energy bands. Solid lines represent the chemical potential shift determined by angle-
integrated PES studies. Lower panel shows a schematic illustration for the composition dependence of
the electronic structure of La1�xSrxMnO3. Reprinted from A. Chikamatsu, H. Wadati, H. Kumigashira, M.
Oshima, A. Fujimori, M. Lippmaa, K. Ono, M. Kawasaki, H. Koinuma, Gradual disappearance of the fermi surface
near the metal-insulator transition in La1�xSrxMnO3, Phys. Rev. B Rapid Commun. 76 (2007) 201103(R), #
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the a-IGZO bulk rather than at the a-IGZO/SiO2 interface, as shown in Fig. 8.12B and C. The tail

states representing conduction band edge states in a-IGZO effectively decrease by high-pressure

watervapor annealing (HPV).CombinedwithXANESresults indicating an increase in thenumber

of tail states upon atmospheric annealing (AT), they concluded that the increase in the number of

tail states is well correlatedwith the decrease of the channelmobility. ThusARPES can be applied

to even amorphousmaterials for electron devices, although banddispersion cannot be obtained for

amorphous materials.

Thus ARPES can provide us with very valuable information of electronic structure in solids

including cleavable layered materials, MBE-grown thin films, and amorphous semiconductors.

However, in situ ARPES of MBE-grown samples limits the applications, especially industrial

applications which strongly require rapid analysis and ex situ analysis of home laboratory-made

real samples with device quality using specialized fabrication apparatuses. In this viewpoint,

Kobayashi et al. [26] successfully demonstrated a potential for band mapping by ex situ SX

ARPES of single crystal samples using the capping layer technique with amorphous layers.

They measured band dispersion of a GaAs thin film protected by an amorphous As layer with

thickness exceeding the typical probing depths of VUV light up to 100 eV. Increasing the

probing depth by increasing photon energy into the SX region such as several hundred eV

clearly exposes the bulk band dispersion of the GaAs underlayer without any surface treatment.
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Fig. 8.13A–E shows valence-band dispersion of the GaAs thin film. This ex situ SX-ARPES

enables access to the three-dimensional band dispersion of buried underlayer through an

amorphous overlayer. This technique would open up a new possibility of analyzing

momentum-resolved electronic structure of protected thin-film heterostructures.

8.4 Spin-Resolved Photoelectron Spectroscopy

Magnetic materials have been utilized for large-scale data storage or spintronic device systems

such as nonvolatile magnetic random access memory (MRAM) and magnetic disk or hard disk

drive (HDD) system using magnetic nanolayers, and very strong magnets for electrical

generators and electric motors applications. In order to improve magnetic properties of these

materials, magnetic properties should be precisely analyzed for the bulk, nanolayers, surfaces,

and interfaces. Spin-resolved photoelectron spectroscopy (SR-PES) is one of the most

promising techniques for analyzing spin-polarized photoelectrons due to ferromagnetic

exchange splitting in the spin states of the valence band of a ferromagnet. The spin-dependent

many electron effects induced by the photoelectron excitation can also be analyzed.

SR-PES and ARPES provides “complete” information on an electronic state of a material, that

is, “energy, momentum, and spin.” However, the detection of photoelectrons with spin- and

angle-resolutions has been a challenging issue due to the extremely low count rate at a spin
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detector. So far a Mott-type spin polarimeter with the principle of spin-orbit interaction had

been used for SR-PES from the 1970s to the 1990s. The most famous SR-PES experiment was

done on Fe(100) by Gudat’s group [27]. By spin- and angle-resolved photoemission with

synchrotron radiation, the electronic structure of Fe(100) was tested between room temperature

and the Curie temperature Tc for photon energies in the range 20–70 eV. However, the

efficiency of the spin polarimeter was so low that SR-PES experiments were forced to be done

with poor energy resolution (200–300 meV) and poor angle resolution (� several degrees)

even using synchrotron radiation. So, great efforts have been devoted to develop more efficient

spin polarimeters.
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Recently, a new spin- and angle-resolved photoemission spectrometer was developed adopting

the very-low-energy-electron-diffraction (VLEED)-type spin polarimeter with the principle of

spin-exchange interaction operating at 6–20 V [28]. While the figure of merit (FOM) for Mott-

type spin polarimeter is around 10�4, that for this VLEED-type spin polarimeter is as high as

10�3 to 10�2. The Fe(001)p(1�1)-O film grown on MgO(001) crystal for the VLEED target

yields significantly high spin-resolving power, the effective Sherman function of 0.40�0.02,

with long lifetime and stability. Bertacco et al. [29,30] realized approximately 100 times higher

efficiency than that of conventional Mott-type spin polarimeter with the FOM of about 0.019.

Thanks to this high efficiency, high-energy resolution can be realized. The simplified ways of

target preparation and revitalization make the VLEED spin polarimeter much more convenient

and feasible for the spin-polarized PES.

TM dichalcogenides have recently attracted renewed attention because of the remarkable

electronic and physical properties of two-dimensional materials such as graphene and

topological insulators. The behavior of electrons and holes in a crystal lattice is a fundamental

quantum phenomenon, accounting for a rich variety of material properties. One example is the

anomalous bulk properties of semimetallic WTe2. Das et al. [31] reported angle- and spin-

resolved photoemission spectroscopy of WTe2 single crystals, where they revealed the role of

W and Te atoms in the formation of the band structure and identified the interplay of charge,

spin, and orbital degrees of freedom. They found that at kx ¼ 20.25 A21 and ky ¼ 0 A21 the

down-spin spectrum has a larger peak at 0.6 eV and the up-spin spectrum has a larger peak at

0.2 eV, whereas at kx¼ 0.25 A21 and ky¼ 0 A21 the up-spin spectrum has a dominating peak at

0.6 eV and the down-spin spectrum has a dominating peak at 0.2 eV, supporting time-reversal

effect. Based on first-principles calculations and high-resolution surface topography, the

existence of a layer-dependent behavior was observed.

Another interesting feature on the surfaces of three-dimensional topological insulators is

TlBiSe2 showing an in-gap Dirac point, where the upper and lower parts of the Dirac-cone

surface state are both utilized. Although investigations of the surface transport properties of this

material are limited due to the lack of bulk insulating characteristics, Kuroda et al. [32] reported

a realization of the bulk insulating property by tuning the composition of Tl 1�x Bi 1+x Se 2�δ

without introducing guest atoms. Fig. 8.14A shows spin-resolved energy dispersive curves

(EDCs) along K-Γ-K at various emission angles. As shown in Fig. 8.14B and C, experimental

spin polarization taken after subtraction of constant background clearly reveals the spin-helical

surface Dirac cone with reversed spin helicity at the Dirac point. Thus SR-PES can provide

useful information on exotic topological phenomena on the surface.

One of the important practical applications of magnetic materials is magnetic head or spin valve

for HDD and spin transfer torque (STT) MRAM based on the identical principle of magnetic

tunneling junction (MTJ). The tunneling probability between bothmagnetic electrode materials

sandwiching an insulating nanolayer (about 1 nm thick) is expressed by 2PtPb/(1�PtPb),
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where Pt and Pb are spin polarization of top and bottom electrodes, respectively. Therefore, in

order to develop better performance MTJ, ferromagnetic materials (thin films) with the spin

polarization of unity, which is called “half-metal,” should be developed. Half-metallic

materials are characterized by the coexistence of metallic behavior for one electron spin

(majority spin) and insulating behavior for the other (minority spin), resulting in completely

spin polarized DOS at or near the Fermi level, and the conductivity is dominated by these

metallic single-spin charge carriers. Park et al. [33] reported spin-resolved photoemission

measurements of a ferromagnetic manganese perovskite, La0.7Sr0.3MnO3, showing the

half-metallic nature well below the Curie temperature. For the majority spin, the photoemission

spectrum clearly shows a metallic Fermi cut-off, whereas for the minority spin, it shows an

insulating gap with disappearance of spectral weight at approximately 0.6 eV binding energy,

as shown in Fig. 8.15.
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Thus, SR-PES would become a more inevitable tool to characterize spintronic materials and

devices for green chemistry.

8.5 Time-Resolved Photoelectron Spectroscopy for Transient Phenomena or
Surface Dynamics

In order to develop more advanced devices with higher efficiency and faster operation for green

chemistry, electronic structure in terms of dynamics or time-dependence should be analyzed for

MOSFET, solar cells, photocatalysts, magnetic materials, strongly correlated electron

materials, and low-dimensional materials like graphene in addition to static electronic structure

revealed by ARPES and so on. Fig. 8.16 shows various chemical and physical phenomena on

different time scales [34]. Elementary phenomena such as electron-electron (e-e) interactions,

electron-coherent phonon (e-cph) coupling, and electron-phonon (e-ph) coupling occur mostly
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on ultrafast time scales (typically less than picoseconds [1 ps¼10�12 s]). So, ultrafast time-

resolved spectroscopy is strongly required to directly monitor these ultrafast processes. The

dynamics in chemical reactions such as bond-breaking and bond-forming take place typically

on a time scale of femtoseconds (1 fs¼10�15 s). However, other elementary processes of

reaction such as surface diffusion, formation of reaction intermediates, and desorption occur on

time scales longer than picoseconds.

A pump-probe spectroscopy is one of the most important methods for investigating dynamics of

electronic structure, where a femtosecond infrared laser pulse excites the sample to create

electron-hole pairs and a subsequent UV or SX pulse beam can probe the transient electronic

structure after a time delay Δt. Time-resolved photoelectron spectroscopy (trPES) adds

femtosecond time-resolution to conventional PES. Furthermore, by time- and angle-resolved

photoelectron spectroscopy (trARPES) elementary scattering processes in complex materials

can be directly analyzed or converted into the electronic band structure as a function of energy

and electron momentum.

Most synchrotron radiation rings provide SR pulses with a pulse width in the range of 30–70 ps

and repetition rates of 500 or 1.25 MHz depending on the storage ring operation mode. For

pump-probe spectroscopy, an IR or visible light laser system synchronized to the SR storage

ring is used. An optical delay line and an electronic delay are utilized to control the time delay

between laser and SR pulses, as shown in Fig. 8.17 [35].
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Ozawa et al. [36] reported trPES results on photocatalytic TiO2 surfaces, where

photocatalytic activity is determined by the transport property of photoexcited carriers from

the bulk to the surface of photocatalysts. Because the carrier dynamics are influenced by a

space charge layer (SCL) in the subsurface region, an understanding of the effect of the

potential barrier of the SCL on the carrier behavior is essential. They measured the relaxation

time of the photoexcited carriers on single-crystal anatase and rutile TiO2 surfaces by trPES,

as shown in Fig. 8.18. They found that carrier recombination is strongly influenced by the

surface barrier height Vs* of the SCL. The carrier lifetime is determined to be 180�100 ns on

rutile (110), whose barrier height for the hole transport is 0.4 eV, whereas the lifetime on

anatase (001) which has the surface barrier of 0.2 eV is 50�30 ns. The analysis within the

thermionic emission model, however, reveals that the carrier lifetime is longer on anatase if

the barrier-height difference is <0.15 eV, even though the barrier is higher on the rutile

surface than on anatase. The present study demonstrates that the photoexcited carrier lifetime

can be tuned from subnanoseconds to microseconds by changing the surface barrier height.

Such band engineering is applicable to design not only photocatalysts with higher activity but

also photovoltaics with improved conversion efficiency.

For developing very fast FET for terahertz devices or many next-generation electronic devices,

graphene has attracted great attention because of its large electron mobility around

200,000 cm2/Vs. However, there is still much debate over how the electronic properties of

graphene behave on ultrashort time scales. Gilbertson et al. [37] succeeded in the first direct

measurement of carrier distribution dynamics in monolayer graphene after ultrafast

photoexcitation. They obtained the evolving quantum distributions of the electrons and holes

by trPES on an ultrashort 500 fs time scale, as shown in Fig. 8.19. For delays closer to time zero
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(a), the fitting cannot be accomplished without the inclusion of a nonzero chemical potential. At

later delays (b), the chemical potential can be zero and still achieve fitting. The values of T and

μ for several delay values are plotted in Fig. 8.19C. The shape of T(t) is similar to results of the

two-temperature model, whereas μ(t) could not be measured in previous experiments.

The chemical potentials assigned to the excess carrier distributions rapidly decrease, and after

�1 ps they are equal to zero, indicating the complete crossover to a state described by the T*
model with electron and hole distributions in chemical and elevated temperature equilibrium.

For LSI devices, charge carrier dynamics are important especially at the gate insulator SiO2-Si

interface. Br€ocker et al. [38] measured time-resolved Si 2p core level photoelectron spectra for

a thermally grown 1.5-nm-thick SiO2/Si(100) interface. Upon excitation of electron hole pairs

in the surface-near region by picosecond laser pulses, the dynamics of the charge carrier

recombination has been determined by time-resolved Si 2p core level photoemission via the

time-dependent surface photovoltage, as shown in Fig. 8.20A. Fig. 8.20B shows a potential

scheme for the surface of a p-doped semiconductor. Br€ocker et al. found a nonexponential

decay of the surface photovoltage on a time scale from picoseconds to 800 ns and a logarithmic

dependence on laser intensity, which can be well described by a quasiequilibrium model based

on charge carrier dynamics governed by thermionic emission.
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Topological insulators including topological superconductors have attracted great attention

because of their unique properties and potential applications to ultrafast quantum computers.

Sobota et al. [39] reported time-resolved electronic structure of topological insulator,

characterizing the occupied and unoccupied electronic structure of the topological insulator

Bi2Se3 by one-photon and two-photon angle-resolved photoemission spectroscopy and slab

band structure calculations. They revealed a second, unoccupied Dirac surface state with

similar electronic structure and physical origin to the well-known topological surface state.

This state is energetically located at 1.5 eV above the conduction band, which permits it to be

directly excited by the output of a Ti:sapphire laser. This discovery demonstrates the

feasibility of direct ultrafast optical coupling to a topologically protected, spin-textured

surface state.

Schmitt et al. [40] used femtosecond trARPES to optically pump and probe TbTe3. It is

important to investigate microscopic cooperative effects that lead to instabilities with

macroscopic impacts like phase transitions through self-coordination and collectivity. By

driving a transient charge density wave melting, they observed excited collective vibrations in
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TbTe3 through their time-, frequency-, and momentum-dependent influence on the electronic

structure or FS, as shown in Fig. 8.21. They identified the role of the observed collective

vibration in the transition and to document the transition in real time.

Thus trPES can provide us with deep insight into transient phenomena or dynamics that should

be correlated with performance of green chemistry materials and devices.

8.6 Spatially Resolved PES for Green NanoMaterials and NanoDevices

With the rapid progress in nanotechnology and nanoscience, the demands for nanoscopic

analyses of chemical, electronic, and magnetic properties, namely nanoscale imaging, are

becoming stronger. In the field of catalysis, surface chemical reaction on a single particle of

catalyst with the size of several tens of nm is a key issue to be analyzed for developing new

catalysts with higher performance. In LSI devices, the gate channel is nowadays in the order of

around 10 nm, and nanoscale electronic structure analysis is needed. For nonvolatile STT-

MRAM, the cutting-edge devices with a diameter of about 10 nm are being developed, where

magnetic imaging with the spatial resolution of a few nm is strongly required.

For that purpose, spatially resolved PES or imaging has been developed mainly in two ways, as

shown in Fig. 8.22. One is to use focused X-rays or VUV beam by reflection mirrors like a

Kirkpatrick-Baez (KB) mirror system and a Wolter mirror system, or by a diffraction lens like

the Fresnel zone plate (FZP). Although the mirror system has a great advantage over FZP in

terms of photon flux and fixed focal length regardless of photon energy, the focused beam size
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are for SPV¼0 and the dashed lines are for SPV not equal to 0. Reprinted from D. Br€ocker, T. Gießel, W.
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is around 1 μm at present. In contrast, FZP can provide us with the focused beam of <100 nm.

The other is to focus photoelectrons emitted from samples irradiated with unfocused SR beam

with the size of several tens of μm bymeans of electron lens system. So, the former imaging is a

kind of scanning electron microscope, while the latter one is a kind of TEM.

In order to meet these requests from industry, Horiba et al. [41] developed a 3D-nano-ESCA

system for nondestructive observation of the three-dimensional spatially resolved electronic

structure of solids. For focusing the X-rays, a FZP with a diameter of 200 μm and an

outermost zone width of 35 nm is used. In order to obtain the angular dependence of the

photoelectron spectra for the depth-profile analysis without rotating the sample, an angle-

resolved electron analyzer with an acceptance angle of 60 degrees as a high-resolution

angle-resolved electron spectrometer was used. From the results of the line-scan profiles of

the FET poly-Si/high-k gate patterns, a total spatial resolution was determined to be

better than 70 nm.

Regarding energy-efficient devices, Horiba et al. [42] applied the 3D-nano-ESCA system

to reveal the change in the electronic structure of an Ni nanowire ReRAM device during

resistance-switching operations using scanning photoelectron microscopy techniques in

order to clarify the mechanism of resistance-switching phenomena. The disappearance of

DOS at the Fermi level (EF) in a high-resistance state and recovery of a finite DOS at EF in a

low-resistance state are directly observed, as shown in Fig. 8.23, indicating that the Ni
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(A) Schematic illustration of an Ni nanowire device. (B) Valence band PES spectra of Ni nanowire at
the initial stage, high resistance, and low resistance states. (C) Photoelectron intensity mapping of the
Ni nanowire device in the energy region of the Pt 4f core levels, including the Ni 3p core levels.

Reproduced from K. Horiba, K. Fujiwara, N. Nagamura, S. Toyoda, H. Kumigashira, M. Oshima, H. Takagi,
Observation of rebirth of metallic paths during resistance switching of metal nanowire, Appl. Phys. Lett. 103 (2013)

193114, with the permission of AIP Publishing.
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nanowire is fully oxidized after switching to the high-resistance state and that Ni-metal

conductive paths in the oxidized nanowire are recovered in the low-resistance state. Thus

local electronic structure revealed by the 3D-nano-ESCA system has been well correlated

with nanodevice operation mechanism.

Regarding nanospectroscopy of ReRAM, Yasuhara et al. [43] revealed the spatial distribution

of chemical states in resistance-switching devices with a planar-type Pt/CuO/Pt structure by

photoemission electronmicroscopy (PEEM)with the spatial resolution of<100 nm. It has been

found from the pinpoint XAS spectra at the Cu L3 edge that the change in resistance occurring

by the application of the first voltage is caused by the formation of a reduction path, in other

words, a Cu2O or metallic Cu bridge through the CuO channel between the Pt electrodes, as

shown in Fig. 8.24. A detailed analysis of various bridges suggests that Joule-heat-assisted

reduction induced by the current flowing through the device may play an important role in the

formation of the conductive reduction path. However, since the direct observation of

conducting path formation could not be achieved, much higher spatial resolution such as 10 nm

or less might be necessary.

Regarding magnetic memory applications of unique meteorite materials for energy-efficient

devices, Kotsugi et al. [44] elucidated the relationship between the Widmanstaetten structure

and the magnetic properties by means of PEEM combined with X-ray magnetic circular
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(A) SEM image of the planar-type Pt/CuO/Pt device after the forming process, (B) chemical PEEM
image at the same region as the SEM image, and (C) XAS spectra recorded inside (region I) and

outside (region II) the bridge structure near the Cu L3 absorption edge. Reproduced from R.
Yasuhara, K. Fujiwara, K. Horiba, H. Kumigashira, M. Oshima, H. Takagi, Inhomogeneous chemical states in
resistance-switching devices with a planar-type Pt/CuO/Pt structure, Appl. Phys. Lett. 95 (2009) 012110, with the

permission of AIP Publishing.
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dichroic (XMCD). They used Gibeon iron meteorite, which is one of the typical iron meteorites

showing a clear Widmanstaetten structure. Fig. 8.25A shows a PEEM Ni distribution in the

boundary region between α (bcc) and thin γ (fcc) lamellae. As shown in Fig. 8.25B, X-ray

absorption fine structure (XAFS) structures for α and thin γ lamellae are slightly different. Ni

concentration profile drastically changes at the interface between α and thin γ lamellae. XMCD

image in Fig. 8.25C reveals a unique magnetic domain structure, showing the “head-on”

magnetic coupling over the interface between the α and γ lamellae. This kind of a magnetic

domain structure is known to be unfavorable in any synthetic Fe-Ni alloys. However,

micromagnetics simulation suggests that the formation of magnetic domains is induced by the

L10-type FeNi (tetrataenite) phase with a large uniaxial magnetic anisotropy energy (Ku) of

1.3�107 erg/cc segregated at the boundary in the Widmanstaetten structure. Based on this

unique magnetic structure, L10-type FeNi thin films or nanolayers showing high Ku with about

7�106 erg/cc have been developed for next-generation magnetic recording [45].

Graphene exhibits unusual electronic properties, caused by a linear band structure near the

Dirac point. This band structure is determined by the stacking sequence in graphene

multilayers. Fukidome et al. [46] reported electronic structure of graphene layers on 3C-SiC

(111) and 3C-SiC(100) thin films grown on a 3D microfabricated Si(100) substrate (3D-GOS

(graphene on silicon)) by 3D-nano-ESCA [40]. Si(111) microfacets as well as major Si(100)

microterraces were fabricated by anisotropic etching. They have found that tuning of the

interface between the graphene and the 3C-SiC microfacets enables microscopic control of

stacking and ultimately of the band structure of 3D-GOS, as shown in Fig. 8.26. Peak

B component in C 1s observed for graphene on the 3C-SiC(111) microfacet can be well

correlated with the interfacial amorphous layer in the cross sectional (X)-TEM image for the
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Characterization of Widmanstaetten structure. (A) Ni distribution in boundary region between α and

thin γ lamellae observed by PEEM. (B) XAFS spectrum at Ni K edge probed for each lamella.
(C) Magnetic domain structure for the same region as (A). Reprinted from M. Kotsugi, T. Wakita, T.
Taniuchi, K. Ono, M. Suzuki, N. Kawamura, M. Takagaki, T. Nakamura, M. Taniguchi, K. Kobayashi, M.

Oshima, N. Ishimatsu, H. Maruyama, Novel magnetic domain structure in iron meteorite induced by the presence of
L10-FeNi, Appl. Phys. Express 3 (2010) 013001, with the permission of The Japan Society of Applied Physics.
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graphene/3C-SiC(111) microfacet interface. Thus pinpoint electronic state analysis would be

very useful in opening up new possibilities of graphene in electronic or photonic devices.

Nagamura et al. [47] analyzed local electronic states and potential distribution at the metal

electrode/graphene interface in GFET using 3D nano-ESCA. They have succeeded in detecting

a charge transfer region at the graphene/metal-electrode interface, extending over 500 nm with

the energy difference of 60 meV, as shown in Fig. 8.27. The C 1s sp2 component binding energy

profile at the Ni-graphene interface can be well fitted by calculated curve based on the

screening potential using density-functional theory within the Thomas-Fermi approximation.

Moreover, a nondestructive depth profiling by ARPES reveals the chemical properties,

especially of O 1s component at the graphene/SiO2/Si substrate interface, suggesting that the
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(A) Intensity mapping of the 3D-GOS by using C 1s core-level photoelectrons at the binding energy of

284 eV. (B) Pinpoint C 1s core-level spectrum of graphene on the 3C-SiC(100) microterrace.
(C) Pinpoint C 1s core-level spectrum of graphene on the 3C-SiC(111) microfacet. (D) X-TEM image
of the interface between graphene and the 3C-SiC(100) microterrace. (E) X-TEM image of the

interface between graphene and the 3C-SiC(111) microfacet. Reproduced from H. Fukidome, T. Ide. Y.
Kawai, T. Shinohara, N. Nagamura, K.Horiba, M. Kotsugi, T. Ohkochi, T. Kinoshita, H. Kumigashira, M.

Oshima, M. Suemitsu, Microscopically-tuned band structure of epitaxial graphene through interface and stacking
variations using Si substrate microfabrication, Sci. Rep. 4 (2014) 5173, with the permission of Nature Publishing

Group.
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SidOH bonds of silanol group or water molecules existing between graphene and SiO2 are

attributed to the cause of this charge transfer phenomenon.

In order to realize local band structure analysis of functional materials such as graphene

films with polycrystalline character by ARPES, Avila et al. [48] developed a high-resolution

angle and lateral resolved photoelectron spectroscopy (nano-ARPES) system in SOLEIL.

They studied one-atom-thick graphene films on thin copper foils synthesized by chemical

vapor deposition. Moreover, by mapping grain by grain the electronic dynamics of this unique

Dirac system, they have found that the single-grain gap-size is 80% smaller than the multigrain

gap recently reported by classical ARPES. Such nanoscale electronic structure analysis

could lead to the fabrication of one-atom-thick graphene films, which are robust in the

Dirac relativistic-like electronic spectrum as a function of the size, shape, and orientation

of the single-crystal pristine grains in the graphene films.

Johansson et al. [49] also reported detailed nano-ARPES band mappings of individual

graphene grains, clearly showing that multilayer C-face graphene exhibits multiple p-bands.
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Line profile for the binding energy peak position of the graphene component (sp2) taken along the
dashed white line shown in the inset mapping image.Dots indicate the results of peak fitting compared
with the calculated curve based on the screening potential using density-functional theory. Reproduced

from N. Nagamura, K. Horiba, A. Toyoda, S. Kurosumi, T. Shinohara, M. Oshima, H. Fukidome, M.
Suemitsu, K. Nagashio, A. Toriumi, Direct observation of charge transfer region at interfaces in graphene devices,

Appl. Phys. Lett. 102 (2013) 241604, with the permission of AIP Publishing.
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The area shown is 35�50 μm2, and the photon energy used was 100 eV. The band dispersions

obtained close to the K-point moreover clearly indicate Bernal (AB) stacking within the grains

comparing to theoretical band dispersion calculated in the framework of the density functional

method. Thus a similar interaction between graphene layers on C-face and Si-face SiC

was found.

8.7 Hard XPS for Bulk and Interface Analysis

Although PES is a powerful tool to investigate the electronic properties of solids, its usefulness

is limited by the surface sensitivity, or the short probing depth such as a few nanometers for

conventional X-ray photoemission spectroscopy with Al Kα and Mg Kα sources. It is well

known that surface electronic structure is significantly different from the bulk for some group of

materials such as strongly correlated materials. Small variations in the local environment

strongly affect the orbitals that form the narrow bands and influence the properties of the

electrons near the Fermi level. Furthermore, almost all practically important systems are buried

interfaces such as metal/semiconductor (Schottky contact) interfaces, semiconductor

heterojunctions, and liquid/solid interfaces.

In terms of the probing depth much larger than conventional XPS, hard X-ray photoelectron

spectroscopy (HAXPES) is a very promising technique to probe deeper region from the surface

to attain volume sensitivity in excess of 10 nm by analyzing photoelectrons in the 6–10 keV

range of kinetic energy. Analyzing high kinetic energy (KE) electrons with a reasonably high

energy resolution is the key issue for successful HAXPES experiments. While the KE is a key

factor to define the probing depth which also depends on the electron density in samples, it is

the total resolution that determines the energy scale of the finest details. In order to extract

useful bulk information from the analysis of the valence band, spectra should be recorded with

an energy resolution about 200 meV or below [50].

For high energy-resolution HAXPES, the incident X-rays are usually monochromatized with

the combination of Si (111) double crystal and Si (444) or (555) channel-cut monochromators.

In order to remove the nondipole effects, the analyzer was fixed at the parallel direction of

X-ray polarization. The electron spectrometer commonly used is a hemispherical deflector

analyzer with transmission lens, electronics, and 2D detector system designed and optimized to

the purpose of high energy high-resolution photoemission experiments. The interest of

HAXPES relies on the improved bulk sensitivity of the technique. An appropriate parameter

that estimates the probing depth is the IMFP or the effective attenuation length λ. Under the
assumption of negligible elastic scattering, λ is the thickness of a layer that reduces its intensity
to 1/e. The value of λ depends on the kinetic energy of the electrons and also on the material, as

shown in Fig. 8.28.

In HAXPES, a total energy resolution of 239 meV at about 8 keV of photon energy was

evaluated by Au Fermi edge at room temperature, as shown in Fig. 8.29. The IMFP (λ) of Pt was
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approximately 6 nm (with the electron kinetic energy around Fermi level, 7939 eV). In

contrast, a total energy resolution of about 150 meV was obtained at about 6 keV of photon

energy.

Regarding power generation devices, polymer electrolyte fuel cells (PEFC) have attracted a lot

of interests because of their clean technology emitting less amount of carbon dioxide as global

warming gas. However, the high costs and the scarcity of platinum necessary especially for
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Photo of HAXPES apparatus at BL46XU in SPring-8 (A) and total energy resolution determined by
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cathode catalysts have obstructed the commercialization of PEFCs. Therefore, ORR (oxygen

reduction reaction) catalysts without Pt should be developed. Niwa et al. [51] investigated

electronic structure of non-Pt cathode catalysts for PEFC by HAXPES, which is a useful

technique to probe not just surface properties, but bulk chemical and electronic properties. They

analyzed various types of N-containing carbon-based cathode catalysts for PEFC, as shown in

Fig. 8.30A and B. N 1s spectra of the carbon-based cathode catalysts can be decomposed into

four components identified as pyridine-like, pyrrole- or cyanide-like, graphite-like, and oxide

nitrogen. Samples showing high oxygen reduction reaction activity in terms of oxygen

reduction potential contain high concentration of graphite-like nitrogen. Based on these results,
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Fig. 8.30
N1sHXPES spectra (A) of the carbon-related catalysts and schematic of various nitrogen components
corresponding to deconvoluted components in N 1s spectra (B). Each spectrum is fitted with Voigt
functions followed by background subtraction with the Shirley method. Reprinted from H. Niwa, M.
Kobayashi, K. Horiba, Y. Harada, M. Oshima, K. Terakura, T. Ikeda, Y. Koshigoe, J. Ozaki, S. Miyata, S. Ueda, Y.
Yamashita, H. Yoshikawa, K. Kobayashi, Electronic structure analysis of carbon alloy cathode catalysts for polymer
electrolyte fuel cells by hard X-ray photoemission spectroscopy, J. Power Sources 196 (2011) 1006–1011, with the

permission of Elsevier B.V.

Nanolayer Analysis by Photoelectron Spectroscopy 317



the oxygen reduction reaction activity of the carbon-based cathode catalysts can be improved

by increasing concentration of graphite-like nitrogen in a developed sp2 carbon network, which

is also confirmed by first principles calculation showing the importance of graphitic N at the

zigzag edge [52]. Thus, electronic structure of powder samples revealed by HAXPES is well

correlated with electrochemical activity.

So far, various kinds of energy-efficient devices, such as ReRAM, IGZO (In-Ga-Zn-O) FET,

Schottly diodes and so on have been analyzed as they are in the form of device structures by

HAXPES, because no surface-cleaning procedures are required for analyzing bulk and

interface electronic properties to correlate with electrical or device properties.

Regarding ReRAM applications, Wei et al. [53] developed highly reliable TaOx ReRAM,

where the memory cell shows stable pulse switching with endurance over 109 cycles and

sufficient retention exceeding 10 years at 85°C. TaOx exhibits stable high and low resistance

states based on the redox reaction mechanism. To clarify the redox reaction mechanism, a large

area test vehicle containing 100 cells with an area of 5�20 μm2 per each cell was fabricated,

and the top electrode was thinned to 10 nm for HAXPES. With this nondestructive experiment

technique, they succeeded in observing the Ta 4d bands at the deeply buried interface between

anode electrode and TaOx thin film. As shown in Fig. 8.31, the ratio of TaO2-β/Ta2O5�δ
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(A) HAXPES Ta 4d photoelectron spectra for low resistance state (LRS) and high resistance state
(HRS) of Pt/TaOx/Pt ReRAM structure, which shows that the TaO2�β component decreases at HRS.
(B) Schematic redox reaction mechanism for ReRAM where O2� ions are attracted or expelled by
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increases from HRS to LRS, indicating that the Ta2O5�δ component of HRS is reduced to the

TaO2-β component of LRS. These results suggest the redox reaction mechanism for ReRAM.

Regarding valence band feature analysis using HAXPES, Horiba et al. [54] developed a special

technique using core-level spectroscopy. Using HAXPES with the photon energy of 5.95 keV,

they studied the intrinsic electronic structure of La1-xSrxMnO3 (LSMO) thin films, which have a

possibility of switching devices and magnetic RAM taking advantage of half-metallicity.

Comparison of Mn 2p core-levels with soft XPS with the photon energy of 1000 eV, a clear

additional well-screened feature is observed only in practically more useful or convenient

HAXPES. This feature shows a noticeable increase with decreasing temperature for the

ferromagnetic metal compositions, indicating that the origin of this feature is strongly related to

the ferromagnetic metal phase of LSMO thin films.

Nomura et al. [55] investigated the electronic states in amorphous IGZO films with high carrier

concentrations with different Hall mobilities by optical absorption and HAXPES especially to

examine the annealing effects of IGZO films. All HAXPES spectra showed clear Fermi edge

structures and extra subgap density of states (DOS), as shown in Fig. 8.32. Subgap DOS greater

than 1020 cm�3 near valence band maxima (VBM), which may be the origin for tail-like

structures observed in the optical spectra, can also provide the explanation for why IGZO TFTs

show hard saturation in off-states and are difficult to operate in an inversion p-channel mode.

The group also performed the angle-resolved HAXPES and found that the density of defect

states was increased toward the film surface. Thus, defect states of semiconductors can be

precisely analyzed by HAXPES.

Interface potential profiles are very important in investigating metal/semiconductor contacts, in

other words, Schottly contacts. Minohara et al. [56] investigated interfacial potential

distribution by angle-resolved HAXPES to reveal the Schottly contact mechanism for SrRuO3/

Nb:STO heterojunction. They reported on the potential profiling in depth for promising oxide

heterojunctions: La0.6Sr0.4MnO3 (LSMO)/Nb-doped SrTiO3 (Nb:STO) having different

interfacial terminating layer and SrRuO3/Nb:STO heterojunctions. The precise depth-profiling

analysis of LSMO/TiO2-Nb:STO interfaces with dLa0.6Sr0.4O/TiO2/SrOd structure reveals

the existence of a certain thin depletion layer of 1–2 nm with an abrupt potential drop near the

interface, as shown in Fig. 8.33. In contrast, the ideal depletion layer is formed for other

interfaces with adSrO/TiO2/SrOd terminating layer. These results suggest that the adjacency

of TiO2 layer with La0.6Sr0.4O donor layers at the interface is responsible for the formation of

the thin depletion layer near the interface.

Regarding energy storage devices, LIBs are one of the most promising devices. Silicon,

especially silicon nanoparticle, is a very good candidate for the next generation of negative

electrodes for LIB, due to its high rechargeable capacity. An important issue for the

implementation of silicon is the control of the chemical reactivity at the electrode/electrolyte

interface upon cycling. Philippe et al. [57] reported improved performances of Li//Si cells by
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using the new salt lithium bis(fluorosulfonyl)imide (LiFSI) with respect to LiPF6. The

interfacial chemistry after long-term cycling was investigated by both SX and hard XPS with

different probing depths. They have revealed that LiFSI salts effectively prevent the

fluorination process of the silicon particles surface or the formation of SiOxFy compounds upon

long-term cycling, as shown in Fig. 8.34, resulting in preservation of the favorable interactions

between the binder and the active material surface. It is suggested that the reduction products

deposited at the surface of the electrode may act as a passivation layer that prevents further

reduction of the salt and preserves the electrochemical performances of the battery.

Yabuuchi et al. [58] have demonstrated that the sodium polyacrylate (PANa) binder efficiently

improves the electrode performance of graphite/silicon composite in the

bis(trifluoromethylsulfonyl)amide (TFSA)-based pure ionic liquid (IL), achieving the

reversible cycling with capacity of 1000 mAh g�1 using the graphite/Si-PANa composite

electrode. In order to reveal the role of the PANa layer in preventing the decomposition
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of IL during electrochemical cycling, they carried out SXPES and HAXPES experiments.

The contribution from the carbon materials at 284.6 eV (dCdH,dCdCd) is clearly visible

in HAXPES spectra of the PANa composite. Two components are observed in the Si 1s spectra; a

sharp peak from Si0 at 1839.5 eV and a broad peak from native oxide of Si surface in the state of

Si4+ located at 5–6 eV higher than Si0 are observed.Uniform distribution of the activematerials in

the PANa electrode results in much better local electric conduction to nanometer-sized Si

particles than the polyvinylidene difluoride (PVdF) electrode. Thus they elucidated the reasons

for the PANa composite showing much higher initial capacity by HAXPES.

Thus HAXPES is playing an important role in analyzing various green chemistry materials and

devices in terms of bulk or interfacial properties that are intrinsic or essential to be correlated with
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functionalities. Taking advantage of these characteristics, various projects toward operando

HAXPESanalysesof real catalysts andelectronicdevices in collaborationwith industryareongoing.

8.8 In Situ and Operando PES During Green Chemical Reactions and Green
Device Operation

It is well known that electronic structures of functional materials and devices under device

operation such as (1) crystal growth at high temperature, (2) catalytic surface reaction at

ambient pressure (AP), (3) electrochemical reaction in liquid phase with biasing, and (4)

electron devices with/without strain under biasing are quite different from those at room

temperature in UHV without biasing. So, in order to improve the performance of green

chemistry and green devices, operando analyses are strongly required.

Regarding operando crystal growth analysis, various electron beam, X-ray, and infrared

techniques have been developed and utilized so far, including RHEED (reflection high energy
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electron diffraction) during MBE, surface X-ray diffraction during MOVPE (metalorganic

vapor phase epitaxy) and electrochemical deposition, XFAS during MBE, and RDS

(reflectance difference spectroscopy) during MOVPE. However, it was difficult to take

photoelectron spectra during crystal growth, because UHV is required for PES.

Maeda et al. [59] developed a differential pumping system-combined MBE chamber directly

connected to photoelectron analyzer, and analyzed GaSb(001) surfaces during an Sb desorption

process at substrate-temperature-dependent growth conditions by measuring core-level

photoelectron spectra in real time. The time dependence of the Ga 3d intensity revealed that Sb

desorption from GaSb(001) can be explained by two competing processes with fast and slow

time constants. By analyzing the Sb 4d and Ga 3d spectra at various stages during Sb desorption

at the growth temperature, it is found that Sb atoms occupy different sites in the top layer of Sb

double layers, which can be correlated well with fast and slow time constants.

Enta et al. [60] also developed a real-time monitoring system of Si epitaxial growth during

MOVPE by PES, and found that the photoelectron intensities from the surface states on Si(100)

periodically oscillate during Si growth at 500°C of substrate temperature by gas source MBE

with a Si2H6 gas. For clarifying the origin of the oscillation in more detail, they measured angle-

resolved UPS for both Si(100)2�1 and 1�2 clean surfaces, and found that the photoelectron

intensity oscillations on Si(100) arise from the difference in the surface band dispersions of

surface states between the 2�1 and the 1�2 clean surfaces.

Regarding operando catalytic reaction analysis, Rotermund et al. [61] performed a pioneering

study on oscillation of oxidation and reduction of CO-adsorbed Pt(110) surface by controlling

O2 pressure by means of PEEM, although it was not an ambient pressure experiment. The

catalytic oxidation of CO on Pt(110) showed oscillatory kinetics and spatiotemporal pattern

formation, as shown in the PEEM images in Fig. 8.35. These patterns consist of solitary waves

with bell-shaped profiles that propagate with a constant velocity of about 3 μm/s along the

crystallographic [00 1] axis of the surface. Although these contrasts reflect just work function

(ϕ) change fromO-adsorbed dark areas with largerϕ to CO-adsorbed gray areas with smallerϕ,
this technique would be a more powerful tool by combining with changeable photon energy for

element imaging with separated chemical states and circularly polarized SXs for magnetic

domain imaging.

As an example of catalytic surface reaction at ambient pressure, Nemšák et al. [62] reported

combining ambient-pressure (AP) XPS and standing-wave photoemission for a model system

of NaOH and CsOH in an �1-nm-thick hydrated layer on α-FeO (haematite), as shown in

Fig. 8.36A. Fig. 8.36B and C shows an O 1s spectrum and the rocking curves derived from the

four components, respectively. Thus, by the unique combination at ambient pressure, the

in-depth profiles of chemical compositions and states focusing on narrow interfacial regions of

a few to several nm even at the liquid/solid interface can be determined with sub-nm accuracy,

as shown in Fig. 8.36D.
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Regarding operando electrochemical reaction analysis, Zhang et al. [63] carried out operando

spectroscopy to probe oxidation states of all exposed surfaces in operational solid oxide

electrochemical cells at 750°C in 1 mbar reactant gases H2 and H2O using a combination of AP

XPS and CeO2�x/YSZ/Pt single-chamber cells. Ce 3d spectra shown in Fig. 8.37 suggest that

the mixed ionic/electronic conducting CeO2�x electrodes undergo Ce3+/Ce4+ oxidation-

reduction changes with applied bias. The simultaneous measurements of local surface Ce

oxidation states and electric potentials reveal that the active ceria regions during H2

electrooxidation and H2O electrolysis are located in the 150 μm region from the current

collectors. It is suggested from the persistence of the Ce3+/Ce4+ shifts in the active region that

the surface reaction kinetics and lateral electron transport on the thin ceria electrodes are

co-limiting processes. Thus, operando AP PES reveals local surface potentials and the relative

shift of Ce oxidation state out of equilibrium in this region.

As the second example for operando electrochemical reaction analysis, Casalongue et al. [64]

performed ambient pressure PES of PEFC by directly probing the correlation between the

adsorbed species on the surface and the electrochemical potential, as shown in Fig. 8.38. SX

operando PES experiments were carried out using the incident photon energy of 670 eV under

Fig. 8.35
PEEM images of catalytic CO oxidation on a Pt(110) surface, taken with an interval of 3 s. The dark
objects are regions with enhanced Oad coverage moving along the indicated directions with constant
velocity. Reprinted from H.H. Rotermund, S. Jakubith, A. von Oertzen, G. Ertl, Solitons in a surface reaction,

Phys. Rev. Lett. 66 (1991) 3083, with the permission of The American Physical Society
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600 Torr of humidified forming gas at the anode and varying O2 pressures at the cathode, as

schematically illustrated in Fig. 8.38A. Fig. 8.38B shows O 1s spectra consisting of many

components such as multilayer H2O, H2O(ad), H2OdOH, OHdO H2OdOH, and OHdO. It

should be noted that nonhydrated hydroxyl was the dominant surface species near the open-

circuit potential. Together with density functional theory calculations, they found that the

removal of hydration could enhance the reactivity of oxygen species, suggesting the importance

of controlling the hydration of hydroxyl near the triple phase boundary for designing more
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active fuel cell cathodes. Based on such fundamental understanding of surface reactions on fuel

cell cathodes, various attempts including the use of IL (ionic liquid)-impregnated nanoporous

PtNi catalysts to avoid the degradation due to water adsorption are being conducted for much

higher electrochemical performance.

The third example for operando electrochemistry analysis is operando electrochemical PES

system utilizing a microcell with an ultrathin Si membrane, reported by Masuda et al. [65] In

this system, HXs from an SR source can penetrate into the Si membrane surface exposed to the

solution, and photoemission measurements at solid/liquid interfaces under potential control are

possible. They investigated the process of potential-induced Si oxide growth in water. Effect of

potential and time on the thickness of Si and Si oxide layers was quantitatively determined at

subnanometer resolution. This technique would shed light on the future trend of operando

electrochemical PES for lithium ion battery and PEFC.

Regarding operando electron device analysis, Nagamura et al. [66] reported a chemical potential

shift in an organic field effect transistor (OFET) during device operation revealed by SX

operando nanospectroscopy analysis with the 3D-nano-ESCA system with a sample holder.

Electrical properties of OFETs fabricated using ultrathin 3 mL single-crystalline C10-

DNBDT-NW films on SiO2/Si substrates with a backgate electrode and top source/drain Au

electrodes were measured during operando photoemission experiments. Then, line profiles of

C 1s binding energy under biasing at the backgate and drain electrodes were measured, as shown

in Fig. 8.39A. Photon energy was 1000 eV. When applying �30 V to the backgate, C 1s core

level shift of about 0.1 eV was observed, which can be attributed to a chemical potential shift

corresponding to band bending of organic thin film in FET by the field effect. As shown in

Fig. 8.39B, it is found that the logarithmic value of drain current is proportional to the measured

chemical potential shift following Boltzmann distribution, suggesting successful p-type doping.

Furthermore, they succeeded inmeasuring potential profiles in the channel region from the source

electrode to the drain electrode, which can be well fitted with the calculated potential profile

based on the gradual channel approximation with the assumed threshold voltage of OFET.

Fukidome et al. [67] measured GFET during biasing to the gate. Although graphene is a

promising material for next-generation devices owing to its excellent electronic properties,

graphene devices have not exhibited the high performance expected. Operando photoelectron

nanospectroscopy is needed to observe electronic states under device operation conditions. So,

they have achieved pinpoint operando core-level photoelectron nanospectroscopy of a channel

of GFET. As shown in Fig. 8.40A, the graphene’s binding energy (EB) of C 1s is shifted toward

lower EB upon negative gate biasing. This shift corresponds to the lowering of Fermi level in

graphene channel below the Dirac point (Fig. 8.40B), suggesting p-type doping due to the field

effect. As shown in Fig. 8.40C, the direct relationship between C 1s EB and gate voltage is well

reproduced by a simulation assuming linear band dispersion. Thus operando nanospectroscopy

will bridge the gap between electronic properties and device performance.

Nanolayer Analysis by Photoelectron Spectroscopy 327



8.9 Summary and Future Prospects

PES has been utilized to analyze chemical and electronic structures in materials science, solid-

state physics, and chemistry, and so on after the development of XPS by Kai Siegbahn in 1957.

Recently the PES technique has been much improved thanks to the rapid progress of

synchrotron radiation sources and precisely designed electron analyzers with a
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two-dimensional detector. In addition to materials science, solid-state physics, and chemistry,

highly sensitive and high-resolution PES is becoming inevitable also for various kinds of

industrial applications especially in green chemistry and green technology.

These strong demands to PES from science and technology would enhance the progress of PES

toward much higher energy resolution (sub meV), higher angle resolution (sub 0.1 degrees),

higher time resolution (femtosecond), higher spin resolution, higher spatial resolution (several

nm), and combined analysis of these by developing amore sensitive analyzer andmuch brighter

SR beam including X-ray free electron laser (XFEL) with higher coherency and shorter pulse

structure.

Furthermore, industrial applications would request operando PES more than before, because

they need electronic structure of real devices such as fuel cells and LIBs under operating

condition in order to correlate electronic structure with properties and functions. Since industry

users deal with nanolayers and nanostructures for real devices and green chemistry, electronic
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structure analysis of nanolayers and nanostructures under real device conditions is strongly

required. For that purpose, nanobeamHAXPES with higher photon energy than 15 keV even at

ambient pressure might become more important as the “first target.” In order to characterize

electronic structure of nanolayers and nanostructures, ambient pressure operando nano-ARPES

with SXs under real device conditions would be the “second target.” As described in

Section 8.6), the use of about 100-nm SX beam for photoemission spectroscopy is not so

difficult at present. However, since much smaller nanostructures than 100 nm have been used

for practical nanodevices (LSI, MRAM, ReRAM, etc.) and green chemistry (catalysts, fuel

cells, LIB, etc.), nanospectroscopy with less than 10-nm spatial resolution would be required.

Furthermore, research on dynamics in chemical reactions taking advantage of short pulse

X-rays and femtosecond lasers would be the “third target.”

On the other hand, there is a trend from hard materials like Si and ceramics to soft materials like

organic films for OFET, which are vulnerable to intensive radiation damage. Therefore the

development of highly sensitive two-dimensional detectors with higher time resolution is

strongly required.

Based on these advanced technologies in PES, three-dimensional analysis (x, y, z) would

become six-dimensional analysis together with energy-resolved (E or ω), angle-resolved (k),

and time-resolved (t) analysis. In addition to analytical techniques, rapid progress in theoretical

calculations significantly accelerates the progress in PES.
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[62] S. Nemšák, A. Shavorskiy, O. Karslioglu, I. Zegkinoglou, A. Rattanachata, C.S. Conlon, A. Keqi, P.K. Greene,

E.C. Burks, F. Salmassi, E.M. Gullikson, S.-H. Yang, K. Liu, H. Bluhm, C.S. Fadley, Concentration and

chemical-state profiles at heterogeneous interfaces with sub-nm accuracy from standing-wave ambient-

pressure photoemission, Nat. Commun. 5 (2014) 5441.

[63] C. Zhang, M.E. Grass, A.H. McDaniel, S.C. DeCaluwe, F. El Gabaly, Zhi Liu, K.F. McCarty, R.L. Farrow, M.

A. Linne, Z. Hussain, G.S. Jackson, H. Bluhm, B.W. Eichhorn, Measuring fundamental properties in operating

solid oxide electrochemical cells by using in situ X-ray photoelectron spectroscopy, Nat. Mater. 9 (2010) 944.

[64] H.S. Casalongue, S. Kaya, V. Viswanathan, D.J. Miller, D. Friebel, H.A. Hansen, J.K. Nørskov, A. Nilsson,

H. Ogasawara, Direct observation of the oxygenated species during oxygen reduction on a platinum fuel cell

cathode, Nat. Commun. 4 (2014) 2817.

[65] T. Masuda, H. Yoshikawa, H. Noguchi, T. Kawasaki, M. Kobata, K. Kobayashi, K. Uosaki, In situ x-ray

photoelectron spectroscopy for electrochemical reactions in ordinary solvents, Appl. Phys. Lett. 103 (2013)

11605.

[66] N. Nagamura, Y. Kitada, I. Honma, K. Horiba, M. Oshima, H. Matsui, J. Tsurumi, J. Takeya, Chemical

potential shift in organic field-effect transistors during operation revealed by soft X-ray operando nano-

spectroscopy, Appl. Phys. Lett. 106 (2015) 251604.

[67] H. Fukidome, K. Nagashio, N. Nagamura, K. Tashima, K. Funakubo, K. Horiba, M. Suemitsu, A. Toriumi,

M. Oshima, Pinpoint operando analysis of the electronic states of a graphene transistor using photoelectron

nanospectroscopy, Appl. Phys. Express 7 (2014) 065101.

Nanolayer Analysis by Photoelectron Spectroscopy 333

http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0260
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0260
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0260
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0260
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0265
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0265
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0270
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0270
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0270
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0270
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0270
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0275
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0280
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0280
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0280
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0285
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0285
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0290
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0290
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0290
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0295
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0295
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0295
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0300
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0300
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0305
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0305
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0305
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0310
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0310
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0315
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0315
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0315
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0315
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0320
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0320
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0320
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0325
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0325
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0325
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf9005
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf9005
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf9005
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0330
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0330
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0330
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0335
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0335
http://refhub.elsevier.com/B978-0-444-63739-0.00008-6/rf0335


This page intentionally left blank



CHAPTER 9

Layer-by-Layer Nanolayers
for Green Science
Katsuhiko Ariga*,†
*National Institute for Materials Science (NIMS), Tsukuba, Japan †The University of Tokyo,
Kashiwa, Japan

9.1 Introduction

Functional materials with both nanosized functional units and macroscopic effects have to

possess two extremely different structural dimensions, nanoscopic dimension and macroscopic

dimension. Structurally controlled thin films can satisfy this demand, because they have

macroscopic dimensions in lateral directions and nanoscopic dimension in thickness direction.

Therefore, preparation of well-controlled thin films is one of the promising ways to utilize

nanoscopic phenomena for practical applications. As fabrications for functional thin films with

controlled nanoscopic thickness, the self-assembled monolayer (SAM) method [1–3],
Langmuir-Blodgett (LB) technique [4–6], and layer-by-layer (LbL) assembly [7–10] have been
widely used (Fig. 9.1).

The SAM method is an excellent method for providing organized monolayers strongly

immobilized on a surface. This technique is regarded as a powerful strategy for surface

modification of various kinds of materials. However, the SAM method is usually limited to

fabricate single-layer structures and cannot provide controlled layered structures. It cannot be

used as a technique to prepare well-organized multilayer films. On the other hand, the LB

technique is good for fabrication of multilayer films. In the LB technique, a monolayer structure

is first prepared on a liquid surface such as the air-water interface, which can be transferred

onto a solid support under controlled surface pressures. However, this technique includes

necessary process of formation of the monolayer at liquid interfaces. Therefore the LB

technique is not always applicable to a wide range of materials, although many research efforts

for application of various nanomaterials for the LB films have been made.

Another method for multilayer fabrication is the LbL assembly. Unlike films obtained from the

former two methods, the LbL assembly provides multilayered films with rather disorganized or

fuzzy structures [11]. However, the LbL assembly can be conducted by very simple procedures
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with inexpensive apparatuses. In addition, many kinds of materials can be used in the LbL

assembly, because this assembling method is based on simple adsorption processes. Therefore,

the LbLmethod can be regarded as a versatile technique for fabrication of multilayer thin films.

In this chapter, basics of LbL assembly with some typical examples are first described. Then

application examples of this technique for green sciences such as sensing and drug delivery are

explained.

(B)

(A)

(C)

Monolayer

Water

Fig. 9.1
Three representative functional thin films: (A) self-assembled monolayer (SAM); (B) Langmuir-

Blodgett (LB); and film (C) layer-by-layer (LbL) assembly.
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9.2 Basics of LbL Assembly

The LbL assembly is based on adsorption process between substrate surfaces and components

in solution phases. Although various kinds of interactions possibly work on adsorption

processes, initial proposals by Iler [12] and demonstration by Decher [13,14] relied on

electrostatic interaction. In particular, Decher and coworkers successfully demonstrated basic

examples of LbL assemblies using polyelectrolytes and/or bola-type amphiphiles through

electrostatic adsorption. Based on their pioneering examples, many researchers demonstrated

applicability of the LbL technique to various components such as inorganic nanomaterials

[15–17], biomolecules [18–20], and supramolecular assemblies [21–23]. At the same time, uses

of the other molecular interactions including biospecific interaction [24], metal coordination

[25,26], hydrogen bonding [27,28], charge transfer [29], stereocomplex formation [30,31], and

supramolecular inclusion [32] were demonstrated.

In order to explain the basic mechanism of the LbL assembly, one example of the LbL

processes is depicted in Fig. 9.2, in which the LbL assembly process is done using cationic

polyelectrolytes and anionic proteins. When a solid support with negatively charged surface is

immersed into aqueous solution of the cationic polyelectrolyte, adsorption of the cationic

polyelectrolyte to the solid surface occurs through electrostatic attraction. This adsorption

process does not stop at charge neutral points; overadsorption to convert the surface charge to

Protein
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Polyelectrolyte

Fig. 9.2
One example of the LbL processes using cationic polyelectrolytes and anionic proteins.
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positive always occurs. Therefore, the surface charge is reverted to positive after the adsorption

of the cationic polyelectrolyte. The next immersion of the refuting film on the substrate into the

aqueous solution of the anionic protein induces electrostatic adsorption of the protein onto

positively charged surface. Again charge reversal occurs after the adsorption of the anionic

protein, resulting in negatively charged surface. These processes can be repeated with

alternation of surface charge, and continuous alternate adsorption between the components with

different charges becomes possible.

According to this alternate adsorption mechanism, layered films with desirable thickness

(desirable number of layers) can be assembled only with control of immersion cycles. If the

charge alternation rule is kept, adsorption sequences can be freely modified, leading to

fabrication of wide varieties of the layered films. Because these processes are based on very

simple adsorption, the necessary apparatuses are only beakers and tweezers. In addition,

adsorption of components in solution to the solid surfaces finishes within about 10 min.

Therefore, LbL assembly can be done with nonexpensive elemental set-up and in a short time

under ambient conditions. Because this mechanism can be applied to various charged

substances, there is a vast choice of available fragile components such as biomaterials including

proteins [33,34], nucleic acids [35], polysaccharides [36], and virus particles [37].

Media for the LbL assembly is not limited to solid substrate surfaces. The LbL assembly on

microscopic colloidal particles is also possible, which can also result in formation of hollow

capsules through destruction of central colloidal cores after the LbL assembly on them

(Fig. 9.3) [38–41]. According to the strategy illustrated in this Figure, the LbL films are

assembled sequentially on a colloidal core, and subsequent destruction of the central particle

core results in hollow capsules. As a modified method, polyelectrolyte wrapping by the LbL

assembly on enzyme crystals results in an extremely high enzyme loading in a nanosized

capsule after dissolution of the enzyme crystals (Fig. 9.4) [42].

9.3 Application Example of LbL Assembly: Multienzyme Reactor

For environment-friendly green application of the LbL assembly, the functions of layered films

with biomolecular components makes an attractive target. The LbL assembly process is carried

out under mild conditions at low temperature. Therefore denaturation of biomolecules during

assembling processes can be minimized. An increase in stability of biomolecules such as

enzymes immobilized in the LbL film was also demonstrated [43]. Flexible but molecular-level

interactions between polyelectolytes and biomolecules can prevent the immobilized

biomolecules from unfavorable structural changes by external factors such as high temperature

and low or high pH. Duration stability of biomolecules in the LbL structures is enhanced as

compared with those in solution. In addition, the LbL multilayer films are generally more

permeable than LB films with condensed structures. Therefore LbL assemblies are often

advantageous on dynamic bioprocesses.
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LbL
assembly

Film-covered
particle

Core
dissolution

Hollow capsule

Core

Fig. 9.3
The LbL assembly on microscopic colloidal particles and subsequent destruction of central colloidal

cores to produce a hollow capsule.

Enzyme crystal

Enzyme solubilization

Enzyme

LbL layer

LbL assembly
polyelectrolytes

Fig. 9.4
Polyelectrolyte wrapping by the LbL assembly on enzyme crystals and formation of a hollow capsule

with an extremely high enzyme loading after dissolution of the enzyme crystals.
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One example of the advantages of the LbL structural features is application of multienzyme

reactors (Fig. 9.5) [44]. This multienzyme reactor example was prepared from glucose oxidase

and glucoamylase on an ultrafilter. Starch solution as reaction substrate was passed through the

multienzyme reactor from the top. Glucoamylase can hydrolyze the glycoside bond in starch,

resulting in glucose as the initial product. Glucose is then oxidized to gluconolactone by

glucose oxidase accompanying production of H2O2 as a coproduct. Because of the ultrafilter

belowmultienzyme film, the startingmaterial, starch, cannot pass into the filtrate, which allows

perfect separation between the starting materials and products. Wide applicability of solid

supports for the LbL assembly leads to such advantages in reactor bioapplication

9.4 Environmental Sensor With Graphene LbL Assembly

One of the important issues in green science is detection and protection of surrounding

environmental risks. Sensing of toxic and potentially toxic substances in environments is an

important task of green science. For example, cesiumdetection is a crucialmatter in Japansince the

accidentat theFukushimaDaiichinuclearpowerplant.With thedesignofanappropriatemolecular

receptor, thepresenceof cesiumin theearth [45] and inplant cells [46] canbevisualized for sensing

(Fig. 9.6). As seen in the following example, appropriate design of nanostructures and its

fabrication are important factors in detecting environmental toxic substances.

In order to detect environmentally toxic aromatic hydrocarbons, fabrication of π-electron-rich
nanospace on sensor surfaces was demonstrated. As shown in Fig. 9.7, reduced graphene oxide

Glucoamylase

Starch (substrate)

Glucose oxidase

LbL film
polyelectrolyte

LbL film
polyelectrolyte

Filter

Products

Glucose

Gluconolactone
H2O2

Fig. 9.5
Multienzyme reactor containing glucose oxidase and glucoamylase prepared on an ultrafilter.

340 Chapter 9



on ground
in plant

Cs+

Cs+

Cs+

O O

OO

O

NO2

O-

Fig. 9.6
Visualization of cesium on ground (left) and in plant cells (right).
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Fig. 9.7
Fabrication of π-electron-rich nanospace on a QCM sensor surface through LbL assembly of reduced

graphene oxide in the presence of aromatic ionic liquids.



as two-dimensional π-electron materials and aromatic ionic liquids were assembled in LbL

fashion on an electrode of quartz crystal microbalance (QCM) [47]. A QCM is widely known as

a mass-sensitive sensor based on piezoelectric effects of quartz crystals [48–50]. Attachment

and detachment of materials on the QCM electrode induces frequency decrease and increase,

respectively, basically in proportion to changes of mass on its surface. With AT-cut 9 M Hz

QCM sensor, a change of one nanogram can be detected with 1 Hz shift of the QCM frequency.

Fabrication of nanostructures able to detect target substances on the QCM plate is a powerful

method for sensor preparation for toxic gas substances.

For fabrication of graphene-based QCM sensor, pieces of graphene oxide nanosheets were first

disassembled from graphite through oxidation of graphite materials under acidic conditions.

The resulting graphene nanosheets were then reduced to reduced graphene oxide in the

presence of immidazolium derivatives that can form ionic liquid in their condensed phase. This

process leads to production of a complex of immidazolium cation and reduced graphene oxide,

which can be assembled in LbL fashion with anionic polyelectrolytes poly(sodium

styrenesulfonate) on QCM electrode. By several observation methods, aligned structure of

reduced graphene oxides with enhanced spacing by filling with ionic liquid was confirmed.

Sensing capability of the fabricated structures was roughly examined by exposure of the

graphene-based QCM sensor to solvent vapors under an ambient atmosphere. From decreases

in frequency of the QCM sensor upon gas adsorption, selective and an in situ gas detection can

be realized (Fig. 9.8). In particular, this sensor system exhibits enhanced sensitivity to aromatic

gas substances. For example, significantly greater selectivity (more than 10 times) for benzene

vapor over cyclohexane was observed in spite of their similar molecular sizes, molecular

weights, and vapor pressures. The π-electron-rich two-dimensional nanospace in alternate layer

structures of reduced graphene oxides and aromatic ionic liquid accommodate aromatic

molecules preferentially.

In addition, adsorption of CO2 gas from a saturated sodium hydrocarbonate solution can be

detected by the same graphene-based QCM sensor, which suggests application of the fabricated

sensor systems to global warming problems. Application of the LbL structures of reduced

graphene-oxide and ionic liquid to electric resistance sensor is also possible. Difference of

adsorption capability between benzene and cyclohexane can be converted to electric signals.

9.5 Environmental Sensor With LbL Assembly With Hierarchic Structure

As has been demonstrated, fabrication of guest-specific nanospace structures and assembly

onto a sensor surface by the LbL technique is a useful method for sensing systems for detection

of particular targets. As materials with controlled nanospaces, various mesoporous materials

have much potential for sensing media because the size, geometry, and distribution of

nanometer-scale pores are freely tuned as well as having a wide selection of pore components
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and versatile surface modification [51,52]. Fabrication of hierarchic structure, mesoporous

arrays in layered motif, is a powerful method for sensor design.

One example of sensors with LbL structures of mesoporous materials that uses mesoporous

carbon materials as nanospace components is depicted in Fig. 9.9 [53]. In order to introduce

surface charges on mesoporous carbon (CMK-3), mesoporous carbon materials were first

treated by ammonium persulfate for surface oxidation to introduce negative carboxylate groups

to mesoporous carbon. The resulting charged mesoporous carbon materials were assembled

into the LbL films with cationic polyelectrolyte on the QCM electrode, and increasing surface

coverage of the QCM electrode using the LbL process was confirmed. However, imperfect

surface coverage on the QCM electrode is a better factor for sensing because of easier diffusion

of guest gas molecules into mesopore channels. Therefore the LbL films of only two layers of

mesoporous carbon materials were subjected to further sensing experiments in solution phase.
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Fig. 9.8
Significantly greater selectivity for benzene vapor over cyclohexane at the π-electron-rich two-
dimensional nanospace in alternate layer structures of reduced graphene oxides and aromatic

ionic liquid.
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The QCM sensor plate covered with the LbL film of mesoporous carbon was immersed into

aqueous solution and stabilized its resonant frequency. Injection of guest substances such as

tannic acid into the aqueous phase induced frequency decreases of the QCM sensor upon

adsorption of the guest onto mesoporous carbon materials. Frequency shifts of the QCM sensor

with the mesoporous carbon LbL film upon adsorption of tannic acid were much greater than

those observed for QCM sensors with octadecanethiol SAM structure or LbL films of

polyelectrolytes alone, suggesting that mesopore structures have crucial importance for guest

detection. Guest selectivity was also investigated using three guests: tannic acid, catechin, or

caffeine. The QCM frequency response upon adsorption of tannic acid much exceeded those for

catechin and caffeine guests. This clear guest selection resulted from size matching between

mesopore host and guest molecules.

Interestingly, adsorption amount of tannic acid to the LbL films of mesoporous carbon showed

a sigmoidal profile as a function of guest concentration at low concentration regions. The

observed behavior originated from some kinds of cooperative phenomena. Probably, it can be

explained by enhanced guest-guest interaction, because the adsorbed tannic acid can have

effective hydrophobic interactions and/or π-π interaction within confined mesoporous

nanospaces (Fig. 9.10). Although cooperative adsorption is often observed for gas molecules to

Polyelectrolyte

LbL assembly

Mesoporous carbon

LbL film of
mesoporous carbon

Fig. 9.9
LbL assembly of mesoporous carbon materials with cationic polyelectrolyte on the QCM electrode.
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nanopores upon capillary condensation in gas phase, the similar cooperative adsorption upon

guest inclusion in liquid phase has not been well explored. This finding can enhance

understanding of molecular interactions within nanosized confined spaces; in particular,

cooperative guest binding with nonspecific interactions in liquid media may be related to

important phenomena including those observed in biological systems.

Sensor systems with further integrated hierarchic structures were also investigated. The system

illustrated in Fig. 9.11 has hierarchic structures where hollow capsules are assembled into LbL

structures, and every capsule has mesopore structures at its external walls [54]. Synthesis of

mesoporous carbon capsules is based on template synthesis with use of zeolite crystals as

templates. The carbon capsule structures with well-defined homogeneous dimensions

(1000�700�300 nm3) with 35-nm-thick walls and empty pore were synthesized. The capsule

walls are made from carbon and have mesoporous structures with a uniform pore size

Guest

Cooperative adsorption at
certain guest concentration

Mesopore channelMesopore channel

Fig. 9.10
Cooperative phenomena of guest adsorption into mesopore channels.
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distribution centered at 4.3 nm in diameter, and a specific surface area of 918 m2 g�1. Although

the carbon capsules do not essentially have surface charges, introduction of surface charge can

be done through covering the capsule with charged surfactants, which can be further assembled

alternately with counterionic polyelectrolyte onto a QCM sensor electrode.

Detectionof various volatile substances onto theLbL filmsof themesoporous carbon capsuleswas

similarly examined through in situ frequency decrease of the QCM sensor upon exposure of the

mesoporous carbon capsule QCM plate to saturated vapors of target substances. Among tested

substances (water, cyclohexane, pyridine, aniline, benzene, and toluene), sensitivities for aromatic

substances (pyridine, aniline, benzene, and toluene) aremuch higher than water and cyclohexane.

In addition, noncharged aromatic hydrocarbon (benzene and toluene) exhibits the highest

sensitivity. The amount of benzene adsorbed at equilibrium is ca. 5 times larger than that of

cyclohexane, although these two substances have very similar physical properties including vapor

pressures,molecularweights, and structures.This result strikingly indicates the crucial importance

of the role of π-π interactions for selective detection of volatile organic compounds.

As shown in Fig. 9.12, this hierarchic structure is useful for modulating sensing selectivity.

Modification of detection selectivity was made upon doping modulation elements into interior

1.5 µm

Mesoporous
carbon capsule

LbL film on QCM plate

Fig. 9.11
Hierarchic LbL structures of hollow capsules with mesopore structures at its external walls.
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spaces of the capsules in the LbL films. Adsorption preference was easily tuned by

impregnation with additional recognition components (the second element). Wide ranges of

guests (water, acetic acid, ammonia, butylamine, aniline, and pyridine) were investigated.

Sensors with nondoped carbon capsules exhibited high affinity to aromatic compounds (aniline

and pyridine). When lauric acid was doped as the second element, the sensors showed the

greatest affinities for non-aromatic amines (ammonia and butylamine) and the second highest

affinity for acetic acid were observed. Acid-base interactions are strong enough to alter the
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Fig. 9.12
Modified guest selectivity by doping modulation elements into interior spaces of the capsules in the

LbL films.
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sensing selectivity from aromatic compounds to basic substances. This concept was realized in

reversed way through doping with acid second elements. Doping of dodecylamine into the

carbon capsule films led to a strong preference for acetic acid. This strategy for modulation of

sensing selectivity by doping with the second recognition elements into the capsule interiors

within LbL films will enhance versatility of sensor design. Because carbon background

materials are stable in water and various media, this sensing system can be used for detection of

various toxic substances at biological environments.

9.6 Stimuli-Free Material Release From LbL Assembly

Control of release of materials to environments is one of the important tasks in green science.

Some of them play important roles in biomedical fields such as drug delivery. As described in

this section, hierarchic LbL structures of mesoporous silica capsule show unusual stimuli-free

control of materials release from the assembled capsule. It may become an eco-friendly system

for controlled materials supply.

In this case, mesoporous silica capsules were similarly synthesized using zeolite crystals as

templates. The prepared mesoporous silica capsule with negative charges on the surface were

assembled with cationic polyelectrolytes with the aid of anionic silica nanoparticles as a

coadsorber (Fig. 9.13) [55,56]. Scanning electron microscopic observation on the fabricated

LbL films confirmed that the mesoporous silica capsules were well dispersed among the silica

particles within the film.

The LbL films of mesoporous silica capsules were prepared on a QCMplate in order to evaluate

materials release from the capsule films. As standard experiments, incorporation and

evaporation of water from the LbL films of mesoporous silica capsules. The QCM plate with

the LbL film was first immersed into water phase in order to introduce water within the

mesoporous capsule. Then, quantitative in situ evaluation of water evaporation from the

capsules in the LbL films was made in the air phase. Surprisingly, an increase in QCM

frequency corresponding to water release from the interior of the silica capsule within the

compartment film exhibited a stepwise profile of repeated release and stop even though any

external stimuli were not applied (Fig. 9.14).

A plausible mechanism for the observed stimuli-free automatic stepwise of water release from

the mesoporous silica capsule films can be assumed to originate from combination of two

processes. Balances of water evaporation from the pores and capillary penetration into the pores

resulted in automodulated release of water. Probably, water entrapped in mesopore channels

initially evaporates. The first water evaporation process occurs based on this evaporation.

When the most of the water evaporates from the mesopore parts, water evaporation speed

becomes much slower. Then water supply from the capsule interior to mesopore regions was

made through rapid capillary penetration. Again, water evaporates frommesopore to exterior as

the second evaporation step starts automatically.
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The stimuli-free control of materials release is not limited to water evaporation. For example,

the similar release profiles were commonly observed for various fluid drugs such as fragrance

molecules. This is a rare example of a stimulus-free controlled release medium. This finding

might be useful for materials supply in a stepwise manner and/or prolonged release efficiency.

9.7 Conclusions: Toward Nanoarchitectonics

This chapter briefly introduced several uses of LbL assemblies. Assembling well-defined

nanostructures into controlled structures is surely a powerful way for various functional

systems including green science-related applications. Fabrication of multienzyme reactors,

highly selective sensors, selectivity-tunable sensors, and stimuli-free control of materials

release were exemplified.

Mesoporous silica
capsule

Polyelectrolyte

LbL assembly

LbL assembly

Silica nanoparticle

600 nm

Fig. 9.13
A LbL film of mesoporous silica capsule with cationic polyelectrolytes with the aid of anionic silica

nanoparticles as a co-adsorber.
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Assembling nanoscale building blocks into functional systems corresponds to architecting

functional systems in nanoscale. This feature is indeed similar to the emerging concept of

nanoarchitectonics [57–59]. This terminology was first proposed by Masakazu Aono and

involves the preparation of functional materials and fabrication of advanced systems by the

harmonization of various actions such as atomic and molecular manipulation, self-assembly/

organization, and control over the structure through the application of various physical stimuli

and actions. This concept is expected to be used in various applications including catalysis [60],

photocatalytic removal of pollutants [61,62], environmental remediation [63], optoelectronic

applications [64,65], sensors [66–68], capacitors [69], and batteries [70,71] as well as

functional materials [72–74] and systems [75–77]. The LbL fabrications match well with this

basic concept of nanoarchitectonics. In addition, green science and green chemistry are

included in target of nanoarchitectonics. This chapter discussed LbL strategy for green science.

However, these approaches should be included for the more advanced concept of

nanoarchitectonics for further future developments.
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10.1 What Is Graphene?

Graphene [1,2], the rising star among carbon materials, is a sheet of atomic thickness consisting

of hexagonally honeycomb-packed sp2 carbon and forming a two-dimensional structure. It is a

unit layer of parent graphite, which is the layered accumulation of graphenes interacting with

each other mainly by π-π stacking. It is considered to be the master structure of the other

nanocarbons, for example, fullerene, carbon nanotube, and carbon ribbon. Recently, graphene

has occupied theminds ofmany scientists [3], since it is a zero-band gap semiconductor inwhich

the valence and conduction bands are shaped like an inverted pair of cones that meet at a single

point in the momentum space. Due to its structure, graphene has outstanding electronic [4] and

thermal properties [5–7]. In addition, graphene is considered “the strongest material ever” as its

breaking strength is 42 N/m and Young’s modulus is �1.0 TPa [8]. Due to these properties,

especially the electronic properties, it can be applied to various systems: Graphene has been

applied to solar energy devices [9], semiconductors [10], ultracapacitors [11,12], gas sensors

[13], biosensors [14], and diagnostic treatments [15,16]. It has also been used recently in flexible

and organic light emitting diode displays [17]with better performance than that of the indium tin

oxide. Its large surface area also enables it to be used for various catalytic reactors including

fuel cell devices [18], biomedical therapy [19], and solar cell systems. All these excellent

properties and new applications of graphene make its synthesis procedure a hot (fundamental)

topic in the nanotechnology field. In this chapter, the preparation of graphene is focused mainly

on the top-down and bottom-up methods to promote mass production. Its layer characterization

and application to energy storage, particularly to the supercapacitor field, are described.

10.2 Synthesis of Graphene

Graphene can be prepared via one of two major ways, the top-down and bottom-up methods

[20,21]. Fig. 10.1 illustrates the schematic diagram of graphene preparation methods via
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different routes. The top-down methods include graphene preparation through mechanical

exfoliation, oxidation-reduction [graphene oxide (GO)] and intercalation-exfoliation [graphite

intercalation compound (GIC)]. The bottom-up methods are the pyrolysis of sodium in ethanol

and chemical vapor deposition of silicon carbide (SiC). Since any method has its own

advantages and disadvantages in terms of yield, quality, mass production, and applications of

the produced graphene, the procedure for each preparation method is introduced with its

characteristics in the following sections.

10.2.1 Top-Down Methods

10.2.1.1 Mechanical exfoliation

One of the top-down methods is the mechanical exfoliation of graphite, which had been one of

the most frequently used methods. The Ruoff group [22] in 1999 used a tip of an atomic force

microscope (AFM) to exfoliate highly oriented pyrolytic graphite (HOPG), yielding a thickness

of �200 nm. In 2010, Geim and Novoselov [1] used Scotch tape to exfoliate 1-mm-thick

HOPG, and succeeded in yielding graphene of single or few layers. Thus, the Nobel Prize in

Physics was awarded to them due to their amazing discovery that opened the door to excellent
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Fig. 10.1
Schematic diagram of graphene preparation via different methods.
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development of graphene research. The mechanically exfoliated graphene is efficiently used in

various applications including field effect transistors. This method using Scotch tape was also

applied to other 2Dmaterials, for example, boron nitride, molybdenum sulfide, and others [23].

Although this procedure is effective for exfoliation, the increase of product yield is still ongoing

since the work is tedious and time consuming.

Mechanical exfoliation is also possible by dispersing or dissolving pristine or expanded

graphite in aqueous organic solvents or polymer solutions [24–26], which have high affinity for
graphene. This method allows the π-π interaction between graphite layers to be diminished by

means of a bath-type sonicator for a long time [27] or a powerful tip homogenizer for a shorter

time. This procedure has several advantages. For instance:

(1) The method is facile and one step.

(2) The procedure is suitable for large-scale production.

(3) The obtained graphene dispersion is stabilized by solvation for a relatively long time.

(4) The procedure does not induce strong functionalization or severe defects in the graphene

sheets [28].

In addition, this method can be performed in single or mixed solvents [29], ionic liquids [30,31],

and/or surfactant solutions [32]. The stable dispersions of graphene sheets [33] can be attained

in the solvent or at the interface of immiscible solvents [34]. This procedure does not include

any harmful chemical reaction or unrecovered functionalization, since it is only a physical

exfoliation process. Few procedures have recently been reported with different interpretations

for the mechanisms. Thus these methods can be promising techniques for investigating the

exfoliation [35,36]. Meanwhile, since the dispersed graphene suffers from instability,

fragmentation, long sonication time, and less-than-desired yield, there are issues yet to be

solved (which is not the case with the procedure via GO described later). In addition, small

fragments can affect graphene’s unique properties, and sometimes surfactants are not easily

washed out or removed from the surface of graphene. When the stacked graphite is dispersed in

certain solvents and stimulated mechanically, it will become deformed to break the π-π
interaction force between its layers, and cause the exfoliation to graphene of a few layers. This

mechanism depends on specific characteristics of the solvent that enable stabilization of the

exfoliated graphite in the dispersion.

The stability of the dispersion is the key parameter of the best exfoliation [28]. Hansen

solubility parameters [37,38] can be used to predict the ability of various solvents to disperse

graphene [39]. The dispersion parameters generally define the stability of materials in solutions

and are contributed by three parameters of dispersion, polarity, and hydrogen bonding between

molecules (solute and solvent). These parameters are described as vectors in the three-

dimensional space (Hansen space). The ideal solvent that can cause exfoliation of graphite to

graphene should have dispersion force of �18 MPa, polarity of �9.3 MPa, and hydrogen

bonding of 7.7 MPa [40]. Thus 1-methylpyrrolidone is considered one of the best solvents in
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terms of exfoliation and stability, since this solvent satisfies the conditions of an ideal solvent.

Moreover, this solvent causes exfoliation with high yield after a mild continuous sonication

for a few weeks [35,36].

The use of organic solvents to exfoliate graphite is considered undesirable due to problems

associated with organic solvents, e.g., possessing high boiling point and high toxicity. This

disadvantage can be avoided by using a surfactant-water system instead. Various surfactants,

including sodium dodecylsulphate [41] and sodium cholate [42], have been used for dispersion

of carbon nanotubes [43] and of other carbon materials as well [33,44]. For graphene [45],

similar surfactants were also used [42] with water [46] or other solvents for long sonication time

[47]. The use of surfactants can cause easy exfoliation and stabilization of graphene [45] and

enables the obtained graphene to be used in different applications [48] such as a conductive film

with high quality. Thus the graphite exfoliation using surfactants has several advantages as

following:

(1) The method is nonoxidative, and the quality of obtained graphene is high.

(2) The procedure doesn’t require high-temperature treatment or chemical posttreatments.

(3) Safe (nontoxic), user-friendly, and low-boiling-point solvents can be used.

The dispersibility of graphene depends on the type of surfactants used. Several nonanionic

surfactants [49] have been investigated to exfoliate graphene directly from graphite via

sonication for a short time in a mild condition [50]. A stable suspension of graphene solution is

formed in an organic solvent (dimethylformamide) dissolved in a cationic surfactant [45].

Although the sonication method can be considered an efficient method for the dispersion of

graphene, it has some disadvantages including the very long sonication time, which causes

fragmentation to graphene flakes with the difficulty of removing surfactant and with the less

reproducibility. Therefore other methods are essentially required to improve the reproducibility

of the produced graphene and decrease its fragmentation.

10.2.1.2 Oxidation-reduction (via GO)

One of the most traditional procedures used in the top-down method is the oxidation-reduction

reaction. Although different procedures have been reported, the differences among these

methods consist in a variation of the oxidizing agents, or the reaction circumstances. These

treatments allow an efficient oxidation process, and hence effective exfoliation procedures can

be performed. Table 10.1 lists various methods of graphite oxidation and compares their

advantages and disadvantages. The oxidation methods of the natural graphite to graphite oxide

were first developed by Brodie in 1859 [51] and Staudenmaier in 1898 [52]. In 1958 Hummers

and Offeman [53] modified the method. They had successfully obtained graphite oxide as a

product of graphite oxidation by using potassium permanganate, sodium nitrate, and sulfuric

acid, which were not the chemicals used by Brodie and Staudenmaier. Since the development

and use of the Hummers procedure to synthesize graphite oxide, other oxidation schemes have
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been developed. One method was reported by Kovtyukhova et al. [54] in 1999. They succeeded

in oxidizing graphite via mixing sulfuric acid with a blend of potassium thiosulfate and

phosphorous pentaoxide to allow the complete oxidation of the whole layers. The improved

Hummers method for the synthesis of GO was developed by Marcano et al. [55] in 2010. They

improved the Hummers method by excluding NaNO3 and increasing the amount of KMnO4.

In addition, they performed the reaction in a mixture of H2SO4/H3PO4 (9:1). When the

improved Hummers method [55] is compared to the Hummers [53] and modified Hummers

[54], some advantages are found regarding the products. In contrast to the Hummers method,

the improved method does not generate toxic gases, and the temperature can be easily

Table 10.1 Comparison of oxidation procedures of graphite

Inventor Chemical Advantage Disadvantage

Brodie 1859 [51] KClO3

HNO3

� High yield
� Dispersibility in water
� Effective oxidation

� Reaction is explosive
� Chlorate is difficult to
wash out

� Products are
fragmented

Staudenmaier 1898 [52] KClO3

HNO3

H2SO4

� Oxidative procedure
� Suitability for large scale
� Effective oxidation and
exfoliation

� Reaction is explosive
� Washing/heating
processes are time
consuming

� Chlorate is difficult to
wash out

Hummers and Offeman
1958 [53]

KMnO4

NaNO3

H2SO4

� No chlorate
contamination

� Mass production
� High purity

� Oxidation is incomplete
� Separation process is
time consuming

� Ice bath is necessary
Kovtyukhova et al.
1999 [54] (modified
Hummers method)

K2S2O3

P2O5

H2SO4

� Higher oxidation � Processes are time
consuming

� Temperature is difficult
to control

Marcano et al. 2010 [55]
(improved Hummers

method)

KMnO4

H3PO4

H2SO4

� Improved oxidation
efficiency and
production amount

� No toxic gases
� Reaction at room
temperature

� Yield is less and cost is
high

� Washing steps are time
consuming

� Amount of hydrophilic
oxidized graphene is
increased

Yu et al. 2016 [56] (based
on the improved

Hummers method)

KMnO4

K2FeO4

H2SO4

� Less consumption of
oxidants/intercalators

� Shorter reaction time

�Oxidation occurs mostly
only at the edges of the
graphene plane

Lin et al. 2016 [57],
Dong et al. 2016 [58]

CrO3

(NH4)2S2O8

H2SO4

� Large sheets � Graphene is hybridized
with chromium oxides
difficult to wash out
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controlled without an ice bath, which was needed in the Hummers method. These important

advantages improve the efficiency of the oxidation process and produce a greater amount

of hydrophilic graphene material as compared to the Hummers method and its modified

method. Although the improved method provides large-scale GO with higher quality, the poor

yield and high cost sometimes prevent its practical application. Therefore a new method

was established based on the improved method [56]. This method diminishes oxidative

chemicals by partially replacing KMnO4 by K2FeO4 and reducing the amount of concentrated

sulfuric acid. Although this enhanced method provides the large scale and efficient oxidation of

the graphite layers, the oxidation occurs mostly at the edge of the graphene plane. In other

words, the method did not extend the oxidation on the whole sheet surfaces, as might be

expected. Therefore other methods were recently developed to allow the expansion of the

sheets before performing the oxidation process. This method was examined at room

temperature by Lu’s group [57,58]. They used chromic acid–intercalated expanded graphite to
be oxidized by ammonium persulfate in sulfuric acid. The technique provided a large-scale

production of GO with ultralow density. When the strong oxidative reagents are used, various

hydrophilic functional groups are produced including carboxylic, epoxy, and hydroxyl

groups [59]. These functional groups induce a hydrophilic nature of the produced graphite

oxide and allow water molecules to be easily intercalated between the layers via simple

sonication process, separating graphite oxide into partially exfoliated GO layers.

The obtained graphite oxide or GO has a variety of important properties and applications not

only as a cathode for lithium-ion batteries but also as electrode materials for supercapacitors

and fuel cells, because its large surface area makes it more suitable [60,61]. Furthermore, the

hydrophilicity of GO allows it to be uniformly deposited in the form of thin film onto

hydrophilic substrates, because the aspect of thin film is necessary for electronic applications

[9]. Thus the GO itself is a useful material. Importantly, the functional groups on GO assist in

preventing the restacking of the graphene layers. In addition, they can also be successfully

linked to different molecules or polymers [62] with other functionalities that are added to the

functionality of GO [63]. This progressive functionalization changes the electronic structure of

GO and makes it further connected to various mechanical [64], chemical [65], biological [66],

and electrochemical [67] applications. The hybridization of GO with conductive polymers

including polyaniline [68,69], polyacrylic acid [70–72], polypyrrole [73], and others [74] is

especially fascinating because of the variety of possible utilizations particularly in energy

transfer systems.

When the GO is used as the precursor of graphene, the oxidized groups of GOmust be reduced to

form reduced graphene oxide (rGO), so procedures were developed to reduce the functional

groups on the surface of GO. Since different types of functional groups on GOmake it difficult to

completely reduce it to graphene, the reported methods mainly adopted less harmful reducing

agents, for example, vitamin C [75,76], Zn/HCl [77,78], NaBH4 [79,80], or aluminum powder

[81], instead of using the conventional strong reducing agent “hydrazine,” to reduce the
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severe defects caused by the hydrazine reduction. Table 10.2 summarizes different chemical and

physical reduction procedures performed to effectively convert GO into graphene with fewer

defects. The reduction step should be carried out in polymer or surfactant solution(s) to produce a

stable dispersion of rGO [87,88], because the restacking of the fewer hydrophilic reduced

layers could be inhibited. This is essential for the stable dispersion of rGO.

The rGO suffers frommany defects in the sp2 (graphene) structure, and the sp2 structure cannot

be recovered in adding incomplete reduction of all functional groups on its surface. After

the reduction of the GO, the properties particular to rGO negatively affect some applications.

For instance, rGO has slightly lower efficiency than graphene in the electrical conductivity

and energy system. However, even though the GO produced by hydrazine is more oxidized than

the product by Hummers method, both products at the same condition result in similar

electrical conductivities to each other [55]. Therefore other schemes were essentially required

Table 10.2 Comparison of reduction methods of GO

Chemical Method

Inventor Chemical Advantage Disadvantage

Dimiev et al. 2011 [77],
Dey et al. 2012 [78]

Zn/HCl � Scalability and facility
� Reaction at room
temperature

� More defects (increase
of sp3)

Fernnández-Merino et al.
2010 [75], Zhang et al.

2010 [76]

Vitamin C � Nontoxicity
� Solubility in aqueous/
organic solvents

� No contamination of
heteroatoms

� Very long reaction time

Si et al. 2008 [79], Shin
et al. 2009 [82]

NaBH4 � High conductivity � Broken and crumbled
sheets

Fan et al. 2010 [81] Aluminum powder � Short reaction time
� Less toxicity
� High conductivity

� Extremely vigorous
reaction

Physical Method

Inventor Method Advantage Disadvantage

Eswaraiah et al.
2011 [83]

Focused solar radiation � Easy scalability
� Cost effectiveness
� High electrical
conductivity

� Inhomogeneous power
distribution

Eigler et al. 2012 [84] Laser beam � Large area graphene
sheets

� Higher Sp3 than Sp2

Wang et al. 2013 [85] Gamma radiation � Eco-friendly reaction
� Reaction at room
temperature

� Higher Sp3 than Sp2

Lee et al. 2011 [86] Heating at 1900°C under
vacuum

� Less Sp3, more Sp2 � Reaction at very high
temperature
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to improve the conductivity and reduce functionalities and defects of the obtained graphene

material. Furthermore, reduction methods have several disadvantages in view of the difficulties

in chemical waste and temperature control. In order to make the reduction process more eco-

friendly [89], performing the reduction process without additional chemicals is required.

Physical methods have been investigated for reducing the functional groups on the GO surface

without any chemical reactions. Eswaraiah et al. [83] in 2011 reduced the GO with the very

simple idea of solar radiation condensed by focusing lens. Other reduction procedures have

been done via laser beam [84] and gamma radiation [85]. Also in 2011, Jin et al. [86] heated GO

at 290°C to reduce its functional groups and exposed it subsequently to higher temperature

(1900°C) at low pressure (10�6 Torr) to exfoliate it. The obtained rGO sheets had higher

conductivity than rGO obtained by the other methods and original graphite. However, it should

be noted that although the modifications on GO synthesis improve the quality of rGO, there are

still severe defects of sp2 structure in the obtained rGO. Thus the other approach should be

developed for the production of effective graphene.

10.2.1.3 Intercalation-exfoliation (via GIC)

Over the past hundred years, the most common way to prepare graphene has been through a

GIC, but this procedure has caused a lot of concern. Generally, this method consists of two

steps, that is, the intercalation to form the GIC and the expansion and exfoliation of the GIC. On

the first step of the intercalation to form the GIC, the beginning of the idea of “the intercalation

procedure” is quite old [90], and the procedure was used to expand the graphite as the

“expanded graphite.” The small molecules can be inserted between the graphite layers, and this

reaction results in an expansion of interlayer distance of graphite. There are two different

groups of intercalation compounds, that is, the donor type [91] and the acceptor type [92].

Table 10.3 summarizes two main intercalators used for GIC preparation and their exfoliation.

Table 10.3 Comparison of different types of GICs

Intercalator Donor Type Acceptor Type

Chemicals � Li, Na, K, Ca (Lewis base), mixed
metallic salts, alloys, eutectic
mixtures

� HF, I2, Br2, FeCl3 (Lewis acid)

Exfoliation � Hydrogen gas evolution � Hydrogen gas evolution
� Further intercalation with Lewis
base

� High temperature
Advantage � Nonoxidative preparation

� Large-scale production
� Wide utilization to lithium
batteries

� Nonoxidative preparation
� Easy handling and preparation
� Large-scale production
� High-yield production

Disadvantage � Vacuum condition for GIC
preparation

� Explosive exfoliation
� Hybridization with metal ions

� Hybridization with metal ions
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In the first (donor) type of GIC, the intercalation compounds can donate electrons to graphite

and expand graphite layers. Acceptor-type GIC is manufactured by intercalating

compounds, which accept electrons from graphite. These intercalation procedures have been

widely used for exploration of GICs functionalization and enormous application possibilities

[93–97]. The second step in GIC preparation of graphene is the subsequent expansion and

exfoliation of the GIC [98]. In order to cause the expansion/exfoliation after intercalation into

the graphite layers, the intercalation compounds need stimulation [99].

To accomplish the first step (GIC formation), many procedures have been investigated for how

to cause the intercalation of different molecules into the graphite layers, since the intercalation

of small molecules should be the key point in exfoliation. Among many studies reported for

GICs synthesis [100–104], several researches have applied the donor-type intercalators, for

example, lithium [105,106], potassium [107], calcium [108], and sodium [109] metals or

mixture of metals [110,111]. Although this procedure has recently been used in lithium ion

batteries [105], the reaction must be performed in a dry box/vacuum to avoid the vigorous

reaction of the alkali metals, although the reaction temperature is relatively low (200°C).
Acceptor-type intercalation [112] has also been investigated by applying fluoride [113,114],

iodide [115], iron chloride [116], and other metal chloride salts [117] either alone or mixed with

other salts [118–120]. Some advantages can be considered for the GICs of metal chlorides,

since they are easy to handle and chemically stable in comparison with the GICs of other alkali

metals. These are important aspects from the viewpoint of mass production. Historically, GICs

(donor/acceptor types) have been prepared via intercalation of Bronsted acids, for example,

HNO3, H2O2, and H2SO4 through direct reaction with graphite at room temperature. These

acids allow intercalation as well as oxidation of the graphite layers. On the other hand, the

intercalation of Lewis acids/bases is performed via vapor intercalation of the alkali metal into

graphite layers, after the temperature is increased above the melting point of the intercalator.

One important aspect of the GIC formation especially via Lewis acids/bases intercalation is that

the intercalated molecules are not covalently bonded to or strongly interacting with the carbon

atoms. In other words, the electron donor-acceptor interaction between the intercalator and

graphite is a weak interaction. Therefore there is no direct functionalization of the obtained

graphene that can damage its unique properties.

For the second step, expansion and exfoliation of the GIC, different procedures have been

proposed [92,101,121,122], and they can be classified into two types:

(1) Gas expansion [123].

(2) Intercalation-induction [110,124].

The gas expansion procedures can be performed through the chemical reaction of the

intercalated alkaline metals. The metals react vigorously with protic solvents to generate H2

gas, which can cause the expansion of graphite layers. The acceptor-type GICs are less active

compared to the donor-type GICs but can increase expansion of the graphite layers. The typical

case is the donor-type H2SO4-GIC treated with H2O2. The GIC can be expanded by
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decomposition of H2O2 at high temperature. It is important to note that H2O2 can be

successfully used for the exfoliation of acceptor-type FeCl3-GIC as well [123]. The procedure

shows the possibility of scaled-up production and excellent battery performance. When ethanol

is used as an exfoliating solvent for a donor-type (potassium) intercalator, ethanol can act for

the gas expansion procedure and also release the produced H2 gas [92], although a safe

procedure in case of or to prevent explosion still needs to be investigated. An explosion caused

by the gas reaction could bring severe defects to the produced graphene. Therefore the

achievement of a mild method that provides fewer defects in graphene is highly required. This

mild method was also used on the oxidation of the graphite layers when the intercalation of the

oxidative molecules into the interlayer of the graphite lattice produced wormlike exfoliated

graphite [125].

In the intercalation-induction procedure, the alkali metal halides accept electrons from graphite

and induce the further intercalation of larger molecules to cleave the graphite layers. This

process can allow the mild exfoliation of graphite without undesired reactions. Primary amine

can successfully intercalate into the layers of the acceptor-type FeCl3-GIC due to its electron

lone pair and linear molecular structure, causing the interlayer structure of graphite to be more

expanded (see Fig. 10.2A) [116]. In this process, a lone pair of amine can make Lewis acid-base

interaction with FeCl3, which is already intercalated into graphite layers by Lewis acid-base

interaction with graphite, and complexes of iron and amine are removed with halide

counterions from graphite. It is important to note that the tertiary amine cannot penetrate into

the stacked layers of the FeCl3-GIC due to the steric hindrance by the three-dimensional

structure. However, the alkyl chain of primary amine should change its configuration to be

bulky to expand the graphite layers as a wedge. The idea of co-intercalation was recently

attempted to intercalate crown ether [126] and pyrrolidinium cation in donor-type Na-GIC

[127], but the exfoliation of the donor-type GIC did not occur [109], perhaps due to little or no

intercalation of bulky molecules. Thus the primary amine treatment of acceptor-type FeCl3-

GIC is a remarkably facile procedure for producing expandable graphene sheets without

producing any significant defects in the basal plane of graphene.

The intercalation of graphite and the exfoliation processes of FeCl3-GIC can be characterized

by the G band of Raman spectra (Fig. 10.2B), where a G band (�1580 cm�1) of graphite shifted

to a band (�1625 cm�1) of FeCl3-GIC after the intercalation [116]. This shift represents the

charge transfer from graphite (donor) to FeCl3 (acceptor), lowering the Fermi energy level. On

the other hand, the reaction of the FeCl3-GIC with dodecylamine shifts the G band back to

�1581 cm�1, which is close to the G band of the original graphite [128], and this band shift

indicates an increase of the Fermi energy level. The same processes were also confirmed by

X-ray diffraction (XRD) (Fig. 10.2C). The FeCl3-GIC showed a lattice distance corresponding

0.92 nm, which is longer than 0.34 nm of pristine graphite. The amine-treated process

displayed the disappearance of the Bragg peaks in this angle region but the appearance of a

spacing distance of 4–6 nm in the small-angle region, which is much larger than the distance by

GO oxidation expansion [129]. These results confirm that the treatment of FeCl3-GIC by
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primary amine has yielded an irreversible opening of the graphite layers (as shown in scanning

electron microscope (SEM) images in Fig. 10.2D). Additionally, since the partially expanded

graphite exhibits a strong magnetic property due to the remaining iron oxide onto the graphene

sheets, the product is magnetic graphene composite (MGC).

The manipulation at higher temperatures helped to further expand the graphite layers of MGC,

as clearly observed by an astonishing massive volume increase even at visual observation

and on SEM images after heating at 900°C compared to 400°C (Fig. 10.3A) [129]. Similar

Fig. 10.2
(A) Schematic illustration for formation of FeCl3-GIC and amine-treated FeCl3-GIC, (B) Raman
spectra, and (C) TGA of graphite, FeCl3-GIC, and dodecylamine-treated FeCl3-GIC, and (D) SEM
images of FeCl3-GIC and dodecylamine-treated FeCl3-GIC [116]. Reproduced with permission from

M. Ujihara, M.M.M. Ahmed, T. Imae, Y. Yamauchi, Massive-exfoliation of magnetic graphene from acceptor-type
GIC by long-chain alkyl amine, J. Mater. Chem. A 2(12) (2014) 4244–4250.
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Fig. 10.3
(A) Photographs and SEM images (at low and high magnifications), (B) TGA and (C) Raman spectra
of MGC and heat-treated MGC at different temperatures and time periods, and (D) classification of
stage number (1–3) in GIC [148]. Reproduced with permission fromM.M.M. Ahmed, T. Imae, Electrochemical
properties of a thermally expanded magnetic graphene composite with a conductive polymer, Phys. Chem. Chem.

Phys. 18(15) (2016) 10400–10410.
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volume expansion phenomena were observed for different GICs with various intercalators, for

example, paraffin [130], iron [131], polyethylene terephthalate [132], phase transitionmaterials

[133], mixture of potassium permanganate and perchloric acid [134], and mixture of acetic

anhydride and other strong oxidizing agents [135–140]. The expansion of graphite as a result of
aggressive heating is considered an imperative characteristic of thermal energy storage material

[141]. Additionally, roll milling is efficient for expanding aluminum oxide-intercalated

graphite [142]. A more sophisticated method is laser irradiation on sulfuric acid-intercalated

graphite [143] and sodium-intercalated graphite [144]. Other GICs, including alumina and

silica, also provide similar expanded morphology [145], while volume expansion of GIC via

microwave reactions is becoming more popular [146,147].

The expansion of the layers may be caused by the complete decomposition/removal of the

amine compound accompanied by the heating at 900°C, as seen in thermogravimetric analysis

(TGA) results, although the incomplete decomposition of the amine compound was observed at

lower temperatures like 400°C and 600°C (Fig. 10.3B) [148]. The heating procedure has an

effect even on fullerene, which introduced a new family of carbon tubes when it was heated at

2000°C in vacuum condition [149]. Additionally, G bands of Raman spectra of MGC

(Fig. 10.3C) showed clear splitting but not a single band (�1625 cm�1) like FeCl3-GIC

(Fig. 10.2B). Any splitting (>2 bands between �1580 and �1625 cm�1) of the G band

indicates inhomogeneous amine-removal process with various stages. Although heat-treated

MGC at 400°C showed similar splitting, the bands at higher Raman shift decreased on

heat-treatedMGC at 600°C and only a single band at�1580 cm�1 was observed in heat-treated

MGC at 900°C. FeCl3-GIC takes stage 1 and shows a�1625-cm�1 Raman band, higher stages

occur at lower Raman shift, and then wholly expanded graphene takes a�1580-cm�1 band, as

shown in Fig. 10.3D, denoting that the intercalators are being removed while the exfoliation

process is acting.

10.2.2 Bottom-Up Methods

The bottom-up method of graphene preparation can be carried out by vapor deposition of

precursors. One of the precursors is carbon materials, which have been deposited on a substrate

of copper film [150]. Another is silicon carbide, which has been thermally decomposed

[151,152]. The advantages of this bottom-up method are high purity and homogeneity of the

products at large dimension. Meanwhile, this method still involves low yield and high

equipment investment.

Another bottom-up method is performed by the pyrolysis of ethanol with sodium metal [153].

This procedure allows the formation of highly defected graphene. Despite the low quality of the

obtained graphene with defects, this method is considered a facile one-step method for mass

production of graphene. However, the graphene synthesis by this method still requires high

vacuum, and it shouldbeprocessedwith cautionbecauseof thevigorous reactionof alkalimetals.
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10.3 Characterization of Graphene

Like other carbonaceous nanomaterials, graphene can be characterized via various techniques

[154]. Microscopic techniques involve transmission electron microscopy and SEM. They can

provide clear contrast images. The number of the layers can also be assumed via either

technique of scanning tunneling microscope and AFM. On the other hand, Raman scattering

spectroscopy can be valuable for studying the status of the carbon hybridization, defects, and

number of graphite layers. Meanwhile, X-ray photoelectron spectroscopy can be efficiently

used for studying the carbon structure. Additionally, Brunauer-Emmett-Teller (BET)

adsorption analysis can evaluate the specific surface area of the carbon materials. TGA can also

be used to assess the decomposition of graphene and its composites. In this section, the

characterization of graphene is introduced through description of the different techniques.

10.3.1 Morphology of Graphene

Microcopy is considered one of the most important techniques that can be used to accurately

visualize mono- and multilayered materials, for example, graphene, GO, rGO, their derivatives

and composites. AFM plays a significant role in the characterization of graphene and its

derivatives, especially in determining their accurate surface morphology, thickness, roughness,

and anchoringproperties. These properties are essential for characterization and interpretation of

grapheneproperties and functionalities.During thepast decades, in someattemptsAFMhasbeen

used as a standard technique for analyzing graphene and its related materials [155]. Table 10.4

compares the thickness of graphite and related products with the techniques producing them.

Note that the use of various exfoliation techniques yields different thicknesses of the obtained

graphene materials. For instance, GO has larger thickness (�2 nm) than other graphene

products (�1 nm). This fact can be explained by the functional groups attached on its surface.

The thickness of graphene decorated with metals and/or metal oxides, like gold or TiO2,

showed larger thickness due to the doping effect, which increases the average layer size due to

the electron cloud. Similarly, boron- and nitrogen-doped and oxygen plasma graphene showed

larger thickness (�4 nm). On the other hand, rGO and graphene from GIC showed less

thickness (�1 nm). This height is considered the thinnest among other graphene products.

Moreover, graphene produced from GIC also provided scalable and higher yield than other

production methods. Due to these advantages, graphene production via GIC should be given

more attention.

10.3.2 Electronic Structure of Graphene

Since graphenemainly consists of carbon atoms connected via sp2 orbitals, the direct method of

detecting the electronic structure of graphene is Raman spectroscopy based on the group theory.

There are two remarkable characteristics of sp2 hybridization: strong bonding to the
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neighboring atoms and the electron cloud around Pz axis. For graphene, the Raman spectrum

consists of two main bands. The first important band is the G band, which appears around

1580 cm�1 [170]. The G band is the only band that does not depend on the excitation

wavelength in graphene. Meanwhile, two other (D and G0) bands depend on the excitation

wavelength due to the forbidden transition. The Raman shift of G band is considered the most

important key factor for graphene analysis, because the G band results from a first-order Raman

scattering with intraprocess for electron-phonon interaction [171]. Meanwhile, it only depends

on the composition of the material with sp2 orbital. It is also remarkable that any distortion of

sp2 orbital energy can directly shift the G band position. This shift is upwards or downwards

Table 10.4 Comparison of thickness of graphite and related products with production techniques

Technique Product Thickness (nm) Reference/Year

Exfoliation of HOPG by
AFM tip

Graphene �200 [22]/1999

Mechanical exfoliation by
Scotch tape

Graphene �3 [1]/2004

Modified Hummers
method: hydrazine

reduction in different
solvents

GO >3 [156]/2008

Modified Hummers
method: hydrazine
reduction in water

rGO 1 [157]/2008

Hummers method GO 1–1.4 [158]/2008
Staudenmaier procedure Chemically converted

graphene
1.8–2.2 [159]/2008

Staudenmaier procedure Au-anchored graphene �4 [160]/2008
Hummers method TiO2-GO composite 2 [161]/2008
Hummers method Graphene 2–3 [162]/2008

Rapid heating of graphite Graphene nanoribbon 1–1.8 [163]/2008
Acid treatment of

graphite
Graphene �1 [164]/2008

Oxygenation of exfoliated
graphite oxide

Graphene �1 [165]/2008

Oxygen plasma exposure
in chemical vapor

deposition

Graphene 5 [166]/2013

Exfoliation of FeCl3-GIC Magnetic graphene
compound

1.5 [116]/2014

Acid treatment of
commercial GO

GO <5 [167]/2015

Chemical vapor
deposition

Hexagonal boron nitride-
graphene composite

�4 [168]/2015

Hydrothermal and freeze-
drying method

MoO3/graphene
nanosheets

�2 [169]/2015
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(toward higher or lower wavenumber, respectively), depending on lowering or raising the

Fermi energy level, respectively [171]. Fig. 10.4A shows the Raman spectra of graphite, GO

(commercial and modified Hummers method products), rGO and graphene prepared by

vapor deposition procedure, and the G band positions are plotted in Fig. 10.4B. The G band

positions of rGO and graphene are higher than graphite but lower than both GOs. The change in

Fermi energy level from graphite to graphene originates from the variation of π electron state,

and the change from graphite/graphene to oxidized graphene is associated with the introduction

of acceptor-type functions [170].

In addition, if the graphene has some defects in the structure, sp3 carbon coexists, and then the

spectrum has another band called a D band, which appears around 1350 cm�1 as a breathing

mode of sp2 orbitals due to the functionalization [173]. This band is a mode of a second-order

Raman scattering with intraprocess of the electron-phonon interaction. The third important

band is the G´ band, called 2D band because its position is almost double that of the D band.

This band appearing at 2700 cm�1 arises as the second-order Raman scattering in interprocess

of electron-phonon interaction [174].

In the case of graphite, the common precursor of the top-downmethod for graphene, the Raman

spectrum consists of only two main bands (G and G0) with a lack of D band. Different

origins of graphite provide different spectra. If the graphite has some sp3 carbons, it has a small

D band. Meanwhile, the oxidized graphite always has a strong D band due to the

functionalization by different functional groups including carboxylic, hydroxyl, and epoxy

groups. For the intercalation-exfoliation process utilizing FeCl3 intercalator, no D band could

be detected [116]. This means that there are no defects in the sp2 orbital of this graphene.

Fig. 10.4
(A) Raman spectra and (B) G band position of graphite, GO obtained from modified Hummers
method (modified Hummers GO), commercial GO, rGO, and graphene synthesized from vapor

deposition method (VD graphene) [172]. Reproduced with permission from M.M.M. Ahmed, Preparation of
graphene from graphite using physical and chemical methods (MS thesis), National Taiwan University of Science and

Technology, 2013.
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The intercalation in graphite and the exfoliation of GIC can be significantly characterized by

Raman spectrometry [175]. The intercalation is classified by the stage number, which is

the number of graphite layers sandwiched between two layers of the intercalaters (see

Fig. 10.3D) [176]. The intercalation induces a redshift of the G band due to the lower Fermi

energy level and shifts the band gap due to the doping effect [177]. The intercalation step

is followed by an explosive reaction to achieve the exfoliation step [178]. The lower the

stage number, the more efficiently exfoliation can be performed. The exfoliation allows the

GIC to be dissociated or cleaved to form the graphene sheets. Then this exfoliation process of

GIC should not allow the layers to be restacked. After exfoliation, it blueshifts back to a

position close to the graphite G band because of removal of dopant, increasing the Fermi energy

level and shifting the band gap [110]. Moreover, the area ratio (ID/IG) between D band and

G band indicates defects of the materials, since it shows the number ratio between the sp2 to

sp3 carbons. Therefore, when GO possesses stronger D band than G band, it is considered a

highly defective carbon material due to functional groups on it including carboxyl, hydroxyl,

carbonyl, and others. However, after performing reduction reaction, D band area usually

decreases compared to G band area, indicating the reduction of these functional groups.

The ID/IG values of GO and rGO obtained from Fig. 10.4A are 1.3 and 0.3, respectively.

This indicates the recovery of defects that resulted from the oxidation process.

The area ratio between G0 and G bands (IG0/IG) indicates the number of graphene layers.

When this ratio is approximately 0.3, the graphene is a monolayer, and if this ratio

increases, the number of the layers increases [179,180], and the shape and symmetry of the

G0 band reflect the layer numbers and the electron-phonon interaction. However, the (IG´/IG)

ratio would be a better parameter. Thus area ratios ((ID/IG) and (IG0/IG)), band shifts and band

shapes are essential information for electronic characterizations of graphene structure like

defects, quality, hybridization, doping, Fermi level, and layer number. Therefore they can be

considered strong characterization indicators that express the quality of graphene and related

compounds.

10.3.3 Surface Property of Graphene

One of the most important surface properties of graphene is its surface area. The surface area of

graphene plays a vital role in the various applications in electrochemistry [181], adsorption

[182], water purification [183], catalysis, sensing, and others [184,185]. The high surface area

of the graphene electrodes could open new pathways for electron accessibility. Graphene

exhibits a very high, theoretical, specific surface area reaching 2630 m2 g�1 [186]. This value is

much higher than that of other carbon materials, for example, carbon nanotubes, activated

carbon, and carbon black [187]. This ultrahigh specific surface area made graphene one of the

hottest materials in various fields, especially in electrochemistry [188].

Table 10.5 compares specific surface areas of various carbon materials. Well-exfoliated

graphene exhibits a high surface area that is close to theoretical one. However, if the exfoliation
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procedure is not performed properly, the obtained surface area will be less. Therefore, the

surface area of graphene was boosted by N-doping [189] or potassium hydroxide (KOH)

activation [190]. Graphene and related compounds/composites could be highly favored for

many fields, especially in electrochemical performance and electronic applications. Table 10.5

also includes the capacitance values from different carbon materials, but it was not easy to

obtain the relation between surface area and capacitance because reports differ on the

conditions of capacitance measurements.

10.4 Graphene-Based Supercapacitor

10.4.1 Basics of Electric Double Layer

Supercapacitors are among the top priorities for energy storage devices due to their high-power

density. When graphene is applied for supercapacitor, an efficient electrochemical

supercapacitor is behaved. Its concept is based on the electric double layer existing at the

boundary between a conductor and its contacting electrolyte solution. The earliest electric

double layer theory was proposed by Helmholtz and further supplemented and developed by

Table 10.5 Specific surface area and capacitance of various carbon materials

Material

Specific Surface

Area (m2 g21) Capacitance (Fg21) Condition References

N-doped
mesoporous carbon

3300 160 1 Ag�1 [189]

KOH-activated GO 3269 326 1 Ag�1 [190]
Activated carbon 2681 172 5 mVs�1 [191]
Graphene aerogel 2211 410 0.1 Ag�1 [192]

N-doped
hierarchical porous

carbon

2196 192 10 Ag�1 [193]

N-doped carbon 2150 198 1 Ag�1 [194]
GO porous carbon

hybrid
2143 270 1 Ag�1 [195]

Graphene/activated
carbon

2106 210 1 mVs�1 [196]

Porous carbon 1810 305 0.5 Ag�1 [197]
N-rich graphene

composite
1646 300 0.1 Ag�1 [198]

Supershort carbon
nanotube/rGO

370 244 50 mVs�1 [199]

Graphene/
polyaniline

268 257 0.1 Ag�1 [200]

Mesoporous carbon 81.7 341 1 mVs�1 [201]
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Gouy, Chapman, Grahame, and Stern. It regulates the electrochemical processes occurring at

the electrostatic interface between a charged electrode material and an electrolyte. Many

electrochemical theories and technologies have been presented since the double layer theory

was established, including electrochemical supercapacitors, batteries, and fuel cells. The rapid

growth of mobile electronics and alternative energy vehicles created a need for advanced

electrochemical energy storage devices with high power capabilities. This demand led to

substantial research and development of supercapacitors. In the early 1990s, the US

Department of Energy strongly advocated funding for battery and supercapacitor research,

creating an international awareness of the potential of supercapacitors. Since then, great effort

has focused on supercapacitor research and its development in terms of electrode materials,

composites, hybridizations, and suitable electrolytes to improve performance and to reduce

expenses. At the same time, the fundamental understanding, design, operation, and component

optimization of supercapacitors has led to improvements in performance, particularly by

increasing the energy density. To further increase energy density, more advanced

supercapacitors called pseudocapacitors, in which the electroactive materials are merged with

carbon particles to form composite electrode materials, were developed. The electrochemical

reaction of the electroactive material in a pseudocapacitor takes place at the interface between

the electrode and electrolyte via adsorption, intercalation, or reduction-oxidation (redox)

mechanism. In this way, the capacitance and the energy density are increased

significantly [202].

10.4.2 Electric Double Layer at Interface of Electrode and Electrolyte Solution

The electric double layer is a very important concept for understanding the supercapacitor

performance of various carbon materials. The electric double-layer models representing the

relation between the electrode material and the electrolyte started with aqueous solutions. The

laws were broadened to engage ionic liquids and other electrolytes as well. In the electric

double layer, the positive (or negative) charge buildup at the interface of the electrode and

electrolyte solution is partially neutralized by the gathering of counterions in the solution

through the action of Coulomb’s force, resulting in a structured electric double layer. The

electric double layer consists of two layers. The first, called the Stern layer, results from

accumulating the counterions on electrode surface. Then the diffusion layer extends outward

from the Stern surface; this second layer is called the Gouy-Chapman layer. The thickness of

the double layer reflects the electric double layer capacitor (EDLC). The deeper the electric

double layer, the higher capacitance behavior is observed.

Supercapacitors can be systematized into two major sorts of EDLCs and pseudocapacitors

depending on the charge storage mechanism. EDLC materials stock up charge mainly in an

electrochemical double layer formed on the surface of the electrode but not in its bulk.

Therefore the capacitance mainly depends on the surface area of electrode, which can be
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accessed by the electrolyte ions. The important factors controlling the electrochemical activity

of electrodes are the specific surface area, pore size distribution, pore shape, morphology,

conductivity, and surface functionality. Among these, the pore size of electrode materials

should be very close to the ion size of the electrolyte to yield maximum double layer

capacitance. Meanwhile, if the sizes do not match, it leads to capacitance drop [203].

On the other hand, pseudocapacitors store charges mainly via fast and reversible faradic

reactions occurring on metal oxides or conducting polymers. Normally, pseudocapacitors can

generate the capacitance value of one order higher magnitude than EDLCs. However, limited

cyclability always exists because of the nature of redox reactions. Therefore hybrid systems

offer an alternative to conventional pseudocapacitors or EDLCs. In this case, materials for

pseudocapacitors (batterylike, energy source) and EDLCs (capacitorlike, power source) are

hybridized on one electrode substrate. By designing electrolytes with the most advantageous

performance and by using such hybrid capacitance composition, the enormous demand for

high-voltage operation with high stability and long-term cyclability can be accomplished [204].

Three types of materials for capacitors [205] are discussed thoroughly in the following sections.

10.4.3 Materials for Supercapacitors

10.4.3.1 Materials for EDLCs

It has been established that the high energy and power density of EDLC materials can

contribute to high surface area, high conductivity, accessibility, andmorphology, which are key

factors for accomplishing high capacitance through charging of the double layers [206,207].

Carbon materials exhibit many required properties, including electrochemical stability,

conductivity, and porosity [208], and thus different carbon materials have been investigated as

EDLC materials. Materials include activated carbons, carbon aerogels, porous carbons,

carbide-derived carbons [209], carbon nanotubes, graphenes [210], templated carbons [211],

onionlike carbons [212,213], carbon nanofibers [214], carbon microcoils [215,216], and carbon

nanohorns [217].

Among these, activated carbons are one of the commonly used materials in the market. They

have many advantages like being inexpensive, easy processing, easy manufacturing, high

surface area, and high chemical stability. Activated carbons are prepared via controlled

oxidation of various bulk carbon materials derived frommany organic materials such as woods,

coals, nutshells, etc. [218]. Depending on the activation process and the carbon precursor [219],

activated carbons with high surface areas can be manufactured. These activated carbons have

broad pore size distribution consisting of micropores (<2 nm), mesopores (2–50 nm), and

macropores (>50 nm), which result in the high specific surface area of activated carbons [220].

However, if the pores are not accessible to the electrolyte, then the specific capacitance does not

linearly increase with increasing the specific surface area of the electrode [207]. For instance,

KOH activation of high surface area carbon (1180 m2 g�1) yielded a capacitance of only
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160 Fg�1. In addition, the oxygen-containing functional groups on the surface of activated

carbons resulting from the activation procedure decrease conductivity. Therefore different

activation procedures have been investigated especially via electrochemical [221–223] and
thermal [224] methods. So the activation process and the precursor are essential factors for

achieving higher capacitance values.

Onionlike carbons are zero-dimensional graphitic spheres with concentric layers of a few

nanometers in diameter [225]. They are usually produced by annealing of diamond powders in

vacuum at 1800°C. The produced onionlike carbons exhibit a surface area of 500–600 m2 g�1.

This high surface area and high electrical conductivity result in high power EDLC

[213,218,225,226], although the capacitance was limited to 30 Fg�1. Carbon aerogels are

composed of relatively high surface area carbon material ranging from 400 to 1000 m2 g�1 and

specific capacitance of 20 to 100 Fg�1 [227]. Therefore they are used as an efficient electrode

material in EDLC. Porous carbons are produced from a wide variety of resources including

glucose [228], hexylamine [229], cellulose [230,231], silica nanospheres [232], coffee [233],

and lignin [234] to optimize the produced energy density [235–237]. They exhibit porous

structure and large surface area [238,239]. The unique three-dimensional morphology was

controlled to allow better accessibility to electrolytes [240–243].

Special attention is given to flexible devices [244–246]. Carbide-derived carbon [209] is a type
of carbon material that can be prepared by passing chlorine gas on metals to etch them at

elevated temperatures [247]. This process allows the synthesis of microporous carbons with

surface area of 1000–3000 m2 g�1 and narrow pore size distributions [248]. When selective

choosing of a particular metal and a carbonization temperature can effectively organize the pore

size within 0.6 to 1.1 nm, the capacitance can reach up to 180 Fcm�3; however, this value

drastically decreases as the film depth is enlarged. Carbon nanotubes have been investigated for

EDLC applications [249]. Their high electrical conductivity and accessibility of electrolytes are

key points in their electronic applications [250]. Their energy densities are quite large

compared to ACs, although their specific surface area is not so large (generally <500 m2 g�1)

[220]. Recently, carbon dot and other carbon materials including carbon nanohorns have also

been investigated in the supercapacitor field [251].

Graphene is considered one of the most efficient carbon materials and has widely been

investigated as an EDLC material [252–254]. Graphene can be produced using a variety of

techniques, including laser scribing [255–257], reduction of GO [258], surfactant intercalation,

microemulsion [259], iron oxide reduction [260], and other methods [116]. Among these

techniques, the laser scribing method and flash converted method for reducing GO to rGO are

efficient and facile for production [255,261] and the resultant rGO showed better energy

performance, namely, ultrahigh power supercapacitance, than rGO prepared by inkjet printing

and thermal reduction reaction [262,263]. Moreover, the laser scribing technique was

efficiently utilized in flexible wearable devices [264,265]. Therefore improving graphene

synthesis procedure would be a key point for producing highly capacitive material [265].
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In addition, graphene provided great stability and excellent performance for efficient

EDLC [266].

The surface area of graphene is also considered one of the most important features for EDLC,

especially a high surface area of graphene; for example, 1000 m2 g�1 produced a high

specific energy density value of 65WhKg�1 [267]. Similarly, KOH-activated graphene yielded

a surface area of 3100 m2 g�1, which led to a breakthrough in the graphene supercapacitor

field [268]. Therefore preparing high-quality and high surface area graphene is considered the

most important factor for establishing an efficient EDLC. The performance of graphene

has also been investigated in various electrolytes such as aqueous [269], organic [270], and

ionic liquid [271]. It is important to note that the use of ionic liquid and organic electrolytes

enables a wide potential window, which enhances the produced energy density. In addition,

graphene was coupled with carbon nanotubes [272] to boost the energy density along with the

enhancing of the EDLC effect. Although various methods have been investigated for producing

high energy density graphene, the obtained density is not sufficient for powerful applications.

Therefore, in order to enhance the produced energy value, other materials need to be investigated.

10.4.3.2 Materials for pseudocapacitors

While EDLC materials cannot sufficiently stock up energy density, pseudocapacitor materials

increase the energy density and allow the storage of energy density in the bulk of electrode

materials as well as at their surface. Being electrically conductive or having two oxidation

states in a specific potential window is the most vital characteristic of pseudocapacitor

materials. Conducting polymers and metal oxides are the main materials applied for

pseudocapacitors. Conducting polymers such as polythiophene [273], polypyrrole [274],

polyaniline [275], and their derivatives can store charges along the reactive groups in the

polymer backbones. Thus various conducting polymers have been investigated in various

aqueous and organic electrolytes [208,220,276–278].

On the other hand, transition metal oxide materials can change redox states. Therefore metal

oxides are also considered to be an alternative practical material in pseudocapacitors.

Ruthenium oxide is one of the most commonly used materials for pseudocapacitors due to its

capacitance characteristics. The strong capability of ruthenium oxide results from its fast and

reversible electron-transfer reactions coupled with the adsorption of protons near its surface.

Controlled redox conditions and factors can accomplish a capacitance of 720 Fg�1 [279].

However, ruthenium is a rare metal and extremely expensive, indicating the limit of its supply

and applications [280]. Therefore other metal oxides such as manganese [281], nickel [282],

cobalt [283], gold [284], aluminum [285], and iron [286] oxides have also been investigated in

aqueous electrolytes. Special attention is given to manganese oxide [287,288] due to its

promising and theoretically higher capacitance value. However, none of these materials has

been utilized in commercial applications yet.
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10.4.3.3 Materials for hybrid supercapacitors

Hybrid supercapacitors are considered the most sophisticated type of supercapacitors, because

they combine the advantages of EDLC and pseudocapacitors. The fascinating electrical

properties of graphene make it attractive for various hybrid materials. Graphene works as a

smooth pathway for electron transport. Moreover, the hybridization with pseudocapacitor

materials can efficiently contribute to the capacitance value as well as the energy density. The

energy density of the devices fabricated with graphene composites can achieve more efficient

storage and better cyclability than conventional batteries. This enhancement is a major

breakthrough compared to standard EDLC. In addition to the excellent stability and long life

cycles of graphene, the hybridization can show an enhancement of energy density: On the

hybridization with EDLC materials to improve their energy density, metal oxides including

ruthenium oxide [289–291], cobalt oxide [292], iron oxide [293], manganese oxide [294], and

vanadium oxide [295] as well as mixed oxides [296–299] are most frequently used as

pseudocapacitor materials.

Hybrid supercapacitors with conducting polymers with different morphologies and structures

are also widely explored to optimize their resulting energy density [300]. Oxidation

polymerization techniques are the top selected methods for polymerization [301]. Other

procedures for polymerization have also been studied electrochemically [302] or through vapor

deposition [303]. Polyaniline is one of the best candidates for hybridization with graphene

[304,305]. Other conducting polymers like poly(3,4-ethylenedioxythiophene) have also been

studied for supercapacitor performance with graphene [306]. Although composites with

conductive polymers can help to produce higher energy density values than graphene, cracks

and decomposition of the electrodes occur. Therefore another hybridization scheme was

investigated; that is, graphene was doped by electron donor or acceptor such as boron and

nitrogen [304]. These doping effects enabled a synergistic effect with graphene energy

performance. Various metals and conducting polymers have been hybridized with graphene to

facilitate electron transport and enhance the obtained energy density. The National Aeronautics

and Space Administration (NASA) has cleared a sustainable supercapacitor device using cobalt

and magnesium oxides covered by graphene with high surface area, being effectively used in

various energy recourses [307]. This invention will boost both energy density and power

density compared to batteries. This hybrid can also be used for various applications such as

space missions and chargeable cars.

10.5 Conclusions and Future Directions

Graphene possesses the unique monolayer structure of two-dimensional carbon sheet and thus

attracts a lot of attention due to its excellent properties. However, in its applications, mass

production and high purity are demanded. Therefore scientists have exerted their efforts for the

high-scale production of graphene with high quality. In the first part of this chapter, the
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preparation procedures of graphene were explained in detail by comparison with each other,

although it will be difficult to select better procedures because of their various merits and

demerits. Moreover, produced materials depend on their applications.

On the characterization of graphene, morphology observed by microscopy was introduced. The

thickness of as-produced graphene determined by AFM was mostly a few layers of graphene,

but GO displayed thicker value because of the existence of oxidized functional groups. The

electronic structure of graphene is best examined with Raman spectroscopy. The characteristic

three bands (G, D, and G0 bands) and their area ratios are indicative of layer numbers, defects,

and hybridization besides electronic states. The surface area of graphene and its derivatives or

composites may predict the electrochemical performance.

Graphene and related compounds can provide various applications. They are among the most

adequate components of EDLC consisting of carbon materials. After the explanation of the

principle of EDLC, the efficiency of graphene-based electrodes on EDLC supercapacitors was

compared with other electrodes on pseudocapacitors and hybrid capacitors. On the

development of effective supercapacitors, it becomes apparent that the hybridization of

graphene-based materials with pseudocapacitive materials is dispensable. Thus composites

with graphene-basedmaterials are expected to develop extraordinary energy and power sources

with durable performance.
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