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ABSTRACT

The proton conductivity in functional oxides is crucial in determining electrochemistry and
transport phenomena in a number of applications such as catalytic devices and fuel cells.
However, single characterization techniques are usually limited in detecting the ionic dynamics
at the full range of environmental conditions. In this report, we probe and uncover the links

between the
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microstructure of nanostructured ceria (NC) and parameters that govern its electrochemical
reaction and proton transport, by coupling experimental data obtained with time-resolved Kelvin
probe force microscopy (tr-KPFM), electrochemical impedance spectroscopy (EIS), and finite
element analysis. It is found that surface morphology determines the water splitting rate and proton
conductivity at 25 °C and wet conditions, where protons are mainly generated and transported
within surface physisorbed water layers. However, at higher temperature (i.e., =125 °C) and dry
conditions, when physisorbed water evaporates, grain size and crystallographic orientation become
significant factors. Specifically, the proton generation rate is negatively correlated with the grain
size, whereas proton diffusivity is facilitated by surface {111} planes and additional conduction

pathways offered by cracks and open pores connected to the surface.
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1. INTRODUCTION

The electrochemical reaction and transport phenomenon of solid ionic conducting materials is
crucial in many energy applications, ranging from energy storage and conversion materials, to
catalysts and membranes.® Particularly, nanostructured ceria (NC), a mixed ionic-electronic
conductor, has been extensively studied as electrolyte in solid oxide fuel cells, catalytic devices,
gas sensors, etc.*” Being a polar oxide, NC can strongly interact with the environment, e.g., with
water vapor, which may significantly affect the material properties during device operation.®!
Typically, water can be physi- or chemisorbed on the NC surface and grain boundaries. In external
electric field, the adsorbed water may split into protons and/or hydroxyl groups (in addition to
oxygen and hydrogen gas) that transport along the material. It is believed that the mechanisms of
water splitting and transport process are controlled by the nanoscale details of the NC structure.'?
13 However, the direct correlation of the NC’s microstructure with conduction properties is still
under debate. For example, it is still debatable whether the proton conductivity occurs along the

grain boundaries, residual pores and cracks, or along specific facets of the nano-crystals.318

In this study, energy discovery platforms®® — nanofabricated devices for combined in situ
microscopy and spectroscopy characterization — were utilized to uncover the correlation between
microstructure and the ionic conduction properties. Energy discovery platforms enable multiple
characterization techniques on a single sample through a simple set-up, which not only allows the
detection of full range of environmental conditions, and also eliminates the data fluctuation
originated from different samples used for different characterization methods: using the same
preparation method, two batches of samples are not necessarily identical in their microstructure,

composition, etc. Here, time-resolved Kelvin probe force microscopy (tr-KPFM) and



electrochemical impedance spectroscopy (EIS) were employed to study the conductivity of NC

under controlled environmental (temperature and humidity) conditions.

EIS, with a well-established measurement and analysis procedure, is one of the most widely
used techniques in electrochemical studies. However, it is often of a more limited scope at low
temperatures, especially for thin films’ characterization on the nanoscale, due to the relatively
weak ionic conductivity in these conditions.®® On the other hand, tr-KPFM detects the temporal-
and spatial-resolved surface potential variation on the nanoscale, and can detect minute potential
changes due to charge transport along the surface, when the flowing currents are below the
detection limit of modern current amplifiers.?% In recent years, tr-KPFM has been successfully
used in studying surface transport phenomena in functional oxides, and it is believed to be an

important supplementary technique for EIS due to its high resolution and sensitivity.® 2

To understand the relationship between the NC microstructure and its electrochemical
reactivity in different environmental conditions, thin films with different surface roughness, grain
size and the crystallographic orientation were prepared through pulsed laser deposition (PLD),
chemical solution deposition (CSD) and sputtering (SD). The fundamental parameters for
electrochemical reactions and transport phenomena were obtained through tr-KPFM and EIS
measurements at controlled temperature and humidity conditions, and correlated to the
microstructure. It was found that all the considered microstructural features impact the
conductivity in NC films, but their effects are dominant at different environmental conditions due

to activation of different electrochemical processes.

2. EXPERIMENT



2.1. Thin Film Fabrication. An insulating SisN4 layer (=500 nm thick) was deposited onto
a Si (100) wafer by low-pressure chemical vapor deposition (LPCVD) in a mixture of NHz (17
cm®/min at T=273.15 K and p=101325 Pa, or sccm) and H,SiCl, (100 cm®min at T=273.15 K and
p=101325 Pa, or sccm), at 21 Pa (158 mTorr) and 835 °C. NC thin films with thickness of =100
nm were fabricated on SisN4/Si substrates via PLD, CSD and SD. For PLD, a KrF excimer laser
with a wavelength of 248 nm and a pulse width of 25 ns was focused on the target with a spot area
of about 2 mm?. The CeO target was prepared by pressing CeO2 powders (99.99 % Reactor Grade)
into a 1 ¥%” (31.75 mm in dia.) disk, and annealing at 1200 °C for 24 hours. The PLD thin films
were prepared at 500 °C and 700 °C substrate temperature under 13.3 Pa (0.1 Torr) oxygen base
pressure, and at 700 °C substrate temperature under high vacuum (<0.13 mPa or 10 Torr). The
target-to-substrate distance was 40 mm, and silver paste was used to provide thermal contact
between the sample holder and the deposition substrate. The laser energy density was about 1.5
Jlem? with a repetition rate of 10 Hz. The total deposition time was 5 min and the estimated growth
rate was about 0.3 nm/s. For CSD thin films, a 0.2 mol/L ceria precursor was prepared by
dissolving Ce(NOz3)3-6H-0 in ethylene glycol, followed by mixing at 80 °C in an oil bath for 3
days. The as-prepared solution was spin-coated onto the substrate at a rotation speed of 3000 min
1 for 30 s, followed by pyrolysis at 400 °C on a hot plate surface for 1 minute. After 6 deposition
and pyrolysis steps, the sample was rapid thermally annealed for 1 min at 700 °C (ramp rate
~100 °C/s) to crystalize the film and remove the eventual remaining organics. For SD films, a PVD
RF Sputterer with a 99.9 % CeO- target was used. The Si/SizN4 substrate was placed about 10 cm
above the target. Ceria was deposited at 80 W for 40 min in argon atmosphere (0.67 Pa, or 5-10-3

Torr).



2.2. Lateral Electrode Device Fabrication. Lateral Cr/Pt electrodes (20 nm/80 nm thick)
were created by evaporation and patterned by a lift-off method. The electrodes were 10 um wide
and with inter-electrode distance of 50 um. Each die was glued to a chip holder and the appropriate

ground and bias electrode were wire-bonded to the chip-level contacts.

2.3. Microstructure Characterization. The surface topography of NC thin films was
characterized by an atomic force microscope (AFM) in tapping mode. The crystal structure was
characterized by an X-ray diffractometer (Cu Ka=0.15418 nm). The surface and cross sectional

microstructure were imaged in a scanning electron microscope (SEM).

2.4. Electrochemical Reactivity and Conductivity Measurements. The tr-KPFM
measurements were performed on a commercial AFM. Cantilevers with conductive Cr/Pt coated
tips (resonance frequency ~75 kHz) were used. An external lock-in amplifier was used for signal
processing, and a function generator applied AC waveforms to the tip. A 50 MQ resistor was
connected in series to the NC device to prevent short circuit. Data processing was performed using
custom-written codes. Some of the outlier points in the mappings and averaged data that
corresponded to abrupt changes in topography (SPM tip encountering surface particle or electrode
edge) were removed manually. Measurements were performed in a temperature ranging from
25 °C to 150 °C, and relative humidity (RH) ranging from 0 % to 90 % (as measured at 25 °C)

using a gas cell.

A schematic of the tr-KPFM setup is shown in Figure 1a. During measurements, a 15 V of
DC bias and 1V of AC bias (0=44 kHz) were applied to the cantilever. The tip is sequentially
positioned on each pixel of a rectangular grid (30 x 3 pixels in this study) overlaid on the NC

surface spanning the two electrodes. Meanwhile, a step function of DC bias — 30 V for the first 10



s and 0 V for the next 10 s — was applied between the two lateral electrodes, and repeated for all
the pixels (30 x 3). The surface potential change as a function of time was then recorded at each
pixel, and averaged over points equidistant from each electrode to create potential profiles, shown
in Figure 1b as an example. These profiles show that in proximity of the biased electrode, the
surface potential increases during the bias-on stage (polarization) and decreases during the bias-
off stage (relaxation), presumably due to the accumulation and dissipation of protons (Equation 1).
Detailed description of tr-KPFM and discussions of ionic dynamics on NC surface have been

previously reported.'® 2°

H,0 2 2H*(aq) + 50, + 2e” 1)

The complex impedance measurements were performed on the same samples for tr-KPFM
measurements at controlled RH in a gas cell. The amplitude of the exciting signal was 1 V, with a

frequency ranging from 0.1 Hz to 7 MHz.
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Figure 1. (a) Schematics of tr-KPFM set-up and (b) a representative averaged surface potential mapping
as a function of distance and time obtained from tr-KPFM. The two blue stripes represent lateral electrodes.

3. RESULTS AND DISCUSSION

3.1. Crystal structure



The surface topography and cross sectional microstructure were characterized by scanning
electron microscopy (SEM), and are shown in Figure 2. All films have similar thickness ranging
from approximately 80 nm to 100 nm, and show good adhesion to the substrate, regardless of the
preparation method. The microstructure of the films, however, is largely dependent on the
preparation method and growth conditions. The films grown by PLD at 500 °C and 13.3 Pa (0.1
Torr) oxygen pressure (PLD500, Figures 2a and 2f) have an extremely rough surface, with grain
size ranging from 20 to 50 nm. The films deposited by PLD at 700 °C and 13.3 Pa (0.1 Torr) O2
(PLD700, Figures 2b and 2g) have lower surface roughness, and exhibit a similar grain size. The
PLD films deposited in a vacuum at 700 °C (PLD700HV, Figures 2c and 2h) have columnar grains,
but a smether smoother surface, albeit with cracks and porosity area connecting to the surface. The
films prepared by CSD and SD have smaller grains, with an average grain size of about 10 nm.
The surface roughness of each film was measured by AFM and summarized in Table 1. The
PLD500 films have the highest surface roughness (Rg), 9.8 nm. The PLD700 and CSD films have
lower Ry, 2.6 nm and 1.9 nm, respectively. And the PLD700HV and SD films have the lowest
Rg, ~1.0 nm and 0.8 nm, respectively.
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Figure 2. Representative surface (a-e) and cross sectional (f-j) SEM images for PLD500 (a, f), PLD700 (b,
g), PLD700HV (c, h), CSD (d, i) and SD (e, j) films. The scale bar length is 200 nm.



Table 1. Structural properties of NC thin films.

PLD500 PLD700 PLD700HV CSD SD

Surface roughness R4 (nm) 9.8 2.6 1.0 19 0.8
Grain size (nm) 24 +2 412 37+3 14+1 9=+1
Lotgering factor for {111} 0.06 -0.27 0.92 0.45 0.72

Figure 3 illustrates representative X-ray diffraction (XRD) patterns for the films processed
through the different approaches. The patterns are compared with the Joint Committee on Powder

Diffraction Standards data of 34-0394, and confirm the presence of polycrystalline ceria. The

average grain size for each film is estimated from the Scherrer equation, D = Bf—jw — where S is

the full-width at half maximum (FWHM), k=0.9 is a constant, 1 is the wavelength of the X-ray
radiation and @ is the Bragg angle — as reported in Table 1. The films deposited by PLD show
sharper peaks, and the calculated grain sizes are approximately 24 nm £ 2 nm, 41 nm = 2 nm and
37 nm = 3 nm for PLD500, PLD700 and PLD700HYV films, respectively. The films prepared by
CSD and SD have much wider peaks, and the corresponding grain sizes are estimated at 14 nm +
1 nmand 9 nm = 1 nm, respectively. The calculated grain sizes have error bars that reflect one
standard deviation from multiple XRD measurements, and are consistent with the SEM
observations. To quantify the preferred crystallographic orientation of the samples, the Lotgering
factors for {111} planes, fr113, were calculated.?? 23 A Lotgering factor of 0 means that the crystals
are randomly oriented. As summarized in Table 1, PLD700HV, SD, CSD and PLD500 samples

has {111} preferred orientation, with fg1113 being 0.92, 0.72, 0.45, and 0.06, respectively. PLD700
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sample does not have {111} preferred orientation. It is {110} preferred, with f{1103 being 0.21.
However, for better understanding of the effect of {111} orientation, the f1113 is still calculated,

which is -0.27.
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Figure 3. XRD patterns for NC thin films deposited via different methods.

3.2. Electrochemical properties

The surface potential mappings of all the NC films at 25 °C and high humidity, and at
125 °C and in absence of humidity are shown in Figure 4. The former condition corresponds to
conduction through the physisorbed water layer, while the latter require conduction facilitated by
the chemisorbed water on the NC surface.'® ?* The dark blue to light blue curves represent the
polarization response, i.e. under biased electrodes, while the curves from green to red indicate the
relaxation after grounding of both electrodes.?° Detailed introduction of the tr-KPFM measurement
is shown in the experimental section. At 25 °C and wet condition, PLD500 and PLD700 films
(Figures 4a and 4b) exhibit strong changes in the surface potential over time throughout the whole

NC surface. A large surface potential variation during polarization suggests that a considerable
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number of protons are injected at the biased electrode, and are transported towards the grounded
electrode under the electric field. Note, that the surface potential mapping at RH of 60 % rather
than RH of 90 % is shown for PLD500 film, because when RH is above 70 %, the sample becomes
so conductive that its resistivity is even smaller than the protective resistor. Thus, the potential
gradient over the sample is almost zero, and the tr-KPFM data is not comparable with other
samples. In comparison, for CSD films (Figure 4d), the polarization and relaxation behavior is
substantially weaker, and mostly concentrated in proximity to the biased electrode area. At the
grounded electrode, the surface potential is mostly invariant over time, indicating that charge
concentration does not significantly vary in this region. For PLD700HV and SD films (Figures 4c
and 4e), the surface potential variation only exists in immediate proximity to the biased electrode,

and is invariant in the rest of the film.
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Figure 4. Surface potential mappings as a function of time and distance for PLD500 films (a, f), PLD700
films (b, g), PLD700HV films (c, h), CSD films (d, i) and SD films (e, j) as measured at 25 °C and wet
conditions (a-e, relative humidity marked in each plot) and 125 °C and RH of 0 % (f-j). Blue stripes
represent lateral electrodes.

At 125 °C and dry condition, the CSD and SD thin films (Figures 4i and 4j) show the

strongest surface potential variation during polarization and relaxation, indicating a high proton
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injection rate. PLD500 and PLD700 films (Figures 4f and 4g) have weaker response, and the

potential variation is observed close to the biased electrode. PLD700HV films (Figure 4h) also

have a relatively small potential variation, however, it spans over the whole surface, indicating a

faster proton transport across this film.

The DC current was also measured while obtaining each of the surface potential mappings,

and is summarized in Table 2. At 25 °C and in RH of 90 %, the interelectrode current is =170 nA

and ~2.0 nA for PLD700 films and CSD films, respectively, and is not detectable for PLD700HV

and SD films. Because the resistivity of PLD500 films is much smaller than the protective resistor,

the DC current through the sample cannot be accurately determined by the current settings. At

125 °C and dry condition, current is not detectable for any of the films and therefore not shown in

the table.

Table 2. Extracted parameters of the electrochemical reactivity and conductivity of NC thin films

PLD500 | PLD700 | PLD700HV | CSD SD
DCcurrent @30V | 609 170 <1.10° 20 | <1.10°
(nA)
Proton injection rate (S) | gy | go1+p0 | 100+30 | 40+6 | 50+08
25 °C RH (mmol/m?®s)
of 90 % —
Proton diffusivity (D) 1000 +
ey >1000 | 0 50+08 | 308 | 20+04
Resistance Re(Q)* | 50-10° | 16-10° | >1.0-102 | 1.9-10° | >1.0-102
Proton injection rate (S) | 14, 14 | 30+02 | 70+15 | 35410 | 45+10
125 °C RH (mmol/m*s)
of 0 % e
Proton diffusivity (D) 30+5 10.0 = 200 + 30 60 + 15 100 + 20
(um?/s) 1.0

*See Figure 5.
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The observed surface potential variation over time is a result of two processes, i.e. proton
generation at biased electrode (see Eg. 1 above), and the subsequent proton transport toward
grounded electrode under the electric field and chemical gradients. These physical processes can

be expressed by Equations 2 and 3:1°

on _

=V (=DVn+ unVe) + (S — k,n?) )

Vi = —InF/gye, (3)

where t is time, n is proton concentration, @ is surface potential, D is diffusivity, x is proton
mobility, S is proton injection rate, and kr is the reaction constant for proton dissipation. From
Equation 2, the proton concentration change over time is determined by diffusion and electrical
migration (first term), as well as electrochemical reaction (Equation 1) at the biased electrode
(second term). The rates of the forward and reverse reactions of Equation 1 are given by S and k:n?,
respectively, where S=ks -[H20] ([H20] is water concentration on NC surface and ks is the reaction
constant for proton generation). Equation 3 is Gauss’s law, which defines the surface potential
variation due to proton concentration change over time. We assume that x is linearly dependent on
D according to the Nernst-Einstein relationship, and kr is the same for different samples at a
specific temperature. To resolve the time-dependent surface potential and proton concentration,
the remaining two unknown parameters, S and D, vary with different samples. These parameters
are directly correlated with the electrochemical processes taking place on the NC, and thus

determine the shape of the surface potential curves.

Finite element methods are used to find S and D parameters for each film and
environmental condition through maximization of correlation coefficients, as summarized in Table

2.2 The correlation coefficient is also used to determine the error bars of each fitting, as detailed
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in the supplementary information. The S and D values of PLD500 films in 25 °C and RH of 90 %

are too high to be accurately simulated, so they are not available in the table.

To further quantify the proton conduction behavior, EIS is performed at a variety of RH
values and 25 °C, as summarized in Figure 5. For all cases, the real part of impedance decreases
with increasing sweeping frequency, so the direction of frequency sweep on the Nyquist plots are
not marked on each plot. For PLD500 films (Figure 5a), at low RH (<50 %), the Nyquist plot
shows a semicircular shape, indicating that the device can be described by the Randles equivalent
circuit as shown in Figure 5d.%% 2 In this circuit, Rs corresponds to a series resistance, such as the
contact resistance between Pt and NC; Rr and Cr are the resistance and capacitance of the sample,
or more specifically, of the adsorbed water on NC. At higher RH, a linear tail appears at lower
frequencies accompanied by a significant decrease of the semicircular part. The Warburg
impedance element, Zy, is added in series with Rr to the equivalent circuit, as shown in Figure 5e,
which represents the involvement of semi-infinite diffusion of protons at the NC-electrode
interface. The linear tail is not seen in PLD700 and CSD films (Figures 5b and 5c), possibly due
to the limited water layer on the NC surface: the equivalent circuit is represented by Figure 5d.
The impedance spectra for PLD700HV and SD films are not shown in this study, because their
impedance was too high to be measured (note, again, that despite high impedance, tr-KPFM
allowed probing their transport properties). The EIS plots are fitted to the proposed equivalent
circuits and the resistivity values for R are plotted as a function of RH, as shown in Figure 5f. At
the same RH, PLD500 films have the lowest resistivity and CSD films have the highest resistivity.
For all films, Rr decreases with increasing humidity, which is consistent with proton conduction
within the physisorbed layer. The Rr value at 25 °C and 90 % RH is also summarized in Table 2.

The Rr is 5.0-10% Q, 1.6-108 Q and 1.9-10% Q, respectively. The high sensitivity to humidity makes
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these films good candidates for H2O sensors. And by controlling the microstructure through
different deposition methods and parameters, the resistivity range can also be controlled as needed.
It is worth noting that EIS measurements at 125 °C and in absence of humidity showed almost
purely capacitive signal originated from the substrate instead of proton transport on NC films, and

no DC current between electrodes was detectable.
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Figure 5. (a)-(c) Impedance spectra of PLD500, PLD700 and CSD films at various relative humidity; (d)
equivalent circuits for (b) and (c); (e) equivalent circuit for (a); (f) resistance (Rg) as a function of relative
humidity (RH) for different NC thin films. Measurements were performed at 25 °C.

3.3. Structure-property correlations

The correlation between the fitting parameters (S and D) and microstructure, including
surface roughness, grain size and fg113, is studied according to the data provided in Tables 1 and
2, as plotted in Figure 6. For the ease of comparison, all graphs are plotted using the same scale

for all vertical axes. It is clearly seen that at 25 °C and RH of 90 % (Figures 6a-c), the change of
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S and D for different samples is substantially larger than at 125 °C and RH of 0 % (Figures 6d-f),
which indicates a crucial role of the relatively thick physisorbed water layer in the former

conditions, as elaborated in the following discussion.
Effects of surface topography

The correlation between the surface roughness and proton injection rate, S, and proton
diffusivity, D, for each of the samples are plotted in both environmental conditions, as shown in
Figures 6a and 6d. At 25 °C and RH of 90 %, both parameters are positively correlated with the
surface roughness (Figure 6a). However, at 125 °C and dry condition, these parameters have no

significant correlation with the surface roughness (Figure 6d).
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Figure 6. Calculated proton injection rate, S, and proton diffusivity, D, as a function of surface roughness
(a, d), grain size (b, e) and Lotgering Factor of {111} (c, f) at 25 °C and RH of 90 % (a-c) and 125 °C and
RH of 0 % (d-f).

The positive correlation between surface roughness and S and D at 25 °C is most likely a

result of the water layer formed on the NC surface. A rough surface provides more porous and
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capillary-filled regions, resulting in a larger amount of condensed water in contact with the sample.
Under an applied electric field, water molecules are decomposed (Equation 1), generating protons
that undergo transport through this water layer. As previously stated, the proton generation rate S
is equal to k¢ -[H20]. While ks is considered constant and relatively small at low temperature, [H20]
is largely dependent on the surface topography of the sample. More water is overall absorbed on
the surface — and specifically, at the Pt-NC interfaces, where the electrochemical water splitting
occurs — in the samples with higher surface roughness (PLD500, PLD700 and CSD). Therefore,
the electric field-induced water splitting generates more protons in the samples, resulting in a
relatively high S (Table 2). For PLD700HV and SD films, however, due to the low surface
roughness and therefore limited amount of adsorbed water, S is much smaller, resulting in much

smaller changes in the surface potential.

Proton diffusivity, D, follows overall the same trends in microstructural dependence as S,
since D is expected to increase within a larger volume of absorbed water layer on NC surface.
When liquid water is formed on the surface, protons can be transported through multiple pathways
including water and water-NC interface, resulting in a larger D than that of samples with smaller
amount of surface water, and thus limited proton pathways. For samples with lower surface
roughness, since the condensed water is much thinner, the conduction pathways for protons are
also limited. Therefore, D is also considered a qualitative measure of the thickness of water on the
surface.!* The obtained D value is consistent with DC current and resistance Re: with increasing
D, the inter-electrode current also increases, and the resistance between electrodes decreases, as
shown in Table 2. At higher T, water is mostly evaporated from the surface, so the surface diffusion

of protons is less important. That is why no correlation between surface roughness and D is
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observed. However, other conduction pathways may exist in these conditions, as discussed in the

following section.
Effects of crystal size and orientation

To further study the effects of crystallinity on the ionic dynamics in NC, the fitting
parameters, S and D, are also plotted as a function of grains size and fg113 for both environmental
conditions studied, as shown in Figures 6b, c and e, f. At 25 °C and 90 % RH, no obvious
correlation between crystallinity and fitting parameters are observed (Figures 6b and 6¢), since S
and D are mostly determined by the physisorbed surface water formed on the NC, providing the
primary conduction path. However, at elevated temperatures, the proton injection rate S decreases
with increasing grain size (Figure 6e): the water layer on NC surface and connected pores have
mostly evaporated, leaving only chemisorbed water that dominates the electrochemical
reactivity.?> Such layer does not necessarily exist only on the surface, but can be present also at
the grain boundaries within NC.*> 8 Here, the total amount of chemisorbed water is proportional
to the area of grain boundaries. So S=k:[H2O]=k’-A, where A is the grain boundary area at the
reaction site (close to the Pt/NC interface), and is inversely proportional to the grain size, as

observed experimentally.

In contrast, the proton diffusivity does not have a perfect correlation with grain size at
125 °C and RH of 0 %, as is shown in Figure 6e. The “outlier”, PLD700HV sample, has the highest
D. Admittedly, the remaining four samples appear to exhibit a negative correlation between D and
grain size; however, considering the “outlier” and the fact that D does not depend on the area of
grain boundaries according to the definition of diffusivity, D might have a more direct correlation

with other factors instead of grain size. The exceptionally high diffusivity observed in PLD700HV
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sample might be due to an addition of water diffusion pathways through large and deep cracks in
this sample, as observed in Figure 2c (note, that this is the only sample that shows large cracks).
Furthermore, since most of the protons are expected to exhibit hopping transport in the first water
molecules layer that is chemisorbed on the NC surface lattice, according to the Grotthuss

mechanism;2* 25 28,29

CeX, — OHj + Cel, — OH, & CeX, — OH, + Cel, — OH; ()

the overall diffusivity can also be affected by the interaction between water and the NC surface
termination. Indeed, according to Figure 6f, a positive correlation between D and fg1113 is observed,

suggesting the dependence of surface crystal orientation on proton diffusion in NC.

The ceria {111} surface is known to be the most stable surface among the low index
surfaces of ceria, and strong water adsorption to ceria {111} plane has been observed
experimentally.3® 3! Such adsorption can be in the form of molecular, dissociative or a mixture of
both,®1° but the properties of each crystallographic orientation such as water coverage and defect
concentration is unknown. Due to this complexity, direct comparison of the water-ceria interaction
of different surface orientation has been limited and contradictory.>> However, two possible
reasons for the positive correlation of f1113 and D can be identified: first, water adsorption on ceria
surface is energetically favorable, and water is bonded more strongly to {100} and {110} than to
{111} oriented surface, due to lower adsorption energies for water association.® It is true that
weaker water adsorption energy on {111} surface may result in a poor water layer continuity and
thus decrease the value of D; however, since water adsorption is energetically favorable on all
surfaces,® we assume that chemisorbed water is well dispersed onto ceria, and any variation in D
value due to water discontinuity is a minor factor. On the other hand, protons can move more freely

along the surfaces with lower adsorption energy, i.e. {111}, resulting in a higher D than other
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crystallographic planes. Second, due to the close packing on {111} surface in the fluorite-
structured ceria, the distance between a proton (from adsorbed water, either associative or
dissociative) and its nearest oxygen atom is smaller than in other crystallographic planes.’®
According to Equation 4, proton transport is enabled through Grotthuss mechanism, and a smaller
proton-oxygen distance is expected to result in a lower proton hopping energy barrier, thus leading

to a higher D value for ceria {111} surface.

As a result, within the exposed surfaces, the {111} planes might allow for higher proton
diffusivity, while addition of cracks and open porosity resulting in increased pathways for water
and proton diffusion could also have similar effects. However, further investigation is needed to
systematically understand the correlation between proton diffusivity and specific crystallographic

surfaces.

4. CONCLUTIONS

In this study, five NC thin films with different microstructure were prepared by PLD, CSD
and SD, and the effects of their microstructure on electrochemical reactivity and proton
conductivity at temperatures below 200 °C are studied. It is found that the surface roughness is
positively correlated with the proton generation and conductivity at 25 °C and RH of 90 %, due to
the proton transport through the physisorbed water layer on the NC surface. In contrast, at elevated
temperature (125 °C) and dry conditions, when the surface physisorbed water evaporates, the ionic
dynamics are mainly dependent on the grain size and crystallographic orientation. The proton
generation rate is negatively proportional to the grain size, while the proton transport though

chemisorbed water is mainly affected by the surface plane orientation and the cracks and open
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pores connected to the surface. The proton diffusivity is positively correlated with the Lotgering
factor of {111} plane, most possibly due to the ease of proton transport along {111} oriented NC

surfaces.

From a broader perspective, this study highlights the importance of combinatorial approach
in electrochemical materials characterization. A heuristic combination of complimentary novel (tr-
KPFM) and established (EIS) characterization techniques, as well as synthetic methods and sample
design (Energy Discovery Platforms), allows probing different parameters affecting
electrochemical activity of NC. This approach is also envisioned to be applied to a wide range of
energy-related materials, including proton conductors, electrolytes in SOFCs, hydrogen separation
membranes, ferroelectric and flexoelectric materials, etc. They enable not only furthering of the
fundamental scientific understanding of transport behavior at the nanoscale, but additionally

facilitate material and device design paradigms for reliable performance of the final energy devices.

ASSOCIATED CONTENT

Supporting Information: Additional details, Figures S1-S3.

ACKNOWLEDGEMENT

This research was supported by the National Science Foundation under grant DMR-1255379.
Some of the work was conducted at the Center for Nanophase Materials Sciences, which is
sponsored at Oak Ridge National Laboratory by the Scientific User Facilities Division, Office of

Basic Energy Sciences, U.S. Department of Energy under user proposal CNMS2013-123. ES

22



acknowledges support under the Cooperative Research Agreement between the University of
Maryland and the National Institute of Standards and Technology Center for Nanoscale Science
and Technology, Award 70NANB14H209, through the University of Maryland. The authors also
acknowledge Gabriel M. Veith (Material Science and Technology Division, Oak Ridge National

Laboratory) for PLD target preparation.

REFERENCES

1. Haile, S. M. Fuel cell materials and components. Acta Mater 2003, 51, 5981-6000.

2. Rodriguez, J. A.; Ma, S.; Liu, P.; Hrbek, J.; Evans, J.; Perez, M. Activity of CeOx and TiOx
nanoparticles grown on Au(111) in the water-gas shift reaction. Science 2007, 318, 1757-1760.

3. Wang, C.; Wang, S. B.; Zhang, J. B.; Li, J. Q.; OuYang, M. G.; Wang, J. L. The Key Materials and
Components for Proton Exchange Membrane Fuel Cell. Prog Chem 2015, 27, 310-320.

4, Fu, Q.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Active nonmetallic Au and Pt species on ceria-
based water-gas shift catalysts. Science 2003, 301, 935-938.

5. Zhou, Y. H.; Perket, J. M.; Zhou, J. Growth of Pt Nanoparticles on Reducible Ce02(111) Thin Films:
Effect of Nanostructures and Redox Properties of Ceria. J Phys Chem C 2010, 114, 11853-11860.

6. Sun, C. W.; Li, H.; Chen, L. Q. Nanostructured ceria-based materials: synthesis, properties, and
applications. Energ Environ Sci 2012, 5, 8475-8505.

7. Jung, W.; Dereux, J. O.; Chueh, W. C.; Hao, Y.; Haile, S. M. High electrode activity of nanostructured,
columnar ceria films for solid oxide fuel cells. Energ Environ Sci 2012, 5, 8682-8689.

8. Yang, Z. X.; Wang, Q. G.; Wei, S.Y.; Ma, D. W.; Sun, Q. A. The Effect of Environment on the Reaction
of Water on the Ceria(111) Surface: A DFT plus U Study. J Phys Chem C 2010, 114, 14891-14899.

9. Molinari, M.; Parker, S. C.; Sayle, D. C.; Islam, M. S. Water Adsorption and Its Effect on the Stability
of Low Index Stoichiometric and Reduced Surfaces of Ceria. J Phys Chem C 2012, 116, 7073-7082.

10. Fronzi, M.; Piccinin, S.; Delley, B.; Traversa, E.; Stampfl, C. Water adsorption on the stoichiometric

and reduced Ce02(111) surface: a first-principles investigation. Phys Chem Chem Phys 2009, 11, 9188-
9199.

11. Verdaguer, A.; Weis, C.; Oncins, G.; Ketteler, G.; Bluhm, H.; Salmeron, M. Growth and structure of
water on SiO2 films on Si investigated by Kelvin probe microscopy and in situ x-ray spectroscopies.
Langmuir 2007, 23, 9699-9703.

12. Scherrer, B.; Schlupp, M. V. F.; Stender, D.; Martynczuk, J.; Grolig, J. G.; Ma, H.; Kocher, P.; Lippert,
T.; Prestat, M.; Gauckler, L. J. On Proton Conductivity in Porous and Dense Yttria Stabilized Zirconia at Low
Temperature. Advanced Functional Materials 2013, 23, 1957-1964.

13. Gregori, G.; Shirpour, M.; Maier, J. Proton Conduction in Dense and Porous Nanocrystalline Ceria
Thin Films. Advanced Functional Materials 2013, 23, 5861-5867.

14. Ruiz-Trejo, E.; Kilner, J. A. Possible proton conduction in Ce0.9Gd0.102-delta nanoceramics. J Appl
Electrochem 2009, 39, 523-528.

23



15. Oh, T.S.; Boyd, D. A,; Goodwin, D. G.; Haile, S. M. Proton conductivity of columnar ceria thin-films
grown by chemical vapor deposition. Phys Chem Chem Phys 2013, 15, 2466-2472.

16. Shirpour, M.; Gregori, G.; Merkle, R.; Maier, J. On the proton conductivity in pure and gadolinium
doped nanocrystalline cerium oxide. Phys Chem Chem Phys 2011, 13, 937-940.

17. Takamura, H.; Takahashi, N. Electrical conductivity of dense nanocrystalline ceria under
humidified atmosphere. Solid State lonics 2010, 181, 100-103.

18. Avila-Paredes, H. J.; Chen, C. T.; Wang, S. Z.; De Souza, R. A.; Martin, M.; Munir, Z.; Kim, S. Grain
boundaries in dense nanocrystalline ceria ceramics: exclusive pathways for proton conduction at room
temperature. J Mater Chem 2010, 20, 10110-10112.

19. Ding, J.; Strelcov, E.; Kalinin, S. V.; Bassiri-Gharb, N. Spatially Resolved Probing of Electrochemical
Reactions via Energy Discovery Platforms. Nano Lett 2015, 15, 3669-3676.

20. Strelcov, E.; Jesse, S.; Huang, Y. L.; Teng, Y. C.; Kravchenko, I. I.; Chu, Y. H.; Kalinin, S. V. Space- and
Time-Resolved Mapping of lonic Dynamic and Electroresistive Phenomena in Lateral Devices. Acs Nano
2013, 7, 6806-6815.

21. Strelcov, E.; levlev, A. V.; lesse, S.; Kravchenko, I. I.; Shur, V. Y.; Kalinin, S. V. Direct Probing of
Charge Injection and Polarization-Controlled lonic Mobility on Ferroelectric LiNbO3 Surfaces. Adv Mater
2014, 26, 958-963.

22. Lotgering, F. K. Topotactical Reactions with Ferrimagnetic Oxides Having Hexagonal Crystal
Structures .1. J Inorg Nucl Chem 1959, 9, 113-&.
23. Lotgering, F. K. Topotactical Reactions with Ferrimagnetic Oxides Having Hexagonal Crystal

Structures .2. J Inorg Nucl Chem 1960, 16, 100-108.
24, Raz, S.; Sasaki, K.; Maier, J.; Riess, |. Characterization of adsorbed water layers on Y203-doped
Z2r02. Solid State lonics 2001, 143, 181-204.

25. Ding, J.; Strelcov, E.; Kalinin, S. V.; Bassiri-Gharb, N. Electrochemical reactivity and proton
transport mechanisms in nanostructured ceria. Nanotechnology 2016, 27, 345401.
26. Thiwawong, T.; Onlaor, K.; Tunhoo, B. A Humidity Sensor Based on Silver Nanoparticles Thin Film

Prepared by Electrostatic Spray Deposition Process. Adv Mater Sci Eng 2013.

27. Varghese, O. K.; Malhotra, L. K. Studies of ambient dependent electrical behavior of
nanocrystalline SnO2 thin films using impedance spectroscopy. J Appl Phys 2000, 87, 7457-7465.

28. Kreuer, K. D.; Rabenau, A.; Weppner, W. Vehicle Mechanism, a New Model for the Interpretation
of the Conductivity of Fast Proton Conductors. Angew Chem Int Edit 1982, 21, 208-209.

29. Kreuer, K. D. Proton-conducting oxides. Annu Rev Mater Res 2003, 33, 333-359.

30. Camellone, M. F.; Ribeiro, F. N.; Szabova, L.; Tateyama, Y.; Fabris, S. Catalytic Proton Dynamics at
the Water/Solid Interface of Ceria-Supported Pt Clusters. J Am Chem Soc 2016, 138, 11560-11567.

31. Gritschneder, S.; lwasawa, Y.; Reichling, M. Strong adhesion of water to Ce02(111).
Nanotechnology 2007, 18.

32. Mullins, D. R. The surface chemistry of cerium oxide. Surf Sci Rep 2015, 70, 42-85.

24



Captions:
Figure 1. (a) Schematics of tr-KPFM set-up and (b) a representative averaged surface potential mapping

as a function of distance and time obtained from tr-KPFM. The two blue stripes represent lateral electrodes.

Figure 2. Representative surface (a-€) and cross sectional (f-j) SEM images for PLD500 (a, f), PLD700 (b,

g), PLD700HV (c, h), CSD (d, i) and PLD (e, j) films. The scale bar length is 200 nm.

Figure 3. XRD patterns for NC thin films deposited via different methods.

Figure 4. Surface potential mappings as a function of time and distance for PLD500 films (a, f), PLD700
films (b, g), PLD700HV films (c, h), CSD films (d, i) and SD films (e, j) as measured at 25 °C and wet
conditions (a-e, relative humidity marked in each plot) and 125 °C and RH of 0 % (f-j). Blue stripes

represent lateral electrodes.

Figure 5. (a)-(c) Impedance spectra of PLD500, PLD700 and CSD films at various relative humidity; (d)
equivalent circuits for (b) and (c); (e) equivalent circuit for (a); (f) resistance (R¢) as a function of relative

humidity (RH) for different NC thin films. Measurements were performed at 25 °C.

Figure 6. Calculated proton injection rate, S, and proton diffusivity, D, as a function of surface roughness
(a, d), grain size (b, e) and Lotgering Factor of {111} (c, f) at 25 °C and RH of 90 % (a-c) and 125 °C and

RH of 0 % (d-f).

Table 1. Structural properties of NC thin films.

Table 2. Extracted parameters of the electrochemical reactivity and conductivity of NC thin films
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Figure 1. (a) Schematics of tr-KPFM set-up and (b) a representative averaged surface potential mapping

as a function of distance and time obtained from tr-KPFM. The two blue stripes represent lateral electrodes.
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Figure 2. Representative surface (a-e) and cross sectional (f-j) SEM images for PLD500 (a, f), PLD700 (b,

g), PLD700HV (c, h), CSD (d, i) and PLD (e, j) films. The scale bar length is 200 nm.
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Figure 3. XRD patterns for NC thin films deposited via different methods.
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Figure 4. Surface potential mappings as a function of time and distance for PLD500 films (a, f), PLD700

films (b, g), PLD700HV films (c, h), CSD films (d, i) and SD films (e, j) as measured at 25 °C and wet

conditions (a-e, relative humidity marked in each plot) and 125 °C and RH of 0 % (f-j). Blue stripes

represent lateral electrodes.
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Figure 5. (a)-(c) Impedance spectra of PLD500, PLD700 and CSD films at various relative humidity; (d)
equivalent circuits for (b) and (c); (e) equivalent circuit for (a); (f) resistance (R¢) as a function of relative

humidity (RH) for different NC thin films. Measurements were performed at 25 °C.
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Table 1. Structural properties of NC thin films.

PLD500 PLD700 PLD700HV CSD SD

Surface roughness R, (nm) 9.8 2.6 1.0 1.9 0.8
Grain size (nm) 24 +2 41+£2 37+3 14+1 9+1
Lotgering factor for {111} 0.06 -0.27 0.92 0.45 0.72
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Table 2. Extracted parameters of the electrochemical reactivity and conductivity of NC thin films

(um?/s)

PLD500 | PLD700 | PLD700HV | CSD SD
DC current @ 30 V >600 170 <1.10° 20 | <1.10°
(nA)
Proton injection rate (5) | g | go+20 | 100+30 | 40+6 | 50+08
25 °C RH (mmol/m?s)
of 90 % e
Proton diffusivity (D) 1000 £
s >1000 250 5008 | 30+8 | 20+04
Resistance Re (Q)* 5.0-10* 1.6-108 >1.0-10%? 1.9-10% | >1.0-10%
Proton injection rate (S) | 15, 19 | 30+02 | 70+15 | 35+10 | 45+10
125 °C RH (mmol/m"s)
of 0 % e .
Proton diffusivity (D) | 45, 5 101'%“: 200+30 | 60+15 | 100+ 20
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