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An in situ electrochemical smalingle neutron scattering (eSANS)
method was developed to measure simultaneously the redox
properties and size, shape and interactions of soluispersed
nanomaterials. By combining mulstep potentials and
chronocoulometry readout with SANS, the structure and redox
properties of engineered nanomaterials are followed in one
experiment. Specifically, ZnO nanoparticles were examined as
dilute dispersions in pH buffered deuterium oxide solutions under
negative electrode potentials. The ZnO disk-shapedpaticles
undergo an irreversible size transformation upon reduction at the
vitreous carbon electrode. The decrease in average nanoparticle
size near a current maximum shows the reduction reaction from
ZnO to Zn occurs. The eSANS method provides natemseale
sensitivity to nanoparticle size and shape changes due to an
electrochemical reaction that is crucial to understand in energy,
healthcare, and other applications.

I ntroduction

The oxidation and reduction (redox)
properties of nanomaterials are crucial for
catalysis, energy applications, medical =
contrast imaging and therapy applications
and personal care products. In maages
the nanomaterials must undergo hazarc
assessment for risks caused by a multitude _* = =
of biosystem exposure paths. For instange! =+ s s e cancas

nanomaterialsnay cause oxidative stress by generatlng reaobk\ygen specie$l-3).

Optical spectroscopy analysis of molexsiland nanomaterials undergoing redox
reactions quantifies the electrorarisfer and energetics of the reaction via potential
control and are the most common analytical techniques employed for this p(#pose
However, with conjugation to organic ligands and smaller, de&fiiked particle sizes,
engineered nanomaterial redox characterization would benefit by techniques that provide
nanometer sensitivity to nanoparticle size, shaek ligandstructure.ln order to address

this challenge, min situ electrochemical smalngle neutron scattering (¢eSANS) method
was demonstratelh measuresimultaneouslythe redox properties ambrrelation length
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of solutiondispersed nanomaterialduring a sbw linear potential swee5). The
application of scattering techniques brings direct size and structure characterization
complementing established spectroelectrochemical methods that are sensitive to
absorbance characteristics.

In the present developmemhulti-step potentials and chronocoulometry readout
with spallationSANS were applied to follow the structyrpairwise interactionsand
redox propdies of solution dispersed engineered nanomaterials simultaneously in one
experiment. Specifically, ZnO nanoparticles were examined as dilute dispersions in pH
buffered deuterium oxide solutions under negative electrode potentials. The ZnO disk-
shaped nanoparticles undergo an irreversible size transformation upon reduction at the
vitreous carbon electrode. The structure of the dispersion was charactétiiadcthe
potential range, corresponding to the reduction of the bulk ZnO according to Pourbaix
diagram(6), Eq.1.

ZnO + HO + 26— Zn®+ 20H [1]

Experimental
ZnO diskdike nanoparticle synthesi5.5 g of zinc acetate wetg/drolyzed in 50 mL of
methanol using 0.2 g of solid KOH. The @wobn was stirred at 85°C for 48 h and
precipitated with centrifugation. The precipitate waashed several times in pure
ethanol Nanoparticles were then solvent exchanged for deuterium oxide by three
successivesteps of centrifugation andedispersionby sonication. This left a stable
concentratednO dispersionin deuterium oxide. Solutions for eSANS were made by
mixing the ZnO dispersiorwith deuterium oxide phosphateuffer to achieve a
25 mmol/L potassium phosphate pH 7 solution. The zeta potgMialvern Nano ZS)
was-45.1 mV+ 5.6 mVin this buffer The ZnO surface groups initially haveesateion
functionality; however, féer purification and dispersion in phosphate bufteis likely
the acetate groups are replacedhsydivalent phosphate ion leading to charge reversal as
observed by zetpotential. TEM (Figure 1) confirms the particle shape and size (19.4

2.8) nmradius. I

im_ S

Figure 1. TEM of bar@no.disk-like nanobarticles. Scalé [wdr20 nm at lower left.

Small-angle neutron scatteringANS) measurements were performed on the@L
extended @ange SANS instrument at the Spallation Neutron Source, Oak Ridge
National Laboratory, Oak Ridgelrennessee. At the Spallation Neutron Source,
hydrogen ions are accelerated to 1 GeV and stripped of their electrons, the resulting
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protons are accumulated in a storage ring with energy 895.5 MeV. These protons collide
with a moderated liquid mercury target at a regoet rate of 60 Hz generating intes

pulses of neutrons guided to variaastruments. The SANS instrument was operated in

a frameskipping mode whereby the initial broad wavelength distribution of neutrons
pass through 4 synchronized choppers rotating at 30 Hz permitting continuous frames of
neutrors with wavelength (2 to 5.4) A and (8.9 to 12.3) A. The neutrons that pass
through the choppers are scattered by the sample and reach the detector (4 nosample-
detector distance) with a time stamp. Baseonuthe time-oflight from the moderator to

the detectort{yr), moderatorto-detector(Lm), Planck’s constantj and neutron massy)

the wavelength(,) of the neutron can be defined by=Atwh)/(miLm). The scattering
vector Q) is Q = (4n/L)sin(6/2), whereb is thescattering angleData were placed on an
absolute intensity scale via secondary standard, detector sensitivity and element size,
sampletransmission, and sample scattering volume considerations. Details regarding data
collection and reduction can be found elsewHl&)eThe neutron flux combined with a
broad Q-range measured without changassampleto-detectordistances is ideal for
kinetic studiesThe data may be reduced by a sequence of scripts to reconstruct kinetics
within any defined time interval and sequence. This becomes critical when matching
data with the predefined multi-step potential scans.

The eSANS working electrode was 80 pores per inch (= 300 um radius macropores)
reticulated vitreous carbon (Electrosynthesis Inc.) cut to dimensions 3.8 cm x 1.2 cm x
0.4 cm and fit within the center of a 4 mm path quartz spectroscopic cuvette (Starna), a
Ag/AgCl in 3 mol/L KCI reference electrode (Microelectrodes, Inc) and platinum
wounded thin wire counter electrode (Aldrich), separated from the working electrode by
dialysis tubing.

A Series G 750 potentiostat (Gamry Instruments) was connected to a laptop via PCI
expansion unit. Amulti-step working electrode potential sequence was programmed
from -0.3 V to—-1.5 V in decrements of3-1 V followed by a reverse scan froni.4 V
to —0.2 Vin 0.2 V steps. In both the forward and reverse stegn a5 s delay was
applied to allow capacitance chargequilibration, followed by a 20 min
chronocoulometry scan. Data were collected for edebtrode stejprofile and the
measured current and synchronized with the SANS data collection. The sample
environmentwas isolated from the user-operation hutcherefore a remote method of
communication between the sample and operations was devised by using a master laptop
connected by wireless signalthe laptop that operates the potentiostat. The potentiostat
was connected to the eSANS cell via short electrical cables passing througlofesedt
the sample enclosure. This approach proved necessary to check the signal integrity
separately and remotely.

Results and Discussion
In order to developSANS into an analytical technigie measure the size of solution—
dispersedhanoparticlesduring aredox reactionseveral criteria needed to be satisfied.
The working electroderequireshigh conductivity, high surface area, and should not
reduce the solvent of choice. For neutron scattering in a transmission mode, the working
electrode must be of low neutr@sorbance, lovincoherentscattering,and have low
scatteringwith the ability to contrast match. Contrast matching is a method by which the
neutron refractive index of the solution is matchedhe material such that no scattering
contrast is present and therefore suppresesatiering signa8). In the present work we
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use a vitreousarton electrode, as described previoy8ly with a high degree of mmo-

um porosity leading to high surface area. Th&pbonhybridizationleads to the high
intrinsic conductivityandno incoherent scattering contribution that primaaitises from

the presence of protons. dar approach, the electroda directly in the bearmind may

be contrast matched to the solvent as a mixture of 74.5@odnd 25.4 % bD, by

volume. However, in BD there is a scattering contribution that must be subtrgBjed

In the three—terminal eSANS cell the platinum counter electrode and Ag/Asg€ence
electrode are positioned outside of the passing neutron beam and therefore not exposed to
any radiation5). This assures that the dispersion that wets the porous vitreous carbon is
the only analyte contributing to the scattering.

Electrochemical Small-Angle Neutron Scattering

The potential step sequencedaBANS data acquisition were initiated simultaneously.
Figure 2a shows the potential step sequence for the forward scan DdW-in steps of
—0.1V to -1.5 V and then a reverseat in increments of + 0.2 V back t®.2V (not
shown) In the current readotite marked downward spikese due to the 5 s electrode
charge capacitance equilibration stlegt occurs just aftexachpotential step After this
equiibration the change in current sigrthle to each potential step can be observed. The
maximum plateau current on the forward scan appears betwie@nV and-1.2 V.
Vitreous carbon electrodes do not reduce water under the potential step ranged vsed here
therefore the reactions we observe electrocheryieadl attributed to the dispersgdO
nanoparticleand potentially oxygen reduction. In order to minimize the latter, buffered
solutions were degassed by bubbling argon for 40 min.
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Figure2. (a) Potential versus Ag/AGl and measured current versus time in programmed
stepsfrom -0.3 V to —1.5 V and reverse scaifb) eSANS data as a function of the
electrode potential. Solid lines are the fits to the -thisk with sticky-hard sphere
structure factor.

The corresponding eSANS data are shown in Figlydrom the forward and
reverse scans after subtraction of a vitreous carbon electrode with deuterium oxide signal.
The changes in scattering by the ZnO dispersions is indicative of an electred&apot
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dependent change in solution structure on the nm scale. The analysis of the ZnO
nanopaticles follows a mode&pproach to fit the scattering. A few salient details shall be
provided.

SANS Modeling

Small-angle neutron scattering methods cover girsilee scale ranges as small-angle
X-ray scattering due to the sub—mravelengthsX) used. The major difference is in the
fundamental interaction between the waves and medium. X-rays are scattered by
electrors and neutrons are scattered by thelei. For X—rays the atomic number is
proportional to the scattering power, wheregath neutrons it is the atomiscattering

length The atomic scattering length varies from element to elemdmnith gives
advantages in using neutron over X—ray scatteesgecially with lower atomic number
elements (such as CPBiO,N) that comprise mangolymers. The contrast or scattering
length density difference between solute and solvent may be changed by isotopic labeling
due to the large coherent scattering length differenceotitatrs between hydrogebu(=
—0.374x10*2 cm) and deuteriumbb = 0.667-10%?cm) isotopes. The scattering length
density is quantified by, = > b /v, where the sum is over all atomic scattering

lengths within molar volume, v. SANS contrast may be enhanced with isotopic
substitution by using deuterium oxide as the solvent with organic and inorganic solutes.

Analysis of the scattered intensity versus wave vector was conducted by using the
form factor, P(Q), of a thin disk and a sticklyard sphere structure factor, Q¥ that
accounts for paiwise attractive interactionsand background,linc, arising from
incoherent scattering contributions. Hgshows that the scattering is proportional to
concentration of nanoparticlesu€; square of the nanoparticle geometric voluivigr),
and scattering length density difference between nanopartigleand solventps). In
this case, the scattering length density difference odmetgeen the ZnO nanoparticle
(pzno = 4.76x10% A2) and solvent, deuterium oxidest 6.33x10° A2).

Q) = (Pre = :) "CuaViiP (AYS(@) + 11 [2]
The form factor for a thin disk is given by

7l2

PQ,RL)= I‘P(Q,R,L,a)zsinada [3]
0
Where, the analytic expression for the amplit#{®,R L,a) is given by

2J,(QRsina) sinQLcosx /2) (4]
QRsina QLcosx /2
andJy(X) is the firstorder Bessel function of the first kind. The square of the amplitude

was numerically integrated over all orientation angles o andR andL are the radius and
thickness of the disk, respectivély

YQ,RL,a)=

The structure factor, §), was modeled using a stickard sphergSHS) potential
developed by Menon et.glL0). In this case a square—well potential of depilh, hard
sphere diamete(c = 2R) and well width (A) define the inter—particle potentialhe
structure factor accounts for the nidieal solution through paisise interactionsvithin
the OrnsteirZemike equation These pair-wise attractive interactions improvke fit to
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the experimental data. Alhe ionic stengthusedthe longrange electrostatic interactions
arescreened and weaker vdar Waals forcegprovide the attraabn by the SHS model,
since these nanoparticles ard steric-stabilized by polymers.

Each electrode potential dependen)l(dataset werefit for RL,Cne, SHS
parameterand linc with fixed values forpw, ps, and Aby LevenbergMarquardt non—
linear least squares regression routited minimized the chi—squared statistic between
model and experiment using the associated experimental uncertédntidacertainties
(error bars) are estimated by one standard deviation of the mean bgoeass
minimization of fits to the 8ANS data. While error bars are shown, they may be smaller
than the symbols used in some caségure 2b shows the curve fit for each data set.
Figure 3a shows the main results of the particle radius detrgaspon increased
negative electrode potentiaiith minor dependence on the total disk thicknésgure
3b). At thefirst few potentialstepsthere is no change in eSANS data therefore we do not
expect any change in sizbowever, that would not excludedox or electron émsfer
taking place, simply no particlscalestructurechanges. As shown in Figurea3The
radius remains essentially unchanged frodm3-V to -0.9 V then the radius decreases
monotonically to 12.8 nnx 3 nm at-1.5 V, then upon the reverse scan the radius
continues to decrease and plateau in size nefr\- with no further change.The ZnO
disk thickness shows very little change during the forward and reverse scans.
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Figure3. eSANS data fit by disk form factor and attractive sticky hard sphere structure
factor: (a) Radius and (b) thickness versus sampled electrode potential (versus Ag/AgCl)
for scan from 0.3 to -1.5 Vand reverse scan. Each data point ia@@rage over the final

2 min of the 20 min potential step scan.

Chronocoulometry Modeling

The eSANS data show a decrease in ZnO nanoparticle average size as a function of
negdive electrode potential. The particles in these dispersions must reljfusion to

the electrode for the electron transfer and redox reattiooccur in the absence of
mobile reducing agentsr prior adsorptionto the electrode. In order to provide insight

into the redox kineticshe current(Figure 4) was modeled4) with a one-dimensional,
irreversible reactiondiffusion process of Eq5 wheret is the time after the initial
potential step at timg, Co is the initial concentration of speciesagtive electrode area,
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ks the forward reaction rate constant, 3 the oxidzed species diffusivity that equals the
reduced species diffusivityDr) and I' =ki¥/Do. In this model convective and drift
contributions are not considered.

i (t—t,) = FAK, C e Werfel T(t-t,)) 5]

The forward rate constant follows the activated process fornetp(E-E),
where B is the standard reduction potehtand Eis the electrode potential. Eq. 5 was
independently fit to each chronocoulometry scan as a function of potential step shown in
Figure 4, excluding the charge capacitance equilibration duration. The main results are
in Figure 5 where the eSANS measured patrticle radius and lumped pararféte)
and/ are plotted as a function of HE1 Figure 5a a forward scan broad peak in F8k
near -1.1 V occurs near the midpoint of the change in particle size due to reduction and
near the value for the bulk reduction ofZto Zrf of -1.26 V. This implies a maximum
in the forward rate constant, since the product of H&8@xpected to be constant.
However, as the reaction proceeds beyoh@ V the reduction raté<Ak:C,) decreases.
This kinetic decrease is also observed ihdt provides insight into the ratio of the
forward reaction rate to the diffusivity as shown in Figure 5b
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Figure 4. SemHinfinite, linear diffusion current governed by mass transfer and
irreversible charge transfer kinetifisto ZnO in 25 nmol/L pH 7 potassium phosphate

buffer chronocoulometry data as a function of the sequential electrode glosteps
Fits appear after capacitance charge equilibration and withinrOehahpotential step.
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The peak in Ibetween-0.9 V and-1.5 V is consistent with a reduced forward
reaction rate at negative potentiatsd above the expected bulk reduction potential for
ZnO. While the model assumes 3 constant the particle size decreaseshe
diffusivity would increase andlso contribute to a reducddat negative potentials
Therefore the lowering of Iat negative potentials on the forward scandscative of a
mechanisnio reducedeactionrate within the electrodsurface regionln the eSANS
approach, théotal scattering is measured. The only additional insight provided remains
in the analysis of the structure factor, S(Q). The SHS reshudis's that the nanoparticle
attraction increases with negative potentials, so the association or aggregation of particles
also contributes and is beyond the scope presented here. The nanopatrticle structure at the
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electrode surface region igettly testable bylternative experimental methods rather
than the ones devised here, such as neutron and X-—rayivéilect
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Figure 5. (a) FAKC, and p) I' =k%Do and radius in top versus sampled electrode
potential (versus Ag/AgClior scan from 8.3 V to—-1.5 Vfor ZnO nanopatrticlesn 25
mmol/L pH 7 deuterium oxide phosphate buffer.

Structurereactionhypothesis

As aZnO nanoparticle undergoes reduction two extreme transformation cases could be
considered: a uniform reduction and dissolving shell upon reduction. The scattered
intensity to zero angle I1(0) is a product of the square of the contrast factor, concentration
of the particles, and square of the volume of the particles by Eqg. 2. In the case a particle
uniformly reducedrom ZnO to Zn then the scattering length density would vary as a
function of the redox extent because the elemental composition changes by the
elimination of oxygen. However, in a dissolvimgduced shell the particle contrast is a
constant and only th&ze changes. These two opposing physiuadels were calculated

and compared as a function of redox extent of the parti¢tegur e 6.
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Figure 6. Variation in 1(0) for(a) model as a function of redox extent and (b) eSANS
experiment The monotonic change in the 1(0) with forward reaction is consistent with a
dissolved-shell mechanism, rather than a uniform particle reduction.
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The uniform reduction her pne of the particle changes from pure Zn@zo =
4.76x10% A2) to Zn (pzn = 3.74X10% A as a function of redox extent as well as the
particle volume iglue to the combined effect of a loss of oxygen and a change in mass
density. Assuming no chga in particle concentration the expected 1(0) has a broad
maximum as a function of redox extent. The dissolving shell model has a constant
particle pne and as the redox extent increases the particle volleceesases and the
reduced shell dissolves leagira monotonically reduced particle volume. This model
(Figure 6a) leads to a monotonically decreasing 1(0) with constant concentration.
Comparison of these two predictions with the model-independent analy<i8) oh |

Figure 6b, the data are consistent with the dissolving—shell picture as in the forward scan
there is a reduced 1(0) that continues and plateaus during the reverse scan. While there is
not a direct correspondence between the model redox extent and the electrode potential,
the model independent approach aides in SANS form fac@rdmalysis.
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Figure 7. Variation in radius with (a) model redox extemt @) eSANS experiment.

The same model was applied to show two extremes in the ZnO radius as a
function of redox extent. Figur&a shows themagnitude in change in size under
complete reduction for uniform and dissolvirfiel, whereas the experimental data are
provided inFigure 7b thatassumed a constant nanoparticle composition and scattering
length density of pure ZnO.

Conclusions

The size and peiwise particle interaction sensitivity provided by small-angle
neutron scattering was combined with electrochemical methods to develop an
electrochemical SANS technique. i¥hmethod was applied to follow the size and
interactions of zinc oxide nanoparticle dispersions as a function of reductithe at
vitreous carbon electrode. eSANS finds an irreversible—shgdiolution mechanism
occurs upon negative electrode potentials. The chronocoulometry anstysisthe
reaction rate reachesmaximum with reduced rate at negative potentigiss implies a
structuring at the electrodmterface structure causes a reduced reactionfoatdese
dilute dispersionsThe attractive interactions between ZnO particles accountdyy fie
sticky-hard sphere model are hypothesized to be responsible forati®neslow—down.
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This transmission eSANS method probed a well-defined Pourbaix diagram and offers the
possibility to follow polymerranoparticle complexes by the use of contrast variant
neutron scattering methods.
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