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ABSTRACT: The rapid growth in nanomaterial applications have revealed limitations
in available physicochemical characterization methods. An in situ electrochemical small-
angle neutron scattering (eSANS) methodology was devised that enables direct
measurements of nanomaterial dispersion structure while undergoing reduction—
oxidation (redox) reactions at the vitreous carbon electrode. Furthermore, these porous
electrodes are amenable to contrast-variant neutron scattering strategies to measure
nanoparticle structure and polymer conformation in multicomponent systems. The
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eSANS method was tested for feasibility by characterizing ZnO nanoparticles in 50

mmol/L NaCl deuterium oxide solution undergoing bulk electrolysis at negative potentials. Irreversible nanoparticle structural
changes are observed during the potential cycle. The complete reduction of Zn** to Zn° nanoparticles is unlikely, but a peak in
the characteristic correlation length occurs during the redox bias with reduced average characteristic size.

SECTION: Nanoparticles and Nanostructures

he demand for engineered nanomaterials in growing

research sectors, such as energy, cosmetics, and healthcare
products, requires materials with widely disparate physico-
chemical properties. The redox properties of nanomaterials are
crucial to certain applications such as photocatalytic materials
and matching semiconductor band gaps for photovoltaic
devices. However, the redox properties are also important to
nanomaterial toxicology' because they may interact with
biological charge transfer pathways or induce oxidative stress
by generating reactive-oxygen species.” * With particle sizes
approaching the quantum confinement range and conjugation
to organic ligands (e.g, to stabilize dispersions for magnetic
resonance imaging), their redox properties are governed by the
position of the electronic band edges® and may differ from the
tabulated thermodynamic properties of parent bulk materials.
Spectroscopic in situ analysis of species undergoing redox
reaction (spectroelectrochemistry) quantifies electron transfer
and energetics of the reaction via potential control.® Optical
spectroscopies (ultraviolet—visible, infrared absorbance, fluo-
rescence, Raman) are by far the most common analytical
techniques employed for this purpose. However, electron
paramagnetic resonance, nuclear magnetic resonance, and X-ray
absorbance spectroscopies have also been reported.” Here we
demonstrate the potential of in situ electrochemical small-angle
neutron scattering (eSANS) measurements on ZnO nano-
particles undergoing electrolysis under potentiostatic condition
at an inert electrode. Many direct routes are available to probe
redox properties, such as scanning probe methods,® even in situ
electron microscopy in fluidic channels.” However, scattering
methods (X-ray and neutron) provide unique capabilities to
probe transformational kinetics with widely disparate materials
such as organics and inorganics, including core—shell metal
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nanoparticles'® with variable sensitivity at the nanoscale. A
transmission SANS measurement was demonstrated for
electrochemical dealloying under potential control,'" illustrat-
ing the strengths of scattering methods to probe structure.
SANS was performed at the NIST Center for Neutron
Research with cold neutrons of 6.0 A wavelength (1) with
spread (AA/A) of 0.115. The scattered intensity I(Q) was
measured as a function of the wave vector (Q) defined by Q =
(47/2) sin(6/2), where 0 is the scattering angle. Three sample-
to-detector distances were used: 13, 4, and 1 m that provide
0.00335 A1 < Q<0.542 A7 Data were placed on an absolute
intensity scale via direct beam flux measurement, detector
sensitivity and element size, transmission, sample-to-detector
distance, and sample scattering volume considerations. Details
regarding data collection and reduction can be found
elsewhere.'” 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
04 cm and fit within the center of a 4 mm path quartz
spectroscopic cuvette (Starna), a Ag/AgCl in 3 mol/L KCl
reference electrode, and platinum wire coil counter electrode,
separated from the working electrode by dialysis tubing under
potentiostat control (Omni 90). All experiments were
performed at 25.0 & 0.1 °C to minimize variability. Aqueous
dispersions of average 35 nm hydrodynamic radius ZnO
nanoparticles (Aldrich) were lyophilized to remove H,O and
dispersed as 0.1% by volume ZnO particles in 50 mmol/L NaCl
in D,0 and 0.22 pm filtered into eSANS cells. The samples are
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stable for more than one day, after which sedimentation
appears. Therefore, in the presence of salt this system has
limited long-term stability. Experiments were conducted in the
dark, thus eliminating the possibility of the photochemical
reactions.”'® Uncertainties are estimated by one standard
deviation of the mean. Fits of the eSANS data are made by a
weighted least-squares minimization, and error bars correspond
to one standard deviation. Limits are left out for clarity when
smaller than the plotted symbols.

The scattering properties of the carbon electrodes are critical
to this approach because they are in the direct neutron beam
path (Figure 1, inset). SANS from dry vitreous carbon,
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Figure 1. SANS of dry vitreous carbon and in three different volume
fraction (y) of D,O in D,0:H,0 isotopic mixtures. Inset shows a
schematic of the transmission eSANS quartz cell with working
electrode under potentiostatic control.

mounted in the quartz cell is isotropic and azimuthally
averaged, leading to the scattering profile shown in Figure 1.
Two features are observed: a low-Q power law (Q™*) and decay
in the high-Q region. The structural properties of vitreous
carbon are directly related to the thermal processing of
precursor organics to form the conductive carbon. Gupta and
Harrison used small-angle X-ray scattering (SAXS) to study the
effects of processing temperature on carbonized phenolic resins
that are precursors to vitreous carbon.'*'® They found that
during the thermal-processing treatment nanopores are formed
via cross-linking reaction of the phenolic resin; these nanopores
have structure and may show positional order, leading to a
broad scattered intensity peak. Higher processing temperatures
cause nanopores to coalesce, increasing the average pore size
and eventually microporosity within the vitreous carbon. The
scattering from this hierarchical structure of micro- and
nanopores is consistent with the SANS data shown in Figure
1. The decay at high-Q in Figure 1 is consistent with a form
factor scattering by nanopores, whereas the power law
scattering in the low-Q that plateaus is the Porod region for
scattering by the large interfacial area from micropores. The
scattering of the dry vitreous carbon at Q > 0.15 A™' was
initially analyzed by the Debye—Bueche model'® (Supporting
Information (SI)), leading to a correlation length of 0.23 nm
that is smaller than the distance between graphitic planes (0.36
nm). SAXS on the same sample led to a correlation length of
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0.30 nm. Whereas the high-Q data may be analyzed within the
Debye—Bueche model, it does not appear to characterize
nanopore dimensions, considering that the position of the high-
Q decay implies larger characteristic size.

To quantify the nano- and microporosity, we fit the dry
vitreous carbon data in Figure 1 to a combined Porod law and
Schulz-distribution of spheres.'> For neutron scattering, the
difference in scattering length density (b,) is the source of
contrast quantified by b/v, where b is the total coherent
scattering length within molar volume, v. From this minimal
modeling, the medium was air (b, ,;, = 0), and vitreous carbon
b, was fixed to 4.57 X 107® A~% to minimize the number of
parameters and fit the average pore radius (R), polydispersity
index (z), nanopore volume fraction (¢), Q-independent
background (I,4), and Porod constant K, = ZHS“}(ZJV’CH},O“ —
bmir)z that provides the surface area to volume ratio (S{). Using
this approach, the average nanopore radius was 6.02 + 0.01 A, z
= 0.19, and ¢ = 0.00516 + 0.00003. Therefore, the fraction of
nanopores is low, consistent with the scattering with no
interpore correlations that would give rise to a peak, and the
size is much smaller than the nanoparticles. The Porod
constant provides Si but not the size of the micropores.
Because the experimental data do not plateau into the low-Q
(no Guinier region), it is not possible to extract an accurate
micropore size without assumption. However, an estimate of
the minimum size was performed by fitting to a bimodal
Schulz-distribution of spheres that led to a characteristic radius
greater than 6 ym, assuming a fixed polydispersity index at 0.2
and pore volume fraction of 0.03 estimated gravimetrically.
Micropores smaller than 6 pm shift the model scattering to
high-Q, inconsistent with the experimental data. Therefore, the
nano- and micropores within the vitreous carbon fibers are
well-separated in size from the nanoparticles. The 35 nm
nanoparticles are able to probe the high-surface-area electrode
and are essentially excluded from the nanopores but able to
access the micropores. If the pores were closed, then their
scattering contrast would dominate over dispersed particles.
However, if the nanopores were open and solvent accessible,
then the solvent contrast could be matched to the vitreous
carbon to reduce the macro- and nanopore contribution to the
total scattering.

Upon the addition of D,O to the eSANS cell containing the
vitreous carbon electrode, the high-Q decay feature is
substantially reduced (Figure 1) in contrast. The characteristic
decay contributes to the signal but only just above the
scattering at the level of the solvent background (SI).
Furthermore, the Q* scaling remains, but with lower scattered
intensity. The reduced scattering must be caused by a change in
contrast. If the origin of scattering in the low-Q region was only
closed pores, then no change would be expected because the
contrast between carbon and air-filled pore would be constant.
The air must be displaced by D,O that wets the electrode,
therefore reducing the contrast but preserving the Q-depend-
ence. This remains true as the volume fraction of H,O is
increased (Figure 1), which changes the average b, of the
solvent to reach contrast match that minimizes the forward
coherent scattering. The estimated contrast match point occurs
at ypo = 0.745 (b, = 4.57 X 107° A™?) with scattering not
completely eliminated (SI).To better understand the pore
filling the Porod law with Schulz-distribution of spheres was fit
to the three different solvent data. The nanopore characteristics
(R, z, ¢) were fixed based on the dry analysis, and only the
background and Porod prefactor were fit. The reduced
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nanopore contrast due to the added solvent was sufficient to fit
just above the background implying nanopore filling (SI).
Insight into the fraction of filled micropores may be understood
from the variability in Porod Kp prefactor. Because the
scattering was not eliminated near the contrast point, a fraction
of pores may not fill completely, giving rise to excess contrast.
Assuming a two-state model of wet and dry interfaces, the
Porod constant would have the following dependence

2 d 2
- b ,solvent) + 2ﬂ"SV(bv ,carbon)
(1)

where Sy is the wet surface-to-volume ratio. A plot of the Porod
prefactor as a function of the solvent-carbon contrast factor
yields a straight line with finite intercept (SI), estimating that
~89% of the total surface-to-volume ratio of the vitreous
carbon is wet by solvent.

The eSANS strategy was also examined with Pt wire-grid
electrodes shown in Figure 2. In this case, the wire grid is
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Figure 2. Anisotropic SANS from Pt wire-grid. Dry and two different
D,0 concentrations with data averaged along vertical (0°) and
horizontal pixels (90°) on the detector. Inset shows the 2-D SANS
detector image for the dry Pt wire-grid.

oriented perpendicular to the incoming beam, leading to
anisotropic scattering. This scattering also follows a Q * scaling.
On the basis of the mass density and scattering length of Pt, the
contrast match point is close to pure D,O but not eliminated
because the b, of Pt (6.36 X 107° A™?)is slightly higher than
D,0 (6.33 X 1075 A~?). While it is possible to perform eSANS
with these Pt wire-grids, direct exposure of Pt to high-flux
neutron beams leads to activation, whereas carbon electrodes
under direct beam exposure were immediately cleared following
health-physics handling protocols. Furthermore, the Pt has a
lower overpotential for reduction of H,0 (D,0), limiting the
potential scan range to observe ZnO reactions.

ZnO disk-like nanoparticles were used as a test system for
eSANS with the vitreous carbon electrodes. ZnO nanomaterials
are important for photovoltaics as well as an efficient ultraviolet
light absorber for sunscreen materials. A major concern
regarding nanoparticle health and safety is the chemical stability
of these particles, resulting in ZnO dissolution and Zn* ion
release that is capable of inducing biological oxidative stress
pathways'”'® and cell contact for a toxic response.'”
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Therefore, identification of potentially hazardous nanomaterial
structural properties could allow material redesign to improve
safety.”"*> Unfortunately, the contrast match condition for the
vitreous carbon was nearly identical to the ZnO (b, ~ 4.7 X
107 A™?) rendering the particles nearly undetectable. There-
fore, we examined ZnO scattering during the quasi-stationary
linear potential scan in 50 mmol/L NaCl in D,O and
subtracted the scattering of the pure solvent in electrode
blank to provide the excess scattering shown in Figure 3. This
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Figure 3. Selected eSANS data under forward and reverse potential
scan with inset potentiostat current reading and controlled potential

(vs Ag/AgCl).

direct subtraction yields the same scattering form as the solvent
subtracted particles (SI) in the absence of potential, therefore
testing the assumption of lack of specific binding to the carbon
electrode. Smaller nanoparticles that scatter to higher-Q above
the flat electrode background would improve the method.
The forward linear scan applied was from —0.20 to =12 V
(vs Ag/AgCl, 3 mol/L KCl), and reverse scan to —0.20 V with
a scan rate of 6 mV/min eSANS data was recorded in 20 min
intervals to achieve sufficient statistics, therefore averaging over
0.120 V per scan. The potential range was not influenced by the
electrolysis of water but covers an expected reduction of ZnO
into Zn from bulk Pourbaix diagrams.>® Selected data presented
in Figure 3 show an increase in scattering coincident with the
reductive current peak at approximately —0.60 V, followed by a
decrease in intensity across the broad Q-range and meet at
high-Q. The changes in scattering were analyzed within the
Ornstein—Zernike (OZ) plot that provides the correlation
length (&) and scattered intensity at zero angle (1(0)).
Because of the limited Q-range (13 m configuration) for the
eSANS experiment, it was not possible to fit the SANS data
with nanoparticle shape-dependent (form factor) primarily due
to polydispersity, but the OZ analysis provides a statistical
average with the understanding of an anticipated phase change
or phase transition by electrochemical potential rather than
more commonly in temperature or pressure. The data follow
the OZ dependence as shown in Figure 4a. From this, the
scattered intensity to zero angle (Figure 4b) is proportional to
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Figure 4. (a) OZ fits (solid lines) to nanoparticle structure under
negative potential scan, (b) scattered intensity to Q = 0, and (c)
correlation length from OZ plot as functions of forward (@), reverse
scans (O), and open-circuit () before scan. Uncertainties are one
standard deviation from the mean via propagation of errors.

the contrast factor ((Ab,)?) and amplitude of the concentration
fluctuations.”* The correlation length (Figure 4c) for
fluctuations is also determined and plotted as a function of
potential. Both parameters show an irreversible structural
change with a midpoint potential of approximately —0.65 V
(Figure 4). The correlation length is on the scale of the particle
dimensions without applied potential (open-circuit) and
increases near the current maximum during the forward
potential scan, followed by a gradual drop consistent with an
overall particle cluster-size decrease expected by partial ZnO to
Zn transition. The peak in & shows clustering of multiple
nanoparticles takes place, illustrating that the solution structure
is dependent on the redox potential. Aggregation of ZnO
particles appears during plating via electrochemical reduction,
causing an inhomogeneous deposition and porous structure.”
Neutron scattering may follow these complex conditions in situ
under conditions challenging to electron microscopy and
spectroscopy. Furthermore, scattering by particles to zero
angle provides, I(0) ~ (Ab,)*CxpVip, Where Cyp and Vyp are
the concentration and volume of nanoparticles, respectively.
Therefore, sensitive to changes in both structure and dispersion
extent. The reverse potential scan did not produce appreciable
eSANS data variation as shown as I(0) and & plots versus E,
implying an irreversible change in nanoparticle cluster size but
stable dispersion.

To verify the redox eSANS scan and reductive peak, we
measured ZnO nanoparticle absorbance separately as a function
of applied potential using a custom thin-layer spectroelec-
trochemical cell® (Figure 5). An irreversible absorbance
increase at 360 nm was recorded during the cathodic potential
scan at E < —0.3 V (Figure Sb), demonstrating a single-electron
charge-transfer transition with a midpoint potential E, = —0.5 V
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Figure S. Current (a) and absorbance at 360 nm (b) traces, recorded
during a potential scan at 0.1 mV/s in a thin layer spectroelec-
trochemical cell. Inset shows a cathodic portion of the absorbance
plotted in Nerstian coordinates.

(Figure Sb, inset). This value is rather close to the reported
conduction band edge®® (—0.54 V vs Ag/AgCl) and suggests
electron injection into the conduction band or shallow trap
states. Further fate of the injected electron is not known,
however, it could be stored in O defect traps™” or as Zn" ions
caused by the partial ZnO reduction.”® Full ZnO reduction,
however, is unlikely in our potential range. (E = —1.26 V for
ZnO + H,0 + 2¢~ — Zn° + 20H").

Combining SANS with electrochemical methods via porous
vitreous carbon electrodes reduces an interfacial redox event
into a bulk scattering method. It also allows us to monitor the
redox structural changes in the dark, eliminating potential
photochemical effects when conducting optical spectroelec-
trochemistry of light-sensitive nanoparticles such as Zn0.*°
The approach outlined here is extendable to contrast variant
strategies. The ZnO nanoparticle studied was analyzed within
the OZ plot. The independent electrochemical readout and
eSANS prove that the ZnO structure is coupled to the redox
state changes quantitatively. Importantly, vitreous carbon has
negligible neutron absorption and incoherent scattering
contributions and critically, regarding safety, do not activate
under direct beam exposure to high-flux neutron sources that
cannot be concluded for platinum and gold working electrodes.
This opens multiple opportunities to understand redox-related
structural features of dispersed nanoparticle solutions via the
eSANS method.
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Details of sample preparation, characterization by electron
microscopy, small-angle X-ray scattering, model fitting and
Porod analysis of electrodes, contrast match estimate, and
illustration of direct electrode subtraction. This material is
available free of charge via the Internet http://pubs.acs.org
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