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ABSTRACT: Colloidal nanoparticles are inherently heterogeneous, Spheres
exhibiting variations in size, shape, or composition that will impact o uﬂi

their catalytic behavior. Understanding these particle-to-particle 2t Ao
variations in catalytic behavior will be critical to realizing more S

stable, selective, and efficient catalyst systems, but it remains difficult 5 '

to generate this understanding using conventional characterization 3 : cubes
techniques. Here, we demonstrate how targeted electrochemical cell £ ;

microscopy (TECCM) can be utilized to rigorously evaluate the zi frisngles
electrocatalytic behavior of hundreds of individual metal nanoparticle

catalysts, enabling statistically meaningful insights into these systems Electrochemical Cell Microscopy Electrocatalytic

. P . Activity
to be generated. The electrocatalytic oxidation of hydrazine was
studied in a series of Au nanoparticle systems (nanorods,
nanospheres, triangular nanoprisms, and nanocubes), directly revealing particle-to-particle variations in key kinetic parameters
and catalyst stability. On average, “sharper” nanoparticle geometries were found to exhibit higher initial activities but quickly
degraded upon potential cycling. Interestingly, our single particle studies also reveal that while the smoother nanorod and
nanosphere geometries exhibit stable behavior in an ensemble sense, this is in fact due to a complicated balance of populations which
exhibit increasing or decreasing catalytic behavior over typical experimental time scales. Results from correlated optical spectroscopy
and electron microscopy experiments suggest that these observed changes in catalytic behavior are not associated with significant
changes in particle structure. Together, these results demonstrate the extensive heterogeneity present in common colloidal
nanoparticle systems and the utility of single particle analytical techniques for studying these systems.

B INTRODUCTION targeted for future synthetic efforts.” This has motivated a

. - . : substantial amount of work over the past decade on the
Metal nanoparticles are a ubiquitous class of materials with ) ) )
. L . .12 34 development and implementation of new analytical methods
important applications in catalysis,”” energy conversion,

me dicine,5’6 and sensing.7’8 Advancements in nanoparticle cap.al.)le of rTleasurin‘g react.ion rates at individual, nanoscale
synthesis techniques have enabled many materials to be entities. Partlct'lla.rly impressive progress toward th'ese goals has
produced as nanoparticles in a variety of shapes and sizes, bee'n made within the electrochemical community, wherg 2
providing a promising route to controlling the physical and/or varlet?r of approaches have bee.n cllgilg)nstrated. OEE}_C%I
chemical properties of a material for a specific application. techniques Sl‘;dl as: dark field slc: ttering, fluorescence,

Unfortunately, these systems are inherently heterogeneous, h°1°$raP h.y, or 1nterfere'nce' hav.e been proven cap .able of
exhibiting variations in size, shape, composition, surface probing discrete nanop art1.c1e5 n ahlgh—throug.hpu.t .fash1og but
functionality, etc., that can complicate fundamental studies are somewhat limited in terms of apphcabll.lty. .DH'E(.Zt
into how a nanoparticle’s properties are related to its structure. electrochemical méasure@ents are more attracj.tlve mn t.hls
Simply put, there is no guarantee that the average structure of a regard. The analysis of single nanoparticles using scanning

heterogeneous system accurately reflects its macroscopic

behavior. This is especially true in applications such as Received: March 1, 2023
catalysis, where small changes in adsorption energies can lead Revised:  April 18, 2023
to exponential changes in reaction rates. Published: May 3, 2023

Clearly resolving the heterogeneity present in nanostruc-
tured systems would thus be of massive benefit, as it would
allow well-performing structures to be clearly identified and
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Figure 1. Probing the electrochemical properties of individual nanoparticles via TECCM. (a) General TECCM schematic. Individual nanoparticles
dispersed across an ITO electrode are trapped within the meniscus of an electrolyte-filled pipet in a targeted fashion. Electrochemical currents
flowing through the resulting microscopic cells reflect the catalytic properties of each individual nanoparticle. The bottom panel shows an example
hyperspectral optical image of a typical sample and a scattering spectrum of an individual nanoparticle fit to a Lorentzian function. (b) Typical
TECCM data recorded at individual Au nanoparticles. Cyclic voltammograms (1000 mV s™' sweep rate) are shown for different particle shapes
obtained with an ~1 um pipet filled with an aqueous solution of 2 mM N,H,, 25 mM trisodium citrate, and 25 mM citric acid. Correlated SEM
images of the same nanoparticles are also provided (200 nm X 200 nm).

electrochemical microscopy (SECM),”*~*’

which employs an
inlaid-disk electrode to probe reaction products in the vicinity
of a sample, has been enabled through advancements in the
fabrication of nanometer-scale probes. More recently, scanning
electrochemical cell microscopy (SECCM), which utilizes
electrolyte-filled pipets as electrochemical probes, has emerged
as a powerful tool for studying a variety of electrochemical
processes at individual nanostructures, including electro-
catalysis,zs_35 ion transport,36 corrosion,’”® photoelectro-
chemistry,”™** and electrodeposition.”*® Both SECM and
SECCM following scanning-based protocols which are capable
of producing detailed images revealing spatial variations in
reactivity across an electrode but can be severely limited in
terms of sample throughput.

Recently, our group demonstrated targeted electrochemical
cell microscopy (TECCM) as a high-throughput approach
toward the electrochemical characterization of individual

47-50
nanostructures.

In TECCM, optical microscopy is utilized
to quickly locate structures of interest in an electrode surface,
enabling SECCM-type measurements to be performed in a
targeted, high-throughput fashion. Using TECCM, it is feasible
to characterize the electrochemical properties of hundreds of
individual nanoparticles within realistic time scales, enabling
the heterogeneity in these systems to be directly explored in a
statistically meaningful manner not possible using other
techniques. Here, we describe studies applying TECCM to
systematically characterize the electrocatalytic properties of
common shape-controlled Au nanoparticle systems. The
results from these studies provide valuable new insights into
how catalytic behavior varies at the single entity level in these
ubiquitous systems, particularly with respect to catalyst

stability.
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B METHODS

Nanoparticle Synthesis and Characterization. Au
nanoparticles were synthesized following well-established
colloidal syntheses.”’ " The resulting nanoparticle suspen-
sions were characterized via UV—vis spectrophotometry
(Shimadzu 1650) and transmission electron microscopy (FEI
Technai F20). Detailed synthesis procedures and character-
ization data for each particle geometry are provided in the
Supporting Information.

Sample Preparation. 100 uL of the resulting nanoparticle
dispersions was diluted with 900 yL of DI H,O in a 1 mL
centrifuge tube and centrifuged at 11000 g for S min at 30 °C.
900 pL of the resulting supernatant was then replaced with DI
H,O. This solution was again centrifuged at 11000 g and 30 °C
for S min and 900 uL of the resulting supernatant replaced
with DI H,O. S uL of this cleaned nanoparticle dispersion was
then drop-coated on ITO-coated cover glass slides (SPI, #1,
15-30 Q/[]) followed by UV/O; cleaning for 30 min
(Novascan PSD-UV4).

Targeted Electrochemical Cell Microscopy Measure-
ments. Single particle electrochemical measurements were
performed using targeted electrochemical cell microscopy
(TECCM) as described in detail by our group elsewhere.”’~°
In brief, the prepared nanoparticle samples were mounted onto
a three-axis piezo stage (ThorLabs NanoMax) on an inverted
optical microscope. Samples were illuminated by a white light
source (Energetiq EQ-99, ~50 W cm ™) at a 50° angle of
incidence. Scattered light from the sample was collected by a
long working distance microscope objective (Olympus, 50X,
NA = 0.5) and directed onto the slit of a spectrometer/CCD
(Andor Newton DU970-P/Shamrock SR-303i) through an
achromatic relay lens assembly. Hyperspectral images of the
samples were constructed by collecting a series of CCD images
while translating the sample along one axis.

https://doi.org/10.1021/acs.jpcc.3c01427
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Figure 2. Statistical distribution of peak hydrazine oxidation currents (anodic sweep) measured at individual Au nanoparticles of varying geometry.

Data taken from experiments performed as described in Figure 1.

Electrochemical measurements were performed using
electrolyte-filled borosilicate pipets. The pipets were prepared
from a borosilicate capillary using a pipet puller (Sutter P-
2000, HEAT = 37§, FIL = 4, VEL = 30, DEL = 200, PULL=
0). The probes were characterized using SEM, and the average
size of these probes was found to be ca. 1 ym. Each pipet was
then filled with electrolyte and a Ag/AgCl wire was inserted
into the backside of the pipet to serve as a counter/reference
electrode. The completed probe was then mounted onto
another 3-axis translation stage (Physik Instrumente P-
611.3S).

To carry out TECCM measurements, a hyperspectral image
of the sample surface was first acquired. Individual nano-
particles were identified as diffraction-limited spots in the
resulting optical image. The pipet probe was then brought into
contact with the sample over each nanoparticle in a sequential
fashion. A potential bias between the sample surface and the
Ag/AgCl counter/reference electrode was applied during pipet
approach over each nanoparticle, and probe—sample contact
was detected as a sudden spike of current flowing through the
now complete cell. Electrochemical measurements were
performed in a two-electrode configuration using a patch-
clamp amplifier (Dagan CHEM-CLAMP). Once contact was
established, cyclic voltammograms were obtained by applying a
triangular potential waveform to the sample and recording the
current flowing through the cell. The pipet was then retracted
and moved to a new nanoparticle where this cycle was
repeated. All instrumentation was controlled using custom
LabVIEW software. All cyclic voltammograms presented here
were background corrected by subtracting the response
recorded at a bare region of the ITO substrate. TECCM
responses recorded at bare regions of the ITO substrates
employed were very consistent and did not exhibit significant
Faradaic responses (see Figure S4).

In Situ Optical Spectroscopy Studies. In some experi-
ments, optical spectra were recorded during electrochemical
cycling. In these experiments, samples were aligned such that
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the position of a nanoparticle of interest was centered over the
slit of the spectrometer. A large (~10 ym) diameter probe was
then brought into contact with the sample over the particle of
interest. The larger diameter was necessary in order to prevent
excessive optical interference from the probe. Cyclic
voltammograms were then obtained as described above, during
which CCD images were continuously acquired.

B RESULTS AND DISCUSSION

The basic experimental approach employed in these studies is
illustrated in Figure la. Samples were prepared by drop-coating
synthesized nanoparticle colloids onto an ITO substrate. The
concentration of nanoparticles within these samples was
adjusted to be ~0.1 um* by controlling the concentration of
the colloid solutions. Ligands on the surface of the nano-
particles were removed by cleaning the colloidal suspensions
via centrifugation and subjecting the resulting samples to UV/
Oj; cleaning.

TECCM was employed to characterize the electrochemical
properties of individual nanoparticles within the prepared
samples. In TECCM, optical images of a sample are first
acquired to reveal the location of nanoparticles on the
substrate surface. Here, dark field scattering was employed,
which allowed individual Au nanoparticles to be identified on
the basis of their strong surface plasmon resonance.’*
Individual nanoparticles appear as diffraction-limited spots in
the resulting images and display sharp resonances in the
resulting optical spectra. An electrolyte-filled pipet with
terminal dimensions of ~1 yum was then brought into contact
with the sample at each location, creating a miniaturized
electrochemical cell. By applying a potential waveform between
the ITO substrate and a Ag/AgCl wire immersed in the pipet,
voltammetry can be performed reflecting the local properties of
the electrode interface. Here, the pipet was filled with an
aqueous solution consisting of N,H, in a citrate buffer. As the
ITO substrate employed is a poor catalyst for hydrazine
oxidation (N,H;* — N, + SH* + 4e”), the measured currents
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Figure 3. Statistical distribution of anodic onset potentials measured at individual Au nanoparticles of varying geometry. Data taken from
experiments performed as described in Figure 1. Onset potentials here are defined as the most cathodic potential where an anodic current of 3 pA
was observed. Data for forward (anodic) and reverse (cathodic) sweeps are provided.

reflect the local electrocatalytic rates at individual Au
nanoparticles “trapped” within the microscopic cell created
via TECCM.

Representative cyclic voltammograms obtained at individual
Au nanospheres, nanorods, nanocubes, and triangular nano-
prisms using TECCM are presented in Figure 1b. Correlated
SEM imaging was performed to verify the presented
measurements were obtained at individual nanoparticles.
Two features are generally present in the presented voltammo-
grams: (1) in the anodic sweep, an anodic peak is observed
between 0.6 and 1.0 V vs Ag/AgCl, and (2) in the cathodic
sweep, another anodic peak is observed between 0.3 and 0.8 V
vs Ag/AgCl. Both features are attributable to electrocatalytic
hydrazine oxidation. The complicated behavior results from
oxide formation on the Au as detailed in previous
reports."”>"~>? In brief, oxide formation at potentials greater
than 1.0 V vs Ag/AgCl decreases the electrocatalytic activity of
the Au surface, resulting in a decrease in the observed currents.
Oxide reduction at potentials between 0.6 and 0.7 V vs Ag/
AgCl restores catalytic activity, resulting in another anodic
peak.

It is clear from the voltammograms presented in Figure 1b
that while the same general features are present, the
electrochemical behavior of the investigated nanoparticles
varies greatly at the single particle level. Some particles, such as
the nanosphere in this example, exhibit relatively stable, even
improving behavior during potential cycling, while others
rapidly deactivate over time. There are also significant
variations in the magnitude of currents observed between
particles despite comparable surface areas. For reference,
averaged responses observed at each nanoparticle geometry are
provided in Figure S6.

In order to draw more meaningful conclusions regarding the
behavior of these nanoparticle systems, a large number of
similar experiments were performed to obtain data for
hundreds of individual nanoparticles of each geometry. The

9062

resulting data were then analyzed to generate parameters
describing the performance of each particle. The parameters
chosen for analysis in these studies were the peak hydrazine
oxidation current (i, ), onset potential (Es,,), and Tafel slope.
Details on the definition of each parameter and its
experimental determination are provided in Figure S2 and
the accompanying text in the Supporting Information.
Statistical distributions for i, are summarized in Figure 2 for
each particle geometry investigated. Histograms are presented
for three successive potential cycles, enabling the evolution of
catalyst behavior over time to be visualized. A few conclusions
can be readily drawn from this data. First, it is clear that the
peak currents observed vary widely within each geometry,
exhibiting standard deviations comparable in magnitude to the
average peak current values. Second, it is apparent that the
“smooth” particle geometries, nanospheres, and nanorods
exhibit relatively stable distributions over time, whereas the
nanocubes and nanotriangles appear to lose significant catalytic
activity between the first and second cycles. As will be
discussed below, this second point is somewhat misleading in
its implication that the nanospheres and nanorods exhibit
“stable” electrocatalytic behavior.

An analysis of the onset potentials, E;,,, defined as the most
cathodic potential where a current of 3 pA was observed, is
presented in Figure 3. Potentials for both the forward (anodic)
and reverse (cathodic) sweeps are presented. Here, similar
behavior is observed for the nanospheres and nanorods in
which the onset potentials in the forward sweep shift to more
cathodic potentials after the first cycle, a shift which may reflect
cleaning and/or restructuring of the nanoparticle surface which
improves hydrazine oxidation kinetics. The nanocubes and
nanotriangles, on the other hand, exhibit anodic shifts in
forward onset potentials, reflecting a tendency to quickly lose
catalytic activity. For all particle geometries, differences
between the forward and reverse onset potentials noticeably
decrease between the first and second cycles, which shows that

https://doi.org/10.1021/acs.jpcc.3c01427
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the largest changes in behavior occur during one oxide
formation/reduction cycle. The observed onset potentials are
strongly correlated to the peak currents discussed above, as
both are heavily influenced by the kinetic properties of each
particle (see Figure SS). The Tafel slope at each particle was
also determined through fitting each voltammogram in the
vicinity of the onset potential as described in the Supporting
Information. This data, which is presented in Figure S3,
suggests that while distributions are similar between the
different particle geometries, there could be significant particle-
to-particle variations in the dominant reaction pathway.
While the data presented above illustrates the heterogeneity
present in nanoparticle electrocatalyst systems, it does not
describe the stability of these systems in a single particle sense.
That is, while these simple histograms exhibit shifts over time,
it is not clear to what fraction of particles are increasing,
decreasing, or maintaining catalytic activity. To address this
point, the peak hydrazine oxidation currents observed at each
particle were analyzed by fitting to a simple exponential
expression, i, = igfek“(N_l). Here, i, represents the peak
current during the first cycle, N represents the cycle number,
and k., is a constant that describes how the system evolves over
each successive cycle. k., > 1 implies the particle exhibits
increasing currents, while k., < 1 would correspond to a
particle exhibiting decreasing currents. Results from this
analysis are presented in Figure 4a. Here, the nanocubes and
nanotriangles, which both appeared to rapidly lose activity
based on the data presented in Figure 2, exhibit distributions
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Figure 4. Statistical analysis of Au nanoparticle catalyst stability. (a)
Distribution of k., for Au nanoparticles of different shapes. k.,
describes the evolution of peak hydrazine oxidation currents following
fpeak = igeakek“"(N’l), where N is the cycle number and igeak is the peak
oxidation current observed in the first anodic sweep. (b) Example
voltammograms recorded at individual Au nanorods exhibiting
different k., values. (c) Statistical relationship between k,, and initial
peak oxidation currents. Gray data points represent raw data, and red
data points represent binned data with 95% confidence intervals
indicated. All data were generated from experiments performed as
described in Figure 1.

9063

centered around a k., of ca. —1. Thus, these sharper shapes
exhibit rather uniform behavior, with a majority of particles
rapidly losing activity over time. The smoother nanosphere and
nanorod geometries behave quite differently. Here, the k,,
distributions are centered around a value of 0 but vary between
ca. —1 and 1. Example voltammograms recorded at nanorods
with positive, negative, and roughly zero k. values are
provided in Figure 4b to illustrate this variation. These results
show that the apparent electrocatalytic stability of the
nanosphere and nanorod geometries illustrated in Figure 2,
which reflects what would be observed in a traditional, bulk
electrochemistry experiment, is actually due to a complex,
dynamic balance between populations of nanoparticles that are
activating and deactivating over time. The k,, values observed
show a weak correlation with the initial peak oxidation
currents, with larger k., values corresponding to lower initial
currents (Figure 4c).

Correlated optical spectroscopy and electron microscopy
experiments were performed in order to elucidate the origin of
the rapid deactivation of the sharper Au nanoparticle
geometries observed above. Results from experiments
performed on Au nanocubes are provided in Figure S. First,
in situ dark field spectroscopy experiments were performed to
track changes in an individual nanocube’s plasmon resonance
during potential cycling. As plasmon resonances are sensitive
to changes in a particle’s structure, local chemical environment,
or even electron density, they can serve as sensitive indicators
of structural changes during electrochemical cycling.*’~®*
Figure S5a summarizes the results of a typical in situ
spectroscopy experiment. Two important features can be
observed in the optical data, summarized here as the peak
scattering wavelength (4,,,). During the initial anodic sweep, a
sudden blue-shift in A,,,,, can be observed at a potential of ~0 V
vs Ag/AgCl. A small anodic current wave is observed at the
same potential. A likely origin of this feature is the desorption
of positively charged ligands (cetyltrimethylammonium ions)
remaining on the nanoparticle’s surface, which would lower the
effective refractive index in the vicinity of the nanoparticle and
thus give rise to a blue-shift in A,,. The sensitivity of A, to
the refractive index of the surrounding medium is illustrated in
Figure Sb, which gives simulated optical scattering spectra for a
60 nm edge length Au nanocube. The only other notable
feature in the optical response is a gradual, reversible shift in
Amax Which mirrors the applied potential. This shift, which
arises from changes in the electron density within the particle,
has been well documented elsewhere.>**~%°

Correlated electron microscopy studies were also performed
to check for subtle structural changes occurring during
potential cycling. Here, nanoparticles were dispersed onto a
C-film TEM grid, and imaging was performed before and after
similar potential cycling experiments. Representative images
are displayed in Figure Sc. We were unable to observe any
significant structural changes resulting from potential cycling
under the conditions described here. Together, these results
suggest that the rapid loss in catalytic activity observed at
individual Au nanocubes in these studies arises from changes in
the number of active sub-nm scale catalyst sites on the particle
surface, not changes in particle morphology. Such changes are
known to occur in nanostructured Au catalysts, particularly
under optical illumination.’>®’
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Figure 5. Correlated optical spectroscopy and electron microscopy studies of nanoparticle stability. (a) Results from in situ optical scattering
studies of an individual Au nanocube during potential cycling (100 mV s') on ITO. The top, middle, and bottom panels depict the applied
potential waveform, the recorded current, and the peak scattering wavelength (4,,,,), respectively. (b) Simulated optical scattering spectra for an
individual Au nanocube (60 nm edge length) supported on ITO with varying medium refractive indices. Further details on the optical simulations
can be found in the Supporting Information. (c) Transmission electron microscopy images of a Au nanocube dimer before and after

electrochemical cycling on a C-film TEM grid.

B CONCLUSIONS

In this report, TECCM was applied to systematically
characterize the electrocatalytic activity of colloidal Au
nanoparticle systems toward hydrazine oxidation. The high
throughput afforded by TECCM enabled hundreds of
individual nanoparticles of differing geometry to be rigorously
characterized, allowing statistically meaningful insights into the
heterogeneity of these systems to be generated. Large particle-
to-particle variations in peak catalytic currents and onset
potentials were observed, with sharper nanoparticle geometries
(cubes and triangular prisms) exhibiting rapid losses in
catalytic activity. Importantly, a thorough analysis of catalytic
stability also revealed that the apparent stability of smoother
geometries (spheres and rods) is actually due to a complex,
dynamic balance between particles that exhibit increasing or
decreasing catalytic activity over time. Correlated spectro-
scopic and microscopy studies did not find evidence of any
significant morphological changes occurring in these catalyst
systems during operation, suggesting changes in catalytic
behavior are associated with changes in the availability of active
catalyst sites on the particle surface due to adsorbates and/or
surface restructuring. Together, these results present a valuable
new view into the heterogeneous behavior of a ubiquitous class
of nanostructured materials and highlight the need for single
entity studies to reveal the complex dynamics which exist
within these systems.
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