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1 | INTRODUCTION

Elucidating structure-function relationships that ratio-
nally explain the electrochemical behavior of materi-

Md. Maksudur Rahman |

Caleb M. Hill

Abstract

Nanostructured materials are frequently employed as active components in
electrochemical devices for energy conversion and storage. Unfortunately, the
complexity of nanostructured materials, which can exhibit significant hetero-
geneities in morphology and/or composition within a macroscopic sample,
makes it difficult to generate fundamental insights into their operation using
traditional experimental techniques. Analytical methods that can probe the
behavior of individual, discrete reactive entities, such as nanoparticles (NPs),
may serve as powerful tools for the study of complex, heterogeneous systems,
but remain experimentally challenging. Here, the application of probe-based
electroanalytical methods is demonstrated to be a powerful, high-throughput
strategy for the characterization of electrocatalytic systems. A pipet-based
approach, Targeted Electrochemical Cell Microscopy (TECCM), was applied to
characterize the electrocatalytic properties of individual, shape-controlled Au
NPs toward the borohydride oxidation reaction (BOR), a model fuel cell reaction.
Using TECCM, the BOR could be quantitatively interrogated at individual NPs
in a high-throughput fashion, directly revealing significant NP-to-NP variations
in reactivity and stability. BOR kinetics were found to exhibit a significant
shape dependence, generally increasing in the order Triangles < Spheres ~
Octahedra < Rods, and prominent voltammetric features were observed that
could be attributed to surface deactivation/reactivation process occurring at
individual NPs. Together, these results demonstrate the large degree to which
catalytic behavior varies at the single NP level and the power of applying single
NP analytical techniques to the study of these systems.
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als, particularly complex, heterogeneous, and/or nanos-
tructured materials that may possess properties unique
to that of their bulk counterparts, is an overarching
goal of the electrochemical community with important
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practical implications in catalysis, solar energy genera-
tion, and sensing. A central challenge that continues to
impede these efforts is the difficulty associated with study-
ing the chemical behavior of electrode surfaces, which is
dictated by an enormous, randomly distributed ensem-
ble of A- to nm-scale structural motifs, using traditional,
mm-scale experimental techniques. These techniques,
such as voltammetry employing traditional micrometer-
to millimeter-scale electrodes, ultimately probe the collec-
tive activity of millions of discrete catalytic sites, particles,
molecules, and so on, on the electrode surface, effectively
“averaging out” valuable information that could help in
the rational design of novel materials for electrochemical
applications.

This difficulty could potentially be addressed through
the design and implementation of analytical methods
capable of probing individual, discrete reactive entities. !
This strategy has been increasing in popularity in recent
years, and a variety of experimental strategies capable
of probing the electrochemical behavior of single enti-
ties have been demonstrated which utilize optical or elec-
trochemical detection schemes. Optical methods, such as
fluorescence,!>! dark field scattering,[°"*! electrogener-
ated chemiluminescence,!'>! or plasmonic!7-?*] imaging
have been employed to track a variety of electrochemical
processes occurring at individual nanostructures. Unfor-
tunately, these approaches are often severely limited in
terms of applicability and deducing electrochemical reac-
tion rates from optical data is seldom straightforward.
Direct electrochemical detection schemes are thus gen-
erally preferable, particularly probe-based schemes that
can analyze the properties of individual entities in a rig-
orous, in-place fashion. A variety of strategies based on
ultramicroelectrodes have been demonstrated at the single
entity level, including “collision”-based techniques,!**~**!
entity immobilization,!***>! or scanning electrochemical
microscopy (SECM).[30-421

Scanning electrochemical cell microscopy
(SECCM),I*47l a comparatively new, but now well-
established, technique that employs electrolyte-filled
pipets as functional electrochemical probes, has been
demonstrated as a particularly powerful tool for carrying
out electrochemical studies at the single-entity level.
SECCM has been successfully applied to characterize
variations in catalytic activity within a variety of nanos-
tructured catalyst materials,!*5°°] photoelectrochemical
processes at semiconducting materials,[®-%°] nucleation
processes, °-%1 and to characterize the catalytic proper-
ties of individual colloidal nanostructures.[®] Recently,
our research group has demonstrated a variant of this
approach that combines SECCM with optical mapping,
allowing entities of interest within a sample to be iden-

tified and interrogated in a targeted fashion, rather than
following traditional, scanning-based schemes.!7*-72| This
approach, “Targeted” Electrochemical Cell Microscopy
(TECCM), enables the rigorous, direct electrochemical
characterization afforded by SECCM to be applied in a
high-throughput fashion, generating a wealth of single NP
data which can be analyzed to reveal how electrochemical
behavior varies within heterogeneous materials systems.
In this report, TECCM is applied to quantify the rate of
borohydride oxidation, a model fuel cell reaction, at indi-
vidual Au nanoparticle (NP) catalysts of varying geometry.
Using TECCM, this electrocatalytic transformation was
interrogated at hundreds of individual NPs, directly
revealing the significant NP-to-NP variations in catalytic
rates and stability that are present in this seemingly simple
system.

2 | EXPERIMENTAL METHODS
2.1 | Nanoparticle synthesis and
characterization

AuNPs with spherical, rod-like, octahedral, and triangular
geometries were synthesized following established seed-
mediated growth procedures, > details of which are
provided in the Supporting Information. After synthesis,
the NPs were characterized through a combination of UV-
Visible extinction spectroscopy (Shimadzu 1650) and trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20,
200 keV) or scanning electron microscopy (SEM, JEOL
6500, 30 keV).

2.2 | Sample preparation

Indium tin oxide (ITO) coated glass coverslips (#1.5,
15-30 Q sq !, 22 x 22 mm, SPI) were cleaned by sequential
sonication in deionized (DI) H,O, ethanol, and 2-propanol
for 10 min each and rinsed with DI H,0. After drying,
the ITO substrates were subjected to UV-Oj; cleaning for
5 min (Novascan PSD-UV) before NP deposition. Au NPs
were deposited onto the cleaned ITO substrates by first
diluting 100 uL of the synthesized NP solution to 1 mL
with DI H,O in a 1 mL centrifuge tube. This diluted NP
dispersion was then centrifuged twice at 11,000 g for 5 min
at 30°C, replacing 900 uL of the supernatant with DI H,O
each time. Five microliters of this purified NP dispersion
was then dropped onto a clean ITO substrate and allowed
to remain in contact for 5 min before rinsing the sample
liberally with DI H,O. This procedure typically resulted
in a NP density of ~0.1 ym~ on the sample surface. The
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sample was again subjected to UV-O; cleaning for 30 min
to remove residual ligands on the NP surface.

2.3 | Bulk electrochemical
measurements

Bulk electrochemical measurements were obtained
using a traditional three-electrode cell and a potentio-
stat (Gamry Reference 600). In all measurements, the
working electrode was a 2 mm diameter Au inlaid disk
electrode, the counter electrode was a Pt wire, and a
Ag/AgCl (3 M KCI) electrode served as the reference
electrode. All solutions employed for electrochemical
measurements were prepared with DI H,O (> 18 MQ cm,
MilliQ Direct-Q@5UV-R).

2.4 | Targeted electrochemical cell
microscopy measurements

Targeted electrochemical cell microscopy (TECCM) was
employed to probe the electrochemical properties of
individual NPs, which has been described in detail
elsewhere.l”"72] In brief, ITO-supported Au NP samples
were mounted onto an inverted optical microscope and
NPs of interest were identified using dark field imaging. A
pipet with terminal dimensions on the order of 1 um con-
taining an aqueous electrolyte (100 mM NaOH and 10 mM
NaBH,) and a AgCl-coated Ag wire was then brought into
contact with the identified NPs using a piezo system. Dur-
ing translation of the probe, a bias was applied between
the ITO substrate and AgCl wire and the current flowing
through the system monitored using a patch clamp style
amplifier (Dagan Chem Clamp). A sudden spike of cur-
rent was observed upon probe-sample contact, at which
point probe movement was stopped and a voltammogram
obtained. Upon completion of the measurement, the probe
was retracted and the cycle repeated for a different NP.
This location and interrogation process enables individ-
ual NPs to be characterized at a rate of about 5 min~.
The potential and stability of the Ag/AgCl quasireference
electrode was confirmed via potentiometric measurements
versus a conventional Ag/AgCl (3 M KCl) reference elec-
trode. The quasireference potential was found to be stable
to within 20 mV over an hour-long period. Potentials in
all TECCM measurements are reported versus the conven-
tional Ag/AgCl (3 M KCl) reference potential. More details
on the experimental setup, probe fabrication, characteri-
zation, and potential correction procedure are provided in
the Supporting Information.
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FIGURE 1 Cyclic voltammetry (100 mV/s) of a macroscopic

polycrystalline Au electrode (r = 1 mm) in aqueous solutions
containing 100 mM NaOH with (bottom) or without (top) 10 mM
NaBH,. Black and grey lines denote anodic and cathodic sweeps,
respectively. Data are shown for the first potential cycle. Additional
cycles in solutions containing borohydride are provided in Figure S3
in the Supporting Information

3 | RESULTS AND DISCUSSION
3.1 | Borohydride oxidation at bulk,
polycrystalline Au

In order to provide context for the single NP studies, boro-
hydride oxidation was first interrogated at a bulk, polycrys-
talline Au electrode. Cyclic voltammograms obtained with
a macroscopic Au electrode in basic solutions (100 mM
NaOH) in the absence and presence of BH,~ are provided
in Figure 1. In the absence of BH,~, the primary features
observed are those associated with the formation and elim-
ination of oxide films on the Au surface. An anodic wave
is observed for potentials >0.6 V versus Ag/AgCl reflecting
the formation of Au oxide, and a cathodic peak is observed
at ca. 0.4 V corresponding to the reduction of the oxide
layer to Au.l””] These well-known processes can be sum-
marized through the following equation:

2Au+60H™ = AU203 + 3H20 + 6e~

Additional features can also be observed associated with
oxygen evolution (>1.2 V) and oxygen reduction (<0.2 V).
In the presence of 10 mM BH,", these features are largely
unobservable. Here, the response is dominated by the
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FIGURE 2 (A)Experimental schematic for TECCM. An electrolyte-filled pipet containing a Ag/AgCl counter electrode is brought into

contact with a sample over an electroactive entity of interest and voltammetric measurements are obtained which reflect its activity. The inset
provides an example cyclic voltammogram obtained at an individual Au nanorod in an aqueous solution of 10 mM NaBH, and 100 mM
NaOH. A correlated SEM image of the same nanorod is also provided. (B) UV-Visible extinction spectra, representative electron microscopy
images, and size distributions obtained for the colloidal Au NPs employed in this work. The relevant size parameter for each geometry is

indicated in the corresponding electron microscopy image

oxidation of BH,™:
BH, +80H™ — BO, + 6H,0 + 8¢~

In the initial anodic sweep, two features can be clearly
identified: (a) an irreversible peak at ca. 0 V and (b) a
decrease in current density around 0.9 V. Analysis of the
anodic peak under the assumption of a rate controlling
1le™ oxidation step (see SI for details) is consistent with the
borohydride oxidation reaction (BOR) as described above
and previous studies of borohydride oxidation at Au.[”57°]
Based on the position and shape of the anodic peak, an
effective standard rate constant (k°) and transfer coeffi-
cient () can be estimated to be ca. 10! cm/s and 0.62,
respectively. The loss of BOR activity above 0.9 V reflects a
deactivation of the Au surface due to oxide formation.

During the cathodic sweep, a sudden onset of anodic
current is observed near 0.5 V, which coincides with the
onset of Au oxide reduction. Removal of the oxide film
during the cathodic sweep thus “reactivates” the Au sur-
face for BOR, causing a potential step-like response. These
deactivation/reactivation processes have been previously
described by other authors.!7%%3!

3.2 | BOR at Single NPs

The goal of the present study was to interrogate BOR elec-
trocatalysis at the single NP level, examining how catalytic
efficiency and catalyst deactivation/reactivation processes
vary at this scale. The experimental strategy employed
was Targeted Electrochemical Cell Microscopy (TECCM),

a variant of Electrochemical Cell Microscopy recently
demonstrated by the authors’ laboratory. 7972 The gen-
eral principle of TECCM is depicted in Figure 2A. NPs of
interest are immobilized onto a transparent electrode with
poor catalytic properties (here indium tin oxide, ITO). An
electrochemical probe consisting of a AgCl-coated Ag wire
immersed in an electrolyte-filled pipet is then brought into
contact with a sample at locations where individual NPs of
interest reside. For the Au NPs employed here, these loca-
tions can be generated via dark field optical imaging due to
the strong plasmon resonances exhibited by the particles.
Probe-sample contact creates a miniaturized electrochem-
ical cell centered around the NP of interest, and voltam-
metric measurements can then be obtained that directly
reflect the catalytic properties of the NP due to the com-
paratively poor catalytic properties of the underlying sub-
strate. A demonstration of this is provided in the inset of
Figure 2A, which depicts a CV showing BH,~ oxidation at
an individual Au NR. Correlated SEM imaging of the sam-
ple within the interrogated region was carried out to con-
clusively demonstrate TECCM measurements can reflect
the properties of the individual, well-defined nanostruc-
tures of interest here.

In these studies, the catalytic properties of four distinct
NP geometries, spheres, rods, octahedra, and triangular
prisms (triangles), toward the BOR was explored at the
single NP level using TECCM. All were synthesized using
established seed-mediated growth procedures employing
alkylammonium-based ligands. Optical extinction spectra
(reflecting the surface plasmon resonances displayed by
the NPs) and electron microscopy analyses of the NPs
employed here are summarized in Figure 2B. Example
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FIGURE 3 Example voltammograms depicting borohydride

oxidation at individual NPs of varying geometry. Measurements
were obtained using ~1.0 um diameter pipets filled with an aqueous
solution of 10 mM NaBH, and 100 mM NaOH at a sweep rate of
1000 mV/s. The initial sweep was in the anodic direction, and
successive sweep segments are denoted using different colors

BOR CVs obtained at individual NPs of each geometry are
depicted in Figure 3 (additional examples are provided in
Figure S4 in the Supporting Information). Two features
were generally observed in the single NP TECCM mea-
surements. During anodic sweeps, an anodic current wave
could be observed, usually initiating between —0.3 and
0 V versus Ag/AgCl and decaying in intensity above ca.
0.3 V versus Ag/AgCl. During the cathodic sweeps, sud-
den onsets in anodic current were observed at some NPs,
similar to those at bulk Au, usually between 0.1 and 0.3 V
versus Ag/AgCl.

It is notable that the maximum BOR currents observed
at individual NPs here are much lower than those one
would expect on the basis of mass transfer to the NP
surface. Previous work from our group has shown that
mass transfer coefficients for NPs in the TECCM geome-
try are roughly half of that for NPs in an infinite volume
of solution.!”’! For a spherical NP supported on a planar
substrate, the diffusion-limited current is as follows:[24]

i = 4r(In2)nFDC*r,

where n is the number of electrons transferred in the reac-
tion, F is the Faraday, D is the diffusion coefficient of the
limiting redox active species (assumed here to be BH,"),
C”" is its bulk concentration, and ¥o is the NP radius. Using

n=28,D=16x10"cm?/s,/”®/ and r, = 30 nm in the above
equation yields ca. 3 nA, which is roughly two orders of
magnitude larger than the currents observed here.

The inability to drive the BOR to the mass trans-
fer limit at the single NP level is likely attributable
to the complicated mechanism the reaction follows on
Au, which despite numerous experimental and computa-
tional studies,!’*%7] has not been definitively established.
The experimental results presented here, particularly the
observation of limiting currents well below the mass trans-
fer limit, here can be qualitatively explained through the
following generic mechanism:

BH, +5 = A*+me~ (k;, cms™)

AT =B (ks

B* - BO; +S+ (8 —ny)e” (Fast)

S=0" (ks/k_s, s71)

Here, BH,~ in solution is first oxidized at a vacant sur-
face site, S, to create an adsorbed species, A". This adsorbed
species undergoes a surface chemical reaction to produce
another adsorbed species, B, which subsequently under-
goes a series of fast steps to produce the final BO,™ product
and a vacant surface site. Meanwhile, vacant sites on the
Au surface can also be reversibly occupied through forma-
tion/elimination of Au oxides. Finite element simulations
were carried out to compare the observed experimental
results against this mechanism, assuming the rates of the
initial electron transfer and oxide formation reactions (k;
and k;/k_3) follow traditional Butler-Volmer expressions
for a one electron transfer and the rate of the surface reac-
tion step, k,, is constant. Butler-Volmer parameters for k;
were generated through analysis of the initial anodic wave
depicted in Figure 3. Parameters for k;/k_; were varied in
the finite element simulations to reproduce the deactiva-
tion/reactivation features observed at bulk Au, while k,
was varied to reproduce the limiting currents observed in
TECCM measurements. Additional details on these simu-
lations are provided in the Supporting Information.

Results from the simulations are provided in Figure 4.
At bulk Au, the experimental behavior could be repro-
duced well, with oxide formation/elimination accounting
for both the deactivation near 0.9 V in the anodic sweep
and the step-like response near 0.5V in the cathodic sweep.
The bulk response was also relatively insensitive to the
rate of the surface process, k,. Simulations carried out at
a spherical NP (30 nm radius) in the TECCM geometry
exhibited several differences. The onset of BOR current
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FIGURE 4 Finite element simulations of BOR voltammetry at

bulk Au (v =100 mV/s) and a spherical Au NP (v = 1000 mV/s,

ro = 30 nm) interrogated in the TECCM geometry. Simulation
methods and parameters employed are detailed in the Supporting
Information

was shifted to positive potentials by several hundred mV
due to the significantly higher mass transfer coefficients
in effect in this geometry. BOR currents then increased
to a limiting value, dictated by the value of k,. As in the
bulk case, deactivation was observed at more anodic poten-
tials, lasting until a potential of ca. 0.5 V was reached in
the cathodic sweep, at which point the current quickly
returned to its limiting value. Good agreement with exper-
imental data was observed for k, values of ca. 300 s,

While the voltammetric behavior discussed above is gen-
erally representative of all NPs interrogated via TECCM,
there was a large degree of variability observed at the sin-
gle NP level, both in terms of key parameters (e.g., onset
potentials, peak currents) and how this behavior evolved
over time. Some NPs were found to quickly deactivate (e.g.,
the sphere in Figure 3), while others were relatively stable
(rod) or showed increased activity with successive cycling
(octahedron or triangle). These dynamic changes in cat-
alytic behavior are likely attributable to dynamic changes
in the surface of the NP which occur during cycling (i.e.,
removal of residual alkylammonium ligands or poison-
ing of the surface), which are not explicitly addressed
in the above mechanism. The observed catalytic behav-
ior showed no significant relationship with measurement
order (see Figure S5), however, suggesting adventitious
impurities from the ambient air did not have any mean-
ingful impact on the present experiments.

In order to gain further insights into the heterogeneity of
the BOR process at the single NP level, statistical analy-
ses were carried out on hundreds of individual NP interro-
gated via TECCM. In these analyses, the peak currents and
onset potentials (defined as the potential at 5 pA anodic
current) were chosen as the analyzed parameters. Statisti-
cal distributions in the peak BOR currents are given in Fig-
ure 5. The observed trends are generally similar for all par-
ticle geometries investigated. In the first cycle, broad dis-
tributions in peak currents are observed, reflecting a wide
distribution in catalytic activity. In subsequent cycles, dis-
tributions shift to lower average currents, becoming expo-
nential in shape and relatively stable. However, this “sta-
bility” is somewhat misleading due to the variability in NP
behavior evident in Figure 3. The catalytic properties of
the NPs toward the BOR are not static, as these distribu-
tions would seem to imply. Rather, the apparent stability
arises from a balance in the number of particles activating
and deactivating during cycling. Distributions for the onset
potentials observed at individual NPs are provided in Fig-
ure 6. Here, the evolution in behavior is again relatively
consistent among the investigated NP geometries. In the
first cycle, onset potentials are generally observed below
ca. —0.1V for all NP geometries investigated. In subsequent
cycles, these distributions widen and the average onset
potentials shift to more positive values, reflecting a slight
decrease in catalytic activity. Due to the similar behavior
observed among different NP geometries, it is likely that
the deactivation arises from the nonspecific adsorption of
reaction products and/or impurities in the electrolyte solu-
tion that do not favor particular facets on Au.

These general trends are summarized in Figure 7, which
gives the average peak currents, onset potentials, and effec-
tive heterogeneous rate constants (i.e., k?) observed at indi-
vidual NPs as a function of cycle number. The spread in
observed onset potentials, spanning several hundred mV
for each particle geometry investigated, was much larger
than one would expect on the basis of variations in parti-
cle size alone (~10 mV; see the Supporting Information for
a detailed discussion of this point). The observed hetero-
geneity in onset potentials is thus attributed to variations in
an effective heterogeneous rate constant, k, likely arising
from variations in active NP surface area. These effective
rate constants were calculated from the onset potential as:

ko _ Is PA
1~ (1-a)F

8FACge rr (Fs i)

where is 4 is the current (5 pA), 8 is the number of
total electrons transferred, A is the surface area of the
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Statistical distribution in peak BOR onset potentials observed at individual Au NPs interrogated via TECCM. Onset

potentials were defined as potential necessary to generate an anodic current of 5 pA. Experimental conditions identical to those in Figure 3

particle, Cy, is the concentration of BH, ™, RT is the gas con-
stant times temperature, and EY is the formal potential of
the rate-limiting electron transfer. The transfer coefficient,
a, was determined through analysis of the local slope of
the voltammogram at the onset potential. Average a val-
ues of 0.62 + 0.05, 0.68 + 0.04, 0.60 + 0.04, and 0.50 + 0.13
were observed for spheres, rods, octahedra, and triangles,
respectively, which did not exhibit statistically meaning-
ful shifts during cycling. Interestingly, the nanorods exhib-
ited average rate constants greater than those observed at
bulk Au (ca. 10" cm/s). The octahedra and nanospheres

were comparable in activity to bulk Au, while the trian-
gular particles performed significantly worse. These dif-
ferences in observed kinetic parameters can be attributed
to differences in the faceting of the particle surface. While
the spherical NPs employed here do not possess any sig-
nificant degree of faceting,!”*! morphologically “smooth”
Au nanorods are known to exhibit high-index (e.g., {730})
facets that contain a high density of catalytically active,
low-coordination sites.!*8° The catalytic activity of the
octahedral and triangular particles could be predicted to
be lower as both are nominally dominated by lower energy
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{111} facets. However, the faceting of the octahedral NPs
employed here was not as well-defined, explaining their
observed similarity in behavior to the spherical NPs.

4 | CONCLUSIONS

In this report, the electrocatalytic activity of a variety of
well-defined, colloidal Au NPs toward the borohydride
oxidation reaction (BOR) was explored at the single NP
level using Targeted Electrochemical Cell Microscopy
(TECCM). Through the application of TECCM, voltam-
mograms directly reflecting the BOR activity of discrete
Au NPs could be generated in a high-throughput fashion,
allowing statistically significant quantities of single NP
data to be generated. These single NP responses displayed
prominent features associated with the deactivation of
the catalyst surface through reversible oxide formation.
Qualitatively, the single NP responses were similar to
those observed at bulk Au, but the currents observed at
the single NP level were well below the mass transfer limit,
likely due to a rate-limiting surface reaction. While the
evolution in catalytic activity over time was heterogeneous
at the single NP level, with some NPs increasing in activity
and others decreasing, statistical trends were observed to
be the same among the interrogated geometries. Using
the single NP data, kinetic parameters for the BOR were
calculated for the different geometries which show kinetic
facility increases in the order Triangles < Spheres =
Octahedra < Rods, which can be attributed to differences

in the surface faceting of the NPs. Together, these results
demonstrate the significant heterogeneity that is ubiqui-
tous in the chemical behavior of nanostructured materials
and the utility of single entity analytical techniques for
studying these systems.
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