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ABSTRACT: Here we report the use of Fast-Scan Cyclic Voltammetry
(FSCV) to study transient nanoparticle (NP) collision experiments and
determine the apparent heterogeneous electron-transfer (ET) rate
constant k° and electrocatalytic activity of single NPs. Continuous
potential scanning at fast scan rates, for example, up to 500 V/s, and
background subtraction enable voltammetric study of single NPs when
they collide on a carbon ultramicroelectrode (UME). The FSCV results
indicate a substantial potential shift in the CV response of single NPs
due to increased mass transfer and it is necessary to consider this effect
when analyzing single NP electrocatalysts. FSCV results also reveal that
single particle deactivation is associated with a decrease in peak current
and an increase in overpotential. Importantly, the use of FSCV coupled
with numerical simulations enabled the determination of k° on single
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NPs, confirming an increase in catalytic activity with decreasing particle size. Moreover, the Gibbs free energy of activation can be
estimated from the k°. This work further confirms that FSCV is a powerful method in studying dynamic electrochemical

processes such as single NP collisions.

B INTRODUCTION

The ability to observe and study single, transient electro-
chemical events offers tremendous opportunity in developing a
deeper understanding of electron-transfer processes at the
electrode/solution interface as well as in other areas, such as
electrocatalysis and highly sensitive sensors. A direct study of
single redox molecules has been particularly challenging due to
the extremely low charge signal (order of 107 C) and high
electrical noise. However, single molecules can be studied by
carefully designing electrode geometry and utilizing redox
cycling in a nanometer-scale gap between two electrodes.'
Single nanoparticles (NPs), on the other hand, can be more
readily studied with the use of an ultramicroelectrode (UME).
Single-NP electrochemistry has quickly gained much attention
in the past decade.

Metal NPs are key materials in electrochemistry and many
other fields, such as biotechnology,“‘S sensing,é’7 and
catalysis." """ Their electrocatalytic activity is often strongly
dependent on size,”"' ™" shape,'”'*'* capping agents,'® and
composition.”"” As such, single NP electrochemistry could be
especially useful for better understanding structure—function
relationship in NP electrocatalysis.

Several single-NP methods have been reported in literature,
which all involve the use of an UME to record transient
electrochemical events. Lemay and co-workers reported one of
the earliest attempts in which they recorded transient blocking
events of single insulating NPs on an UME."® The attachment
of an insulating NP on an UME reduces the total flux of redox
molecules resulting in an individual current decay step. Crooks
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group has used optical microscopy and numerical simulation in
conjunction with amperometry to develop a detailed under-
standing of current blockage and particle attachment, motion,
and aggregation on the electrode surface.’” Bard and co-
workers have demonstrated the detection of single viruses™’
and emulsion nanodroplets.”’

The second method uses an electrocatalytically inactive
UME, such as carbon fiber, to measure catalytic current
response of single collision events as NPs collide on the UME
and “turn on” an inner-sphere redox reaction, such as proton
reduction, on the electrode.”* > Figure 1A shows a scheme of
a collision experiment where a small constant overpotential is
applied on a detector UME under which there is little or no
oxidation of hydrazine on the electrode (situation I). However,
when a metal NP collides and sticks to the electrode surface, a
current increase is immediately detected due to the catalytic
enhancement on the NP (situation II). This method has
received considerable interest in the past few years and a
number of exciting advancements have been reported by Bard
and several other groups. Stevenson’s group has reported the
use of Hg-modified UMEs, which drastically reduces electrical
noise and baseline shift during recording and increases
reproducibility. A fresh electrode surface is maintained due to
quick deactivation of NPs on Hg.”® Unwin and co-workers have
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Figure 1. (A) Schematic illustration showing the generalized process
of a NP collision experiment where in situation (I) hydrazine oxidation
is kinetically unfavorable on the UME itself and in situation (II)
hydrazine oxidation takes place on a NP when it collides with the
UME. (B) A graph of normalized CVs of hydrazine oxidation on three
different electrode materials where the catalytic activity of these
materials determines the oxidation potential. All CVs were taken at S0
mV/s in an aqueous solution containing 10 mM hydrazine and 50 mM
phosphate buffer (pH 7.4).

begun to elucidate some of the complex interactions between
the NP and the electrode using ultrafast recording.”” Stevenson
and Crooks have examined the role of increased mass transfer
on the frequency and magnitude of current steps in microfluidic
devices.”® Kwon and co-workers have made new insights into
the effect of the applied voltage on the shape of the current
steps.”” Alpuche-Aviles’s group has reported an interesting
study to examine the photoelectrochemical response of
individual NPs during collision.”” Some of the most recent
work includes the observation of transient catalytic signal of
single enzymes®' and the study of electrocatalytic reduction of
AgCl on single metal NPs.*”

Single NP collisions can also be observed when they are
directly oxidized or reduced on the UME. Compton’s group
first reported the electrochemical oxidation and dissolution of
single silver NPs and reduction of fullerene NPs.*>** Alpuche-
Aviles’s group reported the detection of single ZnO NPs on an
Hg UME.” In addition to metal and metal oxide, this concept
is also well suited for the study of transient events on redox-
containing emulsions”' and vesicles.*

The electrochemistry of single NPs can also be studied when
NPs are isolated and immobilized on a small electrode. A
number of techniques have been used for this purpose ranging
from surface plasmon resonance,’’ single-molecule flores-
cence’™”” and direct electrical characterization using nano-
electrodes,”™ to scanning electrochemical microscopy
(SECM).* It is important to note that it can be quite

challenging to isolate and immobilize individual nanoparticles
on electrode surfaces. Compared to single particle immobiliza-
tion, collision-based transient NP electrochemistry is a powerful
means for studying hundreds or even thousands of particles in
minutes.

Our group has recently reported the use of FSCV (developed
by Millar® and popularized by Wightman*®*’) to examine
single NP collisions. A unique aspect of FSCV method is that
one can record voltammetry responses of individual NPs and
this enables collection of chemical information unobtainable in
many constant-potential experiments.** In this work we extend
our ability and demonstrate the use of FSCV in the study of
single NP electron-transfer (ET) kinetics and electrocatalytic
activity of single NP. The use of FSCV allows us to discuss
nanoparticle size effects on ET kinetics and electrocatalytic
activity. We also illustrate a strong mass-transfer effect at small
NPs, which shifts the oxidation wave to higher overpotentials as
NP size decreases. This overpotential shift can erroneously
make smaller particles appear less catalytically active. The use of
single NP CV data, when combined with theory or numerical
simulations that account for the increased mass-transfer,
enables us to extract useful catalytic information on individual
NPs. We specifically focus on ET kinetic parameters, such as
the standard rate constant, k° and the charge transfer
coefficient, @, for hydrazine oxidation on gold and platinum
NPs from 4 to 50 nm. Furthermore, NP deactivation was
examined for the first time using FSCV. Finally, the Gibbs free
energy of activation, AG?, for different NPs was also calculated
from their k° and is found to be smaller than bulk metals and
decreases with decreasing NP size.

B RESULTS AND DISCUSSION

Electrocatalytic Oxidation of Hydrazine on Single
NPs. Hydrazine oxidation is of great interest to fuel cell
applications but the reaction occurs at high overpotentials even
on active catalysts.”” The overall reaction in a basic solution is a
four-electron process,™

N,H, + 4OH™ — N, + 4H,0 + 4" (1)

The standard potential, E°, is —0.33 V versus RHE®® or —0.56
V versus Ag/AgCl. In Figure 1A, the use of carbon as the UME
ensures the amount of oxidation current collected on the
working electrode is minimized. The electrocatalytic activity of
different electrode materials are compared in Figure 1B, and the
results clearly show platinum is the most active material
followed by gold and carbon. Carbon, in fact, does not attain
the diffusion limited current at these potential ranges and at 0.5
V (a potential beyond where Au has already attained the
diffusion limited steady state current) the current on the 5 um
diameter carbon electrode is ~1.1 nA (56.9 pA/um2 current
density) and is only 2% of the expected limiting current.
Three sizes of NPs are employed in this study for both gold
and platinum (six types in total). The NP sizes were
determined with TEM and the reported diameter is the
average size. Citrate capped gold NPs were 5, 12, and 50 nm in
diameter. The Pt NPs included 4 and 30 nm citrate capped
spherical NPs and 10 nm polyacrylate capped cubic particles.
In FSCV, a repetition rate in the range of 10—100 Hz
generates hundreds to thousands of CVs in a typical 60-s
period. Depending on the collision frequency, one can obtain
several tens of CVs on each NP following its collision with the
UME and prior to collision of another particle. The frequency
of collision events is typically much lower than expected,
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possibly due to the formation of NP aggregates in hydrazine
solution,” effectively lowering the concentration allowing
sufficient time between NP collisions to collect many CVs
from each event. A color plot enables quick examination of
dynamic redox events.”” Figure 2A shows five collision events
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Figure 2. (A) Typical FSCV color plot showing the detection of 12
nm Au NPs on a carbon UME. (B) Current vs time trace taken from
the color plot in (A) at 0.465 V in the forward scan (along the black
line). (C) Background-subtracted, single-particle CVs from the events
marked in (B). The solution contains 10 mM hydrazine, S0 mM
phosphate buffer (pH 7.4), and ~12.5 pM Au NPs (12 nm), cycled at
25 V/s scan rate.

on a 60 s recording of 12 nm Au NPs in 10 mM hydrazine
where the current increases in a stair step manner due to
hydrazine oxidation on gold NPs. The current increases can
also be visualized by directly plotting the i—t trace at a selected
potential. Figure 2B is an i—t trace at 0.465 V indicated by the
black line in the color plot. Four of the five collision events
were labeled and their representative CVs plotted in Figure 2C.
Events 1, 2, and 4 have characteristic sigmoidal shape CVs,
indicating they are diffusion (mass transport) limited. Event 3

does not reach the diffusion limitation in this potential range
and thus hydrazine oxidation is likely still under kinetic control.
Further increasing the potential would cause event 3 to reach a
diffusion-limited state. However, this would lead to a large
background current on the carbon UME. The fifth event at ~17
s (unlabeled in the plots) has a large current step indicating it is
due to a particle aggregate.”’ Only events that were observed to
reach the diffusion limited steady state current with i current
below a threshold current (the predicted current of a particle
that has a radius within three standard deviations from the
average TEM determined NP radius) were kept, that is,
aggregates and kinetically limited events were discarded. The
limiting current is estimated using the equation for a spherical
particle on a planar surface,”

i, = 4 In(2)anFDC*r (2)

where 7 is the number of electrons transferred per molecule (n
= 4), F is the Faraday constant, D = 1.39 X 107> cm?/s is the
diffusion coefficient,> C* is the bulk concentration, and r is the
particle radius. This equation was also used to determine the
size of the NPs from the sample events that were simulated,
discussed in detail below.

Single NP CVs were analyzed by first plotting the half-wave
potential, E;,,, and the onset potential, E, ., (defined as the
potential when the current reaches 20% of the i) versus the
diffusion limited current for each collision event, presented in
Figure 3. Figure 3A and B are scatter plots for gold NPs and
Figure 3C and D are for platinum. A closer inspection of these
results reveals several distinct features in the distributions of the
scattered points. First, the Pt NPs display higher catalytic
activities than the gold with more negative E ., and E;/,
potentials. Second, smaller Pt NPs are found to group around a
more positive potential, whereas the larger ones are spread out
more.

Interestingly, the 30 nm Pt NPs show catalytic activity that is
much more scattered than the other sizes. This is significantly
distinct from the 50 nm Au particles which display more
uniform catalytic activities possibly due to the high degree of
polycrystallinity in the 30 nm Pt NPs. Furthermore, the E .,
plots show narrower distributions than the E,,, plots. This is
more apparent when the events are plotted in histograms,
shown in Figure S4, where there is a higher probability of a
particle displaying a given E,, within the smaller range than
for the E, /,. This can be observed for all the NP batches but is
most prominent for the 12 and 50 nm diameter gold NPs.

By averaging the responses from all of the single NP events
and plotting them versus 1/r (average TEM radius) a clearer
trend emerges. The oxidation potentials on Au NPs form a
linear trend with the 1/r, as seen in Figure 4A,B. All of the
tested Au and Pt NPs have more positive E,/, and E,, than
their corresponding bulk metals. The E, .. and E;, were
measured at 107 and 204 mV versus Ag/AgCl for bulk gold,
which are very close to the most active 50 nm gold NPs. The
bulk gold values were negatively shifted by approximately 23
mV (Egp) and 7 mV (E;/,) than the S0 nm Au NPs. On the
other hand, the E, and E, , for bulk Pt were —244 and —349
mV versus Ag/AgCl, respectively, which are much further from
the most active Pt NPs, in stark contrast to the gold NPs. The
bulk Pt was shifted by approximately 253 mV (E,,.) and 324
mV (E,,,) more negative than the 30 nm Pt NPs, which are
also plotted versus the inverse of the radius in Figure 4C,D. In
these plots we again see that the smaller 4 nm Pt NPs are
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Figure 3. Scatter plots showing the E, /, and E_, (potential at 20% of i) vs the mass transfer limited steady state current for gold NPs (A) and (B)
and platinum NPs (C) and (D). The points plotted for the E,,, are from the same events seen in the E;/, plots and all are plotted in reference to

Ag/AgCl. The number of events plotted for each particle size are listed in Table S3 in the Supporting Information.
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Figure 4. Plots of the averaged E, /, and E, ., from all the mass transfer limited steady state CV NP events seen in the scatter plot, averaged for each
NP colloidal solution and plotted as the inverse of the TEM determined radius. (A) and (B) are from the gold NPs and (C) and (D) are from the
platinum NPs. Error bars indicate standard error of the mean.

shifted to more positive potentials as compared to the larger 30

nm Pt NPs.

We note that the normal procedure of using E .. and E, , to
discuss catalytic activity of NPs,”*>° should be carefully
evaluated for single-particle studies. Despite well documented
evidence from many studies that smaller NPs are more active
catalysts,”® the opposite trend can be observed when only the
E,), and E, potentials are examined. We would like to state

again that we are not trying to refute the many reported cases
where the catalytic activity increases for smaller particles, but
that great care needs to be taken when examining activities of
single isolated nanoparticles and that simply looking at E, , and
E et potentials is not sufficient to determine the activities.
We believe this effect is largely due to an increased mass
transfer rate at nanoscale electrodes, which has been observed

before.

20539

57,58

The mass transfer coefficient, m, = D/r, at an
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ultramicroelectrode™*” (or nanoparticle) increases as the
electrode gets smaller. Compared to NP ensembles, the use
of sinégle NPs eliminates effects of overlapping diffusion
layers.”” The observed overpotential shift is due to the
increased reaction rate that is necessary in order to compensate
for the increased rate of reactant transport (mass transfer) to
smaller particles. To achieve the increased rate of the anodic
reaction, the potential must be increased in accordance with eq
S, discussed in more detail below, where increasing the
potential will lead to an ever increasing value for the anodic
rate constant, k, (i.e., forward reaction rate), which must be
increased until it matches the mass transfer rate.

However, we first believed that there could have been a
substrate effect causing the positive potential shift in single
particle collision. Such effect is especially strong with Pt NPs
where the substrate can either enhance or inhibit NP activity.®'
Additionally, the capping ligands could have been interfering
with the activity more strongly on smaller NPs. While these
effects may have a subtle effect, we believe the increased mass
transport is the dominating influence. To further test this
hypothesis, we conducted hydrazine oxidation on bare Pt
nanoelectrodes that are free of ligand or substrate effects and
the results in Figure S5 show a clear positive shift similar to the
NPs. The observed increased mass transport effects on small
NPs have implications for single particle studies. When
discussing single NP electrocatalysis, simply comparing the
Eopset 01 Ej/, may lead to a misinterpretation of the results.
Single-particle CVs on different-sized NPs must be combined
with kinetic analysis in order to extract useful electrocatalytic
information.

A comparison of E, .. and E;, between the 4 and 10 nm Pt
NPs has revealed another possible ligand or crystal defect
density effect. Despite a predicted positive potential shift on the
4 nm Pt NPs due to the increased mass transfer coefficient,
Figure 4C,D have shown a clear positive shift on the 10 nm Pt
particles. The shift may be attributed to the presence of the
larger polyacrylate capping ligands and a stronger blocking
effect compared to the citrate molecules. Polyacrylate may also
change the electron density of these particles in a different
manner than citrate.”” The 10 nm particles are mostly single
crystalline cubic particles, possessing {100} crystal faces, which
are known to have higher activities for hydrazine oxidation,
shown in experiments with single crystal platinum electrodes,””
than the more abundant {111} crystal faces on typical citrate
capped Pt NPs.”* However, recent experiments have shown the
opposite trend where hydrazine oxidation is found to be better
on high index, high defect crystal faces,”> which the 4 and 30
nm particles most likely have a very high density of defects and
grain boundaries that could contribute to the activity.

Voltammetric Insights into Nanoparticle Deactiva-
tion. Some particles are often seen to display a decrease in the
peak current over time after their initial collision. This
“deactivation” process has been observed in previously
studies”** with little or no voltammetric insight. The
changing activity over time, if any, of a deactivating particle
can be examined using FSCV to monitor its deactivation
process. An example of this can be seen in Figure SA, which
shows an i—t trace taken from a FSCV scan. A platinum NP is
detected giving the characteristic stepped current increase, but
the current decreases over time. Figure 5B shows a number of
extracted CVs (forward scan only) taken from the red points in
(A) which are seen to be kinetically limited. The CVs display
gradual decrease in peak current and an apparent shift to more

0.9
(A) "]
0.7
0.5-
< i
c
= 0.34
0.1
'0-1 T T T T T T T T
0 10 20 30 40
Time/s
0.9
(B) | —18ss
0.74 —20 S

i —228
05 oee
4 =32
£ 0.3 343
o— i 38s
0.14
'0.1 T T T T T T T T T L}
06 -04 -02 0 02 04
E/V (vs Ag/AgCl)
(C)0.13: « 0.4nA .
0.134 «0.2nA
0.08]
>003] °
W 0.02]
-0.071 -
012}0—— E—

15 20 25 30 35 40
Time /s

Figure S. (A) Current—time trace showing a collision event of a
platinum NP where the particle is seen to deactivate, indicated by the
decrease in peak current. (B) Example CVs (forward scan only) taken
from the FSCV scan at the points indicated by the red dots in (A). (C)
Positive shifting of the potential to reach current magnitudes of 0.2 nA
and 0.4 nA as the particle deactivates. The current—time trace was
taken from the FSCV scan at the point where the potential was 0.4 V;
Cycled at 25 V/s scan rate, 10 mM hydrazine, and 50 mM phosphate
buffer.

positive potentials with time. The potentials to reach 0.4 and
0.2 nA plotted in Figure SC shift positively as it deactivates over
time. This indicates that both the current and the catalytic
activity decrease during NP deactivation. This observation is
very interesting because potential cycling is typically used to
activate a catalyst surface,” and this nanoparticle is being
cycled at a fast rate but is still observed to deactivate. This
deactivation may be due to gradual dissolution of the particle,
gradual poisoning of the platinum surface or conversion of part
of the particle surface to a less reactive material skin such as a
fast growing, thick insulating layer of platinum oxide.’”
However, we are unsure of what causes this deactivation
process at this time as hydrazine oxidation is a very complicated
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Figure 6. Experimental CV curves and their corresponding simulation from four example NPs from the listed colloidal solutions: (A) 12 nm Au, (B)
50 nm Ay, (C) 4 nm Pt, and (D) 30 nm Pt. Simulated CVs were obtained using the listed parameters. Only the forward scans are shown, and each
experimental CV was taken at 25 V/s in 10 mM hydrazine containing SO mM phosphate buffer (pH 7.4). Actual calculated diameter of the NPs used
in these example simulations are (A) 11.43 nm Au, (B) 64.23 nm Au, (C) 6.94 nm Pt, and (D) 28.14 nm Pt.

reaction and there are conflicting reports about the role
platinum surface oxides play in hydrazine oxidation,”>° but it is
something that we will investigate further.

Electron-Transfer Kinetics at Single Nanoparticles.
The use of FSCV allows us to extract useful kinetic information
from single NPs. Here, single NP CVs are simulated with a
finite-element simulation program, Comsol, by incorporating
Butler—Volmer kinetics. We first considered a typical redox
couple where an oxidized species O are reduced to R by an n—
e~ process as following,

— ke
O+mne <R
K, (3)
with k. and k, being the cathodic and anodic rate constants,
respectively. These rates can be expressed according to Butler—
Volmer kinetics as

o _ ﬂ _ 0
k.=k exp[ a(RT)(EaPp E )] @

k,=k° exp[(l - a)( )(Eapp - Eo)] (5)

where k° is the standard electron transfer rate constant, a is the
charge transfer coefficient, and E,,, is the applied potential. All
other parameters have been previously given. The oxidation of
adsorbed hydrazine is a totally irreversible reaction havinga 1 —
¢~ rate-determining step (RDS) as the initial oxidation step
followed bZ the remaining three very fast 1 — ¢~ oxidation

steps, 105
RDS . _
N,H,(ads) — N,H,(ads) + H" + le (6)
FAST + _
N,H;(ads) —> N, + 3H" + 3e (7)

20541

For a totally irreversible reaction of this type, where the initial
step is rate determining, the overall result is given by the
forward rate constant, k,.”” The flux of the diffusing hydrazine
to the NP surface can then be expressed as

where Cy is the hydrazine concentration at the electrode
surface. The values of both o and k° were varied in the
simulation until the simulated CV closely matched the
experiment. A spherical geometry was assumed for the NPs
in the simulation and a discussion of the simulation
environment and effect that changing @ or k° has on the
simulated CV can be found in the Supporting Information.

Figure 6 shows four experimental and simulated CVs and the
parameters used in the simulation. Figure 6A and B are for the
12 and S0 nm Au NPs and 6C and D are for the 4 and 30 nm
Pt NPs, respectively. The simulation overall matches well with
the experiments, but for the larger NPs, the simulation begins
to deviate slightly from the experimental curve. Some possible
reasons are the mismatch in particle shapes (compared to the
simulation), the presence of well-defined crystal faces and NP
surface roughness. The simulation assumed spherical particles,
whereas the TEM reveals that they can diverge from spherical
geometry, especially for the larger particles. The 30 nm Pt NPs
appear rough and the 50 nm Au NPs can be more oblong. The
presence of specific crystal faces and surface roughness may
lead to preadsorption of the reactant’”®* on some faces that is
quickly oxidized during the fast anodic potential scan, leading
to a slight peak in the forward scan.

Our results have revealed one remarkable difference between
Au and Pt NPs. The charge transfer coefficient a for Pt NPs
was always greater than 0.5 but typically was smaller than 0.5
for Au NPs. The necessarily high a value on Pt results in the
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Table 1. Averaged Values of the Different NP “Batches” for the Charge Transfer Coefficient («) Determined from Simulation
and Experimental Tafel Plots, the Standard Heterogeneous Electron Transfer Rate Constant (k°), the Exchange Current

Density (j,), and the Gibbs Free Energy of Activation (AGgp)”

k° (cm/s)

a (simulation)

5 nm Au 0.540 + 0.020 8.75 + 3.7 (107%)
12 nm Au 0.477 + 0.015 9.64 + 5.5 (107°)
50 nm Au 0.501 + 0.015 7.08 + 4.2 (107°)
4 nm Pt 0.742 + 0.006 8.71 + 2.0 (107%)
10 nm Pt” 0.775 + 0.003 7.66 + 0.88 (1072)
30 nm Pt 0.758 + 0.007 423 + 0.62 (107%)

a (Tafel plot) jo (A/m?) AG¥p (kJ/mol)
0.545 + 0.016 3.00 + 0.84 480 + 1.1
0.489 + 0.015 11.5 + 2.3 53.8 + 1.0
0.509 + 0.017 26.5 + 85 549 + 1.0
0.777 + 0.004 4750 + 640 295 + 04
0.807 + 0.004 4180 + 590 29.6 + 0.3
0.783 + 0.007 1950 + 270 31.1 + 04

“All the values are determined from the same events which are simulated and are listed with the standard error of the mean. “Cubic NPs capped with

polyacrylate.

simulated CVs having a smaller current response with a given
potential change akin to the experimental curves. This was also
observed for the CVs collected on Pt nanoelectrodes, which
when simulated, had similar values for @ and k° and can be seen
in Figure S9. The large a value means that for the Pt NPs there
is a smaller current increase with increasing potential than for
Au resulting in a somewhat elongated CV response, despite Pt’s
superior catalytic activity. This possibly indicates a competing
surface reaction/species, such as adsorption of oxygen or
protons, which is described in more details in the following
paragraphs. The results in Figure 6 also show that k° for Au is
several orders of magnitude smaller than Pt.

A summary of a and k° can be seen in Table 1. It is clear that
the k° increases as the particle size decreases, indicating an
apparent increase in the activity as the radius decreases. This
trend is observed for both Au and Pt, where all NPs have larger
k° than their corresponding bulk values. The increased catalytic
activity of the smallest NPs is supported by Rotating Disk
Electrode (RDE) experiments, shown in Figure S10, where the
smallest NPs displayed the highest kinetic current densities.

Also listed in Table 1 is the averaged @ determined from
Tafel plots derived from the experimental CVs for the same set
of events that were simulated. Values for o were calculated from
the slope of the line in the Tafel plots and when compared to
that obtained from the simulations there is a good match
between the two. The exchange current density (j,) determined
from the Tafel plots was several orders of magnitude larger on
the platinum NPs than on the gold NPs. The large exchange
current density is likely due to the adsorption/desorption of
protons from the solution. Even though these experiments were
performed in 50 mM phosphate buffer at pH 7.4, there is still a
response from the adsorption/desorption of hydrogen on Pt,
which was unexpected (Figure S12). The regions of hydrogen
desorption on the positive scan of a Pt UME overlaps with the
hydrazine oxidation.

The hydrogen ions can block catalytic surface sites on the Pt
and compete with the hydrazine molecules, shifting the
oxidation to more positive potentials and causing the elongated
CV response. This effect has been observed previously where
the hydrazine oxidation potential on platinum UME:s is shifted
positively in acidic solutions compared to basic solutions and
the oxidation wave does not begin until after the proton
desorption potential region in highly acidic solutions.*’
Alternatively, this effect could be due to a direct inhibition of
the hydrazine oxidation due to the release of protons from the
reaction. Proton adsorption has also been observed to interfere
with the electrocatalytic reduction of oxygen on platinum,
where the oxygen reduction current decreases as protons begin
to adsorb on platinum.”" The effect is much more pronounced

for the NPs and nanoelectrodes as compared to the UME
because of the low concentration of hydrogen ions in solution
(pH 7.4). We think this competition effect, along with the
increased mass transfer effects, may substantially shift the
hydrazine oxidation to more positive potentials relative to bulk
platinum, as discussed previously. This effect is significantly
reduced on gold NPs due to the weaker affinity for hydrogen
ions leading to a substantially smaller potential shift.

Gibbs Free Energy of Activation at Single Nano-
particles. Further analysis of single NP CVs allows for the
determination of the Gibbs free energy of activation AG* for
hydrazine oxidation on both Au and Pt NPs. AG* of activation
can be calculated from the standard rate constant based on
transition-state theory.”>”?

—Acﬁ)

ko = kelzhet exp( (9)

where k, is the electronic transmission coefficient (typically
taken as unity for adiabatic processes)’””> and Z is the
heterogeneous collision frequency factor. The collision
frequency factor is defined as’*~"*

1/2
k,T
Zhet = (b—)
27mp (10)

where p is the reduced mass of the molecule and the NP
(assuming a very large mass for the NP, u reduces to the mass
of the reactant molecule, hydrazine = 5.32 X 107 kg), and k;
is the Boltzmann constant. The calculated AGfp is positive and
decreases with the particle size, meaning the energy barrier
decreases with decreasing NP size. The Au NPs have larger
AGlp than the Pt, which is consistent with their higher
overpotentials. There is a larger shift in the average AGf; for
the 5 nm gold particles compared to the 12 and 50 nm ones. All
of the NP batches had calculated average values of AG}p that
were below the values for the bulk metals (58.38 kJ/mol for
bulk Au and 42.31 kJ/mol for Pt). A comparison of AGip
between Pt NPs also showed a decreasing trend as particles get
smaller. However, the different Pt particles have very similar
values for AG%p and did not show the same trend as the gold
NPs.

To further explain the trend seen in the gold NPs we
calculated a predicted shift of the AGip based on a theoretical
extrapolation where we assumed the NPs were spherical and
the change in energy is due to size alone. The shift of AG#;p has
been predicted previously and takes the form of the Gibbs—
Thomson relation,””>~"”
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2vo,

AGip = AG] + AG, = AG} +
(11)
where AG}) is the free energy of activation on the bulk
electrode, AG, is the size-dependent free energy of activation, v
is the partial molar volume of the element (1.021 X 107> m?/
mol for gold and 9.1 X 10™° m*/mol for Pt),”® and r is the NP
radius. The change in Gibbs free energy can have either a
positive or a negative effect on the activation barrier, depending
on the nature of the reaction. In this case, the effect decreases
the Gibbs free energy for the NP relative to the bulk, indicating
a lowering of the energy barrier. The variable o, is the size
(radius)-dependent surface energy of the particl, which has the

r

following form,>*7%7%
o, =og|1 ! 2%y =
cTO T T VP TR 2 )
(7 - 1) (7 - 1) (12)

where oy is the surface tension of the bulk material (1880 erg/
cm? or 1.88 ]/m2 for Au and 3240 erg/cm2 or 3.24 _]/mz for
Pt),”® d is the NP diameter, h is the atomic diameter (0.289 nm
for Au and 0.277 nm for Pt),*’ Sy is the cohesive entropy of the
material, which is equal to E,/T\. Ey, is the bulk cohesive energy
(3.81 eV or 367.6 kJ/mol for Au and 5.84 eV or 563.46 kJ/mol
for Pt)*' and Ty, is the bulk solid vapor transition temperature
(3129 K for Au and 4098 K for Pt).”* The calculated curve for
the value of AGfp shows the largest deviation from bulk at
approximately 1 nm radius and then is seen to increase very
rapidly again. By plotting the theoretical size-dependent free
energy curve (calculated with eqs 11 and 12) and plotting the
measured AGyp of the different sized NPs (calculated with eqs
9 and 10), we see that gold follows the theoretical curve, but
platinum does not, as shown in Figure 7. The larger diameter
gold NPs closely follow the calculated curve and the smaller
diameter NPs are seen to decrease in activation energy, which is
again, consistent with the calculated curve. The platinum NPs
are seen to decrease in the value of AGj, with decreasing size
but do not fall closely in line with the calculated curve. The
deviation of the platinum NPs from the prediction may be due
to the structural and surface differences between the different-
sized particles in addition to the hydrogen adsorption
competition. On average, the Au NPs have very similar shapes,
roughness, and ligands, whereas the Pt NPs vary between
particles.

B CONCLUSIONS

In summary, the use of FSCV has enabled us to investigate and
better understand electrocatalytic activity of single platinum
and gold NPs of different sizes, shapes, and capping ligands for
hydrazine oxidation and how the data can be misinterpreted if
mass transfer is not taken into account. Seemingly, the
overpotential for hydrazine oxidation on single NPs appears
to generally increase as particles gets smaller, largely attributed
to increased mass transfer rates. If the mass transfer effect is not
taken into account then one could deduce the nanoparticles
were becoming less active as the size decreased. By simulating
the experimental CVs, we have shown that key kinetic
parameters, such as the standard electron-transfer rate constant
and the charge transfer coeflicient, can be determined and used
to more correctly assess the catalytic activity. We have
determined that the capping agent could play a more
substantial role in the activity than the nature of the NP
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Figure 7. Average Gibbs free energy of activation plotted vs NP size
for the individual gold (A) and platinum (B) NPs. Also shown in each
plot is the theoretical prediction of the change in AGp, as predicted
from eq 11. The gold NPs are seen to follow the predictive curve more
closely than the platinum NPs.

crystallinity and surface orientation. The Gibbs free energy of
activation was also calculated from the electron transfer rate
constant and was found to be smaller for the NPs than
compared to bulk metals, indicating a lower energy barrier. The
change in the Gibbs free energy with changing NP size follows
a theoretical model well for gold, but less so for platinum. We
believe the competition between hydrazine and adsorbed
hydrogen ions for surface sites on the Pt surface, in part,
explains the deviation of the Pt NPs from the theoretical
prediction. Single NP analysis using FSCV combined with
simulations can be a powerful tool in many aspects of future
catalytic analysis.
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