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ABSTRACT: Measuring electrochemical activities of
nanomaterials is critical for creating novel catalysts, for
developing ultrasensitive sensors, and for understanding
fundamental nanoelectrochemistry. However, traditional
electrochemical methods measure a large number of
nanoparticles, which wash out the properties of individual
nanoparticles. We report here a study of transient
electrochemical oxidation of single Ag nanoparticles during
collision with an electrode and voltammetry of single
nanoparticles immobilized on the electrode using a
plasmonic-based electrochemical current microscopy.
This technique images both electrochemical reaction and
size of the same individual nanoparticle, enabling
quantitative examination of size-dependent electrochem-
ical activities at single nanoparticle level. The imaging
capability further allows detection of the reaction kinetics
of each individual nanoparticle and analysis of the average
behaviors of multiple nanoparticles. The average kinetics
and size dependence can be accurately described by the
Tafel equation, but there is a large variability between
different nanoparticles, which underscores the importance
of single nanoparticle analysis.

N anoscale materials are interesting because of their unique
properties and broad applications." An important example
is the electrochemical properties of nanoparticles,,z_4 which have
found applications in catalysts® and chemical sensors.® Evidence
has shown that the electrochemical properties of each nano-
particle is different, depending on its size,”® shape,'°
composition, and surface states.'”'” However, traditional
electrochemical methods measure a large number of nano-
particles, which wash out the properties of individual nano-
particles. A technique for studying single nanoparticle electro-
chemistry is thus needed in order to understand the relationship
between the structure and function of nanoparticles.”"*'* It has
been reported recently that electrochemical reactions of single
nanoparticles can be studied by detecting the transient
electrochemical current as individual nanoparticles collide with
a microelectrode.”>™'® Because this method detects transient
events, it cannot measure the current of single nanoparticles as
the potential is varied (voltammetry). Moreover, it cannot
identify which nanoparticle is responsible for a transient current,
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which is required to study the relationship between size and
reactivity of a nanoparticle.”"

Here we report a study of electrochemical oxidation of single
Ag nanoparticles with plasmonic-based electrochemical current
microscopy (P-ECM), a technique that images both electro-
chemical reaction and size of the nanoparticles. We detect
transient electrochemical oxidation during the collision of
individual nanoparticles with the electrode, perform voltamme-
try on single nanoparticles immobilized on the electrode,
examine size-dependent electrochemical oxidation of the
nanoparticles, and model the observed oxidation kinetics with
the Butler—Volmer formalism.

The principle of P-ECM in the present work is to detect
electrochemical reaction-induced change in the Ag nanoparticle
size with 2plasmonic imaging, which is different from our previous
report'®? that detected local concentration of a reactant or
product. Figure 1A shows the experimental setup and principle of
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Figure 1. (A) Schematic illustration of P-ECM imaging of single
nanoparticle electrochemistry, gold chip as working electrode (WE),
and Ag/AgCl as reference electrode (RE). (B) Transient collision and
electrochemical oxidation of a single Ag nanoparticle correlated with the
transient plasmonic image intensity (blue curve).

P-ECM. Light from a superluminescent light emitting diode is
directed onto an Au electrode at an appropriate incident angle via
an optical microscope objective to excite surface plasmons and
the reflected light is collected with the same objective to form a
surface plasmon resonance (SPR) image.

P-ECM was carried out by either holding the electrode
potential at a fixed value or sweeping it linearly over a range.
When the potential was held above the oxidation potential,
random collisions of the individual Ag nanoparticles with the
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electrode resulted in the oxidation of the nanoparticles (Figure
1B). Note that the parabolic tail in the image of each nanoparticle
was due to the scattering of the surface plasmon wave by the
nanoparticle located within the range of the evanescent wave
(~200 nm depth, red box in Figure 1A).>' The image intensity
decreased over time during the electrochemical process. This was
because the oxidized Ag was soluble in the electrolyte containing
SCN™ jon (Ag + 2SCN~ — e = Ag(SCN),”), and the Ag
nanoparticles decreased in size during oxidation. As we will show
later, the decreasing image intensity was directly related to the
electrochemical oxidation current. By converting the image
intensity into current, P-ECM allowed imaging of local
electrochemical current of multiple single nanoparticles
simultaneously.

Figure 2A—E show several snapshots of the collision and
oxidation of 3 Ag nanoparticles on the electrode at —S0 mV (vs
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Figure 2. (A—E) Snapshots of plasmonic images of three individual Ag
nanoparticles during a typical collision-oxidation process. Scale bars
(black), 10 ym. (F) Plasmonic image intensity vs nanoparticle size by
DLS (black dots) and AFM (red dots). (G) Transient plasmonic image
intensity curves of the three individual Ag nanoparticles shown in (A—
E). (H) Transient electrochemical current of the Ag nanoparticles
obtained from the plasmonic image intensity.

Ag/AgCl). A movie of the entire process is provided in Movie S1
in the Supporting Information (SI). Before the collision of the
nanoparticles with the electrode, the electrode surface was clean
(Figure 2A). 0.22 s after starting recording the movie, three Ag
nanoparticles, marked by 1, 2 and 3, hit the electrode surface
simultaneously (Figure 2B). Note that simultaneous collision of
multiple nanoparticles cannot be separated with the traditional
electrochemical detection because the transient currents from
different nanoparticles overlap in time domain, which under-
scores the value of spatial resolution offered by P-ECM in the
present work. As these nanoparticles were oxidized and
dissolved, they shrank and eventually completely disappeared
from the surface. The time duration to completely dissolve varied
from nanoparticle to nanoparticle, indicating different oxidation
rates for different nanoparticles. For example, nanoparticle 1
dissolved first (Figure 2C), then nanoparticle 2 (Figure 2D), and
followed by nanoparticle 3 (Figure 2E).

To confirm that the image intensity decrease was indeed due
to the electrochemical oxidation of Ag, we performed the
experiment at different electrode potentials, and observed
intensity decrease only when the potential was above the redox
potential of Ag nanoparticles. Despite of the variability among
different nanoparticles, the overall trend was that the higher the
electrode potential, the faster was the oxidation. This behavior is
clearly shown in Movie S2 in the SI. Below the redox potential,
the images of Ag nanoparticles did not change over time (Movie
S3, SI). Note SCN™ is required for the complete dissolution
(disappearance) of the Ag nanoparticles. In the absence of SCN™~
in the electrolyte, the image intensity of Ag nanoparticles also
decreased, but it did not disappear completely even when the
electrode was held far above the oxidation potential (Movie S4
and Figure S1, SI). The change in the image intensity of the Ag
nanoparticles in the absence of SCN™ was due to the conversion
of Ag to insoluble Ag,O nanoparticles, which caused a change in
the optical property of the Ag/Ag,O nanoparticles. These results
demonstrated that the disappearance of nanoparticles was indeed
due to the oxidation and dissolution, instead of detachment of Ag
nanoparticles from the electrode surface.

The SPR image intensity of a Ag nanoparticle is expected to be
proportional to its volume." In order to confirm this, we
measured the image intensities of Ag nanoparticles with different
diameters. Figure 2F plots the image intensity in logarithmic
scale vs nanoparticle diameter, which shows linear dependence
with a slope of 2.84, close to 3. We attribute the small deviation to
the decay (decay length of ~200 nm) of the evanescent wave
associated with surface plasmons into the solution phase from
the electrode surface. In other words, the nanoparticle on the
electrode did not experience a uniform electric field in the
direction normal to the electrode surface.

Figure 2G shows the transient SPR image intensity of 3
nanoparticles during the collision with the electrode, showing an
increase (dashed line) followed by a decrease (solid line). The
increase occurred because the nanoparticle approached the
electrode surface, and the decrease was due to the electro-
chemical oxidation of the nanoparticle. Using the calibration
curve shown in Figure 2F, we obtained the volume (diameter) of
each nanoparticle from the SPR image intensity. Because the
change in the volume is proportional to the amount of charge
transfer associated with the electrochemical oxidation of Ag, we
determined transient electrochemical oxidation current of each
nanoparticle from the decrease of the image intensity as shown in
Figure 2H. The transient current curves measured with P-ECM
are similar to those obtained with ultramicroelectrode,>™'® but
the P-ECM approach allows simultaneously detection of
collision of multiple nanoparticles and the study of size
dependence of the electrochemical oxidation.

The kinetics of the electrochemical oxidation of a nanoparticle
and its dependence on the nanoparticle size can be described
with the Tafel equation given by:

nF
i(t) = 4mr?(t)-nF-ky-e"rr E~E) (1)

where i(t) and 7(t) are the transient current and radius of the
nanoparticle, # is the number of electron transfer per atom, F is
the Faraday constant, k, is the electron transfer rate constant, @ is
the charge transfer coeflicient, R is the gas constant, T is
temperature, E is the applied potential, and E, is the formal
potential, respectively. According to eq 1, and also the fact that
the amount of charge transfer is equal to the number of dissolved
(oxidized) Ag atoms from the particles,*® we have (see SI):
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where p, my,, Ny, and 7, are density of silver, mass of silver atom,
Avogadro’s constant, and the original radius of the particle,
respectively. Eq 2 describes how the size of a nanoparticle
depends on time and potential. Note that the current model
assumes isotropic oxidation and dissolution of nanoparticles,
which fits the experimental data well for the spherical
nanoparticles studied in this work (see below). The effect of
crystal facets with different reactivity, especially in highly
anisotropic nanostructures (e.g,, rods), will be studied in a
more accurate way in future work.

In order to examine the oxidation kinetics predicted by the
above model, we performed the electrochemical oxidation
experiment at different electrode potentials, ranging from —75
to 100 mV (vs Ag/AgCl). Transient SPR image intensity curves
averaged over 50 individual nanoparticles at different electrode
potentials are shown in Figure 3A. The result shows that the
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Figure 3. Kinetics of electrochemical oxidation of single Ag nano-
particles. (A) Average transient plasmonic image intensity of Ag
nanoparticles at different electrode potentials (averaged over SO
nanoparticles). (B) Average dissolution time in logarithmic scale vs
electrode potential. (C) Average diameter of the Ag nanoparticles vs
time during dissolution. (D) Dissolution times of different nanoparticles
vs their diameters at —25 mV.

nanoparticles dissolved much faster at higher electrode
potentials, which can be understood quantitatively based on
the above model. According to eq 2, the average dissolution time
(tp) is given by:
t oo
D mAgNAkOea%(E—ED) 3)
so that the dissolution time in logarithmic scale decreases
proportionally to the overpotential. This prediction is in
excellent agreement with the experimental data shown in Figure
3B. From the slope of the plot in Figure 3B, the charge transfer
coefficient @@ was determined to be 0.59, which is in its normal
range from 0.3 to 0.7.7
Another prediction of the kinetic model is that the average size
(radius) of the nanoparticles decreases linearly with time during
the dissolution process, as described by eq 2. We determined the
transient size of each nanoparticle from the SPR image intensity
during the electrochemical oxidation using the calibration curve
in Figure 2F. The results as plotted in Figure 3C indeed show that
the average diameter of nanoparticles decreases linearly with
time at all electrode potentials. The slope of the linear
relationship, however, depends on the electrode potential,

which is also consistent with the kinetic model (see Figure S6,
SI).

The average size and dissolution time are in excellent
agreement with the kinetic model based on the Tafel equation
as discussed above. Because P-ECM allows the study of each
individual nanoparticles, we also studied the kinetics of individual
nanoparticles. Figure 3D plots the distribution of dissolution
time of 43 Ag nanoparticles of different sizes at —25 mV. The
average dissolution time is approximately proportional to the
nanoparticle diameter, however there is a large variation in the
dissolution time for a given size of the nanoparticles, which
underscores the importance of studying electrochemical
oxidation of each nanoparticle. We will return to this later.

In addition to studying the transient electrochemical oxidation
of individual nanoparticles, we performed linear sweep
voltammetry of single nanoparticles. For this study, Ag
nanoparticles were first immobilized on the electrode prior to
the electrochemical oxidation. Subsequently, the electrode
potential was swept linearly from —300 to +200 mV at a rate
of 20 mV/s. A movie of the entire process is provided in Movie
SS, SI, and Figure 4 presents a few snapshots during the potential
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Figure 4. Voltammetry of single nanoparticles. (A—D) Snapshots of the
dissolution processes of multiple Ag nanoparticles during a potential
cycle. (E) Plasmonic image intensity (black curve) and corresponding
electrochemical current (blue) of a single unmodified Ag nanoparticle vs
potential. (F) Peak potential of single Ag nanoparticle exhibits weak
correlation with the size of single nanoparticle. (G) Plasmonic intensity
(black) and corresponding electrochemical current (red) of a single
passivated Ag nanoparticle vs potential. (H) Correlation between
oxidation peak potentials and diameters of different Ag nanoparticles.
Blue dots: unmodified, and red dots: passivated Ag nanoparticles.

sweep. The image intensity of each nanoparticle decreases with
the increasing electrode potential, and eventually disappears. The
SPR image intensity for one of the nanoparticles is plotted vs the
electrode potential in Figure 4E (black curve). The correspond-
ing voltammogram is also shown in Figure 4E (blue curve),
which reveals a pronounced oxidation peak in the electro-
chemical current at ~ —140 mV.

Different nanoparticles show similar voltammograms, but the
oxidation peaks occur at different potentials for different
nanoparticles. Figure 4F plots the oxidation peak potentials of
37 nanoparticles with diameters varying from 35 to 80 nm, which
shows that on average the peak potential increases with the
diameter of the nanoparticle. This size dependence can be
understood based on the kinetic model described by eqs 1 and 2.
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As shown in the SI, the peak potential (E,) based on the kinetic
model is related to the nanoparticle radius (r,) according to

n 2.303RT rovanEp

E =E, 980
anF 3RTmAgNAk0 (4)

where v is potential sweep rate. The experimental data can be fit
with eq 4, with @ = 0.65 (red curve, Figure 4F). This a value is in
good agreement with the result from collision experiments under
constant potential, further validating the proposed oxidation-
induced dissolution model.

The average behaviors of the nanoparticles can be described
with the kinetic model described above, but the variation of the
oxidation peak potentials of the individual nanoparticles can be as
large as S0 mV. We believe that this variation is at least partially
due to the surface chemistry of the individual nanoparticles. In
order to confirm this hypothesis, we modified Ag nanoparticles
with cysteine, which provides a passivation layer to the
nanoparticles. The image intensity profile (black curve) and
the voltammogram (red curve) of a passivated nanoparticle are
shown in Figure 4G (see Movie S6, SI). Compared with
unpassivated nanoparticles, the oxidation peak potential shifts to
a higher value by as much as 150 mV. A more detailed
comparison of the oxidation peak potentials for cysteine-
modified and unmodified nanoparticles is given in Figure 4H,
which shows that the oxidation peak potentials of the former are
systematically higher than the latter.

The surface passivation may affect the electrochemical
oxidation by increasing the contact resistance between a
nanoparticle and the electrode surface. Based on the single
molecule conductance values measured by us with a break
junction method*® and the peak current measured here, the
estimated upper limit in the potential drop across the
nanoparticle-electrode interface is ~0.1 mV, which is insignif-
icant compared to the observed variation in the oxidation
potential. This consideration rules out the contact resistance as
the mechanism for the observed peak potential variation.
Another possible mechanism is the passivation of the nano-
particle surface with cysteine, which prevents rapid oxidation of
surface Ag atoms on the nanoparticle. We believe that impurity
or contaminant molecules on the surface of the nanoparticles will
shift the oxidation peak potential to a higher value.

We demonstrated a study of single nanoparticle electro-
chemistry using P-ECM. The spatial resolution of P-ECM
allowed us to resolve the electrochemical currents from
simultaneous collisions of multiple nanoparticles with an
electrode, study the oxidation kinetics of each individual
nanoparticle, and analyze the average oxidation kinetics of
many nanoparticles. It also allowed us to obtain precise size
information on the individual nanoparticles from the SPR image
intensity, making it possible to examine size-dependent electro-
chemical activities of single nanoparticles. In addition to
measuring transient current, we performed voltammetry of
single nanoparticles immobilized on the electrode and extracted
the oxidation peak potentials of individual nanoparticles. The
average electrochemical oxidation kinetics and its dependence on
the nanoparticle size could be quantitatively described with the
Tafel equation, but there was a large nanoparticle to nanoparticle
variation for a given size, which was attributed to the variation in
the surface chemistry of different nanoparticles. We believe that
the P-ECM capabilities demonstrated here can be applied to
study basic electrochemical processes and develop electro-
chemical applications of nanoscale materials.
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