CIS

A R T T CUL E S
Published on Web 02/11/2010
Electrochemical Responses and Electrocatalysis at Single Au
Nanoparticles

Yongxin Li, Jonathan T. Cox, and Bo Zhang*
Department of Chemistry, University of Washington, Seattle, Washington 98195-1700

Received November 5, 2009; E-mail: zhang@chem.washington.edu

Abstract: Steady-state electrochemical responses have been obtained at single Au nanoparticles using
Pt nanoelectrodes. A Au single-nanoparticle electrode (SNPE) is constructed by chemically immobilizing
a single Au nanoparticle at a SiO,-encapsulated Pt disk nanoelectrode, which was previously modified by
an amine-terminated silane. The Au SNPE has been characterized by transmission electron microscopy,
underpotential deposition of Cu, and steady-state cyclic voltammetry. It has been found that the presence
of a single Au nanopatrticle enhances the electron transfer from the Pt nanoelectrode to the redox molecules,
and the voltammetric response at the Au SNPE depends on the size of the Au nanoparticle. The Au SNPE
has been utilized to examine the oxygen-reduction reaction in a KOH solution to explore the feasibility of
measuring the electrocatalytic activity at a single-nanoparticle level. It has been shown that the
electrocatalytic activity of single Au nanoparticles can be directly measured using SNPEs, and the
electrocatalytic activity is dependent on the size of the Au nanoparticles. This study can help to understand

the structure—function relationship in nanoparticle-based electrocatalysis.

Introduction

Nanomaterials have received intensive research interest in
recent decades due to their unique structure-dependent properties
and potential applicationsin numerous fundamental and applied
fields.? For example, nanoparticles have been extensively
utilized as catalystsin chemical synthesis,® energy conversion,*®
and energy storage.® An important aspect of nanoparticles is
their structure-dependent catalytic activity.”® It has been shown
that the electrocatalytic activity of metal nanoparticles is
extremely sensitive to their sizes.® ** Due to differences in
electrochemical activity at different crystal surfaces, the shape
of the nanoparticles also greatly alters their functionality. For
example, the catalytic activity of Pt single crystals toward
oxygen-reduction reaction (ORR) in H,SO, at the { 110} surface
is significantly greater than that at the {100} and {111}
surfaces.*® There have been numerous research efforts reported
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to control the shape of metal nanoparticles to obtain optimized
activity in electrocatalysis.**° The composition of metal
nanoparticles also plays critical rolesin their catalytic activity. 202

Most current studies in electrocataysis rely on the use of
ensembles of nanoparticles to understand the structure—function
relationship.?>2* However, only averaged catalytic properties can
be obtained from such experiments. In a typica study, metal
nanoparticles are immobilized on a supporting electrode to form a
nanoparticle-array electrode, and then their electrochemical re-
sponses are measured as afunction of the particle structure.1>2°~2
The properties of metal nanoparticles can be complicated dueto a
combination of multiple effects, such as the interparticle spacing,®®
the qudity of the self-assembled monolayers (SAMs), and the size
digtribution of the particles. There are some excellent examples
reported to study the size effects of metal nanoparticles in
electrocatalysis using the array method. For example, the Crooks
group has shown that the catalytic activity of dendrimer-
encapsulated Pt nanoclusters increases with increasing size for
ORR.* The Zou group has measured the electrocatalytic activities
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at bare Au nanoparticles and found that the catalytic activity of
Au nanoparticles for the oxidation of CO reaches an optimized
value when they are about 4 nm.?®

Only afew attempts have been reported to directly measure
the faradic responses at individual nanoparticles. Bard et &l.
recently reported an innovative method to measure the diffusion-
limited faradic current at single Pt nanoparticles.® =2 In their
experiments, an inert ultramicroelectrode (carbon or gold) was
held at a potential where there is no apparent electrochemical
reaction occurring. However, when a collision between a Pt
nanoparticle and the ultramicroel ectrode happens, electrochemi-
cal reactions can be detected at the Pt surfaces. Chen’s group
recently reported a method of measuring the electrocatalytic
activity at individual metal nanoparticles and single carbon
nanotubes by single-molecule fluorescence.®* A challenge in
utilizing the above methods to correlate the structure—function
relationship is the subsequent structural characterization of the
same metal nanoparticles with high-resolution electron micros-
copy. Meanwhile, it could also be difficult to obtain an entire
current—voltage response at individual nanoparticles using these
methods.

It has become increasingly important to understand the
relationship between the functionality of nanoparticles and their
structure to more fully utilize the unique catalytic properties of
nanoparticles. However, it remains practicaly difficult to
attribute the catalytic activity to the structure of the nanopar-
ticles. To precisely correlate the structure and function of
nanoparticle catalysts, both electrochemical responses and high-
resolution structural characterizations are needed at a single-
nanoparticle level. Nanoel ectrodes could provide a particularly
useful avenue for this purpose due to their extremely small size.
Chen and Kucernak have recently reported the study of ORR
at single Pt nanoparticles electrodeposited on carbon nanoel ec-
trodes.®® Their results show that, using single Pt nanoparticles
between ~50 nm and 5 um, the effect of an ultrahigh mass-
transfer rate on the ORR can be readily studied. Interestingly,
they have shown that the ORR pathway can be aternated from
the regular direct reduction of oxygen (four-electron pathway)
toward indirect reduction (two-electron pathway) when the
particle size decreases from >5 um to ~50 nm due to higher
mass-transfer rates of H,O, at smaller particles.

Using Pt nanoelectrodes as small as 2 nm in radii, our group
has recently studied the electrochemical responses and €lectro-
catalytic activity at single Au nanoparticles. A Au single-
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Figure 1. Schematic drawing of a Au SNPE. ET is the abbreviation of
electron transfer.

nanoparticle electrode (SNPE) has been developed for these
studies by immobilizing a single Au nanoparticle at the surface
of a nanoelectrode. Figure 1 shows a schematic diagram of an
SNPE, in which a single Au nanoparticle is immobilized on a
Pt nanodisk. Between the Au nanoparticle and the Pt surface
are the silane linker molecules. Single Au nanoparticles in the
range of 10—30 nm in diameter have been chemically assembled
at the end of a Pt nanoelectrode using (3-aminopropyl)tri-
methoxysilane (APTMS) as the linker molecule. These novel
nanoelectrodes have been characterized using transmission
electron microscopy (TEM), underpotential deposition (UPD),
and steady-state voltammetry. ORR has been examined at single
Au nanoparticles using SNPEs. The steady-state voltammetric
responses and the electrocatalysis results show that the electron-
transfer kinetics at Au SNPEs is rapid and that the Au SNPEs
are excellent nanoprobes for studying electrocatalysis at asingle-
nanoparticle level. This research not only provides a new
electrochemical platform for investigating electrocatalytic na-
nomaterials, but also suggests a new electroanalytical nanoprobe
for many other research areas. For example, SNPEs could be
particularly useful in studying electron-transfer kinetics between
the nanoelectrode and the metal nanoparticles, therefore provid-
ing valuable information for molecular electronics and single-
nanoparticle electrochemical sensors.

Experimental Section

Chemicals. Potassium ferricyanide (KsFe(CN)g; Acros Organ-
ics), hexaammineruthenium(l11) chloride (Ru(NH3)eCls; Al-
drich), potassium chloride (KCl; Mallinckrodt Baker), APTMS
((CH30)3Si(CH,)3NH,; Gelest Inc.), (3-cyanopropyl)dimethyl-
chlorosilane (Cl(Me),Si(CH,)3CN; Fluka), and gold(l11) chloride
(HAUCI,-3H,0; Aldrich) were of reagent grade quality or better
and were used without further purification. All aqueous solutions
were prepared from >18 MQ -cm deionized water obtained from
a Barnstead Nanopure water purification system.

Pt Nanoelectrode Fabrication. The Pt nanoelectrodes were
fabricated using a laser-assisted pulling method,*® which involved
a four-step process as previously described.®”*® Briefly, an ul-
trasharp Pt nanowire tip (<10 nm) was first pulled from a Pt
microwire using a laser puller (P-2000, Sutter). A Pt microwire
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Scheme 1. Scheme for the Fabrication of the Au SNPE
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between 5 and 25 um was prepared by electrochemically etching
a 25 um Pt wire (Alfa Aesar) in a6 M NaCN solution containing
0.1 M NaOH. The Pt nanowire tip was visualized using a 400x
magnification microscope (Olympus, BX51).

The Pt nanowire tip was exposed to make a Pt disk nanoelectrode
by a special sealing/polishing process. The pulled Pt nanowire tip
was sealed into a borosilicate glass tube (2 mm o.d., Sutter) under
in-house vacuum using a hydrogen flame. To expose the Pt
nanowire tip, the sealed end was polished using regular sandpaper
and alumina suspension on a polishing cloth. The whole process
was monitored by using an optical microscope and a homemade
ultrasensitive continuity tester to ensure the polishing stops when
the very end of Pt is exposed.® The size of the Pt nanoelectrode
can be calculated from the diffusion-limited steady-state current
obtained in a redox solution.3%°

Preparation and Characterization of Gold Nanoparticles. Au
nanoparticlesin the range of 10—30 nm in diameter were prepared
by the reduction of HAUCI, with sodium citrate.*"*? All glassware
was thoroughly cleaned with a fresh piranha solution (1:3 H,O,/
H,S0O,) (caution: piranha solution reacts violently with organic
materials; all procedures must be carried out in a ventilation hood
with proper eye and hand protection) and rinsed thoroughly with
water before use. In atypical synthesis of ~14 nm Au nanoparticles,
50 mL of HAuCI, solution (0.01%, m/v) was brought to a vigorous
boil with stirring in a round-bottom flask fitted with a reflux
condenser, and 1.8 mL of sodium citrate solution (1%, m/v) was
then rapidly added to the flask. The heating and stirring were
continued for 15 min, and then the solution was allowed to cool to
room temperature with continuous stirring and stored at 4 °C until
use. Larger nanoparticles were prepared by reducing the molar ratio
of sodium citrate to HAUCl, in the synthesis. The average sizes of
the nanoparticles were determined from TEM characterizations
(Supporting Information).

Fabrication of Au SNPEs. The general strategy for the
fabrication of Au SNPEs is depicted in Scheme 1. Starting from a
Pt disk nanoelectrode, the silanization of the silica surfaces with
Cl(Me),Si(CH2)sCN was described by Wang et al.** Following the
exposure of the Pt nanodisk, the electrode was rinsed completely
in H,0, EtOH, CH3CN, and H,0 and then soaked in 1.0 M HNO;
for 10 min. The eectrode was rinsed with H,O and CH;CN and
then immersed overnight in a CH3CN solution containing ~2%
(v/v) CI(Me),Si(CH_)sCN. After that, the electrode was rinsed with
CH3CN and H,O again.

The modification of the Pt nanodisk with silane was carried out
according to previous methods provided by Murray et a.**~4¢ with
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Figure 2. TEM image of a single Au nanoparticle immobilized on a Pt
nanoel ectrode.

dlight modifications. The Pt nanoelectrode from the previous step
was cleaned by rinsing with ethanol and water. A layer of Pt oxide
was generated by applying a potential of 1.20 V vs Ag/AgCl in
0.5 M H,SO, until the oxidation current decayed to zero, whereupon
the electrode was removed from the H,SO, solution while still under
potential control (1.20 V), rinsed thoroughly with water, and dried
at ca. 50 °C for 30—60 min. The oxidized Pt (PtO) nanoelectrode
was placed in an anhydrous toluene solution containing ca. 5%
(CH30)3Si(CH,)sNH, for ~30 min under N, protection. The
silanized PtO surface was then rinsed thoroughly with toluene,
CH5CN, and water.

In the last step, the silane-modified Pt nanoelectrode was
immersed into a solution of Au nanoparticles (as-prepared from
previous synthesis) overnight at room temperature, and then was
rinsed well with water and subjected to electrochemical
measurements.

Electr ochemical M easurements. A Chem-Clamp voltammeter—
amperometer (Dagan) was used as the potentiostat in all electro-
chemical measurements. The potentiostat was interfaced to a Dell
PC through a PCI-6521 data acquisition board (Nationa Instru-
ments) via a BNC-2090 analog breakout accessory (National
Instruments). Voltammetric data were recorded using in-house
virtual instrumentation written in LabView 8.5 (National Instru-
ments). A one-compartment, two-electrode cell was employed with
the cell and preamplifier in a home-built Faraday cage. A Ag/AgCl
electrode (Bioanalytical Sciences, Inc.) was used as the reference
electrode.

Transmission Electron Microscopy. TEM images of Au
nanoparticles, SiO,-coated Pt nanoelectrodes, and Au SNPEs were
acquired on a Tecnai G2 F20 (FEI) microscope. The imaging of
the Au nanoparticles was carried out on a carbon film (Ted-Pella).
Pt nanoel ectrodes and Au SNPEs were mounted on a Cu grid (SPI)
using Ag paint (SPI) before TEM imaging. No additional coatings
were performed prior to imaging of the nanoelectrodes or SNPEs.

Results and Discussion

TEM Characterization of Au SNPEs. One of the challenges
in correlating the catalytic function to the structural character-
istics of nanoparticles is the direct high-resolution imaging of
single nanoparticles. TEM is one of most popular methods to
provide atomic resolution structural information of nanopar-
ticles.*” The application of ultrasmall Pt nanoelectrodes has
made it possible to directly characterize single Au nanoparticles
with TEM. Figure 2 shows an example of a TEM image of a
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single Au nanoparticle immobilized on a Pt nanoelectrode. It
can be seen from the TEM image that a single Au nanoparticle
is attached on the Pt disk. The immobilization is mainly due to
the electrostatic interaction between the Au nanoparticle and
the amino-terminated surface.”®*° The Pt nanodisk has been
mesasured to be ~10 nm, while the Au nanoparticleis ~15 nm
in diameter. Some other Au nanoparticles can also be found on
the SIO, surfaces far away from the Pt disk possibly due to
physical adsorption. The ability of directly imaging single
nanoparticles chemically attached at a nanoelectrode isimportant
for the correlation of the structure of the nanoparticle with its
functionality.

The Pt nanoelectrode used in Figure 2 was prepared by
polishing the Pt nanotip directly on a polishing surface.>® In
our polishing procedure, due to bending of the Pt tip upon
contacting the polishing surface and/or mechanical vibration,
most of the Pt nanoelectrodes show discontinuity in the Pt
nanowires. Therefore, we should point out that we had a low
success rate (<5%) in preparing useful ultrasharp Pt nanoelec-
trodes for TEM imaging. To obtain TEM images at even higher
resolutions, a smaller tip dimension is preferred. We believe
that these smaller ultrasharp Pt nanoel ectrodes can be prepared
by focused ion-beam (FIB) milling.>*

UPD of Cu at Au SNPEs. UPD of Cu has been carried out at
Au SNPESs to estimate the size of the nanoparticle electrodes.
UPD has been widely applied to measure the areas of various
electrodes.®> A monolayer of adatoms is formed in the UPD
process, which allows for an easy calculation of the electrode
area based on the charge needed to strip the adatoms. Ag,**
Pb,>* and Cu®>® are often utilized in UPD at various electrode
surfaces. Very recently, Mirkin's group reported the character-
ization of nanometer-sized Pt electrodes using Cu UPD.*’

To estimate the geometric area of a single Au nanoparticle
immobilized at the Pt nanoelectrode, a monolayer of Cu adatoms
has been first deposited at the Au SNPE.>8° Before stripping,
the Au SNPE was held in a 10 mM CuSO, solution at 0 V (vs
Ag/AgCl) for atime period between 10 s and 5 min. Then the
electrode was scanned at 100 mV/s from 0 to 0.6 V (vs Ag/
AgCl) to oxidize the Cu adatoms. Figure 3a shows a series of
voltammetric responses of a Au SNPE after UPD of Cu for
different time durations. The amount of charge for the oxidation
of Cu has been integrated for each case in Figure 3a. Figure 3b
shows the amount of charge plotted as a function of the holding
time. One can see that the Cu deposition at the Au SNPE takes
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Figure 3. (&) Voltammetric responses of underpotential deposited copper
from a 24 nm Au SNPE (Pt electrode diameter ~10 nm, scan rate 100
mV/s). Before stripping, the electrode was held at 0 V vs Ag/AgCI for
10s,20s,30 s, 1 min, 2 min, 3 min, 4 min, and 5 min. (b) Relationship
between the charge obtained from each stripping peak and the UPD holding
time. The scale bars in (a) are 3 pA.

~120 s to saturate the Au surfaces. The surface area of the Au
nanoparticle was estimated on the basis of the number of Cu
adatoms needed to saturate the Au surface. A 410 uClcm?
conversion factor was used to calculate the surface area of the
SNPE.%” From Figure 3, the radius of the Au nanoparticle has
been determined to be ~84 nm, which is ~7 times larger than
the average radii of the Au colloids (12 nm). The corresponding
roughness factor (~50) suggests that Cu UPD, most likely, took
place on the lateral surface of the Pt wire®>” A very long
saturation time (~2 min) required for Cu UPD indeed supports
this conclusion.

Voltammetric Responses of Au SNPEs in H,SO,. The pres-
ence of asingle Au nanoparticle at the Pt nanodisk electrode
can be indicated by continuous sweeping in a 0.5 M H,SO,
solution. Figure 4a displays the voltammetric responses of a
24 nm Au SNPE in a0.5 M H,S0O, solution. One can notice
the major differences between the initial scans and the
subsequent scans in Figure 4a. Initialy, the voltammetric
response shows a cathodic peak around +0.67 V and an
anodic peak around +1.12 V, which we believe correspond
to the reduction of gold oxide to Au and the subsequent
oxidation of Au,®® respectively, indicating the presence of

(60) Cadle, S. H.; Bruckenstein, S. Anal. Chem. 1974, 46, 16-20.
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Figure 4. (@) Voltammetric responses of a 24 nm Au SNPE in a 0.5 M
H,SO, solution after 1st time scanning (black), 10th time scanning (red),
50th time scanning (green), 200th time scanning (blue), and 500th time
scanning (purple) (scan rate 100 mV/s). (b) Voltammetric response of a
bare Pt disk nanoelectrode in a 0.5 M H,SO, solution (electrode radius
~10 nm, scan rate 100 mV/s).

Au at the nanoelectrode. The cathodic peak potential for Au
is slightly lower than previously reported (~0.8 V vs Ag/
AgCl), which may possibly be due to the small size of the
Au nanoparticle. In fact, Ivanova and Zamborini have recently
reported that the oxidation potential for Ag nanoparticles
shifts negatively as the nanoparticle size decreases.®* In the
following cycles, the above anodic and cathodic peaks were
observed to decrease gradually and eventually disappear after
~200 cycles of scanning (the blue curve), which could be
due to the dissolution of Au after continuous sweeping.®°
However, one should also notice the appearance of a new
cathodic peak (the green curve) at 0.28 V vs Ag/AgCl, which
gradually increased with increasing sweep numbers (purple
curve). We believe this new cathodic peak is originated from
the reduction of platinum oxide at the Pt surface® %
indicating the possible reappearance of Pt after removal of
the Au and the silane layer by sweeping. The cathodic peak
located at around 0.28 V vs Ag/AgCl in Figure 4a is also
lower than the cathodic potential previously reported for Pt
in H,SO,. The reason may be the small size of the Pt
electrode. In fact, the cyclic voltammogram of a bare Pt
nanoelectrode (radius ~10 nm) in H,SO, is given in Figure
4b. It can be seen that the cathodic peak position is extremely
similar to the cathodic peak position in Figure 4a. The size
of the Au nanoparticle at the SNPE has been estimated to be
~38 nm in diameter, calculated from the number of Au atoms
from the cathodic peak at 0.67 V in Figure 4a, which is larger
than the average diameter (24 nm) of the Au nanoparticles
used in preparing the electrode. However, this result does
indicate the presence of both Au and Pt at the Au SNPEs.

(61) Ivanova, O. S.; Zamborini, F. P. J. Am. Chem. Soc. 2010, 132, 70—
72
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(63) Biegler, T.; Rand, D. A. J;; Woods, R. J. Electroanal. Chem. 1971,
29, 269-277.
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Figure 5. Voltammetric responses of a 25 um Pt microelectrode in a 5.0
mM K3Fe(CN)g solution containing 0.2 M KCI before modification (black),
after modification with APTMS (blue), and after modification with 14 nm
Au nanoparticles (red) (scan rate 10 mV/s).

Steady-State Voltammetric Response at Au Nanoparticle Ar-
rayson a Pt Microelectrode. Figure 5 displays the voltammetric
responses at 10 mV/s of a 25 um Pt microelectrode before
modification (black), after modification with APTMS (blue),
and after modification with 14 nm Au nanoparticles (red). The
diffusion-limited steady-state current at the Pt microelectrode
has been reduced significantly after modification with APTMS
due to the blocking of the electron transfer by the silane layer.
However, when the Au nanoparticles are assembled at the
modified Pt electrode, the steady-state limiting current is greatly
increased. One should notice that the steady-state current at the
Au nanoparticle array isonly 30% of the total current observed
at the bare Pt electrode possibly due to arelatively low density
of coverage. It has been reported that increasing the particle
density can increase the peak current at an array of Au
nanoparticles assembled on amacroscopic electrode.®® However,
the peak current obtained at the bare electrode should represent
the maximum possible current on nanoparticle arrays on the
same electrode. In the case of a single Au nanoelectrode,
however, the diffusion-limited steady-state current can actually
exceed that obtained at the bare nanoelectrode, as shown in the
following experiments.

Steady-State Voltammetric Response at Au SNPEs. The Au
SNPEs have been examined using steady-state cyclic voltam-
metry. Figures 6 and 7 show a comparison of the steady-state
voltammetric responses of Au SNPES, APTMS-modified Pt
nanoelectrodes, and bare Pt nanodisks in agueous solutions
containing 5 mM Fe(CN)g®~ (Figure 6) and 5 mM Ru(NH3)s>"
(Figure 7). From Figure 6a, for example, it can be seen that a
typical sigmoidal shaped voltammetric response was observed
using an 8 nm bare Pt disk nanoelectrode (black). After
modification with APTMS at the Pt, the steady-state limiting
current was greatly reduced (red), indicating the blockage of
electron transfer due to the silane modification. However, when
a 14 nm Au nanoparticle was immobilized at the surface of the
Pt, the limiting current was greatly enhanced (green). Similar
enhancements have been previously reported using an array of
Au nanoparticles at macroscopic electrodes.®® 8 It isinteresting
to note that the inhibition of the voltammetric current for the
nanoelectrode is different from that for 25 um electrodes. For

(65) Diao, P.; Guo, M.; Zhang, Q. J. Phys. Chem. C 2008, 112, 7036—
7046.
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Figure 6. Voltammetric responses of 5.0 mM K3Fe(CN)sina 0.2 M KCl
solution using bare Pt electrodes (black), APTMS-modified Pt electrodes
(red), and Au SNPEs (green) (scan rate 10 mV/s). The diameters of the Pt
electrodes and the Au SNPEs are about 8.0 and 14 nm (&), 9.0 and 18 nm
(b), and 9.0 and 24 nm (c), respectively.

the 25 um electrode, the silane modification results in around
80% inhibition of the limiting current from Figure 5. However,
the inhibition is typically around 30—70% at nanoelectrodes as
shown in Figures 6 and 7. We believe that the inhibition of the
voltammetric current at the silane-modified electrodes is mainly
due to an increase in the electron-transfer resistance caused by
the increase in the electron-transfer distance, which is due to
the presence of the silane SAM. The formation of high-quality
silane SAMs is possibly easier at a microelectrode than at a
nanoel ectrode of less than 5 nm with more edge areas relative
to the total surface at the nanoelectrode. Therefore, we believe
the difference in the current inhibition at the microelectrode
and the nanoelectrode is mainly due to more defects/edges in
the SAMs at the Pt nanoel ectrodes.

Another interesting aspect is that the voltammetric response on
adlane-modified el ectrode shows a noticeable shift in Ey, relative
to the bare Pt nanodectrode, indicating that the voltammetric
response is more irreversible at the silane-modified electrode than
at the bare Pt eectrode. For example, Figure SI2 (Supporting
Information) gives a comparison of the normalized i —V responses
of Figure 6b. A ~30 mV potential shift can be seen from Figure
SI2 for the APTMS-modified Pt electrode. However, E;;, of the
i—V response for the Au SNPE is approximately the same as that
of the bare Pt, which indicates that the éectron-transfer kinetics at
the Au SNPE is rapid.

The steady-state current shown in Figure 6a has been
significantly enhanced compared to that collected from the bare
Pt nanoelectrode, which might be due to the larger size of the
14 nm Au nanoparticle relative to the disk Pt nanoelectrode
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Figure 7. Voltammetric responses of 5.0 mM Ru(NH3)¢Cl; in @ 0.2 M
KCl solution using bare Pt electrodes (black), APTMS-modified Pt
electrodes (red), and Au SNPEs (green) (scan rate 10 mV/s). The diameters
of the Pt electrodes and the Au SNPEs are about 7.5 and 14 nm (a), 6.8
and 18 nm (b), and 6.2 and 24 nm (c), respectively.

(diameter 8 nm). Parts b and ¢ of Figure 6 show similar
responses at Au SNPEs prepared using 18 and 24 nm Au
colloids, respectively. Similar steady-state voltammetric re-
sponses have also been observed using Ru(NHz)s*" as the redox
species, as shown in Figure 7. The diffusion-limited steady-
state current at the Au nanoparticle electrode is significantly
greater than that at the Pt nanodisk electrode due to the larger
size of the Au compared to the Pt.

The magnitude of the steady-state limiting current has been
found to be determined by the size of the Au nanoparticle and
to be less dependent on the size of the Pt nanoelectrode. The
steady-state limiting current, iy, at the Au nanoparticle electrode
can be estimated using the following equation, assuming a
spherical geometry at an infinitely large surface:

ig = 27(In 2)nFDC,a @

where F is the Faraday constant, D and C, are the diffusion
coefficient and bulk concentration of the redox molecule, n is
the number of electrons transferred per redox molecule, and a
is the radius of the Au nanoparticle. The steady-state limiting
currents at Au SNPEs have been obtained from the voltammetric
responses in a5 mM Fe(CN)¢®~ solution, as listed in Table 1.
Also listed in Table 1 are the values calculated using eq 1 on
the basis of the average size of the Au nanoparticle observed
from TEM characterizations, as shown in Figure S| 1 (Supporting
Information). At least five Au SNPEs have been utilized to
obtain each voltammetric datum shown in Table 1. From Table
1, it can be seen that the steady-state limiting current at the Au
SNPE measured from cyclic voltammograms (i) is in fairly
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Table 1. Comparison between the Measured and Calculated
Steady-State Limiting Currents at Au SNPEs in 5 mM Fe(CN)g®~ 2

Table 2. Electrocatalytic Activity for ORR Using Bare Pt
Nanoelectrodes and Au SNPEs?

14 nm diameter Au 18 nm diameter Au 24 nm diameter Au

iov (PA) 135+ 1.1 162+ 28 24+24
icaca (PA) 119427 153+ 3.3 194+ 238
difference (%) 134 59 15.4

@ The measured values were obtained from steady-state voltammetry,
and the calculated values were obtained from eq 1 on the basis of TEM
characterizations.
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Figure 8. (&) Voltammetric responses of a0.10 M KOH solution using an
18 nm Au SNPE (black), an APTMS-modified Pt nanoelectrode (green),
the bare Pt nanoel ectrode after oxygen is bubbled (red), and an 18 nm Au
SNPE after nitrogen is bubbled (cyan). (b) Voltammetric responses of an
oxygen-saturated 0.10 M KOH solution using a bare 7 nm diameter Pt
nanoel ectrode (black), a 14 nm Au SNPE (red), an 18 nm Au SNPE (green),
and a 24 nm Au SNPE (blue). The scan rate was 10 mV/s.

good agreement with that estimated from TEM characterizations
using eq 1 (ica) for the 14, 18, and 24 nm Au nanoparticles.
The measured limiting currents are 13.4%, 5.9%, and 15.4%
greater than those calculated from the 14 nm, 18 nm, and 24
nm nanoparticles, respectively. We are not entirely sure why
the measured limiting current is greater than that estimated from
the size of the nanoparticles. We speculate that the Pt electrode
could possibly contribute to the measured faradic response.
There are severa possible methods to prevent the supporting
nanoel ectrode from contributing to the faradic responses. The
first method is to decrease the size of the Pt nanoelectrode so
that redox molecules will not be able to reach the supporting
electrode due to hindrance from the nanoparticle. Second, longer
silane linker molecules could be used to further decrease electron
transfer between the Pt and the redox molecules. Alternatively,
an inert electrode material could be used as the supporting
electrode so that faradic processes can only happen at the
nanoparticles, 333

Oxygen Reduction at Single Au Nanoparticles. One of our
goals in developing SNPEs is to study the structure—function
relationship in nanoparticle-based electrocatalysis. To demon-
strate that electrocatalytic responses can be obtained at a single-
nanoparticle level, we have measured the voltammetric responses
of the Au SNPEs in ORR. Figure 8a displays a comparison of the
steady-state voltammetric responses in an oxygen-saturated aque-
ous solution containing 0.10 M KOH of the same Pt nanoelec-

bare Pt 14 nm Au 18 nm Au 24 nm Au

electrode electrode electrode electrode
iim (PA) 1.04+0.2 174+04 20+03
Eyp (MV) —365+ 25 —130+ 17 —75+ 10 -35+7
iim/a (pA/nm) 0.14 0.19 0.17

2 Pt electrode size ~7.0 nm in diameter, CV scan rate 10 mV/s.

trode before (red) and after (green) modification with APTMS
and the corresponding 18 nm Au SNPE (black). The cyan curve
in Figure 8a shows the voltammetric response of the Au SNPE
in the same solution after degassing with a flow of N,. In a
0.10 M Os-saturated KOH solution, the bare Pt nanoelectrode
exhibits a two-step process for oxygen reduction with onset
potentials of ca. —0.35 and —1.0 V (not shown), respectively,
indicating a two-step four-electron reduction pathway of O, to
OH~ (through HO,~ as an intermediate).®*~"* When a silane
monolayer is attached at the Pt electrode, the half-wave potential
for oxygen reduction is shifted to about —0.60 V and the limiting
current is decreased significantly, which indicates that the ORR
is significantly hindered by the silane monolayer. However, the
Au SNPE exhibits a one-step process for the ORR with an
increased limiting current than that obtained at the bare Pt
nanoelectrode, and the process has a four-electron pathway. %72
Moreover, it can be seen that the half-wave potential for the
ORR at the Au SNPE is shifted to —0.07 V compared to that
of the bare Pt nanoelectrode. From the above results, it can be
concluded that the Au SNPE has good electrocatalytic activity
for the ORR.

The electrocatalytic activity for the ORR has been compared
at Au nanoparticles of different sizes. Figure 8b shows a
comparison of the voltammetric responses in an oxygen-
saturated aqueous solution containing 0.10 M KOH of a bare
Pt nanoel ectrode (black) and three Au SNPEs of different sizes
(14 nm Au SNPE (red), 18 nm Au SNPE (green), and 24 nm
SNPE (blue)). It can be seen that the steady-state limiting current
increases with increasing size of the Au nanoparticle. The half-
wave potentials at larger Au nanoparticles are also shifted to
higher potentials, indicating higher catalytic activity at larger
Au nanoparticles. A summary of the steady-state limiting current
and the half-wave potential at three different Au SNPEsisgiven
in Table 2. The average limiting currents have been found to
be 1.0, 1.7, and 2.0 pA for the 14, 18, and 24 nm Au SNPEs,
respectively. The half-wave potentials have been shifted from
~—365 mV at the bare Pt nanoelectrode to —130 mV at the 14
nm SNPEs, —75 mV at the 18 nm SNPEs, and —35 mV at the
24 nm SNPEs.

The peak current has been utilized to compare the electro-
catalytic activity of nanoparticle arrays at macroscopic elec-
trodes. However, unlike macroelectrodes for which the peak
current is proportional to the surface area,” the limiting current
is proportional to the radius of the electrode for a spherical
nanoelectrode. Therefore, the steady-state limiting current should

(69) El-Desb, M. S.; Sotomura, T.; Ohsaka, T. Electrochem. Commun. 2005,
7,29-34.
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292.
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be normalized to the radius of the Au nanoparticle to estimate
the electrocatalytic activity for ORR, and the results are also
listed in Table 2. It can be seen that the normalized steady-
state limiting currents are 0.14, 0.19, and 0.17 pA/nm for the
14, 18, and 24 nm Au nanoparticles, respectively. The 18 nm
Au nanoparticles show slightly better electrocatalytic activity
for ORR than the 14 and 24 nm particles. The haf-wave
potentials for ORR at the Au nanoparticles are significantly
higher than that at the bare Pt nanodisks, indicating higher
electrocatalytic activity at the Au nanoparticles than at the Pt
disks. Further investigation of the half-wave potentials from
Table 2 indicates that the 24 nm Au nanoparticles possibly have
higher catalytic activity than the smaller nanoparticles due to a
dlightly higher half-wave potential toward ORR. Further experi-
ments are needed to quantitatively understand how the volta-
mmetric responses of the Au nanoparticles could depend on
the size and the material of the nanodisk and the properties of
the linker molecules. These experiments are ongoing in our
[aboratory.

Conclusions

We have demonstrated the construction and characterization
of the Au SNPPE. The Au SNPE has been characterized by means
of TEM, steady-state voltammetry, and UPD. It has been shown
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that the presence of a single Au nanoparticle can greatly enhance
the electron transfer from the Pt to the redox molecules. The
voltammetric response at Au SNPE depends more on the size
of the Au nanoparticle than the size of the Pt nanoelectrode.
The Au SNPE has been utilized to examine the ORR in aKOH
solution to explore the feasibility of comparing electrocatalytic
activity at a single-nanoparticle level. It has been found that
Au SNPEs exhibit good size-dependent electrocatalytic activity
toward ORR, which could also beaffected by the Pt nanoel ectrodes.
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