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In fuel cells, both the oxidation of small organic fuel
molecules at the anode and the reduction of oxygen at the
cathode necessitate effective electrocatalysts to achieve the
current density needed for practical applications. Toward this
end, platinum metal and platinum-based alloys have been
examined extensively as active catalysts for both anode and
cathode reactions. However, despite extensive research
progress, wide-spread commercialization of fuel cells has
been hindered by the sluggish reaction dynamics and by the
high cost and limited supply of platinum. Therefore, in recent
years, a number of studies have focused on non-platinum
electrocatalysts.[1–5]

Compared to the platinum-group metals, bulk gold has
attracted little attention in electrocatalysis, largely because of
its poor catalytic performance. However, when the dimen-
sions of the gold catalysts are diminished to the nanoscale, the
materials properties exhibit a dramatic deviation from those
of bulk Au.[6] Consequently, nanosized gold particles (diam-
eters smaller than 10 nm) have been examined rather
extensively as active catalysts for CO oxidation[7–9] and
oxygen reduction.[10,11] The unusual catalytic activity of gold
nanoparticles has been largely accounted for by the high
fraction of surface atoms with low coordination numbers,
which can be manipulated readily by altering the nanoparticle
dimensions. Therefore, several studies have evaluated the
effect of size on nanoparticle catalytic activity;[7, 12,13] however,
most of these earlier studies focused on Au nanoparticles that
are larger than 2 nm in diameter. More recently, Herzing
et al.[14] observed high catalytic activity in CO oxidation with
gold clusters containing only about 10 gold atoms (ca. 0.5 nm
in diameter). This work suggests that sub-nanometer-sized
gold clusters might represent a unique class of catalysts that
deserve further investigation.

Within this context, we prepared a series of Au nano-
clusters with 11 to 140 gold atoms in the cores (0.8 to 1.7 nm in
diameter) and carried out detailed electrochemical studies in
alkaline media to evaluate the size effect on the electro-
catalytic activity in oxygen reduction. It should be noted that

oxygen electroreduction is a reaction of tremendous interest
for both basic research and technological applications in fuel
cells, and previous work on the electrocatalysis of gold
nanoparticles in oxygen reduction has mainly concentrated on
much larger particles, the performance of which is generally
poor.

Gold nanoclusters of varied sizes were first prepared
according to well-established synthetic protocols (see the
Supporting Information). Their detailed structures were
examined by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry.[15–22] Note that it is difficult to
study ultrasmall nanoparticles in the (sub)nanometer regime
by TEM, and MALDI mass spectrometry has emerged as an
indispensable tool in the accurate assessment of the particle
core size. Figure 1 depicts a series of mass spectra of the

various Au clusters. In Figure 1A, the broad peak between 4
and 6 kDa is assigned to the Au11Cl3(PPh3)8 clusters (a series
of sharp peaks at lower mass, below 2 kDa, were also
observed, which were ascribed to Au5, Au9, and Au10 clusters
that arose from desorption and ionization of the Au11 clusters
by laser irradiation).[18] In Figure 1B, the peak at around
7.2 kDa is in good agreement with the mass of
Au25(SCH2CH2Ph)18 clusters, and those at lower mass corre-
spond to the main fragments of the Au clusters as a result of
laser irradiation. Figure 1C shows the mass spectrum of
Au55(PPh3)12Cl6 with a dominant maximum around 12 kDa.
The peak spacing of about 400 Da might be attributed to the
successive loss of two Au atoms between the fragments.[23] In

Figure 1. Positive MALDI-TOF mass spectra of A) Au11, B) Au25,
C) Au55, and D) Au140 nanoclusters with a trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) matrix.
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Figure 1D, the dominant maximum increases to 31.5 kDa, in
good agreement with the molecular weight of the Au140(S-
(CH2)5CH3)53 clusters. It should be noted that these mass
spectrometric profiles are all consistent with previous studies
in the quantitative determination of gold nanocluster core
dimensions.[16, 18–20, 22] UV/Vis absorption spectroscopy meas-
urements further confirmed the variation of the nanocluster
core size (Figure S1 in the Supporting Information).

The electrocatalytic activity of these Au nanoclusters in
oxygen reduction was then examined by cyclic voltammetry.
The same amount by mass of gold nanoclusters was loaded
onto a glassy carbon electrode (referred to as Aux/GC), and
all the currents were normalized to the effective Au surface
areas, which were determined from the charge needed to form
a gold surface oxide monolayer according to the oxygen
adsorption measurement method.[24] Figure 2 shows the cyclic

voltammograms of the Aux/GC electrode in an aqueous
solution of 0.1m KOH that was saturated with either N2 or O2

at a potential sweep rate of 0.1 V s�1. First, it can be seen that
with the Au11/GC electrode in the N2-saturated solution (thin
solid curve), the voltammetric currents were featureless
within the potential range of�1.2 to + 0.2 V (other electrodes
showed similar results, not shown). In contrast, when the
electrolyte solution was saturated with O2, obvious reduction
current started to appear with a rather well-defined cathodic
peak, suggesting electrocatalytic activity of the gold nano-
clusters in oxygen reduction.

It should be noted that the onset potential and peak
current density, two important parameters in the quantitative
assessments of electrocatalytic performance, vary sensitively
with the core size of the Au clusters. For instance, for Au11

clusters, the onset potential of O2 reduction was found to be
approximately �0.08 V and the peak current density to be
2.4 mAcm�2. However, for Au140 clusters, the onset potential
shifted cathodically to �0.22 V, and the reduction peak
current diminished to below 1.0 mAcm�2. The catalytic
activity of the Au25 and Au55 clusters appears to be in the
intermediate range. That is, within the present experimental
context, the electrocatalytic activity for O2 reduction
increases with decreasing core dimension of the gold nano-

clusters, with Au11 clusters being the most effective electro-
catalysts.

Mechanistically, oxygen adsorption on the catalyst surface
is the first step in electroreduction. Yet little O2 can be
adsorbed on bulk Au surfaces,[25] which is the main reason that
bulk Au is not an active metal catalyst for oxygen reduction.
However, for Au nanoparticles, the much lower coordination
number of the surface atoms renders the nanoparticle
surfaces more active than their smooth bulk counterparts.
Therefore, their enhanced catalytic activity as described
above may be ascribed, at least in part, to the large fraction
of surface Au atoms with low coordination numbers. Fur-
thermore, recent theoretical studies[26, 27] have shown that with
decreasing core size of Au nanoclusters, the d bands become
narrowed and shift towards the Fermi level. This finding
suggests that smaller Au clusters are energetically more
favorable for O2 adsorption, which may also account for the
experimental results presented above. In fact, in a recent
study of CO oxidation with gold nanocrystals using atomic-
resolution scanning transmission electron microscopy,[14] it
was found that the 0.5 nm Au clusters (ca. 10 gold atoms)
were the actual contributors to the high activity for CO
oxidation. Additionally, the fluxionality of nanosized metal
particles may also contribute to the enhanced adsorption of
oxygen.[28]

To further examine the effect of the core size of gold
nanoclusters on their electrocatalytic activity in oxygen
reduction, the reaction kinetics were evaluated and compared
by rotating-disk voltammetry. Figure 3A shows the rotating-
disk voltammograms of oxygen reduction recorded at the
Au11/GC electrode in an oxygen-saturated 0.1m KOH solution

Figure 2. Cyclic voltammograms of the Aux/GC electrodes (x = 11, 25,
55, and 140) in 0.1m KOH saturated with oxygen and of the Au11/GC
electrode in N2-saturated 0.1m KOH solution (thin solid curve).
Current density was calculated by normalizing the voltammetric
currents to the effective Au active surface areas. Potential scan rate
0.1 Vs�1.

Figure 3. A) Rotating-disk voltammograms recorded for a GC electrode
modified by Au11 clusters in aqueous 0.1m KOH saturated with oxygen
at different rotation rates. B) Koutecky–Levich plots ( J�1 vs. w�

1=2) at
different electrode potentials. DC ramp 20 mVs�1. Symbols are exper-
imental data obtained from (A), and lines are linear regressions.
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at different rotation rates (from 225 to 3600 rpm). The current
density plateaus are much better defined than those with
larger Au nanoparticles;[13, 29] overall, the voltammetric pro-
files are similar to those observed with Pt (or Pt-alloy)-based
electrodes,[4] in which the current density increases with
increasing rotation rates. The onset potential of oxygen
reduction can be found to be approximately �0.1 V, which is
close to that obtained from cyclic voltammetric measure-
ments in Figure 2 (�0.08 V). Figure 3 B depicts the corre-
sponding Koutecky–Levich plots (J�1 vs. w�1/2, see below) at
various electrode potentials. It can be seen that the data
exhibit good linearity, and the slopes remain approximately
constant over the potential range of �0.58 to �0.30 V, thus
suggesting consistent electron transfer for oxygen reduction
at different electrode potentials. The linearity and parallelism
of the plots is usually taken as an indication of first-order
reaction kinetics with respect to dissolved O2. The kinetic
parameters can be analyzed with the Koutecky–Levich
equations [Eqs. (1)–(3)]:

1
J
¼ 1

JL
þ 1

JK
¼ 1

Bw1=2 þ
1

JK
ð1Þ

B ¼ 0:62 n F CO DO
2=3 n�1=6 ð2Þ

JK ¼ n F k CO ð3Þ

where J is the measured current density, JK and JL are the
kinetic and diffusion limiting current densities, respectively, w

is the electrode rotation rate, n is the overall number of
electrons transferred in oxygen reduction, F is the Faraday
constant, CO is the bulk concentration of O2 dissolved in the
electrolyte, DO is the diffusion coefficient of O2, n is the
kinematic viscosity of the electrolyte, and k is the electron-
transfer rate constant. According to Equations (1) and (2),
the number of electrons transferred (n) and JK can be
obtained from the slope and intercept of the Koutecky–
Levich plots, respectively. For instance, at the Au11/GC
electrode the number of electrons transferred was estimated
to be 3.9 per O2 molecule by using the values of CO = 1.2 �
10�3 molL�1,[30] DO = 1.9 � 10�5 cm2 s�1,[30] and n =

0.01 cm2 s�1 [29] in 0.1m KOH. The kinetic limiting current
density (JK) was calculated to be �17.9 mAcm�2 at �0.50 V
(Table 1).

Figure 4 compares the rotating-disk voltammograms for
oxygen reduction at other Aux/GC electrodes (at the same

rotating rate of 3600 rpm). Strong core-size effects can be
clearly seen, in good agreement with results from the
voltammetric studies presented in Figure 2. First, the overall
limiting current density (e.g., at �1.0 V) increases with
decreasing particle core size: Au11/GC (�11.2 mAcm�2)>
Au25/GC (�10.1 mAcm�2)�Au55/GC (�10.4 mAcm�2)>
Au140/GC (�4.2 mAcm�2). Notably, these values are all
much higher than those with Au nanoparticles larger than
2 nm in diameter.[13, 29] Second, with increasing Au cluster size,
the onset potential of oxygen reduction shifts negatively:
Au11/GC (�0.10 V)>Au25/GC (�0.16 V)>Au55/GC
(�0.20 V)>Au140/GC (�0.25 V). Third, from linear regres-
sions by the Koutecky–Levich equations (not shown), the
electron-transfer kinetics of oxygen reduction also exhibit an
apparent variation with gold cluster core size, as reflected by
the apparent increase of kinetic limiting current density (JK)
with decreasing particle core dimensions, that is, at �0.5 V:
Au11/GC (�17.9 mAcm�2)>Au25/GC (�10.0 mAcm�2)>
Au55/GC (�9.3 mA cm�2)>Au140/GC (�1.7 mAcm�2). For
comparison, Tang et al. reported kinetic current density of
3.5 and 1.5 mA cm�2 at �0.6 V (vs. Ag/AgCl) for oxygen
reduction catalyzed by 3 and 7 nm Au clusters, respectively, in
similar alkaline solutions.[13] Furthermore, the oxygen reduc-
tion reaction was found to proceed by the efficient four-
electron reaction pathway with the smaller clusters (Au11,
Au25, and Au55), whereas incomplete reduction occurred with
the largest one (Au140), for which the two-electron reaction
route was favored. These results are summarized in Table 1.

Overall, these Au nanoclusters exhibit much higher
electrocatalytic activity for oxygen reduction, especially
much larger reduction current density, than polycrystalline
or single-crystalline Au catalysts and Au particles of larger
dimensions.[13, 29, 31] Furthermore, the observed performance is
highly comparable to that of some commercial Pt catalysts.
For instance, in a recent study,[32] the onset potential of oxygen
reduction was found at around �0.2 V (vs. Ag/AgCl) for
commercial Pt catalysts loaded on carbon (Vulcan XC-72R),
which is very close to the results presented above with gold
nanoclusters (Table 1). These experimental observations
suggest the potential application of atomic Au clusters as
effective cathode catalysts in fuel-cell electrochemistry.

It should be noted that in the present study, the gold
nanoclusters were all passivated by organic surfactants. Yet
appreciable voltammetric currents were detected, suggesting
ready access of oxygen to the particle surface and relatively

Table 1: Summary of the kinetic parameters for oxygen reduction at Aux/
GC electrodes.

Aux Au11 Au25 Au55 Au140

number of electrons transferred[a] 3.90 4.06 4.10 2.50
onset potential [V][b] �0.10 �0.16 �0.20 �0.25
JK at �0.50 V [mAcm�2][c] �17.9 �10.0 �9.3 �1.7

[a] The number of electrons transferred per O2 molecule was calculated
from Equations (1) and (2). [b] The onset potentials were determined
from rotating-disk voltammograms (Figure 4). [c] The kinetic current
density was derived from the Koutecky–Levich plots as exemplified in
Figure 3B. On the basis of Equation (3), the rate constants (k) were
estimated to be 3.96 � 10�2, 2.13 � 10�2, 1.96 � 10�2, and 5.87 �
10�3 cms�1 for x = 11, 25, 55, and 140, respectively.

Figure 4. RDE voltammograms of varied Aux/GC electrodes in 0.1m

KOH aqueous solution saturated by oxygen. Experimental conditions
were the same as in Figure 3. Rotation rate 3600 rpm.
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low impedance to interfacial charge transfer. Furthermore,
the fact that we were able to rinse the clusters off the
electrode surface with organic solvents at the end of the
experimental measurements indicated that the nanoparticle
structures were stable throughout the procedure and thus that
the nanocluster catalysts might be reusable. To further
enhance the electrocatalytic activities, surface engineering
will be needed to manipulate the nanocluster structure. This
will be pursued in future work.

Experimental Section
UV/Vis spectroscopic studies were performed with an ATI Unicam
UV4 spectrometer using a 1 cm quartz cuvette with a resolution of
2 nm. MALDI-TOF mass spectra were acquired using an Ettan
MALDI-TOF Pro (Amersham Biosciences) spectrometer equipped
with a standard UV nitrogen laser (337 nm). The accelerating voltage
was held at 20 kV and positive ion mode was used. The Au cluster
solutions in CH2Cl2 were mixed with the DCTB matrix (10 mgmL�1

in CH2Cl2) and then applied to the sample plate and air-dried.
A glassy carbon (GC) disk electrode (Bioanalytical Systems,

3.0 mm diameter) was first polished with alumina slurries (0.05 mm)
and then cleaned by successive sonication in 0.1m HNO3, H2SO4, and
nanopure water for 10 min. Au clusters dissolved in CH2Cl2

(1.0 mg mL�1, 10 mL) were then dropcast onto the clean GC electrode
surface by a Hamilton microliter syringe (the resulting electrodes
were denoted as Aux/GC). The particle films were dried by a gentle
nitrogen stream for 2 min. All electrochemical experiments were
performed in a single-compartment glass cell using a standard three-
electrode configuration. A Ag/AgCl (in 3m NaCl(aq), Bioanalytical
Systems, MF-2052) and a Pt coil were used as the reference and
counter electrodes, respectively. All electrode potentials in the
present study were referred to the Ag/AgCl reference electrode.
Cyclic voltammetry and rotating-disk voltammetry were carried out
using a Bioanalytical Systems (BAS) Electrochemical Analyzer
(Model 100B). Oxygen reduction was examined by first bubbling
ultrahigh purity oxygen through the electrolyte solution for at least
15 min and then blanketing the solution with an oxygen atmosphere
during the entire experimental procedure. All electrochemical
experiments were carried out at room temperature.
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