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a b s t r a c t

Gold nanoparticles with narrow and controlled size distributions have been synthesized chemically and
deposited onto a carbon support. Using the resulting gold on carbon (Au/C) catalysts, Au particle size
effects on the kinetics of the oxygen reduction reaction (ORR) were analyzed in acidic media (0.5 M
H2SO4). From rotating ring-disk electrode (RRDE) voltammetric studies, it was found that, for bulk gold,
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the number of electrons, n, involved in the ORR was nearly constant at potentials above −0.2 V. On the
contrary, for the catalysts with diameters less than 10–15 nm, the value of n increased as the potential
became more negative, and the highest value of n was obtained when the size of Au particles was less than
3 nm. Those results showed that further reduction of H2O2 or direct 4-electron reduction of O2 proceeded
at relatively low overpotential on extremely small gold clusters.
xygen reduction
uel cells

. Introduction

Bulk gold is known as one of the most inert metals in the
eriodic table according to activated chemisorption theory [1–4].
his feature is attributed to the lack of interaction between the
rbitals of adsorbates like hydrogen or oxygen and the occupied
orbitals of bulk gold [5–6]. In 1989, pioneering work by Haruta et

l. demonstrated that Au nanoclusters (<10 nm) dispersed on TiO2
upport displayed unexpectedly high activity toward CO oxidation
7] and propylene epoxidation [8]. Since then, exploration of gold
anoparticles in catalysis has attracted a wide range of interest from
oth the fundamental research and industrial development aspects
9–12]. Among the reactions catalyzed by gold, the oxygen reduc-
ion reaction (ORR) is an important process in fuel cell and other
lectrochemical devices. In general, the most widely used catalyst in
uel cells is platinum, as it supports the 4-electron reduction of O2 at
elatively low overpotentials [13]. However, because of its rareness
n earth and consequent high cost, substitution from platinum to
ther catalysts has been widely studied [14–17], and gold based
atalysts have been identified as candidate materials.
In general, gold is a much less active electrocatalyst for ORR in
cidic media than in alkaline media [18–19], and in acidic media a
-electron reduction of oxygen takes place on Au surface, while
he peroxide intermediate is further reduced only at high over-
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E-mail address: shu kobayashi@chem.s.u-tokyo.ac.jp (S. Kobayashi).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.02.075
© 2009 Elsevier Ltd. All rights reserved.

potentials [20–21]. However, it was reported that the catalytic
performance of the gold electrodes was found to depend markedly
on the size of the gold particles, the nature of the support as well
as the method of preparation. El-Deab and Ohsaka [22] showed
that, in acidic solutions, the rate of both oxygen and H2O2 reduc-
tion are larger on Au nanoparticles (20–200 nm) electrodeposited
on polycrystalline gold, than on bulk gold alone. Yagi et al. [23]
reported that a significant positive shift of the oxygen reduction
peak and increase in the current efficiency consumed for the 4-
electron reduction were observed for smaller Au nanoparticles
(>2 nm) deposited on boron-doped diamond electrodes. However,
Guerin et al. [24] showed that small particles of gold with diameters
below ∼3 nm were less active for oxygen reduction on carbon and
titanium dioxide supports. Above this critical particle diameter, the
catalytic activity became independent of particle size. Sarapuu et
al. [25] prepared thin film gold electrodes by vacuum evaporation
onto glassy carbon (GC), and showed that the number of electrons
(n) involved in the ORR decreased as the Au film became thinner.
Thus, at the present moment, it is not clear whether the O2 reduc-
tion activity is improved by reducing the size of Au clusters and it
is not clear whether the support materials affect the O2 reduction
activity.

The aim of the present work is to investigate the influence of

cluster size of Au catalysts on the kinetics of oxygen reduction in
acidic medium. For this purpose, we prepared Au/C catalysts with
controlled Au size distributions using chemical reduction methods,
and investigated their catalytic activities using rotating ring-disk
electrode voltammetry.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:shu_kobayashi@chem.s.u-tokyo.ac.jp
dx.doi.org/10.1016/j.electacta.2009.02.075
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. Experimental

.1. Preparation of Au/C catalysts

Inductively coupled plasma analysis (ICP) was conducted with
HIMADZU ICPS-7510. Transmission electron microscope (TEM)
mages were obtained using JEOL JEM-1010 instrument operated
t 80 kV. Carbon black (Ketjen Black EC, Ketjen Black International)
ith a specific surface area of 800 m2/g was used.

.1.1. Preparation from triphenylphosphine-protected gold sol
For the synthesis of the catalyst with the smallest Au, we used

hloro(triphenylphosphine)gold as a gold precursor [26,27]. It is
eported that triphenylphosphine acts as a good protecting group
or gold sol, and it is used for syntheses of extremely small gold
olloidal solutions (ca. 1–2 nm) [28].

To a suspension of carbon black (500 mg) in diglyme (50 mL) was
dded chloro(triphenylphosphine)gold (66.1 mg, 0.13 mmol), and
he mixture was cooled to 0 ◦C. To this mixture was added NaBH4
50.5 mg, 1.3 mmol) solution in diglyme (7 mL) in one portion, then
he mixture was stirred for 24 h at room temperature. The mixture
as filtered, washed with water, methanol and dichloromethane

hen dried in vacuo to give the catalyst (510 mg). From ICP anal-
ses, the contents of Au and P in the catalyst were determined;
oading of gold metal: 0.22 mmol/g (4.3 wt.%), phosphorus moi-
ties remained: 0.05 mmol/g. For complete removal of phosphorus
oieties, the catalyst was treated with hydrogen peroxide. To a mix-

ure of water:ethanol (5:2, 56 mL) was added the catalyst (400 mg),
nd the mixture was sonicated for 10 min, then cooled to 0 ◦C. 10%
queous H2O2 (60 mL) was added and the mixture was stirred for
h at 0 ◦C. The mixture was filtered, washed with ethanol and
ichloromethane then dried in vacuo to give Au/C-a (396 mg); load-

ng of gold metal: 0.24 mmol/g (4.7 wt.%), phosphorus moieties
emained: n.d. (<0.04 mmol/g).

.1.2. Preparation from citrate-protected gold sol
Sols generated in the presence of citrate were prepared by mod-

fying the methods with two different types of reducing agents,
itrate itself [29] and NaBH4 [30], which controlled the Au particle
izes.

To an aqueous solution of hydrogen tetrachloroaurate tetrahy-
rate (44.1 mg, 0.107 mmol in 420 mL H2O) cooled to 0 ◦C was
dded an aqueous trisodium citrate solution (42.2 mg, 0.14 mmol
n 4 mL H2O). After 5 min, a mixture of trisodium citrate (42.2 mg,
.14 mmol) and NaBH4 (3.2 mg, 0.085 mmol) in H2O (0.85 mL) was
dded to the solution, then the mixture was stirred vigorously for
5 min. An ethanol dispersion of carbon black (400 mg in 40 mL
tOH) was added to this mixture, and the mixture was stirred for
0 min then filtered. The filtrate was washed with ethanol and
ater, dried in vacuo to give Au/C-b (408.3 mg); loading of gold
etal: 0.24 mmol/g (4.7 wt.%).
To an aqueous solution of hydrogen tetrachloroaurate tetrahy-

rate (44.1 mg, 0.107 mmol in 440 mL H2O) heated at 70 ◦C was
dded an aqueous trisodium citrate solution (210.2 mg, 0.71 mmol
n 4 mL H2O), and the mixture was stirred for 3 h at 70 ◦C. After
ooling to room temperature, an ethanol dispersion of carbon black
400 mg in 40 mL EtOH) was added to this mixture, and the mixture
as stirred for 20 min then filtered. The filtrate was washed with

thanol and water, dried in vacuo to give Au/C-c (415.2 mg); loading
f gold metal: 0.24 mmol/g (4.7 wt.%).
.2. Preparation of the Au/C-modified GC electrodes

GC disk (diameter = 4 mm)-Pt ring and Au disk (diame-
er = 4 mm)-Pt ring electrodes were used as a working electrode.
hey were polished to a mirror finish with 1.0 �m diamond and
ica Acta 54 (2009) 4893–4897

0.05 �m alumina slurries. After polishing with alumina the elec-
trodes were washed with Milli-Q water and methanol.

Au/C dispersion was prepared as follows. The Au/C catalyst (so
that the Au content in the dispersion would become 0.15 g/L) and 5%
Nafion solution (so that the Carbon:Nafion ratio would become 9:1
by weight) were added to a mixture of water:ethanol:2-propanol
(2:1:1), and the mixture was sonicated for 30 min. A constant vol-
ume (3 �L in general) of the dispersion was transferred onto the
GC disk electrode and underwent to drying at room temperature.
Then, the electrode was heat-treated at 80 ◦C for 30 min in air.

2.3. Electrochemical measurements

Electrochemical measurements were carried out with a bipo-
tentiostat (ALS/chi 704C). All the measurements were performed at
room temperature (25 ± 1 ◦C). A platinum wire and a Ag/AgCl/KCl
(sat.) were used as the counter electrode and the reference elec-
trode, respectively. All electrode potentials were reported with
respect to the Ag/AgCl/KCl (sat.). Prior to the ORR experiments,
the working electrodes were electrochemically pretreated in 0.5 M
H2SO4 solution by repeating the potential scan in the range of
−0.2–1.5 V at 0.1 V/s several times (15 cycles in general) to clean
the electrode surface. RDE and RRDE techniques were used to clar-
ify the kinetics of oxygen reduction at Au nanoparticles and the
potential dependency of H2O2 formation. The collection efficiency
of the electrode was 0.31–0.34, which was measured using a solu-
tion of Fe(CN)−3 [31]. The ring potential was kept at 1.0 V so that all
H2O2 molecules that reached the ring were oxidized to O2. The back-
ground current measured in Ar-saturated solution was subtracted
from these data.

3. Results and discussion

3.1. Characterization of the catalysts

Representative TEM images of the catalysts and the correspond-
ing histogram are shown in Fig. 1A–C and D, respectively. The Au
particles of Au/C-a are nearly monodispersed with an average size
of 1.7 ± 0.5 nm. In the cases of Au/C-b and Au/C-c, Au size distri-
butions are a little larger (Au/C-b: 4.8 ± 2 nm, Au/C-c: 13.2 ± 2 nm)
than that of Au/C-a, however, we could obtain the catalysts with
three specific size distributions of gold particles.

The catalysts were characterized electrochemically by cyclic
voltammetry (CV) as shown in Fig. 2. For the Au/C-modified GC
electrodes, a large increase in the background current was observed
in the presence of carbon black. The anodic peaks at 1.20 V corre-
sponded to the formation of the Au surface oxides and the cathodic
peak at 0.94 V to their reduction. For Au/C catalysts with smaller Au
particle sizes, the cathodic peaks at 0.94 V were larger than those
for the Au/C catalysts with larger Au particle sizes, due to higher
surface area of the smaller particles.

3.2. Oxygen reduction

Because the ORR activity of carbon materials is typically very low
in acidic media [32], the activity of the Au/C-modified catalysts is
due to only the deposited Au particles. We first examined the effects
of the catalyst loading on the ORR activity. Fig. 3 shows the RDE
voltammograms for the ORR on Au/C-a-modified electrode with
different loadings of the catalyst. The cathodic potential was limited

to −0.2 V to avoid contamination with the H2 evolution current or
the reduction current for the carbon support. It was evident that
the catalytic activity decreased with lower loading of the catalyst.
From these results, we hereafter fixed the loading of the catalysts
on GC electrode to a constant value (i.e. 0.45 �g of Au/electrode).
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ig. 1. TEM images of the Au/C catalysts used: (A) Au/C-a, (B) Au/C-b, (C) Au/C-c.
easurements.

Fig. 4 shows the RDE voltammograms for the ORR on Au/C-a-
odified electrode at different rotation rates, and these data were

nalyzed using the Koutechy–Levich (K–L) equation:

1
i

= 1
ik

+ 1
id

= − 1
nFAkC0

− 1

{0.62nFADO2
2/3�−1/6C0ω1/2}

(1)
here i is the measured current, ik and id are the kinetic and
iffusion-limited currents, respectively, k is the rate constant for
he ORR, F is the Faraday constant (96484 C mol−1), A is the
ffective projected area covered with catalysts, ω is the rota-

ig. 2. Cyclic voltammograms for the Au/C-modified GC electrodes and bulk Au elec-
rode in Ar-saturated 0.5 M H2SO4 at a scan rate of 100 mV s−1. For the Au/C-modified
lectrodes, loading of Au metal on a GC electrode was fixed at 0.45 �g/electrode.
rticle size distributions of gold particles on the Au/C catalysts obtained from TEM

tion rate, C0 is the saturated concentration of oxygen in the bulk
(1.13 × 10−6 mol cm−3), DO2 is the diffusion coefficient of oxygen
(1.8 × 10−5 cm2 s−1) and � is the kinematic viscosity of the solution
(0.01 cm2 s−1) [33].

Fig. 5 shows the K–L plots obtained from the RDE data presented
in Fig. 4. The slope of these lines decreased gradually as the poten-

tial shifted to a more negative value, indicating that the n value
increased at more negative potentials. From the slope of the plots,
we could not determine the n value precisely for the Au/C-modified
GC disk electrodes due to a lack of exact A value [34]. Therefore we
applied RRDE techniques to determine the exact n value.

Fig. 3. RDE voltammograms for the oxygen reduction in O2-saturated 0.5 M H2SO4

at the Au/C-a-modified GC electrode at a rotation rate of 500 rpm. Loading of Au
metal on the electrode: (1) 0.15, (2) 0.30, (3) 0.45, (4) 0.68, (5) 0.90 �g. v = 10 mV s−1.



4896 T. Inasaki, S. Kobayashi / Electrochimica Acta 54 (2009) 4893–4897

F
a
1

s
F

S

w
r
F
f
0
(
i
s

a
[
fi
t

F
0
D

ig. 4. RDE voltammograms for the oxygen reduction in O2-saturated 0.5 M H2SO4

t the Au/C-a-modified GC electrode. Rotation rate: (1) 300, (2) 500, (3) 800, (4)
000, (5) 1500, (6) 2000 rpm.v = 10 mV s−1.

To investigate the dependence of catalytic activity on Au cluster
ize, we obtained the specific activity (SA) at a given potential from
ig. 5. The value of SA was calculated using the following equation:

A = ik
Ar

(2)

here ik is the kinetic current at a given potential and Ar is the
eal surface area of gold. The value of Ar was determined from
ig. 2, using a value of 400 �C cm−2 for the reduction of the sur-
ace oxide monolayer [35]. Thus obtained SA values at 0.10 V are
.58 mA cm−2 (Au/C-a), 0.80 mA cm−2 (Au/C-b) and 1.05 mA cm−2

Au/C-c), respectively. The values of SA decreased with decreas-
ng Au cluster size. This observation is comparable with previous
tudies [24,25].
Scince cathodic oxygen reduction is a multi-electron reaction
ssociated with the formation of a large number of intermediates
36,37], it is difficult to consider all of them. We thus used a simpli-
ed model [38] shown in Fig. 6 to analyze experimental results in
his study. Path 1 in Fig. 6 is the path where O2 is reduced directly to

ig. 5. K–L plots for the ORR on the Au/C-a-modified GC electrode in O2-saturated
.5 M H2SO4 at various potentials: (1) 0.10, (2) 0.05, (3) 0.00, (4) −0.10, (5) −0.20 V.
ata derived from Fig. 4.
Fig. 6. Schematic illustration of the possible O2 reduction pathways. The subscripts
(a) and (b) mean adsorbed state and bulk solution species, respectively.

H2O through 4-electron transfer. Path 2 is the sequential reaction
path where O2 is first reduced to H2O2 through 2-electron transfer
followed by further 2-electron reduction to H2O (Path 3), or by the
release of formed H2O2 into bulk solution (Path 4).

Fig. 7 shows RRDE voltammograms for the ORR at bulk Au disk
and different Au/C-modified GC disk electrodes at a rotation rate
of 500 rpm. The current for the Pt ring electrode as a function of
the disk electrode potential is shown at the upper side of Fig. 7
(curves marked a′–d′). As can be readily seen from this figure, the
onset potential for the ORR shifts to more positive as the gold
particle size is decreased, which shows that the overpotential for
the ORR decreases with diminishing Au particle size. In addition,
the ring currents for catalysts with smaller gold particles tend to
decrease at a lower potential region, especially the ring current
for Au/C-a-modified electrode shows a maximum at −0.05 V. These
phenomena show that the partial change of the reaction mecha-
nism, from 2- to 4-electron reduction, occurs at these electrodes.
For further investigation, we calculated the number of electrons
involved in the ORR from the data shown in Fig. 7, according
to

n = 4 − 2IR
NID

(3)

where IR and ID were the ring and the disk currents respectively,
and N was the collection efficiency, which was a parameter that
only depended on the diameters of the ring and the disk and was

equal to 0.31–0.34 for the present cases [18,39]. Fig. 8 shows the
dependence of n on the potential for the ORR at bulk Au and differ-
ent Au/C-modified GC electrodes. In the case of bulk gold, the value
of n is nearly constant i.e. n ∼2 at this potential range. However
for the cases of the Au/C catalysts, the values of n tend to increase

Fig. 7. RRDE voltammograms for the oxygen reduction in O2-saturated 0.5 M H2SO4,
at (a–c) the Au/C-modified GC electrodes and (d) bulk Au electrode at a rotation rate
of 500 rpm. Curves a′–d′ represent the corresponding Pt-ring currents (polarized at
1.0 V). For the Au/C-modified electrodes, loading of Au metal on a GC electrode was
fixed at 0.45 �g/electrode. � = 10 mV/s−1.
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Fig. 8. Potential dependence of n for the Au/C-modified GC electrodes and bulk Au
electrode in 0.5 M H2SO4.
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ig. 9. RDE voltammograms for the H2O2 reduction in Ar-saturated 0.5 M H2SO4

olution with 5 mM H2O2 at (a–c) the Au/C-modified GC electrodes and (d) bulk Au
lectrode at a rotation rate of 500 rpm. For the Au/C-modified electrodes, loading of
u metal on a GC electrode was fixed at 0.45 �g/electrode. � = 10 mV s−1.

s the potential becomes more negative, and reach to 2.3 (Au/C-c),
.6 (Au/C-b) and 3.0 (Au/C-a) at −0.2 V. Previously higher n values
ompared with bulk Au were reported for nano-sized Au particles
n acidic medium [22,23], and our results are in agreement with
hose observations. Furthermore, our data provides more precise
nformation on the kinetics of the ORR on gold. For the case of
u particles with diameters less than ca. 10–15 nm, the value of
increases as the potential becomes more negative, and the high-

st value of n is obtained when the size of Au particles is less than
nm.

For further proof of higher reactivity on smaller Au particles, we
xamined the activity of H2O2 reduction at each electrode. Fig. 9
hows the RDE voltammograms in an Ar-saturated 0.5 M H2SO4
olution with 5 mM H2O2 at bulk Au and different Au/C-modified
C electrodes. In the case of Au/C-c, the reduction current was
lightly increased compared with bulk gold. In the cases of Au/C-b
nd Au/C-a, though the onset potential of the ORR was nearly the

ame as that of bulk gold, the reduction currents were 2–2.6 times
arger than that of bulk Au over the whole potential range. These
esults show that the 2-step 4-electron reduction of O2 to H2O pro-
eeds more favorably on Au particles with diameters less than ca.
0 nm.

[
[
[
[

ica Acta 54 (2009) 4893–4897 4897

4. Conclusions

The particle size effects of gold catalysts on the oxygen reduc-
tion in acidic medium have been investigated. For this purpose,
we chemically prepared gold nanoparticles with narrow and con-
trolled size distributions and deposited onto a carbon support.
The gold particles with the mean diameter 1.7 ± 0.5, 4.8 ± 2 and
13.2 ± 2 nm were synthesized. In the case of bulk gold, the value of
n is nearly constant at potential above −0.2 V. On the other hand, the
increase of n was observed for Au particles less than 10–15 nm as
the potential shifted to more negative value, indicating that activity
of the 2-step 4-electron reduction was high or the direct 4-electron
reduction of O2 to H2O occurred. The maximum increase of n was
observed when the particle size of Au was less than 3 nm.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.electacta.2009.02.075.
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