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a b s t r a c t

The electrochemical reduction of oxygen was studied on Au/C catalysts (20 and 30 wt%) in 0.5 M H2SO4

and 0.1 M KOH solutions using the rotating disk electrode (RDE) method. The thickness of the Au/C–Nafion
layers was varied between 1.5 and 10 �m. The specific activity of Au was independent of catalyst loading
in both solutions, indicating that the transport of reactants through the catalyst layer does not limit the
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process of oxygen reduction under these conditions. The mass activity of 20 wt% Au/C catalysts was higher
due to smaller particle size. The number of electrons involved in the reaction and the Tafel slopes were
found; the values of these parameters are similar to that of bulk polycrystalline gold and indicate that
the mechanism of O2 reduction is not affected by carbon support or the catalyst configuration.

© 2009 Elsevier Ltd. All rights reserved.
igh-area carbon

. Introduction

The electroreduction of oxygen is one of the most extensively
tudied reactions in electrochemistry, as it finds application in
any technologies, most importantly, in fuel cells and metal-air

atteries [1,2]. The most active electrocatalyst for this reaction
s platinum, but due to its high cost and scarcity, investigations
re directed also to other materials. Gold electrodes show modest
ctivity towards O2 reduction in acidic solutions, but in the alkaline
edia it is greatly increased, especially on Au(1 0 0) single crystal

ace [2,3].
In the last decade gold nanoparticles (AuNPs) have gained

ttention for unique catalytic properties for several reactions,
or example, low temperature CO oxidation [4,5]. O2 reduction
as been studied on Au nanoparticles supported on bulk carbon
lectrodes [6–27] prepared by various methods, such as elec-
rodeposition [10–19], vacuum evaporation and sputter deposition
20–22,24–27]. The reduction of O2 has been also investigated on
olloidal AuNPs attached to self-assembled monolayers [28,29].
he morphology of the nanostructured Au has a large influence
n its electrocatalytic activity towards O2 reduction, because this

eaction is highly structure sensitive [2,3]. In acidic solution, the
ctivity increases in the sequence of Au(1 1 1) < Au(1 1 0) < Au(1 0 0)
2,3]. In alkaline solution, Au(1 0 0) has much higher activity than
he other low-index surfaces and it supports the further reduc-

∗ Corresponding author. Tel.: +372 7375168; fax: +372 7375181.
E-mail address: kaido@chem.ut.ee (K. Tammeveski).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.08.001
tion of peroxide to OH− in a limited potential region at low
overpotentials [30–37]. By varying the conditions of Au electrode-
position, electrodes of different morphology can be prepared, and
their electrocatalytic activity also varies [10,14–16]. There are
also other methods for preparing the AuNPs of well-defined mor-
phology, for example, gold nanorods with only (1 1 1) and (1 1 0)
surface domains [6,7,9] and cubic Au nanoparticles with high
amount of (1 0 0) sites [8,9] have been synthesised in water-in-oil
microemulsion in the presence of different additives. Au nanopar-
ticles electrodeposited on an organic template partially inhibit the
4e− O2 reduction pathway compared with bulk Au electrodes [18].
The oxygen reduction reaction in alkaline solution can serve as an
indirect means for characterising the crystallographic orientation
of such structures [6–9,14–16]. In some cases, the nanostructured
Au electrodes have shown increased electrocatalytic activity as
compared to bulk Au [13,17,20,21,38,39], but the origin of this
effect remains unclear. Recently, the increase of kinetic current
density of O2 reduction with decreasing AuNP size in alkaline
solution was noted [40]. In acid solutions, however, the specific
activity of vacuum-deposited Au films decreased as the size of
AuNPs decreased below ∼3 nm [25]. The Au-coated nanoparticles of
other metals (Fe, Co, Ni and Pb) exhibited higher oxygen reduction
activity in acid solutions than bulk Au [41].

For practical electrocatalysts, optimisation of the catalyst layer

thickness is crucial. It is desirable to keep the catalyst loading as
low as possible without performance loss. The RDE method is con-
venient for studying the carbon-supported Pt electrocatalysts in
the form of “ink” electrodes and the reproducibility of the mea-
surements is satisfactory [42]. Several reports deal with thickness

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:kaido@chem.ut.ee
dx.doi.org/10.1016/j.electacta.2009.08.001
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ffects of Pt/C catalysts for oxygen reduction [43–46]. However, if
he catalyst film on the electrode is rather thick, then O2 is reduced
n all catalyst particles only at low current densities, while at higher
verpotentials, just the outermost layer of the film is active [42].
he studies of the electrodes with catalyst gradient confirm that
he catalyst particles near the solution interface are utilized more
fficiently [47]. The macro-homogeneous model has been used for
escribing the behaviour of the compact catalyst layer on RDE [43],
hereas for gas diffusion electrodes, the agglomerate model gives

etter results [44]. This model takes into account gas diffusion,
hmic drops and interfacial kinetics within the thin layer and allows
alculating the kinetic parameters [43]. Attachment of the catalyst
owder on the electrode via a very thin Nafion film minimizes the
ffect of oxygen diffusion and the mathematical modelling is not
ecessary [48].

Jiang and Yi have found that the activity of the Pt/C films
ncreases with increasing the catalyst film thickness. As an expla-
ation to this effect they proposed increased utilization efficiency
f the catalyst that is caused by the enhanced diffusion of
dsorbed reagent species on Pt particles for thicker films, where
he particle–particle distance is shorter [45]. They concluded that
film thickness of 2–4 �m is required for reasonable activity [45].

There are only a few reports dealing with oxygen reduction on
ractical Au/C catalysts. Zhong et al. have prepared Au and AuPt
anoparticles with diameter (d) of 3–5 nm supported on carbon
lack and studied the reduction of oxygen in acid and alkaline solu-
ion. They found that both 2e− and 4e− reduction of oxygen takes
lace on Au/C catalysts [49,50]. Similarly, the value of the number
f electrons transferred per O2 molecule n = 3.5–4 was determined
y Lobyntseva et al. in alkaline solution [51]. In their study, polyte-
rafluoroethylene was used as a binder in preparing Au/C catalyst
ayers. Bron studied the reduction of oxygen in acid media on Au/C
atalysts and concluded that the surface specific activity does not
epend on the Au particle size or on the type of the supporting car-
on black [52]. The electrocatalytic properties of AuNPs modified
arbon nanotubes in acid solution have also been studied [53,54].

The objective of the present work was to study the effect of the
hickness of Au/C catalyst layer on the kinetics of oxygen reduction
n acid and alkaline solutions. Thin layer rotating disk electrode

ethod was used for electrochemical testing of the catalysts. To
ur knowledge, this is the first work in which the dependence of
2 reduction activity on the Au/C catalyst layer thickness has been

ystematically investigated.

. Experimental

.1. Electrode preparation

Au/C catalysts (20 and 30 wt% Au nanoparticles supported on
ulcan XC-72R carbon black) were supplied by Johnson Matthey.
he catalysts were prepared by a proprietary process involving the
ase hydrolysis of an aqueous solution of hydrogen tetrachloroau-
ic acid (HAuCl4). Carbon powder (Vulcan XC-72R, product of Cabot
orporation, Inc.) was used for comparison. The specific surface
rea of the carbon powder used was 250 m2 g−1 according to the
roducer. Catalyst suspensions were prepared by mixing 4.7 mg of
atalyst powder, 20 �l of 5 wt% solution of Nafion (Aldrich) and
known volume of ethanol, followed by sonication for 15 min.
lassy carbon (GC) electrodes with a geometric area of 0.196 cm2

ere prepared by mounting GC disks (GC-20SS, Tokai Carbon) into

eflon holders. The surface of the GC electrodes was polished to
mirror finish with 1.0 �m alumina slurry (Buehler) and after

hat the electrodes were sonicated in Milli-Q (Millipore) water
or 5 min. A 5 �l aliquot of the catalyst suspension was dropped
nto the GC disk using a micropipette. The resulting Au loading
Acta 54 (2009) 7483–7489

on the electrodes was varied from 5.6 to 57 �g cm−2, which corre-
sponds to approximate thickness of the catalyst layer from 1.5 to
10 �m. The electrodes were left to dry overnight at room temper-
ature.

2.2. Electrochemical measurements

Oxygen reduction was studied in 0.5 M H2SO4 and in 0.1 M KOH
employing a rotating disk electrode (RDE). The solutions were pre-
pared from 96% H2SO4 (Suprapur, Merck) or potassium hydroxide
pellets (pro analysis, Merck) and Milli-Q (Millipore) water; these
were saturated with pure O2 (99.999%, AGA) or deaerated with Ar
gas (99.999%, AGA).

An EDI101 rotator and a CTV101 speed control unit (Radiome-
ter, Copenhagen) were used for the RDE experiments. A saturated
calomel electrode (SCE) was employed as a reference and all the
potentials are referred to this electrode. The experiments were
carried out in a three-electrode glass cell. Pt wire served as a
counter electrode and the counter electrode compartment was sep-
arated from the main cell compartment by a glass frit. Potential
was applied with an Autolab potentiostat/galvanostat PGSTAT30
(Eco Chemie B.V., The Netherlands) and the experiments were
controlled with General Purpose Electrochemical System (GPES)
software. All experiments were carried out at room temperature
(23 ± 1 ◦C).

2.3. Characterisation of the Au/C catalysts structure and
morphology

Transmission electron microscopy (TEM) measurements were
performed on a Tecnai F20 instrument at 200 kV accelerating
voltage. Images were acquired in scanning transmission electron
microscopy (STEM) mode using a high angle annular dark field
(HAADF) detector. For preparation of the TEM specimens, a small
portion of catalyst powder was dispersed directly onto perforated
carbon film copper grid.

X-ray diffraction (XRD) data was acquired with a Bruker AXS D8
diffractometer using Ni-filtered Cu K� radiation at the tube voltage
of 40 kV and 40 mA current. A Lynxeye PSD detector was employed
at the 2� scan range of 10–130◦ and 0.02◦ step size. The average
grain size of the Au nanoparticles was calculated using Rietveld
analysis.

3. Results and discussion

3.1. Surface characterisation of the Au/C catalysts

The representative TEM micrographs for two Au/C catalysts
employed are presented in Fig. 1. The particle size analysis was
conducted on 264 and 123 particles for 20 and 30 wt% catalysts,
respectively. A rather wide size distribution with the maximum
frequency at about 10 nm for 20 wt% catalyst and 14 nm for 30 wt%
catalyst was obtained. The average particle size was 11.0 ± 1.7 nm
for 20 wt% catalyst and 14.0 ± 1.7 nm for 30 wt% catalyst.

For comparison, the XRD method was used for the estimation
of Au particle size. The XRD pattern of Au/C catalysts is shown in
Fig. 2. Four major peaks with 2� values of 38.2◦, 44.4◦, 64.6◦ and
77.6◦ corresponding to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of
the bulk Au, respectively, were observed, which can be assigned to
the Au face-centered cubic structure. The broad peak at about 25◦ is

due to the graphitic regions of carbon support. The Rietveld analysis
was carried out to calculate the crystallite size of Au particles and
the average values of d = 16.8 nm and d = 26.3 nm were obtained
for 20 and 30 wt% Au/C, respectively. These values are larger than
those obtained from TEM images. This is most probably due to the
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reduction of an oxide monolayer [55]. This area increased linearly
with increasing the catalyst loading, which indicates that the acces-
sibility of the Au particles is not affected by changing the layer
thickness.
Fig. 1. High angle annular dark field TEM images (a and b) and Au particle size dis

ide size distribution of Au particles, as the small number of large
u particles contains a significant fraction of all gold and therefore
ave a higher contribution to the XRD response.

.2. Cyclic voltammetry (CV)

Prior to O2 reduction measurements, the thin layer Au/C elec-
rodes were electrochemically pre-treated and characterised by
yclic voltammetry in Ar-saturated 0.5 M H2SO4 by scanning the
otential for 20 cycles between −0.3 and 1.45 V at a scan rate of
00 mV s−1. The stable CV curves obtained are presented in Fig. 3.
he anodic peak at E > 1.1 V corresponds to the formation of Au
urface oxides and the cathodic peak at ca 0.89 V to the reduction
f these oxides [55]. The large background current is mainly due
o the supporting carbon black and it increases proportionally to
he catalyst loading. The current increase at E > 1.3 V is apparently
aused by the oxidation of carbon surface. The pair of peaks cen-
ered at ca 0.3 V is related to the oxidation and reduction of some
unctional groups on the carbon surface and it has been suggested

hat these may be quinone-type species [56]. These peaks increase
uring the first potential cycles as a result of the oxidation of the
arbon surface.

The electroactive surface area of gold (Ar) was determined from
he stable cyclic voltammograms by charge integration under the
ion (c and d) of Au/C catalysts. (a and c) 20 wt% catalyst, (b and d) 30 wt% catalyst.

oxide reduction peak and using a value of 400 �C cm−2 for the
Fig. 2. XRD pattern for (a) 20 wt% Au/C catalyst and (b) 30 wt% Au/C catalyst.
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MA =
mAu

(3)

where Ik is the kinetic current and mAu is the mass of gold in the
catalyst layer, calculated theoretically from the mass of the catalyst
applied onto the electrode. The mass activity was smaller for 30 wt%
ig. 3. Cyclic voltammograms for (a) 20 wt% Au/C catalyst and (b) 30 wt% Au/C cat-
lyst in Ar-saturated 0.5 M H2SO4. Catalyst layer thickness: (1) 10 �m; (2) 6 �m; (3)
�m and (4) 1.5 �m. � = 100 mV s−1.

.3. Oxygen reduction in 0.5 M H2SO4

Both gold and carbon are rather inactive catalysts for oxygen
eduction in acid solution. For all Au/C electrodes studied, single-
ave oxygen reduction polarisation curves with no well-defined

urrent plateau were obtained using the rotating disk electrode
ethod, and a typical set of current–potential curves registered

t various electrode rotation rates for a 20 wt% catalyst is given
n Fig. 4. The Koutecky–Levich (K–L) equation was employed for
nalysing the RDE data [57]:

1
j

= 1
jk

+ 1
jd

= − 1

nFkCb
O2

− 1

0.62nFD2/3
O2

�−1/6Cb
O2

ω1/2
(1)

here j is the measured current density, jk and jd are the kinetic
nd diffusion-limited current densities, respectively, n is the num-
er of electrons transferred per O2 molecule, k is the rate constant
or O2 reduction, F is the Faraday constant (96 485 C mol−1), ω is
he rotation rate, Cb

O2
is the concentration of oxygen in the bulk

1.13 × 10−6 mol cm−3 [58]), DO2 is the diffusion coefficient of oxy-
en (1.8 × 10−5 cm2 s−1) [58] and � is the kinematic viscosity of the
olution (0.01 cm2 s−1) [59]. The corresponding K–L plots are pre-
ented in the inset of Fig. 4. From the slopes of the K–L plots, the
umber of electrons transferred per O2 molecule (n) was found. The

alues of n were close to 2 at the foot of the polarisation curve and
herefore, H2O2 is the final reduction product at these potentials. n
radually increases at more negative potentials, as a result of fur-
her reduction of H2O2. At E = −0.3 V the n value slightly depends on
he catalyst loading, increasing from ca 2.5 to 3 with increasing the
Fig. 4. RDE voltammetry curves for O2 reduction on 10 �m Au/C (20 wt%) in O2-
saturated 0.5 M H2SO4. � = 10 mV s−1. Inset shows the Koutecky–Levich plots for O2

reduction derived from the RDE data at various potentials: (�) 0 V; (�) −0.05 V; (�)
−0.1 V; (�) −0.2 V and (�) −0.3 V.

catalyst layer thickness. This is in accordance to previous results
obtained for Au thin films [26,27] and Au/C catalysts [52].

The electrocatalytic activity of Au/C electrodes towards oxygen
reduction was almost proportionally increasing with increasing the
catalyst loading and the half-wave potential (E1/2) shifted positively
(Table 1). The j–E curves for 20 wt% Au/C electrodes of different Au
loadings are presented in Fig. 5. The specific activity (SA) of the
electrodes was calculated from

SA = Ik
Ar

(2)

where Ik is the kinetic current and Ar is the real surface area of gold;
the SA values at E = 0 V vs. SCE are given in Table 1 and in Fig. 6. At
this potential, the supporting carbon powder is inactive towards
oxygen reduction (Fig. 5) and the reduction occurs only at Au parti-
cles. It is evident that there is no large dependence of the SA value
on the catalyst loading. In addition, the specific activities of 20 wt%
Au/C and 30 wt% Au/C catalysts are not significantly different. The
mass activities (MA) were determined from

Ik
Fig. 5. RDE voltammetry curves for O2 reduction on 20 wt% Au/C catalyst in O2-
saturated 0.5 M H2SO4. Catalyst layer thickness: (�) 1.5 �m; (�) 3 �m; (�) 6 �m
and (�) 10 �m. (×) 3 �m layer of carbon powder; (�) bulk Au. ω = 1900 rpm;
� = 10 mV s−1.
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Table 1
Kinetic parameters of oxygen reduction on Au/C catalysts in 0.5 M H2SO4 at ω = 1900 rpm.

Catalyst Au/C layer thickness (�m) Au loading (�g cm−2) Ar (cm2) Tafel slope (V dec−1) E1/2 (V) SA at 0 V (mA cm−2) MA at 0 V (A g−1)

20% Au/C 1.5 5.8 0.026 −0.157 −0.24 1.2 27
3 11.5 0.047 −0.152 −0.16 1.5 30
6 23 0.097 −0.154 −0.14 1.3 28

10 38 0.16 −0.165 −0.08 1.9 41

30% Au/C 1.5 8.6 0.014 −0.169 – 1.2 9.6
3 17.3 0.036 −0.151 −0.19 1.5 16

−
−
−

A
T
F

t
−
t
F
−
B
n

F
f
2

F
(
0
(

6 34.5 0.068
10 57 0.21

Bulk Au – – 0.64

u/C catalysts, as a result of the larger particle size of this catalyst.
he values of mass activity are given in Table 1 and presented in
ig. 6.

The mass-transfer corrected Tafel plots were constructed from
he RDE data (Fig. 7). For bulk gold, Tafel slope values close to
120 mV dec−1 have previously been found, which indicates that

he transfer of the first electron is the rate-limiting step [26,27].
or Au/C catalysts, however, these values seem to be higher,

160 mV dec−1 on average. This is higher than that obtained by
ron for electrodes coated with Au/C catalyst layers with the thick-
ess of 7.6 �m [52].

ig. 6. Dependences of the specific activity and mass activity of oxygen reduction
or Au/C catalysts on catalyst layer thickness (h) in 0.5 M H2SO4 at 0 V vs. SCE. (�)
0 wt% Au/C, SA; (�) 30 wt% Au/C, SA; (�) 20 wt% Au/C, MA; (�) 30 wt% Au/C, MA.

ig. 7. Mass-transfer corrected Tafel plots for O2 reduction on 20 wt% Au/C catalyst
closed symbols); on 30 wt% Au/C (open symbols) and on bulk Au (�) in O2-saturated
.5 M H2SO4. Catalyst layer thickness: (�, �) 1.5 �m; (�, �) 3 �m; (�, ©) 6 �m and
�, ♦) 10 �m. ω = 1900 rpm.
0.151 −0.14 1.6 15
0.181 −0.07 1.9 35

0.107 0.01 1.1 –

3.4. Oxygen reduction in 0.1 M KOH

In alkaline solution, gold is a rather active catalyst for oxygen
reduction, especially the Au(1 0 0) crystal face [2,3]. The represen-
tative j–E curves at various electrode rotation rates are presented
in Fig. 8. Two-wave polarisation curves similar to these were reg-
istered for all electrodes. It has been previously shown that at the
potentials of the first wave, HO2

− is predominantly formed, while
at more negative potentials, complete reduction to OH− occurs. In
some cases, a current maximum has been observed at low overpo-
tentials. The extensive studies on Au single crystals have revealed
that this is caused by the exceptionally high electrocatalytic activ-
ity of Au(1 0 0) plane, which catalyses the 4e− reduction of O2 to
OH− in a certain potential range at low overpotentials [3]. Compar-
ison of the j–E curves of the electrodes of different catalyst loading
in Fig. 9 reveals that the activity of the electrodes increases with
increasing the loading and the half-wave potential shifts to posi-
tive direction. For the thickest layers, a current maximum appears
at ca −0.4 V, this behaviour is similar to that of bulk polycrystalline
gold (Fig. 9).

The Koutecky–Levich plots derived from the data in Fig. 8 are
shown in the inset of Fig. 8. The number of electrons transferred
(n) was calculated using Eq. (1) and the values given for 0.1 M KOH:
Cb

O2
= 1.2 × 10−6 mol cm−3 [60], DO2 = 1.9 × 10−5 cm2 s−1 [60] and

� = 0.01 cm2 s−1 [59]. At the potentials near to the current maxi-
mum, the value of n was close to 3 for the bulk gold and the thicker
layers and ca 2.5 for the thinner layers. The n value decreased until 2

at more negative potentials, indicating that the peroxide is the final
reduction product. At the potentials E < −0.6 V the further reduction
of peroxide begins on all electrodes and the value of n increases
again up to about four at the most negative potentials.

Fig. 8. RDE voltammetry curves for O2 reduction on 3 �m Au/C (20 wt%) in O2-
saturated 0.1 M KOH. � = 10 mV s−1. Inset: Koutecky–Levich plots for O2 reduction
on 3 �m Au/C (20 wt%) in O2-saturated 0.1 M KOH at various potentials: (�) −0.3 V;
(�) −0.4 V; (�) −0.6 V; (�) −0.8 V and (�) −1.2 V.



7488 H. Erikson et al. / Electrochimica Acta 54 (2009) 7483–7489

Fig. 9. RDE voltammetry curves for O2 reduction on 20 wt% Au/C catalyst in O2-
saturated 0.1 M KOH. Catalyst layer thickness: (�) 1.5 �m; (�) 3 �m; (�) 6 �m; (�)
10 �m. (×) 3 �m layer of carbon powder; (�) bulk Au. ω = 1900 rpm; � = 10 mV s−1.
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Fig. 11. Dependences of the specific activity and mass activity of oxygen reduction

T
K

ig. 10. RDE voltammetry curves for peroxide reduction and oxidation on 10 �m
u/C catalyst (20 wt%) in 0.1 M KOH containing 1.2 mM of HO2

− . � = 10 mV s−1.

The reduction and oxidation of peroxide was studied in Ar-
aturated 0.1 M KOH containing 1.2 mM of HO2

− (Fig. 10). A small
re-peak at ca −0.25 V further confirms that the existence of the
urrent peak of O2 reduction is related to the reduction or cat-
lytic decomposition of HO2

−. There are various explanations to
he fact that this process is limited to a certain potential range
nd occurs only on Au(1 0 0) domains. It has been related to a

−
trong chemisorption of OH on Au(1 0 0) single crystal planes at
hese potential, which enables the dissociative adsorption of O2
30,36,37], or to a specific interaction of HO2

− with Au(1 0 0) [34].
FT calculations and experimental results have suggested that in
lkaline solution, the disproportionation of peroxide is enhanced on

able 2
inetic parameters of oxygen reduction on Au/C catalysts in 0.1 M KOH at ω = 1900 rpm.

Catalyst Au/C layer thickness (�m) Au loading (�g cm−2) Ar (cm2)

20% Au/C 1.5 5.8 0.030
3 11.5 0.047
6 23 0.074

10 38 0.20

30% Au/C 1.5 8.6 0.010
3 17.3 0.036
6 34.5 0.077

10 57 0.21

Bulk Au – – 0.64
for Au/C catalysts on catalyst layer thickness (h) in 0.1 M KOH at −0.2 V vs. SCE. (�)
20 wt% Au/C, SA; (�) 30 wt% Au/C, SA; (�) 20 wt% Au/C, MA; (�) 30 wt% Au/C, MA.

Au(1 0 0) relative to the other low-index crystal faces [61]. The dis-
proportionation of peroxide and “recycling” of oxygen released was
considered to be responsible for n > 2 at pre-wave potentials also in
earlier investigations of O2 reduction on gold electrodes in alkaline
solutions [24,62]. At the potentials of E < −0.4 V the reduction of
peroxide is retarded, until the onset of the second reduction wave
at about E ≈ −0.7 V. At −1.2 V, the number of electrons involved in
the reduction process is close to 2, as determined from Eq. (1) and
using the value of DHO−

2
= 8.75 × 10−6 cm2 s−1 [63]. At the poten-

tials E > −0.15 V, the oxidation of HO2
− commences.

It should be noted that the supporting carbon powder also shows
considerable activity towards oxygen reduction in alkaline solution
(Fig. 9). However, at E = −0.2 V the reduction current on the support
is still negligible and therefore it is possible to calculate the specific
activity of gold at this potential. The SA values are similar for 20 and
30 wt% Au/C catalysts of all thickness and slightly higher than that of
bulk gold (Table 2, Fig. 11). As expected, the MA is lower for 30 wt%
catalyst because of larger particle size. The activity of the Au/C cat-
alysts used in this study was much higher than that of smaller Au
nanoparticles (3 and 7 nm) prepared by reverse micelle encapsula-
tion [40]. In that study, the SA value of 3.5 mA cm−2 was obtained
at −0.6 V vs. Ag/AgCl for more active 3 nm particles, but for our cat-
alysts, this value was reached at a much more positive potential (ca
−0.25 V vs. SCE). It indicates the superior electrocatalytic properties
of the Au/C catalysts used in the present work.

The mass-transfer corrected Tafel plots were constructed from
the RDE data (Fig. 12) and the slope values close to −120 mV dec−1

were found between −0.2 and −0.3 V (Table 2). These values are

common for polycrystalline Au electrodes and indicate that the first
electron transfer is the rate-limiting step for O2 reduction on gold
in alkaline solution [27,64].

Tafel slope (V dec−1) E1/2 (V) SA at −0.2 V
(mA cm−2)

MA at −0.2 V (A g−1)

−0.100 −0.30 1.5 37
−0.111 −0.31 1.2 25
−0.135 −0.28 1.7 27.5
−0.091 −0.22 1.9 48

−0.090 −0.34 1.2 7.4
−0.115 −0.31 1.6 17
−0.109 −0.27 1.6 18
−0.114 −0.24 1.8 33

−0.093 −0.21 1.0 –
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ig. 12. Mass-transfer corrected Tafel plots for O2 reduction on 20 wt% Au/C catalyst
closed symbols); on 30 wt% Au/C (open symbols) and on bulk Au (�) in O2-saturated
.1 M KOH. Catalyst layer thickness: (�, �) 1.5 �m; (�, �) 3 �m; (�, ©) 6 �m and
�, ♦) 10 �m. ω = 1900 rpm.

The fact that the SA values are independent of catalyst layer
hickness in both solutions indicates that at least at low overpo-
entials, where the SA was determined, the transport of reactants
hrough the catalyst layer does not limit the oxygen reduction and
he reduction occurs also on Au particles that are located in the
nner layers, close to the GC substrate. The Tafel slopes are parallel
ven at more negative potentials in the mixed kinetic-diffusion lim-
tation region, suggesting that the limitation also does not occur at
hese potentials. The specific activities are similar for 20 and 30 wt%
u/C catalysts, as expected for Au nanoparticles of larger size.

. Conclusions

On the basis of the results obtained, it can be concluded that
he oxygen reduction activity of carbon-supported Au nanoparti-
les is similar to the activity of bulk Au, both in acid and alkaline
olution. The specific activity is almost constant for the catalyst lay-
rs with the thickness between 1.5 and 10 �m, indicating effective
iffusion of O2 within the layer. The mass activity of the catalysts

s higher for 20 wt% Au/C catalyst because of smaller particle size.
he O2 reduction mechanism on Au/C catalysts is similar to that of
olycrystalline Au.
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