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Gold nano- and submicro-particles were prepared on indium tin oxide (ITO) substrate by methods of
sputtering deposition (SD), self-assembly (SA) and electrochemical deposition (ECD). The electrocatalytic
activity of these gold particles toward CO oxidation was systematically studied using cyclic voltammet-
ric (CV) technique. It was found that the method used to prepare gold catalysts had great effect on their
catalytic activity and stability for CO electrooxidation. Electrodeposited Au particles exhibited a higher
activity and better stability than particles prepared by SD and SA methods. The distinct activity and sta-
bility of gold particles prepared by ECD was believed to be due to the strong “support effect” arising from
the intense interaction between gold particles and the substrate. An electrochemical dissolution process
of gold was revealed on all kinds of gold particles after long-term CO electrooxidation. The dissolution of
Au in alkaline solution was proposed as the primary origin for the deactivation of gold catalysts.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The extraordinary catalytic activity of gold nanoparticles
(AuNPs) dispersed on metal oxide supports has attracted great
interest and been extensively studied over the past two decades
[1-12]. In both the solid-gas reaction systems [1-9] and the elec-
trochemical systems [10-15], the highly dispersed gold catalysts
exhibit high catalytic activity toward a number of reactions, among
which the oxidation of CO at the low temperatures has generated
the most interest due to its theoretical and practical significance
[1-3,7-12]. The high catalytic activity of AuNPs toward CO oxida-
tion provides an efficient strategy to selectively eliminate CO and
its related species [16-18]. In the field of fuel cells, this means
that the supported AuNPs may serve as a potential candidate to
prevent the anodic catalysts from being poisoned, since the poi-
soning of platinum metals by CO during anodic oxidation of fuels
is one of crucial problems in the development of low temperature
fuel cells [19]. The electrocatalytic activity of AuNPs supported by
metal oxides has been less intensively investigated [10-12,20-22],
in spite that the ability of bulk gold to oxidize CO at high posi-
tive potentials has been known for many years in electrochemistry
[23-28]. Recent work from McFarland and co-workers [11,21] and
our group [12] demonstrated that the supported AuNPs also pos-
sessed a size- and support-dependent catalytic activity toward
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electrooxidation of CO, providing direct evidence that the inher-
ent electrocatalytic activity of supported AuNPs is greatly different
from that of bulk gold. A large CO oxidation current was detected on
AuNPs electrodes in the positive potential sweep during CV mea-
surements [11,12]. Besides, in the negative potential sweep, both
groups also found a complete replacement of the reduction peak of
gold oxides by an AuNP-catalyzed new CO oxidation peak [11,12].
This oxidation peak current greatly depended on the particle size
and the nature of the support [12,21]. The smaller the particle
size, the higher the catalytic activity of supported gold particles.
Recently, we have further demonstrated that the perimeters of the
gold-support interface, where the CO-containing solution can con-
tact both the AuNPs and the ITO substrate, are the primary active
sites for the gold catalyzed electrooxidation of CO [20]. We also
demonstrated that the high activity of AuNPs made them a good
candidate for the development of CO electrochemical sensor with
wide detection concentration range [29].

The size of AuNPs and the nature of the supports have been
confirmed as two crucial factors controlling the catalytic activity
of supported AuNPs in solid-gas systems [1,2,5,7,30]. Therefore, to
produce highly active AuNPs, it is highly desirable to both decrease
the particle size and strengthen the particle-support interaction in
one simple preparation method. What’s more, creating a stronger
interaction may bring more profits in electrochemical systems, as
the strong particle-support interaction not only enhances the sup-
port effect but also benefits the electronic contact between the
particles and the support, and then greatly promotes the electron
transfer between the electrode and reactants in solution.
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Compared with studies on the activity, the catalytic stability of
gold particles has not caught much attention [4,18,31-35] though
the stability is another key issue for their commercial applications.
In fact, the surprisingly high initial catalytic activity is ready to
lose during catalytic reaction [4,18,31-35], which serves as the
main reason for their rare use in commerce. The deactivation
reported was primarily caused by the agglomerating of gold parti-
cles [4,31,32] and the loss of catalytic active sites [18,32-35]. The
small particles, which are highly active but weakly anchored on
the support, prefer moving on the surface to produce large par-
ticles with poor activity in reaction. The loss of active sites was
suggested arising from the adsorption of some carbonate inter-
mediates on them [18,32-35]. All of these findings are obtained
in the solid-gas reaction system, whereas in electrochemical sys-
tem, no work has been reported on the catalytic stability of gold
particles during electrochemical oxidation of CO in solution. As the
reaction condition in electrochemical system is quite different from
those in solid-gas system, for example the applied potential and the
aqueous solution, the catalytic behavior should vary in a different
way. The purpose of this work is to clarify the influence of prepara-
tion methods on the catalytic activity and stability of gold particles
toward CO electrooxidation, and the origin of the deactivation in
the electrochemical system.

2. Materials and methods

2.1. Sputtering deposition (SD) of gold nanoparticles on ITO
substrates

The indium tin oxides (ITO) film coated glass slides were
employed as the substrates for the deposition of all three dif-
ferent gold particles to minimize the influence of the nature of
support. Before use, the ITO substrates were successively sonicated
in acetone, water, and methanol, and then dried with high purity
N,. The sputtering deposition of AuNPs was performed on a tra-
ditional sputter-coater (SBC-12, Beijing KYKY Co., China) on the
ITO substrates. Previous reports showed that while controlling the
sputtering procedure in a short time, most of the produced particles
were still isolated on the surface. In the experiment, 2.0 +£ 0.5 nm
AuNPs in diameter have been deposited on ITO substrates by short-
ening the sputtering time to 2s. The average size of the particles
was determined by transmission electron microscopy (TEM). The
samples, prepared by SD method, were referred as AuNPs(SD)/ITO
in this work.

2.2. Self-assembly (SA) of citrate-capped gold nanoparticles on
ITO substrates

The citrate-capped gold nanoparticles colloids were prepared
by Frens method [36]. Briefly, 3.5 mL of 1 wt% aqueous solution of
sodium citrate was added into a boiling HAuCl, aqueous solution
(100 mL, 2.4 x 10~4 M) under vigorous stirring. The average diam-
eter of particles, determined by TEM, was 13 4+ 1.0 nm. The cleaned
ITO substrates were immersed in a 5mM 1,12-dodecanediamine
(DDA) solution of absolute methanol for 48 h to form a DDA mono-
layer on the surface [12]. The resulting DDA-coated ITO substrates
were rinsed with copious absolute methanol and water, respec-
tively, and then dried in a stream of high-purity N,. The assembly
of AuNPs on ITO substrates was carried out by immersing the
DDA-coated ITO substrates in the gold colloids for 12 h. The pH
value of gold colloids was adjusted to 3.8-4.0 to ensure that the
amino groups of DDA were protonated and positively charged.
The strong electrostatic interaction between the positively charged
DDA monolayer and the negatively charged AuNPs will lead to the

immobilization of AuNPs on ITO substrates. The samples, prepared
by SA method, were referred as AuNPs(SA)/ITO in this work.

2.3. Electrochemical deposition (ECD) of gold submicro-particles
(AuSMPs) on ITO substrates

The carefully cleaned ITO substrates were used as the work-
ing electrode in the procedure of the electrochemical deposition of
AuSMPs. The deposition was carried out at 0V (vs. SCE) in 1074 M
HAuCl, solution with 1M KCl as the supporting electrolyte. The
size of the AuSMPs can be controlled by varying the electrode-
position time. Herein, the deposition time, 15s and 300s, were
selected. The samples, prepared by ECD method, were referred as
AuSMPs(ECD)/ITO in this work.

The morphologies and size distribution of AuNPs and AuSMPs
were characterized using SEM (Philips FEI XL30 SFEG) and TEM
(JEOL JEM-2100F). The atomic absorption spectroscopic mea-
surements were performed on an AAS8000 atomic absorption
spectrometer (Skyray Instrument Co.)

2.4. Electrocatalytic oxidation of CO

The electrocatalytic activity and stability of gold particles were
investigated in a CO saturated 0.5 M KOH solution by CV technique
within a potential range of —0.4V to 0.7V (vs. SCE) under a scan
rate of 100 mV s~1. Before electrochemical measurements, the KOH
solution was deoxygenated with high-purity N, for at least 25 min.
Three cycles of CV potential sweep (from —0.4V to 0.7 V) was first
performed for each sample in this CO absent solution. The first cycle
was to activate gold particles, and the followed two stable cycles
were used to obtain the total active surfaces areas of particles. The
deaerated solution was then saturated with CO for 45 min for the
CO oxidation measurements. Two different CO bubbling procedures
were adopted for the purpose of evaluating the catalytic stability
of gold catalysts. The first one was a continuous bubbling to main-
tain a saturation of CO in solution, and the second one was a cyclic
alternating bubbling procedure during which CO and N, were alter-
nately introduced into the solution. Because of the high toxic nature
of CO, all electrocatalytic oxidation measurements were carried out
in a gas-sealed box with an inlet gas tube reaching to the bottom
of the electrochemical cell.

All of the electrochemical experiments mentioned above were
performed on a CHI 660A electrochemical workstation (CH Instru-
ments, USA) using a conventional three-electrode cell at room
temperature. A saturated calomel electrode (SCE) and a platinum
foil were used as reference and counter electrodes, respectively. All
potentials are reported with respect to SCE.

3. Results and discussion

3.1. Electrocatalytic activity of gold particles prepared by
different methods

As an active support for gold particles, the ITO substrate itself
was inert for the CO oxidation [12,20]. The particles prepared
on ITO substrates by different methods usually varied in mor-
phology, surface structure, and especially the particle-support
interaction, thus exhibiting different catalytic activity and stabil-
ity for CO electrooxidation. Fig. 1Ta-c show the SEM micrographs
of gold particles deposited on ITO substrates prepared by SD,
SA, and ECD methods, respectively. Clearly, all gold particles
were dispersed uniformly on ITO surface, but differ largely in
both diameter and surface density. From the higher magnifica-
tion inset images in Fig. 1 and the statistic results shown in
Table 1, we found the particles deposited on ITO by SD, SA
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