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The synthesis of gold/Platinum (Au/Pt) bimetallic nanodendrites was accomplished by a seeded
growth method utilizing prefabricated Au nanodendrites as seeds and ascorbic acid as a reductive
agent. Through voltammertric characterization, it showed that Au on the step acted as a catalyst for the
ethanol oxidation. In order to investigated the effect of Au ratio in the mechanism, FTIR experiments
were conducted with the use of normal and isotopically labelled ethanol.
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1. INTRODUCTION
In recent years, many researchers and experts have been attracted by the controllable synthesis
of noble metal nanostructures. This is not only owing to the physiochemical attributes of these
nanostructures which are determined by their size and shape [1, 2], but also their broad application
range, such as catalysis, electronics, photology, sensor, and nanotechnology [3-5]. Bimetallic
nanostructures have attracted much attention due to their excellent attributes in the aspects of catalysis,
electronics, photology and magnetism, which are different from monometallic ones to a great extent.
Among a variety of bimetallic nanostructures, Pt-based bimetallic nanostructures have been found to
have outstanding performance as electrocatalysts in liquid fuel cells. At the same time, they are
deemed as a substitution of commercial catalyst [6-10]. Up to now, many efforts have been applied to
the synthesis of Pt-based bimetallic nanostructures whose shapes are diverse, like particles[11],
tubes [12], cubes [13], nanoctahedra [14], plates [15], as well as nanodendrites [16]. Among these
shapes, the nanoctahedra functioning as electrocatalysts have attracted most interest owing to their
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large superficial area as well as high specific activity contributed by abundant edges, corners, stepped
atoms existing on the branches [16-18].
In the past, a large amount of studies were concentrated on direct alcohol fuel cells that can
function as a favourable power source needed for on-board devices as well as portable electronic
devices. It is due to the higher energy density and boiling point, and lower toxicity that ethanol is more
attractive than methanol. At the same time, it is very easy to produce ethanol in large quantities from
farm products or biomass [19, 20]. Nevertheless, activity and durability of electrocatalysts have to be
strengthened for the purpose of realizing the commercialization of direct ethanol fuel cells (DEFCs).
So far, a large number of researchers have focused on the study of the applications of Pd and Pd-based
nanostructures in DEFCs [21]. In contrast, studies with respect to Pt and Pt-based electrocatalysts for
ethanol oxidation are very limited, which is likely to be caused by their slow kinetics and low activity
on them [22]. Au nanostructures manifested outstanding catalytic activity for the oxidation of CO[23].
Early studies showed that the addition of Au- to Pt-based electrocatalysts has a positive effect on the
improvement of catalytic activity and toxin immunity for methanol and formic acid electrooxidation [24]. Nevertheless, Pt/Au nanostructures which can function as catalysts for ethanol electrooxidation failed to be reported sufficiently. High catalytic activity of nanodendritic electrocatalysts is
attributed to their super great superficial area, as well as lots of activity spots [25]. For instance, Zhu’s
team made three dendritic Pt nanostructures through sonoelectrochemical way, and the catalytic
activity of produced nanodendrites for methanol electro-oxidation was elevated. Han et al. adopted the
coreduction method to prepare both dendritic and carbon-supported nanoparticles of Au/Pd alloy, and
hydrazine was employed as reductive agent, and the catalytic activity as well as steadiness of the
prepared nanodendrites with respect to ethanol electro-oxidation in basic solution was uplifted to a
great extent [26-29]. Chen and his colleagues finished the synthesis of Pt/Au and Pt/Pb nanodendrites
using hydrothermal means at the temperature of 180 °C, and in this process, the prepared
nanodendrites revealed high catalytic activities towards formic acid electro-oxidation [30]. So far,
despite the fact that the catalytic activities of nanodendritic electrocatalysts were improved, the
synthesis process cannot do without special devices, high temperature and pressure, as well as toxic
additives, and so on. The majority of the nanodendritic electrocatalyst reported are monometallic
instead of bimetallic, which means that the applications of the latter type in DEFCs are very limited.
As a result, there is still a big challenge to figure out an easy and green approach to synthesize
bimetallic nanodendritic electrocatalysts for DEFCs. As known by everyone that DEFCs performed in
basic solutions cannot only greatly improve the reaction kinetics, but also decrease the rate of catalyst
corrosion. Owing to this, it is desirable to adopt the method, namely synthesizing Pt/Au bimetallic
nanodendrites for ethanol electro-oxidation in the basic solution to produce economical nanocatalysts
for DEFCs with high activity.
This paper is designed to obtain insight into the role Au plays in the ethanol oxidation
mechanism with the use of platinum stepped surfaces and FTIR and electrochemical devices. Owing to
factors aforementioned, the electrodes are the stepped surfaces with (111) terraces as well as (110)
steps. Moreover, the use of isotopically marked ethanol is to trace the reaction mechanism of diverse
segments appeared at the time that the C-C bond is disconnected.

Int. J. Electrochem. Sci., Vol. 12, 2017

3190

2. EXPERIMENTS
2.1. Materials
The source of gold chloride tetrahydrate (HAuCl4·4H2O) as well as ascorbic acid (AA) was
Shanghai Chemistry Co., Ltd. (China), while the source of poly diallyl dimethyl ammonium chloride
(PDDA, 50 wt% in H2O, Mw = 20,000), Hexachloroplatinic acid (H2PtCl6) was Sigma–Aldrich. In
addition, Beijing Chemical Factory (Beijing, China) was the source of ethanol (C 2H5OH), vitriol
(H2SO4), as well as potassium hydroxide (KOH). All chemicals utilized were free from further
purification. And double distilled water was employed as the water needed in the experiments
(conductivity ∼0.0549 μs cm−1).

2.2. Synthesis of Au/Pt bimetallic nanodendrites
With the purpose of developing Au/Pt bimetallic nanodendrites, the Au nanodendrites prepared
in advance were employed as seeds. A certain addition of 10 mM H2PtCl6 was put in the solution of
seeds and the solution was stirred for half hour, and then it remained intact for 12 hours. In the whole
process, the temperature was 30 °C. The molar proportion of AA: H2PtCl6 was maintained at 5:1 in
order to make sure the entire reduction of H2PtCl6. A scanning electron microscope (SEM) equipped
with energy dispersive X-ray analyzer (EDX) (FEI XL30 ESEM FEG) was used to characterize the
morphology and composition of the products at an accelerating voltage of 15 kV. X-ray diffraction
(XRD) analysis was carried out on a D8 ADVANCE Xray diffractometer using Cu (40 kV, 40 mA)
radiation.

2.3. Spectroelectrochemical characterization
Implementation of Spectroelectrochemical tests was accomplished with the use of a Nicolet
Magna 850 spectrometer attached with a narrow-band MCT finder. There was a rhombic pillar-shaped
CaF2window whose cant was at 60° in the spectroelectrochemical cell. The IR spectra were obtained
by utilizing p-polarized light in the resolution of 8 cm−1. Aiming to improve the ratio of signal to noise,
there was an addition of 100 interferograms in every spectrum. The depiction of the spectra was
realized through the ratio, namely log(R2/R1). Here, R1 and R2 refer to reflectance values with respect
to the single beam spectra developed at the potentials of both specimens and reference. The record of
the specimen spectra was accomplished when continuous potential steps of 50mV in the forward
direction was added from 0.1 to 0.9 V. As for negative bands existing in the spectra, they were in
accordance with species which have already been developed at the potential of samples, and the
concentration elevated. In contrast, positive bands witnessed a decline of species’ concentration.
Bipolar bands were discovered absorption species existing at both the potential of samples and the
reference, and their frequency relies on the potential (Stark effect).
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2.4. Ethanol oxidation
In the research of ethanol oxidation, a 0.5 M C2H5OH + 0.1 M H2SO4 solution was prepared to
accommodate the electrode. With the purpose of preventing ethanol adsorption on platinum, the
polarization of the electrode was finished at 0.05 V. And then, for every electrode altered by using Au,
the voltammetric research of ethanol electrooxidation was taken down within the potential scope of
0.05-0.09 V. Moreover, chronoamperometric research was conducted in every electrode. The curve of
current vs. time in the ethanol comprising solutions was taken down for 600 s adding continuous
potential steps of 0.050V starting at 0.50 v and ending at 0.80 V in the forward orientation.

3. RESULTS AND DISCUSSION
The approach of easy and quick liquid phase synthesis was employed to finish the preparation
of Au nanodendrites. This course was conducted by decreasing HAuCl4 at indoor temperature inside
the PDDA aqueous solution. In this process, the function of PDDA was both stabilizer and shape
manipulator. Representative SEM image of the Au specimens can be seen in Figure A. Through the
observation of this figure, it can be found that the Au specimens contain hyperbranched nanodendrites
whose stem length is around 0.5–1 μm. Besides, there are a couple of branches existing in the
hyperbranched nanodendrites which develop radially away from the central spot and there are lots of
secondary leaves which grow on each branch’s stem. These Au nanodendrites were adopted to serve as
seeds in order to prepare the Au/Pt bimetallic nanodendrites (Figure 1B). Through observation, it can
be seen clearly that abundant nanodendrites whose morphology is similar to the Au nanodendrites to
some extent were prepared in style. The formation of the highly ordered fishbone-like morphology
shows that, at this initial reaction stage, the nucleation and formation of dendrites are mainly
dominated by oriented anisotropic growth along certain directions, rather than the diffusion-limited
aggregation (DLA) of individual particles [31]. Nevertheless, the surface of the Au3Pt1nanodendrites is
coarser than that of the Au nanodendrites, which manifests that Pt metal is likely to be deposited on Au
nanodendrites’ surface.

Figure 1. SEM images of the (A) as-prepared Au as well as (B) Au/Pt nanodendrites.

Int. J. Electrochem. Sci., Vol. 12, 2017

3192

As for the prepared Au3Pt1 nanodendrites, their chemical constitution was best revealed by
EDX, which could be seen in Figure 2A where the observation of remarkable summits related to Au
and Pt was very easy and clear. It indicated that Pt (IV) has already turned into Pt (0) through AA on
the Au nanodendrites ’external side. What’s more, EDX’s main peaks were in accordance with Au,
indicating that there was likely to have a thin Pt shell or island caused by Au/Pt nanodendrites on the
Au nanodendrites.
Figure 2B is the description of the XRD pattern of the specimen. The sites of 5 summits are at
38.1, 44.6, 64.5, 77.5, and 81.6 respectively, which is caused by the (1 1 1), (2 0 0), (2 2 0), (3 1 1),
and (2 2 2) planes of face-centered cubic (fcc) Au (JCPDS No. 04-0784), respectively [32, 33]. The
alloyed nature of the synthesized PtAu dendrites can be inferred by the following evidence: firstly,
there are no distinct reflections characteristic of pure Pt and Au found in the PtAu XRD spectrum;
secondary, the peak 2θ values of the PtAu diffraction patterns fall exactly between those of pure Pt and
pure Au NPs; Finally, the highly symmetric PtAu reflection peaks can be perfectly fitted with a single
analytical function [34, 35].

Figure 2. (A) EDX and (B) XRD of the Au/Pt nanodendrites.

Figure 3. Cyclic voltammograms (CVs) of the pleomorphic Pt electrode, polycrystalline Au electrode,
AuPt electrode, as well as Au dendrites electrode in 0.5 M H2SO4 solution, scan speed:
50 mV/s.
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Electrochemical approach, a good way to depict the superficial atoms, was employed to
describe the working electrodes’ surface attributes. Figure 3 is the depiction of the CVs of the
electrode of polycrystalline Pt (a), Au3Pt1 (b), polycrystalline Au (c), as well as Au dendrites (d) in the
0.5 M H2SO4 solution, whose scan speed is 50 mV s−1. On the basis of the emergence of hydrogen
absorption and desorption summits (from -0.2 to 0.1 V), dual layer charge zones (from 0.1 to 0.3 V), as
well as the summits of Pt oxide generation and reduction (from 0.3 to 1.2 V), which are characterized
as Pt-based electrode, implied that Pt has deposited on the Au nanodendrites [36]. As for the
polycrystalline Pt electrode, Au dendrites electrode, polycrystalline Au electrode as well as
Au3Pt1 electrode, the values of ECSA were figured out to be 0.013 cm2, 0.10 cm2, 0.061 cm2 and
0.202 cm2 respectively. The ECSA is positively related to both the amount of active sites on the
electrocatalysts and the catalytic activity in the process of ethanol electro-oxidation.
It was documented that the properties of noble metal nanostructures are determined by a set of
physical parameters that include their size, shape, and composition [37]. Our proposed electrode was
put in an ethanol-based electrochemical cell for the purpose of investigating the catalytic activity for
diverse modified electrodes. The voltammograms which can characterize ethanol oxidation appearing
on the modified electrodes can be seen from Figure 4. According to oxidation on the Pt (Figure 4A),
the conclusion is made that there is sluggishness between the positive and adverse moving scans. The
sluggishness is in connection with the addition of absorption species which function very well,
especially CO. These absorption species are developed on the superficial layer of the electrode at low
potentials, and they will not leave the surface of the electrode, and only when potentials are higher than
0.6V or 0.7 V, the oxidization of them will occur.
Since there is no this kind of species on the surface when the potential of the scan reaches the
peak, the currents on the positive moving scan are relatively low, compared with those of the adverse
moving scan. Nevertheless, the currents existing in the positive moving scan reveal the fact that the
poison of the surface is caused by itself, so high currents also refer to high tolerance towards
poisoning. The positive moving scan for ethanol electrooxidation on both the electrodes of Pt and
Pt/Au is observed in Figure 4B.The trend of the currents in the two scans is the same, which means
that the modified electrode with the highest currents exists in both scans. What should be emphasized
is that there are two well-defined oxidation summits on the positive moving scan at ca. 0.46 and 0.69
V. Compared with the peak current densities calculated at 0.46 V, those for the summit are ca. 2.4
times greater. It is the variations existing in the ethanol oxidation mechanism that contributed to the
appearance of these two different summits, namely the product output’s and selectivity’s dependence
on potential. The currents measured were modified to a large extent owing to the decoration of the step
spots with the use of Au. At the time that the adatom coverage in the steps is around 1, the largest
currents appear. According to the coverage value, it can be seen that the currents declined
significantly. Owing to variations in the step coverage, the recorded currents for ethanol oxidation
elevated, and remarkable variations in the aspect of current proportions for the summits at 0.46 and
0.69 V occurred. In the summit at 0.46 V, the intensity is doubled, and its initiation is displaced to
potential which are more negative, but at 0.69 V, the summit just changes to more negative potentials
in low degree, and no dramatic rise is seen in largest current density. What should be pointed out is
that the obvious rise in current for this summit is merely caused by this summit’s coverage of the tail
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of the summit at 0.46 V, which is positively related with the step coverage. Currents on the surfaces
with Pt/Au would decline and change into higher potential. The changes of the voltametric shape in the
positive moving scan are inevitably in connection with variations in the distribution of products for the
electrodes.

Figure 4. (A) Voltammetric profile for the Pt electrode in 0.5 M C2H5OH + 0.1 M H2SO4. (B) Positive
going scan for the Pt/Au electrode in 0.5 M C2H5OH + 0.1 M H2SO4 with diverse scan speed:
20 mV/s.

Figure 5. FTIR spectra acquired in 0.5 M C2H5OH + 0.1 M H2SO4 for the Pt electrode with four
diverse ratio of Au. Au ratio: (A) 0.00, (B) 0.35, (C) 0.75 as well as (D) 1.00.
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Aiming to study the effect of Au in the mechanism of ethanol oxidation, FTIR tests were
conducted on the modified electrodes. These tests can help to define diverse species developed on the
surface of the electrode, so as to connect the species with the currents calculated. In the process, the Pt
electrode was used and four diverse Pt/Au electrodes were investigated, which were 0.00, 0.35, 0.55
and 1.00 respectively.
Figure 5A depicts Pt electrode’s spectra. Through observation, it can be seen clearly that the
dissociation of the C-C bond occurs primarily on the step sites existing in the surface of the electrode,
so they are regarded as critical sites in the oxidation process to produce CO2. Owing to the fact that the
source of CO2 is the oxidation of CO adsorbed at potentials higher than 0.6 V, the concentration of
CO2 produced for the electrode is greater as well. The bipolar characteristic of the CO band for
potentials over 0.7 V is another vital difference, which is caused by the existence of absorbed CO not
only at the specimen potential, but also at the reference one. The existence of steps speeds up the
oxidation of CO, so the appearance of CO band when the potentials are high implies that the
production of CO is at the speed higher than that of the oxidation. As a result, some CO is still on the
surface. In the Pt electrode, such behaviour also existed, which signifies that there is a high activity in
this site for the disintegration of the C-C bond.

4. CONCLUSIONS
In a word, the synthesis of Au/Pt bimetallic nanodendrites were accomplished with the
application of seeded growth approach utilizing prefabricated Au nanodendrites as seeds and ascorbic
acid as a reductive agent. It speeds up the oxidation of CO derived from the disunion of the C-C bond
in molecules with the use of a dual-functional mechanism. It only takes effect at the time that on the
surface of the platinum, there exist several sites with the capacity to cleave the C-C bond, just as
showed in the catalytic action found for the surface of Au.
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