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Forests of trimetallic nanodendrites composed of Pt, Au, and
Ag have been synthesized and their catalytic performances
with regard to the methanol oxidation reaction (MOR) were
evaluated. Analysis based on elemental mapping revealed
homogeneous incorporation of Pt, Au, and Ag throughout the
nanodendrite and single crystalline structure. These materials
proved active for MOR, with improved electrocatalytic
performances with regards to Pt in terms of both over
potential and stability.
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second step, Pt and Au were incorporated into the pre-built Ag
nanodendrites using GRR methods. Because the Ag nanodendrite
forest was constructed as a physical frame for subsequent
incorporation of both metals, its structure directly determines the
total surface area of the final trimetallic nanodendrite.
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Direct methanol fuel-cells hold promise as fuel-cell technology
because of their compactness and use of a liquid fuel. Platinum is
an important component in anode electrocatalyst in polymer
electrolyte membrane direct methanol fuel cells (PEM-DMFCs).114
Diverse Pt-incorporating multi-metal nanostructures such as
nanoparticles, core-shells, and nanowires have recently been
reported and demonstrated to be efficient electrocatalysts for fuel
cell application,1-29 and of their applications is methanol oxidation
reaction (MOR).1,2,24,25,30 Here we report a novel Pt- and Auincorporated Ag nanodendrite structure with significantly
improved catalytic activity for MOR.
Among Pt-incorporated multi-metal materials, Pt-Au
nanostructures have superior catalytic performance because the
incorporated Au suppresses the adsorption of poisoning species,
thereby improving stability during catalytic reactions.24-29 A PtAu nanostructure with an ultra-high surface area and large
number of active sites would be expected to have excellent
catalytic activity. Meanwhile, nanodendrites have attracted
interest as hierarchical nanostructures with a high population of
edges as well as acute angles in terraces, thereby providing a high
surface-to-volume ratio and a large number of active sites.31-34
For example, we previously described the fabrication of a three
dimensional (3D) Au nanodendrite structure that could
electrochemically detect arsenic concentrations as low as 0.1 ppb
because of its large surface area.
In this research, we first
fabricated a Ag nanodendrite forest by galvanostatic
electrodeposition of Ag+ on a Ti substrate (1×1 cm2) in a 10 mM
citric acid solution. A scanning electron microscope (SEM)
image of the resulting structure is shown in Figure 1, with the
inset figure showing a magnified image of a single nanodendrite.
Individual Ag nanodendrites can be easily identified with
characteristic terraces aligned along the dendrite column. In a
This journal is © The Royal Society of Chemistry [year]
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Fig. 1 SEM image of a Ag nanodendrite forest formed on a Ti electrode
via electrodeposition of Ag+. A single nanodendrite clearly showing
characteristic terraces aligned along a dendrite column is shown in the
inset.

Fabrication of trimetallic Pt-Au-Ag was performed based on
the fact that the standard redox potential of the Ag+/Ag couple
(0.8 V vs. SHE) is lower than that of the Pt2+/Pt (1.2 V) and
Au3+/Au (1.5 V), thus making the two GRRs (1) and (2)
thermodynamically favorable, and allowing for simultaneous
incorporation of both metals into Ag nanodendrites.
4Ag + AuCl4-⇌ Au + 4AgCl
(1)
4Ag + PtCl42-⇌Pt+ 4AgCl
(2)
Transmission electron microscope (TEM) image of a single PtAu-Ag nanodendrite is shown in Figure 2 (a). A dendritic
structure is apparent without any indication of structural
deformation after the GRRs. Elemental mapping of Pt (blue), Au
(green), and Ag (red) was performed separately for the same
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Forest of Pt-Au-Ag tri-metallic nanodendrites as an efficient
electrocatalyst for methanol oxidation reaction
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nanodendrite, and the results are shown in Figs 2 (b), (c), and (d),
respectively. Each color was uniformly distributed over the
structure, demonstrating homogeneous incorporation of Pt and
Au throughout the nanodendrite. The determined atomic
percentages of Pt, Au, and Ag based on the EDAX measurements
on the resulting nanodendrite were 21.0, 38.0, and 41.0%,
respectively.
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Fig. 2 TEM image of a single Pt-Au-Ag nanodendrite (a) composed of
21.0% Pt, 38.0% Au, and 41.0% Ag. Line mappings that cross the pivot
of the nanodendrite are overlaid on the image. Blue, green, and red
indicate intensity variations of Pt, Au, and Ag, respectively. Elemental
mappings of Pt (blue, (b)), Au (green, (c)), and Ag (red, (d)) performed
separately for the nanodendrite are also shown.

This is further supported by line mapping crossing the pivot of
the nanodendrite and terrace. Fig. 2 (a) shows overlaid line maps
on the corresponding TEM image. Again, blue, green, and red
traces indicate the intensity variation of Pt, Au, and Ag,
respectively, along the mapping line. The intensities of these
three metals varied almost synchronously, confirming the
homogeneous tri-metal composition of the nanodendrite. The
higher intensity of Au than that of Pt indicates that replacement
of Ag by Au is faster than that of Ag by Pt when the
concentrations of PtCl42- and AuCl4- used during GRRs are equal
(5 mM), due to the higher redox potential of the Au3+/Au couple.
One of the advantages of using competitive GRRs is that the
atomic concentrations of each metal in a nanodendrite can be
easily controlled by changing reaction conditions such as the
reagent concentration and reaction time. Hence, we could tune the
composition of the trimetallic nanodendrite by increasing or
decreasing the concentration of PtCl42- and AuCl4-, and thereby
obtain nanodendrites with up to 20.0% Pt and 46.0% Au or
57.0% Pt and 14.0% Au respectively. (Preparation details and
characterization are provided in the SI and Fig. S1-S2).
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Fig. 3 XRD patterns of samples prepared by increasing the number of
metal components in the structure: (a) Ti, (b) Ag nanodendrite, (c) Pt-Ag
nanodendrite, (d) Au-Ag nanodendrite, (e) Pt-Au-Ag nanodendrite
(21.0% Pt : 40.0% Au : 38.0% Ag), and (f) Pt-Au-Ag nanodendrite
(57.0% Pt : 14.0% Au: 29.0% Ag).

To examine the crystal structure of the Pt-Au-Ag nanodendrites,
we performed X-ray diffraction (XRD) analysis of samples
synthesized by increasing numbers of metal components. The
XRD pattern of the Ag nanodendrite was measured as shown in
Figure 3. For comparative purposes, the XRD pattern of a Ti
substrate is also displayed (Fig. 3, trace a) because its features
could overlap with those of the nanodendrites constructed on it.
The XRD features of Ag (Fig. 3, trace b) indicate that Ag
nanodendrites are formed on the Ti substrate. To investigate
variations in the crystalline structure of Ag nanodendrites upon
incorporation of either Pt or Au, both Pt-Ag (60.0% Pt and 40.0%
Ag) as well as Au-Ag (38.0% Au and 62.0% Ag) bimetallic
nanodendrites were individually prepared and the corresponding
XRD patterns were obtained. TEM image of the Pt-Ag
nanodendrite and the corresponding elemental mappings are
shown in Figure S3; Pt and Ag had a homogenous distribution.
In the XRD pattern of the Pt-Ag nanodendrite (Fig. 3, trace c),
peaks corresponding to Pt (200) and Pt (220) appeared at 46.0o
and 65.2o, respectively, while peaks of Pt (111) overlapped with
those of Ag (111). In the XRD pattern of the Au-Ag
nanodendrite (Fig. 3, trace d), a peak at 45.8o corresponding to
Au (200) was apparent and located near the neighboring Ag (200)
peak at 43.8o. An evidence for the replacement reaction of Pt is
the peak assigned to Ag (200) that was shifted to higher 2theta
angles, which might be related to the formation of Pt-Ag alloy
with the Pt-Ag distance differing from the Ag-Ag distance. The
shifting of Ag (200) peak is actually not clearly observed in the
case of Au-Ag, but this effect is seen for the Ag (111) peak
(Figure S8). This is in agreement with other previous reports.35
The XRD patterns of the Pt-Ag and Au-Ag nanodendrites were
generally similar to each other, confirming that the replacement
of Ag by either Pt or Au does not seriously perturb the original
atomic crystalline structure of the Ag nanodendrite. The slight
differences in the peak positions are likely due to differences in
the lattice distance due to replacement of Ag atoms with atoms of
different sizes. XRD spectra were collected for trimetallic Pt-AuAg nanodendrites with atomic compositions of 21.0%Pt: 38.0%
This journal is © The Royal Society of Chemistry [year]
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Au: 41.0% Ag (Fig.3, trace e) and 57.0% Pt : 14.0% Au: 29.0%
Ag (Fig. 3, trace f). The XRD patterns of both trimetallic
nanodendrites were largely similar to that of the Pt-Ag
nanodendrite (Fig.3, trace c). These observations confirm that
there were no substantial changes in the crystal structure after the
inclusion of both Pt and Au, again indicative of one-to-one
atomic replacement without a change in the original Ag
crystalline structure.
Selected area electron diffraction (SAED) and high-resolution
TEM (HRTEM) images of the trimetallic nanodendrite composed
of 21.0% Pt, 38.0% Au, and 41.0% Ag present in Fig. 2 (a) are
shown in Figures S4 (a) and (b), respectively. The SAED
patterns clearly verified the presence of a single crystalline
structure and the formation of a single phase fcc structure in
which Ag atoms were partially replaced by either Pt or Au atoms.
The lattice structure is clearly apparent in the HRTEM image,
and the parallel lines indicate uni-directional arrangement of
crystalline Pt-Au-Ag with an inter-distance of 0.236 nm. We
finally explored the optimal atomic composition of trimetallic
nanodendrites for catalytic methanol oxidation and compare our
materials with bare Pt and Pt-Ag (82.6% Pt and 17.4% Ag)
nanodendrite structures.
We then explored different
compositions of trimetallic (Pt:Au:Ag) nanodendrites designated
as Pt-Au-Ag-1(38.0% : 3.8% : 58.2%), Pt-Au-Ag-2(60.6% : 5.1%
: 34.3%), Pt-Au-Ag-3(75.3% : 6.1% : 18.6%).
Figure 4(a) shows polarization curves corresponding to MOR
measured in aqueous solution containing 0.5 M methanol and 0.2
M H2SO4 using the different catalyst structures (Corresponding
CVs of MOR in Figure S5). All measurements were normalized
by the corresponding electrochemically active surface areas
(EASAs, See the Supporting Information, Figure S6),1,2,15,24
which was obtained by dividing the charge for a monolayer of
adsorbed hydrogen (QH) on the electrode surface by the charge of
the adsorbed hydrogen monolayer (QS) per unit area (cm2). The
area of the electrode surface was 1×1 cm2 as described. As
shown in Fig. S6 (b), the EASAs of Pt-Au-Ag nanodendrite forest
electrodes are up to 6 times higher than bare Pt electrode for the
same geometric surface area, a marked advantage for the
preparation of highly active MOR electrodes. A bare Ti and TiAg nanodendrite electrode has been also tested for MOR, and
these electrodes were not activity for the measurement.
After normalization for the active surface area, the intensity of
the electrochemical signal acquired from the bare Pt (a) was
lower than those obtained using the other bi- or tri-metallic
nanodendrite structures. This demonstrates the enhanced catalytic
activity, indicating synergetic effects between metallic elements
such as activation or trapping of reactive intermediates. The
trimetallic nanodendrite material Pt-Au-Ag-3 displays the highest
electrocatalytic current in the series and methanol oxidation peak
potential is almost identical to that obtained from the bare Pt
electrode. Pt-Au-Ag nanodendrite materials with higher Pt
loadings do not display a better activity, indicating that surface Pt
loading is already maximized in Pt-Au-Ag-3 and that additional
Pt was incorporated inside the structure, therefore not
contributing to catalysis. Overall, the Pt-Ag nanodendrite
displays poorer MOR activity as compared to Pt-Au-Ag-3 despite
slightly higher peak intensity but a more negative potential.
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Fig. 4 Polarization curves of MOR (a) acquired in an aqueous solution
containing 0.5 M methanol and 0.2 M H2SO4 (scan rate: 50 mV/s) using
five different structures. Pt-Au-Ag-1, Pt-Au-Ag-2, and Pt-Au-Ag-3 refer
to trimetallic nanodendrites composed of 38.0% Pt: 3.8% Au : 58.2% Ag,
60.6% Pt : 5.1% Au : 34.3 % Ag, and 75.3% Pt : 6.1% Au : 18.6% Ag,
respectively. Variations in current density during MOR over 1200
seconds were measured at 0.7 V vs Ag/AgCl using the same five
structures are also shown (b).

Fig. 4(b) shows the variations in MOR current density over 20
minutes measured on the same electrode materials as a potential
of 0.7V vs Ag/AgCl. When the Pt-Ag nanodendrite was used, the
signal was initially high but dramatically decreased within the
initial 200s. This decrease in catalytic activity is attributed to
surface poisoning caused by the adsorption of intermediate
species. In contrast, when the Pt-Au-Ag-3 nanodendrite was
used, the decrease in current density during MOR was much less
significant and superior catalytic performance was maintained
even after 20 minutes. The relative decrease in current during the
initial 200 seconds when using the Pt-Ag and Pt-Au-Ag-3
catalysts was 65% and 30%, respectively, compared to 83% for
the bare Pt catalyst. As expected, the Pt-Au-Ag-1 and Pt-Au-Ag2 catalysts had inferior catalytic activity and stability than those
of Pt-Au-Ag-3. To further attest the activity of Pt-Au-Ag-3, CVs
of this electrode were recorded before and after 20 min. of
catalytic activity (Fig. S7). The reduction peak of Pt as well as the
peak of hydrogen adsorption-desorption are not modified, which
confirms the stability of the material during MOR.36,37 The
Journal Name, [year], [vol], 00–00 |3
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catalytic stability of Pt-Au-Ag-3 for MOR reaction has been
significantly increased by comparison with previous reports on
MOR-active materials: for example bi-metallic Pt-Au materials
exhibit a 57% degradation of catalytic activity after 1200s of
MOR reaction.12Pt-Au-Ag-3 also performs better than other bi- or
tri-metallic alloys incorporating Pt and other metals, such as Zn,
Fe orPd.2,15,16
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Conclusions
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The nanodendrite forest structures composed of Pt, Au, and Ag
have been reported in this research. The trimetallic nanodendrite
shows excellent MOR catalytic activity as compared to bare Pt
electrodes by providing larger active surface area. Importantly,
our results indicate that incorporation of an appropriate amount of
Au in a tri-metallic nanodendrite substantially enhances its
stability during MOR. Competitive GRRs allowed us to easily
control the atomic composition of the structure. Such a versatile
synthetic method can be applied to develop other original nanocatalysts.
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