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Au@PtAuAg yolk—shell nanoalloy composed of an Au nanoparticle core and a PtAuAg shell was
synthesized via a simple wet-chemical method. The Au@PtAuAg nanoalloy was applied as an
electrocatalyst for methanol oxidation reaction, and it shows a good electrocatalytic activity and better
anti CO poison ability than that of commercial Pt/C catalysts. The better electrocatalytic performance of
the Au@PtAuAg yolk—-shell nanoalloy was possibly due to the electronic effect by Au and Ag that could
facilitate the elimination of the intermediate during methanol oxidation.
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1. INTRODUCTION

Direct methanol fuel cells (DMFC) are regarded as the most promising power source in the future
and can be applied to mobile devices and portable devices.[1-3] Concerning the catalysts for DMFC, Pt
based materials are widely used. However, there are still drawbacks for Pt catalysts, such as low
efficiency, high cost, poor stability and durability. These drawbacks limit the employment of DMFC to
a large extent [1-10]. Thus, increase the activity and stability of Pt catalysts as well as reducing the cost
of Pt catalysts will be more practical for the development of DMFC.

The activity of the catalysts is related to their size, composition and morphology. It is worth
mention that the core-shell nanoparticles have attracted great attention because of their unique structure.
For example, Yang et al. synthesized hollow or caged noble metal nanoparticles, which shown good
methanol oxidation activities in DMFC anode .[11] Geng et al. found that Au-Pt nucleus-shell
nanostructured catalyst showed an excellent activity for DMFC, and had a significant CO-poisoning
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resistance.[12] Qiao et al. reported that the catalysts composed of Pd nanoparticles and PMO core-shell
structures had a higher conversion rates and selectivity in the alcohol oxidation reaction .[13] In addition,
core-shell structured material can be used in many other fields, especially in heterogeneous catalysis.
The core-shell structure is a special extension of the nuclear-shell structure, which is composed of a solid
particle as the core, a certain gap between the core and the shell, and the porous shell in most cases.
Nuclear/interstitial/shell structural materials are of interest not only because of their unique structure,
but also because of their many important roles .[14-20] For example, sintered stable materials can be
based on such systems. The encased metal nanoparticles are successfully encased in a casing to prevent
migration and further sintering with other metal nanoparticles. In addition to the anti-sintering stability,
the core/shell structure materials also have a good monodisperse and narrow particle size distribution.
This makes these materials very suitable as model catalysts and allows the study of general problems in
heterogeneous catalysis, such as particle size dependence of catalyst activity or metal-carrier interaction.

In this study, Au@PtAuAg yolk-shell nanoalloy was synthesized by a convenient wet-chemical
method. Trisodium citrate was applied as a reducing agent to obtain Au nanoparticles in the first setp.
Then, ascorbic acid was added to reduce Au, Ag and Pt simultaneously, and the Au@PtAuAg yolk-shell
nanoalloy was finally obtained. The electrocatalytic performances of the Au@PtAuAg yolk-shell
nanoalloy toward methanol oxidation reaction were investigated by electrochemical tests. The results
showed that the electrocatalytic performance and stability of the Au@PtAuAg yolk-shell nanoalloy was
higher than that of commercial Pt/C catalysts.

2. EXPERIMENTAL

2.1. Chemicals

Pt/C catalyst was purchased from Johnson Matthey Corp. Ascorbic acid, chloroplatinic acid,
silver nitrate, methanol, chloroauric acid, sulfuric acid, trisodium citrate, absolute ethyl, alcohol and
Nafion were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the chemical
reagents were of analytical grade and used as received without further purification. Deionized water was
used throughout the experiment.

2.2 Synthesis methods

The Au@PtAuAg yolk-shell nanoalloy was synthesized by a two-step method. In the first step,
2mL 0.002 M HAUCI4, 1 mL 0.1 M CgHsNasO7-2H.0 and 5 mL deionized water were added in a beaker.
Then, the beaker was heated in a water bath at 60 °C for 20 min under constant shaking at a frequency
of 60 round per minute (RPM). In the second step, 2 mL 0.002 M H2PtCle, 4 mL 0.002 M AgNOs and 1
mL 0.1 M ascorbic acid were added into the above solution. The beaker was further heated in the water
bath at 60 °C for 40 min under constant shaking at 60 RPM. The final product was collected by
centrifugation and washed with deionized water and absolute ethanol in turn.
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2.3 preparation of working electrode

A glassy carbon electrode (GCE) with a diameter of 3 mm (active surface area of 0.071 cm?) was
polished by slurry of alumina powder, and then cleaned by deionized water. A certain amount of catalyst
was evenly dispersed in 1000 pL deionized water by ultrasonication. After that, 8 uL. of the catalyst
suspension was dropped onto the GCE. After the catalyst suspension was dried, 6 uL of 0.5% Nafion
was dropped onto the GCE. The GCE was dried in air before use. The mass loading of Pt on GCE is
about 8 pg for all the catalysts.

2.4 Characterizations

The morphology, structure and composition of the samples were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy scattering spectrum, X-
ray powder diffraction (XRD) and X-ray photoelectron energy spectrum (EDS). Among them, SEM
adopts S-4800 scanning electron microscope from Hitachi Company with an acceleration voltage of 5
kV. TEM and HRTEM were obtained by FEI Tecnai G2 20 high resolution electron microscopy with an
acceleration voltage of 200 kV. The composition and purity of all products were analyzed by Bruker D8
Advance XRD. X-ray source using A= 0.15406 nm Cu Ka radiation, 40 kV X-ray tube voltage and
current 40 mA, scanning step length of about 0.028°. EDS is analyzed by HORIBA EMAX energy
spectrometer attached to the above SEM.

2.5 Electrochemical tests

The electrochemical performances were tested by using a three-electrode cell on a CHI-660D
model electrochemical workstation (CHI Ins. Shanghai, China) at room temperature. The reference
electrode was a saturated calomel electrode (SCE), and the auxiliary electrode was a platinum electrode
(2cmx2cm).

In the cyclic voltammetry (CV) tests, the scanning rate was 50 mV s, and the potential window
was -0.2 ~ 1.0 V. The electrolytes were N saturated 0.5 M H2SO4 solution or N2 saturated 0.5 M H2SO4
+ 0.5 M CH3OH solution. The data were recorded after the figure tend stable. The chronoamperometry
experiments were performed at 0.6 V for 3600 s in 0.5 M H2SO4 + 0.5M CH3OH.

3. RESULTS AND DISCUSSION

The crystallographic structure of the Au@PtAuAg yolk-shell nanoalloy was investigated by
XRD. As displayed in Fig. 1a, three broad diffraction peaks at 38.57 °, 44.77 ° and 65.26 ° were observed.
These diffraction peaks can be indexed to the (111), (200) and (220) crystal planes of face-centered cubic
phase crystal. By comparing the standard pattern of Au (JCPDS card no. 4-784), Ag (JCPDS card no. 4-
783) and Pt (JCPDS card no. 4-802), the diffraction peaks are not coincide with any of the pure Au, Ag
and Pt. This result reveals that an alloy of Pt-Au-Ag was formed. Furthermore, EDS spectrum was
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recorded to identify the chemical constituents of the sample, as displayed in Fig. 1b. The presence of Pt,
Au and Ag elements confirmed the elemental composition of the sample. The Pt/Au/Ag atomic ratio was

1:1:2.43, which is very close to the initial feeding ratio.
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Figure 1. (a) XRD pattern of the nanoalloy sample; (b) EDS spectrum of the sample.

Figure 2. TEM images of rich Au core-PtAuAg yolk-shell structure.

The morphology of the alloy composite was further elucidated by TEM. Fig.2a-d depicts the
characteristic TEM images of the Au@PtAuAg yolk-shell nanoalloy with different magnification. It can
be clearly seen that the sample contained a yolk and eggshell structure composite nanoparticles with a
diameter of about 15 nm, indicating that the product is mainly composed of the core shell nanoparticles.
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The detailed structure and element distribution of Au@PtAuAg yolk-shell nanoalloy were
characterized by HRTEM. HRTEM image was shown in Fig. 3a and the calculated lattice fringe spacing
was 0.202 nm, which is less than the lattice spacing of (200) crystal surface of Au (0.203 nm) and (200)
crystal surface of Ag (0.204 nm), but larger than that of Pt (200) crystal surface (0.196 nm). STEM was
performed to analyse Au@PtAuAg yolk-shell nanoalloy as shown in Fig.3b. Clearly, the results
confirmed the structure of the alloys was Au rich core and PtAgAu shell. Thus, the lattice fringe spacing
strongly suggested the formation of alloys among three metals.

Figure 3. (a) HRTEM image, (b) STEM image and elemental mappings of the rich Au core-PtAuAg
yolk-shell structure.
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Figure 4. STEM-EDS point analysis of the rich Au core-PtAuAg yolk-shell structure: (a) from the center
of the particle, and (b) from the edge.

Furthermore, in order to confirm the structure, a particle was selected and EDS analysis was
performed at different placed. As shown by the results, the core of the alloy was composed by ~ 54.90
atomic% of Au, 32.89 atomic % of Ag and 12.21 atomic% of Pt. However, the shell was composed by
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20.09 atomic% of Au, 55.13 atomic % of Ag and 24.78 atomic% of Pt. In our previous work, it was
found that under 338 K, the CA could not efficiently reduce the AuCls™ and led to the formation of some
Au atom clusters .[21]
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Figure 5. XPS spectrum of Pt 4f (A), Au 4f (B) and Ag 3d (C).
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After AgNOs and PtClg~ were added into the solution, on the one hand, due to the reducing ability
of AA, Ag ions could be reduced first around the Au core and also serve as the reducing agent for the
transfromation of a small part of PtCle™ to Pt (0), which possibly resulted in the formation of core shell
structure via Kirkendall effect. On the other hand, the possibility of the reducing AgCl around the Au
core would also contribute to the formation of core shell structure. Then, due to the relatively stronger
reducing ability of AA and as well as the CA and Ag atoms surrounded the Au core formed as above,
the rest of ptc1,, some AuCls™ and Ag ™ or AgCI could be totally reduced by AA, which led to the
formation of PtAuAg shell. In addition, a controlled experiment of the synthesis of PtAu nanostructure
without AgNO3 was performed and the results suggested that the yolk-shell structure cannot be obtained.
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Figure 6. (a) CV curves of the catalysts in 0.5 mol L™ N2-saturated H2SO4 solution; (b, ¢) CV curves of
the catalysts in 0.5 mol L™ H,SO4 and 0.5 mol L™t CH3OH solution; (d) Chronoamperograms of
different catalysts for MOR at 0.60 V for 3600 s of Pt/C (A) and the Au @PtAuAg yolk-shell
structure (B).

Furthermore, the chemical state of the Au@PtAuAg yolk—shell nanoalloy was studied by XPS
and the results were displayed in Fig.5. Clearly, the main peaks at 71.0 and 74.2 eV were ascribed to the
signal of the metallic Pt 4f and in addition, another two peaks were also observed as indicated by the
peaks at 75.5 and 72.6 eV, which is similar to the fact that indicating the presence of PtO/Pt(OH). in
the previous work.[22-25] Besides, the metallic Au and Ag was noticed as shown by Fig.5b and ¢, which
indicted by the peaks at 84.2 and 87.7 eV for Au 4f as well as 368.4 and 374.3 eV for Ag 3d. Thus, the
present synthesis successfully resulted in the formation of trimetallic alloys.

In order to investigate the electrocatalytic activity of Au@PtAuAg yolk-shell nanoalloy, cyclic
voltammetry (CV) and chronoamperometry of different catalysts were measured. Fig. 6a shown the CV
curve of different catalysts in N2 saturated 0.5 M H2SO4. The electrochemical effective area (ECSA) of
the catalyst can be calculated by integral deduction of the area of hydrogen adsorption and desorption
between the -0.2 and 0.1 V. The ECSA of Au@PtAuAg yolk-shell nanoalloy and commercial Pt/C
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catalyst were 51.14 and 38.26 m?-g%, respectively. Compared with the calculated results, the ECSA of
Pt-Au-Ag sample was larger than that of commercial Pt/C catalyst.

As shown the results in Figure 6b, a higher peak current was obtained by Au@PtAuAg yolk-
shell nanoalloy (390 mAmg™ Pt) than that of commercial Pt/C (194 mA/mg Pt) at ~0.62 V. As compared
in Figure 6¢, the Au@PtAuAg yolk-shell nanoalloy had a higher activity in term of specific area. Finally,
Chronoamperometry is employed to study the electrochemical activity and stability of the catalyst. As
can be seen from Figure 6d, the nanoalloy had a much better stability compared with the Pt/C. After
3200 s, the current density of the nanoalloy is higher (50 mA mg™ Pt) by factor of 5 times than Pt/C
(11.0 mAmg Pt), further demonstrating the better electrocatalytic durability.

Finally, the mass activity of Pt based nanomaterials with Ag, Au and Ru was compared to
demonstrate the advantage of the present catalyst. As shown in Table 1, the yolk-shell structure of our
catalyst was more active than some PtAu, PtAg and PtRu bimetallic catalyst, indicating a promising
application for methanol oxidation.

Table 1. Comparison of Pt-based nanomaterials for methanol electrooxidation

Catalysts Ir (mA/mg Pt) Refs.
Au@PtAuAg 390 This work

Pt:Ru/Ru 348 24
Pto.os™Au/C 163 26
Au@Pto57Ado.43 NRS ~38 26
Pt-Au alloy 348 27
Au-Pt nanowire 340 28
Au@Pt 149 29
PtAg (core-shell) 271 30

4. CONCLUSIONS

In conclusion, Au@PtAuAg yolk-shell nanoalloy was synthesized successfully by a simple
method. The obtained nanoalloy was well characterized by a series of methods and used as catalyst for
the electrooxidation of methanol. It was found that the alloy had a better performance and stability for
the methanol oxidation compared to commercial Pt/C catalyst, which demonstrated the advantages of
the core-shell structure with unique core/void/shell structure and different components.
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