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Methanol fuel cells have been intensively developed as clean and high-efficiency energy conversion system due to
their high efficiency and low emission of pollutants. Here, we developed a simple aqueous synthetic method to prepare
bimetallic PdAu nanoflowers catalysts for methanol oxidation reaction (MOR) in alkaline environment. Their composition
can be directly tuned by changing the ratio between Pd and Au precursors. Compared with commercial Pd/C catalyst, all
of the PdAu nanoflowers catalysts show the enhanced catalytic activity and durability. In particular, the PdAu nanoflowers
specific activity reached 0.72 mA/cm?, which is 14 times that of commercial Pd/C catalyst. The superior MOR activity
could be attributed to the unique porous structure and the shift of the d-band center of Pd.

Keywords: PdAu alloy, methanol oxidation reaction, catalyst

PACS: 61.82.Bg, 88.30.pf, 82.45.Jn

1. Introduction

Direct methanol fuel cell (DMFC), which is an emerging
energy for portable and transport applications, has attracted
much attention due to its high energy density and environmen-
tally friendly.!!! Pt and Pt-based catalysts as the best catalysts
have been widely applied in the methanol oxidation reaction
(MOR) that is the anodic reaction of DMFC.?! However, Pt
and Pt-based catalysts are not only high cost but also easily
poisoned by COB! which is generated in catalytic processes.
Pd and Pd-based catalysts as a replacement attract more and
more attention because of their low price.[*l And recent re-
search, which could be a strong reason to explore Pd and Pd-
based catalysts, shows that there is no evidence of CO forma-
tion for Pd-based catalysts in an alkaline environment."!

There are two ways to synthesize nanocatalysts with a
high catalytic performance. One way is based on bifunc-
tional reaction mechanism[®! and surface ligand effect.” In
this way, one metal is doped with another metal like noble
metal (Au,!® Pt,1°! and Rul'") or transition metal (Ni,[!]
Co,[121 and Cull3)y.
can attribute to the addition of different metal, which causes
the shift of the d-band center of Pd with respect to the Fermi

level in the alloys.['¥ The other way is shape-controlled metal
15] 16]

Enhancement of the catalytic activity

nanocrystals, such as wires,[8 icosahedrons,! cubes,!
rob,[17! decahedrons,['8! and dendrites.['®! All of these show

a high electrocatalytic activity because of high surface-to-

DOI: 10.1088/1674-1056/abda2f

volume ratio, high index facets, and lattice strain effects.[20]

What is more, Han et al.>!! and Feng et al.[*?! reported that
they integrated the ways of the above mentioned to design and
prepare three-dimensional multi-element alloy catalysts with
superior catalytic activity for alcohol oxidation, which sup-
plied a new way to design nanocatalysts with a high catalytic
performance. Now, some strategies have been applied to de-
sign and optimize materials with enhancing catalytic perfor-
mances, including seed mediated growth,?3 chemical vapor
deposition,?*! and selective etching.[>] But these methods are
often complicated and time consuming, which restrict their
further applications.

In this work, we propose a simple way to synthesize
flower-liked bimetallic PdAu nanocatalysts with controllable
Pd/Au molar ratios. The as-prepared PdAu nanoflowers are
self-supported porous structures with a high surface area. Es-
pecially, all of the PdAu nanoflowers catalysts show higher
catalytic activities for MOR than commercial Pd/C catalyst in
an alkaline environment due to their particular porous archi-
tectures and the shift of the d-band center of Pd.

2. Experimental details

Chemical reagent Palladium (II) sodium chloride
(NaPdCly), chloroauric acid (HAuCly), and polyvinyl pyrroli-
done (PVP, Mw=40000) were purchased from Sigma-Aldrich.

Citric acid, ethyl alcohol absolute, methanol (CH3OH),
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sodium hydroxide (NaOH), and sodium borohydride (NaBH4)
were purchased from Sinopharm Chemical Reagent Company.
Nafion 117 solution (5 wt%) and commercial Pd/C were or-
dered from Alfa Aesar. All the chemicals and materials were
used as received.

Synthesis of PdAu nanoflowers catalysts To synthesize
the PdAu nanoflowers catalysts, 11 mg citric acid and 100 mg
PVP were mixed with 30 mL deionized water (18.2 MQ-cm),
then it was injected with the mixture of 0.2 mM NaPdCly
(37.5 uL) and 0.24 mM HAuCly (31 pL) under magnetic stir-
ring. The 2.1 mg NaBHy was dissolved in 3 mL deionized wa-
ter and subsequently added to the reaction mixture, followed
by stirring for 30 min at room temperature. Finally, the sus-
pensions were filtered and washed several times with deion-
ized water and ethyl alcohol absolute to completely remove all
excess reducing agent. Control experiments were performed
by changing the molar ratio of NaPdCl4; and HAuCly, while
the other experimental conditions were remained unchanged.

3. Characterization

Materials characterization Transmission electron mi-
croscopy (TEM), STEM-element mapping, and high-
resolution transmission electron microscopy (HRTEM) im-
ages of the simples were obtained on JEM2200FS with an ac-
celerating voltage of 200 kV. X-ray diffraction was tested on
Rigaku with a high-intensity microfocus rotating anode x-ray
generator of MicroMax-007HF (A = 1.5418 A).

Electrochemical characterization All the electrochemi-
cal measurements were carried out on a three-electrode system
on CHI-660E electrochemical workstation at room tempera-
ture. The sample and commercial Pd/C were applied to the
surface of glassy carbon (GC) electrodes. Pt wire and satu-
rated calomel electrode (SCE) served as the counter electrode
and reference electrode, respectively. The electrochemical ox-
idation of methanol was performed in the mixture of 1.0 M
NaOH containing 1.0 M CH30H solution. The electrolyte so-
lution was deoxygenated with N, for 15 min before measure-
ment.

4. Results and discussion
4.1. Characterization of Pd;Au; nanoflowers catalysts

The morphology and size of Pd;Au; nanoflowers cata-
lysts were characterized by TEM. Figures 1(a) and 1(b) show
the TEM images of Pd; Au; nanoflowers catalysts in different
magnification, whose average diameter is ca. 25 nm (insert in
Fig. 1(a)). Besides, SAED pattern with obvious diffraction
rings indicated its polycrystalline property. The surface struc-
ture of Pd;Au; nanoflowers catalysts was characterized by
HRTEM in Fig. 1(c). An individual Pd;Au; catalyst displays
an obvious flower shape with porous architecture assembled

by staggered nanocrystals as building blocks. Constructing
open porous structure is of great importance to drastically sup-
press the activity loss derived from the agglomeration of active
sites.[2027] The lattice spacing distance of ca. 0.227 nm can be
observed clearly on the surface of Pd;Au; nanoflowers cata-
lysts, which is between the interplanar spacing value 0.224 nm
of Pd (111) plane and 0.235 nm of Au (111) plane. Figure 1(d)
displays the elemental mapping of Pd, Au and their overlap for
the Pd; Au; nanoflowers catalysts. Their overlap image can be
seen clearly in elemental mapping patterns, which is a strong
evidence for the generation of PdAu alloy (the signals of Pd
in green and Au in yellow). And the chemical composition of
Pd; Au; nanoflowers catalysts is characterized by EDS analy-
sis to be 56 : 44 (Pd : Au), which is very close to the ratio of
Pd: Au. Figures 2(a) and 2(b) show the TEM of PdAu, and
PdAus nanoflowers catalysts, respectively, indicating that the
morphologies of PdAu nanoflowers catalysts are independent
of the molar ratio of NaPdCly and HAuCly.

(a) ;?: e O
e

20 nm

Fig. 1. (a) Low-magnification and (b) middle-magnification TEM images
with SAED image of Pd;Au; nanoflowers catalysts. (c) HRTEM image
of PdjAu; nanoflowers catalysts. (d) HAADF-STEM-EDS mapping of
Pd; Au; nanoflowers catalysts.

To understand the impact of NaBH4 as reductant on the
growth of PdAu nanoflowers, we monitor the change of sam-
ple morphology by TEM. As shown in Fig. 3(a), a large num-
ber of dispersed nanoparticles are produced. After inject-
ing 40 uL NaBH4, both nanoparticles and nanodendrites can
be simultaneously observed, indicating that branches grow
from the nanoparticles (Fig. 3(b)). When injecting 100 pL
NaBHy4, the nanodendrites begin to clump together to generate
nanoflowers (Fig. 3(c)). With injecting NaBH4 up to 200 uL,
the nanoparticles completely form nanoflowers (Fig. 3(d)).
The morphology evolution with the addition of NaBH, gives
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an experimental evidence on the formation process of PdAu
nanoflowers.

Fig. 2. The TEM of morphologies of (a) PdAu; and (b) PdAus.

Figure 4(a) shows the XRD pattern of Pd;Au; nanoflow-
ers catalysts. There are five diffraction peaks at 20 = 39.24°,
45.54°, 66.46°, 79.80°, and 84.04° between monometallic Pd
(JCPDS 46-1043) and Au (JCPDS 04-0784). This indicates
that the products are alloy and have face-centered-cubic (fcc)
structure. To more deeply investigate the surface composi-
tion and chemical state of Pd;Au; nanoflowers catalysts, it
is analyzed by x-ray photoelectron spectra (XPS). The high-
resolution Pd 3d XPS region is shown in Fig. 4(b). Two
distinct binding energies (B.E.) are 335.1 eV and 340.2 eV
that correspond to Pd 3ds/, and Pd 3d;,, respectively. The
two parts can be divided into two pairs of peaks at 335 eV,
340.15 eV, 335.95 eV, and 340.9 eV, indicating the presence of
Pd® and Pd". Similarly, the pair of peaks located at 83.55 eV
and 87.2 eV corresponding to Au 4f; ; and Au 4f5; is shown
in Fig. 4(c). The presence of Pd’ and Pd" is attributed to
that the reduction potential of AuCl, /Au (1.002 V) is higher

than that of PACIZ~/Pd (0.591 V).18! Hence, the reduction of
AuCl, to Au is easier than PdCli* to Pd. Comparing with
the B.E. of pure Pd (335.0 eV) and pure Au (83.8 eV), we
find that the B.E. of Pd 3d5 /2 for Pd; Au, is higher than that of
pure Pd, and the B.E. of Au 4f;; for PdjAu; is much lower
than that of pure Au. The phenomenon can be attributed to the
modification in Pd electronic structure by Au especially the d
band center of Pd and intra-atomic and/or inter-atomic charge
transfer between Au and Pd, when they are alloyed together in

nanoflower structure.

(@

WUIRLES NILESULR
(c) (d)

50 nm 50 nm
I —

Fig. 3. TEM of morphologies of PdAu after injecting (a) 20 uL, (b) 40 uL,
(c) 100 uL, and (d) 200 uL NaBHy.
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Fig. 4. (a) XRD, (b) Pd 3d XPS, and (c) Au 4f XPS spectra of Pd; Au; nanoflowers catalysts.

4.2. Electrochemical properties of PdAu nanoflowers cat-
alysts

Figure 5(a) shows the cyclic voltammograms of Pd/C,
Pd;Au, PdjAu;, PdAu;, and PdAu; nanoflowers catalysts
measured in 1.0 M KOH solution at a scan rate of 50 mV/s.
During the negative scans, the peaks locate at —0.1 V to

—0.4 V can be observed for all catalysts, which are associated

with the Pd oxide reduction. The peaks of Pd oxide reduc-
tion for Pd/C, Pd,Au, Pd;Au;, PdAu,, and PdAu; nanoflow-
ers catalysts are located at around —0.36 V, —0.28 V, —0.26 V,
—0.2V,and —0.19 V, respectively. These peaks exhibit a shift
from low potential to high potential, which is associated with
decrease of Pd content in the PdAu alloy, proving that the cat-
alytic activity of Pd is modified by Au. The electrochemical
active surface area (ECSA) is calculated from the C-V curves
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according to the equation ECSA = Q/C. In this equation, O
is the charge from integrating the peaks of Pd oxide reduction
and C is 4.2 C/m?, which is a constant charge required to re-
duce the monolayer of PdO adsorbed on the catalyst.

MOR activity of PdAu nanoflowers catalysts is tested in
mixed solution of 1 M KOH and 1 M methanol at a scan rate
of 50 mV/s. As shown in Fig. 5(b), the current density is nor-
malized by ECSA, we can see that the C—V curves of methanol
oxidation contain forward scan and backward scan. One peak
located in the forward scan is associated with methanol oxida-
tion, the other is attributed to the removal of by-production
such as formate produced in forward scan. In the forward
scan, the onset potential (Ey), peak potential (Ep), and peak
current density (jp) of catalysts are obtained from Fig. 5(b)
and listed in Table 1. It indicates that alloying of Au with
Pd can enhance the kinetics and improve the catalytic activity
for methanol oxidation. The E; for PdAu nanoflowers cata-
lysts is more negative than that of commercial Pd/C catalyst.
With the decreasing Pd content, the Ep shifts from negative
potential to positive potential and jp first increases and then
decreases. The Ep and jp reach a maximum at PdAu (1 : 1).
This phenomenon is due to that Au has insignificant electro-
chemical activity for methanol oxidation. Specific activity
(SA) is shown in Fig. 5(c), which is calculated from the for-
ward peak currents as normalized by ECSA. From Fig. 5(c),
the Pd; Au; nanoflowers catalyst has the maximum SA, which
is 0.72 mA/cm?, about 14 times that of commercial Pd/C cata-
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lyst. Others also show higher SA than commercial Pd/C cata-
lyst. The excellent performance of PdAu nanoflowers catalysts
could be attributed to the addition of Au, which makes the d-
band center of Pd down shift more obviously and accelerates
the reaction of methanol oxidation.

Table 1. The Ey, Ep, jp, ECSA obtained from Fig. 3.

Catalyst Eo (V) Ep(V) jp(mA-cm2) ECSA (cm?)
Pd/C 035  -0.102 0.053 1.368
Pd;Au 049  -0.116 0.691 0.142
PdAu; —0.50  -0.118 0.721 0.118
PdAu, —046  -0.036 0.512 0.130
PdAus -0.37 0.006 0.459 0.065

Since the PdAu nanoflowers catalysts have similar char-
acteristics with other Pd and Pd-based catalysts, we compare
our catalysts with some commonly reported catalysts. For ex-
ample, Luo et al.!*! provided SA of the Pd-black catalysts,
which is 0.32 mA/cm?. Wang et al.!*®! reported that the incor-
poration of Ag into Pd can enhance the MOR activity of Pd,
which can be increased to 0.68 mA/cm? (Pd: Ag =1:1) and
0.71 mA/cm? (Pd : Ag = 1 : 1.5). Liu et al.’°) showed that the
porous morphology can improve the MOR specific activity of
PdAu catalysts, whose best SA is 0.27 mA/cm?. It can be seen
that the Pd; Au; nanoflowers catalysts are competitive and out-
standing for methanol oxidation reaction compared with other

catalysts.
0.8
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Fig. 5. Cyclic voltammograms of Pd/C, PdyAu, Pd;Au;, PdAu,, and PdAus catalysts in (a) | M KOH and (b) 1 M KOH+1 M CH3;OH.
(c) Specific activities. (d) Chronoamperograms of Pd/C, Pd;Au, Pd; Auy, PdAu;,, and PdAus nanoflowers catalysts.
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To evaluate the electrocatalytic endurance of PdAu
nanoflowers catalysts, chronoamperometric experiment has be
performed at —0.12 V and the results are shown in Fig. 5(d).
All of the catalysts show a significant current decrease at first
and then gradually slow down and level off. During 1 h test,
all of the PdAu nanoflowers catalysts have higher current den-
sity than commercial Pd/C catalyst. And Pd; Au; nanoflowers
catalyst shows the highest current density at 3600 s. From
Fig. 5(d), we can infer that doping Au into Pd can effec-
tively improve the catalyst stability toward methanol oxida-
tion. What is more, the Pd;Au; nanoflowers catalyst is the
most superior catalyst among the catalysts investigated, which
can illustrate that the appropriate incorporation of Au into Pd
can effectively promote the reduction of PdO back to Pd to
improve the stability of catalyst.

5. Conclusion

In summary, we develop a simple aqueous synthetic
method to prepare bimetallic PdAu alloy nanoflowers. The
prepared Pd;Au; nanoflowers show the best specific activ-
ity and stability toward methanol oxidation reaction, com-
pared with other PdAu nanoflowers catalysts and commercial
Pd/C catalyst. The main reason of the enhanced electrocat-
alytic performance is that Au could modify the d-band cen-
ter of Pd. We hope that this work could be used in designing
multi-component and unprecedented electrocatalysts for direct
methanol fuel cells.
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