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Abstract Direct formic acid fuel cells are a promising
portable power-generating device, and the development of
efficient anodic catalysts is essential for such a fuel cell. In
this work Pt-Bi nanoparticles supported on micro-fabri-
cated gold wire array substrate were synthesized using an
electrochemical deposition method for formic acid oxida-
tion in fuel cells. The surface morphology and element
components of the Pt-Bi/Au nanoparticles were character-
ized, and the catalytic activities of the three Pt-Bi/Au
nanoparticle electrodes with different Pt/Bi ratios for
formic acid oxidation were evaluated. It was found that
Pt4Bige/Au had a much higher catalytic activity than
Pt”Bigg/Au and Pt13Bi87/Au, and Pt4Bi96/Au exhibited a
current density of 2.7mA-cm?, which was 27-times
greater than that of Pt/Au. The electro-catalytic activity of
the Pt-Bi/Au electrode for formic acid oxidation increased
with the increasing Bi content, suggesting that it would be
possible to achieve an efficient formic acid oxidation on
the low Pt-loading. Therefore, the Pt-Bi/Au electrode
offers a promising catalyst with a high activity for direct
oxidation of formic acid in fuel cells.

Keywords catalyst, electrochemical deposition, formic
acid oxidation, fuel cell, gold wire array, microfabrication

1 Introduction

Direct formic acid fuel cells (DFAFC) are a promising
portable power-generating device due to their high
electromotive force (a theoretical open circuit potential
of 1.48V), low fuel crossover flux through Nafion
membrane and reasonable power density at low tempera-
tures [1-6]. Recent studies on DFAFC have been focused
on the development of efficient anodic catalysts [7-11] for
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the electro-oxidation of formic acid, which is one of the
major hurdles for its commercialization.

A series of highly selective and active electrocatalysts
have been reported to catalyze anodic oxidation in
DFAFC. Among them, Pt and Pt-based bimetallic
catalysts, such as Pt-Ru [12], Pt-Pd [13], Pt-Au [14] and
Pt-Pb [15], have been extensively studied for the formic
acid oxidation. Doping of a second metal not only
enhances the catalytic activity, but also reduces the use
of noble metal Pt and lower the cost [2,16]. Such an
enhanced catalytic activity is attributed mainly to the
decreased number of adsorption sites for CO as a result of
“third-body effect”, which increases the CO tolerance
[17,18]. Recently, Bi, as a semimetal with unique proper-
ties of semimetal-semiconductor transition, has also been
used to constitute Pt-Bi catalysts for formic acid oxidation
[19,20].

Carbon materials have been widely used as supports for
noble metal catalysts in fuel cells because of their attractive
features of a high electrical conductivity, chemical stability
and low cost [21-23]. Several other supporting substrates
for catalyst, such as titanium [24], vanadium foil [25] and
titanium nitride [26], have also been reported. The metal-
supported catalysts generally have a high catalytic activity
and stability for formic acid oxidation. Particularly, Au is
recognized as an excellent substrate because of its good
corrosion-resistance, high electrical conductivity and
strong interaction with catalyst [27,28].

This work aimed to develop a novel Pt-Bi/Au catalyst
for formic acid oxidation in fuel cells. In order to achieve
such a goal, an easily-controllable method was developed
to prepare a Pt-Bi/Au electrode. An integrated use of
Ultraviolet (UV) lithography technology, argon ion-beam
lithography and electrochemical deposition method was
employed to prepare a gold wire array substrate to support
Pt-Bi bimetallic nanoparticles (NPs) for formic acid
oxidation. To explore the optimal components of the Pt-
Bi/Au for formic acid oxidation, three Pt-Bi/Au catalysts
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with different Pt and Bi compositions were synthesized,
and their formic acid oxidation performance was eval-
uated.

2 Experimental
2.1 Fabrication of the deposited gold wire array substrate

The fabrication of the gold wire array substrate was
completed following a five-step process as described
previously [29]. Prior to the fabrication, a glass substrate
was washed with liquid detergent, rinsed with deionized
water and acetone, and sequentially dried under ambient
conditions. A thin layer of titanium and thick gold with a
thickness of 500 nm were sputter deposited on the glass
substrate. The thin layer of titanium was used as the
adhesion between the glass substrate and the gold layer.
Then, a positive photoresist (Suzhou Ruihong Co., China)
with a thickness of 600 nm was spin-coated on the glass
substrate. After soft-bake, the substrate was aligned and
exposed using a photomask with the pattern of metal
tracks. The exposed positive photoresist was then devel-
oped in 0.4% NaOH solution for 1 min. Later, ion-beam
etching was conducted until the gold and titanium
uncovered by the photoresist were completely removed.
Subsequently, the remaining positive photoresist was
removed using acetone. After cleaning, the gold wire
array substrate as shown in Fig. 1 was fabricated. The gold
film substrate was fabricated by sequentially sputtering
titanium and gold on the glass substrate.

2.2 Preparation and characterization of Pt-Bi/Au
nanoparticles

The Pt-Bi NPs were electrochemically deposited onto the
gold wire array substrate using the cyclic voltammetry

Fig. 1

(CV) method. The electrochemical deposition solution
contained 0.002 mol-L' H,PtClg, three different concen-
trations (0.02, 0.01 and 0.004 mol-L™") of Bi(NOs);, and
40 mL-L™' triethanolamine, dimethyl sulfoxide. The solu-
tion was deoxygenated with nitrogen gas prior to use. The
scanning was conducted between —0.8 and —1.1V (vs.
Ag/AgCl) for 30 cycles at a scan rate of 50 mV-s™'. Then,
the gold wire array substrate modified with the Pt-Bi NPs
was rinsed respectively with acetone and deionized water,
and was left to dry in air.

Pt-Bi/Au-film, Pt-Bi/indium tin oxide (ITO) and Pt/Au
electrodes were also prepared using the electrochemical
deposition method and used for the control experiment. Pt-
Bi/Au-film and Pt-Bi/ITO were synthesized through
depositing the Pt-Bi NPs onto the gold film and ITO
substrate respectively. They were prepared using the same
procedures for Pt-Bi/Au, except the electrochemical
deposition solution, which contained 0.002 mol-L™
H,PtClg, 0.02mol-L™" Bi(NO3);, and 40 mL-L™' trietha-
nolamine, dimethyl sulfoxide. Pt NPs were electrochemi-
cally deposited onto the gold wire array substrate with the
CV method. Aqueous solution containing 0.5 g-L™!
H,PtCls and 0.1 mol-L ' NaCl was used for the electro-
chemical deposition. The scanning was completed between
—0.5 and 0.3V (vs. Ag/AgCl) for 40 cycles at a scan rate
of 50mV-s ™.

The surface morphology of the Pt-Bi/Au catalysts was
characterized using a scanning electron microscopy (SEM)
(Sirion200, FEI Ltd., UK) at an accelerating voltage of 5—
20 kV. The catalysts composition was analyzed with X-ray
photoelectron spectrum (XPS, ESCALAB 250, Thermo-
VG Scientific Co., USA).

2.3 Preparation of electrodes and electrochemical
measurements

Electrochemical activities of the Pt-Bi/Au electrodes were

Images of the gold wire array substrate: (a) 10x optical zoom; and (b) 50x optical zoom
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measured by CV and chronoamperometry on CHI842b
electrochemical workstation (ChenHua Instruments Co.,
China) with a standard three-electrode system. Pt-Bi
modified gold wire array substrate was used as the working
electrode, while a platinum wire and an Ag/AgCl
(saturated) electrode were respectively used as the counter
and reference electrodes. The geometric surfaces areas of
the electrodes were used to calculate the current density. A
solution of 0.1 mol-L' H,S0,4/0.25 mol-L ' HCOOH was
purged with nitrogen gas before the measurements. To
evaluate the activities of the Pt-Bi/Au electrodes, CV
analysis was performed in a potential between —0.2 and
1.0V (vs. Ag/AgCl) at a scan rate of 10 mV-s ', whereas
chronoamperometry was conducted in 0.1 mol-L™' H,SO,/
0.25mol-L ' HCOOH at 0.4V (vs. Ag/AgCl) for 1 h.

3 Results and discussion
3.1 Gold wire array substrate

The comb-like gold wire array substrate (Fig. 1(a)) was
fabricated using the UV exposure and argon ion-beam
etching techniques. The gold wire had a width of 2 pm and
the two adjacent gold wires had an interval of 3 um (Fig.
1(b)). The unique structure of the gold wire array substrate
made it conducive for the electrochemical deposition of the
Pt-Bi NPs selectively at the edges on the gold wire surface,
similar to the electrochemical step edge decoration [30,31].

3.2 CV for deposition of Pt-Bi NPs
Electrochemical deposition of Pt-Bi NPs onto the gold

wire array substrate was performed in organic phase to
prevent generation of bismuth oxide. Figure 2 shows the
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Fig. 2 CVs of the gold wire array substrate in the electro-
chemical deposition solution (scan rate: 50 mV-s ', 0.002 mol
L' H,PtCls, 0.02mol-L " Bi(NO;);, 40mL-L! triethanola-
mine, dimethyl sulfoxide)

CV curve of the gold wire array substrate in the deposition
solution. Two pairs of redox peak were observed and
corresponded to Bi**/Bi® (I) and PtCI2~/Pt® (II), respec-
tively. The maximum reduction peak was found at —1.0 V.

3.3 XPS spectra

The XPS in Fig. 3(a) reveal the composition of the Pt-Bi
NPs on the gold wire array substrate. The C 1s peak at
284.6 eV and O 1s peak at 532.8 eV were ascribed to the
carbon and oxygen elements, respectively. The Bi 4f5,, and
Bi 4f5,, peaks were observed at 159.7 eV and 163.2 ¢V,
respectively. The peaks of Pt 4f7,, and Pt 4f5,, were at 71.2
and 74.2 eV, respectively. These results agree with those
reported in literature well [20,32], confirming the presence
of Bi and Pt elements. Table 1 lists the molar ratios of Pt
and Bi in the three different catalysts, which were
calculated from the peak areas of Pt and Bi (Fig. 3(b)).
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Fig. 3 XPS of the Pt-Bi NPs supported on gold wire array
substrate: (a) Pt4Bigg/Au; and (b) three different Pt-Bi/Au catalysts
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Table 1 Structural parameters of the Pt-Bi/Au catalysts
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catalyst ratio of atomic wt.% of Pt and Bi stoichiometry molar ratio of Pt and Bi in deposition solutions
PtyBigs/Au 3.98:96.02 PtBiy4. 1 /Au 1:10
Pt Bigo/Au 10.61:89.39 PtBig 43/Au 1:5
Pt,3Bigs/Au 12.71:87.29 PtBis g7/Au 1:2

The results clearly show that the three Pt-Bi/Au electrodes
with different Pt/Bi atomic radios were synthesized using
different electrochemical deposition solutions. The Bi
content in the Pt-Bi NPs increased with the increasing
Bi(NO3); content in the electrochemical deposition solution.

3.4 SEM characterization

Figure 4 shows the SEM images of Pt;Bigs/Au, Pt;;Bigy/
Au and Pt;3Big;/Au. The Pt-Bi NPs were found to
distribute differently on the surface of the gold wire
array substrate, depending on their compositions. The
catalysts with a lower Pt content (Pt;Bigs/Au) showed non-
homogeneous distribution of NPs with a particle diameter
of 100 nm (Fig. 4(a)). This particle size was attributed to
the agglomeration of the smaller particles (with a particle
diameter of approximately 10 nm). The Pt;;Bigo/Au and
Pt13Big;/Au catalysts exhibited larger particle diameters
and the particles seemed to be cross-linked with each other
and attached to the gold wire array substrate (Figs. 4(b) and
(c)). Even although the same method was adopted for the
synthesis, the Pt-Bi/Au NPs with different morphologies
were obtained when different electrochemical deposition
solutions were used. However, both the thickness of the
gold wires and the size of the catalyst particles were large,
attributed to the limitations of the UV exposure technology.
Further efforts should be made to reduce the width of the
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gold wires. For example, with an integration of holo-
graphic lithography and microfabrication techniques, a
gold nano-wire substrate with a width less than 100 nm
could be prepared. Another possible option is the
utilization of electron beam lithography, which can be
used to pattern features of uniform size with a spatial
resolution below 30 nm.

3.5 Electrochemical properties of Pt-Bi/Au electrode

To evaluate the electro-catalytic activity of the three Pt-Bi/
Au catalysts, the CV of Pt-Bi/Au and Pt/Au electrocatalysts
was conducted in 0.25 mol-L' HCOOH and 0.1 mol-L™"
H,S0y as the supporting electrolyte. The peak currents in
the forward scanning for Pt4;Bigs/Au, Pt;;Bige/Au,
Pt;3Big7/Au and Pt/Au, which was ascribed to the reaction
of formic acid oxidation, were 2.7, 2.1, 0.87 and 0.10 mA
-cm 2, respectively (Fig. 5). Pt4Bigg/Au exhibited a current
density 1.3-fold greater than Pt;;Bige/Au, 3.1-fold greater
than Pt 3Big;/Au and 27-fold greater than the Pt/Au. The
current densities of the three Pt-Bi/Au electrocatalysts
increased significantly, compared to the Pt/Au. Further-
more, the onset potential of Pt;Bigs/Au was lower than that
of Pt;;Bigo/Au or Pt;3Big;/Au. These results suggest that
Pt4Bigs/Au had the highest activity for formic acid
oxidation.

The current-decay pattern of the three Pt-Bi/Au and the
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Fig. 4 SEM images of the Pt-Bi NPs. (a) PtyBigs/Au; (b) Pt;;Bige/Au; and (c) Pt;3Big,/Au
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Fig. 5 CVs of the three electrodes at a scan rate of 10 mV-s ' in 0.1 mol-L ™! H,SO,, 0.25 mol-L"' HCOOH aqueous solution: (A)

Pt4Bigg/Au; (B) Pt;1Bigo/Au; and (C) Pt;3Big;/Au. The inset is the

Pt/Au catalysts at 0.4V (vs. Ag/AgCl) in 0.1 mol-L"'
H,S04/0.25 mol-L ' HCOOH under ambient conditions is
shown in Fig. 6. The current attenuation was rapid in the
initial 15 min, and then slowed down. The final current
values of the three electrodes after 1h were in the
fOllOWing order: Pt4Bi96/Au > Ptl lBigg/Au > Pt13Bi87/
Au>Pt/Au. This indicates that the current increased
with the increasing Bi content in the catalysts. The higher
catalytic activity of Pt;Bige/Au than Pt;;Bige/Au and
Pt|3Big;/Au was possibly attributed to the more regular
morphology and smaller particle size, which is consistent
with the above CV results.

In this study, photolithographic techniques and electro-
chemical deposition were used to fabricate the Pt-Bi/Au
catalysts. As a result, the size and shape of Pt-Bi NPs were

magnified CV of Pt/Au

readily controlled by the gold arrays and could be modified
easily. Compared with other methods, this approach
provides much better control of the Pt-Bi NPs and has a
high repeatability because of the micro-fabrication techni-
ques used. With this approach, catalysts with a high
catalytic activity could be prepared. Furthermore, the
thickness of the gold wire array used in this work was
only 500 nm, and such a thin layer of gold only costs about
$0.05 dollar-cm 2. The extra costs are well worth the merits
it brings about. Meanwhile, the Pt content of Pt;Bigs/Au
catalyst with a higher catalytic activity was only 3.98% and
the amount of noble Pt used could be reduced with this
approach. Thus, the Pt-Bi/Au electrode prepared in this
work offers a promising catalyst with a high activity for
direct oxidation of formic acid in fuel cells.
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Fig. 6 Chronoamperograms of the three electrodes at a scan rate of 0.4 V-s~' in 0.1 mol-L™" H,SOy, 0.25 mol-L™' HCOOH aqueous
solution: (A) PtyBigs/Au; (B) Pt;;Bige/Au; (C) Pty3Big;/Au; and (D) Pt/Au



Shu-Hong LI et al. A Pt-Bi bimetallic nanoparticle catalyst for electro-oxidation of formic acid 393

3 -
Pt,Biy/Au
3 2t
<
1
z
=
2
=)
z Ir
‘@
=
2
. . -
Pt-Bi/Au-film -
0 -
1 1

003

0.02¢

AmA-cm °)

001

0.004 Pt-Bi/ITO

* =001

intensity of current/

-0.02}

: . : : . :
-0z 00 02 04 06 08 1.0
potential 'V (vs. Ag/AgCl)

-0.03

L L 1 L |
-0.2 0.0 0.2 0.4

| L
0.6 0.8 1.0

potential/V (vs. Ag/AgCl)

Fig. 7 CVs of PtyBige/Au, Pt-Bi/Au-film and Pt-Bi/ITO electrodes at a scan rate of 10 mV-s ! in 0.1 mol-L! H,SO0,, 0.25 mol-L!

HCOOH aqueous solution

3.6 Effect of the material substrate

To probe the effect of gold wire array on the Pt-Bi NPs
activity, the Pt-Bi NPs were deposited onto the gold wire
array, gold film and ITO, respectively, and the electro-
catalytic activities of the three electrocatalysts were
evaluated. Figure 7 illustrates the voltammetry at Pt-Bi/
Au-film, Pt-Bi/ITO and Pt;Bigs/Au in 0.1 mol- L™ H,SO,4/
0.25 mol-L™" HCOOH solution. The current density from
formic acid oxidation increased significantly for Pt4Biges/
Au and Pt-Bi/Au-film, compared to Pt-Bi/ITO. Mean-
while, Pt4Bige¢/Au exhibited a current density almost 5-fold
greater than Pt-Bi/Au-film. This might be attributed to the
good corrosion-resistance, high electrical conductivity of
Au substrate and strong interaction with Pt-Bi NPs. The
results in Fig. 7 clearly show that the Au substrates had a
much higher catalytic activity than the ITO, and the gold
wire array was more suitable as a catalyst substrate. In
addition, it was found that there was a synergistic effect
between the Pt-Bi NPs and gold wire array. Future studies
will be conducted to optimize the compositions of the Pt-
Bi/Au and reduce the width of gold wires to further
enhance its activity for formic acid oxidation in fuel cells.

4 Conclusions

An easily-controllable method was developed to prepare
Pt-Bi/Au catalysts. Three Pt-Bi/Au catalysts with different
compositions, i.e., Pt4Bigs/Au, Pt;;Bigo/Au and Pt;3Big;/
Au, were synthesized onto the gold wire array substrate
and their performance for formic acid oxidation was
evaluated. The electro-catalytic activity of Pt-Bi/Au for

formic acid oxidation in acidic solution increased with the
increasing Bi content, possibly attributed to the more
regular morphology and smaller particle size.
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