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The Pd and PdBi nanoparticles dispersed on the reduced graphene oxide (Pd/rGO and PdBi/rGO) have been
synthesized through one-pot reaction under the irradiation of microwave and the obtained composites have
been characterized by transmission electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy,
and their electrocatalytic activities have also been evaluated. It is found that the PdBig 5/rGO catalyst exhibits

higher activity and better stability toward formic acid electrooxidation compared with Pd/C and Pd/rGO. The
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excellent electrocatalytic performance indicates that the addition of appropriate amount of Bi can greatly
enhance the activity and stability of Pd catalysts for the formic acid oxidation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Compared with methanol, formic acid is less toxic, less flammable
and has much lower fuel crossover and faster oxidation Kkinetics.
Furthermore, the power density of the direct formic acid fuel cell
(DFAFC) is much higher than that of direct methanol fuel cell (DMFC)
although its energy density is lower than that of DMFC [1-4]. Therefore,
DFAFC has attracted increasing attention and been considered to be an
attractive candidate for mobile and portable power devices [5-7].

To increase the electrocatalytic activity and reduce the noble metal
loading, much effort has been made to develop highly dispersed metal
nanoparticles (NPs) on the supports including activated carbon, carbon
nanotubes [8], carbon nanofibers [9] and graphene [10]. Most investiga-
tions have demonstrated that Pd nanoparticles show much higher
activity for formic acid oxidation than Pt catalysts [7,11]. However, the
stability of Pd/C catalysts must be further improved due to the aggrega-
tion of Pd particles and the accumulation of CO-like intermediates on Pd
particles during the electrooxidation process of formic acid [5,6]. It has
been proved that the addition of the second element can effectively
increase not only the activity but also the stability of Pd catalysts. For
example, Pires et al. [12] have synthesized PAM (M = Ni, Fe, Co) NPs
with more stability compared with commercial Pd/C. Kim et al. [13]
have prepared Pt NPs supported on carbon and modified it by irrevers-
ible adsorption of Bi(Ill) on Pt surfaces in which the Bi exists mainly in
the form of Bi oxide.
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In previous literatures, graphene oxide (GO) is firstly reduced to
obtain the reduced GO (rGO) and then the rGO is used as support to
prepare Pd/rGO [10], or the ions of Bi(Ill) are adsorbed on the sur-
face of Pt particles [13] to obtain Bi(Ill) modified Pt/C. In this
work, Bi has been introduced into Pd catalysts supported on the
rGO by one-pot reaction in glycol under the irradiation of micro-
wave (PdBi/rGO) to obtain the PdBi catalyst and the Bi exists mainly
in Bi(0) form. The contents of Bi in the catalyst have influence on
the electrooxidation of formic acid, and the optimum catalyst of
PdBi/rGO exhibits the better performance compared with Pd/rGO
and commercial Pd/C.

2. Experimental
2.1. Reagents and chemicals

Nafion solution (5 wt.%) was obtained from Aldrich and the Pd/C
(30 wt.%) was bought from Johnson Matthey Corp. PdCl, and Bi(NOs)s-
5H,0 were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other reagents were of analytical grade and
used without further purification.

2.2. Synthesis of catalysts

GO was synthesized according to literature [14] and the catalysts
were prepared by a one-pot microwave reduction method. Briefly,
0.58 mL PdCl, (50 mM) and different quantities of Bi(NOs3)s3-5H,0
were dissolved in 2.18 mL of GO suspension (5 mg mL™!) to form the
mixtures with Bi:Pd atomic ratios of 0, 1:30, 1:20 and 1:10. The mixture
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was then dropped into 50 mL glycol under vigorous stir and then
adjusted the pH to about 13 with 2 M KOH solution. The mixture was
then heated under microwave irradiation (600 W) to 160 °C and kept
for 5 min. Finally, the obtained solid was filtered, washed with water
and dried at 70 °C under vacuum for 2 h. The resultant samples were
defined as Pd/rGO, PdBig 3/rGO, PdBig o5/rGO and PdBig 10/rGO. The
obtained catalysts of Pd/rGO and PdBi/rGO had a theoretical Pd loading
of 30 wt.%.

2.3. Characterization and measurements

The morphologies of samples were characterized using a transmis-
sion electron microscopy (TEM, JEOL-2010) operating at 200 kV. X-ray
diffraction (XRD) patterns were recorded on Bruker D8 Advance X-ray
diffractometer with Cu Ka radiation. X-ray photoelectron spectroscopies
(XPS) were performed on Axis Ultra DLD (Kratos Shimadzu) spectrom-
eter operating at 150 W. Electrochemical measurements were carried
out on a CHI6G60B electrochemistry workstation by using a conventional
three-electrode technique. The pre-polished pyrolytic graphite elec-
trode (0.09 cm?) loaded with catalysts (in terms of Pd: 33.3 ug cm™2)
was used as the working electrode while Pt plate and saturated calomel
electrode (SCE) were used as counter and reference electrode,
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respectively. The electrolyte was 0.5 M H,SO, solution with or without
HCOOH. High-purity N, was bubbled into the solution for 10 min to
remove O, and maintained during the electrochemical measurements.
All the electrochemical measurements were performed at a tempera-
ture of 25 £ 1 °C.

3. Results and discussion

As observed from Fig. 1A, the rGO shows the typical sheet structure
with crimples. The commercial Pd/C catalyst shows that the Pd particles
with an average size of about 5.2 nm disperse on the carbon support
(Fig. 1B). It is found that the Pd particles dispersed on rGO are relatively
uniform and their average size is about 4.7 nm (Fig. 1C), indicating that
the rGO may cause the Pd particles size small. The particles in both sam-
ples of PdBig o3/rGO (Fig. 1D) and PdBig o5/rGO (Fig. 1E) also exhibit a
relatively uniform distribution and the size of the particles ranges
from 2 to 9 nm, which is similar to that of Pd/rGO. However, particles
in PdBig 1o/rGO are not uniform and have some aggregation, the scale
of the particles ranges from 3 to 11 nm (Fig. 1F). The result demon-
strates that the addition of little Bi has almost no influence on the size
of particles and that more content of Bi can make the size increase and
aggregation of particles.
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Fig. 1. The TEM images of rGO (A), commercial Pd/C (A), Pd/rGO (C), PdBig,03/rGO (D), PdBig 0s/rGO (E) and PdBig 10/rGO (F).
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The diffraction peaks (Fig. 2A) observed at about 25° in all samples
may refer to C(002) plane of the supports while the peaks at about 40,
47 and 68° are corresponding to the diffraction of Pd(111), (200) and
(220) plane, respectively [2,4]. For PdBi/rGO catalysts, the diffraction
peaks of the Pd (fcc) phase are shifted to small angles compared with
Pd/rGO and Pd/C catalysts, indicating that there is a lattice expansion
because the relatively large Bi atoms have incorporated into Pd lat-
tice [15]. Besides the Pd phase and the C(002) contribution, the
strong broad peak ranged from 15 to 37° has also been observed in
PdBig. 10/rGO, which can be attributed to the presence of Bi and/or
Bi,Pd phases [16]. No obvious diffraction peaks related to Bi or
Bi,Pd phases are found in PdBig ¢3/rGO and PdBig 5/rGO because
the Bi content is low or these species may exist in amorphous phases.
The average sizes of the particles are calculated to be about 5.2, 4.4,
4.5,4.3 and 5.2 nm for Pd/C, Pd/rGO, PdBig o3/rGO, PdBig 95/rGO and
PdBig.10/rGO based on the Debye-Scherrer formula, which is almost
consistent with the results of TEM images.

As observed from the XPS spectra shown in Fig. 2B, the GO shows
C1s peaks at 284.5 and 286.8 eV, which can be ascribed to sp? hybrid-
ized carbon and the carbon related to the C-0 bonds (Fig. 2B-a),
respectively. Similar to the Pd/C catalysts (Fig. 2B-b), the samples of
PdBi/rGO (Fig. 2B-c-f) possess strong sp? hybridized carbon peak at
284.6 eV, but weak peak related to the C—0O bonds compared with
GO, which indicates that GO has been reduced during the process of
synthesis because glycol can act as a reducing agent under alkaline
condition. The Pd3d XPS peaks (Fig. 2C) consist of three doublets
which can be assigned to metallic Pd(0), PdO,qs and PdO species,
respectively [17,18]. It is interesting to find that commercial Pd/C con-
tains more PdO species than Pd(0), and that PdBig g5/rGO contains

more Pd(0) species than other samples. The Bi4f XPS peaks can be fitted
by three peaks which correspond to Bi(0), Bi(Ill) and BiO,q4s Species
(Fig. 2D), and it is found that the presence of Bi in the particles is favor-
able to the Pd(0) species compared with literature [ 13]. The atomic ratio
of Bi/Pd in PdBi/rGO determined by XPS is close to the molar ratio of the
respective precursors utilized in the synthesis.

Fig. 3A shows that the sample of PdBig o5/rGO exhibits the relatively
higher catalytic activity toward formic acid oxidation than other sam-
ples. Therefore PdBig5/rGO is chosen to compare with commercial
Pd/C and Pd/rGO. According to Fig. 3B, the electrochemical surface
area (ECSA) can be calculated based on the integrated area of the reduc-
tion peak of Pd oxide at about 0.45 V [7,19], and the values of ECSA are
calculated to be about 18.6, 24.5 and 23.3 m? g~ ! for the commercial
Pd/C, Pd/rGO and PdBi 5/rGO, respectively. This result reveals that
Pd/rGO and PdBig o5/rGO have more Pd active sites than Pd/C. Moreover,
it is also found that the reduction peak of Pd oxide in PdBigs/rGO shifts
to positive potential compared with Pd/C and Pd/rGO, indicating that Pd
oxide is easily reduced in PdBig os/rGO.

The electrocatalytic activities of the catalysts for formic acid oxida-
tion have been evaluated by using CV in 0.5 M H,SO4 + 0.5 M HCOOH
at a scan rate of 50 mV s~ . As shown in Fig. 3C, the PdBigs/rGO
exhibits the best activity for formic acid oxidation with a peak current
density of 1340 mA mg~!, which is 1.5 times as large as that on
Pd/rGO (890 mA mg~') and 2.7 times as large as that on commercial
Pd/C catalysts (490 mA mg~!). This result is better than PdNi/C reported
previously [2], and indicates that the addition of small amount of Bi can
greatly enhance the kinetics for formic acid oxidation. This may be that
Bi can increase efficiency of Pd active sites because the addition of Bi
may weaken the accumulation of CO-like intermediates although the
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Fig. 2. (A) The XRD patterns of commercial Pd/C (a), Pd/rGO (b), PdBig 03/rGO (c), PdBig0s/rGO (d) and PdBig 10/rGO (e), (B) The C1s XPS spectra of GO (a), Pd/C (b), Pd/rGO
(c), PdBig,03/rGO (d), PdBig 5/rGO (e) and PdBig.10/rGO (f), (C) Pd3d XPS spectra in the catalysts of Pd/C (a), Pd/rGO (b), PdBig 3/rGO (c), PdBig5/rGO (d) and PdBig.10/rGO
(e) and (D) Bi 4f XPS spectra of Pd/rGO (a), PdBig 3/rGO (b), PdBig 95/rGO (c) and PdBig 1o/rGO (d).
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Fig. 3. The plot of the peak current density for the formic acid oxidation on the catalysts with different Bi/Pd ratios (A), the cyclic voltammograms of the catalyst in 0.5 M H,SO4 (B) and in
0.5 M H,S0,4 + 0.5 M HCOOH at a scan rate of 50 mV s~ (C) and the chronoamperometry curves of catalysts in 0.5 M H,SO, + 0.5 M HCOOH at 0.2 V (D). (a) Pd/C, (b) Pd/rGO and

(¢) PdBip ¢5/rGO.

addition of a small amount of Bi may take up some Pd active sites com-
pared with Pd/rGO based on the ECSA result.

From the chronoamperometric curves (Fig. 3D), it can be observed
that the current density for formic acid oxidation on the PdBig5/rGO
after 6000 s is higher than that on commercial Pd/C and Pd/rGO at the
corresponding time. This illustrates that the stability of PdBigs/rGO
catalysts is better than that of the commercial Pd/C and Pd/rGO. It
may be that crystal lattice of Pd has changed and enhanced the OHqs
adsorbed on Pd sites adjacent to Bi, which facilitates the oxidative
removal of CO-like intermediates by the OH.q4s species and improves
the kinetics for formic acid oxidation when optimum Bi atom dope
into Pd lattice [20].

4. Conclusions

PdBi particles dispersed on rGO have been synthesized through
one-pot reaction under microwave irradiation. The PdBi alloy phase
increases in PdBi/rGO with the increment of Bi content in the compos-
ites. The resultant PdBig ¢5/rGO shows high activity and good stability
toward the electrooxidation of formic acid, which reveals that optimum
quantities of Bi may decrease the agglomeration of Pd particles or
increase the toleration to CO-like intermediates. This approach can be
extended to prepare other noble metals or their alloyed NPs supported
on rGO.
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