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Abstract Pd and bimetallic PdRu nanoparticles supported
on Vulcan XC-72 carbon prepared by the microwave-
assisted polyol process are examined as electrocatalysts for
the electrooxidation of formic acid. The catalysts are
characterized by transmission electron microscopy and X-
ray diffraction. The Pd and PdRu nanoparticles with sizes
of <10 nm display the characteristic diffraction peaks of a
Pd face-centered cubic (fcc) crystal structure. It is found
that the addition of Ru to Pd/C can decrease the lattice
parameter of Pd (fcc) crystal. The electrocatalytic activities
of the catalysts are evaluated in sulfuric acid solution
containing 1 M formic acid using linear sweeping voltam-
metry and chronoamperometry. The results show that
PdsRu,/C displays the best electrocatalytic performance
among all catalysts for formic acid electrooxidation.

Keywords Carbon-supported PdRu nanoparticles -
Palladium nanoparticles - Catalytic activity - Formic acid
oxidation

Introduction

Direct methanol fuel cell (DMFC) has been widely studied
and considered as possible power sources for the portable
electronic devices and electric vehicles during the past
20 years. These fuel cells offer a variety of benefits such as
high specific energy and the ready availability and
portability of methanol. However, DMFC has some serious
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disadvantages [1]. Firstly, the methanol “crossover” from
the anode to the cathode through membrane leads to the
waste of methanol and the decrease in the DMFC
performance. Secondly, the anode catalyst Pt in DMFC is
easy to be poisoned with CO. Thirdly, the use of methanol
is not safe because methanol is a toxic, evaporable, and
burnable compound. Recently, many advantages of direct
formic acid fuel cell (DFAFC) have been recognized [2, 3].
For example, formic acid is non-toxic and not inflammable.
Hsing and co workers [4] have reported that the rate of
formic acid crossover can be reduced by five times, and a
higher performance can be rendered by formic acid when
compared to methanol under the same conditions.

It was reported that the electrooxidation of formic acid
could undergo through two parallel pathways, the direct
pathway and CO pathway [5-7]. In the direct pathway,
formic acid is directly oxidized to CO,. In the CO pathway,
formic acid first adsorbs onto the catalyst surface, forming
an intermediate adsorbed CO species by dehydration, which
is then oxidized to CO,. Carbon-supported Pt catalysts for
electrooxidation of formic acid are poisoned severely by the
adsorbed CO intermediate of the reaction [8—10]. The
electrooxidation rate of formic acid at the Pt catalyst is
insufficient for the practical application, because the
electrooxidation of formic acid at the Pt catalyst is mainly
through the CO pathway. It has been demonstrated [11, 12]
that PtRu and PtPd alloys can diminish this CO poisoning
effect to some extent, but it still limits significantly the
catalytic activity for formic acid oxidation. Recently, Masel
et al. [13, 14] have disclosed that unsupported Pd and Pd/C
catalysts can overcome CO poisoning effect and thereby
yield high performances in the DFAFC. In order to further
improve the electrocatalytic performance of the Pd and
Pd/C catalysts, the Pd-based bimetallic catalysts, such as
Pd-Ni [15], Pd-Au [16], Pd-Pt [17], and Pd-Ir [18], have
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been investigated. However, to the best of our knowledge,
PdRu bimetallic catalysts for formic acid electrooxidation
have not been reported yet.

In this paper, PdRu nanoparticles are synthesized by a
simple microwave-assisted polyol procedure and deposited
on carbon to produce carbon-supported PdRu catalysts,
aiming to have a less expensive electrocatalyst in the
DFAFC. The physicochemical properties and electrochem-
ical activities of the nanoparticles for formic acid oxidation
are investigated. The reasons of oxidation activity enhance-
ment for PdRu catalysts are discussed in detail.

Experimental

The Pd,Ruy/carbon black (Cabot Vulcan XC-72, subscript
denotes the atomic ratios of the alloying metal) catalysts
were prepared by microwave heating of ethylene glycol
(EQG) solutions of PdCI, and RuCl; [19-21]. The Pd and Ru
contents in each sample were 20 wt.%, 0.99, 1.5, and
3.0 mL 0of 0.02 M RuCl; (Aldrich, A.C.S. Reagent) and 4.9,
4.5, and 3.0 mL of 0.02 M PdCl, (Aldrich, A.C.S. Reagent)
were chosen to yield PdsRu,/C, Pd;Ru,/C, and Pd,Ru,/C,
respectively. A typical preparation of PdsRu,/C catalyst
would consist of the following steps: 4.9 mL of 0.02 M
PdCl, and 0.99 mL of 0.02 M RuCl; was mixed with 30 ml
of ethylene glycol (Mallinckrodt, AR); 0.5 mL of 0.8 M
NaOH was added dropwise; 0.05 g of Vulcan XC-72
carbon with a specific BET surface area of 250 m? g~' and
an average particle size of 40 nm was added to the mixture
and sonicated. The solution was placed in a CEM
“Discover” microwave reactor (CEM Corporation) with
the maximum temperature set at 170 °C at atmospheric
conditions for 30 s. The resulting suspension was filtered,;
and the residue was washed with acetone and dried at 100 °C
over night in a vacuum oven. For comparison, Pd/C catalyst
(20 wt.% Pd loading) was also prepared using the same
method.

The catalysts were examined by TEM on a JEOL JEM
2010. For microscopic examinations, the samples were first
ultrasonicated in acetone for 1 h and then deposited on
3 mm Cu grids covered with a continuous carbon film. X-
ray diffraction (XRD) patterns were recorded by a Bruker
GADDS diffractometer with area detector using a CuK«x
source (A=1.54056 A) operating at 40 kV and 40 mA. The
samples were prepared by depositing carbon-supported
nanoparticles on a glass slide.

An AUTOLAB potentiostat/galvanostat and a conven-
tional three-electrode test cell were used for electrochemical
measurements. The working electrode was a thin layer of
Nafion-impregnated catalyst cast on a vitreous carbon disk
held in a Teflon cylinder. The catalyst layer was obtained in
the following way: (1) a slurry was first prepared by

@ Springer

sonicating for 1 h a mixture of 0.5 ml of deionized water,
13 mg of Pd/C or PdRu/C catalyst, and 0.2 ml of Nafion
solution (Aldrich, 5 wt.% Nafion); (2) 4 pl of the slurry was
pipetted and spread on the carbon disk; (3) the electrode
was then dried at 90 °C for 1 h and mounted on a stainless
steel support. The surface area of the vitreous carbon disk
was 0.25 cm” and the loading of the catalyst on the carbon
disk electrode is 0.074+0.002 mg. Pt gauze and an Ag/AgCl
electrode were used as the counter and reference electrodes,
respectively. All potentials in this report are quoted against
Ag/AgCl. All electrolyte solutions were deacrated by high-
purity argon for 2 h prior to any measurement. For linear
sweeping voltammetry and chronoamperometry of formic
acid oxidation, the electrolyte solution was 1 M formic acid
in 0.5 M H,SO,4, which was prepared from high-purity
sulfuric acid, high-purity grade formic acid, and distilled
water.

For the electrochemical measurement of the adsorbed
CO on Pd/C and PdRu/C catalysts, CO was bubbled into
the solution for 10 min when the electrode potential was
fixed at 0 V vs. Ag/AgCl. Then, Ar was bubbled into the
solution for 10 min to remove CO in the solution. No
background subtraction in linear seeping voltammetry was
used.

Results and discussion

The typical TEM images of the Pd;Ru,/C, Pd;Ru;/C and
Ru/C catalysts are shown in Fig. 1. As shown in Figs. 1a, b,
and c, a remarkably uniform and high dispersion of metal
particles on the carbon surface with an average diameter of
42,39, and 4.9 nm for Pd;Ru,/C, Pd;Ru,/C and Ru/C,
respectively. Evidently, Pd;Ru;/C, Pd;Ru;/C and Ru/C
nanoparticles, synthesized by a microwave-assisted polyol
process, present well-dispersed particles on Vulcan XC-72
and relatively narrow particle size distributions as shown in
Figs. 1d, e, and f. To determine the actual palladium and
ruthenium contents in the PdRu alloys, inductively coupled
plasma spectroscopy was used to measure the unreacted
metal ions remaining in the ethylene glycol mixtures. The
PdRu alloy nanoparticles of compositions of PdssRu;,
Pd;3Ru; and Pd; 4Ru; were obtained from precursors of
PdsRu;, Pd;Ru; and Pd;Ru;. The analyses indicate that
there were some deviations from the targeted compositions.

The power XRD patterns for PARu/C are shown in Fig. 2
alongside the diffraction patterns of a Pd/C catalyst used as
comparison. The diffraction peak at 20-25° observed in all
the XRD patterns of the carbon-supported catalysts is due
to the (002) reflection of the hexagonal structure of Vulcan
XC-72 carbon. For Ru/C catalyst, the peaks at 44°, 58°,
69°, and 78° can be respectively assigned to the (101),
(102), (110), and (103) planes of a Ru hexagonal closed-
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Fig. 1 TEM images (a, b, and ¢) and histograms of particle size distribution (d, e, and f) of Pd;Ru,/C, Pd;Ru;/C and Ru/C catalysts

packed lattice. For Pd/C and PdRu/C catalysts, the  Pd (fcc) crystal structure. Careful investigation of Fig. 2
diffraction peaks at about 40°, 47°, 68°, and 82° are due  reveals that all diffraction peaks were shifted synchronously
to the Pd (111), (200), (220), and (311) reflections,  to higher 26 values with increasing Ru concentration in the
respectively, which represents the typical character of a  catalysts. The shift was an indication of the reduction in
crystalline Pd face-centered cubic (fcc) phase. This indi-  lattice constant. The lattice parameters of Pd, PdsRu;, Pd;Ru,,
cates that the Ru was either in an amorphous state or  and Pd;Ru; were 3.911, 3.906, 3.892, and 3.885 A,
alloyed with the Pd. There are no other distinct reflection  respectively. According to Vegard's law [22], the lattice
peaks in all spectra than those of the four peaks mentioned  constant was usually used to measure the extent of alloying:

above, indicating that these electrocatalysts have prevailed
Aparu = dpd — kXRy (1)

where apg=3.911 A is the lattice parameter of pure Pd, apgry
is the lattice parameter of PdRu alloy, and k=0.124 A is a

Pd(111)

—_ =3 ~ —_

g § § é constant. From the values of lattice parameters, we have

2 A Pd,Ru,/C & e calculated Ru atomic fraction in PdRu alloy. The value of
- i - xry for PdsRuy, Pd;Ru;, and Pd;Ru; are 0.04, 0.15, and
:: Pd;Ru/C A A 0.21, respectively. The reduction of lattice constant primarily
g arose from substitution of palladium atoms with Ru atoms,
'2; PdsRu,/C AN resulting in contraction of the fcc lattice, which indicated the
2 formation of the PdRu alloy.

Pd/C

The linear sweeping voltammograms of 1| M HCOOH in
0.5 M H,SOy, solution at the different catalysts are shown in
Fig. 3. The most commonly accepted mechanism is the so-
called “parallel or dual pathway mechanism” [23, 24],
; ; ; ‘ ‘ ‘ which involves the following formal reaction pathways

20 30 40 50 60 70 80 90
Eqgs. (2 .
2 Theta (deg.) [Eqgs. (2) and (3)]

Fig. 2 XRD patterns of PdRu/C and Ru/C catalysts HCOOH — CO, +2 H* +2e (2)
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Fig. 3 Linear sweeping voltammograms of Pd/C and PdRu/C
catalysts in 1 M HCOOH, 0.5 M H,SO, with a scan rate of
50 mVs ™' at 25 °C

HCOOH — CO, + H,0 and (3a)
H,O0 — OHy +H" + ¢ and (3b)
COu + OHyg — COs + H 4 ¢ (3¢)

The first pathway [Eq. (2)] was denoted as a direct
pathway, while the other set of reactions [Egs. (3a)—(3c¢)]
was described as the indirect pathway. All voltammograms
refer to the features in the third cycle, where steady-state
response was obtained. There was no significant feature
difference between the linear sweeping voltammogramms
of room temperature formic acid on carbon-supported Pd
and carbon-supported PdRu catalysts. Obviously, no
anodic peak was observed at the Ru/C catalyst, indicat-
ing that the Ru/C catalyst has no electrocatalytic activity
for the oxidation of formic acid. It can be observed that
there is a large peak near 0.2 V corresponds to formic
acid oxidation. Compared with Pd/C electrode, the
current densities of the anodic peak of formic acid
oxidation are different at different PdRu/C electrodes.
They are 52, 61, 56, and 35 A(g cat.)”' at the Pd/C,
PdsRu,/C, Pd;Ru,/C and Pt;Ru,/C catalysts, respectively,
indicating that the electrocatalytic activity of the PdsRu;/C
catalyst for the oxidation of formic acid is the highest
among all the catalysts. When the mole ratio of Pd and Ru
was 5:1 and 3:1, the electrocatalytic activity of the PARu/C
catalyst for the oxidation of formic acid was better than
that of the Pd/C catalyst. However, when the mole ratio of
Pd and Ru was increased to 1:1, i.e., Pt;Ru;/C, the
electrocatalytic activity was worse than that of the Pd/C
catalyst because Ru has no electrocatalytic activity for the
oxidation of formic acid.
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The linear sweeping voltammograms of the Pd;Ru,/C
catalyst in 0.5 M H,SO, solution containing 1 M formic
acid at different scan rates are shown in Fig. 4. It can be
clearly seen in Fig. 4 that the peak potential shifts positively
with the increase in the scan rate, which indicates that the
electrocatalytic oxidation of formic acid at the Pd;Ru,/C
catalyst electrode is an irreversible electrode process. In the
case of an irreversible reaction, the peak current is [25, 26]

iy = 2.99 x 10%n(an’)" /> Co. D21/ (4)

where 7 is the electron number for the total reaction, n’ is
the electron number transferred in the rate-determining step,
« is the charge transfer coefficient, i, is the peak current
density (Ampere per square centimeter), D is the diffusion
coefficient (centimeters per second), C,, is the formic acid
concentration (moles per cubic centimeter) in the solution
and v is scan rate (Volts per second). The peak current
increases linearly with the square root of the scan rates as
shown in Fig. 4 insert. The peak potential values for the
irreversible system are proportional to the log v as the
following equation at 25 °C [25]

|dE,/dlogy| = 29.6/(an’)(mV) (5)

where E,, is the peak potential (millivolts) and v is the scan
rate (Volts per second). The dependence of the peak potential
on log v is shown in Fig. 5. The slope is 110 mV. Thus, the
value of an' is 0.27 obtained from Eq. (5). A common
concept in electrochemistry is that elementary electron-
transfer reaction always involves the exchange of one
electron, so that an overall process involving a change in n
electrons must involve n distinct electron-transfer steps [27].
Within this view, a rate-determining electron transfer is
always a one-electron process, n'=1, «=0.27. The low
values of «=0.27 indicated the slow kinetic process for
formic acid oxidation at the PdRu catalyst electrode. Further

0.12
Scan rate: Vs-! 01
| 0.16
0.1 0.14 008
0.12  oos
4 o041 S
0.08 008 2 o
— 0.06 o
‘:‘E 0.06 { 004
o 0.02 0
< 0.005 4 0 01 02 03 04 05
: 0 04 T ’J v”z(vinVs")

-0.2 0 02 04 06 038 1 12 14
E (V vs. Ag/AgCl)

Fig. 4 The linear sweeping voltammograms of the Pd;Ru;/C catalyst
in 1 M HCOOH, 0.5 M H,SO, with different scan rates at 25 °C
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Fig. 5 The peak potential vs. log v of the Pd;Ru,/C catalyst in 1 M
HCOOH, 0.5 M H,S0, at 25 °C

studies are needed in order to identify the rate-determining
step in the multistep mechanism of Eq. (3a) to Eq. (3¢c). The
value of diffusion coefficients, D, can be obtained from the
slopes of the lines in Fig. 4 insert. The D value is a
measurement of the charge-transport rate within the liquid
film near the electrode surface. The value of D is 5.52x
10 em? s! for Pd;Ru,/C catalyst electrode. The same
pattern of peak current density vs. the square root of the scan
rate and peak potential vs. the logarithm of the scan rate on
the Pd/C catalyst clectrode was observed. The value of
D (2.67x107° cm® s7") is slightly lower for Pd/C catalyst
electrode compared with Pd;Ru;/C catalyst electrode but
with the same order of magnitude. This suggests that higher
electrocatalytic activity of Pd;Ru,/C catalyst electrode is not
attributed to the change of diffusion coefficient. Changing
these diffusion coefficients revealed for cases of different
electrodes may be associated with difference in the real
surface area of the electrodes.

Pd/C and PdRu/C catalysts were biased at 0.3 V vs.
Ag/AgCl and the changes in their polarization currents
with time were recorded (Fig. 6). The pattern of current
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Fig. 6 Polarization current vs. time plots for the electrooxidation of
formic acid in 1 M HCOOH, 0.5 M H,SO, electrolyte at 0.3 V (vs.
Ag/AgCl) at 25 °C

decay was different for each catalyst. For the Pd/C
catalyst, the current decayed continuously even after
0.5 h, supposedly because of catalyst poisoning by the
chemisorbed carbonaceous species. The PdsRu,/C is able
to maintain the highest current density for over 0.5 h
among all the catalysts, indicating enhanced electrocata-
lytic activity compared with Pd/C and other PdRu/C
catalysts. The comparative tests concluded that PdsRu,/C
had the best electrocatalytic performance among all
carbon-supported Pd based catalysts prepared in this
paper. The rate of current decay also varied between
catalysts, with PdRu/C showing faster decay, while the
current at Pd/C became quite stable after an initial rapid
decay. The reason will be further investigated in future.

In order to evaluate the CO buildup on different
catalysts, CO-stripping linear sweeping voltammograms
of the adsorbed CO in 0.5 M H,SO, solution at the
different catalysts are shown in Fig. 7. It was observed
that no anodic peak appears at the Ru/C catalyst,
indicating that CO cannot be adsorbed on the Ru surface.
The most notable difference between CO-stripping on
PdRu/C catalysts and Pd/C catalyst is the negative shift of
the CO oxidation peak in the former case. At the Pd/C
catalyst, a strong anodic peak of adsorbed CO is located
at 0.76 V. However, at the PdRu/C catalysts, the anodic
peaks of the adsorbed CO are located between 0.71 and
0.73 'V, which are more negative than that at the Pd/C
catalyst. This is an indication that addition of Ru is
helpful to weakening the adsorption strength of CO on Pd
through the interaction between Pd and Ru. On the other
hand, Ru can promote the oxidation of formic acid at Pd
through the direct pathway because Ru can decrease the
adsorption strength of CO. However, when the content of
Ru in the PdRu/C catalyst is too high, the electrocatalytic
activity of the PdRu/C catalyst would be decreased
because Ru has no electrocatalytic activity for the
oxidation of formic acid.
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Fig. 7 CO-stripping linear sweeping voltammograms on Pd/C and
PdRu/C catalysts in 0.5 M H,SO,4 with a scan rate of 50 mVs ! at 25 °C

@ Springer



550

J Solid State Electrochem (2012) 16:545-550

Conclusions

Pd and PdRu nanoparticles supported on Vulcan XC-72
carbon were prepared by a microwave-assisted polyol
process. The Pd and PdRu particles are nanoscopic-sized
and have narrow particle size distributions. XRD analysis
revealed that all PdRu catalysts displayed the characteristic
diffraction peaks of a Pd fcc crystal structure, but the 26
values were all shifted to slightly higher values. Some
PdRu alloy catalysts, especially the bimetallic system of
PdsRu,/C, showed excellent catalytic activities for electro-
oxidation of formic acid. This is attributed to that addition
of Ru is helpful to weakening the adsorption strength of CO
on Pd through the interaction between Pd and Ru.
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