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Abstract Pd-Ru, Pd and Ru nanoparticles supported on
Vulcan XC-72 carbon were prepared by chemical reduc-
tion of PdCl, and/or RuCl; in aqueous solution using
NaBH, as the reducing agent. Transmission electron
microscopy measurements showed that Pd—Ru particles
were uniformly dispersed on carbon. The particle size of
Pd-Ru is around 5-9 nm. X-ray diffraction analysis indi-
cated that Ru formed alloy with Pd in Pd—Ru/C catalyst.
The electroreduction of hydrogen peroxide on Pd—Ru/C,
Pd/C and Ru/C in H,SOy solution was examined by linear
sweep voltammetry and chronoamperometry measure-
ments. Results revealed that Pd—Ru/C catalyst exhibited
higher electrocatalytic activity for hydrogen peroxide
reduction than Pd/C and Ru/C. All the catalysts showed
good stability for hydrogen peroxide electroreduction in
H,SO, electrolyte.

Keywords Palladium - Ruthenium - Hydrogen peroxide
reduction - Electrocatalyst - Fuel cell

1 Introduction

Oxygen from air is generally used as oxidant in conven-
tional fuel cells for terrestrial applications. However, when
a fuel cell operates in special environments where air is
unavailable (e.g. underwater or space), it needs liquid
oxygen or compressed oxygen as oxidant. The use of these
types of oxidants presents severe safety risks and increases
the complexity of a fuel cell system. Hydrogen peroxide is
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an attractive choice in replace of compressed or liquid
oxygen as oxidant for those fuel cells working in envi-
ronments without air. This is because: (1) the
electroreduction of hydrogen peroxide is a two-electron
transfer process and hence has lower activation energy than
oxygen electroreduction (4-electron reaction); (2) hydrogen
peroxide is liquid at standard conditions and much denser
than a gas phase oxidant, its handling, storage and feeding
to a fuel cell are easy. Recently, hydrogen peroxide has
been used in metal-hydrogen peroxide semi fuel cell [1-6],
direct methanol-hydrogen peroxide fuel cell [7] and direct
borohydride-hydrogen peroxide fuel cell [8—11].

The electrochemical reduction rate of hydrogen perox-
ide is a major factor determining the performance of fuel
cells. Therefore, the study on electrocatalysts for H,O,
reduction has brought public attention in recent years in the
fuel cell community. Noble metals, including Pt [12], Pd
[5, 13, 14], Ir [13, 14], Au [15], Ag [5, 6, 16] and a
combination of these, have been investigated as electro-
catalysts for hydrogen peroxide reduction in acidic or basic
medium. Among these catalysts, Pd and Pd-Ir demon-
strated better overall performance in terms of high catalytic
activity and low oxygen evolution activity. In this work, we
prepared carbon-supported Pd-Ru catalyst and examined
its catalytic activity for hydrogen peroxide electroreduction
in H,SO4 solution, and found that Pd—Ru/C catalyst shows
higher catalytic activity than Pd/C and Ru/C.

2 Experimental
2.1 Reagents

PdCl, and RuCl; were purchased from Shanxi Kaida
Chemical Engineering Co., Ltd. NaBH,, H,SO,4 and H,O,
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(30%) were supplied by Tianjin Hengxing Chemical
Preparation Co., Ltd. Carbon black powder (Vulcan XC-
72, Cabot International) with a specific surface area (BET)
of 250 m? g~ was used as the support for the catalysts. All
chemicals are analytical grade and were used as-received
without further purification. Ultrapure water (Millipore,
18 MQ cm) was used throughout the study.

2.2 Catalyst preparation

Vulcan XC-72 carbon black (50 mg) was pretreated by
dispersing in 65% HNOj; solution and heating at 60 °C for
4 h. Appropriate amounts of PdCl, and RuCl; were dis-
solved in 10 mL ultrapure water, and 1 mol L~' NaOH
solution was added to adjust the pH to 7-8. The treated
carbon was then dispersed into the above solution by
sonication. The 10 mL NaBH, solution was added drop-
wise to the carbon suspension under vigorous stirring
condition at room temperature. The mixture was stirred for
another 2 h to allow the reaction to be completed. The solid
particles were separated from the solution by filtration and
washed with water thoroughly. The obtained catalysts were
dried in a vacuum oven at 60 °C overnight. Pd/C and Ru/C
catalysts were also obtained using the same procedure for
comparison. All samples contain a total metal loading of
20 wt.%.

2.3 Catalyst characterizations

X-ray powder diffraction (XRD) patterns of the catalysts
were recorded with a Rigaku D/Max-3B diffractometer
(Shimadzu) using Cu Ku radiation (4 = 1.5406 A). The 20
angle was scanned from 10° to 90°. The Pd—Ru composi-
tion was estimated by an EDS analyzer attached to a JSM-
6480 scanning electron microscope (SEM). Information on
shape and size distribution was obtained with a JEOL
JEM2010 transmission electron microscope (TEM).

2.4 Electrochemical measurements

Electrochemical measurements were carried out in a stan-
dard three-electrode electrochemical cell with saturated
Ag/AgCl electrode as the reference and glassy carbon rod
behind a D-porosity glass frit as the counter electrode. The
working electrode was prepared as follows: 5 mg of the
catalyst was suspended in 1 mL ultrapure water by soni-
cating for about 30 min to obtain the catalyst ink, 4 puL of
the ink was spread on the surface of a gold disc elec-
trode(d = 3 mm, Autolab) with a micropipette and dried in
atmosphere. The resulting loading of the metal catalyst on
Au disc is around 0.143 pg cm™2. Cyclic volatmmetry
(CV) was conducted in a 0.1 mol L™! H,SO, solution.
Linear sweep voltammetry (LSV) and chronoamperometry
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(CP) were performed in 0.1 mol L~ H,S0, containing
0.03 mol L™! H,0,. The 0.1 mol L™' H,SO, electrolyte
solution was deaerated by bubbling ultra-high-purity
nitrogen for 20 min before each experiment. The potential
scan rate for all tests is 5 mV s™' and the temperature is
20 +£ 0.05 °C controlled by a thermostatic bath. Electro-
chemical measurements were performed using a computer-
controlled potentiostat (Eco Chemie, Autolab PGSTAT302
with GPES software). All potentials in this work were
referred to the normal hydrogen electrode (NHE).

3 Results and discussion
3.1 Catalyst characterizations

Figure 1 shows the TEM image of the Pd—Ru/C catalyst. It
can be seen that metal particles were relatively uniformly
dispersed on the surface of Vulcan XC-72. The particles
have irregular shapes and the diameter of the majority of
the particles is between 5 and 9 nm. A few agglomerations
were observed, which may result from the fast reduction
process of NaBH, [17]. Figure 2 shows the EDS spectrum
of the Pd-Ru/C catalyst. The atomic ratio of Pd to Ru
obtained by EDS analysis is around 1.33:1, which is
slightly higher than that in the precursor. This is probably
because some Ru®* ions failed to be reduced simulta-
neously with Pd** ions, as the redox potential of Ru®*/
Ru(E® = 0.62 V) is much lower than that of Pd**/Pd
(E° = 0.951 V) [18]. Oxygen species were detected in the
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Fig. 1 TEM image of Pd—Ru/C catalyst
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Fig. 2 EDS spectrum of Pd—Ru/C catalyst

Pd-Ru/C catalyst, which is likely from the carbon support
or Ru surface oxides.

Figure 3 gives the XRD patterns of Pd—Ru/C, Pd/C and
Ru/C catalysts. The peak located at about 25.5° is associ-
ated with the carbon support. Diffraction peaks of Pd/C at
20 value of 39.587°, 45.868°, 67.190°, 80.661° and 85.950°
are indexed to the (111), (200), (220), (311) and (222)
crystal planes, respectively. These peaks indicated that Pd/
C catalyst has a face-centered cubic (fcc) structure. The
pattern of Ru/C catalyst suggested the presence of hexag-
onal crystalline ruthenium phase. Peaks at 20 value of
43.112° is from the (002) crystal plane. The Pd-Ru/C
catalyst displayed a much similar diffraction pattern with
Pd/C, except the shift of 20 to slightly higher values and
the increase of peak widths. The shift of diffraction angles
is an indication of a decrease in the lattice constant, which
is probably caused by the alloying of Ru with Pd because
the atomic radius of Ru (1.34 10\) is smaller than that of Pd
(1.38 A) [19]. The increase of peak width suggested that
the particle size of Pd—Ru/C is smaller than that of Pd/C.
No peaks corresponding to metallic ruthenium or ruthe-
nium oxides were observed, demonstrating the absence of
crystal metallic Ru and Ru oxides/hydroxides in the Pd-
Ru/C catalyst. However, metal Ru and its oxides may exist
in amorphous phases.

3.2 Electrochemical measurements

The cyclic voltammograms of Pd—Ru/C, Pd/C and Ru/C
catalysts at sweep rate of 5 mV s~ in 0.1 mol L™ H,SO,
solution are shown in Fig. 4. The upper limit potential for
the positive going scan was set to be 0.8 V in order to
prevent possible Ru dissolution [19, 20]. It can be clearly
seen that the Pd/C catalyst displayed the main character-
istics of polycrystalline Pd in acid solution [21], Two pairs
of anodic and cathodic peaks observed in the potential
region of 0-300 mV were hydrogen adsorption and
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Fig. 3 XRD patterns of Pd—Ru/C, Pd/C and Ru/C catalysts

desorption. The CV of Ru/C did not show the hydrogen
region clearly due to the overlap of Ru redox potential with
hydrogen adsorption/desorption potential. The CV profile
of Pd—Ru/C exhibited a combination feature of Pd/C and
Ru/C, i.e. the hydrogen adsorption/desorption region (0.0—
0.2 V) on Pd—Ru/C is clearer than that on Ru/C, and the
double layer charging currents on Pd—Ru/C in the potential
region of 0.2-0.6 V are much higher than those on Pd/C.
Besides, the onset potential corresponding to surface oxi-
dation of Pd—Ru/C and Ru/C are both at around 0.25 V,
which is much lower than that for the adsorption of O or
OH species on Pd/C (around 0.7 V). All these observations
suggested the presence of Ru on the surface of Pd—Ru/C
catalyst.

Figure 5 shows linear sweep voltammograms of Pd—Ru/
C, Pd/C and Ru/C catalysts measured at 500 rpm rotation
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Fig. 4 Cyclic voltammograms of Pd—Ru/C, Pd/C and Ru/C catalysts
recorded in 0.1 mol L™! H,SO,4 solution at 5 mV s7!
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Fig. 5 The current—potential curves of H,O, electroreduction on
different catalysts in 0.1 mol L' H,SO4 + 0.03 mol L™' H,0,.
Scan rate: 5 mV s~', Rotation rate: 500 rpm

rate in 0.1 mol L™" H,SO, containing 0.03 mol L™" H,0,.
It can be seen that all the three catalysts exhibited catalytic
activities for hydrogen peroxide electroreduction in acid
electrolyte. However, Pd/C displayed a lower onset
potential but a larger limiting current density for hydrogen
peroxide reduction than Ru/C. The Pd-Ru/C catalyst
showed superior catalytic activity for hydrogen peroxide
reduction than both Pd/C and Ru/C. The onset potential of
H,0, reduction on Pd—Ru/C is similar to that on Ru/C
(around 0.8 V), but about 0.1 V more positive than that on
Pd/C. The current densities for hydrogen peroxide elec-
troreduction on Pd—Ru/C catalyst are higher than that on
Pd/C and Ru/C catalysts within the whole potential range
tested. This high activity of Pd—Ru/C catalyst demonstrated
the promotion effect of Ru to Pd for hydrogen peroxide
electroreduction. The onset potential for hydrogen peroxide
electroreduction is close to that for oxygen reduction on Pt
[22]. Therefore, Pd—Ru/C catalyst is a promising effective
cathode catalyst for fuel cells using H,O, as oxidant.

In order to further compare the electrocatalytic perfor-
mance of Pd—Ru/C, Pd/C and Ru/C towards the hydrogen
peroxide electroreduction, chronoamperometry tests were
conducted in 0.1 mol L~! H,SO, + 0.03 mol L™! H,0, at
the constant potential of 0.0 V. The results are given in
Fig. 6. After a rapid initial decrease, the current density
reached steady-state. The steady-state current density for
Ru/C nearly remained unchanged within 30 min. However
current density for Pd-Ru/C and Pd/C slightly decreased
with time elongation. The final current densities after
holding the potential at 0.0V for 30 min were
9.5 mA cm ™~ for Pd-Ru/C, 7.5 mA cm > for Pd/C and
6.5 mA cm ™2 for Ru/C. Clearly, Pd—Ru/C catalyst showed
higher catalytic activity for hydrogen peroxide electrore-
duction than Pd/C and Ru/C.
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Fig. 6 Current-time curves of H,0O, electroreduction on different
catalysts in 0.1 mol L™ H,SO, 4 0.03 mol L™! H,0,. E=0.0V,
Scan rate: 5 mV s~', Rotation rate: 500 rpm

4 Conclusions

Vulcan XC-72 supported Pd—Ru, Pd and Ru catalysts were
prepared by the chemical reduction of metal precursors
using sodium borohydride as the reductant at room tem-
perature. Pd—Ru nanoparticles were dispersed uniformly on
the carbon support and have particle size of around 5—
9 nm. Ru formed alloys with Pd as indicated by XRD
analysis. Pd-Ru/C catalyst displayed much higher activity
for hydrogen peroxide electroreduction than Pd/C and Ru/
C catalysts, demonstrating the promotion function of Ru to
Pd. Pd-Ru/C catalyst is a promising cathode catalyst for
fuel cells using H,O, as oxidant.
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