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It is found that the electrocatalytic activity and stability of Pd/C nanocatalyst for formic acid electroox-
idation are enhanced by the introduction of EuOx. The morphology, composition and electrocatalytic
properties of the PAEuOx/C catalyst are investigated by the transmission electronmicroscopy, energy
dispersive X-ray analysis, X-ray diffraction, the linear sweep voltammetry and chronoamperometry,
respectively. The EDX results confirm the existence of EuOx in the PdEuOx/C catalysts. The XRD results
indicate that the Pd is in the state of face-centered cubic phase structure. The linear sweeping voltam-
metry and chronoamperometry measurements show that the current of formic acid electrooxidation
on the PAEuOx/C catalyst is ca. 2.5 times and 9 times as high as that of the home-made Pd/C catalyst,
respectively; moreover, the performances are also much higher than the commercial Pd/C catalyst. The
high performances can be attributed to the larger electrochemical surface area and the electronic effect

Keywords:

Direct formic acid fuel cell
Formic acid electrooxidation
Pd catalyst

Electrochemical surface area

of the EuOx in the PdEuOx/C catalyst.
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1. Introduction

Formic acid electrooxidation has attracted great attention due
to the development of direct formic acid fuel cell (DFAFC), which
is particularly suitable for portable devices with high operating
power densities [1-3]. Formic acid is nontoxic, nonflammable and
low crossover effect through the Nafion membrane because of the
anodic repulsion between the Nafion and the partially dissociated
form of formic acid [3-5]. For the formic acid electrooxidation,
Pt-based and Pd-based catalysts were most frequently employed
[6-11]. Generally, it was accepted that formic acid oxidation on Pt-
based catalyst was mainly via an indirect path and the catalyst was
easily poisoned by the adsorbed CO intermediate at low potential
[12-14]. Recently, Pd-based catalysts were found to possess supe-
rior performances for formic acid oxidation in DFAFCs compared
with Pt-based catalysts [7,15-18]. Moreover, due to the lower cost
of Pd than Pt, considerable efforts were made to develop highly
active Pd-based catalyst by alloying with other metals [19-21],
optimization the catalyst preparation method [11,22-26], config-
uring different catalyst structure [27,28] or modifying with metal
oxides [29-31]. Though the formic acid oxidation on Pd-based cat-
alysts was mainly through the direct pathway, there was a fatal
drawback of slow deactivation during the oxidation process on Pd-
based catalysts. So far, the reason is not clear and the arguments
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are condensed on the poisoning intermediate adsorbed on the Pd
surface such as the adsorption of CO, coadsorption of formate,
(bi)sulfate, OH and even mass transport limitation [14,32-35].
Therefore, developing novel Pd-based electrocatalysts with highly
catalytic activity and extended durability is still crucial and inter-
esting for its practical application in DFAFCs.

The addition of metal oxides into noble metal can enhance
the catalytic activity for small organic molecule electrooxidation
through synergetic interaction between metal oxides and noble
metals [8,29,30,36-39]. Among those, rare earth oxides exhibit a
number of characteristics that make them interesting for catalytic
studies due to the electronic effect. Moreover, the oxides are capa-
ble of adsorbing large quantities of OH species, which are involved
in the oxidation/reduction mechanisms between the different pos-
sible oxidation states of the metal oxides. The oxygen containing
species usually is beneficial to the oxidation of some poisoning
intermediates. Zhou et al. reported that Eu, 03 in combination with
Pt improved the oxidation current of the Pt/C catalyst for methanol
oxidation [37]. Tian found that the rare earth ion Eu3* exhibited an
enhancement effect on CO and ethanol electro-oxidation in com-
bination with the Pt electrode [40]. However, there were almost
no reports of employing Eu or europium oxide (EuOx) in direct
formic acid fuel cell. In order to understand the effect of europium
oxide on Pd nanocatalyst for formic acid oxidation, in the present
study, the PAEuOx/C catalyst was prepared and studied for formic
acid oxidation. During the preparation, the hybrid EuOx/C sup-
port was firstly prepared and then the Pd was reduced onto the
EuOx/C support to avoid the ‘Pd hidden’; the rapid microwave
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ethylene-glycol method was used to synthesize the Pd catalyst.
The structural and compositional properties of the catalysts were
characterized by X-ray diffraction (XRD), energy dispersive X-ray
analysis (EDX), transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). The electrocatalytic activity and
durability were characterized by the linear sweeping voltammetry
(LSV) and chronoamperometry (CA) for the as-prepared PdEuOx/C
catalyst compared with the home-made Pd/C catalyst and the state
of art commercial Pd/C catalyst for convincing. The results demon-
strated that the prepared PdEuOx/C catalyst exhibited excellent
catalytic activity and stability for formic acid electrooxidation.

2. Experimental
2.1. Catalyst preparation

2.1.1. EuOx/C support preparation

A proper amount of Eu;03 was dissolved in 10 mL of concen-
trated HNO3 and diluted in 50 mL of distilled water and ethanol
(1:1 in volume ratio). Then, a given amount of Vulcan XC-72 car-
bon was ultrasonically dispersed into the above solution, and the
solution was kept at room temperature (20 °C) under vigorous agi-
tation for 2 h. After stirring, 0.5 M Na,CO3 and 1 M NaOH solution
was added into the mixture to form precipitates in turn. Subse-
quently, the suspension was stirred overnight and finally filtered,
and the solid was transferred to a tubular oven at 550 °C under the
protection of nitrogen for 3 h to obtain the stable EuOx/C support.

2.1.2. PdEuOx/C catalyst preparation

Firstly, a given amount of EuOx/C hybrid support and H,PdCl4
solution were ultrasonically dispersed in 50 mL of ethylene gly-
col. And then the pH value of the suspension was adjusted by
a 2M NaOH solution to ca. 11 under ultrasonication. After that,
the suspension was kept at room condition for 2 h. The suspen-
sion was then exposed in the middle of a microwave oven (LG
MG-5021MW1, 2450 MHz) at 700 W with 60s on and 15 s off for
three times and cooled to room temperature naturally. Finally, the
suspension was filtered, washed and dried overnight at 80°C in a
vacuum oven. The nominal content of EuOx (assuming in the form
of Euy03) and Pd were 15% and 20%, respectively. All solutions
were prepared using Millipore-MiliQ water and analytical-grade
reagents. The home-made Pd/C catalyst was prepared by the
above method and denoted as Pd/C-H. A commercial Pd/C catalyst
(Aldrich Co.) denoted as Pd/C-C was also compared for the elec-
trochemical characterization. The nominal content of Pd in all the
catalysts was 20%.

2.2. Physical characterization

The X-ray diffraction (XRD) patterns were obtained using a
Rigaku-D/MAX-PC 2500 X-ray diffractometer with the Cu Ko
(A =1.5405A) as a radiation source operating at 40 kV and 200 mA.
The composition of catalyst was determined by energy disper-
sive X-ray analysis (EDX) on a JEOL JAX-840 scanning electron
microscope operating at 20 kV. X-ray photoelectron spectroscopy
(XPS) measurements were carried out using a Kratos XSAM-800
spectrometer with an Mg Ko radiator. The transmission electron
microscope (TEM) images were obtained by using a JEOL 2010
microscope operating at 200 kV.

2.3. Electrochemical measurements

The electrochemical measurements were performed with an
EG&G Par potentiostat/galvanostat (Model 273A Princeton Applied
Research Co. USA) and a conventional three compartment electro-
chemical cell. A Pt plate and Ag/AgCl electrode were used as the

counter and reference electrodes, respectively. All the potentials
were quoted against the reference Ag/AgCl electrode. The working
electrode was prepared as follows. First, 5 mg of the catalyst was
dispersed ultrasonically in 1 mL of the alcohol solution containing
50 wL Nafion solution (5 wt%, Aldrich Co., USA). Second, 10 p.L of the
above solution was pipetted and spread on a mirror-finished glassy
carbon electrode with 3 mm diameter. At last, it was dried at room
temperature for 30 min. The glassy carbon electrode was polished
with alumina slurry of 0.5 and 0.03 wm successively before use. The
current was normalized to the apparent surface area of the glassy
carbon electrode (0.07 cm?2).

All electrochemical measurements were carried out in a 0.5M
H,S0,4 solution with or without 0.5M HCOOH deaerated by pure
nitrogen for 15 min prior to any measurements. For the electroox-
idation of formic acid, the potential range was from —0.2 to +0.8 V.
The CO,q stripping voltammograms were measured in a 0.5M
H,S04 solution. CO was purged into the 0.5M H;SO4 solution for
15 min to allow the complete adsorption of CO onto the catalyst
when the working electrode was kept at 0mV vs. Ag/AgCl elec-
trode, and excess CO in the electrolyte was purged out with N;
for 15 min. The amount of CO,4 was evaluated by integration of
the CO,q stripping peak. All the measurements were carried out at
room temperature and the stable results were reported.

3. Results and discussion
3.1. XRD, TEM, EDX and XPS characterization

Fig. 1 shows the XRD patterns of PAEuOx/C, Pd/C-C, Pd/C-H cat-
alysts as well as the support of EuOx/C and carbon. The peak at ca.
25° in both PAEuOx/C catalyst and EuOx/C support was evidently
attributed to the (0 02) plane reflection of Vulcan XC-72 carbon. As
it can be seen, in addition to the peak of carbon at ca. 25°, there
were some other diffraction peaks in the EuOx/C support indicat-
ing the existence of EuOx. The diffraction peaks at ca. 39, 46, 68 and
82° in the PAEuOx/C, Pd/C-C and Pd/C-H catalysts corresponded to
the face-centered cubic phase of Pd. However, there were no other
distinct reflection peaks in the PAEuOx/C spectra which could be
assigned to the EuOx. During the preparation, it was difficult to form
PdEu alloy due to the mild reduction condition that was impossible
to reduce the EuOx to metallic state. Because of the basic condition,
the EuOx should be in the state of metal oxide or metal hydroxide
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Fig. 1. XRD patterns of PdAEuOx/C, Pd/C-C, Pd/C-H catalysts and the EuOx/C support
and carbon.
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and the EuOx may have an amorphous structure as some similar
results were also observed in other reports such as PdAMoO,/C [30],
Pt(PrCeOx)/C [39] and other Pt rare earth oxides [41]. However, the
disappearance of EuOx peak on the PAEuOx/C catalyst was proba-
bly due to the low content of the EuOx because of the Pd covering
up the EuOx. It can also be seen a peak at ca. 34° in the Pd/C-C cat-
alyst which can be attributed to the reflection of Pd oxide [42]. The
average crystallite sizes of the PdEuOx/C catalyst can be estimated
by using the Scherrer equation after background subtraction. In the
XRD pattern of Pd/C catalyst, the (2 2 0) diffraction peak at ca. 68° of
Pd was far from the background signal and thus it was chosen for the
calculation. The average crystallite size was about 4.0 nm, 5.4 nm
and 6.8 nm for PAEuOx/C, Pd/C-H and Pd/C-C catalysts respectively.

The compositions of the PdEuOx/C catalyst were character-
ized by EDX and the spectrum is shown in Fig. 2. The peak of
C, O, Pd and Eu can be clearly seen from the figure. The weight
percentages of Pd and Eu in the PdEuOx/C catalyst were 22%
and 12%, respectively. The oxygen was mainly from both the
oxygen-containing groups on the Vulcan XC-72 carbon support
and the oxides or hydroxides of Pd or Eu. Here, assuming that the
EuOx was mainly in the form of Eu,03, the weight percentage
of EuOx was 14%. The above content of Pd and EuOx was con-
sistent with the nominal results. The TEM image of the Pd/C-H
catalyst is shown in Fig. 3A and the corresponding histogram of
the size distribution is shown in Fig. 3B. As can be seen, most of
the Pd nanoparticles were dispersed in the range of 3-7 nm on the
carbon support. The average particle size of Pd revealed by the size
distribution histogram was approximately 5.5 nm, which was close
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Fig. 2. EDX spectrum of PdEuOx/C catalyst.

to the XRD result. The TEM image of the PAEuOx/C catalyst is shown
in Fig. 3C and the corresponding histogram of the size distribution
is shown in Fig. 3D. Most of the Pd nanoparticles were uniformly
dispersed on the EuOx/C support with a narrow size distribution.
The average particle size of Pd revealed by the size distribution his-
togram was approximately 3.5 nm, which was also close to the XRD
result. This result indicated that the EuOx in the carbon as anchor
sites was beneficial to the dispersion of Pd nanoparticles.

XPS was used to determine the electronic property of the cat-
alysts. Fig. 4 displays the Pd 3d spectra of the Pd/C-C, Pd/C-H and
PAEuOX/C catalysts. There were two distinct peaks for the Pd 3ds,
and Pd 3ds), regions in the Pd/C-C catalyst. The right small peak in
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Fig. 3. TEM image of Pd/C-H catalyst (A) and the histogram of particle size distribution (B). TEM image of PAEuOXx/C catalyst (C) and the histogram of particle size distribution

(D).
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Fig. 4. XPS spectra of Pd 3d (A) for PAEuOx/C, Pd/C-C and Pd/C-H catalysts.

each Pd 3d region could be attributed to the Pd (II) species such as
the Pd oxides or hydroxides. Though the peaks for the Pd (II) species
were not obvious in the home-made Pd catalysts, the existent of Pd
oxides cannot be ruled out because the Pd metal was easily oxi-
dized to the form of Pd oxide (Pd*) at ambient conditions [43,44].
However, it was evident that the content of Pd oxides in the Pd/C-C
catalyst was larger than that in the prepared Pd/C-H and PdEuOx/C
catalysts and that was consistent with the result from XRD charac-
terization that the peak of Pd oxide can be only seen in the Pd/C-C
catalyst. Generally, it was considered that the shift of the Pd 3d
position for the Pd catalysts would produce effect on the catalytic
properties by so-called electronic effect. The position of C 1s for
all the Pd catalysts was at about 284.6eV; Referred to the main
peak of C 1s, the positions of Pd 3d in the PAEuOx/C catalyst shifted
a little to the negative direction compared with the home-made
Pd/C-H catalyst. This may indicate an interaction between the Pd
and the EuOx/C support, and this electronic effect can weaken the
bond energy between metal and strongly adsorbed poison species
which has been reported intensively [19,45]. Compared with the
Pd/C-C catalyst, the positions of Pd 3d in the as-prepared PdEuOx/C
and Pd/C-H catalysts were a little positive shift and it was possi-
ble due to the different catalyst preparation or composition, etc.
The Eu 3d XPS spectra of PdEuOx/C catalyst and EuOx/C support
are also shown in Fig. 5. The binding energy of the Eu (3ds;,) and
Eu (3d3);) peaks was at 1136 and 1166 eV, respectively. However,
the intensity of Eu (3ds),) and Eu (3d3,) peaks was reduced largely
and even disappeared on the spectrum of PAEuOx/C catalyst. This
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Fig. 5. XPS spectra of Eu 3d for the PAEuOx/C catalyst and EuOx/C support.
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Fig. 6. Cyclic voltammograms of the PdEuOx/C, Pd/C-C and Pd/C-H catalysts in
0.5 M H;S04 with a scan rate of 50mVs~'.

result was consistent with the XRD result. The Pd was mainly cov-
ering up the EuOx due to the synthetic procedure and that might
be the reason for the low EuOx intensity on the XPS of PAEuOx/C
and the disappearance of EuOx peaks on the XRD of PdEuOx/C.

3.2. Hydrogen and CO stripping measurements

Fig. 6 displays the CVs of the PAEuOx/C, Pd/C-C and Pd/C-H cat-
alysts in 0.5 M H,S0O, solution at the scan rate of 50 mV s~1. Clearly,
in addition to the hydrogen adsorption and desorption peaks, the
peaks for Pd oxidation and reduction were obviously observed. The
position of the weak hydrogen desorption peak for the PAEuOx/C
catalyst was in the middle of the peaks for Pd/C-C and Pd/C-H cat-
alysts, while the strong hydrogen desorption peak and Pd oxide
reduction peak of the PdEuOx/C Pd/C-C and Pd/C-H catalysts were
much close. As the hydrogen oxidation was a surface sensitive pro-
cess [46], the introduction of EuOx into the Pd/C catalyst could
change the surface adsorption properties but did not change the
innate properties of Pd. The hydrogen desorption peak of PdAEuOx/C
catalyst was largest among the three catalysts indicating a largest
electrochemical surface area (ESA). Specifically, the electrochem-
ical surface area of PdEuOx/C, Pd/C-H and Pd/C-C catalysts was
102, 85 and 73 m?2 g~ !, respectively. The CO,q4 oxidation peak after
subtracting the base-current is shown in Fig. 7. Clearly, the onset
and the peak potentials for CO,4 oxidation on Pd/C-C catalyst were
more negative compared with our prepared PAEuOx/C and Pd/C-H
catalysts. From the XPS, there were more Pd oxides in the Pd/C-C
catalyst; the oxygen containing species was beneficial to the oxida-
tion of CO intermediate which could account for the more negative
CO oxidation peak in the Pd/C-C catalyst. However, it was more
reasonable to compare the PAEuOx/C and Pd/C-H catalysts pre-
pared in the same method; the CO,4 oxidation peak of PAEuOx/C
shifted a little negatively compared with the Pd/C-H catalyst. This
result indicated that the existence of EuOx in the PdEuOx/C cat-
alyst could promote the CO oxidation and it can be explained by
the electronic effect, although it could also perhaps be explained
by a bi-functional mechanism in which EuOx could provide more
oxygen-containing sites for —-OH formation at lower potentials than
on pure Pd. Here, it should also be pointed out that the position
shift for CO oxidation would not affect the formic acid oxidation
largely because the CO,q poisoning effect on Pd catalyst was very
slow and was not severely as that on Pt catalyst [33,47]. We can
also employ the CO,4 oxidation charge to calculate the ESA of the
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Fig.7. CO,q oxidation peak for the PdAEuOx/C, Pd/C-C and Pd/C-H catalysts from the
CO,q stripping voltammetry.

catalysts. It was 70, 56 and 49.5m? g~! for PdEuOx/C, Pd/C-H and
Pd/C-C catalysts, respectively. The results were a little smaller than
those obtained from the hydrogen stripping method because of the
hydrogen absorption properties of Pd; usually, the ESA obtained
from that method was overestimated [48]. But these two methods
were also suitable to roughly estimate the ESA of Pd catalysts.

3.3. Formic acid electroxidation

The formic acid electrooxidation on the PdEuOx/C, Pd/C-C, and
Pd/C-H catalysts is shown in Fig. 8 by LSV measurements in 0.5M
H,S04 and 0.5M HCOOH at 20mVs~!. Clearly, the current of
PdEuOx/C catalyst was highest among the three Pd catalysts. The
peak current of PdAEuOx/C catalyst was 70 mA cm~2 at about 0.33 V;
the peak current of Pd/C-C was ca. 40mAcm~—2 at about 0.30V
and it was ca. 28.8mAcm~2 as about 0.31V for Pd/C-H catalyst.
Compared with the Pd/C-C and Pd/C-H catalysts, the peak position
of PAEuOx/C catalyst was a little positive shift. Usually, from this
aspect, it was thought that the formic acid electrooxidation on the
two Pd/C catalysts was much easier. However, there was a parti-
cle size effect of Pd catalysts for formic acid oxidation according
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Fig. 8. Linear sweeping voltammetry of the PAEuOx/C, Pd/C-C and Pd/C-H catalysts
in 0.5M H,S04 +0.5 M HCOOH with a scan rate of 20mVs—'.
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Fig. 9. Chronoamperometric curves of the PdEuOx/C, Pd/C-C and Pd/C-H catalysts
in 0.5M H,S04 +0.5M HCOOH at 0.2 V.

to the report of Zhou and Lee [49]; namely, the peak position for
formic acid electrooxidation shifted positively with the decrease of
Pd particle size [49]. However, the shift of the peak position was
small and that did not affect the catalytic performances largely.
Moreover, the peak current of the PAEuOx/C catalyst was about two
times as high as that of Pd/C-C catalyst and this could be attributed
to the different catalyst preparation, composition, small particle
size and so on. Compared with Pd/C-H catalyst, the peak current
of PAEuOx/C catalyst was increased about 2.5 times. Here the peak
current normalized to the ESA was used to compare the intrinsic
activity. It was 0.74 mA cm~2 and 0.43 mA cm~—2 for PdEuOx/C and
Pd/C-H, respectively. The result meant that the current of PdAEuOx/C
catalyst was about 1.72 times that of Pd/C catalyst. By comparing
the above ESA from the CO stripping method, the ESA of PAEuOx/C
catalyst was about 1.42 times that of Pd/C catalyst. Therefore, this
activity increase should be evidently attributed to the introduction
of EuOx by the large ESA, electronic effect and so on. Here, it can also
be inferred that the CO,q4 intermediate should not affect the formic
acid oxidation performances largely. As from the CO,q4 stripping
measurements, the CO,4 oxidation was more easily on Pd/C-C cat-
alyst than PdEuOx/C catalyst, but the formic acid oxidation current
was not larger. This result was consistent with the report of Miyake
et al. that the poisoning of the Pd surface by CO, formed by dehy-
dration of formic acid, is very slow and scarcely affects formic acid
oxidation [47].

The formic acid oxidation stability of the PdAEuOx/C, Pd/C-H and
Pd/C-C catalysts is compared in Fig. 9 in 0.5M H,SO4 and 0.5M
HCOOH at 0.2 V. The results were obtained after the above electro-
chemical test. It can be seen that the initial current was somewhat
decreased compared to the corresponding current at 0.2V in the
above LSVs indicating a slow poisoning effect on the catalysts. From
Fig. 9, the current of PdEuOx/C catalyst was largest in the whole
range among the three catalysts. Specifically, the current at 1000s
on PdEuOXx/C catalyst was 22 mA cm~2 about 3 times higher than
that of 7.9 mA cm~2 for Pd/C-C catalyst. After 3600, the current on
PdEuOx/C catalyst was 12 mA cm~—2 about 4 times higher than that
of 3mAcm~2 for Pd/C-C catalyst. The current of Pd/C-H catalyst
was lowest among the three catalysts. For example, the current at
1000 s was 2.5 mA cm~2 about 1/9 of the PAEuOx/C catalyst and 1/3
of the Pd/C-C catalyst; it was 0.5 mA cm~2 at 3600 s about 1/24 of
the PAEuOx/C catalyst and 1/6 of the Pd/C-C catalyst. Therefore, it
can be said that the formic acid oxidation stability on the Pd/C cata-
lyst could be increased by the introduction of EuOx. From the above
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discussion, compared with Pd/C-H catalyst, it can be verified that
the introduction of EuOx/C into the Pd catalysts was very impor-
tant forimproving the performances of formic acid electrooxidation
due to the large ESA, electronic effect or oxygen-containing species
produced by EuOx; Compared with the Pd/C-C catalyst, the pre-
pared PdEuOx/C catalyst exhibited much higher catalytic activity
and stability for formic acid electrooxidation. Therefore, the novel
PdEuOx/C could be used as a promising anodic catalyst for DFAFC.

4. Conclusion

The present work demonstrated that the PAEuOx/C catalyst was
a promising catalyst with excellent catalytic and stability for formic
acid oxidation. The EDX confirmed the existence of EuOx in the
PdEuOx/C catalyst. The XRD patterns indicated that the Pd was
in the state of face-centered cubic structure and the disappear-
ance of EuOx peaks was primarily due to the Pd covering up the
EuOx. The average particle size of Pd in the PAEuOx/C catalyst was
about 3.5 nm within a narrow size distribution. The hydrogen and
CO stripping voltammetry showed the PAEuOx/C catalyst had the
largest ESA among the three Pd catalysts. The formic acid elec-
trooxidation activity and stability of PdAEuOx/C catalyst were largely
improved as compared with the Pd/C-C catalyst and Pd/C-H cat-
alyst. The significant improvements in the catalytic activity and
stability could be attributed to the large ESA and the electronic
effect produced by EuOx.
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