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Abstract

It was reported for the first time that the electrocatalytic activity of the Carbon-supported Pd—Ir (Pd—It/C) catalyst with the suitable atomic ratio
of Pd and Ir for the oxidation of formic acid in the direct formic acid fuel cell (DFAFC) is better than that of the Carbon-supported Pd (Pd/C)
catalyst, although Ir has no electrocatalytic activity for the oxidation of formic acid. The potential of the anodic peak of formic acid at the Pd-Ir/C
catalyst electrode with the atomic ratio of Pd and Ir=5:1 is 50 mV more negative than that and the peak current density is 13% higher than that at
the Pd/C catalyst electrode. This is attributed to that Ir can promote the oxidation of formic acid at Pd through the direct pathway because Ir can
decrease the adsorption strength of CO on Pd. However, when the content of Ir in the Pd-Ir/C catalyst is too high the electrocatalytic activity of
the Pd—Ir/C catalyst would be decreased because Ir has no electrocatalytic activity for the oxidation of formic acid.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the recent years, it has been recognized that the direct
methanol fuel cell (DMFC) has some serious disadvantages [1].
Firstly, methanol is easy to penetrate through the Nafion mem-
brane, causing the waste of methanol and the decrease in the
DMEC performance. Secondly, the electrocatalytic activity of Pt
usually used as the anodic catalystin DMFC is low and Pt is easy
to be poisoned with CO, an intermediate of the methanol oxida-
tion. Thirdly, the use of methanol is not safe because methanol
is a toxic, evaporable and burnable compound.

Recently, many advantages of DFAFC have been recognized
[2-5]. For example, formic acid is non-toxic. The dilute formic
acid is on the US Food and Drug Administration list of food
additives [6]. It is not inflammable and thus its storage and
transportation are safe. It has two orders of magnitude smaller
crossover flux through a Nafion membrane than methanol [7].
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When formic acid is used as the fuel in DFAFC the operation
concentration can be as high as 20 M, while the best concen-
tration of methanol in DMFC is only about 2M [2,3]. Thus,
the power density of DFAFC can be higher than that of DMFC,
although the energy density of formic acid is only one-third that
of methanol. Usually, the performance of DFAFC should be bet-
ter than that of DMFC because the active energy of the oxidation
of formic acid is smaller than that of the methanol oxidation. The
electrooxidation performance of formic acid is better than that
of methanol, because formic acid has the electronic motive force
calculated from the Gibbs free energy higher than methanol [2].

It was reported that the electrooxidation of formic acid could
undergo through two parallel pathways, the direct pathway and
CO pathway [8—14]. In the direct pathway, formic acid is directly
oxidized to CO».

HCOOH + Pt® — CO, +2H" +2¢~ (1)

In the CO pathway, formic acid is firstly oxidized to form CO,
an intermediate and then CO is oxidized to CO».

HCOOH + Pt® - PtCO + H,0 )
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Pt + H,0 — Pt-OH + H" e~ 3)
Pt—CO + Pt—-OH — 2Pt +CO, +H* +e¢~ “4)
The overall reaction:

HCOOH — CO, +2H" +2e” Q)

The previous studies have shown that the electrooxidation
rate of formic acid at the Pt catalyst is insufficient for the practi-
cal application, because the electrooxidation of formic acid at the
Pt catalyst is mainly through the CO pathway and thus Pt is easy
to be poisoned by CO [15-19]. Recently, Masel and cowork-
ers. [20,21] have discovered that the Pd and Pd/C catalysts can
overcome the CO poisoning effect because the electrooxidation
of formic acid at the Pd and Pd/C catalysts is mainly through
the direct pathway. In order to further improve the electrocat-
alytic performance of the Pd and Pd/C catalysts, the Pd-based
binary metallic catalysts have been investigated [22]. Until now,
the mechanism of the increase in electrocatalytic performance
of the Pd-based binary metallic catalysts is not very clear. Two
hypotheses have been suggested [23]. It was considered that the
second atom can increase the adsorption ability of the active
oxygen and then the oxidation rate of formic acid or it can pre-
vent from the formation of strongly adsorbed CO. The Pd-based
binary metallic catalysts studied include Pd—Ni [24], Pd—Au
[25], Pd-Pt [26], etc.

In this work, it was reported for the first time that the Pd—Ir/C
catalyst showed the electrocatalytic activity for the oxidation of
formic acid better than that of the Pd/C catalyst, although Ir has
no electrocatalytic activity for the oxidation of formic acid. The
reason for that Ir can increase the electrocatalytic activity of Pd
for the oxidation of formic acid was discussed.

2. Experimental

The preparation method of the catalysts is as follows:
60 mg Vulcan XC-72 carbon, 1.10mL 0.04504 M PdCl, and
2.3mL 0.067 M (NHy4);IrClg were added to 10 mL H;O. Then,
the suspension obtained was sonicated for 30 min and stirred
mechanically for4 h. After the pH of the suspension was adjusted
to 8-9 with the NaOH solution, 10 mL 1.0 mg/mL NaBH4 solu-
tion was added dropwise into the suspension to reduce PdCl, and
(NHy),IrClg. After the suspension was sonicated for 20 min, it
was stirred for 1h at 10°C in order to make sure that PdCl,
and (NHy),IrClg were completely reduced to Pd and Ir. Then, it
was filtered and washed with triply distilled water and ethanol
sequentially. Finally, it was dried in a vacuum oven at 60 °C for
12 h. The catalyst obtained is the Pd—Ir/C catalyst with 20 wt.%
Pd-Ir and the atomic ratio of Pd:Ir=1:1 and was noted as the
Pd-Ir/C-1 catalyst.

The preparation method of other catalysts is similar to that
mentioned above. Only the components of the initial suspen-
sion were different. For the Pd—Ir/C catalyst with 20 wt.% Pd-Ir
and the atomic ratio of Pd:Ir=3:1 noted as the Pd-Ir/C-3 cat-
alyst, the components of the initial suspension were 60 mg
Vulcan XC-72 carbon, 2.00 mL 0.04504 M PdCl, and 1.3 mL
0.067M (NH4)>IrClg in 10 mL H>O. For the Pd-Ir/C catalyst

with 20 wt.% Pd-Ir and the atomic ratio of Pd:Ir=5:1 noted as
the Pd—Ir/C-5 catalyst, the initial components of the suspension
were 60 mg Vulcan XC-72 carbon, 2.30 mL 0.04504 M PdCl,
and 1.00 mL 0.067 M (NH4),IrClg in 10 mL H»O. For the Pd/C
catalyst with 20 wt.% Pd, the initial components of the sus-
pension were 60 mg Vulcan XC-72 carbon, 3.13 mL 0.04504 M
PdClI, in 10 mL H;O. For the Ir/C catalyst with 20 wt.% Ir, the
initial components of the suspension were 60 mg Vulcan XC-72
carbon and 3.80 mL 0.067 M (NHy),IrClg in 10 mL H,O.

The electrochemical measurements were performed with a
CHI600 electrochemical analyzer and a conventional three-
electrode electrochemical cell. A Pt plate was used as the
auxiliary electrode. The saturated calomel electrode (SCE) elec-
trode was used as the reference electrode. All the potentials were
quoted with respect to SCE. The working electrode was prepared
as follows. A glassy carbon electrode was polished with 0.3 and
0.05 wm Al, O3 sequentially and washed. Eight milligrams cata-
lyst and 4 mL C;HsOH were mixed to obtain the catalyst slurry.
Then, 8.9 L slurry was spread on the surface of the glassy car-
bon electrode. After drying, 4.5 wL Nafion (5 wt.%) solution
was covered on the surface of the catalyst layer and the work-
ing electrode was obtained. The diameter of the glassy carbon
electrode is 4 mm and its apparent surface area was 0.1256 cm?.
The specific loading of Pd-Ir, Pd or Ir on the electrode surface
was 28 pgcm 2.

The solution for the electrochemical measurement was 0.5 M
H;SOy4 solution with or without 0.5 M HCOOH. N, was bub-
bled into the solution for 10 min to remove O, dissolved in the
solution prior to the electrochemical measurements. In the pro-
cess of the measurement, N> was flowed above the solution. For
the electrochemical measurement of the adsorbed CO, when
the electrode potential was fixed at 0 V CO was bubbled into the
solution for 15 min until CO was fully adsorbed on the electrode.
Then, N> was bubbled into the solution for 10 min to remove
CO in the solution. All the electrochemical measurements were
carried out at 30+ 1 °C.

The composition of catalysts was determined using the
energy dispersive spectrometer (EDS) with Vantage Digi-
tal Acquisition Engine (Thermo Noran, USA). The X-ray
diffraction (XRD) measurements of catalysts were performed
on Model D/max-rC diffractometer using Cu Ko radiation
(A =0.15406 nm) and operating at 45kV and 100 mA.

3. Results and discussion

Fig. 1 displays the EDS spectrum of the Pd-Ir/C-5 catalyst.
The Pd and Ir peaks were observed except the carbon peak. The
atomic ratio of Pd and Ir in the catalyst is 5.0:0.95, indicating
that both PdCl, and (NH4),IrClg added have been completely
reduced to Pd and Ir in the Pd—Ir-5 catalyst.

Fig. 2 shows the XRD patterns of the Pd/C and the different
Pd-Ir/C catalysts. It was observed from Fig. 2, curve d that
except the characteristic peak of carbon at 24.5°, the 26 values
of other four peaks are 40.07°, 46.53°, 68.19° and 82.02°. They
correspond to the 20 values of Pd(1 1 1),(200),(220)and (31 1)
crystal faces of the face centered cubic crystalline of the Pd
particles in the Pd/C catalyst, respectively, (ASTM standard 5-
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Fig. 1. The EDS spectrum of the Pd—Ir/C-5 catalyst.
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Fig. 2. The XRD patterns of (a) the Pd-Ir/C-1, (b) Pd—Ir/C-3, (c) Pd-Ir/C-5 and
(d) Pd/C catalysts.

681(Pd)), illustrating that the Pd particles in the Pd/C catalyst
possess the structure of the face centered cubic crystalline. The
average sizes, relative crystallinity and lattice parameter of the
Pd particles in the Pd/C catalyst were calculated to be 9.27,
2.90 and 0.6339 nm, respectively, according to the procedure
in literatures [27-29]. The data of the average sizes, relative
crystallinities and the lattice parameters of all the catalysts were
listed in Table 1.

In the XRD pattern of the Pd-Ir/C-5 catalyst (Fig. 2, curve ¢),
the 26 values of four peaks of Pd are 40.05°, 46.52°, 68.06° and
82.00°, respectively, which are slightly smaller than that of the
Pd/C catalyst. Furthermore, no peaks related to Ir were observed.
This indicated that Ir has entered into the Pd lattice forming the
Pd-Ir alloy. Due to that the radius of Ir atom is larger than that
of Pd atom, the 26 values of the Pd-Ir lattice in the Pd—Ir/C-5

Table 1
The structure data of the catalysts obtained from the XRD measurements

Catalysts Average Relative Lattice parameter
size (nm) crystallinity (nm)

Pd/C 9.27 2.90 0.6339

Pd-Ir/C-1 2.59 0.86 0.6503

Pd-Ir/C-3 422 1.57 0.6478

Pd-Ir/C-5 6.72 1.76 0.6360

catalyst are smaller than that of the Pd lattice in the Pd/C catalyst
and the lattice parameter of Pd in the Pd—Ir/C-5 catalyst is larger
than that of the Pd particles in the Pd/C catalyst. In addition, it
was found the peaks of the Pd particles in the Pd/C catalyst are
higher and sharper than that of the Pd—Ir particles in the Pd—Ir/C-
5 catalyst, illustrating that the average size (6.72 nm) and relative
crystallinity (1.76) of the Pd—Ir particles in the Pd—Ir/C-5 catalyst
are smaller and lower than that of the Pd particles in the Pd/C
catalyst, respectively. This illustrated that Ir can prevent from
the aggregation of the particles because the preparation method
of the catalysts is the same.

When the atomic ratio of Pd and Ir is decreased the 26 val-
ues of four peaks of Pd are also decreased. For example, the 20
values of four peaks of Pd of the Pd—Ir/C-3 catalyst are 39.29°,
45.11°, 66.89° and 80.09°, respectively (Fig. 2, curve b) and
they are 39.04°, 45.01°, 66.55° and 80.00°, respectively, for the
Pd-Ir/C-1 catalyst (Fig. 2, curve a). This illustrated that more Ir
atoms have entered into the Pd lattice. Furthermore, the intensi-
ties and the sharpness extents of the peaks of Pd are decreased,
indicating that the average size and relative crystallinity of the
Pd-Ir particles in the catalysts are decreased (Table 1). This fur-
ther demonstrated that Ir can prevent from the aggregation of
the Pd particles.

Fig. 3 presents the cyclic voltammograms of 0.5M H;SO4
solution at the different catalyst electrodes. Firstly, it can be
observed from Fig. 3, curve e that there is almost no the adsorp-
tion/desorption peaks of hydrogen at the Ir/C catalyst electrode,
illustrating that Ir is not active for the adsorption/desorption of
hydrogen. Secondly, the charge—discharge current of the double-
layer at the Pd-Ir/C-1 catalyst electrode is largest among all
the catalyst electrodes (Fig. 3, curve a), because as mentioned
above, the Pd—Ir/C-1 catalyst possesses the smallest average size
of the metal particles and thus, the largest surface area among all
the catalysts. Thirdly, the peaks of the adsorption/desorption of
hydrogen around O V are obvious at the Pd/C catalyst electrode
(Fig. 3, curve d). Because Pd possesses the excellent ability and
Ir has the poor ability for the adsorption/desorption of hydrogen,
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Fig. 3. The cyclic voltammograms of 0.5 M HySOy4 solution at (a) the Pd-Ir/C-1,
(b) Pd-Ir/C-3, (c) Pd-Ir/C-5, (d) Pd/C and (e) Ir/C catalyst electrodes.
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Fig. 4. The linear sweeping voltammograms of 0.5 M HCOOH in 0.5 M H,SO4
solution at (a) the Pd-Ir/C-1, (b) Pd-Ir/C-3, (c) Pd-Ir/C-5, (d) Pd/C and (e) I/C
catalyst electrodes.

the current densities of the peaks of the adsorption/desorption
of hydrogen around OV are decreased according to the order
of the Pd/C > Pd—Ir/C-5 > Pd—Ir/C-3 > Pd-Ir/C-1 >1Ir/C catalyst
electrode. Fourthly, the onset potentials of the Pd oxidation for
all the Pd/C and Pd-Ir/C catalysts are at about 0.55V and the
reduction peaks are located at about 0.48 V.

Fig. 4 shows the linear sweeping voltammograms of 0.5M
HCOOH in 0.5 M H,SOq4 solution at the different catalyst elec-
trodes. Obviously, no anodic peak was observed at the Ir/C
catalyst electrode (Fig. 4, curve e), indicating that the Ir/C cat-
alyst has no electrocatalytic activity for the oxidation of formic
acid. The anodic peaks at the Pd/C catalyst electrode are located
at 0.12 and about 0.5 V. The corresponding peak current den-
sities are 16.62 and about 6.0 mA cm~2 (Fig. 4, curve d). The
ratio of the current densities of the peaks at 0.12 and about 0.5V
is 2.77. It was reported that the electrooxidation of formic acid
could undergo through two parallel pathways, the direct path-
way and CO pathway [3,8—13]. The direct pathway is the perfect
pathway, because for the direct pathway, formic acid is directly
oxidized to CO, and no CO intermediate is formed. Thus, the
catalyst is not easy to be poisoned. It was also reported that the
oxidation of formic acid at the Pd catalyst is mainly through the
direct pathway [20,21]. Thus, the current density of the peak
at 0.12 'V (through the direct pathway) is much larger than that
at about 0.5V (through the CO pathway) at the Pd/C catalyst
electrode.

The potentials of the main anodic peaks of formic acid at the
Pd-Ir/C catalyst electrodes are almost the same, 0.07 V, which
is about 50 mV more negative than that at the Pd/C catalyst
electrode. However, the current densities of the main anodic
peak of formic acid are different at the different Pd-Ir/C cat-
alyst electrodes. They are 13.04, 16.49 and 18.79 mA cm 2
at the Pd-Ir/C-1, Pd-It/C-3 and Pd-Ir/C-5 catalyst electrodes,
respectively, indicating that the electrocatalytic activity of the
Pd-Ir/C-5 catalyst for the oxidation of formic acid is highest
among all the catalysts. Because the average sizes of the Pd—Ir
particles in the Pd-Ir/C-1 and Pd-Ir/C-3 catalysts are smaller
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Fig.5. Thelinear sweeping voltammograms of the adsorbed CO in 0.5 M H,SO4
solution at (a) the Pd-Ir/C-1, (b) Pd-Ir/C-3, (c) Pd-Ir/C-5, (d) Pd/C and (e) Ir/C
catalyst electrodes.

than that in the Pd-Ir/C-5 catalyst, the above results illustrated
that Ir in the Pd-Ir/C-5 catalyst could cause the negative shift
of the potential of the main anodic peak of formic acid and the
increase in the current density of this peak at the Pd/C cata-
lyst. However, Ir does not cause such changes of the peak at
0.5V (Fig. 4, curves d and c). The ratio of the current densities
of the peaks at 0.12 and about 0.5V at the Pd-Ir/C-5 catalyst
electrode is 3.12, which is larger than that at the Pd/C catalyst
electrode (2.77). The results illustrated Ir would promote the
oxidation of formic acid at the Pd catalyst through the direct
pathway.

Fig. 5 displays the linear sweeping voltammograms of the
adsorbed CO in 0.5 M H,SOy4 solution at the different catalyst
electrodes. It was observed that no anodic peak appears in the
linear sweeping voltammogram at the It/C catalyst electrode
(Fig. 5, curve e), indicating that CO cannot be adsorbed on the
Ir surface. At the Pd/C catalyst electrode, a strong anodic peak
of adsorbed CO is located at 0.75V, illustrating that CO can
be strongly adsorbed on the Pd surface. At the Pd—Ir/C-5 cata-
lyst electrode, the anodic peak of the adsorbed CO is located at
0.54 V (Fig. 5, curve c), which is 0.21 V more negative than that
at the Pd/C catalyst electrode, indicating that even small amount
of Ir exists in the Pd lattice, the adsorption strength of CO on Pd
would be significantly decreased. When the content of Ir in the
Pd-Ir/C catalyst is increased, the potential of the oxidation peak
of the adsorbed CO does not changed, but the current density of
the anodic peak is decreased, suggesting that the increase in the
content of Ir in the Pd—Ir/C catalyst does not change the adsorp-
tion strength, but changes the adsorption amount of CO (Fig. 5,
curves a and b).

The above results illustrated that Ir can promote the oxida-
tion of formic acid at Pd though the direct pathway because Ir
can decrease the adsorption strength of CO. However, when the
content of Ir in the Pd-Ir/C catalyst is high the electrocatalytic
activity of the Pd-Ir/C catalyst would be decreased because Ir
has no electrocatalytic activity for the oxidation of formic acid.
Only when the atomic ratio of Pd and Ir is suitable, the electro-
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catalytic activity of the Pd-Ir catalyst can be better than that of
the Pd/C catalyst.

4. Conclusions

In conclusion, the Pd-Ir/C catalyst with a small average size
and low relative crystallinity of the Pd—Ir particles can be pre-
pared with a very simple chemical reduction method at room
temperature. When the atomic ratio of Pd and Ir is suitable the
electrocatalytic activity of the Pd—Ir/C catalyst for the oxidation
of formic acid is much better than that of the Pd/C catalyst. For
example, the potential of the anodic peak of formic acid at the
Pd-Ir/C-5 catalyst is 50 mV more negative than that at the Pd/C
catalyst electrode and the peak current density at the Pd-Ir/C-
5 catalyst is 13% higher than that at the Pd/C catalyst. This is
attributed to that Ir can promote the oxidation of formic acid
at Pd through the direct pathway because Ir can decrease the
adsorption strength of CO on Pd. However, when the content of
Ir in the Pd-Ir/C catalyst is too high the electrocatalytic activity
of the Pd—Ir/C catalyst would be decreased because Ir has no the
electrocatalytic activity for the oxidation of formic acid.
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