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normal pulse voltammetry. The standard rate constant (k0) of formic acid oxidation on a Pd/C electrode
is estimated. The results show that formic acid oxidation is more sensitive to temperature at relatively
high potential because the activation energy is significantly increased as the potential rose above 0.6 V.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the electrochemical oxidation of formic acid has
ttracted much attention [1–3] because of the interest in direct
ormic acid fuel cells. Pt and Pd metals are the most frequently
mployed catalyst materials for formic acid electro-oxidation. The
echanism for formic acid oxidation at a Pt electrode has been
idely accepted as taking place via a dual path, which involves
reactive intermediate path and adsorbed CO as a poisoning

pecies [4–6]. The adsorbed CO path is the main path for formic
cid oxidation on carbon supported Pt catalysts and the cata-
ysts are poisoned severely by the adsorbed CO intermediate of
he reaction. Research has shown that Pd catalysts have much
igher catalytic activity for formic acid oxidation than Pt [7,8].

Pd and Pd-based catalysts exhibited no CO poisoning effect
nd yield high performances in the direct formic acid fuel cells
9–13,2]. However the mechanisms for formic acid oxidation at
he Pd electrode have been rarely reported. Zhou [14] suggested
hat the mechanism for formic acid oxidation at Pd is via a dual
ath similar to the Pt electrode. But Nishimura and Iwasaki’s
esearch did not support the above mechanism [15,16]. Since there
ave been even fewer reports concerned with the kinetic param-

ters for formic acid oxidation on Pd, the aim of this paper is to
btain the kinetic parameters using the normal pulse voltammetry
echnique. The kinetic parameters of the heterogeneous electron
ransfer process of formic acid oxidation at the carbon supported

∗ Corresponding author. Tel.: +86 451 88060853; fax: +86 451 88060853.
E-mail addresses: yinggao99@126.com, yinggao9999@163.com (Y. Gao).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.063
Pd electrode/solution interface are basic and important data for
characterizing this electrochemistry process. The dependence of
temperature for formic acid oxidation at a Pd/C electrode was also
investigated.

2. Experimental

For the pretreatment of the carbon black (Vulcan XC-72R), 1 g of
carbon black was mixed with a mixture of sulfuric acid and nitric
acid (volume ratio 3:1). This slurry was ultrasonicated for 5 min and
then stirred for half an hour at room temperature. After that, the car-
bon black was filtered and dried in a vacuum at 80 ◦C for an hour. The
preparation of carbon supported Pd catalysts was briefly described
as follows: 10 mL ethylene alcohol and 0.04 g the carbon black of
pretreatment above were mixed and ultrasonicated for 1.5 h, fol-
lowed by adding palladium chloride solution (4.00 g L−1) 4.2 mL
drop by drop at 70 ◦C within 30 min and then add excessive amount
of HCOONa in the solution and maintained the temperature at 70 ◦C
for 5 min. After that solution above was heated in the microwave
oven for 30 s each time with 20 s intervals for eight cycles. Finally,
the slurry was filtered and dried under vacuum at 100 ◦C for 10 h.
The catalyst was designated as Pd/C. The Pd/C catalyst prepared
contained 20 wt.% Pd.

The preparation of the Pd/C electrode to be used in the linear
sweep voltammograms was as follows. A fixed amount of catalyst

was mixed with 5% Nafion solution, 20% PTFE and ethanol and was
ultrasonicated for 5 min. Then this slurry was spread on carbon
paper and dried at room temperature. The Pd loading for the elec-
trodes used in the experiment was 1 mg cm−2 and the surface area
of the electrode was 0.5 cm2. A glass carbon disk electrode covered

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yinggao99@126.com
mailto:yinggao9999@163.com
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which reflects the slow anode kinetic process for formic acid oxi-
dation. The standard rate constant k0 value can be evaluated from
the intercept (E1/2) of the plot (Fig. 3) by means of Eq. (10). According
to the research of Xu [19], E0 can be estimated since it lies between
the potentials of adsorption and oxidation of the reactant. In this
Y. Wang et al. / Journal of Pow

ith a thin film of Pd/C was used for normal pulse voltammetry
xperiment. The surface area of the electrode was 0.126 cm2.

The experiments were performed in a dual electrochemical
ell operating in an anaerobic environment. The electrochemical
easurements were carried out with a CHI650A electrochemical

nalyzer. The Ag/AgCl electrode and Pt gauze were used as the ref-
rence and the counter electrode, respectively. In the normal pulse
oltammetry experiments, a sampling time of 40–80 ms was used,
ith intervals of 2 sec between successive pulses. It is supposed

hat cyclic renewal of the diffusion layer can be obtained simply by
aiting long enough (2 s) at the base potential (−0.1 V vs. Ag/AgCl)

or diffusion to replace the electroreactant that has been consumed.

. Theory, results and discussion

The mechanism of formic acid oxidation on Pd reported by Zhou
as a dual path similar to that for a Pt electrode [9]:

Direct path:

d + HCOOH → X → Pd + CO2 + 2H+ + 2e− (1)

Indirect path:

d + HCOOH → Y → Pd-CO + H2O (2)

d + H2O → Pd-OH + H+ + e− (3)

d-CO + Pd-OH → Pd + CO2 + H+ + e− (4)

However, no adsorbed CO is produced during the formic acid
xidation on the Pd electrode, according to an IRAS study [15], but
ormate ions were detected [16]. Therefore the formic acid oxida-
ion does not appear to proceed by a CO-like intermediate path,
ut is more likely to take place via an active-intermediate path (or
irect path) as follows [17]:

COOH + Pd → Pd-(COOH)ads + H+ + e (5)

d- (COOH)ads → CO2 + H+ + e (6)

eaction (5) might be regarded as the rate-determining step (RDS),
o the two reaction processes can be simplified as follows:

→ R′ + n′ e (RDS) (7)

′ → O + n′′ e (8)

′ = n′′ = 1

= n′ + n′′ = 2

If the diffusion layer can be effectively renewed at the electrode
he current–potential characteristic for the rate-determining oxi-
ation process in the irreversible system can be written as [18,19]:

= E1/2 − 0.0542(˛n′)−1 log
[

id − i

i

]
(9)

ith E1/2 = E0 − 2.303 RT (˛n′F)−1 log[1.349k0�1/2D−1/2] (10)

here E is the electrode potential, E1/2 is the half-wave potential,
0 is the formal potential, D is the apparent diffusion coefficient,
0 is the standard rate constant, ˛ is the anodic transfer coefficient,
′ is the number of electrons for the rate-determining step, i is the
ormal pulse voltammetric current, id is the limiting current which

s expressed by the Cottrell equation in the following [18]:

(�) = nFA D1/2C�−1/2�−1/2 (11)
d

here C is the concentration of formic acid in the solution, A is elec-
rode area and � is the sampling time. Normal pulse voltammetry
onsists of a series of pulses of increasing amplitude applied to the
lectrode. Because of the short pulse duration and sufficiently long
Fig. 1. Normal pulse voltammograms for the oxidation of formic acid on a Pd/C
electrode in 0.5 M HCOOH and 0.5 M H2SO4 with different sampling times, at 25 ◦C.

waiting time (2 s) at base potential, cyclic renewal of the diffusion
layer can be achieved.

Fig. 1 shows typical normal pulse voltammograms for the oxida-
tion of formic acid at the Pd/C electrode for various sampling times
(�). The resulting voltammograms have a sigmoidal shape, which
are similar to those described in the theory of Bard and reported
by others [18–20]. This indicated that the diffusion layer is effec-
tively renewed under these conditions. The anodic limiting currents
increase with decreasing sampling time. Fig. 2 shows the anodic
limiting currents plotted against the inverse square root of the sam-
pling times, showing a linear relationship between them, with the
line passing through the origin, indicating that the limiting current
is controlled by formic acid diffusion and the behavior of the diffu-
sion process is semi-infinite. The values of the apparent diffusion
coefficient can be obtained from the slope of the line (Fig. 2) by using
Eq. (11). The calculated value of the apparent diffusion coefficient,
D, is 1.47 × 10−7 cm2 s−1.

Fig. 3 is the plot of E versus log [(id − i)/i] which shows a good lin-
ear relationship with a slope of −0.20 V and an error of 7.6 × 10−4 V.
The slope of the line in Fig. 3 is equal to −0.0542(˛n′)−1 according
to Eq. (9) so the anodic transfer coefficient can be evaluated from
the slope:

−0.0542(˛n′)−1 = −0.20

Because n′ = 1, the value of ˛ is 0.26. This value is lower than 0.5,
Fig. 2. Plot of observed limiting current versus �−1/2 for the oxidation of formic acid
on a Pd/C electrode in 0.5 M HCOOH and 0.5 M H2SO4 at 25 ◦C.
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Fig. 3. The plot of E versus log [(id − i)/i] for formic acid oxidation on a Pd/C electrode
from the normal pulsed voltammetry data (the inset) with an 80 ms sampling time
and 2 sec measurement intervals at 25 ◦C.

Fig. 4. Linear sweep voltammograms for 0.5 M formic acid in 0.5 M H2SO4 on a Pd/C
electrode at different temperatures. Scan rate: 2 mV s−1.
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ig. 5. Arrhenius plots of log i versus 1/T at different potentials for the oxidation
f formic acid on a Pd/C electrode; the inset shows the activation energy (Ea) at
ifferent values of potential.

ase, E0 is expected to be about 0.1 V. Thus the standard rate con-

tant, k0, can be obtained by introducing the experimental values
f D and ˛, and the expected value of E0 into Eq. (10), giving an
stimated value of k0 4.5 × 10−5 cm s−1.

We further investigated the temperature dependence of the
ormic acid oxidation on a Pd/C electrode in the temperature

[

[
[

[
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range of 20–60 ◦C at very low scan rate (2 mV s−1) which can be
thought of as a quasi steady state (Fig. 4). The two oxidations
peaks are attributed to the structural effects of formic acid oxi-
dation on Pd [21]. With elevated temperature, the activities are
enhanced, as indicated by the increase in oxidation current. It can
be clearly seen that the current increased more rapidly at relatively
high potential. Fig. 5 shows the Arrhenius plots for the current
densities of formic acid oxidation reaction at various potentials.
Linear relationships exist between log i and 1/T indicating that
the reaction mechanism at each potential does not change with
temperature. The apparent activation energies, Ea are calculated
to be in the potential range 0.2–0.9 V, as shown in the inset in
Fig. 5. The activation energies increased with increasing poten-
tial. This result means that the activity of formic acid oxidation
on the Pd/C electrode was more sensitive to temperature at higher
potential.

4. Conclusion

The experiment results show that the diffusion layer near the
surface of Pd/C electrode can be effectively renewed by applying
the technique of normal pulse voltammetry. Therefore the theory
of A.J. Bard can be used to obtain the kinetic parameters of formic
acid oxidation, The values of charge transfer coefficient (˛) and dif-
fusion coefficient (D) are 0.26 and 1.47 × 10−7 cm2 s−1, respectively.
The small value of k0, that is about 4.5 × 10−5 cm s−1, means that
the electrode process for formic acid oxidation on Pd electrode is
irreversible.
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