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Abstract Films of binary and ternary composites of Pd,
nanocarbon (C), and Ni are obtained on glassy carbon
electrodes and investigated as electrocatalysts for methanol
oxidation (MOR) in alkaline medium. Results show that
among the electrocatalysts investigated, the apparent
electrocatalytic activity of the Pd-0.5%C electrode is the
greatest and that it decreases with increasing percentage of
C in the composite. The Pd-0.5%C composite electrode has
approximately two times higher activity than that of Pd
electrode for MOR under similar experimental conditions.
Introduction of Ni (1-2%) into the active Pd-0.5%C
catalyst somewhat declines the apparent electrocatalytic
activity of the electrode. The onset potential for MOR is
observed to be the greatest negative at the Pd-0.5%C
composite electrode, which gets shifted towards noble side
by 80—-100 mV with addition of Ni (1-2%).

Keywords Methanol oxidation - Composite films -
Direct methanol fuel cells (DMFCs) - Electrocatalysis

Introduction

Direct methanol fuel cells (DMFCs) are recognized to be a
promising power source for portable electronic devices and
electric vehicles [1, 2]. However, these fuel cells suffer
from two major problems, the relatively high overpotential
for methanol electro-oxidation reaction and high methanol
crossover through the membrane [3, 4]. To improve the
kinetics of methanol oxidation (MOR), the Pt catalyst is,
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generally, alloyed with Ru and impregnated/deposited over
conductive supports, such as carbon powder, carbon blacks,
carbon nanofibers, carbon (single walled/double walled)
nanotubes, and fullerene soot [5-7]. However, Pt-based
anodes invariably undergo deactivation due to poisoning by
the reaction intermediates, particularly CO in acid medium.
It is therefore desired to develop low-cost non-platinum
electrocatalysts with comparable or improved kinetics for
anodic methanol/ethanol oxidation.

Many non-noble metals have recently been studied in
alkaline media [8—12]. Among them, Pd is a suitable low-
cost transition metal of high catalytic activity towards
methanol oxidation [13-15] and about 50 times more
abundant in the earth than Pt [16]. Recently, Masel et al.
[17, 18] have disclosed that Pd and Pd/C catalysts can
overcome the CO-poisoning effect and thereby yield high
performance in DMFCs. Thus, Pd seems to be a promising
anode in an alkaline DMFC. It is therefore of interest to
improve the electrocatalytic activity of Pd catalysts towards
methanol oxidation.

In recent years, efforts have been made [19-24] to
improve the catalytic efficiency of Pd catalysts by suitable
means. Lee [19] and Lee et al. [20] obtained carbon-
nanomaterials-supported Pd nanoparticles by self-regulated
reduction of surfactant; these novel catalysts exhibited high
activity for O, reduction in 1 M H,SO,4. Wang et al. [21]
and Zhang and Li [22] have demonstrated that binary
composites of Pd with TiO, nanotubes and C are much
superior to that of pure Pd with respect to electrocatalysis
vis-a-vis stability for methanol oxidation in acid medium.
Zhang et al. [23] obtained well-dispersed Pd nanoparticles
on the surface of vanadium oxide nanotubes (VO NTs)
through a simple reductive process and investigated them as
electrocatalysts for MOR in alkaline medium. The new
materials were found to exhibit an excellent electrocatalytic
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Fig. 1 SEM pictures of films of
Pd (a), Pd-0.5%C (b), Pd-0.5%
C-1%Ni (c¢), Pd-2%C (d), and
Pd-0.5%C-2%Ni (e) on glassy
carbon

activity and good stability under alkaline condition. Shen et
al. [24] observed that the presence of NiO into the Pd/C
composite improves the electrocatalytic activity of the
electrode considerably. The electrode with a weight ratio
of Pd to NiO of 4:1 exhibited the highest electrocatalytic
activity for methanol oxidation in alkaline medium.

We have obtained thin films of pure Pd and of binary
composites of Pd and nanocarbon and ternary composites
of Pd, nanocarbon, and Ni and investigated them as electro-
catalysts for MOR in 1 M KOH at 298 K. Details of results of
the investigation are presented in the present paper.
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Experimental

Electrocatalyst preparation

Before use, the carbon nanopowder (Aldrich, 99+%) was
activated by refluxing in concentrated HNO; for 5 h as
described elsewhere [25]. Twenty milligrams of each
catalyst, namely Pt, Pd, Pd—C, and Pd—C—Ni, was prepared.
Pure metal catalyst Pt (or Pd) was obtained by dissolving
required amount of H,PtCls-6H,O (Sigma-Aldrich, A.C.S.
Reagent; or PdCl,, anhydrous, Merck) in 5 ml acidified
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double distilled water and subsequent reduction of metal
ion by adding excess NaBH, (Sigma-Aldrich, 98%)
solution under stirred condition. To obtain binary compo-
sites of Pd and C, the required amount of PdCl, in 5 ml
acidified distilled water was dissolved and to this was
added the required amount of activated carbon nanopowder,
and the solution was stirred well. In order to carry out the
complete reduction of the metal ions, the NaBH, solution
was added in slightly excess under vigorously stirred
condition. The addition of NaBH, solution was made in a
dropwise manner. Similarly, ternary composites of Pd, C,
and Ni were also prepared. NiCl, (Merck) was used as
precursor for Ni. Each catalyst formed as a solid residue in
the solution was centrifuged, repeatedly washed with
double distilled water so as to remove CI ions, and finally
dried overnight in a vacuum dessicator.

Electrode preparation

The catalyst obtained in powder form was mixed with few
milliliters of an ethanol (Merck)-water mixture and then
ultrasonicated for 15 min so as to obtain an ink. To obtain
the electrode, two to three drops of ink were dropped on to
a pretreated glassy carbon plate through a syringe, dried,
and then one drop of 1% Nafion solution (Alfa Aesar) was
dropped over the dried catalyst layer to cover it. The
catalyst electrodes, thus obtained, were finally irradiated
with microwave (800 W) for 1 min. Prior to use as support
for the catalyst, glassy carbon plates were first polished
well on a micro cloth pad on a polishing machine with
alumina powder and then dipped in 0.2 M H;PO, solution
for 5 min, degreased in acetone by ultrasonication, washed
with distilled water, and dried. Electrical contact with the
catalyst overlayer and electrode mounting were carried out
as described elsewhere [26].

A scanning electron microscope (Quanta 200 FEI) was
used to study the morphology of electrocatalysts as-
obtained in the film form on glassy carbon (GC).

Electrochemical studies

Electrochemical studies, namely, cyclic voltammetry,
impedance spectroscopy, chronoamperometry, and Tafel
polarization have been carried out in a three-electrode
single-compartment Pyrex glass cell using an electrochem-
ical impedance system (PARC, USA). A Pt foil (~8 cm?) and
an Hg/HgO/1 M KOH were used as auxiliary and reference
electrodes, respectively. Cyclic voltammetry of each elec-
trocatalyst has been carried out between —0.80 and +0.60 V
versus Hg/HgO in 1 M KOH with and without containing
methanol at 298 K. Before recording, the final voltammo-
gram of each electrode was cycled for five runs at a scan
rate of 50 mV s 'in 1 M KOH. The anodic polarization

curves (E versus log j) were recorded using a run program
with conditioning time=200 s, conditioning potential=
—0.50 V, initial delay=pass, scan rate=0.2 mV s ', initial
potential=—0.50 V, and IR interruption=10 s.

The study of electrochemical impedance spectroscopy
(EIS) of electrodes in 1 M KOH+1 M CH;0H at a constant
dc potential was carried out by recording EIS spectra over a
frequency range of 0.5-2.5x10* Hz. The ac voltage
amplitude of 10 mV was used in each measurement.
Softwares used in impedance measurements and circuit
analyses were ‘Power Sine’ and ‘ZSimpWin version 3.00.

All electrochemical experiments were performed in an
Ar-deoxygenated 1 M KOH (GR Merck, 85%)+1 M
CH;0H (GR Merck, 99.8%) at 298 K. The potential values
mentioned in the text are given against the Hg/HgO/1 M
KOH electrode only.

Results and discussion
Morphology

Figure 1 shows scanning electron microscopy (SEM)
pictures of films of Pd, Pd-0.5%C, Pd-2%C, Pd-0.5%C-
1%Ni, and Pd-0.5%C-2%Ni as-deposited on GC electrodes.
These micrographs demonstrate significant influence of
minor additions of C and Ni on the morphology of Pd. The
surface of pure Pd film seems to be compact and
granulated. The addition of 0.5% C to Pd makes the film
highly porous and amorphous like. But a higher addition of
C (2%) tends to change the morphology from amorphous to
granular one. On the other hand, the presence of 1% Ni in
the Pd-0.5%C composite does not seem to modify the
morphology. But, 2% Ni addition changes the morphology
from amorphous to a flat porous granular look.

250 -

---------- Pd-0.5%C/GC

I Pd-0.5%C-1%Ni/GC

200 P e P-0.5%C-2%Ni/GC
S Gp— Pd-1%C/GC

0.8 04 0.0 0.4
E/V (vs Hg/HgO)

Fig. 2 Cyclic voltammograms for Pt, Pd, Pd-C, and Pd-C-Ni
electrodes in 1 M KOH+1 M CH;O0H at 298 K
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Fig. 3 Cyclic voltammograms for Pt, Pd, Pd-C, and Pd-C-Ni
electrodes in 1 M KOH at 298 K

Cyclic voltammetry

Figure 2 represents the cyclic voltammograms for the Pt/
GC, Pd/GC, Pd-0.5%C/GC, Pd-0.5%C-1%Ni/GC, Pd-0.5%
C-2%Ni/GC, and Pd-1%C/GC electrodes in 1 M KOH+
1 M CH;0H at 298 K. In each case, the sweep rate is
50 mV s ' in the potential range of —0.80 to +0.60 V. The
CV of the Pt/GC electrode, obtained under identical
conditions, is given for the purpose of comparison. The
cyclic voltammograms of these electrodes in 1 M KOH
without containing methanol have also been recorded under
identical conditions; these voltammograms look to be
similar. Some representative voltammograms are shown in
Fig. 3. By comparing the cyclic voltammograms in the
absence of methanol, a methanol oxidation peak under
anodic condition can be clearly observed in the cyclic
voltammograms of all the electrocatalysts in 1 M KOH+
1 M CH;O0H.

The methanol electro-oxidation on each electrode of the
present investigation has been characterized by two well-
defined anodic current peaks: one in the forward (i.e.,
anodic condition) and the other one in the reverse scan. In

Fig. 4 The Nyquist plots of electrocatalysts at £=—0.25 V in 1 M
KOH+1 M CH;O0H at 298 K; square, Pd; asterisk, Pd-0.5%C; circle,
Pd-0.5%C-1%Ni; triangle, Pd-0.5%C-2%Ni

the forward scan, the oxidation peak is corresponding to the
oxidation of freshly chemisorbed species coming from
methanol adsorption. The oxidation peak in the reverse
scan is primarily associated with removal of carbonaceous
species not completely oxidized in the forward scan than
the oxidation of freshly chemisorbed species [27-29 and
references therein]. CV curves shown in Fig. 2 were
analyzed for the onset potential (Epp), current peaks, and
current peak potentials for the MOR, and their values are
shown in Table 1.

Table 1 shows that all the composite electrocatalysts have
higher activity for MOR than the pure Pd (or Pt) electrode.
Among the electrodes investigated, the composite film of Pd
and 0.5% nanocarbon on glassy carbon exhibits the highest
oxidation peak current density (during the forward scan),
which is ~2.3 times higher than that observed on pure Pd
film of the same loading. Further, with the addition of 0.5%
nanocarbon in Pd, the peak potentials corresponding to both
the forward and reverse scans get displaced towards noble
direction by 50 mV (i.e., from —0.055 to —0.005 V) and
25 mV (i.e., from —0.265 to —0.240 V), respectively. It is

Table 1 Results of the study of cyclic voltammetry of Pd, Pt, Pd-C, and Pd-C-Ni electrodes in 1 M KOH+1 M CH;0H at 298 K

Electrode Loading Geometrical area  Onset potential, ~ Forward scan Reverse scan
(mg cm?)  (cm?) Eop (mV)
jp(mMAcmZmg ")  Ep (mV) Jp (MA cm > mg ") E, (mV)

Pt 0.20 0.45 ~—425 61.88 =75 29.69 -230
Pd 0.18 0.50 ~—375 111.11 =55 38.89 —265
Pd-0.5%C 0.15 0.50 ~=510 258.67 -5 196.0 —240
Pd-1.0%C 0.2 0.60 ~—405 140.58 =55 61.83 -255
Pd-2.0%C 0.18 0.50 ~=390 129.89 —45 101.67 —245
Pd-5.0%C 0.19 0.48 ~—355 125.44 =75 55.48 =255
Pd-0.5%C-1.0%Ni 0.15 0.52 ~—430 177.95 =35 149.23 =250
Pd-0.5%C-2.0%Ni 0.14 0.54 ~—400 152.12 —60 116.40 -255
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Fig. 5 Typical Nyquist plots (experimental + simulated) for the Pd-
0.5%C-1%N:i electrode from Fig. 4

noteworthy that the peak potential values for other composite
electrodes, regardless of the nature of the electrode materials,
seem to be more or less similar. Values of the methanol
oxidation peak current densities at the scan rate of 50 mVs ',
as listed in Table 1, show that the electrocatalytic activity of
the Pd-0.5% C electrode is the greatest, while that of the Pt/
GC electrode is the lowest one. Based on the anodic
oxidation peak current densities, the different electrocata-
lysts of the present investigation follow the activity order:

Pd — 0.5%C>Pd — 0.5%C — 1%Ni>Pd — 0.5%C
— 2%Ni>Pd — 1%C>Pd — 2%C>Pd — 5%C>Pd>Pt

The observation of Table 1 further shows that 0.5% to 2%
C additions to Pd electrode shift the onset potential for MOR
in the negative direction, the magnitude in shift, however,
being the greatest with 0.5% C. In contrast, introduction of
5%C shifts the onset potential on the base (Pd) electrode
towards the noble side by ~20 mV. Furthermore, 1% and 2%
Ni additions to Pd-0.5%C composite shift the onset potential
of MOR by 80 to 100 mV in the noble direction. Therefore,
the onset potential values of the reaction on different
electrodes also indicate a higher activity for the Pd-0.5%C
composite electrode towards the MOR.

Impedance spectroscopy

In order to estimate the catalytic film (bulk) resistance, charge
transfer resistance for the MOR and double layer capacitance
(Cqp) for the catalytic film/solution interface, the impedance
study of some active electrodes, namely, Pd, Pd-0.5%C, Pd-
0.5%C-1%N!i, and Pd-0.5%C—-2%Ni, has been performed at
a constant dc potentials, =0.25 Vin 1 M KOH+1 M CH3;0H
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Fig. 6 Tafel plots for electrocatalysts (scan rate=0.2 mV s ) in 1 M
KOH + 1 M CH;0H at 298 K

at 298 K. The chosen potential belongs to the initial region
of the MOR. Before recording each impedance spectrum, the
electrode was first equilibrated at £=—0.25 V for 300 s. The
complex impedance diagrams obtained for different electro-
catalysts are shown in Fig. 4. Each diagram indicates two
arcs, a small arc at high frequencies and a relatively large
one at intermediate and low frequencies.

In order to fit the experimental impedance data, an
equivalent electrical circuit model, Ry(Q{R{(CgRc))) is
proposed, where Rg, Ry, and R are the solution, catalyst
film, and charge transfer resistances and Oy and Cyg are the
constant phase element and the double layer capacitance for
the catalyst mass and catalyst/solution interface, respective-
ly. It is observed that simulated impedance data based on
the proposed circuit model agree excellently with those
experimentally observed ones. Typical Nyquist plots (sim-
ulated + experimental) for Pd-0.5%C-1%Ni electrode are
shown in Fig. 5. Estimates of the equivalent circuit
parameters are given in Table 2.

Table 2 shows that incorporation of 0.5% C decreases the
charge transfer resistance and hence improves the kinetics of
methanol electro-oxidation greatly. Further, introduction of
1% Ni to the composite, Pd-0.5%C, does not seem to
influence the charge transfer resistance and hence the rate of
MOR significantly; however, its higher addition (2%) appears
to reduce the rate of MOR considerably. Thus, the results
support the findings of the cyclic voltammetry study.

Table 2 Values of the equivalent circuit parameters of some active electrodes at £=—0.25 Vin 1 M KOH+1 M CH;0H at 298 K

Electrode Loading (mg cm ) Rs (Qcm?) 10 O/F s ' (cm?)  Number Ry (Q cm®)  10* Cy/F (cm™?) Ry (Q cm?)
Pd 0.18 1.71 27.21 0.58 2.02 1.04 276.1
Pd-0.5%C 0.15 1.35 17.09 0.68 2.20 3.63 54.9
Pd-0.5%C-1%Ni 0.15 2.66 10.96 0.78 2.16 1.31 56.0
Pd-0.5%C-2%Ni 0.14 3.28 4.92 0.85 241.3 9.14 256.1
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Table 3 Values of the electrode kinetic parameters for methanol oxidation on pure Pd and active composite electrodes in 1 M KOH+1 M CH;0H

at 298 K
Electrode Loading EASA Tafel slope, b (mV) Jlat E/V SA
(mg cm?) (mC cm™? mg ™) (mA mC™")

—-0.20

Ja Ja

(mA cm?) (mA cm > mg )
Pd 0.18 42.7 145 3.20 17.78 0.42
Pd-0.5%C 0.15 91.8 121 7.10 47.33 0.52
Pd-1%C 0.20 28.9 120 2.32 11.62 0.40
Pd-2%C 0.18 32.0 107 3.66 20.32 0.63
Pd-5%C 0.19 24.4 132 1.71 9.02 0.37
Pd-0.5%C-1.0%Ni 0.15 82.6 116 5.80 38.67 0.47
Pd-0.5%C-2.0%Ni 0.14 63.2 107 434 31.0 0.49

Tafel polarization study

The activity test for Pd and composite electrodes has
further been carried out by the determination of the IR-
compensated quasi-steady-state anodic Tafel polarization
curves (E versus /) at a slow potential scan rate (0.2 mV s ')
in 1 M KOH+1 M CH;OH at 298 K. Some representative
polarization curves for electrocatalysts, namely, Pd, Pd-
0.5%C, Pd-0.5%C-1%Ni, and Pd-0.5%C-2%Ni, are given
in Fig. 6. The Tafel slope values for the MOR at low
potentials were found to be close to 2x2.303 RT/F (i.e.,
118+£12 mV) on each electrocatalyst, the electrode, Pd/GC
(b=145 mV), however, being an exception. Based on the
apparent current densities (j,) at £=—0.20 V (Table 3), the
test electrodes followed the activity order: Pd-0.5%C>Pd-
0.5%C-1%Ni>Pd-0.5%C-2%Ni>Pd-2%C>Pd>Pd-1%C>
Pd-5%C. j, values were estimated from Fig. 6. The result
demonstrates that the performance of the electrode, Pd-
0.5%C, is the best among electrodes investigated. Thus,
results of the Tafel polarization study more or less
corroborate the findings of CV and impedance.

As the activity of an electrode is not only controlled by
the catalytic properties but also by the surface area, the
electrochemically active surface area (EASA) of the
electrodes have been measured by determining the cou-
lombic charge for the reduction of palladium oxide [30]. As
shown in Fig. 4, the oxide reduction peak appears at E=
296+18 mV on the cyclic voltammograms of electrodes in
the background solution (I M KOH). The coulombic
charge (Q) for the reduction of palladium oxide has been
determined by integrating the oxide reduction peak and is
used to calculate the EASA of the electrode. Estimates of O
for different electrodes are shown in Table 3. The specific
activities (SA=/, mA cm > mg '/EASA, mC cm > mg ') of
electrodes were also estimated and values are given in
Table 3. This table demonstrates that the SA values for the
Pd as well as the composite electrodes are practically the
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same. Thus, the results demonstrates that the introduction
of small amount of carbon nanopowder (0.5-5%) does not
influence the specific activity of the electrodes. Therefore,
the enhanced apparent activity of Pd-0.5%C electrode is
mainly due to its improved geometrical properties.

The EASA data shown in Table 3 further show that 0.5%C
addition to Pd increases the EASA and hence the porosity
greatly, as is also evident from the SEM photographs shown
in Fig. 1. However, its higher additions (1-5% C) decrease
the EASA significantly. Thus, results demonstrate that in the
composite of Pd with 0.5% C, there seems the dispersion of
Pd catalyst on nanocarbon particles fairly well, but with the
increase in percentage of nanocarbon in the composite,
active Pd sites get somehow blocked resulting in the reduced
specific surface area. 1% Ni addition to Pd-0.5%C composite
does not change the EASA of the electrode significantly.
SEM pictures of the composites, Pd-0.5%C and Pd-0.5%C-
1%Ni, shown in Fig. 1 also seem to be almost similar. But

Fig. 7 Chronoamperograms for Pt, Pd, Pd-0.5%C, and Pd-0.5%C-1%
Ni electrodes in 1 M KOH+1 M CH;0H at 298 K
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the higher (2%) or lower (0.5%) addition of Ni than 1%
decreased the EASA by 30-70%.

Stability test

The stability of methanol oxidation on Pt/GC, Pd/GC, Pd-
0.5%C, and Pd-0.5%C-1%N:i electrodes in 1 M KOH+1 M
CH;OH at 298 K has been investigated by chronoamper-
ometry at E=—0.2 V for 2 h. The results are shown in
Fig. 7. The rapid current decay shows the poisoning of the
electrocatalysts. Values of the apparent current density for
methanol oxidation measured after 100 min at £=—0.2 V
were 1.19, 1.13, 0.79, and 0.07 mA cm 2, respectively, on
Pd-0.5%C, Pd-0.5%C-1%Ni, Pd, and Pt electrodes. This
indicates that Pd-0.5%C electrode is more stable and
poisoning-tolerant electrocatalyst compared to conventional
Pt electrode in alkaline medium.

Summary

The study demonstrates that small C addition (0.5%) to Pd
greatly improves the apparent catalytic activity and poison-
ing tolerance, against the methanol oxidation intermediates,
of the material. The higher additions of C (1-5%) have
been observed to exhibit less beneficial catalytic influence.
Introduction of Ni (1-2%) into the Pd-0.5%C composite
decreased the apparent electrocatalytic activity of the
electrode. The enhanced apparent activity of Pd-0.5%C
electrode is mainly due to its improved geometrical
properties.
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