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A comparative study of Pd and Pt was carried out in DMFC using different methanol concentrations and under different operating
conditions. Cell performance was compared at methanol concentrations of 1, 3, 5, and 7 M and at temperatures of 20, 40, and 60◦C.
Homemade Pd nanoparticles were prepared on Vulcan XC-72R using ethylene glycol as the reducing agent at pH 11. The resulting
catalyst, Pd/C, with metal nanoparticles of approximately 6 nm diameter, was tested as a cathode catalyst in DMFC. At methanol
concentrations of 5 M and higher, the Pd cathode-based cell performed better than that with Pt at 60◦C with air.

1. Introduction

Among liquid organic fuels methanol is a good candidate
for direct electrochemical oxidation in terms of reactivity
at low temperatures, handling, and storage. Methanol-fed
polymer electrolyte membrane fuel cells would be convenient
because this would avoid many difficulties encountered when
operating with hydrogen-fed fuel cells, such as gas storage
and reforming. In a direct methanol fuel cell (DMFC),
methanol is oxidized to carbon dioxide in the anode and
protons cross the electrolyte membrane and combine with
oxygen at the cathode to form water. Equation (1) describe
anodic and cathodic reactions occurring in a polymer acid
electrolyte DMFC:

CH3OH + H2O −→ CO2 + 6H+ + 6e−

3
2

O2 + 6H+ + 6e− −→ 3H2O.
(1)

One of the major technical problems of current DMFCs is the
methanol crossover, that is, methanol permeation from the
anode compartment through the electrolyte membrane to
the cathode compartment. This causes cathode performance
losses due to the formation of mixed potentials on the
cathode catalyst as well as the decrease in the efficiency of
methanol utilization [1]. To avoid mixed potentials in the
cathode, caused by the simultaneous methanol oxidation and

oxygen reduction reactions taking place, a possible solution
would be employing a cathode electrocatalyst selective for the
ORR.

Previous studies showed that Ru-based catalysts (e.g.,
Ru-Se, Ru-Se-Mo, and Ru-Se-Rh) have some promising
properties, that is, reasonably high activity for oxygen reduc-
tion and high methanol tolerance [2–4]. Another possible
candidate to substitute Pt is Pd. Palladium, like platinum, has
a four-electron pathway for the oxygen reduction reaction
and its activity for ORR is only surpassed by platinum
[5]. Additionally, Pd has negligible electrocatalytic activity
towards methanol oxidation in acid medium [6].

Lee et al. studied the ORR in acid media in the presence
of methanol on Pt, Pd, and Pd alloys [6]. They found
that the Pt electrode exhibited a large anodic current above
ca. 0.75 V versus NHE due to methanol oxidation. This
methanol oxidation led to an onset potential ca. 200 mV
lower that that observed without methanol in the electrolyte,
which was attributed to the formation of a mixed potential
on the Pt surface. Pd and Pd alloy electrocatalysts did not
show mixed potential in the presence of both oxygen and
methanol. Several groups have reported enhanced activity of
Pd-Pt catalyst towards selective ORR compared to pure Pt in
the presence of methanol [7–9].

Optimized carbon-supported palladium catalyst, Pd/C,
was considered as a candidate cathode catalyst because of its
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Figure 1: Comparison of cyclic voltammograms of Pd/C and Pt/C
in N2 saturated 0.5 M H2SO4 solution at room temperature, scan
rate 5 mV s−1.
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Figure 2: XRD patterns of carbon-supported palladium and
platinum catalysts.

high activity towards oxygen reduction in a direct methanol
fuel cell. Cell performance with Pd/C in the cathode was
compared with the performance when using commercial
Pt/C as cathode catalyst. Cell potentials at low current
densities were compared (5 mA·cm−2) and current densities
at 400 mV were chosen for the purpose. A constant methanol
flow rate of 7 mL min−1 was used in every test; this flow
rate was chosen for being the optimum for 1 M methanol
according to studies published by Lin et al. [10].

The effect of methanol concentration on cell perfor-
mance was studied using methanol solutions of 1 to 7 M.
Temperature was studied in the range of 20, 40, and 60◦C.

2. Experimental

Electrochemical surface area (ECSA) of the electrocatalysts
was quantified from slow scan voltammograms, at scan
rate 5 mV s−1, using a rotating disc electrode in oxygen
free 0.5 M H2SO4 solution. The electrode was previously
conditioned by undergoing cycles at scan rate of 50 mV s−1;
after this conditioning slow voltammograms were recorded.
Potential range at which the electrode was cycled at scan rate
5 mV s−1.

X-ray diffraction analyses were carried out using a
PAN analytical X’Pert Pro diffractometer fitted with an
X’Celerator and peak positions were analysed using the
X’Pert Data Viewer software. The radiation was Cu K-alpha,
with λ = 1.54180 Å. Analyses were performed by the
Chemical Analysis Unit at Newcastle University.

Membrane electrode assemblies (MEAs) were prepared
by hot pressing a membrane and electrodes at 130◦C for
3 min, applying a load of ca. 50 kg cm−2. Nafion 117 was
used as the electrolyte membrane; the received material was
boiled in 2% hydrogen peroxide for 30 minutes, rinsed
with deionized water, and then boiled with 1 M H2SO4 for
1 hour before being thoroughly washed with deionized
water. The electrodes were prepared as follows using catalysts
inks. Metal loadings were 2 mg·cm−2 PtRu in the anode
and 2 mg·cm−2 of Pd or Pt in the cathode. Catalysts used
were commercial carbon-supported PtRu 60% weight (E-
Tek) for the anode and commercial carbon-supported Pt
20% weight (E-Tek) or in house made Pd/C 20% weight.
In the preparation of Pd/C, 40 cm3 (mL) of ethylene glycol
(Aldrich, 99.8%) were mixed with 0.300 g of Vulcan XC-
72R under magnetic stirring and nitrogen flow. The pH of
the solution was adjusted with drops of 1 M NaOH (Aldrich,
98%) solution. 20 cm3of an aqueous solution containing
0.203 g of (NH4)2PdCl4 (Aldrich, 99.995%) were added
dropwise whilst maintaining the pH constant. The mixture
was heated to 110◦C and refluxed for 3 hours. The catalyst
was thoroughly washed with deionised water and acetone
and dried overnight under air at 100◦C.

The catalyst ink was prepared by mixing in an ultrasonic
bath the carbon-supported catalyst with a water:ethanol
mixture with Nafion solution for 30 minutes. The amount
of Nafion in the catalyst ink was 15% of the catalyst weight.
Catalyst layers were sprayed on a commercial wet proofed gas
diffusion layer, (CX196, from Freudenberg, Germany).

The fuel cell body was made of two graphite blocks each
with 3 cm × 3 cm parallel flow fields. The temperature of the
cell was controlled by heating pads located at both sides of
the cell body. Operating temperatures were 20, 40, and 60◦C.
Aqueous 1 mol dm−3 (M) methanol solution was pumped
into the anode at a rate of ca. 7 mL min−1 using a Watson
Marlow 101 U/R pump. Air or oxygen was fed to the cathode
side at a rate of approximately 300 mL min−1. Gas flow rate
was controlled manually by appropriate flow meters (Platon
(RM&C), U.K) and was fed at atmospheric pressure.

Immediately before recording polarisation data reported
in this piece of work, each MEA was conditioned by under-
going ten potential cycles at scan rate 50 mV s−1 between
OCP and 0 V; after this scan rate, 2 mV s−1 was used until
reproducible I–V curve was obtained; the reproducible curve
was then finally recorded.

3. Results and Discussion

Catalysts compared in this study were homemade Pd
nanoparticles (Pd/C) and commercial Pt catalyst (Pt/C);
both were electrochemically characterized by cyclic voltam-
metry using a rotating disc electrode in oxygen free
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Figure 3: (a) Comparison of polarization curves of a direct methanol fuel cell with Pd/C and commercial Pt/C from E-tek as cathode
catalyst at 20◦C and 1 M methanol. (b) Comparison of polarization curves of a direct methanol fuel cell with Pd/C and commercial Pt/C
from E-tek as cathode catalyst at 40◦C and 1 M methanol. (c) Comparison of polarization curves of a direct methanol fuel cell with Pd/C
and commercial Pt/C from E-tek as cathode catalyst at 60◦C and 1 M methanol.

0.5 M H2SO4 solution [11]. Figure 1 compares slow scan
cyclic voltammograms for Pd/C and Pt/C.

For palladium electrodes, in contrast with platinum, the
charge of a monolayer of adsorbed hydrogen is difficult to
determine due to the ability of bulk palladium to absorb
hydrogen [12, 13]. Therefore, the electrochemical surface
area was calculated from the charge of the monolayer of
chemisorbed oxygen, which was estimated from the area
of the palladium oxide reduction peak. The charge of the
oxygen monolayer (QO) for a smooth palladium electrode is
twice as large as the hydrogen monolayer (QH) in platinum,
QH = 1/2 QO (QH = 210 μC cm−2) [12]. ECSA values for both
electrocatalysts are shown in Table 1.

Figure 2 shows XRD patterns corresponding to carbon-
supported platinum and palladium catalysts. A broad peak
at a 2θ value around 25◦, due to the carbon support [14],
was present in every spectrum. Data from diffraction peaks
corresponding to Pd (220) and a Pt (220) crystal faces,
which were considered not to be influenced by the presence

Table 1: ECSA and particle size for carbon-supported palladium
catalysts.

Catalyst Particle size (nm) ECSA (m2 g−1

Pd/C 7.3 14.6

Pt/C 3.4 55.3

of carbon, were employed in calculations [15, 16]. The
crystallite size, referred to as particle size, was calculated from
the XRD data using Scherrer equation [17]:

D = k × λ

FWHM
× cos θ. (2)

Particle sizes estimated using Scherrer equation are shown in
Table 1.

3.1. Effect of Methanol Concentration on Fuel Cell Perfor-
mance. Li et al. [18] compared ORR activity of Pd/C and
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Figure 4: (a) Comparison of polarization curves of a direct methanol fuel cell operating with air and 3 M methanol with Pd/C and
commercial Pt/C from E-tek as cathode catalyst at 20, 40, and 60◦C. (b) Comparison of polarization curves of a direct methanol fuel cell
operating on oxygen and 3 M methanol with Pd/C and commercial Pt/C from E-tek as cathode catalyst at 20, 40, and 60◦C.
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Figure 5: Comparison of polarization curves of a direct methanol fuel cell operating with air and 5 M methanol with Pd/C and commercial
Pt/C from E-tek as cathode catalyst at 20, 40, and 60◦C.

Pd4Co1/C with that of Pt/C, with and without methanol
in the electrolyte. They found that although Pt/C presents
superior ORR performance than Pd/C and Pd4Co1/C in
pure 0.5 M HClO4 electrolyte, in the methanol containing
solution, ORR activity of Pt/C was much lower, while that
of Pd/C and Pd4Co1/C was stable.

Measured exchange current densities at room tempera-
ture for the oxygen reduction reaction (ORR) on platinum
and palladium electrodes were 1.4 × 10−10 and 7.7 ×
10−12 A·cm−2

metal [11]. Considering the activation energy of
the oxygen reduction reaction on Pd/C, ca. 90 KJ mol−1 [19],
and on Pt/C, ca. 26 KJ mol−1 [20], the exchange current
density for ORR at 50◦C on platinum can be estimated to
be 3.2 × 10−10 in comparison to 1.3 × 10−10 A·cm−2

ESA for

palladium. In other words, at 50◦C platinum is 2.5 times
more active than palladium for ORR. On the other hand, the
exchange current density for the methanol oxidation reaction
(MOR) at 50◦C is reported [21] to be ca. 3 × 10−8 A·cm−2

metal
on platinum and ca. 10−11 A·cm−2

metal on palladium. This
means at 50◦C platinum is approximately 3000 times more
active than palladium for the methanol oxidation reaction.
Calculating the ratio of i0(MOR)/i0(ORR) for both catalyst at
50◦C, we obtain ca. 100 and 0.1 for Pt and Pd, respectively.
This suggests that platinum is approximately 100 times more
active (more selective) for methanol oxidation than for
oxygen reduction, and therefore the effects of any crossed-
over methanol would be severe. On the contrary, palladium
is approximately 10 times less active for MOR in comparison
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Figure 6: (a) Comparison of polarization curves of a direct methanol fuel cell operating with air with Pd/C and commercial Pt/C from E-tek
as cathode catalyst at 60◦C and 3, 5, and 7 M methanol. (b) Comparison of polarization curves of a direct methanol fuel cell operating with
oxygen with Pd/C and commercial Pt/C from E-tek as cathode catalyst at 60◦C and 3, 5, and 7 M methanol.
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Figure 7: Chronoamperometry measurements of DMFC with Pd/C
or Pt/C as cathode catalyst using the same anode materials (Pt-
Ru/C) at 20◦C and 5 M methanol, with oxygen.

to ORR, thus palladium is a more selective catalyst for ORR
than MOR. Therefore, it can be concluded that palladium is
a good candidate for methanol fuel cell cathodes (DMFCs)
especially at higher methanol concentration and higher
operating temperatures.

3.1.1. Cell Polarizations. Figure 3 compares potential-current
curves for the palladium electrocatalyst and commercial Pt/C
cathode materials using 1 M methanol at 20, 40, and 60◦C,
operating with air and oxygen.

The open circuit potentials of palladium were ca. 30 mV
higher than that of Pt at 20◦C; however, as temperature
increases similar OCP was observed for both catalysts when
using 1 M methanol at the anode. However, the ORR
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Figure 8: Anode polarization curves for a fuel cell with PtRu/C
from E-tek anode catalyst and Pd/C cathode catalyst at 60◦C fed
with methanol 1, 3, 5, and 7 M with air operation.

kinetics on Pd cathodes was sluggish in comparison to Pt,
demonstrated by larger activation losses in the kinetic region.

Cell voltages in different conditions, summarised in
Table 2, were larger for the Pt MEA in every case. The
difference in cell voltage between Pt and Pd MEAs was similar
when the cell was operating with air or oxygen. For example,
at 20◦C and at 5 mA·cm−2 the difference was 116 mV for
air and 107 mV for oxygen, decreasing to 88 mV for air and
81 mV for oxygen at 40◦C and 67 mV for air and 63 mV for
oxygen at 60◦C. This tendency was also observed at higher
current densities; comparing cell potentials at 20 mA·cm−2,
at 20◦C, the difference between Pt and Pd was 188 mV for
air and 187 mV for oxygen, decreasing to 124 mV for air,
both air and oxygen at 40◦C, 95 mV for air, and 101 mV for
oxygen at 60◦C. The decreasing difference with increasing
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Figure 10: Cathode polarization curves for Pd MEA for a DMFC
at 60◦C fed with 3, 5, and 7 M methanol solution compared to data
from a H2 PEM fuel cell.

temperature between Pd and Pt cell potentials at low current
densities would indicate that the activation energy of the
oxygen reduction reaction on Pd is higher than on Pt, which
was already shown for hydrogen PEM fuel cells [11].

The effect of air or oxygen on cell voltage for a given oper-
ating current density depended on oxygen mass transport in
the cathode and methanol crossover effects. The methanol
crossover effect will be more pronounced at lower oxygen
concentration.

No reports for pure Pd cathodes in direct methanol fuel
cells were found in the literature; however, some palladium
alloys have been tested as cathode materials in DMFC. Mus-
tain et al. tested a DMFC with a Pd3Co cathode and Pt anode

at 60◦C operating with oxygen and 0.5 M methanol solution
[22]. They observed current densities of ca. 20 mA·cm−2 in
these conditions, close to the 18 mA·cm−2 exhibited with
Pd/C with 1 M methanol obtained in our DMFC.

Figures 4(a) and 4(b) show cell polarization curves for
a DMFC with Pd and Pt cathode catalysts fed with 3 M
methanol solution, operating with air and oxygen, respec-
tively.

The performance with Pd as with Pt cathodes improved
significantly with an increase in temperature. The perfor-
mance of the Pd MEA improved more with a temperature
increase than did Pt when operating with air or oxygen due to
combined effect of activation and higher methanol tolerance
(methanol permeability increases with temperature).

Table 3 summarizes current densities at 0.4 V and
cell voltage at 5 mA·cm−2 for the polarization curves in
Figure 2. Cell voltages at 5 mA·cm−2 were larger for the
Pt MEA in every case; however, the difference between
Pd and Pt performance decreased compared to that using
1 M methanol solution. Using 3 M methanol solution, the
difference in cell voltage between Pt and Pd MEAs was
smaller with air operation, whilst no differences between air
and oxygen where observed when the cell was operating with
1 M methanol. For example, with 3 M methanol solution at
20◦C the difference was 35 mV for air and 75 mV for oxygen
whilst at 60◦C it was only 12 mV for air and 24 mV for
oxygen. This decreased potential difference between Pd- and
Pt-based DMFCs at low current densities, compared to that
with 1 M methanol, would indicate that the higher methanol
concentration had a more negative effect on the Pt cathode
performance (higher concentration causes higher crossover
rate) than on Pd. At high current densities, differences
between Pd and Pt increased due to the improvement in the
Pt cathode performance caused by the consumption of the
crossed-over methanol when the cell was polarized [23].

Figure 5 shows polarization curves for a DMFC with Pd
and Pt cathode catalysts fed with 5 M methanol solution,
operating with air and oxygen, respectively. With 5 M
methanol, the advantage of using Pd instead of Pt in the
cathode, with lower activity towards the methanol oxida-
tion reaction, became evident. The open circuit potential
becomes higher for Pd-based cathodes than that of Pt (using
5 M methanol) at 20◦C with air operation and similar to that
of Pt with oxygen operation (Table 4). This is because the
OCP of MEA with Pt cathode dropped by 56 mV (air, 20◦C)
in comparison to 11 mV for that of Pd-based cathode when
methanol feed at the anode increased 5 M from to 3 M.

At low current densities (Table 4) with 5 M methanol,
the palladium MEA exhibited slightly enhanced performance
with increasing temperature with both oxygen and air, as
expected. At 5 mA·cm−2 with air operation at 20, 40, and
60◦C, cell potentials for the Pd MEA were nearly identical
to those obtained with the Pt MEA. However, with oxygen
operation Pt exhibited slightly higher cell potentials than Pd
at 20, 40, and 60◦C (42, 26 and 29 mV). On the other hand, at
larger current densities, (>ca. 20 mA·cm−2) the Pt MEA also
showed improved performance with increased temperature
similar to that obtained with 3 M methanol, due to a reduced
impact of methanol crossover.
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Figure 11: (a) Anode polarization curves for a fuel cell with PtRu/C from E-tek anode catalyst and Pd/C cathode catalyst at 20, 40, and
60◦C fed with methanol 5 M. (b) Cathode polarization curves for Pt MEA for a DMFC at 20, 40, and 60◦C fed with 5 M methanol solution
compared to data from a H2 PEM fuel cell. (c) Cathode polarization curves for Pd MEA for a DMFC at 20, 40, and 60◦C fed with 5 M
methanol solution compared to data from a H2 PEM fuel cell.

Table 2: Current densities at 0.4 V, cell voltage at 5 mA·cm−2, open circuit potential and peak power densities for a direct methanol fuel cell
with 1 M methanol.

Cathode catalyst
Temperature

(◦C)
Cathode fed

Voltage at
5 mA·cm−2

(mV)

Open circuit
potential (mV)

Current density
at 0.4 V

(mA·cm−2)

Peak power density
(mW cm−2)

Pd/C 20 Air 335 714 3.0 2.3

Pt/C-Etek 20 Air 451 685 8.2 6.4

Pd/C 20 O2 390 739 4.5 3.4

Pt/C-Etek 20 O2 497 689 13.8 10.0

Pd/C 40 Air 448 698 7.6 5.4

Pt/C-Etek 40 Air 536 695 16.8 13.2

Pd/C 40 O2 482 720 10.0 6.9

Pt/C-Etek 40 O2 563 731 25.5 17.0

Pd/C 60 Air 500 693 12.8 8.3

Pt/C-Etek 60 Air 567 693 27.0 20.6

Pd/C 60 O2 542 708 18.4 11.1

Pt/C-Etek 60 O2 605 729 45.6 29.1
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Table 3: Current densities at 0.4 V, cell voltage at 5 mA·cm−2, open circuit potential and peak power densities for a direct methanol fuel cell
with 3 M methanol solution fed to the anode at 20, 40, and 60◦C.

Cathode catalyst Temperature (◦C) Cathode fed
Voltage at

5 mA·cm−2

(mV)

Open circuit
potential (mV)

Current
densityat 0.4 V

(mA·cm−2)

Peak power
density (mW

cm−2)

Pd/C 20 Air 455 696 8.7 6.2

Pt/C-Etek 20 Air 490 697 14.8 14.2

Pd/C 20 O2 472 710 9.4 6.9

Pt/C-Etek 20 O2 547 732 22.2 17.6

Pd/C 40 Air 485 680 11.5 9.3

Pt/C-Etek 40 Air 514 721 23 26.6

Pd/C 40 O2 503 704 14.5 10.3

Pt/C-Etek 40 O2 590 675 38 25.8

Pd/C 60 Air 507 654 16.7 19.1

Pt/C-Etek 60 Air 519 615 26.4 25.7

Pd/C 60 O2 566 690 40 26

Pt/C-Etek 60 O2 590 699 59.4 37.8

At 60◦C and with air, the current density using Pt in the
cathode decreased from 26 to 20 mA·cm−2 when methanol
concentration was increased from 3 to 5 M. The opposite
effect was exhibited by the MEA with Pd in the cathode,
where the performance improved from 17 to 25 mA·cm−2.

Figure 6 compares polarization curves of Pd and Pt
MEAs at 60◦C using methanol concentrations of 3, 5, and
7 M using air and oxygen, respectively. With air, platinum
cathode exhibited a small decrease in current density when
changing from methanol 1 M to 3 M to 5 M (from 27 to 26
to 20 mA·cm−2 at 400 mV) and its performance fell sharply
with a concentration of 7 M, to 5 mA·cm−2. However, when
the platinum MEA was operated with oxygen, the effect of
high methanol concentrations up to 7 M was less dramatic
than with air (from 65 to 50 mA·cm−2). The overall cell
performance was a balance between improved anode kinetics
and greater methanol crossover causing greater cathode
losses, when methanol feed concentration was increased.
The crossover influence is more evident with air due to
the lower O2 concentration as discussed earlier. Thus for
practical DMFC operation with air, the use of a Pd cathode
catalyst would appear to be suitable for higher methanol
concentration feeds (>5 M) when reasonable cell voltages are
required of >300 mV.

Figure 7 shows chronoamperometry measurements of
DMFC with Pd/C or Pt/C as cathode catalyst at 20◦C and 5 M
methanol with oxygen over 15 hours operation. Both MEAS
showed very similar behavior in the studied 15 hrs period.
Sharp drop was observed in the first 20 mins in both Pt-
and Pd-based cathode MEAs. After one hour of operation,
very slow decline was observed on both MEAs with rate
of 0.19 and 0.3 mA·cm−2 hr−1 for MEAs with Pd and Pt
cathodes, respectively. This suggests that Palladium is a stable
substitute to Platinum as cathode materials in DMFCs.

3.2. Cathode Polarizations. The amount of methanol
crossover from anode to cathode through the electrolyte

membrane (methanol cross-over) in a DMFC increases
with increasing methanol concentration and temperature.
The presence of methanol in the cathode decreases
its performance by hindering the access of the oxygen
molecules to the catalyst sites and, in some cases, by the
“mixed potential” effect [26]. On the other hand, methanol
oxidation reaction can improve with increasing methanol
concentration and temperature. Therefore, the overall cell
performance is a balance of the two factors. In this section,
the influence of the methanol concentration on the cathode
performance was studied at 60◦C.

Methanol crossover at 60◦C and 1 M MeOH was mea-
sured using an electrochemical technique. During the mea-
surement, nitrogen was introduced into the cathode side
(platinum case) and a positive voltage was applied using a
power supply. The reaction occurring at the cathode is the
oxidation of methanol that crosses through the membrane.
When the applied voltage is high enough to quickly oxidize
all the methanol diffusing to the cathode side, a limiting
current is achieved. This limiting current represents approx-
imately the rate of methanol crossover at open circuit [27].
The obtained value was ca. 63 mA·cm−2 with 1 M MeOH
feed at the anode. Considering exchange current density at
room temperature for the oxygen reduction reaction (ORR)
on platinum electrode is 1.4 × 10−10 A·cm−2

ECSA [11] and
activation energy of ca. 26 KJ mol−1 [20], this estimates
ORR exchange current density on Pt/C at 60◦C to be 4.22 ×
10−10 A·cm−2

ECSA, and from Table 1 the ECSA for 20% Pt/C is
recorded to be 55.3 m2·g−1. The potential loss estimated due
to methanol cross-over of 63 mA·cm−2 (considering cathode
loading of 2 mg·cm−2) can be estimated to ca. 300 mV using
the following simplified equation [28]:

ηcross-over = −RT
αF

ln

⎡
⎢⎣ icross-over

2i0,c
+

√√√√1 +

(
icross-over

2i0,c

)2
⎤
⎥⎦, (3)

where α is the transfer coefficient and io is the exchange
current density.
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Table 4: Current densities at 0.4 V, cell voltage at 5 mA·cm−2, open circuit potential and peak power densities for a direct methanol fuel cell
with 5 M methanol solution fed to the anode at 20, 40, and 60◦C.

Cathode catalyst Temperature (◦C) Cathode fed
Voltage at

5 mA·cm−2

(mV)

Open circuit
potential (mV)

Current density
at 0.4 V

(mA·cm−2)

Peak power
density

(mW cm−2)

Pd/C 20 Air 498 685 14 11.5

Pt/C-Etek 20 Air 497 641 14.5 14.9

Pd/C 20 O2 510 704 28.7 26.5

Pt/C-Etek 20 O2 562 700 26.2 20.3

Pd/C 40 Air 505 631 18 15.3

Pt/C-Etek 40 Air 514 631 24 26.6

Pd/C 40 O2 540 678 35.1 22

Pt/C-Etek 40 O2 566 686 36.3 26

Pd/C 60 Air 507 616 25.2 20.6

Pt/C-Etek 60 Air 508 607 19.6 19

Pd/C 60 O2 559 660 43.8 30

Pt/C-Etek 60 O2 588 702 65.1 40.5

Table 5: Current densities at 0.4 V, cell voltage at 5 mA·cm−2, open circuit potential and peak power densities for a direct methanol fuel cell
with 3, 5, and 7 M methanol solution fed to the anode at 60◦C.

Cathode catalyst
Methanol

concentration
(mol L−1)

Cathode fed
Voltage at

5 mA·cm−2

(mV)

Open circuit
potential (mV)

Current density
at 0.4 V

(mA·cm−2)

Peak power
density

(mW cm−2)

Pd/C 3 Air 503 654 14.7 19.1

Pt/C-Etek 3 Air 519 615 26.4 25.7

Pd/C 3 O2 566 690 40 26

Pt/C-Etek 3 O2 590 699 59.4 37.8

Pd/C 5 Air 507 616 25.2 20.6

Pt/C-Etek 5 Air 508 607 19.6 19

Pd/C 5 O2 559 660 43.8 30

Pt/C-Etek 5 O2 588 702 65.1 40.5

Pd/C 7 Air 503 600 24.9 17.2

Pt/C-Etek 7 Air 400 472 5.0 12.8

Pd/C 7 O2 558 665 44.6 30.9

Pt/C-Etek 7 O2 556 671 50.1 38.5

Table 6: Comparison of Pd catalysts performance with published data.

Catalyst Output I/ECSA Operating conditions Reference

Pd/C + Pt/C 20 mA·cm−2 31 μA cm−2 0.4 V, 30◦C, 5 M methanol, 0.5 L/min air, 2 mg·cm−2 Pt + 1 mg·cm−2 Pd [24]

Pt/C 9 mA·cm−2 7 μA cm−2 0.4 V, 30◦C, 5 M methanol, 0.5 L/min air, 4 mg·cm−2 Pt [24]

Pd3Co/C 20 mA·cm−2 65 μA cm−2 0.4 V, 60◦C, 0.5 M methanol, oxygen, 0.2 mg·cm−2 Pd3Co [22]

Pd3Pt/C 225 mA·cm−2 400 μA cm−2 0.4 V, 75◦C, 1 M methanol, oxygen 0.2 MPa, 1 mg·cm−2 Pd3Pt [25]

Pd/C 8 mA·cm−2 27 μA cm−2 0.4 V, 40◦C, 1 M methanol, 0.3 L/min air, 2 mg·cm−2 Pd This work

Pt/C 17 mA·cm−2 15 μA cm−2 0.4 V, 60◦C, 1 M methanol, 0.3 L/min air, 2 mg·cm−2 Pt This work

Pd/C 13 mA·cm−2 43 μA cm−2 0.4 V, 60◦C, 1 M methanol, 0.3 L/min air, 2 mg·cm−2 Pd This work

Pt/C 27 mA·cm−2 25 μA cm−2 0.4 V, 60◦C, 1 M methanol, 0.3 L/min air, 2 mg·cm−2 Pt This work

Pd/C 18 mA·cm−2 60 μA cm−2 0.4 V, 40◦C, 5 M methanol, 0.3 L/min air, 2 mg·cm−2 Pd This work

Pt/C 24 mA·cm−2 22 μA cm−2 0.4 V, 40◦C, 5 M methanol, 0.3 L/min air, 2 mg·cm−2 Pt This work

Pd/C 25 mA·cm−2 83 μA cm−2 0.4 V, 60◦C, 5 M methanol, 0.3 L/min air, 2 mg·cm−2 Pd This work

Pt/C 20 mA·cm−2 18 μA cm−2 0.4 V, 60◦C, 5 M methanol, 0.3 L/min air, 2 mg·cm−2 Pt This work
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Cathode polarization curves were obtained by adding
cell (operating with oxygen) and anode potential-current
curves [29]. To obtain anode polarization curves, H2 was
passed through the cathode, to act as a Normal Hydrogen
Electrode (NHE) [26]. The cathode data were essentially IR-
free since the anode data inherently included the IR losses
(membrane and catalyst layer). Figure 8 shows the effect of
methanol concentration on the anode polarization curves at
60◦C Current densities increased with increasing methanol
concentration, where for example, at 400 mV for 1, 3, 5, and
7 M methanol concentration values were 23.2, 26.1, 30.2, and
38.5 mA·cm−2, respectively.

These anode polarization curves demonstrated how
anode performance increased with fuel concentration. How-
ever, this does not apply to the overall cell performance
mainly due to the effect of methanol crossover. There is an
optimum methanol concentration at which the cell would
exhibit its maximum performance. This optimum methanol
concentration depends on various parameters, including
temperature and cathode catalyst. Ko et al. built a dynamic
model to study the influence of different parameters on
cell performance, and according to their model, the optimal
methanol concentration using Pt/C in the cathode and at
60◦C was ca. 1 M [30]. Since the activity of Pd/C towards
the methanol oxidation reaction is lower than that of Pt/C,
the optimal methanol concentration when using Pd/C as
cathode material is expected to be higher.

Figure 6 shows cathode polarization curves for the Pt
MEA at different methanol concentration. Data is compared
to polarization curves, in the corresponding current range,
obtained from a hydrogen PEM fuel cell. Data for the
hydrogen-fed PEMFC were obtained using from a single low
temperature H2/O2 PEMFC with a Nafion 112 membrane
(cathode data include H2 cross-over effects) [11]. Cathode
potentials with 1, 3, and 5 M methanol solution rose with
increasing current density; this behavior is attributed to the
improvement of cell performance with increased oxidation
of methanol at the anode and with the initial oxidation
of the methanol present in the cathode (methanol crossed-
over is oxidized when the cell is polarized), as discussed in
the work of Gurau and smotkin [23]. Using 7 M methanol,
there was a sharp decrease in the rest potential (i = 0),
of approximately 150 mV, compared to 5 M, which was
maintained over most of the cathode potential range, and
confirmed the poorer cathode performance with increased
methanol concentration.

DMFC data in Figure 9 is compared with data from a
hydrogen fuel cell. At low current densities (<10 mA·cm−2),
there was a difference of ca. 200 mV between the DMFC
(using methanol 1, 3, and 5 M) and the hydrogen fuel cell
with the same metal loading. At larger current densities,
10 mA·cm−2, this difference decreased up to ca. 100 mV for
1, 3, and 5 M methanol solution. This illustrates that when
the cell is polarized, the methanol present in the cathode was
consumed and the behavior of both cathodes became closer.
Also, as current was drawn the crossover of methanol fell and
thus the cathode partially recovered.

Since the Pt loading in the cathode of the DMFC was
approximately 3.3 times larger than the loading in the

hydrogen fuel cell, an estimation of the performance of the
hydrogen fuel cell with higher loading was made to provide
the data in Figure 9 (and following data).

From Tafel equation, we can write

η1 = RT
αnF

ln i− RT
αnF

ln i0,

η2 = RT
αnF

ln i− RT
αnF

ln i∗0 ,

(4)

where i is current density, η1 and η2 are cell overpotentials,
and i0 and i∗0 are apparent exchange current densities with
cathode metal loadings of 2.0 and 0.6 mg·cm−2, respectively.
Since apparent exchange current density is proportional
to the electrochemically active surface area and this is
proportional to the catalyst loading 3.3× i∗0 = i0, subtracting
(4):

η2 − η1 = RT
αnF

ln 3.3. (5)

Solving (5) the difference η2−η1 equals 69 mV. This amount
was added to the potential on the data corresponding to a
metal loading 0.6 mg·cm−2 to obtain the estimated curve for
a loading 2.0 mg·cm−2.

Figure 10 compares cathode polarization curves for the
Pd MEA at different methanol concentration with data
obtained from a hydrogen PEM fuel cell. It is clear that whilst
Pd cathode data with a methanol-free cathode exhibited
lower rest potential (or onset) than Pt by 120 mV (ca.
1000 versus 880 mV), the Pd cathode potential losses due
to the mixed potential caused by the methanol crossover
were significantly lower. For example, with 5 M it was
approximately 100 mV for Pd compared to 200 for Pt;
therefore, the overall difference between the two cathodes
(with air operation) using 5 M methanol was small. At
higher concentrations, Pd offers an advantage over Pt. The
effect of crossover would be even more severe at lower
cathode loading because the current generated from oxygen
reduction would be lower and therefore Pd would surpass Pd
at even lower methanol concentrations.

Experimental results agreed with studies published by
McGrath [24], where it was shown how the partial substitu-
tion of Pt by Pd in the cathode led to higher cell performance
at high methanol concentrations, even with lower total metal
loading. Comparison data from this study are compared with
the limited published data on the use of Pd-based cathodes
in Table 6. The values for ECSA used in the calculations were
obtained from the relevant source [22, 24, 25] while that for
commercial Platinum was obtained from [28].

3.3. Effect of Temperature on Fuel Cell Performance. Anode
and cathode polarization curves at different temperatures for
a fuel cell with PtRu/C from E-tek in the anode and fed
with 5 M methanol solution are shown in Figure 11. The
increase of temperature increased the anode performance by
increasing the kinetics of the methanol oxidation reaction.
Anode currents at 400 mV at 20, 40, and 60◦C were 10.2,
17.8, and 30.2 mA·cm−2, respectively.
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However, although anode performance improved with
an increase in temperature; an increase in temperature also
increased methanol crossover to the cathode due to faster
diffusion. The dependence of methanol permeability on
temperature through Nafion has been reported to follow
Arrhenius behavior: for Nafion 117 at 20, 40, and 60◦C
values were ca. 14× 10−7, 22× 10−7, and 34× 10−7 cm2 s−1,
respectively [31]. Thus a greater crossover rate when the
temperature was increased from 40 to 60◦C was the main
cause of the lack of significant increase in cell performance
with temperature at low current densities.

For the Pt MEA fed with 5 M methanol solution,
the highest cathode potential at low current densities
(10 mA·cm−2) was obtained at 20◦C, ca. 830 mV, and
remained constant up to 100 mA·cm−2. At higher current
densities, the reverse trend was seen, which confirmed the
effect discussed above between a balance between methanol
crossover effect and activation kinetics when temperature
was increased. Data was compared with data from a hydro-
gen fuel cell, all Pt cathode polarizations using 5 M methanol
were at least 200 mV lower than that predicted for a hydrogen
fuel cell with the same loading.

Figure 11(c) shows cathode polarization curves for the
Pd MEA fed with 5M methanol solution at 20, 40, and
60◦C. The trend with increasing temperature was similar to
that with Pt in the low current density region, the cathode
potential decreased slightly with the temperature. However,
the difference with hydrogen fuel cell data is less than 60 mV
at any operating temperature. At 60◦C with air operation
(suitable operating conditions for a DMFC) and at low
current densities, Pd cathodes match the performance of a
Pt cathode with the same metal loading when 5 M methanol
is fed to the anode.

4. Conclusions

Pd/C was tested as a cathode catalyst in a direct methanol
fuel cell and its performance was compared to a commercial
Pt/C.

Anode potential versus current density curves showed
that anode performance increased with increasing tem-
perature and methanol concentration. This behaviour was
not always reflected in the overall cell performance due to
methanol crossover to the cathode. The effect of methanol
crossover was more severe for the Pt cathode due to its higher
activity towards the methanol oxidation reaction.

Cathode potentials in the DMFC were affected by
methanol crossover in that relatively high polarization
was experienced at low current densities which tended to
decrease at higher current densities. Despite its relatively
lower electrochemical surface area, palladium performed
better than Pt as a cathode catalyst at high methanol
concentrations. Current densities at 400 mV obtained with
the palladium MEA were higher than those with platinum at
60◦C with methanol concentrations of 5 M or higher. This
data indicated that Pd could be an adequate substitute to Pt
due to its lower price. Moreover, since the effect of crossover
would be more severe for Pt at lower cathode loadings

(lower ORR current), the performance of a Pd cathode could
be higher than that of a Pt cathode even lower than 5 M
(equal performance at low current densities with 2 mg·cm−1

cathode loading).
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