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Abstract The preparation of catalyst electrodes by elec-

trodeposition for the oxygen reduction reaction (ORR) in

proton exchange membrane fuel cells (PEMFCs) has been

studied. This work looks at the potential to apply the

electrodeposition technique, in the forms of direct current

(DC) and pulse plating electrodepositions, to prepare Pt

and Pt–Co alloy catalysts for membrane electrode assem-

blies (MEAs). The preparation of the non-catalyst layer

was found to be important for the electrodeposition of Pt

catalysts. The activities of the electrodeposited catalysts,

both pure Pt and Pt–Co alloy, produced by pulse plating are

substantially higher than that of the Pt catalyst produced by

DC electrodeposition. The improvement in electroactivity

towards the ORR of the electrodeposited catalysts pro-

duced by pulse plating is likely due to the finer structures of

electrodeposited catalysts which contain smaller catalyst

particles compared to those produced by DC electrode-

position. A maximum performance towards the ORR in

PEMFCs was achieved from the catalysts prepared by

pulse plating using a charge density of 2 C cm-2, a pulse

current density of 200 mA cm-2, a 5% duty cycle and a

pulse frequency of 1 Hz.

Keywords Pt catalyst � Pt–Co catalyst � PEMFC �
Oxygen reduction reaction � Electrodeposition

1 Introduction

PEMFCs have shown a great promise as the alternative

power generation for the future. However, there are still

several technical issues that impede the commercialization

of PEMFCs. One of the main challenges facing the

development of PEMFCs is the preparation of catalyst

layers for the cathodic reaction in PEMFCs, since the

oxidation reaction of oxygen is significantly slower than

the reduction reaction of the hydrogen fuel. This challenge

can be approached in several ways; one such way is to

invent alternative catalysts that have a higher electroac-

tivity and, at the same time, a lower cost than the current

one. Another approach would be to improve the fabrication

process of the catalyst layers for membrane electrode

assemblies MEAs. Platinum has commonly been used as

the catalyst of choice for PEMFCs. Recently, however, it

has been found that alloying Pt with Co achieves higher

electrocatalytic activity in the oxygen reduction reaction

(ORR) than do pure Pt or other Pt-based alloys [1–4]. It

also has the potential to lower the cost of MEAs, since Pt is

partially replaced by cheaper Co.

In the preparation process, there are various techniques

for applying the catalyst layers onto the carbon electrodes

for MEAs, such as impregnation, painting and spraying. In

addition to these techniques, electrodeposition is also

considered as an alternative for applying the catalyst layer

onto the electrode [5–9], since it can produce metal particle

uniform in size and uniform in metal distribution over the

substrate [10]. It can be easily applied on different geom-

etries and scales, from microscopic to macroscopic area

[11]. It has various operating parameters for controlling the

amount of deposited metal, the desired metal particle sizes

and the desired metal structures. Moreover, it can be used

to produce a thin layer of the metal alloy, with desired
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compositions, directly on the substrate in a single step at a

lower operating temperature, a procedure that is relatively

easy and more cost effective [12].

Although electrodeposition of Pt or Pt-based alloys has

been studied by a number of researchers [13–18], only a

few works have studied the electrodeposition for the

preparation of the catalyst layers for PEMFCs [5, 8, 19,

20]. In this work, we study the preparation of a Pt catalyst

layer onto a prepared carbon cloth using an electrodepos-

ition technique for preparing MEAs by direct current (DC)

and pulse plating electrodeposition. The influence of the

hydrophilic layer has been studied, as has the influence of

the electrodeposition mode—DC and pulse plating—and

the effect of its operating parameters on the performance of

the PEMFCs. Suitable deposition conditions for the prep-

aration of the Pt catalyst layer were obtained based on fuel

cell performance. Then, those preparation conditions were

extended towards the preparation of a Pt–Co catalyst layer

to investigate the feasibility of applying the Pt-based alloy

prepared by electrodeposition for the electrocatalyst in

PEMFCs. The catalyst layers prepared by electrodeposition

were characterized by SEM and XRD (as well as EDX, in

the case of the Pt–Co catalyst). The prepared catalyst

electrodes were then used to fabricate the MEAs to test the

performance of the PEMFCs.

2 Experimental

The preparation of the catalyst layer on the electrode by

electrodeposition consisted of two steps: (i) preparation of

the non-catalyst layer and (ii) electrodeposition of the

catalyst onto the prepared non-catalyst electrode. Nor-

mally, the non-catalyst layer consists of 2 sub-layers—the

hydrophobic and hydrophilic layers—formed on the carbon

electrode. To form the hydrophobic sub-layer, a suitable

amount of carbon black (Vulcan XC-72), PTFE (60 wt%)

(Aldrich) and isopropanol (Fluka) mixture were mixed,

painted onto the carbon cloth (Electrochem), and dried at

300 �C for 2 h. This sub-layer was prepared to have a total

loading of 1.9 mg cm-2 (with a carbon black to PTFE ratio

of 30:70). The prepared electrode was subsequently painted

with a mixture of Nafion and glycerol to form the hydro-

philic sub-layer. The prepared non-catalyst electrode was

then dried at 300 �C for 2 h. All non-catalyst layers had the

same hydrophobic layers, but with different hydrophilic

layers in which the loadings were varied.

To apply the catalyst layer onto the pretreated non-cat-

alyst electrode, the electrodeposition was conducted in a

plating bath containing a solution of 0.02 M H2PtCl6�6H2O

in 0.5 M H2SO4. In the case of the Pt–Co alloy catalyst

preparation, CoSO4�7H2O was added such that the plat-

ing bath contained 0.02 M H2PtCl6�6H2O and 0.1 M

CoSO4�7H2O. The pretreated electrode was placed in an

electrode holder having an exposed area of 5 cm2 for the

electrodeposition. Titanium gauze was used as the counter

electrode. An Autolab PGSTAT 10 potentiostat (Eco Che-

mie) was used to perform both the DC electrodeposition and

the pulse plating. During the electrodeposition, the plating

solution was stirred by a magnetic stirrer at 300 rpm. After

the electrodeposition, the electrode was dried at 80 �C for

2 h. The catalyst loadings were estimated from the weight

difference before and after the electrodeposition. The cat-

alyst electrodes prepared by electrodeposition were char-

acterized by SEM (JEOL JSM-6400) equipped with EDX

(JEOL JSM-6400) and XRD (JEOL JDX-3530). The aver-

age particle size of the prepared catalyst was estimated from

Scherrer equation [21, 22], based on the broadening of the

Pt(111) diffraction peak in the XRD data.

To test the performance of the prepared catalyst, the

catalyst prepared by the electrodeposition was used as a

cathode whereas a commercial carbon paper electrode by

Electrochem (10 wt% Pt/C, 0.5 mg cm-2) was used as the

anode for the fabrication of the MEA. Both the electrode-

posited catalyst electrode and the commercial electrode

were painted with 5 wt% Nafion 117 solution (Fluka) to get

a Nafion loading of 0.8 mg cm-2 on each electrode. Then,

Nafion-impregnated electrodes and a Nafion 115 membrane

were hot pressed at 137 �C for 2.5 min with a pressure of

65 kg cm-2 to form the MEA. The performance test was

conducted using a 5 cm2 single cell fuel cell (Electrochem,

Inc.) operated at 60 �C under ambient pressure. Hydrogen

(99.999%, Praxair) and oxygen (99.999%, Praxair) were fed

at the anode and cathode, respectively, both at flow rates of

100 cm3 min-1 and at 100% relative humidity.

3 Results and discussion

3.1 Non-catalyst layer preparation

All non-catalyst layers had a fixed amount of hydrophobic

loading, but the amount of hydrophilic loading—which

consisted of Nafion and glycerol in a 1:1 ratio—was varied

from 0 to 1.2 mg cm-2. Pt was applied on the electrodes

via DC electrodeposition at a current density of 20 mA

cm-2 and a charge density of 4 C cm-2. The performances

of the Pt electrodeposited electrodes with different hydro-

philic loadings are shown in Fig. 1.

Figure 1 indicates that the hydrophilic layer is very

important for electrode preparation using the electrodepos-

ition technique, since the Pt catalyst electrode with no

hydrophilic layer performed the worst. The hydrophilic

layer is expected to play a major role in the electrodeposition

process and is important in helping transfer protons from the

membrane electrolyte to the catalyst sites on the cathode.
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When the amount of hydrophilic layer was increased, the

fuel cell performance improved. A suitable amount of

hydrophilic loading resulted in the improvement in the

three-phase contact among the carbon electrode, the Pt

catalyst particles and the Nafion electrolyte. However, too

thick of a hydrophilic layer obstructed the penetration of the

Pt compound ions from the bulk solution to react and form

catalyst particles on the electrode during electrodeposition.

In addition, a thicker hydrophilic layer led to an increase in

the resistance and an ohmic drop in the MEA. Fuel cell

performance tended to decline after the hydrophilic loading

reached 0.8 mg cm-2. As shown in Fig. 1, the Pt catalyst

electrode with a hydrophilic loading of 1.2 mg cm-2 had an

activity polarization as high as the one with a hydrophilic

loading of 0.8 mg cm-2, but it had a substantially higher

ohmic polarization than the one with a hydrophilic loading

of 0.8 mg cm-2.

3.2 Pt catalyst electrodes prepared by electrodeposition

The Pt catalyst loadings and particle sizes of deposited

catalysts prepared by DC electrodeposition under various

conditions are summarized in Table 1. At fixed charge

density of 4 C cm-2, the Pt catalyst loadings obtained at

high current densities were lower than those obtained at low

current densities since the hydrogen evolution becomes

more intense at higher current densities. The performances

of the electrodes fabricated by DC electrodeposition at

various applied current densities with a fixed charge den-

sity of 4 C cm-2 are shown in Fig. 2. Figure 3 shows the

SEM images of the Pt catalysts obtained at these current

densities. As shown in Fig. 2, the best performance was

obtained from the electrode prepared at a current density of

10 mA cm-2, whereas the Pt catalyst electrodes prepared

at the lowest and highest current densities studied provided

the worst fuel cell performance. The poor performance of

those electrodes was likely the result of their large catalyst

particles, as shown in Fig. 3 and Table 1, which are

resulted from the applied current density.

Although the Pt catalyst obtained at 5 mA cm-2 has the

highest amount of catalyst loading, it yielded very low fuel

cell performance compared to those obtained at the higher

current densities. This indicated low catalyst utilization of

the catalyst prepared at 5 mA cm-2 due to its large catalyst

particles. Normally, electrodeposition using low current

density enhances the grain growth process during electro-

crystallization, leading to large deposit particles. On the

other hand, electrodeposition using high current density

favors the nucleation process, leading to small deposit

particles. Thus, the Pt catalyst particles obtained at the

10 mA cm-2 were smaller than those obtained at

5 mA cm-2, as shown in Fig. 3a, b and Table 1. Small

catalyst particles have a higher active surface area com-

pared to large catalyst particles, and they provide for better

fuel cell performance, as shown in Fig. 2. However, if the

applied current density was higher than 10 mA cm-2, the

electrodeposition tended to take place closer to mass
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Fig. 1 Polarization curves of H2/O2 PEMFC with Pt catalyst

electrodes having different amounts of hydrophilic loadings. All

electrodes were prepared by DC electrodeposition at 20 mA cm-2

and 4 C cm-2

Table 1 Pt catalyst loadings and particle sizes of the Pt catalyst

electrodes prepared by DC electrodeposition under various conditions

Charge density

(C cm-2)

Current density

(mA cm-2)

Pt loading

(mg cm-2)

Particle

size (nm)

4 5 1.24 46.40

4 10 0.62 33.40

4 20 0.39 35.78

4 40 0.27 39.52

2 10 0.37 31.28

4 10 0.62 33.40

6 10 1.44 46.30
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Fig. 2 Polarization curves of H2/O2 PEMFC with the Pt catalyst

electrodes prepared by DC electrodeposition using 4 C cm-2 at

different current densities
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transport control resulting in lower Pt catalyst loadings and

big-grained and coarse structures, as shown in Fig. 3c, d

and Table 1. As a result, the fuel cell performance became

lower for the Pt catalyst electrode obtained at 20 mA cm-2

and even worse for Pt catalyst electrode obtained at

40 mA cm-2 (Fig. 2).

The performances of the electrodes fabricated by DC

electrodeposition at various applied charge densities with a

fixed current density of 10 mA cm-2 are shown in Fig. 4.

The best performance was obtained from the electrode

produced at 2 C cm-2. The Pt catalyst electrode obtained

at 2 C cm-2 provided slightly better performance than the

one obtained at 4 C cm-2, and substantially better perfor-

mance than the one obtained at 6 C cm-2. As expected, the

charge density applied for the electrodeposition of the Pt

catalyst layer affects the amount of Pt loading and particle

size of the deposited catalysts, as shown in Table 1. From

Table 1, it can be seen that the electrode obtained at a

charge density of 6 C cm-2 had significantly greater Pt

loading than those obtained at lower charge densities, but it

had the poorest performance. Figure 5 shows the SEM

images of the Pt catalysts electrodeposited at the various

charge densities. Figure 5a reveals that the electrodepos-

ited surface obtained at the charge density of 2 C cm-2

consisted of small Pt particles that almost completely

covered the entire electrode surface. When the charge

current density was increased to 4 C cm-2, the Pt particles

grew larger (Fig. 5b, Table 1). The relatively bigger par-

ticles of the Pt catalyst led to a slight decrease in the fuel

cell performance of the electrode prepared at 4 C cm-2, as

shown in Fig. 4. When the charge current density was

further increased to 6 C cm-2, the Pt particles grew even

larger (Table 1) and covered the entire surface of the

electrode (Fig. 5c). The significant decline in the fuel cell

Fig. 3 SEM images (915,000)

of the Pt catalyst electrodes

prepared by DC

electrodeposition using

4 C cm-2 at different current

densities: a 5 mA cm-2; b
10 mA cm-2; c 20 mA cm-2; d
40 mA cm-2
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Fig. 4 Polarization curves of H2/O2 PEMFC with the Pt catalyst

electrodes prepared by DC electrodeposition using 10 mA cm-2 at

different charge densities
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performance of the electrode prepared at 6 C cm-2, as

shown in Fig. 4, should be due to the substantial decrease

in the active surface area of the large-grained particles. The

large-grained and coarse structure may cause the inhomo-

geneous Nafion distribution, which can lead to low proton

conductivity and low three-phase contact. In addition, the

high charge density used for catalyst electrodeposition led

to an excessive amount of catalyst loading on the electrode.

The catalyst particles then blocked each other, resulting in

a decrease in the accessibility of reactant gas to the catalyst

sites. The combination of these effects thus led to a low

fuel cell performance.

The results obtained from DC electrodeposition show

that the Pt catalyst electrode prepared at 2 C cm-2 and

10 mA cm-2 provided the best fuel cell performance. To

study the preparation of Pt catalyst electrodes by pulse

plating, the applied charge density of 2 C cm-2 was used

and the time-average current density (iavg) was fixed at

10 mA cm-2. The pulse plating conditions as well as

information about the particle sizes and loadings of Pt

catalysts are summarized in Table 2. The polarization

curves of the Pt catalysts prepared using the pulse plating

conditions are shown in Fig. 6.

As shown in Fig. 6, in most cases the Pt catalyst elec-

trodes prepared by pulse plating had better performance

than that prepared by DC electrodeposition. The enhance-

ment of performance was likely due to the decrease in the Pt

particle sizes, as indicated by the XRD results shown in

Table 2. The decrease in the particles size was likely

influenced from the substantially higher applied peak cur-

rent densities in pulse plating compared to the lower con-

stant current density applied in DC electrodeposition. In

general, the current density applied during the on-time (i.e.,

peak current density, ip) in pulse plating can be significantly

higher than that applied in DC electrodeposition without

violation of mass transfer limitation. By applying the cur-

rent in pulse waveform pattern, the Pt ions consumed on the

Fig. 5 SEM images (95,000)

of the Pt catalyst electrodes

prepared by DC

electrodeposition using

10 mA cm-2 at different charge

densities: a 2 C cm-2;

b 4 C cm-2; c 6 C cm-2

Table 2 Summary of pulse plating conditions, Pt catalyst loadings,

and particle sizes of the prepared Pt catalysts

Pulse conditions Pt loading

(mg cm-2)

Particle

size (nm)
Pulse

frequency

Peak current

(mA cm-2)

Duty

cycle (%)

DC 10 – 0.37 31.28

1 Hz 200 5 0.32 23.30

10 Hz 20 50 0.48 33.38

50 20 0.42 27.39

200 5 0.38 24.00

100 Hz 200 5 0.41 25.70
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electrode surface during the on-time were compensated by

the Pt ions transported from the bulk solution during the off-

time (when no current was applied). Then, the peak current

density applied in pulse plating can substantially exceed the

current density used in DC electrodeposition. The higher

level of the applied current density led to an enhancement

of the nucleation process, such that the formation of new

Pt nuclei was faster compared to the growth of existing Pt

particles to form bigger grained-particles. As a result, Pt

catalysts having smaller grained-particles with fine struc-

tures were produced by pulse plating. Figure 7 shows the

SEM image of the Pt catalyst prepared by pulse plating at

the pulse current density of 200 mA cm-2 and pulse fre-

quency of 1 Hz, compared to that prepared by DC elec-

trodeposition. SEM images (Fig. 7) and particle size

estimations obtained from XRD (Table 2) clearly show that

the Pt catalyst produced at the highest pulse current density

of 200 mA cm-2 consists of substantially smaller particles,

compared to that produced by DC electrodeposition. The

smaller Pt particles provide the catalyst with a higher sur-

face area, which leads to better fuel cell performance.

Figure 6a shows that, at the same average current den-

sity of 10 mA cm-2 and the fixed pulse frequency of

10 Hz, the Pt catalysts produced at higher applied current

densities tended to increase fuel cell performance. Figure 6b

shows that at the same pulse current density of 200 mA cm-2,

the fuel cell performance gradually worsened as the applied

pulse frequency was increased. This observation is likely

due to the effect of the electrical double layer capaci-

tance, which is considered to be important in pulse plat-

ing, especially at high frequencies. When the pulse

frequency is increased, the electrical double layer capac-

itance can affect the set pulse waveform [23, 24] and

eventually can distort the set pulse waveform to a ripple

DC signal at very high pulse frequencies. Then, as the

applied pulse frequency is increased to levels high

enough, the deposit morphology approaches that produced

by DC electrodeposition. This might explain the decrease

in fuel cell performance of the Pt catalyst with the applied

pulse frequency.
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Fig. 6 Polarization curves of H2/O2 PEMFC with the Pt catalyst

electrodes prepared by pulse plating using the average current density

of 10 mA cm-2 and a 10 Hz and different pulse current densities; b a

pulse current density of 200 mA cm-2 (5% duty cycle) and different

pulse frequencies

Fig. 7 Comparison between

SEM images (95,000) of Pt

catalyst electrodes prepared by

a DC electrodeposition and b
pulse plating at a pulse current

density of 200 mA cm-2 and a

pulse frequency of 1 Hz
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3.3 Pt–Co catalyst electrodes prepared

by electrodeposition

The preparation of catalyst electrodes by electrodeposition

can also extend to form Pt-based alloy catalysts used for

PEMFC. In this study, the best conditions for the prepa-

ration of pure Pt catalyst electrodes were extended for the

preparation of a Pt–Co catalyst electrode. The more thor-

ough study on the preparation of the Pt–Co alloy catalyst is

reported in a separate work [25].

Figure 8 shows the XRD pattern of the Pt–Co alloy

catalyst obtained by pulse plating, using a charge density of

2 C cm-2, a pulse current density of 200 mA cm-2, a 5%

duty cycle, and a pulse frequency of 1 Hz in a solution

containing 0.02 M H2PtCl6�6H2O, 0.1 M CoSO4�7H2O and

0.5 M H2SO4, compared to the XRD pattern of the pure Pt

catalyst obtained under the same pulse plating conditions,

but in a solution containing no CoSO4�7H2O. The XRD

patterns clearly show the shift of the Pt(111) peak to a

higher 2h for the Pt–Co electrodeposited catalyst compared

to the peak for the Pt electrodeposited catalyst. The shift

indicates the alloy formation of Pt and Co due to a lowered

lattice parameter of Pt in the Pt–Co catalyst as a result of

the incorporation of Co into the fcc structure of Pt [3, 4, 26,

27] during Pt–Co electrodeposition. The XRD pattern

shows no evidence of metallic Co (i.e., reflection of

Co(111) is expected at 2h = 44.8�) or Co oxides, which

implies that Co is incorporated into the Pt structure to form

an alloy. The EDX result shows that the Pt:Co alloy

composition is 88:12.

The performance of the Pt–Co catalyst electrode pre-

pared by pulse plating compared to those of the pure Pt

catalyst electrodes is shown in Fig. 9. The polarization

results show that the Pt–Co catalyst prepared by pulse

plating has substantially better performance than the Pt

catalyst prepared by DC electrodeposition and has a per-

formance comparable to the Pt catalyst prepared by pulse

plating electrodeposition. In fact, if we consider only the

activation polarization (i.e., E B 0.7 V), the Pt–Co catalyst

prepared by pulse plating tends to show a slight improve-

ment in fuel cell performance over the Pt catalyst prepared

by pulse plating. This improvement should be due to the

shorter Pt–Pt interatomic distance when cobalt atoms are

introduced in the platinum structure [28] (i.e., a Pt–Pt

distance of 0.2235 nm for the Pt–Co catalyst compared to a

Pt–Pt distance of 0.2262 nm for the pure Pt catalyst). This

result is considered as a possible alternative for catalysts

used for PEMFCs. Alloying Pt with cheap Co, while the

performance of the fuel cell still retains (or even improves)

at the same level, has a potential to lower the amount of Pt

loading, which will benefit the commercialization of fuel

cells in the future. As Pt–Co alloy catalysts can be prepared

by various methods from conventional high temperature

multi-step methods to low/medium temperature methods

[29], this study shows that the electrodeposition offers an

alternative approach to prepare the thin layer of Pt–Co

alloy catalyst, where the preparation can take place in one

step at room temperature.

4 Conclusions

Electrodeposition technique was used to prepare Pt and Pt–

Co alloy catalyst electrodes for the ORR in PEMFCs. First,

the preparation of Pt catalysts was conducted using DC

electrodeposition, where the hydrophilic layer was found to

have an important effect on the performance of the fuel cell

and the suitable applied current density and charge density

were found to be 10 mA cm-2 and 2 C cm-2, respectively.

By applying the current in the pulse waveform pattern, the

30 40 50 60 70 80 90

In
te

n
si

ty

(a) 

(b) 

2θ

Pt(111)

Pt(111)

Pt(311)Pt(220)

Pt(200)

Pt(311)Pt(220)
Pt(200)

Pt(222)

Pt(222)

Fig. 8 X-ray diffraction patterns of the a Pt and b Pt–Co catalysts

prepared by electrodeposition

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 100 200 300 400 500 600 700 800

P
o

te
n

ti
al

  /
  V

Current density  /  mA cm-2

(a) Pt - DC plating 

(b) Pt - Pulse plating 

(c) Pt(88)/Co(12) - Pulse plating

Fig. 9 Comparison of MEAs of the a Pt catalyst prepared by DC

electrodeposition; b Pt catalyst prepared by pulse plating; c Pt–Co

catalyst prepared by pulse plating

J Appl Electrochem (2010) 40:903–910 909

123



applied pulse current density can be significantly high

compared to the current density used in DC electrodepos-

ition without violation of mass transfer limitation and thus

the grain sizes of the electrodeposited catalysts can be

reduced. Of the conditions studied, pulse plating using a

pulse current density of 200 mA cm-2 at 1 Hz and 5%

duty cycle was found to produce the best catalysts for

PEMFC. The electrodeposited Pt–Co alloy catalyst

obtained from pulse plating provides slightly better fuel

cell performance than the electrodeposited Pt catalyst pre-

pared by pulse plating under the same plating conditions.
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