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Abstract—A comparison of activity and stability of the as-formed 

Pt/C, Pt-Co and Pt-Pd/C electrocatalysts, prepared by a combined 

approach of impregnation and seeding, was performed. According to 

the activity test in a single Proton Exchange Membrane (PEM) fuel 

cell, the Oxygen Reduction Reaction (ORR) activity of the Pt-M/C 

electrocatalyst was slightly lower than that of Pt/C. The j0.9 V and 

E10 mA/cm
2 of the as-prepared electrocatalysts increased in the order of 

Pt/C > Pt-Co/C > Pt-Pd/C. However, in the medium-to-high current 

density region, Pt-Pd/C exhibited the best performance. With regard to 

their stability in a 0.5 M H2SO4 electrolyte solution, the 

electrochemical surface area decreased as the number of rounds of 

repetitive potential cycling increased due to the dissolution of the 

metals within the catalyst structure. For long-term measurement, Pt-

Pd/C was the most stable than the other three electrocatalysts. 

 
Keywords—ORR activity, Stability, Pt-based electrocatalysts, 

PEM fuel cell. 

 

I. INTRODUCTION 

ROTON EXCHANGE MEMBRANE (PEM) fuel cells are 

currently recognized as the most competitive candidate to 

replace traditional forms of power conversion due to their 

various advantages including that they have zero emissions, a 

high efficiency and a relatively simple design and operation 

[1]-[4]. They are able to meet the transportation and stationary 

power requirements owing to their low operating temperature, 

quick start, light weight and high power density [5]. However, 

the commercialization and utilization of PEM fuel cells is still 

not currently widespread because of two major technical gaps: 

their high cost and low reliability and durability [6]. 

Practically, highly dispersed platinum (Pt) crystallites on a 

conductive carbon support (ex. Vulcan XC-72) is utilized in a 

fuel cell because Pt possesses a high exchange current density 

for both the oxidation and reduction reactions in the fuel cell, a 

high resistance to chemical attack, excellent high-temperature 

characteristics and stable electrical properties [7]. Despite these 

advantages of Pt electrocatalysts in PEM fuel cells, several 

drawbacks to Pt based catalysts are still observed, including 

their sensitivity to contaminants, almost completed four-

electron reduction reactions, and Pt dissolution [6]. 

Additionally, Pt is a high cost metal in demand for other 

applications and the world’s supply of Pt is limited, resulting in 

a high production cost for fuel cells. 
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Typically, there are three procedures to reduce Pt catalyst 

consumption in a fuel cell; (i) develop new Pt-based catalysts 

that have a higher mass activity; (ii) improve the catalyst layer 

structure/microporous layer/diffusion media/flow field design 

and (iii) improve the durability of the catalyst and support [8]. 

For the past 10 years, several classes of less precious and non-

precious metal catalysts for PEM fuel cell cathodes have been 

under intensive study to try to attain a cost-effective, active and 

stable electrocatalyst for PEM fuel cells. These have included 

Ru, Pd, Au and Ag [9]-[11], chalcogenides [12]-[16], nitrides 

[17], [18], functionalized carbons [19]-[22] and the 

macrocyclic non-precious electrocatalysts [13], [23]-[30]. 

However, these approaches are still in the research stages and 

are currently far from being established let alone commercially 

viable. Another strategy is the development of the bimetallic 

alloy (Pt-M) electrocatalysts. Several previous works have 

pointed out that the ORR activity of Pt catalysts can be 

enhanced by the presence of a composite metal (M) in Pt-M 

alloy catalysts because the composite metal can modify the 

geometrical structure of the Pt metal via decreasing the Pt-Pt 

bond distance [31], dissolution of the more oxidizable alloying 

component [32], and changing the surface structure [33] or the 

electronic structure by increasing the Pt d-electron vacancy 

[34]. Indeed, the catalytic activity and the tolerance to chemical 

substance depends not only on the nature of the Pt (ex. Pt-Pt 

distance, metal particle size and surface structure), but also on 

the second metal [6]. Some authors have suggested that the 

type of the composite metal affects the stability of the Pt-alloy 

in an acid environment [35]-[37]. Accordingly, the relationship 

between the activity-stability and the composition of Pt alloys 

was reported to fall into one of four categories: (i) highly 

corrosive and highly active (M = Fe, Co, V or Mn), (ii) 

corrosive and highly active (M = Zn, Cu, Mo or Ni), (iii) 

stable, but less active (M = Zr, Cr or Ta) and (iv) stable and 

active (M = W or Ti) [38]. In some contrast, [39] suggested 

that the stability of a Pt-M alloy electrocatalyst did not depend 

on the type of the composite metal, but rather on the degree of 

alloying and the metal particle size. For example, Pt-Cr and Pt-

Co are usually considered more stable than Pt-V, Pt-Ni and Pt-

Fe because Cr and Co form a higher degree of alloying with Pt 

than V, Ni and Fe. In spite of some contradictory results on the 

effect of the composite metal on the resultant Pt-M catalyst 

stability, it is clear from the ORR activity that the presence of 

the composite metal enhances the stability of the Pt-M alloy 

electrocatalyst compared to Pt ones [40]-[46]. 

Based upon our previous reports [7], [47]-[50], it appeared 

that the preparation of Pt-Co/C and Pt-Pd/C electrocatalysts by 

the combined process of impregnation and seeding provided 
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both a more uniform dispersion of the metal particles on the 

catalyst surface and a smaller size of the electrocatalyst 

particles compared with those produced without the seeding 

approach. In 2012, our group reported that Pt-Pd/C showed a 

higher performance in single fuel cell under H2/O2 condition 

compared with Pt/C and Pt-Co/C electrocatalysts, while Pt-

Co/C exhibited the better stability in acid electrolyte (0.3 M 

H2SO4) [51]. However, due to the electrocatalyst was loaded 

on gas diffusion layer (GDL) and the loss of catalyst during the 

mixing stage due to the precipitation of transition metals, the 

obtained performance was still low (218 mW/cm
2
). Thus, the 

new task was carried out with more effort in order to improve 

the activity and stability of the obtained electrocatalyst. In this 

works, various strategies were carried out. For example, the 

electrocatalyst was loaded on membrane instead of GDL; the 

mixing stage of metal precursor was carried under the heating 

condition to avoid the precipitation of transition metal. 

II. EXPERIMENTAL 

A. Preparation of Electrocatalysts and Morphology 

Characterization 

During the preparation of each electrocatalyst, the two 

elementary steps of seeding and impregnation were carried out 

[47]. For the Pt/C electrocatalyst, 0.1 g of the treated carbon 

black [50] was dispersed in 3 ml of de-ionized water to get a 

1% (w/v) carbon slurry, sonicated at 70°C for 1 hr and then 

adjusting the solution to pH 2 with 13.3 M HCl. The seeding 

step was conducted by mixing 7.0 ml of the Pt precursor (20 g/l 

H2PtCl6, Fluka) with the above 10 ml of carbon-black slurry 

and sonicated at 70°C for 30 min. The electrocatalyst ions in 

the aqueous solution were then reduced to Pt metal by the 

addition of 20 ml of 0.12 M NaBH4 (98%, Alcan) and 

sonicated for 30 min at 70°C. The insoluble fraction was 

harvested by filtration of this suspension and rinsed several 

times with de-ionized water to eliminate the excess reducing 

agent. Consequently, the impregnation step was performed by 

dispersing the obtained carbon powder covered by the seeded 

Pt metal in de-ionized water, sonicated for 1 hr and then adding 

it to the remaining H2PtCl6 solution (90% (v/v)) to obtain the 

required electrocatalyst loading on the carbon support (40% 

(w/w)). The mixture was reduced by the addition of 20 ml of 

0.12 M NaBH4 under sonication for 30 min to obtain the 

catalyst powder, which settled out of the solution/suspension. 

The electrocatalyst suspension was filtered, and the filtrate was 

washed thoroughly with hot de-ionized water and dried for 2 hr 

at 110°C. The preparation of the Pt-Pd/C and Pt-Co/C 

electrocatalysts were each performed in a similar procedure to 

that for Pt/C except for changing the Pt precursor to the Pt-Pd 

precursor (3.5 ml of 20 g/l H2PtCl6 (Fluka) and 2.777 ml of 20 

g/l PdCl2 (98%, Fluka)) or Pt-Co precursor (3.5 ml of 20 g/l 

H2PtCl6 (Fluka) and 3.672 ml of a 20 g/l CoCl2 (CoCl2⋅H2O, 

Kanto Chemical)), respectively, and the precursor mixing stage 

was carried out at 60 
o
C to avoid the precipitation of transition 

metals. 

The morphology of all three types of the as-prepared 

electrocatalysts, along with the commercial Pt/C one, was 

characterized using X-ray diffraction (XRD) analysis on a 

Bruker D8-Discover machine, by scanning electron 

microscopy with energy dispersive X-ray analysis (SEM-EDX) 

on a JEOLJSM-5800LV and by transmission electron 

microscopy (TEM) on a JEOLJEM-2100.  

B. Preparation of the Diffusion Layer, Electrocatalyst Ink 

and Electrocatalyst-Coated Membrane 

The diffusion layer was prepared by mixing 0.5 ml of 

distilled H2O with 1.334 µl of PTFE (60 wt. %, Aldrich) and 

sonicated at room temperature for 30 min. The mixed solution 

was then added to 1.0 ml of i-propanol (99.99% C3H7OH, 

Fisher) and sonicated again at room temperature for 30 min. 

The treated carbon black (18.0 mg, section A) was then added 

and sonicated at room temperature for 30 min to obtain the 

carbon ink, which was then coated onto a 2.25�2.25 cm gas 

diffusion layer (GDL) (Carbon cloth, ETEK) by brushing and 

then drying at 80 °C for 2 min to eliminate the excess solvent. 

The coating of carbon ink was repeated several times until the 

loading of the GDL was around 2.0 mg/cm
2
. The carbon ink-

coated GDL was finally dried at 300°C for 1 h at atmospheric 

pressure. 

The electrocatalyst ink was prepared by mixing 12.5 mg Pt-

C (or Pt-M/C) electrocatalyst powder with 3 ml 1,2-

dimethoxyethane (98%, Fluka) and sonicated at room 

temperature for 30 min. The obtained mixture was added into 

0.142 ml Nafion solution (5% (w/v) Nafion117, Fluka) and 

sonicated at room temperature for 1 h. Finally, 0.187 ml 

ethylene glycol (98%, Qrec) was added and sonicated at room 

temperature for 1 h to form the electrocatalyst ink. 

The membrane electrode assembly (MEA), with a 5 cm2 

active surface area, was prepared as the catalyst-coated 

membrane by direct spraying with a spray gun (Crescendo, 

Model 175-7
TM

) onto the pretreated membrane at 80
o
C. Prior to 

spraying, the membrane was clamped vertically and then the 

catalyst ink was sprayed with a uniform pressure of 5 psig with 

air as the driving gas. The distance between the spray nozzle 

and film surface was fixed at around 2-3 cm. During the 

coating process, the spray nozzle was swept slowly from the 

left edge of the membrane to the right edge with a vertical 

angle between the spray nozzle and membrane surface of 

approximately 30-50°. The coating surface was left for 3-5 

min. to obtain a dry layer, and the coating process was repeated 

several times to reach a catalyst loading of 0.15 mg/cm
2
 and 

then dried at 80°C for 10 min. The procedure was repeated for 

the second membrane surface and then the obtained 

electrocatalyst-coated membrane was immersed in hot water 

(55-60°C) for 5 min to eliminate ethylene glycol and 1,2-

dimethoxyethane, and then dried at 80 °C for 20 min. Finally, 

the membrane was assembled between two sheets of GDL 

(Carbon cloth, ETEK) and pressed together by a compression 

mold (LP20, Labtech) under 65 kg/cm
2
 for 2.5 min, 

maintaining the temperature at 137°C. 

C. Activity Test in Single PEM Fuel Cell 

The obtained MEA of each electrocatalyst type with a 

constant active surface area of 5 cm
2
 was mounted on 
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commercial single-cell hardware (Electrochem, Inc.) and tested 

in a single-cell test station. Prior to testing the cell 

performance, the run-in stage was carried out under 

atmospheric pressure with a cell temperature of around 60 °C 

by feeding H2 and O2 at 100 sccm each (100% humidity). The 

current was drawn at a high density (> 700 mA/cm
2
) for a 

period of 6-12 h. Consequently, the performance of the single 

cell was evaluated in the form of current-density-potential 

curves (polarization curves), monitored by a 

Potentiostat/Galvanostat at 60
o
C and ambient pressure 

D. Preparation of Test Specimens for Stability Tests 

The electrocatalyst ink, prepared according to section B, was 

coated onto the carbon substrate (carbon cloth, ETEK) by 

direct spraying with a spray gun. It was first cut as a spherical 

sheet with diameter of 0.9 cm and mounted with a home-made 

measuring template. The three-probe stability test of the 

electrocatalysts was conducted in an acid environment (0.5 M 

H2SO4) using the as-prepared electrocatalyst-coated substrate 

as the working electrode, a Pt wire as the counter electrode and 

Ag/AgCl reference electrode. The potential cycling was carried 

out for 0-900 rounds (cycles) using a Potentiostat/Galvanostat 

(PG STATO 30, Autolab) in 300 ml of 0.5 M H2SO4 by 

varying the potential from -0.5 to +1.24 V at a scan rate of 20 

mV/s with a constant agitation rate of 300 rpm. 

The morphology of the three electrocatalysts, including the 

evaluation of the particle size and particle dispersion together 

with the metal content, after the stability test (900 rounds of the 

repetitive potential cycling) was analyzed by XRD and SEM-

EDX, respectively. The characterization of the fresh sample 

was performed on the received catalyst powder, while that of 

the tested sample was performed on the powders spread over 

the carbon substrate. 

III. RESULTS AND DISCUSSION 

Representative XRD patterns of the three types of the as-

prepared electrocatalysts (Pt/C, Pt-Pd/C and Pt-Co/C) 

compared with the commercial Pt/C electrocatalyst are shown 

in Fig. 1 (a). The commercial Pt/C electrocatalyst exhibited the 

first peak at a 2θ value of about 24.8
o
 in the XRD pattern, 

referring to the presence of the carbon support in the hexagonal 

structure [52]. The other four peaks are the characteristic peaks 

for the diffraction pattern of face-centered cubic (FCC) Pt, 

corresponding to the planes [111], [200], [220] and [311] at 2θ 

of 39.67
o
, 45.80

o
, 67.78

o
 and 81.31

o
, respectively. For the as-

prepared Pt/C electrocatalyst, the peaks indicating the 

characteristic FCC crystalline Pt corresponding to above planes 

were clearly observed at 39.83
o
, 46.30

o
, 67.58

o
 and 81.46

o
, 

respectively. In the presence of Pd or Co (Pt-Pd/C and Pt-Co/C 

electrocatalysts), the observed diffraction peaks of Pt still 

demonstrated the characteristic FCC crystalline Pt, indicating 

that the alloy catalysts have single-phase-disordered structures 

(ex. solid solutions [53]). However, compared with the 

diffraction of the bulk Pt, the diffraction peaks for the Pt-Pd/C 

and Pt-Co/C electrocatalysts were shifted slightly to higher 2θ 

values (40.04
o
, 46.60

o
, 68.10

o
 and 82.01

o
 for Pt-Pd/C; and 

40.24
o
, 46.99

o
, 68.61

o
 and 82.49

o
 for Pt-Co/C), which indicates 

the formation of the Pt-Pd/C and Pt-Co/C alloy electrocatalysts 

involves the incorporation of the Pd or the Co atom into the 

FCC structure of Pt, resulting in a contraction of the lattice. 

The sharpness of the peaks was observed in the sequence of 

Pt/C >Pt-Pd/C >Pt-Co/C, indicating the presence of a more 

amorphous structure in the Pt-Co/C electrocatalyst compared to 

other electrocatalysts. Also from the plot, no characteristic 

peaks of metallic Pd or Co or their respective oxides were 

detected in the respective Pt-M/C electrocatalysts. However, 

their presence cannot be formally discarded because they may 

be present in a very small amount or even in an amorphous 

form. The presence of Pd- or Co- elements/compounds in the 

as-prepared Pt-Pd/C and Pt-Co/C electrocatalysts is supported 

by the SEM-EDX analysis (Figs. 1 (b), (c)). 
 

 

(a) 

 

 

(b) 

 

 

(c) 

Fig. 1 (a) XRD patterns of the as-prepared electrocatalysts and the 

commercial Pt/C one (20 wt% ETEK), (b) SEM-EDX patterns of the 

Pt-Pd/C electrocatalysts and (c) SEM-EDX patterns of the Pt-Co/C 

electrocatalysts 

 

To confirm the formation of the respective metal alloys, the 

d-value and lattice parameter can be estimated from XRD 

pattern from Bragg’s law [54]. As demonstrated in Table I, it 
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was clearly seen that the d-value of both the Pt-Pd/C and Pt-

Co/C electrocatalysts were smaller than that of the pure Pt/C 

one. Additionally, the lattice parameter of both the Pt-Pd/C and 

Pt-Co/C electrocatalysts were between those of pure FCC Pt 

(0.3923 nm), and pure FCC of either Co (0.3545 nm) or Pd 

(0.3891 nm), respectively, indicating the contraction of the 

lattice, due to the particle substitution of Pt by Pd or Co in the 

FCC structure [55]. 
 

TABLE I 
THE D-VALUE, LATTICE PARAMETER AND PARTICLE SIZE OF THE DIFFERENT 

TYPES OF AS-PREPARED ELECTROCATALYSTS 

Type Of 
Electrocat

alyst 

d-value 
(d, nm) 

Lattice 
Parameter 

(a, nm) 

Metal ratio 
(Pt: Ma) 

Particle 
Size (D, 

nm)b 

Dispersion 
(NS/NT, %)c 

Pt/C 0.2261 0.3916 100 7.75 14.4 

Pt-Pd/C 0.2252 0.3901 49.6: 50.4 6.78 14.8 

Pt-Co/C 0.2239 0.3879 58.5: 41.5 7.39 15.4 
a M is Pd for Pt-Pd/C and Co for Pt-Co/C 
b Calculated from Pt[220] of XRD patterns 
c Calculated from the particle size of XRD 

 

The average particle size (D) of the electrocatalyst was then 

estimated from the XRD patterns according to (1), the Debye-

Scherrer formula [56]; 

 

θβ
λ
cos

2/1

k
D =          (1) 

 

where β is the line broadening at half the maximum intensity, θ 

is the Bragg angle and k is a coefficient. 

The smallest particle size was observed in the case of Pt-

Pd/C, which was slightly (1.14- and 1.09-fold) smaller than 

that of the Pt/C and Pt-Co/C electrocatalysts, respectively 

(Table I). Additionally, the uniform dispersion of the metal 

elements (Pt, Pd and Co) along the carbon support was 

observed for all three types of the as-prepared electrode 

catalysts from the SEM-EDX-based element mapping (Fig. 2). 

By obvious appearance, the quantity of Pt and Pd in the Pt-

Pd/C electrode seemed to be almost the same while the amount 

of Pt in the Pt-Co/C electrode was greater than that of Co. This 

observation is consistent with the respective Pt : Pd and Pt : Co 

ratios evaluated from the EDX results (Table I). The difference 

in the Pt : Pd and Pt : Co ratios might be due to the difference 

in the standard reduction potential (E0) of the metal ions in the 

system. For the former case (Pt-Pd/C), the standard reduction 

potential of Pd
2+

 ions (0.83 V versus SHE) is slightly greater 

than that of Pt
2+

 ions (0.73 V versus SHE), resulting in a faster 

reduction of Pd ions on the carbon substrate. In the latter case 

(Pt-Co/C), the standard potential of Co
2+

 (-0.28 V versus SHE) 

is much lower than that of Pt
2+

, resulting in a slower reduction 

of Co
2+

 ions in comparison to that of Pt
2+

 ions. 
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Fig. 2 Representative SEM images (general morphology) and SEM-EDX based element mapping for Pt, Pd and Co of the as-prepared 

electrocatalysts 
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The particle dispersion was estimated according to (2)-(4) 

[57], where NT is the total number of atoms, NS is the number 

of surface atoms, l is the number of layer, a is the lattice 

parameter and d is the particle size of electrocatalyst. 
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The maximum dispersion level was observed in the Pt-

Co/C electrocatalyst at around 15.4% (Table I), which was 

1.07- and 1.04-fold higher than that of the Pt/C and Pt-Pd/C 

electrocatalysts, respectively. The activity of the three 

different as-prepared electrocatalysts was tested in a H2/O2 

PEM fuel cell at 60
o
C and 1 atm. All three electrocatalysts 

demonstrated a different ORR activity at both low- and high- 

current densities (Fig. 3). The open circuit voltage of the cell 

made with Pt-Co/C was ∼1.015 V, some 0.7 and 3.4% higher 

than that for Pt/C (∼1.008) and Pt-Pd/C (∼0.98 V), 

respectively. This may be due to the fact that the high 

catalyst dispersion helped to hinder the crossover of fuel 

from the anode to the cathode through the membrane pin-

holes. Considering the activation-controlled region at a low 

current density (< 100 mA/cm
2
), the smallest drop in the cell 

potential was observed in the fuel cell with the Pt/C 

electrocatalyst, with the two other electrocatalysts being 

essentially the same as each other with a larger drop in the 

cell potential. In terms of the geometric surface area, the 

ORR activity can be approximated by the current density at 

0.9 V (j0.9 V) or the potential at 10 mA/cm
2
 (E10 mA/cm

2
) [55]. 

The activity of both Pt-M/C electrocatalysts was slightly 

lower than that of the Pt/C one. The j0.9 V and E10 mA/cm
2
 of the 

as-prepared electrocatalysts increased in the order Pt/C > Pt-

Co/C > Pt-Pd/C (Table II), which might be due to the 

presence of the different Pt contents in each electrocatalyst. 

That is, the Pt contents in the Pt-Pd/C and Pt-Co/C 

electrocatalysts were 49.6% and 58.5%, respectively, of that 

in the Pt/C electrocatalyst, with a drop in the catalytic 

activity of around 62.8% and 52.5% (based on current 

density) and 2.63% and 3.28% (based on voltage), 

respectively. Within the two Pt-M/C alloy electrocatalysts, 

the Pt-Co/C electrocatalyst provided a slightly higher ORR 

activity in comparison to that of Pt-Pd/C electrocatalyst 

(Table II). To explain the effect of the composite metal type 

on the activity of the Pt-M/C alloy electrocatalyst, it is 

necessary to consider the ORR mechanism. The ORR is a 

heterogeneous reaction, but the elementary step involves the 

adsorption of oxygen-containing species on the catalyst 

surface. Thus, the available d-band vacancies or number of 

unpaired d-electrons of the electrocatalyst is an important 

factor in the reduction reaction kinetics [58], where a high 

number of d-unpaired electrons on the catalyst results in a 

high coverage of oxygen-containing species [59]. In this 

case, Co (1.0 per atom) has a higher number of unpaired d-

electrons in comparison to that for Pd (0.55 per atom) [60], 

resulting in a higher fractional coverage of oxygen species on 

the Pt-Co/C electrode, as well as more contraction of the 

lattice, measured in terms of the d-value and lattice 

parameters (Table I). 

 

 

Fig. 3 Representative () current density-potential curve and (---) 

power density curve of a single H2/O2 PEM fuel cell of the as-

prepared as-prepared electrocatalysts 
 

TABLE II 
ORR KINETIC PARAMETERS, OBTAINED FROM FITTING THE POLARIZATION 

DATA FROM THE E ≥ 0.8 V REGION, OF THE THREE DIFFERENT TYPES OF 

ELECTROCATALYSTS. 

Type of 

catalyst 

j0.9 V 

(mA/cm2) 

E10 mA/cm
2 

(V) 

-b 

(mV/dec) 

j0 

(mA/cm2) 

R 

(Ω) 

Pt/C 15.42 0.914 54.90 1.02×10-4 0.5189 

Pt-Pd/C 5.74 0.890 55.08 4.38×10-5 0.5340 

Pt-Co/C 7.33 0.884 57.80 6.59×10-5 0.7380 

 

The ORR kinetic parameters of the electrode can be 

estimated by current density-potential data by using a non-

linear least squares (NLLS) method, as expressed by (5) [60]; 

 

jRj bEE −−= log
0

       (5) 

 

where
00  log jbEE r += . Here, Er is the reversible 

potential for the electrode, b is the Tafel slope, R is charge 

transfer resistance for ORR and the electrolyte, j is the 

current density and j0 is the exchange current density for the 

ORR. Since this equation does not include diffusion 

limitations other than the linear contribution, and a change in 

Tafel slope (b) related to the ORR is expected at potentials 

around 0.8 V [61], then only the region for E ≥ 0.8 V was 

considered in these analyses. The fitted results are 

summarized in Table II. The R
2
 value for all three 

electrocatalyst types is greater than 99.98%, indicating that 

the fitted model is adequate to predict the experimental data. 

Within the fitting error, the intrinsic Tafel slopes for the 

ORR were in the same range, ranging from -54.90 to -57.80 

mV/dec, under the same test conditions (Table II). The 

maximum exchange current density (j0), the rate constant of 

electron transfer at zero over potential (expressed as a current 

per unit area), was observed for the Pt/C electrocatalyst being 

some 2.33- and 1.55-fold higher than that for the Pt-Pd/C and 

Pt-Co/C electrocatalysts, respectively. Thus, the lowest 
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energy barrier for the electrochemical reaction was in the 

presence of the Pt/C electrocatalyst. With respect to the Pt-

Pd/C and Pt-Co/C electrocatalysts, the exchange current 

density of Pt-Co/C was ~1.5-fold greater than that of Pt-

Pd/C, indicating the faster ORR rate on the Pt-Co/C than the 

Pt-Pd/C electrocatalyst [62]. However, the charge transfer 

resistance for the ORR and the electrolyte (R) of Pt-Co/C 

were high compared to those for the Pt/C and Pt-Pd/C 

electrocatalysts. Additionally, over the whole range of the 

current density-potential curve, the performance of the Pt-

Co/C electrocatalyst depleted significantly, indicating the 

presence of a high ohmic resistance (Fig. 3). This might be 

attributed to the presence of a more amorphous structure in 

the Pt-Co/C electrocatalyst, resulting in a slower rate of 

electron transfer in the catalyst structure. With regard to Pt-

Pd/C, although its activity was close to that of Pt-Co/C and 

significantly lower than the Pt/C electrocatalyst, its 

performance at a medium- and high current density was 

significantly greater than that of either the Pt/C or the Pt-

Co/C electrocatalysts (Fig. 3). 

The stability of the three different types of as-prepared 

electrocatalysts was tested under the strongly corrosive 

acidic condition of 0.5 M H2SO4 by 900 rounds (cycles) of 

potential cycling between -0.5 to +1.24 V at a scan rate of 20 

mV/s, and with a constant agitation rate of 300 rpm. As 

demonstrated in Fig. 4, the adsorption potential of the 

hydrogen atom onto the Pt surface (Pt-H formation, between 

-0.2 to +0.2 V) was not observed as a sharp peak with all 

three electrocatalysts, consistent with that reported 

previously [63]-[64]. Rather, it appeared as a broad shoulder 

and partially overlapped with the reduction peaks of the 

oxygen atom (Pt-O reduction). The desorption potential of 

the hydrogen atom (Pt-H oxidation, around -0.1 to 0.2 V) 

exhibited a strong wide peak with all three electrocatalysts. 

The onset desorption potential of hydrogen atoms shifted 

down field slightly as the number of rounds of repeat 

potential cycling increased, and the area under these curves 

decreased as the number of rounds of repeat potential cycling 

increased, indicating the variation in the electrocatalyst 

surface area [65]. More interesting current peaks that related 

to the Pt-OH/Pt-O formation (∼ 0.6 V) were observed on the 

right-hand side of the positive double layer region. The 

magnitude of the capacitive current related to these peaks as 

well as to the Pt-O reduction peaks increased as the number 

of potential cycling rounds increased, and this was 

particularly the case for the two Pt-M/C electrocatalysts. This 

indicates the strong adsorption and accumulation of hydride 

as well as oxide layers on the Pt surface [40]. The increase in 

the capacitive current might be due to a higher degree of 

surface carbon oxidation with potential-holding time [63]. 

The electrochemical surface area (ESA) was estimated 

from the H2 desorption peak of the CV curve [51]. The 

original ESAs of the Pt/C, Pt-Pd/C and Pt-Co/C 

electrocatalysts were 29.9, 35.2 and 59.5 m
2
/g, respectively. 

During the early period of potential cycling the ESAs of Pt/C 

and Pt-Pd/C initially increased sharply until they reached 

unity after 10 and 20 rounds which correspond to the 

maximum ESA values of 41.0 and 39.9 m
2
/g, respectively. 

This initial increase in the ESA is due to the initial wetting of 

the thin Nafion layer covering the catalyst particles [41]. 

After saturation of the active material with the electrolyte, 

the ESA started to decrease with increasing rounds of 

potential cycling. In contrast, this initial increase in the ESA 

(wetting behavior) was not observed for the Pt-Co/C 

electrocatalyst, presumably since it has a much faster wetting 

behavior. 

 

 
Pt/C  

 
PtPd/C 

 

 
Pt-Co/C 

Fig. 4 CV curves of the as-prepared electrocatalysts at a metal 

loading of 0.15 mg/cm2 after the indicated number of round of 

sequential potential cycling in 0.5 M H2SO4 at a scan rate of 20 

mV/s 

 

As clearly seen in Fig. 5 (a), the ESA decreased as a 

function of the number of repetitive potential cycling. A 

sharper decrease in the ESA over the whole range (0-900 
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rounds) of potential cycling was observed for the Pt/C 

electrocatalyst compared to the two Pt-M/C electrocatalysts, 

where the normalized ESA level dropped by almost 25% and 

50% of the initial level after 300 and 500 rounds of potential 

cycling, respectively. The maximum loss of ESA during the 

early period of this stability test was observed in the case of 

Pt-Co/C, dropping almost 20%, 30% and 40% of the initial 

level after 100, 200 and 400 rounds of potential cycling, 

respectively, although from 200 rounds, the rate of ESA loss 

was reduced such that after 400 rounds, a greater ESA loss 

was observed with the Pt/C electrocatalyst. Throughout the 

900 round stability test, the Pt-Pd/C electrocatalyst exhibited 

the smallest decrease in the ESA, being reduced by 25% of 

the initial level after 550 rounds of potential cycling and 

reaching a constant ESA value (~36% loss) after 800 rounds. 

After 900 rounds of potential cycling, the decrease in the 

ESA for the Pt/C, Pt-Pd/C and Pt-Co/C electrocatalysts were 

around 77%, 38% and 53%, respectively, which 

corresponded to a residual ESA of those electrocatalysts of 

around 9.5, 21.7 and 28.0 m
2
/g, respectively. The potential 

loss due to the variation in the ESA was then estimated by 

using a modified Bulter-Volmer equation, previously 

reported [66]-[68]. The magnitude of the potential loss due to 

the loss of ESA was in the order of Pt-Co/C >Pt/C >Pt-Pd/C 

during the first 400 rounds of potential cycling with a loss of 

12.66, 10.36 and 8.05 mV, respectively (Fig. 5 (b)). 

However, from 500 rounds the order of potential loss was 

changed. The greatest potential loss was then observed with 

the Pt/C electrocatalyst, while the lowest loss was with the 

Pt-Pd/C electrocatalyst. Thus, after 900 rounds the potential 

loss of the Pt/C, Pt-Pd/C and Pt-Co/C electrocatalysts were 

34.8, 14.3 and 18.9 mV, respectively. 

 

During the stability test (repeated potential cycling) the 

catalysts as well as the carbon support faced extremely 

corrosive conditions that result in the corrosion of the carbon 

support and also dissolution of the catalyst [41], [43]-[44]. 

Accordingly, the decrease in the ESA of the Pt/C 

electrocatalyst would result from Pt dissolution, re-

deposition on the catalyst surface and Pt migration through 

the surface [41]. The dissolved Pt
2+

 ions can be re-deposited 

on the Pt surface, resulting in the formation of larger less 

dispersed Pt nanoparticles, a phenomenon known as Ostwald 

ripening [69]. However, in the presence of the transition 

metal or second metal in Pt/C structure (i.e. Pt-M/C), the loss 

of the Pt ESA decreased because the second metal helps to 

reduce the Pt mobility on the supporting material, and so 

results in a stronger bonding of the alloying metal atoms to 

the carbon powder, and in turn prevents sintering [40], [70]. 

Also, the incorporation of Co onto the Pt catalyst can reduce 

Pt dissolution and migration during the course of operation 

and so result in an increased Pt-Co/C stability compared to 

that for the Pt/C electrocatalyst [67]-[71]. In the case of the 

Pt-Pd/C electrocatalyst, the presence of Pd particles helps to 

reconfigure the Pt-C interaction [72], and so reduce the loss 

of Pt ESA in the Pt-Pd/C electrocatalyst from particle 

sintering. 

 

(a) 

 

 

(b) 

Fig. 5 (a) Normalized ESA (normalized to the maximum surface 

area), (b) the potential loss, of the as-prepared electrocatalysts at a 

metal loading of 0.15 mg/cm2 after the indicated number of rounds 

(cycle numbers) of repeated potential cycling in 0.5 M H2SO4 at a 

scan rate of 20 mV/s 

 

 

Fig. 6 Representative XRD patterns of the electrocatalysts after the 

stability test (900 rounds of repetitive potential cycling in 0.5 M 

H2SO4) 

 

Representative XRD patterns of the Pt/C, Pt-Pd/C and Pt-

Co/C electrocatalysts after the stability test of 900 rounds of 

repetitive potential cycling are shown in Fig. 6. A similar 

XRD pattern was observed for all three electrocatalyst types, 

where the main diffraction peaks observed (2θ of 24.8
o
) were 

associated with the hexagonal structure of carbon black. 

Compared to the as-prepared samples, the increase in the 

magnitude of the carbon peak intensity for the samples after 
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the stability test (Fig. 6) can be explained by the contribution 

of the carbon on the microporous layer of the carbon 

substrate. No sharp characteristic diffraction peaks of the Pt 

FCC structure were observed. The mean particle sizes of all 

tested electrocatalysts were also estimated by means of the 

Scherrer equation. To avoid the overlapping of peak Pt [111] 

with carbon signal, the Pt particle size was to be calculated 

from Pt [220]. As expected, the particle size of all three 

electrocatalyst types increased after the stability test (900 

rounds of potential cycling), increasing approximately 2.6-, 

6.1- and 30.3-fold compared to the fresh electrocatalysts. In 

addition, from the SEM-EDX analysis, a surface-enrichment 

with Pt was observed after the repetitive potential cycling. 

That is, the average composition of Pt : Pd and Pt : Co were 

changed to 87.1 : 12.9 and 96.6 : 3.4, respectively. This 

suggests the loss of ESA of the Pt-Pd/C and Pt-Co/C 

electrocatalysts involved the dissolution of Pd, Co and Pt 

from small-sized alloy particles and the re-deposition of Pt 

on the surface of larger particles, consistent with [73]. 

As demonstrated in SEM-EDX based element mapping, 

after the 900 rounds of potential cycling the Pt particles in 

the Pt/C and the two Pt-M/C electrocatalysts were non-

uniformly distributed on the carbon substrate (Fig. 7). A 

slight agglomeration of Pt particles was observed in all cases. 

With respect to the second metal (Pd or Co), surprisingly, a 

more uniform distribution of the Pd or Co in the Pt-Pd/C or 

Pt-Co/C electrocatalyst, respectively, was clearly observed. 

This indicated that the dissolved Pt ions can be re-deposited 

on the Pt surface, resulting in the formation of larger Pt 

nanoparticles with a reduced distribution pattern. 

According to obtained results, the Pt/C electrocatalyst still 

showed the best activity at 0.9 V or 10 mA/cm
2
, similar to 

[51]. The Pt-Pd/C exhibited the higher peak power in single 

PEM fuel cell under H2/O2 environment than that of Pt/C and 

Pt-Co/C electrocatalysts during the whole cell potential 

range. However, the inconsistent results with previous work 

were observed during the stability test. The Pt-Pd/C 

exhibited a better stability than Pt/C and Pt-Co/C, while, in 

previous work, the Pt-Co/C had a better stability than Pt/C 

and Pt-Pd/C. This might be attributed to the change of 

catalyst preparing condition, resulting to the alternation of 

metal composition in electrocatalyst structure. For the whole 

results, all electrocatalysts prepared in this work exhibited 

more activity and stability than those in [51]. This might be 

due to the fact that the coating of electrocatalyst on 

membrane provided a good contact between the catalyst 

layer and membrane, leading to the increase in the 

electrochemical active area and three-phase boundary [48]. 

Also, the presence of ethylene glycol in catalyst structure can 

increase the stability of electrocatalyst during coating 

because of its high boiling point [74]. In addition, the 

electrode ink mixed with ethylene glycol as the dispersion 

agent had higher Pt active area. 
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Pt-Co/C              Pt              Co 

Fig. 7 Representative SEM images (general morphology) and SEM-EDX based element mapping for Pt, Pd and Co of all electrocatalysts after 

the stability test (900 rounds of repetitive potential cycling in 0.5 M H2SO4) 
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IV. CONCLUSION 

Pt-M/C (M = Pd or Co) electrocatalysts were successfully 

prepared by a combined approach of impregnation and seeding 

via a low temperature reduction method. Both types of 

electrocatalyst demonstrated the characteristic diffraction 

pattern of FCC Pt. Compared with the diffraction for bulk Pt/C, 

the diffraction peaks for the Pt-Pd/C and Pt-Co/C 

electrocatalysts were shifted slightly to higher 2θ values, 

indicating the formation of an alloy involving the incorporation 

of the Pd or Co atoms into the Pt FCC structure. According to 

the ORR activity test in a single fuel cell under a H2/O2 

environment, the Pt/C electrocatalyst demonstrated a higher 

current density at 0.9 V (or potential at 10 mA/cm
2
) compared 

to that for the Pt-Pd/C and Pt-Co/C electrocatalysts. The Pt-

Co/C electrocatalyst gave a slightly higher ORR activity in 

comparison to that of Pt-Pd/C electrocatalyst, due to its better 

electronic properties (ex. d-band vacancies). However, in the 

medium-to-high current density region, the Pt-Pd/C 

electrocatalyst demonstrated the best performance with a peak 

power of 298 mW/cm
2
. According to the stability test in 0.5 M 

H2SO4, the ESA of all three different types of electrocatalyst 

decreased with increasing number of rounds of the repetitive 

potential cycling, due to the dissolution of Pt as well as the 

second metals (Pd or Co) from the electrocatalyst structure. A 

quicker depletion of the ESA as a function of the number of 

potential cycling was observed for Pt/C electrocatalyst, 

resulting in a potential loss of around 34.8 mV after 900 

rounds. Under the investigated conditions, the Pt-Pd/C 

electrocatalyst exhibited a better stability than the Pt-Co/C and 

Pt/C ones, with a potential loss of only 14.3 mV after 900 

rounds of potential cycling for Pt-Pd/C, while it was around 

18.9 mV for the Pt/C and Pt-Co/C electrocatalysts. Therefore, 

for long-term utilization, the Pt-Pd/C electrocatalyst is the most 

promising candidate as an electrocatalyst in low temperature 

fuel cells. However, more extensive studies are required in 

order develop a more stable Pt-Pd/C electrocatalyst, and 

especially to reduce the loss of ESA to less than 40% after 

3,000 rounds of potential cycling, as required by the 

“durability-test protocols” set by The United States Department 

of Energy (DOE). 
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