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Abstract Platinum–cobalt (Pt–Co) alloy electrocatalysts

were prepared on pretreated carbon cloth by electrodepo-

sition from different plating baths with the aim of finding

suitable plating bath conditions that could control the

chemical composition of the Pt–Co alloy electrodeposits

over a wide range (from 0 to 100 at% Pt) and then to study

the relationship of the deposit composition on the oxygen

reduction reaction (ORR) electroactivity. The type of

supporting electrolyte, the solution pH, Pt and Co con-

centrations of the plating bath and the current density used

for electrodeposition all play a crucial role in the compo-

sition of the electrodeposited Pt–Co alloy. Pt contents in all

the Pt–Co alloys deposited in H2SO4 are at a relatively high

and narrow level (83 at%–97 at% Pt), regardless of the

electrodeposition conditions used. While the Pt contents in

the Pt–Co alloys deposited in Na2SO4 could reach a very

low and broad level (5 at%–97 at% Pt), evidence of Co

oxide formation is observed. Of the three supporting

electrolytes studied, only NaCl effectively produces Pt–Co

deposits over a wide range of compositions (8–90 at% Pt)

by controlling the Pt and Co concentrations of the plating

bath and using the high enough current density. The results

show a qualitative correlation between Pt–Co deposit

composition and ORR activity, where Pt–Co alloy catalysts

with C 45 at% Pt tend to yield higher ORR activities than

the pure Pt catalyst, with the best ORR performance

obtained from the Pt–Co alloy catalyst with 78 at% Pt.

Keywords Pt–Co alloy; Electrodeposition;

Electrocatalyst; Oxygen reduction reaction; Proton

exchange membrane fuel cell

1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are

attractive energy conversion devices for a wide range of

applications ranging from small portable electronic devices

to electric vehicles or even small stationary power gener-

ators [1–3]. However, due to their low operating temper-

ature, the kinetics of the electrode reactions are very slow,

resulting in a low current output and so a low fuel cell

performance [4, 5]. As a consequence, expensive noble

metals, such as platinum (Pt), are required for the elec-

trocatalysis to enhance the power of the PEMFCs [6].

However, with a Pt catalyst, the oxygen reduction reaction

(ORR) is several orders of magnitude slower than that of

the hydrogen oxidation reaction, and so the whole elec-

trochemical reaction process of the PEMFCs is controlled

by the ORR kinetics [7]. One possible approach to over-

come this problem is alloying Pt with other transition

metals to enhance the electroactivity toward the ORR and/

or to reduce the amount of Pt needed for fabricating the

electrodes of the PEMFCs [8–10]. Among Pt-based alloys,

Pt–Co is widely considered as one of the promising can-

didates as an ORR electrocatalyst due to its higher elec-

trocatalytic activity toward the ORR compared to pure Pt
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or other Pt-based alloys [11–14] and its long-term stability

under fuel cell operating conditions [15].

The Pt-based alloy catalysts for PEMFCs are normally

prepared through a multi-step process. The typical

approach is that the alloying metal is impregnated in the Pt,

which is supported on a high surface area carbon, before

undergoing the high-temperature alloying treatment

[15–20]. The prepared Pt-based alloy catalyst is then

applied on the electrode by painting or spraying. Alterna-

tively, the preparation of Pt-based alloy catalysts can be

achieved in a single step by electrodeposition, where the

Pt-alloy catalyst formation and the process of applying the

Pt-alloy catalyst onto the electrode take place simultane-

ously without the need for high-temperature treatment.

Moreover, electrodeposition is relatively simple and easy

to operate. It can be conducted in a galvanostatic or

potentiostatic mode, where the amount of deposited metal,

the metal particle size and structure and the alloy compo-

sition can easily be controlled by varying the electrode-

position parameters, such as the deposition time and

magnitude of applied current density or potential

[11, 21–27]. In the previous work, we tried to prepare Pt–

Co alloys onto carbon cloths (CCs) by electrodeposition in

a sulfuric acid (H2SO4) solution, aiming to broaden the

range of the Pt–Co compositions deposited as much as

possible (0–100 at% Pt) [28]. However, the Pt composi-

tions of all the Pt–Co alloys obtained under the studied

conditions were confined between 91 at% and 94 at% Pt,

regardless of the deposition mode and the magnitude of the

cathodic and anodic current densities applied.

In addition to the electrodeposition parameters, the

plating bath composition and its interaction with the elec-

trodeposition parameters can also influence the physical

and chemical properties of the metal alloys deposited,

which can then affect the catalytic activity when used as

the electrocatalyst. A few works have reported on the

manipulation of the electrodeposited Pt–Co alloy compo-

sition by controlling the concentrations of Pt and/or Co

present in the plating bath [12], but the effects of other

parameters, such as the solution pH and type of the sup-

porting electrolyte, on the properties of the electrode-

posited Pt–Co alloy have rarely been reported and are

somewhat unclear. Normally, Pt electrodeposition has been

conducted in a plating bath using H2SO4 as the supporting

electrolyte [25, 27, 29–38], while H2SO4 [39–44], sodium

sulfate (Na2SO4) [45] and sodium chloride (NaCl)

[11, 12, 46–48] solutions were used for Pt-based alloy

electrodeposition. To produce Pt–Co alloy catalysts by

electrodeposition that have a good catalytic activity, or

even better, than the pure Pt, the influences of the elec-

trodeposition parameters and the plating bath composition

on the properties of the deposited Pt–Co, especially on the

alloy composition, should be understood.

In this present work, Pt–Co electrocatalysts were

deposited by direction current (DC) electrodeposition onto

carbon black (CB)-supported CC in different plating bath

conditions. The influence of the type of supporting elec-

trolytes, normally used for Pt and Pt-alloys electrodeposi-

tion (H2SO4, Na2SO4 and NaCl), solution pH and the

concentrations of Pt and Co ions in the plating bath on the

composition of the deposited Pt–Co alloy was investigated.

The Pt–Co alloys obtained from the selected electrodepo-

sition conditions were then used to study the ORR. The

focus of the present work was to find a suitable plating bath

that allowed the electrodeposition of Pt–Co alloys across a

full range of Pt proportions (0–100 at% Pt), in order to then

ascertain the electrocatalytic activities of the different Pt–

Co alloys for the ORR.

2 Experimental

2.1 Electrodeposition of Pt–Co alloy

Electrodeposition of the Pt–Co alloy on the CC was con-

ducted in a single-compartment electrochemical cell con-

taining 80 cm3 of 0.004–0.010 mol�L-1 H2PtCl6�6H2O

(Aldrich), 0.1–0.2 mol�L-1 CoSO4�7H2O (Aldrich) and

0.5 mol�L-1 of the supporting electrolyte (H2SO4 (Lab-

scan), Na2SO4 (Fluka) or NaCl (Fluka)). To study the

effect of the solution pH, H2SO4 or hydrochloric acid

(HCl) was added into the plating solution containing

Na2SO4 or NaCl supporting electrolyte, respectively, to the

desired pH. Prior to electrodeposition, 2.3 cm 9 3.0 cm

CC (ElectroChem) was pretreated by applying two sub-

layers, a hydrophobic and a hydrophilic layer, onto the CC

as previously reported [49], with total hydrophobic and

hydrophobic loadings of 1.9 and 0.8 mg�cm-2, respec-

tively. The titanium gauze was used as the counter

electrode.

The DC electrodeposition was performed at a current

density of 10 or 20 mA�cm-2 using a potentiostat (Autolab

PG STATO 30 potentiostat, Metrohm Autolab) until

achieving a total charge density of 2 C�cm-2. The plating

solution was stirred with a magnetic stirrer at 600 r�min-1

during the electrodeposition process. After electrodeposi-

tion, the electrode was dried at 110�C for 2 h. For com-

parison, the electrodeposition of pure Pt and Co was also

performed in the NaCl plating solution containing

0.010 mol�L-1 H2PtCl6�6H2O or 0.2 mol�L-1

CoSO4�7H2O, respectively. The loading level of each Pt–

Co alloy catalyst electrodeposited on the electrode was

estimated from the weight difference before and after

electrodeposition. The morphology and composition of the

electrodeposited Pt–Co catalysts were studied by scanning

electron microscope (SEM, JEOL: JSM 6400) and the
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energy-dispersive spectroscopy (EDS) attached to the

SEM, respectively. The crystalline characteristics of the

electrodeposited Pt–Co catalysts were investigated by

X-ray diffractometer (XRD, Bruker AXS: D8 Discover).

2.2 Electrocatalytic activity toward ORR of Pt–Co

alloys

The electrocatalytic activity toward the ORR of the

selected Pt–Co electrodeposits with different alloy com-

positions was investigated using a rotating disk electrode

(RDE; Metrohm) in an O2-saturated 0.5 mol�L-1 H2SO4

solution. The working electrode was made of Pt–Co-elec-

trodeposited CC, which was cut to a circular shape with a

diameter of 1 cm (0.785 cm2 per area) and placed in a

Teflon holder. A Pt rod and Ag/AgCl electrode (3 mol�L-1

KCl, Metrohm) were used as the counter and reference

electrodes, respectively. During the electrochemical study,

the potential was scanned from 0.90 to - 0.11 V (vs. Ag/

AgCl) at a scan rate of 20 mV�s-1 using a potentiostat (PG

STATO 30), while the RDE rotational speed was con-

trolled at 500, 1000, 1500 and 2000 r�min-1. The electrode

potentials were converted and reported in the RHE scale.

3 Results and discussion

3.1 Effect of supporting electrolytes and solution pH

The Pt–Co electrodeposition was performed at a current

density of 10 mA�cm-2 in plating solutions containing

0.010 mol�L-1 H2PtCl6�6H2O, 0.1 mol�L-1 CoSO4�7H2O

and 0.5 mol�L-1 of the selected supporting electrolyte

(H2SO4, Na2SO4 or NaCl) at their natural pH and at pH 2.6.

A very small change in the pH is obtained when the

solution pH reaches 2.6. The amount and composition of

the Pt–Co deposits prepared in different plating solutions

are shown in Table 1. (Their deposited morphologies

analyzed from SEM images are shown in Fig. 1.) Overall,

the type of supporting electrolyte and the solution pH does

not have a significant effect on the amount of Pt–Co that

was electrodeposited on the CC, but does have a noticeable

effect on the Pt–Co composition and deposited morphol-

ogy. The Pt–Co deposited from the sulfate plating baths has

a higher Pt content (94 at% Pt for H2SO4 and 90 and

97 at% Pt for Na2SO4 at the natural pH and pH 2.6,

respectively) than those deposited in NaCl (81 at% and

87 at% Pt at the natural pH and pH 2.6, respectively).

These results suggest that the presence of the chloride ion

in the plating bath may influence the electrodeposition of Pt

and/or Co, leading to the increased Co content in the Pt–Co

alloy deposit.

By adjusting the solution pH to the lower level (pH 2.6),

the Pt contents in the Pt–Co deposits increase slightly

(6 at%–7 at%) in both the Na2SO4 and NaCl plating

solutions. Based on the equilibrium potentials, the hydro-

gen evolution reaction is more favorable to proceed than

the Co reduction reaction. With proton concentration

(lower pH) increasing in the plating bath, a greater amount

of the hydrogen evolution reactions takes place at the

expense of the Co reduction reaction. In addition, since Co,

which is a non-noble metal, is considerably less stable than

Pt, Co can preferentially dissolve during the electrodepo-

sition process under the high acidic (pH 2.6) conditions.

Thus, the amount of Co in the electrodeposited Pt–Co alloy

decreases when deposited from the low pH (2.6) solutions.

In addition, the solution pH has a substantial effect on the

deposited morphology of the Pt–Co deposits, where the Pt–

Co electrodeposited in a low pH (2.6) consists of bigger

grains compared to those electrodeposited in their respec-

tive solutions at the natural pH (Fig. 1).

3.2 Effect of current density

The effect of the current density on the composition of the

Pt–Co deposits was studied at 10 and 20 mA�cm-2 in the

plating solutions containing different supporting elec-

trolytes (0.5 mol�L-1 H2SO4, Na2SO4 or NaCl) at their

natural pH. Two levels of metal ion concentrations in the

plating bath were investigated, using (1) 0.010 mol�L-1

H2PtCl6�6H2O and 0.1 mol�L-1 CoSO4�7H2O (Co-to-Pt

atomic ratio of 10) and (2) 0.004 mol�L-1 H2PtCl6�6H2O

and 0.2 mol�L-1 CoSO4�7H2O (Co-to-Pt atomic ratio of

50). The amount and composition of the Pt–Co deposits

Table 1 Amount and chemical composition of Pt–Co electrodeposited in different supporting electrolytes and pH (at%)

Supporting electrolyte pH Deposited weight/

(mg�cm-2)

Atomic ratio of Pt to Co

H2SO4 Natural 0.26 94:6

Na2SO4 Natural 0.29 90:10

2.6 0.24 97:3

NaCl Natural 0.25 81:19

2.6 0.23 87:13
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prepared under different conditions are shown in Table 2.

Their morphologies are shown in Fig. 2.

In Pt–Co electrodeposition at a low applied current

density level (10 mA�cm-2) in all supporting electrolytes,

decreasing PtCl6
2- concentration (increasing Co-to-Pt

atomic ratio from 10 to 50) in a plating solution does not

substantially alter the deposited alloy content, where the Pt

contents in all deposited Pt–Co alloys are still at a rela-

tively high level (* 80 at% Pt), but the amount of Pt–Co

deposited is noticeably decreased (from 0.2 to

0.1 mg�cm-2 level). These results indicate that Pt–Co

electrodeposition approaches the mass transport limitation

when decreasing PtCl6
2- concentration from 0.010 to

0.004 mol�L-1. As Pt ion at the electrode surface is

depleted, the hydrogen evolution reaction starts to take

place at a higher rate despite a large amount of Co ion

present in the plating solution since hydrogen reduction

reaction is more thermodynamically favorable to proceed

than the Co deposition reaction. Thus, the amount of Pt–Co

deposited is decreased with a minimal change in the Pt

content. However, when the applied current density

increases from 10 to 20 mA�cm-2, the results are different

depending on the type of supporting electrolyte.

In the H2SO4 supporting electrolyte, increasing the

applied current density from 10 to 20 mA�cm-2 does not

substantially alter the deposited alloy content, where the

Pt contents in all the deposited Pt–Co alloys in H2SO4 are

at a relatively high and narrow level of 83 at%–97 at% Pt.

Only a slight decrease in Pt content is observed, from 94

to 90 at% and from 87 at% to 83 at% Pt for a plating

solution with a Co-to-Pt atomic ratio of 10 and 50,

respectively, when the applied current density increases

from 10 to 20 mA�cm-2, respectively. These results

suggest that as the applied current density increases, the

surface concentration of Pt ion is strongly depleted and

the electrodeposition proceeds toward the mass transfer

limitation of the Pt ion. Despite the abundance of Co ion

in the plating solution and higher energy available (via

Fig. 1 SEM images of Pt–Co electrodeposits obtained from 0.5 mol�L-1 a H2SO4 at natural pH, b Na2SO4 at natural pH, c Na2SO4 at pH 2.6,

d NaCl at natural pH and e NaCl at pH 2.6

Table 2 Amount and chemical composition of Pt–Co electrodeposited at different current densities in different plating baths at natural pH (at%)

iDC/(mA�cm-2) Solution concentration/(mol�L-1) Pt–Co electrodeposited

in solutions

H2SO4 Na2SO4 NaCl

PtCl6
2- Co2? Co:Pt Weight/

(mg�cm-2)

Atomic ratio

of Pt to Co

Weight/

(mg�cm-2)

Atomic ratio

of Pt to Co

Weight/

(mg�cm-2)

Atomic ratio

of Pt to Co

10 0.010 0.1 10 0.26 94:6 0.29 90:10 0.25 81:19

0.004 0.2 50 0.10 87:13 0.17 88:12 0.10 78:22

20 0.010 0.1 10 0.19 90:10 0.54 40:60 0.32 78:22

0.004 0.2 50 0.12 83:17 0.22 5:95 0.33 8:92
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higher applied current) to force the less thermodynami-

cally favorable reaction of Co reduction to proceed, most

of the extra applied current was used for hydrogen evo-

lution rather than Co electrodeposition, leading to a lower

amount of Pt–Co being deposited with only a slight

increase in the Co content.

While the applied current density has only a marginal

influence on the composition of the Pt–Co deposited in

H2SO4 solution, it has a significant effect on the compo-

sition of the Pt–Co deposited in Na2SO4 and NaCl solu-

tions. In Na2SO4, increasing applied current density from

10 and 20 mA�cm-2 significantly reduces Pt content in the

Pt–Co deposit from 90 at% to 40 at% Pt at a Co-to-Pt

atomic ratio of 10, and to as low as 5 at% Pt at a Co-to-Pt

atomic ratio of 50. When a current density of 10 mA�cm-2

was used, the Pt content of the Pt–Co deposits remains in

90 at% even when the Co-to-Pt atomic ratio increases from

10 to 50. However, when a current density of 20 mA�cm-2

was used, the Pt content of the Pt–Co deposits significantly

decreases from 40 at% to 5 at% Pt when the Co-to-Pt

atomic ratio in the solution increases from 10 to 50.

However, the Pt–Co deposited in Na2SO4 at 20 mA�cm-2

at both Co-to-Pt atomic ratios appears to develop a dark

green deposit (Fig. 3a) in form of Co oxide, as shown in

SEM images (Figs. 2g, h, 3b) and EDS (Fig. 3c). Thus,

even though a wide range of Pt–Co deposit compositions

(5 at%–90 at% Pt) could be obtained in the Na2SO4 plating

solution, it is not suitable as a supporting electrolyte for Pt–

Co electrodeposition.

In NaCl, while increasing the applied current density

from 10 to 20 mA�cm-2 does not influence the Pt content

level in the Pt–Co deposits (* 80 at% Pt) in a plating

solution containing a Co-to-Pt atomic ratio of 10, it dra-

matically reduces the Pt contents of the Pt–Co deposits

(from 78 at% to 8 at% Pt) for the plating solution con-

taining a Co-to-Pt atomic ratio of 50. These results indicate

that at the Co-to-Pt atomic ratio of 10 (0.01 mol�L-1

PtCl6
2- in the plating solution) despite increasing the

applied current density to 20 mA�cm-2, there might be

enough Pt ion at the electrode surface for Pt electrodepo-

sition to proceed so that the Pt content of the Pt–Co deposit

remains relatively unchanged (78 at%-81 at% Pt), while

the amount of Pt–Co deposited increases (from 0.25 to

0.32 mg�cm-2). On the other hand, at the Co-to-Pt atomic

ratio of 50 when increasing the applied current density to

20 mA�cm-2, due to significantly low amount of Pt ion in

Fig. 2 SEM images of Pt–Co electrodeposits obtained from 0.5 mol�L-1 a–d H2SO4, e–h Na2SO4 and i–l NaCl supporting electrolytes at

different current densities and Co-to-Pt atomic ratios
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the plating bath (0.004 mol�L-1 PtCl6
2-), there might not

be enough Pt ion at the electrode surface for Pt elec-

trodeposition to proceed. When the applied current density

is high enough (20 mA�cm-2), there is enough energy to

force the less favorable Co deposition reaction to proceed,

and so the amount of Pt–Co deposited in the plating bath

with a Co-to-Pt atomic ratio of 50 is at a comparable level

(* 0.3 mg�cm-2) and has a lower Pt content (8 at% Pt

compared to 78 at% Pt) than those deposited in the plating

bath with a Co-to-Pt atomic ratio of 10.

This study shows that the combination of the applied

current density and the amount of metal ions present in the

plating solution have a significant influence on the com-

position of the Pt–Co deposits, which could be varied over

the wide range of Pt–Co deposit compositions when

Na2SO4 or NaCl was used as the supporting electrolyte.

However, unlike the Pt–Co deposited in the Na2SO4 plating

solution, those deposited in the NaCl do not have a dark

green deposit of Co oxide and normal Pt–Co-deposited

morphologies are obtained (Fig. 2k, l). The incapability of

the H2SO4 electrolyte to produce the low and broad range

of Pt–Co deposit compositions should be due to the

instability of Co in a strong acid like H2SO4. Co deposit

might not form strong bonds or could preferentially dis-

solve during the electrodeposition process in H2SO4 sup-

porting electrolyte, and Pt–Co electrodeposits with low Pt

contents are difficult to produce.

3.3 Varying electrodeposited Pt–Co compositions

From the above results, a broad range of the Pt–Co deposits

(78 at%–8 at% Pt) could be obtained from the NaCl plat-

ing solution without Co oxide formation. Accordingly, the

NaCl plating solution containing Pt and Co concentrations

of 0.004–0.010 mol�L-1 and 0.1–0.2 mol�L-1, respec-

tively, at the natural pH was used to fabricate the Pt–Co

catalysts with different compositions for evaluation of their

effect on the ORR. The electrodeposition was performed at

a current density of 20 mA�cm-2. The morphologies of the

Pt–Co deposits obtained in different plating solutions are

Fig. 3 a Macro-image, b SEM image and c EDS spectrum of Pt–Co electrodeposited on CC at 20 mA�cm-2 in Na2SO4 containing

0.004 mol�L-1 PtCl6
2- and 0.20 mol�L-1 Co2?
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shown in Fig. 4, where Pt composition electrodeposited in

Pt–Co deposit is present in SEM image. The electrode-

posited pure Pt and Co are also included for comparison.

By varying Pt and Co compositions in plating solutions,

Pt–Co deposits with different compositions, ranging from

Pt78Co22 to Pt8Co92, are obtained (Fig. 4). When the

PtCl6
2- concentration is at a high level, increasing Co2?

concentration substantially increases the amount of elec-

trodeposited Co in Pt–Co alloy (Pt content decreases from

78 at% to 45 at%), although less pronounced changes in

the chemical composition are obtained at lower PtCl6
2-

concentrations and minimal changes in the Pt–Co deposit

composition are observed when Pt content is lowered to

13 at%. Like the pure Pt deposit (Fig. 4j), all Pt–Co

deposits consist of granular-shaped particles. The pure Co

deposit, on the other hand, has a large leaf-like structure

(Fig. 4k). The grained particles of the Pt–Co deposits with

high Pt contents (C 45 at%) consist of smaller particles

than those of the pure Pt. The particle sizes are smallest at

the highest Pt content (Pt78Co22) and gradually increase as

Pt content decreases. Interestingly, Pt–Co deposits with a

low Pt content (B 13 at%) still maintain the granular-

shaped structure of the pure Pt rather than change to the

large leaf-like structure of the pure Co.

XRD results of the selected Pt–Co deposits, along with

that of the pure Pt deposit, are shown in Fig. 5. Only the

Pt–Co deposits with high Pt contents (Pt78Co22 and

Pt55Co45) show distinct XRD patterns, where it is observed

that Pt(111), Pt(200) and Pt(220) peaks slightly shift to

higher 2h values compared to those of the Pt deposit,

Fig. 4 SEM images of Pt–Co electrodeposits obtained from NaCl supporting electrolyte containing different concentrations of PtCl6
2- and Co2?

at a fixed current density of 20 mA�cm-2 with different Pt-to-Co deposited atomic ratios: a Pt78Co22, b Pt55Co45, c Pt45Co55, d Pt24Co76,

e Pt21Co79, f Pt10Co80, g Pt13Co87, h Pt11Co89, i Pt8Co92, j pure Pt, and k pure Co

Effect of plating bath composition on chemical composition and oxygen reduction 101
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indicating the alloy formation between Pt and Co [50]. The

lattice constants of these Pt–Co deposits (0.3856 and

0.3665 nm for Pt78Co22 and Pt55Co45, respectively)

become smaller than that of the Pt deposit (0.3924 nm) and

decreases with Co content in the Pt–Co alloys increasing.

The contraction of the Pt lattices, due to the incorporation

of the smaller Co atoms into the larger Pt structure, also

indicates the Pt–Co alloy formation [16, 50–52] during the

Pt–Co electrodeposition. When the Pt content in the Pt–Co

deposits decreases, XRD peaks are depleted and so a very

small peak of Pt(111) is observed for Pt45Co55. This sug-

gests that as Co becomes the base metal, XRD peaks rep-

resenting the Pt host tend to disappear.

3.4 Electrocatalytic activity toward ORR of

electrodeposited Pt–Co alloys

The electrocatalytic activity toward the ORR of selected

Pt–Co-electrodeposited CC with different Pt–Co compo-

sitions was performed by a linear sweep voltammetry using

a RDE in an O2-saturated 0.5 mol�L-1 H2SO4 solution. In

fact, it was also tried to investigate the electrochemical

surface area of the electrodeposited Pt–Co electrodes using

the hydrogen underpotential deposition (HUPD) technique

but were not able to obtain the desirable results due to the

nature of electrode (i.e., CC) studied. The HUPD technique

is based on the hydrogen adsorption/desorption process on

the electrode surface using the cyclic voltammetry (CV)

technique in the N2-purged H2SO4 or HClO4 solution. With

the suitable cathodic limiting potential used, the peaks

corresponding to adsorption and desorption of hydrogen on

the electroactive surface should appear. Various cathodic

limiting potentials were used (in the range of - 0.1 to

0.1 V vs. RHE), but none give the desirable hydrogen

underpotential adsorption peak on the CV. If the potential

was scanned to the more negative potentials, the tail of

cathodic current due to the occurrence of hydrogen evo-

lution is observed, but without a sign of the hydrogen

underpotential adsorption peak. On the other hand, if the

scanned potential is limited to the less negative potentials,

no peaks appear and a flat CV is obtained. The obtained

results should be due to the nature of the CC electrodes

investigated herein. CC was made from bundles of carbon

yarns and then has a porous and rough surface. It is pos-

sible that the desirable hydrogen adsorption/desorption

peaks corresponding to the Pt deposited on the CC surface

might be concealed by the capacitive response due to a

very high surface area of the CC. It is worth noting that a

number of studies have investigated the electrochemical

surface area of the Pt or Pt-based alloy catalysts by the

HUPD technique, but most were done on a glassy carbon

[19, 24, 31, 32, 53–67], graphite [32, 34, 68] or metal

[61, 69, 70] electrode, which has a very smooth surface.

Since the desirable HUPD response is not obtained in this

study, the results are not shown and discussed in detail.

Only the electrocatalytic activity toward the ORR was

investigated, and the linear sweep voltammograms are

presented in Fig. 6.

Figure 6a shows the linear sweep voltammograms of the

ORR on Pt78Co22 deposits at different rotational speeds.

Note that the voltammograms of the Pt–Co deposits with

other compositions follow a similar trend and so are not

shown here for brevity. After the onset of the ORR initi-

ates, the voltammograms can be divided into three regions:

kinetic-limited, mixed kinetic–diffusion and diffusion-

limited regions. In the kinetic-limited region, the rotational

speed does not influence the voltammogram. As the

potential is scanned to the more cathodic direction, the

voltammogram starts to be influenced by the rotational

speed and the ORR is controlled by both kinetic and dif-

fusion. In the diffusion-limited region, the magnitude of the

current density is solely governed by the rotational speed

(i.e., the limiting current density, iL), and the voltammo-

gram reaches a higher current density with rotational speed

increasing.

The linear sweep voltammograms obtained from various

catalysts coated on CC at a rotational speed of

1000 r�min-1 are shown in Fig. 6b. The voltammograms of

the Co-deposited and Co-uncoated CC appear flat, indi-

cating that the ORR does not proceed on these surfaces

since Co and carbon are not good for the ORR. The sur-

faces that have Pt-deposited (Pt and Pt–Co alloys) exhibit

an electrocatalytic activity for the ORR. The onset of the

ORR for all Pt-deposited CC appears to take place at rel-

atively similar potentials, but the current density in the

kinetic region rises at different rates depending on the Pt

content of the catalysts. The voltammograms of the Pt–Co

alloy deposits with C 45 at% Pt have steeper slopes (i.e.,

more positive half-wave potentials) than that of the pure Pt

Fig. 5 XRD patterns of Pt–Co electrodeposits with different

compositions
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deposit, while those with Pt content of\ 45 at% rise

slower (i.e., lower positive half-wave potentials) than that

of the pure Pt deposit. Thus, the ORR activity of the Pt–Co

alloys is dependent on their composition. As reported in the

studies, the relationships between the composition of the

bi-metallic Pt-based alloys and the ORR activity normally

follow the volcano-type behavior, which relates surface

electronic structure (the d-band center) to the activity for

the ORR [14, 20, 71, 72]. The d-band center determines the

strength of the metal–adsorbate bonding. Thus, alloy

composition influences adsorption energies of reactive

intermediates and blocking species on the surface, which

affect the ORR kinetics [13]. When Pt deposits are alloyed

by appropriate amounts of Co, their ORR electroactivity is

improved. Of the Pt–Co compositions investigated in this

study, the Pt78Co22 yields the highest electroactivity, which

is consistent with other reports [12–14, 17, 73–76], where

the Pt3Co alloy has the best ORR performance, a compo-

sition of which the adsorption strength of oxygen and

intermediates is optimal [13, 14, 76] for the ORR.

Quantitatively, the ORR kinetics can be investigated

using the Koutecky–Levich (K–L) equation, where the K–

L plot (i.e., 1/i vs. rotational speed-1/2) can be used to

estimate the kinetic-controlled current density (ik) and the

number of electrons involved in the reaction (n) of the

ORR on the catalysts [77]. However, they were not

investigated in this study due to differences in the nature of

the CC from the smooth glassy carbon. The K–L is nor-

mally used to estimate the ik and n of the ORR based on a

very flat and smooth surface, i.e., glassy carbon

[13, 54, 55, 58, 62, 65–67, 78] or graphite [34] or metal

[11, 69, 70] electrode. As mentioned earlier, the CC is

made from bundles of carbon yarns leading to a very rough

surface and porous structure, which leads to a higher actual

surface area and a different fluid flow pattern or stagnant

film in the region adjacent to the catalyst sites. Thus, the

voltammograms of the ORR on the RDE with CC surface

obtained in this study have significantly higher current

densities (range between * 18 and 55 mA�cm-2 for the

rotational speeds of 500 and 2000 r�min-1, respectively)

than those on the RDE made of the very flat and smooth

surface, which have seldom been reported to exceed

7 mA�cm-2 even at a rotational speed as high as

2500 r�min-1 (references listed above). To our knowledge,

few investigations of the ORR on the RDE made of CC

have been reported. Without proper corrections for the

relevant factors due to the structure of the CC surface, the

estimated values of the kinetic parameters of the catalysts

deposited on the CC using the K–L equation will be very

inaccurate and misleading. Nevertheless, without the

quantitative analysis, the voltammograms still reveal that

the alloy composition of the Pt–Co catalyst influences the

ORR activity and that the Pt–Co alloy with * 75 at% Pt

(78 at% Pt in this study) has the best ORR activity.

4 Conclusion

In this work, Pt–Co alloys on a carbon-supported CC gas

diffusion layer were synthesized by DC electrodeposition

in an attempt to find the suitable plating bath conditions

that can produce a wide range of Pt–Co compositions and

then to investigate the relationship between the composi-

tion of Pt–Co catalyst and ORR activity. It is found that

using the suitable supporting electrolyte allows the elec-

trodeposition process to effectively fine-tune the chemical

composition of the Pt–Co alloys by adjusting the other

electrodeposition parameters such as the applied current

density, solution pH and the concentrations of the Pt and

Co ions in the plating solution. The Pt–Co

Fig. 6 RDE voltammograms for ORR on a Pt78Co22 catalyst at different rotational speeds and b different Pt–Co catalysts at 1000 r�min-1
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electrodeposition in H2SO4 produces Pt–Co alloys with

very high Pt contents that could not be reduced to a level

lower than 80 at% Pt even though the applied current

density and the Co-to-Pt ratio are substantially increased.

Even if the Pt–Co electrodeposition in Na2SO4 is able to

yield a very low and wide range of chemical compositions

(5 at%–97 at% Pt), cobalt oxide is formed on the Pt–Co

deposit surfaces. Only the Pt–Co electrodeposition in NaCl

is found to effectively produce Pt–Co deposits over a wide

range of compositions (8 at%–90 at% Pt). The qualitative

study reveals that the Pt–Co composition has a substantial

impact on ORR activity, where alloying Pt with a Co-to-Pt

content of C 45 at% improves the ORR activity, and the

Pt–Co alloy catalyst with 78 at% Pt content yields the best

ORR performance.
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