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Abstract The use of Pt binary and ternary alloys prepared

by alloying of Pt with transition metals, as catalysts for

fabricating of gas diffusion electrodes (GDEs) is reported.

Electrocatalytic properties of oxygen reduction reaction

(ORR) were evaluated by cyclic voltammetry, electro-

chemical impedance spectroscopy, polarization experiments

and chronoamperometry. The morphology of the GDEs and

elemental compositions of the Pt alloys were characterized

by X-ray diffraction (XRD) analysis and inductively coupled

plasma atomic emission spectroscopy (ICP-AES) system.

The results indicate that the introduction of Pd and Cd as

transition metals in Pt alloys provides fast ORR kinetics. The

performance of GDEs with Pt–Pd alloy surfaces for ORR

was also studied as a function of overall composition and

surface atomic distribution of Pt alloys. The results also show

that alloying of Pt with transition metals and various amounts

of Pt and Pd in the binary catalysts has a large effect on the

performance of GDEs for ORR.

Keywords Platinum � Alloy � Oxygen reduction

reaction � Gas diffusion electrode

1 Introduction

Polymer-electrolyte fuel cells (PEFCs) have attracted great

attention due to their high power density, low-temperature

operation and environmentally friendly technology. Nano-

sized platinum catalysts are used both in the cathode and

anode of the PEFCs. A high dispersion is required to enhance

catalytic activity and reduce the amount of expensive pre-

cious metals used. The wide variety of pore structures and

chemical functional groups on the surface of carbon supports

affects the dispersion of Pt nanoparticles [1]. Among the

various carbon supports, carbon nanotubes (CNTs) are very

attractive as electrocatalyst supports, because they have

unique physicochemical characteristics such as good intrinsic

conductivity, a pore structure without micro pores, durability

under corrosive conditions and mechanical toughness.

In order to reduce cathode activation losses due to the

comparably sluggish kinetics of the oxygen reduction

reaction, more active catalysts must be used [2–4]. One

way to improve cathode performance is to use supported Pt

catalysts that have higher surface area and lower platinum

loading [5–10]. Further improvement in the reduction of

cathode activation potential, and at the same time to lower

its price, can be achieved by using Pt-based alloys with

transition metals. In the last decades, oxygen reduction on

platinum surfaces and especially on platinum alloys has

captured the attention of both experimental [11–18] and

theoretical [19–24] researchers due to its importance in fuel

cells and other energy conversion systems. Despite the

interest, there are still unresolved issues stemming from

slow kinetics of the reactions and also from the incomplete

understanding of its mechanism. Alloy catalysts have been

proposed and tested with various degrees of success,

attributed to the changes in their electronic structure with

respect to that of Pt and to the changes in their physical

structure (metal–metal distances and coordination num-

bers). It has been demonstrated that the use of alloys such

as Pt–Fe, Pt–Ni, Pt–Co and Pt–Cr leads to an enhancement

in the activity of oxygen reduction on the cathode of the

fuel cells compared with pure platinum. Recent
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experimental work [13–15, 18, 24–28] has tested the use of

bimetallic Pt alloys as oxygen reduction catalysts. Wang

et al. studied the reaction thermodynamics for the direct

four electron reduction through evaluating the Gibbs free

energy change for each step on a group of transition metal

atoms [20]. This analysis indicated that it is possible to

separate the effect of the first reduction step from those of

the last three steps, which may be considered coupled.

Wang et al. and Sidik et al. assumed that the oxygen

molecule does not dissociate before the first electron and

proton transfer and that the product for this step is OOH,

which dissociates on the surface as suggested [20, 21].

Wang et al. studied the change in reaction energy (at 0 K)

for the direct four electron reduction through evaluating

DE1 for the first electron reduction step on a given metal

site, M, as:

O2 þMþ Hþ þ e� ! M�OOH ð1Þ

Followed by DE2 for the reaction:

M�OHþM�Oþ 3Hþ þ 3e� ! 2Mþ 2H2O ð2Þ

This combines the last three electrons and proton transfers,

representing the successive reductions of the adsorbed

hydroxyl and atomic oxygen—resulting from the dissoci-

ation of the OOH intermediate—to water molecules [29].

Calvo et al. also proposed [30] that a good ORR catalyst

could be designed as the combination of a metal that

adsorbs OOH more strongly than Pt, and a second metal

able to bind OH and O less strongly than Pt, thus favoring

O and OH reduction to water. Many studies have used

Eqs. 1 and 2 to evaluate the performance of various Pt–Pd

combinations [18, 23, 24, 31, 32].

The purpose of this study is to improve the catalytic

activity of platinum, by alloying it with transition metals,

for the oxygen reduction reaction at cathode sites; and to

investigate the electrochemical and electrocatalytic char-

acteristics of binary and ternary alloys in GDEs. Pt binary

and ternary alloy catalysts were prepared with Pd and Cd.

The alloy catalysts were characterized by X-ray diffraction

and ICP-AES. The alloy catalysts were supported on

SWCNTs, used in the catalyst layer of GDEs, and char-

acterized by various electrochemical techniques. The

present work focuses on the preparation of Pt alloy cata-

lysts with high total loading (50 wt%).

2 Experimental work

2.1 Surface modification of SWCNTs

The surfaces of commercial SWCNTs (Aldrich) were func-

tionalized with carboxyl functional groups. For this purpose,

commercial SWCNTs and concentrated nitric acid were

refluxed at 140 �C for 7 h. They were then washed well with

deionized water and dried to produce a modified catalyst.

2.2 Electrocatalyst preparation

To support Pt nanoparticles on SWCNTs, the well-known

impregnation method followed by liquid-phase borohy-

dride was adopted. A mixture of modified SWCNTs and

H2PtCl6 (Aldrich) was suspended by sonication in 40 mL

of deionized water. Subsequently, Pt nanoparticles were

reduced and supported on the SWCNTs by NaBH4 (Kanto

Chemical) as the reducing agent, simultaneously, and

washed with deionized water several times. The filtrate was

collected to determine the exact loading by measuring the

Pt residue. After drying, the Pt nanoparticles supported on

the SWCNTs were obtained were then dispersed in 25 mL

of de-ionized water, and ultrasonically stirred for 10 min.

Appropriate amounts of 0.1 M solutions of the transition

metal salts [PdCl2 (Merck) or CdCl2 (Merck)] were added

to this suspension. The Pd or Cd precursors were reduced

and supported on the SWCNTs by NaBH4 as the reducing

agent, and washed with deionized water several times.

With the aim of studying the effect of the composition on

performance of electrodes with Pt–Pd catalysts, which

exhibited better performance than others, Pt–Pd alloys

were prepared with different compositions (75:25, 50:50

and 25:75 atomic ratios). To study the effect of the order of

deposition of Pt and Pd on SWCNTs, a Pd–Pt catalyst was

prepared by deposition of Pt onto the supported Pd parti-

cles. It is to be noted that we had already prepared Pt–Pd

catalyst by deposition of Pd onto the supported Pt particles.

The atomic ratio of Pd and Pt in Pd–Pt alloy was adjusted

to 25:75. The Cd in Pt–Cd alloy was adjusted to 75:25, and

for Pt–Pd–Cd alloy it was adjusted to 60:20:20. The

obtained catalysts were characterized by recording the

powders X-ray diffraction (XRD) pattern on a Philips

PW1800 X-ray diffractometer, using Cu Ka radiation

operating at 40 kV and 30 mA. The analysis of the atomic

composition of the catalysts was performed with an IRIS

advantage inductively coupled plasma atomic emission

spectroscopy (ICP-AES) system (Varian Austria).

2.3 Fabrication of gas diffusion electrode

and electrochemical measurements

Porous GDE was constructed according to a previously

described procedure [15]. To prepare the PTFE-bonded

porous gas diffusion layer (GDL), a 70% commercially

available carbon Vulcan (XC-72R from ElectroChem Inc.)

and 30% PTFE (from ElectroChem Inc.) emulsion were

used and painted onto a carbon paper TGP-H-0120

(Toray). The resulting composite structure was dried in air

at 80–90 �C for 1 h, followed by thermal treatment at
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250 �C for 30 min to remove the dispersion agents con-

tained in the PTFE, and finally sintered in air at 340 �C for

15 min. The PTFE is an effective binder and impacts

hydrophobicity to the gas diffusion regime of the electrode.

To prepare the catalyst layer, a mixture comprised of a

homogeneous suspension of Nafion solution (5 wt% from

Aldrich), one of the as-prepared catalysts and isopropanol

(Merck) as solvent were homogenized using a sonicator

(Misonix Model S-3000) for 20 min. The prepared ink was

painted on GDL, and the resulting composite structure was

dried in air at 25 �C for 1 h, and finally sintered in air at

140 �C (the glass transition temperature of Nafion) for

45 min. Nafion and Pt loadings were 1 and 0.5 mg cm-2 in

the GDEs, respectively. The reduction of oxygen was

investigated with the porous GDE (geometric exposed area

of 1.3 cm2) in 2 M H2SO4 solution. The linear sweep

voltammetry (LSV) measurements were carried out at

298 K in a conventional three-electrode cell with the O2

flow rate of 50 ml min-1. The cyclic voltammetry (CV)

experiments were done under argon atmosphere. The

GDEs were mounted on a Teflon holder, containing a high

pyrolytic graphite disk as a current collector (which had

arrangements for oxygen feed from the back of the elec-

trode). A large-area platinum flat electrode was used as the

counter electrode. An Ag/AgCl reference electrode was

placed close to the surface of the working electrode. The

electrochemical cell was connected to a potentiostat-gal-

vanostat digital electrochemical analyzer (Radiometer

Model DEA332), equipped with an IMT 102 electro-

chemical interface for the CV, chronoamperometry and

LSV, and also to a computer controlled 302 Autolab

electrochemical system (EcoChemie, Utrecht, Netherland),

driven with GPES and FRA softwares (EcoChemie) for

electrochemical impedance spectroscopy (EIS). In the

present work, an AC potential amplitude of 5 mV in the

frequency range 1 mHz to 10 kHz was applied.

3 Results and discussion

3.1 Cyclic voltammetry study (CV)

The cyclic voltammetry studies were carried out to deter-

mine the electrochemical surface area (ESA), and to

elucidate the adsorption properties of Pt surface. The vol-

tammograms of electrodes with various alloy catalysts in

the catalyst layers are presented in Fig. 1, Table 1 shows

the EAS calculated by Eq. 3 [33]:

EAS ¼ QH

Pt½ � � 0:21
ð3Þ

where [Pt] represents the platinum loading (mg cm-2) in

the electrode, QH is the charge for hydrogen desorption

(mC cm-2) and 0.210 represents the charge required to

oxidize a monolayer of H2 on bright Pt [34–36]. As shown

in Table 1, there is a marked influence of the surface

composition on hydrogen adsorption capacity of the alloys.

As Fig. 1 shows, GDE1 and GDE2 have larger hydrogen

adsorption peaks, corresponding to higher active catalyst

surface areas. Figure 1 also shows that GDE6 and GDE7

have smaller hydrogen adsorption peaks, which may be due

to blocking of the Pt active sites by Cd. A single peak (p1)

during the cathodic sweep was also observed. This peak is

normally assigned to the oxide reduction profile of the

metals.

As can be observed in Fig. 1, the second and third metal

additions has influenced the hydrogen adsorption potential,

the oxide reduction potential and the charge passed due to

hydrogen adsorption. Some factors that may explain this

electrocatalytic performance include: (a) the ratio of low

coordinated surface atoms, which increases inversely with

particle size; (b) the electronic state of small metal parti-

cles; (c) the strong metal-support interaction and (d) the
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Fig. 1 Voltammograms of electrodes each with a Pt loading of

0.5 mg cm-2 and a Nafion loading of 1 mg cm-2 in the catalyst layer

(scan rate 50 mV s-1 temperature; 25 �C)

Table 1 QH and EAS for the tested electrodes extracted from the

voltammograms of Fig. 1

Number

of GDEs

Catalyst used in

GDE preparation

QH (mC) EAS

(m2 g-1)

GDE1 Pt/CNT 73.2 69.7

GDE2 75:25 Pt–Pd/CNT 69.3 66

GDE3 50:50 Pt–Pd/CNT 51.6 49.1

GDE4 25:75 Pt–Pd/CNT 37.6 33.9

GDE5 25:75 Pd–Pt/CNT 18.7 17.8

GDE6 75:25 Pt–Cd/CNT 3.99 3.8

GDE7 60:20:20 Pt–Pd–Cd/CNT 5.78 5.5
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synergistic effect. The loss of utilization in alloy catalyst is

explained by the loss of electrochemical surface area due,

in part, to the particle size and addition of transition metal

ions. In the case of Pt alloys, the loss can be attributed to

the decrease of Pt surface sites due to the substituted

transition metals. Comparison of electrodes containing

Pt–Pd, with different compositions of Pt and Pd in the

catalyst layer, showed that GDE2 presented the highest

active sites for hydrogen adsorption, and the excess of

transition metals decreased the catalytic activities. It is also

indicated that the amount of transition metals in the catalysts

is one of the factors in determining the performance. As

Table 1 shows, the addition of transition metals covers some

Pt sites, which, in turn, decreases the available Pt sites.

3.2 Determination of kinetic parameters

In order to obtain information about the kinetic parameters

of oxygen reduction reaction in the fabricated GDEs, a

Tafel plot was drawn and its data were fitted by the fol-

lowing equations [37]:

E ¼ E0 � b log ið Þ � iR ð4Þ

where,

E0 ¼ Er þ b log i0ð Þ ð5Þ

In the Eqs. 4 and 5, ‘‘i0’’ is the exchange current density for

oxygen reduction, ‘‘b’’ is the Tafel slope, ‘‘E0’’ is the

reversible potential for the oxygen electrode reaction, and

‘‘R’’ represents the resistance (predominantly the ohmic

resistance of the electrolyte), responsible for the linear

variation of potential versus current density. The Eq. 4 is

valid to the end of the linear region of the potential versus

current density plot. At higher current densities, the dif-

ference of the E versus i data from Eq. 4 is due to the

rapidly increasing contribution of mass-transport overpo-

tentials. The parameters E0, b and R were evaluated by a

nonlinear least squares fitting of Eq. 4 to the experimental

data. Using the R values, the iR-corrected Tafel plots

(E ? iR versus log i) were obtained. Variations of the Tafel

slope with different catalysts in the GDEs are shown in

Table 2. Tafel slopes for various catalysts towards oxygen

reduction lie within the range of 32–84 mV dec-1.

Although GDE3, GDE4 and GDE5 show slightly larger

Tafel slopes than GDE1, compared to the Tafel slope

values of Table 2, the Tafel slope values obtained for

GDE2 is the smallest, indicating excellent performance.

This is because Pd forms less stable Pd–O bonds in GDE2,

which are easier to reduce comparing to Cd. It can be

inferred that Cd will stabilize the Cd–O bonds, resulting in

a highly negative reduction in potential that is generally too

negative to be of interest in power source applications

[38, 39].

Comparison of the GDEs with Pt–Pd, as catalysts with

different compositions of Pt and Pd in the catalyst layer,

showed that GDE2 presented smaller Tafel slope. Based on

this result, it is shown that GDE2 acts as a good ORR cat-

alyst. Calvo et al. [30] showed that 3:1 Pt–Pd (in this study

used in preparation of GDE2) favours the reduction of OH

at the surface compared with other catalysts, allowing a

weaker interaction of OH with the surface compared with

other catalysts. According to their thermodynamic analysis,

the best catalyst may be 3:1 Pt–Pd, which is almost as good

as Pt for dissociating the O–O bond and it performs better

than others for reduction of adsorbed O and OH. Their result

is in good agreement with our results.

3.3 Chronoamperometry

Chronoamperometry was used to quantitatively compare

the diffusivity of oxygen in the GDEs according to Jiang

et al. [40]:

i tð Þ ¼ nFA D=ptð Þ0:5C� ð6Þ

where, ‘‘i’’ is the current (mA); n is the number of elec-

trons; ‘‘F’’ is the Faraday constant (96485 C mol-1); ‘‘A’’

is the surface area of the electrode (cm-2); ‘‘D’’ is the

diffusion coefficient (cm2 s-1); ‘‘t’’ is the time (s), and

‘‘C*’’ is the concentration of the reactant (mM). One can

define D0.5C* as permittivity of oxygen at GDEs. A Cott-

rell plot can be obtained from chronoamperometry (i versus

t-1/2) and the permittivity of oxygen can be calculated from

the slope of this plot. The variation of permittivity of

oxygen in the tested electrodes is shown in Fig. 2. The

GDEs consist of a distribution of pores with different radii

(micro and macro pores), and therefore, have different

permittivity values. According to our findings, the per-

mittivity of GDE6 is more than that of the other GDEs.

This result is consistent with the ability of oxygen diffusion

in the reaction layer, due to distribution of its micro and

macro pores. Comparison of GDEs with Pt–Pd as catalyst,

with different compositions of Pt and Pd in the catalyst

layer, showed that GDE2 presented the highest permittivity

Table 2 Variation of Tafel

slope with different catalysts
Number

of GDEs

Tafel slope

(mV dec-1)

GDE1 53

GDE2 32

GDE3 84

GDE4 83

GDE5 71

GDE6 47

GDE7 36

GDE8 60
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value. This result is consistent with its high porosity

because of the smaller average particle size (see Sect. 3.5).

3.4 Impedance spectroscopy study

Impedance spectroscopy was used to characterize the ionic

resistance; the impedance spectra were recorded at the

open circuit voltage and under Argon reflux. We also

assumed that diffusion and kinetic impedances associated

with Faradaic process were negligible because the elec-

trodes were purged with argon prior to and during the

impedance measurements. At high frequencies, a Warburg-

like response was observed, corresponding to ion migration

through the catalyst layer. The ionic resistance, Rionic, can

be obtained from the length of the Warburg-like region

projected onto the real impedance (Z0) axis (=Rionic/3) [41].

Figure 3 shows the impedance spectra in the Nyquist plot

at the open circuit voltage. The corresponding data are

shown in Table 3. These data show that the ionic resistance

in GDE2 is smaller than in the other GDEs, confirming the

previous outcomes about this GDE. The data also shows

that ionic resistances are higher in GDE6 and GDE7 than in

the other GDEs. Ideally, it would be preferable to use

Pt–Pd alloy in the catalyst layer.

3.5 Characterization of the alloy catalysts

Composition of the electrocatalysts was evaluated by ICP-

AES analysis, and the results for compositions of all the

catalysts were found to be near to the stoichiometric val-

ues. Figure 4 shows the X-ray diffraction patterns of the

CNT-supported Pt alloy catalyst. The first peak located at

ca. 26.5� in all the XRD patterns is associated with the

CNT support. The other four peaks are characteristic of the

face-centered-cubic (fcc) crystalline Pt (JCPDS-ICDD,

Card No. 04-802), corresponding to the planes (1 1 1), (2 0

0), (2 2 0) and (3 1 1) at 2h values of ca. 39.6�, 46.1�, 67.2�
and 81.8�, respectively; indicating that all the alloy cata-

lysts have principally single phase disordered structures

(i.e. solid solutions). Since XRD is mass sensitive, a small
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Table 3 Ionic resistance of the

tested electrodes extracted from

Fig. 3

Number

of GDEs

Rionic (X)

GDE1 26

GDE2 19

GDE3 71

GDE4 90

GDE5 32

GDE6 60

GDE7 130

GDE8 42
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Fig. 4 XRD diffractograms of the CNT supported Pt and Pt alloy

electrocatalysts
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fraction of larger particles within the samples could pro-

duce the narrower diffraction peaks. Therefore, the broad

diffraction peaks, as shown in Fig. 4, suggest that as-pre-

pared 75:25 Pt–Pd/CNT and 75:25 Pt–Cd/CNT exist in

small particles sizes with a relative narrow particle size

distribution and in a disordered form. Further, as Fig. 4

shows, the PdO peak (JCPDS, Card No. 46-1211) for 25:75

Pd–Pt/CNT is very broad and its crystalline size is con-

sidered to be very small. Indeed, if the reflection intensities

of the other metals are low compared with those of plati-

num and/or if the metals are present in amorphous

compounds, they will not be detected in the diffractograms.

A less likely possibility is that the nanotube contaminants,

in the preparation procedure, were covered by platinum to

the point of not being detected. The presence of palladium

and cadmium, incorporated as a substitution in the plati-

num structure, was noted through the shift of the Bragg

angles with respect to the values of the platinum. Com-

pared to the same reflections in Pt, the diffraction peaks for

the alloy catalysts were shifted very slightly to higher or

lower 2h values, probably indicating the formation of

alloys involving Pd and Cd substituted into the fcc struc-

ture of the Pt. The crystallite size of the catalysts was

estimated from the XRD data using the Debye-Scherrer

equation. For this purpose, the (2 2 0) reflection of the Pt

face centered cubic (fcc) structure around 2h = 67� was

used. The particle size was calculated by the Debye-

Scherrer equation [22]:

L ¼ 0:9kCuK

B2h cos hmax

ð7Þ

where, ‘‘L’’ is the average particle size; ‘‘kCuK’’ is the X-ray

wavelength; ‘‘B2h’’ is the full width at half maximum, and

‘‘hmax’’ is the angle at peak maximum. The average particle

sizes are provided in Table 4. For 75:25 Pt–Pd/CNT, the

particle size was 29 nm, while for 60:20:20 Pt–Pd–Cd/

CNT, it was significantly higher (43 nm). This large dif-

ference in particle size cannot be explained by the presence

of other metals. Larger differences were also observed

between 75:25 Pt–Pd/CNT and 50:50 Pt–Pd/CNT, and also

between 75:25 Pt–Pd/CNT and 25:75 Pt–Pd/CNT. The

crystallite size of 75:25 Pt–Pd/CNT supported on the

nanotubes was 29 nm, while for 50:50 Pt–Pd/CNT and

25:75 Pt–Pd/CNT, it was much higher (57 and 58 nm,

respectively). This reveals the effect of various amounts of

Pt and Pd in the binary catalysts.

4 Conclusions

The electrochemical properties of GDEs in acid medium,

using Pt based binary and ternary alloy catalysts (prepared

by the borohydride reduction processes) have been inves-

tigated. The results indicate that the amount of transition

metals in catalysts may be one of the main factors in

determining the performance of GDEs. Comparison of

GDEs with Pt–Pd as catalyst, with different compositions

of Pt and Pd in the catalyst layer, shows that GDE2 has the

smallest Tafel slope. Impedance spectroscopy also shows

that in GDE6 and GDE7 with Cd as transition metal, the

ionic resistances are higher than in other GDEs. Further,

GDE2 shows the smallest ionic resistance among other

GDEs. Ideally, it would be preferable to use Pt–Pd alloy in

the catalyst layer, because Pd forms less stable Pd–O bonds

in GDE2 which is comparatively easier to reduce than Cd.

It can be inferred that Cd will stabilize the Cd–O, resulting

in a highly negative reduction potential, which is generally

too negative to be of interest in power source applications.

XRD studies on these electrocatalysts suggested a

change in crystallographic structure of the alloy electro-

catalysts with respect to Pt.

The significantly lower costs of Pd and Cd catalysts and

the relative abundance of these metals compared to Pt

could enhance the commercial viability of fuel cell

technology.

Our research indicates a promoting effect of the bime-

tallic catalyst in enhancing the ORR, and that Pt–Pd

especially with 75:25 atomic ratio (used to prepare GDE2)

could be an economical candidate to replace Pt as a cath-

ode fuel-cell catalyst.
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