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Abstract
Pt45Ru45M10/C (M = Fe, Co, and Ni) catalysts were synthesized and physical and electrochemical properties were analyzed by XRD, TEM, CO

stripping and methanol electro-oxidation activity measurement. Among these catalysts, the Pt45Ru45Fe10/C catalyst exhibited the highest mass

activity of 2.6 A/g catal. while those of the Pt45Ru45Co10/C and Pt45Ru45Ni10/C catalysts were 2.2 and 2.5 A/g catal., respectively. In the case of

specific activity, the catalysts exhibited much higher activities of 110 (130%), 120 (140%) and 150 (170%) mA/m2 for the Fe, Co and Ni

incorporated catalysts, respectively, than 88 mA/m2 of a commercial PtRu/C catalyst.
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1. Introduction

Direct methanol fuel cell (DMFC) is widely studied for

application in portable power sources such as cellular phones

and notebook computers. Present lithium batteries for these

portable electronics are suffering from long recharge and short

operation time. DMFC should be one of the most promising

alternatives to replace lithium batteries because of its short

refuel time and easy handling of liquid fuel, methanol.

However, low catalytic activity for methanol electro-oxidation

in the anode is one of the major problems of low power density

of DMFC [1].

Platinum was firstly used for methanol electro-oxidation,

however, it was easily poisoned by intermediate CO. Improved

CO tolerance was obtained by alloying Ru with Pt [2]. The PtRu

catalyst showed higher activity for methanol electro-oxidation

by the bifunctional mechanism [3]. Though the PtRu catalyst

largely improved the catalytic activity of Pt, higher activity for

methanol electro-oxidation and cost down by replacing

expensive Pt and Ru are essential for commercialization of

DMFC.
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Various efforts were made to improve catalytic activity of

PtRu. Changing oxidation state of Ru [4,5] and incorporation of

non-metals could greatly improve methanol electro-oxidation

activity [6]. Modification by adding a third metal into the PtRu

catalyst resulted in higher methanol electro-oxidation activity

in the PtRuIr [7] and PtRuNi [8] catalysts. Strasser et al.

reported that, from their theoretical screening results, alloying

PtRu with Fe, Co, Rh, Ir and Ni could provide higher activity

than the PtRu catalyst [9].

In this study, we incorporated a third metal into the PtRu/C

catalyst to synthesize Pt45Ru45M10/C (M = Fe (PtRuFe/C), Co

(PtRuCo/C), and Ni (PtRuNi/C)) catalysts. We selected Fe, Co,

and Ni as a third member because their precursors are much

cheaper than novel metals. Characterization of the synthesized

catalysts was carried out by X-ray diffraction (XRD),

transmission electron microscopy (TEM), CO stripping and

methanol electro-oxidation.

2. Experimental

Conventional sodium borohydride reduction method was

used for synthesis of the catalysts. Carbon support (Vulcan

XC72R) was dispersed in mixture of de-ionized water and

isopropyl alcohol, and then metal precursors were dissolved.
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Fig. 1. XRD results of Pt45Ru45Fe10/C, Pt45Ru45Co10/C and Pt45Ru45Ni10/C

catalysts.

Fig. 2. TEM images of (a) Pt45Ru45Fe10/C, (b) Pt4
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H2PtCl6, RuCl3 were used for Pt and Ru precursors,

respectively. For Fe, Co, and Ni metals (NH4)Fe(SO4)2, CoCl3
and NiCl2�6H2O were used as precursors, respectively. Loading

of metals was adjusted to be 60 wt% vs. carbon support. The

mixture was heated to 80 8C and kept for 1 h with stirring.

NaBH4 solution (0.2 M) was added to the mixture solution for

reduction and the mixture was kept for 3 h with stirring. The

catalyst and solvent mixture was filtered and washed with hot

water. The final catalyst slurry was dried at 100 8C overnight.

A three-electrode-type beaker cell was used for electro-

chemical characterization. Platinum wire and Ag/AgCl

electrode (BAS Co. Ltd., MF-2052 RE-5B) were used as

counter and reference electrodes, respectively. Glassy carbon

electrode with 3 mm diameter (BAS Co. Ltd., MF-2012) was

used as a working electrode. The working electrode was

prepared by the thin-film method suggested by Schmidt et al.

[10]. Catalyst was dispersed in de-ionized water and sonication
5Ru45Co10/C and (c) Pt45Ru45Ni10/C catalysts.



Fig. 4. Methanol electro-oxidation activity measurement results in 1 M

H2SO4 + 1 M methanol electrolyte. Scan rate was 15 mV/s.

Fig. 3. CO stripping results of (a) Pt45Ru45Fe10/C, (b) Pt45Ru45Co10/C, (c) Pt45Ru45Ni10/C and (d) PtRu/C catalysts.
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was carried out. The resulting catalyst dispersion was dropped

on the glassy carbon electrode. After drying in the air, 5 wt%

Nafion ionomer solution was dropped on the working electrode

to stabilize the catalyst layer. CVand CO stripping were carried

out in a 1 M HClO4 solution, while methanol electro-oxidation

was carried out in a 1 M H2SO4 + 1 M CH3OH solution. All the

electrochemical experiments were done at a scan rate of 15 mV/

s. In CO stripping, CO was bubbled for 1 h keeping the working

electrode at a constant voltage of 0.1 V. Dissolved CO in the

electrolyte was purged by N2 gas bubbling for 50 min. All

voltages shown in this paper were converted to reversible

hydrogen electrode (RHE) scale.

3. Results and discussion

Fig. 1 shows X-ray diffraction results of the synthesized

catalysts. Peaks from oxides of Ru or third metals were not

observed, indicating well-mixed alloy formation. Average

particle sizes calculated by the Debye–Scherrer equation for the

catalysts incorporated with Fe, Co, and Ni were 4.6, 5.2, and

5.0 nm, respectively. TEM images are displayed in Fig. 2.

Uniform dispersion of the catalysts without agglomeration was

observed for the all catalysts.

CO stripping results of the synthesized catalysts and a

commercial PtRu/C catalyst (60 wt%, Pt:Ru = 1:1 at.%, E-

tek) are shown in Fig. 3. Decrease of on-set voltage for CO

electro-oxidation was observed in the synthesized catalysts.

The PtRuFe/C catalyst exhibited lowered CO electro-

oxidation on-set voltage of 0.46 V compared with 0.48 V
of the PtRuCo/C and PtRuNi/C catalysts and 0.49 V of the

PtRu/C catalyst. This lowered CO electro-oxidation on-set

voltage might have originated from Pt–Fe alloy formation.

Watanabe et al. reported that alloying Pt with Fe could

weaken Pt–CO bonding by preventing electron back-donation

from Pt to CO [11,12].

Electrochemically active surface area (EAS) was calculated

from the CO electro-oxidation area with an assumption that the

charge of CO monolayer adsorption is 420 mC/cm2. The

calculated EAS were 23, 18 and 17 m2/g catal. for the PtRuFe/

C, PtRuCo/C and PtRuNi/C catalysts, respectively. EAS of the

PtRu/C catalyst was 26 m2/g catal., which was higher than the



Table 1

Electrochemical properties of Pt45Ru45Fe10/C, Pt45Ru45Co10/C, Pt45Ru45Ni10/C and PtRu/C catalysts

Catalysts EAS

(m2/g catal.)

On-set voltage for

CO electro-oxidation

Current density at

0.5 V (mA/cm2)

Mass activity

(A/g catal.)

Specific

activity (mA/m2)

Pt45Ru45Fe10/C 23 0.46 3.0 2.6 110

Pt45Ru45Co10/C 18 0.48 2.5 2.2 120

Pt45Ru45Ni10/C 17 0.48 2.9 2.5 150

PtRu/C (E-tek) 26 0.49 2.6 2.3 88

M.K. Jeon et al. / Catalysis Today 132 (2008) 123–126126
other catalysts because of larger amount of Pt and smaller

particle size. Though the synthesized catalysts have only 10%

smaller amount of Pt than the PtRu/C catalyst, the PtRuCo/C

and PtRuNi/C catalysts showed largely reduced EAS. This

result indicates that exposure of Pt to the surface of catalyst

particles was hindered by incorporation of Co and Ni.

Fig. 4 shows methanol electro-oxidation activity measure-

ment results. Current densities of the catalysts at 0.5 Vare listed

in Table 1. The current densities were converted into mass and

specific activities. In the case of mass activity, the PtRuFe/C

and PtRuNi/C catalysts showed mass activities of 2.6 and

2.5 A/g catal., respectively, which were higher than 2.3 A/

g catal. of PtRu/C. However, PtRuCo/C catalyst exhibited

slightly lower mass activity of 2.2 A/g catal. than that of PtRu/

C. To remove surface area dependence on the activity of the

catalysts, specific activity was calculated by dividing mass

activity by EAS obtained from the CO stripping. Specific

activities of the catalysts were 110, 120, and 150 mA/m2 for the

PtRuFe/C, PtRuCo/C, and PtRuNi/C catalysts, respectively.

When compared to specific activity of 88 mA/m2 of the PtRu/C

catalyst, increase of specific activities by addition of a third

metal is clear. The specific activity of Pt45Ru45Ni10/C catalyst

was 70% higher than that of PtRu/C.

4. Conclusion

The Pt45Ru45M10/C (M = Fe, Co, and Ni) catalysts were

synthesized and physical and electrochemical properties were

analyzed. CO stripping results revealed that the Pt45Ru45Fe10/C

catalyst had a similar EAS to that of the PtRu/C catalyst, while
EAS of the Pt45Ru45Co10/C and Pt45Ru45Ni10/C catalysts were

largely decreased. In methanol electro-oxidation activity

measurement, the Pt45Ru45Fe10/C catalyst exhibited the highest

mass of 2.6 A/g catal. and the Pt45Ru45Ni10/C catalyst showed

highest specific activity of 150 mA/m2, which was 70% higher

than that of commercial PtRu/C catalyst. These new catalyst of

high methanol electro-oxidation activity are promising

candidate for DMFC anode catalyst.
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