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Abstract
PtRu/C catalysts were prepared using an aqueous co-impregnation method with NaBH4 as a reducing agent. In order to investigate the effect of

the reducing agent concentration, metal ions were reduced in different NaBH4 concentrations for which the molar ratios of NaBH4 to metal ions

were controlled to 1, 2, 5, 15, 50, and 250. The electrochemical properties were studied by cyclic voltammetry in a 0.5 M H2SO4 solution. The

surface compositions and oxidation states of the catalysts were observed by X-ray photoelectron spectroscopy (XPS). According to the X-ray

diffraction (XRD) results, Pt (fcc) peak shifts were observed and crystal sizes were calculated. The electro-catalytic activities of the prepared

catalysts for methanol electro-oxidation were estimated using linear sweep voltammetry. Unit cell tests were carried out to compare the direct

methanol fuel cell performances. The NaBH4 concentration was found to affect the dispersion and the surface composition of the prepared PtRu

particles. Optimum molar ratios of NaBH4 to metal ions were 5 and 15 for methanol electro-oxidation.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

PtRu alloy is generally regarded as the most appropriate

catalyst for methanol electro-oxidation. It is known that Ru

easily removes CO from Pt atoms and enhances the catalytic

activity of methanol electro-oxidation by a bifunctional

mechanism or a ligand effect [1–3]. However, the possibility

of the commercialization of direct methanol fuel cell (DMFC)

remains unclear due to the low power density caused by the low

catalytic activity for methanol oxidation and due to methanol

crossover through the membrane. Many researchers have

sought to improve the activity of the PtRu catalyst in various

approaches. One such technique increases the active surface

area using the carbon support, which has a large surface area

and high electron conductivity. Carbon black has being used as
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a catalyst support of commercial products. Nano-structured

carbon materials such as carbon nanotubes [4,5], carbon

nanofibers [6,7] or mesoporous carbon [8,9] made using a

template method have recently been studied as new catalyst

supports. Another approach is to add one or more elements into

the PtRu alloy to make ternary or quaternary catalysts [10–15].

A third is to make the catalyst particles smaller and more

dispersive on the carbon support, which is possible through a

variety of techniques.

It is fundamentally important to make metal ions to metal

seeds and then to grow the metal seeds uniformly into small

particles because a highly dispersed catalyst particle is

essential for a large active surface area. There are several

methods to synthesize PtRu nano-particles for fuel cell

application including the impregnation method, the colloidal

method, the micro-emulsion method, and the polyol method

[16–22]. Among these methods, the impregnation method is

most widely used because the process is simple. This method

includes many variables, such as the use of different reducing
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agent and metal precursors, as well as different means of

mixing the reducing agent and changing the pH, which affects

the particle size, dispersion, morphology, surface composition,

and degree of alloying.
Fig. 1. TEM images of the prepared catalysts: (a) x
In this work, the effect of the NaBH4 concentration as the

reducing agent is investigated via an aqueous co-impregnation

method. PtRu/C catalysts were prepared via an impregnation

method under different NaBH4 concentrations. Each sample
1, (b) x2, (c) x5, (d) x15, (e) x50 and (f) x250.



Fig. 2. X-ray diffraction patterns of the prepared catalysts.

Fig. 3. Crystal size change with the molar ratio of NaBH4 to metal precursor.
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was then analyzed by transmission electron microscopy (TEM),

cyclic voltammetry (CV), X-ray photoelectron spectroscopy

(XPS) and X-ray diffraction (XRD). Unit cell performances

were also tested for use with direct methanol fuel cells with the

prepared catalysts.
Table 1

Properties of the crystal and surface of the prepared catalyst from XRD and XPS

Catalyst name Position of fcc

(1 1 1) (2u)

Lattice

constant (Å)

C

si

x1 40.20 3.88 3

x2 40.10 3.89 4

x5 40.32 3.863 2

x15 40.70 3.83 2

x50 40.27 3.874 2

x250 40.18 3.883 2

Commercial PtRu/C – – –
2. Experimental

2.1. Preparation of PtRu/C catalysts

Carbon black, Vulcan-P (about 150 m2 g�1 BET surface area)

from the Cabot Corporation was suspended in deionized water

and sonicated. H2PtCl6 and RuCl3 were dissolved in deionized

water and stirred. These two solutions were mixed together and

stirred sufficiently. The amounts of metal precursors were

adjusted that Pt and Ru had a molar ratio of 1:1 and the total metal

content in the catalyst was 60 wt%. NaBH4 solutions of different

concentrations were prepared in which the molar ratio of NaBH4

to Pt and Ru metals was 1, 2, 5, 15, 50 and 250. The mixed

solutions of the carbon black and metal ions were poured into

each NaBH4 solution rapidly. After 20 min the prepared catalysts

were filtered and washed with boiling water for 3 h. The

catalysts were then dried in vacuum oven at 80 8C for 12 h.

The catalysts prepared using 1, 2, 5, 15, 50 and 250 times of the

NaBH4 molar content to the metal precursors were designated as

‘x1’, ‘x2’, ‘x5’, ‘x15’, ‘x50’ and ‘x250’, respectively.

2.2. Characteristics of PtRu/C catalysts

Transmission electron microscopy (TEM) images of the

prepared catalysts were obtained by a Philips TECNAI F20, and

powder X-ray diffraction (XRD) patterns were recorded on a
results

rystal

ze (nm)

Oxidation state of Pt

relative amount (%)

Surface composition

Pt:Ru (%)

Pt0 Pt2+ or Pt4+

.6 48.3 51.7 12:88

.1 53.1 46.9 25:75

.4 42.3 57.7 52:48

.0 37.9 62.1 59:41

.0 48.1 51.9 59:41

.2 53.0 47.0 63:37

36.7 63.3 46:54



Fig. 4. Cyclic voltammograms of the commercial catalysts in 0.5 M H2SO4 solution at the scan rate of 20 mV/s: (a) commercial Pt/C and (b) commercial PtRu/C.
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Rigaku D/MAX-IIIC X-ray diffractometer using Cu Ka

radiation. The crystal sizes were calculated from the XRD

results using the Debye–Scherrer equation. X-ray photoelec-

tron spectroscopy (XPS) were analyzed with an ESCA-LAB

MK II from VG Scientific LTD using Mg Ka radiation, and the

binding energies were calibrated with a C 1s value of 284.6 eV.

2.3. Electrochemical measurements

For the cyclic voltammetry and the linear sweep voltam-

metry, a platinum mesh and an Ag/AgCl electrode were used as

the counter electrode and the reference electrode, respectively.

To make a working electrode catalyst inks were prepared by

dispersing the catalyst powder in ethanol and Nafion solutions.

Ten microliters of the catalyst ink was dropped on a glassy

carbon electrode and dried. In all cases, it was adjusted that

0.158 mg of the catalyst was loaded and the Nafion polymer

content of the catalyst layer was 5 wt%. The temperature of the

half-cell equipment was maintained at 25 8C and dissolved

oxygen was removed by bubbling nitrogen through the

solution.

Membrane electrode assemblies (MEAs) were prepared by

hot pressing Nafion 115 and catalyst-coated electrodes to

measure the performance of a direct methanol fuel cell.

HiSPEC 1000 Pt black from Johnson Matthey was used as a

cathode catalyst with Pt loading of 5 mg/cm2. Pt loading of the

prepared catalysts for the anode was 2 mg/cm2.

3. Results and discussion

Transmission electron microscopy (TEM) images of the

prepared catalysts are presented in Fig. 1. The 10–30 nm

spherical particles are carbon blacks and the dark dots that

measure approximately 2 nm are the PtRu metal alloys

supported on the carbon blacks. The precursors designated

x1 and x2 are less dispersive and x250 has larger metal particles

compared to the other catalysts.

X-ray diffraction (XRD) patterns are shown in Fig. 2. For

pure Pt crystal, the peaks at 39.7638, 46.2438, 67.4548 and
81.2868 are assigned to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1)

planes, respectively, of a face-centered cubic (fcc) structure

[23]. The XRD patterns of the prepared catalysts were slightly

shifted to higher angles from the Pt. This shows that Pt formed a

solid solution with Ru by replacing Pt atoms with Ru atoms in

the fcc structure of the Pt crystal [24,25]. The peak position of

fcc (1 1 1), the lattice constant and the crystal size derived from

the XRD results are presented in Table 1. Crystal size was

obtained from the peak of fcc (2 2 0) using the Debye–Scherrer

equation. In the XRD patterns of the prepared catalysts, a

difference in the intensities in the (2 0 0) peak was observed.

x15 showed a small (2 0 0) peak while x1 and x2 showed

stronger (2 0 0) peaks. Kim et al. [25] found that the intensities

of fcc (2 0 0) peak decreased with the increase of Ru content

from 30% to 60% by examining the grazing incidence X-ray

diffraction (GIXD). Therefore, it can be predicted that x15

includes a higher amount of Ru in the PtRu solid solution

compared to either x1 or x2. In addition, the small lattice

constant of x15 implies that x15 has the highest degree of

alloying of solid solution. Fig. 3 shows the effect of the

reducing agent concentration on the crystal size. It was

observed that the crystal size increased below x5. The effect of

the reducing agent concentration on the particle size of PtRu

catalyst was investigated in earlier studies [21,22]. Large

particles are generally created under low concentrations of

reducing agent as the nuclei growth is faster than the nucleation.

Fig. 4 shows the cyclic voltammograms of commercial Pt/C

and PtRu/C for 40 cycles. PtRu/C showed three different

characteristics compared with Pt/C. First, the base current

around 0.4 V decreased with the number of cycles and the base

current in the backward scan was larger than that of the forward

scan. The base current of the backward scan changed from

�10 mA/mg to �3 mA/mg. This high base current originated

from the pseudo-capacitance, which generally increases with

the Ru content [26,27]. Gojkovic et al. [26] confirmed that the

pseudo-capacitance increases with increase in the Ru content in

the PtRu catalyst due to adsorbed OH-groups on the Ru.

Second, the hydrogen desorption peak from 0.05 V to 0.3 V

increased as the cycles repeated. The hydrogen desorption



Fig. 5. Cyclic voltammograms of the prepared PtRu/C catalysts under 0.5 M H2SO4 solution at the scan rate of 20 mV/s: (a) x1, (b) x2, (c) x5, (d) x15, (e) x50 and (f)

x250.
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charge of the first cycle was 28.5 mC/mg while that of the final

cycle was 52 mC/mg. The amount of hydrogen adsorption and

desorption generally decrease with the increase of the Ru

content in PtRu alloy as hydrogen interacts more with Pt than

with Ru. Szabo et al. [28] compared the charges in the hydrogen

region using a pure Pt electrode and for a Pt electrode fully

covered with Ru. They reported that the amount of hydrogen
adsorption on Ru is 15% of that on Pt. Finally, the oxide

reduction peak was shifted to a higher potential in PtRu/C.

The oxide reduction peak of Pt/C was maintained at 0.76 V in

the backward scan while that of PtRu/C changed from 0.43 V to

0.76 V with the cycles. Frelink et al. [29] performed the cyclic

voltammetry on a Pt electrode with various amounts of Ru as

calculated via the mass change during Ru electrodeposition.



Fig. 6. Linear sweep voltammetry curves of the prepared PtRu/C catalysts

under 0.5 M H2SO4 + 1 M methanol solution at the scan rate of 1 mV/s.

Fig. 7. XPS results of the prepared PtRu/C catalysts in Pt (4f) region.

Fig. 8. Unit cell performance using the prepared PtRu/C as anode catalysts

(under 60 8C anode: 2 M methanol, cathode: O2).
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The oxide reduction peak shifted linearly to the lower potential

with the increase of the Ru surface coverage in the PtRu

electrode. The decrease of the base current, the increase of the

hydrogen desorption charge and the peak shift of the oxide

reduction to a higher potential are evidence of the decrease of

the Ru surface coverage as the cycles repeat. Furthermore, Ru

dissolution into H2SO4 solution was confirmed by inductively

coupled plasma-mass spectrometer (ICP-MS). Thus, Ru

dissolved into the H2SO4 solution and the surface composition

of Pt increased during the cyclic voltammetry.

Fig. 5 shows cyclic voltammograms of the prepared PtRu/C

catalysts. At the initial cycle of the cyclic voltammetry, x1 and x2

showed a large base current, a small hydrogen desorption charge

and a low oxide reduction peak compared to other catalysts. From

these results x1 and x2 are presumed to have large Ru surface

coverage. This Ru-rich surface originated from isolated Ru

particles, which could not form a solid solution with Pt. In

addition, it was predicted with XRD that x1 and x2 included a

small amount of Ru in PtRu solid solution. The cyclic voltamme-

try patterns of x5, x50 and x250 were similar to that of commer-

cial PtRu/C. On the other hand, the shape of the curve of x15 did

not change when compared with other prepared catalysts, imply-

ing that x15 formed a stable PtRu solid solution. x15 included a

large amount of Ru in the PtRu solid solution in XRD result;

therefore, x15 had a stable phase with a high degree of alloying.

Linear sweep voltammetry was performed in order to

measure the catalytic activity of methanol electro-oxidation

(Fig. 6). All linear sweep voltammetry experiments were

accomplished after five cycles of cyclic voltammetry. x5 and

x15 showed the highest activities while x1 and x2 showed the

lowest. The excess Ru atoms on the catalyst surface of x1 and

x2 blocked the active sites of Pt and reduced the activity of

metal alloy. Additionally, large crystal size and low dispersion

of x1 and x2 reduced the active area of the catalysts.

X-ray photoelectron spectroscopy (XPS) curves of the Pt

(4f) region are shown in Fig. 7. Pt, Ru, C and O were found in

the XPS results. The surface compositions converted to the ratio

of Pt and Ru and the oxidation state of the Pt region are

represented in Table 1. The reference binding energies of Pt0



Fig. 9. Surface characteristics of the prepared catalysts in different NaBH4 concentration.
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(4f5/2) and Pt0 (4f7/2) were 74.7 eV and 71.4 eV, respectively

[30]. x1 and x2 showed high Ru surface compositions, which

coincided with the cyclic voltammetry results. The Ru-rich

surface of x1 and x2 was caused by the prior reduction sequence

of Pt to Ru in a low reducing agent. For x5, x50 and x250, which

were similar to commercial PtRu/C in terms of the cyclic

voltammetry, the chemical shift of Pt decreased with the

NaBH4 concentration. The increase of the Pt0 site with the

decrease of the Ru composition occurred because the chemical

shift of the Pt peaks originated from the interactions between Pt

and neighboring Ru. x15 showed the highest oxidation state

among the prepared catalysts, which was coincident with the

higher peak shift in XRD and the stable cyclic voltammetry

pattern. The high methanol oxidation activity of x5 and x15 was

mainly caused by the high dispersion of particles and

appropriate surface compositions of PtRu.

Unit cell performances for a direct methanol fuel cell were

tested using the prepared catalysts as the anode catalyst (Fig. 8).

x5 and x15 showed the highest performance among the

prepared and the commercial catalysts. The results correlated

with the linear sweep voltammetry findings (Fig. 6).

4. Conclusions

PtRu/C catalysts for methanol electro-oxidation were

prepared with various NaBH4 concentrations using an

impregnation method. The characteristics of the prepared

catalyst are as follows:
(1) T
he catalysts prepared in a low NaBH4 concentration had a

Ru-rich surface and large crystals. In addition, they showed

aggregated metal particles and low methanol oxidation

activity.
(2) I
n the medium concentration of NaBH4 in which the ratio of

NaBH4 to metals was 15, a stable phase PtRu solid solution

was created.
(3) T
he catalysts prepared in the 5 and 15 times NaBH4

concentration of metals showed high methanol oxidation

performance, which was due to the high particle dispersion

and the appropriate surface composition of PtRu.
(4) I
n the high NaBH4 concentration, large particles were

created and the Pt composition slightly increased.
The prepared catalysts in various NaHB4 concentrations

showed not only different surface compositions but also
differences in terms of the particle size and level of

dispersion. According to the cyclic voltammetry, X-ray

photoelectron spectroscopy and X-ray diffraction results, the

surface properties of the prepared catalysts can be

summarized as shown in Fig. 9. The proper NaBH4

concentration is the medium range in which both the surface

composition and the active metal surface area are optimized.

Ratio of NaBH4 to metals at 5 and 15 are the optimum point

for methanol electro-oxidation according to the findings of

this study.
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