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Abstract

PtRu/C nanocatalysts with different size were prepared simply by adjusting the pH of 3-D-glucose solution. Herein, 3-D-glucose acts as areducing
agent as well as a capping agent. Transmission electron microscopy revealed that the well dispersed PtRu particles (12.7, 5.6, and 2.3 nm) were
obtained at pH 8.5, 10.5, and 12.5, respectively. X-ray diffraction analysis indicated that the PtRu/C catalysts have different structures synthesized
at different pH values. Only at pH 12.5, small amount of PtRu alloy was formed. X-ray photoelectron spectroscopy measurements showed that a
large amount of Pt and Ru were present in metallic states. Both cyclic voltammetry and chronoamperometric results demonstrated that the PtRu/C

catalyst prepared from the solution at pH 12.5 exhibited better performances for methanol electro-oxidation than the other samples.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

PtRu bimetal particles are electrocatalytically active in fuel
cell applications. It is well known that the catalytic activity of
metal particle is strongly dependent on their shape, structure,
size and size distribution [1-12]. PtRu particles with diame-
ter about 3.0 nm displayed the highest mass catalytic activity
for methanol electro-oxidation [13]. Bock et al. [14] reported
that particular PtRu catalysts with the size in the range of
1.2-4 nm display the enhanced activity for methanol electro-
oxidation reaction (MOR) compared to commercial catalysts.
Therefore, the metal particles with high electrocatalytic activity
should have suitable size. However, conventional preparation
techniques based on wet impregnation and chemical reduction
of metal precursors cannot provide satisfied control of particle
size. Thus, it is an important and also a challenge work to pre-
pare the bimetal particles with a suitable and uniform size for
high performance catalysts.
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At present, the colloidal and microemulsion methods are
widely used for synthesizing metal nanoparticle with controlled
size [15-20]. Microemulsion method may offer unique flexibil-
ity in the simultaneous control of the size and the composition
of mixed metal nanoparticles. Nevertheless, it requires the use
of costly surfactant molecule with extra washing steps, and may
not be economical for a large scale synthesis. Although col-
loidal methods have the advantage to produce very small and
homogeneously distributed carbon-supported metal nanoparti-
cles, the preparation is very complex. Therefore, the search for
alternative routes to produce metal nanoparticles by a simple
methodology is a goal in this area. Recently, the alternative
route based on the “polyol method” and “glucose reduction pro-
cess” has been developed. Chen et al. and Bock et al. [14,21]
reported that Pt and PtRu nanoparticles with different mean sizes
were synthesized by heating ethylene glycol solution of metal
salt at different pH. Daimon and Kurobe [22] also reported that
addition of non-metallic elements such as N, P and S reduced
the particle size of PtRu catalyst deposited on a carbon sup-
port using ethylene glycol as a reductant. In addition, Liu et al.
[23] have reported that relatively monodisperse Au nanocrys-
tals with an average diameter of 8.2nm were synthesized by
using nontoxic and renewable biochemical $-D-glucose simply
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by adjusting the pH in aqueous medium. This method is eco-
nomically viable and relative “green” as compared to the “polyol
method”.

In this work, a simple, economically viable and relative
“green” approach has been reported for the synthesis of PtRu
nanoparticle supported on activated carbon using (3-D-glucose
aqueous. By adjusting pH value, PtRu nanoparticles with the
selected size were obtained. PtRu/C nanocatalysts were char-
acterized using X-ray diffraction (XRD), X-ray photon spec-
troscopy (XPS), and transmission electron microscopy (TEM).
The activities of carbon-supported PtRu particles for the electro-
chemical CO and CH3OH oxidation reaction were also studied
in detail.

2. Experimental
2.1. Synthesis of PtRu/C catalysts

The preparation of PtRu (1:1) (10 wt.%) on Vulcan XC-72
carbon was carried out in glucose solutions in the presence of
H,PtClg and RuCls precursor salts at different pH at 100 °C.
Typically, 8.75 mL aqueous solution of 3.86 x 1073 mol L™}
H,PtClg and 4.5 mL aqueous solution of 7.52 x 1073 mol L~!
RuCl; were added into 16.75 mL glucose solution, and then an
appropriate amount of Vulcan XC-72 carbon (Cabot) was added
and ultrasonicated for 30 min in a 100 mL flask. Then, the pH
value was adjusted by dropping 0.5 mol L~! NaOH under stir-
ring. Subsequently, the solutions were heated under reflux at
100 °C for 3 h, and then cooled to the room temperature. The
carbon-supported PtRu catalysts were then filtered and exten-
sively washed with water and ethanol. The resulted catalysts
were dried at 100 °C in air for 2 h. PtRu/C catalysts synthesized
at pH 8.5, 10.5, and 12.5 were marked as PtRu/C-1, PtRu/C-2,
and PtRu/C-3, respectively.

2.2. Physical characterization

The morphologies and sizes of PtRu/C catalysts were char-
acterized by transmission electron microscopy (JEM1200EX).
Sample preparation for TEM examination involved the ultra-
sonic dispersion of the sample in ethanol and placing a drop of
the suspension on a copper grid covered with perforated car-
bon film. The mean particle size and distribution were obtained
from a few randomly chosen areas in the TEM images con-
taining about 150 particles. X-ray photoelectron spectroscopy
was carried out using a VG ESCALAB 210 electron spectrom-
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eter with Mg Ka radiation. A Philips X’ Pert diffractometer was
used to obtain the power X-ray diffraction patterns using Cu Ko
radiation.

2.3. Electrochemical measurements

CHI 660A electrochemistry workstation and a three-
compartment cell were employed for the electrochemical mea-
surement. Glassy carbon (GC) with an area 0.07 cm? is used for
the working electrode. Pt wire and saturated calomel electrode
(SCE) were used as the counter and reference electrode, respec-
tively. All potentials in this study are reported with respect to
SCE. The PtRu/C loading on the GC is 15 pgcm™2. Voltam-
metry experiments were performed in 0.5M NaOH solution
containing 1 M CH3OH at a scan rate of 50mVs~!. N, gas
was purged for nearly 30 min before starting the experiment. In
all the experiments, stable voltammogram curves were recorded
after scanning for seven cycles in the potential region from
—1.0 to 0.4V in 0.5M NaOH solution. Chronoamperometry
(current versus time response) tests were conducted using a
three-electrode cell in 0.5M NaOH solution containing 1 M
CH3O0H at —0.3V for the period of 1000s. For CO-stripping
measurement, pre-adsorption of CO on the electrode catalyst
was carried out by bubbling carbon monoxide through the elec-
trolyte for 20 min followed by purging with nitrogen for 30 min
to remove any residual CO in the solution.

3. Results and discussion
3.1. PtRu particle synthesized in glucose solution

The synthesis of monometallic noble metal colloids in glu-
cose solution has been suggested in previous works [23-25]. It
was proposed that glucose could stabilize the Pt nanoparticles
and glucose act both as reducing agent and capping agent for
the synthesis and stabilization of Au nanoparticles in alkaline
environment at room temperature. In our experiments, it was
observed that recovered glucose solution was colorless. This
fact indicated that the reactions were complete and all of PtRu
particles should almost be deposited on carbon surface. We also
found that PtRu particles could not be synthesized at acidic and
neutral solutions. So it is believed that OH™ ions are involved in
the reaction to yield PtRu nanoparticle. The reduction reaction
equation [23] was shown in Scheme 1. Here, the five hydroxyls
groups in the glucose molecule can facilitate the complexa-
tion sites for the PtRu nanoparticles to the molecular matrix

+ 6H0 +12¢

3P +12e =3P
ARV +12¢ = 4 Ru°

Scheme 1. The reaction equation for the formation of PtRu nanopaticles.
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Fig. 1. TEM images of 10 wt.% PtRu/C nanocatalysts: (a) PtRu/C-1; (b) PtRu/C-2; (c) PtRu/C-3.

of glucose. Glucose acts as both reducing agent and capping
agent.

3.2. TEM analysis

Fig. 1 presents the TEM images of the PtRu/C nanocatalysts
prepared in alkaline glucose solution under different pH values.
The corresponding histograms of size distribution are shown in
Fig. 2. It can be seen that well-dispersed PtRu nanoparticles were
formed on the carbon support and PtRu particles size became
smaller and more uniform with the increase of solution pH. The
average sizes (and size ranges) were 12.7 (5.3-16), 5.6 (4.5-6.9)
and 2.3nm (1.2-4.0) for pH 8.5, 10.5 and 12.5, respectively.
So the pH value of the synthesis solution is a key factor influ-
encing the size and uniformity of PtRu particles. At higher pH

values, it was believed that glucose can quickly generate reduc-
ing species for the reduction of the metal ions, accelerating the
reduction of the metal ions and the formation of metallic nuclei,
thus greatly facilitating smaller and more uniform particle for-
mation. In addition, the carbon surface may offer suitable sites
for heterogeneous nucleation and inhibit particle growth.

3.3. XRD measurements

Fig. 3 shows the XRD spectra for all the PtRu/C catalysts.
Their diffraction peaks were compared with the standard pat-
terns of Pt (JCPDS, card 4-802) and Ru (JCPDS, card 6-663).
The diffraction peaks indicate the presence of the face centered
cubic (fcc) structure of Pt with representative planes (11 1),
(200), (220), (311), and (222). Meanwhile, the peaks asso-
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Fig. 2. Histograms of PtRu particle size distribution for (a) PtRu/C-1, (b) PtRu/C-2, and (c) PtRu/C-3.

ciated with a typical hexagonal close-packed (hcp) structure of
pure Ru and RuO; appeared in the XRD pattern of PtRu/C-1.
The peaks of RuO; also appeared in the XRD pattern of PtRu/C-
2. This indicated the existence of metallic Ru and its oxides
(Ru0y) [26,27]. But the intensities of the Ru and RuO; reflec-
tion was very weak compared to those of the Pt peaks. These
results indicated that there were the small amount of coherently
scattering Ru particles in the samples. Pt and Ru was found
in separate phases. According to previous reports [28-30], the
addition of Ru resulted in the broaden PtRu diffraction peak and
a shift to higher 26 values. But our results indicated that none of
catalysts, as shown in Fig. 3, is consistent with those phenom-
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Fig. 3. XRD patterns of all PtRu/C catalysts.

ena reported for PtRu alloys in literature. The lattice parameter
(agcc) showed the formation of the Pt—Ru alloyed phase in the
fcc structure. For PtRu/C-1, PtRu/C-2, and PtRu/C-3 catalysts,
the values of ag.. were 3.9191, 3.9182 and 3.9030 A, respec-
tively. Only the ag.. value of PtRu/C-3 was slightly lower than
that of Pt/C (3.9150 A), which indicated the formation of small
amount of PtRu alloy particles. So mainly amorphous state of
metallic Ru and its oxides existed in all catalysts. Moreover, it
was noted that FWHM (full-width half-maximum) of the XRD
peaks of PtRu increased with the increase of the synthesis solu-
tion pH. All these facts indicated that PtRu particles size and
structure were influenced by the pH of the solution. The differ-
ence between structure and size may be related to the different
reduction velocity of reaction induced by pH. The average par-
ticle size for PtRu/C nanocatalysts was also calculated using
Scherrer’s equation [6,11,31]. These sizes were consistent with
those obtained from TEM results and are given in Table 1.

3.4. XPS characterization

The surface compositions and chemical oxidation states of
Pt and Ru in the PtRu/C nanocatalysts were determined by XPS
analysis. Fig. 4 shows the regional Pt 4f and Ru 3p3/» spectra for
the PtRu/C-2 nanocatalyst. The Pt 4f spectrum showed a doublet
low-energy band (Pt 4f7,) and a high-energy band (Pt 4fs),) at
71.1 and 74.4 eV, respectively (see Fig. 4a). The lower binding
energy value is in good agreement with the literature data of Pt
at 71.1eV [32]. To identify different oxidation states of Pt, the
spectrum was de-convoluted into two pairs of peaks at 71.1 and
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Table 1
Mean particle size, the electrochemical activity area (EAA) and the highest methanol oxidation current for PtRu/C-1, PtRu/C-2, and PtRu/C-3
PtRu/C under different pH Average particle size from XRD (nm) Particle size from TEM (nm) EAA (m? g Ipeak (MA)
8.5 12.3 12.7 11.6 0.23
10.5 54 5.6 29.1 0.43
12.5 2.1 2.3 55.4 1.03
1.0 3p3/2 was obtained as shown in Fig. 4b. The first and second
Puf peaks were 462.5 and 465.8 eV, respectively. These values cor-
0.8 respond to two different oxidation stations of Ru, namely Ru(0)
and Ru(IV). The amounts of Ru species were calculated from the
0.6 relative intensities of these peaks and were also given in Table 2.
® Table 2 showed that relatively higher amounts of Pt and Ru were
S 041 present in their metallic states in the PtRu/C nanocatalysts.
0.2 3.5. CO stripping on all PtRu/C catalysts
0.0 First, an electro-oxidation reaction of pre-adsorbed CO
: : : : . (CO4q) at PtRu/C catalyst was investigated, because this is a
81 78 73 2 69 well-known determining step in the MOR. Fig. 5 shows cyclic
@ Binding Energy (eV) voltammograms with CO,q (solid curve) and without (dashed
10 curve) CO,q at PtRu/C in 0.5 M NaOH. It can be observed that
Ru3p3/2 for all the PtRu/C catalysts the hydrogen adsorption peaks are
0.8 suppressed in the lower potential region, which is due to the sat-
urated coverage of CO,q species on the Pt sites of these catalysts.
0.6 4 For all the catalysts, the onset of CO oxidation is similar at about
—0.55 V. However, for PtRu/C-1, PtRu/C-2, and PtRu/C-3, the
? o4l peak potentials are —0.4, —0.32, and —0.36 V, respectively. This
o difference can be attributed to the size effect and the presence of
0.2 heterogeneous phases of Pt, Ru, PtRu and RuO, on the surface of
the PtRu catalysts. Furthermore, we measured the electrochemi-
0.0/ cally active area (EAA, m? g~ 1) for all the catalysts by using the
CO oxidation charge after subtracting the background current of
468 466 464 462 460 the subsequent CV curves with the assumption of 420 wC cm™>
(b) Binding Energy (eV) as the oxidation charge for one monolayer of CO on a smooth

Fig. 4. Regional XPS of (a) Pt 4f and (b) Ru 3p3,, spectra for the PtRu/C-2
catalyst.

74.4 and at 72.2 and 75.8 eV. These two pairs of peaks indicated
that Pt was present in two different oxidation states, Pt(0) and
Pt(IT). The amounts of Pt(0) and Pt(II) species were calculated
from the relative intensities of these two peaks and were given
in Table 2. In the case of Ru, the Ru 3p3,; spectrum was de-
convoluted instead of the Ru 3d3/; spectrum, because the latter
always overlaps the C s spectrum, which prevents an accurate
determination of Ru oxidation states. Thus, one pair of peak Ru

Table 2
Binding energies and relative intensities of different oxidation states of Pt and
Ru in the PtRu/C nanocatalyst prepared at pH 10.5

Species Binding energy (eV) Relative intensity (%)
Pt(0) 71.1 82.2
Pt(1I) 72.2 17.8
Ru(0) 462.5 75.5
Ru(IV) 465.8 24.5

Pt surface. The measured EAA values are given in Table 1. It
shows that the surface area increases with the increase of the
synthesis solution pH, which is not surprising in view of the
decrease of the metallic particle size with the pH increase and
is in agreement with the previous results [21,33]. The smaller
electrochemically active area means that a lower number of Pt
atoms is present in the electrode surface.

3.6. Electro-oxidation characteristics of CH;OH

Fig. 6 shows the cyclic voltammograms of methanol electro-
oxidation on glucose solution synthesized PtRu/C catalysts in
electrolytes of 0.5 M NaOH/1 M CH3OH at room temperature.
The current peak at about —0.3 V versus SCE in the forward
scan is attributed to methanol electro-oxidation. As shown in
Fig. 6c, the current peak of methanol electro-oxidation on
PtRu/C-3 displays the highest peak current (/peax) among these
PtRu/C catalysts. All the peak current values also are given
in Table 1. The onset potentials of methanol oxidation for all
the catalysts are around —0.6 V. Therefore, the particle size
only affects the peak current, but the onset and peak potential.
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Fig. 5. CO-stripping cyclic voltammograms of (a) PtRu/C-1, (b) PtRu/C-2, and (c) PtRu/C-3 in alkaline (0.5 M NaOH) electrolytes with (solid curve) and without

(dashed curve) CO,q. Scan rate S0 mV/s.

In parallel work, chronoamperometry measurements at con-
stant potential (—0.3 V) were carried out over 1000s periods
(Fig. 7). The results show that the catalytic advantage of these
PtRu/C catalysts are maintained. It can be seen that PtRu/C-3
exhibits not only higher initial current but also higher current
at all corresponding potentials than other samples from Fig. 7.
The above facts indicate that PtRu/C-3 displays better perfor-
mances for methanol electro-oxidation than other samples. It is
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Fig. 6. Cyclic voltammetric curves for all the PtRu/C catalysts with different
pH: (a) pH 8.5; (b) pH 10.5; (c) pH 12.5 (on GC electrode, 0.07 cm?) in alkaline
(0.5M NaOH) electrolytes with 1.0 M methanol. Scan rate 50 mV/s.

because that PtRu/C prepared at pH 12.5 has a suitable size and
structure.

3.7. Kinetic characterization of methanol electro-oxidation
on PtRu/C-3

Fig. 8 shows the effect of methanol concentration on the
oxidation reaction for PtRu/C-3 in 0.5M NaOH at room tem-
perature. Anodic peak current increased with the concentration
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Fig. 7. Chronoamperometric response of all the PtRu/C catalysts with different
pH: (a) pH 8.5; (b) pH 10.5; (c) pH 12.5 in 1.0 M methanol solution in 0.5 M
NaOH at an applied potential of —0.3 V vs. SCE.
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of methanol in the region of 0.1-8 M. However, a saturation of
the current response was observed at methanol concentration
of 7M. The oxidation of methanol produces CO and possi-
bly other adsorbed intermediates, which can be oxidized with
the participation of oxygenated species formed on the surface.
The latter process is inhibited by the adsorption of methanol
on the surface, which increases with the increase in methanol
concentration. Cyclic voltammetry also detected a slow but grad-
ual current decrease with cycling, which is often attributed to
the accumulation of strong chemisorbed species on the catalyst
surface.

The effect of the scan rate on the electro-oxidation of
methanol on PtRu/C-3 is shown in Fig. 9. In the range of
25-200mVs~!, the peak current increases linearly with the
square root of the scan rates (Fig. 9, inset). It shows that the
methanol electro-oxidation process on PtRu/C-3 is controlled by
the diffusion of methanol to the electrode surface. Additionally,
the peak potential (the forward scan) increases with the increase
of scan rate. It is indicated that the oxidation of methanol is an
irreversible electrode process.

The effect of the potential scan limit on the scan peak cur-
rent is shown in Fig. 10. The forward scan peak current remained
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Fig. 9. Voltammograms of 1 M CH30H in 0.5M H,SO4 solution. Scan rate:
25,50,75, 100, 125, 150, 175,200 mV s~! from inner to outer. The plot of peak
current vs. square root of sweep rates (inset).
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Fig. 10. Cyclic voltammograms of room temperature methanol electrooxida-
tion over PtRu/C-3 at 50mV s~! in 1M CH30H/0.5M H,S04 electrolyte for
different forward potential scan limit.

constant on the whole with increasing the anodic limit in the for-
ward scan. The reverse anodic peak potential shifted negatively
with increasing the anodic limit in the forward scan, while the
peak current decreases. This behavior indicates that the reverse
anodic peak current is primarily associated with residual carbon
species on the surface of the PtRu/C-3 electrode.

4. Conclusions

Size-selected PtRu/C nanocatalysts were synthesized in alka-
line glucose solution by simply adjusting the pH. The PtRu
particles become smaller and more uniform with the increase
of alkaline glucose solution pH. The average sizes (and size
ranges) are 12.7 (5.3-16), 5.6 (4.5-6.9) and 2.3 nm (1.2-4.0) for
pH 8.5, 10.5 and 12.5, respectively. In addition, XRD measure-
ments indicated that PtRu/C catalysts have the different structure
under the different pH. A small amount of PtRu alloy was formed
for PtRu/C catalysts only at pH 12.5. CV and CA tests revealed
that PtRu/C exhibited better performances for methanol electro-
oxidation than other samples when the synthesis solution pH
was 12.5.
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