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Abstract In this paper, we reported an improved process
for the preparation of PtRu/CNTs, which involves the
adsorption of Pt and Ru ions on CNTs in aqueous solution
and the reduction of the adsorbed Pt and Ru ions on CNTs
in ethylene glycol. The surface morphology, structure, and
compositions of the prepared catalyst were studied by
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and energy-dispersive spectrometer. TEM observa-
tion showed that the particles size of the prepared PtRu
alloy was in the range of 2—5 nm, XRD patterns confirmed
a face-centered cubic crystal structure. The activity and
stability of the prepared catalyst toward methanol oxidation
were studied in 0.5 M H,SO4+1 M CH;O0H solution by
cyclic voltammetry, chronoamperometry, and chronopoten-
tiometry. The electrochemical results showed that the
prepared catalyst exhibited higher activity and stability
toward methanol oxidation than commercial PtRu/C with
the same loading amount of Pt and Ru.
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Introduction

Direct methanol fuel cells (DMFCs) have attracted world-
wide attention because there are many advantages for the
practical application of DMFCs, such as low operating
temperature, ease of handing liquid fuel, high theoretical
energy density of methanol, and little pollution caused [1].
However, there are several drawbacks need to be overcome
before their large-scale commercial application. The major
problem that limits the further development of DMFC
technology is its low energy efficiency currently attainable,
which arises from the insufficient activities of the electrode
catalysts [2, 3], especially toward methanol oxidation.
Platinum is active for the oxidation of methanol but the
reaction intermediates, such as CO,q4,, are poisonous to the
platinum catalyst [4]. Thus, considerable efforts have been
devoted to develop new catalysts with higher poison
tolerance and greater methanol oxidation activity. The
activity of platinum toward methanol oxidation can be
improved by alloying platinum with one or more other
elements such as Ru [1, 5-8], Sn [9-11], and Ni [12, 13] or
composites such as H{MoOj5 [4, 14, 15] and WO, [16, 17].
Among all the developed platinum alloys, binary PtRu
alloy is believed to be the most active electrocatalyst for
methanol oxidation [18, 19]. It is well known that the
activity of catalysts depends on their preparation technique
to a great extent. A number of strategies for the preparation
of supported PtRu bimetallic catalysts were developed [20—
25]. Among all the proposed preparation methods, conven-
tional impregnation and chemical reduction is the most
practical because it is simple and therefore is economical.
In this process, as shown in Fig. 1, solutions containing the
metal ions are mixed with supports and subsequently
reductant is added so that the metals are reduced and
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Fig. 1 Scheme of conventional impregnation and chemical reduction method for the preparation of PtRu/CNTs

simultaneously deposited on the supports. To control the
particle size of the deposited metals, surfactants or
stabilizers need to be introduced in the solution [26].
However, removing the surfactant or stabilizer after
reduction is still a complicated problem [27]. On the other
hand, the metal ions in the solution cannot be completely
deposited on the supports and results in the loss of metals.
To reduce the catalyst loss, metal precursors are first
adsorbed on supports by immersing the supports in solution
containing the metal ions, then the supports are dried and
reduced with a hydrogen stream under high temperature
(200-700 °C) [28, 29]. Apparently, the use of hydrogen and

the operation under high temperature add cost and
complexity to the catalyst preparation.

In this work, we report an improved process to load
PtRu nanoparticles on carbon nanotubes (CNTs), which
involves two steps—adsorption and reduction, as shown in
Fig. 2. Firstly, CNTs were thoroughly dispersed in aqueous
solution containing Pt and Ru ions and then the solvent was
evaporated. Secondly, the CNTs loaded Pt and Ru pre-
cursors were dispersed in ethylene glycol containing
NaBHy, a prevalent reductant in impregnation and chemical
reduction. Ethylene glycol is used as solvent and also as
particle controller [30, 31]. In the first step, the Pt and Ru
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Fig. 2 Scheme of adsorption and reduction method for the preparation of PtRu/CNTs
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precursors were completely and uniformly adsorbed on the
supports. In the second step, the adsorbed precursors were
reduced and deposited uniformly on CNTs before diffusion
into solution, thus there is less loss of Pt and Ru and better
combination between the catalyst and the support can be
expected than the conventional impregnation and chemical
reduction method. The transmission electron microscopy
(TEM) results indicated that the prepared PtRu catalyst
contained nanosize particles and electrochemical measure-
ment showed better catalytic activity and stability of the
prepared catalyst than commercial product.

Experimental details
Preparation

CNTs (purchased from Chengdu Institute of Organic
Chemistry of CAS) were refluxed in the mixture of con-
centrated nitric acid and 95 wt.% sulfuric acid (Vynos:
Vinsoa=3:1) for 5 h, washed and dried at 100 °C in air. The
treated CNTs (100 mg) were dispersed in 50 ml aqueous
solution containing 2.9 mM H,PtClg and 2.8 mM RuCl; (in
the amount of 20 wt.% Pt and 10 wt.% Ru for PtRu/CNT)
and then the mixture was heated at 70 °C under magnetic
stirring. After complete evaporation of water, all the dried
mixture was dispersed in ethylene glycol containing
excessive amount of 0.06 M NaBH, solution under
vigorous stirring for the complete reduction of Pt and Ru
precursor. The mixture was stirred for 1 h at room tem-
perature, filtered, and washed with ethanol and deionized
water successively.

Characterization

TEM (JEM-2010 ELECTRON MICROSCOPE) was
employed to observe the morphology of the prepared
catalyst. The composition of the catalyst was analyzed by
energy-dispersive spectrometer (EDS) (Thermal field emis-
sion environmental SEM-EDS-EBSD, model Quanta 400 F).
X-ray diffraction (XRD) pattern of the prepared catalyst was
obtained on a Rigaku D/max 2200 vpc diffractometer
operated at 30 kV and 20 mA with Cu Ka radiation.

Electrochemical measurements

The electrochemical experiments were carried out in a three-
electrode configuration with a potentiostat (Eco Echemine
BV). A rotating glassy carbon (GC) disk electrode with a
diameter of 3 mm on an instrument (RDE, model ATA-1B)
was used as working electrode, a platinum sheet electrode was
used as the counter electrode and an Ag/AgCl/saturated KCI
electrode was used as the reference electrode. The potentials

in this paper are with respect to this reference. A commercial
catalyst (20 wt.% Pt 10 wt.% Ru/C, Johnson Mattery) was
used for comparison. Catalyst powder was ultrasonically
dispersed in 0.5% Nafion+C,HsOH solution to generate a
homogeneous black suspension ink with a content of 1 mg/mL
catalyst. Five microliters of this ink was pipetted onto GC
electrode surface and dried at room temperature. Before the
loading of catalyst, the GC electrode was polished with
0.05 um alumina, cleaned by ultrasonicating in acetone and
distilled water successively, and then cycling in 0.5 M H,SO4
between —0.2 and 0.9 V at 50 mV/s.

Results and discussion
Morphology and composition

Figure 3 shows the TEM image of the prepared PtRu/CNT
catalyst. It can be seen from Fig. 3 that most of the catalyst
is distributed on CNTs uniformly with an average particle
size of 2-5 nm. The EDS in Fig. 4 gives the evidence for
the presence of Pt and Ru in the composite. The contents of
Pt and Ru in the prepared catalyst, estimated by EDS, are
21 and 14 wt.%, respectively. The result is not exactly
equal but close to the amount in preparation solution,
because the EDS analysis gives the only semiquantitative
result.

The prepared catalyst PtRu/CNTs was characterized by
powder XRD and the result is shown in Fig. 5. XRD is a
bulk analysis that reveals the crystal structure, lattice
constants, and crystal orientation of the supported catalysts.
Pure Pt has a face-centered cubic (fcc) crystal structure [32].
With the addition of Ru, which has a hexagonal closed-

Fig. 3 TEM image of the prepared catalyst PtRu/CNTs
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Fig. 4 EDS of the prepared 001

catalyst PtRu/CNTs
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packed (hcp) crystal structure, the diffraction peaks of the
PtRu broaden and shift to higher 20 values [33]. The
diffraction peaks of Pt fcc appeared in XRD of PtRu alloys
containing up to 52 wt.% Ru [34]. Our result, as shown in
Fig. 5, is very consistent with this report. The sharp peak at
20~26° is associated with the graphite-like structure of the
CNT support [35, 36]. The peaks at 20~40°, 47°, 68°, and
82° can be attributed to the (111), (200), (220), and (311)
crystalline planes of the face-centered cubic structure, which
are characteristic of Pt fcc structure. Ru atoms may introduce
some decrease of the Pt lattice parameter value due to some
Ru insertion into the Pt fcc structure.

Electrocatalytic activity toward methanol oxidation

The electrocatalytic activity of the prepared catalyst PtRu/
CNTs toward methanol oxidation was characterized by
cyclic voltammertry in 0.5 M H,SO4+1 M CH;0H solution
at 50 mV/s. Figure 6 shows the voltammograms of cycle
number from 1 to 4 (Fig. 6A) and number 5, 10, 15, 20, and
30 (from a to e in Fig. 6B). The early cycles exhibit a low
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Fig. 5 XRD pattern of the prepared catalyst PtRu/CNTs
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peak current and lower peak potential in the forward scan.
As the cycle number increases, the peak potential in the
forward scan shifts more positively and the peak current
increases gradually. This phenomenon can be ascribed to the
leaching of ruthenium during the cycling [5, 37]. Similar
results were also observed for the commercial catalyst PtRu/C
(Johnson Mattery), as shown in Fig. 6(A’ and B').

Figure 7 compares the voltammograms of the prepared
catalyst PtRu/CNTs and the commercial catalyst PtRu/C
with the same loading of Pt and Ru in 0.5 M H,SO4+1 M
CH;O0H solution at 30th cycle. As can be seen from Fig. 7,
the current density of methanol oxidation on PtRu/CNTs is
higher than that on PtRu/C at the same potential. For
example, at 0.68 V, the peak potential for the forward scan,
the current density of methanol oxidation on PtRu/CNTs is
31 mA/em?, 55% higher than that on PtRu/C whose current
density is only 20 mA/cm?.

Figure 8 compares the chronoamprometric curves of the
prepared catalyst PtRu/CNTs and the commercial catalyst
PtRu/C at 0.6 V in 0.5 M H,SO4+1 M CH;0H solution for
1,000 s. It can be seen from Fig. 8 that the PtRu/CNTs
maintains a higher current density than does the PtRu/C.

Chronopotentiometry is a useful approach to study the
antipoisoning ability of catalysts for methanol oxidation
[38]. The chronopotentiometric curve of the prepared
catalyst PtRu/CNTs was compared with that of the
commercial catalyst PtRu/C. To diminish the influence of
current density on the antipoisoning ability of the catalysts,
the value of the applied anodic current density is the same
as that of the current density at 0.4 V on the forward branch
in the corresponding cyclic voltammograms, which is
4.7 mA/em® and 3.6 mA/cm” for PtRu/CNTs and PtRu/C,
respectively. The results were shown in Fig. 9. It can be
seen from Fig. 9 that the potential increases gradually for a
long time and then jumps to a higher potential. The reason
for this has been given [38, 39]: during the chronopotentio-
metric experiment, the poisonous species, mainly CO,qs
resulting from methanol oxidation, are accumulated on the
surface of electrocatalysts and reduce the electrocatalytic
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Fig. 6 Cyclic voltammograms of the prepared catalyst PtRu/CNTs
(A, B) and the commercial catalyst PtRu/C (4, B") in 0.5 M H,SO4+
1 M CH;O0H solution during cycles 1-4 (A, 4" and cycles 5, 10, 15,
20, 30 from a to e (B, B’). Scan rate, 50 mV/s
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Fig. 7 Cyclic voltammograms of the prepared catalyst PtRu/CNTs
and the commercial catalyst PtRu/C in 0.5 M H,SO4+1 M CH;O0H
solution at the 30th cycle. Scan rate, 50 mV/s
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Fig. 8 Chronoamperometric curves for the prepared catalyst PtRu/
CNTs and the commercial catalyst PtRu/C in 0.5 M H,SO4+1 M
CH;OH solution at 0.6 V

activity of catalysts. The potential must be increased to satisfy
the applied anodic current density. When the electrocatalysts
are poisoned deeply, the methanol oxidation reaction cannot
continue. To satisfy the applied anodic current density, the
potential must jump to a higher potential, at which H,O is
decomposed.

Here, the time (7) at which the electrode potential jumps
to a higher potential is introduced to judge the antipoison-
ing ability of catalysts. The 7 of PtRu/CNTs is 3,000 s, over
two times that of PtRu/C, which is less than 1,500 s.

It is obvious that the prepared catalyst PtRu/CNTs shows
its better activity and stability toward methanol oxidation
than the commercial catalyst PtRu/C that has the same
loading amount of Pt and Ru. The improvement in catalytic
activity and stability can be ascribed to the uniform
distribution of PtRu alloy on support CNTs and the good
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Fig. 9 Chronopotentiometric curves for the prepared catalyst PtRu/
CNTs and the commercial catalyst PtRu/C in 0.5 M H,SO4+1 M
CH;O0H solution
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combination between PtRu alloy and the support CNTs.
The mechanism for the methanol oxidation on the prepared
catalyst should be the same as that on the conventional
PtRu catalyst, which has been well understood [40—43].

Conclusions

A catalyst PtRu/CNTs, which has better activity and
stability toward methanol oxidation than a commercial
catalyst PtRu/C with the same loading amount of Pt and
Ru, can be prepared by an improved process on the base of
conventional impregnation and chemical reduction. This
method is simple and operated under mild condition with
little loss of precious metals. The first adsorption of Pt and
Ru ions on the support and following reduction of adsorbed
Pt and Ru precursors on the support contribute the more
uniform distribution of PtRu alloy on the support and better
combination between PtRu alloy and support, resulting in
better catalytic activity and stability of the catalyst toward
methanol oxidation.
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