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Abstract

In the present work, mesoporous carbon-supported Pt—-Ru-Mo electrocatalyst for methanol electro-
oxidation were synthesized by Bonnemann’s method and characterized in terms of their structure,
morphology, and composition by using XRD, TEM, and EDX techniques. XRD and EDX results
revealed the structural information for alloy catalysts together with their carbon support. TEM
measurements revealed a decrease in the mean particle size (5 nm) of the catalysts for the ternary
compositions. The structural change was beneficial for the catalytic activity of the compositions. The
electrocatalytic activities of Pt3;RussMo033/MC, PtsoRuso/MC, PtsoMoso/MC, and Ptygo/MC catalysts for
methanol oxidation in an acid medium were investigated by CV and CA. CA results showed that
Pt3;RussMozs/MC gives a high current under a steady condition. The single membraneless methanol
fuel cell performances of the Pt3sRu3sMo33/MC, PtsoRuse/MC and PtspMoso/MC anode catalysts were
evaluated at room temperature. Among the catalysts investigated, the power density obtained for
Pt34Ru33Mo033/MC (34.3 mW cm?) catalyst was higher than that of PtsoRus/MC (23.1 mW cm ) and
PtsoMoso/MC (20.3 mW cm’2) using 1.0 M methanol + 0.5 M H,SO, as the anode feed and 0.1 M
sodium percarbonate + 0.5 M H,SO, as the cathode feed.

Keywords: Electrocatalysts; Mesoporous carbon; Methanol; Power density; Membraneless methanol
fuel cells.

Many efforts have been conducted to
improve the lifetime of the methanol fuel cell
without increasing cost or losing performance,
exploring binary and ternary anode catalysts [2,
3]. The problem of ternary alloys formation is
the incessant changes in the morphology during
operation that yields new surface compositions
with different electrocatalytic abilities towards
methanol oxidation. So far, many Pt-based

Introduction

The need for more efficient energy
conversion systems is presently in great evidence
as the world fossil fuel sources become depleted.
Fuel cells have shown to be an interesting and
very promising alternative to solve the problem
of clean electric power generation with high
efficiency [1]. The development of new

electrocatalyst materials, with significantly lower
affinity for carbon monoxide, is essential in the
further advancement of membraneless methanol
fuel cell (MLMFC) technology. Since platinum
is unfortunately extremely susceptible to CO, an
ideal catalyst for the anode would be fully
tolerant to CO poisoning. Thus the anode should
be able to tolerate fuel contaminants and partial
oxidation products, which are a main cause of
anodic voltage loss. It is well established that
bimetallic systems, with Pt as one of the
components, can give substantial tolerance to the
presence of CO in the fuel stream.

catalysts have been proposed as alternatives to
Pt-Ru/MC [4] among them, the bimetallic Pt—
Mo/MC alloy catalyst has attracted considerable
attention due to their high catalytic performance
[5-8].

In this present study, Pt, Pt-Mo, Pt-Ru and
Pt-Ru-Mo electrocatalysts  supported on
mesoporous carbon were synthesized by
Bonnemann reduction methods. The prepared
catalysts are characterized by dispersive X-ray
spectroscopy (EDX), transmission electron
microscopy (TEM), X-ray diffractometry (XRD)
and electrochemical characterization techniques
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of cyclic voltammetry (CV), and
chronoamperommetry (CA). The catalytic
activity of the prepared -catalysts toward
methanol oxidation has been evaluated in a
membraneless methanol fuel cell (MLMFC) as
the anode catalysts.

Experimental
Materials

The metal precursors wused for the
preparation of electrocatalysts were
H,PtCls.6H,0 (from Sigma Aldrich),
RuCl3.3H,0O (from Sigma Aldrich) and MoCls
(from Sigma Aldrich). Mesoporous carbon black
(from Cabot Corp.,) was used as a support for
the catalysts. Graphite plates (from E-TEK) were
used as substrates for the catalyst to prepare the
electrodes. Nafion® (DE 521, DuPont USA)
dispersion was used to make the catalyst slurry.
Tetrahydrofuran (THF) (from Merck) was used
as a solvent. Methanol (from Merck), sodium
percarbonate (from Riedel) and H,SO, (from
Merck) were used as the fuel, the oxidant and as
the electrolyte for electrochemical analysis,
respectively. All the chemicals were of
analytical grade. Pt/MC (40-wt%, from E-TEK)
was used as the cathode catalyst.

Catalyst preparation

The Pt-Ru-Mo/MC (1:1:1%)
electrocatalysts were prepared by a colloidal
process known as the Bonnemann’s method [9-
10]. The Bonnemann method was chosen as
crystallite sizes between 1.5 and 2.5 nm can be
obtained, showing enhanced electrocatalytic
activities due to their favorable surface-to-bulk
ratio. First NR4X (tetraalkylammonium-X)
stabilized colloidal precursors (where X is the
electrocatalyst particle) were prepared via the
reduction  of  anhydrous H,PtClg.6H,0,
RuCl3.3H,O0 and MoCls dissolved in THF
tetrahydrofuran. Then a suspension of
mesoporous carbon (from Cabot Corp.,) in
ultrapure water (Millipore MilliQ, 18 MQ cm),
was impregnated with the appropriate amount of
the colloidal solution.

Thermal treatments were carried out in a H;
reducing atmosphere at 300°C for 120 min. For
comparison, the monometallic Pt/MC, bimetallic
Pt-Ru/MC and Pt-Mo/MC catalysts were
synthesized under the same conditions. The
electrocatalytic mixtures and atomic ratios were

Pt-Ru—-Mo/MC Anode Catalyst on Membraneless Methanol Fuel Cells

Pt3sRu3zsMo033/MC, PtsoRus/MC, PtsgMoso/MC,
and Ptyoo/MC. The nominal loading of metals in
the electrocatalysts was 40 %wt. and rest 60
%wt. was mesoporous carbon.

Physical characterization

The morphology of the dispersed catalysts
was examined using SEM (ZEISS EVO 50
Scanning Electron Microscope) and TEM
(Philips CM 12  Transmission Electron
Microscope). The particle size distribution and
mean particle size were also evaluated using
TEM. The crystal structure of the synthesized
electrocatalysts was characterized by powder X-
ray diffraction (XRD) using a Rigaku multiflex
diffractometer (model RU-200 B) with Cu-Ky,
radiation source (Ag, = 1.5406 A°) operating at
room temperature. The tube current was 40 mA
with a tube voltage of 40 kV. The 26Error!
Reference source not found. angular regions
between 20° and 90° were recorded at a scan rate
of 5° min™". The mean particle size analyzed
from TEM is verified by determining the
crystallite size from XRD pattern using Scherrer
formula. Pt (2 2 0) diffraction peak was selected
to calculate crystallite size and lattice parameter
of platinum. According to Scherrer’s equation
shown in Eq. (1),

0.9 ka1
d= —— (1)
20 COS Omax

where d is the average crystallite size, Omax is the
angle at the position of the peak maximum, 34 is
the width of the peak (in radians), 0.9 is the
shape factor for spherical crystallite and Agg iS
the wavelength of X-rays used. The lattice
parameters of the catalysts were estimated
according to Eq. (2).

V2 Akt
a= —— 2
Sin emax

where, ‘a’ is the lattice parameter (nm) and all
the other symbols have the same meanings as in
Eq. 2. The atomic ratio of the catalysts was
determined by an energy dispersive X-ray
(EDX) analyzer, which was integrated with the
TEM instrument.

Electrochemical measurements

The electrochemical experiments were
carried out in a conventional three-electrode cell
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at room temperature. Voltammetric curves using
0.5 M H;SO4 or 1 M CH30H/0.5 M H,SO,
electrolyte solutions purged with nitrogen gas
were recorded with an electrochemical
workstation (CHI-6650; CH Instruments, USA).
Catalyst coated glassy-carbon electrode was used
as the working electrode and a platinum wire
was used as the counter electrode. Ag/AgCI in
saturated KCl was used as the reference
electrode. The activity of the electrocatalysts was
determined by cyclic voltammetry in a half cell
at a scan rate of 50 mVs * between 0.05 and 1.2
V vs. Ag/AgCI and chronoamperometry (0.4 V
vs. Ag/AgCI for 30 min).

Results and discussions
Physical Characterization
X-ray Diffraction

The XRD patterns of the prepared
PtasRu3zsMo033/MC, PtsgRuso/MC, PtsoMoso/MC
and Pty0o/MC catalysts are shown in Fig. 1. The
first peak located at around 25° in all the XRD
patterns is attributable to the mesoporous carbon
support. The binary and ternary alloy catalysts
were shifted to the higher angle side with
different amounts because of differences in the
atomic percentages of Ru and Mo, compared to
that of pure Pt at 20 values of 39°, 47°, 67° and
82° and are indexed with planes (1 1 1), (2 0 0),
(2 20) and (3 1 1), respectively, indicating a
lattice contraction and alloy formation. These
results also indicate that the Pt nanoparticles
could be homogeneously alloyed with Ru and
Mo. No diffraction peaks were attributed to pure
Ru, Mo or to their oxides were observed. The fcc
lattice parameters were evaluated from the
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angular position of the (2 2 0) peaks, which
reflect the formation of a homogeneous alloy
particles. The lattice parameters obtained for the
Pt-Mo/MC (0.3888 nm), Pt-Ru/MC (0.3901
nm) and Pt—-Ru-Mo/MC (0.3897 nm) catalysts
are smaller than those for Pt/MC electrocatalyst
(0.3915 nm) (Table 1). It indicates that, the
decrease in lattice parameters of the alloy
catalysts results from the progressive increase in
the incorporation of Ru and Mo into the alloyed
state.

ain

(002) Pt3sRu3s Moz /MC

@311)

~
N
e e A e et
=
-’

Intensity/a.u.

‘ ' PtsoRuso/MC

[
|

i
: PtsoMoso/MC
M“‘mmww/ \Nvﬂ\_‘wé&, Pti0os/MC R
T T T y ;

4

1
2 70 80 90

206/Degrees

Fig. 1. X-ray diffraction patterns of
Pt3sRu33sMo033/MC, PtsoRuso/MC, PtsogMoso/MC,
and Pty0o/MC catalysts

The difference of lattice parameters and the
shift of (2 2 0) plane indicate interactions
between Pt, Ru and Mo. The average particle
size for Pt-Ru/MC, Pt-Mo/MC and Pt-Ru-
Mo/MC electrocatalysts were in the range of 1.5-
3 nm was estimated using the Scherrer equation
are in good agreement with the TEM images.

Table 1. The EDX composition, lattice parameters, and the particle size obtained for different atomic

ratios of electrocatalysts

Electrocatalyst Nominal EDX
Atomic ratio Atomic ratio

Lattice
parameter (nm) size (nm) from TEM (nm)

Crystallite Particle size

Pt Ru Mo Pt Ru Mo

Pt/MC 00 - - 99 - - 0.3915 4.0 3.6
Pt-Mo/MC 50 - 50 51 - 49 0.3883 3.7 3.2
Pt-Ru/MC 50 50 - 52 48 - 0.3901 3.4 3.0
Pt-Ru-Mo/MC 34 33 33 36 32 32 0.3888 3.0 2.8

Transmission Electron Microscopy

TEM image of the Pt3;RuszsMoss/MC alloy
catalysts and the corresponding particle size
distribution histogram are presented in Fig. 2.
Narrower particle size distribution was observed

with an average particle diameter of 1.5 nm,
which is in fairly good agreement with the data
calculated from XRD. Nanoparticles are
homogenously distributed over the mesoporous
carbon support, with no evidence for particle
agglomeration. The particle size distribution of
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these catalysts is shown in Table 1 in accordance

Distribution (%)
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to the TEM images.
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Fig. 2 TEM image and particle size distribution of Pt3;Ru33Mo33/MC catalyst

Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy is
conducted by focusing the electron beam on
several different selected regions of the
mesoporous carbon supported nanoparticles.
EDX spectrums of Pt—-Ru-Mo/MC nanoparticles
are shown in Fig. 3. The average composition of
the sample was in atom ratio of Pt:Ru:Mo =
1:1:1. The EDX results of the binary Pt—-Ru/MC
and Pt-Mo/MC and the ternary Pt-Ru-Mo/MC
catalysts are very close to the nominal values,
which indicate that the metals were loaded onto
the carbon support without obvious loss.

kt Pt-Ru-Mo/MC
Ru
C
i Pt
2 4 6 8 10
keV
Fig. 3. EDX spectra of Pt-Ru-Mo/MC catalysts

Electrochemical characterization
Cyclic Voltammetry

Fig. 4a shows the cyclic voltammogram
(CV) on the Pt34RU33M033/MC, Pt50RU50/MC,
PtsoM0so/MC and Ptypo/MC catalysts for CO
oxidation in a solution of 0.5 M H,SO,. Due to
the strong adsorption of CO onto the Pt surface,
the hydrogen adsorption-desorption of the Pt was
completely blocked in the hydrogen region;

©lnternational Journal of Modern Science and Technology. All rights reserved.

indicating the presence of a saturated CO adlayer
[11]. The electrochemically active surface areas
(SEAS) of the electrocatalyts were calculated by
using Eq. (3) [12-14]. Sgas Vvalues were
estimated using hydrogen adsorption/desorption
charge (Seasn), and roughness of electrodes.
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Fig. 4a. CVs of Pt33Ru33sM033/MC, PtsoRuso/MC,
PtsoMoso/MC and Pt;oo/MC electrocatalysts in
0.5 M H,SO,.

Qu(nClem?)/p2)
3)

210(uC/cm?) x 0.77 x [Pt]

Where Qy is the charge corresponding to
desorption of hydrogen on the Pt surface, [Pt]
(mg/lcm?) is the Pt loading on the electrode
surface, 210 pClreal cm? is the charge required
to oxidize a monolayer of hydrogen on the Pt
surface, 0.76 is the hydrogen monolayer
coverage [15]. Estimation of the electrode
roughness and Sgas values are shown in Table 2.

Seasm(M?g) —
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Based on these values, the highest
electrochemically active area is achieved for the

Pt-Ru—-Mo/MC Anode Catalyst on Membraneless Methanol Fuel Cells

ternary electrocatalysts.

Table 2. Comparison of hydrogen desorption charge and carbon monoxide desorption charge, and its
electrochemical active surface area (Seas) and electrode roughness

Catalyst Qn/uC Electrode real Sgasin Roughness
surface area (cm?)  (m?gPt™)?

Ptioo/MC 437 2.1 27 58.7

Pt50M050/MC 233 1.0 28 30.7

PtsoRuso/MC 250 1.1 30 335

Pt34RU33M033/MC 197 0.8 35 25.1

The CV curves were obtained in a half cell
between 0.05 and 1.2 V (vs. Ag/AgCl) in the
absence of methanol. The characteristic features
of  polycrystalline  Pt, i.e.  hydrogen
adsorption/desorption peaks in low potential
region, oxide formation/stripping wave/peak in
high potential region and a flat double layer in
between, are observed for all the synthesized
catalysts. ~ The  voltammograms of the
electrocatalysts did not display a well-defined
hydrogen region between 0.05 and 0.35 V, as the
catalyst’s features in this region are influenced
by their surface composition. A considerable
increase in the voltammetric charge of ternary
Pt3;RussMoss/MC catalyst was observed in the
double-layer region, indicating that the addition
of Mo into binary Pt-Ru/MC leads to an
enhanced activity for the oxidation reactions.

Fig. 4b corresponds to representative CVs of
methanol oxidation under acidic conditions (1.0
M CH3OH and 0.5 M H,SO,) catalyzed by
Pt34RU33M033/MC, Pt50RU5o/MC, Pt50MO5o/MC
and Ptyoo/MC catalysts. The onset potential for
the oxidation of methanol in a positive scan was
a key factor for evaluating the catalyst activity
[16]. The onset potentials for the oxidation of
methanol on the Pt3RuzsMozs/MC (0.34 V)
electrocatalysts is slightly lower than that on the

PtsoRuso/MC (0.38 V), PtsopMoso/MC (0.40 V)
and Ptyp0/MC (0.49 V) catalysts. All the current
values were normalized by the geometric surface
area of the electrode used. The CV curves depict
the presence of a peak in the potential range of
the positive sweep and another peak in the
negative sweep. The peak in the positive sweep
is associated with the methanol oxidation, and
the peak in the negative sweep is related to the
oxidation of carbonaceous intermediate products
from incomplete methanol oxidation.

80
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Flg 4h. CVs of Pt34RU33MO33/MC, PtsoRU5o/MC,
PtsoMo0so/MC and Pty00/MC electrocatalysts in
1.0 M methanol + 0.5 M H,SO,

Table 3. CV results of Pt3sRu33M033/MC, PtsoRuso/MC, PtsoMoso/MC and Ptyo0/MC electrocatalysts

Scan rate 50 mV s -

Catalyst Positive peak potential Peak current density
(mV vs. Ag/AgCl) (mA/cm?)
Pt100/MC 787 40.2
Pt50MO50/MC 785 47.1
Pt50RU5o/MC 786 49.0
Pt34RU33M033/MC 788 68.1
The peak current densities of 40.2 mAJ/cm?, respectively, showing that the

PtssRu3zsMo033/MC, PtsgRUso/MC, PtsogMoso/MC
and Ptypo/MC catalysts are 68.1, 49.0, 47.1 and

activity of the ternary Pt3sRus3sMo33/MC catalyst
is a factor of ~1.5 times higher than that of the
Pt/MC catalyst. Table 6.3 summarizes the CV
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results of Pt34RU33M033/MC, Pt5oRU5o/MC,
PtsoMo0so/MC  and  Ptyo0/MC  electrocatalysts
including the positive peak potentials and the
corresponding peak current densities of MOR.

The CV results show that pure Ptjoo/MC
catalysts do not behave as an appropriate anode
for MOR due to its poisoning by strongly
adsorbed intermediates such as CO. However,
the introduction of Ru and Mo promotes the
electrocatalytic activity. CV for methanol
oxidation reactions showed that the CO
poisoning effect was largely inhibited by
Pt3sRu3sMo3s/MC electrocatalysts, indicating the
ability of Mo to promote either the CO to CO,
oxidation or a weaker adsorption of CO on the
Pt3;Ru33Mo33/MC catalysts.

Chronoamperometry

Fig. 5 shows the current densities measured
from 0.05 to 1.2 V in 1.0 M methanol+0.5 M
H,SO,. The currents decay with time in a
parabolic style and reach an apparent steady state
within 80s.

20
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Fig. 5. CA of Pt3Ru33Mo033/MC, PtsoRuse/MC,
PtsoMoso/MC and Pty00/MC electrocatalysts

It can be seen that the current density of
methanol electro-oxidation on the
Pt3;Ru3sMo3s/MC catalyst is higher than that on
the Pt50RU50/MC, Pt5oM050/MC and Ptloo/MC
catalyst at the same potentials. The activity
change for methanol oxidation decreases in the
order of Pt3sRu3sMo033/MC > PtsoRuso/MC >
PtsoMoso/MC > Ptyo/MC, which is in fairly good
agreement with our CV results. For the
durability  test, the  chronoamperometric
experiments were carried out at 0.05 to 1.2 V for
1750 s in the same conditions. Before each
measurement, the solution was purged with high-
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purity nitrogen gas for at least 30 min to ensure
oxygen-free measurements.

Single cell performance

A single cell performance was tested using
PtasRuzsMo33/MC, PtsgRuso/MC, PtsgMoso/MC
and Pt;oo/MC electrocatalysts as the anode.
Polarization curves and power densities are
shown in Fig. 6.

0.9
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Fig. 6. Polarization and power density curves of
Pt34RU33M033/MC, Pt5oRU5o/MC, Pt50MO50/MC
and Pty00/MC electrocatalysts

For each catalyst, the open-circuit voltages
(OCV) were different, as would be expected in
onset potentials. The OCVs of
Pt3sRu33Mo033/MC, PtsoRus/MC, PtsogMoso/MC,
are higher than that of Pty0o/MC, 0.53 V, and the
order of OCV is exactly same as the onset
potentials. The OCV of Pt3;Ru33sMo33/MC is the
highest value of 0.83 V, which is approximately
0.30 V higher than that of Ptygo/MC. This
indicates that Pt;0o/MC is more rapidly poisoned
by CO than any other alloy catalyst and that the
oxidation of adsorbed CO is enhanced by the
second or third metal. In the case of
Pt3;Ru3sMozs/MC  the overall performance is
superior to that of the bimetallic electrocatalysts.
The maximum power densities obtained for
Pt34RU33M033/MC, Pt5oRU5o/MC, Pt50MO50/MC
and Ptjoo/MC are 36.5, 30.3, 21.2 and 5.7 mW
cm 2, respectively (Table 4). We conclude that
the substitution of a small amount of Mo for Ru
aids in cleaning surfaces poisoned by CO and
provides additional reaction sites for methanol
oxidation.

In membraneless fuel cells, pure Pt/MC
catalyst does not behave as a very good anode
for methanol electro-oxidation due to its
poisoning by strongly adsorbed intermediates
such as CO. But the addition of Mo to Pt (Pt—
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Mo/MC) had a little effect, whereas addition of
Mo to Pt-Ru/MC greatly enhanced the
electrocatalytic activity. Therefore the results
demonstrated that the performance of the
developed membraneless fuel cell enhanced

Pt-Ru—-Mo/MC Anode Catalyst on Membraneless Methanol Fuel Cells

profoundly as mentioned in our earlier study
[17, 18], if the concentration of oxidant in
cathodic stream is 10 times larger, and the
current density is also increased approximately
ten times.

Table 4. Summary of performance of single fuel cell tests using (2 mg cm 2 catalyst loading, 40 wt%

catalyst on carbon)

Anode catalysts Open circuit Maximum power Maximum current
Voltage (V) density (mW cm™®)  density (mA cm™)
Ptioo/MC 0.53 5.7 49.7
Pt50M050/MC 0.61 21.2 1115
PtsoRuso/MC 0.69 30.3 149.8
Pt34RU33M033/MC 0.83 36.5 226.0

Conclusions

In present work, the study of methanol
oxidation on mesoporous carbon-supported
Pt-Ru—Mo ternary nanoparticles has revealed
details concerning the activity and stability of the
catalysts in membraneless fuel cells. The
maximum activity for methanol oxidation was
found for the Pt3;Ru33sMoz3/MC  than the
Pt50RU50/MC, Pt5oMO50/MC and Ptloo/MC. The
significantly enhanced catalytic activity for
methanol oxidation can be attributed to the high
dispersion of ternary catalysts and to Mo acting
as a promotion agent. XRD results show the
homogenous alloy structure of Pt, Ru and Mo.
The TEM images indicated an average size of
Pt34Ru33sMo33/MC nanoparticles of 1.5 nm. The
atom ratio of Pt, Ru and Mo from EDX analyses
is close agreement with the original precursor
concentration. The composition of ternary
Pt3;RussMoss/MC  nanoparticles  can  be
conveniently controlled by adjusting the initial
metal salt solution and preparation conditions.
The electrochemical experiments showed that
the Pt3;Ru3sMo33/MC nanoparticles have higher
catalytic activity than that of the other catalysts.
We expect that the MLMFC may be a promising
candidate for practical fuel cells to establish a
clean and sustainable energy future. Further
work is necessary to characterize the catalysts
using different surface analysis techniques and to
conduct tests of these electrocatalysts in
microfluidic membraneless fuel cells.
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