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 Abstract: Direct methanol fuel cell (DMFC) attracts much attention due to its high 
abundance, environmental friendliness, and convenient transportation and storage. In 
this study, a novel catalyst of Pt3Mo alloy nanoparticles (NPs) on non-carbon Ti0.8W0.2O2  
support was synthesized by microwave-assisted polyol process. The characteristic of 
Pt3Mo NPS/Ti0.8W0.2O2 catalyst was determined by X-ray diffraction (XRD), transmission 
electron microscopy (TEM), scanning electronic microscopy (SEM), energy-dispersive X-
ray (EDX), and Brunauer-Emmett-Teller (BET) method. Pt3Mo NPs had an average 
diameter of approximate 5.18 nm and were uniformly anchored on Ti0.8W0.2O2 surface. 
The ratio of Mo in the Pt3Mo alloy was consistent with the theoretical value, which 
supported the effectiveness of the synthesis method. In addition, Pt3Mo/Ti0.8W0.2O2 
electrocatalysts exhibited higher CO-like tolerance in methanol oxidation reaction 
(MOR) than commercial electrocatalysts, excellent catalytic activity, and strong 
durability after 2000 cycles. The synergistic effect of Pt-Mo alloy, and the strong 
interaction between the bimetallic Pt-Mo alloy and the mesoporous Ti0.8W0.2O2 support, 
could weaken the Pt-CO bond. Besides, the high corrosion resistance and superior 
electrochemical durability of TiO2-based oxide also contribute to the excellent stability of 
Pt3Mo/Ti0.8W0.2O2 electrocatalyst in harsh electrochemical media. These results revealed 
that this material could be a potential catalyst in DMFC technology. 

Keywords: bimetallic metal; Pt-Mo alloy; W-doped TiO2; microwave-assisted polyol 
process; hydrothermal 

 
■ INTRODUCTION 

Using fossil fuels (oil, coal, etc.) for energy has 
caused severe effects on humanity and the environment, 
from air and water pollution to global warming. To 
reduce greenhouse gas emissions and economic 
dependence on petroleum, replacing fossil fuels with 
alternative energy resources is intensively studied 
worldwide. Fuel cell technology operating as energy 
conversion devices could be the answer to the world’s 
pressing demand for clean and efficient power since it 
offers extremely low or even zero emissions of health-
damaging pollutants [1-3]. Direct methanol fuel cell 

technology exhibits a high energy density of liquid 
methanol used as an abundant fuel source, easy storage, 
relatively straightforward system design, and convenient 
operation. Therefore, it is a potential power source for 
automotive, portable power generating, and electronics 
industry applications [4]. Nevertheless, the greatest 
challenges which limit commercialization of fuel cells 
are that the systems involve high intrinsic costs and poor 
durability of catalysts, usually noble Pt-based materials. 
Literately, many previous studies have pointed out 
several factors reducing the lifetime of these 
electrocatalysts, such as carbon-support corrosion, Pt 
detachment, and agglomeration, and Pt poisoning 
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caused by carbon-containing intermediates (such as  
–COads) [5-7]. 

It is generally recognized that alloying Pt with noble 
metals like Pd, Au, Ru, or less expensive 3d-transition 
metals, such as Mo, Ni, Co, Cu, is one feasible strategy for 
Pt-load reduction and activity enhancement in fuel cells, 
including DMFCs [8-10]. Among Pt-M alloys, the state-
of-the-art Pt-Ru is found to be the most active and 
commonly used binary alloy catalyst and in MOR at the 
anode of DMFCs [4,11]. However, Pt-Ru alloy is severely 
subjected to Ru dissolution and migration, called “Ru 
crossover”. It leads to poor performance by inhibiting or 
contaminating the oxygen reduction kinetics at the 
cathode and the potential stability of the cathode against 
the parasitic MOR [12-14]. For further investigation, 
some studies have focused on alloying platinum with 
molybdenum, which is inexpensive, widely available, and 
has outstanding potential as a promoter for enhancing Pt 
activity in the MOR [15]. It is reported that the PtMo/C 
catalyst exhibited a three-time better enhancement in CO 
tolerance as compared to Pt50Ru50/C and a greater than 
four-fold enhancement relative to Pt/C [16]. Another 
study indicated that Mo in Pt3Mo alloy induced ligand 
effect on neighboring Pt atoms leads to weaker CO 
adsorption on Pt as compared to Ru in Pt3Ru alloy [17]. 
Nevertheless, various synthesis methods of Pt-Mo alloy 
NPs have been surveyed, including arc melting of pure 
elements, wet impregnation, electrochemical deposition, 
that are subject to intrinsic drawbacks, such as (i) 
complicated multistep processes involving 
caping/surfactant agents, (ii) strict conditions required 
for alloying; and (iii) heat treatment at the high 
temperature employed afterward to archive true Pt-Mo 
alloy form [18-20]. These challenges are mainly due to the 
large negative redox potential of the Mon+/Mo0 couple and 
the low miscibility of Pt and Mo [21-22]. 

With the purpose to solve mentioned issues, a novel 
Pt-based nanoalloy on robust non-carbon support was 
introduced. Non-carbon Ti0.8W0.2O2 support was 
successfully synthesized via one-step low-temperature 
hydrothermal preparation, while the Pt3Mo nanoalloy on 
Ti0.8W0.2O2 support was fabricated by a simple 
microwave-assisted polyol route [23-24]. The synthesis 

process in the present work did not include any 
surfactant or stabilizer. The characteristics of 
Pt3Mo/Ti0.8W0.2O2 electrocatalyst were measured by X-
ray diffraction (XRD), transmission electron 
microscopy (TEM), BET measurement with N2 
adsorption isotherms, scanning electron microscopy 
(SEM), and energy-dispersive X-ray spectroscopy 
(EDX). The synthesized material showed a uniform 
diameter of ~5.18 nm and good dispersion on the 
surface of Ti0.8W0.2O2 support. Pt3Mo/Ti0.8W0.2O2 
electrocatalyst showed a high surface area (152.32 m2/g), 
a large pore diameter (2.46 nm). It exhibited superior 
CO-tolerance with the If/Ib ratio of Pt3Mo/Ti0.8W0.2O2 
was up to 1.49. In addition, the Pt3Mo/Ti0.8W0.2O2 
photocatalyst showed excellent catalytic activity 
compared to commercial catalysts. 

■ EXPERIMENTAL SECTION 

Materials 

Tungsten (VI) chloride (WCL6, 99.9%), 
Hexachloroplatinic acid (H2PtCl6·6H2O, 99.9%, 38–40% 
Pt) were obtained from Sigma-Aldrich, USA. Titanium 
(IV) chloride (TiCl4, 99.5%) was purchased from 
Shanghai, China. Ethanol (99.9%), ethylene glycol (EG, 
99.5%), acetone (99.9%) were acquired from Merck, 
Belgium. Molybdenum (V) Chloride (MoCl5) was 
bought from Sigma-Aldrich (99.99%). Distilled water 
was used throughout the experiments. 

Instrumentation 

Synthesizing process 
Besides the common tools in the laboratory, 

Teflon-lined autoclave, microwave oven, and laboratory 
centrifuge were mainly used for synthesizing the 
materials via microwave-assisted polyol process in this 
study. 

Characterization 
To investigate the structural characterization of 

Pt3Mo/Ti0.8W0.2O2, Powder X–ray diffractometer (XRD, 
D2 PHASER-Brucker), transmission electron 
microscope (TEM, JEOL-JEM 1400), the nitrogen 
adsorption isotherms (NOVA 1000e), scanning electron 
microscopy (SEM), and the energy–dispersive X–ray 
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spectroscopy (EDX, EDX-JSM 6500F, JEOL) were used 
after synthesis process. 

For electrochemical characterization, the CV test 
was performed in an acidic medium with methanol (N2-
purged 10 v/v% CH3OH/0.5 M H2SO4 solution; at a scan 
rate of 50 mV/s) to get access to the MOR activity of this 
material. 

Procedure 

Synthesis of Ti0.8W0.2O2 nanoparticles 
By approaching the solvothermal method applied in 

the previous studies [3-4], the non–carbon support 
Ti0.8W0.2O2 NPs were synthesized without using 
surfactants or stabilizers and further heat treatment. After 
dissolving 0.159 g WCl6 in 50 mL ethanol to generate a 
homogeneous solution, 0.176 mL TiCl4 was added into 
the mixture. Then the mixture was put into a Teflon-lined 
autoclave and moved into an oven; the reaction condition 
was set at 200 °C for 10 h. Subsequently, the suspension 
was stored at ambient temperature to cool down naturally 
and rinsed several times with acetone and distilled water. 
After that, it was dried in the oven set up at 80 °C 
overnight. Finally, the obtained product was collected for 
the next synthesis. 

Synthesis of the Pt3Mo/Ti0.8W0.2O2 nanoparticles 
The 20 wt.% Pt3Mo/Ti0.8W0.2O2 were synthesized by 

a polyol process under microwave radiation. Firstly, 110 
mg of the as synthesized Ti0.8W0.2O2 was introduced in a 
beaker, followed by adding 25 mL EG and stirring for 15 
min. This mixture was sonicated for 30 min at 5 °C to 
form a uniform suspension. The precursor solutions, 
including 2.422 mL H2PtCl6 0.05 M and 0.808 mL MoCl5 
0.05 M, were added into the previous suspension to get a 
3:1 atomic ratio of Pt:Mo. To achieve better dispersion, 
the stirring process was kept for 15 min. Afterward, 

NaOH solution was slowly dropped into the mixture to 
adjust pH = 11, and then the suspension was moved into 
the microwave oven. The system was operated at a 50% 
power rate for 3 min. The resulted black product was 
collected by centrifuging and washing with distilled 
water 5 times at 6000 rpm. At the end of the process, the 
sample was dried at 80 °C for 12 h for analysis. The 
preparation steps of Pt3Mo NPS/Ti0.8W0.2O2 
schematically can be seen in Fig. 1. Similarly, the 20 wt.% 
Pt/Ti0.8W0.2O2 NPs catalyst was prepared using the same 
procedure for further comparison. 

Material characterization 
The structure of Pt3Mo nanoalloy on Ti0.8W0.2O2 

support was measured by X-ray diffraction (XRD) 
implemented on D2 PHASER-Brucker using Cu KR X-
ray source at 30 kV, in the angle between 20° and 80° 
with a sweep rate of 2°/min. The transmission electron 
microscopy (TEM) measurement was performed on 
JEOL-JEM 1400 microscope at an accelerating voltage of 
3800 V to determine the particle size of the as-prepared 
support and catalyst. Furthermore, by means of EDX-
JSM 6500F, JEOL machine operated at an accelerating 
voltage of 10 kV, the image analysis, elemental 
composition, and mapping of Pt3Mo/Ti0.8W0.2O2 
nanoparticles are possible to be investigated. The 
specific surface area of the Ti0.8W0.2O2 support was 
figured out by Brunauer-Emmett-Teller (BET) method 
using isothermal N2 adsorption/desorption. Prior to the 
analysis test, the sample undergoes the outgassing 
process to clear away all adsorbed gases and water from 
material pores by heating at 250 °C for 3 h. The 
resistivity measurement of the sample has been 
implemented by preparing a four-point probe. The 
Ti0.8W0.2O2  powder was placed into pellets of a size of  
 

 
Fig 1. Schematic illustration of the preparation of the Pt3Mo NPs/Ti0.8W0.2O2 catalyst 
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10 mm and ~1 mm in diameter and thickness, 
respectively, by hydraulic injection mold under pressure 
about 300 MPa. 

■ RESULTS AND DISCUSSION 

Characterization by X-ray diffraction (XRD) was 
used to verify the 20 wt.% Pt3Mo/Ti0.8W0.2O2 catalyst 
structure. As shown in Fig. 2, the diffraction peaks of the 
20 wt.% Pt3Mo/Ti0.8W0.2O2 catalyst could be indexed to the 
(111), (200), and (220) planes of platinum metal (JCPDS 
04-0820) with face-center cubic (fcc) structure at 2θ 
positions of approximate 39.76°, 46.24°, and 67.45°, 
respectively. Only the characteristic diffraction peaks of 
the fcc phase of Pt bulk, anatase Ti0.8W0.2O2 and no single 
peaks for Mo were detected for the 20 wt.% 
Pt3Mo/Ti0.8W0.2O2 catalyst indicating that Pt and Mo had 
come into being alloy on the surface of the Ti0.8W0.2O2 
support together with the low mismatch between Pt and 
Mo atoms [25-26]. Furthermore, the 20 wt.% 
Pt3Mo/Ti0.8W0.2O2 catalyst presented well-matching XRD 
peak positions with the anatase Ti0.8W0.2O2 suggesting that 
the support has a stable structure. 

Fig. 3 presents the transmission emission 
micrograph (TEM) and the surface structure of the 
Ti0.8W0.2O2 support. The mesoporous Ti0.8W0.2O2 
nanoparticles had an average diameter of about 9 nm  
 

 
Fig 2. The XRD spectra of the 20 wt% Pt3Mo/Ti0.8W0.2O2, 
20 wt.% Pt/Ti0.8W0.2O2 catalysts and Ti0.8W0.2O2 support 
in the 2θ range of 20°–80° 

 
Fig 3. (a) The TEM image, (b) N2 adsorption/desorption isotherms and (c) pore size distribution of the non-carbon 
Ti0.8W0.2O2  support 
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(Fig. 3(a)), its BET surface area and pore size were 
measured about 152.32 m2/g and 2.46 nm (Fig. 3(b-c)), 
respectively, by implementing the N2 
adsorption/desorption isotherms coped with the 
Barrette–Joyner–Halenda (BJH) technique. Besides, the 
electrical conductivity of the as-prepared Ti0.8W0.2O2 
nanoparticles after using the four-point probe evaluation 
are near 1.90 × 10–2 S/cm. These data are in good 
agreement with our previous study [24]. 

The morphology, the average size, and uniformity of 
the 20 wt.% Pt3Mo/Ti0.8W0.2O2 nanoparticles were 
evaluated by the TEM, as shown in Fig. 4. The Pt3Mo alloy 
nanoparticles were nearly spherical with a uniform 
diameter of approximate 5.18 nm and well-dispersed on 
the surface of Ti0.8W0.2O2 support. In comparison with 
commercial carbon-supported electrocatalyst (Pt/C, E-
TEK), Pt3Mo/Ti0.8W0.2O2 showed the higher surface area  
 

and pore volume, smaller pore diameter (Table 1). 
The SEM-EDX elemental analyses are implemented 

to obtain the Pt-Mo alloy formation and composition 
(Fig. 5). As can be seen in Fig. 5(b), the Pt:Mo atomic ratio 

 
Fig 4. The TEM image of the 20 wt.% Pt3Mo/Ti0.8W0.2O2 
catalyst 

Table 1. Comparison in BET surface area and pore diameter of Pt3Mo/Ti0.8W0.2O2 and E-TEK commercial catalyst 

Electrocatalyst 
BET surface area 

(m2/g) 
Pore diameter 

(nm) Reference 

20 wt.% Pt3Mo/Ti0.8W0.2O2 153.32 2.46 Present work 
E-TEK 69.21 9.8 [27] 

 
Fig 5. (a) SEM image and (b) EDX analysis and (c-g) elemental mapping of the 20 wt.% Pt3Mo/Ti0.8W0.2O2 catalyst 
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of the 20 wt.% Pt3Mo/Ti0.8W0.2O2 catalyst was found to be 
2.74:1, which indicates that the real Mo contents in the 
binary alloy are slightly smaller than the theoretical value 
(3:1). It supports the 20 wt.% Pt3Mo/Ti0.8W0.2O2 catalyst 
suffered from a dissolution of some Mo species during the 
synthesis [15]. Additionally, the elemental mapping 
shows that the catalyst and support were localized 
uniformly, suggesting the effectiveness of the rapid 
microwave-assisted polyol reduction synthesis method. 

To elucidate the electrical performance of the 20 wt.% 
Pt3Mo/Ti0.8W0.2O2 catalyst, cyclic voltammetry techniques 
were carried out in N2-purged 0.5 M H2SO4 electrolyte at 
a sweep rate of 50 mV/s, as illustrated in Fig. 6. The Pt-
Hupd region (0 to 0.37 V versus NHE) of Pt3Mo/Ti0.8W0.2O2 
is not as well defined as those on the Pt/Ti0.8W0.2O2 and 
Pt/C (E-TEK) electrodes, it suggesting the relatively low 
crystallinity of Pt3Mo/Ti0.8W0.2O2 than other catalysts. 
More importantly, the electrochemical specific area 
(ECSA) values, which were calculated after normalizing 
the double‐layer and assuming a value of 210 (mC/cm2) 
for the adsorption of H2 monolayer, of the three catalysts 
increased in the order: Pt3Mo/Ti0.8W0.2O2 (58.28 m2/gPt) < 
Pt/C (65.13 m2/gPt) < Pt/Ti0.8W0.2O2 (120.16 m2/gPt). Albeit 
the ECSA of Pt3Mo/Ti0.8W0.2O2 was only half of ECSA of 
Pt/Ti0.8W0.2O2, which was probably due to the reduction 
in Pt content and the presence of Mo in the alloy structure 
decreasing the interaction between hydrogen molecules 
and the Pt surface, it is comparable with that of Pt/C. This 
result could be ascribed to the well-distribution of Pt and 
the hydrogen spillover effect occurring on the W-doped  
 

TiO2 support surface. 

Methanol Oxidation Reaction Investigation 

To get access to the MOR activity of the as-
synthesis catalyst, the CV test was performed in an acidic 
medium with methanol (N2-purged 10 v/v% CH3OH/0.5 
M H2SO4 solution) at a scan rate of 50 mV/s (Fig. 7). As 
shown in Fig. 7(b), the Mo-containing electrocatalyst 
(Pt3Mo/Ti0.8W0.2O2) showed onset potential (Eonset = 0.29 
V) at a higher value than the pure Pt electrocatalyst 
supported on Ti0.8W0.2O2 (0.24 V) and lower than Pt/C 
(E-TEK) (0.32 V). Another interesting observation was 
made concerning the relative positions of the current 
density peak in the positive-going sweep. The forward 
peak of Pt3Mo/Ti0.8W0.2O2 is 21.16 mA/cm2, which is 
lower than Pt/Ti0.8W0.2O2 (23.29 mA/cm2) and nearly 
equal to Pt/C (21.01 mA/cm2). These results imply that 
the methanol oxidation reaction can occur more easily 
and faster on the Pt/Ti0.8W0.2O2 surface rather than on 
Pt3Mo/Ti0.8W0.2O2 due to the higher Pt composition of 
the Pt nanoparticles in comparison with the binary 
Pt3Mo alloy. Notably, the If/Ib ratio of Pt3Mo/Ti0.8W0.2O2 
is up to 1.49, whilst those of Pt/Ti0.8W0.2O2 and Pt/C are 
mere ~1.18 and ~0.69, respectively (Fig. 7(c)). The highest 
If/Ib ratio of Pt3Mo/Ti0.8W0.2O2  which can be considered 
an indication for better –COads tolerance is attributable 
to the promotion of the removal of the surface-bound 
intermediates in the presence of Mo. The parameter 
comparison of Pt3Mo/Ti0.8W0.2O2 and Pt/Ti0.8W0.2O2 to 
others reported previously is presented in Table 2. 

 
Fig 6. (a) CV curves and (b) ECSA values of the different catalysts in N2-purged 0.5 M H2SO4 solution at a scan rate of 
50 mV/s 
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Fig 7. (a) CV curves; (b) the onset potential and (c) If/Ib values of the catalysts in N2-purged 10 v/v % CH3OH/0.5 M 
H2SO4 solution at a scan rate of 50 mV/s 

Table 2. Comparison of Pt3Mo/Ti0.8W0.2O2 and Pt/Ti0.8W0.2O2 with other Pt-based electrocatalysts 

Electrocatalyst ECSA 
(m2/gPt) 

Onset potential 
(V) 

Specific MOR 
activity (mA/cm2) If/Ib Ref 

Pt3Mo/Ti0.8W0.2O2 58.28 0.29 V vs. NHE 21.16 1.49 This work 
Pt/Ti0.8W0.2O2 120.16 0.24 V vs. NHE 23.29 1.18 This work 
Pt/C (E-TEK) 65.13 0.32 V vs. NHE 21.01 0.69 This work 
Pt1Ru2/C - 0.35 V vs. Ag/AgCl - 1.22 [29] 
PtRu/C - 0.346 V vs. NHE 38.2 0.8 [30] 
BPt NW/RGO 25.90 0.4 V vs. Ag/AgCl 1.154 1.01 [31] 
CuPt3 wavy NWs 18.0 0.48 V vs. SCE 2.80 1.67 [32] 

 
Specifically, mechanisms for the higher CO 

tolerance of the alloy Pt3Mo on Ti0.8W0.2O2 material, as 
compared to only Pt on Ti0.8W0.2O2 can be assigned to the 
major bifunctional and the minor electronic mechanisms. 
As for the bifunctional manner, the electro-oxidation of 
CO to CO2 occurs more readily and easily with the presence 
of oxophilic Mo element after –OHads species formed on 
Mo migrate to neighboring Pt sites where they react with 
–COads. With regards to the electronic effect, the addition 
of Mo alters the Pt electronic properties and thus changes 
the CO chemisorption properties, consequently reducing 
the CO coverage and leaving freer Pt sites available for the 

methanol oxidation. Also, other known ways to reduce 
catalyst poisoning is promoting CO-like poison 
oxidation by oxygen supplied in the fuel flow or arriving 
from the cathode after passing the membrane, and the 
occurrence of the water gas shift process (WGS) which 
correlates with the reaction of CO with water catalyzed 
by Pt-Mo. Furthermore, the dissociative adsorption of 
water molecules upon the anatase titania-based support, 
along with its spillover characteristic, facilitates the 
transfer of primary oxides (Pt–OH) to the reacting sites, 
otherwise being decisive for the electro-oxidation of CO 
and substantially enhancing CO tolerance. 
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■ CONCLUSION 

In conclusion, the Pt3Mo/Ti0.8W0.2O2 electrocatalyst 
was successfully synthesized via a simple microwave-
assisted polyol route without using any surfactant or 
stabilizer. The bimetallic Pt3Mo nanoalloy particles were 
well-dispersed on the surface of robust non-carbon 
Ti0.8W0.2O2 support. Electrochemical tests indicated that 
the Pt3Mo/Ti0.8W0.2O2 electrocatalyst showed higher CO-
like tolerance and stability towards the methanol 
oxidation reaction than those of the commercial Pt/C 
electrocatalysts. The combination of the transition metal 
element Mo on the alloy structure shows that Pt3Mo bi-
component structure can not only reduce the amount of 
used Pt metal and the cost of catalysts but also provide 
notable catalytic activity for catalysts in MOR reactions. 
Therefore, Pt3Mo/Ti0.8W0.2O2 material has the potential to 
be a potential electrocatalyst for DMFC. 
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