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Abstract
Reaction medium (1,3-butane-diol) plays a vital role for the final morphology of W-Mo15Se19 electrocatalyst during syn-
thetic strategy based on single-step solvothermal method. Smoothness of the electrocatalyst may govern its electrochemical 
application. High ECSA (0.055 mF/cm2), low  Rct, low Tafel slope (99.0 mV/dec), and excellent long-term stability for 3600 
s may attribute to its large surface area due to negligible agglomeration. W-Mo15Se19 delivers a current density of 1.65 mA/
mg at an overpotential of 0.65 V (Ag/AgCl) in 0.75 M methanol and 1 M KOH, at a scan rate of 50 mV/s.
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Introduction

Direct methanol fuel cells (DMFCs) exhibit low pollutant 
emission, low operating temperature, large conversion effi-
ciency, and high availability of methanol as source of energy. 
Thus, DMFCs can be considered one of the future energy 
sources to reduce environmental pollution and energy crisis 
[1, 2]. It is also well-known that DMFC efficiency and reac-
tion kinetics are strongly dependent on electrocatalytic mate-
rials of anode [3, 4]. In this regard, Pt is the state-of-the-art 
electrocatalyst for DMFCs to catalyze methanol electro-
oxidation reaction (MOR). However, sluggish kinetic, high 
price, and CO poisoning are main obstacles in their practical 
application [5, 6]. Thus, it is recommended to develop non-
precious metal base active electrocatalyst for MOR.

Transition metal–based electrocatalysts exhibit high cat-
alytic activity, corrosion resistance, and high conductivity 
[7]. Among these materials, molybdenum selenide exhib-
its high stability and thermoneutral energy. Additionally, 
molybdenum provides four electrons to selenium and a pair 
of electron is shielded at the selenium surface; this syner-
gistic effect further improves the stability as well as activity 
of catalyst [8]. It is also well-known that the performance 

of bimetal is higher than single transition metal based elec-
trocatalyst [9]. This enhancement of performance can be 
attributed to synergism of two metals [10].

Here, for the first time, tungsten-doped molybdenum sele-
nide is developed via single step of solvothermal reaction for 
MOR application. The catalyst exhibits uniform spherical 
morphology with large surface area, high MOR activity, and 
high stability due to their negligible agglomeration.

Materials and methods

Synthesis

Simple solvothermal strategy was applied to prepare tung-
sten-doped molybdenum selenide electrocatalyst for MOR. 
Typically, 1.2 mmol of  (NH4)6Mo7O24•4H2O, 0.6 mmol of 
 Na2WO4•2H2O, and 0.8 mmol of  Na2SeO3 were simultaneously 
added to 30 mL of 1,3-butan-diol under vigorous stirring. Then, 
the mixture was transferred to a 50-mL stainless steel Teflon 
autoclave and heated for 16 h at 180 °C. After cooling down to 
room temperature, the sample was collected via centrifugation, 
washed with ethanol and water to remove impurities, finally 
dried at 60°C for overnight, and stored for further study.

Electrochemical study

A three-electrode setup linked with mAutolab potentiostat was 
utilized for electrochemical applications. Ag/AgCl, Pt rod, 
and glassy carbon electrode (GCE) were used as reference, 
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auxiliary, and working electrode, respectively. A total of 5 mg 
of electrocatalyst was dispersed in a mixture of 250 μL of etha-
nol and 750 μL of water, and ultrasonicated for 15 min to obtain 
a homogeneous composition. This freshly prepared suspension 
(2 μL) was drop casted on cleaned GCE surface and left to 
dry at ambient temperature; subsequently, 2 μL of Nafion was 
dropped on modified GCE surface and dried. This modified 
GCE was applied for electrochemical application in an alkaline 
medium (1 M KOH) with different methanol concentrations 
(0.25–1 M) at different scan rates (25–100 mV/s) via cyclic 
voltammetry (CV). Electrochemical impedance spectroscopy 
(EIS) was investigated at frequency range of 0.1-105 Hz at open 
circuit potential with an AC amplitude of 5 mV. Chronoamper-
ometry was recorded for 3600 s at potential of 0.6 V vs. Ag/
AgCl. CVs were collected in the non-faradic region at scan 
rates 20–100 mV/s for the determination of electrochemical 
active surface area (ECSA) of the sample.

Characterization

Morphology of the electrocatalyst is confirmed by scanning 
electron microscopy (SEM) and transmission electron micros-
copy (TEM) via a scanning transmission electron microscope 

(STEM) (HR-SEM, Nova NanoSEM 450, FEI, Hillsboro, OR, 
USA, equipped with STEM II detector). The sample was also 
analyzed with energy-dispersive spectroscopy (EDS, EDAX/
AMETEK, Materials Analysis Division, Model Octane Super, 
Mahwah, NJ, USA) to determine its purity and presence of 
elements. The sample was investigated with an X-ray dif-
fractometer (XRD) (Aeris 1.2.0, Malvern Panalytical with 
Cu radiation and PIXcel 1D detector) for purity, phase, and 
crystallinity.

Results and discussion

Formation mechanism

(NH4)6Mo7O24•4H2O was dissolved in 1,3-butan-diol in 
the presence of tungsten and selenium salts. The molybde-
num salt produced  Mo6+ and ammonium ion and tungsten 
ions are released from its salt. Hussain et al. [11] confirmed 
that the presence of ammonium ion and organic solvent is 
critically imperative for final morphology of the electro-
catalyst. Tungsten and molybdenum ions form complexes 
with organic solvent, and as the reaction proceeds, these 

Fig. 1  a, b SEM and c, d TEM images of W-Mo15Se19
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complexes break down to release Mo ions, which reacts with 
Se to form molybdenum selenide; at the same time, W ion 
are also released and few of them replace Mo ions due to 
similar atomic size, or tungsten may set in space of molyb-
denum selenide crystal. The slow release of metal ions and 

high viscosity of the medium slow down the reaction and 
lead to multiple nucleation points. As reaction proceeds, 
more active atoms are released that are attached to nuclea-
tion centers and lead to micro-size, while ammonium ion 
and high viscosity dictate smooth surface of the material.

Fig. 2  a EDX and b XRD data of W-Mo15Se19 (at the bottom, the red line represents ICDD # 39-0786 and the green line represents ICDD # 41-1319)

Fig. 3  CV cycles for MOR application in a 1 M KOH and 0.25–1M methanol at a scan rate of 50 mV/s, b Tafel slopes at different methanol con-
centrations, c effect of scan rate in 1 M KOH and 0.75 M methanol, and d ECSA of W-Mo15Se19 electrocatalyst
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Morphology and purity

The SEM data (Fig. 1a, b) showed that the catalyst is composed 
of micro-spherical particles. The particles are well-developed, 
highly uniform, and negligibly agglomerated, and these features 
give high surface area to the materials. The smooth surface of 
the materials favors the fast release of oxide products after oxi-
dation reaction of methanol is completed, providing space for 
the next target methanol molecules. The TEM data (Fig. 1c, d) 
supported the SEM data and revealed that the electrocatalyst is 
composed of microspheres with different sizes, uniform mor-
phology, negligible agglomeration, and smooth surface, accord-
ing to the formation mechanism.

The energy-dispersive X-ray (EDX) data (Fig. 2a) indi-
cates that the electrocatalyst is mainly composed of Mo, 
W, and Se, confirming the sample’s purity and formation 
mechanism. The XRD graph (Fig. 2b) shows sharp peaks 
at 11.2°, 26.0°, 29.1°, 31.6°, 38.3°, and 44.3° correspond-
ing to fringes values of (101), (023), (115), (123), (027), 
and (225) corresponding to ICDD # 39-0786 of the hex-
agonal crystal of  Mo15Se19. Very small peaks at 39.9° and 
43.9° corresponding to fringes value of (210) and (211) 

are well-matched with ICDD # 41-1319 of cubic crystal of 
tungsten. The very small intensity of the peaks is due to its 
very low concentration, as confirmed in energy dispersive 
x-rays (EDX) spectrum.

MOR application

Initially, the modified GCE was run in 1 M KOH solution 
for few cycles to get stabilized CV graph and then collect the 
data. The CV showed a small oxidation peak at 0.48 V (vs Ag/
AgCl) but the response is very small in only KOH solution. 
When 0.25 M of methanol was added to 1 M KOH, the peak 
got increased instantly, which was further increased with 0.5 and 
0.75 M methanol at a scan rate of 50 mV/s. Further increased to 
1 M methanol, the response increased but comparatively low, 
as shown in Fig. 3a. Similarly, as the scan rate increased from 
25 to 50 mV/s the response got increased, but at scan rates of 
75 and 100 mV/s the enhancement in the current density is not 
very obvious, as shown in Fig. 3c. This data confirmed that 
0.75 M methanol, 1 M KOH, and scan rate of 50 mV/s were 
optimized conditions to deliver a current density of 1.65 mA/
mg at potential of 0.65 V (vs Ag/AgCl) with a Tafel slope of 

Fig. 4  a Chronoamperometry and b CV before and after chronoamperometry for stability determination. c, d EIS of W-Mo15Se19
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99.0 mV/dec (Fig. 3b). The low response of the electrocatalyst 
may be due to low attachment feasibility of methanol molecules 
onto the smooth surface of the micro-spheres for the electro-
oxidation reaction. The ECSA of the sample was calculated from 
CV recorded at scan rates of 20–100 mV/s using the double-
layer capacitance  (Cdl) method. The current density differences 
between anodic and cathodic current at potential of 0.05 V (vs 
Ag/AgCl) were plotted against scan rates and get a linear graph. 
The half of the slope of the graph is known as ECSA and was 
equal to 0.055 mF/cm2 (Fig. 3d).

Stability is critically important for a catalyst; thus, the sta-
bility of the sample was determined by a chronoamperomet-
ric test collected in 0.75 M methanol and 1 M KOH solution 
at a potential of 0.6 V (vs Ag/AgCl) for 3600 s continuously. 
The electrocatalyst (Fig. 4a) showed almost negligible degra-
dation for long-term usage in direct methanol oxidation reac-
tion. The electrocatalyst was also compared before and after 
chronoamperometry, and the obtained CV showed very little 
change in the current density, as shown in Fig. 4b. EIS data 
was collected in 0.75 M methanol and 1 M KOH solution at a 
frequency range of 0.1–105 HZ, an AC amplitude of 5 mV/s, and 
an open circuit potential as initial potential. The data confirms 
that the electrocatalyst exhibits a negligible semi-circle (Fig. 4c) 
at a high frequency, which demonstrates the low charge transfer 
resistance of the electrocatalyst with electrolyte. Meanwhile, the 
almost horizontal line at low frequency demonstrates its good 
capacitive behavior may be due to low agglomeration, which 
favors high surface area, as shown in Fig. 4d.

It is revealed again that the sample exhibited high ECSA 
and low  Rct while its activity is governed by smooth surface of 
electrocatalyst, where it shows low attachment feasibility for 
methanol molecules to complete its electro-oxidation reaction.

Conclusion

W-Mo15Se19 electrocatalyst was prepared via single-step 
solvothermal method, where reaction medium (1,3-butane-
diol) plays a vital role in the morphology of the sample. The 
surface of the sample is smooth and it may be the reason 
for diminished feasibility of methanol molecule attachment 
for oxidation reaction. The electrocatalyst exhibited high 
ECSA, low  Rct, and good long-term stability for 3600 s. 
The good MOR was obtained at optimized condition of 
methanol (0.75 M) and KOH (1 M) and a scan rate of 50 
mV/s, where it delivered a current density of 1.65 mA/mg 
at an overpotential of 0.65 V (Ag/AgCl) with a Tafel slope 
of 99.0 mV/dec.
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