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Hydrogen has attracted huge interest globally as a durable, environmentally safe and

renewable fuel. Electrocatalytic hydrogen evolution reaction (HER) is one of the most

promising methods for large scale hydrogen production, but the high cost of Pt-based

materials which exhibit the highest activity for HER forced researchers to find alterna-

tive electro-catalyst. In this study, we report noble metal free a 3D hybrid composite of

tungsten-molybdenum oxide and reduced graphene oxide (GO) prepared by a simple one

step hydrothermal method for HER. Benefitting from the synergistic effect between

tungsten-molybdenum oxide nanowires and reduced graphene oxide, the obtained W-Mo-

O/rGO nanocomposite showed excellent electro-catalytic activity for HER with onset po-

tential 50 mV, a Tafel slope of 46 mV decade�1 and a large cathodic current, while the

tungsten-molybdenum oxide nanowires itself is not as efficient HER catalyst. Additionally,

W-Mo-O/rGO composite also demonstrated good durability up to 2000 cycles in acidic

medium. The enhanced and durable hydrogen evolution reaction activity stemmed from

the synergistic effect broadens noble metal free catalysts for HER and provides an insight

into the design and synthesis of low-cost and environment friendly catalysts in electro-

chemical hydrogen production.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Hydrogen, as a durable and renewable clean fuel is a prom-

ising energy carrier to address the increasing energy demand

ofmodernworld [1]. Recently, researchers have devotedmuch
.cn (M. Imran).
o this work.
52
ons LLC. Published by Els
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attention on alternate methods of producing hydrogen as

steam reformation of fossil fuels causing increased concerns

on earth's climate. Electrochemical water splitting or the

hydrogen evolution reaction (HER) for renewable energy has

been proposed as the most economic and sustainable
evier Ltd. All rights reserved.
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alternate method for large scale hydrogen production [2].

Currently, platinum or Pt-based materials exhibit the highest

activity for hydrogen evolution reaction (HER), but their high

cost and low abundance limit their large scale applications [3].

Thus, the development of highly efficient and low-cost elec-

trocatalyst for HER still remains a major challenge [4].

Researchers have proposed the use of more economical

metals such as, Ni, Mo, W, and other transition metal based

electrocatalysts for hydrogen evolution reaction (HER).

Nanoparticles of these metals and their inter-metallic com-

pounds [5,6], oxide [7], carbide [8,9], sulfide [10,11] and phos-

phides [12,13] may replace the expensive Pt catalysts.

However, there are a few materials which exhibit satisfied

activities for electrocatalytic hydrogen evolution reaction

(HER) compared to commercial Pt/C catalyst [14]. Moreover,

the synthesis of many high efficiency catalysts for H2 evolu-

tion always involves multiple steps, including precursor syn-

thesis and high-temperature treatment which increases the

overall production cost of hydrogen [15]. Mo-based com-

pounds emerged as a new class of electrocatalysts due to its

Pt-like catalytic behaviors [16e18]. It has also been observed

thatmixed phaseMo compounds with other transitionmetals

enhance the activity, as in case of FeeNieP [19,20], NieMoeS

[21] and CoeMoeN [22] which were found to exhibit superior

HER performance than the corresponding single component.

The synergistic effect of different components may change

the surface morphology and intrinsic electric properties of

materials to expose more active sites and improve HER ac-

tivity. The incorporation of the congeneric tungsten (W)

element into Molybdenum may play a contributing role, as

WO3 nanoplates prove its potential use in electrocatalysis [23].

Motivated by this strategy, we propose the use of mixed

bimetallic alloy of molybdenum with tungsten for hydrogen

evolution reaction (HER).

To further enhance the electrochemical performance, a

conducting support has been proposed which not only pre-

vent the nanoparticles from agglomeration but also favors the

electron transfer during catalytic process [24,25]. Carbon

basedmaterials such as graphene oxide, activated carbon and

carbon nanotubes (CNTs) have been widely used as support

for the design and synthesis of various industrial catalysts

[26]. The morphology and nature of carbon materials used as

supporting materials for active transition metals generally

determine the activities of these catalysts. The large surface

area, outstanding electronic conductivity, surface functional

groups and improved metal-support interactions are respon-

sible for the significant change in the catalytic performances

of supported catalysts [27]. Graphene oxide (GO) has attracted

considerable attention due to its excellent chemical stability

and fast electron transfer properties compared to the other

carbon based materials. The 2D configuration of graphene

sheets results in exposure of both sides to the solution which

increases active surface area [28,29]. Molybdenum and

reduced graphene oxide (rGO) composite materials also

proves to be highly active electrocatalysts [30,31]. MoO2/gra-

phene nanomaterials also showed excellent properties as

anode material for Li ion batteries [32]. Herein, we present the

design and synthesis of mixed phase tungsten-molybdenum

oxide nanowires and reduced graphene oxide nano-

composite by one step hydrothermal method. The synergistic
Please cite this article in press as: Imran M, et al., Tungsten-molybd
with enhanced and durable performance for electrocatalytic hydrog
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effect of graphene oxide (GO), tungsten-molybdenum oxide

nanowires directly enables excellent HER catalytic perfor-

mance which is comparable with commercial Pt/C catalyst.

Our W-Mo-O/rGO catalyst exhibits an enhanced electro-

catalytic activity with negligible onset potential and a Tafel

slop of 46 mV per decade. Our study demonstrated that the

low-cost and easy fabricatedW-Mo-O/rGO compositematerial

is a promising candidate as a high efficiency electrochemical

hydrogen evolution catalyst.
Experimental

Chemicals

Ammonium molybdate tetrahydrate, ((NH4)6Mo7O24$4H2O),

Sodium nitrate (NaNO3), sodium tungstate dihydrate

(Na2WO4$2H2O), Potassium persulfate (K2S2O8), Phosphorus

pentoxide (P2O5), Potassium permanganate (KMNO4), ammo-

nium sulfate ((NH4)2SO4) and graphite powderwere purchased

from Sigma Aldrich and were used as received. All other

chemical reagents were of analytical grade and used as

received without further purification.

Characterization

The morphology of the particles was observed by scanning

electron microscope (SEM, JSM 6700F, JEOL). Transmission

electron microscopic (TEM) images and high-resolution

transmission electron microscopic (HRTEM) images were

carried out on a JEM-2100F field emission electron microscope

at an accelerating voltage of 200 kV. The high-angle annular

dark-field scanning transmission electron microscopy

(HAADF-STEM) image and EDX mapping images were taken

on a JEOL JEM-ARF200F atomic resolution analytical micro-

scope. Solid Raman spectra were measured on a Labram-010

micro-Raman spectrometer. The X-ray powder diffraction

(XRD) patterns of the products were performed on a Philips

X'Pert Pro Super diffractometer with Cu-Ka radiation

(l¼ 1.54178�A). The operation voltagewasmaintained at 40 kV

and current at 200 mA, respectively. The X-ray photoelectron

spectroscopy (XPS) was carried out on a PerkinElmer RBD

upgraded PHI-5000C ESCA system.

Electrochemical measurements

Before each electrochemical experiment, a glassy carbon (GC)

electrode (0.196 cm2 geometric surface area) was first polished

with alumina slurry (Al2O3, 0.05 mm) on a polishing mat to

obtain a mirror-finish, followed by sonication in 0.1 M HNO3,

0.1 M H2SO4, and DI water for 10 min successively. Then, the

catalyst in DI water was drop-coated on to the polished elec-

trode surface using a microliter syringe, which was then dried

under vacuum at room temperature. After drying, the catalyst

filmwas covered with a thin layer of Nafion (0.1 wt.% in water,

5 mL) to ensure that the catalyst was tightly attached to the

electrode surface during electrochemical measurements.

Voltammetry measurements were carried out with a CHI750D

electrochemical workstation in a standard three-electrode

setup with a working electrode, Ag/AgCl electrode as a
enum oxide nanowires/reduced graphene oxide nanocomposite
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reference, and platinumwire as a counter electrode. After the

measurements, all experimental results were converted with

respect to standard RHE reference electrode. To measure the

HER activity, 0.1 M HClO4 solution was used. The electrolyte

solution was purged and saturated with N2, in order to create

inert atmosphere and avoid the interference due to the pres-

ence of dissolved oxygen during electrochemical measure-

ments. Then the catalyst-functionalized GC electrode was

immersed in the solution and rotated at 1000 rpm using a

rotating disk electrode workstation. Measurements were

taken at a 5 mV s�1 scan rate by linear sweep voltammetry

(LSV). The accelerated durability test for long-term stability of

electrodes was investigated by electrochemical cycling in a

potential window range between�0.30 and 0.30 versus RHE in

0.1MHClO4 solution, at a scan rate of 10mV s�1 with 1000 rpm

rotation speed for up to 2000 cycles.

Synthesis of graphene oxide

Graphene oxide (GO) was synthesized from graphite powder

by modified Hummer's method [33]. In general, graphite

powder (4 g) was gradually added into concentrated sulfuric

acid solution (H2SO4, 24 mL) containing 8 g of K2S2O8 and P2O5

each at stirred at 80 �C for 6 h. The resulting dark bluemixture

was slowly cooled down to room temperature and diluted

with 300mL of H2O, filtrated and dried in vacuumoven at 60 �C
for 12 h. The preoxidized graphite powder (2 g) was then added

into H2SO4 (92 mL) in ice-bath, then 12 g KMnO4 was gradually

added under continuous stirring. After 20 min, sodium nitrate

(NaNO3, 2 g) was added into the mixture and solution was

further stirred at 30 �C for 2 h and then 200mL H2Owas added.

After being stirred for another 15 min, the reaction was

terminated by addition of 560 mL of H2O and 10 mL of 30%

H2O2. The product was extensively washed with HCl, water,

and then dialyzed to remove acids and residual metal ions.

The as-synthesized GO was then dispersed in distilled water

at a concentration of 10 mg/mL with the help of sonication.

Synthesis of tungsten-molybdenum oxide nanowires/
reduced graphene oxide nanocomposites

Mixed phase tungsten-molybdenum oxide nanowires/

reduced graphene oxide nanocomposites were synthesized by

one step hydrothermal method. Generally, 100 mg of ammo-

nium molybdate tetrahydrate, ((NH4)6Mo7O24$4H2O) and
Fig. 1 e Schematic representation for the syn

Please cite this article in press as: Imran M, et al., Tungsten-molybd
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92 mg of sodium tungstate dihydrate (Na2WO4$2H2O) were

added into 20 mL of DI-water, the pH of the solution was

adjusted to z3 by adding HCl (1 M), then 50 mg of graphene

oxide dispersion was added into the mixture followed by hy-

drothermal treatment in the autoclave at 180 �C for 12 h. After

being cool down to room temperature, the resultant solid was

washed several times with DI water and ethanol and dried in

vacuum oven overnight at 60 �C for further use. The bare

tungsten-molybdenum oxide nanowires were obtained in a

similar way except the use of graphene oxide (GO).
Results and discussion

The strategy for the synthesis of hybrid W-Mo-O/rGO com-

posite is illustrated in Fig. 1. For this purpose, we initially

synthesized graphene oxide by modified Hummer's method,

which introduces a large number of oxygenated functional

groups that allow GO to be well dispersed in water (Fig. S1). In

the next step, we synthesized W-Mo-O/rGO composites by

using ammonium molybdate tetrahydrate and sodium tung-

state dihydrate as Molybdenum and tungsten source respec-

tively. The size andmorphology of as synthesizedW-Mo oxide

nanowires and W-Mo-O/rGO composites were observed by

scanning electron microscopy (SEM) and transmission elec-

tronmicroscopy (TEM). Fig. 2A shows SEM images of tungsten-

molybdenum oxide nanowires, the length of nanowires is in

micron andwidth is about 50 nm. Fig. 2B shows SEM images of

the W-Mo-O/rGO composites, graphene oxide surface have

been uniformly decorated with tungsten-molybdenum oxide

nanowires. The hybrid nanocomposites (W-Mo-O/rGO)

comprise interconnected well-defined 3D porous networks

with pore sizes ranges from nanometer to several

micrometers.

The low magnification TEM images of tungsten-

molybdenum oxide nanowires and W-Mo-O/rGO composites

are shown in Figs. 2C, D and 3A. The tungsten-molybdenum

oxide nanowires are randomly oriented around reduced gra-

phene oxide nanosheets forming a compact, disordered 3D

structure. The growth of nanowires on the GO surface may

greatly affected by the oxygenated and carboxyl functional

groups, which serve as the active sites during the nucleation

and growth processes. The intimate contact of the nanowires

with reduced graphene oxide was assessed by high resolution

transmission electron microscopy (HRTEM). The HRTEM
thesis of W-Mo-O/rGO nanocomposites.
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Fig. 2 e SEM images of W-Mo-O nanowires (A) and W-Mo-O/rGO nanocomposite (B), TEM images of W-Mo-O nanowires (C)

and W-Mo-O/rGO nanocomposite (D).

Fig. 3 e TEM image of W-Mo-O/rGO nanocomposite (A), HRTEM image W-Mo-O/rGO nanocomposite (B), HAADF-STEM

element mappings of W-Mo-O nanowires (CeF).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e94
images indicate the homogeneous distribution of nanowires

over rGO surface comprising a composite material, and the

apparent contrast between the W-Mo-O nanowires and the

rGO sheet offers an evidence for the formation of hybrid

composite (Fig. 3B). In addition, HAADF-STEM element map-

pings were further performed and it can be clearly seen from

Fig. 3CeF that W, Mo and O are evenly distributed, indicating

the formation of mixed phase alloy. Energy dispersive X-ray

(EDX) spectrum also used to confirm the existence of tungsten
Please cite this article in press as: Imran M, et al., Tungsten-molybd
with enhanced and durable performance for electrocatalytic hydrog
(2017), http://dx.doi.org/10.1016/j.ijhydene.2017.02.152
molybdenum and oxygen, the atomic ratio of W: Mo was 1:1

which is in agreement with the experimental data as can be

seen in Fig. S2.

The XRD spectra of as-synthesizedW-Mo-O nanowires and

W-Mo-O/rGO were also recorded to determine the purity and

crystallinity of the samples. The X-ray diffraction patterns

presented in Fig. 4A manifest peaks at 2q ¼ 23.3 (110), 33.7

(111), 46.3 (061) assigned to orthorhombic phase of molybde-

num oxide, MoO3 (JCPDS # 35-0609) with cell parameters
enum oxide nanowires/reduced graphene oxide nanocomposite
en evolution reaction, International Journal of Hydrogen Energy
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Fig. 4 e XRD pattern of as synthesized W-Mo-O nanowires and W-Mo-O/rGO nanocomposite (A), Raman spectrum of

graphene oxide and W-Mo-O/rGO nanocomposite (B).
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a ¼ 3.92 �A, b ¼ 13.83 �A, c ¼ 3.66 �A, while additional peaks at

2q ¼ 22.6 and at 26.2 were also observed for MoO3 (JCPDS # 09-

0209) indicating the presence of mixed phases of MoO3. The

peaks at 2q ¼ 22.7 (001), 24.0 (110), 33.1 (111), 46.5 (002) are

consistent with tetragonal WO3 (JCPDS # 05-0388) with cell

parameters a ¼ 5.23 �A, b ¼ 5.26 �A, c ¼ 3.93 �A. The same

characteristic peaks were also observed for MoO3-WO3 films
Fig. 5 e XPS spectra of W-Mo-O/rGO nanocomposite: Mo 3d o

Please cite this article in press as: Imran M, et al., Tungsten-molybd
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prepared by atmospheric pressure chemical vapor deposition

method [34,35].

X-ray photoelectron spectroscopy (XPS) measurements

were employed to elucidate the elemental existence and

oxidation states of W-Mo-O/rGO composites. The represen-

tative XPS survey spectra (Fig. S3) indicate the existence of

molybdenum, tungsten, oxygen, and carbon elements. Fig. 5C
rbital (A), W 4f orbital (B), C 1s orbital (C) O 1s orbital (D).
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Table 1 e Electrochemical HER comparison with reported
materials.

Samples Onset potential
(mV vs. RHE)

Tafel slope
(mV/dec)

Reference

W-Mo-O/rGO 50 46 Our study

MoO2/rGO composite 190 49.2 [7]

MoP nanosheets 100 56.4 [25]

MoC NPs 120 62.6 [53]

m-MoO3�x 140 56 [38]

WO3 Nanoplates 90 101 [23]

MoO3-MoS2 nanowires 200 60 [54]

P-WN/rGO 46 54 [30]

MoS2/N-MWCNTs 90 40 [55]

WS2/SNCF 96 66 [56]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e96
shows the high-resolution C1s XPS spectra which reveal the

existence of four components corresponding to carbon atoms.

The sharp peak at 284.6 eV may be attributed to CeC bonds of

sp2-hybridized graphitic structure and small intensity peaks

at 286.7, 288.4 and 290.1 eV could be assigned to CeO bonds,

carbonyl groups (C]O), and the pep* [36]. After hydrothermal

treatment, the intensities of all the peaks associated to

oxygenated functional groups are sharply decreased, indi-

cating the reduction of graphene oxide to rGO [37]. Fig. 5A

shows high resolution XPS spectra of Mo 3d of as-preparedW-

Mo-O/rGO. The Mo 3d spectrum exhibits peaks at 235.6 and

232.4 eV corresponding to spin orbit doublet and could be

attributed to 3d3/2 and 3d5/2 of Mo cations (Mo6þ) with higher

oxidation state [38]. XPS spectra of Mo 3d lack of lower

oxidation states, confirming the existence of fully stoichio-

metric MoO3, as reported previously [39]. The high resolution

tungsten 4f XPS spectrum is shown in Fig. 5B for as synthe-

sized mixed phase molybdenum-tungsten oxide and reduced

graphene oxide composites. The W 4f profile can be fitted by

two Gaussian peaks at 37.7 and 35.5 eV corresponding to the

binding energy of electrons in the 4f5/2 and 4f7/2 levels of

tungsten in higher oxidation state (W6þ) [40]. Without the

observation of other lower valence states, WO3 also possess a

fully stoichiometric structure. The corresponding O 1s spec-

trum for W-Mo-O/rGO is shown in Fig. 5D. The O 1s spectrum

is broad and asymmetric and can be deconvoluted into two

peaks, the main component peak at 531.3 eV indicate the

presence of lattice oxygen and oxygen in graphitic structure

[41], while a small intensity peak at 533.1 eV may be assigned

to surface adsorbed species [42,43].

We also measured Raman spectra of GO and W-Mo-O/rGO

in the region from 1100 to 1800 cm�1 to detect the ordered and

disordered crystalline structures of graphene. Fig. 4B shows

the Raman spectrum of graphene oxide which exhibits well

referred D band peak at about 1342 cm�1 due to breathing

mode of k-point phonons of A1g symmetry, and an another

peak 1598 cm�1 which may be ascribed to G band, due to the

doubly degenerated phononmode of E2g symmetry. Generally,

the D band is attributed to the disorder and defects graphene

layers, and the vibration of sp2 carbon atoms is associated

with the G band in a 2D hexagonal lattice. The ratio of in-

tensities of D and G bands (ID/IG) is used to measure the

change in graphene structure [44]. The ID/IG ratios of GO and

W-Mo-O/rGO composite was calculated to be 1.14, which

suggest a disorder in the GO and decrease in the sp2 domains

size due to the reduction of the exfoliated GO. In addition to

the Raman spectroscopy, XPS spectra also confirm the

reduction of oxygenated species on the O1s orbital which

prevents the sheets from restacking together [45]. All these

results confirm the reduction of graphene oxide (GO) to

reduced graphene oxide (rGO) during the hydrothermal syn-

thesis process for W-Mo-O/rGO composite.

To evaluate the electrocatalytic activities of W-Mo-O/rGO

composites, 0.12 mg cm�2 sample was loaded on glassy-

carbon electrode (GCE) and measured in 0.1 M HClO4 under a

three-electrode system. For comparison, tungsten-

molybdenum oxide nanowires and commercial Pt/C (20 %

wt) were also measured. Tungsten-molybdenum oxide

nanowires exhibited inferior HER activity with an onset po-

tential of about 160 mV. Impressively, W-Mo-O/rGO
Please cite this article in press as: Imran M, et al., Tungsten-molybd
with enhanced and durable performance for electrocatalytic hydrog
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composites show highly efficient activity towards HER with

the lowest onset potential of 50 mV. These results indicate

that W-Mo-O alone is not an efficient HER catalyst and the

synergistic effect betweenW-Mo-O nanowires and rGO play a

key role for enhanced catalytic activity. It is documented that

the presence of graphene oxide significantly improve the

electrocatalytic HER performance. The deeper insight for

synergistic enhancement into the electrocatalytic perfor-

mance mechanism reveals that the structure of rGO consist

folded 2D sheet, which can offer larger contact area and

expose more active sites for HER [46] (see Table 1).

The linear sweep voltammograms (LSV) measured for

commercial Pt/C is also provided, which showed an onset

potential of ~0 V vs. RHE suggesting the validity of experi-

mental conditions [47] (Fig. 6A). A Tafel slope, which deter-

mine the rate-determining step was also drawn to elucidate

the HER mechanism [48e50]. It has been observed in previous

studies that a Tafel slope of 30 mV dec�1 suggested that the

hydrogen evolution proceeds through VolmereTafel mecha-

nism and re-combination is rate-limiting step while

40 mV dec�1 Tafel slope follows VolmereHeyrovsky mecha-

nism with electrochemical desorption as rate-limiting step. A

multiple reaction pathway was also suggested in case of

120 mV dec�1 Tafel slope due to surface blockage of adsorbed

hydrogen [51]. The Pt/C shows a Tafel slope at

~34 mV decade�1 involving VolmereTafel mechanism which

is in good agreement with the previous reports and supports

the validity of our electrochemicalmeasurements [45]. TheW-

Mo-O nanowires has Tafel slope of 108mVdecade�1, while the

nanowires composites with rGO displays a Tafel slope of

46 mV decade�1 (Fig. 6B), suggesting W-Mo-O/rGO composite

follows VolmereHeyrovsky reactionmechanism, andVolmer-

step may be the rate-limiting step [8].

The HERmechanism reflected in the Tafel slope comprises

following three steps

Volmer : H3O
þ þ e4H�

adþH2O ðdischarge reactionÞ (1)

Tafel : 2H�
ad4H2 ðcombination reactionÞ (2)

Heyrovsky : H3O
þ þeþH�

ad4H2þH2O ðionþatom reactionÞ
(3)

Previous reports suggested that reduced graphene oxide

act as 2D support matrix for enhance catalytic activities as
enum oxide nanowires/reduced graphene oxide nanocomposite
en evolution reaction, International Journal of Hydrogen Energy
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Fig. 6 e LSV curves in 0.1 M HClO4 for W-Mo-O nanowires and W-Mo-O/rGO nanocomposite and commercial (20 wt %) Pt/C

(A), Tafel plots of W-Mo-O nanowires and W-Mo-O/rGO nanocomposite and commercial Pt/C (B).
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the support improves the electrical conductivity and favors

the charge transfer [10]. In our study, W-Mo-O/rGO com-

posites also showed enhanced and durable HER performance

as compared to the W-Mo-O nanowires. The combination of

rGO and W-Mo-O nanowires facilitate the electron transfer

as shown in tafel slope which plays a key role in improving

the kinetics and HER activity. To further gain insight into

the electrode kinetics and interface reactions of the catalysts

in HER, we performed electrochemical impedance spectros-

copy (EIS) [52]. The Nyquist plots for tungsten-molybdenum

oxide nanowires and W-Mo-O/rGO composites are shown

in Fig. 7. The ohmic series resistance (Rs) was fitted by the

intercept of the semicircle on the real axis and the

charge transfer resistance (Rct) was assigned to the semi-

circle of the Nyquist plot in terms of the equivalent circuit

model. The Nyquist plots of W-Mo-O/rGO composites

showed a much smaller semicircle with the lowest Rct

(100 U) compared to the W-Mo-O nanowires (812 U). The
Fig. 7 e Nyquist plots of electrochemical impedance

spectroscopy (EIS) for W-Mo-O nanowires and W-Mo-O/

rGO composites.
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electrochemical impedance spectroscopy (EIS) results

showed that W-Mo-O/rGO composites exhibited much lower

Rct which corresponds to faster reaction rate due to the

presence of reduced graphene oxide which facilitate the

reaction.

The long-term stability of the catalyst is highly demanded

for electrocatalytic HER, as the reaction occurs on the surface

of the electrode. To probe the durability and comparison for

long-term stability of the W-Mo-O/rGO composite and com-

mercial Pt/C catalysts, the accelerated durability test was

performed up to 2000 cycles by following the same HER

measurement conditions. As shown in Fig. 8, the polarization

curve for W-Mo-O/rGO composite slightly shifted towards

negative potential after 2000 cycles. The catalyst experienced

loss of 1.8% in its electrocatalytic HER performance that is

almost negligible. Whereas, the ADTs of commercial (20 wt %)

Pt/C (inset Fig. 8) exhibit significant loss in it's HER perfor-

mance due to degradation of the catalyst.
Fig. 8 e Accelerated durability test (ADTs) of HER

performance for W-Mo-O/rGO composites up to 2000

cycles, inset: ADTs of commercial (20 wt %) Pt/C.
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Conclusions

In this work, we have successfully synthesized W-Mo-O/rGO

composites by a facile one step hydrothermal method and

explored applications for enhanced and durable hydrogen

evolution reaction (HER). Reduced graphene oxide as support

provides strong interface interactions for anchoring tungsten-

molybdenum oxide nanowires and this 3D network compos-

ites structure favors electron flow by providing synergistic

effect. The resultant composite showed excellent electro-

catalytic performance for hydrogen evolution reaction with

onset potential of 50 mV, large cathodic currents and a Tafel

slope of 46 mV decade�1 which are comparable with the

commercial Pt/C. Moreover, the W-Mo-O/rGO composite

showed a highly durable performance even up to 2000 cycles.

The improved activity towards HER may also be attributed by

mixed phase alloying of tungsten and molybdenum and

highly conductive support with more active sites and syner-

gistic effect between them. Therefore, the idea of alloying

different metals and rGO as support works as highly active

electrocatalysts for HER and provide a new route for the pro-

duction of industrial scale, low-cost and environment friendly

catalysts for hydrogen production.
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