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Liquid crystal template (LCT) assisted electrodeposition has been utilized to prepare the amorphous 

MoSx nanoparticles supported on carbon fiber (MoSx/CF(LCT)) as electrocatalyst for hydrogen 

evolution reaction (HER). For comparison, MoSx electrodeposited in water solution (MoSx/CF(H2O)) 

has also been obtained under the same condition. For both LCT and water solution, the as-deposited 

MoSx shows similar amorphous structure, whereas LCT-derived MoSx exhibits unique nanoparticles 

uniformly distributing on CF, compared with smooth plane structures of water solution-derived MoSx. 

The unique LCT-derived MoSx nanoparticles may be favorable for more exposure of active sites, 

improving the contact with electrolyte and accelerating charge transfer. Compared with 

MoSx/CF(H2O), MoSx/CF(LCT) show superior HER activities as well as excellent stability in the 

electrochemical measurements. SEM images demonstrate the structural stability of MoSx/CF(LCT) 

with nearly unchangeable nanoparticle morphology. Therefore, the LCT-assisted electrodeposition 

may provide a facile routine to obtain transition metal-based sulfides with unique nanostructure as well 

as excellent HER properties. 
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1. INTRODUCTION 

Water splitting has been regarded as an efficient access to hydrogen energy as renewable 

energy resources to resolve energy crisis and environmental depletion from fossil fuels [1-7]. The 

overall efficiency of water splitting relies on efficient electrocatalysts to accelerate hydrogen evolution 
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reaction (HER) process of water splitting. So far, Pt-based materials are the best catalysts for HER, 

whereas the scarcity and expensiveness hinder their wide applications [8-10]. Great efforts have been 

devoted on selecting earth abundant materials such as transition metals and their derivatives, and 

molybdenum sulfide have received many attentions due to the cost-effective nature and excellent 

properties [11-14]. 

It has been acknowledged that the HER activity of MoSx are determined by the rims and edges, 

whereas the basal plane remains chemically inert [15, 16]. One strategy to expose the rims and edges is 

fabricating various nanostructured MoSx, such as defect-rich structures [17], hollow nanospheres [18], 

vertical nanoflakes [19] or mesoporous films [20]. Moreover, in order to avoid the stacking of layered 

MoSx nanostructure as well as enhance the conductivity, many supports such as carbon-based 

materials have been adopted to effectively disperse the active species [21-23]. Carbon fiber (CF) has 

recently emerged as a new type of three-dimensional (3D) substrate with low cost, high conductivity 

and flexibility, which holds promising as ideal substrate to load active species for HER [24, 25].  

On the other hand, it still remains challengeable to fabricate unique MoSx nanostructures in a 

facile way. Most of the methods require harsh conditions like high temperature and complicated 

procedures. It is significant to develop a facile and green synthesis to prepare MoSx-based 

electrocatalysts with enhanced HER activity. Recently, electrodeposition has been highly attractive due 

to its mild and facile merits to control the growth of amorphous MoSx species in room temperature [26, 

27]. Furthermore, the unique nanostructures of MoSx can be realized by employing ionic liquids or 

liquid crystal template (LCT) as the electrodeposition electrolyte to expose abundant active sites for 

HER [28, 29]. The utilization of LCT as special electrolyte has previously proved to be a simple way 

to obtain various nanostructured materials in electrodeposition process [30-32]. Thus it is expected that 

the LCT-derived MoSx may also possess unique nanostructure with attractive electrochemical 

properties.  

Herein, LCT has been employed as electrolyte in electrodeposition of amorphous MoSx 

nanoparticles on the CF as support (MoSx/CF(LCT)). For comparison, MoSx has also been 

electrodeposited merely in water solution (MoSx/CF(H2O)) under the same condition. The LCT is a 

uniform liquid mixture composed of nonionic surfactants (Triton X-100) and MoSx sources in certain 

mass ratio. The XRD and XPS characterizations have demonstrated similar amorphous nanostructure 

of LCT-derived and water solution-derived MoSx species. However, SEM images show that LCT-

derived MoSx has unique nanoparticles in similar sizes distributing on the surface of CF, compared 

with smooth plane MoSx structures electrodeposited from water solution. The unique MoSx 

nanoparticle of MoSx/CF(LCT) may expose abundant active sites for HER, improve the contact of 

electrolyte and facilitate charge transfer. The electrochemical measurements show the enhanced HER 

activities of MoSx/CF(LCT) than MoSx/CF(H2O), demonstrating the advantageous LCT-derived 

nanoparticle structures. The MoSx/CF(LCT) also possesses structural stability in the stability test with 

nearly unchangeable nanoparticle structures. It may provide a facile access to transition metal-based 

materials with excellent HER performances. 
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2. EXPERIMENTAL SECTION 

2.1 Preparation of MoSx/CF(H2O) and MoSx/CF(LCT) 

Prior to the preparation, carbon fiber (CF) with size of 1×2 cm
2
 was consecutively sonicated in 

acid, acetone and ethanol for 20 min consecutively. Then it was dried in vacuum at 60 °C for 8 h. 

The preparation of MoSx/CF(H2O) and MoSx/CF(LCT) was electrodeposited in the three-

electrode system (Gamry Reference 600, USA) through cyclic voltammogram (CV). The pre-cleaned 

CF was used as working electrode, a carbon rod as counter electrode and a Ag/AgCl (saturated KCl) as 

reference.  The potential window for electrodeposition was from -1.0 V to 0.1 V (vs. Ag/AgCl) at scan 

rate of 10 mV s
-1

 for 5 cycles. The electrodeposition electrolyte for MoSx/CF(H2O) was 5 mM 

(NH4)2(MoS4) at 50 °C. For MoSx/CF(LCT), the electrolyte was the uniform liquid crystal template 

containing  5 mM (NH4)2(MoS4) (52 wt.%) and  Triton X-100(48 wt.%) at 50 °C. 

 

2.2 Physical characterization 

X-ray powder diffraction (XRD) was conducted on X’Pert PRO MPD with Cu KR to 

investigate crystalline structures of samples. Scan electron microscopy (SEM) was employed on as-

prepared samples utilizing Hitachi (S-4800).  X-ray photoelectron spectra (XPS) data was collected on 

VG ESCALAB MK II with Al Ka (1486.6 eV) as photon source. 

 

2.3 Electrochemical tests 

Electrochemical tests were carried out on an electrochemical work station (Gamry Reference 

600, USA) with a three-electrode system (three samples as working electrodes, a Pt foil as counter 

electrode and a Ag/AgCl (saturated KCl) as reference). The electrolyte was 0.5 M H2SO4 solution 

which was previously purified by nitrogen for 0.5 h. Linear sweep voltammetry (LSV) was undertaken 

with scan rate was 5 mV s
-1

. Electrochemical impedance spectroscopy (EIS) was performed at -0.1 V 

(vs. Ag/AgCl) from 10
5
 Hz to 10

-2
 Hz with an AC voltage of 5 mV. CV was utilized to test stability of 

MoSx/CF(LCT) from -0.1 V to -0.5 V (vs. Ag/AgCl) for 500 cycles with scan rate of 100 mV s
-1

. 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows XRD patterns of all samples.  It can be seen that all as-prepared samples 

contains peaks belonging to carbon fiber (96-210-3201). Besides, no other peaks can be found on 

MoSx/CF(H2O) and MoSx/CF(LCT) from molybdenum sulfides, implying the amorphous nature of as-

prepared deposits from water solution or LCT. 
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Figure 1. XRD patterns of CF, MoSx/CF(H2O) and MoSx/CF(LCT). 

 

The XPS data of MoSx/CF(H2O) and MoSx/CF(LCT) are displayed in Figure 2 and Figure 3, 

respectively. In Figure 2a and Figure 3a, the XPS surveys show the existence of Mo and S, suggesting 

the successful electrodeposition of molybdenum sulfides. In addition, the detection of C and O may be 

largely derived from surface oxidation or contamination [33]. For Mo 3d region in Figure 2b and 

Figure 3b, the two characteristic peaks at 232.7 eV and 229.6 eV can be indexed to Mo 3d3/2 and Mo 

3d5/2 of Mo(IV), respectively [22]. In addition, the higher oxidation state of Mo(VI) can also be 

detected at 235.6 eV derived from MoS3 [34]. In Figure 2c and Figure 3c, the peaks at 161.3 eV and 

162.5 eV are from S 2p3/2 and S 2p1/2, respectively [35, 36]. The detection of S2
2-

 at 164.4 eV 

demonstrates the formation of MoS3, which is consistent with Figure 2b and Figure 3b [37]. On the 

above analysis of XPS data, it suggests the similar chemical states of MoSx/CF(H2O) and 

MoSx/CF(LCT) which are not affected by different electrolyte of H2O and LCT. 

The surficial morphologies of MoSx/CF(H2O) and MoSx/CF(LCT) are displayed in Figure 4. 

The pre-cleaned CF in Figure 4a shows interlaced carbon fibers with a smooth surface in the insertion. 

The surface of as-prepared MoSx/CF(H2O) (Figure 4b and Figure 4c) are covered by deposits in 

smooth plane structures, which is similar with our previous work [28, 38]. 

 

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

5492 

 
Figure 2. XPS spectra of MoSx/CF(H2O): (a) survey, (b) Mo 3d and (c) S 2p. 

 

 

 

 

Figure 3. XPS spectrum of MoSx/CF(LCT): (a) survey, (b) Mo 3d and (c) S 2p. 
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Figure 4. SEM images. (a) Bare CF. (b, c) MoSx/CF(H2O). (d, e) MoSx/CF(LCT). 

 

For LCT-derived MoSx/CF(LCT) in Figure 4d and Figure 4e, the surface of CF are composed 

of many small nanoparticles in uniform sizes of 100-200 nm. The unique nanoparticle structures of 

MoSx may be derived from controlling morphologies of LCT [28]. It may contain more rims and edges 

and expose more active sites for HER. 

The HER activities of MoSx/CF(H2O) and MoSx/CF(LCT) in 0.5 M H2SO4 are displayed in 

Figure 5. For comparison, the commercial Pt/C is also measured. In the LSV curves of Figure 5a, Pt/C 

shows the best HER activity with onsetpotential close to zero. In contrast, the bare CF has poor HER 

activity requiring large overpotentials to reach visible current densities. For MoSx/CF(H2O) and 

MoSx/CF(LCT), the overpotential to deliver 10 mA cm
-2

 are observed to be 378 and 247 mV, 

respectively. It illustrates the superior HER activity of MoSx/CF(LCT) than MoSx/CF(H2O), which 

may be due to the unique LCT-derived nanoparticle structure with more exposed active sites [28]. The 

HER kinetics has been compared by Tafel plots shown in Figure 5b.  The sample of MoSx/CF(LCT) 

shows the Tafel slope of 45 mV dec
-1

 indicative of the Volmer-Heyrovskey mechanism for HER [39], 

which is smaller than that (136 mV dec
-1

) of MoSx/CF(H2O). It illustrates the improved HER reaction 

kinetics of LCT-derived MoSx. The kinetics of HER in acid has been further investigated by 

electrochemical impedance spectroscopy (EIS), as shown in the Nyquist plots of Figure 5c. The 

MoSx/CF(LCT) electrode owns the smallest the diameter than MoSx/CF(H2O), illustrating the 

enhanced conductivity and fast transfer rate. Therefore, the enhanced HER activity of MoSx/CF(LCT) 

than MoSx/CF(H2O) can be attributed to the LCT-derived MoSx nanoparticle morphology. First, the 

nanoparticle structure may enlarge the surface area, avoid aggregation and expose abundant active sites  
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Figure 5. Electrochemical measurements: (a) LSV, (b) Tafel plots, (c) EIS, (d) stability test of 

MoSx/CF(LCT). 

 

 

 

Figure 6. (a, b) SEM images of MoSx/CF(LCT) after stability test. 

 

for HER [29]. Besides, the uniform distribution of MoSx nanoparticles on the surface of CF may 

enlarge the contacting in the catalyst/electrolyte interfaces and improve the charge transfer rate. The 

stability of MoSx/CF(LCT) has been studied by CV for 500 cycles, as shown in Figure 5d. It can be 

seen that the current density of LSV decline a little after 500 cycles, suggesting that the HER activity 

are highly remained in long-term water electrolysis. The morphology of MoSx/CF(LCT) after stability 

test is shown in Figure 6.In Figure 6a, the surface of CF are still covered by small nanoparticles with 

uniform distribution. A closer view in  Figure 6b shows that part of nanoparticles become irregular, 

suggesting the inevitable destruct in long-term HER process. 
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4. CONLUSIONS 

In summary, we have utilized special LCT as electrolyte for electrodeposition to obtain MoSx 

nanoparticles supported on carbon fiber (MoSx/CF(LCT)). MoSx has been also electrodeposited in 

water solution (MoSx/CF(H2O)) under the same condition. The XRD and XPS characterizations have 

exhibited similar amorphous nature of MoSx in MoSx/CF(H2O) and MoSx/CF(LCT). Differently, LCT-

derived MoSx are composed of small nanoparticles with uniform distribution, while water solution-

derived MoSx shows smooth plane structures. The unique nanoparticles on MoSx/CF(LCT) may 

expose more active sites for HER, improve the contact of catalyst/electrolyte interfaces as well as the 

conductivity. The electrochemical measurements demonstrate the enhanced HER properties of 

MoSx/CF(LCT) than MoSx/CF(H2O), which may be due to LCT-derived nanoparticle structures. The 

MoSx/CF(LCT) possesses structural stability after stability test with unchangeable nanoparticle 

structures. It may provide a facile approach to transition metal-based electrocatalysts with excellent 

HER performances. 
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