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An advanced hydrogen evolution reaction (HER) electrocatalyst is highly desired for development of 

solar water-splitting devices. In this work, we describe the preparation of flexible, three-dimensional and 

durable electrode, which composed of MoS2 nanoparticles grown on bacteria-cellulose-derived carbon 10 

fibers foam (MoS2/CNFs). The MoS2/CNFs foam was used as a bulky and flexible HER electrocatalyst, 

exhibiting excellent catalytic activity for a hydrogen evolution reaction in an acidic electrolyte (16 mA 

cm-2 at an overpotential of 230 mV). Remarkably, this novel HER electrocatalyst shows a low onset 

overpotential of 120 mV, a small Tafel slope of 44 mV dec-1, a high exchange current density of 0.09 mA 

cm-2, and a Faradaic efficiency of nearly 100 %. This work offers an attractive strategy of preparing bulky 15 

and flexible electrocatalyst for large-scale water splitting technology.

1. Introduction 

Hydrogen (H2), as an efficient energy carrier and clean energy 

resource, has been vigorously pursued to resolve the global issues 

of severe energy shortage and environmental deterioration.1-2 In 20 

particular, sustainable hydrogen production with water splitting 

technology by using renewable energy in the form of electricity is 

considered as a practical way. However, an advanced HER 

electrocatalyst is the central to the development of effective water 

splitting technology. Recently, Mo-based compounds have been 25 

intensively investigated as cheap, robust and highly efficient 

HER electrocatalysts, aiming to replace the noble metals based 

electrocatalysts, such as platinum and its alloys.3 To this end, 

several examples including MoS2,
4-8 MoSe2,

9-10 Mo2C,11-12 

MoB,13 NiMoNx/C,14 Co0.6Mo1.4N2
15 were well-reported as 30 

suitable HER electrocatalysts.  

Among different Mo-based HER electrocatalysts, 

Molybdenum disulfide (MoS2) has attracted extremely much 

interest due to its unique structural and remarkably catalytical 

properties. Both computational and experimental studies have 35 

demonstrated that the high HER activity of MoS2 originates from 

the sulfur edges, while the basal planes are inert.16-17 Nevertheless, 

the HER performance of MoS2 is largely limited by its poor 

conductivity and serious aggregation of the resulted samples. To 

resolve these problems, nanosized MoS2, supposed to expose 40 

much more sulfur edge sites, were confined into a conductive 

templates or supports to improve the catalytic activity of the host 

material. Several efforts have been made to enhance the HER 

performance of MoS2 by incorporating MoS2 with graphene,18-20 

carbon nanotube (CNTs),21 and other mesoporous carbon22 to 45 

form MoSx-based hybrid or composite. Dai et. al.23 reported the 

synthesis of MoS2 on reduced graphene oxide sheets and obtained 

high HER performance of the resulting hybrid, while Yang and 

coworkers24 confined MoS2 nanosheets into graphite, producing a 

size-controlled MoS2/RGO composites for HER catalysis. More 50 

recently, chemical vapor deposition (CVD) method was used to 

grow MoS2 nanocrystals on the electrospining derived carbon 

nanofibes, resulting a 3D rose-petal-shaped HER catalyst.25 

These works indicate that rational designed structure 

preferentially exposed more catalytically active edge sites can 55 

improve HER performance. 

Despite these achievements, it is highly desirable to design 

and synthesize a highly efficient MoS2-carbon based HER 

electrocatalyst by taking into account the following important 

factors: 1) HER involves a gas evolution process at the surface of 60 

electrocatalyst. Thus, a 3D porous structure of the electrocatalyst 

should benefit for high catalytic performance either owing to high 

catalyst loadings, or due to a facilitated reaction kinetic in the 

channel-rich structure. 2) Dense and intimate contacting of MoS2 

with carbon substrate should be essentially required to achieve 65 

high MoS2 loading and good electrical conductivity, therefore 

improving the HER performance. 3) In contrast to traditional 

powder catalyst, a flexible and bulky electrocatalyst with high 

mechanical stiffness, chemical stability and electrical properties 
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are superior to be used as binder-free electrode for HER. Keep 

these goals in mind, in this work, we present our recent efforts in 

developing a 3D, binder-free foam electrode for HER. 

Bacterial cellulose (BC), a bio-product produced from 

fermentation, has been widely used to prepare carbon 5 

nanofibers.26 To date, the CNFs aerogel have been used to 

prepare 3D electrode materials for supercapacitors,27-28 catalyst 

supports29 and lithium-ion batteries.30 The major advantages of 

using BC include easy fabrication, low cost and its mechanically 

robust 3D network structures, which is a key point for the 10 

electrochemical performance of the final composites. Here, we 

fabricate CNFs foam with a modified synthetic method and 

consequently incorporate the nanosized MoS2 into the CNFs 

foam, resulting a bulky and flexible, binder-free HER 

electrocatalyst. Remarkably, the obtained MoS2/CNFs exhibits a 15 

low onset overpotential of 120 mV, a small Tafel slope of 44 mV 

dec-1, and a high exchange current density of 0.09 mA cm-2. 

Moreover, an extremely low overpotential of 230 mV was needed 

to drive current densities of 16 mA cm-2. This novel HER catalyst 

maintains its activity for at least 16 hours under acidic conditions 20 

with a Faradaic efficiency (FE) of nearly 100 %.  

2. Experimental Section  

Synthesis of MoS2/CNFs. CNF aerogel were fabricated by a 

direct pyrolysis of the BC aerogel obtained from freeze-dried BC 

hydrogel under flowing Argon (Ar) atmosphere at 900 oC for 2 25 

hour. Then, 22 mg of (NH4)2MoS4 was added to 10 mg of CNF 

aerogel immersed in 10 mL of DMF. The mixture was sonicated 

at room temperature for approximately 10 min until a clear and 

homogeneous solution was achieved. After that, 0.1 mL of 

N2H4•H2O was added. The solution was further sonicated for 30 30 

min before transferred to a 40 mL Teflon-lined autoclave, and 

then was heated in an oven at 200 oC for 10 h with no intentional 

control of ramping or cooling rate. Product was collected by 

centrifugation at 4500 rpm for 5 min, and then washed with 

deionized (DI) water. The washing step was repeated for at least 35 

5 times to ensure that most DMF was removed. Finally, the 

product was dispersed in 5 mL of DI water, frozen by liquid 

nitrogen and lyophilized overnight. The obtained bulky material 

was referred as MoS2/CNFs. The preparation process of bare 

MoS2 and the CNFs connected MoS2 particles was similar to that 40 

described above, but without adding CNFs and replacing the 

DMF with water. 

The morphology of samples was characterized by the 

scanning electron microscope (SEM, QUANTA FEG 250) and 

high resolution transmission electron microscope (HRTEM, 45 

JEOL JEM 2010). The obtained products were characterized by 

X-ray diffraction (XRD, RigakuUltima IV, Cu Kα radiation, 40 

KV, 40 mA). X-ray photoelectron spectroscopy (XPS) was 

carried out on Physical Electronics 5400 ESCA.  

The working electrodes were fabricated by cutting a piece of 50 

the MoS2/CNFs (1.5× 1× 0.1 cm3) and the edge of one side was 

glued with silver wire using silver paste. Electrochemical 

measurements were performed in a three-electrode glass cell on a 

CHI 760 D (Shanghai Chenhua Instrument) using above 

MoS2/CNFs foam as working electrodes, Pt wire as a counter 55 

electrode and saturated calomel electrode as a reference electrode. 

Linear sweep voltammetry with scan rate of 2 mV s−1 was 

conducted in 0.5 M H2SO4. In all experiments, the electrolyte 

solutions were purged with N2 for 15 min prior to the 

experiments in order to remove oxygen. During the 60 

measurements, the electrochemical cell was kept under N2 

atmosphere. All the potentials reported in our manuscript were 

referenced to a reversible hydrogen electrode (RHE) by unified 

with a value of (0.241+0.059 pH) V. 

3. Results and Discussion 65 

 

Scheme 1. Synthesis procedure of the MoS2/CNFs electrocatalyst. 

 

The synthesis of MoS2/CNFs foam is illustrated in Scheme 1. BC 

hydrogel was freeze-dried to remove the water while maintaining 70 

its porous nanostructure. Subsequently, the CNFs hydrogel was 

fabricated by directly pyrolyzing the freeze-dried BC hydrogel 

under flowing Ar atmosphere at 900 oC for 2 h. Finally, 

MoS2/CNFs foam was obtained by a simple one-step 

solvothermal reaction of (NH4)2MoS4 and hydrazine in an N, N-75 

dimethylformamide (DMF) solution immersed with CNFs foam. 

During this process, the MoS2 was in-situ decorated into the 

CNFs framework. As seen, the obtained CNFs foam was black, 

while the growth of MoS2 on CNFs does not obviously change 

the color and shape of the sample.    80 

Figure 1 shows scanning electron microscopy (SEM) images 

of the bare MoS2, BC hydrogel, CNFs hydrogel and MoS2/CNFs 

foam. The SEM of bare MoS2 sample shows aggregated particles 

with random size (Figure 1a). The BC hydrogel displays a porous 

structure with interconnected nanowires (Figure 1b). Figure 1c 85 

shows that, after pyrolysis, the generated CNFs foam maintains 

perfectly the structure of BC hydrogel. The diameter of the 

carbonized nanowires in CNFs foam was estimated to be 20-30 

nm. After the growth of MoS2, as shown in Figure 1d, the 

resulting MoS2/CNFs exhibits that the CNFs nanowires were 90 

clearly decorated with MoS2 nanoparticles. Notably, the size of 

the MoS2 nanoparticles in CNFs foam were greatly decreased 

comparing to the bare MoS2. It suggests that the CNFs 

framework might suppress the aggregation of MoS2 particles 

during the synthesis. 95 

Figure 2a shows the transmission electron microscopy (TEM) 

image of the bare MoS2, revealing that it was consisted of more 

refined nanoparticles with a size of 8 ± 2 nm. Such uniformly 

distributed MoS2 nanoparticles with small size are expected to 

expose more active sites for HER. The morphology of the as-100 

prepared MoS2/CNFs is shown in Figure 2b. As seen, numerous  
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Figure 1. SEM images of (a) bare MoS2, (b) BC hydrogel, (c) CNF hydrogel 

and (d) MoS2/CNFs hybrid. 

 5 

MoS2 nanoparticles are uniformly decorated on the CNFs. A 

further close observation by TEM indicates that the MoS2 

nanoparticles were intimately grown on the surface of the 

skeleton of CNFs (Figure 2c). The grown MoS2 nanoparticles 

were further characterized by high resolution TEM (HRTEM) 10 

image. Figure 2d is the HRTEM image of the white ellipse in (c), 

which shows the MoS2 nanoparticles are amorphous in the 

MoS2/CNFs hybrid.  

The solvent of DMF plays important role in determining the 

morphology and structure of the prepared MoS2/CNFs. For 15 

comparison, we conducted a control experiment by replacing 

DMF with water as the solvent. As a result, only a simple mixture 

of MoS2 nanoparticles and CNFs was obtained (Figure S1). In the 

resulted hybrid, CNFs only serves as nanowires holding for the 

aggregated MoS2 particles. Moreover, we have tested the HER 20 

activity of MoS2/CNFs hybrid by replacing the DMF with water  

 

    

  

Figure 2. TEM images of (a) MoS2 nanoparticles and (b and c) MoS2/CNFs. (d) 25 

HRTEM image of the white ellipse in (c). 

as solvent. As shown in the Figure S2, this sample exhibits much 

poorer performance than the as-prepared MoS2/CNFs hybrid. 

Such a huge morphological difference highlights the importance 

of DMF as a solvent for mediating the formation and dispersion 30 

of MoS2 nanoparticles, which contributes to the prominent 

performance for the HER. 

To further gain the structural information of the samples, X-

ray diffraction (XRD) and Raman spectroscopy were performed. 

Figure S3 (a) shows that no sharp peaks were observed for the 35 

pure MoS2 nanoparticles, indicating poorly crystallized structure 

of the solvothermally synthesized MoS2 before annealing 

treatment. The observed three broad and weak diffraction peaks 

centered at around 2θ of 15.0°, 33.8°, and 57.1° should be 

assigned to (002), (100), and (110) planes of the hexagonal MoS2 40 

(2H-MoS2, JCPDS 37-1492), respectively. For MoS2/CNFs 

sample, a new broad peak centered at around 2θ of 22.4° should 

be the typical characteristic peak of the stacked CNFs.16 However, 

the intensity of diffraction peaks of the decorated MoS2 in CNFs 

framework significantly decreased. It indicates strongly that the 45 

incorporation of CNFs considerably restrains the aggregation of 

MoS2 nanoparticles during the solvothermal synthesis process, 

which is in agreement with previously reported results.21,24 

Moreover, Raman spectroscopy strongly indicates the presence of 

MoS2 on the CNFs. As shown in Figure S3 (b), MoS2/CNFs 50 

composite exhibits the characteristic peaks of MoS2 and the D 

and G bands of carbon in the hybrid. As a consequence, the 

observed small size and poor crystallinity of MoS2 should be 

beneficial for HER. 

It is known that the valence of Mo in the composite provides 55 

important information for understanding the HER activity of the 

catalysts.31 Thus, we investigated the atomic valence states and 

the composition of the MoS2/CNFs sample by X-ray 

photoelectron spectroscopy (XPS). Figure 3a confirms the 

elemental composition of MoS2/CNFs with the peaks of Mo, S, C 60 

and O. Figure 3b presents the high-resolution XPS spectra, 

showing that the C 1s core level can be deconvoluted into two 

peaks. The main peak at 284.4 eV is assigned to sp2 hybridized 

graphite-like carbon atom and the peak around 285.9 eV is 

attributed to carbon atom bound to one oxygen atom. The C 1s 65 

peaks are in consistent with the reported data for CNFs.26 On the 

other hand, the high-resolution XPS of Mo 3d region is shown in 

Figure 3c, which can be deconvoluted into five peaks. One peak 

at 226.2 eV is actually assigned to S 2s. The other two main 

intense peaks at 228.6 eV and 231.9 eV are characteristic signals 70 

of Mo 3d5/2 and Mo 3d3/2, respectively. Further, we observed a 

binding energy peak at 235.4 eV (MoVI). It should be assigned to 

MoO3 or MoO4
2−, which might be resulted from the oxidation of 

the sample in air.32-33 Also, a shoulder peak at binding energy 

around 230.1 eV indicates that MoVI was partially reduced to 75 

MoV as an intermediate phase. In addition to Mo element, sulfur 

species were further determined from the high-resolution XPS 

spectrum of S 2p (Figure 3d). The main doublet located at 

binding energies of 161.5 and 163.5 eV corresponds to the S 2p3/2 

and S 2p1/2 of MoS2, respectively. Meanwhile, the binding energy 80 

at 164.6 eV suggests the existence of bridging disulfides S2
2− 

and/or apical S2− ligands, which are believed to closely associated 

with the high HER activity of the catalyst. The peak of 168.2 eV 

can be assigned to SIV species in sulfate groups (SO3
2−). We noted  
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Figure 3. (a) XPS survey spectra and (b–d) high-resolution XPS spectra of 

MoS2/CNFs composites. 

 

that these groups could locate at edges of MoS2 layers, which 5 

were still present even after washing with soluble salts. Finally, 

the analysis of the Mo (3d) and S (2p) peak intensities yields an 

S/Mo atomic ratio of 2.19-2.29. In addition, we calculate the 

mass of MoS2 on CNFs by thermogravimetric analysis (TGA). 

We measured TG curves of the MoS2/CNFs, the bare MoS2 10 

nanoparticles and the bare CNFs under air atmosphere at a 

heating rate of 10 oC min-1, respectively. As shown in Figure S4, 

the weight content of the MoS2 in the hybrid is calculated 

approximately to be 22 %. Taken together the results of SEM, 

TEM, XRD, XPS and TGA presented above, we have 15 

demonstrated a novel nanostructured catalyst, which consists of 

nanosized, low-crystallinity MoS2 nanoparticles and 3D porous 

CNFs framework. 

Apart from these features, this novel catalyst appears as 

bulky electrode with unique elastic properties. Figure S5 shows 20 

the images that revealing the compression test for the 

MoS2/CNFs foam. The foam can sustain large-strain 

deformations (~70%) under manual compression and recover 

most of the material volume without obviously structural fatigue 

within 20 s. Such a flexible property should be attributed to both 25 

the inherent flexibility of CNFs and the unique interconnected 3D 

networks of monolithic CNF aerogels. Thus, when using as 

electrode, it avoids the using of binder, which is mostly required 

by traditional powder catalyst. Moreover, the excellent structural 

mechanical stability enables it as a robust catalyst with a unique 30 

3D architecture, which can be easily used to fabricate various 

electrochemical devices. 

The HER electrocatalytic activity of the MoS2/CNFs 

composite was investigated in 0.5 M H2SO4 solution using a 

typical three-electrode setup. A piece of the foam was used as a 35 

bulky electrode with a connected Ag wire as current collector. 

For control experiment, we also examined the HER performance 

of commercial Pt catalyst (10 wt % Pt on Vulcan carbon black). 

The linear sweep voltammetry (LSV) was recorded at 

MoS2/CNFs foam electrode, showing a small overpotential (η) of 40 

∼0.12 V for HER (Figure 4a). It shows that the cathodic current 

increased rapidly along with negative potential scanning. In sharp 

contrast, free MoS2 nanoparticles or CNFs alone exhibited very 

low HER activity, as shown in Figure 4a. Thus, it suggests that  

 45 

Figure 4. (a) The LSV polarization curves obtained with several catalysts. (b) 

The Tafel plots of MoS2 nanoparticles and MoS2/CNFs nanostructures. (c) The 

corresponding AC impedance spectroscopy of MoS2 nanoparticles and 

MoS2/CNFs nanostructures. The inset plot is the equivalent electrical circuit 

used to model the HER process on the as-prepared MoS2 catalysts. (d) The 50 

enlarge figure of the green rectangle in (c). 

 

the incorporation of MoS2 into the CNFs foam should greatly 

enhance HER activity. To clarify the role of CNFs foam, we next 

examined the HER performance of the sample that consists of 55 

MoS2 particles and carbon black, which were physically mixed 

with a similar C: Mo ratio. As shown in Figure S2, this sample 

exhibits much poorer activity than the as-prepared MoS2/CNFs 

foam. Therefore, it suggests that a 3D and porous CNFs 

framework is crucial for achieving high performance HER 60 

catalysts. The linear portions of the Tafel plots (Figure 4b) were 

fit to the Tafel equation (η = b log j + a, where j is the current 

density and b is the Tafel slope), yielding Tafel slopes of ∼44 and 

∼77 mV dec-1 for the MoS2/CNFs foam and pure MoS2 

nanoparticles, respectively. The calculated Tafel value of 65 

MoS2/CNFs is comparable to that of most reported MoS2-based 

HER electrocatalysts, which are listed in Supporting Information 

Table S1 for comparisons. According to classical theory of 

hydrogen generation, a Tafel slope of around 40 mV dec-1 

indicates the rate determining step is the electrochemical 70 

desorption of Hads and H3O
+ to form hydrogen and the HER 

occurs through a Volmer-Heyrovsky mechanism at the 

MoS2/CNFs foam electrode. 

The presence of well-conductive CNFs in the composite 

should improve electron transport between the poor conducted 75 

MoS2 nanoparticles and the electrode. To verify this assumption, 

electrochemical impedance spectra (EIS) was then performed. 

The Nyquist plots of the samples and the corresponding electrical 

equivalent circuit diagram are given in Figure 4c. The Figure 4d 

is the enlarge figure of the green rectangle in Figure 4c. As 80 

shown in Figure 4c and 4d, the MoS2/CNFs foam electrode gives 

low charge-transfer impedance (Rct) of ~9 Ω, while the bare 

MoS2 electrode shows high Rct of ~450 Ω. The remarkable 

decrease of Rct for MoS2/CNFs foam electrode implies faster 

HER kinetics, which is believed to contribute significantly to its 85 

high HER performance.  

On the other hand, the crystalline of MoS2 also affects the 
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HER activity.34 To confirm this, a sample was prepared by 

annealing MoS2/CNFs at 800 oC. XRD spectra of the annealed 

sample, as shown in Figure S6, displays sharp peaks with very 

high intensity in comparison with the MoS2/CNFs sample before 

annealing. Especially, the strong (015) peak at 2θ = 41.7 verifies 5 

a well-stacked layered structure of MoS2 in the sample obtained 

at 800 oC, indicating high crystallinity of MoS2 after annealing. 

However, as shown in Figure S7, the sample obtained at 800 oC 

displays very low HER activity with a much higher Tafel slope of 

~155 mV dec-1 than the sample before annealing. This 10 

observation is in agreement with the previously reported results.21 

To further explain the different performance of MoS2/CNFs foam 

before and after annealing, we calculate the electrochemical 

active sites and turnover frequency (TOF).21 We attempted to 

quantify the active sites by measuring the cyclic voltammograms 15 

in the region of -0.2 V to 0.6 V vs. RHE. Figure S8 shows the 

polarization curves normalized by the active sites, and expressed 

in terms of TOF (see Supporting Information). The TOF per 

active site for the as-prepared MoS2/CNFs is calculated to be 0.04 

s-1 at η = 0 mV (vs. 0.0003 s-1 after annealing). Therefore, our 20 

modified synthetic method provides a facile and green route to 

prepare high-performance HER catalyst. The as-prepared 

MoS2/CNFs catalyst is supposed to expose much more defect 

sites or the bridging S2
2− due to the amorphous state of MoS2 

structure. The promising HER activity of the as-prepared 25 

MoS2/CNFs should be ascribed to the low crystalline of MoS2 

obtained with this simple synthetic method. 

Apart from the high HER activity, long-term durability is 

another important parameter of judging the catalyst performance. 

To evaluate the stability of MoS2/CNFs in acidic environment, 30 

we measured the cyclic voltammetry (CV) of the MoS2/CNFs 

foam electrode continuously for 1000 cycles from +0.07 V to -

0.43 V vs. RHE at the rate of 5 mV s-1. Figure S9 shows that, 

after the 1000 cycle’s continuous operation, the polarization 

curve maintains similar shape to the initial one, suggesting high 35 

stability of the MoS2/CNFs electrode for long-term utilization. 

In order to further evaluate the HER reactivity, we use the 

gas chromatography (GC) to detect the gas production at the 

MoS2/CNFs electrode. As shown in Figure S10, we only detected 

H2 as the product. The amount of collected H2 shows linear 40 

dependence along with the increasing time of HER, which was 

consistent with the amount of charge passed through the system, 

indicating essentially 100 % faradaic efficiency for the HER. 

Moreover, we recorded the movies of the two electrodes of CNF 

foam and MoS2/CNFs foam, as shown in the Supporting 45 

Information. Vigorous bubble was observed at the MoS2/CNFs 

foam electrode along with the positively potential scanning (see 

Movie S1). In a clear contrast, nearly no bubble was observed 

even at high potential for the pristine CNFs foam without MoS2 

(see Movie S2). It suggests that the MoS2/CNFs foam electrode 50 

can be directly used as device for electrochemical hydrogen 

production, which is highly desired for practical application. 

4. Conclusions 

In summary, we have reported a simple synthetic strategy for the 

preparation of 3D, flexible and durable MoS2/CNFs foam 55 

electrode for HER, By using CNF hydrogel as a well-conductive 

and flexible substrate, the decoration of uniformly distributed 

MoS2 nanoparticles on such CNFs framework leads to the 

formation of 3D and porous HER catalyst. This novel structured 

HER catalyst exhibits a low overpotential of 120 mV and a small 60 

Tafel slope of 44 mV dec-1. Moreover, the MoS2/CNFs catalyst 

exhibits promising stability after 1000 cycle’s measurement. 

Remarkably, the easy manipulation and flexible properties of the 

MoS2/CNFs foam offer the advantages of binder-free in preparing 

HER electrode, as well as other functional electrochemical 65 

devices. This work paves a viable way for fabricating high 

efficient and flexible electrode for large-scale water splitting 

technology. 
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