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Earth-abundant metal sulfides attracts large attention in recent years for hydrogen production via 

electrocatalytic water splitting. However, most works have been limited to the acidic condition, 

whereas the hydrogen evolution reaction (HER) in alkaline condition has rarely been discussed. Here 

we present an effective strategy for the growing of Co-Mo-S catalysts on carbon cloth via the 

controllable incorporation of cobalt into MoS2 with L-cysteine and phosphomolybdic acid to achieve 

the synergistic interaction of CoS2 and MoS2. The optimized Co-Mo-S catalysts (Co:Mo=1:2) showed 

a largely improved HER activity with an overpotential of 92 mV at current density of 10 mA cm
-2

 and 

Tafel slope of 82 mV dec
-1

. The origin of the activity enhancement was investigated through a series of 

characterizations, where the synergetic effect of the intrinsic fast HER kinetics of metallic CoS2 and 

the high active surface area of MoS2 plays a crucial role. With appropriate amount of cobalt, the Co-

Mo-S catalysts show a relatively uniform distribution on the carbon cloth to ensure the large surface 

area, whereas excessive cobalt results in the formation of the large CoS2 particles with low HER 

activity from the low active surface area. Further electrochemical measurements demonstrated that the 

combination of larger exchange current density of CoS2 and the high electrochemical double–layer 

capacitance (proportional to the active surface area) of MoS2 together contributed to the HER activity 

enhancement of the Co-Mo-S catalysts. The Co-Mo-S/CC catalysts also show robust stability in 

alkaline solution. Our work provides a more profound understanding and an interesting view for the 

design of efficient ternary transition metal sulfide HER catalysts in alkaline condition by synergetic 

optimization of the intrinsic HER kinetics and the electrochemical active surface area. 
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1. INTRODUCTION 

Driven by rapid depletion of fossil fuels and increasing global warming issues, finding 

renewable and clean energy is extremely urgent [1, 2].
 
Hydrogen, as an ideal green energy, possesses 

the highest gravimetric energy density and no pollution which burned was only water [3]. Hydrogen 

production from electrocatalytic water splitting is becoming more and more important for renewable 

energy applications [4, 5]. Noble metals such as Pt represents the most effective catalysts, for which 

the high cost and scarcity nature greatly hinder their widespread applications [6]. Tremendous efforts 

have been contributed to the development of cost-effective electrocatalysts based on earth-abundant 

elements, such as transition metal sulphides [7-10], phosphides [11-15], and carbides [16-19] with high 

activity and stability. On the other hand, alkaline water electrolysis is important for industrial 

applications. However, even the catalytic activity of Pt is about two orders of magnitude lower than 

that in acidic electrolytes [20]. It is of great interest to develop cost-effective electrocatalysts based on 

inexpensive and earth abundant elements for hydrogen evolution reaction (HER) in alkaline 

environment [16, 21-23].
 

Transition metal sulfides, as low-cost alternatives, show great promise for alkaline water 

electrolysis. As demonstrated in acidic HER, ternary metal sulfides including two types of transition 

metal ions show high activity due to the enhanced intrinsic activity and the fast charge transport 

because of the synergistic effects of different elements [15, 24-29]. Although the effect of transition 

metal doped MoSx has been well studied, the reports on mechanism and structure tuning study are 

much less for alkaline HER. For HER in alkali, an important consideration is the simultaneous 

optimization of the activity and stability. Markovic et al. reported the CoMoSx chalcogel structure by 

combining the high activity of CoS2 building blocks with the high stability of MoSx units into a 

composite to design an efficient HER electrocatalyst in both alkaline and acidic environments [30]. 

After that, a few works have been contributed to the structure regulation of transition metal-doped 

MoS2 electrocatalysts for HER in alkali. Yan et al. have prepared hollow chevrel-phase NiMo3S4 by a 

template-directed anion exchange method, which show good HER performance and remarkable 

robustness in alkali [31]. Recently, porous CoMoS nanosheets with a defect-rich structure have been 

reported with largely improved HER performance compared to single CoS2 and MoS2 [32]. Interlaced 

NiS2-MoS2 nanoflake-nanowires were anchored on titanium foils by a two-step method to achieve 

excellent HER catalytic activity [33]. It is of great interest to further explore the structure tuning of the 

low-cost metal sulfides for alkaline HER towards a sustainable future. 

Here, we report a simple strategy for the growing and optimization of Co-Mo-S HER catalysts 

on carbon cloth (denoted as Co-Mo-S/CC) via the controllable incorporation of cobalt into MoS2 with 

an L-cysteine-assisted hydrothermal method (Scheme 1). Much superior HER activity were observed 

in the Co-Mo-S catalysts compared to the single components (MoS2 or CoS2) under alkaline condition. 

The activity of the Co-Mo-S catalysts was optimized by simply varying the Co/Mo ratio, for which 

morphological effect plays an important role. It was observed that the synergetic effect was achieved 

through the compromise of the intrinsic fast HER kinetics of CoS2 and the high surface area of MoS2. 

As a proof-of-concept, the Co-Mo-S/CC electrocatalyst exhibits an excelent HER activity in alkali 

with low onset potential of 34 mV, an overpotential of 92 mV to reach a current density of 10 mA cm
-2

, 
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a small Tafel slope (82 mV dec
-1

), and it also offers excellent stability. 

 

 
 

Scheme 1. Schematic illustration for the preparation of the Co-Mo-S catalysts on carbon cloth. 

 

2. EXPERIMENTAL SECTION 

2.1 Reagents and materials 

All chemicals are analytically pure and used without further purification. Carbon cloth (CC) 

was bought from Hesenbio Ltd. (Shanghai, China). Phosphomolybdic acid (H3PMo12O40·xH2O, PMo12) 

was purchased from Sinopharm Chemical Reagent Co. Ltd. L-cysteine (99.5%), cobalt nitrate 

(Co(NO3)2·6H2O) and potassium hydroxide (KOH) were purchased from Aladdin (China). Graphite 

rod (99.9995%) was purchased from Sigma-Aldrich. The water used in the experiments was ultra-pure 

water. 

 

2.2 Preparation of MoS2, CoS2 and Co-Mo-S on carbon cloth 

Firstly, carbon cloth was sonicated with acetone, ethanol and deionized water several times to 

clean the surface before use. In brief, certain amount of cobalt nitrate and phosphomolybdic acid were 

used as Co and Mo sources with different ratios (Co and Mo sum of 2 mmol), where L-cysteine (4.3 

mmol) aqueous solution (30 mL) was added as both the S source and the reducing agent to form a 

homogeneous solution. The solution with a piece of CC (1×2 cm
2
) was transferred into a 50 mL 

Teflon-lined stainless steel autoclave and maintained at 200 ℃ for 24 h, which was then cooled down 

to room temperature naturally. The final products (denoted as Co-Mo-S(1:x)/CC, x=1, 2, 3, and 1:x as 

the molar ratio of Co:Mo) were washed with deionized water and absolute ethanol, and dried in a 

vacuum oven at 60 ℃ overnight. 

Similarly, MoS2/CC and CoS2/CC were obtained with the same method. MoS2/CC was 

prepared using 0.167 mmol PMo12 and 4.3 mmol L-cysteine, and CoS2/CC was prepared used 2 mmol 

cobalt nitrate and 4.3 mmol L-cysteine as the precursors at 200 ℃ for 24 h, respectively. 
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2.3 Characterization 

Crystal structure of the samples were studied by X-ray diffraction (XRD) using Cu-Kα 

radiation source (λ= 1.54056 Å) under 40 kV and 40 mA ranging from 5° to 75° at a scanning rate of 

5.0° min
-1

 (Bruker AXS, Germany). Raman spectra were recorded with an America ThermoFisher 

(DXR) Laser Raman Spectrometer with a 532 nm laser. The morphology of the samples was observed 

using a field emission scanning electron microscope (FESEM, Hitachi S-4800, Japan). Transmission 

electron microscopy (TEM), high-resolution TEM (HRTEM) and scanning transmission electron 

microscopy (STEM) were also used to explore the structure of the samples with a Tecnai G2 F30 S-

Twin (FEI) electron microscope with an accelerating voltage of 200 kV. The X-ray photoelectron 

spectra (XPS) were obtained using an ESCALAB 250X (Thermo Fisher Scientifc, USA) electron 

spectrometer with 150 W Al Kα X-ray sources. 

 

2.4 Electrochemical measurements 

Electrochemical measurements were performed at room temperature with a CHI 760E 

electrochemical workstation. A typical three-electrode cell was used, in which the samples were used 

as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a graphite 

rod as the counter electrode. In all measurements, the SCE reference electrode was calibrated with 

respect to the reversible hydrogen electrode (RHE), where E(RHE)= E(SCE) + 1.058V in 1.0 M 

potassium hydroxide (KOH, pH=13.8). The electrochemical measurement was performed with N2-

saturated electrolyte. 

Linear sweep voltammetry (LSV) was performed in different electrolyte solutions with the scan 

rate of 5 mV s
-1

. Cyclic voltammetry (CV) was conducted at the scan rates of 20, 40, 60, 80 and 100 

mV s
-1

 in the potential rang of 0.1 to 0.2 V for the investigation of electrochemical double-layer 

capacitances (Cdl). For stability test, CV was performed for 1000 cycles with a scan rate of 100 mV s
-1

 

in the potential range from −0.15 to 0.1 V. The amperometric i−t curves were obtained at a static 

overpotential of 92 mV. Electrochemical impedance spectroscopy (EIS) measurements were conducted 

under an overpotential of 140 mV with frequency ranging from 100 kHz to 0.01 Hz with an AC 

voltage of 5 mV. In order to reflect the actual catalytic currents, all polarization curves were corrected 

with the iR compensation. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Characterisation of Co-Mo-S/CC nanocomposities 

In the synthetic strategy, Co
2+

 was introduced into MoS2 to adjust the morphologies and to 

improve the intrinsic activities of MoS2. Fig. 1 shows the SEM images of bare CC, MoS2/CC, Co-Mo-

S(1:3)/CC, Co-Mo-S(1:2)/CC, Co-Mo-S(1:1)/CC and CoS2/CC. Fig. 1b showed the morphology of the 

as-prepared MoS2/CC, where the surface of carbon cloth was uniformly covered with MoS2 with few 
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amount aggregates. The introduction of few Co
2+

 into the precursor solution played a critical role in 

tuning the nanostructure of Co-Mo-S/CC. As shown in Fig. 1c and 1d, with the Co to Mo molar ratio 

of 1:3 and 1:2, the relatively uniform Co-Mo-S nanoparticles (~50-100 nm) was well-distributed, on 

the surface of carbon fibers, simultaneously. Moreover, with further increase of Co:Mo ratio to 1:1 (Fig. 

1e) and 2:0 (pure CoS2, Fig. 1f), the surface of carbon fibers emerge massive peanut-like particles with 

sizes ranging from 500 nm to 2 μm. 

 

 

 
 

Figure 1. Low-resolution SEM images of (a) bare CC, (b) MoS2/CC, (c) Co-Mo-S(1:3)/CC, Co-Mo-

S(1:2)/CC (d), Co-Mo-S(1:1)/CC (e) and CoS2/CC (f), Insets: high magnification SEM images. 

 

To better elucidate the microscopic structure of Co-Mo-S(1:2)/CC, the Co-Mo-S composites 

were further peeled off from the carbon cloth by sonication and investigated by TEM. As shown in Fig. 

2a, the introduction of Co
2+

 during the synthesis formed the porous hybrid Co-Mo-S structure. 

HRTEM image (Fig. 2b) indicates the formation of intimate contacts of CoS2 and MoS2 in the Co-Mo-

S hybrid. The lattice with spacing of 0.241 nm and 0.277 nm are assigned to the (210) and (200) 

crystal planes of pyrite phase CoS2 [34]. Furthermore, the lattice planes with a spacing of 0.27 nm can 

be indexed into the (110) crystal plane of 2H-MoS2, though it is not easy to be distinguished from the 

CoS2 (200) plane. Moreover, the spacing of ~0.92 nm between two adjacent monolayers, further 

demonstrates the existence of the MoS2 (002) planes with expanded interlayer spacing, which is much 

larger than that of the pristine MoS2 of ~0.65 nm, that may come from the introduction of Co
2+

 into the 

basal plane of Co-Mo-S. EDS mapping was performed to further demonstrate the existence of these 

elements. Fig. 2c shows that the Co, Mo and S elements were distributed homogeneously in the 

optimized Co-Mo-S(1:2) sample. 
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Figure 2. Low-magnification TEM image (a), HRTEM image (b) and elemental mapping (c) of the 

Co-Mo-S(1:2)/CC sample. 

 

XRD was used to investigate the crystal structure of Co-Mo-S samples. As shown in Fig. 3a, 

the strong diffraction peak at 26° was assigned to the carbon cloth substrate (red line, Co-Mo-

S(1:2)/CC). The diffraction peaks at 43.2° can be indexed to the (006) plane of the hexagonal phase 

2H-MoS2 (JCPDF# 87-2416) [35, 36]. However, due to the strong interference of carbon cloth, XRD 

peaks of Co-Mo-S were not clearly demonstrated. Further, XRD measurement was performed after 

peeled off from carbon fiber. The two diffraction peaks centered at around 32.5° and 55.2°, can be 

assigned to the (210) and (200) crystal planes of pyrite phase CoS2 (JCPDF# 70-2865), respectively. 

The diffraction peaks at 24°, 43.2°, and 58.7° can be well indexed to the (100), (006) and (110) planes 

of the hexagonal 2H-MoS2, indicating the coexistence of cobalt and molybdenum elements in Co-Mo-

S/CC [34, 37]. In addition, a new diffraction peak appeared at 9.8°, corresponding to the shift (002) 

plane of MoS2, which suggests that the introduction of Co
2+

 enlarged the interlayer spacing in Co-Mo-

S which can lead to high activity for HER. In this case, the spacing between two adjacent layers can be 

calculated using Bragg’s law nλ = 2dsinθ [38], where n is the order of reflection, λ is the wavelength of 

the incident X-ray, d is the interlayer spacing and θ is the angle between the incident X-ray and the 

scattering planes. The calculated spacing between Mo-S layers was about 0.92 nm which is consistent 

with the observation in HRTEM. Raman spectrum was further measured to identify the structure of the 

as-obtained sample. As show in Fig. 3b, Co-Mo-S(1:2)/CC displays a peak at 390 cm
-1

, corresponding 

to the in-phase stretch (Ag) mode of CoS2 [39]. Moreover, the distinct peak at ∼380 cm
-1

 associated to 

the in-plane E2g
1
 mode and two distinct peaks at ∼403 and ∼410 cm

-1
 are associated to the out-of-

plane A1g vibration modes of the hexagonal 2H-MoS2 [34, 40, 41]. 
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Figure 3. (a) XRD patterns of Co-Mo-S(1:2)/CC and the peeled off Co-Mo-S(1:2) samples, and (b) 

Raman spectra of Co-Mo-S(1:2)/CC. 

 

 
 

Figure 4. XPS spectra of Co-Mo-S(1:2)/CC: (a) survey, (b) Mo 3d, (c) S 2p, and (d) Co 2p. 

 

XPS was used to examine the chemical composition and chemical element states of Co-Mo-

S(1:2)/CC. The survey spectrum recorded from 0 to 900 eV in Fig. 4a confirms the presence of Co, Mo, 

S, C and O elements. From the high- resolution XPS spectrum of Mo 3d (Fig. 4b), two major peaks at 

228.9 and 233 eV were observed and can be assigned to the characteristic doublet peaks of Mo
4+

 3d5/2 

and 3d3/2 core electrons [42, 43]. In addition, the characteristic peak at 236 eV correspond to Mo-O 

bond, which may be due to the inadequate reduction of MoO4
2-

 during the hydrothermal process [44, 
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45]. Moreover, a small peak appears at 226.6 eV that can be ascribed to the S 2s orbital. The peaks at 

161.9 and 163.3 eV can be assigned to the S 2p1/2 and 2p3/2 orbitals, indicating the -2 oxidation state of 

sulfur in MoS2 (Fig. 4c) [44]. Fig. 4d showed the Co 2p spectrum, two peaks can be assigned to Co 

2p3/2 and Co 2p1/2 at 779.5 and 795.4 eV, respectively. It is worth to note that the intensity of Co 

spectrum was lower than other elements, which may be attributed to its lower content in the Co-Mo-S 

(1:2)/CC sample. 

 

3.2. Electrocatalytic activity of Co-Mo-S/CC toward HER 

 
 

Figure 5. (a) HER polarization curves and (b) HER performance comparison (η10 and current densities 

at η = 250 mV) of MoS2/CC, CoS2/CC, Co-Mo-S(1:3)/CC, Co-Mo-S(1:2)/CC, and Co-Mo-

S(1:1)/CC. (c) Corresponding Tafel slopes obtained from panel (a). (d) Calculated exchange 

current densities of MoS2/CC, CoS2/CC, Co-Mo-S(1:3)/CC, Co-Mo-S(1:2)/CC, and Co-Mo-

S(1:1)/CC by applying extrapolation method to the Tafel plots. 

 

To investigate the HER activities of the Co-Mo-S catalysts, electrochemical measurements 

were carried out using a standard three-electrode cell in N2-saturated 1 M KOH solution. All of the 

samples were grown on carbon cloth and were used directly as working electrodes without other 

treatment. For comparison, the catalytic activities of MoS2/CC and CoS2/CC were also examined with 

the same setup. As shown in Fig. 5a, the HER onset potentials of CoS2/CC is approximately 85 mV, 

substantially lower than that of MoS2/CC (ca. 151 mV), suggesting that CoS2 material is intrinsically 

more active than MoS2 [30]. When Co was introduced into MoS2 (Co:Mo = 1:3), the HER 

performance of Co-Mo-S catalysts significantly was significantly enhanced and achieved maximum 

with Co:Mo ratio of 1:2 (onset potential of 34 mV), indicating the important role of Co to improve the 

electrocatalytic activity of MoS2. However, further increase of Co:Mo ratio of 1:1 resulted in the 
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increase of the onset potential (53 mV). Among all the studied samples, Co-Mo-S(1:2)/CC shows the 

best catalytic activity for HER in alkaline electrolyte with a lower overpotential (92 mV) at the current 

density of 10 mA cm
-2

, substantially lower than of CoS2/CC (173 mV) and MoS2/CC (224 mV), which 

also outperforms most of the transition metal sulfides electrocatalysts for alkaline HER (Table 1), 

including defect-rich CoMoS [46], MoS2/Ni3S2 heterostructures [47], and MoS2/Mo [48]. Moreover, 

the current density at η = 250 mV of Co-Mo-S(1:2)/CC reaches 570 mA cm
-2

, which is 21 and 33.5 

times than that of CoS2/CC and MoS2/CC, respectively, indicating the largely improved HER activity 

of Co-Mo-S/CC (Fig. 5b). 

 

Table 1. Comparison of HER performance in 1M KOH for Co-Mo-S/CC with reported 

electrocatalysts. 

 

Catalysts 
Electrolyte 

solution 

ηonset 

(mV) 

η10 

(mV) 

Tafel slope 

(mV dec
-1

) 
Reference 

Co-Mo-S/CC 1M KOH 34 92 82 This work 

Chevrel-phase NiMo3S4 0.1M KOH 59 257 98 [31] 

Defect-rich CoMoS 1M KOH 42 98 82 [46] 

MoS2/Ni3S2 

heterostructures 1M KOH 
50 110 88 

[47] 

MoS2 nanosheets 236 431 308 

MoS2/Mo 1M KOH --- 184 87 [48] 

Cu@CoSx/CF 1M KOH 95 134 61 [49] 

Ni3S2/nickel foam 1M KOH 59 223 --- [50] 

 

 

Table 2. Summary of HER activity of Co-Mo-S(1:3)/CC, Co-Mo-S(1:2)/CC, Co-Mo-S(1:1)/CC, 

CoS2/CC and MoS2/CC in 1 M KOH. 

 

Catalysts ηonset (mV) η10 (mV) Tafel slope 

(mV dec
-1

) 

j0 

(mA cm
-2

) 

Rct (Ω) 

MoS2/CC 151 224 83 1.39×10
-2

 582 

CoS2/CC 85 173 168 9.89×10
-1

 260 

Co-Mo-S(1:3)/CC 60 124 79 2.87×10
-1

 36 

Co-Mo-S(1:2)/CC 34 92 82 7.82×10
-1

 29 

Co-Mo-S(1:1)/CC 53 130 90 3.92×10
-1

 83 

 

To assess the intrinsic HER activities of the catalysts, Tafel slopes were obtained according to 

the Tafel equation (η = blog j + a), where η, b, j and a are the overpotential, Tafel slope, current density, 

and a constant, respectively [51-54]. As shown in Fig. 5c, the Tafel slopes were 79, 82, 90, 168 and 83 

mV dec
-1

 for Co-Mo-S(1:3)/CC, Co-Mo-S(1:2)/CC, Co-Mo-S(1:1)/CC, CoS2/CC and MoS2/CC, 

respectively. The Tafel slope of Co-Mo-S(1:2)/CC is much lower than CoS2/CC and MoS2/CC, 

suggesting a combined Volmer-Heyrovsky mechanism for HER [35]. Exchange current density (j0) 

reflects the intrinsic catalytic efficiency of electrocatalysts, which can be calculated by extrapolating 

the Tafel plots to the x axis. The j0 can be obtained by assuming η was zero with the Tafel equation 
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[55]. As shown in Fig 5d, the j0 value of Co-Mo-S(1:2)/CC was 56 times larger than that of MoS2/CC 

(Table 2). The high exchange current density reveals the origin of the excellent HER activity of the Co-

Mo-S/CC samples. It worth to mention that CoS2 actually shows the highest exchange current density 

and also shows a low onset potential of 85 mV, indicating its high intrinsic activity plays a crucial role 

in the activity enhancement of Co-Mo-S [30]. 

To better understand the effect Co incorporation, the electrochemical double–layer capacitance 

(Cdl) was further used to estimate the effective surface areas by CV tests in the 0.1–0.2 V region as 

shown in Fig 6 [45, 56-58]. As shown in Fig. 6d, the values of Cdl are 107, 88.2 and 2.8 mF cm
-2

 for 

Co-Mo-S(1:2)/CC, MoS2/CC and CoS2/CC, indicating the hybrid Co-Mo-S(1:2)/CC possess the 

highest effective surface area for HER. The value of Cdl for MoS2/CC was much larger than that of 

CoS2/CC and close to that of Co-Mo-S(1:2)/CC, which suggests that MoS2 plays a main role in the 

enlarged surface area of Co-Mo-S with appropriate amount of Co. This also explains the activity loss 

with the extra Co that forms large particles as shown in Fig 1e, which results in the low active surface 

area decrease the HER activity. 

 

 
 

Figure 6. CV curves of (a) Co-Mo-S(1:2)/CC, (b) MoS2/CC and (c) CoS2/CC measured from 20 to 

100 mV s
-1

, and (d) the capacitive currents (Δj) at 0.15 V vs RHE plotted as a function of scan 

rate from which Cdl was calculated by linear fitting. 
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Figure 7. (a) Nyquist plots of MoS2/CC, CoS2/CC, Co-Mo-S(1:3)/CC, Co-Mo-S(1:2)/CC, and Co-Mo-

S(1:1)/CC. (b) Plot of charge transport resistance of different samples. 

 

The electrochemical impedances of Co-Mo-S/CC were measured by EIS measurement to 

investigate the HER kinetics at the interface between the electrode and electrolyte [59, 60]. As shown 

in Fig. 7a, the fitted results reveal that the Co-Mo-S(1:2)/CC shows the smallest charge-transfer 

resistance (Rct) than others, indicating a faster Faradaic process in HER kinetics. It worth to mention 

that, the value of Rct for CoS2/CC is smaller than MoS2/CC, indicating CoS2/CC possess faster charge 

transfer. The Rct values summarized Fig. 6b show the same tendency with the HER overpotential tests 

(Fig. 5a), where the charge transfer efficiency is largely improved in the Co-Mo-S catalysts compared 

to single MoS2 and CoS2. 

 

 
 

Figure 8. (a) Durability measurement of Co-Mo-S(1:2)/CC. The solid line and dotted lines are the 

polarization curves recorded initially and after 1000 cycles (scan rate: 100 mV s
-1

), respectively. 

(b) Time-depentent current density of Co-Mo-S(1:2)/CC under a static overpotential of 92 mV. 

 



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

  

3512 

 
Scheme 2. Schematic illustration for the synergetic optimization of the Co-Mo-S/CC catalysts 

employing the high active surface area of MoS2 and the high intrinsic activity of CoS2. 

 

We further evaluated the stability and durability of the Co-Mo-S(1:2)/CC catalyst by 

continuous CV sweeping from -0.15 to 0.1 V at a scan rate of 100 mV s
−1

. As shown in Fig. 8a, after 

1000 cycles, the current loss is negligible in the polarization curve of Co-Mo-S(1:2)/CC. The long-

term durability was conducted around ∼10 mA cm
-2

 of this catalyst by a continuous current 

measurement at 92 mV in 1 M KOH solution (Fig. 8b). After 12 hours of continuous test, the Co-Mo-

S(1:2)/CC still remain 91% of its original current density, suggests that the robust stability for HER in 

strong alkaline electrolyte. 

Based on the above results, the superior alkaline HER activity and stability of the Co-Mo-S/CC 

can be ascribed to the following aspects, as a result of the synergetic effect of CoS2 and MoS2 as 

shown in Scheme 2. (1) CC acts as a good current collector, which can enhance the charge transport of 

the composite material [61]; (2) Metallic CoS2 possess the fast intrinsic HER kinetics, where the 

semiconducting MoS2 have higher effective surface area, from which the synergetic effect of CoS2 and 

MoS2 are possible to achieve an enhanced activity [30]; (3) The incorporation of appropriate amount of 

cobalt is crucial to avoid the formation of large CoS2 particles and ensure the high active surface area 

and relatively uniform distribution of the Co-Mo-S catalysts on the carbon cloth, which enables the 

high activity [44]. Our result provides an important guideline for the design of the transition metal 

doped MoS2 electrocatalysts for efficient alkaline HER by composition-dependent nanostructuring, 

which may be of great interest for industrial water electrolyzers. 

 

 

 

4. CONCLUSIONS 

In summary, we have developed an effective strategy for the growing of Co-Mo-S catalysts on 

carbon cloth (CC) via introducing cobalt into MoS2 to achieve the synergistic interaction of CoS2 and 

MoS2 and demonstrated to be efficient HER catalysts in alkaline condition. The optimized Co-Mo-S 

catalysts (Co:Mo=1:2) showed a largely improved HER activity with an overpotential of 92 mV at a 

current density of 10 mA cm
-2

 and Tafel slope of 82 mV dec
-1

. The Co-Mo-S catalysts also show good 
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stability for alkaline HER. The enhanced activity and stability of Co-Mo-S/CC are ascribed to the 

synergistic effect of fast intrinsic HER kinetics of metallic CoS2 and high effective surface area and 

abundant active sites of semiconducting MoS2. Our results indicated that one of the most important 

consideration is the incorporation of appropriate amount of Co into MoS2 to avoid the overgrowth of 

large CoS2 particles and maintain the high surface area of Co-Mo-S nanostructures. This work 

broadens our vision for the design of transition metal doped MoS2 by synergetic optimization of the 

intrinsic HER kinetics and the active surface area for efficient hydrogen evolution.  
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