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Abstract
Constructing hetero-structured catalyst is promising but still challenging to achieve overall water splitting for hydrogen 
production with high efficiency. Herein, we developed a sulfide-based  MoS2/Co1−xS@C hetero-structure for highly efficient 
electrochemical hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). The carbon derived from the 
filter paper acts as a conducting carrier to ensure adequate exposure of the active sites guaranteed with improved catalytic 
stability. The unique hierarchical nano-sheets facilitate the charge and ion transfer by shortening the diffusion path during 
electro-catalysis. Meanwhile, the robust hetero-interfaces in  MoS2/Co1−xS@C can expose rich electrochemical active sites 
and facilitate the charge transfer, which further cooperates synergistically toward electro-catalytic reactions. Consequently, 
the optimal  MoS2/Co1−xS@C hetero-structures present small over-potentials toward HER (135 mV @ 10 mA·cm−2) and OER 
(230 mV @ 10 mA·cm−2). The  MoS2/Co1−xS@C electrolyzer requires an ultralow voltage of 1.6 V at the current density 
of 10 mA·cm−2 with excellent durability, outperforming the state-of-the-art electro-catalysts. This work sheds light on the 
design of the hetero-structured catalysts with interfacial engineering toward large-scale water splitting.
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1 Introduction

To mitigate the growing global greenhouse issue, the pro-
duction of carbon–neutral fuels with zero-polluting feature 
is highly desired [1, 2], in which hydrogen from renewable 
electricity represents a promising clean energy source for 
the sustainable economy and society [3–5]. Electrochemical 

hydrogen generation is achieved using water electroly-
sis technique [6, 7], which is dominated by the inefficient 
hydrogen evolution reaction (HER) and sluggish the oxygen 
evolution reaction (OER). As these two basic reactions are 
affected by many factors of catalysts, such as the adsorption 
of intermediates, reaction kinetics, catalyst stability, etc., 
the design of efficient catalyst remains a great challenge 
[8, 9]. Currently, commercial metal-based catalysts have 
been regarded as state-of-the-art catalysts for water split-
ting, which can reduce the activation energy and facilitate 
the reaction process. And yet, the high cost, scarcity, and 
unsatisfactory durability seriously impede their large-scale 
applications [10–12]. Therefore, the development of earth-
rich, non-precious metal catalysts with bifunctional catalytic 
activity for both HER and OER is highly urgent.

Tremendous efforts have been made to discover earth-
abundant and efficient catalysts in recent years, such as metal 
sulfides [13–16], phosphides [17–19], selenides [20, 21], and 
metal–organic framework-based compounds [22], to replace 
noble metal-based catalysts. Among them, transition metal 
sulfides have rich active sites and higher electronic conduc-
tivity compared with oxides, which play an important role in 
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electrochemical energy storage materials [23–25]. Besides, 
the introduction of S could further enhance the delocaliza-
tion of electrons in the catalyst, which can provide efficient 
electron transfer channel to promote the migration of elec-
trons from metal cations to S. It is well known that layered 
molybdenum sulfide is a typical HER electro-catalyst, but 
the molybdenum sulfide itself is severely limited in their 
electro-catalytic performance as bifunctional hydrolysis 
electro-catalysts [26–28]. Interfacial engineering is consid-
ered as an effective strategy to adjust the electronic structure 
and improve the activity. The interface engineering could 
be beneficial to enriching the active sites and promoting 
the electronic transfer, and thus boost the sluggish water 
splitting efficiency [29, 30]. Heterojunction materials have 
attracted extensive attention due to their unique electro-
catalytic properties at present [31–33]. Specifically, in the 
electrochemical reaction process, the charge transfer rate is 
enhanced due to the synergistic effect of the hetero-structure 
[34]. At the same time, the hetero-structure can regulate the 
adsorption and desorption energy of reaction intermediates 
to improve the catalytic performance [35–38]. In addition, 
suitable substrate material can not only increase the exposed 
sites, but also improve the catalyst stability by reducing the 
aggregation during the electro-catalytic reactions. The car-
bon derived from the filter paper by the pyrolysis with high 
surface area and conductivity can serve as an ideal cata-
lyst substrate, which can recycle the filter paper during the 
synthesis of nano-catalysts avoiding large waste [39]. More 
importantly, the carbon can inherent the three-dimensional 
structure of cellulose filter paper with excellent adsorption 
for metal source in water [29, 40]. Furthermore, the carbon 
material itself has excellent electrical conductivity, and the 
three-dimensional (3D) network structure of carbon filter 
paper provides a substantial framework for the deposition 
of cobalt and molybdenum composites, which can reduce 
the irregular deposition of hetero-structures [41]. Therefore, 
the construction of sulfide heterojunction supported by the 
derived carbon of filter paper is a reasonable strategy for 
designing efficient bifunctional catalysts [42].

Herein, a simple adsorption-hydrothermal synthesis 
strategy was demonstrated to successfully construct  MoS2/
Co1−xS@C hetero-structured composite to investigate the 
interfacial electronic effect for overall water splitting. Two-
dimensional nano-sheets have a relatively large active area 
and abundant low coordination edges, resulting in abundant 
active sites, which are benefit to improving the performance 
of water splitting. The synergistic effect of the  MoS2/Co1−xS 
and carbon derived from filter paper could significantly 
enhance the reaction kinetics and activity for overall water 
splitting. As predicted, the as-prepared hetero-structure 
 MoS2/Co1−xS@C exhibited only 135 mV and 230 mV for 
HER and OER at 10 mA·cm−2, respectively. Furthermore, 
for the two-electrode system, the optimal electrolyzer with 

 MoS2/Co1−xS@C as both cathode and anode achieves a low 
voltage of 1.60 V at 10 mA·cm−2.

2  Experimental 

2.1  Chemical materials

All chemicals were used without further purifica-
tion. Hexa-ammonium hepta-molybdate tetra-hydrate 
((NH4)6Mo7O24⋅4H2O), cobalt nitrate hexahydrate 
(Co(NO3)2⋅6H2O), sublimation sulfur powder (S, 99.9%), 
and potassium hydroxide (KOH) were purchased from 
Macklin, while the filter paper, polyvinylidene fluoride 
(PVDF, 99%), nafion (5 wt.%), platinum on graphitized 
carbon (Pt/C, 20 wt.%), and ruthenium oxide  (RuO2) were 
obtained from Aladdin.

2.2  Synthesis of the electro‑catalyst

For the preparation of  MoS2/Co1−xS@C, the filter paper was 
used as sacrificial support and carbon source. Firstly, the 
commercial filter paper was cut into 2 × 3  cm2, sonicated 
with water and ethanol for 30 min each. And the papers were 
rinsed and dried under a vacuum at 60 °C. Then 1.455 g of 
Co(NO3)2⋅6H2O and 0.883 g of  (NH4)6Mo7O24⋅4H2O were 
dispersed in 5 mL water and sonicated for 20 min. After 
the mixed solution turned into a dark red homogeneous 
solution, the pretreated filter paper was soaked for 2 h and 
then dried under vacuum. The dried filter paper and 0.3 g of 
sublimated sulfur powder were placed in downstream and 
upstream portion of one porcelain boat, respectively, and 
calcined at 600 °C for 5 h in an Ar atmosphere to obtain 
hetero-structured  MoS2/Co1−xS@C. As a comparison, we 
prepared a comparative  Co2Mo3O8/MoO2@C electro-cata-
lyst by a similar method without adding sublimation sulfur.

2.3  Material characterization

Morphology characterizations of the samples were per-
formed on Regulus 8100 scanning electron microscope 
and FEI Tecnai G2 F20 microscope. The phase composi-
tion and crystal structure were analyzed using the Bruker 
D8 Advance X-ray diffraction system with Cu–Kα radia-
tion. X-ray photoelectron spectroscopy (XPS) testing was 
operated to evaluate the chemical states of the samples 
(ESCALAB 250 system). Raman spectra were acquired on 
a confocal laser micro-Raman spectrometer (Renishaw in 
Via) with the exciting wavelength of 514.5 nm.
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2.4  Electrochemical measurements

The electro-catalytic tests of the samples were carried out on 
the CS studio equipment. The prepared catalyst, Super P, and 
binder (PVDF) were mixed in the mass ratio of 7:2:1, ground 
evenly, and then coated on one piece of nickel foam with 
an active area of 1 × 1  cm2 as the working electrode (WE), 
Ag/AgCl filled with saturated KCl solution was used as the 
reference electrode (RE). The carbon rod was used as the 
counter electrode (CE) for the HER performance test, while 
the platinum sheet was employed for the OER. All measured 
potentials are calibrated according to the Nernst equation 
versus reversible hydrogen electrode (RHE). Activation of 
the working electrode by cyclic voltammetry was at a scan 
rate of 50 mV·s−1 prior to linear sweep voltammetry (LSV). 
The LSV test was carried out in 1.0 mol·L−1 KOH at room 
temperature with a scan rate of 5 mV·s−1. Electrochemical 
impedance spectroscopy (EIS) was performed at a frequency 
from 0.1 to  105 with an amplitude of 5 mV.

3  Results and discussion

The brief synthesis of  MoS2/Co1−xS@C is shown in 
Scheme 1. The filter paper is composed of cellulose with 
polyhydroxy groups, and its higher liquid adsorption is con-
ducive to forming the lamellar stacking of nano-sheets after 
calcination, improving the electrochemical performance [43, 
44]. The filter paper was immersed in a mixture of cobalt 
and molybdenum salts for ion adsorption, and then the fil-
ter paper with adsorbed metal source was calcined at high 
temperature in an argon atmosphere in the presence of sub-
limated sulfur to obtain  MoS2/Co1−xS@C hetero-structured 
nano-sheets. Scanning electron microscopy (SEM) images 
indicate that  MoS2/Co1−xS@C has a rough layered structure. 
Furthermore, the small-sized sulfide particles are uniformly 
covered and embedded in the carbon fiber matrix, confirm-
ing the successful sulfidation of the catalyst (Fig. 1a, b). 
For comparison, the treated filter papers were soaked in 
mixed solutions of different concentrations. When the solu-
tion concentration is low, it is difficult for grains to nucle-
ate and grow, and the construction of hetero-structures is 

hindered. While the concentration of the metal salts is too 
high, the morphology of the filter paper can hardly be seen 
(Fig. S1). It was observed that the optimized ion adsorption 
of 5 mmol can favor the formation of heterojunctions and 
provide plenty of sites for synergistic catalytic activity.

The transmission electron microscopy (TEM) images 
of  MoS2/Co1−xS@C further confirm that the nano-sheet 
structure coupled with many fine nanoparticles, exhibited a 
relatively rough surface. The synthesized  MoS2/Co1−xS@C 
maintains the ultrathin nano-sheet structure with a large 
amount of  MoS2 intercalation grown vertically (Fig. 1c, d). 
This layered structure with a rough surface not only opti-
mizes mass transfer but also avoids Ostwald ripening of the 
catalyst during the HER process and therefore improves 
catalytic activity and stability [45, 46]. There are many gaps 
in the network structure, which can be used as diffusion and 
transmission channels between reactants and products in the 
water electrolysis process. At the same time, this is condu-
cive to the conduction of electrons, so as to enhance the 
transmission of electrons. High-resolution TEM (HRTEM) 
images with two distinct lattice fringes clearly show the 
 Co1−xS nanoparticles grown around the interface and the 
existence of micropores, which can establish a rapid mass 
transfer channel (Fig. 1e) [47]. The planar spacing of the 
catalyst lattice fringes was accurately measured to be 0.616 
and 0.292 nm, corresponding to the (002) and (100) crystal 
planes of  MoS2 and (100) of  Co1−xS, respectively (Fig. 1f). 
In addition, we can clearly see the interface between hetero-
structures (Fig. S2). The interface between  MoS2 and  Co1−xS 
exposes more active sites for boosting the catalytic reaction 
[48, 49]. And the elemental mapping displayed a relatively 
homogeneous distribution of S, Mo, and Co in the  MoS2/
Co1−xS@C (Fig. 1g). These results confirm the successful 
preparation of the hetero-structures with obvious interfaces 
between  MoS2 and  Co1−xS supported by carbon.

The structural information and surface chemical states of 
the hetero-structures were investigated using X-ray diffrac-
tion (XRD), Raman spectroscopy, and XPS. To exclude the 
possible effect of sulfurization, we significantly prepared 
the electro-catalyst without sulfurization for comparison. 
The XRD analysis (Fig. 2a) confirms that  MoS2 and  Co1−xS 
with sharp diffraction peaks are indexed to the standard PDF 

Scheme 1  Schematic illus-
tration for the preparation 
of  MoS2/Co1−xS@C via an 
adsorption-thermal treatment 
synthesis
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phase (JCPDF #2–132) and (JCPDF #42–826). By contrast, 
 Co2Mo3O8/MoO2@C corresponds to a main  Co2Mo3O8 
phase and a minor  MoO2 phase (Fig. S3). It is speculated 
that the carbonization of cellulose has an important effect on 
the formation of the final substance. Interestingly, no promi-
nent carbon peak was observed in the XRD pattern, which 
may be due to the amorphous existence form of carbon. The 
following Raman spectrum further confirms this viewpoint. 
According to the comparison of Raman results (Fig. S4), the 
IG/ID ratio of  Co2Mo3O8/MoO2@C (1.033) is much smaller 
than that of  MoS2/Co1−xS@C (1.416), indicating that  MoS2/
Co1−xS@C has a higher degree of graphitization due to the 
effect of sulfurization, which can tune the electron transport 
ability and obtain outstanding catalytic activity.

XPS was performed to determine the chemical coupling 
at the  MoS2 and  Co1-xS interfaces by comparing the elec-
tron configuration on the  Co2Mo3O8/MoO2@C surface. 
Figure 2b displays the XPS spectra of Mo 3d, four peaks 
at 235.65 eV, 232.39 eV, 230.33 eV, and 228.83 eV are 
shown in  Co2Mo3O8/MoO2@C, which correspond to  Mo6+ 
 3d3/2,  Mo4+  3d3/2,  Mo6+  3d5/2, and  Mo4+  3d5/2, respectively. 
A slight shift toward a higher binding energy indicates the 
strong interaction at the material interface and electron 
transfer from  MoS2/Co1−xS@C. In addition, a characteristic 

peak of  S2
2− 2 s appeared at 226.40 eV, indicating the suc-

cessful synthesis of the sulfide. As shown in Fig. 2c, for 
 MoS2/Co1−xS@C, two peaks located at 781.04  eV and 
782.84 eV correspond to the  Co3+  2p3/2 and  Co2+  2p3/2, it is 
clearly noted that the shift in binding energy to lower values 
becomes more pronounced for  Co2Mo3O8/MoO2@C, mani-
festing that there is a coupled interface and strong interaction 
between  MoS2 and  Co1−xS [50]. In addition, the S 2p spec-
trum in Fig. 2d shows the superposition of  S2

2− (165.28 eV 
and 163.28 eV) and  S2− (161.91 eV and 160.23 eV). A 
pair of peaks at 168.77 eV corresponds to sulfate, and the 
S atom may exist in the apical  S2− or bridged  S2

2− form, 
which are active sites for the HER reaction process. Based 
on the results of the above description, the synthesized 
 MoS2/Co1−xS@C hetero-structured nano-sheets have multi-
dimensional cross-linked structure. It has been reported that 
this structure may provide abundant active sites to accelerate 
mass/charge transfer, and resulting a superior catalytic activ-
ity for overall water splitting [34]. 

To elucidate the effect of interfacial coupling on catalytic 
performance of  MoS2/Co1−xS@C, the electro-catalytic HER 
and OER activities were measured in 1.0 mol·L−1 KOH by a 
three-electrode system with  Co2Mo3O8/MoO2@C and com-
mercial catalysts as the electrodes. Figure 3a is the LSV 

Fig. 1  a, b SEM images, c, d TEM and e, f HRTEM images of  MoS2/Co1−xS@C. g Elemental mapping reveals the presence and homogenous 
distribution of Co, Mo, and S elements in  MoS2/Co1−xS@C
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curve in alkaline electrolyte, calibrated by the iR compensa-
tion using the corresponding solution resistances (Rs) of all 
electrodes. It can be seen from Fig. S5a in Supporting Infor-
mation that  MoS2/Co1−xS@C exhibits relatively excellent 
performance, and its over-potential is much lower than that 
of  Co2Mo3O8/MoO2@C and commercial  RuO2 electro-cat-
alysts, which is also lower than those of samples with other 
concentrations of ion adsorption (Fig. S5b). At the same 
time, it can be seen from Fig. S6 in Supporting Information 
that after the OER cycling, the small nanoparticles of differ-
ent sizes originally loaded on the surface of carbon matrix 
derived from the filter paper became larger nanoparticles or 
even nanospheres and nano-blocks. The Tafel slope of  MoS2/
Co1-xS@C is 85.4 mV·dec−1, which is significantly smaller 
than that of  Co2Mo3O8/MoO2@C (98.1 mV·dec−1),  RuO2 
(116.2 mV·dec−1), and samples with other concentrations 
of ion adsorption (Fig. S7a), indicating the enhanced OER 
kinetics of  MoS2/Co1−xS@C (Fig. 3b). To further reveal the 
intrinsic catalytic activity of the as-prepared electro-cata-
lysts, the kinetics of the electro-catalysts were further evalu-
ated by EIS, which can reflect the charge transfer ability, as 
shown in Fig. S7b. At the same time, the fitting results of the 
equivalent circuit model show that sulfide has a fast charge 

transfer process (Fig. S8 and Table S1) [51, 52]. The Nyquist 
plot shows that  MoS2/Co1−xS@C has the smallest resistance 
to charge transfer, implying optimal mass and charge transfer 
kinetics and the lowest reaction barrier. This small charge 
transfer resistance is ascribed to the abundant exposed active 
sites between the interface of  MoS2 and  Co1−xS, which is 
favorable for the charge transfer process. Furthermore, the 
electrochemically active surface area (ECSA) was further 
tested and the double layer capacitance (Cdl) was calcu-
lated. It is observed that  MoS2/Co1−xS@C possesses higher 
ECSA value (Fig. S9). Figure 3c shows the V–t test curve of 
 MoS2/Co1−xS@C electro-catalyst at 10 mA·cm−2. It could 
be seen that after 30 h of continuous operation, the potential 
of  MoS2/Co1−xS@C has a negligible increase, indicating the 
superior OER durability.

 LSV plots showed a standard HER activity of 20% Pt/C 
as a catalyst benchmarking (Fig. 3d), indicating the nor-
malization of our testing process. Nonetheless, it can be 
seen that  MoS2/Co1-xS@C exhibits high electrochemical 
activity than  Co2Mo3O8/MoO2@C. The HER over-potential 
of  MoS2/Co1−xS@C is 135 mV when the current density 
is 10 mA·cm−2, which is significantly lower than that of 
 Co2Mo3O8/MoO2@C (217 mV). The hydrogen evolution 

Fig. 2  a XRD patterns of the electro-catalysts, High-resolution XPS spectra of  MoS2/Co1−xS@C and  Co2Mo3O8/MoO2@C, b Mo 3d, c Co 2p 
and d S 2p of  MoS2/Co1−xS@C
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performance showed that the sulfurization had a positive 
effect on the improvement of the electro-catalyst perfor-
mance. Specifically, sulfide has better catalytic activity and 
conductivity than oxide. This may be due to the electronic 
interaction within the  MoS2/Co1−xS@C hetero-structures 
that modulate the optimal HER activity. After HER cycling, 
the surface morphology of the catalyst was partially agglom-
erated from the small nanoparticles originally supported on 
the surface of the carbon matrix (Fig. S10), which may be 
due to the reduction reaction that occurred during the HER 
process, and the sulfide was reduced into other reduced 
cobalt-based and molybdenum-based species. Correspond-
ingly, the catalytic kinetics and mechanism of electro-cat-
alysts were studied by the Tafel slope, which can be used 
to infer the basic reaction steps. As shown in the Fig. 3e, 
the Tafel slopes of  Co2Mo3O8/MoO2@C,  MoS2/Co1−xS@C, 
and Pt/C were found to be 140.9, 106.0, and 28.1 mV  dec−1 
by fitting, respectively, indicating that the heterojunc-
tion formed by  MoS2 and  Co1−xS leads to a higher HER 

reaction rates and kinetics. It is also observed that  MoS2/
Co1−xS@C at 0.5 mmol·L−1 possesses the best HER activ-
ity. At the same time,  MoS2/Co1−xS@C at 0.5 mmol·L−1 
concentration shows a smaller Tafel slope compared with 
other samples, indicating the optimization of the electronic 
structure and HER dynamics (Fig. S11)  MoS2/Co1−xS@C 
also exhibits excellent HER and OER activity, even elim-
inating the effect of loading by mass normalization (Fig. 
S12). Figure 3f shows that  MoS2/Co1−xS@C has excellent 
catalytic durability with negligible decay after 30 h of HER 
reaction. Importantly, the normalized OER/HER LSV curve 
of electrochemical surface area (ECSA) still shows excel-
lent intrinsic activity of the  MoS2/Co1−xS@C. (Fig. S13) 
[53]. It is worth noting that  MoS2/Co1−xS@C is also an effi-
cient bifunctional electro-catalyst compared to previously 
reported doped catalysts (Fig. 3g). The above analysis shows 
that the heterojunction after sulfide makes the catalyst rich 
in active sites and enhance in electron transport, the charge 

Fig. 3  a OER LSV polarization curves and b corresponding 
Tafel plots in 1.0  mol·L-1 KOH electrolyte of  MoS2/Co1−xS@C, 
 Co2Mo3O8/MoO2@C, and commercial  RuO2. c OER Chronopo-
tentiometry curve of  MoS2/Co1−xS@C at 10 mA·cm−2. d HER LSV 
polarization curves and e corresponding Tafel plots in 1.0  mol·L−1 

KOH electrolyte for  MoS2/Co1−xS@C,  Co2Mo3O8/MoO2@C, and 
commercial Pt/C. f HER Chronopotentiometry curve of  MoS2/
Co1−xS@C at 10  mA·cm−2. g Comparison of the HER and OER 
over-potentials at 10 mA·cm−2 for  MoS2/Co1−xS@C with previously 
reported catalysts
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transfer resistance is reduced and the catalytic activity is 
synergistically optimized.

Encouraged by the above results, the as-prepared  MoS2/
Co1−xS@C was simultaneously used as a free-standing cath-
ode and anode to evaluate the activity of water splitting. The 
polarization curve in Fig. 4a shows that  MoS2/Co1−xS@C 
has high bifunctional electro-catalytic activity for water 
splitting. It can be observed from Fig.  4b that  MoS2/
Co1−xS@C provides 10 mA·cm−2 at a cell voltage of 1.60 V, 
while the combined system of Pt/C and  RuO2 requires a 
voltage of 1.58 V and  Co2Mo3O8/MoO2@C requires 1.75 V, 
which is much higher than that of  MoS2/Co1−xS@C. Besides 
the high catalytic activity, the catalytic durability of  MoS2/
Co1−xS@C was also investigated. As shown in Fig. 4c, 
 MoS2/Co1−xS@C exhibits excellent electrochemical sta-
bility with negligible loss of overall water splitting perfor-
mance after continuous operation for 15 h.  MoS2/Co1−xS@C 
still exhibits good stability at large current densities (Fig. 
S14 and Table S2). Moreover, schematic diagram of the 

mechanism of the overall water splitting process of  MoS2/
Co1−xS@C under alkaline conditions is exhibited in Fig. 4d. 
The formation of heterojunction accelerates the charge trans-
fer at the interface. And the slope of Mott–Schottky curve of 
sulfide heterojunction is greater than that of oxide precur-
sor, which indicates that sulfide heterojunction can provide 
faster electron conduction in the electrochemical process, so 
as to achieve efficient electro-catalytic reaction (Fig. S15). 
 MoS2/Co1−xS@C hetero-structured nano-sheet possesses a 
larger active surface area, which is conducive to the contact 
between the electrode and the electrolyte and promotes the 
mass transfer process. At the same time, carbon derived from 
the filter paper is used as matrix to ensure full exposure 
of active sites and improve catalytic stability. Furthermore, 
the higher degree of graphitization can adjust the electronic 
transport capacity, so as to obtain admirable conductivity.

Fig. 4  a Water splitting LSV polarization curves of  MoS2/Co1-xS@C, 
 Co2Mo3O8/MoO2@C, and commercial  RuO2 ‖ Pt/C. b Overpotential 
comparison of  MoS2/Co1−xS@C,  Co2Mo3O8/MoO2@C and commer-

cial  RuO2 ‖ Pt/C at 10 mA·cm−2 and 50 mA·cm−2. c Water splitting 
Chronopotentiometry curve of  MoS2/Co1−x@C at 10  mA·cm−2. d 
Schematic diagram of the mechanism of water splitting
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4  Conclusion

In this work, the  MoS2/Co1−xS@C electro-catalyst was suc-
cessfully fabricated by a simple adsorption–thermal treatment 
synthesis strategy for the overall water splitting. The sulfide 
heterojunction electro-catalyst improves the electrochemical 
performance due to the ultrathin nano-sheet structure. The 
large specific surface area of the filter paper is conducive to the 
precipitation and penetration of gas. In addition, the filter paper 
is used as a sacrificial carrier to provide a carbon source, which 
improves the conductivity and robustness of the catalyst. More 
importantly, the hetero-interface formed between  MoS2 and 
 Co1−xS optimizes the electron arrangement on the catalyst sur-
face, and the strong electronic coupling significantly improves 
the interfacial reactivity. The potential of  MoS2/Co1−xS@C for 
total water splitting is only 1.6 V, and this electro-catalyst also 
exhibits long-term stability. This study provides a new idea for 
preparing bifunctional electro-catalysts free of rare metals from 
cheap and natural environmentally friendly materials.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42864- 023- 00212-6.
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