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Abstract - Recently, rechargeable aqueous Zn-ion batteries have 
attracted much attention and are potential candidates for grid 
storage applications because of their low cost and safety. However, 
to approach practical applications, suitable cathode materials must 
be developed. As a two-dimensional layered material, MoS2-based 
materials are very potential candidates. Herein, MoS2/rGO 
materials were synthesized by hydrothermal method and then the 
charge-discharge properties of the fabricated materials were 
investigated when they are used as cathode materials for 
rechargeable Zn-ion batteries. The MoS2/rGO has an expanded 
interlayer, which achieves a high initial capacity of about  
170 mAh/g but does not have a high stability. In contrast, the MoS2-
KOA has a low capacity but is very stable, even after  
200 charge/discharge cycles. This study has shown the advantages 
and disadvantages of MoS2-based materials with expanded 
interlayer and suggests further work to find methods to stabilize the 
expanded interlayer to increase the charge/discharge stability. 
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1. Introduction 

Grid energy storage technologies play a very important 
role in the efficient utilization of intermittent renewable -
energy sources, such as solar energy and wind energy  
[1-3]. For many years, rechargeable lithium-ion battery 
technology has been used in mobile electronic devices, 
military, and electric vehicles because of its characteristics 
of lightweight, high-energy density, and high stability  
[4-6]. However, because of the flammability of organic-
based electrolytes, the scarcity and high cost of materials 
used to manufacture them, and environmental concerns, 
the use of Li-ion batteries for grid storage applications is 
limited [1, 7]. To overcome these limitations, aqueous Zn-
ion batteries are one of the most potential candidates 
because of the high theoretical specific capacity of zinc 
metal (820 mAh/g), low redox potential (0.76 V vs. 
Standard hydrogen electrode) and highly reversible in 
water-based electrolytes [8-9]. Combined with the 
advantages of Zn, such as low toxicity, abundant supply, 
low cost, and stability in water and air, aqueous Zn ion 
batteries may be widely used in the future for large capacity 
and stationary grid energy storage [9-10]. However, the 
practical application of rechargeable Zn-ion batteries is 
still limited by the real capacity and low charge-discharge 
stability resulting from the difficult diffusion and 
intercalation kinetics of Zn2+ ions in cathode materials, 
dissolution of cathode materials in water-based 
electrolytes, dendrite growth and side reactions such as 

hydrogen evolution reaction, corrosion on Zn metal anodes 
[10]. Therefore, the development of cathode materials for 
Zn-ion batteries is one of the biggest challenges on the way 
to their practical application for grid storage in the future. 

To date, materials with tunneling or layered structure, 
including those based on manganese, vanadium, and 
molybdenum, have been produced and used as cathode 
materials for rechargeable Zn-ion batteries [11-12]. 
Recently, two-dimensional transition metal 
dichalcogenides (TMDs) with layered structure such as 
molybdenum disulfide (MoS2), which are among the most 
studied anode materials for Li+/Na+ batteries [13-14], have 
been proven as effective cathode materials for rechargeable 
Zn-ion batteries [15]. It has been shown that increasing 
interlayer spacing and defect engineering decreases the 
intercalation and diffusion energies of Zn ions [16]. 
Normally, MoS2 materials exist in the semiconductor  
2H-MoS2 phase, a thermodynamically stable phase but 
with low conductivity. To increase the electrical 
conductivity, MoS2 materials are often combined with 
conductive substrates, such as rGO, CNTs or synthesized 
in the metallic 1T-phase [16]. In this study, we synthesized 
MoS2-based materials with extended or non-extended 
interlayer spacing and investigated the charge-discharge 
properties of these materials when applied as cathode in 
Zn-ion batteries (Figure 1). We found that the extended 
interlayer structure increases the capacity of the battery, 
but the stability is not high. 

 

Figure 1. Illustration of Zn-ion rechargeable batteries [17-18] 

2. Experimental section 

2.1. Materials synthesis 

The MoS2/rGO material was synthesized by the 
hydrothermal method. First, 30 mg of graphene oxide (GO) 
was ultrasonically dispersed in 50 ml of double distilled 
water for 30 minutes, then 1000 mg of oxalic acid 
(COOH)2.2H2O, 450 mg of molybdenum precursor 
(NH4)6Mo7O24. 4H2O and 646.7 mg of sulfur precursor 
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(NH2)2CS were added and sonicated for another 30 
minutes. Subsequently, the hydrothermal reaction was 
carried out in a Teflon-lined 100-mL stainless steel 
autoclave at 190oC for 24 h. The autoclave was then 
removed and allowed to cool naturally. The resulting 
product was filtered with Whatman filter paper, washed 
several times with distilled water and absolute ethanol, and 
dried for 12 h at 60°C. The MoS2 material was prepared by 
the same method but without the addition of graphene 
oxide. For comparison, the MoS2 material without an 
addition of graphene oxide and oxalic acid was synthesized 
by the same method but with a synthesis temperature of 
210oC and referred to as MoS2- KOA. The process of 
material synthesis is described in Figure 2. 

 

Figure 2. Materials synthesis process 

2.2. Materials characterization 

The crystal structure of the materials was determined by 
X-ray diffraction (XRD, D8 Bruker advanced, Germany). 
The morphology of the materials was analyzed by scanning 
electron microscope (SEM, JSM-IT200, JEOL, Japan). The 
elemental composition was determined by X-ray energy 
dispersion spectroscopy (EDS). The characteristic 
vibrational modes of the materials were determined using 
the Raman system (LabRaman, Horiba Scientific). 

2.3. Measurement of charge-discharge characteristics 

 

Figure 3. Investigation of battery charge-discharge 

characteristics using Swagelok cells 

To prepare the cathode electrodes, the synthesized 
material was mixed with acetylene black (Super-P) and 
polyvinylidene fluoride (PVDF) in a mass ratio of 8:1:1. 
Then a certain amount of N-methyl-2-pyrrolidone (NMP) 
was added to the above mixture and ground for a certain time 
until a homogeneous paste was obtained. Then, the mixed 
material was cast evenly onto a stainless-steel foil and dried 
in a vacuum oven at 80°C for 8 hours. Finally, the stainless-
steel foil was cut into cathode electrodes with a diameter of 
10 mm and an active material mass loading of about  
1.5-2.5 mg/cm2. Zinc foil (99.9%) were was used directly as 
anodes with no surface treatment or modification. The glass 
fiber membrane with a diameter of 12 mm was used as a 

separator. A 3M water-based solution (CF3SO3)2Zn was 
used as the electrolyte. The Swagelok cell was built to 
investigate the charge-discharge characteristics with LAND 
battery testing system (Figure 3). 

3. Results and discussion 

3.1. Structural and morphology results 

The crystal structure of the prepared materials was 
determined using the X-ray diffraction method. In Figure 
4a, the XRD spectrum of the materials shows the 
appearance of three peaks with values of about 33.3o, 39.7o, 
and 57.9o, assigning to crystal planes (100), (103), and 
(110), respectively. These peaks are matched well with the 
hexagonal structure of the stable phase 2H-MoS2 (JCPDS 
73-1508) [18-19]. Furthermore, the peak corresponding to 
the crystal plane (002) of the MoS2/rGO and MoS2 
materials shifts to lower-angle region of about ~10o, 
demonstrating that the interlayer spacing of MoS2 is 
expanded from 6.15 to about 8.9 Å along the c-axis 
(calculated using Bragg equation: 2dsinθ=λ) [19]. In 
contrast, the peak corresponding to the (002) crystal plane 
had a value of ~14.8o when oxalic acid was not added to 
the initial precursor solution, i.e., the interlayer spacing of 
MoS2-KOA was not expanded [15]. The expanded 
interlayer spacing of MoS2 can facilitate the intercalation 
of Zn2+ ions, leading to an increase in the capacity of the 
Zn-ion battery [15,19]. The MoS2/rGO and MoS2 materials 
exhibit peaks with lower and broadened intensity, showing 
that the synthesized materials have low crystallinity or 
small particle size [19]. In the absence of oxalic acid, the 
MoS2-KOA material exhibits higher intensity and a 
narrower peak in the (002) plane than the other two 
materials, demonstrating its better crystallinity and larger 
particle size, as shown in Figure 4a. During the 
hydrothermal reaction, the nuclei of MoS2 materials form 
and grow on GO layers, and GO is reduced to rGO 
(reduced graphene oxide) with better electrical 
conductivity. From Figure 4a, the characteristic diffraction 
peak at about 26o of rGO does not appear, showing that the 
MoS2 has dispersed and covered the rGO layers. As seen 
in Figure 4b, the Raman spectra of MoS2/rGO clearly 
shows the typical peaks of the 2H-MoS2 phase at about 
372.3 and 404.3 cm-1, corresponding to the E12g phonon 
mode (in-plane vibrational mode) and A1g (out-of-plane 
vibrational mode), respectively [20], while the other two 
peaks at about 1352 cm-1 and 1586 cm-1 correspond to the 
characteristic bands D and G of rGO [21]. Additionally,  
a weaker peak can be seen at about 815 cm-1, showing  
a small amount of MoO3 in the hybrid MoS2/rGO material 
[21]. According to Figure 4c, the Raman spectra of  
the MoS2 and MoS2-KOA materials also show peaks 
corresponding to the E1

2g and A1g phonon modes of  
2H-MoS2 [20]. 

The morphology of MoS2/rGO, MoS2 and MoS2-KOA 
was studied by a scanning electron microscopy (SEM).  
As shown in Figures 5b, c, the SEM images of MoS2 and 
MoS2-KOA show the morphology of agglomerated flower-
like particles. The size of the flower-like particles is larger 
when oxalic acid is not added. In contrast, the MoS2 
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particles were more dispersed across the layers or clusters 
of rGO layers with the addition of GO in the hydrothermal 
reaction, as shown in Figure 5a. In addition, elemental 
mapping analysis (EDS) clearly confirms the presence and 
uniform distribution of Mo and S elements, as shown in 
Figure 5. 

 

Figure 4. XRD patterns of all 3 synthesized materials a); Raman 

spectra of MoS2/rGO b); Raman spectra of MoS2 and MoS2-KOA c) 

 

Figure 5. SEM images and elemental mapping of  

MoS2/rGO-15 a); MoS2 b) and MoS2-KOA c) 

3.2. Investigation of charge-discharge properties of the 

synthesized materials 

A Swagelok battery cell was built to investigate the 
charge-discharge properties of the synthesized materials as 
cathode materials for rechargeable Zn-ion batteries with 
water-based electrolytes. Figure 6a shows the charge-
discharge profiles of MoS2/rGO, MoS2 and MoS2-KOA at 
100 mA/g in a potential window of 0.25-1.3 V (against 
Zn2+/Zn). It can be clearly seen that the MoS2/rGO has the 
highest specific capacity, with a value of ~170 mAh/g, 
followed by the MoS2 with a value of ~120 mAh/g. The 
MoS2-KOA shows the lowest specific capacity of  
20 mAh/g. This can be explained by the fact that the 
MoS2/rGO and MoS2 materials have an expanded 
interlayer spacing that facilitates the intercalation of Zn2+ 
ions, as analyzed in the above X-ray diffraction results. In 
addition, the coupling of MoS2 layers with rGO layers can 
increase the electrical conductivity of the MoS2/rGO 
material, which increases its initial specific capacity. 

Figure 6b shows the rate performance from 0.1 to  
1.0 A/g of the synthesized materials. The discharge specific 
capacity of the MoS2/rGO materials gradually decreases 
with increasing discharge rate, and when recharged at  
0.1 A/g, the specific capacity of the material does not reach 
its original value. This could be because of the instability 
of the material structure with the expanded interlayer 
spacing and that the physical bonding between the MoS2 
and rGO layers is not uniform and strong, resulting in a 
decreased specific capacity during charge/discharge 
process [22]. For the MoS2, it is observed that the charge- 
discharge performance at different rates is much better than 
that of MoS2/rGO. The MoS2-KOA material does not have 
an expanded interlayer spacing, although it has a low 
specific capacity, the charge-discharge performance at 
different rates is very good. In addition, the cycling stability 
of the materials is evaluated at the charge-discharge rate  
0.1 A/g. As shown in Figure 6c, the specific capacity of the 
MoS2/rGO decreases after charging and discharging at 
different rates, and the charge-discharge process is 
interrupted at the 0.1 A/g during the cycling stability test. 
This could be because of the collapsed expanded structure, 
the poor bonding between MoS2 and the conductive rGO 
substrate, and the large specific capacitance that triggers the 
dendrite growth on the Zn anode and causes the short 
circuit. This speculation is appropriate because the same 
phenomenon occurs with the MoS2 material. Further 
detailed ex-situ study of the cathode after charge-discharge 
cycling would help to determine more clearly the reason. In 
contrast, the MoS2-KOA material has a much lower specific 
capacity, but its stability is very high even after 200 charge 
and discharge cycles. 

 

Figure 6. Galvanostastic charge-discharge profiles at 0,1 A/g: 

Rate performance a); and Cycling stability at 0,1 A/g b);  

of MoS2/rGO, MoS2 and MoS2-KOA c) 

4. Conclusions 

In summary, we have successfully synthesized MoS2-
based materials by the hydrothermal method and 
investigated the charge-discharge properties of these 
materials when applied as cathode materials for Zn-ion 
rechargeable batteries. The MoS2/rGO material with an 

a)

c)

b)
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expanded interlayer structure has an initial charge-
discharge specific capacity of ~170 mAh/g at 0.1 A/g rate 
but does not have high stability. In the absence of a 
conductive rGO substrate, the MoS2 with similar expanded 
interlayer structure shows lower specific capacity but 
higher stability. However, the capacity is still reduced after 
about 70 cycles during the cycling stability test. In contrast, 
the MoS2-KOA does not have an expanded interlayer 
structure, even the charge-discharge specific capacity is 
low, the stability is very high, even after 200 cycles. The 
above analyses show that the expanded interlayer structure 
could probably increase the capacity of the materials but is 
much less stable. Moreover, it is also possible that the 
connection and junction between the conductive substrate 
rGO and MoS2 are not good. This finding will help us in 
the future to design a suitable synthesis strategy for MoS2-
based material that has an expanded interlayer structure but 
at the same time a high stability. 
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