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Abstract 

Transition metal sulfides have been suggested as promising materials for efficient energy 

storage with superior electrochemical performances. Compound NiMoS4-A was synthesized 

by a facile chemical co-precipitation process, followed by calcining at 450 oC in Ar. The as-

prepared NiMoS4-A electrode exhibits a high specific capacity of 313 C g-1 at 1 A g-1 and good 

rate capability (83% retention at 10 A g-1). Electrochemical impedance spectroscopy (EIS) 

results indicate that the good performances could be attributed to the low internal and charge 

transfer resistances. Additionally, the quantitative charge storage analysis reveals that the 

Faradaic redox process dominates at lower scan rates (78% at 1 mV s-1), while the capacitive 

effect dominates at higher scan rates (56% at 20 mV s-1).  Furthermore, a hybrid supercapacitor 

(HSC), with NiMoS4-A as the positive electrode and activated carbon (AC) as the negative 

electrode, displays a high energy density of 35 Wh kg-1 at an average power density of 400 W 

kg-1. Meanwhile, the HSC exhibits excellent cycle stability, maintaining 82% of the initial 

capacitance after 10000 charge-discharge cycles even at a high current density of 5 A g-1. These 

good electrochemical performances indicate that NiMoS4-A is a promising positive electrode 

material for hybrid supercapacitors. 
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1. Introduction 

The demand for high-performance electrochemical energy storage devices is ever-growing 

as they are critical components for portable electronics, electric vehicles, and an efficient 

storage medium for energy from renewable sources.1 Rechargeable batteries are considered as 

a promising technology which can meet these requirements.2, 3 However, batteries often offer 

low charge/discharge rate and power density which is insufficient when a short-burst of peak 

power is needed.4 To solve this problem, researchers have shown a tremendous amount of 

interest on electrochemical supercapacitors owning to their high powder density, rapid charge-

discharge rate and outstanding cycle life.5-7 According to the charge storage mechanisms, the 

supercapacitor can be classified into two types: electrical double-layer capacitors (EDLCs) and 

pseudocapacitors.8 EDLCs store charges via reversible adsorption/desorption of cations and 

anions at the electrode/electrolyte interface while pseudocapacitors store charges through fast 

Faradic reactions at the electrode surface.9 Currently, most commercial supercapacitors are 

EDLCs which possess better performance in terms of cycle life and power density, but the low 

specific capacitance and energy density limit their widespread applications.10 On the basis of 

these circumstances, it is supposed that developing hybrid supercapacitors (HSCs) could be a 

promising approach to fulfill the high energy density without sacrificing the power density and 

cycle life.11 HSCs are usually composed of one battery-type electrode and one capacitive 

electrode, which could combine advantages of batteries and supercapacitors, delivering 

enhanced capacitance and high energy density.1,8  

Transition metal oxides are the most common battery or pseudocapacitive materials and 

have been extensively studied due to their high theoretical capacities and low cost.7 Many 

materials have been claimed holding good supercapacitor performances such as MnO2,
12, 13 

NiO,14, 15 MoO3
16, 17 etc. However, the performances of metal oxides often suffer from poor 

conductivity and mechanical stability especially under high rates.18 It is known that the metal 
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sulfides usually possess higher conductivity than the corresponding oxides. Therefore, plenty 

of sulfides have been applied as new pseudocapacitive materials with good performances being 

obtained. For instance, Pang et al. prepared a NiS2 nanocube electrode via a microwave-

assisted method, demonstrating a large specific capacitance of 695 F g-1 at 1.25 A g-1 and an 

excellent cycling performance with 93.4% retention after 3000 cycles.19 Acerce et al.’s 

research indicates that chemically exfoliated nanosheets of MoS2 can efficiently intercalate H+, 

Li+, Na+ and K+ ions to achieve high capacitance in a variety of aqueous electrolytes.20 As 

NiMoO4 has been confirmed as a good capacitive material,21, 22 it can be deduced that, its 

sulfide analogue, NiMoS4 would also be a good candidate for supercapacitors. NiMoS4 has 

been applied in hydrogen evolution23 and dye-sensitized solar cells24 as previously reported.  

Herein, we report a ternary compound NiMoS4-A which was synthesized by a facile 

chemical co-precipitation process followed by calcining at 450 oC in Ar. Physical and 

electrochemical properties of the NiMoS4-A were extensively studied. The NiMoS4-A 

electrode exhibits a high specific capacity of 313 C g-1 at 1 A g-1 and a good rate capability 

(83% retention at 10 A g-1). Electrochemical impedance spectroscopy (EIS) results indicate 

that the good performances could be attributed to the low internal and charge transfer 

resistances. Moreover, a hybrid supercapacitor (HSC), with NiMoS4-A as the positive electrode 

and activated carbon (AC) as the negative electrode, was fabricated to investigate the 

performances in practical energy storage devices. The HSC displays a high energy density of 

35 Wh kg-1 at an average power density of 400 W kg-1. Meanwhile, an excellent cycle stability 

is achieved: 82% of the initial capacitance is retained after 10000 charge-discharge cycles even 

at a high current density of 5 A g-1. These results indicate that NiMoS4-A is a promising 

electrode material for high energy storage devices. 
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2. Experimental 

2.1. Synthesis of (NH4)2MoS4 

 (NH4)2MoS4 was synthesized following a previously reported method.23 To prepare the 

(NH4)2MoS4, 7.5 g (NH4)6Mo7O24 4H2O was dissolved in 5 mL ammonia and 10 mL H2O under 

constant stirring. Then 60 mL of 20% (NH4)2S solution was added dropwise at room 

temperature. The system was kept in a water bath at 60 oC for 2 h. After that, the obtained red-

brown solution was cooled in an ice-bath to allow the (NH4)2MoS4 to crystallize. Finally, the 

resultant crystals were collected by centrifugation and washed with ethanol several times. The 

products were dried under vacuum at 30 oC. The mechanism of formation of the (NH4)2MoS4 

crystal can be expressed in the equations:25  

 

 (𝑁𝐻4)6𝑀𝑜6𝑂24 + 8𝑁𝐻3 · 𝐻2𝑂 → 7(𝑁𝐻4)2𝑀𝑜𝑂4 + 4𝐻2𝑂    (1) 

 (𝑁𝐻4)2𝑀𝑜𝑂4 + 4(𝑁𝐻4)2𝑆 + 4𝐻2𝑂 → (𝑁𝐻4)2𝑀𝑜𝑆4 + 8𝑁𝐻3 · 𝐻2𝑂  (2) 

2.2. Synthesis of NiMoS4 

Firstly, 4 mmol (NH4)2MoS4 was dispersed in 30 mL water with 5 mL ethanol. Similarly, 4 

mmol Ni(NO3)2·6H2O was dissolved in 30 mL water with 5 mL ethanol. The Ni(NO3)2 solution 

was added into the (NH4)2MoS4 solution under vigorous magnetic stirring and kept overnight. 

The black precipitate was collected by centrifugation, washed with distilled water and absolute 

ethanol several times, and finally vacuum dried at 30 oC. In addition, the NiMoS4 was further 

calcined at 450 oC for 2 h under Ar atmosphere. For comparison, the calcined NiMoS4 was 

denoted as NiMoS4-A.  

2.3. Material Characterizations 

Physical Characterization 
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X-ray Diffraction (XRD) patterns were obtained on a Panalytical X’Pert Pro Multi-Purpose 

Diffractometer (MPD) with Cu Kalpha1 radiation working at 45 kV and 40 mA. The 

morphologies and microstructures of the as-synthesized materials were identified using 

scanning electron mircroscopy (SEM) (ZEISS SUPRA 55-VP). The elemental compositions 

were investigated by Energy-dispersive X-ray spectroscopy studies (EDX) attached to the SEM. 

Electrochemical measurements 

The working electrode was prepared as follows: an homogeneous slurry comprised of the 

active materials, acetylene black and polytetrafluoroethylene (PTFE) in a mass ratio of 8 : 1 : 

1 was coated onto Ni foam (1 × 1 cm2), pressed at 10 MPa, and finally dried at 60 oC under 

vacuum. The mass loading of the active materials on each working electrode was 1-2 mg cm-

2. The performance of the prepared working electrode was firstly investigated in a three-

electrode system with a piece of Pt mesh (1 × 1 cm2) and an Ag/AgCl electrode (sat. KCl) 

serving as counter and reference electrodes, respectively. Hybrid supercapacitors were also 

fabricated using the as-prepared working electrode as the positive electrode and an activated 

carbon (AC) electrode as the negative electrode. The electrochemical measurements including 

cyclic voltammetry (CV), galvanostatic charge–discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) were carried out on a Solartron 1470E/1455 multichannel cell 

test system. Impedance spectroscopy were recorded with a potential amplitude of 5 mV at open 

circuit potential. All the measurements were performed at room temperature in 2 M KOH 

aqueous solution as electrolyte.  

2.4. Calculations 

The specific capacity of the electrode can be calculated from CV curves by the equation:26, 

27 

𝐶𝑝 =
1

2𝑚𝑣
 ∫ 𝐼(𝑉)𝑑𝑉     (3) 
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where 𝐶𝑝 is the specific capacity (C g-1), 𝑚 is the mass the active materials (g), 𝑣 is the scan 

rate (V s-1), 𝐼 is the current at V (A) and 𝑑𝑉 is the differential potential.  

The specific capacity could also be determined from the galvanostatic charge-discharge 

curves according to the following equation:28, 29 

    𝐶𝑝 =
𝐼×∆𝑡

𝑚 
        (4) 

where 𝐶𝑝  is the specific capacity (C g-1), 𝐼  is the constant discharge current (A), ∆𝑡 is the 

discharge time (s), 𝑚 is the mass the active materials (g).  

In order to achieve high electrochemical performance of the hybrid supercapacitor (HSC), 

the mass ratio between the positive and negative electrodes was optimized by balancing the 

charge stored at the electrodes. The charge stored by electrode can be obtained by the 

equation:26, 30 

    𝑞 =  𝐶𝑝 × 𝑚        (5) 

where 𝐶𝑝 is the specific capacity (C g-1), 𝑚 is the mass of the active materials (g). According 

to equation (5) and 𝑞+ = 𝑞−, the mass ratio of active materials on the positive and negative 

electrode in a hybrid supercapacitor can be calculated:31 

    
𝑚+

𝑚−
=

𝐶−

𝐶+
       (6) 

Since the HSC performed quasi rectangular CV curves, the specific capacitance could be 

calculated as:28, 29 

    𝐶𝑠 =
𝐼×∆𝑡

𝑚 × ∆𝑉
        (7) 

where 𝐶𝑠 is the specific capacitance (F g-1), 𝐼 is the constant discharge current (A), ∆𝑡 is the 

discharge time (s), 𝑚 is the total mass of the active materials on both the positive and negative 

electrode (g), and ∆𝑉 is the potential change excluding the IR drop in the discharge step (V).  

 



8 

 

The energy densities and corresponding power densities of the HSC were obtained from the 

following equations:22, 32 

    𝐸 =
𝐶𝑠 𝑉2

2 ×3.6
        (8) 

    𝑃 =
𝐸×3600

∆𝑡
       (9) 

where 𝐸 is the energy density (Wh kg-1), 𝐶𝑠 is the specific capacitance (F g-1), 𝑉 is the capacitor 

potential window excluding the IR drop (V), 𝑃 is the power density (W kg-1), and ∆𝑡 is the 

discharge time (s).  

3. Results and Discussion 

The compositions of the synthesized (NH4)2MoS4 and NiMoS4 were examined by X-ray 

Diffraction (XRD). As shown in Figure 1a, the diffraction peaks of the as-prepared 

(NH4)2MoS4 matched well with the orthorhombic (NH4)2MoS4 (ICCD 00-048-1662), 

specifically, the major peaks at around 14.6o, 17.3o, 18.5o, 29.1o and 37.5o can be indexed to 

the crystal planes (011) (111) (200) (040) and (400) respectively. These results indicate that 

the (NH4)2MoS4 was successfully prepared. NiMoS4 was obtained by reacting (NH4)2MoS4 

with nickel nitrate. No peaks were found on the XRD patterns of NiMoS4 (Figure 1b), showing 

typical amorphous features, which is consistent with the results reported in the literature.23 As 

the NiMoS4 was further calcined at 450 oC, obvious diffraction peaks appeared on the NiMoS4-

A patterns (Figure 1b). The peaks at 14.2o, 33.0o and 58.4o could be assigned to the (003) (101) 

and (110) planes of MoS2 (ICDD 04-008-2233) while the peaks at 31.4o, 35.3o, 38.8o, 45.1o, 

53.4o and 60.9o corresponded to the (200) (210) (211) (220) (311) and (321) planes of NiS2 

(ICCD 04-003-1992).  The results reveal that the NiMoS4-A sample contains small quantities 

of poorly crystalized NiS2 and MoS2.  

To investigate morphology properties of the synthesized materials, scanning electron 

microscopy (SEM) was carried out for NiMoS4 and NiMoS4-A. As shown in Figure 2a and b,  
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NiMoS4 is composed of irregular particles. For NiMoS4-A (Figure 2c and d), the particles are 

loosely agglomerated forming porous structures, which could improve the access of the 

electrolyte into the material during charge-discharge, thus promoting energy storage 

performances. Energy-dispersive X-ray spectroscopy studies (EDX) were conducted to 

determine the element compositions in the samples. Elements Ni, Mo, and S are observed in 

NiMoS4 according to the EDX spectrum (Figure 3a), which is in agreement with the reagents 

used during the preparation processes. The distribution of each element was identified through 

elemental mapping as shown in Figure 3b. Clearly, the Ni, Mo, and S elements are uniformly 

distributed, the same result was also found for the NiMoS4-A sample (Figure S1), indicating 

that possible agglomeration of the segregated NiS2 and MoS2 is not significant. 

The prepared electrodes were examined in a three-electrode system using a 2M KOH 

electrolyte in order to explore the electrochemical properties. Figure 4a indicates the cyclic 

voltammetry (CV) curves of NiMoS4 at different scan rate from 1 to 20 mV s-1 in a potential 

window of 0 to 0.5 V vs. Ag/AgCl. Redox peaks are found in the CV curves, demonstrating 

that the energy storage ability is mainly contributed by the Faradaic redox reactions. It can be 

clearly seen that the CV curves exhibit a similar shape over all the scans, indicating good 

kinetic reversibility of the NiMoS4 electrode.33, 34 Moreover, it can be deduced that the 

electrode presents low polarization33 and rapid electronic and ionic transportation18,35 since the 

anodic and cathodic peaks slightly shift towards the positive and negative potentials 

respectively at increasing scan rates. The CV curves of NiMoS4-A at different scan rates are 

presented in Figure 4b. It is evident that CV behaviors similar to that of NiMoS4 were observed. 

However, sample NiMoS4-A exhibits larger current density responses than NiMoS4 at same 

scan rate. Figure 4c displays the CV plots of NiMoS4 and NiMoS4-A at 10 mV s-1, it is believed 

that the integral area of CV curves is proportional to the specific capacity.36 Obviously, the CV 

curves of NiMoS4-A enclose a larger area than that of NiMoS4, suggesting that a larger number 
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charges can be stored in the NiMoS4-A electrode. The specific capacities of NiMoS4 and 

NiMoS4-A calculated based on the corresponding CV curves at different scan rates are shown 

in Figure 4d. The specific capacity of NiMoS4-A is 353.4 C g-1 at 1 mV s-1, larger than the 

value for NiMoS4 (286.8 C g-1). All the capacities experience gradual decrease with increasing 

scan rate, reaching 231.5 C g-1 and 166.2 C g-1 at 20 mV s-1 for NiMoS4-A and NiMoS4 

respectively. It can be seen that the NiMoS4-A performs better in terms of rate capability than 

NiMoS4, namely, retaining 65.5% vs. 57.9% from 1 to 20 mV s-1.   

Galvanostatic charge–discharge (GCD) measurements for NiMoS4 and NiMoS4-A with 

current densities ranging from 1 to 10 A g-1 are recorded in Figure 5a and b respectively. It can 

be seen that both NiMoS4 and NiMoS4-A exhibit nonlinear charge–discharge GCD curves, 

which further support the Faradaic behaviors of these materials. Figure 5d compares GCD 

curves of NiMoS4 and NiMoS4-A at a current density of 1 A g-1. It shows that more charge can 

be stored on the NiMoS4-A electrode due to its longer discharge time, which is consistent with 

the above CV results. The specific capacities calculated based on the GCD curves are shown 

in Figure 5d. NiMoS4-A exhibits a good specific capacity of 313 C g-1 at a current density of 1 

A g-1. At current densities of 2, 4, 6, 8, and 10 A g-1, the specific capacities are 295, 274.4, 

265.2, 256, and 248 C g-1 respectively. This means that roughly 83% of the capacity can be 

maintained with a 10-fold increase in the current density, implying an excellent rate capability 

of the NiMoS4-A sample. The gradual decrease in specific capacity could be ascribed to 

insufficient active materials involved in the redox reaction as diffusion time is limited for 

electrolyte ions accessing the active materials at high charge-discharge rates.37 Noticeably, 

sample NiMoS4-A has a superior specific capacity to that of sample NiMoS4, specifically, only 

221 C g-1 is achieved by NiMoS4 at 1 A g-1 and 67% of the initial value is preserved when the 

current increases to 10 A g-1.  
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The differences of electrochemical performance between samples NiMoS4 and NiMoS4-A 

are partially related to the impedance of the electrode. Therefore, electrochemical impedance 

spectroscopy (EIS) was carried out to further explore charge-transfer kinetics. Figure 5e depicts 

the Nyquist plots of NiMoS4 and NiMoS4-A at open circuit potential. It is evident that the graph 

is composed of a semicircle in high frequency region and a linear part in low frequency region. 

An equivalent circuit for fitting the Nyquist plots is shown in Figure 5f,38, 39 where Rs is the 

internal resistance, which is also known as equivalent series resistance (ESR), Rct is the charge 

transfer resistance, W0 is the Warburg impedance, Cdl is the electric double layer capacity, Cp 

is the faradaic capacity, and RL is the leakage resistance. The fitting curve and the experimental 

data match very well with each other (Figure S2), confirming that the proposed equivalent 

circuit model is suitable for the electrode. The internal resistance (Rs), containing the bulk 

resistance of the electrolyte, the intrinsic resistance of the active materials and the contact 

resistance from the interface of active material and current collector,18, 40 could be estimated by 

the intersection of the curves on the real axis. The Rs for NiMoS4-A is 0.53 Ω, slightly lower 

than 0.62 Ω for NiMoS4, suggesting that the NiMoS4-A possesses higher conductivity. The Rct, 

demonstrating the rate of Faradaic redox process at the electrode-electrolyte interface,38 can be 

evaluated by the diameter of the semicircle. Sample NiMoS4-A exhibits smaller Rct (1.9 Ω) 

than that for sample NiMoS4 (3.2 Ω), implying the faster electron transfer on the NiMoS4-A 

electrode, possibly owning to the porous morphology of NiMoS4-A, which could facilitate the 

diffusion of electrolyte into the active materials, thus lowering the charge resistance. The 

straight line at low frequencies is associated with the Warburg impedance (Wo), which is 

supposed to describe the diffusive resistance of electrolyte ions within the electrode.41 Sample 

NiMoS4-A exhibits a more vertical line, showing lower mass-transfer resistance in the host 

materials. Overall, the better impedance performances in terms of Rs, Rct and Wo for NiMoS4-
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A should lead to improved electrochemical properties, which has been confirmed by the 

previous CV and GCD results.  

Normally, the total charge stored in the electrode is contributed by two different processes: 

the surface capacitive process and the diffusion controlled Faradaic effect. CV data could 

provide the insight into the charge storage mechanism based on the following equation:42, 43 

𝑖 = 𝑎𝑣𝑏      (9) 

Where i is the measured current response, 𝑣  is the scan rate, and a and b are adjustable 

parameters. In the condition of 𝑏 = 1, the current indicates the surface capacitive component, 

while when 𝑏 = 0.5 , the current represents the diffusion controlled Faradaic component. 

Therefore, the total current at a fixed potential can be expresses as:42, 44 

𝑖 =  𝑘1𝜈 +  𝑘2𝜈1/2       (10) 

where 𝑘1𝜈 and 𝑘2𝜈1/2
 correspond to the current contribution by surface capacitive process and 

the diffusion controlled Faradaic effect, respectively. For analytical purpose, we rearrange the 

equation to       

𝑖/𝜈1/2 =  𝑘1𝜈1/2 + 𝑘2     (11) 

By plotting the 𝑖/𝜈1/2 vs. 𝜈1/2 at different potentials, the values of 𝑘1 (slope) and 𝑘2 (intercept) 

could be determined, thus the specific current contribution at each potential could be obtained. 

Finally, the fraction of the charge stored from capacitive effect and diffusion-controlled 

Faradaic process could be extracted quantitatively by integrating the CV area. In Figure 6a, the 

current response of diffusion controlled process (blue area) on the NiMoS4-A electrode is 

compared with total current at a scan are of 5 mV s-1. The diffusion controlled process occupies 

around 61% of the total charge storage and the remaining portion is originated from the surface 

capacitive effect. Based on the same approach, the percentages of diffusion controlled process 

on NiMoS4 and NiMoS4-A electrodes at various scan rate are compared in Figure 6b. The two 

materials present quite similar trends, namely, the diffusion controlled process contribution 
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gradually decreases with increase in scan rate, reaching around 40% at a scan rate of 20 mV s-

1. In other words, the Faradaic redox process dominates at lower scan rates while the capacitive 

effect matters at higher scan rates. However, at each specific scan rate, the percentage of 

diffusion controlled process is slightly higher on the sample NiMoS4-A than that on the sample 

NiMoS4, suggesting easier redox reactions on the NiMoS4-A electrode, which is well in 

accordance with the impedance results.  

 Clearly, as an energy storage material, the electrochemical performance of NiMoS4-A is 

superior than that of NiMoS4, which could be related to the heating process. XRD shows that 

weak peaks of NiS2 and MoS2 appear after heating in Ar. It is supposed that the interaction 

between the MoS2 and NiS2 components could promote the activity and improve its 

conductivity.23 Our impedance results have also confirmed the lower resistance of NiMoS4-A. 

Therefore, it can be concluded that the synergistic effect between the small amount of MoS2 

and NiS2 in sample NiMoS4-A improves the electrochemical performance of the electrode, 

resulting in a higher specific capacity of the NiMoS4-A than that of the NiMoS4.  

To further explore the electrochemical properties of the NiMoS4-A electrode in a practical 

energy storage device, a hybrid supercapacitor (HSC) was fabricated using NiMoS4-A as the 

positive electrode and activated carbon (AC) as the negative electrode. The AC electrode 

performs a typical feature of EDLC (Figure S3). Figure 7a demonstrates the CV curves of 

NiMoS4-A//AC HSC with different voltages ranging from 1.0 to 1.7 V at a scan rate of 5 mV 

s-1. Obviously, the HSC has a stable performance with voltages up to 1.6 V, however when the 

voltage extends to 1.7 V a polarization curve appears with a much higher current response, 

suggesting that a severe side reaction of water electrolysis is taking place. Consequently, the 

operating voltage window for the HSC is selected as 0 to 1.6 V. The CV curves of the HSC at 

various scan rates are shown in Figure 7b. The quasi-rectangular CV shape at all scans reveals 

that the energy stored in this HSC originates from hybrid effects of the electric double-layer 
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and Faradaic redox effects, this is further confirmed by the GCD curves (Figure 7c). The lower 

the current densities, the more obviously non-linear the charge-discharge curves are. The 

specific capacitances of the HSC based on Equation 7 are calculated in Figure 7d. There is a 

significant decrease from 0.5 to 2 A g-1, but from 2 to 20 A g-1, the values remains stable, 

indicating a good rate capability. Specifically, 101.3, 84.6, 73.1, 67.1, 63.8, 60.5, and 59.1 F g-

1 are achieved at current density of 0.5, 1, 2, 5,10,15, and 20 A g-1 respectively (Figure 7d), 

higher than those of other similar HSCs, such as CoMoS4//rGO (77 F g-1 at 0.5 A g-1)45 and 

NiMoO4-rGO//N-doped graphene (84 F g-1 at 0.5 A g-1)36. The durability of the HSC was 

evaluated over 10000 cycles at a current density of 5 A g-1 (Figure 7e). As seen from the graph, 

about 8% of the initial capacitance is lost during the first 200 cycles, after that, the value 

remains almost constant, showing an overall capacitance retention of 82% after 10000 cycles. 

The impedance spectra before and after the cyclic test is shown in the inset of Figure 7e. The 

Rs is nearly unchanged and the Rct increases by about only 0.6 Ω after the 10000 cycle test, 

confirming the outstanding stability. The first and last ten cycles of the GCD curves are 

presented in Figure S4. The excellent electrochemical stability could be attributed to the 

structural features of the materials. In particular, the effective interfacial area between the 

active materials and the electrolyte could facilitate the electrolyte accessing the active sites. 

Moreover, the porous structure could buffer the volume change during rapid charge-discharge 

process and prevent structural collapse.  

Specific energy and power densities are two key parameters to investigate in an 

electrochemical energy storage device.19 The Ragone plots of the HSC are displayed in Figure 

7f. The obtainable highest energy density is 35 Wh kg-1 at a power density of 400 W kg-1, 

which is comparable to those of previously reported devices, such as Co9S8 nanoflakes//AC 

(31.4 Wh kg-1 at 200 W kg-1) 41, CoMoS4//rGO (27.2 Wh kg-1 at 400 W kg-1)45 and CoMoO4-

graphene//AC (21.1 Wh kg-1 at 300 W kg-1)46. The high energy density should benefit from the 
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high capacitance of NiMoS4-A electrode. The HSC still delivers an energy density of 13.5 Wh 

kg-1 at a very high power density around 13000 W kg-1.  

4. Conclusion 

We have synthesized NiMoS4-A through a facile chemical co-precipitation process followed 

by calcining at 450 oC.  The NiMoS4-A electrode performs with a good specific capacity of 

313 C g-1 at 1 A g-1 while still maintaining 83% at 10 A g-1
 in a KOH electrolyte. The detailed 

charge storage mechanism analysis reveals that surface capacitive process and diffusion 

controlled Faradaic reaction contribute together to the energy storage, and that the Faradaic 

redox process dominates at lower scan rates (78% at 1 mV s-1) while the capacitive effect 

matters at higher scan rate (56% 20 mV s-1).  Furthermore, a hybrid supercapacitor (HSC) was 

fabricated using NiMoS4-A as the positive electrode and activated carbon (AC) as the negative 

electrode. The HSC delivers 1.6 V cell voltage and 35 Wh kg-1 energy density at a power 

density of 400 W kg-1. Additionally, the HSC exhibits good cycle stability, retaining 82% of 

the initial capacitance after 10000 charge-discharge cycles even at a high current density of 5 

A g-1. These good electrochemical performances indicate the great potential of NiMoS4-A for 

hybrid supercapacitors. 
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List of Figures  

 

 

Figure 1. XRD patterns of (a) (NH4)2MoS4, (b) NiMoS4 and NiMoS4-A. 
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Figure 2. SEM images of (a-b) NiMoS4 and (c-d) NiMoS4-A. 
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Figure 3. (a) EDX spectrum and (b-f) elemental mapping of NiMoS4. 
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Figure 4. CV curves at different scan rates of (a) NiMoS4 and (b) NiMoS4-A. (c) Comparison 

of CV curves of NiMoS4 and NiMoS4-A electrode at scan rate of 10 mV s-1. (d) Specific 

capacities at various san rates. 
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Figure 5. GCD curves at different current density of (a) NiMoS4 and (b) NiMoS4-A. (c) 

Comparison of GCD curves of NiMoS4 and NiMoS4-A electrode at current density of 1 A g-1. 

(d) Specific capacities at various current densities. (e) Nyquist plots at open circuit potential. 

(f) The equivalent circuit. 
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Figure 6. a) Typical separation of capacitive and diffusion-controlled charge storage process 

at scan rate of 5 mV s−1 of NiMoS4-A, b) Faradaic diffusion-controlled process contribution to 

the total charge stored at various scan rate in NiMoS4 and NiMoS4-A. 
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Figure 7. Electrochemical properties of NiMoS4-A//AC hybrid supercapacitor: a) CV curves 

at various voltage windows at 5mV s-1; b) CV curves with a voltage window of 0-1.6 V at 

various scan rate; c) Galvanostatic charge–discharge curves at various current densities; d) 

Specific capacitance at various current densities. e) Cycling performances of the hybrid 

supercapacitor for 10000 cycles at 5 A g-1; f) Ragone plots of the supercapacitor based on total 

mass of active materials. 
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Figure S1. Elemental mapping of sample NiMoS4-A. 
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Figure S2. Experimental and simulated Nyquist plots of (a) NiMoS4 and (b) NiMoS4-A. 
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Figure S3. Comparative CV curves of activated carbon and NiMoS4-A electrodes performed 

in 2 M KOH at a scan rate of 10 mV s-1. 
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Figure S4. a) First and b) last ten charge-discharge curves of the NiMoS4-A//AC hybrid 

supercapacitor at a current density of 5 A g-1. 

 

 

 


