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Abstract  

MXene has been considered as a promising two-dimensional material for supercapacitors 

owing to its large surface area, high conductivity, and excellent cycling stability. However, its 

low specific capacitance restricts its extensive applications. Therefore, to address the issue, we 

homogeneously deposited NiCo2S4 nanoflakes on the surface of MXene on conductive nickel 

foam (denoted as MXene-NiCo2S4@NF), which was used as a composite binder-free electrode 

for supercapacitor applications. The NiCo2S4 nanoflakes increased the surface area of the 

composite electrode, thereby increasing its specific capacity from 106.34 C g-1 to 596.69 C g-1 

at 1 A g-1. Compared to the pristine MXene, MXene-NiCo2S4@NF maintained the high 

retention rate of pristine MXene and exhibited excellent cycling stability with 80.4% of its 

initial specific capacity after 3000 cycles. The composite electrode exhibited improved 

electrochemical performance for supercapacitors, owing to the combined merits of NiCo2S4 

(high specific capacity) and MXene (high retention rate and good cycling stability. The 

fabricated asymmetric solid-state supercapacitor using MXene-NiCo2S4 as a positive electrode 

and active carbon as a negative electrode, exhibited an energy density of 27.24 Wh kg-1 at 0.48 
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kW kg-1 of power density. 
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the presence of the NiCo2S4 and MXene in the compound without any impurities such as 

oxidized NiCo2O4, as well as the presence of Ni2+/Ni3+ and Co2+/Co3+ ions as abundant active 

sites for the redox reaction, which are responsible for the electrochemical performance of the 

electrode.[44, 45] 

The SEM and transmission electron microscopy (TEM) images in Figures 3 and S2 show the 

surface morphologies of the pure MXene and MXene-NiCo2S4. Figure S2 demonstrates the 

delamination of Ti3C2 before and after the DMSO treatment, indicating the increase in the 

interlayer spacing, which facilitated the intercalation of the ions. Figures 3a and b show the 

morphology of the cross-section and side-section of the composite nanosheets. Compared with 

the pure MXene (insets of Figures 3a and b), the monolayer lamellae and surface roughness of 

the composite clearly increased after electrodeposition and sulfuration. Moreover, as shown in 

Figure 3c, the edge of the MXene was evidently wrapped in fibrous NiCo2S4 nanoflakes, which 

significantly increased the volume of each nanoparticle. As mentioned previously, the MXene-

NiCo2S4 nanosheets exhibited a larger surface area and volume than the pure MXene, 

increasing the contact area of the composite with the electrolyte, which allows a shorter ion 

diffusion distance and gives rise to more active sites for the Faradaic redox reaction. 

Furthermore, according to the HRTEM and selected-area electron diffraction (SAED) results 

shown in Figure 3d, the interplanar spacing was evaluated as 0.23 nm, which agrees well with 

the (400) lattice plane of spinel NiCo2S4. The SAED pattern is also consistent with the XRD 

results, and the diffraction rings indicate the growth of NiCo2S4 on the surface of the 

MXene.[46] 

The CV and GCD measurements were performed using a three-electrode system to evaluate 
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Conclusions 

In conclusion, we fabricated a novel 3D MXene-NiCo2S4 nanostructure as a binder-free 

electrode for chemical capacitors. The proposed structure not only overcame the low specific 

capacitance of MXene but also improved the weak cycling stability and low conductivity of 

TMS. First, the MXene clay was synthesized and affixed on NF without a binder which 

effectively reduced the internal resistance and accelerated charge transport. Then, the precursor 

was electrodeposited on the surface of the MXene nanosheets, to which sodium sulfide 

nonahydrate was added, followed by sulfuration via the hydrothermal method through an 

anion-exchange reaction. The fabricated MXene-NiCo2S4 electrode exhibited excellent 

electrochemical performance, with a high specific capacity (596.69 C g-1 at 1 A g-1) and 

outstanding cycling stability (retained 80% of the initial capacity after 3000 cycles). The 

cycling stability was mostly due to the unique nanostructure of the titanium carbide 

substructure, which not only provided a large surface area but also withstood the volumetric 

strain due to the application of charges along with the redox reaction. Furthermore, an ASC 

device assembled with MXene-NiCo2S4 as a positive electrode and AC as a negative electrode 

exhibited a high energy density of 27.2 Wh kg-1 and a high power density of 0.48 kW kg-1. The 

results indicate that the proposed 3D nanostructure can improve the performance of 

supercapacitors and other energy-storage devices. 
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Figure 1. Schematic of the fabrication process for the MXene-NiCo2S4 electrode.  
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Figure 2. (a) XRD pattern and (b) XPS survey spectra of MXene-NiCo2S4; (c, d) core-level 

spectra of the Ni 2p and S 2p regions, respectively.  
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Figure 3. (a, b) SEM (insets of (a) and (b) show intercalated MXene) and (c, d) TEM images 

of the MXene-NiCo2S4 electrode at different magnifications. The inset of (d) shows the SAED 

pattern.  
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Figure 4. (a) CV curves and (b) GCD curves of the 60-MXene-NiCo2S4@NF electrode at 

different scan rates and different current densities; (c) specific capacity of MXene, NiCo2S4, 

and different ratios of MXene-NiCo2S4; (d) cycling stability of the 60-MXene-NiCo2S4@NF 

electrode and 0-MXene-NiCo2S4@NF electrode at 10 A g-1 for several cycles and (inset) an 

SEM image of the 60-MXene-NiCo2S4@NF sample after 3000 cycles. 
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Figure 5. (a) Schematic of the ASC device; (b) CV curves of the device at various scan rates; 

(c) charge-discharge curves of the device at various current densities; (d) Ragone plot of the 

power density and energy of the ASC device. 
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Figure S1. XPS core-level spectra of the (a) Ti 2p and (b) C 1s regions. 
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Figure S2. Low-magnification SEM images of pure MXene powder (a) before and (b) after 

treatment with DMSO. 
 
 
 

 
Figure S3. (a) CV and (b) GCD curves of 50-MXenes-NiCo2S4@NF and 70-MXenes-

NiCo2S4@NF electrodes at different scan rates and current densities. 
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Figure S4: Nyquist plot of different samples (insets: corresponding equivalent circuit and 
magnified plot). 

 
 
 
 
 

 

 
 
 

Figure S5 (a) CV curves of the AC and MXene-NiCo2S4 electrodes in the three-electrode 
system, obtained at a scan rate of 5 mV s-1; (b, c, d, e) photographs of the full cell powering 

an LED. 
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