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Abstract: 

This work reports the exploration of intercalation pseudocapacitance in a thicker electrode of 
flower-like Ni-doped MoS2 microspheres features a mass-loading of ~10 mg/cm2 without 
sacrificing the gravimetric capacitance (~425 F/g at 5 mV/s). Integration with Ni atoms in MoS2 
microspheres not only stabilizes the structural integrity but also ameliorates the rapid intercalation 
and deintercalation of electrolyte ions even at a commercial-level mass loading. The DFT analysis 
show that reduced number of nano-sheets, responsible for increased capacitance, comes from 
energy instability introduced by Ni doping that changes the local bonding behaviour and overall 
electronic-structure of pristine MoS2. The experiments attribute the overall capacitance 
enhancement in (Mo-Ni)S2 increasing the rate of electrolyte ion insertion and extraction , which is 
confirmed by b-values close to 0.5 at different potentials indicating that the current response 
predominantly depends on the diffusive mechanism for both MoS2 and Ni-MoS2 thicker electrodes. 
The symmetric device constructed with Ni-MoS2 microspheres exhibited a capacitance value 101 
Fg-1 in 1 mVs-1 of which the energy density is 9 Wh kg-1, as well as attained an outstanding cycling 
stability of 10,000 cycles with 60% retention at 2 Ag-1. In addition to providing insights into the 
development of 2D TMDs, this work explores the design of robust and highly efficient intercalation 
electrode materials for electrochemical energy storage devices. 
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Introduction:  

 A significant advantages of  pseudocapacitors is their superior power density of up to 10000 

W/kg, and long lasting performance of more than 20k cycles of pseudocapacitors are particularly 

promising and have been widely applied in different applications ranging from portable electronics 

to the automobile sectors1. However, the low energy density of supercapacitors (SCs) stems from 

their further development2. Recently, the intercalation pseudocapacitance, which stores energy in 

the tunnel of bulk electrodes/layers of the active materials through a battery-like intercalation 

process without altering the crystal phases to efficiently provide a pathway for exploring advanced 



SCs exhibiting excellent energy as well as power density3. As a family of  transition-metal 

dichalcogenides (TMDCs), which belongs to the group of two dimensional (2D) materials, offers  

inherent features for intercalation pseudocapacitance owing to their tunable dimensionality nature 

and layered structures4,5,6. The layered 2D MoS2 with two sulphur atoms that are covalently bonded 

to from like a sheet and these adjacent sheets are held together by a weak van der Waals (vdWs) 

force with no dangling bonds offering great flexibility for the intercalation of foreign ions7. 

Supercapacitors' electrochemical performance is improved by the intercalation process, but the 

overall performance of the device is hampered by the low active mass loading in the majority of the 

documented literature8. A high mass loading is necessary in this regard in order to store enough 

energy for commercial equipment that runs continuously. Due to insufficient electron and ion 

transport, the capacity of thicker electrodes with a mass loading of 10–12 mg/cm2 also degrades 

quickly. Additionally, the thicker electrode's restricted access to the electrolyte slows down rapid 

ion transport9. In order to prevent substantial deterioration of the capacitance at a large mass loading, 

it is vital to enable faster reaction kinetics and improve the intake of active materials10. 2D layered 

materials, especially MoS2 sheets which facilitate the rapid intercalation/deintercalation reactions, 

making them attractive for electrodes in high energy density aqueous supercapacitors11. Conversely, 

exfoliated nanosheets are in some ways very attractive for supercapacitor electrode materials. The 

morphology, structure, and particle size of TMDs have also been shown to be key parameters that 

affect their performance as electrode materials for supercapacitors, despite their lower electrical 

conductivity than MoS212. 

High electronegative Ni2+ with an ionic radii of 0.69 Å can easily replace Mo (0.68 Å) atoms in 

MoS2 without affecting the hexagonal structure13 due to the high affinity for bonding with other 

elements. Additionally, the Ni doping in MoS2 improves the material's conductivity while also 

increasing the intrinsic activity of the active sites14–18. Ni is a suitable dopant due to its vacant d-

orbitals and doping creates multiple oxidation states that results in higher redox reactions and 

increased pseudocapacitance. The adjacent sulphur atoms presents in doped Ni became the new 

active sites for SCs19. Few research groups have synthesized flower like MoS2 and its applications 

as electrode materials for supercapacitors application, however, most of them exhibited the 

capacitive-controlled behaviours. Zhou et al., synthesized 300 nm diameter flower like MoS2 by 

using the hydrothermal method that shows a Cs value of 122 F/g 20. Chen et al. found a cycling 

stability of 94.3% over 2000 cycles using a flower-like hybrid of MoS2/NiCoHC21.  



In this study, the MoS2 lattice structure was stabilized by doping with an appropriate amount of Ni. 

This enabled the robust microspheres structure, to improve the rate performance, cycle stability and 

reaction kinetics of the thicker electrodes by facilitating the high electrolyte accessibility.    

 

Experimental:  

Synthesis of Ni-MoS2: 

To prepare MoS2, 1.95 mmol of (NH4)6Mo7O24.4H2O), 4 mmol of (NH2CSNH2) and 0.065 mmol 

polyethylene glycol (PEG 4000) were mixed in distilled water. The solution mixture was maintained 

at 200 ºC for 48 h in an autoclave lined out with Teflon. In the preparation of the Ni-MoS2, 

NiCl2.6H2O was added to the above solution at 1 mmol as an impurity level doping. Before 

transferring to the autoclave, it was stirred for 3 h to obtain a clear solution. Afterwards a greyish 

black colour precipitate was collected. The final products were washed with DI-H2O and anhydrous 

EtoH and dried under vacuum at 80⁰ C for 12 h.  

Material Characterization: 

XRD analysis were carried out using a BRUKER-Advance D8-diffractometer (Cu Kα, λ=1.54 Å), 

in order to determine the phase purity and the crystalline nature of the as synthesized MoS2 and Ni-

MoS2. The X-ray photoelectron spectroscopy (XPS) measurements were carried out using A PHI 

5000 Versaprobe system. The morphological studies were conducted by using a JEOL SEM, model 

JSM-7800F, operating at a 5 kV accelerating voltage and their corresponding elements were 

analysed by energy-dispersive spectroscopy (EDS) recorded using a JEOL JSM 6360. A high-

resolution transmission electron microscope (HR-TEM) and scanning transmission electron 

microscope (STEM) measurements were obtained using a JEOL 2100-HRTEM at 200 kV and 

Oxford X-Max 80 mm SDD (UK) for selected area (electron) diffraction (SAED), STEM and High-

angle annular dark-field imaging (HAADF). A copper grid coated with carbon was used for the HR-

TEM analyses.  Furthermore, optical absorption spectra were acquired using a Perkin Elmer 

Lambda 950 UV–VIS spectrometer. The Raman analysis was carried out by using a laser Raman 

(RenishawInvia Raman spectroscopy and microscope) equipped with a He:Ne laser, using an 

excitation wavelength of 613 nm. Bio-Logic VMP3 @ EC-LAB 10.40 was used for all 

electrochemical analyses on the MoS2 and Ni-MoS2 at room temperature. 

Computational method  



 Projector-augmented wave (PAW)22 and Perdew-Burke-Ernzerhof (PBE) exchange-

correlation23 were used using density functional theory (DFT), as implemented in Vienna ab-initio 

Simulation Package24 (VASP). The optB88-vdw correlation functional was used to include vdWs 

interactions25–27. For Brillouin-zone integrations, a Monkhorst-Pack grid of 1×1×1 k-points was 

used for the geometrical optimizations of 5×5×1 2H MoS2 and (Mo-Ni)S2 supercells, while static 

calculations were performed on 3×3×3 grids. The energy cutoff for the plane-wave and energy 

convergence were 520 eV and 1×10-6 eV, respectively. The force convergence in geometric 

relaxation was set to 0.01 eV/Å. The spin-polarized calculation were performed for 2H (Mo-Ni)S2 

to include the effect of  ferromagnetism for Ni. The formation energy (����� at 0 K; eV/atom) of 

150 atom supercell (see Figure S4) was calculated using the standard definition: ����� = [������ −

 ∑ ����� ]/�, where ������ , ��, �� are total energy, elemental energy, and number of atom of each 

class in the unit cell, respectively28,29. The ����� was referenced against the most stable elemental 

phase, i.e., Mo (bcc), S (alpha phase), and Ni (fcc). 

Electrochemical measurements  

The electrochemical measurements such as cyclic voltammetry (CV) and Electrochemical 

impedance spectroscopy (EIS) on pristine MoS2 and Ni-doped MoS2 were conducted at ambient 

condition using Bio-Logic VMP3 system. A composite electrode fabricated by coating a slurry 

containing the active-material 80%, carbon-black 15% with poly (vinylidene fluoride) (PVDF) 5% 

(weight ratio) on a Ni-foam conductive substrate subsequently vacuum-dried for 12 h at 120C. A 

typical 3-electrode setup, the prepared composite electrodes are the working electrode  Pt was 

applied as counter-electrode and Ag/AgCl (KCl) served as a reference-electrode under 1 M Na2SO4 

aqueous electrolyte. Cyclic voltammograms were performed at potential ranges from -1 to -0.2 V 

and 0 to -0.8V for half -cell symmetry at various scanning rates of 5 to 100 mVs-1. The EIS 

measurements were performed by applying the open-circuit voltage with an AC voltage amplitude 

of 1.5 mV at frequencies of 10 kHz to10 mHz.  With Ni-doped MoS2 electrodes on both sides, a 

symmetric supercapacitor with two electrodes was created, and it operated within a 1 M Na2SO4 

aqueous solution as the electrolyte. The following equations were used to compute the specific 

capacitance (CSP), device capacitance, maximum specific power density (Pmax),  and energy density  



(Esp) from the CV and CD curves. 
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where C (F) is the predicted capacitance, V (V) is the maximum voltage reached during charging, 

and Rs is the corresponding series resistance; i (A) is the applied current; V (V)/ Δt (s) is the slope 

of the discharge curve; and m (g) is the total mass of both electrodes (ESR). The mass loading of 

both MoS2 and Ni-MoS2 electrodes are ~ 11 and 10.8 mg /cm2, respectively. 

Results and discussion: 

  



Figure 1. Physico-chemical characteristics of the prepared MoS2 and Ni-doped MoS2 microspheres 
(a) schematic of MoS2 and Ni-MoS2 formation via hydrothermal route, and the structures of Ni-
MoS2 and 2H- MoS2. (b) XRD pattern, (c) Raman analysis (d) Absorption spectral features of MoS2 
and Ni-MoS2.  

In this work, pristine-MoS2 and Ni-MoS2 were synthesized using hydrothermal route (Figure 1(a)).  

During the hydrothermal reaction, the reaction takes place between ammonium molybdate and 

thiourea where the MoO4- and ammonium ions were released from the ammonium molybdate and 

it reacts with the thiourea to form MoS2 nanosheets. In general, MoS2 is likely to form a sheet like 

structure due to its layered nature. In the spontaneous hydrothermal reaction, unreacted NH₄⁺ ions 

prevent the stacking of nanosheets and vdW force aid to forms interconnected sheets results in a 3D 

sphere like structure by self-assembly of nanosheets30. The size of the nanosheets increases due to 

the Ostwald ripening process31. Upon Ni2+ doping in MoS2 the grain size has increased, compared 

to the pristine MoS2. The X-ray diffraction analysis of MoS2 and Ni-MoS2 were carried out and 

Raman spectroscopy was performed for the structural analysis. X-ray Diffraction (XRD) pattern of 

as-synthesized MoS2 was compared with Ni-MoS2 pattern, which is depicted in Figure 1 (b).    The 

strong intense peak at 2θ = 14.26° corresponds to the (002) plane representing a well-stacked 

hexagonal structure and has a d-spacing of 6.2 Å for MoS2. The diffraction peak at 2θ = 33.58°, 

39.64°, 48.3°, 59.18°, and 69.87º corresponds to (100), (103), (105), (110) and (108) planes of 2H-

MoS2, respectively. These crystalline peaks of MoS2 have been referred to and indexed according 

to JCPDS file no 75-1539. Due to the very low amount (<5%) of Ni doping, no extra phase was 

reflected in the Ni-MoS2 pattern. No additional peak associated with Ni sulphide was identified, 

which confirms the substitutional incorporation of Ni into the MoS2. The crystallite size for MoS2 

and Ni-MoS2 was calculated by using Sherrer equation (1) 

� = �.��
�����

       (1) 

where D is the crystallite size, λ-wavelength of the X-ray (1.5406 Å), β - is the broadening of the 

diffraction line measured at half of its maximum intensity, and θ - is the peak position. The 

crystallite size for MoS2 was 5.0 nm and for Ni-MoS2  5.8 nm. Furthermore, the dislocation density 

(�) and the strain(�) values were calculated from the XRD pattern by using equation (2) and (3) 
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Table 1. Structural parameters of as-synthesized MoS2 and Ni-MoS2. 



Sample Name Crystallite size (nm) Dislocation density Strain 

MoS2 5.0 18.46 x 1015 0.250 

Ni-MoS2 5.8 22.41 x 1015 0.320 

 

Raman spectroscopy further confirmed the formation of MoS2 and Ni-MoS2 (Figure 1 (c).) with 

the vibrational modes of 377.4 and 402.9 cm-1 for MoS2 then 377.4 and 404.3 cm-1 for Ni-MoS2. 

These are attributed to the peaks from Mo-S and Ni-S bonds. When the Ni is doped in the MoS2, 

there was a small shift in the A1g peak towards a higher value.   

With the Kubelka-Munk’s (F(R)) equation, the diffuse reflectance measurements were converted to 

band gap values. The optical band gap energy is derived from, 

�(�) = (���)�

�×�
= �

�
    (4) 

where R represents reflectance, k and s are the molar absorption and scattering coefficient.  

Kubelka-Munk equation is used to calculate the band gap as follows, 

[�(�)ℎ�] = �(ℎ� − ��)�   (5) 

where A is the proportionality constant, hν is the photon energy, Egis the optical band gap, and n is 

a constant associated with different kinds of electronic transitions (n= 1/2 for a direct allowed, n= 

2 for an indirect allowed).  

Using a plot of ([F(R)hν])2 vs hν, the optical bandgaps of the MoS2 and Ni-MoS2 (Figure 1 (d)) 

were obtained. MoS2 has an optical band gap value of 3.25 eV, while Ni-MoS2 has a bandgap value 

of 2.89 eV. As a result, the Ni doping of MoS2 reduced its bandgap value from 3.25 eV to 2.89 eV. 

Ni doping reduced the bandgap energy of Ni-MoS2 and increased its electrical conductivity, which 

resulted in better capacitive properties and higher rate capability. 

The optical parameters of MoS2 and Ni-MoS2 were analyzed using UV-Vis Spectra. From UV-Vis 

spectra, it is evident that MoS2 and Ni-MoS2 exhibit strong absorption in the wavelength range of 

250-800 nm (Figure 1 (e).). It shows the characteristics of a strong absorption band at 322 nm. 

Upon Ni doping, the optical absorption increased towards a higher wavelength which is attributed 

to the quantum confinement (slightly larger size) and edge effect.  



 

Figure 2. XPS spectra of (a) Mo (b) S of MoS2 and Ni-MoS2and (c) Ni of Ni-MoS2. 

The chemical oxidation states of MoS2 and Ni-MoS2 were analyzed using XPS. Ni-MoS2's survey 

spectrum illustrates traces of Mo, S, Ni, C, and O (Figure S1). The Mo 3d and S 2p of both the 

MoS2 and Ni-MoS2 were fitted using two doublets. The Mo maxima were centred at  binding 

energys (BEs) of 232.5 and 229.4 eV for the MoS2 and at 232.9 eV and 229.8 eV for the Ni-MoS2. 

These correspond to Mo4+ of the hexagonal MoS2 phase. It is affirmed that the Mo element was 

mainly present in Mo (IV) in MoS2. Based on changes in the electronic structure of molybdenum 

because of N incorporation, the MoS2 component of the Mo 3d peak exhibited a 0.4 eV shift toward 

lower BEs with respect to the pure sample (Figure 2 (a)) [34]. Thus, Ni doping increased the 

electron-rich surface which has a direct effect on the electrocatalytic activity of MoS2. The peak at 

226. 7 eV is defined by S 2s. The S 2p peaks were fitted with a dual component at 162.5 and 163.7 

eV for MoS2 and for Ni-MoS2 corresponding to S 2p3/2 and S 2p1/2 of MoS2 and these values are in 

line with literature reports (Figure 2 (b)). 

Furthermore, the Ni 2p peak was deconvoluted into chemically shifted components to identify the 

Ni species. Two resolved double peaks resultant to Ni 2p3/2 and 2p1/2 with a difference of 17.5 eV 

and two satellites are observed at the Ni 2p spectrum. The BE value at 855.4 eV, 857.7 and 871.4, 

and 874.8 eV are corresponding to Ni 2p3/2 and Ni 2p1/2 states (Ni2+) as shown in Figure 2 (c). The 

BE value at 855.4 eV is attributed to the Ni-Mo-S structure32. The peak at 853.9 eV corresponds to 

the metallic Ni state.  



The field-emission scanning electron microscope (FE-SEM) was employed for the analysis of 

particle size and microstructure of MoS2 and Ni-MoS2 as shown in Figure 3. 

Figure 3 ((a) and (b)) illustrates various magnifications of a MoS2 microsphere with a flower-like 

morphology with a size of ~ 1.2 µm which consisting of ~260 nm nanosheets and the thickness of 

each nanosheet was ~14 nm. As a nature of layered structure, the MoS2 nanosheets were 

interconnected and self-assembled into a microsphere. When the MoS2 was doped with Ni, the size 

of the microspheres have increased (~ 4 µm) which consisting of ~684 nm nanosheets with a 

thickness of ~ 18 nm. The increased grain size upon doping resulted in an increase in the size and 

structure of the Ni-MoS2 microspheres. As a result of the reaction process, these tiny nanosheets 

were inter-crossed by being bent, curled, and entwined to form a flower-like structure on the surface 

of the microspheres. It is evident from Figures 3 ((c) and (f)) at higher magnification, that the 

flower-like structure consisted out of tiny nanosheets with a thickness of a few nanometers (<20 

nm). There was a significant difference at the edges of the microsphere formed by MoS2 and Ni-

MoS2 and this have a significant impact on the charge storage and ion intercalation process at the 

electrode and electrolyte interface. 

 

 



 

Figure 3. FE-SEM images of flower like MoS2 ((a)-(c)) and Ni-MoS2 ((d)-(f)). HR-TEM image of MoS2 
(g), Ni-MoS2 (k) at high-magnification, and their corresponding SAED pattern of MoS2 (h) and Ni-MoS2 (l). 
Elemental distribution analysis of Ni-MoS2 flower like microsphere recorded by aberration-corrected 
HAADF-STEM (m) with composite elemental mapping (n) of Mo(o), S(p), and Ni (q) and line-mapping of 
Ni-MoS2 (r). Fourier-filtered image for presenting a better view of the lattice structure and it presents the 
atomic configuration of Mo and S of MoS2 (i), Line-profile outlined in (j) and it illustrates the d-spacing 
value of 0.319 nm (s). 

EDS analysis was performed to confirm the elements present in MoS2 and Ni-MoS2 (Figure S1 and 

S2), and the presence of the Mo, S, and Ni elements were depicts. In addition, the elemental 

distribution of Ni, Mo, and S was explained using the elemental mapping. The presence of the Ni 

atom in Ni-MoS2 was confirmed by EDS and the elemental map analysis confirmed the Ni atoms 

were homogeneous successfully doped in the MoS2. The HR-TEM was employed to obtain deeper 

understanding of the MoS2 and Ni-MoS2 microstructure (Figure S3). From the HR-TEM images, 

the as-grown MoS2 (Figure S3 (a) and (b)) and Ni-MoS2 (Figure S3 (c) and (d)) showed a flower-

like hierarchical microsphere composed of petal-like nanosheets. The stacked nanosheets are 

extended out on the edges of the microsphere which formed together as a flower-like structure.  The 



flower-like architecture contained a few layers of nanosheets that possessed a higher surface area 

which provided the percolation of the electrolyte for a better electrode-electrolyte interface in terms 

of supercapacitor applications. At higher magnification of the MoS2 and Ni-MoS2 in Figure 3 (a) 

and (b), the few-layered nanosheets from the microsphere contained approximately 25 layer for the 

MoS2 while it contained approximately 10 layers for the Ni-MoS2. 

In Figure 3 (g) the d-spacing of 0.62 nm and 0.23 nm are in accordance to the (002) and (103) 

phases of MoS2, and for Ni-MoS2 in Figure 3, (k) the d-spacing values are measured to be 0.63 nm 

and 0.27 nm in accordance with the (002) and (100) phase of MoS2. The fringe patterns are the 

reflection of Moïre patterns that formed by overlapping two different phases that arise from the 

MoS2. Compared to MoS2 the Ni-MoS2 shows fewer layers formed due to the doping of Ni. The 

corresponding SAED pattern for MoS2 and Ni-MoS2 are shown in Figure 3 (h) and (l), which 

reflects the phases of (001), (103), and (110) that well correlates with the XRD analysis. 

From Figure 3 (i) the higher magnified single layer of the Ni-MoS2 layer is observed. The Fourier-

filtered image corresponding to Figure 3 (j) gives a more comprehensive understanding of the 

lattice structure of the Ni-MoS2. The Ni atoms are brighter in comparison with the Mo atoms and it 

confirmed that the Ni dopants occupied the Mo sites in the Ni-MoS2. The lattice constant value of 

0.319 nm (Mo-Mo) has been derived using line profiles in the Ni-MoS2 crystal (Figure 3 (s)). MoS2 

is distorted and its electronic structure is modified due to the selective occupancy of  Ni dopants in 

the basal planes, influencing its catalytic properties33. In MoS2, the Ni doping lead to multiple 

oxidation states and reversible redox reactions. In Ni-MoS2, the conductivity has been increased as 

well as Ni and Mo exhibit corrosion resistance at the electrode-electrolyte interface34. As a layered 

material gets closer to being a single layer in thickness, its properties are determined by that 

thickness. The activation of the thermodynamically favoured basal planes would have significant 

advantages in improving the electrocatalytic activity of MoS2 and nearly all their surfaces would be 

exposed to the electrolyte. The inactive surface of MoS2 is activated when metal nanoparticles are 

incorporated into the basal planes. Additionally, the Ni modification on basal sites would explain 

the relatively larger number of basal sites compared with edges35. Adding Ni atoms reduced the 

number of layers, resulting in more active sites available for enhancing the electrocatalytic activity 

of Ni-MoS2. 

A high annular dark field (HAADF) scanning tunnelling electron microscopy (STEM) and EDS 

mapping were employed for the MoS2 and Ni-MoS2. Figure 3 (m) shows the morphology of the 

Ni-MoS2 using HAADF imaging. The 3D-flower like MoS2 formation from the interconnected 

nanosheets are visible. The elemental distribution over the single flower like microsphere was 



investigated by using STEM/EDS for Ni-MoS2 (Figure 3 (n)). The Mo, S, and Ni distribution over 

the single Ni-MoS2 that reveals the insertion of Ni atoms and its homogeneous elemental 

distribution over the flower like microstructure were confirmed by elemental mapping (Figure 3 

(o-q)) and the line mapping (Figure 3 (r)).  

Theory results and discussion: Thermodynamic stability of novel materials can be used to direct 

synthesis. The formation enthalpy (Eform at 0K) plot for 2H-(Mo1-xNix) S2, x= 0-10 at.% (n=0-5 

atoms) is shown in Figure 4 (a), where substitutional Ni doping positively increases the Eform with 

respect to 2H MoS2. In order to comprehend the experimental finding that 1 at.%Ni substitutes to 

2H-MoS2, we compared the electrical structures of the cases with and without Ni doping. (choosing 

2 at.%Ni in our numerical calculations to minimize the supercells size and computational time).   In 

Figure 4 (b-d), the total and partial electronic density of states (PDOS) of pristine and Ni substituted 

2H-MoS2 are plotted. The 2H-MoS2 PDOS in Figure 4(c) suggests that the valence bands are 

mainly from Mo-4d states, while the conduction bands Mo-4d and S-3p states. However, Ni-doped 

PDOS in Figure 4(d) shows gap states near EFermi are generated by the interplay of Mo-4d, Ni-3d, 

and S-3p bands with a formation energy of 30 meV-atom-1 higher than in the pristine case, see 

Figure S5. The Mo-4d and S-3p states shift close to the valence band minimum near -0.25 eV below 

EFermi. The gap states are found both at valence and conduction band edges near EFermi in Figure 

4(b). These states originate from a crystal field created by the trigonal prismatic structure of Ni/Mo-

S. Furthermore, small partially-filled states and peaks in the gap region originate from the mixture 

of S-3p bands with Ni-3d and Mo-4d states. Notably, the contribution of these bands in Figure 4(b) 

is weak. Figure 4(b-d) shows weak gap states and a reduced bandgap, both of which point to 

improved conductivity in Ni-doped 2H-MoS2 relative to pristine levels of Ni lead electron 

donating36. This suggests that the electron doping can be used in an efficient way to create gap 

states, which also has created induced magnetic moments both at Mo and S sites in 2H-MoS2. The 

substitutional Ni doping may also be useful for spintronic applications. The reduced energy stability 

of the Ni-doped case in Figure 4(a) can be connected to partially filled peaks at/near the Fermi-

level that are known to destabilize the crystalline phases29. 



 

Figure 4. (a) Formation enthalpy (Eform; eV/atom) of substitutionally-doped 2H-MoS2 with Ni, where x-axis 
present both Ni at.% and equivalent atom numbers in the supercell (Fig. S1). (b) Total, and (c, d) partial 
density of states (DOS) of pristine and Ni-doped 2H-MoS2. DOS is in unit of States-eV-1-atom-1. Ni PDOS 
was not scaled for better view. (e) Charge-density difference (∆� (���� − (�� − ��)��), and (g) 
magnetization-density plot for 2H-MoS2. The isosurface value of 0.02 eV/Å were used for both the charge 
and magnetization density plots. 

Understanding bonding behavior and the underlying cause for the alteration in stability of 

crystalline materials requires knowledge of the electron and magnetization densities. The chare-

density difference ∆� (���� − (�� − ��)��) between pristine and Ni substituted 5×5×1 supercell 

is shown in Figure 4(f), where blue lobes are charge gain (by Mo), while red lobes are charge lost 

(by Ni). The Ni substitution induces strong charge sharing near doped Mo/S sites, which is reflected 

through reduced bond lengths (stronger bonds) of Ni with its neighbouring atoms. The Mo 

polyhedral away from Ni sites shows similar bond lengths as in pristine 2H-MoS2, i.e., 2.416 Å, 

while doped cases show varying Mo-S (2.407 and 2.418 Å) and Ni-S (2.412 Å) bond lengths in 

Figure 4(f). However, we found negligible overall volume change (∆V~0.1 Å3) in Ni substituted 

2H-MoS2 concerning pristine MoS2, which is possible because of weak Ni concentration (~2 at.%Ni 

or 1 atom per cell). This bond asymmetry and smaller Ni-S bond lengths are suggestive of strong 

covalent Ni-S bonding, and Mo-S bond lengths in Ni-doped case are nearly 0.5% smaller compared 

to pristine 2H-MoS2.  

In Figure S6, the maxima in the 2D charge-density contour plot in Ni-S basal plane are slightly 

smaller than Mo-S. This difference arises from increased bond distortion (0.2 Å) in 2H-(Mo-Ni)S2, 



while no such distortion was observed in Mo-S bond lengths away from the Ni neighbourhood. The 

reduced phase stability in Figure 4(a), and increased local bonding in Figure 4(e,f) for 2H-(Mo-

Ni)S2 explain the reduced number of nanosheets (12-15) compared to pristine 2H-MoS2 (20 

nanosheets). The magnetization density plot in Figure 4(f) shows induced magnetic moments both 

on Mo and S sites, which arise from increased charge activity due to the substitutional doping of Ni 

at Mo sites. 

Electrochemical Performance 

Electrochemical performance of flower-like MoS2 and Ni-MoS2 electrodes have been investigated 

in a half-cell configuration using a 1M Na2SO4 aqueous electrolyte. Figure 5(a) depicts the cyclic 

voltammetric (CV) evolution for both MoS2 and Ni-MoS2 samples with sweep rate ranging from 5- 

30 mVs-1 at the potential range of -1 to -0.2 V.  In both MoS2 and Ni-MoS2, the CV curves are near 

rectangular, but defects at Ni-MoS2 owing to exposed edge-sites increase the dangling edge's active 

sites for faradic redox reactions. Furthermore, the edge-terminated size of Ni-MoS2 could provide 

an ample exposure for the intercalation of electrolyte ions coupled in confined paths that has shorten 

diffusion length contributes significantly to current response than the pristine MoS2. It is noteworthy 

that the Ni-MoS2 rectangular CV curve's deviation shows a strong corelation with the diffusive 

process. The defects induced structure-property relationship of Ni -MoS2 may effectively participate 

in the enhancement of specific capacitance reaches 425 F/g at 5 mV/s (~367 F/g from pristine MoS2) 

whereas it retains the initial capacitance of 92 F/g even in the higher scan rate of 100 mV/s (85 F/g 

for MoS2), indicating that the Ni doping enhanced the rate capability.  

The EIS analysis has further confirmed the larger ion propagations in Ni-MoS2 than the pristine 

MoS2 by showing the lower contact resistance (Rs) and charge-transfer resistance (Rct). An anlysis 

of Nyquist’s plot for both electrodes (Figure 5(c)) in a half-cell configuration demonstrated that the 

Ni-MoS2 exhibits a low Rs and Rct values of 2.7Ω and 3.68Ω respectively (Rs of 3.2Ω and Rct of 

4.27 Ω for pristine MoS2) with a deviated vertical curve at low-frequency region of Nyquist plot 

due to the diffusion of electrolyte ions which is of typical supercapacitor behaviour. These results 

indicate that Ni-MoS2 has an improved electrical conductivity and red-ox kinetics. 



 

Figure 5. Electrochemical characteristics of flower-like MoS2 and Ni-MoS2 analyzed in a three-electrode 
setup containing a 1 M Na2SO4 aqueous solution. (a) CVs of Ni-MoS2 at various scan rates, (b) determined 
specific capacitance values based on the different scan rates. (c) Nyquist plot analyzed by EIS. (d) CVs of 
MoS2 and Ni-MoS2 on a scan rate of 10 mV/s, capacitive-controlled process are indicated by shading. (e) the 
b values of MoS2 and Ni-MoS2 for various sweep rates, (f) the variation of b-values as a function of 
potentials. 

The total charge in flower-like MoS2 and Ni-MoS2 was quantified by evaluating (i) capacitive-

controlled and (ii) diffusion-controlled faradaic contribution 37. These contributions might be 

separated by applying the power-law relationship with measured current (i) with respect to sweep 

rate (ʋ) from CV. 

� = �ʋb           (4) 

where “a” and “b” are adjustable parameters. Generally, a slope value of "b" indicates the dominant 

contribution; if b=0.5 for a diffusion-controlled and b =1 for the capacitive process. Figure (e) and 

(f) indicate that the as-designed flower-like MoS2 and Ni-doped MoS2 show close enough b-values 

at different potentials like b = 0.67 at -0.1V and 0.69 at -0.4 V and b = 0.54 at -0.1V and 0.55 at -

0.4 V, Hence, the current response is significantly owing to diffusive mechanisms for both MoS2 

and Ni-MoS2 electrodes. By the b -values, the enhancement of the overall capacitance of Ni-MoS2 



is mainly attributed to the rapid insertion and extraction of electrolyte ions. The capacitive 

contribution to the overall current response can be separated by  

� (�) = ��ʋ + ��ʋ�/�      (5) 

 

where ʋ is the scan rate (mV/s), k1ʋ and k2ʋ1/2 are the currents related to capacitive contribution and 

diffusion-controlled faradaic contribution, respectively. 

                             � (�)

ʋ
�
�

=  ��ʋ�/� + ��           (6) 

 

Equations 5 and 6 can be changed to produce a linear plot, and k1 and k2 can be computed from 

i(V)/ʋ1/2 versus ʋ1/2 with various scan rates.  

The CV profile of Ni-doped and flower-like MoS2 at a 10 ms-1 scan rate is shown in Figure 5(d). 

The influence of the capacitive-controlled process is seen by the shaded areas. The intercalation 

process, which is controlled by diffusion and accounts for 83% (80 for MoS2) of the Ni-doped 

MoS2's flower-like design, adds to the material's overall capacitance. Due to the interaction between 

Ni and S, which results in lattice distortions and changes in local electronic structures, the 

intercalation process increases, showing that the electrodes have higher redox activity. This 

interaction also results in a reduction in the number of layers in Ni-doped 2H-MoS2, which exposes 

more active sites for the intercalation of ions. This rapid ion insertion and exertion phenomena in a 

symmetric cell is demonstrated schematically in Fig.6a.   

Figure 6(b) shows the CV characteristics of the symmetric device of the Ni-MoS2 in 1 M Na2SO4 

aqueous solution at different scan rates ranging from 5 to 50 mV/s. As excepted, the CV 

characteristics exhibited a higher current response with the voltage window of 0 - 0.8 V which is 

optimized in the three-electrode system. The higher current response of Ni-doped MoS2 can again 

be obtained from the enhanced intercalation activity of electrolyte ions.    

 

 



Figure 6. Electrochemical performance of a symmetric aqueous supercapacitor in a 1 M Na2SO4 aqueous 
solution. (a) Schematic of the ion transport mechanism in MoS2 layers (b) CV curves of symmetric device 
for Ni-MoS2, (c) Device capacitance calculated from the CVs recorded at various scan rates, (d) Cycling 
stability test of the Ni-MoS2 symmetric device at a current density of 2 A/g, (e) Ragone profile for energy 
and power density of the device, (f) Nyquist profile for Ni-MoS2 and Ni-MoS2 tested after 10000 consecutive 
cycles, (inset: An enlarged view of the Nyquist plot). 

 

Incorporating Ni atoms into the MoS2 lattice with an increase in edge atoms and hierarchically built 

2D nanoflowers with shorter conductive routes results in surface defects that are close enough to 

ensure that ion intercalation substantially controls the redox kinetics and surface reactions. The Ni-

MoS2 based device exhibited an initial capacitance of 101 F/g, the CV response (Figure 6 (c)) 

displays outstanding rate capability and retained around 23% (28.3 F/g) of its starting capacitance 

at a higher scan rate of 100 mVs-1. The cycling stability test was conducted on a Ni-MoS2 symmetric 

device with 10000 consecutive cycles at 2 A/g, suggests a comparable cycle life with the 

capacitance retention of ~ 60% with 100 % coulombic efficiency (Figure 6 (d)). It is further evident 

from the EIS analysis that the observed low Rs  and Rct values of 0.89 and 1.56 Ω of the Ni-MoS2 

symmetric device infer the excellent rate capability (Figure 6 (e)). The symmetric device achieved 

a higher energy density of 9 Wh/kg and a power density of 0.5 W/kg (Figure 6 (e)). The cycling 

stability and resistance gain of Ni-MoS2 was further validated by EIS analysis following a 

continuous charge-discharge cycles, exhibited nearly linear curves indicating minimal resistance 

rise (Figure 6 (f)), providing proof of the material stability of Ni-doped MoS2. 

 

 



Conclusion: 

The Ni dopant occupied the interstitial Mo sites in the Ni-MoS2. The synergistic effect among the 

Ni-S creates distortion in the lattices along with a change in local electronic structures, this results 

in an increase in the basal plane activation by reducing the layer numbers in Ni-doped 2H-MoS2, 

thus exposed more effective locations for ion intercalation. Our DFT analysis showed that a reduced 

number of 2H-MoS2 layers originated from the energy instability introduced by Ni substitution. 

Notably, the change in the energy instability of the Ni-doped 2H-MoS2 came from the change in 

local charge sharing between the Ni and the neighbouring Mo/S sites, which was reflected in a 

changed electronic-structure. The reduced phase stability and increased local bonding in 2H-(Mo-

Ni)S2 explains the reduced number of nanosheets (12-15) compared to pristine 2H-MoS2 (20 

nanosheets). We also demonstrated that the designing of Ni doped 3D microflowers of MoS2 

potentially offers a number of electrochemically active sites, enabling faster reaction kinetics, even 

at a mass loading of 10 mg/cm2. These findings could provide new insights into various 

physicochemical properties in stacked TMDCs and helped in the development of durable and 

energy-efficient intercalation electrode materials for high energy density supercapacitors, 

electrocatalysts, and batteries. 
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