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Three-dimensional Graphene with 
MoS2 Nanohybrid as Potential 
Energy Storage/Transfer Device
Kulvinder Singh, Sushil Kumar, Kushagra Agarwal  , Khushboo Soni, Venkata Ramana 
Gedela & Kaushik Ghosh

Portable and matured energy storage devices are in high demand for future flexible electronics. 
Flowery shaped MoS2 nanostructures with porous and flake like morphology was used to study the 
supercapacitive nature with specific capacitance (Csp) of 169.37F/g, the energy density of 28.43 Wh/
Kg and power density of 10.18 W/Kg. This nanoflower like architecture was decorated on 3D-graphene 
on Graphite electrode to design the solid-state-supercapacitor prototype device of dimensions of 
23.6 × 22.4 × 0.6 mm3 having considerable high Csp of 58.0F/g and energy density of 24.59 Wh/Kg, 
and power density of 8.8 W/Kg. Four fabricated supercapacitors were connected in series for real state 
practical demonstration using the light emitting diode that remains enlightened for 40 s by charging 
it only for 25 s. This study demonstrates the 3D-graphene/MoS2 nanohybrid has a quite high overall 
potential window nearly about 2.7 V (−1.5 to +1.2 V) in KOH-PVA medium which can be used for the 
development of solid-state supercapacitors thereby completely eliminating the need for any expensive 
ionic liquid mediums thus building an exciting potential for high-performance energy storage/transfer 
devices.

Current economy and population growth rates project a demand for energy of 40 terawatts (TW) with a total 
population of 10 billion by 20501. Due to the increase in demand for energy, the non-renewable sources like fossil 
fuels are continuously decreasing and will automatically come to an end in the near future. To meet this demand, 
alternate renewable energy sources has been projected like solar, wind and hydropower. However, a suitable stor-
age device like Li-ion batteries and Na-air batteries and so on are currently lagging behind with a storage capacity 
of only 1% of the total renewable energy with longer charging time. Presently, batteries are used in wide variety 
not only for energy storage but also for the energy supply devices2. The use of a battery in large scale sophisti-
cated electronic devices is limited due to its heavy weight, portability, flexibility and other issues3, 4. Currently, 
researchers are looking for alternative energy storage devices that effectively store and provide energy as per 
requirement. Supercapacitors are portable, flexible5 and transparent unlike conventional batteries that draw the 
attention of the researchers to extract its interesting properties. Along with these physical advantages, superca-
pacitor has high charge storage capacity, high power density, low energy density, longlife time and short charging 
time as compared to traditional batteries6–8. A notable improvement in performance has been achieved through 
recent advances in understanding charge storage mechanisms and the development of advanced nanostructured 
materials in supercapacitor devices6, 9. Supercapacitors are classified mainly in two categories such as, pseudoca-
pacitor and electrical double layer capacitance (EDLC)8. In case of pseudo capacitor, the electrical energy is stored 
via faradaic reaction in electrolyte and electro-active species on the electrode surface. There are several reports 
in the literature based on pseudocapacitors made of various nanomaterials as well as their composite, such as 
SnO2-V2O5, Cobalt pyrophosphate, Metal oxide-CNT, RGO-metal sulfide, MnO2-veritcally aligned graphene, etc. 
having a specific capacitance in the range of 190–3480F/g with energy density ranging from 14–89 Wh/kg10–12. It 
has been reported that the capacitance due to faradaic peaks increases the specific capacitance of supercapacitor 
10–100 times higher than the electrostatic capacitance of an EDLC. Recently, Ko et al.13. has demonstrated porous 
graphitic carbon with Ni2P2O7, heterostructure has shown high specific capacitance of 1893 F/g and Liao et al.14. 
has reported ultrahigh supercapacitance of 3480F/g using Co3O4 nanoparticles on vertically aligned graphene 
sheets supported in carbon fibers. Although pseudocapacitors are shown to have high initial capacitance, but due 
to limited durability, lack of stability during cycling and poor power density, its practical use in solid-state energy 
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storage devices is limited8, 15, 16. In addition to this, crystallinity and morphology also play an important role in 
specific capacitance of pseudo capacitors, lower the crystallinity higher is the specific capacitance, which is due 
to the availability of chemically active dangling units which can easily take part in oxidation-reduction cycle8. To 
overcome these limitations, there is an extensive drive to develop EDLC type supercapacitor that carries various 
advantages over pseudo capacitor. In case of EDLC, electrical energy is stored over the layer of current collector 
without any redox couple. Due to the absence of faradaic current, EDLC type supercapacitors are more reliable 
and have shown long term durability with minimum loss of capacitance under multiple charging-discharging 
cycles.

Xu et al. have fabricated graphene hydrogel for the EDLC type supercapacitor where storage performance is 
related to the high surface area17. Sundaram et al. have fabricated MnO2 nanostructures for EDLC type super-
capacitance in a lower applied potential window having Csp of 50F/g18. Various carbonaceous materials till now 
have been developed for the testing of EDLC type supercapacitors due to its cost efficiency, high surface area, 
porous nature and versatile existing forms19, 20. Significant enhancement in capacitive performance is not only 
governed by the properties of electroactive materials but also by the separators and electrolytes. Lin et al. have 
fabricated graphene based supercapacitor (Csp of 130F/g) in ionic liquid electrolyte21 where ionic liquids shows 
high chemical stability as compared to conventional electrolytes at a wide potential range22. Further development 
of the storage device lies on the various tricky parameters such as, proper choice of electrolyte, electrochemically 
stable current collector and thin porous spacer matrix between the electrode materials etc3, 4, 23, 24. The current 
developmental trend of miniaturized autonomous electronic equipment such as implantable medical devices 
and active radio frequency identification (RFID) tags have raised the demand for solid-state-supercapacitors25. 
Significant efforts have been devoted to improve flexibility and energy storage/transfer capacity of solid-state 
supercapacitors based on various carbonaceous materials and their composites26, out of which graphene shows 
a promising choice of material due to high conductivity, flexibility, transparency, large surface area and layer like 
structure that drags attention to various scientific communities for its large scale application in energy storage 
devices17, 23, 24. In most of the cases, graphene based solid-state-supercapacitors demonstrate very low specific 
capacitance which is mainly due to the parallel restacking of graphene sheets resulting in decrease of the specific 
capacitance17, 27, 28. Recently, 3D graphene proves to be more prominent material for solid state supercapacitor 
due to the partial stacking of graphene sheets in random orientation in three dimensions resulting in formation 
of micro porous structures17. This unique orientation of graphene not only helps to improve the charge storage 
capacity of graphene but helps the electrolytic ions to move freely via porous geometry. To further improve the 
response of the 3D graphene as solid-state-supercapacitor various layer/porous nanomaterial hybrids have been 
reported which develops the charge storage capacity of the 3D graphene via increase in surface area and porous 
nature of the hybrid materials29–33. It is already reported that graphene based hybrid material possess superior 
charge storage capacity by providing enhanced surface area, electrical conductivity, thermal stability and mechan-
ical strength to graphene34. Out of the various nanomaterials, 2D transition-metal dichalcogenides have been a 
perfect candidate for charge storage applications due to their layer like structures that shows weak Van der Waal 
force of attraction with graphite or graphene, especially 1T-MoS2 nanostructures37–41. Due to their band gap of 
~1.9 eV, which reveals the semi-insulating nature, they are thus not immediately thought to be an electrode mate-
rial for energy storage application42. But still MoS2 nanosheets display an excellent performance in wide, negative 
potential in neutral electrolytes, such as high specific capacitance and rate performance, which promotes the 
MoS2 nanosheets to be a promising electrode material for supercapacitor applications43. Till date various MoS2 
based supercapacitor have been developed but only handful reports have been presented which shows the prac-
tical applicability of solid state supercapacitor42–46. The main research challenges associated with electrochemical 
supercapacitors are to develop new electrode materials, to enhance specific capacitance by modification of the 
electro- active material9, 37.

In this work, we report the simpler and cost effective process via chemical route of synthesis of hybrid 
MoS2 nanoflowers with 3D graphene heterostructure as an active material for energy storage device. The real 
demonstration of the solid state supercapacitor has been performed here using the 3D graphene-MoS2 hybrid 
over graphite current collector. Herein, the specific capacitance of bare MoS2 nanostructures comes out to be 
169.37F/g with an energy density of 28.43 Wh/kg and power density of 10.17 W/kg. The capacitive performance 
of 3D graphene-graphite electrode has been improved significantly when the current collector is incorporated 
with MoS2 nanoflowers. This remarkable supercapacitor performance of the hybrid could be attributed to the 
combined effect between layered MoS2 and 3D graphene which could have some real phase application in mod-
ern energy storage devices.

Results and Discussion
Characterization of 3D graphene and MoS2 nanoflowers. As-prepared MoS2 nanoflowers were char-
acterized by XRD, SEM, and Raman spectroscopy. Figure 1(a) displays the XRD pattern of the MoS2 nanoflowers. 
It shows the diffraction patterns at 2θ = 13.55, 33.06,35.22, 42.5, 49.82, 58.01, and 69.77 which arises from the (0 0 
2, (1 0 0), (1 0 2), (006), (105), (110) and (201) planes of MoS2

47. The observed diffraction patterns are broadened 
in nature with a slightly lower diffraction angle shift as compared to the bulk 2H-MoS2, suggesting the presence 
of randomly stacked layers of MoS2 which may be due to the intercalation of NH3 in between the layers during 
the synthesis48. The XRD pattern well matches with the already common works on randomly stacked MoS2 nano-
structures49, 50. No peak other than MoS2 has been observed in the XRD pattern revealing that the synthesized 
MoS2 nanoflowers are highly pure in nature. Figure 1(b) shows the SEM image of MoS2 nanoflowers at a low 
magnification, it is observed that the particles are spherical in nature with porous nanostructure in the order of 
nanometers. It is well established in the literature that porous nanomaterials possess a superior charge storage 
capacity as compared to that of their bulk counterpart51. The formation of the porous MoS2 nanoflowers is due to 
the reaction conditions as well as the precursors used in the reactions. Coagulation into a sphere is most likely due 
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to the hydrothermal reaction conditions and the precursors used. During the reaction, ammonium molybdate 
releases MoO4−. These ions, having a layered structure, react with sulfide ions and intercalation by the residual 
ammonia prevents the stacking of MoS2 layers which leads to the self-assembly of a sphere-like morphology48. 

Figure 1. (a) Diffraction pattern of as-prepared MoS2 nanoflowers with peaks at 13.55, 33.06, 35.22, 42.5, 49.82, 
58.01, and 69.77. (b) SEM image of MoS2 nanoflowers (Inset Raman Spectrum of MoS2 nanomaterial with the 
band at 296.86, 346.87 and 390 cm−1). (c) Raman band at 1357 and 1596 cm−1 of 3D graphene. (d) SEM images 
of 3D graphene. (e) EDX spectrum of MoS2-3D graphene hybrid. The flower like MoS2@3D-graphene hybrid 
architecture has also been observed in SEM and high resolution TEM images shown in (f) and (g), respectively, 
which reveals the petals of MoS2 nano-flowers along with the 3D-graphene network effectively enhance the 
overall surface area that impacts on high storage capacity, (h) The hybrid interface is further confirmed by the 
HRTEM analysis where the lattice spacing are calculated to be 0.65 nm for MoS2 and 0.34 nm for graphene, 
respectively.
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The Raman spectrum of MoS2 nanostructure was carried out at room temperature (Inset Fig. 1(b)). Three distinct 
characteristic band positions were observed in the raman spectrum of MoS2 nanostructures i.e. E1g, E2g and A1g 
at 296.86, 346.87 and 390 cm−1 respectively. The raman band appearing at 296.86 cm−1 with strong intensity (E1g 
symmetry), arises due to S atom in the basal plane. Band appearing at 347.86 cm−1 (E2g symmetry) arises due to 
intralayer vibrational mode of Mo and S atoms in the basal plane. The A1g mode which appears at 390 cm−1 is 
due to the intralayer mode involving the motion of S atoms52, 53. Figure 1(c) depicts the Raman spectrum of 3D 
graphene in which two prominent raman bands were clearly visible that corresponds to D and G band at 1357 
and 1596 cm−1, respectively54–56. The appearance of D band arises due to the activation of the first order scattering 
process of sp3 hybrid carbons, which is attributed to dislocation defects in graphene sheets57. Similarly, the SEM 
studies of as-synthesized 3D graphene were carried out, see (Fig. 1(d)). Graphene hydrogels are formed by the 
partial overlapping of graphene sheets via hydrophobic and π-π interaction in the 3D space helps it to possess 
an interconnected porous network. The elemental analysis of 3D graphene-MoS2 hybrid was carried out by EDX 
studies (Fig. 1(e)). Elemental analysis shows that the hybrid contains C, Mo and S elements. In addition, Si ele-
ment was also detected in the EDX studies which appear due to the usage of Si wafer for the elemental detection. 
Inset of Fig. 1(e) reveals the complete percentage composition of the hybrid materials, where the wt% of C, O, Mo, 
S, and Si are 32.32, 23.54, 19.63, 22.51 and 2.06 respectively. For morphological characterization of 3D graphene-
MoS2 hybrid, SEM studies were carried out.

Figure 1(f) shows that the MoS2 nanospheres, as well as 3D graphene, were successfully deposited over graph-
ite. Inset of Fig. 1(f) shows the flaky nature of MoS2. SEM images clearly indicate that the MoS2 has completely 
formed a hybrid network with 3D graphene. Figure 1(g,f) displays the TEM images of 3D graphene-MoS2 hybrid 
nanomaterial revealing the flower like morphology of MoS2 nanostructure decorated on 3D graphene hybrid and 
is fully consistent with SEM results.

The MoS2 nanosheets along with 3D-Graphene will noticeably improve the number of the exposed electro-
chemically active sites, which will considerably enhance the ion diffusion efficacy during the reversible electro-
chemical reactions58. There is a possibility to enhance the energy density of supercapacitor by tuning the porosity 
of the active material which should be lower than the hydrodynamic size of the active ion or equivalent or higher 
than the desolvated ions6. This porous nature of the active material will help to reduce the rate of discharg-
ing hereby enhancing the energy density of supercapacitor. Further deep insight of the nanomaterial (Fig. 1(h)) 
demonstrate the 3D graphene-MoS2 interface and the characteristic lattice fringes, shown in HRTEM image, 
corresponds to 0.65 nm of MoS2 and 0.34 nm of graphene respectively, that are attributed to the (002) planes of 
MoS2 and multilayer graphene59.

Cyclic Voltammetry studies of MoS2, 3D graphene and hybrid in solution phase. Figure 2(a) 
displays the cyclic voltammetry response of MoS2 modified glassy carbon electrode in 0.1 M KOH solution from 
low (10 mV/s) to higher (300 mV/S) scan rate. From the CV it is clear that no significant redox peak was observed 
which reveals that MoS2 nanostructure behaves as typical electrical double layer capacitance which is similar to 
already published in the literature41, 48, 60. Also the working potential of MoS2 nanoflowers were quite high i.e. 
−0.9 to 0.2 i.e. 1.1 V of working potential was observed. The specific capacitance of MoS2 was calculated using 
given equation:

IdV
V m (1)

∫
υ × ∆ ×

where I is the current, ʋ the scan rate ΔV is the working potential window and m is the active mass of the material 
present on the surface of the electrode61. By this equation, the specific capacitance of MoS2 nanostructure comes 
out to be 145.73F/g (100 mV/s).

The energy density of the present system was calculated by using equation62:

= ∆E C V /2 (2)2

where E is the energy density, C is specific capacitance, ΔV is the working potential. To calculate the power den-
sity equation 3 was used ref. 19:

P E t/ (3)=

where P is the power density and t is the discharge time.
Figure 2(b) displays the cyclic voltammetry response of MoS2 nanospheres in 0.1 M KOH solution at various 

scan rates. As seen from the figure the approximately rectangular shape with high symmetry is an indicator to 
double layer capacitance with fast charge-discharge rates. These results i.e. electrical double layer formation, are 
in good agreement with the previously published literature47, 48, 63. For various scan rates i.e. 100, 150, 200, 250, 
300 mV/s, the specific capacitance using equation (1) comes out to be 145.73, 124.31, 116.58, 110.39, 104.79 F/g 
respectively. With the increase in scan rate, the current density increases revealing the existence of ideal super-
capacitor behaviour and specific capacitance decreases thus indicating that at lower scan rates the electrolyte 
ions diffuse into the inner layers of the active material quite easily, leading to higher interactions with the active 
sites of the active material for the charge transfer (Fig. S1 in Supplementary)64. Effect of scan rate on the energy 
density was displayed in Fig. S2 of Supplementary. These results indicate that MoS2 is a very important candidate 
for supercapacitor applications. Further for specific capacitance calculation charge discharge was carried out in 
between the potentials of −0.8 to 0.2 V (Fig. 2(c)). From charge discharge studies, it is observed that the charging 
time for MoS2 nanoflowers is ~200 s and for discharging it is ~190 s which reveals the MoS2 nanoflowers show 
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good charging and discharging behavior. For further calculation of specific capacitance by charge-discharge scan 
Fig. 2(c), following relation was used:

C I t m V/ (4)sp = ∆ ∆

where I is the discharge current (mA), Δt is the discharge time (s), m is the mass of the electro-active material 
(mg) and ΔV is the potential window.

The specific capacitance obtained by from CV curves is about 169.37, 95.66, 62.52 and 46.17F/g for 1, 2, 3 and 
4 A/g respectively. This observed specific capacitance shows a significant improvement over previously reported 
values65 and is in good agreement with the specific capacitance using equation (1) 40, 48. For comparison, the 
supercapacitor performance of 3D graphene, graphite and MoS2 have been explored over 1 × 1 cm2 graphite sheet 
(Fig. 2(d)). Green, red and black line denotes the response of graphite, 3D graphene and hybrid material (3D 
graphene and MoS2) in 0.1 M KOH. By comparing their respective cyclic voltammograms, it is observed that the 
hybrid material not only increases the working potential window but also increases the current response, Csp and 
energy density for graphite, 3D graphene over graphite and of 3D graphene-MoS2 hybrid comes out to be 7.83, 
46.82, 58.0 F/g and 1.09, 13.0, 24.59 Wh/Kg, respectively which shows that the hyrid material has more superca-
pacitive performance as compared to both 3D graphene and graphite material. The complete values of specific 
capacitance, energy density, and power density was given in Tables 1 and 2 of Supplementary Information.

Solid state supercapacitor studies. Figure 3 displays the complete schematic of fabrication of solid state 
device. For synthesis of solid state device first the graphite sheet of dimension 2.2 × 2.2 cm2 was scotch taped and 
then put in teflon line stainless steel vessel, 5 mg/mL solution of graphene oxide was added along with 2 M ascor-
bic acid solution and afterwards hydrothermal was sealed. The hyrothermal bomb was then kept at 120 °C for 4 h 
resulting in the formation of hydrogel of 3D graphene over graphite piece. This modified graphite was kept in 
5 mg/mL solution of MoS2. Similiary other plate of supercapacitor was fabricated using same protocol. After this 
the two plate was assembled by using filter paper soaked with PVA/KOH solution.

Figure 2. (a) Cyclic voltammogram of MoS2 modified electrode in the presence of 0.1 M KOH solution in 
low scan rate (10–100 mV/s), (b) Cyclic Voltammograms of MoS2 modified electrode at higher scan rates 
(100–300 mV/s). (c) Galvanostatic charge/discharge curves of MoS2 modified electrode in 0.1 M KOH solution. 
(d) Comparison of 3D graphene, MoS2 and 3D graphene-MoS2 hybrid response over 1 × 1 cm2 graphite piece in 
0.1 M KOH.
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Successful implementation of the supercapacitor in solid-state without a loss in performance can be inferred. 
Figure 4(a) depicts comparative cyclic voltammetry curves of the fabricated solid-state supercapacitor as well 
as the hybrid electroactive material in solution. This reveals that area under the curve almost doubles due to 
the contribution of two parallel electrode plates in the device with large potential window ranging from −1.5 V 
to 1.2 V. It can be clearly understood, that the solid-state supercapacitor is performing quite well as compared 
to the hybrid material in solution. The potential window as well as the area under the curve has increased sig-
nificantly in solid-state devices, due to the combination of two electrode parallel plates, thus indicating that the 
hybrid materials shows potential development of supercapacitive performance over 3D-graphene and graphite 
based electroactive materials. Specific capacitance for 3D graphene-MoS2 comes out to be 74.94F/g and the spe-
cific capacitance of 3D graphene-MoS2 hybrid in solid state device comes out to be 58.0F/g (using equation 1). 
Similarly using equation (2) energy density comes out to be 15.77 and 24.59 Wh/kg for solution and solid state 
device, respectively. The performance of the hybrid material over graphite plate at various scan rates was also 
studied, shown in Fig. 4(b). Similar to MoS2, no oxidation reduction peak appeared in the device indicating the 
existence of pure EDLC type behavior. The current density of the hybrid material increases with the increase in 
scan rate, confirming its ideal nature. A large operating current indicates that the existence of low internal resist-
ance between 3D graphene to graphite electrode. This is due to the excellent electrical conductivity of graphene 
sheets and the absence of electrical barrier at the 3D graphene-graphite sheet interface via π-π interactions. For 
the solid-state supercapacitor, two sheets of 2.2 × 2.2 cm2 graphite, coated with 3D graphene-MoS2 hybrid were 
pasted using a filter paper soaked in PVA-KOH gel and kept for drying in a vacuum desiccator. These results 
indicate that the performance of the solid-state supercapacitor is quite high as compared to that in solution and 
that it can work as a standalone solid-state device. It is observed from the galvanostatic charge-discharge curves 
in Fig. 4(c) that the charging and discharging time of the solid-state device is found to be significantly shorter 
compared to that of MoS2 nanoflowers (see Fig. 2c). This is suggesting a marked improvement in supercapacitor 
performance due to the presence of 3D graphene. In Fig. 4(c), it is also noted that the charging time (~50 s) is 
lower than the discharging times (~68 s), emphasizing upon the ideal supercapacitor behavior of the device. 
Further, at high current density the galvanostatic charge discharge (GCD) curves show typically triangular shape 
which is the characteristic of nearly ideal capacitive performance. However, at low (<3 A/g) current density the 
deviation of the GCD pattern is attributed possible due to the redox reaction occurs at the dangling bond of the 
3D graphene and defect site of the MoS2, which is quite similar to the recent report9, 66, 67. The formation of the 
plateau at low current density at high applied voltage (2.7 V) fully opens the stacked 3 D graphene as well as MoS2 
nano flaks which allow ion intercalation and creates abundant ion-accessible sites for adsorption/intercalation, 
and dramatically increases the cell’s capacitance68.

The weight calculation of the active material was done by TGA analysis. Figure 4(d) displays the TGA study 
of MoS2 3D graphene hybrid over graphite. TGA spectrum shows two weight losses one at ~350 °C and other 
at around 500 °C. Weight loss i.e. 5% at 350 °C corresponds to 3D graphene69. While the weight loss i.e. 2.5% at 
around 500 °C corresponds to MoS2 nanoflowers59. From the TGA calculation, the weight of the active material 
comes out to be 1.1 mg, which has been used to calculate the specific capacitance (using eq. 1) of 58.0F/g.

To further understand the superior performance of the MoS2-3D graphene hybrid electrode, electrochemical 
impedance spectroscopy (EIS) is performed by electroactive materials to analyze the kinetic feature of the ion 
transportation and ion diffusion in the porous hybrid electrode in aqueous electrolyte system. Figure 4(e) shows 
the Nyquist plot obtained at the frequency range from 100 kHz to 0.1 Hz with different amplitude of single sin 
wave (0.005, 0.01, 0.015, and 0.02 V RMS value). The calculated internal resistance (Rs) for MoS2-3D graphene 
hybrid is 18.66 ohm. The corresponding equivalent circuit has been shown in Figure S5 in Supplementary 
Information. A sharp increase of the impedance plot at low frequencies indicates the capacitive behavior of the 
electrode. It is observed that like an ideal double-layer capacitor, the plot comes out to be a vertical line, parallel 
to the imaginary axis70. The enchantment in energy density is found to be attributed to the enlarge operating 
potential voltage of 2.7 V in the gel electrolyte (PVA with KOH) and the relatively high specific capacitance of 
both electrodes, especially the negative electrode, was found which is very important for the solid state devices. 

Nanomaterial Energy density Power density Capacitance (F/g) Reference

Co3O4 80 Wh/Kg 20 W/Kg 3560 14

RuO2.nH2O 10.62 WhJ/g 4.456 kW/Kg 570 71

BCN 244 72

Carbon with PHEMA-co-TMPA — — 130 73

CNT and PEDOT 8.85 mWh/cm3 9.4 W/cm3 0.354 74

Carbon cloth with phosphoric acid doped 
polybenzimidazole 10 Wh/kg 300 W/kg 290 75

High specific surface Area (SSA) carbon 
and poly [2,5-benzimidazole] — — 248 76

polyaniline and sulfonated polymers — — 98 77

Graphene 82 kW/kg 32.3 W/Kg 98 78

rGO 34 µWh/cm2 56.11 79

3D graphene-MoS2 hybrid 24.59 Wh/Kg 8.8 W/kg 58 F/g Present work

Table 1. Comparative studies of recently reported solid state supercapacitor utilizing various electroactive 
materials.
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The stability curve strongly indicates that about 90% of the initial capacitance can still be retained after 1400 cycle 
at the scan rate of 100 mV/s (Fig. 4f), refers to the superior cycling performance.

Figure 5(a) displays the digital image of fabricated solid state device. Finally, the solid state supercapacitor 
response has been monitored by using red LED. Four devices were connected in series to monitor the response of 
red LED. The devices were charged with 9 V battery for 25 s.

After that the LED was connected to the devices, the response was monitored through LED glow. With 25 s 
of charging the LED glows for 40 s. The video recording is added to the Supplementary data. This reveals that the 
present fabrication of the device completely work as solid state supercapacitor. Figure 5(b) displays the charging 
of four devices in series connection and the inset represents the response of the LED after charging of the solid 
state supercapacitor. The practical applicability of the device is demonstrated by the lighting of a red LED bulb. 
Four devices of the exact same dimensions and similar mass loading were connected in series and charged by a 
9 V battery for 25 s. On connecting the device array to the LED, it remained lit up for an impressive 40 s before 

Figure 3. Schematic process flow for the fabrication of device using graphite as current collector. On top of 
graphite 3D graphene was grown further which was kept in 5 mg/mL solution of MoS2 of isopropyl alcohol 
and finally by using PVA-KOH solution two plates of graphite were assembled to prepare real solid state 
supercapacitor.
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dying out. The longer discharge time compared to the charging time makes the device suitable for use in practical 
energy storage and transfer application.

The Table 1 depicts the comparative statements of recently reported solid state supercapacitors utilizing var-
ious electroactive materials along with our present findings. Although the specific capacitances of the devices 
made of active materials like RuO2, high-SSA Carbon and BCN, are quite high but the corresponding energy 
density is low that may be due to the shorter range of working potential. However, it is quite challenging to expand 
the working potential of the electrode for the practical use of device in real field of application. Common tech-
nique is to utilize the ionic liquid based electrolyte like BMIM, which screens the ionic interaction of ions with 
C ≡ N moieties and make them free to move. This may assist the fast ion transport. Thus, expanding the working 
potential without introducing ionic liquid can lead to a successful attempt for the development of solid state 
supercapacitor. The carbon cloth with phosphoric acid doped polybenzimidazole, Co3O4 and polyaniline with 
sulfonated polymers show significant enhancement of Csp due to pseudocapacitance, which is better to avoid for 
long term durability of the practical devices. The present report focus on the 3D graphene-MoS2 hybrid for the 
development of real solid state supercapacitor which not only works well in negative potential but also expands 
significantly in positive working potential. The overall potential window for solid state supercapacitor is quite 
high which is about to be 2.7 V (i.e. −1.5 V to +1.2 V) in KOH-PVA medium without utilizing any expensive 
ionic liquid mediums. Recently a solid state architecture has been designed using a similar heterostructure66, 
however a costlier growth technique has been adopted where for the graphene growth was performed in 1000 °C 
in CVD setup. In contrast our study shows a very simpler and cost effective process via chemical route to design 
heterostructure. In comparison to the device performance, they report the specific capacitance of 19.44 F/cm3 in 
contrast to our device as 58.0 F/g. Here, it is noticed that the straight forward comparison is not feasible because 
the analytical approaches are entirely different.

Figure 4. Comparison of MoS2-3D graphene hybrid in solution and solid state supercapacitor (b) scan rate 
studies of device (c) charge discharge studies. (d) TGA analysis of the hybrid material over graphite. (e) Nyquist 
plot for MoS2-3D graphene hybrid, (f) Cycle performance measured at 100 mV/s, and measured loss of stability 
is found to be 10% after 1400 cycles.
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Conclusions
MoS2 was successfully paired with 3D graphene to fabricate a flexible, solid-state supercapacitor with outstanding 
performance. The facile method of fabrication can easily be scaled up at minimal cost to create a large array of 
supercapacitors which is lightweight and reliable. An immediate application can be found in solar energy storage 
due to its large energy storage capacity in a short span of time in purely EDLC type nature. The specific capac-
itance of the solid state supercapacitor comes out to be 58 F/g with energy density of 24.59 Wh/Kg and power 
density of 8.8 W/kg. It can be a partial replacement of conventional batteries and can be easily incorporated into 
flexible and thin electronics due to its high stability, thinness and flexibility. The operating potential window can 
be further enhanced by using an ionic-liquid gel-based electrolyte. Other transition metal dichalcogenides can 
also be investigated along with MoS2 for their supercapacitor performance on top of 3D graphene matrix.

Experimental Section
Materials. Graphite, ammonium molybdate, ascorbic acid, isopropyl alcohol, thiourea were purchased from 
sigma aldrich. All the solutions were prepared in deionized water. KOH was purchased from TCI chemicals.

Synthetic and fabrication procedures. Synthesis and Purification of MoS2. The MoS2 nanoflowers were 
synthesized by a hydrothermal method using ammonium molybdate and thiourea as a starting precursor. Briefly, 
1 M solution of ammonium molybdate and 5 M solution of thiourea were prepared separately and transferred into 
a teflon-lined stainless steel autoclave (100 mL capacity) and hydrothermal reaction was carried out at 180 °C for 
24 h. Black precipitate was obtained followed by washing with deionized water and absolute ethanol. The washing 
procedure is repeated several times until the final product is free of any trace amount of residual ions. The final 
product was dried at 80 °C for 12 h.

Figure 5. (a) Digital image of the single device. (b) Four devices fabricated and connected in series. (c) Digital 
image of the four devices connected in series (Charging for 25 s), Inset figure digital image of LED glow 
(Discharging for 40 s).
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Modification of the electrode. The as-synthesized MoS2 nanospheres were coated on a polished GC electrode 
surface (GC, diameter = 2 mm) to modify the Glassy Carbon (GC) electrode. For the coating, a solution of 1 mg/
mL of MoS2 was prepared in isopropyl alcohol from which 5 µL was drop casted over the GC electrode surface. 
The prepared electrode was kept in a vacuum desiccator for 24 h to form a uniform layer over the surface. Cyclic 
voltammetry was carried out using a CHI electrochemical workstation with a three electrode system. While the 
MoS2-modified electrode was the working electrode, Ag/AgCl in sat. KCl was used as the reference electrode and 
platinum electrode was the counter electrode. These were dipped in 0.1 M KOH electrolyte.

Preparation of square shaped graphite electrodes. We followed the modified hydrothermal reduction method 
for the deposition of 3D graphene onto the graphite electrodes. Briefly, two rectangular pieces were taken from a 
graphite sheet and they were dipped into 10 mL of 5 mg/mL aqueous dispersion of graphene oxide (GO). This was 
freeze dried at −20 °C for 12 h. After the solution temperature was brought to room temp, 0.6 ml of 2 M ascorbic 
acid (AC) was added to the graphene oxide aqueous dispersion and the mixture was sealed in a teflon-lined auto-
clave and heated in an oven at 120 °C for 4 h, followed by drying of the attached graphite pieces in an oven set at 
60 °C for 6 h. Once the drying was completed, the graphite pieces were dipped into a 5 mg/mL dispersion of MoS2 
in isopropyl alcohol for 12 h. The graphite pieces were finally taken out and dried in an oven at 60 °C for 12 h.

Fabrication of Solid-state Supercapacitor. 0.5 g of poly-vinyl alcohol (PVA) was added in small amounts to 9 mL 
of boiling de-ionized water under constant stirring with a magnetic heater-stirrer. Once the PVA gel reached a 
uniform consistency and bubbles started to form, 1 ml of 0.5 mg/mL aqueous solution of KOH was added into the 
gel drop wise under constant stirring. On attaining homogeneity, a piece of whatman filter paper was cut, soaked 
in the gel and placed in between the two electrode pieces. This arrangement was left to dry for 12 h and hence, the 
final device was completely fabricated.
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