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Abstract: A hybrid supercapacitor is a promising energy storage device in view of its excellent capacitive performance. 

Commercial three-dimensional foam nickel (Ni) can be used as an ideal framework due to an interconnected network structure. 

However, its application as an electrode material for supercapacitors is limited due to its low specific capacity. Herein, we report 

a successful growth of MnO2 on the surface of graphene by a one-step hydrothermal method; thus, forming a three-dimensional 

MnO2-graphene-Ni hybrid foam. Our results show that the mixed structure of MnO2 with nanoflowers and nanorods grown on 

the graphene/Ni foam as a hybrid electrode delivers the maximum specific capacitance of 193 F·g-1 at a current density 0.1 A·g-1. 

More importantly, the hybrid electrode retains 104% of its initial capacitance after 1,000 charge-discharge cycles at 1 A·g-1; 

thus, showing the potential application as a stable supercapacitor electrode. 
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1. INTRODUCTION 

In the recent decades, renewable energy sources such as 

solar energy, wind energy, hydrogen energy, bioenergy, etc 

have gained considerable importance. Due to high-

performance energy storage characteristics, a wide variety of 

energy storage devices, such as: solar cells, lithium-ion 

batteries, supercapacitorsetc have been developed which find 

wide applications in electric/hybrid vehicles, commercial 

wearable electronic devices, industrial electricity, and other 

aspects [1-3]. Among them, supercapacitors have become a 

hot research topic due to their advantages such as high power 

density, fast charging and discharging speed and excellent 

cycle stability [4]. Based on the mechanism of energy storage, 

the electrode materials of supercapacitors can be divided into 

two categories: (1) Transition metal oxides such as: nickel 

oxide, manganese dioxide, tin dioxide, ruthenium dioxide with 

pseudo-capacitance characteristics [5-8]. (2) Carbon-based 

materials such as: activated carbon, carbon nanotubes, 

graphene having electric double layer capacitance 

characteristics [9-11]. Among these electrode materials, 

manganese dioxide has attracted widespread attention due to 

its high theoretical specific capacitance (1,370 F·g-1), simple 

preparation process, environmental friendliness, and other 

characteristics [12]. However, low conductivity and complex 

crystal structure of manganese dioxide severely limit its 

electrode activity, and the specific capacitance obtained is 

much lower than the theoretical value [13].  

In order to improve the conductivity and actual specific 

capacitance of manganese dioxide, researchers have followed 

two routes: (1) Preparation of α, β, γ, δ and other manganese 

dioxide electrode materials with various crystal structures 

using hydrothermal method, electrodeposition method, 
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chemical and liquid phase method etc, and studying different 

electrochemical properties of these crystal structures [14-16]. 

(2) Using highly conductive activated carbon, carbon 

nanotubes, graphene, etc as the carrier of manganese dioxide 

to prepare a composite electrode of manganese dioxide and 

carbon-based materials having different nanostructures such 

as: nanoflower, nanorod, tubular and nanofiber, etc., and 

comparing their electrochemical properties [17-21]. In spite of 

the large number of manganese dioxide/carbon matrix 

composites being reported, fully balancing the electrochemical 

activity, conductivity and stability is still a challenging task.  

In this manuscript, one-step hydrothermal method was used 

for the successful growth of various nanostructures of 

manganese dioxide on the three-dimensional graphene/foam 

nickel skeleton like nano-flower, mixture of nano-flower and 

nano-rod, and nano-rod-like structure to investigate the 

morphological effect in nanostructures. After systematic 

characterization of the manganese dioxide/graphene/foam 

nickel heterojunction electrode structure, the electrochemical 

properties of manganese dioxide/graphene/foam nickel 

heterojunction electrode were tested. The study found that 

when the hydrothermal reaction temperature was 120℃ and 

the hydrothermal reaction time was 1 h, the resulting 

manganese dioxide/graphene/foam nickel electrode showed 

the largest specific capacitance (193 F·g-1) and maintains 

excellent cycle stability, thus showing promise as a high-

performance supercapacitor electrode material. 

 

 

2. EXPERIMENTAL 

2.1 Chemicals and materials 

The chemical reagents involved in the experiments, such as 

polystyrene, absolute ethanol, acetone, polyethylene glycol, 

hydrochloric acid, sodium sulfate, potassium permanganate 

and etc were of analytical grade. The density of nickel foam 

used in the experiment was 0.38 g/cm2, and the thickness was 

1.6 mm. 

 

2.2 Heterojunction preparation 

Graphene/foam nickel heterojunction preparation: 

Nickel foam (1 cm × 3 cm × 1.6 mm) was ultrasonically 

cleaned by acetone, dilute hydrochloric acid and absolute 

ethanol successively for the removal of surface impurities 

before putting it into the oven for drying. Polystyrene was 

packed into glass container which was then sealed with tin foil, 

leaving small holes in the foil to produce hydrocarbons during 

the heating of polystyrene. With nickel foam as the catalyst 

base, it is placed in the middle of tube furnace where 

polystyrene behaves as the carbon source. The tubular furnace 

was 3 times pumped with a gas mixture of arg on and hydrogen 

having a volume ratio of 9:1 maintaining a gas flow rate of 400 

sccm. After reacting at 1,000℃ for 10 min, the tubular furnace 

was naturally cooled down to obtain a heterojunction of 

graphene/nickel foam.  

Manganese dioxide/graphene/foam nickel heterojunction 

preparation: 0.5 g of potassium permanganate and 0.2 g of 

polyethylene glycol were weighed into 40 mL deionized water 

which was then ultrasonically dispersed and stirred evenly and 

then the solution was transferred to a reactor having 50 mL 

capacity. Then the graphene/nickel foam prepared as above is 

placed into the reactor and two groups of comparative 

experiments were designed. In the first group of experiments, 

the hydrothermal reaction temperature was varied from 100, 

120, 140 and 160℃ keeping 1 h as the hydrothermal reaction 

time. In the second group of experiments, the reaction time 

was varied at 0.5, 1 and 2 h, maintaining a constant 

hydrothermal reaction temperature of 120℃. After the 

completion of hydrothermal reaction, the obtained samples 

were naturally cooled, and washed repeatedly with deionized 

water, and then dried in an oven at 60℃ for 12 h. 

 

2.3 Material characterization 

The morphology of the samples was observed by field 

emission scanning electron microscope (SEM, Hitachi S-

4800). X-ray diffractometer (XRD, Cu K light source, Bruker 

D8 Advance) in the angle range of 10~80° was employed to 

investigate structural parameters of the obtained samples. 

Raman spectra of the samples were measured using Renishaw 

Raman tester having laser wavelength of 532 nm. The intrinsic 

properties of the samples were characterized by X-ray 

photoelectron spectroscopy (XPS, K-Alpha 0.5 eV). The 

specific surface and porosity analyzer of American Konta 

Instrument Company model SI-MP was employed for carrying 

out the nitrogen adsorption and desorption test; The specific 
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surface area was determined by the fully automatic specific 

surface area method and the pore size distribution was 

calculated by a porosity analyzer.  

 

2.4 Electrochemical performance test 

The electrochemical test was carried out in an 

electrochemical workstation (CHI660) employing a three-

electrode system, where an aqueous solution of 1 mol· L-1 

Na2SO4 was used as the electrolyte, platinum sheet (1 cm × 1 

cm) as the counter electrode, and Ag/AgCl as the reference 

electrode. As working electrode, 1 cm × 1 cm of the above 

prepared manganese dioxide/graphene/nickel foam 

heterojunction was directly used. The voltage range during the 

cyclic voltammetric (CV) measurements was -0.2 V to 0.8 V 

(vs Ag/AgCl) with sweep rates set to 5, 10, 30, 50 and 100 

mV·s-1. The voltage range of during the constant current 

charge and discharge (GCD) test, the voltage range was set at 

-0.2 V to 0.8 V (vs Ag/AgCl) with the current density set to 

0.1, 0.3, 0.5, 1, 3 and 5 A·g-1. The mass ratio capacitance of 

the supercapacitor electrode was calculated as follows: �� =

� × ∆�/(� × ∆�), where I is the constant current, t is the 

discharge time, m is total mass of the heterojunction electrode, 

and V  is the potential difference during discharge. Ac 

impedance test (EIS) was carried out in the frequency range of 

100 kHz ~ 10 mHz and an AC amplitude of 5 mV.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure characterization 

The microscopic morphology of manganese dioxide/ 

graphene/nickel foam heterojunction is shown in Fig. 1. The 

pleated structure of graphene thin film on the surface of nickel 

foam, as well as the manganese dioxide in graphene can be 

clearly seen from the figure. Various topography features of 

the surface can also be seen in the figure. For same 

hydrothermal reaction time, different morphologies of 

manganese dioxide nanostructures can be obtained at different 

hydrothermal reaction temperatures. For the hydrothermal 

reaction temperature of 100℃, Figs. 1(a), (b) show the 

distribution of a large number of nanoflower-like manganese 

dioxide on the surface of graphene. When the hydrothermal 

reaction temperature reached 120℃, in addition to 

nanoflower-like manganese dioxide, nanorod-like manganese 

dioxide are also distributed on the surface of graphene as can 

be seen in Figs. 1(c), (d). As evident from Figs. 1(e), (f), 

further increase of the hydrothermal reaction temperature to 

140℃ resulted in the appearance of a large number of 

nanoflower-like and nanorod-like manganese dioxide 

aggregates on the surface of graphene. And when the 

hydrothermal reaction temperature increased to 160℃, the 

structure was composed of nanorod-like structure as shown by 

Figs. 1(g), (h) graphene. Therefore, the nanostructure of 

manganese dioxide on the surface of graphene can be seen to 

vary with the hydrothermal reaction temperature as evident 

Fig. 1. SEM images of the MnO2/graphene/Ni for the reaction time of 1 h corresponding to different growth temperature: (a, b) 100℃, (c, d) 

120℃, (e, f) 140℃, and (g, h) 160℃. 
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from Fig. 1, changing from nanoflowers at low temperature to 

nanorods at high temperature. The change of crystal 

morphology is completely consistent with the Ostwald 

ripening mechanism of crystal growth [22-24]. The above 

experimental results are also consistent with our previous 

research results indicating change of morphology of 

manganese dioxide from nanoflowers to nanorods due to 

change of temperature under hydrothermal reaction conditions 

[25]. The difference is that in this experiment the growth of 

manganese dioxide is in the surface of graphene and due to the 

catalytic action of carbon the energy required for this 

morphological change is reduced, that is, the morphological 

change occurs at lower temperature. The equation is： 

 

4KMnO� + 3C + H�O → 4KMnO� + K�CO�  [25] 

 

In addition, the morphology change of manganese dioxide 

on the graphene surface was also observed with changing time 

of hydrothermal reaction maintaining the hydrothermal 

reaction temperature constant at 120℃, as shown in Fig. 2. 

When the hydrothermal reaction time was half an hour (0.5 h), 

growth of a large amount of nanoflower-like manganese 

dioxide can be seen on the graphene surface as seen in Figs. 

2(a), (b). Extending the hydrothermal reaction time to 1 hour 

showed the presence of both nanoflower-like and nanorod-like 

manganese dioxide on the graphene surface evident from Figs. 

2(c), (d).  

In addition, some purities like K, Ni and Al, which may be 

due to the presence of nickel foam, potassium permanganate 

solvent and other issues. Extending the hydrothermal reaction 

time to 2 h resulted in the accumulation of a large number of 

manganese dioxide nanoflowers and nanorods on the surface 

of graphene seen in Figs. 2(e), (f). This may be due to long 

reaction time, these manganese dioxide layers accumulate and 

get detached from the graphene surface. Although after a long 

hydrothermal reaction, nanorod-like manganese dioxide has 

been formed on the surface of graphene, there are still a large 

number of nanoflower-like manganese dioxide, which may be 

due to the low temperature of the hydrothermal reaction. 

Complete transformation of the nanoflower-like manganese 

dioxide into nanorod-like manganese dioxideis not possible 

[26]. 

Nickel foam-removed manganese dioxide/graphene 

heterojunction samples were transferred onto a micro-grid 

copper mesh for microstructural analysis by TEM [27]. Figure 

3 shows the TEM image of the manganese dioxide/grapheme 

heterojunction prepared by hydrothermal reaction at 120℃ for 

1 h. Figure 3(a) shows the distribution of manganese dioxide 

nanoflowers and nanorods in large areas of graphene surface. 

In Fig. 3(b), nanoflower-like manganese dioxide can be seen 

clearly seen adhering to the edges of graphene. The lattice 

spacing of the nanoflower surface as observed from the high-

resolution TEM image shown in Fig. 3(c) is 0.26 nm [28]. The 

transmission electron microscopy elemental analysis of Fig. 

 

Fig. 2. SEM images of the MnO2/graphene/Ni prepared at 120℃ for different growth time: (a, b) 0.5 h, (c, d) 1 h, and (e, f) 2 h. 
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3(d) shows uniform distribution of C but Mn and O are only 

obvious in the area where the nanoflowers gather, which fully 

demonstrates the formation of a heterojunction structure by 

manganese dioxide on the surface of graphene. 

For more detailed analysis of the structure of manganese 

dioxide on the surface of graphene, Raman spectrum of the 

manganese dioxide/graphene heterojunction obtained by 

hydrothermal reaction at 120℃ for 1 hour was measured, as 

shown in Fig. 4(a). The peak corresponding to the region of 

200~1,000 cm-1 is due to manganese dioxide, and the peaks in 

the region of 1,000~3,000 cm-1 is the peak due to graphene. In 

the high-frequency Raman spectrum, 2D and G bands were 

observed at ~2,680 cm-1 and ~1,590 cm-1, respectively, while  

 

the D band at ~1,350 cm-1 was due to impurity defects and 

these peaks are originated due to the presence of graphene 

[29]. In the low-frequency region of the Raman spectrum, the 

sharp peak at ~640 cm-1 originates from the stretching 

vibration of Mo-O perpendicular to the [MnO6] octahedron, 

and the peak at 507 cm-1 corresponds to the crystalline phase 

structure of nanoflower-like δ-MnO2 [30]. The peak at ~380 

cm-1 corresponds to the crystal structure of nanorod-like α-

MnO2 [31], and the peak at 613 cm-1 is similar to the tunnel 

structure of pyrolusite [32]. Presence of these spectral peaks 

indicates that the composite structure of nanoflowers and 

nanorods formed by manganese dioxide on the surface of 

graphene is consistent with the SEM morphology discussed 

  

Fig. 3. (a-c) TEM images of the MnO2/graphene at 120℃ for 1 h and (d) elemental mapping images. 

  

Fig. 4. Raman spectrum of the MnO2/graphene/Ni at prepared at 120℃ for a reaction time of 1 h: (a) survey scan, (b) MnO2, and (c) graphene 

Raman spectrums. 
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earlier.  

Figure 5 shows the XPS spectrum of the heterojunction 

formed on the surface of graphene by manganese dioxide 

corresponding to the hydrothermal reaction at 120℃ for 1 

hour. In Fig. 5(a), the survey spectrum shows the presence of 

C, Mn, O, Ni and K elements in the sample. Figure 5(b) shows 

the deconvulated C1s spectrum, which is derived from the 

graphene film formed on the nickel foam. The C1s peak can 

be decomposed into four minor peaks: sp2-C=C (284.5 eV), C-

O (285.4 eV), C=O (286.7 eV, epoxy), and O-C=O (293.2 eV, 

carboxyl) [33]. The deconvulated O 1s peak shown in Fig. 5(c) 

is significantly different from that of the pure manganese 

dioxide prepared by hydrothermal method [25]. In addition to 

the normal oxygen peak at 532.0 eV (O-C), the other peak at 

529.6 eV belongs to Mn-O of manganese dioxide [34]. The 

Mn 2p peak in Fig. 5(d) can be decomposed into two main 

sub-peaks corresponding to the binding energies of 642.6 eV 

and 653.9 eV belonging to Mn 2p3/2 and Mn 2p1/2, respectively. 

The spin energy gap is 11.3 eV, which further proves that 

manganese dioxide is formed on the surface of graphene [35]. 

Figure 6 shows determination of specific surface area, pore 

volume and pore size of the heterojunction formed on the 

                      

Fig. 5. XPS spectrum of the MnO2/graphene prepared at 120℃ for a reaction time of 1 h: (a) survey scan, (b) C 1s, (c) O 1s, and (d) Mn 2p

high-resolution spectrums. 

  

   

Fig. 6. Nitrogen adsorption-desorption isotherms (a) and 

corresponding pore size distributions (b) of the MnO2/graphene 

samples prepared at 120℃ for a reaction time of 1 h. 
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surface of graphene after hydrothermal reaction of manganese 

dioxide at 120℃ for 1 hour. The nitrogen adsorption 

desorption curves of the nanoflower-like and nanorod-like 

composite structure of manganese dioxide formed on the 

surface of graphene are shown in Fig. 6(a). The blue and red 

curves correspond to the nitrogen adsorption and desorption 

process of the sample, respectively. The specific surface area 

calculated by the BET method was 29.65 m2·g-1. Through the 

BJH pore size distribution curve shown in Fig. 6(b), pore 

volume of the sample can be calculated to be 0.02 cm3·g-1 and 

the pore sizes were found to be distributed in the range of 4~20 

nm. In general, large specific surface area and small pore size 

contribute to the diffusion of electrons and ions, resulting in 

better performance with respect to electrochemical energy 

storage [36].  

 

3.2 Electrochemical performance test 

No conductive agent or binder was needed to be added 

while using manganese dioxide/graphene/nickel foam 

heterojunction directly as working electrode for 

electrochemical performance test due to the unique self-

supporting structure of nickel foam. Three different 

hydrothermal reaction times for 120℃ temperature were used 

to prepare the manganese dioxide/graphene/nickel foam 

heterojunctions based composite electrode used for testing the 

electrochemical performance: 0.5 h in Fig. 7(a), 1 h in Fig. 

7(b) and 2 h in Fig. 7(c). For the CV curves of these 

heterojunctions, increasing the scanning rate from 5 mV·s-1 to 

100 mV·s-1 does not change the symmetrical rectangular 

shape, though gradually increasing the area enclosed by the 

CV curve, indicating gradual increase of the corresponding  

capacity. However, increasing the scan rate to 100 mV·s-1 

resulted in gradual deviation of the CV curve from the 

rectangular shape, indicating increasing pseudocapacitance 

contribution of manganese dioxide in addition to the double 

layer energy storage characteristics of graphene [37]. The 

variation of the CV curve for the heterojunction obtained after 

different hydrothermal reaction time for identical 

hydrothermal reaction temperature was compared for a scan 

rate of 5 mV·s-1. As shown in Fig. 7(d), extending the 

hydrothermal reaction time from half an hour (0.5 h) to 1 h 

resulted in an increase of the area enclosed by the CV curve 

indicating that the corresponding capacity also increases. It is 

                

Fig. 7. CV curves at different scan rates (5~100 mV·s-1) for the MnO2/graphene/Ni prepared at 120℃ for different reaction times of (a) 0.5 h,

(b) 1 h, (c) 2 h, and (d) comparative CV curves at a scan rate of 5 mV·s-1. 
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worth noting that further extension of the hydrothermal 

reaction time to 2 h resulted in decreasing area under the CV 

curve compared to that for the CV corresponding to reaction 

time of 1 h, although it was still larger than that of the CV 

curve corresponding to 0.5 h, indicating that excessive 

manganese dioxide deposition may inhibit the efficiency of 

electrode [38]. In summary, the heterojunction electrode 

prepared by hydrothermal reaction at 120℃ for 1 h has the 

highest charge storage performance.  

In order to further investigate the effect of hydrothermal 

reaction time of manganese dioxide on the electrochemical 

performance of graphene, the constant current charge and 

discharge curves of the electrode were tested at different 

current densities. The GCD curves of three heterojunction 

electrodes at the current densities of 0.1, 0.3, 0.5, 1, 3, and 5 

A·g-1 are shown in Figs. 8(a), (b), and (c), which correspond to 

the hydrothermal reaction times of 0.5 h, 1 h, and 2 h, 

respectively. All these curves show good triangular symmetry. 

Figure 8(d) shows the comparative GCD curves of the three 

heterojunction electrodes at the current density of 0.1 A·g-1. 

The discharge time of the heterojunction electrode was the 

longest when the reaction time was 1 h, indicating highest 

capacity of the prepared electrode. Figure 9(a) compares the 

changes of mass specific capacitance of the manganese 

dioxide/graphene/nickel foam heterojunction electrode 

prepared by varying reaction time at different current 

densities. For 0.1 A·g-1 current density, extending the 

hydrothermal reaction time from 0.5 h to 1 h resulted in an 

increase of specific capacitance of the heterojunction electrode 

from 44 F·g-1 to 193 F·g-1. But further extension of the 

hydrothermal reaction to 2 h resulted in the decrease of specific 

capacitance of the heterojunction electrode to 100 F·g-1, which 

indicated that high loading of manganese dioxide on the 

surface of graphene led to a decrease in utilization efficiency 

of the electrode. However, the specific capacitance of the 

heterojunction electrode was still much larger than that of the 

heterojunction electrode initially loaded with manganese 

dioxide. In addition, Fig. 9(a) also shows that specific 

capacitance of the heterojunction electrodes prepared under 

three hydrothermal conditions shows good rate characteristics. 

The electrochemical impedance spectra of three heterojunction 

electrodes were studied as shown in Fig. 9(b) for testing the 

conductivity of the heterojunction electrodes. The solution 

resistance of three electrodes is almost the same as all three 

electrodes are self-supporting electrodes based on three-

dimensional nickel foam skeleton and was tested in the same 

                   

Fig. 8. GCD curves at different current densities (0.1~5 A·g-1) for the MnO2/graphene/Ni samples prepared at 120℃ for varying reaction time 

of (a) 0.5 h, (b) 1 h, (c) 2 h, and (d) comparative GCD curves at a current density of 0.1 A·g-1. 
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electrolyte. However, different nanostructures of manganese 

dioxide on the surface of graphene result in different charge 

transfer resistance of the three electrodes, with the 

corresponding minimum (3.24 ) being obtained for the 

reaction time of 1 h. The charge transfer resistances 

corresponding to the reaction time of 0.5 h and 2 h were 4.36 

and 4.85 , respectively. This also shows that smaller the 

contact resistance, greater is the specific capacitance of the 

electrode [39].  

In order to explore the electrochemical stability of the 

manganese dioxide/graphene/nickel foam heterojunction 

electrode, a constant current charge and discharge test was 

performed on the electrode at a current density of 1 A·g-1 for 

1,000 times, as shown in Fig. 10. It can be seen that initially 

specific capacitance of the electrode was 105 F·g-1 which 

increased to 121 F·g-1 at 300 cycles, and the specific 

capacitance remained at 110 F·g-1 at 1,000 cycles. This may 

be due to the heterojunction electrode still maintaining an 

efficient ion transport channel after 1,000 cycles, so that the 

electrode can still reach a state of charge saturation after 

multiple cycles [40]. This fully demonstrates good 

electrochemical cycle stability of the manganese dioxide 

supercapacitor based on graphene heterojunction. 

 

 

4. CONCLUSION 

In this manuscript, graphene grown on the surface of three-

dimensional nickel foam was used as the catalytic substrate, 

and manganese dioxide with various nanostructures was 

successfully prepared on the surface of graphene by one-step 

hydrothermal method. Manganese dioxide/graphene/nickel 

foam was used as a self-supporting electrode to study its 

electrochemical performance. In the early stage of 

hydrothermal reaction, nucleation of manganese dioxide 

occurred on the surface of graphene and chemical reaction 

started to occur gradually with increasing hydrothermal 

reaction temperature. First, nano-flower-like manganese 

dioxide was formed, which was then converted into nano-

flower-like and nanorod-like mixed manganese dioxide. 

Finally, nanorod-like manganese dioxide was formed, which 

realized the effective regulation of manganese dioxide 

nanocrystal structure. By changing the hydrothermal reaction 

time, the manganese dioxide/graphene/nickel foam 

heterojunction electrode showed varying electrochemical 

behavior. Maximum mass specific capacitance of 193 F·g-1 

(current density is 0.1 A·g-1) was obtained when the 

hydrothermal reaction time was 1 h at a reaction temperature 

of 120℃. After 1,000 constant current charge and discharge 

cycles, it still maintains 100% of the initial capacity, showing 

great potential application value as an electrode material for 

supercapacitors. 

  

Fig. 10. The variation of specific capacitances of MnO2/graphene/Ni 

prepared at 120℃ for 1 h as a function of cycle numbers during 1,000 

GCD cycles at 1 A·g-1. 

 

 

Fig. 9. Comparative specific capacitances (a) and EIS spectrums (b)

of the MnO2/graphene/Ni samples prepared at 120℃ with varying

reaction time of 0.5 h, 1 h, and 2 h. 
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