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We developed a facile, rapid, scalable, and environmentally friendly route to synchronously achieve 

ultrathin, high-quality graphene and MnO2 nanosheets, which spontaneously migrated and coassembled 

on a cathodic 3D Ni foam. The resultant 3D MnO2/graphene electrodes exhibited excellent performance 

for a supercapacitor in terms of capacitance, rate capability and cycle life. 
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1. INTRODUCTION 

Currently, supercapacitors as a promising energy source have been extensively studied [1-6]. 

Their performance depends to a large extent on the type and microstructure of the electrode materials, 

including power density and energy density. As a supercapacitor electrode material, MnO2 exhibited 

exceptional competitiveness due to its abundance, environmental friendliness and very high theoretical 

capacitance (1232 F g-1) [7, 8]. However, drawbacks in the conductivity and stability of MnO2 limit its 

practical applications for supercapacitors.  
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The hybridization of MnO2 electrodes with conducting carbon materials has been demonstrated 

to be a good strategy to address its problems. In this way, carbon nanotubes[9], activated carbon[10] and 

graphene[11-15], have been explored for the fabrication of MnO2-based supercapacitors. For instance, 

Qian fabricated 3D porous graphene-MnO2 composites by depositing MnO2 particles on graphene by 

freeze-drying, and these composites achieved a high capacitance of 258 F g-1[16]. Peng developed quasi-

2D MnO2/graphene nanosheets used for in-plane supercapacitors with a capacitance of 267 F g-1[17]. 

Despite great progress, the fabrication of MnO2/graphene electrodes often suffer from a multistep, 

complicated and costly procedure; thus, the development of new fabrication approaches for high-

performance MnO2-based hybrid electrode materials is urgently needed. 

Herein, we propose a facile strategy to prepare a MnO2/graphene composite electrode via an 

electrochemically assisted route. High-quality conductive graphene was exfoliated from anodic graphite 

and accompanied with the growth of ultrathin MnO2 nanosheets from an electrolyte solution. Following 

that, the electrochemically exfoliated graphene and ultrathin MnO2 nanosheets simultaneously rapidly 

migrated and spontaneously assembled on the cathodic 3D Ni foam. The resultant 3D MnO2/graphene 

electrodes achieved excellent capacitance (607 F g-1 at 1 A g-1), high rate capability and super cycling 

stability (94.1 % after 10000 charge-discharge cycles). 

 

2. EXPERIMENTAL 

2.1 Synthesis of MnO2/graphene composites.  

 

The MnO2/graphene composites were synthesized using a unique electrochemical technique that 

is simple, green and inexpensive. In a typical synthesis, we performed a two-electrode system using 

graphite flakes as the anode and Ni foam as the cathode (both with a working area of approximately 

2.0*1.0 cm2), and the electrolyte was a mixed aqueous solution containing 20 mg KMnO4 and 100 mL 

0.1 M Na2SO4. When a direct current voltage of 10 V was applied to the two-electrode setup, vigorous 

bubbles were produced at the electrodes, and anodic graphite began to dissociate into graphene sheets, 

which were dispersed into the electrolyte. Meanwhile, MnO4
- was reduced to MnO2 on the surface of 

the cathodic Ni foam. The reaction took place at 25 °C for 30 min. Then, the MnO2/graphene composites 

were washed three times with H2O and dried at 60 °C for 12 h. 

 

2.2 Electrochemical Measurements.  

 

The electrochemical properties were performed using a PARSTAT 4000 workstation (Princeton 

Applied Research, Ametek, USA) with a standard three-electrode system. Using the prepared samples 

as the working electrodes with a Pt clamp, a Pt gauze as the counter electrode, and a saturated calomel 

reference electrode. Cyclic voltammetry with various scan rates between 0.0 and 0.8 V was conducted 

in 1 M Na2SO4. The galvanostatic charge-discharge measurements (GCD) and cycle stability were 

performed on a LAND CT-2001A. 
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2.3 Characterization 

 

The morphology of the MnO2/graphene composite was observed by SEM (JEOL JSM-7401F) 

with an accelerating voltage of 1.0 kV. To understand the surface information of the as-synthesized 

samples, XPS (AXIS ULTRA DLD, Kratos, Japan) was conducted to analyze the composition of the 

sample surface. The Raman spectra were obtained using a laser micro-Raman spectrometer (Renishaw 

inVia) employing an argon-ion laser with an incident wavelength of 532 nm. 

 

 

3. RESULTS AND DISCUSSION 

Our previous study demonstrated that high-quality graphene can be directly exfoliated from 

graphite and self-assembled on a cathodic Ni foam with the assistance of an electric field, which makes 

it possible for one-step growth and coassembly of electrochemical exfoliated graphene and ultrathin 

MnO2 nanosheets on the cathodic surfaces. [18] As shown in Figure 1, electrochemical exfoliation of 

graphite was conducted in a two-electrode reaction system in which graphite flakes and Ni foam worked 

as an anode and cathode, respectively. Electrolyte was prepared by mixing 100 ml of 0.1 M Na2SO4 and 

20 mg KMnO4. Under a direct current voltage of 10 V, the graphite gradually dissociated and dispersed 

into the electrolyte. The exfoliated graphene sheets were investigated by SEM and TEM (Fig. 2), which 

clearly demonstrates the formation of high-quality, few-layer graphene nanosheets. Despite the high 

quality of the graphene, the resulting graphene derived from an electrochemical-assisted exfoliation still 

possessed negative charges at their edges, which would prompt their assembly on the Ni foam surfaces 

due to electrostatic interactions. Meanwhile, MnO4
- was reduced to MnO2 nanosheets by the following 

reaction (1), and these sheets spontaneously assembled on the Ni foam surface under an electric field. 

Therefore, the hybrid MnO2/graphene composites on 3D Ni foam can be obtained via one-step growth 

and coassembly resulting in high-quality EG and ultrathin MnO2 nanosheets. 

MnO4
- + 2H2O + 3 e-            MnO2 + 4OH-            (1) 

 

 
 

Figure 1. Schematic illustration of one-step electrochemical preparation of exfoliated graphene and 

ultrathin MnO2 nanosheets with their coassembly on 3D Ni foam electrodes. 
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Figure 2. SEM (a) and TEM (b) images of the exfoliated graphene nanosheets. 

 

The structure of the MnO2/graphene composites was characterized by Raman spectroscopy (Fig. 

3a). The Raman spectrum of the MnO2/graphene composites presents three obvious, characteristic 

vibration bands at 1350 cm-1, 1583 cm-1 and 2700 cm-1, corresponding to the D, G and 2D bands of 

graphene, respectively. In addition, the Raman peak located at 640 cm-1 can be attributed to Mn-O 

vibrations, revealing the presence of MnO2. X-ray photoelectron spectroscopy (XPS) was used to 

estimate the various chemical states of the bonded elements. As shown in Figs. 3b-d, the Mn 2p XPS 

spectrum shows two major peaks centered at approximately 654.2 eV and 642.6 eV, corresponding to 

Mn 2p1/2 and Mn 2p3/2, respectively. The characteristic of the MnO2 phase with a spin-energy 

separation of 11.6 eV coincides with a previous report. [19] Additionally, the XPS spectrum of C 1s 

shows three signals of C-C (284.6 eV), C-O (286.7 eV) and O-C=O (288.6 eV), which are possibly from 

the covalent oxygen groups on the graphene (Fig. 3d). 

 

 

Figure 3. (a) Raman pattern and (b-d) XPS spectra of the MnO2/graphene samples. 

. 
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The morphologies of the MnO2/graphene composites were further examined by scanning electron 

microscopy (SEM). Figs. 4a and b show representative SEM images of MnO2/graphene with a highly 

porous nanostructure, which is composed of dense MnO2 nanosheets with a thickness of ~10 nm. The 

MnO2 nanosheets are homogeneously and tightly anchored onto the graphene surfaces. There is no 

collapse of the Ni foam struts or obstruction of the pores, indicating the strong mechanical strength of 

the MnO2/graphene and the uniform dispersion of the MnO2 nanosheets.  

 

 
 

Figure 4. (a, b) SEM images of the MnO2/graphene composites; (c) SEM images and corresponding 

EDS elemental mapping images of (d) C, (e) O and (f) Mn. 

 

Table 1. Element composition of the MnO2/graphene composites. 

 

Element Wt.% Atom % 

C 5.12 7.91 

O 24.16 50.00 

Mn 57.14 34.44 

Ni 13.57 7.65 

Total 100.00 100.00 
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Figure 5. X-ray diffraction (XRD) measurement of the MnO2/graphene composites. 

 

Furthermore, the elemental mappings of C, O and Mn were investigated from a square region on 

the foam (Figs. 4c-f), suggesting a continuous, uniform distribution of MnO2 and graphene on the 3D Ni 

foam surfaces. The corresponding EDS mapping also revealed that the C element content of the 

MnO2/graphene composites is approximately 7.91 % (atomic ratio, Table 1). In addition, except for the 

peaks associated with the Ni foam substrate, no other peaks are present in the X-ray diffraction pattern 

of the MnO2/graphene (Fig. 5), which further confirms its amorphous structure.  

 

 

Table 2 Specific capacitance and retention of the supercapacitors based on MnO2/graphene at a current 

density of 1 A/g 

 
 

Samples 

Specific 

capacitance 

(F g-1) 

Capacitance retention 

(%- cycles) 

 

Reference 

MnO2/graphene 158 83.4-5,000 [21] 

MnO2/graphene 280 99-1,0000 [22] 

MnO2/graphene 306 95.2-5,000 [23] 

MnO2/graphene 324 96.8-1,000 [24] 

MnO2/graphene 350 93-5,000 [25] 

MnO2/graphene 358 80-1,000 [26] 

MnO2/graphene 476 - [27] 

MnO2/graphene 607  94-1,0000 This work 

MnO2/graphene         607          94-1,0000 This work 
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In view of its unique structure and morphology, the as-prepared MnO2/graphene composites were 

expected to possess excellent electrochemical performance for a supercapacitor. The performance of 

MnO2/graphene composites was further evaluated in a three-electrode test cell. Figure 6a presents 

current-voltage (CV) curves of the MnO2/graphene composites in a 1 M Na2SO4 electrolyte at different 

scan rates from 0.0 to 0.8 V. The CV scans exhibited rectangular shapes and symmetry, indicating their 

ideal pseudocapacitive behavior. The specific capacitances were 607, 482, 214, and 171 F g−1 at current 

densities of 1, 2, 4 and 8 A g-1, respectively, calculated by the formula of C = IΔt/(ΔVm)[20]. Here, I, Δt, 

m and ΔV correspond to the discharge current, time, the mass of the active materials and the potential 

change during discharge, respectively.  

As shown in Figure 6a, the specific capacitance gradually decreased with increasing current 

density. Notably, the specific capacitance of the samples reached 607 F g−1 at 1 A g−1, exceeding the 

common MnO2/graphene-based materials (Table 2). The uniform hybridization and coassembly between 

MnO2 and high-quality graphene would ensure their high conductivity and good pseudocapacitive 

properties thus contributing to their remarkable capacitance. The Nyquist plot in Figure 6c shows a 

resistance of 3.2 Ω of the device, revealing the high conductivity of the samples. Moreover, the 3D 

porous structure of MnO2/graphene can effectively facilitate electrolyte diffusion and propagation of 

electrons, enabling the high specific capacitance of the MnO2/graphene composites. 

 

 

 
 

Figure 6. Electrochemical performance of the MnO2/graphene composite. (a) CV curves at different 

scan rates; (b) Gravimetric specific capacitance of MnO2/graphene composite as a function of 

the current densities (the inset illustrates galvanostatic charging/discharging curves at various 

current densities); (c) Nyquist plot of the MnO2/graphene composite; and (d) Cycling 

performance of MnO2/graphene composite at 1 A g-1. 
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Figure 6d shows that the 3D MnO2/graphene composite supercapacitor exhibited outstanding 

cycling stability at a current density of 1 A g-1. The retention can reach 94 % of the initial capacitance 

even after 10000 cycles. By comparison, the MnO2 film without graphene only retained 24.4 % of the 

initial capacitance after 2000 cycles (Figure 7). These results highlighted the significant role of the 

hybrid interface between MnO2/graphene in electron transport. 

 

 

 

Figure 7. Cycling performance of MnO2 without graphene at 1 A/g. 

 

 

4. CONCLUSIONS  

In conclusion, we demonstrate a one-step electrochemical approach to cooperatively grow and 

assemble MnO2 and graphene on 3D Ni foam. The electrochemical-assisted hybridization of MnO2 

nanosheets with high-quality graphene as well as the unique architecture of the 3D skeleton provided 

MnO2/graphene composites with high conductivity, ion diffusivity and capability to accommodate 

volume changes during faradaic reactions. As a result, the as-prepared 3D MnO2/graphene composites 

possess high specific capacitance (607 F g-1), remarkable rate capability and superlong cycle life (94 %, 

after 10,000 continuous charge-discharge cycles) when used as electrode materials for supercapacitors. 

Our study provides new insight into the facile fabrication of multicomponent hybrids towards high-

performance energy storage devices. 
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