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We report the development of MnO2/porous carbon microspheres with partially graphitic structure for high performance supercapacitor 

electrode materials. Micro- and mesoporous carbon microspheres were fabricated based on a hydrothermal emulsion polymerization and 

common activation process. Manganese nitrate was introduced into the porosity of the carbon microspheres, followed by thermal 

treatment to transform into amorphous MnO2. As-prepared MnO2/porous carbon microspheres with high specific surface area (up to 

1135 m2 g−1) and regular geometry (0.5−1.0 µm in diameter) benefit fast ion-transport and rapid charge–discharge, and contribute 10 

double-layer capacitance to the hybrid electrode. Besides, manganese dioxide shows high pseudocapacitive behaviour due to faradaic 

redox reaction. Furthermore, the introduction of MnO2 greatly promotes the graphitization degree of the carbon matrix. A typical 

MnO2/carbon sample shows partially graphitic structure with a very low intensity ratio of Raman D to G band (ID/IG=0.27), which 

substantially increases the electronic conductivity and reduces the internal resistance (decreased from 0.42 to 0.20 Ω). As a result, the 

MnO2/porous carbon microspheres as supercapacitor electrode exhibit excellent electrochemical performance (459 F g−1 at 1.0 A g−1 and 15 

354 F g−1 at 20.0 A g−1 in 6 M KOH electrolyte). The well-developed MnO2/carbon hybrid materials with a high charge–discharge rate 

capability coupled with a high electrochemical capacitance highlights the great potential for widespread supercapacitor applications.  

Introduction 

During the past several decades, the global energy consumption 

has been accelerating at an alarming speed because of the fast 20 

worldwide economic expansion and population increase, and ever 

increasing human reliance on energy-based appliances.1 As a 

result, developing green, highly efficient, and sustainable energy 

sources, as well as advanced technologies associated with energy 

conversion and storage becomes a very important work.2 Due to 25 

their long cycle life, excellent pulse charge–discharge capability, 

environmental friendship and products safety, supercapacitors are 

a preferred choice in a wide range of applications, e.g., electric 

vehicles, short-term power sources for mobile electronic devices 

and other renewable energy storage systems.3-8 Generally, 30 

supercapacitors could be classified into electrical double layer 

capacitors and faradaic pseudo-capacitors on the basis of the 

energy storage mechanism. In electrical double layer capacitors, 

the capacitance comes from the pure electrostatic charge 

accumulated at the electrode/electrolyte interface; 7 while in 35 

pseudo-capacitors, the energy is stored by a fast and reversible 

faradaic redox reaction in the electrode surface formed with 

electroactive materials, such as transition metal oxides and 

conducting polymers.9, 10  

Carbon materials have been widely used in electrical double 40 

layer capacitor electrodes because of good electronic conductivity 

and chemical stability.11 High-surface-area microporous carbons 

(e.g. activated carbons) exhibit high capability for charge 

accumulation at the electrode–electrolyte interface, which 

contributes to large capacitance.12,13 While mesoporous carbons 45 

are favorable for high transportation speed of electrolyte ions, and 

thus show better charge–discharge rates, especially under high 

loading current density.14-17 Besides, porous carbon microspheres 

with regular morphology and adjustable porosity and diameter 

can decrease the resistance of ion diffusion, and the package 50 

porosity among carbon spheres benefits the generation of ion 

buffer reservoirs and reduces ion diffusion distance.18-20 Thus, it 

is desirable to design and fabricate micro- and mesoporous 

carbon microspheres with regular geometry and well-developed 

pore structure for tailoring high performance electrodes to be 55 

used in electrical double layer capacitors.19 On the other hand, 

various transition metal oxides, such as RuO2, MnO2, IrO2, NiO, 

Co2O3, etc., show good capacitive properties and are considered 

as suitable electrode materials for faradaic pseudo-capacitors.21-25 

Among these materials, amorphous hydrated ruthenium oxide is 60 

one of the most attractive candidates for the electrodes of 

electrochemical capacitors because of ideal pseudocapacitive 

behavior, high specific capacitance and excellent reversibility.10 

Unfortunately, high cost causes much difficulty in the 

development of RuO2 as commercial acceptable electrodes for 65 

faradaic pseudo-capacitors. MnO2 is one of the most promising 

substitute due to its low cost, low toxicity coupled with high 

specific capacitance (ca. 1110 F g−1).26-29  

Each type of electrode materials has its merits and demerits. 

Generally, carbon materials show high power density and long 70 

cycle life, but have low electrochemical capacitance.30 While 

transition metal oxides offer higher energy density than carbon 

materials and better cycling stability than polymer materials, but 

suffer a drawback of poor conductivity.25 Considering this and 

the aspects mentioned above, it has inspired efforts to develop 75 

hybrid of transition metal oxides (e.g. MnO2) and porous carbons 

(e.g. micro- and mesoporous carbon microspheres). In this case, 
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the electrode shows combined advantages of carbon and MnO2 

materials, and double-layer capacitance and pseudocapacitance 

contribute indivisible to the total electrochemical capacitance 

value of a supercapacitor. Such hybrid thus represents promising 

and innovative materials, and is supposed to be a preferable 5 

choice for supercapacitor electrode.  

Emulsion is a dispersion system which generally comprises 

emulsifier and at least two phases, a water phase and an oil 

phase.31 Emulsion polymerization is usually adopted to fabricate 

some commercially important polymers such as poly(vinyl 10 

chloride).32, 33 Recently, this method has been widely used for the 

synthesis of porous or spherical polymer (and carbon).34-37 In this 

work, we demonstrate the design and fabrication of partially 

graphitic MnO2/micro- and mesoporous carbon microspheres 

(denoted as MnO2/carbon) for high performance supercapacitor 15 

electrode. Micrometer-scaled carbon spheres with micro- and 

mesopores were synthesized via a hydrothermal emulsion 

polymerization and activation process. MnO2 was introduced into 

the porosity of carbon microspheres by using manganese nitrate 

as the precursor. High-surface-area porous carbon microspheres 20 

are beneficial for fast ion-transport and rapid charge–discharge, 

and provide double-layer capacitance to the hybrid electrode. 

While MnO2 embedded in the carbon matrix exhibits high 

pseudocapacitive properties. Besides, the presence of MnO2 

greatly promotes the graphitization degree of the carbons, which 25 

brings excellent electronic conductivity and very low internal 

resistance. A typical MnO2/carbon hybrid as supercapacitor 

electrode exhibits a high charge–discharge rate capability coupled 

with a high specific capacitance (459 F g−1 at 1.0 A g−1 and 354 F 

g−1 at 20.0 A g−1 in 6 M KOH electrolyte). Therefore, we believe 30 

that the well-designed MnO2/carbon composite materials with 

excellent electrochemical performance offer promising prospects 

for supercapacitor applications.  

Experimental section 

Materials 35 

Liquid paraffin (ρ = 0.84 g cm−3), Span 80, Tween 80, resorcinol, 

formaldehyde aqueous solution (37−40 wt.%), KOH, ethanol and 

Mn(NO3)2 were analytical reagents and were purchased from 

Sinopharm Chemical Reagent Co. Ltd. Graphite was supplied by 

Shanghai Colloid Chemical Plant. Polytetrafluoroethylene (PTFE, 40 

catalog number FR301B) was purchased from Shanghai 3F New 

Materials Co., Ltd. Nickel foil was manufactured by Shanghai 

Hongxiang Plant. High pure nitrogen was offered by Shanghai 

BOC Special Gases Sales Service Co., Ltd. All materials were 

used as they received without any further purification. Water used 45 

was distilled water.  

Synthesis of MnO2/porous carbon microspheres 

An oil-in-water (O/W) emulsion system was fabricated similarly 

according to the procedure described in our previous reported 

work.19, 38 The mass ratio of Span 80, Tween 80, liquid paraffin, 50 

resorcinol, formaldehyde and water is 1:1.33:4.17:3.88:5.04:2.08. 

Liquid paraffin acts as the oil phase, resorcinol, formaldehyde 

and water serves as an aqueous phase, and Span 80/Tween 80 

takes the role of emulsifier. When the aqueous phase was added 

slowly into the oil phase contained emulsifiers under stirring, an 55 

O/W emulsion was obtained. This emulsion was heated to 200 °C 

for 5 h in an autoclave to synthesize resorcinol/formaldehyde 

polymer microspheres, followed by drying and carbonization 

(1000 °C) with a heating rate of 5 °C min−1 in high pure nitrogen 

atmosphere to prepare mesoporous carbon microspheres. 60 

Micropores were generated in the carbon microspheres by further 

KOH activation (KOH: carbon=1:3, w/w) at 850 °C (5 °C min−1) 

in N2 flow.19 Manganese nitrate-ethanol solution was mixed with 

the micro- and mesoporous carbon microspheres for about 24 h at 

room temperature (The mass percentage of Mn(NO3)2 to the 65 

porous carbon microspheres was 2−10%), followed by natural 

evaporation of the ethanol. The sample was heated to 900 °C 

(5 °C min−1) under pure nitrogen flow to fabricate MnO2/carbon 

(denoted as MnO2(x%)/carbon in which x% represents the mass 

percentage of manganese nitrate to porous carbon microspheres, 70 

and the porous carbon microspheres without MnO2 was denoted 

as MnO2(0%)/carbon).  

Characterization  

Scanning electron microscopy (SEM) observation of the 

MnO2/carbon sample was done on a Hitachi S-4800 equipment. 75 

Nitrogen adsorption and desorption analysis was conducted on a 

Micromeritics Tristar 3000 analyzer. The adsorption data was 

taken at −196 °C to calculate the specific surface area by the 

Brunauer−Emmett−Teller (BET) model, and the adsorption 

branch was used in the calculation of pore size distribution by 80 

Barrett−Joyner−Halenda (BJH) model. Raman spectrum analysis 

was carried out by using Renishaw Invia system, under λexc = 514 

nm laser excitation. Powder X-ray diffraction (XRD) test was 

carried out on a Bruker D8 equipment with Cu Kα (λ= 0.154056 

nm) radiation. X-ray photoelectron spectroscopy (XPS) was done 85 

on a Kratos AXIS Ultra DLD system. 

Electrochemical Measurements 

Electrochemical measurements were estimated via a conventional 

three-electrode system in a 6 M KOH electrolyte solution, which 

was performed on a CHI660D electrochemical workstation. 90 

Hg/HgO electrode was used as a reference electrode, and nickel 

foam as a counter electrode. The working electrode was prepared 

by pressing the mixture of MnO2/carbon, graphite and PTFE with 

a mass ratio of 8:1:1 between two pieces of Ni foam under 30 

MPa. Then 1.0 mm thick circle electrode (with a diameter of ~1.2 95 

cm) was dried overnight at 100 °C (the total mass of an electrode 

is ~10 mg). The electrochemical properties were tested by cyclic 

voltammogram and galvanostatic charge–discharge (the potential 

window in the range of −1.0 to 0 V versus Hg/HgO electrode), 

and electrochemical impedance spectroscopy (frequency range 100 

between 1 mHz and 103 kHz). The electrochemical capacitance of 

the electrode was determined as follow:  

                                      Vm

tI

m

C
Cm

∆×

∆×
==

                                  (1) 

in which Cm is specific capacitance (F g−1), C is capacitance (F), 

m is the mass of electrode (g), I is the charge–discharge current 105 

(A), ∆t is the discharge time (s), and ∆V is the potential window 

of the charge–discharge (V).  
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Results and discussion 

Fig. 1 shows SEM photographs of a representative MnO2/carbon 

sample. The MnO2/carbon has regular spherical geometry with 

diameters of 0.5–1.0 µm, as shown in Fig. 1A. When the aqueous 

phase (resorcinol–formaldehyde–water) was added into the oil 5 

phase (liquid paraffin) contained emulsifiers (Span 80–Tween 80) 

under stirring, an O/W emulsion was manufactured. Without 

hydrothermal condition, the polymerization of the O/W emulsion 

in presence of NaOH and the following carbonization led to the 

formation of monolithic carbon foams with pore size of 2–3 µm.38 10 

However, a completely different kind of carbon material, carbon 

microspheres, was prepared by the hydrothermal polymerization 

and carbonization of the emulsion with the same composition. 

The carbon microspheres show similar dimension compared with 

the pore sizes of our previous reported porous carbons. Based on 15 

the geometry of the resultant carbons, it could be concluded that 

the O/W emulsion does not maintain its droplet structure under 

hydrothermal condition. The generation of spherical carbon 

instead of monolithic one corresponds to a result of a water-in-oil 

(W/O) type emulsion polymerization.19, 39 In general, many 20 

factors such as hydrophile-lipophile balance value, phase 

inversion temperature, oil/aqueous phase level, component ratio, 

monomer properties, and additive could influenced the emulsion 

properties,31, 40, 41 and one could achieve a phase inversion by 

varying these factors. When the original O/W emulsion was 25 

transferred into an autoclave (200 °C), the system temperature 

and pressure increases, inducing a phase inversion to a W/O 

emulsion and leading to the generation of carbon microspheres. 

In addition, the carbon microspheres consist of nanoscaled carbon 

particles (Fig. 1B). The porosity among these nanoparticles is 30 

very useful for the introduction of manganese precursor into the 

inside of the porous carbon microspheres, and it also benefits the 

homogenous dispersity of manganese oxide in the carbon matrix 

and promotes the formation of MnO2/carbon complex. 

 35 
 

 
Fig. 1 SEM photographs of a representative MnO2/carbon sample. 

Fig. 2A shows XRD patterns of MnO2/carbon samples. In pure 

porous carbon microspheres (MnO2(0%)/carbon), there are two 40 

broad diffraction peaks located at about 2θ=24° and 43° which 

correspond to the (002) and (100) lattice planes of amorphous 

carbon. These peaks become sharp and narrow in MnO2/carbon 

samples, especially in MnO2(5%)/carbon. Besides, it causes much 

difficulty to observe the weak diffraction peaks of MnO2 because 45 

of low content. To indicate the presence of manganese oxide in 

MnO2/carbon (e.g., MnO2(5%)/carbon), XPS measurement were 

conducted.  However, the atomic ratio for Mn/C is too low to be 

detected (The mass percentage of manganese nitrate to porous 

carbon microspheres in MnO2(5%)/carbon sample is 5%. After 50 

decomposition, the theoretical MnO2 content is about 2.43%, and 

the theoretical atomic ratio for Mn/C is less than 0.4%). The mass 

percentage of MnO2 is 2.26% in MnO2(5%)/carbon measured by 

removing the carbon under air condition in a Muffle furnace, 

which is similar with the calculated value of manganese oxide in 55 

the sample. Manganese nitrate was decomposed to manganese 

dioxide after heat treatment. It can be concluded from Fig. 2 that 

the introduction of MnO2 into amorphous carbon matrix could 

improve its microcrystalline structure and increase its 

graphitization degree. Graphitization is a process involving the 60 

transformation of metastable nongraphitic carbon into graphitic 

one. Catalytic pyrolysis of carbon precursors with the aid of 

various elements is one of the widely used strategies to fabricate 

graphitic or partially graphitic carbons.42-45 For example, our 

group previously achieved the graphitization of aerogel-like 65 

carbons in molten sodium metal.42 Increasing the graphitization 

degree of porous carbons preserving as far as possible their high 

surface areas and pore volumes, are of special interest in 

electrode materials due to their efficient electronic conductivity 

and excellent mass transport.46  70 

 
Fig. 2 XRD patterns of MnO2/carbon samples. 

Fig. 3 shows Raman spectra of MnO2/carbon samples. 

MnO2(0%)/carbon has a distinct pair of bands located at 1360 

cm−1 (D band) and 1584 cm−1 (G band). The Raman D peak is a 75 

typical feature for disordered graphite or crystal defects; while the 

Raman G peak is an ideal graphitic lattice vibration mode with 

E2g symmetry.47 The Raman spectra of MnO2/carbon samples, 

compared with pure carbon microspheres, have similar intensity 

of the D and G peaks, but show the appearance of G′ band (~2700 80 

cm−1) which is a typical characteristic of undisturbed or highly 

ordered graphitic lattices. MnO2(5%)/carbon exhibits a very sharp 

G′ peak, suggesting the generation of graphitic domains.42 In 

addition, MnO2(5%)/carbon, compared with other MnO2/carbon 
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samples, shows new or more distinguished Raman peaks located 

at ~2450 cm−1, ~2940 cm−1 (D+G model) and ~3240 cm−1 (2D′ or 

G* model) which were observed in highly oriented pyrolytic 

graphite.48, 49 Therefore, the presence of these peaks also indicate 

the microcrystalline structure of MnO2(5%)/carbon was improved. 5 

The ratio of the relative intensity of D peak and G peak (ID/IG) 

denotes the degree of graphitization, defects or the domain size of 

graphitization.46 Generally, the graphitization degree is in inverse 

ratio to the ID/IG value. MnO2(0%)/carbon, MnO2(2%)/carbon, 

MnO2(8%)/carbon, and MnO2(10%)/carbon have the ID/IG values 10 

of 0.99, 0.96, 1.08 and 0.99, respectively. However, the ID/IG 

value for MnO2(5%)/carbon sample is as low as 0.27, indicating 

the amorphous carbon matrix can be partially transformed to 

crystalline ones in case of suitable amount of manganese oxide.  

 15 

Fig. 3 Raman spectra of MnO2/carbon samples. 

    Fig. 4 exhibits nitrogen adsorption and desorption isotherms of 

MnO2/carbon. All samples are found to be of type IV isotherm 

curves with obvious hysteresis loops at relative pressure P/P0 of 

0.45−1.0, which is a feature of capillary condensation occurred in 20 

mesoporous solids. All MnO2/carbon samples show pore sizes of 

about 4.0 nm (Table 1). Except emulsifiers, Span 80 and/or 

Tween 80 serve as a soft template during hydrothermal condition. 

We were previously synthesized mesoporous carbons with pore 

sizes of 4.0 nm by using Span 80 as template.50 MnO2/carbon 25 

samples have specific surface areas of 916−1135 m2 g−1 and total 

pore volume of 0.77−1.03 cm3 g−1. The micro- and mesopores 

benefits the introduction of MnO2 into the carbon matrix and 

promotes the formation of hybrid MnO2/carbon. On the one hand, 

the similar BET areas and pore volume among these samples 30 

indicate that the porous structure of carbon microspheres has 

been well kept. High surface areas are retained after the MnO2 

insertion. On the other hand, as a result of the increased 

graphitization degree and improved microcrystalline structure in 

the presence of MnO2, the BET areas and the pore volume of 35 

MnO2/carbon (e.g. MnO2(2%)/carbon or MnO2(5%)/carbon) are 

somewhat increased. However, these parameters decrease in case 

of large amount MnO2, suggesting the blockage of some pores.  

 
Fig. 4 N2 adsorption and desorption isotherms of MnO2/carbon. 40 

Table 1. Pore parameters of MnO2/carbona 

sample 
SBET 

(m2 g−1) 

Smi
b 

(m2 g−1) 

Sme
b 

(m2 g−1) 

P 

(nm) 

Vt 

(cm3 g−1) 

MnO2(0%)/carbon 1010 522 488 4.0 0.85 

MnO2(2%)/carbon 1073 344 729 4.0 0.87 

MnO2(5%)/carbon 1135 304 831 4.0 1.03 

MnO2(8%)/carbon 1110 339 771 3.9 0.95 

MnO2(10%)/carbon 916 299 617 3.9 0.77 
aSBET, specific surface area; Smi, micropore surface area; Sme, 

mesopore surface area; P, pore size; Vt, the total pore volume; 
bThe data of micropore surface area and mesopore surface area 

was obtained by nitrogen adsorption and desorption report. 45 

Electrochemical impedance spectroscopy was conducted to 

understand the conductive and diffusive behavior of 

MnO2/carbon electrodes. Fig. 5 shows the Nyquist plots of 

MnO2/carbon electrodes in 6 M KOH solution, all of which 

consists of a quasi-semicircle, an vertical line and an almost 45 50 

degree diagonal line. The existence of vertical line reveals good 

electrochemical capacitive properties of MnO2/carbon electrodes, 

while the 45° line denotes the feature of ion diffusion into the 

carbon electrodes. At high frequency, the diameter of the 

semicircle corresponds to polarization resistance or charge 55 

transfer resistance of the electrode. Pure carbon electrode 

(MnO2(0%)/carbon) with good conductivity shows smaller 

charge transfer resistance than other MnO2/carbon samples. 

When the imaginary part tends to zero, the value of the real part 

reveals the internal resistance of electrode which comprises the 60 

electrolyte resistance, the intrinsic resistance of the active 

material, and the contact resistance between interfacial active 

material and current collector.19 Because the same electrolyte, 

current collector and assembling technique for electrode were 

used during the test, the intercept shown in the high frequency 65 

semicircle essentially reveals the conductivity of the active 

materials (MnO2/carbon complex). The internal resistance of 

MnO2(5%)/carbon electrode is as low as 0.20 Ω, much lower than 

that of MnO2(0%)/carbon (0.42 Ω). The improved conductivity of 

MnO2(5%)/carbon is attributed to its increased graphitization 70 

degree and improved microcrystalline structure. As a comparison, 

MnO2(10%)/carbon sample shows a similar internal resistance 

( 0.43 Ω) with pure porous carbon microspheres electrode.  
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Fig. 5 Nyquist plots of MnO2/carbon electrodes in 6 M KOH 

solution. 

 

Fig. 6A shows the cyclic voltammograms of MnO2/carbon 5 

electrodes at a scan rate of 10 mV s−1 in 6 M KOH electrolyte. At 

low scan rate, MnO2(2%)/carbon and MnO2(5%)/carbon 

electrodes show quasi-rectangular shapes at a potential window 

ranging from 0 to −1.0 V, suggesting an ideal capacitive behavior. 

The absence of oxidation and reduction peaks in the 10 

MnO2(2%)/carbon and MnO2(5%)/carbon electrodes suggests 

that the supercapacitor is charged−discharged at a pseudoconstant 

rate over the complete voltammetric cycles.51, 52 In case of higher 

dosage of manganese oxide, the obtained hybrid electrode 

(MnO2(8%)/carbon or MnO2(10%)/carbon) exhibits redox peaks, 15 

which corresponds to the reversible faradaic redox reaction in the 

electrode surface formed with electroactive materials of MnO2. 

The redox peaks of MnO2(10%)/carbon is weaker than those of 

MnO2(8%)/carbon. This because only the surface or surface layer 

of MnO2 responds to the pseudo capacitance. In case of relatively 20 

high content of MnO2, the manganese oxide aggregate in the 

carbons, i.e., MnO2(10%)/carbon, which leads to (a) the blockage 

of some pores (as shown in Table 1 and corresponding discussion) 

and (b) decreased utilization rate of the MnO2 surface. Therefore, 

MnO2(10%)/carbon electrode shows weaker redox peaks in the 25 

cyclic voltammogram compared with MnO2(8%)/carbon.  Among 

MnO2/carbon electrodes, MnO2(5%)/carbon shows the highest 

integrated area in the cyclic voltammograms. Generally, the 

larger the integrated area is, the higher the electrochemical 

capacitance is. Therefore, MnO2(5%)/carbon electrode shows 30 

better electrochemical performance as a result of improved 

microstructure and increased graphitization degree. Besides, the 

cyclic voltammograms are obviously distorted with increasing 

potential scan rate, such as mesoporous carbon microsphere 

electrode operated at 100 mV s−1 or above,19 which could be 35 

ascribed mainly to the limited ion incorporation into the active 

electrode, i.e., only the outer surface or subsurface is utilized for 

charge storage.52, 53 In contrast, the cyclic voltammogram of 

MnO2(5%)/carbon electrode still retains a rectangular-like shape 

even at 200 mV s−1, as shown in Fig. 6B. This indicates good 40 

accessibility of the ions to the electrochemically active surface, 

and the excellent capacitive behavior of the electrode in quick 

charge–discharge operations.46 The MnO2(5%)/carbon electrode 

could provide more electron/ion paths and faster transport of 

these charge carriers due to increased graphitization degree and 45 

improved electron conductivity, resulting in swift and reversible 

redox reactions and rectangular cyclic voltammograms.  

 
 

 50 

Fig. 6 Cyclic voltammograms of (A) MnO2/carbon electrodes at 

10 mV s−1 and (B) MnO2(5%)/carbon electrode at 30, 50, 100 and 

200 mV s−1 in 6 M KOH electrolyte solution.  

Fig. 7A show the galvanostatic charge−discharge profiles of 

MnO2/carbon electrodes at a loading current density of 1.0 A g−1 55 

in 6 M KOH solution. Basically, these curves are linear and 

symmetric, suggesting high coulombic efficiency and good 

reversibility. The discharge curves of MnO2/carbon electrodes are 

somewhat distorted, and there is a galvanostatic charge–discharge 

plateau in MnO2(8%)/carbon electrode, which is an indication of 60 

pseudocapacitance of manganese dioxide. The change law of the 

galvanostatic charge–discharge curves among the MnO2/carbon 

(as well as the reason) is something like that of cyclic 

voltammogram (Fig. 6A). The charge−discharge time of 

MnO2(5%)/carbon electrode was significantly increased 65 

compared with other MnO2/carbon electrodes at the same current 

density, indicating that MnO2(5%)/carbon electrode provides a 

much larger charge capacity. This result is consistent with that of 

the cyclic voltammograms. The electrochemical capacitances of 

MnO2/carbon electrodes calculated with eq 1 were shown in 70 

Table 2. The specific capacitance of MnO2(5%)/carbon electrode 

is as high as 459 F g−1 at 1.0 A g−1, much higher than that of 

MnO2(0%)/carbon (171 F g−1), MnO2(2%)/carbon (156 F g−1), 

MnO2(8%)/carbon (288 F g−1), and MnO2(10%)/carbon (207 F 

g−1). Fig. 7B show galvanostatic charge−discharge curves of 75 

MnO2(5%)/carbon electrode under different current densities. 

The potential-time profiles still maintain a triangle shape at high 

current densities, such as 10 and 20.0 A g−1, implying that 

MnO2(5%)/carbon electrode is suitable for application in 

supercapacitors in which rapid charge–discharge is required. 80 

MnO2(5%)/carbon electrode exhibits a specific capacitance of 

367 F g−1 at 10.0 A g−1 and 354 F g−1 at a high current density of 

20.0 A g−1. Compared with pure micro- and mesoporous carbon 
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microspheres, MnO2/carbon electrodes show enhanced specific 

capacitance as a result of pseudocapacitance of MnO2. Moreover, 

MnO2(5%)/carbon possesses partially graphitic structure and low 

internal resistance among the MnO2/carbon samples, which 

endows the electrode much higher capacitance, as shown in Table 5 

2. Besides, as we have discussed, the aggregation of manganese 

oxide resulting from relatively high doping content would bring 

pore blockage as well as decreased surface utilization rate of 

MnO2. This could reduce the ion transport speed and decrease the 

electrochemical capacitance. Therefore, considering all aspects 10 

discussed above, MnO2(5%)/carbon is an optimum sample for 

supercapacitor electrode application. To evaluate the cycle 

stability of MnO2(5%)/carbon electrode, we used cyclic 

voltammetry (at a scan rate of 10 mV s−1) to characterize the 

long-term charge–discharge behavior. The specific capacitance of 15 

MnO2(5%)/carbon electrode retains ~90% (414 F g−1) of the 

original capacity up to 1000 cycles at 1. 0 A g−1, as shown in 

Fig.8, suggesting good electrochemical cycle stability. 

 
 20 

 
Fig. 7 Galvanostatic charge–discharge curves of MnO2/carbon 

electrodes at 1.0 A g−1 (A), and MnO2(5%)/carbon electrode at 

1.0, 5.0, 10.0 and 20.0 A g−1 (B) in 6 M KOH electrolyte solution.  

 25 

Table 2. Specific capacitances of MnO2/carbon electrodes under 

different loading current densities. 

sample 
Specific capacitances (F g−1) 

1.0 A g−1 5.0 A g−1 10.0 A g−1 20.0 A g−1 

MnO2(0%)/carbon 171 163 157 - 

MnO2(2%)/carbon 156 132 116 103 

MnO2(5%)/carbon 459 392 367 354 

MnO2(8%)/carbon 288 245 224 206 

MnO2(10%)/carbon 207 183 176 168 

 
Fig.8 Long-term cycle stability of MnO2(5%)/carbon electrode at 

1.0 A g−1 in 6 M KOH electrolyte solution.  30 

Presently, the most plausible elementary processes associated 

with the capacitive behavior of amorphous MnO2 involving alkali 

metal ion (A+) electrolyte could be described as follows:54, 55  

               (MnO2)surface + A+ + e– ⇄ (MnO2–A
+)surface            (2) 

Thus, rapid K+ intercalation/deintercalation and swift electron 35 

transfer are essential to achieve fast, reversible surface redox 

reactions. Although the theoretical capacity of MnO2 is up to 

1110 F g−1, 26 its actual capacity is usually much lower than that 

value because only the surface or surface layer of MnO2 responds 

to the pseudo capacitance. For example, Li et al. described the 40 

fabrication of flexible graphene/MnO2 composite papers for 

supercapacitor electrode, the capacitance of the composite with 

the MnO2 weight ratio of 24% was 256 F g−1 at 0.5 A g-1.56 Chen 

et al. prepared a composite of graphene oxide supported by 

needle-like MnO2 nanocrystals. The resultant hybrid electrode 45 

had a electrochemical capacitance of 111 F g−1 at 1.0 A g−1.57 

Hierarchical manganese oxide/carbon nanocomposites reported 

by Peng et al. was 156 F g−1 at 2.0 A g−1.58 Compared with the 

above MnO2 based electrode materials, our MnO2/carbon with 

well-designed microstructure and morphology substantially 50 

increases conductivity and markedly reduces the internal 

resistance, resulting in excellent electrochemical performance. 

Besides, MnO2(5%)/carbon electrode shows much higher 

electrochemical capacitance than those of mesoporous carbon 

microspheres (~170 F g−1),59 carbon nanocages (178 F g−1),60 and 55 

graphene (205 F g−1) at 10 A g-1,61 and 3D hierarchical porous 

graphitic carbon (170 F g−1) 45, carbon nanotubes/hollow carbon 

spheres (150 F g−1) 62 at 20.0 A g−1, as well as most other carbon 

electrodes under the same current density. Therefore, the 

MnO2/carbon with high-rate electrochemical performance shows 60 

promising prospects in supercapacitor applications.  

Conclusions 

In conclusion, partially graphitic MnO2/micro- and mesoporous 

carbon microspheres were fabricated by using a hydrothermal 

emulsion polymerization and activation process, followed by 65 

introduction of MnO2 into the porosity of carbon microspheres. 

High-surface-area porous carbon microspheres benefit fast ion-

transport and rapid charge–discharge, and provide double-layer 

capacitance to the hybrid electrode. While MnO2 embedded in the 

carbon matrix bring pseudocapacitance. On the other hand, the 70 

graphitization degree of the carbon matrix was greatly increased 

in the presence of MnO2, leading to excellent conductivity and 

low internal resistance. Consequently, the binary MnO2/carbon 

hybrid materials as supercapacitor electrode show excellent high-
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rate electrochemical performance associated with a high specific 

capacitance (459 F g−1 at 1.0 A g−1 and 354 F g−1 at 20.0 A g−1 in 

6 M KOH electrolyte). We believe that the well-designed and 

high-performance MnO2/carbon composite material provides new 

opportunities for a wide range of energy storage applications. 5 
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Graphical Abstract 

Development of MnO2/porous carbon microspheres with partially graphitic structure for 

high performance supercapacitor electrode 

Mingxian Liu, Lihua Gan,* Wei Xiong, Zijie Xu, Dazhang Zhu and Longwu Chen 

MnO2/porous carbon microspheres with partially graphitic structure were designed and synthesized for high 

performance supercapacitor electrode materials. 
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