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Abstract 

MnO2/carbon nanotube (CNT) composite was prepared by a solution process. In the 

obtained MnO2-CNT composite, MnO2 particles were well-dispersed on CNTs. The 

specific capacitance of the MnO2-CNT composite in an aqueous electrolyte was higher 

than that of MnO2 and CNT. All-solid-state electrochemical capacitors (ECs) were 

fabricated using the MnO2-CNT composite as a positive electrode, activated carbon 

powder as a negative electrode, and phosphosilicate gel as an electrolyte. The obtained 

all-solid-state ECs operated at the temperature range between -30⁰C and 100⁰C. The 

specific discharge capacitance and the rate ability of the capacitors were improved by 

elevating temperature. In addition, the fabricated all-solid-state ECs exhibited excellent 

cycle performance at the temperature range between -30⁰C and 100⁰C for 20,000 cycles. 

These results indicate that all-solid-state ECs using MnO2 are promising energy storage 

devices with excellent stability and high reliability at the wide range of temperatures.  
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1. Introduction 

Electrochemical capacitors (ECs) are one of the most promising energy storage 

devices because of their high power density, fast charge-discharge, and good cycle 

performance [1-3]. In recent years, transition metal oxides which store energy by 

utilizing the pseudocapacitance arising from fast and reversible faradic reactions in the 

electrode surface are good fundamental candidates for ECs [4-6]. Among the various 

metal oxides, ruthenium oxide (RuO2) is widely studied because of its high specific 

capacitance (~720 F g-1) [7, 8]. However, the commercial use of RuO2 will be limited 

because of its high cost. Therefore, alternative and inexpensive electrode materials have 

been explored. 

Manganese dioxide (MnO2) is a good candidate material for the active electrode 

material due to its low cost, abundance, high theoretical specific capacitance (~1100 F 

g-1) and environmentally-friendliness [9-11]. MnO2 is often prepared using a solution 

process to obtain the large specific surface area [12-14]. However, the electron 

conductivity of MnO2 is not high enough to use it as an electrode material for ECs. In 

order to realize an excellent electrode with MnO2, the formation of good electron 

conductive paths is important. Carbon nanotube (CNT) has recently been paid attention 

to its high electron conductivity and good chemical stability [15]. It has been 

 



 

demonstrated that CNT noticeably enhances the electrical properties of composite 

materials [16]. Thus, CNT can be used as the good electrical conducting material to 

form the electron conductive paths of MnO2. In fact, MnO2-CNT composite have been 

studied for ECs [16]. 

MnO2 electrodes often operates in aqueous solution electrolytes such as KCl aq. 

and Na2SO4 aq. [9-14]. However, the use of these aqueous solution electrolytes has 

several problems such as electrolyte leakage, solvent corrosion, packing difficulty, and 

dissolution of MnO2 at charge-discharge process [17, 18]. To overcome these issues, 

ECs using solid electrolyte have been proposed [19-22]. All-solid-state ECs is expected 

to have a high safety and reliability because of non-leakage and wide range of 

operating temperature. Thus, all-solid-state ECs have been studied in recent years. For 

example, Yuan et al. fabricated all-solid-state ECs using MnO2 as electrodes and 

PVA-H3PO4 as an electrolyte [19]. Organic polymers are often used as electrolytes of 

all-solid-state ECs [19-22]. However, organic polymer electrolytes generally show a 

low thermal stability and a large humidity dependence of ion conductivity. Therefore, 

stable solid electrolytes at the various ranges of temperature and humidity have been 

required.  

   Among various types of alternative solid electrolytes, phosphoric acid doped silica 

 



 

gel called as phosphosilicate gel is a good candidate electrolyte due to its good thermal 

stability and humidity independent performance [23, 24]. The phosphosilicate gel 

shows a high ion conductivity of about 10-3 S cm-1 in a dry atmosphere at room 

temperature and keep a high ion conductivity even after holding for 6 h under 0.7% 

relative humidity at 130⁰C [23, 24]. We have already fabricated all-solid-state electric 

double layer capacitors using phosphoric acid-doped silica gel as an electrolyte and 

carbon materials as polarized electrodes [25, 26]. By using MnO2 as an electrode, the 

all-solid-state ECs are expected to show higher specific capacitance and energy density 

than the all-solid-state electric double-layer capacitors. 

   In this study, a MnO2-CNT composite electrode was prepared by a solution 

process. The MnO2-CNT composite was formed from a precursor solution of MnO2 

containing CNT to form a good contact between MnO2 and CNT. The microstructure 

and electrochemical properties of the obtained MnO2-CNT composite electrode were 

examined. Then, all-solid-state ECs using the MnO2-CNT composite as a positive 

electrode, activated carbon powder (ACP) as a negative electrode, and phosphosilicate 

gel as an electrolyte were fabricated. An electrode using the MnO2-CNT composite 

was first applied to all-solid-state ECs. The electrochemical properties of the ECs were 

studied in a temperature range of -30⁰C to 100⁰C.  

 



 

2. Experimental 

2.1. Preparation and characterization of MnO2-CNT composite 

A MnO2-CNT composite was prepared by using a solution process. MnSO4・5H2O 

and polyoxyethylene(7) oleyl ether as a surfactant agent were added into distilled water. 

CNT (Aldrich, >90% carbon basis) was added (15 wt% in the final composite) to the 

mixed solution. The mixed solution was stirred for 6 h to disperse CNT in the solution. 

Then, KMnO4 dissolved aqueous solution was added drop by drop into the mixed 

solution. The molar ratio of MnSO4:KMnO4:polyoxyethylene(7) oleyl ether was fixed 

to be 1:1:0.1. The resulting black precipitates were filtrated, washed with distilled water 

and ethanol, and dried at 80 oC for 1 day.  

The as-prepared MnO2-CNT composite was characterized using X-ray diffraction 

measurements (Cu Kα) and scanning electron microscope (SEM, JED-2300, JEOL). 

The specific surface area of the MnO2-CNT composite was determined by the 

Brunauer-Emmett-Teller (BET) technique with N2 gas. The electronic conductivity of 

the MnO2-CNT composite was investigated by a DC polarization technique. 

The electrochemical characterization of the MnO2-CNT composite was performed 

using a half cell in a liquid electrolyte. The as-prepared MnO2-CNT composite, MnO2, 

or CNT (95 wt%) as an active material, poly(tetrafluoroethylene) (5 wt%) as a binder 

 



 

and distilled water as a solvent were mixed and pasted onto a nickel foam substrate (1 

cm×1 cm) with a spatula, which was followed by drying at 80⁰C for 3 h. Cyclic 

voltammetry (CV, HSV-100, Hokuto Denkou) was measured in a three-electrode setup : 

a nickel foam coated with MnO2-CNT composite, MnO2, and CNT as the working 

electrodes, a platinum plate as the counter electrode, Ag/AgCl saturated KCl as the 

reference electrode, and 0.5 M Na2SO4 aqueous solution as the electrolyte.  

 

2.2. Preparation of phosphosilicate gel and negative electrode 

Phosphosilicate gel was prepared by the sol-gel method. Tetraethoxysilane (TEOS) 

was diluted with ethanol and hydrolyzed with H2O containing HCl with stirring at 

room temperature for 10 min. An appropriate amount of phosphoric acid was added to 

the hydrolyzed solution and then stirred at room temperature for 3 h. The mole ratio of 

TEOS:ethanol:H2O:HCl:phosphoric acid was fixed to be 1:8:4:0.01:1. The obtained 

phosphosilicate sol was kept at 50°C in a closed vessel to form wet phosphosilicate gel. 

The wet gel was dried at 50°C for an additional 1 week in an open vessel. The dry gel, 

which was pulverized into powders with an agate mortar and a pestle, was heat-treated 

at 150⁰C for 5 h. The electrical conductivities of the phosphosilicate gel were 

measured using AC impedance data (106 Hz~0.1 Hz, Solartron 1260; Solartron ). 

 



 

    For the preparation of the negative electrode, ACP (specific surface area of ca. 

1100 m2g-1, Kanto Kagaku) and Acetylene Black (AB, Aldrich) were add in the 

phosphosilicate sols. The weight ratio of phosphosilicate sol:ACP:AB was fixed to be 

15:1:0.15. The mixed sol was stirred until gelation. The wet gel was dried at 50°C for 

an additional 1 week. The obtained ACP-AB-phosphosilicate gel composite was 

heat-treated at 150⁰C for 5 h. 

 

2.3. Fabrication of all-solid-state ECs 

The all-solid-state ECs were fabricated using the mixture of MnO2-CNT composite, 

AB (to fabricate electron conduction paths), and phosphosilicate gel (to fabricate ion 

conduction path) as the positive electrode, ACP-AB-phosphosilicate gel composite as 

the negative electrode and phosphosilicate gel as the solid electrolyte. The powders of 

positive electrode, the solid electrolyte, and the negative electrode were placed in a 

polycarbonate tube (φ=10 mm) and pressed under 360 MPa. Then the three-layered 

pellet was sandwiched by two stainless-steel rods as current collectors. The weight ratio 

of positive active material (MnO2-CNT composite):negative active material (ACP) was 

fixed to be 1:2. The as-prepared all-solid-state ECs were characterized by CV 

measurement and charge-discharge test at -30⁰C, 25⁰C, and 100⁰C. The 

 



 

charge-discharge test was performed using a charge-discharge measuring device 

(BTS-2004, Nagao Co.).  

 

3. Results and discussion 

3.1. Characterization of MnO2-CNT composite 

Figure 1 shows the X-ray diffraction patterns of (a)MnO2, (b)CNT, and (C) 

MnO2-CNT composite. X-ray diffraction analysis of the MnO2-CNT composite 

confirmed the presence of CNT and α-MnO2 (JCPDS 44-0141). Two broad peaks 

around 24o and 37o can be indexed to α-MnO2 phase, corresponding to (220) and (211) 

planes. Figure 2 shows the SEM images of (a)MnO2, (b)CNT, and (c)MnO2-CNT 

composite. MnO2 is spherical particles with a diameter of about 1 μm (Fig. 2a) and the 

CNT used in the present study exhibits regular morphology with a diameter of about 

100~200 nm (Fig. 2b). The as-prepared MnO2-CNT composite exhibits complexly 

intertwined MnO2 particles and CNTs. This morphology suggests that good electron 

conductive paths are formed in the composite. BET surface area analysis showed that a 

specific surface area of MnO2 was 138 m2g-1, CNT 9 m2g-1, and the MnO2-CNT 

composite 83 m2g-1. 

Figure 3 exhibits the cyclic voltammograms of the electrode with (a)MnO2,  

 



 

(b)CNT, and (c)MnO2-CNT composite between 0 and 1.0 V (vs. Ag/AgCl) in 0.5 M 

Na2SO4 aqueous solution at the scan rate of 5 mV s-1. The cyclic voltammograms of the 

MnO2 electrode and the MnO2-CNT composite electrode show rectangular profiles, 

indicating that the MnO2 electrode and the MnO2-CNT electrode have ideal capacitive 

behaviors. The specific capacitance is calculated using from the voltammogram the 

following equation(1): 

            𝐶𝐶𝐶𝐶 = ∫ 𝑖𝑖
𝛥𝛥𝛥𝛥 𝑚𝑚

 𝑑𝑑𝑑𝑑 = ∫ 𝑖𝑖
𝛥𝛥𝛥𝛥 𝑚𝑚

 𝑑𝑑𝑑𝑑 �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� =  ∫ 𝑖𝑖

𝛥𝛥𝛥𝛥 𝑚𝑚 𝑎𝑎 
 𝑑𝑑𝑑𝑑               (1) 

where Cs is the specific capacitance, i is the discharge current, ΔV is the voltage 

range, m is the total mass of electrode and a is the scan rate. The specific capacitances 

of the MnO2, CNT, and MnO2-CNT composite are 50, 3, and 215 Fg-1, respectively, at 

the scan rate of 5 mV s-1. CNT is a very low specific capacitance because of its small 

specific surface area (9 m2 g-1). Although the MnO2-CNT composite has smaller 

specific surface area (83 m2 g-1) than MnO2 (138 m2 g-1), the MnO2-CNT composite 

has approximately four times larger specific capacitance than MnO2. These results 

suggest that MnO2-CNT composite forms good electron conductive paths by 

complexly intertwined MnO2 particles and CNT. Hence, the introduction of MnO2 as 

well-dispersed on CNT can effectively promote the electrochemical performance to 

increase the pseudo-capacitance of MnO2.  

 



 

3.2. Fabrication and characterization of all-solid-state ECs 

All-solid-state ECs were fabricated using MnO2-CNT as the positive electrode, 

ACP as the negative electrode, and phosphosilicate gel as the electrolyte, respectively. 

The operation temperatures of all-solid-state ECs are -30⁰C, 25⁰C, and 100⁰C. The 

ionic conductivity of the phosphosilicate gel was 9.3×10-4 S cm-1 at -30⁰C, 5.1×10-3 

S cm-1 at 25⁰C, and 1.4×10-2 S cm-1 at 100⁰C. Figure 4 exhibits the cyclic 

voltammograms of the all-solid-state ECs at -30⁰C, 25⁰C, and 100⁰C with the scan rate 

of 50 mV s-1. The operating voltage for the all-solid-state ECs is in the range of 0-0.9 V. 

The fabricated all-solid-state ECs show ideal capacitive behaviors with nearly 

rectangular curves, showing that the fabricated all-solid-state ECs can be operated at 

the temperature range of between -30⁰C and 100⁰C. Redox peaks are observed at the 

cell voltage of 0.7 V and 0.4V in CV at 100⁰C, indicating that the ionic conductivity of 

the phosphosilicate gel increases with an increase in the temperature and the redox 

reaction of MnO2 expressed as the equation (2) is promoted [11].  

MnO2 + H+ + e-  ⇄ MnOOH                     (2)                                        

     Figure 5 exhibits the galvanostatic charge-discharge curves of the all-solid-state 

ECs at the operation temperatures of -30⁰C, 25⁰C, and 100⁰C with a current density 

of 1 mA cm-2. The fabricated all-solid-state ECs show the typical triangular-shaped 

 



 

and nearly linear galvanostatic charge-discharge curves at -30⁰C, 25⁰C, and 100⁰C. 

The charge-discharge time for the all-solid-state ECs is increased with an increase in 

temperature. These results correspond to the increase in the ion conductivity with 

temperature. Figure 6 shows the specific discharge capacitances as a function of 

discharge current density for the all-solid-state ECs. The specific discharge 

capacitance of the all-solid-state ECs was evaluated from each discharge curves 

using the following equation (3):  

                            𝐶𝐶 = 𝑖𝑖 𝛥𝛥𝑡𝑡
𝛥𝛥𝑉𝑉 𝑚𝑚

                          (3) 

where C is the specific discharge capacitance, i the discharge current, Δt the 

time for discharge, ΔV the cell voltage difference during discharge, and m the mass of 

active material. The specific discharge capacitances of the all-solid-state ECs at 1 mA 

cm-1 are calculated to be 63 F g-1 at 100⁰C, 33 F g-1 at 25⁰C, and 15 F g-1 at -30⁰C 

based on the total mass of active materials in the two electrodes. The capacitance 

retention ratios of the all-solid-state ECs at 50 mA cm-1 are 43% at 100⁰C, 24% at 

25⁰C, and 13% at -30⁰C. These results are explained by the enhancement of the ion 

conductivity of phosphosilicate gel by elevating temperature. Therefore, the ionic 

conductivity of the phosphosilicate gel affects the specific discharge capacitance and 

rate performance of the all-solid-state ECs.  

 



 

In the ECs of Carbon/MnO2 with liquid electrolytes, specific discharge 

capacitances are reported to be about 40~50 F g-1 at room temperature [27-29]. 

Therefore, the all-solid state ECs have rather low specific discharge capacitances 

compared with a liquid electrolyte system. This result is due to the smaller contact 

area of the electrode active material and the solid electrolyte in the all-solid-state ECs. 

For the further improvement of the all-solid-state ECs performance, formation of 

favorable contact between an electrode active material and solid electrolyte is very 

important. 

       Figure 7 exhibits the cycle performance of the all-solid-state ECs at the 

operation temperature of -30⁰C, 25⁰C, and 100⁰C. The cycle performance of the 

all-solid-state ECs shows capacitance retention of 83% at -30⁰C, 87% at 25⁰C, and 

85% at 100⁰C for 20000 cycles, demonstrating their excellent long-term cycle 

stability at various temperatures. Manganese oxides are known to show gradual 

dissolution into liquid electrolyte during charge-discharge cycles, and the cell 

performance is degraded [18, 30-32]. However, the present study proves that the 

use of an inorganic solid electrolyte is effective to suppress the dissolution of 

manganese oxides, especially in high temperature ranges.  

 

 



 

4. Conclusion 

MnO2-CNT composite was prepared by a solution process. In the MnO2-CNT 

composite, MnO2 particles were well-dispersed on CNTs. Specific capacitance of the 

MnO2-CNT composite electrode was larger than that of the MnO2 or CNT electrode in 

Na2SO4 aqueous electrolyte because of the formation of good electron conductive paths 

by complexly intertwined MnO2 particles and CNT. All-solid-state ECs were fabricated 

using MnO2-CNT composite as the positive electrode, ACP as the negative electrode, 

and phosphosilicate gel as the electrolyte, respectively. Cyclic voltammetry and 

galvanostatic charge-discharge measurements demonstrated that the fabricated 

all-solid-state ECs operated at the temperature range of between -30⁰C and 100⁰C. The 

improvement of the specific discharge capacitance and rate performance was observed 

by elevating temperature. It is considered that this improvement of the cell performance 

is affected by the enhancement of ion conductivity of phosphosilicate gel by elevating 

temperature. The all-solid-state ECs showed excellent cycle stability for 20,000 cycles 

at -30⁰C, 25⁰C, and 100⁰C. Thus, we concluded that the all-solid-state ECs using MnO2 

have the great potential for the electronic device applications because of their excellent 

stability and high reliability in the wide range of temperatures.  
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FIGURE CAPTIONS  

Fig. 1. X-ray diffraction patterns of the (a)MnO2, (b)CNT, and (c)MnO2-CNT 

composite. 

Fig. 2. SEM images of the (a)MnO2, (b)CNT, and (c)MnO2-CNT composite. 

Fig. 3. Cyclic voltammograms of the (a)MnO2, (b)CNT, and (c)MnO2-CNT composite 

between 0 and 1.0 V (vs. Ag/AgCl) in 0.5 M Na2SO4 aqueous solution at the scan rate 

of 5 mV s-1. 

Fig. 4. Cyclic voltammograms of all-solid-state ECs at -30⁰C, 25⁰C, and 100⁰C at the 

scan rate of 50 mV s-1. 

Fig. 5. Galvanostatic charge-discharge curves of all-solid-state ECs at the operation 

temperatures of -30⁰C, 25⁰C, and 100⁰C at the current density of 1 mA cm-1. 

Fig.6. Specific discharge capacitance as a function of discharge current density for 

all-solid-state ECs at the operation temperatures of -30⁰C, 25⁰C, and 100⁰C.   

Fig.7. Cycle performance of all-solid-state ECs at the operation temperatures of -30⁰C, 

25⁰C, and 100⁰C. 
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