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Abstract Spinel Li4Mn5O12 was prepared by a sol–gel

method. The manganese oxide and activated carbon com-

posite (MnO2-AC) were prepared by a method in which

KMnO4 was reduced by activated carbon (AC). The prod-

ucts were characterized by XRD and FTIR. The hybrid

supercapacitor was fabricated with Li4Mn5O12 and MnO2-

AC, which were used as materials of the two electrodes. The

pseudocapacitance performance of the Li4Mn5O12/MnO2-

AC hybrid supercapacitor was studied in various aqueous

electrolytes. Electrochemical properties of the Li4Mn5O12/

MnO2-AC hybrid supercapacitor were studied by using

cyclic voltammetry, electrochemical impedance measure-

ment, and galvanostatic charge/discharge tests. The results

show that the hybrid supercapacitor has electrochemical

capacitance performance. The charge/discharge test showed

that the specific capacitance of 51.3 F g-1 was obtained

within potential range of 0–1.3 V at a charge/discharge

current density of 100 mA g-1 in 1 mol L-1 Li2SO4 solu-

tion. The charge/discharge mechanism of Li4Mn5O12 and

MnO2-AC was discussed.

Keywords Li4Mn5O12 � MnO2-AC �
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1 Introduction

Electrochemical capacitors (ECs), which were also called super-

capacitors, are intermediate devices between conventional

dielectric capacitors and batteries that deliver high power

and high circle counts. Much more attention has been

devoted to develop supercapacitors due to their high spe-

cific power and potential applications in many fields such as

hybrid electric vehicles, power sources, portable electronic

devices, and space flight technology in recent years [1].

Two basic types of supercapacitors can be realized by using

different charge storage mechanisms [1, 2]: (a) electro-

chemical double layer capacitance (EDLC) rules show

charge/discharge of the non-Faradaic electrical double

layers due to charge separation on the electrode material–

electrolyte interface, which employ carbon or other similar

materials as blocking electrodes [3, 4]; (b) redox pseud-

ocapacitance rules show the charge transfer of electroactive

species within electrode materials through Faradaic redox

reactions (e.g., RuO2, MnO2, CoO, NiO, V2O5 etc. [5–12]).

Compared with other carbon materials, activated carbon

(AC) has some advantages such as accessibility, easy

processability, relatively low cost, excellent stability, and

so on. Considering all these characteristics mentioned, AC

employed as a material for the storage of energy in sup-

ercapacitor is commendably attractive. However, AC

capacitor has quite lower specific capacitance which could

limit their practical application. MnO2 is a promising

supercapacitor material due to good electrochemical per-

formance, high specific capacitance, low cost of the raw

material, and environmental friendly nature. Therefore, the

combination of these two may be result in both the faradaic

capacitance of the metal oxide and the double layer

capacitance of the carbon.

In recent years, based on lithium-ion insertion extraction,

some lithium-transition oxide materials have been used in

supercapacitors. A study on a new concept LiMn2O4/carbon

hybrid supercapacitor using mild Li2SO4 aqueous electro-

lyte was reported [13]. The device exhibits two different
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charge storage mechanisms. An EDLC rules the negative-

activated carbon electrode, while the lithium insertion

compound electrode shows the insertion/extraction of Li-

ions. Pasquier et al. [14] had reported that the asymmetric

hybrid capacitors used Li4Ti5O12 and poly (methyl) thio-

phene (PMeT) as the negative and positive electrodes,

respectively, was investigated in 2 mol L-1 LiBF4 in

CH3CN electrolyte. LiNi1/3Co1/3Mn1/3O2 and LiCoO2 are

also used as electrode materials for supercapacitor [15, 16].

In the present study, a hybrid supercapacitor was fabri-

cated with a MnO2-AC composite material and Li4Mn5O12

as electrode materials in an aqueous electrolyte system. The

charge/discharge mechanism of Li4Mn5O12 and MnO2-AC

was discussed. The combination of Li4Mn5O12 and MnO2-

AC in aqueous electrolyte shows good cycle life and the use

of aqueous electrolyte can prevent the drawbacks of safety

hazards from the use of highly toxic and flammable organic

solvents.

2 Experimental

2.1 Synthesize of Li4Mn5O12

The Li4Mn5O12 particles were synthesized by a sol–gel

process. Required amount of LiOH � 2H2O (AR) and

Mn(CH3COO)2 � 4H2O (AR) was dissolved in distilled

water with the molar ratio of Li:Mn = 4:5 and then

certain amount of citric acid was added to this solution at

75 �C under water bath with constantly stirring. Aqueous

ammonia was slowly added to this mixture solution until

the pH value reached 6.5. The solution was then heated

at 75 �C until a gel formed. The resulting gel was dried

at 100 �C under vacuum to extract out excessive water

and yielded a dry precursor, which was preheated at

300 �C in air for 2 h to decompose the citric acid and

further calcined at 500 �C for 8 h to obtain the final

product.

2.2 Preparation of MnO2-AC composite material

In this experiment, 1.0 g of pristine AC was blended with

100 mL of 0.3 mol L-1 KMnO4 solution in a 250 mL

three-necked round-bottomed flask. The flask was placed at

constant temperature oil bath. The suspension containing

AC was then refluxed at 140 �C using sustained magnetic

stirring. After 12 h, the mixture was filtered and washed

with distilled water several times. Finally, The MnO2 that

was prepared by the redox reaction and the residual AC

formed MnO2-AC composite products.

2.3 Characterization of the samples

The Li4Mn5O12 and MnO2-AC sample were determined by

X-ray diffraction (XRD). XRD data was collected on a

RigakuD/MAX–rA diffractometer with Cu Ka radiation,

operating at 40 kV and 100 mA. The Fourier transform

infrared (FT-IR) spectrum was recorded by a Nicolet

170SX spectrometer with KBr.

2.4 Electrochemical measurements

Composite electrodes were prepared by mixing the active

material Li4Mn5O12 in NMP with acetylene black, and

polyvinylidene fluoride (PVDF) dried powders in the fol-

lowing weight ratios: 70:25:5. The mixture was pressed

onto stainless steel grids and then dried for 24 h at 60 �C

under vacuum. MnO2-AC composite electrode was pre-

pared with the same procedure described above. All the

work were done at room temperature.

The cyclic voltammetry test was performed by using

LK2005 electrochemical workstation system in 1 mol L-1

Li2SO4, Na2SO4, and K2SO4. The Li4Mn5O12 (or the

MnO2-AC composite), platinum foil, and saturated calomel

electrode (SCE) were served as working electrode, counter

electrode, and reference electrode, respectively. Charge/

discharge performance of the hybrid capacitors was per-

formed by using Neware battery program-control testing

system in two-electrode system. Electrochemical imped-

ance spectroscopy (EIS) was performed in a three-

electrode cell setup with the Li4Mn5O12 (or the MnO2-AC

composite) as the working electrode, platinum foil as

counter, and SCE as the reference. It was performed by

Potentiostat Galvanostat PGSTAT302 (The Netherlands) in

1 mol L-1 Li2SO4 solution.

3 Results and discussions

3.1 X-ray diffraction analysis

Figure 1 shows XRD pattern of the prepared Li4Mn5O12

sample. The XRD pattern of the prepared sample is

agreement with JCPDS card (no. 46-0810). The results

indicate that the sample is spinel Li4Mn5O12 that belongs to

Fd3m space group. The Li4Mn5O12 with a spinel-frame-

work structure can be expressed as: [Li]8a[Li0.33Mn1.67]16d

[O4]32e. Such a structure provides a three-dimensional tunnel

for Li? insertion and extraction with minimal change in the

unit-cell volume [17]. The pattern demonstrates the good

crystalline structure due to the sharp diffraction peaks,

which is propitious to Li-ion inserting into/expelling out.
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Structural investigation (Fig. 2) indicates that the

MnO2-AC composite sample is amorphous. A more

amorphous structure has been considered to be favorable in

increasing the specific capacitance of the oxide electrode

for the supercapacitor [18]. The highly amorphous struc-

ture should favor the insertion/extraction of ions the oxide

matrix, which can increase contact between the electrolyte

and the electrode material and improve the utilization ratio

of the material. Insertion/extraction of ions will result in

dilation of an oxide lattice, but the lattice is difficult to

change in crystalline structure, however, the amorphous

structure can be rearranged when the ions are inserted.

Therefore, amorphous structure is favorable in increasing

the specific capacitance of the oxide electrode.

3.2 IR analysis

Figure 3 shows the Fourier transform infrared spectrum

(FTIR) patterns for the MnO2 (a) and the MnO2-AC (b)

sample. Several absorption bands in Fig. 3b can be

observed at 3421, 1627, 1410, 1119, 571 and 530 cm-1,

respectively. The 3,421 cm-1 band should be attributed to

the O–H stretching vibration, and the 1627, 1410 and

1119 cm-1 bands are normally attributed to O–H bending

vibrations. The 571 and 530 cm-1 bands should be ascri-

bed to the Mn–O stretching vibration [19]. All absorption

bands in Fig. 3b correspond with the absorption bands in

Fig. 3a. The IR result indicates that the sample is MnO2

composite.

3.3 Electrochemical analysis

3.3.1 Effect of working voltage

Since the working voltage is one of the predominant factors

influencing the energy density of the hybrid supercapacitor,

the working voltage of Li4Mn5O12 electrode was examined

by changing the potential window of CV in 0–1.3 V,

0–1.4 V, and 0–1.5 V versus SCE at a scan rate of 5 mV s-1

in 1 mol L-1 Li2SO4 electrolyte as can be seen in Fig. 4. In

order to ensure the electrolyte not to be decomposed during

charge/discharge process in aqueous system, it is important

to control a safe potential window where O2 and H2 evolu-

tion will not appear on the electrodes surface. In Fig. 4, the

peak of O2 evolution occurs when voltage value is over

1.3 V (vs. SCE). Therefore, the safe potential window for

Li4Mn5O12 material is controlled between 0 and 1.3 V in

1 mol L-1 Li2SO4.

Fig. 1 XRD pattern of the prepared Li4Mn5O12 sample

Fig. 2 XRD pattern of the prepared MnO2-AC sample Fig. 3 FTIR spectra of a the MnO2-AC sample; b MnO2
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3.3.2 Effect of scan rate

The CV curves of the Li4Mn5O12 electrode at different

scan rates in the potential range of 0–1.3 V (vs. SCE) in

1 mol L-1 Li2SO4 aqueous solution are recorded in Fig. 5.

It exhibits obvious redox peaks below 20 mV s-1 scan

rate, suggesting Li? could diffuse into the inner lattice of

the material due to the small current at a low scan rate [20].

Increasing scan rate will result in a direct impact on the

diffusion of Li? into the lattice of the Li4Mn5O12 electrode

material. At higher scan rates the Li-ions only approach the

outer surface of the Li4Mn5O12, resulting in a low utili-

zation of active material and a smaller pseudocapacitance.

3.3.3 Cyclic voltammogram analysis of MnO2-AC

electrode

The MnO2-AC electrode was examined at different scan

rates in -0.2 to 1.0 V (vs. SCE) in 1 mol L-1 Li2SO4 that

is shown in Fig. 6. On CV curves, the voltammetric

responses on the positive sweep are symmetrical to those

on the following negative sweep, indicating the electro-

chemical reversibility of the MnO2-AC electrode is good.

The CV curves are similar to rectangle in low scan rates

(e.g., 5 mV s-1, 10 mV s-1), indicating that MnO2-AC

electrode has good pseudocapacitance performance.

3.3.4 Effect of different electrolytes

Figure 7 shows CV curves of the Li4Mn5O12 electrode in

various aqueous electrolytes at the scan rate of 100 mV s-1

in 0–1.3 V (vs. SCE). As can be seen in the figure, the CV

curve in 1 mol L-1 Li2SO4 electrolyte has obvious redox

peaks, indicating that the Li4Mn5O12 electrode in

1 mol L-1 Li2SO4 electrolyte has good pseudocapacitance

performance. The area encircled by CV curve in 1 mol L-1

Li2SO4 is bigger than in the other solutions, indicating that

the Li4Mn5O12 electrode has better capacitance perfor-

mance. Therefore, in this article the most appropriate

electrolyte is 1 mol L-1 Li2SO4.

The Charge/discharge curves of the hybrid supercapac-

itor in 1 mol L-1 Li2SO4, Na2SO4, and K2SO4 aqueous

solutions at a current density of 100 mA g-1 are shown in

Fig. 8. As can be seen in Fig. 8, the supercapacitor exhibits

much better capacitive behavior in 1 mol L-1 Li2SO4

solution than that in the other solutions, indicating that the

charge storage mechanism of the Li4Mn5O12 electrode

Fig. 4 CV curves of the Li4Mn5O12 electrode in various potential

ranges at scan rate 5 mV s-1 in 1 mol L-1Li2SO4

Fig. 5 CV curves of the Li4Mn5O12 electrode at various scan rates in

the potential range of 0–1.3 V at scan rate 5 mV s-1 in 1 mol L-1

Li2SO4

Fig. 6 CV curves of the MnO2-AC electrode at different scan rates at

-0.2–1.0 V (vs. SCE) in 1 mol L-1 Li2SO4
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material in aqueous electrolyte is interrelated with the

insertion/extraction of Li-ions, which is about the same as

the charge storage mechanism of Li4Mn5O12 material

in organic electrolyte. The Li4Mn5O12 with a spinel

framework structure can be expressed as: [Li]8a

[Li0.33Mn1.67]16d[O4]32e. Such a structure could be favor-

able to the insertion/extraction of Li? ions. During dis-

charge process, Li-ions first intercalate into 16d sites in

Li4Mn5O12 spinel structure, even intercalating into the

tetrahedral 8a sites, also migrate to 16d sites. Eventually,

the 16d sites are occupied by Li-ions. As demonstrated

above, a charge–discharge mechanism based on the con-

cept of Li? ion intercalation is proposed for the Li4Mn5O12

electrode, can be proposed as follows:

Li4þxMn5O12 �
charge

discharge
Li4Mn5O12 þ xLiþ þ xe ð1Þ

During the charge process, Li-ions in spinel

Li4?xMn5O12 material are easily deinserted to form

Li4Mn5O12, leading to the appearance of many Li-ion

vacant sites in the electrode material. During the discharge

process, it is difficult for K? and Na? in electrolyte solu-

tion to reinsert into the vacant sites because of their larger

sizes. Therefore, Li2SO4 solution is used for testing in this

article.

The charge/discharge mechanism of MnO2 in Li2SO4

aqueous solution is complicated, it can be described com-

monly as following reversible reactions (2) and (3) [21,

22].

MnO2 + Hþ + e �
Charge

Discharge
MnOOH ð2Þ

MnO2 þ Liþ þ e �
Charge

Discharge
MnOOLi ð3Þ

3.3.5 Calculation of the discharge specific capacitance

The charge/discharge curves of the Li4Mn5O12/MnO2-AC

hybrid supercapacitor at a constant current density of

100 mA g-1 in 1 mol L-1 Li2SO4 are shown in Fig. 9. As

can be seen in Fig. 9, the slope of charge/discharge curves

almost keeps constant, indicating Li4Mn5O12 electrode has

higher electrochemical reversibility and excellent capaci-

tive characteristic.

The discharge specific capacitance (Cs) of hybrid

capacitor was calculated from the below formula:

Cs ¼
dQ

mdV
¼ dQdt

mdtdV
� IDt

mDV
ð4Þ

Fig. 7 CV curves of the Li4Mn5O12 electrode in various aqueous

electrolytes at scan rate 100 mV s-1in the potential range of 0–1.3 V

(vs. SCE) 1 mol L-1 Li2SO4

Fig. 8 Charge/discharge curves of the Li4Mn5O12/MnO2-AC hybrid

supercapacitor in various aqueous electrolytes

Fig. 9 Charge/discharge curve of the Li4Mn5O12/MnO2-AC hybrid

supercapacitor at a constant current density of 100 mA g-1 in

1 mol L-1 Li2SO4
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where I (A), DV (V), Dt (s), and m are the discharge current,

discharge potential range, discharge time consumed in the

potential range, and the active mass of the two electrodes,

respectively. The hybrid supercapacitor shows the specific

capacitance 51.3 F g-1 within potential range of 0–1.3 V

at a charge/discharge current density of 100 mA g-1 in

1 mol L-1 Li2SO4 electrolyte.

Charge/discharge studies were performed at a constant

current of 100 mA g-1 between 0 and 1.3 V and discharge

specific capacitance for 600 cycles is shown in Fig. 10.

Li4Mn5O12/MnO2-AC hybrid supercapacitor delivered

the initial special capacitance of 51.3 F g-1 at a current

density of 100 mA g-1 in 1 mol L-1 Li2SO4 electrolyte.

The discharge specific capacitance value of the hybrid

supercapacitor remained 31.3 F g-1 after 600 cycles,

exhibiting a good cycling performance and the structure

stability.

3.3.6 Electrochemical impedance analysis

The Nyquist impedance spectra of Li4Mn5O12 electrode

and MnO2-AC electrode are shown in Fig. 11a and b,

respectively. The frequency responses of an electrode

material can be clearly characterized by investigating the

electrochemical impedance spectra (EIS). The high fre-

quency intercept on the real axis provides the solution or

electrolyte resistance (Re) and the diameter of semicircle

provides the electronic resistance (Rm) of the electrode

materials, which arises from diffusion of counter ions

between the electrolyte and the electrode materials. The

Nyquist impedance spectra in Fig. 11a consist of a high

frequency semicircle and a low frequency spike. The Re is

very small as can be seen from the Fig. 11a, indicating that

1 mol L-1 Li2SO4 electrolyte is appropriate for Li4Mn5O12

electrode. The Li4Mn5O12 electrode resistance (Rm1) is

about 41.3 ohm. For the Li4Mn5O12 electrode, the low

frequency spike shows an inclination at an angle *70�,

indicating that the electrode in 1 mol L-1 Li2SO4 has good

capacitive behavior. The Nyquist impedance spectra in

Fig. 11b typically consist of a high frequency arc of a one-

fourth and a low frequency spike. Re is about 1.8 ohm in

Fig. 11b, while the MnO2-AC electrode resistance (Rm2) is

about 18.1 ohm. For the MnO2-AC electrode, the low

frequency spike shows an inclination at an angle *60�,

indicating that the electrode in 1 mol L-1 Li2SO4 has good

capacitive behavior [23]. Moreover, the discharge specific

capacitance of the Li4Mn5O12 electrode and the MnO2-AC

electrode can be calculated from Eq. 5 in low frequency

range, respectively [24].

Fig. 10 Variation of discharge specific capacitance within potential

range of 0–1.3 V at a charge/discharge current density of

100 mA g-1 in 1 mol L-1 Li2SO4 with respect to cycle number

Fig. 11 The Nyquist

impedance spectra of the

electrodes in 1 mol L-1 Li2SO4

a Li4Mn5O12; b MnO2-AC
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Cs ¼ �
1

2pfmZ 00
ð5Þ

where f, m, Z00 are the frequency of the low-frequency

range (Hz), here the low frequency is 0.01 Hz, mass of the

electrodes (g), and the impedance of the imaginary part

(ohm), respectively. The specific capacitance of two elec-

trodes calculated from the Z00 value at the lowest frequency

(0.01 Hz) is 50.3 and 194.2 F g-1, respectively.

The bode plots for the Li4Mn5O12 electrode and the

MnO2-AC electrode are shown in Fig. 12a and b. As can be

seen in Fig. 12a and b, the total impedance of increases

with decrease in the frequency. In the lower frequency

(0.01 Hz), the negative values of the phase angle reach

-60�, -70� for the Li4Mn5O12 electrode and the MnO2-

AC electrode, respectively. These values of phase angle

indicate that the both electrode material has good capaci-

tive behavior [25].

4 Conclusion

In this work, a sol–gel method was used to prepare

Li4Mn5O12 powders, and the manganese oxide-activated

carbon composite (MnO2-AC) was prepared by a method

in which KMnO4 was reduced by activated carbon. A

hybrid supercapacitor in which Li4Mn5O12 and MnO2-AC

were used as electrode materials was fabricated. Its elec-

trochemical properties were tested by cyclic voltammetry,

charge/discharge test, and impedance spectroscopy mea-

surement. The results showed that potential range, scan

rate, and species of aqueous electrolyte had great effect on

the capacitive properties of the Li4Mn5O12/MnO2-AC

hybrid supercapacitor. Charge/discharge mechanisms of

Li4Mn5O12 and MnO2-AC in aqueous electrolyte were

discussed. In the potential range of 0–1.3 V, the hybrid

supercapacitor delivered a discharge specific capacitance

of 51.3 F g-1 within potential range of 0–1.3 V at a

charge/discharge current density of 100 mA g-1 in

1 mol L-1 Li2SO4 electrolyte.
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