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Abstract: 

Present article is the first example of incorporation of metal oxide nanoparticles 

within the ionic liquid derived nano-fibrillated mesoporous carbon (IFMC); as the 

electrode materials for supercapacitor applications. Electron microscopy observations, 

X-ray diffraction analysis, in addition to gas adsorption/desorption analysis confirm 

the incorporation of manganese dioxide within the mesoporous nanofibers 

(MnO2@IFMC) with high surface area of about 388 m
2
 g

-1
. MnO2@IFMC was 

successfully employed as new electrode material for high-rate supercapacitors in 

neutral media. The one-dimensional nano-composite shows high performance and 

excellent cycle life stability according to electrochemical studies. This substantial 

performance and high specific capacitance may be originated from the high surface 

area of nano-composite, shortened diffusion length and mesoporous openings on the 

outer surface. Also, augmented conductance of the carbon nanofibers due to 

heteroatom (nitrogen) effect can be considered as important reason for high-rate 

capability and excellent specific capacitance (almost 1000 F g
-1

 at 10 mV s
-1

). Our 

results indicate that MnO2@IFMC can be considered as promising electrode material 

for high-rate supercapacitors. 

Keywords: Mesoporous carbon; Supercapacitor; Specific Capacitance; 

Nanostructures; Conducting materials. 
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1. Introduction 

Porous carbon materials, especially mesoporous carbons have attracted a great intense 

of researches due to their unique properties including excellent chemical stability, 

high available surface area, and easily accessed pore channels 
1-4

. Carbon materials 

containing heteroatoms were found to exhibit improved physical and chemical 

properties. In addition to the high real surface area, these nanostructures provide a 

shortened path length for the electron transport. The greatly enhanced electrolyte 

penetration and shortened diffusion length for electrons and the ions are of high 

importance for the high capacitance and high-rate capable supercapacitors 
2, 5

. 

Electrochemical supercapacitors have been attracted an enormous profound of 

researches as important energy storage systems because of their ability to deliver high 

power and preserving the stable operation, especially stability in their specific 

capacitance, during thousands of charge-discharge cycles 
2, 5-9

. Considering the 

various mechanisms of charge storage in the supercapacitor systems, there are two 

types of such energy storage systems: Electrical double layer capacitors (EDLCs) and 

electrochemical pseudocapacitors. The mechanism for the first type systems is based 

on the electrostatic forces while the second type works through fast Faradaic redox 

reactions 
6, 10-13

. Recently, conducting polymers, also electroactive metal oxides and 

hydroxides have been frequently investigated as electroactive materials in 

electrochemical supercapacitor systems, because of affording high theoretical specific 

capacitance arising from redox reactions 
14-21

. A wide variety of transition metal 

oxides and hydroxide nanostructures are of important candidates as electrode 

materials to design the supercapacitor electrodes
10, 14, 15, 18, 22-28

. Among them, 

manganese oxides and hydroxides are of particular importance because of their low 

price, high theoretical specific capacitance and low toxicity 
29

. It should be mentioned 
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that the carbon nanostructures can afford the platform for decorating the metal oxide 

nanostructures to circumvent their agglomeration, thus providing superior utilization 

of such materials 
2, 11, 30, 31

. 

For carbon based materials incorporated with transition metal oxides, the charge 

storage mechanisms relies on both electrical double-layer mechanisms in addition to 

the contribution of the redox reactions 
7, 10, 13, 23, 32-42

. Thus, it could be possible to 

overcome the low specific capacitance of carbon materials. Of course, another 

important shortcoming of commercial supercapacitors is the low energy density. To 

date, this problem have implemented substantial challenges towards the application of 

commercial supercapacitors as primary power sources instead of batteries 
32

. It is 

concluded that dispersing the MnO2 nanoparticles on conductive substrates could 

result in accomplishing the redox reactions in charge storage mechanism by 

enhancing the electrical conductivity of the MnO2 based electrodes 
34

. Of course, 

increasing the electrical conductivity and specific capacitance will be possible if 

forming a high surface-area metal oxide layer while preserving high conductivity of 

the electrode even at a high oxide loading 
34

. 

Two important shortcomings of commercial supercapacitor materials are the limited 

specific capacitance of carbon materials in addition to low energy density 
34, 43-45

. 

Charge storage mechanisms in transition metal oxides incorporated carbon materials 

include both the based on both electrical double-layer mechanisms in addition to the 

contribution of the redox reactions 
32, 46

. Thus, it could be possible to enhance the low 

specific capacitance of carbon materials by incorporation of metal oxides 

nanostructures 
14

. Thus, involvement of nanoparticles of metal oxides and hydroxides 

in the electrode materials may result in the enhanced energy density; also increasing 

the operational potential windows of the supercapacitors by forming a high real 
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surface area of metal oxide layer while maintaining adequate conductivity of the 

electrode even at a high metal oxide loading 
7, 12, 14, 23

.  

Recently, we have synthesized and reported the catalytic, electrochemical and 

supercapacitive behaviors of novel ionic liquid derived mesoporous carbons (IFMC 

and IOMC) in which a high specific capacitance and high rate capability was 

observed, as well as interesting electrochemical behaviors 
45, 47, 48

. Herein, we 

investigate the incorporation of MnO2 nanoparticles within IFMC and its 

supercapacitive behavior. Our results corroborate the high specific capacitance and 

energy density for IFMC-MnO2 electrode, indicating excellent and tunable 

conductivity of carbon substrate as well as the large real surface area of IFMC-MnO2 

nanocomposite.  

  

2. Experimental and methods 

2.1. Preparation of MnO2@IFMC 

All chemicals were purchased from Sigma-Aldrich and Alfa Aesar companies and 

used as received. Synthesis of the ionic liquid derived nano-fibrillated mesoporous 

carbon (IFMC) was achieved based on the previously reported work by Karimi et al 
1
. 

To synthesize IFMC, a dry acetonitrile solution of IL (1-methyl-3-phenethyl-1H-

imidazolium hydrogen sulfate) was added drop-wise to a suspension of SBA-15 in 

acetonitrile. After 24 h of stirring at room temperature, the solvent was removed 

under reduced pressure. The resultant powder was impregnated with an aqueous 

solution of sulfuric acid and placed in a vacuum drying oven until a dark brown 

powder was obtained. This composite was then kept in an argon flow at 900 °C for 3 

h to carbonize the IL. To remove the silica template, the black powder was stirred in a 

solution of sodium hydroxide at 50 °C for 24 h. The filtered nanoporous carbon was 
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washed several times with deionized water and ethanol and vacuum dried. To prepare 

MnO2@IFMC nanocomposite, a solution of urea was slowly added to an aqueous 

suspension of IFMC and manganese acetate. During the addition of urea IFMC 

containing suspension was stirred and sonicated, also its temperature fixed at 40 °C. 

Then, to purify the MnO2@IFMC product, centrifugation and washing with distilled 

water was carried out. The resulting precipitation which appeared as a black powder 

was left in an oven at 80 °C to dry. Finally, thermal treatment of the MnO2@IFMC 

product was performed at 280 °C in and electrical oven for 3 hours. 

 

2.2. Electrochemical investigations 

To prepare the supercapacitor electrodes, a mixture of MnO2@IFMC powders, poly-

tetraflouro ethylene (PTFE) and acetylene black powder in a ratio of 80:10:10 was 

loaded onto the carbon paper electrode as current collector and left to dry under 

vacuum at 100 
o
C for at least 4 hours. Electrochemical measurements were carried out 

in both three and two electrodes systems. A Zahner-Zennium Potentiostat-Galvanostat 

instrument in addition to Autolab 101 (Eco Chemie Bv Netherlands) was employed 

for electrochemical studies. Ac impedance spectroscopy measurements were carried 

out in the frequency range of 100 kHz to 10 mHz by applying a 5 mV amplitude ac 

voltage. Also, EIS results were analyzed by using the complex nonlinear least square 

(CNLS) fitting method. Two electrode measurements were performed on a 

symmetrical combination of two identical MnO2@IFMC electrodes in which the 

electrodes were separated by a thin separator. It should be noted that a solution of 1 M 

Na2SO4 was injected as electrolyte. 

 

2.3. Characterization 
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The morphology and structure of the samples were examined by field emission 

scanning electron microscopy (FESEM, Hitachi S-4160, equipped with energy 

dispersive X-ray analyzer (EDAX)), transmission electron microscopy (TEM, 

Hitachi-600, Japan), and N2 adsorption-desorption measurements by using a Belsorp 

instrument (BELMAX, Japan). XRD analysis was carried out by using a D8 XRD 

Advance Bruker instrument. Thermal analysis (TG-DSC) was performed by a 

NETZSCH STA 409 PC/PG.  

 

3. Results and discussion 

3.1. Surface characterization of MnO2@IFMC 

3.1.1. Electron microscopy and EDAX analysis 

Figure 1A shows a typical SEM top-view image of the MnO2@IFMC nanocomposite. 

From these Figures, the MnO2 nanoparticles can be observed on the outer surface of 

IFMC. The SEM image of MnO2@IFMC nanocomposite demonstrates that the 

composite possesses a branched spongy structure. However, to see the mesoporous 

structure of IFMC, TEM images are necessary. TEM image (Figure 1B) shows the 

fibrilliar structure of nanocomposite in which homogenous incorporation of MnO2 can 

be seen. Higher resolution TEM image of MnO2@IFMC nanocompositeis provided as 

Figure 1C. From TEM images, we can see the nano-fibrillated structure of the IFMC 

in which approximately 10 nm MnO2 nanoparticles incorporated. To compare the 

effect of incorporation of metal oxide nanoparticles on IFMC structure, TEM image 

of pure IFMC is also provided in supporting information (Figure S-1). It is clear that 

the nano-fibrilliar structure is almost retained after composite formation providing 

high active surface area in electrochemical studies. This finding is in good agreement 

with the porosimetry results. Also, EDAX analysis confirmed the presence of 
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manganese in the structure of MnO2@IFMC nanocomposite (Figure 2). Moreover, 

Figure S-2 supports the presence of nitrogen heteroatom in IFMC substrate by X-ray 

photoelectron spectroscopy (XPS).  

Figure 1 and Figure 2 

 

3.1.2. XRD analysis 

Figure 3 gives the XRD patterns of MnO2@IFMC. The pattern of MnO2@IFMC can 

be compared with the patterns of α-MnO2 
24, 32

. The peaks appeared approximately at 

30°, 37°, 60°, 66° and 69° correspond to (310), (211), (521), (002) and (541) crystal 

planes which are in good agreement with α-MnO2 (JCPDS no. 44-0141). Although, 

the main phase can be attributed to α-MnO2, a few other phases, such as γ-MnO2 may 

also be present. The relatively intensive and sharp peak appeared at almost 32° is 

attributed to the graphitic structure of IFMC carbon. The diffraction peaks of MnO2 

were found to be relatively broadened and of lower intensity as compared to the 

carbon fiber peaks. This implies low degree of crystallinity and the small grain size of 

the manganese oxide nanostructure. The average size of the manganese oxide 

nanoparticles incorporated into IFMC was approximately estimated as 10 nm using 

Scherrer’s equation: 

 

� =
0.9�

��	
�
																																																					eq	(1) 

where λ is the X-ray wavelength, W is the full width at half-maximum (FWHM), and 

θ is the Bragg angle. The average size of MnO2 nanoparticles is in good agreement by 

TEM measurements. 

Figure 3 

3.1.3. Porosimetry 
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The nitrogen adsorption–desorption isotherms were recorded to investigate the effect 

of loading and incorporating of MnO2 nanostructures on IFMC characteristics. The N2 

isotherm of IFMC-MnO2 is of classical type IV with a clear hysteresis loop at 

pressures of 0.2−0.9 (Figure 4A), indicating the presence of mesopores in the 

MnO2@IFMC product as confirmed by TEM images. Also, Figure 4B represents the 

distribution of the pore size of the synthesized MnO2@IFMC materials. The BET 

specific surface area, measured from the nitrogen adsorption isotherm, was found to 

be 388 m
2
g

–1
.The pore diameters was calculated by the BJH method. The maximum 

pore diameter distribution was less than 5 nm (Figure 4B). The N2-sorption diagram 

also indicates the coexistence of micropores and mesopores. The specific surface area 

was decreased after impregnation of MnO2 nanoparticles from 778m
2
 g

–1
 to 388 m

2
 g

–

1
 possibly due to blocking of some of the mesopores and channels. However, 

MnO2@IFMC still preserved a high surface area which is quite suitable for 

supercapacitor purposes. It should be noted that the pore volume was decreased from 

0.98 cm
3
 g

-1
 to 0.39 cm

3
 g

-1
for pure IFMC and MnO2@IFMC, respectively. The 

decrease in pore volumes might be originated from the formation of metal oxide 

within nanospaces of pristine IFMC. The nature of the N2 adsorption–desorption 

isotherm demonstrates insignificant changes upon impregnation of MnO2, indicating 

that the mesoporous structure was mostly retained after incorporation of MnO2. This 

finding is reasonably in agreement with TEM observations of pure IFMC and 

MnO2@IFMC. The mesoporous structure of IFMC with interconnections (secondary 

mesoporous structure) can provide a constructive path for electrolyte ion 

transportation and penetration. This behavior could result in the fast ion transfer and 

consequently faster charge-discharge ability of the electrode materials for 

supercapacitor applications. 
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Figure 4 

 

3.1.3. Thermal analysis 

TGA was used to examine the loading of MnO2 and thermal decomposition of the as-

prepared nanocomposite under air at a heating rate of 10 °Cmin
-1

. The curves of 

weight loss and derivative weight change of MnO2@IFMC are shown in Figure 5. As 

the temperature was increased to 100 °C, the sample weight decreased slightly due to 

desorption of water content. Also, MnO2@IFMC nanocomposite is stable until 300 

°C and the weight loss between 100 to 330 °C is almost 2 %. The major weight loss 

occurred within the range of 300-400 °C (the sharp peak of weight loss is located at 

almost 330 °C) can be attributed to the combustion of carbon content in the samples. 

As shown on TGA plots, the graphitic carbon content of the nanocomposite,which is 

lost at almost 330 °C, can be estimated as almost 41 %. The residual weight observed 

after 450 °C can be taken into account for MnO2 nanoparticles weight. The residual 

mass of the sample was almost 42 % which shows high loading of MnO2 

nanoparticles into IFMC structure. 

Figure 5 

 

3.2. Voltammetric behavior of IFMC-based electrode 

Figure 6 illustrates the cyclic voltammograms recorded for MnO2@IFMC based 

electrode in a 1.0 M Na2SO4 solution. As it can be clearly seen, the shape of the 

voltammograms is almost rectangular; indicating the nearly ideal supercapacitive 

behavior of the employing electrode material. Figure 7 displays the specific 

capacitances of MnO2@IFMC electrode against the scan rates; which estimated as 

1100, 978, 890, 844, 800 and 744 F g
-1

 at scan rates of 10, 20, 50, 100, 200 and 400 
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mV s
-1

, respectively. These excellent specific capacitances are mainly originated from 

the monotonous distribution of MnO2 nanoparticles within IFMC structure, in 

addition to large surface area and good conductivity provided by IFMC substrate. 

Notably, α-MnO2 was revealed to be the major metal oxide phase according to XRD 

analysis. This is an important observation because it may indeed result in facile 

electron/ion insertion reaction, especially hydrated cations. Of course, considerable 

high surface area can be expected for MnO2 nanoparticles due to high surface area of 

IFMC substrate. Such a high effective surface for MnO2 nanostructures seems to play 

an essential role to produce high specific capacitance in IFMC-MnO2 nanocomposite. 

It was reported that the transportation of alkali cations (usually Li
+
, Na

+
 and K

+
) into 

the bulk of MnO2 nanostructures is responsible for the main part of electrical charge 

capacitance 
49

. 

MnO2 + M+ + e- MnOOM  

(M
+
 = Li

+
, Na

+
, K

+ 
) 

It was observed that the specific capacitance decreased by increasing the scan rate, 

due to the commonly proposed mechanism for charge storage process in MnO2 

nanostructures. At low scan rates, almost all of the pores within the structure are 

accessible for electrolyte ions; results in complete ion movement into and out of the 

pores. While at higher scan rates, the effective diffusion of ions into the electrode 

structure is reduced and only the outer surface and top surface of larger pores 

involved in ion insertion/extraction; leading to reduced specific capacitance 
39-42, 50

. In 

the present work, for MnO2@IFMC nanocomposite electrode, the diffusion of Na
+
 

ions into the MnO2 nanostructures was slightly decreased at higher scan rates, 

although the major part of capacitance is most likely originated from charging of 

outer surface of the electrode material. It may be concluded that only a small fraction 
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of interior surface of MnO2 nanoparticles and deep pores of the IFMC does not 

actively contribute to the capacitance at higher scan rates. The superior structure of 

IFMC material is very essential to reach the ions to the much of the deeper active 

sites, thus it leads to slight decrease in capacitance at high scan rates. Figure 7 

represents the estimated specific capacitance against potential scan rate, estimated 

from voltammograms in Figure 6. As shown in Figure 7, the specific capacitance was 

decreased about 25% from 10 to 200 mV s
-1

, suggesting the high-rate capability of 

IFMC-MnO2 nanocomposite. 

Figure 6 and Figure 7 
 

3.3. Galvanostatic charge-discharge experiments of IFMC-based electrode 

Charge-discharge experiments were carried out at different current density to evaluate 

the specific capacitance of the electrode materials, also to confirm the cyclic 

voltammetry results. Figure 8a shows a typical plot of galvanostatic charge-discharge 

curves recorded for MnO2@IFMC nanocomposite-based electrode at a discharge 

current of 8.88 A g
-1

. The specific capacitance can be estimated using the following 

equation: 

� =
�∆�

�∆�
																																																																												eq(2) 

where C (F g
-1

) is the specific capacitance, i (mA) is charge-discharge current, ∆t (s) 

is discharge time, m (mg) is the mass of MnO2@IFMC that used in constructing the 

supercapacitor electrode, and ∆V (V) represents the potential drop of discharge curve.  

Also, Figure 8b demonstrates the variations of specific capacitance estimated for 

MnO2@IFMC electrode against current density. As can be seen in Figure 8b, a slight 

decrease in specific capacitance with increasing the current density has been occurred. 

The slight decrease in capacitance may be attributed to possible charge storage in the 
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interior of MnO2@IFMC electrode surface, as well as outer spaces, even at high 

discharge rates (current densities). It should be noted that almost 80% of specific 

capacitance at a current density of 4.4 A g
-1

 was preserved at 17.7 A g
-1

, suggesting 

the exceptional high-rate performance of electrode material. 

Figure 9 displays the Ragone plot (power density vs. energy density) for 

MnO2@IFMC electrode. According to this plot, maximum power and energy density 

of 4.63 kW kg
-1

 and 25.3 Wh kg
-1

, can be acquired of MnO2@IFMC electrode. The 

values obtained for energy and power densities are interestingly comparable to the 

previously reported works based on the metal oxide nanostructures used for 

supercapacitor purposes; even the specific energy density obtained for MnO2@IFMC 

is improved 
14, 20

. Additionally, energy density was decreased slightly with increasing 

the power density, signifying the high performance behavior of IFMC-MnO2 

electrode material.  

Figure 8 and Figure 9 

 

3.4. Electrochemical impedance analysis of IFMC-based electrode 

Figure 10 illustrates the Nyquist plot of MnO2@IFMC nanocomposite-based 

electrodes recorded at the open circuit potential. In the high and middle frequency 

region a very small charge transfer resistance was observed; indicating the low charge 

transfer resistance for MnO2@IFMC nanocomposite-based electrodes. Also, the 

depressed semicircle is ended by a vertical line in the low frequency region. To find 

the electrical parameters for the supercapacitor electrode, EIS results were well fitted 

to appropriate equivalent circuit (shown as Scheme 1). The equivalent series 

resistance for the supercapacitor electrode was estimated to be 2.4 Ω and the charge 

transfer resistance associated with electrode double layer charging was less than 0.2 
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Ω. Besides, the electrochemical series resistance (ESR) value for MnO2@IFMC 

electrodes is reasonably low, indicating that the electrode material has very small 

resistance with good ion response at high-frequency ranges. The slope of the line in 

the low frequency region is more than 75°; as expected to see for supercapacitive 

behavior of the electrode material.  

Figure 10  

Scheme 1 

 

3.5. Electrochemical behavior of two electrode system 

A symmetric two-electrode supercapacitor was constructed by assembly of two 

identical MnO2@IFMC electrodes to examine the execution of the electrode materials 

in a real supercapacitor design. Then, complete electrochemical studies of the 

symmetric two electrode supercapacitor were performed. According to the 

galvanostatic charge/discharge experiments (results shown as Table 1), there is a 

modest decrease in the specific capacitance with increasing the discharge current 

density. As seen in Table 1, the specific capacitance drop was 10% by increasing the 

current density up to 17.8 A g
-1

. This small decrease in specific capacitance can be 

ascribed by the appropriate morphology of MnO2@IFMC nanocomposite, in addition 

to suitable small size and structure of manganese oxide nanoparticles which provide 

short pathways for diffusion of electrolyte ions. Furthermore, it is not surprising to 

speculate that this issue might be also due to the high accessible surface area of 

nanocomposite, which can in turn afford the great part of its surface area to the 

electrolyte ions at larger current densities. Also, an exceptional specific capacitance of 

521 F g
-1

 at a current density of 8.8 A g
-1

 was achieved for a two-electrode assembly. 

This value can be considered as 1040 F g
-1

 for a single electrode capacitance which is 
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remarkable compared to the theoretical specific capacitance of MnO2 
29

. To check the 

synergy effect between IFMC and MnO2 nanoparticles, two different experiments 

were carried out for IFMC pure and MnO2 pure supercapacitors. It should be 

mentioned that the specific capacitance of pure IFMC electrode was estimated about 

110 F g
-1

 at a current density of 9.0 A g
-1

, while this value for MnO2 nanoparticles 

fabricated in the absence of IFMC was approximately 200 F g
-1

. These findings reveal 

that incorporation of metal oxide nanoparticles within IFMC structure results in a 

remarkable synergic effect in charge storage behavior of MnO2@IFMC 

nanocomposite. 

Finally, the cycle life stability is a crucial factor for practical supercapacitor purposes. 

Herein, the estimated specific capacitance for MnO2@IFMC electrode supercapacitor 

showed that the electrode materials maintains more than 90% of its initial capacitance 

after 2000 successive charge-discharge cycles (shown as Figure S-3). Also, the 

specific capacitance retention was approximately 80% after 5000 charge-discharge 

cycles; indicating the excellent stability for the electrode material. Thus, the 

MnO2@IFMC electrode can be proposed as a prominent candidate for construction of 

high-rate supercapacitor.  

 

Table1.  

4. Conclusion 

In the present work introduce a facile method to fabricate the nanocomposite of MnO2 

incorporated into the structure of a nano-fibrillated mesoporous carbon. The 

electrochemical behavior of MnO2@IFMC electrode was studied and it was found 

that the nanocomposite comprises remarkable charge storage capacitance in addition 

to high-rate capability. It was concluded that the supercapacitive behavior may be 
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originated from the ordered mesoporous structure with inner connections and high 

active surface area; enhancing facile Faradic reactions for metal oxide nanoparticles. 

It is worth mentioning that MnO2@IFMC based electrodes maintain more than 90% 

of their initial capacitance after 2000 charge-discharge cycles, while capacitance drop 

by increasing the discharge current was significantly small. Our results suggest the 

MnO2@IFMC nanocomposite as an excellent alternative electrode material for high-

rate supercapacitor applications. 
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Scheme 1. Equivalent circuit used to fit the experimental EIS data for IFMC-MnO2 

nanocomposite 
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