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Abstract 

The green chemistry route (Microwave) has been used to produce nanocomposite materials based on 

activated carbon (AC) and manganese (Mn) oxide nanostructures. XRD analysis revealed that amorphous and 

crystalline oxide structures were synthesized. Morphological studies reveal rod-like α-MnO2 for the pristine 

sample, while cubic Mn3O4 and irregular shaped MnO2 structures were anchored on the AC substrate as 

revealed by the scanning electron microscopy (SEM) showing that the nanostructures were uniformly 

distributed on AC. The electrochemical tests of the composites as electrodes show that the amorphous AC-

MnO2 had a specific capacitance of 180 F g
−1

, nearly four times higher than that of crystalline AC-Mn3O4 

composite electrode (55 F g
−1

). The Coulombic efficiency for the AC-MnO2 cell was 98 % after 5000 cycles 

indicating a small capacitance loss. The green route technique and good electrochemical properties indicate 

that the amorphous AC-MnO2 nanocomposite could be a good material for high-capacity, low-cost, and 

environmentally friendly electrodes for electrochemical capacitors. 

Keywords: Amorphous activated carbon, MnO2 nanostructure, Composites, Microwave irradiation, 

Electrochemical capacitor, Energy storage.  
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Introduction 

Recently there has been a tremendous increase in potable and wearable electronic devices and this has left 

the energy sector with a key technological challenge of energy storage. There is growing interest in research 

activities directed towards the development of low-cost, high-power and high energy density electrochemical 

energy-storage devices to meet the increasing energy demand [1]. Supercapacitors are at the forefront of this 

research because of the rapid power delivery and long cycle life. Due to these advantages they have found 

applications in regenerative braking systems, electrical vehicles, portable electronic devices, and backup power 

[2]. However, the relatively lower energy density of supercapacitors when compared with that of batteries has 

thus limited their full potential and wide-spread application as primary energy storage devices [3]. The storage 

mechanism of supercapacitors can be classified into two namely: the electrical double layer capacitors (EDLCs) 

which store charges by rapid adsorption of electrolyte ions on high-surface-area electrode materials such as, 

onion-like carbons (OLCs), activated carbon (AC), graphene, carbide-derived carbons (CDCs) and carbon 

nanotubes (CNTs) [4–7] and the pseudocapacitors (Faradaic mechanism) that store and release charges in a 

Faradaic electron-transfer process [8]. Transition metal oxides (TMOs) and conducting polymers (polypyrrole) 

[9] are usually explored for pseudocapacitive applications. Many TMOs including RuO2, [10] MnO2, [11] Co2O3 

[12], Co3O4 [13], NiO [14,15], Fe3O4 [16], TiO2 [17], and V2O5 [18] have been tested as electrode materials. 

Amongst all these materials, RuO2 and MnO2 have been widely studied due to following properties: simple and 

scalable synthesis procedure, intrinsically high inherent pseudocapacitance, and rapid charging-discharging. 

However, the high cost and toxic nature of RuO2 serves a major drawback for its commercialization and 

practical applications [19]. 

MnO2 is a potentially interesting electroactive electrode material for electrolytic supercapacitors due to its low 

cost, natural abundance, low level of toxicity for humans, intrinsically high capacity in mild aqueous 

electrolytes and environmental compatibility [11]. Nevertheless, MnO2 has limitations such as low surface 

areas, poor electrical conductivity, and poor cycling performance [11]. A variety of MnO2 morphologies such as 

nanoparticles, flowerlike structure, spheres, nanorods, nanotubes have been achieved [11,20]. Additionally, 

different crystallographic phases (such as α, β, γ, ε, δ) have all been reported [21]. Carbon-based 

supercapacitors also show low charge storage capacity due to the limited electrolyte ions adsorption and 

desorption on the surface of the carbon [20]. To address this issue and improve the electrochemical 
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performance of carbon based materials to meet the demands for high-performance supercapacitors, intensive 

research efforts and effective strategy are being focused towards optimization of its electrochemical 

performance through incorporation of several TMOs with the different carbon materials with controlled 

micro/nanostructures to improve on the performance of the supercapacitors. The understanding of the 

synergistic effect, the design of integrated materials network architecture in which each component’s 

properties play important role still needs to be optimized and a fast ion and electron transfer which guarantee 

efficient electrochemical performance still remains a great challenge. 

Recently, three dimensional porous carbons (e.g. micro, meso and macroporous) have become attractive and 

it has inspired efforts to develop hybrids based on the incorporation of TMOs (such as MnO2) into 3D porous 

network architecture which could be a promising method for enhancing its capacity of the composite materials 

[22–24]. Such hybrids material combined the merits of the double layer capacitance of the porous carbon and 

pseudocapacitance properties of MnO2 materials which contribute to the total electrochemical capacitance 

value of the hybrid electrode material. Various composite materials based on conductive carbon materials 

such as carbon nanotubes (CNTs), activated carbon (AC) or graphene with nanostructured MnO2 have been 

widely studied [25–27]. Under different synthesis modes, various shapes and morphology of MnO2 

nanostructures can be anchored on the given substrate (carbon).  

As stated earlier, different synthesis technique give rise to different morphology of MnO2 on the substrate 

material hence the development of high-performance hybrids-electrode based materials for energy-storage, 

requires the desirable structure and properties. In this regard, the synthesis method and microstructure 

properties are all important and play crucial role on the hybrid materials. In the present work, we have 

anchored manganese oxide nanostructure onto porous activated carbon materials using hydrothermal 

microwave irradiation. The formation mechanisms and evolution of the different nanostructures and the 

energy storage mechanism for electrochemical applications have been elucidated. The effect of composites 

materials on electrochemical performances, such as CV-curves, charge-discharge behaviours, electrochemical 

impedance spectroscopy (EIS), specific capacitance of the composite electrode and the dependency of the 

nanostructure on the electrochemical performance were tested and discussed in a two-electrode aqueous 

symmetric configuration. 
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Experimental 

Activated carbon materials were prepared using a method in our previous work [28,29]. The AC-MnOx 

composites were prepared using both solvothermal (Ethylene glycol (EG) and water) and hydrothermal (water) 

routes with microwave irradiation. 0.5 g of AC was dispersed in equal volumes of both mixed solvent and 

water respectively by ultrasonication. 0.26 grams of KMnO4 was added to both mixtures while 1.5 ml of HCl 

was added drop wise to the aqua mixture only. Both solutions were stirred to obtain homogeneous mixtures 

after which they were transferred into separate quartz vessels in a microwave reactor (Anton Paar Synthos 

3000 multimode reactor, 1400 W magnetron power) equipped with a wireless pressure and temperature 

sensor. The reactor was operated in the pressure mode using a power of 400 W. The temperature was ramped 

at 10 °C/minutes to 110 °C and kept constant at this temperature for 30 minutes, while the pressure was 

maintained at 80 bars throughout the hold period. After cooling the reaction chamber to room temperature, 

the resulting solid precipitates were collected and washed with deionized water and ethanol several times. The 

samples were then dried at 60 °C for 24 h. The obtained samples were designated as AC-Mn3O4 and AC-MnO2 

respectively. 

Material characterization  

Powder X-ray diffraction (XRD) was recorded in the 2θ range between 20.0 °–80.0 ° using an XPERT-PRO 

diffractometer (PANalytical BV, the Netherlands) with θ/2θ geometry and a counting time of 15.240 seconds 

per step. Qualitative phase analysis of samples was conducted with the X’pert Highscore search match 

software at room temperature using Co K1α (ʎ=0.178897 nm). Raman spectra of both samples were recorded 

using a WiTec-alpha 300R+ confocal Raman spectrometer (WiTec GmbH) with the laser power of 10 mW in 

order to minimize heating effects. The excitation source was a 532-nm laser through a numerical aperture of 

0.9 and 20x magnification. Nitrogen adsorption-desorption isotherms were measured at −196 °C using a 

Micromeritics TriStar II 3020 (version 2.00). All the samples were degassed at 150 °C for more than 12 h under 

vacuum conditions. The surface area was calculated by the Brunauer–Emmett–Teller (BET) method from the 

adsorption branch in the relative pressure range (P/P0) of 0.01 - 0.2. The SEM images were obtained on a Zeiss 

Ultra Plus 55 field emission scanning electron microscope (FE-SEM) operated at an accelerating voltage of 2.0 

kV. The working electrodes for electrochemical evaluation were prepared by mixing 80 wt. % of the samples 
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with 10 wt. % carbon black and 10 wt. % polyvinylidene difluoride (PVdF) binder in an agate mortar. The 

mixture was then dissolved in 1-methyl-2-pyrrolidinone (NMP) to form a paste. The paste was coated on the Ni 

foam as a current collector with a diameter of 16 mm and dried at 60 
°
C in an oven for 8 hours to ensure 

complete evaporation of the NMP. The weight of active material in each electrode with a diameter of 16 mm 

was at least 4 mg. 

All of the electrochemical tests were investigated in a two-electrode configuration, with a glass microfiber 

filter paper as the separator in 1 M Na2SO4 aqueous electrolyte. The electrochemical properties of the devices 

were studied under room temperature and atmospheric pressure using cyclic voltammetry (CV), galvanostatic 

charge-discharge (GV) and electrochemical impedance was measured from 100 kHz to 0.01 Hz with zero 

potential amplitude using a Bio-logic SP-300 potentiostat driven by the EC-lab software. 

Results and discussion 

X-ray diffraction and Raman analysis 

The pristine sample in the (supporting in information) shows the diffraction peaks typically observed in MnO2 

which are 12.8° (110), 18.1° (200), 28.8° (310), and 37.5° (211) [20]. The XRD analysis matched with JCPDS (00-

044-0141) indicated the presence of α-MnO2 with high intensity peaks corresponding to good crystallinity and 

high purity phase of the material. The X-ray diffraction (XRD) spectra taken from the powder of composite 

materials samples are shown in Fig. 1. The XRD pattern acquired from the composite when the mixture of 

water and ethylene glycol was used as solvent reveal the formation of crystalline trimanganese tetraoxide 

(Mn3O4) nanostructures. The patterns suggest that the addition of the AC in the presence of ethylene glycol 

gives rise to characteristic peaks of Mn3O4. The main product of the reduction of KMnO4 in acidic medium is 

usually Mn
4+

 oxides in form of MnO2 according to the reaction: . On the other hand, due to the presence of 

oxygen containing functional groups such as carboxyl, hydroxyl, epoxy and alkoxy groups produced as a result 

of the reduction of ethylene glycol in the solvent, we envisage the formation of other forms of manganese 

such as Mn
2+

 oxides -MnO- whose presence could further alleviate the formation Mn3O4 on the surface of the 

AC. Thus, the occurrence of a reaction of Mn
3+

 and Mn
2+

 oxides leads to the formation of Mn3O4 as 

represented in the following equation: . The AC-Mn3O4 composite obtained displayed diffraction peaks that 

match well with that of Mn3O4, spinel (JCPDS card, 01-089-4837). 2θ = 18°, 29°, 31°, 33°, 36°, 39°, 44°, 52°, 58°,  
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Figure 1 (a) XRD patterns and (b) Raman spectra of AC-MnO2 and AC /Mn3O4  

60°, and 64°, corresponding to peaks (101), (112), (200), (103), (211), (004), (220), (105), (321), (224) and (314) 

of Mn3O4 respectively [30]. The XRD pattern of the amorphous or poorly crystalline AC-MnO2 shows very broad 

diffraction peaks that are generally identical to structures of MnO2 (JCPDS card 00-008-0016). The intensity of 

the AC peaks supresses that of MnO2 in the composite hence most of the peaks are in the background. The 

broad and low intensity XRD peaks indicate poor polycrystalline nature of the MnO2. Additional peaks shown in 

the XRD pattern represented by the spade symbol signify the existence of AC in the samples, which clearly 

indicates the direct growth of Mn nanostructure on the AC surface. The addition of AC not only serves as the 

substrate for the growth of the nanostructures it also serves as a conductive agent to improve on the 

conductivity of the composite formed which can provide good electrochemical capacitance. Raman spectrum 

(Fig. 1 b) shows a peak at 630 cm
-1

 which is attributed to the Mn-O stretching vibration in the MnO6 basal 

plane or the symmetric stretching vibration of the MnO6 group [31]. The other two peaks at ~1590 cm
−1

 and at 

~1350 cm
−1

, are main features of graphitic carbon materials and are known as the G-band mode and the D-

band mode (also known as disorder-induced band). The G-band originates from a normal first-order Raman 

scattering process in graphitic materials and the D-band from a second-order process that involves one iTO 

phonon and one defect [32]. The intensity of the G-band to the intensity of the D-band (R=ID/IG) for the AC-

Mn3O4 was 0.98 and ~1.0 for the AC-MnO2, indicating a low degree of graphitic crystalline structure 

3.2 Scanning electron microscopy (SEM) 

The FESEM images of the AC used as substrate for the composites materials and that of the pristine MnO2 are 

shown in Fig. S2 of the supporting information. Fig. S2 a and b show low and high magnification images of the  
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Figure 2 SEM micrographs of (a, b) AC-MnO2 and (c, d) AC-Mn3O4 

AC, while Fig. S2 c and d show low and high magnification images of the pristine MnO2. The surface of the 

carbon substrate is covered with cavities which is an indication of the highly porous nature of the AC material. 

Fig S2 c and d also reveals typical high density rod like morphology obtained for pristine MnO2. Higher 

magnification reveals a ≤ 120 nm thickness of the rods. Fig. 2 displays the FESEM micrographs of the two 

manganese oxide composites synthesised in this study. Fig. 2 a and b show the low and high magnification 

micrographs of the AC-MnO2 composite with hydrothermal synthesis while Fig. 2 c and d show those of AC-

Mn3O4 composite using solvothermal (mixed solvent of water and ethylene glycol) synthesis. Amorphous 

nanostructures of MnO2 are seen to be evenly spread over the activated carbon in Fig. 2 a. A high 

magnification image (Fig. 2 b) shows that the nanostructures do not exhibit any particular shape when 

compared to the pristine MnO2 which exhibited definite rod like structures. Their sizes are very different as the 

bigger particles are seen to be completely interspersed with smaller sized particles though the uniformity of 

their coverage all over the surface, orifices and pores of the AC substrate is quite distinguishable. Mn3O4 

exhibited crystalline sub-micron sized particles which were also uniformly distributed on the AC substrate in 

Fig. 2 c. The good crystallinity of the particles may be attributed to the presence of EG which is a good 

absorber of microwave and could facilitate the reaction. A closer look at the composite in Fig. 2 d shows the 

b a 

c d 
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Mn3O4 particles are of various shapes. These micrographs are in agreement with the result obtained in XRD 

corroborating the amorphous and crystalline nature of the AC-MnO2 and AC-Mn3O4 respectively. However, the 

variation in morphology is expected to affect the electrochemical performance of the two composite 

electrodes [33].  

3.3 Gas sorption analysis 

The specific surface area (SSA) of the composites were calculated by the Brunauer-Emmett-Teller (BET) 

method from the adsorption branch of the Nitrogen isotherms in the relative pressure range (P/P0) of 0.01 - 

0.2. The BET specific surface area of the AC substrate used in this study was 502 m
2
 g

-1
 [28]. The evolution of 

the different amorphous and polycrystalline structures of the manganese oxides on the AC substrate resulted 

in a drastic change in the surface area of the composite nanostructures. As shown in Fig. 3 a, the nitrogen 

adsorption and desorption isotherm curves exhibit typical type IV curves for both composite with H4 hysteresis 

loop signifying a complex mixture of both micro- and mesoporous materials. The BET specific surface area was 

found to be 449 90 and 290.29 m
2
 g

-1
 for AC-MnO2 and AC-Mn3O4 respectively. The BJH pore size distribution 

shown in Fig. 3 b indicates the mesoporous nature of the materials. Inset to Fig. 3 b is the zoomed in images 

showing the presence of mesopores in the samples. The huge drop in SSA value of the AC-Mn3O4 sample is 

attributed to the formation of the various micron-sized structures during the microwave process. The values of 

the SSA could be correlated to the capacitance of each of the composites since the electrochemical 

performance of supercapacitive materials is highly dependent to pore distribution in their SSA for both 

electrochemical double layer and pseudocapacitive storage mechanism [20]. 

  

Figure 3 (a) N2 adsorption/desorption isotherms and (b) BJH pore size distributions of AC-MnO2 and AC-Mn3O4 respectively. Inset to Figure 

3 (b) is the zoomed section of the figure indicated by the arrow showing the presence of mesopores in the samples. 
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Electrochemical characterisation 

The electrochemical properties of the pristine MnO2, AC-MnO2 and AC-Mn3O4 were investigated using cyclic 

voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical impedance spectroscopy (EIS) 

experiments in 1 M Na2SO4 aqueous electrolyte in symmetric two electrode configuration. Fig. 4 shows the 

comparative CV profiles of the two electrodes at a scan rate of 20 mV s
-1

. As seen from the CV curves (Fig. 4 

a), the both electrodes exhibit nearly perfect symmetric rectangular shape which is indicative of ideal 

capacitors [1], however, there is a distinct difference between the current response in the CV spectra of 

AC-MnO2 and AC-Mn3O4 as AC-MnO2, shows a higher current response corresponding to the highest 

capacitance amongst the other two samples demonstrating more than twice the current response of 

AC-Mn3O4 and more that thrice that of pristine MnO2 whose CV has a potential window of 0.8 V as shown in 

Fig. S3. This results Indicate that water is a good medium for synthesis of the nanostructure irrespective of the 

amorphous nature of the material. Since the AC-MnO2 sample shows better electrochemical response, further 

exploration of the capacitive properties was made on the AC-MnO2 cell. Galvanostatic charge-discharge (CD) 

measurements were performed to evaluate the rate performance of the electrodes materials. This was done 

by comparing their specific capacitance; calculated using the CD profile curves of the samples. Fig. 4 b shows 

typical CD profile of AC-MnO2 and AC-Mn3O4 measured at a current density of 0.25 A g
-1

. The highest discharge 

time was observed for AC-MnO2 having more than thrice the value of AC-Mn3O4 and over a hundred times that 

of the pristine MnO2 (Fig. S3). The galvanostatic discharge exhibited symmetric triangular profiles with specific 

capacitance of, 21.1, 33.31 and 181 F g
-1

 for α-MnO2, AC-Mn3O4 and AC-MnO2 respectively. Compared with 

other synthesis techniques that are available in the literature such as electrodeposition [34], hydrothermal 

autoclave [35], and reflux [36] for production of diverse Mn carbon based composites; the results obtained 

using the microwave approach are quite comparable and encouraging taking into account the reduced time for 

the synthesis of these materials by microwave. Fig. 4 c shows the cyclic voltammograms of this cell at scan 

rates ranging from 10-100 mV s
-1

 at a fixed voltage of 0.0-1.0 V. All the CV profiles recorded gave the quasi-

rectangular resistive shapes with no deformation at increasing scan rates which characterised capacitance 

decay of the material at high sweep rates. Nevertheless, at 100 mV s
-1

 CV still exhibit double layer behavior 

suggesting excellent and efficient diffusion of charges at the electrode-electrolyte interfaces [4,37–39]. The 

good electrochemical character of this composite material can be attributed to the good and homogeneous  
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Figure 4 (a) comparison CV of AC-MnO2 and AC /Mn3O4 at 20 mV s-1
, (b) CV profiles of AC-MnO2 at different scan rates, (c) compares CD of 

AC-MnO2 and AC /Mn3O4 at 0.25 A g-1, (d) CD curves of AC-MnO2 at different current densities and (e) Nyquist plot comparison and (f) 

specific capacitance as a function of current density for AC-MnO2. 

distribution of the MnO2 nanostructures on the three dimensional interpenetrating network of the AC-

material. Furthermore, the mesoporous texture and high surface area with adequate micropore volume and 

the conductivity of the AC substrate serves as the structural foundation for the high specific capacitance for 

this composite [40]. Table S1 gives the equivalent energy density and power density values of the three cells 
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measured at 0.25 A g
-1

 showing that the values of the amorphous material are far higher than the crystalline 

compounds  

Although all the three samples have been synthesised using the same green microwave assisted technique, the 

AC-MnO2 has consistently proved to be the best electrode material by yielding a higher specific capacitance 

and a better energy density value than the other two electrodes. This can be attributed to some of its 

distinctive physical properties such as its amorphous nature; which is in line with some previous studies that 

have suggested that the amorphous or poor crystalline manganese oxides with higher SSA are preferable as 

supercapacitor material [41–44]. Additionally the uniformity of its poor crystalline nanoparticle sizes allows for 

an even distribution of the nanoparticles on the AC surface. This has resulted in a complete coverage of the AC 

by the nano materials, the orifices of the porous AC can also be seen evenly aligned with the nanoparticles 

(SEM Fig. 2 b).The effect of this is noticeable in its larger BET specific surface area as stated above. Thus, its 

large accessible surface area facilitates a fast surface adsorption-desorption of the electrolyte ions on the 

electrode. 

The CD curves at different current densities are shown in Fig. 4 d revealing linear voltage-time relation which is 

a characteristic of electric double layer capacitance. The resistance drop (IR drop) from the CD curves is very 

small and not noticeable, which suggests a smaller equivalent series resistance (ESR) value as will be discussed 

in the impedance analysis. Specific capacitance (Csp), maximum energy (    ) and power (    ) densities of 

the cell were calculated from the CD curves using the conventional equation below:  

                        (1) 

                                     (2) 

                         (3) 

where I is the discharge current (A), m is the total mass of the active material in both electrodes (g), ∆t is the 

discharge time (s), ∆V is the applied potential (V). 

The result shows that at high current density, the specific capacitance decrease, while higher capacitance 

values are at low current. At high current density, there is intercalation of ions at the surface of the active 

materials at the electrode/electrolyte interface, thus resulting in decrease of the specific capacitance. On the 
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other hand, at low current the specific capacitance increases due to the intercalation/de intercalation of ions 

at surface and inner porous of the active materials in the electrode/electrolyte interface [44]. The energy (E) 

and power (P) densities were calculated according to the equations above and their values are listed in table 

S1. The AC-MnO2 cell had Emax of 7.53 Wh Kg
-1

 at 0.25 A g
-1

 with a value of 4.142 Wh Kg
-1

 at 2.25 A g
-1

. 

Considering the symmetric nature of the cell, coupled with poor crystalline and amorphous nature of the 

material, these results are comparable to those reported for other manganese based electrodes with 

asymmetric configurations and operating at a higher potential window. Wang et al recorded an Emax value of 

10.4 Wh Kg
-1

 using α-MnO2//AC at 1.8 V [45] while Khomenko et al obtained an Emax value of 7.37 Wh Kg
-1

 

using a composite of α-MnO2/CNTs//PPY/CNT composite at 1.4 V [46]. It is worth stating that the composite 

were produced with other techniques rather the microwave approach. 

The results from electrochemical Impedance spectroscopy provided further proof of the enhanced and 

superior capacitance of AC-MnO2. As seen in Fig. 4 e, Nyquist plots of both nanocomposites exhibited a 

semicircle over the higher frequency range, followed by a linear part in the low frequency region. At high 

frequencies, the intercept at the real part (Z’) represents the values of the ohmic resistance of the electrolyte 

and the internal resistance (RS) of the electrode known as the ESR. The RS was found to be 6.0 Ω, for α-MnO2 

(Fig. S3), 1.0 Ω and 0.8 Ω, for AC-Mn3O4 and AC-MnO2 respectively. Considering the fact that metal oxides are 

generally known to have poor electron conductivity [47–49] the higher RS value for α-MnO2 is not surprising. 

On the other hand, the presence of AC possessing relatively good electron conductivity is expected to enhance 

the conductivity of both AC-Mn3O4 and AC-MnO2. Thus the lower RS values obtained for the two composites 

indicates a small ion transfer resistance for both electrodes. The semi circles in the mid frequency are a 

measure of charge transfer resistance (RCT) and the double capacitance (Cdl) in the composite material. In the 

mid frequency region a small semi-circle observed from the electrode is indicative of a low interfacial charge-

transfer resistance (RCT) while a vertical line in the low frequency region is indication of an electrode close to 

an ideal capacitor [50,51]. The RCT values are 4.3 Ω for α-MnO2, 3.66 Ω and 1.55 Ω for AC-Mn3O4 and AC-MnO2 

respectively. The large difference in the RCT values of AC-Mn3O4 and AC-MnO2 can be due to the resistance 

resulting from the frequency dependence of ion transport in the electrolyte. The slope of the 45° portion of 

the Nyquist plots is called the Warburg resistance (Zw) and is as a result of the frequency dependence of ion 

diffusion or transport in the electrolyte to the electrode surface. The increase in the impedance of this region 



13 
 

indicates greater variations in the ion diffusion path lengths and the increase obstruction of ion movement 

[52,53]. Thus, the longer diffusion path length of AC-Mn3O4 (Fig. 4 e) could be attributed to the high charge 

density resulting in higher ESR. On the other hand AC-MnO2 exhibited a very short diffusion path length of ions 

in the electrolyte which could be seen by its lesser RS value. The specific capacitance as function of the current 

density of the AC-MnO2 cell is shown in Fig. 4 f. The specific capacitance decreases from 180 F g
-1

 to 109 F g
-1

 

with increasing current density retaining about 60% of its initial capacitance. The electrochemical results of the 

AC-Mn3O4 are shown in Fig. S4 in the supporting information.  

   

Figure 5 (a) Bode plot and (b) the real and imaginary capacitance against frequency of AC-MnO2 (c) EIS plot and fitting data for the 

electrode with the equivalent circuit used for fitting the data as inset to the figure.  

The profile of the impedance phase angle dependence on frequency-Bode plot is shown in Fig. 5 a for AC-

MnO2 sample. The phase angle is 80° at lower frequency region which close to an ideal capacitance which 

exhibits a phase angle of 90°. This further confirms the good capacitive property of the cell. The real and 

imaginary part (C’ and C’’) of the specific capacitance as a function of the frequency is shown in Fig 5 b. In the 

low frequency region, the capacitance (C (ω)) can be defined as the combination of imaginary part of the 

capacitance, (C’’ (ω)) and the real part of the capacitance (C’ (ω)); these are expressed by the equations below: 

       ⁄          (1) 

      
      

 |    | 
         (2) 

      
     

 |    | 
         (3) 

Where (C’(ω)) corresponds to the static capacitance which is tested during the constant current discharge, 

(C’’(ω)) corresponds to the energy dissipation of the supercapacitor by IR drop and an irreversible faradaic 

discharge transfer process which can cause the hysteresis of the electrochemical process. |    | is the 
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impedance modulus, and ω is the angular frequency [15,54,55]. The evolution of (C’’(ω) vs. frequency as seen 

in Fig. 5 b reaches a maximum at a frequency (fr ) of 0.15 Hz. This is the relaxation frequency and it represents 

the minimum time needed to discharge all the energy from the device with an efficiency of >50 % [56]. It also 

determines the relaxation time constant (τr) which is a quantitative measure of how fast the device can be 

charged and discharged reversibly and is expressed as: τr =1/ (2π fr) [15]. τr was found to be 6 s thus exhibiting a 

faster charge - discharge time. Fig. 5 c shows the fitting of the EIS and the equivalent circuit diagram (inset to 

Fig. 5 c). The EIS data fitting was performed using a (ZFIT) software that applies the complex nonlinear least-

squares (CNLS) method [8]. The equivalent series resistance RS, is in series with the constant phase element, Q. 

The semi-circular arc in the high-frequency region to mid-frequency is modelled by a charge transfer resistance 

RCT and Q which is responsible for the double layer capacitance of the cell. The RCT describes the rate of redox 

reactions that might occur at the electrode-electrolyte interface [57]. The RS and RCT data obtained from the 

fitting fit well with the experimental data implying the model used for the fitting is reliable with an optimized 

minimization of experimental data with an error of 0.1. As stated earlier, the vertical line in the low-frequency 

region of the Nyquist plot represents the diffusion of ions to the interface between electrode and electrolyte. 

The deviation from the ideal vertical behavior is ascribed to the presence of resistance with a Warburg 

impedance characteristic element denoted by W, which is expressed as          , [58] where A is the 

Warburg coefficient, ω is the angular frequency. The mass capacitance denoted by CL is in parallel with the 

leakage current RL which are all in series with RS. 

Cycling performance is another crucial factor in testing EDLC, [48] thus the long term stability of the symmetric 

cell of AC-MnO2 was evaluated by repeating CD cycles at a current density of 1.25 A g
-1

 for 5000 cycles. The 

columbic efficiency as a function of cycle number, expressed in the equation below is shown in Fig. 6 a. 

      ⁄      

                                                            

It can be seen from the figure that there was slight decrease at the beginning of cycles but it stabilises and this 

stability was kept throughout the duration of test. At the end of 5000 cycles, 99 % columbic efficiency was 

maintained. Cyclic voltammograms and EIS spectra of the cell before and after the 5000 cycles are shown in 

Figs. 6 b and c for comparison purposes. As can be observed, similar CV profiles were obtained before and 
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after the cycles with little capacitance loss. On the other hand there is a little increase in the RS and RCT values 

obtained from the Impedance spectra after the stability test. The slight increase is ascribed to increase in 

diffusion path length as observed in the spectra after cycling. All of these show that the AC-MnO2 cell is highly 

stable.  

   

Figure 6 (a) Coulombic efficiency at a current density 1.25 A g-1, (b) CV comparison before and after cycling and (c) EIS analysis before and 

after cycling of AC-MnO2 cell. 

CONCLUSION 

Manganese oxide nanostructures have been synthesized by the green chemistry method (Microwave). 

Through the X-ray diffraction analysis, the different structures were identified. The AC-MnO2 composite 

showed a promising eco-friendly candidate for EDLC electrode due to its higher surface area compared with 

the AC-Mn3O4 sample which could facilitates free access of electrolyte ions to the electrode surface (fast 

surface sorption processes), the uniform dispersal of the nanoparticles throughout the surface of the porous 

and conductive AC also reduces the diffusion length of ions within the pseudocapacitive phase, ensuring 

efficient utilization of the active materials, its good cycle stability is also an asset as it retains almost 98 % 

efficiency after 5000 cycles. 
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Figure S1. XRD pattern of as-syntheisized α-MnO2 nanoparticles. 
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Figure S2. FESEM of (a, b) the activated carbon and (c,d) the α-MnO2.  

 

   

Figure S3. (a) CV, (b) CD and (c) EIS plots of the α-MnO2 nanostructure over potential window of 0.8 

V.  

c d 

b a 
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Figure S4. (a) CV at different scan rate and (b) CD at differen current density of AC-Mn3O4.  

 

Table S1 showing electrochemical result for the three samples produced 

Catalyst Csp /F g-1 Emax /Wh kg-1 Pmax / W kg-1 

α –MnO2 21.1 - - 

AC-Mn3O4 55.3 2.3 0.60 

AC-MnO2 180 7.53 0.2 
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