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Highlights 

 

• Birnessite-type manganese oxide decorated on uncapped carbon nanotubes was synthesized via facile. 

• Activated carbon (AC) was derived from a cork (Quercus Suber). 

• A hybrid device was successfully fabricated using MnO2-CNT as the positive electrode and AC as    

   negative electrode. 

• The electrode materials exhibited good electrochemical performance. 

 

ABSTRACT 

Birnessite-type MnO2 synthesized on the surface of carbon nanotubes (CNTs) via facile hydrothermal 

reflux technique to produce  MnO2-CNT nanocomposite and 3D microporous nanostructured activated 

carbon (AC) derived from cork (Quercus Suber) with good microstructural, morphological and 

electrochemical properties are herein reported. A hybrid supercapacitor device comprising of MnO2-CNT 

nanocomposite as positive electrode and AC as the negative electrode was successfully fabricated and 

tested for energy storage application. The device displayed a maximum working potential of up to 2V 

due to the excellent synergistic contribution from the MnO2-CNT nanocomposite and AC material 

derived from cork (Quercus Suber). The fabricated device displayed good electrochemical performance 

having an energy density of 25 Wh Kg-1 that corresponds to a power density of 500 W Kg-1 at a current 

density of 0.5 A g-1 in a 1M Li2SO4 aqueous neutral electrolyte. The device exhibited an excellent stability 

of 100% coulombic efficiency after 10,000 charge-discharge cycles and excellent capacitance retention 

after potentiostatic floating test for 60 hours.  
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1. INTRODUCTION  

Electrochemical capacitors (ECs) have gained much research interest due to their excellent properties 

that display potential promise of meeting the present day global energy needs and have found 

considerably vast application in systems involving high power density such as lightweight electronic 

devices (LWEs), hybrid electric vehicles (HEVs.), trams, buses, trains, aircraft and wind turbines [1–7]. 

ECs mostly known as supercapacitors, are high power density energy storage systems characterized by 

numerous advantageous properties such as rapid charging-discharging ability, excellent stability and 

wide operating temperatures etc.. Electrochemical capacitors occupy an intermediary position among 

the energy storage and conversion systems in such a way that their energy density is higher than that of 

conventional capacitors but lower than that of lithium-ion batteries (which possess lower power density 

and are also plagued with poor stability, rapid temperature increase in operative conditions and slow 

charge-discharge rate) [2,8–10]. Based on their energy storage mechanism electrochemical capacitors 

(supercapacitors) are classified as the (i) electric double-layer capacitors (EDLCs) and (ii) 

pseudocapacitors [11–16]. EDLCs utilize an electrochemical double layer capacitance arising from charge 

separation at the electrode/electrolyte interface (non-faradaic process). In contrary, pseudocapacitors 

utilize charge-transfer (faradaic processes) occurring on the surface of the electrode material [11–16], 

and these faradaic processes allow pseudocapacitors to achieve greater capacitances and energy 

densities compared to EDLCs [14]. Various forms of carbon-based materials such as graphene, carbon 

nanotubes (CNTs), onion-like carbon (OLC), carbide-derived carbon and activated carbon (AC) have been 

studied as EDLC electrodes and are mostly utilized as the negative electrode, which is majorly due to 

their high electrical conductivities, low cost, high surface area, good stability and non-toxicity [1,4,17–

21]. Due to the above mentioned excellent properties of carbon-based nanomaterials employed as 

suitable negative electrode materials in device fabrication for ECs applications, much effort has been 

devoted on the synthesis of carbon nanomaterials from various renewable and abundant carbon 
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sources [22–27]. Some of these renewable sources include tree barks [28], seeds [22], leaves [23] nuts 

shells [29,30]. Recently,  activated carbon (AC) obtained from cheap and lightweight material cork (Q. 

suber), a spongy material which comes from the bark of an evergreen oak tree, has been explored for 

ECs applications [31,17]. The AC obtained from the cork (Q. suber) exhibited good electrochemical 

performance, their specific capacitance values was relatively high [32,33] although less than the values 

resulting from conducting polymers and metal oxides [34,35], their large operating potential window in 

aqueous neutral electrolyte can be explored for good and synergestic electrochemical cell fabrication. 

On the other hand, conducting polymers (i.e., polyaniline (PANI), polypyrrole (PPY), etc.) and transition 

metal oxides/hydroxides (e.g. MnO2, Ni(OH)2, etc.), including their nanocomposites with  EDLC materials,  

have been employed as positive electrode materials. Among several metal oxides, MnO2 has been 

widely researched for ECs application since they are cheap, naturally abundant, environmentally 

friendly, highly redox-active, possesses a high theoretical capacitance of 1370 F g-1 and displays good 

performance in aqueous neutral electrolytes than in acidic and alkaline electrolytes [1,4,36,37]. In spite 

of the good properties displayed by MnO2, their electrical conductivity is quite low resulting in low 

cycling stability that compromises their electrochemical performance [1,38]. In order to curb this 

challenge, carbon nanomaterials with excellent conductivity are used as supports to provide a 

framework during MnO2 synthesis [39–42] . Thus, nanocomposites resulting from EDLC materials and 

manganese oxide-based electrode materials combine electric double layer capacitance of the carbon 

material and pseudocapacitive charge transfer reactions of the manganese oxide for an improved 

electrochemical performance [39,40].  

Among the EDLC carbon nanomaterials, CNTs are more commonly utilized as support for the growth of 

metal oxide composite because of its excellent and outstanding intrinsic properties which includes high 

electrical conductivity (104 S cm-1), large surface-to-volume ratio and 1D tubular porous structures which 

enhance quick ion and electron mobility [1,37,42–44] and functionalizing the CNT material further 
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increases its surface reactivity and wettability thus making the CNT material more electrolyte accessible 

thereby increasing the charge storage ability [45]. Several studies on MnO2–CNT nanocomposites with 

different morphologies such as nanoflake, nanosheets and nanoflower [4,39,46] have been previously 

reported, however, only a limited study exists on the tube-like morphology for the MnO2–CNT 

nanocomposite. Reports have shown that the tubular morphology displays large surface areas and high 

surface-to-volume ratio which enhances the flow of electrolyte ions within short diffusion distances 

[37]. Thus growing MnO2 on CNT helps to achieve a tubular morphology with the combined advantage 

of having a large surface-to-volume ratio with short electrolyte diffusion distances, rapid ion transport, 

improved electrical conductivity and enhanced electrode performance [37]. 

Briefly, energy density (𝐸𝑑) of ECs expressed as 𝐸𝑑 =  1 2⁄ 𝐶𝑉2, where C is the cell specific capacitance 

and V the cell maximum potential [10,31,47,48], largely depends on the cell potential window which is 

directly dependent on the nature of the electrolyte used as well as the electrode materials used in the 

cell fabrication [7,49]. Also, the combination of different pseudocapacitive or faradaic redox electrode 

materials and electric double layer (EDL) materials with different operating potentials in aqueous 

electrolytes synergistically helps to enhance the energy density of ECs [4,8,10,17,47]. Studies have 

demonstrated that aqueous neutral electrolytes are able to attain large practical potentials owing to 

their pH values as compared to acidic and alkaline electrolytes [4,31,36,50–52]. 

In this report, we present a fabrication of MnO2-CNT nanocomposite with a tubular morphology that 

exhibits enhanced electrochemical performance as the positive electrode material with 3D 

nanostructured AC material obtained from cheap and lightweight material cork (Q. suber) as the 

negative electrode operating synergistically in 1 M Li2SO4 at 2 V in a hybrid (asymmetric) cell device. The 

EC device displayed excellent stability and improved electrochemical performance after 10 000 charge-

discharge cycles. 
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2. EXPERIMENTAL 

2.1 Synthesis of electrode materials 

2.1.1 Functionalization of CNTs and Synthesis of MnO2-CNT 

The KMnO4 (Merck, Purity ≥ 98%), H2SO4 (purity 95 -97 %), H2O2 (purity 30 % ), HNO3 (Purity 65 %) 

reagents were of analytical grade and used without further purification. Deionized water was used 

throughout for the washing of the synthesized sediments until the final product was achieved. Multi-

walled carbon nanotubes (CNTs) (Nanolab, purity: > 94%, length: 5-20 μm and diameter: 10-20 nm), 

were converted to short and uncapped nanotubes bearing acidic functional groups (mainly: -COOH) 

prior to their use in the synthesis of the nanocomposite (Scheme 1(a)).  Briefly, 0.5 g of pristine CNTs 

was refluxed for 48 h in 2.6 M HNO3. The washed deposits of CNTs were sonicated in a mixture of conc. 

H2SO4/HNO3 (3:1 ratio, 95-97%, and 65% purity, respectively), followed by washing and stirring at 70 ° C 

for 15 min. in a mixture of H2SO4/H2O2 (4:1 ratio, 95-97% and 30% purity, respectively). The black 

powder of CNTs was finally dried at 60 °C overnight after washing. The MnO2-CNT nanocomposite was 

synthesized via the conventional hydrothermal reflux technique, as shown in scheme 1(b). Typically, 40 

mg of CNTs was dispersed by sonication in 0.02 M KMnO4. Subsequently, the mixture (pH = 7.05) was 

refluxed at 130 °C in an oil bath for 24 h with continuous magnetic stirring. The resultant dispersion was 

then centrifuged and washed several times and finally dried at 60 °C overnight in a vacuum oven.  
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Scheme 1.  (a) Schematic view of the chemical structure route from CNTs to functionalized  CNTs. (b) Synthesis 

route for MnO2-CNT nanocomposite using functionalized  CNTs. 

2.1.2 Synthesis of AC from Cork (Quercus Suber) 

The AC 3D nanostructure material was prepared via a similar procedure in our previous work [31] but 

with some modification. Briefly, 5 g of cork was crushed and activated with 10 g of KOH and allowed to 

dry in an oven. The sample was then carbonized in an argon flow at 5 oC/min from room temperature to 

850 oC for 2 hours (Scheme 2). The carbonized product was collected and washed with 3 M HCl and 

deionized water until the filtrate was clear. 
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Scheme 2. Synthesis route for 3D nanostructured activated carbon (AC). 

 

2.2 Structural, Morphological, Composition and Electrochemical Characterization 

The morphology of the materials were studied via scanning electron microscopy (SEM) using Zeiss ultra 

plus 55 field emission microscope (FE-SEM) at an accelerating voltage of 2.0 kV. The transmission 

electron microscopy (TEM) analysis of the samples was carried out in a high-resolution transmission 

electron microscopy (HR-TEM) JEOL 2100 (from Tokyo Japan) equipped with LaB6 filament, a Gartan 

U1000 camera of 2028 х 2028 pixels and operated at 200 kV. The X-ray Diffraction studies of the 

materials was performed using XPERT-PRO diffractometer (PANalytical Netherlands). Raman analysis 

was performed using a WiTec alpha 300RAS+ confocal Raman system (WiTecGmbh). X-ray 

photoelectron spectroscopy (XPS) analysis was performed using Physical Electronics Versaprobe 5000 

spectrometer. 

The electrochemical characterization of the MnO2-CNT and AC samples characterization was performed 

in a three- and two-electrode system using a multi-channel Bio-logic VMP300 potentiostat/galvanostat 

system at ambient temperature. The MnO2-CNT electrode for the three-electrode measurement was 

prepared by thoroughly mixing 80 wt% MnO2-CNT, 15 wt% carbon black (to enhance the conductivity of 
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the material), and 5 wt% polyvinyl difluoride (PVDF) binder followed by dropwise addition of 1- 

methylpyrrolydinone (NMP) in an agate mortar until a uniform paste was obtained. The paste was then 

coated on 2 cm x 2 cm Nickel foam (NF) and dried in an oven at 60oC for several hours. The AC electrode 

was similarly prepared and pasted on 2 cm x 2 cm NF. The MnO2-CNT positive electrode and AC negative 

electrode materials used in the two electrode measurement were also prepared by the same method 

but coated on 8 mm radius NFs and dried in an oven at 60 oC for several hours. The electrodes prepared 

for the two-electrode measurements were then soaked in 1 M Li2SO4 aqueous electrolyte and 

assembled in a Swagelok cell compartment using a microfiber glass filter paper as a separator. The 

three-electrode tests were carried out in the 1 M Li2SO4 aqueous electrolyte, using Ag/AgCl and glassy 

carbon as reference and counter electrode respectively. The mass loading for the positive electrode was 

1.8 mg and that of the negative electrode was 2.2 mg and total mass of the electrode was 4.0 mg/cm2. 

The specific capacitance values of the MnO2-CNT, AC and MnO2-CNT//AC hybrid device was determined 

using equation (1): 

𝐶𝑠 (𝐹 𝑔−1) =
𝐼∆𝑡

𝑚∆𝑈
                                                                                                                                                      

(1) 

where I (A) is the current, ∆𝑡 (𝑠) is the discharge time, m is the total mass of the electrodes, ∆𝑈 is the 

maximum potential. The energy density, 𝐸𝑑 and the power density, 𝑃𝑑 of the MnO2-CNT//AC hybrid 

device was calculated using equation (2) and (3) respectively: 

𝐸𝑑  (𝑊ℎ 𝑘𝑔−1) =
𝐶𝑠∆𝑈2

7.2
                                                                                                                                             (2) 

𝑃𝑑(𝑊𝐾𝑔−1) =  
3.6 × 𝐸𝑑

∆𝑡
                                                                                                                                             (3) 

The hybrid device was fabricated taking into consideration the specific capacitance of the MnO2-CNT 

and AC electrodes respectively. Since the charge stored in each electrode is: 
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𝑄 =  𝐶𝑠𝑚∆𝑈                                                                                                                                                               (4) 

The mass balance equation was adopted to ensure equal charges exists on both electrodes using 

equation (5): 

𝑚+

𝑚−
=

𝐶𝑠−∆𝑈−

𝐶𝑠+∆𝑈+
                                                                                                                                                                (5) 

The electrochemical impedance spectroscopy measurements were carried out in an open circuit 

potential in the frequency range of 100 KHz- 10 mHz. Thereafter, the stability tests were performed by 

continuous charge-discharge for several cycles followed by potentiostatic floating tests at maximum cell 

potential. 

3. RESULTS AND DISCUSSION 

3.1 Morphological, structural and compositional characterization  

The SEM images of CNT and MnO2-CNT nanocomposite and AC are presented in Fig. 1. Fig. 1(a) and (b) 

show the SEM images of the tubular morphologies of CNTs at low and high-magnifications and Fig. 1(c) 

and (d) display the micrographs of MnO2-CNT nanocomposites at low and high magnifications. The 

morphologies show the tube-like nanostructure of the CNT uniformly decorated with MnO2 

nanoparticles. The formation of the MnO2 on the carbon support can be described by the agglomeration 

of spherical MnO2 nanoparticles from the thermal decomposition of KMnO4, which self-assemble from 

spherical aggregates whose rate of evolution is accelerated by the aging temperature. The presence of 

the ions of KMnO4 in solution leads to the initial formation of the MnO2 spherical nanostructures at 

nucleation points where nanoparticles subsequently formed agglomerate into clusters of spherical 

nanoparticles as a result of increased surface energies. This can be described by the Ostwald ripening 

process. The gradual transformation of the spherical aggregates into well-defined MnO2 tube-like 

nanostructure is dependent on the specific aging temperatures. This one-dimensional growth process  
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Fig. 1. SEM micrographs of CNT (a) at low and (b) high magnification; of MnO2-CNT (c) at low and (b) high 
magnification; and of AC (e) at low  and (f) high magnification. 

 

could be as a result of their unique anisotropic characteristic buildup of the nanoparticles [37,39,44]. Fig. 

1(e) and (f) display the SEM images of the AC sample at low and high magnification. The micrographs 

show a 3D interconnected porous network structure. The formation mechanism follows the process of 
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reduction of KOH by carbon leading to the production of metallic K and K2CO3 at 700 oC. K2CO3 which 

decomposes at temperatures  800 oC, is further reduced by carbon leading to the production of Co2 

and the formation of porous structure. 

 Fig. 2 compares the TEM images of the CNT and MnO2-CNT materials which further examine their 

surface morphology. In Fig. 2(b) and (c), it can be seen that the CNTs are decorated by MnO2 

nanoparticles confirming a successful synthesis of the MnO2-CNT nanocomposites (nanohybrid) on the 

surface of the CNTs. These observations corroborate well with the results obtained from the SEM 

analysis. 

 

 

 

Fig. 2. TEM micrographs of (a) CNT and (b) MnO2-CNT at low magnification to view the tubular structure of the CNT 
(c) High-resolution TEM image of MnO2-CNT. 
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The structure of the MnO2-CNT nanocomposite and AC 3D nanomaterial studied by XRD are presented 

in Fig. 3(a) and (b). The diffraction peaks occurring at 2 theta (o) values of 12o, 25o, 37o and 66o (Fig. 3(a)) 

corresponds to the lattice planes of (001), (002), (111) and (020) related to the birnessite-type MnO2 

(PDF #42-1317). The peak observed at 26o in the CNT spectrum which was also observed in the MnO2-

CNT nanocomposite can be indexed to the (002) plane (PDF #75-1621). The presence of this peak in the 

MnO2-CNT nanocomposite is an indication of the presence of carbon in the nanocomposite. The 

broadening of the diffraction peaks indicates the low crystallinity and/or confirm the nanostructure of 

the nanocomposite [8,37,46,53]. The XRD pattern of the 3D AC samples shows peaks occurring at 2 

theta (o) values of 51o and 76o which is related to (100) and (110) lattice planes. The low intensity of the 

peaks shows poor crystallinity of the as-synthesized 3D AC nanostructure. The structure of the MnO2-

CNT nanocomposite and AC samples was further studied via Raman spectroscopy and the Raman 

spectra are presented in Fig. 3(c) and (d). The Raman spectrum of MnO2-CNT nanocomposite (Fig. 3(c)) 

shows Raman peaks occurring at 495, 570 and 640 cm-1 which are in agreement with the three major 

vibrational features of the birnessite-type MnO2 compounds, therefore affirming the presence of MnO2 

[54] in the as-synthesized MnO2-CNT nanocomposite as observed in the XRD results [54]. The presence 

of CNT in the nanocomposite is signaled by the D and G Raman peaks occurring at 1346 cm-1 and 1587 

cm-1 respectively, which are characteristic of the disordered carbon in the sp2-hybridized carbon 

network (D-band) and the tangential vibrations of the graphitic carbons (G-band). The D and G peaks 

which can also be clearly observed in the MnO2-CNT nanocomposite is an indication of the presence of 

CNT in the as-synthesized material also confirming the XRD results. In addition, Fig. 3(c) shows the 

deconvoluted Raman spectra (Lorentzian fit) of the nanocomposite and CNT materials. In the 

deconvoluted Raman spectra, the D1-mode arises from the defects/disorder present in the carbon 

lattice structure, the D2-mode from the lattice vibration corresponding to that of the G (G1) mode. 

These bands, observed in nanocomposite and CNT materials at the same peak positions suggest that the 
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structure of the CNT material is maintained in the nanocomposite. Furthermore, an evaluation of the 

ratio of the D to G peak intensities, ID/IG shows only a slight increase in the peak ratio value from 0.95 to 

0.98 indicating that the structure of the CNT component is not changed in the nanocomposite material. 

Similar to Fig. 3(c), Fig. 3(d) shows the deconvoluted Raman spectra of AC. The D3-mode arises from the 

distribution of amorphous carbon in interstitial sites of the disturbed carbon lattice structure while the 

D4-mode is related to sp2-sp3 lattice vibrations. Both of these modes suggest that there exists a level of 

amorphousness and sp2-sp3 bonds within the AC. 

 

Fig. 3. XRD patterns of (a) MnO2-CNT, CNT, and (b) of AC.  The deconvoluted Raman spectra (Lorentzian fit) of (c) 
MnO2-CNT, CNT, and (d) of AC. 
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Fig. 4. (a) The wide scan XPS spectra of the as-received MnO2-CNT nanocomposite material. The core level 
spectrum of (b) Mn 2p, (c) O 1s and (d) C 1s of the MnO2-CNT nanocomposite material. The core level spectra of C 
1s of the (e) CNT and (f) AC materials.  
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For further investigation, the samples were analyzed by X-ray photoelectron spectroscopy (XPS) as 

shown in Fig. 4. The results from Fig. 4(a) shows the wide scan XPS spectrum of the as-received MnO2-

CNT nanocomposite, which displays the main elements (26.98 at% Mn 2p, 45.87 at% O 1s and 27.15 at% 

C 1s) of the composition of the material. Fig. 4(b) shows the core level spectrum of Mn 2p of the 

nanocomposite material which reveals the binding energy peaks at 642.5 and 654.1 eV corresponding to 

Mn 2p3/2 and Mn 2p1/2 core levels, respectively. The fitted Mn 2p3/2 peaks show different Mn oxidation 

states of the material. Fig. 4(c) shows the core level spectrum of O 1s of the nanocomposite material 

with fitted peaks at 529.8, 530.9 and 532.6 eV which could be ascribed to Mn‒O bonds in the 

manganese oxide and partly to carbon-oxide components (see Fig. 4(d)). In addition, the core level 

spectrum of C 1s of the nanocomposite material (Fig. 4(d)) shows the strongest peak at about 284.5 eV 

attributed to the graphitic carbon, C=C and/or C-C bonds that exist in the CNT, and other peaks at 285.5 

and 287.6 eV corresponding to C−O and C=O (carbon-oxide components/functional groups). This is in 

agreement with the core level spectrum of C 1s of the CNT material which shows the C=C, C−O, C=O and 

O−C=O components at 284.5, 285.5, 287.6 and 290.3 eV, respectively, as shown in Fig. 4(e). Moreover, 

the core level spectrum of C 1s of the AC material (Fig. 4(f)) shows similar peaks as the CNT confirming 

the predominance content of graphitic carbon in the materials. 

 

3.2 Electrochemical characterization 

The three-electrode measurements of the MnO2-CNT nanocomposite and the 3D AC nanostructure 

measured in 1 M Li2SO4 aqueous electrolyte are presented in Fig. 5. A 1 M concentration of Li2SO4 

aqueous electrolyte is known to be an optimal concentration for high-performance electrochemical 

capacitors [55]. In carbon-based electrochemical capacitors, dilute solutions (0.1–0.5 mol L-1) of Li2SO4 

electrolyte have poor conductivity and give poor capacitance, and more concentrated solutions (1.5–2.5 

mol L-1) give slightly higher capacitance, however, the charge propagation of the capacitors is not  
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Fig. 5. Cyclic voltammetry curves of (a) MnO2-CNT and (b) AC. The charge-discharge curves of (c) MnO2-CNT and (d) 

AC materials. 

 

adequate, mainly due to sterical hindrance caused by solvated molecule complexes [55]. Fig. 5(a) shows 

the CV curves of the MnO2-CNT nanomaterial measured in the potential window of 0.0 - 1.0 V vs. 

Ag/AgCl at different scan rates from 10 - 100 mV s-1. Symmetric quasi-rectangular and reversible 

pseudocapacitive CV curves with no redox peaks can be observed which are related to the combined 

electrochemical behavior of MnO2 and CNT component of the MnO2-CNT nanomaterial. Fig. 5(b) 

displays the CV curves of the AC material performed in the potential window of -1.0 – 0.0 V vs. Ag/AgCl 

measured at different scan rates of 10 – 100 mV s-1. Nearly rectangular, symmetric CV curves with good 
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current response are observed which are characteristic of electric double layer capacitive behavior of 

carbon material. The charge-discharge (GCD) plots of the MnO2-CNT and AC electrode materials 

measured at various current densities from 0.5 – 5.0 A g-1 are displayed in Fig. 5(c) and (d). The GCD 

curves display almost linear plots. The specific capacitance of the MnO2-CNT and AC electrode at 0.5 A g-

1, evaluated from equation (1) are 125.5 F g-1 and 105 F g-1 respectively. Based on the results from the 

half-cell measurements of the electrode materials, a hybrid electrochemical device, MnO2-CNT//AC, was 

fabricated with MnO2-CNT as the positive electrode and AC as the negative electrode. The charge 

balance theory (equation (5)) was used to balance up the charges that exist on both electrodes.  

The two-electrode measurements of the MnO2-CNT//AC hybrid electrode device are presented in Fig. 6. 

Fig. 6(a) shows the respective CV curves of the MnO2-CNT and AC electrodes in 1 M Li2SO4 aqueous 

electrolyte within the potential window of -1.0 – 1.0 V vs. Ag/AgCl at a scan rate of 25 mV s-1. The 

comparative CV plots show that the pseudocapacitive and electric double layer characteristic of the 

MnO2-CNT and AC electrodes, respectively, can be effectively combined for the fabrication of a hybrid 

cell device. Both electrodes displayed good current response with good stability within their respective 

operating potential windows. Therefore, from this observation, it is expected that the hybrid cell device 

should operate excellently within the combined potential windows of both electrode materials leading 

to the enhanced energy densities [8,17,39]. Fig. 6(b) illustrates the CV curves of the hybrid cell at 

different operating potentials from 1.6 – 2.0 V showing that the hybrid electrode indeed is able to 

operate within the extended potential window of up to 2.0 V as observed by the behavior of the half-cell 

(three electrode) analysis. This excellent increase in the operating window of the hybrid (asymmetric) 

device is also assisted by the use of the neutral electrolytes, that are able to operate with large 

operating potential windows due to their excellent ion solvation, pH and the over-potential for the 

hydrogen evolution [31,52]. The CV curves of the MnO2-CNT//AC hybrid cell device at various scan rates 

ranging from 10 – 100 mV s-1 is presented in Fig. 6(c). Rectangular CV curves related to an ideal  
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Fig. 6. (a) CV curves of MnO2-CNT and AC at 25 mV s-1, (b) CV plots of hybrid Cell of MnO2-CNT//AC at 25 mV s-1 at 
various potential windows in 1 M Li2SO4, (c) CV plots of MnO2-CNT//AC ranging from 10 mV s-1 - 100 mV s-1, (d) CD 
plots of MnO2-CNT//AC ranging from 0.5 A g-1, - 5.0 A g-1,  (e) Plot of specific capacitance as a function of current 
density and (f) Ragone plot of the cell with comparison to similar work in the literature  
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capacitive electrode is observed for the MnO2-CNT//AC hybrid device in the potential window of 0 - 2.0 

V. The rectangular shape of the CV curves are still maintained even as the scan rate is increased to 100 

mV s-1 which is an indication of the good capacitive behavior of the hybrid electrode. Fig. 6(d) displays 

the GCD plots of the hybrid cell carried out at various current densities of 0.5 - 5.0 A g-1. The specific 

capacitance of the hybrid cell ranges from 44.25 – 31.25 F g-1 at 0.5 – 5.0 A g-1 (taking into consideration 

the total mass of the electrodes). The device displayed retention of over 70% of the specific capacitance 

value at the high current density of 5.0 A g-1. The plot of specific capacitance vs. current density is 

presented in Fig. 6(e). An energy density value of 24.58 Wh kg-1 corresponding to a power density of 500 

W Kg-1 was obtained from the hybrid device. The Ragone plot of the MnO2-CNT//AC that is a plot of 

power density vs. energy density is as shown in figure 6(f). The energy density value obtained from this 

device is superior or comparable to similar hybrid device electrodes reported earlier in literature, as 

shown in the Ragone plot and table 1. Table 1 is a comparison of this work with works earlier reported.   

Table 1. Electrochemical performance comparison of hybrid cell devices of this work and works earlier reported. 

Electrode device Electrolyte Current 
density 
(A g-1) 

Potential 
window 

(V) 

Energy 
density  

(Wh kg-1) 

Power 
density  
(W Kg-1) 

Ref. 

MnO2CNT//AC 0.5 M Na2SO4 1.0 2.0 13.9 - [4] 

MnO2//AC 1 M Na2SO4 0.1 2.0 17.1 100 [8] 

PU-NCNT/MnO2//PU-CNT 1 M Na1SO4 1.0 1.8 14.76 7211 [46] 

MnO2/CNT//AC 2 M KNO3 0.1 2.0 21.0 123 [67] 

MnO2/CNT//AC 1 M Na2SO4 0.25 1.8 27.0 225 [39] 

MnO2 nanotubes//AC 1 M Na2SO4 0.25 1.8 22.5 146200 [37] 

PANI-MnO2//AC 6 M KOH 0.5 1.6 20 400 [68] 

MnO2/CNT//AC 1 M Na2SO4 1.0 1.5 13.3 600 [1] 

MnO2//AC 0.1 M K2SO4 0.55 2.2 17.3 605 [69] 

MnO2//AC 0.5 M K2SO4 - 1.8 28.4 150 [70] 

Graphene/MnO2//Graphene 1 M Na2SO4 5.0 2.0 7.0 5000 [71] 

Graphene/MnO2//AC nanofiber 1 M Na2SO4 - 1.8 51.1* 102.2* [72] 

MnO2//Graphene hydrogel 0.5 M Na2SO4 1.0 2.0 23.2 1000 [73] 

Graphene/MnO2//Graphene/Ag 1 M Na2SO4 - 1.8 50.8* 101* [74] 

MnO2//rGO flexible solid device PVA/H3PO4 
gel 

0.2 0.7 17 2520 [75] 

MnO2-CNT//AC 1 M Li2SO4 0.5 2.0 24.58 500 This 
work 

*Calculated from the CV curves 
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Fig. 7. (a) Plot of columbic efficiency as a function of cycle number, (b) CV curves before and after stability of the 

MnO2-CNT//AC hybrid device at 25 mV s-1,  (c) CD curves before and after stability of the MnO2-CNT//AC hybrid 

device at 0.5 A g-1  and (d) Plot of specific capacitance as a function of floating time. 

 

In addition to the high energy density displayed by the hybrid device, it also exhibited excellent stability 

of 100% columbic efficiency at up to 10,000 cycles (see Fig. 7(a)). The stability test of a device is 

important because it shows the electrochemical behavior of the device over a prolonged period 

[17,56,57]. The remarkable stability performance of this device may be attributed to the presence of the 

MnO2-CNT nanocomposite because of their nanotube-like structure which possess high resiliency which 

is able to accommodate large capacity changes throughout the charge/discharge duration with 

enhanced effect on the life cycle of the device [58]. Also the synergistic contribution of the 3D porous AC 
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which provides more accessible pores sites for the diffusion of electrolyte ions [37,59]. This excellent 

electrode performance is confirmed by the improvement of the capacitance of the hybrid device after 

10 000 charge/discharge cycles as depicted in the CV and CD plots shown in Fig. 7(b) and 7(c). The 

stability of the MnO2-CNT//AC hybrid device was further tested via potentiostatic floating test at 1.0 A g-

1 and maximum potential of 2.0 V for 60 hours as it is an adopted reliable technique to accurately 

evaluate the stability performance of the supercapacitor device. A plot of specific capacitance vs.. 

floating time for the hybrid device is presented in Fig. 7(d). A decrease in specific capacitance can be 

observed during the first 10 hours, which stabilized for the rest of the floating time displaying 90% 

capacitance retention. The stability performance of this device demonstrates the excellent capacitive 

performance which indicates that the long-term cycling and floating does not significantly affect the 

stable tube-like/porous structure of the MnO2-CNT//AC hybrid electrode [17,60].  

The electrochemical impedance spectroscopy (EIS) analysis was carried out in an open circuit potential 

in the frequency range of 10 mHz to 100 kHz. EIS is an important tool for investigating the electron and 

ion mobility in an electrode material. The MnO2-CNT//AC hybrid device Nyquist plot is presented in 

figure 8(a). The intersection of the semicircle and the real Z’-axis, indicates the solution resistance (RS) 

with the value of 1.2  (see inset to Fig. 8(a)). In the high to middle frequency region, the diameter of 

the semicircle (inset to Fig. 8(a)), shows the charge transfer resistance (Rct) with the value of 1.0 . 

Nearly vertical lines parallel to the y-axis close to the low frequency region can be observed indicating 

ideal capacitive behavior of the hybrid electrode device. The equivalent circuit and fitting for the Nyquist 

plot is presented in Fig. 8(b) and the parameters for fitting are listed in table 2. In the equivalent circuit 

(inset to Fig. 8(b)), the solution resistance is connected in series with the constant phase element (Q) 

which is connected in parallel to Rct. The constant phase element Q is given by Q = 1/T(jω)n, where T is 

the frequency independent constant with dimensions of (F cm-2)n  (n value is calculated from the slope of 

the log Z versus log f and ranges from -1 to 1) [61]. For n = -1, n = 0 and n = 1, Q acts as an inductor, pure  
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Fig. 8. (a) Nyquist plot of MnO2-CNT//AC hybrid device, (b) Nyquist plot with fitting by the equivalent circuit inset 

to the Fig., (c) plot of real and imaginary capacitances as a function of frequency and (d) plot of phase angle as a 

function of frequency. 

 

resistor and capacitor, respectively [62]. The Warburg diffusion element (W) which models the transition 

from the high to low-frequency region is connected in series with the Rct. These are then connected in 

series with the mass capacitance (CL). In an ideal capacitive electrode, this mass capacitance should give 

rise to a straight line parallel to the y-axis but a deviation from the ideal behavior was observed as seen 

in Fig. 8(a). This deviation is as a result of the resistive element, RL which is a leakage current connected 

in parallel to CL [63,64]. Briefly, in table 2, the small values of the RS (1.2 ) and Rct (1.0 ) reveal that 

the electrodes have a lower diffusion resistance and charge-transfer resistance. The CL value of 1.1 (i.e. 
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≈1) denotes the mass capacitance which could be predominantly due to the pseudocapacitive 

characteristic of the MnO2-CNT electrode [65]. The n-value of 0.9 (i.e. ≈1) with a corresponding low Q-

value of 0.3 indicates a capacitive behavior (less deviation from an ideal capacitive behavior) of the 

electrodes. The real (C’) and imaginary (C”) parts of the capacitance as a function of frequency are 

presented in Fig. 8(c). C’ is the real attainable capacitance of the hybrid device with a value of 1.2 F 

corresponding to a frequency value of 0.01 Hz. C” which indicates the transition frequency between an 

ideal capacitive and ideal resistive behavior [66] of the hybrid device is represented by the peak which 

occurs at a maximum frequency value of 0.16 Hz corresponding to a relaxation time,  of 6.3 s, 

evaluated from 𝜏 = 1
𝜔𝑚𝑎𝑥

⁄ = 1
2𝜋𝑓𝑚𝑎𝑥

⁄ . The phase angle of the hybrid device is -78 which is close to 

the ideal value of -90 indicating good capacitive behavior.  

Table 2. The equivalent circuit fitting parameters for the Nyquist plot of the MnO2-CNT//AC hybrid device. 

Device electrodes 
 Fitting parameters for the Nyquist plot 

 RS (Ω)  Rct (Ω)  CL (F)  n  Q 

MnO2-CNT//AC  1.2  1.0  1.1  0.9  0.3 

 

4. CONCLUSION 

This work has investigated the electrochemical pseudocapacitive performance of MnO2-CNT as 

the positive electrode and AC derived from the cork (Quercus Suber) as the negative electrode 

in a successfully fabricated MnO2-CNT//AC device. The MnO2-CNT nanocomposite and 3D 

nanostructured activated carbon displayed excellent properties that resulted in good 

microstructural, morphological and electrochemical properties. The synergistic effects of the 

MnO2-CNT and the 3D microporous AC material were maximized to increase the working 

potential of the hybrid device up to 2.0 V. The device displayed an energy density of 25 Wh Kg-
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1 and corresponding power density of 500 W Kg-1 at a current density of 0.5 A g-1 in 1 M Li2SO4 

aqueous neutral electrolyte. The device exhibited an excellent stability of 100% coulombic 

efficiency after 10, 000 charge-discharge cycles and excellent capacitance retention after 

potentiostatic floating test for 60 hours. The results obtained suggest that the hybrid device has 

the potential for high-energy storage device application.  
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