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Nanostructured MnO2 films with 50 and 100 µg cm-2 mass loadings supported on two 

dimensional (2D) stand–free carbon nanowalls (CNWs) were synthesized by anodic 

electrodeposition and investigated for supercapacitor application. The underlying CNWs films 

of different growth periods, 12-24 sec, were grown first by microwave plasma enhanced 

chemical vapor deposition on three dimensional (3D) nickel foam substrate. Tailoring 

MnO2/CNWs/Ni hybrid nanocomposite electrode with an optimized CNWs growth period of 

18 sec and a MnO2 loading of 50 µg cm-2 achieves the best capacitive performance; it exhibits 

specific capacitance of 1170 F g-1 at galvanostatic charging-discharging current density of 1 

mA cm-2 and retains 110 % of its initial capacitance after 2000 cycles at current density of 3 

mA cm-2. The high density of atomic scale graphitic edges, large surface area with optimized 

defects and degree of crystallinity of CNWs in conjunction with an efficient utilization of 

MnO2 nanoparticles facilitated rapid electron, ion transport and electrochemical cyclic 

stability, and hence offering the potential of the unique capacitive behavior. These results 

demonstrate an exciting commercial potential for high performance, environmentally friendly 

and low-cost electrical energy storage devices based on MnO2/CNWs/Ni hybrid electrode. 

 

Introduction 

Supercapacitors have received a lot of attention as viable electrical 

energy storage devices due to their high power density and almost 

unlimited cycle life. Furthermore, they provide higher energy density 

than conventional capacitors while higher power density than 

batteries.1, 2 However, supercapacitors often have low energy storage 

media which are mainly determined by the energy density and 

specific capacitance of electrode materials. Hence, it is highly 

desirable to improve the energy density as well as specific 

capacitance of electrode materials in supercapacitors to enable their 

use as a future primary storage sources.3-5 

According to the energy stored mechanism in supercapacitors, two 

types exist namely the electrical double-layer capacitor and the 

pseudo-capacitor.6, 7 The capacitance of the former arises from the 

separation of electrical charge which is associated with the buildup 

of an electrical double layer at the interface between electrode and 

electrolyte; therefore, it strongly depends on the surface area of the 

electrode accessible to the electrolyte. Carbon materials are a major 

material component for such type of capacitor. The capacitance of 

the latter is due to the reversible faradic transfer of charge between 

electrode and electrolyte, i.e. related to a change in the oxidation 

state of the electrode. Transition metal oxides are major material 

components for such type of capacitor. 

 
Due to their excellent electrocatalytic activity than carbon 

materials, transition metal oxides have been extensively used in 

many electrochemical applications including supercapacitors during 

the past decades.8-21 MnO2, compared to the other transition metal 

oxides, is the most thoroughly investigated for pseudocapacitors on 

the basis of its high theoretical specific capacitance of 1370 F g-1, 

relatively low cost and environmentally benign nature.22-27 Being 

limited by its poor electrical conductivity, the theoretical specific 

capacitance of MnO2 has rarely been achieved in any experiment.22 

Fabricating ultrathin film (tens to hundreds of nanometers thick) of 

different MnO2 loadings has been examined as one possible track to 

improve the electrical conductivity and deliver very high specific 

capacitances, within 700-1000 F g-1 range in aqueous solution.27 

Nevertheless, ultrathin film of MnO2 electrode material has 

limitations with the lack of structural, chemical and mechanical 

stabilities, long-term cyclability, and low rate-capacity.27  Hence, the 

most important basic challenge to adapt MnO2-based supercapacitor 

for commercial application is to improve its energy density, via 

approaching specific capacitance close to that of its theoretical 

specific capacitance of 1370 F g-1, while keeping a high power 

density and a long cycle life. 

For improving the poor electronic conductivity, structural, 

chemical and mechanical stabilities of MnO2 electrodes, 

considerable research efforts have been dedicated to tailor the 

electrode architecture via applying an ultrathin layer of MnO2 on the 

surface of a porous, high surface area and electronically conducting 

structure such as carbon nanotubes,28-31 graphene,32,33 and organic 

matter34-37 to shorten the solid state transport for ions and diffusion 

path lengths of electrons. This can produce a good electrochemical 
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performance without sacrificing the mass-loading of the MnO2 

phase. 

Recently, microwave plasma-enhanced chemical vapor deposition 

(MPECVD) is among the early methods to synthesize vertically 

standing few layer graphenes or graphene nanowalls (GNWs).38-42 

GNWs can be described as self-assembled, vertically standing, few-

layered graphene sheet nanostructures, which are also called as 

carbon nanowalls (CNWs), carbon nanosheets, and carbon 

nanoflakes. The CNWs form a self-supported network of wall 

structures with thicknesses and height ranging from a few 

nanometers to a few tens of nanometers according to the applied 

growth period during the fabrication process of CNWs. CNWs have 

a high density of atomic scale graphitic edges that are potential sites 

for electron field emission, which might lead to the application in 

flat panel displays and light sources.38-42 The large surface area of 

CNWs was useful templates for the fabrication of other types of 

nanostructured materials in the field of electrochemistry including 

electrode for fuel cell and electrochemical sensors.39-43  

To date scarce works have reported on the use of two dimensional 

CNWs architecture as template for an efficient utilization of 

insulating MnO2 for supercapacitive application. The present work is 

undertaken to tailor a MnO2/CNWs composite electrode with 

superior properties for supercapacitive application. Particular 

attention is given to the effect of the growth period of CNWs and 

level of MnO2 mass loading. 

Experimental 

Growth of CNWs 

The MPECVD system used in this study is a modified ASTeX 

DPA25 plasma applicator in which the quartz discharge tube of 15 

mm inner diameter is utilized. The maximum power of microwave 

source is 250 W. Nickel foam is used as electron conductor 3D 

substrate with apparent surface area 1 cm2. The applied parameters of 

the CNWs growth process are as follows: total flow rate, 50 sccm; 

CO flow rate, 46 sccm; H2 flow rate, 4 sccm; total pressure, 250 Pa; 

microwave power, 80 W. The selected growth period during steady–

state growth process is varied from 12-24 sec. During growth process, 

the substrate is placed at the centre of the applicator and heated up by 

the microwave discharge.  Substrate temperature is monitored by the 

radiation thermometer (Japan Sensor TMZ9) and it is about 700°C 

during the growth process. In fact the utilization of Ni foam as a 

substrate for the deposition of CNWs process offers a more feasible 

process for the fabrication of CNWs in a very short time, a few tens 

of seconds. The things in common in other reports are that there is an 

induction period of 1–5 min before the onset of vertical graphene 

growth on the surface of Si and SiO2 substrates.38   

Electrochemical deposition of MnO2 

 The electrochemical deposition of MnO2 is carried out in 0.25 M 

(CH3COO)2 Mn.4H2O electrolyte via anodic deposition at 1 Volt 

using three electrodes cell. An Ag/AgCl used as a reference electrode 

(KCl saturated), Pt-rod as a counter electrode and the pre-prepared 

CNWs/Ni foam as a working electrode.  The mass loading of the 

MnO2 is controlled by adjusting the total charge passed through the 

electrode during deposition process and selected to be 50 and 100 µg 

cm-2.    

 

Structure and electrochemical characterizations of 

MnO2/CNWs/Ni hybrid composite electrodes 

The microstructure of the deposited films was studied using 

Hitachi S-4500 scanning electron microscope (SEM) and 

transmission electron microscopy (TEM) complement with energy 

dispersive X-ray (EDX), JEOL JEM-2010F. NRS-2100 Raman 

spectrometer with 514.5 nm wavelength incident laser light was used 

to analyse the underlying carbon deposits. 

The electrochemical properties of the electrodes have been 

conducted in 0.5 M Na2SO4 electrolyte using three electrodes cell 

configuration. The cyclic voltammetry (CV), galvanostatic charge–

discharge, and electrochemical impedance spectroscopy (EIS) 

studies have been performed using VersaSTAT3 

potenitostat/galvanostat electrochemical system.  

The CV behaviors were carried out within a potential range of 0–

0.9 V vs. Ag/AgCl (KCl saturated) at scan rates of 10–300 mV s-1. 

Galvanostatic charge/discharge cycling was conducted at constant 

current densities of 1–10 mA cm-2 between 0–1 V. The cycle life test 

was performed at current density of 3 mA cm-2 for 2000 cycles. The 

applied alternating current amplitude for EIS measurements was 10 

mV root mean square in a frequency range of 0.1 Hz to 7 kHz. 

Cyclic voltammetry specific capacitance (Csp) was calculated 

from dividing the capacitive charge (Q), obtained using half the 

integrated area of the CV curve, by the film mass (m) and the width 

of the potential window (V) using equation (1): 

Csp =
Vm

Q

.
                      (1) 

Chronopotentiometry discharge Csp values were calculated by 

using charge-discharge current (I), potential change with discharge 

time (dV/dt) and the mass of the deposited film according to the 

equation:  

Csp = 
dVm

dtI

.

.
                   (2) 

The energy and power densities of a supercapacitor are generally 

of most importance for its rating as electrochemical power device. 

The energy density (E) and power density (P) of a supercapacitor are 

given by:  

E = 
2

.
2

VCsp                   (3) 

P = 
Rm

V

.4

2

                     (4) 

Where, R is the equivalent series resistance (ESR) of the capacitor. 

Results and discussion 

Structure and morphology of MnO2/CNWs films  

    Fig. 1 shows SEM images of the MnO2-free CNWs deposited 

films with different growth periods of 12 (a), 18 (b), and 24 (c) sec. 

The images show the growth of the two-dimensional carbon sheets 
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with honeycomb structure on the Ni substrate. In addition to the 

vertically standing maze-like structure, isolated very thin nanosheets, 

less aligned petal-like, highly branched type, and a kind of porous 

film have been fabricated so far. The increase in the growth period 

during the steady-state growth makes the carbon nanosheets higher, 

wavier and more crowded, while the thickness remains saturated.37,42 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: SEM images of CNWs with growth periods of 12 (a), 18 (b), 

and 24 (c) sec. 

 

 Fig. 2 depicts TEM images of MnO2-free CNWs film with 

growth period of 18 sec at different magnifications. The images 

confirm the 2D configuration of the nanowalls, which consists 

of crumpled and folded nano-domains of tens of nanometers in 

size, Figs. 2(a,b). The individual walls have rather wavy 

structures and their growth directions are oriented 

perpendicularly to the nickel substrate, thereby favouring 

electrical conduction from the substrate. It is also observed that 

the leading exposed reactive edges of the vertically grown 

CNWs tend to curl after reaching non-detectable certain height, 

Fig. 2 (b). The amount of apparent curl edges revealed to be 

increased with increasing the growth period of CNWs, in an 

indication for the reduction in the density of the upward 

exposed atomic graphitic edges. Finally, the high resolution 

TEM image shown in Fig. 2(c) reveals the presence of 

multilayers graphene, which indicates the graphitized structure 

of the CNWs. Furthermore, the spacing between neighbouring 

graphene layers is measured as approximately 0.34 nm, which 

corresponds to the reported one for CNWs and that of graphite 

(002) planes of graphite structures.37,42 

 

The structure within the walls was also studied by Raman 

spectroscopy. Fig. 3 presents Raman spectra of carbon deposits 

in the MnO2/CNWs films with CNWs growth periods of 12 (a), 

18 (b) and 24 (c) sec. In general, Raman spectra consist of two 

main bands typical characteristic of carbon material, a D-band 

at 1360 cm-1 and G-band at 1590 cm-1.44-46 The detected D-band 

is attributed to defects due to the finite crystallite size or edges 

of graphene layers; while the G-band represents the in-plane 

bond-stretching motion of the pairs of carbon sp2 atoms which 

indicates the presence of crystalline graphene layers.  
 

  

 

 

 

 

 

 

 

Fig. 2: TEM images of MnO2-free CNWs film with growth period of 18 sec at 

different magnifications. 

In addition, a small peak is observed at about 1620 cm-1. This band 

corresponds to D′-band, indicating the disorder and associated with 

finite-size graphite crystals and graphene edges. This D′-band peak 

is also typical in the Raman spectra of CNWs.44 The strong D-band 

peak and D′-band peak suggest presence of more nanocrystalline 

structure, graphene edges and defects such as distortion, vacancies 

and straining to graphitic lattices, which are prevalent features of 

CNWs.38-44 
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Fig. 3: Raman spectra of carbon deposits in MnO2/CNWs electrode 

architectures with MnO2 mass loading of 50 µg cm-2 and CNWs growth 

periods of 12 (a), 18 (b) and 24 (c) sec. 

Quantitatively, the intensity ratio of D-band to G-band peaks (ID/IG) 

presents an excellent probe for monitoring the defect concentration 

and/or degree of crystallinity in the CNWs.44 The lower ratio is a 

signature for lower defects concentration and/or higher degree of 

crystallinity in the CNWs structure. The intensity ratios of ID/IG for 

the MnO2/CNWs electrodes with CNWs growth periods of 12, 18 

c 

b a 

a b 

c 
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and 24 sec are estimated to be 0.99, 1.05 and 1.57, respectively. This 

tendency agrees with the morphology changes shown in Figs. 1 and 

2, in which CNWs become wavier and curl with growth period, 

revealing more defect in the graphite structure.  It’s worth to mention 

that the presence of defects and active edges in the graphitic lattices 

of carbon materials are prerequisites for supporting the nucleation 

and growth processes of the assembled electroactive nanoparticles 

and subsequently their service life.38 

In accordance with the results presented in Figs. 1-3, CNWs have 

a little support on the Ni substrate and hence it is generally expected 

to retain most of their electronic properties and large amount of the 

exposed upward reactive edge planes and surface area. To meet and 

optimize these unique properties of CNWs with the pseudocapacitive 

characteristics of MnO2, CNWs templates of different growth 

periods were decorated with MnO2 at loading levels of 50 and 100 

µg cm-2 via anodic electrodeposition. 

Fig. 4 shows SEM images of CNWs-free MnO2 film (a) and the 

MnO2/CNWs films with MnO2 mass loading of 50 µg cm-2 and 

CNWs growth periods of 12 (b), 18 (c) and 24 (d) sec. In 

comparison, the image of CNWs-free MnO2 film Fig. 4(a) shows 

smooth surface with continuous cracks due to drying shrinkage, 

while the morphology of MnO2 films deposited on CNWs, Figs. 4(b-

d), composed of aggregates in the form of tangled porous 

microstructure follows the structure texture of the underlying CNWs 

film.  The increase in the growth period of CNWs makes the tangled 

microstructure of the deposited MnO2 continuous with less porous 

nature. 

  

 

 

 

 

 

Fig. 4: SEM images of CNWs-free MnO2 film (a) and the MnO2/CNWs films 

with MnO2 mass loading is 50 µg cm-2 and CNWs growth period of 12 (b), 

18 (c) and 24 (d) sec.   

Fig. 5 depicts TEM images of MnO2/CNWs film with MnO2 mass 

loading of 100 µg cm-2 and CNWs growth period of 18 sec, at 

different magnifications. The images clearly reveal that the MnO2 

nanodomains in the forms light and dark grey clusters (white circles) 

are randomly dispersed throughout the body, interlayer spacing, and 

more likely the exposed reactive edge planes of the stand-free 

graphene layers. In fact, it is difficult to treat the entire surface of 

CNWs with MnO2 film from a liquid phase, because of the high 

surface tension, in homogeneities in defect distribution and narrow 

interspaces between the layers of CNWs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5: TEM images of MnO2/CNWs film with MnO2 mass loading of 100 µg 

cm-2 and CNWs growth period of 18 sec at different magnifications.  

 Fig. 6 illustrates HRTEM images for CNWs-free MnO2 (a) 

and the MnO2/CNWs films with MnO2 mass loading of 100 µg 

cm-2 and CNWs growth periods of 12 (b), 18 (c) and 24 (d) sec. 

As can be seen, the MnO2 polymorph birnessite (white circles) 

is clearly visible in the image of CNWs-free MnO2 film, Fig. 6 

(a). The MnO2 polymorph birnessite tends to diminish with the 

deposition on the CNWs template and almost disappears with 

deposition on CNWs template with growth period of 18 sec, 

Fig. 6(c), i.e. the formation of complete amorphous structure.  

This indicates that the CNWs enable the grain refinement of the 

MnO2 structure. The formation of materials in an amorphous 

structure is generally preferable for supercapacitor and sensing 

applications due to the large accessible surface area and easy 

penetration of ions through the bulk of active materials.36 It’s 

also worth noting that CNWs still maintain the original lattice 

structure of the nanocrystallized graphene layers even after the 

deposition of MnO2. The elemental analysis via EDX analysis 

technique at the nanoscopic level of Fig. 4(c) reveals high 

intensity ratio of C/Mn in the recorded EDX spectrum shown in 

Fig. 7. These observations confirm the fine assembly of ultra-

thin MnO2 film on the CNWs templates and development of 

electrode with high aspect ratio. In turn, the MnO2/CNWs 

electrode is expected to retain high electronic conductivity, 

electrochemical stability and mechanical strength upon cycling 

thus provides an opportunity to tune the electrode material for 

optimal capacitive performance. 
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Fig. 6: HRTEM images for CNWs-free MnO2 (a) and the MnO2/CNWs films 

with MnO2 mass loading of 100 µg cm-2 and CNWs growth periods of 12 (b), 

18 (c) and 24 (d) sec.   
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Fig. 7: EDX pattern of MnO2/CNWs electrode with MnO2 mass loading of 

100 µg cm-2 and CNWs growth period of 18 sec. 

Cyclic voltammetry and galvanostatic charge-discharge 

characteristics 

The effects of different MnO2 mass loadings and CNWs growth 

periods on the capacitive performance of MnO2/CNWs electrodes 

are described in this section. 

Fig. 8 shows the CV comparison curves for MnO2-free CNWs (a), 

CNWs-free MnO2 (b), and the MnO2/CNWs electrodes with MnO2 

mass loading of 50 µg cm-2 and CNWs growth periods of 12 (c), 18 

(d) and 24 (e) sec measured in 0.5 M Na2SO4 electrolyte at a scan 

rate of 90 mVs-1. It is shown that the capacitive contributions of the 

MnO2-free CNW (a) is negligible compared with CNWs-free MnO2 

(b) and MnO2/CNWs (c-e) electrodes.  The CV curves of CNWs-

free MnO2 and MnO2/CNWs electrodes show nearly rectangular 

shape and characteristic mirror-image without clear redox peaks, 

indicative of highly capacitive behaviour with good ion response. 

Meanwhile, the MnO2/CNWs electrodes show the larger integrated 

areas of the CV curves than that of CNWs-free MnO2 electrode and 

hence, they have the higher Csp. 
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Fig. 8: CV curves for MnO2-free CNWs (a), CNWs-free MnO2 (b), 

MnO2/CNWs electrode architectures with CNWs growth periods of 12 (c), 18 

(d) and 24 (e) sec measured in 0.5 M Na2SO4 solution at a scan rate of 90  

mV s-1.  

Figs. 9 and 10 summarizes the variation in the Csp of CNWs-free 

MnO2 (a) and the MnO2/CNWs electrodes (b-d) with MnO2 mass 

loading of 50 and 100 µg cm-2, respectively, and CNWs growth 

periods of 12 (b), 18 (c) and 24 (d) sec. Both figures show a typical 

gradual decrease in the Csp of all electrodes with the increase in the 

scan rate. The highest Csp values obtained at MnO2 mass loading of 

50 µg cm-2 (Fig. 9) for CNWs-free MnO2 (a) and MnO2/CNWs 

electrodes with CNWs growth periods of 12 (c), 18 (d), and 24 (e) 

sec, at a scan rate of 10 mV s-1, are 425, 1009, 1054, and 1030 F g-1, 

respectively, and those at MnO2 mass loading of 100 µg cm-2 (Fig. 

10) are 488, 508, 685, and 533 F g-1, respectively.  
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Fig. 9: Csp versus scan rate for CNWs-free MnO2 (a) and the MnO2/CNWs 

electrodes with MnO2 mass loading of 50 µg cm-2 and CNWs growth periods 

of 12 (b), 18 (c) and 24 (d) sec. 
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Fig. 10: Csp versus scan rate for CNWs-free MnO2 (a) and the MnO2/CNWs 

electrodes with MnO2 mass loading of 100 µg cm-2 and CNWs growth 

periods of 12 (b), 18 (c) and 24 (d) sec. 

To further clarify and confirm the effect of CNWs and MnO2 

mass loading on the capacitive behavior and rate capability of 

electrodes, the charge-discharge profiles were measured by 

chronopotentiometry. Fig. 11 shows charge-discharge profiles of 

MnO2-free CNWs (a), CNWs-free MnO2 (b), and MnO2/CNWs 

electrodes with MnO2 mass loading of 50 µg cm-2 and CNWs growth 

periods of 12 (c), 18 (d) and 24 (e) sec measured in 0.5 M Na2SO4 

electrolyte at current density of 1 mA cm-2. In principle, the 

discharge profile of any oxide film with capacitive characteristics is 

basically consisted of three parts: a resistive component from sudden 

voltage drop (IR drop) due to the internal resistance of the deposited 

film, the capacitance component related to the voltage change due to 

ion separation in the double layer region at the electrode interface, 

and finally faradaic component in the longer time region due to 

charge transfer reaction of the film.  As can be seen in Fig. 11, the IR 

drop for MnO2-free CNWs (a) and CNWs-free MnO2 (b) electrodes 

are significantly higher than those of MnO2/CNWs electrodes 

indicating that the MnO2/CNWs films have lower internal resistance 

than MnO2-free CNWs and CNWs-free MnO2 films. Among 

MnO2/CNWs electrodes, the electrode with CNWs growth period of 

18 sec has the highest Csp as it has longer discharge time.  

Figs. 12 and 13 present the summary plots of specific capacitance 

versus current density for CNWs-free MnO2 and MnO2/CNWs 

electrodes with MnO2 mass loading of 50 and 100 µg cm-2, 

respectively, and CNWs growth periods of 12 (b), 18(c) and 24 (d) 

sec. In both figures, the discharge Csp gradually decreases by 

applying high current density. The highest Csp values obtained at 

MnO2 mass loading of 50 µg cm-2 (Fig. 12) for CNWs-free MnO2 (a) 

and MnO2/CNWs electrodes with CNWs growth periods of 12 (b), 

18 (c) and 24 (d) sec at current density of 1 mA cm-2 are 438, 1108, 

1170 and 1138 F g-1, respectively, and those at MnO2 mass loading 

of 100 µg cm-2 (Fig. 13) are 643, 603, 851 and 624 F g-1, 

respectively. This is in coincidence with the CV results presented in 

Figs. 9 and 10 and indicates that MnO2/CNWs electrodes do not 

only show higher Csp but also better capability rate of charge-

discharge than CNWs-free MnO2 electrode. More importantly, the 

Csp values of all MnO2/CNWs electrodes with MnO2 mass loading of 

50 µg cm-2, particularly that with CNWs growth period of 18 sec, 

approach the theoretical Csp value of MnO2, that is 1370 F g-1.22 It 

can, therefore, be said that CNWs templates provide more active 

sites for an efficient assembly and utilization of MnO2 as promising 

pseudo-capacitance material.   
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Fig. 11: Charge-discharge profiles of MnO2-free CNWs (a), CNWs-free 

MnO2 (b), and MnO2/CNWs electrodes with MnO2 mass loading of 50 µg 

cm-2 and CNWs growth periods of 12 (c), 18 (d) and 24 (e) sec measured in 

0.5 M Na2SO4 electrolyte at current density of 1  mA cm-2. 
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Fig. 12: Csp versus current density for CNWs-free MnO2 (a) and 

MnO2/CNWs electrode architectures with MnO2 mass loading of 50 µg cm-2 

and CNWs growth periods of 12 (b), 18 (c) and 24 (d) sec. 

0.000 0.002 0.004 0.006 0.008 0.010
100

200

300

400

500

600

700

800

900

MnO
2
 mass loading 100 µg cm

-2

S
p

e
c

if
ic

 c
a
p

a
c

it
a
n

c
e

, 
F

 g
-1

Current density, A cm
-2

c

b
d

a

 

Fig. 13: Csp versus current density for CNWs-free MnO2 (a) and 

MnO2/CNWs electrode architectures with MnO2 mass loading of 100 µg cm-2 

and CNWs growth periods of 12 (b), 18 (c) and 24 (d) sec. 

Galvanostatic charge-discharge cyclic stability 
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Cycling performance is another key factor in determining the 

availability of supercapacitor electrodes for many practical 

applications. Excellent cycling stability is crucial for real 

supercapacitor operations.  

Figs. 14 and 15 present the cycling performance of MnO2/CNWs 

electrodes with MnO2 mass loading of 50 and 100 µg cm-2, 

respectively, and CNWs growth periods of 12 (b), 18 (c) and 24 (d) 

sec in 0.5 M Na2SO4 electrolyte by charging and discharging at 3 

mA cm-2 for 2000 cycles. In general, the MnO2/CNWs electrodes 

show a little decrease in the value of specific capacitance (down to 

range of 80-85 % of their initial values) during the initial 200-500 

cycles and then the specific capacitance increased again up to 96-110 

% (Fig. 14) and 85-92 % (Fig. 15) of their initial values after 2000 

cycles. Specifically, the capacitance retention of MnO2/CNWs 

electrodes with MnO2 mass loading of 50 µg cm-2, Fig. 14, and 

CNWs growth periods of 12 (a), 18 (b) and 24 (c) sec after 2000 

cycles are 102, 110 and 96 %, respectively, and those at MnO2 mass 

loading of 100 µg cm-2 are 86, 92 and 84 %, respectively, Fig. 15.  
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Fig. 14: Life-cycle data  of MnO2/ CNWs electrode architectures with MnO2 

mass loading of 50 µg cm-2 and CNWs growth periods of 12 (a), 18 (b) and 

24 (c) sec, measured in 0.5 M Na2SO4 electrolyte at a current density of 3 mA 

cm-2.   
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Fig. 15: Life-cycle data  of CNWs-free MnO2 (a) and MnO2/ CNWs electrode 

architectures with MnO2 mass loading of 100 µgcm-2 and CNWs growth 

periods of 12 (b), 18 (c) and 24 (d) sec, measured in 0.5 M Na2SO4 

electrolyte at a current density of 3 mA cm-2. 

The surface morphology of MnO2/CNWs electrode with MnO2 mass 

loading of 50 µg cm-2 and CNWs growth period of 18 sec, which 

achieves the best capacitance retention, that is 110%, was 

characterized by SEM after 2000 cycles of charging-discharging, 

Fig. 16. Interestingly, the tangled morphology of as prepared 

MnO2/CNWs electrode, Fig. 4 (c), is transformed after 2000 cycles 

to more open nanowalls structure that is finely decorated with MnO2, 

particularly at its exposed upward active edges. This would provide 

a higher active surface area for ion accessibility with subsequent 

enhancement of the specific capacitance, i.e. electroactivation 

occurs. 

 

Fig. 16: SEM image of MnO2/CNWs electrode with MnO2 mass loading of 

50 µg cm-2 and CNWs growth period of 18 sec after 2000 cycles of charging-

discharging at 3 mA cm-2. 

Electrochemical Impedance Spectroscopy studies 

In order to understand the reason behind the unique capacitive 

performance of the MnO2/CNWs electrode compared to CNWs-free 

MnO2 electrode, comparative electrochemical impedance 

spectroscopy (EIS) data were collected to quantify the electronic and 

ionic conductivities and diffusive behavior of the MnO2-based films. 

Fig. 17 shows Nyquist plots for CNWs-free MnO2 (a) and 

MnO2/CNWs electrodes, with MnO2 mass loading of 100 µg cm-2 

and CNWs growth periods of 12 (b), 18 (c) and 24 (d) sec, measured 

in 0.5 M Na2SO4 electrolyte.  In general, the impedance spectra of 

films used in supercapacitor application are composed of a high-

frequency arc region followed by a low-frequency line.47-51 The very 

high-frequency intercept at the real impedance part (Z′) at the 

beginning of the arc represents the equivalent series resistance 

(ESR), which includes the ionic resistance of the electrolyte, the 

intrinsic resistance of the active material, intrinsic resistance of 

current collector, and the contact resistance at the interface between 

active material and current collector. The power density of 

supercapacitors depends strongly on the ESR. The arc in the high-

frequency region corresponds to the charge transfer resistance (Rct) 

caused by the charge transfer process (Faradaic reactions) and 

double layer charging on the electrode surface. The magnitude of the 

Rct can be derived from diameter of the arc. The line at lower 

frequency region is a result of ion diffusion/transport (Warburg 

resistance, W) through the pores of the deposited films, i.e. typical 

characteristics of porous electrodes.48-50 
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Fig. 17: The high frequency region of the recorded full impedance plots for 

CNWs-free MnO2 (a) and MnO2/CNWs electrode architectures with MnO2 

mass loading of 100 µg cm-2 and CNWs growth periods of 12 (b), 18 (c) and 

24 (d) sec, measured in 0.5 M Na2SO4 electrolyte at 30OC in the frequency 

range of 0.1 Hz–7 kHz at 10 mV amplitude. The inset is the equivalent circuit 

proposed for the fitting of the impedance data.  

The impedance data presented in Fig. 17 were analysed using 

software provided with the electrochemical work station. The 

equivalent circuit model proposed for fitting the impedance data is 

the inset of Fig.17. The model consists of solution resistance, Rs, 

interface resistance, Ri, which represents ESR value, charge transfer 

resistance, Rct, Warburg impedance, W, double layer capacitance, 

Cdl, and pseudo-capacitance, Cs. 

The fitting results shows that the ESR values for CNWs-free 

MnO2 (a) and MnO2/CNWs electrodes, with CNWs growth periods 

of 12, 18 and 24 sec are 2.04, 4.65, 3.19, and 6.68 Ω, respectively. 

This refers that the contact resistance affects ESR with the presence 

of underlying CNWs compared with CNWs-free MnO2 film. The Rct 

values for CNWs-free MnO2 and MnO2/CNW electrodes with 

CNWs growth periods of 12, 18, and 24 sec are 3.28, 1.42, 1.02, and 

1.92 Ω, respectively. The decrease in the Rct value with presence of 

CNWs reflects the enhancement in the electronic and ionic 

conductivities of MnO2 with the presence of CNWs. The optimal 

ESR and Rct values are obtained with CNWs growth period of 18 sec 

and reduced with the reduction in the MnO2 mass loading from 100 

to 50 µg cm-2. Besides, the slope of the Nyquist plots was found to 

increase with decreasing MnO2 mass loading and/or the presence of 

CNWs, reflecting a decrease in the Warburg resistance (W) or fast 

electrolyte ion diffusion into the composite array.   

In brief, the improvement in the capacitive performance is noticed 

not only with the presence of CNWs but also with the reduction in 

the MnO2 mass loading.  The presence of CNWs and low mass 

loading of MnO2 create more active sites, facilitate the access of 

the electrolyte ions onto the surface of MnO2 and makes electron 

transport between CNWs and MnO2 easier as confirmed by the 

results obtained from EIS study.  Finally, the energy density and 

power density values of MnO2/CNWs electrodes estimated from the 

Csp at charging-discharging current density of 1 mA cm-2 are in the 

range of 153.8-162.5 Wh/kg and 762.2-915.7 W/kg, respectively.  

 

Conclusions 

We have successfully developed new MnO2/CNWs/Ni hybrid 

electrode materials for sueprcapacitor applications through two 

synthesis methods: MPECVD method that offers a feasible process 

for the fabrication of stand-free CNWs in a very short time, and 

anodic electrodeposition method for synthesizing nanoscopic MnO2 

film on CNWs architecture. Optimizing the growth period of CNWs 

by 18 sec and loading level of MnO2 by 50 µg cm-2 lead to 

MnO2/CNWs/Ni hybrid electrode with a superior capacitive 

behaviour among all electrodes examined so far for supercapacitor 

applications.  Several unique characteristics of the MnO2/CNWs/Ni 

hybrid electrodes make them promising candidates as high 

performance EC electrode materials include the following: (i) The 

stand-free graphene nanowalls on nickel foam current collector with 

a little support probably enable to retain nearly all of their inherent 

electronic properties; (ii) CNWs consists of nano-domains of a few 

tens of nanometers in size, and individual CNWs are found to have 

defects which support the nucleation and growth of MnO2 

nanoparticles and subsequently their cyclic stability; (iii) the unique 

architecture of stand-free CNWs reduces the diffusion length of ions 

within the pseudocapacitive phase ensuring an efficient utilization of 

the active materials; and (iv) Ensuring high Csp of 1170 F g-1 at 1 

mA cm-2, a capacitance retention of 110 % after 2000 cycles at a 

current density of 3 mA cm-2, energy density of 162.5 Wh/kg and 

power density of 915.7 W/kg. As a consequence, these unique 

characteristics demonstrate the exciting commercial potential for 

high performance, environmentally friendly and low-cost electrical 

energy storage devices based on this new MnO2/CNWs/Ni hybrid 

material.  
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