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10.1 Comparative EDX, XPS and FESEM   

Figure 10.1 is the EDX profile of the electrodes. The presence 

of Ni, Co and Fe peaks in (a), (b) and (c) showed that the electrodes 

were successfully modified with the respective metal nanoparticles 

while the occurrence of oxygen peaks with very pronounced intensity 

implies that the electrodes were successfully transformed to their 

oxide derivatives. The presence of Ni peak on the EDX of Fe is 

attributed to Ni impurities from the Fe salts and / or SWCNTs since 

the EDX of the SWCNTs (not shown) indicated presence of Ni 

impurities. The occurrence of P and Na peaks in the EDX profiles may 

be attributed to the sodium phosphate buffer solution used for the 

electrode preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.1: EDX spectra of (a) SWCNT-NiO, (b) SWCNT-Co3O4 and 
(c) SWCNT-Fe2O3 
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The XPS data (Figure 10.2) confirmed qualitatively the nature 

of the species or the oxidation state of the metal nanoparticles in 

their oxide forms. For example, Ni 2p3/2 peak at 858.5 eV (Figure 

10.2a) is closer to 854.0 eV considered to be NiO [1], which is 

supported again by the Ni 2p1/2 peak at 876.0 eV, very close to 873.3 

eV observed by Sunohara et al [2]. The Co oxide specimen had 2p3/2 

and 2p1/2 peaks of Co at 783.0 and 795.7 eV (Figure 10.2b) which is 

in close agreement with reported values, corresponding to Co3O4 

[1,3]. The 2p3/2 and 2p1/2 peaks at 712.6 and 726.8 eV for Fe oxide 

modified electrode (Figure 10.2c) agreed with literature value of 

710.7 and 724.3 eV which indicates the presence of Fe2O3 species 

[4]. The O1s peak at 532 eV is very close to 530 eV reported to be 

the lattice oxygen of Fe2O3 and Fe3O4 [2]. However, the dominant 

oxide of Fe on the electrode from this result was taken as Fe2O3 since 

species of Fe3O4 are not apparent. The Na and the P peaks in Figure 

10.2 are attributed to the Na and P of the PBS used during electrode 

modification while the C peak can be attributed to the carbon of the 

SWCNTs and the base BPPGE electrode. Hence, the oxides of Fe and 

Co from this study are taken to be Fe2O3 and Co3O4 respectively. The 

metal oxide nanoparticles are porous and somewhat aggregated 

(Figure 9.3), due possibly to the strong electrostatic interactions 

between the metal ions and the COO– charge of the acid-treated 

SWCNTs. From the SEM image, the average particle size distributions 

are 20 -50 nm for NiO, 30 – 90 nm for Co3O4, and 120 – 200 nm for 

Fe2O3 nanoparticles. Salimi et al [5], employed similar method of 

electrode decoration with cobalt oxide nanoparticles and observed 

particles agglomeration with sizes ranging from 100 – 600 nm. 
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Figure 10.2: XPS spectra of (a) SWCNT-NiO, (b) SWCNT-Co3O4 and 
(c) SWCNT-Fe2O3. 
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Figure 10.3: FESEM images of (a) SWCNT-NiO (b) SWCNT-Co3O4 

and (c) SWCNT-Fe2O3.  
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10.2 Comparative cyclic voltammetric experiments 

Figure 10.4 presents the comparative CVs of the electrodes in 1 

M Na2SO4 and 1 M H2SO4 solution respectively at a scan rate of 25 

mVs-1. The CV indicates several important differences between the 

composite nanoparticles modified electrodes and the bare BPPGE. 

First, the SWCNTs exhibit redox couple at E1/2 ≈ 0.22 V and weak 

oxidation peak at about 0.4 V which may be attributed to the redox 

processes arising mainly from the oxo-groups at the basal plane sites 

of the SWCNTs [6]. Second, unlike the voltammograms of the 

electrodes based on the FeO and CoO nanoparticles, the NiO-based 

electrodes exhibit huge capacitive current response with irreversible 

peak around 0.65 V due to the Ni(II)/Ni(III) redox process. The lack 

of perfect rectangular shape for the curves is attributed to the 

combination of double layer and pseudo-capacitances contributing to 

the total capacitance [7]. Third, the capacitive behaviour of the three 

BPPGE-SWCNT-MO are more pronounced in H2SO4 than in Na2SO4 

electrolyte as can be observed from the charge-discharge study 

(discussed later).  

The ability of the films to store charges may be obtained from 

the film capacitance (Cfilm / Fcm
-2) estimated using the simple 

expression [8,9]: 

Cfilm (F cm
-2) = 

A

I ch

ν
                                                           (10.1) 

where Ich is the average current, ν the scan rate and A the area 

(cm2) of the electrode. The equivalent SC values in Fg-1 are also 

estimated and reported (Table 10.1).  
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Figure 10.4: Comparative CVs showing the capacitive behaviour of: 
BPPGE,  BPPGE-SWCNT, BPPGE-SWCNT-NiO, BPPGE-SWCNT-Co3O4 
and BPPGE-SWCNT-Fe2O3 in (a) 1 M Na2SO4 and (b) 1 M H2SO4 

aqueous electrolytes. Scan rate = 25 mVs-1. 
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conducted in 1 M aqueous Na2SO4 and H2SO4 solutions at a current 

density of 0.1 Acm-2, and potential range of - 0.2 to 0.8 V. The 

specific capacitance (SC) was obtained from Equations 10.2 and 10.3 

[10]: 

SC (Fcm-2) = 
AE

tI

×∆

∆×
                                (10.2)

    

SC (F g-1) =  
mE

tI

×∆

∆×
                                                     (10.3) 

where I is the discharge current in ampere, ∆t is the discharge time 

in second, ∆E is the discharge voltage in volt,  A and m are the area 

and the mass of the electrode active material in cm2 and g 

respectively. A is obtained from the peak corresponding to the 

respective metal oxide in ferri cyanide redox probe while the active 

mass m was obtained using the Sartorius CP225D micro-balance with 

an accuracy of 0.01 mg. The magnitude of SC obtained for the 

electrodes in 1 M Na2SO4 solution is in the order of BPPGE-SWCNT-

NiO (140.0 mFcm-2) > BPPGE-SWCNT-Co3O4 (79.8 mFcm-2) > 

BPPGE-SWCNT-Fe2O3 (64.4 mFcm-2). The SC values were higher (at 

the same current density) for the electrodes in H2SO4:  BPPGE-

SWCNT-NiO (186.0 mFcm-2) > BPPGE-SWCNT-Co3O4 (117.8 mFcm-2) 

> BPPGE-SWCNT-Fe2O3 (84.8 mFcm-2). The magnitude of SC (Fg-1) 

obtained for the electrodes in 1 M Na2SO4 solution is in the order of 

BPPGE-SWCNT-NiO (708 Fg-1) > BPPGE-SWCNT-Co3O4 (399.0 Fg
-1) > 

BPPGE-SWCNT-Fe2O3 (322 Fg
-1). The SC values were higher (at the 

same current density) for the electrodes in H2SO4:  BPPGE-SWCNT-

NiO (928 Fg-1) > BPPGE-SWCNT-Co3O4 (589 Fg
-1) > BPPGE-SWCNT-

Fe2O3 (424 Fg
-1).  
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Table 10.1: Supercapacitive properties of the MO nanoparticles integrated with SWCNTs determined 
using cyclic voltammetry and galvanostatic discharge methods. 
 
Electrode 
Modifier/Electrolyte 

Supercapacitive  parameters 

 Cyclic voltammetry  

(25 mVs-1)                                                

Galvanostatic discharge method 

(0.1 mA cm-2) 

 SC  
(F g-1) 

SC  
(mF cm-2) 

SC  
(F g-1) 

SC  
(mF cm-2) 

SP  
(W kg-1) 

SE  
(KW kg-1) 
 

SWCNT-NiO/ 1 M H2SO4 178.0±12.5 35.6±2.5 927.6±65.0 186.0±13.0 330.0±23.1 330.0±19.8 

SWCNT-Co3O4 / 1 M H2SO4 82.5±5.8 16.5±1.2 588.5±41.2 117.8±8.3 440.0±30.8 440.0±27.1 

SWCNT-Fe2O3 / 1 M H2SO4 79.0±5.5 15.8±1.1 424.0±29.7 84.8±5.9 490.0±34.3 490.0±29.3 

SWCNT / 1 M H2SO4 33.0±2.3 6.6±0.5 - - - - 

SWCNT-NiO/ 1 M Na2SO4 198.0±13.9 39.6±2.8 707.7±49.5 140.0±9.8 374.0±26.2 374.0±26.2 

SWCNT-Co3O4 / 1 M Na2SO4 36.0±2.5 7.2±0.5 399.0±28.0 79.8±5.6 450.0±32.2 450.0±21.4 

SWCNT-Fe2O3 / 1 M Na2SO4 40.0±2.8 8.0±0.6 321.7±22.5 64.4±4.5 500.0±35.0 442.5±21.5 

SWCNT / 1 M Na2SO4 36.0±2.0 7.2±0.3 - - - - 
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Figure 10.5: Typical examples of comparative galvanostatic charge 
discharge plot of the metal oxide SWCNTs/nanocomposite modified 
electrodes at an applied current density of 0.1 mAcm-2 in (a) 1 M 
Na2SO4 and (b) 1 M H2SO4 aqueous electrolyte. 
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electrode in neutral environment [11], 27 mFcm-2 reported for micro-

polypyrrole (ppy) films doped with ClO4- (PPYClO4), prepared on Ni 

layers modified three-dimentional (3D) structures [12], 6.6 µFcm-2 

obtained for carbon/zinc-aluminium (C-Zn2Al) double layer hydroxide 

nanocomposite in 1 M H2SO4 [13], the 42 and 135.5 µFcm
-2 reported 

for carbon/nickel-aluminium (C-Ni2Al) layer double hydroxide (LDH) 

nanocomposite in 0.5 M Na2SO4 and 1 M NaNO3 electrolyte 

respectively [14], or the value of 1117 µFcm-2 reported for the 

nitrogen-enriched carbon electrode described as ‘extra-ordinary 

capacitor [15]. However, the result obtained in this study compares 

favourably with the recent report of 186 mFcm-2 for nickel (II) octa 

[(3,5-bicarboxylate)-phenoxy] pthalocyanine integrated with 

functionalised single-walled carbon nanotubes (SWCNT-phenylamine) 

[16] and 112 mFcm-2 for MWCNT-polyNiTAPc  [17].  Also, these 

results are higher or comparable to literature values of 777 Fg-1 for 

MWCNT-polyNiTAPc in 1 M H2SO4 [17], 400 Fg
-1 for polypyrrole 

[18,19], and a value of 616 Fg-1 for 3-methylthiophene using 

galvanostatic method [20]. The higher SC values obtained in this 

electrolyte may be attributed to its strong ionic nature, with greater 

diffusion, adsorption and storage capacity along the pores of the 

nanocomposites. One of the main reasons for the higher value 

obtained in this study may possibly be due to the stringent conditions 

adopted in functionalising the SWCNTs with carboxylic, phenolic and 

ketonic groups which make them more able to enhance ion mobility 

and storage, and also undergo both non-Faradaic (capacitive) and 

Faradaic (pseudocapacitive) reactions. 

The specific power density (SP) and specific energy (SE) were 

easily estimated from the discharge process using Equations 10.4 

and 10.5 [10,17,21]:  
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m

∆EI
)(Wkg SP 1 ×

=−                             (10.4) 

m

∆EtI
)(WhKg SE 1 ××

=−                                   (10.5) 

where ∆E represents the potential range; other units retain their 

usual meaning. The SP and SE values are summarized in Table 10.1. 

The energy deliverable efficiency (η / %) of the best electrode film 

(BPPGE-SWCNT-NiO) was obtained from Equation 10.6 [21].    

η (%) = 
c

d

t

t
 ×  100                                                 (10.6) 

where td and tc are discharge time and charging time, respectively. 

The energy deliverable efficiency for BPPGE-SWCNT-NiO is 

99.9±9.0% and 99.9±9.4% in H2SO4 and Na2SO4, respectively. Since 

BPPGE-SWCNT-NiO electrode gave the highest capacitance, stability 

study of the electrode in Na2SO4 and H2SO4 was carried out at 

current density of 2 mAcm-2 (Figure 10.6). Inset in Figure 10.6 

represents some typical repetitive charge-discharge cycling for 1000 

cycles, lasting about 3 days. The Figure clearly showed that the 

electrode is able to charge and discharge continuously without any 

significant loss in capacitance. Compared with the performance of the 

electrode in Na2SO4 (not shown), a better stability was observed in 

this electrolyte, showing about 5% loss of its initial specific 

capacitance after 100 cycle life in H2SO4,  while an insignificant drop 

(about 0.1%) in SC value was noticed for the last 900 cycles. This 

indicates high stability characteristics of the SWCNT-NiO 

nanocomposites. Factors such as ionic strength, diffusion of ions and 

a favourable interaction between the ions and the nanoparticles 
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pores for complete ion insertion reaction may be some of the reasons 

for the observed phenomenon.  

 

 

 

 

 

 

 

 

 

 

 

 

                     

 

 

 

                     

Figure 10.6: shows the effect of cycle number (1000) or cycle life 
on stability of BPPGE-SWCNT-NiO electrode in 1 M H2SO4 aqueous 
electrolytes. Inset is the typical examples of some of the charge-
discharge curve (1000 cycles) for the BPPGE-SWCNT-NiO electrode in 
1 M H2SO4 aqueous electrolytes. 
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this experiment as the maximum capacitance was obtained at this 

potential. 
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Figure 10.7: Typical Nyquist plots of (i) BPPGE-SWCNT-Fe2O3, (ii) 
BPPGE-SWCNT-NiO and (iii) BPPGE-SWCNT-Co3O4 electrodes in (a) 1 
M Na2SO4 and (b) 1 M H2SO4 aqueous solutions at a fixed potential of 
0.30 V vs Ag|AgCl sat’d KCl.  
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imaginary component of the impedance versus the reciprocal of the 

frequency (i.e., -Z” vs 1/f). The values of the SC for the three 

BPPGE-SWCNT-MO in 1 M Na2SO4 and H2SO4 were much smaller than 

values obtained using the galvanostatic discharge method. For 

example, the BPPGE-SWCNT-NiO gave approximately 7.7 and 4.7 

mFcm-2 in 1 M H2SO4 and Na2SO4, respectively. This discrepancy 

should perhaps not be surprising as other workers have observed 

similar behaviour, mainly for conducting polymers [22-31]. These 

workers have attributed the discrepancy to several factors such as 

the involvement of some physical and chemical heterogeneities [22], 

deeply trapped counter ions which remain immobile during 

impedance experiment [24], slow conformational changes occurring 

in the polymer network [26,27], or redox-switching hysteresis 

associated with conducting polymers [29]. Interestingly, SWCNTs 

have also been regarded as the ultimate polymeric material [31]. The 

impedance data were satisfactorily fitted, judged mainly by the 

values of the pseudo-χ2 (≤ 10-4) and relative % errors (Table 10.1), 

with the modified Randles electrical equivalent circuit model (Figure 

10.7c).   

Two important findings can be made from the impedance data. 

First, the Rct values obtained for the electrodes in 1 M H2SO4 

electrolyte are in the order: BPPGE-SWCNT-Co3O4 (0.18 Ωcm
2) < 

BPPGE-SWCNT-NiO (0.47 Ωcm2) < BPPGE-SWCNT-Fe2O3 (0.99 

Ωcm2), indicating faster charge transport in the CoO and NiO based 

nanocomposites than the FeO-based electrode. Similar behaviour 

was observed in 1 M Na2SO4 (Table 10.1).  
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Table 10.2: Impedance data obtained for MO nanocomposite modified electrodes in 1 M H2SO4 and 1 M 

Na2SO4 electrolytes at a fixed potential of 0.30 V vs Ag|AgCl sat’d KCl.  

Electrode Impedimetric parameters 

Rs  (Ω cm
2Cdl  (µFcm

-2) Rct (Ω cm
2) CPE(µFcm-2)         n      fo (Hz) 

 1 M H2SO4 

BPPGE-SWCNT-NiO 0.46±0.01 69.70±4.31       0.47±0.011321.0±48.88 0.85±0.01 398.0 

BPPGE-SWCNT-Co3O4 0.44±0.01 116.3±12.30   0.18±0.01 9334.0±14.00 0.80±0.01 199.5 

BPPGE-SWCNT-Fe2O3 0.47±0.01 66.0±2.14 0.99±0.01   750.0±26.78 0.83±0.01 63.1 

 1 M Na2SO4 

BPPGE-SWCNT-NiO 1.10±0.01 200.20±16.14  0.62±0.01 5963.0±231.36  0.89±0.01 199.5 

BPPGE-SWCNT-Co3O4 1.13±0.01 107.50±8.99  0.83±0.01   3552.0±175.470.85±0.01 158.5 

BPPGE-SWCNT-Fe2O3 0.98±0.01 702.0(6.57) 0.58±0.01  12070.0±511.770.90±0.01 125.9 

 
 
 



Chapter ten: Supercapacitive behaviour of single walled/multi-walled carbon nanotubes…… 

 

 359

The n values in the range 0.83 – 0.9 (Table 10.1) describe the 

porous nature of the electrodes, significant for the facile diffusion of 

ions to and from the electrode|solution interface. 

Second, the transition point between the high frequency and 

low frequency component, referred to as the “knee” or “onset” 

frequency (fo) describes the maximum frequency at which the 

capacity behaviour is dominant, and is a measure of the power 

capability of a supercapacitor; the higher the fo the more rapidly the 

supercapacitor can be charged or the higher the power density that 

can be achieved from the supercapacitor [30,32]. As summarized in 

Table 10.1, the values of the fo for the BPPGE-SWCNT-NiO are 

approximately 398 and 200 Hz in H2SO4 and Na2SO4, respectively. 

These values are greater than other electrodes, and again 

corroborate the high SC values of the electrode in H2SO4 solution. 

This means that the response time of the BPPGE-SWCNT-NiO (i.e., 

reciprocal of the fo) is about 2.5 ms, suggesting that most of its 

stored energy is still accessible at frequencies as high as 398 Hz. 

Considering that even the most commercially available 

supercapacitors, including those specifically designed for higher 

power applications, operate at frequencies less than 1 Hz [33], the 

response time of this electrode is quite significant.  

Since NiO nanocomposite modified electrode has the best SC 

from the three electrode system results above, the supercapacitive 

behaviour of chemically synthesised NiO integrated with MWCNT was 

investgated using two-electrode system in a coin cell type capacitor 

(already discussed in Chapter 2) for its potential commercial 

application. Figure 10.8 presents the cyclic voltammograms obtained 

for the symmetry (a) and (b); and the asymmetry (c) and (d) 

MWCNT-NiO based supercapacitor in 1 M H2SO4 and 1 M Na2SO4 
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aqueous electrolyte respectively at scan rate 5, 25, 50, 100, 200, 

300, 400 and 500 mVs-1 (i-viii, inner to outer).  

For the symmetric based electrode, there is a redox peaks at Ea 

~ 0.80 V and Ec ~ 0.40 V due to the Ni(II)/Ni(III) redox process 

(Figure 10.8a). The ratio of the anodic and the cathodic current 

(Ipa/Ipc) is 1.0, which implies a favoured reversible or 

charge/discharge process of the supercapacitor material. On the 

other hand, in H2SO4, the asymmetry base supercapacitor showed an 

anodic peak at a lower potential (Ea ~ 0.57) and a weak cathodic 

peak at ca 0.50 V (Figure 10.8c). However as scan rate increases, 

the cathodic peak disappears while the anodic peak shift with 

increasing scan rate indicating a high capacitive behaviour. As scan 

rate increases, a large current separation with mirror images are 

observed at higher scan rate for both the symmetry and asymmetry 

supercapacitors. The CVs tend to be rectangular in H2SO4 than in 

Na2SO4. The specific capacitance (SC) was estimated from the cyclic 

voltammograms using Equation 10.1 above.  

The capacitance values decreases with increasing scan rate (Table 

10.3) with the highest values of 80 and 194 mFcm-2 (obtained for the 

symmetry); and 950 and 220 mFcm-2 obtained for the asymmetry 

supercapacitor in 1 M H2SO4 and 1 M Na2SO4 respectively (scan rate, 

5 mVs-1). The specific capacitance per mass of one cell electrode was 

calculated according to Equation 10.7 [34]: 

SC (F/g) =  
m

C
2                      (10.7) 

where C is the experimental measured capacitance of the 

supercapacitor, m is the mass of one composite electrode. The 

specific capacitance in F/g is represented in parenthesis in Table 

10.3.  

 
 
 



Chapter ten: Supercapacitive behaviour of single walled/multi-walled carbon nanotubes…… 

 

 361

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 10.8: Cyclic voltammograms obtained for the symmetry (a) 
and (b); and the asymmetry (c) and (d) MWCNT-NiO baased 
supercapacitor ( two–electrode cell) in 1 M H2SO4 and 1 M Na2SO4 
aqueous electrolyte respectively at scan rate 5, 25, 50, 100, 200, 
300, 400 and 500 mVs-1 (i-viii, inner to outer); mass of each 
electrode, 1.4 mg.  
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From Table 10.3, this result agreed with other reports where it was 

established that the asymmetry assembly gave higher specific 

capacitance values than the symmetry counterpart [34-38]. The 

results followed the same trend with those obtained by Ganesh et al. 

[35] but the highest value of 960 mFcm-2 obtained at 5 mVs-1 is quite 

higher than the 83 mFcm-2 obtained (at the same scan rate) for 

asymmetric supercapacitor cell assembly based on NiO in 6 M KOH 

[35]. The difference can be attributed to the different methods of 

obtaining the supercapacitor material and the well conducting and 

the mesoporous nature of MWCNT in enhancing charge flow in the 

nanocomposite used in this study. The equivalent specific 

capacitance value of 54.3 F/g at 5 mVs-1 is also greater compared 

with 34 and 27.67 F/g obtained at 2 and 5 mVs-1 respectively for an 

asymmetric NiO supercapacitor cell assembly in 6 M KOH electrolyte 

[35]. 

To further examine the detailed electrical properties or 

capacitive behaviour of the MWCNT-MO electrodes in the electrolytes, 

electrochemical impedance spectroscopy (EIS) experiment was 

conducted at E1/2 of 0.55 V vs Ag|AgCl, sat’d KCl. Figure 10.9a 

presents the Nyquist plots obtained for the symmetry and the 

asymmetry assembly in both electrolytes. The Nyquist plots showed 

a good capacitor-like behaviour with a small diffusion limitation. 

Figures 10.9b – 10.9d are the equivalent electrical circuits’ diagrams 

for fitting of the impedance data. The data obtained from the fittings 

are presented in Table 10.4, clearly showing satisfactory fitting as 

judged by the low relative errors.  
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Table 10.3: Specific capacitance (mFcm-2) for the symmetric and asymmetric MWCNT-NiO based 
supercapacitor (two-electrode cell) in 1 M H2SO4 and 1 M Na2SO4 aqueous electrolyte respectively. Values 
in parenthesis are the specific capacitance in Fg-1. 

 

 

Scan rate 

(mVs-1) 

Specific capacitance (mFcm-2) Specific capacitance (mFcm-2) 

 MWCNT-

NiO|H2SO4|NiO-MWCNT 

MWCNT-

NiO|H2SO4|MWCNT 

MWCNT-NiO|Na2SO4|NiO-

MWCNT 

MWCNT-

NiO|Na2SO4|MWCNT 

5 80.0 (4.6 Fg-1) 950.0 (54.3 Fg-1) 194.0 (11.1 Fg-1) 220.0 (12.6 Fg-1) 

25 40.0 (3.2) 450.0 (25.7) 152.0 (8.7) 92.0 (5.3) 

50 27.5 (2.2) 160.0 (9.1) 110.0 (6.3) 47.5 (2.7) 

100 21.2 (1.2) 65.0 (3.7) 62.5 (3.6) 30.0 (1.7) 

200 15.0 (0.9) 41.6 (2.4) 47.5 (2.7) 16.3 (0.93) 

300 12.5 (0.72) 29.6 (1.7) 34.2 (2.0) 11.7 (0.7) 

400 11.9 (0.68) 24.6 (1.4) 30.6 (1.8) 10.0 (0.6) 

500 12.0 (0.68) 21.4 (1.2) 28.0 (1.6) 7.0 (0.4) 
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Circuit 10.9b fitted impedance data obtained for the symmetry 

assembly in both 1 M H2SO4 and 1 M Na2SO4, while circuit 10.9c 

fitted the impedance data for the asymmetry assembly in 1 M H2SO4. 

Circuit 10.9d fitted the impedance data for the asymmetry assembly 

in 1 M Na2SO4. From Table 10.4, the assymetry supercapacitor, 

MWCNT-NiO|H2SO4|MWCNT has the lowest Rct values (32.1 Ω or 1.28 

Ωcm-2) in 1 M H2SO4. The result indicates faster charge transport of 

the supercapacitor, which also could be responsible for its high SC 

values. A phase angle of 31o and 21o are obtained for the symmtery 

(MWCNT-NiO|H2SO4|MWCNT-NiO) and asymmetry (MWCNT-

NiO|H2SO4|MWCNT) supercapacitors respectively, indicating a 

pseudocapacitive behaviour. On the other hand, a phase angle of 11o 

and 52o are obtained for the symmtery (MWCNT-

NiO|Na2SO4|MWCNT-NiO) and asymmetry (MWCNT-

NiO|Na2SO4|MWCNT) supercapacitors respectively. A phase angle of 

90o is expected for pure and ideal capacitive behaviour. The low-

frequency differential capacitance (Cd) for the symmetric and the 

asymmetric electrodes in 1 M Na2SO4 and H2SO4 were much smaller 

than values obtained using the galvanostatic discharge method. The 

symmtery (MWCNT-NiO|H2SO4|MWCNT-NiO) gave approximately 

3.58 and 2.58 mFcm-2 in 1 M H2SO4 and Na2SO4 while the asymmetry 

(MWCNT-NiO|H2SO4|MWCNT) gave values of 3.08 and 2.17 mFcm-2 

in 1 M H2SO4 and Na2SO4 respectively. The discrepancy in the values 

has been discussed above. 
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Figure 10.9: (a) Typical Nyquist plots obtained for symmetry: (i) 
MWCNT-NiO|H2SO4|MWCNT-NiO, (ii) MWCNT-NiO|Na2SO4|MWCNT-
NiO;andthe asymmetry:(iii)MWCNT-NiO|H2SO4|MWCNT,(iv)MWCNT-
NiO|Na2SO4|MWCNT supercapacitors at a fixed potential of 0.55 V vs 
Ag|AgCl sat’d KCl. Figures 5b-d are the circuit used for fitting the 
impedance data in (a). Circuit 10.9b fitted impedance data obtained 
for the symmetry assembly in both 1 M H2SO4 and 1 M Na2SO4, while 
circuit 10.9c fitted the impedance data for the asymmetry assembly 
in 1 M H2SO4. Circuit 10.9d fitted the impedance data for the 
asymmetry assembly in 1 M Na2SO4.  
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Table 10.4: Impedance data obtained for the symmetry and asymmetry MWCNT-NiO nanocomposite 
based supercapacitor (two-electrode cell) in 1.0 M H2SO4 and 1.0 M Na2SO4 electrolytes at a fixed potential 
of 0.55 V vs Ag|AgCl sat’d KCl.  
 

 

 

Electrode 

 

Impedimetric parameters 

Rs   

(Ω cm2) 

Cdl   

(µFcm-2) 

Rct   

(Ω cm2) 

CPE   

(µFcm-2) 

n Zw 

(mΩ cm2) 

MWCNT-NiO|H2SO4|MWCNT-NiO 2.15±0.03 1330.30±121.99  52.05±0.64 -  -  11.6±0.1 

MWCNT-NiO|Na2SO4|MWCNT-NiO 24.73±0.02 1100.00±156.00 30.94±0.10 - - 8.9±0.1 

MWCNT-NiO|H2SO4|MWCNT 25.69±0.02 4.90±0.78 1.28±0.01  - - 23.8±0.1 

MWCNT-NiO|Na2SO4|MWCNT -2.39±0.04 0.70±0.04 9.42±0.12 1308.0±84.100.33±0.01 - 
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The comparative current charge/discharge experiment of the 

supercapacitor cell assembly in (a) 1 M H2SO4 and (b) 1 M Na2SO4 

electrolyte solutions at current density of 0.25 mA cm-2 was studied 

at potential range of - 0.2 to 0.8 V to observe the pseudocapacitance 

arising from the redox reaction at this voltage range. Figure 10.10 

(symmetry) and Figure 10.11 (asymmetry) represent the 

charge/discharge curve obtained.  It was observed that the charging-

discharging time are almost the same. The specific capacitance of the 

supercapacitor (SC) was calculated using the Equation 10.3 above. 

The calculated SC is 277.8 mAcm-2 (or 7.8 F/g) and 255.0 mAcm-2 

(or 7.2 F/g) for the symmetry supercapacitor in 1 M H2SO4 and 1 M 

Na2SO4 respectively. The values are higher, 925.9 mAcm-2 (53.9 F/g) 

and 568.2 mAcm-2 (15.9 F/g) for the asymmetry assembly in 1 M 

H2SO4 and 1 M Na2SO4 respectively. The SC values obtained from the 

charge-discharge experiment are slightly higher especially for the 

symmetry supercapacitor compared with those obtained from the CV 

experiment but there is a good correlation between the CV and 

galvanostatic measurements for the asymmetry cell. The SC value 

(53.9 F/g) recorded for the asymmetry MWCNT-NiO|H2SO4|MWCNT 

supercapacitor in H2SO4 is higher compared with 37 and 40 F/g 

reported for the symmetry (NiO|KOH|NiO) and the asymmetry 

(NiO|KOH|activated carbon) supercapacitors respectively using same 

technique [35]. Aside the fact that the high capacitance of the 

MWCNT-NiO has been related to the possible consequence of its high 

surface area and quality pore networks, the higher SC values in 

H2SO4 observed in this study can also be attributed to the strong 

ionic nature of the H2SO4 electrolyte among other factors already 

mentioned above. 
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Figure 10.10: Typical examples of galvanostatic charge discharge 
profile of the symmetry MWCNT-NiO based supercapacitor (two-
electrode cell) in (a) 1 M H2SO4 and (b) 1 M Na2SO4 aqueous 
electrolytes, at an applied current density of 0.25 mAcm-2. 
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Figure 10.11: Typical examples of galvanostatic charge discharge 
profile of the asymmetry MWCNT-NiO bases supercapacitor (two-
electrode cell) in (a) 1 M H2SO4 and (b) 1 M Na2SO4 aqueous 
electrolytes, at an applied current density of 0.25 mAcm-2. 
 

Since the asymmetry MWCNT-NiO|H2SO4|MWCNT cell gave the 

highest capacitance, its SP, SE and the energy deliverable efficiency 

(η / %) are estimated as 3.8 Wkg-1 and 1.9 KWhKg-1 and 

101.0±8.1% respectively using Equations 10.4, 10.5 and 10.6. The 

stability of the cell at a current density of 2.5 mAcm-2 was also 

investigated. A typical repetitive charge-discharge cycling for 1000 

cycles, lasting about 24 h is shown in Figure 10.12. The electrode is 

able to charge and discharge continuously without any significant 

loss (< 5 %) SC value was noticed for the last 900 cycles. The 

electrode stability was attributed to the contribution of the chemical 

stability of MWCNT in the nanocomposite.  
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Figure 10.12: Cyclic life (1000 cycles) of the asymmetry MWCNT-
NiO |H2SO4|MWCNT supercapacitor showing the stability in 1 M 
H2SO4 aqueous electrolytes. Inset is the section of the charge-
discharge curves obtained for the electrodes at applied current 
density of 2.5 mAcm2. 
 

This study showed that SWCNT-NiO nanocomposite modified 

electrode exhibits remarkable supercapacitive behaviour in neutral 

and acidic media compared to SWCNT-Fe2O3 and SWCNT-Co3O4 

counterparts. Interestingly, the capacitive behaviour of the SWCNT-

NiO was more enhanced in a H2SO4 solution than the Na2SO4 

electrolyte. Asymmetry assembly of MWCNT-NiO|H2SO4|MWCNT 

gave the highest specific capacitance value compared with the 

symmetric conterpart. Both the SWCNT-NiO electrode and the 

MWCNT-NiO|H2SO4|MWCNT supercapacitor maintained good stability 

with less than 5% loss of their specific capacitance after 1000 cycles. 
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