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Abstract 

Considerable progress has been achieved in developing supercapacitor materials with desirable charge storage properties; 
however, uniting energy density (ES) and power density (PS) in a single device is an elusive issue. We have explored diverse 
range of materials and structures such as (i) activated carbon from bio-resources, (ii) ceramic electrochemical materials as 
nanoparticles, nanowires, and nanoribbons, and (iii) layered materials to overcome this issue. An ES of ~52.6 Wh kg-1 @ PS of 
~15000 W kg-1 is delivered using nanowire nanocomposites based device which appear to be the best ever achieved in 
supercapacitor charge storage mode employing aqueous alkaline electrolytes. 
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1. Introduction 

Ever increasing demand for energy has triggered tremendous research efforts for energy storage and conversion 
from clean and renewable energy sources. Secondary lithium ion batteries (LIB) and supercapacitors have become 
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two popular protocols for energy storage devices because they are rechargeable, could be produced in diverse design 
with light weight and flexibility, and are easy to manufacture. The LIB provides high energy density (ES ~150 – 200 
Wh kg-1) but at the expense of cycle life (<103 cycles) and power density (PS ~0.5 – 1 kW kg-1); whereas 
supercapacitors have higher PS (2 – 10 kW kg-1) and longer cycle life (104–106 cycles) but their ES are much lower 
(>5 Wh kg-1) [1–5].  Supercapacitors are of two types based on the energy storage mechanism, viz. (i) 
electrochemical double layer capacitors (EDLCs) in which a non-faradic charge accumulation occurs at a porous 
electrode – electrolyte interface; and (ii) pseudocapacitors (PCs), which is based on a faradic reaction at the 
electrode – electrolyte interface. Combination of the above two supercapacitive storage mode in a single device 
results in hybrid/asymmetric supercapacitors (ASCs) [6]. Allotropes and polymorphs of carbon are choice to build 
commercial EDLCs whereas PCs are built from ceramic nanostructures and conducting polymers. Recent reviews 
on supercapacitors are published elsewhere [7]. A high specific surface area of the electrode material to enable a 
large electrode – electrolyte interface for efficient redox reaction, high electrical conductivity to enable high rate 
charging and discharging, and availability of a range of energy states in the host material are the properties of a 
material to be selected as electrode in pseudocapacitors. Although PCs have up to 100 times higher ES than that of 
EDLCs their PS are relatively lower (<1 kW kg-1) because charge transfer process between the electrode – 
electrolyte interface in the former is relatively slower than the charge accumulation at the interface in the later [8].  

Several strategies have therefore been tested in order to achieve high ES and PS for oxide-based supercapacitor 
electrodes. For example, nanostructures of metal oxides, particularly with porous and hollow features where these 
materials provide much higher surface area for better electrode- electrolyte contact and short ion-diffusion length, 
thus enabling fast redox reaction at high rate [9–14]. An alternative method is to combine metal oxides with 
carbonaceous materials and/or conducting polymers for better overall electrochemical performance, since the carbon 
materials can improve the electric conductivity and contribute to the rate and cycling ability [15–18]. However, 
these methods do not change the intrinsic properties of the metal oxides. 

With the above consideration, we have explored a large number of materials especially composites, layered 
materials in diverse morphologies and activated carbon for their application as a supercapacitor electrode. The main 
focus was to identify the superiority of composites and compounds over its single counterpart in electrochemical 
studies for supercapacitor applications. Among various morphologies and synthesis route, one dimensional 
nanowires synthesised by electrospinning are attractive because of its one dimensional charge transport properties. 

2. Materials and Methods 

2.1. Synthesis and characterization of nanostructures 

Electrospinning was used to synthesize NiCo2O4, CuO, Co3O4 and CuO-Co3O4 nanocomposite nanowires and 
hydrothermal method was used to synthesize sodium titanate nanoflowers, MnO2 nanorods, MnO2 nanoflakes and 
MgCo2O4 nanoflowers [13,19–25]. Activated carbon was synthesised by pyrolysis method [26]. Crystal structure of 
the material was studied by X-ray diffraction (XRD) technique using Rigaku Miniflex II X-ray diffractometer 
employing Cu Kα radiation (λ = 1.5406 Å). Morphology and microstructure of the materials were studied by 
scanning electron microscopic technique (7800F, FESEM, JEOL, USA). High resolution lattice images and selected 
area diffraction patterns were obtained using transmission electron microscope (TEM) operating at 300 kV (FEI, 
Titan 80-300 kV).  

2.2. Electrode preparation and electrochemical studies 

Supercapacitor electrodes were fabricated on nickel foam substrates as described before [19]. Electrochemical 
properties of the electrodes were studied by cyclic voltammetry (CV), galvanostatic charge–discharge cycling, and 
electrochemical impedance spectroscopy in various electrolytes. The electrochemical properties in three electrode 
configurations were obtained at room temperature using a potentiostat galvanostat (PGSTAT M101, Metrohm 
Autolab B.V., Netherlands) employing NOVA 1.9 software. A platinum rod and a saturated Ag/AgCl electrode were 
used as the counter and the reference electrodes, respectively. 
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The ASCs were fabricated by assembling the CuO-Co3O4 nanocomposite nanowire (anode) and the AC (cathode) 
electrodes separated by a glass microfiber filter (fioroni) in 6 M KOH. The amount of active materials for 
fabrication of ASC was calculated based on the charge balance between the electrodes such that the effective 
capacitance at each electrode is same (See Results and Discussion section for details).  A symmetric EDLC 
comprising of AC as both electrodes was used a control device. The capacitive properties of the ASC were obtained 
in two-electrode configuration at room temperature using the PGSTAT M101 potentiostat-galvanostat. 

3. Results and Discussion 

3.1. Morphology and Crystal structure of electrospun nanowires 

Fig. 1 shows the crystal structure of materials synthesised by different methods. The lattice parameters of the 
materials calculated using the procedure described elsewhere [14, 16] from the XRD patterns are summarized in 
Table 1. Morphological details of the materials are summarised in Fig. 2. The SEM image (Fig. 2c) show that CuO-
Co3O4 nanocomposite wires are uniform and have diameter in the range ~100 – 120 nm. However, compared to 
their single component counterparts, which we reported earlier, the nanocomposite nanowire has a higher diameter. 
The single component wires (Fig. 2b&c) were of diameter ~30 – 50 nm. The different magnification SEM images 
(Fig. 2d,e&h) showed flower like aggregate morphology; the formation mechanism  of  which  could be understood 
as follows.  

 

 
Fig. 1. XRD pattern of (a) CuO (bottom), Co3O4 (middle) and CuO-Co3O4 (top) (b) TiO2 (bottom) and Na2Ti2O4(OH)2 (top); (c) -MnO2 (top) 
NaMnO2 (bottom); (d)NiCo2O4;(e) MgCo2O4; (f) activated carbon. 

The nanoparticles of the materials formed during hydrothermal reaction undergo delamination process and 
produce nanosheets. High surface-to-volume ratio of these layers makes them unstable leading their edges to curl up 
for releasing the excess surface energy there by forming the nanopetals. The nanosheet of each petals branched out 
from one another creating a floral pattern similar to a marigold or carnation. The micrometer-sized (size ~2.5 μm) 
nanoflower was assembled by ultrathin nanosheets growing outside from a mutual central zone of each individual 
spherical particles. The SEM image (Fig. 2f) showed nanorods, structures synthesised by hydrothermal process. The 
SEM image (Fig. 2g) shows the nanoribons of NiCo3O4 of width 120 nm synthesised by electrospinning method. 
Fig. 2i shows the SEM image of activated carbon synthesised by pyrolysis of palm kennel shell.  
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Table 1.  Lattice parameters of materials obtained from XRD. 
 

Material Space group Lattice parameters 

a (Å) b (Å) c (Å) α° ° °
CuO C12/c1, #15 4.598  3.46 5.135 90 99.3 90 
Co3O4 2:3mFd  8.051 --- --- 90 90 90 

CuO- Co3O4 The two phases were chemically distinguishable and their crystal 
structures remained same. 

MgCo2O4     2:3mFd               8.09         ---        ---           90       90    90   
NiCo2O4 2:3mFd              8.121                                  90        90    90 
Na2Ti2O4(OH)2                                18.52      3.197    2.989 
Na-MnO2                                            Inter layer spacing 6.75 nm 
MnO2                               Inter layer spacing 6.77 nm 

3.2. Electrochemical Characterization of active materials 

Cyclic voltammetry (CV) analysis was employed to determine electrochemical properties of supercapacitor 
electrodes using a three-electrode system configuration consisting of the working electrode, reference electrode, and 
counter electrode at various electrolytes. Fig. 3 shows the CV curves of all electrodes at various scan rates in 
different electrolytes. In the CV plot of the electrodes, a pair of redox peaks are seen which indicate that the origin 
of charge storage is reversible faradic process.  
 

 
Fig. 2. SEM images of (a) CuO nanowire;(b) Co3O4 nanowire;(c) CuO-Co3O4 nanocomposite nanowire;(d) TiO2 nanoflower; (e) Na2Ti2O4(OH)2 
nanoflower; (f) NaMnO2 nanorod; (g) NiCo2O4 nanoribons;(h) MgCo2O4 nanoflower;(i) activated carbon. The length scale is 1 m in panels a, b, 
c, d, h, and i and 100 nm in panels e and f. 
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Fig. 3. The CV curves of (a) CuO nanowire in 6 M KOH;(b) Co3O4 nanowire in 6 M KOH; (c) CuO-Co3O4 nanocomposite nanowire in 6 M 
KOH;(d) NiCo2O4 nanoribons in 6 M KOH;(e ) NaMnO2 nanoflakes in 1 M LiOH;(f)Na2Ti2O4(OH)2 nanoflower in 1 M KOH;(g) TiO2 
nanoflower  in 1 M KOH;(h) MgCo2O4 nanoflower in 3 M LiOH;(i) activated carbon in 1 M KOH. The direction of arrows are from lowest to the 
highest scan rate for the CV measurements. Bottom Panel: The variation CS with scan rate for all electrodes. 

The anodic peak in the CV profile shifted towards positive potentials with increase in the scan rate and the 
cathodic peak to the negative potential on account of the polarization in the electrode material. The asymmetric and 
scan rate dependent shape of the CV profiles show that the origin of the capacitance is by fast and reversible faradic 
reaction. The specific capacitance (CS) of the samples measured in F g-1 was estimated from the cathodic part of the 
CV data using the equation: 
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where E1 and E2 are the cutoff potentials in the CV curves and i(E) is the current at each potential, E2 –  E1 is the 
potential window, m is the mass of the active material, and v is the scan rate. The right panel of Figure 3 shows the 
variation of CS with scan rate of all electrode materials. Slower scan rates enable higher diffusion of alkali cations 
into the nanowire electrodes thereby accessing a major fraction of the active site in the material and show high CS. 
The voltammetric peak currents of the CuO-Co3O4 nanocomposite are higher than its constituents thereby indicating 
the synergistic effects owing to redox property of both material in the composite nanowire. It can be observed from 
the Fig. 3 that CS of the composite electrode is approximately the sum of the CS of its single components at higher 
scan rate ≥20 mV s-1. This observation indicate that the constituents of the composite electrode take part in the 
electrochemical process individually and is in agreement with the XRD characterization that the two phases co-exist 
in the nanocomposite. Moreover, the CS of the composite electrode decreases only slightly at higher scan rate, which 
could be attributed to the higher electrical conductivity (internal resistance of 0.8 Ω) of the composite wires 
achieved using CuO. 

Fig. 4 shows the rate dependent charge-discharge profiles for all electrodes in various electrolytes from which 
usually practically available CS of a single electrodes is calculated. The discharge curve is observed to be a 
combination of three processes, viz. (i) a fast initial potential drop followed by (ii) a slow potential decay, and (iii) a 
faster voltage drop corresponding to EDLC. The first two sections (Fig. 5) are assigned to the reduction the metal 
ions as observed from the CVs.  

The clear non-linear shape of the discharge curves and the deviation from rectangular shape of the CV (Fig. 3) 
reveal that the major contribution of CS of   electrode materials originates from faradic reactions. The CS was 
calculated from the charge – discharge curves using the relation 

                   (2) 

where I, t, m and ΔV are applied current, time, active mass, and potential range of the charging and discharging 
events, respectively. Right panel of Fig. 4 shows the CS calculated from galvanostatic discharge curves as a function 
of specific current density. The CS decreased with increasing current density similar to that observed in the CV 
measurements. We can see a current density dependent behaviour in all single component electrodes whereas CS of 
the composite electrode is mostly independent for current density >1 A g-1.  

3.3. Practical Asymmetric Supercapacitor Devices 

The rationale of electrode preparation for ASCs could be found elsewhere [13]. Fig. 5a shows the CV curves of 
the CuO-Co3O4 //AC ASCs at various scan rates in 6 M KOH. The operating potential window of the CuO-
Co3O4//AC device could be increased to 1.6 V, which is higher than that of single component devices [13,23]. The 
CV curves of the ASC exhibited regions with and without redox peaks characterizing pseudocapacitance and EDLC, 
respectively.  

The cathodic and anodic currents of the CuO-Co3O4//AC ASC increased compared to the devices fabricated 
using its single components. A combination of both pseudocapacitance and EDLC was clearly observed at all scan 
rates. Both anodic and cathodic current increased with scan rate which indicate higher electrochemical reversibility. 
Oxidation peak shifted to more positive potential and cathodic peak shifted to more negative potential as observed in 
the three-electrode system configuration. Inset of Fig. 5a shows the variation of Cs with scan rate. The consistent CS 
with respect to scan rate could be attributed to the improved electrical conductivity of the nanowires and would have 
positive impacts in their power and energy densities. Fig. 5b shows the CV curves of AC//AC symmetric EDLC at 
different scan rate. From the figure it can be seen that even at high scan rate, the CV curve retains a rectangular 
shape; indicate a pure EDLC charge storage mechanism. 
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Fig. 4. Charge –discharge curves of (a) CuO nanowire in 6 M KOH;(b) Co3O4 nanowire in 6 M KOH;(c) CuO-Co3O4 nanocomposite nanowire in 
6 M KOH;(d) NiCo2O4 nanowire in 6 M KOH;(e ) NaMnO2 nanorods in 1 M LiOH; (f) TiO2 nanoflower in 1 M KOH;(g) Na2Ti2O4(OH)2 
nanoflower in 1 M KOH;(h) MgCo2O4 nanoflower in 3 M LiOH;(i) activated carbon in 1 M KOH. Bottom Panel: The variation of CS of electrode 
materials with current density. 

To further evaluate the electrochemical performance, galvanostatic CDC was conducted at varying current 
densities. Fig. 5c shows the discharge curves of CuO-Co3O4//AC at varying current density.  A higher potential 
window was observed for the CuO-Co3O4//AC ASC, consistent with that observed from the CV measurements. The 
nonlinear shape of the discharge curves indicates the potential dependent nature of faradic reaction. A uniform 
decrease in discharge time is observed with increase in current density which indicates high rate capacity of CuO-
Co3O4 //AC asymmetric. It could be attributed to the incomplete faradic reaction due to the diffusion resistance 
experienced by massive OH- ions. Inset shows the variation of CS as a function of current density. The CuO- Co3O4 
composite have shown good rate capability that could be attributed to higher electrical conductivity of the 
composite. Therefore, due to the higher V and CS, CuO-Co3O4 //AC has higher charge storage capability than the 
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ASCs with its single components.  
 

 

 
Fig. 5: (a) CV curves of CuO-Co3O4//AC  device in 6 M KOH at various scan rate; inset shows the variation of CS with scan rate;(b) CV curves of 
AC//AC in 6 M KOH at various scan rate; inset shows the variation of CS with scan rate;(c) discharge curves of CuO-Co3O4 nanocomposite 
nanowire in 6 M KOH at various current density; inset shows the variation of CS with current density; (d) discharge curves of AC//AC in 6 M 
KOH at various current density; inset shows the variation of CS with current density. The direction of arrows are from lowest to the highest scan 
rate for the CV measurements. Bottom panel: Ragone plot of the device. 

The ES and PS of the ASCs were calculated using the equations, ES = ½ CSV
2; PS = ES/ t. Right panel of Figure 5 

shows the Ragone plot of all the four types of devices. The Co3O4-CuO//AC delivered ES of 52.6, 50.8, 44.8 and 44 
Wh kg-1 at PS of 1620, 4000, 9500 and 14000 W kg-1, respectively. On the other hand, performance of the control 
EDLC is much inferior. The EDLC delivered ES of 9.2, 8.9, 8.4 and 6.8 Wh kg-1 at PS 358, 695, 1400 and 
3500 W kg-1, respectively. Interestingly, in contrast to the conventional ASCs, in which the PS is compromised for 
higher ES, the PS of the present ASC using CuO-Co3O4 nanowires is superior to that of the EDLC at all ES due to the 
directional charge storage properties of the nanowires. In short, the ES of the CuO-Co3O4//AC ACS reaches 
52.6 Wh kg-1 at a PS of 14000 W kg-1 which is six times higher than those of symmetrical AC//AC supercapacitor 
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(8.4 Wh kg-1) at current density 2 A g-1. The high power density allows the device to be charged at a faster rate; in 
the existing devices such faster processing stores only small amounts of charges. The device fabricated using the 
composite nanowires store energy as high as 52.6 Wh kg-1 in less than a minute’s time. 

Conclusions 

In conclusion, we have shown that electrospun CuO-Co3O4 nanocomposite nanowires have improved 
performance than its single counterpart and activated carbon, which could be assigned to its improved electrical 
conductivity. The Na+ intercalated layered structures could achieve two to three fold higher capacitances than the 
layered structure without Na+ intercalation. Cyclic voltammetric measurements show that the superior electrical 
conductivity of CuO-Co3O4 nanocomposite  nanowires help the electrode to achieve a high specific capacitance 
1277 F g-1   in 6 M KOH aqueous solution with 100% Coulombic efficiency. A practical supercapacitor fabricated in 
asymmetric configuration using the CuO-Co3O4 nanocomposite  nanowires as anode and activated carbon as cathode 
gave energy densities 52.6, 50.8, 44.8 and 44 Wh kg-1 at power density of 1620, 4000, 9500 and 14000 W kg-1, 
respectively which are much superior to a control device fabricated using activated carbon as its both electrodes. 
High abundance of CuO and Co3O4 in the earth’s crust and promising results achieved herewith offer unique 
opportunities to develop practical supercapacitors at lower costs. 
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