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A B S T R A C T

We describe the chemical synthesis of binderless and surfactant free CuO films for pseudocapacitive
applications. Nanosheet-like and nanorod-like CuO films are deposited on indium tin oxide (ITO)
substrates using the successive ionic layer adsorption and reaction (SILAR) approach. The nanostructured
CuO shows uniform surface morphology and uniform pore distribution with average grain sizes in the
range 30 � 50 nm and average pore size of 12.0 and 12.5 nm for 10 and for 40-cycles respectively, as
estimated from AFM imaging. The electrochemical properties are characterized by cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS). The
highest specific capacitance of 566.33 Fg�1 is obtained for as low as 10-cycle film at a scan rate of 5mVs�1.
The long term stability tests by continuous GCD, indicates that there is no degradation after 1000 cycles
with the film yielding 100% coulombic efficiency. This indicates a high stability of the synthesized CuO
films. Hence, the developed nanostructured CuO film electrodes exhibit excellent properties for use as
supercapacitors.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing need for cost-effective and environmentally
friendly energy for the world’s growing population has led to
intensive research for efficient energy storage systems [1]. In
particular, due to their intermittency, the grand challenge for most
renewable energy systems, such as e.g. wind power and solar
power, is storage. High energy, high power density and fast
availability are the major requirements of a storage device. Such
needs are particularly pressing in rural areas, in which there is no
decentralized energy distribution (i.e. typical electrical grids that
are pervasive in developed countries). The combination of
renewable energy technologies and improved energy storage
* Corresponding author. Tel.: +234 8036239214.
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devices is therefore expected to have a major impact in the
developing world [2,3].

An electrochemical capacitor is an energy storage device which
exhibits several advantages compared to batteries, such as high
power densities (10 kW kg�1), moderate energy densities
(5 Whkg�1), and long cycle life (>104 cycles) [4]. These properties
make them suitable for applications in a variety of fields such as
consumer electronics and hybrid electric vehicles [5]. Since the
energy stored in a capacitor is proportional to its surface area, the
concept behind supercapacitors is to exploit nanostructured
materials, which are highly porous and therefore have a high
surface to volume ratio [6]. Electrochemical capacitors are
categorized into two types: (i) supercapacitors also known as
ultracapacitors or electric double layer capacitors (EDLC) (which
store charge via the electric double layer or non-redox process) and
(ii) pseudocapacitors (which store charge mainly via the redox
process) [7–10]. Carbonaceous materials like activated carbon,
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mesoporous carbon, carbon nanotubes (CNTs), graphene etc. [11–
15] that exhibits EDLC characteristics and their composites [16–19]
have been used as electrode materials in supercapacitors due to
their large specific surface area. However, the electrochemical
capacitance performance of these carbonaceous materials does not
meet the rapidly increasing demand for high-power and energy
densities [20].

Transition metal oxides/hydroxides that store their charges by
pseudo capacitance have also been considered as an alternative to
carbon electrodes in supercapacitors [8,21–30]. Among these, the
most widely investigated is ruthenium oxide (RuO2), which has
been shown to give appreciable specific capacitance of up to
1500 Fg�1 over a wide potential range of 1.4 V [31–33]. However, its
commercial application is limited due to high cost and high
toxicity. Several low-cost metal oxides such as NiO, CoxOx, Ni(OH)2,
MnxOx, CuxOx have also been extensively studied as potential
materials for pseudo-capacitors, with the aim of reducing costs.
Among the transition metal oxides, CuO is considered as a good
electrode material for use in pseudocapacitors due to its low cost of
synthesis, environmental friendliness and good potential storage
capability [34]. Hence, many studies at 3-electrode configurations
have been undertaken to improve its specific capacitance and
stability for application in pseudocapacitors. To improve the
psuedocapacitive properties of CuO, Yu et al. [35] synthesized
nanostructured CuO directly on a Cu substrate and the as-prepared
CuO yielded a capacitance of 348 Fg�1 at 1 Ag�1. Dubal et al.
[27,36,37] fabricated nanosheets, micro rose-like, and nanosheet
clusters of nanostructures of copper oxide in the presence of
different surfactants and obtained specific capacitance in the range
of 110–400 F g�1, depending on the surfactant and the scan rate in a
3-electrode configuration.

The electrochemical performance of electrode materials is
highly dependent on their nanoscale structure, namely particle
size, surface area, pore volume and crystallinity [4,20,34]. These
features in turn depend on the deposition methods and parameters
such as temperature, pH, precursor concentration, etc. Numerous
methods such as electro-deposition, molten salt, RF magnetron,
chemical bath deposition, hydrothermal method [23,37–42] have
been used to deposit CuO and its mixed oxides for energy storage
applications. Most of these methods have significant drawbacks
such as high temperature requirements, long deposition time and
involve multiple steps. Hence, there is a need to use cost effective,
binder-free, additive-free, low temperature, and easy scalability for
the synthesis of CuO towards commercialization.

Here we present results on the structure and properties of
copper oxide nanostructured films deposited by successive ionic
layer adsorption and reaction (SILAR) on indium tin oxide (ITO)
substrates. SILAR is a simple chemical method used for the
synthesis of large area metal oxides in which thin films are
obtained by immersing a substrate into separately placed cationic
and anionic precursor solutions [43]. The deposition rate,
thickness, particle size and morphology of the film can be easily
controlled by changing the deposition cycle, temperature, pH and
solvent concentration. Any substrate, regardless of material type
(be it plastic, glass, metal etc.) can be used for SILAR deposition.
Likewise any substrate shape (be it circular, rectangular, dimen-
sionless etc.) can be used. In addition to these, the surface profile
(rough, smooth etc.) of the substrate does not restrict its use for
SILAR. We show that CuO nanostructured films obtained by few
deposition cycles (as low as 10 cycles) at very short deposition
times gave an enhanced specific capacitance of 566.33 Fg�1 with
good electrochemical cycling stability (100% coulombic efficiency
after 1000 cycles). This is in comparison to previous results in the
literature [27,34,37,44].
2. Experimental

All chemicals were of analytical grade and were used without
further purification. CuO nanostructured films were deposited on
ITO using the SILAR approach. Prior to deposition, the ITO substrates
were cleaned with detergent, rinsed with water and ultrasonicated
in a mixture of water and acetone for 10 min. The cationic precursor
used is 0.1 M cuprous acetate (CH3COO)2Cu.H2O) made alkaline
(pH � 10.5) with ammonium hydroxide (NH3OH) and maintained at
room temperature. The anionic precursor used was distilled water
with 1% H2O2(source of the OH�) maintained at a temperature of 60–
70 �C. Acomplete SILARcycle involves the alternate immersionof the
ITO substrate vertically into the alkaline Cu salt bath (source of Cu+)
for 20s, the 1% H2O2 for 20s and rinsing in distilled kept at room
temperature for another 20s. This cycle was repeated 10–40 times
and at the end of the complete cycle, the nanostructured films were
rinsed thoroughly with distilled water and annealed in air at 300 �C
for 1 h to convert the hydroxide phase to oxide. The mass of the
deposited film was determined using a four-digit weighing balance
(Mettler Toledo) and applying the weight difference method. X-ray
Photoelectron Spectroscopy (XPS) was used to determine the
electronic and chemical composition of the deposited films. The
surface morphology of CuO thin films was characterized by Scanning
electron microscopy (SEM) and images were recorded using a Carl
Zeiss Ma-10 field emission electron microscope operating at 20 keV
and by atomic force microscopy (AFM) (Smart SPM 1000- AIST-NT
Inc.) in tapping mode. The pore distribution was extracted from AFM
images using the Gwyddion (threshold method) software.

Raman spectroscopy was performed with a confocal optical
microscope (Omegascope AIST-NT Inc.) coupled with a Raman
spectrometer from Tokyo Instruments (Nanofinder-30). The light
source is a continuous wave diode-pumped solid-state (CW-DPSS)
laser with a wavelength of 532 nm (Cobolt Inc.). The laser was
focused onto the sample with a 100X objective (N.A 0.7) and a
power of 10 mW. The Raman signal was dispersed into the
spectrometer with a grating of 1800 lines/mm, then, a charge-
coupled detector (CCD) (iDus 401, Andor Inc.) was used to collect
the Raman spectra. X-ray diffraction (XRD) measurements were
performed using an XPERT PRO diffractometer. The electrochemi-
cal properties of the films were determined using a potentiostat
(Princeton Applied Research VersaSTAT) in a three-electrode
system, which consists of the working electrode (deposited films
on ITO), a large-sized graphite counter electrode and a KCl-
saturated Ag/AgCl reference electrode. The electrolyte used in all
studies was 0.5 M Na2SO4. EIS was performed using a three
electrode system in 0.5 M NaSO4 electrolyte and at a freqency
range of 10 mHz–100 kHz with scanning in AC mode with a
constant voltage amplitude of 10 mV.

3. Results and discussion

3.1. Nanostructured film formation

Addition of aqueous ammonia (NH4OH) to the (CH3COO)2Cu.
H2O solution causes the ionic product to become greater than the
solubility product [45], and Cu(OH)2 is precipitated causing the
solution to become turbid. Complex copper [Cu(H2O)2(NH3)4]2+

ions are formed on addition of excess ammonia due to ligand
exchange reactions. These ions prevent further precipitation and
make the solution clear and transparent. This can be explained by
equation 1 [27]:

CuðH2OÞ4ðOHÞ2 þ 4NH3 ! ½CuðNH3Þ4ðH2OÞ2�2þ þ 2H2O
þ 2OH� ð1Þ
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Film deposition involves the ion-by-ion growth of the Cu2+ at
nucleation sites on the surface of the immersed ITO. Immersion of
the ITO into the complex copper salt bath causes Cu+ to stick to the
walls of the substrate due to attractive force between the ions and
the substrate. Upon immersion of the ITO with the adsorbed Cu2+

into the 1% H2O2 solution, OH� species are attracted to the
substrates from the solution to form copper hydroxide on the ITO.
Additional alternate immersion into the solutions causes further
growth at the nucleation sites, which eventually forms a film on
the substrate. The hydroxide may be converted into oxide by
annealing at 300 �C in air for 1 hr.

Film thickness was determined by using the gravimetric weight
difference method, using the relation [46]:

t ¼ m
Arb

ð2Þ

where t is the thickness of the film, m is the mass of the deposited
film, A is the area of the film, and rb is the bulk density of the CuO
(0.79 gcm�3). Thicknesses of 25 and 182 mm were obtained for
10 and 40 cycles of the CuO nanostructured films respectively. This
implies that the thickness increases with the number of cycles, as
expected.

3.2. X-ray Photoelectron Spectroscopy (XPS)

Fig. 1a displays the electronic and chemical composition of the
deposited films as determined from X-ray Photoelectron Spectros-
copy (XPS). The spectra identify the presence of carbon, oxygen and
copper. The peak of non-oxygenated carbon (C 1s) is detected at a
binding energy (BE) of about 285.0 eV (Fig. 1b). The XPS spectrum
of the Cu 2p core level of the CuO is shown in Fig. 1c. The oxidation
state of copper is confirmed from the splitting of the Cu 2p peak.
1250 1000 750 500 250 0

In
te

ns
ity

 (a
. u

.)

Bind ing energy (eV)

10 cyc les
  40 cycles2/3p2 u

C2/ 1p2
u

C

C
u 

LM
M

O
 1

s

s1
C

s3
u

C
p3

u
C

C
u 

3d

(a)

C
u 

2s

C
 K

LL

(

930 94 0 95 0 96 0 97 0 98 0

In
te

ns
ity

 (a
.u

.) 

Binding energy (e V)

10 cyc les
40 cyc les

Cu 2p3/2

Cu 2p1/2
shake -up
 peak

Cu 2p(c) (d

Fig. 1. (a) Full XPS of the CuO films (b) core level XPS of C 1s (c) cor
The presence of peaks of Cu 2p3/2 and Cu 2p1/2 at BE of 933.95 and
953.75 eV respectively suggests the presence of Cu2+ on the
sample. The observation of satellite peaks at BE of 943.95 and
962.55 eV on the high energy side of each of Cu 2p3/2 and Cu 2p1/2

respectively, confirms the presence of Cu2+ on the sample due to
the existence of the unfilled Cu3d9 shell [37]. The binding energy
difference between Cu 2p1/2 and Cu 2p3/2 peaks (around 19.8 eV)
confirms the presence of the CuO phase in the sample [47]. The O
1s spectra for the nanostructuerd CuO (Fig. 2d) exhibit a strong
peak with a shoulder peak at a higher binding energy. The peak at
BE around 529.7 eV is most likely due to lattice O2� while the
shoulder peak around BE of 531.3 eV may be attributed to surface
oxygen species such as adsorbed oxygen O� [48,49].

3.3. XRD analysis

The structural properties of the deposited films were further
investigated using XRD in the 2u range of 10–80. Fig. 2 shows the
XRD pattern of CuO deposited on ITO. Strong peaks corresponding
to the (111) and (200) direction planes of CuO are observed. Other
identifiable peaks of CuO are at angles (2u) values of 48.7�, 62.3�,
and 68� corresponding to the diffraction planes (202), (-311) and
(220) respectively (JCPDS #. 80–0076). The films exhibit very sharp
peaks, which is most likely the result of the enhanced crystallinity
of the films.

3.4. Energy Dispersive X-ray spectroscopy (EDS)

The EDS spectrum of the nanostructured CuO film with the
associated percentage weight and atomic percent of the elemental
composition of the film is shown in the inset of Fig. 3(b and d)
respectively. The spectrum for the copper oxide nanostructured
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Fig. 2. XRD pattern of the CuO films on indium doped tin oxide (ITO).

Fig. 3. SEM images of the deposited films (a and b) 10 cycles and (c and d) 40 cycles at two different magnifications 50 K and 20 K (Inset b) EDS spectrum of the CuO films
showing the peaks of Cu and O at the appropriate energy levels (Inset d) Table showing Elemental Composition of CuO determined from EDS.
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film shows strong peaks of Cu and O at the appropriate energy
levels. Other elements (In, Si, Mg, Al) emanate from the ITO
substrate used.

3.5. Surface morphology by SEM

The surface morphology of the films as imaged by SEM is
shown in Fig. 3(a-d) for 10 and 40 cycles at two different
magnifications. The micrographs indicate that the coverage of
the films extends across the entire substrates. The 10-cycle
film showed the formation of porous nanosheets of irregular
shapes and sizes spread all over the surface while the 40-cycle
film showed a porous outgrowth of nanorod-like grains of
uneven sizes from the nucleation centres. The microstructure
formation process of the films starts with nucleation (hetero-
geneous reaction at the surface), grain aggregation and
subsequent self-organization of the films into larger particles.
The grains grow from the nucleation centre to form nanosheets
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for the 10- cycle film while further cycles lead to the formation
of nanorods. The porosity of the films makes them a good
material for electrolyte penetration to aid intercalation/dein-
tercalation of ions.

3.6. Surface morphology by AFM

The surface morphology of CuO films was characterized by
AFM (Smart SPM 1000- AIST-NT Inc.) in tapping mode. In Fig. 4,
we plot surface morphologies of the films imaged by AFM (left
panels) and the number of pores per unit area (mm2) as a function
of pore radius (right panels) for the 10 and 40 cycle films. The
average size of the grains was estimated from AFM topographies,
by using the height-height correlation function (HHCF), the
typical values are 47 � 2.4 nm for 10 cycles and 35 � 2.9 nm for
40 cycles, while the extraction of the average size of the pores
with its deviation were estimated using the lognormal distribu-
tion function that fit well with the pore distribution in the
samples.

In the AFM images of Fig. 4 (a-b), in the 10 cycle case, we
observed small nanosheets with different size oriented in
different directions, with some small links between them, while
in the case of 40 cycles we identified small nanorods. From the
pore size distribution in Fig. 4 (c-d), we observed twice the
number of pores in the 10 cycles than 40 cycles. The
transformation of the nanosheets (10 cycles with more pores)
to nanorods (40 cycles with less pores) led to a decrease in the
number of pores, hence reducing the accessibility or permeability
of the electrolytes as observed during the electrochemical
process. The observations from AFM images are in good
agreement with SEM observations.
Fig. 4. AFM images of the deposited films of CuO (a and b) 10 cycles and 40 cycles respec
pore radius (blue column), best Fit with lognormal function (red curve) 10 cycles and 40
*exp((-1/(2*s2))*(ln(x/m))2) where s=0.37 nm (standard deviation) and m=12 nm (averag
cycles.
3.7. Raman spectroscopy

CuO is a semiconductor material with a monoclinic crystal

structure attributed to a space group symmetry of C2h
6 . In this study,

Raman spectroscopy was performed to obtain additional informa-
tion on the crystal structure of CuO nanostructures. The primitive
cell contains two molecular units, and thus the Brillouin zone
center can include twelve vibrational modes: three acoustic modes
(Au +2Bu), six infrared active modes (3Au + 3Bu) and three Raman
active modes (Ag + 2Bg). These normal lattice vibrations at the G
point of the Brillouin zone are determined on the basis of group
theory by the equation [49]:

G = 4Au + 5Bu + Ag + 2Bg (3)

Fig. 5 shows three Raman peaks of CuO respectively at
294 cm�1, 315 cm�1 and 606 cm�1. The peak at 294 cm�1 is
attributed to the Ag mode while the two latter peaks at 315 and

606 cm�1 are assigned respectively to B1
g and B2

g modes of CuO
[50,51]. In accordance with XRD results, we also observe that the
Raman peak of the 10- cycle CuO is broader than the 40-cycle, this
can be attributed to the effect of small crystallite sizes of the 10-
cycle CuO nanosheets. In addition, the intensity of Raman peaks
changes between the two types of nanostructures, which implies
that the lattice symmetry is affected by sample defects [52].

3.8. Electrochemical characterization

3.8.1. Cyclic Voltammetry (CV)
We used cyclic voltammetry to determine the accessibility of

the electrode material to the electrolyte and hence the capacitive
behavior. The CV curves of the films on ITO glass substrates
tively at scan area 5 mm � 5 mm (c and d) Number of pores per mm2 as a function of
 cycles respectively. It is fitted with a Lognormal distribution function: f(x) = fmax(m)
e size of pore) for 10 cycles and s (standard deviation) = 0.28, and m=12.5 nm for 40
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recorded in 0.5 M NaSO4 aqueous solution at various scan rates is
shown in Fig. 6(a and b). CV curves of the CuO nanostructured films
exhibit very sharp redox peaks indicating that the electrochemical
capacitance is due mainly to redox reactions rather than EDLC. The
potential windows for the 10- and 40-cycle differ slightly because
of the differences between their voltammetric evolutions; the 10-
cycle film showed no activities in the negative potential, thus the
need to start the CV at 0 V, while the case is different for the 40-
cycle film that showed redox-activity up to �0.2 V. The redox peaks
corresponds to the reduction of Cu2+ to Cu+ and the oxidation of
Cu+ to Cu2+ during the intercalation/deintercalation of smaller H+

or the bigger Na+ into the matrix of the material. It has been shown
that the redox activity of CuO during cyclic voltammetry is
dependent on the pH of the electrolyte used [34,53]. In a neutral
electrolyte such as the one we used here, two mechanisms are
proposed. One is the intercalation and de-intercalation of the ions
(H+ and Na+) into the matrix while the other is the adsorption of the
ions on the surface rather the bulk of the material. Equations (4)
and (5) [27,36] are used to represent both processes, as follows:

2CuO þ 2Aþ þ 2e�,Cu2OOA ð4Þ

ð2CuOÞsurf ace þ 2Aþ þ 2e�,ðCu2OOAÞsurf ace ð5Þ

The current density increased with the scan rate as shown in the CV
curves. This implies that the redox processes is mainly governed by
the insertion and de-insertion of the ions (H+ and Na+) in the CuO
electrodes. The CV of the bare ITO substrate is shown in the inset of
Fig. 6a for comparison and it indicates a very low current density of
up to 103 less than that the substrates with the CuO films. To ensure
that the ITO does not contribute to the redox activity, the CV of the
bare ITO and that of the 40- cycle film at 10 mVs�1 is compared as
shown in the inset of Fig. 6b. It is obvious that the ITO contributes
little or nothing to the redox process.

The specific and volumetric capacitances were calculated from
the CV curves using equations 6 and 7 as follows: [27,30,54,55]

Cs ¼
R
Idt

mðdV�dt
Þ ð6Þ
Cv ¼
R
Idt

A:tðdV�dt
Þ ð7Þ

where Cs and Cv are the specific and volumetric capacitance in Fg�1,
Fcm�3 respectively,

R
Idt is the area under the CV curve, m is the

mass of the deposited in g (obtained by measuring the weight
difference of the substrates before and after deposition), dV/dt is
the scan rate in mVs�1, A is the area of the electrode in cm2 and t is
the thickness in cm. The graph of the calculated specific
(gravimetric) and volumetric capacitance for the films as a
function of the scan rates are shown in Fig. 6c. The specific
capacitance generally decreases with increasing scan rates. The
decrease in the specific capacitance at higher scan rates implies
that not all the parts of the electrode surface are used at higher
scan rates. The specific capacitance calculated using equation 6 at a
scan rate of 5 mVs�1 is 566.33 and 211. 87 Fg�1 for the 10- and 40-
cycle CuO nanostructured films respectively. The 10-cycle film gave
a remarkably higher specific capacitance (566.33 Fg�1) than the
40-cycle film (211.87 Fg�1). This occurs as a result of the availability
of more pores and smaller thickness present in the 10-cycle film
than the 40-cycle film. Enhanced porosity allows for more
electrolyte penetration and hence increases charge storage. The
higher thickness of the 40-cycle film as a result of increase in mass
loading also contributed to the lower Cg since only the surface/near
surface layer of the CuO that is close to the current collector
substrate is electrochemically active. The values of the specific
capacitance for the 10-cycle CuO film are higher but comparable to
the highest value (535 Fg�1) obtained by Gund et al., [42] for
surfactant assisted CuO films but much higher than the highest
values (396 Fg�1, 43 Fg�1) obtained by Dubal et al., [37,54] and
37 Fg�1 by Patake et al. [56]. This comparative analysis shows that
our surfactant-free 10–cycle CuO nanostructured films are very
good potential electrodes for pseudocapacitor applications.

3.8.2. Galvanostatic Charge discharge (GCD)
Galvanostatic charge-discharge (GCD) measurements were

carried out in the same electrolyte condition as the CV. It is
well-established that GCD is the most accurate method to
determine the supercapacitive behaviour of electrochemical



Fig. 6. Cyclic voltammetry curves of the electrode films (a) 10 cycles (inset: CV of the bare ITO substrate) (b) 40 cycles (inset: CV of the bare ITO and 40–cycle film at 10 mVs�1

(c) Specific capacitance vs. scan rate for CuO films. (d) Galvanostatic charge-discharge curve for the 10-cycle film at various current densities (e) The plot of specific and
volumetric capacitance at various current densities for the 10-cycle CuO film.
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capacitors compared to CV or EIS [57]. GCD of the 10-cycle
electrode films is displayed in Fig. 6d. Interestingly, the GCD curves
could only be obtained at high current densities (6.25–50 A g�1) as
every effort we made to go below 6.25 A g�1 was unsuccessful. This
behavior is a clear indication that our experimental conditions
generate CuO film of high power density. The GCD curves of the
copper oxide showed three variation ranges. The first is the sudden
Table 1
Comparison of the pseudocapacitive performance of CuO films compared with other 3

Aqueous
Electrolyte

Morphology Cs/F g�1

0.5 M Na2SO4 Nanosheets 415 

1 M Na2SO4 Nanosheet clusters 413 

1 M Na2SO4 Micro-woolen-like 340 

1 M Na2SO4 Nanobuds – 

1 M Na2SO4 Yarn ball-like 436 

1 M Na2SO4 Cauliflower like 162 
drop in current at the onset of discharge, (region I) which is due to
internal resistance. The second (region II) is the linear variation of
the time dependence of the potential, which is a characteristic of
double layer capacitance while the third (region III) is the slope
dependence of the potential, which is due to redox reactions
resulting in pseudo-capacitance at the electrode/electrolyte
interface [26]. The specific capacitance was calculated from the
-electrode systems in the literature.

Es/Wh kg�1 Pmax/kW kg�1 Ref.

127.3 6.64 This work
46 0.70 [27]
39 0.50 [36]
44 1.00 [37]
– – [42]
22 0.60 [63]
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GCD using equation 8:

Cs ¼ I � td
DV � m

ð8Þ

where Cs is the specific capacitance, I is the charge/discharge
current, td is the discharge time, DV is potential window and m is
the mass of the active material within the film.

The values of the specific capacitance as obtained from the GCD
as a function of current density is shown in Fig. 6e. The Cs decreases
with increase in the current density and the highest value of
415 Fg�1 is obtained at a current density of about 6.25 Ag�1. The
calculated Cs from the GCD curve are shown in Table 1 and is
compared with other works on CuO in a three electrode
configuration. Generally, in comparison with other works as
shown in Table 1, our electrode offered a relatively higher
electrochemical super capacitive performance especially with
respect to power density.

The long-term stability of the film was investigated by potential
cycling at a current density of 50 Ag�1 and the capacitance
retention after 1000 cycles is shown in Fig. 7a. The capacity
retention of the CuO film is found to be 100% after 1000 cycles. The
GCD curve of the oxide film showing the 1st and the 1000th cycle is
shown in Fig. 7b and 7c, respectively. The figures indicate that the
electrode is very stable and itable and is a very good material for
supercapacitive applications.

Energy density and power density are used to compare energy
content and rate capabilities respectively for energy storage
devices. The relationship between these two parameters is
demonstrated by using the Ragone plot, which gives a comparison
for various energy devices. The specific energy (SE) specific power
and the columbic efficiency (h %) were calculated using the
following equations [55,58]:

SE ¼ I � td � DV
m

ð9Þ
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(d) the Ragone plot of the CuO nanostructured film electrode.
SP ¼ I � DV
m

ð10Þ

Coulombic ef f iciencyðh%Þ ¼ td
tc

� 100 ð11Þ

where tc is the charging time. The maximum specific energy and
specific power obtained for CuO are 127.29 Whkg�1 and
53.13 kWkg�1 at current densities of 6.25 Ag�1 and 50 Ag�1,
respectively. The coulombic efficiency obtained for the copper
oxide for the 1st and 1000th cycle is 100% which implies that there
is no loss in the redox processes even after 1000 cycles. This
demonstrates the high stability of the CuO film.

The Ragone plot for the copper oxide film is shown in Fig. 7d.
The specific energy decreased from 127.29 to 44.27 Whkg�1 while
the specific power increased from 6.64 to 53.13 kWkg�1 with
increased current density of 6.25 Ag�1 to 50 Ag�1. The decrease in
the specific energy suggests that parts of the electrode’s surface are
not accessible at high charging-discharging current. The increasing
trend of the specific power indicates that the discharging capacity
of the pseudocapacitor is directly proportional to the discharge
current. The values we obtained for power density are greater than
most carbon-based materials and their composites [59–62].

3.8.3. Electrochemical Impedance spectroscopy (EIS)
The Nyquist plot for CuO is shown in Fig. 8a. Using the

ZsimpWinsoftware, the Nyquist plot was satisfacorily fitted with
the Voigt electrical equivalent circuit (see inset, Fig. 8a) which
comprises the Rs (electrolyte resistance), Rct charge tranfer
resistance overthe interface between the electrode and the
electrolyte, and constant phase element (CPE or Q) due to
inhomogeneity at the electrode/electrolyte surface and dynamic
disorder associated with diffusion [64]. From the fitted circuit, Rs
was 37.82 � 0.57 V,Rct1 and Rct2 were 38.18 � 3.4 and 214 � 8.53 V,
respectively; Q1 and Q2 were 5.44 �1.31 and 3.32 � 0.97 mF.s(a-1),
respectively; while n1 and n2 were 0.85 � 0.2 and 0.63 � 0.17,
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Fig. 8. (a) Nyquist plot (inset equivalent circuit) (b) Bode plot for the CuO film electrode.
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respectively. The impedance of the CPE is defined as shown in
equation 12, as follows [65]:

ZCPE ¼ 1
QðjwÞn ð12Þ

where Q is the frequency-independent constant relating to the
surface electroactive properties, w represents the radial frequency.
For n = 0, the CPE is a pure resistor; n = 1, CPE is a pure capacitor,
n = �1, CPE is an inductor; while n = 0.5 it is Warburg impedance
(Zw). The n value observed in our work is greater than 0.5 but less
than the ideal value of unity for pure EDLC, which confirms that the
electrode material behaves like a pseudocapacitor.

The Bode plot is shown in Fig. 8b. The magnitude of impedance/
Z/increases with frequency in the high frequency region but is
frequency independent in the low frequency region. This frequency
independent region is where the impedance is purely resistive and
the value on the log/Z/axis gives the solution resistance. The phase
angle indicates similar dependence on frequency as the/Z/. The
phase angle of about 62.5� also indicates the pseudocapacitive
nature of the electrode. The knee frequency (fo,’ = 45�) is a
measure of the power capability of a supercapacitor; the higher the
fo the more rapidly the supercapacitor can be charged and
discharged (an ideal supercapacitor has a charge/discharge time
of 1 �30 sec.). In addition to this, the higher the fo, the higher the
power density that can be achieved from the supercapacitor. From
Fig. 8, the value of fo was calculated as ca.2.5 Hz (time constant
� 0.4 s), which further corroborates the higher power performance
of the nanostructured CuO thin film electrode.

4. Conclusions and perspectives

A simple, cost effective, additive free and binderless chemical
method was used to deposit nanostructures of CuO films on ITO.
The nanosheet and nanorodlike films showed good porosity for
application as supercapacitive electrodes. A high specific capaci-
tance of up to 566.33 Fg�1 is obtained for the film deposited after
10 cycles. This value is higher than most of the previously obtained
results and is attributed to the porous nanostructure of the
electrode. This morphology permits easy contact and penetration
of the electrolyte for longer electron pathways. In addition, the
electrode showed no sign of depreciation even after 1000 cycles
giving a columbic efficiency of 100% after the 1000th cycle,
indicating that our chemically synthesized CuO film electrodes
have excellent properties for use as supercapacitor electrode.
Based on these encouraging results, future research efforts will be
geared towards investigating the electrochemical properties of the
tandem structure of active materials (e.g. CuO films) working
under extreme conditions such as high temperature and high
pressure.
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