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Abstract

Synthesis of crystalline CuO thin films with porous mesh like
fabric base on to stainless steel substrate was employed by
means of the distillation type simple reflux method at the
optimized temperature 70°C. The effect of nitrogen based
complexing agent such as urea and ammonium persulphate
(APS) on the structural, morphological, electrical and
supercapacitive properties of the copper oxide (CuO) thin film
has been studied. Urea and APS as complexing agent was
found to reduce the deposition-rate, which is due to the higher
complexation as well as slowing down of the generation of
Cu?* that helped to improve the morphology of CuO thin
films. Mixed phase of CuO thin films having monoclinic
structure was found from the X-ray diffraction study.
Hydrophilic nature of the CuO thin films was revealed from
the wettability test. The electrical resistivity measures the
charge transportation mechanism. Maximum specific
capacitance i.e., 548 F g at a scan rate of 5mV.s™ in KOH
electrolyte was found for the CuO thin films synthesized with
APS. The electrochemical impedance measurement (at open
circuit voltage, in the frequency range 10° to 10 Hz) exhibit
an ideal supercapacitor behaviour due to occurrence of a
vertical line, while at higher frequency an appearance of
semicircle indicated the interfacial charge transfer resistance.
This interconnected property strongly signifies that the
formation of the CuO thin film can act as supercapacitor
electrode.

Keywords: Reflux method, Copper oxide,
Complexing agents.

Thin film,

Introduction
In recent years, electrochemical supercapacitor electrode have

proved to be of potential use in order to provide increased
demand of energy sources for industrial revolution and
development of smooth life style. Maintaining that a series of
the electrochemical supercapacitors in recent past have dented
the image of the energy storage devices, which demonstrate
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the improving power density than battery as well as higher
energy density than the conventional electrical double layer
capacitors as a result of large surface to volume ratio,
interconnected surface states of the electrode and exploitation
of both faradic and non faradic process [1-4]. The micro-scale
engineering of the supercapacitor electrode exploited novel
materials such as carbon nano tubes (CNTSs), graphene oxide,
conducting polymer, metal oxides (MO) etc. [5-10]. Among
these materials the MO has caught a great deal of attention of
researchers, because of its current controlling nature gives a
very well semiconducting behaviour. A good amount of
literature is available on the MO thin film which exhibit the
development of semiconducting thin film for the p-n junction
based device formation such as diode, transistor, LED etc.
[11]. In order to tune the supercapacitive properties of MOs,
electrochemical engineering has been used by incorporating
other elements in to the MOs such as various complexing
agent. Most predominantly, MOs are well accepted materials
for the proposed application due to their complex hierarchical
nanostructure responsible for the current controlling
mechanism.

On behalf, among the available MOs, copper oxide (CuO) is
the most promising material owing to their advantageous
physical as well as chemical behaviour and processing
aptitude, including tuneable morphologies, controlling
porosity, relatively inert surface electrochemistry [12,13].
Furthermore, desired elements are both cheap as well as
plentiful in nature. Literature may includes some studies on
these materials synthesized by advanced techniques [14,15]
and also their structural, morphological and electrical
properties [16,17], along with their semiconducting property,
in the preparation of high T. superconductor [18,19], gas
sensing p-n heterojunctions [20], supercapacitors [21,22], but
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effect of complexing agent on the CuO thin film is rarely
reported in the literature. This fact specifically motivates the
study of CuO thin film that can eventually be used as potential
parent material for the proposed electrochemical applications.
It is cleared that electrical conduction process is depends on
the composition as well as the structure of the synthesized
sample. There are numerous methods which manipulate
synthesis of copper oxide thin film. Their Structural,
morphological and electrical properties are strongly controlled
by the deposition conditions and methods [23,24]. Research
on the MOs, therefore be focused on developing the various
methods, which contributes the well disposed process and
gives the simple eco-friendly route. Besides this, here we
launch the distillation type reflux method for the synthesis
CuO thin film. Reflux is reliable and well controlled method
in the preparation of thin films with good homogeneity and
crystallinity at low substrate temperature. It is distillation type
technique involving condensation of vapours and returns of
this condensate to the system from which it is originated. The
actual photograph of the reflux method has been illustrated in
the fig. 1.

In the present work, therefore specific attention is paid to
synthesis of CuO thin film by reflux method. The approach
used in this work was to investigate the basic properties viz.
crystal structure, morphology, wettability, optical, and
electrical parameters of the CuO thin films. It may manifest
the growing interest in the CuO thin film with the application
effect of various complexing agents viz. urea and ammonium
persuphate. Mixed phase of CuO i.e. monoclinic and cubic is
perceived at low temperatures while it is very difficult to
occurrence of single cubic phase due to the imposed epitaxial
strain at the time of growing mechanism. Herein, distillation
type reflux method is investigated to deposit the CuO thin
film for the supercapacitor application by exhibiting the
excellent electrochemical performance. In order to achieve the
fast capacitive response, high volumetric capacitance and
porous nature occurred in the CuO matrix is particularly
important for the supercapacitive material due to electron/ion
adsorption and unhindered mass transport during a reversible
redox reaction process. Charging-discharging process also
depends on the pores of different size [21]. The
electrochemical properties are examined by means of the 5 M
KOH electrolyte. CuO with ammonium persulphate electrode
(CuA) exhibit maximum specific capacitance 548 f g™ at 5
mV s scan rate. Also CuA electrode realized much higher
energy density 79.7 Wh.Kg™ in the 5 M KOH electrolyte.
Most interestingly, electrochemical impedance spectroscopy
(EIS) measures the impedance in the linear regime, so that
measurement remains consistent throughout [25]. Lastly our
CuO system with different complexing agent can give a novel
supercapacitor electrode due to dispersion and self-assembly
occurs in the CuO electrode with the complexing agents
provides a versatile approach to create unique nanostructures
compounds for the proposed application.

Methods
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The reflux method was used to synthesize the CuO thin films.
For such a deposition, 0.1 M CuSO, solution was prepared in
100 ml beaker. Then in order to study the effect of
complexing agent, 0.1 M urea and 0.1 M ammonium
persulphate (APS) was added in two different beakers
containing the above mentioned solution. Further these
prepared solutions i.e. CuSO, with urea and CuSO,4 with APS
were transferred into the flask of the reflux chamber where
condensation process takes place. Cleaned substrates were
vertically mounted in this chamber. The cylindrical flasks
were heated up to 70°C and kept for optimized time of 120
min. for the deposition of CuO thin films. When the solution
bath attains the temperature 70°C, the formation of the
precipitation starts to takes place in the solution. After 2 h,
formation of powdery CuO thin films is observed on the
substrate surface. There after the films (nearly blackish in
colour) are removed from the flask, washed with double
distilled water, dried at room temperature and used for further
characterizations. Henceforth, the prepared CuO sample with
urea will be called as CuOU and the one with APS will be
reffered as CUOA for further convenient use of study.

The thickness of the obtained thin films was measured by
weight difference method using a sensitive microbalance.
XRD analysis is carried out using Bruker made D2 phaser
desktop unit with copper target and wavelength of 1.54 A.
Surface morphology is studied with the help of scanning
electron microscope (SEM) model JEOL-JSM 6360. The
surface wettability of thin film is evaluated by means of water
contact angle measurement using Rame-hart USA equipment
with CCD camera. The electrical resistivity measurement is
conducted using standard two probe method.

Results and Discussion
Synthesis of CuOU and CuOA thin films by using reflux

method is obtained by formation of precipitation in the
solution. The reaction involves heating copper at optimized
temperature in the presence of oxygen. The reaction leads to
the formation of black coating on the copper surface. The
growth kinetics of a thin film deposition proceeds by
formation of clusters or nucleation and then further by growth
of particles, which involves nucleation sites on the immersed
surfaces. The slow release of Cu®* ions is achieved using a
complexing agent (ligand) to the Cu salt to form some copper
complex species, which upon dissociation results in the
release of small concentration of Cu®* ions. Also, the different
complexing agents release the ammonia, which further
provides OH" ions for complexing with Cu?* ions forming a
hydroxide. The possible general reactions for CuO thin film
formation is as given below:
Cu®" + 2NH,.H,0—Cu(OH),| + 2NH** 1
Cu(OH); — CuO + H,O 2
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Figure 1: Actual photograph of the reflux method

Fig. 2 shows the photographs of CuO thin films deposited
onto stainless steel substrates and schematic of formation of
different morphology. CuOU thin films were found to be
brownish in colour, while CuOA thin film were slightly
blackish in colour. It was seen that the complexing agent plays
a significant role. Here, CuOA thin films (40 nm) were found
to have lower film thickness as compared to the CuOU thin
films (80 nm). This might be correlated to the fact that slow
release rate of Cu?* free ions concentration, which can be
further equally correlated and seen from the obtained
morphology. In case of CuOU randomness of the rice shaped
grains was seen, which was rather self assembled in case of
CUuOA (see the schematics shown in Fig. 2).

0.1 M CuSO,

pH12

Ammonium CuA
Persulphate

CuU |

Urea

@)
Figure 2: Schematic of chemical synthesis and photographs
of CuO thin films on the stainless steel substrate.[Sample ID:
CuOU and CuOA]
The X-ray diffraction (XRD) pattern of CuO thin film on to

stainless steel substrate is shown in Fig. 3.

XRD peaks of CuOU and CuOA are consistent with the
JCPDS file (JCPDS card no. 05-0661). The peak observed in
both the CuO thin film samples corresponds to the crystalline
nature of the sample, which are in good agreement with the
recent observation [26,27]. CuOU sample exhibit high

&
<

(b)

intensity peak corresponding to the plane (ill) and (111);

while in case of CuOA sample (020) plane was more
preferred.
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Figure 3: X-ray diffraction (XRD) patterns of CuO thin films
deposited onto the stainless steel substrate [Sample ID: CuOU
and CuOA].

70 80

From the XRD peaks, crystallite size is calculated by using
the Scherrer formula [29] as given below,

D=kM(B cos 0) 3
Where, A is the wavelength of radiation used, k is the Scherrer
constant, B is the full width at half maximum (FWHM)
intensity of diffraction peak for which the crystallite size is to
be calculated, 0 is the diffraction angle of the concerned
diffraction peak and D is the crystallite size). Assuming k =
0.89, the crystallite size was calculated using the above
formula for the most intense peak and is given in Table 1. It
was seen that CuOU samples exhibited lower crystallite size
as compared to CuOA samples. This suggests that the
complexing agent i.e., urea and APS did have a substantial
effect on crystal size. This fact is responsible for theto
crystallites having more preferential orientation with high

intensity towards the (111) and (111) in CuOU and (020) in
CuOA samples. In fact the slower release of the Cu* ions by
using APS as complexing agent helps in proper growth rate of
the CuOA thin films [28].

Table 1: Crystallite size of CuO thin films samples (Sample
ID: CuOU and CuOU).

Sample Crystallite Resistivity Activation
ID size (nm) (Q.cm) Energy (eV)

CuoU 15.19 1x 10° 0.198

CuOA 20.08 2 x 10° 0.673
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The effect of urea and APS on the surface morphology of
reflux synthesized CuO thin film was studied by using the
scanning electron microscopy (SEM). Fig. 4 manifests the
SEM micrographs of CuOU and CuOA sample obtained at
x15,000 magnifications. Randomly oriented fibre like mesh
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over which haphazardly distributed overgrown rice-shaped
grains on a large area was seen for CuOU samples. However
in case of CuOA samples, rather smooth porous fabrics of
self-assembled square shape mesh on which uniformly
distributed overgrown rice shaped grains was revealed. Such a
well organized morphology in case of the CuOA sample may
be due to the fact that urea is more basic than APS, which
might lead to quicker reaction environment. A slow reaction
growth in case of CUOA as compared to other one, might
ultimately provides suitable time to well organize the
structure, so that proper peripheral crystalline size may appear
during the formation of thin film. The obtained porous
structured films of CuOA may ideally be suited as energy
storage electrode. The obtained results in SEM are in well
consistent with the XRD data.

/ F
y
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Figure 4: Scanning electron microscopy (SEM) images of
CuO thin film at x15,000 magnification [Sample ID CuOU
and CuOA]. Inset shows water contact angle measurement of
CuO thin films [Sample ID: CuOU and CuQA].

Furthermore, the surface porosity can be well studied through
wettability properties of the sample. Wettability test measures
the angle of contact between the liquid droplet and the surface
of the thin film. As shown in the inset of Fig. 4, both the CuO
thin film viz. CuOU and CuOA exhibit highly hydrophilic
nature as a result of the sufficient oxidation. The contact angle
of water on CuOA surface was seen to be 320 confirming the
high wettability of CuOA sample surface. In contrast the
CuOU sample shows the decreased hydrophilicity with a
contact angle of 510. Thus increase in contact angle can be
ascribed to removal of oxygen functional groups in CuOU
films. This increased contact angle suggests that a higher
reduction level in CuOA is achieved [30]. In addition to this
the porous surface of CUOA can help to reduce the contact
angle.

The electrical resistivity behaviour of the reflux synthesized
CuOU and CuOA thin films with respect to temperature were
studied by means of the two probe resistivity measurement set
up. The obtained electrical resistivity data are shown in the
Fig. 6. This resistivity can be measured by using the formula,
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Ea

P =P eXp(kT) 4
From the figure, it is seen that as the temperature increases
resistivity goes on decreasing, indicating the semiconducting
behaviour of both the samples. The resistivity of both the film
is tabulated in the table 1. It is seen that resistivity of CUOA is
one order higher as compared to the obtained resistivity of
CuOU samples. Further, the activation energy of these
samples was revealed from the equation:

E, =2.303xk x slope 5

Where, Ea is the activation energy and k being the Boltzmann
constant.
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Figure 5: The variation of dc electrical resistivity (p) of CuO
films in the temperature range 300-400 K [Sample ID: CuOU
and CuOA]

In order to proceeds a chemical reaction at a reasonable rate,
there exists the appreciable number of molecules with energy
equal to or greater than the activation energy. The
measurement of the activation energy corresponds to the
overall leakage current during the electrochemical process
[31]. The obtained activation energy is mentioned in the table
1.

The nanostructured CuO thin film electrode with mesh like
porous fabric base displays an expert candidate for the
electrochemical characteristic.  Transportation of the
electrolyte due to the faradic charge storage mechanism
during the redox reaction attributes the supercapacitive
behaviour. Difference in the orientation of the structure causes
the difference in the charge storage mechanism. The
electrochemical performance of the reflux synthesized CuOU
and CuOA is investigated in three electrode system in by
using 5 M KOH electrolyte.

The high or pulse power properties of the CuOU and CuOA
electrode is examined by using the cyclic-voltammetry (CV)
study. The CV curves of the CuOU and CuOA was obtained
initially at different scan rate within the range -800 mV.S™ to
200 mV.St in 5 M KOH aqueous electrolyte to estimate the
specific capacitance and the desired potential window was
shown in the fig. 6. The voltammetric currents are directly
proportional to the scan rate of the CV, indicating an ideal
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capacitive behaviour [32]. The specific capacitance of CUOA
electrode is 548 F.g” at scan rate 5 mV.S* in 5 M KOH
electrolyte; while in case of the CuOU electrode it is 229 F.g°
! This might be because, the charge storage mechanism
includes insertion/extraction of the cations into/from the first
few nanometre of the electrode material. Therefore in case of
the CuOA samples, the obtained square shape self assembled
morphology with thickness 0.08 um induces a very high
capacitance due to high utilization of CuOA surface, which is
in direct contact with the surface sheet and the electrolyte that
result in to fast ion diffusion [33].
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Figure 6: Scan rate variation and specific capacitance of
CuOU and CuOA samples of CuO thin film electrodes in 5 M
KOH electrolyte is shown in a, b and a’, b’ respectively.

Further, as the scan rate increases, specific capacitance goes
on decreasing. This decrease in capacitance has been
attributed to the presence of the inner active sites that cannot
sustain the redox transition completely at high scan rate. This
is probably due to the diffusion effect of the protons within
the electrode. The decreasing trend of the capacitance
suggests that part of the surface of the electrode is
inaccessible at high charging-discharging rate [34]. The
results obtained from fig. 6(a) and 6(b) are given in table 2.

Table 2: Specific capacitance at various scan rate of CuOU
and CuOA thin film electrode in 5 KOH electrolyte

Sample ID CuOuU CuOA
Scan Rate(mV.s?) | (F.g?) (Fgh

5 229 548

10 168 400

20 159 320

40 120 230

60 90 150

80 79 110

100 65 106

The galvanostatic charge discharge performance of the CuO
electrode with the urea and APS as copmplexing agents was
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tested in 0.1mA.cm™ current density in 5 M KOH electrolyte
shown in fig. 7.
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Figure 7: Charge-discharge curves different CuO thin films
electrodes [Sample ID: CuOU and CuOA] in 5 M KOH
electrolyte

Pseudocapacitive behaviour of the CuO samples is revealed
from the charging-discharging mechanism. The discharging
curve manifests three different part: Internal resistance of the
material attributes to the initial drop in voltage, linear
relationship between potential and time corresponds to double
layer capacitance owing to the charge separation at the
electrode-electrolyte interface and finally redox reaction
between electrode-electrolyte understand by means of the
slope variations [2]. Electrochemical parameters such as
specific power (SP), specific energy (SE) were calculated
using the following relations [35]

SP=[IxV]/m 7

SE = [IxtxV]/m 8
Where, SP is specific power in KW.Kg™ and SE is specific
energy in Wh.Kg®. The above expressions shows the
discharge current (I) in amperes, voltage range (V) in volts,
discharge time (t) in seconds and mass of the electroactive
material (m) in kilograms. Specific power is depends on the
utilization of the actual mass during the electrochemical
process however specific energy is more precisely energy
density quantify energy per unit mass. The CuOA electrode
exhibit high SE up to 79.7 Wh.Kg™ and SP is 1.3 KW.Kg™.
While CuOU electrode has SE 10.3Wh.Kg™ and SP is 0.71
KW.Kg™. The coulombic efficiency is calculated using the
following equation [36],

T]:[tD/tc]x 100 9

Where, tc and tp represent the charging and discharging,
respectively.
This coulombic efficiency describes the efficiency with which
charge (electron) transferred in a system facilitating an
electrochemical reaction. Coulombic efficiency of both the
sample has approximately same in value. In case of CUOA
electrode it is 81% while in case of CuOU, it is 80%.
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Figure 8: Nyquist plots of all CuO thin film electrodes
[Sample ID: CuOU and CuOA] in 5 M KOH electrolyte.

In order to investigate the electrochemical characteristics of
the electrode and electrolyte in quantitative manner,
impedance measurements were performed. Nyquist plot of the
CuOU and CuOA electrode in the frequency range 10° to 10”
Hz was carried out in 5 M KOH electrolyte. As shown in the
fig. 8, impedance spectra consist of semicircle at high
frequency while at low frequency it has linear shape which
shows the supercapacitive behaviour of the electrode material.
Electronic and ionic resistances correspond to the equivalent
series resistance (Rc) which can be evaluated from the
intercept made on the X-axis [37]. The high frequency
semicircle corresponds to the charge transfer resistance at the
interface of the electrode and electrolyte solutions.

Conclusion

A distillation type simple reflux method was successfully
launched for the synthesis of the CuO thin film with urea and
the APS as complexing agents. Mesh like porous fabric
nanocrystalline structure was deposited on to stainless steel
substrate. Electrical measurement shows the semiconducting
behaviour of both the CuOU and CuOA electrode. A high
specific capacitance of 548 F.g™ is obtained at 5 mV.S™ for
CuOA sample. Also the same electrode exhibit the maximum
specific energy as 79.7 Wh.Kg™. The ideal supercapacitive
behaviour of the CuOU and CuOA electrode can be revealed
from the Nyquist plot at the electrode-electrolyte interface.
From this data reflux synthesized CuOA electrode acts as a
promising candidate for the supercapacitive electrode. The
final summary is tabulated in the table 4.

Acknowledgement

Authors are acknowledges to Department of Science and
Technology (DST), Govt. of india for providing financial
support through major research project EMR/2016/001677
dated Jahuary 13, 2017

References

[1] G. W. Yang, C. L. Xu, H. L. Li, “Electrodeposited
nickel hydroxide on nickel foam with ultrahigh
capacitance” Chemical Communications, vol 48 pp.
6537 (2008).

566

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

C. D. Lokhande, D. P. Dubal, O. S. Joo, “Metal oxide
thin film based supercapacitors” Current Applied
Physics, vol. 11 pp. 255 (2011).

G. S. Gund, D. P. Dubal, D. S. Dhawale, S. S. Shinde,
C. D. Lokhande, “Porous CuO nanosheet clusters
prepared by a surfactant assisted hydrothermal method
for high performance supercapacitors” RSC advances,
vol. 3, pp 24099 (2013).

G. L. Wang, J. C. Huang, S. L. Chen, Y. Y. Gao, D. X.
Cao, “Preparation and supercapacitance of CuO
nanosheet arrays grown on nickel foam” Journal of
Power Sources, vol. 196, pp. 5756 (2011).

S. W. Lee, B. -S. Kim, S. Chen, Y. S. Horn, P. T.
Hammond, “Layer-by-Layer Assembly of All Carbon
Nanotube  Ultrathin ~ Films for  Electrochemical
Applications” Journal of the American Chemical
Society, vol. 131, pp. 671 (2009).

Y. W. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, W.
Cai, P. J. Ferreira, A. Pirkle, R. M. Wallace, K. A.
Cychosz, M. Thommes, D. Su, E. A. Stach, R. S. Ruoff,
“Carbon-Based Supercapacitors Produced by Activation
of Graphene” Science vol. 332, pp. 1537 (2011).

D. Pech, M. Brunet, P.L. Taberna, P. Simon, N. Fabre,
F. Mesnilgrente, V. Conedera, H. Durou, “Ultrahigh-
power micrometre-sized supercapacitors based on
onion-like carbon” Journal of Power Sources, vol. 195,
pp. 1266 (2010).

W. Sun, Y. X. Chen, “Fabrication and tests of a novel
three dimensional micro supercapacitor”
Microelectronic Enggineering, vol. 86, pp. 1307 (2009).
K. Wang et al, “An All-Solid-State Flexible Micro-
supercapacitor on a Chip” Advanced Energy Marterials
vol. 1, pp. 1068 (2011).

J. Wang, J. Polleux, J. Lim, B. Dun, “Pseudocapacitive
Contributions to Electrochemical Energy Storage in
TiO2 (Anatase) Nanoparticles” Journal of Physical
Chemistry C, vol111, pp. 14925 (2007).

K. Tonooka, K. Shimokowa, O. Nishimura, “Properties
of copper-aluminum oxide films prepared by solution
methods” Thin Solid Films, vol. 411, pp. 129 (2002).

Z. C. Yang, C. H. Tang, Y. Zhang, H. Gong, X. Li, J.
Wang, “Cobalt monoxide-doped porous graphitic carbon
microspheres for supercapacitor application” Scientific
Reports, vol. 3, pp. 2925 (2013).

V. Dhanasekaran, T. Mahalingam, R. Chandramohan, J.
K. Rhee, J.P. Chu, “Electrochemical deposition and
characterization of cupric oxide thin films” Thin Solid
Films, vol. 520, pp. 6608 (2012).

V. C. Lokhande, A. C. Lokhande, C. D. Lokhande, J. H.
Kim, T. Ji, “Supercapacitive composite metal oxide
electrodes formed with carbon, metal oxides and
conducting polymers” Journal of Alloys and Compounds
vol. 682, pp. 381 (2016).

A. D. Jagadale, V. S. Kumbhar, R. N. Bulakhe, C. D.
Lokhande, “Influence of electrodeposition modes on the
supercapacitive performance of Coz O, electrodes”
Energy vol. 64, pp. 234 (2014).

S. J. Patil, J. H. Kim, D. W. Lee, “Graphene-nanosheet
wrapped cobalt sulphide as a binder free hybrid



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

International Journal of Engineering Research and Technology. ISSN 0974-3154 Volume 10, Number 1 (2017)
© International Research Publication House http://www.irphouse.com

electrode for asymmetric solid-state supercapacitor”,
Journal of Power Sources, vol. 342, pp. 652 (2017).

S. Ishizuka, S. Kato, T. Maruyama, K. Akimoto,
“Nitrogen Doping into Cu20 Thin Films Deposited by
Reactive Radio-Frequency Magnetron Sputtering”
Japanese Journal of Applied Physics, vol. 40, pp. 2765
(2001).

M. Cyrot, D. Pavuna, “Introduction to Superconductivity
and High-Tc Materials” World Scientific Publishing Co.
Pvt. Ltd, USA, 1992, p.170, Chapter 7.

M. Sato, M. Ito, H. Harashina, M. Kanada, Y. Yasui, A.
Kobayashi, K. Kakurai, “On the Electronic and
Magnetic Excitation Spectra of High-Tc Cu Oxides in
the Normal and Superconducting States” Journal of
Physical Society of Japan, vol. 70, pp. 1342 (2001).

R. B. Pujari, V. C. Lokhande, V. S. Kumbhar, N. R.
Chodankar, C. D. Lokhande, “Hexagonal microrods
architectured MoO; thin film for supercapacitor
application”, Journal of Materials Science: Materials in
Electronics, vol. 27, pp. 3312 (2016).

D. P. Dubal, G. S. Gund, R. Holze, H. S. Jadhav, C. D.
Lokhande, C. J. Park,  “Surfactant-assisted
morphological tuning of hierarchical CuO thin films for
electrochemical supercapacitors” Dalton Trans. vol. 42,
6459 (2013).

T. Ikenoue, S. Sakamoto and Y. InuiL. “Fabrication and
characteristics of p-type Cu,O thin films by ultrasonic
spray-assisted mist CVD method”, Japanese Journal of
Applied Physics, vol. 53, 05FF06 (2014).

D. P. Dubal, G. S. Gund, C. D. Lokhande, R. Holze,
“CuO cauliflowers for supercapacitor application: Novel
potentiodynamic  deposition”, Materials Research
Bulletin, vol. 48, 923 (2013).

S. K. Shinde, D. P. Dubal, G. S. Ghodake, V. J. Fulari,
“Hierarchical 3D-flower-like CuO nanostructure on
copper foil for supercapacitors”, RSC Advances, vol. 5,
4443 (2015).

M. C. H. McKubre, D. D. Macdonald, “Impedance
Spectroscopy” 129-204 (John Wiley & Sons, Inc.,
2005).

Y. J. Mai, X. L. Wang, J. Y. Xiang, Y. Q. Qiao, D.
Zhang, C. D. Gu, J. P. Tu, “CuO/graphene composite as
anode materials for lithium-ion batteries”,
Electrochimica Acta, vol. 56, pp. 2306 (2011).

S. M. Pawar, J. Kim, A. I. Inamdar, H. Woo, Y. Jo, B.
S. Pawar, S. Cho, H. Kim, H, Im, “Multi-functional
reactivelysputtered copper oxide electrodes for
supercapacitor and electrocatalyst in direct methanol
fuel cell applications”, Scientific Reports, vol. 6, pp. 1
(2016).

A. C. W. Pike, K. R. Acharya, “A structural basis for the
interaction of urea with lysozyme”, Protein Science 3
(1994) 706.

S. Shinde, H. Dhaygude, D. -Y. Kim, G. Ghodake, P.
Bhagwat, P. Dandge, V. Fulari, “Improved synthesis of
copper oxide nanosheets and its application in
development of supercapacitor and antimicrobial
agents” Journal of Industrial and Engineering Chemistry
36 (2016) 116.

567

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

Z. Bo, X. Shuai, S. Mao, H. Yang, J. Qian, J. Chen, J.
Yan, K. Cen, “Green preparation of reduced graphene
oxide for sensing and energy storage applications”,
Scintific Reports, vol. 4, pp. 4684 (2014).

V. D. Patake, S. S. Joshi, C. D. Lokhande, O. -S. Joo,
“Electrodeposited porous and amorphous copper oxide
film for application in supercapacitor”’, Materials
Chemistry and Physics, vol. 114, pp. 6 (2009).

U. M. Patil, K. V. Gurav, V. J. Fulari, C. D. Lokhande,
0. S. Joo, “Characterization of honeycomb-like “B-Ni
(OH),” thin films synthesized by chemical bath
deposition method and their supercapacitor application”,
Journal of Power Sources, vol. 188, pp. 338 (2009).

S. Shi, C. Xu, C. Yang, Y. Chen, J. Liu, F. Kang,
“Flexible asymmetric supercapacitors based on ultrathin
two-dimensional ~ nanosheets  with  outstanding
electrochemical performance and aesthetic property”
Scientific Report, vol. 3, pp. 2598 (2013).

T. P. Gujar, W. Kim, I. Puspitasari, K.D. Jung, O.S. Joo,
“Electrochemically Deposited Nanograin Ruthenium
Oxide as a Pseudocapacitive Electrode” International
Journal of Electrochemical Science, vol. 22, pp. 666
(2007).

K. Prasad, N. Munichandraiah, “Electrochemical Studies
of Polyaniline in a Gel Polymer Electrolyte: High
Energy and High Power Characteristics of a Solid-State
Redox Supercapacitor” Electrochemical and Solid-State
Letters, vol. 5, pp. A271 (2002).

K. Lota, A. Sierczynska, G, Lota, Supercapacitors Based

on Nickel Oxide/Carbon Materials Composites,
International Journal of Electrochemistry, vol. 2011, 1
(2010).

Z.B.Wen, Q. T.Qu, Q. Gao, Z. H. Hu, Y. P. Wu, X. W.
Zheng, Y. F. Liu and X. J. Wang, “An activated carbon
with high capacitance from carbonization of a
resorcinol—formaldehyde resin” Electrochemical
Communications, vol. 11, pp. 715 (2009).

A. G. Pandolfo, A. F. Hollenkamp, “Carbon properties
and their role in supercapacitors” Journal of Power
Sources, vol. 157, pp. 11 (2006).





