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In this study, copper oxide (CuO) thin films were synthesized at different deposition temperatures on fluorine
doped tin oxide coated glass (FTO) substrates by spray pyrolysis for supercapacitor applications. The physical
and electrochemical properties of the as-synthesized CuO samples were characterized via different analytical
techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy, scanning electron (SEM) micros-
copy, surface wettability tests, and electrochemical measurements. The results showed that the deposition tem-
perature affected their structural, morphological, and supercapacitor properties. The higher specific capacitance
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Spray pyrolysis and extensive charge/discharge capability of the nanoparticle-like CuO thin films demonstrated their suitability
CuO thin film as outstanding candidates in electrochemical applications. The evaluated specific capacitance further confirmed

the effect of the deposition temperature on the supercapacitor performance of the CuO electrodes; its values for
the thin films synthesized at 300, 350, and 400 °C were 363, 691, and 487 F g™, respectively, at a scan rate of
5mV s~ ! in a2 M Na,SO, aqueous electrolyte. Hence, this study demonstrates that the surface morphology
and electrochemical supercapacitive properties of materials are dependent on the deposition temperature of

Nanoparticles
Supercapacitor

CuO thin films.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The world is currently demanding for new energy storage/conver-
sion devices that are lightweight, eco-friendly, and inexpensive. Various
types of such devices including capacitors [1], batteries [2], fuel cells
[3,4], solar cells [5], and supercapacitors are available commercially
[6-8]; among them, supercapacitors are better than capacitors and bat-
teries because of properties such as their high energy and power densi-
ties [7-10], fast charging/discharging, and long-term cycling stability
[11,12]. These properties are useful in various applications, including
in portable media players, digital electronics and cameras, medical de-
vices, railways, street lights, and power banks [9-13]. Supercapacitors
can be classified as EDLCs and pseudocapacitors based on their charge
storage mechanism [7, 10-15]. This mechanism is related to non-
faradaic capacitance resulting from the ion transformation in the Helm-
holtz double layer between the electrode and electrolyte in the former
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[11,13-19] and to faradaic reactions involving electrostatic charge stor-
age in the latter [20,21].

Researchers have been investigating various metal oxide materials
such as ruthenium oxide, iron oxide, manganese dioxide, nickel oxide,
and copper oxide as well as conducting polymers for use in
supercapacitors [8-13,20,21]. Among them, ruthenium oxide has exhib-
ited high specific capacitive, high power density, and good stability, but
its commercial distribution is hindered by its higher cost and environ-
mental impact compared to those of other binary metal oxides. Dubal
et al. [22] synthesized CuO via chemical bath deposition (CBD),
reporting three different nanostructures that affected the
supercapacitor performance; they attained a higher specific capacitance
of 346 F g~ ' with microwoolen-like CuO nanosheets at a scan rate of
5mV s~ Sagu et al. [23] deposited CuO thin films as photoactive mate-
rials on FTO-coated glass substrates using electrodeposition, and mea-
sured a highest photocurrent density of 2.1 mA cm™2 in a 1 M NaOH
electrolyte. Shu et al. [24] fabricated CuO thin films on a Cu foam by elec-
trochemical anodization; they observed single-phase copper oxide with
good electrochemical properties and a specific capacitance of around
600 mF cm~2 in a 2 M KOH aqueous electrolyte at a current density of
1 mA cm~2 and excellent cycling stability with around 94% retention
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after 10,000 cycles. Shinde et al. [25] prepared CuO thin films on copper
foils via the SILAR method for supercapacitor and biocompatibility ap-
plications; they reported that the e-beam irradiation affected the per-
formance of the CuO electrodes and that the 20 kGy-irradiated
samples exhibited the maximum specific capacitance in 1 M KOH.

Many researchers are currently testing CuO-based nanomaterials for
electrochemical applications because CuO is cheap, leads to low envi-
ronmental impact, and provides good electrochemical stability and
easy fabrication [26,27]. In addition to the above mentioned SILAR,
physical and chemical CuO deposition techniques include electrodepo-
sition methods [28,29], spin coating [30], thermal oxidation [31], chem-
ical bath deposition [32], hydrothermal deposition [33], sol-gel
processing [34], surface oxidation [35], jet nebulizer spray pyrolysis
(JNSP) [36], electrodeposition [37], the solution method [38], micro-
wave irradiation [39], chemical precipitation [40], and solid-state chem-
ical reactions [41]. Among them, the spray pyrolysis technique (SPT) is
quite attractive for the fabrication of electrodes for different applications
such as in supercapacitors, solar cells, and gas sensors because of the as-
sociated low deposition time, cost, and material loss; ease of electrode
preparation; and large area deposition.

In this report, novel CuO thin films were synthesized using the cost-
effective SPT to obtain uniform and well-adherent films. The effect of
the deposition temperature on the structure, surface morphology, wet-
tability, and electrochemical properties were investigated in detail. In
addition, the electrochemical supercapacitive properties of the fabri-
cated CuO thin films were tested using various electrolytes.

2. Experimental
2.1. Materials

Copper (II) chloride dihydrate (99.0%) and KOH pellets were pur-
chased from S. D. Fine-Chem Ltd. (India) and Thomas Baker (Chemicals)
Pvt. Ltd. (India), respectively. All chemicals were used without further
purification. The FTO-coated glass substrates were prepared using a
homemade SPT system (transparency = 85%, sheet resistance = 10
Qcm2).

2.2. Preparation of CuO thin films

Polycrystalline CuO films were synthesized via SPT [42]. Cupric chlo-
ride (0.4262 g) was dissolved in double-distilled water (50 mL) to ob-
tain the precursor solution that was successively sprayed onto the
preheated bare and FTO-coated glass substrate at various deposition
temperatures ranging between 300 and 450 °C at intervals of 50 °C. Pa-
rameters such as the amount of solution (50 mL), solution concentra-
tion (50 mM), and spray rate (3 mL min~!) were kept constant
during the spray deposition.

2.3. Characterization of CuO thin films

The phase and polycrystalline nature of the synthesized CuO films
were examined via X-ray diffractometry using a Bruker D2 PHASER
table-top powder diffractometer with Cu K, radiation (wavelength =
1.5406 A). The surface morphology was characterized by a JEOL JSM-
6360 microscope [43,44].

24. Electrochemical measurements

The electrochemical performance of the produced CuO thin films
was evaluated through cyclic voltammetry (CV), galvanostatic charge/
discharge tests, and electrochemical impedance (EIS) measurements
using a CHI-660-D workstation. A reference electrode probe and a coun-
ter electrode probe were connected to an Ag/AgCl electrode and a thin
platinum foil, respectively. A working electrode probe was connected
to the CuO/FTO-coated electrode and immersed in a 2 M Na,SO4

electrolyte. EIS measurements were performed between 1 Hz and
100 kHz with an alternating current (AC) amplitude of 10 mV and a
bias potential of 0.4 V.

3. Results and discussions
3.1. Structural study

The phase and crystalline nature of the as-synthesized samples were
determined by XRD. Fig. 1 (a-d) shows the XRD patterns of the CuO thin
films synthesized at different deposition temperatures of 300, 350, 400,
and 450 °C, respectively. The two most intense peaks observed at 35.47°
and 38.52°, corresponding to the planes (002) and (11-1), indicated a
monoclinic phase with cubic crystal structure for all of the samples
[20]; all the peaks could be well matched with those of the Joint Com-
mittee on Powder Diffraction Standard (JCPDS) card number 05-0661
[26]. No other impurity peaks owing to CuO and Cu(OH), were ob-
served [11]. The results revealed parallel XRD patterns for all the sam-
ples with changes only in the peak intensities, whose decrease above
400 °C was probably due to the decomposition of the CuO solution at
such high temperatures. In addition, an increase in the peak intensities
with increasing the deposition temperature from 300 to 350 °C was no-
ticed, while a further increase in the deposition temperature decreased
the peak intensity and broadened the peaks, suggesting a reduced par-
ticle size. Similar trends were observed for the results obtained from the
surface morphology of the samples [45], as described in Section 3.3. The
crystallite (D) values of CuO thin films synthesized at different deposi-
tion temperatures was calculated by using Scherrer's formula for
plane (11-1):

0.9A
- 3 cos6 (1)

where D is the crystallite size and { is the full width at half of its maxi-
mum intensity. The calculated values of the crystallite sizes were 87, 61,
23, and 43 nm for CuO thin films deposited at 300, 350, 400, and 450 °C,
respectively. The decreasing crystallite size must be due to the decom-
position of CuO ions at a higher deposition temperature.

3.2. X-ray photoelectron spectroscopy (XPS) study
XPS analysis was performed to advance examine the chemical state,

valence state of the elements, and chemical composition of the CuO
samples prepared at an optimized deposition temperature of 350 °C.
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Fig. 1. XRD patterns of CuO thin films deposited at (a) 300, (b) 350, (c) 400 and (d) 450 °C
deposition temperatures by spray pyrolysis method.
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Fig. 2a displays the survey spectrum of the CuO thin films deposited by
spray pyrolysis, which confirms the presence of both copper and oxygen
and the formation of pure copper oxides without any impurity. Fig. 2
(b—d) shows the core level spectrum of the constituent copper (Cu
2p), oxygen (O 1s), and carbon (C), respectively. Peaks were detected
at 932.91 and 530.19 eV, which respectively correspond to the binding
energies of copper and oxygen and therefore confirm CuO formation
in the samples. The most intense peaks, at 932.91 and 953.60 eV,
matched the binding energies of Cu 2ps, and Cu 2p; , respectively, as
shown in Fig. 2(b) [46]. Furthermore, one more satellite peak can be ob-
served at 940.84 eV, respectively, and completing assignment of the Cu
2p level [47]. Fig. 2(c) shows the core level spectrum of O 1s; the peak at
530.19 eV suggests the presence of oxygen in the synthesized CuO thin
films [45]. A peak at 284.60 eV corresponding to carbon was also ob-
served (Fig. 2d). Thus, the XPS analysis was in good agreement with
the XRD results.

3.3. Surface morphology study

The surface morphology of the as-prepared CuO films was studied
by SEM. Fig. 3 (a-f) shows the SEM images of the CuO nanostructures
prepared at different deposition temperatures of 300, 350, and 400 °C
under different magnifications. All the CuO thin films were fully covered
with uniform and homogeneous distributions of nanoparticle-like
nanostructures on the FTO-coated glass substrate [11]. Fig. 3 (a,
b) shows the SEM images of CuO thin films prepared at 300 °C deposi-
tion temperature by spray pyrolysis. The substrate was covered with
hexagonal nanorod-like nanostructures. At a higher magnification, we
observed that the surface of CuO films was not fully covered since the
deposition temperature was insufficient for complete decomposition
of CuO. To resolve this issue, we increased the deposition temperature
to 350 °C, at which the CuO thin films showed compact and uniform
growth of nanoparticle-like nanostructures over the substrate: this

suggested that a deposition temperature of 350 °C is suitable for the de-
composition of CuO (Fig. 3 (c, d))[48]. XRD analysis strongly supported
these conclusions drawn on the surface morphology of the CuO thin
films (Fig. 1). These particles were much smaller (~80-100 nm) than
those observed in the case of the other two CuO thin films, indicating
that it provided a greater reactive surface area during the supercapacitor
performance testing [49]. On increasing the deposition temperature
from 350 to 400 °C (Fig. 3(e, f)), the CuO films became uniformly cov-
ered with an interconnected nanoparticle-like network. At a higher
magnification, it can be clearly seen that the size of nanoparticles
(~150-200 nm) increased slightly compared to that of the other CuO
thin films. Finally, based on the SEM results, we concluded that the
CuO deposited at 350 °C exhibited the uniform distribution of particles
as well as more compact and uniform particle sizes (~80-100 nm).
This led to better results than what was achieved by the other two sam-
ples. Since the smaller particles provided a greater reactive surface area,
fast reaction between CuO and electrolyte, and fast charging/
discharging [48, 49].

3.4. Wettability study

Characterizing the surface wettability is very useful to identify the
relationship between liquid electrolytes and working electrodes: a
high wettability indicates a low contact angle between the working
electrode and vice versa [50]. In this study, we performed contact
angle measurements to decide the effect of the deposition temperature
on the CuO thin films and their quality in terms of supercapacitor appli-
cations. The results, shown in Fig. 4, confirmed the influence of the tem-
perature on the surface wettability of the films, since the calculated
contact angle increased from 64° to 76° on increasing the deposition
temperature from 300 to 350 °C. However, on further increase of the de-
position temperature to 400 °C, the contact angle increased again from
76° to 87°, which may be due to significant changes occurring in the
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Fig. 2. (a) Survey spectrum, (b) high-resolution spectrum of Cu 2p level, (c) high-resolution spectrum of O1s level, and (d) high-resolution spectrum of C1s level for the thin film deposited

at 350 °C temperature by spray pyrolysis.
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Fig. 3. SEM images of CuO thin films deposited at (a, b) 300 °C, (c, d) 350 °C, and (e, f) 400 °C deposition temperatures with different magnifications.

nanoparticles size, as demonstrated by SEM investigation. The increase
in the contact angle was thus related to the decomposition of CuO par-
ticles at a higher deposition temperature. These results suggest a
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Fig. 4. Surface wettability of CuO thin films deposited at different deposition temperatures
from 300, 350 and 400 °C, respectively.

hydrophilic nature of the surface of the as-prepared CuO films, which
is very beneficial in ion transformation during contact between an aque-
ous electrolyte and CuO functioning as the working electrode. Hence,
based on the surface wettability results, the synthesized CuO samples
can be considered suitable for offering appropriate electrolyte/electrode
interface and electrochemical results [50].

3.5. Electrochemical supercapacitive properties

The supercapacitive properties of the spray-deposited CuO elec-
trodes were studied by CV and galvanostatic charge/discharge (GCD)
analysis using a three-electrode system in a 2 M Na,SO4 electrolyte.
Fig. 5(a-c) shows the CV curves of the CuO electrodes prepared at differ-
ent deposition temperatures of 300, 350, and 400 °C, respectively,
which obtained at scan rates of 5-100 mV s~ in the potential window
of 0.0-0.45 V. The voltammograms revealed a similar nature for all sam-
ples, with the only difference noted in the current density, which was
18.9, 44.2, and 29.5 mA-cm ™2 for the samples deposited at 300, 350,
and 400 °C, respectively. These results suggest that the electrode pre-
pared at 350 °C was much larger than the other two, and therefore
showed a significant increase in the specific capacitance [50-52]. Strong
anodic and cathodic peaks were observed at 0.35 and 0.45 V, respec-
tively, which may be due to the faradaic redox reactions between Cu
(I) and Cu (II) [51-53]. All voltammograms clearly indicate that the
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Fig. 5. (a—c) Cyclic voltammetry (CV) curves of CuO thin films deposited at 300, 350, and 400 °C at various scan rates of 5-100 mV s~ in 2 M Na,SOy, respectively. (d) Variation in specific

capacitance with the scan rate for CuO thin films deposited at various temperatures.

CuO samples were pseudocapacitor-type electrode materials [53-55].
Fig. 5(d) shows the specific capacitance of the CuO electrodes deposited
at different temperatures investigated under various scan rates of
5-100 mV s~ in a 2 M Na,SO,4 aqueous electrolyte. The maximum spe-
cific capacitance obtained was for the CuO electrodes deposited at 350
°C, because of the smaller nanoparticle size and greater active surface
area involved compared to those of the other electrodes. The values of
specific capacitance were 363, 691, and 487 F g~ ! for the samples de-
posited at 300, 350, and 400 °C, respectively, at 5 mV s 'ina2 M
Na,S0,4 electrolyte. The CuO samples showed higher specific capaci-
tance than those previously reported, shown by a comparison in
Table 1. Based on the CV results, we concluded that the material we in-
vestigated is useful for ion exchange processes as it exhibits high rate
stability and superior mass transport.

To understand the supercapacitive properties of the synthesized
CuO electrodes in further detail, we performed GCD testing at different

Table 1
Comparison study of electrochemical performance of CuO thin films.

current densities in a 2 M Na,SO4 electrolytes. Fig. 6 (a—c) shows the
GCD test results for the CuO electrodes at different current densities be-
tween 0.5 and 6 mA cm ™2 in a 2 M Na,S0, electrolyte that had been
synthesized at different deposition temperatures of 300, 350, and 400
°C, respectively. The specific capacitance was calculated using the fol-
lowing equation [53].

71d><Af
T mx AV

where C, I, At, m and AV are the specific capacitance, discharge current,
discharge time, potential and mass of the CuO electrodes, respectively.
At a current density of 0.5 mA cm ™2, the calculated C values were 247,
496, and 306 F g~ ! for the CuO electrodes deposited at temperatures
300, 350, and 400 °C, respectively (Fig. 6(d)), demonstrating the superi-
ority of the CuO electrodes prepared at 350 °C, likely owing to its porous

Method Specific capacitance (Fg™!) Electrolytes Scan rates (mV s~ ')/current density (mA cm™?2) References
Chemical bath deposition 411Fg™! 1 M Na,S0, 5mVs! [16]
In situ oxidation reaction 594.27Fg™! 6 M KOH 2mA cm—? [17]
Polyol reduction method 1732Fg~! 2 M KOH 5mVs! [19]
Solvothermal calcination 677Fg! 3 M KOH 1Ag! [20]
In situ method 600 mF cm ™2 2 M KOH 1 mA cm 2 [24]
SILAR 511Fg! 1 MKOH 10mvs! [25]
Hydrothermal method 80Fg! 1 M NaySO4 10mVs! [33]
Electrodeposition 601 Fg! 6 M KOH 2Ag™! [37]
Solid-state chemical reaction 308Fg! 1 MKCl 4mAcm—? [41]
Template-free growth 569 Fg ! 6 mM KOH 5mAcm 2 [53]
Solution combustion 185Fg~! 1 M NaySO4 5mVs! [58]
Spray pyrolysis 691Fg! 2 M Na,S0,4 5mVs! Current study
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Fig. 6. (a-c) Galvanostatic charge/discharge curves of CuO thin films deposited at 300, 350, and 400 °C deposition temperatures with various current densities from 0.5 to 6 mA cm 2,
potential window 0 to 0.45 V, respectively, (d) variation of specific capacitance with respect to current densities from 0.5 to 6 mA cm™
temperatures, (e) cycling stability of CuO thin films with respect to number cycles at 100 mV s~

from 300 to 400 °C by spray pyrolysis method, and inset shows the equivalent circuit.

nanostructure; in particular, the higher specific capacitance of the CuO
thin films may be attributed to the nanoparticle size that provided a
larger active surface and greater stability during the electrochemical re-
action [51-53]. The specific capacitance decreased with increasing cur-
rent density, perhaps owing to the absence of the Faradic redox reaction
as well as because of the size of nanostructures and porosity and resis-
tance of the CuO electrode: the current densities for the electrode pre-
pared as 350 °C were 496, 478, 463, 438, 384, 293, and 278 F g™!
under currents of 0.5, 1, 2, 3, 4, 5, and 6 mA cm ™2, respectively. The C
values were higher than those previously reported [28-33,56,57]. For
example, Gholivand et al. [58] achieved a specific capacitance of
76 Fg~1at 100 mV s~ ' in a 2 M Na,S0, electrolyte and Dubal et al.
[59], who fabricated CuO electrodes using CBD for supercapacitor

Z'(Q)

in
2 of CuO films deposited at various deposition
1 scan rate, (f) Nyquist plots of CuO films deposited at various deposition temperatures

applications, observed cauliflower-like structures exhibiting a current
density of 2 mA cm ™ for a specific capacitance of 162 Fg~'. To confirm
the long-term cycling stability of the as-synthesized CuO thin films, we
performed cycling tests for 1000 cycles at 100 mV s~ ! in a 2 M Na,SO4
electrolyte. Fig. 6e shows the specific capacitance of the CuO thin films
prepared at different deposition temperatures with the respective num-
ber of cycles at a scan rate of 100 mV s~ . Fig. 6e clearly shows that the
specific capacitance decreased in the first 200 cycles, beyond which it
remained almost constant for up to 1000 cycles, indicating that these
CuO electrodes show good long-term electrochemical stability. These
results could be due to the surface morphology and the low resistance
and stability of the CuO thin films deposited by the spray pyrolysis
method.
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Table 2

EIS parameters of CuO thin films prepared at different deposition temperatures.
Parameters/thin films Cu0-300 °C Cu0-350 °C Cu0-400 °C
Rs 30 6.94 27.45
Ret 1.763E5 4.703E4 5.178E6
w 6.459E—8 4.661E—6 1.548E—5

3.6. EIS measurements

To gain further details on the electrical conductivity of the as-
synthesized CuO electrodes, we performed EIS measurements. Fig. 6f
shows the Nyquist plots and the inset shows the corresponding equiva-
lent circuit. The supercapacitor-like nature of the CuO thin films can be
seen in Fig. 6f. The solution resistance (R), charge transfer resistance
(Rct), and Warburg (W) impedance was estimated to understand the re-
lationship between the Na,S0O, electrolyte and the as-synthesized CuO
electrodes. As depicted in Table 2, no significant difference was noted
in terms of R.; among these three CuO samples, while their Rg values dif-
fered significantly [60], which may be due to the porous nanoparticle-
like nanostructures that provided a larger surface area during the elec-
trochemical testing. The Ry values were 30, 6.94, and 27.45 Q) for sam-
ples deposited at 300, 350, and 400 °C, respectively. Hence, the
electrode prepared at 350 °C exhibited the lowest Ry value, indicating
its superiority in ion exchange/ion transformation at the electrode/elec-
trolyte interface [61-63].

4. Conclusions

We conducted a comparative study of CuO-based electrodes fabri-
cated at different deposition temperatures via spray pyrolysis, which is
an easy, low-cost, and eco-friendly technique, on FTO-coated glass sub-
strates for supercapacitor applications. The effects of the spray deposi-
tion temperature on the supercapacitor performance were studied in
detail based on cyclic voltammetry, specific capacity, charge/discharge,
and EIS measurements. The sample deposited at 350 °C exhibited out-
standing electrochemical performance, which was better than that
shown by the samples prepared at 300 and 400 °C: it exhibited an excel-
lent specific capacitance of 691 Fg~! at 5 mV . The significant improve-
ment observed in the supercapacitor properties was attributed to the
nanoparticle size and polycrystalline structure of the CuO thin films,
which provided easy ion transport and electron exchange during the re-
action. The obtained results demonstrate that CuO thin films can be suit-
able candidates as electrode materials for supercapacitor applications.
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