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Abstract We prepared copper oxide thin films as electrode of
supercapacitors. Films of Cu–O were grown by rf-magnetron
sputtering on stainless steel substrates maintained at 350 °C
under different O2/Ar ratios by keeping the sputtering pressure
at ~1 Pa and rf-power at 220 W. The changes in the phase of
copper oxide thin films from metallic copper to Cu2O, Cu2O
to Cu4O3 and then to CuO were observed by varying O2/Ar
ratio from 1:25 to 1:1. Electrochemical impedance spectros-
copy studies show a low charge transfer resistance of 0.3
Ω cm−2 for copper oxide thin films prepared at 1:11 O2/Ar.
The cyclic voltammetric studies exhibited a high rate ratio
pseudocapacitance of 357 mF cm−2 at 0.5 mV s−1 for these
copper oxide thin films with very good cycling capacitance
even after 1000 cycles.
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Introduction

Nanoparticulate metal oxide semiconductors have been stud-
ied intensely because of their interesting properties and wide-

spread applications in heterogeneous catalysis [1], gas sensors
[2, 3], Resistive Random Access Memory devices [4], mag-
netic storage media [5], Li-ion electrode materials [6], field
emission devices [7, 8], high-temperature superconductors
[9], solar cells [10] and so forth. In particular, the two main
copper oxide phases which are cuprous oxide or cuprite
(Cu2O) and cupric oxide or tenorite (CuO), with band gap in
the range of 1.3–2.6 eV [11], are considered to be the most
important semiconductors for technological applications.
Copper oxides are also important as test materials for several
fundamental physical phenomena such as Bose-Einstein con-
densation of excitons [12]. Cu2O crystallizes in simple cubic
structure with space group Pn3m and shows p-type conduc-
tivity that is attributed to the formation of Cu vacancies. On
the other hand, CuO, which crystallizes in monoclinic struc-
ture with space group C2/c, is also a p-type semiconductor.
However, a third compound is also reported in Cu–O binary
system called paramelaconite (Cu4O3) with space group I41/
amd, which have potential applications in the catalysis [13].

Due to its low cost, high chemical stability, non-toxic,
abundant resources and high theoretical capacitance, copper
oxide has been attracted as a promising electrode material for
pseudocapacitors. Zhang et al. [14] prepared CuO with
flower-like nanostructures via simple chemical deposition
which displayed a specific capacitance of 133.6 F g−1 in
KOH electrolyte. Endut et al. [15] synthesized vertical
nanoflakes of copper oxide electrodes using chemical bath
oxidation technique which show a specific capacity of
190 F g−1 in 1.0 mol L−1 KOH electrolyte at 2 mA cm−2

current density. Wang et al. [16] prepared CuO nanosheet
arrays using template-free growth method which exhibited a
specific capacitance of 569 F g−1, with columbic efficiency
higher than 93 %. Yu et al. [17] using wet-chemical process
prepared 3-D porous gear-like CuO nanostructure on a Cu
substrate, with specific capacitance as high as 348 F g−1 at a
discharge current density of 1 A g−1, which corresponds to the
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energy density of 43.5 Wh kg−1. Dubal et al. [18] reported
different morphological structures of copper oxide (CuO) thin
films synthesized using a surfactant-assisted chemical bath
deposition method by addition of organic surfactants which
exhibits a maximum specific capacitance of 411 F g−1 at
5 mV s−1.

A variety of deposition techniques such as thermal evapo-
ration, electrodeposition, spray pyrolysis, chemical vapour de-
position, pulsed laser deposition , molecular beam epitaxy,
plasma deposition and dc- and rf-magnetron sputtering have
been employed for the growth of copper oxide thin films.
Among these thin film deposition methods, rf-magnetron
sputtering is one of the industrially practiced techniques for
the preparation of uniform films on large area substrates with
required chemical composition [19]. Pierson et al. [14] pre-
pared various phases of copper oxide thin films by using rf-
magnetron sputtering. Pham et al. [20] reported reactively
sputtered p-type copper oxide thin films with high resistivity
using Cu2O target by varying Ar partial pressure from 0.5 to
4.0 Pa. Li et al. [21] showed single Cu2O phase by maintaining
oxygen flow rate in between 3.8 and 4.4 cm3 min−1 and Ar
flow rate as 40 cm3 min−1 keeping rf-power at 100 W and
substrate temperature at 300 °C. However, the possibility of
using copper oxide films as an electrode for supercapacitor
mainly depends upon the microstructure and the oxidation
state, which in turn critically depends upon the deposition pa-
rameters, especially oxygen to argon ratio during sputtering.

In this work, we report the growth of copper-oxide thin
films using rf-sputtering technique by varying the O2–Ar mix-
ture in the deposition chamber. The microstructure and surface
morphology are studied as a function of the deposition param-
eters using X-ray diffraction (XRD), Raman spectroscopy
(RS) and atomic force microscopy (AFM). The
supercapacitive properties of these Cu–O thin films are exam-
ined upon 1000 cycles for different O2/Ar ratios. We found
that over a wide range of gas mixture, the composition, phase,
texture and surface morphology of films strongly affect their
electrochemical performance as supercapacitors (SCs). Note
that the use of Cu–O electrodes and aqueous neutral electro-
lyte, i.e. phosphate-buffered saline (PBS), meets the require-
ment of Bgreen supercapacitor^ devices.

Experimental

Thin films of copper oxide were prepared from a 3″ circular
copper target of 99.99 % purity on well-cleaned stainless steel
substrates using rf-magnetron sputtering technique. The
chamber was evacuated to a base pressure of 0.5 mPa using
turbo molecular pump backed by a rotary pump. To remove
the native oxide layers, the target was presputtered for 10 min
by introducing argon gas into the chamber. Keeping rf-power
at 220 W and substrate temperature at 350 °C, the sputtering

was carried out by admitting the oxygen and argon into the
chamber through flow controllers having 0.1-sccm accuracy.
During the depositions, the sputtering pressure was main-
tained constant at 0.94 Pa. The source to substrate distance
was maintained constant at 8.0 cm. Typical deposition was
carried out for 10-min duration by varying the O2/Ar ratio,
R, in the range 1:1 to 1:25.

The deposited copper oxide thin films were characterized
by studying their microstructural and electrochemical proper-
ties. The structural properties were studied by Seifert X-ray
diffractometer, (model 3003 TT) using CuKα1 radiation (λ=
0.15406 nm) source filtered by Ni thin film. The scan is car-
ried out in Bragg-Brentano geometry at 0.03° s−1 in the 2θ
range 20°–50°. The chemical composition of thin films was
studied using EDAX oxford system initiated with Carl Zeiss,
EVO MA 15. The local structure of Cu–O films was deter-
mined by Raman scattering (RS) spectroscopy using Labram-
HR 800 confocal apparatus with He–Ne 632 nm as exiting
wavelength. The surface morphology of thin films was stud-
ied using an atomic force microscope (AFM) model NT-MDT
Solver Next. Electrochemical experiments were performed on
a CHI 600C electrochemical workstation using three-
electrode system with platinum as reference electrode with
phosphate-buffered solution (PBS from Life Technologies)
solution of pH 7.0 as electrolyte.

Results and discussion

Structure and morphology

Figure 1 shows the reliance of the deposition rate on the ox-
ygen partial pressure during the rf-magnetron sputter

Fig. 1 Deposition rate as a function of the O2/Ar ratio for Cu–O films
grown by rf-sputtering technique

2320 Ionics (2015) 21:2319–2328



deposition of copper oxide thin films. It is observed that as R
varied from 1:25 to 1:1, the deposition rate decreased from 0.7
to 0.1 nm s−1. This may be ascribed to the fact that, when a
metal target is exposed to discharge in a rare gas with some
fraction of oxygen gas, the performance of reactive sputtering
is impeded due to oxidation of metal target (poisoning). The
target poisoning increases with the increase of R from 1:25 to
1:1, which results in significant reduction of sputter yield and,
thus, reduced deposition rate. The thickness of the oxide layer
developed on the copper target surface increases with the in-
crease of oxygen partial pressure, which led to the decrease of
the sputtering yield.

The XRD patterns of the as-deposited copper oxide thin
films prepared from the Cu target at various O to Ar ratios
are shown in Fig. 2. The copper oxide thin films prepared at
1:25≤R≤1:14 exhibit a reflection at 43.31°, which corre-
sponds to (111) orientation of FCC copper (JCPDS card no:
89-2838) which indicates copper metallic nature. For R=1:12,
a weak diffraction peak was observed at 36.44° corresponding
to the (111) (JCPDS card no: 78-2076) plane of cubic Cu2O.
The low intensity of the diffraction peak can be attributed to
the non-stoichiometry of the Cu-rich Cu2O film. For R=1:11,
along with diffraction peak of Cu2O (111) orientation, an ad-
ditional reflection at 42.32° was observed which corresponds

to Cu2O (200) plane. Up on increasing R from 1:7 to 1:5, the
XRD pattern shows a strong reflection at 35.55°, which cor-

responds to the (111) (JCPDS card no: 89-5897) reflection of
monoclinic CuO phase. The crystallite size of the prepared
copper oxide thin films as estimated from the Scherrer equa-
tion is given in Table 1. We observed that the grain size does
not vary much with increasing R from 1:25 to 1:5. For the
CuxO thin films prepared under R=1:3 and 1:1, the peak cor-

responding to (111) reflection of CuO disappears indicating
the amorphous nature of the copper oxide films. As suggested
by the Wang et al. [22], it is hard to determine the presence of
Cu4O3 phase directly from XRD, as all the three phases show
diffraction peaks close to 2θ=36°.

Raman scattering (RS) spectroscopy was performed to re-
solve the various phases Cu2O, Cu4O3 and CuO present in
copper oxide thin films, as the Raman active modes of these
copper oxides have significant difference. Cu2O has the cu-
prite structure with space group Oh

4 with two formula units
per unit cell. The usual symmetry considerations predict 18
zone-centre phonon modes with symmetries F2u+Eu+3F1u+
A2u+F2g, of which only F2g mode is Raman active (gerade
mode) [22–24], while copper(II) oxide belongs to the C6

2h

space group with two molecules per primitive cell. There are
nine zone-center optical phonon modes with symmetries
4Au+5Bu+Ag+2Bg, of which only three Ag+2Bg modes are
Raman active [25, 26]. The paramelaconite structure group
theory predicts 42 vibrational modes with symmetries 3Eg+
A1g+2B1g+9Eu+6A1u+5B2u+2B1u+2A1u, of which nine
3Eg+A1g+2B1g modes are Raman active [22, 25]. Figure 3
shows the RS spectra of the rf-sputtered copper oxide films
prepared under R=1:14 to 1:10. One observes the character-
istic phonon frequencies of the Cu2O with additional vibra-
tional modes apart from the characteristic Raman mode at
515 cm−1 deduced from the group theory. This may be due
to intrinsic violation mechanism of selection rules, or the
Raman scattering could be allowed through defects. The

Fig. 2 XRD patterns of copper oxide thin films deposited at different O2/
Ar ratios in the range 1:23 to 1:3

Table 1 Grain size, roughness and electrical resistivity of CuxO thin
films prepared by rf-sputtering technique at different O2/Ar ratios

O2/Ar Crystallite
size (nm)

Grain size
(nm)

Roughness
(nm)

Resistivity
(Ω cm)

1:3 – 20 16.2 (4) 15.12

1:5 6 35 52.6 (3) 1.73

1:7 12 52 54.1 (1) 0.68

1:9 13 54 98.1 (6) 8.1×10−2

1:11 15 63 113.5 (8) 4.1×10−2

1:12 12 46 73.6 (4) 1.1×10−3

1:14 16 42 61.5 (2) 1.5×10−3

1:23 15 53 52.6 (3) 6.8×10−4

Crystallite size was determined from XRD data by the Scherrer formula,
while grain size was estimated from AFM measurements
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strong peak at 218 cm−1 originated from the second-order
Raman-allowed mode of the Cu2O. The peak at 109 cm−1 is
assigned to the inactive Raman mode. The peak at 148 cm−1

may be attributed to Raman scattering from phonons of sym-
metry F1u. In addition, the weak peak located at 308 cm−1

corresponds to the second-order overtone mode of A2u sym-
metry. The peak at 612 cm−1 is attributed to the infrared-
allowed mode [23]. The Raman spectrum of thin films pre-
pared under R=1:7 to 1:3 shows the characteristic peaks of
CuO at 298, 330 and 602 cm−1 [26]. The strong peak at
298 cm−1 originated from the Ag Raman-allowed mode of
the CuO crystals; the weak peak at 330 cm−1 is attributed to
the Bg

1, and 602 cm−1 corresponds to the Bg
2 mode that is a

Cu–O stretching mode. The RS spectrum of copper oxide thin
films deposited at R=1:23 does not show any peaks
confirming their metallic nature. Apart from the characteristic
peaks of Cu2O, the RS spectra of copper oxide films prepared
at R=1:9 exhibit a most intense peak at 533 cm−1 and a weak
peak at 312 cm−1, which corresponds to A1g and Eg modes of
Cu4O3 phase, respectively. This indicates that the films pre-
pared under this ratio grow preferably with the Cu4O3 phase.
The peaks corresponding to Cu2O may be due to oxidization
of the unstable Cu4O3 phase [22]. Thus, from RS and XRD
results, it is confirmed that by varying R from 1:25 to 1:1, the
phase of the copper oxide films changes from metallic copper

to Cu2O, Cu2O to Cu4O3 and then to CuO. Note that the
amount of oxygen available in the sputter atmosphere is the
main parameter to control the structure and the composition of
rf-sputtered Cu–O thin films.

The surface topography of Cu–O thin films deposited at
differentR values is shown in Fig. 4. The AFM results indicate
that the films have grain size in 20–70-nm range. The rough-
ness and grain size of the Cu–O films as a function of R are
given in Table 1. It is observed that the roughness of the thin
films increases with increase in R from 1:23 to 1:11 with a
maximum value of 113 nm and, then, a further increase in R
results to smaller roughness of the films. At R=1:11, the
grains reach a critical dimension of 65 nm with high surface
roughness and large specific surface area. As an experimental
result, the electrical resistivity of Cu–O films increased from
6.8×10−4 to 15Ω cm asR varies from 1:23 to 1:3 as shown in
Fig. 5. Due to the availability of highly mobile electrons in the
metallic Cu, the films deposited under oxygen-poor condi-
tions acquire lower electrical resistivity. As the R increases
from 1:25 to 1:11, the film gradually converts from metallic
to semiconductor, which, in general, has high resistivity than
observed in metallic bonding. Cu2O is generally a p-type
semiconductor. The p-type conduction in Cu2O arises due to
the formation of acceptor levels due to copper vacancy created
in VB and is responsible for the p-type conductivity in Cu2O
[27]. In majority of metal oxide semiconductors, the states on
the top of valance band are composed of O 2p states, leading
to p-type conduction. These states are localized, which results
in less mobility associated with poor p-type conduction. In
case of Cu2O, the states on the top of VB are dominated by
completely filled 3d10 states which are not localized, i.e. more
mobile when converted to holes. The electrical conductivity
and hole density of p-type Cu2O films vary with copper va-
cancy density, which act as shallow acceptors. With further
increase ofR from 1:9 to 1:3, both the XRD and Raman results
indicated the formation of CuO. This led to decrease of hole
density in the films and, eventually, the observed increase of
the electrical resistivity of the CuO thin films. In conclusion,
our results of XRD, Raman, AFM and resistivity measure-
ments clearly show that the physical properties of the rf-
magnetron-sputtered Cu–O films are highly influenced by
the oxygen partial pressure that monitors the stoichiometry
of these films.

Electrochemical analysis

The pseudocapacitance of rf-sputtered Cu–O films was inves-
tigated using cyclic voltammetry (CV) in a PBS aqueous so-
lution with a three-electrode electrochemical cell. Figure 6
shows the cyclic voltammograms (CVs) of Cu–O thin films
prepared at various R recorded in a potential window of 0 to
−1 V with respect to platinum reference electrode at different
scanning rates ranging from 1 to 10 mV s−1. The CV results

Fig. 3 Raman scattering spectra of copper oxide thin films deposited at
different O2/Ar ratios. As R increases, four phases are detected: metallic
Cu, cuprite (Cu2O), paramelaconite (Cu4O3) and tenorite (CuO)
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show that Faradic charge transfer processes occurred for the
Cu–O films indicating a pseudocapacitance effect. Obviously,
the CV is strongly dependent on the deposition conditions, i.e.
composition of gas mixture and deposition rate. As pointed
out by Dubal et al. [28], the shape and redox peak positions of
CVs are affected by the nanostructure design of electrodes.
The various curve shapes in Fig. 6 demonstrate the electro-
chemical response of Cu–O thin films deposited at various O2/
Ar gas ratios. The CVs of films prepared in the range 1:3≤R≤
1:7 exhibit only one anodic peak at −0.65 Vand cathodic peak
at −0.35 V corresponding to the formation of nonconductive,
insoluble species Cu(OH)2. The redox reaction towards the
formation of Cu(OH)2 is given by the following reaction
[28–31]:

CuOþ H2O↔2Cu OHð Þ2: ð1Þ

The Cu–O thin films prepared under 1:9 to 1:14 O2/Ar
ratios show two distinct anodic peaks at −0.3 and −0.65 V
and two cathodic peaks at −0.15 and −0.3 V correspond-
ing to the Cu(I)/Cu(II) redox couple and formation of
Cu(OH)2. In literature, this process has been described as
follows [29–32]:

Cu2Oþ 2OH‐↔2CuOþ H2Oþ 2e‐: ð2Þ

It is observed that the peak current corresponding to the
Cu(I)/Cu(II) redox couple increases with the scan rate. For
copper oxide thin films at R=1:12 apart from these peaks,
there exists another cathodic peak at −0.75 V which corre-
sponds to the reduction of CuO to Cu(III) species.
According to Paixao et al. [32], for the formation of Cu(III)

Fig. 4 Typical AFM images of copper oxide thin films deposited by rf-sputtering technique at different R=O2/Ar ratios in the range 1:14 to 1:5. It is
observed that the roughness of films is strongly dependent on R: smaller roughness is obtained for higher R values
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species, CuO was considered to be the precursor and was
formed by two possible path ways:

CuO þ OH−→ CuO2
− þ H2O þ e−; ð3Þ

2CuO þ 2OH−→ Cu2O3 þ H2O þ e−: ð4Þ

It is observed that the peak potentials vary with the thick-
ness as well as the phase formation. As R is increased from 1:9
to 1:12, the thickness of the Cu–O films decreases and the
corresponding anodic and cathodic peaks of the Cu(I)/Cu(II)
redox couple shift towards lower voltages which is in good
agreement with [31]. This is due to the fact that as R is in-
creased, the ratio of Cu/O decreases and the conductivity of
the oxide layer on surface of electrode changes. It is also
observed that the Cu–O films prepared at R=1:9 does not
show any observable shift in redox peaks from that of Cu2O.
This indicates the difficulty in determining the Cu4O3 phase
using electrochemical technique. For R=1:23 and 1:14, i.e.
copper-rich thin films, a set of two peaks appears at ca.
−0.2 V which corresponds to Cu(0)/Cu(II) redox couple [29]
governed by the reaction:

Cu þ 2OH−→ CuO þ H2O þ 2e−: ð5Þ

Galvanostatic charge-discharge profile of the Cu–O films
carried out at current density of 0.5 mA cm−2 in PBS solution
(pH of 7.0) is shown in Fig. 7. The specific capacitance of the

prepared copper oxide thin films was calculated using the
formula [15]:

Cs ¼ I

ΔV
.
Δt

� �
w
; ð6Þ

where Cs is the specific capacitance (F cm−2), I is the current
(A), ΔV is the potential drop during discharge (V), Δt is the
total discharge time (s), and w is the active area of the material
(cm2). The calculated specific capacitance values of rf-
sputtered Cu–O film electrodes prepared at R=1:23, 1:14,
1:12 and 1:11 at a current density of 0.5 mA cm−2 are 220,
237, 240 and 357 mF cm−2, respectively. For the electrodes
prepared at R=1:9, 1:7 and 1:5, we found Cs=325, 147 and
103 mF cm−2, respectively. The performance of Cu–O film
electrodes in the present study is observed to be more superior
than that reported for CuO films deposited by chemical bath
deposition technique [33] and also for other metal oxide thin
films viz. Fe3O4 [34] and Mn3O4 [35].

A sharp voltage drop is observed at the beginning of the
charge and discharge profiles which is equivalent to the series
resistance of the electrochemical capacitor cell. It is clear from
charge curves that most of the capacitance is generated in the
potential range of −0.4 to +0.5 V, corresponding to the oxida-
tion reaction of Cu(I) to Cu(II). The discharge curves of Cu–O
thin films prepared in the range of 1:23≤R≤1:11 show two
plateaus (Fig. 7) corresponding to the reduction of CuO and
Cu(OH)2 to Cu(I), which accounts for specific capacitance of
the electrodes. The films prepared at 1:7 and 1:5 O2/Ar ratios
exhibit a large IR drop which is due to the large electrical
resistance offered by the CuO matrix and due to the formation
of less conductive Cu(OH)2 on the surface of the film. The
Cu–O thin films prepared under 1:23≤R≤1:12, except the
films prepared at R=1:11, show that a maximum peak current
corresponds to the formation of CuO and Cu(OH)2. This pro-
cess is governed by Eqs. (1) and (5), which leads to less spe-
cific capacitance values. It is observed from CV measure-
ments of the films prepared at R=1:11 that Cu(I)/Cu(II) redox
reaction is the most favourable process resulting in superior
specific capacity.

Electrochemical impedance spectroscopy (EIS) studies
were carried out in PBS solution. The Nyquist plots of Cu–
O electrodes are shown in Fig. 8. The Nyquist plot for the
electrodes prepared at R=1:3 and 1:5 shows a larger semicir-
cle at higher frequencies indicating a high charge transfer re-
sistance of the electrode. The semicircles are observed to be
decreased at higher frequencies as R decreased from 1:7 to
1:23 during deposition, indicating a decrease in charge trans-
fer resistance. A very low value of 0.3Ω cm−2 charge transfer
resistancewas observed for the electrodes prepared atR=1:11.
It is also observed that all the electrodes, except the copper

Fig. 5 Electrical resistivity of Cu–O films as a function of the O2/Ar
ratio. The Cu–O phases are marked in the range of oxygen partial
pressure during rf-sputtering deposition
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Fig. 6 Cyclic voltammograms for Cu–O thin films deposited at different O2/Ar ratios, R, at increasing scan rates from 1 mV s−1 (green curves) to
10 mV s−1 (red curves)
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oxide electrodes prepared at R=1:11, exhibit a nonlinear
branch at low-frequency region, which indicates a larger dif-
fusion resistance. However, the electrodes prepared at R=1:11
exhibit nearly a linear branch indicating the lower diffusion
resistance that may be due to high surface roughness, the low
resistivity and the presence of Cu2O phase in the films. The
EIS measurements clearly indicate that these films provide
very low impedance and, therefore, easy redox reaction
process.

Figure 9 shows the charge-discharge profiles of copper
oxide thin films prepared at R=1:11 as a function of current
density. For 0.5–10 mA cm−2, values of the specific capaci-
tance are estimated to be 357, 262, 182, 118 and 65 mF cm−2,
respectively, which are comparable to the value reported by
Endut et al. [15]. The substantial capacitance decrease
resulting from the increase of discharge current density is like-
ly caused by less utilization of the active electrode material for
faradic redox reaction and large IR drop due to electrode re-
sistance at high discharge current densities [16]. Figure 10
shows the cycling stability of Cu–O films prepared under
various O2/Ar ratios at 0.5 mA cm−2 current density. The
specific capacitance decreases by a large value in early cycles
due to the loss of active material caused by dissolution in the
electrolyte and irreversible electrode reaction during the early
cycles. After 200 cycles, all the thin films prepared under
1:14≤R≤1:9 show good cyclability even after 1000 cycles.
The films prepared under 1:7≤R≤1:5 show less cycling sta-
bility and exhibit lowest specific capacity values
(<100 mF cm−2) after 500 cycles. The thin films prepared
under R=1:9 show a large capacitive decay which may be
due to conversion of Cu4O3 to CuO, which offers higher elec-
trode resistance to faradic process. In particular, the films pre-
pared under R=1:11 exhibit high specific capacitance and
long-term stability due to open nanostructured electrode ma-
terial with big grain size (65 nm) and surface roughness
<100 nm that strongly enhance the reversible redox reaction
process. The initial specific capacitance of 357 mF cm−2 de-
creased to 211 mF cm−2 after 200 cycles and retains 90 % of
capacitance even after 1000 cycles. In summary, the charac-
teristics of high specific capacitance, good rate capability and
high cycling stability of mesoporous Cu2O thin films make

Fig. 7 Galvanostatic charge and discharge profiles of copper oxide thin
films deposited at different O2/Ar ratios at 0.5 mA cm−2 current density. A
platinum wire was used as reference electrode and a phosphate-buffered
saline (PBS) solution of pH 7 as electrolyte

Fig. 8 Nyquist plots of copper oxide electrodes prepared at different O2/
Ar ratios in phosphate-buffered solution

Fig. 9 Galvanostatic charge and discharge profiles of copper oxide thin
films deposited at 1:11 O2/Ar ratio at different current densities

2326 Ionics (2015) 21:2319–2328



them as attractive electrodes for high-performance electro-
chemical SCs.

Conclusion

In this work, the copper oxide thin films were deposited on
stainless steel substrates using rf-magnetron sputtering tech-
nique and we studied the influence of O2/Ar, R, during depo-
sition on microstructural and capacitive properties. Structural
properties, i.e. Raman and XRD analyses, show that by vary-
ing R from 1:25 to 1:1, the phase of the films changes into
several phases from metallic copper to Cu2O, Cu2O to Cu4O3

and then to CuO. The films prepared at R=1:11 have high
surface roughness with Cu2O phase. The CVs show anodic
and cathodic redox peaks, which are mainly from Cu(II)/Cu(I)
and Cu(0)/Cu(I) redox couples. From EIS studies, a low
charge transfer resistance of 0.3Ω cm−2 was observed. The
rf-sputtered films exhibited superior specific capacitance com-
pared to that reported in the literature; for example, a specific
capacitance of 65 mF cm−2 is found for a current density as
high as 10 mA cm−2. At current density of 0.5 mA cm−2,
these films displayed an initial specific capacitance of
357 mF cm−2 that decreased to 211 mF cm−2 after 200 cycles
and retains 90 % of capacity even after 1000 cycles. Thus, we
demonstrated that the rf-sputtering method provides copper
oxide films with adequate morphology and composition for
high electrochemical performance by tuning the gas mixture
in the deposition chamber. These results demonstrate that rf-
sputter-deposited Cu2O thin films are good candidates as elec-
trode material for electrochemical SC.
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