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Abstract: Copper oxide is considered as an alternative electrode material for supercapacitors due
to its low cost, chemical stability and high theoretical specific capacitance. In the present work,
nanostructured copper oxide (CuO) films are prepared by radio-frequency (RF) magnetron sputtering,
and the influence of the substrate temperature on the microstructure and supercapacitive properties
was studied. The copper oxide films prepared at 350 °C exhibit a predominant (111) orientation
corresponding to the monoclinic Cu(I)O phase with a crystallite size of 24 nm. The surface of
the film consists of uniformly distributed oval-like grains providing a high surface roughness of
45 nm. The films exhibit an optical bandgap of 1.68 £ 0.01 eV and an electrical conductivity of
0.4S cm~! at room temperature. The as-prepared CuO films deliver a discharge specific capacitance
of 387 mF cm?2 (375 F gfl) at a current density of 1 mA cm 2 with excellent cyclic capacitance
retention of 95% (367 mF cm™2) even after 1000 cycles. Hence, these films are potential electrodes for
micro-supercapacitors.
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1. Introduction

The spectacular development of the microelectronic industry is day-by-day downscal-
ing its products for a wide range of applications such as medical implants, micro-sensors,
self-powered integrated circuits or micro-electro-mechanical systems (MEMS). The reduc-
tion in size and improvement in the capability of such microsystems demand a high-energy
and high-power unit in a small footprint area with dimensions at the scale of 1-10 mm?,
including all the components and the associated packing. However, the fabrication of
micro-miniaturized energy storage and conversion devices and the respective intercon-
nects is still challenging [1-3]. In the present scenario, intensive investigations are in
progress for the development of two complementary electrochemical energy storage de-
vices, viz., Li-ion microbatteries and micro-supercapacitors. The micro-supercapacitors
based on capacitive ion adsorption/desorption in electrodes, which offer an optimum
cycle life (>100,000 cycles), are particularly attractive for high-power applications (>10 mW
cm~2) [4-7]. The efficiency of micro-supercapacitors is mainly dependent on suitable elec-
trode materials that facilitate the ion motion between the electrode surface and electrolyte
to generate high capacitance and store energy through faradaic redox reactions. Due to
their high oxidation states, transition metal oxides (TMOs) demonstrate efficient redox
charge storage, meaning that they could satisfy the needs of high energy density and power
density [8,9]. Among various electrode materials, CuO has been extensively investigated as
a supercapacitive material due to its low cost, abundant resources, high chemical stability,
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high theoretical capacity (690 F g~ !) and non-toxic nature [10-12]. Copper oxide was one
of the first semiconducting materials studied in the 1930s [13,14]. It has two major forms:
(i) copper(Il) oxide (CuO, tenorite), a defect p-type semiconductor, which crystallizes in
the monoclinic structure (C2/c space group, #15) with high absorbability, low thermal
emittance and a moderate bandgap of 1.1-1.7 eV [15]; and (ii) copper(I) oxide (CuyO,
cuprite), which crystallizes in the cubic structure (Pnm space group, #224) and exhibits a
wider bandgap of 1.8-2.5 eV [16].

Due to their merits and easy fabrication, CuO films are extensively used in versatile
applications such as microelectronic devices [17], sensors [18] and solar energy conver-
sion [19]. The microstructural and surface morphological properties of CuO films are
determined by their preparation technique. CuO films have been grown using various de-
position techniques such as thermal oxidation [20], electrodeposition [21,22], pulsed-laser
deposition [23], plasma evaporation [24], thermal evaporation [25], reactive sputtering [26],
electron-beam evaporation [27], molecular-beam epitaxy [28], spray pyrolysis [29,30], spin
coating [31], successive ionic layer adsorption and reaction (SILAR) [32] and chemical
vapor deposition [33,34]. Among these film deposition processes, radio-frequency (RF)
magnetron sputtering is one of the most pre-eminent industrial practical techniques to
achieve high-quality and uniform thickness films with the required chemical compo-
sition [35]. For two decades, RF magnetron sputtering has become the most popular
deposition technique for the growth of crystalline CuO films [36—45]. Further, during
deposition, thermally activated parameters such as the relaxation time to dissipate the
kinetic energy of sputtered species, surface diffusion and structural changes in the surface
are effectively influenced by the oxygen partial pressure and the substrate temperature.
A previous work showed that changes in the phase of copper oxide films from metallic
copper to CuyO and CuyO to CuyO3 and then to CuO were observed by varying the ratio
of the O,/ Ar gas mixture from 1:25 to 1:1 [42]. The reported capacitance for the films was
357 F g~! at a low current density of 0.5 mA cm 2.

The suitability and electrochemical performance of the film electrode to be used in
micro-supercapacitors should satisfy the following criteria:

(a) Stable crystallographic structure with good integrity between the crystallites to avoid
running-off of the active material during the electrochemical intercalation and de-
intercalation process for long cycle stability.

(b) The microstructure of the electrode with a high specific surface area and high meso-
porosity provides more intercalation sites for enhancement of the specific capacitance.

(c) Reasonable conductivity of the electrode yields low charge transfer resistance and, in
turn, improves the transportation of electrons and ions.

(d) Good adhesion among the layers avoids the running-off of the material.

The electrochemical performance mainly depends upon the microstructure, surface
morphology and electrical properties of the films which, in turn, depend upon the type of
deposition technique and process parameters employed during the film growth. Extensive
investigations have been conducted on the growth of CuO films using RF magnetron
sputtering by varying all deposition parameters, i.e., Ts, Ar/O; ratio and RF power, which
is a single-step process. The optimized deposition conditions of the O,-to-Ar gas flow
ratio at 1:7 and RF power at 250 W determined in earlier work [42] are kept constant and
the temperature of the Si substrate is varied to obtain high supercapacitance performance.
Growth of a single-phase CuO film with a good crystalline nature is very difficult. It was
demonstrated that the pure CuO monoclinic phase is stable in this temperature range,
while the film grown at T < 250 °C is amorphous in nature or poorly crystallized and
displays a mixture of cubic CuO and CuyO. At Ts > 450 °C, impurity phases such as
Cu,0 and CuyO3 are mixed with monoclinic CuO [20,33,41]. Hence, we have focused our
attention more critically to observe the crystalline growth between 300 and 400 °C with
a step of 25 °C. This work emphasizes the optimization of the deposition temperature in
relation to the film microstructure and morphology. A detailed study was conducted to
arrive at an optimum deposition temperature of 350 °C, where the CuO films demonstrate
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a single phase with a monoclinic structure, better crystallinity, high surface area and
reasonable electronic conductivity. These binder-free films were employed in the fabrication
of an electrochemical cell and demonstrated pseudo-capacitance behavior with high specific
capacitance and a long cycle life.

Note that the number of works reporting the supercapacitive properties of CuO films
is very limited. We only identified nine articles, which are listed in Table 1 with the brief
description of the synthesis procedures [31,43-50]. All works show multi-step processes
(at least three steps) used for the synthesis of CuO films, which are rather complex and
costly methods compared with the one-step magnetron sputtering technique, which is
also scalable for low-cost industrial production without the use of chemicals in aqueous
solutions. Moreover, the CuO-based micro-supercapacitors can be fabricated in a unique
vacuum chamber by successive depositions of the device elements, i.e., current collectors,
solid electrolyte and counter electrode, using the same process.

Table 1. Description of the stepped synthesis of CuO films for supercapacitors.

Number of Steps Successive Processes Ref.
3 Solution + SILAR (90 cycles) + annealing [31]
4 Solution + refluxing + washing + drying [43]
3 Solution + spray pyrolysis + annealing [44]
3 Ultrasonication + spray pyrolysis + drying [45]
3 Solution + chemical bath (pH control) + drying [46]
3 Solution + precipitation process + annealing [47]
3 Solution + chemical bath + annealing [48]
5 Solution + filtration + washing + drying + annealing [49]
4 Acid treatment + surface oxidation + washing + drying [50]

2. Materials and Methods
2.1. CuO Film Deposition

Films of copper monoxide (CuO) were deposited on silicon substrates by the RF
magnetron sputtering technique using a 3” circular copper metal target of 99.99% purity.
The chamber (24” Box Coater-Hind High Vacuum) was evacuated to a base pressure of
5.4 mPa using a turbo-molecular pump backed by a rotary pump. The Cu metal target
(purity 99.99%) was pre-sputtered for 10 min by introducing Ar gas into the chamber
to remove the native oxide layer from the target. Throughout the deposition procedure,
the RF power and ratio of the O,/Ar gas mixture were maintained at 250 W and 1:7,
respectively [42,51]. The source to substrate distance was kept constant at 8.0 cm and
the sputtering pressure was maintained at 2 Pa during the deposition. Samples were
elaborated at different substrate temperatures between 300 and 400 °C with a step of 25 °C.
The experimental diagram of the RF magnetron sputtering process to prepare CuO films is
shown in Scheme 1.

-»

moq ‘ ; K Plasma

/.
RF Magnetron Sputtering
Scheme 1. Illustration of the experimental radio-frequency (RF) magnetron sputtering technique
used for the preparation of CuO thin films. Working plasma and final products are also pictured.
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2.2. Characterization

The phase identification of the as-grown CuO films was carried out by X-ray diffraction
(XRD, Seifert X-ray diffractometer, model 3003TT) equipped with a CuK; radiation source
(A = 0.15406 nm) in the 20 range from 10° to 100°, at a scan rate of 0.03° s~ 1. The structural
analysis of Cu oxide was also performed by Raman spectroscopy using a LabRAM-HR
800 confocal apparatus (Horiba, Kyoto, Japan) with the He-Ne laser line at 632 nm as
the excitation wavelength. The surface morphological properties were studied using
atomic force microscopy (AFM, model SOLVER Next, NT-MDT Spectrum Instruments,
New Delhi, India) and scanning electron microscopy (SEM, model Carl Zeiss EVO50,
Jena, Germany). The surface roughness and grain size were characterized using Nova PX
software. The thickness of the prepared film was measured using a stylus-type surface
profiler (Mitutoyo Surftest SJ-301, Kanagawa, Japan). The elemental composition and
surface analyses were conducted by X-ray photoelectron spectroscopy (XPS, model PHI
Versa Probe II, Physical electronics Inc., Chanhassen, MN, USA) equipped with a rotating
anode (Al Ko, radiation source, A = 1486.6 eV). The binding energy (BE) values were
referenced to the C 1s core level at 284.5 eV. The optical transmittances of as-prepared films
were recorded by a UV-VIS-NIR double-beam spectrometer (model Lambda 950, Perkin
Elmer, Rodgau, Germany) in the wavelength range from 300 to 1100 nm. The electrical
properties were studied using the standard four-probe technique. The electrochemical
properties such as cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
and electrochemical impedance spectroscopy (EIS) measurements were carried out using a
three-electrode aqueous cell. The as-prepared CuO films deposited on silicon substrates,
platinum strip and Ag/AgCl electrodes were used as working, counter and reference
electrodes, by which the electrochemical analysis was calibrated in the presence of a
phosphate-buffered aqueous solution (PBS, Life Technologies, Carlsbad, CA, USA) of pH
7.2 as the electrolyte. The electrochemical tests were performed using an electrochemical
analyzer, the CHI 608C instrument. All the experiments were conducted at 25 °C.

3. Results
3.1. Structure and Morphology

The structural properties of the RF sputtered CuO films were investigated by XRD
and Raman spectroscopy, while the film morphology was examined by SEM and AFM ex-
periments. The as-prepared CuO films deposited at 300 < Ts < 400 °C without subsequent
annealing have a uniform aspect without pinholes, distinct bump formation and a surface
with the appearance of granular morphology. The thicknesses of as-grown films are in the
range 1.37-1.53 pm.

Figure 1 presents the XRD diffractograms in the range 10 < 20 < 100° of RF sputtered
CuO films prepared at five different substrate temperatures of 300, 325, 350, 375 and 400 °C.
The XRD pattern of the CuO film prepared at 350 °C exhibits the predominant reflection at
the 20 angle of 35.37° with dyq of 0.253 nm ascribed to the (111)/(002) planes. Diffraction
peaks of lower intensity at 32.61°, 38.75°, 62.05°, 76.17° and 89.71° are attributed to the
reflection planes (110), (111)/(200), (113), (222) and (131) with d}, of 0.278, 0.236, 0.149,
0.117 and 0.109 nm, respectively. All diffraction peaks match well with the standard data
(JCPDS card no. 89-2531) and reveal the growth of single-phase CuO with the tenorite-type
monoclinic structure. It can be observed that the intensity of all diffraction peaks reaches
a maximum at Ts = 350 °C, which indicates that it is the optimized temperature where
the superior crystallinity is reached. No extra peak is observed (see Figure 1), which
provides evidence that the film is free of any impurities and other Cu-based phases, i.e.,
Cu,O, CuzO4 or Cu(OH),. Moreover, the polycrystalline monoclinic lattice is confirmed, in
contrast with the cubic structure observed for films deposited at Ts < 300 °C. These results
are consistent with data reported in the literature [52-55]. In the substrate temperature
range 300 < Ts < 400 °C, the films exhibit preferential growth of the grains along the
(111) orientation.
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Figure 1. XRD spectra of CuO films deposited on silicon substrates maintained at different tempera-
tures in the range 300400 °C. The asterisks denote the XRD reflections of the Si substrate.

The lattice parameters of the CuO films were determined using a least-squares fitting
method with six reflection lines (monoclinic structure, C2/c space group). The obtained
values are a = 4.674(2) A, b = 3.471(8) A, ¢ = 5.117(0) A and B =98.61 for the films grown
at 350 °C and an elementary unit volume V = abc sin f of 83.015 A3. The elementary unit
volume is only 0.2% less than the value for the bulk crystal, indicating the formation of
rather dense films [56]. The crystallite (grain) size (L) of the RF sputtered CuO films was
calculated using the Debye—Scherrer’s formula [57]:

KA
" Bcos®’

M

where K is a dimensionless shape factor (0.9 for quasi-spherical particles), A is the wave-
length of the X-ray source, B is the full width at half maximum (FWHM) and 0 is the Bragg
angle. The dislocation density (5), indicating the density of defects in the films, and the
micro-strain (g) were calculated using the following equations:

1

T ftano’ ®)

Results of the crystallographic parameters are summarized in Table 2. The estimated
crystallite sizes (1 nm) of the CuO films deposited at T of 300, 350 and 400 °C are found
to be 18, 24 and 22 nm, respectively. It can be observed that the crystallite size increases
initially (from 18 to 24 nm) upon increasing Ts in the range 300-350 °C, and then it is
unchanged (~24 nm) with a further increase of T from 350 to 400 °C. The small crystallite
size at 300 °C is attributed to the large number of grain boundaries, which creates a
free volume in films and produces a hydrostatic-like pressure responsible for high stress
and high dislocation densities [58]. For the further increase in Ts from 300 to 350 °C,
the crystallite size increases by 30% because less free volume occurs at high Ts, which
causes lower stress in the film. More precisely, from the substrate side, the potential barrier
should become flat and the diffusion of ad-atoms should occur. In addition, a large number
of ad-atoms are originated and may coalesce, improving the crystallite size [36]. On the
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other hand, at Ts = 400 °C, the crystallite size is reduced by 8%. This has been attributed to
the creation of oxygen vacancies [59], responsible for local distortions, and thus an increase
in the strain field [36]. As a result, a lower crystallinity is observed. The results in Table 2
show that the optimized Ts = 350 °C of the deposit is the temperature leading not only to
the best crystallinity, but also to the minimum of the strain field inside the film.

Table 2. The crystallographic parameters for as-grown monoclinic CuO films (i.e., lattice parameters,
grain size, lattice strain and dislocation density). Errors in lattice parameters are + 0.0001 A.

Lattice Parameters Grain Strain Dislocation

Ts °C) - - - . Size <e> Density

a(A) b (A) c(A) B©) (nm) «10-3 1017 em -2
300 4.664(2) 3.466(1) 5.111(5) 98.70(1) 18 4.12 3.1
325 4.669(9) 3.467(5) 5.114(3) 98.65(2) 20 3.88 2.5
350 4.674(2) 3.471(8) 5.117(0)  98.61(0) 24 3.32 1.7
375 4.677(7) 3.472(2) 5.121(3) 98.64(5) 22 3.64 2.0
400 4.689(3) 3.478(1) 5.127(1)  98.66(3) 22 3.97 2.1

The phase identification was also performed by Raman spectroscopy. Figure 2 shows
the spectrum of the sputtered Cu-O film deposited on the Si substrate and heated at 350 °C
with a power of 250 W in the O,/ Ar (1:7) gas mixture. The Raman spectrum shows three
bands located at 298, 330 and 602 cm !, which are the characteristic vibrations of the
monoclinic CuO crystal. They are assigned to the Ag, Bg(l) and Bg(z) Raman active modes,
respectively, with the peak at 602 cm~! being a Cu-O stretching mode [60]. The strong
peak at 520 cm ™! is the first-order Raman active mode of the Si substrate. The presence
of both phases of CuyO and Cuy0Os is excluded since the Raman peaks at 218 (Cu,0O) and
533 cm~! (CuyO3) are not observed. Thus, from Raman and XRD analyses, the monoclinic
CuO phase is clearly identified. Note that Raman spectroscopy is a very sensitive tool to
detect such impurities and more sensitive than XRD in particular. The Raman spectra are
thus a probe of the purity of the CuO film.
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Figure 2. Raman spectrum of the sputtered Cu-O film deposited on Si substrate and heated at 350 °C
with a power of 250 W in the O,/ Ar (1:7) gas mixture.

The surface morphology of the CuO films deposited on the silicon wafer was investi-
gated by SEM. Figure 3 shows the 2D SEM images (a—c) and 3D SEM images (d—f) obtained
by using NOVA Px software. The 2D images display a regular surface coverage that is
crack-free with high densities in contact with the silicon substrate. Further, the micrographs
reveal a very homogeneous grain size distribution (i.e., almost monodisperse). The grain
size (100-200 nm) bigger than that of crystallites indicates the polycrystalline form of the
as-sputtered films. At Ts < 300 °C, the films exhibit aggregation of grains, which indicates
that the crystalline structure is initiated at 300 °C. This is thus the threshold temperature at
which the sputtered CuO species receive the potential energy of nucleation sites to form
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the crystalline film. When the substrate temperature increases from 300 to 350 °C, we
observe well-ordered grains and grain boundaries, with corresponding development in
the grain size and surface roughness. The surface topography of the CuO films deposited
at Ts = 350 °C displays a uniform distribution of grains. A detailed examination of SEM
images in Figure 3 reveals the same tendency of the increasing grain size to that of the
crystallite size. The grain size is increased with increasing the substrate temperature from
300 to 350 °C. The average grain size of the prepared sample at the substrate temperature
of 350 °C is 140 nm. For the further increase in T from 350 to 400 °C, the grain size is
decreased. Thus, according to the XRD and SEM results, we consider that the best CuO
film suitable for further characterizations was obtained at Ts = 350 °C.

Figure 3. (a—c) 2D SEM images of RF magnetron sputtered CuO films grown on Si substrates maintained at different
temperatures (300 < Ts < 400 °C). (d—f) 3D images obtained by NOVA Px software.

The surface topography of CuO films was studied by AFM measurements. Figure 4
presents the 2D and 3D topographical images showing the grain distribution and surface
roughness of the RF sputtered CuO films at Ts = 350 °C. The 2D 800 x 800 nm? image
displays a compact and granular morphology of the film (Figure 4a). It can be seen that the
surface of the film consists of elongated grains uniformly distributed with a high surface-to-
volume ratio. The 3D AFM micrograph (Figure 4b) shows profound grain features and less
voided boundaries, revealing the formation of densely packed grains. Using the Nova PX
software, the calculated average grain size and surface roughness of the films are 134 + 2
and 45 £ 2 nm, respectively. This topology confirms the results from SEM and XRD studies.
Note that the root mean square surface roughness for Si substrates is ~3 nm. Thus, the
morphology of CuO films cannot be influenced by the Si substrate, which has a small
grain-like structure.

In particular, the CuO film deposited at 350 °C with a large grain size (143 nm) shows
a high value of the root mean square (rms) roughness of 45 nm. This may be due to the
fact that larger particles with an oval-elongated morphology exhibit higher differences
in the height (z range) by the side of their boundaries in comparison to the smaller grain.
The Brunauer-Emmett-Teller (BET) specific surface area Sppr can be calculated by the

relation [61]:
KA
SBET = oD’ 4)

where A is the surface roughness, p is the grain density, D is the average grain diameter
and K is a geometry factor (K equals 6 for ideal spheres). Using a density of p ~ 6 g cm ™3
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for the well-crystallized CuO film deposited at 350 °C, one obtains Sgrr = 10.5 m? g~ !,
which is an important factor for the electrochemical performance of the SC electrode.

Figure 4. Topology of RF sputtered CuO films prepared at Ts of 350 °C on Si substrate. (a) 2D and (b)
3D AFM images.

3.2. XPS Studies

The chemical states of RF sputtered CuO films prepared on the Si substrate and heated
ata T of 350 °C were investigated by XPS, as shown in Figure 5. The characteristic core
level spectrum of Cu 2p is recorded in the binding energy range 920-960 eV (Figure 5a),
while the broad peak of O 1s is pointed out at 529.7 eV (Figure 5b). The Cu 2p spectrum
displays the two peaks located at 952.0 and 933.2 eV corresponding to the binding energies
of Cu 2p; /5 and Cu 2p3,,, respectively, along with the satellite components. The binding
energy of the Cu 2p3/, peak at 933.2 eV confirms the oxidation state of Cu(Il) of the
monoclinic CuO phase, which differs from the binding energy of 932.4 eV for Cu (I) [62].
The two observed satellite peaks for Cu 2p are characteristic features of the CuO phase [63].
Moreover, the splitting between the binding energies of 2p3,, and 2pq/, core levels of
18.8 eV matches well with the standard spectrum of CuO. The single peak of the O 1s core
level located at a binding energy of 529.7 eV provides conclusive evidence of lattice oxygen
bound to Cu?* within the monoclinic CuO phase. The obtained results are consistent with
the reported values in [64].

Cu2 Ols
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Figure 5. XPS spectra of CuO films deposited at Ts of 350 °C. (a) Cu 2p spectrum and (b) O
1s spectrum.

3.3. Optical Bandgap

The optical bandgap of CuO films was determined using optical spectroscopy in
the vicinity of the fundamental transition, i.e., wavelength range of 300-1100 nm. Due
to the crystallinity and high transparency of copper oxide, measurements were carried
out using films (less than 300 nm thick) deposited on glass slides. Figure 6a shows the
plots of the transmittance and reflectance vs. the incident energy for the films deposited
at different substrate temperatures. An optical transmittance of ~65% is recorded in the
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wavelength range of 850-1100 nm. All samples exhibit strong absorption in the visible and
near-infrared region up to 800 nm. The optical absorption coefficient (x) was calculated
taking into consideration the transmittance (T%) and reflectance (R%) of the film using the

standard equation [65]:
1, [a-r?
“= In lTl , (5)

where d is the film thickness. The bandgap Eg of films was calculated by Tauc’s formula [66]:
ahv = A (Eg — hv)", (6)

where hv is the incident photon energy and A is a constant depending on several intrinsic
properties of the material, i.e., the effective mass of the electron and hole and the material
refractive index. The exponent 1 depends on the type of optical transition that prevails.
It is equal to %, 3/2,2 and 3 for the direct-allowed, direct-forbidden, indirect-allowed and
indirect-forbidden transitions, respectively [66]. Note that the knowledge of the bandgap is
also useful for the phase identification of the films, such as 1.1 < Eg < 1.7 eV for CuO, and
1.8 < Eg <2.5eV for CuO. The bandgap of the as-prepared films is calculated by the plot
of (xhv)" against hv and the extrapolation of the linear portion to the energy axis (x = 0).
As copper oxide is a direct-allowed semiconductor, the graph in Figure 6b is plotted with
(ahv)? vs. hv. It can be observed that, with increasing T's from 300 to 350 °C, the optical
energy bandgap values (£0.01 eV) were marginally decreased from 1.72 to 1.68 eV and
increased to 1.70 eV with a further increase in the temperature to 400 °C. Indeed, the optical
properties of the films critically depend on the physical properties, and these variations in
the energy gap here are consistent with those of the crystallite size.
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Figure 6. Optical properties of RF sputtered CuO films prepared at different substrate temperatures
in the O2/Ar (1:7) reactive gas mixture (total pressure of 2 Pa). (a) Transmittance and reflectance
spectra. (b) Tauc’s plots of (ahv)? vs. (hv). Inset shows the variation in Eg vs. Ts.
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3.4. Electrical Properties

The electrical properties of the optimized RF sputtered CuO films deposited at 350 °C
were studied using the four-point probe technique in the temperature range 25-100 °C.
Measurements give a room-temperature conductivity (o) of 4.0 x 107! S cm~!. Figure
7 shows that the conductivity is thermally activated; the plot In (o) vs. 1000/ T follows a
linear behavior, from which the activation energy E, is obtained using the Arrhenius law:

0= ney = Goexp<kEB”T), ()

where 7 is the carrier (hole) concentration, ¢ is the elementary charge, y is the mobility, oy is
a pre-exponential factor, kp is the Boltzmann constant and T is the absolute temperature.
The activation energy (£0.02 eV) of CuO films deposited at 350 °C is 0.23 eV. The p-type
semiconducting character of RF sputtered films is confirmed by hot probe measurement,
which is attributed to copper deficiency. These results are consistent with those of the
literature [33,36,41].
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Figure 7. Arrhenius plot of the electrical conductivity of RF sputtered CuO film deposited at
Ts =350 °C in the O,/ Ar (1:7) reactive gas mixture (total pressure of 2 Pa).

The above investigations demonstrate that the fundamental thermodynamic parame-
ter (T's) effectively governs the growth and microstructure of sputtered CuO films. The films
deposited at the optimized substrate temperature of 350 °C were found to be single phase
with the monoclinic structure (C2/c space group), with an estimated elementary volume
of 83.015 A3, which is only 0.2% less than the value for the bulk crystal, indicating the
formation of rather dense films. The Raman and optical studies confirmed the existence of
the CuO phase. The crystallographic structure with good integrity between the crystallites
was observed through SEM and AFM studies with an estimated average crystallite size and
surface roughness of 134 & 2 and 45 + 2 nm, respectively, providing a high specific surface
area of 10.5 m? g~!. Hence, the CuO film electrodes prepared at 350 °C were subjected to
electrochemical studies to demonstrate their applicability towards micro-supercapacitors.

3.5. Electrochemical Properties

The electrochemical properties of the RF sputtered CuO film prepared at Ts = 350 °C,
i.e., cyclic voltammetry and galvanostatic charge-discharge profiles, were carried out using
a conventional three-electrode cell with 1 mol L~! saturated phosphate-buffered saline
(PBS) aqueous solution (pH = 7.2) as the electrolyte. Results are presented in Figure 8.
The typical CV curves were recorded in the potential window of —0.8 to +0.0 V with respect
to Ag/AgCl as the reference electrode at different scan rates in the range 1-100 mV s~!
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(Figure 8a). The CV profiles show one set of well-defined and intense cathodic and anodic
peaks assigned to the faradaic redox reaction of the Cu(I)/Cu(Il) transition. In contrast
with the electrochemical double-layer (EDL) capacitors, which display rectangular shaped
and nearly symmetric CV curves, the electrochemical response of CuO films evidences a
pseudocapacitive behavior. It can be observed that, with increasing the scan rate, the CV
profiles remained almost unchanged. The corresponding increase in the peak current (ip)
and integral area under the CV curves confirms the excellent electrochemical kinetics and
the reversibility of the film electrodes. At the scan rate of 1 mV s 1, the CV profile of CuO
films exhibits an anodic peak at —0.27 V, which originates from the oxidation of Cu* to
Cu?*, and a cathodic peak located at —0.02 V, which is assigned to the reduction of Cu?*
to Cu* [67]. With increasing scan rates, the cathodic and anodic peaks shift to lower and
higher potentials, respectively, which is due to an increase in polarization [68]. The phase
pure (111)-orientated CuO films with good crystallinity provide easy transportation of
redox species and enrich the overall electrochemical performance of the film electrodes.
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Figure 8. Electrochemical properties of the RF sputtered CuO film conducted in a three-electrode cell
with 1 mol L~! phosphate-buffered saline aqueous electrolyte. (a) Cyclic voltammograms recorded
at various scan rates. (b) Galvanostatic charge—discharge profiles at different current densities.
(c) Specific capacitance as a function of discharge current densities. (d) Cycling stability at current
density of 1 mA cm—2.

The fast Li-ion kinetics at the surface of the electrode is a result of the high surface area.
In order to distinguish the relative charge storage contribution from diffusion-controlled
and surface effects, a series of CV tests were conducted at a scan rate of 1-100 mV s~ ! in
the potential window of 0.01-0.8 V. The general approach for the analysis of the scan rate
can be described by a power law [69]:

ip = kv, 8)

where iy, is the current, v is the potential scan rate (V s~!) and k and b are arbitrary
coefficients. The coefficient b can vary from 0.5 to 1.0, with b = 0.5 being characteristic of a
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diffusion-limited process (charge storage via ion insertion) and b = 1.0 being characteristic
of a capacitance process (charge storage via surface capacitance effects). From the slope
of log ip vs. log v, the calculated b value for the CuO film is 0.68, indicating that the
current response is pseudocapacitive as the result of a combination of capacitive and
insertion processes.

The GCD curves of the RF sputtered CuO films recorded at different current densities
from 1 to 5 mA cm~2 in 1 mole PBS solution (pH = 7.2) are shown in Figure 8b. These non-
linear-shaped profiles confirm the pseudocapacitive behavior of the CuO electrode in
contrast with EDL capacitors which present nearly linear discharge slopes. The potential
vs. time discharge curve is composed of three regions: first, a large drop in voltage due
to the internal resistance, followed by a flat region at a potential of —0.2 V corresponding
to a double-layer capacitance behavior and, finally, a slopy potential related to the charge
transfer reaction. These features corroborate the CV profile. The specific capacitance (Cs) of
the RF sputtered CuO film electrodes was calculated using the formula [70]:

G = (AVI)A’ (9)

Af

where I is the current, AV is the potential change during the discharge process, At is the
discharge time and A is the active area of the electrode. Figure 8c shows the specific
capacitance of the RF sputtered CuO film electrode as a function of the current density.
Specific capacitances of 387, 355, 347, 282 and 276 mF cm~2 are delivered at current densities
of1,2,3,5and 10 mA cm ™2, respectively. It can be noticed that the specific capacitance
can be decreased gradually with increasing current densities because of the large voltage
change and limited diffusion of the active ion at the surface of the film during the fast
charging/discharging reaction. Moreover, less redox sites at the surface can react with the
electrolyte when the current density increases [70].

The cycling stability of CuO film electrodes investigated at a current density of 1 mA
cm ™2 is shown in Figure 8d. A slight decrease in the specific capacitance during early
cycles is due to the cell formation, i.e., a dissolution of the material and irreversible reaction
of the electrode which occurred at the initial stage. After 300 cycles, the specific capacitance
value remains constant, indicating the excellent stabilization of the CuO film electrode. The
RF sputtered CuO film electrode delivers an initial specific capacitance of 387 mF cm~2 at
1 mA cm~2 current density (corresponding to ~1.5 A g~1) and 95% capacitance retention
(i-e., 367 mF cm~2) even after 1000 cycles. These results are comparatively higher than
the values in the literature (see next section). The high capacitance and excellent cycling
stability can be attributed to three reasons: (1) the open nanograins shorten the distance
of ion diffusion and improve the ionic and electronic conductivity, (2) the rough surface
structure of the electrode not only provides a large surface area and mechanical strength,
but also facilitates the 3D storage of charges and (3) the thermodynamically stable (111)
planes can provide high conductivity and promote a large storage capacity.

The electrochemical impedance spectroscopy (EIS) measurements were carried out in
the frequency range from 0.01 Hz to 1 MHz in PBS solution. The Nyquist plot Z”(w) vs.
Z’(w) of the CuO film deposited at 350 °C is shown in Figure 9, together with the equivalent
circuit used to fit the data. The Nyquist plot is composed of a depressed semicircle
at the high- to middle-frequency region and a steeper line at the low-frequency range.
The depressed semicircle corresponds to the charge transfer resistance (R.) caused by
faradaic reactions (i.e., Cu?* /Cu* redox couple). The steeper line evidences the capacitive
nature of the electrode (it should be a vertical line for an ideal capacitor). The ohmic
resistance (Rs) of the CuO electrode is calculated from the intercept of the real axis at
the high-frequency range. The values of Rt and Rg are found to be ~10.8 and ~1.4 (),
respectively. These low values support the claim of higher electrical conductivity (low
Ret value) and a larger electro-active surface area for the RF sputtered CuO electrode.
The efficient ion transport pathways are supplied by the film architecture, providing a high
surface area and thermodynamically stable (111)-oriented crystal planes.
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Figure 9. (a) Nyquist plot of the RF sputtered CuO electrode deposited at Ts = 350 °C. (b) Equival-
ent circuit.

4. Discussion

In this work, we have shown the influence of the substrate temperature on the mor-
phology of RF sputtered copper oxide(Il) films. The best crystallinity was simply formed
at 350 °C under an O,/ Ar reactive atmosphere with a ratio of 1:7 and an oxygen partial
pressure of p(O;) ~ 0.9 Pa without post-annealing treatment. The deposition rate of the
tenorite phase was as low as ~1.2 um h~! due to the easy oxidation of the Cu target through
the oxygen flow of 0.1 sccm. Such a growth behavior was also observed for CuO films
prepared by pulsed-laser deposition, showing the appearance of a granular texture at
Ts =400 °C [55]. However, there is some discrepancies relative to the sputtering growth
conditions with literature data. As pointed out by Parretta et al. [71], the sputtering deposi-
tion rate, Qs, is strongly dependent on the O, concentration in the gas mixture and weakly
affected by the deposition temperature, and Qs becomes almost constant for p(O,) > 0.2 Pa
at a low deposition temperature (25 °C). Cho et al. [37] reported that CuO films (50 nm
crystallite size) prepared by reactive RF magnetron sputtering show a monoclinic structure
with the main CuO (111) orientation irrespective of the substrate temperature but also
stated that the highest figure of merit occurs at Ts = 300 °C. In their recent work, Asl and
Rozati [72] successfully demonstrated the influence of the substrate temperature (in the
range 450-550 °C) on fundamental properties of CuO films prepared by spray pyrolysis.

It appears that the pure CuO monoclinic phase is stable in the substrate temperature
range 300-400 °C, while the film grown at Ts < 250 °C is poorly crystallized and displays a
mixture of cubic CuO and Cu,0O. When heated at ca. 300 °C in an oxygen-rich environment,
the conversion of CuyO to CuO is observed [33]. During subsequent heating up to 450 °C,
the monoclinic CuO phase is maintained without alteration [20]. For Ts > 450 °C, impurity
phases such as Cuy;O and CuyO3 are mixed with monoclinic CuO. The results are in good
agreement with those of Pecquenard et al. [41], who prepared columnar CuO films with
the monoclinic structure at Ts = 350 °C. Ghosh and coworkers [73] stated that Cu,O is the
prominent phase at the substrate temperature in the range 30 < Ts < 150 °C, whereas the
CuO phase is obtained at a Ts of 300 °C. Surprisingly, Al-Ghamdi et al. [74] claimed to
prepare crystalline CuO films at T = 25 °C with the tenorite phase but did not specify the
existence of oxygen in the sputtering process.

Even though CuO films have been intensively studied, the results reported in the
different works differ due to the different experimental conditions, i.e., sputtering power,
O,/ Ar ratio and p(O,). Several authors claim different features regarding the phase
composition of the reactively sputtered films. In 2013, Cho et al. [37] prepared a variety of
CuO films at different Ts and showed the best crystallized films at Ts = 300 °C. Du et al. [54]
reported a poor crystallization of CuO films deposited at Ts < 300°C and the growth of CuO
with a (111)-preferential orientation up to a T of 600 °C. It is believed that, at Ts = 350 °C,
the ad-atoms reaching the surface of the substrate initiate the nucleation due to a collision
process, which supports the formation of islands in order to grow a film with a larger
grain size. Here, the highly structured CuO film appears at a high sputtering power of
250 W, which generates highly energized Ar ions during the deposition process. Such
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features have also been suggested by Chan and Teo for the deposition of copper films
by DC magnetron sputtering [75]. In terms of a high surface area, our results (surface
roughness of 45 nm) are superior to previous reports. Poorly crystallized CuO oxide films
prepared by dip coating displayed (111)-oriented grains with the size lying between 30
and 80 nm and a surface roughness of ~19 nm [76]. The RF sputtered CuO films deposited
on glass slides at room temperature are almost amorphous (cubic phase) with a grain
size of 11 nm and an average surface roughness of 0.3 nm [77]. CuO films prepared by
pulsed-laser deposition on a sapphire substrate maintained at 400 °C are composed of
grains >100 nm in size and a low surface roughness of ~3 nm [78].

Results of the conductivity measurements (o =0.4 S ecm~!, E, = 0.23 eV) are consistent
with most of the literature data [33,36,41]. As suggested by first principles calculation [79],
the present experimental hot probe test evidenced the p-type semiconducting character
of CuO films; thus, the Cu® (d1)-based oxide is naturally cation-deficient, and cation
vacancies lead to delocalized conductive states near the top of the valence band. In our case,
the large grains generated at Ts = 350 °C reduce the grain boundaries. The high value of o
is attributed to the minor role in the hole transport played by the grain boundary scattering.
Cho et al. [37] found that the growth temperature critically modulates the bandgap and
carrier concentration. For example, RF sputtered CuO films deposited on glass slides
exhibit an increase by three orders of magnitude in the hole concentration ranging from
1.6 x 10" to 8.5 x 10 cm~3. CuO films obtained by oxidation of Cu,O at 400 °C have
shown a high conductivity of 4.0 x 10~ Sem ™! [32]. Pierson et al. [36] reported a resistivity
of 100 Q) cm for a CuO film deposited by reactive magnetron sputtering, which exhibits
a bandgap of Eg = 1.71 eV. Prabu et al. [80] showed that the conductivity of CuO films
deposited by spray pyrolysis depends strongly on the deposition temperature. At 320 °C,
the films display a conductivity of 2.16 x 1073 S cm~!, Hall mobility of 1 cm? V-1 57!
and hole concentration of 1.35 x 10'® cm~3. Note that the small discrepancy is due to
the difference in crystallinity and grain size. Pecquenard et al. [41] demonstrated that
sputtered CuO films obtained with an oxygen concentration of 12% (6 sccm O, flow rate,
total Ar + O, pressure of 0.5 Pa) have a high electronic conductivity of 9.3 x 1073 S-cm™!
with an activation energy of 0.11 eV. When the oxygen flow rate decreases to 5 sccm, the
conductivity is reduced to 3.9 x 1073 S-cm~!. Recently, Baturay et al. [81] established that
CuO films prepared by spin coating on soda-lime glasses with subsequent annealing at
500 °C for 1 h exhibit a p-type conduction with a resistivity of 68.2 (3 cm and charge carrier
density of 4.4 x 10! cm~3. Asl and Rozati [73] evidenced the influence of the deposition
temperature on the electrical properties of CuO films prepared by spray pyrolysis in the
range 450-550 °C. The resistivity decreases from 7.94 to 1.68 k(2 cm, while the carrier
concentration increases from 8.03 x 1013 to 1.90 x 10 em 3 when T varies from 450
to 550 °C. This tendency was attributed to the reduction in the barrier height at the
grain boundaries by virtue of a larger crystallite size. Table 3 summarizes the electrical
characteristics of CuO films from the literature.

Table 3. Electrical characteristics of CuO films from the literature. @ value measured at 100 °C.

Conductivity Activation Energy
Growth Conditions at25°C Ref.
_ (eV)
(Scm™1)
sputtering; Ts = 25 °C; p(O,) = 2.5 Pa; glass slide 2.0x 1073 0.14 [82]
sputtering; Ts = 25 °C; p(Oy) = 0.08 Pa; glass slide 55x 1073 0.22 [71]
spray deposition; Ts = 350 °C; glass slide 40 x 107° 0.97 [29]
spray pyrolysis; Ts = 320 °C; glass slide 2.1 x 1073 0.012 [80]
sputtering; Ts = 25 °C; F(O,) = 5 scem; silicon 39x 1073@ 0.25 [41]
sputtering; Ts = 25 °C; F(O,) = 5 scem; silicon 93%x 1073@ 0.11 [41]
spray pyrolysis; Ts = 475 °C; glass slide 34 x 1074 - [83]
spray pyrolysis; Ts = 400 °C; glass slide 1.8 x 1073 0.31 [84]

sputtering; Ts = 350 °C; p(O,) = 2 Pa; Si wafer 4.0 x 1071 0.23 this work
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The average value of the bandgap Eg = 1.65 & 0.01 eV confirms the monoclinic
CuO structure of the sputtered films and is in good agreement with values of the litera-
ture [56,85-89]. The shift in the absorption edge to the higher wavelength and the slight
decrease in the bandgap with increasing substrate temperature increase, which are assigned
to the enhanced crystallinity of CuO films along with the reduction in porosity [56]. Dolai
et al. [89] prepared polycrystalline CuO films using DC magnetron sputtering in Ar/O,
(60:40) plasma. The films deposited onto glass substrates maintained at 300 < Ts < 400
°C show optical bandgaps in the range 1.58-1.60 eV. In contrast, cupric oxide (CuO) films
deposited on Si substrates by the RF magnetron sputtering technique show a nano-pillar
morphology with a root mean square surface roughness of 3.64 nm and an optical direct
bandgap energy of 1.37 eV [40].

Presently, electrochemical measurements have shown the remarkable supercapaci-
tive properties of the RF sputtered CuO films fabricated at T = 350 °C under a reactive
atmosphere (O, /Ar of 1:7) with a specific capacitance of 355 mF cm ™2 at a current density
of 2 mA cm~2. To compare our results with those of the literature, let us calculate the
gravimetric capacitance. Considering that the as-sputtered CuO films (1.53 um thick) are
as dense as the bulk material (~6.8 cm3 g~ 1), the areal capacitance of 355 F cm™ converts to
the gravimetric capacitance of 375 F g~ 1. This performance is improved importantly with
respect to our prior work [42], which demonstrates that the optimization of the substrate
temperature is an important parameter, since it impacts the crystallinity and the strain field
of CuO. The obtained performance is superior to that obtained for a CuO film deposited by
chemical bath deposition on a stainless-steel (SS) substrate, i.e., 79 mF g’l at current densi-
ties of 2 mA ecm™—2 [90]. Similarly, a lower capacitance of 357 mF cm ™2 at 0.5 mA cm 2 was
reported by Purusottam-Reddy for RF sputtered CuO films deposited on stainless-steel and
maintained at Ts = 350 °C under a reactive O,/ Ar (1:11) gas mixture [42]. Supercapacitive
performances of other CuO films are summarized as follows. Kambale et al. [45] pre-
pared CuO films by automatic spray pyrolysis via an aqueous solution of Cu(NOs),-3H,O.
The films deposited at 400 °C on stainless-steel substrates display a specific capacitance of
582 F g’l in 1 mol L™! of a KOH electrolyte. Waikar and collaborators [90] studied the
supercapacitive performance of CuO films deposited onto stainless-steel substrates via a
chemical method assisted by ammonia as a complexing agent. Pure CuO films obtained
after removing hydroxide by annealing at 200 °C for 2 h exhibit a mesoporous morphology
with a crystallite size of ~13 nm and a BET specific surface area of ~40 m? g~!. These elec-
trodes achieved a specific capacitance of 576 F g~! ata 5 mV s~ ! scan rate. Dubal et al. [10]
studied the cauliflower-like structures of CuO films, which exhibit a specific capacitance
of 179 F g~! at a 100 mV s~ ! scan rate in 1 mol L~! of a NaySO, aqueous electrolyte
having 81% stability over 2000 cycles. Senthilkumar et al. [91] prepared CuO films by a
chemical method on Ni foam and found 536 F g~! specific capacitance in 6 mol L~! of a
KOH electrolyte with a 29.4 Wh kg ! energy density, at a current density of 2 A g~!, which
corresponds to approximately 1.6 mV s~1. Xu et al. used a reflux method to prepare CuO,
but only the catalytic performance was investigated [92]. Such a reflux deposition approach
to synthesize CuO nanosheets with supercapacitive performance was first proposed by
Bhise et al. [93]. The nanosheets demonstrated 180 F g~! specific capacitance at 10 mV
s~ ! with 87% stability after 2000 cycles. More recently, Shelke et al. [43] also used the
reflux approach to investigate the supercapacitor performance, but the film was insulating.
In absence of structural analysis such as Raman spectroscopy or XPS, the composition
of the film remains unknown, but the insulating property suggests that the material was
not well-crystallized CuO. The nanoflower-like structure of CuO films synthesized by
Shinde et al. [46] on flexible Cu foil indicated the supercapacitor performance of a CuO elec-
trode with 498 F g~ specific capacitance and a 26 Wh kg~! energy density at 5mV s~! in
1 mol L~! of a KOH electrolyte. Dubal et al. [47] developed a CuO film through a chemical
bath deposition process using 1 wt.% non-ionic surfactant Triton X-100 and polyvinyl
alcohol. The porous and well-defined nanostructure displays a uniform size and highly
(~10-20 nm) nanosheet-constructed clusters, which achieved the maximum specific ca-
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pacitance of 396 F g~1 at 5mV s~ 1. The same group also reported a capacitance of 411 F
g lat5mV s~ ! for a sample prepared by chemical deposition at the same scan rate [48].
Sayson [44] evaluated the supercapacitive properties of spray-deposited CuO films an-
nealed at 400 °C. In an aqueous electrolyte (1 mol L~ NayS0Oy), the films exhibited a
capacitance of 87 F g~! at a scan rate of 10 mV s~ ! and a retention of 84.7% after 1000 cy-
cles. Patil et al. [32] reported a maximum specific capacitance of 184 F g~! at the scan
rate of 50 mV s~! and 83% capacitive retention after 5000 cycles in 1 mol L' of a KOH
electrolyte for CuO films grown by the SILAR technique. More recently, Khatavkar and
Sartale [49] reported the deposition of copper hydroxide by liquid-phase deposition on
stainless-steel (SS) substrates with subsequent annealing at 300-500 °C to obtain CuO films.
The supercapacitive performance of CuO films was evidenced by a specific capacitance
of 552 F g~ ! at a scan rate of 3 mV s~!, provided that the substrate was a mesh SS. This
large capacitance is due to the fact that at this very slow scan rate, the full electrochemical
reaction can be achieved. However, at the current density of 2 mA cm ™2 of practical use
and used in this work, the capacitance was 58 F g~! only. For the same reason, it is not
possible to compare our results with the supercapacitive performance for different CuO
supercapacitors reviewed in [49] because the results concern tests performed only at low
scan rates of <10 mV s~!, at which capacitance larger than 500 F g~! is expected and
observed in different works. A benchmarking can be conducted, however, for CuO films
with supercapacitance performance reported in the literature at the same current density of
2 mA cm~? as in the present work. The best results are reported in Table 4. They include
flower-like CuO standing on Cu(OH); nanowire arrays on a copper foil prepared by a
liquid-solid reaction, which exhibited a capacity of 278 F g~! [94]. CuO nanoparticles
anchored on N-doped reduced graphene oxide prepared by refluxing in ammonia solution
demonstrated a capacitance of 225 F g~! at this same current density [95]. The larger spe-
cific capacitance observed in the present work is thus also a demonstration of the efficiency
of the RF sputtering process to synthesize CuO for supercapacitive performance. We also
report in Table 4 the electrolyte used for the measurements, since the capacitance also
depends on this parameter. However, despite the fact that the choice of the electrolyte
differs between the different works, Table 4 gives evidence that the reactive RF sputtering
process gives the best supercapacitance performance.

2

Table 4. Comparison of the supercapacitive properties of CuO films tested at 2 mA cm ™ current
density. PBS = phosphate-buffered aqueous solution.
Preparation Method Spec1ﬁ(cFCgaEa)c1tance Electrolyte Ref.
Liquid—solid reaction 278 NaOH [94]
Reflux process 225 KOH [95]
Chemical deposition 79 Na,SO4 [90]
Surface oxidation of Cu 190 KOH [50]
Reactive RF sputtering 375 PBS this work

The maximum specific capacitance (387 mF cm~2) for the CuO thin films prepared
at 350 °C can be explained by understanding three important factors, i.e., the grain mor-
phology, the surface constitution and the electroconductivity. As mentioned, in the case
of CuO films, the grains are well-crystallized with an oval-elongated shape and the main
(111) orientation irrespective of the substrate temperature, which result in a well-ordered
electroactive framework. The surface chemistry of films plays a decisive role in determining
the electrode—electrolyte kinetics, especially in the case of aqueous electrolytes [96]. Tobari
et al. [96] showed experimentally and theoretically that the electrical capacitance (C) of
film capacitors with realistic interface roughness is significantly larger than the value of
flat and smooth electrodes of surface A (C > eoer A/hy). As mentioned, in the case of CuO
electrodes, the charge storage mechanism is pseudocapacitive, which is basically influenced
by the surface state [97]. Thus, the increase in the CuO film’s surface roughness results in a
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higher specific surface area (Sger = 10.5 m? g~ 1), which creates excess capacitance in the
micro-supercapacitor film. Moreover, the electronic conductivity of 0.4 S cm™!, suitable for
easy insertion/de-insertion of ions, mostly contributes to the excellent redox reactions of
the pseudocapacitor. In conclusion, the rough surface and the well-structured oval-shaped
grains with the main (111) orientation perhaps dictate the electrochemical properties of the
active electrode material, thus providing a higher number of electrochemically active sites
for the pseudocapacitive behavior of CuO-based micro-supercapacitors.

5. Conclusions

In the present work, CuO films prepared by the RF magnetron sputtering technique
were investigated as pseudocapacitive binder-free electrodes for micro-supercapacitors.
Optimized CuO films were deposited on a silicon substrate at various temperatures,
keeping the RF power at 250 W and the O, to Ar gas ratio at 1:7. The XRD studies of
the film prepared at a Ts of 350 °C exhibit the predominant (111) orientation along with
other (110), (200) and (131) reflection lines corresponding to a monoclinic structure of
the CuO phase. The estimated average crystallite size is approximately 24 nm. The SEM
analysis displays a uniform distribution of grains with an average grain size of 140 nm.
The AFM analysis reveals that the surface of the film is composed of oval-shaped grains
providing a high surface roughness of 45 nm. The calculated optical bandgap of copper
oxide films is 1.68 & 0.01 eV with a room-temperature electrical p-type conductivity of
0.4 S cm~!. The CuO film deposited at 350 °C exhibits a discharge specific capacitance of
387 mF cm~2 (375 F g 1) at a current density of 1 mA cm~2 with excellent cyclic retention of
95% even after 1000 cycles. The high capacitance and good cycle stability can be explained
by the rough surface and the well-structured oval-shaped grains with the main (111)
orientation that make the present CuO film electrodes promising potential electrodes for
the next generation of micro-supercapacitors.
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