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| This paper focuses on the synthesis of doped and undoped CuO nanoparticles using the sol-gel method, which has been prepared and |
described. Supercapacitor applications of as-synthesized nanomaterials were analyzed using cyclic voltammetry (CV), galvanostatic

| discharge (GCD) and electrochemical impedance spectroscopic (EIS) analysis. The cyclic voltammograms illustrated the quasi-rectangular |

| shape which depicted the pseudocapacitance nature of the samples. The calculated specific capacitance of the prepared samples was 180, |

| 253 and 303 (F/g) corresponding to CuO, Fe-CuO and Ni-CuO, respectively at the low current density and the EIS spectra show that the |

| |

| |

prepared Ni-CuO electrode exhibits low charge transfer resistance.

Keywords: CuO nanoparticles, Doped CuO, Sol-gel method, Pseudocapacitance.

INTRODUCTION

Nowadays the energy requirement and demands are rapidly
increased hence many of the researchers put lot of efforts to
develop the high-performance energy storage devices. As a sort
of energy storage device, supercapacitors have its selective
properties like quick charge-discharge rate, high power density
and stable cycling performance [1-3].

As well known, the supercapacitors are highly depends
on the properties of electrode materials. So, it is essential to
prepare the good cathode materials for the better electro-
chemical performance which increase the specific capacitance
and energy density for the supercapacitors [4-7]. Based on
the literature survey, transition metal elements like, Ni [8], Zn
[91, W[10],Ru[11],Mn [12], Fe [13-16] and its oxide source
elements are selected as materials for high performance super-
capacitance applications. Among these, copper oxide (CuO)
has attractive material in recent years because of its low cost,
abundant resources, high energy density, efc. It is a key compo-
nent in high superconductors and used as photoconductive
material [17-19]. Nasir et al. [20] reported that NiO/CuO
nanocomposites achieved a capacitance values 280 F g at 1
A g"'in6M KOH. A rose like CuO was easily prepared by chemical

deposition method and reported as an higher specific capacitance
material (284 F ¢ at 0.5 mA cm™) in 1M KOH solution [21].
The CuO nanoplates was prepared by chemical method using
6M KOH as an electrolyte solution [22], which acted as the
supercapacitance material having a value of 536 Fg'at2 A g'.
Spindle like CuO nanomaterials was prepared by co-precipi-
tation method at the specific capacitance value of 130 F g at
1 A g for an electrolyte solution of 0.5 M K,SO,[23].

Transition metals (Ni, Mn, Fe, Cd and Zn) doped CuO
was reported by few researchers to improve the electrochemical
performance of CuO [24-27]. Several modified chemical and
physical methods such as sol-gel, hydrothermal, chemical,
combustion, electrochemical, sonochemical and coprecipitation
methods were developed for obtaining the CuO nanoparticles
[28,29]. Hence in this present work, an attempt has been made
to synthesize and characterize CuO and Fe, Ni-doped CuO
nanoparticles using sol-gel method and its electrochemical
performances were analyzed.

EXPERIMENTAL

Synthesis of CuO and Fe, Ni doped CuO nanoparticles:
The CuO nanoparticles was synthesized by sol-gel method.
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In brief, copper(Il) chloride (5 mM) dissolved in 100 mL of
distilled water, then 20 mM NaOH was slowly added and stirred
for 3 h at 70 °C. The obtained black precipitate was rinsed by
deionized water and ethanol for several times and dried at 90
°C for 14 h. Finally, the precursor was calcined at 550 °C for 4 h.
Further ferric chloride and nickel chloride was introduced into
the same procedure to obtain the Fe and Ni doped CuO nano-
materials.

Preparation of electrode: The working electrodes were
fabricated by mixing the active material, acetylene black and
polyvinylidene difluoride(PVDF) as a binder (weight ratio of
7:2:1 v/v%) and N-methyl-2-pyrrolidone used as a solvent.
The semi-liquid paste have been coated on Ni plate as a current
collector and the electrodes were dried at 110 °C for overnight.
In this electrochemical cell arrangement, 1 M KOH solution
was used as an electrolyte. The reference and counter electrodes
consisted of Ag/AgCl and inert platinum, respectively.

Characterization: The XRD study of the synthesized pure
and Fe, Ni -doped nanoparticles was performed using Rigaku-
Ultima IV in the 20 range from 10-80° at room temperature at
a scanning rate of 10°/min. The X-ray diffractometer was oper-
ated at 30 mA, 40 kV for the CuKo line to identify the crystal
structure. The morphological and size distribution were charac-
terized using SEM technique and the elemental mapping study
was confirmed (Bruker) the presence of Cu, Fe, Ni and O elements
with their extend of distribution. The optical absorption studies
were carried out using UV-Vis spectrometer (Jasco, V-650) in
the wavelength range from 200 to 1100 nm. The photolumine-
scence (PL) spectra were recorded at room temperature (Fluro
Max-4L) with a maximum power output of 10 mW. Fourier
transform infrared spectra of the synthesized samples were
recorded using a Perkin-Elmer Spectrometer (Model-RXT)
using KBr pellet in the range of 4000-400 cm™. The cyclic
voltammetry (CV), galvanostatic charge discharge (GCD) and
electrochemical impedance spectroscopy (ELS) analysis were
characterized through CHO66-instrument to study the pseudo-
capacitance behaviours.

RESULTS AND DISCUSSION

Structural analysis: The XRD patterns of CuO, Fe and
Ni doped CuO nanoparticles are shown in Fig. 1. The sharp peaks
in the spectra indicated that the products were well crystalline
nature. The characteristic peaks located at 26 = 31.62°, 34.65°,
37.85°,39.67°,57.75°,60.55°, 67.27° and 74.13°, which corres-
pond the (110), (002), (111), (200), (202), (113), (220) and (004)
planes, respectively oriented with the tetragonal phase of the
CuO (JCPDS 89-2531). The XRD patterns of the Fe and Ni doped
CuO showed a slight deviation in the XRD angles with respect
to the pure CuO indicated that the doping of metal ions not
influenced on the phase transition. Also, all the diffraction
features were indexed to the tetragonal structure. The crystallite
size of the pure CuO and Fe, Ni doped CuO samples were calcu-
lated by using the following Scherrer’s relation (eqn. 1):
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Fig. 1. X-ray diffraction pattern of CuO, Fe doped CuO and Ni doped CuO

where D is the average size, ‘n’ is the Scherrer constant (0.9),
) is the wavelength of the incoming X-rays (1.54060 A for
CuKa), d is the lattice space, 8 is the diffraction angle and B is
the full width half maximum. The calculated average crystalline
size of the pure and Fe, Ni doped CuO is shown in Table-1.
The average crystallite size of the pure CuO and Fe and Ni doped
CuO samples were found to be 33.72, 21.49 and 19.6 nm.
This result shows that the CuO nanoparticles crystallite size
was greater than the Fe and Ni doped CuO nanoparticles due
to the substitution of lesser ionic radius of Fe (0.64 A) and Ni
(0.69 A) to the space of Cu (0.73 A) atom. The other structural
parameters like dislocation density (J), stacking fault (SF) and
micro strain (€) were also calculated from the XRD results
using eqns. 2-4.

. . . 1
Dislocation density (8) = o )
2n’
Stacking fault (SF)=| ———
g fault (SF) [45(tan o) jB 3
. . cosO
Micro strain (€) = X 1 ) %)
TABLE-1
STRUCTURAL PARAMETERS OF CuO, Fe AND Ni DOPED CuO
. Dislocation Micro .
Samples ngzt?:llrlnn)e density (3) strain (g) St?:llflltn g
(10™%) (10%)
CuO 33.72 0.86 2.15 0.098
Fe-CuO 21.49 2.16 2.84 1.534
Ni-CuO 19.16 2.72 4.13 0.124

The dislocation density and microstrain values increase
for the Fe and Ni doped CuO samples than the pure CuO,
indicated that the crystalline size is inversely related to dislo-
cation density and microstrain parameters [30].
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SEM analysis: The SEM images of CuO, Fe and Ni doped
CuO are presented in Fig. 2. The SEM image of CuO (Fig. 2a)
sample shows the existence of uniform rod like shape nanopar-
ticles with the small agglomeration. The SEM images of the
Fe and Ni doped CuO are given in Fig. 2¢ and 2e, respectively
and the images revealed that some doped particles are decorated
on the surface of CuO [31]. The EDX spectra of CuO, Fe-CuO
and Ni-CuO are also illustrated in Fig. 2(b, d & f), which confirm
the presence of Cu, O, Fe and Ni in the prepared samples.

The element mapping of the synthesized materials is
shown in Fig. 3(a-c) and the presence of the dopant concen-
tration were confirmed from the element mapping images. The
extend of distribution of copper, oxygen, iron and nickel in
the prepared nanomaterials are reproduced in Fig. 3d-g. The
element mapping images further indicated that the doping process
of iron is carried out smoothly than the nickel.

UV-visible analysis: UV-visible absorption spectra of
CuO and Fe and Ni-doped CuO nanostructure is displayed in
Fig. 4. It can be seen that the absorption reaches the highest
point (Amsx) for undoped CuO at 326 nm and the An.x value
shifted towards the higher wavelength region such as 333, 349
nm for Fe and Ni doped CuO. This red shift indicated the incor-
poration of Fe** and Ni** ions into the CuO lattice. The optical
band gap value was calculated using the eqn. 5.

h
E,=hv= Tc 5)
The bandgap values have been determined for CuO (3.8 eV),
Fe-CuO (3.7 eV) and Ni-CuO (3.5 eV) and the values have
shown that the energy gap of Fe and Ni-doped CuO has been
slowly decreased relative to the undoped CuO and has a red-
shift due to the contribution of Fe and Ni orbitals to both
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Fig. 2. SEM Images and EDX spectra of (a, b) CuO, (c, d) Fe doped CuO and (e, f) Ni doped CuO
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Fig. 3. Element mapping of (a) CuO, (b) Fe doped CuO, (c) Ni doped CuO and (d-g) Element distribution of Cu, O, Ni and Fe
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Fig. 4. Absorption spectra of CuO, Fe and Ni doped CuO

valence and conduction bands [32-36]. The crystalline size
was primarily expressed in the magnitude of the band gap as
with the inverse relationship.

FTIR analysis: FT-IR spectra of pure and Fe, Ni doped
CuO nanoparticles are shown in Fig. 5. The absorption peaks
observed at 3396 cm™ (pure CuO), 3332 cm™ (Fe-CuO) and
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Fig. 5. FT-IR spectra of CuO, Ni doped CuO and Fe doped CuO
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3316 cm (Ni-CuO) are responsible for the adsorbed water
molecules on the metal surface. The band located at 1632 cm’!
referred to the bending and stretching vibrations of -OH group
as certained the adsorption of water on the surface of nano-
materials. The absorption bands at 601 and 429 cm™ are assigned
for Cu-O stretching vibrations. In the Fe and Ni doped CuO
nanoparticles, these stretching vibrations are slightly shifted
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from 597 to 428 cm™ for Fe-CuO and 596 to 431 cm™ for Ni-
CuO confirmed the occupation of Fe and Ni ions on the CuO
host lattice. These observed metal-oxide stretching modes
confirmed the successful incorporation of Fe and Ni ions into
the host lattice of CuO.

XPS analysis: XPS spectra of Fe-CuO and Ni-CuO are
shown in Fig. 6. As seen in Fig. 6a-b, the wide XPS spectra
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Fig. 6. XPS survey spectrum of Fe-CuO, Ni-CuO(a, b), (c) Core level spectrum of Cu 2p state, (d) Ols core level spectrum and (e, f) core

level spectrum of Fe 2p and Ni 2p nanoparticles
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revealed the presence of Cu, O, C, Fe and Ni elements in the
samples. In the XPS spectra, appearance of carbon is common
[37,38]. Fig. 6e-f illustrates the de-convoluted curves of Cu,
O, Fe and Ni elements. The peaks observed at 963 and 936 eV
corresponding to Cu-2p,,, and Cu-2ps;,, which evidently shows
the presence of Cu** ions (Fig. 6¢). The energy separation between
the Cu**ionis 19.9 eV. The peak appeared at 531 €V corresponds
to O-1s in the lattice (Fig. 6d) [39]. The peaks located at 712.21
and 725.29 eV (Fig. 6e) correlated to Fe-2ps, and Fe-2p,.,
respectively, which originated from Fe** ion [40]. The core-
level spectrum of Ni-2p (Fig. 6f) shows the peak values at
856.51 and 879.9 eV attributed to Ni-2ps, and Ni-2p,,, respec-
tively [41]. These values are in good agreement with the pre-
vious report [42]. The XPS results proved that there has been
a strong interaction between dopent and CuO nanoparticles.
Cyclic voltammetry: The CV curves of CuO, Fe-CuO
and Ni-CuO electrodes at different scan rates like 10, 20, 50
and100 mV/s with a potential window range from — 0.6 to +
1.0V in IM KOH electrolyte solution is shown in Fig. 7. From
the cyclic voltammograms, all the CuO derivative electrodes
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exhibited an almost rectangular shape (Fig. 7). The CV curve
current was increased by increasing the scan rate as observed
in Fig. 7a. At a lower scanning rate, protons or K* ions may
have more time to reach the surface of the electrode. At a higher
scan rate, the time available for the K* ions integrated into the
electrode is inadequate. A linear relationship was observed
between the peak current and the square root of scan rates (v'*?)
of pure CuO, Fe-CuO and Ni-CuO electrodes (Fig. 7d). From
Fig. 7d, with increasing the scan rate the reductive peak shifted
towards negative and oxidative peak move towards more positive
potential regions.

Moreover, the Ni-CuO electrode has the evasive peak than
Fe-CuO and pure CuO, which suggest that the Ni ion provides
a larger area to improve the conductivity of the CuO. The
specific capacitance of the CuO, Fe-CuO and Ni-CuO electrode
materials were calculated with the scan rate (Table-2) by using
eqn. 6 [43-45]:
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Fig. 7. CV curves of (a) CuO (b) Fe-CuO (c) Ni-CuO and (d) Peak to peak separation of CuO, Fe-CuO and Ni-CuO electrodes
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where C; is the specific capacitance of the active electrode
material, S is the specific area of the CV curve, m is the mass
of the electrode, k is the scan rate and AV is the potential window.
From Table-2, Ni-CuO electrode exhibited the much higher
specific capacitance value than the Fe-CuO and CuO electrodes.
The Ni-CuO electrode capacitance value was roughly two-fold
greater than the pure CuO and Fe-CuO electrodes. Also, the
specific capacitance of bare CuO electrode has the capacitance
retention at 51% at the higher scan rate whereas the Fe-CuO
and Ni-CuO electrodes have exhibited the capacitance retention
upto 60% and 64% which support the good electrochemical
stability of the Ni-CuO electrode.

TABLE-2
SPECIFIC CAPACITANCE VALUES OF CuO,
Fe DOPED CuO AND Ni DOPED CuO

Scan rate Specific capacitance (F/g)

(mVs") CuO Fe-CuO Ni-CuO
10 201.21 213.48 256.82
20 168.68 200.87 237.48
50 134.66 156.19 181.23
100 102.51 129.4 142.51

Fig. 8 shows the relation between specific capacitance
and v?for CuO, Fe-CuO and Ni-CuO electrodes. It can be seen
that the specific capacitance decreased with an increase in the
scan rate from 10 to 100 mV s™ due to the lesser time available
for ion diffusion and adsorption inside the smallest pores within
a huge particle at high scan rates [46]. The relation between
specific capacitance with square root of scan rate indicated that
Ni-CuO electrode has shown superior capacitance performance
than the CuO and Fe-CuO electrodes.

The galvanostatic charge discharge (GCD) curves of CuO,
Fe-CuO and Ni-CuO electrodes were recorded at 5 and 10 A !
in 1 M KOH electrolyte solution. The shape of the GCD curves
are symmetrical triangular nature (Fig. 9) and the GCD curves
had large time responds at low current density due to low
internal resistance, which represents the adequate inclusion
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or exclusion of K" during the charging/discharging action. The
specific capacitance can be calculated from the GCD curve
using eqn. 7:

IAt
C =—
P mAV O

where, C, is the specific capacitance (F g'), 1 is the discharge
current (A), At is the discharge time period, m is the mass of
the electrode and AV is the potential window. The specific
capacitance for CuO, Fe-CuO and Ni-CuO were 180, 253 and
303 F g'!, respectively at the current density of 5 A g”'. The
calculated specific capacitance values were decreased when
increase in current density due to the incremental voltage drop
fall and inadiquate active material associated with the redox
reaction [47,48]. The specific capacitance values of different
morphological CuO nanocyrstallites are given in Table-3.
Among the various nanomaterials, the Ni/CuO electrode has
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Fig. 9. Galvanostatic charge discharge (GCD) curves of bare, Fe-CuO and Ni-CuO nanoparticles
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TABLE-3
COMPARISON OF THE SUPERCAPACITOR PERFORMANCE OF CuO, Fe-CuO AND Ni-CuO NANOPARTICLES
Synthetic method Electrode material Specific capacitance Electrolyte Ref.
Sol-gel CuO nanorod 180 Fg'@ 5 Ag’ 1 M KOH Present work
Sol-gel Fe-CuO nanorod 253 Fg'@ 5 Ag'! 1 M KOH Present work
Sol-gel Ni-CuO nanorod 303 Fg'@ 5 Ag' 1 M KOH Present work
Hydrothermal NiO/CuO composite 280Fg' @ 1 Ag™ 6 M KOH [40]
Chemical deposition method Rose like CuO 284 Fg''@ 0.5 mA cm™ 1 M KOH [42]
Co-precipitation method Spindle like CuO 130 Fg'@ 1 Ag' 0.5 M K,SO, [23]
shown apprec1at?le super capac1tan§e efficiency. Furthermore, 204 Eo.CuO FaCu0
the energy density and power density values were calculated 1 .
using eqns. 8 and 9. 18] .
1 16 - ] .
E=—CV’ (8) 1 .
2 14 4 [}
- [ ]
P= E 9) . 12 | ]
t E 104 = .
where, E and P are the energy and power densities of the LS Cuo
electrode, C is the specific capacitance, t is the discharging N . .
time and V is the potential window. Fig. 10 shows the Ragone '.’.'
plot of CuO, Fe-CuO and Ni-CuO electrode materials. The
calculated E and P values are given in Table-4.

204
194 1=Cu0 " J ] ) J
] 2 = Fe-CuO 30 40 50
18 3 = Ni-CuO Z' (ohm)
-g 17_. Fig. 11. Nyquist plots for CuO, Fe-CuO and Ni-CuO nanoparticles
2
16 . . .
z resistance (R.) of the cell is calculated from the intercept
c . . . , .
£ 157 between the impedance plot with the real impedance of Z'-axis.
B 14 2 The electrochemical reaction on the electrode/electrolyte inter-
E 1 face was relatively easier for Ni-CuO than the Fe-CuO and
13'_ 1 pure CuO electrodes. Thus, the R, (Table-5) values obtained
124 for the Ni-CuO electrode is comparatively lesser than the pure
» ] CuO and Fe-CuO electrodes.
200 400 600 800 1000 1200
Power density (w ") T TN BT
Fig. 10. Ragone plot for CuO, Fe-CuO and Ni-CuO nanoparticles CuO. Fe-CuO AND Ni-CuO
TABLE-4 Component R¢ (Ohm) R, (Ohm)
POWER DENSITY AND ENERGY DENSITY VALUES OF CuO 2.465 39.50
CuO, Fe DOPED CuO AND Ni DOPED CuO Fe-CuO 1.431 9.42
5 Alg 10 Ag Ni-CuO 1.101 7.61
Energy Power Energy Power .
Component density density density density The observed EIS values clearly show the supercilious
(Wh/kg) (Wikg) (Whikg) (Wikg) capacitive behaviour of the Ni-CuO electrode than the pure
CGuO 16.22 161.68 11.74 424.12 CuO and Fe-CuO. A progressive decrease in the interface layer
Fe-CuO 17.75 339.79 12.82 720.79 resistance and the charge transfer resistance on the surface were
Ni-CuO 19.65 609.69 14.2 1186.73

seen because of intercalation of Ni ion doped with CuO nano-

Fig. 11 shows the Nyquist plots of CuO, Fe-CuO and Ni-
CuO electrodes, where a semi-circle region indicates the high
frequency region, while the narrow straight line indicates the
low frequency region. The low frequency region represents
relatively vertical capacitive nature of the electrodes. The solution

materials. Thus, the semi-circle for Ni-CuO (Fig. 11) electrode
was shorter than Fe-CuO and pure CuO electrodes [45-48].

Conclusion

The CuO, Fe-CuO and Ni-CuO nanoparticles were success-
fully prepared by sol-gel method using NaOH as a mineralizer.
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The XRD patterns revealed the presence of tetragonal crystal
system of CuO, Fe-CuO, and Ni-CuO with a good crystallinity.
The average crystalline size 33.72 nm (CuO), 21.49 nm (Fe-
CuO) and 19.16 nm (Ni-CuO) were observed from the XRD
results. The SEM images concluded the rod like shape with
fine surface for pure CuO nanoparticles. Element colour mapping
confirmed a good dispersion of Cu, Fe, Ni and O and the
presence of elements alone signified the purity of the samples.
The Cu-0, Fe-O and Ni-O vibrational bands were observed in
the FT-IR confirmed the formation of bare and doped nano-
materials. The calculated band gap value of bare and the Fe,
Ni doped CuO were 3.8, 3.5 and 3.7 eV respectively, and the
XPS represents the principles of binding energy. The cyclic
voltammetry shows that the prepared samples exhibited a quasi
rectangular shape, which depicts the pseudocapacitance nature
of the samples. The EIS spectra show that the Ni-CuO electrode
exhibited the lower resistance value than the other electrodes.
Hence, it is concluded that the prepared Ni-CuO electrode can
be considered as the potential candidate for the supercapacitance
applications.
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