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A Rapid One-Pot Synthesis of CuO Rice-Like Nanostructure
and Its Structural, Optical and Electrochemical Performance
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We report the production of high stable rice-like CuO nanostructures syn-
thesized by a facile and one-step hydrothermal method using urea as a fuel
agent. The thermogravimetric nature, phase purity, morphology, and struc-
ture of rice-like CuO nanostructures have been characterized by thermo-
gravimetric—differential thermal analysis, powder x-ray diffraction (PXRD),
field-emission scanning electron microscopy (FESEM), and energy dispersive
x-ray spectroscopy. PXRD revealed the formation of monoclinic CuO with an
average crystallite size of around 20 nm. FESEM showed a rice-like mor-
phology with an average size of 40—50 and 100-120 nm along the shorter axis
and longer axis, respectively. UV-DRS analysis confirmed a considerable blue-
shift in the optical band gap (E~ = 1.45 eV) owing to a quantum confinement
effect. X-ray photoelectron spectroscopy and electron paramagnetic resonance
spectra confirmed the presence of copper in Cu®* state. Furthermore, we can
use these electrodes for their electrochemical supercapacitive properties, like
cyclic voltammetry, galvanostatic charge/discharge and electrochemical im-
pedance spectra. The nano-rice CuO showed an enhanced specific capacitance
of 305 F/g at a current density of 1 A/g.
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energy storage, pseudocapacitors

INTRODUCTION

Supercapacitor-based energy storage materials
are more flexible, smart and lightweight owing to
their higher specific power density, extensive
charge—discharge, cyclic stability and capacity and
fast recharge ability compared to batteries and
conventional capacitors. In recent times, transition
metal oxides have been of tremendous interest in
materials research because of their outstanding
optical, electrical, magnetic, and catalytic proper-
ties, and widespread applications in practical
devices, particularly as promising electrode materi-
als for energy-saving electrochemical capacitors
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published online June 18, 2018)

owing to their numerous oxidation states and
higher theoretic specific capacitances than carbon-
based nanomaterials."* Among various metal
oxide-based super-capacitors such as NiO,? Co0O,°
MnO” and Fe,03,% copper oxides (CuO) have been
shown to be promising electrode materials for
pseudocapacitor applications due to their remark-
able conductivity, higher capacitance, and long-
term stability. Moreover, they have low cost of
production, good chemical stability and an environ-
mentally friendly nature. Generally, the electro-
chemical behavior of CuO is very greatly influenced
by their significant structure, and their desired
morphology with high surface area is essential to
enhance the energy and power densities of super-
capacitors and pseudocapacitive materials.
Nanostructure CuO with different morphology
and dimensions, such as nanotubes,’ nanowires,
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nanosheets'! and nanoneedles'? have been synthe-
sized by using several methodologies such as sol—
gel, thermal oxidation, electrochemical, hydrother-
mal, and template using carbon and sonochemical
methods. In an attempt to further improve the
electrochemical performance; we have prepared a
rice-like CuO nanostructure by using a facile
hydrothermal method. Among the above methods,
the hydrothermal method is very attractive for the
production of CuO nanostructures due to its easy
manipulation, scalable production, well-defined
size, desired morphology, operation simplicity and
cost-effectiveness.'®> However, to the best of our
knowledge, a novel and one-step hydrothermal
energy-efficient synthesis of rice-like CuO, and
scientific studies on its formation mechanism by
combining the experimental results with atomic
level crystal structure transformations, have not
been reported. We report on the thermal, structural,
optical and electrochemical behavior of the CuO
nanostructure by using a simple and one-step
hydrothermal method. Moreover, the possible
growth mechanism for the formation of CuO nanos-
tructures is proposed.

EXPERIMENTAL
Materials

Copper nitrate [Cu (NOj3)sl, purity 99.97%), urea
[CO (NHj)s], liquid ammonium hydroxide solution
(NH4OH, purity 99.97%) were used as the precursor
solution for the CuO nanostructures. All the chem-
icals were of analytical grade, purchased from
Merck, India, and used without any further
purification.
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Experimental Details

The CuO nanostructures wwere prepared by a
simple hydrothermal process using urea as the fuel
agent. In a typical experimental procedure, 0.1 M Cu
(NOg3)y was dissolved in 50 mL distilled water under
strong magnetic stirring until completely dissolved.
The urea was added to the solution and stirred for
30 min. The ratio of Cu(INOs)y and urea was 1:2. Then,
25 mL aqueous solution of NH,OH was added drop-
wise under strong magnetic stirring until the pH
value reached 10. During this reaction, the drop rate
must be controlled to achieve chemical homogeneity.
Then, the solution was transferred into a Teflon-lined
stainless steel autoclave, which was sealed and main-
tained at different temperatures, such as 100°C,
120°C and 150°C for 24 h. After complete ing the
hydrothermal reaction, the resulting precipitate was
thoroughly washed by repeating the procedures of
suspending the gel in deionized water and ethanol,
then collecting it back by centrifugation to remove CI™
and NH** ions, and dried in air in a laboratory hot air
oven at 100°C for 10 h. Finally, the light gray colored
CuO nanopowder was obtained. The schematic rep-
resentation for CuO under hydrothermal reaction is
shown in Fig. 1. The CuO rice-like structure was
achieved from the self-aggregation and decomposition
of the precursor Cu(NOjs); and CO(NHj), via a
hydrothermal method. The nanoparticles which ini-
tially serve as building blocks of many spheres were
synthesized at a large scale by a precipitation between
Cu(NOj3), and CO(NH,), at room temperature. Under
the hydrothermal condition, many CuO rice-like
nanocrystals were formed by the decomposition of
precursors according to the reaction:

Cu(NO;),
Urea +DI

pH-10 | Stirring

Rice structure

% '
\ '-..:'-:!': © Aggregation
® 0, o
—
Colloid Gel
; Autoclave
< A 4
= e Dried at 150°C/24 h
FESEM 80°C/24 h

Fig. 1. Schematic representation for rice-like CuO under hydrothermal condition.
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(NHz),CO + 3Cu(NOs3), +4NH;0H + Hy0
+ Cuy(OH),CO3 + 2NH;3 4 COy
Cuy (OH)2003 — 2CuO + H20 + COq.

During the high-energy hydrothermal reaction, the
CuO nanoparticles gradually grow and convert
intoa CuO nano-rice-like structure.

Characterization

The thermal analysis was performed on a SDT Q600
V8.3 Build 101 thermogravimetric—differential ther-
mal analysis (TG-DTA) system. The heating rate was
10°C min ! in nitrogen flow (40 mL min ') and the
weight of the sample taken in the experiment was
around 5 mg. Identification of the crystalline phase and
the size of the CuO nanopowder was achieved using
powder x-ray diffraction (PXRD) (Bruker diffractome-
ter) using a CuKa wavelength of 1.5406 A and operating
at 35 kV and 30 mA. PXRD patterns were recorded in
the range 20°-80° at the scan rate of 0.50 s. Morphology
and particle size of the prepared nanoparticles was
studied employing a field-emission scanning electron
microscope (JEOL-JSM-6390) operatin g at 15 kV. The
elemental analysis of the samples was analyzed
through energy dispersive spectroscopy (EDS) (JEOL
Model JED—2300). The Raman spectra of the samples
were recorded using a BRUKER RFS 27 stand-alone
FT-Raman Spectrometer at a resolution of 0.2 cm ™.
The optical properties were analyzed by UV-VIS
diffusion reflectance spectroscopy using a CARY 5E
UV-VIS-NIR spectrophotometer in the wavelength
range of 200—1200 nm. Photoluminescence spectra of
the samples were recorded using a PerkinElmer LS 55
spectrometer equipped with a He-Cd laser source; the
excitation length used was 325 nm. X-ray photoelec-
tron spectroscopy (XPS) was carried out using a
Thermo  Scientific K-alpha surface analysis
instrument.

Electrode Preparation

The electrochemical nature of the as-prepared
CuO was investigated with cyclic voltammetry (CV),
charge—discharge and impedance spectra analysis
by using a software-controlled predictable three-
electrode electrochemical cell (CHI 660C electro-
chemical workstation) consisting of a glassy carbon
electrode as the working electrode, Ag/AgCl as the
reference electrode, and platinum wire as the
counter-electrode. In the preparation of the elec-
trodes, 0.05 g of CuO nanopowder was put into
500 uL of ethanol and then dried at room temper-
ature for 15 min. The working electrode was coated
with 0.5 uLi of active material dispersed in 5% of
2 uL nafion binder solution. All the electrochemical
measurements were performed in a 0.2-M KOH
aqueous electrolyte solution at room temperature.
The CV measurements were performed at scan
rates of 50 mV s™! and 100 mV s~'. A potential
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Fig. 2. TG-DTA curve of as-synthesized CuO nanopowders.

window in the range from — 0.2 V to 0.8 V was used
in all the measurements.

RESULTS AND DISCUSSION
TG-DTA Analysis

The TGA/DTA profile of the as-synthesized CuO
is shown in Fig. 2. The TGA curve demonstrates a
two-step decomposition of the precursor to form the
CuO. The first weight loss below 250°C (~ 8%)
originates from the evaporation of ammonia, water,
carbonate ions (the byproduct from urea decompo-
sition) and nitrate ions (from the starting material).
The second weight loss (500-800°C) is owing to the
carbon group compounds and also the loss of oxygen
in the CuO nanostructure during the heat treat-
ment.'* The DTA curve shows an exothermic peak
at around 275°C, which may be ascribed to the
reaction responsible for the formation of the Cu0O.
This result suggests the formation of rice-like CuO
from the copper nitrate precursor solution under the
hydrothermal reaction process.

Powder XRD Analysis

In order to confirm the effect of temperature on
the crystalline nature and average grain size of the
as-synthesized CuO products, PXRD was carried
out and the corresponding profile is presented in
Fig. 3. It can be clearly seen that all three samples
could be indexed to the formation of single-phase
CuO crystallized with a monoclinic structure, ® and
the calculated unit cell, parameter values,
a =4.60345 A; b =3.37129 A; C =5.11389 A; cell
volume = 78.0218 x 102 pm?® were in good agree-
ment with the standard values (JCPDS file No. 65-
2309).)” No other impurity phases were detected,
such as Cu(INOg3)y or Cu or Cuy0O, which indicates
the purity of the samples. Furthermore, the
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Fig. 3. Powder XRD pattern of CuO with different hydrothermal
products.

intensity of all the peaks increases with the increase
of reaction temperature from 100°C to 150°C, this
result suggesting that the crystallinity of the CuO
improved. The increase in gram size was also
confirmed by Scherrer’s formula,'® and was found
to be 13 nm, 17 nm and 20 nm for CuO with 100°C,
120°C and 150°C hydrothermal-assisted samples,
respectively. Hence, the high crystalline nature of
CuO with the 150°C-assisted sample was charac-
terized for further studies.

FESEM-EDS Analysis

FESEM is a useful technique to obtain the
detailed surface morphology and average particle
size of CuO nanostructures. Figure 4a—d shows the
FESEM images of the as-synthesized CuO with
different magnifications. It can be clearly seen that
the as-synthesized CuO shows a 1-D rice-like mor-
phology with the average length in the range of
100-120 nm and width in the range of 40-50 nm.
More attractively, individual rice-like-shaped struc-
tures are associated to their neighbors leading to
the formation of interlaced rice-shaped spheres.
FESEM-based EDS analysis confirms that the as-
synthesized CuO was mainly composed of Cu and O
elements with sharp visible peaks (Fig. 4e), and
with a minor contribution from carbon which is
present as as impurity of the CuO rice-like struc-
ture. The calculated atomic ratio of Cu:O is approx-
imately 55:35, indicating the presence of CuO
rather than Cu,O.

XPS Analysis

In order to further confirm the chemical compo-
sition and valance state of the CuO, an XPS survey
spectrum was carried out (Fig. 5a), and the
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preferred area scans for the individual elements in
Cu 2p and O 1s are shown in Fig. 5b and c,
respectively. It can be seen that the binding energy
of the Cu 2p core level spectrum (Fig. 5b) located at
937.4 eV and 956.7 eV, which is related to the Cu
2p3/2 and Cu 2p1/2, respectively. These values are
good agreement with the already reported literature
values.'® The binding energy of the O 1s core level
spectrum (Flg 5¢) located at 530.1 eV, which corre-
sponds to O%~ jons in the CuO lattice.These results
suggest that the chemical valences of Cu at the
surface of the CuO nanoparticles are in the +2 state
(Cu®).

Raman Spectra Analysis

In general, Raman spectroscopy is a perceptive
probe to realize the crystal symmetry, local
atomic arrangements and functional group vibra-
tions of materials.?° Here, we analyzed Raman
spectra to characterize the structural information
of the as-synthesized CuO nano-rice, and the
corresponding profile is depictrf in Fig. 6, from
which It is clearly evident that there are three
Raman peaks, at 28lcm !, 340 cm ! and
621 cm~!. For the comparison of the CuO bulk
single crystal?! with the Raman vibrational, all
the Raman peaks are red-shifted about 25 cm ™!
and broaden with the downshifts, which is
appropriate to the quantum size confinement
effects of the CuO nano-rice-like structure. The
peak at 281 cm ™! can be ass1gned to the A, mode,
whereas the peaks at 340 cm ! and 621 cm_1 can
be as51gned to the By modes. 22 Thus, the Raman
modes again conﬁrm the CuO crystalline with a
monoclinic structure.

UV-DRS Spectra Analysis

UV-Vis spectrophotometry is a key tool to iden-
tify the energy structure and optical absorption
properties of nanosized materials. The quantum
size confinement effect demonstrated by the as-
synthesized CuO nano-rices can be further con-
firmed by UV-Vis-DRS analysis, and the corre-
sponding spectra is shown in Fig. 7, from which it
can be seen that the broad absorption band edge is
found at around 500-800 nm. In order to further
confirm the band gap (E;), we have using the
Kubelka—Munk (K-M) model 23 The K-M model at
any wavelength is given by F (R,) = (1 — R)?2R,
where R is the percentage of reflectance. A graph
plotted between [F (R,) hv]? versus hv and the
intercept value is the direct band gap energy,?* and
the band gap energy of CuO was found to be
1.45 eV. The experiential band gap energy was
somewhat larger than that of the bulk CuO (1.2 eV),
which can be attributed to the quantum confine-
ment effect of the rice-like CuO. Similar findings
were observed for CuO nanoflakes synthesized by a
wet chemical method.?”
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Fig. 4. (a—d) FESEM images of rice-like CuO nanostructures with different magnifications. (e) EDS spectra of CuO.

EPR Analysis

Electron paramagnetic resonance (EPR) is a
responsive spectroscopic method to examine the
electronic structure and spatial distribution of
paramagnetic species on the samples. The local
structures of 3dy paramagnetic ions are character-
ized by means of EPR spectroscopy. Figure 8 pre-
sents the room temperature EPR spectra of CuO
recorded at room temperature using a Varian E 112,
operating at an X-band frequency 8.5-9.5 GHz.
Generally, the EPR powder spectrum of copper
gives four lines corresponding to the parallel

hyperfine splitting of the copper nucleus (I = 3/2),
but it gives a single broad EPR signal due to
exchange interaction. The parameter ‘g’ is deter-
mined according to the equation g = hv/ugH,, where
h is Planck’s constant, v is the microwave frequency
and ug is the Bohr magnetron. The g value calcu-
lated from this powder spectrum was 2.06, which
indicates the copper is in the + 2 state.

FTIR Analysis

Fourier-transform infrared (FTIR) analysis is a
technique used to evaluate the vibrational



5448
50000
(a) survey
400004 Cu Zp
Z 30000
(—
=
@)

200007

100004 C1ls

0 200 400 600 800 1000 1200 1400
Binding energy (eV)

Parthibavarman, Sharmila, Sathishkumar, and Gaikwad

40000

(b) Cu2p
Cu 3p,; (956.7)

Cu 3py; (937.4)

38000+

36000

ounts

Al

C

340004

32000+

30000 - . -
930 940 950 960

Binding energy (eV)

15000

(c) O1s
14000-
» 13000
—
[—
z
12000
11000-
10000

O 1s (530.1eV)

526 527 528

529 530 531 532 533

Binding energy (eV)

Fig. 5. (a) XPS survey spectrum of CuO, (b) selected area scans for the

individual elements in Cu 2p, and (c) O 1s.

frequencies of bonds in the molecule. The FTIR
spectrum of CuO is shown in Fig. 9. The broad
peaks in the range 3100-3600 cm™ "~ are attributed
to the O—H stretching vibration, which are assigned
to a small amount of HyO existing (during pellet
formation) in the nanostructured Cu0.?® The car-
bonate group was identified from the vibration
bands at 760 cm !, 824 cm ! and 1121 em L. There
are two noticeable absorption peaks at around
562 cm ! and 525 cm ™!, which can be assigned to
the vibrations of the Cu—O bonds.?” Hence, FTIR
analysis revealed that the inorganic component in
the sample is a CuO phase with a monoclinic crystal
structure. The FTIR results are also in good agree-
ment with the XRD analysis results.

Electrochemical Measurements
cv

The CV technique was performed to study the
electrochemical activity of the as-prepared CuO
within the potential range of — 0.2 V to 0.8 V. CV
curves of CuO electrode are shown in Fig. 10a, run
at different scan rates (20-100 mV/s). A pseudoca-
pacitance nature was found for the CuO electrode,
which is evident from the quasi-rectangular shape
of the CV curves. The anodic and cathodic peaks are
shifted to higher and lower potentials due to the
increase in the scan rate. In contrast, increasing the
scan rate reduces the specific capacitance of all the
electrodes. The reduction in the specific capacitance



A Rapid One-Pot Synthesis of CuO Rice-Like Nanostructure and Its Structural, Optical and

Electrochemical Performance

at higher scan rates is attributed to the diffusion
effect of protons within the electrode, and at lower
scan rates the reduction takes place due to the
existence of inner active sites. These undergo
complete redox transitions and tune the specific
capacitance efficiency.

Galvanostatic Charge [ Discharge

Figure 10b shows the galvanostatic charge/dis-
charge plots of CuO electrode materials for various
current densities (1 A/g, 2 A/g, 3 A/g, 4 A/g and 5 A/
g). It is found that the specific capacitance value
slowly decreases with increase of current density.

1250

1000

500

Intensity (counts)

0 r r r T T
200 300 400 500 600 700 800

Raman shift/cm!
Fig. 6. Raman spectra of CuO.
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The calculated specific capacitances of the CuO
electrode were 305 Fg~!, 278 Fg~!, 235 Fg !, 226
Fg ! and 145 Fg ! at discharge current densities of
1 Ag!, 2 Ag!, 3 Ag!, 4 Ag!, and 5 Ag !,
respectively. For a better understanding, the graph
has been plotted between the specific capacitance
and the current density, as shown in Fig. 10c. The
calculated specific capacitance values by charge
discharge are lower than the values obtained by
CV techniques. This is due to inadequate Faradic
redox reactions arising from the reduced surface
attainment by OH ions in the higher discharge
current density conditions. The CV was observed at
particular scan rates does not hinder the full surface
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Fig. 8. Room temperature EPR spectra of CuO.
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Fig. 7. (a) UV-Vis reflectance spectra of CuO and (b) band gap determination.
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utilization of the active material. As a result, it
induces the superior Faradic redox reactions and
specific capacitance. At very high current density,
the full surface utilization of a porous material is
not possible and results in lower specific capacitance
values. Figure 10d shows the charge—discharge
assessment of the CuO electrode for 5000 continu-
ous cycles under a high current density of 1 Ag™ .
The specific capacitance value decreases gradually
with cycling, and an approximately 5.4% loss is
obselrved after 2000 charge—discharge cycles at 1
Ag .

Electrochemical Impedance Spectra (EIS) Analysis

EIS is an important tool to investigate the
electrochemical characteristics of electrode/elec-
trolyte interfaces using Nyquist plots, which
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Fig. 10. (a) CV curves of CuO at different scan rates, (b) galvanostatic charging/discharging plots of CuO for various current densities, (c)
variation in specific capacitance as a function of scan rate, and (d) cyclability test of the CuO electrode at a current density of 1 A g
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Fig. 11. Nyquist plots of the CuO electrode.

illustrate the real and imaginary parts of the EIS.
The Nyquist plot of the CuO electrodes is shown in
Fig. 11, from which it can be seen that a line is
observed in the low-frequency region equivalent to
the electron-transfer diffusion process. It is worth
stating that, for perfect electrochemical capacitors,
the Nyquist plot should be a line perpendicular to
the real axis in the low-frequency region, although
deviation from the ideal behavior is attributed to
the pseudocapacitance properties of the oxide CuO
rice like structure.

CONCLUSIONS

We have successfully prepared CuO with a nano-
rice-like morphology by wusing a one-step
hydrothermal method. It has the potential for
fabrication at a large scale because the wet chem-
ical route is facile and controllable. XRD and SEM
results confirm that the CuO is single crystalline
with a monoclinic structure and rice-like morphol-
ogy. The XPS and EPR analyses also supported
that Cu is in the 2+ state in CuO nanostructures.
In the UV-visible absorption, a blue shift of band
gap energy was observed with decreasing nanopar-
ticle size due to the quantum confinement effect.
The obtained CuO nano-rice-like electrodes exhib-
ited a moderate specific capacitance and stable per-
formance for supercapacitors. Considering the low

cost, abundant resources, the simplicity of the
preparative method and the improved electrochem-
ical properties, CuO nanostructures could be con-
sidered as promising electrode materials for
electrochemical capacitors.
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