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Abstract:
A simple wet-chemical method has been deployed to synthesize copper oxide (CuO) nanostructures. FESEM
images revealed the formation of uniform-sized, spindle-like nanostructures. The TEM image revealed that
the nanospindles are composed of several small crystallites. The distinct diffraction peaks in the XRD pattern
confirm well-crystalline nanostructures and the average crystallite size was ∼ 10 nm. FTIR spectra revealed
the formation of Cu-O bonds. The band gap of the nanocrystals was calculated from the absorption spectra
and was estimated to be 3.28 eV. Quantum confinement effect is therefore found to be very significant in
these nanocrystals, manifested by the band gap enhancement. The synthesized CuO nanospindles exhibit
strong photoluminescence peaked at ∼ 407 nm owing to band-to-band transition. This emission peak is
due to the transition associated with low energy peaks at ∼ 461 nm due to shallow levels created below the
bottom of the conduction band. The nanostructure showed significant antimicrobial activity against S. Aureus
(Gram-positive) and K. Pneumoniae (Gram-negative) bacteria as studied by agar well diffusion technique.
The zone of inhibition depends on the concentration of nanoparticles as revealed from the study. Therefore,
the synthesized CuO is of immense potential for optoelectronics and biomedical applications.
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1. Introduction

Nanomaterials are of immense importance because of
two phenomena- (i) high surface-to-volume ratio and
(ii) quantum confinement. Large surface area compared
to the same volume of bulk material results in more
surface atoms that can be utilized for various catalytic
and sensing applications. Again, due to small size, the
carriers are confined within the narrow potential well
of the crystal, resulting in the band gap enhancement
in semiconductors and surface plasmon resonance in
metallic nanoparticles. These properties are very useful

in designing various optoelectronic and nanoelectronic
devices, light emitting diodes, lasers, photodetectors;
nanoparticles based drug delivery, and plasmonic ther-
apy [1, 2, 3, 4, 5, 6, 7, 8, 9]. Several metals (Au, Ag,
Cu) and semiconductor nanomaterials (Si, Ge, GaAs,
InP) and their compounds (CuO, ZnO, TiO2, CdS, ZnS,
CdSe, PbS, CdTe) are at the forefront of materials re-
search [10, 11, 12, 13, 14, 15, 16, 17]. Semiconducting
metal oxides are very popular because of their unique
optical and electrical properties, suitable for various op-
toelectronic and nanoelectronic applications. Amongst
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the various compound semiconductors especially oxides,
copper oxide (CuO) is of potential interest because of
its excellent photocatalytic activity, carrier mobility in
solar cells, and gas sensing applications [18, 19]. It is a
direct and low band gap semiconductor with a band gap
of ∼ 1.8 eV [20]. However, the band gap can be tuned
by tuning the particle size of CuO up to 3.2 eV [21]. It
is a p-type semiconductor having potential application
as an anode in lithium-ion batteries. It is also useful
for the development of high-temperature superconductor
composites and magnetoresistance [22, 23, 24, 25]. Fur-
thermore, CuO exhibits photocatalytic properties also
[26]. Researchers have synthesized CuO nanostructures
of various morphologies such as nanorods, nanocages,
nanocubes, nanoparticles, nanoflowers, and many more
[27, 28, 29]. However, spindle-like CuO nanostructures
are very rarely reported. One-step synthesis was used
to create spindle-shaped CuO nanoparticles and their
catalytic activity is reported by Ning et al. [30]. Harish
and co-workers reported a solution-phase approach was
to synthesize copper oxide nanospindles using high con-
centration of copper acetate and sodium hydroxide [31].
The spindles were porous in nature with size 70 nm ×
150 nm. There are also reports synthesizing other hierar-
chical CuO nanostructures by the researchers. However,
the detailed optical property of spindle-like CuO was not
well investigated. It has been found in the literature that
the morphology of the nanostructures plays an important
role in optical, catalytic and antimicrobial activity [31,
32, 33, 34].

Al-Fa′ouri et. al. reported the chemical synthesis of
CuO nanoparticles using leaves extract of Bougainvillea
[35]. The reported band gap was very high (2.74 eV).
The band gap was tuned to 3.34 eV by varying the PVA
concentration. They also observed increased DC elec-
trical conductivity with temperature. In another report,
flower-like CuO nanostructures were synthesized in a hy-
drothermal process [36]. The size of the ultra-thin leaves
of the nanoflowers was ∼ 700 nm × 300 and the band gap
was ∼ 1.68 eV. The nanoflowers were reported to exhibit
photocatalytic activities. Researchers have studied the
antimicrobial activity of CuO against different bacte-
ria such as Escherichia coli, Pseudomonas aeruginosa,
Enterococcus faecalis, Shigella flexneri, Salmonella ty-
phimurium, Proteus vulgaris. M. Ahamed et al. reported

the antimicrobial activity of CuO nanoparticles [37].
They observed that the synthesized CuO nanoparticles
were highly sensitive to E. coli and E. faecalis while
less potent for S. aureus, K. pneumonia. Further, the
studies on the antimicrobial activity against S. aureus
and especially K. pneumonia are very limited [37].

To fill up this lacuna, in this paper, we report a
simple chemical method to synthesize uniform-sized
spindle-like CuO nanostructures, followed by typical
structural and morphological characterization. Wet
chemical method is very cost effective one and does
not need the extreme parameters maintenance such as
high temperature and low pressure as in various vapour
deposition process. The spindle-like structure forma-
tion mechanism and morphological uniformity have also
been discussed to understand the underlying bottom-up
growth. The antimicrobial is necessary to understand
the potent of the synthesized material as antimicrobial
agent.

2. Experimental
All the chemicals used in this synthesis process were
of analytical grade (99.99% pure) and used as supplied
without further purification. In a typical synthesis pro-
cess, 0.02 M CuCl2 solution was prepared by dissolving
0.269 g of CuCl2 in double-distilled water. 0.056 g of
KOH was dissolved in distilled water to prepare a 1.0 M
solution and kept under vigorous stirring. The CuCl2
solution was then added drop-wise for 5 min, and the stir-
ring was continued further for 2 h. A bluish precipitate
was observed. At the end of the reaction, the precipitate
was filtered and dried in an ordinary furnace at 110 °C
for 2 h for further characterization. A schematic of the
synthesis steps is shown in Fig. 1.

Morphology of the synthesized nanopowder was in-
vestigated in a ZEISS field-emission scanning electron
microscope (FESEM) operating at 5 kV. For the FESEM
imaging, the powder sample was first sprayed over a
carbon tape and then gold-coated by thermal evaporation
process. Crystallographic investigation was carried out
by collecting the X-ray diffraction (XRD) data in Proto
A-XRD X-ray diffractometer that uses a solid state detec-
tor to detect the diffracted X-ray. The source of X-rays
was a Coolidge tube producing X-rays of wavelength
1.54 Å from a Cu target. The optical absorption spectra

Figure 1. Schematic of the steps of synthesizing CuO nanostructure.
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were recorded in a Perkin Elmer UV-Visible spectropho-
tometer in the wavelength range of 200− 800 nm. Room
temperature photoluminescence (PL) was investigated
in a Perkin Elmer Spectrophotometer that uses a Xenon
lamp as the source of excitation.

The Zone Inhibition Method (also known as the Kirby-
Bauer method) was used to assess the antibacterial ac-
tivity. The MHA plates were inoculated by spreading
100 µL of bacterial culture (the inoculum was made by
adjusting the cell density by 0.5 McFarland Units, or 1.5
X 108 CFU/mL from Mueller-Hillinton Broth), and then
the discs with 10 µL of varying concentration (0 to 100
mM) were placed on top of the plates. Ciprofloxacin
discs (10 µg) were used as positive controls (PC), and
one disc in each plate was filled with solvent only as a
vehicle control. For twenty-four hours, the S. Aureus
and K. Pneumoniae plates were incubated at 37 °C. The
disc’s surrounding clean zone was measured and noted.

3. Results and discussions
The morphology of the synthesized CuO was observed in
FESEM. Typical FESEM images of the synthesized CuO
nanostructures in different magnification are shown in
Fig. 2. Spindle-like nanostructures are found to form in
the chemical growth process. The spindles have uniform
size distribution with dimensions: Length ∼ 200 nm
and breadth ∼ 100 nm. It is also evident for the TEM
image (Fig. 3). This spindle-like CuO nanostructure is
not commonly observed and only few reports are found
in the literature [31]. The underlying chemical reactions
involved in the growth process are:

Cu2+ + 2OH− → Cu(OH)2 (1)

Cu(OH)2 + 2OH− → [Cu(OH)4]2− (2)

[Cu(OH)4]2− → CuO + 2OH− + H2O (3)

In the very initial stage, copper ions (Cu2+) are formed
due to dissolution of the copper salt in water. These
copper ions, combining with the OH− ions of water, pro-
duce Cu(OH)2 nuclides by oxolation process. Hydrogen
bonds of Cu(OH)2, being very weak, are readily broken
and react with OH− ions to produce an ionic complex

[Cu(OH)4]2− . Further decomposition of [Cu(OH)4]2−

nuclides results in the formation of CuO seeds. These
CuO seeds grow further, and assembled together to form
large-sized spindle-like nanocrystals. Further, it can be
seen that the nanospindles are of uniform size, indicating
the occurrence of diffusion diffusion-limited homonucle-
ation process during chemical growth. A schematic of
the growth mechanism is shown in Fig. 4.

Typical XRD pattern of the synthesized CuO nanospin-
dles is shown in Fig. 5. Diffraction peaks were observed
at 35.42°, 38.65°, 48.77°, and 58.13° corresponding to
(110), (022), (202), and (202) planes of monoclinic unit
cell of CuO, consistent with the JCPDS file no. 48-1548.
The peaks are very sharp, indicating the formation of
good-quality crystals. No impurity peaks were detected,
which is a signature of the purity of the synthesized
material. Crystallite size was calculated from the XRD
pattern using the Scherrer equation [38]:

𝐷 =
0.89𝜆
𝛽 cos 𝜃

(4)

Here, 𝛽 is the full-width at half-maxima of the diffrac-
tion peak appearing at Bragg angle (2𝜃) and 𝜆 is the
wavelength of the X-ray used in the diffraction process.
For this calculation, the highest intensity diffraction
peak (110) peak and fitted with Lorentzian distribution
function (see inset of Fig. 5). The crystallite size was
calculated to be 10.4 nm. The crystallite size was found
to be much less than the spindle-like nanostructures, in-
dicating the formation of nanospindles by several grains.
Therefore, the synthesized nanospindles are polycrys-
talline.

Typical FTIR spectrum of the synthesized CuO
nanospindles is shown in Fig. 6. Various bands are
observed. The band appearing at 521 cm−1, 606 cm−1

and 1001 cm−1 are the characteristic features of CuO and
corresponds to various stretching and bending modes
of Cu-O bonds [39]. The band at 1599 cm−1 is due to
the stretching modes of vibration of Cu-O. The bands
appearing in the higher wave number (3160 cm−1 and
3442 cm−1), is due to the stretching vibrational modes of
water arising due to moisture absorption by the sample
[40].

Figure 2. FESEM image of the synthesized CuO nanospindles in different magnifications.
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Figure 3. TEM image of the synthesized CuO nanospindles. Inset shows the selected area electron diffraction pattern indicating the crystalline nature of
the material.

The light absorption property of the synthesized CuO
nanospindles was studied using UV-visible absorption
spectra as shown in Fig. 7 (a). It was observed that
the absorption continuously decreases from UV to the
visible region and has very low absorbance in the visible
region. Therefore, this material can be used as transpar-
ent coatings in solar cells in visible region. The band
gap (𝐸𝑔) was calculated from the UV-visible absorption
data using the Tauc equation [41]:

(𝛼ℎ𝜈)𝑛 = 𝐶 (ℎ𝜈 − 𝐸𝑔) (5)

Here, ℎ𝜈 is the incident photon energy, 𝛼 is the material
absorption coefficient, and 𝐶 is a material constant. The
value of the exponent 𝑛 is 2 and 1/2, respectively, for
direct and indirect band gap semiconductors. In the
plot of (𝛼ℎ𝜈)2 against ℎ𝜈 (Tauc plot) (see Fig. 7 (b)),
drawing a tangent in the high absorption region, and

taking the intercept with (𝛼ℎ𝜈)2 = 0 axis, the band gap
of the materials can be estimated. The band gap of
synthesized CuO nanospindles was calculated to be 3.28
eV. Such high-band-gap CuO nanostructures are rarely
reported [42]. Dagher et al. had also reported the high
band gap CuO nanostructures with band gap of 3.25
eV [21]. the crystallite size was in the range of 5 − 10
nm. In our case, we also find the crystallite size ∼ 10.4
nm which matches well with that reported in [42]. The
band gap enhancement is mostly due to strong quantum
confinement owing to small crystallite size.

Room temperature PL spectra of the synthesized CuO
nanospindles, is shown in Fig. 8 (a). A broad PL spec-
trum was observed from UV to the visible region. The
spectrum was deconvoluted, and two emission peaks at
407 nm (3.04) and 461 nm (2.69) were separated out.
The emission peak at 407 nm has energy very close to

Figure 4. Schematic of the growth of the CuO nanospindles.
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Figure 5. XRD pattern of the CuO nanospindles. The inset shows the
fitting of the (110) peak for the estimation of the crystallite size.

Figure 6. FTIR spectrum of the CuO nanospindles.

the band gap of the synthesized CuO nanostructures.
Therefore, it can be associated with the direct band edge
transition. In nanostructures, grown at low temperature
wet-chemical synthesis, various defect states such as Cu
vacancies and O- vacancies developed. These defect
states produce shallow levels below the conduction band.
When the nanostructures are excited by photons of energy
larger than the band gap the electrons first excited to the
conduction band. Some electrons may transit to the sub-
band below the conduction band (see Fig. 8 (b)) by two
processes- (i) carrier relaxation to shallow level donor
states near the conduction band by non-radiative transi-
tion and radiative transition thereafter, or (b) radiatively
jumps to shallow acceptor levels and relax thereafter to
the valence band by thermalization [21]. Further, the PL
spectrum is very broad which is the result of interaction
of CuO nanoparticles with the ions of the solution and
polydispersive particles [21].

The antimicrobial potent of the synthesized CuO
nanospindles was investigated by studying the zone of
inhibition in the agar plate. The variation of zone of inhi-
bition with the nanoparticle concentration is also shown
in Fig. 9 and Fig. 10. A dose-dependent antimicrobial

activity against S. Aureus and K. Pneumoniae on agar
plates revealed that, first visible at 50 µM and gradually
increases with increasing concentration up to 1000 µM
in our study. The antimicrobial activity of the synthe-
sized CuO nanostructures against two clinically relevant
S. aureus (Gram-positive) and K. pneumoniae (Gram-
negative) bacteria have been used the conventional disc
diffusion assay. Ciprofloxacin antibiotic was used as the
positive control (PC) in this test. For both the bacteria,
the zone of inhibition gradually increases with increased
nanoparticle concentration. For K. pneumoniae, the
results showed a definite concentration-dependent sup-
pression. At 0 µM, no inhibition was seen, but at 50
µM, a little zone developed that gradually grew with
increasing concentrations. At 1000 µM, the highest zone
diameter was roughly 15 mm, while ciprofloxacin showed
a substantially bigger zone (∼ 32 mm). Between 250 and
500 µM, there was the most noticeable rise in activity;
beyond that, the impact plateaued, suggesting that either
the compound’s antimicrobial efficacy was saturated or
that its diffusion through the agar matrix was limited.
Despite being much less effective than ciprofloxacin,
these results demonstrate that the molecule has intrinsic
activity against K. pneumoniae.

Likewise, for S. aureus, zone size increased gradually

Figure 7. (a) UV-visible absorption spectra of the synthesized CuO
nanospindles, (b) Tauc plot to calculate the band gap.
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Figure 8. (a) Room temperature PL spectrum of the CuO nanospindles, (b) Schematic of energy bands showing the energy levels associated with the
emitted photons.

as compound concentration increased. At 50 µM, the
first notable inhibition was observed, and at 1000 µM,
the maximal zone was ∼ 10 mm, which was still far
smaller than that of ciprofloxacin (∼ 31 mm). There may
have been a difference in the potent of the nanoparticles

Figure 9. Diose dependent zone of inhibition of CuO nanospindles
against S. aureus. Inset shows the inhibited disc.

Figure 10. Diose dependent zone of inhibition of CuO nanospindles
against K. pneumoniae. Inset shows the inhibited disc.

to interact with the bacterial cell wall or break through
the thick peptidoglycan layer that is typical of Gram-
positive bacteria, as the overall inhibitory effect against
S. aureus was less than that reported for K. pneumoniae.
These results are in line with earlier studies that showed
that some new drugs were more effective against Gram-
negative organisms because of variations in their efflux
processes and outer membrane permeability [43, 44, 45].
The compound was marginally more effective against K.
pneumoniae than S. aureus, according to a comparative
analysis of the two organisms. This discrepancy could be
caused by differences in target site accessibility, cell wall
structure, and the compound’s physicochemical charac-
teristics that affect its activity and diffusion [46, 47, 48].
For both species, the plateauing effect observed at higher
concentrations points to a restriction in the intrinsic
bacteriostatic ability or solubility of CuO nanostructure.

4. Conclusion

In conclusion, we have successfully synthesized spindle-
like CuO nanostructures by surfactant-free chemical
method. The spindles are composed of several crystal-
lites as observed from TEM image. The synthesized
material is highly crystalline, as revealed from the XRD
data. The formation fo various bonds were confirmed
from FTIR spectra. The calculated band gap from the
absorption data is very high which has an indication of
strong quantum confinement effect. The synthesized
CuO nanospindles exhibit visible photoluminescence
which is remarkable. The visible photoluminescence
resulted due to direct band edge transition and associated
defect related shallow level transitions. Furthermore, the
CuO nanospindles are found to be antimicrobial against S.
Aureus and K. Pneumoniae. Therefore, the synthesized
CuO nanospindles will have potential applications in
optoelectronics and as well as in biomedical research.
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