
Vol.:(0123456789)1 3

Applied Physics A (2019) 125:489 
https://doi.org/10.1007/s00339-019-2785-4

Synthesis and evaluation of the structural, optical, and antibacterial 
properties of copper oxide nanoparticles

Suresh Sagadevan1 · S. Vennila2 · A. R. Marlinda1 · Yarub Al‑Douri1 · Mohd. Rafie Johan1 · J. Anita Lett3

Received: 12 April 2019 / Accepted: 3 July 2019 / Published online: 5 July 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019, corrected publication 2019

Abstract
The nanostructured material, due to their outstanding applications in various fields of science and technology; metal and 
metal oxide nano are exclusively explored in the progress of nanosized materials. The transition metal oxides including CuO 
is are used for magnetic storage devices, solar energy applications, sensors, as a catalyst in reactions, as electrode materials 
in supercapacitors and to tune the semiconducting properties of materials. The current work focuses on the synthesis of CuO 
nanoparticles (NPs) by combustion technique for various annealing (100°C and 300°C) using ascorbic acid as a capping 
agent. The XRD pattern confirms that the CuO NPs exhibit the monoclinic structure. The optical properties are investigated 
using UV–Vis absorption spectra. Further, the refractive index, optical dielectric constant and bulk modulus were investi-
gated using the specific empirical model as a function of temperature. The FTIR spectrum shows that the band in the range 
450–500 cm−1 confirms the formation of CuO NPs. The SEM images revealed that the spherical surface morphology of the 
CuO NPs. The Elemental analysis and the particle size were confirmed by elemental dispersive X-ray analysis (EDX) and 
particle size analyzer. Moreover, the antibacterial activity of CuO nanoparticles was investigated using E. coli, S. typhi, M. 
luteus, P. fluorescent, S. flexneri, and V. cholera bacteria.

1  Introduction

Nanotechnology is seen as the development of the next gen-
eration of technology with applications in many fields through 
which existing materials, virtually all man-made materials, 
and systems, can acquire various properties making them suit-
able for new applications. In recent years, synthesis processes 
to grow dispersed nanoparticles in a matrix have attracted 
the attention of several researchers. However, the growth of 
dispersed nanoparticles with homogenous sizes is not easy. 
Nanoparticles of metal oxide are an important class of semi-
conductors that have applications in storage media, electron-
ics, solar power, and catalysis [1–4]. Because of its unique 
physical and chemical properties, CuO NPs has attracted 

considerable attention as catalyst materials, solar cells, opto-
electronic devices, antibacterial materials, lithium batteries, 
and so on [5–8]. Due to their distinctive physical–chemical 
properties, research interest in nanoparticles has improved 
rapidly. In terms of diffusivity, electrical resistivity, and elec-
trical conducting property, nanomaterials are completely dif-
ferent from bulk materials. The strength of nanomaterials and 
nanomaterial chemical reactivities differ from that of bulk 
materials [9–11]. Because of their thermostability with dif-
ferent functionalities, metal or metal oxide nanoparticles such 
as Ag, ZnO, and CuO nanoparticles attract attention as useful 
nanomaterials [12]. Copper oxide nanoparticles (CuO NPs) of 
these nanomaterials have attracted considerable attention due 
to the low cost of production, thermal stability, relatively low 
toxicity, and strong antibacterial activity [13–17]. Cuprous 
and cupric oxides (Cu2O and CuO) are gaining more atten-
tion as promising materials for optoelectronic applications 
due to the low environmental toxicity and abundance in the 
earth’s crust [18–24]. In the range 2.0–2.5 eV and 1.3–1.7 eV 
both Cu2O and CuO are direct bandgap semiconductors [25, 
26]. Depending on the conditions of growth, their absorption 
spectrum covers a large part of the UV vs NIR region. Based 
on Shockley and Queisser’s thermodynamic consideration, 
CuO’s bandgap (almost 1.45 eV) is best suited for achieving 
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the highest efficiency [27, 28]. Very few works have focused 
on the effect of annealing temperature in the synthesis of CuO 
by combustion technique. Hence, the main objective of this 
work is to investigate the effect of annealing temperature of 
the starting precursors using ascorbic acid as a capping agent 
on the structural properties of CuO nanostructures synthe-
sized through the method of combustion. Additionally, the 
optical, morphological and antibacterial properties were also 
analyzed.

2 � Methods and materials

2.1 � Chemicals

All chemicals used in the experiment including copper ace-
tate pentahydrate and ascorbic acid were analytical grade 
reagents and were used with no further refinement. Through-
out the experiment, double distilled water was used.

2.2 � CuO nanoparticles preparation

For the synthesis of CuO NPs, typical 1  mM aqueous 
solution of copper acetate pentahydrate was prepared in a 
conical flask, to which ascorbic acid was added by drop-
wise addition method with continuous stirring at the rate 
of 500 rpm. The composition of the solution components, 
(fuel and oxidizer) was calculated according to the principle 
of propellant chemistry. The temperature of the reaction was 
increased from 100 °C to 300 °C by constant stirring. At this 
temperature, the solution reaches the point of combustion. 
Hence, the solution starts burning to release a lot of heat as 
fumes and vaporizing the whole solution. Within a period 
of 15 min, the whole combustion reaction was completed 
leaving behind fine black colored nanopowder followed by 
a large amount of black precipitate. These precipitates were 
then centrifuged and washed several times with deionized 
water. Finally, these collected black precipitates were air 
dried for a time period of 2 h. The schematic representation 
of the synthesis CuO NPs is shown in Fig. 1. The samples 
were sintered at two different temperatures, 100 °C and 
300 °C and were further used for characterization.

2.3 � Antibacterial activity

Antimicrobial activity of CuO NPs was carried out by stand-
ard agar disk diffusion method against bacterial strains (E. 
coli and S. Typhi), Gram-positive bacterium (M. luteus) and 
Gram-negative bacterium (S. flexneri, P. fluorescent, V. cholera 
bacteria). Nutrient ager (1 g beef extract, 1 g peptone, 0.5 g 
NaCl dissolved in 100 ml of double distilled water) was used 
to cultivate bacteria. The growth media was autoclaved and 
cooled normally. The media was then poured into the Petri 

dishes and kept for 30 min for solidification. After 30 min the 
fresh overnight cultures of inoculums (100 µl) of different cul-
ture were swabbed over the agar plates using a sterile cotton 
swab. The sterile disk (5 mm) was impregnated with 100 μg 
ml−1 of CuO NPs (uniform concentration) and was placed over 
the bacterial lawns. The antibiotic, erythromycin loaded sterile 
disk acted as a control and the plates were incubated at 37 °C 
for 24 h. The plates were then incubated in the incubator at 
37 °C for 24 h and then they were observed visually for the 
formation of a zone of inhibition (ZOI) measured as diameter 
(mm). All the studies were conducted in triplicates.

2.4 � Characterization technique

X-ray diffraction was conducted on a Philips Analytical 
XPERT diffractometer using a Cu Kα radiation (λ = 1.54056 
A°) with a MINIPROP detector and operating at 40 kV and 
40 mA. The identification of functional groups was done using 
an FTIR spectrophotometer (JASCO FT-IR 4700). The sur-
face morphology of the prepared CuO NPs was examined by 
scanning electron microscope (SEM) using PHILIP XL-30 
and elemental analysis was investigated by electron disper-
sive X-ray (EDX) attached to SEM. UV–visible spectra of the 
CuO NPs were analyzed by a Hitachi (U-2001, Tokyo, Japan) 
UV-spectrophotometer.

3 � Results and discussion

3.1 � X‑ray diffraction analysis

XRD has been a rapid analytical technique used primarily to 
identify the phase of a crystalline material and deliver infor-
mation on lattice parameters. The XRD pattern of CuO NPs 
sintered at 100 °C and 300 °C are shown in Fig. 2. The XRD 

Fig. 1   The schematic diagram representation of the synthesis CuO 
NPs
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peak positions were consistent with CuO and sharp peaks with 
a high intensity of XRD indicate the crystalline nature. XRD 
peaks confirm that CuO was formed in a monoclinic structure 
and the lattice parameters of the unit cells are a = 4.683 Å, 
b = 3.421 Å, c = 5.129 Å, having β = 99.252 Å. The observed 
diffraction patterns correspond to the crystal planes of CuO 
(110), (002), (200) and (202), respectively. The observed dif-
fraction patterns are well matched with the reported literature 
and JCPDS 80-1268. Except for CuO, no other diffraction 
peaks are observed in the pattern which confirmed that the 
synthesized materials are pure CuO without any significant 
impurity. In addition, all the peaks are sharp and strong which 
revealed the well-crystallinity of the synthesized CuO nano-
structures. The increase in intensity peak was obtained after 
calcination and the XRD pattern is still identical to the pre-
cipitate pattern as prepared. This result indicates that enough 
nucleation energy from thermal treatment has enhanced CuO’s 
crystallinity. The basic crystal of as-synthesized CuO appeared 
indistinctly for copper acetate material, but the presence of 
CuO peaks was stronger following the process of calculations. 
CuO receives good crystallinity of CuO compared to different 
temperatures and increases in crystallinity and its size after 
annealing treatment can be effectively achieved. The aver-
age crystallite size of the CuO NPs was calculated using the 
Debye–Scherrer equation: 

Where D is the crystallite size (nm), λ represents wave-
length of X-ray source (0.15406 Ao), β is the full width at half 
maximum of the diffraction peak (FWHM) in radians, K is the 
Scherrer constant with value from 0.9 to 1, θ is the Bragg angle 

(1)D = K �∕�cos�,

in (degree). The average crystallite size found to be about 45 
and 36 nm for 100○C and 300○C, respectively. Thus, the 
annealing temperature plays an important role in reducing the 
size of the nanoparticles; higher the annealing temperature 
used for the synthesis, smaller is the nanoparticles obtained 
by combustion method using ascorbic acid as a capping agent.

The three empirical models employed to calculate the 
refractive index using energy gap values were described in the 
present study. It is a measure of how light propagates through 
a material. The refractive index can provide information about 
light behavior. When light passes through the materials, its 
velocity decreases by increasing the material refractive index. 
An important physical parameter in microscopic atomic 
interactions is the refractive index (n). In theory, the refract-
ing index is associated with these entities’ density and local 
polarizability [29]. There were attempts to investigate many 
simple relationships between the energy gap (Eg) and refrac-
tive index (n) [30]. To validate the current work, various links 
between Eg and n have been reviewed. A linear relationship 
presenting high-frequency refractive index and the band gap 
is suggested by Ravindra et al. [30]:

where α = 4.048 and β = -0.62 eV−1. Taking inspirations 
from the simple physics of light dispersion and refraction, 
the following empirical relation was proposed by Herve and 
Vandamme [31]:

in which A = 13.6 eV and B = 3.4 eV.
A distinct method was taken by Ghosh et al. [32], to con-

sider the concept of Penn [33] and Van Vechten [34] for 
quantum–dielectric formulations and band structure. A is a 
contribution from the valence electrons and B is a constant 
added to the lowest band gap Eg, the following expression was 
developed:

In which A = 25Eg + 212, B = 0.21Eg + 4.25 and (Eg + B) 
refers to a suitable average energy space of material. As 
such, there were attempts by these three models for vari-
ation of n with an energy gap. Furthermore, the equation 
ε∞ = n2 was utilized to calculate the optical dielectric con-
stant (ε∞) [35]. Table 1 lists the investigated refractive 
index and optical dielectric constant at different tempera-
tures. It proves that the Ghosh et al. model is a suitable 
one for the application. Lattice constant may be linked to 
bulk modulus, with major influence being the covalency 
degree characterized by Phillips’ homopolar gap Eh [36]. 
A stimulus to present this information is the verification of 

(2)n = � + �Eg,

(3)n =

√

1 +

(

A

Eg + B

)2

(4)n
2 − 1 = A∕

(

Eg + B
)2
.

Fig. 2   The XRD pattern of CuO NPs a 100○C and b 300○C, respec-
tively
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our calculation that is non-restricted to computed space. As 
such, we trust that this data will be useful for future inves-
tigations. The clear distinction between lattice constants 
for CuO nanoparticles, as observed in Table 1, provides an 
incentive to investigate B0 at different temperatures. The 
lattice constant as observed in Table 1 is the basis of our 
model. The following empirical formula is provided by the 
fitting of these data [37]:

In which a (in Å), the lattice constant, while the empiri-
cal parameter which accounts for the influence of iconicity 
is represented by λ: with λ = 0, 1, 2, respectively. The tem-
perature effect causes the CuO nanoparticles bulk modulus 
to have a specific value.

3.2 � UV–Vis Spectroscopy analysis

UV–Vis spectrum, shown in Fig. 3a, b, studied the optical 
properties of CuO NPs for 100○C and 300 ○C, respectively. 
The lower shift in wavelength or blue shift is attributed to 
the effect of Burstein–Moss, which confirms the effect of 
quantum containment [38]. In the UV-region, the absorption 
peaks appeared at wavelengths of approximately 266 nm and 
269 nm for 100 ○C and 300 ○C, respectively. The edge of 
absorption is observed in the 240–270 nm range. This blue 
shift of the absorption edges for various sizes of nanocrys-
tals is related to particle size reduction because of nanopar-
ticles on quantum containment. CuO nanoparticles lower 
band bap value exhibits the nature of the blue shift in the 
nanoscale region because of quantum containment [39].

3.3 � Fourier transform infrared spectroscopy (FTIR) 
studies

Figure 4a, b showed the FTIR spectrum of CuO NPs for 
100○C and 300○C, respectively. FTIR spectra were recorded 

(5)B0 = [3000 − 100�]
(

a

2

)−3.5

.

in the range of 4000–500 cm−1. The bands which are in 
the range of 3200–3800 cm−1 are attributed to O–H stretch-
ing vibration of water absorbed by the sample. The bands 
observed in the range of 2350–2360 cm−1 may be due to 
NH3

+ stretching vibration. The bands observed in the range 
of 1700–1710 cm−1 may be due to C = O stretching vibra-
tion. The band observed around 1500 cm−1 may be due 
to N–O asymmetric stretching. The CuO nanoparticles 
displayed 432 cm−1, 611 cm−1 vibration modes for Cu–O 
stretching vibration, 886 cm−1 rocking vibration mode of the 
water molecule and 1640 cm−1 and 3100–3500 cm−1 absorp-
tion bands. The vibration of the Cu–O stretch is assigned at 
623 cm−1. The 450–550 cm−1 bands confirmed CuO NP’s 
presence [40].

3.4 � SEM and EDAX analysis

The morphological and structural properties of the CuO 
nanoparticles were observed using SEM. The SEM images 

Table 1   The energy gap, 
refractive index, and optical 
dielectric constant of CuO 
nanoparticles correspond to 
lattice constants and bulk 
modulus

a Ravindra et al. [30]
b Herve and Vandamme [31]
c Ghosh et al. [32]

Temperature 
(oC)

Eg (eV) Refractive 
index (n)

Optical dielectric 
constant (ε∞)

Lattice constants (Å) Bulk modu-
lus (B0) 
(GPa)

100 4.670 1.152a

1.017b

2.080c

1.327a

1.034b

4.326c

a = 4.683
b = 3.421
c = 5.129

142.538

300 4.618 1.180a

1.017b

2.090c

1.392a

1.034b

4.368c

a = 4.685
b = 3.423
c = 5.132

142.537

Fig. 3   UV–Vis analysis of CuO NPs for a 100○C and b 300○C, 
respectively



Synthesis and evaluation of the structural, optical, and antibacterial properties of copper…

1 3

Page 5 of 9  489

of CuO NPs as shown in Fig. 5. The synthesized CuO NPs 
had sizes which are in the nanometer range and their struc-
tures were not homogenous. These images indicate that only 
a few nanoparticles with spherical shape were synthesized. 
Some nanoparticles were well separated from each other 
while most were present in the agglomerated form. Thus, 
these SEM results confirmed the nanostructure behavior 
of the synthesized particles. Further, the SEM micrograph 
revealed that the CuO NPs is porous and agglomerated. The 
pores and voids can be attributed to the amount of gases that 
escaped during combustion. The process of agglomeration 
takes place because of an increase in the rate of nuclea-
tion of the particles at a higher temperature. In the initial 
stage, the aqueous combination of Cu2+ and malic acid leads 
to the first nucleation seeds which act as an initial nucleus 
along with the growth of particles. The combustion pro-
cess was gradually inherited from the high temperature and 
uniform size particles were obtained. Accordingly, the heat 
released in combustion changes and thus the enthalpy, which 
is responsible for the formation of different structures. At 
some places, the particles seemed to be agglomerated. The 
elemental quantification and stoichiometric ratio of CuO 
NPs were confirmed by energy-dispersive X-ray analysis 
(EDX), which showed the presence of a uniform distribu-
tion of copper to oxygen (atomic ration of 1:1) in CuO NPs 
as shown in Fig. 6.

3.5 � Antibacterial activity

The antibacterial activity of CuO NPs was tested E. coli, S. 
typhi, M. luteus, P. fluorescens, S. flexneri and V. cholerae, 
and the results are shown in Fig. 7. Maximum inhibition 

zone was obtained against M.luteus (7 ± 0.22 mm) fol-
lowed by S. typhi (5 ± 0.133 mm) and E. coli and P. fluores-
cens(3 ± 0.17 mm) by the CuO NPs. From the present study, 
it is inferred that the bacterial Gram-positive strains are less 
affected than Gram-negative bacterial strains. The variation 
in the sensitivity or resistance of population of both Gram-
positive and negative bacteria may be due to differences in 
cell structure, physiology, metabolism or degree of con-
tact with nanoparticles by organisms. Due to electrostatic 
forces, the opposite charges of bacteria and copper ions 
released from nanoparticles are believed to cause adhesion 
and bioactivity. Since peptidoglycans are negatively charged 
molecules, they bind Cu2+ ions released from copper NPs in 
the liquid growth medium. Being Gram-negative, the bacte-
rium E. coli may allow more Cu2+ ions to reach the plasma 
membrane but is generally considered less susceptible to 
antibiotics and antibacterial agents than Gram-positive bac-
teria [41]. Finally, it can be concluded that because of their 
membrane structure, Gram-negative bacterial strains show 
higher antimicrobial activity than Gram-positive. Because 
of their opposite electrical charges resulting in a reduction 
at the bacterial cell wall, the antibacterial properties of cop-
per NPs are primarily attributed to adhesion with bacteria. 
There are differences between Gram-positive and Gram-
negative bacteria in their membrane structure, the most 
distinctive of which is peptidoglycan layer thickness. As a 
result, the bactericidal effects observed in this study may 
have been influenced by the solution release of Cu2+ ions. 
The binding of copper ions to the bacterial cell surface is 
believed to play an important role in bactericidal activity 
from these results.

The antimicrobial activity against various microorgan-
isms (Gram-negative), Klebsiella pneumonia, Acinetobac-
ter baumannii, Pseudomonas aeruginosa, Citrobacter fre-
undii, Escherichia coli, Vibrio cholerae were evaluated in 
this study as shown in Fig. 8. Based on the inhibition zone, 
the antibacterial activity of CuO NPs was quantitatively 
evaluated. The CuO NPs are exhibiting effective bacterial 
resistance against Gram-negative bacteria. Goyal et al. also 
testified that the antimicrobial characteristics rest on the 
surface characteristics and the size of CuO nanoparticles. 
It appears that smaller particles intended through the large 
surface area have improved antibacterial activity, as associ-
ated with bigger CuO nanoparticles. CuO nanoparticles dis-
closed a chief antimicrobial activity against Bacillus subtilis 
[42]. El-Nahhal et al. enhanced the antibacterial activity of 
CuO nanoparticles with coated cotton bandages and CuS 
nanoparticle using cotton bandages. Surprisingly, the sam-
ple containing CuO nanoparticles exhibited larger antibacte-
rial activity than others with no reduction in the viability of 
tested bacteria [43].

Additionally, comparatively we can conclude the 
CuO NPs exhibit effective bacterial resistance against 

Fig. 4   The FTIR analysis of CuO NPs for a 100○C and b 300○C, 
respectively
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Gram-negative bacteria. Although, CuO nanoparticles have 
great biological characteristics which embrace effective anti-
microbial action against a wide range of Gram-positive and 
Gram-negative pathogens and also drug-resistant bacteria. 
These properties have directed to the growth of numerous 
approaches with unswerving applications to the biomedical 
field, such as custom-made surfaces through antimicrobial 

effect, wound dressings and improved textiles [44]. It is also 
believed that these nanosystems could represent efficient 
alternatives in the expansion of smart systems exploited 
for both recognition of pathogens and for the treatment of 
infections.

Fig. 5   SEM images for CuO 
NPs for a1–a4 100○C and 
b1–b4 300○C, respectively



Synthesis and evaluation of the structural, optical, and antibacterial properties of copper…

1 3

Page 7 of 9  489

4 � Conclusion

In conclusion, CuO NPs were synthesized using the solu-
tion combustion method. The synthesized CuO NPs were 
characterized by optical, structural, functional, and mor-
phological characterizations. The XRD analysis showed 

that the CuO NPs are having a monoclinic crystal struc-
ture. It is found that higher annealing temperature yields 
smaller CuO nanoparticles with an average crystallite 
size of ~ 45 nm for the combustion temperature of 300○C. 
The optical properties of confirms CuO nanoparticles for-
mation, thereby exhibiting a lower band bap energy due 
to quantum containment. Further, the refractive index, 

Fig. 6   EDAX analysis for CuO NPs for a 100○C and b 300○C, respectively

Fig. 7   Photographic image of an inhibition zone produced by CG against
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optical dielectric constant and bulk modulus were investi-
gated using the specific empirical model as a function of 
temperature. UV-using FTIR spectra, the different func-
tional groups were studied. SEM confirms the spherical 
morphology of CuO NPs. EDAX analysis was confirmed 
by elements of CuO maximum composition. The CuO NPs 
have been studied for antibacterial activity. It was elu-
cidated that due to their efficient antimicrobial efficacy, 
could represent efficient alternatives in the expansion of 
smart systems exploited for both recognition of pathogens 
and for the treatment of infections.
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