Arabian Journal of Chemistry (2022) 15, 103606

King Saud University

Sommciion 00 Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

A novel approach for fabrication ZnO/CuO
nanocomposite via laser ablation in liquid and its
antibacterial activity

Check for
updates

Abbad Al Baroot ™”*, Muidh Alheshibri“", Q.A. Drmosh ¢, Sultan Akhtar®,
Essam Kotb ", Khaled A. Elsayed *

4 Department of Basic Engineering Sciences, College of Engineering, Imam Abdulrahman Bin Faisal University, P.O. Box 1982,
Dammam 31441, Saudi Arabia

® Basic & Applied Scientific Research Centre, Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam 31441,

Saudi Arabia

¢ Department of Basic Sciences, Deanship of Preparatory Year and Supporting Studies, Imam Abdulrahman Bin Faisal University,
P.O. Box 1982, Dammam 31441, Saudi Arabia

d Interdisciplinary Research Center for Hydrogen and Energy Storage (IRC-HES), King Fahd University of Petroleum and
Minerals (KFUPM ), Dhahran 31261, Saudi Arabia

¢ Department of Biophysics, Institute for Research and Medical Consultations (IRMC), Imam Abdulrahman Bin Faisal University,
P.O. Box 1982, Dammam 31441, Saudi Arabia

f Department of Biology, College of Science, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

Received 11 October 2021; accepted 2 December 2021
Available online 09 December 2021

KEYWORDS Abstract Pulsed laser ablation in liquid (PLAL) has verified its surpassing advantages in the fab-
TEl o e S IEeEaiHie rication of several high purity nanostructured metals and metal oxides. In this work, ZnO/CuO
posits; heterostructure nanocomposites have been fabricated by laser ablation a Q switched Nd: YAG laser
Pulsed laser ablation; beam (1064 nm, 10 Hz, pulse energy and pulse with 30 mJ and 10 ns) is focused on the surface of
Spray pyrolysis; the ZnO thin film for 10 min. The fabricated ZnO/CuO nanocomposite was then characterized
Antibacterial activity; using transmission electron microscopy (TEM), UV-vis spectrophotometer, X-ray diffraction
Zinc Oxide-Copper Oxide (XRD), and Raman spectroscopy to investigate the structural, compositional, and optical proper-

ties of the fabricated nanocomposite. The synthesized nanocomposites were evaluated as antibacte-
rial agents against both the gram-positive bacterium S. aureus subsp. aureus ATCCBAA-977, and
the gram-negative bacteria E. coli ATCC8739, K. pneumoniae subsp. pneumoniaec ATCC700603,
and P. aeruginosa ATCC27853. The as-fabricated ZnO/CuO nanocomposite demonstrated
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outstanding antibacterial activity except in the case of K. pneumoniae subsp. pneumoniae
ATCC700603 while the maximum activity was observed against E. coli ATCC8739.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Heterostructure nanocomposites (HNCs) have a wide range of
applications in photocatalysis (Igbal et al., 2021), hydrogen
production (Enesca and Andronic, 2021), organic pollutant
removal (Enesca and Andronic, 2021), electrochemical sensor
(Kokulnathan et al., 2021), and antibacterial activity
(Kokilavani et al., 2021). Further, they are one of the greatest
practical interest topics that have been studied by the scientific
community recently (Igbal et al., 2021; Sumesh, 2020; Wang
et al., 2020; Salehi-Babarsad et al., 2020; Hermawan et al.,
2020; Draz et al., 2021; Biswal et al., 2021). HNCs can be fab-
ricated by a combination of two or more materials such as
metal oxide/metal oxide, metal sulfide/metal oxide, etc.
(Mendonga et al., 2021). These combinations of two or more
materials lead to produce heterostructure nanocomposites
with unique properties that differ from the properties of indi-
vidual compounds. One of several methods have used to syn-
thesize nanocomposite; is a top-down technique. Top-down
techniques such as laser ablation, ball mailing, and sputtering
are based on disassembling the bulk target/powder into small
pieces, (Zarschler et al., 2016; Giner-Casares et al., 2016;
Mendonga et al., 2021). These methods allow rapid, simple,
versatile, low-cost and automated synthesis compared to many
other techniques. Laser ablation of solid metal targets in aque-
ous media has been extensively utilized to fabricate several
heterostructure nanocomposites. (Mendonga et al., 2021;
Zhang et al., 2020) . The technique is quite attractive for
researchers due to its ability to fabricate high-quality nanopar-
ticles that have various advantages over the other methods.
(Dhongade et al., 2020) Mostafa et al. fabricated Au/SnO,
nanocomposite for antibacterial activity against two different
bacteria. This investigation reported their efficient antibacte-
rial activity against E. coli compared to Bacillus subtilis.
(Mostafa and Mwafy, 2020) Menazea et al. recently synthe-
sized TiO,/ZnO nanocomposites using pulsed laser ablation
and studied their antibacterial activity. The activity index of
the antibacterial activity was shown to be enhanced in the
TiO,/ZnO compared to its individual (Menazea, 2020).
Alswat et al. reported that both CuO and ZnO at a low con-
centration are very safe for human cells as well as non-toxic
material, which leads them to be suitable additives for materi-
als that are used as antibacterial agents; Further, both of them
have significant biological applications and demonstrated a
broad range of antibacterial activities for various microorgan-
isms,. (Mostafa and Mwafy, 2020; Rishikesan and Basha,
2020; Alswat et al., 2017; Ahamed et al., 2014; Mwatfy et al.,
2019; Mostafa et al., 2020; Mostafa and Mwafy, 2020)
Recently, Merugu et al. evaluated Cu- doped ZnO nanoparti-
cles against two gram-positive bacterial strains (Bacillus sub-
tilis and Staphylococcus aureus) and two gram-negative
bacterial strains (Pseudomonas aeruginosa and Escherichia
coli). The antibacterial activity was only observed against

gram-positive bacteria (Khan et al., 2020). Furthermore, Liu
et al. showed that CuO/ZnO nanocomposites have superior
antibacterial activity than their individual components (Das
and Srivastava, 2018). Fabrication of nanocomposites using
pulsed laser ablation of different targets is time-consuming.
To overcome this issue, laser ablation of a deposited thin film
with different composites on a metal target is expected to facil-
itate the formation of nanocomposites and reduce the time
needed to fabricate such nanocomposites. We are not aware
of any work that has considered fabricating nanocomposites
using deposited thin films on metal targets for antibacterials
studies. Furthermore, spray pyrolysis is one of the most
straightforward techniques that have been used to deposit thin
film with many benefits, i.e. low cost, easy to use, coat over the
large area and inexpensive instrument compared with other
instruments (Grosso et al., 2015; Perednis and Gauckler,
2005; Filipovic et al., 2014).

The goal of this work is to synthesize zinc oxide/copper
oxide (ZnO/CuO) nanocomposite by pulsed laser ablation of
ZnO thin films deposited into Cu target in water and investi-
gate them as antibacterial agents against both the gram-
positive bacterium S. aureus subsp. aureus ATCCBAA-977,
and the gram-negative bacteria E. coli ATCC8739, K. pneumo-
niae subsp. pneumoniae ATCC700603, and P. aeruginosa
ATCC27853. The fabricated ZnO/CuO nanocomposite was
characterized using transmission electron microscopy (TEM),
UV-vis spectrophotometer, X-ray diffraction (XRD) and
Raman spectroscopy to investigate the structural, composi-
tional, and optical properties of the fabricated nanocomposite.

2. Experimental section

The steps involved in the fabrication of ZnO/CuO nanocom-
posite are shown in Fig. 1. In general, the fabrication steps
are divided into two main steps as follows.

2.1. Preparation of ZnO thin films on a copper target

A thin layer of ZnO was deposited into a metallic copper using
spray pyrolysis. The method used to fabricate ZnO thin film in
this work is similar to that reported by Lehraki et al. (Yan
et al., 2010) and Bacaksiz et al. (Bacaksiz et al., 2008). After
applying the traditional cleaning procedures, 100 mM of zinc
chloride was used as the optimum molarity to synthesize highly
crystalline ZnO film. It is well established that high crys-
tallinity is the most common advantage of this optimum
molarity (Raj Mohamed and Amalraj, 2016). Deionized water
was used to dissolve the salt of a zinc chloride; when the solu-
tion dissolved very well, we can spray that solution onto a sub-
strate that was held at temperatures 400 °C on a hot plate by
using a pressure air atomizer at 1.5 bar pressure. In particular,
a commercial GaGa Milano 134 K airbrush with a 0.2 mm
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Fig. 1
ablation process in aqueous solution.

nozzle was used to prepare thin films of our samples. The
detailed spraying technique of metal chloride to convert to
ZnO has been reported in recent work. (Althagafi et al.,
2016; Al Baroot and Grell, 2019) Briefly, the mechanism of
conversion from ZnCl2 to ZnO by spray pyrolysis has been
described by Falcony et al. (Falcony et al., 2018). They have
described the mechanism by four steps which happen when
the droplet is exposed to different surface temperatures in
two scenarios. Here, we have considered an
extremely high temperature of 400C of Cu metal target on
the hot plate; in this case, the size of the droplet is tiny; within
the vapour phase, the vaporized precipitate is subjected to a
chemical reaction and turned to the powder prior to reaching
the surface of the copper substrate. In this work, 12 layers of
ZnO were deposited on Cu metal target, with the thickness
of 260 = 10 nm measured by Dektak profilometer as reported
in our previous work (Althagafi et al., 2016).

2.2. Synthesis of ZnO/CuO nanocomposite

In this step, as-prepared ZnO thin film was put at the bottom
of the glass vail filled with 7 mL of double-distilled water. The
height of the water level above the thin film was about 1 cm. A
Q switched Nd: YAG laser beam (1064 nm, 10 Hz, pulse
energy and pulse with 30 mJ and 10 ns) was focused on the sur-
face of the thin film by a 10 cm bi-convex lens. The spot size on
the surface of the thin film was adjusted by the distance
between the thin film sample and the bi-convex lens. The spot
size was 1 mm, and hence the laser fluence was 3.8 J /cmz. The
focused laser beam was scanned on the surface of the sample
manually to avoid the formation of any crater and to ablate
both ZnO thin films along with the pure Cu substrate. The
laser ablation process lasted for 10 min. During the laser abla-
tion, a magnetic stir was used to remove the freshly formed
nano collide from the path of the laser beam as more detailed
reported in recent work (Alheshibri et al., 2021; Elsayed et al.,
2021).

The ZnO/CuO nanocomposite should be stored in a well-
cleaned flask to perform several characterizations on the sam-

Laser beam ——

CuO NP

Prepared thin film of ZnO
on Cu substrate 2

The schematic set-up consists of two steps (1) ZnO thin films deposited by spray pyrolysis on copper solid metal targe (2) laser

ples. The sample has been then characterized by XRD,
Raman, Uv.vis spectrophotometer and a TEM).

2.3. Characterization techniques

The phase identification and structure of the fabricated sam-
ples were investigated via the diffractometer Shimadzu-6000,
operating at 40 mA, 30 kV, and 0.25°/min-scanning rate in
the diffraction range between 20 = 20° to 80°. Regarding
the sample preparation for XRD, a few drops of as-
fabricated materials were dropped onto an amorphous glass
substrate and dried in Linkam stage at 110 °C for 20 min.
The Raman spectra of the fabricated samples were recorded
using DXR™3 Raman Microscope with laser energy of 10
mW and an excitation wavelength of 455 nm.

The optical properties of the ZnO/CuO nanocomposite
were investigated in an aqueous solution using a UV-Vis spec-
trophotometer (Model SolidSpace-3700). Quartz cuvettes
10 mm were used to study the absorbance of CuO and ZnO/
CuO nanocomposite. The Absorbance spectra were recorded
between 200 and 900 nm. Further, the bandgap of ZnO/CuO
nanocomposite was calculated.

The PLAL prepared CuO and ZnO/CuO composite speci-
mens were analyzed by transmission electron microscopy
(TEM) (FEI, Morgagni 268 at 80 kV). A droplet of each spec-
imen dispersion was deposited onto the TEM grid having a
holey carbon support film. The prepared grids were air-dried
and mounted into the TEM. The TEM was performed at an
accelerating voltage of 80 kV. Selected area electron diffraction
(SAED) was also carried in TEM in order to clarify the crys-
talline structure and to highlight further the presence of ZnO
particles in the composite product.

2.4. In-vitro antibacterial activity of the fabricated nanoparticles
and the ZnO|CuO nanocomposite

Fabricated nanocomposite initial stock suspensions were pre-
pared at a concentration of 50 pg/mL deionized water. The
antibacterial activity of the fabricated samples was evaluated
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by measuring the resulting inhibition zones (mm) in seeded
Muller-Hington agar by a formerly adapted method of Bee-
cher and Wong (Beecher and Wong, 1994), against selected
clinical bacterial strains such as E. coli ATCC8739, S. aureus
subsp. ATCCBAA-977, P. aeruginosa ATCC27853, and K.
pneumoniae subsp. pneumoniae ATCC700603. The Miiller—
Hington agar consists of Beef extract (30%), Casein hydroly-
sate (1.75%), Starch (0.15%) and Agar (1.7%), autoclaved at
121 °C for 15 min then cooled to 47 °C and showed with the
examined bacteria under aseptic conditions. After solidifica-
tion, 5 mm diameter holes were pressed by a sterilized cork-
borer. The examined NPs and HNC were then added into
the holes at 50 pLvolume after being suspended in deionized
water culture plates were then incubated for 18 h at 37 °C.
The diameter of the inhibition zones in mm was measured to
determine the antibacterial activity. All culture media were
equipped following the producer’s guidelines. Bacterial cul-
tures were kept at 4 °C in HIA. The strains were subcultured,
before the assessments, using the aforementioned media and
incubated for 24 h at 37 °C. (Clinical, 2018; Palomino et al.,
2002; Javadpour et al., 1996).

3. Results and discussion

Fig. 2 shows the XRD patterns of CuO and ZnO/CuO
nanocomposites synthesized by the pulsed laser ablation in lig-
uid. As can be seen, all of the peaks in the CuO sample could
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Fig. 2 XRD patterns of CuO nanoparticles, ZnO/CuO

nanocomposite synthesized using pulsed laser ablation in liquid,
and standard XRD patterns of ZnO and CuO.

20

be indexed to the monoclinic structure of CuO (JCPDS # 89—
2531), which is in good agreement with the previous studies.
(Veisi et al., 2021; Tiwari and Shweta; Singh, A. K., Singh,
V. P., Prasad, S. M., Ramawat, N., Tripathi, D. K.,
Chauhan, D. K., Rai, A. K. , 2019) The diffraction peaks
located at 20 = 31.79% 34.47 ©, 36.32°, 47.56°, 56.67°,
62.94°, 66.48°, 68.04°, 69.19°, 72.65°, and 77.04° can be per-
fectly indexed to (100), (002), (101), (102), (110), (103),
(200),(112),(201), (004), and (202) of hexagonal ZnO; while
the diffraction peaks observed at 20 = 32.65°, 35.72°, 38.85°,
48.84°, 53.69°, 58.17°, 61.56°, 67.95°, and 75.35° are indexed
to the (110), (002), (111), (=202), (020), (202), (—113),
(113), and (-222) diffraction peaks of monoclinic CuO
(JCPDS # 89-2531) suggesting the successful integration of
the two compounds. (Rawat et al., 2019; Gondal et al., 2009)
In addition, no other diffraction peaks were observed, confirm-
ing the high purity of the nanocomposite synthesized by pulsed
laser ablation in liquid. The average particle sizes (APS) of
CuO and ZnO were calculated using the Scherrer formula
(Cullity, 1956):
0.94

APS = FWHDMcos0 M)
where A is the wavelength of the XRD (Cu-k,; = 1.5406 A),
FWHM is the full width at half maximum. The average parti-
cle sizes of the CuO and ZnO nanoparticles in the ZnO/CuO
nanocomposite were found to be 11 + 1 and 25 £ 1 nm,
respectively.

The Raman spectra of the CuO and ZnO/CuO nanocom-
posite are recorded at room temperature and displayed in
Fig. 3. Earlier reports have demonstrated that CuO nanoparti-
cles with monoclinic structure and four atoms (two molecules)
per unit cell belong to C§, and has twelve phonon branches
(Joya et al., 2019). There are three acoustic modes with sym-
metries A, + 2B, and nine zones centre optical modes with
symmetries 4A, + 5B,. Among the optical phonon modes,
six modes (3A, + 3B,) are IR active, and the remaining three
modes (2B, + A,) are Raman-active. (Hagemann et al., 1990;
Prabhu et al., 2017; Bade B. R.; Rondiya S. R.; Hase Y. V.;
Nasane M. P.; Jathar S. B.; Barma S. V.; Kore K. B.;
Nilegave D. S.; Jadkar S. R.; Funde A. M, 2021) As can be
seen, the Raman spectra of CuO nanoparticles prepared in this
work are observed at 270.9, 321.7, and 603.8 cmf1 which can
be assigned to A,, By, and B,, respectively. Comparing with
the Raman spectrum of a single crystal CuO, the obtained
Raman peaks are occurred downshift and have broadened,
which could be ascribed to the quantum-size confinement
effect of the fabricated CuO nanoparticles (Fang and Xuan,
2017). On the other hand, wurtzite ZnO belongs to the ng
with four atoms per unit cell, and group theory predicts that
the optical phonons for ZnO can be expressed as A1 + 2Bl
+ E1 + 2E2 where the Bl modes are silent, and other modes
(E1, E2, Al) are Raman active. Fig. 3 displays the Raman
spectrum of the ZnO/CuO nanocomposite. Apparently, the
Raman spectra of ZnO/CuO nanocomposite sample are
observed at 205.4, 271.1, 321.2, 426.6, 591.6, 1120.1 cm™',
which is a combination of both Raman spectra of CuO and
ZnO nanoparticles, indicating the successful formation of the
ZnO/CuO nanocomposite. There is no other obvious peak
related to Cu,O modes, which indicates that the ZnO/CuO
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Fig. 3 Raman spectra of CuO and ZnO/CuO nanocomposite
fabricated by pulsed laser ablation technique.

nanocomposite prepared by pulsed laser ablation in a liquid
have only a single-phase property.

Absorption spectra and the corresponding band gaps of
CuO nanoparticles and ZnO/CuO nanocomposite fabricated
via pulsed laser ablation in liquid are presented in Fig. 4.
ZnO nanomaterial results have been reported recently in our
previous work with a report (Althagafi et al., 2016). For the
case of the CuO nanoparticles and ZnO/CuO nanocomposite,
both of them displayed the UV—Vis absorption characteristic,
with a peak at 295 nm and a minor peak at 360 nm, related to
the material of CuO (Fig. 4).. Further, From the absorption
data, Tauc plots are analyzed to determine the bandgap ener-
gies of the product materials synthesized CuO nanoparticles
and ZnO/CuO nanocomposite. They can be found by this
well-known equation.

(ahv)" = B(hv — Ey) (2)

where /v is the photo energy, B is a constant correlated to the
specific material, o is the coefficient of absorption, and n can be
2 for a direct transition or can be 1/2 for an indirect transition.
As it is obvious from the Tauc plots that the bandgap energy
of CuO nanoparticles is about 2.1 eV . The obtained optical

bandgap is slightly higher than that of bulk CuO (1.8 eV),
which could be ascribed to the confinement effect. (Das
et al., 2018; Han et al., 2019) The quantum confinement pro-
poses that holes and electrons in the nanostructured semicon-
ductor, especially nano-sized materials having a grain size less
than 20 nm, are confined by the potential barriers of the sur-
face or by a potential well of the quantum box, which involves
the increase of the bandgap between the conduction band and
the valance band (Daira et al., 2020). The bandgap of ZnO/
CuO nanocomposite is found to be 2.6 eV. This value is lower
than that of ZnO (3.37 V) and could be attributed to the exis-
tence of CuO impurities in the ZnO structure.

Fig. 5 shows the TEM images and SAED patterns for pure
CuO nanoparticles and ZnO/CuO composite specimens pre-
pared by the PLAL method. The CuO specimen shows the
spherical shaped particles with a wide size distribution. The
size of particles is a small as 5 nm and as large as 80 nm.
The maximum number of particles were found between the size
range of 5-20 nm. It was observed that the particles were inter-
linked and showed a network-like morphology. The SAED
pattern displayed the continuous rings and was well separated
to each, suggesting the polycrystalline nature of the particles.
The SAED pattern was identical to CuO nanoparticles, where
the rings were labelled as (started from the inner ring): (110),
(002), (111), (202), (020) and (022), verified by the pdf
JCPDS file N0.45-0937 for the monoclinic crystal (a = 0.46
853 nm, b = 0.34257 nm and ¢ = 0.51303 nm) (Dey et al.,
2012). The ZnO/CuO composite specimen showed the particles
of both CuO and ZnO as confirmed by the varied morphology
as observed in the case of individual CuO specimen. The pres-
ence of the ZnO in the CuO was further confirmed by the
SAED pattern. The SAED pattern of ZnO/CuO displayed
the additional rings or dotted rings for ZnO, a combination
pattern of ZnO and CuO. The additional rings, as compared
to CuO are appeared within the previously indicated rings of
CuO as highlighted by yellow dotted circles. The ZnO intensi-
ties are indexed as (100), (002) and (101) additional to CuO
rings (Silambarasan et al., 2014). TEM and SAED results con-
firmed the successful synthesis of ZnO/CuO nanocomposite by
applying the pulsed laser method in liquid.

To highlight the preparation of ZnO thin film and the expo-
sure of ZnO/CuO substrate during the PLAL process, scan-
ning electron microscopy (SEM) was performed on three
substrates: pure copper and ZnO/CuO substrates before and
after PLAL experiments. SEM micrographs of pure copper,
ZnO/CuO substrate before PLAL experiment and ZnO/CuO
substrate after PLAL experiment is shown in Fig. 6. Moreover,
the digital photos of the three substrates were also shown as a
top row (slab dimensions are 1 x 1.5 cm?). By digital photos, it
was observed that the colour of the virgin copper was changed
from light orange to purple after deposition, an indication of
successful formation of ZnO thin film over copper. The
ZnO/Cu substrate displayed an obvious laser-induced crater
after PLAL experiment. From SEM, pure copper showed the
striation lines and rough surface, a typical feature of the cop-
per substrate (Ibrahim et al., 2015). The typical surface fea-
tures were covered and diminished when deposited the thin
film on copper where granular of ZnO particles can be seen
resulting a comparatively smooth surface compared to pure
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Fig.4 (a) Absorption spectra of synthesized product material CuO and ZnO/CuO nanocomposite obtained at 10 min of ablation in the

DI water. (b) the Tauc plot to find the band gap of CuO (c¢) and ZnO/CuO nanocomposite, respectively.

copper. Upon laser exposure during PLAL experiment, the
morphology of the ZnO/CuO substrate was varied; it showed
a network and laminar structure along with small/large holes
and spherical/elongated particles.

4. Antibacterial studies

From Table 1, it appears that the CuO nanoparticles have
antibacterial activity against both the gram-positive bacterium
S. aureus subsp. aureus ATCCBAA-977 and the gram-negative
bacteria E. coli ATCC8739, K. pneumonia subsp. pneumoniae,
and P. aeruginosa ATCC27853. The combination of both CuO
nanoparticles and ZnO nanoparticles have exerted superior
activity except in the case of K. pneumonia subsp. pneumonia.
The best antibacterial effect was noticed against E. coli
ATCC8739 (Table 1 and Fig. 7). The least antibacterial activ-
ity of tested nanoparticles against the bacterium Klebsiella
pneumonia subsp. Pneumonia may be attributed to the large
mucoid capsule surrounding the cells.

In reference to other investigators, CuO and ZnO NPs have
shown promising antibacterial activity when used alone and in
nanocomposites (Allahyari et al., 2014; Saravanakkumar et al.,
2018). The superior antibacterial activity of the nanocomposite
against the bacterium E. coli in comparison with other tested
bacteria agrees with the results of the ZnO/CuO nanocompos-
ite prepared by Mohammadi-Aloucheh et al. using the green
synthesis approach (Mohammadi-Aloucheh et al., 2018).
While disagreeing with the results of Saravanakkumar and
coworkers where E. coli in their study was the lowest sensitive
bacterium among the tested bacteria to the nanocomposite
prepared by a modified perfume chemical vapour deposition,
i.e. spray pyrolysis technique (Saravanakkumar et al., 2018).

The antibacterial activity of ZnO/CuO nanocomposites
may be due to (1) their capacity to hook up thiol groups (—
SH groups) located on the bacterial cell membranes, leading
to cell cracking and lysis (Li et al., 2015), (2) their ability to
induce the production of high amounts of reactive oxygen spe-
cies (Saravanakkumar et al., 2018), and (3) the release of Zn>*
from the nanocomposite tracked by the production of highly
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Fig. 6 Digital photos and SEM micrographs of (al, a2) pure copper, ZnO/Cu substrate (bl, b2) before and after (cl, c2) PLAL
experiment.
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Table 1 The antibacterial activity of the newly prepared
nanoparticle and nanocomposite.
Tested bacterium Antibacterial activity (mm)

Pure CuO  ZnO/CuO
NPs nanocomposite
E. coli ATCC8739 16.5 £ 0.2 24.0 + 1.6
K. pneumonia subsp. 9.5 £ 04 0.0 £ 0.0
pneumonia
P. aeruginosa ATCC27853 12.0 £ 0.5 13.0 = 0.6
S. aureus subsp. aureus 145 £ 12 185+ 1.0

ATCCBAA-977

reactive oxygen species (OH™, H,0, and O37). Therefore,
holes split up water molecules into hydroxyl ions and proton
ions. Then dissolved O, is converted to superoxide radical
anions (*0?), that react with protons to generate HO, * radi-
cals, which strike electrons to form hydrogen peroxide anions
(HO, 7). Therefore, they react with protons to form H,O, that
penetrates the bacterial cell membrane and suppresses the
intracellular metabolic pathways of bacteria (Mwankemwa
et al., 2017; Tiwari et al., 2017, Modwi et al., 2017).

The CuO doped ZnO composite gives the most potent
antibacterial action because of the release of highly active
Cu®" ions that are known to have bactericidal activity. The
smaller crystallite size leads to more antibacterial effects

because it is well-known that Cu?" ions have a lower ionic

radius (1.4 A) than that of Zn®* ions (1.39 A) (Liau and
Huang, 2017).

5. Conclusion

In summary, the CuO nanoparticles and nanocomposite of
ZnO/CuO have been fabricated via pulsed laser ablation in lig-
uid. At first, a ZnO thin film with 260 nm thickness is depos-
ited into the surface of metallic copper via spray pyrolysis.
To fabricate ZnO/CuO nanocomposite, a Q switched Nd:
YAG laser beam (1064 nm, 10 Hz, pulse energy and pulse with
30 mJ and 10 ns) is focused on the surface of the ZnO thin film
for 10 min. Then the fabricated samples (CuO nanoparticles
and ZnO/CuO nanocomposite) were investigated for their
antibacterial activity against several pathogenic microorgan-
isms, including the gram-positive bacterium S. aureus subsp.
aureus ATCCBAA-977, and the gram-negative bacteria viz.
E. coli ATCC8739, K. pneumonia subsp. pneumoniae, and P.
aeruginosa ATCC27853. According to the obtained results,
the as-fabricated ZnO/CuO nanocomposite demonstrated out-
standing antibacterial activity except in the case of K. pneumo-
niae subsp. pneumoniae ATCC700603. Due to the high
performance of antibacterial properties of the samples, the
ZnO/CuO nanocomposite can be exploited as an effective
material for bacteria-free water systems. We expect that our
study will aid in the development of innovative
semiconductor-based electrical and optical devices with out-
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Fig. 7 (left) The antibacterial effect of CuO NPs alone (2) and in combination with ZnO NPs (3). Panel (1) corresponds to the control
treatment (solvent alone). Panel (a) represents E. coli ATCC8739 culture, panel (b) represents K. pneumonia subsp. pneumoniae
ATCC700603 culture, panel (c) represents P. aeruginosa ATCC27853 culture, while panel (d) represents S. aureus subsp. aureus
ATCCBAA-977 culture. A bar graph shows the antibacterial activity of CuO and ZnO/CuO nanocomposite against different types of

bacteria (right).
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standing performance, cheap cost, and an efficient manner to
open up new opportunities for ZnO/CuO based nanomaterials
in the next generation of applications. Furthermore, the dis-
covered synthesis approach may be successfully applied to
other nanocomposite oxides.
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