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Abstract

Herein, Cu-rGO/ZnO ternary nanocomposite powder was synthesized by the hydrothermal method. Analytical techniques
such as X-ray diffraction (XRD), Fourier transform infrared (FTIR), Ultraviolet and visible (UV-Vis), Scanning electron
microscopy-energy dispersive X-ray analysis (SEM—-EDX), Brunauer—-Emmett—Teller (BET) and X-ray photoelectron spec-
troscopy (XPS) were used to study morphology and structural properties of the obtained nanocomposite. The photocatalytic
activity of the synthesized Cu-rGO/ZnO ternary nanocomposite was assessed by the degradation of bromophenol blue in
aqueous media (pH 7.4). The photocatalytic results demonstrated that the Cu-rGO/ZnO ternary nanocomposite photocata-
lyst (0.1 g/L) exhibited 86.21% degradation of 10 ppm bromophenol blue dye at 150 min by using the Xe arc lamps, 20 W
(with ultraviolet cut-off filter). Band gap widening by Cu doping and efficient electron hole separation induced by rGO were
responsible for enhanced photocatalytic activity. The antibacterial test results revealed that the Cu-rGO/ZnO nanocompos-
ite exhibited significant antibacterial activity against Escherichia coli, Staphylococcus aureus, Enterococcus faecium and

Pseudomonas aeruginosa.
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Introduction

The photocatalysts based on nano metal oxides has been gain-
ing much attention for environmental applications (Kumar and
Chawla 2014; Ganachari et al. 2019; Jagadeeshan and Par-
sanathan 2019). The advanced oxidation process has emerged
as a novel technique for the degradation of organic and inor-
ganic pollutants from waste water. Advanced oxidation process
exploit highly reactive transitory species (H,0,, OH", O, 7,
05) in the oxidation process and degrade pollutants. Among
advanced oxidation processes, semiconductor based heteroge-
nous photocatalysis has been used prominently for water treat-
ment. Heterogenous photocatalysis removes pollutants from
waste water by generating hydroxyl radicals and transforming
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them into less toxic organic compounds. Mostly, the hetero-
geneous photocatalyst has been recognized as a promising
material for removal of organic pollutants from aqueous solu-
tion (Silva and Faria 2009). Bromophenol blue is used as a
pH indicator and most importantly used in gel electrophoresis
as a tracking dye. However, the release of such an organic
pollutant into the environment leads to various toxic effects
in living organisms (Chiam et al. 2020). Several techniques
such as membrane filtration, reverse osmosis, ion exchange,
and photocatalysis have been developed for wastewater treat-
ment (Bayramoglu et al. 2020; Chadha et al. 2022; Zhang
et al. 2018). Among them, photocatalysis has emerged as a
powerful and easy technique for organic pollutant removal
from aqueous media (Mohamed and Mohamed 2018). Sev-
eral nano metal oxides such as TiO,, WO;, ZnO, SnO,, are
excellent photocatalysts under visible or ultraviolet irradiation
(Danish et al. 2021; Arora et al. 2016; Gautam et al. 2020).
Among them, ZnO based binary and ternary nanocomposites
have been considered an excellent photocatalysts for organic
dye degradation in aqueous solution due to their excellent
physicochemical properties, low cost, high thermal stability,
environmentally friendly and easy preparation (Ullah et al.
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Jul. 2021; Pirhashemi et al. 2018; Sureshkumar et al. 2019;
Jothimani et al. 2017). However, ZnO possesses a wide band
gap (3.4 eV), has high binding energy at room temperature
(60 meV), and has poor electron mobility (115-155 cm 2Vt
S~!) which limits its use in many industrial applications
(Janotti and Walle 2009). Efforts have been made to narrow
down the band gap and to prevent electron hole pair recom-
bination by combining ZnO with other functional materials
such as reduced graphene oxide (rGO), carbon nanotubes and
graphite (Mohammad et al. 2018; Sampaio et al. 2015; Kumar
et al. 2018; Dédkova et al. 2015; Balasubramani et al. Jun.
2019). The binary composite based on ZnO/rGO has been
developed for photocatalytic applications (Sengunthar et al.
2020; Bolaghi et al. 2019; Xue and Zou 2018; Ramos et al.
2019; Peng et al. 2015; Wu et al. 2016). Non-uniform distri-
bution and agglomeration are challenging during the prepa-
ration of binary composite materials based on rGO/ZnO for
photocatalytic application. To overcome such a challenge,
transition metal ions such as Cu are used to dope the rGO/
ZnO binary composites (Asgharian et al. 2019). Synthesis of
copper and graphene activated ZnO nanocomposite powders
by wet chemical method for enhanced photocatalytic activ-
ity has been reported. It was found that Cu doped rGO/ZnO
nanopowder exhibits excellent photocatalytic activity of deg-
radation of methylene blue (Ravichandran et al. 2016). Shu-
Han Hsieh et al. prepared ternary Cu-doped ZnO/Graphene
materials for methylene blue degradation. The copper doping
serves to enhance the visible light response due to the result-
ing ZnO bandgap narrowing and the rGO functions to reduce
recombination due to the excellent electrical conductivity of
the rGO (Hsieh and Ting 2018). Sulakshana Shenoy et al.
reported on the synthesis of copper doped zinc oxide grafted
on graphene layers for visible light driven photocatalysts (She-
noy et al. 2021).

Exploration of Cu-rGO/ZnO nanocomposite for bromophe-
nol blue degradation is not yet reported. Thus, in the present
study, a Cu-rGO/ZnO ternary nanocomposite was synthesized
for photocatalytic and antibacterial activity. The prepared com-
posite was characterized using XRD, SEM, EDAX, FTIR,
UV-Vis, BET, and XPS to elucidate the structural and mor-
phological properties. Photocatalytic activity of the composite
material was investigated by the degradation of bromophenol
blue under ultraviolet light irradiation. The antibacterial activ-
ity of the prepared sample was evaluated by the Agar well
diffusion method against common pathogenic bacterial strains.

Experimental
Materials

The following chemicals zinc acetate dihydrate extra pure
AR 99.5%, 98% H,SO,, graphite oxide powder 98% assay,
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Sodium hydroxide extra pure AR 98%, sodium nitrate extra
pure AR ACS 99%, Cupric Acetate Monohydrate pure 98%
and Potassium Permanganate extra pure AR 99.5% were
procured from SRL chemicals. Deionized water (DI water)
was used throughout the experiments. All other necessary
chemicals and reagents used in the experiment were of ana-
lytical grade and used without further purification.

Preparation of ZnO nanoparticles

The undoped ZnO was prepared by a facile hydrother-
mal method. For ZnO preparation, Zinc acetate dihydrate
(0.1 M), and Cetyltrimethylammonium bromide (0.01 M)
were mixed in a 250 ml glass beaker and stirred for 10 min
to obtain a homogenous solution. The pH of the obtained
reaction mixture was increased to 9 by adding 1 M NaOH.
The whole reaction mixture was carefully transferred to Tef-
lon lined stainless steel autoclave and kept at 130 °C for 3 h.
The obtained precipitate was thoroughly washed with DI
water, followed by ethanol to eliminate unwanted impurities.
The obtained ZnO precipitate was then centrifuged, dried at
70 °C, sintered at 350 °C for 2 h and stored in a clean glass
vial for further studies.

Preparation of graphene oxide

Graphene oxide (GO) was prepared using the Modified
Hummer’s method (Hummers and Offeman 1958). Briefly,
27 ml of sulphuric acid and 3 ml of phosphoric acid were
gently mixed and stirred for 10 min. Then, 0.250 g of graph-
ite powder was added to the above mixture with constant
stirring. 1.5 g of KMnO, was added to the above reaction
mixture while maintaining the temperature at less than 20 °C
to prevent an explosion. The whole reaction mixture was
continuously stirred at 32 °C for 24 h. Then, the reaction
mixture was diluted to 500 ml of deionized water under vig-
orous stirring. To remove excess KMnO,, 30% H,0, was
added slowly and stirred for 15 min. The obtained precipi-
tate was washed with 5% HCl acid and deionized water and
centrifuged at 6000 rpm for 10 min. The resultant precipitate
was dried in an oven at 90 °C for 24 h to obtain graphene
oxide.

Preparation of the photocatalyst (Cu-rGO/Zn0)

The GO suspension was prepared by adding GO (1.5 g) into
distilled water and a few drops of N,H, (6 drops) were added
under constant stirring. Zinc acetate dihydrate (0.1 M),
Cetyltrimethylammonium bromide (0.01 M) and 0.01 M
solution of cupric Acetate Monohydrate were taken in a
separate beaker and stirred for 15 min. To this solution, GO
suspension was added gradually and stirred for 20 min. The
pH of the reaction mixture was adjusted to 9 by adding 1 M
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NaOH solution under constant stirring. Finally, the reaction
mixture was transferred to a Teflon-lined stainless steel auto-
clave and kept at 130 °C for 3 h. The obtained precipitate
was centrifuged and washed with DI water followed by etha-
nol to get an impurities-free catalyst. After that, the obtained
material was dried at 70 °C, sintered at 350 °C for2 hin a
muffle furnace with air contact and denoted as Cu-rGO/ZnO
nanocomposite. The percentage ratio of each component in
the catalyst Cu-rGO/ZnO nanocomposite is 0.1:10:1 respec-
tively. A similar protocol was followed for preparing rGO/
ZnO without adding cupric acetate monohydrate to compare
the efficiency of the Cu-rGO/ZnO composite.

Characterization of Cu-rGO/ZnO nanocomposite

The structure and the morphological properties of the pre-
pared catalyst were studied using X-ray diffraction (XRD),
scanning electron microscopy (SEM), Energy Disper-
sive X-ray (EDX) analysis, and Fourier Transform Infra-
red Spectroscopy (FTIR) analytical techniques. The XRD
patterns were recorded using a D-8 Advance Bruker AXS
diffractometer with Cu Ka radiation (A=1.5406 A). The
FTIR spectra of the prepared Cu-rGO/ZnO nanocomposite
were analyzed using the FT-IR (Jasco FT/IR-4600 type A,
range: 400-4000 cm™!, Detector-TGS using KBr pellets).
UV-Visible spectra for samples were obtained by UV—Vis-
ible spectrophotometer (HITACHI). Photoluminescence
of the samples were analyzed by an Agilent-Cary eclipse
spectrophotometer (Model: FL1201M002). BET (Brunauer,
Emmett and Teller) analysis was carried out to determine
the surface area and the pore size of the composite on the
instrument Quantachrome® ASiQwin™ Instrument version
5.0. The sample’s surface chemical state was analysed using

X-ray photoelectron spectroscopy (XPS, ThermoFisher Sci-
entific ESCALAB250Xi). The pH of point of zero charge
(pHp,) for the sample was measured as follows, each cata-
lyst was added into aqueous solution. The pH of the mixture
was adjusted to 2—12 using 0.1 M HCI and 0.1 M NaOH
and kept at inert atmosphere for 48 h, initial (pH;) and final
(pHp) pH was measured. The difference between initial (pH;)
and final (pHy) values (ApH =pH,—pH;) (Y-axis) was plotted
against the initial pH; (X axis). The intersection provides the
pHp, values for each catalyst.

Photocatalytic study

The photocatalytic performance of the prepared nano-
composite was evaluated by photocatalytic degradation of
bromophenol blue under UV light in a photocatalytic cham-
ber. The sample Cu-rGO/ZnO was added to the aqueous
solution of bromophenol to determine the photocatalyst
effect. The Xe arc lamps, 20 W (with ultraviolet cut-off fil-
ter), were utilized as a light source. The bromophenol blue
(10 ppm) aqueous solution was prepared for each experi-
ment, and a known amount of photocatalyst was dispersed.
The suspension (bromophenol blue with photocatalyst) was
ultrasonicated for 20 min in a dark room at ambient tem-
perature. The pH="7.4 was observed during the degradation
test. All experiments were conducted at ambient conditions
for 150 min, and all samples were filtered and centrifuged
to eliminate the photocatalyst substance. A UV-Vis double
beam spectrophotometer (HITACHI, Model: UH5300) was
used to measure the UV-Vis absorbance of samples.
Photocatalytic degradation of bromophenol blue dye solu-
tion by the synthesized samples were investigated under Xe
arc lamps, 20 W (ultraviolet cut-off filter) with irradiation
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Fig. 1 X-ray diffraction pattern of a graphite, GO, ZnO, and Cu-rGO/ZnO nanocomposite b displacement XRD peaks of ZnO and Cu-rGO/ZnO
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Fig.2 FTIR spectra obtained for a graphene oxide and b Cu-rGO/ZnO nanocomposite

wavelength 365 nm. The degradation efficiency of the syn-
thesized photocatalysts was calculated using the following
equation.

C
Degradation efficiency = OT' x 100

o

where C, is the absorbance of the pollutant (bromophenol
blue) before the photo irradiation and C, is the absorbance of
the pollutant (bromophenol blue) after time t min.
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Antibacterial activity

The antibacterial activity of Cu-rGO/ZnO nanocomposite
was tested by using the agar well diffusion method. For the
study of antibacterial activity, the following gram-positive
and gram-negative bacterial strains have been used. Gram-
positive bacteria: Enterococcus faecium and Staphylococcus
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aureus. Gram-negative bacteria: Escherichia coli and Pseu-
domonas aeruginosa. Bacterial strains (24 h old) were
spread on agar plates, where the bacterial cell density was
106 CFU/mL. The agar well was made using a sterile borer.
Different concentrations of nanocomposites (50 pg/mL,
100 pg/mL, 150 pg/mL, and 200 pg/mL) were added to the
wells and inoculated plates were incubated at 35 °C for 24 h.
Then the zone of inhibition was measured on the mm scale.

Results and discussion
XRD analysis

Structural properties and reduction of as-prepared GO into
rGO on the nanocomposite can be verified by XRD analy-
sis. The XRD pattern of graphite, graphene oxide, ZnO and
Cu-rGO/ZnO nanocomposites has been shown in Fig. 1a.
The XRD pattern of graphite shows the characteristic peak
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Fig.3 a UV-Visible spectra of ZnO and Cu-rGO/ZnO nanocomposite, b Tauc plot of ZnO nanoparticles ¢ Tauc plot of Cu-rGO/ZnO nanocom-
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(002) at 20=26.5° (JCPDS 75-2078). The XRD pattern of
GO shows the characteristic peak at 20 =10.22, indicat-
ing that the graphite is converted into graphene oxide and
subsequently exfoliated upon oxidation. Further, the XRD
pattern of GO shows additional diffraction peak appeared
at 20=26.5° is due to the unoxidized graphite portion. As
observed from Fig. 1a, the XRD pattern of the ZnO sample
showed hexagonal (wurtzite) phase which is consistent with
standard JCPDS card No 36-1451. The diffraction pattern of
Cu-rGO/ZnO nanocomposites in which the diffraction peaks
appearing at 31.7°, 34.2°, 36.3°, 47.6°, 56.6°, 62.8°, 67.8°
and 69.3° are attributed to the (100), (002), (101), (102),
(110), (103) and (112) and (201) planes, respectively, and
exhibit the hexagonal (wurtzite) phase of ZnO. The diffrac-
tion patterns are in agreement with JCPDS card no 36-1451.
Results indicate that the Cu>* ion and rGO did not change
the crystalline structure of ZnO. The diffraction peaks
belonging to rGO (20 values of 24.6 and 43.3) were not
observed in the XRD patterns of nanocomposite (Cu-rGO/
Zn0), which might be produced by the limited amount of
rGO. In addition to that, the surface of rGO is fully covered
by ZnO nanoparticles. Similar results were already reported
in previous research articles (Gang et al. 2021; Mohammad
et al. 2017). Similarly, no additional peaks related to Cu
were observed in the diffraction pattern, which inferred that
Cu?* ions substituted at the ZnO crystal lattice at the Zn>*
sites. The substitution is achieved due to the fact that the
ionic radii of Cu?*(0.73 A) is close to that of Zn2* (0.74 A)
(Meshram et al. 2016). The crystallite size was calculated
using the Scherrer equation. According to the Scherrer for-
mula, the average crystallite size was found to be 54 nm for
Zn0 and 48 nm for Cu-rGO/ZnO.

ZnO
Cu-rGO/ZnO

Intensity (a.u)

T T T T T T
350 400 450 500
Wavelength (nm)

Fig.4 PL spectra of ZnO and Cu-rGO/ZnO nanocomposite with an
excitation at 350 nm
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Figure 1b shows the XRD peaks displacement of Cu-
rGO/ZnO and ZnO. It is observed that the diffraction pat-
tern of Cu-rGO/ZnO slightly shifted to a higher angle when
compared to ZnO, indicating the successful doping of Cu
ions into the ZnO crystal structure. The results are in agree-
ment with previous studies (Srinet et al. 2013; Herng et al.
Jan. 2007). The lattice constant for Cu-rGO/ZnO and ZnO
was calculated by Rietveld refinement and are found to be
a=3.2476 A, ¢=5.1955 A and a=3.2512 A, c=5.2071 A
respectively. The decrease in lattice constant is due to the
substitution of Cu" into the Zn>" crystal structure.

FTIR analysis

Fourier transform infrared (FTIR) spectroscopy was carried
out to determine the functional groups present in the pre-
pared nanocomposites. FTIR also reveals the presence of
impurities on the sample surface.

Figure 2a shows the FTIR spectra of graphene oxide.
The broad peak is observed at 3328 cm™' indicating the
O-H stretching mode of the carboxyl group present in
GO (Zhang and Zhang 2011; Guo et al. Sep. 2009). The
peaks observed at 2925 cm™! and 2828 cm™! are due to
the asymmetric and symmetric CH, stretching of gra-
phene oxide respectively. The peak 1612 cm™! indicates
the C = C stretching vibration of unoxidized graphite
(Asgharian et al. 2019). The peak at 1720 cm™! is attrib-
uted to the C=O stretching of a carboxyl group. The peak
at 1226 cm™! is attributed to the C—OH stretch of the
alcohol group while the peak at 1062 cm™! is attributed
to C-O stretching vibrations of C—O-C. Figure 2b shows
the FTIR spectra of CTAB-capped Cu-rGO/ZnO nano-
composites. The peak at 543 cm™! is assigned to Zn—O
stretching vibrations and the two weak bands observed at
694 and 874 cm™! indicate that Cu ions are incorporated
into the ZnO lattice site (Baizaee et al. 2018; Thennarasu
and Sivasamy 2016). The peaks at 1023 em~!, 1395 cm™!,
1456 cm™', and 1535 cm™!, are related to alkoxy (C-O)
stretching vibration, epoxy (C—O-C) stretching vibration,
deformation of a carboxylic group (-OH), aromatic car-
bon—carbon double bond stretching (C =C) in graphene
respectively. The peak at 1659 cm™!, is related to car-
bon—carbon double bond vibration (C=C) due to un-
oxidized graphene parts. The peak at 1742 cm™! is due to
carbonyl (C =0) reduction in GO (Asgharian et al. 2019).

UV-visible spectroscopy
Absorption spectroscopy is a non-destruction technique

to elucidate the optical properties of nanoparticles. The
UV-Visible absorption spectra were obtained for the
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Fig.5 SEM image of a low magnification of Cu-rGO/ZnO nanocomposite, b high magnification of Cu-rGO/ZnO nanocomposite, and ¢ EDAX

obtained for Cu-rGO/ZnO nanocomposite

Table 1 Elemental composition

; Element Wt (%) At (%)
of Cu-rGO/ZnO nanocomposite
Zinc 64.97 31.23
Oxygen 22.31 34.97
Carbon 11.58 31.51
Copper 1.13 227

samples within the wavelength range of 200 nm to 800 nm.
The UV-Visible absorption spectra result of ZnO and the
Cu-rGO/ZnO nanocomposite are presented in Fig. 3. It sig-
nifies that the maximum absorption observed at 374 nm and
368 nm for ZnO and the Cu-rGO/ZnO nanocomposite is
due to the large exciton binding energy of the bulk ZnO

at room temperature. The slight blue shift that is observed
for the Cu-rGO/ZnO nanocomposite is due to the quantum
confinement effect among individual nanoparticles, indicat-
ing that the size of the CTAB-capped Cu-rGO/ZnO is small
(48 nm) when compared to pure ZnO (54 nm) nanoparti-
cles (Bramhaiah et al. 2016; Khurshid et al. Feb. 2019). The
optical band gap of the prepared samples was calculated
using the Tauc relation, ahv=A(hv—Eg)1/2, where A is a
constant, Eg is the bandgap energy of the sample and 1/2
defines the direct allowed transition. Figure 3b, c shows the
Tauc plot obtained for ZnO and Cu-rGO/ZnO nanocom-
posite. The band gap energy (Eg) is calculated as 2.94 eV
and 3.04 eV for ZnO and the Cu-rGO/ZnO nanocompos-
ite respectively, indicating the band gap energy (3.04 eV)
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[(W(Po/P)—1)] and relative pressure for surface area calculation of
ZnO nanoparticles. ¢ BET analysis of nitrogen adsorption—desorption

widened due to the addition of Cu>" and rGO. The addition
of Cu and rGO can create more oxygen vacancies in the ZnO
surface. Similar results also observed in published literatures
(Kavitha et al. 2015; Sernelius et al. Jun. 1988; Vink et al.
Oct. 1996; Etacheri et al. May 2012). The interrelation of
particle size and band gap energy can give an understanding
of photocatalytic characteristics of ZnO and the Cu-rGO/
ZnO nanocomposite.
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Photoluminescence

Photoluminescence (PL) analysis was carried out to eluci-
date the mechanism behind the transfer process of photo-
induced electron-hole pairs and the role of defects in the
prepared photocatalyst (Mandal et al. 2019). The PL spectra
of ZnO and Cu-rGO/Zn0O are shown in Fig. 4. It is well
known that the stronger intensity of PL emission indicates
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the rapid recombination of the photogenerated excitons,
and lower intensity of PL emission indicates a lower rate of
recombination (Shenoy et al. 2019). The PL spectra of ZnO
show a strong intense peak at 379 nm, correlated to excitonic
band-band radiative recombination. The PL spectra of the
sample Cu-rGO/ZnO shows an intense peak at 380 nm. The
quenching of PL emission is evidence that the recombina-
tion of charge carriers was effectively inhibited as a result
of the collective influence of Cu and rGO doping with ZnO
(Shenoy et al. 2021). In addition, the peak appears at 476 nm

(ZnO) and a peak at 477 nm (Cu-rGO/ZnO) due to defect-
related emission in nanostructures.

SEM & EDAX

Scanning electron microscopy (SEM) and energy dispersive
x-ray analysis (EDAX) provides information on morphol-
ogy, size and elemental ions of Cu-rGO/ZnO nanocom-
posites. Figure 5a, b shows the SEM images obtained for
CTAB-capped Cu-rGO/ZnO nanocomposites. Figure 5a, b
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Fig.8 (continued)

shows that roughly spherical and rod-shaped Cu—ZnO nano-
particles are attached to graphene sheets with less agglom-
eration. The presence of elemental ions in the composite was
evaluated by EDAX analysis. EDAX results are presented in
Fig. 5c, which confirms the presence of elements including
Cu, Zn, C and O, and the absence of impurities indicates that
the synthesis procedure is efficient to prepare impurities-free
Cu-rGO/ZnO nanocomposite. The elemental composition of
Cu-rGO/ZnO nanocomposite is given in Table 1.

BET analysis

Figure 6a, b shows the BET result obtained for ZnO nano-
particles; it exhibits a type IV loop isotherm with an H1 hys-
teresis. It is also observed that the ZnO surface was found to
be 110 m%/g. The pore volume and pore radius were found to
be 0.166 cc/g and 17.743 A respectively. Figure 6¢, d shows
the BET result of Cu-rGO/ZnO nanocomposite. It is noted
that Cu-rGO/ZnO nanocomposites exhibit a type IV loop
isotherm with an H1 hysteresis loop. It is illustrated that the
nanocomposite was mesoporous with a pore radius ranging
from 1.5-30 nm. The surface area of Cu-rGO/ZnO nano-
composite was found to be 453 m?/g and the pore volume
of the Cu-rGO/ZnO was found to be 0.688 cc/g. The BET
results revealed that the Cu-rGO/ZnO nanocomposites have
a large surface area and a high degree of pore size uniformity
when compared to ZnO alone.

XPS analysis
The physical attachment of the ternary nanocomposite was

evaluated by X-ray photoelectron spectroscopy (XPS).
Figure 7 shows the XPS spectra of Cu-rGO/ZnO, which

confirms the presence of Zn, O, C and Cu. Full XPS and
high-resolution spectra were collected to elucidate the ele-
mental composition present in the prepared nanocompos-
ite. It is noted that peaks observed in Fig. 7a are related to
Zn, Cu, O and C ions. Figure 7b shows the characteristic
peaks centred at 1022.61 eV (Zn 2p3/2) and 1048.43 eV
(Zn 2p1/2), which clearly revealed the oxidation state of
zinc. Figure 7c shows the high-resolution O 1 s spectra
which show the characteristic peaks centred at 530.69 and
532.51 eV, which are assigned to Zn—O, and C-O bonding
(Gongalves et al. 2020; Madhuvilakku et al. 2017). Figure 7d
shows the characteristic peaks at 932.12 eV (Cu 2p3/2) and
952.33 eV (Cu 2p1/2), which revealed the presence of Cu
in the composite materials. From the XPS results, it is very
clear the prepared nanocomposite is composed of Zn, Cu,
O and C atoms.

Photocatalytic degradation of bromophenol blue

Figure 8 shows the UV-Vis absorbance spectra of the pho-
todegradation of bromophenol blue dye solution at differ-
ent times in the presence of the different photocatalysts. It
is clearly indicated that the absorbance intensity decreases
as light irradiation time increases. As observed in Fig. 8a
and b the percentage of dye degradation is 35 at 150 min
in the presence of photocatalyst 0.01 g/LL ZnO, whereas the
percentage of dye degradation is 52 at 150 min time in the
presence of 0.1 g/LL ZnO. Figures 8c and d indicate the per-
centage of dye degradation is 56 at 150 min in the presence
of photocatalyst 0.01 g/L rGO/ZnO, whereas the percentage
of dye degradation is 83 at 150 min time in the presence of
0.1 g/L rGO/ZnO. Figures 8e and f indicate the percentage
of dye degradation is 60 at 150 min in the presence of pho-
tocatalyst 0.01 g/L. Cu-rGO/ZnO, whereas the percentage
of dye degradation is 86 at 150 min time in the presence
of 0.1 g/L Cu-rGO/ZnO. The results of Fig. 9 showed that
the Cu-rGO/ZnO photocatalyst is degrading the BPB dye
slightly faster than the pure ZnO and rGO/ZnO nanocom-
posite at 150 min. It has clearly shown that the small amount
of Cu and rGO incorporated ZnO has greater potential to
degrade BPB dye pollutants under UV radiation.

Based on the reported studies, the rate of photocatalytic
degradation of dye depends on the nature of the dye, the
concentration of dye in water, the nature of the photo-
catalyst, concentration of photocatalyst, concentration of
other compounds in water, temperature, pH, light intensity
and wavelength of light etc. (Amakiri et al. Feb. 2022).
Figure 8g, shows that BPB dye shows poor degradation
at an almost negligible level of 6.7% in the absence of a
catalyst under 150 min of UV irradiation. It is noted from
Table 2, all the synthesized catalysts have higher degrada-
tion performance than pure BPB dye degradation without
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Table 2 Rate constant of
photocatalytic degradation of
different concentrations of ZnO,
rGO/Zn0O and Cu-rGO/ZnO
photocatalysts
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Photocatalyst Concentration BPB dye initial % degradation after ~ Rate constant
concentration 150 min
Without catalyst - 10 ppm 6.68 0.11x1072
ZnO 0.01 g/L 10 ppm 34.21 0.61x1072
ZnO 0.1g/L 10 ppm 52.17 1.15%1072
rGO/ZnO 0.01g/L 10 ppm 55.76 1.29%1072
rGO/ZnO 0.1g/L 10 ppm 82.83 2.88x1072
Cu-rGO/Zn0O 0.01g/L 10 ppm 59.74 1.48%1072
Cu-rGO/ZnO 0.1 g/L 10 ppm 86.21 3.40x 1072
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Efficiency (%)
150 min

Performance

W (with ultra-
violet cut-off

Xe arc lamps, 20 95% after
filter)

Light

Conc. of pol-
blue dye
(BPB)- 10 ppm

lutant
Bromophenol

Experimental conditions

concentration

Catalyst
(mg)

0.1 ¢g/L

Morphology

Roughly spheri-
cal and rod-
shaped Cu—ZnO
nanoparticles
are attached
to graphene
sheets with less
agglomeration

Band gap (eV)

2.94 eV and
3.04 eV for
7ZnO and the
Cu-rGO/ZnO
nanocomposite

Cu-rGO/ZnO-

from XRD
48 nm

7Zn0O-54 nm

Synthesis method Crystallite size
method

Hydrothermal

nanocomposite

Table 3 (continued)
Catalyst
Cu-rGO/ZnO
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catalysts. In this study, the higher rate constant is observed
as 3.401 x 1072 min~! for BPB dye degradation using the
photocatalyst 0.1 g/ Cu-rGO/ZnO. The significant pho-
tocatalytic activity of Cu-rGO/ZnO nanocomposite was
achieved due to the incorporation of Cu and rGO into ZnO
nanoparticles, enabling improved UV radiation absorp-
tion and inhibiting the recombination of photogenerated
charges (Rajeshwar et al. 2008). Further, rGO changes
the ZnO surface electric charge and is attached physically
to ZnO, which causes more adsorption and degradation.
The improved adsorption and degradation are due to the
zero-charge potential of Cu-rGO/ZnO (pzc-8.6) which is
higher than bare ZnO (pzc-7.7). According to Nezamza-
deh-Ejhieh et al. at pH lower than pHpzc, the catalyst is
more positively charged (Nezamzadeh-Ejhieh and Zabihi-
Mobarakeh 2014). Thus, the adsorption of dye molecules
(active sulphonate (5032')) on Cu-rGO/ZnO is more than
bare ZnO (Trefalt et al. 2011; Nezamzadeh-Ejhieh and
Shirzadi 2014).

The characteristic and photocatalytic efficiency of Cu-
rGO/ZnO based photocatalyst is presented in Table 3. It
shows that the prepared Cu-rGO/ZnO exhibit significant
photocatalytic dye degradation efficiency against bromo-
phenol blue.

Antibacterial activity of Cu-rGO/Zn0O
nanocomposites

The agar well diffusion method was adopted to test the
antibacterial activity of Cu-rGO/ZnO nanocompos-
ites against the following pathogens, Escherichia coli,
Staphylococcus aureus, Enterococcus faecium and Pseu-
domonas aeruginosa. Figure 10 shows the microscopic
images of the antibacterial activity of ZnO nanoparticle
against (a) Enterococcus faecium (b) Staphylococcus
aureus (c) Pseudomonas aeruginosa (d) Escherichia coli
and Cu-rGO/ZnO nanocomposite against (e) Staphylo-
coccus aureus (f) Enterococcus faecium (g) Escherichia
coli, (h) Pseudomonas aeruginosa. The results revealed
that both ZnO nanoparticles and Cu-rGO/ZnO nano-
composite exhibited potential antibacterial effects by
suppressing microbial growth against gram-positive and
gram-negative bacteria. The maximum zones of inhibition
were found for the nanocomposite concentrations of up
to 200 pg/ml. The significant antibacterial effect of the
nanoparticles can be correlated with many factors such
as type of bacteria, type of the nanocomposite, dosage of
nanocomposite and synthesizing methods.

From the zones of inhibition values from Table 4 and
Fig. 11, it is observed that Gram-negative bacterial strains
are more susceptible to ZnO-NPs and Cu-rGO/ZnO
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Fig. 10 Microscopic images of the antibacterial activity of ZnO nan-
oparticle against a Enterococcus faecium b Staphylococcus aureus ¢
Pseudomonas aeruginosa d Escherichia coli and Cu-rGO/ZnO nano-

nanocomposite as compared to Gram-positive bacterial
strains. For ZnO-NPs; gram-positive microbes, S. aureus
forms a ZOI of 7.5 + 0.4 mm, whereas E.facium form a
Z0I of 3.54+0.15 mm at 200 ug/ml concentration and
gram-negative microbes, E. coli display 8.5 +0.43 mm
Z0I, whereas P.aeruginosa forms 9.5+ 0.48 mm ZOI
at 200 pg/ml concentration. For Cu-rGO/ZnO nano-
composite, gram-positive microbes, S. aureus forms
a ZOI of 10.5+0.06 mm, whereas E. facium form a
Z0I of 8.5+0.43 mm at 200 ug/ml concentration and
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gram-negative microbes, E. coli display 11.1 £0.01 mm
Z0I1, whereas P. aeruginosa forms 14 +£0.01 mm ZOI at
150 pg/ml concentration.

The results confirm that Cu-rGO/ZnO nanocomposite
exhibits better antibacterial activity than pure ZnO nano-
particles. The Cu-rGO/ZnO nanocomposite concentra-
tion of 150 pg/ml exhibits a maximum zone of inhibition
against P.Aeruginosa and E.Coli, indicating the nanocom-
posite was found to be significant antibacterial action in a
dose-dependent manner. The mechanism of antibacterial
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Fig. 11 Zone of inhibition (mm) produced by a ZnO against gram-positive and gram-negative bacteria and b Cu-rGO/ZnO nanocomposite

against gram-positive and gram-negative bacteria
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2 8 iy activity of the nanocomposite was attributed to a combi-
] 79 < ?I nation of direct destruction of the cell membrane by the
s |22 el Cu-rGO/ZnO nanocomposite, the generation of reactive
oxygen species by Cu-rGO/ZnO entities, and accumula-
tion of the nanocomposite on cell cytoplasm (Zhu et al.
2w 8 ot g 2013; Cai et al. 2011; Ghosh and Das 2015; Yang et al.
2199 HoH 2009; El-Shafai et al. 2019; Khalid et al. May 2021).
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= «© = the hydrothermal method. The XRD pattern revealed that
the prepared samples exhibited the hexagonal wurtzite
z| = @ a8 structure. UV-Vis absorbance showed that the maximum
E} 2% 2% absorption was observed at 374 nm and 368 nm for ZnO and
=3 oo the Cu-rGO/ZnO nanocomposite due to the large exciton
binding energy of the bulk ZnO at room temperature. Scan-
_ ning electron microscopy revealed that roughly spherical
% rod shaped Cu—ZnO nanoparticles were attached to the rGO
2 3 23 sheets. EDAX analysis confirmed that the prepared sample
o N . ..
= ia‘l > 184 was free of impurities. The surface area of the Cu-rGO/ZnO
:5 é © © ; < 9 nanocomposite was found to be 453.1 m*/g and the pore
volume of the Cu-rGO/ZnO was found to be 0.688 cc/g as
) inferred from BET analysis. The photocatalytic dye degra-
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