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ABSTRACT

In this work, we focus on the synthesis of Cug95Zn( 050 and CugoZng osMg 050
(M = Cr, Co, Cd) nanocrystals by employing low-cost sol-gel method. The effect
of single doping and co-doping on physical, antibacterial, and photocatalytic
properties of CuO has been successfully investigated using characterization
tools comprising XRD, SEM, FTIR, UV-Vis, and I-V measurements. X-ray
diffraction pattern exhibited that the grown product of CuO has no traces of
impurities, indicated the successful incorporation of dopants without changing
monoclinic structure. The X-ray peak profile analysis was adopted to calculate
the average crystallite size (D) by considering the contributions of lattice strain
on peak broadening. The calculated direct energy bandgap indicated redshift
(1.26 eV to 1.81) eV by co-doping. The I-V study revealed the enhancement in
electrical properties by co-doping. The effects of co-doping on photocatalytic
properties of CuO were studied by degradation of methylene blue (MB) and
methyl orange (MO) dyes under direct sunlight. The Zn/Cd-doped nanocrystal
has a higher degradation efficiency 98.4% against MB and 96.1% against MO dye
in 50 min. The enhanced photodegradation is due to the generation of reactive
species confirmed by scavenger’s experiments. The recyclability test showed the
reusability of grown catalyst up to the 4th cycle. The antibacterial property was
studied against Staphylococcus aureus and Klebsiella pneumoniae bacterial strains,
which showed the highest zone of inhibition 31 mm, and 32 mm for co-doped
samples. Furthermore, the present study paves the path to modify the properties
of CuO for optoelectronic devices, environmental, and biomedical applications.
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1 Introduction

Nowadays, nanotechnology is a diverse field for
fabricating nanometer-scale materials having multi-
functional applications, such as catalysts, biomedical,
and environmental science, etc. [1, 2]. The ever-in-
creasing in industrial development is the primary
cause of an increase in global environmental pollu-
tion [3, 4]. The disposal from the textile industry
includes dyestuffs, and harmful gases or liquids are
the pivotal issues worldwide for human society [5-7].
The different physicochemical techniques have been
employed to eliminate the harmful effects of these
carcinogenic dyes, including biological and chemical
treatments [8]. Among them, photocatalysis is a
promising method for the complete removal of syn-
thetic dyes from wastewater [9-14]. Heterogeneous
photocatalysis encompassing metal oxide semicon-
ductors has appeared as a favorable method because
it required solar energy, which is readily available
almost every part of the earth. Metal oxide semicon-
ductors having exceptional features, such as their
chemical stability, cost effective, and less toxicity,
which made them beneficial for practical application
[15, 16]. Nowadays, different microorganisms have
been detected in the world due to an increase in
habitat and food items. Most of these microorganisms
are favorable for breathing organisms, environment
as well as human beings. In spite of these valuable
microorganisms, some are dangerous, causing severe
health issues by spreading diseases, known as
pathogens. It is crucial to investigate innovative
drugs or materials with an extensive spectrum of
significant antimicrobial activities. As there is a
gradual development in different antibiotic-resistant
bacterial strains as well as to develop novel delivery
and targeting strategies [17]. In comparison with the
acceleration in antibiotic resistance, there is the scar-
city of new antimicrobials agents. Nanomaterials, like
metallic and metal oxide nanoparticles (NPs), can
elicit promising and potent role as antimicrobial
agents.

Among various available semiconductor metal
oxides, CuO is an earth-abundant compound that has
gained remarkable attention due to its low energy
gap of 1.2 eV in the visible region [18]. CuO crystal-
lizes with a monoclinic structure having n-type
semiconductor behavior. It possesses excellent phys-
ical and chemical properties. It is comparatively non-
toxic and inexpensive material [19]. It is effectively
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used in magnetic storage media, solar cells, bio-
imaging, environmental remediation, antibacterial
agent, superconductor, anti-inflammatory activity,
sensing material, ceramics, and photovoltaics/opto-
electronic devices, etc. [20-23].

Recently, researchers have made a lot of efforts to
modify structural, optical, and photocatalytic prop-
erties of CuO with doping transition-metal-ions (TM).
Apart from different transition metals (TM) elements,
zinc (Zn), chromium (Cr), cobalt (Co), and cadmium
(Cd) have great potential for enhancing its physical
properties and tuning the energy bandgap. Different
studies are available about the doping of Zn, Cr, Co,
and Cd in CuO. Gedanken et al. [24] have synthe-
sized Zn-doped CuO and reported the enhanced
antioxidant detection and glucose sensitivity by Zn-
CuO nanoparticles. Anu et al. [25] have synthesized
Zn-doped CuO nanoparticles by the microwave-as-
sisted method and investigated the structural and
morphological properties of Zn—CuO nanoparticles.
Sun et al. [26] have synthesized Co-doped CuO
nanoarray electrocatalyst by wet chemical reaction.
They reported superior durability up to 15 h by Co-
CuO electrocatalyst with 0.056 mol O2 s™' turnover
frequency at 300 mV potential. The improved prop-
erties of CuO by transition-metal-ions (TM) doping
have been reported, but the combined effect of
M = (Cr, Co, Cd) and Zn co-doping in CuO could not
be found. El Sayed et al. [27] have synthesized Co, Fe
co-doped CuO thin film and reported enhanced
photocatalytic performance against MB dye. They
also have reported the redshift in energy gap and
modification in structure by incorporation of Co and
Fe in CuO. Mohamed Shaban et al. [28] have syn-
thesized Cr 4 S-doped CuO thin film and reported
the improvement in structural and optical properties
along with enhancement in the gas sensing
properties.

The influence of single (Cr, Co, and Cd) transition
metal doping in CuO is reported, but there is no
report to study the effects of co-doping of Zn along
with Cr, Co, and Cd in the CuO host matrix. With this
background, the structural, energy gap, and photo-
catalytic properties of CuO was investigated by co-
doping with M = (Cr, Co, Cd) and Zn. The co-doping
of these transition elements may cause a drastic
change and improvement in the physical properties
of CuO. In this perspective, Cug95Zn00s0 and Cugs.
Zng 05Mp 050 (M = Cr, Co, Cd) samples may attract
remarkable attention.
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Several methods have been used for the synthesis
of metal oxide nanostructure, including sol-gel,
hydrothermal, microwave-assisted, ultra-sonic-as-
sisted, and homogeneous co-precipitation methods
[29-32]. Among these, the sol-gel method is a simple,
effective, low-temperature, and low-cost process [33].

In this study, we focus on the synthesis of Cugos.
Zn0.050 and Cu0,92n0,05M0,050 (M = Cr, CO, Cd)
nanocrystals using sol-gel method. XRD, SEM, FTIR,
UV-Vis, and I-V measurements are used to study the
properties of grown nanocrystals. The X-ray peak
profile analysis was performed using Scherrer, W-H,
and SSP methods to calculate the average crystallite
size (D) and lattice strain by considering the contri-
butions of the X-ray peak broadening effect. The
direct energy bandgap was estimated by UV-Vis
spectra. The variation in electrical properties by the
co-doping were studied by [-V measurements. The
effects of Zn doping and Zn & M (M = Cr, Co, Cd)
co-doping on photocatalytic properties of CuO were
also studied against MB and MO dyes under direct
sunlight. The antibacterial property was studied
against Staphylococcus aureus and Klebsiella pneumoniae
bacterial strains.

2 Experimental
2.1 Materials

The source material was copper acetate monohydrate
(Cu(CH3CO0),-H,O), while zinc acetate dihydrate
(Zn(CH3CO00),.2H,0), cadmium nitrate hexahydrate
(Cd(NO5),.6H,O), cobalt nitrate hexahydrate
(Co(NO3),.6H,0), and chromium nitrate hexahydrate
(Cr(NO3);3-6H,O) were used as a dopant material,
and methylene blue (MB) and methyl orange (MO)
dyes were used as organic pollutants. The NaOH was
used as a precipitating agent. Distilled water and
ethanol (C,HsOH) were used for washing. All
chemicals from a commercial source (Sigma-Aldrich)
were used as received without further purification.

2.2 Preparation of nanocrystals

For the preparation of Zn-doped CuO, 0.1 M of each
salt of copper acetate monohydrate and zinc acetate
dihydrate were mixed in distilled water and vigor-
ously stirred for 30 min for complete dissolution. The
0.1 M aqueous NaOH was added dropwise keeping
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constant stirring until pH 9. The obtained solution
was stirred at 70 °C for 3 h to obtain the gel. The
obtained gel was dried at 80 °C for 2 h and finally
annealed at 650 °C for 2 h. The same experimental
procedure is used to synthesize all co-doped
nanocrystals by taking an appropriate amount of
0.1 M of dopant salts and copper salt. The obtained
products were named as follows:

CuZn: Cugo5Zng 50,

CuZnCr: CUO.gozno_05CI'0_o50,
CuZnCo: Cuo.gozn0'05C00_050, and
CuZnCd: CugggZng o5Cdg os0.

2.3 Photocatalytic test

The photocatalytic characteristics of the as-synthe-
sized catalysts was studied using direct sunlight
using MB and MO dyes as model pollutants. At the
start, 20 mg of the grown photocatalysts was sus-
pended in a 50 ml solution of dyes in eight separate
beakers at fixed concentrations of dye (5 ppm). First,
catalyst/dye solutions are magnetically stirred in a
dark environment for 1 h until the adsorption—des-
orption equilibrium was established, then exposed to
sunlight. At different time intervals of irradiation,
5ml of the solution was extracted. The extracted
solution was centrifuged at 6000 rpm for 10 min to
eliminate catalyst particles and analyzed by UV-Vis
spectrometer. The degradation efficiency of pollu-
tants was calculated using the following equation
[34, 35]:
Degradation efficiency (n) = [(C, — Ci)/Co] x 100%
(1)
where C, and C; are the initial and final absorbance
(at different times). Moreover, the species trapping
experiments were also performed to investigate the
degradation mechanism using different scavengers,
including AgNO;, isopropanol (IPA), EDTA-2Na,
and ASC, against MB dye.

2.4 Antibacterial test

For antibacterial test, different bacterial culture plates
were produced from old culture plates for each
strain, maintained on Luria broth (LB) medium, and
absorbance of starter cultures was ascertained spec-
trophotometrically at 600 nm. Different concentra-
tions of the synthesized nanocrystals were tested for
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Fig. 1 a X-ray diffraction patterns of grown nanocrystals, b peak shifting of (2 0 0) plane, and ¢ texture coefficient (TCy) for prominent

peaks

bacterial activity against Staphylococcus aureus and
Klebsiella pneumonia. A stock solution of different
concentrations at 1 pg/m, 2 pg/m, and 4 pg/ml with
a control of standard drug ciprofloxacin was pre-
pared in distilled water along with disk soaked in
this nanocrystals solution. A 20 ml of 2.8-3 g nutrient
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agar was poured into the Petri plate and then 150 pl
of particular bacteria was swabbed on the solidified
agar. After distributing of bacterial culture on dish,
the disk was placed on the plate with a determined
concentration sign and incubated for 24 h at 37 °C,
and then the ZOI (zone of inhibition) is measured.
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Table 1 Structural parameters of grown samples

Samples a (A) b (A) c (A) Volume (A% Bond length (A) Beta (A) d-spacing (A)  V (10° nm®) Nu (10°)
CuZn 4.69478 3.41877 5.08743 80.2110 1.82 100.79182  1.78688 29.791 371.41
CuZnCr 4.68627 3.39183 5.09699 79.6100 1.80 100.69313  1.77484 35.937 451.41
CuZnCo 4.68981 3.42721 5.09262 80.4897 1.81 100.47322  1.84479 32.768 407.11
CuZnCd 4.67723 342311 5.13602 81.0632 1.79 99.66803  1.79716 39.304 484.87

2.5 Characterization

The structural analysis is performed by X-ray
diffractometer (Bruker-D8, CuKo radiation with
2 =1.5406 A, range of 20 = 30°-85°) and FTIR Spec-
trometer (Bruker Tensor 27, range 400-4000 cm ™).

The absorption was traced by a UV-Vis spectropho-
tometer from 400 to 1250 nm (Cary-60 Agilent Tech-

nologies). The I-V measurements (Keithley picometer
6487) were carried out for electrical analysis. The
surface morphology was investigated by using
Scanning Electron Microscope (Emcrafts cube 2020).
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Fig. 2 a Scherrer, b W-H, and ¢ SSP plots
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3 Results and discussion
3.1 X-ray analysis

XRD diffraction is an ideal tool for structural analysis
and phase composition investigation. Figure la
shows the XRD characteristic diffraction peaks of
grown CUO.95ZH0,05O and Cu0.92n0,05M0,05O (M = Cr,
Co, Cd) nanocrystals. The observed peaks are well
matched with standards peaks and evidenced the
preparation of required products are successfully
done. Black-colored powder of Zn-doped and Zn-M
(M =Cr, Co, Cd) co-doped CuO nanocrystals is
obtained, and all visualized characteristics diffraction
peaks correspond to CuO (space group: C2/c; JCPDS
00-005-0661; phase = monoclinic). No other peaks of
Zn, Cr, Co, and Cd oxides or hydroxides are found in
the XRD pattern which specifies that dopants are
successfully incorporated in the CuO matrix or uni-
formly substitute at Cu®*" sites. The structural
parameters, including lattice constant (a,b,c), angle
(p), d-spacing, the volume of the unit cell (v), bond
length (I), the volume of crystallite (V), and number
of the unit cell (N,), are calculated, and the values are
summarized in Table 1 [36, 37].

For all grown products of different dopants, the
following variations have been perceived. The struc-
tural parameters were decreased for CuZnCr and
peaks shifted toward higher angle theta as compared
to CuZnCo and CuZnCd and peaks shifted toward
lower angle theta as compared to CuZn nanocrystal,
as observed in Fig. 1b. The cause of this behavior is
the difference in atomic radii of Cu (0.72 A) and
dopants Zn (0.74 A), Cr (0.52 A), Co (0.74 A), and Cd
(0.95 A) [27, 38, 39]. The peak shifting toward lower
or higher angle theta is due to the doping of larger/
smaller ionic radius, which affects the d-spacing of
crystallographic planes. The variation in lattice

J] Mater Sci: Mater Electron (2021) 32:14437-14455
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Fig. 3 FTIR spectra of a CuZn, b CuZnCr, ¢ CuZnCo, and
d CuZnCd nanocrystals

parameters of the host material due to the incorpo-
ration or substitution of dopants or foreign atoms has
already been reported by different researchers
[40—44]. In this perspective, the above results con-
firmed the successful incorporation or uniform sub-
stitution of dopants elements in the host CuO lattice.
The crystallite orientations can be studied by texture
coefficient (I'Cgy) and its value can be calculated
using the following equation [45]:

T /1,
1 (k1) /Lo (o) @)
(£) Lok /Louk)

where Iy, Ik, and N are the intensity taken from
the XRD pattern, the standard intensity (from JCPDS
card), and total no. of peaks, respectively. The texture
coefficient for (— 111), (200), and (— 202) planes are
illustrated in Fig. 1c. It can also be observed in Fig. 1c
that a single-doped (Zn) and co-doped [(Zn + Cr),
(Zn + Co), and (Zn + Cd)] CuO samples have a
variation in crystalline orientation. The texture coef-
ficient (TC ) is greater than one for the planes (200)

TCy =

Table 2 Microstructural parameters calculated from Scherrer, W-Hall, and SSP methods

Samples Scherrer method Scherrer plot method Williamson-Hall Size-strain plot Dislocation density o (nm)™> x 107
method method
D (nm) D (nm) D (nm) &(x 10% D (mm) ¢(x 107)
CuZn 31 48 50 8.02 37 4.74 8.68
CuZnCr 32 72 68 1.39 46 9.45 9.24
CuZnCo 33 45 44 6.95 33 3.19 9.12
CuZnCd 34 69 56 1.43 38 6.54 9.91
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Table 3 Vibrational parameters calculated from FTIR data
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Oxides  Wave number  Effective mass Force constant, Bond Optical phonon frequency, v, Debye temperature,
(em™ (107 kg) k (N/cm) length (A)  (Hz) 10" 0p (K)

CuZn 578 2.1223 2.5192 1.8897 1.734 833

CuZnCr 596 - 2.6785 1.8515 1.788 858

CuZnCo 574 - 2.4845 1.8985 1.722 827

CuZnCd 532 - 2.1343 1.9971 1.596 766

for all samples, reveals the good growth along this
plane.

3.1.1 Microstructural parameters

The physical properties of nanocrystals can be altered
by the variations in crystallite size and micro-strain,
as there is no perfect crystal due to its finite size [46].
A small change in crystallite size (D) and the micro-
strain (¢) due to dislocation or imperfection can be
studied by X-ray peak broadening. X-ray profile
analysis is used to study the change in microstruc-
tural quantities (crystalline size and strain) using
various analytical methods, including Scherrer, W-H,
and SSP [47, 48]. The crystallite size is calculated by
Scherrer’s formula [49]:

b K )

ppcosd

where D is the crystalline size, / is the wavelength of
X-rays, k is the shape factor (= 0.94), fip is the FWHM
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relates with instrument broadening, and 0 is the
Bragg’s angle. The breadth of diffraction peaks
includes both the sample and instrumental broaden-
ing as

Bria = Bp + B (4)

where fiq is the total peak broadening and f; is the

FWHM associated with line broadening.
Rearranging Eq. (3),

K2 Ki/1
= Bocost >COS9D<ﬁD> (5)

The term 1/fp is drawn versus cosf and linearly fit
the data (Fig. 2a); the D was calculated from the
slope. The Williamson-Hall UDM model, which
considered the uniform micro-strain, is given as [50]

kA
ﬁhkl = m + 4etan 0 (6)

By rearranging Eq. (6),
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Fig. 4 Variation of a absorbance and b transmittance, with incident photon wavelength
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crystallite size is increased by co-doping. The dislo-
cation density is calculated using equation & = 1/D?,
which showed an opposite trend from crystallite size
as it has an inverse relation with crystallite size. From
the obtained results of all the above discussed

Fig. 6 I-V curves of all grown nanocrystals
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methods, it is concluded that the size—strain method
is more reliable because maximum linear fitting is
achieved with more number of data points touching
the fitted line.

3.2 FTIR analysis

The study of FTIR is supreme for functional group
identification and the analysis of inter/intramolecu-
lar interactions. Figure 3 shows the spectra of CuZn,
CuZnCr, CuZnCo, and CuZnCd nanocrystals. The
noticeable vibrational peaks between 400 and
700 cm ™! are attributed to Cu-O bond, while from
700 to 800 cm ! are due to Cu-M-O (M = Zn, Cr, Co,
and Cd) lattice vibrations [52, 53]. The existence of
additional bands are due to the bonding with

e 4
5 v y
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XE312
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1.0pm

2020.71
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dopants ions, further confirmed the uniform substi-
tution of incorporation of Zn, Cr, Co, and Cd ions in
the CuO matrix. The other peaks from 800 to
1000 cm ™" are correspond to C-OH group vibration.
The absorption bands from 1000 to 1700 cm™' are
relating to the stretching vibration of the — COOH
acetate group and the C-O group [54]. Additionally,
to aid the FTIR analysis, some other physical
parameters, including effective mass (u), force con-
stant (k), bond length (I) of the Cu—-O bond, optical
phonon frequency (v,), and Debye temperature 0p,
are calculated using the following relations [55, 56]:

W= my X my/my + my 9)
5 = (1/27¢) /K /1 (10)

WD HV Probs —

EMCRAFTS 1. 0pm

14.53mm 10000V 1200

2000.71
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Fig. 7 SEM images of a CuZn, b CuZnCr, ¢ CuZnCo, and d CuZnCd nanocrystals
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= 17/P (11)
C= 0y =0,/0 (12)
hl)(, = kBQD (13)

where kg and & are Boltzmann and Planck’s constant,
respectively. The calculated values are summarized
in Table 3. Furthermore, the obtained results of bond
length () are in good agreement with values calcu-
lated by XRD.

3.3 Optical analysis

Studying the optical characteristics of grown samples
is necessary for their aptness in optical applications,
especially for photocatalytic activity. For optical
measurements, the grown samples are initially dis-
persed in absolute ethanol and sonicated for 30 min,
and then absorption spectra are trace between 400
and 1250 nm. The absorption and transmission
spectra of CuZn, CuZnCr, CuZnCo, and CuZnCd
nanocrystals are presented in Fig. 4. The CuZn
nanocrystal has an absorption peak at 1016 nm and
co-doped CuZnCr, CuZnCo, and CuZnCd
nanocrystals at 1046, 1046, and 1057 nm, respectively.
Contrary, the transmittance spectra of the as-synthe-
sized samples have opposite behavior than absorp-
tion spectra, as shown in Fig. 4b.

3.4 Optical energy bandgap

The direct energy bandgap of the as-obtained prod-
ucts is determined using Tauc’s relation as [57, 58]

ohv = A(hu — Eg)n (14)

: J Mater Sci: Mater Electron (2021) 32:14437-14455

where «, h, A, v, Eg, and n are the absorption coeffi-
cient, Planck’s constant, band tailing parameter, light
frequency, energy gap, and power factor of transition
mode, respectively. The E, is calculated by plotting
(xhv)* against hv and extrapolating the linear part on
the energy axis up to zero (Fig. 5). The direct energy
gap 1260, 1.197, 1.182, and 1.181 eV for CuZn,
CuZnCr, CuZnCo, and CuZnCd nanocrystals,
respectively, is obtained for grown nanocrystals. The
energy bandgap is decreased as the crystallite size is
increased, also the structural deformation (evident
from XRD Sect. 3.1), is occurred by incorpora-
tion/substitution of dopants ions into host CuO
matrix. Consequently, these dopants ions would
create additional energy levels below the conduction
band or above the valance band in the CuO bandgap
and may cause a reduction in direct transition
energy. Kuldeep Kumar et al. [59] also reported
similar kind of reduction in energy bandgap of CuO
by Ag/Co co-doping.

3.5 Current-voltage (I-V) measurements

I-V curves between applied voltage (— 5 to 5 V) and
current (I) at room temperature for grown products
are displayed in Fig. 6. The as-synthesized
nanocrystals have ohmic nature [60], can be per-
ceived from Fig. 6. The co-doped (CuZnCr, CuZnCo,
and CuZnCd) nanocrystals have a higher value of
current at terminal voltage, which suggested that the
electrical conductivity of co-doped CuO is higher
than single (Zn)-doped CuO.

Table 4 Photodegradation

kinetic parameters Equation y =a + b x x

Intercept Slope Residual sum of squares Pearson’s r  Adj. R-square

MB dye

CuZn — 0.21385 0.04797 0.16693 0.97990 0.95025

CuZnCr — 0.51970  0.06181 2.13202 0.87075 0.69777

CuZnCo — 0.43483 0.06717 1.55303 0.91413 0.79453

CuZnCd — 0.43531 0.07431 1.58387 0.92692 0.82397
MO dye

CuZn — 0.05170  0.02829  0.03666 0.98717 0.96813

CuZnCr — 0.23743 0.03361 0.34509 0.92270 0.81422

CuZnCo — 0.30076 0.03857 0.50868 0.91462 0.79566

CuZnCd — 0.40798 0.05830 0.97546 0.92688 0.82388
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Fig. 10 a Degradation efficiency (%) by adding different scavengers, b recyclability test profile, in the presence of CuZnCd catalyst

against MB dye, and ¢ XRD spectra before and after reusability
3.6 SEM analysis

Figure 7a—d illustrates the SEM images of CuZn,
CuZnCr, CuZnCo, and CuZnCd nanocrystals,
respectively. The accumulation of several metal ions
altered the morphology, as shown in Fig. 7. The SEM
images showed the highly agglomerated
morphology.

3.7 Photocatalytic activity

The photocatalytic characteristics of the as-obtained
nanocrystals are investigated against the

photodegradation of MB and MO dyes under direct
sunlight irradiation. The absorption spectra of the MB
dye solution at varying time intervals are shown in
Fig. 8a—d and MO dye are shown in Fig. 9a—d. The %
degradation of CuZn, CuZnCr, CuZnCo, and
CuZnCd nanocrystals after 50 min sunlight illumi-
nation against MB dye was 91.2%, 97.1%, 97.7%, and
98.4%, respectively, (Fig. 8e) and against MO dye was
77.0%, 84.0%, 87.0% and 96.1%, respectively (Fig. 9e).
The CuZnCd catalyst has shown remarkably higher
decolorization efficiency for MB and MO than other
nanocrystals. The difference in the degradation effi-
ciency is attributed due to the dissimilar nature or
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Table 5 Comparison of decolorization efficiency (%) of grown
nanocrystals with some other doped CuO materials

Photocatalysts Dyes Efficiency (%) Refs
Ag/CuO MB 86.0 [63]
Zn-doped CuO - 90.43 [64]
Mn-doped CuO 87.0 [65]
Zn/Ag-CuO - 78.0 [66]
Co-doped CuO - 82.32 [67]
Fe, Co co-doped CuO — 94.9 [27]
CuZn - 92.2 Present
CuZnCr - 97.1 Present
CuZnCo - 97.7 Present
CuZnCd - 98.4 Present
Ag, Co co-doped CuO MO  87.0 [68]
Fe/Co-ZnO - 95.30 [69] Previous
CuZn - 77.0 Present
CuZnCr - 84.0 Present
CuZnCo - 87.0 Present
CuZnCd - 96.1 Present

molecular structure of dyes. The photocatalytic per-
formance of prepared photocatalyst is explained by
kinetic studies using the pseudo-first-order kinetic
model [61, 62]:

Ci=Coe ™= > In(C,/C,) =kt (15)

Here, k is the first-order rate constant. Plotting term
In(C,/Cy) versus irradiation time (Figs. 8f and 9f), the
slope gives the value of k. The value of k for CuZn,
CuZnCr, CuZnCo, and CuZnCd nanocrystals were
0.04797, 0.06181, 0.06717, and 0.07431 min~' for the
degradation of MB dye and 0.02829, 0.03361, 0.03857,
and 0.0583 min~' for the degradation of MO dye,
respectively. Further, Adj. R-Square, Residual Sum of
Squares, and Pearson’s r values were calculated and
are provided in Table 4 to strengthen the linear
association of given data. The photodegradation test
of blank MB and MO dyes in the absence of catalysts
were also carried out (Figs. 8, 9e) under sunlight,
which exhibits not any noticeable amount of dyes
degradation. The comparison of photodegradation
efficiency of grown catalysts with some other reports
is provided in Table 4. The improvement in photo-
catalytic performance was due to the following fac-
tors: First, the decrease in energy gap by co-doping
can support the excitation of extra electrons from VB
to CB with comparatively low energy and excess of
electrons in the CB. Second, the intermediate states
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are generated by co-doping within the bandgap,
which allows the trapping of electrons and increases
the charge separation and hinders the recombination
of charge carriers. Furthermore, the scavengers test
exhibits that the photodegradation is quenched by
adding reactive species AgNOj;, isopropanol (IPA),
EDTA-2Na, and ASC with efficiencies 55%, 86%,
82%, and 60%, respectively (Fig. 10a), as compared to
blank catalyst test (without scavengers) 98.4%. The
results evidenced the major role of electrons and
superoxide radicals are in the photodegradation
reaction. As the durable reusability and stability of
the catalyst is an essential factor for more practical
application to the elimination of organic pollutants
from the contaminant water. The recyclability test
was performed using the CuZnCd catalyst having
maximum degradation against MB dye. The results
exhibit only a small decrement in photodegradation
efficiency from 98.4 to 96.66% after the fourth cycle of
use (Fig. 10b). The structural changes in the catalyst
after the reusability test was investigated by taking
again XRD spectra (Fig. 10c), which shows that there
is no significant change occur after the fourth cycle of
reuse.

3.8 Antibacterial activities

Different bacteria, including Klebsiella pneumoniae and
Staphylococcus aureus, are selected to test the antibac-
terial activity of synthesized CuZn, CuZnCr,
CuZnCo, and CuZnCd nanocrystals at different
concentrations. The observed values for ZOI using
prepared nanocrystals along with antibiotic Cipro-
floxacin (standard values) are listed in Table 5 and
presented in Figs. 11 and 12, respectively. It is well
known from the literature that if ZOI diameter is >
6 mm, then the material possesses good antibacterial
property, and if ZOI is not in this range, the material
has deprived antibacterial activity. Moreover, oxides
of metal are good antibacterial agents. The results of
the current study indicate that better antibacterial
activity can be achieved by wusing co-doped
nanocrystals, and it is also important to mention here
that ZOI is greater for all nanocrystals from the
threshold value. The ZOI is shown in (Figs. 11, 12)
against bacterial strains, clearly indicates that our
grown antibacterial agent is useful against pathogen
bacteria. The comparison of antibacterial activity of
grown catalysts with some other oxide materials is
provided in Table 6.
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Fig. 11 Antibacterial activity of CuZn, CuZnCr, CuZnCo, and CuZnCd along with standard antibiotics Ciprofloxacin gram-negative

Klebsiella Pneumoniae bacteria

The antibacterial characteristics of co-doped CuO
nanocrystals can be illustrated in the following facts.
The size of nanocrystals lies within the nanometers,
which is comparable with the size of the bacteria, so
these particles can easily penetrate in bacteria,
resulting in damage to the bacteria cell. The shape
and surface area of the material are also dominant in
antibacterial activity because the rough surface can

mechanically damage the bacteria, the higher surface
area is responsible for greater production of ROS
species. The ROS species can destruct DNA or pro-
tein cells by creating highly reactive O, ~ radicals.
Furthermore, it is also assumed that the death of cells
occurs due to the interaction of bacteria (negative
charge) and nanoparticles (positive charge). The
comparison of antibacterial activity of grown
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Fig. 12 Antibacterial activity of CuZn, CuZnCr, CuZnCo, and CuZnCd along with standard antibiotics Ciprofloxacin gram-positive
Staphylococcus aureus bacteria

Table 6 Antimicrobial
activity of grown nanocrystals Composition Zone of (mm) for S. aureus ZOI (mm) for K-pneumoniae

at concentrations 1 g 2 ug 4 pg Control 1 g 2 ug 4 ug Control

CuZn 25 12 14 15 29 28 27 20
CuZnCr 21 24 12 15 24 22 23 21
CuZnCo 25 29 31 19 21 27 22 23
CuZnCd 25 22 27 19 32 18 22 17

@ Springer
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Table 7 The comparison of
antibacterial activity of grown
nanocrystals with some other
pure and doped metal oxides

14453

Bacteria Materials Zone of inhibition (mm) References
S. aureus CuAgNiO 13 [70]

Fe/Cd co-doped ZnO 14 [71]

Cu/Ag 14 [72]

CuO 124 [73]

CuO 26.50 [74]

MgCrNiO 25 Previous [75]

ZnCeVO 14 Previous [41]

ZnLaSmO 13 Previous [76]

CuZnCo 31 Present
K-pneumoniae ZnO:Nd 14 [77]

CuO 28.75 [74]

CuO 27 [19]

Fe/Co-ZnO 25 Previous [69]

CuZnCd 32 Present

nanocrystals with some other pure and doped metal
oxides is provided in Table 7.

4 Conclusion

In summary, Cugo5ZnppsO and CugeZngpsMo 05O
(M = Cr, Co, Cd) nanocrystals were prepared by sol—
gel method. XRD results exhibit that TM ions (Zn, Cr,
Co, or Cd) were successfully incorporated in CuO
matrix. The lattice parameter varied according to the
ionic radii of dopants. The X-ray peak profile analysis
has confirmed the presence of tensile strain. The
direct energy bandgap was red-shifted from 1.26 to
1.81 eV by co-doping. The I-V measurements have
confirmed the enhancement in the electrical proper-
ties by the co-doping. The photocatalytic test for
removal of MB and MO dyes under direct sunlight
has shown that co-doping has significantly improved
the photocatalytic properties of CuO, with Zn + Cd-
doped nanocrystal has a higher degradation 98.4%
against MB and 96.1% against MO dye in 50 min. The
major role of reactive species (electrons and super-
oxide radical) in degradation reaction is confirmed by
scavenger test. The antibacterial property was stud-
ied against Staphylococcus aureus and Klebsiella pneu-
moniae  bacterial strains and Zn/Cd-doped
nanocrystal has exhibited the highest activity against
S. aureus and Zn/Co-doped nanocrystal showed the
highest activity against K. pneumoniae bacteria. Fur-
thermore, the present article imparts an idea to

improve the existing properties of CuO by structural
variation with TM co-doping for environmental and
biomedical applications.
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