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Experimental and ab initio studies on the structural,
magnetic, photocatalytic, and antibacterial
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Copper-doped ZnO nanoparticles with a dopant concentration varying from 1-7 mol% were synthesized
and their structural, magnetic, and photocatalytic properties were studied using XRD, TEM, SQUID
magnetometry, EPR, UV-vis spectroscopy, and first-principles methods within the framework of density
functional theory (DFT). Structural analysis indicated highly crystalline Cu-doped ZnO nanoparticles with
a hexagonal wurtzite structure, irrespective of the dopant concentration. EDX and EPR studies indicated
the incorporation of doped Cu?* ions in the host ZnO lattice. The photocatalytic activities of the Cu-
doped ZnO nanoparticles investigated through the degradation of methylene blue demonstrated an
enhancement in photocatalytic activity as the degradation rate changed from 9.89 x 107* M min™* to
4.98 x 1072 M min~L. By the first-principles method, our results indicated that the Cu(3d) orbital was
strongly hybridized with the O(2p) state below the valence band maximum (VBM) due to covalent
bonding, and the ground states of the Cu-doped ZnO is favorable for the ferromagnetic state by the
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1 Introduction

ZnO is definitely one of the most interesting oxides for indus-
trial applications."” It is used for instance as an additive in
rubbers, plastics, glass, cement, paints, adhesives, sealants,
pigments, food, batteries, ceramics, and fire retardants, just to
name a few. It is also extensively used in sensors to monitor or
to trap, for instance the presence of H,S.> As a transparent
semiconductor with a wide band gap of 3.37 eV,* ZnO is also
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asymmetry of majority and minority states due to the presence of unpaired electron.

utilized in transparent electrodes and liquid crystal displays,
energy-saving or heat-protecting windows.>® Zinc oxide, espe-
cially on a nanometric scale, is cost-effective and environmen-
tally friendly with potentially high photocatalytic properties.”® It
has been shown that the photocatalytic activity of ZnO strongly
depends on the size and morphology of the nanoparticles. For
instance, Yao Guo et al. have shown that tetrapods can exhibit
degradation of dyes five times better than spherical nano-
particles.® Yet, its broader bandgap compared to TiO, makes
ZnO less appealing for photocatalytic applications.”™ To
circumvent this problem, researchers have doped ZnO with
different metals such as Cr, Sm, Co, Cu, or Ag to improve the
photocatalytic activity.’*'* Among the promising dopants, Cu is
preferred due to its advanced attributes such as low toxicity and
abundance. Its band gap (3.37 €V) can indeed be tuned by Cu*
and/or Cu®" substitutions."

Doping with Cu not only enhances the photocatalytic prop-
erties of ZnO nanoparticles by lowering its band gap'® but also
affects the magnetic properties of the nanoparticles by
combining electronic charges with spins."”

The origin of ferromagnetism (FM) in Cu-doped ZnO is
unclear. A mechanism, such as a double exchange or super-
exchange interaction has been proposed. Ali et al. indicated
that the carriers are highly localized at intrinsic defect sites in
Cu-doped ZnO. They concluded that the Rudermann-Kittel-
Kausya-Yosida (RKKY) model for ferromagnetism is not the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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origin of ferromagnetism in Cu-doped ZnO." However, Nayek
et al. have shown that the origin of magnetic ordering for
ferromagnetism in Cu-doped ZnO follows the indirect exchange
mechanism of the RKKY model."” Wang et al. have experimen-
tally shown that the Cu ions can enhance the long-range
ferromagnetic ordering at an ultralow concentration via the
indirect double exchange mechanism, but antiferromagnetic
“Cu’-V4-Cu®"” coupling may also be generated, as a super-
exchange mechanism, low Cu-doping
concentration.*

One of the key objectives of this work was to determine
quantitively the amount of Cu inserted into the ZnO host
matrix. Some researchers have noticed that the hexacoordi-
nated ionic radius of Cu** (0.73 A) is slightly smaller than the
one of Zn>" (0.74 A), they have argued that this could solve the
determination of the copper content by scrutinizing its effect on
the lattice parameters that should decrease upon doping with
Cu.”"**> Note here that Zn in wurtzite is fourfold coordinated so
that ionic radii should be taken as 0.6 A for Zn and 0.57 A for
copper, thus provoking an even stronger effect. Yet a rapid
survey of the literature clearly contradicts this statement. For
instance, Ma et al.*®* showed that copper favors an increase in
the lattice parameters going from a = 3.249 A and ¢ = 5.206 A
for pure ZnO to a = 3.272 A, ¢ = 5.284 A for x = 0.0417 in
Zn; ,Cu,O. A similar effect was found in the study by M.
Mukhtar et al.>* who used EDX to monitor the content of Cu in
their samples using the K-alpha lines of copper and zinc. On the
opposite, S. Singhal et al.>® evidenced that the a and c lattice
parameters decrease for x varying from 0 to 0.15 (@ = 3.248 A, ¢
=5.023Aatx = 0.15). Of course, at low concentrations, EDX is
not very quantitative, and it is therefore important to probe in
a quantitative manner the content of copper by a more reliable
technique.

Techniques such as XPS and XANES at synchrotron facilities
are of great interest but XPS probes only the surface, while
XANES generally needs the use of a synchrotron. Among the
reliable ways to determine copper content at laboratory facili-
ties, the value of x for copper in Zn, ,Cu,O can be legitimately
determined using EPR based on the paramagnetic behavior of
Cu”" ions.

We used EPR to detect the amount of the doped Cu and
investigated the relationship between the doping amount and
the photocatalytic performance for Cu-doped ZnO. We also
attempted to gain insight into the correlation between the
electronic structure and magnetic properties of the copper-
doped ZnO nanoparticles, experimentally, using XRD and
SQUID magnetometry as well as the first principle method
based on the density functional theory.

even at a very

2 Materials and methods

2.1 Synthesis of Cu-doped ZnO nanoparticles

Zinc(n) acetate ((CH3CO,),Zn), copper(u) acetate (Cu
(CO,CH3),), and benzyl alcohol (C¢HsCH,OH) were purchased
from Sigma Aldrich and used without further purification.
Cu-doped ZnO nanoparticles were obtained using the sol-
vothermal synthesis of the 5.45 mmol of zinc acetate, X

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equivalent (X = 1, 3, 5, and 7 mol%) of copper acetate in
83.22 mmol of benzyl alcohol. The reaction mixture was inser-
ted into a Teflon cup with an internal volume of 23 mL. Then,
the cup was slipped into a steel autoclave, which was placed into
an oven at 210 °C for 24 h. The resulting suspension was
separated from its stock solution by centrifugation for 15 min at
15000 rpm. The precipitates were washed with ethanol several
times and then dried at 60 °C. In the end, a gray powder was
obtained.

2.2 Characterization techniques and equipment

X-ray diffraction experiments were carried out using an Empy-
rean diffractometer (Panalytical) equipped with a copper anode.
The CuKo radiation was selected by a monochromator and the
measurements were carried out at room temperature using an
accelerating voltage and a current of 40 kV and 30 maA, respec-
tively. We used the standard formula for the hexagonal crystal
system®® to obtain the lattice constants a and ¢ from X-ray
measurements. The TEM study (SAED and HRTEM) was per-
formed using a JEOL 2010 electron microscope, operating at 200
kv. EPR measurements were performed at a 9.4 GHz frequency
using an X-band Bruker EMX spectrometer equipped with
a continuous nitrogen flow cryostat. The spectrometer was
operated at a modulation frequency of 100 kHz and a microwave
power of 20 mW. The studied sample was sealed directly into
glass tubes (with a mass of approximately 10 mg). The
concentration of the paramagnetic species was evaluated based
on the use of a reference sample of CuSO, x 5H,0 with cali-
brated content of the unpaired spins from Cu”*. Magnetic
properties were measured using the SQUID S700x magnetom-
eter from 5 K to 300 K. The UV-vis absorption spectra were
recorded using a UV-vis spectrometer (Agilent technologies
Carry 60) with a 150 W Xe light source.

2.3 Photocatalytic activity of Cu-doped ZnO nanoparticles

In a typical process, 20 mL of 6.5 uM methylene blue (MB)
solution was used as a contamination test with a 150 W Xe light
source. First, the initial absorbance of the dye was measured,
and then 10 mg of nanoparticle was added to the dye solution.
Then, the reaction mixture was continuously stirred for 30
minutes in the dark to measure the absorption-desorption
balance of the catalyst and MB solution. After the irradiation
period, the nanoparticles were precipitated by centrifugation
and 1.5 mL of the dye solution was placed in a cuvette to
measure the spectrum of the dye. This method was used for
each spectrum. To study the photodegradation of the dye, the
reaction mixture vessel was placed under the light source. The
absorption spectrum was measured every 10 minutes.

2.4 Antibacterial activity of undoped and Cu-doped ZnO
nanoparticles

Gram-negative Escherichia coli (E. coli), Gram-positive Staphylo-
coccus aureus (S. aureus), Mueller-Hinton broth (Difco), nutrient
broth (Difco), nutrient agar (Sigma Aldrich), sodium chloride
(Sigma Aldrich), and deionized water were used without further
purification. All Petri dishes, solutions, and media were
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sterilized in an autoclave at 121 °C for 90 min before the
experiments. The Mueller-Hinton broth dilution method was
used to examine the antibacterial activity of ZnO nanoparticles
across Gram-negative and Gram-strains of the positive bacteria.
100 mg of nanoparticles were weighed and dispersed in steril-
ized water and diluted with saline water. Nutrient broth and
nutrient agar were used as the sources of culture. The bacterial
cell density was estimated by optical density at 600 nm (ODgg)
wavelength. The liquid cultures having OD value 0.1 for E. coli
corresponded to a bacterial concentration of 1 x 10® CFU mL™*
and 0.08 for S. aureus (3.7 x 10” CFU mL ") in liquid cultures.
Equivalent concentrated bacteria solutions were poured into
glass tubes containing 2 mL of the medium. Negative and
positive control-labeled tubes contained only inoculated broth.
The other tubes contained solutions of undoped and Cu-doped
ZnO nanoparticles. All the tubes were then incubated at 37 °C
for 24 h. After incubation, the tubes were checked for the visible
growth (turbidity) of bacteria. The labeled tubes were contain-
ing 2 x 1077 g uL™" of nanoparticles except for the positive
control. Each control and all tubes were diluted with saline
water, then dropped and spread onto the NA Petri dish. After
24 h of incubation, the antibacterial activities of the as-
synthesized nanoparticles were determined by counting the
number of viable (visible) bacteria colonies and expressed as
a percentage.

2.5 Computational details

We carried out the spin-polarized density functional calcula-
tions based on the plane wave (PW) and projector augmented
wave (PAW) methods®” using the generalized gradient approxi-
mation (GGA) by Perdew and Wang (PBE),* as implemented in
the QUANTUM ESPRESSO package®*' within the framework of
DFT.*>»* The following electronic states are treated as valence:
Cu(3d"%4s"), Zn(3d"°4s®) and O(2s°2p*) for atoms. The interac-
tions between the ions and valence electrons were expressed as
the pseudopotential created by Dal Corso.** The wave functions
and the charge densities are expressed as plane waves up to
a kinetic energy cutoff of 60 and 300 Ry, respectively. We per-
formed calculations on the hexagonal wurtzite ZnO unit cell
and ZnO (3 x 3 x 2) supercell, including the 36 Zn and 36 O
atoms. The summation of the charge densities for the hexag-
onal ZnO unit cell and ZnO supercell was performed using the
special k-points generated by the 8 x 8 x 6 and 4 x 4 x 4
Monkhorst-Pack meshes, respectively.*> We used the tetrahe-
dral method*® to evaluate the electronic density of the state
(DOS). For the self-consistent field (SCF) iterations, the total
energy convergence was 107> eV. The occupation numbers of
electrons are expressed as a Gaussian distribution function with
an electronic temperature of kT = 0.02 Ry. To express the
strongly correlated effect of electrons in the Cu(3d) and Zn(3d)
states, we chose U = 3.5 and 8.5 eV, respectively, using the
simplified rotational-invariant formulation based on the linear
response method.*”?®* The numerical error in the magnetic
energy gain was 3 meV. The ionic positions were relaxed at the
fixed lattice parameters until the residual forces were less than
0.05 eV A .
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The formation energy of the Cu-doped bulk ZnO system was
determined as:

1 1 1 1
Ef = N |:ECu-ZnO - (ENZnEhex-Zn + ZNCuEfcc-Cu + ENOE02>:|

where Ecy.zno, Ehexzny Etcecu and Eo, are the ground state
energies of Cu-doped bulk ZnO, hexagonal bulk Zn, fcc bulk Cu
and oxygen molecule, respectively. HereN is the number of the
total atoms and Nz, N, and Ng are the numbers of Zn, Cu and
O atoms, respectively.

3 Results and discussion
3.1 Synthesis and structural analysis

Solvothermal synthesis of ZnO nanoparticles using different
types of precursor reaction conditions is well documented.*>*
However, when doped with a copper precursor, the reaction
mechanism is complicated. Copper-doped ZnO nanoparticles
were synthesized following the nonhydrolytic organic phase
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Fig. 1 (A) XRD patterns of undoped ZnO (a), Zng.93Cug 7O nano-
particles before wash (b); and after wash (c), Zng.¢5Cug 05O nano-
particles (d), Zng97Cug 03O nanoparticles (e) and Zngg9Cug o1
nanoparticles (f). (B) magnified pattern of undoped ZnO (a),
Zngo9Cug o1 nanoparticles (b), Znpg7CupozO nanoparticles (c),
Zng.95CU0.050 nanoparticles (d) and Zng 93Cug.070 nanoparticles (e).
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method, as previously reported,** but with a modification. In
this work, ZnO nanoparticles doped with copper at concentra-
tions ranging from 1-7 mol% were obtained by adding copper
acetate to the reaction medium of zinc acetate in benzyl alcohol
before heating at 210 °C. During the reaction, the formation of
Cu-doped ZnO nanoparticles occurred simultaneously with the
reduction reaction of the copper precursor with benzyl alcohol.
As a representative example shown in Fig. 1A(a-c), the XRD
profiles of 7 mol% Cu-doped ZnO nanoparticles were compared
with undoped ZnO nanoparticles. The relative intensity and
peak positions of the doped and undoped ZnO nanoparticles
match well with the hexagonal wurtzite structure with the space
group of P6ymc (#186), (@ = 3.249 A, ¢ = 5.206 A) of ZnO (JCPDS
36-1451).

However, irrespective of the doping concentration, there are
additional peaks at 43.35° and 40.49° for the Cu-doped ZnO
nanoparticles, corresponding to 111 and 200 peaks of elemental
copper (JCPDS 04-0836) as a secondary phase. This impurity
phase was formed from the side reduction reaction of copper
acetate with benzyl alcohol, which is a well-known reducing
agent for some metals.”” On the other hand, it also highlighted
the low solubility of copper in ZnO. The impurity elemental
copper was completely removed by washing the as-synthesized
nanoparticles with a 10% ammonia solution to generate the
copper ammonia complex.

As shown in Fig. 1A(c-f), the disappearance of the peaks at
43.35° and 40.49° corresponding to the copper phase for the Cu-
doped ZnO nanoparticles confirmed that we successfully
removed the secondary phase. These washed samples were used
for further studies. The lattice parameters calculated from the
100 and 002 Bragg peaks of the XRD patterns are shown in Table
1. With the increase in the dopant concentration, the diffraction
peaks shift to lower angles (higher d value) and the broadening
of the diffraction peaks was also observed in comparison to ZnO
nanoparticles. This suggested internal strain due to the differ-
ence in the ionic radii of Cu and Zn ions. This is the signature,
that dopant ions were incorporated into the lattice in agreement
with previous reports.>

Copper doping was also confirmed by EDS elemental
mapping analysis. Fig. 2 shows TEM images of the undoped
ZnO and 3 mol% Cu-doped ZnO nanoparticles with the electron
diffraction pattern in the inset and HR-STEM images. This
indicates that the Cu dopant was evenly distributed within the

Table 1 Lattice parameters of ZnO and Cu-doped ZnO nanoparticles

Sample 20 FWHM d a=h(A) cla

ZnO 31.74 0.2327 2.817 3.254 1.601
34.39 0.2277 2.606

ZNpooClpiO  31.69  0.2813 2.821  3.257 1.601
34.35 0.2764 2.609

ZN0.07:Clp.0sO  31.58 0.2826 2.830  3.268 1.601
34.23 0.278 2.617

714 65CUg 050 31.56 0.3102 2.832 3.271 1.601
34.21 0.2986 2.619

ZNposClpo,0  31.57  0.2825 2.831  3.269 1.601
34.23 0.278 2.617

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HR-STEM images of undoped ZnO (a) and Zngg97Cug 030
nanoparticles (b). The inset shows diffraction pattern (A), HAADF image
(B), and elemental mapping (C-E) of the ZnO and Zng 97Cug.030
nanoparticles, respectively.

particles and the polydispersed morphology of the synthesized
nanoparticles with a particle size of about 60-70 nm. The
atomic planes 100, 002, and 101 were identified from scattering
images of the electron diffraction patterns. These results are
consistent with the measurements made using X-ray
diffraction.

EPR spectroscopy was used to detect the unpaired electrons
localized on defined paramagnetic species (atoms, molecules),
which are intrinsically present in the material or introduced by
chemical doping, or under high energy irradiation.

The high sensitivity of the technique allows the detection
and evaluation of concentrations as low as 10~ % moles. In Fig. 3,
the recorded EPR spectra of Cu-doped ZnO nanoparticles at
room temperature (300 K) and low temperature (140 K) are
shown to improve the resolution of the signal details. Excluding
the small signal from a reference sample with a g-factor at
2.0023, the typical EPR spectrum of ZnO nanoparticles is
composed of three contributions associated with characteristic
spectral parameters, namely, the Landé factor (g), which is
indicative of the nature of the involved paramagnetic species.
The line at a g-factor of 1.989 is associated with surface defects
related to the charged oxygen vacancies. Such defects are re-
ported in nanostructured ZnO with a high specific surface.”
The second EPR signal with the g-factor at 1.96 was frequently
reported in the ZnO structure. Its origin consists of intrinsic
defects such as oxygen vacancies and interstitial zinc with the
features of shallow donors.*

RSC Adv, 2023, 13, 1256-1266 | 1259
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Fig. 3 EPR spectra of undoped ZnO and 1-7 mol% Cu-doped ZnO
nanoparticles.

The third EPR contribution occurs from the doping Cu®*
ions and gives rise to an anisotropic signal with the main
components of the g-tensor g, = 2.10 & 0.005, g, = 2.05 & 0.005
and g, = 2.34 + 0.01. The hyperfine coupling constants were
evaluated as A (MHz) = 69 £ 10, A,(MHz) = 38 £ 10, and
A,(MHz) = 133 + 10.

The large uncertainty range for both the Landé g-tensor and
hyperfine A-tensor was induced by the broad resonance lines
and the hyperfine coupling was difficult to extract from the line
broadening. Anyway, the anisotropy of the Cu>* EPR spectrum
was clearly involved and then indicated the incorporation of
Cu”* doping ions into the host ZnO lattice. Comparing the EPR
spectra as a function of the Cu doping concentration (Fig. 3), we
may underline the correlation between the increase of the Cu
doping ratio and the decrease of the intrinsic defects involved
with the ZnO lattice in both bulk and surface as well (V,, Zn;).

As also reported in previous work on copper-doped metal
oxides, the incorporation and stabilization of Cu®" ions in the
host lattice acts on the electronic active defects notably the
oxygen vacancies.** For doped samples, the real content of Cu**
ions incorporated in the lattice can be estimated from the EPR
signal. Indeed, by using a reference sample as copper sulfate
pentahydrate CuSO, x 5H,0, the copper ion Cu®>" with an
electronic spin s = 1/2 gave rise to an EPR signal with a double
integrated intensity proportional to the concentration of Cu*".
Simple estimation of the content of Cu®" ions in one gram of
CuSO, x 5H,0 leads to N¢, = 2.4 x 10>" spin per g. Therefore,
by using a suitable normalization of the EPR signals of the
reference sample and the Cu-doped ZnO, the content of Cu ions
in ZnO samples can be quantitatively evaluated. It is worth
noting that the normalization of the EPR spectra was performed
taking into account the amplification of the EPR signal, the
microwave power, and the mass of the used samples. Thus, the
comparative double-integrated intensity of the EPR signals
leads to the Cu contents in ZnO samples, as summarized in
Table 2. Cu®" concentrations were found to vary from 2.09 x
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Table 2 Spin concentration of copper ions in the 1-7 mol% Cu doped
ZnO nanoparticles

Sample Intensity arb. units Spin per g

ZNg.90ClUg.010 0.14 x 10° 2.09 x 10®
ZNg.97CUg.030 0.32 x 10° 4.78 x 10*®
Zng.05Clg 050 0.48 x 10° 7.17 x 10*®
Z1N.93CUg. 0,0 1.09 x 10° 16.29 x 10'°

10'® up to 16.29 x 10'° ions per gram with an increase in doping
from 1-7 mol%. The correlation is clearly shown between the
doping concentration and the content of paramagnetic Cu**
ions inferred from their unpaired spin concentrations. This
result confirms the incorporation of Cu®" and their good
dispersion within the ZnO lattice. From the evolution of the EPR
signals at g = 1.96 related to the oxygen vacancies or interstitial
Zn, we noticed a drastic reduction in the concentration of such
bulk defects. This effect is less important for the surface defect,
which showed a limited reduction of the integrated intensity
with increased concentrations of Cu®** doping. As stated and

a) O Zn65CUg 0,0, 300
0025 0 ZnogsCug 0, 300
-}
g 0000
3 N
_ ¥ 4 *—Zn0, 5K h Y
-0.025 - A/: P B Zng 0iClig 10, 5K~
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Fig. 4 Field-dependent magnetization curves of undoped ZnO and
ZnO nanoparticles doped with various concentrations of Cu from 1—
7 mol% at 5 K and 300 K (a). Zero field-cooled and field-cooled
magnetization curves of undoped ZnO and ZnO nanoparticles doped
with various concentrations of Cu from 1-7 mol% (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also from the anisotropy of the g-tensor of Cu*, such behavior
suggests the preferential incorporation of the doping ions into
the crystalline sites preferentially within the bulk instead of
locating on the surfaces of the nanoparticles. Magnetic prop-
erties of the Cu-doped ZnO nanoparticles measured using
a SQUID magnetometer show how the Cu concentration
changes the magnetic behaviour. Magnetizations versus field
curves for the different Cu concentrations of the synthesized
nanoparticles are shown in Fig. 4(a). The undoped ZnO nano-
particles clearly show the diamagnetic behaviour of a linear
curve with a negative slope at room temperature, as does bulk
ZnO, in good agreement with previous reports.” For Cu-doped
ZnO nanoparticles, diamagnetic background due to the undo-
ped ZnO nanoparticles were subtracted to clarify the magnetic
contribution of the doped copper. As shown in Fig. 4(a), the ZnO
nanoparticles doped with Cu showed closed hysteresis with
unsaturated magnetization at both 300 K and 5 K, suggesting
the absence of ferromagnetic domains. It can be seen from the
temperature-dependent magnetization, Fig. 4(b), a bifurcation
between FC and ZFC and a cusp at ZFC was observed at
temperatures below 75 K for all the samples. This result,
together with non-hysteresis magnetization confirmed
a magnetically-disordered or spin glass state for the Cu-doped
ZnO nanoparticles. This result, together with the non-
hysteresis magnetization confirmed the magnetically-
disordered or spin glass state for the Cu-doped ZnO nano-
particles. An increase in the magnetization with the increase in
Cu doping concentration indicates that Cu®" ions enhance the
magnetic properties of the Cu-doped ZnO nanoparticles. It
indeed shows that Cu atoms could strongly affect the magnetic
properties of the Cu-doped ZnO nanoparticles.

3.2 Photocatalytic activity

UV-vis spectroscopy was used to characterize the optical
absorption properties of the undoped and Cu-doped ZnO
nanoparticles. Absorption spectra of ZnO and Cu-doped ZnO
nanoparticles are shown in Fig. 5. As shown, the characteristic
absorption peak of ZnO nanoparticles was observed to be shif-
ted to the red side of the spectrum upon the addition of Cu. This
indicates the narrowing of the band gap between valence and

Zno

Zn, 44Cu, ,,0
20,4, Ug,0,0
2Z0,45CUg,050
21y 3CU,,0,0

378nm, 3.28eV

Absorbance (a.u)

373nm, 3.32eV

350 400 450
Wavelength (nm)

Fig. 5 UV-vis absorption spectra of undoped ZnO and ZnO nano-
particles with a varying dopant concentrations of Cu from 1-7 mol%.
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conduction levels of ZnO due to the appearance of the inter-
mediate energy level of copper between them. The band gap
energy of the as-synthesized nanoparticles was obtained from
the absorption spectra and for undoped ZnO nanoparticles, it
was found to be 3.32 eV, which is characteristic of the wurtzite
structure of ZnO. With the increasing concentration of Cu, the
band gap energy was reduced continuously and the lowest value
was found to be 3.28 eV for ZnO nanoparticles doped with
5 mol% of copper. In order to compare the catalytic activity of
the as-synthesized nanoparticles, the exposure time-dependent
absorption spectra of MB were recorded in the absence and
presence of nanoparticles (Fig. 6). The inset in Fig. 6(a) shows
UV-vis absorption spectra in the range of 250 to 800 nm of MB
for 110 min without nanoparticles. Spectra clearly showed that
no significant change was observed in the absorbance of the
characteristic peak of MB dye at around 670 nm, which indi-
cated that a photo-induced degradation process did not occur.
In comparison, the existence of the ZnO nanoparticles signifi-
cantly enhanced the degradation rate of MB dye, and the
characteristic peak in the absorption spectra completely dis-
appeared within 110 minutes. Time-dependent absorption
spectra of MB dye in the presence of undoped and doped ZnO
with 3 mol% and 5 mol% of Cu concentrations are shown in
Fig. 6(a)-(c), respectively. The rate of the MB degradation
process was determined from the absorption spectra by using
first-order reaction kinetics and the data are summarized in
Table 3. These results revealed that Cu doping increases the
efficiency of photocatalytic degradation compared with that of
undoped samples. For all concentrations studied in this work,
the optimal doping concentration for the maximum degrada-
tion of MB was 5 mol%. In the range of 1-5 mol% doping
concentration, interstitial Cu atoms may decrease the band gap
energy leading to enhancement of the photocatalytic activity of
ZnO NPs. But at 7 mol%, the number of substitutional Cu atoms
began to dominate over the interstitials and caused the band
gap energy to increase back slightly. Also, the substitutional Cu
atoms may play the main role in the recombination of electrons
and holes due to the shortening of the distance between
neighbor Cu sites at the highest concentration. Therefore, we
concluded that these factors might be the reasons that lead to
a decrease in photocatalytic activity at 7 mol% doping. During
the exposure, pairs of electron (e”) holes (h") were generated on
the surface of the zinc oxide. Molecules of dissolved oxygen (O,)
react with electrons (e™) to generate hydroxyl radicals ("OH) and
superoxide radical anions (O, ). Thus, holes and other radicals
effectively decompose dyes.

3.3 Antibacterial activity

The antibacterial activity of undoped and Cu-doped ZnO
nanoparticles was tested with two kinds of pathogenic bacteria,
including Gram-positive and Gram-negative types. As shown in
Fig. 7, after the incubation, 91.3-98.9% of E. Coli colony and
67.2-97.4% of the S. Aureus colony were inhibited by ZnO and
Cu-doped ZnO nanoparticles (Fig. S1 and S2t). This clearly
shows that both bacteria colonies were inhibited by the as-
synthesized nanoparticles. Table 4 shows the viable colony
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Fig.6 Time-dependent UV-vis absorption spectra for the degradation of MB dye (inset) in the presence of undoped ZnO (a), 3 mol% Cu-doped
(b), and 5 mol% Cu-doped ZnO nanoparticles (c). Kinetic study of the degradation of MB in the presence of undoped ZnO and ZnO nanoparticles

doped with various concentrations of Cu from 1-7 mol% (d).

number comparison between E. Coli and S. Aureus after the
incubation. The bactericidal growth property was found to be
dopant concentration-dependent and ZnO nanoparticles with
7 mol% Cu dopants showed the maximum inhibition against
bacterial growth. Upon increasing the dopant concentration,
the antibacterial activity was also increased. It is clear that
doping of Cu in ZnO nanoparticles enhances the antibacterial
activity of ZnO nanoparticles. Several mechanisms have been
developed to explain the antibacterial activity of ZnO nano-
particles but the mechanism is not obviously recognized, such
as the release of Zn** ions, reactive oxygen species (ROS),* and
electrostatic interactions.”” Padmavathy et al. have shown that

Table 3 Reaction rate comparisons of the undoped ZnO and 1-
7 mol% Cu-doped ZnO nanoparticles with MB

Sample Rate (M min ")
MB 9.89 x 107*
ZnO 2.09 x 1072
Z1¢.99Cug,010 2.33 x 1072
Zn.97CUg,030 2.85 x 102
Zn.95CUg,050 4.98 x 102
Zn,,93Cug 970 2.9 x 102

1262 | RSC Adv, 2023, 13, 1256-1266

Fig. 7 Antibacterial activity of Cu-doped ZnO nanoparticles. Positive
control of E. coli (A), 7 mol% Cu-doped ZnO against E. coli (B), positive
control of S. aureus (C), and 7 mol% Cu-doped ZnO against S. aureus
(D), respectively.
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Fig. 8 The total and orbital projected DOS (in the unit of state/eV per atom) of (A) undoped, (B) short, (C) medium, and (D) long distances of two
Cu ions for Cu-doped bulk ZnO crystal by the PAW method. The vertical dashed line is the Fermi level.

the release of ROS from the transfer of electrons from VB to CB
of ZnO nanoparticles causes oxidative stress by preventing
bacterial growth leading to cell death. Based on the experi-
ments, Heinlaan et al. have concluded that the direct contact
area between the bacterial cell and nanoparticles where the cell
membrane is damaged or disorganized could be a more
significant factor.*® Accordingly, the bacterial killing capacity is
increased with increasing doping concentration and in this
case, 7 mol% Cu-doped ZnO nanoparticles showed maximum
prevention because Cu-doped ZnO nanoparticles released more
ROS. Also, nanoparticles have the ability to adhere to the cell
wall of both Gram-negative and Gram-positive bacteria, thereby
causing their destruction and cell death.

Table 4 Antibacterial activity of the undoped and Cu-doped ZnO
nanoparticles

Antibacterial activity (%)

Sample E. coli S. Aureus
ZnO 91.3 67.2
Z1.99Cu0,010 94.8 71.2
Zn.97Cu0,030 95.1 93.4
Z1.95CUg,050 98.1 94.4
Z1.93Cug,070 98.9 97.4

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.4 The results of Ab initio calculation

We first predict the lattice parameters, formation energy, and
band gap of the undoped (pure) bulk ZnO crystal using both the
PAW and PW methods. The main results of undoped and 1-
7 mol% Cu-doped ZnO crystals are shown in Table 5. Our pre-
dicted lattice parameter a and the ratio of ¢/a are found to be
3.287 A (3.291 A) and 1.611 (1.600) by the PAW (PW) method,
respectively. These results agree with the experimental values of
the crystal structure, in which the error of the lattice parameter
a are 1.01% and 1.14%, by the PAW and PW methods, respec-
tively (see Table 1). The formation energies are found to be
—7.0551 and —7.0595 eV per atom, by the PAW and PW
methods, respectively. For the PAW method, the total and pro-
jected density of states (DOS) of the PAW method are shown in
Fig. 9(A). The DOS of the PW method is similar to that of the
PAW method. The band gap of undoped bulk ZnO crystal was
found to be 1.72 and 1.74 eV using the PAW and PW methods,
respectively. These values are lower than our experimental value
of 3.32 eV. However, this value agrees with the other theoretical
predicted values of the bulk ZnO crystal.*®* When we consider
the Cu doping into bulk ZnO, we tested both the interstitial and
substitutional Cu doping cases in both the PAW and PW
methods. For the interstitial Cu doping case, our results indi-
cated that the non-magnetic (NM) and the substitutional Cu
doping changes the magnetic states of our system. When we
considered the substitutional Cu-doped ZnO crystals, we

RSC Adv, 2023, 13, 1256-1266 | 1263
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Table 5 The predicted lattice parameters (a and c/a), distance (dcu-cu) between the two Cu ions, formation energy (E¢), magnetic energy gain
(AE = Earmysc — Erm) between the antiferromagnetic (AFM)/spin glass (SG) and ferromagnetic (FM) states, spin state, magnetic moments (m) of
magnetic ions and total magnetization (M) for undoped (pure) and Cu-doped ZnO using the PAW and PW methods with the GGA + U approach

Projected augmented wave (PAW) method

Plane wave (PW) method

Cu-doped ZnO

Cu-doped ZnO

Pure ZnO Short Medium Long Pure ZnO Short Medium Long
a(A) 3.287 3.283 3.274 3.282 3.291 3.283 3.284 3.284
cla 1.611 1.614 1.617 1.613 1.600 1.614 1.612 1.614
deu-cu (A) — 2.991 5.730 7.671 — 2.996 5.669 7.780
E; (eV per atom) —7.0551 —7.0386 —7.0381 —7.0379 —7.0595 —7.0407 —7.0375 —7.0375
AE, (meV per cell) — 0.608 2.532 -1.213 — 0.999 0.269 0.351
Spin state NM FM FM SG NM FM FM FM
m(Cu,) (ug per atom) — 0.608 0.616 0.619 — 0.379 0.653 0.454
m(Cu,) (up per atom) — 0.588 0.618 —0.633 — 0.409 0.306 0.515
Mior (us per cell) — 2.00 1.99 0.01 — 1.95 1.96 1.96
"Y ‘7 g,? & e distances of two Cu ions by the PW method. The main results
*® . .
TY;:I&* wh are shown in Table 5. For the PAW method, the total and orbital
w Shbé projected DOS are shown in Fig. 8 (B) and (C). These results
b :mmz show that the Cu(3d) orbital is strongly hybridized with the
o & 00— oo O(2p) state due to the Cu-O covalent bonding.
(A) (B) (©) For the short distance of two Cu ions, the band gaps of

Fig. 9 The spin densities (Apt| = pT — pl) of (A) short, (B) medium
and (C) long distances of two Cu ions for Cu doped bulk ZnO crystal.
Here the grey, red and orange balls are Zn, O and Cu atoms, respec-
tively. The isosurface with isovalue of 0.001 is yellow colour (created
using the XCrySDen software).

calculated the three different configurations of the two Cu ions
(5.88 at%), which are short, medium, and long distances of 2.99
(3.00), 5.73 (5.67), and 7.67 (7.78) A, by the PAW (PW) method,
respectively. We predicted the formation energy of three
different configurations of two Cu ions, and the most stable
configuration was found to be the short distance of two Cu ions
in both the PAW and PW methods.

Our results are shown to be the FM state at the short (2.99 A)
and medium (5.73 A) distances of the two Cu ions, and the spin
glass (SG) state is at the long (7.67 A) distance of the two Cu ions
by the PAW method. But the FM state is favorable at all the

asas

cassater
RERERRe o
Retesstguets

(A)

majority and minority states are found to be 2.18 and 2.08 eV,
(See Fig. 8(B)). As the Fermi level shifts to the VBM side, the two
holes on the Cu ions create two localized defect levels via
a double exchange mechanism, with magnetic energy gain AE =
0.608 meV per cell due to the presence of the unpaired elec-
trons.*® For the medium distance of the two Cu ions, the FM
state is favorable, with magnetic energy gain AE = 2.532 meV
per cell, and the localized two defect levels are overlapped on
the minority state (See Fig. 8(C)). The band gaps of the majority
and minority states were found to be 2.22 and 2.12 eV, respec-
tively. For the short and medium distances of two Cu ions, the
total magnetizations were found to be 2.00 and 1.99 pj per cell,
respectively. The magnetic moments of the magnetic ions are
shown in Table 5. The localized empty t,, states overlapped on
the minority state within the band gap, via the double exchange
mechanism. For the long distance of the two Cu ions, the SG
state is favorable, and the magnetic energy gain AE = —1.213
meV per cell, by the PAW method due to the asymmetry of

(D)

Fig. 10 The isosurfaces of the HOMO level of (A) undoped, (B) short, (C) medium, and (D) long distances of two Cu ions for the Cu-doped bulk
ZnO crystal. Here the grey, red and orange balls are Zn, O, and Cu atoms, respectively. The isosurface with an isovalue of 0.001 is yellow color

(created using the XCrySDen software).
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hybridization for O(2p) and Cu(3d) states. The band gaps of the
majority and minority states are found to be 2.10 and 2.12 eV,
respectively (See Fig. 8(D)). But the FM state is favorable by the
PW method. This corresponds to a low concentration of Cu
ions. The spin densities of the short, medium and long
distances of two Cu ions are shown in Fig. 9 (A)-(C), respec-
tively. It is shown that the induced magnetization creates the O
ions around the two magnetic Cu ions. For the undoped ZnO,
the photocatalytic activity is going from the delocalized O(2p)
state below the valence band maximum (VBM). The isosurface
of the HOMO level of the undoped ZnO is shown in Fig. 10(A),
and the HOMO level is delocalized on the O~ ions. For the Cu-
doped ZnO, the O(2p) and Cu(3d) states are hybridized below
the VBM. The HOMO level is localized on the Cu®>* ions and it
creates the bound magnetic polarons (BMPs) in diluted
magnetic semiconductors.'’® The photocatalytic activity creates
recombination centers from the localized t,, levels due to BMPs.
We show that the main contribution created by the two
magnetic Cu ions and the isosurface of the HOMO level of FM
states is distributed through O atoms. (See Fig. 10 (B)-(D)).

4 Conclusions

Highly crystalline Cu-doped ZnO nanoparticles with a mean
diameter of 60-70 nm were synthesized by the surfactant-free
organic phase method. The presence of the doped Cu in the
ZnO nanoparticles was confirmed qualitatively by XRD and EDX
and quantitatively by EPR. The magnetic and antibacterial
activity of ZnO nanoparticles was observed to be enhanced by
increasing the doping concentration in the range of 1-7 mol%.
The photocatalytic performance was clearly enhanced as the
dopant Cu concentration increased from 1 to 5 mol%. At
7 mol%, the band gap energy increased back slightly due to the
number of substitutional Cu atoms that began to dominate over
the interstitials. These substitutional Cu atoms may play the
main role in the recombination of electrons and holes due to
the shortening of the distance between neighbouring Cu sites at
the highest concentration. As such, we conclude that the
increase in band gap energy and the number of recombination
centres lead to a decrease in the photocatalytic activity at
a 7 mol% doping concentration. An experimental result was
validated theoretically by performing DFT calculations. Our
predicted value of the lattice parameters agrees with our
experimental values of the crystal structure, in which the errors
of the lattice parameter a are 1.14% and 1.01% by the PW and
PAW methods, respectively. Our magnetism results show that
the hole-mediated ferromagnetism of the Cu-doped ZnO is
created by the double exchange mechanism, as created by
localized empty holes on the localized t,, state of Cu ions due to
the bound magnetic polarons. These results agree with our
experimental results.
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