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Spectral features and antibacterial properties of Cu-doped ZnO
nanoparticles prepared by sol-gel method*
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Zn;_,Cu,O (x = 0.00, 0.01, 0.03, and 0.05) nanoparticles are synthesized via the sol-gel technique using gelatin
and nitrate precursors. The impact of copper concentration on the structural, optical, and antibacterial properties of these
nanoparticles is demonstrated. Powder x-ray diffraction investigations have illustrated the organized Cu doping into ZnO
nanoparticles up to Cu concentration of 5% (x = 0.05). However, the peak corresponding to CuO for x = 0.01 is not
distinguishable. The images of field emission scanning electron microscopy demonstrate the existence of a nearly spherical
shape with a size in the range of 30-52 nm. Doping Cu creates the Cu—O—Zn on the surface and results in a decrease in
the crystallite size. Photoluminescence and absorption spectra display that doping Cu causes an increment in the energy
band gap. The antibacterial activities of the nanoparticles are examined against Escherichia coli (Gram negative bacteria)
cultures using optical density at 600 nm and a comparison of the size of inhibition zone diameter. It is found that both pure
and doped ZnO nanoparticles indicate appropriate antibacterial activity which rises with Cu doping.
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1. Introduction

ZnO has been the most commonly and extensively stud-
ied material in the field of nano science and technology. It
is because of the unique characteristics of this material, such
as extensive band gap energy (3.37 eV), electrical and thermal
stability, large exciton binding energy (60 meV), and large sat-
uration velocity (3.2 x 107 cm-s~!).l'l Due to these tremen-
dous properties, ZnO nanoparticles have been extensively
used in light-emitting diodes, laser diodes, solar cells, micro-
electronic, surface acoustic wave devices, hydrogen-storage
devices, transparent electrodes, transparent thin-film transis-
tors, antibacterial coating, UV protectors, targeted drug deliv-
ery and sensors.!>>) ZnO is an inorganic antibacterial agent
and has enormous advantages due to biocompatibility, action
against bacteria in the neutral region (pH 7) even in darkness,
non-toxicity to humans, ability to withstand harsh conditions,
and being more durable compared to the conventional organic
materials.[®] Therefore, these unique properties make it the
right candidate for antibacterial applications and suitable for
industrial usage. For controlling the growth of ZnO nanos-
tructures, several synthesis methods are developed including
sol-gel, hydrothermal, solvothermal, sonochemical, combus-
tion, magnetron sputtering, and pulsed laser deposition.!’~!?]
The crystallite size effects play a predominant role on the
properties of ZnO particles especially in nanometric dimen-
sions where defects become significant. Furthermore, doping
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of different elements is considered as a promising route to tune
the properties of ZnO nanoparticles.[!3~161 The different ionic
radii of the dopants and zinc greatly affect the crystallite size
and lattice parameters. Consequently, it is necessary to include
these effects in the crystallite calculations. Crystallite size and
lattice strain are the two main factors that lead to widening of
the diffraction peaks. Lattice strain is originated from the lat-
tice imperfection or dopants which in turn alter the peak inten-
sity and position.!!”! Moreover, the uniform and non-uniform
strain change the peak position and increase the peak broaden-
ing respectively.

Recently, using metal oxides antibacterial coatings in
order to prevent the infections in particular non-selective
microbicides such as reactive oxygen species (ROS) has
improved.!'8! Although, antibacterial activity of pure ZnO
has been studied in different morphologies using mechanisms
such as generation of ROS, hydroxyl radicals, hydrogen per-
oxide, superoxide anions 02—, the release of Zn%" ions, cell
membrane damage, the accumulation of nanoparticles in cy-
toplasm and outer membranes, many scientists believe that
these nanoparticles are known to be toxic for humans.[!*-23]
Our results illustrate that at a relatively low concentration of
dopant, a respectable action against the bacterial pathogens
takes place; this hypothesis is in agreement with many other

24,25

reports.[>#23] Despite many efforts, the antibacterial potency

of Cu-doped ZnO nanoparticles against bacterium is still far
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from being understood. Accurate synthesis methods and
systematic characterizations are pre-requisite for such under-
standing. This study is an attempt to enhance and optimize the
antibacterial behavior of ZnO nanoparticles through Cu dop-
ing. For this aim, nanoparticles of ZnO doped with Cu are
synthesized via the sol-gel method and the effects of dopants
concentration on the structural and optical behavior as well as

antibacterial activity are investigated.

2. Experimental

For synthesizing the ZnO nanoparticles, raw materials
of zinc nitrate hexahydrate (Zn (NO3),.6H,0), copper nitrate
hexahydrate (Cu (NOs3)2.6H0), gelatin (NHCOCH-R;),,
R = amino acid, Type A, Porsin), and distilled water are em-
ployed. A batch of 2g of the final product is acquired by dis-
solving the particular amount of copper and zinc nitrates into
20 ml of distilled water. The nitrates amount are measured
according to the Zn;_,Cu,O formula, where x = 0.00, 0.01,
0.03, and 0.05. Approximately 4 g of gelatin with the final
ratio of 2:1 are slowly added to 60 ml of distilled water and
then the solution is stirred at 80 °C in an oil bath. A clear
solution is achieved after completely dissolving the gelatin in
water. Then, Zn>* and Cu®* solutions are added to the gelatin
solution. The temperature is kept constant at 80 °C for 6 hours.
The mixture is continuously stirred to obtain a clear, viscose,
and honey-like gel. In order to calcine, a small volume of
the prepared gel was scrubbed on the alumina crucible’s inner
walls before putting it into the furnace. The furnace temper-
ature is kept at 600 °C for 2 hours with a heating speed of
5 °C/min.

The antibacterial activity of the prepared nanoparticles
in the form of nanofluids is examined by calculating the
growth curve of E. coli HB 101 protected in the LB broth
medium.*®! The growth curves are obtained by determining
the time growth of optical density (OD) for pure and Cu doped
samples. The measurements are performed at 600 nm wave-
length using a UV/Vis spectrophotometer (WPA LightWave
S$2000) at a frequency of once in an hour. For further analy-
sis of the antibacterial properties of the samples, the following
procedures is carried out. Briefly, the colloidal suspensions
of the synthesized nanoparticles (2 mg/ml) are applied to agar
plates in which E. coli bacterium is cultured. After 24 hours
of incubation of the agar plates, the inhibition zone diameter
is measured in millimeters (mm).

The structural properties of samples are investigated us-
ing Cu-Ko radiation (0.154 nm) at 40 kV and 100 mA for
x-ray diffraction (XRD) equipment built by a D8 Advance
Diffractometer, Bruker, USA. The 20 range is set to 20°—
80° with a resolution and step size of 0.011° and 0.02°, re-
spectively. The field-emission scanning electron microscopes

(FESEM, JEOLJSM 6380LA) attached with EDX are em-
ployed for observing nanoparticles, size calculation, and el-
emental analysis. Fourier transformed infrared (FTIR) spectra
are recorded using a Perkin Elmer 5DX FTIR. Room tempera-
ture photoluminescence (PL) spectra are recorded by employ-
ing a luminescence spectrometer (LS 55, Perkin Elmer, USA)
under 239 nm excitation wavelength.

3. Results and discussion

The powder x-ray diffraction patterns are used to study
the structural properties and the phase purity of the sam-
ples. Figure 1(a) illustrates the XRD patterns of the synthe-
sized pure and Cu-doped ZnO nanoparticles and figure 1(b)
shows the variation in intensity and position of the (101) peak.
The detected peaks are certainly indexed as ZnO hexagonal
wurtzite structure verified by PDF Code: 00-036-1451.
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Fig. 1. (color online) (a) XRD patterns of Cu-doped ZnO nanoparti-
cles having different dopant concentration. The small peak related to

CuO (111) is shown by arrows. (b) Shift and broadening in the (101)
diffraction peak due to changing Cu concentration.

The enhancement of Cu contents causes a decrease in the
intensity of all diffraction peaks. This diminution is ascribed
to the impacts of defects or disorders created by the copper
ions in the ZnO lattice structure. In addition, no signal of Cu
related phase such as metallic copper, oxides of copper, or any
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binary zinc copper phase is identified for x = 0.01 sample, or
the CuO peaks for the Cu-doped at x = 0.01 are too small to
distinguish. This specifies that the Cu ions have substituted
Zn sites without considerably altering the crystal structure of
ZnO, which is associated to the fact that the ionic radius of
Cut? (0.73 A) is very close to that of Zn*? (0.74 A). There-
fore, Cu can simply penetrate into ZnO crystal lattice. How-
ever, by increasing the doping percentage of Cu (x = 0.03), a
very weak signal corresponding to CuO appears, and its inten-
sity increases with further increase in Cu doping (x = 0.05).
Therefore, it can be concluded that the segregating of CuO is
started from x = 0.03 Cu concentration. It can be understood

that for a smaller amount of Cu, its ions substitute well with
Zn ions, but increasing Cu concentration causes a CuO cluster
to form and isolate as an impurity phase.

The wurtzite lattice parameters such as the values of d, the
distance between adjacent planes in the Miller indices (hkl)
(calculated from the Bragg equation, nA = 2dsin 6), lattice
constants (a and ¢), and unit cell volumes are calculated from
the lattice geometry equation!?’]

1 4<W+M+H>+P

7273 ey

a? cz’

The lattice parameters of the samples are recorded in Table 1.

Table 1. Cu concentration dependent nanoparticles XRD peak positions, lattice parameters, and volume.

Compounds 2640.01 hkl dpig +0.0005/nm Lattice parameter V +0.0002/A3
Zn 36.29 (101) 0.2472 a=0.3252 0.0477
(x =0.00) 34.39 (002) 0.2604 ¢ =0.5208
7Zn9.99Cug o1 36.36 (101) 0.2467 a=0.3250 0.0476
(x=10.01) 3443 (002) 0.2601 c=0.5204
Zng.97Cug .03 36.43 (101) 0.2463 a=0.3247 0.0474
(x=0.03) 34.47 (002) 0.2598 c=0.5198
Zng.95Cug o5 36.51 (101) 0.2458 a=0.3245 0.0473
(x=0.05) 34.55 (002) 0.2592 c=0.5196

Cu doping results in a decrease in the lattice parameters
‘a’ and ‘c’, as compared to un-doped ZnO. This is attributed
to a little mismatch in ionic radius between Zn*? and Cu*2.
However, a systematic variation in lattice parameters with in-
creasing Cu content does not exist. The ¢/a parameter is close
to the value of 1.633, which indicates the existence of a close
packed hexagonal structure.

The size of nanoparticles calculated using the x-ray
line broadening method via the Scherrer equation (D =
kA /B cos0), where k is a constant equal to 0.94, D and A are
the particle size in nanometers and wavelength of the radia-
tion (1.54056 A for Cu Ko radiation), respectively. 8 and 6
are the peak width at half-maximum intensity and peak posi-
tion, respectively. The instrument and sample both affect the
Bragg peak FWHM and the broadening in the XRD peaks is a
combination of them. For decoupling these contributions and
determining the instrumental broadening, a diffraction pattern
from the line broadening of a standard material such as silicon
needs to be assembled. The instrument modified broadening
(Bp) corresponding to the diffraction peak of ZnO nanoparti-
cles with a Gaussian profile is estimated using the following
equation:

BI% - Br%leasures - Bi%strumental'

Therefore, the Scherrer equation is modified as follows:

cosG—M<1>
D \Pp)’

Plots are drawn with 1/fp on the x axis and cos@ along the

2

y axis for the pure and Cu-doped ZnO nanoparticles prepared
at different dopant concentrations.!?’! By fitting the data, the
crystallite size D is calculated from the slope of the fit line
which is demonstrated in Fig. 2. The estimated crystallite size
is obtained to be ~ 52, ~ 46, ~ 37, and ~ 30 nm by Scherer
plot for x = 0.00, 0.01, 0.03, and 0.05 samples, respectively.
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Fig. 2. Plot of cos 0 against 1/fp (Scherrer) for all prepared samples.
(a) x=0, (b) x=0.01, (c) x =0.03, and (d) x = 0.05.

The morphology and chemical composition of the syn-
thesized nanoparticles are examined via FESEM coupled with
EDX. The top view FESEM images of pure and Cu-doped
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7ZnO with various concentrations of Cu (x = 0.01, 0.03, and
0.05) as well as EDX mapping for the x = 0.03 sample are pre-
sented in Fig. 3. The inset shows a high magnification of the
selected area. FESEM and EDX mapping images reveal the
formation of homogeneous and uniform distributed nanopar-
ticles. Cu doping strongly influences the grain size and mor-
phology of ZnO nanoparticles. The average particle size is
found to decrease with the increase in Cu doping into the ZnO
matrix. The decrease in the particle size is mostly ascribed
to the formation of Cu—O—Zn on the surface of the doped
nanoparticles, which prevents the growth of crystal grains and
assists separation of particles.

The presence of Cu and its homogenous distribution into
ZnO nanoparticles is confirmed with the help of the EDX
technique. Furthermore, the EDX spectra indicate that the
nanoparticles are composed of Zn, O, Cu, Au, and C. A weak
peak for C and Au is attributed to the supporter carbon tape
and Au thin coating for FESEM image purpose.

Fig. 3. (color online) Top-view FESEM images of samples. Insets (a)
and (d) show the high magnification of the selected area and inset (c) is
the EDX spectra for Zng 97Cug 030 sample. EDX mapping images of
Zn, O, and Cu for Zng 97Cug 30 sample (e).

Figure 4 demonstrates the FTIR spectra of pure and Cu-
doped (x = 0.05) ZnO nanoparticles. The inset shows the
same plot in the range from 400 to 900 cm~!. The high in-
tensity absorption peaks from the vibration of hydroxyl group
at ~ 3450 cm~! and ~ 1600 cm~! are attributed to the O-H
stretching vibrations, which are related to the absorbed wa-
ter on the surface of the samples. The origin of absorption
at ~ 2380 cm~! is the presence of CO, molecules in the
environment.?®! Figure 4 indicates that for the un-doped sam-
ple, the intense absorption peak at ~ 435 cm™! is related to

the stretching vibrations of the Zn—O bond. In the doped sam-
ple, an absorption band near 620 cm ™! is also distinguishable,
which is related to the vibration of the Cu-O bond.*"! Fur-
thermore, the intensity of peak related to the Cu—O bond for
the x = 0.03 sample is decreased and for x = 0.01 one is not
distinguishable. Thus, both are not shown here.
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Fig. 4. (color online) FTIR spectra of pure and doped (x = 0.05)

ZnO nanoparticles. Inset: the same FTIR spectra in the range of 400—
900 cm™ 1.

Figure 5 illustrates the room temperature PL spectra of
the samples. For un-doped ZnO nanoparticles a strong peak at
~ 3.25 eV accompanied with a weak green signal associated
with a deep-level emission in the visible region (~ 1.85 eV)
are clearly seen. By increasing the Cu concentration a blue
shift of ~0.13 eV occurs. Furthermore, enhancing the Cu con-
centration causes increment of the UV intensity near bandgap
luminescence and the green emission (visible luminescence)
related to deep centers. This demonstrates that the Cu-doped
ZnO nanoparticles possess more enhanced optical features
than un-doped nanoparticles. The formation of a smaller
amount of non-radiative recombination channels in the sam-
ple with the higher Cu concentration may be attributed to the
different origin of this peak. The visible luminescence which
is located at ~ 1.85 eV could be ascribed to a deep unidenti-
fied acceptor with the energy level situated close to the middle
of the bandgap. !

The near-bandgap PL spectrum of all samples shows a
broad band which is related to the superposition of the band
originated from recombination of free excitons with its longi-
tudinal optical (LO) phonon. In addition, the PL spectra of
sample x = 0.05 exhibit a broad band with the maximum at
~ 2.4-2.5 eV energy (see Fig. 5). This band is probably as-
sociated with the Cu impurity.[31:32! Typically, in this spectral
range for Cu-doped ZnO nanoparticles, two noticeable types
of bands connected with Cu impurity. The first one is a struc-
tured luminescence band, which is assigned to the internal
transition of a hole in the Cuy, center from the excited state
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approximately at 0.4 eV above the valence band and 0.2 eV
below the conduction band. 33! The fine structure of the emis-
sion spectrum is due to multiple phonon replicas, which is as-
sociated with LO and local or pseudo-local vibration modes.
The next is the structure-less green luminescence band which
is ascribed to transitions from a shallow donor to the Cu™ state
of a neutral Cuz, acceptor with a level nearly 0.5 eV beyond
the maximum of the valence band.?*! The PL band detected
in our samples is structure-less. The formation of complex de-
fects [Cuzy-Zn;]* in Cu—ZnO is probable by considering the
broad PL bands in deep-level emission regions.

PL intensity

1 i 1
1.5 2.0 2.5 3.0 35
Photon energy/eV

Fig. 5. (color online) Room temperature PL spectra of Cu-doped ZnO
nanoparticles at different concentrations. Inset shows the band struc-
tures and possible electron and hole recombination.

UV-vis photons are passed through the pure and Cu-
doped ZnO nanoparticles for further understanding of optical
properties. Figure 6 indicates the recorded absorption spectra
of samples. ZnO has four oxygen atoms which are coordinated
to the tetrahedral Zn atoms. Zn d electrons hybridize with the
oxygen p electrons to form an energy band gap and lead to
the occurrence of absorption. For the ZnO structure, the ab-
sorption value normally appeared at around 400 nm.[>3! The
absorbance value in the visible region increases with increas-
ing cu dopant. Moreover, the absorption edge is changed ow-
ing to incorporation of Cu ions into the ZnO crystallographic
planes. The band gap energy value of pure and Cu-doped
ZnO nanoparticles is calculated using Tauc’s method, where
extra plotting the linear portion of the curve to zero absorption
edge gives the optical band gap of material, as depicted by
Fig. 6. The band gap values are found to be ~ 3.25, ~ 3.28,
~ 3.31, and ~ 3.35 eV for x = 0.00, 0.01, 0.03, and 0.05 re-
spectively. Without changing the ZnO crystal structure, the
Cu ions hybridize with host electronic states that allow the
variation of the energy bandgap. The increase in the energy
bandgap value for Cu-doped ZnO nanoparticles is ascribed to
the competitive effect of Burstein—-Moss[*%! and the degree of

crystallization.?”] The Fermi level in nominally doped semi-
conductors located between valence and conduction bands.
Through increasing the doping concentration, electrons’ popu-
lation situation remains within the conduction band. It pushes
the Fermi level to higher energy and in the case of the de-
generation level of the dopant, it stays inside the conduction
band. Therefore, for degenerate semiconductors, the electron
excitation only occurs from the top of the valence band into
the conduction band above the Fermi level, which at this in-
stant stays within conduction band. It should be noted that
all the states below the Fermi level are occupied. Excitation
into these occupied states is forbidden according to Pauli’s ex-
clusion principle. Therefore, Burstein—Moss results in a shift
toward lower energy. On the other hand, the existence of disor-
ders, lower degree of crystallinity, and probably the formation
of a new compound by increasing the Cu content causes a shift
to a higher energy. Consequently, the competition of these two
phenomena leads to the enhancement in the apparent band gap.
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Fig. 6. (color online) Cu concentration dependent UV-visible absorp-
tion spectra of ZnO nanoparticles. Inset shows the bandgap value for
samples calculated using Tauc’s method.

Through developing the microorganism’s resistance
against the majority of antibiotics, the advanced research for
finding a novel antibiotic becomes inevitable. Therefore, the
present work is carried out to find the effect and properties
of Cu-doped ZnO nanoparticles having different Cu concen-
tration on killing curves of bacterial pathogens. The growth
curve of E. coli bacteria in the presence of pure and Cu-doped
ZnO nanoparticles with different dopant concentrations are il-
lustrated in Fig. 7 (the inset shows the same optical density
plot in the range of 0-0.5 for clear comparison). The nega-
tive control growth curve which is the plot of optical density
for pure bacterial culture without the addition of nanoparti-
cles is shown for comparison. The value of optical density at
600 nm represents the absorbance of the bacteria. Thus, the
increasing number of bacteria indicates more light being ab-
sorbed by them. It is clearly seen that Cu doping improves
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the antibacterial activity and also increasing Cu concentration
causes enhancement of this antibacterial property. According
to the McFarland standard the absorption of 0.2 for E. coli bac-
teria is approximately equivalent to a bacterial cell population
of 3 x 108. Therefore, it can be seen from the inset of Fig. 7
that increasing Cu concentration has a significant effect on the
killing of bacterial pathogens.
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Fig. 7. (color online) Cu concentration dependent antibacterial activ-
ities of Cu-doped ZnO nanoparticles. Inset shows the sample plot of
optical density in the range of 0-0.5 for better evaluation.

The disc diffusion method is adopted to examine the in
vitro antibacterial activity of the synthesized nanoparticles
against multi-drug resistant E. coli bacteria. Figure 8 illus-
trates the inhibition zone diameter (IZD) for pure and Cu-
doped Zno nanoparticles. The antibacterial activity is shown
by all the prepared samples. The bactericidal potency of
nanoparticles increases with the Cu concentration, as can be
seen in Fig. 8. Several mechanisms are responsible for the
action of Cu-doped Zn nanoparticles against bacteria, which
leads to the formation of IZD such as, decomposition of ZnO
and the formation of reactive oxygen species, electrostatic in-
teraction of nanomaterials with cell wall and photocatalytical
light activation of ZnO nanomaterials.!*8! The higher bacte-
ricidal potency for the x = 0.05 sample may be attributed to
its smaller grain size compared to others, as it can be de-
picted from FESEM images. Due to the decrease in size, these
nanoparticles are able to adhere with the cell wall of the or-
ganism, thus causing its destruction and causing death of the
cells.*8 The Cu-doped ZnO nanoparticles are impartially sta-
ble for a period of 60 days at room temperature and they only

lost 20% of antibacterial activity as tested against E. coli (data

not shown here).

Fig. 8. (color online) Zone of inhibition formed by pure and Cu-doped ZnO nanoparticles against multi-drug resistant E. coli bacteria:

(a) pure, (b) x =0.01, (¢) x =0.03, and (d) x = 0.05.

4. Conclusions

Pure and Cu-doped ZnO nanoparticles are synthesized via
a facile yet accurate sol-gel method. The considerable influ-
ences of Cu dopants on the spectroscopic characteristics and
antibacterial activities are demonstrated. The incorporation of
Cu in the ZnO matrix is found to alter the crystalline struc-
tures via defect mediated strain interactions and broadens the
spectral width. This in turn modifies the lattice parameters and
elastic constants of the single crystalline nanoparticles phase.
The nanoparticles size estimation through different methods
reveals consistent measures. The XRD measurement exhibits
the wurtzite structure for Zn;_,Cu,O without any pyrochlore
phase at calcination temperatures of 600 °C. The XRD broad-
ening is analyzed using the Scherrer plot. The crystallite size
decreases from ~ 52 to ~ 30 nm with the increase of dopant
(Cu) concentrations. The band gap energy calculated using

PL and absorption spectra is blue shifted by increasing the
Cu concentration. Furthermore, the bactericidal property is
found to be concentration dependent and ZnO nanoparticles
with 5% Cu dopants (x = 0.05) show the maximum inhibition
against bacterial growth. Consequently, we can propose that
Cu-doped ZnO nanoparticles can be used as an ingredient for
the dermatological applications in lotions, creams, ointments,
or other biomedical applications.
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