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ABSTRACT

In this study, zinc oxide (ZnO) nanoparticles doped with copper (Cu) at different concentrations were
synthesized via green synthesis using lime juice. The ZnO formation was confirmed through the X-ray
diffraction (XRD) analysis in all samples and crystallite sizes between 32 and 52 nm were obtained.
Adding Cu and increasing its concentration caused a blue shift in the UV absorption of the samples and
the band gap energy increased from 3.3 to 4 eV. The images obtained from the Field Emission Scanning
Electron Microscopy (FESEM) and morphological studies showed the change in the shape of nanoparticles
from flake-shaped for pure ZnO to irregular-shaped for doped ones. However, the growth of grains was of
the nano range and size of the produced particles was smaller than 60 nm. The Fourier-Transform
Infrared spectroscopy (FTIR) study of the samples also proved the presence of zinc oxide. Observing
peaks at 3416 to 3447/cm showed the presence of moisture in nano-powders. Finally, the results from
zeta potential characterization showed a good stability of nanoparticles in colloidal at lower pH proving
the role of citric acid available in the lime juice to enhance the stability and prevent sediment. The
optical and band gap properties of the nanoparticles were engineered by the addition of different
concentrations of Cu and the stability of the materials was improved by the change of the pH of the
solution.
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INTRODUCTION

Since the advent of nanotechnology, various
materials have been developed in nano sizes
for a variety of purposes. The main feature of
these materials that changes or increases
their application is having a larger surface
area compared to their bulk forms. This
seemingly small difference plays a huge role
in changing the physical and chemical
properties of the produced materials. Zinc
oxide (ZnO) is one of the materials that have
caught a lot of attention in nano form. Due to
its unique physical and chemical properties,
this material has found its place in a wide
range of applications, including paint,
ceramics, medicine, food and electronics. At
room temperature, ZnO has an energy band
gap of 3.36 eV and exciton energy of 60 meV,
both of which make it a very suitable option
for use in optoelectronics, photovoltaic cells,
solar cells, optoelectronic devices such as LEDs
and other electromagnetic applications. One

of the characteristics of many nanoscale metal
oxides is that they are good hosts for impurities,
meaning that they are well receptive to
impurities within their crystal lattice. The
presence of impurities in the host crystal often
causes changes in the properties of the
material. Depending on the desired properties,
the materials selected for doping vary; for
example, adding iron (Fe) to ZnO improves its
electromagnetic properties by changing the
band gap (Ciciliati et al., 2015) and introducing
copper (Cu) in ZnO crystals boosts its optical
properties (Karimi et al., 2017). Also studies
have shown that the addition of transition
metals to the structure of zinc oxide has
resulted in favourable changes for different
applications (Karmakar et al., 2018). One of the
important and influential factors on the
properties of nanomaterials is their shape and
size. Different studies have synthesized ZnO
in the forms of nano-flakes (Singh and Soni,
2020), nano-belts (Hong et al., 2021), nano-rods
(Khalid et al., 2019), nano-wires (Manzano et



al., 2022) and flower-shaped (Bishwakarma et
al., 2023). These morphologies and in what size
they are obtained strongly depend on how they
are synthesized. Among methods used to make
ZnO nanoparticles, hydrothermal (Gerbreders
et al., 2020), chemical vapor deposition (Zhao
et al., 2016), physical vapor deposition
(Mohammed et al., 2020) can be mentioned.
Among the properties of nanomaterials,
electrochemical properties play a significant
role when stability of the material especially
in colloid form is important. In 2018, Shinohara
et al. (2018) studied the effect of citric acid on
the stability of hafnium oxide and showed
improvement in the zeta potential of the
prepared nanoparticles. In this study, the facile
co-precipitation green synthesis for doping zinc
oxide was worked with copper to study the effect
of natural citric acid and the concentration of
the introduced impurities on the properties of
zinc oxide.

MATERIALS  AND  METHODS

Limes were purchased from the vegetable
market. All the chemicals used were as
received without further purifications. Zinc
Acetate Dihydrate (M.W. 219.50), Copper (II)
Acetate Monohydrate (M.W. 199.65), Polyvinyl
Pyrrolidone K-25 (Povidone, PVP) (M.W.~10000),
Sodium Hydroxide (NaOH, M.W. 40) and Double
Distilled Water (DDW) were used in the sets of
experiments.
The lime juice was extracted manually and
then filtered using Whatman filter to remove
pulps. The pH of the juice was 3 before starting
the experiments. To dope zinc nanoparticles
with copper at different concentrations four
experiments were conducted as follow. A
solution of 2.2 g zinc acetate in 50 mllime juice
was prepared followed by the addition of 0.01,
0.04, 0.07 and 0.1 M copper acetate. Thus, four
different concentrations of copper were added
to the solution of zinc salt and lime juice, while
the concentration of zinc oxide was kept
constant. Each solution was stirred for 10 min
until a homogeneous solution was obtained.
Polyvinyl Pyrrolidone K-25 was used as the
capping agent to prevent the further
agglomeration of the nanoparticles and for that
1 g of PVP was dissolved in 50 ml DDW and
stirred until a transparent solution appeared.
The solution of PVP was added drop-wise to the
solution of salts and dopants under vigorous

stirring. A fresh solution of 0.4 g NaOH in 50
ml DDW was then added drop by drop to the
above solutions as the reducing agent to
complete the reactions mean while the pH of
the solution was measured until it reached 8.
The solutions were kept stirring overnight and
then transferred to the sonication bath for 2
h. To remove the ionic impurities, the samples
were washed multiple times with distilled
water and two times with ethanol and finally
dried at 70°C overnight. The samples were then
crushed for 15 min and stored for further use.
To prepare ZnO nanoparticles the
aforementioned steps were followed exactly the
same without the addition of dopants.
The X-Ray diffraction analysis of all samples
was performed using Rigaku Multiflex-II with
CuK radiation (=1.5406 A°). The
morphological and surface properties as well
as the average particle size analysis were done
by a JEOL brand, model JSM, 7610 FPLUS
Schottky Field Emission SEM (FESEM). To
investigate the optical properties of the
samples Shimadzu UV2450 UV-Vis
spectrometer was used. The Fourier
Transform Infrared (FTIR) analysis was
obtained from a PerkinElmer Spectrum IR
Version 10.6.2. The zeta potential studies were
done using Malvern Zetasizer Nano ZS size
analyzer.

RESULTS  AND  DISCUSSION

In order to find out the internal atomic
structure of the produced materials, the XRD
was run. The data obtained for pure zinc oxide
represented the hexagonal Wurtzite structure
which was completely in agreement with the
ICDD file as shown in Table 1.

Table 1. XRD peaks of ZnO from ICDD file and peaks
obtained from the experiment

XRD peak 2 degree from 2 degree
ICDD of ZnO

1 0 0 31.770 31.74
0 0 2 34.422 34.42
1 0 1 36.253 36.26
1 0 2 47.539 47.46
1 1 0 56.603 56.58

When Cu is doped in zinc oxide, the Cu2+ ions
are placed into the ZnO crystal in two ways:
either they replace Zn2+ ions, or they are placed
in the inner space between Zn and oxygen ions
(Karimi et al., 2017). Since copper ions have a
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smaller size (smaller diameter) than zinc ions,
they do not change ZnO crystal structure by
being substituted in its crystal. In addition,
according if the amount of copper is less than
15%, it does not cause any special change in
the crystalline of ZnO and its shape is
preserved. However, if the concentration of
copper increases the crystal structure
undergoes a change. The results of the XRD
analysis are shown in Fig. 1 and it is clearly
visible that 100, 002 and 101 peaks were
influenced with the Cu concentration.
Increasing the amount of the dopant caused a
reduction in the sharpness of peaks that were
characteristic of zinc oxide and proved the
sitting of Cu ions inside the ZnO crystallite
(Fig. 1).

size of the crystal doped with 0.01 M Cu was
found to be 32.9 nm, which indicated the
presence of Cu2+ ions with a smaller diameter
in the zinc oxide crystal. As the concentration
of Cu2+ ions increased the crystallite size
gradually increased and reached 34.8, 45.6 and
finally 52.3 nm for 0.04, 0.07 and 0.1 M Cu
doped ZnO.
The optical properties of un-doped and doped
ZnO with different concentrations of copper
were studied by UV- Vis spectrum analysis.
Using this characterization enables the study
of UV absorption properties of the materials as
a function of wavelength. All samples were
dissolved in double distilled water with the
ratio of 1 mg in 1 ml and sonicated for 1 h. The
pure ZnO showed an absorption peak at 379
nm which was the reference of the comparison
for the doped nanomaterials (Fig. 2). The
introduction of a small amount of copper
impurity to the zinc oxide crystal caused a blue
shift and the occurrence of its peak at the
wavelength of 359 nm. The shift in the
absorption wavelength was directly related to
the presence of Cu2+ ions in the zinc oxide
crystal, which caused the change in the crystal
structure of this material by substituting the
Zn2+ ions or placing in the inner space of Zn
and O ions. After that, the blue shift was
repeated by adding impurity concentration.
However, when its amount was increased to
0.07 M, in addition to the shift in the
absorption peak, the range of absorbed
wavelengths also broadened and nanoparticles
absorbed wavelengths from 280 to 362 nm
which covered a huge area of UVA (from 320 to
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Fig. 1. XRD analysis of (a) pure ZnO, (b) 0.01 M Cu
doped ZnO, (c) 0.04 M Cu doped ZnO, (d)
0.07 M Cu doped ZnO and (e) 0.1 M Cu doped
ZnO.

Crystallite size (L) of all samples was computed
using Debye-Scherrer formula with putting the
XRD data in the equation 1:

k
L = ––––––––– ...(1)
 cos 

Where,  (the X-ray wavelength) was almost
equal to 1.54 ° A,  was the full width half
Maxima in radian (FWHM),  was the peak
position, and depending on the size of the
crystallite k was a constant from 0.62 to 2.08,
which was 0.94 in this study. According to the
calculations, the average size of the pure ZnO
crystal was estimated to be 39.8 nm, and the
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Fig. 2. UV-Vis spectroscopy of green synthesized
pure ZnO and Cu-doped ZnO nanoparticles.
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400 nm), all area of UVB (from 290 to 320 nm)
and some area of UVC (from 100 to 290 nm). At
the concentration of 0.1 M, the peak again
occurred at a single wavelength of 362 nm. This
showed the sensitivity of UV absorption to the
amount of the dopant since adding to the dopant
further did not lead to a wider range of
absorption. Therefore , controlling the
concentration of the impurities is of a great
importance to reach to the point where most
of the demands were fulfilled.
Using the data obtained from UV absorption
and applying equation 2 and drawing the TAUC
plots, the band gap energy of each sample was
calculated separately as:

 = A (– Eg)n ...(2)

Where,  and h were the absorption coefficient
and Planck’s constant, respectively. A was a
constant,  was the energy of a photon and n
indicated different transitions as 1/2 for
permitted direct, 2 for permitted indirect, 3/2
for forbidden direct and 3 for forbidden indirect
transition. Since ZnO was a semiconductor
with permitted direct transition the equation
2 became the following:

 = A (– Eg)½ ...(3)
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The band gap of zinc oxide changed after the
attendance of copper impurity (Fig. 3). The
increase in band gap after doping could  be
clarified by the Burstein-Moss effect (Kadam
et al., 2017; Zhou et al., 2023). The direct band
gap of CuO was 1.85 eV and adding it to the
zinc oxide caused an increase in the band gap.
Yet again the importance of the amount of
dopant can be seen in the size of the band gap.
The FESEM was used to find information about
the morphology and size of the produced
particles (Fig. 4). Pure ZnO nanoparticles
showed flake-shaped, and with the addition of
Cu and increasing its concentration, the
appearance of the particles became
amorphous. The agglomeration of particles
showed the grain growth in the range of
nanometers. Particles doped with 0.01 M Cu
had sizes of 40-60 nm with the average of 45
which was close to the average size of un-doped
ZnO, but with the addition of impurities, the
average particle size increased such as 55, 58
and 62 nm for 0.04, 0.07 and 0.1 M Cu doped,
respectively.
Fourier Transform Infrared Spectroscopy was
done for pure ZnO and Cu doped ZnO samples
in order to gain information about the
functional groups present in the crystal of
nanoparticles and different absorption bands
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Fig. 3. Tauc plots of un-doped and doped ZnO and from UV-Vis Spectroscopy.
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were obtained (Fig. 5). In all samples, the peaks
between 418 and 459/cm related to the
stretching vibration of Zn-O bond indicated the
formation of ZnO in all the samples. Peaks
occurred between 600 to 674/cm in doped
samples can be attributed to weak bonds of Zn-
O stretching vibration which was due to the
impurities of Cu.  The absorption at 882/cm
for pure ZnO was related to medium vibration
of Zn-O which shifted in the case of doped
samples. The region between 1022 and 1123/
cm  corresponded to the OH. The peaks
occurring between 1344 and 1630/cm were
representing the C-O and C-C bending
vibration. Finally, the peaks between 3416 to
3447/cm were in agreement with the strong
broad H-O stretching vibration which happened
due to the absorbance of humidity by
nanoparticles.
To obtain information about the
electrochemical properties of the produced
materials, the zeta potential of the materials
was investigated using Zetasizer. Since ZnO
is a versatile metal oxide used in various
industries, its electrochemical properties such
as stability in liquid is of special importance.
For this characterization materials were
dispersed in the solutions of water and water-
lime juice with different pH and sonicated for
one hour. The results showed a strong relation

between the pH of the solution and the size
and zeta potential.
Starting with water (pH=7.5) the sizes of the
particles were close to the sizes obtained from
SEM analysis and the zeta potential was
measured (Table 2) where ZP referred to zeta
potential. The particle size and the zeta
potential were inversely related, meaning
particles with bigger size (0.1 M Cu doped ZnO)
showed lower zeta potential and therefore
lower stability, whereas particles with smaller
size (0.01 M Cu doped ZnO) had higher zeta
potential and better stability.
By adding different concentration of lime juice
and reaching to the pH of 7, 6.5 and 5.8, the
best zeta potential results occurred at the lowest
pH. In addition, by reducing the pH a reduction
in the size of the nanoparticles was noticed (Fig.
6). The Cu-doped ZnO nanoparticles followed the
similar pattern. This can be attributed to the
citric acid present in lime juice which was
absorbed by the nanoparticles creating a
repulsive force between particles and
preventing them from aggregation. The results
are in a good agreement with DLVO theory
(Abdelfatah et al., 2017).

CONCLUSION

Using a simple and cost-effective method of co-
precipitation and green synthesis using lime

(a) (b) (c)

(d) (e)

Fig. 4. SEM images of (a) pure ZnO, (b) 0.01 M Cu doped ZnO, (c) 0.04 M Cu doped ZnO, (d) 0.07 M Cu doped
ZnO and (e) 0.1 M Cu doped ZnO.
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juice, pristine zinc oxide and zinc oxide doped
with copper were fabricated at concentrations
of 0.01, 0.04, 0.07 and 0.1 M. For all samples
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Fig. 5. FTIR spectra of pure and Cu-doped ZnO.

Table 2. Zeta potential of un-doped and Cu doped ZnO in different pH solutions

pH ZP (mV) of ZP (mV) of ZP (mV) of ZP (mV) of ZP (mV) of
0.01 M Cu 0.04 M Cu 0.07 M Cu 0.1 M Cu pure ZnO
doped ZnO doped ZnO doped ZnO doped ZnO

7.5 +20.2 +13.1 +11.2 +10 +15
7.0 -25.5 -17.2 -18.2 -15.6 -22.1
6.5 -29.3 -21 -20.1 -18 -28.3
5.8 -32.8 -22.9 -22.3 -21.7 -30.1
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Fig. 6. The relation and effect of pH on the zeta
potential and size of the pure ZnO
nanoparticles.

XRD, FTIR, FESEM and UV-Vis
characterizations were performed. Both XRD
and FTIR proved the formation of zinc oxide in
all samples. The crystallite size of the samples
was calculated using Debye-Scherrer formula
and the shrinking of the crystals of 0.01 M (32.9
nm) and 0.04 M (34.8 nm) samples compared to
pure zinc oxide (39.8 nm) indicated the presence
of Cu+2 ions with a smaller diameter than Zn+2

ions in the crystal of zinc oxide. In the FTIR
analysis, in addition to the strong bonds of Zn-
O, moisture and weak bonds of Zn-O were also
observed, which indicated the absorption of
water and settling of Cu+2 ions, respectively. The
results obtained from FESEM showed that the
presence of even a small amount of impurity to
the ZnO affected the shape of the particles and
changed them from flake to amorphous. But the
growth of the particles was still in the nano
range and the average size of the particles was
smaller than 60 nm. In the UV-VIS analysis,
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the UV absorption of the particles showed a blue
shift from 379 nm after the introduction of the
impurity, and at a concentration of 0.07 M, the
wavelength of absorption became extensive 280-
362 nm. Also, the band gap energy of doped
particles increased compared to pure ZnO from
3.3 to 4 eV. Finally, the electrochemical
properties of the materials were studied via zeta
potential measurements in different pH
solutions showing a relation between the pH
and the zeta potential. As the pH decreased the
zeta potential and so the stability of the
materials in the solution increased. This study
showed the significance of controlling the
dopant concentration and the colloid pH to
achieve the desired optical and electrochemical
properties of the nanoparticles to enhance their
application.
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