:rni
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Effect of Optimized Precursor Concentration, Temperature, and
Doping on Optical Properties of ZnO Nanoparticles Synthesized via
a Green Route Using Bush Tea (Athrixia phylicoides DC.) Leaf Extracts
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ABSTRACT: Nanoparticles possess several properties, such as
antimicrobial, anti-inflammatory, wound healing, catalytic, mag-
netic, optical, and electronic properties, that have allowed them to

be used in different fields. Among them, zinc oxide (ZnO) has (

received copious consideration due to its technological and

Article Recommendations
medicinal applications. Plant-mediated synthesis of ZnO nano-
particles has provided a cost-effective and eco-friendly method.
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Therefore, the objective of the study is to assess the effect of the

precursor concentration and silver and cerium doping on the optical properties of ZnO nanoparticles synthesized via a green process
using bush tea leaf extract as the chelating agent. Zinc nitrate hexahydrate was used as the precursor. Quasi-spherical-shaped ZnO
nanoparticles were obtained with an average crystallite size ranging between 24.53 and 63.02 nm. The crystallite size was found to
decrease with the increase of precursor concentration at 43.82 nm (0.05 g), 37.25 nm (0.10 g), 26.53 nm (0.50 g), and 24.53 nm (1
g); thereafter, the size increases with an increase in precursor concentration. The optimum precursor concentration was 1 g with the
smallest grain size and a high purity level. The increase in annealing temperature induced an increase in the crystallite size of ZnO
nanoparticles from 24.53 nm (600 °C) to 34.24 nm (800 °C), however, increasing the level of purity of the nanopowders. The band
gap energies were 2.75 and 3.17 eV as calculated using the Tauc plot with variations due to the precursor concentrations. Doping
with both silver and cerium increased the band gap of ZnO nanoparticles up to 3.19 eV and the increase in annealing temperature
slightly augmented the band gap energy from 3.00 and 3.16 eV, respectively. Hence, doping with Ag and Ce induced the formation
of nanorods at higher concentrations. This study successfully demonstrated that the natural plant extract of bush tea can be used in
the bioreduction of zinc nitrate hexahydrate to prepare pure ZnO nanoparticles, thus extending the use of this plant to the nano
producing industry.

1. INTRODUCTION

Zinc oxide (ZnO) nanomaterials are globally synthesized for
their various properties, such as antimicrobial, anti-inflamma-
tory, wound healing, catalytic, magnetic, optical, and electronic
properties, that have put them at the forefront of a wide variety
of studies, allowing researchers to use them in biosensing and
energy generation devices as well as for different drug
deliveries for the treatment of various illnesses such as
cancer.'® Nanomaterials’ physical, chemical, magnetic,
electrical, and optical characteristics can change considerably
from their bulk counterparts due to their high surface area to
volume ratio.”

The synthesis of metal oxides, such as ZnO, has been done
through various chemical and physical methods to date.”
However, the variation in concentrations of the precursor, as
well as the medium of synthesis, can affect the morphology and
other significant properties of the obtained nanoparticles.”’
Hence, the effect of precursor concentration on the properties
of nanoparticles are reported lightly.”

© 2022 The Authors. Published by
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In recent research, great progress has been made in the
engineering of ZnO-based devices that require band gap
engineering for adjustment to the different uses.” ZnO has a
large direct band gap of 3.37 eV and a high exciton binding
energy of 60 meV." The band gap engineering of ZnO
nanomaterials is achieved through doping with other metals
and rare earth such as Mn, Ce, Fe, Eu, Er, Co, and Tb.*’
Behrens et al. reported that the increase in Al levels reduces the
band gap energy of ZnO nanoparticles when the doped

amount does not exceed 4 mol %.'° The same trend has been
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observed with Mg** doping. Mg-doped ZnO nanoparticles
were found to have a band gap energy of 3.04 eV."'

The introduction of living systems in the synthesis of
nanoparticles has been reported as a safe and eco-friendly way
of synthesizing various metal nanoparticles.”'>"? Various
plants containing flavonoids such as naringin, diosmin,
quercetin, and hesperidin have been used in the production
of nanoparticles.'”'” Bush tea is a well-known South African
indigenous herbal tea that has been used for decades for
treating various ailments.'® This aromatic shrub and
indigenous tea plant from the Asteraceae family was found
to possess several compounds such as polyphenols and
flavonoids that are associated with antioxidants, antimicrobial,
and anti-inflammatory activities.'”'® Flavonoids and phenols
have been used in several studies for the synthesis of
nanoparticles such as silver,"’ gold,20 and zinc.”' Due to the
lack of information regarding the effect of doping and
precursor concentration on ZnO nanoparticles’ optical proper-
ties synthesized by a green route using plants, this study aims
to characterize ZnO, Ag—Zn0O, and Ce—ZnO nanoparticles
synthesized using Athrixia phylicoides DC leaf extract as a
reducing agent.

2. EXPERIMENTAL PROCEDURE

2.1. Material Preparation. Bush tea leaves were harvested
from the wild in the city of Thohoyandou (22.8785°S;
30.4818°E), Limpopo province, South Africa. After harvest, the
leaves were thoroughly washed with deionized water and
freeze-dried at —50 °C for 72 h then ground into a powder.
For extraction, 10 g of leaf powder was weighed and mixed
with 300 mL of deionized water. The mixture was heated at 60
°C until the water turned to a dark green color and then cooled
down at room temperature. After centrifugation at 4000 rpm
for 10 min using a Beckman Allegra X-30 centrifuge, the
mixture was filtered twice using a Whatman no 1 filter paper
and the extract was kept in an airtight container. An analytical
grade zinc nitrate hexahydrate {[Zn(NO),],-6H,0} purchased
from Sigma-Aldrich South Africa was used as the precursor.””

2.2. Synthesis of ZnO, Ag-ZnO, and Ce-ZnO.
2.2.1. Precursor Optimization. Different concentrations of
zinc nitrate hexahydrate (0.05, 0.1, 0.5, 1,2, 3, 4, and S g) were
singularly mixed with 25 mL of bush tea extract. The mixture
was kept under a vigorous magnetic stirrer 200 rpm at 280 °C
until a dark-colored paste was observed. The paste was then
cooled down at room temperature and annealed at 600 °C and
a yellowish powder was obtained.

2.2.2. Temperature Optimization. After selection of the
optimum precursor concentration (1 g), the synthesis process
was repeated using 1 g of zinc nitrate hexahydrate and 25 mL
of bush tea extract in two different crucible tubes. The mixture
was kept under 200 rpm at ~80 °C until a dark-colored paste
was observed. The paste was then cooled down at room
temperature and annealed at 600 and 800 °C to reduce the
impurities.

2.2.3. Silver and Cerium Doping. Cerium nitrate
hexahydrate and silver nitrate were used as dopants of ZnO
nanoparticles. After the selection of the optimum temperature
(800 °C) and precursor concentration (1 g), 1 and 2% equiv
mol of Ce(NO;); and AgNO; were weighed and added to the
solution containing 1 g of precursor and 25 mL of bush tea
extract in four different beakers. The mixture was then
subjected to the synthesis process as mentioned above and was
annealed at 800 °C.

2.2.4. Material Characterization. The properties of the
obtained ZnO powders were investigated by various character-
ization techniques. For the structure determination, a field
emission scanning electron microscope was used at a beam
energy of 20 kev. A Thermo Scientific energy-dispersive
spectrometer was used to determine the elemental composi-
tion of the powder samples. The Brucker AXS D8 ADVANCE
X-ray diffractometer with Cu Ko radiation and wavelength,
A(Ka,) = 1.5406 A was used to obtain the phase and structural
identification of nanoparticles. A frontier Fourier transformed
infrared (FTIR) spectrometer was used to evaluate the
composition quality of nano-powders. Also, a PerkinElmer
ultraviolet—visible (UV—vis) LAMBDA 650S spectrometer
was used to measure the optical properties of the nano-
particles.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction. Figure 1 shows the X-ray diffraction
(XRD) pattern of the powders synthesized using different
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Figure 1. XRD pattern of ZnO nanoparticles synthesized using
different concentrations of the precursor.

concentrations of the precursor. All the samples presented
peaks at 32, 34, 36, 47, 56, 63, 66, 68, 69, 73, and 77°
corresponding to the Wurtzite structure of ZnO nanoparticles
(ICDD # 897102). Other peaks were identified at 28, 31, 41,
and 51° disappear as the precursor concentration increases and
are attributed to the presence of KCl, K,SO,, and KZnO, in
the powders as a result of K, S, and Cl ions present in the
natural composition of A. phylicoides DC.** Using the Scherrer
equation,” the crystallite size of the obtained crystals was
ranging between 24.53 and 63.02 nm. The increase in
precursor concentration reduced the crystallite size of the
obtained nanoparticles at 0.05, 0.1, 0.5, and 1 g of the
precursor was found to be 43.82, 37.25, 26.53, and 24.53 nm,
respectively. However, from 1 g of the precursor, an increase in
precursor concentration induces the increase of the crystallite
size of the ZnO nanoparticle, providing that 1 g of the
precursor is the optimum concentration. The average
crystallite size of particles using S g of the precursor was
found to be 63.02 nm. According to Pholnak et al. (2014), the
variations in precursor concentration significantly impacts the
purity and crystallinity of the ZnO nanoparticles.’

https://doi.org/10.1021/acsomega.2c00530
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The variation in the annealing from 600 to 800 °C has
induced the disappearance of several peaks considered as
resulting from a remanent excess of the exact in the ZnO
powders. The peaks found at 28, 31, 41, and 51° identified as
the signature of K, S, and Cl are not visible at annealing
temperature 800 °C (Figure 2). With the increase of the
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Figure 2. XRD pattern of ZnO nanoparticles annealed at different
temperatures.

radius (0.074 nm) by Ce** ions with a larger radius (0.103 nm)
causing a local strain in the ZnO lattice.”® The crystallite size of
Ce-doped ZnO nanoparticles was found to be decreasing with
the augmentation of the doping concentration, 32.17 and
30.33 nm when using 1 and 2% of the dopant, respectively.
The XRD pattern of ZnO nanoparticles doped with Ag is
presented in Figure 4. No peak shift was observed to confirm a
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Figure 4. XRD pattern of (a) pure and (b) 1% Ag-doped and (c) 2%
Ag-doped ZnO nanoparticles.

annealing temperature, the crystallite size varies from 24.53 to
3424 nm. The crystallite size of ZnO nanoparticles has
improved with the increase of the annealing temperature.
These findings concur with the study of Uthirakumar and
Hong (2009) who reported that higher annealing temperatures
improve the crystal quality of ZnO nanoparticles inducing a
reduction of the full-width half-maximum value.*®

The powders obtained after doping with Ce and Ag show
sharp peaks related to the high crystallinity of ZnO particles.
The slight shift in the peak position after doping ZnO
nanoparticles with Ce (Figure 3) to a higher 26 was observed
with the increase of dopant concentration. This might have
been caused due to the replacement of Zn>" ions with a lower

110

——102

Intensity (a.u)

26 (deg)

Figure 3. XRD pattern of (a) pure and (b) 1% Ce-doped and (c) 2%
Ce-doped ZnO nanoparticles.

certain surface doping or segregation of Ag nanoclusters on the
grain boundaries of ZnO nanoparticles.”” However, doping
with Ag considerably reduced the crystallite size of ZnO
nanoparticles that was 25.51 and 20.89 nm, respectively, for 1
and 2%, hence the size was found to decrease with the increase
in dopant concentration. Several Ag peaks appear at 27, 28, 40,
46, 54, and 57°. Their intensity increases with the increase of
dopant concentration. These peaks could be attributed to the
metallic second phase of Ag in formation.”®

3.2. Fourier Transformed Infrared. The FTIR spectra of
ZnO powders synthesized using different concentrations of the
precursor are presented in Figure S. Different absorption peaks
were detected in the range 4000—400 cm™'. The broad
absorption peak observed between 3735 and 3023 cm™'
corresponds to the O—H stretching of the intramolecular
hydrogen bond. The reduction of precursor concentrations was
decreasing the intensity of the peak attributed to the O—H
bond. The peaks observed at 1691 to 1611 cm™" correspond to
the C=C stretching of the alkene group. The peak observed at
2346 cm™' is present only when the concentrations of the
precursor are too low (0.1 and 0.05 g); they might be
attributed to the absorption of atmospheric CO, on the
metallic cations, probably present in the apparatus during
analysis. The absorption band of the wurtzite ZnO in the range
400—500 cm™' is the strongest in the case of single-phase
Zn0.°

With the increase in annealing temperature (Figure 6), the
C=C stretching peak at 1691 cm™, which is attributed to the
stretching bond of the alkene group, disappears. The ZnO
stretching mode is responsible for the sharp peak at 400—500
cm™'. However, the rising of the annealing temperature
deteriorates the ZnO peak.”” The presence of ambient CO, in
the apparatus during the analysis might explain the CO, peak
at 2348 cm™.

https://doi.org/10.1021/acsomega.2c00530
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https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00530?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

03 o T 9 o =
E 2 (') O o0 (5] c.) (h)
(9)
Y ()
(%)
c (e)
s (d)
€
2 (c)
s
. (o)

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure S. FTIR spectra of ZnO nanoparticles synthesized using
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Figure 6. FTIR spectra of ZnO nanoparticles annealed at 600 and 800
°C.

The doping effect of cerium on ZnO nanoparticles is
presented in Figure 7. There is the appearance of a new peak at
2348 cm™' due to the atmospheric CO, present in the
apparatus during analysis. The observation shows that doping
with cerium the broad peak at 3453 cm™" due to the stretching
mode of the O—H group and the one at 1634 cm™" which is
allocated to the stretching of C=C in the aromatic ring or
C=0 in polyphenols broaden with the increase of the dopant
concentration.”® The starching peak related to the Ce—ZnO
was observed between 250 and S00 cm™' confirming the
integration of Ce®" ions in the ZnO lattice.

Doping ZnO with silver nitrate (Figure 8) creates a slight
shift of the ZnO peak. The shift can be associated with the
substitution of Ag" ions in the ZnO lattice.”® A sharp peak is
observed at 2344 cm™' due to the presence of atmospheric
CO, in the apparatus during analysis. Other peaks observed
were observed in the pure ZnO powders.

3.3. Scanning Electron Microscopy. The field emission
scanning electron microscopy (FE-SEM) images of particles

Hsp

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™")

Figure 8. FTIR spectra of ZnO nanoparticles doped with (a) 1 and
(b) 2% of silver.

from low precursor concentrations show spherical-shaped ZnO
nanoparticles agglomerated together as presented in Figure 9.
The agglomeration seems to increase with the increase in
precursor concentration, hence keeping the spherical shape of
particles. The agglomeration might be due to the polarity and
electrostatic attraction of ZnO nanoparticles biologically
synthesized.”® However, at higher concentrations (4 and 5 g
of precursor) the spherical shape of ZnO nanoparticles is
mixed with hexagonal and cubical grains (Figure 9gh). The
increase of precursor concentration lowers the rearrangement
of nanoparticles and decreases their homogeneity.”"

The FE-SEM images of ZnO nanoparticles doped with Ce
are presented in Figure 10. Results show that with lower
concentrations of dopant the samples have spherical ZnO
nanoparticles with a high monodispersion (Figure 10a). The
increase in dopant concentration (Figure 10b) induces the
formation of nano-rods that appear to be predominant,
however monodispersed. It is well-known that Ce plays an
important role in ZnO capping and prevents the aggregation
between particles due to its hindrance effect.”

https://doi.org/10.1021/acsomega.2c00530
ACS Omega 2022, 7, 31658—-31666
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Figure 9. SEM image of ZnO nanoparticles synthesized using (a)
0.05, (b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 3, (g) 4, and (h) S g of the

precursor.

Figure 10. SEM images of (a) 1 and (b) 2% Ce-doped ZnO
nanoparticles.

The FE-SEM images of Ag-doped ZnO nanoparticles
(Figure 11) present quasi-spherical nanoparticles clustered
together (Figure 1la) at concentration 1%. The increase in
dopant concentration up to 2% induces the formation of nano-
rods (Figure 11b). However, the size distribution of nano-
particles was found to be uniform.

3.4. Energy-Dispersive X-ray Spectroscopy. The
energy-dispersive spectrometry (EDS) spectra shown in Figure
12 have confirmed the presence of Zn and O with broad peaks

(b)

Figure 11. SEM images of (a) 1 and (b) 2% Ag-doped ZnO
nanoparticles.

(9)

Intensity (cps)

Energy (keV)

Figure 12. EDS spectra of ZnO nanoparticles synthesized using
different precursor concentrations (a) 0.05, (b) 0.1, (c) 0.5, (d) 1, (e)
2, (f)3,(g) 4,and (h) S g

that increase with the precursor concentration. Different traces
were found in the powders such as Cl, Si, S, and K. These
peaks attributed to the natural extract are reduced with the
increase of precursor concentration until they start to
disappear from 1 g of precursor. Only the K and Cl peaks
remain. Much more pure powders were observed using 1 g of
precursor with some traces of K. Another peak that was
observed was from the carbon tube used for coating.

The EDS data presented in Figure 13 show the presence of
zinc and oxygen in both Ce-doped and Ag-doped samples. A
cerium peak was observed with the increase of dopant
concentration to 2% due to its nonintegration into the ZnO
lattice. A persistent Cl peak that could be from the extra plant
material was observed. The C peak is a result of coating. Ag-
doped ZnO nanoparticles present several Ag peaks, and the
presence of K and Cl is observed in both samples, suggesting
that Ag did not integrate completely in the ZnO lattice.

3.5. Ultraviolet—Visible Spectroscopy. The UV-—vis
spectra of ZnO nanoparticles synthesized using different
concentrations of the precursor were recorded using a UV—
vis spectrometer in the wavelength 250—800 nm. The
absorbance spectra are shown in Figure 14. ZnO nanoparticles
are transparent in the visible range inducing a flat curve and
highly absorbed in the ultraviolet region.’’ The absorbance of
ZnO powders increased with the decrease of precursor
concentrations. This may be caused due to the reduction of

https://doi.org/10.1021/acsomega.2c00530
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Figure 13. EDS spectra of ZnO nanoparticles doped with (a) 1 and (b) 2% Ce and (c) 1 and (d) 2% Ag.
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Figure 14. UV—vis spectra of ZnO nanoparticles synthesized using
(a) 0.05, (b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 3, (g) 4, and (h) S g of the

precursor.

particle size when the precursor is reduced. These findings
were confirmed by Barreto et al. in the microwave-assisted
synthesis of ZnO nanoparticles’” and were following the XRD
results. The band gap energy varied between 2.75 and 3.17 eV
as calculated using the Tauc plot (Figure 15), with some
variations due to the amount of precursor used during the
synthesis. However, the literature suggests that ZnO nano-
particles present wide band gap energy of 3.3 eV and a large
binding energy of 60 meV at room temperature.”’

The band gap energy of ZnO nanoparticles was increased
with the augmentation of the annealing temperature. The
estimation from the Tauc plot showed that the band gap (E,)
was 3.00 and 3.16 eV when annealed using 600 and 800 °C,
respectively (Figure 16). The results of the excitation and
inter-transition properties of ZnO nanoparticles annealed at
600 and 800 °C show a peak shift from 367 to 369 nm, in this
case, due to the annealing temperatures as presented in Figure
1S. Many variables such as the change of particle size,
structural characteristics, or the presence of certain contam-
inants can be the cause of this change.”
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Figure 15. Tauc plot of the optical absorbance spectra of the ZnO

nanoparticles synthesized using (a) 0.0, (b) 0.1, (c) 0.5, (d) 1, (e) 2,
(f) 3, (g) 4, and (h) S g of the precursor.
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Figure 16. UV—vis spectra of ZnO nanoparticles annealed at (a) 600
and (b) 800 °C.
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UV—vis spectra of ZnO and Ce-doped ZnO show a peak
shift to longer wavenumbers with the augmentation of the
dopant concentration, as presented in Figure 17. The

Absorbance (a.u.)

5(;0 6CI)O
Wavelength (nm)

300 400 700 800

Figure 17. UV—vis pattern of (a) pure ZnO nanoparticles and doped
with (b) 1 and (c) 2% cerium.

absorption shift to the longer wavelength region is caused by
cerium doping, which creates oxygen vacancies and additional
energy levels. The shift can be attributed to the formation of
shallow-level ZnO nanoparticles within the band gap as a result
of Ce™ ions introduced into the wurtzite ZnO lattice.”® The
band gap energies of Ce-doped ZnO nanoparticles were 3.19
and 3.20 eV for 2 and 1% dopant, respectively, thus increasing
the band gap energy compared to the undoped ZnO
nanoparticles.

The shift of the absorption peak represents changes in the
particles’ energy band gap due to the incorporation of Ag* ions
into the ZnO nanoparticle lattice.”® The Ag-doped peak was
observed at 370 nm and presented a red shift toward the
higher wavelength. Optical absorption spectra of pure ZnO
powder and Ag-doped ZnO is presented in Figure 18. Doping
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T T
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Figure 18. UV—vis pattern of (a) pure ZnO nanoparticles and doped
with (b) 1 and (c) 2% Ag.
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with Ag increased the band gap energy of ZnO nanoparticles;
however, the doping concentration did not induce any changes
in the band gap energy level that remained at 3.19 eV for both
1 and 2% Ag dopant concentration as shown in Figure 19.
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Figure 19. Band gap energy and Tauc plot of the optical absorbance
spectra of the ZnO nanoparticles doped with (a) 1 and (b) 2%
cerium, and (c) 1 and (d) 2% silver.

4. CONCLUSIONS

The study demonstrated that pure ZnO nanoparticles of high
grade were obtained by an entirely green chemistry process
using bush tea leaf extract as a reducing agent and zinc nitrate
hexahydrate as the precursor. The calculation of the crystallite
size using the Scherrer equation showed that the Al size of
ZnO nanoparticles synthesized using different precursor
concentrations was ranging between 24.53 and 63.02 nm.
The EDS and FTIR analyses confirmed the formation of pure
ZnO nanoparticles. The increase in precursor concentration
tends to increase the purity levels of formed nanoparticles.
SEM measurements showed that ZnO nanoparticles were
quasi-spherical with some exceptions when doping with 2% Ce
and Ag where nanorods were found to be formed. This
demonstrated that the size distribution of particles was
uniform. The increase in both dopants was found to leave
extra Ce and Ag that did not integrate with the ZnO
nanoparticle lattice.
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