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Introduction

Many environmental studies on climate change confirm the 
direct incremental relationship between wars and global 
warming, and this is what makes the matter worse in Yemen 
with the existing humanitarian crisis and the continuation of 
the war [1–3].

Climate change in Yemen in recent years has led to a 
lack of rain and an increase in temperatures [3, 4], and the 
exposure of the displaced and those fleeing from the war [5, 
6], whose numbers are increasing as the war continues, to 
ultraviolet rays due to their loss of what shields their bodies 
from the sun, such as their homes or clothes. Surveys show 
that the number of cases of skin cancer in hot areas in Yemen 
has increased in the recent period, especially in children and 
young adults [7, 8].

The intense energy and short wavelength of ultraviolet 
(UV) rays, which range from 200 to 400 nm, allow them to 
penetrate the human body and seriously harm health, such 
as causing cataracts, skin cancer, and weakened immune 
systems [9–11]. The synthesis and development of materials 
that lower the risks associated with ultraviolet radiation have 
been highlighted as one of the most significant industrial 
and medical applications of nanotechnology. Many studies 
on the ability of nanoparticles to block this radiation and 
reduce its damage have yielded scientific solutions [12–14].

The majority of scientific studies have linked the 
morphological and optical properties of nanoparticles to 
their capacity for blocking and absorbing UV radiation. In 
all these published articles, the most important structural 
parameters of the nanoparticles, which affect their ability to 
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shield radiation, were computed. Through countless in-depth 
scientific calculations and studies over the past few years, 
it has been proven that green-manufactured zinc oxide 
nanoparticles are more effective in blocking and absorbing 
UV rays [15–18]. Therefore, these nanoparticles have been 
used in industrial and medical applications, for example, 
energy storage devices, optoelectronic devices, gas sensors, 
and other uses in the field of environmental remediation 
[19–21].

On the other hand, the latest survey for many applications 
and research on propolis, which is one of the products 
of honey bees, gave positive results about its ability to 
block ultraviolet rays due to its chemical composition 
and containment of many effective groups, which play a 
prominent role in blocking ultraviolet rays [22–24].

The hypothesis of this work was based on the fact that 
increasing the reaction temperature (during the formation 
of nanoparticles) will affect the optical properties (such 
as energy gap and optical activity) and also the unit cell 
parameters of zinc oxide nanocrystals without regard to 
the annealing temperature, as mentioned in some research 
[25, 26]. Most studies have shown the effect of annealing 
temperature on these properties [27–31], and therefore this 
research is considered somewhat different from these works 
because it studies the effect of biosynthesis temperature (in 
a wide range from 25 to 90) with the presence of propolis 
on these parameters.

In this current research, an attempt was made to study the 
effect of the biosynthesis temperature on the morphological 
structure, the optical properties of the biosynthesis of zinc 
oxide nanoparticles using propolis, and the ability of these 
particles to block ultraviolet rays. This research builds 

on a previous study that used propolis to optimize the 
biosynthesis of zinc oxide nanoparticles [32].

The novel finding is the nonlinear relationship between 
the biosynthesis temperature of ZnO nanoparticles and their 
structural, optical, and UV-blocking parameters. As well, the 
importance of this work lies in the possibility of controlling 
the properties of zinc oxide through selecting the optimum 
temperature in the crystallization reaction; in other words, 
the emergence of the property of selectivity in temperature. 
(Scheme 1)

Materials and methods

Materials and chemicals

The propolis was purchased at the market. Deionized water 
(DI) was used throughout. Loba Chemie, an Indian company, 
provided the Zn(NO3)2.6H2O. Merck (Darmstadt, Germany) 
supplied the ammonia and ethanol.

Propolis aqueous extract preparation

In our previous work, we already described how to prepare 
an aqueous extract of propolis [33]. In general, 50 mL of DI 
water was mixed with 0.25 g of fine propolis powder and 
heated to 60 °C for half an hour with magnetic stirring. The 
mixture was then allowed to cool in the air before being 
filtered with filter paper to get rid of any solid impurities. 
The resultant solution, a yellowish-brown solution, was kept 
for use in the investigation’s later steps.

Scheme 1  A graphic abstract of the work
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The green synthesis of ZnO nanoparticles

This synthesis was described in detail in our previous work 
[32]. Six samples were prepared by combining 60 mL of 
0.202 M Zn(NO3)2.6H2O with 20 mL of propolis aqueous 
extract to investigate the effect of temperature on the 
biogenesis of ZnO nanoparticles. The pH was 8 for all the 
prepared samples. The samples were cooked for the same 
period of time (1 h), but at various temperatures (25, 35, 50, 
65, 75, and 90 °C) and labeled PZ1, PZ2, PZ3, PZ4, PZ5, 
and PZ6, respectively. By using UV–Vis absorption and 
X-ray diffraction, respectively, ZnO nanoparticle production 
was confirmed.

Characterization techniques of ZnO nanoparticles

Several pertinent strategies and techniques were used to 
examine the structure and properties of ZnO nanoparticles.

The UV–Vis absorbance of the prepared samples of ZnO 
nanoparticles was measured by a Shimadzu Ultraviolet 
Spectrometer 2700. A Lumina fluorescence spectrometer 
(Thermo Fisher Scientific) was used for recording the 
photoluminescence (PL) spectra.

Using a PANalytical X’Pert Pro diffractometer equipped 
with a Cu target (operating conditions: 45 kV, 30 mA, 
line focus) and an X-ray source with a wavelength of 
1.5406 nm, the temperature’s effect on the biogenesis of 
ZnO nanoparticles was identified. The PEAKFIT and 
CHEKCELL software were employed to explore the crystal 
structure parameters of ZnO nanoparticles [34, 35].

The size and shape of the biosynthesised ZnO 
nanoparticles (50 °C) were studied using a JEOL GEM-
1010 transmission electron microscope (TEM) with a 70-kV 

accelerating voltage. A drop of the particle-containing 
solution was placed on a copper grid, and the water was 
allowed to evaporate at room temperature to dry the drop.

Results and discussion

Our current study will not explore the mechanism of zinc 
nanoparticle creation using the green technique because 
it was thoroughly covered in our earlier work [32]. 
The discussion will be focused on how to describe the 
relationship between the biosynthesis temperature and the 
morphological structure as well as the optical properties of 
these nanoparticles. Then, understanding the effect of these 
parameters and properties on the UV-blocking and UPF 
parameters for ZnO nanoparticles was attempted.

X‑ray diffraction analysis and ZnO nanoparticle’s 
structural parameters

The results of X-ray diffraction on prepared samples at vari-
ous temperatures revealed peaks indicating crystallization 
areas in these samples. From Fig. 1, the peaks were almost at 
the following X-ray angles: 31.84°, 34.50°, 36.33°, 47.62°, 
56.67°, 62.92°, 66.48°, 68.03°, and 69.17°. These sites are 
compatible with the following crystalline planes: (100), 
(002), (101), (102), (110), (103), (200), (112), and (201) 
[32]. These findings support previous findings that confirm 
the formation of the hexagonal zinc nanocrystals.

In Fig. 1a and b, it is possible to see the effect of the 
biosynthesis temperature by looking at the peaks in the 
XRD patterns of these samples. More clearly, some of the 
observed shifts in peak positions can be attributed to the 

Fig. 1  a XRD patterns of the prepared samples. b The peak shifts of the XRD patterns of the prepared samples
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biosynthesis temperature as a result of deformation in the 
ZnO nanocrystals, which can be represented as a change in 
the length of the bond between zinc and oxygen [36, 37].

To express the distortion in the zinc oxide nanocrystal, 
the interplanar distance dhkl between the crystalline planes 
where the atoms are arranged was calculated using the 
diffraction angle values for all prepared samples, and the 
results were compared with standard JCPDS card No. 
80-0075 [38] as shown in Table 1. The peak position shifts 
are noticeable, and the results are rather similar to the values 
of the reference standard.

Also, the apparent change in the values of  dhkl in the 
zinc oxide nanocrystals is related to the deformation of 
the bond length (Zn–O) [39]. For this purpose, a computer 
program (CHEKCELL) was used to determine these 
parameters by taking advantage of the values of the standard 
parameters (JCPDS card No. 80-0075, a = 0.3253 nm, and 
c = 0.5206 nm) [38] as initial inputs into the program, and 
the calculated results are written in Table 2. The bond length 
(Zn–O) was computed as follows:

where a and c are unit cell parameters, while the parameter 
u is computed using the following equation:

It is clear from Tables 1 and 2 that the presence of propo-
lis during biosynthesis affected the crystalline growth of 
ZnO nanocrystals due to the capping of these nanoparticles 
with different sizes at every temperature. The kinetics and 
reaction rate of the biosynthesis of ZnO nanocrystals were 
sped up by the temperature increase from 25 to 90 °C. The 
temperature vs. unit cell volume relationship is nonlinear 
because the temperature effect depends on different factors, 

(1)L(Zn − O) =

√

a

3

2
+
(

1

2
− u

)2

c2,

(2)u =
a
2

3c2
+ 0.25

such as zinc salt concentration, crystallization duration, the 
extracted solution quantity, and pH [40, 41]. It is worth not-
ing that the formation mechanism of ZnO nanocrystals in 
our current research depends on the speed ratio between 
nucleation and growth processes, which is unstable for 
each temperature. That explains the nonlinear relationship 
between temperature and crystal size, or unit cell volume 
[42], which in turn leads to the emergence of heterogeneity 
of the nanocrystal, leading to the so-called deformation [43]. 
The process of crystal deformation can be demonstrated with 
a change in sample preparation temperature by drawing a 
relationship between the temperature of the samples and the 
c/a ratio in the unit cell and the length of the bond between 
zinc and oxygen, as in Fig. 2a.

The nonlinear relationship between temperature and 
crystal size reflects on the lattice parameters (a and c), as 
shown in Fig. 2b. From Fig. 2a, it is apparent that the change 
in the Zn–O bond as in sample PZ5 is uncoincidental with 
the change in the c/a ratio with temperature, and this further 
proves the incompatibility between nucleation and growth 
processes for ZnO nanocrystals [40].

In the following investigations, the structural parame-
ters were calculated for the biosynthesized ZnO nanocrys-
tal samples using the three permanent peaks of XRD 

Table 1  hkl planes, dhkl spacing, and 2θ parameters of the Standard JCPDS card No. 80-0075 and the ZnO nanoparticles samples

Standard JCPDS card No. 
80-0075

T-25 T-35 T-50 T-65 T-75 T-90

h k l dhkl nm 2 θ deg dhkl nm 2 θ deg dhkl nm 2 θ deg dhkl nm 2 θ deg dhkl nm 2 θ deg dhkl nm 2 θ deg dhkl nm 2 θ deg

1 0 0 2.818 31.729 2.808 31.839 2.809 31.906 2.809 31.839 2.812 31.906 2.807 31.906 2.812 31.772
0 0 2 2.605 34.401 2.598 34.522 2.599 34.589 2.599 34.455 2.599 34.589 2.597 34.589 2.601 34.455
1 0 1 2.479 36.213 2.471 36.332 2.472 36.399 2.472 36.332 2.473 36.399 2.469 36.467 2.474 36.265
1 0 2 1.913 47.495 1.908 47.600 1.909 47.667 1.909 47.599 1.909 47.667 1.907 47.667 1.909 47.533
1 1 0 1.627 56.521 1.623 56.654 1.624 56.721 1.623 56.654 1.624 56.721 1.623 56.788 1.624 56.587
1 0 3 1.478 62.804 1.476 62.891 1.477 62.958 1.476 62.891 1.476 63.025 1.475 63.092 1.476 62.891
2 0 0 1.409 66.287 1.405 66.445 1.405 66.646 1.406 66.378 1.406 66.513 1.406 66.513 1.404 66.378
1 1 2 1.379 67.867 1.377 68.055 1.378 68.055 1.377 67.988 1.377 68.122 1.377 68.055 1.378 68.122
2 0 1 1.360 68.993 1.357 69.195 1.358 69.195 1.358 69.195 1.358 69.128 1.356 69.195 1.357 69.128

Table 2  Unit cell parameters and Zn–O bond length of the prepared 
samples

Temperature 
(°C)

a (Ǻ) c (Ǻ) Volume (Ǻ)3 Zn–O bond 
length (Ǻ)

25 3.246 5.200 47.450 1.8845
35 3.245 5.193 47.352 1.8831
50 3.248 5.202 47.514 1.8853
65 3.244 5.189 47.278 1.8821
75 3.241 5.193 47.248 1.8818
90 3.247 5.199 47.477 1.8848
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measurements. PEAKFIT was employed to refine and 
estimate the full-width-half-maximum (FWHM) of the 
XRD patterns’ peaks. The crystal size D and microstrain 
Ɛ in the ZnO nanostructure were calculated using the Wil-
liamson–Hall method [44] and the equation:

where k = 0.94 is a shape constant. The crystal size D was 
determined for all samples in the previous work[32], but the 
microstrain was computed here.

The number of liner defects per unit volume of crystal 
is called dislocation density-η, and it is used to express 
inversely the crystallinity degree of the nanocrystals. The 
dislocation density was calculated using the following 
equation [45]:

Furthermore, the probability of a stacking fault is due to 
the characterization of the crystallization growth process 
during the crystallization of ZnO nanocrystals [46, 47] and 
was obtained using the equation:

The residual stress in the gigapascal unit was computed 
using the following equation:

For a single-crystalline ZnO,  co = 0.5206 nm [47].
Assuming the spherical shape of ZnO nanoparticles, 

the number of formed ZnO unit cells per particle [48] was 
computed by:

(3)FWHM(rad) =
k�

D cos �
+ 4� tan �,
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1
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�
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√

3
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C
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− C

C
o

GPa,

where V is the unit cell volume
The probability of porosity P of the particles [49], 

which is related to the aggregation, was determined by the 
equation:

Where dbulk , dx are the densities for bulk and X-ray of the 
prepared ZnO nanoparticles.

In addition, the entire surface area of a particle per unit 
of its mass is known as a specific surface area (SSA) for a 
particle and was calculated by the equation[50]:

It is known that the peaks in the X-ray diffraction pat-
terns represent the sites of crystallization inside the bio-
synthesized ZnO samples, and the intensity of these peaks 
expresses the growth rate of nanocrystals present in these 
sites or directions [51–53]. It is shown in Table 3 that the 
sample PZ1(at 25 °C) has the highest intensity at peak posi-
tion 36.34°, which means that the growth rate was faster at 
room temperature while the nucleation rate was slower, and 
this allowed the formation of a small number of small ZnO 
crystals as shown the number of unit cell per a nanoparti-
cle. Sample PZ4 has the lowest intensity, which indicates 
a large number of ZnO nanocrystals were formed at peak 
position 36.39°, and this means the nucleation rate was faster 
at the same time the growth rate was slower. For that reason, 
sample PZ4 has larger crystals than sample PZ1. At a suit-
able temperature, the two processes (nucleation and growth) 

(7)
N =

4�
(

Da

2

)3

3V
,

(8)P =

(

1 −
dbulk

d
x

)

,

(9)SSA =
6000

D × dbulk

Fig. 2  a Bond length (Zn–O) & c/a ratio vs. temperature. b Lattice parameters (a & c) vs. temperature for the prepared samples
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develop at a relative rate and form large crystal sizes as well 
as large numbers of unit cells as in sample PZ3. The rest 
values of intensity and crystal size can be understood using 
the same concept.

The width of these peaks ref lects the extent of 
deformation inside these ZnO nanocrystals, the narrow 
peaks indicate high crystallinity, and the wide peaks are 
due to a high deformation rate in the crystalline structure of 
the ZnO nanocrystal samples [54]. Here, this deformation 
was computed with different forms such as microstrain, 
dislocation density, residual stress, and stacking fault.

The microstrain, dislocation density, and specific 
surface area parameters depend on the crystal size. Table 3 
shows that samples with small crystal sizes have greater 
microstrain, dislocation density, and specific surface area, 
which are related to the appropriate temperature for the 
balance of nucleation and growth processes to form crystal 
or amorphous ZnO nanoparticles [40]. The prepared ZnO 
nanocrystals sample at 50 oC (PZ3) has the largest crystal 
size and the smallest microstrain, dislocation density, and 
specific surface area.

The stacking fault in the arrangement of the atoms inside 
the zinc oxide crystal can be verified by observing the shift 
that occurred in the positions of the X-ray diffraction peaks of 
the prepared samples and comparing them with the standard 
JCPDS card No. 80-0075 peaks, especially at the major peak 
as shown in Table 1 [55]. The previous assumption was that 
stacking fault decreases with increasing temperature [55], but 
it appears in this work that this deformation depends on the 

rate and direction of ZnO nanocrystal growth [56] as shown 
in Table 3.

For the explanation of residual stress in ZnO nanocrystals, 
it is observed from Table-1 that  dhkl for the standard is larger 
than dhkl for the prepared samples. This indicated that the 
type of residual stresses was tensile stresses on the surface of 
the ZnO nanocrystals [48]. Actually, this residual stress was 
due to the traces of the precursor (propolis) in the form of 
hydroxyl (OH) groups on the surface of the prepared ZnO 
nanoparticle samples, which was proven in IR spectra in 
previous work [32]. The existence of these OH groups as 
defect sites was demonstrated in the emission of the PL spectra 
in the next section. This residual stress changed nonlinearly 
with biosynthesis temperature, and this is also evidence of the 
unbalanced rates of nucleation and growth processes.

The porosity of the prepared ZnO nanoparticle is due 
to the microstrain in the crystal structure, which is caused 
by the aggregation of ZnO nanocrystals [57]. The porosity 
probability is mainly proportional to the residual stress. 
The OH groups on the surface of ZnO nanocrystals caused 
surface tensile stress, which contributed to amplifying 
nanocrystal boundaries and increasing vacancies [58], as 
exhibited in Table 3.

UV–Vis absorption and optical parameters of ZnO 
nanoparticles

Figure 3 shows the UV–Vis absorption of the prepared sam-
ples of ZnO nanoparticles. The photoactivity of zinc oxide 

Table 3  Peak    position(2θ), full width of half maximum(FWHM), intensity(I), average crystal size(Da), lattice strain(Ɛ), dislocation 
density(η), staking fault(S.F.), residual stress, prosody(P), and specific surface area(SSA) parameters of the ZnO nanocrystals    samples

Temp. (OC) 2θ deg FWHM deg I a.u Da nm Ɛ ×  10–3 η ×  10–4 (nm)2 S.F. ×  10–2 stress GP P ×  102 SSA  m2.g−1 N ×  103

25 31.84 0.210 141 35.23 0.338 8.06 0.787 0.519 1.492 30.358 482.26
34.49 0.185 108 0.759
36.34 0.236 235 1.057

35 31.93 0.174 109 47.77 0.250 4.38 1.474 1.124 1.695 22.389 1204.78
34.59 0.201 80.3 1.514
36.41 0.174 172 1.642

50 31.83 0.256 125 49.96 0.238 4.01 0.713 0.346 1.359 21.408 1373.49
34.49 0.174 108 0.673
36.32 0.166 212 0.889

65 31.89 0.212 98.3 48.51 0.246 4.25 1.210 1.470 1.849 22.047 1263.62
34.58 0.212 80 1.416
36.39 0.171 171 1.475

75 31.95 0.265 91.8 38.88 0.307 6.62 1.569 1.124 1.909 27.508 650.99
34.60 0.211 91.5 1.582
36.44 0.214 178 1.895

90 31.79 0.223 137 36.79 0.323 7.39 0.491 0.605 1.436 29.071 548.89
34.46 0.186 117 0.472
36.29 0.226 210 0.639
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nanocrystals is determined by a number of factors, including 
particle accumulation, surface area, porosity, size, synthesis 
method, and gap energy[59–61]. The differentiated behavior 
of the prepared samples in the photoactivity is observed, and 
there is no clear linear relationship between the biosynthesis 
temperature and the photoactivity.

Sample PZ6 appears to absorb more ultraviolet at the 
region (200–368 nm) compared to the others, while sam-
ple PZ5 has more transmittance than the others in the 
same wavelength range, as shown in Figs. 3 and 4. In the 

wavelength range of 370 nm to 700 nm, the prepared sam-
ple at room temperature (PZ1) has the highest transmittance 
percentage, while the prepared sample at 65 °C (PZ4) has 
the highest visible absorption.

ZnO nanoparticles’ optical parameters

The UV-Vis absorption spectra analysis revealed different 
optical properties for the prepared samples of ZnO 

Fig. 3  The UV–Vis absorption of the prepared samples of ZnO nanoparticles

Fig. 4  The UV–Vis transmittance of the prepared samples of ZnO nanoparticles
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nanoparticles. In this section, some optical parameters were 
estimated as follows:

Absorption coefficient, extinction coefficient, and  skin 
depth The intensity attenuation of the light passing 
through a material is called the absorption coefficient. The 
total cross section of absorption for an optical process per 
unit volume of a material can be used to define the absorp-
tion coefficient. This attenuation of the light depends on the 
optical path or the thickness of the sample, and the absorp-
tion coefficient was calculated using the following equation 
[62]:

Where A is the UV–Vis absorption and s is the sample’s 
thickness (~1 mm).

In Fig. 5a, the absorption coefficient values increase as 
the biosynthesis temperature rises. Whereas at the sudden 
absorption edge (3.45 eV), this relationship appeared to 
be nonlinear, as shown in Fig. 5b, and this may be due to 
the presence of a difference in the size of the zinc oxide 
nanocrystals and the formation of energy levels for the crys-
talline defects [63, 64].

The ability of a material to absorb or reflect at particular 
wavelengths is represented by its extinction coefficient-∈ , 
which can be calculated as follows [62]:

Numerous variables, including the extinction coefficient, 
material type, conductivity, and thickness of the material in 

(10)� =

2.303

s
A,

(11)∈=
��

4�
,

the absorption band, govern how much energy is absorbed 
by a material. In Fig. 6, the extinction coefficient values of 
the prepared samples ranged from 8.8 ×  10–6 to 10.3 ×  10–6. 
The approximate linear fit of the biosynthesis temperature 
with the extinction coefficient shows a proportional relation-
ship, which means the high extinction coefficient is due to 
the large particle size and the high absorption coefficient 
because all the prepared samples have the same concentra-
tion [65].

The skin depth of a nanoparticle is the thin shell close to 
the particle’s surface at which radiation and light interaction 
with the particle is significantly reduced. The skin depth 
of the synthesized samples was determined using the 
absorption coefficient, which depends on the incident photon 
energy and the absorbance percentage. Using the absorption 
coefficient-α, the skin depth δ can be computed as follows:

Figure 7 shows clearly that the skin depth of the ZnO 
nanocrystal samples decreases with the increase in the 
energy of radiation until ~ 3 eV, and then it becomes constant 
for higher energies. At the UV region, sample PZ5 has the 
highest penetration depth against the energy of UV radiation, 
while samples PZ6 and PZ3 show the minimum penetration 
depth. This means that samples with a high concentration 
of ZnO nanocrystals and a wide band gap are more resistant 
to radiation penetration [66].

Energy band gap and  Urbach energy According to our 
earlier research, the band gap energies (Eg) of the biosynthe-
sized ZnO samples were calculated using the cutoff wave-
length at which the edge of absorption goes up, as shown in 

(12)� =

1

�
,

(a) (b)

Fig. 5  a Absorption coefficient as a function of the energy of radiation. b Absorption coefficient as a function of temperature at 3.45 eV for all 
prepared samples
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Fig. 3. Table 4 contains the calculated band gap energies for 
all the prepared samples, which were determined using the 
following equation [32]:

where Eg is the band gap energy in electron volts and λ is the 
wavelength in nanometers.

For more accuracy, the energy gap was calculated using 
Tauc’s equation [67]:

(13)Eg =
1240∕�

(14)�h� = F(h� − Eg)
m

where F is a constant and, m is a constant but it depends on 
the energy band structure (m = 0.5 for direct band gap and 
m = 2 for indirect band gap). By plotting the relation between 
( �hυ)1/m and hυ, the energy gap was obtained and listed in 
Table 4. It is known that the band gap of ZnO nanoparticles 
is 3.37 eV, but our data shows less than this value due to the 
presence of propolis (flavonoids), which acts as a donor and 
forms an n-type ZnO semiconductor and in turn reduces the 
energy gap [68].

The effect of the biosynthesis temperature on the 
energy gap is shown by the change in the crystal size, 
as the crystal size decreases with the increase in the 
biosynthesis temperature, and the decrease in the crystal 
size is associated with the increase in the energy gap due 
to the decrease in the overlapping energy orbitals [69, 
70].

The density of electronic transition states or the 
distortion of the nanostructure can be calculated using the 
Urbach energy value as follows [71]:

where αo denotes a constant and Eu denotes the Urbach 
energy. The Urbach energy values for all samples were cal-
culated using the reciprocal of the slope of the relationship 
ln(�) and h� , and these values are listed in Table 4. The 
Urach energy increases with increasing biosynthesis tem-
perature, except in the PZ1 sample. This indicates that the 
rise in biosynthesis temperature enhances the formation of 
defect states in the energy gap [72]. The sample PZ2 has 
the lowest Urbach energy value, which suggests less den-
sity defect states. These formations of defect states can be 

(15)ln(�) = ln
(

�o

)

+ h�∕Eu

(a) (b)

Fig. 6  a Extinction coefficient as a function of the wavelength of radiation. b Extinction coefficient as a function of temperature at 3.61 eV 
(~ 343.5 nm) for all prepared samples

Fig. 7  The skin depth parameter vs. energy of radiation for the pre-
pared ZnO samples
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demonstrated using photoluminescence measurements, as 
will be discussed later.

Refractive index There are many optical and electrical 
properties of nanomaterials in numerous studies and appli-
cations that are related to the refractive index [73]. Despite 
being difficult to measure the refractive index of nanoparti-
cles, it is regarded as a critical property. Since the refractive 
index and energy gap are related, the refractive index was 
determined using five different models as shown in the fol-
lowing equations:

The square root relationship model was given by Moss 
as [74]:

The liner relationship model was given by Ravindra as 
[75]:

The Ravindra’s model was modified by Herve and 
Vandamme [76] to be:

The logarithm relationship model proposed by Dionne 
and Woolley [77] as follows:

The Kumar and Singh model [78] for calculating the 
refractive index as:

In Table 4, it is clearly observed that there is an inverse 
relationship between the temperature of ZnO biosynthesis 

(16)n =

(

95

Eg

)0.25

(17)n = 4.084 − 0.62Eg

(18)n =

√

1 +

(

13.6

Eg + 3.47

)2

(19)n =

(

154

Eg − 0.365

)0.25

(20)n = 3.3668
(

Eg

)−0.32234

and the refractive index (in all models) as well as a pro-
portional relationship with the energy gap. The increase in 
refractive index is evidence of the formation of energy states 
of defects in ZnO nanostructure semiconductors, which 
is accompanied by a decrease in the energy gap, but this 
depends on the mechanism of ZnO nanocrystals formation 
[79]. The refractive index for the prepared ZnO nanocrystal 
samples ranges from 1.14 to 2.72, which is in good agree-
ment with previous work [80].

Optical conductivity The nanoparticles’ reaction with 
radiation is measured via their optical conductivity property 
[81]. This optical conductivity parameter is dependent on 
the wavelength of the incident radiation and is also influ-
enced by the refractive index and absorption coefficient of 
the nanoparticles. It can be estimated using the following 
equation [81]:

where v is speed of the electromagnetic radiation. Figure 8 
shows the optical conductivity as a function of wavelength.

The sudden increase in the optical conductivity of 
the ZnO nanocrystals at the beginning of the ultraviolet 
radiation region is evidence of the intense interaction of 
these nanocrystals with UV radiation and their absorption 
[62, 66], but this interaction depends on the size of the 
nanocrystals and their energy gap. This optical conductivity 
shows the ability of these nanocrystals to block ultraviolet 
radiation. From Fig. 8, PZ6 and PZ3 samples have higher 
optical conductivity (1.5–1.8 ×  109  s−1) than the others in 
the UV spectrum, while PZ4 and PZ5 have higher optical 
conductivity (3—6 ×  107  s−1) in the visible spectrum.

ZnO nanoparticles’ UV‑blocking parameters

One of the most common applications of ZnO 
nanoparticles in the textile industry is UV radiation 
protection. The UV-Vis absorption measurements were 
employed to find out the UV-blocking parameters of 

(21)� =
n�v

4�

Table 4  Cutoff wavelength, refractive index (using different models), energy gap (using cutoff wavelength and Tauc’s equation), and Urbach 
energy for the prepared samples

Sample cutoff 
wavelength 
nm

Energy gap eV n-Moss n—Rav n—Herv n—Red n—Kum Eg—dir. Tauc Eg in average eV EU meV

PZ1 393.37 3.152 2.343019 2.129 1.145 2.726 2.325 3.223 3.188 110.58
PZ2 391.08 3.171 2.339601 2.118 1.144 2.722 2.321 3.220 3.196 121.24
PZ3 390.2 3.178 2.338284 2.114 1.144 2.720 2.319 3.232 3.203 110.26
PZ4 389.79 3.181 2.33767 2.112 1.144 2.719 2.319 3.230 3.206 110.36
PZ5 388.99 3.188 2.336469 2.108 1.143 2.718 2.317 3.239 3.213 117.51
PZ6 387.61 3.199 2.334394 2.101 1.143 2.715 2.314 3.243 3.221 118.98
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the biosynthesized ZnO nanoparticle samples in the 
range of wavelengths 280 nm to 400 nm. In this range 
of wavelengths, there are two types of UV radiation. The 
first type is UV-A, which emits radiation in the range of 
315 nm to 400 nm, and the second type is UV-B, which 
emits radiation in the range of 280 nm to 315 nm. The 
UV-blocking parameters for the prepared samples were 
calculated using the following equations [82–84]:

(22)
Ultravilote transmission precentage UV − A(T)% =

∑400

315
T(�)

400 − 315

(23)
Ultravilote transmission precentage UV − B(T)% =

∑315

280
T(�)

315 − 280

(24)
Ultravilote blocking precentage UV − A(blocking)% = 100 − TUV−A

(25)
Ultravilote blocking precentage UV − B(blocking)% = 100 − TUV−B

The T(�), TUV−A, andTUV−B are the spectral transmission 
of the samples, and the average transmittance in the cor-
responding spectral regions (A & B), respectively.

It is observed from Table 5 that the prepared sample at 
75 °C has the highest blocking percentage. This percentage 
of blocking increases in wavelength region A (315–400) nm.

As confirmed in the previous parameters, the ultraviolet 
ray blocking property of ZnO nanocrystals depends strictly 
on their nanostructure and optical properties in terms such 
as their size, crystal shape, surface area, and energy levels of 
impurities present in the energy gap. Therefore, the increase 
in the biosynthesis temperature during the preparation of 
these ZnO nanocrystals samples led to the overlap of 
these parameters and factors, which in turn also led to the 
absence of a clear linear relationship between this property, 
UV-blocking, and the biosynthesis temperature on the other 
hand [85–88].

Photoluminescence‑PL analysis

The presence of impurities within the zinc oxide nanopar-
ticles is verified by photoluminescence intensity measure-
ments. These impurities were formed due to the biosynthesis 
of these nanoparticles using propolis. The photolumines-
cence spectra of the prepared samples are shown in Fig. 9a. 
The PL spectra for the samples revealed that the strong peaks 
are in the range of (399.85–403.2 nm), which agreed with 
the reported work [89, 90]. The peaks of the strong PL spec-
tra intensity of all the prepared samples shifted to a short 
wavelength except for the prepared sample at 50 °C, which 
shifted to a long wavelength. As shown in Fig. 9b, there is a 
nonlinear relationship between the PL spectra intensity and 
the biosynthesis temperature of the ZnO samples. The high-
est PL intensity was for the prepared sample at 35 °C, while 
the lowest was for the prepared sample at 50 °C.

The higher PL intensity indicates the denser intrinsic 
defects due to the calcination process, which was con-
ducted after the growth of ZnO nanocrystals [91]. The 
lower the PL intensity, the slower the recombination emis-
sion, which means effective photocatalysis [91, 92]. The 
peaks positions in the photoluminescence spectrum are 
typically related to band-to-defect level or band-to-band 

Fig. 8  The optical conductivity vs. radiation energy for all the pre-
pared samples

Table 5  UV-transmission % 
and UV-blocking parameters 
of the biosynthesis ZnO 
nanoparticles samples

Temp B(290–315) A(315–400)

UV-transmission % UV-blocking UV-transmission % UV-blocking

25 16.45 69.45 11.24 78.05
35 15.65 70.94 10.95 78.62
50 19.50 63.79 12.93 74.74
65 14.04 73.94 10.15 80.17
75 13.26 75.38 9.61 81.23
90 25.26 53.10 16.02 68.71
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transitions, or with the recombination of excitons (elec-
tron-hole pairs). In Figure 9-a, the peak position redshift 
[93, 94] of the strong PL emission for the prepared sample 
PZ3 indicates that this sample is the largest particle size, 
as proved by XRD results. The full-width-half-maximum 
of the PL spectra can be used to describe the biosynthe-
sis time for nanocrystal growth, excited state density, as 
well as the symmetry or asymmetry in the shape, size, 
and defects [95–99]. In Fig. 10, a deconvolution was per-
formed using a compiled function (Gaussian) for the PL 
spectra of all the prepared samples using PEAKFIT soft-
ware. The identification and removal of the curves’ base-
lines were performed. It is clear from Fig. 10a that most of 
the samples have sharp peaks with high intensities in the 
ultraviolet and violet regions. Small peaks of intensity are 
shown in the blue region for all the prepared samples. Fur-
thermore, only the two samples prepared at 35 and 90 °C 
also have higher broad peaks in regions extending from the 
green to the red region. Table 6 shows the peaks resulting 
from the deconvolution of PL spectra for all the prepared 
samples. Table 6 demonstrated the excited states within 
the formed ZnO nanocrystals.

The ultraviolet emission in PL spectra (200–400 nm) is 
attributed to excitons’ states (free and bound) and phonons’ 
interactions and is explained by the deformation potential 
that occurred in ZnO nanocrystals [100, 101]. This excitons 
state has highest density in the sample PZ4, which is 
observed from the intensity of PL spectra in Table-6.

The violet emission in PL spectra (400–450  nm) is 
due to two types of defects, interstitial zinc-Zni and Zinc 
atom vacancy-VZn [102, 103]. The green synthesis of ZnO 
nanocrystals using propolis extract enhanced the relaxation 
of zinc atoms, and this allowed two hydrogen−oxygen bonds 
to be generated on the surface of ZnO nanocrystals. This 

process is called the source of zinc interstitials [104]. The 
transition from the conduction band to the state of zinc atom 
vacancy  (VZn) called a “deep hole trapped level” [105]. 
These defects have higher density in all samples.

The blue emission (450–490  nm) in PL spectra is 
caused by the transition from oxygen atoms interstitials 
 (Oi~2.69 eV), some vacancies of zinc atoms  (Vzn~2.66 eV), 
and extended  Zni states (~2.59 eV) to the valance band. 
According to the defect ionization reaction, these extended 
states can be created during the heating treatment [101–106]. 
This type of defect has highest density in the sample PZ2.

For the green emission (490–570 nm) in PL spectra, 
the oxygen vacancy  (VO~2.22  eV) and oxygen antisite 
vacancy  OZn defects were assumed to be formed during the 
calcination of the sample [105, 107, 108]. As well as the 
transitions from conduction band to oxygen atom interstitial 
 (Oi ~2.28  eV) located above the valance band were 
responsible for the green emission. This defect is responsible 
to form acceptor states in nanosemiconductor [106]. 
These defects are noted clearly in samples PZ2 and PZ6. 
These types of defects (excitons-phonon,  VO, and  Zni) are 
responsible to form donor states in ZnO nanosemiconductor.

The yellow-orange emissions in PL spectra are deep band 
emissions caused by the transitions from conduction band 
or  Zni states to  Oi states (~2.06 to 2.17 eV). The  Oi states 
are located above the valance band and responsible to form 
acceptor states in nanosemiconductor [101, 106]. These 
defects are existence densely in PZ2 and PZ6.

The red emission in PL spectra is assigned to be two steps 
transitions. The first step is from conduction band to  VO or 
 Oi states, which are situated near the center of the band gap. 
The second step is from  VO or  Oi states to valance band (~2 
to 1.7 eV) [106]. These defects increased in the samples 
PZ2 and PZ6.

(a) (b)

Fig. 9  a The photoluminescence spectra of all the prepared samples. b The peaks’ positions and intensities in the strong PL spectra for all the 
prepared samples
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The fluctuating effect of the biosynthesis temperature 
during the formation of zinc oxide nanocrystals may be 
explained based on two hypotheses as follows: The first 
is that with the increase in the biosynthesis temperature, a 
time difference occurs between the nucleation and growth 
processes, which causes this difference in the sizes of the 
zinc oxide nanocrystals, and in turn, on the structure and 
properties. While the second hypothesis is based on the fact 
that with the increase in the biosynthesis temperature, the 
collisions that hinder the nucleation and growth processes 
increase in a way that leads to a difference in the sizes of the 
zinc oxide nanocrystals [109].

TEM analysis

Most of the findings in this work depend on the XRD 
results to confirm the size and shape of these nanoparti-
cles, TEM micrograph was taken for ZnO nanoparticles 
that biosynthesized at  50oC. Figure 11 illustrates how zinc 
oxide nanoparticles are imaged via TEM, which reveals 
their sizes and shapes. Additionally, it appears that these 

particles possess a polygonal shape. It can be noted that 
some particles have a hexagonal shape., which coincides 
with the crystal structure of zinc oxide. Their sizes range 
from 13.921 to 102.97 nm with an average of 43.42 nm, 
which is approximately similar to the results of crystal size 
from X-ray diffraction patterns.

Conclusion

The research conclusions can be summarized as follows:
The results of this research showed that the hypothesis 

of increasing the reaction temperature (during the 
formation of zinc oxide nanoparticles) in biosynthesis 
using propolis does not affect the optical properties as 
well as the crystalline structure parameters of these 
nanoparticles in a linear way, as was thought.

A large number of microstructure parameters, optical 
properties, and UV-blocking parameters were computed 

Fig. 10  The deconvoluted PL spectra for all prepared samples
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with high accuracy using experimental results and reported 
international studies.

The outcomes of this work showed the possibility of con-
trolling these properties through temperature and biosynthe-
sis using bee products (propolis).

The results also confirmed that the use of propolis 
enhanced the properties of zinc oxide nanoparticles through 
the formation of ZnO n-type nano-semiconductors, reduced 
the energy gap, and increased the energy states of defects 
formed, which increased the UV absorption by these ZnO 
nanocrystals and reduced their dangers.

It was discovered that the biosynthesis temperature of 
ZnO nanoparticles has a nonlinear effect on their structural 
and optical properties as well as UV-blocking parameters. 
The direct cause of this nonlinear relationship was the 
discrepancy between the speeds of nucleation and growth 
rates for ZnO nanoparticles.
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