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Abstract: In this study we discussed crystal structure, crystallite size, lattice parameters and micro-strain, as well as defect
and dislocation density of ZnO NPs are investigated using X-rays diffraction (XRD) and positron annihilation Doppler
broadening energy spectroscopy (DBES). ZnO NPs size and elemental composition are studied using scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX), respectively.

XRD microstructure characterization of ZnO NPs carried out using both Williamson-Hall and Rietveld methods, as well
as anisotropic size-strain model (Popa rules model), is reported. The correlation between microstructural properties and
DBES line-shape parameters at different chelating agent concentrations is also examined. Many defects/dislocations are
observed at low chelating agent concentrations. Zn vacancies are identified as the major type of defects existing in our
samples. Crystallite plot using Popa rules model revealed that crystallites at intermediate chelating agent concentrations are
more isotropic, with clear spherical symmetry around optimum nucleation conditions. Good agreement between SEM
estimated ZnO NPs size and XRD calculated crystallite size is observed around optimum nucleation conditions.

Keywords: ZnO Nanoparticles; Citrate Route Sol-gel Method; XRD Microstructure Characterization; Crystallite Size;

Defect and Dislocation Density; Positron Annihilation Line-Shape Identification.

1. Introduction

Zn0 is a group I1-VI semiconductor with a wide bandgap (~
3.37 eV at room temperature)[1], large exciton binding
energy (~ 60 meV), high electron mobility, and high
refractive index. It can sustain high temperature, large
electric fields, and high-power operation [2,3]. It has wide
applications and presented in different composition such as
ZnO core-shell heterojunction by Chen et al [4]; Ga,03/Zn0O
nanoparticle heterojunction by Met et al., [5]; Zno-Ga;O3
heterostructures by B. Zhao et. al, [6] and, ZnO thin film by
Dogan et. al .,[7]. Owing to such unique properties, it is
employed in light-emitting diodes, field-effect transistors,
solar cells, UV lasers, gas sensors, UV photodetectors,
piezoelectric transducers, antibacterial and UV protection, as
well as many other biomedical and optoelectronic
applications [3,8-13]. Furthermore, ZnO nanostructures
have been studied extensively due to their enhanced
performance over bulk ZnO, their chemical and thermal
stability, their catalytic and anti-corrosion properties, as well
as their optical and electrical properties that are size
dependent [14-18].

Recently works are seen addressing ZnO (NPs) in
biomedical applications such as cancer cell imaging. Zinc
oxide nanoparticles focus on recent applications and
advances in biomedical applications, toxicity studies, and

antimicrobial studies. Additionally, the obstruction caused to
the cellular processes leads to oxidative exertion, DNA
damage, apoptosis, and proinflammatory effects [19-25].
Srivastav et al., indicated that ZnO NPs at low doses can act
as a seed priming agent, to achieve better germination and
seedling growth [23]. Khan et al., investigated that ZnO NPs
accelerated ROS generation and reduced the antioxidant
defense system in rice [21].

Research on the improvements of ZnO NPs properties have
improved in the last few years. Numerous studies have
reported its use as an antimicrobial agent [26-29], in sensors
[30,31] and in energy cells [32]; Novel applications of ZnO
NPs in biomedical engineering is also an emerging field of
study with ZnONPs been applied for tissue regeneration,
implant coatings, bio imaging, wound healing, development
of cancer therapies, among others [26,32]. for photocatalysis
[33].

In general, ZnO (NPs) have strong restrained effects versus
malignant cells due to their ingrained toxicity, which they
attain via causing intracellular ROS generation and tonic the
apoptotic signaling pathway, making them an appropriate
choice for anticancer remedy. Furthermore, when used as
medicine carriers, ZnO (NPs) have been used to increase the
medicines therapeutic bioavailability or biomolecules,
giving an improvement for the therapy efficiency [19].
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Several synthesis techniques of nanostructured ZnO have
been investigated, as example beam molecular epitaxy,
metal-organic vapor chemical deposition, sputtering, sol gel,
laser pulsed deposition, hydrothermal, and mechanical
milling [3,11-18]. Among all these mentioned techniques,
sol gel is considered one of the best methods to grow metal
oxide nanoparticles (NPs), such as ZnO NPs, because of its
simplicity, reliability, reproducibility, and cost effectiveness
[13-15,34-38]. Citric acid, which is an efficient agent of
chelating, is considered one of the most widely used organic
molecules in the sol-gel synthesis method. In this citrate
route method, the citric acid is unsettled with a hydrous metal
salt and the prepared mixed sol is warmed up till forming a
Gel or viscous solution. When that gel is heated, the organic
component burns at ~ 250 — 300 °C. Milling and then
annealing the resulting powder produce the metal oxide NPs.
During the sol-gel synthesis process, citric acid acts as ions
of metal chelating agent as well as an organic fuel through
the calcination process [39].

Crystal defects in ZnO NPs, such as impurity, point defects,
dislocations, etc. have a strong effect upon their mechanical
and optoelectronic properties. The control of such defects is
crucial in material synthesis [15]. Therefore, a study of the
effect of sol gel synthesis conditions on crystal defects of
ZnO (NPs) are imperative. In the present work, a
comprehensive study of the chelating agent effect on the
crystal defects of synthesized ZnO (NPs) by citrate sol gel
method is presented. ZnO (NPs) are synthesized using citric
acid anhydrous (CsHgsO7) as a chelating agent and zinc
acetate (Zn (CH3sCOO),.2H0) as a source of zinc.

The effect of anhydrous citric acid has been studied thoroughly
in the presented work to find the optimum conditions for ZnO
(NPs) synthesis with the maximum purity and minimum size.
The effect of chelating agent on the crystal structure, the
crystallite size, the lattice micro-strain, defects, and the
dislocation density of ZnO (NPs) is studied utlizing X-rays
diffraction (XRD) and Doppler broadening spectroscopy
technique based on positron annihilation interaction.
Microstructure characterization of synthesized ZnO NPs has
been carried out using both Williamson-Hall [40] and Rietveld
[41] methods. Crystallite size, micro-strain, and lattice
parameters are also studied using anisotropic size-strain model
(Popa rules model [42]).

Positron annihilation technique is a non-destructive powerful
technique used for material characterization. It is widely
applied in the microstructure studies of metal alloys,
semiconductors, and polymers [43-47]. It gives
advantageous information concerning the defects nature of
ZnO NPs [18,38,48]. DBES (Doppler broadening energy
spectroscopy) of the electron—positron annihilation radiation
is described with two different line-shape parameters (S-
parameters and W-parameters) which are sensitive to
microstructural changes [49]. The correlation between
microstructural properties and line-shape parameters of
positron annihilation DBES at various anhydrous citric acid

concentrations is investigated. In addition, ZnO NPs size and
elemental composition are studied using energy dispersive
X-ray (EDX) analysis and scanning electron microscopy
(SEM), respectively.

2. Experimental Details

2.1 Synthesis of ZnO NPs

The chemical reagents are used from analytical grade
(Techno Pharma Chem). They were applied as received from
the producer without extra refinement. Chemical reagents
were dissolved with de-ionized water (50 ml) to prepare the
aqueous solutions as needed. ZnO (NPs) preparation by
citrate route method is achieved using 0.09 M of zinc acetate
dihydrate: Zn(C4HgO4)2. 2H20 as zinc source mixed with
different concentrations (0.025 M — 0.2 M) of anhydrous
citric acid (HsCit or CgHgO7) which serves as chelating
agent. Then, to remove the excess water, the mix is heated
for one hour at 80 °C. During continued heating, at
temperature 120 °C, the solution turns more to viscous and
ultimately becomes a xerogel, that is again heated for another
one hour at 250 °C for completely drying. The obtained
powder is a precursor, which is milled and then heat treated
(calcined) in a boat of ceramic at 600 °C for 2 hours, then
cooling down until room temperature is achieved and the
ZnO desired is produced.

Chemical Reaction Mechanism

Citric acid (HsCit) is a weak organic acid, which ionizes in
water in 3 steps represented by the following equations [50]:

H;Cit + H,0 = H,Cit™ + H;07 €Y
H,Cit™ + H,0 = HCit?>~ + H;0* @)
HCit*>~ + H,0 = Cit3~ + H;0* 3)

The formation of metal citrate complexes is extremely
affected by the molar ratio, temperature, concentration, and
reactants of pH. It is the potential to prepare complexes with
specified structures by control of the reaction conditions. A
zinc citrate complex in polymeric form,
[Zn(H,Cit)(H,0)],,, is usually formed at low pH [51]:

Zn?* + H,Cit+ H,0 = [Zn(H,Cit)(H,0)], 4)
Thermal decomposition of the zinc citrate complex leads to
the forming of zinc oxide [52].

2.2 Measurements and Characterization

2.2. 1 X-ray Diffraction (XRD)

XRD characterization was obtained using X-ray unit (JEOL)
with Model JSDX-60PA. This model is equipped with a
Cuko-radiation of wavelength A equal 0.15412 nm. The
applied source of X-ray uses 40 kV and 35 mA for operation.
Samples were scanned from 20° to 90° with a continuous rate
of slow scanning (1° min') and a small time constant (1 sec).
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2.2.2 SEM and EDX

ZnO (NPs) Size and elemental composition were determined
utilizing JEOL SEM (JSM — IT 200) at 25 kV voltage of
operation.

2.2.3 Positron
Technique

Annihilation Doppler Broadening

The positrons and electrons electromagnetic interaction
increases the possibility of e* — e~ pairs annihilation. In
such case, the pair annihilation energy is transferred to

electromagnetic radiation quanta (two-annihilation y
photons):
et+e” > Y1ty 5)

In the e*e™ pair center of mass frame, the annihilation
photons energy is the same as the electron rest energy and
positron, E, = myc? =511 keV. In this case, the two emitted
vy photons are in opposite directions [43,46,47]. DBES
technique is utilized to probe ZnO samples at the Positron
Science Laboratory. DBES spectra were measured with
approximately 2500 cps counting rate utilizing detector of
HPGe (Ortec type with efficiency of 35% and 1.5 keV
resolution at an annihilation peak of 511 keV). The samples
of DBES were taken at room temperature, after being
pressed into pellets. Each sample spectrum saved with total
counts of 2.0 million.

The DBES spectra of samples were characterized into two
line-shape parameters (S and W). The S-parameter is the
integrated counts area A relative to the total counts (see Fig.
1). The used energy ranges from 510.3 to 511.7 keV (known
as S width). The background is measured and subtracted
from the measurements. The S-parameter is sensitive to the
change of the positron states due to microstructural changes
[49] and it indicates to the relative low momentum of the
electron positron annihilation field. The W-parameter gives
the high momentum part of the pair annihilation field. W-
parameter is determined as an integrated counts area B
relative to total counts (shown in Fig. 1). The used wings
energy ranges are 508.0 to 509.4 keV (left W width) and
512.6 to 514.0 keV (right W width). The definition of S- and
W-parameters from Doppler broadening is shown
schematically in Fig. 1.

t W offsqt
S width
,{’e k width
S Area A
g W width | §
2
o Area B
Background ;': : \ Background
5900 6000 6100 6200 6300
Channel

Fig. 1: DBES line-shape S- and W-parameters.

3. Results and Discussion

3.1 X-ray Diffraction

Fig. 2 shows patterns of XRD for prepared samples at
various concentrations of anhydrous citric acid, ranging from
0 to 0.2 M. Apart from for the peak of diffraction at 26 of
25°, all peaks could be indexed to a hexagonal wurtzite ZnO
with a main (101) reflection and eight peaks with planes
(100), (002), (102), (110), (103), (200), (112), and (201) are
also observed [52]. In Fig. 2, the intensity of the peaks
diffraction decreases with increasing the concentration of
anhydrous citric acid from 0 to 0.2 M, as this leads to
destroying crystal as the degree of crystallinity decrease. The
first of observation marks is reduced the degree of
crystallinity as a function of increasing anhydrous citric acid
concentrations. Also appear a diffraction peak of graphene
oxide (rGO) peak with increasing anhydrous citric acid.
Resolved diffraction peaks of the (002) plane splitting.
Observation of new splitting peaks in rGO1 and rGO2 as
shown in Fig. 2 at 20 = 24.5° and 25.1° which agree with
reference [53]. A small diffraction peak at 20 of 47.8° is
related to the (102) plane of rGO structure in [53]. Also, the
same observation with our present work as shown in Fig. 2
at 20=47.5°. The characteristic of the (002) planes discussed
in more details [53-56] due to impurities of our samples.
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Fig. 2: XRD patterns of nanoparticles ZnO are synthesized
at different citric acid concentrations

The XRD patterns of calcined samples of ZnO nanoparticles
in the range of 26 =20°to 90°are shown in Fig. 2. All evident
peaks could be indexed as the ZnO wurtzite structure
(JCPDS cards 38-0356,41-1359, JCPDS Data Card No: 36-
1451). As shown in Fig. 2, this peak becomes less prominent
as the concentration of anhydrous citric acid decreases and
disappears completely in the absence of citric acid (without
the presence of the organic matrix). XRD peaks related to
carbon impurities that are reduced with increase of Zn
acetate concentration have been previously reported for ZnO
nanostructures synthesized using activated carbon [49].
Also, these samples considered to be monocrystalline due to
splitting disappearing in the XRD peaks [50,51]. Traces of
carbon have been detected in our samples using EDX
analysis, as will be shown later in this work.
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3.1.1 XRD Analysis Using Williamson-Hall
Method

XRD analysis of peaks mainly depends on the peak profile
and position in addition to the intensity of the peak. The
shape of the peak is usually modeled with various functions
like Gaussian, Cauchy, or a combination of functions such
as (Voigt, pseudo-Voigt, or Pearson VII). Information such
as parameters of shape, the position of the peak, and integral
breadth is obtained. The mean crystallite size (D¢) and micro-
strain (¢) of samples are estimated by applying the
Williamson—Hall method [40]:

B cosd =K A/D. + 2¢ sinf (6)

(WH)

where D. is the crystallite size mean, ¢ is the strain
introduced inside samples, 6 is the diffraction angle (Bragg
angle), A is the wavelength, K is a constant (equal 0.89), and
B is the full width at half maximum (FWHM). Fig. 3 shows
plots of Williamson-Hall (WH) assuming an isotropic nature
of two ZnO samples with citric acid concentration 0.025 and
0.175.
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Fig. 3: plots of Williamson-Hall (WH) with an isotropic
nature of two ZnO samples (Citric acid concentration
0.025and 0.175).

Instrumental contribution correction

The contribution of instrumental broadening must be
considered to extract the intrinsic FWHM. In the case of
instrumental and measured profiles following a function of
Gaussian, the width of broadening for the diffraction
intrinsic profile is estimated using this formula:

B, = [(Bexp)z - (Bi)z]l/z @)

where Be, Bexy and B; are the width of broadening for the
intrinsic  (corrected), experimentally measured, and
instrumental profiles, respectively.

The density of dislocation is expressed with the length per
unit volume, p(cm™2), is calculated from the r.m.s. value of
micro-strain (£2)'/2 and the average value of the crystallite
size D¢ using the formula [57]:

_3V2m (e2)1/2
B D.b

where b is the Burgers vector of ZnO [58]. The defect density
p(cm™3), the number of defect sites per unit volume, is
calculated from dislocation density p(cm™2) using the
formula:

p(em™) =p(em™)-b 9

The crystallite size, lattice micro-strain, dislocation, and
defect density of synthesized ZnO NPs at anhydrous citric
acid with different concentrations are summarized in Table
1 and Fig. 4. As shown in Fig. 4(a), a maximum crystallite
size with a value 129.3 nm is estimated at anhydrous citric
acid equal zero. Then a fast decrease in the crystallite size
when the citric acid concentration increases. A minimum
crystallite size (44.4 nm) is found at 0.05 M of anhydrous
citric acid. Moreover, an increase in concentration of citric
acid gives an increase in crystallite size.

®)

It should be noted that in all samples, zinc acetate
concentration is fixed. In other words, increasing citric acid
concentration increases citrate to zinc source ratio. Particle
size dependence on citrate to metal source ratio has been
previously reported for gold NPs synthesized using citrate-
based reduction method [59]. Apparently, at small
concentrations (< 0.025 M), citric acid is not sufficient to
completely reduce the Zn precursor resulting in
agglomeration of particles. However, excess concentrations
of citrate ions (> 0.1 M) will decrease the number of reactive
Zn%* jons which, in turn, will result in a slow nucleation
process due to the lack of zinc citrate complex formation (Eq.
4). This explains why optimum nucleation is observed
around 0.025 M — 1.0 M of anhydrous citric acid, with
smallest particle size of 44.4 nm obtained at 0.05 M
concentration. It is worth noting that good agreement
between SEM estimated particle size and XRD calculated
crystallite size is observed around optimum nucleation
conditions, as will be shown later in this work.
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Lattice micro-strain as well as dislocation and defect
densities, shown in Fig. 4(b) —4(d), are found to be sensitive
to citric acid concentration at low values (< 0.05 M). At
higher concentrations, however, they tend to slightly
decrease/saturate. Such behavior can be explained by
considering the crystallite size dependence on citrate
concentration shown in Fig. 4 (a). At low concentration of
citric acid, the crystallite size tends to decrease rapidly. Such
a decrease in crystallite size results in an increase in grain
boundary regions. These regions are highly defective in
nature [18,48]. As a result, a large number of
defects/dislocations are introduced due to this fast decrease
of crystallite size at low citrate concentration. On the other
hand, the afore mentioned slow nucleation process at higher
concentrations of citrate ions (> 0.1 M) is believed to be
responsible for the saturation observed in dislocation and
defect densities.
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Fig. 4: Williamson-Hall XRD-calculated (a) crystallite size,
(b) micro-strain, (c) dislocation density, and (d) defect
density of the nanoparticles ZnO synthesized at different
concentrations of citric acid.

3.1.2 Analysis Using Rietveld Method (MAUD Program)
3.1.2.1 Isotropic size-strain model

Lattice parameters, micro-strain, and crystallite size determined
by analyzing XRD patterns using Rietveld software: Materials
Analysis Using Diffraction (MAUD) program [60] are given in
Table 2. Clearly, there is no noticeable change in cell
parameters as the concentration of anhydrous citric acid
increases. Furthermore, comparing values of crystallite size and
micro-strain are presented in Table 1 and Table 2, It is evident
that crystallite size and micro-strain calculations using both
Williamson-Hall and Rietveld methods are consistent and of the
same order of magnitude.

Table 1: Crystallite size, lattice micro-strain, dislocation,
and defect density estimated based on XRD using
Williamson-Hall method.

Citricacid |Crystallite |Micro- | Dislocation
concentration |size (nm) |strain densigy(cm‘
(M) )
129.25 6.00E-04 | 7.15E+09
62.65 6.17E-04 | 1.42E+10
44.40 7.15E-04 | 1.76E+10
65.21 6.83E-04 | 1.51E+10
56.33 6.94E-04 | 1.62E+10
94.61 7.40E-04 | 1.43E+10

Defect

density

(cm™)
1.37E+17
2.73E+17
3.31E+17
2.90E+17
3.11E+17
2.76E+17

0.000
0.025
0.050
0.100
0.175
0.200

Table 2: Lattice parameters, crystallite size, and micro-
strain estimated based on XRD using Rietveld method
Isotropic size-strain model).

1.8E+10

T
\— B

1.5E+10

1
-

1.2E+10

1
-~

9.0E+09

Dislocation density (cm'z)

6.0E+09 |-

1 1 L L
0.05 0.10 0.15
Citric acid concentration (M)

1
0.20

Citric  acid | Lattice
concentration | parameters

(M) (A)
A

3.254
3.256
3.256
3.254
3.256
3.254

Micro-
strain

Crystallite
size (nm)

C

5211
5.215
5.216
5.215
5.216
5211

0.000
0.025
0.050
0.100
0.175
0.200

139.00
63.35
50.08
66.21
56.58
93.05

1.60E-4
6.24E-4
7.79E-4
5.37E-4
7.20E-4
9.59E-4

A fit MAUD obtained by applying isotropic model for the
samples of ZnO is presented in Fig. 5a. The experimental
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data are presented as points, and the MAUD fit presented by
solid line. At the bottom, the difference pattern is presented,
with a factor of reliability (Rw) equal 14.09%. Fig. 5b.
reveals two samples, one is prepared using anhydrate citric
acid while the second sample is prepared using
monohydrated citric acid at the same molar ratio. The sample
prepared using anhydrate citric acid is not pure although we
can obtain the purity by decreasing the amount of citric acid
as discussed and declared before in Fig. 5b. The sample
prepared using monohydrated citric acid is pure although the
crystallite size obtained by anhydrate citric acid is smaller
than that obtained by monohydrated citric acid. as will be
discussed in the analysis of the XRD part. Fig. 5b. presents
two samples, the first prepared with anhydrate citric acid and
the second with monohydrated citric acid at the same molar
ratio. The sample prepared with anhydrate citric acid was not
pure, although purity can be obtained by decreasing the
amount of citric acid (as discussed in the previous). Molar
ratio of zinc acetate to citric acid (anhydrate citric acid or
monohydrated citric acid) as shown in Fig. 5b. as following
for both (anhydrous) and for (monohydrated) 0.0 M.

(5b): XRD patterns of ZnO powders obtained at the same
molar ratio 1.00: 1.00 by anhydrate and monohydrated citric
acid respectively.

3.1.2.2 Anisotropic size-strain model (Popa rules model)

Lattice parameters, micro-strain, and crystallite size are
further analyzed using anisotropic size-strain model (Popa
rules model [42]). Calculated values are given in Table 3.
Evidently, lattice parameters obtained are the same as in
Table 2. Meanwhile, crystallite size and micro-strain
calculations are consistent with isotropic size-strain model
values except for very low and very high anhydrous citric
acid concentrations. For better understanding of such
deviation, especially in micro-strain values at these
particular concentrations, crystallite plot using Popa rules
model for different citric acid concentrations is shown in Fig.
6. Obviously, crystallites at very low and very high
anhydrous citric acid concentrations are completely
anisotropic, while crystallites at intermediate concentrations
are more isotropic, with clear spherical symmetry around
optimum nucleation conditions. As shown in Fig. 6. for 0.05
M and for 0.1 M citric acid concentrations seams as an

i optimum spherical than other concertation of citric acid is
5 more isotropic.
0% 20+
H Table 3: Lattice parameters, crystallite size, and micro-
S ri strain estimated based on XRD using Popa rules model.
2 . Citric  acid | Lattice Crystallite | Micro-
s 101 o concentration | parameters size (nm) | strain
= (M) (A)
I A C
g‘ , i 0.000 3.254 | 5.211 | 98.47 2.76E-4
Zincodce b)) ] [ 0.025 3.256 | 5.215 | 65.86 5.50E-4
s - ] 0.050 3.256 | 5.216 | 50.71 6.15E-4
400 B0.0 0.100 3.254 | 5.215 | 70.88 7.39E-4
2-Theta [degrees] 0.175 3.256 | 5.216 | 58.71 9.49E-4
Fig. 5 a. 0.200 3.254 | 5.211 | 96.64 1.12E-3

By citrite route method
6000

—— sample by monohydrated citric acid
—— sample by anhydrate citric acid

4009
S
: .
>
z J
=4
Q
£ 200
q
0 40 50 00 70 80
2 Theta (deg.)
Fig. 5 b.

Fig. 5: (5a): A fit MAUD obtained utilizing isotropic model
for the samples of ZnO. The experimental data are presented
as points, and the fit MAUD as solid line. At the bottom, the
difference pattern is presented, with factor of reliability (Rw)
equals 14.09%.

Fig. 6: Crystallite plot using Popa rules model for
nanoparticles of ZnO synthesized at different concentrations
of citric acid.
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3.2 Positron Annihilation

Measurements

Doppler  Broadening

The obtained DBES spectra of the electron — positron
annihilation radiation is analyzed using the SP program. It is
important to note that S-parameter is sensitive to annihilation
with low momentum electrons. Positron annihilation with
low momentum electrons takes place more frequently when
defects concentration increases. As a result, more defects
such as vacancies or voids in the material will cause an
increase in the integrated counts between energy 510.3 and
511.7 keV (area A of Fig. 1), which in turn will increase the
value of S-parameter. Fig. 7 shows the spectrum for ZnO at
0.0 M of citric acid using Na?? positron source.

1600d DBES of 0.0 M zno using Na*? positron source

[
14000 .

120009

10009 -

w
—
c so00d
= -
O 6009 N
(db) -
4009 H
- i
2009 i g
600 1200 1800 2400 3000 3600

channel number

Fig. 7: DBES for ZnO nanoparticles synthesized 0.0 M of
citric acid using Na?? positron source.

Fig. 8 shows the evaluated line-shape S- and W-parameters
at different citric acid concentrations. As shown, S-
parameter initially increases with increasing citric acid
concentration and then, at higher citric acid concentrations,
starts to decrease. This indicates an increase in defect
densities at low citric acid concentration followed by a slight
decrease of defects at higher concentrations, which
corroborates our XRD analysis (Fig. 5 ¢ — d). W-parameter
which characterizes the positron annihilation with the high
momentum electrons (annihilation with core electrons),
however, has the reverse behavior of the S-parameter.
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Fig. 8: Line-shape S- and W-parameters of nanoparticles
ZnO synthesized at different concentrations of citric acid.

It is interesting to note that the behavior of the S-parameter
as a function of citric acid concentration (Fig. 8) is almost
opposite to that of ZnO crystallite size (Fig. 5a). To further
verify this, the S-parameter is plotted versus the crystallite
size (Fig. 9). The obtained results agree well with the
findings of Dutta et al. [18]. This is maybe because
decreasing crystallite size results in an increase in highly
defective grain boundary regions, which in turn, will
increase the value of S-parameter.
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Fig. 9: S-parameter versus ZnO crystallite size.
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Fig. 10: S-parameter versus W-parameter for ZnO

nanoparticles are synthesized at different citric acid
concentrations

To identify the nature of the positron trapping sites (defects);
the S-parameter is plotted versus W-parameter (Fig. 10).
The linear relationship observed in Fig. 10 indicates the
presence of one major type of trapping sites in the system. In
group I1-VI semiconductors, such as ZnO, positron
annihilation with the outer d-electrons of group Il metals is
dominant [61]. Therefore, in ZnO, positrons tend to
annihilate more at Zn vacancies rather than oxygen
vacancies. Considering this fact as well as the findings of
Fig. 10, we believe that Zn vacancies are the major type of
defects existing in our samples [61].

3.3 SEM Measurements and EDX analysis

SEM images Fig. 11, analyzed using ImageJ bundled with
Java program used to estimate the average ZnO NPs size.
The particle size distribution is estimated from the SEM
images analyzed by the ImageJ program. The average
nanoparticle size has been determined from the histogram.
Also, we have found that, as a function of citric acid
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concentration, particle size behaviors in the same manner as
nano-crystallite size as shown in (Fig. 5a). Fig. 11 shows
SEM images for ZnO samples synthesized at citric acid
concentration of 0.025 M and 0.2 M, respectively. The inset
of Fig. 11 represents the particle size distribution estimated
from the SEM images analyzed by the ImageJ program. The
average nanoparticle size has been determined from the
histogram. We have found out that, as a function of citric
acid concentration, particle size behaves in the same manner
as nano-crystallite size (Fig. 5a).

Fig. 11: SEM images of ZnO nanoparticles synthesized at a)
0.025 M and b) 0.2 M citric acid.

However, good agreement between estimated particle size
and XRD calculated crystallite size is observed only around
optimum nucleation conditions (small crystallite size). For
example, at citric acid concentration of 0.025 M (Fig. 11a),
the average particle size (66.84 nm) agrees well with the
nano crystallite size calculated from the XRD analysis
(62.65 nm using Williamson-Hall method and 63.35 nm
using Rietveld method). In the meantime, away from such
optimum conditions (at high citric acid concentration, > 0.1
M), significant differences are observed between estimated
particle size and calculated crystallite size. At citric acid
concentration of 0.2 M (Fig. 11b), for instance, the average
particle size (222.66 nm) is much larger than the crystallite
size calculated from the XRD analysis (94.61 nm using
Williamson-Hall method and 93.05 nm using Rietveld
method).

We believe that the slow nucleation process due to the lack
of zinc citrate complex formation that takes place at high
citric acid concentration is responsible for particles
agglomeration which is the reason for the observed
difference. It is worth noting that other researchers have
previously reported differences between SEM/TEM
estimated particle size and XRD calculated crystallite size in
nanocrystalline ZnO synthesized via sol-gel and other

chemical route methods [34,35,48]. Our results corroborate
that XRD calculated crystallite size does not necessarily
match the real nanoparticle size and should not be used
solely to estimate the nanoparticle size. From the above
results using different methods of XRD Williamson-Hall
method, Rietveld method and Popa rules model with SEM it
is clear the concentration of citric acid from 0.025 to 0.175
M have lower minimum 44.4 nm size to the maximum values
of size about 70.88 nm. It is also we can realize that the
optimum concentration of citric acid varies from 0.025 to
0.175 M as isotropic.

EDX spectroscopy of ZnO NPs synthesized at citric acid
concentration of 0.025 M is shown in Fig. 12. In addition to
zinc and oxygen, traces of carbon are detected as indicated
by the small impurity peak observed near the origin at ~ 0.28
keV. This agrees with the diffraction peak detected at 26 of
25° in the XRD patterns of Fig. 2 [60], which, as previously
explained, is related to impurities of graphitic carbon [53]
formed from anhydrous citric acid after combustion during
the ZnO NPs synthesis process [62,63].
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Fig. 12. EDX spectroscopy of nanoparticles ZnO
synthesized at 0.025 M citric acid.

4. Conclusions

ZnO NPs are synthesized using anhydrous citric acid as a
chelating/complexing agent and zinc acetate as zinc source.
The effect of chelating agents has been studied thoroughly in
this work in order to obtain the optimum conditions for ZnO
NPs synthesis with maximum purity and minimum size.
Increasing the concentration of zinc source, relative to the
chelating agent, enhances crystallinity and purity of
synthesized ZnO NPs. At small concentrations (< 0.025 M),
citric acid is not sufficient to completely reduce the Zn
precursor resulting in agglomeration of particles. On the
other hand, excess concentrations of citrate ions (> 0.1 M)
result in a slow nucleation process due to the lack of zinc
citrate complex formation. Optimum nucleation is observed
around 0.025 M — 1.0 M of anhydrous citric acid, with
smallest particle size of 44.4 nm obtained at 0.05 M
concentration. Good agreement between SEM estimated
particle size and XRD calculated crystallite size is observed
around optimum nucleation conditions. XRD analysis using
Popa rules model shows that crystallites at very low and very
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high chelating agent concentrations are anisotropic while
crystallites at intermediate concentrations are more isotropic,
with clear spherical symmetry around optimum nucleation
conditions.

Many defects/dislocations are observed at low chelating
agent concentrations followed by saturation/slight decrease
of defects/dislocations density at higher chelating agent
concentrations. The increase in defects/dislocations density
at low concentration is attributed to the increase in the highly
defective grain boundary regions due to the fast decrease of
crystallite size at low citrate concentration. The slow
nucleation process is believed to be the reason for the
saturation observed at higher concentrations. The correlation
between microstructural properties and DBES line-shape
parameters at different chelating agent concentrations is
confirmed. Zn vacancies are identified as the major type of
defects existing in our samples. Also, from the results we can
conclude that the optimum concentration of citric acid gives
reliable values of crystallites size and micro stain analyses
by three XRD methods. At low concertation of citric acid 0.0
M and high concertation of citric acid above 0.1 M
crystallites at very low and very high anhydrous citric acid
concentrations are completely anisotropic.
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