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ABSTRACT
Zinc oxide (ZnO) nanoparticles were synthesized by modified hydrothermal method at 160°C
under different reaction times. The analysis of the XRD pattern lines is considered a simple
and effective method in estimating the crystallite size and the corresponding lattice strain. X-
ray patterns were analyzed using Scherrer method and Williamson—Hall treatment to
determine the crystallite size and the lattice strain. The XRD pattern confirmed the presence
of crystalline hexagonal wurtzite ZnO nanoparticles with average crystallite size in the range
30 —36 nm with different reaction times. ZnO nanoparticles were also characterized by high
resolution transmission electron microscopy (HR-TEM), UV-visible spectroscopy and
thermal analysis.
KEYWORDS: Zno Nanoparticles; X-Ray Peak Analysis; Lattice Strain; Williamson—Hall
Treatment

1. INTRODUCTION

Metal oxide nanomaterials have taken great interest due to their particular properties and wide
applications in different areas [1]. ZnO is non-hazardous, chemically stable and easy to
synthesis, also has good optical and piezoelectric properties. ZnO is a semiconductor metal
oxide and considered as n-type semiconductor [2]. It has become an important future material
and has gained specific interest in the scientific research [3-6]. It is used as an additive in
many products like cement, ceramics, adhesives, glass, paints, plastics, pigments, batteries,
ferrites, rubber, fire retardants, lubricants, first aid tapes, food (source of Zn nutrient) [7-9].
Different methods have been used to synthesis ZnO nanoparticles as hydrothermal reaction,
sol gel synthesis, and chemical precipitation. Hydrothermal method is viewed as a
characteristic alternative method in the synthesis of nanomaterials for its important
advantages. It is a low process temperature method, simple apparatus employment, low
process expenditure, and environmental friendliness [10-12]. The analysis of X-ray line
broadening has been applied to estimate the crystallite size and lattice strain [13]. Different
methods, as Williamson—-Hall [14] and Halder—Wagner procedures [15], are applied for
determining the grain size and the corresponding strain [13].

In the present work ZnO nanoparticles were synthesized using hydrothermal method under
various reaction times. From X-ray diffraction patterns using Scherrer and Williamson—Hall
methods, the grain size and the equivalent strain could be determined. The morphology, UV-
visible spectroscopy and thermal analysis of the obtained nanoparticles were studied to
characterize them.

2. Experimental Work

2.1. ZnO Nanoparticles synthesis

For obtaining ZnO nanoparticles the following materials were used: Zinc acetate di-hydrate
[Zn(Ch3C0O0),.2H,0] and sodium hydroxide [NaOH]. The reaction agents were used as
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received without further purification. A known ratios of Zinc acetate di-hydrate and sodium
hydroxide were dissolved in distilled water. Followed by dropping of NaOH solution in slow
rate into the Zinc acetate solution under stirring. The reaction mixture was continuously
stirred and heated for 2 h using a hot plate agitator, and a white precipitation was formed. The
mixture was transferred to a Teflon lined stainless steel autoclave for hydrothermal treatment
at a temperature 160 °C for different times 7, 15, 23 hrs., then the autoclave was allowed to
cool down naturally to room temperature. After the reaction was completed, the resulting
white precipitate was separated by centrifuge and washed several times with ethanol and
distilled water, and then dried in air in a laboratory oven at 75 °C for 6 hours to remove the
organic impurities.

2.2 Characterization

The crystalline structures of the prepared powders were analyzed by X-ray diffractometry
(XRD) (X’Pert PRO, PANalytical, Netherlands) using Cu Ka radiation (A = 1.5406A) in the
angular region of 26 = 20° - 70°. The instrument was operated at 40 kV and the spectra were
recorded at scanning speed of 8°/min. Smaller angular steps of (20 = 0.02°) was taken to
measure the intensity of each Bragg reflection. For determining the crystallite size and the
corresponding lattice strain, the analysis of the XRD pattern lines is necessary and effective
[16-17]. The strain resulted in the ZnO nanoparticles, that is attributed to the deformation in
the lattice, could be determined by using Williamson—-Hall (W-H) method [18-19]. The
crystallite size (D) and the lattice strain were estimated using Scherer’s equation and W—H
method. The morphology of the obtained ZnO nanoparticles was characterized with high
resolution transmission electron microscope (HR-TEM), (JEOL, JEMA 2100-Japan),
performed at 200 kV. For optical studies, (JASCO 670 UV) spectrophotometer was used to
measure the spectrum of the samples. To study the thermal stability of the synthesized ZnO
nanoparticles, about 25 mg of the samples were heated using LINSEIS STA PT-1000 with a
heating rate 10 °C/min up to 800 °C.

3. RESULTS AND DISCUSSION

3.1 X-ray diffraction studies

X-ray diffraction patterns of the ZnO nanoparticles synthesized by hydrothermal process at
different periods 7, 15, 23 hrs., (S1-S3) are shown in Fig. 1. XRD patterns applied according to
Bragg's law (A = 2d sin 0), where A is the wavelength of Cu radiation, d is the interplanar
spacing and 0 is the diffraction angle [16-17]. The XRD spectra indicate that the ZnO crystal
has a hexagonal structure, with lattice constants a = b = 0.3251 nm and ¢ = 0.5212 nm as in
standard JCPDS data (No. 36-1451).
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Fig. 1 XRD spectrum of ZnO nanoparticles under different times 7, 15, 23 hrs.
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The XRD pattern of the obtained ZnO nanoparticles does not contain any peaks other than
ZnO peaks, which means that the obtained ZnO nanoparticles were free of impurities. From
XRD pattern, the synthesized ZnO nanoparticles lattice constants (a and c) were calculated
from equation (1) using the interplanar distance d and (hkl) values of the XRD profile [20,12].

14 m‘ W "
;3 2 ;2
The volume of the nanoparticles has been calculated from the relation [20]:
V = (4/3) n (D/2)° ()
and the volume of hexagonal unit cell from the equation:
v = (3a’c)/2 (3)

Then, the proportion V/v gives the number of unit cell existent in a particle, which can be calculated
from the equation [20]:

n = 1.621(D%a’) (4)
From the V/v ratio number of the unit cell present in a particle for the samples 7h, 15h, 23h
(S1-S3) are found to be (904682, 1084521, 1266016) respectively.
The average distance between nuclei of two bonded atoms in a molecule is known as the bond
length or bond distance. Bond length is related to bond order, i.e. the bond is shorter, when
more electrons contribute in bond formation. Bond length is inversely proportional to bond
strength and the bond dissociation energy. By using XRD, the bond lengths are measured in
the solid phase. The Zn—O bond length (L) has been calculated by the relation [21];

L=,/03a®+(05—wu)?C? (5)
Where, u is known as internal parameter (z-coordinate of the oxygen atoms) of the wurtzite
structures (u = a’/3c? + 0.25). Zn-O bond length was found to be (1.9773A), for all the

samples of reaction time of 7, 15 and 23 hrs (S;-S3). Table 1 shows the characteristics of the
ZnO nanoparticles synthesized at various time values.

3.2 Crystallite size and the lattice strain calculations
The average crystallite size, D, of the ZnO nanoparticles was calculated by using Scherrer
formula [22]:
(D=kX\/P cos 0) (6)

where, k is a shape factor (0.9), A is the Cu ka radiation wavelength (1.54060 A), B is the peak
width at half maximum (in radians) and 0 is Bragg’s diffraction angle. The average values of
the crystallite size, D, of the ZnO nanoparticles synthesized via hydrothermal process at
different reaction times 7, 15 and 23 hours, are shown in Table 1.
To evaluate the created strain in the samples of ZnO nanoparticles as a result to the
deformation in the lattice, Williamson—Hall method were applied from the following
equation:

[30059:% + 4 ¢sin 0 (7)
By plotting 4sin® along the x-axis and Bcos0 along the y-axis and from the linear fit of the
data (using the Originpro 8 software), the crystallite size was estimated from the y-
intercept, and the strain ¢, from the slope [14,23]. Figure 2 displays plotting of 4sin@® against
BcosO for the samples of ZnO nanoparticles at different reaction times (S;-S3). Crystallite
size values for the synthesized samples determined by Scherer and W-H methods are
displayed in Table 1. Figure 3 shows the variation of the crystallite size obtained by
Scherrer and W-H methods, from which it is obvious that the average crystallite size
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slightly increases with the increase of the reaction time. This may be due to increasing

of nucleation and growth rate of nanoparticles [20].

Table 1. The characteristics of the ZnO nanoparticles synthesized at various time values.

sample D (nm) d £ a c, unit cell No. | bond length
P 1 scherer | wH | (nm) | @0 | (m) | (nm) (n) L, A)
7h 30.20 43.14 | 0.2475 | 1.1075 | 0.3249 | 0.5205 904682 1.9773
15h 32.25 4573 | 0.2475 | 1.0424 | 0.3249 | 0.5205 1084521 1.9773
23 h 34.06 48.76 | 0.2475 | 0.9902 | 0.3249 | 0.5205 1266016 1.9773
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Fig.2 plotting of BcosO vs 4sin® of W-H analysis, for ZnO nanoparticles (S;-Ss3).

Also, it is clear that the crystallite size calculated from XRD data usin? Scherrer
equation is smaller than crystallite size determined from Williamson—Hall method.
This may be due to the fact that the Scherrer method actually measures the coherence
length of the X-rays, any crystal imperfections will cause the calculated size to be
smaller than the true size but in WH method the microstrain effect was taken into
consideration [24].
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Fig. 3 crystallite size obtained by Scherrer and WH methods for ZnO nanoparticles (S;-Ss).

3.3. HR-TEM analysis ) _ _ o
To investigate the shape and size of the obtained ZnO nanoparticles with different

reaction times, HR-TEM was carried out (Figure 4).
R

Fig. 4 HR-TEM images of ZnO nanoparticles synthesized at various reaction times (S;-S3).

The reaction time has an observed effect on the shape and the size of the obtained ZnO
nanoparticles. With increasing the reaction time spherical-like and rod shapes of ZnO
nanoparticles were obtained due to the increase of the growth rate (Figure 4). Also,
approximately all the ZnO nanoparticles appeared in clusters of nanorods shape due to
smaller nanoparticles collecting and forming larger particles [12].
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3.4 Optical properties

The optical absorption and transmittance spectra of the prepared samples at near normal

incidence over a spectral ranging between 200 and 800 nm for times 7, 15, 23 hours are
displayed in Fig.5.
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Fig. 5 Absorbance and transmittance spectra of ZnO nanoparticles synthesized at different times.

The direct optical band gap with direct transition can be calculated using the relation:
ahv = B (hv - Eg)"2 (8)

where hv is the photon energy and B is a constant that depends on the transition
probability, a is the absorption coefficient and E, is the optical band ap. From Fig. 6
the energy gap (Eg) can be estimated from the plot of hv against ahvg . The values of
E, are 3.58, 3.14, 2.90 eV for (S;-S;) respectively, and depend on the reaction time. The
determined values are different from that of the bulk ZnO (3.37eV). This blue shift ma
be attributed to quantum confinement effects in the prepared zinc oxide samples [25, 20].
It can be noticed that with increasing the reaction time, the band gap value decreases due
to the increase of the crystallite size. This confirms that the above behavior may be due
to increasing of nucleation and growth rate of nanoparticles [12,20].
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Fig. 6 Plots of hy against (ahy)® of ZnO nanoparticles synthesized at different times.

3.5 Thermal analysis
The differential scanning calorimetry (DSC) of the obtained ZnO nanoparticles under

different reaction times is displayed in Fig. 7.
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Fig. 7 DSC of ZnO nanoparticles synthesized at different times 7, 15, 23 h.
Two types of peaks are observed, the first one occurs at around 145 °C and is weak. This type
is attributed to an activation energy involving an endothermic reaction. The second type of
peaks occurred at two temperatures; around 310 °C (the broad) and around 100 °C. They
represent an exothermic reaction that may be due to the burn-out of organic composition.
According to the change of phases at the mentioned temperature ranges, both peaks groups
are created [26-28].

4. CONCLUSIONS

The ZnO nanoparticles have been successfully synthesized by a modified hydrothermal
method and characterized by XRD and different techniques. From diffraction patterns, using
Scherrer and Williamson—Hall method, the grain size and the equivalent strain could be
determined. The average values of the crystallite size, D, of the ZnO nanoparticles



X-RAY ANALYSIS FOR DETERMINATION THE CRYSTALLITE SIZE AND LATTICE STRAIN IN ZnO NANOPARTICLES

synthesized via hydrothermal process at different reaction times are in the range 30-34 nm.
The morphology showed that with increasing the reaction time, smaller nanoparticles
combined themselves and formed larger particles and the average size of the ZnO
nanoparticles is in in agreement with XRD calculations. The blue shift of the absorption of
ZnO in the UV-Vis spectra was gradually increased with the increase in reaction time due to
the decrease of particle size. DSC of ZnO samples indicates endothermic reactions and
exothermic reactions which are due to change of phases at those temperatures.
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