TexHiuHi HayKu ISSN 2307-5732

DOI 10.31891/2307-5732-2022-311-4-35-41
UDC 677.027.625

Tatyana ASAULYUK
https://orcid.org/0000-0001-5961-6895
e-mail: tatisevna@gmail.com

Kherson National Technical University
Yulia SARIBYEKOVA
https://orcid.org/0000-0001-6430-6509
e-mail: ysaribyekova@gmail.com
Kherson National Technical University

Olga SEMESHKO
https://orcid.org/0000-0002-8309-5273
e-mail: solgaya@gmail.com

Kherson National Technical University
Irina KULISH
https://orcid.org/0000-0002-0961-5904
e-mail: kulish.in.411@gmail.com

Kherson National Technical University

SYNTHESIS AND STRUCTURAL CHARACTERIZATION
OF ZNO NANOPARTICLES

In the present work, zinc oxide (Zn0O) nanoparticles were synthesized by direct precipitation method in aqueous
solution using zinc acetate dihydrate and sodium hydroxide as precursors. The molar ratio of Zn?+ to OH- was 1:2. The
obtained precipitated compound was treated at different temperatures. The crystal phase and structural parameters of each
prepared ZnO samples such as interplanar spacing, crystallite size, dislocation density, micro strain were determined by X-ray
diffraction (XRD) analysis for different crystallographic planes. Other crystallite parameters such as lattice constants, unit
cell volume, Zn-0 bond length, crystallinity of synthesized ZnO samples also were calculated from the XRD data. The XRD
patterns show the successfully synthetized ZnO phase with wurtzite hexagonal structure and average crystallite sizes of 24.6
nm, 25.6 nm and 28.1 nm for the samples that dried at room temperature without heat treatment (S1), dried at 60°C without
calcination (S2), dried at 60°C and calcinated at 300°C in air atmosphere for 2 hours (S3) respectively. The calculated
structural parameters of the synthesized ZnO nanoparticles are in good agreement with the standard reported data (JCPDS
36-1451). The effect of heat treatment on the structural parameters of synthesized ZnO nanoparticles was examined and it
indicates that increasing the thermal decomposition temperature improves the quality of crystalline material. The XRD data
show that the synthesized S3 sample was free of impurities and characterized by lattice constants a = 3.252 4, ¢ = 5.210 4,
unit cell volume V = 47.703 A3, bond length Zn-0 = 1.9789 A and crystallinity 93%. The results are of practical value for
simple synthesis of highly dispersed forms of ZnO and its possible application in textile finishing.
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ACAVIIIOK T. C., CAPIBEKOBA 10.I"., CEMENIKO O.4., KYJIII .M.

XepcoHChbKHMIT HallIOHAILHUI TEXHIYHUI YHIBEPCUTET
CHUHTE3 I CTPYKTYPHA XAPAKTEPUCTUKA HAHOYACTHUHOK ZNO

Y dauiii pobomi HaHowacmuHkUu YuHKy okcudy (ZnO) cuHme3oeaHi MemodoM NpsiMO20 0CAONCEHHSI Y 800HOMY PO3YUHI 3
BUKOPUCMAHHAM YUHKY ayemamy dueiopamy i Hampiio 2idpokcudy sk npekypcopie. MoasipHe cniggidHoweHnHs1 Zn?* do OH- ckaadano 1:2.
Ompumaruii ocad 06pobasiau npu pizHux memnepamypax. Kpucmaniuny ¢asy i cmpykmypHi napamempu KOiH020 0OMpUMAHO20 3pA3Ka,
maki sIK MiHCNA0WUHHA e8i0cmanb, po3Mip Kpucmasaimie, wiabHicmb OucaoKayil, MIKpOHANPYXCEHHsl, U3HAYAAU 3a GONOMO20H0
peHmzeHocmpykmypHozo ananisy (XRD) das pisHux kpucmasaozpagiuHux naowuH. [Hwi napamempu Kpucmasnimy, maki Sk KOHCmaHmu
pewimku, 06’em eseMeHMapHoi kKoMipku, 0oexcuHa 36’a3ky Zn-0, kpucmaai4Hicms cCuHmMe308aHuUx 3paskie Zn0, makoxc po3paxoeysau 3d
daHumu XRD. PenmzeHozpamu demMoHcmpyoms ycniwlHo cuHmesosaHy gasy Zn0 3 2eKCA20HA/IbHOK CMpPYKMypol glopyumy i cepedHimMu
poamipamu Kpucmanimie 24,6 HM, 25,6 Hm i 28,1 HM 0415 3paskie, gucyweHux npu KiMHamuili memnepamypi 6e3 mepmoobpobku (S1),
sucyweHux npu 60°C 6e3 npoxcaptogarHs (S2), sucywenux npu 60°C i 06pobaeHux npu 300°C 8 ammocgepi nogimpsi npomsizom 2 200 (S3),
8idnosidHo. Po3paxosaHi cmpykmypHi napamempu cuHmMe308aHUX HAHOYACMUHOK Zn0 dobpe y3200x4cyiombcsl 31 CMaHOapmMHUMU 38IMHUMU
davumu (JCPDS 36-1451). JlocaidxyceHo enaue mepmivHOi 06po6bku Ha cmpykmypHi napamempu CUHMe308aHUX HaHoyacmuHok ZnO, sikuil
c8idyumb npo me, wjo nidBUWEHHs memnepamypu mepmiuHo20 po3kaady nokpawye skicmo kpucmaaiyHozo mamepiany. /lani XRD nokasyroms, ujo
cuHme308aHuil 3pasok S3 He micmumb AoMIWOK | Xapakmepusyembcs napamempamu pewimku a = 3.252 4, ¢ = 5,210 4, o6’emom enemenmapHoi
Kkomipku V = 47.703 43, doescuroro 38’a3ky Zn-0 = 1.9789 A i kpucmaniunicmio 93%. Pesyabmamu maroms npaKkmuuHe 3Ha4eHHs 045 NPOCmozo
cuHme3sy gucokoducnepcHux gpopm Zn0 i ix MO#CAUB020 3ACMOCYBAHHS 8 ONOPSIONHCEHHI MEKCMUIO.

Karouosi crosa: ZnO, HaHowacmuHku, ocadsxceHHs, cmpykmypa, XRD.

Introduction

ZnO nanoparticles are semiconductor materials, which have been widespread used due to their unique
physical and chemical properties, such as surface effect, quantum size effect and macroscopic quantum effect [1].

The application of ZnO nanoparticles to textile has attracted extensive attentions due to the advantages of
ZnO nanoparticles, such as UV-shielding, antibacterial activity, biocompatible, biodegradable and biosafety for
environmental applications.

Emerging studies on functionalized cotton fibers modified with ZnO nanoparticles expanded the use of
cotton fabrics for various applications, such as conductive [2], magnetic [3], photocatalytic [4], antimicrobial [5, 6],
super hydrophobic [7] and fire retardant [8, 9] textiles.
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Several in situ or ex situ approaches have been introduced for the incorporation of nanoparticles into textile
fibers, in which the nanoparticles are synthesized in the presence of the fibers (in situ) or beforehand (ex situ) and
then applied to the fibers [10].

Several ZnO synthesis routes have been described in the literature with different morphologies and
excellent characteristics, including chemical precipitation [11], solvothermal [12], sol-gel processing [13], thermal
decomposition [14], microwave irradiation [15], chemical bath deposition [16], dip coating [17], spin coating [18],
electrical deposition [17], and hydrothermal processing [19]. Among these methods, chemical precipitation provides
a practical way for low cost and large-scale production, which does not need expensive raw materials and is
expected to realize industrialization.

During the synthesis of nanoparticles, it should be taken into account that the growth and the morphology
of nano-ZnO are strongly affected by precursors concentration, pH of synthesis mixture, synthesis temperature,
reaction time and heat treatment.

In a number of recent works, which consider the preparation of ZnO nanoforms, various temperature
ranges of precursors decomposition are indicated. Typically, low-temperature synthesis methods are more time
consuming. In [20] described the synthesis ZnO nanoparticles with an average crystallite size of 16 nm by direct
precipitation method at room temperature during 4 hrs followed by drying at 60°C without calcination. Romadhan
and Suyatma [21] compared the structure and morphology of ZnO nanoparticles synthesized at three levels of
temperatures (60°C, 80°C and 100°C) without or with calcinations (500°C). The results showed that preparation of
ZnO nanoparticles by using heating at 80°C followed with calcinations at 500°C produced the smallest size (44 nm).
As already stated [22, 23], calcination also influences the structure of the sample formed in terms of morphology. It
was shown that the nanopowder agglomerated to form larger particle sizes at the calcination temperature higher than
500°C. In addition, the rate of subsequent crystallization, as well as the properties of the obtained ZnO
nanoparticles, depend not only on the conditions of synthesis, but also on the nature of the salt from the solution of
which precipitation is carried out. Barabaszova and Hunddkova [24] showed that the nanoparticles morphology,
crystallite size and particle size as well as pH of the reactions and subsequently &-potential values are mainly
depending on the type of Zn-precursor (zinc chloride and zinc acetate) used. In the work of Bekele and Berhanu [25]
ZnO nanoparticles were synthesized from zinc acetate dehydrate, zinc sulphate heptahydrate and zinc nitrate
hexahydrate as precursors with sodium hydroxide and polyvinyl alcohol at the same temperatures of synthesis,
drying and calcination at 90°C, 150°C and 400°C, respectively. The XRD results showed that the synthesized
nanoparticles have wurtzite hexagonal structure with the average particle size of 44 nm, 42 nm, 30 nm from zinc
nitrate hexahydrate and polyvinyl alcohol concentration, zinc acetate and sodium hydroxide, zinc sulphate
heptahydrate and sodium hydroxide samples respectively.

In modern conditions, it is economically viable to develop technologies that can reduce the cost of
chemical materials and energy resources. Thus, it is of interest to study a simple method for the synthesis of ZnO
nanoparticles with good crystallinity at low temperatures.

The purpose of present work is the synthesis and characterization of ZnO nanoparticles that are suitable
for textile finishing. A simple precipitation method was used to prepare the ZnO nanoparticles in aqueous solution at
low temperature in a short time. The influence of the synthesis conditions, namely, the thermal decomposition
temperature, on the structural parameters of nano-ZnO was studied using the X-ray diffraction analysis.

Materials and methods

Zinc acetate (Zn(CH3COO),-2H,0) and sodium hydroxide (NaOH) were of analytical grade and used in
this work as precursors without further purification.

ZnO nanoparticles were synthetized by direct precipitation method in aqueous solution. The molar ratio of
Zn* to OH" was 1:2. Alkali solution added drop wise into salt solution under vigorous stirring, which resulted in the
formation of a white suspension. The reaction was allowed to proceed at 70°C for 2 hours to complete growth of
nanoparticles. The resulting suspension was separated by centrifugation. The obtained white precipitate was washed
three times in distilled water and two times in ethanol to remove any impurities or possible absorbed ions.
Subsequently, the washed precipitate was divided into three parts, labeled S1, S2 and S3 samples. Then S1 sample
was dried at room temperature without heat treatment, S2 sample was dried in an oven in air atmosphere at 60°C
without calcination, S3 sample was dried at 60°C followed by calcination at 300°C for 2 hours.

The crystal phase and structural parameters of the synthesized ZnO nanoparticles were determined by
powder X-ray diffraction (Bruker D8 ADVANCE, Germany, CuK, radiation). The peaks of the X-ray diffraction
patterns were compared with the standard available data for the confirmation of the structure.

The processing of experimental results was carried out using Origin 2021b and Excel 2019 software.

Results and discussion
X-ray diffraction (XRD) is a simple and effective method for studying crystalline substances. The electrons
of crystal atoms are responsible for the scattering of X-rays entering the crystal. The intensity of the diffraction
scattering maxima is determined by the density of electrons in the atoms of those crystal planes from which
scattering occurs. Analysis the profiles of diffraction peaks makes it possible to determine the distance between the
crystal planes, the degree of their filling with atoms, the dimensions of the unit cell, and to get a complete picture of
the crystal structure.

36 Herald of Khmelnytskyi national university, Issue 4, 2022 (311)



TexHiuHi HayKu ISSN 2307-5732

The powder XRD patterns of the ZnO samples S1, S2 and S3 synthesized at different decomposition
temperatures are shown in Fig. 1.
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Fig. 1. XRD patterns of synthesized ZnO samples

The appearance of diffraction peaks (Fig. 1) corresponding to the reflection from (100), (002), (101), (102),
(110), (103), (200), (112) and (201) crystal planes is consistent with the standard XRD peaks of bulk ZnO reported
in JCPDS (Joint Committee on Powder Diffraction Standards) card number: 36-1451 and indicates the formation of
ZnO with hexagonal wurtzite structure.

Shifts of the diffraction peaks positions are very small and quite consistent with that of JCPDS data (Table
1). It is obvious that the width and intensity of the diffraction peaks changed with increasing thermal decomposition
temperature of precipitate. The peak broadening of the diffraction pattern is mainly due to four factors: microstrains
(deformations of the lattice), faulting (extended defects), crystalline domain size and domain size distribution [20].
If we assume that the analyzed fine ZnO samples are free of strains and faulting, the peak broadening is only due to
the crystalline domain size. Thus, definite peaks broadening in the XRD patterns indicates that small nanocrystals
are present in the synthesized ZnO samples. The reduction in peaks width in XRD patterns with an increase in the
decomposition temperature indicates an increase in the crystallites size. The observed sharper diffraction peaks of
the S3 sample, due to the increase in intensity, indicate the enhancement ZnO particles crystallinity with increasing
decomposition temperature. Further the synthesized S3 sample was free of impurities as no additional peaks
associated with any other phase or impurity were observed apart from the characteristic peaks of ZnO.

The crystallite sizes of synthesized ZnO samples were estimated from XRD data using the Scherrer’s
formula (1) [26]:

Do KA ’ .
PcosO

where D is the crystallite size, K is Scherrer’s constant (0.89), 4 is the X-ray wavelength (0.15406 nm), 6 is the
Bragg diffraction angle, and S is the full width at half maximum (FWHM) of the diffraction peak. For the
calculation we fitted the diffraction peaks with Gauss function. The crystallite size is assumed to be the size of a
coherently diffracting domain and it is not necessarily the same as particle size.

The dislocation density (8), which represents the number of defects in the sample is defined as the length of
dislocation lines per unit volume of the crystal and was calculated from the crystallite size (D) using the relation (2):

1
5:§' )
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Micro strain is defined as the root mean square of variations in the lattice parameters across the sample.
The micro strain itself depends on the non-uniform lattice distortions, faulting, dislocations, antiphase domain
boundaries, and grain surface relaxation. The micro strain value (g) for synthesized ZnO samples was calculated
from XRD data using the formula (3):
B

&= . 3

4tan6 ®

Interplanar spacing (du), which is the perpendicular distance between two successive crystallographic

planes formed by the individual cells in a lattice structure, was calculated for different observed (Ak/) planes from
the Bragg’s equation (4):

nA =2d,,sind, “)
where n is the diffraction order (n = 1).
All the calculated parameters for different crystallographic planes of each synthesized ZnO sample in
comparison with standard data (JCPDS 36-1451) as well as the variation of the FWHM of various diffraction peaks
are summarized in Table 1.

Table 1
Structural parameters of synthesized ZnO samples from XRD data for corresponding (hkl) planes

Interplanar spacing, . :
(hkD 20 (degree) dw (A) FWHM Crystallite Dldséﬁ(s:i;?n Miqro
No. Standard Standard size, Duu 3 strain,
planes . . (degree) %10 3
(JCPDS | Synthesized | (JCPDS | Synthesized (nm) 2 ex10
36-1451) 36-1451) (nm™)
S1
1 100 31.770 31.740 2.8143 2.8169 0.28998 28.165 1.261 4.451
2 002 34.422 34.389 2.6033 2.6057 0.24153 34.048 0.863 3.406
3 101 36.253 36.226 2.4759 2.4777 0.30124 27.439 1.328 4.018
4 102 47.539 47.506 19111 1.9124 0.33595 25.549 1.532 3.331
5 110 56.603 56.562 1.6247 1.6258 0.37665 23.685 1.783 3.055
6 103 62.864 62.821 1.4771 1.4780 0.39651 23.215 1.856 2.833
7 200 66.378 66.354 1.4071 1.4076 0.43248 21.703 2.123 2.886
8 112 67.961 67914 1.3782 1.3790 0.46316 20.450 2.391 3.001
9 201 69.100 69.045 1.3582 1.3592 0.56812 16.784 3.550 3.604
S2
1 100 31.770 31.742 2.8143 2.8168 0.27552 29.643 1.138 4.228
2 002 34.422 34.392 2.6033 2.6056 0.22833 36.016 0.771 3.219
3 101 36.253 36.230 2.4759 2.4774 0.29195 28.312 1.248 3.894
4 102 47.539 47.510 19111 1.9122 0.32735 26.220 1.455 3.245
5 110 56.603 56.565 1.6247 1.6257 0.36274 24.593 1.653 2.942
6 103 62.864 62.823 1.4771 1.4780 0.42453 21.683 2.127 3.033
7 200 66.378 66.354 1.4071 1.4076 0.44090 21.288 2.207 2.942
8 112 67.961 67.923 1.3782 1.3789 0.43231 21.910 2.083 2.801
9 201 69.100 69.056 1.3582 1.3590 0.46151 20.662 2.342 2.927
S3
1 100 31.770 31.751 2.8143 2.8160 0.26181 31.196 1.028 4.017
2 002 34.422 34.399 2.6033 2.6050 0.22699 36.230 0.762 3.200
3 101 36.253 36.232 2.4759 2.4773 0.27377 30.192 1.097 3.651
4 102 47.539 47.524 1.9111 1.9117 0.31088 27.611 1.312 3.081
5 110 56.603 56.575 1.6247 1.6255 0.34447 25.899 1.491 2.793
6 103 62.864 62.843 1.4771 1.4776 0.37364 24.639 1.647 2.669
7 200 66.378 66.354 1.4071 1.4076 0.30998 30.280 1.091 2.069
8 112 67.961 67.932 1.3782 1.3787 0.39906 23.736 1.775 2.585
9 201 69.100 69.070 1.3582 1.3588 0.40643 23.464 1.816 2.577

It was established that the calculated sizes of crystallites of all synthesized ZnO samples are in the nanosize
range (Table 1). Depending on the decomposition temperature of precipitate, the average crystallite size changes in
the series S1 < S2 < S3 and amounts to 24.560, 25.592 and 28.139 nm, respectively.

An analysis of the obtained values of the interplanar distance (dyw) for various observed (%kl) planes (Table
1) shows that for all studied ZnO samples, the calculated and standard values of du differ insignificantly. The slight
difference may be due to the presence of deformation in the crystals.

It was found that the dislocation density of synthesized ZnO samples is very low (Table 1). The change in
the values of this index for different crystallographic planes is associated with the anisotropy of crystal growth. The
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lowest values of the dislocation density, as well as micro strain of the crystal lattice, are observed for sample S3,
which indicates the formation of a good quality crystalline material.

To evaluate the quality of the obtained nanocrystalline materials, it is also necessary to determine the
crystal lattice parameters of the ZnO samples.

The wurtzite structure of ZnO (Fig. 2) can be considered to be composed of two interpenetrating hexagonal
close packed (HCP) sublattices of Zn?* cation and O* anion displaced relative to each other along direction ¢ by
length u.

Fig. 2. Hexagonal structure of wurtzite ZnO:
a) — projection perpendicular to direction c; b) — projection along direction c.

As seen in Fig. 2, in the crystal lattice of ZnO, layers of zinc ions alternate along the direction ¢ with layers
of oxygen ions. Each Zn?" cation is surrounded by four O anions located at the vertices of a tetrahedron (similarly,
each anionic site is surrounded by a tetrahedral environment of four cationic sites).

The lattice parameters in the ZnO hexagonal structure were estimated using the equation (5), which relates
the interplanar spacing (diw) to the lattice constants a, ¢ and the Miller indices 4, &, I:

1 _i(h%kuhkj

12
+C—2. ®)]

- 2

d., 3 a
The volume of the wurtzite unit cell (V) is expressed as (6):

B

V=-"-(d’c). (6)
> (@)
The Zn—O bond length (L) is calculated by (7):
a’ 1 ? 1(aY
L= —+[——uj ¢ u= —(—j +0.25], @)
3 2 3lc

where u is the positional parameter in the wurtzite structure and is a measure of the amount by which each atom is
displaced with respect to the next along the c-axis.

The crystallinity of the synthesized ZnO samples was determined according to XRD data from the ratio of
the crystalline regions area to the total area of amorphous and crystalline regions.

The calculated lattice parameters of synthesized ZnO samples in comparison with standard unit cell data
(JCPDS 36-1451), average crystallite sizes and crystallinity are summarized in Table 2.

Table 2
General crystallite parameters of synthesized ZnO samples calculated from the XRD data
Average Lattice constant Unit cell o
Sample crys.talhte volume Bond length | Crystallinity
size, aAy | cA) | c/a(d) 3 Zn-0 (A) (%)
D (nm) (A%)
Standard (JCPDS 36-1451) - 3.250 | 5.207 | 1.6020 47.630 - -
S1 24.560 3.253 | 5.211 | 1.6022 47.749 1.9796 85.85
Synthesized S2 25.592 3.253 | 5.211 | 1.6022 47.743 1.9795 84.24
S3 28.139 3.252 | 5.210 | 1.6023 47.703 1.9789 93.02
BicHuk XmenbHUYbk020 HayioHa1bHO20 yHisepcumemy, Ne4, 2022 (311) 39
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The calculated lattice parameters of the synthesized ZnO samples (Table 2) are in good agreement with the
standard reported data (JCPDS 36-1451). The observed deviations in the values of the lattice constants can be
caused by a slight change in the peaks position due to the defect. The lattice constants a = 3.252 A, ¢ =5.210 A and
the unit cell volume V =47.703 A3 closest to the standard correspond to sample S3. The calculated Zn-O bond
length in the unit cell of sample S3 is 1.9789 A. The crystallinity of the synthesized ZnO powder increases from
85.85 and 84.24% for samples S1 and S2 to 93.02% for sample S3 after calcination.

The results of the present study show that the formation of a pure ZnO phase in a wurtzite hexagonal
structure with high quality of crystalline material and average crystallite size of 28 nm can be obtained from zinc
acetate and sodium hydroxide as precursors at a synthesis temperature of 70°C, a drying temperature of 60°C, and a
calcination temperature of 300°C.

Conclusions

The ZnO nanoparticles were synthesized successfully by direct precipitation method under different
conditions. The ZnO phase formation was confirmed by XRD analysis. The XRD results show that the ZnO
nanoparticles were formed in a wurtzite hexagonal structure with average crystallite size of 24.6 —28.1 nm. The
calculated structural parameters of the synthesized ZnO nanoparticles are in good agreement with the standard
reported data (JCPDS 36-1451). The study of influence of the precipitate treatment temperature on the structure of
crystalline material shows that calcination at 300°C (S3 sample) makes it possible to obtain ZnO nanoparticles free
from impurities with a crystallinity of 93%. The results confirm the high quality of the synthesized ZnO
nanoparticles, which make them suitable for possible application in textile finishing.
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