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Zinc oxide (ZnO) nanostructures were manufactured successfully using the sol-gel 

approach in this study. The impact of calcination temperatures on their structural and 

morphological properties is studied using three different calcination temperatures (350, 

400, and 450 °C). XRD, FE-SEM, EDS, and a Raman scattering spectroscope were used 

to characterize the samples. In all samples, X-ray diffraction (XRD) of calcined samples 

(350-450 °C) reveals the presence of the wurtzite hexagonal nanocrystalline structure of 

ZnO compound. The XRD patterns showed no additional peaks, indicating that the final 

product is exclusively ZnO nanostructures. The FE-SEM pictures of a calcined ZnO 

sample at 450°C revealed a porous structure, longer length and diameter, and 

agglomeration of mixed polyhedral shape particles as the calcination temperature 

increased. The presence of necessary oxide material in the EDS spectrum confirmed the 

synthesis of ZnO, indicating that the purity of ZnO was appropriate. Finally, using Raman 

spectroscopy, the vibrational characteristics of ZnO were studied. Several bands in Raman 

spectra appeared to belong to ZnO vibrational modes, confirming the purity of the 

produced ZnO samples. The findings of such a study were presented in this paper. 
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1. Introduction 
 

The field of nanotechnology is rapidly evolving.  Herein, Humanity is taking advantage 

from this rapid development and this opened a new potential and broader perspective to the world 

[1, 2]. All of this has been accomplished by manipulating materials at the nanoscale level with 

precise chemical composition, size, and shape control, which has found applications in a variety of 

disciplines due to their unique chemical, physical, and biological properties [3, 4]. Zinc Oxide has 

already received a lot of attention. The fact that the excitation state of Zinc Oxide is stable at room 

temperature has prompted scientists and researchers to pay close attention to it, especially given 

the potential benefits of ZnO such as wide band gaps (3.37 eV) and high exitonic binding energy 

(60 meV)[5]. Leukemia and cancer have both been treated using zinc oxide. ZnO has been shown 

to have high bactericidal activity against a wide range of microorganisms in previous antibacterial 

studies [6]. Zinc oxide is used in a variety of fields, including cosmetics, gas sensors, agriculture, 

photocatalysis, transparent conductors, biomedical devices, and healthcare items [7-9]. 

Microemulsion [10], solid-state reaction [11], hydrothermal [12], sol-gel [13], co-precipitation 

[14], and other methods have been proposed to synthesize metal oxide nanostructures. 

Furthermore, a method for extracting ZnO nanoparticles from plants that is both practical and 

environmentally acceptable has been proposed and is gaining traction [4, 15]. However, employing 

nitrates as a source of metallic ions and harmless materials as a size-limiting agent, the sol-gel 

technique has proven to be a suitable method for obtaining high-purity, low-cost crystalline 

powders with strong homogeneity control. In comparison to other traditional procedures, the sol–
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gel approach is preferred for the preparation of metal oxide composites[16]. The production of 

ZnO nanostructures utilizing Zn(NO3)2.6H2O as a zinc source is described here using a sol-gel 

approach. Using X-ray diffraction, field emission scanning electron microscopy, and Raman 

spectroscopy, the influence of calcination temperature on the structural and morphological of 

synthesized ZnO was investigated. 

 

 

2. Experimental details 
 

2.1. Sample synthesis  

The sol-gel approach was used to make ZnO nanostructures that were calcined at varied 

temperatures. A stoichiometric amount of Zn nitrates Zn(NO3)2·6H2O was weighed and 

completely dissolved in minimum amount of de-water while stirring constantly until a translucent 

solution was obtained. The pH of the final solution was then raised to 7 by adding ammonia 

solution drop by drop [17], and the temperature of the hot plate was raised to 90-100 °C with 

continuous stirring to uniformly mix the solution. As a result, the solution was evaporated, and all 

of the water was removed, yielding a dried precursor [18]. To investigate the influence of 

calcination on structural and morphological qualities, the powder was crushed in a mortar and 

calcined in air for 3 hours at varied temperatures of 350, 400, and 450 °C in a research oven. 

 

2.2. Characterizations 

The  crystalline phase and identification of synthesized powders were determined using X-

Ray Diffraction (XRD), model PANalytical (X’pert Pro, Netherlands) equipped with Cu kα 

radiation source (𝜆 = 1.5406 Å). At room temperature, field emission scanning electron 

microscopy (FE-SEM; Model Mira3-XMU, TESCAN, Japan) was used to evaluate the surface 

morphology. To establish the phase of ZnO and study the vibrational spectra of all samples, 

Raman spectroscopy (Micro-Raman spectroscopy-785 nm laser) was utilized. 

 

 

3. Results and discussion 
 

3.1. XRD studies 

The sharpness of the XRD peaks (Fig. 1) revealed the characteristic patterns, strong 

crystallinity, and confirmed the production of crystalline ZnO samples at calcination temperatures 

(350, 400, and 450 °C for 3 h).  

 

 
 

Fig. 1. XRD patterns of calcined ZnO samples at 350,400 and 450 °C. 
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The three strongest diffraction peaks at an angle of 2θ are indexed with miller indices 

(100), (002), and (101), indicating high phase crystallinity, and correspond to the hexagonal 

wurtzite phase of ZnO nanostructure (space group P63mc, ICDD Card No.98-010-8249). This 

finding is consistent with that of Davood and Taha [19] and  Ismail et al. [20]. It was clearly 

noticed that as the calcination temperature was increased, the distinctive peaks got higher and 

sharper, indicating an enhancement of crystallinity nature due to agglomeration, implying that the 

crystallinity had improved [21, 22]. Importantly, no extra peaks relating to impurities were found, 

indicating that the final product is exclusively ZnO nanostructures. 
The lattice parameters ‘a’ and ‘c’ of the ZnO nanostructures were calculated using the 

following equations [23, 24]. 

 
1

𝑑2
=

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
                                                                    (1) 

 

𝑎 =
𝜆

√3 sin θ100

                                                                                (2) 

 

𝑐 =
𝜆

sin θ002
                                                                                  (3) 

 

where a and c are the lattice parameters, (hkl) are the Miller indices, d is an interplanar distance, 𝜆 

is the X-ray wavelength (1.5406 Å for CuKα radiation) and θ is Bragg diffraction angle. Table 1 

shows the lattice characteristics of the calcined samples at various temperatures, which reveal 

hexagonal structure. The lattice parameters 'a' and 'b' were found to decrease with increasing 

calcination temperature (350 and 400 °C), then increase at (450 °C). The presence of point defects 

and oxygen vacancies is confirmed by the observation of small differences in the lattice 

parameters values compared to standard values, which could be attributable to calcination 

temperature [25]. Literatures [25, 26] have reported similar fluctuations in lattice parameter. 

 
Table 1. The diffraction angle (2θ), lattice parameters (a, c and c/a), crystallite size (D), dislocation  

density (δ) and micro-strain (ε) of calcined ZnO samples at 350,400 and 450 °C. 

 

Temperature 

°C 

2θ (deg) Lattice parameter D(nm) δ (nm-2) 

×10-4 

ε×10-4 

a (Å) c (Å) c/a 

350 36.3619   3.239 5.190 1.602 59.725 2.803 5.804 

400 36.4313 3.232 5.180 1.603 64.332 2.416 5.388 

450 36.4132 3.234 5.183 1.603 75.340 1.762 4.601 

 

 

According to the XRD data, The average crystallite size (D)  was estimated using the 

Scherrer formula as follows [27, 28]. 

 

𝐷 =
0.9 𝜆

𝛽 𝑐𝑜𝑠θ
                                                                                     (4) 

 

where β is the full width at half maximum (FWHM). With increasing calcination temperature from 

350 to 450 °C, the average crystallite size (D) was observed to grow from 59.725 to 75.340 nm 

(Table 1). This could be linked to an increase in crystal growth rate as a result of volume 

expansion and a decrease in system supersaturation at high temperatures [29]. The particle size D 

can be used to calculate the dislocation density (δ), which is a measure of the number of defects 

and vacancies in the crystal [30]. 

 

𝛿 =
1

𝐷2
                                                                                      (4) 
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The dislocation density (δ) is inversely related to crystallite size, as shown in table 1, and 

its value falls as the calcination temperature rises. The following formula [31] was used to 

calculate the material's micro-strain (ε). 

 

휀 =
𝛽 𝑐𝑜𝑠𝜃

4
                                                                                       (4) 

 

The micro-strain (ε) reduces as the calcination temperature rises (Table 1), indicating that 

both (D) and (ε) are calcination temperature dependent. As previously stated by A.A. Othman et 

al.[32], the reduction in micro-strain may be the primary cause of improved crystallinity. 

 
Table 2. The unit cell volume (V), X-ray density (ρ), atomic packing fraction (APF), bond length (L), 

Young modulus (Y), energy density (u) and stress (σ) of calcined ZnO samples at 350,400 and          

450 °C. 

 

Temperature °C  V (Å)3 ρ(g/cm3) APF L×10-10 (m) Y×109 (Pa) u×103 (J/m3) σ × 109 (Pa) 

350 47.173 5.728 0.755 1.972 224.529 37.814 0.1303 

400 46.858 5.767 0.754 1.967 224.380 32.570 0.1209 

450 46.954 5.755 0.754 1.968 224.391 23.749 0.1032 

 

 

The volume of unit cell (V) was calculated by the following equation [33].  

 

𝑉 =
√3

2
 𝑎2𝑐                                                                                   (5) 

 

The lattice parameters 'a' and 'c' of ZnO calcined at 350 °C are clearly larger, resulting in a 

bigger unit cell volume (V). This trend is consistent with Pradeev et al. [34], who found that when 

the calcination temperature rises, the diffraction angle shifts to lower 2θ values, increasing the 

volume of the unit cell. Table 1 and Fig 2 demonstrate that as the calcination temperature rises, the 

volume of the unit cell decreases from 47.173 Å3 to 46.858 Å3 and then rises to 46.954 Å3, 

corresponding to an increase in 2θ from 36.3619 to 36.4313 and subsequently decreases to 

36.4132. 

 

 
 

Fig. 2.  Dependence of the unit cell volume and diffraction angle on calcination temperature  

(350,400 and 450 °C). 

 

The atomic packing fraction (APF) and X-ray density (ρ) of ZnO were calculated using the 

equations below [35, 36]. 
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𝜌𝑥 =
𝑛𝑀

𝑁𝐴𝑉
                                                                                    (6) 

 

𝐴𝑃𝐹 =
2𝜋𝑎

3√3𝑐
                                                                                 (7) 

 

where, n is the number of atoms per unit cell, M is molecular weight, NA is Avogadro’s number 

and V is the volume of the unit cell. The X-ray density and atomic packing fraction do not differ 

considerably as the calcination temperature rises. The relationship [37] is used to calculate the 

bond length (L) of Zn–O. 

 

𝐿 = √
𝑎2

3
+ (

1

2
− 𝑢)

2

𝑐2                                                                     (8) 

 

where (u) is the positional parameter for the wurtzite structure and given by. 

 

𝑢 =
𝑎2

3𝑐2
+ 0.25                                                                             (9) 

 

Table 2 shows the bond length values calculated for Zn-O powders. These findings are 

quite similar to those seen in previous studies [20, 38]. Young’s modulus (Yhkl) for hexagonal 

crystal were calculated by the following equations [31]. 
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The values of S11, S13, S33 and S44 which represent the elastic compliances of ZnO are 

7.858×10-12, 2.206×10-12, 6.940×10-12 and 23.57×10-12 m2 N-1 respectively [39]. The following 

relation can calculate the energy per unit volume (U) as a function of strain (ε) of a lattice. 

 

𝑈 =  
(휀2𝑌ℎ𝑘𝑙)

2
                                                                              (11) 

 

The stress (σ) can be given by Hook’s law. 

 
𝜎 =  휀𝑌                                                                                    (12) 

 

The parameters of Young's modulus (Yhkl) (Table 2) and internal strain (ε) determine the 

energy density (U). It was discovered that as the calcination temperature rises, the energy density 

falls. The declines are due to a reduction in internal strain (Table 1). As a result, the stress (σ) 

values drop, and this behavior is consistent with that seen by P. Shunmuga Sundaram et al. [31]. 

 

3.2. Morphology studies 

The surface morphology and EDS spectrum of produced ZnO samples at various 

calcination temperatures were studied using the FE-SEM technique at room temperature, as shown 

in Fig. 3 (a-c). The diameter of the ZnO particles is substantially bigger than the crystallite size 

determined by XRD measurement. The micron-sized particles visible in FE-SEM pictures are 

thought to be made up of a large number of original nanocrystallites discovered by XRD. The 

micrographs of ZnO nanostructure are influenced by increasing calcination temperature and have a 

porous structure with a high agglomeration of plate-like and polyhedral shape particles, as seen in 

the photos. At a higher calcination temperature (450 C), however, the nanostructures particles 

agglomerated and formed bigger particle sizes.  The fusion of nearby particles together, which 
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may be the major reason for the rise in particle size by melting their surfaces, may be related to the 

increase in particle size with an increase in calcination temperature [40]. This increased particle 

aggregation is thought to be caused by the high surface energy of the ZnO nanostructure [24]. 

Energy dispersive spectrum EDS analysis was used to determine uniformity and material 

composition. The presence of the necessary oxide materials in an EDS spectrum suggested 

sufficient purity of ZnO, and the principal constituents of the manufactured material are Zn and O, 

with unwanted precursors such as nitrate ions totally eliminated from the final product. Fig. 3 

shows the weight percentages of elemental elements in all samples (a-c). 

 

 
 

(a) 

 

 
 

(b) 

 

 
 

 

(c) 

 

Fig. 3.  FE-SEM image and EDS spectrum of calcined ZnO samples (a) calcined at 350 °C,  

(b) calcined at 400 °C and (c) calcined at 450 °C. 

 

 

3.3. Raman spectral studies 

The Raman scattering spectroscope is a useful tool that works by measuring the change in 

photon frequency that occurs when monochromic light interacts with a specimen. It provides 
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information on the structure of nanomaterials as well as vibrations caused by imperfections. 

Raman spectra at 785 nm excitation wavelength at room temperature were used to characterize 

ZnO nanostructures. The ZnO wurtzite-phase has two formula units per primitive unit cell and 

belongs to the space group P63mc. 2A1+2E1+2B1+2E2 are the irreducible representations at the 

zone center [41]. The acoustic phonons are represented by the A1 and E1 modes, whereas the 

optical phonons are represented by the remaining modes. The A1 and E1 modes are polar in 

character, exhibit varied frequencies, and can be split into the transverse-optical (TO) and 

longitudinal-optical (LO) phonons. Except for B1, all of these modes are Raman active. The non-

polar E2 modes, on the other hand, have two modes with two frequencies, E2 (high) connected to 

oxygen displacement and E2 (low) related to the Zn sub lattice, and are exclusively Raman active 

[27, 42]. 

 

 
 

Fig. 4. Raman spectrum of calcined ZnO samples at 350,400 and 450 °C. 

 

 

Fig. 4 shows the characteristic Raman spectra of ZnO nanostructures at room temperature. 

The spectra show all of the Raman characteristic bands of ZnO in the range of 100-600 cm-1. 

Raman spectra reveal ZnO vibrational modes in several bands, confirming the preparation of pure 

ZnO nanostructure. The nonpolar optical phonon vibration mode E2 (high) of oxygen sub-lattice is 

attributable to the occurrence of a powerful, acute, and dominant peak at 427.504 cm-1 for all 

calcined samples at 350, 400, and 450 °C. Low intensity pecks at 321.323, 322.571, and 321.323 

cm-1 for calcined materials at 300, 350, 400, and 450 °C are attributable to the second-order 

Raman mode coming from zone boundary phonons of the hexagonal wurtzite ZnO. The E1 

longitudinal optical phonons mode of hexagonal ZnO is represented by the peaks at 573.916, 

573.916, and 571.554 cm-1 at different calcination temperatures. The production of defects (oxygen 

vacancies or zinc interstitials) is thought to be the cause of the produced peak at E1 (LO) mode 

[43]. For varying calcination temperatures, the peaks at (368.545, 369.782, and 369.782 cm-1) 

correspond to A1 transverse optical (TO) modes, respectively. 

 

 

4. Conclusions 
 

The crystal structure of ZnO nanostructures synthesized by sol-gel approach at different 

calcination temperatures (350, 400, and 450 °C). The obtained Zinc oxide was investigated to see 

if structural and morphological qualities were affected by calcination temperature. Without any 

secondary phases, the XRD investigation revealed the nanocrystalline hexagonal wurtzite structure 

with space group P63mc. The size of typical crystallites has increased as the calcination 

temperature has increased. Temperature affects the other properties in both a regulated and 
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unregulated manner. Morphological analysis using FE-SEM images reveals that each sample has 

nearly identical surface morphology, with increasing length, diameter, and agglomeration of plate-

like and polyhedral form particles as the calcination temperature rises. The EDS spectra confirmed 

the synthesis of ZnO in all of the calcined samples and the presence of Zn and O as the main 

components. The undesirable precursors, such as nitrate ions, are completely eliminated. The 

presence of distinctive ZnO bands in the range of 100-600 cm-1 is indicated by the peaks on the 

Raman spectra. These bands exhibit ZnO vibrational modes, indicating that pure ZnO 

nanostructures have been created. 
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