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Annealing affects zinc oxide nanoparticles (ZnONPs) in terms of size, structure, 

composition, shape, and optical properties. The aim of this study was to investigate the 

effects of annealing temperature on the particle size, structure, shape, chemical 

composition, and optical properties of synthesized ZnONPs by sol-gel method. The 

samples were characterized using X-Ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM), Fourier Transform Infrared (FT-IR), UV/Vis spectroscopy, and 

Photoluminescence. From XRD result, the synthesized ZnO has pure phase hexagonal 

wurtzite structure. Particle size, diffraction intensity, lattice parameters, bond length and 

spacing distance increase with the increase in annealing temperature, while strain size and 

full width at half maxima is decreased. Spherical images of synthesized ZnONPs were 

detected from SEM images. FT-IR peaks appeared in the region of 400-500cm−1 indicated 

the successful synthesizes of ZnONPs. The optical absorption of ZnONPs measured at 

different annealing temperatures showed that red shift as the annealing temperature was 

increased. The energy band-gap of synthesized ZnONPs was increased as annealing 

temperature increases. The emission peaks of synthesized nanoparticles are independent of 

the temperature while its emission intensity depends on the temperature. 
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1. Introduction 
 

Zinc oxide nanoparticles (ZnONPs) have unique physical and chemical properties, such as 

high chemical stability, high photo-stability, broad range of absorption radiation, high 

electrochemical coupling coefficient and multifunctional materials [1, 2]. It has wide energy band 

gap (3.37eV), large exciton binding energy (60meV), high thermal and mechanical stability [3].  

Easy to synthesis, tunable energy band gap, controlled shape and size, low cost production and 

non-toxic are some excellent properties of Zinc oxide nanoparticles [4, 5].  The larger number of 

extrinsic and intrinsic defects in Zinc oxide structure is acting as emission centers. It emits light in 

many colors such as violet, blue, green, yellow and red [6, 7]. Because of these properties it has 

wide applications in wide area of energy generation and photo-catalysis [8, 9], medical science, 

industrial, cosmetics, and antibacterial [10, 11]. Several factors are reported in literatures which 

individually and collectively affect ZnONPs in terms of shape, sizes and optical properties. The 

various factors are precursors [12], concentrations [13], temperature [14], Stirring time [15], 

duration [16], surfactant concentrations [17], dopant concentration [11], solvent medium [18], pH 

of the reaction mixture [19], and source of light during synthesis [20]. Recently, researchers were 

used polymers to prepare a number of metal oxide nanoparticles where the polymer skeleton 

eventually limits the growth to a specific shape of the lattice [21, 22].  

The recent XRD results of ZnONPs showed that, annealing temperature leads to an 

improvement in the crystallinity and an increment in crystal size, strain size, both Zn-O bond 

length and unit cell volume [23, 24].Additionally, ZnONPs were synthesized from zinc nitrate 

hexahydrate (Zn(NO3)2.6H2O) and Polyvinyl Alcohol (PVA) under different annealing 

temperatures have an effect on particle sizes, structure, shape and optical properties of ZnONPs 
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[25, 26]. Increasing annealing temperature makes the intensity of the peaks to get sharpened and 

increased with increasing annealing temperature. Crystallinity and crystal size of zinc oxide 

nanoparticles were primarily increased as temperature increase. Similarly, peak intensity is mainly 

increased due to the increment of the crystallinity and crystal size. Therefore, annealing 

temperature influences the morphology and particle size of synthesized zinc oxide nanoparticles. 

In this research, the effects of annealing temperatures on morphology, structure, sizes, chemical 

composition and optical properties of ZnONPs were investigated by the sol-gel method. The 

method has much interest due to its chemical stability, low cost, reliability, gives relatively high 

purity, and homogeneous. 

 

 
2. Materials and methods 
 

2.1. Material used 

Sodium hydroxide (NaOH) was used as chelating agents while zinc nitrate hexahydrate 

hydrate (Zn(NO3)2.6H2O) were used as precursor chemical and both are purchased from Himedia, 

India: assay>99.2%. 

 

2.2. Synthesis methods  

ZnONPs were prepared by the soil-gel method according to the procedure developed in 

[27]. 5gm of Sodium hydroxide (NaOH) was dissolved in 50ml of double distilled water and 

stirred for 20min until a homogeneous white milk solution were obtained. In addition to this, 3gm 

of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) was also dissolved in 3ml of double distilled water 

and stirred by a magnetic stirrer for 20min.Then, zinc nitrate hexahydrate(Zn( NO3 )2.6H2O) 

solution was slowly added to sodium hydroxide solution (NaOH) drop by drop without touching 

the wall of the container at 70℃ under gentle magnetic stirrer for 2hr. The mixed solution should 

be stirred till the gel like substances are formed. The gel sample was allowed to dry in an oven at 

140℃ for 10hrs. The sample was annealed in a muffle furnace (Model No: MC2-5/5/10-12, 

Biobase, Chaina) at the annealing temperature of 700℃ in open air for 8hrs.The same procedures 

were processed at annealing temperature of 800℃ and 900℃.  

 

2.3. Characterization methods 

The x-ray diffraction pattern of ZnONPs was analyzed using XPERTRO X-ray 

Diffractometer by generating Cu-Kα radiation (λ=0.154nm). It was used to analysis the crystal size 

of synthesized zinc oxide nanoparticles. It also operates at high voltages of 40KV and 30mA of 

current at room temperature and intensity were measured in range of 2θ= 10°<2θ <80°. All the 

diffraction peaks of synthesized ZnONPs were well indexed to the wurtzite structure of ZnO 

(JCPDS card no. 36-1451). The average crystalline size of synthesized ZnONPs was calculated 

from the Debye Scherrer formula as follows [28] 

 

D =
0.89λ

βCOSθ
                                                                          (1) 

 

where the parameter 𝜆, β, 𝜃 and D are X-ray wavelength, Bragg’s diffraction angle, Full width at 

half maxima of the peak and average particle size respectively. The grain size( 𝜀 ), lattice 

parameters ‘a’ and ‘c’ and the spacing distance dhkl for the wurtzite structure of ZnO NPs can be 

calculated using the Equations (2), (3) and (4) [29-36]. 

 

ε =
β

4tanθ
                                                                                   (2) 
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dlkh =

ac

2 √
3

𝐜𝟐(𝐡𝟐+𝐡𝐤+𝐤𝟐)+ 𝟑
(𝐚𝐥)𝟐

𝟒

                                                           (4) 

 

The unit cell volume (V) and Zn-O bond length (L) are given by:- 

 

V=0.866 𝑎3c andL= 
𝑎3

3
 + (

1

2
− z)2c2where Z = 

𝑎2

3𝑐2 +
1

4
  [32]                            (5) 

 

The morphology of synthesized ZnONPs was characterized using Scanning Electron 

Microscope (Hitachi, H-7600). The optical absorption of the samples was measured by UV/Vis 

spectrophotometer (Perkin Elmer, Lambda 950) in the wavelength regions of 200-500 nm at 2 nm 

resolution. The band gap energy of ZnONPs is calculated using Equation (6). 

 

E=
hc

λ
                                                                        (6) 

 

where C= 3x108 m

s
,  and h = 6.626x10 −34JS  (Plank’s constant [33].The vibrational spectra of 

synthesized ZnONPs were measured by FT-IR (Perkin Elmer 65) in the range of wave number 

from 400-4000cm−1. The photoluminescence properties of ZnONPs were measured by 

Spectrofluorometer (Fluoromax-4, Spectrofluorometer) at room temperature with Xe-lamp as the 

excitation light source at a resolution of 1nm. The excitation and emission spectra were measured 

in the range of 380nm to 500nm. 

 

 

3. Results and discussion 
 

The XRD diffraction patterns of synthesized ZnONPs at annealing temperature of 700℃, 

800℃ and 900℃ are shown in figure 3.1. All XRD diffraction patterns of ZnONPs are in good 

agreement with the hexagonal wurtzite structure (Hexagonal phase, space group P63mc) with 

lattice parameter a=b=3.249Å and c=5.206Å as reported in JCPDS card no. 36-1451[34]. Nine 

diffraction peaks were observed at 2𝜃 =31. 72o, 34.44o, 36.25o, 47. 560,56. 670, 62.84o, 66.47o, 

67.92oand 69.10ocorresponding to (100), (002), (101), (102), (110), (103), (200), (112), and (201) 

of crystal planes respectively. The peak (101) is the most intense peak and shows a preferred 

growth plane. No impurity was observed in the diffraction peaks patterns; therefore, it confirmed 

the high purity of ZnO products. The intensity of diffraction peaks was increased with increasing 

the annealing temperature while the crystalline of ZnO NPs was increased. This may indicate that 

high annealing temperature provides sufficient energy to crystallize to orient in proper equilibrium 

sites and causes an increase in intensity [34, 35]. 
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Fig. 3.1. XRD patterns of synthesized ZnONPs at annealing temperatures of 700℃, 800℃ and 900℃. 
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The average crystal sizes of synthesized ZnONPs were calculated by a Debye Scherrer 

formula using Equation (1) based on the full width at half-maximum (FWHM) of the peaks as 

shown in the Table 3.1. The average crystal sizes of ZnONPs annealed at temperature of 700℃, 

800℃ and 900℃ are 33±20nm, 38±23nm and 48±33nm respectively. This result shows that, the 

average crystal sizes of ZnO NPs were increased as annealing temperature increased which is in 

good agreement with the result reported previously by [30-36]. In addition, Full Width at Half 

Maxima (FWHM) and average grain size of synthesized ZnONPs were decreased with increasing 

annealing temperature from 700℃ to 900℃. These results were corresponded with the crystallite 

sizes that obtained from the Debye Scherrer’s equation (1). The small strain was observed in large 

crystalline whereas the small crystallite size that composed with small grain size induced the large 

strain [37]. 
 

 

Table 3.1. Full Width at Half Maxima (FWHM), average particle size and average strain value of 

ZnONPs at annealing temperature of 700℃, 800℃  and 900℃. 

 

Annealing  

Temperature 

FWHM (𝜷)  Average particle 

 Size(D) 

Average strain  

value(𝜺) 

700oC 0.04355 33±20nm 0.0148 

800oC 0.03819   38±23nm 0.0130 

900oC 0.03004 48±33nm 0.01024 

 

 

The effects of annealing temperature on the lattice parameter of synthesized ZnONPs were 

calculated using equation (3) and (4) as shown in table 3.2. As the annealing temperature increase, 

the lattice parameters of synthesized ZnONPs were increased, i.e.an expansion of lattice 

parameters occurs when annealing temperature increases. Lattice parameters of synthesized 

nanoparticles had good agreement with that of pure zinc oxide reported by JCPDS card no. 36-

1451 (a=b= 0.325 nm and c= 0.521 nm). In addition, the constant value (c/a) of synthesized 

nanoparticles confirms that annealing temperatures make noticeable deformation in the lattice 

constant [38]. Annealing temperature leads an improvement in crystal size, diffraction intensity, 

Zn-O bond length and unit cell volume. 
 

 

Table 3.2. Lattice parameter, spacing distance, unit cell volume and bond length of synthesized 

ZnONPs at annealing temperatures of 700oC, 800oC and 900oC. 

 

Annealing 

temperature  

hkl Lattice parameter dhkl/nm V(A)03 L(A0) 

a(nm) c(nm) 𝑐
𝑎⁄  

        

700oC 101 0.2913 0.4742 1.627 0.1762 35.00 1.7821 

800oC 101 0.2954 0.4756 1.617 0.1764 35.94 1.7856 

900oC 101 0.2978 0.4764 1.599 0.1767 36.60 1.7894 

 

 

Spherical shape and uniformly distributed zinc oxide nanoparticles were observed from 

scanning electron microscopy results. As shown in Fig. 3.2(a, b &c), the average size of 

synthesized ZnONPs was increasing with increasing annealing temperatures. An agglomeration of 

synthesized ZnO nanoparticles occurred during annealing temperatures was due to high surface 

energy of nanoparticles [39]. 

 



475 

 

 
 

Fig. 3.2.Scanning Electron Microscope (SEM) images of synthesized ZnONPs at annealing temperature  

of (a) 700oC, (b) 800oC and (c) 900oC. 

 

 

Fig. 3.3 shows FT-IR spectral analysis of synthesized ZnONPs in the wave number 

regions of 400-400cm-1 at annealing temperature of 700oC, 800oC and 900oC. By the process of 

spectroscopic characterizations, the structural and chemical compositions of ZnONPs were 

improved by thermal treatment. The FT-IR results of synthesized ZnONPs show that, three 

broadband frequency at wave number of 496, 1432, 3446cm-1, 444, 1449, 3449cm-1 and 435, 1450 

and 3425 cm-1 at 700oC, 800oC and 900oC of annealing temperatures respectively. The strong 

peaks observed in 496, 444 and 435cm-1 was attributed due to characteristics of the wurtzite 

structure of ZnONPs [39, 40]. In addition, the transmission peaks observed at around 1432, 1449 

and 1450cm-1 was due to characteristics of O-H bending vibration mode of absorption of moisture 

[41]. Moreover, the broad transmission peaks observed in 3446, 3453 and 3449 cm-1 were due O-

H stretching, vibration mode, probably due to atmospheric moisture absorbed on the surface of 

zinc oxide nanoparticles [42]. The FT-IR transmission peaks were increased and shifted with 

increasing of annealing temperature corresponding to the improved quality of the hexagonal 

wurtzite structure of ZnONPs [41-43]. 

 

 

 

Fig. 3.3. FT-IR spectra of synthesized ZnONPs at annealing temperature of 700oC,  

800oC and 900oC.  

 

 

Fig. 3.4 shows typical UV/visible spectra of synthesized ZnONPs at different annealing 

temperature (700oC, 800oC and 900oC). The absorbance spectra of annealed ZnONPs were 

observed from the UV/visible spectrophotometer at room temperature in the range of 250nm-

500nm and gives information about excitonic and inter transition nanoparticles. The absorption 

peaks were observed at 370nm, 380nm and 389nm from annealing temperature of 700oC, 800oC 
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and 900oC respectively. As the temperature increased, the peak absorbance wavelength was shifted 

from 370nm to 389nm is due to size difference [44]. The shifting in peaks was attributed to the 

transition of electrons from valence band to the conduction band [40-44]. The band gap energy of 

ZnONPs calculated using equation (6) were found to be 3.36, 3.32 and 3.27eV for annealing 

temperature of 700°C, 800°C and 900°C respectively. The energy band gaps of ZnONPs were 

decreased with increasing annealed temperature. 
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Fig. 3.4. UV/Visible Spectra of synthesized ZnONPs at annealing temperature of 700oC,  

800oC and 900oC. 

 

 

Fig. 3.5 shows, the emission spectra of synthesized ZnONPs at annealing temperatures of 

700oC, 800oC and 900oC. The emission spectra of ZnONPs consist of two emission bands: one in 

the UV-region near 360nm - 400 nm and the other broadband in the visible regions (400nm-700 

nm). Our samples, exhibited emission peaks at 394 nm, broad peaks at 470nm (violet region) at the 

annealing temperature of 700oC. Other peaks were observed at 397nm and 466 nm (blue-region) at 

800oCof annealing temperature. Additionally, the emission peaks of synthesized ZnONPs were 

observed at 426nm at annealing temperature of 900 ℃  (violet-region). The recombination of 

electron between valence band (hole) and conduction band (electrons) of synthesized NPs was 

attributed in UV region. The violet emission observed 426nm is ascribed to an electron transition 

from a shallow donor level of neutral Zni to the top level of the valance band [35]. The blue 

emission centered on 466 nm is attributed to singly ionized VZn. [41]. A blue green emission 

centered at 470 nm is due to radiative transition of electron from the shallow donor level of Zni to 

an acceptor level of neutral Vzn [42] The green emission which is not recorded in our sample is 

attributed to radiative transition from conduction band to the edge of the acceptor level of OZn 

caused by oxygen antisites (OZn)[35]. The peak emissions of synthesized ZnONPs were 

independent of the temperature, but the emission intensity of synthesized ZnO NPs was 

temperature dependent [44]. 
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Fig. 3.5.Photoluminescence emission spectra of synthesized ZnONPs at annealing temperature  

of 700oC, 800oC and 900oC. 
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 4. Conclusions 
 

Zinc oxide nanoparticles were synthesized by sol-gel methods at annealing temperatures 

of 700oC, 800oC and 800oC. The prepared ZnONPs were characterized by XRD, SEM, UV/Visible 

Spectroscopy and Photoluminescence. The XRD revealed that synthesized nanoparticles were in 

the region of nanoscale (30nm-50nm) and increases as annealing temperature increased. The 

hexagonal wurtzite structures of synthesized ZnONPs were also confirmed from XRD results. The 

reduction in the FWHM and strain size with increasing temperatures has improved in crystallinity 

of the synthesized nanoparticles. Uniformly distributed and spherical shapes of ZnONPs were 

observed from SEM results.  

From the FT-IR studies, with increasing annealing temperature, the presence of functional 

groups impurities was reduced as the particle size increased. Red shift in UV/Visible spectra of 

synthesized ZnONPs were observed by raising annealing temperatures. The origin of red -shift had 

been attributed to increase size effects and absorption intensity is increased. The emission spectra 

of synthesized ZnONPs showed two peaks in ultra-violet and visible regions. The emission peaks 

of synthesized ZnONPs were temperature independent while, but the emission intensity was 

temperature dependent. 
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