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Abstract 

Annealed silicon dioxide (SiO2) has been prepared by various annealing temperatures at 0 (without treatment, room 

temperature), 800 °C, 900 °C and 1000 °C denote as S0, S800, S900 and S1000. The properties of the annealed SiO2 were 

characterized by three methods. The functional groups were identified using FTIR, the band gap energy was determined using 

UV-Vis DR, and the morphological properties of SiO2 were determined using SEM. FTIR data show that the characteristic 

functional groups of annealed silicon dioxide are Si−O−Si, Si−Si, −OH, H−Si−Si−H (monohydride), dan Si−OH.  The band 

gap energy values for annealed SiO2 at S0, S800, S900 and S1000 were 2.27; 2.27; 2.26; 2.22 eV. The morphology of silicon 

dioxide shows that silicon dioxide has irregular shape and size, it has sharp angles accompanied by small flakes on the surface, 

the particle size is estimated to be around 3-10 μm. 
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1. Introduction 

Silicon dioxide, SiO2, is the principal constituent of 

rock-forming minerals in magmatic and metamorphic 

rocks. It is also an essential component of sediments 

and soils [1] . Bound as silicates, it accounts for ca. 75 

wt% of the Earth’s crust [2]. Free SiO2 predominantly 

occurs as quartz, which makes up 12–14 wt% of the 

lithosphere. SiO2 crystals are almost pure SiO2 and do 

not contain large impurities. Water, however, can be 

incorporated in concentrations from hundreds to 

several thousands of parts per million in quartz. The 

transition from structural incorporation to 

microstructural inclusion is fluent [3].  

Silica also can be produced from plants such as 

silica from rice husks and cogon grass [4]-[5] In 

nature, SiO2 occurs in three forms: quartz, tridymite, 

and cristobalite, of which the transition temperatures 

(°C) and specific gravities are given in Table 1. SiO2 

melts at 1710°C and forms a transparent cooling glass. 

Chemically, it is relatively inert but is attacked by 

alkali or by hydrofluoric acid according to the 

equations: 

SiO2(s) + 2NaOH(aq) → Na2SiO3(aq) + H2O(l)   

SiO2(s) + 4HF(aq) → SiF4(s) + 2H2O(l)   
Table 1. Temperatures and specific gravities of SiO2 form [6]  

SiO2 form Temperature (°C) Specific Gravity 

Quartz 870 2.65 

Tridymite 1470 2.26 

Cristobalite 1470 2.32 
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The crystals of all three forms consist of three-

dimensional SiO2 tetrahedral networks joined. Each 

oxygen atom is typical to two tetrahedral fragments 

and situated midway between the silicon atoms [6]. 

Thus, the empirical formula for such a substance 

would be (SiO2)n. The tetrahedral fragments form a 

spiral and are optically active (i.e., change the plane of 

polarization of incident light) [7] .   

It is generally well-known that SiO2 has unique 

physicochemical properties  such as high hardness, 

water resistance, thermal resistance, and stiffness [8]. 

Silicon dioxide is widely used for various purposes 

with various sizes depending on the application 

needed, such as in the tire industry [9], rubber [10], 

glass [11], cement, concrete, ceramics [12], textiles 

[13], paper [14], cosmetics [15], electronics, paints 

[16], films [17], toothpaste, adsorbents, cordierite, and 

aluminosilicates  [18]–[20], including high-reflection 

coatings, anti-reflection coatings, all-dielectric 

mirrors, beam dividers, bandpass filters, and polarizers 

[21].  

The high degree of inconsistency between various 

SiO2 surface studies has been attributed to the different 

preparation methods [22]. Many studies have been 

performed on dried gels or powders obtained by 

fuming [23] or sol-gel extraction [24]–[25] and 

processed by a variety of chemical, mechanical, 

thermal procedures [22]–[26], and annealing by means 

of laser beams [27].  

Annealing is a heat treatment process that changes 

the physical and sometimes also the chemical 

properties of a material to increase ductility and reduce 

the hardness to make it more workable. Silicon dioxide 

annealing uses a high-temperature furnace to relieves 

stress in silicon. The heat activates ion-implanted 

dopants, reduces structural defects and stress, and 

reduces interface charge at the silicon-silicon dioxide 

interface [28].  

Annealing processes has been reported possible to 

obtain crystalline or amorphous aggregates with 

different sizes and distributions embedded into a SiOx 

matrix [29], at elevated temperatures (T ~> 1000 °C) 

may result in epitaxial alignment of polycrystalline 

silicon [27], to decrease or even eliminate thermal 

stress of SiO2 glass so improve the stability of glass 

structure and properties  [30] and in inert ambient is 

promising to improve the SiO2/Si interface [31].  

In this study, the FTIR, spectrometry UV-Vis 

diffuse reflectance, and SEM techniques were used to 

investigate the transformation of functional groups, 

band gap energy, and morphological properties of 

silicon dioxide (SiO2) at various annealed 

temperatures. 

2. Experimental 

The material in this study was SiO2 powder (Sigma-

Aldrich 99%, USA). The equipment used in this study 

were furnaces, analytical balances, and porcelain 

crucibles. The method used consist of annealing and 

characterization. Furthermore, the SiO2 powder was 

annealed with temperature variations at 0 (no 

treatment, room temperature), 800 °C, 900 °C, and 

1000 °C (denoted as S0, S800, S900, and S1000) for 1 

hour with increasing temperature 1,67 °C/minutes or 

100 °C/hour. After that, the samples were allowed to 

cool down and characterized using FTIR, UV-Vis, and 

SEM. And then, the functional groups of annealed 

SiO2 were characterized using FTIR Shimadzu IR 

Prestige 21, UV Vis-DR Analytic Jena Specord 200 

Plus 13 was used in range 200 to 100 nm to get the 

value of absorbance. It was calculated in the Tauc plot 

method to get the band gap energy values of annealed 

SiO2.  Morphology of annealed SiO2 was characterized 

using SEM JEOL/EO JSM-6510 versi 1.0, with a 

magnification of 10000x.  

 
 

3. Result and Discussion 

3.1. Functional Groups Analysis of Annealed SiO2  

FTIR characterization was carried out by 

identifying the functional groups in a compound 

containing silicon dioxide (SiO2), which had been 

annealed at S0, S800, S900, and S1000. The FTIR 

spectrums of annealed silicon dioxide (SiO2) are 

shown in Fig. 1. The functional groups that appear are 

Si−O−Si, Si−Si, O−H, N=O, H−Si−Si−H 

(Monohidrida), and Si−OH, the wavenumber data 

(cm-1) is presented in Table 2. 

 

 

Figure 1. FTIR spectrum of annealed silicon 

dioxide (SiO2)  
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Table 2. Functional groups and wavenumber (cm-1) of annealed SiO2  

No Functional Group 
Wavenumber (cm–1) of annealed SiO2 

S0 S800 S900 S1000 

1 Si−O−Si bending vibration 405 405 403 403 

2 Si−O−Si bending vibration 517 518 520 516 

3 Si−O symmetrical stretching vibration of Si−O−Si 696 696 694 696 

4 Si–Si, Si−O stretching vibration 812 812 796 812 

5 Si−O asymmetric stretching vibration 1041 1037 1051 1039 

6 Si−O asymmetric stretching vibration 1159 1159 1159 1159 

7 N=O 1517 1517 1519 1517 

8 −OH bending vibration of Si−OH 1612 1604 1608 1602 

9 −OH bending vibration of Si−OH 1681 1681 1681 1681 

10 −OH bending vibration of Si−OH 1788 1788 1791 1789 

11 −OH bending vibration of Si−OH 1867 1869 1869 1865 

12 H−Si−Si−H (Monohidride) 1996 1998 1992 1992 

13 H−Si−Si−H (Monohidride) 2133 2133 2137 2137 

14 Si−O stretching vibration of Si−O−Si 2233 2233 2235 2239 

15 −OH of Si−OH dan H2O 2854 2854 2854 2854 

16 −OH of Si−OH dan H2O 2956 2976 2922 1226 

17 −OH of  Si−OH dan H2O 3624 3631 3631 3644 

Table 2 shows the appearance of the absorption 

band of the silanol group in the wavenumber region of 

3700-2500 cm-1 (stretching vibration of  −OH from 

Si−OH and H2O) [32], the absorption band in the area 

of 1800-1600 cm-1 (bending vibration −OH from 

Si−OH) [33], and 1000-900 cm-1 (stretching vibration 

of  Si−O from Si−OH) [33]. Siloxane groups are 

indicated by absorption bands in the wavenumber 

region of 2200-2500 cm-1 (bending vibration of Si−O 

from Si−O−Si) [34], 1100-1000 cm-1 (Si−O 

stretching vibration  from Si−O−Si) [8], 850 – 650 

cm-1 (Si−O symmetric stretching vibration from 

Si−O−Si) [35], and 500-400 cm-1 (bending vibration 

of Si−O−Si) [35]. Monohydride group with 

absorption band  in region of 2150-1900 cm-1 

(H−Si−Si−H vibration) [36]. 

Si-OH functional group decreases at wavenumber 

3624-3644 cm-1, and O–H at wavenumber 2922-2956 

cm-1 indicates that with the increase of annealing 

temperature, the water content that interacts with SiO2 

decreases and oxidized to form Si−O−Si at 405-696 

cm-1 and    Si–Si at 796-812 cm-1. Most of the isolated 

and germinal hydroxyl groups are thermally removed 

in 600-900 ⁰C. A series of annealing experiments in 

the temperature range from 100 to 870 ⁰C was studied 

to indicates the thermal stability of silanol. The 

hydrogen-bonded methanol coverage corresponds to 

the hydroxyl coverage was assumed in this 

experiment. After annealing, the Si−OH coverage was 

determined by exposing the surface to a saturation 

methanol exposure at 150 K (at a particular 

temperature) [37]. 

3.2. Band Gap Energy Analysis of Annealed SiO2 

One of the electrical properties of materials is band 

gap energy. The study of electrical properties, 

especially the determination of band gap energy, is 

determined through the material's absorption 

spectrum. The absorption spectrum of the material was 

obtained using a UV-Vis spectrophotometer [38]. 

Based on electrical conductivity, material 

properties are grouped into insulators, 

semiconductors, and conductors. The material's 

physical properties are generally determined by the 

magnitude of the electrical conductivity (σm) and the 

band gap energy (Eg) [39]. 

The band gap energy of annealed silicon dioxide at 

S0, S800, S900, and S1000 was determined by 

analyzing the absorbance values using UV-Vis DR 

with a wavenumber range of 200 to 1100 nm. 

Quantitatively, the band gap energy was calculated 

using the Tauc plot method with a direct transition 

(direct plot). The energy gap produced of SiO2 

annealed can determine by the UV-Vis Diffuse 

Reflectance spectrophotometric method. This method 

is based on measuring the UV-Vis intensity reflected 

by the sample. 

The band gap energy is the difference between the 

upper end of the valence band (Ev) and the lower end 

of the conduction band (Ec) or the minimum energy 

required to excite electrons from the valence band to 

the conduction band [40]. 

The Tauc plot method determines the optical band 

gap by looking at a linear graph of the relationship E 

(eV) on the x-axis and (ahv)1/m y-axis. The relationship 

between photon energy (hv) and absorption coefficient 

(α) is determined by the equation: 
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(𝛼ℎ𝑣)1/𝑚 = 𝑐(ℎ𝑣 − 𝐸𝑔) (1) 

 

where h = 6,63 ×  10−34 𝐽 ∙ 𝑠, c is the speed constant 

of light and Eg is the material energy gap and the 

exponent m depends on the type of transition [41]. 

Extrapolation of the linear portion of the plots of 

(αhυ)2 versus photon energy to α =0 yields the optical 

band gap of annealed SiO2, the direct transition plot of 

annealed silicon dioxide (SiO2) [42] is presented in 

Fig. 2 and the band gap energy values are presented in 

Table 3. Table 3 shows that the band gap energy value 

of annealed SiO2 decreases with increasing annealing 

temperature. This is related to eliminating the defect 

and decreasing the defect state in the energy gap. 

 

Table 3. Energy Band Gap of Annealed SiO2 

Annealed SiO2 Energy Band Gap (eV) 

S0 2,27 

S800 2,27 

S900 2,26 

S1000 2,22 

 

3.3. Morphology of Silicon Dioxide (SiO2) 

The morphology of silicon dioxide (SiO2) was 

analyzed using SEM. The powder SiO2 samples had a 

characteristic high degree of weathering and flake-like 

impurities distributed between SiO2 particles or on the 

surface of SiO2 particles. A part of it was wrapped in 

weathered SiO2 particles or mingled in SiO2 particle 

gaps. The increase in annealing temperature also 

impacts the surface roughness of SiO2. Fig. 3 shows 

the annealed silicon dioxide (SiO2) at S0, S800, S900, 

and S1000. In the previous study, annealed silicon 

dioxide (SiO2)  XRD patterns show that the sample 

was quartz crystal [43]. Annealed SiO2 has irregular 

shape and particle size, probably due to the annealing 

temperature treatment given. This morphology is 

consistent with the experiments which reported that 

the silicon dioxide particles were irregular geometry 

and jagged [44]–[45].  Each spot was about 3-10 µm 

in diameter and the given content of impurity elements 

thus determined as semi-quantitative. 

The increase in the annealing temperature indicates 

a slight agglomeration and larger particle size. Then 

the roughness level becomes smaller thereby 

decreasing its hydrophobicity. The particle size 

increases with increasing annealing temperature 

caused by the greater the thermal energy received in 

structure of silicon dioxide (SiO2) [46]. 

 

 
 

Figure 2. The Tauc plot of annealed SiO
2
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4. Conclusions 

The qualitative analysis confirmed that annealed 

SiO2 had characterized functional groups of annealed 

silicon dioxide: Si−O−Si, Si−Si, −OH, H−Si−Si−H 

(monohydride), and Si−OH. The band gap energy 

values for annealed SiO2 at 0 (without treatment), 800 

°C, 900 °C and 1000 °C were 2.27; 2.27; 2.26; 2.22 

eV. The morphology of silicon dioxide shows that 

silicon dioxide has an irregular shape and size. It has 

acute angles accompanied by small flakes on the 

surface, and the particle size is estimated to be around 

3-10 μm.  
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