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Abstract: 

Silicon nitride (Si3N4) was synthesized from silicon metal powder in a nitrogen atmosphere at 1200⁰C 

temperature by nitridation method. Synthesized material is characterized by X-ray diffraction (XRD) analysis 

and shows hexagonal structure. The XRD pattern matched with the standard JCPDS Card no. 01-082-0695. 

Theoretical investigation is carried out using Density functional theory (DFT) and revealed a bandgap of 

3.33eV. The photocatalytic degradation efficiency 89.90% of Si3N4 was evaluated using methylene blue 

(MB), achieving a degradation rate constant K=1.035×10-4sec-1. The synthesized Si3N4 exhibited excellent 

photocatalytic activity, making it a promising material for water purification application. 
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1. Introduction 

Silicon nitride ceramicarebeing used for systems parts subjected to high temperatures and high stresses 

[1]. It has applications as insulations, radiant burners, catalyst support, adsorption-seperation, solar cells, 

filters, sensing devices, wastewater treatment energy storage, pigments, coatings, thermostable materials and 

reinforcement for foams for the structural applications. In biomedical areas like hard tissue generation, 

cement, drug delivery, delivery of antibiotics, protein delivery, bioreactors, filler or packing materials the 

silicon nitride with porous nature is applicable. It has important application as a powerful killer of the SARS-

Cov-2 virus[2-6].Today whole world is facing to a very big issue which is water pollution caused by release 

of uncontrolled dyes in river and it affect us by inducing Carcinogenic, teratogenic, Mutagenic effect[7]. By 

photocatalytic degradation, organic pollutant can be degradeat ambient temperature and gives byproduct water 

and CO2. Photocatalytic process is induced by irradiation of semiconductor. Therefore there is excitation of 

free electron in the valance band, then these electron migrate to conduction band leaving holes in valence 

band[8] resulting in the production of electron-hole pair that move to the surface of the semiconductor. The 

induce hole and electron then induce the production of hydroxide radicals(OH) and superoxide radicals (O-2) 

which are very reactive and promote the oxidation of organic pollutant into H2O and CO2[9-11]. Beside metal 

oxide and carbon nitrides have shown attractive photocatalytic acivity in the visible light region [12]. Function 

properties of the material were evaluated in terms of its photocatalytic efficiency for removal of Methylene 

Blue under visible light irradiation[13]. Silicon nitride due to its excellent high temperature property it is 

known as the ‘all round champion’ of ceramic material and therefore its applications include ball bearing for 

machine tools, cutting tool for metal manufacturing, forming, machining [14-16]. For production of silicon 

nitride at commercial level direct nitridation of silicon method is used. Its ability to withstand extreme 
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environments and maintain performance under high stress conditions has established. It is a material of 

significant interest of both academic and industrial research. The specific properties of silicon metal powder 

such as a particle size distribution, purity, surface area can be tailored to meet the requirements of different 

application. Additionly different grade of silicon metal powder may have varying characteristic to suit specific 

industrial processes. Silicon nitride with porous nature have unique characteristic properties such as low 

density, high porosity, ample interior space, high surface area, high and reproducible performance [17-19]. 

Silicon nitride can be synthesis via different method such as self propagating high temperatures synthesis[20], 

carbothermal nitriding of silicon dioxide[21], diimide synthesis by reacting silicon tetrachloride or monosilane 

[22], plasma chemical synthesis such as plasma enhanced chemical vapour deposition[23], excimer laser 

induced reactions of silane-ammonia mixture[24], pyrolysis of organo-silicon compounds[25], Sol-gel 

processing of polymreric precursors[26] anddirect nitriding of silicon powder[27]. In this work, we present 

the synthesis and photocatalytic performance of silicon nitride material prepared by using silicon metal 

powder and nitrogen gas. The microstructure and crystalline structure of the resulting material were 

determined by FESEM coupled with energy dispersive X-Ray spectroscopy(EDAX), X-Ray diffraction. 

 

2. Materials and Methods 

Synthesis of Si3N4 

The Si3N4 is prepared by heating powdered silicon with purity 98.50% and molecular weight 28.09 

gm/mol at 12000C in a nitrogen environment. 

                                            3𝑆𝑖 + 2𝑁2 → 𝑆𝑖3𝑁4                                       - - - - - -                       (1) 

Without an catalyst the reaction is complete after seven hours. Silicon nitride is synthesized by direct 

nitridation method. The direct nitridation method carried out in muffle furnace.  

3. Results and discussions  

Ⅰ. X-Ray Diffraction: 

The crystalline structure of silicon nitride was characterized by the X-ray diffraction using CuKα radiation 

as the X-ray monochromatic source. The XRD patterns of a silicon nitride synthesized samples are shown in 

Fig. 1. And the detailed diagram shows that the peak positions of Si3N4 are at 13.44°, 23.41°, 27.10°, 33.70°, 

36.100, 41.430, 47.930, 49.930, 52.210, 57.940, 61.360, 64.020, 64.890, 70.180, 73.490, 74.910, and 75.730 

corresponding to the (100), (110), (200), (101), (120), (201), (220), (310), (301), (221), (320), (002), (410), 

(321), (141), (330) and (122) crystal planes respectively. While prominent peak are present at 13.440 (100), 

23.41°(110), 27.10°(200), 33.70°(101), 36.100(120), 52.210(301), 70.180(321). 

                                                        

The  lattice parameters and for hexagonal phase it was determined by using the equation given as follow 

                                                           
1

𝑑2 ≡
4

3
(
ℎ

2+ℎ𝑘+𝑘2

𝑎2 ) +
𝑙2

𝑐2                 - - -- - - - -                      (2) 

For hexagonal lattice, 𝑎 = 𝑏 ≠ 𝑐. In the above relation, d is their interplanar distance and h, k, l are miller 

indices of reflector planes appearing on the diffraction spectrum. 

The obtained average lattice constants were found to be a =7.6018Å, b=7.6018Å, and c= 2.9071Å. These 

values are consistent with standard JCPDS reference data. The average crystallite size (D) of the prepared 

films was calculated by the Scherrer formulation, 

                                                                 𝐷 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
                              - - - -- - - - - - -               (3) 
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Where k is the constant term with value k= 0.94,𝜆 is wavelength of x-ray (= 1.5406 Å), 𝛽 is the full width at 

half maxima of diffraction peak, and 𝜃 is the Bragg’s angle. The average crystallite size of the Si3N4 sample 

was 27 nm. The interplanar d-spacing were calculated by the following formulation [28],  

                                                                 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                         - - - - - - - - -                   (4) 

Where,d is the interplanar spacing, 𝜃is the Bragg’s angle,𝑛is the order of diffraction (usually n = 1), 𝜆and is 

the wavelength of the x-ray used (here, λ = 1.5406 Å). All the values of d-spacing corresponding to diffraction 

peaks are tabulated in table 1.  

                                      Texture coefficient (TChkl) =  

𝐼(ℎ𝑘𝑙)

𝐼˳(ℎ𝑘𝑙)
1

𝑁
∑

𝐼(ℎ𝑘𝑙)

𝐼˳(ℎ𝑘𝑙)

                                - - - - - - -     (5) 

Where, I is the measured intensity, I0 the standard intensity of the Si3N4 and N the number of (hkl) diffraction 

peaks. Sample with a randomly oriented crystallite reveals TChkl = 1, and if TChkl>1, then there is bigger 

abundance of crystallite orientation. From the definition, however, it is obvious that the deviation of TC from 

implying an enlargement in the number of grains along the plane [29]. The TC values for the eight major 

diffraction planes of (100), (110), (200), (101), (120), (201), (301), (321)are listed in Table 1.and depicted in 

Fig.1. The dislocation density (d) which signifies the amount of defects in the Si3N4 is calculated using the 

formula [30]:  

                                               Dislocation density (δ) =
1

𝐷𝐷𝑆
2 =

1

𝐷𝑊−𝐻
2                  - - - - - - - - -        (6) 

Where, DDS and DW–H are the particle sizes calculated by DS and W–H formula. To estimate the micro-strain 

effect, the Williamson–Hall (W–H) method was chosen; thus, the Debye–Scherrer (DS) equation does not 

include the strain effect and the instrumental effect [31, 32]. This micro-strain effect is illustrated with the 

help of W–H plot, as shown in Fig. 2. The peak broadening of the XRD patterns is a result of the particle size 

and micro-strain (ϵ). Lorentzian profile of the peaks splits the two contributions given by β = βD + βS, where 

βD and βS are the full width at half maxima of the particle size and standard profiles, respectively. The W–H 

equation may be inscribed in equation (7) [33], 

                                              βCosθ =
𝐾𝜆

𝐷
+ 4𝜖𝑆𝑖𝑛θ                                               - - -- - -- - -      (7) 

where θ is the Bragg diffraction angle, K is the shape factor,λ is the wavelength of X-ray and D is the crystallite 

size. The W–H plot is illustrated with Sinθ versus βCosθ for Si3N4, and the plot lies along a straight line. The 

micro-strain (ϵ) is determined from the slope of the illustrated graph (Fig.2). The reciprocal of the intercept 

of the fitted straight line indicates the DDS including the strain effect. The details of the estimation of the 

parameters from the W–H plot are shown in Table 2. The micro strains (ϵ)of the Si3N4 was 0.064574. The 

internal micro strain can readily lead to the creation of defect.The stress (σ) of the Si3N4can be calculated 

using the relation: σ = ϵE, where E is the Young’s modulus for Si3N4with value being 260 GPa.The stress (σ) 

of the Si3N4 was 16.7892 GPa. C by a ratio for hexagonal crystal structure of the Si3N4found 0.3824. 
 

 

ⅠⅠ. Field Emission Scanning Electron Microscopy: 

The Surface morphology of the silicon nitride was analyzed using field emission scanning electron 

microscopy (FESEM) Figure 3. FESEM analysis of silicon nitride (Si3N4) reveals its microstructure, 

showing cubical rod like structures for Si3N4.  

 

ⅠⅠⅠ. Energy-dispersive X-ray spectroscopy:  

Energy-dispersive X-ray spectroscopy (EDX): Si3N4shown hexagonal rods formed. Besides, the EDS 

mapping spectrum shows that there are related C, N, Si and O elements. But in the Si3N4, it contain Si and N 

as major elements as given in Figure 4. 
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Ⅳ. Fourier Transform Infrared Spectroscopy: 

FTIR spectra were obtained with a spectrometer in the range of 500–2000 cm−1. 

FTIR spectrum of the Si3N4, as shown in Figure 5, features a band at approximately 560 cm−1, which 

corresponds to the Si-N group. Additionally, the band at 1010 cm−1 is attributed to the Si-O-Si bond and at 

1250 cm−1 which correspond to C-N bond. 

Ⅴ. Density Functional Theory: 

The band structure of Si3N4 was determined using Density Functional Theory. 

The electrical structure and optical properties of the Si3N4 were calculated via DFT calculations. 

From calculated band structure the top of valence band and the bottom of conduction band were shown to be 

localized at different points on the surface of the brillouin zone of the hexagonal lattice, namely along 

symmetry line Г located top of valence band and at the symmetry point Г located bottom of conduction band 

(Fig.6). As shown in figure 12.54 eV of the energy scale shows the position of the Fermi level. This in their 

turn indicates that Si3N4 is an direct gap semiconductor with the 3.33 eV. The calculated valence bands below 

the Fermi energy agree well with other first principle studies. The band gap of Si3N4 was found to be close to 

3.33 eV through first-principles calculations using the local density approximation (LDA) (Lu, et al., 2013).  

From the Γ-point, one can see that only the γ-phase is a direct band-gap material, however, other phases show 

indirect band-gap (in agreement with observations) [36]. The energies are measured from the top of the 

valence band. 

 

4. Degradation of Methylene Blue 

Absorbance spectra were obtained with a UV-Vis spectrophotometer in the wavelength range of 200–800 

nm. The optical properties of the samples were studied by UV visible spectroscopy. All samples showed a 

visible light response (Fig.7). However, the absorption wavelength of sample Si3N4in visible light is about 

400 nm (the corresponding band gap is 3.33 eV).  

Generally speaking, enhancing the absorption intensity of visible light can improve the utilization rate of light 

and may improve the photocatalytic performance of materials. 

The photocatalytic degradation was carried out under visible light using UV lamp as an irradiation source. 

The concentration of methylene blue (MB) in the aqueous solution was set to 1 ppm a value that is commonly 

used in relevant literature. For each photocatalytic experiment, 100 mL of this solution was used. The 

irradiation lamp was positioned directly above the solution and the walls of the beaker, which were obscured 

to prevent any potential contribution from natural light. The experimental setup is depicted in Figure 1. After 

this period, the light was turned on and the solution was continuously irradiated for 4h. And after each 30 

min. 5 ml solution was taken out to determine degradation. 

The degradation efficiency η of the Si3N4 was calculated by applying the Beer–Lambert law, which states that 

the absorbance of MB is proportional to the concentration, as described in Equation (8) [34,35]: 

                                           η% = [
(C˳−C)

C˳
] × 100% = [

(A˳−A)

A˳
] × 100% - - -- - -- - - - - -            (8) 

where, C0 and A0 are the MB initial concentration (mg/L) and absorbance, and C and A are the concentration 

and absorbance at time t, respectively ( Fig 8) . The photocatalytic degradation efficiency 89.90% of Si3N4 

was evaluated using methylene blue (MB), achieving a degradation rate constant K=1.035×10-4sec-1. 
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5. Conclusion: 

In conclusion, hexagonal Silicon nitride was successfully synthesized by simple and low-cost Direct 

Nitridation approach. Si3N4 shows the cubical rod like morphology. Carried out first principle calculation for 

investigation electronic band structure and optical properties of Si3N4 indicate that this compound is direct 

band gap compound. The direct gap at the Г-point is 3.33 eV. The synthesized Si3N4 exhibited excellent 

photocatalytic activity, making it a promising material for water purification application. 
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Fig.1. The XRD patterns of  as synthesized Si3N4 
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Fig. 2 Micro-strain effect curves of Si3N4 
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Table1. X-ray diffraction data for Crystalline Size, Dislocation Density, Texture Coefficient of the Si3N4 

 

 

 

 

 

 

 

 

       

Fig.3. FE-SEM of Si3N4 
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spacing[A0] 
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Texture 
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1 13.44 100 6.2833  
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0.0013 

       1.1449 
 

2 23.41 110 3.800 1.3149 

3 27.10 200 3.2916 1.1423 

4 33.70 101 2.6593 0.8929 

5 36.10 120 2.4882 1.1121 

6 41.43 201 2.1789 0.7812 

7 52.21 301 1.7514 0.9548 

8 70.18 321 1.3402 0.6563 
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Fig.4. EDX of Si3N4 
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Fig.5. FTIR of Si3N4 
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Fig.6. Band structure and Density of States of Si3N4  

Sr.No element Atomic 

Percentage 

Weight 

% 

1 Si 65.92 79.50 

2 N 34.08 20.50 

Total  100 100 
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Fig.7.  Photocatalytic degradation of  Methylene Blue under UV irradiation. 
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Fig.8. Rate constant of  photo catalytic degradation of  methylene blue 

 

 

 

http://www.ijcrt.org/

