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Abstract

This work evaluates a new titanium dioxide/silicon nitride (TiO2/Si3N4)
catalyst prepared by the deposition of thin films of Si3N4 and TiO2 nanostructures
on glass using a lab-made closed-field unbalanced DC reactive magnetron
sputtering technique. A highly pure silicon sheet and titanium sheet were used as a
sputtering target, and a gas mixture of (Ar: N,) and (Ar:0,) with mixing ratios of
(50:50) for each was used to prepare TiO,/SisN, sample, respectively. This sample
has been heat treated. The structure and morphology of the catalyst were
determined by X-ray diffraction (XRD), Field-Emission Scanning Electron
Microscopy (FE-SEM), Energy Dispersive X-ray (EDX) Spectroscopy, and
Fourier transform infrared (FTIR) spectroscopy. The resultant nanocomposite
sample was polycrystalline, and there were no impurities in the investigated
nanocomposite, as revealed by XRD analysis. The absorption edge was found to be
at 420 nm, as revealed by UV-visible spectroscopy, and the study of the optical
properties also showed that the absorption edge of TiO,/SisN4 was shifted towards
the low energy region (redshift) relative to TiO,. The results obtained from the
photodegradation of organic pollutants under a Xenon lamp indicate that
TiO,/SisN, nanocomposite photocatalytic activity is significantly more effective
than TiO, nanophotocatalyst.
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The efficiency of semiconductors as photocatalysts for degrading harmful

compounds was recognized when it was established that they could be effectively used
to produce products such as H, and O, There are various extensively used
photocatalysts, such as ZnO, CuO, CdS and Fe,0s [1, 2].

Titanium dioxide (TiO,) is the most prominent photocatalyst [3-5]. It stands out
due to its unique alchemical stability, optical, physical and electrical characteristics and
applications as a semiconducting material and an excellent photocatalyst [6, 7].
However, in addition to the several advantages listed above, TiO, has some
disadvantages regarding practical applications. Because of the large band gap, the
photocatalytic activity uses only a minimum amount of energy from the near ultraviolet
(UV) region of sunlight. As a result, when exposed to sunlight, TiO, becomes
practically inactive [8, 9]. As a result, researchers have proposed several ways to narrow
titanium dioxide's band gap so that it can directly absorb sunlight. One of the most
successful methods for enhancing TiO, photocatalytic activity under visible light is
doping it with non-metals such as carbon, nitrogen, and Sulphur.

Composite materials consisting of silicon nitride (SisNs) and TiO, have the
photocatalytic capabilities of TiO, while also exhibiting great stability from SizN4 in
addition to other properties due to the formation of chemical bonds [10]. Composites
are becoming important due to many suitable properties, such as modulus, strength, heat
deflection temperature, thermal and electrical conductivity, lower thermal expansion
coefficient, and low cost [11]. TiO,/SizsN,4 can be used to coat stainless steel to prevent it
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from oxidation and chemical corrosion, as well as antireflection coatings for optical
glasses.

A DC reactive magnetron sputtering technique has been used to synthesize this
nanocomposite, although physical vapor deposition (PVD) and chemical vapor
deposition (CVD) methods and techniques exist due to their many advantages over
other techniques, such as the high purity and optical and structural homogeneity of the
produced thin film [12-15].

This study aims to combine the advantages of titanium dioxide and silicon nitride
to study a new nanocomposite with excellent photocatalytic properties and large surface
area. The surface area of the photocatalyst increases the photodegradation since it
contains a greater number of active sites compared to the low surface area materials.
The effect of the composition on nanostructure, optical properties and photocatalytic
activity in the degradation of organic pollutants was systematically investigated.

2. Experimental Work

Nanocomposite coatings of TiO,/SisN4 were deposited on transparent borosilicate
glass substrates using arc DC reactive magnetron sputtering technique. First, the SizNy
thin film was deposited by reactive sputtering of an n-type silicon target. Secondly, the
TiO, thin film was deposited on the same substrate by sputtering of a 0.999-purity Ti
target. Then, the samples were thermally treated at 100°C. The operation conditions
were optimized as the discharge voltage was 2.5 and 3 kV, the gas mixing ratio for (Ar:
N) and (Ar:0;) was 50:50, and the discharge current was 40 and 45 mA to deposit
SisNgs and TiO, films, respectively. The other parameters were: the interelectrode
distance was 4 cm, working pressure of 0.085 mbar, and deposition time of 2hrs for
TiO, and 1h for SizN4. More details on the DC reactive magnetron sputtering system
used in this work can be found elsewhere [16, 17].

Photocatalytic activity of TiO, and TiO,/SizN4 (100°C) nanocomposite thin films
were investigated through the photodegradation of methylene violet (MV) dye. The
aqueous suspension was placed in a dark cabinet and irradiated by UV light at various
times. After that, the photocatalytic degradation of pollutants was determined using UV-
visible spectrometer.

3. Results and Discussion

XRD measurements were conducted on all samples using the Cu K line with A =
0.154051 nm. The purpose was to analyze the structure of TiO, and TiO,/SizN4 without
and with thermal processing and to determine the variations in mean particle size
resulting from thermal processing. Fig. 1 shows the XRD patterns of TiO, and
Ti0,/SizsN, composite materials without and with thermal processing at a temperature of
100°C. The XRD patterns of TiO, thin film showed polycrystalline structures, while
Ti0,/SisN, nanocomposite film samples showed a polycrystalline structure that
included the formation of SizN4 microstructure. The peak assigned at 32.4° belonging to
SigN, structure was only observed in the structure of TiO,/SisN4 composite [18]. The
XRD pattern of TiO, showed peaks assigned at 25.36°, 37.85¢, 48.07°, 37.62°, 55.12°,
63.82°, 70.42°, and 75.41° corresponding to 101, 004, 112, 200, 105, 211, 118, 116, 220,
and 125 crystal planes, respectively, as reported in the JCPDS card no. 21-1272. The
XRD pattern of TiO,/SizN4 showed peaks assigned at 27.26°, 35.90°, 41.07°, 43.86°,
54.1° and 56.47° corresponding to 110, 101, 111, 210, 211 and 220 crystal planes,
respectively, as reported in the JCPDS card no. 88-1175 [19, 20]. When TiO,/SizNy4
nanocomposite was treated thermally, the intensity of the diffraction peaks in the XRD
pattern increased due to crystal growth, and the full width at half maximum (FWHM)
decreased.
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Figure 1: XRD patterns of TiO,, TiO,/SisN, nanocomposite without and with thermal
processing at 100 <C.

Fig. 2 shows the Fourier-transform infrared (FTIR) spectra of TiO,, TiO,/SizN4
nanocomposite materials without and with thermal processing. A band at around 667
cm ! represents the TiO, matrixes. While a weak band at 443 cm™ Ti-O corresponds to
rutile structure. The bands at 1400 cm™* correspond to Ti-O-Ti bonds in the TiO, lattice.
For TiO./Si3N, nanocomposite thin film, the results at 962.41 and 1085.85 cm™, which
are indexed to the bond's stretching vibration mode, confirmed the formation of Si-N
and Si-N-Si bonds [21]. The band at 1630 cm ™ corresponds to the bending vibration of
the O—H bond, and the broad band around 3400 cm™ corresponds to the stretching
mode of the O—H due to water molecules in the atmosphere [22, 23]. A sign of the
prepared SizN4 nanostructures' purity may be the absence of specific bands associated
with the TiN and SiO, molecules.
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Figure 2: FTIR spectra of TiO,, TiO,/SisN, nanocomposite materials without and with
thermal processing at 100 <.

The resultant TiO2/SisNs nanocomposite is shown by the Field-Emission
Scanning Electron Microscopy (FE-SEM) shown in Fig. 3. The TiO,/SizsN4 particles
appeared as nearly uniform spherical, and the average particle size was estimated at
around 32.01 nm. The Energy Dispersive X-ray (EDX) spectrum shown in Fig. 4
recorded and analyzed the elemental composition of TiO,/SisN, nanocomposites. The
existence of Ti, Si, N, and O, was confirmed. The structure of TiO,/SisN4 was of high
purity and homogeneity, matching the FTIR results. The presence of carbon results
from handling the sample within the EDX instrument.
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Figure 3: FE-SEM micrographs of TiO,/SisN, nanocomposite materials with thermal
processing at 100 <C.
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Figure 4: EDX spectrum of TiO,/SizN4 nanocomposite materials with thermal processing at

100 <C.

The UV-visible spectroscopy absorption spectra of the TiO, and TiO2/SizNy4
nanocomposite thin films at (100°C) are shown in Fig. 5. The TiO/SisNs (100°C)
nanocomposite sample has a greater absorbance than the TiO, thin film in the visible
spectrum. Fig. 6 shows the relationship between (ahv)*? and photon energy (hv) used to
calculate the energy band gap of the synthesized structures [24]. It was found that the
energy bandgap was reduced from 3.2eV forthe TiO, sample to 2.9eV for the
TiO,/SisN,4 (100°C). That is, the absorption edge of the nanocomposite samples was
shifted towards the visible region compared with the absorption edge of TiO,
photocatalyst in the UV region.
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Figure 5: Absorption spectra of TiO, and thin film of TiO,/Si;N, nanocomposite materials
with thermal processing at 100°C.
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Figure 6: Energy band gap determination of (a) TiO, thin film (b) TiO,/SizN,4
nanocomposite materials with thermal processing at 100C.

The photodegradation efficiency of Methylene Violet (MV) dye as an organic
pollutant in an aqueous suspension containing thin film samples under UV light was
observed to investigate the photocatalytic activity of TiO,/SisN4 nanocomposite thin
films. The UV-visible absorption spectra of MV dye were recorded as reference spectra
corresponding to the initial pollutants concentration (C-) in the absence of thin-film
samples and UV radiation.

The normalized residual pollutants concentration (C/ C.) following degradation
was determined using the following formula [25, 26]

C  Agme=

- — time=t (1)
Co Atime=0

where Aiime=o 1S the initial intensity of the main absorption peak of MV dye and/or
polluted water solutions, Aime=t IS the intensity after exposure time t, Ceis the initial
concentration of MB dye before adding the TiO, thin film to the solution, and C is the
residual concentration of MV dye after exposure time (t).

Fig. 7(a) shows how the absorbance of the MV dye solution decreased from its
original value after 120 minutes of UV radiation exposure. This decrease is attributed to
the influence of TiO,/Si3N,4 films present inside the MV solutions. Fig. 7(b) depicts
typical variation in the normalized residual MV dye concentration (C/ C-) as a function
of exposure time to UV radiation. The values of the reaction rate constant (k) were
determined and listed in Table 1. The reaction rate constant of TiO/SizN4 (100°C) was
found to be higher than that of TiO,. Hence, TiO,/SisN, at 100°C exhibits better
photocatalytic behavior than TiO, nanostructure.
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Figure 7: (a) Absorbance decay of methylene blue (MV) dye, and (b)The relation of In (Cy/C)
both versus UV irradiation time for TiO, and TiO,/SisN4 hanocomposite materials with
thermal processing at 100 <.

Table 1. Reaction rate constant (k) as a function of (Ar: O,) and (Ar:N,) mixing ratio for the
case of MV dye.

Material | k (min™)
TiO, 0.005471
TiO,/SizN, | 0.007536

The TiO,/SisN,4 photocatalyst sample that was heat-treated at 100°C is clearly
more effective at photocatalysis. This can be explained by the sample's greater ability
for light absorption and longer charge carrier lifetime [27, 28].

4. Conclusions

In this study, high-quality TiO,/SisNs nanocomposite thin films that have
structure purity and optical homogeneity, were synthesized by dc reactive magnetron
sputtering technique with thermal treatment. The structural, morphological, and optical
properties of the TiO, and TiO,/SisN4 samples indicated the successful preparation of
the new nanocomposite. The results of the TiO2/SizN4 thin film prepared by the reactive
DC sputtering were quite reasonable compared to other reported techniques. The
Photodegradation results confirmed that the photocatalytic activity of the TiO2/SizNg4
nanocomposite prepared and thermally treated at 100°C was higher than that of the TiO,
thin film. The photocatalytic activity of the nanocomposite is attributed to the
improvement in charge separation.
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