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In this work, we report the preparation of TiO2 and Co-S doped TiO2 nanostructures by sol–gel and wet
impregnation method for their potential applications in photocatalytic processes for environmental
applications in water purification to degrade pollutant dyes. The crystalline phase, morphology, optical
properties, and chemical composition of the synthesized nanoparticles (NPs) are studied by using X-
ray diffraction (XRD), Scanning electron microscopy (SEM), Transmission electron microscopy (TEM),
UV–Visible spectroscopy, and Fourier transform infrared spectroscopy (FTIR). The photocatalytic accom-
plishment of synthesized nanostructures is observed for the degradation of brilliant green (BG). All the
synthesized nanostructures exhibited excellent photodegradation activity. The observed rate of degrada-
tion of dye is higher with the Co-S doped TiO2 nanostructures than pure TiO2.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The existence of a wide variety of organic components in the
industrial wastewater from apparel, paper industries, and textile
factories causes shocking environmental pollution. These effluents
consist of harmful non-biodegradable materials, carcinogenic and
colored pigments detrimental to human beings (Brown and De
Vito, 1993; Chen et al., 2010). Even a small amount (below
1 ppm) of dyes can seriously deteriorate the aqueous environment
and can be seen in water (Daneshvar et al., 2004; Grzechulska and
Morawski, 2002). Therefore, deprivation of colored organic dyes
from wastewater is imperative, important, and demands an urgent
consideration. Traditionally, adsorption and coagulation are in
practice to degrade the organic effluents (Haque et al., 2011; Shi
et al., 2007). However, these particles are secondary perilous con-
taminants, as dyes are only converted into a solid phase from a liq-
uid phase. Thus, supplementary treatments are vital to resolve the
problem of secondary contamination (Galindo et al., 2001;
Aleboyeh et al., 2003). During the previous few decades, photo-
catalysis was considered as a capable alternative treatment for
water purification (Ayodhya and Veerabhadram, 2018). The photo-
catalytic reaction includes a photosensitizer (foreign substance)
acting as a photocatalyst, put in contact with the target reactants.
This is an effective approach widely used as a tool for the disinte-
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gration of different harmful materials, comprising aquatic organic
pollutants and atmospheric contaminations. It also shows many
advantages over conventional wastewater treatment approaches.
For example, the complete decay of organic dyes at normal room
temperature by this photocatalytic technique can be accomplished
within a few hours. Furthermore, organic effluents can be mineral-
ized to comparatively less toxic products (i.e. water and CO2) with-
out making secondary harmful pollutants, which need secondary
treatment (Aramendía et al., 2005; Lee et al., 2017).

TiO2 is a well-known, widely used photocatalyst during the last
few years, due to its low cost, non-toxicity, and high chemical sta-
bility (Chen et al., 2010; Bandara et al., 2005). However, the com-
paratively bulky band gap (for anatase, Eg > 3.2 eV) of TiO2 limits
its applications in the visible light region of the solar system. Fur-
thermore, a greater recombination rate of photo-generated elec-
trons and holes (hþ/e) in TiO2 causes small quantum yield and
reduces photocatalytic activity (Ackermann et al., 2006). Due to
these restrictions, various forms of nanomaterials have been fur-
nished by researchers, such as metallic nanostructures (Khalid
et al., 2021; Khalid et al., 2021), metal oxides (Khalid et al., 2021;
Khalid et al., 2021), and metal sulfides (Salavati-Niasari et al.,
2009; Klimov et al., 2000; Ahmad, 2022). Among these nanostruc-
tures, metal sulfide nanomaterials have got significant attention
due to their unique electronic and optical properties (Czekaj
et al., 1988; Spanhel et al., 1987). One of the famous examples of
metal sulfides is Cobalt Sulfide. Cobalt normally forms many sul-
fides having a general formula of CoSx, which earned significant
attention because of their potential applications for hydro de-
aromatization and hydrodesulfurization in various fields (Tao
et al., 2007). Co-S NPs have wide applications in capacitors and
lithium-ion batteries (Wang et al., 2006; Hillerová and Zdražil,
1989).

Normally, solid-state methods are used to synthesize cobalt sul-
fide nanostructures (Bahaa et al., 2019). For example, cobalt sulfide
can be synthesized by reacting cobalt and sulfur (Ge et al., 2013;
Emadi et al., 2012) or the reaction between Co and hydrogen sul-
fide (Barret and Colson, 1966), or by the reaction of cobalt monox-
ide with hydrogen sulfide (Emadi et al., 2012; Qian et al., 1999).
Toluene thermal process was used for the selective fabrication of
Co9S8 and CoS2 by the reaction of cobalt chloride and sodium poly-
sulfide (Zhan et al., 1999; Li et al., 2019). In a hydrazine solution, at
120 �C, CoS was prepared from amorphous cobalt sulfide (Emadi
et al., 2012).

Later, hydrothermal method was applied to formulate metal
sulfide nanomaterials, having advantages over conventional meth-
ods, including low cost, high purity, and desired morphology (Zhan
et al., 1999; Salavati-Niasari et al., 2009). The hydrothermal
method has been established to fabricate metal sulfides by using
thioglycolic acids as a non-toxic template and sulfide source
(Zhao et al., 2004). In this report we have synthesized Co-S-TiO2

nanostructures by applying wet impregnation method using Co
(NO3)2�6H2O as a source of Co and sodium thiosulphate for sulfur
that manifest excellent photocatalytic activity towards dye degra-
dation. BG dye was used to observe the photocatalytic dye degra-
dation behavior of pure and modified TiO2 nanostructures in UV
region. These results will provide improved direction to research-
ers employed in the fields of environmental remediation and
photocatalysis.
Fig. 1. Tauc plot of TiO2 and Co-S-TiO2 for the determination of band gap.
2. Results and discussion

2.1. Diffuse reflectance spectroscopy

Diffuse reflectance is measured by coupling the integrating
sphere with the k-35 spectrometer. The integrating sphere is
2

housed in the sample beam of the spectrometer and is used in
place of the sample beam detector. It can be used over the wave-
length range of 250–1100 nm for either diffuse reflectance or dif-
fuse transmittance. The instrumental detector, external to the
sphere, detects the reference beam when light enters the sphere
and bounces around used at the detector in diffuse reflectance
mode.

Fig. 1 shows the Tauc plot of TiO2 and Co-S-TiO2, respectively.
The band gap calculated for TiO2 is 3.26 and 2.44 for Co-S-TiO2

which shows a remarkable decrease in band gap of Co-doped
TiO2. This is favorable for efficient utilization of visible light and
consequently better photocatalytic activity.

2.2. FTIR analysis

FTIR studies were done to analyze the chemical composition,
bond type, and functional groups in the compounds. KBr pellets
were taken as a standard to record the spectra over the range of
4000–400 cm�1. Absorption of different frequencies was recorded
by placing the samples in the path of the IR radiation source.

Information about phase purity and surface functional groups of
materials is obtained through this technique. Different peaks were
obtained for different functional groups as shown in Fig. 2. The
absorption peak in the range of 1620 cm�1 and 3350–3500 cm�1

could be assigned to the hydroxyl group of water molecules that
are absorbed by the sample. Peaks in the range of 400–470 cm�1

show metal sulfur bonds. Peaks in the range of 400–1000 cm-1

were due to bending and stretching vibrations of M�O bonds.
Fig. 3..

2.3. X-ray diffraction analysis

X-ray diffraction is a powerful non-destructive technique for
characterizing crystalline materials. It provides data about the
structure, preferred crystal orientation (texture), phases, and other
structural parameters, such as average grain size, crystallinity,
strain, and crystal defects.

XRD pattern of TiO2 in all samples matched with standard (Joint
Committee on Powder Diffraction Standards) JCPDS card No. 01–
073-1764, which belongs to anatase TiO2 structure having tetrago-
nal crystal system. The peaks at 2 theta values 25.36�, 30.82�,
38.09�, 48.17�, 55.05�, 62.9�, and 69.58� can be indexed (101),
(121), (004), (200), (211), (204) and (116) diffraction planes.
The XRD pattern of Co(x)S(y) is amorphous so cannot be related
to a single phase. It can be seen clearly in composites intensity of



Fig. 2. FTIR Spectrum of TiO2 and Co-S-TiO2.

Fig. 3. XRD Spectrum for TiO2 and Co-S-TiO2.
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peaks decreases on increasing Co-S content, which means the
amorphous nature of Co-S also hinders the crystal growth of TiO2

NPs.
2.4. TEM analysis

TEM analysis was performed on a Field Electron and Ion Com-
pany (FEI) Tecnai F20 S-Twin microscope at 200 kV to study mor-
phologies of synthesized nanomaterials. Fig. 4 (a), (b) shows TEM
images of prepared samples (TiO2 and Co-S-TiO2), respectively.
Fig. 4. (a) TEM images of TiO2 (b

3

Many NPs can be observed in the images. As the concentration of
surfactant increases, the agglomeration of particles decreases,
and free-standing particles were being observed. In Fig. 4 (a and
b), round ball-like morphologies are depicted. In some regions,
there are well-defined boundaries present while in some region’s
agglomeration occurred.

2.5. SEM analysis

SEM allows the imaging of the topography of a solid surface
with the help of backscattered or secondary electrons. Fig. 5 (a,
b) shows images of synthesized nanostructures obtained from
SEM. The observed micrographs to study the morphological char-
acteristics are lying within the range of 50,000 X.

Numerous scientists studied the degradation of dyes in the past
few decades. Umabala et al., reported the degradation of BG using
H2O2 sensitized BiVO4 in the visible region of light (Umabala et al.,
2016). Shanmugam et al., observed the photocatalytic degradation
of BG using undoped and Zn doped SnO2 NPs under sunlight irra-
diation (Shanmugam et al., 2016). Razzaq et al., studied dye degra-
dation behavior of TiO2-NPs using bromophenol blue (BPB) under
UV light (Razzaq et al., 2021). Khalid et al. evaluated the pho-
todegradation mechanism of methyl orange (MO) by using pure
and Fe doped TiO2 and found that the degradation efficiency in
Fe doped TiO2 is more than TiO2 alone (Khalid et al., 2021). To
investigate the efficiency of the as-prepared catalyst, the photocat-
alytic degradation of BG was conducted as a model compound to
measure the photocatalytic activity of TiO2 and CoS-TiO2 compos-
ite NPs.

2.6. UV–Visible spectroscopic analysis for photodegradation
mechanism

UV–Visible spectroscopy was used to measure the change in the
concentration. The change in concentration measures and monitor
the activity as a function of irradiation time. The UV–Vis absorp-
tion spectra for BG degradation (before and after degradation) by
pure TiO2 and Co-S-TiO2 at various time intervals are shown in
Fig. 6 and Fig. 7. In this study, the BG shows an absorbance peak
at 628 nm and is inversely proportional to time (UV irradiation).
Results showed that the catalytic efficiency of TiO2 NPs enhanced
considerably with the addition of CoS moiety. All the synthesized
samples show good photocatalytic performance by almost com-
pletely degrading BG dye in just 70–80 min which is much better
performance as compared to commercial Degussa P25 which takes
about 110 min to degrade the same dye under the same environ-
ment. The photodegradation mechanism of BG dye by pure and
Co-S-TiO2 is since Co and S adsorbed on TiO2 surface is photoex-
cited for the generation of electrons and holes in conduction and
valence band. An accelerated electron produces a hole (+ve), which
) TEM images of Co-S-TiO2.



Fig. 5. (a) SEM image of TiO2, (b) SEM image of Co-S-TiO2.

Fig. 6. UV–Visible spectra of Brilliant green solution before and after degradation
by TiO2.

Fig. 7. UV–Vis spectra of Brilliant green solution before and after degradation by
Co-S-TiO2.

Fig. 8. percent degradation graph of TiO2 and Co-S-TiO2.
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reacts with water to produce hydroxyl radicals. These radicals are
considered strong oxidizing agents and are responsible for dye
degradation (Dlamini et al., 2011). It is indeed conceivable that
photogenerated electrons reduce dissolved oxygen, resulting in
the creation of the superoxide anion radical. These anion radicals
also were potent oxidizers, designed to destroy any ingested
organic compounds or nucleic acids lying near the surface of cata-
lysts (Muneer et al., 1997).
4

The percent degradation rate of BG was measured by the fol-
lowing formula (Ali, 2010).

X ¼ C0 � C
C0

x 100 ð1Þ

Where.
X = Degree of photo degradation, C0 = Initial concentration and

C = Concentration of dye at time.
Fig. 8 represents the percent degradation of BG dye by TiO2 and

Co-S-TiO2 at different time intervals. It is clear from the figure that
photocatalytic degradation of TiO2 NPs significantly improved by
the addition of different ratios of Co-S. Initially, degradation of dyes
was negligible up to 30 min while the solution in dark, after irradi-
ation of visible light, it increased with time and after 75 min max-
imum degradation was achieved. In the total time interval, the
amount of dye degraded was 55 % and 65 % for TiO2 and Co-S-
TiO2, respectively. Hence Co-S co-doped TiO2 nanostructures
showed greater catalytic activity as compared to pure TiO2 Photo-
catalytic activity increases with increasing irradiation time
(Sharma et al., 2021) and after 75 min maximum degradation
occurred as observed through a UV–Visible spectrophotometer.
We know that the surface-to-volume ratio of the nanoparticles
(NPs) increases as the crystallite size decreases. Due to size reduc-
tion, photo-generated electron/hole pairs can migrate to the sur-
face through a short pathway, and the e-/h + volume
recombination rate should drop, resulting in higher photocatalytic
activity (Sarkar et al., 2020). The schematic illustration for the
complete mechanism of photocatalytic activity by Co-S-TiO2 is
shown in Fig. 9.



Fig. 9. Schematic illustration for photocatalytic mechanism.
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3. Materials and methods

3.1. Chemicals used

The chemicals used were cobalt nitrate hexahydrate (Tech-VNR
PROLABO), silicone oil (Sigma Aldrich), titanium isopropoxide
(DAEJUNG), thiourea (MERCK), dimethyl sulfoxide (LAB-SCAN),
acetic acid (LAB-SCAN), ethanol (Analar), methanol (Analar), dis-
tilled water and BG (Sigma Aldrich). All these chemicals were ana-
lytical reagent grade.

3.2. Nanostructures synthesis method

Co-S-TiO2 NPs were prepared by using the wet impregnation
method. Nanocrystalline TiO2 was synthesized by the sol–gel
method as described by Choi et al (Choi et al., 2007; Khalid et al.,
2022). The sol–gel method was used in the preparation of TiO2

nanostructures. 0.1 mol of titanium isopropoxide was taken and
slowly added into 100 mL of absolute ethanol to form solution 1.
Solution 2 was prepared by mixing ethanol, acetic acid, and dis-
tilled water (7:3:1). Then, solution 1 was added into solution 2
dropwise under continuous stirring at room temperature. After
that, the solution was heated at 50–60 �C until sol is formed, fol-
lowed by vigorous stirring for 4–6 h, and aged overnight at room
temperature to prepare the gel. The resulting gel was dried at
100 �C for 10 h and calcined at 450 �C for 4 h to eliminate the
remaining organic impurities and to obtain desired TiO2 structures.
CoS-TiO2 nanostructures were synthesized by using the wet
impregnation method. These nanostructures were produced by
refluxing different ratios of cobalt nitrate hexahydrate (2 mmol)
thiourea (1 mmol), and nanocrystalline TiO2 (7.6 mmol) in DMSO
(Boiling point 189 �C) at about 220 �C for one hour. The obtained
precipitate was centrifuged, washed with methanol, and dried
overnight in an oven at 80 to 90 �C to obtain Co-S-TiO2 nanostruc-
ture powder.

3.3. Characterization of synthesized nanostructures

These nanostructures were investigated through X-ray diffrac-
tion (XRD) (Azeez et al., 2018), scanning electron microscopy
(SEM), diffuse resonance spectroscopy (DRS), Fourier transform
infrared spectroscopy (FTIR), and transmission electron micro-
scopy (TEM). Powder X-ray diffraction patterns were recorded with
5

the help of Burker D8 Advance X-ray diffraction using Cu Ka radi-
ation (k = 1.5418 Å). Transmission electron micrographs were
accomplished on a Field Electron and Ion Company (FEI) Tecani
G2 F20S-Twin microscope operating on an accelerating voltage at
200 kV. FTIR spectrometer was used, to investigate chemical com-
position, bond type, and functional groups in the compounds. For
recording spectra, Shimazdu-8400S FTIR spectrophotometer was
used. KBr pallets were taken as a standard to record the spectra
over the range of 400–4000 cm�1.

3.4. Photocatalytic activity of synthesized nanostructures

Photocatalytic activity experiments using the TiO2 and Co-S-
TiO2 nanostructures were accomplished at room temperature.
The nanostructure powders were dispersed in 100 mL of an aque-
ous solution of BG (1 � 10-5) in a 100 mL beaker. The mixture was
stirred for about 15 min and kept in dark for 40–45 min, to reestab-
lish adsorption–desorption equilibrium. The content was irradi-
ated in sunlight for various time intervals. After a periodic
interval, 3 mL of the reaction mixture was taken. The concentration
of BG was analyzed by monitoring the absorbance at 623 nm, using
a UV–Vis double beam spectrophotometer (Shimazdu 1601PC).

4. Conclusions

In summary visible light photocatalyst TiO2 and Co-S-TiO2 were
synthesized successfully by sol–gel and thermal decomposition
method. The synthesized materials are in both amorphous and
crystalline forms shown through XRD. SEM results showed that
nanostructures possess round, oval, irregular, and triangular mor-
phologies. TEM results showed ball-like morphologies of synthe-
sized NPs. FT-IR results support the formation of TiO2 and Co-S-
TiO2 nanostructures. BG was used as a model compound to observe
the photocatalytic activity of synthesized nanomaterials in the vis-
ible light region. The synthesized nanostructures expressed excel-
lent photocatalytic activity for dyes degradation. In comparison to
pure TiO2 nanostructures, Co-S-TiO2 nanostructures showed
greater catalytic activity. Results showed that Co-S-TiO2 will be a
potential candidate in comparison with pure TiO2 for water reme-
diation applications. These results will provide improved direction
to researchers employed in the fields of environmental remedia-
tion and photocatalysis.
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