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ABSTRACT

The research focuses on the fabrication and use of Co-doped titanium dioxide (TiO;) nanocrystals
for efficient industrial wastewater treatment, specifically improving photocatalytic destruction of
methylene blue (MB). The crystal structure, including phase identification, crystalline size, texture,
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stress, and strain, has been verified by X-ray powder diffraction (XRD). The average crystallite size
of nanocrystals decreased from 65.69 nm to 32.62 nm with the incorporation of 9% Co into the TiO2
crystal lattice. The presence of Ti-O and C=0O functional groups in the FTIR spectra shows the
successful doping of Co. The optical band gap reduced from 3.39 eV for undoped TiO2 to 3.06 eV
for 9 % Co-doped TiO2, as confirmed by UV-Vis spectroscopy. The photocatalytic activity of the
samples was studied utilizing the degradation of methylene blue as a model substance. Which was
substantially increased from 5.86% for pure TiO2z to 23.01% for Co-0.9%, with a rate constant of
2.17 x 10 minl. This study shows that Co-doped TiO, is a viable substance for wastewater
management, and offers an efficient and sustainable technique for degrading MB under ambient

circumstances.

Keywords: Co-doped TiO2 nanocrystals; single step sol-gel method; photo-degradation; methylene

blue dye; wastewater.
1. INTRODUCTION

Metal oxide semiconductors, advanced functional
materials such as two-component (alloyed), and
metal-oxide nanoparticles have a significant
impact on a range of applications in science and
technology [1,2,3,4,5]. In recent decades, air and
water pollution in urban areas produced mainly
by automobiles and the chemical industry has
become a serious threat to public health [6,7].
However, toxic organic compounds like
pesticides, dyes, phenols, and the associated
environmental  hazardous  pollutants are
discharged into the aquatic environment through
various anthropogenic inputs [8,2,9,10,11,12].
Despite their low concentration, the presence of
these contaminants is still a major concern over
public health and a major obstacle to water
recycling due to their bio-recalcitrant and acute
toxicity [13,14,15]. The method of “advanced
oxidation processes” (AOPs) appears to become
the focus of intense interest when the process
can be driven by solar, UV, or visible light.
Among AOPs, TiO:2 is generally considered to be
one of the important evergreen photocatalysts

due to its desirable physical and chemical
properties against photochemical corrosion,
efficient photocatalytic activity, high

photostability, low cost, and toxicity [16,17,18,9].
Photocatalysis involves activating a catalyst
material with light energy to speed up chemical
reactions. When a photocatalyst is exposed to
light energy, the photons excite electrons in the
valence band (VB) to the conduction band (CB),
resulting in electron-hole pairs. The holes left
over in the VB can react with adsorbed species
like water or organic compounds, whereas, the
excited electrons in the CB have a greater
energy and can participate in different redox
processes [19,20,12,21]. Titanium dioxide (TiO2)
[22], zinc oxide (ZnO) [23], Sn02[24], Fe20s3 [25],
CuO [26], Co-doped TiO2 [27], and tungsten

trioxide (WOs) [24] are a few metal oxide
semiconductor (MOS) materials that have shown
great promise as photocatalysts [28,29,24].
Among all of these MOS TiO:z has attained great
significance in AOPs due to its remarkable
features, including chemical and physical
stability, non-toxicity, strong oxidative power, low
cost, antibacterial activity, environmental
friendliness, highly solar-activated surface, etc
[30,31,32,33]. TiO2 exists in three phases,
anatase, rutile, and brookite, of which anatase
and rutile are known to be potentially active
materials for many applications; such as in
photocatalysis, water purification, solar cells,
sensors, paints, etc. But the main drawback of
these systems, for many of these applications, is
their absorption in the UV region, which
corresponds to only 3-5% of solar radiation
[34,35,9]. However, the practical application of
TiOz is limited by two main factors. Firstly, only a
small portion of the solar spectrum is absorbed in
the ultraviolet UV light region due to the wide
band gap nature of titania (3.2 eV) for anatase
and (3.0 eV of rutile), secondly, the
recombination rate of photogenerated electron-
hole pairs is too high to be used for organic
pollutant degradation in practice. Therefore TiO2
needs to attain photocatalytic response in a
border range extending into visible light. To solve
these difficulties, numerous researchers worked
on titanium dioxide semiconductors utilizing
different  approaches to improve  the
photocatalytic performance of TiO2 [36]. Toubal
et al. (2017) produced Co-doped TiO2
nanoparticles via sol-gel synthesis and measured
their electrical characteristics, finding that Co-
doping significantly increased TiO2 conductivity
[27]. Chanda et al (2021) used the sol-gel spin
coating approach to create Co-doped TiO2 thin
films, resulting in high refractive index TiOz nano-
films due to the integration of Co as a dopants
material in the TiO: lattice. Cobalt was chosen as
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a dopant material because, when exposed to UV
light, Co-TiO2 forms electron-hole pairs, which
may subsequently combine with water molecules
and oxygen in the air to create highly reactive
oxygen species such as hydroxyl radicals (OHe)
[37,38,39]. These radicals are powerful oxidants
capable of breaking down organic pollutants and
eliminating the microbiological contaminants
found in wastewater. Currently, the most frequent
preparation techniques include the gas phase
process, hydrothermal method, sol-gel method,
solvothermal method, and detonation method.
Among the several synthesis processes the most
prevalent is Solgel for material preparation. Sol-
gel is one of the most utilized techniques; that is
used mostly for creating thin films and nano
powder photocatalysts. Many studies revealed
that Solgel is a very simple technique, low
temperature operatable, yielding a large number
of products, producing homogeneous materials
with small crystallite size and greater surface
area which is the essential property for
nanomaterials [40,20,41,42,43,44].

In the present work, we have prepared and
characterized pure TiO2 and cobalt-doped TiO2
with 7% and 9% doping. The reduced crystallite
size of the Co-doped TiO2 nanocrystals can
change the shape of TiO2, resulting in a higher
surface-to-volume ratio and a greater number of
active sites. Therefore, the photodegradation of
methylene blue designated that the separation
efficiency of the photogenerated electron and
hole pairs was mainly improved due to Co-

10m| titanium (IV)
Butoxide + 0.3 gm

Stir, 20 min
At room temp

Co-doped TiOz
Nanopoweder hrs

Few drops of
HCL+20 ml

Calcined at 500 °C for 4

doping, and this led to a much greater
photocatalytic activity for organic pollutant
degradation. The relationship between the
morphology, structure, optical properties, and
photocatalytic activities of Co-doped TiO:2
nanocrystals was investigated in detail [36].

2. MATERIALS AND METHODS

Experimental details: All precursor ingredients,
including titanium butoxide IV, cobalt sulfate, and
aqueous HCI, were obtained from Sigma Aldrich
(Germany), and ANALAR was used to prepare
the undoped and Co-doped TiO2 nanoparticles
utilizing a single-step sol-gel process. No further
purification of the precursor materials was
carried out; utilized as it is obtained from the
seller.

Preparation of Un-doped TiO2: The precursor
Substance 10 mL of titanium butoxide (TBO) was
added to with 20 mL of distilled water. After 20
minutes of constantly stirring at ambient
temperature (27 °C), 5 mL concentrated HCI was
added dropwise to the solution, and steering was
discontinued after 40 minutes. To make xerogel,
the warmed samples were dried in an oven at
150 °C for 12 hours. Bulk crystals then formed,
indicating that the gel had entirely dried. The
dried gel is crushed and pestled into fine powder.
Calcination at 500 ©°C for 4 hours was
performed to eliminate any  probable
contaminants that degrade at high temperatures
from the sample.

Stir, 40 min
At room temn

1.Dry150°C 12 hr
2. Grinded perfectly

-

e
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A

e

Fig. 1. Schematic diagram of Single Step Sol-gel Synthesis of Co-doped TiO>
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Preparation of Co-doped TiO, nanocrystals:
Titanium butoxide (TBO) 10 mL was added to
(0.7 g) Co(SO4), and after 20 minutes of
constantly stirring at room temperature (27 °C),
20 mL filtered water and several drops of HCI
were progressively put into the solution, and
steering was stopped after 40 minutes. Warm
samples were dried for 12 hours in a hot oven at
150 °C to produce xerogel. Due to the elimination
of water, the dispersed gel shrank and became a
viscous paste. Bulk crystals then formed,
indicating that the gel was entirely dried. The
dried gel was then ground into a fine powder with
a mortar and pestle. To remove any suspicious
impurities, Co-doped TiO2 was calcined at 500
0C for 4 hours.

Photodegradation Activity of all prepared
samples: The resulting nanocrystals were then
exposed to direct sunshine, and the
photodegradation rate using methylene blue
(MB) at an initial dye amount of 10 mg per 500
ml was calculated for 1 mg of catalysts per 100
ml of dye mixture. To assess the samples'
photocatalytic capability, the UV-vis
absorption spectra were examined by exposing
them to different periods of visible light. The
available sunshine exposure period
ranged from 0 to 120 minutes, with 15-minute
intervals.

3. RESULTS AND DISCUSSION

XRD analysis: Fig. 2 shows the XRD spectra of
all the synthesized samples. The highly intense
and sharp peak round of about 25° observed in
all samples confirms the highly crystalline
anatase phase of TiO2 nanocrystal. The sharp
crystalline peaks were observed at 2 theta
degrees 25° 380, 480, 550 56% and 63°
respectively with respective (hkl) reflection
planes (101), (004), (222), (200), (105) and
(112). Furthermore, Co-doped TiO2 samples
reveal mixed phases of TiO2 anatase as well as
the rutile phase. It may be due to the
incorporation of Co*? ions can replace the Ti*
ions in the TiO2 lattice which can create crystal
defects owing to changes in their ionic radii and
valence states. This deformation in the TiO2
crystal can alter the crystal structure, resulting in
the simultaneous existence of anatase and rutile
phases [45]. An extra peak observed at 42.31° in
Co-doped TiO2 samples is due to Cobalt doping
can change the phase stability of TiO,,
facilitating the transition from anatase to rutile.

Co ions can reduce the energy barrier for this
phase transition, resulting in the creation of an
extra peak of the rutile phase. Scherrer equation
(1) was used to determine the average crystallite
size of all the samples.

Dave = (094))\ / BCOSB (1)

Here 0 is the diffraction angles, D is the average
crystal size, A is the corresponding incident
wavelength of the diffraction X-ray exposure
(1.5418 A0), and B is the full-width half maximum
(FWHM) of the diffracted peaks. The average
crystallite sizes (D) for pure and Co-doped (7%
and 9%) TiO2 nano-crystals were estimated as
34.52 nm, 32.62 nm, and 65.69 nm employing
equation (1), which is also presented in Table 1.
The inclusion of Co*? ions into the TiO: lattice
resulted in a consistent drop in the
crystallite size of the TiO2 nanocrystals. Several
other essential crystal characteristics, including
microstrain, dislocation density, and crystallinity,
have been measured and illustrated in Table 1
[46].

FTIR Analysis: Fourier Transform Infrared
(FTIR) Spectra are commonly employed to
explore the structure or functional group of a
multi-component system [46]. In FTIR, the
intensity of IR radiation correlates to the energy
gaps across quantized vibrating modes. When
the infrared ray meets the energy requisite for a
molecular transition, the molecule absorbs it,
causing the associated vibrating mode to be
stimulated. Each absorbing wavelength can be
observed as a peak in the FTIR spectrum. These
peaks' positions correlate to the vibrational
frequencies of distinct bonds, making it possible
to identify particular functional groups. The FTIR
spectra of all synthesized samples pure and
cobalt-doped TiO2 NC’s were observed in the
wave number range of (4000 - 4000) cm? as
shown in Fig. 3. Ti-O-Ti bonds are responsible
for the sharp band observed in all samples about
421 cm™'. The broadband is caused by the dipole
moment of nanocrystals around 1586 cm™
indicating the hydroxyl group of O-H stretching
vibrations [36]. The peak at 2371 cm™’
represents the asymmetric vibration (C=0) of
CO2 absorbed from the air during the thermal
treatment of titanium oxides [47]. The broad
bands at 1759 cm-! and 3804 cm are attributed
to stretching and bending vibrations of water
molecules (Hz20) that are adsorbed at the surface
of the nanocrystals [48].
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Fig. 2. XRD spectra of the pure and co-doped TiOz nanocrystals

Table 1. Detailed photochemical properties of pure and Co-doped TiO2 nanocrystals

Dopants Crystallize  Micro Dislocation Density Crystallinity Eg (eV)
Concentration W% sizes (nm|) strain (103) (nm)?x 10 %

TiO2- Pure 65.69 0.584 0.8303 33.522 3.39
TiO2—Co 0.7 w% 34.52 0.492 1.5909 91.164 3.27
TiO2—Co 0.9 w% 32.62 0.415 1.544 55.53 3.06
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Fig. 3. FTIR spectra of the pure and co-doped TiO, nanocrystals
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Fig. 4. (a) UV visible absorbance spectra and (b) Indirect Bandgap Vs energy (eV) of the
fabricated pure, 0.7 and 0.9 % Co-doped TiO2 nanocrystals

UV analysis: Fig. 4 depicts the UV-Vis
absorbance spectra of all the produced samples,
both pure and Co-doped TiOz, in the 200-800 nm
region. Absorption peaks represent transitions
between electrical energy levels. The absorption
edges of pure and different concentrations of Co-

doped TiO2 (0.7% and 9%) have been observed
at 366, 379, and 405 nm, correspondingly. Fig. 4
demonstrates that the absorption edge shifts
towards longer wavelengths region while the
percentage of Co enhances in the TiO: lattice
structure indicating an alternate decline in the
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optical band gap of the TiO2. The indirect

band gap transition was estimated using
Equation 2.
(ahu)" = A(hu — Eg) (2

In the above equation, a is the absorption
coefficient calculated from UV data, h is the
planks constant, n = 2 for the indirect allowed
transition and A represents the absorbance of
the material. The indirect optical band gap
calculated values are 3.39 eV for pure TiOz, 3.27
eV, and 3.06 eV for pure and 7% and 9% Co-
doped TiO2 samples [39]. The declining behavior
in optical band gap Eg is caused by the addition
of Co* ions in TiO2, which activates the
nanocrystal material in the higher wavelength
portion of the visible spectrum of light. It may be
due to the development of new
energy levels between the valance and
conduction band of the TiO:z crystals caused by
the inclusion of Co*? ions. Co-doped TiO, has a
narrower band gap due to added
energy levels from dopants. These intermediate
states enable electrons to switch with less
energetic photons, transforming absorption to the
visible  spectrum and increasing  the
material's photocatalytic effectiveness under
sunlight.

Photocatalytic activity: The produced nano-
crystals were then exposed to direct sunshine,
and the rate of photo-degradation using
methylene blue (MB) at initial dye concentrations
of 10 mg per 500 mL was calculated for 1 mg of
catalysts per 100 mL of dye solution. To assess
the samples' photocatalytic capacity, the UV-Vis
absorption spectra were examined by exposing
them to different periods of visible light. The
available sunshine exposure period ranged from
0 to 120 minutes, with 15-minute intervals. A
series of preliminary experiments were
conducted to determine the influence of
photocatalysis and adsorption on photocatalytic
transformation. Photocatalysis studies were
conducted at pH = 6 and a concentration of 1mg
Co-doped TiO2 in 100 ml of MB solution [49]. It is
observed that the methylene blue steadily
degrades over time after each 15-minute interval
under continuous exposure to sunlight. Fig. 5
displays the findings of the photocatalytic
decomposition of MB under visible sunlight in the
presence of pure and Co-doped TiO2
nanocrystals. Fig. (5-a) reveals very minor
degradation of MB (5.86%) in the presence of

pure TiO2 nanocrystals during 120 min exposure
to direct sunlight. The degradation of MB
increases significantly up to 14.76 % and 23,01
% in the presence of 0.7 and 0.9 % Co-doped
TiO2 nanocrystals. Enhancing photodegradation
of MB in the presence of Co-doped TiO2
nanocrystals owing to Photocatalyst activity is
determined by two primary factors: greater
surface area and increased light absorption
capacity in the visible spectrum [50]. Broad
humps might suggest an appearance of
intermediate energy states within the band gap,
which are caused by Co*? ions. These states,
also known as "trap states" or "mid-gap states,"
facilitate more light absorption at lower energies
than the pure band gap, which extends
absorption into the visible domain of light. The
photodegradation efficiency of all produced
nanocrystals was determined using the following
equation:

Photodegraded efficiency % = (Co - Ct / Co) x
100% (3)

Where Co and C: are before illumination and after
MB degradation concentrations, respectively
[51].

To further figure out how MB dye degrades
photocatalytically, Fig. 6 (a,b) displays the
pseudo first-order model reaction kinetics of pure
and, Co-doped TiO2. The dynamics of
the first-order model are defined in Formula (4)
below.

INCo / Ct = kt 4)

Where Co and C: represent the amount of MB
degraded in exposure to direct sunlight for a total
of 120 minutes, divided into 15-minute intervals.
The symbols t and k represent the reaction's time
and rate constants, respectively. A tauc plot was
used to analyze the linear fitting vs. irradiation
time of MB photocatalytic degradation, as shown
in Fig. 6 (b). The projected kinetic degradation
rate constant (k) can be determined by studying
the gradient of the fitting curve. Under direct
sunlight, it was discovered that the estimated
values of (k) for pure TiO2 and (0.7 &0.9) % Co-
doped TiO2 are (0.45, 1.38, and 2.17) x 10-3 min-
1, as shown in Table 2. As shown in Fig. (6-b) the
rate constant for MB degradation increases with
an increase in the concentration of the Co in TiO2
nanocrystals and the half-life decreases
correspondingly [52].
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Table 2. Detailed photodegradation parameters of pure and Co-doped TiO;added MB

Dopant Concentration  Rate Constant k x Residual Half-life of Dye t1 X
w% 103 (min't) Concentration (R?) 103(min)

Pure TiO2 0.45 0.869 154

0.7 % Co-TiO2 1.38 0.933 0.50

0.9 % Co-TiO2 2.17 0.965 0.32

Photo-degradation mechanism: When the MB
solution is in the presence of
fabricated nanocrystals subjected to direct
sunlight, Co-doped TiO, absorbs photons with
energy equivalent to or exceeding its band gap.
This energy stimulates electrons
from the valence band (VB) to the conduction
band (CB), resulting in electron-hole pairs (e,
h*). Photogenerated electrons migrate to the

outermost layer of TiOz nanocrystals and
transform molecular oxygen (02)
into reactive superoxide (O27). After holes

created by sunlight approach the surface, they
can oxidize hydroxide ions (OH-) or water (H20),
producing hydroxyl radicals (‘OH). Methylene
blue molecules get destroyed by hydroxyl
radicals (*OH) and superoxide radicals (O2"),
causing the complicated chemical
arrangement of MB to disintegrate into smaller,
harmless, or environment-friendly substances

like CO2, H20, and other least hazardous
inorganic elements.
TiO2+hv —e™ +h* (5)
- Light

o 0:

Excitation

Hecombination

VB

Cobalt ions (Co*?) provide energy levels to the
band gap of TiO,. This lowers the band gap
energy, allowing visible light to be absorbed

while also improving electron-hole pair
separation by capturing electrons or holes,
lowering their recombination rate.

Photogenerated electrons in the CB and holes in
the VB undergo redox interactions with water
(H,0O) and oxygen (O;) molecules adsorbed on
the TiO, surface. These processes produce
reactive oxygen species (ROS), such as hydroxyl
radicals ("OH) and superoxide anions (O2).

9 % Co-doped TiO2 + hv — e (CB) + h* (VB)
e+ 02— 02
h* + H20 — *OH + H*

*OH / <O
decolorization)

+ MB — Intermediates (starts

Intermediates + *OH / *O> — CO2 + H20 + less
destructive ions

0"

|‘ Organic
: Pollutants

[ p——

I
T —p—— —————

HO’

H.0

Fig. 7. Schematic diagram of the photo-degradation of MB in the presence of Co-doped TiO,
nanocrystals
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Table 3. Comparison of current research with previous similar studies

Commercial Photocatalyst Quantity Degration %  Exposer Reference

Dye Time (min)

RB19 ZnO-KIL 2-1 800 mg/L 22 120 [53]

MB Cu-TiO2 5 mg/L 17 120 [54]

MG Cd-zZnO 500 mg/L 18 120 [55]

SMX Co-Doped TiO2  1.65 mg/L 9.88 120 [56]

MB Co-TiO2 1 mg/L 23.01 120 Current study
The ROS produced in the earlier phase are due to improved light absorption, charge
highly reactive and can oxidize organic pollutants  separation, ROS production, stability, and

in MB dye, reducing them to smaller, less
hazardous molecules like water and carbon
dioxide.

MB + 'OH / O > H20 + CO2 + Reduced Co*
ions

Doping TiO2 with cobalt results in a
change in TiO2's electronic arrangement. It is
useful for aiding in the appropriate separation of
electron-hole  pairs and  shifting light
absorption to the visible range, hence boosting
photocatalytic activity under sunlight. The use of
a Co-doped TiO2 catalyst for photocatalytic
degradation is extremely effective and can be

reused multiple  times  without losing
effectiveness. This makes it a sustainable
solution for treating dye-contaminated
water.

Table 3 presents a comparison of the current
study to similar efforts in the literature. The
current study outperforms several earlier
publications.

4. CONCLUSION

A single-step Sol-gel synthesis technique was
used to successfully produce Co-doped TiO:2
nanocrystals, which were then used to degrade
MB, a commercial dye widely used in the cotton

and paint industries. The  synthesized
nanocrystals were characterized through
various material characterization techniques

such as XRD, FTIR, and UV which confirm the
successful doping of Cobalt into TiO2
lattice with enhanced photocatalytic and optical

properties. The increase in the Cobalt
concentration in the TiOz2 crystal lattice
reveals a gradual increase in the

photodegradation of MB and also results in the
reduction of the band gap energies of the TiO2
nanocrystals. Overall Co-doped TiOz2 has
stronger photocatalytic activity than pure TiO:2

reusability. Future research should focus on
developing better synthesis methods to control
the size, shape, and dispersion of Co-doped TiO2
nanocrystals, resulting in improved photocatalytic
capabilities.
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