Letters in Applied NanoBioScience
Open-Access Journal (ISSN: 2284-6808)
Article
Volume 14, Issue 2, 2025, 75
https://doi.org/10.33263/LIANBS142.075

Sol-Gel Synthesized Palladium-Cobalt co-doped Titanium
(1VV) Oxide Nanocomposite as an Efficient Photocatalyst
for Removal of Dye Contamination

Abeeb Olalekan Muraina * @, Omonike Mary Adedokun 1®, Maroof Alade Kareem 1@ Khadijat
Kuburat Babalola 2® | 1smaila Taiwo Bello 3@ | Peverga Rex Jubu * © Akeem Adekunle Adewale 15 @
, Oluwaseun Adedokun +5*®

1 Department of Pure and Applied Physics, Ladoke Akintola University of Technology, P.M.B 4000 Oghomoso, Nigeria;
murrayabeeb@gmail.com (A.0.M); adedokunomonike@gmail.com (O.M.A.); kareemmaroof@gmail.com (M.A.K.);
aaadewale38@Ilautech.edu.ng (A.A.A.); oadedokun@Ilautech.edu.ng (O.A.);

2 Department of Physical and Chemical Sciences, Federal University of Health Sciences, lla-Orangun, Nigeria;
khadijat.babalola@fuhsi.edu.ng;

3 Department of Physics, College of Science, Engineering and Technology, University of South Africa, Johannesburg 1710,
South Africa; ismailbello26@gmail.com;

4 Department of Physics, Joseph Sarwuan Tarkaa University Makurdi (JOSTUM), P.M.B. 2373, Makurdi, Benue State,
Nigeria; peverga.jubu@uam.edu.ng;

5 Nanotechnology Research Group (NANO+), Ladoke Akintola University of Technology, Ogbomoso, Nigeria;
oadedokun@lautech.edu.ng (O.A.); aaadewale38@lautech.edu.ng (A.A.A);

*  Correspondence: oadedokun@Iautech.edu.ng;

Scopus Author ID 57190128209
Received: 26.02.2024; Accepted: 30.06.2024; Published: 15.02.2025

Abstract: In this study, the sol-gel technique was used to synthesize undoped, Pd-doped, Co-doped,
and co-doped TiO, nanoparticles in order to investigate the effect of co-doping on photocatalytic
activities of TiO,. The effect of dopants on the energy band gap, charge transfer, and the recombination
rate at the surface of the nanocomposite was investigated using different characterization techniques
such as XRD, SEM, EDX, DRS, FTIR, and EIS. The XRD result confirmed the tetragonal structure of
TiO, with the main diffraction peak of 25.73° at 268. Using Kubelka Munk's relation, the energy bandgap
of the synthesized nanoparticle was obtained. The bandgap was narrowed after co-doping TiO2 with Pd
and Co, and the energy bandgap of 2.69 eV was obtained for the co-doped nanoparticles compared to
the value of 3.20 eV for pure TiO,. The SEM micrograph revealed the tetragonal structure of the
nanoparticles with different sizes. The EDX results revealed the weight percentage, elemental
component, and atomic concentration of the samples. The FTIR spectrum shows a predominant peak at
the middle of 800 and 600 cm™, and the band is related to metal-oxygen bonds. The FTIR band at 3420
cm™ shows the presence of hydroxyl group. The EIS spectra show the capacitive behavior, which
enhances the charge transport at the surface of the nanocomposite and mitigates the recombination rate.
Using MB dye as the model dye to undergo photocatalytic degradation, the photocatalytic activity of
the prepared samples was examined. The photodegradation efficiency of TiO,was enhanced as a result
of Pd-doped TiO2 nanoparticles, which showed a maximum efficiency of 96.9%.

Keywords: TiO, nanoparticle; nanocomposite; sol-gel; energy bandgap; photocatalyst; dye
degradation.
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1. Introduction

Environmental pollution has increased rapidly as a result of the global increase in
population and industrialization. Wastewater containing dyes released by the textile, food, and
paper industries is one of the main pollution sources [1, 2]. These effluents contain hazardous,
non-biodegradable substances that are damaging to humans, as well as carcinogenic
compounds and colored pigments [3]. Numerous dyes, particularly those used in the textile
industries, are released into the environment through wastewater. This has adverse impacts on
natural components, like water and air, that are essential to life. Therefore, sustainable ways to
reduce pollution are essential in providing a safe and clean environment for people [1].

The creation of effective methods for removing organic and inorganic contaminants
from the wastewater and environment has received more attention. Industrial wastewater can
be treated using various techniques, including ion exchange and adsorption, but these options
are expensive, have poor degradation efficiency, and are technologically complex [4]. The use
of semiconductor nanoparticles for photocatalysis has gained more attention in addressing
global pollution problems. Degradation of organic contaminants in water is one of the main
uses of this technology [5, 6]. Photocatalysis is a potential chemical process due to its ease of
use, cheap cost, lack of toxicity, and high photocatalytic degradation efficiency in visible light.
Photocatalysis using semiconductor oxides, such as TiO2, ZnO, and WOs, is a favorable,
environmentally benign technique for wastewater treatment because it encourages the
destruction of harmful and refractory organic contaminants [7].

Titanium dioxide (TiOz2) is considered as an excellent and superior photocatalyst among
semiconductor metal oxides due to its affordability, superior stability, environmental
friendliness, better oxidation ability, greater specific surface area in nanomaterial, high
photocatalytic activity in visible light, and suitable capacity to start a range of organic reactions
[3].

TiO: exists in three different crystalline forms, namely, anatase, rutile, and brookite [8—
11]. For photocatalysis, anatase and rutile are the favored phases, although brookite is
considered the least stable phase and is typically not utilized for photocatalysis [12]. Bulk
anatase and rutile have bandgaps of 3.2 and 3.0 eV, corresponding to the wavelengths of 388
and 414 nm, respectively [13]. The anatase phase’s capacity to absorb hydroxyl groups and
water makes it thought to be more photocatalytically active than rutile [14]. In TiO2-based
photocatalysis, photons with energy greater than or equal to the bandgap of TiO2 photoexcite
electrons from the valance band to the conduction band, thus creating electron-hole pairs.
Organic pollutants are broken down by the generated charge carriers as they travel to the
surface and interact with the pollutants.

Moreover, crystalline anatase TiO2 can be synthesized by a variety of methods, such as
thermal decomposition, chemical vapor deposition, hydrothermal synthesis, vapor-liquid-solid
method, chemical co-precipitation, and sol-gel methods [15]. Among the existing techniques,
the sol-gel technique is a simple method used to synthesize various oxides of metal compounds.

Due to the relatively large energy band gap of TiO-, photoactivation of the material is
limited to ultraviolet light, which led a very low solar light utilization efficiency [16]. The
bandgap energy of semiconductors is known to have a significant impact on photon absorption.
Photon energy must exceed the semiconducting energy bandgap in order for the photocatalyst
to absorb the photons [17]. As a result, its solar energy absorption is restricted to the ultraviolet
(UV) light spectrum, which makes up only about 5% of the solar spectrum in comparison to
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visible light (45%) [1,18]. In other words, a huge quantity of solar energy cannot be used
because ultraviolet light only takes up a small portion of sunlight, resulting in ineffective
electron transfer and poor electrical conductivity [19].

Furthermore, the rapid recombination of the photogenerated electron-hole pairs limits
the photocatalytic activity of TiOz, resulting in a low quantum yield rate and a constrained
photooxidation rate [20]. Numerous strategies have been used, including incorporating TiO2
into another low band gap semiconductor, which can activate it when exposed to visible light
[1,21-22]. Thus, doping TiO2 with either metal or non-metal or co-doping of TiO2with a metal
and transition metal is therefore suitable for tuning the band gap while minimizing the
recombination rate [23].

Doping TiO2 with appropriate donor atoms can improve photocatalytic activity, yet
because of the partially occupied impurity bands, they always function as recombination
centers [24,25]. Co-doping TiO2 with two or more atoms has been shown to theoretically
passivate the impurity bands and reduce the development of recombination centers by raising
the dopant’s solubility limit [14]. Furthermore, co-doping can also modulate the charge
equilibrium. Co-doping is a promising strategy that improves charge transfer by enhancing
photocatalytic activity and reducing the rate at which the photogenerated electron-hole
recombines. Co-doped TiO2 effectively moves the absorption edge of TiO2 from ultraviolet to
visible light spectrum [26].

Chauhan et al. (2019) described the preparation of nitrogen and palladium co-doped
mesoporous titanium dioxide nanoparticles utilizing an evaporation-induced self-assembly
approach with titanium isopropoxide as a precursor of titania. The mesoporous TiO:2
nanoparticles have a crystalline size ranging from 7 to 11 nm, confirmed to occur in the
tetragonal phase. The co-doped TiO2 with Palladium and nitrogen demonstrates how an
increase in the concentration of both elements causes a rapid reduction in the energy band gap
and recombination rate [27].

Synthesis of cobalt and sulfur co-doped titanium dioxide nanostructures by the sol-gel
method with improved photo-response characteristics for photocatalyst was reported by Jin et
al. (2017). The photo-response range of the co-doped TiO:2 increased tremendously when
compared to pure TiO2. With an increase in the concentration of cobalt and sulfur, the grain
sizes of cobalt and sulfur co-doped TiO2 shrank, and then the catalysts had an obvious red shift
in absorption of visible light. In comparison to undoped TiO2, TiO2 co-doped with cobalt and
sulfur appears to have better degradation efficiency in the degradation of Rhodamine B [28].

In order to enhance the performance of TiO2, we examine the influence of dopants on
the energy band gaps of TiO2 nanoparticles. We, therefore, synthesize and study the structural
and optical characteristics of undoped, palladium/cobalt doped, and co-doped TiO2
nanocomposite prepared through a simplified sol-gel method so that the synthesized material
could be utilized in treating the organic pollutants present in water.

2. Material and Methods
2.1. Materials.

Titanium isopropoxide (TTIP) was employed as a precursor for TiOz, palladium (1)
nitrate and cobalt (I1) acetate-tetrahydrate were used as dopants for palladium and cobalt
sources, respectively, de-ionized water and 2-propanol were used as solvents and acetic acid

https://nanobioletters.com/ 30f 16


https://doi.org/10.33263/LIANBS142.075
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS142.075

was used as a complexing agent for synthesis. All chemicals were of analytical grade and were
used as received.

2.2. Preparation of pure TiOs.

Pure TiO2 nanoparticles were prepared using titanium isopropoxide or TTIP as the
precursor. In this synthesis, 13 ml of 2-propanol was taken into a beaker, and 10 ml of acetic
acid was added slowly. The solution was stirred for a few minutes. Afterwards, 5 ml of TTIP
was added to the solution and stirred vigorously for 15 minutes. 61 ml of de-ionized water was
added drop wisely within 10 minutes to the solution and stirred continuously for 4 hours.
Consequently, the obtained solution was aged for 24 hours at room temperature. Then, the
prepared TiO2 gel was dried at 100°C for a few hours (at least 5 hrs) in order to obtain the
desired TiO2nanoparticles. The obtained powder samples were ground to avoid agglomeration
and to obtain a fine powder. Finally, the powder samples were annealed at 500°C for 3 hours
[29].

2.3. Preparation of doped TiO».

For the synthesis of doped TiO2, Palladium (I1) nitrate or Cobalt (Il) acetate-
tetrahydrate was dissolved in 61 ml of de-ionized water at room temperature, stirred for 30
minutes to obtain a solution X. A solution Y was obtained by dissolving 5 ml of TTIP into 13
ml of 2-propanol and 10 ml of acetic acid, stirred for 30 minutes. Then, solution X was added
and dropped wisely into solution Y within 10 minutes under continuous vigorous stirring. The
obtained solution was stirred for 2 hours at room temperature and left to age for 24 hours. The
doped TiO2 gel was dried for some hours at 100°C, and the powder obtained was pulverized
and annealed at 500°C for 3 hours [29].

2.4. Preparation of co-doped TiOs.

Palladium nitrate and Cobalt (I1) acetate-tetrahydrate were dissolved in 61 ml of de-
ionized water at room temperature and stirred for 30 minutes to obtain a Solution I. Solution 11
was obtained by dissolving 5 ml of TTIP into 13 ml of 2-propanol and 10 ml of acetic acid,
stirred for 30 minutes. Then, solution | was added and dropped wisely into solution Il within
10 minutes under continuous vigorous stirring. The obtained solution was stirred for 2 hours at
room temperature and left to age for 24 hours. The synthesized Pd/Co co-doped TiO2 gel was
dried for a few hours at 100°C, and the powder obtained was pulverized and annealed at 500°C
for 3 hours [29].

2.5. Samples characterization.

By employing a Rigaku X-ray diffractometer (Smartlab) with an X-ray generator
operating at 40 kV and 30 mA for X-ray powder diffraction, the crystalline structures and other
structural properties of all powder samples were assessed. The shape, size, morphology, and
dispersion of the samples were examined using scanning electron microscopy (SEM, VEGA

TESCAN 3 Model) coupled with an energy - dispersive X - ray spectrometer (EDX Model

INCA 200 (UK)) at 20 keV. Fourier transform infrared (FTIR) spectroscopy was performed
using Model Perkin Elmer FTIR spectrometer from 4000 to 400 cm™* to examine the chemical
composition and the functional group of the undoped, doped, and co-doped TiO2 nanoparticles.

https://nanobioletters.com/ 4 of 16


https://doi.org/10.33263/LIANBS142.075
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS142.075

A Gamry Interface 1000 Potentiostat was used to investigate the charge transfer and
recombination rate at the surface of the nanocomposite. UV-visible spectrophotometer, in
conjunction with a diffuse reflectance accessory (integrating sphere), determined the optical
transmittance and reflectance data for the prepared nanoparticles. An ocean optics USB 4000
spectrometer was used to record UV-vis diffuse reflectance spectra (UV-Vis DRS) in the
wavelength range of 200 to 800 nm.

2.6. Photocatalytic experiment.

In order to degrade a modeled dye (methylene blue dye), the photocatalytic activity of
the prepared samples was tested in the presence of sunlight. At 12:00 pm on the 20" of
September, 2023, a lux meter measured a solar intensity of about 85,500 Ix. Every other
parameter remains the same throughout the experiment except for the sun's intensity. The MB
dye solution of 2.5 mol/L was made with distilled water at neutral pH. In a volumetric flask,
1000 ml of MB solution was prepared. A 250 ml beaker serves as the reaction vessel positioned
on a magnetic stirrer. 10 mg of photocatalyst was added to each 25 ml of MB dye solution, and
the mixture was agitated for 20 minutes. The suspension was subjected to solar light for 60
minutes after being left in the dark for 30 minutes to allow adsorption-desorption equilibration.
At a consistent solar intensity of 85,500Ix, the measurements were successfully obtained. 2 ml
was extracted from the solution at the predetermined intervals (O minutes, 15 minutes, 30
minutes, 45 minutes, and 60 minutes) and centrifuged for 5 minutes for the purpose of
removing the photocatalyst. A UV-visible spectrophotometer was utilized to analyze the
supernatant in order to measure the absorbance and determine the degradation percentage.

3. Results and Discussion

3.1. Structural analysis.

XRD analysis was performed on all the samples to examine the crystalline structure
and phase evolution of the synthesized undoped, doped, and co-doped TiO2 nanoparticles.
Figure 1 displays the XRD pattern of the prepared samples, showing the diffraction peaks,
which are used to determine the materials’ crystalline phase. Peak broadening was estimated
using X-ray diffraction (XRD), which is related to lattice strain and particle size caused by
crystal defects and dislocations [30].
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Figure 1. XRD plot of pure, doped, and co-doped TiO2 nanoparticles.
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The XRD study revealed that the diffraction peaks in each sample were ordered to the
tetragonal anatase phase of titanium corresponding to JCPDS [Card No: 84-1285]. The
diffraction peaks morphology of pure TiOz crystal planes shown in Figure 1 is fairly similar to
that of Pd and Co-doped TiOz, which is in good agreement with other experimental work [31].

The peak locations and the relative intensities of the prepared samples in XRD patterns
are in agreement with the anatase TiO2 standard powder diffraction patterns. The pattern
pronounced the main diffraction peak at 25.73° corresponding to the (101) plane. The anatase
displays a distinct tetragonal structure at 38.27°, 48.48°, 54.36°, 55.48°, 63.09°, 69.22°, 70.71°
and 75.50° aligning with the diffraction planes (004), (200), (105), (211), (204), (116), (220),
and (215) respectively are in accordance with the TiO2 anatase phase according to JCPDS [No:
84-1285]. The average crystallite sizes were obtained from the full width at half-maximum

(FWHM) of the diffraction peaks via Scherrer’s equation:
KA

- L cos@ (l)

Where K is the shape factor, taken as 0.9, 6 is the Bragg’s (peak) angle, 1 is the
wavelength, g is the diffraction peak’s full width at half-maximum (FWHM) in radian, and D
is the crystallite size. The mean crystalline size of the anatase was obtained to be 14.32 nm.
The synthesized samples were presented in Table 1 with their corresponding concentrations,
crystal sizes, and FWHM.

Table 1. Relationship between crystal sizes and FWHM of the prepared nanoparticles.

. Crystal Sizes FWHM
Samples Concentrations (%) (nm) (degree)

Pure TiO2 0.00 15.93 0.5533

Pd doped TiO2 0.50 12.59 0.6952
Co-doped TiO2 0.50 15.85 0.5540

Pd and Co co-doped TiO2 0.50 12.90 0.6821

3.2. Morphological analysis.

Researchers have investigated doping and co-doping effects on TiO2 using a field
emission scanning electron microscope (FESEM). This has been applied to the study of
morphological characteristics, such as the shapes and sizes of the synthesized materials. With
the aid of backscattered or secondary electrons, FESEM enables imaging of a solid surface’s
topography. Figures 2 (a-d) reveal the morphological images of undoped TiOz, palladium-
doped TiO2, Cobalt-doped TiO2, and Palladium/Cobalt co-doped TiO2. The existence of
agglomeration was clearly evident in the micrograph. Figure 2 shows an increase in the
agglomeration and particle size for doped and co-doped TiOz [2].

Figures 3(a-d) display the elemental composition of the specified samples as shown by
the EDX spectrum. Pure TiO2 only includes the elements oxygen (O) and titanium (Ti), as
confirmed by the energy dispersive x-ray spectroscopy technique. Since no additional element
is present, the samples’ purity is confirmed. Palladium-doped TiO2 encloses titanium (Ti),
oxygen (O), and palladium (Pd); cobalt-doped TiO: displays the existence of titanium (Ti),
oxygen (O), and cobalt (Co), whereas Pd/Co co-doped TiO2 encompasses of titanium (Ti),
oxygen (O), cobalt (Co) and palladium (Pd) as displaced in Figure 3, indicating that Pd and Co
are effectively integrated into TiO2. These spectra can confirm the elements related to the host
and dopants and the atomic and weight percentages used to evaluate the eclement’s
stoichiometry [29]. The inset in Figure 3 displayed the atomic and weight percentage of pure,
doped, and co-doped TiOz2 as revealed by the EDX spectra.
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(c) (d)
Figure 2. SEM images of (a) pure TiO,; (b) Pd-doped TiO; (c) Co-doped; (d) Co-doped TiOs.
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Figure 3. EDX spectrum of (a) pure TiO; (b) Pd-doped TiO,; (c) Co-doped; (d) Co-doped TiO».
3.3. FTIR analysis.

From FTIR analysis, the chemical composition and functional group of the prepared
samples were verified. The FT-IR spectra obtained for the synthesized pure TiOz, palladium-
doped TiOz2, cobalt-doped TiO2, and palladium/cobalt co-doped TiO: are presented in Figure
4.

As Table 2 illustrates, distinct peaks were found for several functional groups. The IR
spectrum of pure TiO2 nanoparticles exhibits bands at 3412, 1620, 738, and 472 cm™. The
presence of peaks between 1700 and 1600 cm™ indicates the stretching vibration of the
hydroxyl groups on the surface and interlayer.
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Figure 4. Fourier transform infrared spectra for pure, doped, and co-doped TiO,.

The formation of hydroxyl radicals in a photocatalytic system depends on hydroxyl
groups [32]. The O-H stretching vibration, which displays a hydroxyl group, was identified as
the of the FTIR band at 3412 cm™. A prominent peak that appeared at the middle of 800 and
600 cm™ FTIR bands was associated with metal-oxygen bonding, and this finding is consistent

with other experimental work. The FTIR absorption values for the samples were presented in
Table 2 with their functional group.

Table 2. FTIR Absorption value for undoped, doped, and co-doped TiOx.

3.4. Optical studies.

Wa\gzqu_lr; ber Pure TiO2 PdT CoT PdCoT Functional group
3550 - 3200 3412 3415 3415 3417 O-H
1680 - 1620 1620 1624 1625 1628 Cc=C
900 - 680 738 740 775 800 C-H
<600 472 472 476 480 C-1

A UV-Vis spectrophotometer operating in diffuse reflectance scattering (DRS) at room
temperature was used to evaluate the optical properties of the prepared samples. Figure 5(a)
shows the absorption spectra of the samples in the scanning range of 200-800 nm.
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Figure 5. DRS spectra of (a) absorbance; (b) reflectance for pure, doped, and co-doped TiO, nanoparticles.
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For unmodified TiO2, a wide absorbance band for the wavelength range of about 400
nm can be observed, indicating that its photoactivity is limited to the UV region of the
spectrum. The UV-vis spectrum (Figure 5(a)) demonstrates that samples absorb in the 225—
360 nm spectral region. The undoped TiO2 spectrum showed that maximal absorption
happened at 328 nm.

Subsequently, Pd-doped TiOz, Co-doped TiOz2, and Co/Pd co-doped TiO2 caused the
photo-absorption edge to move slightly to the higher wavelengths of 330, 332, and 335 nm,
respectively. This showed that compared to undoped TiO2, doping Palladium and Cobalt with
TiO2 nanoparticles resulted in significantly higher absorption of visible and ultraviolet light.
There is a shift in the absorption band for the doped and the co-doped TiO2. This trend of
increasing wavelength on doping into TiO2 shows a shift from the UV region to the visible
light region. The shift resulted from the incorporation of dopants with TiO2 nanoparticles. The
shifts of this type could be attributed to the charge-transfer transitions between the electrons of
the doped samples and the TiO2 conduction or valence band.

Diffuse reflectance spectra (DRS) of undoped TiO2, as well as doped and co-doped
TiO2 nanoparticles against wavelength, are shown in Figure 5(b). The reflectance that arises in
the optical transitions is what causes the significant peak observed at about 400 nm. DRS
provides an accurate identification of such impurities since the diffuse reflectance is extremely
sensitive to small modifications [33]. From the reflectance data acquired by diffuse reflectance
spectrometry, the optical band-gap was calculated. By using the Tauc graphical approach to
examine the optical characteristics of the nanocomposite, the energy gap of the samples was
ascertained. The band-gap estimated from the diffused reflectance spectra was determined
through a Tauc plot [graph of (F(R)hV)? against the photon energy (hV)] for the direct

transition plot as presented in Figure 6.
_m2
F(R) =5 =2 )

Where F(R) is called the Kubelka Munk function, R is the diffuse reflectance of the
sample, S represents the scattering coefficient, and K is the corresponding K-M absorption.

By plotting the equation (F(R)hV)? versus hV, the band-gap of the semiconductor was
obtained. The calculated band-gap of TiO2 decreases significantly from 3.20 eV to 2.98 eV for
palladium modification. Also, the band-gap of cobalt doping indicates 2.79 eV, while Pd/Co

co-doping shows 2.69.

120

Pure TiO,
——PdT (0.5%)
100 4——CoT (0.5%)
——PdCoT (0.5%)

2.0 25 3.0 35 4.0
Energy (hv)

Figure 6. Plot of (F(R)hV)? against energy (hV) for pure, doped, and co-doped TiO..

The band gap of the doped materials shifted from the UV region to visible light, which
implies that the shift of absorption spectrum is attributed to the band gap narrowing, probably
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due to the dopants present in the material. The disparity in band gap values observed in Figure
6 with Pd/Co doping of TiOz2 is caused by the presence of oxygen vacancies, which facilitate
the easier transfer of electrons from the valence band to the conduction band [34]. The effective
reduction in the optical band gap could improve the photocatalytic performance of the doped
material.

3.5. EIS analysis.

The prepared samples were further examined by electrochemical impedance
spectroscopy (EIS) to reveal details about the interfacial properties, such as the charge transfer
resistance of the conductive layer, as indicated by the Nyquist plot. This method suggests an
electrochemical approach to examine charge transport and recombination rate at the TiO2
interface. The resulting Nyquist plot of the real and the imaginary parts of the impedance and
equivalent circuit model for fitted data are shown in Figure 7.

as000 [ PdT
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—— CoT — lr
v PdCoT - —
30000 e
E —
g -
S
E 15000 » "
"~ e
e —F
ol -~y v v

0 2500 5000 7500 10000 12500 15000
Re(Z) (ohm)
Figure 7. The Nyquist plot of pure, doped, and co-doped TiOx.

At the electrode interface, an electron is transferred during an electrochemical process. The
obtained EIS spectra indicate the charge transfer process at the maxima of the curve in a high-
frequency region. The diameter of the Nyquist plot’s curve was utilized to evaluate the charge
electron-transfer resistance.

The doping of Pd with TiOz resulted in a reduction in the diameter of the high-frequency
curve, indicating a lower charge recombination resistance in the sample. Also, the significant
decrease demonstrated the dopants’ advantage in enhancing electron transport and reducing
electron-hole recombination [35]. Furthermore, palladium-doped TiO2 exhibits capacitive
behavior, as revealed in the Nyquist plot, which enhances the movement of charge at the
nanocomposite's surface and mitigates the recombination rate.

3.6. Photocatalytic degradation of MB.

The synthesized nanoparticles could be used as a photocatalyst to turn the aqueous
methylene blue (MB) contaminated in water into a colorless form under visible light. The
photocatalytic degradation of methylene blue (MB) was observed under direct sunlight. Figures
8(a-d) displays the results of the UV-Vis absorbance spectrum of the photocatalytic
degradation of methylene blue in the presence of sunlight.
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Figure 8. MB solution’s absorbance spectra for (a) pure TiO2; (b) Pd-doped TiOg; (c) Co-doped TiO; (d)
Pd/Co co-doped TiO, under solar irradiation.

At room temperature, a UV-visible spectrophotometer with a wavelength range of 200-
800 nm was used to monitor the reaction. The UV-visible absorbance spectrum of methylene
blue dye solution shows the maximum absorbance at 665 nm. The absorbance peak continues
to decrease as the irradiation time increases when the photocatalyst and sunlight are present.

Even though pure TiO2 outperforms cobalt-doped TiO2 samples due to photon
scattering caused by excess cobalt concentration [36], in addition, Hamadanian et al. (2010),
have better photocatalytic activity of undoped TiO2 compared to Co-doped TiO2 in the
degradation of methyl orange under UV irradiation [37]. According to the report of Liang and
his colleagues in 2016, the photocatalytic rate of undoped titanium dioxide was higher than
Cobalt-doped TiO2 for larger cobalt concentrations (exceeding 2.5%). This occurs because
excess cobalt dopants lead to photon scattering [38]. In comparison to undoped TiO2 and
Cobalt-doped TiO2 nanoparticles, palladium-doped TiO2 decolorizes the MB dye solution
faster. Throughout the process of degradation, the bright blue of the MB dye solution gradually
diminished and became colorless. It was observed that Pd-doped TiO2 degraded MB dye
solution after 60 minutes, which proved that palladium has the best performance in the
photocatalytic degradation of MB among all the samples used [5]. The percentage degradation
of the dye was displayed in Figure 9, which was calculated using the equation:

% Degradation = % x 100 (3)
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Where Co, is the initial concentration of MB dye, C: is the concentration of MB dye
solution after exposure time (t) to solar radiation.
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Figure 9. The percentage degradation plot for pure TiO,, Pd-doped TiO,, Co-doped TiO,, and Pd/Co co-doped
TiO..

The photocatalytic degradation was found to increase linearly as the irradiation time
increased. The recorded adsorption of undoped, Pd-doped, Co-doped, and Pd/Co co-doped
TiO2 are 16.48, 26.85, 6.59, and 9.89%, respectively, after 30 minutes of agitating the dye
solution in a dark environment. The final degradation percentages of the MB dye with undoped,
Pd-doped, Co-doped, and co-doped TiO2 were 86.18, 96.98, 47.89, and 52.65% respectively.
The photodegradation efficiency of TiO2 was enhanced as a result of Pd-doped TiO2
nanoparticles, which showed a maximum efficiency of 96.98%. Pd-doped samples are better
than other samples so that they can be used for environmental applications. The
photodegradation efficacy of the current work and the previously reported work is displayed in
Table 3. This current study exhibits better performance with shorter exposure time and a dye
degradation percentage of 96.9%.

Table 3. Comparison of the present work with the literature.

SIN Samples Dye Degradation (%6) Time (min) References
1. N/Pd-codoped TiO2 (5% N and 8% Pd) MB 78 90 [19]
2. Co/S codoped TiO2 (2% Co and 5% S) RhB 30 100 [20]
3. N/Pd-codoped TiOz (0.6% Pd) Eosin Yellow 100 180 [4]
N/Pd and Ag-doped TiO2 (5%N, 3% Pd
4. and 6%Ag) MB 92 120 [39]
Pd-doped TiO2 (0.5%) MB 99.4 120 [40]
. Malachite
- - 0,
6. Co-S co-doped TiO2 (1%) Green 20 50 [41]
7. Pd doped TiO2 (0.5%) MB 96.9 60 Present work

3.6. Proposed photocatalytic mechanism.

Figure 10 illustrates the photogenerated charge carriers' mechanism, migration, and
degradation process in the presence of sunlight. Based on the separation process of the
photogenerated electron-hole charge carriers, the Pd-doped TiO2 nanoparticle photocatalytic
mechanism was proposed. The photogenerated electrons are trapped, which leads to electron-
hole separation. When photons strike TiOz, they produce electrons that migrate from the
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valence band (VB) to the conduction band (CB) and leave holes behind in the valence band.
The holes can produce strongly reactive hydroxyl radical species by scavenging surface-
adsorbed water or hydroxyl molecules. On the other hand, the electrons react with the oxygen
molecules to produce very reactive superoxide radicals, which are advantageous for
mineralizing methylene blue dye-contaminated water.

Figure 10. Photocatalytic mechanism of Pd doped TiO; nanoparticle.
4. Conclusion

Undoped TiO2, palladium TiOz2, cobalt-doped TiO2, and palladium/cobalt co-doped
TiO2 were successfully synthesized by sol-gel method. The doping and co-doping of Pd and
Co into TiO2 lattice were demonstrated in the XRD spectrum, and Pd/Co co-doping
dramatically changed the optical characteristics of TiO2 nanoparticles, reducing the level of the
energy band gap from 3.20 eV to 2.69 eV. The band gap of the doped materials shifted from
the UV region to the visible light region, which implies that the shift of absorption spectrum is
attributed to the band gap narrowing, probably due to the dopants present in the material. EIS
analysis revealed the charge transfer rate at the surface of the nanocomposite, while the
functional groups of each nanoparticle were verified using FTIR spectroscopy. The significant
photocatalytic activity of undoped, Pd-doped, Co-doped, and co-doped TiO2 nanoparticles
towards MB dye solutions was found to be 88, 96, 43, and 53 %, respectively. It was discovered
that Pd doping significantly increased the photocatalytic activity of TiO2 towards the
degradation of MB dye in the presence of sunlight, and this resulted in a good performance
with literature. In this regard, integrating Pd with TiO2 helps nanoparticles become more
photocatalytically active, and it might be one of the most effective options among available
materials for treating organic pollutants in water.
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