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Abstract:

The present work focuses on the effect of doping on the synthesis, characterization and
photocatalytic activity of TiO, thin films doped with iron at different percentages by the sol-gel
method and characterized by using techniques such as x-ray diffraction (XRD), scanning electron
microscopy (SEM), UV-visible spectroscopy and Fourier transform infrared (FTIR). and
photocatalytic degradation of Rhodamine B under the sunlight. The XRD results revealed that the
synthesized samples are pure and crystalline in nature and show a tetragonal anatase phase of
TiO,, Moreover, also revealed that the crystallinity and crystal size increasing with increasing Fe**
percentage due to the aggravation of anatase TiO, crystallinity. SEM microscopic images showed
that all the well-adhesive Fe’* Doped TiO, thin films had homogeneous and smooth surfaces,
contained granular nanocrystals, and without cracks. The UV-vis absorption spectra showed that
the absorption of the TiO, thin films had a small red-shift as the Fe’>" percentage increased. The
direct band gap energy (Eg) of Fe’*-doped TiO, thin films decreased with increasing Fe’*-doping .
this behavior is attributed to the Fe’*, whose presence decrease the band gap and could stabilize
the separation between the photogenerated electron-hole pair. Moreover, the rate constant of
Rhodamine B decomposition increased as the Fe®* percentage increased. Fe’* doped TiO,
exhibited enhanced photocatalytic efficiency compared to pristine TiO,, attributed to improved
charge separation and higher electron-hole pair generation.
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I. Introduction:

Furthermore, Schrauzer and Guth [46] were among the first to describe the synthesis of Fe-
doped TiO, and Fe-free powders via an impregnation process, followed by calcination at 1273 K.
The incorporation of Fe ions resulted in a noticeable enhancement of the TiO, powders'

photocatalytic activity [39, 40].

imperative to eradicate pollutants underscores the pressing need to explore novel catalyst
materials with enhanced properties and efficiency [1]. In the face of the conventional treatment's
ineffectiveness against these recalcitrant contaminants, recent efforts have turned towards
Advanced Oxidation Processes (AOPs) as promising alternatives. Among these, photocatalysis

stands out as a contemporary technique for remediating water resources.

Photocatalysis entails the generation of highly oxidative radical species within the medium. To
initiate this process, a solid semiconductor must be activated by sufficiently energetic radiation.
In this context, the solid material assumes the role of a photocatalyst, facilitating the generation
of hole-clectron pairs under irradiation. These clectron-hole pairs are instrumental in the
formation of radical species that, in turn, drive the degradation and mineralization of

contaminants [2, 3].

In recent years, the photocatalytic degradation of aqueous organic pollutants and gaseous
formaldehyde by Titanium Dioxide (TiO,) has garnered substantial attention in the realm of
environmental protection. This heightened interest can be attributed to TiO,'s advantageous

optical and electronic properties, chemical stability, non-toxicity, and cost-cffectiveness [4].

However, TiO, exhibits a considerable energy band gap of 3.2 ¢V, which restricts its activation
solely to the ultraviolet (UV) range. Consequently, its efficacy as a photocatalyst using visible

light is markedly limited, with a mere 5% of sunlight utilization [5, 6].

To address this limitation, various strategies have been explored, including the incorporation of
noble metals such as gold [7] and silver [8-11], transition metals like Fe [12-15], Cr [16], Cu
[17], Mn [18], Zn [19, 20], and V [21-24], as well as non-metals like nitrogen [28-31] and
carbon [31]. Notably, TiO, particles can be doped with Iron (Fe) to create a composite material
at low Iron concentrations. Given the similar ionic radii of Fe** and Ti"" ions (0.64 A and 0.68
A, respectively), the substitution of Iron cations for titanium within the TiO, lattice is a facile

process.

Nevertheless, the widespread application of photocatalysis for industrial wastewater treatment is

hindered by its relatively low reaction rate, primarily attributable to the rapid recombination of
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charge carriers [4]. This limitation stems from TiO, high energy band gap, which confines its
light absorption mainly to the UV spectrum, with wavelengths shorter than 387.5 nm.
Consequently, the high rate of electron-hole pair recombination results in low quantum
efficiency and a constrained photooxidation rate [32-34]. The photocatalytic attributes of TiO,
are profoundly influenced by sample preparation conditions, crystal phase, surface area, size
distribution, porosity [35,36], and the presence of additional components such as metal particles,
which are employed to enhance catalytic response [35]. Notably, anatase TiO, demonstrates

superior photocatalytic activity compared to rutile TiO,.

Over the past two decades, extensive research has been dedicated to extending TiO, light
absorption into the visible region and mitigating the recombination of excited electron-hole
pairs. This has led to the exploration of various approaches, including doping with different
elements [32, 35, 37—41], surface modifications [42-44], and diverse preparation methods [37-
40, 42, 45], as reported by numerous researchers. Furthermore, Schrauzer and Guth [46] were
among the first to describe the synthesis of Fe-doped TiO, and Fe-free powders via an
impregnation process, followed by calcination at 1273 K. The incorporation of Fe ions resulted

in a noticeable enhancement of the TiO, powders' photocatalytic activity [39,40].

Conversely, nanocrystalline TiO, thin films are typically synthesized from alkoxide solutions
through methods like physical vapor deposition (PVD) [47], chemical vapor deposition (CVD)
[48], and dip coating [49]. Surprisingly, despite the extensive body of literature, a comprehensive
elucidation of the impact of Fe’* doping on the optical and photocatalytic properties of TiO,

thin films prepared through sol—gel dip coating remains conspicuously absent [37].

In the present investigation, we delve into the influence of Fe’* doping on the optical,
photocatalytic, and microstructural attributes of sol-gel dip-coated TiO, thin films. The
photocatalytic efficacy was evaluated by monitoring the degradation of Rhodamine B dye under
sunlight, revealing a remarkable enhancement with increasing Fe3+ content. This phenomenon
underscores the superior photocatalytic efficiency of Fe’"-doped TiO, thin films compared to
pristine TiO,. Our study aims to fill the existing gap in the optimization of these materials using
the sol-gel method, driven by the promising potential offered by the introduction of Fe’'.
Additionally, we employ X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), UV-
Visible Spectroscopy, and Fourier Transform Infrared (FTIR) analysis to discern the distinctive

characteristics of these materials.
II. Experimental procedure:

The sol-gel process, at its core, relies on the transformation of a liquid-phase solution containing
precursors into a solid material through a series of chemical polymerization reactions conducted

at ambient temperature [50]. To achieve a solution conducive for dipping, the sol preparation
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entails a sequential approach. In the initial step, a transparent solution is formulated by
dissolving one mole (1 mol) of butanol (C;H,OH) as a solvent, coupled with the addition of
four moles (4 moles) of acetic acid (C,H,O,). Furthermore, one mole (1 mol) of distilled water is
introduced, along with one mole (1 mol) of tetrabutyl-orthotitanate (C;H,0),Ti [51, 52]. This
meticulously concocted solution, characterized by its transparency tinged with a gentle yellow

hue, serves as the foundational precursor for subsequent stages.

In the second phase, the process commences with the dissolution of high-purity iron powder
(99%) in a 1% hydrochloric acid solution, yielding a solution of iron chloride (FeCl,). Following
this, in the third phase, the solutions of titanium dioxide (TiO,) are doped with varying

concentrations of FeCl,, specifically 0.5% and 1%.

The deposition method employed throughout this study is the dip-coating technique. To ensure
the substrates possess a refractive index of 1.52, meticulous cleaning procedures were executed.
Subsequently, these prepared substrates were immersed successively in the solutions of undoped
and Fe’'-doped TiO,, each for a duration of 10 minutes. The withdrawal process was
meticulously controlled at a speed of 0.625 cm.s” [51, 53, 54]. Post-dipping, the films
underwent a drying phase at 100 °C for 10 minutes after each deposition. Finally, the treated
samples were subjected to a temperature at 500 °C, maintaining this condition for a duration of

one hour.

Characterization of the thin films was executed through various techniques. The structural
evolution of the films was meticulously monitored employing a Brunkers Axs Advanced
diffractometer, utilizing Cu (Ko) radiation with a wavelength (A) of 1.54056 A. The angular

range spanned from 10° to 70°, with an incidence angle of 20 = 0.5°.

The surface morphology and thickness of TiO, thin films doped and not doped with Fe’* were

concluded by scanning electron microscopy (SEM).

UV absorption studies were conducted using a UV-vis double-beam spectrophotometer,
specifically the SHIMADZU (UV3101PC), capable of spanning wavelengths from 190 to 3200

nm. Data analysis and spectral treatment were performed utilizing the UVPC software.
The set up used for photocatalytic reaction tests has been described.
III. Results and discussion:

III. 1. X-ray diffraction (XRD):

In order to ensure the structural quality of the samples, we performed measurements from X-ray
diffraction. The films were analyzed by X-ray diffraction (XRD). We have followed the structural

evolution of TiO, thin films as a function of undoped titanium oxide as well as four different
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concentrations of iron chloride (0%, 0.5% and 1%). X-ray diffraction allowed us to determine

crystal quality, evaluate constraints, measure grain size,...ctc.
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Figure.1. X-ray diffraction spectra of TiO, thin films doped and not doped with Fe*" in
different proportions (0%, 0.5%, 1%) annealed at 500°C for 1h.

Fig.1 shows the results of the X-ray diffraction pattern of samples deposited with a TiO, layer
and annealed at 500°C for 1h shows the beginning of crystallization of the titanium oxide
compound with the appearance of the anatase phase, and this is consistent with the results of

other work.

These results confirmed that TiO, doped with Fe’* displays a tetragonal crystal structure with an
anatase phase (one, the resolved diffraction peaks were characterized using Miller indices, we
obtained 25.4, 48.05, 37.9, 54.355.3, 62.85 which correspond to levels (101). (004), (200),
(105), (211), (204), respectively, as we find that the (101) level is the preferred crystal growth

direction.

We also notice that there are no peaks of iron or iron oxide, and this is due to the small
percentage of iron concentration, and the X-ray diffraction device cannot detect small
percentages of doping. We also note that the iron doping process led to an increase in the width

of the titanium oxide peaks.

The average size of the crystals was calculated using Scherrer's [55,56] formula, the results
demonstrate a notable trend: as the graft concentration increases, there is a corresponding rise in
the average crystal size, transitioning from 12,768 nanometers to 15,728 nanometers.

Additionally, a distinct reduction in the peak at (20 = 25.4) is observed.

Furthermore, the intensity and breadth of the peak width provide valuable insights. These
characteristics suggest that the enlargement of the crystals might be attributed to the integration

of iron ions into the cation sites within the TiO, structure.

It was calculated using the relationship:
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A: X-ray wavelength.

n: diffraction rank.

dp : The distance between the crystal planes.
©: Bragg angle diffraction of X-ray samples.

The following table shows the grain size of doped and undoped TiO,:

Percentage of TiO, 200) the level (hkl) grain size d(nm)
doping FeCl,
00% 25452 25452 | 12,768
0.5% 25.478 25.478 | 14,034
1% 25.467 25.467 | 14,861
-

15,5

15,0

14,5 /

14,0 H

D(NM)
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T T
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Figure.2. The grain size change of TiO, doped and undoped with Fe’* in different
percentages (0%, 0.5%, 1%) annealed at 500°C for 1h.

The ionic radius of iron is (0.064 nm), which is very close to the ionic radius of Ti* (0.068 nm),
which also means that Fe’* can enter the structure of TiO, and replace Ti*". The DRX results can
be explained by the fact that there is no difference in the retina between the iron-unsaturated

TiO, nanoparticles.
III. 2. FTIR Spectrum Analysis:

The study was carried out using Fourier transform infrared absorption spectroscopy to

understand the behavior of the material resulting from heat treatments. Some experiments
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showed that layers with a thin thickness have good permeability to infrared rays, unlike thick
layers, as the frequency range (2500-520) was scanned inside a device from Type (JASCO
(FT/IR-6300) so that any absorbed frequency characterizes the type of vibration of a particular
bond. We will use this property to track the distinct bonds of the Ti-O and Ti-O-Ti samples in
the thin layers of TiO,. For this we will look at the low frequencies that are in the range (400-
800 cm™) It is the field of presence of these bonds and the extension of the chain [Ti-O-Ti-O-
Ti-O], which is the field specified by Devitt (Me) [57].

Larbot, Chhor, and others [58,59] have divided this frequency into two areas:
* A range [550-653 cm™] in which the Ti-O bond frequencies extend.

* A range [436-495 cm™] in which the frequencies of the Ti-O bond and the Ti-O-Ti bond
within the polymer chain extend [Ti-O-Ti-O-Ti-O].

The Ti-O-Ti and O-Ti-O structural bonds are the characteristic bonds of titanium dioxide
crystallization, while the high-frequency field corresponds to the vibration of the bonds of water

and organic molecules.

Fig.3 shows the infrared spectra of Fe’"-doped TiO, thin films deposited on glass

substrates obtained for annealing temperature for 1 hours.

105

=S
oSN 95
=
90 —+
— TiO,
— TiO, 1% Fe
85 T T T
2500 2000 1500 1000

A(nm)

Figure.3. Infrared spectra of TiO, thin films doped with Fe’* in different proportions (0%,
1%) annealed at 500°C for 1h.

We also relied in our study on the results of previous studies that the vibration bond between
iron and oxygen belongs to the range [400-750 cm™] [60], and due to the small rates of

vaccination, this association was not found with us.

Where we notice the presence of two values at 573.68 and 829.76 cm™, which correspond to Ti-
O and Ti-O-Ti, respectively, and which belong to the anatase phase, then the infrared analysis

Tob Regul Sci. ™ 2023 ;9(1):5413 - 5430 5419



Mohamed Cherif Benachour.et.al
Optical and Photocatalytic Properties of Fe**-Doped Tio, Thin Films Prepared by a Sol-Gel
Dip-Coating

confirms the information we obtained from the X-ray analysis, which shows the presence of

anatase type titanium oxide.
IIT .3 .Analysis of the results of scanning electron microscopy (MEB):

To study the surface morphology of our sediments with the variation of ferric chloride
concentration, a scanning electron microscope was used to get an idea of the surface condition of
the prepared samples that we chose at a concentration of (0%, 0.5%, 1%) for different purposes.

SEM images of doped and undoped TiO, films:

0.5%Fe

Figure.4. SEM micrographs of TiOs thin films doped and undoped with Fe " in different
percentages (0%, 0.5%%, 1%%) annealed at 500°C for 1h.

Microscopic images (Fig.4) show that the thin layer of TiO, is inlaid with different percentages
of Fe’* (0%, 0.5%, 1%) that is homogeneous and has a surface state without cracking on the
entire surface of the sample when annealing at a temperature 500°C. The observations reflect the
fact that the stresses introduced by temperature during crystallization are not so great as to
degrade the surface continuity of the thin film. One of the aspects related to the surface
morphology is the porosity, where the SEM images of the Fe’'- doped TiO, thin film shows
different growth of the pore structures in the film as we also note that the amount of pores is

large and of different shapes.
I11.4 .Characterizations by transmission UV-Vis spectrometer:
III .4. 1 Analysis of transmittance spectra:

We know that titanium oxide represents the visible light spectrum with a high diffusion

coefficient without an absorption region, with 96% of the light energy from which the incident
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will be reflected. TiO, has been shown to be insensitive to visible light, due to its broad

forbidden band, which allows it to absorb near ultraviolet.

The optical properties included a study of the effect of Fe’* concentration, in molar percentages
(0%, 0.5%, 1%) on the optical properties of the TiO, layers. The transmittance spectrum of the
layers was measured within wavelengths (300-1000nm). Transmittance T as the ratio of the
transmitted intensity to the incident intensity. In addition, using this type of spectrum allows us
to arrive at the determination of the film thickness, as well as some other optical properties: the
optical absorption threshold, the optical gap, the refractive index, and the porosity of the
material. The results showed that there is a clear increase in the transmittance values as a function
of wavelength. As these results showed that the layers of titanium oxide have a permeability rate
of approximately 90%, as the value of transparency increases and reaches within the near visible
spectrum region, with a little permeability in the ultraviolet region, which increases sharply at the
value (380-400), and this region is called At the main absorption edge with a slight deviation in
the case of absorption towards higher energies, and this in turn indicates that the material is a

semi-conductor with a wide energy gap.

In Fig.5 we can say that increasing the grafting rates led to an increase in the granular growth

process, that is, an increase in the size of the granules, which led to a decrease in light scattering.

100

80

60

40
- PUR

- 0.5%
— 1%

Transmetance (%)

20

0

300 4(‘)0 5(‘)0 6(‘)0 760 8(‘)0 9(‘)0 1000
A (nm)
Figure. 5. The transmittance spectrum of TiO, thin films doped and undoped with Fe*" in
different percentages (0%, 0.5%, 1%) annealed at 500°C for 1h.

It was shown from the permeability curves that with increasing grafting rates, we notice that
there is a decrease in the permeability values, and this indicates that grafting with iron atoms has
led to an increase in the donor levels near the transport band. And (Fig.5) shows a decrease in the
permeability values, and this is due to the thickness of the sample, as it is proportional to the Pere
Lombert law, that the permeability is inversely proportional to the thickness, as shown in the

relationship:

T=(1-R) ¢™
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II1.4.2. Determine the energy gap:

In the UV field, a sudden decrease in the transmittance of films is due to the fundamental
absorption of light, corresponding to transitions between bands, for example the excitation of an
clectron from the valence band to the conduction band beyond the fundamental absorption
threshold. The determination of the energy gap is based on the model associated with the

absorption coefficient a :
(ahv)? = A(hv — E,)

Where hv is the photon energy, o is the absorption coefficient, Eg the band gap energy and A is a

constant.

The band gap values for Fe’'- doped TiO, thin films are shown in Fig.6.

2000

0%

1750

1500

1250

1000

(ahvy

750 +

500 +

250 +

R
2 3 4
hv(eV)

Figure.6. Determination of the energy gap by extrapolation from the anisotropy of (¢hv)®

as a function of hv.

By drawing the relationship from (hve)® and the incident photon energy hv, the linear part is
simulated by drawing the tangent that intersects the axis of the separators at the value of the
energy gap. The following table shows the energy gap values for TiO, thin films doped with Fe’*
(0 %, 0.5%, 1%,)

Doping rate Energy gap (eV)
0% 3.37

0.5 % 3.10

1% 297

Tob Regul Sci. ™ 2023 ;9(1):5413 - 5430 5422




Mohamed Cherif Benachour.et.al

Optical and Photocatalytic Properties of Fe**-Doped Tio, Thin Films Prepared by a Sol-Gel
Dip-Coating

We notice from the energy gap values that the higher the doping percentage, the smaller the
energy gap, which indicates that iron is a good agent for reducing the energy gap value of

titanium dioxide.
II1.5. Analysis of the photocatalytic test:

In this test, we prepared a solution of rhodamine with RhB, and then stirred the solution under
sunlight for 30 minutes. RhB was used as a light indicator. The photocatalytic activity of TiO,
and TiO, doped with Fe’* (0.5% 1%) was examined.

0,
CB
<
o Fe''/ Fe?
= g
3 hv 5
=3 2%
_:2'; [Dopant [level _Fe**/Fe*
= \ h h )
Do B
Fe¥*
Fe doped TiO,
OH’ + pollutant > H,0+CO,

Figure.7. shows the schematic diagram of the photocatalytic process on Fe’*-doped TiO,
thin films

Fig.8, which represents the absorption spectrum of Rhodamine B with the chemical formula
C,sH;,CN,O;. We distinguish the presence of a major peak at the wavelength of 554 nm in the
spectral range (400-800 nm).

Figure.8. Color absorption spectrum of Rhodamine B (RhB)

The catalytic behavior of samples prepared from titanium oxide doped with iron(Ill) titanium
oxide, obtained by a Sol-gel method, was studied. We used a concentration of 10 of the
rhodamine B dye, placed the samples in a certain volume of water contaminated with the dye,
exposed them to sunlight with continuous magnetic stirring, and then We analyzed the

absorbance every 30 minutes over a period of 3 hours and obtained the curves (Fig.9.a).
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Figure 9.a. Representative absorption curves for the degradation of rhodamine
B after times under sunlight, in the presence of Fe**-doped and undoped TiO,
particles obtained by sol-gel, Figure 9. b represents the change in the
concentration of radiamine B solution with the change of time for both doping

and non doping samples.
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The catalytic behavior of the samples prepared from iron-doped titanium oxide obtained by sol-
gel method was studied. We used a concentration of 10™ of the rhodamine B dye and placed the
samples in a certain volume of water contaminated with the dye and exposed them to sunlight
with continuous magnetic stirring. Then we analyzed the absorbance every 30 minutes over a
period of 3 hours, and we obtained the curves (Fig.9.a). We measured the concentration ratio
(C/C,) as a function of time, after establishing the adsorption-desorption equilibrium for 30

minutes (Fig.9.b).

The function f(t) = C/C, was shown at different time intervals during the degradation process of
Rhodamine B, where the highest rate of degradation occurred during the first 30 minutes of
photocatalysis after which it decreased in a linear manner. This means that the analyzed system
modifies the mechanism by which it occurs. The color degradation process studied, which

indicates the effectiveness of the photocatalyst to remove this pollutant from water.

The percentage of photocatalytic efficiency of rhodamine B aqueous solution in inlaid and

ungrafted TiO, samples can be calculated using the equation [61]:

fl= —=.100%

Where it represents:

N: :Organic decomposition rate (expressed as a percentage).

C,: Concentration of the initial coloring solution.

C : The concentration of the coloring solution after a certain period of photodegradation.

The photocatalytic result 1 hour after the dispersion of the undoped and doped TiO, system
under sunlight indicates that the incorporation of iron into the TiO, matrix has a positive effect

on the photocatalytic activity of TiO, for the anatase phase.
Conclusion:

In conclusion, this study provides a comprehensive exploration of the characteristics and optical
properties of iron ion (Fe’") doped titanium oxide thin films produced through the sol-gel spin
coating technique. Our findings underscore the potential of these films for a wide range of
applications, including photocatalysis, sensors, and photovoltaics. Moreover, the study sheds
light on the intricate interplay between dopant concentration, processing parameters, and

material properties, offering valuable insights for future research and development in this field.
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