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Application of Fe–TiO2 photocatalysis using sol–gel method by 
hot–dipping technique was investigated. The influences of 
fabrication parameters; molar ratios of Fe to TiO2, the sol 
temperature, poly ethylene glycol (PEG) content and the number of 
dipping cycles on the photocatalytic activity in visible light region 
were studied. Results revealed that a higher photocatalytic 
performance of Fe-TiO2 films could be achieved using the molar 
ratio of Fe to TiO2: 0.015, the sol temperature: 70 °C, PEG content: 
2 wt. % and 5 dipping cycles. The photodegradation efficiency of 
this sample after 2 h of visible light irradiation increased up to 80% 
and no crack was detected on the surface of the thin film. When the 
sol temperature increased from 25 to 70 ºC (the boiling point of the 
sol), its viscosity increased due to the presence of PEG via forming 
cross linkage. This phenomenon resulted in the change of the 
coating microstructure and the improvement the optical properties. 
 

1. Introduction 

Antifog, antireflective, antiglare and 
antibacterial coatings are some types of optical 
coatings applied to the surface of glassy pieces 
and other optical devices to improve their 
performances. The coating agents play a 
significant role in the properties of the coated 
glass. Magnesium fluoride (MgF2) is often used 
for reducing the surface's reflection coefficient 
[1]. TiO2 is the most famous antifog agent due 
to its highly hydrophilic behaviour under ultra 
violet (UV) light [2]. 

The antibacterial glass is more demanding in 
several applications such as in buildings, food 
packing, medical laboratories, etc. This 
property has been developed by applying TiO2 

photocatalyst on the surface of glass to enhance 
the photocatalytic effect in the UV region. 
However, the need for a UV source limits its 
benefits. To deal with this problem, a generic 
way is to modify TiO2 by doping with a metal 
ion and/or an organic polymer, which leads to a 
decrease in band gap energy; therefore, photo 
excitation could occur in visible and/or UV 
light. The most popular dopants for this 
purpose are Ag, Fe, V, Au, Pt and etc., which 
have been doped by many production methods, 
including ion–assisted sputtering, plasma, ion–
implantation, chemical vapour deposition 
(CVD), and sol–gel [3]. However, a sol–gel 
process is considered as one of the most 
promising techniques due to fewer types of  
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equipment, and hence potentially lowers costs. 
Moreover, the most important advantage of 
sol–gel process over other methods is the 
ability to control precisely the microstructure 
(pore volume, pore size, and surface area) and 
composition (stoichiometry) of the products 
[4]. During the sol–gel process, prior to 
gelation, the sol could be applied as a thin film 
by dipping or spinning processes [5, 6]. 

TiO2 is a good ceramic material and can be 
used as a permanent antibacterial coating that 
has attracted much attention of researchers due 
to its significant optical, electrical, and 
photoelectrochemical properties. So far, a 
number of experimental researches have been 
successfully conducted in the field of the 
properties of TiO2 films. Sonawane et al. 
prepared a thin film of Fe–TiO2 on a substrate. 
The addition of Fe into the sol showed 
excellent photocatalytic activity. Up to 95% of 
methyl orange can be decomposed in sunlight 
within 34 h [7]. In addition, Sonawane et al. 
applied Au–TiO2 thin film to degrade phenol in 
sunlight.  By doping Au into the TiO2 structure, 
its photo response under visible light increased 
by more than 20 times, and its absorption 
wavelength shifted from 340 nm in UV to 450 
nm in the visible region [8]. As it is well 
documented by Zhao et al., the photocatalytic 
efficiency of Fe–TiO2 can be increased to 98% 
compared to that of the undoped one [9]. On 
the other hand, Moujoud et al. used hot–dip 
coating process to fabricate thin films. This 
technique seems to be a good method to control 
the morphology and thickness of the sol–gel 
films by varying the drawing temperature [10]. 

Following our attempts to eliminate the crack 
formation, the TiO2 thin films have been 
deposited by sol-gel dipping technique on 
stainless steel. The sol used contains poly 
ethylene glycol (PEG) as a major constituent to 
improve the sol stability, the surface roughness 
and the green adhesion [5]. 

In the present work, sol–gel dipping 
technique was applied to form nanocrystalline 
Fe doped TiO2 thin film on a glass substrate. In 
this regard, PEG was added to the sol. The sol 
temperature, the PEG content and the number 
of dipping cycles were investigated to optimize 
the morphology and photocatalytic behaviour 
of the Fe doped TiO2 thin film. 

2. Experimental  
2. 1. Starting materials 
Titanium tetra isopropoxide (TTIP, >98%, 
Merck Co., Germany) as a Ti source, ferric 
nitrate (Fe(NO3)3.9H2O, Merck) as a Fe 
precursor, isopropyl alcohol (iPrOH, >99.5%, 
Merck Co.) as a solvent, hydrochloric acid 
(HCl, 37%, Merck Co.) and triethylamine 
(TEA, 99%, Merck Co.) as reagents to adjust 
pH, distilled water as a hydrolytic agent, and 
PEG (average molecular weight: 6000 g, Merck 
Co.) were used as the starting materials. 
 
2. 2. Experimental Design 
In this study, an experimental plan is 
established to optimize the photocatalytic 
behaviour of the Fe doped TiO2 films prepared 
by sol–gel dipping technique under various 
deposition parameters, i.e. Fe amount, sol 
temperature, the PEG content, and the number 
of dipping cycles. The aim of this work is the 
optimum deposition conditions for high 
photocatalytic properties in visible light. The 
input parameters and the steps of experiments 
are shown in Table 1. As can be seen, three 
different steps are defined to investigate the 
influences of variables on the properties of the 
coated samples. 
 
2. 2. 1. First step; Preparation of the Fe–TiO2 
nanoparticles to optimize the Fe content 
Fe–TiO2 sol was prepared by mixing TTIP, 
iPrOH, H2O with adequate amounts of 
Fe(NO3)3.9H2O (according to Table 1). The 
molar ratios of the iPrOH /TTIP and 
H2O/iPrOH were 50 and 4, respectively. The 
solution was stirred continuously at room 
temperature. Given that in Ti4+–containing sol, 
the hydrolysis does not occur in pH more than 
1.75 [11], to decrease the pH value to 1.5, HCl 
was added to the solutions and was 
continuously stirred for 24 h. In this step, 1 wt. 
% of PEG was added to the samples and 
continuously stirred for 24 h. To increase the 
pH value of the solution to 9, adequate amounts 
of TEA were dropped into the stirring 
solutions. After filtering and repeated washing 
(3 times with distilled water), the prepared 
precipitates were dried at 70 ºC for 24 h. The 
dried powder was fired in a laboratory 
electrical furnace at a heating rate of 10 ºC/min  
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Table 1. Preparation variables and conditions of the samples 
Experimental 

steps 
Variable 

Values of the 
variable 

Samples Tests 

First step Fe content 

Molar ratio of 
Fe to TiO2 = 0, 
0.005, 0.015 

and 0.03 

F1: 0 
F2: 0.005 
F3: 0.015 
F4: 0.03 

XRD, EDS, UV visible 
spectroscopy 

Second step sol temperature Ambient, 70ºC 
S1: 25 ºC 
S2: 70 ºC 

EDS, UV visible 
spectroscopy 

(photodegradation of MB) 

PEG content 0, 1 and 2 wt.% 
Third step 

number of 
dipping cycles 

3 and 5 

T1: 0 PEG, 3 layers 
T2: 1 PEG, 3 layers 
T3: 2 PEG, 3 layers 
T4: 0 PEG, 5 layers 
T5: 1 PEG, 5 layers 
T6: 2 PEG, 5 layers 

UV visible spectroscopy 
(photodegradation of MB), 

SPM, FESEM, EDS 

 
and the soak time of 2 h at 500 ºC. The calcined 
powder samples (F1–F4) were investigated by 
X–ray diffraction (XRD) analysis, energy 
dispersive spectroscopy (EDS), and UV–visible 
spectroscopy to evaluate the optical properties. 
 
2. 2. 2. Second step; Preparation of the Fe–TiO2 
thin films to optimize the sol temperature 
At this step, Fe–TiO2 sol was prepared as 
described before in section 2.2.1. According to 
the results obtained in the first step, the 
optimized condition to prepare the Fe–TiO2 sol 
would be specified. At this step, three layers of 
Fe–TiO2 thin films were deposited on the clean 
glass substrates by sol–gel dip coating method 
at a withdrawal speed of 100 mm/min and held 
for 1 min by a dip coater (109C, Pasargad Nano 
Equipment, Tehran, Iran). As can be seen in 
Table 1, the variable in this step was the sol 
temperature; therefore, deposition process was 
done at two temperatures: 25 ºC (ambient 
temperature) and 70 ºC (boiling temperature of 
the sol). The samples were prepared under the 
same calcination conditions mentioned for the 
first step. Photocatalytic properties of the 
samples S1 and S2 were evaluated by 
measuring the photodegradation of methylene 
blue (MB) in aqueous solution after 0, 30, 90 
and 135 minutes of irradiation. 
 
2. 2. 3. Third step; Optimization of the PEG 
content and the number of dipping cycles 
At this step, the Fe–TiO2 sol was prepared as 
described in section 2.2.1 and deposited on the 
clean glass substrates under the same 

conditions with the second step. In accordance 
with the results of the first and second steps and 
Table 1, six samples were prepared (see  
Table 1, samples T1-T6). The variables were 
PEG content (0, 1 and 2 wt. %) and the number of 
dipping cycles (3 and 5 cycles). The other 
parameters were chosen in accordance with the 
results of the previous sections (molar ratio of Fe 
to TiO2 = 0.015 and the sol temperature = 70 ºC). 
Photocatalytic properties, microstructure, and 
topographic features of the coated glass 
samples were compared to determine the best 
conditions (the PEG content and the number of 
dipping cycles). The photocatalytic activity of 
the films under visible light irradiation for 2 h 
was evaluated by measuring the degradation of 
absorbance for an MB aqueous solution. The 
chemical microanalyses of the samples were 
performed by EDS. 
 
2. 3. Characterization 
The optical characterization of the sols (F1-F4) 
was carried out using UV–visible 
spectrophotometer (T70, PG Instruments Ltd., 
England) in the wavelength range of 200 to 800 
nm. To compare the absorption of different 
samples, the area under the absorbance vs. 
wavelength (λ) curves was measured and 
determined. 

X–ray diffraction (XRD) analysis was carried 
out by X–ray diffractometer (D8 advance, 
Bruker, Germany) using Cu tube anode (Kα = 
1.540598) and Ni filter. PANalytical X’Pert 
HighScore software was also used for the 
analysis of different peaks. The diffraction  
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Fig. 1. (A) UV–visible absorption spectra of F1–F4 samples, (B) Absorbance of the samples by measuring 

the area under the absorbance vs. λ curves 
 

patterns of the products were compared with 
the proposed standards by the joint committee 
on powder diffraction and standards (JCPDS). 

Lattice strain and the crystallite size of the 
specimens were calculated from the broadening 
of the XRD peaks using the Williamson–Hall 
method [12] according to equation (1). 

 [1] B cos θ = (0.9 λ / d) + η sin θ 
Where d, θ, λ, η and B are crystallite size, 
diffraction angle, wavelength of the X–ray 
(λCukα1=1.540598 A

�

), lattice strain, and the 
peak full width at half maximum (FWHM), 
respectively. Thus, when “B.cosθ” is plotted 
against “sinθ” (for the main peaks of each XRD 
pattern), a straight line is obtained with the 
slope as lattice strain (η). The qualitative 
assessment strain based on peak broadening 
could be calculated according to the drawn 
diagram. 

Morphology of the deposited layer was 
studied by field emission scanning electron 
microscopy (FESEM, 4160, 15 kV; Hitachi, 
Japan), and the surface topography was 
characterized by scanning probe microscopy 
(SPM, Dualscop C–26, DME, Germany). 

The photocatalytic activities of the coated 
samples were evaluated by measuring the 
decomposition rate of MB at room temperature. 
In each experiment, 10 mL of aqueous MB 
solution (4 mg/L) was poured into the Petri dish, 
and a coated substrate was placed in it. Then, it 
was irradiated with the visible light (two 

fluorescent lamps, 18 W, Philips). The light 
wavelength of the fluorescent lamp is mainly 
located between 420 nm and 670 nm. The 
distance between the light source and the surface 
of the suspension was 10 cm. Then, the changes 
of MB concentration vs. time were measured by 
a UV–visible spectrophotometer at 664 nm. The 
degradation rate constants (k, min-1) were 
measured from the slopes of ln (C0/C) vs. 
irradiation time (t) curves, presuming a first 
order kinetics at this stage of the reaction (where 
C0 and C are the concentrations of MB at the 
initial time and at the time t, respectively). 

The Fe and Ti contents of the calcined 
powder as well as the thin films were estimated 
by using EDS technique. 
 
3. Results and Discussion 
3. 1. First step; Effect of Fe addition on the 
optical properties and phase components 
The main aim of doping Fe into TiO2 structure 
was to shift the absorption edge towards the 
visible region of the light spectrum to gain the 
photoexcitation phenomenon without UV 
requirement. Different Fe contents were 
appraised to modify the TiO2 structure. Fig. 1–A 
depicts the UV–visible spectra of the 
suspensions prepared by using sol containing 
different concentrations of Fe (the molar ratios 
of Fe to TiO2 for samples F1–F4 were 0, 0.005, 
0.015 and 0.03, respectively), and Fig 1-B shows 
the area under the absorbance vs. λ curves. 
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Fig. 2. Processes involved in Fe-doped TiO2 
particles upon band gap excitation. CB: Conduction 
Band, VB: Valence Band. 

 
As can be seen, the pure TiO2 sol showed 
absorption in the UV region. However, the sols 
prepared by addition of Fe show different 
behaviours. In curves F2 and F3 the absorption 
edges of TiO2 show a red–shift, whereas in 
curve F4, the absorption edge exhibited no 
considerable change. The addition of the 
dopant shows not only shifting in the 
absorption edge but also varying the absorption 
of the sols in the whole UV–visible range 
(200–800 nm). Broadening the light absorption 
zone towards the red region and also increasing 
the area under the absorbance vs. λ curves 
could make the doped samples able to absorb 
light in the visible region. 

Fig.1–B illustrates the sum of the absorbance 
values in the wavelength range of 200–800 nm, 
indicating the influence of Fe additions on the 
optical properties of the sols. According to this 
figure, the amount of absorbance by addition of 
Fe to TiO2 increases to a maximum value and 
then decreases. This was also reported before 
by Kernazhitsky et al. [13]. The photocatalytic 
activity of TiO2 depends on competition 
between the rate of transferring surface charge 
carriers and the recombination rate of electrons 
and holes. Oxygen plays a substantial role in 
this process by trapping electrons in the 
conduction band and hindering electron–hole 
recombination [14]. By Fe ion doping into TiO2 
structure, three features Fe2+, Fe3+ and Fe4+ can 
be obtained, in which Fe3+ is known as the most 
stable form. The holes and electrons are 
generated under irradiation [equation (2)], then 
Fe ions trap them. Therefore, Fe2+ and Fe4+ are 
formed [equations (3) and (4)] and transferred 
to the catalyst surface; so, they release holes  
 

 
Fig. 3. XRD patterns of the samples, the asterisks 
refer to anatase [86–1157] and the circles show the 
main peaks of rutile [88–1175]. 

 
and electrons. In this step, Fe3+ appears again 
[equations (5) and (6)], along with hydroxyl 
radical (OH•) and hyperoxide (O2

-) [13, 9]. The 
photocatalytic mechanism is schematized in 
Fig. 2. 

 [2] TiO2 + hν => h+ + e- 
 [3] Fe3+ + h+ => Fe4+           hole trapping          
[4] Fe3+ + e- => Fe2+      electron trapping          
[5] Fe+4 + OH- => Fe3+ + OH     hole release     
[6] Fe2+ + O2 => Fe3+ + O2

-  electron release     
It is worth mentioning that Fe as a dopant could 
affect TiO2 optical behaviour by (a) shifting the 
absorption edge, (b) varying the absorbance, (c) 
hindering the recombination and (d) providing 
the recombination centres. On the other hand, it 
could influence (e) the degree of crystallinity, 
(f) lattice strain and (g) phase component. 
These items lead to the fact that the influence 
of Fe doping on the TiO2 properties is directly 
affected by its dosage. Fig. 1–B confirmed the 
relation between Fe concentration and 
absorption. By adding a small amount of Fe (F2 
sample, see Table 1), the absorbance increased 
gradually, while by continuously increasing the 
Fe concentration (F3), and the absorbance 
increased rapidly. More increase in the Fe 
content (F4), the absorbance decreased 
rigorously. This is because when a little amount 
of Fe is present (F2), it behaves as an electron 
scavenger. Fig. 3 shows the XRD patterns of 
these samples and Table 2 presents the phase  
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Table 2. Phase component and lattice strain values of first step samples 

Data sources Sample codes F1 F2 F3 F4 

XRD Lattice strain (%) 0.4932 0.5356 0.5562 0.8740 

XRD Crystallite size (nm) 10.962 12.958 11.964 8.009 

Anatase ~ 70 ~ 25 ~ 20 ~ 75 
XRD Phase (%) 

Rutile ~30 ~ 75 ~ 80 ~ 25 

O 66.33 66.5 66.3 66.0 

Ti 33.21 33.1 33.0 32.5 EDS Atom (%) 

Fe 0 0.13 0.44 0.90 

 
component (XRD), elemental compositions 
(EDS) and lattice strains (XRD). Fig. 3 
illustrates that the main phase is anatase, 
whereas rutile is the dominate phase in F2 and 
F3 samples. This notion approves that 
crystallization occurred well in these samples, 
in addition to anatase phase; peaks 
corresponding to rutile were also detected, due 
to the anatase to rutile conversion because of 
the presence of Fe. However, in the undoped 
sample (F1) this anatase to rutile 
transformation took place only due to the firing 
temperature. From the curves of F2 and F3 of 
the pattern it can be seen that rutile peaks are 
more intense which means that the increase in 
Fe content promotes anatase to rutile 
transformation. The sample with the highest 
amount of Fe (curve F4 in Figure 3 contains 
more anatase, suggesting that the 
transformation of anatase to rutile is inhibited 
or slowed down due to the presence of more Fe 
content. This may be because in Fe/TiO2 
synthesized by sol–gel technique the Fe ions 
are adsorbed on TiO2 oligomers and as the 
concentration of metal ions increases, the ion 
density of Fe around a TiO2 nanoparticle 
increases. This limits the particles to join each 
other; as a result, the smaller diameter particles 
are shaped (this is supported by the values of 
the crystallite size, see Table 2). Since the 
anatase phase is most stable at low particle 
dimension [8], the formation of rutile will not 
be dominated. 

Considering Fig. 1and 3, Fe plays an 
important role in shifting the absorption edge, 
and could increase the absorption by changing 
the phase component and hindering the 

recombination in TiO2 structure. Although the 
Fe content of F4 was higher than the others, its 
absorption edge shifting and absorbance were 
less than those of F3, because of providing the 
recombination sites and in anatase amount. 

According to Table 2, by increasing the Fe 
content, lattice strain was found to increase, as 
a result of appearing the lattice defects. 
Moreover, it can be observed that the average 
grain size increased and achieved its maximum 
value (12.958 nm for F2 sample) by Fe doping. 
More increase in the dopant content caused the 
decrease in the crystallite size which was 
discussed before. 

The EDS data of Fe/TiO2 nanoparticles (see 
Table 2) confirm the existence of the Fe atoms 
in the solid powder samples (F2, F3 and F4) 
but the XRD patterns do not show any traces 
related to Fe (even for F4). Therefore, it may be 
concluded that the Fe ions are uniformly 
dispersed among the as-synthesized crystallites.  

In the first step, although F4 samples 
contained anatase as the main phase but the 
best photodegradation responses were achieved 
in F3 sample; so, its preparation condition 
would be used to modify the as–synthesized 
TiO2 nanoparticles at the next steps. 
 
3. 2. Second step; Effect of the sol 
temperature on the optical properties of the 
as–prepared thin films 
The variable of this step is the sol temperature. 
To choose one sample as the best, the 
photocatalytic activities of S1 and S2 (see 
Table 1) were evaluated by degradation of MB 
solution under visible light irradiation. Fig. 4 
plots the ln (C0/C) vs. irradiation time (t) curves  
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Fig. 4. Kinetics of the photocatalytic degradation of 
MB solutions (♦) S1 and (■) S2, the apparent rate 
constants (k, min–1) of degradation of MB were 
illustrated in the inse. 

 
and the degradation rates are illustrated in its 
inset. This figure indicates that the first order of 
dye removal kinetic is acceptable for both 
samples, but comparison of the lines slop 
reveals that kS2 > kS1. Photocatalytic activity of 
TiO2 thin layers is severely affected by the 
crystallite size, surface area and pore structure. 
Smaller crystallite size, higher surface area, and 
larger pore volume are noted to have positive 
effects on the photocatalytic activity [15]. 
These characteristics could be achieved by 
controlling the deposition parameters such as 
the withdrawal speed, substrates temperature, 
conditions of sol, etc. When the sol temperature 
increased from 25 to 70 ºC and other 
parameters were kept constant, the 
photocatalytic activity improved. It seems that 
this phenomenon is very sensitive to the sol 
viscosity accessed with the increase in the sol 
temperature. This is exactly the opposite of that 
reported by Vorotilov et al. [16]. The appeared 
antithesis probably refers to the starting 
materials, and particular attention is paid to 
PEG. The viscosity of the sol can increase with 
the addition on of polymers and raising the 
temperature [17]. This is because of the 
thermoreversible behaviour of the PEG 
solution, gelated when heated due to the 
formation of cross linkage. 

In accordance with the EDS results, by 
increasing the sol temperature from 25 to 70 ºC  
 

 
Fig. 5. UV–visible absorption spectra of the 
photocatalytic degradation of MB solutions due to 
T1–T6 samples photoactivated after 2 h visible light 
irradiation, accompained by that of the MB 
suspention without and with 2 h visible light 
irradiation 

 
(samples S1 and S2), the atomic percentage of 
Fe can increase from 0.40 % (related to S1) to 
0.49 % (related to S2). As a result, an increase 
in the amount of the doped Fe into TiO2 
structure leads to the improvement of the 
photocatalytic properties. 

Here, the viscosity of the sol increased at 70 
ºC; so, the Fe content in TiO2 structure and the 
photocatalytic activity of the thin film 
improved. For that matter, S2 was chosen as 
the best in this step and its preparation 
conditions would be used in the next step. 
 
3. 3. Third step; Optimization of the PEG 
content and the number of dipping cycles 
Fig. 5 illustrates the UV–visible spectra of the 
Fe–TiO2 coatings prepared by hot–dip coating 
method in different deposition conditions (see 
Table 1). 

To compare the influences of Fe–TiO2 thin 
films (T1–T6) on the degradation of MB, the 
intensity of the main peak of absorbance (at ~ 
660 nm) was measured. As can be seen, 2 h 
visible light irradiation to MB suspension 
caused ~ 17 % decrease in its concentration due 
to photodegradation of the dyes. While the MB 
suspension was poured onto the coated glass 
and exposed to visible light, the absorbance  
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Fig. 6. FESEM images of T1–T6 samples with 6.000 and 60.000 magnitudes 

 
Table 3. Roughness values and atomic percentage of Fe in T1–T6 samples. 

Samples T1 T2 T3 T4 T5 T6 

Roughness (nm) 212 145 165 179 137 154 

Atomic % of Fe 0.47 0.49 0.48 0.46 0.48 0.50 

 
especially at ~ 660 nm decreased abruptly (40–
80%), which might be due to the photocatalytic 
activity of the coated samples. 

The number of dipping cycles of samples T1, 
T2 and T3 was three, whereas the amount of 
PEG were 0, 1 and 2 wt. %, respectively. As 
can be seen in Fig. 5, by using T1 sample (PEG 
free), the photocatalytic activity was minimum, 
and about 40% of MB was decomposed. The 
addition of 1 and 2 wt. % of PEG (T2 and T3) 
increased the photocatalytic activity of the 
catalysts, and 54% and 62% of the MB were 
decomposed, respectively. The addition of PEG 
into the sol affects the topography and 
microstructure of the films due to its influences 
on the sol viscosity and adherence behaviour 
[7]; therefore, its increase causes an increase in 

the grain size, and the matrix shows a smoother 
appearance [5]. Fig. 6 and 7, which illustrate 
SEM and SPM images, respectively, confirm 
the above matter. SEM micrographs (Fig. 6) 
exhibit that with an increase in the PEG 
amount, the grains become larger. The 
calculated roughness values from SPM results 
concluded in Table 3 show that by adding PEG, 
the surface roughness parameter decreases. 
This fact can be attributed to the adhesion 
nature of PEG. It is known that PEG molecules 
adsorb exothermically onto TiO2 oligomers by 
forming hydrogen bonds between oxygen 
atoms in the PEG and hydroxyl groups on the 
TiO2 oligomers [18]. Sonawane et al. [8] 
suggested that the hydroxyl content of the films 
increases with respect to the increase in added  
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Fig. 7. 3D SPM images of T1–T6 samples 

 
PEG. Vijay et al. [19] showed that one of the 
most important factors influencing 
phtocatalytic activity of TiO2 is the amount of 
hydroxyl group. Furthermore, the more the 
number of pores [8] and the higher surface area 
[20], the more the photocatalytic activity of the 
films. 

Fig. 5 displays that the influence of the PEG 
content on the optical behaviour of T4, T5 and 
T6 was similar to that of T1, T2, and T3. In 
addition, the photocatalytic activity can be 
affected by changing the number of dipping 
cycles. By comparing the roughness values (see 
Table 3) of PEG–free samples (T1 and T4), 1 
wt. % PEG containing samples (T2 and T5), 
and 2 wt. % PEG containing samples (T3 and 
T6), it is clear that by increasing the dipping 
cycles from 3 to 5, the roughness parameters 
decrease, which is in good agreement with the 
results of our previous work. More narrow 

range of particle size and homogeneous surface 
structure are obtained by arising dipping cycles 
and hence, the roughness value decreases [5]. 
On the other hand, the results of Fig. 5 show 
that the photocatalytic activity of the coated 
samples was promoted with an increase in the 
number of layers. Notwithstanding lower 
roughness (Table 3) and higher grain size (Fig. 
6); because of higher number of dipping cycles 
(see Table 1) of samples T4, T5 and T6, their 
photocatalytic activity is higher than that of T1, 
T2 and T3, respectively. This phenomenon can 
be related to the concentration of the 
photocatalyst deposited on the substrate. The 
more the layers of deposited film, the more the 
number of pores generated during calcinations; 
therefore, the formed hydroxyl content 
increases. While this photocatalysis sample is 
exposed to light, electrons and holes are 
formed. The holes and hydroxyl ions combine 
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and result in hydroxyl radicals which 
encourage the photocatalytic activity [7]. 

Three–dimensional (3D) SPM images of the 
samples are presented in Fig. 7. As can be seen, 
some abnormal triangular–like grains appear in 
T3, T5, and T6 samples. One can find traces of 
these grains in SEM images in cubic form (see 
Fig. 6). It should be noted that the dimensions 
of these grains are ~ 500 nm according to SEM 
and SPM images, leading to an increase in both 
roughness parameters and the specific surface 
area. One possible reason for this phenomenon 
could be that the particles are prone to join each 
other and higher diameter particles are shaped 
by increasing the PEG amount and the number 
of dipping cycles (images of samples 3, 5, and 
6 in Fig. 7). 

Obviously, the presence of the entirely 
shielding TiO2 film will diminish the 
accessibility of the irradiated light to the glass 
surface, whereby causing a promotion in the 
photocatalytic activation process. As a result, the 
light scattering is induced by surface and volume 
imperfections [21]; therefore, a periodic array of 
micro–cracks exists along the film which could 
diminish photocatalytic properties. Fig. 6 shows 
that the use of PEG as an additive prevents the 
crack formation in samples T2 and T3 (with 
three layers of thin film), but regarding the five–
layered thin film samples (T4, T5 and T6), T6 is 
the only sample that contains no cracks. It can 
be concluded that more PEG is required to 
prevent crack formation by increasing the 
number of dipping cycles. 

The EDS results in Table 3 show that the 
latter variables (the number of dipping cycles 
and the PEG content) do not affect the Fe 
content in TiO2 coated samples significantly, 
whereas the microstructure and smoothness of 
the thin layers specified their optical properties. 

The Fe doping caused the increase of 
photoactivity by improving the light absorption of 
the TiO2 in UV-visible region. This phenomenon 
is related to creation of a new energy level close 
to the conduction band. Therefore, the required 
energy for excitation decreased and the produced 
electron-hole pairs increased. 
 
4. Conclusions 
The hot–dipping sol–gel technique was utilized 

to apply an Fe–TiO2 thin film on a glass 
substrate. The optimum processing conditions 
to achieve the goal of this research, namely a 
highly photocatalytic activity in visible light 
region and lowly defected coated samples, were 
found in a sample with the molar ratios of Fe to 
TiO2: 0.015, the sol temperature: 70°C, PEG 
content: 2 wt. % and the number of dipping 
cycles: 5. The photodegradation efficiency of 
this sample after 2 h of visible light irradiation 
increases up to 80% and no crack was detected 
on the surface of the thin film. 

The optical properties under visible light 
irradiation improved as the temperature at 
which the thin films are formed increases. The 
red shift can be related to the increase in the sol 
viscosity with increasing the temperature due to 
the existence of PEG. This phenomenon causes 
the as–deposited thin film to thicken and the Fe 
content of nanoparticles in thin film to increase, 
leading to an improvement in photocatalytic 
properties. 

According to EDS results, among all the 
parameters studied in this work, the sol 
temperature has great influence on the Fe 
content in TiO2 coated samples. 
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