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A B S T R A C T   

Titanium dioxide-based nanocomposite materials are the most widely used materials to enhance the photo
catalytic activity of titanium dioxide (TiO2) due to their excellent light absorbing properties. However, the wide 
use of TiO2 is restricted by its large band gap. Doping TiO2 with iron (Fe) is one of the strategies that have been 
employed in order to narrow the band gap of TiO2, thus promoting its photocatalytic activity to the visible light 
region. In this work, new energy levels between the valence band and the conduction band were introduced by 
incorporating Fe in the TiO2 lattice resulting to an effective shift of the light absorption to the visible light region. 
On the other hand, the incorporation of NaF in the TiO2 lattice led to significant changes on its crystal phases 
from brookite-anatase to anatase-rutile phases. In this study, the hydrothermal synthesis route was combined 
with microwave heating as a smart pathway of reducing the synthesis cost by reducing synthesis temperature and 
time while achieving an efficient photocatalytic activity of the TiO2 nano-photocatalysts. XRD diffraction pat
terns demonstrated that a mixture of brookite-anatase was obtained, which was transformed to the anatase-rutile 
phases after doping TiO2 with Fe in the presence of NaF. Microscopic investigations further showed that the 
doped TiO2 nano-photocatalyts exhibited a spherical shape with an average particle size in the range of 10–20 
nm. UV–Vis analysis showed that the indirect and direct band gap of Fe-doped TiO2 in the presence of NaF was 
significantly narrowed to 1.67–1.83 eV and 2.05–2.17 eV, respectively. The synergistic effect of NaF on the 
crystallinity of Fe-doped TiO2 calcined at 400 �C in air was demonstrated to form an anatase-rutile phase.   

1. Introduction 

Titanium dioxide (TiO2) is considered as a key nano-photocatalyst 
for use in water treatment applications due to its unique properties, 
such as, high stability, low cost, relatively low toxicity and excellent 
absorbing propensity for solar light compared to other semiconductors 
[1]. However, the photocatalytic activity of TiO2 is restricted to the 
ultraviolet (UV) region due to its wide band gap [2]. Generally, TiO2 
naturally exists as a single phase or a mixture of phases of its three 
polymorphs namely; rutile, anatase, and brookite with a band gap of 3.0, 
3.2, and 3.4 eV, respectively [3]. Hence, with these phases, TiO2 is only 
sensitive in the UV wavelengths [4]. In fact, the band gap of TiO2 does 

not strictly depend on its crystal phase but is also strongly controlled by 
its morphology and the presence of impurity elements in the oxide lat
tice [5]. For this, many studies have been initiated to modify TiO2 band 
gap in order to target broad light absorption. The incorporation of 
cationic dopants in the TiO2 lattice is one of the main pathways to 
narrow the band gap and then resolve the photocatalytic activity 
weakness of TiO2 [6]. 

Among the different variety of metal ions, Fe3þ has been considered 
as an efficient candidate to modify the TiO2 lattice owing to its ionic 
radius of 0.064 nm, which is relatively similar to that of Ti4þ (0.068 nm), 
which facilitates its implantation into the TiO2 lattice [7]. The incor
poration of Fe3þ as a Ti4þ substitute into the TiO2 lattice is one of the 
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best pathways to narrow the band gap of TiO2 due to its excellent 
properties, including absorption in the visible range of the solar spec
trum, high stability, low cost, ready availability, and its optical band gap 
in the range 2.0–2.2 eV [8]. Moreover, doping TiO2 with Fe influences 
the dynamics of electron/hole recombination and interfacial charge 
transfer. Fe is believed to be an efficient dopant to enhance the photo
catalytic efficiency of TiO2 and has a direct influence on the intrinsic 
properties of TiO2 such as adding new energy levels into TiO2 band gap 
and enhancing the separation of photo-generated electrons and holes by 
trapping them temporarily and superficially [9]. Fe also serves to 
develop a magnetic TiO2 photocatalyst that can be aggregated rapidly 
under the influence of a magnetic field resulting to easy separation of the 
nanoparticles in water treatment applications [10,11]. 

Fluorine (F) is an exceptional anionic element due to its high elec
tronegativity, thus serving as an electron donor which induces the for
mation of reduced Ti3þ centers that localize the extra electrons needed 
for charge compensation [12]. It has been widely used as a morphology 
controlling agent to control the growth of the anatase phase, especially 
(001) anatase [13]. Unlike Na ion (Naþ), widely used to get oxygen 
deficiency (TiO2-x), which is an adequate element to synthesize a single 
rutile phase structure [14,15]. Due to the large ionic radius of Naþ

(~0.102 nm), it cannot substitute Ti4þ with radius of 0.068 nm but 
instead it can migrate to the TiO2 surface forming Na2O [16]. 

Doping TiO2 with Fe ions in the presence of Na and F is one of the 
efficient pathways to synthesize TiO2 with both anatase and rutile 
phases in order to achieve a significant shift of photocatalytic activity to 
the visible region [17]. The use of these elements to modify the struc
ture, morphology and band gap of TiO2 lead to an efficient shifting of the 
photocatalytic activity to the visible region [18]. 

The use of the microwave-assisted hydrothermal synthesis method is 
one of the greener methodologies to synthesize nanocomposites with 
high performance and within a short time [19]. Microwave-assisted 
hydrothermal synthesis is an effective method for producing efficient 
nanocomposites by controlling the particle size through the nucleation 
and growth kinetics [20,21]. Cui et al. have investigated the 
microwave-assisted hydrothermal synthesis method to grow TiO2 
nanotubes on Ni foam substrates [22]. Ocakoglu et al. reviewed some 
aspects and advantages of hydrothermal synthesis assisted microwave 
heating method. The combination of hydrothermal and microwave 
heating processes offered an effective approach to significantly reduce 
the temperature, time, and costs in chemical synthesis [20]. 

In this study, a fast one-step microwave-assisted hydrothermal syn
thesis method was employed to synthesize highly efficient NaF/Fe- 
doped TiO2 nanocomposites. The main goal was to demonstrate the 
synergic effect of varying the amount of both Fe and NaF on the band 
gap of the synthesized TiO2 nanocomposites and also to study the in
fluence of the coexistence of Na and F ions on the growth of both anatase 
and rutile phases of TiO2. The successful synthesis of TiO2 nano
composites with much smaller band gap energies using these dopants 
was an important finding in this work and presented a simplified greener 
way of making the materials for environmental applications such as the 
photocatalytic degradation of organics in water. 

2. Experimental 

2.1. Materials and reagents 

Titanium (IV) butoxide purum, �97.0% (gravimetric) with density of 
1 g/ml was used as TiO2 source. Iron chloride (reagent grade, with 97% 
purity) was used as a source of iron. Sodium fluoride (analytical reagent) 
was used as a source of Naþ and F� , and 2-butanol with purity �99.5% 
(gravimetric) was used as a solvent for the mixture [23]. All the reagents 
were purchased from Merck, South Africa and they were used without 
any further purification. Deionized water was prepared in our labora
tory using a Direct-Q® (Millipore) purification system. 

2.2. Preparation of Fe-doped TiO2 nanocomposites 

Briefly, in a glass beaker of 500 ml, 13, 12.2, 11.8, 10.9, 10, 8.7, 8, 
and 6.7 ml of titanium butoxide (Ti(OC4H9)4) corresponding to 100, 90, 
89, 82, 75, 65, 60, and 50% of TiO2, respectively were dissolved in 100 
ml of 2-butanol (CH3CH(OH)CH2CH3). In separate beakers, 90, 724.3, 
1358, 2263, 2716, and 2263 mg of iron chloride (FeCl3) equivalent to 0, 
1, 8, 15, 25, and 30% of iron, respectively were dissolved in deionized 
water, Also in a separate beakers, 311.9 and 779.9 mg of sodium fluoride 
equivalent to 10 and 25% of NaF respectively, were dissolved in water. 
Ti(OC4H9)4 was dissolved in 2-butanol and FeCl3 was dissolved in 
deionized water and these were simultaneously added dropwise to the 
NaF dissolved in water under sonication and mechanical stirring at room 
temperature. After 30 min, a suspension was formed and stirred under 
magnetic stirring for 4 h (h) at room temperature. 

Subsequently, suspensions formed were transferred into reaction 
vessels and placed in ultra-strength frame closed reaction vessels. In fact, 
nanocomposites were synthesized by microwave-assisted hydrothermal 
synthesis at 180 �C within 1 h using the MDS-6G microwave digestion 
with power of 220–240 VAC 50/60Hz 8A and microwave frequency of 
2450 MHz. The main advantage of this microwave technique is that it is 
fast, simple, and easy to obtain materials with targeted properties such 
as nanoscale size, good dispersion, uniform structures and morphology 
[24]. 

The nanocomposites were then washed with ethanol to remove any 
organic impurities using an ultracentrifuge with a speed of 12000 rpm 
for 1 h30 min, followed by washing with deionized water three times to 
remove any residual ions remaining in the prepared nanocomposites. 
Furthermore, the samples were then dried in the oven at 100 �C for 8 h, 
crushed in a mortar, and calcined in a muffle furnace at 400 �C for 4 h 
with increasing step of 5 �C per minute in air. 

Table 1 presents the designated labels used to name the prepared 
samples with different amount of Fe and NaF in terms of moles. 

2.3. Analysis of Fe doped TiO2 nanocomposites 

X-ray diffraction (XRD) analysis of the materials was done using a 
PANalytical X’Pert PRO X-Ray Diffractometer. X-ray photoelectron 
spectrometer (XPS) survey spectrum and high resolution XPS spectra 
were obtained by using an AXIS SupraTM. The AXIS Supra is a high- 
performance X-Ray photoelectron spectrophotometer, with unrivalled 
sensitivity and energy resolution. Moreover, it is an efficient collection 
of photoelectrons by the magnetic and electrostatic lenses combined 
with a high transmission energy analyzer. Scanning electron microscopy 
(SEM) images and energy dispersive spectroscopy (EDS) spectra were 
obtained using a JEOL-7800F Field Emission Scanning Electron Micro
scope (FE-SEM) with a cathodololuminescence spectrometer. Prior to 
HR-SEM analysis, the samples were coated with carbon to increase their 
conductivity and prevent them from charging. The microstructure of the 
materials was studied by using a JEOL JEM-2100 transmission electron 
microscope (TEM). The JEOL JEM-2100 is designed to be an analytical 
facility to investigate and characterize the internal structure of very thin 

Table 1 
Designated labels of the TiO2 nanocomposites with different amounts of Fe and 
NaF.  

Nanocomposite 
nomenclature 

Nanocomposite composition in terms of molar mass 

NaF10-TiO2 TiO2 in the presence 10% of NaF 
NaF10-Fe1TiO2 1% of Fe doped TiO2 in the presence 10% of NaF 
NaF10-Fe8TiO2 8% of Fe doped TiO2 in the presence 10% of NaF 
NaF10-Fe15TiO2 15% of Fe doped TiO2 in the presence 10% of NaF 
NaF10-Fe25TiO2 25% of Fe doped TiO2 in the presence 10% of NaF 
NaF10-Fe30TiO2 30% of Fe doped TiO2 in the presence 10% of NaF 
NaF10-FexTiO2 x % of Fe doped TiO2 in the presence 10% of NaF 
NaF25-Fe25TiO2 25% of Fe doped TiO2 in the presence 25% of NaF  
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sections of material, up to around 200 nm thick depending on the atomic 
number of the material. By using the Lambda 650 UV/VIS spectrometer 
over a wavelength range of 250 nm–800 nm, UV–Vis absorbance was 
measured. The band gap of TiO2 nanocomposites is derived from the 
Kubelka-Munk (KM) expression and Tauc equation. Kubelka-Munk (KM) 
expression is: 

FðRÞ¼
ð1 � RÞ2

2R
​ (1)  

Where R is the reflectance of the sample. 
And the Tauc equation is:  

(αhν)1/n ¼ B(hν-Eg)                                                                         (2) 

Where α is the optical absorption coefficient, hν is the incident photon 
energy in eV, B is material dependent absorption constant, and Eg is the 
band gap of the material to be determined. Assuming that α is propor
tional to F(R) which is obtained from reflectance of the sample con
verted from Kubelka-Munk function; the F(R) substitute α in Tauc 
equation. Indeed, the band gap can be attained by extrapolation of the 
straight-line part of the Tauc plot ((F(R)hν)1/n versus hν) to intersect 
with hν (eV) axes. 

As well, n represent the constant that depending on the nature of 
electronic transition. 

Where, n ¼ ½ for permitted direct transition of the materials. 
n ¼ 2 for permitted indirect transition of the materials [25,26]. 

3. Result and discussion 

3.1. X-ray diffraction (XRD) analysis 

The XRD patterns for TiO2, NaF10-TiO2, NaF10-FexTiO2, and NaF25- 
Fe25TiO2 are shown in Fig. 1. The XRD patterns of the undoped TiO2 
nanomaterials exhibited diffraction peaks with high intensity at 2θ ¼
25.35�, 38.04�, 47.90�, 54.47�, and 62.60� corresponding to the (101), 
(103)/(004)/(112), (200), (105)/(211), and (204) diffraction planes of 
anatase TiO2 (JCPDS, file No. 21-1272) [21,27]. Moreover, the char
acteristic peak of brookite at 2θ ¼ 30.6�, which existed only in the XRD 
patterns of the undoped TiO2 and is not superposed with any diffraction 
peaks of anatase phase was used to prove the presence of brookite TiO2 
(JCPDS card No. 29-1360) [28]. 

The XRD patterns of the prepared TiO2 in the presence of 10% of NaF 
is similar to that of the undoped TiO2; the only difference found is the 
appearance of a wide peak which belongs to Na2O crystalline phase 
[29]. 

On the other XRD patterns, the diffraction peaks of Fe3O4 can be 
indexed using the JCPDS card No. 65-3107 [30,31]. Only, the reflection 
peaks at 2θ ¼ 35.75� corresponding to (400) diffraction plane of the 
Fe3O4 nanostructure phase indicate the presence of Fe3O4 phase, unlike 
other peaks which were superimposed with the other phases. The XRD 
patterns of the synthesized NaF25-Fe25TiO2 nanocomposites showed 
the anatase diffraction peaks with lower intensities than those of rutile 
phase which clearly appears when the amount of both Fe and NaF (2θ 
positions of 27.28�, 35.81�, 41.10�, and 53.96�) were increased. This 
matched with the rutile TiO2 phase (JCPDS No. 21-1276) [32,33]. 
Furthermore, Na3TiO6 and NaFeF3 phases appeared when the amount of 
NaF was increased to 25% in terms of moles [34,35]. 

Initially, the XRD pattern revealed that the crystallinity of TiO2 was 
brookite-anatase phase which was converted to a single anatase phase in 
the presence of 10% NaF. On the other hand, by keeping the same 
amount of NaF and increasing the amount of Fe, there was an appear
ance of the rutile phase which was clearly evident in the XRD pattern of 
NaF10-Fe15TiO2. Moreover, the crystallization of NaF10-Fe25TiO2 and 
NaF25-Fe25TiO2 resulted in clearly high conversion of anatase phases 
into rutile phases. The XRD patterns revealed that the crystallinity of the 
undoped TiO2 was only brookite-anatase and the NaF25-Fe25TiO2 
synthesized nanocomposites were composed of TiO2 anatase, rutile, 
Na3TiF6, NaFeF3, and Fe3O4 phases. However, it should be noted that 
there was no existence of rutile crystalline phase in the undoped TiO2 
and no existence of brookite phase in all other prepared nano
composites. The peak at 2θ ¼ 43.33�, present in all XRD patterns, be
longs to the glass substrate [36]. 

3.2. X-ray photoelectron spectroscopy (XPS) analysis 

The XPS survey spectrum of NaF25-Fe25TiO2 nanoparticles prepared 
by the microwave-assisted hydrothermal synthesis method showed the 
presence of Ti 2p, O 1s, F 1s, Na 1s and Fe 2p (Fig. 2a). The high reso
lution XPS binding energy spectrum of Ti 2p in Fig. 2 (b) was composed 
of three peaks. The two main peaks were assigned to Ti 2p3/2 at the 
binding energy of 456.3 eV and Ti 2p1/2 at about 462 eV binding energy 
with spin orbital coupling of 5.6 eV. The third peak corresponds to the 
satellite peak [37]. After deconvoluting the high resolution XPS spec
trum for O 1s in Fig. 2 (c), three peaks were exhibited at the binding 
energies of 530.9 eV, 529.6, and 527.7 eV. The peak at 527.7 eV cor
responded to the oxygen (O2� ) in the TiO2 lattice and the other O1s peak 
located at 529.6 eV was attributed to the formation of Ti–O–Fe bonds by 
substitution of Ti4þ with Fe3þ in TiO2 lattice [38]. A large peak is found 
at 530.9 eV and this might belong to O2� and/or O� due to the formation 
of Na2O and Na2-xOx at the surface of the TiO2 lattice. The deconvolution 
of the broad peak in the range of 682–692 eV indicates that the F is 
combined not only with Ti atoms exiting in the surface, but also with 
different links as shown in Fig. 2 (d) such as metal fluoride (Na3TiF6 
located at 684.1 eV, NaFeF3 at 685.77 eV, and Na3FeF6 located at 
685.77 eV), partial and/or total oxygen sites substituted (Ti1-yFeyO2-xFx 
located at around 690.2 eV, and TiF2 at 691.5 eV). The high resolution 
XPS spectrum of Fe 2p shown in Fig. 2 (e) exhibited two peaks at around 
the binding energies of 709.3 and 717.3 eV corresponding to the main 
and satellite energy state of Fe 2p3/2, respectively; and other two peaks 
at around 723.1 and 731.7 eV corresponding to the main and satellite 
energy state of Fe 2p1/2. These values indicate that the doped iron was in 
þ3 state with spin orbital coupling of Fe 2p3/2 and Fe 2p1/2 around 13.8 
eV. As presented in Fig. 2 (f), the XPS signal of Na 1s was recorded be
tween 1060 and 1080 eV. The peaks with the binding energy of 1065.73, 
1067.84, 1069.52, 1070.99, and 1072.46 eV corresponded to total 
and/or partial links with iron fluoride, fluorine, titanium fluoride, and 
oxygen (Na3FeF6, NaFeF3, NaF, Na3TiF6, and Na2O), respectively. 

Fig. 1. X-ray diffraction patterns for undoped TiO2, NaF10-TiO2, NaF10-Fex
TiO2, and NaF25-Fe25TiO2 calcined at 400 �C. 
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The elemental composition of the prepared nanocomposites of 
NaF25-Fe25TiO2 showed that there was no presence of any impurities. 
However, the weight percentage composition of Na and F as indicated in 
Table 2 are small in comparison to the initial moles used to synthesize 
the prepared nanocomposites. This is because of the large ionic radius of 
sodium Naþ (around 0.102 nm) which might not substitute Ti4þ with 
radius around 0.068 nm and the high electronegativity of F which 
cannot totally replace oxygen. Moreover, the poor solubility of NaF in 
water caused the low abundance of Na and F in the synthesized nano
composites [39]. 

The XPS survey in Fig. 2: a) illustrate that of NaF25-Fe25TiO2 
nanocomposite was constituted by Na, F, Ti, O, Fe and C which was due 
to the coating process. It should be noted that no ather elements were 

Fig. 2. XPS survey spectrum and high resolution XPS spectra of NaF25-Fe25TiO2 nanocomposites prepared at 180 �C: a) survey spectrum; b) Ti 2p; c) O 1s; d) F 1s; e) 
Fe 2p; f) Na 1s. 

Table 2 
Elemental composition of the prepared Fe25% doped TiO2 nanocomposite in the 
presence of 25% of NaF.   

Atomic conc. [%] Error [%] Mass conc. [%] Error [%] 

Ti 2p 12.33 0.25 23.27 0.47 
O 1s 46.97 0.79 29.62 0.57 
F 1s 4.34 0.44 3.25 0.33 
Fe 2p 14.90 0.53 32.80 0.93 
Na 1s 2.11 1.05 1.91 0.95 
C 1s 19.35 0.71 9.16 0.38  
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detected by SPX analysis. 

3.3. Field Emission Scanning Electron Microscope (FE-SEM)/energy 
dispersive spectroscopy (EDS) analysis 

The FE-SEM images and EDS elemental analysis of synthesized 
nanocomposites (i.e., TiO2, NaF10-Fe25TiO2, and NaF25-Fe25TiO2) are 
shown in Fig. 3. The shape of TiO2 nanoparticles was found to be clus
tered with homogenous and smooth structures to some extent. 

The SEM images also gave an estimation of particle size diameters 

less than 30 nm. Moreover, the HR-SEM images showed uniform mor
phologies and structures in the different samples. The uniform mor
phologies indicate that the nano-sized TiO2 materials have been 
successfully doped; thus, no deposition of any metal and/or metal oxide 
appears. Furthermore, TiO2 morphologies were kept unchanged after 
doping TiO2 and the diameters of the doped TiO2 possessed almost the 
same average sizes as pure TiO2. 

The EDS analysis indicated that Ti, Fe, O, F, and Na were present in 
the prepared nanocomposites as shown in Fig. 3b) and c). The presence 
of the carbon peak in the EDS elemental composition was due to the 

Fig. 3. a), b) and c) are HR-SEM images; d), e) and f) are EDS analysis of TiO2, NaF10-Fe25TiO2, and NaF25-Fe25TiO2.  
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coating process with carbon. The low weight percentage of sodium 
(around 0.1%) and fluorine (ranging from 1.2 to 1.8%) was due to the 
poor solubility of NaF in water, the ionic radius of sodium and the high 
electronegativity of fluorine. This is in a good agreement with the XPS 
results which also indicates the purity of the synthesized 
nanocomposites. 

3.4. Transmission electron microscope (TEM) studies 

TEM images of pure TiO2, NaF10-Fe25TiO2 and NaF25-Fe25TiO2 are 
shown in Fig. 4 (a), (b), and (c), respectively. The TEM images revealed 
an internal morphology and more accurate measurement of particle size 
and morphology than HR-SEM images. The TEM images of pure TiO2 
and Fe doped TiO2 in the presence of sodium and fluorine also revealed a 
cluster shape with an average nanoparticle size of 10–20 nm. Doping 

Fig. 4. a), b) and c) are TEM images of TiO2, NaF10-Fe25TiO2, and NaF25-Fe25TiO2.  

Fig. 5. (a) UV–Vis spectra, (b) indirect and (c) direct band gap of different photocatalysts based TiO2; the band gap is achieved by substituting α by F(R) in Tauc 
equation and extrapolation of the straight-line part of the Tauc plot ((F(R)hν)1/2 and (F(R)hν) 2 against hν for both cases n ¼ 2 and ½ respectively), respectively; thus, 
the intersection with the photon energy (hν) axes displays the band gap of the nanocomposites. 
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TiO2 with iron in the presence of sodium and fluorine has a small effect 
on the particle size compared to pure TiO2 as revealed by TEM images. 
Moreover, TEM image shows in Fig. 3: b) an agglomeration of NaF10- 
Fe25TiO2 nanoparticles. However, the appeared agglomeration by 
doping TiO2 with iron decreased by increasing the amount of sodium 
and fluorine in TiO2 lattice. In fact, increasing the amount of sodium and 
fluorine might initiate the diffusion of iron in the TiO2 lattice which 
promotes the dispersion and then diminish the agglomeration of 
nanoparticles. 

3.5. UV–Vis absorption and band-gap of the nanocomposites 

The photocatalytic activity of TiO2 is related to the range of its 
spectral response. Fig. 5 (a) shows the UV–Vis absorption spectra of 
undoped and doped nanocomposites synthesized at 180 �C, calcined at 
400 �C in air. The pure TiO2 nanomaterials showed an absorbance in the 
UV range which extended in the wavelength range of 250–400 nm. 
However, after doping TiO2 with Fe, in the presence of 10% of NaF, the 
photocatalytic activity of TiO2 was extended to the visible light region. 
Thus, by increasing the amount of Fe the photocatalytic absorption 
increased until 25% in terms of moles, where the absorbance reached its 
limit. 

By increasing the amount of NaF up to 25%, the photo-absorption 
increased again slightly. Increasing the amount of both NaF and Fe 
broadened the light response range of TiO2. This slight absorbance in
crease was due to the new crystalline phase (NaFeF3 and Na3TiF6). 
Incorporating Fe in TiO2 and increasing the amount of NaF resulted to a 
red-shift of the absorbance and thereby enhanced the absorption per
formance in UV–Vis light region. 

The generation of new phases (NaFeF3 and Na3TiF6) in the TiO2 
based nanocomposite matrix, by increase the amount of NaF and F 
during the preparation, lead to an indirect or direct transition band gap. 
Indeed, the entire band bap of the prepared nanocomposites is estimated 
using Tauc equation for both permitted indirect transition and permitted 
direct transition in order to study the possible cases. 

3.5.1. Band gap of the nanocomposite for permitted indirect transition 
The band gap of the pristine TiO2 and TiO2 based nanocomposites for 

the permitted indirect transition (for n ¼ 2 in Tauc equation) are shown 
in Fig. 5 (b). By extrapolating the straight-line part of the Tauc plot ((F 
(R) hν)1/2 against hν), the optical band gap of the TiO2 nanocomposites 
could be estimated from the intersection of the extrapolated straight 
lines and the photon energy (hν) axes. The pristine TiO2 shows a single 
indirect band gap Eg, while the TiO2 based nanocomposites prepared 
display tow indirect band gaps Eg1 and Eg2. 

In the case of pure TiO2, the primary band gap was determined to be 
Eg ¼ 3.21 eV, which was attributed to a mixture of TiO2 anatase and 
brookite phases with an indirect band gap Eg ¼ 3.2 eV and Eg ¼ 3.4 eV 
respectively, as mentioned in literature. However, a significant nar
rowing of the indirect band gap to approximately Eg1 ¼ 1.67 eV and Eg2 
¼ 1.83 eV, caused by doping TiO2 with 25% of Fe in the presence of 25% 
of NaF, was observed. This broad indirect band gap shift, from Eg ¼ 3.21 
eV to Eg1 ¼ 1.67 eV and Eg2 ¼ 1.83 eV, promote the extension of an 
efficient photocatalytic absorption to the visible light region. 

The indirect band gap of the TiO2 nanocomposites has been nar
rowed and shifted first from Eg ¼ 3.21 eV to Eg1 ¼ 3.08 eV and Eg2 ¼

2.37 eV by introducing 1% of Fe in the presence of 10% of NaF, in terms 
of moles. This further indirect band daps decrease, from Eg1 ¼ 3.08 eV to 
Eg1 ¼ 1.81 eV and Eg2 ¼ 2.37 eV to Eg2 ¼ 1.86 eV, by increasing the 
amount of Fe up to 25% in the presence of 10% of NaF where the indirect 
band gap kept almost same value despite increasing the amount Fe. 
However, by increasing the amount of NaF to 25% the indirect band gap 
decreased again from Eg1 ¼ 1.81 eV and Eg2 ¼ 1.86 eV to Eg1 ¼ 1.67 eV 
and Eg2 ¼ 1.83 eV. This indirect band gap reduction between NaF10- 
Fe25TiO2 and NaF25-Fe25TiO2 was caused by the formation of NaFeF3 
and Na3TiF6 phases after increasing the amount of NaF to 25% in terms 

of moles. 

3.5.2. Band gap of the nanocomposite for permitted direct transition 
The band gap of the pristine TiO2 and TiO2 based nanocomposites in 

case of permitted direct transition materials (for n ¼½ in Tauc equation) 
are shown in Fig. 5 (c). To evaluate the direct band gaps of TiO2 based 
nanocomposites the intersections of the extrapolated straight lines of the 
Tauc plot ((F(R)hν)2 against hν) with the energy (hν) axis were studied 
(Fig. 5 (c)). Direct band gaps of TiO2 based nanocomposites show less 
decrease compared to the indirect band gaps which was narrowed from 
Eg ¼ 3.34 eV, attributed to the direct transitions of pristine TiO2, to Eg1 
¼ 2.17 eV and Eg2 ¼ 2.05 eV related to the direct band gap of NaF25- 
Fe25TiO2 nanocomposites. The comparison between the indirect and 
direct band gaps shows that Eg1 were less than Eg2 of the indirect band 
gaps while Eg1 of the direct band gaps were higher than Eg2. 

The following Table 3 resume the indirect and direct band gaps of 
TiO2 nanomaterial and TiO2-based nanocomposites obtained from the 
intersection of the extrapolated straight-line part of the Tauc plot ((F(R) 
hν)1/2 and (F(R)hν)2 against hν), with the photon energy (hν) axes. 

The origin of the enhanced visible-light absorption due to the 
increased amount of NaF was mainly because of the formation of addi
tional phases that led to more energy levels which contribute to the shift 
and narrow of the entire optical band gap of TiO2 based nanocomposites. 
Indeed, adding new energy levels which belongs to the new phases 
(NaFeF3 and Na3TiF6 shown by XRD and XPS analyses) generated by 
increasing the amount of NaF has an effective role on the narrowing of 
the entire band gap of the prepared nanocomposites. Thus, NaF has an 
important effect on the optical properties of TiO2 doped with Fe atoms 
wherein the entire band gap of the nanocomposite in decreased 
rendering the materials functional in various applications. 

4. Conclusion 

Fe-doped TiO2 nanocomposites were successfully synthesized via a 
facile microwave assisted hydrothermal synthesis method. Doping TiO2 
with Fe in the presence of Na and F had a significant effect in the 
extension of the photocatalytic absorption of TiO2 to the visible region. 
The presence of NaF converted the brookite-anatase phases to anatase- 
rutile phases. Na showed a strong competition against F by favoring 
the growth of higher percentage of rutile than the anatase phase. 
Moreover, because of the large ionic radius of Na and the high electro
negativity of F, these ions acted as control agents for the growth of 
anatase and rutile phases but not as dopants. Doping TiO2 with Fe 
extended the photocatalytic activity to the visible region by adding new 
energy levels (Fe 2p with spin orbit of 1/2 and Fe 2p with spin orbit of 2/ 
3) between the valence and the conductive bands of TiO2 band gap. The 
Fe-doped TiO2 nanocomposites were found to exhibit higher absorption 
of the visible light by increasing the amount of NaF due to the formation 
of new crystalline phases such as Na3TiF6, NaFeF3 and Na3FeF6. This 
simple and efficient strategy to control the growth of both anatase and 
rutile phases and enhance the photocatalytic activity of Fe-doped TiO2 
by introducing NaF offers a real opportunity for other elements as 

Table 3 
Indirect and direct band gaps of TiO2 undoped and Fe doped TiO2 in the presence 
of NaF.  

Nanocomposite Indirect band gap Direct band gap 

Eg1 (eV) Eg2 (eV) Eg1 (eV) Eg2 (eV) 

TiO2 3.21 _ 3.34 _ 
NaF10-Fe1TiO2 3.08 2.37 3.28 _ 
NaF10-Fe8TiO2 2.45 1.97 2.87 2.25 
NaF10-Fe15TiO2 2.12 1.93 2.49 2.13 
NaF10-Fe25TiO2 1.81 1.86 2.26 2.09 
NaF10-Fe30TiO2 1.84 1.87 2.25 2.10 
NaF25-Fe25TiO2 1.67 1.83 2.17 2.05  
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dopants to reinforce the photocatalytic activity of TiO2. 
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