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Fe*T-Doped Anatase TiO, Study Prepared by New Sol-Gel Precursors
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Fe;Tii— ;02 (z = 0.00, 0.05, 0.10) nanocomposites are synthesized using a sol-gel method involving an ethanol
solvent in the presence of ethylene glycol as the stabilizer, and acetic acid as the chemical reagent. Their structural
and optical analyses are studied to reveal their physicochemical properties. Using the x-ray diffractometer (XRD)
analysis, the size of the nanoparticles (NPs) is found to be 18-32nm, where the size of the NPs decreases down
to 18 nm when Fe impurity of up to 10% is added, whereas their structure remains unchanged. The results
also indicate that the structure of the NPs is tetragonal in the anatase phase. The Fourier transform infrared
spectroscopy analysis suggests the presence of a vibration bond (Ti—O) in the sample. The photoluminescence
analysis indicates that the diffusion of Fe** ions into the TiO» matrix results in a decreasing electron—hole
recombination, and increases the photocatalytic properties, where the best efficiency appears at an impurity of
10%. The UV-diffuse reflection spectroscopy analysis indicates that with the elevation of iron impurity, the band
gap value decreases from 3.47 €V for the pure sample to 2.95¢eV for the 10 mol% Fe-doped TiO2 NPs.

PACS: 75.50.Tt, 75.75.Cd, 81.16.—c, 81.07.—b, 73.63.Bd

In recent years, titanium dioxide (TiO5) has been
used extensively for applications in different indus-
tries due to its suitable physicochemical properties.
This has been shown in bulk form, or in micro/nano
sizes.[' ] TiO, has a tetragonal structure and exhibits
different phases including rutile, anatase and brookite.
The crystal structure of every phase depends on the
way the octahedral blocks are connected in the TiOq
crystal network.[") Therefore, each of them shows dif-
ferent properties and applications. Currently, the ru-
tile phase is used as a ferromagnetic materiall’! as well
as a catalyst in gas sensors,l”] and the anatase phase
is employed as an anode in lithium-ion batteries,!”
photocatalysts,! filters for ultraviolet waves,*! pro-
duction of hydrogen gas,[”! and solar cells.!’!

Due to its chemical stability, lack of toxicity, low
price, electric and optical characteristics, and high op-
tical activities (photo activity), titanium dioxide has
been used as one of the most common semiconduc-
tor photocatalysts.l'~'?] Recently, we reported a suc-
cessful synthesis of TiOs NPs using a low price sol-
gel method!"”] for use in photocatalytic and optoelec-
tronic systems. Apart from the advantages mentioned
above, this compound has the following disadvantages:
less utilization of photons (less than 4% of sunlight),
a relatively high rate of recombination of electrons
and holes produced by light, and activity limited to a
specific wavelength range (less than 400 nm). Doping
TiO, with transition metal ions, such as Fe3*, Co3t,
Ni?* and Cu™, is one of the modifications for these
catalysts to extend the wavelength into the visible
region.!'*'°] Studies have shown that transition metal
elements including Fe3* can be used to enhance photo-
catalytic activity.l'?) The Fe? metal ions can easily be
replaced in the TiO5 network structure due to its elec-
tron configuration. In addition, its ionic radius is close
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to that of Ti**t, thus it can enhance the photocatalytic
properties within the visible light region.['"~'* There-
fore, the Fe3t ion has been considered as an effec-
tive and considerable doping agent compared with the
other transition metals.!'”) There are various methods
for preparing Fe-doped TiOy NPs, which include wet
impregnation, co-precipitation, sol-gel, hydrothermal,
and other methods.['*2%) Out of these, the sol-gel
method has been widely used.l'”! In this work, Fe3*-
TiOy NPs have been synthesized with different per-
centages of iron impurity using the sol-gel method,
and their structural, optical, morphological and pho-
tocatalytic properties have been examined using the x-
ray diffractometer (XRD), FESEM, EDS, the Fourier
transform infrared spectroscopy (FTIR), UV-diffuse
reflection spectroscopy (UV-DRS), and photolumines-
cence (PL) analyses.

Pure and Fe-doped TiOy NPs were synthesized us-
ing TiCly and FeSO4x8H,0 as new precursors by the
sol-gel method. To synthesize pure TiOq, firstly 10 mL
of TiCly was dissolved in pure ethanol using a mag-
netic stirrer at room temperature. After 10 min, 5mL
of acetic acid was added to the solution, and then
the temperature was elevated to 70°C. At this tem-
perature, 2mL of ethylene glycol (EG) stabilizer was
added. The solution was completely evaporated, and
then dried. The powder thus obtained was washed
with distilled water and ethanol several times to re-
move the impurities in the sample. Eventually, the
product was incubated at 600°C for 4h to form a crys-
tal structure. For fabricating an impure sample, a
method similar to the one used for the preparation
of the pure TiO,; sample was adopted. Firstly, the
FeSO,4.8H50 iron precursor was dissolved in pure wa-
ter to obtain a 1M solution. It was then added to
the TiCly solution in ethanol with 5% and 10% molar
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percentages. Similarly, it was allowed to dry at 70°C
to obtain a powder. The solution pH was adjusted to
3 with an acetic acid reagent.
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Fig. 1. (a) Compared XRD spectra of pure and Fe-doped
TiO2 nanocrystals for different Fe concentrations. (b)
Variation of crystal size and unit cell volume versus Fe
dopant.

XRD analysis was carried out to determine the
crystal structure, the phases in the sample, and the
lattice parameters of the pure and Fe-doped TiOq
NPs. All the samples were incubated at 600°C for
4h, and then were analyzed. Eventually, their crystal
structures in the pure and impure states of Fe (in-
cluding 5% and 10% molar percentages) were exam-
ined. The results indicated that the pure sample of
TiO2 had a tetragonal structure with a mixed anatase
phase, and some percentage of the rutile phase (8.4%).
For the samples with impurity percentages of 5% and
10%, the rutile phase decreased by up to 5.7% and
2.25%, respectively, and the samples almost entered
the anatase phase. The results also showed that in
spite of the iron impurities within the TiO4 structure,
the structure remains unchanged (with slight changes
in the lattice constants), signifying that the iron impu-
rity does not influence the TiOy matrix. Figure 1(a)
reveals the XRD spectra of the pure and impure sam-
ples of Fe. As shown in the figure, the major peaks
of the anatase phase at a 20 angle emerge at 25.37,
37, 37.85, 38.62, 48.11, 53.94, 55.12, 62, 72, 68.84,
70.33, 75.09 and 76.13, which correspond to the crys-
tal planes of (101), (103), (004), (112), (200), (105),
(211), (118), (116), (220), (125) and (031), respec-
tively. This suggests that the anatase phase has a
tetragonal structure. Further, the weak peaks emerge
at 20 angles of 27.49, and 41.30, corresponding to
(110) and (210) crystal planes, respectively, suggesting
that the rutile phase occurs in the pure TiOs sample.
By applying 10% Fe impurity, the rutile level dimin-
ishes, and the sample changes into the anatase phase.
It can also be obtained that the ionic radii of Fe3* and
Ti**+ are very close to each other (a¥ = 0.64 A, and

a%‘ = 0.68 A), thus Fe3* ions can easily replace the

Ti** ions in the TiO, crystal structure, resulting in a
constancy of the TiOy structure. The particle size for
pure and Fe-doped TiO, samples was calculated using
the Debye-Scherrer formula.”"! Figure 1(b) indicates
the changes in the size of the NPs in terms of the impu-
rity percentage of Fe. The size of the pure TiOy NPs
is 32nm, and the sizes of the impure Fe,Ti;_, 02 NPs
have been measured to be 23 and 18 nm for z = 0.05
and x = 0.10, respectively. In addition, as the ionic
radius of Fe3T is smaller than that of Ti*t, with the
entrance of the Fe3T ions into the TiO, matrix, the
particle size decreases. In Fig. 1(b), the unit cell vol-
ume also increases with the elevation of impurity by
up to 5%, whereas it is almost constant for 10% im-
purity. The elevation of the impurity percentage in-
creases the unit cell volume due to an over-aggregation
of the iron atoms in the TiOs network structure, and
increases the lattice constant of network a.
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Fig.2. Plot of diffraction peak of Fe-doped TiO2 (a)
d(101), 26(101); (b) d(004), 26(004); and (c) d(200),
260(200). (d) Lattice parameters a and c versus Fe dopant
(mol%).

Figure 2 reveals the changes in the lattice parame-
ters in terms of the iron impurity percentage. As can
be seen from the analysis, an elevation of the impu-
rity percentage of up to 5% leads to an increase in
the distance between (101) and (200) planes, whereas
along (400), this distance decreases (Figs.2(a)-2(c)).
Indeed, the Fe3* atoms have replaced the Ti*t ions in
the TiO2 matrix, mostly in the aforementioned crystal
direction. Further, as they have a smaller ionic radius,
the distance between the planes within this direction
declines. In addition, increasing the iron impurity by
up to 10% causes the distance between the planes to
decrease due to the over-aggregation of iron atoms in
the TiO5 matrix, which has the maximum percentage
of the anatase phase in the crystal structure. An al-
teration of the 26 angle causes the planes of (100) and
(200) to incline towards smaller angles with the ele-
vation of the impurity percentage up to 5%, whereas
the plane of (004) inclines towards larger angles. The
reason for these changes is due to the phenomenon
that all Fe3* ions cannot be replaced in the TiOy ma-
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trix completely, and hence, a distortion is developed
at the 26 angle sites in these crystal planes. Figure
2(d) represents the changes in the lattice constants
of a and ¢ in terms of the iron impurity percentage.
Evidently, the elevation of iron impurity causes the
lattice constant a to increase. On the other hand, the
lattice constant ¢ decreases, which corresponds to the
changes in the distance between the (200) and (004)
planes. Indeed, the very trivial difference in the ionic

radii of Fe?* and Ti** (around 0.04 A) results in a di-
minished lattice constant c. The changes in the lattice
parameters for the different iron impurity percentages
are listed in Table 1. The alterations of particle size,
unit cell volume, particle volume, the number of unit
cells in each particle, band gap energy, and FWHM
with variations in the iron impurity percentage have
been listed in Table 2.

Table 1. Lattice parameters and Bragg angles (26) of pure and Fe-doped TiO2 nanocrystals.

Fe dopant 20(deg) d(A) 20(deg) d(A) 260(deg) d(A) a=b c
(mol%) (101) (101) (200) (200) (004) (004) (A) (A) c/a
JCPDS 25304  3.51685  48.037  1.89250  37.797  2.37825  3.7850  9.5130  2.51334
Pure 25.374 3.50721 48.112 1.88969 37.857 2.37462 3.70942 9.49873 2.5607
5 25.365  3.50863  48.089  1.89054  37.868  2.37395  3.78181  9.4961  2.51099
10 25.4 3.50375 48.105 1.88998 37.905 2.37175 3.77736 9.48703 2.51155

Table 2. FWHM, particle size, volume of the NPs, volume of the unit cell, number of unit cells, band gap energy and lattice strain

of pure and Fe-doped TiO2 samples.

Fe D V NPs v Tetragonal V/v Number Band gap Lattice strain
dopant FWHM Particle Volume unit-cell volume of unit cell per energy £ along
(mol%) size (nm) (nm?) (10~3nm?3) particle (102) (eV) the a-axis (1074)

Pure 0.335 32 17148 130.7006 131.2 3.47 20

5 0.347 23 6367 135.814 46.9 3.30 20

10 0.441 18 3052 135.5652 32.5 2.95 28

200 fim

Fig. 3. FESEM images of (a) pure, (b) 5% and (c) 10%
Fe-doped TiO3.

The appearance and mean diameter of the NPs
were analyzed by a field emission scanning electron
microscope (FESEM). As shown in Fig. 3, elevation
of the iron impurity decreases the homogeneity of the
Fe-doped TiOy NPs in comparison with pure TiOs,
which is due to the reduction of the particle size. Evi-
dently, with the reduction of size of the particles, inter-
atomic attraction and molecular forces grow, thereby
the tendency of the NPs is enhanced to approach
each other, which causes agglomeration.l””l Figure
3(a) shows the pure TiOs NPs with a mean size of
33nm, and Figs. 3(b) and 3(c) reveal TiOy NPs with
iron impurity of 5% and 10% with a mean size of 24 nm
and 20 nm, respectively, which are in congruence with
the results of the XRD analysis.

The EDX analysis has been used to determine the
elemental percentage in the sample. Figure 4 demon-
strates the x-ray energy diffraction spectrum for iron

impurity of 5%. Clearly, only O, Ti and Fe elements
exist in the sample, indicating the purity of the sam-
ple. In the sample, the weight percentage of iron has
been measured as 2.3%, which is less than the 5%
molar percentage used in the experiment. This differ-
ence in the percentages is due to the fact that in the
EDX analysis, the surface of the sample is analyzed
and scanned, whereas during the fabrication of the
sample, the molar percentage is calculated per sample
volume.
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Fig. 4. EDX analysis of 5mol% of Fe-doped TiO2 sam-
ples. The inset shows the image of Fe-doped TiO2 NPs.

The TEM analysis of Fe-doped TiOo with a 5%
level of impurity is displayed in Fig.5. The TEM
study confirms that the particle’s size varies in the
range 18-28 nm. Uniformity of the particles is desir-
able and the average size of particles fitting the Gaus-
sian function is about 23.12nm. According to XRD
and FESEM analyses, the average sizes of the particles
are measured to be 23nm and 24 nm, respectively.

The FTIR analysis (within 400-4000cm~!) has
been used to identify the bonds in the sample. Figure
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6 shows the FTIR on the sample in terms of wavenum-
ber. The absorption peaks developed in the spectrum
represent the existence of vibration bonds in the sam-
ple. The comparison of the spectrum of the pure TiO,
sample and the 5% impurity sample demonstrates that
when the iron impurity is incorporated into the TiOq
matrix, an absorption peak emerges at the wavenum-
ber of 2992 cm~!, which belongs to the O—H vibration
bond. The sharp absorption peak at 440cm~! is at-
tributed to the TiO5 sample, and the one developed at
465cm ™! is for the 5% impure sample, which is asso-
ciated with the Ti-O group. Within 650-1800 cm ™!,
a very sharp peak is developed due to the entrance of
environmental oxygen in the sample during the syn-
thesis and fabrication of the NPs.
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Fig.5. (a) TEM analysis of 5mol% of Fe-doped TiO2
samples. (b) Size distribution of the samples, fitted with
the Gaussian curve.

(a)

80!

=)
(=]

60!

I
=]
T

40

o
(=]
T

20!

Transmittance (%)

o

C OF z=0 440 cm -

1 1 1 1 1 1
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™") Wavenumber (cm™")

Fig. 6. FTIR spectrum of the Fe-doped TiO2 nanocom-
posite for different Fe dopants.
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Fig.7. (a) Reflection spectrum of the Fe-doped TiO2
samples. (b) Plot of [F(R)hv]'/2 versus E(hv) with dif-
ferent Fe contents.

Figure 7(a) represents the UV reflective spectrum
within the wavelengths of 280-300nm. To deter-
mine the absorption wavelength and bandgap energy
(Eg) of the sample, the UV-DRS optical analysis has
been used. The analysis shows that as the impurity

increases, the maximum wavelengths (Aeqge) are at-
tained at 357, 375 and 420 nm, for the x = 0, z = 0.05
and z = 0.10 samples, respectively. This reduction
in the Aeqge Observed as the impurity percentage in-
creases leads to the development of a redshift, and
consequently, a diminished bandgap energy.

For calculating E, of the samples, the Tauc plot
(F(R)hv)'/? has been plotted in terms of the photon
energy E(hv), where F(R) is the Kubelka—Munk func-
tion, and R is the percentage.l*’] Figure 7(b) repre-
sents the Tauc curve in terms of the iron impurity. The
maximum slope of the line tangential to the curve, and
its intersection with the energy axis give the bandgap
energy value. The results show that as the percentage
of impurity increases, the bandgap energy diminishes,
such that its values are obtained to be 3.47, 3.30 and
2.95¢€V for the x = 0.00, z = 0.05 and « = 0.10 sam-
ples, respectively. Moreover, factors such as the size of
the impure particles, defects in the lattice, and alter-
ation of the lattice parameters influence the value of
the bandgap energy.l*"] Researchers have also reported
that a reduction of F, is a result of the sp-d exchange
in the interaction between the band electrons of TiO4
and d electrons of the Fet impurity bands.[”"

400

300+
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100

PL intensity (arb. units)

O:II 1 1 1 1 1 1 1
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250 275 300 325 350 375 400 425 450 475
Wavelength (nm)

Fig.8. Photoluminescence spectroscopy of Fe-doped
TiO9 samples for different levels of Fe dopant.

Figure 8 reveals the photoluminescence spectrum
of the Fe,Ti;_,O2 sample. To determine the recom-
bination of the sample due to the behavior of the
electron—hole pair, the PL optical analysis has been
used. As shown in Fig.8, as the impurity of Fe in-
creases, the intensity of photoluminescence decreases,
suggesting that the extent of recombination of the in-
duced electron—hole pairs diminishes, and thus the
photocatalytic property of the sample grows. Some
peaks are developed at the wavelengths of 342, 363,
376, 390, 425, 447 and 495nm, which correspond to
the energy bandgaps of 3.62, 3.41, 3.29, 3.18, 2.91,
2.77 and 2.70 eV, respectively. Moreover, with the ad-
dition of Fe3t impurity, entrapment of the holes by
the Ti** band in the conduction band is prevented by
developing the iron impurity level in the bottom of the
conduction band, thereby preventing recombination of
the electrons and holes. Accordingly, the pairing of
electrons and holes in the bottom of the conduction
band in the Fe impurity level occurs, causing dimin-
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ished intensity of PL, and thus leads to the reduced
bandgap energy.”’]

In conclusion, Fe-doped TiOs NPs have been suc-
cessfully synthesized using the sol-gel method. The
XRD results indicate that in pure TiO, NPs, there is
a minor percentage of the rutile phase, whereas with
the addition of Fe impurity by up to 10%, a tetrago-
nal structure emerges in the anatase phase. Further-
more, the size of the nanocrystals decreases with the
addition of iron impurity by up to 18 nm, without any
change in the crystal structure. The PL optical analy-
sis shows that with elevation of impurity percentage by
up to 10%, the photoluminescence intensity decreases,
causing a reduction of the recombination of electrons
and holes, and elevation of the photocatalytic activity.
Eventually, the UV-DRS optical analysis shows that
with increasing the iron impurity percentage, the max-
imum wavelength inclines towards larger wavelengths,
whereby a redshift state is reached, causing the reduc-
tion of bandgap energy by up to 2.95eV.
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