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Fe-doped TiO2, aligned In this work, titanium dioxide films were deposited on fluorine tin oxide
nanorods and (FTO)-glass substrates using Hydrothermal method. A low-cost homemade
Hydrothermal method autoclave was used to fabricate pure TiO2 and Fe-doped (0.1%, 0.3%,

0.5%, 0.7% and 1.5%) films. X-ray diffraction patterns showed that the
predominant phase is rutile (R-TiO2) with peaks at (101), (002) and (112).
The Field Emission Scanning Electron Microscope (FESEM) top and
cross-sectional images indicated that the films have vertically aligned
nanorods structures with parallelogram cross-sectional areas and aspect
ratio range (9.2-15.3).
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1. INTRODUCTION

In recent years, titanium dioxide thin and thick films have found many applications because of
their chemical stability, non-toxicity and possession of unique optical characteristics; such as good
photocatalytic activity, high melting point, and high reflective index wide direct-bandgap, which
means high transmittance in the visible and near-IR regions. For example, in the last two decades,
TiO, films have been used extensively as anode in dye sensitized solar cells [1], as a photocatalyst

[2], an antireflection coating in silicon solar cells [3] and a gas sensor [4].

TiO, has been prepared using physical thermal vapor deposition [5], chemical bath deposition

[6], chemical spray pyrolysis [7], hydrothermal method [8], etc.
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Transition metals were used as dopants to enlarge the range of TiO,’s spectral absorption to
include the visible region. In that respect, iron is frequently utilized as dopant because its half-filled
electronic configuration is compatible with Ti*". Consequently, Fe has the ability to narrow the
energy gap via formation of new intermediate energy levels [9]. Therefore, Fe’" dopants can
substitute Ti*" and form shallow charge traps within the TiO,. The doping with Fe’* dopants reduces
the electron—hole recombination and hence improves the properties for photovoltaic and
photocatalytic applications [8, 11, 12].

TiO, as a bulk material has two main tetragonal phases, anatase system (A-TiO,) and rutile
system (R-TiO,). The R-TiO, phase, which is formed at higher temperatures, has a refractive
index n=2.7, while A-TiO, has a refractive index n=2.5 [12]. In general, the structure of TiO,
films strongly depends on the preparation method, deposition temperature and substrate surface
properties [8, 11, 13].

The aim of the present work is to study the possibility of growing TiO, nanorods using low cost
hydrothermal method and the effect of Fe-doping on the structural properties of TiO, prepared by
this technique.

2. EXPERIMENTAL DETAILS

In this work, FTO-glass slides (TEC 8 with 600 nm in thickness from DyeSol) were used as
substrates. The substrates were ultrasonically cleaned for 15 minutes using acetone, ethanol, and
double distilled water (purchased from a local store). Then, the samples were dried in air and placed
at angle 45° inside a sealed container made of Teflon. A volume of HCI acid (37% Sigma-Aldrich)
was dissolved in 20 mL of double distilled water and thoroughly mixed using magnetic stirrer for 5
min. After that, (1.017-1.033 mL) of titanium butoxide (Sigma-Aldrich) was blended with the
solution and kept for another 5 min. The doping of TiO, was implemented by adding Fe (NO5).9H,0
(from HiMedia Laboratories Pvt. Ltd) as a precursor of Fe to maintain the atomic ratio of Fe/Ti (0%,
0.1%, 0.3%, 0.7% and 1.5%). The solution was stirred again for 90 min. At first, the mixture was
clear and transparent but after adding the Iron nitrate nonahydrate it became near to Green. 20 mL of
the mixture is charged to homemade stainless steel autoclave (30 mL). The autoclave was put inside
an electric oven. The oven was preheated at 180°C (£3 ramp rate) for three hours. After this time, the
autoclave was removed out of the oven and slowly cooled down under stream of water and the FTO
glass substrate brought out and rinsed with distilled water many times to remove any extra reactants,
finally the samples were dried in air at RT for 15 min. The prepared samples were characterized by
XRD of Cu Ko (A=1.5405 A) with scan rate 8 (deg/min), and the scanning range was 20 to 75° in
step-size 0.02°. The x-ray voltage was 40 kV, and the current was 30 mA (College of Education Ibn
al-Haytham). The FESEM, which is supported with Energy Dispersive Spectroscopy (EDS), was
used to view the TiO, nanorods (Razi Applied Science Foundation - Tehran, Iran).

3. RESULTS AND DISCUSSION

Figure 1 reveals the diffractograms of XRD for TiO, nanorods with different Fe
concentrations (0, 0.1, 0.3, 0.5, 0.7 and 1.5 at. %). The peaks in XRD patterns belong to tetragonal
rutile titanium dioxide (R-TiO;). The location of theses peaks agree well with (JCPDS 89-4920
card). No other peaks related to the different phases of TiO, have been identified. As seen in the
figure, the stars represent the diffraction peaks for FTO substrate, and R represents the Rutile phase
of TiO,. Moreover, no peak belongs to Fe is observed in the diffraction patterns and this confirms
that no agglomeration of iron atoms is found. The highest three diffraction peaks of TiO, are 26 =
(35.946°, 62.673°, and 69.681°) which are corresponding to the planes (101), (002) and (112),
respectively. The results manifested that the as-deposited TiO, films have the highest intensity peaks
at 20=62.673° (002). Furthermore, there is a slight reduction in some peaks and this reduction is also
reported by L. Wan [14]. Also, there is a slight displacement of the (101) and (002) planes toward the
right side, while the (112) is shifted toward the left side of the 26 axis. This behavior is constant even
at the high doping concentrations of Fe, as shown in Table (1). It is worthwhile to mention that the
main reason that makes the hydrothermal method produce R phase rather than the other phase of
TiO, is that FTO and R-TiO, have a low mismatch parameter [15].

In order to calculate the X-Ray parameters, the following equations [16] are used, and the
results are presented in Table (1):
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Figure 1: XRD-diffractograms for the R-TiO, samples with different doping concentrations of Fe on
the FTO-glass by the hydrothermal technique.

TABLE I: The effect of Fe concentrations on the XRD parameters for TiO,.

Sample 20 hkl d-spacing FWHM D (nm) (S)*10° 4 |
(deg) A) B (rad) (lines/nm?) 0=
35.9450 101 2.49643 0.29600 28.2396 0.00125 0.41
TiO,

62.6772 002 1.48108 0.23380 39.8151 0.00063 0.62
69.72 112 0.13480 0.29330 33.0441 0. 00091 0.89
35.9527 101 2.49591 0.34000 24.5845 0.00165 0.48

0.1%Fe-TiO,
62.6968 002 1.48066 0.22890 40.6717 0.00060 0.60
69.6747 112 1.34845 0.29330 33.0269 0.00091 0.89
35.9527 101 2.49591 0.34000 24.5845 0.00165 0.48

0.3%Fe-TiO,
62.6968 002 1.48066 0.22890 40.6717 0.00060 0.60
69.6747 112 1.34845 0.29330 33.0269 0.00091 0.89
35.9527 101 2.49591 0.34000 24.5845 0.00165 0.48

0.5%Fe-TiO,
62.6968 002 1.48066 0.22890 40.6717 0.00060 0.60
69.6747 112 1.34845 0.29330 33.0269 0.00091 0.89
35.9527 101 2.49591 0.34000 24.5845 0.00165 0.48

0.7%Fe-TiO,
62.6968 002 1.48066 0.22890 40.6717 0.00060 0.60
69.6747 112 1.34845 0.29330 33.0269 0.00091 0.89
35.9527 101 2.49591 0.34000 24.5845 0.00165 0.48

1.5%Fe-TiO,
62.6968 002 1.48066 0.22890 40.6717 0.00060 0.60
69.6747 112 1.34845 0.29330 33.0269 0.00091 0.89

KA
- B(cosB) (1)
1
S=5 (2)

179



Engineering and Technology Journal Vol. 38, Part B (2020), No. 03, Pages 177-183

g=—2L 3)
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Where, D is the crystallite size, A is the x-ray wavelength, B is the full-width at half-maximum

intensity (FWHM), O is the density of dislocation defects, € is the strain, © represents the Bragg’s
diffraction angle, and K is a constant value. S. Manu et al. [17] investigated the effect of iron-
doping on the structure properties of the TiO,. The authors reported that there was no effect of the Fe
ions when the ions percentage was (0-2%) as in the present case.

Figures 2 and 3 depict the top and cross-sectional views of TiO, films synthesized at 180°C for 3
h for different doping concentrations of Fe. The images reveal that the TiO, films deposited on the
FTO substrate are vertically aligned nanorods. Identical structures of nanorods have been also
reported in Liu and Aydil [18]. The nanorods are very dense and almost vertically grown on the
FTO substrate. The nanorods have square cross-sectional ends ranging from (50-300 nm) in
diameter, and the rod lengths are about (4.6 um), so that the aspect ratio can be estimated to be about
(9.2-15.3), which is defined as the ratio of the length of the nanorod to its diameter. Furthermore, it
can be seen from the top and side views of Figure 2 that the nanorods are attached together from the
bottom while, they detached at the surface. In general, no clear effect of Fe-doping on the structural
properties of TiO, nanonrods.
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Fe-TiO,, and (d) 0.5% Fe-TiO,.
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Figure 3: Pictures of FESEM, top with its cross section at right of (a) 0.7% Fe-TiO, and (b) 1.5% Fe-

TiO,.
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The energy dispersive x-ray diffraction spectroscopy (EDS) was utilized here to identify the
elemental composition of TiO2 films for pure and doped TiO2. Figure 4, confirms that the major
constituents of the nanorods films are Titanium (Ti) and Oxygen (O). The peak of the (Au) is due to a
gold layer deliberately deposited to increase the resolution of the FESEM images. Table (2)
illustrates the actual atomic ratios of oxygen and Titanium in columns 1 and 2, respectively which
resulted from the EDS devise, the Ti/O ratio in column 3 is resulted by dividing column 1 on 2, and
the stoichiometric ratio in column 4 represents the ratio of the reactants theoretically to the ratio
practically extracted. From the results of Table (2), it is clear that the sample TiO2 prepared by
hydrothermal method has stoichiometric ratio 1:2 (i.e. TiO2). Figure 4 demonstrates the EDS
spectrum of (a), (b), (¢) and (d) for the samples TiO2, 0.1%Fe-Ti02, 0.7% Fe-TiO2, and 1.5% Fe-

Ti02, respectively.

TABLE II: The results of the EDX showing the proportion of elements in the films.

Samples (0] Ti Ti/O Stoichiometry
(Atomic %) (Atomic %) Ratio Ratio %
TiO, 66.86 33.14 2.01 99.50
0.1%Fe-TiO, 72.3 27.7 2.61 76.62
0.7%Fe-TiO, 70.82 29.18 2.42 82.64
1.5%Fe-TiO, 69.28 30.72 2.25 88.88
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Figure 4: The EDS spectrum of (a), (b), (¢) and (d) corresponding to the samples of pure TiO,,
0.1%Fe-TiO,,0.7% Fe-TiO, and 1.5% Fe-TiO,, respectively.

4. CONCLUSIONS

TiO, nanorods with rutile structure can be prepared using simple hydrothermal technique. In
conclusion, the doping of TiO, with Fe did not apparently change the crystalline structure of R-TiO,.
However, the optical properties measurements revealed a slight reduction in the bandgap energy for
the samples doped with Fe concentration (0.1, 0.3 and 0.5 %).
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