Effect of manganese doping on optical and magnetic properties of titanium dioxide
nanostructures prepared by hydrothermal technique in the presence of thiourea
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Manganese (Mn)-doped titanium dioxide (TiO,) nanostructures were synthesised by hydrothermal reaction of TiO, and Mn acetate with
ethylenediamine and thiourea. The prepared samples were characterised by X-ray diffraction, Fourier transform infrared spectroscopy,
transmission electron microscopy, field emission scanning electron microscopy and energy dispersive X-ray spectroscopy. Characterisation
of samples confirmed the formation of pure and crystalline nanostructures. Photoluminescence spectroscopy was carried out to study the
optical properties of the pure and Mn-doped TiO, nanostructures. A vibrating sample magnetometer was used to study the magnetic

properties of the prepared Mn-doped TiO, nanostructures.

1. Introduction: The titanium dioxide (TiO,) nanostructure is an
important semiconductor material with good photo-catalytic
properties and non-toxicity. It has been extensively used in different
fields of application, such as addressing environmental problems as
a photo-catalyst, in cancer treatment [1], photonic crystals [2], UV
blockers [3], self-cleaning materials [4] and in dye-sensitised solar
cells [S]. These applications originated from the specific ionic and
electronic properties of TiO,, which depend on the particular crystal
structure (anatase, rutile or brookite) and its morphology as well as
bandgap energy. The TiO, nanostructure bandgap energy is much
higher than that of bulk TiO, [6]. The bandgap of the anatase form
is 3.20 eV with the absorption edge in the near UV area at 386 nm
[7]. The occurrence of an electron excitation from the valence band
to the conduction band originates a hole in the valence band
whenever a semiconductor is illuminated by light of energy higher
than its bandgap. TiO, can be excited by UV light because of its
wide bandgap (3.2 eV for anatase phase). The practical applications
of TiO, are limited in most conditions because of its wide gap. The
bandgaps of TiO, can be narrowed by doping the compounds with
metal (such as Fe, Cr, Co, Mn, V and Ni) or non-metal atoms.
Manganese (Mn) has the highest potential in permitting important
optical absorption in the visible or even the infrared solar light
between the 3d metals as theoretical modelling has shown. The
optical absorption energy of TiO, is increased from the limited
ultraviolet spectral range well into the major visible and even
infrared range by doping Mn with TiO, [8, 9]. Mn may be
considered a magnetic material that behaves as a soft ferromagnetic
material. Soft ferromagnetic or ferrimagnetic materials have
important properties such as high permeability, high saturation
induction and low coercive force. Technical applications were
developed using soft ferromagnetic materials to allow changes in
magnetisation to occur easily in weak magnetic fields. There are
several techniques to prepare Mn-doped TiO, nanostructures
including vapour—solid growth or vapour-liquid-solid techniques
[10], and methods employing templates such as lyotropic liquid
crystals [11] or porous aluminium oxides [12]. Special equipment
and high temperatures are required to prepare Mn-doped TiO,
nanostructures by vapour methods. Prefabrication and post-removal
of the templates commonly produces contaminations, which is a
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frequent problem of the template technique. Nowadays, a
considerable number of studies have pointed to the hydrothermal
technique as a powerful and encouraging method for preparing
one-dimensional (1D) nanomaterials, such as nanowires and
nanotubes. Since it is a simple procedure and of low cost, it can be
worthwhile to use hydrothermal reactions for the synthesis of
nanostructures [13]. Obviously, hydrothermal treatment can control
the morphology of the nanostructures by changing the structure (or
size) of raw materials, reaction temperature and time and the
concentration and species of the alkaline solution [14]. In this
Letter, we study the optical and magnetic properties of Mn-doped
TiO, nanostructures prepared through hydrothermal reaction of Mn
and TiO, in the presence of ethylenediamine (EN) and thiourea
(TN) as capping agents.

2. Methodology: A 9 mol% Mn-doped TiO, nanostructure was
prepared by mixing 10 mmol of TiO,, 0.9 mmol of Mn, 15 mmol
of EN, 13 mmol of TH and 40 ml of distilled water. The solution
was transferred to a teflon-lined autoclave of 60 ml capacity and
heated at 130°C for 6 h and then allowed to cool down to room
temperature naturally. A light brown precipitate was collected and
washed several times with ethanol and distilled water, and after
that was dried in an oven at 75°C for a few hours.

X-ray diffraction (XRD) signals and Fourier transform infrared
spectroscopy (FTIR) spectra were recorded with a Shimadzu
XRD-6000 X-ray diffractometer (Shimadzu, Tokyo, Japan) and a
Perkin Elmer 1650 FTIR spectrometer (Perkin Elmer, Waltham,
MA, USA), respectively. Morphological evaluation was performed
with a Hitachi H-7100 transmission electron microscope (TEM;
Hitachi, Chula Vista, CA, USA) operating at an accelerating
voltage of 120 kV and a field emission scanning electron microscope
(FESEM) (model: Nova Nanosem 230). Photoluminescence (PL)
spectroscopy was carried out by a fluorescence spectrometer
(Perkin-Elmer LS55).

3. Results and discussion: Fig. 1 shows the XRD patterns of pure
and Mn-doped TiO, nanostructures. It was found that the
diffraction peaks of TiO, well agree with a standard anatase of
TiO, (JCPDS 21-1272) [15]. The crystal structure of the
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Figure 1 XRD pattern of TiO, and Mn-doped TiO, nanostructures

Table 1 Crystallite size and vertical distance of crystal planes

Sample FWHM (rad x 107%) D, nm d, nm
1 2.963394 35.15 0.35
2 3.99942 47.42 0.35

Mn-doped sample has the same diffraction peaks as the sample of
TiO,, as it has a similar inter-layer spacing of 0.35nm (see
Table 1). On the other hand, there are no appearing peaks related
to manganese oxide impurity phase formation.

Table 1 summarises the vertical distance between pairs of adja-
cent planes in the crystals (d), which was calculated using
Bragg’s law by the following equation

nA = 2d sin 0 (1)

where 6 is the angle, n is the layer of planes and 4 is the wavelength
of the X-rays; the crystallite size was estimated from the Debye-
Scherrer formula by the following equation

)
" Bcos 6

@

where D is the crystallite size, 4 is the X-ray wavelength (Cu Ko.=
0.15405980 nm), £ is a constant taken as 0.94, 6 is the peak position
and S is the line broadening at the full width at half the maximum
(FWHM) height. As shown in Table 1, the crystallite size of the
TiO, nanostructures (sample 2) decreased from 47 to 35 nm after
Mn doping (sample 1).

For comparison purposes the FESEM images of Mn-doped TiO,
and pure TiO, are shown in Fig. 2. It can be seen that the morpho-
logy of a pure TiO, nanostructure sample shifts from a nanorod and
nanoparticle shape to a flower-like shape after Mn doping. This
change in morphology might be attributed to the lower growth
rate along the {001} direction in the Mn-doped TiO, nanostructure,

500 nm

Figure 2 FESEM image of Mn-doped and undoped TiO, nanostructures
a Mn-doped TiO,
b Undoped TiO,
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Figure 3 EDX analysis of the prepared Mn-doped TiO, nanstructure

facilitating crystalline growth in both the {100} and the {101}
directions with lower surface energy [16, 17]. The EDX analysis
of the Mn-doped TiO, nanostructure is indicated in Fig. 3 and con-
firms that the sample is composed of Mn, Ti and O. The absence of
extra peaks besides the expected ones suggests that the obtained
products are very pure.

Fig. 4 shows the FTIR spectra for Mn-doped TiO, and undoped
TiO,. It can be seen that in the Mn-doped TiO, and TiO, nanostruc-
tures the characteristic band is positioned at 650 cm™' because of
TiO, and assigned to the stretching of Ti—O-Ti. The characteristic
peak at 1090 cm™" is attributed to the stretching of O—O. The absorp-
tion band at 1390 cm™" can be corresponding to the lattice vibrations
of TiO,. The peak at 1420 cm™" may be assigned to C-N stretching
in TH. The absorption band at 1620 cm™" is because of a bending
vibration of the coordinated H,O as well as Ti—OH, and also the char-
acteristic band position at 3394 cm™" is attributed to O—H stretching.
The absorption band at 1650 cm™" (NH, bending mode) indicates ab-
sorption of TH and/or EN on the surface of the TiO, nanostructures.
In addition, the characteristic peak at 947 cm ™' corresponds to Mn—O
stretching [18-21].

The PL spectra of the undoped and the Mn-doped TiO, nanos-
tructure at an excitation wavelength of 227 nm are presented in
Fig. 5. The maximum peak is at 384 nm for the Mn-doped TiO,
nanostructure and at 383 nm for the undoped TiO, nanostructure.
The bandgap energies of the samples corresponding with these
wavelengths were calculated by the following equation

he

Bandgap = 3)

bandgap

where 4 is the Plank constant (6.626 x 107>*JS), ¢ is the speed of
light (3.0 x 10% m/s) and 2 is the wavelength.

The obtained bandgaps of the Mn-doped and undoped TiO, are
3.23 and 3.24 eV, respectively. Therefore the bandgap energy of the
undoped TiO, sample is almost similar to the Mn-doped TiO,
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Figure 4 FTIR spectra of Mn-doped and undoped TiO, nanostructures
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Figure 5 PL spectra of undoped and Mn-doped TiO; nanostructures
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Figure 6 VSM analysis of Mn-doped TiO, nanostructure

nanostructure because of the low amount of Mn doping, which is
contrary to the literature results [9, 10]. The sharp peak at 466 nm
is attributed to oxygen defects in TiO, [22] and it became sharper
after Mn doping. Therefore the oxygen defects in TiO, were
increased because of Mn doping.

Fig. 6 shows clear hysteresis loops in the prepared Mn-doped
TiO, nanostructure. The obtained ferromagnetic behaviour is con-
sistent with previous reports for anatase [23] and rutile [24]
Mn-doped TiO, which was explained within the scope of the
bound magnetic polaron theory [25]. The coercivity (H.), magnet-
isation and retentivity of the sample which was measured by the vi-
brating sample magnetometer (VSM) are 29.496 G, 47.031 x 107>
and 190.76 x 107® emu/g, respectively. Materials with low coerciv-
ity are soft ferromagnetic materials and, therefore, Mn-doped TiO,
is a soft ferromagnetic material. A similar weak hysteresis was also
obtained by Peng ef al. [26] with a similar sample prepared by the
sol—gel process.

4. Conclusion: Mn-doped TiO, nanostructures have been
successfully prepared by the hydrothermal method in the presence
of EN and TH as directing agents. The effect of Mn dopants on
the optical and magentical properties of the prepared samples has
been studied. It was found that the bandgap of the prepared
undoped and Mn-doped TiO, nanostructures is almost the same.
The PL spectra showed a sharp peak at 466 nm because of oxygen
defects in TiO, and it became sharper by Mn doping. The VSM
result showed ferromagnetism in the sample and confirmed that
the prepared nanostructure is a soft ferromagnetic material.
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