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Abstract. Titanium dioxide (TiO,) nanoparticles with various Mn**-doping concentration (from
0 to 12 mol%) were successfully synthesized by the sol-gel method using titanium tetrachloride
(TiCls), and manganese Il chloride tetrahydrate (MnCly.4H,0) as precursors. The phase and
crystallinity of the synthesized materials were investigated by powder X-ray diffraction pattern and
Raman spectroscopy. Diffuse reflection and photoluminescence spectra were taken to investigate
the absorption and emission characteristics of the synthesized samples. The results show that
the anatase and rutile phases existed simultaneously in all the doping TiO, nanoparticles and
the Mn** doping enhances anatase-rutile transformation. The Mn** contents did not affect the
lattice of TiO, host, but affected positions of its Raman modes. The optical band gap of the
TiOy:Mn**decreases with the increase of doping concentration. Photoluminescence spectra of
the TiO,:Mn** nanopaticles showed the transitions between the bands, the transitions related to
defect states and the Mn>** ion doping leads to quenching the photoluminescence.
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I. INTRODUCTION

Titanium dioxide (TiO;) is a well-known material that is widely-used in various applica-
tions. Titanium dioxide nanopowder is used in mesoscopic solar cells [1], photocatalysts [2],
photonic crystals [3], gas sensors [4] and thermoelectric devices [5] etc. TiO, occurs naturally
in three crystalline forms: anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic).
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Among these polymorphs, rutile and anatase have been mostly investigated. Rutile phase is sta-
ble at high-temperatures and has a band gap of 3.0 eV, anatase exists at lower temperatures with
a band gap of 3.2 eV. Brookite has been rarely studied because of its complicated structure and
difficulties in sample fabrication. These three phases are described as constituted by arrangements
of the same building block (Ti-Og octahedron). In spite of the similarities in building blocks of
Ti—Og octahedra, the electronic structures of these polymorphs are significantly different [6]. It is
known that TiO, only absorbs ultraviolet light of solar radiation (i.e. it equals only 5% of the total
solar radiation). If one can reduce the band gap of TiO; to the visible region, its applicability will
be enhanced.

The Mn-doped TiO; nanocrystals have received great attention due to its enhanced sub-
band-gap absorption [7] and photocatalytic efficiency [8]. In addition, ferromagnetic behavior
detected in Mn-doped TiO; composition corresponds to the strong Mn d-shell contribution [9].

In this paper, we report the preparation of different content of Mn-doped TiO, nanoparticles
by a simple sol-gel method using low-cost price chemical materials and find out the effect of Mn>*
on structural and optical properties of TiO2:Mn”* nanoparticles.

II. EXPERIMENT

Sol-gel method was used to prepare Mn?*-doped TiO, samples. In a typical synthesis
process appropriate amount of MnCl, was dissolved in 50 ml of ethanol alcohol solution under
constant stirring for 15 min. Then 2 ml TiCly; was poured slowly drop by drop to that mixture
with continued stirring and the mixed solution temperature was kept constant at 50°C until gel
was formed. The prepared gel was dried in air at 150°C for 24 h and annealed at 600°C for 5 h.

X-ray diffraction (XRD) was used to identify the crystalline phases and estimate the crys-
tallite size using a Siemens D5005 Bruker, Germany diffractometer with Cu-K; irradiation (A =
1.54056 A). Raman spectra were measured using LabRam HR800, Horiba spectrometer with
632.8 nm excitation. Nova Nano SEM 450, FEI field emission scanning electron microscope
(FESEM) with the energy dispersive X-ray spectrometer (EDS) was used to observe the sam-
ple morphologies and elemental composition analysis. The photoluminescence (PL) spectra were
measured at room temperature using a Fluorolog FL3-22 Jobin Yvon Spex, USA spectrofluorom-
eter with a xenon lamp of 450 W being used as an excitation source.

III. RESULT AND DISCUSSION

III.1. Samples characterization

The morphologies of the 6 mol% and 12 mol% Mn-doped TiO;, samples were observed
by FESEM and are shown in Fig. 1. It can be seen that the samples comprise the near-spherical-
shaped nanoparticles with the size in the range of 22-50 nm.

Typical EDS spectra of the undoped, 6 mol% Mn- and 12 mol% Mn-doped TiO, nanopar-
ticles are presented in Fig. 2. As seen from this figure, the undoped sample composes of only Ti
and O elements. In the 6 mol% and 12 mol% Mn”-doped TiO, samples, Mn element has been
detected and peaks characteristic for Mn element increase in intensity with increasing amount of
Mn dopant. This result indicates that the Mn?" ions have incorporated into the lattice of TiO5.
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Fig. 1. The FESEM images of TiO,:Mn?*samples with different dopant concentrations:

(a) 6 mol%, (b) 12 mol%, (Scale bar is 200 nm).

The XRD patterns of the Mn?*-doped
TiO, nanoparticles including Mn?>* contents
from O to 12.0 mol% are shown in Fig. 3.
For the undoped TiO, sample, nine diffrac-
tion peaks (at 26 = 25.3°, 36.9°, 37.8°, 38.8°,
48.1°,54.0°, 55.1°,62.7°, and 68.8°) were ob-
served. These peaks correspond to the (101),
(103), (004), (112), (200), (105), (211), (204),
and (116) planes of anatase phase, respectively
(JCPDS card: 04-0477). There is no detectable
diffraction peak of rutile phase. However, for
the 0.5 mol% Mn?*-doped TiO,, although the
anatase phase is still prominent, a very weak
peak is revealed at 26 = 27.3°, corresponding
to the diffraction peak from (110) plane of ru-
tile phase. With the further increase in Mn>*+
contents, the characteristic diffraction peaks
of rutile phase become predominant, while
diffraction peaks of anatase phase gradually di-
minish in intensity.

It is notable that no characteristic
diffraction peaks for Mn or its oxide phases
were present eVen for the heavily doped sam-
ple, which is indicating the high dispersion of
Mn?* on TiO, lattices. The lattice parameters
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Fig. 2. The EDS spectra of
TiO,:Mn?*  nanoparticles  with
different dopant concentrations.

of both anatase and rutile phases in the samples were calculated from the XRD patterns and are

shown in Table 1.
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Fig. 3. XRD patterns of the TiO, nanoparticles doped Mn>* as a function of doping
concentration: a- 0 mol%, b- 0.5 mol%, c-3.0 mol%, d- 6.0 mol%, e- 12.0 mol%.

Table 1. The lattice parameters of TiO,:Mn>" nanoparticles doped with different doping concentrations.

Mn?* doping Anatase phase Rutile phase
concentration = bA) cA) 4= bA) cA)
(mol%)
0.0 3.781 £ 0.001 9.504 £+ 0.006 - -
0.5 3.779 £ 0.001 9.519 £ 0.013 - -
3.0 3.777 £ 0.001 9.538 £0.017 4.584 £+ 0.001 2.953 £ 0.001
6.0 3.774 £ 0.007 9.537 £0.014 4.584 £ 0.001 2.951 £ 0.003
12.0 - - 4.578 £ 0.006 2.955 £ 0.002

The result shows that the lattice parameters within the error limits remain unchanged and
independent on Mn?* concentration. This may be because the effective ionic radius of Mn?* ion
(0.67 A) and Ti** ion (0.61 A) in octahedral field [10] is only slightly different.

As seen from Fig. 3, when Mn2* concentration is increased from 0.5 mol% to 12.0 mol%,
the relative intensity of the anatase peaks with respect to rutile ones is decreased. In order to
determine the quantity of anatase and rutile phases in each of the samples, the Spurr equation [11]
was employed:

100
o (k)

100
Wi(%) = ———

1+1.265 (%) Wr(%) =
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where Wy and Wy, are respectively the weight fractions of anatase and rutile phases (Wg =1 —Wj),
I4 and Iy are the integrated intensity of anatase (101) peak at 260 = 25.3° and rutile (110) peak at
20 = 27.4°, respectively.

The results in Table 2 indicate that the Mn>* doping enhances the anatase-to-rutile trans-
formation (ART) which is good agreement with other works [12, 13]. It is well known that the
ART is commonly described as a nucleation and growth process in which the rutile nuclei are
formed within the anatase phase of undoped TiO, Indeed, when Ti** ions are replaced by Mn?*
ions, oxygen vacancies are formed to keep the crystal charge neutrality and with increasing Mn>*
ions, the concentration of oxygen vacancies at the surface of anatase grains increases, facilitating
the bond rupture, leading to the structural reorganization for the formation of rutile phase. In addi-
tion, the difference in ionic radius though small, between Ti** and Mn?" ions results in the lattice
deformation of anatase TiO;, and the strain energy due to the lattice deformation facilitates the
ART [14, 15]. The influence of the Mn>* dopant amount on the weight fractions of anatase and
rutile phases, as shown in Fig. 3 and Table 2, is very clear

Table 2. Weight fractions of anatase and rutile phases in TiO,:Mn”* nanoparticles doped
with different doping concentrations.

Mn?* doping concentration (mol%) Wy (%) Wr (%)
0.0 100 0
0.5 95.0 5.0
3.0 74.5 25.3
6.0 46.1 53.8
12.0 16.0 83.9

The Raman spectroscopy is useful technique in phase structure analysis and defect identifi-
cation for TiO,. Anatase is tetragonal with the space group D}ng (I4/amd) and has six Raman active
modes: 1A1g, 2B;, and 3E, [16]. Rutile is also tetragonal with the space group D}lf; (P4/mnm) and
has three first order Raman active modes Big, E, and Ay,, along with a second-order (SO) vibra-
tional mode [16,17].

To affirm the above mentioned ART, Raman scattering spectra of the TiO,:Mn?* nanopar-
ticles with different doping concentration were recorded. The results are shown in Fig. 4. As
seen from the figure, the 0.5 mol% Mn>*-doped TiO, sample exhibits five Raman active modes
characteristic for anatase structure: Eg(1) (141 ecm™!), E¢(2) (194 cm™!), Big(1) (394 cm™1),
Alg+Big(2) (514 cm™!) and E,(3) (637 cm™!). No Raman active modes for rutile phase are
observed. (See Fig. 4, line a). However, for 3.0 mol% Mn”—doped TiO, sample, beside the vi-
bration modes of the anatase phase, the rutile-related Raman modes, E, along with a second-order
(SO) vibrational mode also appear at about 441 and 246 cm ™!, respectively (Fig. 4, line b). With
the further increase in Mn?* contents, the above rutile-related Raman modes become stronger,
while the anatase-related Raman modes gradually decrease in intensity (Fig. 4, lines ¢ and d). For
12.0 mol% Mn?*-doped TiO; sample, the Raman modes for the anatase phase completely dimin-
ish and in Raman spectrum are observed only four Raman active modes of rutile phase, Big, E,
and Ajg, and SO at 141, 402, 608 and 261 cm™!, respectively (Fig. 4, line e). Interestingly, no
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Raman modes related to manganese oxide are detected at eVen heavily doped sample. The results
are agreement with those from the XRD analysis.
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Fig. 4. Raman spectra of the TiO,:Mn?" nanoparticles as a function of doping concen-
tration: a- 0.5 mol%, b- 3.0 mol%, c- 6.0 mol%, d- 9.0 mol%, e- 12.0 mol%.

It can be clearly seen from Fig. 4 and Table 3 that the vibration modes characterizing both
anatase and rutile phases broaden and shift, when increasing Mn”>* content. For the anatase phase,
the E,(1) and E,(2) modes broaden and shift to the higher wavenumber, but the A1, + B14(2) and
E,(3) modes to the lower wavenumber. For the rutile phase, SO mode broadens and shifts to the
higher wavenumber, while E, mode to lower one.

Table 3. The wavenumber of some Raman modes of the anatase and rutile TiO,:Mn2*
nanoparticles doped with different dopant concentrations.

Mn?* doping Anatase phase Rutile phase
concentration E, (1) E, (2) A+Big (2) E, (3) SO E,
(mol%) (em™1h) (em™1) (em™1) (cm™ 1) (em™1) (em™1)

0.5 140.9 194.5 514.1 637.2 - -
3.0 145.7 197.0 509.1 631.2 246.3 440.9
6.0 144.6 196.6 510.7 632.1 246.3 440.9
9.0 145.3 197.0 509.9 627.0 250.6 436.7
12.0 - - - - 260.6 402.1

As mentioned above, the incorporation of Mn?* ions into leads to formation of oxygen
vacancies and with increasing Mn?" ions, the concentration of oxygen vacancies at the surface of
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anatase grains increases, facilitating the bond rupture. This, on the one hand, favors the structural
reorganization for the formation of rutile phase; the Mn?* dopants, on the other hand, cause the
change of the symmetry of the local structure around Mn?* ions and therefore the modification
in bond polarizability and strength of the O-Ti-O bonds. The result is that the Raman vibration
modes broaden and shift.

II1.2. Optical property

Typical diffuse reflectance spectra of Mn>*-doped TiO, nanoparticles with Mn>* contents
of 0, 0.5, 1.0, 3.0 and 6.0 mol% are shown in Fig. 5(a). It is notable that the undoped TiO, samples
are the white powders, while all the Mn-doped TiO; samples are pale gray ones and their color
becomes deeper when the concentration of Mn increases. The diffuse reflectance spectra of the
TiO,samples doped with 9.0 and 12.0 mol% Mn?* could not be measured because of their black
color. As evidence from the figure, in ranging from 1.5 to 3.0 eV, with increasing Mn?* dopant
content, the diffuse reflectance is strongly decreased, i.e. the absorption is increased (Fig. 5(b)),
which may be induced by the charge transfer transition from the 3d orbitals of Mn?* ions to TiO,
conduction band. In addition, the other reason of the increased absorption in visible region is that
an amount of rutile phase is already formed in the samples with 3 and 6 mol% Mn.
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Fig. 5. (a) Diffuse reflectance spectra, (b) Kubelka-Munk functions deduced from diffuse
reflectance spectra, (c) plots of [F(R)hv]'/? and (d) plots of [F(R)hv]> versus photon
energy hv for the TiO,:Mn** nanoparticles with different doping concentrations.
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Optical band gaps E, for the anatase TiO,:Mn?* nanopaticles with different doping con-
centration were determined by using Tauc equation [18]:

(ahv)" =A(hv — E,)

where A is a constant, « is the absorption coefficient, 4V is the photon energy, n = 1/2 and 2 for
the indirect and direct allowed transitions, respectively.

Fig. 5(b) shows the Kubelka-Munk functions F(R) of the TiO,:Mn2* samples obtained
from the diffuse reflectance data. It can be seen that the absorption edge shifts to the visible region
with increasing the Mn?* concentration. The plots of [F(R)Ahv]'/? and [F(R)hv]? versus photon
energy hv are represented in Fig. 5(c) and Fig. 5(d). The band gap energies E, for different Mn?*-
doped TiO, nanoparticles determined from Fig. 5(c) and Fig. 5(d) are given in Table 4.

Table 4. The indirect and direct band gap of the TiO2:Mn2+ nanoparticles.

Mn?* dopant content (mol%) ‘ _ E, (eV) . _
Indirect transitions | Direct transitions
0 3.20 3.54
0.5 3.15 3.39
10 2.96 3.34
3.0 2.87 3.29
6.0 2.25 2.89

The E, value of the undoped sample is found to be equal to 3.20 eV for the indirect band
gap and 3.54 eV for the direct band gap, which are in good agreement with the calculated values
reported by Daude et al. [19] for the indirect transition I's — X}, (3.19 eV) and direct transition
Xop — X1p (3.59 eV), respectively (Fig. 6). Our obtained values are also in agreement with the ex-
perimental values of 3.20 and 3.53 for TiO, nanoparticles reported by Reyes-Coronado et al. [20],
and the values of 3.26 and 3.58 eV for TiO, nanowires reported by us [21].

It can be clearly seen from Table 4 that when the Mn?" concentration is increased, both the
indirect and direct band gap values are decreased. The reduction in TiO;, band gap with increasing
Mn?* dopant content was reported as well in Refs. [8, 12]. It is well known that in pure TiO,,
the valence band edge is composed of O 2p states and the conduction band edge is composed of
Ti 3d states [22]. Theoretical calculations indicated that the Mn”* ions doped in TiO, can form
sub-band states located between the top of valence band and the bottom of conduction band of
TiO, [23,24]. Additionally, the replacement of Ti** ions with Mn2" ions leads to the formation
of the oxygen vacancies. The oxygen vacancy states also locate in the band gap. In this case,
the electrons do not directly transit to the conduction band, but via the states in the band gap.
Hence, both the sub-band states of Mn?* ions and oxygen vacancy states are the main reason for
reducing the band gap energy of TiO,:Mn>* nanoparticles. A similar effect was also observed for
the transition metal ions such as Co [21], Ni [25], Fe [26] and Cu [27] ions doped in TiO5.

The room temperature PL spectra of undoped anatase TiO, nanoparticles under different
excitation wavelengths are depicted in Fig. 7. The PL spectra excited at 320 and 325 nm wave-
lengths exhibit almost the same shape, which consists of seven peaks/shoulders at 3.13 eV (396.1
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Fig. 6. Simplified energy level diagram calculated by Daude et al. [19], which shows the
energies (in eV) for a few of the allowed indirect and direct transitions.

nm), 3.03 eV (409.2 nm), 2.84 eV (436.6 nm), 2.75 eV (450.9 nm), 2.65 eV (467.9 nm), 2.56 eV
(484.3 nm) and 2.51 eV (494.0 nm).
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Fig. 7. The room temperature PL spectra of undoped anatase TiO, nanoparticles excited
by different wavelengths.

The high energy peak at 3.13 eV does not appear in the PL spectrum when samples were
excited with 300 nm wavelength. Generally, the PL spectra of pure anatase TiO, materials can
be divided into three regions. The first region including the emission peaks at 3.13 and 3.03 eV
can be ascribed to the near band edge emission. Namely, the peak at 3.13 eV is attributed to the
X1, — '3 indirect transition and the peak at 3.03 eV to I'1;, — Xj,( or X5;) indirect transition [19].
It is noted that the transitions at 3.13 and 3.026 eV were revealed by Vos et al. [28]. The second
region including the emission peaks at 2.84 and 2.75 eV can be assigned to the recombination of
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F-centers formed from the oxygen vacancies [29,30]. Indeed, according to Serpone [31], when 24
valence cations replace Ti** ions in TiO host lattice, the formation of the oxygen vacancies (Vo)
can be accompanied by the generation of F-centers, therefore, some shallow traps associated with
the Vo such as F-, F™-, F2*-centers are formed, which are responsible for the emission at 2.84
and 2.75 eV. The third region including the peaks at 2.51, 2.56 and 2.65 eV, is usually assigned to
the PL from TiO, surface defect states [30].
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Fig. 8. The room temperature PL spectra of TiO,:Mn”* nanoparticles with different dop-
ing concentrations under excitation wavelength of 325 nm.

Fig. 8 shows the room-temprature PL spectra of TiO,:Mn>" nanoparticles with different
dopingconcentration under excitation wavelength of 325 nm. It is clearly seen that Mn>* ion
doping leads to quenching the PL of TiO,>:Mn>* nanoparticles. This may be because Mn>* ions
transfer excitation energy to the centers of quenching luminescence or they themselves play the
role of the quenching centers.

IV. CONCLUSION

Mn?* doped TiO, nanopaticles were successfully synthesized by simple sol-gel method.
Effect of Mn?* doping on the anatase-rutile transformation and optical band gap energy of the
synthesized nanoparticles were investigated. The results showed that, the replacing Ti** ions
with Mn”*ions leaded to the phase transformation from anatase to rutile. The Mn>* contents did
not affect the lattice of TiO; host, but affected its Raman modes. The optical band gap of the
TiO,:Mn**decreased with the increase of doping concentration. Indirect and direct band gap en-
ergies of Mn?*-doped TiO, nanoparticles were found to be in the range from 3.20 to 2.25 eV and
3.54 to 2.89 eV, respectively, when the Mn>* concentration increased from 0 to 6 mol% Photo-
luminescence spectra of the pure anatase TiO, nanopaticles exhibited the transitions between the
bands, the transitions related to defect states and the Mn>* ion doping leaded to the luminescence
quenching.
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