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Abstract

The nanosized xerogel of titanium dioxide (TiO;) and manganese oxides (MnOx,

Mn,O3, Mn30,4) was prepared by the sol-gel method using manganese chloride (MnCl; - 4H,0)
and titanium isopropoxide (Ti(O-iPr),) as precursors in cetyltrimethylammonium bromide (CTAB)/
ethanol/H,O/HCI micelle solutions, following the calcinations of the produced powders at differ-
ence temperatures. The nanostructure and phase composition of these nanoparticles were
characterized with X-ray powder diffraction (XRD), transmission electron microscopy (TEM), en-
ergy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). The
spectroscopic characterizations of these nanoparticles were also done with UV-Vis spectroscopy
and laser Raman spectroscopy (LRS). XRD patterns show that the pyrophanite MnTiO3 phase
was formed at the calcinations temperature of 900°C. The TEM images show that the nanoparti-
cles are almost spherical or slight ellipose and the sizes are 50 nm on average. The UV-Vis
spectra show that the nanosized MnTiO3z have significant absorption bands in the visible region.
There are new absorption peaks of MnTiO3 nanoparticles in LRS compared with the pure TiO,

powder.
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Titanium dioxide (TiO,) is one of the green cata-
lysts, which has attracted much attention due to its
promising applications in the purification of air, the
bactericidal action of water, and environmental
photocatalytic degradation of organic pollutant com-
pounds in waste water™?, TiO; includes three phases:
brookite, antase and rutile. The effective photoexcita-
tion of TiO, semiconductor particles requires the ap-
plication of light with energy higher than the titania
band gap energy (Eyg). The band gap energy of TiO; is
about 3.2 eV for anatase and 3.02 eV for rutile, there-
fore the absorption thresholds correspond to 380 and
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410 nm for the two titania forms, respectively. Thus, if
natural sunlight should be used for the photoexcitation
of this material, only the ultraviolet fraction (about 5%)
of the solar irradiation has sufficient energy for this
process. It is believed that the extension of light ab-
sorption can improve photocatalytic activity of semi-
conductor. A possibility to overcome this obstacle is
doping numerous ions like noble metals, transition
metals into the titanium dioxide to change the absorp-
tion band to a visible range. The effect of doping is to
change the equilibrium concentration of electrons or
holes, and the light absorption band of metal-TiO, can
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be shifted into the visible region®\. In transition metal,
manganese acts as efficient catalyst in many industri-
ally important oxidation processes, due to its variable
oxidation states (+2, +3, +4 and +7).

In recent years, Ding! and Gallardo-Amorest™ re-
ported the synthesis and photocatalystic properties of
TiO,-MnO, TiO,-MnO, composite nanomaterials. We
have prepared the MnTiO3 nanoparticles using com-
mercial TiO, and MnCl,-4H,0 as base materials®.
The objective of this paper is to investigate the syn-
thesis of pyrophanite MnTiOz nanoparticles. It was
produced by calcinations of xerogel of TiO, and man-
ganese oxide (MnO;, Mn,03; Mn304), which was
prepared by the sol-gel method using manganese chlo-
ride  (MnCl,-4H,O) and titanium isopropoxide
(Ti(O-iPr),) as base material in CTAB/ethanol/H,0/
HCI micelle solutions. The structure and spectroscopic
properties of nanoparticles were investigated.

1 Experimental
1.1 Materials

Cetyltrimethylammonium bromide (CTAB), tita-
nium isopropoxide (Ti(O-iPr),) and manganese chlo-
ride tetrahydrate (MnCl,-4H,0) were purchased from
Aldrich Chemical Co. and were used as received. Ti-
tanium dioxide powder P-25, which is predominantly
anatase (70% anatase, 30% rutile), was purchased
from Degussa Co. (Germany) and was used without
any further treatment. The other materials were of
analytical grade and used as produced without further
purification. Distilled water was used throughout this
study.

1.2 Preparation of MnTiO3 nanoparticles

A typical synthesis procedure is as follows: first, the
mixture of distilled water with ethanol, HCI and
MnCl,-4H,0, was put in reflux at 70°C and stirred
constantly for 30 min; second, the mixed solution of
CTAB and ethanol was added; third, Ti(O-iPr); was
added drop by drop to the above mixture while re-
fluxing, and then the solution was further refluxed for
12 h at 70°C; finally, the resulting solution was left to
an open container at 70°C until the xerogel was

formed upon solvent evaporation. This method gives a
MnCI,/Ti(O-iPr), molar ratio of 1.00, CTAB/Ti(O-
iPr), molar ratio of 0.20, water/Ti(O-iPr), molar ratio
of 17.00, hydrochloric acid/Ti(O-iPr)4 molar ratio of
1.40, ethanol/Ti(O-iPr)4 molar ratio of 20.00. The xe-
rogel was dried in air at 100°C for 12 h, ground to
fine powder and calcined in air at 600, 700, 800,
900°C for 6 h, respectively.

1.3 Characterization techniques

To investigate the phase composition and the crys-
tallite size distribution of the nanoparticles after the
calcinations, X-ray powder diffraction (XRD) meas-
urement was performed. XRD patterns were recorded
on a Philips X’pert-MPD diffractometer, using Cu Ka
radiation, The crystallite sizes were calculated from
the peak widths using the Scherrer equation. The
transmission electron microscopy (TEM) studies were
carried out with a JEOL JEM2010 transmission elec-
tron microscope. Semiquantitative analyses were car-
ried out on an energy-dispersive X-ray (EDX) spec-
troscopy spectrometer connected to a Hitachi S-2400
Scanning Electron Microscope. X-ray photoelectron
spectroscopy (XPS) studies were performed with a
Vacuum  Generators  photoelectron  spectrometer
(VG-Scientific ESCALAB 250 spectrometer) with
monocromatized Al Ko X-ray source. The C1s signal
(285 eV) was taken as an internal standard to calculate
the binding energies (Ep). The UV-Vis absorption
spectra were obtained with a Varian Cary 1C UV-
Visible spectrophotometer. The samples were ultra-
sonically dispersed in distilled water at 10 mol - L™
for 30 min. Raman spectra were recorded with a
BRUKER (Germany) FRA-106/S spectrometer, using
the 1064 nm excitation line of Nd-YAG Laser. The
data were collected by keeping the power at 50 mWw,
100 scans and 4 cm™* resolution.

2 Results and discussion
2.1 Preparation of MnTiO3 nanoparticles

The oil-in-water (O/W) micelle could be formed by
CTAB cationic surfactant in water, ethanol, HCI mix
solutions!™. Micelle formation is greatly affected by
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short-chain alcohol present in sol-gel procedures. The
hydrolysis and condensation processes of titanium
isopropoxide can be efficiently controlled by adding
hydrochloride acid. In the presence of surfactant mi-
celle solution, Mn?* ions react with oxygen faster and
more completely and can be readily oxidized to Mn**
and Mn*" ions. When the reaction is done in air, the
mixture of MnO,, Mn,O3 or MnO, can be formed®®!,
The crystallite size of TiO, produced from hydrolysis
and condensation processes of titanium isopropoxide,
and MnO;, Mn,03; or Mn3O, produced from the oxi-
dation of Mn?*, was controlled by the concentration of
CTAB.. The pyrophanite MnTiO3; compounds must
have been produced from the reaction of the mixed
manganese oxidation states with titanium dioxide dur-
ing the decomposition of CTAB in the certain tem-
perature calcinations process®:
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2.2 XRD patterns

In order to analyze the crystal phases, XRD patterns
were recorded. The obtained XRD patterns of xerogel
of manganese oxides and titanium dioxide at different
calcinations temperature are shown in Fig. 1. The dif-
fraction line is well defined and compared favorably to
JCPDS card No. 77-1858 (MnTiO3), 44- 0141 (MnOy),
78-0390 (Mn,03), 80-0382 (Mn30y,) in the products. It
can be seen that the rutile phase is predominant and
Mn,0;3 is the majority of the mixture manganese oxi-
dation states at 600, 700 and 800°C. The XRD peaks
of powder calcined at higher temperature 900°C are
very different from those of the samples at 600, 700
and 800°C, which suggests a significant formation of
MnTiO3 at 900°C from the reaction of MnO,, Mn,03
or Mn3O,4 with TiO,. This result agrees with the analy-
sis of sec. 2.1. Gallardo-Amores et al.”) have already
reported that pyrophanite could be produced from

Mn,03 + 2TiO, — 2MnTiO; + 0.50, (1)  TiO,-supported Mn oxide XMn- TiO, (with X = 0.5,
MnsO, + 3TiO, — 3MnTiOs + 0.50, @) 1.0, 1.5 and 2.0) at _930 C. The crystal size _calculated
_ _ from Scherre equation by means of XRD line broad-
MnO; + TiO, — MnTiO3 + 0.50, (3)  ening analysis data was 57 nm.
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XRD patterns of as-synthesized manganese oxides-TiO, calcined at various temperature (a) 600°C, (b) 700°C, (c) 800°C and

(d) 900°C. Peaks corresponding to MnTiO3, Mn,O3, Mn;O4, MNO, and rutile phase are marked by *, A, ¥, B and O, respectively.
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2.3 TEM and EDX studies

TEM was performed to examine the particle size
and morphology of the synthesized particles. TEM
images of the xerogel of manganese oxides and tita-
nium dioxide at the calcinations temperature of (a) 600
and (b) 900°C are shown in Fig. 2. According to the
result of XRD patterns in sec. 2.2, the production is
the mixture of manganese oxides and titanium dioxide
at 600°C, so the particle size is small this time. The
production is new pyrophanite MnTiO3 at 900°C, so
the particle size is big at this temperature, the average
diameter is 50 nm. The stoichiometry of the obtained
MnTiO; powder was demonstrated by EDX measure-
ment. The elemental analyses results of P-25 and
MnTiO3 are showed in Table 1. The results of EDX
data of MnTiO3 nanoparticles (O/Ti = 2.86, O/Mn =
2.79) are in agreement with the elemental mole ratio
(OfTi = 3, O/Mn = 3) in the theoretical formula of
MnTiOs. These also confirm that this material consists
of essentially titan-oxygen-metal networks and that

transition metal Mn has formed a compound with Ti to
MnTiO3 at 900°C.

2.4  XPS results

The Mn 2p XP spectra of xerogel at the calcinations
temperature of (1) 600 and (2) 900°C are shown in
Fig. 3. The main signals of the binding energy (Ep) of
Mn 2pz, and Mn 2py, doublet are accompanied with a
shoulder peak (sh) at their high-energy side. This can
be interpreted in terms of ligands — transition metal
charge transfers. The binding energy of Mn 2ps; at the
calcinations temperature of 600°C, E, (Mn 2psp) =
640.8 eV, is higher than E, (Mn 2pz,) = 640.2 eV in
the MnO-TiO,". But the binding energy of Mn 2ps,
at the calcinations temperature of 900°C, Ey, (Mn 2pzp)
= 640.0 eV, is slightly lower than this data. It can be
concluded that the oxidation state of Mn is above +2,
existing in the form of MnO,, Mn,O3 or Mn3;0O, at 600
°C, while the nanoparticles MnTiO3 could be formed

at 900°C.

Fig. 2. TEM micrographs of as-synthesized manganese oxides-TiO, at different calcinations temperature (a) 600°C and (b) 900°C.

Table 1 EDX data of xerogel at calcinations temperature 900°C

Relative elemental composition (wt%)

Relative elemental composition (atomic%)

Elemental mole ratio

(e} Ti Mn (0]
30.48 31.95 37.56 58.51

Ti Mn OfTi O/Mn
20.49 21.00 2.86 2.79
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Fig. 3. XP spectra of Mn 2p at calcinations temperature (1) 600°C
and (2) 900°C.

2.5 UV-Visible spectra

UV-Vis spectra for P-25 powder and MnTiO;3 are
shown in Fig. 4. UV-Vis spectrum of P-25 powder can
be characterized with an absorption band at the wave-
length of 250—320 nm as shown in Fig. 4(1). The
strong absorption in the UV range is due to TiO, inter-
band transitions (valence band — conduction band).
The Amax appearing at 320 nm are related to 0F -
Ti** charge transfer transitions. The UV-Vis spectra of
MnTiO3 in Fig. 4(2) show a wide absorption band in
the wavelength of 300—700 nm. The absorption
bands in the region of 300—500 nm were attributed to
octahedral Mn?* — Ti** intervalence charge transfer.
The absorption bands at the 500—700 nm interval
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Fig. 4. UV-Vis absorption spectra of (1) P-25 and (2) pyrophanite
MnTiO; nanoparticles.
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were assigned to the ®Ayy — “Ajgand Ay, — Ty
crystal field transition of octahedral Mn?* site!***2,

2.6 LRS studies

In recent years, Raman spectroscopy has become an
increasingly valuable tool for the investigation of the
nanoparticle®*®. The spectra of P-25 and MnTiOs
nanoparticle are comparatively shown in Fig. 5. Tita-
nium dioxide is characterized by anatase (three bands
at 397, 516 and 639 cm™) and rutile (one band at 447
cm ™) as shown in Fig. 5(1). According to our XRD
pattern analysis, the crystallize phases are mainly
composed of manganese oxides with titanium dioxide
at the calcinations temperature of 600, 700 and 800°C.
So the intensity of these four peaks falls strongly down.
But in the formation of MnTiO3; during the calcina-
tions at 900°C, these four bands disappear and give

rise to an extremely strong feature near 700 cm™,
which is certainly due to a true vibrational peak. Ac-
cording to the presence of a center of symmetry and
the “mutual exclusion rule”, there should be ten Ra-
man active modes (5Ag + 5Eg)** . but we just ob-
serve eight Raman active fundamentals (absorption at
684, 610, 462, 360, 336, 263, 235 and 202 cm™* for
MnTiO3) as shown in Fig. 5(2). The other two Raman
peaks lost can be assigned to low intensity modes or
being superimposed by other ones. The most typical
feature is the strong Raman mode observed near 700
cm™ (684 cm™) on MnTiO;. This mode arises from
the highest frequency vibrational mode of MnOg oc-

684

Intensity (a.u.)

800 700 600 500 400 300 200
Wavenumber/cm™

Fig. 5. Raman spectra of (1) P-25 and (2) pyrophanite MnTiO;
nanoparticles.
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tahedra, that is the symmetric stretching mode (A
symmetry for regular Oy octahedral)[“]. The phonon
modes below 300 cm™ are assigned to lattice vibra-
tions. These also confirm the formation of MnTiOs,
not just the mixture of TiO, with manganese oxides at
900°C.

3 Conclusions

The pyrophanite MnTiO3; nanoparticles can be pro-
duced from the reaction of the mixed manganese ox-
ides with titanium dioxide in xerogel, which was pre-
pared by the sol-gel method at 75°C in CTAB/ etha-
nol/H,O/HCI micelle solutions, during the decomposi-

tion of CTAB at the calcinations temperature of 900°C.

The prepared MnTiOz; nanoparticles are almost
spherical or slightly stretched and the average sizes are
50 nm, showing a significant absorption band shifted
into the visible region. The new Raman absorption
peaks at 684, 610, 462, 360, 336, 263, 235 and 202
cm™ for MnTiO; show the formation of Ti-O-Mn
bonds at the calcinations temperature of 900°C, not
just the mixtures of titanium dioxide with manganese
oxides.
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