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Sol — Gel Synthesis, Characterization and Optical Properties of TiO,/TeO, powders
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The present investigation deals with the sol-gel synthesis and optical characterization of gels in the binary TiO; —
TeO, system. Titanium butoxide and telluric (VI) acid (H¢TeOs) were used as main precursors for preparation of the
rich in TiO, (above 35 mol %) compositions. The heat treated up to 300°C gels are predominantly amorphous and
contain small amount of metallic tellurium. Several crystalline phases TiTe;Os, TeO,, TiO: (anatase) and TiO; (rutile)
simultaneously exist above this temperature. Two maxima about 230 — 250 nm and 290 — 330 nm related to the isolated
TiOs units and condensed TiOg groups, respectively were observed in the UV — Vis spectra. The heating of all samples
above 500°C led to an increase of the UV absorption peak at 330 nm (instead of that at 230 nm) which is related to the
greater condensation processes. In comparison to the pure Ti butoxide gel, a red shifting of the absorption edge for
samples containing up to 50 mol % TeO, was observed, while composition containing higher TeO, amount (above 50

mol %) exhibited blue shifting.
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INTRODUCTION

In the past decade much attention has been paid
on the binary TiO; - TeOs system. From one side,
TiO»-based materials have always been of primary
research interest for the materials chemists driven
by the unique properties of TiO, and its ability to
create  high surface area structures for
photocatalysis and sensing [1]. On the other side,
the binary TiO»-TeO, system is of special interest,
as it has been shown that TiO; inhibits structural
changes of the Te polyhedra and maintains a
continuous amorphous network [2, 3]. It was found
that the addition of TiO, increases the thermal
stability of TeO,-based glasses by replacing Te-O-
Te linkages by more rigid Te-O-Ti ones [4].
However, it was established that the Ti*" as an
additive is the most influential ion for improving
the optical properties of TeO, among all transition
metal ions due to effect of its d orbital [5]. The
pioneer’s investigations with reference to sol-gel
obtaining of TiO»/TeO; thin films started by Weng
and Hodgson [6]. In their earlier research the sol —
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gel technique was applied as an alternative of the
melt quenching method for synthesis of TeO> based
thin films but the uncontrolled hydrolysis of
tellurium isopropoxide was found as a problem.
That question was widely discussed in several
papers [4, 7 - 13]. Most of the authors reported that
during the heat treatment of TeO; thin films highly
dispersed metallic tellurium is present up to 340°C
[7 - 9, 14]. The a-TeO, occurred when the heat
treatment temperature was further increased.
Addition of TiO; retard the crystallization of -
TeO, but promote the formation of other TiO, or
TiTes;0s phases [9, 15]. Recently, similar results in
that system have been described in several papers
[13, 16, 17]. Up to now, dense and transparent thin
films were obtained by these methods in the TiO»-
TeO; system containing 10 mol % TiO; and in a
more complex TiO,— TeO,— PbO system [18, 19].
The TiO»/TeO; glasses, rich in TeO, (> 70 mol
%) have been obtained by sol-gel techniques [10,
17] and the optical properties of the obtained
materials were also verified. Melt quenched glasses
in the TiO, - TeO, system were obtained in a
narrow concentration range above 75 % TeO; [2,
20, 21]. Generally, it is difficult to be prepared

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 5


mailto:albenadb@svr.igic.bas.bg
mailto:albenadb@svr.igic.bas.bg

Bachvarova et al.: Sol — Gel Synthesis, Characterization and Optical Properties of TiO2/TeO2 powders

glasses rich in TiO, by conventional melt —
quenching route due to its high melting temperature
(1843°C). We have chosen the sol — gel method as
an alternative one for obtaining of rich in TiO;
amorphous materials. Our earlier investigations in
that binary system started with the phase
transformations and photocatalytical properties of
sol — gel derived TiO»/TeO, powders containing
from 70 to 90 mol % TiO; [13, 15]. Data on optical
characterization of sol — gel derived TiO»/TeO,
powders containing higher TiO, content were not
found in the literature that motivates our present
study.

The purpose of this paper is to synthesize rich in
titania TiO2/TeO, powders applying a sol — gel
technique and to characterize optically the prepared
samples as well as to verify the morphology of the
obtained products.

EXPERIMENTAL
Samples preparation

Various samples containing different TiO,
content (above 40 mol %) were prepared and some
of them were selected for detailed phase and optical
investigations:  80Ti0,.20TeO, (sample A),
50Ti0,2.50TeO,  (sample B), 40Ti0,.60TeO,
(sample C). In order to overcome the problem with
high hydrolysis rate of tellurium (VI) alkoxides we
used Te(VI) acid (Aldrich) [6, 22, 23] in
combination with Ti butoxide (Fluka AG) and
ethylene glycol (C2HsO-2) (99% Aldrich). Solutions
(A and B) were prepared via dissolving of the
precursors in ethylene glycol by means of vigorous
magnetic stirring. Thus, transparent gels were
obtained. For comparison, pure TiO, gel was
obtained from Ti butoxide without addition of
water or ethylene glycol (EG) and it is denoted as
TBT. The as — prepared gels were subjected to
heating at ~ 150°C and subsequently to calcination
in the temperature range 200-700°C. The stepwise
heating of the samples from 200 to 700°C for one
hour exposure time in air was performed, until
obtaining powders. The calcination temperature
was selected on the basis of our previous
investigations [13, 15]. The pH during the
experiments was measured to be about 7.

Samples characterization

Powder XRD patterns were registered at room
temperature with a Bruker D8 Advance
diffractometer using Cu-K, radiation. It has to be
noted that the XRD patterns obtained below 200°C
are complicated due to the presence of organic

complexes and they are not discussed. The
morphology of the samples was examined by
scanning electron microscopy (SEM) using a JEOL
JSM 6390 electron microscope (Japan), equipped
with ultrahigh resolution scanning system (ASID-
3D). The accelerating voltage was 20kV, 1~65 pA.
Transmission  Electron = Microscopy (TEM)
investigations were performed on a JEOL JEM
2100 instrument (Japan) at an accelerating voltage
of 200 kV. The specimens were prepared by
grinding and dispersing them in ethanol by
ultrasonic treatment for 6 mins. The suspensions
were dripped on standard carbon/Cu grids. The
measurements of lattice fringe spacings recorded in
HRTEM micrographs were made using digital
image analysis of real space parameters. The
analysis was carried out by the Digital Micrograph
software. Additional support for the existence of all
participated elements in the investigated samples
was performed by X-ray energy dispersive
spectrometry (XEDS) elemental mapping studies.
The optical absorption spectra of the powdered
samples in the wavelength range 200 — 800 nm
were recorded by a UV-VIS diffused reflectance
Spectrophotometer "Evolution 300" using a
magnesium oxide reflectance standard as the
baseline. The absorption edge and the optical band
gap were determined following Dharma et al.
instructions [24]. The bandgap energies (E,) of the
samples were calculated by the Planck’s equation:
h.c 1240
E =——=""
A A

where E; is the bandgap energy (eV), & is the
Planck’s constant, c is the light velocity (m/s), and
A is the wavelength (nm).

RESULTS AND DISCUSSION
X —ray diffraction

Transparent and monolithic gels were obtained
and the gel formation region determined at room
temperature is situated between 35 - 100 mol %
TiO; and up to 65 mol % TeO,. According to the
X-ray diffraction patterns heat treated gels up to
300°C consist of amorphous part and metallic
tellurium only (JCPDS 78-2312) (Fig. 1, samples
A, B, C). The residual organic component plays an
important role in promoting the formation of
tellurium [12]. According to Wei et al. [12] the
samples heated at 300°C with preheated treatment
at 200°C in O, showed great decrease in the
metallic tellurium content and clearer amorphous
phase in the XRD pattern. Looking at our results, at
400°C only tellurium was found in the XRD pattern
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for sample A (80Ti0,.20TeO;), while for samples
B and C containing higher TeO, content (50, 60
mol %) partially oxidation of tellurium to
paratellurite (o-TeO,, JCPDS 42-1365) was
registered. Further increasing of the temperature
(500°C) led to fully oxidation of tellurium to TeO»
and at this temperature it exists simultaneously with
TiO, (anatase) (JCPDS 78-2486) and crystalline
TiTesOs phase (JCPDS 50-0250). At higher
temperatures (600, 700°C) all these phase coexist in
the prepared composite materials (Fig. 1a). The The
TiO, (anatase) to TiO, (rutile) (JCPDS 21-1276)
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transformation is observed at 700°C for all samples.
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in our experiments, the observed phase
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first TiO, (anatase) crystals appeared at 400°C (Fig.
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Fig. 1. XRD patterns of the: (a) investigated samples A (80Ti02.20TeQ>), B (50Ti02.50TeO;) and C (40Ti0O,.60TeOy)
and (b) pure Ti butoxide (TBT).

Electron microscopy

Sample C (40Ti0,.60TeO,) heat treated at
400°C was subjected to SEM observations with
microprobe analysis (Fig. 2). The sample
morphology revealed shapeless agglomerates with a
size around 50 - 100 pm, that are probably a result
of the crashing of the monolithic gels during the
drying process. The microprobe analysis was
performed in different points of the sample surface
and the obtained data are summarized in Table 1.
As it is seen there are aggregates with composition
corresponding to TeO: (spectrum 1), other pieces
with composition equivalent to the initial one

(spectrum 2) and regions with segregated Ti on the
surface (spectrum 3).

The HRTEM images performed in different
parts of sample C heat treated at 400°C confirmed
the inhomogeneous nature of the sample at unit cell
level (Fig. 3a). The SAED data exhibited presence
of tetragonal TeO, (SG P4:2,2) with the lattice
parameters a = 4.810 A and ¢ = 7.612 A (Fig. 3b).
This implies that the crystal is viewed along the
[122] zone axis. The composition map via STEM-
XEDS analysis was carried out to examine the
distribution of elements in the composite sample.
The results of mapping studies (Fig. 4) portray the
coexistence of Ti, O, Te and C elements and their
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homogeneous distribution. The TEM images of
another part of the sample rich in carbon are shown
in Fig. 5. Several pods fill up with smooth and
spherical particles are observed with size between
20 nm to 2 um. Elemental mapping studies in this
part of the composite illustrate mainly existence of
carbon and oxygen (Fig. 6).

Table 1. Electron probe microanalysis (EPMA)
performed in different points on the surface of sample C
(40Ti02.60Te0y).

Microprobe analysis (at %)
40TiO,.60TeO, (ol %)
Elements initial composition, 400°C
at % sp.1 |sp. 2sp. 3
Ti 13 - 11 | 23
Te 20 33 22 | 10
O] 67 67 67 | 67

Fig. 2. SEM images of sample C (40Ti0,.60TeO,) heat
treated at 400°C.

TeO, (tellurite) - tetragonal
SG P4,2;2
a= 4810A
c=7612A

Fig. 3 (a, b). (a) Bright field TEM micrographs of
sample C heat treated at 400°C and (b) SAED pattern of
TeO; (paratellurite) particle from sample C, oriented
along [122] direction.

C ka1 2 Te Lal

h | (a) .

Fig. 4 (a,b,c,d,e). (a) Integral XEDS-STEM composition
map of sample C heat treated at 400°C; (b) composition

map of C; (c) composition map of Te; (d) composition
map of O; (e) composition map of Ti.

Fig. 5 (a,b,c). Bright field TEM micrographs from
carbon rich areas of sample C heat treated at 400°C.

Fig. 6. (a,b,c,d,e). (a) Integral XEDS-STEM composition
map from carbon rich area of sample C heat treated at
400°C; (b) composition map of Te; (c) composition map
of Ti; (d) composition map of C; (e) composition
map of O.

UV — Vis DRS characterization

The diffuse reflectance spectroscopy (DRS) studies
were executed in order to determine the absorption
edge (cut - off) as well as to calculate the band gap
energy (E) of the binary and pure TBT gels (aged
at room temperature) as well as of the heat treated
at 600°C samples (Fig. 7a, b; Table 2). Generally,
for the heated samples (200 - 400°C) these optical
characteristics could not be determined because of
the high absorption above 400 nm caused by the
presence of carbon. Such absorption is illustrated
by the UV — Vis spectra of pure TBT (Fig. 7c¢).
The UV — Vis spectra of the investigated binary
gels were compared to those of pure Ti butoxide gel
(TBT). All spectra of the gels (samples A, B, C and
TBT) are characterized with good transparency in
the visible region. Useful structural information on
the coordination number of Ti atoms was
additionally obtained by UV—Vis spectroscopy. The
appearance of two absorption bands below and
above 300 nm, could be related to the charge
transfer of electrons from O to Ti. The main
building units in the unhydrolyzed Ti butoxide are
isolated TiOs groups with absorption band in the
region 240-260 nm. These groups change their
coordination geometry to TiOs (300 — 330 nm) as a
result of the polymerization processes (Ti—O-Ti
links between TiOg units) [25, 26]. The UV — Vis
spectra of as-prepared binary gels showed more
intensive absorption peak about 300 - 310 nm that
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could be associated with greater degree of
hydrolysis and condensation processes (samples A,
B) in comparison to pure TBT. It is also evident
that TeO, increased the absorption in the UV region
(samples A, B, C).
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Fig. 7. UV-Vis DRS of samples: (2) gels, (b) heat treated
at 600°C powders and (c) pure Ti butoxide.

It is clearly observed that the gel (sample A)
containing lowest TeO, content (20 mol %) showed
shifting of the absorption edge towards a longer
wavelength (red shift) (~ 403 nm) compared to pure
TBT gel (~ 390 nm). The highest TeO, content (60
mol %, sample C) led to shifting of the absorption
edge towards a lower wavelength (blue shift) in
respect to TBT gel (sample C, ~ 381 nm, Table 2).
It is well known that Eg depends on many factors:
generally, disordered systems cause blue shift;
increasing the covalency of the bonds and the
degree of polymerisation shift the absorption to the
visible range [27]. Obviously, the binary gel
80Ti0,.20TeO, with more completed polymeri-
zation processes exhibited red shifting of the

absorption edge, while the gel 40TiO,.60TeO, with
uncompleted polymerization showed blue shifting.

Table 2. Investigated binary gels, observed cut-off and
calculated optical band gap values (Eg).

Compositions, mol % as prepared gels (ZSOC)
Eg, eV cut-off, nm
TiO2 (Ti (IV) n-butoxide) 3.18 389.71
80Ti02.20TeO2 3.08 402.86
50TiOZ.5OTeO2 3.39 365.55
40TiO,.60TeO, 3.25 381.58

The UV-Vis spectra of the investigated samples
(A, B and C) heat treated at 600°C possessing two —
edge absorption (Fig. 7b) that could be related to
the simultaneous existence of different crystalline
phases [TiTes;Osg, TeO; and TiO- (anatase)] (Fig. 1)
and probably the absorption curves contain the
contributions from each of the components. Similar
explanations are made by other authors [28]. It was
also stated [28] that in such cases the dominant is
the influence of the compound with smaller E,.

CONCLUSIONS

By the new combination of organic and
inorganic precursors a simple route for obtaining of
complex homogeneous gels in the TiO, — TeO,
system is offered. The crystallization process
started about 400°C and above this temperature sol
— gel derived composite powders containing TiO-
(anatase), a-TeO, (paratellurite) and TiTe;Os were
obtained depending on composition. By UV — Vis
spectroscopy was established that the gels are
characterized with good transparency in the visible
region. It is also found that the low TeO, content
(20 mol %) causes red shifting of the absorption
edge while higher TeO, (60 mol %) amount leds to
the blue shifting, both cases compared to pure Ti
butoxide gel. It was found that the sol-gel method is
suitable for obtaining of amorphous samples which
are difficult to be prepared by conventional melt
quenching route due to the high melting
temperature of TiO».
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30JI- TEJIEH CUHTE3, XAPAKTEPU3MPAHE U OIITUYHU CBOMCTBA HA TiO»/TeO, [TIPAXOBE

A. JI. beuBaposa-Henemuesa', P. C. Mopmanosa', P. JI. T'erosa', I1. B. Mapkos',
J. . Huxtsnosa'? u 5. B. lumutpues?

! Unemumym no Obwa u Heopaanuuna Xumus, BAH, yn. “Axad. I'. Bonuee”, 6a. 11, 1113 Cogus, Bvazapus

2 Uncmumym no Munepanozusn u Kpucmanoepaus, BAH, yn. “Axao. I'. Bonues”, 6n. 107, 1113 Cogpus, Bvreapus
3 Xumuxomexnonozuuern u Memanypauuen Ynusepcumem, oyn. “Ku. Oxpuocku”, 1756 Cogpus, Bvrzapus.

[MToctbruna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

B Hacrosmoro m3cienBaHe ca OOCHIECHH 30JI — TEIHUAT CHHTE3 M ONTHYHOTO XapaKTEepU3UpaHe Ha TelId OT
neykommonentnara Ti0; — TeO, cucrema. Tenyposa (VI) kucenvHa ¥ THTAHOB OYTOKCHJL Ca M3MOJI3BAHH 32 CUHTE3a
Ha Ooraru Ha TiO; (Hax 40 mon %) cheraBu. PentrenodaszoBusT aHanu3 Ha TepMuUyHO Tpetupanure 10 300°C renu
IOoKa3a MPUCHCTBUE NPEAMMHO Ha opraHndHa amopdHa ¢da3za u MetaneH Temyp. Han Tasm TemmepaTypa, HAKOJIKO
kpuctainau ¢aszu TiTe;Os, TeO,, TiO, (anata3) u TiO; (pyTnin) ca peructpupann. ¥YB — Buc crekTpockomnusaTa mokasa
MIpUCHCTBHE Ha J1Be abcopOrmonnn uBuIM npu 230 — 250 am u 290 — 330 HM, KOUTO MOTaT Ja Ce OTHECAT ChOTBETHO
kM m3oimpaante TiOs4 um TiOg rpymu. HarpsBaneto Ha Bcmukm o6pasum Hang 500°C noBeze IO MOBMIIABAaHETO HA
abcopbumonaust muk mpu 330 nm, KOETO MOXKE J1a C€ CBBPXKE C MO-IIBIIHO MPOTEKINTE KOHACH3AIMOHHU TPOIecH. 3a
cbeTaBu chabpkamm 10 50 mon % TeO, Ge HaOmomaBaHO €IHO OTMECTBaHE Ha aOCOPOIMOHHUSAT PHO KBM IO —
BHUCOKHTE CTOMHOCTH Ha JABJDKMHATA Ha BBJIHATA, JOKATO MPH ChCTaBU chAbpkaimiu Hax 60 moa % TeO; ormecTBaneTo
Ha abCOpPOLMOHHUSAT PBO € KbM 110 — HUCKUTE CTOMHOCTH Ha JBbJDKMHATA Ha BBJIHATA.
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