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KEYWORDS Abstract The present study deals with the gel formation tendency in the ternary TeO,-TiO,-ZnO
Sol-gel; system. Depending on the TiO, amount, the gelation occurred at different times and subsequently
Telluric (VI) acid; several gel formation regions have been determined. Homogeneous, transparent and monolithic gels
Crystallization; were obtained using combination of organic and inorganic precursors during the synthesis. Using
IR; XRD analysis it was established that upon the heating composites were obtained which contain an
XPS amorphous phase and different crystalline phases: TiO, (anatase), TiO, (rutile), a-TeO, and

ZnTeOs3, depending on composition. The IR results showed that the short range order of the amor-
phous phases which are part of the composite materials consist of TiOg, ZnO4 and TeOy structural
units. Using UV-Vis spectroscopy it was established that the absorption edge of the gels varied
from 330 nm to 364 mm and the increase in TiO, content caused a red shifting of the cut-off.
The calculated Eg values are in the range 3.41-3.75 eV higher than that of pure TiO,, TeO, and
ZnO oxides. The XPS results showed that the Te atoms in the surface layers of the samples studied
exist in several chemical states as Te2 ", Te®, but Te®* dominates. Octahedrally coordinated Ti**
ions are observed in the gels and in the samples annealed at 200 °C but a small amount of tetrahe-
drally coordinated Ti*" is also detected, which indicates the incomplete polymerization of TiOg
units.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction scientific interest in investigation of mixed oxide systems. Spe-
cial attention is paid to the ternary mixed oxide systems con-
taining TiO, as well as to the multifunctional oxide systems
which represents the possibility of synthesizing new materials
with designed properties (Carp et al., 2004, Kubiak et al.,
mponding author. 2018) especially applying the sol-gel synthesis. It is well known
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wide range of technological processes (Brinker and Scherer,
1990; Dimitriev et al., 2008; Pierre, 2002). Also, the sol-gel
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rials (mixed oxide systems and/or inorganic-organic systems),
which involves hydrolysis and condensation reactions on the
precursors (Brinker and Scherer, 1990). Additionally, synthesis
of nanocomposites containing TiO, using a facile and low-cost
synthetic method is still a challenge. It is well known that tita-
nium dioxide is a multifunctional material which is widely
studied mainly due to its photocatalytical and antibacterial
activity (Carp et al., 2004; Haider et al., 2019). It has been
reported that TiO, can be combined with selective elements,
forming mixed oxide materials which could exhibit enhanced
physicochemical and antimicrobial properties (Arrachart
et al., 2009). However, ZnO is an intermediate oxide which
has received a great deal of attention as an alternative photo-
catalyst owing to it’s nontoxicity, high catalytic efficiency, as
well as low cost (Singh et al., 2017; Araujo et al., 2017; Thu
et al., 2017). Also, it has previously been the preferred method
of obtaining transparent glass-ceramics, applying the conven-
tional melt-quenching method. These materials combine the
unique properties of ZnO as well as it’s good network forma-
tion ability. Nevertheless, the interesting properties of TiO,
and ZnO are that they both possess high melting temperatures
which often cause difficulties in obtaining composite powders
due to the requirement of special equipment. Thus, the exis-
tence of such complications requires research for new alterna-
tive and reproducible routes to surmount the high melting
temperatures. Another well-known conditional network-
former is TeO, which does not form glass alone, even at high
cooling rates (Sarjeant and Roy, 1967). That is why the sol-gel
method is an attractive alternative to the melt quenching one,
as it may be used to extend application of new compositions
containing TiO,, ZnO and TeO,. However, the sol-gel method
has not been applied for the synthesis of TiO,/TeO,/ZnO
nanocomposites which additionally motivated our investiga-
tions. Until now the thermal, optical and structural properties
of glasses in the ternary TiO,-TeO,-ZnO system have been
studied by Kabalci et al. (2011) as well as by Ghribi et al.
(2015). There is also data for synthesis and structural investiga-
tions on binary glasses in each of the binary systems TiO,-
TeO, (Arnaudov et al., 1982; Iordanova et al., 2015; Udovic
et al., 2006), TiO,-ZnO (Marci et al., 2001; Xu et al., 2011)
and TeO,-ZnO (Ahmed et al., 2012; Sekiya et al., 1994;
Burger et al., 1992; Duverger et al., 1997; Hoppe et al., 2004;
Kozhukharov et al., 1986) forming the ternary one. Numerous
investigations are devoted to the sol-gel obtaining of composite
materials in the binary TiO,-ZnO as well as TiO,-TeO, sys-
tems mainly due to the enhanced photodegradation efficiency
of the TiO, catalyst (Marci et al., 2001; Xu et al., 2011). More-
over, powders and films in the TeO,-PbO-TiO, systems were
reported in several papers irrespective of the high hydrolysis
rate of the Te(VI) alkoxides (Weng et al., 2004; Hodgson
and Weng, 2006; Hayakawa et al., 2012). It has been general-
ized that the sol-gel derived tellurite coatings and glasses exhi-
bit greater resistance to devitrification than melt quenched
glasses.

Our team has experience in the sol-gel synthesis of compos-
ite powders and in the previous investigations applying this
technique we obtained binary and multicomponent composites
with good photocatalytic and antibacterial properties (Shalaby
et al., 2011, 2015; Stoyanova et al.,, 2012; Bachvarova-
Nedelcheva et al., 2016; Iordanova et al., 2016). We continue
extensive studies on the production of TiO, containing pow-
ders and the investigation of their thermal, optical and struc-

tural properties as well as researching new combinations
from compositions. The present survey is a continuation of
our previous investigations on the sol-gel synthesis composite
powders in the TiO,-TeO,-ZnO system, where phase transfor-
mation and structural evolution of only gels containing 40 mol
% TiO, have been examined (Gegova et al., 2015).

On the basis of the knowledge gained, we have developed a
scheme for synthesis of TiO,/TeO,/ZnO nanocomposites via a
modified sol-gel method which is presented in this study. The
aim of this paper is to verify and refine the gel formation ten-
dency in a larger concentration range in the TiO,-TeO,-ZnO
oxide system. The correlation between conditions of prepara-
tion (molar ratio of precursors, temperature of calcination),
phase and structural evolution of the gels upon heating has
been verified as well. Attention has been paid to the coordina-
tion number and chemical states of the main components par-
ticipating in the amorphous phase.

2. Experimental

2.1. Samples preparation

A combination of Te(VI) acid (Aldrich) along with Ti butoxide
(Fluka AG), Zn acetate dihydrate (Merck) precursors dis-
solved in ethylene glycol (C,HO5) (99% Aldrich) were used.
Bearing in mind the high hydrolysis rate of tellurium(VI)
alkoxide, the telluric acid (HgTeOg) is selected in order to over-
come that problem (Weng et al., 2004; Hodgson and Weng,
2006; Lecomte et al., 2007; Weng and Hodgson, 2001). The
precursor solutions were subjected to 5-30 min intensive stir-
ring at room temperature in order to achieve complete dissolu-
tion. No direct addition of water was made to the precursors’
solutions. Sol-gel hydrolysis reaction was acquired from
absorbed atmospheric moisture. The adjusting of the pH dur-
ing the sol-gel processes is very important. Generally, this
parameter influences the rate of hydrolysis and condensation
processes. At strongly acidic values (pH up to 5) a slow gela-
tion occurred which favors the formation of extended network
while basic values of pH (up to 9) induce a fast gelation which
is necessary for the formation of nanoparticles (Wright and
Sommerdijk, 2000). In our experiments, the measured pH
was 4-5 depending on composition. The gelation time for
the investigated compositions differed varying from minutes
and hours to days. The aging of gels was performed in air in
order to achieve completeness of the processes. The obtained
gels were subjected to the stepwise heating from 200 to
700 °C for one hour exposure time in air. The heat treatment
at 200 °C was performed in air in order to hydrolyze any unre-
acted - OR groups as well as to decrease their content. Further
increases of temperature (300-700 °C) were important to verify
the phase and structural transformations of the gels.

2.2. Samples characterization

The thermal stability of selected gels (Table 2) was determined
by differential thermal analysis (LABSYSTM EVO apparatus)
with Pt—Pt/Rh thermocouple at a heating rate of 10 K/min in
air flow, using Al,O;5 as a reference material. The accuracy of
the temperature was +5 °C. The heating of the samples was
limited up to 600 °C. Powder XRD patterns were registered
at room temperature with a Bruker D8 Advance X-ray powder
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diffractometer with a Cu Ko radiation (A = 1.54056 A) with a
LynxEye solid position sensitive detector and X-ray tube oper-
ated at 40 kV and 40 mA. X-ray diffraction patterns were
recorded in the range of 5.3-80° 20 with a step of 0.02° 26.
The optical absorption spectra of the powdered samples in
the wavelength range 200-1000 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 (Stoyanova et al., 2012).
The band gap energies (E,) of the samples were calculated
by the Planck’s equation: E, = ¢ = 1200 where Eg is the band
gap energy (eV), & is the Planck’s constant, c is the light veloc-
ity (m/s), and 4 is the wavelength (nm). The infrared spectra
were registered in the range 1600400 cm ™" using the KBr pel-
let technique on a Nicolet-320 FTIR spectrometer with 64
scans and a resolution of +1 cm™'.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an AXIS Supra electron spectrometer (Kra-
tos Analytical Ltd.) with base vacuum in the analysis chamber
in the order of 10~° Torr. The samples were irradiated with Al
Ko photons with energy of 1486.6 eV. The photoemitted elec-
trons were separated, according to their kinetic energy, by a
180° — hemispherical analyzer with a total instrumental resolu-
tion of 1.0 eV (as measured by the FWHM of Ag 3ds), line) at
constant pass energy of 20 eV. Due to a charging effect the
energy calibration was performed by normalizing the C 1s line
of adventitious adsorbed hydrocarbons on silver folio to
284.8 eV. The concentrations (in at.%) of the observed chemi-
cal elements were calculated by normalizing the areas of their
most intense photoelectron peaks to their relative sensitivity
factors using the commercial software of the spectrometer.

3. Results and discussion

3.1. Thermal stability and phase transformations of the gels

All gels prepared at room temperature were transparent and
monolithic. A wide gel formation region was determined con-
sisting of several subregions depending on the gelation time of
the compositions (Fig. 1). As one can see, the gel formation
region is expanded toward ZnO corner and the obtained gels
are situated between 20 and 100 mol % TiO,, up to 65 mol

Tio, a - gels
O - solutions
- precipitates
- fast gelation region (A)

20 ‘ - slow gelation region (B)
’ &

- glasses according to
Ghribi et al. [N. Gribi et
al., J. Alloys Compds,
622 (2015) 333-340]

- very slow gelation (C)

TeO: 90 80 70 60 50 40 30 20 10
Zn,Te,0; ZnTeO,

Fig. 1
system.

Gel formation region in the ternary TiO,-TeO,-ZnO

% TeO, and 90 mol % ZnO. The first gelation region (A) com-
prises samples for which the gelation occurred immediately
after mixing of the components. For the other two regions
(B and C) this process took longer time, from hours and days
to one month, respectively. In the binary ZnO-TeO, system,
gels were not obtained using HgTeOg and Zn acetate as a com-
bination of precursors. Table 1 shows all investigated compo-
sitions in the TiO,-TeO»-ZnO system.

The thermal decomposition data in air of selected gels for
which the time for gelation was different are summarized in
Table 2. Generally, several decomposition steps were observed
and bearing in mind the similarity of the DTA/TG curves of
the samples, only two selected gels TTZ1 and TTZS5 are pre-
sented (Fig. 2a, b). As is seen from the figure some peaks are
well evident for both samples. For the interpretation of these
results, DTA data for pure Ti (IV) n-butoxide and Zn acetate
precursor discussed in the literature (Velasco et al., 1999;
Yordanov et al., 2017; Arii and Kishi, 2003; McAdie, 1966)
have been kept in mind. As is seen from Fig. 2 both gels are
characterized by endothermic peaks in the range 100-200 °C
with weight loss between 8 and 18% depending on composi-
tion. The mass loss is mainly related to the local elimination
of water bonded with the surface of the materials as well as
to the evaporation of organic solvent. Looking at the DTA/
TG curves, several exothermic peaks are observed in the range
220-440 °C. The first one is observed about at 230 and at
300 °C for gels TTZ1 and TTZ2, respectively. The observed
peak is sharper and more intensive for the sample containing
the higher TeO, amount (above 40 mol %, gels TTZ1 and
TTZ3) and it could be related to the intense decomposition
of both Ti(IV) butoxide and Zn acetate. Obviously, in the sam-
ple containing the higher TiO, amount (TTZ2) the combustion
of organics occurred at a higher temperature (300 °C). In both
cases this peak is accompanied by a strong weight loss about
20% which according to the TG curve finished at nearly
450 °C. The next exothermic peak is registered at a higher tem-
perature of about 440 °C in both samples. The last small
exothermic effect at 440 °C and it’s presence in gel TTZ1 could
be related to the oxidation of Te to TeO, but in the other sam-
ple TTZ2 it could be attributed to the crystallization of TiO,
(anatase). Additionally, that peak is accompanied by a very
low weight loss (2%) but the calculated total weight loss for
the selected samples is about 40%.

X-ray diffraction (XRD) patterns of as-prepared ternary
gels with different nominal compositions are shown in
Fig. 3a and it is evident that they are amorphous. The investi-

Table 1 All investigated samples in the TiO,-TeO,-ZnO

system.

N Samples Compositions Gelation
abbreviation time

1. TTZ1 20Ti0,.40Te0,.40ZnO 3 months

2. TTZ7 20Ti0,.20Te0,.60ZnO 6 months

3. TTZ2 40Ti0,.30Te0,.30ZnO 1 day

4. TTZ6 40Ti0,.40Te0,.20ZnO 1 day

5. TTZ8 40Ti0,.10Te0,.50ZnO 4 h

6. TTZ3 50Ti0,.25Te0,.25Zn0 3 h

7. TTZ9 50Ti0,.40Te0,.10ZnO 2 h

8. TTZ4 60Ti0,.20Te0,.20ZnO <1 h

9. TTZ5 80Ti0,.10Te0,.10ZnO Immediately
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Table 2 The obtained by DTA results.
- Sample abbrev. Compositions/gelation time DTA results
Endothermic effect, °C Exothermic effect, °C
Endol Endo2 Exol Exo2 Exo03
1. TTZ1 20Ti0,.40Te0,.40ZnO/3 months 115 - 226 - 440
2. TTZ5 80Ti0,.10Te0,.10ZnO /immed 120 210 = 300 440
3. TTZ6 40Ti0,.40Te0,.20ZnO/1 day 115 170 230 300 440
4. TTZ8 40Ti0,.10Te0,.50ZnO/4h 120 175 315 = =
25 ( ) o)
a N
S TTZ1 gel | 100
20 A
-1 90
) 154 -
ES R S
s 10 80 °. -
g 3 O
B 5 A DTA =
-E- 1 f 470 » M
g - c U~ TTZA1
0 - (]
-
| e % c TTZ3
-5 T T T T T T
0 100 200 300 400 500 600 TTZ2
Temperature, °C
T T T T T T |TTZS
. 10 20 30 40 50 60 70 80
(b) TIZ5gel | 20, deg
15 Fig. 3a  XRD patterns of the as prepared gels.
° 10 % sample TTZ1 only metallic tellurium has been found. Despite
° |z the low TiO; content in the later sample, the amorphous state
g . 80\9 is more stable due to presence of higher amount of both TeO,
2 :9 and ZnO (40 mol %). The oxidation of tellurium starts at
R Ei o 70F about 400 °C and it is fully oxidized to TeO, about 500 °C
g T (samples TTZ1 and TTZ2). In the samples TTZ3 and TTZS,
5 60 anatase appears at 400 °C and a small amount is converted
to rutile at 500 °C, while in the other two samples, anatase
o TG s did not appeared in the XRD patterns. The average crystallite
0 100 200 300 400 500 600 size (calculated using Sherrer’s equation) of TiO, (anatase) in

Temperature,°C

Fig.2 DTA/TG curves of two representative gels: (a) TTZ1 and
(b) TTZs.

gated samples contain a different TiO, amount aiming to ver-
ify it’s role in the formation of the amorphous network as well
as in the phase formation with variation of temperature. As is
seen from the figure the samples exhibit different behavior
depending on the temperature (Fig. 3b). The XRD patterns
of samples obtained below 200 °C are complicated due to
the presence of organics and formation of intermediate
metal-organic complexes, which are not considered in this
paper. Generally, in the temperature range 200400 °C com-
posite materials containing an amorphous phase and different
crystalline phases {metallic Te (JCPDS 78-2312), a-TeO,
(JCPDS 42-1365), anatase (JCPDS 78-2486)} are prepared.
In contrast to the samples TTZ5, TTZ3 and TTZ2 where at
400 °C TiO, (anatase) or a-TeO, were observed, in the last

the powdered sample TTZS is about 10 nm (Fig. 3b) at
400 °C. At higher temperatures (500-700 °C) only crystalline
phases (TiO, — rutile, a-TeO, and ZnTeO;) were found
depending on the composition of the prepared composite
materials (Fig. 3b). These investigations are upheld by the pre-
vious ones where TiO,/TeO,/ZnO composite powders contain-
ing constant TiO, amount (40 mol%) have been prepared
(Gegova et al., 2015).

3.2. Optical properties and structural transformations

The diffuse reflectance absorption spectra of representative
gels (aged at room temperature) as well as of pure Ti butoxide
gel are illustrated in Fig. 4. The observed absorption edges and
calculated optical band gap values are pointed out in Table 3.
It is evident that the TTZ5 gel containing higher TiO, content
(80 mol%) exhibited the highest absorption in the UV region
in comparison to the other ternary gels as well as pure Ti
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Fig. 3b  XRD patterns of the investigated samples: (H) Te, (®) o-TeO,, (A) TiO,-anatase, (3§) TiO,-rutile, (o) ZnTeOs5.

(IV) butoxide gel. Another peculiarity is the appearance of two
absorption bands below and above 300 nm, the so called
charge transfer bands. The optical properties of various tern-
ary gels from the systems TiO,-TeO,-B,O3 and TiO,-TeO»-
SeO, were discussed in our previous papers (lordanova
et al., 2015, 2016). By analogy it could be accepted that for
the isolated TiO4 units, the ligand to metal charge transfer
band is in the region 200-260 nm, while in a titania network
(anatase) the charge transfer in TiOg4 is above 300 nm (Singh
and Singh, 2001; Clarck, 1968; Klein et al., 1996). As is known
the unhydrolyzed Ti butoxide consists mainly of TiO4 groups
as main building units but after polymerization the coordina-
tion geometry changed to TiOg as a result of formation of
Ti-O-Ti links between TiOg units (Klein et al., 1996). As can
be seen from the figure, for gels TTZS, TTZ3 and TTZ2 the
more intensive absorption peak is that about 300-320 nm

which is associated with an increase of the polymerization
degree of Ti atoms in comparison to pure Ti butoxide gel.
The UV—Vis spectrum of TTZ1 gel differs from the other tern-
ary ones and pure Ti(IV) butoxide. One of the reasons could be
that the lowest TiO, content (20 mol%) is not sufficient for the
fast formation of the amorphous network and resulted in a
very slow gelation of that sample. On the other hand, the
charge transfer of O — Ti is in the range 260-300 nm but it
is known that the exciton absorption peak of bulk ZnO exists
in the same region (300-360 nm, Eg ~ 3.24 ¢V) (Bahnemann
et al., 1987). Due to the overlapping of these absorption bands
it is difficult to obtain more precise information for the influ-
ence of ZnO on the polymerization ability of Ti. The absorp-
tion edge of the investigated gels varies from 330 nm to
364 mm and the increase in TiO, content caused a red shifting
of the cut-off (Table 3). Among the ternary gels the TTZ5
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Fig. 4 UV-Vis spectra of selected ternary TiO,/TeO,/ZnO gels
compared to pure Ti(IV) n-butoxide gel.

(80 mol% TiO;) one exhibited the highest cut-off value
363.82 nm. Several authors (Kabalci et al., 2011; Ghribi
et al., 2015) claimed that TiO,/TeO,/ZnO glasses (containing
up to 35 mol % ZnO) exhibited an optical band gap value
of about 2.94-3.00 eV. Our values for the investigated gels
are higher (3.41-3.75 eV) than in the literature (Niu et al.,
2018) for pure TiO, (3.2 eV) and ZnO (3.37 eV) but lower than
the value of melted bulk tellurite glass (~3.79 eV). Obviously,
the Eg of the obtained products is influenced by the simultane-
ous presence of TiO,, TeO, and ZnO.

The IR spectroscopy was used for verifying the phase trans-
formations during the heat treatment (in the temperature
range 200-700 °C) as well as to evaluate the completeness of
the hydrolysis — condensation reaction (Fig. 5). The assign-
ments of the vibrational bands of the separate structural units
are made on the basis of well-known spectral data of the pre-
cursors (Ti(IV) n-butoxide, HsTeOg and Zn acetate — Fig. SI.1)
and crystalline phases existing in the system (lordanova et al.,
2013, 2015, 2016; Yordanov et al., 2017). The measured by us
spectra of the precursors were used only as supporting infor-
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Table 3 Investigated TiO,/TeO,/ZnO gels, observed cut-off and calculated optical band gap values (Eg).

- Sample abbrev. Compositions Cut-off, nm Eg, eV
1. Ti(IV) n-butoxide gel = 389.71 3.18

2. TTZ5 80TiO,.10Te0,.10Zn0O 363.82 3.41

3. TTZ3 50Ti0,.25Te0,.25ZnO 363.04 3.42

4. TTZ2 40Ti0,.30Te0,.30ZnO 348.90 3.55

S. TTZ1 20Ti0,.40Te0,.40ZnO 329.95 3.75

mation. These spectra have been discussed in details elsewhere
(Iordanova et al., 2016; Gegova et al., 2015a, 2015b).

For evaluation of the completeness of the hydrolysis-
condensation reactions, it is necessary to follow the changes
of several bands in the range 14001000 cm™' (Iordanova
et al., 2016; Gegova et al., 2015a, 2015b). Moreover, it is
known that the band at 1130 cm™' is characteristic for the
stretching vibrations of Ti—O—C (lordanova et al., 2016),
while those at 1100 and 1040 cm ™' are assigned to the vibra-
tions of terminal and bridging C—O bonds in butoxy ligands
(Iordanova et al., 2016). On the other hand, ethylene glycol
possesses asymmetric and symmetric stretching vibrations of
C—O bonds in CH,—OH group at 1090 and 1040 cm ™', while
in the spectrum of butanol they appeared at 1110, 1050 cm™"

20TiO,.40TeO,.40Zn0 TTZ1

700°C

600°C

500°C

400°C

Transmittance,(a.u.)

300°C

200°C

gel

T T T T T T T T T T T
1600 1400 1200 1000 800 600 400
Wavenumber, cm”

Fig. 5

along with a very intensive band at 1070 cm™' (lordanova
et al., 2016).

As it is seen from Fig. 5, the IR spectra of all gels and heat
treated at 200 °C samples are very similar and they are charac-
terized with very intensive bands in the 1120-1040 cm™'
region. The comparison between the IR spectra of the investi-
gated gels showed differences regarding the intensity of the
bands at 1080 and 1040-1030 cm~' which could be related
mainly to the C—O bonds in CH,—OH group. The band at
1040-1030 cm ™' is stronger in the spectra of TTZ1, TTZ2
and TTZ3 gels, while in TTZ5 this band exhibited lower inten-
sity. Additionally, the other band at 1080 cm™' possesses low-
est intensity only in the IR spectrum of TTZ1 gel. Considering
the experimental facts obtained, it could be suggested that a

TTZ2

40TiO,.30Te0,.30Zn0

700°C

600°C

500°C

400°C

300°C

Transmittance,(a.u.)

200°C

gel

T T T T T T T T T T T
1600 1400 1200 1000 800 600 400

-
Wavenumber,cm

IR spectra of the representative samples heat treated in the range 200-700 °C.
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50TiO,.25Te0,.25Zn0O TTZ3
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80TiO,.10TeO_.10ZnO

Transmittance,(a.u.)
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—
1400

1600
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Fig. 5 (continued)

greater degree of hydrolysis and condensation processes is
achieved in TTZ5, TTZ3 and TTZ2 samples containing 80,
50 and 40 mol% TiO,, respectively. Thus, despite the higher
ZnO content (40 mol%), the lower amount of TiO, (20 mol
%) is not enough to complete these processes in TTZ1 gel.
The band at 1120-110 cm™' could be ascribed to Ti—O—C
bonds and it has to be noted that this band did not change
it’s intensity.

The other intensive band is at 890-880 cm ™' which is
assigned to C—O or C—H stretching vibrations of the residual
solvent ethylene glycol (Iordanova et al., 2016; Gegova et al.,
2015a, 2015b; Zubkova and Shabadash, 1971; Kato et al.,
1996). The bands located in the range of 1500-1300 cm ™' are
assigned to the bending vibrations of CH; and CH, organic
groups. Additionally, bands below 900 cm™" which are typical
for the inorganic units were registered as well up to 200 °C.
Accordingly, we can suggest that at lower temperatures
(200 °C) the amorphous phases consist both of organic and
inorganic building units. The bands decreased with increasing
the temperature but are still observed up to 300 °C then com-
pletely disappeared about 400 °C. This means that the
hydrolysis-condensation processes are not completed at room
temperature and continue in a wide temperature range along
with the decomposition of the organic groups (Hayakawa
et al., 2012). All bands above 1000 cm™!, characteristic for

the organic groups are not visible above 300 °C and the spectra
in the temperature range 300-500 °C are characterized mainly
with bands below 900 cm™!. These bands have low intensity
and are also broadened which are a peculiarity of the disor-
dered systems. The obtained IR results give us a reason to sug-
gest that the amorphous phase in the temperature range 400—
700 °C consists only of inorganic building units: TeO,4 (780—
770 cm™'; 630-620 cm™!), TiOg and ZnO, (630-620 cm™ !,
480 cm™!, 410 cm™!) (Murashkevich et al., 2008; Yurchenko
et al., 1981; Yamaguchi et al., 1987; Shabalin, 1982;
Mancheva et al.,, 2011; Andres-Verges and Martinez —
Gailego, 1992; Dimitriev et al., 2009). As it has been men-
tioned above at this temperature range only crystalline phases
TiO, — rutile, a-TeO, and ZnTeO; were detected in the pre-
pared composite materials (Figs. 3). It has to be noted that it
is difficult to distinguish the vibrations of TiOg and ZnO,
structural units due to their strong overlapping. In the IR spec-
tra above 400 °C, vibrations were found which are character-
istic of the inorganic structural units building up the
crystalline phases (TeO,, TiO, (anatase), TiO, (rutile) and
ZnTiO;. The obtained IR spectra proved the phase transition
established by XRD (Figs. 3). Based on the IR results it is dif-
ficult to generalize which is the better network former TiO,,
TeO, or ZnO. Obviously, under the experimental conditions
provided and the combination of precursors used in this study,
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the amorphous network is influenced by the simultaneous pres-
ence of all oxides. On the other hand, bearing in mind the
peculiarity of the IR spectra of the TTZI gel and the lower
intensity of the bands at 1110, 1080 and 1030 cm™' it could
be suggested that TiO, behaves as a better non-traditional
amorphous network former.

The chemical states of the main elements (C, Ti, Te and Zn)
were determined by X-ray photoelectron spectroscopy (XPS)
(Figs. 6-11) of selected gels containing different TiO, amount.
The concentrations of the observed chemical elements and the
binding energies of their different valence states are listed in
Table 4.

For all samples studied, the Cls spectral regions show
broad features which indicate the presence of organic compo-
nents in the gels as well as in the samples annealed at 200 °C
(Fig. 6). These spectra can be fitted with three peak contribu-
tions. The first component at 284.8 eV is ascribed to C—C and
C—H bonds (Lu et al., 2013), while the second contribution at
285.9-286.2 eV can be attributed to C—OH bonds (Ohtsu
et al., 2009; Zhong et al., 2010). The high binding — energy
component at 287.8-288.5 eV can be related to —O—C bonds
to the metal ions, for example Ti—O—C, which presence is an
indication for the uncompleted hydrolysis at these experimen-
tal conditions (Dai et al., 2013; Ren et al., 2007; Stankovich
et al., 2007). As can be seen from Table 4, the concentration
of carbon atoms is highest relative to the other chemical ele-

Intensity (arb. units)

282 284 286 288 290 292

Binding Energy (eV)

Fig. 6 C ls-photoelectron region of the studied B samples. The
peak contributions to the C 1s peak structure and the sum of
deconvolution peaks are marked in blue and red, respectively.

Intensity (arb. units)

570 572 574 576 578 580 582 584 586 588 590

Binding Energy (eV)

Fig. 7 Te 3d-photoelectron region of the studied gel and
annealed B samples. The peak contributions to the Te 3d doublet
and the sum of deconvolution peaks are marked in blue and red,
respectively.

ments found in the samples. For gels, it varies in the range
of 47.3-48.8 at%. When heated to 200 °C, the carbon concen-
tration decreases slightly to 39.0-43.8 at%. However, within
each sample, the concentration ratio of the three carbon — con-
taining species (suggested above) remains insignificantly
changed.

Similarly, the Te 3d spectral regions also exhibit complex
peak structures which can be fitted with several chemically
shifted spin-orbital 3ds, and 3ds,; doublets (Fig. 7). The chem-
ical shifts between their binding-energy positions imply the
presence of several valence states of tellurium atoms in the sur-
face layers of the samples. For their identification the XPS
spectrum of the HgTeOg has been used (Gegova et al., 2015).
It was already found that in H¢TeOg the tellurium has 6+
valence state (octahedral coordinated) and the Te 3d5/2 bind-
ing energy has been measured at 577.4 eV. In all samples a high
binding-energy peak contribution in the range of 576.4-
576.9 eV is observed which can be attributed to Te®" ions in
octahedral chemical environment (gels and annealed samples)
(Fig. 7). As is seen the intensity of the characteristic for the
Te®" peak did not decrease in the heated samples (Fig. 7),
which probably is proof of the higher stability of the amor-
phous state and the decomposition of the orthotelluric acid
(HgTeOg) is postponed (Remy, 1963). For the TTZ3 and
TTZ5 sample a relatively intense second peak with maximum
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Fig. 8 Ti 2p spectral regions of (a) anatase and (b) Ti butoxide.
The curves in blue are the fit peak contributions and their sum is
marked in red.

at 572.8-573.4 eV is observed which could be associated with
the presence of Te?" ions on the sample surfaces (Higgblad
et al., 2008) and/or of metallic tellurium (Te®) (Chang et al.,
2014). As can be seen from Fig. 7, tellurium atoms in these
two valence states exist not only in gels but also in the annealed
samples. While it can be argued for the TTZ3 sample that heat-
ing to 200 °C causes a decrease in their concentration, in TTZ5
the reverse trend-increase may be observed (Fig. 7). Signifi-
cantly lower concentrations of Te’/Te’" valence states are
observed for the TTZ1 sample compared to that of Te®™.

In order to obtain optimal deconvolutions of the Te 3d
spectra of TTZ3 and TTZS samples, a peak contribution with
binding energy in the range of 574.4-575.1 eV (Fig. 7) must be
allowed. According to our previous studies of Te - containing
systems (Bachvarova-Nedelcheva et al., 2014), this contribu-
tion may be due to the existence of Te®>* valence state.

The XPS spectra of investigated by us gels and annealed
samples show Ti 2p;, peaks in the range of 458.5-458.9 eV
(Fig. 8). It should be noted that these values are located
between the Ti 2p;3,, binding energies characteristic for anatase
and Ti butoxide, where the Ti*" ions are octa- and tetrahedral
coordinated, respectively. For anatase, containing TiOg¢ struc-
tural units, we measured Ti 2p;/, binding energy at 458.6 eV
(Iordanova et al., 2016; Sachse et al., 2015) which is lower than
those of pure Ti butoxide (gel and annealed at 200 °C)
(459.1 eV). Fig. 8 shows the corresponding Ti 2p spectral
regions for both pure compounds. As can be seen, the spectra
can be very well fitted with two pairs of Ti 2p doublets with
spin-orbital splitting of 5.7 ¢V and two times higher 2p;/, peak
area than that of the 2p;, peak, according to the electron pop-
ulation of both core levels. The results show that for homoge-
neous substances (anatase and Ti butoxide) the Ti 2ps),
binding-energies differ modestly by 0.5 eV. However, unlike
anatase, the Ti 2p3), the binding energy of tetrahedral coordi-

Intensity (arb. units)

T T T T T T T T
454 456 458 460 462 464 466 468 470

Binding Energy (eV)

Fig. 9 Ti 2p-photoelectron region of the studied gel and
annealed B samples. The peak contributions to the Ti 2p doublet
and the sum of deconvolution peaks are marked in blue and red,
respectively. The peaks, colored in green, correspond to the
contributions of tetrahedral coordinated Ti** ions.

nated Ti** varies greatly with decrease of it’s relative concen-
tration reaching high values of 460.5 eV (at below 1 at%)
(Sachse et al., 2015). These considerations are very useful in
analyzing the Ti 2p regions of the gels we studied (Fig. 9).
The wide and somewhat asymmetrical peaks can be very well
fitted with two pairs of Ti 2p3;+ i doublets. The highly
intense Ti 2p doublet has a 2p;, binding-energy of 458.4—
458.6 eV, indicating that octahedrally coordinated Ti*" jons
predominate. The low intense Ti 2p doublet (colored in green)
with a 2p;, binding-energies in the range of 459.6-460.5 eV
corresponds to tetrahedral coordinated Ti*" ions. According
to the above considerations, these high binding-energies indi-
cate that the concentrations of TiO4 units containing tetrahe-
dral coordinated Ti*" are isolated or form very small
clusters. Indeed, the relative areas of the Ti 2p doublets allow
one to estimate the concentrations of tetrahedral Ti*" ions in
the gels and they are in the range of 0.4-1.2 at %. Annealing at
200 °C leads to the increase of the total amount of Ti which is
valid for both types of octa- and tetrahedral coordinated Ti**
ions. These results sit well with the data discussed above,
obtained by UV-Vis spectroscopy.
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Fig. 10 Zn 2p-photoelectron region of the studied gels and
annealed at 200 °C samples.

As a summary of the Ti 2p considerations it can be con-
cluded that the studied samples contain predominantly TiOg
units. This can be as a result of a higher degree of polyconden-
sation as suggested by Barlier et al. (2008) studying various Ti
alkoxides. The authors related the slight shifting toward higher
binding energies with uncompleted condensation reactions. In
the present study our analysis suggests that the Ti 2p binding-
energy shift to higher energies is due to the presence of isolated
TiO4 units (or their small clusters) containing tetrahedral coor-
dinated Ti** ions. Uncompleted condensation was another
suggestion by us for the annealed binary 80TiO,.20SeO, and
80Ti0,.20TeO, compositions (Iordanova et al., 2016).

The Zn 2p photoelectron regions are characterized by single
2p3,2 and 2p;, peaks [Fig. 10]. The binding energy (BE) of Zn
2ps)» core — level is found in the region of 1021.9 £+ 0.2eV. Itis
worth to be mentioned that this value corresponds well to the
binding energy of the Zn 2p3/2 core-level electrons in pure and
AlN co-doped ZnO films (Gao et al., 2013; Levtushenko et al.,
2017). In order to determine the Zn valence state, an Auger Zn
LMM region has been also measured. For all samples the
kinetic energies (KE) of this Auger peak has been found to
be 988.3 £ 0.2 eV which gives a modified Auger parameter

)
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Binding Energy (eV)
Fig. 11 O 1s spectra, measured for the studied samples. The

peak contributions and their sum are marked in blue and red,
respectively.

of 2010.2 eV (defines as a sum of BE of Zn 2p3,, and KE of
Zn LMM Auger peak (Wagner et al., 1979). This value is char-
acteristic for the Zn>* valence state (Biesinger et al., 2010).
In the O 1s spectral regions of all samples, a wide asymmet-
ric peak between 529 and 534 eV is observed, indicating the
presence of oxygen atoms involved in different chemical bonds
(Fig. 11). The lack of clear features of these peaks makes their
deconvolutions difficult and respectively, the identification of
various chemical bonds involving oxygen. One possible way
out is to use the location of the O 1s peaks of appropriate stan-
dards. The Te 3ds)»-, Ti 2ps;>- and Zn 2p;),- spectral regions
discussed above (Figs. 7, 9, 10 and Table 2) indicate that the
appropriate standards are anatase (standard for Ti*"),
HeTeOg (standard for Te®™), and ZnO (standard for Zn>™).
However, these substances are insulators and are charged
due to the electron photoemission in the XPS experiments,
and therefore the absolute value of the O s binding — energy
depends on the energy calibration. This problem is avoided, as
Perez-Gonzales and Tomas proposed (Perez-Gonzales and
Tomas, in press), if a relative difference A between the binding
energies of the most intense photoelectron peaks and the O 1s
energy is used. For our study these differences are: A(Te 3ds»-
O 1s) = 577.4-532.2 = 45.2 eV for the Te—O—H bonds
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Table 4 Concentrations of the observed chemical elements (in at.%) and their binding energies (B.E.) of the different valence states
(in eV) obtained from the spectrum deconvolutions. The last column shows the ratio of the total concentration of Ti and Zn to that of

Te.
Sample C/C1s O/01s Ti/Ti 2ps)» Te/Te 3ds), Zn/Zn 2p (Ti + Zn)/Te
TTZ3 (gel) at.% 48.8 36.3 6.8 4.1 4.0 2.6
B.E (eV) 284.8 530.4 458.6 573.1 1022.0
286.2 531.5 459.6 574.7
288.3 532.5 576.4
TTZ3 (200 °C) at.% 43.5 40.1 7.7 2.9 5.8 4.6
B.E (eV) 284.8 530.5 458.4 572.8 1021.9
286.1 531.7 460.0 574.4
288.1 533.1 576.4
TTZI1 (gel) at.% 48.2 35.4 29 7.5 6.0 1.2
B.E (eV) 284.8 530.5 458.6 573.8 1021.9
285.9 531.4 460.1 576.6
288.1 532.7
TTZ1 (200 °C) at.% 438 37.9 33 8.5 6.5 1.1
B.E (eV) 284.8 530.4 458.5 573.4 1022.0
286.2 531.4 460.1 576.4
288.5 532.6
TTZS5 (gel) at.% 47.3 40.6 9.1 1.7 1.3 6.2
B.E (eV) 284.8 530.6 458.8 573.4 1022.1
286.2 531.6 460.5 574.9
287.9 532.7 576.8
TTZ5 (200 °C) at.% 39.0 45.7 11.7 1.2 2.4 11.8
B.E (eV) 284.8 530.4 458.6 572.9 1021.8
286.1 531.6 460.1 575.1
287.8 576.9
532.7

(Iordanova et al., 2016), A(Te 3ds;»-O 1s) = 576.8-531.3 = 45.
5 eV for Te—O—Te bonds (Bachvarova-Nedelcheva et al.,
2014), A(Ti 2p;3,-O 1s) = 458.6-529.8 = —71.8 eV for the
Ti—O—Ti bonds (Sachse et al., 2015) and A(Zn 2p;,-O
Is) = 492.1 eV for ZnO (Perez-Gonzales and Tomas, in press).

In Fig. 11 the O 1s spectra as well as their deconvolutions of
the gels and the heated samples are presented. These spectra
can only be fitted with peak contributions with binding ener-
gies exceeding 530 eV. According to the research of Mekki
et al. (2005); this is an indication of the existence of bridging
oxygen bonds, for example Me—O—Me (Me = Te, Ti, Zn).
In agreement with our considerations above, only the
Te—O—Te bonds have clearly different binding energies at
about 531.3 eV, while the Ti—O—Ti and Zn—0O—Zn have sim-
ilar energies close to 530 eV. The adsorbed OH groups are
expected to contribute to the highest binding-energy peak,
above 532 eV.

Indeed, according to these assumptions the O 1s spectra are
well fitted with three peak contributions (Fig. 11). As can be
seen from the figure, a broad and intense contribution exists
at about 530.4-530 6 eV, which could be related to bridging
oxygen bonds involving Ti and Zn. This assumption is also
confirmed by the total concentrations of Ti and Zn (Table 4)
relative to that of Zn in the various samples. Their ratio is in
keeping with the relative peak area at 530.4-530.6 eV relative
to the contribution area at about 531.4-531.7 eV, which we
attribute to the Te—O—Te bridge connection. The peak contri-
bution with the highest binding energy of about 532.5-
533.0 eV is associated with the presence of adsorbed OH
groups on the sample surface.

Considering the XPS results, especially for Te 3d (Fig. 7), O
Is and Table 4, one can see their similarity for the TTZ3 and
TTZS samples, for which the ratio of the total concentration
of Ti and Zn relative to that of Te is significantly more than
1. For the TTZ1 sample this ratio is almost 1 (Table 4). Com-
pleting the results of XPS analysis, it should be noted that the
photoelectron spectroscopy is a surface-sensitive method, and
therefore its results apply to the surface layers of samples with
a thickness of about 6-8 nm.

4. Conclusions

The gel formation tendency in the ternary TeO,-TiO,-ZnO
system has been verified and refined in a larger concentration
range. A simple route for obtaining of complex homogeneous
gels was offered using the new combination of organic and
inorganic precursors. Gel derived nanocomposite materials
consisting of amorphous and different crystalline phases:
TiO, (anatase), TiO, (rutile) and ZnTeO; were obtained
depending on composition. Organic and OH groups partici-
pate in the amorphous organic-inorganic structure up to
300 °C approximately. According to the IR spectra, the main
building units of inorganic amorphous phase are TiOg, ZnOy
and TeO,. It was established by UV-Vis spectroscopy that
the absorption edge of the gels varies from 330 nm to
364 mm and the increase in TiO, content caused a red shifting
of the cut-off. Using XPS it was found that tellurium atoms
exist in several chemical states Te?", Te® but the valence
TeS" is dominant. The samples containing higher TiO,
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content (50 and 80 mol%) exhibited a comparable amount of
Te?>" and Te’. However, octahedrally coordinated Ti*" ions
are observed in the gels and in the annealed at 200 °C samples
but the detected small amount of tetrahedrally coordinated
Ti** are responsible for the incomplete polymerization of
TiOg units. The O 1s spectra reveals the formation of bridging
oxygen bonds involving Ti, Te and Zn. Obviously, under the
experimental conditions provided and the combination of pre-
cursors used in this study, the amorphous network is influ-
enced by the simultaneous presence of all oxides.
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