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Abstract—Titanium oxide nanoparticles are synthesized in a molten mixture of alkali chlorides and nitrates.
X-ray diffraction analysis, Raman spectroscopy, and scanning electron microscopy are used to identify the
oxide powders. Titanium oxides of various modifications and compositions are synthesized by anodic
polarization of high-purity titanium in a molten eutectic mixture of cesium and sodium chlorides con-
taining 5 wt % sodium nitrate. Polarization is carried out under galvanostatic conditions at a current
density of 3.5 mA/cm? and a temperature of 540—700°C in an argon atmosphere. The phase composition of
the oxidation products depends on the synthesis temperature. The particle size is controlled by varying the
density and temperature. X-ray diffraction analysis and Raman spectroscopy show that the sample synthe-
sized at a temperature of 540°C is single-phase and consists of Cs; 35Ti¢ ¢406. The samples synthesized at
temperatures of 600 and 650°C form the TiO, phase in mixed anatase and rutile modifications. The sample
synthesized at a temperature of 700°C consists of TiO, titanium dioxide (rutile and brookite modification)
and NaTigO;;. According to scanning electron microscopy, the particle size decreases when the synthesis
temperature increases. The sample synthesized at a temperature of 540°C and annealed at a temperature of
200°C contains a mixture of the nano- and microparticles of cesium trititanate (over 50 nm). The titanium
dioxide particle size is 20 nm in the sample synthesized at a temperature of 600°C and is 10—20 nm in the
samples synthesized at temperatures of 650 and 700°C.
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INTRODUCTION

Titanium dioxide is currently used as a pigment in
the paint and varnish industry (white titanium), in the
manufacture of paper, synthetic fibers, plastics, rub-
ber products, ceramic dielectrics, heat-resistant and
optical glass (including fiber optics), as a component
of electrode coating for electric welding and casting
mold coatings. However, researchers pay close atten-
tion to the photocatalytic properties of titanium diox-
ide, in particular, to its possible application to solar
cells [1-3]. The photocatalytic properties are known
to be most pronounced when titanium dioxide is in the
form of nanocrystalline particles [4]. Therefore, the
influence of the technique of producing titanium
dioxide nanoparticles on the catalytic properties has
been studied extensively. The use of titanium dioxide
nanopowders makes the cost of 1 kWh five times lower
as compared to analogs based on silicon semiconduc-
tor materials. In addition, titanium nanodioxide is
used in the space industry and for the production of
special synthetic materials for UV protection, self-
cleaning glasses [5—7], wastewater photocatalysts

[8,9], electrochromic displays, and hydrogen
extraction during water splitting [ 10—12].

The main methods of producing titanium nanoxide
are the traditional sol-gel [13—15], hydrothermal, and
solvothermal syntheses [16—18]. X-ray amorphous or
crystalline TiO, in the form of rutile, anatase, or their
mixture is synthesized depending on the processing
conditions.

Molten salt synthesis (MSS) is a simple technique
to synthesize simple and complex oxides of the desired
composition. Molten salts, such as alkali metal chlo-
rides, nitrates, and sulfates, are often used as reaction
media or solvents for chemical reactions, since the dif-
fusion rates of the components in molten salts are
much higher than in the solid state. Consequently, the
annealing temperature should not affect the MSS sig-
nificantly.

Many metal oxides can be deposited from molten
salts [19—21]. Several factors make molten salts an
attractive medium for oxide synthesis. They include
other ways to form oxides of the desired morphology
that cannot or are too difficult to obtain by the above-
mentioned techniques, a wider range of oxidation
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temperatures, and a greater variety of possible chemi-
cal reactions. In addition, the reactions when metals
interact with molten salts are usually much faster than
they are in solids. The lower melting temperatures of
molten nitrates as compared to those of other ionic
melts and their thermal instability make them unsuit-
able for the growth of perfect crystals. However, pow-
ders with a highly developed surface were synthesized
in these media (ZrO,, Al,O;, PbO, TiO,) [22—26].

The synthesis of titanium dioxide nanopowders,
which can be carried out by titanium oxidation in
chloride—nitrate melts under different conditions, is
now of great practical importance [27]. The corro-
sion-electrochemical behavior of titanium in molten
chloride—nitrate electrolyte was studied in [28].

Earlier, we showed that loose defective titanium
oxide films of nonstoichiometric composition with
low oxygen content (52 at % titanium, 48 at % oxygen)
formed on the titanium surface under both no-current
and anodic polarization conditions in the CsCl—NaCl
melt containing sodium nitrate up to ~5 wt %. Signif-
icant amounts of titanium oxide (more than 0.5 g per
50 g melt during a single experiment) formed in form
of both nano- and micrograined powders in the vol-
ume of the salt electrolyte. The powders formed
during no-current titanium oxidation were character-
ized by different particle sizes, from 1 nm (about 2%)
to 2—3 um.

Monodisperse oxide powders are known to be of
particular value for practical applications. This syn-
thesis needs oxidation in the anodic polarization
mode. Anodic polarization curves of titanium in a
CsCl—NaCl melt containing from 1 to 10 wt % sodium
nitrate were recorded at 540—700°C to select the cur-
rent density at which monodisperse powders form.
The anodic current density at which titanium oxide

nanopowders formed is 3.5 mA cm™—2.

Analysis of the literature data suggests that the elec-
trochemical synthesis of titanium oxide in molten salts
can solve the problem of controlling the particle size
and the morphology of the resultant nanooxide.

This work aims to study the morphology and phase
composition of titanium dioxide and titanium-based
complex oxide nanopowders formed by controlled
electrochemical synthesis in a molten eutectic mixture
of cesium and sodium chlorides containing 5 wt %
sodium nitrate over a wide temperature range in an
argon atmosphere.

EXPERIMENTAL

TiO, samples were synthesized by the anodic
polarization of high-purity titanium in a molten
eutectic mixture of cesium and sodium chlorides, con-
taining 5 wt % sodium nitrate. The polarization was
carried out in an Autolab 302N potentiostat/galvanos-
tat under galvanostatic conditions at a current density
of 3.5 mA/cm? in the temperature range 540—700°C
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and an argon atmosphere. The powder synthesized at
540°C was subjected to additional annealing at 200°C
for 2 h.

Titanium anodes were placed in the melt only after
reaching the desired temperature to prevent the for-
mation of coarse titanium oxide crystals during the
no-current period of the experiment.

The synthesis time was chosen experimentally
according to the type of galvanostatic curve. The
potential fluctuations were small on the galvanostatic
curve due to the formation of titanium oxide nano-
powders on the titanium surface. The synthesis was
stopped after a sudden potential jump was observed on
the curve.

The salt fusion cake after the experiment was
cooled to room temperature, milled, and dissolved in
distilled water.

The finely dispersed precipitate was filtered or cen-
trifuged, washed in distilled water many times, and
dried either in the air or in an oven at 200°C.

X-ray diffraction (XRD) analysis, Raman spec-
troscopy, and electron microscopy were used to inves-
tigate the powders. XRD analysis was performed using
a Bruker D8 Discover diffractometer in the range 5° <
20 < 80°. Phase analysis was conducted with the
PDF-2 ICDD (2010) database. Raman spectroscopy
was carried out on an Integra Spectra spectroscope in
the Raman frequency range from 100 to 1000 cm~!.
Electron microscopy images of the synthesized pow-
ders were taken with a Carl Zeiss Workstation AURIGA
GrossBeam electron microscope (Germany).

RESULTS AND DISCUSSION

Figure 1 shows the typical polarization curves
recorded for titanium anodes in the CsCI—NaCl—
5% NaNO; melt at temperatures of 600 and 650°C.

The anodic polarization curves taken under galva-
nostatic conditions were used to determine the syn-
thesis time. At the beginning of polarization, there is a
potential shift toward negative values due to the for-
mation of titanium dioxide powders, which are poorly
bonded to the metal base. The serrated curve corre-
sponds to the formation of poorly bonded titanium
oxide and its spalling into the molten salt. The sharp
potential jump in the positive direction indicates the
formation of a protective oxide layer on the titanium
surface and, consequently, the end of synthesis. As the
synthesis temperature increased, the time decreased
from 5 h at 540°C to 1.5 h at 700°C.

The potentials of the titanium anode during polar-
ization shift to positive values when the synthesis tem-
perature increases, which can indicate a change in the
phase composition of the synthesis product.

Electron microscopy images of the nanopowders
synthesized by anodic polarization of titanium in
nitrate chloride melt are shown in Fig. 2.
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Fig. 1. Polarization curves of the samples synthesized at temperatures of (/) 600 and (2) 650°C in the CsCl—NaCl—5 % NaNO; melt.

Fig. 2. SEM images of the powders synthesized at (a) 540, (b) 600, (c) 650, and (d) 700°C in the CsCl—NaCl—5 % NaNO3 melt.

One can see that the powder synthesized at 540°C
is a mixture of nano- (up to 50 nm) and microparticles
(Fig. 2). Their sizes can be explained by particle
agglomeration during annealing carried out to remove
water from the powder. The particle size in the pow-
ders prepared at 600 and 650°C is close to 20 nm. This
size is much smaller than that in the previous samples,
because those powders were not annealed. A tempera-
ture increase to 650°C resulted in the formation of
nanotubes in the powder. Titanium oxide nanopow-
ders produced at 700°C were dissolved in distilled
water to produce stable suspensions of nanopowders.
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We failed to deposit them at 6000 rpm in a high-speed
centrifuge for 6 h. The upper part of the solutions with
the nanopowder, which was retained as an opalescent
solution for several months, was poured off. The lower
part was pipetted into Petri dishes and left there to dry.
The largest titanium dioxide particles formed in this
experiment, up to 10 nm in size, can be seen in the
electron microscopy images. All particles look like
crystallites with clear angles. Therefore, we can con-
clude that an increase in the synthesis temperature
causes a significant decrease in the oxide powder par-
ticle size.
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Fig. 3. XRD patterns of the samples synthesized at (a) 540, (b) 600, (c) 650, and (d) 700°C in the CsCl—-NaCl—5 % NaNO; melt.

The unmarked peaks belong to the substrate.

The oxide phase was identified by XRD analysis.
All the peaks in the XRD patterns presented in Fig. 3
are well pronounced and have no broadening, which
can be attributed to a high degree of crystallinity in the
titanium oxide nanopowders formed during synthesis.

The powder synthesized at 540°C and annealed at
200°C is cesium trititanate with characteristic peaks at
26 = 20.8°, 27.9°, 31.7°, and 40° (Fig. 3a). We could
not find references to synthesis of this compound in
the literature and assume that it is isostructural with
sodium trititanate, which is a very promising material
for chemical current sources.

The powder electrochemically synthesized at
600°C consists of the TiO, phase with the prevailing
rutile modification (lines at 206 = 27.45°, 37.9°, 41.2°,
54.34°) and an admixture of minor anatase peaks at
20 = 25.23° and 47.57° (Fig. 3b).

The XRD pattern of the sample synthesized at
650°C exhibits high peak intensities at 20 = 27.45°,
37.9°, and 54.34° and, consequently, an increase in the
amount of the rutile phase; anatase modification is
also present at 20 = 25.23° and 47.57° but in a smaller
amount.

The oxide powder synthesized at 700°C is multi-
phase. The predominant phase with very high intensi-
ties at 20 = 30.814°, 37.819°, and 63.629° in an XRD
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pattern is the brookite. There is no anatase at all, and
the impurity phases are rutile with a peak at 26 =
27.390° and NaTizO; with characteristic peaks at 20 =
29.760° and 43.929°. The NaTizO,; phase, which is a
sodium titanate with a mixed valence of titanium
Ti3*/Ti**, was synthesized by Akimoto in 1991 for the
first time [29]. The main phase in the powder is tita-
nium dioxide in the brookite modification.

Therefore, we can conclude that an increase in the
electrochemical synthesis temperature from 540 to
700°C changes not only the particle size and morphol-
ogy of the oxide nanopowder, but also its phase com-
position.

In addition, the oxide powders were identified by
Raman spectroscopy (Figs. 5, 6).

The Raman spectrum of the powder synthesized at
540°C exhibits peaks at Raman bands of 272, 444, and
697 cm~!, which are similar to those of sodium tritita-
nate available in the literature. Raman spectroscopy of
the sample prepared at 600°C shows characteristic
peaks of the TiO, anatase modification at Raman
bands of 147, 398, 515, and 640 cm~'. The domination
of anatase is known to indicate a small particle size due
to the higher stability of titanium nanooxide in the
anatase modification as compared to rutile.
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Fig. 4. Comparative XRD patterns of the titanium oxide samples synthesized at different temperatures.
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Fig. 5. Raman spectra of the powders synthesized at 540, 600, 650, 700°C in the CsCl—-NaCl—5% NaNO; melt.

Raman spectroscopy of the nanopowder sample
synthesized at 650°C shows two TiO, modifications,
namely, anatase and rutile. The rutile fraction is min-
imal and its characteristic peak is at 448 cm™".

The main peaks of anatase are in the same Raman
bands as those of the sample prepared at 600°C

Raman spectra of the sample prepared at 700°C
were recorded at different points, since XRD analysis
showed a multiphase structure of the sample. Figure 6
depicts the spectrum of single-phase TiO, with the
rutile modification. The combination bands are at
144, 448, and 612 cm~!. Figure 5 displays peaks of all
three main modifications, namely, rutile, anatase, and
brookite. The combination bands of rutile are located
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similar to those of the sample synthesized at 600°C
Anatase was detected at 620 cm~'. Brookite exhibits a
relatively complex vibration spectrum with the main
bands at 398, 440, and 512 cm™".

Additional annealing of titanium oxide nanopow-
ders results in the agglomeration of particles and, con-
sequently, an increase in their size.

Synthesis of metal oxide nanopowders, including
titanium oxide, using anodic polarization of metals in
a molten nitrate chloride electrolyte should be referred
to dispersion techniques (“top-down”), which are
used rather rare in chemistry: anodic activation causes
metal ionization, and a formed M”* ion reacts rapidly
with oxygen-containing ions in the liquid salt phase.
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Fig. 6. Raman spectrum of single-phase TiO, with the
rutile modification.

The concentration of metal ions in the melt can be
controlled by changing the current density. The con-
centration of metal ions, along with the concentration
of oxygen-containing ions, is responsible for the rate
of new phase formation. This allows us to control the
rate of the chemical reaction, the nucleation process,
and, consequently, the particle size of the resultant
powders. The synthesis temperature controls the
phase composition of the products of titanium oxida-
tion in the chloride—nitrate melt. An increase in the
synthesis temperature also reduces the particle size in
the nanopowders.

Titanium dioxide in the rutile modification synthe-
sized by the electrochemical technique in molten salts
at 600°C was subsequently used to synthesize Al—
Al,O; nanocomposites [30].

CONCLUSIONS

The anodic polarization of titanium at tempera-
tures of 540—700°C in the galvanostatic mode in the
molten eutectic mixture of cesium and sodium chlo-
rides (5 wt %) synthesizes titanium oxide nanopow-
ders in the salt electrolyte volume and a dense protec-
tive titanium oxide layer on the surface of a titanium
anode. The formation of the layer stops nanopowder
synthesis in the electrolyte volume.

The synthesis temperature is shown to affect the
phase composition of the titanium oxide nanopow-
ders. The nanopowder synthesized at 540°C consists
of a single phase, Cs; 1Ti¢ 40,6, and the nanooxides
synthesized at 600 and 650°C form the TiO, phase in
mixed modifications (anatase, rutile).

The sample synthesized at a temperature of 700°C
consists of TiO, titanium dioxide (rutile and brookite
modification) and NaTigO; impurity sodium tita-
nium oxide. All the formed nanopowders are highly
crystalline.
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The morphology of the nanopowder can be suc-
cessfully controlled by changing the current density
and the temperature; in particular, the crystal size
decreases from 50 to 20 nm when the temperature
increases from 540 to 700°C.
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