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Abstract: The paper studies the influence of the ratio of components in the TiO2-KOH-KNO3 reaction mixture on the
structural properties of the quasi-amorphous particles of the product obtained (potassium polytitanate, PPT) which has the
chemical composition of KyO-(4.18 £ 0.16)TiO2-(2.2 = 0.1)H70. It is shown that by decreasing the KOH content in the
melt used during heat treatment of TiO, powders (500 °C, 2 h), a degree of crystallinity of the PPT particles increases,
while the proportion of the titanium in the valence state Ti’" and the amount of chemically adsorbed water decrease.
The mechanism of the processes occurring during the synthesis of potassium polytitanate in nitrate- hydroxide melts is
analyzed and an explanation for the patterns of change in the structure of the PPT particles observed with a change in the
oxidizing properties of the meltis given. On the basis of the data obtained, some recommendations are given in order to use
different variants of nitrate- hydroxide melts for the synthesis of PPT powders, depending on their further application.
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AnHotamusi: lVcciienoBaHO BIMSHHE COOTHOIICHHS KOMIOHEHTOB B peakimoHHON cmecu TiO-KOH-KNO3 Ha
CTPYKTYpHBIE 0COOCHHOCTH KBasuaMopgHbIX dwactui nonututanata kaaws (I1TK), uMmeromero XwMMHUYECKHid COCTaB
K70:(4,18 £ 0,16)TiO2°(2,2 + 0,1)H20. C ucnonp30BaHHEM METOJOB NPOCBEUYHBAIONICH U CKaHUPYIOIIEH MHKPOCKOITHH,
PEHTTCHOBCKOTO (Da30BOrO aHAW3a, TEPMHUYECKOrO aHanm3a, VK-CIeKTpoCcKOnmH: U PEHTTCHOBCKOHN (DOTORIEKTPOHHOM
MHUKPOCKOIIMY TOKa3aHO, YTO INpH CHWXeHuu coaepkanus KOH B pacmiaBe, HCIONB3yeMOM IIPH CHHTE3€ B XOE
TepMudeckoil 00paboTkm mopomkoB TiOz (500 °C, 2 4), cremeHb KPUCTAUTHYHOCTH CTPyKTyphl dactui [ITK
yBeﬂM‘{I/IBaeTCH, J0JII TUTaHa B BAJCHTHOM COCTOSIHUU Ti3+, a TaKXE KOJIHMYECCTBO XUMHNUYCCKU CBHSaHHOﬁ BOJbI —
CHIDKAIOTCS. AHANM3UPYETCS MEXaHW3M IPOIECCOB, MPOTEKAIOMIMX TIPH CHHTE3¢ TONUTHUTaHATA Kalus B HUTPATHO-
THIPOKCHIHBIX pacIlaBaX Pa3IMIHOTO XUMHYECKOTO COCTaBa, M JaeTcs OOBSCHEHHE 3aKOHOMEPHOCTSM B H3MEHEHHH
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CTPYKTYPbl YaCTUI] HTK, Ha6JIIO,Ha€MI>IM npun H3MCHCHUU OKHCJIUTEJILHOH CIIOCOOHOCTH JaHHBIX PAacCIlJIaBOB.
Ha ocuoBanuun TOJTYUYCHHBIX HaHHBIX HAIOTCA PEKOMEHIOAIMU I10 HCIIOJB30BAHUIO PA3JIMYHBIX BapUAaHTOB HUTPATHO-
TUAPOKCUIHBIX PACIIJIaBOB UIsI CHHTE3a IMOPOIIKOB IITK B 3aBHCHMOCTH OT UX ,Z[aJILHeﬁL[ICFO HCIIOJIb30BaHMA.

KaioueBble ciioBa: TUTAHATHI Kalus; CHHTE3; XUMHYECKUI COCTaB; CTPYKTYpa; Ae(EeKTbl; CTENeHb KPUCTALIMYHOCTH;

OKUCIUTEIIbHO-BOCCTAHOBUTE/IbHBIC ITPOLICCCHI.
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polytitanates produced by TiO, powder processing in the molten nitrate-hydroxide mixtures of different composition.
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1. Introduction

Quasiamorphous  powders of  potassium
polytitanates (PPT) represent a new class of
compounds that are currently used both as
independent functional ceramic materials and
composite fillers, and as intermediates for the
synthesis of various functional products. A wide
range of applications of PPT powders is associated
with a number of their structural features and specific
properties.

Regardless of the production method, potassium
polytitanates consist of flaky particles of a layered
structure similar to the crystalline structure of
lepidocrocite, formed by double layers of titanium-
oxygen octahedra [1-3], however, strongly distorted
due to the presence of various defects (oxygen
vacancies, the presence of titanium-oxygen octahedra
in which titanium has different oxidation states,
variation of the interlayer distance over a wide range,
etc.). PPT particles have different degrees of
hydration and variable chemical composition [4-7]).
The K cations located between the PPT layers and
compensating for their negative charge are easily
exchanged for H30+ ions, which occurs already at the
stage of washing the synthesized PPT powder to
remove water-soluble components of the reaction
mixtures used for its synthesis. As a result, the
stoichiometric composition of PPT powders (molar
ratio n=[TiO,)/[K,0]) can be changed within the
range from 2 to 11 up to the complete removal of
potassium due to treatment in water and aqueous acid
solutions [8, 9].

Quasi-amorphous  layered  alkali  metal
polytitanates can be synthesized using various
methods. In particular, this can be done using “soft
chemistry” methods based on reactions in aqueous
solutions at room temperature by exfoliating
crystalline titanates with a layered structure, followed
by restacking of nanosheets (polyanions) in solutions
containing alkali metal cations [10]. The efficiency of
such a synthesis method increases in the presence of
various templates [11] or by applying an electrostatic
field [12]. However, the synthesis methods of this
group are complex multi-stage processes that involve
the use of expensive technological equipment, and

their use in large-scale production of the target
product is problematic.

Hydrothermal treatment of titanium dioxide or
metallic titanium powders in alkaline solutions at
high pressures and at temperatures up to 200 °C [13]
requires long reaction times and is often accompanied
by the formation of crystalline titanates. In the case of
using metallic titanium powder as a raw material, the
process becomes technologically more complicated
and the cost of the product increases significantly.
It should be noted that hydrothermal synthesis of
amorphous potassium polytitanates can also be
carried out at atmospheric pressure [14] in the
temperature range close to the boiling point of the
alkaline solution. However, this is possible only in
a very narrow temperature range, the random exit
from which leads to the formation of crystalline
potassium titanates. The use of complex methods
combining the sol-gel and hydrothermal synthesis
approaches, for example [15], encounters the same
problems.

Synthesis of alkali metal titanates during
processing in hydroxide-nitrate melts is the simplest
technological method to implement, which allows
organizing large-scale production of this product at
relatively low production costs [9]. The theoretical
basis for this synthesis is presented in [16]. It is based

on the processing of TiO, powders in low-

temperature melts based on KNOj3 or its mixtures
with K,CO3 and/or KOH, followed by cooling the
melt and removing water-soluble components of the
raw material mixture and reaction by-products by
washing with water or aqueous acid solutions.
Potassium polytitanates synthesized in nitrate-
hydroxide melts are successfully used to obtain
sorbents for extracting lithium from natural waters, as
well as various pollutants from waste water, as solid
electrolytes, antifriction materials and coatings,
electrode and heat-reflecting materials, wear-resistant
and high-strength  polymer-matrix  composites;
ceramic materials with extremely high crack
resistance, including special refractory ceramics,
biocompatible ceramic implants, sensor elements of
semiconductor  sensors  for  analyzing  gas
environments, dielectrics, etc. [17-20]. Potassium
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polytitanates modified in aqueous solutions of
transition metal salts demonstrate excellent properties
as highly effective photocatalysts active in the visible
spectrum [21]. In addition, thermal treatment of both
basic potassium polytitanate and PPT modified with
transition metals can produce functional ceramics
based on hollandite-like solid solutions, which have
an abnormally high permittivity [22] in a wide
temperature and frequency range.

Numerous areas of use and the formulation of
the issue of developing an industrial large-scale
production technology have revealed a number of
problems associated with the fact that PPT powders
synthesized in the TiO;-KNO;3-KOH system with
different component ratios exhibit different
physicochemical and functional properties, despite
the same chemical composition and quasi-amorphous
structure. The same applies to products obtained on
their basis during chemical and/or thermal treatment.

In this regard, the main objective of this study
was to investigate the structural features of potassium
polytitanate powders synthesized in the TiO,-KOH-

KNO3 system under the same experimental
conditions (temperature and synthesis time), differing
only in the ratio of components, [KOH]/[KNO3] and
[TiOZ)/([KOH]+[KNO3]). The aim of the work was
to identify the conditions for the synthesis of PPT
powders that ensure the production of products that
provide their most effective use as specific types of
functional materials or semi-finished products based
on them.

2. Materials and Methods
2.1. Preparation of potassium polytitanate powders

The synthesis of potassium polytitanate powders
was carried out according to the standard method
described in detail in [9] using TiO, (rutile, TU 2321-
001-17547702-2014), KOH (Russian Standard 4363-
80) and KNOj3 (Russian Standard R 53949-2010) as
raw  materials. After the preparation and

homogenization of the raw material mixtures, the
synthesis of PPT was carried out in an SNOL-1300
electric furnace in alundum (Al,O3) crucibles with
heat treatment for 2 h (1 h heating at a rate of
10 °C-min" and 1 h holding at 500 °C) followed by
natural cooling of the crucible in the furnace with the
power supply turned off. The composition of the raw
material mixtures was varied in such a way as to
obtain reaction mixtures with different ratios of
components. The composition of the used raw
mixtures is given in Table 1.

The KOH content in the reaction mixtures varied
from 5 to 70 wt. %, and the KNOj; content from 0 to
85 wt. %. In this case, the systems studied can be
conditionally divided into 3 groups, characterized by
different values of the ratio x=[TiO,]/([KOH]+
+ [KNOs]), taking the values of 0.11; 0.25 and 0.43

(10, 20 and 30 wt. % TiO,, respectively).

Table 1. Raw material mixtures used to produce potassium polytitanate

Raw material content and characteristics, wt.%

PPT type Tio, KOH  KNO; [KNO3]/[KOH] [TiO2]/[KOH] [TiO2)/([KOH]H[KNOs3])
(x) () (2)
Group |
30-70-0 30 70 0 0 0.43
30-50-20 30 50 20 0.4 0.60 0.43
30-30-40 30 30 40 1.3 1.00
Group II
20-53-27 20 53 27 0.5 0.38
20-34-46 20 34 46 1.4 0.59 0.25
20-20-60 20 20 60 3.0 1.00
Group III
10-77-13 10 77 13 0.2 0.13
10-39-51 10 39 51 1.3 0.26
10-30-60 10 30 60 2.0 1.0 0.11
10-10-80 10 10 80 8.0 1.0
10-5-85 10 5 85 17.0 2.0
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The synthesized PPT powder was washed in
a cycle that included two stages. At the first stage, the
reaction mixture was pre-washed with distilled water
(removal of residual water-soluble products and raw
materials). The crucible with the reacted and cooled
Ti0,-KOH-KNO3; mixture (100 g by raw materials)
was placed in a ceramic vessel with distilled water
(1 L) and kept in it for 4 h (until the contents of the
crucible were completely separated from the walls).
The crucible was removed from the solution
containing the obtained powder product and the
dispersion was stirred using a propeller mixer-
homogenizer (GZ120-S) for 1 hour. Then the
obtained powder was separated from the solution
using a high-speed centrifuge CF0201002 (4500 rpm)
and used in the second stage of washing. At the
second stage, washing was carried out sequentially
with 0.4 L of water in portions with constant stirring
for 2 h, followed by filtration through a paper filter
(Whatman No. 42) and pouring in a new portion of
water, after which the pH of the resulting aqueous
dispersion was measured. In this case, 3 series of
experiments were carried out with washing of
products (PPT powders) that differed significantly in
the composition of the raw material mixtures used for
their synthesis. In particular, the products obtained in
mixtures characterized by the ratios [TiO;] : [KOH] :
: [KNO3] equal to 10:10:80, 20:20:60 and
30:30:40 at x=[KNO3]/[KOH]= 8.0; 3.0; 1.33
and z = [TiO,J/([KOHJ+[KNO3]) = 0.43; 0.25; 0.11,
respectively.

At the end of each wash, the pH value of the
obtained dispersion was determined using a pH meter
(TAN-2). At the end of the full wash cycle, the
obtained PPT powders were filtered, dried in a drying
cabinet at a temperature of 50 °C (series A) for 4 h
and subjected to high-energy milling in a Pulverizette
6 monoplanetary ball mill (series B).

The obtained dependence of the average (for five
samples of each type of powder) pH value of aqueous
dispersions after washing PPT with different amounts
of water is shown in Fig. 1. The chemical
composition of the product, measured by X-ray
fluorescence analysis of PPT powders after a full
cycle of washing, filtration and drying (50 °C/4 h), is
also shown there.

The obtained results show that it is advisable to
use 1.6 L of water to isolate potassium polytitanate
powder (target product) from 100 g of the reacted
Ti0,-KOH-KNOj3 reaction mixture, regardless of the
mixture composition. Despite some differences in pH
values with small portions of water, after using

pH (dispersion)
15
14
13 - —
[Ti0,]/[K,0]=4.220.2
12 | /
11 | i 3
KK %
10 [Ti0,]/[K,0]=3.9%0.2 /H
9 3
o 1 2 3 4 V(H0),dm

Fig. 1. pH values of the dispersion obtained by washing
synthesized potassium polytitanate powders from residual
KOH and KNOj; using various quantities of distilled water

with PPT (10-10-80) (A), PPT (20-20-60) (x)
and PPT (30-30-40) (e). The curve shows a trend line.
Systematic errors are given based on the results of
measurements of 5 samples of each product type

four portions of 0.4 L, the hydrogen index of
dispersion for all three types of powders had a close
value (pH =10.91£0.15). At the same time, the
chemical composition of the obtained PPT powders,
after a full cycle of powder washing, filtration and
drying, according to X-ray fluorescence analysis, was
also approximately the same and corresponded to the
molar ratio [TiO,]/[K,0] =4.18 = 0.16.

During further washing (increasing the amount
of water used), the pH of the aqueous dispersion
decreased very slowly, reaching a pH of 10.70 = 0.12
after washing with 6 L of water (control sample, see
Fig. 1). But even in this case, the chemical
composition of all the studied PPT powders changed
insignificantly (up to [TiO,]/[K,O]=3.92+0.16).
A number of control experiments using other reaction
mixtures of the studied system confirmed this
conclusion.

The obtained results allow us to consider the
potassium polytitanate powder obtained during
synthesis (500 °C/2 h) in reaction mixtures of the
Ti0,-KOH-KNOj3 system with different reagent
ratios and washed with water according to the above
method as a product of the same chemical
composition with the possibility of comparing the
structure and properties of its various types. The use
of water for washing PPT powder in an amount
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greater than 1.6 L per 100 g of the reacted reaction
mixture is not advisable for economic reasons, since
it has little effect on the chemical composition of the
resulting product.

2.2. Analytic methods

The characterization of PPT powders was
carried out using transmission electron microscopy
(TEM, JEOL JEM 1011 and Carl Zeiss Nvision 40),
scanning electron microscopy (SEM, ASPEX,
equipped with an energy dispersive analysis (EDS)
attachment), X-ray phase analysis (ARL X’TRA),
laser diffraction (Analysette 22 Microtec Plus),
IR spectroscopy (FT-801) and X-ray photoelectron
spectroscopy (XPS, VG Scientific ESCALAB).
The thermal behavior of PPT powders was
investigated using the DSC/TGA (NETZSCH STA
449 F3) equipment.

3. Results and Discussion
3.1. Particle morphology

Particles of all types of PPT powders
synthesized in nitrate-hydroxide melts of various
compositions have a flaky shape (Fig. 2). According
to TEM data, the size of these flakes varies from
10 to 60 nm and decreases regularly as the value of
the parameter x = [KNO3]/[KOH] decreases and the

value of the parameter y = [TiO,]/[KOH] increases in
the melt used for synthesis.

An increase in the KOH content in the reaction
mixture leads to a decrease in the size of the PPT
particles. The TEM data also show that the flaky PPT
particles are tactoids, i.e. anisotropic aggregates of
nanosized particles (Fig. 3a).

Fig. 2. TEM-images of agglomerated particles of PPT synthesized in different molten KOH-KNO3 mixtures
(compositions ate noted in accordance with Table 1)
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(©)

(@

Fig. 3. Microphotographs of PPT particles and their agglomerates.
TEM of high resolution (@ — composition 10-30-60; b — composition 30-30-40),
TEM (¢ — composition 20-20-60) and SEM (d — composition 10-30-60)

It can be stated that in the case of potassium
polytitanate, such aggregates consist of domains with
a more or less ordered structure, which are
transformed into dispersed coagulation systems with
a disordered structure (Fig. 35, 3¢). Typically, such a
process occurs in sols during gelation [23], and
during drying of the precipitates is accompanied by
the phenomenon of syneresis. The precipitate
obtained after washing the product synthesized in the
reaction mixture with water, during drying, as a result
of compaction of the spatial structural network of
agglomerated PPT particles, can form aggregates of a
fairly large size (up to 5 um) (Fig. 3d).

For all types of synthesized PPT, the use of the
laser diffraction method after dispersion of dried
powders in water and ultrasonic treatment allows us
to obtain a distribution of its particles by size,
characterized by the presence of three local maxima
corresponding to agglomerates with an average size
of about 0.1-0.2 and ~2 pum (Fig. 4). This distribution
pattern for powders synthesized in various studied
reaction mixtures differs somewhat quantitatively,
but qualitatively coincides.

The analysis of the data presented in Fig. 4
allows us to conclude that, regardless of the
composition of the reaction mixture used for
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Fig. 4. Typical size distributions of particles in the aqueous dispersions obtained after the total washing cycle

of PPT (30-30-40) (a and ¢) and PPT (30-70) (b and d) powders and additional dilution with HyO (1:9) (a and b),
and the same produced with these powders after their filtration, drying (50 °C/2 h) and dilution with distilled water (c and d)

synthesis, the preparation of PPT powders should be
carried out taking into account the direction of their
further use. If it is preferable to use PPT powders in
the form of submicron powders (production of
antifriction or paint and varnish materials,
nanocomposite catalysts and photoactive coatings,
pharmacological agents, cosmetics), then it is
advisable to use its aqueous dispersions obtained
immediately after the last washing (to pH=
=10.91 £ 0.15) (Fig. 4a, 4b). If the particle size is not
important, for example, in the production of ceramic
materials and coatings, granulated sorbents, and also
as raw materials for solid-phase synthesis of
functional materials (hollandite-like and perovskite-
like ferroelectrics), then it is possible to use dried
powders in which PPT particles form fairly large
microsized aggregates (Fig. 4c¢, 4d). In this case,
drying is desirable to carry out at moderately high
temperatures (40-50 °C), temperatures above 80 °C
cause a sharp enlargement of the average size of PPT
particle aggregates.

3.2. Degree of the structure orderliness

The X-ray phase analysis data (Figs. 5 and 6)
show that the degree of structure ordering
(crystallinity) of potassium polytitanate powders
synthesized in the TiO,-KOH-KNOj3 system with
different component ratios is different. As the KNOj3

content in the melt interacting with TiO, during the
synthesis of PPT increases (increase in the value of
the parameter x), the degree of crystallinity (o)
increases significantly from ~7 to ~20 %).

If potassium polytitanate was synthesized in
melts characterized by x = [KNO3]/[KOH] < 0.5, then
the resulting powder can be considered quasi-
amorphous (o <10 %), however, at x>2, the
resulting product is rather quasi-crystalline, since the
content of the ordered crystalline phase in it reaches
~20 %. The analysis of X-ray diffraction patterns
allows us to state that the structure of all types of PPT
particles is close to the layered structure of crystalline
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Fig. 5. XRD-patterns of PPT powders synthesized
with different values of x = [KNO3]/[KOH]
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Fig. 6. Influence of [KNO3]/[KOH] ratio in the molten
mixture on crystallinity (%) of the obtained PPT powder

lepidocrocite (database map JCPDF 75-2188), but is
strongly distorted (see electronic photographs
in Fig. 2a and 2b). In the case of PPT, reflections are
quite clearly expressed at 20 angles equal to 9,6°
(020), 28.6° (120) and 47.9° (220) [24].

The reflex at an angle of 20 ~37.9° (031) is
practically not visible in most diffraction patterns and
is very weakly expressed only in the PPT powder
(10-5-85), which has a high degree of crystallinity
and was obtained in a melt with a very high KNO;3
content.

If we talk about the degree of ordering of the
lepidocrocite-like layered structure of PPT powder
particles as a whole, then, according to the
crystallographic characteristics, we can analyze the
degree of ordering when considering various types of
reflections in the X-ray diffraction patterns of PPT.
The reflection at an angle of 20 equal to 9.6° in the

structure of crystalline potassium titanates is usually
considered as a characteristic of the interlayer
distance (020) [24]. In the X-ray diffraction patterns
for PPT synthesized in melts at x < 1.3, this reflection
is practically absent, which allows us to assert that in
these types of PPT there is no ordering in the mutual
arrangement of structural layers, and the interlayer
distance varies within a fairly wide range. At the
same time, for the reflection at an angle of 20 equal
to 47.8°, a well-defined reflection is present in the
diffraction patterns of all types of PPT studied.
This reflex is usually attributed to the mutual
orientation of titanium-oxygen octahedra, which
allows us to state that the mutual orientation of
titanium-oxygen octahedra in the structure of
individual layers of PPT is sufficiently stable and
reproduced with a high degree of repeatability,
regardless of the variation of the interlayer distance
inside the PPT particles.

The size of the ordered regions in the structure
of PPT particles obtained in melts characterized by
x> 1.3, calculated using the Scherrer formula for all
three observed reflexes, gives close values: 4.3-7.1
(reflex at 9.6°); 5.0-6.9 nm (reflex at 28.6°) and
3.6-5.1 (reflex at 47.9°), which, taking into account
the high error in carrying out such calculations,
allows us to estimate the crystallite size as 4—7 nm,
regardless of the synthesis conditions. Therefore, in
the lepidocrocite-like layered structure, such regions
include regions of layers formed by 8-16 conjugated
titanium-oxygen octahedra.

3.3. Water content and forms of its presence

Thermal analysis methods were used to
determine the content of various forms of water in the
structure of various types of PPT. Typical DSC and
TGA curves are shown in Fig. 7.

The TGA curves allow us to conclude that the
powders of all studied types of PPT contain water
released during heating. The total water content is
812 wt. %. At the same time, by analogy with our
previous studies [9], three forms of water can be
distinguished: physically sorbed, released in the
temperature range of 100-250 °C; structural, present
in the form of molecules located in the interlayer
space of PPT particles and released in the
temperature range of 250-500 °C; and chemically
sorbed, present in the composition of thianol Ti-OH
groups, decomposing with the release of molecular
water at 7> 500 °C (Fig. 7, Table 2). It is noteworthy
that, depending on the conditions of synthesis of
different types of PPT, the ratio of the amount of
water presented in these three forms differs.
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Weight, % DSC/(uV-mg™)
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-0.5
92 '
-1
(b)
90
88
86 Fig. 7. TGA (a) and DSC (b) plots obtained
0 200 400 600 800 T, °C for PPT samples synthesized in different redox
(a) conditions, x = [KNO3]/[KOH]

Table 2. Content of various types of water in PPT powders produced in different experimental redox

conditions (TGA data); pHj. —

zero charge point (£0,1)

Water content, wt. %

TiOy : KOH : KNO;  KNOSVIKOHT L Physically Strucm%al
) 13?)502?8‘(1& Interlayered, Calcliesrélrl;:(llly Total Total
B 250-500 °C 7> 500 ° é structural

10-10-80 8 6.7 32 6.6 1.4 8.0 11.1
20-20-60 3 - 5.4 4.9 1.3 6.2 11.6
10-30-60 2 6.6 8.0 0.9 1.1 2.0 10.0
30-30-40 1.33 6.5 9.1 1.2 0.8 2.0 11.0
20-53-27 0.51 - 4.8 5.3 0.6 0.8 10.4

30-50-20 0.4 7.1 7.3 0.4 0.4 0.4 8.1
10-77-13 0.17 - 4.8 7.1 0.3 7.4 12.2
30-70 0 7.4 9.5 1.4 0.5 1.9 10.8

At the same time, structured water can be
presented both in the form of molecules located
between layers of individual polyanions that form
scaly PPT particles, and between densely
agglomerated individual scales.

Since the amount of physically adsorbed water
depends on the average size of the agglomerates, it is
quite difficult to draw detailed conclusions about the
nature of the observed differences. However, it is
noteworthy that the amount of chemically sorbed

water ([TiOH] groups) is clearly tied to the value of

[KNO3])/[KOH] in the reaction mixture used in the
synthesis of PPT and regularly increases with the
growth of the oxidizing capacity of the hydroxide-
nitrate  melt (increase in the value of
x =[KNO;])/[KOH], Fig. 7).

Thus, the chemical activity of the surface of PPT
particles, as well as the nature of their adhesive
interactions associated with the presence of Bransted
acid centers, should differ significantly for different

208

Morozova N.O., Gorokhovsky A.V., Grapenko O.Yu.



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 3

types of PPT. This conclusion is confirmed by the
results of the analysis of the IR absorption spectra
obtained for PPT powders synthesized under different
conditions (Fig. 8).

The study of the relative intensity of the
absorption bands with maxima at 1630, 1558 and
1327 cm ', associated with angular vibrations of

H-O-H in H,O molecules, H30" ions and Ti-O-H

groups [25], shows that an increase in the value of the
synthesis parameter x = [KNO3;]/[KOH] leads to an
increase in the content of water in the form of H3OJr
and a decrease in the intensity of the absorption bands
associated with the presence of molecular water in
the composition of PPT, as well as thianol Ti-O-H
groups.

;5 —10-39-51 8
S g
k= ——-10-30-60 = ——20-53-27
£ g g
g Y ——10.10.1980 £ 20-34-46
= = ——-20-20-60
1630 (H,0) 1630 (H,0)
1558 (H,0+) 1558 (H,0
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Wavenumber, em ! Wavenumber, cm |
T~ _‘/-\
7N/ / E 16 [H20]phys/[H30 ]
Q ‘l'/ l:‘. ‘f ‘\‘ _____ - o0
5 Y ‘.‘\\ ! !\'\\‘ N\ ";'l 30-70 'B 1,4 e
g é"f ‘l\ ";' \\‘\\ ] ﬂ —30-50- : 12 R
% ,‘ v ~i L : _‘_‘>\ ’ .
;F_: ;f 1327 ..\/ 30 30 \g 1 .
1630 (H,0
(H,0) S 08
1558 (H,0%) ht
- A = 06
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[TiOH]/[H30 ] [H2OJphys/[TIOH]
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TE ‘g
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E‘/ 0,6 5 1J5
= 0.4 T 1,0
Ig g
5 0,2 § 0,5
< 0 ~ 0,0
0 0,75 1,5 2,25 3 0 1 2 3 4
[KNO3]/[KOH] [KNO3)/[KOH]

Fig. 8. IR-spectra of PPT powders produced with different [KNO3]/[KOH] in the molten mixture and dependence

of the intensities for the absorption bands at 1630, 1558 and 1327 cm ', corresponding to & (H-O-H) in H>O and H3O+,
and Ti-O-H, respectively
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This trend is also confirmed by the consideration
of the relationship between the content of chemically
sorbed water and the value of the point of zero charge
of various PPT powders. It follows from the data in
Table 2 that at x = [KNO3]/[KOH] > 1, the value of
the zero charge point, within the measurement error,
has approximately one value (6.6 £ 0.2), but with an
increase in the oxidizing capacity of the melt
(the value of X), it increases regularly, reaching
a maximum value when using a single-component
KOH melt (7.2 £0.1). That is, the transition of the
surface structure of PPT particles from the basic to
the acidic type occurs at higher pH values.
This directly indicates that at a low oxidizing
capacity of the melt, the surface formed during
synthesis has a higher content of Ti-O-H groups.

3.4. Presence of titanium in different valence states

X-ray photoelectron spectroscopy (XPS; VG
Scientific ESCALAB 250; AlKa, 15 kV, 20 mA) was
used to estimate the Ti content in different valence
states. All binding energy values (eV) were
determined relative to the Cls line of carbon
(285.0 eV) by the position of the peaks with an
accuracy of £0.2 eV.

The titanium content in different states in PPT
powders synthesized in nitrate-hydroxide melts with
different oxidizing capacity are given in Table 3.

PTT synthesized in a pure KOH melt contains
the largest amount of Ti*" (21.9 at. % of the total
titanium content) and even some amount of Ti*"
(3.3 at. %). However, as KNOj is introduced into the
melt, [Ti2+] in the PPT composition disappears, [Ti3+]
naturally decreases to 10.6 at. %, and when using
a melt with a very low KOH content ([KNO3J/
[KOH] = 29), titanium is present only in the valence
state of Ti*".

Table 3. Contents of different forms of titanium
in PPT powders produced in the molten mixtures

with different [KNO3]/[KOH] ratios (XPS data)

Proportion

of titanium
in different valence
states ( 0.5 at. %)

Characteristics of the chemical
composition of the reaction mixture

TiO, : KOH : KNO3 [KNOsJ/[KOH] Ti*" Ti¥" Ti*"
30-70-0* 0 748 219 33
30-50-20* 0.4 83.9 161 -
20-20-60 3 865 135 -
10-10-80 8 894 106 -
10-5-85* 29 100 - -

* According to [4].

3.5. Mechanism of formation of the of PPT particle
structure in melts with different oxidizing capacity

The conducted studies showed that the structure
of potassium polytitanate particles formed during the
processing of TiO, powders in nitrate-hydroxide
melts  characterized by different ratios of
x =[KNO;]/[KOH] (different oxidizing capacity) is
significantly different. In particular, it can be stated
that as the value of x increases, the degree of
hydration of the surface of PPT particles decreases
(the concentration of Ti-OH groups decreases) and
the content of H30 increases, with the same ratio of
[TiO,)/[K,0] =4.18 £ 0.16. At the same time, an
increase in the oxidizing capacity of the melt
is accompanied by a decrease in the concentration
of Ti>",

To explain the revealed patterns, it is necessary
to consider the nature of the processes occurring at
500 °C in the TiO,-KOH-KNO3 system. It is known
that the solubility of TiO, in media containing OH

ions increases significantly with an increase in [OH |
and temperature. In this case, alkali metal titanates

with a layered structure (M;Ti307) are formed as
a solid phase [27, 28]

3TiO; + 2KOH = K, Ti307 (K;Ti4O9) + H,O.
A similar process can also occur in a KNO3 melt
TiO; + 2KNO3 = K, TiO3 + 2NO; + 1/20,

however, at 7< 550 °C in the absence of hydroxide
ions, this reaction is very slow [16].

The process of dissolution of titanium dioxide
particles is accompanied by the transition of

structural fragments of TiO, into the melt in the form
of blocks of titanium-oxygen octahedra. The primary
dissolution process occurs according to the reaction

The structural fragments of TiO; that have
passed into the melt are mainly presented in the form
of various combinations of paired titanium-oxygen
octahedra, which have a tendency to form layers due
to the occurrence of a high-temperature
polycondensation reaction [29], and the K" cations
compensate for the excess negative charge of the
layers (polyanions):
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{TiOg¢/2},TiO5,0H + HOTiOs/2{TiOg¢/2}, +
+mK — nHyO +

To explain the presence of trivalent titanium in
various amounts in the structure of PPT particles, it
should be noted that this effect is a fairly well-known
phenomenon for both titanium dioxide and various
titanates [30]. It is noted that the properties of the
TiO, surface significantly depend on the presence of
Ti3+, which is considered as a defect in the crystal
structure [31, 31]. It is noteworthy that the formation
of defects in the form of Ti’" in titanium dioxide at
temperatures above 450 °C occurs spontanecously
[32]. In this case, the reduction of Ti*" to the Ti>"
state can occur under the action of electrons, the
source of which is TiO, itself. Thus, when TiO,,
which 1s a semiconductor, is heated to 7> 450 °C,
a thermally induced transition of an electron from the
valence band to the conduction band occurs and an

N o
electron-hole pair (e , h ) is formed in its structure
[33]. Ti*" ions receive electrons from the oxygen of

their own structure, and the oxygen itself can be
removed from the crystal lattice with the formation of

oxygen vacancies (Vp), which was previously
confirmed by EPR data [34]

TiO, (°) — ¢ +h';

— A+ 3+
e +T1 —»T1i ;

4h"+20% = 0, + Voo

As a result, structural defects (Ti3+, Vo) are
formed, an important distinguishing feature of which
is their high stability, especially in the absence of
direct access to oxygen [35], and the ability to
actively interact with the environment, acting as
a reducing agent.

In melts with a very high content of KNO3, the
main anion is NO3 . As a result of its adsorption by
the defective surface of structural blocks consisting of
titanium-oxygen octahedra, the reaction occurs

Ti* + Vor +NO; —» Tit" + 0% +NO," —
— Ti"" + 0% + NO,.

In this case, the nitrate ion
decomposes according to the reaction

NO; — NO, + 0%,

sequentially

which proceeds intensively at 7~ 500 °C [54], and
the resulting NO>" ion, in which nitrogen is in the
valence state N5+, oxidizes Ti’" to the state of Ti4+,
and itself passes into the state of N*" and is removed
from the melt in the form of NO».

A similar action of nitrate ions was considered
earlier [36]. As a result of the high oxidizing capacity
of nitrate-hydroxide melts with a low KOH content,
almost all thermally induced defects (Ti3+, Vo) in the
structure of the forming polytitanate polyanion are
eliminated. Upon completion of the reaction, PPT
particles contain a relatively small amount of
titanium-oxygen octahedra {Ti3+O6/2}, which act as
defects of the lepidocrocite-like crystal lattice, since
their sizes differ from the octahedra {Ti4+06/2} [37].
The degree of ordering (crystallinity) of the PPT
structure synthesized in melts with a high KNOj
content is high (see Figs. 5 and 6). It should be noted
that the oxidation-reduction processes on the surface
of the Ti are in no way associated with the formation
of Ti-O-H groups, which can explain their relatively
low concentration in PPT powders synthesized in
melts with high [KNO3]/{KOH] values (see data in
Tables 2 and 3).

However, as KNOj3 is replaced by KOH, the
oxidizing ability of the melt decreases, since the OH”
ions replacing NOs3 have a significantly lower
reactivity when interacting with oxygen vacancies
[36]. According to [38], OH ions are capable of
partially eliminating the above-mentioned thermally
induced defects in the structure of titanate blocks
(Ti3+, V) due to the reaction

Ti**Vo + OH — Ti*'OH.

However, the rate of this reaction is low and in
the absence of NO3 ions in the melt, most of the
Ti*" remains in a reduced state. As a result, the
structure acquires a very high degree of defectiveness
and becomes almost completely amorphous (Figs. 5
and 6).

In melts containing both KNO3 and KOH, the
reduction of Ti'® to Ti'" occurs via a mixed
mechanism, and the contribution of OH and NOs3 to
the reduction process, as well as the degree of its
completion, are determined by the ratio
[KNO;3]/[KOH] in the melt used as a medium for the
synthesis of PPT powders.

4. Conclusion

As a result of studying the conditions for
synthesizing PPT powders during the processing of
titanium dioxide in nitrate-hydroxide melts with
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different [KNO3]/[KOH] ratios, a number of patterns
have been established. When using the same
synthesis technique and the same chemical
composition of the target product (PPT), the
structural characteristics of the obtained powders, the
morphology and fractional composition of their
particles significantly depend on the [KNO3]/[KOH]
ratio in the reaction mixture used. It is noted that

during synthesis in a melt with a low KNOj content,
the lepidocrocite-like structure of the particles of the
obtained product is characterized by a high degree of
amorphization (degree of crystallinity less than
12 %), a high Ti’" content (more than 20 % of the
total titanium content), a larger size of the
agglomerates obtained during drying, and a higher
content of chemically bound water (thianol groups).

As the KNO;3 content in the melt increases,
accompanied by an increase in its oxidizing capacity,
the structure of PPT particles becomes more and
more ordered (the degree of crystallinity at the
maximum KNOj content is 22 mol. %), the Ti*"
content increases, reaching 100 %. At the same time,
the average size of PPT particle agglomerates
decreases. When using PPT powders for the
production of thermal insulation materials and heat-
reflecting coatings, as well as antifriction fillers for
composite materials, the composition of the melt used
for synthesis is not of fundamental importance, since
the heat-reflecting and tribological characteristics of
these powders do not depend on the degree of
defectiveness of the PPT particle structure.
When using PPT powders as photocatalysts for
oxidation-reduction processes, biocidal additives, as
well as photoactive components of photoelectron
converters and precursor materials for the synthesis
of complex titanates, it is advisable to select the
composition of the melt during synthesis taking into
account that the Ti°" content in the resulting product
increases in direct proportion to the KOH content in
the KNO;3;-KOH mixture, reaching its maximum
value when using a melt containing only KOH.
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