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Abstract—The formation of nanocrystals in the ZrO2–TiO2–H2O system during isothermal (240°C) treat-
ment of coprecipitated hydroxides under hydrothermal conditions has been studied. The formation of solid
solutions based on monoclinic ZrO2, anatase (TiO2), and a high-temperature disordered phase of variable
composition ZrxTi(1 – x)O4 with a scrutinyite (α-PbO2) structure has been demonstrated. The average size of
ZrxTi(1 – x)O4 crystallites is 16 ± 2 nm. The kinetic features of phase formation in the ZrO2–TiO2–H2O system
have been studied. It has been shown that the phase of variable composition ZrxTi(1 – x)O4 is metastable and,
with increasing hydrothermal treatment duration, decomposes into solid solutions based on monoclinic ZrO2
and anatase.
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The ZrO2–TiO2 system is actively studied because
of the large number of applications for materials based
on it [1–7]. Of interest are also well-studied individual
components of the system in the form of various poly-
morphs: titanium dioxide with an anatase (a-TiO2),
rutile (r-TiO2), and brookite (b-TiO2) structure, as
well as cubic, tetragonal, and monoclinic zirconia
(c-ZrO2, t-ZrO2, and m-ZrO2, respectively). The
results of the practical application of composites of
these phases and solid solutions based on them have
been reported [8–12]. Much attention is paid to
ordered and disordered zirconium titanate poly-
morphs, which are of interest from both fundamental
and practical points of view. From a fundamental
point of view, the structural and thermodynamic fea-
tures of their formation are of interest [13–19] and from
a practical point of view, the dielectric properties of
ceramic materials based on zirconium titanate [20–22].

At present, the existence of four polymorphs of a
variable-composition ZrxTi(1 – x)O4 phase is known.
The structure of three of them is described by an ort-
horhombic system (space group Pbcn), and one poly-
morph is monoclinic (space group C12/c1). The ort-
horhombic ones include the high-temperature disor-
dered modification of ZrTiO4 with the scrutinyite
(α-PbO2) structure and low-temperature modifica-
tions that have undergone ordering of cationic octahe-
dra with a columbite/fersmite structure, as well as the
(Zr,Ti)2O4 phase with a narrow temperature range of
existence from 1160 to 1060°C [14, 17, 18, 23–27]. The

poorly studied compound Zr1.34Ti0.66O4 with a fergu-
sonite structure is attributed to monoclinic [28].

The possibility of formation of a certain modifica-
tion of ZrxTi(1 – x)O4 largely depends on the synthesis
method and conditions. There are data in the litera-
ture on the high-temperature region of the phase dia-
gram of the ZrO2–TiO2 system and methods for fabri-
cating materials based on disordered zirconium tita-
nate [15, 18, 20, 23, 29, 30]. There are much fewer data
on the low-temperature region of the ZrO2–TiO2
phase diagram, and they often contradict each other
[14, 17, 24]. However, it has been shown that ceramics
based on ordered low-temperature modifications of zir-
conium titanate have higher dielectric properties, which
deteriorate in the presence of the ZrO2 impurity [21].

Hydrothermal synthesis is a “soft chemistry”
method that successfully produces nanocrystalline
oxide materials with a narrow particle size distribution
[31]. Reducing the synthesis temperature compared to
conventional heat treatment methods becomes possi-
ble due to the partial dissolution of the reagents in a
hydrothermal f luid at elevated pressure, which
reduces diffusion limitations and increases the mass
transfer rate in the system. This, in turn, leads to a
faster achievement of the equilibrium state in the sys-
tem [31].

In view of the foregoing, this study focuses on
determining the features of the formation of the crystal
structure and the stability of zirconium titanate and
other components of the ZrO2–TiO2 system under
hydrothermal conditions.
830
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EXPERIMENTAL
The starting reagents were ZrOCl2⋅8H2O (reagent

grade, TU 6-09-3677-74), TiCl4 (reagent grade TU
6-09-2118-77), 25% aqueous NH4OH (State Standard
GOST 24147-80), and distilled water State Standard
GOST 6709-72).

Samples for study were obtained by coprecipitation
from aqueous solutions of zirconyl chloride (ZrOCl2)
and hexachlorotitanic acid (H2TiCl6) with aqueous
ammonia (NH4OH) to pH 10. H2TiCl6 was synthe-
sized from titanium tetrachloride (TiCl4) by the proce-
dure described in [32]. The ZrOCl2-to-H2TiCl6 ratio
was selected to prepare ZrxTi(1 – x)O2 compositions
with x = 1.0, 0.95, 0.85, 0.75, 0.65, 0.55, 0.45, 0.35,
0.15, 0.05, and 0.0 by the following chemical reaction:

The precipitates were washed with distilled water
until it showed a negative reaction to chloride ion, and
dried at 95°С in air. In this way, eleven starting com-
positions were synthesized; they were denoted as
ZT100, ZT95, ZT85, ZT75, ZT65, ZT55, ZT45,
ZT35, ZT15, ZT5, and ZT0 and corresponded to
ZrxTi(1 – x)O2 at x = 1.0, 0.95, 0.85, 0.75, 0.65, 0.55,
0.45, 0.35, 0.15, 0.05, and 0.0, respectively.

The resulting compositions were subjected to hydro-
thermal treatment at 240°C and 70 MPa in 16-cm3 Tef-
lon-lined autoclaves. Distilled water was used as the
hydrothermal medium. The duration of isothermal
treatment varied from 4 to 48 h. After the end of iso-
thermal treatment and complete cooling of the auto-
claves, the samples were taken out and dried at 100°С.

The chemical composition of the samples was
determined by energy dispersive X-ray microanalysis
(EDXMA) on a Hitachi S-570 scanning electron
microscope equipped with a Bruker Quantax 200
microprobe system. The error in determining the content
of elements by this method is, on average, ±0.3 wt %.

For the X-ray diffraction (XRD) study, a Shimadzu
XRD 7000 diffractometer with CuKα radiation (λ =
1.54056 Å) was used. Reflection intensity data were
collected in the range 2θ angles from 5° to 100°. The
X-ray powder diffraction method was used. To identify
the phases, the recorded X-ray diffraction patterns
were compared with the structural data of inorganic
substances from the ICSD database. The quantitative
phase composition and size of crystallites (coherent
scattering regions) were determined using the Rietveld
full profile analysis method; the fraction of the amor-
phous phase was determined using an internal stan-
dard, silicon powder (SRM 640f, NIST). The crystal-
lite size was calculated from the broadening of X-ray
diffraction lines using the Scherrer formula. All calcu-
lations were performed using the PDWin 4.0 software
package.
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Differential thermal analysis was performed on a
Netzsch STA 449F3 instrument. The measurements
were carried out in the temperature range 25–1200°C
in an argon flow (20 mL/min) at a rate of 10 K/min.

RESULTS AND DISCUSSION
Initial Composition

The EDXMA method confirmed the absence of
chemical impurities in the starting compositions. Fig-
ure 1a shows the energy dispersive X-ray spectrum,
which shows that sample ZT45 contains three major
elements: titanium Ti, zirconium Zr, and oxygen O.
The characteristic lines of aluminum Al and carbon C
in the spectrum are a consequence of sample prepara-
tion and imaging procedures. Similar spectra were
obtained for all samples, in which the presence of
impurities was also not observed. According to
EDXMA, the content of the elements in the initial
samples in terms of simple oxides (ZrO2 and TiO2) was
in good agreement with the composition specified for
the synthesis; the maximum deviation did not exceed
3 mol % (Fig. 1b). All starting samples were X-ray
amorphous. Figure 1c shows the X-ray diffraction pat-
tern of sample ZT45 as an example. Similar diffraction
patterns, characteristic of X-ray amorphous sub-
stances, were obtained for all initial samples of copre-
cipitated hydroxides.

Simple Oxides ZrO2 and TiO2
and Solid Solutions Based on Them

Figure 2 shows the X-ray diffraction patterns in the
range of 2θ angles corresponding to the most intense
peaks of possible crystalline phases in the ZrO2–TiO2
system. According to XRD data, hydrothermal treat-
ment of individual zirconium and titanium hydroxides
for 4 h yielded a mixture of monoclinic and tetragonal
ZrO2 crystalline phases in a ratio of 35 : 65 mol % in
the case of sample ZT100 and anatase TiO2 in the case
of sample ZT0 (Fig. 2a). The results obtained are in
good agreement with the data of [32–35]. In both
cases, the average size of ZrO2 and TiO2 nanocrystals
is ~15 ± 2 nm.

An increase in the duration of isothermal hydro-
thermal treatment of simple hydroxides to 24 h leads to
an insignificant increase in the average size of crystal-
lites, and the phase composition does not undergo
noticeable changes (Fig. 2b). According to XRD data,
the phase composition in the ZrO2–H2O system does
not change; in the TiO2–H2O system, the appearance
of small amounts of brookite is observed.

In the ZrO2–TiO2–H2O system in the range of low
(up to 5 mol %) TiO2 content (sample ZT95), the
X-ray diffraction pattern shows only the peaks of
m-ZrO2 and t-ZrO2. In this case, a shift of reflections
relative to pure ZrO2 is observed. The unit cell param-
l. 67  No. 6  2022
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Fig. 1. (a) EDX spectrum of sample ZT55; (b) the content of the samples recalculated to oxides according to EDXMA data: (blue)
ZrO2 and (orange) TiO2; (c) X-ray powder diffraction patterns of sample ZT55 before hydrothermal treatment.
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eters of m-ZrO2 have been refined by the Rietveld
method. Figure 3b shows that the unit cell volume of
m-ZrO2 decreases with an increase in the TiO2 content in
the system, which indicates the formation of ZrO2 solid
solutions based on the monoclinic (m-ZrO2(sol. sol.))
modification. The average crystallite size of both crys-
talline phases decreases compared to pure ZrO2 to 13 ±
5 nm. No quantitative redistribution of phases is
observed. An increase in the of isothermal treatment
duration to 24 h does not lead to significant changes in
the diffraction pattern (Fig. 2).

For the samples with an excess of zirconium
(ZT85, ZT75, ZT65), after hydrothermal treatment
for 4 h, weak reflections in the range of (100) peaks of
m-ZrO2, t-ZrO2, and ZrxTi(1 – x)O4 are fixed in the dif-
fraction patterns against the background of an amor-
phous halo. This behavior of the system can be
explained by the fact that, similarly to zirconium
hydroxide, in the simple ZrO2–H2O system [35, 36],
complex amorphous zirconium hydroxide with tita-
nium included in its structure was formed at the
coprecipitation stage, and its dehydration followed by
crystallization requires other synthesis conditions.

With an increase in the duration of isothermal
treatment, crystallization of t-ZrO2(sol. sol.) and m-
ZrO2(sol. sol.) occurs in samples ZT85 and ZT75, as
evidenced by a pronounced shift of reflections in the
diffraction patterns (Fig. 2a). The fraction of
m-ZrO2(sol. sol.) sharply increases (Fig. 3a). In par-
ticular, only a trace amount of t-ZrO2(sol. sol.) is fixed
in the ZT75 sample. Reflections corresponding to
crystalline modifications of TiO2 are not observed in
any of these samples.
RUSSIAN JOURNAL O
According to [17], in the ZrO2–TiO2 system, the
ZrxTi(1 – x)O4 compound is formed within the TiO2
concentration range from 34 to 75 mol %. In the pres-
ent work, in sample ZT65, corresponding to a TiO2
content of 35 mol %, after hydrothermal treatment for
24 h, X-ray diffraction revealed reflections of the high-
temperature disordered modification of ZrxTi(1 – x)O4
with an α-PbO2 structure. Along with the peaks of the
compound, the diffraction pattern contains peaks of
m-ZrO2(sol. sol.), while the reflections corresponding
to the crystalline modifications of TiO2 are not
observed.

With an increase in the TiO2 content in the ZrO2–
TiO2–H2O system up to 45 mol % (sample ZT55),
hydrothermal treatment for 4 h does not lead to crys-
tallization of any phases, and the sample remains
X-ray amorphous. With an increase in the duration of
hydrothermal treatment to 24 h, crystallization of
ZrxTi(1 – x)O4 and m-ZrO2(sol. sol.) occurs in a ratio
close to 1 : 1.

In the ZrO2–TiO2–H2O system in the range of low
(from 5 to 45 mol %) ZrO2 concentrations (samples
ZT5, ZT15, ZT35, and ZT45), hydrothermal treat-
ment for 4 h yielded TiO2 nanocrystals with the ana-
tase structure (Fig. 2). The shift of the anatase peaks in
the diffraction patterns with an increase in the ZrO2
content suggests that zirconium enters the structure of
anatase, forming a solid solution based on it (a-
TiO2(sol. sol.)), which is also evidenced by a change in
the unit cell parameters (Fig. 3d). In addition to the
anatase-based solid solution, the diffraction patterns
show a weak reflection in the range of 100% peaks of
ZrxTi(1 – x)O4, t-ZrO2, and the (211) brookite reflec-
tion. It is known that the solubility limit of ZrO2 in
F INORGANIC CHEMISTRY  Vol. 67  No. 6  2022
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Fig. 2. X-ray powder diffraction patterns of samples after hydrothermal treatment at 240°С for (a) 4 and (b) 24 h. X-ray powder
diffraction patterns of (1) anatase, (2) zirconium titanate, (3) monoclinic zirconium dioxide, and (4) tetragonal zirconium diox-
ide from the ICSD database (nos. 82082, 51049, 68782, and 68781, respectively).

24 28 32 3826 30 3634 40
2θ, deg

1

2

3

4

24 28 32 3826 30 3634 40
2θ, deg

1

2

3

4

ZT100

ZT75

ZT95

ZT55

ZT35

ZT65

ZT85

ZT45

ZT15

ZT5

ZT0

24 28 32 3826 30 3634 40

(а)

ZT100

ZT75

ZT95

ZT55

ZT35

ZT65

ZT85

ZT45

ZT15

ZT5

ZT0

24 28 32 3826 30 3634 40

(b)
TiO2 is relatively low and, according to [17, 23, 37],
does not exceed 18 mol %. Therefore, it can be
assumed that part of the zirconium that did not enter
the anatase structure remained in the form of an
amorphous hydroxide.

An increase in the duration of isothermal treatment
to 24 h leads to the crystallization of ZrxTi(1 – x)O4 and
m-ZrO2(sol. sol.) in samples ZT15, ZT35, and ZT45.
From the X-ray diffraction pattern corresponding to
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
the ZT5 sample, the Rietveld method demonstrated
the formation of a mixture of a-TiO2(sol. sol.) and
brookite (b-TiO2) phases, while no zirconium-con-
taining phases were detected (Figs. 2 and 3a, 3c).

Figure 3c shows how the average size of ZrO2 and
TiO2 crystallites changes during the formation of solid
solutions depending on the concentration of the com-
ponents. The average crystallite size of the ZrO2 solid
solution based on the monoclinic modification
l. 67  No. 6  2022
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Fig. 3. Changes in the (a) phase composition and (c) crystallite size of the samples after hydrothermal treatment for 24 h depend-
ing on the ZrO2 content in the ZrO2–TiO2 system. Changes in the unit cell volume of (b) monoclinic ZrO2 and (d) anatase
depending on the ZrO2 content in the ZrO2–TiO2 system.
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sharply decreases with an increase in the TiO2 content
in the system up to 44 mol % (from 18 ± 5 to 5 ± 3 nm)
and then roughly does not change up to 82 mol %
TiO2, while the average size of the crystallites of the
solid solution with an anatase structure increases
monotonically with an increase in the fraction of ZrO2
in the system.

Formation of the ZrxTi(1 – x)O4 Compound
under Hydrothermal Conditions

As was shown above, the ZrxTi(1 – x)O4 phase does
not form after hydrothermal treatment for 4 h, while
individual oxides crystallize under these conditions
very quickly. It is possible that at the stage of coprecip-
itation of titanium and zirconium salts, a double
hydroxide is formed, which is a structural precursor of
one of the intermediate compounds in the ZrO2–TiO2
system. Figure 4 shows the DTA curves obtained for
the starting amorphous samples ZT100, ZT65, ZT55,
ZT45, ZT35, and ZT0. These data demonstrate that
the exotherms associated with the crystallization of
RUSSIAN JOURNAL O
pure oxides are observed at lower temperatures than
the exotherms associated with the crystallization of
the ZrxTi(1 – x)O4 compound. Such a pronounced dif-
ference in crystallization temperatures allows us to
conclude that in the preparation of compositions
ZT65, ZT55, ZT45, and ZT35, one of the coprecipi-
tation products is a double hydroxide structurally dif-
ferent from pure titanium and zirconium hydroxides.
The above assumptions are consistent with the data of
[27, 32, 36, 38–42], where the formation of amor-
phous titanium and zirconium hydroxides, which are
structural precursors of the crystalline ZrO2 and TiO2,
phases has been shown under similar conditions, and
the crystallization temperature of the amorphous pre-
cursors of ZrO2, TiO2, and ZrTiO4 has been deter-
mined.

Crystallization of the ZrxTi(1 – x)O4 compound
occurs in samples with titanium content from 35 to
82 mol % after isothermal treatment for 24 h (Figs. 2,
3a, 3c). XRD demonstrates that this phase corre-
sponds to the structure of the high-temperature disor-
dered ZrTiO4 phase with a structure of scrutinyite
F INORGANIC CHEMISTRY  Vol. 67  No. 6  2022
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Fig. 4. DTA curves of initial amorphous samples recorded
at a heating rate of 10 K/min in an argon atmosphere.
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(α-PbO2). The average crystallite size of the resulting
phase is within (8–12) ± 5 nm.

The Rietveld method was used to refine the crystal
lattice parameters of ZrTiO4. As a model for refine-
ment, we used the structural data of card no. 153941 of
the ICSD database. The refined parameters of sam-
ples ZT35, ZT45, ZT55, ZT65 and the reference sam-
ple are given in Table 1.

It has been shown [23] that, with an increase in
ordering in the ZrO2–TiO2 system, the parameter b of
the crystal lattice noticeably decreases. As can be seen
from Table. 1, there is no decrease in the b parameter
in samples ZT35, ZT45, ZT55 and ZT65 compared to
the reference value; however, the crystal lattice
parameters are slightly different. Thus, we can con-
clude that the compound obtained by hydrothermal
treatment of coprecipitated hydroxides is a high-tem-
perature metastable phase of variable composition
ZrxTi(1 – x)O4 with a disordered α-PbO2 structure.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Table 1. Refined unit cell parameters of the variable-compo
group Pbcn) and reference unit cell parameters of the (ICSD

Sample a, Å b,

ZT35 4.81 ± 0.02 5.47 ±
ZT45 4.81 ± 0.02 5.48 ±
ZT55 4.79 ± 0.02 5.51 ±
ZT65 4.81 ± 0.02 5.50 ±
ICSD-153941 4.8069 5.4
Refinement of the cationic composition of the
obtained phase required additional study and was not
carried out in the framework of this work.

Stability of Variable-Composition Phase ZrxTi(1 – x)O4 
with an α-PbO2 Structure

As follows from the X-ray powder diffraction pat-
terns in Fig. 2b, all samples are mixtures of two or
more phases, and ZrxTi(1 – x)O4 is always observed in
the presence of the m-ZrO2(sol. sol.) phase. In this
regard, the kinetic dependences of phase transforma-
tions in the ZrO2–TiO2–H2O system have been stud-
ied. As an illustration of the kinetics of phase transfor-
mations in the ZrO2–TiO2–H2O system, Fig. 5, using
sample ZT45 as an example, shows the change in the
diffraction pattern depending on the duration of
hydrothermal treatment and the results of XRD anal-
ysis.

Recall that initially sample ZT45 was X-ray amor-
phous. After hydrothermal treatment for 2 h, the cor-
responding diffraction pattern did not show the pres-
ence of crystalline phases. However, already 4 h of iso-
thermal treatment led to the appearance of reflections
characteristic of the a-TiO2(sol. sol.) phase. Quantita-
tively, the content of a-TiO2(sol. sol.) was ~10 wt %,
and the average crystallite size was about 22 nm.

After 6 and 8 h of hydrothermal treatment, a weak
reflection appears in the diffraction patterns in the
range of the strongest ZrxTi(1 – x)O4 peak, correspond-
ing to a small amount of this compound (Fig. 5a).

The contents of a-TiO2(sol. sol.) and the amor-
phous phase vary slightly up to 12 h of hydrothermal
treatment (Fig. 5b). In this case, the average size of
a-TiO2(sol. sol.) crystallites increases to 25 ± 5 nm
(Fig. 5c). The content of ZrxTi(1 – x)O4 increases to
~8 wt %. The average size of crystallites of this phase
practically does not change with an increase in the dura-
tion of isothermal treatment and is about 16 ± 2 nm.

Increasing the duration of isothermal treatment up
to 24 h leads to the appearance of m-ZrO2(sol. sol.)
peaks in the diffraction pattern. In this case, the entire
amorphous phase has already been consumed, and the
process of crystallization from an amorphous sub-
stance can be considered completed. A sharp increase
l. 67  No. 6  2022

sition phase ZrxTi(1 – x)O4 with an α-PbO2 structure (space
-153941)

 Å c, Å V, Å3

 0.02 5.03 ± 0.02 132.27 ± 0.05
 0.02 5.01 ± 0.02 132.07 ± 0.05
 0.02 5.02 ± 0.02 132.45 ± 0.05
 0.02 5.02 ± 0.02 132.77 ± 0.05

785 5.0339 132.57
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Fig. 5. X-ray powder diffraction patterns of (a) sample ZT45 after hydrothermal treatment; X-ray powder diffraction patterns of
(1) anatase, (2) zirconium titanate, and (3) monoclinic zirconium dioxide form the ICSD database (nos. 82082, 51049, and
68782, respectively); (b) change in the phase composition and (c) crystallite size depending on the hydrothermal treatment dura-
tion.
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in the fraction of crystalline phases is observed
(Figs. 5a, 5b). The size of ZrxTi(1 – x)O4 crystallites does
not change, which also indicates the predominance of
nucleation processes over crystal growth processes.
The average size of m-ZrO2(sol. sol.) crystallites is
12 ± 5 nm.

An increase in the duration of isothermal treatment
to 48 h does not lead to the appearance of peaks of new
phases in the diffraction patterns (Fig. 5a). According
to XRD data, the fraction of ZrxTi(1 – x)O4 decreases, as
does the average size of its crystallites, while the frac-
tion of simple oxides increases (Fig. 5b). The average
crystallite size of a-TiO2(sol. sol.) increases, while the
average size of m-ZrO2(sol. sol.) crystallites does not
change.

All the above observations suggest that titanium,
which is in excess and not included in the structure of
RUSSIAN JOURNAL O
the double hydroxide, crystallizes in the form of a solid
solution with the anatase structure; double hydroxide,
apparently, has a structure close to the high-tempera-
ture disordered ZrxTi(1 – x)O4 phase with the α-PbO2
structure, and upon long-term isothermal treatment
under hydrothermal conditions, it crystallizes in a
metastable state in the form of this phase, which, how-
ever, with increasing the duration of isothermal treat-
ment, does not undergo ordering and transition to a
more stable modification, but undergoes a gradual
decomposition into solid solutions based on simple
oxides.

CONCLUSIONS
The processes of phase formation in the ZrO2–

TiO2–H2O system under hydrothermal isothermal
conditions have been comprehensively studied. The
F INORGANIC CHEMISTRY  Vol. 67  No. 6  2022
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mutual influence of the components of the system on
the formation of nanocrystalline simple of titanium
oxide (anatase structure) and zirconium oxide
(monoclinic and tetragonal structures) and solid solu-
tions based on them has been shown. The formation of
a nanocrystalline high-temperature disordered phase
of variable composition ZrxTi(1 – x)O4 with scrutinite
structure (α-PbO2) and its limited stability under the
considered hydrothermal conditions have been estab-
lished. It has been demonstrated that the ZrxTi(1 – x)O4
phase decomposes to solid solutions based on titanium
dioxide with the anatase structure and monoclinic zir-
conia, which corresponds to the equilibrium composi-
tion of the low-temperature region of the actual phase
diagram of the ZrO2–TiO2 system.
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