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Abstract—Samples in the TiO2–CeO2 system with CeO2 concentrations ranging from 10 to 90 mol % were
synthesized using the ceramic method. The phase composition of the obtained samples was determined by
X-ray diffraction (XRD). Melting temperatures were measured by visual polythermal analysis. The compo-
sition and partial pressures of molecular vapor species over the TiO2–CeO2 system were determined across a
wide range of condensed-phase compositions. For the melts in the studied system, component activities,
Gibbs energies, and excess Gibbs energies were determined at 2150 K. It was shown that the system exhibits
negative deviations from ideal behavior.
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INTRODUCTION
Ceramic materials based on cerium dioxide (CeO2)

and titanium dioxide (TiO2) are of considerable inter-
est due to a unique combination of functional proper-
ties, including photocatalytic activity [1, 2], lumines-
cence [3], ion-exchange capability, and resistance to
high-temperature degradation [4]. The development
of complex oxide systems such as CeO2–TiO2 makes it
possible to modify the electronic structure and opti-
mize the performance characteristics of materials,
which is relevant for the design of catalysts, sensors,
and solid oxide electrolytes.

The synthesis and operation of ceramic materials
often involve high temperatures. This can cause pref-
erential sublimation of the more volatile components,
leading to irreversible changes in the composition of
the condensed phase and, consequently, in its proper-
ties.

The high-temperature behavior of individual
cerium and titanium dioxides has been investigated
previously [5–10]. It has been shown that both oxides
vaporize with partial dissociation in accordance with
reactions (1)–(4):

(1)

(2)

(3)

(4)

At high temperatures, cerium and titanium diox-
ides may lose oxygen, transforming into Ce2O3 [11]
and Ti3O5 [12], respectively.

The vaporization behavior of complex oxide sys-
tems containing cerium dioxide has been studied in
several works [13–15]. These studies have determined
the qualitative and quantitative composition of the
vapor as a function of temperature and condensed-
phase composition, and have derived the correspond-
ing thermodynamic characteristics. The CeO2–ZrO2
[13], CeO2–Gd2O3 [14], and CeO2–Y2O3 [15] systems
are characterized by preferential sublimation of
cerium oxide and a negative deviation from ideal
behavior. In ref. [16], the activities of cerium dioxide
were determined for three compositions in the CeO2–
TiO2–ZrO2 system.

The aim of this work is to study the vaporization
processes and determine the thermodynamic charac-
teristics of the TiO2–CeO2 system over a wide range of
component concentrations. This research continues
our systematic investigation into the vaporization
behavior and thermodynamic properties of oxygen
ceramics containing cerium (IV) oxide.

EXPERIMENTAL SECTION
A series of nine samples in the TiO2–CeO2 system

(10–90 mol.% CeO2 in 10 mol.% steps) was prepared
by the ceramic route. High-purity (99.9%) CeO2 and
TiO2 of analytical grade were used as starting materi-

( ) ( )=2 2CeO s CeO g ; 

( ) ( )=2 2TiO s TiO g ;

( ) ( ) ( )= +2CeO s CeO g O g ;

2TiO  (s) = TiO (g) + O (g).
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als. Sample homogenization was carried out using a
PM100 planetary mill (Retsch GmbH, Germany).
After mixing and prolonged grinding, the powder mix-
tures were pressed into pellets 10 mm in diameter and
5 mm in height. The pressed pellets were placed in a
muffle furnace and annealed at 1400°C for 22.5 h. The
samples were then cooled inside the furnace.

The phase composition of the annealed samples
was examined by powder X-ray diffraction (XRD)
using D8 Discover diffractometer (Bruker, Germany)
with CuKα radiation (λ = 1.5406 Å). Qualitative phase
identification was performed using the Powder Dif-
fraction File database (PDF-2, 2012). Quantitative
phase analysis was carried out by the Rietveld method
using TOPAS 5.0 software (Bruker, Germany) and
structural data for each phase taken from the ICDD
database. The scanning step and counting time were
adjusted to ensure reliable refinement with the applied
software.

Melting temperatures of the samples were mea-
sured by visual polythermal analysis using a high-tem-
perature microscope [17]. The investigated sample was
fixed on a loop with a diameter of 0.25 mm made of
iridium wire. The wire with the sample was heated by
alternating electric current regulated by a LATR-9
autotransformer. The temperature was measured using
a Platinum/platinum–rhodium thermocouple.
Instrument calibration was performed by determining
the melting temperatures of reference substances.
Al2O3, SiO2, TiO2, K2SO4, SrTiO3, and BaTiO3 were
used as standards. For each sample, melting tempera-
ture measurements were performed twice to obtain
more reliable values. During heating, the sample was
observed using a high-temperature microscope until
melting occurred and the sample completely filled the
loop in the form of a thin film transparent to polarized
light, or until failure of the iridium wire at 2446°C.
The voltages applied to the wire at the onset and com-
pletion of melting were recorded. These data were
used to determine the melting temperature from a cal-
ibration curve. The uncertainty in temperature deter-
mination did not exceed ±20°C.

The oxidation states of the elements were deter-
mined by X-ray photoelectron spectroscopy (XPS)
using a combined Auger, X-ray, and ultraviolet photo-
electron spectrometer (Thermo Fisher Scientific
ESCAlab 250Xi, USA).

Vaporization processes and thermodynamic prop-
erties of the TiO2–CeO2 system were studied by high-
temperature differential mass spectrometry using an
MS-1301 mass spectrometer (Special Design Bureau
of Analytical Instrument Engineering, USSR) with an
ionizing voltage of 30 V. The samples were vaporized
from a tungsten twin Knudsen effusion cell. One com-
partment of the cell was loaded with the investigated
sample, while the second (reference) compartment
was alternately loaded with individual CeO2 or Ti3O5.
The cell was heated by electron bombardment. The

temperature was measured using an EOP-66 optical
pyrometer (“Pribor”, Ukrainian SSR) with an accu-
racy of ±10 K in the temperature range of 1700–2500 K.
Prior to the experiments, the apparatus was calibrated
using the vapor pressure of CaF2 [18].

The activities of cerium dioxide and titanium diox-
ide in the condensed phase were determined using
Eqs. (5) and (6), respectively:

(5)

(6)

where p, p0, I+, and  are the partial pressures and ion
current intensities in the mass-spectra measured over
the sample and over the individual cerium and tita-
nium oxides.

In Eqs. (5) and (6), the partial pressures of cerium
and titanium oxides were replaced by quantities pro-
portional to them, namely the ion current intensities,
in accordance with the following relation:

(7)
where k is the instrumental sensitivity coefficient and
T is the temperature (K).

RESULTS AND DISCUSSION
The results of the phase analysis of the synthesized

samples are presented in Table 1.
Analysis of the phase composition of the investi-

gated samples at room temperature revealed that all
synthesized samples contain a stable CeTi2O6 phase,
regardless of the initial molar ratio of the starting com-
ponents. Its content varies depending on composition
and ranges from 9 to 78%. The observed shifts in the
CeO2 diffraction peaks relative to those of pure ceria
indicate a distinct interaction between CeO2 and TiO2,
confirming their compatibility and the formation of
solid solutions. Although room-temperature XRD
revealed a multiphase composition, at the experimen-
tal temperature of 2150 K samples No. 2–5 existed as
a homogeneous melt. Consequently, the room-tem-
perature phase composition was disregarded in the
thermodynamic analysis.

Due to the significant difference in volatility
between CeO2 and TiO2 [19], the differential mass
spectrometry method cannot be used to determine
component activities across the entire composition
range of the system. A complete thermodynamic
description of the studied system can only be obtained
within the homogeneity region by applying the
Gibbs–Duhem equation to determine the activity of
the less volatile component, while the activity of the
second component is determined experimentally.
Unfortunately, no phase diagram data for the TiO2–
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CeO2 system could be found in the literature. There-
fore, the activities of the condensed-phase compo-
nents were determined in the region of the homoge-
neous melt. To identify this region, melting tempera-
tures of the samples were measured by visual
polythermal analysis. The obtained values are pre-
sented in Table 2.

To monitor possible reduction of the dioxides
during synthesis, the samples were examined by XPS.
Analysis confirmed that titanium is present exclusively
as Ti4+ in all samples. Cerium is present predomi-
nantly as Ce4+, with an admixture of Ce3+ (11–15%)
detected in all samples. This Ce3+ content matches
that found in the pure CeO2 starting material. A slight
increase in the relative Ce3+ content is observed with
decreasing molar fraction of CeO2. This trend, how-
ever, may be attributed to the reduced spectral resolu-
tion and the associated uncertainties in peak deconvo-

lution. It should be noted that the presence of Ce3+ in
the XPS spectra may result from partial surface reduc-
tion of cerium dioxide during XPS measurements, a
phenomenon that has been repeatedly reported in the
literature [20, 21]. In contrast to ref. [22], no broaden-
ing of the Ti peaks was observed for any of the samples,
which may be attributed to differences in the synthesis
method.

The mass spectra of the vapor over the CeO2–TiO2
system in the 1900–2200 K range contained CeO+,

 TiO+, and  ions. To identify the molecular
precursors of these ions, their appearance energies
were measured using the vanishing ion current
method. The obtained values were: CeO+(5.0), 
(9.5), TiO+(6.8) и (9.6) eV. Inflection points
were observed in the ionization efficiency (IE) curves
for CeO+ and TiO+, whereas no inflections were

+
2CeO , +

2TiO

+
2CeO

+
2TiO

Table 1. Phase analysis of samples in the TiO2–CeO2 system annealed at 1400°C in air for 22.5 h with subsequent furnace
cooling

№ sample
Chemical composition (by synthesis), mol. fr.

Qualitative analysis Quantitative analysis, %
CeO2 TiO2

1 0.1 0.9 CeTi2O6 19
CeO2 3
TiO2 78

2 0.2 0.8 CeTi2O6 44
CeO2 4
TiO2 52

3 0.3 0.7 CeTi2O6 67
CeO2 10
TiO2 23

4 0.4 0.6 CeTi2O6 75
CeO2 23
TiO2 2

5 0.5 0.5 CeTi2O6 55
CeO2 42
TiO2 3

6 0.6 0.4 CeTi2O6 43
CeO2 57

7 0.7 0.3 CeTi2O6 32
CeO2 68

8 0.8 0.2 CeTi2O6 20
CeO2 80

9 0.9 0.1 CeTi2O6 9
CeO2 91
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detected for  and . The measured values are
consistent, within experimental error, with the
reported ionization energies of CeO, CeO2, TiO, and
TiO2 [23], indicating their molecular origin. The

nature of the CeO+ and  ions in the mass spectra
of vapors over individual CeO2 and the BaO–CeO2
system has been discussed in detail elsewhere [9, 24].
The  ion has a molecular origin and is formed by
direct ionization of CeO2 molecules, whereas CeO+

has a dual origin: it is formed both by direct ionization
of CeO molecules and by dissociative ionization of
CeO2 molecules. Similarly,  is a molecular ion,
while TiO+ is formed by both direct ionization of TiO
molecules and dissociative ionization of TiO2 mole-

cules. Under isothermal conditions, the CeO+/
and TiO+/  ion current ratios exhibited an
increase, which is attributed to the partial thermal
reduction of cerium and titanium in the condensed
phase. Notably, the rate of increase of these ratios for
the CeO2–TiO2 system samples was lower than that
observed for pure CeO2 or TiO2. At high CeO2 con-
centrations, oxygen released through reaction (3) sta-
bilizes Ti(IV). Conversely, at high TiO2 concentra-
tions, Ce(IV) is stabilized. The stabilization of these
oxidation states is attributed not only to oxygen release
but also to the stabilization of the crystal lattice, which
makes the transition to lower oxidation states less
favorable. Due to the thermal instability of TiO2(s) at
the experimental temperatures, pure TiO2 cannot be
used for activity determination. Upon heating, the
partial pressure of TiO2(g) above TiO2(s) decreases
rapidly, whereas the partial pressure of TiO(g)
increases due to the reduction of Ti(IV) to Ti(III).
Under these conditions, the application of equation
(6) to determine TiO2 activity would lead to unaccept-
ably large uncertainties. Consequently, Ti3O5 was cho-
sen as the reference compound, as it does not change
its phase composition upon heating and evaporates

+
2CeO +

2TiO

+
2CeO

+
2CeO

+
2TiO

+
2CeO

+
2TiO

congruently [25], making it suitable for determining
the activity of titanium dioxide in the condensed
phase. The applicability of this reference compound was
previously validated in experiments determining TiO2
activity in Ti3O5 using TiO2 as the standard state [26].

The activities of cerium dioxide in the concentra-
tion range of 10–90 mol % CeO2 were determined by
differential mass spectrometry using equation (5) with
individual CeO2 as the reference. Since individual
TiO2 exhibits significantly lower vapor pressure than
CeO2 at the experimental temperatures [18], experi-
mental determination of TiO2 activities at 2150 K
using Eq. (6) was possible only for samples no. 1 and
no. 2. In the homogeneous melt region at 2150 K,
activities of TiO2 for samples no. 1–7 were determined
using the Gibbs–Duhem Eq. (8):

(8)

where γ is the activity coefficient and x is the molar
fraction of the component.

(9)

where ai is the activity, γi is the activity coefficient, and
xi is the molar fraction of component i.

Integration was performed graphically with extrap-
olation to the infinite dilution [27].

Based on the obtained activity values, Gibbs ener-
gies and excess Gibbs energies over the entire investi-
gated concentration range were calculated using
Eqs. (10)–(13):

(10)

(11)

(12)

(13)
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Table 2. Melting temperatures of the samples in the TiO2–CeO2 system determined by visual polythermal analysis

No. sample Sample composition, mol % Onset of melting, °C Completion of melting, °C

1 10CeO2–90TiO2 2133 2193
2 20CeO2–80TiO2 1853 1958
3 30CeO2–70TiO2 1763 1763
4 40CeO2–60TiO2 1833 1853
5 50CeO2–50TiO2 1723 1853
6 60CeO2–40TiO2 1763 1813
7 70 CeO2–30TiO2 2143 2213
8 80CeO2–20TiO2 2413 2423
9 90CeO2–10TiO2 2493 2493



RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 71  No. 1  2026

VAPORIZATION AND THERMODYNAMIC PROPERTIES OF THE CeO2–TiO2 SYSTEM 5

The results are summarized in the Table 3 and illus-
trated in Figs. 1 and 2.

The temperature dependence of cerium dioxide
activity was examined in the range of 2100–2200 K
within the homogeneous melt region. For all investi-
gated samples, a(CeO2) values were found to be tem-
perature-independent within experimental uncer-
tainty. For samples №8 and №9 with the highest CeO2
content, the activity equals unity, indicating the pres-
ence of individual CeO2 phase at 2150 K.

For sample No. 2, the activity of titanium dioxide
was additionally determined directly using Eq. (6).
Determining these values experimentally for the
remaining samples was impossible, as the partial pres-
sure of TiO2 over these samples within the studied
temperature range fell below the instrument’s detec-
tion limit. The close agreement between the values
obtained by the two independent methods serves as a
key criterion for the reliability of the results.

The obtained data indicate that the CeO2–TiO2
system at 2150 K exhibits a negative deviation from

Table 3. Activities, activity coefficients, Gibbs energies, and excess Gibbs energies in the CeO2–TiO2 system at 2150 K

x(CeO2) x(TiO2) a(CeO2) a(TiO2) γ(CeO2) γ(TiO2) −∆Gm, 
kJ/mol

−∆GE, 
kJ/mol

0.0 1.0 0 1 0 1 0 0
0.1 0.9 0.006 ± 0.005 0.81 ± 0.07 0.062 ± 0.05 0.90 ± 0.08 12.4 ± 2.0 6.6 ± 2.0
0.2 0.8 0.033 ± 0.007 0.61 ± 0.03 0.163 ± 0.035 0.76 ± 0.04 19.4 ± 1.1 10.5 ± 1.1
0.3 0.7 0.083 ± 0.007 0.44 ± 0.16 0.278 ± 0.023 0.63 ± 0.022 23.5 ± 0.6 12.6 ± 0.6
0.4 0.6 0.159 ± 0.011 0.312 ± 0.014 0.397 ± 0.028 0.52 ± 0.024 25.7 ± 0.7 13.6 ± 0.7
0.5 0.5 0.257 ± 0.025 0.209 ± 0.020 0.51 ± 0.05 0.42 ± 0.04 26.1 ± 1.2 13.7 ± 1.2
0.6 0.4 0.38 ± 0.04 0.131 ± 0.021 0.63 ± 0.07 0.33 ± 0.05 25.0 ± 1.6 13.0 ± 1.6
0.7 0.3 0.515 ± 0.027 0.072 ± 0.009 0.74 ± 0.04 0.24 ± 0.03 22.4 ± 0.9 11.5 ± 0.9
0.8 0.2 1.00 – 1.00 – – –
0.9 0.1 1.00 – 1.00 – – –
1.0 0.0 1 0 1 0 0 0

Fig. 1. Dependence of CeO2 and TiO2 activities on composition in the CeO2–TiO2 system at 2150 K. The TiO2 activity values
obtained directly by the differential method are marked with black circles.
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Raoult’s law for both components, indicating signifi-
cant interactions in the melt.

CONCLUSIONS
Samples of the CeO2–TiO2 system with CeO2 con-

tents ranging from 10 to 90 mol % were synthesized by
the ceramic method. After annealing at 1400°C for
22.5 h, all samples were found to contain a stable
CeTi2O6 phase, with its fraction varying from 9 to 78%
depending on initial composition.

At 2150 K, most of the samples fall within the
homogeneous melt region, which made it possible to
determine the thermodynamic properties of the sys-
tem over a wide range of melt compositions.

It was established that CeO2 stabilizes TiO2 at high
temperatures, reducing the rate of thermal reduction.
The excess Gibbs energies of mixing reach –13.7 kJ/mol,
confirming the thermodynamic stability of the system

The melting temperatures of the samples range
from 1723 to 2493°C and show a clear dependence on
composition. The composition dependence of com-
ponent activities confirms homogeneous melting.
Samples with high CeO2 contents (80–90 mol %)
exhibit cerium dioxide activities close to unity, which
indicates the presence of an individual CeO2 phase at
2150 K.

The investigation of the thermodynamic properties
of the CeO2–TiO2 system has revealed key patterns of

its high-temperature behavior. The formation of the
stable CeTi2O6 phase and the negative deviations from
ideality in the melt indicate a significant interaction
between the components of the system, which is cru-
cial for the development of ceramic materials with
enhanced performance characteristics. The obtained
data on activities, Gibbs energies, and melting tem-
peratures provide a foundation for modeling the syn-
thesis and degradation processes of CeO2–TiO2-based
materials under high-temperature conditions. These
results advance the understanding of the high-tem-
perature behavior of complex oxide systems and can be
utilized for the design of materials with controlled
properties.
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