
High-temperature mass spectrometric study and modeling of 
thermodynamic properties in the La2O3-TiO2 system

Valentina L. Stolyarova a,b,* , Andrey L. Shilov a, Viktor A. Vorozhtcov a, Sergey I. Lopatin a,  
Anna V. Fedorova a,b

a Institute of Silicate Chemistry of Russian Academy of Sciences, Makarova Emb., 2, St. Petersburg 199034, Russia
b Saint Petersburg State University, Universitetskaya Emb. 7/9, St. Petersburg 199034, Russia

A R T I C L E  I N F O

Keywords:
La2O3-TiO2 system
Knudsen effusion mass spectrometry
Vaporization
Modeling
Thermodynamics

A B S T R A C T

The vapor composition over two samples of the La2O3-TiO2 system containing 50 and 90 mole % TiO2 was 
explored by the high-temperature Knudsen effusion mass spectrometric method. TiO2, TiO, and LaO species were 
identified in the vapor. From the measured partial pressures of the vapor species, the TiO2 activity as a function 
of composition was determined at the temperatures of 2290 K and 2475 K. As a result of modeling within the 
generalized lattice theory of associated solutions, the La2O3 activity was determined. The obtained component 
activities and the excess Gibbs energy indicate strong negative deviations from the ideal behavior, which are 
illustrated by the calculated concentration dependence of the relative number of mixed bonds in the system 
under study.

1. Introduction

Materials based on high-entropy oxides, carbides, and oxycarbides 
find ever-growing application in various fields of modern technology 
[1–4], stimulating further research into this direction for solving still 
more complicated technological problems [5–7]. The unique combina-
tion of physicochemical properties of these materials enables their 
application in such areas as preparation of ultra-high-temperature ce-
ramics including improved high temperature coatings [8–10], oxygen 
storage [11], separation of oxygen from the gaseous mixtures [12], 
chemical looping processes [11,13], and obtaining syngas using the 
oxidation of methane [14].

The electrochemical and photochemical properties of high-entropy 
oxides with the perovskite structure are of special interest in many as-
pects. They can be used in perovskite photocells, in which the band gap 
of TiO2 or ZrO2 can be changed by introducing a large number of other 
oxides [15]. High entropy oxide [(Bi,Na)0.2(La,Li)0.2(Ce,K)0.2Ca0.2Sr0.2] 
TiO3 was considered as anode material for lithium-ion batteries [16]. 
Oxycarbide phases exhibit greater chemical inertness with respect to 
oxidation at high temperatures compared to the corresponding carbides 
[3,17,18], and therefore high-entropy oxycarbides may be considered as 
the optimal and most promising candidates for creating materials of 

higher refractoriness. But currently, there is practically no information 
on the high-temperature description of the physicochemical processes 
taking place even in materials based on the most studied class of com-
pounds, which are high-entropy oxides. This significantly restricts the 
ability to predict, develop, synthesize, and exploit these materials.

Knudsen effusion mass spectrometry (KEMS) [19,20] is firmly 
established as one of the most informative methods for determination of 
the thermodynamic properties of oxides and many other substances at 
the temperatures above 1000 K. It provides most detailed information 
on the composition of the vapor phase and partial pressures of the vapor 
species over the vaporized samples of multicomponent systems essential 
for planning the synthesis procedures and evaluation of the product 
performance [21,22]. The potential of the KEMS method to study the 
thermodynamic properties of highly refractory systems has repeatedly 
been demonstrated earlier [23–25].

The objective of the present study is the KEMS investigation of the 
vaporization processes and thermodynamic properties of the samples in 
the La2O3-TiO2 system, which is a constituent part of certain multi-
component high-entropy oxides. Only the data related to the partial 
pressures over pure oxides and their vaporization enthalpies have been 
found in the literature: vaporization of La2O3 proceeds with the for-
mation of LaO, O, and negligible amounts of La in the vapor [26,27]; the 
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main vapor species over pure TiO2 are TiO2, TiO, and O [28,29]. The 
thermodynamic data for the binary La2O3-TiO2 system obtained in the 
present study by the KEMS method will be used later for characteriza-
tion and modeling of multicomponent oxide systems Sr-La-Ti-Hf-Fe-O 
and Sr-La-Ti-Hf-Fe-O-C.

2. Experimental

2.1. Samples synthesis

The samples in the La2O3-TiO2 system were prepared by conven-
tional solid-state synthesis. The reagents were ultra high purity La2O3 
(99.995 %, TU 48-4-523-90 specifications, Russia) and TiO2 (99.999 %, 
TU 6-09-3811-79 specifications, Russia). The required amounts of 
lanthanum oxide and titanium oxide weighed on OHAUS analytical 
balance with the accuracy of ±0.0001 g were homogenized for 1 hour in 
an agate mortar in ethanol medium. Next, the blend was shaped into 
pellets in a plexiglass pellet die. The pellets were calcined for 30 h at the 
temperature of 1573 K to guarantee the stability of the phase compo-
sition. The calcination was carried out at the atmospheric pressure in the 
high-temperature Nabertherm НТC 03/15 (Germany) furnace equipped 
with B180 controller.

Two samples were prepared with the composition 10 mole % La2O3 
and 90 mole % TiO2 (sample N 1) and with the composition 50 mole % 
La2O3 and 50 mole % TiO2 (sample N 2). Phase analysis of the samples at 
room temperature indicated that the most abundant phase in sample N 1 
is polymorph rutile modification of TiO2, with lesser admixtures of 
monoclinic La2Ti2O7 and orthorhombic La4Ti9O24, Fig. S1 in Supporting 
information. In sample N 2, XRD patterns revealed two phases: 
lanthanum titanate La2TiO5 and lanthanum dititanate La2Ti2O7, as 
shown in Fig. S2.

Elemental composition of the synthesized samples was determined 
by X-ray fluorescence analysis. The results presented in Table 1 indicate 
that average deviation of compositions by analysis from the composi-
tions by synthesis is within 7 %. Only the characteristic peaks of 
lanthanum, titanium, and rhodium were discovered in the energy- 
dispersive spectrum of the La2O3-TiO2 sample. The characteristic 
peaks of rhodium, which were also present in the spectrum, originated 
from the anode material of the spectrometer used for the analysis.

A more detailed account of the instrumentation and the results of 
analysis are given in the Supporting information.

2.2. Knudsen effusion mass spectrometry

The vaporization processes and thermodynamic properties of two 
samples in the La2O3-TiO2 system containing 90 and 50 mole % TiO2 
(samples NN 1 and 2) were investigated by the high-temperature 
Knudsen effusion mass spectrometric method. The data were obtained 
on a mass spectrometer (the MS-1301 model, Russia) using 30 V ioni-
zation voltage. The samples were vaporized from a tungsten twin effu-
sion cell heated by electron bombardment. One chamber of the twin cell 
was charged with the sample under study, the other one, used as a 
reference, was charged with pure TiO2, thus implementing the differ-
ential mass spectrometry technique. The temperature was measured 
with an optical pyrometer (model EOP-66, Ukraine). The pyrometer is 
checked regularly in D.I. Mendeleev Institute for Metrology.

The vapor pressure of CaF2 served as a standard [30] for a calibration 

of the mass spectrometer. To carry out the calibration, in separate ex-
periments without the samples of the La2O3-TiO2 system, the CaF2 vapor 
pressure was measured over CaF2, vaporizing from the effusion cell, by 
the complete isothermal vaporization method. The determined CaF2 
pressure value was compared to the reference book data [30]. The 
discrepancy between the experimental and reference values of the CaF2 
vapor pressure over CaF2 was attributed to a difference of the real 
vaporization temperature from the temperature measurement by the 
optical pyrometer, which allowed the temperature correction factor to 
be obtained. In subsequent experiments with the samples under study, 
the obtained correction factor was added to the optical pyrometer 
measurements to determine the temperatures of the sample 
vaporization.

It should be mentioned that the temperature correction factor is 
related not to the error of the pyrometer itself but to two main accom-
panying phenomena. The first phenomenon is a change in the trans-
mittance of the pyrometric glass, through which the temperature of the 
effusion cell is detected. As time passes, substances under study are 
deposited onto the pyrometric glass, and this affects the correctness of 
the temperature determination. The second phenomenon is related to 
the fact that temperature is detected in the area of the pyrometric 
channel of the effusion cell. But partial pressures of vapor species in the 
cell are influenced by the temperature of the coldest part in the cell. The 
temperature difference between the pyrometric channel and the coldest 
part in the cell can be up to ten kelvins. This phenomenon is also taken 
into account by the temperature correction factor obtained in the cali-
bration procedure.

The CaF2 partial pressure over calcium fluoride was obtained by the 
Hertz-Knudsen equation, Eq. (1): 

pi =
qi

tsL

̅̅̅̅̅̅̅̅̅̅̅̅

2πRT
Mi

√

, (1) 

where pi is the partial pressure of the vapor species i, qi is the mass of the 
sample vaporized as the vapor species i, s is the area of vaporization 
surface, which is assumed to be equal to the area of the effusion orifice, t 
is the vaporization time, L is the Clausing coefficient, π is the pi number, 
R is the universal gas constant, T is the vaporization temperature, Мi is 
the molar mass of the vapor species i.

In the calibration procedure, i = CaF2, the mass of the sample qi was 
3.7 mg, the effusion orifice area s was 0.31 mm2, the Clausing coefficient 
was 0.9, the vaporization temperature T was measured by the optical 
pyrometer as 1551 K. The time t of the complete vaporization of this 
mass of CaF2 at 1551 K was found as 300 min. Thus, according to Eq. (1), 
the value of the CaF2 partial pressure over calcium fluoride obtained by 
the complete isothermal vaporization method in this study was 0.75 Pa 
at 1551 K. According to the literature data [30], the partial pressure of 
CaF2 over calcium fluoride at 1551 K is 0.92 Pa. This leads to the tem-
perature correction factor of − 10 K. It means that the real temperature 
of the CaF2 complete vaporization in the experiment was 1541 K rather 
than 1551 K obtained by the optical pyrometer. This temperature 
correction factor was applied to all temperature measurements by the 
optical pyrometer in the subsequent experiments with the samples of the 
La2O3-TiO2 system.

The partial pressures of the vapor species over the samples in the 
La2O3-TiO2 system were determined by the ion current comparison 
method, Eq. (2): 

pi = pst
IiTiσstγst

IstTstσiγi
, (2) 

where Ii is the ion current, σi is the ionization cross section, γi is the 
conversion coefficient of the secondary electron multiplier specified as 
1/√Мi. Indices i and st denote the sample and the standard. In the 
present study, silver was chosen as the internal vapor pressure standard 
since silver interacts neither with the sample nor with the material of the 

Table 1 
X-ray fluorescence analysis of the samples in the La2O3-TiO2 system.

La2O3:TiO2, batch concentrations, mole % Concentrations according to XRF 
analysis, mole %

La2O3 TiO2

50:50 52±6 50±3
10:90 8 ± 4 92±5
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Knudsen cell and the Ag vapor pressure over silver was recommended by 
IUPAC [31]. Unfortunately, pure TiO2, which would eliminate the ratios 
of ionization cross-sections and coefficients of the secondary electron 
multiplier in Eq. (2), could not be used as a vapor pressure standard 
since TiO2 is not a congruently vaporizing substance and the tempera-
ture dependences of the partial pressures of the vapor species over it 
have not been reliably determined and accepted yet. So, calculation of 
partial pressures relied on the method of cross-sections evaluation rec-
ommended by Drowart et al. [19], making the assumption that 
σ(МO)/σ(М) = 0.65 and σ(МO2)/σ(МO) = 0.50. The ionization 
cross-sections of atomic titanium and lanthanum were taken from Mann 
[32]. The partial pressure of atomic oxygen could not be measured 
directly because of the high background level at m/z = 16 and had to be 
evaluated by Eq. (3) [33] derived as presented earlier by Kablov et al. 
[34]: 

p(O) = p(TiO)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M(O)

M(TiO)

√

+ 0.5p(LaO)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M(O)

M(LaO)

√

. (3) 

The vaporization rates of the samples were determined using the 
partial pressures of the vapor species by Eq. (4), which is a transformed 
form of Eq. (1): 

qi

ts
= piL

̅̅̅̅̅̅̅̅̅̅̅̅
Mi

2πRT

√

, (4) 

where qi/ts is the mass of the i vapor species that vaporized from the unit 
sample surface s during unit time t.

It should be highlighted that the effusion cell, from which samples 
are vaporized in the KEMS studies, cannot be opened because the lids of 
the effusion cells are closely connected with the cell crucible. So, the 
samples under examination could not be extracted for the subsequent 
analysis after the high-temperature experiments. To purify the effusion 
cell, the samples were vaporized completely at high temperatures. This 
technique has an advantage because it allows determination of the 
concentration dependences of the thermodynamic properties in the 
system under study. If a sample is vaporized completely and ion current 
intensities in mass spectra of vapor over it are measured simultaneously, 
then changes in the sample condensed phase composition due to the 
component vaporization can be evaluated by the complete isothermal 
vaporization method. This enables thermodynamic properties to be 
obtained for all the condensed phase compositions observed in the 
course of the sample vaporization using the standard KEMS technique, 
for instance, determination of partial pressures of vapor species and 
vaporization rates of all the observed condensed phase compositions by 
Eqs. (2)-(4).

3. Results and discussion

3.1. Sample N 1: 90 mole % TiO2

In the mass spectrum over sample N 1, the ion peaks of TiO+and TiO2
+

with the intensity ratio 1:0.9 were recorded starting from the tempera-
ture of 2000 K. No peaks referring to lanthanum were detected at this 
temperature. Transition of lanthanum oxide to the vapor phase started 
at the temperature about 2270 K when LaO+ ions appeared in mass 
spectra. During isothermal vaporization at 2290 K, the intensities of the 
TiO2

+ and TiO+ ion currents gradually decreased while the LaO+ ion 
current increased. The ratio of the TiO+ and TiO2

+ ion currents first 
increased steadily from nearly 0.5 to 1.6, and then for a long while 
remained constant. As the temperature was raised up to 2590 K, all ion 
currents increased and then dropped to the level of background indi-
cating complete vaporization of the sample.

For the mass spectra interpretation, the appearance energies of the 
ions were measured. The obtained values of 9.6 (TiO2

+), 6.7 (TiO+), and 
5.0 (LaO+) eV were equal within the accuracy of the measurements 
(±0.3 eV) to the energies of ionization of the corresponding molecules 

[35] proving that the main vapor species over the sample under study 
were TiO2, TiO, LaO, and oxygen.

Thus, the vaporization of this sample in the La2O3-TiO2 system can 
be described by the following reactions: 

TiO2(s) = TiO(g) + O(g),                                                               (5)

La2O3(s) = 2 LaO(g) + O(g),                                                          (6)

O2(g) = 2 O(g).                                                                             (7)

The results of calculations by Eqs. (2) and (3) are listed in Table 2. 
The dynamics of the sample mass losses due to the component vapor-
ization at high temperatures calculated by Eq. (4) is presented in 
Table S1 in Supporting Information.

The partial pressures of the vapor species over sample N 1 as a 
function of vaporization time and temperature are shown in Fig. S3 
(Supporting information).

On the basis of the obtained data, Table 2, the mass loss of the sample 
with time was calculated allowing for the calculation of the dependence 
of the partial pressures on the composition of condensed phase. The 
resulting curves are shown in Fig. 1. It follows from this figure that the 
ratio of TiO to TiO2 partial pressures increased in the first part of the 
experiment at the temperature 2290 K from 0.21 to 0.67 and then 
remained constant in the range 0.74±0.07 practically until the tem-
perature increase to 2590 K.

From the experimental data on the temperature dependences of the 
TiO2 and TiO partial pressures in the vapor over sample N 1, the 
following equations, Eqs. (8) and (9), could be derived in the tempera-
ture range 2019–2221 K: 

logp(TiO2, Pa) = −
18506 ± 1689

T
+ (8.22 ± 0.78), (8) 

Table 2 
Partial pressures of the vapor species over the La2O3-TiO2 system vaporizing 
from the initial composition La2O3:TiO2 = 10:90, mole %, as a function of the 
vaporization time, temperature, and composition of the condensed phase. The 
standard uncertainty of the partial pressures of the TiO2, TiO, and LaO vapor 
species over the sample under study is 15 %.

Vaporization time, 
min

T, K xi, mole 
fraction

pi, Pa

TiO2 La2O3 TiO2 TiO LaO O

2 2019 0.900 0.100 0.23 0.08 – 0.04
6 2091 0.900 0.100 0.50 0.20 – 0.10
10 2124 0.899 0.101 0.89 0.12 0.01 0.06
13 2207 0.899 0.101 1.49 0.34 0.02 0.17
17 2221 0.898 0.102 1.31 0.24 0.02 0.12
20 2289 0.897 0.103 3.29 0.68 0.04 0.35
25 2289 0.895 0.105 3.00 0.81 0.04 0.41
30 2284 0.893 0.107 2.80 1.09 0.04 0.55
35 2284 0.890 0.110 2.61 1.16 0.04 0.58
40 2284 0.887 0.113 2.61 1.20 0.05 0.61
50 2290 0.882 0.118 2.13 1.23 0.06 0.62
60 2289 0.877 0.123 1.93 1.30 0.09 0.66
70 2288 0.871 0.129 2.03 1.28 0.09 0.65
90 2287 0.859 0.141 1.74 1.11 0.11 0.57
100 2285 0.852 0.148 1.64 1.29 0.11 0.66
120 2284 0.837 0.163 1.45 1.06 0.13 0.55
135 2287 0.825 0.175 1.45 1.06 0.13 0.55
150 2290 0.811 0.189 1.16 0.84 0.13 0.44
165 2288 0.796 0.204 1.16 0.92 0.10 0.48
180 2285 0.779 0.221 0.96 0.73 0.10 0.38
195 2286 0.761 0.239 0.87 0.70 0.09 0.36
210 2288 0.741 0.259 0.77 0.63 0.10 0.33
240 2296 0.694 0.306 0.68 0.60 0.13 0.32
240 2586 0.694 0.306 7.22 6.87 3.50 3.99
245 2586 0.634 0.366 4.59 5.75 4.20 3.55
250 2580 0.593 0.407 2.84 3.43 5.12 2.53
255 2582 0.674 0.326 – 0.83 0.62 0.51
260 2585 0.899 0.101 – 0.14 0.06 0.08
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logp(TiO, Pa) = −
15255 ± 2172

T
+ (6.40 ± 1.01), (9) 

which are presented graphically in Fig. S4 (Supporting information). It 
should be mentioned that Eqs. (8) and (9) are ascribed to the initial 
composition of the sample. The condensed phase composition could be 
assumed as not changing in the experimental runs. To ensure this, a 
much larger mass of the sample was loaded into the effusion cell 
compared to the complete vaporization experiments to guarantee the 
correctness of the obtained values. It is known that changes in the 
condensed phase composition manifest itself by the changes in the TiO2

+

and TiO+ ion currents at a certain fixed temperature T. At the instant 
when the ion current intensities (measured at the temperature T) started 
to decrease, the experiment was stopped, and, thus, only the data ob-
tained at nearly constant composition were used for derivation of Eqs. 
(8) and (9). Hence, the equations are valid for the composition of 10 
mole % La2O3 and 90 mole % TiO2, i.e. for the initial composition of the 
sample.

3.2. Sample N 2: 50 mole % TiO2

The peaks of TiO+and TiO2
+ ion currents appeared in the mass 

spectrum of the vapor over sample N 2 at the temperature around 2400 
K. Simultaneously a more intensive peak of the LaO+ ion was recorded. 
The measured appearance energies of the ions indicated that the mo-
lecular species in the vapor over sample N 2 were the same as over 
sample N 1 (TiO2, TiO, LaO, and O). In the course of isothermal 
vaporization of the sample at the temperature 2475 K, the LaO+ ion 
current gradually decreased while the TiO+and TiO2

+ currents increased. 
As it was mentioned in Section 2.2, samples NN 1 and 2 were vaporized 
completely at high temperatures to remove the sample residues from the 
Knudsen cell, and mass spectra of vapor over them were simultaneously 
measured. This can be seen in Figs. S3 and S5 (Supporting information) 
as the gradual decrease in the partial pressures of the vapor species over 
samples NN 1 and 2 with vaporization time in the final parts of the KEMS 
experiments.

The partial pressures of the vapor species over sample N 2 were 
determined using Eq. (2). Dependence of the partial pressures of the 
vapor species over sample N 2 on the vaporization time is shown in 
Fig. S5 (Supporting information). Using these curves and the complete 
isothermal vaporization method similarly to sample N 1, the dependence 
of the partial pressures on the composition of the condensed phase was 
derived, Fig. 2.

The data on the partial pressures of vapor species over sample N 2 
depending on the vaporization time, composition of condensed phase, 

and temperature are listed in Table 3. The dynamics of the sample mass 
losses due to the component vaporization at high temperatures calcu-
lated by Eq. (4) is presented in Table S2 in Supporting Information.

The temperature dependence of the vapor species partial pressures 
was not obtained since the partial pressures of TiO, TiO2, and LaO could 
not be measured in a sufficiently wide temperature range due to the big 
difference in the volatilities of titanium and lanthanum oxides. When 
TiO+ and TiO2

+ appeared in the mass spectrum the intensity of LaO+

started to decrease rapidly indicating a considerable change in the 
composition of condensed phase.

The difference in the most volatile components in samples NN 1 and 
2 should be especially mentioned. As follows from Table 2, titanium 
oxide vaporized predominantly from sample N 1, containing initially 90 
mole % TiO2. The condensed phase in course of the vaporization was 
enriched with La2O3. In contrast, sample N 2, containing initially 50 
mole % TiO2, was characterized by predominant vaporization of 
lanthanum oxide while the condensed phase was enriched with TiO2. 
This evidences that an azeotrope may exist in the concentration range 
50–90 mole % TiO2 between the samples studied. According to our 

Fig. 1. Concentration dependence of the partial pressures of vapor species over 
sample N 1, containing initially 90 mole % TiO2, at 2290 K and 2590 K.

Fig. 2. Partial pressures of vapor species over sample N 2, containing initially 
50 mole % TiO2, as a function of condensed phase composition at the tem-
perature 2475 K.

Table 3 
Partial pressures of vapor species over the La2O3-TiO2 system with the initial 
composition La2O3:TiO2 = 50:50, mole %, as a function of vaporization time, 
temperature, and composition of the condensed phase. The standard uncertainty 
of the partial pressures of the TiO2, TiO, and LaO vapor species over the sample 
under study is 15 %.

Vaporization time, 
min

T, K xi, mole 
fraction

pi, Pa

TiO2 La2O3 TiO2 TiO LaO O

0 2416 0.500 0.500 0.27 0.40 3.98 0.84
3 2440 0.506 0.494 0.70 0.63 3.95 0.94
10 2469 0.51 0.484 0.84 0.80 3.91 0.94
15 2469 0.52 0.477 0.56 0.59 3.16 1.03
20 2475 0.529 0.471 0.63 0.70 2.87 0.80
25 2469 0.535 0.465 0.67 0.62 2.83 0.81
35 2469 0.546 0.454 0.75 0.71 2.77 0.76
45 2470 0.556 0.444 0.82 0.80 2.71 0.80
60 2470 0.570 0.430 0.94 0.94 2.62 0.83
70 2469 0.577 0.423 1.01 1.03 2.54 0.89
80 2467 0.582 0.418 1.08 1.12 2.48 0.92
90 2472 0.582 0.418 1.16 1.22 2.42 0.96
95 2472 0.580 0.420 1.20 1.26 2.39 1.00
105 2472 0.579 0.421 0.99 1.01 2.35 1.01
125 2476 0.610 0.390 0.49 0.92 1.54 0.88
135 2478 0.690 0.310 – 0.12 0.10 0.70
150 2478 – – – – – –
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evaluation based on the complete isothermal vaporization experiments, 
which allowed calculation of the changes in the condensed phase 
chemical compositions of the samples due to the component selective 
vaporization, the azeotrope composition should contain 60 to 70 mole % 
TiO2. However, there is a need for separate experiments with the sam-
ples in the concentration range mentioned to show that their condensed 
phase chemical composition remains unchanged and no selective 
vaporization of the components takes place at temperatures as high as 
2475 K. These experiments would allow identification of the azeotropic 
composition in the La2O3-TiO2 system more precisely and can become 
the base for continuation of the present investigation in subsequent 
studies.

3.3. Thermodynamic properties of the La2O3-TiO2 system

Differential mass spectrometry method used in the present study 
permits determination of component activities without calculating the 
partial pressures, Eq. (1), which may introduce additional uncertainties 
to the obtained values. When reference effusion cell is loaded with in-
dividual titanium dioxide, then the TiO2 activity is determined using Eq. 
(10)

a(TiO2) =
p(TiO2)

p∘(TiO2)
=

I
(
TiO+

2
)

I∘
(
TiO+

2
), (10) 

where subscript “◦” refers to the activity standard (pure TiO2). The 
partial pressures in Eq. (10) are substituted for the corresponding ion 
currents according to Eq. (11)

pi = kIiT, (11) 

where k is the sensitivity constant of the device. Concentration depen-
dence of the TiO2 activity determined by Eq. (10) is represented in 
Table 4 and in Fig. 3.

The range of compositions shown in Fig. 3 is divided into two sec-
tions. The right hand part summarizes the results of isothermal vapor-
ization of sample N 1 (90 mole % TiO2) at the temperature 2290 K and 
the left hand part refers to sample N 2 (50 mole % TiO2) vaporized at the 
temperature 2475 K. It should be mentioned that it was impossible to 
measure the titanium dioxide activity from the isothermal vaporization 
of sample N 1 for the whole range of compositions shown in Fig. 3. 

When, as a result of mass loss, the content of TiO2 reached 70 mole %, 
the composition of condensed phase stabilized and did not change 
during further vaporization. The curves in Fig. 3 indicate also that TiO2 
activity does not depend on the temperature significantly.

Fig. 4 represents the phase diagram of the La2O3-TiO2 system given 
in Refs. [36–38]. Vaporization of both samples was carried out at the 
temperatures corresponding to the field of homogeneous melts on the 
phase diagram. Hence, the activity of the second component can be 
calculated using Gibbs-Duhem integration, Eq. (12): 

ln
a(La2O3)

x(La2O3)
= −

∫
ln

a(TiO2)
x(TiO2)

ln
a0(TiO2)
x0(TiO2)

x(TiO2)

x(La2O3)
dln

a(TiO2)

x(TiO2)
. (12) 

However, strong deviation of TiO2 activity concentration depen-
dence from the ideal behavior did not allow its correct extrapolation to x 
(TiO2) = 0, which must be carried out according to Eq. (12). To avert this 
difficulty, the Redlich-Kister polynomial approximation [39] and 
modeling within the GLTAS approach [40] were performed (see next 
section). The results obtained by the Redlich-Kister polynomial are 
presented in Supporting information in Figs. S6 and S7 and Table S3. 
The GLTAS results are presented in Table 4 and in Figs. 3 and 5. The ΔG 
and ΔGE errors shown in Table 4 were calculated based on the deviations 
of the TiO2 activities and activity coefficients obtained experimentally 
and optimized using the GLTAS approach as presented in Fig. 3 for the 
TiO2 activities.

3.4. Modeling

The generalized lattice theory of associated solutions (GLTAS) [40] is 
quite suitable for analysis and extrapolation of the experimental data 
obtained by Knudsen effusion mass spectrometry and has been repeat-
edly used for optimization of various oxide systems [41,42]. A brief 
account of the theory may be found in the Supporting information.

In the present study the following model was chosen. The coordi-
nation number of the model lattice equals 4. TiO2 and La2O3 are the 
structural units occupying 1 and 2 sites of the lattice, respectively, ac-
cording to the molar volumes of the oxides, and have 4 and 6 contact 
points. The energies of interaction of contacts metal-metal and oxygen- 
oxygen are considered zero.

Analysis of the data on the energy parameters obtained earlier in 
several binary and ternary systems indicates that, for the same oxides, 
they do not vary greatly, within the accuracy of calculations, in groups 
of ternary and multicomponent systems containing these oxides. Since 
the experimental data were available only for one component, the en-
ergy parameters could be interpolated only with great uncertainties, 
thereby making the results of the calculations rather indeterminate. This 
difficulty could be partly eliminated by making use of transferability of 
the energy parameters, i.e., the values for La-O[La] and Ti-O[Ti] bonds 
taken from our earlier studies [43,44]. As a result, the optimized con-
centration dependences of the TiO2 and La2O3 activities and excess 
Gibbs energies were obtained, Figs. 3 and 5. Taking as a reference the 
calculated values for a(La2O3), curve 2 in Fig. 3, the Gibbs-Duhem 
integration of a(TiO2) was normalized, the calculated values of the 
La2O3 activities are shown in the figure.

Additionally, GLTAS approach allows comparison of the obtained 
thermodynamic functions with the relative number of bonds of different 
type in the lattice modeling the melt structure, Fig. 6. Maximum of the 
curve 3 for mixed bonds in the figure is shifted towards greater con-
centrations of TiO2. The same behavior demonstrates ΔGE in Fig. 5. This 
is in full agreement with the phase diagram shown in Fig. 4 and indicates 
that the strongest interaction of components in the melts corresponds to 
the compound La2O3 • 2TiO2, existing at lower temperatures.

The strong negative deviations observed in the La2O3-TiO2 system 
are unfavorable for determination of thermodynamic properties by 

Table 4 
Concentration dependence of the component activities, Gibbs energy of forma-
tion from the oxides (ΔG), and excess Gibbs energy (ΔGE) in La2O3-TiO2 melt.

xi, mole 
fractions

T, K ai -ΔG 
(±6 kJ/mole), 
kJ/mole

-ΔGE 

(±6 kJ/mole), 
kJ/mole

TiO2 La2O3 TiO2 La2O3

0.900 0.100 2290 0.84 9 ×
10–5

23 17

0.875 0.125 0.72 3 ×
10–4

28 21

0.850 0.150 0.63 7 ×
10–4

33 25

0.825 0.175 0.54 1.6 ×
10–3

37 28

0.800 0.200 0.47 2.8 ×
10–3

41 32

0.775 0.225 0.41 4.7 ×
10–3

45 35

0.750 0.250 0.35 7.8 ×
10–3

49 38

0.725 0.275 0.31 0.011 52 41
0.700 0.300 0.27 0.016 55 43
0.600 0.400 2475 0.165 0.039 61 49
0.575 0.425 0.145 0.046 62 49
0.550 0.450 0.12 0.059 62 49
0.525 0.475 0.098 0.075 61 48
0.500 0.500 0.071 0.11 61 47
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KEMS in two respects. First, the lower values of ion currents resulting 
from the strong negative deviations lead to the lower measurement ac-
curacy and, hence, to greater uncertainties of the obtained values and 
reduced concentration range available for the KEMS study due to the 
sensitivity limitations of the mass spectrometer. Second, the strong 
negative deviations reduce the accuracy of determination of component 
activity by the differential mass spectrometric method since the values 
of partial pressures of vapor species over a sample pi and a standard pi

◦, 
which are to be measured, may differ by orders of magnitude. Two 
limitations define the available range of the vaporization temperatures 
in KEMS: at low temperatures, though pi

◦ may still remain within the 
range of the validity of the Knudsen method, pi approaches the threshold 
of the method sensitivity and becomes too low to be measured. At too 
high temperatures, when pi can be measured with sufficient precision, 
pi
◦ becomes greater than 13 Pa, which is considered as the maximum 

vapor pressure that can be reliably determined by the Knudsen effusion 
method. So, it is necessary to find the temperature at which pi is slightly 
above the sensitivity threshold while pi

◦ is still within the range of the 
validity of the KEMS method, which is certain to increase the uncer-
tainty of the values obtained. Third, the resulting steep concentration 

dependences of the component activities can only roughly be interpo-
lated within the GLTAS approach. This factor explains certain 
disagreement between the TiO2 activities obtained experimentally and 
calculated by the GLTAS optimization, Fig. 3. Hence, the given ther-
modynamic description should be considered as semi-quantitative. The 
main finding of the present study is the achievement of the stage of 
congruent vaporization in samples NN 1 and 2, implying the existence of 
a certain azeotropic composition in the range of melt concentrations 
from 60 to 70 mole % TiO2.

4. Conclusions

First, thermodynamic description of La2O3-TiO2 melts at the tem-
peratures 2290 K and 2475 K was obtained using the Knudsen effusion 
mass spectrometric method. Vaporization dynamics of these melts at the 
temperatures mentioned illustrated the possibility of the azeotrope 
formation in the La2O3-TiO2 system. Modeling of the thermodynamic 
data with the correlation of the structure of the condensed phase of the 
La2O3-TiO2 melts was carried out using the generalized lattice theory of 
associated solutions. The experimental data found may be used in the 
further modeling of the phase equilibria using the CALPHAD approach.
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