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A B S T R A C T

The binary system La2O3-WO3 was thermodynamically assessed using the available experimental information on 
phase equilibria and thermodynamic properties of binary lanthanum tungstates. The Gibbs energies of eight 
compounds (La2O3)m(WO3)n were for the first time generated based on thermal (Differential Thermal Analysis- 
DTA), calorimetrical and EMF (Electro-motive force) measurements from the literature. The melting temperature 
of the compound La6W2O15 was determined by high-temperature dilatometry. The modified associate species 
model was successfully applied for description of the liquid phase. The solid solution based on the compound 
La10W2O21 (called LaWO) with defective fluorite type structure shows promising conductive properties and can 
be applied as proton conductor in various electrochemical devices. Therefore, this phase was included in the 
dataset and modelled using a multi-sublattice model. The calculations on phase equilibria and thermodynamic 
properties are in good agreement with the available experimental data. The dataset obtained can be used for 
calculations of the thermodynamic stability of the relevant ceramic phases in order to predict the properties of 
the complex systems containing functional materials and environmental conditions (temperature, chemical 
compositions).

1. Introduction

In the light of the global energy transition, in which the focus is on 
technologies for decarbonization and sustainability of energy produc
tion, storage and utilization in e.g., mobility and industrial sectors, there 
is the need for high performance materials as key technological enablers. 
The definition of materials with operational efficiency is therefore the 
cornerstone for the advancement of innovative technologies and their 
deployment in a multitude of applications. (Co-) Electrolysers, fuel cells, 
membrane reactors, H2 pumps and compressors based on proton con
ducting ceramic materials are technologies with relatively low techno
logical readiness and highly promising prospects due to several 
important advantages over other competitive technologies [1]. There is 
a variety of material choices depending on their function in such elec
trochemical devices, e.g., solid electrolyte, electrode for H2 generation 
or for water splitting etc., offering various ranges of target properties for 
each mentioned application [2].

In the context of chemical industry decarbonization, electrochemical 

or pressurized proton conducting ceramic reactors for synthesis of 
various chemicals need to be based on robust and well-performing 
material classes. In this context, an important family of ceramic mate
rials with protonic and mixed protonic-electronic conductivity is the 
family of lanthanide tungstates (LaWO), denoted generally as Ln6WO12 
with Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Tm, Yb, Lu and Y. Its crystal 
structure can be described as ordered defective fluorite or disordered 
pyrochlores with two vacant interstitials in the oxygen lattice 
Ln6WO12Va2 [3]. This structure transforms along the lanthanide series 
from cubic or pseudo-cubic for lanthanum to praseodymium, to 
pseudo-tetragonal from neodymium to gadolinium, to rhombohedral for 
the smaller rare-earth cations from terbium to lutetium and for yttrium 
[4]. This material class has attracted significant attention in the last two 
decades since the pioneering work by Shimura et al. [5] revealed proton 
conductivity of 3–5·10− 3 S/cm for La6WO12 (with the highest value 
measured for La5.8WO12). Proton conductivity of La6WO12 dominates 
below 1073 K [6]. Apart from the protonic or mixed protonic-electronic 
conductivity at elevated temperatures [7,8], materials of this family 
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exhibit less resistive grain boundaries compared to state-of-the-art 
ceramic proton conductors such as BaZr(Ce,Y)O3. Additionally, these 
are materials with superior mechanical and chemical stability compared 
to a number of other ceramic classes and this is an appealing feature to 
promote their application in devices operating under harsh conditions 
including presence of CO2, CO, H2S, HCN, COS, steam, etc. and mod
erate pressure gradients [9–11]. Furthermore, a few compatibility 
studies reveal that LaWO is chemically stable in contact with other 
functional materials for electrochemical devices, such as 8YSZ, 8YSZ-
NiO, CGO, MgO, in the 873–1073 K operational range [12], as well as 
La0.7Sr0.3MnO3-δ, La0.75Sr0.25Cr0.5Mn0.5O3-δ but it reacts with 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ, according to Quarez et al. [13]. All this makes 
these materials suitable to develop and scale up various membrane 
reactor concepts, e.g. water gas shift reactors or other devices for cata
lytic processing of chemicals [14–18].

The compositional area of this LaWO phase covers the range from 
La10W2O21 and La6WO12 depending on temperature. La6WO12 could be 
described as a face-centred cubic structure with an inherently deficient 
oxygen sublattice which can be filled by proton defects (OH•) in pres
ence of water vapor. According to latest structural studies, the general 
formula La28-xW4+xO54+1.5xVa2–1.5x (LAWO) where x = 0.74–1.08 is 
adopted as the representative one for this class of proton conductors [19, 
20].

The properties of the system La2O3-WO3 are therefore crucial for 
synthesis and application of these oxide materials. The knowledge about 
stability of lanthanum tungstate depending on temperature and partial 
pressure of oxygen can support the development and design of prom
ising membrane materials. A reliable dataset containing the thermody
namic functions for all phases is helpful for calculations and predictions 
of various thermodynamic properties (phase equilibria, heat capacity, 
transition temperature, phase stability, etc.) by variation of chemical 
composition, temperature, and pressure. The quality of the database, its 
reliability and completeness, is a key issue of thermodynamic 
calculations.

In the last decades, a new oxide and salt database has been developed 
[21,22] including various oxides, e.g. [23,24], and sulphides [25]. The 
database containing the oxides of alkali (Li, K, Na), earth-alkali (Ca, 
Mg), transition metals (Co, Cr, Cu, Fe, Mn, Ni), Al, Si, Zn, P has been 
thermodynamically assessed using all available experimental data on 
phase equilibria and thermodynamic properties [22]. This database is 
relevant for the development and production of refractory materials as 
well as for metallurgical slag applications, glass processing, or ash/slag 
formation during coal/biomass combustion and gasification [26].

The CALPHAD method [27] is implied to develop the thermody
namic database using all available experimental information on ther
modynamic properties, such as phase equilibria, crystal structure, etc. 
The Gibbs energy (G) as a temperature-dependent (for a stoichiometric 
compound) or temperature-composition dependent function (for a so
lution phase) is generated for all phases. The corresponding thermody
namic parameters are optimised in the framework of the suitable 
thermodynamic model for each phase in order to provide a good 
agreement between measured and calculated data. The obtained dataset 
is used for further calculations and predictions.

The aim of the present work is the generation of a thermodynamic 
dataset for the binary system La2O3-WO3 including the stoichiometric 
compounds and the solid and liquid solutions. In the literature, the 
phase equilibria data in the system lanthanum oxide - tungsten (VI) 
oxide have been experimentally studied using various methods, namely 
Differential Thermal Analysis (DTA), X-ray diffraction (XRD), high 
temperature X-ray diffraction (HT XRD) and chemical analysis, e.g. 
[28–32]. In the present work, the most reliable and consistent literature 
data on binary compounds with various ratios La2O3:WO3 were criti
cally evaluated and selected to be used in optimisation of thermody
namic parameters. The temperature dependences of the Gibbs energies 
for stoichiometric compounds were modelled considering the available 
thermochemical data, which were obtained in the literature by 

calorimetry and Electro-motive Force (EMF) methods. The 
proton-conductive phase LaWO based on La10W2O21 and La6WO12 is 
modelled using the multi-sublattice model in order to predict the solu
bility area in agreement with the experimental data. The sub-lattice 
model is the most applicable model for the description of the solid sol
ubility in the oxide system, because this approach can consider the 
crystallographic information. The Gibbs energy of the liquid phase was 
modelled using a non-ideal associate solution model proposed by 
Besmann and Spear [33]. This model has been successfully applied for 
the description of melts containing oxides, sulphides and salts [22]. 
Since this dataset will be integrated into the general oxide-sulphide 
database [22], it enables the prediction of the interactions between 
oxide materials and environment, including the gas phase, slag, and 
other solid phases. Therefore, the associate species model is kept for the 
description of the liquid phase in the present work. The binary 
sub-systems La-O, W-O and La-W are not a main subject of the present 
study, but these systems were considered to have a complete description 
of the system La-W-O.

In addition, a preliminary experiment was done to prove the melting 
point of the compound with the ratio La2O3:WO3= 3:2 using the dila
tometry method with the purpose to clarify the contradictory informa
tion concerning the melting temperature of lanthanum tungstate.

2. Literature survey (available experimental data)

2.1. Phase diagram

Phase equilibria data in the binary system lanthanum oxide and 
tungsten (VI) oxide have been experimentally studied using various 
experimental techniques, namely thermal analysis, high temperature X- 
ray diffraction (HT XRD) or conventional XRD, chemical analysis.

The existence of several lanthanum tungstates with the composi
tional ratio La2O3:WO3= 1:3, 11:9, 1:1, 3:2 and 3:1 was established by 
Tyushevskaya et al. [28]. A series of mixtures with mole fraction of 
La2O3 in steps of 0.05 was prepared using the conventional mixed-oxide 
route, the sintering was performed stepwise in the temperature range 
1073–1973 K depending on the chemical composition in order to avoid 
possible melting. The structure of phases was identified by X-ray 
diffraction on powders. Furthermore, the solid-liquid equilibria in this 
system were presented in the concentration range from 0 to 0.80 mol 
fraction of La2O3 [29–32,34]. The first phase diagram up to appr. 
0.33 mol fraction of La2O3 was proposed by Rode et al. [29] based on the 
results of DTA, XRD, and densimetric analysis. Similar methods were 
applied by Ivanova et al. [30] who determined the liquidus line in the 
concentration range of 0–0.75 mol fraction of La2O3. All samples were 
annealed to be equilibrated at various temperatures in the range of 
1173–1673 K. The phase relationships were determined using thermal 
(DTA up to 1573 K, visual-polythermal curves coupled with microscopy 
in the range of 1273–2473 K) and structure methods (XRD). The solid 
solubilities on the basis of the compounds 1:1, 3:2 and 3:1 were 
proposed.

Casteels et al. [34] studied the thermodynamic stability and struc
ture of the phases in the concentration range 0.75–1 mol fraction of 
La2O3, where the compounds 3:1 and 5:2 were identified. The vapour 
pressure measurements were performed using the KEMS method 
(Knudsen Effusion Mass Spectrometry) in the temperature range of 
1800–2300 K. The residues of the effusion cell after measurements were 
examined by XRD.

The study of structure and phase equilibria was undertaken for rare 
earth tungstates by Yoshimura et al. [35]. High temperature X-ray 
diffraction (HT XRD) in combination with thermal analysis allowed to 
modify the phase diagram, in particular at high concentration of La2O3 
and at high temperatures [31]. The solid solubility based on the crys
tallographic modifications of lanthanum oxides was proposed. Besides 
the conventional synthesis method, solid-state reaction, Yoshimura [36]
used co-fusion and long annealing afterwards (7–10 days) to ensure their 
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homogeneity of the compounds obtained. The new compound with the 
composition La2O3:WO3= 7:8 was introduced by Yoshimura et al. [31, 
35], although this composition was mentioned as an end-member of the 
solid solution in the concentration range of 0.467–0.5 mol fraction of 
La2O3 by Ivanova et al. [30].

The lanthanum tungsten bronzes LaxWO3 (x = 0.1–0.2) were pre
pared by solid state reaction at P = 3•109 Pa and T = 1320–1620 K and 
structurally and thermally characterized by X-ray diffraction, electron 
microscopy, and thermal analyses [37,38]. Since these phases can be 
obtained at high pressure only, they were not considered in the present 
work.

The representative phase diagrams from the literature are shown in 
Fig. 1. The pictures are taken from the original literature, and temper
ature is shown in ◦C. The compositions of all binary compounds in the 
system La2O3-WO3 are listed in Table 1. The compound with the La2O3: 
WO3 ratio of 2:3 could be obtained in a NaCl melt, but not found in the 
La2O3-WO3 system [39]. Therefore, this composition was excluded in 
the present work. The compound 11:9 was considered in [30,32] as part 
of the solid solution based on the compound 3:2. Since this solubility 
was not confirmed in other structural study, e.g. in [31], and no ther
modynamic data is found, the compound 11:9 was not considered in the 
present work. The compounds 2:9 and 9:10 were replaced in accordance 
with the corresponding literature by 5:22 and 7:8, respectively. The 
detailed data on the individual compounds is presented in the next 
chapters.

2.2. Thermodynamic properties of stoichiometric compounds

In the literature, the high temperature enthalpy increment was 
experimentally determined for the following lanthanum tungstates: 
La10W2O21, La6W2O15, the low temperature modification of La2WO6 
[50], La14W8O45, La2W2O9, La2W3O12 and La10W22O81 [51]. In both 
studies, the measurements were carried out in a massive calorimeter 
with an isothermal shell (298 ± 0.01 K) in air in the temperature range 
298–1500 K. The compounds were prepared by solid state reaction from 
oxides with long annealing at 1373–1673 K. The composition of the 
samples obtained was controlled by chemical analysis and X-ray study 
after preparation and during the calorimetric measurements. The heat 

capacity of the corresponding binary compounds was determined based 
on the measured values of the enthalpy. The temperature dependences 
of the heat content and the heat capacity were reported for the corre
sponding temperature intervals.

Chentzov et al. [52] studied the formation of La6WO12 (3:1) using the 
electromotive force (EMF) method in a cell with Pt electrodes and ThO2 
doped with La2O3 as a solid electrolyte. Wustite was applied as a 
reference electrode. The measurements were carried out in vacuum 
(appr. 1.3–6.6•10− 8 atm). The equation for the Gibbs energy of the re
action 3La2O3+W+ 3/2O2→ La6WO12 was obtained in the temperature 

Fig. 1. Phase equilibria in the system La2O3-WO3 according to the literature (left: Ivanova et al. [30]; right: Yoshimura and Rouanet [31]. The pictures are taken 
from the original literature, and temperature is shown in ◦C.

Table 1 
Binary compounds in the system La2O3-WO3.

Chemical 
formula

ratio 
La2O3: 
WO3

mole fraction Structure / 
Space group* Note

WO3 La2O3

La4W9O33 2:9 0.818 0.182
data not 
available

replaced by 
5:22 in [31]

La10W22O81 5:22 0.815 0.185 Pbcn [31,32] white [40]

La2W3O12 1:3 0.75 0.25 C2/c [41,42]
colourless 
[42]; LT

La2W2O9 1:2 0.667 0.333 P1 [43] ​
La4W3O15 2:3 0.6 0.4 P42/nmc [39] not considered

La18W10O57 9:10 0.526 0.474 P62c [44]
replaced by 
7:8 in the 
present work

La14W8O45 7:8 0.533 0.467 Orthorhombic 
[31,35]

​

La2WO6 1:1 0.5 0.5
LT: P212121 

[45] white [45]

La22W9O60 11:9 0.45 0.55 HT: P4 or P4m2 
[32]

not considered

La6W2O15 3:2 0.4 0.6

orthorhombic 
C2221; 
LT [46]; HT 
[47]

white [46,47]

La10W2O21 5:2 0.286 0.714
F4‾ 3 m [48], 
Fm3 [36] white [48]

La6WO12 3:1 0.25 0.75 disordered 
pyrochlore [49]

white [49]

*LT and HT – low- and high-temperature modifications, correspondingly
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range 1200–1450 K. Based on these data, the formation enthalpies from 
oxides and elements were estimated for the compound 3:1. The standard 
formation enthalpy and standard entropy of La6WO12 were derived. The 
further work of the same group [53,54] deals with a thermodynamic 
study of the interaction between the refractory oxides R2O3 where R 
stands for Al, Sc, Y, La, Nd, Dy, Gd with tungsten resulting in the for
mation of refractory tungstates. Levitskii et al. [53,54] reported the free 
energy and enthalpy of the formation reaction from La2O3+W+ 3/2O2 
and from the oxides for the compound 3:1. The measured values [52,53]
are in good agreement with each other.

The similar electrochemical cell was used in the works of Chantur
ishvili et al. [55,56] with the oxygen solid electrolytes based on ThO2 
doped with La2O3 or CaO. The stability of the phases was controlled 
during the measurements by XRD. The measured EMF of the corre
sponding reactions allowed the estimation of the formation Gibbs en
ergy from lanthanum oxide, tungsten and oxygen. Further, the Gibbs 
energy for the formation reaction from elements or from the basic oxides 
(La2O3 and WO3) was also estimated for the compounds La10W22O81, 
La6W2O15, La2WO6 (LT) [55] and La14W8O45, La2W2O9, La2W3O12, and 
La10W22O81 [56].

The Gibbs energy of formation of several lanthanum tungstates was 
determined by Raghavan [57] using the EMF method with LaOF as a 
solid electrolyte. The obtained values were not consistent with similar 
data from other literature sources: the Gibbs energy data were about 2.5 
times less than those reported in [55,56,58] and thus not considered in 
the present work.

The thermodynamic data on the tungstates of the rare earth elements 
including the calorimetric measurements, the temperature de
pendencies of the Gibbs energies and the EMF values are collected in the 
handbook of Gwelesiani et al. [58], in which the standard thermody
namic functions, ΔfHᵒ

298 and Sᵒ
298, of these compounds were derived 

using the available heat capacity and the Gibbs energy data of formation 
from the basic oxides. Moreover, Nadiradze [59] estimated the standard 
entropy of tungstates of rare-earth elements (REWOx) using the avail
able experimental information. A similar method was used to determine 
the formation enthalpies of REWOx from the basic oxides [60]. All these 
estimated data are considered when determining the thermodynamic 
properties of LaWOx in the present work.

2.3. Structure of the LaWO phase

In the 1970s, two phase diagrams for the phase formation in the 
system La2O3 - WO3 were published independently from each other [30, 
31]. They show, however, a significant mismatch in that part concerning 
the compounds with practically relevant La/W-ratios. Both suggest 
formation of La6W2O15 and segregations of La2O3. Between these two 
compounds, Ivanova et al. [30] assumed the La6WO12 phase to be pre
sent from room temperature to ~2423 K, while Yoshimura et al. [31]
assumed a La10W2O21 phase up to ~2063 K and assume La6WO12 as a 
high-temperature phase from ~2013 K onwards. This means that Iva
nova et al. [30] considers a La/W-ratio of 6 (denoted as LWO6) which 
corresponds to 0.75 mol fraction of La2O3, while Yoshimura et al. a 
La/W ratio of 5 (LWO5 or 0.714 mol fraction of La2O3). This discrepancy 
is also reflected in different publications. While most authors speak of a 
phase La6WO12, some call it La10W2O21 [57,61]. However, it turned out 
that both assumptions cannot be true. Single-phase lanthanum tungstate 
can only be synthesized in the intermediate compositional range. Ac
cording to Magrasó et al. [62,63], there is a single-phase range of La/W 
= 5.4–5.7 for a temperature treatment at 1773 K in air, while in Seeger 
et al. [64] this range is even narrower, La/W = 5.3 – 5.5 at 1773 K [64]. 
In any case, this stability window is processing method dependent and 
also temperature dependent and it shifts to smaller lanthanum contents 
with decreasing temperature. Such shifts are associated with the amount 
of oxygen vacancies generated in the structure: at higher temperature, 
structures contain larger amount of vacancies, therefore, the pristine 
material can dissolve more La. A similar trend was also observed in the 

case of Mo and Re substituted compositions [65,66], which are however 
beyond the scope of the present paper. The minimum temperature 
treatment to obtain single-phase pristine material is 1823 K for a La/W 
ratio of 5.8, 1673 K for La/W = 5.5 and 1373 K for La/W = 5.3 [62]. All 
this also leads to a revision of the crystal structure [19,20,65], initially 
proposed by Diot et al. [3]. For the lanthanum tungstate LWO5.6, the 
unit formula unit of La6.63W1.17O13.43 was proposed and the crystal 
structure was presented as face-centred cubic with the space group 
F43mand lattice parameter being from 11.173 Å to 11.188 Å. The con
centration of oxygen vacancies in the material is thus 11.2 per unit cell, 
corresponding to approximately three sites per formula unit. After 
further refinement of the crystal structure, the unit cell was formulated 
as La28− xW4+xO

54+3
2x

v
2− 3

2x 
[20,67]. The regular structure thus corre

sponds to a La/W ratio of 28:4 = 7.0, being similar to that of Y7ReO14-δ 
[68]. The cations in the structure are ordered, with the tungsten occu
pying Wykoff site 4a and the lanthanum located on sites 4b and 24d. The 
charges are balanced in this case and the structure contains two intrinsic 
oxygen vacancies per unit cell. However, this regular structure is not 
stable due to the high number of oxygen vacancies. By substituting 
tungsten onto the La2 site, the crystal structure can be stabilized so that 
single-phase samples can be synthesized at room temperature. Assuming 
that tungsten exists in the structure as W6+ - a triple positively charged 
donor – one W donor will require 1.5 oxygen vacancies to balance the 
charge. For x = 1, i.e., LWO5.4, exactly one tungsten ion per unit cell is 
substituted onto a lanthanum site, consuming 1.5 oxygen vacancies and 
leaving 0.5 oxygen vacancies per unit cell. This results in the unit cell 
La27W5O55.5. The crystal structure is stable when x in 
La28− xW4+xO

54+3
2x

v
2− 3

2x
is in the range of x = 0.74–1.08 and with a La/W 

ratio is in the range of 5.7–5.3 [20].

3. Dilatometry

There are two contradictory sets of experimental data in the litera
ture that report different melting behaviour in the La2O3-rich concen
tration range. Ivanova et al. [30] proposed decomposition of 3:2 at 
2173 K to the liquid phase and 3:1 based on the visual thermal curve, 
whereas Yoshimura and Rouanet [31] and Yanovskii and Voronkova 
[32] found congruent melting at 2063 K using HT XRD. In the present 
work, the melting temperature of La6W2O15 was measured on sintered 
samples prepared from in-house-synthesised powder, using high tem
perature dilatometry (DIL402E, NETZSCH, Germany) with a graphite 
furnace under helium atmosphere. The samples for graphite holder were 
pre-sintered firstly in the dilatometer at 1723 K with a heating rate of 
5 K/min and fast cooling with 30 K/min to get a stable form of the pellet. 
A green pellet was used for iridium holder, and the sintering takes place 
during the experiment. The dilatometric measurements were carried out 
with a heating rate of 5 K/min up to 2200 K. The temperature was 
validated with the melting of pure platinum. Three crucibles (supports) 
materials (tungsten, graphite and iridium) have been tested to find good 
compatibility with the sample.

As previously reported [46], La₆W₂O₁₅ powder was synthesized via a 
solid-state reaction using La₂O₃ (99.999 %, Sigma–Aldrich, CAS 
1312–81–8) and WO₃ (99.9 %, Fluka) as starting materials. Prior to 
weighing, La₂O₃ was dried and decarbonated at 1000 ◦C for several 
hours. Stoichiometric amounts of the oxides were then weighed, mixed, 
milled in ethanol and finally dried to complete ethanol evaporation. The 
synthesis was conducted in a closed platinum crucible at 1000 ◦C for 
12 h, with heating and cooling rates of 3 K/min. The resulting product 
was subsequently used for structural characterization, verification of 
chemical composition, stability assessment, and chemical compatibility 
studies (results reported elsewhere [46]). The stoichiometry of the 
synthesized La₆W₂O₁₅ powder was verified using inductively coupled 
plasma–optical emission spectrometry (ICP–OES). No deviations from 
the nominal chemical composition were detected. No secondary phases 
were identified by XRD analysis at room temperature, confirming the 
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phase purity of the synthesized La₆W₂O₁₅. The combination of earlier 
collected data from high-temperature X-ray diffraction and the dila
tometry carried out in the present study provides a comprehensive view 
of the thermal evolution of La₆W₂O₁₅, supporting the understanding that 
melting occurs from a structurally stable, single-phase material, without 
detectable decomposition or phase separation.

4. Phases and thermodynamic models

The present database contains a liquid phase (called “Liquid”), one 
solid solution phase based on La10W2O21 and La6WO12 (LaWO phase) 
and eight solid stoichiometric compounds. The thermodynamic data of 
all phases in the system La2O3-WO3 are summarised in Tables 2–8. The 
binary sub-systems La-O, W-O and La-W are not a subject of the present 
study; however, these sub-systems were adopted from other assessments 
with small modifications. Their description is collected in Chapter 6.2.

4.1. Stoichiometric compounds

The Gibbs energy function, G(T), of pure compounds is defined in 
terms of their enthalpy, H(T) and entropy, S(T), which in turn are 
functions of the heat capacity, Cp, and the respective absolute entities 
ΔfHᵒ

298 and Sᵒ
298, as follows: 

G(T) = H(T) − T • S(T);H(T) = Δf H0
298 +

∫ T

298
CpdT; S(T)

= S0
298 +

∫ T

298

Cp

T
dT 

The Gibbs energy of tungsten (VI) oxide was adopted from the SGPS 
database [69] including the solid-solid transition and melting at 1050 K 
and 1745 K, respectively. These data are identical to those summarised 
by Chase et al. [70]. The data on lanthanum oxide were taken from the 
assessment performed by Grundy et al. [71]. Thermodynamic informa
tion on elements and oxides is collected in Table 2. Thermodynamic data 
(standard enthalpy of formation and standard entropy, ΔfHᵒ

298, Sᵒ
298, and 

Cp(T) for stoichiometric lanthanum tungstates are generated in the 
present work and introduced in Chapter 6.3 in details (Tables 5–7). 
Thermodynamic properties including the data on the phase transitions 
are summarised below in the corresponding tables and figures.

4.2. Liquid phase

The Gibbs energy of the liquid phase in the system is represented by 
the modified non-ideal associate species model [33]. The oxides of La 
and W and one associate species (La2W2O9) are considered as solution 
components. To provide equal weighting of each associate species with 
regard to its entropic contribution in the ideal mixing term, each species 
contains a total of two non-oxygen atoms per mole in its formula ac
cording to the model used in [33]: La2O3, W2O6, La2W2O9/2, W2O4. The 
interactions between solution components were introduced in order to 
fine tune the thermodynamic description. The interactions between the 
species La2O3, W2O6 and La2W2O9/2 determine the solid-liquid equi
libria in the core system La2O3-WO3.

The molar Gibbs energy of the solution is presented by a three-term 
expression with contributions of the reference part, the ideal and the 
excess part considering binary interactions as follows: 

Gm =
∑

xi
◦Gi +RT

∑
xilnxi +

∑∑

i<j
xixj

∑

v=0
L(v)

ij (xi − xj)
v 

where xi is the mole fraction of phase constituent i (including the asso
ciate species), ◦Gi is the molar Gibbs energy of the pure phase constit
uent and L(v)

ij with v= 0, 1 are the interaction coefficients between 
components i and j, according to the Redlich-Kister polynomial. ◦Gi and 
L(v)

ij are temperature dependent in the same way according to equation: 

◦Gi, L(v)
ij = A + B⋅T + C⋅T⋅ln(T) + D⋅T2 + E⋅T− 1 

Thermodynamic data for the liquid components are summarized in 
Table 3. The data on the liquid oxides such as WO3•2 and La2O3 have 
been adopted from the SGPS database [69] and the work of Grundy et al. 
[71], respectively. In addition to the end-member oxides, one binary 
species La2W2O9/2(liq) was added to provide a reasonable description 
of the melting behaviour in phase diagram, since otherwise the 
solid-liquid equilibria in the concentration range of 0.1–0.4 mol fraction 
of La2O3 could not be described properly using the interactions between 
La2O3(liq) and WO3(liq) only. The Gibbs energy of the species 
La2W2O9/2(liq) was created considering the data of the corresponding 
solid phase in order to obtain a better agreement with the experimental 
data on the phase relations. The interactions between the end-member 
oxides and the component La2W2O9/2(liq) were added to improve the 
liquidus lines in the system La2O3-WO3. The Gibbs energy data for the 

Table 2 
Thermodynamic data on elements and oxides used in the present work.

Liquid component ΔfHᵒ
298, (J/mol) Sᵒ

298, (J/mol•K) T range, K: heat capacity Cp(T), (J/mol•K) Reference

A-La2O3 (LT) -1795548 127.341
298–2586: 118 + 0.016•T-1240000/T2 

2586–3500: 200
Grundy et al. [71]H-La2O3 (MT) -1749548 147.229

X-La2O3 (HT) -1689548 172.407

WO3 (LT) − 842908.6 75.91 298–600: 44.496 + 0.1320797•T− 300279.4/T2− 8.276329•10− 5•T2 

600–1050: 129.3333–0.04960927•T− 5936845/T2 + 2.788372•10− 5•T2 

1050–1745: 80.96751 + 0.01634015•T + 6826.698/T2 + 1.379699•10− 8•T2 

1745–3000: 131.796

SGPS [69]
WO3 (HT) − 841423.3 77.324

W7O19 − 5468069.6 478.975

298–500: − 470.44144 + 3.457888•T + 16132445/T2− 0.002970184•T2 

500–900: 603.97421 + 0.10576951•T− 17276203/T2− 2.9068074•10− 5•T2 

900–1400: 706.2097–0.063834365•T− 30286137/T2+ 5.2991071•10− 5•T2 

1400–3000: 582.2425 + 0.08786631•T− 3820.5027/T2− 7.332017•10− 10•T2

SGPS [69]

WO2 − 589963 50.528
298–1200: 62.44 + 0.0249822•T− 1194190/T2− 8.06677•10− 6•T2 

1200–2100: − 130.398 + 0.1705375•T + 76446990/T2 − 3.289363•10− 5•T2 

2100–3000: 48.807 + 0.0272751•T + 8838740/T2 − 1.83478•10− 6•T2
SGPS [69]

La (LT) 0 56.902 298–550: 26.34 + 0.002590331•T 
550–1134: 21.79186 + 0.00809035•T + 3.155188•10− 6•T2 

1134–1193: 39.5388 
1193–4000: 34.3088

SGPS [69]La (MT) 364.0 57.564

La (HT) 3485.3 60.316

W 0 32.618
298–3695: 24.1 + 0.003872•T− 89000/T2− 1.242•10− 6•T2 + 6.396•10− 10•T3 

3695–6000: 54 SGPS [69]

O2 (gas) 0 205.0376
298–900: 22.25862 + 0.02047734•T + 153499.1/T2− 8.039682•10− 6•T2 

900–3700: 33.55726 + 0.002469797•T − 1079772/T2− 8–1.00166•10− 7•T2 SGPS [69]
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liquid phase are listed in Table 4, including the interactions involving 
the metallic species.

4.3. Description of LaWO phase

The recent structural studies on lanthanum tungstates in the 
compositional range 0.70–0.75 mol fraction of La2O3 performed by 
Magraso et al. [20,63] and Erdal et al. [67] concluded that the phases 
reported as 5:2 and 3:1 should be a solubility area depending on the 
composition and temperature. The present model is simplified, and 
doesn’t directly consider the partial pressure of oxygen, whereas the 
formation of oxygen vacancies is linked with the substitution of W on La 

sites. The chemical formula of this solution phase can be written as 
La28-xW4+xO54+δ, (δ=1.5x), or to indicate the vacancy state 
La28-xW4+xO54+1.5xVa2–1.5x, where x gives the amount of tungsten on 
lanthanum positions, and Va refers to a vacant site and can be occupied 
by oxygen. According to Erdal et al. [67], the perfect parent structure 
corresponds to x = 0 with the ratio La/W= 7 (at 0.778 mol fraction of 
La2O3). This stoichiometry has two vacant oxygen sites per unit cell. The 
hypothetical structure was predicted by DFT in VASP, but cannot be 
synthesised under usual conditions (atmospheric pressure). Decreasing 
the ratio La/W, a certain amount of W ions substitutes on La sites. As 
LaWO is an oxide with a high degree of basicity, the oxidation state of W 
is expected to remain + 6, that is supported by XPS analysis (X-ray 
Photoelectron Spectroscopy) presented in [67]. Then, it follows that W 
being on La site forms 3 + charged donors: W•••

La . The stoichiometry with 
La/W= 5.4 (0.73 mol fraction of La2O3) corresponds to x = 1, and one 
unit cell can be written as La27W5O55.5. In this case, there is one W 
occupying a La site per unit cell, and 1.5 of the 2 native vacant oxygen 
sites are filled in order to keep electroneutrality.

The Compound Energy Formalism (CEF) [73] with 5 sublattices was 
used to model this solid solubility between the compounds 5:2 and 3:1. 
According to the structural formula La28-xW4+xO54+1.5xVa2–1.5x, the so
lution can be written as follows, considering the replacement of La by W 
and the appearing oxygen vacancy as follows: 

La3+
40 W6+

6 (La3+, W6+)2(O2-)81(O2-, Va)3                                               

In this case, the formula of the solution was deliberately re- 
calculated to avoid non-integer numbers. Four end-members are 
La40W6La2O81O3, La40W6W2O81O3, La40W6La2O81Va3 and La40W6

W2O81Va3, those are denoted as LaO, WO, LaVa and WVa, respectively. 
The nature of the model is shown on the compositional triangle (Fig. 2) 
representing the upper part of the La-W-O triangle. The positions of the 
four solution components are indicated and the model covers the 
quadrangle formed by them. The solution appears on the line joining 
La2O3 and WO3, namely between the compositions of the compounds 
3:1 and 5:2. Two solution components, LaO and WVa are charged and 
added to the model to keep the electroneutrality conditions. WO is 
neutral and corresponds to the compound 5:2, while LaVa is also neutral 
and corresponds to the composition with the higher content of La2O3 
and is expressed by a mixture of the compound 3:1 and La2O3. The Gibbs 
energies of charged end-members are determined using the reciprocal 
reaction WO+LaVa=LaO+WVa with ΔG= 0: 

ΔG = ◦GLaO +◦GWVa −
◦GWO − ◦GLaVa 

In this case, ◦GLaO and ◦GWva are equal and defined as ◦GLaO =

Table 3 
Thermodynamic data on the liquid components.

Liquid component ΔfHᵒ
298, (J/mol) Sᵒ

298, (J/mol•K) T range, K: heat capacity Cp(T), (J/mol•K) Reference

La2O3 (liquid) − 1612978.3 202.016 298–2586: 118 + 0.016•T− 1240000/T2 

2586–3500: 200
Grundy et al. [71]

WO3 (liquid) − 767994.1 119.404

298–600: 44.496 + 0.1320797•T− 300279.4/T2− 8.276329•10− 5•T2 

600–1050: 129.3333–0.04960927•T− 5936845/T2 + 2.788372•10− 5•T2 

1050–1745: 80.96751 + 0.01634015•T + 6826.698/T2 + 1.379699•10− 8•T2 

1745–3000: 131.796

SGPS [69]

La2W2O9 (liquid) − 3672456.33 317.21 298–1353: 325.5152 + 0.0050208•T− 6301104/T2 

1353–1873: 355.05424
This work

WO2 (liquid) − 506534 88.398
298–1200: 62.44 + 0.0249822•T− 1194190/T2− 8.06677•10− 6•T2 

1200–2100: − 130.398 + 0.1705375•T + 76446990/T2 − 3.289363•10− 5•T2 

2100–3000: 48.807 + 0.0272751•T + 8838740/T2 − 1.83478•10− 6•T2
This work

La (liquid) 9681.80 65.51

298–550: 26.34 + 0.002590331•T 
550–1134: 21.79186 + 0.00809035•T + 3.155188•10− 6•T2 

1134–1193: 39.5388 
1193–4000: 34.3088

SGPS [69]

W (liquid) 52313.7 46.776 298–3695: 24.1 + 0.003872•T− 89000/T2− 1.242•10− 6•T2 + 6.396•10− 10•T3 

3695–6000: 54
SGPS [69]

O (liquid) − 2648.90 71.1335
298–1100: 11.294148 + 0.0097948•T + 71500.116/T2 − 3.70591794•10− 6•T2 

1100–3500: 16.807743 + 0.00118136002•T− 510204.08/T2 − 3.4903191•10− 8•T2 

3500–6000: 12.326196 + 0.00261918•T + 14469647.2/T2− 1.79689014•10− 7•T2
SGTE [72]

Table 4 
Thermodynamic descriptions of the liquid and solid solution phases.

Gibbs energy data, J/mol Reference

Liquid phase: (La2O3, W2O6, La2W2O9/2, W2O4, W, O)
◦GLa2O3 = ◦GLa2O3(liquid)

Grundy et al. 
[71]

◦GW2O6 = 2 •◦ GWO3 (liquid) SGPS
◦GLa2W2O9/2 = 0.5 •◦ GLa2W2O9(liquid) − 5687 + 3.5 • T This work
◦GW2O4 = 2 •◦ GWO2 (liquid) This work
◦GLa = ◦GLa(liquid) SGPS
◦GW = ◦GW(liquid) SGPS
◦GO = ◦GO(liquid) SGPS
◦LLiq

La2O3 ,La2W2O9/2 = − 119000, 1LLiq
La2O3, La2W2O9/2 = − 7500 This work

◦LLiq
W2O6 ,La2W2O9/2 = − 62000, 1LLiq

W2O6, La2W2O9/2 = − 16500 This work
◦LLiq

W2O6 ,W = − 53300 This work
◦LLiq

W,W2O4
= 108420 − 60 • T This work

◦LLiq
La2O3 ,La = − 93575 + 25 • T This work

◦LLiq
W,La = 137856 − 1.41 • T,L1

Liq
W,La = 1722 This work

LaWO: La3+
40 W6+

6 (La3+, W6+)2(O2-)81(O2-, Va)3 

End-members: 
LaO=La40W6La2O81O3 

WO= La40W6W2O81O3 

LaVa=La40W6La2O81Va3 

WVa=La40W6W2O81Va3
◦GLaO = ◦GWVa = 3 • ◦GLa6WO12 + 2 • ◦GLa10W2O21 + 1.5 •

◦GLa2O3 (LT) + 131950 − 45.875 • T
This work

◦GWO = 4 • ◦GLa10W2O21 This work
◦GLaVa = 6 • ◦GLa6WO12 + 3 • ◦GLa2O3(LT) + 263900 − 91.75 • T This work
◦LLAWO

La3+ ,W6+ :O2− = − 169000+ 51 • T, LLAWO
La3+ ,W6+ :O2− = − 26000 −

57.5 • T
This work

◦LLAWO
La3+ ,W6+ :Va = − 169000+ 51 • T, LLAWO

La3+ ,W6+ :O2− − 26000 −

57.5 • T
This work
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◦GWVa = 1/2(◦GWO + ◦GLaVa).
The molar Gibbs energy of the phase is expressed by the following 

formula: 

Gm = yI
La3+yII

O2−
◦GLaO + yI

W6+yII
O2−

◦GWO + yI
La3+yII

Va
◦GLaVa + yI

W6+yII
Va

◦GWVa

+2RT(yI
La3+ lnyI

La3+ + yI
W6+ lnyI

W6+ )+ 3RT(yII
O2− lnyII

O2− + yII
ValnyII

Va) + G
ex

m 

The molar excess Gibbs energy is expressed according to 

Gex
m = yI

La3+ ⋅yI
W6+ ⋅

∑n

k=0
Lk
(La3+ ,W6+ :O2− )

(yI
La3+ − yI

W6+ )
k

+ yI
La3+ ⋅yI

W6+ ⋅
∑n

k=0

Lk
(La3+ ,W6+ :Va)(y

I
La3+ − yI

W6+ )
k 

where La3+ and W6+ are the cations on the cation sublattice, while 

Table 5 
Thermodynamic of (La2O3)m(WO3)n compounds: standard formation enthalpy 
at 298 K.

Compound
La2O3: 
WO3

ΔfHᵒ
298, (kJ/ 

mol)
Method Reference

La10W22O81 5:22

− 27512.3 
± 113.47

handbook Gwelesiani 
[58]

− 29039.8 handbook* Gwelesiani 
[58]

¡28882.476 optimised this work

La2W3O12 1:3

− 4718.30 
± 20.92 estimated

Plyuschev [86, 
89]

− 4539.64 handbook Glushko [88]
− 4539.6 estimated Chentsov [90]
− 4280.7 
± 17.45

handbook Gwelesiani 
[58]

− 4620.64 handbook*
Gwelesiani 
[58]

− 4092580.7 ab-initio aiMP [87]
¡4607563.16 optimised this work

La2W2O9 1:2

− 3707.024 handbook Glushko [88]
− 3707.0 estimated Chentsov [90]
− 3479.4 
± 13.72

handbook Gwelesiani 
[58]

− 3749.99 handbook*
Gwelesiani 
[58]

− 3397.86 ab-initio aiMP [87]
¡3750957.38 optimised this work

La14W8O45 7:8

− 19299.1 
± 56.5

handbook Gwelesiani 
[58]

− 20736.87 handbook* Gwelesiani 
[58]

¡20680432.9 optimised this work

La2WO6 1:1

− 2807.464 handbook Glushko [88]

− 2807.5 estimated
Chentsov 1974 
[90]

− 2814.2 ± 5.4 handbook Gwelesiani 
[58]

− 2712.42 ab-initio aiMP [87]
¡2816811.55 optimised this work

La6W2O15 3:2

− 7129.5 ± 17.6 handbook
Gwelesiani 
[58]

− 7474.05 handbook*
Gwelesiani 
[58]

¡7465060.9 optimised this work

La10W2O21 5:2
− 11012.3 
± 23.4

handbook Gwelesiani 
[58]

¡11045725.7 optimised this work

La6WO12 3:1

− 6410.72 
± 27.61

derived from 
EMF Chentsov [90]

− 6411.98 
± 11.296

handbook Glushko [88]

− 6414.49 derived from 
EMF

Chentsov [52]

− 6454366.4 ab-initio aiMP [87]
¡6410578.82 optimised this work

* corrected in this work: re-calculated from sum of oxides + dH from oxides 
presented in [58]

Table 6 
Thermodynamic of (La2O3)m(WO3)n compounds: standard entropy at 298 K.

Compound La2O3: 
WO3

Sᵒ
298, (J/ 

mol•K)
Method Reference

La10W22O81 5:22

1990.87 
± 93.39

handbook Gwelesiani [58]

2453.9 
± 90.4 estimated Nadiradze [59]

2306.7 estimated
Neumann-Kopp 
rule

2103.93 optimised this work

La2W3O12 1:3

434.99 estimated Plyuschev [86, 
89]

343.008 handbook Glushko [88]

380.7 estimated
Chentsov 1974 
[90]

348.5 
± 13.68

handbook Gwelesiani [58]

363.6 ± 10 estimated Nadiradze [59]

355.071 estimated Neumann-Kopp 
rule

340.83 ab-initio aiMP [87]
340.09 optimised this work

La2W2O9 1:2

280.3 estimated Chentsov [90]
266.19 
± 10.59

handbook Gwelesiani [58]

255.224 handbook Glushko [88]
275.3 
± 7.5

estimated Nadiradze [59]

271.79 ab-initio aiMP [87]

279.16 estimated
Neumann-Kopp 
rule

266.59 optimised this work

La14W8O45 7:8

1477.54 
± 40.12

handbook Gwelesiani [58]

1428.8 
± 87.9

estimated Nadiradze [59]

1498.67 estimated
Neumann-Kopp 
rule

1491.89 optimised this work

La2WO6 1:1

200.8 estimated Chentsov [90]
201.3 
± 5.0

handbook Gwelesiani [58]

192.464 handbook Glushko [88]
206.3 
± 5.4

estimated based on 
EMF and dCp= 0

Chanturishvili 
[55]

193.3 
± 7.5 estimated Nadiradze [59]

201.71 ab-initio aiMP [87]

203.251 estimated Neumann-Kopp 
rule

198.575 optimised this work

La6W2O15 3:2

507.5 
± 4.2 estimated Nadiradze [59]

525.1 
± 11.3

estimated based on 
emf and dCp= 0

Chanturishvili 
[55]

509.2 
± 11.3

handbook Gwelesiani [58]

533.84 estimated Neumann-Kopp 
rule

517.56 optimised this work

La10W2O21 5:2

764.0 
± 13.4

estimated based on 
emf and dCp= 0

Chanturishvili 
[55]

768.6 
± 64.4

estimated Nadiradze [59]

828.4 
± 13.3

handbook Gwelesiani [58]

788.52 estimated
Neumann-Kopp 
rule

811.60 optimised this work

La6WO12 3:1

472.792 
± 8.79

derived from EMF Chentsov [90]

460.65 derived from EMF Chentsov [52]
471.955 
± 8.368

handbook Glushko [88]

454.76 ab-initio aiMP [87]

457.93 estimated
Neumann-Kopp 
rule

472.86 optimised this work
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oxygen and vacancies (Va) occupy the anion sublattice. The values of 
Lk
(La3+ ,W6+ :O2− )

and Lk
(La3+ ,W6+ :Va) are the interaction parameter between the 

corresponding cations, while the anion sublattice is occupied by oxygen 
or vacancy, respectively.

The terms of the Gibbs energy for each constituent (Table 2) are 
composed from those Gibbs energies of the corresponding compounds, 
whose data were obtained in the present work (Chapter 6.3). It should be 
noted that the Gibbs energy of the solution component LaVa only was 
adjustable for the correct representation of the solubility range of the 
LaWO phase according to the experimental data on phase equilibria. 
Additionally, the interaction parameters L were also optimised for better 
representation of the experimental data (Table 4).

5. Assessment of thermodynamic data

In the present work, the Gibbs energies of eight compounds and two 
solution phases in the system La2O3-WO3 were generated using the 
experimental data on phase equilibria and thermodynamic properties. 
The elemental sub-systems were firstly considered and tested in terms of 
the accuracy and correctness of the data adopted from the commercial 
datasets. The main focus of the present work is the thermodynamic 
assessment of the oxide system La2O3-WO3. Primary, the heat capacity 
polynomials of the LaWOx compounds were defined using the calori
metric results published in the literature. In case of absence of measured 
Cp data (the compound 3:1, La6WO12), the heat capacity was modelled 
using the Neumann-Kopp approach from the heat capacities of the end- 
member oxides, La2O3 and WO3. Then, the values of the standard for
mation enthalpies and standard entropies were adopted from the liter
ature and optimised to provide a good agreement between the 
experimental and calculated phase equilibria data and the thermody
namic properties of the stoichiometric compounds. Secondly, the in
teractions in the liquid phase between the basic oxides, La2O3 and 
WO3•2, and the component La2W2O9/2(liq) were added to reproduce 
the correct melting behaviour of the lanthanum tungstates according to 
the experimental data. Next, the Gibbs energy data of the solution 
constituents in the phase LaWO were optimised to introduce the solid 
solubility range between the 5:2 and 3:1 compounds in accordance with 
the data of Magraso et al. [62].

All calculations were performed using FactSage 8.3 package [74]. 
The parameter optimisation was performed using OptiSage and Calphad 
Optimiser [75] in FactSage.

6. Results and discussion

The results of the critical evaluation and thermodynamic assessment 

Table 7 
Heat capacities and transition data of (La2O3)m(WO3)n compounds.

Compound Cp(T) (temperature range, K) Method Reference

La10W22O81 2551.44504 + 0.66718064•T - 60429512/T2 (298–1303) calorimetry Chanturishvili [51]

La2W3O12
LT, HT: 352.58568 + 0.1158968•T - 6581432/T2 (298–1363*) 
dHtr= 1.844 kJ at 1303 K

calorimetry Chanturishvili [51]

La2W2O9
LT: 325.5152 + 0.0050208•T - 6301104/T2 (298–1362); dHtr= 43.514 kJ at 1353 K 
HT: 355.05424 (1362–1873*) calorimetry Chanturishvili [51]

La14W8O45 1293.81832 + 0.5255104•T - 18974440/T2 (298–1947*) calorimetry Chanturishvili [51]

La2WO6
LT, HT: 215.56 + 0.02644288•T− 4288600/T2 (298–2033*) 
dHtr= 0.447 kJ at 1713 K

calorimetry Nadiradze [50]

La6W2O15

LT: 511.20112 + 0.06669296•T− 3836728/T2 (298− 903)

calorimetry Nadiradze [50]

dHtr= 1.715 kJ at 903 K
MT: 295.01384 + 0.41605696•T 
(903–1203)
dHtr= 6.40 kJ at 1203 K
HT: 567.60144 + 0.0602496 •T 
(1203–2065*)

La10W2O21 802.03096 + 0.08510256•T - 17158584/T2 (298–2050*) calorimetry Nadiradze [50]
La6WO12 423.0632 + 0.09424107•T - 4200970.8/T2 − 1.566676•10− 5 •T2 (298–2400) estimation NK, this work

* extrapolated to the melting temperature

Table 8 
Formation enthalpy of (La2O3)m(WO3)n from the end-member oxides, La2O3 and 
WO3 at 298 K.

Compound
La2O3: 
WO3

ΔHoxides
298 

(kJ/mol) Method Reference

La10W22O81 5:22

− 1527.37 
± 85.02 handbook Gwelesiani [58]

− 1348.1 
± 169.5

estimated Nadiradze [60]

¡1507.67 optimised this work

La2W3O12 1:3

− 298.24 
± 12.93 handbook Gwelesiani [58]

− 252.7 
± 38.5 estimated Nadiradze [60]

¡283.287 optimised this work

La2W2O9 1:2

− 270.5 ± 10 handbook Gwelesiani [58]
− 227.2 
± 41.4

estimated Nadiradze [60]

¡269.59 optimised this work

La14W8O45 7:8

− 1437.8 
± 35.6 handbook Gwelesiani [58]

− 1262.7 
± 131.8

estimated Nadiradze [60]

¡1368.31 optimised this work

La2WO6 1:1

− 177.5 
± 4.6

handbook Gwelesiani [58]

− 178.7 
± 4.6

estimated based on 
emf and dCp= 0

Chanturishvili 
[55]

− 167.8 ± 10 estimated Nadiradze [60]
¡178.35 optimised this work

La6W2O15 3:2

− 407.2 
± 10.0

handbook Gwelesiani [58]

− 367 ± 10.0 estimated based on 
emf and dCp= 0

Chanturishvili 
[55]

− 386.2 
± 16.7 estimated Nadiradze [60]

¡392.60 optimised this work

La10W2O21 5:2

− 358.1 
± 11.7

handbook Gwelesiani [58]

− 364.0 
± 11.7

estimated based on 
emf and dCp= 0

Chanturishvili 
[55]

− 419.2 
± 64.4 estimated Nadiradze [60]

¡382.16 optimised this work

La6WO12 3:1

− 183.26 
± 25.9

estimated from 
EMF

Chentsov [90]

− 192.0 estimated from 
EMF

Chentsov [52]

¡181.03 optimised this work
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of all phases (eight stoichiometric compounds, solid solution LaWO, 
liquid phase) and phase equilibria in the oxide system La2O3-WO3 are 
presented in this chapter. Firstly, the preliminary experimental results 
validating the melting point of the compound La6W2O15 using the 
dilatometry method are presented. Secondly, the elemental sub-systems 
La-O, W-O and La-W are considered. Finally, the thermodynamic 
description of the oxide system La2O3-WO3 is presented considering the 
liquid and all solid phases. The data on the standard formation enthalpy, 
the standard entropy, the heat capacity, and the formation enthalpies 
from the basic oxides (La2O3 and WO3) for the stoichiometric com
pounds LaWOx with various ratios of oxides are collected in Tables 5-8. 
The calculated phase equilibria data are compared with the experi
mental data and summarised in Table 9.

6.1. Melting temperature of the compound La6W2O15

Regarding the HT dilatometric measurements of the melting tem
perature of the compound La6W2O15, the choice of an appropriate cru
cible material was the main challenge. At the first attempt, the sample 
was found to react with tungsten, and no clear melting signal was seen 
on the DIL curve. In the case of a graphite crucible, two experiments 
were carried out. For the first experiment, the sample was aligned 
coaxially with the sample holder, where the contact area is relatively 
large. As a result of this experiment, the sample did not melt even when 
heated up to 2273 K (Supplementary, Fig. 3X). As shown on Fig. 3XX, 
the sample retained its shape after the experiment while simultaneously 
reacting with graphite. Therefore, in the next step, the sample was 
placed across the holder to reduce the contact area (Supplementary, 
Fig. 3XXX). In this case, the melting point of the sample (black line) at a 
temperature of 2113 K (raw data without temperature calibration) is 
clearly visible (Fig. 3). Considering the calibration with the melting 
temperature of platinum, the melting temperature of La6W2O15 is 
2158 K. To verify this result, an additional experiment was carried out 
with an iridium crucible (Fig. 3). As can be seen in Fig. 3, a significant 

change in the length of the sample is observed above 1273 K, which is 
due to the sintering of the sample. At a temperature of 2084 K (after 
calibration 2129 K), a decrease in the signal occurs, indicating that the 
melting temperature has been reached. In this case, however, this effect 
is not as pronounced as with a graphite crucible, as the sample was 
aligned coaxially with the sample holder and had high contact surface 
with the iridium. Therefore, we suggest to use the melting temperature 
obtained with the graphite sample holder 2158 ± 30 K based on these 
experimental results.

Based on the present dilatometry results, we cannot undoubtedly 
conclude which phase equilibria data are more reliable. The measured 
point of 2158 K may indicate congruent melting of 3:2 found by Yosh
imura and Rouanet [31] as well as the decomposition of this phase re
ported by Ivanova [30]. In the latter case, the subsequent melting point 
cannot be measured due to the temperature limit of the dilatometer 
used. So, the data obtained can therefore be considered as preliminary 
information on the melting temperature of this compound along with 
other experimental data. However, further experimental study is 
necessary for clarification, but it is outside the scope of the present 
paper.

6.2. Sub - systems La-O, W-O, La-W

The system La-O was thermodynamically evaluated by Grundy et al. 
[71], the data on lanthanum oxide (solid and liquid) were taken from 
this assessment without modifications. In the present work, the phase 
names La2O3-LT, -MT and -HT are for the low-, medium- and 
high-temperature phases used instead of the conventional names of 
crystallographic modifications (A, H and X, respectively). The Gibbs 
energy of the liquid phase in the system is represented in the framework 
of the modified associate species model with the following components: 
La (liq), O (liq), La2O3 (liq). Thermodynamic data on La and O in the 
solid and liquid phases are adopted from the SGPS database [69]. The 
calculated phase diagram of the system La-O is shown in Supplementary, 

Fig. 2. The schema for the phase LaWO located on the line La2O3-WO3 in the compositional triangle La0.5O0.5-O-W0.5O0.5.
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Fig. S1. The solubilities of oxygen in La2O3 and La described by Grundy 
et al. [71] are omitted here.

The phase diagram of the system W-O was proposed by Wriedt [76]. 
The peritectic decomposition of tungsten oxide (IV) at 1803 K, 
congruent melting of tungsten oxide (VI) at 1747 K and formation of 
several intermediate WOx in the concentration range 72–74 at% of O 
were postulated in the absence of reliable experimental information. In 
the present work, the liquid phase was tentatively modelled in the 
framework of the chosen model with the liquid species W, O and two 
tungsten oxides (IV, VI). All stoichiometric compounds (W, WO2, WO3, 

Table 9 
Invariant points in the binary La2O3-WO3 system. The transition temperatures 
are given in K and in ◦C for clarity.

Reaction
Reaction 
type

Mole 
fraction 
La2O3

T, K (◦C) Reference

La10W22O81 (s) 
+ WO3 (HT) ↔ 
Liq

eutectic

0.2 1293 
(1020)

[29,30]

< 0.182
1293 
(1020) [31,32]

0.183
1301 
(1028) this work

La4W9O33 (s)* ↔ 
Liq

melting 0.182
1303 
(1030)

[31]

La10W22O81 (s) 
↔ Liq

melting 0.185

1303 
(1030)

[32,99]

1301 
(1028) this work

La2W3O12 (LT) ↔ 
La2W3O12 (HT)

solid-solid 
transition

0.25

1298 
(1025) [29,30]

1170 
(897)

DTA, single 
crystal [84]

1308 
± 15 
(1035)

DTA, [41]

1303 
(1030) [31], XRD

1285 
(1012)

[31], DTA

1303 
(1030)

this work

La2W3O12 (HT) 
↔ Liq

melting 0.25

1363 
(1090) Rode [29]

1338 
± 10 
(1065)**

[41], DTA

1413 
(1140)** [83], DTA

1370 
(1097)**

DTA, single 
crystal [84]

La2W3O12 (HT) 
↔ Liq 
+ La2W2O9 

(HT)

incongruent 
melting 0.25

1363 
(1090) [30], DTA

1341 
(1068) [31], TA

1355 
(1082)

this work

La2W2O9 (LT) ↔ 
La2W2O9 (HT)

solid-solid 
transition 0.333

1348 
(1075)

DTA [29,30]

1340 
± 10 
(1067)

HT XRD [31,99]

1362 ± 5 
(1089)

Calorimetry 
[51]

1350 
(1077)

DTA [91]

1353 
(1080) DTA [92]

1353 
(1080) this work

La2W2O9 (HT) ↔ 
Liq melting 0.333

1823 
(1550)

[29]

1873 
(1600)

[30,32]

1870 
(1597) TA [31]

1881 
(1608) this work

La2W2O9 (HT) 
+ La14W8O45 

↔ Liq
eutectic

1773 
(1500)

[30]

0.362 1755 
(1482)

this work

La14W8O45 ↔ Liq 
+ La2WO6

peritectic

1773 
(congr.) 
(1500)

[30]

below 
1973 
(1700)

[31]

Table 9 (continued )

Reaction Reaction 
type 

Mole 
fraction 
La2O3 

T, K (◦C) Reference

0.43
1971 
(1698) this work

La2WO6 (LT) ↔ 
La2WO6 (HT)

solid-solid 
transition

0.5

1683 
(1410)

[35]

1713 
± 30 
(1440)

[31], TA, HT 
XRD

1745 
(1472) 
1765 
(1492) 
1763 
(1490)

[95], cool., DSC 
[95], heat., DSC 
[95], HT XRD

1713 
(1440) this work

La2WO6 ↔ Liq melting 0.5

1973 
(1700) [30,34]

2033 
(1760)

[31]

1963 
(1690)

[32]

2034 
(1761) this work

La6W2O15 (LT) ↔ 
La6W2O15 

(MT)

solid-solid 
transition

0.6

903 (630) [28–30]

892 (619)
DTA, on heat.
[31]

872 ± 5 
(599)

[50]

888 (615) DTA, on heat.
[47]

903 (630) this work

La6W2O15 (MT) 
↔ La6W2O15 

(HT)

solid-solid 
transition 0.6

1223 
(950) [29]

1203 
(930)

[30]

1202 
(929)

DTA, on heat.
[31]

1194 ± 5 
(921) [50]

1217 
(944)

DTA, on heat.
[47]

1203 
(930)

this work

La6W2O15 (HT) 
↔ Liq

melting 0.6

2173 
(inc.) 
(1900)

[30]

2063 
(1790) [31,32]

2158 
(1885)

this work, exp. 
(dilatometry)

2158 
(1885)

this work, calc.

La6W2O15 (HT) 
+ LaWO ↔ Liq eutectic 0.647

2140 
(1867) this work

La2O3 (HT) + Liq 
↔ LAWO peritectic 0.738

2194 
(1921) this work

* the compound 2:9 was replaced by the composition 5:22 (La2O3:WO3) ac
cording to the reported thermodynamic data parameters of the formation.
**the melting behaviour in [41,83,84] was not specified (congruent melting or 
the point on the liquidus line)
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W7O19) and the gas phase are adopted from the SGPS database. The 
calculated phase diagram is presented in Supplementary, Fig. S2. The 
melting behaviour of WO2 and WO3 are kept in accordance with Wriedt 
[76].

The solubility of W in liquid La was determined by Dennison et al. 
[77] from 1598 K to 2423 K and by Gaume-Mahn et al. [78] (up to 
1473 K). The first data were considered as the more reliable ones and 

thus used to draw a partial phase diagram published by Predel [79]. 
Later, Okamoto [80] calculated the phase diagram based on the pre
liminary assessment of Krishnamurthy [81] who used the regular solu
tion approximation and proposed the large miscibility gap at high 
temperature. In the present work, the interaction parameter between W 
(liq) and La(liq) (Table 4) was adjusted to reproduce the solubility in the 
La-rich concentration range (Fig. S3a). The calculated eutectic and 

Fig. 3. Dilatometric signal (length change - dL with the temperature) and its differential (dL/dt) of the studied La6W2O15 sample in the graphite and iridium crucibles 
for melting temperature determination.

Fig. 4. Calculated heat capacity (solid line) of compounds 5:22 and 7:8 (La10W22O81 and La14W8O45) based on calorimetric data [51] in comparison with the 
Neumann-Kopp approach (dashed line).
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monotectic temperatures are 1193 K and 3667 K, respectively (Fig. S3b) 
that is close to that proposed by Krishnamurthy [81] (1191 K) and 
Okamoto [80] (3667 K).

6.3. Thermodynamic modelling of stoichiometric compounds 
(La2O3)m(WO3)n

6.3.1. Compound La10W22O81 (La2O3:WO3=5:22)
The compound La10W22O81 was introduced by Yoshimura and 

Rouanet [31] to replace the previous mentioned composition 2:9 
(La4W9O33) that was found in the systems Re2O3-WO3 for La-Nd in the 
earlier studies of Yoshimura et al. [82]. According to the studies of 
Yoshimura et al. [31,40] and to the later work of Yanovskii and Vor
onkova [32], this compound crystallises in an orthorhombic symmetry 
Pbcn and melts congruently at 1303 K.

In the present work, the heat capacity of the compound with highest 
content of WO3 was modelled using the calorimetric data of Chantur
ishvili et al. [51], who derived the temperature dependency of the heat 
capacity from the enthalpy increment data. This equation was adopted 
in the present work without modifications and used for calculation of Cp 
up to the melting point (Table 7, Fig. 4). The experimental data on the 
enthalpy increment of La10W22O81 [51] are compared with the calcu
lated values in Fig. 5.

The Gibbs energy of the formation of 5:22 from the oxides (ΔGox
f ) 

was estimated based on the EMF measurements [56] in the relative 
narrow temperature range 1134–1175 K and summarised in the hand
book [58]. The calculated values of ΔGox

f related per mole of oxides are 
within the experimental error [56] (Fig. S4). Note that the obtained 
values are given per mole of crystalline oxide. The aforementioned re
action of formation can be written for any lanthanum tungstate as 
follows: 

mLa2O3 + nWO3 = (La2O3)m(WO3)n 

In case of a compound La2O3:WO3=m:n, the presented Gibbs energy 
values (Fig. S4) are calculated from ΔGox

f divided by (m+n) for a better 
representation of various compositions.

The discrepancy between experimental and modelled values can be 
explained by the fact, that the optimisation of thermodynamic data of 
this compound was done after the compounds with high La2O3 content 
melting at higher temperatures. Thus, the phase diagram data were 
preferred to the Gibbs energy data by optimizing of 5:22. The optimised 
values of ΔfHᵒ

298, Sᵒ
298, Cp and ΔHox

298,f are compared with the available 
literature data in Tables 5–8.

6.3.2. Compound La2W3O12 (La2O3:WO3=1:3)
The synthesis and properties of the “middle” tungstate La2(WO4)3 

(1:3) were firstly studied by Plyuschev et al. [83]. The product of the 
interaction of the oxides is stable until 1323 K and has a monoclinic 
structure. The melting temperature of 1413 K was reported there 
without an explanation of the exact melting behaviour. This value differs 
from those published in other studies. Using DTA measurements Nassau 
et al. [41] and Brixner and Sleight [84] obtained the values of the 
melting temperature of 1338 K and 1370 K, respectively. The latest 
value is close to 1363 K published by Rode et al. [29] (congruent 
melting) and Ivanova et al. [30] (peritectic decomposition). The 
ambiguous character of the melting was explained by the fact that the 
peritectic composition (0.24 mol fraction of La2O3) is located very close 
to the composition of the compound (0.25) [30].

The authors [29–31,41] agreed on the temperature of polymorphic 
phase transition at 1298–1308 K, which is close to the temperature of 
the eutectic between 1:3 and WO3 at 1293 K. The structural trans
formation of the single crystal of La2(WO4)3 found by Brixner and 
Sleight [84] at 1170 K was not observed by calorimetric measurements 
up to 1238 K [51]. This structural transition was observed for several 
tungstates of the lanthanides Ln2(WO4)3 with Ln––La, Ce, Pr, Nd, Sm, Eu 
in the temperature range 1243–1303 K, while the low-temperature 

Fig. 5. Calculated enthalpy increment (solid line) of compounds 5:22 and 7:8 (La10W22O81 and La14W8O45) compared with the experimental data [51] and 
Neumann-Kopp approach (dashed line).
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modification was identified to have a monoclinic structure, and the 
structure type of the high temperature phase could not be determined 
using the XRD data [41]. According to the literature, this transition is 
accompanied by neglectable changes of the structure [29]. Nassau et al. 
[41] called it as “non-destructive” phase transition with relatively minor 
rearrangement of atoms. Unfortunately, no data on the transition 
enthalpy of this transformation were found in the literature concerning 
tungstates of the lanthanides or even for the molybdates, which are 
iso-structural to Ln2(WO4)3 [41,85]. Therefore, the transition enthalpy 
of La2(WO4)3 at 1303 K was estimated to be 1.84 kJ/mol using the 
transition entropy of WO3 at 1050 K.

The heat capacity of the compound 1:3 was obtained by calorimetric 
measurements [51]. The calculated enthalpy increment is presented in 
Fig. 6, whereas the heat capacity data are summarised in Fig. 7. The Cp 
data published in [86] were excluded due to their inconsistency with 
other data. The estimated values from the database aiMP (ab-initio 
Material Project compound database) [87] and the Neumann-Kopp data 
are given for comparison.

The present optimised values of the standard formation enthalpy are 
compared in Table 5 with the data derived in the thermodynamic data 
collections [58,87,88]. Plyuschev et al. [86,89] estimated ΔfHᵒ

298 and 
Sᵒ

298 by comparative analysis of the thermodynamic data of similar 
compounds (sulphates, chlorides or tungstates of related metals). 
Chentsov [90] used the available EMF data to derive the thermodynamic 
functions for tungstates of Sc, Y, La, Dy, i.e. the Gibbs energy of for
mation from the elements. These values can be compared with those 
obtained from the EMF measurements in the temperature range 
1134–1196 K [56]. The latter data have been recalculated using the 
present thermodynamic data regarding the oxidation of La and W to 
La2O3 and WO3, respectively, because the values used in [56] are not 
identical to those applied in the present dataset. The calculated Gibbs 
energy values are summarised in Fig. 8. As it was mentioned in the 
previous chapter, these G values are also given per mole of crystalline 
oxide, the reaction of formation can be written for any lanthanum 

tungstate as follows: 

2mLa+ nW+
3
2
(m+ n)O2 = (La2O3)m(WO3)n 

In case of a compound La2O3:WO3=m:n, the presented Gibbs energy 
values are calculated from ΔGelem

f divided by (m+n) for better 
representation.

6.3.3. Compound La2W2O9 (La2O3:WO3=1:2). The phase trans
formation of La2W2O9 was observed in various thermal and structural 
studies [29,31,51,91,92], and the transformation temperature was re
ported to be in the temperature range of 1340–1362 K (Table 9). The 
structure of the low temperature (LT) phase was resolved by Laligant 
et al. [43] using ab initio from neutron diffraction data. This LT phase 
with triclinic structure transforms to the cubic high temperature phase 
[91]. The recent data regarding the transition temperature, 1350 K [91]
and 1353 K on heating curve [92], respectively, agreed with those from 
the earlier studies on the phase diagram [29,31] (1348 K, 1340 K) and 
the calorimetric study [51] (1362 K). The transition enthalpy was 
calculated by numerical integration of the recorded DTA to be 
27.5 kJ/mol [92]. However, the value from the calorimetric study of 
Chanturishvili et al. [51], 43.51 kJ/mol, was preferred in the present 
work in order to keep the consistency with the heat capacity data. The 
calculated enthalpy increment of La2W2O9 is compared with the 
experimental data [51] in Fig. 6. The heat capacity (Fig. 7) was directly 
derived from these calorimetric data, whereby the heat capacity above 
the phase transition was approximated as a constant value in accordance 
with the data [51].

The thermodynamic data of the solid compound 1:2 (ΔfHᵒ
298, Sᵒ

298) 
were optimised (Tables 5-7) for the proper description of the phase 

Fig. 6. Calculated enthalpy increment (solid line) of compounds 1:3, 1:2 and 1:1 (La2W3O12, La2W2O9 and La2WO6) compared with the experimental data [50,51]
and Neumann-Kopp approach (dashed line).
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Fig. 7. Calculated heat capacity (solid line) of compounds 1:3, 1:2 and 1:1 (La2W3O12, La2W2O9 and La2WO6) compared with the experimental data [50,51,86], 
aiMP database [87] (dot line), and Neumann-Kopp approach (dashed line).

Fig. 8. Calculated Gibbs energy of formation of compounds 1:3, 1:2 and 1:1 (La2W3O12, La2W2O9 and La2WO6) from elements according to the reaction 2mLa +

nW + 3
2(m + n)O2 = (La2O3)m(WO3)n per mole of crystalline oxide, ΔGelem

f
m+n compared with the experimental data [56,90].
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equilibria along with the thermodynamic properties, namely (ΔGelem
f ), 

the latter values are calculated and compared with the available liter
ature data (Fig. 8) [56,90].

6.3.4. Compound La14W8O45 (La2O3:WO3=7:8). Tyushevskaya 
et al. [28] reported the compound 7:8 as a low temperature phase of that 
with 1:1 ratio. Ivanova et al. [30] stated that 1:1 has a large homoge
neous domain and that the compound 7:8 is an intermediate phase based 
on 1:1 solid solutions. However, Yoshimura et al. [35] indicated that 
their XRD data for 1:1 [30] consisted of a mixture of gamma-phase (one 
of the phase modification of the compound 1:1) and 7:8. Yoshimura 
could separate the data by annealing of fused samples. All reflections 
belonging to the compound 7:8 were indexed based on an orthorhombic 
cell, which can be indexed based on a pseudo-hexagonal cell with pa
rameters a= 7.830 Å and C= 5.447 Å [35]. The compound of this stoi
chiometry has not been reported for other rare earths [4,31].

The structure of the sample with La2O3:WO3= 7:8 was determined 
by synchrotron and laboratory X-ray, neutron, and electron diffraction 
data by Chambrier et al. [44]. It was reported that the refined compo
sition is La2O3:WO3= 9:10 instead of 7:8, but they were unable to see a 
small difference between both compositions during the synthesis. Since 
this compound melts incongruently, the exact formula does not affect 
the phase diagram of the system La2O3-WO3. The compound with the 
composition 9:10 was synthetized using the self-flux method from the 
high-temperature solutions, but the formation of a single phase was not 
confirmed, as two phases were detected with XRD [93]. The compound 
7:8 was investigated in the earlier structural [31,35], calorimetric [51]
and EMF [56] studies, therefore, the compound La14W8O45 is considered 
in the present work instead of that with the molar ratio 9:10.

According to Yoshimura et al. [31], no phase transitions were found 
for the compound La14W8O45, and its incongruent melting point was 
reported to be below 1973 K (after thermal analysis - 1947 K).

In the present work, the thermodynamic function of 7:8 was 
modelled using the calorimetric [51] and the EMF data [56]. The heat 
capacity, the enthalpy increment, and the Gibbs energy of formation 
from La2O3 and WO3 are plotted in Figs. 4, 5 and S4, correspondingly. 
The predicted stability of 7:8 is lower (Fig. S4) than that established in 
the EMF study. The values were obtained as a compromise considering 
both the phase equilibria and EMF data for the proper description of the 
melting behaviour of all compounds.

6.3.5. Compound La2WO6 (La2O3:WO3=1:1). The solid-solid tran
sition at 1713 K of the compound 1:1 from the low- to the high tem
perature modification with a tetragonal structure was found by thermal 
analysis and XRD study by Yoshimura et al. [31,35]. In these publica
tions, the structure of the low-temperature phase (LT) was not known 
exactly in contrast to other tungstates with formula Ln2WO6. Chambrier 
et al. [45,94] established that La2WO6 (LT) crystallizes in an ortho
rhombic space group P212121 by laboratory X-ray, neutron 
time-of-flight and electron diffraction data. Allix et al. [95] refined the 
structure of the high temperature (HT) modification using laboratory in 
situ high temperature X-ray powder diffraction and isolated this phase at 
room temperature by rapid quenching from 1873 K. Ab-initio structure 
determination was performed at room temperature by combining elec
tron diffraction results with an analysis of synchrotron and neutron 
powder diffraction data by charge-flipping algorithm methods. The 
α-La2WO6 phase (HT) was found to crystallize in the Pm21n.

The solid-solid transformation between LT and HT phases was 
confirmed by the DSC measurement [95]. The enthalpy of transition was 
not known; therefore, this value was estimated using the data on other 
compounds Ln2WO6. The compounds with Ln=Eu and Nd have a similar 
structure. As reported by Allix et al. [95]: “These compounds typically 
present structural motifs based on the fluorite (CaF2) or Scheelite 
(CaWO4) structure type. Depending on the lanthanide (Ln) cation 
radius, three different space groups are commonly observed”. Thus, 
their heats of transition were determined by calorimetry [96] and these 
values were 1.88 kJ/mol at 936 K and 0.22 kJ/mol at 936 K for Eu and 

Nd, correspondingly. In the present work, the transition data for the 
compound La2WO6 were estimated (0.447 kJ/mol at 1713 K [31]) 
based on the entropy change of the transitions between LT and HT 
phases of the compound Nd2WO6 (0.26 J/mol•K) considering the fact 
that the ionic radius of Nd is closer to that of La.

The heat capacity equation (Fig. 7) was adopted from the calori
metric measurement of Nadiradze et al. [50] and used in the present 
work without modifications. The enthalpy increment of the compound 
1:1 is presented in Fig. 6. The standard formation enthalpy and standard 
entropy were optimised in accordance with the Gibbs energy data [55, 
90] and the phase equilibria information. The calculated Gibbs energies 
of formation of the compound La2WO6 according to the reactions 2La +

W + 3O2 = (La2O3)1(WO3)1 and La2O3 + W + 3O2 =

(La2O3)1(WO3)1 per mole of crystalline oxide, ΔGelem
f

1+1 and ΔGreac
f

1+1 are 
collected in Figs. 8 and 9, respectively. It should be noted that the second 
reaction of formation can be written for any lanthanum tungstate as 
follows: 

mLa2O3 + nW+
3n
2

O2 = (La2O3)m(WO3)n 

In case of a compound La2O3:WO3=m:n, the presented Gibbs energy 
values (Fig. 9) are calculated from ΔGreac

f divided by (m+n) for a better 
representation of various numbers.

6.3.6. Compound La6W2O15 (La2O3:WO3=3:2). The melting point of 
the compound La6W2O15 is inconsistent in the literature: Ivanova et al. 
[30] reported incongruent melting at 2173 K, while Yoshimura et al. 
[31] and Yanovskii and Voronkova [32] found congruent melting at 
2063–2065 K. According to the preliminary dilatometry measurements 
(Chapter 6.1), the melting temperature of 2158 K is adopted in the 
present study, although a more detailed study seems to be necessary for 
the compositions with high concentration of lanthanum oxide.

The structural, thermal and chemical stability and the conductivity 
of the compound La6W2O15 were studied by Ivanova et al. [46] in order 
to clarify its impact on the performance of the LaWO-based membrane 
during manufacturing and operation when it can be segregated as a 
secondary phase. Since its conductivity is one to several orders of 
magnitude lower compared to the phase LaWO (La6-xWO12-δ), this phase 
can compromise the performance of material of interest. Furthermore, 
the stability of this secondary phase plays for the overall stability of the 
LaWO membrane under relevant operation conditions (humidity, con
centration of H2, O2, CO2, etc). Therefore, the phase transformation of 
3:2 were examined with HT XRD in the range from room temperature up 
to 1373 K supported by microstructure and conductivity measurements. 
Four stable structures were detected [46], the transformations were 
associated with strong variation in the microscopic thermal expansion 
coefficients. The first phase transitions (423–673 K) going over a 
metastable structure doesn’t have an analogue in the literature. The 
transformations at 873–923 K and 1073–1173 K correspond to those 
reported earlier [30,31]. Based on DTA measurements, solid-solid 
transitions at 903 K and 1223 K and 903 K and 1203 K were reported 
by Rode et al. [29] and Ivanova et al. [30], respectively. Later, reversible 
thermal delays were observed by Yoshimura and Rouanet [31] at 892 K 
and 1202 K on heating and at 871 K and 1195 K on cooling. Similar 
results were obtained by Chambrier [47], 888 K and 1217 K on heating 
and 859 K and 1191 K on cooling, respectively. In the present work, the 
transformations at 903 K and 1203 K according to [29–31] were 
selected for the compound 3:2. The transition enthalpies and the heat 
capacity were taken from the calorimetric measurements [50].

The Gibbs energy of formation of the La6W2O15 from La2O3, W and 
O2 were calculated (Fig. 9) using the present dataset in good agreement 
with the EMF-based experimental values [55]. The heat capacity 
(Fig. 10) was modelled using the calorimetry measurements [50] of 
enthalpy increment (Fig. 11).

6.3.7. Compound La10W2O21 (La2O3:WO3=5:2). The compound 5:2 
was considered by Ivanova et al. [30] and included into a solid solubility 
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Fig. 9. Calculated Gibbs energy of formation (solid line) of the compounds 1:1, 3:2, 5:2 and 3:1 (La2WO6, La6W2O15, La10W2O21 and La6WO12) according to the 

reaction mLa2O3 + nW + 3n
2 O2 = (La2O3)m(WO3)n per mole of crystalline oxide, 

ΔGreac
f

m+n .

Fig. 10. Calculated heat capacity (solid line) of compounds 5:2, 3:2 and 3:1 (La10W2O21, La6W2O15 and La6WO12) compared with the experimental data [50] and 
Neumann-Kopp approach (dashed line).
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Fig. 11. Calculated enthalpy increment (solid line) of compounds 5:2 and 3:2 (La10W2O21 and La6W2O15) compared with the experimental data [50] and 
Neumann-Kopp approach (dashed line).

Fig. 12. Calculated Gibbs energy of formation of the compounds 3:1 and 5:2 (La6WO12 and La10W2O21) according to the reaction mLa2O3 + nWO3 =

(La2O3)m(WO3)n per mole of crystalline oxide, 
ΔGox

f
m+n in comparison with the literature data [55,90].
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in the compositional range 0.7–0.75 mol fraction of La2O3. Later, this 
compound was investigated by Yoshimura et al. [31,36] who applied 
solid state reaction, co-fusion, annealing coupled with high temperature 
XRD in order to investigate the phase relations in the La2O3-rich part of 
the system, between the compounds 5:2 and 3:1. The compound 5:2 was 
identified to have a cubic fluorite structure with the superstructure lines 
that are characteristic for the pyrochlore-related fcc structure. It is stable 
up to 2043 K and appeared to decompose into the compound 3:1 
(La6WO12) and the compound 3:2 (La6W2O15) at higher temperatures. 
Similar results were obtained by Casteels et al. [34] who proposed a 
decomposition temperature of 2093 K.

The Gibbs energy of the stoichiometric compound La10W2O21 is used 
for the description of the phase LaWO (Chapter 4.3). The coefficients for 
the temperature dependence of heat capacity were adopted from the 
calorimetric data [50]. The heat capacity of 5:2 and enthalpy increment 
are plotted in Figs. 10 and 11, respectively. To provide the stability of 
the phase from room temperature to the decomposition, the ΔfHᵒ

298, Sᵒ
298 

were optimised in accordance with the EMF and phase diagram data. 
The calculated Gibbs energies of formation from the mixture La2O3, W, 
O2 and from the end-member oxides are presented in Figs. 9 and 12, 
correspondingly, in comparison with the literature data [55].

6.3.8. Compound La6WO12 (La2O3:WO3=3:1). Chang and Philipps 
[49] prepared in 1964 the compound 3:1 by solid-state reaction of the 
oxides at temperatures above 1673 K in air to prevent volatilisation of 
WO3. The compound obtained melts at 2323 ± 20 K, the DTA study did 
not show any heat effect up to 1673 K. According to Chang and Philipps 
[49]: “The compound can lose oxygen when heated above 1073 K under 
vacuum without change in structure but with colour changes toward 
grey. Reheating in air restores the original colour (white)”. The solidi
fication temperature was determined to be 2233 K for the lanthanum 
containing compound in the series of rare-earth tungstates R6WO12 by 
Foex in 1967 [97]. The structure of 3:1 was indexed as fcc unit cell and 
classified by Chang and Phillips [49] as disordered pyrochlore (or or
dered defect fluorite) with a= 11.18 Å.

On the phase diagram published by Ivanova et al. [30] this com
pound La6WO12 was introduced to be a stable phase from low temper
ature up to the congruent melting point at ≈ 2423 K. Later, Casteels 
et al. [34] and Yoshimura et al. [31,36] reported this phase appears at 
high temperatures only, with stability ranges of 2093–2313 K and 
2013–2233 K, respectively.

Similar to the previous chapter, the discussion on the solubility based 
on the compounds 5:2 and 3:1 is presented in Chapters 2.3 and 6.3. In 
the present work, this solution phase is modelled using the Compound 
Energy Formalism (Chapter 4.3). However, the thermodynamic prop
erties of the stoichiometric compound were generated in order to pro
vide a starting dataset for modelling the LaWO phase.

In the present work, the heat capacity of the compound 3:1 was 
generated from the corresponding data of the pure oxides using Neu
mann-Kopp’s rule with small modifications (solid line in Fig. 10), since 
no experimental data are available in the literature. The Cp values are 
compared with the ab-initio data from the aiMP database [87]. The 
Gibbs energy of the compound was modelled to enable the prediction of 
the stability range of the compound 3:1 at higher temperatures only. The 
EMF measurements of Chentzov et al. [52,90] who determined the 
Gibbs energy of formation (ΔGreac

f ) according to the reaction 
3La2O3+W+ 3/2O2=La6WO12 in the temperature range 1200–1450 K) 
were used to establish the thermodynamic function of this compound. 
Fig. 9 presents the calculated Gibbs energy of formation from La2O3, W, 

O2 related to one mole of oxides, namely ΔGreac
f

3+1 . The value of the Gibbs 
energy for the same reaction at 1800 K was extrapolated by Levitskii 
et al. [98] using the thermodynamic data on similar tungstates of rare 
earth oxides. This value agrees with the experimental and calculated 
data. The thermodynamic values (standard formation enthalpy, stan
dard entropy and the formation enthalpy from the oxides) were derived 
in those works [52,90] and compared with the optimised values in 

Tables 5–7.
Summarising the thermodynamic data on 3:1 (Tables 5–8), the 

enthalpy and entropy values agree well with the available experimental 
and estimated information. The calculated enthalpy of formation from 
oxides (ΔHox

298,f ) differs from those in the literature [52,90], because 
these authors derived the thermodynamic properties of 3:1 based on 
their EMF data related to the reaction from La2O3, W, O2 using different 
thermodynamic information on oxides and elements. Specifically, the 
Gibbs energy of W oxidation differs from that used in the book [58] and 
in the present work. Thus, the Gibbs energy of formation from oxides 
(ΔGox

f ) cannot be compared directly with the estimations published in 
[52,90]. Therefore, this Gibbs energy of the reaction 
(3La2O3+WO3=La6WO12) is recalculated using the EMF data [52,90]
for the reaction from La2O3, W, O2 combined with the corrected values 
for the W oxidation (W+3/2O2=WO3). After this re-calculation, the 
values ΔGox

f agree with the literature data [52,90]. The comparison is 
shown in Fig. 13, the corresponding Gibbs energies of the reaction from 
oxides are given per mole oxide similar to the reaction from La2O3, W, 
O2.

6.4. Phase equilibria of the La2O3-WO3 system

The thermodynamic dataset for the system La2O3 and WO3 was 
generated using the available literature data on phase equilibria and 
thermodynamic properties. The Gibbs energies for eight stoichiometric 
compounds and solution phases were obtained in good agreement with 
the available experimental information. The optimised parameters in 
the liquid and solid phases allow the accurate description of the phase 
equilibria as well as other properties.

The formation enthalpy from the end-member oxides, La2O3 and 
WO3, can be calculated for any lanthanum tungstate by the following 
formula: mLa2O3 + nWO3 = (La2O3)m(WO3)n. The calculated data at 
298 K are summarised in Table 8 and Fig. 13 in comparison with the 
selected experimental data. The value of ΔHox

f are consistent with each 
other, and the minimum of the enthalpy of formation is located at the 
compound 7:8. Using the optimised parameter of the liquid phase, the 
enthalpy of mixing was predicted at 2673 K (Fig. 14). The calculated 
value of ΔHliq

mix is asymmetric and has a V-shape with the minimum at 
0.44 mol fraction of La2O3 indicating a tendency to short-range ordering 
at this composition.

The literature data on phase equilibria were critically assessed. The 
solid-liquid equilibria reported in [29–32] were considered by optimi
sation of the thermodynamic parameters in the system. In the La2O3-rich 
concentration range, the data published by Yoshimura and Rouanet [31]
were preferred. Fig. 15 shows the calculated phase equilibria in the 
system La2O3-WO3. Additionally, the calculated phase diagram in ◦C is 
added to Supplementary (Fig. S5). The invariant points (solid-solid and 
solid-liquid transitions) are summarised in Table 9.

In agreement with the literature, the compounds 5:22, 1:2, 1:1, and 
3:2 melt congruently, while the compositions 1:3 and 7:8 undergo per
itectic decomposition at the corresponding temperatures. The melting 
temperature of La6W2O15 was optimised to be close to the experimen
tally found value of 2158 K considering other thermodynamic properties 
and the melting behaviour of the neighbour compounds. The calculated 
liquidus line at high amount of La2O3 is considered as compromise be
tween Yoshimura [31] and Ivanova [30]. However, further experi
mental study may be needed to solve these contradictions.

The formation of the solid solution in the concentration range 
0.71–0.75 mol fraction of La2O3 is intensively discussed in the literature. 
The compound 3:1 is reported in the literature [30] to be a part of the 
solid solution that was proposed in the compositional range 
0.7–0.75 mol fraction of La2O3 including the chemical composition of 
the compound 5:2 (0.714 mol fraction La2O3) as well. In opposite to this, 
Yoshimura et al. [36] suggested a discontinuous phase change between 
5:2 and 3:1 in the samples annealed at 1673 K. According to the 
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Fig. 13. Formation enthalpy of lanthanum tungstates from oxides at 298 K according to the reaction: mLa2O3 + nWO3 = (La2O3)m(WO3)n per mole of crystalline 

oxide, 
ΔHox

f
m+n, in comparison with the experimental data from the literature.

Fig. 14. Calculated mixing enthalpies of the liquid phase La2O3-WO3 at 2673 K.
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Fig. 15. Calculated phase diagram in the system La2O3-WO3 along with the experimental data.

Fig. 16. The part of the calculated phase diagram of the system La2O3-WO3 illustrating the solid solution phase LaWO in comparison with the available experi
mental data.
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temperature dependence of the cubic lattice parameters, both phases 
coexist between 2013 K and 2073 K. Later, Chambrier et al. [48] ana
lysed the structural properties of the compound 5:2 to understand, 
whether the compounds 5:1 and 3:1 having similar structure are indi
vidual compounds or belong to the solid solution. The structure of the 
powder sample of 5:2 and the quenched sample 3:1 were confirmed to 
be very similar, so the formation of a very limited solution based on 
(La6-xWx)LaWO13.5+1.5xV2.5–1.5x with V – vacancy, x = 1/3 ±δ, and δ 
very small was proposed. At x = 1/3 the formula corresponds to the 
ratio La/W= 5 as in the compound 5:2.

The structure of this phase was proved more accurately using mod
ern techniques by Magraso et al. [62], by Scherb et al. [19]. According to 
the XRD and neutron scattering data, the composition 3:1 belongs to the 
solid solution existing in the compositional range 0.714–0.75 mol frac
tion of La2O3. Similar results were obtained by Seeger et al. [12,64]. The 
possible extension of this solid solution was reported by Kojo et al. [100]
who synthesised the single phase patterns in the range La/W= 6.3–6.7 
(0.759–0.77 mol fraction of La2O3) by the citric acid complexation 
method with high-temperature sintering at around 1973 K. Thus, the 
field of LaWO should strongly incline towards the La2O3-rich composi
tions. Therefore, the data [62,64] were favoured to introduce the solid 
solution LaWO instead of two stoichiometric compounds, La10W2O21 
and La6WO12 (Fig. 15). The stability range is strongly dependent on the 
temperature and composition. According to the literature, this phase 
with one structure extends in air in the temperature range from 1273 K 
to 1873 K. The Gibbs energies of the solution components and the cor
responding interaction parameters were optimised considering the sol
ubility area extending from 0.714 to 0.75 mol fraction of La2O3, that 
corresponds to the compositions from La10W2O21 to La6WO12 or to the 
ratio La/W from 5 to 6, respectively (Fig. 16). The predicted phase fields 
containing one phase or two phases agree with the equilibrium mea
surements presented by Magraso et al. [62,63]. The calculated phase 
boundaries bend from La10W2O21 to La6WO12 in the temperature range 
under consideration.

The theoretical numbers of oxygen vacancies and tungsten on the 
lanthanum sites in the solid solution were considered according to the 
structure studies [63]: the amount of W doped on the La sites (W•••

La ) 
decreases with increasing amount of La2O3 or with increasing ratio 
La/W. The relative amount of this defect (W•••

La ) can be related to the 
relative amount of the solution components with W (WO and WVa). The 
amount of oxygen vacancies, which are responsible for the conductivity 
of this phase, can be reproduced by the relative amount of the species 
LaVa and WVa in the range of solid solubility from 0.714 to 0.75 mol 
fraction of La2O3. The isothermal distribution of all solution constituents 
can reproduce the defect structure of this phase. Using the present 
dataset, the amount of all solution species was calculated at 1773 K 
(Fig. S6 in Supplementary). From these data the amount of the tungsten 
on the La position (WLa) as a function of the mole fraction of La2O3 were 
calculated based on the formula La26.67W4(W, La)1.33(O)54(O, Va)2 
(Fig. 17). The amount of vacancies (Va) was directly derived from the 
calculated mole fraction of LaVa and WVa. The results obtained show a 
good agreement with the theoretical values, indicating the applicability 
of the model.

Thus, the proposed model is able to describe the solid solubility 
between the compounds 5:2 and 3:1 in accordance with the available 
structural data. This model was validated depending on the composition 
and temperature. This description can be used for understanding the 
crystal structure of this solution and for prediction of its stability. The 
present modelling doesn’t directly consider the partial pressure of oxy
gen so far. Since the dependence on the partial pressure of oxygen is 
crucial for the manufacturing and application of such materials, further 
improvement and modification of the solution model is necessary. For 
this purpose, measurements under reducing atmosphere and in pure 
oxygen would be desired to modify/validate the solution model and to 
understand the stability of this phase under different operation 
conditions.

The solid solutions based on La2O3 were mentioned in one paper 

Fig. 17. Calculated numbers of W on the position of La (WLa) and vacancies (Va) as a function of the mole fraction of La2O3 in LAWO, based on the formula 
La26.67W4(W, La)1.33(O)54(O, Va)2 at 1773 K. The theoretical values are taken from Magraso et al. [63].
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[31], and since no further structural information is available, these 
phases are omitted in the present work.

In conclusion, it should be noted that the present dataset and the 
model used were not validated directly in terms of the dependence on 
the partial pressure of oxygen due to the lack of experimental data. 
However, the present database describes the thermodynamic properties 
as a function of chemical composition and temperature in a good 
agreement with the available independent experimental data, including 
phase equilibria, structure and calorimetric data. The selected models 
for description of liquid and solid solution phases and the appropriate 
optimised parameters were able to provide a reliable and reasonable 
description of the thermodynamics of the oxide system La2O3-WO3.

6.4.1. Equilibrium with the gas phase
The high-temperature KEMS measurements by Casteels et al. [34]

allowed to determine the partial pressure of various species over pure 
La2O3 and the mixtures in the La2O3-WO3 system. Using the present 
dataset, the partial pressure of the corresponding gaseous species can be 
calculated. Thermodynamic data on all gas species in the La-W-O system 
were taken from the commercial database SGPS [69].

The values of LaO pressure will mainly be determined by the for
mation enthalpy of LaO(g), which is reported to be from − 113 to 
− 126 kJ/mol in the literature. Thermodynamic data on the gas species 
in the La-O system were presented by Heyrman et al. [101] based on 
mass-spectrometric measurements and critical analysis performed by 
Younes [102]. The proposed values [101] for the species LaO(g) and La 
(g) are adopted in the SGPS database (-114.2 kJ/mol), that is used here 
in combination with the present dataset for the condensed phases. The 
calculated pressure of LaO over the pure lanthanum oxide (green line, 
figure S7 in Supplementary) are compared with the selected literature 
data [34,103,104]. In the case of the enthalpy value of − 125.5 kJ/mol 
based on the mass-spectrometry and mass effusion measurements by 
Ackermann and Rauh [103] the calculated pressure of LaO(g) is closer to 
the experiments (black line in Fig. S6). However, the data on the gas 
phase is beyond the scope of the present work, therefore, the data from 
the commercial database SGPS will be used in the present work without 
modifications.

The calculated values of partial pressure of LaO (gas) over La2O3 and 
La10W2O21 are compared with the measured data [34] (Fig. S8). It 
should be noted that the calculations were performed at a fixed activity 
of W(solid)= 1 to reproduce the experimental conditions (tungsten cell 
for KEMS measurements). So, the agreement is reasonable, although the 
exact composition wasn’t given in the literature.

7. Conclusions

The system La-W-O was thermodynamically considered focussing on 
the core system La2O3-WO3. Thermodynamic properties and phase 
equilibria in this oxide system were critically assessed to generate a new 
thermodynamic dataset containing eight stoichiometric solid com
pounds with various oxide ratio La2O3:WO3, the liquid phase and the 
solid solubility phase based on the compound 5:2. All phases in the 
system have been described using the appropriate models, and ther
modynamic parameters have been optimised to provide a good agree
ment with the available experimental information on phase equilibria 
and thermodynamic properties. The dataset obtained provides a proper 
description of the thermodynamic properties of the system under 
consideration depending on temperature and chemical composition. 
This allows the use of the database for calculation and prediction of the 
stability and phase equilibria depending on chemical composition and 
temperature. By this, the that is helpful for development of the ceramic 
materials based on the La2O3-WO3 system is essentially aided.
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