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This issue is dedicated to  Professor 
Alexander Petrov, whose 75th birthday we 
have celebrated this year. During all his 
life Alexander Petrov was deeply involved 
into teaching and research in the Chemical 
Faculty of the Ural State University. His 
research interests included wide range 
of  topics concerning thermodynamics 
and stability of oxide systems, crystal and 
defect structure, charge and mass trans-
fer, technical applications of oxide materi-
als, and many others. Professor Petrov is 
a co-author of many publications, patents, 
and text-books. Together with his teacher, 
Professor Vladimir Zhukovsky, Alexander 
Petrov became a founder of outstanding 
research group for Solid State Chemistry 
in the Ural State University, which raised 
many talented young scientists.

He was one of the first scientists of the 
Ural State University who managed 
to go on an internship abroad, to Profes-
sor P. Kofstad. As a result, since mid-70th

, 
Oslo University remains our good partner 
for collaboration in different forms. Later, 
Professor Petrov took part in  research 
in well-known research centers in Italy, 
Denmark, USA, and many others, and de-
livered lectures at international conferences 
as an invited speaker.

For 22 years (1986–2008) Professor 
Petrov headed the Department of Physi-
cal Chemistry in the Ural State University. 
During that time, he made a lot of effort 

to maintain close collaboration with Insti-
tutes of Ural Branch of the Russian Acad-
emy of Science and its predecessor — the 
Academy of Science of the USSR. In 1987, 
he organized a joint laboratory with the 
Institute of Electrophysics. A branch of the 
Department of Physical Chemistry was es-
tablished in 1995 in the Institute of High-
Temperature Electrochemistry. A scientific 
laboratory “Neutron-diffraction studies 
of complex oxides” was organized jointly 
with the Institute for Metal Physics in 1997. 
It can be said that Professor Petrov antici-
pated the trends that the Ministry of Sci-
ence and Higher Education of Russia is 
currently implementing.

Alexander Petrov repeatedly won high 
awards. For example, in 1989 together with 
others he was awarded by the Prize of the 
Council of Ministers of the USSR for the 
development of novel ceramic cathodes 
for CO2‑lasers, in 2000 he was awarded the 
State Scholarship for Outstanding Scholars 
of the Russian Federation, in 2001 he was 
awarded the Honored Scientist of the Rus-
sian Federation title.

In addition to his merits and titles, the 
most important traits of Alexander Petrov 
were his outstanding humanity and decen-
cy. He was always ready to fight for justice 
and come to the rescue. More than 10 years 
have passed since he is not with us, but we 
still keep bright memories and warm feel-
ings towards him in our hearts.
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Crystal structure and properties of novel oxide 
Sm0.9Ca1.1Fe0.7Co0.3O4–δ

Sm0.9Ca1.1Fe0.7Co0.3O4–δ oxide with the K2NiF4‑type structure was prepared us-
ing a glycerin-nitrate technique. The XRD pattern of Sm0.9Ca1.1Fe0.7Co0.3O4–δ was 
refined by the Rietveld method within an orthorhombic structure (space group 
Bmab). The electrical conductivity, Seebeck coefficient, and thermal expansion 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ were measured depending on temperature in air. The 
change of oxygen nonstoichiometry determined by TGA in air does not exceed 
0.01. The oxygen content in Sm0.9Ca1.1Fe0.7Co0.3O4–δ determined by the reduc-
tion in a hydrogen flux is equal to 3.96 ± 0.01. The positive value of Seebeck 
coefficient indicates that the predominant charge carriers in the oxide studied 
are electron holes.
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ometry, electroconductivity; thermal expansion.

Received: 13.11.2018. Accepted: 05.12.2018. Published: 31.12.2018.

© Galayda A. P., Volkova N. E., Dyagileva A. I., Gavrilova L. Ya., Cherepanov V. A., Battle P. D., 
2018

Introduction
Complex oxides with the 

K2NiF4‑type structure based on rare earth, 
alkaline earth and 3d-transition metals 
are known as materials with high mixed 
electronic-ionic conductivity and oxygen 
mobility, and also thermodynamic stabil-
ity at high temperature under an oxidiz-
ing atmosphere [1–4]. For this reason, 
K2NiF4‑type oxides have attracted much 
attention as  promising SOFC cathodes 
[1–3], oxygen-separation membranes [5] 
and catalysts [6]. The crystal structure 
of a K2NiF4‑type oxide is built up by al-
ternating the perovskite layer (ABO3) 
and rock salt layer (AO) [7]. Depending 

on the nature of the metals in the A and B 
sublattices, the crystal structure of  ox-
ides with overall composition A2BO4 can 
be described using a  tetragonal (sp. gr. 
I4 / mmm) or orthorhombic (sp. gr. Bmab) 
unit cell [3–13]. Compared with Sr-sub-
stituted phases, very little is known about 
Ca-doped analogues with the K2NiF4‑type 
structure. It has been reported previously 
that metastable lanthanum calcium ferrite 
CaLaFeO4–δ decomposes at 1100 °C to lan-
thanum ferrite LaFeO3–δ and calcium oxide 
CaO [14]. One can expect that variation 
of the Ln / Ca ratio and partial substitution 
of more electronegative Co for Fe ions 
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in  the B-site position will stabilize the 
K2NiF4‑type structure. The present study 
has focused on the structure and properties 

of the novel Sm0.9Ca1.1Fe0.7Co0.3O4–δ oxide 
with the K2NiF4‑type structure.

Experimental
The complex oxide was prepared us-

ing a glycerin nitrate technique. Samari-
um oxide Sm2O3 (99.99 % purity), calcium 
carbonate CaCO3 (“pure for  analysis” 
grade), metallic cobalt Co, iron oxalate 
FeC2O4·2H2O (“pure for analysis” grade), 
nitric acid (“special purity” grade) and 
glycerin were used as the starting materials. 
Metallic cobalt was obtained by reducing 
cobalt oxide Co3O4 (“special purity” grade) 
in the hydrogen flow at 400–600 °C for 6 h. 
The appropriate stoichiometric amounts 
of starting materials were dissolved in ni-
tric acid, and then glycerin was added 
to the solution. The resulting gel was dried 
in a porcelain cup, decomposed to the dark 
powder, then placed in an alumina cru-
cible and calcined in air at 700–1000 °C 
for 8–10 h. The final annealing was per-
formed at 1100 °C in air for 120 h with 
intermediate grindings, followed by slow 
cooling to  room temperature at  a  rate 
of  ~100  °C / h. The phase composition 
of the annealed samples was determined 
by  X-ray diffraction u sing a   S himadzu 
XRD-7000 (CuKα-radiation, angle range 
2Θ = 20–90°, step 0.03°, 5 s / step) in air. 
The structural parameters were refined 
by the Rietveld profile method using the 
Fullprof-2008 package. Thermogravimet-

ric analysis (TGA) was carried out using 
an STA 409 PC instrument (Netzsch) over 
the temperature range 25–1100 °С in air 
in dynamic (heating / cooling rate 2 K / min) 
mode. The absolute values of oxygen con-
tent were determined by a reduction of the 
samples in a hydrogen flux inside the TGA 
cell at 1200 °C [15]. Thermal expansion 
measurements were carried out within the 
temperature range of 25–1100 °C in air 
using a dilatometer DIL 402C (Netzsch) 
at a heating / cooling rate of 5K / min. The 
total conductivity and Seebeck coefficients 
of ceramic samples were measured in air 
by a 4‑probe method with platinum elec-
trodes. A bar-shaped sample (3×4×25 mm) 
for thermal expansion coefficient (TEC) 
and conductivity measurements was ob-
tained by pressing powder that was mixed 
with 2–3 drops of ethanol using a manual-
ly-operated press. Afterwards, the samples 
prepared accordingly were slow heated and 
then sintered at 1200 °C for 14 h in air fol-
lowed by slow cooling (the rate of heating 
and cooling was 50 K / h). The relative den-
sity of the sample was evaluated by a com-
parison of measured values to those cal-
culated from the XRD-data. The relative 
density was found to be 90 %.

Results and discussion
In contrast with previously reported 

SmCaCoO4–δ [10] and LnSrFeO4–δ (Ln=La 
[16], Nd [17, 18], Gd [19], Sm [13]), we 
have failed to synthesize samarium-calci-
um ferrite with an equimolar Sm / Ca-ratio 
at 1100 °C in air. It is known that the ho-
mogeneity range limits for such solid solu-

tions depend significantly on temperature, 
ionic radius of dopants and oxygen partial 
pressure. The decrease of temperature from 
1500 °C to 1100 °C leads to decomposition 
of CaLaFeO4–δ to LaFeO3–δ and CaO [14]. 

T h e  c o m p l e x  o x i d e 
Sm0.9Ca1.1Fe0.7Co0.3O4–δ was prepared 
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by a standard glycerin-nitrate technique 
with annealing temperature 1100 °C in air. 
Diffraction data for Sm0.9Ca1.1Fe0.7Co0.3O4–δ 
analyzed by  the Rietveld method 
are shown in  Fig. 1. XRD pattern 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ was indexed in the 
orthorhombic structure (sp. gr. Bmab).

The value of  the oxygen content 
in Sm0.9Ca1.1Fe0.7Co0.3O4–δ at room tempera-
ture determined by the TGA reduction was 
found to be 3.96 ± 0.01, and is consistent 
with that for SmCaCoO4–δ [10]. The TGA 
measurements within the temperature 

range of 25–1100 °С in air revealed a small 
change in oxygen content, 4‑δ, that is less 
than 0.01 (Fig. 2).

The temperature dependence 
of  the thermal expansion in  air for 
Sm0.9Ca1.1Fe0.7Co0.3O4–δ is given in Fig. 3 
in comparison with SmCaCoO4–δ [10].

As can be seen, the shape of the meas-
ured dependence is non-linear. Since this 
phenomenon cannot be explained by a no-
ticeable oxygen exchange, we suggest that 
the non-linearity of the dilatometric plot 
is mainly associated with redistribution 
of electron density between Co and Fe 
and / or  changes in  Co spin states with 
the temperature. Similar behavior was 
observed in  SmFe1–xCoxO3–δ (x  =  0.2, 
0.5, 0.8) [10]. However, additional re-
search is needed to clarify this behavior. 
The dependence of ΔL / L=f(T) has been 
described by two linear equations in the 
temperature ranges of  25–400  °C and 
730–1000 °C. Low- and high-temperature 
TEC values for  Sm0.9Ca1.1Fe0.7Co0.3O4–δ 
in comparison with those of SmCaCoO4–δ 
and most common SOFC electrolytes are 
listed in Table 1. The decrease in the TEC 
value with the increase of iron content can 
be explained by the higher bond energy 

Fig. 1. Rietveld refined XRD pattern 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ. Circles are the 

experimental XRD data, upper continuous 
line is the calculated profile, lower continuous 

line is the difference plot, vertical lines are 
indicating the Bragg positions

Fig. 2. Oxygen content, 4–δ, 
in Sm0.9Ca1.1Fe0.7Co0.3O4–δ as a function 

of temperature in air

Fig. 3. Thermal expansion of the 
Sm0.9Ca1.1Fe0.7Co0.3O4–δ and SmCaCoO4–δ [10] 

ceramics in air
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for Fe–O (409 kJ / mol) compared to Co–O 
(368 kJ / mol) [20].

T h e  t o t a l  c o n d u c t i v i t y 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ versus tempera-
ture is shown in Fig. 4. 

T h e  c o n d u c t i v i t y 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ monotonously 
increases with temperature up to 23 S / cm 
at 1100 °C. In contrast, the Seebeck coeffi-
cient decreases with temperature. The posi-
tive value of the Seebeck coefficient (see 
Fig. 5) indicates that electron holes are the 
predominant charge carriers in the oxide 
studied. The conductivity activation ener-
gies calculated from two linear segments 
of Arrhenius plot (see insert in Fig. 4) 
are equal to 0.193 eV and 0.283 eV in the 
temperature ranges 50–250 °C and 300–
1100 °C, respectively. Both values are typi-
cal for a hopping conduction mechanism.

A comparison of  the temperature 
dependences of  the total conductivity 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ and SmCaCoO4–δ 
[10] (see Fig. 4) visually shows that they 
coincide in practical term up to 600 °C and 
the conductivityhas thermally activated 
character for both oxides. A strong increase 
in the conductivity of SmCaCoO4–δ above 
600 °C can be explained by the pronounced 
charge disproportionation process at high-
er temperatures:

2Co Co CoCo Co
� � � �

Co 	 (1)

Fig. 5. Seebeck coefficient 
for Sm0.9Ca1.1Fe0.7Co0.3O4–δ vs. temperature 

in air

Table 1
The average thermal expansion coefficients for Sm0.9Ca1.1Fe0.7Co0.3O4–δ, SmCaCoO4–δ [10] 

and SOFC electrolytes Zr0.85Y0.15O2–δ [22] and Ce0.8Sm0.2O2–δ [23] in air

Composition Temperature range, °C TEC×106, K–1

Sm0.9Ca1.1Fe0.7Co0.3O4–δ

25–400 4.4
730–1000 20.2

SmCaCoO4–δ [10]
25–580 17.7

580–1100 20.2
Zr0.85Y0.15O2–δ [22] 30–1000 10.9
Ce0.8Sm0.2O2–δ [23] 30–1000 12.5

Fig. 4. Total conductivity 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ and SmCaCoO4–δ 

[10] versus temperature in air.  
The insert shows the Arrhenius plot 

for Sm0.9Ca1.1Fe0.7Co0.3O4–δ
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In contrast, simultaneous presence 
of Co and Fe at the B-sites suppress dis-
proportionation of iron and cobalt by the 
following process:

Fe Co Fe CoFe Fe Fe
� �� � � �

Fe , (2)

where iron seems to be a hole trap [21].

Conclusions
Single-phase Sm0.9Ca1.1Fe0.7Co0.3O4–δ 

was successfully synthesized by a glycerin 
nitrate technique. The structural param-
eters of the oxide prepared were refined 
by  the Rietveld method. The oxygen 
content, 4–δ, at  room temperature was 
found to be 3.96 ± 0.01 and its decrease 
with temperature does not exceeded 0.01. 

The lower value of the total conductivity 
of Sm0.9Ca1.1Fe0.7Co0.3O4–δ compared to that 
of SmCaCoO4–δ was explained in terms 
of an electronic exchange process. The See-
beck coefficient of Sm0.9Ca1.1Fe0.7Co0.3O4–δ 
was shown to be positive over the entire 
temperature range investigated, indicating 
predominantly p-type conductivity.
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Thermodynamic assessment  
of oxide system In2O3‑SnO2‑ZnO

The In2O3‑SnO2‑ZnO system is of special interest for applications as transparent 
conducting oxides and also transparent semiconductors. In the present work, 
a thermodynamic assessment for this system is discussed using all available 
experimental data on phase equilibria and thermodynamic properties. All sub-
systems including elemental combinations were considered in order to generate 
a self-consistent Gibbs energy dataset for further calculation and prediction 
of thermodynamic properties of the system. The modified associate species model 
was used for the description of the liquid phase. Particular attention was given 
to two significant solid solution phases: Spinel with the formula Zn(2–x)Sn(1–x)In2xO4 
based on Zn2SnO4 and Bixbyite based on In2O3 and extending strongly toward the 
SnZnO3 composition according to the formula In(2–2x)SnxZnxO3. In addition to the 
component oxides, nine quasi-binary compounds located in the In2O3‑ZnO binary 
subsystem have also been included in the database as stoichiometric phases.
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Introduction
Compositions in  the In2O3–

SnO2–ZnO ternary oxide system are of in-
terest owing to their optical transparency 
combined with high electrical conductiv-
ity [1, 2]. Transparent conducting oxides 
(TCOs) can be used as electrodes in solar 
cells, flat panel displays and other com-
mercial devices. Although TCOs are ap-
plied usually in film form, the study of bulk 
phase relations and physical properties can 
be useful for understanding fundamental 
materials properties. At the present time, 
ITO (tin-doped indium oxide) is the ma-
terial of choice for TCO layers (e.g. in re-
view [3]), but the increasing cost of indium 
metal and the development of new tech-

nologies will require alternative TCOs. 
According to Palmer [4] both SnO2 and 
ZnO are good TCOs with conductivities 
comparable to ITO. Compositions from 
the In2O3–ZnO system with high Zn con-
centration are attractive due to their high 
electrical conductivity, optical transpar-
ency and excellent chemical stability [5, 6].

The materials from the system ZITO 
(Zn-In-Sn-O) [2] are promising replace-
ments for  ITO as  TCO layers in  many 
opto-electronic applications. ZITO con-
tains less indium than ITO, which low-
ers the cost, and it has a broad window 
of compositions that allow the TCO layer 
to be adjusted (conductivity, etc.) for each 



167

application. The bulk equilibrium phases 
of ZITO have been defined and exhibit 
two transparent and conductive regions: 
the bixbyite solid solution In2–2xZnxSnxO3 
and the homologous series of compounds 
In2ZnkOk+3. 

Thermodynamic modelling on the basis 
of reliable experimental data and appro-
priate Gibbs energy models for solid and 
liquid phases is a powerful tool for calcula-
tion and prediction of the thermodynamic 
properties and phase equilibria for various 
systems. Furthermore, such data can be 
applied for heat balance calculations, i.e. 
for information on the energetics of pos-
sible production processes. The quality and 
completeness of the thermodynamic data-
bases used is a key prerequisite for reliable 
calculations. According to CALPHAD-
type modelling all available experimental 
data (phase equilibria, mixing properties, 
component activities, etc.) are critically an-
alyzed in terms of their consistency. Each 
phase in the system is treated by an appro-
priate Gibbs energy model with adjustable 
parameters (Gibbs energy of constituents, 
interaction parameters, etc.), which are 
optimized in accordance with the experi-
mental information in order to generate 
a self-consistent dataset of Gibbs energies 
of all phases in a system.

In the present study the thermody-
namic assessment of  the oxide system 
In2O3–SnO2–ZnO is presented using all 
available experimental data on phase equi-
libria and thermodynamic properties. The 

calculation of phase equilibria and the pre-
diction of thermodynamic properties us-
ing the database for the In2O3‑SnO2‑ZnO 
system can be helpful for developing and 
manufacturing TCOs for optoelectronic 
devices. The experimental information 
on the available thermodynamic proper-
ties (phase diagram, phase transition etc.) 
is used for the generation of self-consistent 
Gibbs energy datasets for all known phases 
and compounds in this ternary system. 

The Gibbs energy of the liquid phase 
has been modelled using a non-ideal as-
sociate solution model proposed by Bes-
mann and Spear [7]. This model has been 
successfully applied for  the description 
of melts containing oxides and sulphides 
in our previous studies, e.g. in [8–10]. Solu-
bilities in the solid state have been treated 
using the multi-sublattice approach which 
allows the description of experimentally 
determined solubilities. In the present 
study there are two solid solution series 
with different structure. The spinel phase 
with formula (Zn+2,In+3)2(Sn+4, Zn+2)1(O–2)4 
includes Zn2SnO4, In2SnO4, Zn2ZnO4, 
In2ZnO4 as  end-members. The model 
for bixbyite in form of In(2–2x)SnxZnxO3 us-
ing the formula (In, Zn, Va)1(In, Sn)1(O)3 

allows description of the limited solubility 
from pure indium oxide extending to SnZn 
compounds.

The present database contains a gas 
phase, a multi-component liquid phase, 7 
solid solutions and 27 solid stoichiometric 
compounds.

Thermodynamic models
The Gibbs energies of the elements were 

taken from the SGTE unary database [11] 
while the pure component oxides were 
taken from the SGTE Pure Substance da-
tabase [12], the thermodynamic descrip-
tions of the metallic systems were taken 

from the SGTE Solution database [13]. The 
thermodynamic data sources used in the 
present work are collected in Table 1. 

The thermodynamic descriptions of the 
assessed stoichiometric compounds are 
presented in Table 2.
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The solid solution phases in  the 
In2O3‑SnO2‑ZnO system considered in the 
present work are given in Table 3 and are 
described below in more detail. 

The molten oxide phase 
The Gibbs energy of the liquid phase 

in the system is represented by the modi-
fied non-ideal associate species model [7]. 
The basic species In2O3, SnO2 and ZnO 
along with one (quasi)binary species (Sn-
Zn2O4) have been introduced as  liquid 
components. Although the corresponding 
metallic species were added for the systems 
Me-O, the present work will attend to the 
melt oxide species only; the interactions 
between these oxides and other oxide spe-
cies are responsible for the thermodynamic 
properties of the liquid phase. To provide 
equal weighting of each associate species 
with regard to its entropic contribution 
in the ideal mixing term, each species con-
tains a total of two cations in its formula 
based on [7]. In addition, interactions be-
tween associate species were introduced 
in order to fine tune the thermodynamic 
description. 

The molar Gibbs energy of the solu-
tion is presented by a three-term expres-
sion with contributions of the reference 
part, the ideal and the excess part taking 
into account binary interactions as follows:

G x G RT x x

x x L x x

m i i i i

i j
i j

v
ij
v

i j

v

� � � � � �

�� �� �
� �

� �� �
ln

0
	 (1)

where xi is the mole fraction of phase con-
stituent i (including the associate species), 
°Gi  is the molar Gibbs energy of the pure 
phase constituent i and  is an interaction 
coefficient between components i and j, 
according to the Redlich — Kister polyno-
mial. The Lij

v� �  with v = 0, 1, 2 and °Gi  are 
temperature dependent in the same way 
according to:

� � � � � � � � � �
� � � � � �

� �

�

G L A B T c T T

D T E T F T
i ij

v, ln
2 1 3 	

(2)

Thermodynamic data for  the liquid 
components are summarized in Table 3. 
The elemental systems In–O and Zn–O 
contain one stable oxide, In2O3 and ZnO, 
respectively, while in the system Sn-O two 
oxides were considered, Sn2O2 and Sn2O4. 
The liquid phase of the quasi-binary oxide 
systems will contain the basic oxides along 
with one (quasi)binary species (SnZn2O4 · 
3 / 2). No ternary species were necessary. 
The Gibbs energy of the binary species are 
taken from the SGTE Pure Substance da-
tabase [12] without modifications. The G 
function of the liquid species SnZn2O4 · 3 / 2 
was derived using the melting data of the 

Table 1
Thermodynamic data sources used in present work

System Source System Source
In-Sn [13] In2O3–SnO2 This work
In-Zn [13] In2O3–ZnO This work
Sn-Zn [13] SnO2–ZnO This work
In-O This work In2O3–SnO2–ZnO This work
Sn-O This work – –
Zn-O This work – –
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Table 2
Thermodynamic properties of stoichiometric compounds assessed in this work

Compound ∆fH
298, J / mol S298

0 ,  
J / mol · K

T (K) Cp, J / mol·K

SnO –289853 48.95 298–1250 43.7399+0.01356023·T+ 
10·T–2–1.06·10–10·T2 [13]

Sn3O4 –1155713 151.23 298–1250 163.5208+0.03448263·T – 
2223847·T–2+5.57·10–10·T2

SnIn2O5 –1439306.47 187.51
298–1903 197.5511+0.01742532·T – 

4485329·T–2+3.968488·10–10·T2

1903–2186 213.5101 +0.01006315·T –  
2261462·T–2–3.721512·10–10·T2

Sn3In4O12 –3458277.2 426.23
298–1903 471.1432+0.04221281·T – 

11194525·T–2+3.968488·10–10·T2

1903–2186 213.5101 +0.01006315·T – 
2261462·T–2+1.5626976·10–9·T2

Zn3In2O6 –1975291.24 231.8 298–2186
264.2621+0.02177245·T –  

4512542·T–2 +3.8375878488·10–6·T2

Zn4In2O7 –2326518.2 274.79 298–2186
311.8461+0.02567555·T –  

4512542·T–2 +3.8375878488·10–6·T2

Zn5In2O8 –2678001 317.6 298–2186
359.4301+0.02957865·T –  

6013262·T–2 +6.3962278488·10–6·T2

Zn6In2O9 –3028592 360.86 298–2186
407.0141+0.03348175·T – 6763622·T–2 

+7.6755478488·10–6·T2

Zn7In2O10 –3379500 403.92 298–2186
454.5981+0.03738485·T –  

7513982·T–2 +8.9548678488·10–6·T2

Zn9In2O12 –4080212 490.44 298–2186
549.7661+0.04519105·T –  

9014702·T–2 +1.15135078488·10–5·T2

Zn11In2O14 –4781168.4 576.79 298–2186
644.9341+0.05299725·T –  

10515422·T–2 +1.40721478488·10–5·T2

Zn13In2O16 –5482137.2 663.13 298–2186
644.9341+0.05299725·T –  

10515422·T–2 +1.40721478488·10–5·T2

Zn15In2O18 –6183104.984 749.4702 298–2186
835.2701+0.06860965·T –  

13516862·T–2 +1.91894278488·10–5·T2

SnZn2O4 –1282630 151
298–1903

171.209+0.01516837·T –  
3724587·T–2 +2.55940900002·10–6·T2

1903–2250
187.168+0.0078062·T –  

1500720·T–2 +2.55864·10–6·T2
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corresponding constituent oxides. The in-
teractions between liquid species are listed 
in Table 3.

Spinel 
Normal Spinels can be described using 

the formula AB2O4, where A is a divalent 
metallic cation and B represents a trivalent 
cation placed on the second sublattice. For 
example, zinc aluminate (ZnAl2O4) and 
zinc ferrite (ZnFe2O4) are normal spinels. 
On the other hand, zinc stannate Zn2SnO4 

is an inverse spinel and has the chemi-
cal formula A2BO4 where A are divalent 
zinc cations and B tetravalent tin cations, 
as in (Zn2+)2(Sn4+)(O2–)4. The inverse Spi-
nel Zn2SnO4 has the cubic spinel structure 
(space group ) and Pearson symbol cF56 
[14]. This inverse spinel structure is pre-
sent in many systems, e.g. as Ülvöspinel 
Fe2TiO4, manganese titanate Mn2TiO4 
and gandilite Mg2TiO4. All of them can be 
treated with the same common formula 

Table 3
Thermodynamic descriptions of the liquid and solid solution phases

Parameter value, J / mol Reference
Liquid: (In, In2O3, Sn, Sn2O2, Sn2O4, Zn, Zn2O2, SnZn2O4 / 1.5)
� � � �G GIn Liq In

SGPS

� � � �G GIn O Liq Ti O
SGPS

2 3 2 3

� � � �G GSn Liq Sn
SGPS

� � � �G GSn O Liq SnO
SGPS

2 2
2

� � � �G GSn O Liq SnO
SGPS

2 4 2
2

� � � �G GZn Liq Zn
SGPS

� � � � �G G TSnZn O SnZn O
Spinel

2 4 2 4
163400 80 81806. •

� �LIn In O
liq

, � 2 3
 +27600

� �LSn SnO
liq

, �  +39000
1LSn SnO

liq
, =  +11200

� �LSn SnO
liq

, � 2
 +44000

� �LIn O SnO
liq

2 3 2, �  –11000

� �LIn O ZnO
liq

2 3 , �  –11000

� �LIn O SnO Sn
liq

2 3 2, ,  –187000

*
[11]
[12]
[11]
[12]
[12]
[11]

*
*
*
*
*
*
*
*

Spinel:   (Zn2+, Sn4+)1(Zn2+, In3+)2(O2–)4

� � �� � �� �� � �G G G
Zn Zn O SnZn O

Spinel
ZnIn O
Spinel

2 2 2
2 4 2 4

0 5 0 5 95
: :

. . 000

� � � � � � � �� � �G G G GSpinel
Zn In O ZnIn O ZnO

SGPS
In O
SGPS

2 3 2
2 4 2 3

2700
: :

00  

� � �� � �G G
Sn Zn O SnZn O

Spinel
4 2 2

2 4:  

� � �� � �� �� � �G G G
Sn In O SnZn O

Spinel
ZnIn O
Spinel

4 3 2
2 4 2 4

0 5 0 5 95
: :

. . 000

*
*
*
*
*
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(A2+)2(B4+)(O2–)4. In the In2O3–SnO2–ZnO 
ternary system the spinel phase Zn2SnO4 

dissolves a significant amount of indium 
and extends toward the fictive ZnO·In2O3 
composition, having constant Zn:Sn ratio 
[1] according to the formula Zn(2–x)Sn(1–x)

In2xO4. The proposed multi sublattice for-
mula reads (Zn2+, In3+)2(Sn4+, Zn2+)1(O2–)4 
and allows to describe the deviation from 
the stoichiometric composition towards 
higher In2O3‑contents keeping the Zn:Sn 
ratio to 2:1. 

The molar Gibbs energy of the phase 
Spinel was expressed using the compound 
energy formalism derived by Hillert and 
Staffansson [15] and generalized by Sund-
man and Ågren [16] under the condition 
y

O

III
� �2 1  as follows:
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where yi
s  represents the site fractions 

of sublattice component i on sublattice s. 
� �G

i j O: : 2  are the Gibbs energy of real (Zn2S-
nO4) or hypothetical compounds where the 
first and second sublattices are occupied 
by appropriate components i and j,  is the 
excess Gibbs energy which depends on the 
site fractions yi

N  and on temperature.
Bixbyite
Indium oxide In2O3 exists in  form 

of two crystalline phases, the cubic form 
(Bixbyite type like Mn2O3) with Pearson 
symbol cI80, and the rhombohedral form 
(Corundum type like Cr2O3) with Pear-
son symbol hR30. The rhombohedral 
modification is metastable under normal 

Parameter value, J / mol Reference
Bixbyite: (In, Zn, Va)(In, Sn)(O)3

� � �G GIn In O In O
SGPS

: : 2 3

� � �� � �� � � �G G G TIn Sn O In O
SGPS

ZnSnO
Bixbyite

: : . .0 5 0 5 20000 11
2 3 3

� � �� � �� � � �G G G TZn In O In O
SGPS

ZnSnO
Bixbyite

: : . .0 5 0 5 119044 3
2 3 3

� � � � � � � �G G G GZn Sn O ZnSnO
Bixbyite

ZnO
SGPS

SnO
SGPS

: : 3 2
10800  

� � ��G GVa In O In O
SGPS

: : .0 5
2 3
�

� � � �G GVa Sn O SnO
SGPS

: : 2
12000

0 46403 13L TIn In Sn O
Bixbyite

: , : •� � �

0 10 52L TIn Zn In O
Bixbyite

, : : . •� �

0 1700LIn Zn Sn O
Bixbyite

, : : � �

0 318000LIn Zn In Sn O
Bixbyite

, : , : � �

1 97000LIn Zn In Sn O
Bixbyite

, : , : � �

*
[12]

*
*
*
*
*
*
*
*
*

* — This work.

Сontinuation of table 3
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conditions, but can be produced at high 
temperatures and pressures [17]. In the 
present work this modification has been 
ignored. The solubility of tin in the stable 
form of In2O3 (Bixbyite) was investigated 
by Gonzalez and Mason [18], Ohya and 
Ito [19], Enoki and Echigoya [20], as well 
as Heward and Swenson [21] using dif-
ferent methods. All investigations are 
in general agreement and confirm a sig-
nificant solubility of SnO2 in Bixbyite. In 
contrast, the solubility of zinc in Bixby-
ite appears to be relatively small. In the 
ternary In2O3‑SnO2‑ZnO system Bixby-
ite is enriched with tin and zinc extend-
ing toward to the composition ZnSnO3 
and can be described as In(2–2x)SnxZnxO3 
(0 < x < 0.40) [1].

Bixbyite is described in this work as sol-
id solution phase based on In2O3 using the 
atomic sublattice model (In, Zn, Va)1(In, 
Sn)1(O)3 assuming that the first and second 
sublattices can be occupied by metal at-
oms while the third contains oxygen atoms 
only. The atomic model is chosen, because 
the use of ions would require more addi-
tional unknown Gibbs energies to describe 
the solubility of tin oxide in Bixbyite. The 
molar Gibbs energy of this phase was ex-
pressed using the compound energy for-
malism [15, 16] as follows:
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where yi
I and yi

II  represent the site frac-
tions of the component i and j in the first 
respectively second sublattices. oGIn O2 3

 cor-
responds to the Gibbs energy of the indium 
oxide and is taken from the SGPS database 
[12], the Gibbs energy oGInO3

 is estimated 
to be one half of the Gibbs energy of the 
appropriate oxide In2O3.

oGZnSnO3
 is the Gibbs energy of the hy-

pothetical compound ZnSnO3, while the 
Gibbs energies for the also hypothetical 
compounds oGInSnO3

 and oGZnInO3
could be 

estimated using the following reciprocal 
equation

o o

o o

G G

G G
In O ZnSnO

InSnO ZnInO

2 3 3

3 3

�

� �

�

  (5)

and accepting that the species on the right-
hand side have identical Gibbs energies

o o

o o

G G

G G
InSnO ZnInO

In O ZnSnO

3 3

2 3 3
0 5 0 5

� �

� � � �. . 	 (6)

Assessments
Thermodynamic descriptions for the 

binary metal systems are taken from the 
SGTE Solution database [13], the thermo-
dynamic descriptions of binary metal-oxy-
gen systems are proposed in this work. The 
data for the binary oxide systems In2O3–
SnO2, In2O3–ZnO and SnO2–ZnO as well 
as the ternary system In2O3‑SnO2‑ZnO are 
optimized using available experimental in-
formation. The calculated phase diagrams 
are in good agreement with the experimen-

tal data. The thermodynamic data for the 
ternary compounds assessed in this work 
are given in Table 2. The Gibbs energies 
of  (Me1Ox)A(Me2Oy)B have been based 
on stoichiometric combinations of Me1Ox 
and Me2Oy using a Neumann-Kopp ap-
proach. The values for  ∆H298

0  and S298
0  

have been assessed according to available 
experimental data.

The end-member Gibbs-energies G° 
as well as the various binary and ternary 
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interaction parameters between species 
both in the liquid and solid solutions have 
been assessed in order to obtain correct 
representations of the solubility regions. 
The optimization of the chosen solution 

parameters based on the available experi-
mental data was performed using the op-
timizer module OptiSage included in the 
FactSage software [22, 23].

Results and discussion
The metallic subsystems
As indicated above, the data for  the 

three metallic subsystems have been tak-
en from the SGTE Solution database [13]. 
The resulting binary phase diagrams as well 
as the ternary liquidus surface are given 
below for reasons of completeness.

The In–O system
The binary In-O system contains one 

stoichiometric compound, In2O3. The crys-
tal structure of stable Indium oxide is the 
cubic form (Bixbyite type), whereas the 
rhombohedral modification (Corundum 
type) is metastable. According to Schneider 
[24], the melting point of Bixbyite In2O3 is 
1910 ± 10 °C.

The solubility of oxygen in liquid in-
dium was investigated first by Fitzner and 
Jacob [25] in the temperature range 650–
820 °C using a phase equilibration tech-
nique. Later investigations using different 
techniques [26, 27] did not confirm these 
results [25]. Otsuka, Sano and Kozuka [26] 
determined the solubility of oxygen using 
coulometric titrations and later Otsuka, 
Kozuka and Chang [27] have used an isopi-

estic equilibration technique. Both meas-
urements are in good agreement and show 
lower solubility of oxygen in liquid indium 
than determined by Fitzner and Jacob [25]. 

Isomäki, Hämäläinen et al. [28] in their 
assessment of the In-O binary system used 
the experimental data Fitzner and Jacob 
[25] applying the ionic liquid model.

Figure 5 shows the calculated phase 
diagram of the In-O binary system calcu-
lated from the present database compared 
with the experimental melting temperature 
of In2O3 [24]. Figure 6 shows the Indium-
rich part of the phase diagram compared 

Fig. 1. Calculated In-Sn phase diagram

Fig. 2. Calculated In-Zn phase diagram

Fig. 3. Calculated Sn-Zn phase diagram
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with the experiments [25–27], the agree-
ment is very good.

The Sn-O system
The Sn-O phase diagram used for the 

optimization was taken from Massalski 
[17], which is based on the experimental 
data reported by McPherson, Hansen [29] 
and Spandau, Kohlmeyer [30]. The system 
is characterized by a large region of liquid 
immiscibility between pure tin and “tin ox-
ide” — rich compositions. The monotectic 
reaction between metal-rich and tin oxide-
rich liquid is assumed to have a tempera-
ture of 1040 °C and liquid compositions 
of 3.3 and 50.3 at. % O according to [17]. It 
was confirmed by later investigations car-
ried out by Cahen, David et al. [31] using 
DSC and XRD experiments. 

The Sn-O binary system contains three 
intermediate compounds SnO, SnO2 and 
Sn3O4. Although the experimentally de-
termined melting temperatures of SnO2 
vary enormously, all investigations agree 
that this compound melts congruently. Ac-

Fig. 5. Calculated In-O phase diagram

Fig. 6. Calculated phase equilibria in the  
In-rich part of the In–O diagram compared 

with experimental data [25–27]

Fig. 4. Calculated liquidus surface in the In-Sn-Zn system
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cording to [31] this compound melts con-
gruently at 2000 °C in contradiction to the 
SGPS database [12] which gives a melting 
temperature of 1630 °C. In the present work 
the thermodynamic properties of  pure 
SnO2 were taken from [12]. Moh [32] have 
reported the existence of the compound 
SnO which is formed by a peritectoid reac-
tion at 270 °C (βSn) +Sn3O4→SnO. Sn3O4 is 
not stable at room temperature and decom-
poses at 450 °C [32].

A first thermodynamic assessment 
of the binary Sn-O system was given by Ca-
hen, David et al. [31]. They assumed the 
melting temperature of SnO2 to be 2000 °C 
and have modelled also the stoichiometric 
compounds SnO and Sn3O4 using the ther-
mal stabilities experimentally determined 
by  Moh [32]. Later, a  thermodynamic 
assessment was carried out by Isomäki, 
Hämäläinen et al. [28] where the thermo-
dynamic data for SnO2 were taken from the 
SGPS database [12] with the lower melt-
ing temperature of 1630 °C. The other two 
compounds were not considered in this 
work. In both assessments, the liquid 
phase was described using the ionic liquid 
model. In the assessment by Cahen [31], 
the entropies of formation for the com-
pounds SnO and SnO2 were determined 
to be 96.347 J / mol·K and 183.114 J / mol·K, 
respectively, which is in contradiction with 
the values published by Barin [33] (56.48 
and 52.34 J / mol·K) and also the SGPS da-
tabase [12] (57.17 and 49.01 J / mol·K).

In the present work the thermody-
namic data for SnO2 were taken from the 
SGPS database [12]. Also, the heat capacity 
of the compound SnO was taken from this 
source. The heat of formation of SnO deter-
mined by Li-Zi et al. [34] (–285920 J / mol) 
was used for the optimization combined 
together with the phase diagram data [32]. 
The assessed value is –289853 J / mol, the 

difference to  the measured value being 
about 1.37 %. Sn3O4 is modeled to be stable 
till 450 °C according to the experimental 
value of 450 °C [32].

The calculated Sn–O phase diagram is 
presented in Figure 7 compared with avail-
able experimental information; the agree-
ment is good. 

The Zn-O system
For the binary Zn–O system no phase 

diagram is available. The information 
on this system including thermodynam-
ics and structure of ZnO has been summa-
rized by Wriedt [35]. The system contains 
one stoichiometric compound ZnO with 
known melting temperature (1972 °C) [17] 
but unknown melting behavior. No solu-
bility of oxygen in pure zinc was reported. 
The binary Zn-O phase diagram resulting 
from the present dataset is shown in Figure 
8 compared with the experimental data 
given in [17].

Zinc monoxide decomposes congru-
ently by sublimation to the gaseous ele-
ments according to the following reaction: 
ZnO(s) Zn(g) + 0.5O2(g).

The sublimation / vaporization of zinc 
oxide has been investigated by Knudsen 
Effusion Mass-spectroscopy (KEMS) [36–
39]. At temperatures below 1500 K the va-
por above ZnO consists almost exclusively 
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of Zn atoms and O2 molecules, which con-
firms the congruent vaporization of ZnO. 
The oxygen partial pressure, which could 
not be measured correctly in the experi-
ment, was estimated in agreement with the 
congruent sublimation condition by the 
above reaction as P(O2)  =  1 / 2  ·  P(Zn). 
Under the conditions of  gas phase ef-
fusion from the cell, this relation takes 
the form P(O2)= 1 / 2[M(O2) / M(Zn)]1 / 2 · 
P(Zn), where M(O2) and M(Zn) designate 
the oxygen and zinc molar masses. The sub-
limation enthalpy can be obtained from the 
temperature dependence of P(Zn) [38, 39] 
or calculated using the third-law [39]. The 
latter value is considered as more exact. 

The selected data on the partial pres-
sure of atomic Zn from the literature [37–
41] are presented in Figure 9 (points and 
dashed lines) compared with the present 
equilibrium calculations (solid lines).

The deviation between the experimen-
tal datasets is notable especially in case 
of  oxygen. It should be noted that the 
thermodynamic data for pure Zn, ZnO, 
O2 were taken from the SGTE databases 
[11, 12] without changes. Therefore, the 
discrepancy can be explained by differ-
ences with respect to both the thermody-
namic data of individual gaseous species 
and the sublimation enthalpy of ZnO. For 
this, a value of 465.66 kJ / mol is used in the 
SGPS database. It is, however, in  good 
agreement with the literature, i.e. 461.9 (via 
third-law calculations in [39]) or 467.66 
in [37, 38].

The Me1‑Me2‑O systems  
Predicted isothermal sections at 500 °C 

for the ternary In–Sn–O, In–Zn–O and 
Sn–Zn–O systems are given in Figures 
10–12. The pseudo-binary systems In2O3–
SnO2, SnO2–ZnO and In2O3–ZnO are 
considered as a part of the corresponding 
systems Me1–Me2–O. It should be noted 
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that the data for the ternary metallic system 
In-Sn-Zn and its binary subsystems were 
taken from the SGTE alloy database [13] 
and are not given in this paper. Only in the 
liquid metal phase a small solubility of O is 
calculated from the present data.

The behaviour of the respective systems 
along the oxide pseudo-binary systems is 
discussed below.

The In2O3–SnO2 system
The pseudo binary system In2O3–SnO2 

is characterized by  the presence of  two 
intermediate phases stable at high tem-
peratures, a  significant solubility of  tin 
in indium oxide and a eutectic reaction 
close to the tin-rich side. The system was 
investigated by Enoki and Echigoya [20] 
between 1200 and 1600 °C by TEM obser-
vations. Heward and Swenson [21] stud-
ied the phase diagram in the temperature 
range 1000–1650 °C using electron probe 
microanalysis (EPMA) and X-Ray diffrac-
tion (XRD) analysis of solid-state sintered 
samples. The solubility ranges of tin oxide 
in Bixbyite solid solution were investigat-

ed by Ohya, Ito et al. [19], Gonzales and 
Mason [18] and Harvey [1]. The experi-
mentally determined solubility limits and 
phase boundaries for the Bixbyite solid 
solution contradict each other. According 
to Heward and Swenson [21], the maximal 
solubility of SnO2 in In2O3 was found to be 
13.1 mol.% at 1650 °C, whereas Ohya [19] 
reported 5 % at 1500 °C. In contrast, the 
solubility of indium in SnO2 appears to be 
negligibly small [18, 21], which differs from 
the phase diagram obtained by Enoki [20]. 
In the In2O3‑SnO2 system two intermediate 
compounds, Sn3In4O12 and SnIn2O5, were 
observed. Both are stable at high tempera-
tures and decompose eutectoidally at 1325 
and 1575 °C, respectively [21]. The stoichi-
ometric compound Sn3In4O12 was reported 
to be stable at temperatures above 1300 °C 
[18, 20] but was not observed by Harvey [3] 
at 1275 °C. The data on the experimentally 
determined thermal stability of the com-
pound In4Sn3O12 are collected in Table 4.

The In-Sn-O system has been ther-
modynamically modelled by  Isomäki, 

Fig. 10. The calculated In-Sn-O isothermal section at 500 °C
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Hämäläinen et al. [28] who applied an 
ionic liquid two-sublattice model for the 
description of the liquid phase (Sn+2, In+3)
(SnO2,O

–2,Va). Only one compound (Sn3I-

n4O12) was modeled in this work, the solu-
bility of tin in In2O3 were optimized using 
the data of Enoki [20] which are signifi-
cantly higher than those reported by Ohya 

Fig. 11. The calculated In-Zn-O isothermal section at 500 °C
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[19], Harvey [1] and Gonzalez [18]. The 
values by Enoki [20] were not used for the 
optimization in the present work. The cal-
culated In2O3‑SnO2 binary system in air is 
presented in Figure 13 compared with the 
experimentally determined phase bounda-
ries. The tin solubility in In2O3 increases 
with temperature and reaches 4.6 at. % 
at 1730 °C. The system contains further-
more two intermediate high-temperature 
compounds Sn3In4O12 and SnIn2O5, the 
transition temperatures of which could be 
taken from the literature [20, 21, 42].

The calculated decomposing temper-
ature of Sn3In4O12 is 1333 °C, very close 
to the experimental values 1325 [21] and 
1335 °C [18] while the calculated T2‑tem-
perature (1646 °C) agrees well with the 
experimental data by [21] and [42].

The In2O3‑ZnO system
In the pseudo-binary system In2O3‑ZnO 

Kasper [43] found that zinc oxide and in-
dium oxides reacted at 1100 °C with for-
mation of a series of homologous oxides 
In2ZnkOk+3 where k = 2–5 and 7. Based 
on high-resolution electron microscopy 
results, Cannard and Tilley [44] proposed 
that the structures consist of k ZnO layers 
separated by two InO1.5 layers. ZnO has the 
wurtzite structure, In2O3 crystallizes in the 
cubic bixbyite structure, and these two 
structures intergrow along the hexagonal 
c-axis direction. According to [44], at high 
ZnO concentrations In2ZnkOk+3 form com-

positions with k = 4–11 at 1100 °C. Later, 
Nakamura [45] and Kimizuka [46] sug-
gested that the compounds are isostruc-
tural with LuFeO3(ZnO)k. Although the 
two models are not identical, both exhibit 
wurtzite-type layers perpendicular to the 
c-axis of the In2ZnkOk+3 structures. Com-
pounds with k = 3–11, 13, 15, 17, 19 were 
characterized by Nakamura [45, 47] using 
XRD and scanning electron microscopy 
(SEM). Moriga et al. [6] presented the 
sub-solidus phase diagram for the system 
In2O3‑ZnO over the temperature range 
1100–1400 °C. Homologous compounds 
In2ZnkOk+3 with k = 3–7, 9, 11, 13, and 15 
were reported based on XRD. At 1100 °C, 
In2Zn5O8 and In2Zn7O10 only were found 
to be stable along with ZnO and In2O3, 
whereas the number of stable compounds 
increased as the temperature increased. 

Table 4
Thermal stability of ternary stoichiometric compound Sn3In4O12

T1, 
oC T2, 

oC T1, °C in this work T2, °C in this work
1300 Enoki [20] –

1333 1646
1365 Ohya [19] –

1335 Gonzalez [18] –
1325 Heward [21] 1650 Heward [21]

– 1652 Bates [42]

Fig. 13. The calculated In2O3‑SnO2 phase 
diagram in air compared with experimental 

data [1, 18–21, 42]
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The temperature ranges of  stability de-
termined in [6] agree with the previously 
reported information [43, 45, 46]. The dif-
ference was that the compounds with k = 4 
and 8 were not observed by Moriga [6] over 
the temperature range studied. Moreover, 
the presence of the compound with k = 
15 of the In2ZnkOk+3 series was almost im-
possible to detect with the XRD technique 
used in [6]. The formation of homologues 
series In2ZnkOk+3 (where k = 3–7, 9, 11) 
was confirmed at 1275  °C in  the study 
on the ternary system In2O3–SnO2–ZnO 
[1], while the compounds with k = 6, 13, 
15 became stable at higher temperatures. 
The lattice constant, microstructure and 
electrical characteristics of In2O3 ceramic 
doped by ZnO were investigated by Park et 
al. [48]. The solubility limit of ZnO in In2O3 
was reported to be close to 1 at.% when 
IZO (indium zinc oxide) was sintered 
in oxygen atmosphere. Sintering in nitro-
gen decreased the solubility limit to below 
1 at.%. 

No previous assessments on the sys-
tem In2O3–ZnO were found in the litera-
ture. The present description of the system 
In2O3–ZnO is based on the data reported 
by Moriga [6]. The series of phases with the 
general formula In2ZnkOk+3 with k = 3–7, 9, 

11, 13, 15 was modelled in form of stoichi-
ometric oxides. The thermodynamic data 
of these compounds are given in Table 2. 
Heat capacities of these compounds were 
generated according to Neumann — Kopps 
rule based on the component oxides; the 
enthalpies and entropies of formation were 
optimized in accordance with the stability 
ranges of the phases. The formation en-
thalpy for the compounds with k = 5 and 
7 optimized in the present work are in very 
good agreement with those reported 
in [41] as shown in Figure 14. The literature 
data have been derived from a vaporization 
study of the system In2O3–ZnO with the 
KEMS technique. It is worth noting that all 
compounds show a very consistent trend 
with increasing content of Sn. 

The solubility limit of ZnO in In2O3 
(bixbyite phase) was calculated 
at 1.56 mol.% and 1698 °C using the fol-
lowing atom-based model description 
of the phase: (In, Zn, Va)1(In, Sn)1(O)3. 
The liquid phase is assumed to  consist 
of the component oxides, Zn2O2 and In2O3, 
i.e. following the rule of two cations per 
molecule. The Gibbs energies of the stoi-
chiometric homologous compounds are 
summarized in Table 2. The calculated 
phase diagram for the system In2O3–ZnO 
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is presented in Fig. 15 compared with the 
experimental data [6].

The SnO2‑ZnO system
Enoki [49] proposed a  preliminary 

phase diagram for the system SnO2–ZnO 
with the spinel phase only. The oxide mix-
tures were equilibrated at 1200 and 1400 °C 
and characterized by XRD. Most of the ex-
perimental studies [4, 49, 50] on this sys-
tem agreed that there is one stable com-
pound with the composition SnZn2O4. This 
compound has inverse spinel structure and 
can be obtained by solid state reaction from 
the component oxides or by decomposition 
of the salts zinc acetate (Zn(CH3COO)2 and 
tin tetrachloride (SnCl4). In contrast, the 
information on the second phase, ZnSnO3, 
is contradictory. Shen and Zhang [51] re-
ported that this compound has a perovskite 
structure, whereas Inagaki [52] proposed 
an ilmenite structure which is more rea-
sonable due to the fact that the ionic radius 
of Zn2+ radius is too small to form a stable 
perovskite structure as has been confirmed 
later by Kovacheva and Petrov [53]. 

Palmer and Poeppelmeier [4] studied 
sub-solidus phase equilibria in the system 
Ga2O3–SnO2–ZnO at 1250 °C using solid 
state synthesis and XRD. The ZnO–SnO2 
binary system contains one intermediate 
compound, SnZn2O4 with two-phase re-
gions between the end-members and the 
spinel. According to [4], the lattice parame-
ters of SnZn2O4 were unchanged (from the 
nominal value) in two-phase mixtures with 
ZnO or SnO2, indicating minimal solubil-
ity of either oxide into the spinel phase. 
Hansson et al. [50] investigated phase 
equilibria for  SnO2‑ZnO system in  air 
in the temperature range 1200 to 1400 °C 
using high-temperature equilibration and 
quenching techniques followed by electron 
probe X-ray microanalysis (EPMA). The 
maximum solubility of ZnO in SnO2 was 

found to be approximately 1.5 mol.% in the 
range of conditions investigated. The con-
centration of tin oxide in zincite (ZnO) is 
negligible between 1300 and 1400 °C in air 
within the limits of experimental uncer-
tainty. A slight solubility of ZnO in the stoi-
chiometric SnZn2O4 spinel can be observed 
at all temperatures. Later Harvey et al. [1] 
did not observe a change of lattice param-
eter between pure ZnO or pure SnO2 and 
doped compositions. Mihaiu et al. [54] un-
dertook a systematic study of the phase for-
mation over the whole compositional range 
of  the ZnO-SnO2 binary system in  the 
temperature range 500–1500 °C. Starting 
with 900 °C, the formation of the SnZn2O4 
with inverse spinel type structure was 
found in all samples. The formation of the 
ZnSnO3 was not observed under the ex-
perimental conditions used. In the tem-
perature ranges 1000–1500 °C, no change 
in the phase composition was observed. 

Vaporization processes in the ZnO–
SnO2 system have been studied by  the 
Knudsen effusion technique in  combi-
nation with mass spectrometric analysis 
(KEMS) of the vapor phase in the tempera-
ture range 1360 K to 1460 K [39]. Complete 
isothermal sublimation experiments have 
been performed to determine the partial 
pressures of vapor components over the 
whole system. The elemental composition 
of samples was quantified using laser mass 
spectrometry. By isothermal sublimation, 
the change of partial pressure of Zn over 
the system is caused by phase transfor-
mations in the solid state from pure ZnO 
through two heterogeneous fields (ZnO + 
Zn2SnO4 and Zn2SnO4 + SnO2) to pure tin 
oxide. It has been found that the gas phase 
mainly consists of Zn(g), O2 and SnO(g). 
The partial pressures of the vapor species 
were determined at 1450 K.
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In the present work, the compound Sn-
Zn2O4 is treated as stoichiometric accord-
ing to [3, 6] and calculated to be stable up 
to its melting point of 1675 °C. This com-
pound is considered as the end-member 
constituent in the Spinel phase for the ter-
nary system. The heat capacity of SnZn2O4 
was based on the data of the component 
oxides according to Neumann-Kopp (Table 
2), the standard enthalpy of formation was 
optimized based on the experimental value 
from Gribchenkova [39]. The entropy was 
adjusted in order to represent the melting 
point of spinel. The compound ZnSnO3 
was omitted from consideration accord-
ing to literature data on its instability [39].

The liquid phase in the system SnO2–
ZnO includes the associate SnZn2O4 / 1.5 
along with the basic oxides according 
to the modified associate species model. 
The melting properties of the spinel com-
pound were based on those for liquid ox-
ides. The two eutectics (Spinel and ZnO 
as well as Spinel and SnO2) are calculated 
at  1647 and 1425  °C, respectively. The 
calculated phase diagram of the system 
SnO2‑ZnO is given in Figure 16. 

The calculated activities across the sys-
tem SnO2–ZnO at 1450 K are compared 
in Figure 17 with those measured in [39] 
using KEMS. The thermodynamic data 

on the gas phase are taken from the SGPS 
database [12]. The following main gas spe-
cies are found by calculation of equilibrium 
between the condensed phases and gas –
Zn, SnO and O2. 

The ratio between these species agreed 
with the measurements [39]; however, the 
absolute values of  the partial pressures 
(especially for Zn) differ from the experi-
mental data due to scattering of experimen-
tal data on P(Zn) obtained by using such 
a complicated method as KEMS. Moreover, 
the disagreement can be explained by pos-
sible small inconsistencies concerning the 
thermodynamic data of the gas components 
in the SGTE database, as was already men-
tioned above regarding the Zn–O system. 

The In2O3‑SnO2‑ZnO system
The ternary In2O3‑SnO2‑ZnO system 

does not exhibit any ternary compounds, 
but presents two significant solid solu-
tion phases, the SnZn2O4 Spinel phase 
enriched with indium with the formula 
Zn(2–x)Sn(1–x)In2xO4 and the Bixbyite solid 
solution based on In2O3 and extending 
far toward the SnZnO3 composition with 
the formula In(2–2x)SnxZnxO3. Palmer, Po-
eppelmeier and Mason [55] studied the 
solid solubility of ZnO and SnO2 in Bixby-
ite at 1100 and 1250 °C using X-ray diffrac-
tion and determined a very strong coupled 
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solubility of SnO2 and ZnO. The maximum 
combined solubility of Zn and Sn can reach 
40 cation %, the resulting material at this 
point can be described as In1.2Sn0.4Zn0.4O3. 
Later investigations by Kammler et al. [56] 
using X-ray powder diffraction confirmed 
high solubility of zinc and tin in  In2O3 
at 1250 °C. Kammler reported also a wide 
spinel solution range, Zn2–xSn1–xIn2xO4 (0 < 
x < 0.45) and also a significant solubility 
of tin in Zn3In2O6 which was, however, not 
confirmed by later investigations [1, 2]. The 
phase diagram data published in [56] are 
constructed schematically and were not 
used for the present optimization work. 

The present assessment of the ternary 
system is mainly based on the phase equi-
libria data published in [1]. Harvey, Poep-
pelmeier and Mason [3] investigated the 
subsolidus phase relationships at 1275 °C 
using X-ray diffraction. They reported the 
existence of two extended solid solutions 
and preliminary phase relations between 
them and other coexisting compounds. 
Both solid solution phases exhibit con-
stant Zn:Sn ratio and appear on the phase 
diagram as  long vertical lines. The one 
significant solid solution phase is Bixbyite 
In2O3, enriched by tin and zinc, where up 
to 40 % of indium can be replaced by tin 
and zinc. According to Harvey [1], the 
Bixbyite phase can be described using the 
formula In(2–2x)SnxZnxO3, where x can reach 
a maximum of 0.4. At 1275 °C, Bixbyite is 
in general in equilibrium with the Spinel 
phase, compound (ZnO)k(In2O3), where 

k = 3, and also with the tin oxide SnO2. 
The other important solid solution phase 
reported by Harvey [1] is the Spinel phase, 
which extends from the binary composi-
tion SnZn2O4 towards the In2ZnO4 com-
position. Harvey confirmed Spinel phase 
boundaries and formula experimentally 
found by Kammler [56] to describe this in-
dium-doped Spinel as Zn(2–x)Sn(1–x)In2xO4,(0 
< x ≤ 0.45), whereby at x = 0.45 the Spinel 
composition corresponds to the formula 
Zn1.55Sn0.55In0.90O4. Harvey investigated 
also very intensively a zinc-oxide-rich re-
gion at 1275 °C and corresponding phase 
equilibria. As mentioned before, along the 
binary ZnO-In2O3 edge at 1275 °C there 
is a  series of  homologous compounds 
(ZnO)k(In2O3) (where k = 3–5, 7, 9, 11), 
all of which are in equilibrium with the 
phase Spinel, starting with the first one 
(ZnO)11(In2O3) and finishing with the last 
(ZnO)3(In2O3) which is in equilibrium with 
Spinel maximally enriched in indium. The 
compounds with k > 11 were not found 
in equilibrium with spinel at 1275 °C due 
to sluggish kinetics in the ZnO-rich com-
position range [1].

Figure 18 shows the calculated iso-
thermal section at 1275 °C in the InO1.5–
SnO2–ZnO system in air compared with 
experimental data [1]. The experimentally 
determined extensions of the solid solution 
phases Bixbyite and Spinel, the two‑phase 
regions and also the compatibility triangles 
could be reproduced satisfactorily by the 
calculations.

Conclusions
A thermodynamic dataset containing 

all phases in the system In2O3‑SnO2‑ZnO 
has been generated using the available ex-
perimental information (phase diagrams, 
phase transitions, structure, enthalpies 
of formation). The liquid and solid phases 

have been introduced into the thermody-
namic description, solid solution phases 
such as Spinel and Bixbyite have been mod-
elled using the multi-sublattice approach. 
Fourteen stoichiometric compounds have 
also been thermodynamically assessed. The 
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liquid species tin (II, IV) oxides, indium 
and zinc oxides and the binary associate 
species (SnZn2O4) have been introduced 
to the non-ideal associate solution. The 
general agreement between the calculated 

phase equilibria as well as thermodynamic 
properties and the respective experimental 
data is good. The dataset can be applied 
to studies on the formation of ZITO-based 
TCOs.
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The present research is devoted to the cationic-deficient SrMoO4‑based 
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Introduction
Scheelite-type complex oxides 

are quite interesting research objects be-
cause flexibility of substitutions in these 
systems leads to variety of their composi-
tions, structure types and properties. Ideal 
scheelite-related oxides have a general for-
mula ABO4 and consist of An+ cations and 
(BO4)

n– anions. A-site ions are coordinated 
with eight oxygen ions, and B-site ions are 
coordinated with four oxygen ion. Each 
site can be occupied simultaneously by dif-
ferent ions with various oxidation states; 
additional interstitial positions and vacan-
cies lead to the deviation from the general 
formula. A lot of scheelite-type complex 
oxides are used as materials for scintilla-
tion detectors, lasers [1, 2], ionic conduc-
tors [3], phosphors [4], photocatalysts [5], 
and microwave dielectrics [6]. The regula-

tion of the desired properties of sheelite-re-
lated materials can be provided by varying 
the quantity of the dopant, its nature, the 
ratios between dopants and the presence 
of additional vacancies or interstitial posi-
tions in the structure. For example, a sub-
stitution of A-site ions with Me+3 in ABO4 

complex oxide can be described in two 
ways: (1) a formation of A1–xMe+3

xBO4+x / 2 
phases, where electroneutrality is pro-
vided by the interstitial oxygen ions; (2) 
a  formation of  A+2

1−1.5xMe+3
xФ0.5xMoO4 

(or A+2
1−1.5xMe+3

xMoO4) phases containing 
cationic vacancies Ф. The first way of sub-
stitution was detected for Pb(Mo / W)O4 
[7, 8] and Ca(Mo / W)O4 [9] parent com-
pounds. The second way was described 
for rare-earth substituted Ca(Mo / W)O4, 
Sr(Mo / W)O4 and Cd(Mo / W)O4 [10–12]. 
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As a result, cationic vacancies Ф and their 
ordering are additional structural fac-
tors influencing physico-chemical prop-
erties. Another way of  the substitution 
of A positions is codoping with Me+3 and 
Me+1 or Me+5 ions, which leads to the for-
mulae A1–x Me+1

0.5xMe+3
0.5xBO4 [13] and 

A1–xMe+3
xB1–xMe+5

xO4, respectively [14]. 
The present research is devoted to  the 
Bi-doped strontium molybdate SrMoO4. 
The existence of  Sr1–1.5xBixMoO4 series 
was shown by  Sleight and coauthors 
[15], who synthesized the complex ox-
ide Sr0.88Bi0.08MoO4 (tetragonal symmetry, 
Sp. Gr. I41 / a) and described its good cata-
lytic properties [15]. Sr1–1.5xBixMoO4 family 

has not been described yet, while Bi-doped 
calcium molybdates have been intensively 
researched as microwave dielectric [16] 
or pigments [14]. The basic characteristic 
and structure types of SrMoO4 are simi-
lar to those of CaMoO4, so the Bi-doped 
strontium molybdates should possess 
similarly promising properties. In addi-
tion, Bi-doping of strontium molybdates 
is expected to lead to decrease of the unit 
cell, resulting from the significant chang-
es in B-sublattice. Therefore, the objects 
of the present work are Sr1–1.5xBixMoO4, 
Sr1–xBixMo1–xVxO4, Sr1–1.5xBixMo1–yVyO4–d 
solid solutions and their structure and 
properties.

Experimental
Synthesis of Sr1–1.5xBixMoO4 (0 ≤ x ≤ 0.45), 

Sr1–xBixMo1–xVxO4 (0 ≤ x ≤ 0.4), 
Sr1–1.5xBixMo1–yVyO4–d (0 < x ≤ 0.4, 0 < y ≤ 0.2) 
 were synthesised by conventional solid 
state methods from SrCO3 (98.5 %), Bi2O3 
(99.9 %), V2O5 (98.5 %) and MoO3 (99.0 %). 
Stoichiometric amounts of dried precur-
sors were weighed and mixed in an agate 
mortar as dispersion in ethanol. Mixtured 
powders were pelletized and heated at 550–
650 °C with regrinding and repelletizing. 
Time of each heating was ~10 hours, the 
total time of heating was ~30 hours.

X-ray powder diffraction data were ob-
tained on a DRON-3 with Cu Kα mono-
chromatic radiation in the range of 5–75° 
of 2θ. IR FT spectrometry measurements 

were carried out at  Nicolet 6700 with 
attenuated total reflection attachment. 
Density of powder samples was measured 
by hydrostatic weighting. For conductivity 
measurements, the ceramic pellets of 10 
mm in diameter and ca. 2.5 mm thickness 
were covered by Pt. Impedance spectra 
were obtained in two-electrode measure-
ment cell on LCR-819 and Elins Z-3000 
impedance spectrometers, over the fre-
quency ranges 1 Hz and 3 MHz to 10 Hz, 
respectively, at  stabilised temperatures 
from ca. 25 °C to ca. 625 °C. Data presented 
correspond to the second cooling run. Data 
were modelled using equivalent electrical 
circuits with the Zview software (Version 
2.6b, Scribner Associates, Inc.).

Results and discussion
Synthesis of Sr1–1.5xBixMoO4 yielded sam-

ples with the structure of Sr0.88Bi0.08MoO4 
[15], up to x = 0.2 (Sp.gr. I41 / a). At 0.2 < 
x < 0.4 additional peaks in the small angle 
range are evident; for the x > 0.45 com-
position additional peaks in the pattern 
can be identified as Bi3MoO12. We supposed 

that 0.2 < x ≤ 0.4 compositions have su-
perstructural ordering caused by ordering 
of cationic vacancies (Fig. 1). 

As a  result, in  the XRPD data 
for 0.2 < x ≤ 0.4 compositions all peaks 
can be successfully indexed using a  te-
tragonally ordered supercell asup=√5asub, 
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csup= csub (where sup and sub subscripts de-
note the super- and subcell, respectively) 
in I41 / a space group (Fig. 2). Composi-
tional dependence of the unit cell param-
eters for Sr1–1.5xBixMoO4 compositions are 
shown in Fig. 2, where the linear chemical 
compression is caused by the substitution 
of the bigger cation with the smaller one 
(ionic radii r

Sr2+ = 1.26 Å, r
Bi3+ = 1.17 Å 

[17]). The measurements of density showed 
that experimental density is equal to the 
theoretical (X-ray) one to within the 2–3 % 
of absolute values.

Synthesis of Sr1–xBixMo1–xVxO4 results 
in  the two-phase samples that consist 
of BiVO4 (monoclinic) and SrMoO4 phases. 
In contrast, Ca1–xBixMo1–xVxO4 solid so-
lutions are observed for 0 ≤ x ≤ 0.9 [14]. 
One possible reason was that the dopants 
influence differently the composition and 
structure of strontium and calcium molyb-
dates. The simultaneous presence of Bi and 

V in Ca1–xBixMo1–xVxO4 leads to the expan-
sion of the unit cell of a complex oxide due 
to the replacement of calcium with bismuth 
and compression of the unit cell due to the 
replacement of molybdenum with vanadi-
um; as a result, the unit cell changes slightly 
[14] (ionic radii r

Ca2+ = 1.12 Å, r
V5+ = 0.54 Å, 

r
Mo6+ = 0.41 Å [17]). In contrast, in Sr1–xBix-

Mo1–xVxO4 both of Bi and V lead to com-
pression of the unit cell, making it unstable. 
It can be assumed that such compression 
of the unit cell leads to the decrease of the 
distance between [BO4]

n– (B = Mo, V) 
clusters and, consequently, to the increase 
of repulsion between them. As a result, the 
destruction of Sr1–xBixMo1–xVxO4 system is 
observed. Creating an oxygen deficiency 
in the crystal lattice provides distortion 
in BO4 tetrahedra and formation of [BO4]–
[BO3]

n–-type bonds through common oxy-
gen atoms. This can be realized by changing 

Fig. 1. X-ray diffraction profiles for selected 
Sr1–1.5xBixMoO4 compositions. Arrows and 

asterisks indicate superlattice and Bi2Mo3O12 
reflections, respectively

Fig. 2. Compositional variation of unit cell 
parameters in Sr1–1.5xBixMoO4; super (a’,b’) 

and sub (a,b) — cells in Sr1–1.5xBixMoO4 series 
(inset) 
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the composition of strontium molybdate 
to Sr1–1.5xBixMo1–yVyO4–d.

It was expected that low concentration 
of bismuth would not provide a proper 
compression of the unit cell and single-
phase samples would not be observed even 
at small y. But high concentration of bis-
muth can provide an efficient compression 
of the unit cell and the possibility of doping 
with vanadium. In fact, we observed such 
trend. For x = 0.1 in Sr1–1.5xBixMo1–yVyO4–d 
no single-phase samples was obtained, 
for x = 0.2 only y = 0.05 composition is 
single phase, for x = 0.3 and x = 0.4 single-
phase compositions were observed at y = 
0.05–0.1 and 0.05–0.2, respectively. In this 
research, the maximum concentration 
of vanadium was not determined exactly, 
but the general trend is clear. 

In the Table 1, the unit cell parameters 
of  the single-phase samples are shown. 
When x is fixed and y increases or when 
y is fixed and x increases, a general com-
pression of the unit cell is observed. The 
presence of vanadium in the structure leads 
to the absence of cationic ordering, and 
no additional peaks in X-ray diffraction 
profiles of x = 0.3–0.4 are observed. Unfor-
tunately, it has proved impossible to accu-
rately refine the oxide ion positions in the 
unit cell using a Rietveld approach, due 

to dominance of the X-ray scattering by the 
cations in this system and only neutron dif-
fraction can refute or confirm the specified 
theory about the [BO4]–[BO3]

n–-type bond 
formation.

Powders of the Sr1–1.5xBixMoO4 com-
positions were characterized by  IR FT 
spectroscopy (Fig. 3). Several adsorp-
tion bands in the range of 950–500 сm–1 
were detected. According to Basiev [18] 
sheelite-related compound ABO4 consists 
of [MoO4]

2– clusters and isolated A2+ ions 
and, as a result, characteristic absorption 
bands can be assigned only to the vibra-
tions in [MoO4]

2– clusters [19]. Strong ab-
sorption bands in the range 940–550 cm– 1 
are related to O–Mo–O stretches of the 

Table 1
Unit cell parameters of Sr1–1.5xBixMo1–yVyO4 (0.1 < x < 0.4, 0.05 < y < 0.2) compositions

Composition а, Å b, Å c, Å V, Å3

Sr0.7Bi0.2Mo0.95V0.05O4 5.367 5.367 11.935 343.78
Sr0.7Bi0.2Mo0.9V0.1O4 5.363 5.363 11.961 344.02

Sr0.55Bi0.3Mo0.95V0.05O4 5.353 5.353 11.896 340.87
Sr0.55Bi0.3Mo0.9V0.1O4 5.348 5.348 11.896 340.24
Sr0.55Bi03Mo0.8V0.2O4 5.335 5.335 11.907 338.90
Sr0.4Bi0.4Mo0.95V0.05O4 5.342 5.342 11.826 337.48
Sr0.4Bi0.4Mo0.9V0.1O4 5.326 5.326 11.885 337.13
Sr0.4Bi0.4Mo0.8V0.2O4 5.318 5.318 11.868 335.64

Fig. 3. IR FT spectra of the Sr1–1.5xBixMoO4 

compositions
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MoO4 tetrahedron. Additional absorp-
tion band near 425–400 cm–1 can also be 
assigned to the deformational vibrations 
of O–Mo–O bands. In the IR FT spectra, 
the general shifting of absorption bands is 
observed. The same trend was observed 
for Ca1–1.5xBixMoO4 [16]; in both cases it is 
caused by the deformation of MoO4 tetra-
hedra resulting from the presence of cati-
onic vacancies.

Conductivity measurements of 
Sr1–1.5xBixMoO4 ceramic showed very high 
resistivity of samples (Fig. 4). A slight in-
crease of conductivity is observed for the 
samples with superstructural ordering 
(0.2 < x < 0.45) and two-phase samples 
(x > 0.45). 

Changing of  dielectric loss tangent 
(tgδ) was measured at the range of 303–
903 K at cooling at the fixed frequency 
of 1 kHz using the parallel Rp + С model 
(series connected Rs and Ls were shown 
to be negligible). The tgδ vs temperature 
curves of Sr1–1.5xBixMoO4 compositions are 
shown at Fig. 5. The acceptable dielectric 
losses (tgδ < 0.1) of Sr1–1.5xBixMoO4 com-
positions were observed for temperatures 
below ~573 K, while tgδ decreases with x 
values until x = 0.3. Then, at x > 0.3, tgδ 
increases, probably because of structural 
ordering of the samples.

For Sr1–1.5xBixMo1–yVyO4–d composi-
tions we observed a  significant growth 
in  conductivity in  comparison with 
Sr1–1.5xBixMoO4. As a result, in the range 
of ~303–573 K the tgδ rises by approxi-
mately one order (Fig. 6). It is consistent 
with the increase of oxygen ion conductiv-
ity associated with structural changes. 

The tgδ vs frequency dependences of all 
compositions of substituted SrMoO4 in-
dicate that effective dielectric properties 
are observed at frequency above 1 MHz, 
i.e. in  the microwave range, as  well 

Fig. 4. Arrhenius plots for selected  
Sr1–1.5xBixMoO4 compositions

Fig. 5. The tgδ vs temperature curves  
of Sr1–1.5xBixMoO4 compositions at 1 kHZ

Fig. 6. The tgδ vs temperature curves 
of several Sr1–1.5xBixMo1–yVyO4–d compositions 

at 1 kHZ



194

as CaMoO4 — based dielectric materials 
[16] (the example is given in Fig. 7). 

Conclusions
Thus, the present research demonstrates 

the existence of cationic-deficient sheelite-
related complex oxides of Sr1–1.5xBixMoO4 

series and Sr1–1.5xBixMo1–yVyO4–d series. 
In Sr1–1.5xBixMoO4, superstructural or-
dering is observed for 0.2 < x ≤ 0.4. For 
Sr1–1.5xBixMo1–yVyO4–d series a changing in ox-
ygen sublattice is assumed. Both of the com-

plex oxide series show dielectric properties 
at temperatures below 503 K and frequen-
cies above 1 MHz. Conductivity and tangent 
of dielectric loss for Sr1–1.5xBixMo1–yVyO4–d 
compositions is greater than for  Sr1–

1.5xBixMoO4. It is consistent with the increase 
of oxygen ion conductivity associated with 
mentioned structural changes.
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Oxygen diffusion and surface exchange kinetics for the 
mixed-conducting oxide La0.6Sr0.4Co0.8Fe0.2O3–δ

Studies of oxygen surface exchange kinetics for La0.6Sr0.4Co0.8Fe0.2O3–δ oxide 
were performed using the technique of isotopic exchange of molecular oxygen 
with analysis of gas phase isotopic composition in a static circulation system 
at the temperatures of 600–800 °С in the oxygen pressure range of 0.27–
2.13 kPa. The values of interphase exchange rate and oxygen diffusion coefficient 
were determined. The effective activation energies for oxygen exchange and 
diffusion processes as well as the exponents in the dependence of these values 
versus oxygen pressure in the double logarithmic coordinates were calculated. The 
process of oxygen dissociative adsorption at the surface of La0.6Sr0.4Co0.8Fe0.2O3–δ 
oxide was found to be the rate-determining stage. 
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Introduction
Over the last decades, complex 

oxides with the perovskite structure based 
on the lanthanum cobaltite attract much 
attention as potential cathode materials 
for  solid oxide electrochemical devices 
[1–4]. Variation of cations concentration 
in  these oxides results in  the physical-
chemical properties changes in the oxide-
based materials [5, 6]. Complex oxides 
with a  common formula La1−xSrxCo1−

yFeyO3−δ are among the most perspective 
cathode materials. A sufficient amount 
of information available in the literature 

has focused on the study of phase equilibria 
and physicochemical properties of oxides 
in this system [7–13]. In order to create 
the effectively operating cathodes based 
on lanthanum-strontium cobaltite-ferrites, 
it is vital to understand in detail the oxy-
gen exchange and diffusion mechanisms 
in these materials. 

The main purpose of  the pre-
sent work was to  study oxygen dif-
fusion and surface exchange kinetics 
in La0.6Sr0.4Co0.8Fe0.2O3–δ oxide.
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Experimental
The La0.6Sr0.4Co0.8Fe0.2O3–δ oxide was 

prepared using the citrate-nitrate technolo-
gy. Lanthanum oxide (LaO-D, 99,99635 %), 
strontium carbonate SrCO3 (ACS), cobalt 
nitrate Co(NO3)2·6H2O (chemically pure), 
iron citrate C6H5FeO7·H2O (Fluka Analyti-
cal) were used as initial reagents. The syn-
thesis was performed at the temperature 
of 1100 °С for 5 hours.

In order to perform the oxygen isotope 
exchange measurements, dense ceramic 
was fabricated. The obtained powders 
were ground and compacted into the form 
of disks using 1 % water solution of poly-
vinyl alcohol that served as a bounding 
agent. The final sintering was performed 
at the temperature of 1250 °С for 5 hours 
in air. A relative density of the obtained 
ceramics was about ~ 92 %. Finally, the sin-
tered dense specimens were polished using 
diamond pastes, such as АСМ 7 / 5 NVMC 
(Federal Standard 25593–83) and АСМ 
1 / 0 NOM (Federal Standard 16377–71).

The phase composition of  the 
La0.6Sr0.4Co0.8Fe0.2O3–δ sample was deter-
mined before and after the isotope experi-
ments using a Rigaku D / MAX-2200V dif-
fractometer in the Cu Ka emission at room 
temperature. According to the X-ray analy-

sis, the sample was single phase after syn-
thesis (R3c space group, cell parameters 
a = 5.4270(4) Å, c = 13.239(2) Å) and after 
completing measurements at high temper-
atures and low oxygen pressures (Fig. 1), 
which confirms its stability during long-
term tests.

The analysis of the particle size distribu-
tion for powder materials was performed 
by the laser scattering method using a Mal-
vern Mastersizer 2000. To grind the ag-
glomerated particles, the slurry was mixed 
using a stirrer with the rate of ~2000 rpm, 
as well as subjected to an ultrasound treat-
ment. Fig. 2 illustrates the volume fraction 
versus particle size distribution function.

The microphotographs of the ceramics 
cross-section were made by a scanning 
electron microscope Tescan MIRA 3. Fig. 3 
presents the microphotograph obtained 
in a beam of back-scattered electrons. The 
contrast of the images is mainly due to the 
chemical composition of the studied ma-
terial surface. As can be seen from Fig. 4, 
there are small inclusions of cobalt-rich 
phase at the grains boundaries (probably 
cobalt oxide); however, the fraction is in-
significant, it is less than 0.5 %.

Fig. 1. XRD patterns for La0.6Sr0.4Co0.8Fe0.2O3–δ 

oxide before and after isotope experiments
Fig. 2. Particle size distribution function 

for the La0.6Sr0.4Co0.8Fe0.2O3–δ powder
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The oxygen exchange kinetics between 
the gas phase and oxide was studied by the 
oxygen isotope exchange method with gas 
phase equilibration in the experimental 
rig [12]. Enriched oxygen 18O, whose frac-
tion was 83.6 %, served as a match mark. 
During the experiment, the changes 
in  concentrations of  three mass num-
bers  — С32, С34, С36  — were recorded 
depending on time using a quadrupolar 
mass-spectrometer Agilent 5973N. The 
detailed description of  the experiment 

methodology, evaluation of  the inter-
phase exchange rate detection accuracy 
(rH, atom·cm–2 · s–1) and oxygen diffusion 
coefficient (D, cm2·s–1) has been reported 
elsewhere [14, 15]. The oxygen interphase 
exchange rate is numerically equal to the 
number of oxygen atoms, which exchange 
at  the surface of  a  unit area per unit 
of time. The isotope exchange method is 
one of the few direct methods of oxygen 
exchange kinetics study, which advan-
tage is a possibility to obtain information 

Fig. 4. EDX mapping for La0.6Sr0.4Co0.8Fe0.2O3–δ ceramics

Fig. 3. SEM image of cross-section of La0.6Sr0.4Co0.8Fe0.2O3–δ ceramics in BSE mode
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on  the oxygen redistribution between 
a solid oxide and gaseous phase in the 
adsorption-desorption equilibrium. This 
allows obtaining high accuracy for the ki-
netics characteristic values. To compare 
the obtained values of the interphase ex-
change rate with the literature data the 
following translation formula was used:

	
k r M

NH
r

A

�
�( )

,
3 � � 	

(1)

where rH is the oxygen interphase exchange 
rate (atom∙cm–2 ∙ s–1), k is the oxygen ex-
change coefficient (cm ∙ s–1), Mr is the mo-
lecular mass, δ is the oxygen non-stoichi-
ometry, NA is the Avogadro constant, ρ is 
the sample crystallographic density.

Results and discussion
The oxygen exchange kinetics for the 

La0.6Sr0.4Co0.8Fe0.2O3–δ oxide was studied 
at the temperatures of 600–800 °С and the 
oxygen pressure interval 0.27–2.13 kPa. 
During the experiment, the changes in ion-
ic current, which correspond to the weight 
of 32, 34 and 36, versus the exchange time 
were recorded. Then the obtained values 
were recalculated into the mass numbers 
concentrations (see Fig. 5). Typical time 
dependence for  the 18О oxygen isotope 
fraction changes in a particular experimen-
tal condition is presented in Fig. 6. The 
obtained data can be described using the 
model developed by Ezin et al. [16] on the 
basis of the solution suggested by Klier et 
al. [17].

Fig. 7 illustrates the dependencies 
of  the interphase exchange rate versus 
oxygen pressure in  logarithmic coordi-
nates at  different temperatures for  the 
La0.6Sr0.4Co0.8Fe0.2O3–δ oxide. The values 
of exchange rate increase noticeably as the 
oxygen pressure and temperature rise. The 
dependence of interphase exchange rate 
versus oxygen pressure exhibited a form 
of the exponential function: r PH O

n~
2

. The 
exponent values that were calculated from 
the line slopes decreased from 1.03 ± 0.04 
down to 0.52 ± 0.03 as the temperature 
rose.

Boreskov et al. [18] proved that the 
oxygen exchange occurs at the elevated 

temperatures according to the oxygen dis-
sociative adsorption-desorption mecha-
nism for a number of simple oxide systems. 
In particular, the oxides with equilibrium 
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Fig. 5. Experimental concentrations 
of C32, C34, C36 in the gas phase versus time 

(T = 800 °С, РO2 = 0.53 kPa)

Fig. 6. Fraction of 18O-isotope in the gas 
phase vs. time in the typical isotope exchange 

experiment at Т = 800 °С, РO2 = 0.53 kPa. 
Points are experimental data, and the line is 

the fitting result
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oxygen concentration do not obey the first 
type of the exchange mechanism, accord-
ing to which oxygen atom from the surface 
does not involved. The isotope exchange 
proceeds mainly according to the second 
and third exchange types with the partici-
pation of one or two oxygen atoms from 
the surface. Recently, for the complex oxide 
systems [15, 19–23] we have demonstrated 
that the exponents in the equations for the 
oxygen interphase exchange versus oxygen 
pressure varies depending on the process 
which is a rate-determining stage. Often 
the exchange at high temperature occurs 
according to the oxygen dissociative ad-
sorption mechanism. Depending on the 
relation of three exchange types contribu-
tion, the oxygen exchange mechanism dif-
fers for oxides. 

Fig. 8 demonstrates the dependence 
of the tracer diffusion coefficients of oxy-
gen versus oxygen pressure at  various 
temperatures. The value of the oxygen dif-
fusion coefficient is almost independent 
of oxygen pressure. Earlier [15] we dem-
onstrated the influence of the oxygen non-
stoichiometry on the value of the oxygen 
tracer diffusion coefficient, for example 
in lanthanum strontium cobaltites. Almost 

constant value of oxygen tracer diffusion 
coefficient in  the Fe-doped lanthanum 
strontium cobaltite is likely associated with 
the insignificant changes in the oxygen va-
cancies concentration within the oxygen 
pressures range of 0.27 ≤ Ро2 ≤ 2.13 kPa, 
which was also confirmed earlier [24–26].

Figs. 9, 10 illustrate the temperature 
dependencies of oxygen exchange coef-
ficient and oxygen diffusion coefficient, 
respectively, in  comparison with liter-
ary data for different oxides [22, 26–29].  
The values of activation energy for  the 
exchange and diffusion processes are 
listed in Table 1. It should be noted that 
relatively high values of oxygen diffusion 
and exchange coefficients for the studied 
La0.6Sr0.4Co0.8Fe0.2O3–δ oxide are comparable 
with the values for barium praseodymium 
cobaltite [29] and are greater by the value 
of magnitude than those for lanthanum 
strontium manganite [22]. Therefore, it 
may be assumed that La0.6Sr0.4Co0.8Fe0.2O3–δ 
is a perspective oxide for the SOFC cath-
ode materials, because of its high values 
of exponents in the equation for oxygen 
exchange reaction and good stability in the 
reducing atmosphere. The substitution 
of iron for cobalt results in the insignifi-

Fig. 7. The oxygen interphase exchange 
for La0.6Sr0.4Co0.8Fe0.2O3–δ plotted as a function 

of oxygen partial pressure at different 
temperatures, Рoо2 = 101.3 kPa (n ~ tgβ)

Fig. 8. Oxygen diffusion coefficients 
versus oxygen partial pressure at different 
temperatures for  the La0.6Sr0.4Co0.8Fe0.2O3–δ 

oxide
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cant decrease in the oxygen exchange rate; 
however, its introduction into the cobalt 

sublattice increases the stability of oxide 
in the reducing atmospheres [6].

Conclusions
The oxygen exchange kinetics for the 

La0.6Sr0.4Co0.8Fe0.2O3–δ oxide was studied 
using the isotope exchange method with 
gas phase equilibration. The values of the 
interphase exchange rate and oxygen dif-
fusion coefficient in La0.6Sr0.4Co0.8Fe0.2O3–δ 
were calculated. The values of effective ac-

tivation energies for the oxygen interphase 
exchange and diffusion were calculated.

The exponents in the equations for the 
oxygen interphase exchange rate were 
found within the range of  0.52–1.03 
at the temperatures of 600–800 °С in the 
oxygen pressures range of 0.27–2.13 kPa. 

Table 1
The apparent activation energy values for the oxygen surface exchange and oxygen diffusion 

processes in the mixed conducting oxides

Oxide
Oxygen 

pressure, kPa ∆Т, °С

Activation energy, eV

SourceExchange Diffusion

La0.6Sr0.4Co0.8Fe0.2O3–δ 2.13 600–800 0.57 ± 0.05 0.92 ± 0.05 This work

La0.6Sr0.4CoO3±δ 0.67 600–850 0.11 1.08 [26]

La0.6Sr0.4MnO3±δ 0.67 700–850 0.71 1.42 [22]

Pr2NiO4±δ 0.67
600–700 
700–800

2.0 
1.4 2.0 [27]

La2NiO4±δ 1.33 600–800 1.38 1.41 [28]

PrBaCo2O6–δ 1.33 600–800 0.76 0.75 [29]

Fig. 9. Temperature dependences of the 
oxygen exchange coefficient for various 

mixed conducting oxides

Fig. 10. Temperature dependences of the 
oxygen tracer diffusion coefficient for various 

mixed conducting oxides
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Based on  these results, it can be con-
cluded that the exchange in  the case 
of La0.6Sr0.4Co0.8Fe0.2O3–δ occurs according 
to the mechanism of the molecular oxygen 
dissociative adsorption at the oxide surface.

The obtained results demonstrate that 
La0.6Sr0.4Co0.8Fe0.2O3–δ possesses high values 
of oxygen interphase exchange rate and 
oxygen diffusion coefficient as compared 
to other oxide materials with mixed con-
ductivity. 
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Sol-gel synthesis and crystal chemical properties 
of the pigment Zn1.9Cu0.1SiO4

The pigment Zn1.9Cu0.1SiO4 was obtained by the method of sol-gel synthesis. 
The crystallization temperature was set at 776 °C, ∆H ≈ –16.3 kJ / mol. Thermal 
expansion of the individual Zn2SiO4 and Zn1.9Cu0.1SiO4 solid solutions was studied 
by in situ high-temperature X-ray diffraction. It is shown that the substitution 
of Zn2+ → Cu2+ does not lead to significant changes in the lattice parameters; 
in the range from room temperature to 800 °C the structure expands monotoni-
cally when heated. The coefficients of volumetric thermal expansion for Zn2SiO4 
and Zn1.9Cu0.1SiO4 are αV = 8.05 · 10–6 and 8.81 · 10–6 1 / K, respectively. The 
colorimetric coordinates in the RGB system are 71.8 % red, 72.9 % green and 
79.6 % blue, which corresponds to the gray-blue pigment.

Keywords: pigment; willemite; sol-gel synthesis; thermal expansion.
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Introduction
Divalent metal silicates are wide-

ly used as luminescent, corrosion protect-
ing, electrical insulating materials, cata-
lysts, pigments. Thus, the emergence of the 
chemical manufacturing of synthetic pig-
ments began with the production of dyed 
double silicates, known as egyptian blue 
CaCuSi4O10, han blue BaCuSi4O10 [1–3]. 
The continued interest to the silicate pig-
ments is caused due to the pure intense 
color, as  well as  by  their high thermal 
and chemical resistance. Therefore, it is 
possible to use them for dyeing ceramic 
products that exposed to high temperature 
calcination in the manufacturing process. 

Transition metal orthosilicates contain-
ing copper, nickel, and cobalt ions are well 
known as blue pigments. Dopant M2+ ions 
(M = Cu, Ni, Co) in Zn2–2xM2xSiO4 solid 
solutions are coordinated by four oxygen 
atoms, which causes the blue color of the 
compounds due to the splitting of elec-
tron levels of M2+ ions in the crystal field. 
Since the information about Zn2–2xM2xSiO4 
(M = Cu, Ni, Co) is limited, the purpose 
of this work is a disclosure of sol-gel syn-
thesis mechanism for Zn1.9Cu0.1SiO4 and 
determination of main pigment character-
istics, such as colorimetric parameters and 
thermal expansion coefficient.
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Experimental
The precursors used in  the sol-gel 

synthesis of Zn1.9Cu0.1SiO4 were zinc ac-
etate Zn(CH3COO)2·2H2O, copper acetate 
Cu(CH3COO)2·H2O, and tetraethyl or-
thosilicate (TEOS) Si(OC2H5)4. The phase 
composition within the range from room 
temperature up to 800 °C was controlled 
in situ by the X-ray powder diffraction 
(XRPD) method (Shimadzu diffractom-
eter, CuKa1 radiation, 2θ angle interval 
from 10 to 60° with a step of 0.02°), com-
paring the XRD data with the X-ray char-
acteristics of the possible impurity oxides 
and zinc silicates (PDF2 database, ICDD, 
USA, Release 2009). The temperature was 
controlled using an Anton Paar TTK-450 
attachment. The unit cell parameters were 

refined by the Rietveld method using the 
Fullprof 2010 software. Thermogravimet-
ric (TG) analysis together with differential 
thermal analysis (DTA) were performed 
using a Setsys Evolution thermal analyz-
er (Setaram) in air at a temperature scan 
rate of 10 ° / min in the temperature range 
20–1100 °C, with alumina as a reference 
substance. Colorimetric analysis was per-
formed using an SLR Olympus e-420 (light 
source temperature of 5400 K; ISO = 200; 
light camera parameters L×W×H = 
35×25×32 cm) Photo Impact 12 program, 
through a calibrator monitor One-Eye Pro. 
The colorimetry results are given in the 
RGB color coordinates system.

Results and discussion
The synthesis method used in our work 

allowed us to obtain the Cu2+ dopant con-
centration equal to  5 at.%. Hydrolysis 
of [Si(C2H5O)4] in the mixture with the 
ratio H2O:TEOS = 1:1 took place within 
30 min. The alcohol solutions of metal ac-
etates and hydrolized TEOS were mixed. 
After the solutions were poured together 
the mixture was stirred on a magnetic stir-
rer for 1 h. The precursor for the final stage 
of synthesis was obtained by evaporation 
of the mixture for 2 hours at 65 °C. The 
gel was formed after 2 days at room tem-
perature.

In order to determine the temperature 
range of Zn1.9Cu0.1SiO4 formation, thermo-
gravimetric and differential thermal analy-
ses of the obtained precursor were carried 
out (Fig. 1). 

The mass loss of 2–3 %, accompanied 
by a small endothermic effect at 100 °C, 
corresponds to the removal of water and 
ethanol residual. The weight loss of about 
20 % with a simultaneous exothermic sig-

nal on the DTA curve within the region 
of 250–410 °C is caused by the decompo-
sition of organic components. The DTA 
curve shows the sharp exothermic effect 
(∆H ≈ –16.3 kJ / mol) with a maximum 
at 776 °C, while the mass of the sample 
remains constant. The assignment of this 
effect was determined by  the thermal 
analysis of Zn2SiO4 precursor, prepared 
from zinc acetate and TEOS (Fig. 2). The 
exothermic effect recorded on the DTA 
curve in the temperature range 320–500 °C 
with simultaneous mass loss on the TG 
curve corresponded to the decomposition 
of organic components. The exothermic 
effect at 786 °C (∆H ≈ –15.5 kJ / mol) with 
a constant sample mass is similar to that 
observed on the DTA curve for the pre-
cursor with the nominal composition 
Zn1.9Cu0.1SiO4 (Fig. 1). Consequently, one 
can conclude that the exothermal effects 
on  the compared DTA curves for  the 
Zn2SiO4 and Zn1.9Cu0.1SiO4 precursors are 
of the same nature, and both are related 
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to the process of a phase with the willemite 
structure formation. Thus, a comparative 
analysis of the thermal behavior of these 
samples showed that at temperatures above 
776 °C the process of forming a long-range 
order at sol-gel synthesis of Zn1.9Cu0.1SiO4 
was completed.

XRD data of the Zn1.9Cu0.1SiO4 precur-
sor annealed at 800 °C does indicate the 
formation of the phase with the willemite 
structure; however, an insignificant admix-
ture of copper (II) oxide is present in the 
sample (Fig. 3). The single-phase product 
was obtained by firing the precursor sam-
ple at 900 °C (Fig. 3).

X-ray pattern of  the single phase 
Zn1.9Cu0.1SiO4 sample taken at room tem-
perature was indexed in the willemite type 
structure with the trigonal space group 
R3. The refined unit cell parameters, unit 
cell volume and number of formula units 
are: a = 13.927(1) Å, c = 9.305(3) Å, V = 
1563.03(8) Å3, Z = 18.

One of the most important characteris-
tics of the pigment is the volumetric ther-
mal expansion coefficient (VTEC), which 
should be comparable to the thermal ex-
pansion of the coated material. Colored 
zinc orthosilicate doped with copper may 

be suitable as a pigment for ceramics made 
of porcelain, earthenware, majolica. Manu-
facturing and operation proceeds in wide 
temperature range, therefore, the coinci-
dence VTEC of the matrix and the pigment 
will allow to avoid cracking of the coating.

Fig. 1. TG and DTA curves (on heating) 
of the Z1.9Cu0.1SiO4 precursor

Fig. 2. Heating TG and DTA curves of the 
Zn2SiO4 precursor

Fig. 3. X-ray diffraction profiles 
of Zn1.9Cu0.1SiO4 powder annealed at different 

temperatures

0 200 400 600 800 1000
t, °C

0

2

4

6

8

10

H
ea

tF
lo

w
,W

/g

-50

-40

-30

-20

-10

0

TG
,%

 
exo

776°C

0 200 400 600 800 1000
t, °C

-1

0

1

2

3

4

H
ea

tF
lo

w
,W

/g
-40

-30

-20

-10

0

TG
,%

 
exo

786°C

                                        

                                        

10 20 30 40 50 60

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

Zn2SiO4
ICDD 00-079-2005

2Θ , degree

900oC

 

800oC

 

In
te

ns
ity

(a
.u

.)

600oC

 

   CuO
ICDD 00-041-0254

 



208

The values of VTEC were calculated 
from the experimental results for  the 
Zn2–2xCu2xSiO4 unit cell parameters (x = 0; 
0.05) in the range from room temperature 
up to 800 °С (Fig. 4). It was shown that 
the sizes of the unit cell for the zinc ortho-
silicate Zn2SiO4 and Zn1.9Cu0.1SiO4 solid 
solution monotonically expanded with 

increasing temperature. Doping of zinc 
orthosilicate with the cations with similar 
size, like Cu2+ (for c.n.= 4 r

Zn2+  = 0.74 Å,  
r

Cu2+ = 0.71 Å) does not lead to  signifi-
cant differences in the polyterms of unit 
cell parameters. A comparison of VTEC 
for Zn2–2xCu2xSiO4 (x = 0; 0.05) with that 
for the ceramic substrate [4], most often 
used as a coated material (Table 1), shows 
their proximity.

Colorimetric coordinates of blue-gray 
Zn1.9Cu0.1SiO4 in the RGB color space con-
sists of 71.8 % red, 72.9 % green and 79.6 % 
blue (the percentages are relative to pure 
color), the color saturation is 16.1 %.

Conclusion
The gray-blue pigment Zn1.9Cu0.1SiO4 

was obtained by  the sol-gel synthesis 
method. The consequence of phase trans-
formations during the synthesis of  the 
Zn1.9Cu0.1SiO4 solid solution was disclosed 
with the help of X-ray diffraction and ther-
mal analysis. In situ high-temperature 

X‑ray study for Zn2–2xCu2xSiO4 (x = 0; 0.05) 
in the range of 25–800 °C showed that the 
volume thermal expansion of the ceramic 
pigment reveals monotonic character. The 
calculated VTEC value for Zn2–2xCu2xSiO4 
is close to VTEC reported for porcelain, 
earthenware, majolica.
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