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Abstract
Most of the non-ferrous metals are produced from sulﬁ de ores. The high grade ores have been
exhausted due to intensive consumption and increasing global demand of the metals. The
available ores are getting poorer in metals and becoming increasingly more complex.
Complexity of the primary raw materials is associated with continuously changing
composition, presence of harmful impurities as well as valuable elements with signiﬁ cant
concentrations. Furthermore, the secondary raw materials, such as various wastes of electrical
and electronic equipment are very complex too.
Therefore, efﬁ cient processing of such materials, troubleshooting, improving, and developing
of industrial processes requires carefully acquired thermodynamic properties for modelling
equilibria of chemical reactions and the phase stabilities.
In this study, thermodynamic properties of selected phases in the MgO-Sb-O, CaO-Te-O, PtT e - O , a n d A l2O 3- C u - O s y s t e m s w e r e d e t e r m i n e d a c c u r a t e l y b y t h e s o l i d s t a t e E M F m e t h o d ,
applying the state-of-the-art equipment. Particular attention was paid to the accuracy and
precision of temperature and EMF measurements in carefully arranged experimental galvanic
cells.
The thermodynamic data reported in the present work should be of great interest for extractive
metallurgy as well as for development of new composite and functional materials and product
developing work in the ﬁ eld of energy technology, geochemistry and other materials science
applications.
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Introduction

Growth of global metal production causes exhaustion of high-grade ore deposits.
Implication of poorer raw materials with more complex mineral compositions
challenges the metal making processes. Particularly in copper smelting, such
impurities as As, Sb, Bi, Pb, Se, Te, Zn, Cd are deleterious, causing process
difficulties and environmental problems. On the other hand, impurities can be
valuable byproducts if feasibly recovered with sufficient purity. Sb, Ga, Ge, In and
platinum group metals (PGMs) were defined as critical materials for the EU in
2010 based on an economic importance and supply related risks, recycling rate
and substitutability [1]. In 2014 these elements were shortlisted again [2].
Precious and PGMs are typically recovered as coproducts in the copper refining
processes, however it is still a long way towards the highest utility of complex raw
materials within the circular economy concept.
The importance of secondary raw materials in production of metals such as
copper and lead, has been increasing drastically over the last decades. The typical
raw materials utilized by secondary smelters are complex wastes of electrical and
electronic equipment (WEEE). WEEE contains various materials and elements
including non-ferrous metals (Cu, Pb, Al, etc.), precious metals, PGMs and also
hazardous elements [3].
Predictive phase equilibrium calculations to design, improve, and troubleshoot
diverse industrial processes require precise thermodynamic data [4]. These data
can be acquired experimentally by methods like calorimetry, vapour pressure
measurements, electrochemical methods, and phase equilibration. Calorimetry is
a direct method to measure the heat effects, while the EMF is a superior method
for activity measurements and determination of standard Gibbs energies of
formation [5]. Meanwhile, the Gibbs energy of formation is the fundamental
accurate index of thermodynamic stability [6], which is of a great importance in
variety of applications, including extractive metallurgy, energy technology,
geochemistry, and designing of new materials. Therefore, experimental studies
are essential for providing data of thermodynamic properties to complete and
improve already available information and to acquire new data.

1.1

Objective of the thesis

In the present thesis the MgO-Sb-O, CaO-Te-O, Pt-Te-O, and Al 2O3-Cu-O systems
were experimentally investigated. Prior to the present study, several experimental
works and some computational studies [7-38] focused on these selected systems
5
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have been conducted, however the thermodynamic data reported previously are
either incomplete to some extent or scarce. Therefore, the objectives of this thesis
were:
1. to determine precisely thermodynamic properties of selected phases in
the chosen systems by experimental EMF method at various
temperatures;
2. to investigate phase relations in these systems in various temperature
and composition ranges;
3. to contribute new experimental data in the chosen systems and to reveal
the discrepancy among the data reported in the previous studies.

1.2

New scientific contribution

The new scientific contribution obtained within this work comprises
experimentally acquired data in the MgO-Sb-O, CaO-Te-O, Pt-Te-O, and Al2O3Cu-O systems at various temperatures and determined thermodynamic
properties of selected phases.
Particularly in the MgO-Sb-O system, a new set of measurement points was
obtained experimentally by the EMF method and oxygen partial pressure of the
phase domain MgO-MgSb2O4-Sb was measured in a wide temperature range.
Furthermore, the standard Gibbs energy of formation of MgSb2O4 from the
elements as well as from its component oxides was determined.
In the CaO-Te-O system, Ca3TeO6 phase was found capable of coexisting with
CaO and Te in certain conditions. The standard Gibbs energy of formation of
Ca3TeO6 was determined for the first time.
In the Pt-Te-O system, the standard Gibbs energy of formation of PtTe was
determined for the first time in a wide temperature range with oxygen
concentration galvanic cells. The enthalpy of fusion of TeO2 was redetermined.
In the Al2O3-Cu-O system, the Gibbs energies of formation of Cu2O, CuO,
CuAlO2 and CuAl2O4 were accurately determined with carefully assembled
electrochemical cells.

1.3

Practical application

Accurately determined thermodynamic data are of great importance for extractive
metallurgy. This information is an essential basis for design, improvement, and
troubleshooting of diverse industrial metallurgical processes. Furthermore, it can
be utilized in the development of novel composite and functional materials
incorporating the complex oxides and intermetallics of the studied systems.
Stability of such a product at elevated temperature and oxygen partial pressure
can be predicted based on the obtained experimental data.
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1.4

Thesis outline

This compendium comprises four articles published in peer-reviewed scientific
journals, which are appended to this compendium [I-IV]. A background of the
EMF method with oxygen concentration electrochemical cells for determination
of oxygen chemical potentials at elevated temperature is presented in Chapter 2.
The entire experimental procedure for acquiring thermodynamic properties of the
selected substances is discussed in details in Chapter 3. Chapter 4 follows up with
obtained results and their discussions. The conclusions concerning the research
conducted are summarized in Chapter 5.
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Background of the EMF method with solid electrolytes

All solid state materials naturally are mixed ionic-electronic conductors, or in
other words in any material there are in principle nonzero electronic and ionic
conductivities (σe and σi, respectively). However, certain materials exhibit high
ionic and negligible electronic conductivities in certain conditions. Usually,
materials in which σi exceeds σe by more than two orders of magnitude are
considered as solid electrolytes [39].
Solid electrolytes have been known from 1830s when Michael Faraday observed
electrical conductivity of lead fluoride at high temperature. And at the turn of XX th
century, the high ionic conductivity of doped zirconia based on the transport of
oxide ions was discovered by Walther Nernst [39].
Solid electrolytes can be classified based on the type of the conductor. The most
practically useful and well known ones are stabilized zirconia and thoria based
electrolytes (O2− conductors), calcium fluoride and magnesium fluoride (F −
conductors), β- and β″-alumina types (conductors of various ions, such as Na+,
K+, Li+, Ag+, Cu+, etc.), silver iodide and rubidium silver iodide (Ag+ conductors)
[40].
Kiukkola and Wagner discussed and applied solid electrolytes in their
pioneering studies [41 and 42] and their work initiated numerous electrochemical
studies with galvanic cells based on solid electrolytes around the world. Since
then, a wealth of thermodynamic data has been acquired with the solid state EMF
method and advanced experimental techniques with solid electrolyte galvanic
cells have been developed. With the EMF method it is possible to determine Gibbs
energy, chemical potential, thermodynamic activity, or partial pressure values
with superior accuracy and precision compared to the other thermodynamic
experimental methods. Moreover, from the temperature dependence of the EMF,
entropies and enthalpies of reactions can be calculated [43].

2.1

Solid electrolytes with oxygen ion conductivity

Solid electrolytes with oxygen ion conductivity have variety of applications such
as oxygen sensors, fuel cells, oxygen pumps, electrochemical reactors and steam
electrolysis cells. Besides that, galvanic cells incorporating solid electrolytes can
be built for precise thermodynamic and kinetic measurements. For reliable
determination of thermodynamic properties, utilized solid oxide electrolytes
should meet certain requirements, i.e., high ionic conductivity, stability,
9
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mechanical strength and toughness. Zirconia based electrolytes are the most
widely used oxygen-ion conductors due to a good combination of high ionic
conductivity and mechanical properties [44].
Pure zirconium dioxide (pure zirconia, ZrO2) has three stable polymorphs. A
monoclinic type of structure is stable at ambient conditions and up to 1370 K,
above which it undergoes a phase transformation to a tetragonal form and then
to a cubic form with the fluorite structure at 2643 K. Pure zirconia melts at 2988
K. [45]. The high temperature forms, i.e., the tetragonal and cubic ones can be
stabilized at ambient temperature. It is normally achieved by a chemical doping
with divalent (Ca2+, Mg2+) and trivalent (Y3+, Sc3+, Nd3+) cations forming solid
solutions. The doping results in the generation of oxygen ion lattice vacancies
which are responsible for the ionic conductivity of these materials [46]. This
process generates the stabilized tetragonal zirconia (TZ) and stabilized cubic
zirconia. Depending on the amount of the dopant, it can be partially stabilized
zirconia (PSZ), or fully stabilized zirconia (FSZ), if the amount of the dopant is
sufficient. In these solid solutions the aliovalent dopant cations are located
substitutionally on the host Zr4+ sites, while the overall electrical neutrality is
achieved by incorporating the oxygen ion vacancies into the anion sublattice. The
ionic conductivity of zirconia based solid electrolytes depends on the type of the
dopant used, its concentration and phase assemblage occurring in the electrolyte.
The maximum of the conductivity corresponds to the minimum amount of the
dopant required to fully stabilize the fluorite phase. For yttria this amount is about
8-9 mol% [44], while for calcia or magnesia it is about 16 mol% [47].

Figure 1. Computational ZrO2-CaO pseudo-binary phase diagram (M, T, and C symbolize the
monoclinic, tetragonal, and cubic phases, respectively; L symbolizes oxide liquid) [48].
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Background of the EMF method with solid electrolytes

Figure 1 illustrates the ZrO2-CaO pseudo-binary phase diagram up to 0.5 mol
fraction of CaO calculated based on MTOX database, version 8.2 [48]. Wide
composition and temperature range of the cubic phase (the fluorite structure) can
be seen in Figure 1.
Compared to thoria based solid electrolytes, stabilized zirconia electrolytes have
better thermal shock resistance, and they are less expensive and commercially
available in various shapes and dimensions. However, thoria based electrolytes
are indispensable in low PO2 measurements.
2.1.1

High ionic conductivity

The values of partial ionic and electronic conductivities are of a great importance
in choosing solid oxide electrolyte for high temperature thermodynamic
measurements. These values for stabilized zirconia vary as a function of
temperature, oxygen partial pressure, and its composition. Stabilized zirconia has
been employed in multiple experimental thermodynamic studies and it is widely
known as a solid electrolyte with pure ionic conductivity [46]. However, at low
oxygen chemical potentials, an increased electronic conductivity of stabilized
zirconia was reported [49] Therefore, in these conditions, solid electrolytes based
on thoria can be utilized as a more convenient alternative. Figure 2 presents
conductivity values for several solid oxide electrolytes as a function of
temperature.

Figure 2. Conductivity for several oxygen ion conductors as a function of temperature: (1), 10
mol% Y2O3-ZrO2; (2), 13 mol% CaO-ZrO2; (3), 7 mol% Y2O3-ThO2; (4), 20 mol% GdO1.5-CeO2;
(5), 20 mol% SmO1.5-CeO2; (6), 12 mol% CaO-HfO2; (7), 25 mol% Y2O3-Bi2O3; (8), 25 mol% WO3Bi2O3. [39].
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These two types of oxide solid electrolytes, i.e., stabilized zirconia and thoriabased electrolytes complement each other and cover a wide range of oxygen
partial pressures. The former exhibits pure ionic conductivity at higher PO2 (above
10−15 atm), while the latter is applicable in a rather reductive conditions, at lower
PO2 (from 10−5 to 10−25 atm) [50]. Both types can be successfully applied in the
intermediate range of oxygen partial pressures.
2.1.2

Ion transference number

For certain applications, particularly for fuel cells presence of some electronic
conductivity can be tolerated, however in thermodynamic measurements,
electronic conductivity is extremely harmful and the ion transference number
should be greater than 0.99. Figure 3 presents electrolytic domain with t ≥ 0.99
for several solid oxide electrolytes [51].

Figure 3. Low and high PO2 boundaries of the electrolytic domain (t  0.99) for several oxygen
ion conductors [51].

In Figure 3 the boundary lines show temperature and oxygen partial pressure
applicability ranges of the electrolytes for thermodynamic measurements.

2.2

Development of experimental galvanic cells incorporating
solid oxide electrolytes

Identification of a singular reversible process occurring at each electrode and
usage of a suitable solid electrolyte type are primary tasks to be solved for a
successful operation of a galvanic cell [52].
Multiple designs of oxygen concentration galvanic cells described in the
literature can be generally classified into two groups. Simple cells comprised of
solid electrodes and an electrolyte held together with a “sandwich structure” in a
common protective gas atmosphere constitute the first group. Such a design is
12

Background of the EMF method with solid electrolytes

applicable when equilibrium oxygen partial pressures of the electrodes are
sufficiently low, and the chosen reference electrode should have equilibrium
oxygen partial pressure similar to the test electrode under investigation. The
obvious disadvantage of this arrangement is existing oxygen transfer via the
common gas atmosphere. However, an appropriate insulation of the electrodes by
a local sealing with alumina cement or high-melting glass can solve this problem.
The second group comprises galvanic cells with totally separated electrode
compartments, where each electrode has its individual gas atmosphere. This
arrangement requires a long gas-tight solid electrolyte tube. Thus, gaseous
reference electrodes, such as pure oxygen, air, hydrogen / water vapor mixtures
or carbon monoxide / carbon dioxide mixtures can be adapted.
Design of a future galvanic cell and an overall apparatus ultimately depends on
the features of the studied thermodynamic system. Useful information which can
help to design a suitable experimental setup includes an estimative oxygen partial
pressure of the test electrode, partial pressures of volatile species in the system,
reactivity of the studied substances with solid electrolyte and leads.
2.2.1

Reference electrode

Reference electrode should be selected in such a way that its equilibrium oxygen
partial pressure does not go beyond the pure ionic conductivity range of the
electrolyte used. Also, design related issues should be considered. If the galvanic
cell is assembled in a simple open arrangement with a common gas atmosphere,
then reference electrode should be selected in such a way that the difference in
oxygen chemical potentials between the electrodes is minimized. Such a design
can be successfully employed if the measured partial pressures are sufficiently
low. If the electrode compartments are fully separated, then the primary pure
oxygen reference electrode is preferable.
2.2.2

Volume of the electrode compartments

In the experimental arrangement of the galvanic cells, volume of the electrode
compartments should be minimized, particularly when electrodes with rather
high partial pressure are studied. This issue becomes less critical when the
equilibrium PO2 is rather low, but another difficulty may appear. Purity of
commercially available argon gas can be insufficient and a certain purification
procedure is required in order to prevent oxidation of the studying electrodes.
2.2.3

Side reactions

Reactions between electrodes and electrolyte, electrodes and lead wires,
electrodes and crucibles used as a container must be avoided [52].
Stabilized zirconia is rather inert material, however electrodes, which contain
certain reactive oxides may corrode the electrolyte. Particularly iron oxides are
known to attack stabilized zirconia [53]. This phenomenon can be especially
problematic if oxygen activity is measured in molten oxide systems.

13

Background of the EMF method with solid electrolytes

Pure platinum wires are preferable to be utilized as leads, because they do not
cause unknown thermovoltage, which would be the case if different lead wires are
used. However, in certain cases, especially when the electrodes are fully or
partially molten, Pt can react with electrodes reducing the measurement accuracy
or even making the measurement impossible. This problem can be prevented if
chemically inert material with sufficient electrical conductivity can be found and
adapted as a contact material. Such materials as Rh, Ir, Mo, W, Re [54], Os, and
graphite can be utilized for that purpose. However, the corresponding
thermovoltage must be considered if the length of such a contact is significant.
2.2.4

Selection of electrometer, temperature control and the protective
atmosphere

Electrometers with a high input impedance should be used for reversible open
circuit measurement.
Temperature control should be at rather advanced level in order to minimize
temperature fluctuations. Temperature gradient over the cell should be
minimized by its location right in the hot zone of the furnace and by minimization
of its mass and dimensions.
In certain cases, inert gas utilized as a protective atmosphere may require some
purification. Such purification is especially important when electrodes with low
equilibrium oxygen partial pressures are used, to ensure that the partial pressures
are not altered by the cell surroundings. In this regard, various purification
systems can be utilized, i.e., columns filled with active metals (Ti, Zr, Cu, Ba, Ca,
etc.) with a high specific surface area at elevated temperatures [54].
Effect of external electromagnetic fields can be eliminated by employing a
grounded Faraday cage.

2.3

Electrochemistry of a generalized galvanic cell with a solid
oxide electrolyte incorporated

The reversible EMF (E / V) of a generalized galvanic cell (1) incorporating a solid
oxide electrolyte can be expressed by Equation (2).
(−)Pt|O2(g), ( P′ )| O2− conductor|O2(g), (P″ )|Pt(+),
where P′

and P″

(1)

are the equilibrium oxygen partial pressures of the test (left

hand side) and reference (right hand side) electrodes.
E=

∫

where μ′

t dµ ,
and μ″

(2)
are the oxygen chemical potentials established at the test

and reference electrodes, respectively, by condensed phase equilibria or by
appropriate partial pressures of the gaseous component (O2), (μ′ < μ″ ). F
stands for the Faraday constant (96485.3399 C mol−1) [55].
The ionic transference number t can be expressed by:
14
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t =

.

(3)

Under normal conditions, when the solid electrolyte exhibits pure ionic
conductivity or in other words its electronic conductivity is negligible
(transference number t is assumed to be one), the EMF of cell (1) is given by
Equation (4).
E=

=

where Δμ

,

(4)

is the difference of the oxygen chemical potential between the cell

electrodes.
The oxygen chemical potential can be written in terms of the equilibrium oxygen
partial pressure:
µ

= µ°

where μ°

+ RTlnP ,

(5)

is the standard oxygen chemical potential, R stands for the universal

gas constant (8.314472 J mol−1 K−1) [55] and T stands for the temperature (K).
Therefore, Equations (6) and (7) can be written:
E=

ln
= P″

P′

,
×e

(6)
,

(7)

where P′ and P″ are the oxygen partial pressures of test and reference
electrodes.
Equation (7) provides a simple relation between the cell EMF values measured
at certain measured temperatures and the equilibrium oxygen partial pressures
of the cell electrodes, while one of them is predominantly well known (reference
electrode, P″ ). Thus, the equilibrium oxygen partial pressure of the test
electrode (P′ ) can be calculated as a function of temperature.

2.4

Advantages of the EMF method:





The measured EMF is directly related to investigating thermodynamic
properties by a simple equation.
Accuracy of the measured chemical potential and Gibbs energy is highest
among the other experimental methods.
Measurements are conducted at elevated temperature, therefore a real
equilibrium is attainable.
Experimental data are acquired in isothermal condition, or in other
words, the EMF method is a static method, and the measured quantities
practically do not vary with time when equilibrium is attained.
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2.5

Drawbacks of the EMF method:


The partial enthalpy and entropy are determined indirectly from EMF
vs. temperature dependence, and often these values are less accurate
than direct calorimetric measurements.

Experimental work is demanding, time consuming and requires certain
laboratory skills.

Equilibration time can be extremely long in certain cases, especially at
lower temperatures.
Method can be incapable if side reactions take place, such as reaction of
electrodes with electrolyte or leads.
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Experimental section

The experimental procedure employed in the present work is described in this
chapter. It includes a list of utilized chemicals and synthesis procedure of certain
compounds, analytical methods applied for the purity control and an
arrangement of experimental EMF setups employed. Particular attention is paid
to the accuracy and precision of the temperature, ambient pressure and EMF
measurements. Important design features of the oxygen concentration galvanic
cells used are illustrated.

3.1

Purity and sources of chemicals utilized

Tables 1 and 2 present, respectively, lists of chemicals and gases used in the
present work with information of their purity and sources. All gases utilized in
this work were supplied by AGA (Finland).
Table 1. Chemicals utilized in the present work, their form, purity and provenance.
Chemical
Form
Purity,
Provenance
wt%
Al2O3
Powder 99.99
Sigma-Aldrich (USA)
CaO
Powder 99.9
Sigma-Aldrich (USA)
Cu
Ingots
99.996
Boliden Harjavalta Oy (Finland)
Cu
Powder 99.995
Alfa Aesar (Germany)
CuO
Powder 99.995
Alfa Aesar (Germany)
MgO
Powder 99.995
Sigma-Aldrich (USA)
Pt
Wire
99.99
Johnson-Matthey Noble Metals (UK)
Sb
Lumps
99.999
Cerac Inc., Milwaukee, Wisconsin (USA)
Sb2O3
Powder 99.995
Koch-Light Laboratories LTD (UK)
Te
Powder 99.999
Alfa Aesar (Germany)
TeO2
Powder 99.99
Alfa Aesar (Germany)
Table 2. Gases utilized in the present work with their purity.
Gas
Purity, vol%
N2
99.998
Ar
99.999
O2
99.95 / 99.999
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3.2

Synthesis of compounds

Magnesium antimonite (MgSb2O4) was synthesized from equimolar mixture of its
component oxides, i.e., MgO and Sb2O3. The reactants in powder form were
thoroughly mixed in an agate mortar and pressed into a pellet at a pressure of
about 0.25 GPa. The pellet placed into an alumina crucible was heat-treated at
973 K for 24 h in a protective atmosphere of N2. The completion of the reaction
was confirmed by XRPD.
Calcium orthotellurate (Ca3TeO6) saturated with calcium oxide was synthesized
from CaO and TeO2. The starting powder mixture containing 57 mol% of CaO was
pressed into a pellet and placed into a fused silica crucible with another protective
pellet made of pure CaO at the bottom. The sample was heat-treated at 1000 K for
8 h in a protective atmosphere of Ar. After that the sample obtained was ground
and mixed with an additional 25 mol% of CaO. This mixture was two time
subjected to the same procedure of pelletizing and heat-treatment with following
grinding. The heat-treatment was conducted in a protective atmosphere of Ar
stepwise: 21 h at 1000 K, 0.25 h at 1173 K, and 21 h at 973 K. The composition of
the sample obtained was confirmed by SEM-EDS and XRPD to be Ca3TeO6 with
CaO saturation.
Intermetallic platinum monotelluride (PtTe) saturated with metallic platinum
was synthesized in an evacuated fused silica ampoule from Te powder and 0.5 mm
in diameter Pt wire cut in short pieces. The mixture containing about 40 at% Te
was pressed into a pellet and put into the ampoule. The ampule was evacuated up
to 2 × 10−2 mbar and then backfilled with Ar. This procedure was repeated 5 times
in order to remove traces of reactive gases such as oxygen and then the evacuated
ampoule was sealed with H2/O2 torch. The synthesis was performed stepwise: 16
h at 773 K, 1 h at 1173 K, and 23 h at 1073 K. The composition of the obtained
sample was confirmed by SEM-EDS to be PtTe with Pt saturation.
Cuprous oxide (Cu2O) was synthesized from cathode copper by oxidizing and
subsequent quenching in air. The oxidation was conducted above 1299 K for 120
h and the composition of the sample quenched was examined by EPMA,
confirming completion of cuprous oxide formation.
Copper aluminates, i.e., copper aluminate spinel (CuAl2O4) and cuprous
aluminate delafossite (CuAlO2) were synthesized by a ceramic route. Powders of
Al2O3 and CuO were thoroughly mixed in an agate mortar with a molar ratio of
2:1, respectively. The mixture was pressed into a pellet and heat-treated at 1338
K for 24 h in air. This procedure with intermediate grinding and pelletizing was
repeated three times for reaction completion. The formation of CuAl2O4 saturated
with Al2O3 was confirmed by XRPD and SEM-EDS. The phase assemblage
obtained was used as a starting material for preparation of CuAlO2, i.e., CuAl2O4
saturated with Al2O3 was decomposed at 1473 K for 14 hours and cooled down to
room temperature in a protective atmosphere of Ar. The formation of CuAlO2
saturated with Al2O3 was confirmed by XRPD and SEM-EDS.
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3.3

Analysis employed for synthesized samples

To ensure that desired compounds were synthesized successfully and the
reactions were complete, the final products as well as certain intermediate
samples were subjected to elemental composition and phase composition
analyses.
In XRPD analysis the phase composition of a powdered specimen was examined
by a PANalytical diffractometer (X’Pert Pro Powder, Almelo, Netherlands)
equipped with CuKα radiation over a 2θ range of 10–70° at room temperature.
In SEM-EDS analysis, the elemental composition of each phase was examined.
Before analysis, a specimen was mounted in an epoxy resin, then polished and
carbon coated with a Leica EM SCD050 Coater (Leica Mikrosysteme GmbH,
Wien, Austria). The polished section of the specimen was examined by a LEO 1450
(Carl Zeiss Microscopy GmbH, Jena, Germany) scanning electron microscope
with a Link Inca X-Sight 7366 Energy EDS analyzer (Oxford Instruments plc,
Abingdon, Oxfordshire, UK). The accelerating voltage used was 15 kV.
For EPMA, the specimen preparation procedure was the same as for SEM-EDS.
The analysis was performed by CAMECA SX100 (Cameca SAS, France). The
accelerating voltage of 15 kV and beam current of 40 nA were used in the analysis.

3.4

The electrochemical cells, electrodes and electrolytes

The synthesized samples ground into a power form with an agate mortar were
mixed with additional components forming electrodes. Composition of the
electrodes can be seen from the cell diagrams (a)-(g). Left hand side electrodes
represent test electrodes and their phase compositions. Right hand side
electrodes of cells (a)-(e) are gaseous pure oxygen reference electrodes, while cells
(f) and (g) adopt biphasic solid mixtures formed in a similar way as test electrodes
with agate mortar.
(−)Pt+Re | Sb(l)+MgO(s)+MgSb2O4(s) | YSZ | O2(g) | Pt(+)

(a)

(−)Pt+Ir/C | Te(l)+CaO(s)+Ca3TeO6(s) |YSZ | O2(g) | Pt(+)

(b)

(−)Pt | Pt(s)+PtTe(s)+TeO2(s,l) | YSZ | O2(g) | Pt(+)

(c)

(−)Pt | Cu(s)+Cu2O(s) | CSZ/YSZ | O2(g) | Pt(+)

(d)

(−)Pt | Cu2O(s)+CuO(s) | CSZ/YSZ | O2(g) | Pt(+)

(e)

(−)Pt | Cu(s)+CuAlO2(s)+Al2O3(s) | MSZ | Cu(s)+Cu2O(s) | Pt(+) (f)
(−)Pt | CuAl2O4(s)+CuAlO2(s)+Al2O3(s) | MSZ |
Cu2O(s)+CuO(s) | Pt(+)*

(g)

*Polarity changes at lower temperatures (EMF becomes negative).
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Test electrodes of galvanic cells (a) and (b) contained a molten phase, i.e.,
antimony and tellurium, over entire experimental temperature range, thus the
test electrodes were placed into YSZ solid electrolyte tube in a powder form.
Meanwhile, test electrodes of cells (c)-(g) as well as reference electrodes of cells
(f) and (g) were pressed into pellets. It was done to get reliable contacts between
the electrolyte and solid electrodes with lead wires. Also, electrodes pressed in
pellets facilitate faster equilibration.
In cell diagrams (a)-(g) abbreviations in between the electrodes symbolize solid
oxide electrolytes, i.e., stabilized zirconia. In the present study, three different
types of stabilized zirconia were employed. Table 3 presents solid electrolyte tubes
and crucibles utilized in the conducted EMF experiments with their compositions
and information about suppliers.
Table 3. Solid oxide electrolytes utilized in the present work.
Type
Composition
Provenance
YSZ
8.5 wt% Y2O3
Friatec (Germany)
CSZ
3.5 wt% CaO
Corning, Zircoa Products (Solon, USA)
MSZ
15 mol% MgO
Yamari (Japan)
At the ends of cell diagrams (a)-(g), materials utilized as leads and contacts are
presented. Pt leads were used in all the cells, while contact materials are different.
Pt contacts can be used directly to the electrode if a reaction between them is not
expected, or it is kinetically slow and negligible, e.g., in solid state. However, in
the presence of molten Sb and Te (cells (a) and (b), respectively), Pt wire can be
rapidly attacked and should be protected from these molten and gaseous species.
A short spot-welded tip of an inert metal or mechanically connected graphite rod
can solve this problem. For Sb containing electrodes Re is a recommended contact
material. Usage of Ir as a contact material for Te containing electrodes can be
problematic in a long run, since there is a slow reaction which can gradually harm
the accuracy of the measurement. However, graphite shows superior properties
under these conditions.

3.5

Design of the EMF setups employed

Three individual setups were utilized in the present work. Two of them were
vertically arranged and one was horizontal. An apparatus based on a vertical
Lenton LTF 16/-/450 resistance tube furnace (Lenton, UK) was utilized to study
thermodynamic stabilities of selected phases in the MgO-Sb-O, CaO-Te-O and PtTe-O systems (cells (a)-(c)). The Al2O3-Cu-O system was studied employing two
other setups based on a vertical (type CSC 12/--/600V) and a horizontal (type CSC
12/--/600H) Lenton resistance tube furnaces (cells (d)-(g)). Table 4 presents
amount of identical galvanic cells used with respective apparatus employed.
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Table 4. Amount of experimental cells used and setups employed.
Cell
Amount of identical cells used
type
Apparatus employed
LTF 16/-/450
CSC 12/--/600V
CSC 12/--/600H
a
4
b
2
c
3
d
2
2
e
2
2
f
2
1
g
1
2

3.5.1

Apparatus employed for measurements of cells (a)-(c)

Figure 4 illustrates an apparatus based on a vertical Lenton LTF 16/-/450
resistance tube furnace (Lenton, UK) and various oxygen concentration cell
arrangements employed are enlarged. Figure 5 illustrates the head of this vertical
apparatus and arrangement of argon and oxygen flows.
Prior to the EMF measurements on the ternary systems, this setup was tested
on rather well known oxides of tellurium, bismuth and antimony, i.e., TeO2 [56],
Bi2O3 [57], and Sb2O3 [58] in order to confirm absence of systematic errors.
Furthermore, temperature dependences of ΔfG° of TeO2 and Sb2O3 were utilized
in certain calculations presented in Chapter 4.

Figure 4. Vertical Lenton LTF 16/-/450 tube furnace and galvanic cell arrangements enlarged with
various contact materials employed (A: Re or Ir contact; B: graphite contact; C: Pt contact).
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Figure 5. Head of vertical Lenton LTF 16/-/450 tube furnace illustrated schematically with
emphasis on the arrangement of gas flows.

In a gas-tight mullite work tube (Figure 4 and 5) a steady oxygen flow was
controlled by a digital mass flow controller, Aalborg DFC26 (USA). A solid
electrolyte yttria stabilized zirconia tube inserted in the work tube separated the
gaseous environments of the electrode compartments. The outer surface of the
YSZ tube was flushed by a steady flow of the pure oxygen, while the cathode Pt
lead wire tip shaped as a ring was pressed towards the round closed end of the
YSZ tube, forming the reference electrode. In the test electrode compartment
inside the YSZ tube, a nearly static protective atmosphere of argon was created in
order to prevent oxidation of the test electrode. Argon was purified from its
original purity by passing through titanium turnings at 873 K. The purified argon
flow was controlled by a rotameter (Kytölä Muurame, Finland). Test electrode
material, which was a mixture of three phases (see cell diagrams (a)-(c)) was
placed inside the YSZ tube. In order to minimize temperature gradient over the
cell the amount of the test electrode material was minimized to be less than 1 g.
The contact between the anode Pt lead wire (or a contact material tip) and the test
electrode was established at elevated temperatures by lowering the alumina
sheath with the lead wire incorporated.
3.5.2

Setups employed for measurements of cells (d)-(g)

Prior to study thermodynamic properties of ternary compounds of the Al 2O3-CuO system, measurements of rather well known thermodynamic stabilities of Cu 2O
and CuO were conducted in order to evaluate reliability of the experimental setups
employed. Furthermore, temperature dependences of ΔfG° of Cu2O and CuO were
utilized in calculations presented in Chapter 4. Also, these data were needed
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because of the choice of reference electrodes in cells (f) and (g). Experimental
arrangements of cells (d)-(g) adapted in the vertical (type CSC 12/--/600V) and
horizontal (type CSC 12/--/600H) Lenton resistance tube furnaces are illustrated
in Figures 6 and 7, respectively. Whereas, the upper parts of Figures 6 and 7 show
different experimental arrangements of cells (d) and (e), while the lower parts
illustrate the arrangement of cells (f) and (g).

Figure 6. Experimental arrangement of galvanic cells (d)-(e) (upper one) and (f)-(g) (lower one)
adapted in a vertical Lenton CSC 12/--/600V furnace.

The upper part of Figure 6 illustrates the assemblage of electrochemical cells
(d)-(e) inside a mullite work tube. The reference electrode compartment was
arranged in a long calcia stabilized zirconia tube with a closed flat end. A platinum
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contact in a shape of a coil was pressed to the inner surface of the bottom of the
CSZ tube by an alumina tube. Pure oxygen gas passed through this alumina tube
and flushed the inner surface of the CSZ tube. Also, a calibrated S-type
thermocouple was inserted into the alumina tube in such a way that its junction
was located right next to the bottom of the solid electrolyte tube. The test electrode
was arranged in a CSZ crucible. A pressed pellet made of either Cu+Cu 2O (cell (d))
or Cu2O+CuO (cell (e)) with a platinum contact was placed into the solid
electrolyte crucible. And the crucible was placed on the CSZ tube (see the upper
part of Figure 6), while the upper alumina tube pressed the whole assembly
together providing perfect contacts on the interfaces. Both contacted CSZ surfaces
were polished beforehand. The test electrode compartment was flushed with
purified argon providing a nearly static protective atmosphere.

Figure 7. Experimental arrangement of galvanic cells (d)-(e) (upper one) and (f)-(g) (lower one)
adapted in a horizontal Lenton CSC 12/--/600H furnace.

The upper part of Figure 7 shows the other experimental arrangement of
electrochemical cells (d)-(e). The illustrated alumina sample holder was located
inside a gas-tight fused silica work tube. The reference electrode was arranged
inside a long YSZ tube by passing pure oxygen gas through an inserted alumina
tube and flushing the inner surface of the YSZ tube. Also, this alumina tube
pressed a tip of a Pt lead wire shaped as a coil to the inner surface of the bottom
of the solid electrolyte tube, forming an electrical contact. The test electrode
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pellets used in this setup were identical to those used in the vertical setup. The
pellet with a Pt contact was pressed to the other side of the solid electrolyte tube.
An alumina crucible and an alumina tube were utilized to support the test
electrode pellet in the center of the alumina cell holder. The spring-loaded solid
electrolyte tube pressed the pellet to the Pt contact, providing reliable contacts.
Two S-type thermocouples were used to dispose the galvanic cell into the
isothermal zone. One thermocouple was located in the alumina cell holder, the
other one was inside the YSZ tube (see the upper part of Figure 7). The test
electrode was protected by nearly static atmosphere of purified argon.
For galvanic cells (f) and (g) modified experimental arrangements depicted in
the lower parts of Figures 6 and 7 were applied. These two arrangements are
similar to each other, where solid reference and test electrodes were pelletized
and pressed to the inner and other surfaces of the flat bottom of the MSZ tubular
crucible. Tips of the Pt leads shaped as coils were incorporated to the electrodes
and both electrode compartments were sealed with an alumina cement (see in the
lower parts of Figures 6 and 7). Therefore, during the experiment each electrode
was able to establish an equilibrium oxygen partial pressure inside its own
electrode compartment. The cells were equilibrated in a nearly static atmosphere
of purified argon.
Purification of argon was found to be critically important for the galvanic cells
containing metallic copper. Gas was purified in two consecutive stages by passing
it through chopped copper foil at 673 K (primary deoxidizing agent) and titanium
turnings at 1173 K (secondary deoxidizing agent). In selected experiments the
outgoing gas flow from the furnace was analyzed with an oxygen probe,
Cambridge Sensotec Rapidox 2100 (UK) to ensure that protective atmosphere of
argon gas was sufficiently purified.
For all studied galvanic cells (a)-(g), EMF measurements were performed in
isothermal conditions. When an equilibrium was attained, the furnace
temperature was changed. The reversibility of the cell EMF was checked in a
heating and cooling cycles, as well as in repeated experiments with duplicate cells.
Equilibration time varied from several hours to several days depending on the cell
composition and temperature.

3.6

Temperature, pressure and EMF measurements

Temperature measurements were performed with calibrated S-type Pt-Pt/Rh
thermocouples (Johnson-Matthey Noble Metals, UK) connected to a Keithley
2010 DMM multimeters (Keithley, USA). A Pt100 resistance thermometer (SKSGroup, Finland, tolerance class B 1/10) connected to a Keithley 2000 DMM
multimeter was utilized as a cold junction compensation. Temperature was
measured right next to galvanic cells and galvanic cells were located in the furnace
hot zone, in such a way that temperature gradient over the cell was less than 1 K
in all measurements. It was achieved either by furnace temperature profile
measurement prior the experiment or by adjusting position of the cell during the
measurement according to readings of two thermocouples located on the both
sides of a cell.
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Ambient pressure measurements were required when gaseous pure oxygen
reference electrode was employed. Its normal value is 101325 Pa, however its
natural fluctuation can be significant. If ignored, it can cause an error of
determined ΔrG° values up to several hundred J mol −1 in case of fluctuation within
± 2-3 % of the normal value. Oxygen gas utilized in arrangement of the reference
electrode passed the reference electrode compartment of a galvanic cell and left
the furnace through a bubbler. Therefore, the total pressure of the reference
electrode was close to the ambient one. A small overpressure taking place on the
reference electrode (several Pa) was measured with a Beamex MC2 calibrator
(Finland) and incorporated with ambient pressure measured with a Vaisala
PTU300 pressure, humidity and temperature transmitter (Finland) providing the
actual total pressure on the reference electrode.
EMF measurements were performed with a Keithley 6517B electrometer
connected to Pt lead wires (Johnson-Matthey Noble Metals, UK) of experimental
galvanic cell. The utilized electrometer has a high input impedance of 2×10 14 Ω
and allows reversible EMF measurements in an open circuit [52]. All the
measurements were simultaneously recorded with a computer over the entire
experimental time.
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Results and discussions

The results obtained in this study are presented in Appendices [I-IV] and
summarized below. The standard Gibbs energy of formation of selected phases in
the MgO-Sb-O, CaO-Te-O, Pt-Te-O, and Al2O3-Cu-O systems were determined
experimentally by the EMF method with oxygen concentration galvanic cells.
The standard Gibbs energies of reactions (8)-(14) were calculated from
experimental data measured in the present study.
2Sb(l) + MgO(s) + 3/2O2(g) = MgSb2O4(s)

(8)

Te(l) + 3CaO(s) + 3/2O2(g) = Ca3TeO6(s)

(9)

PtTe(s) + O2(g) = TeO2(s,l) + Pt(s)

(10)

2Cu(s) + 1/2O2(g) = Cu2O(s)

(11)

1/2Cu2O(s) + 1/4O2(g) = CuO(s)

(12)

Cu(s) + 1/2Al2O3(s) + 1/4O2(g) = CuAlO2(s)

(13)

CuAlO2(s) + 1/2Al2O3(s) + 1/4O2(g) = CuAl2O4(s)

(14)

4.1

MgO-Sb-O system

The standard Gibbs energy of reaction (8) is plotted as a function of temperature
in Figure 8. A linear trend-line was fitted to the experimental data points applying
the least-square method. Equation (15) describes the temperature dependence of
the standard Gibbs energy of reaction (8) for the entire temperature range. The
determination coefficient R² for the trend-line was calculated to be 0.9966.
ΔrG°/(kJ mol-1) ± 2.97 = - 734.96 + 0.2645T/K. (906 – 1148 K) (15)
Table 5 and Figure 8 present a comparison of the standard Gibbs energy of
reaction (8) determined in this study and the results from the previous studies [7
and 8].

27

Results and discussions

Figure 8. The standard Gibbs energy of reaction (8) as a function of temperature: (∇), cell I; (Ƒ),
cell II; (ż), cell III; (¨), cell IV; (solid line), the least squares ¿tting; (dashed line), Katayama et al.
[7]; (dotted line), Kemori et al. [8].

Table 5. The temperature dependence of the standard Gibbs energy of reaction
(aa) determined in this work and compared to the results of the previous studies.
ΔrG° / (kJ mol-1)
-734.96+0.2645T/K
-745.6+0.2720T/K
-762.2+0.2880T/K

T/K
906 – 1148
945 – 1117
917 – 1101

Reference
This work
[7]
[8]

Figure 9 demonstrates a typical behavior of the galvanic cells employed in the
heating and cooling cycles. Galvanic cell temperatures and EMF values measured
are plotted as a function of time.

Figure 9. Typical behavior of experimental galvanic cells; EMF and temperature as a function of
time.

The reaction of formation of magnesium antimonite MgSb2O4 from its
component oxides can be written as:
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Sb2O3(l) + MgO(s) = MgSb2O4(s).

(16)

The standard Gibbs energy of formation of MgSb2O4 from its component oxides
according to reaction (16) was calculated by subtracting the standard Gibbs
energy of formation of antimony trioxide Sb2O3 from the standard Gibbs energy
of reaction (8). The standard Gibbs energy of formation of Sb2O3 was measured
earlier, using a solid-oxide electrolyte EMF technique as follows [58]:
ΔfG°Sb2O3/(kJ mol-1) ± 0.419 = - 682.21 + 0.2392T/K.
(929 – 1080 K) (17)
Therefore, the standard Gibbs energy of formation of MgSb2O4 from its
component oxides according to reaction (16) is expressed in Equation (18) and
compared to results of the previous studies [7-9] in Table 6.
Δf(ox)G°MgSb2O4/(kJ mol-1) ± 3.00 = - 52.75 + 0.0253T/K.
(929 – 1148 K) (18)
Table 6. The temperature dependence of the standard Gibbs energy of formation
of MgSb2O4 from its component oxides determined in this work and compared to
the previous studies.
Δf(ox)G° / (kJ mol-1)
T/K
Reference
-52.75+0.0253T/K
929 – 1148
This work
-58.0+0.0287T/K
945 – 1117
[7]
-78.9+0.0495T/K
929 – 1101
[8]
-23.32-0.00068T/K 1173 – 1276.5
[9]
The results obtained are in a good agreement with the data reported previously
in the literature. The Δf(ox)G° value determined in this study at 1050 K is – 26.19
± 3.00 kJ mol-1, which is consistent with the values of –27.9 ± 1.1 kJ mol-1 and –
26.9 ± 0.7 kJ mol-1 measured by Katayama et al. [7] and Kemori et al. [8],
respectively. At lower temperatures the scatter is higher. The EMF measurements
with galvanic cells based on magnesium fluoride conducted by Raghavan [9] at
higher temperatures yielded Δf(ox)G° values nearly temperature independent .
Thus, in the vicinity of 1050-1100 K, the results of this study agree well with
Raghavan’s, if extrapolated to these temperatures.
The reaction of formation of magnesium antimonite MgSb2O4 from the
elements is given by:
Mg(l) + 2Sb(l) + 2O2(g) = MgSb2O4(s).

(19)

The standard Gibbs energy of formation of MgSb2O4 was calculated as a sum of
the standard Gibbs energy of reaction (8) and the standard Gibbs energy of
formation of magnesium oxide MgO.
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The standard Gibbs energy of formation of MgO determined with a chemical
equilibrium technique was reported by Ono et al. [59] as follows:
ΔfG°MgO/(kJ mol-1) ± 18 = - 657 + 0.141T/K.
(973 – 1323 K) (20)
Therefore, the standard Gibbs energy of formation of MgSb2O4 from the
elements according to reaction (19) was calculated to be:
ΔfG°MgSb2O4/(kJ mol-1) ± 18.2 = - 1392 + 0.4055T/K.
(973 – 1148 K) (21)
It appears to be the first report of ΔfG°MgSb2O4.

4.2

CaO-Te-O system

The temperature dependence of the standard Gibbs energy of reaction (9) is
plotted in Figure 10, including the values of ΔrG° calculated from the measured
experimental data point and the least-squares fitting. Equation (22) describes the
linear regression best fit with the determination coefficient R2 = 0.9986.
ΔrG°/(kJ mol-1) ± 0.32 = - 684.52 + 0.27026T/K.
(850 – 949 K) (22)
-426

ǻrG° / (kJ·mol-1)

-431
-436
-441
-446
-451
-456
840

860

880

900

920

940

960

T/K

Figure 10. The standard Gibbs energy of reaction (9) as a function of temperature: (ǻ), cell I; (¸),
cell II; (solid line), the least squares ¿tting.

The standard Gibbs energy of formation of Ca3TeO6 from the elements
according to reaction (23) was calculated as a sum of the standard Gibbs energy
of reaction (9) and the standard Gibbs energy of formation of calcium oxide CaO
times three.
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3Ca(s) + Te(l) + 3O2(g) = Ca3TeO6(s).

(23)

The standard Gibbs energy of formation of CaO was calculated from Gibbs
energies of the pure substances taken from the SGTE database [60] to be:
ΔfG°CaO/(kJ mol-1) = - 634.40 + 0.1040T/K.

(750 – 1100 K) (24)

The ΔfG°Ca3TeO6 obtained is expressed in Equation (25) as a function of
temperature:
ΔfG°Ca3TeO6/(kJ mol-1) = - 2587.73 + 0.58227T/K.
(850 – 949 K) (25)
This appears to be the first report of the thermodynamic stability function of
calcium orthotellurate (ΔfG°Ca3TeO6) at elevated temperatures.
The standard enthalpy of formation of Ca3TeO6 at 298.15 K was estimated by
Sahu et al. [61] to be -2474.6 kJ mol-1. In order to compare the results of the
present study with this estimate reported, the heat capacity of calcium
orthotellurate was estimated by applying Neumann-Kopp rule [62]. For the
estimation of the heat capacity of calcium orthotellurate the following
hypothetical reaction was considered:
TeO3(s) + 3CaO(s) = Ca3TeO6(s).

(26)

The estimated Cp as a function of temperature of Ca3TeO6 is expressed in
Equation (27), which was calculated based of the heat capacity of CaO taken from
the SGTE database [60] and the heat capacity of TeO3 estimated by Sahu et al.
[61].
Cp/(J mol-1 K-1) = 261.336 - 19.527·10-3 T/K - 60.5·105 (T/K)-2 + 15.993·10-6 (T/K)2.
(27)
By applying the second law method, the standard enthalpy and entropy of
formation of Ca3TeO6 at 298.15 K were calculated utilizing Equations (28) and
(29):
∆fH°298 = ∆fH°mean - 298∫
∆fS°298 = ∆fS°mean - 298∫

Tmean

∆fCpdT + ∑∆H°tr,

Tmean

(∆fCp/T)dT + ∑(∆H°tr/T tr),

(28)
(29)

where ∆fH°mean and ∆fS°mean stand for the corresponding values determined in
the linear relationship (25) and Tmean corresponds to the appropriate average
value for all measurement points over the experimental temperature range (850
– 949 K). ∆H°tr and T tr are enthalpy change of a phase transition of a substance
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involved into formation of Ca3TeO6 and temperature of the respective phase
transition.
The heat capacities of pure elements (Ca, Te and O2) taken from Barin and
Knacke thermodynamic compilations [63] and the estimated heat capacity of
Ca3TeO6 (Equation (27)) were integrated from the standard temperature up to
895 K (Tmean), taking into account the stoichiometric coefficients of the formation
reaction. The enthalpy of fusion of Te and α-β phase transition of Ca were taken
from Barin and Knacke thermodynamic compilations [63] and considered in the
calculation.
The values calculated from Equations (28) and (29) are: ∆fH°298 = -2577.53 kJ
mol-1 and ∆fS°298 = -571.67 J mol-1 K-1. The enthalpy of formation of Ca3TeO6 at
298.15 K estimated by Sahu et al. [61] to be -2474.6 kJ mol -1 is in a fair agreement
with the value calculated in this study from experimental results measured at
elevated temperatures.

4.3

Pt-Te-O system
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The standard Gibbs energy of reaction (10) is plotted as a function of temperature
in Figure 11. Linear trend-lines were fitted to the experimental data points
acquired below the melting point of tellurium dioxide TeO2 and above it, by
applying the least-square method. Equations (30) and (31) describe the
temperature dependences of the standard Gibbs energy of reaction (10) for the
different temperature ranges.

1020

1040

T/K
Figure 11. The standard Gibbs energy of reaction (10) as a function of temperature: (¨), cell I;
(ż), cell II; (¸), cell III; (solid line), the least squares fitting; (dashed line) shows the tellurium dioxide
melting point.

For the temperature range below the melting point of TeO2, the following
expression with the determination coefficient R2 = 0.9954 was obtained:
ΔrG°/(kJ mol-1) ± 0.38 = -244.47 + 0.15243T/K.
(890 – 998 K)
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For the temperatures above the TeO2 melting point, only three measurement
data points were acquired and the best least-squares fit with the determination
coefficient R2 = 0.999998 is described by Equation (31):
ΔrG°/(kJ mol-1) ± 0.50 = -215.33 + 0.12343T/K.
(1008 – 1028 K)

(31)

In Figure 11, a noticeable slope change of the ΔrG° at the melting point of TeO2
shown as the vertical dashed line can be observed. This change in slope is
associated with the enthalpy of fusion of tellurium dioxide, which was calculated
from Equations (30) and (31) to be ΔfusH°TeO2 = 29.14 ± 2.40kJ mol-1. It is in a
good agreement with the value 29.079 kJ mol-1 recommended in the literature
[64]. The melting temperature of TeO2 calculated from Equations (30) and (31) is
1004.8 ± 21.7 K. This indirectly determined melting point agrees well with the
literature value measured by a direct method, 1005.8 ± 1.0 K [65 and 66].
The standard Gibbs energy of formation of platinum monotelluride PtTe
according to reaction (32) can be calculated by subtracting the standard Gibbs
energy of reaction (10) from the standard Gibbs energy of formation of tellurium
dioxide TeO2.
Pt(s) + Te(l) = PtTe(s)

(32)

The standard Gibbs energy of formation of TeO2 was determined by the EMF
method with oxygen concentration galvanic cells [56] to be:
ΔfG°TeO2/(kJ mol-1) ± 0.308 = -318.01 + 0.1810T/K.
(722.15 – 1005.8 K)

(33)

Therefore, the standard Gibbs energy of formation of PtTe according to reaction
(32) was calculated as:
ΔfG°PtTe/(kJ mol-1) ± 0.49 = -73.54 + 0.02857T/K.
(890 – 998 K)

(34)

This appears to be the first report of the ΔfG°PtTe data determined at high
temperatures. Taking into account the enthalpy of fusion of tellurium ΔfusH°Te =
17.376 kJ mol-1 at 722.66 K [67], the high temperature data were extrapolated to
low temperatures by using Equation (35).
Δtr(fus)G° = Δtr(fus)H° - (Δtr(fus)H° / Ttr(fus)) T.

(35)

Pt(s) + Te(s) = PtTe(s)

(36)

Therefore, the standard Gibbs energy of formation of PtTe according to reaction
(36) was calculated as:
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ΔfG°PtTe/(kJ mol-1) ± 0.49 = -56.16 + 0.00453T/K.
(298.15 – 722.66 K)

(37)

The standard enthalpy of formation of PtTe determined calorimetrically by
Stolyarova and Osadchii [16] as -(56.52 ± 0.85) kJ mol-1 is in a good agreement
with the result of the present study, -56.16 kJ mol-1.

4.4

Al2O3-Cu-O system

The standard Gibbs energies of reactions (11) and (12) are depicted in Figures 12
and 13, respectively. The calculated best linear fits with determination coefficient
R2 of 0.9947 and 0.9882, respectively, are expressed in Equations (38) and (39).
Comparison of the determined stability functions to the selected previous studies
as well as experimental measurement data points are also provided in Figures 12
and 13.
∆rG° / (kJ mol−1) ± 0.511 = − 170.089 + 0.074635T/K.
(1003 – 1322 K)

(38)

∆rG° / (kJ mol−1) ± 0.422 = − 64.604 + 0.046670T/K.
(907 – 1232 K)

(39)
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Figure 12. The standard Gibbs energy of reaction (11) as a function of temperature: (ż),
experimental measurement points; (solid line), the least squares ¿tting; (dashed line), Jacob and
Alcock [68]; (dotted line), Slobodyanyuk et al. [69]; (dash-dotted line), Holmes et al. [70].
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Figure 13. The standard Gibbs energy of reaction (12) as a function of temperature: (ż),
experimental measurement points; (solid line), the least squares ¿tting; (dashed line), Jacob and
Alcock [68]; (dash-dotted line), Gadalla and White [71]; (dotted line), Slobodyanyuk et al. [69].

Figures 12 and 13 show an excellent agreement of the results obtained in this
study with the previous experimental and computational studies [28, 68-71].
These measurements confirm reliability of the existing thermodynamic properties
determined for cupric and cuprous oxides.
The standard Gibbs energies of reactions (13) and (14) determined are plotted
in Figures 14 and 15 as a function of temperature with the best linear fits
calculated and compared to the previous experimental studies. The calculated
best linear fits are expressed in Equations (40) and (41). The determination
coefficients R2 are 0.9742 and 0.9901, respectively.
∆rG° / (kJ mol−1) ± 0.672 = − 128.826 + 0.067854T/K.
(1051 – 1265 K)

(40)

∆rG° / (kJ mol−1) ± 0.158 = − 39.225 + 0.024289T/K.
(1074 – 1262)

(41)
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Figure 14. The standard Gibbs energy of reaction (13) as a function of temperature: (ż),
experimental measurement points; (solid line), the least squares ¿tting; (dashed line), Jacob and
Alcock [68]; (dash-dotted line), Gadalla and White [71]; (dash-double-dotted line), Zalazinskii et
al. [72]; (dotted line), Slobodyanyuk et al. [69].
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Figure 15. The standard Gibbs energy of reaction (14) as a function of temperature: (ż),
experimental measurement points; (solid line), the least squares ¿tting; (dashed line), Jacob and
Alcock [68]; (dash-dotted line), Gadalla and White [71]; (dotted line), Slobodyanyuk et al. [69].

For the standard Gibbs energy of reaction (13), a significant scatter among the
results of the previous studies can be seen in Figure 14. Partially it can be
explained by the different experimental methods used in these studies. The ∆rG°
values measured in the previous studies at 1150 K do not differ from the present
results for more than 4.2 kJ mol−1, but the discrepancy increases at lower and
higher temperature due to the differences in the slope. Therefore, the
extrapolation can cause a significant error and should be avoided.
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The standard Gibbs energy of reaction (14) measured electrochemically in the
present work is in a good agreement with the EMF results reported by Jacob and
Alcock [68] as can be seen in Figure 15. The TGA results reported by Gadalla and
White [71] were measured only in a narrow temperature range, and therefore the
slope is not reliable. However, if ∆rG° measured in this study is extrapolated to
the higher temperature, it is in a good agreement with [71]. The results reported
by Slobodyanyuk et al. [69] are significantly more negative and probably less
accurate, due to an unknown systematic error in their EMF measurements.
Using the results of the present study the oxygen potential diagram for the
system Cu-Al-O was derived at the temperature 1323 K and presented in Figure
16.

Figure 16. The Cu-Al-O stability diagram at 1323 K.

From the experimentally measured standard Gibbs energies of reactions (11) –
(14) expressed in Equations (38) – (41), the standard Gibbs energies of formation
of copper oxides from the elements and of copper aluminates from their
component oxides can be calculated.
The standard Gibbs energy of formation of Cu 2O actually matches with the
standard Gibbs energy of reaction (11):
∆fG°Cu2O / (kJ mol−1) ± 0.511 = − 170.089 + 0.074635T/K.
(1003 – 1322 K)

(42)
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The standard Gibbs energy of formation of CuO was calculated as a sum of the
standard Gibbs energy of reaction (12) and half of ∆fG°Cu2O:
∆fG°CuO / (kJ mol−1) ± 0.663 = − 149.649 + 0.083988T/K
(1003 – 1232 K)

(43)

The standard Gibbs energies of formation of Cu2O and CuO are in a good
agreement with the previous studies as well as with the values reported in the
thermodynamic compilations [73].
The standard Gibbs energy of formation of CuAlO2 from its component oxides
can be calculated by subtracting half of ∆fG°Cu2O from the standard Gibbs energy
of reaction (13) or simply from the measured EMF with galvanic cell (f) according
to Equation (44).
∆f(ox)G°CuAlO2 = − FEcell (f).

(44)

The standard Gibbs energy of formation of CuAl2O4 from its component oxides
can be calculated by subtracting ∆fG°CuO from a sum of the standard Gibbs
energies of reactions (13) and (14) or simply from the measured EMF with
galvanic cell (f) and (g) according to Equation (45).
∆f(ox)G°CuAl2O4 = − F(Ecell (f) + Ecell (g)).

(45)

Therefore, the standard Gibbs energies of formation of copper aluminates from
their component oxides are expressed by Equations (46) and (47):
∆f(ox)G°CuAlO2 / (kJ mol−1) ± 0.844 = − 43.78 + 0.03054T/K,
(1051 – 1265 K)

(46)

∆f(ox)G°CuAl2O4 / (kJ mol−1) ± 0.957 = − 18.40 + 0.00816T/K.
(1074 – 1232 K)

(47)

The comparison of copper aluminates stability functions given in Equations
(46) and (47) with the results obtained in the previous studies by various methods
is provided in Tables 7 and 8.
Table 7. ∆f(ox)G°CuAlO2 determined in the present work and compared with the
results of the previous studies.
∆f(ox)G°CuAlO2 / (kJ mol−1)
− 8.37
− 19.66 + 0.00879T/K
− 55.65 + 0.04167T/K
14.52 – 0.01998T/K
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T/K

Experimental
method

Reference

1273
*
973-1273
1073-1273

EMF
TGA at various PO2

[33]
[71]
[72]
[69]

H2/H2O equilibria
EMF

Results and discussions

− 11.86 + 0.00521T/K
973-1323
EMF
[68]
− 43.78 + 0.03054T/K
1051-1265 EMF
This study
*calculated by an extrapolation of two equilibria, one was measured from 1300 to
1350 K, the other one from 1450 to 1490 K.
Table 8. ∆f(ox)G°CuAl2O4 determined in the present work and compared with the
results of the previous studies.
∆f(ox)G°CuAl2O4 / (kJ mol−1)
T/K

Experimental
method
TGA at various PO2

Reference

− 30.12 + 0.01004T/K
*
[71]
18.42 – 0.02079T/K
973-1323
EMF
[68]
30.71 – 0.04477T/K
1073-1273
EMF
[69]
− 18.40 + 0.00816T/K
1074-1232
EMF
This study
*calculated by an extrapolation of two equilibria, one was measured from 1300 to
1350 K, the other one from 1450 to 1490 K.
Table 7 shows a certain scatter among the reported ∆f(ox)G°CuAlO2 data, however
they fairly agree except the results reported by Slobodyanyuk et al. [69]. Contrary,
the standard Gibbs energy of formation of CuAl2O4 from its component oxides
shows a high scatter among the reports summarized in Table 8. It can be
explained by the fact that in the electrochemical studies [68 and 69] (including
the present work) the ∆f(ox)G°CuAl2O4 was calculated from several individual
reaction equilibria and measured with several individual galvanic cells, therefore
possible experimental errors were accumulated and resulted in this discrepancy
(Table 8). Particularly, the slope reported by [68] is opposite to the slope reported
in this study. Therefore, the decomposition temperature of CuAl 2O4 into its
component oxides reported as 885 K derived from [68] by extrapolation of
∆f(ox)G°CuAl2O4 to low temperatures requires a reconsideration. Even though,
Navrotsky and Kleppa [74] measured calorimetrically the standard enthalpy of
formation of CuAl2O4 from its component oxides as 21.63±0.79 kJ mol−1
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Conclusions

The EMF method with solid state electrolyte is a powerful experimental tool
providing accurate thermodynamic data of solutions and substances, which are
necessary for modelling equilibria of chemical reactions and the phase stabilities.
The purpose of the present work was an attempt to increase knowledge
concerning thermodynamic stabilities of selected phases in the MgO-Sb-O, CaOTe-O, Pt-Te-O, and Al2O3-Cu-O systems at various temperatures.
Particularly, thermodynamic properties of MgSb2O4, Ca3TeO6, PtTe, Cu2O, CuO,
CuAlO2, and CuAl2O4 were determined by the EMF method with oxygen
concentration galvanic cells based on solid oxide electrolytes.
New sets of thermodynamic data were provided for MgSb2O4, Cu2O, CuO,
CuAlO2, and CuAl2O4 and an attempt to reveal existing discrepancies among the
previous studies was done. High temperature thermodynamic properties of
Ca3TeO6 and PtTe were determined for the first time.
Particular attention was paid to the accuracy and precision of temperature and
EMF measurements, applying the state-of-the-art equipment.
The thermodynamic data reported in the present work should be of a great
interest for extractive metallurgy to design, improve, and troubleshoot diverse
industrial processes. Moreover, they can be utilized in a development of
composite and functional materials and product developing work.
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