
In this study, an advanced EMF method has 
been developed and a compilation of 
thermodynamic data has been measured by 
applying improved practices and 
arrangements. During the development of 
the experimental arrangement, the studied 
chemical assemblages were selected from 
well-known systems in order to compare the 
impact of the modifications to the measured 
EMF with reliable reference data presented 
in the literature. A number of different 
approaches were tested and the 
modifications with a beneficial outcome 
were combined in the final experimental 
procedure. Finally, the improvements were 
applied to study the thermodynamic 
properties of a number of intermetallic 
compounds and oxides with little or no 
previously measured thermodynamic data 
but a notable practical importance in many 
areas. All in all, the advanced EMF method 
has been applied to measure the 
thermodynamic properties of the following 
compounds: Ag3Sb, Ag6Sb, SbxTe1-x, 
AgSbTe2, AgSbS2, Ag3SbS3, Bi2O3, Sb2O3, 
TeO2, Ca4Fe9O17. 
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1. Introduction 

New thermodynamic data can be applied in multiple fields of industry and 
research. Ag-Sb compounds, for example, can be found in silver and copper 
ores as secondary or primary minerals and base metals anode slimes. The Ag-
Sb compounds are also subsystems of multiple state-of-art thermoelectric ma-
terials, for example in Ag-Sb-Te system. More precisely, AgSbTe2 has been 
found to be one of the most promising p-type thermoelectric materials. Also, 
AgSbS2 is known for its good thermoelectric properties by its solid solution 
AgPbx SbS2+x . The environmental impact of energy generation has become cru-
cial as global energy consumption increases [1]. Thermoelectric generators can 
improve the efficiency of multiple devices producing waste heat or as stand-
alone electricity generators with a heat source. Knowledge of the thermody-
namic properties of the compounds in thermoelectric materials has fundamen-
tal and practical importance in many aspects. However, satisfying thermody-
namic properties for the Ag-Sb, Ag-Sb-Te or Ag-Sb-S intermetallic com-
pounds, cannot be found. 

As an addition to the academic interest in the thermodynamic properties of 
oxides and intermetallics, industrial concern in recent years is focused on trace 
element recovery in various pyrometallurgical processes from primary and 
secondary raw materials, especially towards critical elements in the European 
Union [2,3]. The need for accurate thermodynamic information of compounds 
increases simultaneously with the exhaustion of high-grade ores. Due to in-
tense mining, the available ores are often poor in the desired metal content 
and contain increasingly complex compounds. Several impurities, such as Pb, 
As, Sb and Bi, have harmful impact on the electro-refining process and the 
properties of the produced copper [4]. Further thermodynamic information 
improves understanding of the trace metal compounds and leads to a more 
efficient metal production process with economical advantages and reduced 
environmental impact.  

Thermodynamic properties can generally be measured by three experimental 
methods: calorimetry, vapor pressure measurements and electromotive force 
(EMF) measurements [5]. Especially, calorimetry is an advantageous method 
in determining the transition enthalpies of the given compounds as well as 
specific heat capacity functions. The vapor pressure method is commonly ap-
plied in order to measure the partial pressures of different substances. In the 
EMF method, the Gibbs energy of a virtual cell reaction can be directly meas-
ured as a function of temperature. As an isothermal method, the EMF method 
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is reliable and accurate, because the data has been collected at the equilibrium 
state of the sample. From the measured relation between EMF and tempera-
ture, partial enthalpies and entropies can be calculated, as well as phase tran-
sition temperatures of the sample.  

1.1 Previous experimental EMF studies 

Since Kiukkola and Wagner [6] demonstrated the use of stabilized zirconia in 
galvanic cells for measuring the standard Gibbs energy of the cell reaction, 
numerous oxides have been examined. Also, the development of solid Ag+ 
conducting electrolytes for different applications have led to a considerable 
amount of experimental EMF studies in silver containing systems. However, 
new experimental EMF studies are quite rare nowadays and notable possibili-
ties for development can be pointed out.  

A certain amount of EMF data can be found from the literature on the binary 
oxide systems such as Sb-O, Te-O, and Bi-O. However, some systems, for in-
stance Ag-Sb and Ca-Fe-O systems, have very little experimental EMF data 
with noticeable scatter. Furthermore, no experimental EMF data can be found 
on Sbx Te1 -x , AbSbTe2, AgSbS2 and Ag3SbS3 compounds, which is surprising 
even though the thermodynamic data on the given compounds would have 
practical importance in many aspects.  

1.2 Objective of the thesis 

In this thesis, the aim is to improve the experimental EMF measurement pro-
cedures and arrangements by: 

 Increasing the accuracy of the temperature measurement of the exper-
imental EMF arrangement 

 Decreasing the parasitic voltage in the measured EMF resulting from 
thermovoltage 

 Decreasing the undesired side reactions in the experimental cell ar-
rangement 

 Improving the stability of the temperature in the experimental EMF 
furnace 

 Improving the ionic conductivity through the electrode-electrolyte in-
terfaces by advanced cell design 

 Improving the electrical conductivity and diffusion inside the elec-
trodes by decreasing porosity 

 Taking into account new factors affecting the measured EMF 
 Testing numerous arrangements with different electrolytes and cell as-

semblages to gather empirical data about the functionality of different 
arrangements 

 Applying new aspects in the mathematical data analysis of the meas-
ured data 
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 Improving sample preparation for increased purity and more complete 
equilibrium 

 Revise the EMF apparatus to measure volatile chemical systems 
 
The functionality of the new arrangements has been proven by measuring 
well-known chemical compounds and comparing the results to the previously 
measured data or comparing data measured with different cell assemblages 
with the same sample material. Finally, the advanced EMF apparatuses and 
procedures were applied to measure Gibbs energies of formation for alloys and 
compounds with little or no experimentally obtained data. 

1.3 New scientific contribution and applications 

In this thesis, new arrangements and procedures for experimental EMF meas-
urements have been presented alongside obtaining new thermodynamic data. 
Certain different experimental arrangements have been tested and the stabil-
ity, accuracy and reliability of the measured data have been evaluated by sta-
tistical analysis of the data measured with the different arrangements. The 
optimized arrangements have been applied to measure new thermodynamic 
data of numerous alloys and compounds.     

In the metal industry, raw materials in metal production are becoming in-
creasingly poor in the desired metals and simultaneously the overall content is 
getting generally more complex. The experimental thermodynamic data con-
tributes to evaluate reliable models for altering raw materials to improve the 
efficiency and understanding of the processes. Thermodynamic knowledge and 
understanding of the behavior of the applied materials, for example, in ther-
moelectric generators, has undisputed advantage in manufacturing and in un-
derstanding the features of the materials in use. 

1.4 Structure of this thesis 

This thesis consists of seven scientific peer-reviewed journal publications (1-3, 
5-8) and one peer-reviewed conference publication (4) preceded by the com-
pendium section. The involved publications are attached as appendices (1-8) at 
the end of this thesis. The compendium section of this thesis briefly introduces 
the EMF method, the applied electrolyte materials, the thermodynamics in the 
experimental EMF research as well as a short literature survey of the selected 
compounds presented in a comparison with the obtained data. 
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2. Theory 

2.1 Thermodynamics in an experimental EMF study 

In an electrochemical EMF cell, the charge carriers (ions or cations) can move 
in the electrolyte of the experimental cell with small resistance. The chemical 
potential differences between the electrodes causes common migration of the 
charge carriers from the higher chemical potential of the mobile charge carrier 
species to the lower chemical potential. The general migration of ions gener-
ates voltage as well as an electric field between the electrodes. During migra-
tion, the energy consumed in the movement of the charge carrier from one 
electrode to another in the electric field is released by the chemical reactions 
taking place when the charge carrier abandons an electrode and enters into 
another electrode. The overall cell reaction, which contains chemical reactions 
in both of the electrodes during migration, is called a virtual cell reaction. In a 
reversible process, the change in the Gibbs energy of a virtual cell reaction 
equals the work done against the electrical field inside the electrolyte. In such 
an equilibrium state, the Gibbs energy of the virtual cell reaction can be writ-
ten as equal to the work done against the electric field: 
 

 and consequently ,  (1) 

where W is amount of work done by the virtual cell reaction, q is charge, F is 
the Faraday constant 96485 C/mol and z is number of electrons involved in 
the cell reaction. 

In the experimental oxygen concentration cells involving gaseous compounds, 
the pressure of the gaseous species has an influence on the Gibbs energy of the 
cell reaction and the measured EMF, thus the effect of varying pressure has 
been determined and taken into account in the derivation of the standard 
Gibbs energy functions. The impact of pressure on the cell EMF can be formu-
lated by considering the equilibrium of chemical system αA + βB ↔ σC + εD, 
in which the chemical potentials in each side of reaction are equal: 

.    (2) 

The chemical activity of species is defined as 

.     (3) 
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and the chemical potential of each substance can be therefore derived as a 
function of activity: 

    (4) 

The Gibbs energy change of a chemical reaction at a specific temperature may 
be determined from the difference in the Gibbs energy between products and 
reactants: 

.   (5) 

By substituting the chemical potentials as function of activities: 

  
,   (6) 

the relation becomes 

.   (7) 

The standard Gibbs energy of reaction can be determined as 

,    (8) 

and the reaction quotient is defined as 

.     (9) 

Therefore, equation (7) becomes 

.    (10) 

At low gas pressures, the activity of each species has been assumed to be equal 
to the ratio of the partial pressure of the gas over the standard pressure: 

,    (11) 

thus at low gas pressures 

,     (12) 

.    (13) 

By applying the Gibbs energy change derived by the work against an electric 
field of an electrochemical cell in equation (1), the Gibbs energy function (13) 
becomes: 
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.  (14) 

This function is called the Nernst equation. 

As presented above, the Gibbs energy of a chemical reaction equals to the en-
ergy difference between the products and reactants: 

.   (15) 

Therefore, the Gibbs energy of formation of a compound participating in the 
virtual cell reaction can be solved from the calculated Gibbs energy of reaction, 
if the formation energies of the other compounds in the virtual cell reaction 
are known.  

With the above presented equations, the Gibbs energy of reaction and for-
mation of the species in the test electrode can be determined from the experi-
mentally observed EMF values. By the definition of the standard Gibbs energy 
of reaction: 

,    (16) 

an extensive amount of thermodynamic properties can be derived by applying 
the analogue between the Gibbs energy functions and the measured EMF val-
ues: 

     (17) 

and 

.    (18) 

With further derivation, the standard entropy of a compound can be deter-
mined: 

    (19) 

The equations presented above show the range of thermodynamic properties 
that were obtained in this study from the experimentally measured EMF data. 

2.2 Electrolytes for the experimental EMF applications 

Ionic conductivity in solid matter is produced by the jumping of ions from one 
potential well to another. This movement is not random, but influenced by an 
electrical field. In galvanic cells, an electrical field forces the negative and posi-
tive charge carriers to migrate in opposite directions, as the potential energy 
barrier is lower in the direction where the electrical field is forcing the ions. [7] 
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Because the constituent cations and anions are necessary to maintain the rigid 
skeletal structure, the migration of a single ion species in solid materials is not 
common. In some solids, only one ionic species is able to migrate with a low 
energy barrier with high ionic conductivities comparable to those of molten 
and aqueous electrolytes. Such solids are called solid electrolytes. The conduc-
tivity of solid electrolytes can be characterized by the ionic transference num-
ber: 

    (20) 

where ti on is the ionic transference number, σi on is ionic conductivity and σelec is 
electronic conductivity of an electrolyte. For an electrochemical cell to function 
reversibly, the ionic transference number must be greater than 0.99. With spe-
cific ion selectivity and high ionic transference number, a predictable and re-
versible virtual cell reaction will take place. However, even for carefully chosen 
electrolytes, the ionic transference number is suitable for experimental EMF 
research only within a specified temperature and activity range. In the follow-
ing chapters, solid electrolytes applied in this study have been presented in 
detail. The ionic conductivities of some electrolytes are presented as a function 
of temperature in figure 1. 

 

Figure 1. The ionic conductivity in some solid electrolytes as a function of temperature [8]. 

2.2.1 Silver iodide 

AgI exists in three different crystalline forms: α-AgI, β-AgI and γ-AgI [8]. β-
AgI is stable in the temperature range 25-147°C and α-AgI, which has a bcc 
structure, is stable above 147°C [8]. In the 1920s, Tubandt et al. [9]  proposed 
that Ag+ ion conductivity in AgI was greatly enhanced by a phase transition 
from the low temperature β-AgI phase to the high temperature α-AgI phase 
[9,10]. The high conductivity of the α-AgI phase is explained by only two Ag+ 
ions randomly distributed over 42 Ag+ vacant sites to occupy around I - con-
stituent ion per unit cell as Ag+ ions can move among the sites by crossing a 
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low-energy barrier [11,12]. Thereby, the β→α transition temperature at 147°C 
is accompanied by a roughly 1000 times increase in ionic conductivity [8-10]. 
As presented by Tubandt et al. [10], the ionic transference number ti on of AgI, 
in the range 146–440°C is higher than 0.99. Outside this temperature range 
electric conductivity is drastically increased. In addition to the β→α transition, 
an order-disorder transition has been proposed to occur within the α-AgI 
phase by Perrott and Fletcher [13].  

2.2.2 β’’-alum ina 

β’’-alumina in fact belongs to the Na2O-Al2O3 system despite the referred 
name. Through ion-exchange, the mobile ion species in β’’-alumina can be 
replaced by a number of different mobile charge carriers such as K+, Li+, Ag+, 
H+, Pb2+, Sr2+ and Ba2+.  In this study, Ag+ conducting β’’-alumina has been 
applied among the other electrolytes. The applied β’’-alumina electrolytes were 
ion-exchanged by the manufacturer. The structure of β’’-alumina consists of 
three spinel blocks as the conducting plane is sandwiched between two mirror 
planes. [14] 

The ionic and electrical conductivities of Ag+ conducting β’’-alumina have been 
measured in the temperature range 296<T/K<1073 by Whittingham and Hug-
gings [15] in different oxygen partial pressures and the ionic transference 
number ti on was found to be higher than 0.99. In another study, the ionic 
transference number of Ag+ conducting β’’-alumina has been found to be over 
0.99 under the temperatures of 500°C [7]. 

2.2.3 Stabilized zirconia 

Initially, the ionic conductivity of Y2O3 stabilized Zr2O (YSZ) was observed by 
Nernst [16] in 1899. However, the now predominant use of solid electrolytes 
and YSZ in EMF measurements originates from the demonstration of the suit-
ability of oxide electrolytes for the measurement of Gibbs energies of oxide 
compounds by Kiukkola and Wagner [17]. The ion conduction mechanism in 
fluoride-type oxides has been explained as a transportation of ionic point de-
fects [7]. The fluorite structure of a high temperature modification of zirconia 
has several octahedral interstitial sites, thus the ions can move through nu-
merous paths and the oxide ion diffusion is efficient [18]. The high tempera-
ture modification of zirconia with a fluorite structure requires stabilization, 
which is commonly achieved by doping Zr2O for example with CaO, Y2O3 or 
MgO. The specific ionic conductivity oxygen pressure range of stabilized zirco-
nia, in which ionic transportation number ti on is approaching unity, is approx-
imately 100-200 atm down to 10-25-10-20 atm depending on the experimental 
temperature and the applied doping according to figure 2 [19]. 
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Figure 2. The upper limits of the ionic conductivity domains of some zirconia based electrolytes 

in which ionic transference number tion=0.99 [19].  

2.3 Practical requirements for an experimental EMF study 

The main criterion for collecting informative EMF data is that no other signifi-
cant chemical reaction takes place in the experimental cell arrangement in 
addition to the expected virtual cell reaction. Reactions between electrodes, 
electrolytes and wires are common sources of erroneous cell voltage, but also 
any reactive traces in the atmosphere of the furnace or electric current inside 
the cell may produce parasitic voltages. For this reason, the materials and gas-
es inside the experimental arrangement need to be carefully selected and op-
timized separately for each study of a different chemical system. Electric cur-
rent leading to polarization of the experimental cell has been reduced by using 
high impedance electrometers and well-studied electrolytes within their spe-
cific ionic conduction domains.  

Unfortunately, perfectly inert surroundings are not always possible to build 
and the stability needs to be compromised in order to measure experimental 
results in some volatile chemical systems. In this case, the life span of the cell 
is drastically reduced as well as the stability of the cell. The reliability of the 
data was ensured by multiple independent cells and by stepping temperature 
up and down to see whether the measured data is repeatable. For example, the 
liquid metals in cells (A-C) easily formed gaseous species and continuous and 
fast evaporation disturbs the equilibrium of the test electrode. To reduce inter-
ference, equilibrium of the solid and gaseous species was stabilized by decreas-
ing the escape of the gaseous species. Particularly, this has been done by min-
imizing gas fluctuation above the solid sample and reducing the empty space 
surrounding the sample by the appropriate design of the sample compartment. 
In some cases, the phases in the test electrode were not perfectly stoichio-
metric and no thermodynamic data were available on the homogeneity ranges 
of the compounds. In such cases, the presented virtual cell reaction and the 
corresponding z value have been assumed to take place with no solubility. The 
obtained numerical data has been presented in the publications, thus further 
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derivation can be made when more thermodynamic data is available on the 
homogeneity ranges. 

Oxygen traces were observed to be notably difficult to remove from the applied 
gas atmospheres. Even when ultra-pure argon (99.999%) was used, some trac-
es of oxygen were observed. For this reason, purification furnaces were built in 
all of the experimental oxygen concentration arrangements and some of the 
silver concentration arrangements. The gas purification furnaces were filled 
with titanium chips heated to 600-900°C thus traces of oxygen form titanium 
oxides in the purification furnace before entering to the actual experimental 
furnace. Also, metal tubes were used instead of rubber hoses in the gas lines to 
avoid oxygen diffusion from room air to ultra-pure argon. However, in silver 
concentration cells, no difference in the measured EMF was observed whether 
gas purification was applied or not. However, in oxygen concentration cells 
with low oxygen partial pressure in the test electrode, the purification furnace 
was crucial in order to prevent oxidation of the test electrodes. 
  



20 

3. Phase equilibria of the studied chem-
ical systems 

3.1 Oxide systems 

The phase diagrams of the studied oxide systems (Bi–O, Sb–O, Te–O and Ca-
Fe-O) are presented in the figure 3. 
 

 
Figure 3. Phase diagrams and the contents of the experimental test electrodes. In  the binary 

oxide systems (Cells (A-C)), the content of the test electrode and the experimental temper-
ature range is presented with red dashed vertical lines. The presented phase diagrams 
have been modified from the phase diagrams presented by Risold et al. [20], Asryan et al. 
[21], and Itkin and Alcock [22], respectively. The presented isothermal portion of Ca-Fe-O 
phase diagram at 1150 K has been computed based on the assessment of Taufiq et al. [23] 
by FactSage software. The red star presents the content of the applied test electrode. 

 
The following binary oxides are found in the Bi-O system: BiO, Bi2O3, Bi2O5 
and BiO2 [24]. Six different polymorphs of the most stable phase Bi2O3 has 
been found: α-Bi2O3, β-Bi2O3, δ-Bi2O3, γ-Bi2O3, ω-Bi2O3 and ε-Bi2O3 [20,25-
29]. However, the last three polymorphs of Bi2O3 are metastable and very little 
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information is available concerning the newly found ε-Bi2O3. In the compila-
tion of Risold et al. [20] the phase transition temperature for the α→δ-Bi2O3 
reaction, has been evaluated to be 1002 K by a number of experimentally ob-
tained values [20,30-36]. For the melting temperature of δ-Bi2O3 Risold et al. 
[20] recommended 1098 K and 15.9 kJ mol−1 as the melting enthalpy of Bi2O3 
[20].  

The presented Sb-O phase diagram has been evaluated by Asryan et al. [21] by 
applying Knudsen cell mass spectrometric measurement as an addition to the 
available literature data. The information of compounds of the antimony – 
oxygen system used to determine the phase diagram has been initially collect-
ed by Simon and Thaler [37]. Data from the experiments of Roberts and Fen-
wick [38] and Amador et al. [39] were used to separate two polymorphs of 
Sb2O3 (senarmonite and valentinite) in the Sb–O system. The mass spectro-
metric experiment performed by Semenov et al. [40] was used to determine 
the vapor phases over solid Sb2O3 phase. The standard Gibbs energy of valen-
tinite and the formation enthalpy of the two forms of Sb2O3 were determined 
in the earlier studies by using the EMF technique [41-43]. The standard en-
thalpy of formation of Sb2O4, Sb6O1 3 and Sb2O5 are estimations presented in 
the book by Glushko et al. [44]. The vaporization reactions in the antimony–
oxygen system were determined using Knudsen cell mass spectrometric meas-
urements [21]. 

In the Te-O phase diagram presented in figure 3, the melting point and boiling 
point of solid tellurium are, as presented in the compilation of Massalski et al. 
[45], 722.72 K and 1261.15 K, respectively. TeO 2 has been discovered to be the 
most stable phase in the Te-O system [46]. TeO2 has been found in three dif-
ferent polymorphs α-TeO2, β-TeO2 and TeO2II [22,47]. The melting point of α-
TeO2 has been measured by numerous authors, and the applied value in this 
thesis (1005.75±0.3 K) has been obtained by Soulen and Simek [48]. 

The available data of the phase equilibria of the ternary Ca-Fe-O system is sig-
nificantly more restricted when compared to the previously presented binary 
oxide systems. However, thermodynamic optimization of the Ca-Fe-O system 
has recently been presented by Hidayat et al. [23]. Stoichiometric compounds 
found in the Ca-Fe-O system are: Fe2O3, CaFe2O4, Ca2Fe2O5, CaFe3O5, CaFe4O7, 
CaFe5O7, Ca4Fe9O17 and CaFe4O7 [23]. 

3.2 Ag-Sb-(S or Te) systems 

In figure 4, the phase diagrams of the studied Ag-Sb-Te and Ag-Sb-S (and Ag-
Sb) systems with illustrated contents of the test electrodes of the experimental 
EMF cells are shown. 
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Figure 4. Phase diagrams of the studied silver containing systems. The red stars and the 

dashed vertical lines illustrate the contents of the test electrodes. All of the units describing 
concentration are expressed as molar percentage. Presented phase diagrams have been 
initially presented by Massalski [49], Kleighin and Honea [50] and Wu and Chen [51], re-
spectively. 

 
As seen in figure 4, the Ag-Sb system includes two intermetallic phases: Ag3Sb 
and Ag6Sb [52-54]. The solubility of the two phases in the Ag-Sb has been 
found to be very small at low temperatures [55]. The cp function of Ag0.77 Sb0.23 
and Ag0.9Sb0.1 has been studied by Wallbrecht, Blachnik and Mills [56] in the 
temperature range from 250 to 800 K. Investigation of the standard enthalpies 
of Ag-Sb intermetallic compounds has been performed by Kleppa [57].  

Two different polymorphs of AgSbS2 (miargyrite) has been found: monoclinic 
α-AgSbS2 and cubic β-AgSbS2 stabile above 380 °C [58,59]. Some authors also 
report the existence of a third intermediate phase γ-AgSbS2 [60]. Very little 
information can be found on Ag3SbS3 (pyrargyrite). Schönau and Redfern [61] 
have studied phase transitions in Ag3SbS3 by x-ray and neutron powder dif-
fraction, dielectric spectroscopy, and by dynamic mechanical analysis. 

The above presented (figure 4) isothermal Ag-Sb-Te phase diagrams at 523 K 
and 673 K have been initially obtained by Wu and Chen [51] using the phase 
equilibria technique. According to the results of Wu and Chen [51], the phase 
transition temperature where AgSbTe2 becomes stable, is between 523 and 673 
K. Also the microstructures and the solidus of the Ag-Sb-Te system have been 
studied by Wu and Chen [62]. DTA and XRD methods have been applied to 
examine the phase diagram of Ag3-x Sb1 +x Te4 system by Matsuhita et al. [63], 
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and the phase transition temperature, in which AgSbTe2 becomes stable, was 
found to be approximately 600 K. The impact of Ag2Te content on the electri-
cal conductivity, thermoelectric efficiency and Hall coefficient in AgSbTe2 

compound has been evaluated by Ragimov and Aliev [64].  Very little infor-
mation was found on the Sbx Te1 -x  binary phase. Antimony activity in molten 
phases has been measured with the solid state EMF method [65]. The Sb-Te 
phase diagram has been presented by Ghosh [66]. 
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4. Experimental 

4.1 Synthetization and preparation of the samples 

All the used materials and substances are listed in table 1 together with the 
mass fraction purities and countries of manufacture. 

 
Table 1. Provenance and purity of the materials used in this s tudy. 

*Yttria stabilized zirconia with 0.085 mass fraction of Y2O3 

4.1.1 Sy nthesis of the oxide electrodes 

All of the experimental test electrodes were synthetized with the materials and 
substances presented in table 1, excluding binary oxides for which the test 
electrodes were created by melting the oxide together with the metal in the 
sample compartment of the experimental cell arrangement. Therefore, no sep-
arate synthesis was needed. As the metal and the oxide of the selected binary 
oxide system reached equilibrium, the melting of the sample electrode was 
also made to reduce the porosity of the sample. Decreased porosity improves 

Manufacturer Substance Country of manufacture Mass fraction purity 
AGA/BOC Ar Finland/Australia 0.99999/0.99999 
AGA/BOC O2 Finland/Australia 0.9995/0.999 
Alfa Aesar Ag (plate) Germany 0.999 
Alfa Aesar Ag (powder) Germany 0.9995 
Alfa Aesar Ag2S Germany 0.999 
Alfa Aesar AgI Germany 0.99999 
Alfa Aesar Bi Germany 0.9999 
Alfa Aesar Bi2O3 Germany 0.99997 
Alfa Aesar CaO Germany 0.9995 
Alfa Aesar Cr Germany 0.9995 
Alfa Aesar Cr2O3 Germany 0.996 
Alfa Aesar Fe Germany 0.99998 
Alfa Aesar Fe2O3 Germany 0.99945 
Alfa Aesar Ir Germany 0.999 
Alfa Aesar Re Germany 0.9997 
Alfa Aesar Sb Germany 0.99999 
Alfa Aesar Sb2S3 Germany 0.999 
Alfa Aesar Te Germany 0.99999 
Alfa Aesar TeO2 Germany 0.9999 
Friatec YSZ* Germany 0.997 
Friatec α-Al2O3 Germany 0.995 
Ionotec β’’-alumina UK 0.9978 
JM Noble Metals Pt(sheet) UK 0.9999 
JM Noble Metals Pt(wire) UK 0.9999 or 0.9995 
Koch-Light  Ltd. Sb UK 0.999999 
Koch-Light  Ltd. Sb2O3 UK 0.99995 
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the inner electric conductivity and diffusion rate inside the test electrode as 
well as through the interface between the electrode and the sample, achieving 
rapid and more complete equilibrium in the EMF measurements. 

The equilibrium of the CaFe2O4, Ca2Fe2O5 and Ca4Fe9O17  phases was signifi-
cantly difficult to achieve compared to the binary oxides. Also, the synthetized 
phases and the starting compounds (Fe3O4, Fe2O3 and CaO) were more vola-
tile. For that reason, before the actual synthesis, a mixture of Fe3O4, Fe2O3 and 
CaO mixture was melted in contact with Pt, Al2O3 or YSZ to determine a con-
venient and inert sample holder material and suitable experimental measure-
ment procedure and temperature range in which no notable chemical reac-
tions between the sample and YSZ electrolyte take place. Platinum was ob-
served to be an appropriate material for the sample holder as well as an elec-
tric contact material to the sample as it dissolved a negligible amount of iron 
during long exposure to the molten species. 

In the synthesis of the sample electrode, a mixture of Fe3O4, Fe2O3 and CaO 
was pressed together into a pellet and inserted into a vertical tube furnace in a 
platinum envelope. The pellet was melt in 1300°C for 6 minutes in an argon 
atmosphere in order to make room for the rest of the sample mixture. After 
cooling down, another pellet was inserted to the same Pt envelope. After that 
the envelope was melt again at 1300°C for 40 minutes and annealed at 1100°C 
for 2 days. In previous trials, longer exposure to temperatures above 1100°C 
was observed to decrease the oxygen content of the sample. Finally the sample 
was annealed in 1000°C for one week and quenched into ice water. As the 
CaFe2O4-Ca2Fe2O5-Ca4Fe9O17 sample is volatile at high temperatures, the tem-
perature changes were made by lowering the sample rapidly under the iso-
thermal zone of the furnace until the desired temperature is stable in the iso-
thermal zone. By this method, instant temperature changes were possible to 
perform and accurate times, in which the sample is exposed to each tempera-
ture, were known. A number of different approaches were tested to synthesize 
a sample with complete equilibrium of the desired three phases, but only the 
previously described heat treatment led to equilibrium with no unwanted 
phases.  

4.1.2 Sy nthesis of silver containing test electrodes 

Intermetallic binary Ag-Sb test electrodes were prepared using several differ-
ent procedures to evaluate their effect on the EMF measurements. In all of the 
approaches the desired phases were synthetized in evacuated quartz glass am-
poules, which were flushed ten times with argon before sealing. Each test elec-
trode was synthetized in separate ampoules and the content of the sample was 
verified individually with SEM-EDS. The two different approaches for the test 
electrode synthesis and preparation applied were mechanically mixed (MM) 
and high temperature equilibrated (HTE) electrodes.  
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Mechanically mixed electrodes were synthetized by mixing stoichiometric rati-
os of the starting materials in powder form and pressing the mixture into a 
pellet. The pellets were melted inside a quartz glass ampoule for a few hours 
and annealed at 723 K for several days. The composition of the synthetized 
single compound samples were measured with SEM-EDS. The sample was 
ground into a powder and mixed with similarly synthetized compounds or 
metals so that they could co-exist in equilibrium in the experimental tempera-
ture range forming the desired phase assemblage. The mixture was finally 
pressed into a pellet and inserted to the cell arrangement.  

In the HTE method, the initial ratio of the starting materials was such that the 
equilibrium of the desired phases is the equilibrium state of the specific con-
tent. The mixture was pressed into a pellet and sealed into a quartz glass am-
poule. The samples were melted and annealed similarly as the MM test elec-
trodes, but neither grinding nor pressing was needed after the first heat treat-
ment cycle because the desired phases are already together present in the 
sample.  

The results measured with the MM and the HTE electrodes coincided precisely 
as presented in the figure (10). However, the equilibration time and stability of 
the reading was slightly improved in the HTE electrodes. For this reason, the 
HTE electrodes were preferred in the experimental cell arrangements. As seen 
in figure (10), different sample preparation methods were primarily tested 
measuring Gibbs energies of formation of the two compounds of Ag-Sb sys-
tem. 

The ternary AgSbTe2-Ag2Te-Sbx Te1 -x test electrodes were synthetized from the 
pure elements using the HTE method. Each electrode sealed into separate am-
poules was melted at 1073 K for 24 hours and annealed at 673 K for 312 hours 
for a complete equilibration. However, as AgSbTe2 phase is not stable at lower 
temperatures, each ampoule was quenched into ice water after annealing. 

Also, the Sb-Sb2S3-AgSbS2 and Ag3Sb-AgSbS2-Ag3SbS3 test electrodes were 
created with the HTE method using Ag2S, Sb2S3 and Sb powders as the starting 
materials. However, slow interaction between antimony and sulfur demanded 
extensive annealing times whereas the easily evaporating sulfur set strict limi-
tations for the synthesis temperatures. A successful heat treatment was found 
to consist of pre-annealing at 672 K for 6 days, melting at 813 K for 15 minutes 
and annealing 682 K for 4 weeks in an evacuated ampoule. 

 

4.1.3 Preparation of the electrodes 

The electrodes were prepared for experiments in order to maintain an unre-
stricted electrical connection between the lead wire and the electrode and to 
improve diffusion through the electrode–electrolyte interface. In some cell 
arrangements, also a protective structure was needed to protect the reference 
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electrode from the evaporated species of the test electrode as seen in section (f) 
of figure (7).  

In multiple experiments, the impact of the electrical connection between the 
lead wires and electrodes was clearly visible in the measured EMF data. The 
impact of the connection between the electrodes and the electrolyte was visible 
as well. One of the objectives of this thesis is to improve the connections inside 
the experimental cells and thereby decrease uncertainty caused by imperfect 
connections. The most reliable method to form an unrestricted connection 
appeared to be melting the electrode to the electrolyte and to the electrical 
connection wire, as the connections have been created in cells (B) and (C). In 
that case, the test electrode was melted inside the closed end YSZ tube and the 
iridium connection wire was pushed into the molten electrode. However, in 
some of the studied systems, the reactivity or solubility of the connection wire 
material or the electrolyte in the experimental test electrode ruled out melting 
of the test electrode in the EMF furnace. For example, the synthetized 
CaFe2O4-Ca2Fe2O5-Ca4Fe9O17  electrode appeared to dissolve zirconia signifi-
cantly, but only negligible amount of iron was dissolved into platinum. There-
fore, the sample was synthetized and melt inside a Pt envelope, which was 
used later as electrical contact to the test electrode during the EMF measure-
ments. Higher temperatures were accessible with the oxygen concentration 
cells, thus the convenient method to attach Pt wire to YSZ in the reference 
electrode was to press Pt wire towards YSZ in high temperatures until Pt was 
sintered into YSZ forming a reliable electric connection.  

In silver concentration cells the melting of the electrode inside the experi-
mental EMF furnace was not possible. Therefore, the electric connection be-
tween the test electrode and the connection wire was made by pressing the 
powdery test electrode into a pellet together with a short piece of Pt wire or by 
pressing a spiral shape of lead wire towards the test electrode during the EMF 
measurements. Pressing Pt wire into a pellet together with the test electrode 
was obviously a more reliable method. However, the HTE electrodes were sol-
ids and grinding and pressing of the electrode in order to press the Pt wire 
inside the electrode would have increased traces and porosity of the sample. 
Also, pressing connection wires made of rhenium was not possible due to the 
fragility of the rhenium wire. For those reasons, pressing the lead wire into the 
test electrode was not convenient in all of the test arrangements. Also, when 
forming the connection between the Pt wire and the pure silver test electrode, 
a piece of Pt wire was pressed together with the silver powder. In some cases, a 
silver sheet was used as a reference electrode. In that case, the silver sheet was 
bent around the Pt wire and squeezed tightly to the Pt wire. A schematic of 
different silver concentration cell arrangements is presented in figure 7. 

As mentioned above, the intensive diffusion through the interface between the 
electrodes and electrolytes was crucial for reaching equilibrium in reasonable 
time and the impact of the connection was visible in the EMF data of different 
trials.  In some cases, melting of the test electrode was not possible due to the 
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reasons explained above, two different methods to maintain the contact were 
applied. For powder AgI electrolytes, the most effective physical connection 
was formed by pressing one or both of the electrodes together with electrolyte 
to a one pellet. However, if β’’ -alumina or YSZ were used as electrolyte and it 
was not convenient to melt the electrolyte to the electrode, the connection was 
formed by pressing electrode to the electrolyte during the EMF measurements. 
The pressing force was produced by steel springs outside the experimental 
tube furnace. 

4.2 Experimental apparatuses 

The studied systems significantly differ from each other, thus each of the stud-
ied systems needed modifications to the general EMF apparatus. The need for 
modification of the experimental arrangement arose from the following: evap-
oration of the test electrode, chemical reactions between the electrodes and the 
electrolyte or lead wire, or oxidation or reduction of the sample electrode dur-
ing the EMF measurements.  

4.2.1 Experimental arrangements for the oxide electrodes 

In oxygen concentration cells: 

(–)Pt, Cr2O3(s), Bi(l), Bi2O3(s, l) │YSZ│O2(g), Pt(+),  (A) 

(–)Pt, Ir, Sb(s, l), Sb2O3(s, l) │YSZ│O2(g), Pt(+),  (B)
 

(–)Pt, Ir, Te(s, l), TeO2(s, l)│YSZ│O2(g), Pt(+),  (C)  

(–)Pt, CaFe2O4(s), Ca2Fe2O5(s), Ca4Fe9O17(s) ǀ YSZ ǀ O2(g), Pt(+) (D) 

YSZ was used as an O2- conducting electrolyte. The reference electrodes were 
made of pure gaseous oxygen at atmospheric pressure in all of the oxygen con-
centration apparatuses. A sintered chromia plug was applied in cell (A) as it is 
more inert in contact with the molten bismuth of the sample electrode. Closed 
end YSZ electrolyte tubes were used to isolate the gaseous oxygen reference 
electrolyte from the inert argon atmosphere of the sample electrode compart-
ment. In the binary oxide systems the sample electrode was inserted to the 
bottom of the closed end YSZ tube and melted before measurement to form 
unrestricted connection to the electrolyte and to the electrical contact to the 
electrode as presented in the figure 5. 
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Figure 5. The cell arrangement used to determine the standard Gibbs energy of formation of 

Bi2O3, the scale of the schematic is suggestive.  

As seen from figure 5, in the cell (A) chromia was used as electric contact to 
the test electrode as molten metallic bismuth dissolved platinum rapidly. The 
chromia contact was formed by sintering chromia powder with small chromi-
um content so that the tip of the Pt wire was immersed into the chromia plug. 

In the EMF measurements of the Ca-Fe-O system, the sample electrode was 
inserted outside the YSZ tube, so that the zirconia tube was movable in order 
to make a contact between the sample and the zirconia only when necessary. 
The advantage of this arrangement was that the unwanted side reactions be-
tween the sample and electrolyte were decreased. Also, measuring multiple 
test electrodes with a single electrolyte tube was possible with the descriped 
arrangement by grinding the contact surface of the electrolyte with a diamond 
drill after each measurement cycle. A schematic of the arrangement is shown 
in figure 6.

Sample 

Oxygen atmosphere (reference) 

Alumina tube 

Cr2O3 

Zirconia tube 

Argon atmosphere 

Mullite 

Pt lead wire 

Thermocouple 

1 cm 
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Figure 6. Oxygen concentration cell arrangement with movable electrolyte. 

One of the improvements in the experimental oxygen concentration arrange-
ments is the oxygen pressure measurement of the reference electrode com-
partment in the experimental apparatus. The reliability of the calculated val-
ues are improved by taking into account the pressure in the gaseous oxygen 
reference electrode as the ambient pressure depends on the prevailing weather 
conditions. The impact of the pressure has been derived in equation (13). In 
the previous experimental EMF studies, the pressure has been commonly as-
sumed to be constantly 101.325 kPa. In the binary oxide systems, the pO2 of the 
reference electrode was measured by assuming that the pressure in the refer-
ence electrode compartment corresponds to the ambient air pressure, which 
was measured by a Vaisala PTU300 barometer simultaneously with the exper-
iments. Further development was made by measuring pO2 values of the refer-
ence electrode directly in the reference compartment with a digital Keller 33X 
pressure meter. 

4.2.2 Experimental arrangements for silver concentration cells 

In the silver concentration cells two different Ag+ conducting electrolytes were 
used: β’’-alumina and AgI. The two electrolytes were applied to avoid unwant-
ed reactions between the electrolyte and the volatile sample, to increase the 
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experimental temperature range and to assure the repeatability of the results.  
The measurements were carried out with silver concentration cells (E)-(J): 

(-)Pt, Ag(s)│β’’-Al2O3/AgI│Sb(s), Ag3Sb(s), Pt(+) or Re(+) (E) 

(-)Pt, Ag(s)│β’’-Al2O3/AgI│Ag0.79Sb0.21(s), Ag0.84Sb0.1 6(s), Pt(+) or Re(+) (F) 

(-)Pt, Ag(s)│AgI│Sb(s)+Sb2S3(s)+AgSbS2(s), Pt(+) or Re(+) (G) 

(-)Pt, Ag(s)│AgI│Ag3Sb(s)+AgSbS2(s)+Ag3SbS3(s), Pt(+)  (H) 

(-)Pt, Ag(s)│β’’-Al2O3│Sb2Te3(s)+Ag2Te(s)+Sbx Te1-x(s), Re, Pt(+) (I) 

(-)Pt, Ag(s)│β’’-Al2O3│AgSbTe2(s)+Ag2Te(s)+SbxTe1-x(s), Re, Pt(+). (J) 

All the cell arrangements were pressed together during the experiments be-
tween two closed end alumina tubes by steel springs outside the furnace. Both 
of the closed-end alumina tubes included a high accuracy platinum resistance 
thermometer to measure the temperature from both sides of the experimental 
cell. With this advantage the cell arrangement was placed carefully within the 
hot-zone of the furnace so that the temperature difference over the cell ar-
rangement was reduced to less than 0.2 K to decrease thermovoltage in the 
measured EMF. 

All of the silver concentration cells were inserted inside a quartz glass work 
tube in a Lenton tube furnace. For all of the studied systems, multiple inde-
pendent experimental arrangements were used simultaneously to prove the 
repeatability and reliability of the measured data. Also, the impact of the dif-
ferent arrangements on the measured EMF values was evaluated. 

Both ends of the quartz glass work tubes were closed with borosilicate glass 
lids. The experiments were carried out in an inert argon gas atmosphere, 
which was obtained by a steady argon flow through the work tube. Traces of 
oxygen in the argon were removed before entering to the experimental furnace 
by first leading the argon flow through a furnace filled with titanium chips at 
600-900°C. By this means any oxygen traces in the argon reacted with titani-
um to form oxide compounds and could not enter to the experimental EMF 
furnace. However, the measured EMF did not deviate notably whether the gas 
purification arrangement were used or not in the silver concentration cells. 

Rhenium wire was used in some of the experimental cells to form an electrical 
connection to the sample electrode containing pure metallic antimony to re-
duce possible chemical side reactions between platinum wire and antimony. 
However, no effect on measured EMF was detected in the experimental tem-
perature range studied. Therefore, platinum was used as wire material in both 
of the electrodes to reduce the thermovoltage ensuing from the temperature 
gradient in two different metals. 
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Schematics of the different cell arrangements are presented in figure 7. In sec-
tion (a) of figure 7, the arrangement with a thin β’’-alumina disc has been pre-
sented. In section (b) a silver concentration cell with a β’’-alumina disc electro-
lyte is presented, which has been built inside a crucible to prevent excess flush-
ing of the evaporated phases caused by the argon flow. In section (c) is a cell 
arrangement with an AgI electrolyte. In section (d) a cell arrangement with 
AgI-covered reference electrode in an alumina crucible has been presented. In 
section (e) an arrangement with both electrodes pressed into AgI electrolyte is 
illustrated. In section (f) a cell arrangement with a β’’-alumina electrolyte ap-
plied in a crucible-like shape to prevent gaseous phases from the test electro-
lyte to reach the reference electrode is presented. As seen in section (f) of fig-
ure 7, the argon inlet was located inside the β’’-alumina crucible to push the 
gaseous phases out from the reference electrode compartment. 

 

Figure 7. The cell arrangements applied in the silver concentration cells. The scale of the 
schematics is suggestive. Vertical lines illustrated the reference electrodes of the arrang e-
ments and grey matter is the electrolyte whereas dashed surface is the test electrode of the 
cell. 

4.2.2.1.1 Measuring error functions with symmetrical cells 
In silver concentration cells, the thermovoltage induced systematic error in the 
measured EMF revealed to be notable in the temperature gradient range over 
the experimental cell. The parasitic voltage is resulting essentially from the 
Seebeck effect of the species applied as solid electrolyte in the cell arrangement 
and as an electric contact material to the cell, but also from the systematic er-
ror of the used electrometer. The Seebeck coefficient of AgI has been found to 
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be significant in the previous studies [67]. Also, the impact of heat flow to the 
activation energy of ion migration in AgI has been studied previously [68]. 
The systematic error in the measured EMF values was evaluated by measuring 
EMF of symmetrical cell arrangements 

(+)Pt, Ag(s) │ AgI │ Ag(s), Re, Pt(-)    (K) 

and 

(+)Pt, Ag(s) │ β’’-alumina │ Ag(s), Re, Pt(-).  (L) 

at different temperatures and temperature gradients across the cell. The struc-
ture and dimensions of the symmetrical cell arrangements (K) and (L) corre-
sponds to the actual EMF cells and the measurements with the symmetrical 
cells were made in the same experimental arrangements as the actual EMF 
measurements. Therefore, the measured voltages with the symmetrical ar-
rangements are as close as possible to the systematic error of the actual EMF 
cells (E–J). The impact of different test electrodes on the thermovoltage can-
not be determined with the presented method, but as the test electrode mate-
rial is essentially not in between the Pt wires, the impact should not be nota-
ble. The gathered data was used to determine the quadratic error functions 
presented in figure 8. 

 

Figure 8. The measured data of the symmetrical cell arrangements (K) and (L) with quadratic 
surface fits. 

The obtained error functions (21-22): 

fAgI(mV)=2.214-0.007194·T+0.3541·ΔT+5.767·10-6·T2 

                  +4.708·10-5·T·ΔT+0.008583·ΔT 2              (21) 

and 

fβ ’’-al umi na(mV)=-2.936+0.00821·T-0.2779·ΔT-5.711·10-6·T2 

                                           +0.0004248·T·ΔT+0.01135·ΔT 2        (22) 

were applied to compensate for the systematic error in the measured EMF 
data of silver concentration cells. In oxygen concentration cells, no corrections 
were applied as the thermovoltage was oserved to be negligible when com-
pared to the overall deviation of the EMF. Furthermore, the actual oxygen 
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concentration cells involve a gaseous reference electrode and a solid test elec-
trode. Therefore, the symmetrical cells would not correspond to the actual ox-
ygen concentration arrangements. 
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5. Results 

5.1 Oxide systems 

The measured EMF data of the oxygen concentration cells (A-D) have been 
presented as a function of temperature in figure 9. Measurements have been 
done by decreasing or increasing temperature step by step and reaching equi-
librium at each temperature. Equilibrium was assumed to have been achieved 
when there was no notable drift in the measured EMF during a long period of 
time. The presented data points are averages of 100-2000 values measured 
after stabilization of the cell. The equilibration times of the cell in the present-
ed temperatures varied from 15 minutes to 2 days, depending on the tempera-
ture in the furnace. Equilibrium was considered reproducible when the heating 
and cooling curves coincided and the measured data was consistent with the 
results obtained with other similar cells of this work. The presented tempera-
ture values are averages of the readings of thermocouples on both sides of the 
experimental cell.  

 
Figure 9. Measured EMF data of the oxygen concentration cells (A-D). The data presented in 

each plot has been measured with two identical cells I and II. 
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5.2 Silver containing systems 

The measured EMF data of the silver concentration cells (E-J) have been pre-
sented as a function of temperature in figure 10. The measurements were car-
ried out in a similar fashion to the oxygen concentration cells. As the experi-
mental temperature ranges of the silver concentration cells is notably lower 
than oxygen concentration cells, the time needed to reach equilibrium at each 
temperature was significantly longer, because of slower diffusion rates. 

 
Figure 10. Measured EMF data of silver concentration cells (E-J). Different arrangements have 

been tested in Ag-Sb system with cells (I-IX). In the other plots presented data have been 
measured with either one or two cells with independent arrangements. 
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6. Discussion 

6.1 Oxide systems 

The Gibbs energies of formation of Bi2O3, TeO2, Sb2O3 and Ca4Fe9O17 have 
been calculated by the data mesured with the cells (A-D) generating the follow-
ing virtual cell reactions: 

2Bi(l) + 1.5O2(g) = Bi2O3(s,l),   (I) 

Te(s,l) + O2(g) = TeO2(s,l),    (II) 

2Sb(s,l) + 1.5O2(g) = Sb2O3(s,l),   (III) 

4Ca4Fe9O17(s)+2Ca2Fe2O5(s)+O2(g)=20CaFe2O4(s).  (IV) 

The Gibbs energy of the virtual cell reaction or the formation reaction of a bi-
nary oxide can be calculated by the basic thermodynamic equation, as present-
ed in equation (1): 

ΔrG° = -zFE°.     (1) 

The exact pressure of the oxygen reference electrode was measured simultane-
ously with the temperature and the EMF generated by the galvanic cell. The 
impact of the pressure of the reference compartment deviating from the stand-
ard pressure on the data derived from the cell EMF has been compensated 
with the following equations: 

O2(g,p≠1 atm) → O2(g,p=1 atm),   (V) 

ΔGPo2=μ°O2(g)-μ°O2(g)-RTln(pO2/p°)=-RTln(pO2/p°),  (23) 

where p° and pO2 are pressure in the standard conditions (1 atm) and in the 
reference electrode of the experimental arrangement, respectively. ∆GPo2 is the 
difference of Gibbs energy change by the oxygen pressure deviation from the 
standard state and R is the universal gas constant 8.3144 J(mol·K)-1. 

The solubilities of oxygen to antimony and to bismuth have been measured by 
Isecke [69] and have been taken into account as:  

lg(fO/Bi)=2.8177–[5281.2/T+8.7338–17771.8/T]·xO  (1073≤T/K≤1673),    (24) 
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lg(fO/Sb)=4.8931–8731.1/T+[549.5–560439.6/T]·xO  (973≤T/K≤1223),  (25) 

where xO is the concentration of dissolved oxygen in antimony or bismuth and 
fO is activity coefficient of dissolved oxygen, T is the temperature in Kelvins.  fO 
can be defined from the measured EMF data by solving the oxygen pressure of 
the sample from equation (14) and using the calculated values in equations 
(24) and (25). 

E=–RT/zF·ln[pO2(I)/pO2(II)],   (26) 

0.5O2(g) → [O],    (27) 

μ°[O] =0.5μ°O2(g) → a[O] = a0.5O2 = [pO2(II)/p°]0.5  (28) 

fO = a[O]/xO     (29) 

where pO2(I) and pO2(II) are the oxygen pressure in the sample electrode and 
reference electrode, respectively. The effect of dissolved oxygen on the Gibbs 
energy of formation of antimony trioxide calculated from the experimental 
EMF can be calculated by utilizing Raoult’s law:  

aSb/Bi  ≈ xSb/Bi  = 1–x[O],    (30) 

ΔGa = 2RT·ln(aSb/Bi),    (31) 

where ΔGa is the Gibbs energy difference caused by the deviation of the activity 
of bismuth or antimony from unity due to oxygen solubility. From the calcu-
lated ΔGa values it can be seen that the solubility is negligible and therefore 
also the effect on the Gibbs energies of formation is insignificant.  
The standard Gibbs energies of formation of Bi2O3, Sb2O3 and Sb2O3 can be 
evaluated by combining equations (31) and (1) as follows: 

ΔfG°Bi 2O3/Sb2O3 = –zFE + 1.5RT·ln[pO2/p°] + 2RT·ln(aSb/Bi),   (32) 

ΔfG°TeO2 = –zFE + RT·ln[pO2/p°].   (33) 

Gibbs energy of reaction (IV) can be determined as: 

ΔrG°(IV) = –zFE + RT·ln[pO2/p°]   (34) 

The calculated Gibbs energies are presented as a function of temperature to-
gether with the values from literature in figure 11: 
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Figure 11. Presented values: ∆fG°Bi2O3 by cell (A) with ref. [29,34,41,69-74], ∆fG°Sb2O3 by cell (B) 

with ref. [4,41,69,72,75-78], ∆fG°TeO2  by cell (C) with ref. [41,79-81], ΔrG°(IV) by cell (D) with 
ref. [23,82-84]. 

The linear equations describing the Gibbs energies from figure 11 are: 

∆fG°Bi 2O3[kJ·mol-1]=-591.511+0.2934·T±0.492  
(1012 T/K 1098) Bi-liquid; Bi2O3-solid (35) 

∆fG°Bi 2O3[kJ·mol-1] = -582.682+ 0.2853·T±0.481  
(1098≤T/K≤1235) Both phases in liquid (36) 

∆fG°Sb2O3[kJ·mol-1] = -679.82 + 0.235·T±0.413 
(782≤T/K≤903.65) Both phases are solid (37) 

∆fG°Sb2O3[kJ·mol-1] = -739.53+0.301·T±0.502  
(903.65≤T/K≤929.15) Sb–liquid; Sb2O3–solid (38) 

∆fG°Sb2O3[kJ·mol-1] = -682.21+0.239·T±0.419  
(929.15≤T/K≤1080 ) Both phases are liquid (39) 

∆fG°TeO2[kJ·mol-1] = -317.09 + 0.180·T ± 0.307  
(642≤T/K≤722.15) Both phases are solid (40) 

∆fG°TeO2[kJ·mol-1] = -318.01 + 0.181·T ± 0.308  
(722.15≤T/K≤1005.8) Te–liquid; TeO2–solid (41) 

∆fG°TeO2[kJ·mol-1] = -256.26 + 0.120·T ± 0.226 
(1005.8≤T/K≤1068) Both phases are liquid (42) 
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ΔrG°(IV)[kJ·mol-1]=(-410.56±1.276)+(0.2107±0.001)·T 
(1080≤T/K≤1190) All phases are solid  (43) 

To calculate the Gibbs energy of formation of Ca4Fe9O17 , the following thermo-
dynamic equation has been used: 

ΔrG°(IV)=G°products-G°reactants=20ΔfG°CaFe2O4-4ΔfG°Ca4Fe9O17-2ΔfG°Ca2Fe2O5    (44) 

The formation energies of CaFe2O4 (ΔfG°CaFe2O4) and Ca2Fe2O5 (ΔfG°Ca2Fe2O5) 
have been previously measured by Forsberg, Wikström and Rosén [85] as 

ΔfG°CaFe2O4[kJ·mol-1]=(-1448.4+0.128·T+0.02795·T·ln(T))±1 
               (1030≤T/K≤1280)   (45) 

ΔfG°Ca2Fe2O5[kJ·mol-1]=[-2049.9+0.01284·T +0.5591·T ·ln(T)]±2.8 
                 (1140≤T/K≤1340).                (46) 

 
By combining equations (43-46), Gibbs energy of Ca4Fe9O17 is described as: 

ΔfG°Ca4Fe9O1 7[kJ·mol-1]=(-6241.402±3.565)+(1.479±0.001)·T 
(1080≤T/K≤1190) All phases are solid (47) 

in which the combined uncertainty of all of the applied equations have been 
taken into account by the following equation: 

,     (48) 

where σXi is the uncertainty of either intercept or slope of a thermodynamic 
function i applied in calculations and σX is the combined uncertainty of either 
intercept or slope used to describe the uncertainty of the given thermodynamic 
function. 

 

6.1.1 Calculation of standard entropy and enthalpy of the oxides 

To determine the standard thermodynamic properties of the binary oxides, the 
Gibbs energy function (GEF) was calculated for each studied compound by 
using the thermodynamic data presented in the compilation of Barin et al. 
[86,87] together with the measured values as: 

,    (49) 

where 

    (50) 

.   (51) 
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By using the calculated GEF values together with the obtained Gibbs energies 
of formation, standard enthalpies and entropies were calculated as: 

  (52) 

,   (53) 

where i is the binary oxide compound and G°metal is the Gibbs standard energy 
of metallic element involved M moles in the binary oxide. N is the number of 
moles of O2 involved to form one mole of the oxide compound. As seen in the 
presented equations, the accuracy of the obtained standard values depends on 
the accuracy of the applied cp functions in addition to the accuracy of the ex-
perimental results of this study. As there are no thermodynamic cp data availa-
ble in Ca-Fe-O system to calculate corresponding values for Ca4Fe9O17, exact 
numbers cannot be calculated. Instead an estimate for the standard enthalpy 
has been calculated by assuming that the cp is constant as a function of tem-
perature. Therefore, the following equation has been applied to solve the 
standard enthalpy of Ca4Fe9O17: 

,    (54) 

where E° is the standard EMF of the cell calculated by the equations (1) and 
(47), in which the non-standard pressure of the oxygen reference electrode has 
been compensated. The obtained data is presented in table 2 together with the 
literature values. 
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Table 2. The thermodynamic properties of the measured oxide compounds at 298.15 K. 
Compound Authors Ref. S°298 

[J(mol·K)-1] 
ΔfH°298 
[kJ(mol)-1] 

Bi2O3 This study - 148.77 -567.31 
Bi2O3 Ganesan et al. [71] - -570.8 
Bi2O3 Moiseev et al. [24] - -578.3 
Bi2O3 Risold et al. [20] - -570.3 
Bi2O3 Mixter [88] - -569.0 
Bi2O3 Mah [89] - -573.9 
Bi2O3 Sidorov et al. [90] - -587.5 
Bi2O3 Rao and Tare [31] - -567.35 
Bi2O3 Chatterji and Smith [41] 173.2 -550.6 
Bi2O3 Cahen et al. [70] 277.4 -581.58 
Bi2O3 Barin et al. [86] 151.46 -570.7 
Sb2O3 This study - 124.05 -709.74 
Sb2O3 Barin et al. [87,91] 123.0 -708.8 
Sb2O3 Kubaschevski and Alcock [92] 141.0 -708.6 
Sb2O3 Glushko and Landolt-Börnstein et al. [93,94] 129.9 -708.5 
Sb2O3 Rossini et al. [95] - -696.6 
Sb2O3 Wicks and Block [96] 123.0 -705.0 
Sb2O3 Gorgoraki and Tarasov [97] 132.4 / 141.0 - 
Sb2O3 Mah [42] - -708.8 
Sb2O3 Behrens and Rosenblatt [98] 123.1 -708.6 
TeO2 This study - 67.8 -313.0 
TeO2 Barin et al. and Wagman et al. [87,91] 79.5 -322.6 
TeO2 Kubaschevski and Alcock [92] 74.1 -323.4 
TeO2 Landolt-Börnstein  [94] 70.4 -321.0 
TeO2 Schumann [99] - -325.1 
TeO2 Gehlen and Gehlen-Keller [100] - -325.5 
TeO2 Mezaki and Margrave [101] 58.6 - 
TeO2 Coughlin [102] - -325.1 
TeO2 Mills [103] 74.1 - 
TeO2 Chatterji and Smith [41] 97.9 -301.25 
TeO2 Rossini et al. [95] 71.1 -325.1 
TeO2 Mallika and Sreedharan [81] 71.5 -321.1 
TeO2 Rabinovich et al. [104] 70.1 -321.75 
TeO2 Schneider and Zintl [105] - -321.75 
TeO2 Gadzhiev et al.  [106] - -379.1 
TeO2 Muenov et al. [107] - -351.9 
TeO2 Cordfunke et al. [108] 69.9 - 
TeO2 Cordfunke et al. [109] - -320.4 
Ca4Fe9O17 This study - - -6241.40 
Ca4Fe9O17 Li and Guo [82] - -6209.53 
Ca4Fe9O17 Rosen and Saitton [83] - -6178.20a 
a Presented numbers are calculated according the results of Rosén and Saitton  [83]. 

6.2 Ag-Sb-(Te or S) systems 

In the experimental temperature range, the ionic transference numbers of AgI 
and β’’ –alumina are ti on>0.99 [15,110], thus the electronic conductivity in the 
measured cells is negligible and the cell reactions (VI-X) are taking place re-
versibly in the cells (E-J).  

Some of the studied systems, for example Ag-Sb system, involve notable ho-
mogeneity ranges as can be seen in the phase diagrams of figure 4. The exact 
Gibbs energies of formation of the compounds with a homogeneity range can 



Discussion 

43 

be obtained by solving the Gibbs-Duhem equation for the studied systems, if 
the chemical potential of silver over the compound is known. Unfortunately, 
the crucial activity data over the homogeneity ranges of the studied systems 
cannot be found from literature.  

By assuming that in the homogeneity range the chemical potential of silver is a 
linear function of concentration, the effect of the solubility range on Gibbs en-
ergy of the studied compounds is negligible and the contributions of silver and 
antimony within the homogeneity range rule each other out. By this simplifica-
tion, an estimation of the Gibbs energy of formation of compounds with high 
solubility (primarily Ag6Sb) can be solved and the virtual cell reactions have 
been written for reactions between the stoichiometric compounds:   

3Ag(s)+Sb(s)=Ag3Sb(s)    (VI) 

3Ag(s)+Ag3Sb(s)=Ag6Sb(s)    (VII) 

Ag2Te(s)+2Sbx Te1 -x(s)=AgSbTe2(s)+Ag(s),                            (VIII) 

2Ag(s)+Sb2Te3(s)=Ag2Te(s)+4SbxTe1-x(s)   (IIX) 

2Sb2S3(s)+3Ag(s)=3AgSbS2(s)+Sb(s)   (IX) 

3AgSbS2(s)+6Ag(s)=2Ag3SbS3(s)+Ag3Sb(s)   (X) 

Since the phase transition temperature, in which AgSbTe2 becomes more sta-
ble than Sb2Te3 and Ag2Te, is not accurately known, the transition temperature 
was calculated from the measured EMF data by numeric iteration in order to 
know the stable phases of the test electrodes of the cells (I) and (J) at different 
temperatures. As the Gibbs energy function as well as EMF is continuous over 
any phase transition temperature, the continuity of the EMF vs T plot was set 
as boundary condition for the least square fit. The phase transition tempera-
ture of AgSbS2 shown in figure 12 was measured by the DSC method. 

The effect of ambient pressure on the activities in condensed phases is practi-
cally non-existent. Therefore, the Gibbs energies of reactions in a silver con-
centration cells were calculated straight by the basic thermodynamic equation 
(1). However, as the systematic error of the silver concentration cells is known 
by the measured data of the systematic cell arrangements (K) and (L), the 
measured voltages have been compensated before any further calculations by 
equations (21) and (22).  

By the calculated Gibbs energies of reactions (VI-X), the standard Gibbs ener-
gies of formation were calculated by applying the following relation: 

 ΔrG°= G°products - G°reactants    (15) 

For this reason, previously measured values of ΔfG°Ag2Te, ΔfG°Sb2Te3 and 
ΔfG°Sb2S3 by Tesfaye et al. [111], Barin et al. [86] and Mallika and Sreedharan 
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[81], respectively, were applied in order to measure Gibbs energies of for-
mation of the studied compounds as: 
 
ΔfG°Ag2Te[kJ·mol-1]=(-26.0129±1.858)–(0.0428±0.009)·T  

          (419≤T/K≤450)   (55) 

ΔfG°Sb2Te3[kJ·mol-1]=(-91.57-0.04339·T)±1.20  (645≤T/K≤712) (56) 

ΔfG°Sb2S3[kJ·mol-1]=-152.05 + 0.031∙ T  (400≤T/K≤600)  (57) 
 
The calculated results are presented together in comparison with the literature 
values in figure 12.  

 

Figure 12. The calculated Gibbs energies of formations compared to the literature values [112-
114]. The cells applied to measure presented values have been presented on grey highlight 
in each plot or set of data. Cell (E) has been applied to measure Gibbs energy of formation 
of Ag3Sb, (F) for Ag6Sb, (I) for SbxTe1-x, (J) for AgSbTe2, (G) for AgSbS2 and (H) for 
Ag3SbS3. 

The equations of the above presented linear least square fits describing the 
Gibbs energies of formation are: 

∆fG°Ag3Sb[kJ·mol-1]=(-0.190±0.200)-(0.021±0.0003)∙T  
          (426≤T/K≤753)   (58) 

∆fG°Ag6Sb[kJ·mol-1]=(2.5764±0.0660)-(0.0343±0.0001)∙T 
          (525≤T/K≤738)   (59) 
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ΔfG°SbxTe1−x[kJ·mol-1]=(−16.985±2.644)−(0.01206±0.00934) T 
               (566≤T/K≤620.5)   (60) 

ΔfG°AgSbTe2[kJ·mol-1]=(−66.283±2.694)−0.08252±0.00937) T 
              (620.5 ≤ T/K ≤ 710)    (61) 

ΔfG°AgSbS2[kJ·mol-1]= -(139.36±0.187) + (0.041±0.0004)·T 
              (463 ≤ T/K ≤ 605)   (62) 

ΔfG°Ag3SbS3[kJ·mol-1]= -(208.64±0.479) + (0.049±0.0008)·T 
              (455 ≤ T/K ≤ 649)   (63) 

6.2.1 Calculating of the standard thermodynamic properties  

By extrapolating the measured values, the standard enthalpies and entropies 
of the studied silver compounds at 298.15 K were calculated by equations (17-
19).  

Sulfur undergoes phase transitions in temperature range between the refer-
ence temperature (298.15 K) and the experimental temperature. For this rea-
son, the Gibbs energies of phase transitions of sulfur are taken into account in 
order to calculate enthalpy and entropy values of the studied compounds in 
standard temperature in which sulfur is in the solid α-form. Gibbs energy for 
phase transition at the transition temperature was calculated as: 

.   (64) 

Equation (64) was applied together with the phase transition enthalpies re-
ported by Barin et al. [86] to compensate the extrapolated Gibbs energy func-
tions (62-63). 

Table 3. The standard thermodynamic properties of the studied silver compounds at 298 K 

Compound ΔfG°298[kJ(mol)-1] ΔfH°298[kJ(mol)-1] S°298[J( K·mol)-1] Ref. 
Ag3Sb –5.934 ± 1.277 0.841 ± 1.046 195.89 ± 2.54 [112] 
Ag3Sb –7.200 –0.770 194.73 [113] 
Ag3Sb –7.100 –1.230 192.85 [114] 
Ag3Sb –5.660 2.280 199.80 [115] 
Ag3Sb – 6.451 ± 0.123 –0.190 ± 0.200 195.410 ± 0.295 This work 
Ag6Sba –6.637 ± 3.064 2.778 ± 2.491 332.40 ± 5.99 [112] 
Ag6Sba –7.870 2.870 336.86 [113] 
Ag6Sba –7.650 ± 0.029 2.576 ± 0.066 335.912 ± 0.104 This work 
SbxTe1-x -20.58 ± 5.43 -16.99 ± 2.64 107.29 ± 2.79 This work 
AgSbTe2 -90.89 ± 5.49 -66.28 ± 2.69 270.13 ± 2.80 This work 
AgSbS2 -110±5 -103±5 175.1±6.9 [116] 
AgSbS2 -126.20±0.30 -135.12±0.19 182.21±0.11 This work 
Ag3SbS3 -153±5 -141±7 309.2±13.3 [116] 
Ag3SbS3 -192.65±0.73 -202.27±0.48 301.99±0.25 This work 
a Presented values are calculated using the estimated Gibbs energies of formation of Ag 6Sb 
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7. Summary 

 
In this study, experimental arrangements, measurement procedures and sam-
ple preparation methods have been improved in multiple aspects to provide 
more reliable readings and to measure thermodynamic data on chemical sys-
tems and compounds never measured before using the EMF method. In this 
study, 8 independent EMF apparatuses were built. Each of them deviated 
slightly from each other as different approaches were tested to optimize the 
experimental arrangement. A compilation of thermodynamic properties of a 
number of compounds with high impact in different fields have been experi-
mentally measured. The measured data is essential for thermodynamic model-
ing of stability and chemical behavior of different systems. The studied chemi-
cal systems have been carefully selected such that either a satisfactory amount 
of thermodynamic data has already been measured providing a reliable refer-
ence data to compare the effect of the modifications on the experimental appa-
ratus or the studied chemical systems has no or very little available thermody-
namic data as the aim of the experimental study was to improve reliability and 
to present completely new data. In addition to the previous, the studied sys-
tems have high impact in the metal industry, electrorefining, thermoelectric 
generators and in other fields which apply the measured thermodynamic data.   
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In this study, an advanced EMF method has 
been developed and a compilation of 
thermodynamic data has been measured by 
applying improved practices and 
arrangements. During the development of 
the experimental arrangement, the studied 
chemical assemblages were selected from 
well-known systems in order to compare the 
impact of the modifications to the measured 
EMF with reliable reference data presented 
in the literature. A number of different 
approaches were tested and the 
modifications with a beneficial outcome 
were combined in the final experimental 
procedure. Finally, the improvements were 
applied to study the thermodynamic 
properties of a number of intermetallic 
compounds and oxides with little or no 
previously measured thermodynamic data 
but a notable practical importance in many 
areas. All in all, the advanced EMF method 
has been applied to measure the 
thermodynamic properties of the following 
compounds: Ag3Sb, Ag6Sb, SbxTe1-x, 
AgSbTe2, AgSbS2, Ag3SbS3, Bi2O3, Sb2O3, 
TeO2, Ca4Fe9O17. 
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