
9HSTFMG*afhgdh+ 



Aalto University publication series 
DOCTORAL DISSERTATIONS 100/2014 

Thermodynamic stabilities of complex 
phases and their assemblages in Ag-Te, 
Ag-Bi-S and Ag-Cu-S systems 

Fiseha Tesfaye 

A doctoral dissertation completed for the degree of Doctor of 
Science (Technology) to be defended, with the permission of the 
Aalto University School of Chemical Technology, at a public 
examination held at the lecture hall V1 of the school (Espoo, Finland) 
on August 15th 2014 at noon. 

Aalto University 
School of Chemical Technology 
Department of Materials Science and Engineering 
Metallurgical Thermodynamics and Modelling Research Group 



Supervising professor 
Professor Pekka Taskinen 
 
Thesis advisor 
Professor Pekka Taskinen 
 
Preliminary examiners 
Professor Geir Martin Haarberg, Norwegian University of Science 
and Technology (NTNU), Norway 
Professor Andres Öpik, Tallinn University of Technology, Estonia 
 
Opponent 
Professor Bogusław Zbigniew Onderka, AGH University of Science 
and Technology, Poland 

Aalto University publication series 
DOCTORAL DISSERTATIONS 100/2014 
 
© Fiseha Tesfaye 
 
ISBN 978-952-60-5763-7 
ISBN 978-952-60-5764-4 (pdf) 
ISSN-L 1799-4934 
ISSN 1799-4934 (printed) 
ISSN 1799-4942 (pdf) 
http://urn.fi/URN:ISBN:978-952-60-5764-4 
 
Unigrafia Oy 
Helsinki 2014 
 
Finland 
 
Publication orders (printed book): 
fiseha.tesfaye@aalto.fi 
 
http://materials.aalto.fi/en/research/groups/metallurgical_thermod
ynamics_and_modelling/ 



Abstract 
Aalto University, P.O. Box 11000, FI-00076 Aalto  www.aalto.fi 

Author 
Fiseha Tesfaye 
Name of the doctoral dissertation 
Thermodynamic stabilities of complex phases and their assemblages in Ag-Te, Ag-Bi-S and 
Ag-Cu-S systems 
Publisher School of Chemical Technology 
Unit Department of Materials Science and Engineering 

Series Aalto University publication series DOCTORAL DISSERTATIONS 100/2014 

Field of research Metallurgy 

Manuscript submitted 2 May 2014 Date of the defence 15 August 2014 

Permission to publish granted (date) 17 June 2014 Language English 

Monograph Article dissertation (summary + original articles) 

Abstract 
Currently, most of the available sulphide ores are low-grades and also becoming increasingly 

complex. The complex groups of ores can constitute anything from trace amounts to major 
proportions of minerals; such as tellurides, sulphides and sulfosalts. Among these minerals, the 
silver-based tellurides and sulfosalts are commonly encountered in ores for the production of 
base and precious metals. However, unlike the binary sulphides, their thermodynamic 
properties are poorly known. Recently, the silver-based chalcogenides have also emerged as 
promising novel functional materials for many applications. Therefore, accurate 
thermodynamic data concerning the silver-based chalcogenides determined within this thesis 
have considerable fundamental and practical importance in many aspects of extractive and 
physical metallurgy. 
To acquire thermodynamic data the solid state EMF method was used. The method has been 
improved for more accurate thermodynamic measurements as well as to overcome 
experimental challenges in the presence of volatile components. State-of-the-art equipment 
has been utilized and a new philosophy for constructing the galvanic cell and a new 
experimental arrangement to control the temperature gradient over the galvanic EMF cell were 
employed. The thermodynamic measurements on the phases of interest were conducted below 
T = 700 K. 
Based on the experimental results, thermodynamic properties of equilibrium phase 
assemblages in the two-phase regions of the Ag-Te system have been explicitly determined. 
New experimental data were also obtained and used to determine eutectic, eutectoidic 
decomposition and phase transition temperatures. In the Ag-Bi-S system, thermodynamic 
properties of pavonite, matildite and schapbachite at bismuth- and sulphur-saturation 
conditions have been determined. Prior to this work, the effects of saturation of sulphur and 
bismuth on the thermodynamics of the ternary phases were not known distinctively. In 
addition, new experimental thermodynamic data of the ternary phases over wide temperature 
ranges were obtained. Thermodynamic properties of the other silver-based phases of interest, 
stromeyerite and the solid solution (Ag,Cu)2Sss, were also studied. For the first time, 
thermodynamic properties of the solid solution were experimentally determined. 
The experimental data obtained within this thesis together with the selected literature data 
enabled the determination of accurate thermodynamic functions for 36 selected equilibrium 
reactions. 
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1. Introduction 

Due to intense mining of high grade metal sulphide ores in the past, currently, the 
available sulphide ores are poor in valuable metals and are also becoming 
increasingly complex; such that the production of high grade metals by 
conventional pyrometallurgical processes is compromised. Consequently, smelters 
need to modify their operating flow sheets and strategies for processing more 
complex feed materials economically, while meeting strict environmental 
regulations [1]. To make appropriate modifications, accurate thermodynamic data 
of selected phases and phase assemblages which exist in these complex sulphide 
ores are essential.  

The complex group of non-ferrous metal ore minerals varies from trace amounts 
to major proportions of tellurides, sulphides and sulfosalts. Among the tellurides, 
silver-tellurides are characteristic minerals and the major carriers of precious 
metals in epithermal gold deposits, which are sources for about 10 % of gold 
mining [2]. They also exist as inclusions, intergrowths and overgrowths in sulphide 
ore minerals for the production of noble and base metals [3–5].  

Although sulfosalts rarely form massive ore bodies, they are commonly 
associated with metal rich sulphide ores for the production of base and precious 
metals [6]. For instance, silver-bearing sulfosalts are encountered in ores for the 
production of the base metals and are common sources of silver. Ag-Bi sulphides 
often occur in many types of hydrothermal Au-Ag ore deposits [7]. AgBi3S5 and 
AgBiS2 are relatively common sulfobismuthide minerals in non-ferrous metal 
sulphide ores. Among the silver-based sulfosalts, stromeyerite (Ag0.9Cu1.1S) is a 
relatively common ore mineral in most hydrothermal vein and replacement copper 
deposits [8].  

The quaternary Ag–In–Sb–Te system, including the Ag-Te-intermetallic phases, 
is widely used for making phase-change discs, such as compact rewritable discs 
(CD-RW) and rewritable digital versatile discs (DVD + RW) [9,10]. Recently, 
silver-based sulfosalts have also emerged as promising novel functional materials 
for different applications. For instance, AgBi3S5 is known for its good 
thermoelectric properties, particularly, its solid solution AgSb0.3Bi2.7S5 [11]. The 
ternary chalcogenide semiconducting compound AgBiS2 is under intensive study 
due to its unique electronic and magnetic properties which can be applied in 
linear, nonlinear, optoelectronic, and thermoelectric devices as well as optical 
recording media [12–20]. The solid solution (Ag,Cu)2Sss and ternary chalcogenide 
compound Ag0.9Cu1.1S are also under study due to their high ionic conductivity and 
gradual disorder in the sequential phase transitions [21].  

Nevertheless, unlike the binary sulphides, thermodynamic properties of silver-
based tellurides and sulfosalts are poorly known. Reliable thermodynamic data are 
essential for accurate quantitative modelling of the stabilities of tellurides and 
sulfosalts and their chemical behaviour in the presence of other equilibrium 
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phases. These accurate thermochemical data can support process improvement, in 
the extractive metallurgy of valuable metals, as well as product development work, 
in the design of novel multi-component inorganic functional materials.  

1.1 Previous experimental thermodynamic studies 

Kiukkola [22], Kiukkola and Wagner [23], Valverde [24] as well as Sitte and 
Brunner [25] have extensively studied the thermodynamic properties of silver-
based tellurides using the EMF method and solid state coulometric titration. 
Recently, Echmaeva and Osadchii [2,26] and Chareev et al. [27] reported the Gibbs 
energies of formation of Ag₅Te₃ (stützite) below T = 505 K, after performing 
experimental studies by the EMF method. In spite of these investigations, no 
complete thermodynamic analysis for the entire silver-tellurium system has been 
undertaken, including the low and intermediate temperature ranges. 

Bryndzia and Kleppa [28] determined the enthalpy of formation of AgBi₃S₅, -
AgBiS2 and -AgBiS2 at 298.15 K, and the enthalpy of polymorphic phase 
transition of AgBiS2 at 468 K, by the high-temperature direct synthesis 
calorimetric method. Schmidt et al. [29,30], Shykhyev et al. [31] and, recently, 
Voronin and Osadchii [7] have studied the thermodynamic properties of AgBi₃S₅ 
and -AgBiS2 below T = 383 K, by the EMF method. Craig and Barton [32] 
estimated the Gibbs energies of formation of -AgBiS2 in the temperature range 
544–1074 K, by reanalysing experimental thermodynamic data reported in 
[6,33,34], with S2(g) as the standard state of sulphur at 1 atm. Neither study 
reported experimental data which considered each temperature region of the 
stable phases S(s), S(L), Bi(s), Bi(L), nor thermodynamic properties of the ternary 
phases at different solubility limits.  

1.2 Objective of the thesis 

For the purpose of compiling accurate thermodynamic databases of the 
equilibrium binary and ternary phases in the Ag-Te, Ag-Bi-S and Ag-Cu-S systems, 
only few experimental studies in different temperature and compositional ranges 
have been published. In addition, this incomplete thermodynamic data reported by 
different researchers, prior to this work, is inconsistent to some extent. The 
accuracy of the experimental techniques used has also left some room for 
improvement. Therefore, the objectives of this thesis were: 

1. to improve the EMF method for more accurate thermodynamic 
measurements of alloys and compounds, 

2. to determine accurate experimental thermodynamic properties of selected 
tellurides and sulfosalts in different temperature regions and solubility 
limits, and  

3. to contribute new experimental thermodynamic data in the selected systems 
in compositional and temperature ranges that have not been experimentally 
studied before. 
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Thermodynamic properties of the silver-tellurium-intermetallic phases have 
been studied by several researchers. However, no complete thermodynamic 
analysis for the entire silver-tellurium system has been undertaken, including 
below T = 700 K. The available experimental thermodynamic data of the silver-
based sulfosalts are neither accurate enough nor sufficient to describe their 
thermodynamic properties over a wider temperature range.  

To achieve our goal of compiling accurate thermodynamic data on the phases of 
interest, the EMF method has been selected as the most appropriate method to 
study thermodynamic stabilities of the phases. This method has proven to be 
direct, effective, and most accurate for the determination of Gibbs energies and 
entropies of reactions [35]. The experimental data obtained together with 
literature data can be used to derive other standard thermodynamic functions of 
the studied equilibrium phases or equilibrium reactions involving them. 

1.3 New scientific contribution 

The new scientific information obtained within this thesis consists of an improved 
EMF method for thermodynamic measurements of alloys and compounds and the 
experimentally determined thermodynamic properties of equilibrium phases and 
their assemblages in the Ag-Te, Ag-Bi-S and Ag-Cu-S systems. The EMF method 
has been improved by introducing unique techniques and state-of-the-art 
equipment. This improved technique facilitated highly accurate and new 
thermodynamic measurements.  

In the Ag-Te system, new experimental points were obtained and the 
thermodynamic properties of the stoichiometric equilibrium phase assemblages; 
Ag5Te3–Te, Ag5Te3–Ag1.9Te, Ag5Te3–Ag2Te and Ag2Te–Ag1.9Te, have been 
determined explicitly in situ at low and intermediate temperatures. The eutectic 
temperature of the reaction 1.3 -Ag₅Te₃(s) + 2.1Te ⇄ -Ag₅Te₃(s) + 
4.5[Ag0.333Te0.667](L) has been accurately determined and new experimental 
thermodynamic functions above the eutectic temperature have been obtained.  

In the Ag-Bi-S system, the thermodynamic properties of -AgBiS2, -AgBiS2 and 
AgBi3S5 at bismuth- and sulphur-saturation conditions have been experimentally 
determined. Prior to this work, the effect of saturation of sulphur and bismuth on 
the thermodynamic properties of the ternary phases were not known. In addition, 
new experimental thermodynamic data of the ternary phases in temperature 
ranges that have not been experimentally studied before were determined.  

In the Ag-Cu-S system, thermodynamic functions of stromeyerite (Ag0.9Cu1.1S) in 
equilibrium with Cu2-xS and CuS have been determined including temperature 
ranges over which thermodynamic measurements have never been made. For the 
first time, thermodynamic quantities for the solid solution (Ag,Cu)2Sss have been 
experimentally determined. 
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1.4 Application 

Industrial raw materials for metals production are becoming increasingly complex. 
Their behaviour during smelting is difficult to predict without a good knowledge of 
their thermodynamic properties.  

Silver-based tellurides and sulfosalts are relatively common minerals in precious 
and base metal ores. Thus, smelters are in need of accurate thermochemical data 
of the complex phase systems, which will be used in modification of operating flow 
sheets and outlining strategies for processing the complex feed materials 
economically and in an environmentally friendly manner. The accurate and new 
thermodynamic properties of several silver-based tellurides and sulfosalts 
determined in this thesis can contribute to the needed data sets.  

The accurately determined thermochemical data can also be used for improved 
manufacturing of novel inorganic functional materials incorporating the studied 
chalcogenides. For instance, with accurate thermochemical data of chalcogenides, 
it is possible to estimate their behaviour in an oxidizing atmosphere, as well as at 
elevated temperature conditions.  

Therefore, accurate and extended knowledge of the thermodynamic properties of 
the silver-based tellurides and sulfosalts are of considerable fundamental and 
practical interest in many aspects of extractive and physical metallurgy. 

1.5 Structure of the thesis 

This thesis consists of four scientific peer-reviewed journal publications [I,III–V], 
two peer-reviewed conference publications [II,VI] and the present compendium. 
The articles have all been published and are attached in the Appendices [I-VI].  

Chapter 2 of the thesis presents the EMF method in solid state electrochemistry 
studies and gives an insight into basic principles, state-of-the-art and the benefits 
of the method. Chapter 3 gives an overview of selected phase relations in the 
studied binary and ternary systems. Phase equilibria studies that do not involve 
our experimental binary and ternary phases and above T = 700 K are left as 
outside of the scope of this thesis. Chapter 4 presents a detailed summary of the 
experiments that have been reported in [I–VI]. The results and discussion are 
given in Chapter 5, followed by the conclusions in Chapter 6.  
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2. The EMF method with solid state 
electrolytes 

There are three major groups of experimental methods to determine 
thermodynamic properties of materials. These are calorimetry, vapour pressure 
measurements and EMF methods. Calorimetry is a very convenient method to 
determine enthalpy values precisely. In the vapour pressure methods, one usually 
tries to measure the partial pressures of individual components and to derive from 
them the thermodynamic activities and partial Gibbs energies. In the case where 
partial pressures can also be obtained as a function of temperature, this provides a 
way to calculate partial enthalpies and entropies, although these derived quantities 
are usually less accurate than the directly measured partial Gibbs energies. 
Introduced by Kiukkola [22] for solid state thermodynamic studies, the EMF 
method has proven to be direct, effective, and the most accurate method for 
determining the Gibbs energies of formation, chemical potentials, thermodynamic 
activities and partial pressures in equilibrium conditions. Furthermore, the 
entropies and enthalpies of reactions can be calculated from the temperature 
dependence of EMF in the cell [36].  

 Galvanic cells with solid electrolytes for thermodynamic studies consist of a 
solid electrolyte between the reference and the cathode electrodes [36]. These 
electrodes are connected to wires, which are usually Pt or Au, for measuring the 
EMF of the cell. In thermodynamic measurements, the EMF must be measured 
under open circuit conditions. This is usually assured by the use of high-resistance 
(above R = 1010 Ω) measuring devices, resulting in the measurement of an ‘open 
circuit’ potential [35,37]. In all our thermodynamic measurements [I–VI] the EMF 
was measured with an electrometer which has an input impedance of 2∙1014 Ω. 
Application of the EMF method for thermodynamic studies of metallic systems 
and its basic principles as well as requirements has been recently discussed in 
detail by a few researchers [35–41].  

2.1 Experimental requirements 

In EMF measurements for the determination of thermodynamic properties, it is 
important to ascertain the conditions under which the electrolyte shows the best 
performance. The main problems for successful cell operation are: finding a 
suitable electrolyte; and the exact identification of the single reversible process 
occurring at each electrode. The corresponding electrolyte should provide purely 
ionic conductivity in the temperature range where it is used, i.e., one single ion 
should be responsible for establishing the potential. A well-defined reversible 
reaction is required to establish the potential. From a practical point of view, there 
are several additional requirements [35,37]: 

 the equilibrium potential at a given temperature should be established 
within a reasonable time; 
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 after temperature changes, the same equilibrium potential has to be 
established regardless of whether the temperature has been increased or 
lowered; and 

 following polarization of the cell by a potential imposed from outside, again 
the same equilibrium potential has to be established. 

In addition, there are a number of purely experimental requirements that have 
to be considered, especially in measurements at high temperatures [35,37,41]:  

 any reaction between electrodes and electrolyte or between electrodes and 
lead wires must be negligible, 

 if lead wires of different materials are used it is necessary to consider the 
corresponding thermal-EMF, 

 any temperature gradient in the cell should be avoided; 
 reactions between crucible materials and electrodes or electrolyte should be 

excluded, 
 concentration changes due to the vapour pressure of the electrodes must be 

taken into consideration, 
 any direct exchange of matter between the two electrodes (e.g., via the gas 

phase) has to be excluded, and 
 any electrical interference between the furnace in which the cell is heated 

and the cell itself should be avoided, either by a proper winding of the 
furnace or by appropriate grounding.  

Thermal-EMF and temperature gradients can be minimized by using similar lead 
material at both electrodes and by placing the cell within the constant heating zone 
of the experimental assembly, respectively [41]. Proper design of the galvanic cells 
and their flexibility in the furnace while measurements are conducted will also 
help to minimize temperature differences at both ends of the electrodes, as 
described in [I,III–V]. In this thesis, all these experimental requirements were 
fulfilled. 

2.2 Ag+ ion conducting solid electrolytes 

Solid electrolytes are materials in which the electric current is carried 
predominantly by ions. They can be oxides, halides, iodides, sulphides and other 
types of solid materials. Solid electrolytes have gained considerable attention due 
to their role in various scientific and technological applications as they are being 
used in electrochemical cells to measure chemical potentials in gases, liquids and 
solids. 

One of the most important criteria for a solid electrolyte to be used in EMF cells 
for thermodynamic studies is that it should be a purely ionic conductor, or at least 
has only a negligible contribution of electronic conduction. Thus, if electric current 
is carried solely by ions, the ion transference number t, in Equation (1), should be 
greater than 0.99 at experimental conditions [35,42]. 

 𝑡 = ఙ()ఙ()ାఙ()                             (1) 

where σ(ion) is ionic conductivity and σ(elec) is electronic conductivity. 
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 In the thermodynamic studies of silver-based alloys and compounds, RbAg4I5 and 
AgI are two widely used fast ionic conductors of Ag+ ions. These electrolytes were 
also used in our study by the EMF method. Properties of the solid electrolytes and 
their usage limits in the EMF method are reviewed in Section 2.2.1. 

2.2.1 Properties of AgI and RbAg4I5  

At ambient pressure conditions, AgI exists in three different crystalline forms; -
AgI, -AgI and -AgI. The -  -AgI phase transition temperature is 420 K, 
which is accompanied by a significant increase in ionic conductivity [43-46]. At the 
phase transition temperature, the ionic conductivity of -AgI is 1.31 S∙cm−1 [47]. 
One of the three crystalline forms of RbAg4I5, -RbAg4I5 is thermodynamically 
stable within the temperature range 209–505 K and can be used as an electrolyte 
even at room temperatures [45,48]. At 298.15 K, -RbAg4I5 shows a high ionic 
conductivity of ~0.21 S ∙ cm−1 [49].  

Ionic conductivity in solid electrolytes is usually due to lattice defects, and in AgI-
based electrolytes these defects are caused by large cation disorders [35,46]. 
Chemical diffusion occurs in the presence of concentration or chemical potential 
gradient and it results in net transport of mass. For example, when local 
differences in stoichiometry equilibrate, metal or non-metal ions and electrons 
diffuse simultaneously. These phenomena are described by the chemical diffusion 
coefficient D [36]. At low-temperatures, the ionic conductivity generally follows 
the Arrhenius-type temperature dependence [45,46,50]. 

AgI-based electrolytes possess a large amount of free sites for the Ag+ ions to 
move. Due to the presence of these excess sites for Ag+ ions [51] and quasi-molten 
state of Ag+ ions in the structure [45], as well as the presence of passageways for 
Ag+ ions which are formed by the face-sharing tetrahedral [52]; α-AgI is a fast 
ionic conductor of Ag+ ions. In -RbAg4I5, iodide ions are arranged in a similar 
structure as manganese atoms are in β-Mn, so that one unit cell, which includes 
RbAg4I5, contains 56 tetrahedral sites, such that Ag+ ions can move freely in the 
lattice. The large Rb+ ions are surrounded by highly distorted iodide octahedral 
and are not mobile [47,49]. 

The ion transference number of -AgI, in the temperature range 420–713 K, is 1 
± 0.01 [53]. Below its melting temperature, at Tm = 505 K, -RbAg4I5 is a high 
ionic conductor of Ag+ ions with negligible electronic conduction [45,54]. 

 Based on various conductivity data and/or EMF data, Patterson [55] has shown 
that in the electrolytic conduction domain of AgI, the chemical potential of silver in 
AgI changes only slightly. Using the compiled thermodynamic data of Barin [56], 
we calculated activities of silver (aAg) in AgI at 𝑃ூమ() = 1 atm (for the dissociation 
reaction 2AgI ⇄ 2Ag + I2(g)), as a function of temperature. According to results 
from our analysis, the aAg in AgI varied between 2.5∙10-9 at 420 K, 1.2∙10-7 at 500 K 
and 3.6∙10-5 at 700 K. Thus, the chemical potential of silver in AgI does not change 
significantly, in its ionic conduction domain. Therefore, the solid electrolytes AgI 
and RbAg4I5 can be safely used in their respective pure ionic conduction domains 
(420–713 K and 298–505 K, respectively) for EMF cells in the experimental 
thermodynamic studies of silver-based phases. 
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2.3 Thermodynamics of electrochemical cells 

For a general galvanic cell with a solid electrolyte and elements A and B: 

A (s, L) | ionic electrolyte (A+n or A-n) | AxB1-x.(s, L), B,                          (i) 

at equilibrium, the incorporation of A+n or A-n at the interface into the cathode or 
the overall electrochemical reaction of the galvanic cell can be expressed by a 
virtual electrochemical cell reaction (I). 

  A+n or A-n + B = AxB1-x.                            (I) 

The amount of work, other than the work for volume expansion, which is 
necessary for the transfer of one mole of element A in a valence state n from its 
pure state into a A-B-compound, is related to the transfer of a charge n∙F by; μ(A − B − compound(s)) −  μ° (A)  = −𝑛 ∙ 𝐹 ∙ 𝐸                         (2) 

or ∆𝐺° = −𝑛 ∙ 𝐹 ∙ 𝐸                             (3) 

where μ is the chemical potential of substance A in the A-B-compound(s) and μ°  
is the standard chemical potential of substance A in pure substance A, which is 1.  

The Gibbs energies of our isobaric equilibrium reactions were calculated directly 
from the measured EEMF vs. T relations, by using the basic thermodynamic 
Equation (3) of an electrochemical cell. In a similar way, the entropies, enthalpies 
and heat capacities of the studied virtual reactions were calculated using Equations 
(4)–(6). ∆𝑆° = −𝑛 ∙ 𝐹 ∙ ቀడாుూడ் ቁ                           (4) 

∆𝐻° = −𝑛 ∙ 𝐹 ∙ ቂ𝐸 − ቀడாుూడ் ቁ ∙ 𝑇ቃ                          (5) 

∆𝑐 = −𝑛 ∙ 𝐹 ∙ ቀడమாుూడమ் ቁ ∙ 𝑇.                           (6) 

2.3.1 Gibbs energy of formation 

By definition, the reaction of formation of a species M can be written as: 

aA + bB + … ⇄ mM                          (II) 

where a, b, m etc are stoichiometric coefficients, and the standard Gibbs energy of 
formation is:  ∆𝐺° = 𝐺୮୰୭ୢ୳ୡ୲ୱ° − 𝐺୰ୣୟୡ୲ୟ୬୲ୱ° = 𝑚𝐺° − 𝑎𝐺° − 𝑏𝐺° − ⋯.                         (7) 

The standard Gibbs energies of formation of the studied multicomponent phases 
were calculated by combining the Gibbs energies of the virtual electrochemical cell 



The EMF method with solid state electrolytes 
 

9 
 

reactions (calculated according to Equation (3)) and the standard Gibbs energies 
of the pure components, for which literature data are available. The standard 
entropies of pure compounds have been calculated by:  𝑆° = ∆𝑆° + 𝑆° + 𝑆° + ⋯.                           (8) 

Gibbs energy of phase transition at the transformation temperature Ttr can be 
expressed by: ∆୲୰𝐺° = ∆୲୰𝐻° − ቀ∆౪౨ு°౪்౨ ቁ ∙ 𝑇.                           (9) 

The high or low temperature experimental points were extrapolated to low or high 
temperatures, respectively, by using the Gibbs energies of phase transitions 
expressed by Equation (9). 

2.3.2 Simplified calculations of fG° 

According to Craig and Barton [32], temperature-dependent standard Gibbs 
energies of formation of some sulfosalts can be approximated, based on 
assumption of near-ideal mixing of simple sulphide end members to produce 
sulfosalts of intermediate composition. In the estimate of Gibbs energy of mixing 
(∆mixG° = ∆ mixH° – ∆ mixS°∙T), enthalpy of mixing was assumed to be zero. Their 
approximation formula is: ∆𝐺ୗ୳୪୭ୱୟ୪୲° = ∑ ൫𝑥୧∆𝐺ୗ୳୪୧ୢୣ° ൯ଵ + ∆୫୧୶𝐻° − [(5.02 ± 3.35) ∙ 𝑅 ∙ 𝑇 ∙ ∑ (𝑥୧ln𝑥୧)ଵ ],     (10) 

where xi is the mole fraction of the ith binary sulphide component. In the case of 
AgBi3S5 and -AgBiS2, Bryndzia and Kleppa [28] concluded that the assumption of 
∆mixH° = 0 kJ∙mol-1 made by Craig and Barton [32] is reasonable. However, they 
reported an experimental value of ∆mixH° = 12 kJ∙mol-1 for the high temperature 
phase -AgBiS2. 

We calculated the ∆𝐺° values of the studied multi-component phases also by 
using Equation (10) and thermochemical data of Barin [56]. Comparisons of the 
results obtained by this approximation method with those of our experimental 
results are discussed in Chapter 5. 
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3. Partial phase relations in selected Ag-
based systems 

This chapter summarizes previous phase equilibria studies related to the binary 
phases of the Ag-Te system and the ternary phases of the Ag-Bi-S and Ag-Cu-S 
systems. More details of partial phase relations in the studied systems can be 
found in [I–VI].  

3.1 The binary Ag-Te system 

The condensed equilibrium phases of the Ag–Te system are the liquid with a 
miscibility gap and the solid phases: Ag(fcc), Te(cph), and three intermetallic 
compounds Ag₂Te, Ag1.9Te and Ag₅Te₃ [57]. An enlargement of the two-phase 
regions Ag2Te–Ag5Te3, Ag2Te–Ag1.9Te, Ag1.9Te–Ag5Te3 and Ag5Te3–Te in the Ag-Te 
phase diagram, in which our thermodynamic measurements were performed, is 
shown in Figure 1. Stützite, Ag5 ± xTe3, has a wide homogeneity field, where 0.23 < x 
< 0.37 [2]. The phase diagram presented by Karakaya and Thompson [57] and the 
experimental studies of Kracek et al. [58] using the XRD and DTA techniques 
imply that below T = 503 K -Ag2Te, -Ag2Te, -Ag1.9Te, -Ag1.9Te and -Ag5Te3 
are the stable phases of the binary Ag-Te system. In this work, all the three Ag-Te-
intermetallic phases were synthesized from the pure elements by a method 
described in Chapter 4.  

 

  
Figure 1. A magnified phase diagram of the Ag-Te system (redrawn from [2,57]) with dashed lines 
showing the compositions and temperature ranges of EMF measurements performed in [I,II]. 
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Phase stabilities in the Ag-Te system have been investigated by several authors, 
using various experimental techniques. However, solid solubilities in the system 
are not well-defined. Thermodynamic studies of Sitte and Brunner [25] below T = 
596 K suggested that the maximum solubility of Ag into (Te) to be less than 0.7 at. 
%. The maximum solubility of Te into (Ag) is about 5∙10-3 at. % [59].  

Karakaya and Thompson [57] and Gierlotka [60] have made an assessment of 
this system, based on the available literature data. Experimental thermodynamic 
data of the binary Ag-Te system were manifested to be incomplete. In order to 
calculate the whole phase diagram accurately new thermodynamic data are 
essential. The dashed lines in Figure 1 with notations A, B and C indicate 
temperature and compositional ranges of the cathode electrodes in the study of 
thermodynamic properties of Ag-Te-intermetallic compounds that are presented 
in Chapter 5. 

3.2 The ternary Ag-Bi-S system 

In this thesis, only the ternary phases of the Ag-Bi-S system were experimentally 
studied. This chapter summarizes phase equilibria studies related to the ternary 
phases prior to this work. More details of partial phase relations in the Ag-Bi-S 
system were reviewed in [III–V].  

AgBiS2 was the first ternary phase to be synthesized in the Ag-Bi-S system [61]. 
Then, Nuffidd [62] reported the existence of an additional sulfosalt, pavonite 
(AgBi₃S₅). Recently, Kim et al. [11] synthesized pavonite with an approximated 
composition of Ag0.95Bi3.30S5. The composition of pavonite and matildite 
synthesized in our study, by a method described in Chapter 4, have approximate 
compositions of Ag1 0.01Bi3.03 0.01S5 0.01 and AgBi0.98 0.02S1.95 0.04, respectively.  

An extensive study, below T = 1123 K, conducted by Van Hook [63] and the 
results of Chang et al. [64] have shown that all the ternary phases exist on the tie 
line Ag₂S-Bi₂S₃. In contrast to AgBiS2, AgBi₃S₅ is stoichiometric and exists in only 
one structural form below Tm(incongruent) = 1005 ± 4 K [65]. Wu [66], and 
Gather and Blachnik [67] reported pavonite to melt congruently at 1018  5 K and 
994 K, respectively. However, Kim et al. [11] reported pavonite (Ag0.95Bi3.30S5) to 
melt congruently at 1008 K. These deviations could be as a result of the differences 
in the composition of pavonite.  

According to Craig [65] the maximum solid solubility limits into AgBi₃S₅ and the 
solid solubility of bismuth into AgBiS2 are less than 1 mol. %. The solid solubility of 
AgBi₃S₅ in Bi₂S₃ is less than 1 wt. %. Above T = 473 K, AgBiS2 can dissolve an 
excess of Ag2S and Bi2S3 into solid solution [64,65]. 

The phase relations in the bismuth and sulphur rich corners of the ternary Ag-Bi-
S system below T = 723 K are shown in Figure 2, which are illustrated based on 
Craig’s [68] isothermal phase diagram at 623 K and the literature information 
about the phase stabilities in the binary systems [69-75], below T = 723 K. 

Below its congruent melting point at Tm = 1074  4 K, AgBiS2 exists in two 
structural forms [65]. The low-temperature phase -AgBiS2, which corresponds to 
mineral matildite, is hexagonal (D3d (5)-R3m, a = 4.07  0.02 Å, c = 19.06  0.05 
Å) and the high temperature phase -AgBiS2 is cubic (Fm3m, ao = 5.648  0.002 Å) 
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[76]. Experiments on stoichiometric AgBiS2 indicate that the cubic form ( -
AgBiS2) is stable above T = 468  5 K and coexists with the hexagonal form ( -
AgBiS2) in the temperature range from 468  5 K to 455  3 K, and below T = 455  
3 K the hexagonal form is the stable phase [65]. According to Wu [66,77], at 
temperatures above T = 468.15  5 K matildite inverts to a cubic PbS-like 
structure, schapbachite ( -AgBiS2). The coexistence of schapbachite and matildite 
( -AgBiS2) has also been reported in the microspheres and flower-like AgBiS2 
morphologies synthesized on different templates at ~453 K [15, 19]. In the 
presence of Ag2S or AgBi3S5 only the -AgBiS2 occurs above T = 455  3 K [65]. 

 

 
Figure 2. Phase diagram of Ag-Bi-S in the Bi- and S-rich regions: Liquid bismuth appears above T = 
544.592 K [III, 78]. Solid and open circles and squares indicate compositions of the cathode 
materials of our chemical cells [III-V]. 

3.3 The ternary Ag-Cu-S system 

The orthorhombic compound anilite (Cu1.75S) is stable up to 348  3 K and the 
orthorhombic djurleite (Cu1.934S) is stable up to 366  2 K [79]. The monoclinic 
low-chalcocite ( -Cu2S) is stable up to 376 K and the hexagonal high-chalcocite ( -
Cu2S) is stable in the temperature range 376–708 K [80]. Covellite (CuS, 
hexagonal-R) is stable up to 780 K [79,80]. 

All the ternary phases of the Ag-Cu-S system exist on the Ag2S-Cu2S join and are 
stable only at temperatures below T = 392 K [81,82]. At T = 363 K, Ag0.93Cu1.07S 
transforms congruently to the solid solution of Cu2S and Ag2S (AgyCu2-yS, hcp) 
[82]. At higher temperatures solid solutions AgyCu2-yS(hcp) and Ag2-yCuyS(bcc) are 
the dominant phases [81]. According to Skinner [83] and Frueh [84], stromeyerite 
(Ag1-zCu1+zS) exhibits extended stoichiometric variation of 0  z  0.1. The 
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Ag0.89Cu1.1S reported by Takuhara et al. [85] as the stable phase of stromeyerite is 
in agreement with the estimated stoichiometric variation of stromeyerite. We 
synthesized stromeyerite of composition Ag0.9Cu1.1S to be used in our galvanic cell, 
by a method described in Chapter 4. Partial phase relations including the three 
phase region Ag0.9Cu1.1S–Cu2-xS–CuS below T = 363 K, in which our experimental 
composition lies, are shown in Figure 3. More details on the ternary system can be 
found in [VI]. 

 

 
Figure 3. A portion of isothermal phase diagram of the ternary Ag-Cu-S system, below T = 363 K 
[VI]. Solid star indicates the composition of the cathode material in our galvanic cell (M) which is 
described in Chapter 5. 
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4. Experimental section 

The binary phases in the Ag-Te system and the ternary phases in the Ag-Bi-S and 
Ag-Cu-S systems were synthesized from high purity substances purchased from 
Alfa Aesar (Germany). The conventional EMF technique has been improved in 
order to increase measurement accuracies as well as to avoid experimental 
difficulties in the study of the sulphide systems. An overview of the experimental 
techniques used in this thesis work is given below. More details of the 
experimental procedures as well as the state-of-the-art equipment used for 
temperature and EMF measurements have been described in [I–VI]. 

4.1 Materials synthesis and characterizations 

The intermetallic compounds were synthesized from high purity Ag and Te. The 
pure substances, in a fine powder form, were mixed according to the appropriate 
stoichiometric compositions of the compounds and poured into alumina crucibles. 
The alumina crucibles were placed in a vertical tube furnace in flowing H₂(g) 
atmosphere, one at a time, and heated above the melting point of Ag (Tm = 1235 K 
[78]). After a dwelling time of 30 minutes the furnace was cooled to the room 
temperature. 

The ternary phases AgBi3S5 and AgBiS2 were synthesized from a mixture of fine 
powders of high purity Ag₂S and Bi₂S₃. The pure binary phases in powder form 
were mixed in the appropriate composition for each phase, sealed in a separate 
evacuated fused silica tube and annealed in a muffle furnace at 673 K for three 
days and at 873 K for twelve days. The ‘AgBi3S5’ phase was quenched in ice water, 
while the evacuated silica glass tube was intact, and the ‘AgBiS2’ phase was left to 
cool slowly in the furnace.  

The ternary phase Ag0.9Cu1.1S was synthesized from a mixture of fine powders of 
high purity Ag2S and Cu2S. The pure binary phases in powder form were mixed in 
the appropriate composition, sealed in an evacuated fused silica tube and annealed 
in a muffle furnace at 573 K for three days and at 873 K for ten days. In an attempt 
to homogenize, the sample was heated up to 1173 K and then cooled at a rate of 4 
K∙min-1 to 338 K. The sample was then annealed at 338 K for three weeks. 

The solid RbAg4I5 electrolyte was synthesized by mixing stoichiometric amounts 
of high purity RbI and AgI with water to form a thick fluid paste, and then by 
drying in a furnace, at a slowly increasing temperature [54]. Finally, the remaining 
reactant phases were heated in a vacuum furnace at 493 K for about two hours [54] 
and heated at 433 K for about two days [86], in the same furnace. The glassy 
greenish yellow material was stored in a vacuum furnace at 343 K before use. The 
provenance and purity of all the materials used in this thesis are given in Table 1. 
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Table 1. Provenance and purity of the materials used in this thesis work. 

Chemical 
Mass 
fraction 
purity 

Source CAS No. Form 

Bismuth 0.9999 Alfa Aesar (Germany) 7440-69-9 Pieces 

Bismuth(III) sulphide 0.99999  Alfa Aesar (Germany) 1345-07-9 Lump 

Carbon 0.999995 Alfa Aesar (Germany) 7440-44-0 Powder 

Silver 0.999985 Alfa Aesar (Germany) 7440-22-4 Foil 

Silver iodide 0.99999 Alfa Aesar (Germany) 7783-96-2 Powder 

Silver(I) sulphide 0.999+ Alfa Aesar (Germany) 21548-73-2 Powder 

Tellurium 0.99999 Alfa Aesar (Germany) 13494-80-9 Powder 

Rubidium iodide 0.998 Alfa Aesar (Germany) 7790-29-6 Powder 

Argon  0.99999 AGA (Finland) 2007A7 Compressed gas  

Platinum 0.99998 Johnson Matthey, Noble 
Metals (England) 3085134/002 Wire 

Copper (I) sulphide 0.995 Alfa Aesar (Germany) 22205-45-4 Powder 

Copper (II) sulphide 0.998 Alfa Aesar (Germany) 1317-40-4 Powder 

4.1.1 Chemical analysis 

With the combined SEM-EDS analysis, the surface images showing the 
homogeneity and chemical analysis of each sample of the synthesized phases were 
obtained. The equipment used within this work was a SEM LEO 1450 scanning 
electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) which 
includes X-Max type EDS by Oxford Instruments (Abingdon, UK). The results of 
the element analysis were obtained with INCA-Energy software of Oxford 
Instruments. The SEM-EDS analyses confirmed the existence of single 
homogenous multi-component phases, in each case, within compositional ranges 
that are reported in the literature. 

4.2 The electrochemical cells 

The synthesized phases were ground into fine powders and mechanically well-
mixed with additional components before pressing into pellets from 0.0015 kg to 
0.005 kg. The synthesized compound RbAg4I5 and the commercially available AgI 
were also pressed to obtain electrolyte pellets from 0.0035 kg to 0.005 kg. The 
cathode and electrolyte pellets were formed by pressing at a pressure of ~0.1 GPa. 
A 1 mm thick silver-foil (Alfa Aesar, 99.9985 % purity) was used as a reference 
electrode. Small pieces of the silver-foil were cut such that their diameters were 
much less than that of the electrolyte pellets and pressed together with the 
electrolyte pellets, as shown in Figure 4. 

The electrode and electrolyte pellets were assembled to form the solid state 
galvanic cells in the configurations represented by cell (ii). In some galvanic cells 
which incorporated pure bismuth as part of the cathode phase assemblage, high 
purity graphite pellets were inserted between the platinum lead wire and the 
cathode material. These additional layers of graphite pellets were introduced to 
prevent the potential dissolution of platinum into bismuth at our experimental 
temperatures [87]. 
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(–) Pt | Ag | Ag+ ion conductor | cathode phase assemblage | Pt (+)                        (ii) 

 

 
Figure 4. Schematic diagram of the structures of the electrochemical cells inside alumina crucibles 
[III,IV]; (a) materials of the cathode are composed of phase assemblage without pure bismuth and 
the electrolyte is RbAg4I5, (b) material of the cathode is composed of the phase assemblages that may 
or may not include bismuth and the electrolyte is AgI. 

4.3 Experimental procedures 

4.3.1 Furnaces and measuring devices 

The stable temperature region inside a Lenton tube furnace was located and, 
during all EMF measurements, temperatures on both sides of the galvanic cells 
were measured using two Pt100 sensors (platinum resistance thermometers, PRT). 
The PRTs, with tolerance class B 1/10 Din, i.e.  0.03 K variations at 273 K, 
according to the manufacturer, were calibrated in a mixture of ice and water at 273 
K. The obtained resistance values above 100 Ω (0.02 Ω < 100 – Ro < 0.03 Ω) were 
added to a program based on LabVIEW Code from National Instruments that 
records the temperature values from each PRT.  

 
Figure 5. Schematic experimental set up for the EMF measurements in a horizontal tube furnace, 
the thin alumina tubes for holding the PRTs press the solid galvanic cells against the bottom of the 
alumina crucible to ensure good contact between the interfaces. Notations: PA stands for the 
cathode phase assemblages and Rb stands for RbAg4I5 or AgI [I,III]. 
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The platinum wires for the EMF measurements and the lead wires from the 
Pt100 sensors for temperature measurements were connected to a KEITHLEY-
6517B-electrometer/high resistance meter and a KEITHLEY-2000-multimeter, 
respectively. The input impedance of the electrometer for voltage measurements is 
2∙1014 Ω, which allows the cells to function in a reversible way, i.e., no external 
current is flowing [35]. The measured EEMF values and temperatures were 
simultaneously transferred to a computer through IEE-488-GPIB-cable and a 
KEITHLEY-KUSB-488A USB-to-GPIB interface adapter and the readings were 
recorded by the program at a rate of two measured values in 5 seconds. A 
schematic diagram of the experimental setup is shown in Figure 5.  

4.3.2 Protective atmosphere 

All experiments were run in a gas tight quartz glass tube, in a horizontal tube 
furnace. The protective atmosphere was Ar(g). The Ar(g), which was supplied as 
compressed in a cylinder, may contain impurities such as traces of O2(g) and 
H2O(g). The impurities can affect electrochemical reactions of the galvanic cells. 
To avoid the potential impurities effect, pure titanium was selected as a material to 
trap impurities prior to supply of Ar(g) to the experimental furnaces. Small pieces 
of chopped titanium plates were put into a separate gas tight tube furnace and 
Ar(g), which was fed by a DFC-digital mass flow controller (AALBORG–DFC26), 
was allowed to pass through them at 873 K before reaching the experimental 
furnaces that contained the electrochemical cell. The gas flow rate during all 
measurements was ~27.47 mL∙min-1. To avoid gaseous substances attacking the 
reference electrode (pure silver), exiting inert gas flow was directed toward the 
cathode electrode, as shown in Figure 5.  

4.3.3 Temperature and EMF measurements 

Most measurements were performed by heating and cooling the cells in steps from 
5 K to 20 K. To reach steady state EMF readings took from a few days up to a few 
weeks. The equilibrium was considered to be reached when the EEMF values were 
constant or their variations were not significant ( V  0.1 mV) and they were 
oscillating about a certain value for several hours. By manually adjusting the 
horizontal position of the galvanic cells in the furnace and observing real-time 
temperature readings from the highly accurate PRTs, temperature difference 
between the two electrodes, during all measurements, were controlled to be less 
than 1 K. Thus, any possible thermoelectric effect in the cell EMF is negligible. 

Functionality of the experimental system for EMF measurements was tested by 
measuring the EMF of the symmetric cell Ag | Ag+ | Ag, which should not result in 
any measurable potential difference. The equilibrium was considered reproducible 
when the heating and cooling curves coincided. 
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5. Results and discussion 

The results obtained within this thesis are presented in Appendices [I–VI], and a 
summary with discussion is given below. The results are divided into Ag-Te, Ag-Bi-
S and Ag-Cu-S systems. Publications [I,II] were the beginning of the experimental 
study of silver-based systems. All the Ag-Te-intermetallic phases investigated were 
previously known to some extent, which made it easier to start the experiments. 
The experimental method was developed continuously in order to obtain as 
accurate results as possible. Consequently, the accuracies of the thermodynamic 
properties of the intermetallic compounds were improved and new experimental 
data were also obtained [I,II]. Publications [III–V] deal with the three principal 
ternary phases of the Ag-Bi-S-system and publication [VI] deals with selected 
multicomponent phases of the Ag-Cu-S system. Legends and references in figures 
presented in this chapter are modified to comply with the flow of information in 
this compendium, the original figures can be found in Appendices [I–VI]. The 
errors for the temperatures were calculated based on the errors in least squares 
regression of EEMF values on temperature and the temperature differences 
obtained between the two ends of the galvanic cells. Decimals were rounded to the 
next whole number. 

5.1 EEMF values 

The EEMF vs. T relations of the solid + solid and solid + liquid phases reaction in 
the different temperature regions of stable phases are linear and fit into equations 
of the type EEMF = a + b∙T [2,23,25,26]. It suggests Δrcp = 0 kJ∙(K∙mol)-1 for the 
virtual cell reactions. Accordingly, analytical expressions for all measured EEMF 
values as a function of temperature, in different temperature regions of phase 
stabilities, were calculated with correlation coefficients close to 1. Cell 
temperatures used in the calculations are mean values of temperatures measured 
at both ends of the galvanic cells. As mentioned in Chapter 4, temperature 
differences between the two electrodes during all measurements were controlled to 
be less than 1 K.  

5.2 Ag-Te system 

In this section, a combined summary of results obtained in the Ag-Te system, 
which were published in [I,II], is presented. In the Ag-Te system, thermodynamic 
measurements were conducted in the temperature range 298–690 K. The cell 
arrangement on which the measurements were conducted can be represented by 
galvanic cells (A)–(F).  

(–) Pt | Ag | RbAg4I5 | Ag5Te3 + Te | Pt (+)                        (A) 
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(–) Pt | Ag | RbAg4I5 | Ag5Te3 + Ag1.9Te | Pt (+)                        (B) 

(–) Pt | Ag | RbAg4I5 | Ag2Te + Ag1.9Te | Pt (+)                        (C) 

(–) Pt | Ag | AgI | Ag₅Te₃ + Te | Pt (+)                         (D) 

(–) Pt | Ag | AgI | Ag₅Te₃ + Ag1.9Te | Pt (+)                         (E) 

(–) Pt | Ag | AgI | Ag₂Te + Ag1.9Te | Pt (+).                        (F) 

Based on the literature data and the results of this study, the virtual 
electrochemical cell reactions of galvanic cells (A)–(F) can be explicitly written 
over temperature regions of the different stable phases as: 

5Ag(s) + 3Te(s) ⇄ -Ag5Te3(s)                        (III) 

1/3Ag(s) + 1/3 -Ag5Te3(s) ⇄ -Ag2Te(s)                        (IV) 

0.1Ag(s) + -Ag1.9Te(s) ⇄ -Ag2Te(s)                          (V) 

0.1Ag(s) + -Ag1.9Te(s) ⇄ -Ag2Te(s)                         (VI) 

0.1Ag(s) + -Ag1.9Te(s) ⇄ -Ag2Te(s)                       (VII) 

0.232Ag(s) + 1/3 -Ag5Te3(s) ⇄ -Ag1.9Te(s)                    (VIII) 

0.232Ag(s) + 1/3 -Ag5Te3(s) ⇄ -Ag1.9Te(s)                        (IX) 

5Ag(s) + 3Te(s) ⇄ -Ag5Te3(s)                          (X) 

3.5Ag(s) + 4.5[Ag0.333Te0.667](L) ⇄ -Ag5Te3(s)                       (XI) 

0.232Ag(s) + 0.333 -Ag5Te3(s) ⇄ -Ag1.9Te(s).                      (XII) 

5.2.1 EEMF values (cathode: Ag-Te-phase assemblages) 

The Ag1.9Te–Ag2Te equilibrium (cell (C)) 

The EEMF values obtained with the galvanic cell (C) decreased sharply with 
increasing temperature from 388 K to 414 K. The observation is in reasonable 
agreement with the experimental results reported by Sitte and Brunner [25], as 
illustrated in Figure 6. However, the experimental points obtained in [I] align on 
the same line with a smaller scatter than those of Sitte and Brunner [25].  

Above T = 412 K, the -  -phase transition of Ag2Te is marked by the angular 
upward turn of the EEMF vs. T curve. Results reported by Sitte and Brunner [25] as 
well as the results reported in [II], obtained with galvanic cells in which AgI was 
used as the solid electrolyte, are in agreement with the results obtained in [I]. 
However, the experimental points of Sitte and Brunner [25] are fewer and 
scattered. In extreme case, at T ≈ 415 K, their EEMF values are 10 mV higher. 
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Figure 6. EEMF vs. T relations obtained with the galvanic cell (C) together with the literature values, 
the least squares regression lines of EEMF values on cell temperatures of publication [I] are shown 
with solid lines. 

The Ag2Te–Ag1.9Te–Ag5Te3 equilibrium (cells (B) and (C)) 

Figure 7 shows the results of the Ag5Te3-Ag1.9Te and Ag2Te-Ag1.9Te phase 
equilibria, from this work [I,II] and from the previous authors [2,25]. Below T = 
388 K, the obtained EEMF vs. T relations with galvanic cells (B) and (C) [I] are in 
good agreement with the available literature values [2,25]. 

 

 
Figure 7. The EEMF vs. T relations obtained on the galvanic cells (B) and (C) with the previous 
literature values, the least squares regression lines of EEMF values on cell temperatures of publication 
[I] are shown with solid lines. 

Below T = 393 K, the EMF and temperature relations obtained using galvanic 
cells (B) and (C) are comparable and also coincide well with the results reported by 
Echmaeva and Osadchii [2] and Sitte and Brunner [25]. The results reported by 
Echmaeva and Osadchii [2], in which the two-phase composition (similar to the 
composition in cell (C)) was used as the cathode material directly, are in good 
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agreement with the results obtained in [I]. However, the results of Sitte and 
Brunner [25] show slightly higher EEMF values for the same temperature range, as 
displayed in Figure 7. 

Above T = 388 K, the results obtained in this study lie on the least square line of 
Sitte‘s and Brunner‘s [25] experimental points. In the temperature range 426–470 
K, the results obtained in [II] are in good agreement with the results obtained in 
[I], with different cell arrangement. 

The Ag5Te3 – Te equilibrium 

Figure 8 shows the results for Ag5Te3-Te equilibrium of this study [I,II] and from 
the previous authors [25–27]. Above T = 426 K, the results obtained in this study 
with AgI electrolyte [I] and RbAg4I5 electrolyte [II] cells are in good agreement. 
Above T = 388 K, the results reported by Echmaeva and Osadchii [26], Sitte and 
Brunner [25] and Chareev et al. [27] are also in agreement with the results 
obtained in [I]. The EEMF vs. T results reported by Chareev et al. [27], which start at 
about 333 K, are slightly lower (from 3.48 mV to 0.01 mV) below T = 382 K and 
slightly higher (from 3.5 to 0.7 mV) above T = 382 K. 

 

 
Figure 8. EEMF vs. T relations obtained with the galvanic cells (A) and (D), together with the literature 
values [25–27]. The linear least square lines of the present work are shown with solid lines [I]. 

Below T = 358 K the results reported by Echmaeva and Osadchii [26] are lower 
than the current observations from 5.7 mV to 1 mV, with the difference decreasing 
as the temperature increases. This deviation may also be attributed to the shift in 
the furnace peak temperatures, which in turn increase the temperature gradients 
along the cell. In the experimental work that resulted in publication [I], 
temperatures at both ends of the electrodes were simultaneously measured by the 
Pt100 sensors and these effects were noted and the necessary adjustments were 
made, as discussed in Chapter 4. 
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The Ag2Te–Ag1.9Te–Ag5Te3–Te equilibria 

The EEMF vs. T plots obtained through the linear least square fitting of the 
experimental points in [I] are summarized in Figure 9. A combined result of the 
electrochemical measurements in [I,II] are shown in Figure 10.  
 

 

Figure 9. EEMF vs. T plots obtained through least square fitting of the experimental data obtained in 

[I]. 

The results obtained with galvanic cell (C) in the temperature range 388–413 K 
show that the formation of the intermediate phase Ag1.9Te is indicated by a sudden 
decrease of the EEMF values with increasing temperature, as illustrated in Figure 9. 
This behaviour is in agreement with the experimental results reported by Sitte and 
Brunner [25]. Above T = 411 K, the -  -Ag2Te phase transition is indicated by 
the change of the slope in the EEMF vs. T plot.  

 

 

Figure 10. A summary of the EEMF vs. T relations obtained with galvanic cells (A)–(C) [I,II]. 
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The change in the slope of the EEMF vs. T plot at about 451 K, as shown in Figure 
9, is because of the phase transition -  -Ag1.9Te. Over the two-phase region 
Ag5Te3–Ag1.9Te, the slope of EEMF vs. T plot is also decreased at about 453 K, which 
obviously is caused by the phase transition of -  -Ag1.9Te. In the temperature 
range 473–593 K, the two-phase region of Ag1.9Te–Ag₂Te exhibits a smooth linear 
EEMF vs. T relation, as shown in Figure 10. 

Figure 11 illustrates the EEMF vs. T plot obtained with galvanic cell (D) and the 
literature values. The results obtained show a tendency for a larger scatter with 
increasing temperature. At lower temperatures all reported EEMF values, 
particularly, the results of Echmaeva and Osadchii [2], are in good agreement with 
the results obtained in [II].  

 

 
Figure 11. EEMF vs. T plot obtained with galvanic cell (D) together with the literature values [II]. 

Below T = 568 K, the EEMF measured in the two-phase region Ag5Te3–Te is 
increasing along with temperature, as shown in Figures 10 and 11. At about 382 K, 
the EEMF vs. T plot turns upward with increasing temperature. A similar effect can 
also be observed in the works of [2,26]. This could be an indication for the 
particular case where Δrcp ≠ 0 kJ∙(K∙mol)-1, as expressed by Echmaeva and 
Osadchii [2]. Future phase characterization works for this particular compositional 
and temperature range may confirm the solid phase relations that are involved in 
this reaction.  

The slight bending of the EEMF vs. T plot at about 568 K, as shown in Figure 10, 
can be interpreted to have been caused by the phase transition -  -Ag5Te3. In 
the temperature range 629–689 K the EEMF vs. T relation flattens out, as shown in 
Figures 10 and 11. This is an indication of crossing the eutectic temperature, which 
according to these results exists at 629.6 K. 

Analytical forms of EEMF and Ttr 

The linear equations obtained for the EEMF vs. T relations in [I,II] are compiled in 
Table 2. 



Results and discussion 
 

24 
 

By solving selected equations in Table 2 simultaneously, the temperature at 
which eutectoid decomposition of -Ag1.9Te ⇄ 0.1 -Ag₅Te₃ + 0.7 -Ag₂Te, 
involving EEMF values obtained with galvanic cells (C) and (F), is found to be 390  
3 K. This is in the range of the eutectoid decomposition temperature reported by 
Kracek et al. [58], 393  15 K. The phase transition temperature for -  -Ag2Te, 
at -Ag1.9Te saturation, is determined to be 412  2 K and that of -  -Ag1.9Te is 
451  3 K. The former is in good agreement with the results reported by Mustafaev 
et al. [88], 410 K, and both values are in fair agreement with the results of Kracek 
et al. [58]. However, the phase transition temperature of -  -Ag2Te, at silver 
saturation, reported by Kracek et al. [58] (Ttr = 418  3 K) is slightly higher. The 
slightly lower temperature of phase transition observed in this and Mustafaev’s et 
al. [88] study is consistent with Frueh’s [89] observation that the phase 
transformation temperature of -  -Ag2Te is slightly higher at the saturation of 
silver. The phase transition temperatures of - ⇄ -Ag₅Te₃, 568 K and - ⇄ -
[Ag1.9Te + Ag₂Te], 450.52 K and eutectic temperature through the reaction 1.3 -
Ag₅Te₃ + 2.1Te ⇄ -Ag₅Te₃ + 4.5[Ag0.333Te0.667](L), 629.73 K, were obtained. The 
eutectic temperature obtained in this study is 3.6 K higher than the value given in 
the assessment of Karakaya and Thompson [57], which is mainly based on the 
experimental DTA data of Kracek et al. [58]. 

Table 2. Values of the coefficients a and b, which were calculated by least squares linear regression 
of EEMF values on temperature-values in the two-phase regions of the Ag-Te system [I,II]. 

Equilibrium phases 
EEMF(mV) = a + b∙T 

T/K N Ref. 
a b∙10-2 R2 

-Ag5Te3 + Te 

201.53 5.27 0.9652 298–382 7 [I] 

156.69 16.95 0.9893 382–477 12 [I] 

141.02 20.58 0.9995 426–569 18 [II] 

-Ag5Te3 + Te 124.32 23.52 0.9994 570–625 10 [II] 
-Ag₅Te₃ + L(Ag0.333Te0.667) 289.56 -2.72 0.9210 628–690 7 [II] 
-Ag5Te3 + -Ag2Te (in galvanic cell (C)) 220.37 -7.83 0.9138 366–376 7 [I] 

-Ag5Te3 + -Ag2Te (in galvanic cell (B)) 219.44 -8.00 0.8763 377–498 10 [I] 

-Ag2Te + -Ag1.9Te 
854.00 -170.59 0.9358 391–409 12 [I] 

48.37 25.36 1.0000 426–448 3 [II] 

-Ag2Te + -Ag1.9Te -19.254 41.00 0.9845 419–450 4 [I] 

-Ag2Te + -Ag1.9Te 
30.698 29.94 0.8263 456–477 4 [I] 

-46.00 46.3 1.0000 457–567 13 [II] 

-Ag5Te3 + -Ag1.9Te 44.893 37.31 0.9608 394–451 11 [I] 

-Ag5Te3 + -Ag1.9Te 53.467 35.42 0.9999 452–472 3 [I] 

-Ag5Te3 + -Ag1.9Te 127.8 21.0 0.9987 578–630 3 [II] 

5.2.2 Thermodynamic functions of the Ag-tellurides 

Electrochemical studies of the thermodynamic properties related to the solid 
intermetallic phases in the Ag-Te system have been previously made by several 
researchers [2,25–27]. A comparison of experimental thermodynamic properties 
determined in this work [I,II] with those available in the literature is compiled in 
Table 3.  
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Table 3. Summary of experimentally determined standard thermodynamic functions for the reactions 
(III)–(XII). The standard states are: Ag(fcc) and Te(hex) [I,II]. 

Reaction fG°/J∙mol-1 fH°/J∙mol-1 fS°/J∙(K∙mol)-1 T/K Ref. 

(III) 
 

-97222.7  720 - (25.42  2) ∙T -97222.7  720 25.42  2 299–382 [I] 

-81700 - 66.8 ∙T  -81700.00 66.80 298–385 [26] 

-75590.8  1296 - (81.8  3) ∙T -75590.8  1296 81.8  3 382–477 [I] 

-124220 + 750.99∙T - 118.87 ∙T 
lnT 

-124220 + 
1383.11 ∙T -
237.74 ∙T ∙ lnT 

632.12 -
118.87∙lnT 298–500 [2] 

-70612.2  922 - (94.7  2) ∙T -70612.2  922 94.7  2 410–500 [27] 

-63593  724 - (111.9  24) ∙T -63593  724 111.9  24 383–563 [25]  

-51870  724 - (134.1  15) ∙T -51870  724 134.1  15 473–613 [25]  

-68031.3  256 - (99.3  0.5) ∙T -68031.3  256 99.3  0.5 426–568 [II] 

(IV) -7072.5  124 + (2.5  0.4) ∙T -7072.5  124 -2.5  0.4 295–384 [I] 

(V) -15065.2  1122 + (30.2  3) ∙T -15065.2  1122  -30.2  3 391–409 [I] 

(VI) 188.5  153 - (7.2  0.4) ∙T 188.5  153 7.2  0.4 419–450 [I] 

(VII) -300.5  38) - (5.3  0.1) ∙T -300.5  38 5.3  0.1 456–477 [I] 

(VIII) -1004.4  232 - (8.4  0.6) ∙T -1004.4  232 8.4  0.6 393–451 [I] 

(IX) 
-1196.2  37 - (7.9  0.1) ∙T  -1196.2  37 7.9  0.1 452–472 [I] 

-1004.3  43 - (8.4  0.3) ∙T -1004.3  43 8.4  0.3 453–533 [25] 

(X) -59974.8  574 - (113.5  1)∙T -59974.8  574 113.5  1 569–624 [II] 

(XI) -97783.2  1089 + (9.2  2) ∙T -97783.2  1089 -9.2  2 629–690 [II] 

(XII) 
-2859.5  103 - (4.7  0.2) ∙T -2859.5  103 4.7  0.2 579–630 [II] 

-2340.7  38 - (5.7  0.2) ∙T -2340.7  38 5.7  0.2 543–593 [25] 

Table 4. Standard thermodynamic functions for the formation reactions of the intermetallic phases. 
The calculations are solely based on experimental results within this thesis. The standard states are: 
Ag(fcc) and Te(hex) [I,II]. 

Phase fG°/J∙mol-1 fH°/J∙mol-1 fS°/J∙(K∙mol)-1 T/K 

-Ag5Te3(s) 
-97222.7 720 - (25.4  2)∙T -97222.7  720 25.4  2.0 299–382 

-75590.8  1296 - (81.8  3) ∙T -75590.8  1296 81.8  3.0 382–477 

-Ag2Te(s) -39480  240 -(6.0  0.7 ) ∙T -39480.0  240 6.0  0.7 299–382 

-Ag2Te(s) -26012.9  1858 - (42.8  9) ∙T -26012.9  1858  42.8  9.0 419–450 

-Ag1.9Te(s) -26201.3  1117 - (35.6  2)∙T -26201.3  1117  35.6  2.0 393–451 

-Ag1.9Te(s) -26393.2  470 - (35.2  1)∙T -26393. 2  470  35.2 1.0 452–472 

 
The standard Gibbs energies of formation of the intermetallic phase Ag5Te3, as 

given in Table 3, were directly calculated from the measured EEMF values obtained 
with galvanic cell (A), according to Equation (3). Standard Gibbs energies of 
formations of the intermetallic phases Ag1.9Te and Ag2Te were calculated by 
combining the EEMF values obtained with galvanic cells (A)–(C). For instance, the 
standard Gibbs energies of formation of the intermetallic phase Ag2Te were 
calculated by combining the experimentally determined standard Gibbs energies 
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of formation of reaction (III) and Gibbs energies of reaction (IV). Results of the 
determined standard Gibbs energies of formations of the three intermetallic 
phases are compiled in Table 4.  

The determined standard Gibbs energies of formations of the intermediate phase 
Ag2Te in [I] are in fair agreement with the results given in the literature [56]. For 
instance; fG°( -Ag2Te, 300 K) = -41.6 kJ∙mol-1 and fG°( -Ag2Te, 421 K) = -44.10 
kJ∙mol-1, which were reviewed by Barin [56], are both consistent with the values 
determined in [I]; fG°( -Ag2Te, 300 K) = -41.3  0.5 kJ∙mol-1 and fG°( -Ag2Te, 
421 K) = -44.0  5.5 kJ∙mol-1, respectively. Mustafaev et al. [88], Reinhold [90] and 
Takahashi [91] studied the thermodynamic properties of -Ag2Te by the EMF 
method. Their results at 298.15 K; fG°( -Ag2Te) = -36.6  0.3 kJ∙mol-1 [88], 

fG°( -Ag2Te) = -44.2 kJ∙mol-1 [90] and fG°( -Ag2Te) = -41.4 kJ∙mol-1 [91] are in 
fair agreement with the result obtained in [I], fG°( -Ag2Te) = -40.1  0.3 kJ∙mol-1. 
Mustafaev et al. [88] reported fG°( -Ag2Te, 432 K) = -39.4  0.2 kJ∙mol-1, the 
corresponding value calculated in [I] is fG°( -Ag2Te, 432 K) = -44.5  5.7 kJ∙mol-

1. Despite the fact that - fG°(432 K, -Ag2Te) is slightly higher in [I], their reported 
ΔfS°( -Ag2Te, 432 K) = 42.5  2.2 kJ∙(K∙mol)-1 is in good agreement with the result 
observed in [I] in the temperature range 419–450 K, ΔfS°( -Ag2Te) = 42.8  9.0 
kJ∙(K∙mol)-1. The calorimetric study by Pool [92] resulted in fH°( -Ag2Te, 273 K) 
= -36.0 kJ∙mol-1. His value is in reasonable agreement with the result observed in 
[I] over the temperature range 299–382 K, fH°( -Ag2Te) = -39.5  0.24 kJ∙mol-1. 

Sitte and Brunner [25] determined the standard Gibbs energies of formations of 
the intermetallic compounds in the Ag-Te system as well as the activities of silver 
and tellurium in the two-phase regions at 473 K. Their reported value for the 
standard Gibbs energies of formation of the intermediate phase Ag2Te, fG°( 
Ag2Te, 473 K) = -45.3  0.1 kJ∙mol-1, is slightly more positive than the value 
obtained in [I], fG°(Ag2Te, 473 K) = -46.3 kJ∙mol-1. However, their reported value 
for the standard Gibbs energies of formation of the intermediate phase Ag5Te3, 

fG°(Agl.625Te, 473 K) = -37.7  0.1 kJ∙mol-1, as well as the result obtained by 
Bonnecaze et al. [93], fG° (Agl.62Te, 435 K) = -36.0 kJ∙mol-1, are consistent with 
the result obtained in [I], fG°(Agl.625Te, 473 K) = -37.14 kJ∙mol-1. From 
dissociation pressure measurements by a Knudsen effusion method, Mills [94] 
calculated the standard enthalpy of formation of stützite to be fH°(Ag1.64Te, 
298.15 K,) = -29.7  5.0 kJ∙mol-1, the corresponding value determined in [I] is 

fH°(Ag1.64Te, 298.15 K) = -31.9 ± 0.24 kJ∙mol-1. Gobec and Sitte [95] calculated 
the enthalpy of formation of stützite, on the basis of the Miedema model presented 
by Eichler et al. [96], to be fH°(Agl.667Te, 298.15 K) = -24.2 kJ∙mol-1; this value is 
off by about 8 kJ∙mol-1 from the result obtained in [I], fH°(Agl.667Te, 298.15 K) = -
32.4 ± 0.24 kJ∙mol-1. Results reported by Echmaeva and Osadchii [2], fH°( 
Ag₅Te₃, 298.15 K) = -88.78 ± 3.4 kJ∙mol-1, and Abbasov and Mustafaev [97], fH°( 
Ag₅Te₃, 298.15 K,) = -89.29 kJ∙mol-1, are in a fair agreement with the result 
obtained in [I], fH°(Ag₅Te₃, 298.15 K) = -97.2 ± 0.7 kJ∙mol-1. As a result of the 
vapour pressure measurements, Mills [94] reported fH°(Ag5Te3, 298.15 K,) = -
98.7 kJ∙mol-1. His value is in good agreement with the result obtained in [I]. 
Castanet et al. [98] determined fH°(523 K, -Ag₅Te₃) = -67.6 kJ∙mol-1, by the 
calorimetric method, this value is in reasonable agreement with the value 
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determined in [I] in the temperature range 382–477 K, fH°( -Ag₅Te₃) = -75.6 ± 
1.3 kJ∙mol-1. 

5.3 Ag-Bi-S system 

In this section, a combined summary of results obtained in the Ag-Bi-S system, 
which are published in [III–V], is presented. In the Ag-Bi-S system, 
thermodynamic measurements were conducted in the temperature range 299–699 
K. The cell arrangement on which the measurements were conducted can be 
represented by galvanic cells (G)–(K).  

(–) Pt | Ag | RbAg4I5 | AgBi₃S₅ + Bi₂S₃ + S | Pt (+)                        (G) 

(–) Pt | Ag | RbAg4I5 | AgBi₃S₅ + Bi₂S₃ + S + C | Pt (+)                       (H) 

(–) Pt | Ag | AgI | AgBi₃S₅+ Bi₂S₃ + Bi | C | Pt (+) (I) 

(–) Pt | Ag | RbAg4I5 | -AgBiS2 + AgBi₃S₅ + S | Pt (+)                        (J) 

(–) Pt | Ag | AgI | -AgBiS2 + AgBi₃S₅+ Bi | C | Pt (+).                       (K) 

Based on the literature data and the results observed in [III–V], the virtual 
electrochemical cell reactions of galvanic cells (G)–(K) can be explicitly written 
over temperature regions of the different stable phases as: 

Ag(s) + 1.5Bi₂S₃(s) + 0.5 -S ⇄ AgBi₃S₅(s)                   (XIII) 

Ag(s) + 1.5Bi₂S₃(s) + 0.5 -S ⇄ AgBi₃S₅(s)                    (XIV) 

Ag(s) + 1.5Bi₂S₃(s) + 0.5S(L) ⇄ AgBi₃S₅(s)                      (XV) 

Ag(s) + 5/3Bi₂S₃(s) ⇄ AgBi3S5(s) + 1/3Bi(s)                    (XVI) 

Ag(s) + 5/3Bi₂S₃(s) ⇄ AgBi₃S₅(s) + 1/3Bi(L)                   (XVII) 

2/3Ag(s) + 1/3AgBi₃S₅(s) + 1/3 -S ⇄ -AgBiS2                 (XVIII) 

2/3Ag(s) + 1/3AgBi₃S₅(s) + 1/3 -S ⇄ -AgBiS2                    (XIX) 

2/3Ag(s) + 1/3AgBi₃S₅(s) + 1/3S(L) ⇄ -AgBiS2                     (XX) 

3/5Ag(s) + 2/5AgBi₃S₅(s) ⇄ -AgBiS2 + 1/5Bi(s)                    (XXI) 

3/5Ag(s) + 2/5AgBi₃S₅(s) ⇄ -AgBiS2 + 1/5Bi(s)                  (XXII) 

3/5Ag(s) + 2/5AgBi₃S₅(s) ⇄ -AgBiS2 + 1/5Bi(L).                 (XXIII)  

For simplicity reasons, we express pavonite, matildite and schapbachite in 
equilibrium with bismuth or sulphur as stoichiometric AgBi3S5, -AgBiS2 and -
AgBiS2, respectively, in all reactions within this thesis. According to Craig [65], the 
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maximum solid solubilities into AgBi₃S₅ and solid solubility of bismuth into 
AgBi1+xS2 are less than 1 mol. %. The solid solubility limits of sulphur into the 
ternary phases have not been numerically reported, however, the extent of the 
solid solubility at 623 K can be seen in Figure 2. 

5.3.1 EEMF values (cathode: Ag-Bi-S phase assemblages) 

The EMF-measurements conducted on galvanic cell (G) have shown very long 
equilibration times and failed at higher temperatures [III]. To improve this 
sluggish experimental period, graphite powder was added into the phase 
assemblage for study (cell (H)). The galvanic cells which contained graphite (5, 7, 9 
and 12 wt. % C) resulted in a steady EMF readings in most cases in less than a 
week. The results obtained on the galvanic cells (G) and (H) are shown in Figure 
12. As also noted by Schmidt et al. [29], the addition of graphite altered the EEMF 
values. However, as reported by Schmidt et al. [29] with a suggestion of further 
studies, the pattern in which the EEMF values were altered consistently in 
accordance with the amount of added graphite was not observed in [III]. Addition 
of 5, 9 and 12 wt. % C to the cathode phase assemblage of cell (G) (i.e., cell (H)) 
resulted in an increase of approximately the same EEMF values, as shown in Figure 
12. The increase in EEMF values due to the addition of graphite may indicate that 
the presence of graphite, which was assumed to be inert from the chemical 
reactions point of view, not only improved the electronic conductivity in the 
cathode materials, but may have also caused side reactions to take part in the 
overall chemical cell reactions. The results obtained with galvanic cell (H) 
incorporating graphite may only be considered as indirect measurements. More 
experimental work should be done to elucidate the effect of graphite addition on 
the EEMF values.  

 

 
Figure 12. A summary of the EEMF vs. T relations obtained with galvanic cells (G) and (H) together 
with the literature values, the least square fitting of the experimental points are shown with solid lines 
[III].  
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Measurements conducted on galvanic cell (I) have also shown long equilibration 
times. At 492.69 K, it took up to three weeks to reach equilibrium. The results 
obtained with galvanic cell (I) are shown in Figure 13. 

As can be seen in Figure 13, in the temperature range 492.7–528 K the EEMF 
values increased slightly with increasing temperature. Above T = 548 K, the slope 
of the EEMF vs. T plot turned upward remarkably. This is an indication for a 
significant phase change in the cathode phase assemblage [III].  

The measured EEMF values with galvanic cells (J) and (K) at different 
temperatures are shown in Figures 14 and 15, respectively.  

 

 
Figure 13. EEMF vs. T relations obtained with galvanic cell (I), the least square fitting of the 
experimental points are shown with solid lines. Literature values for the same EMF cell and 
temperature range are not available [III].  

 

 
Figure 14. EEMF vs. T relations obtained with galvanic cell (J) together with the literature values, the 
least squares regression lines of EEMF values on cell temperatures of this work are shown with solid 
and dashed lines [IV].  
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Below T = 390 K, as shown in Figure 14, the EEMF values obtained in [IV] are 
approximately 0.027 V less than the values reported by Schmidt et al. [30]. Most of 
their experimental points were obtained from galvanic cells which had additional 2 
wt. % C in the cathode material. In the earlier study [III], we observed that 
galvanic cells (H) with cathode materials incorporating different compositions of 
graphite (AgBi3S5-Bi2S3-S-(0…12 wt. % C)) result in different EEMF values at the 
same temperatures. Schmidt et al.’s [29] previous work also suggested that EEMF 
values from galvanic cells containing graphite as an additional constituent of the 
cathode material are different from graphite free cathodes of the same materials, 
for poorly defined reasons. Thus, the presence of graphite may have increased 
their EEMF values. Recently, Voronin and Osadchii [7] have measured the EMF of a 
galvanic cell similar to that of our cell (K), for which the measured EEMF values are 
shown in Figure 15. However, they report EEMF values within the temperature 
range 303–403 K; furthermore, their cathode (Ag-Bi-S phase assemblages) 
incorporated 15 wt. % C. Therefore, our results shown in Figure 15 could not be 
directly compared with their results. 

 

 
Figure 15. A summary of the EEMF vs. T relations obtained with galvanic cell (K), the least square 
fitting of the experimental points are shown with solid lines. The open diamond point was not 
included in the calculations. No literature values for the same cell and temperature range are 
available [V].  

Least squares regression of all measured EEMF values on temperatures of cell (J), 
which is shown with a dashed line in Figure 14, indicate that EEMF values increase 
with increasing temperature. According to the literature, sulphur undergoes 
polymorphic phase transition at Ttr = 368.30 K [56,65,99]. Based on this 
information least squares regression of the measured EEMF values on temperatures 
of cell (J) were also made within the experimental temperature range 325–356 K, 
as shown with a solid line in Figure 14. The slope of the dashed line is relatively 
lower than that of the solid line. This could be as a result of phase transformation 
and melting of sulphur in the cathode material (the phase assemblage -AgBiS2-
AgBi₃S₅-S) after crossing the phase transformation temperature Ttr(sulphur) ≈ 
368.30 K. Linear analyses taking three EEMF vs. T values obtained with galvanic cell 
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(K), at a time, did not show any angular turn on the curve for the whole 
experimental values, as shown in Figure 15.  

The EMF measurements conducted on galvanic cell (K) also showed long 
equilibration times. For instance, at 429 K and 673 K, it took about 15 days and 3 
days to reach equilibrium, respectively. The results obtained from galvanic cell (K) 
are shown graphically in Figure 15.  

As can be seen in Figure 15, in the temperature range 429–464 K the EEMF values 
decreased with increasing temperature. Above T = 474 K, the slope of the EEMF vs. 
T curve turned upward remarkably. Above T = 550 K, the EEMF vs. T curve turned 
again noticeably upward and the EMF increased with increasing temperature. As 
also observed in previous studies [I–IV] and [2,25,100], the discontinuities in the 
slope of the EEMF vs. T curve are considered to be due to phase transitions in the 
cathode phase assemblage AgBiS2-AgBi3S5-Bi [V].  

Analytical forms of EEMF and Ttr  

The calculated equations for the temperature dependence of EEMF values obtained 
with galvanic cells (G)–(K), for different concentrations of graphite are compiled 
in Table 5. 

Table 5. Values of the coefficients a and b obtained through linear least square analysis of the 
measured EMF and temperature values with the galvanic cells (G)–(K) [III–V]. 

Galvanic 
Cell 

Wt. % C 
EEMF(mV) = a + b∙T 

T/K N Ref. 
a b∙10-2 R2 

cell (G) - 199.93 13.81 0.8843 299–338 5 [III] 

cell (H) 5 231.37 11.81 0.9328 303–460 9 [III] 

cell (H) 7 223.48 11.14 0.9203 303–451 11 [III] 

cell (H) 9 235.06 11.03 0.9983 303–448 9 [III] 
cell (H) 12 221.40 14.67 0.9504 423–452 3 [III] 
cell (J) - 73.79  39.25 0.933 325–356 7 [IV] 

cell (K)  - 210.68  -29.86  0.733 429–464 6 [IV,V] 

cell (K)  - 84.20 -2.69 0.610 474–543 5 [V] 

cell (K)  - 34.88  6.37 0.970 550–699 12 [V] 

cell (I) - 202.08  0.30 0.9079 492–528 4 [III] 

cell (I) - 174.96  5.281 0.9682  548–594 4 [III] 

 
By solving simultaneously the selected equations in Table 5, which were 

calculated from the results obtained with galvanic cell (K), the phase transition 
temperatures in the experimental temperature range 429–699 K were found to be 
465.6  5 K and 544.0  4 K [V]. And, by solving simultaneously other selected 
equations in Table 5, which were separately obtained with galvanic cell (I), phase 
change temperature in the temperature range 492–594 K was found to be 544.5  
3.8 K [III]. These temperatures are in good agreement with the literature values of 

-  -AgBiS2 polymorphic phase transition temperature, 468.7  5 K [65,66,77], 
and the melting point of bismuth, 543–544.6 K [65,78,87]. The lower polymorphic 
phase transition temperature from - to -AgBiS2 obtained in [V], compared to 
previous observations [65,66,77], may be a result of excess bismuth in our 
experimental phase. This phase transition temperature lowering effect of bismuth 
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saturation is in reasonable agreement with the conclusion made by Craig [65], i.e., 
in the presence of AgBi3S5, the phase transition temperature of the coexisting 
phase AgBiS2 is lower. 

5.3.2 rG° values of reactions including Ag-Bi-sulfosalts 

The Gibbs energies of reactions (XIII), (XVI)–(XVIII) and (XXI)–(XXIII) were 
calculated directly from the measured EEMF vs. T values according to Equation (3). 
The results obtained for each reaction are expressed by Equations (11)–(17), 
respectively.  ∆୰(ଡ଼୍୍୍)𝐺° =  −19.291 − 13.30 ∙ 10ିଷ ∙ 𝑇          (299–338 K)                   (11) ∆୰(ଡ଼୍)𝐺° =  −19.498 − 0.2895 ∙ 10ିଷ ∙ 𝑇     (492–528 K)                  (12) ∆୰(ଡ଼୍୍)𝐺° =  −16.881 − 5.0953 ∙ 10ିଷ ∙ 𝑇     (548–594 K)                  (13) ∆୰(ଡ଼୍୍୍)𝐺° = −4.75 ± 1.1 − (25.25 ± 3.0) ∙ 10ିଷ ∙ 𝑇      (325–356 K)                   (14) ∆୰(ଡ଼ଡ଼୍)𝐺° = −12.19 ± 2.3 + (17.26 ± 5.2) × 10ିଷ ∙ 𝑇      (429–464 K)                   (15) ∆୰(ଡ଼ଡ଼୍୍)𝐺° = −4.87 ± 0.37 + (1.56 ± 0.7 ) ∙ 10ିଷ ∙ 𝑇      (474–543 K)                   (16) ∆୰(ଡ଼ଡ଼୍୍୍)𝐺° = −2.02 ± 0.13 − (3.69 ± 0.2 ) ∙ 10ିଷ ∙ 𝑇      (550–699 K).                  (17) 

The enthalpy of melting of bismuth can be calculated from Equations (12) and 
(13). In the absence of accurate data on the solubility of bismuth in pavonite at 
different temperatures, the mole fraction of bismuth in a bismuth-saturated 
pavonite can only be estimated based on Craig’s [65] assumption that the 
maximum solid solubility into AgBi₃S₅ is less 1 mol. %. Accordingly, by considering 
the number of moles of bismuth in reactions (XVI) and (XVII) as well as the 
possible solubility of bismuth (0.18….0.99 mol. %) into AgBi3S5, reactions (XVI) 
and (XVII) can be re-expressed as: Ag + 5/3Bi₂S₃ ⇄ AgBi3+xS5 + (1-3·x/3) ·Bi(s,L). 
Based on these solubility ranges and the errors while calculating the least squares 
regression Equations (12) and (13); meltH°(Bi) was calculated to be 9.41  2.4 
kJ∙mol-1 [III]. The values are in agreement with those reported in [56,99,101–104], 
8.5–11.3 kJ∙mol-1.  

According to thermochemical data compiled in [56,99], pure sulphur undergoes 
polymorphic phase transition and melting over the experimental temperature 
range 298–450 K [IV]. Consequently, Gibbs energies of phase transition and 
melting of sulphur that should be considered above Ttr = 368.30 K were calculated 
according to Equation (9) using thermodynamic values of [56,99] in reactions 
(XXIV) and (XXV).  

-S ⇄ -S            trH° = (0.364–0.439) kJ∙mol-1    Ttr = 368.30 K                (XXIV) 

-S ⇄ S(L)           meltH° = (1.26–1.99) kJ∙mol-1       Tmelt = 388.36 K               (XXV) 

Bi(s) ⇄ Bi(L)       meltH° = (8.95–12.9) kJ∙mol-1      Tmelt = 544.52 K.             (XXVI) 
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Thus, the low temperature experimental values from galvanic cell (J), over the 
temperature range 325–356 K, were extrapolated to high-temperatures, with -S 
and S(L) as standard states, using reactions (XXIV) and (XXV) and Equation (9). 
The least squares analysis yields Equations (18) and (19) of reactions (XIX) and 
(XX), respectively.  ∆୰(ଡ଼୍ଡ଼)𝐺° = −4.61 ± 1.1 − (25.61 ± 3.0 ) × 10ିଷ ∙ 𝑇          (371–382 K)               (18) ∆୰(ଡ଼ଡ଼)𝐺° = −4.04 ± 1.1 − (27.09 ± 3.0) × 10ିଷ ∙ 𝑇         (395–450 K).             (19) 

Considering bismuth as the only phase that dissolves into AgBiS2 in the studied 
phase assemblage AgBiS2-AgBi3S5-Bi, the enthalpy of phase transformation of -
AgBi1+xS2 to -AgBi1+xS2 can be calculated from Equations (15) and (16). As the 
solid solubility of silver into bismuth is negligible at the experimental 
temperatures [69,70]; the enthalpy of melting of bismuth can also be calculated 
from Equations (16) and (17). Including the errors while calculating the least 
squares regression Equations (15)–(17); trH (AgBi1+xS2) was found to be 7.3  
2.1 kJ·mol-1 and that of meltHBi(s) Bi(L) was found to be 12.9  1.3 kJ·mol-1. The 
errors for the enthalpy values were also calculated based on the errors in least 
square fitting of the experimental data and the measured temperature differences 
between the two electrodes during the measurements. 

The average meltHBi(s) Bi(L) value estimated in [V] is slightly higher than the 
average value, 9.41  2.4 kJ·mol-1, estimated in a different phase assemblage as 
reported in [III]. However, it is in a reasonable agreement with the compiled 
values reported in [99], from 8.95 kJ·mol-1 to 12.33 kJ·mol-1. The 

trH (AgBi1+xS2) value estimated in [V] is also in agreement with the only 
available literature value trH (AgBiS2) = 10.5  4.6 kJ·mol-1 reported in [28]. 

5.3.3 fG° values of pavonite  

By interpolating the fG°(Bi2S3) values compiled in [56] at the experimental 
temperatures and combining those with the determined rG° values of reactions 
(XIII)–(XVII), in the temperature range 299–594 K, the Gibbs energies of 
formation of pavonite were calculated [III]. The interpolation of fG°(Bi2S3) vs. T 
data of [56] at the experimental temperatures were done in three temperature 
regions; 298–300 K, 400–500 K and 600–700 K, taking into account the 
temperature regions in which -S, -S, S(L), Bi(s) and Bi(L) are the stable phases. 
The calculations yield fG°(‘AgBi3S5’) values in different temperature regions: ∆𝐺ᇱ୧యୗఱᇱ° = −233.92 ± 0.88 + (0.50 ± 2.78) ∙ 10ିଷ ∙ 𝑇            (299–338 K)     (20) ∆𝐺ᇱ୧యୗఱᇱ° = −271.76 ± 0.04 + (50.51 ± 0.07) ∙ 10ିଷ ∙ 𝑇          (492–528 K)     (21) ∆𝐺ᇱ୧యୗఱᇱ° = −318.69 ±  0.37 + (137.10 ±  0.65)  ∙ 10ିଷ ∙ 𝑇   (548–594 K).    (22) 

In the temperature range 299–594 K, in which EMF measurements with galvanic 
cell (I) were conducted, pure sulphur and bismuth undergo phase transition and 
melting [56,65,78,99,105,106]. Therefore, the high temperature experimental data 
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in which -S, S(L) and Bi(L) are stable phases were extrapolated to low 
temperatures with -S and Bi(s) as standard states by reactions (XXIV)–(XXVI) 
and Equation (9) [III]:  ∆𝐺ᇱ୧యୗఱᇱ° = −268.65 ± 6.9 + (37.1 ± 13.5 ) ∙ 10ିଷ ∙ 𝑇             (299–369 K).    (23) 

The trG° values considered at each temperature above Ttr(sulphur) = 368.30 K 
and Tmelt(bismuth) = 544.50 K were calculated using the literature data reported in 
[78,99,56,107,108], as well as the estimated meltH(Bi) in [III] and Equation (9). 
The errors were calculated by taking into account the different values of the 
enthalpies of phase transition and melting of sulphur and bismuth 
[56,78,99,107,108], including the estimated values in [III], and the errors in least 
square fitting of the experimental data. Differences in the literature values of the 
phase transition temperatures of bismuth and sulphur [56,65,78,99,105,106] are 
small and insignificant in the trG° calculations.  

As can be seen in Figure 16, the standard Gibbs energies of formation of pavonite 
calculated through the analysis of results obtained with galvanic cell (G) are more 
positive than those of the standard Gibbs energies obtained with galvanic cell (I). 
The observed differences in fG° values can be interpreted as the difference 
between thermodynamic properties of pavonite saturated with sulphur (Equation 
(20)) and bismuth (Equation (23)). As the results expressed in Equations (20) and 
(23) indicate, pavonite saturated with bismuth (AgBi3+xS5; 0 < x < 0.14) is more 
stable than that of pavonite saturated with sulphur (AgBi3S5+y).  

The standard Gibbs energies of pavonite were also calculated by the Craig and 
Barton [32] approximation method. By interpolating the standard Gibbs energies 
of the pure binary sulphides Bi2S3 and Ag2S given in [56] at the experimental 
temperatures and using those values in Equation (10), Equations (24)–(26) were 
obtained: ∆𝐺ᇱ୧యୗఱᇱ° = −230.94 +  (−10.4 ±  7.3) ∙ 10ିଷ ∙ 𝑇           (299–338 K)            (24) ∆𝐺ᇱ୧యୗఱᇱ° = −244.27 +  (23.9 ±  7.3) ∙ 10ିଷ ∙ 𝑇           (492–528 K)            (25) ∆𝐺ᇱ୧యୗఱᇱ° = −287.66 +  (103.3 ±  7.3)  ∙ 10ିଷ ∙ 𝑇           (548–594 K).           (26) 

As can be seen in Figure 17, the experimentally determined values in the 
temperature range 299–338 K are in very good agreement with the calculated 
values according to the Craig and Barton [32] approximation method.  

fG° vs. T relation of Equation (24) indicates, fH°(AgBi3S5, 298.15 K) obtained 
by the Craig and Barton [32] approximation method, -230.94 kJ∙mol-1, is in fair 
agreement with the results obtained in [III], -233.92  0.88 kJ∙mol-1, according to 
Equation (20). The fH°(AgBi3S5, 298.15 K) value obtained from the fG° vs. T 
relation in Equation (23), for the bismuth-saturated pavonite (AgBi3+xS5; 0 < x < 
0.14), -268.65  6.92 kJ∙mol-1, is clearly more negative than the value calculated 
for the stoichiometric AgBi3S5, -230.94 kJ∙mol-1.  

fS°(AgBi3S5, 298.15 K) = 10.4  7.3 J·(K·mol)-1 which was calculated from the 
fG° vs. T relation in Equation (24), is slightly more positive than the result 

observed through the analysis of fG° vs. T relation in Equation (20), -0.5  2.78 
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J·(K·mol)-1. It also deviates largely from fS°(AgBi3+xS5, 298.15 K) calculated for 
bismuth-saturated pavonite according to the fG° vs. T relation of Equation (23), -
37.1  13.5 J·(K·mol)-1. 

 

 
Figure 16. A summary of ∆fG°(‘AgBi3S5’) vs. T determined in [III] at bismuth and sulphur saturations. 
Solid circles and triangles are the experimental data obtained with galvanic cell (G) and (I), 
respectively. Solid lines indicate extrapolation of the calculated least squares lines (according to 
Equations (20) and (23)), for each experimental data set. Standard states; Ag(fcc), Bi(rho) and 
S(ortho).  

In the temperature range 492–594 K, differences between the calculated 
(Equations (25) and (26)) and experimentally determined (Equations (21) and 
(22)) Gibbs energies of formation of pavonite are large; with the differences 
slightly decreasing as the temperature increases. The average deviation between 
the calculated and experimentally determined fG°(AgBi3S5) values at the 
experimental temperatures is about 12.7  4 kJ∙mol-1 [III]. Craig and Barton [32] 
mentioned that their approximation is a gross estimate based on the earlier 
experimental work of [6,33,34] on more than twenty different sulfosalts. 
Nevertheless, the magnitude of the observed deviation emanates from the 
differences in the thermodynamic properties of the stoichiometric pavonite 
(AgBi3S5) and bismuth-saturated pavonite (AgBi3+xS5; 0 < x < 0.14) studied in the 
temperature range 492–594 K [III]. 

The ΔfH°(AgBi3S5, 298.15 K) value determined from the EEMF vs. T relations 
obtained with galvanic cell (G) is -233.92 ± 0.9 kJ∙mol-1. The average value for the 
derived thermodynamic functions by the galvanic cell (I) from higher 
temperatures, according to Equation (23), is -268.7 ± 6.9 kJ∙mol-1. The former is 
close to -219.3 kJ∙mol-1 of ‘stoichiometric’ pavonite determined by Schmidt et al. 
[29] by the EMF-method and the average value -219.6  4.2 kJ∙mol-1 determined 
by Bryndzia and Kleppa [28] by a calorimetric method. As in galvanic cell (G) of 
[III], the cathode material of Schmidt et al. [29] also contained pure sulphur as the 
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third constituent, indicating that the pavonite studied was also sulphur-saturated. 
Hence, a fair agreement of ΔfH°(AgBi3S5, 298.15 K) was observed in [III] and their 
work, due to different compositions of pavonite.  

 

 
Figure 17. ∆fG° vs. T diagram showing the agreement between the experimentally determined 
values and the calculated values, according to Equation (10), at the corresponding experimental 
temperatures [III].  

Schmidt et al. [29] reported ΔfS°(AgBi3S5, 298.15 K) = 105 J·(K·mol)-1, which is 
largely different from the value -0.50 ± 2.78 J·(K·mol)-1 determined in [III]. To rule 
out possible calculation errors, we recalculated the entropy of formation from their 
experimental data EEMF(V) = 0.285855 + 0.134·10-3·T/K for reaction (III) and the 
literature data of [56]. The ΔfS°(AgBi3S5, 298.15 K) = -0.928 J·(K·mol)-1 obtained 
after recalculation, is in the range of the values obtained with our galvanic cell (G), 
-0.50 ± 2.78 J·(K·mol)-1 [III]. Shykhyev et al. [31] reported (as given in [109]) 
S°(AgBi3S5, 298.15 K) = 367.5  16.5 J·(K·mol)-1. Using the standard entropies of 
the pure substances compiled in [56], we calculated ΔfS°(AgBi3S5, 298.15 K) = -
5.66  16.5 J·(K·mol)-1. The value is in agreement with the results obtained with 
galvanic cell (G), -0.50 ± 2.78 J·(K·mol)-1 [III]. However, the standard enthalpy of 
formation they reported is more negative by -90 ± 7.7 kJ∙mol-1 than the value 
determined with galvanic cell (G), -233.92 ± 0.88 kJ∙mol-1. The ΔfH°(AgBi3S5, 
298.15 K) = -323.4 ± 7.7 kJ∙mol-1 reported by Shykhyev et al. [31] is also more 
negative by -55 kJ∙mol-1 than the value obtained with galvanic cell (I), -268.65 ± 
6.92 kJ∙mol-1, which is for bismuth-saturated pavonite.  

A comparison of the standard thermodynamic properties of pavonite, at 298.15 
K, determined in [III] with those of the literature values is shown in Table 6. 
Standard entropies of pavonite, at sulphur and bismuth saturation, are calculated 
according to Equation (8); and these values are also compiled in Table 6. The 
difference between the standard entropies of pavonite saturated with sulphur 
(372.66 ± 2.78 J∙(K·mol)-1) and that of saturated with bismuth (336.05 ± 13.52 
J·(K·mol)-1) is 36 ± 10 J∙(K·mol)-1. 
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Table 6. A summary of standard thermodynamic properties of pavonite at 298.15 K and 1 atm. The 
standard states are: Ag(fcc), Bi(rho) and S(ortho) [III]. 

Phase fG°/kJ∙mol-1 fH°/kJ∙mol-1 fS°/J∙(K∙mol)-1 S°/J∙(K∙mol)-1 Ref. 

‘AgBi3S5’ (sulphur saturated) -233.78 ± 1.70 -233.9 ± 0.88 -0.50 ± 2.78 372.7 ± 2.78 [III] 

‘AgBi3S5’ (bismuth 
saturated) 

-257.58 ± 11.0 -268.7 ± 6.92 -37.11 ± 13.52 336.1 ± 13.52 [III] 

‘AgBi3S5’  -250.61 -219.30 -0.93a 372.23 [29] 

‘AgBi3S5’   - -219.6  4.20  - - [28] 

‘AgBi3S5’  -326.4 ± 12.90 -323.4 ± 7.70 -5.66 ± 16.50b 367.5 ± 16.50 [31] 

‘AgBi3S5’  -234.04 ± 2.20 -230.90 10.4 ± 7.30 383.6 ± 7.30 [III]c 
a Calculated by combining the EEMF vs. T relations reported in [29] and S° data of pure elements in        

[56]. The composition of their sample suggests that the pavonite (AgBi3S5) studied was at S-saturation. 
b fS° was calculated from So988.15(AgBi3S5) data in [31] and S° data of pure elements in [56]. 
c Calculated by the Craig and Barton [32] approximation method, according to Equation (16). 

Results of graphite incorporating galvanic cell (H) 

In spite of the effect from phase transition and melting of sulphur [56,99], in the 
measurement temperature range 299–450 K, the EEMF vs. T relations observed 
with most of the galvanic cells which contained graphite (cell (H)) can be 
approximated to be linear, as shown in Figure 12. This may suggest that there 
could be side reactions due to the presence of graphite in the cathode material. 
One possible source of error could be the so far unknown contribution of reaction 
(XXVII) [110] to the overall cell reaction. 

C(s) + S2(g) ⇄ CS2(g)             ( rG°  -13.8 kJ∙mol-1     (298–500 K)).            (XXVII)  

Therefore, the correlation in the slope of EEMF vs. T obtained with galvanic cell 
(G) (299–338 K) and galvanic cell (H) (303–452 K), as shown in Figure 12, may 
suggest that results obtained with the graphite free galvanic cell (G) can be 
extrapolated over the temperature range 338–368 K. Thus, the standard Gibbs 
energies of formation of pavonite in equilibrium with sulphur over the 
temperature range 338–368.7 K could also be expressed by Equation (20), which 
was originally calculated from the EEMF vs. T relations in the temperature range 
299–338 K. Nevertheless, there are not enough experimental data to correlate 
reliably the effect of added wt. % C, in the phase assemblage, with the resulting 
EEMF values. More experimental work should be done for this equilibrium. 

5.3.4 fG° values of matildite and schapbachite  

By combining the rG° values of reactions (XVIII)–(XXIII) determined in [IV,V] 
with those rG° values of pavonite (AgBi3S5) determined in the previous work [III], 
the Gibbs energies of formation of matildite and schapbachite were calculated as 
expressed by Equations (27)–(32). ∆𝐺୧యୗఱ°  values determined for pavonite, in 

the previous work [III], were only below Ttr = 368.30 K at sulphur saturation and 
in the temperature range 492–594 K at bismuth saturation. Assuming that 
pavonite exists in one structural form below its incongruent melting point at Tm = 
1005  4 K [65]; the ∆𝐺୧యୗఱ°  values were extrapolated over 368–464 K, at 
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sulphur saturation, and over 594–699 K, at bismuth saturation, and used in the 
calculations of Equations (27)–(32).  ∆𝐺ᇱஒି୧ୗమᇱ° = −82.72 ± 1.1 − (25.08 ± 3.0) ∙ 10ିଷ ∙ 𝑇          (325–356 K)         (27) ∆𝐺ᇱஒି୧ୗమᇱ° = −81.92 ± 1.1 − (27.26 ± 3.0) ∙ 10ିଷ ∙ 𝑇          (371–382 K)         (28) ∆𝐺ᇱஒି୧ୗమᇱ° = −78.48 ± 1.1 − (36.12 ± 3.0) ∙ 10ିଷ ∙ 𝑇          (395–450 K)         (29) ∆𝐺ᇱஒି୧ୗమᇱ° = −122.63 ± 2.3 + (42.0 ± 5.2) × 10ିଷ ∙ 𝑇       (429–464 K)         (30) ∆𝐺ᇱି୧ୗమᇱ° = −113.58 ±  0.4 + (21.76 ± 0.7) ∙ 10ିଷ ∙ 𝑇     (474–543 K)          (31) ∆𝐺ᇱି୧ୗమᇱ° = −129.50 ±  0.1 + (51.15 ± 0.2) ∙ 10ିଷ ∙ 𝑇     (550–699 K).        (32) 

Using the high-temperature (429–699 K) Gibbs energies of formations of 
matildite and schapbachite in Equation (30) and Equations (31) and (32), 
respectively, Gibbs energies of formation reactions below Ttr = 368.30 K were also 
calculated. The high temperature experimental values from galvanic cell (K) were 
extrapolated to low-temperatures, with -S as standard state, by reactions 
(XXIV)–(XXVI) [56,78,99, 107,108] and Equation (9). The least square analysis 
yields Equation (33) for matildite in equilibrium with bismuth and Equation (34) 
for schapbachite in equilibrium with bismuth:  ∆𝐺ᇱஒି୧ୗమᇱ° = −126.88 ± 2.34 + (53.05 ± 5.2) × 10ିଷ ∙ 𝑇        (298–368 K)     (33) ∆𝐺ᇱି୧ୗమᇱ° = −112.10 ±  2.4 + (15.99 ±  4.6) ∙ 10ିଷ ∙ 𝑇        (298–368 K).   (34) 

The errors in Equations (33) and (34) were calculated by taking into account the 
different values of the enthalpies of phase transformation and melting of sulphur 
and bismuth [56,78,99, 107,108], including the estimated values in [III,V], and the 
errors in least square fitting of the experimental data. Differences in the literature 
values of the phase transition temperatures of bismuth and sulphur 
[56,65,78,99,105,106] are small and insignificant in the trG° calculations.  

The standard Gibbs energies of formation of matildite and schapbachite were 
also calculated by the Craig and Barton [32] approximation method. By 
interpolating the data of standard Gibbs energies of the pure binary sulphides 
Bi2S3 and Ag2S given in [56] at the experimental temperatures and using those 
values in Equation (10), Equations (35)–(40) were obtained. The interpolations of ∆𝐺୧మୗయ°  vs. T and ∆𝐺మௌ°  vs. T data of [56] at the experimental temperatures were 

done in temperature range 298–700 K, taking into account the temperature 
regions in which -Ag2S, -Ag2S, -S, -S, S(L), Bi(s) and Bi(L) are the stable 
phases. In the ∆𝐺ᇱି୧ୗమᇱ°  calculations (Equations (39) and (40)), ∆mixH° = 12 

kJ∙mol-1 reported by Bryndzia and Kleppa [28] were included. ∆𝐺ᇱஒି୧ୗమᇱ° = −87.86 − (37.58 ± 19.3) ∙ 10ିଷ ∙ 𝑇              (325–356 K)         (35)  ∆𝐺ᇱஒି୧ୗమᇱ° = −89.46 − (33.51 ± 19.3) ∙ 10ିଷ ∙ 𝑇               (371–382 K)         (36) 
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∆𝐺ᇱஒି୧ୗమᇱ° = −92.90 − (24.65 ± 19.3) ∙ 10ିଷ ∙ 𝑇              (395–450 K)         (37)  ∆𝐺ᇱஒି୧ୗమᇱ° = −92.25 ± 0.2 − (26.14 ± 19.3) ∙ 10ିଷ ∙ 𝑇         (429–464 K)        (38) ∆𝐺ᇱି୧ୗమᇱ° = −84.23 ±  0.9 − (18.04 ±  19.3) ∙ 10ିଷ ∙ 𝑇     (474–543 K)         (39) ∆𝐺ᇱି୧ୗమᇱ° = −92.48 ±  0.5 − (3.23 ±  19.3) ∙ 10ିଷ ∙ 𝑇       (550–699 K).       (40) 

The calculated ∆𝐺ᇱି୧ୗమᇱ°  values at each experimental temperature (474–699 

K) were extrapolated to low temperatures with -S as the standard state of sulphur 
by reactions (XXIV)–(XXVI) and Equation (9). The least square analysis yields 
[V]:  ∆𝐺ᇱି୧ୗమᇱ° = −91.11 ±  10.1 − (8.34 ±  18.5) ∙ 10ିଷ ∙ 𝑇     (298–368 K).       (41) 

Below Ttr = 368.30 K, where -S is the stable state of sulphur, the standard Gibbs 
energies of formation of schapbachite ( -AgBi1+xS2) calculated through the analysis 
of results obtained with galvanic cell (K), Equation (34), are more negative, by -
13.7 kJ·mol-1, than those estimated through the approximation method of Craig 
and Barton [32]. If the results obtained by the approximation method of Craig and 
Barton [32] assumed to represent thermodynamic properties of the stoichiometric 

-AgBiS2, the observed differences in fG°(‘ -AgBiS2’) values can be interpreted as 
the stability difference between bismuth-saturated schapbachite ( -AgBi1+xS2) 
(Equation (34)), in the phase region -AgBiS2-AgBi3S5-Bi, and stoichiometric 
schapbachite ( -AgBiS2) (Equation (41)). 

Sulfidation reactions involving S2(g) to produce schapbachite  
Standard Gibbs energies of the pure substances Ag, Bi and S given in [56] over 
temperature range 400–700 K and standard Gibbs energies of formation of 
bismuth-saturated schapbachite determined in [V] were combined to calculate 𝐺ᇱି୧౮శభୗమᇱ°  values. The calculations were done for each region where Bi(s) and 

Bi(L) are the stable phases together with S(L).  𝐺ᇱି୧ೣశభୗమᇱ° = −85.46 ± 1.35 – (213.0 ±  2.66) ∙ 10ିଷ ∙ 𝑇     (474–543 K)      (42) 

   𝐺ᇱି୧ೣశభୗమᇱ° = −75.39 ±  0.9 – (230.7 ±  1.4)  ∙ 10ିଷ ∙ 𝑇        (550–699K).      (43) 

Standard Gibbs energies of sulfidation reactions (XXVIII) and (XXIX) with 
gaseous pure diatomic sulphur at 1 atm as the standard state were calculated by 
combining Equations (42) and (43) with the Gibbs energies of the pure substances 
given in [56].  

Ag(s) + Bi(L) + S2(g) = -AgBiS2               (XXVIII)  

1/2 -Ag2S(s) + Bi(L) + 3/4S2(g) = -AgBiS2.                 (XXIX) 

The calculations yield Equations (44) and (45) for reactions (XXVIII) and 
(XXIX), respectively.  
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∆୰(ଡ଼୍)𝐺° = −243.87 ±  0.3 + (182.58 ±  0.5)  ∙ 10ିଷ ∙ 𝑇            (550–699 K)        (44)  ∆୰(ଡ଼୍)𝐺° = −199.32 ±  0.3 + (163.64 ±  0.4) ∙ 10ିଷ ∙ 𝑇             (550–699 K).       (45) 

 

 
Figure 18. fG°(‘ -AgBiS2’) vs. T diagram showing a comparison between calculated values in this 
work for bismuth-saturated schapbachite and the values reported by Craig and Barton [32] for the 
stoichiometric schapbachite according to reaction (XXVIII). The standard states are: Ag(fcc), Bi(L) 
and S2(g) [V].  

Assuming thermodynamic functions for reactions (XXVIII) and (XXIX) reported 
by Craig and Barton [32] represent the formation of the ideal stoichiometric 
schapbachite ( -AgBiS2); it might be possible to conclude that above T = 580 K 
and in the presence of Ag, Ag2S, Bi(L) and S2(g) the stoichiometric schapbachite 
( -AgBiS2) is thermodynamically more stable than that saturated with bismuth, as 
shown in Figure 18. 

Matildite (‘ -AgBiS2’) 

As Figure 19 shows, the standard Gibbs energies of formation of -AgBiS2+y 
calculated through the analysis of results obtained with galvanic cell (J), Equation 
(27), are more positive than those of the standard Gibbs energies determined by 
analysing the results obtained with galvanic cell (K), Equation (33), with -S as 
standard state. The observed differences in ∆𝐺ஒି୧ୗమ°  values can be interpreted 

as the difference between thermodynamic properties of matildite saturated with 
sulphur (Equation (13)), in the phase region -AgBiS2-AgBi3S5-S, and matildite 
saturated with bismuth (Equation (16)), in the phase region -AgBiS2-AgBi3S5-Bi 
[IV]. The more negative fG° values of matildite in the phase region -AgBiS2-
AgBi3S5-Bi also suggest that, at the same temperature, bismuth-saturated matildite 
( -AgBi1+xS2) has a lower Gibbs energy than the sulphur-saturated variety. The 
estimated fG° values for the stoichiometric -AgBiS2 through the simplified 
calculations of Craig and Barton [32], according to Equation (10), lie in between 
the fG° values of the sulphur-saturated matildite ( -AgBiS2+y) and bismuth-
saturated matildite ( -AgBi1+xS2), as shown in Figure 19. 
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In Figure 19, open diamonds and squares are the experimental data obtained 
with galvanic cells (J) and (K), respectively. Open circles are calculated values at 
the experimental temperatures, according to Equation (35). Solid diamonds are 
the extrapolated values of experimental data obtained with galvanic cell (K) to low 
temperatures, as expressed in Equation (33). 

 

 
Figure 19. ∆𝐺° vs. T values of matildite determined in [IV] at bismuth and sulphur saturation as well 
as those calculated by the Craig and Barton [32] approximation method. The standard states are 
Ag(fcc), Bi(rho) and S(ortho).  

As fG° vs. T relation of Equation (35) indicates, ∆𝐻ଶଽ଼.ଵହ° ( -AgBiS2) obtained by 
the Craig and Barton [32] approximation method (-87.86 kJ∙mol-1) is close to the 
result observed for sulphur-saturated -AgBiS2+y (-82.72  1.1 kJ∙mol-1), according 
to Equation (27). The ∆𝐻ଶଽ଼.ଵହ° ( -AgBiS2) value calculated from the fG° vs. T 
relation in Equation (33), for the bismuth-saturated matildite ( -AgBi1+xS2), -
126.88  2.34 kJ∙mol-1, is clearly more negative than the value calculated for 
stoichiometric -AgBiS2, -87.86 kJ∙mol-1.  

The calculated ∆𝑆ଶଽ଼.ଵହ° ( -AgBiS2) value, 37.58  19.3 J·(K·mol)-1, from the fG° 
vs. T relation in Equation (35), is more positive than the result observed through 
the analysis of fG° vs. T relation in Equation (27), 25.08  3.0 J·(K·mol)-1, and 
Equation (33), -53.05  5.2 J·(K·mol)-1. 

The experimentally determined ∆𝐺ஒି୧ୗమ°  values based on results obtained with 

galvanic cell (J) are more positive than the calculated values according to the Craig 
and Barton [32] approximation method as well as the experimentally determined 
values based on results obtained with galvanic cell (K), as shown in Figure 20. The 
average deviation between the values calculated by the Craig and Barton [32] 
approximation method and experimentally determined ∆𝐺ஒି୧ୗమ°  values 

(obtained with galvanic cell (J), at sulphur saturation) at the experimental 
temperatures is about 10.2  0.6 kJ∙mol-1. As also observed in our previous work 
[III], in which thermodynamic properties of bismuth saturated pavonite 
(AgBi3+xS5; 0 < x < 0.14) were studied; the magnitude of the observed deviation 
may emanate from the differences in thermodynamic properties of the 
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stoichiometric matildite ( -AgBiS2) and the sulphur saturated matildite ( -
AgBiS2+y) studied in [IV]. 

 

 
Figure 20. ∆𝐺°( -AgBiS2) vs. T diagram showing a summary of the experimentally determined and 
calculated values according to Equation (16), at the corresponding experimental temperatures [IV].  

In the temperature range 429–464 K, differences between the experimentally 
determined (Equation (30), at bismuth saturation) and the calculated (Equation 
(38), stoichiometric) Gibbs energies of formation of matildite are small; even 
though the slope of the ∆𝐺ஒି୧ୗమ°  vs. T relations are different. In our previous 

work [III], for pavonite saturated with bismuth, these differences in Gibbs energies 
of formation were significant. The observed larger deviations from the 
stoichiometric thermodynamic properties of matildite at sulphur saturation and 
pavonite at bismuth saturation could indicate that sulphur readily dissolves into 
matilidite structure such that the thermodynamic properties of matildite are 
altered, significantly, whereas bismuth dissolves into pavonite structure more 
readily.  

The standard enthalpy of formation of -AgBiS2 (∆𝐻ଶଽ଼.ଵହ° ) determined from the 
EEMF vs. T relations obtained with galvanic cell (J), -82.72  1.1 kJ∙mol-1, is close to 
the value -81.83 kJ∙mol-1 which was determined by Schmidt et al. [30], by the 
EMF-method, and the average value -81.7  6.7 kJ∙mol-1 determined by Bryndzia 
and Kleppa [28], by the calorimetric method. As in galvanic cell (J) of this work, 
the cathode materials of Schmidt et al. [30] also incorporated pure sulphur as the 
third constituent, indicating that the matildite ( -AgBiS2) they studied was also 
sulphur-saturated. Hence, a fair agreement of ∆𝐻ଶଽ଼.ଵହ° ( -AgBiS2) value is 
observed in this work [IV] and their work, due to different compositions of 
matildite. However, the standard entropy of formation of -AgBiS2 (∆𝑆ଶଽ଼.ଵହ° ), 
53.95 J·(K·mol)-1, reported by Schmidt et al. [30], is more positive than the values 
obtained with galvanic cell (J) in [IV] (25.08  3.0 J·(K·mol)-1). The average ∆𝐻ଶଽ଼.ଵହ°  value obtained by analyzing measurement results on the galvanic cell (K) 
at higher temperatures, according to Equation (33), -126.88  2.34 kJ∙mol-1, is 
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higher than the values obtained with galvanic cell (J) and the values determined by 
Schmidt et al. [30] and Bryndzia and Kleppa [28]. This higher ∆𝐻ଶଽ଼.ଵହ°  value for 
matildite in equilibrium with bismuth (in cell (K)) suggests that different 
compositions of matildite have different standard enthalpies of formation.  

Shykhyev et al. [31] reported (as given in [109]) the standard entropy (𝑆ଶଽ଼.ଵହ° ) of 
-AgBiS2 to be 166.3 ± 6.8 J·(K·mol)-1. Using the standard entropy of the pure 

elements from [56] and the standard entropy of -AgBiS2 reported by Shykhyev et 
al. [31], we calculated the standard entropy of formation (∆𝑆ଶଽ଼.ଵହ° ) of -AgBiS2 
according to them to be 2.78 ± 6.8 J·(K·mol)-1. This value is more positive, by 55.4 
± 6.8 J·(K·mol)-1, than the value obtained with galvanic cell (K), -53.05 ± 5.2 
J·(K·mol)-1 (for bismuth-saturated matildite) and more negative, by 22.3 ± 6.8 
J·(K·mol)-1, than the value obtained with galvanic cell (J), 25.08  3.0 J∙(K∙mol)-1 
(for sulphur-saturated matildite). However, the standard Gibbs energy of matildite 
( -AgBiS2), at 298.15 K, reported by Shykhyev et al. [31] and the results obtained 
with the galvanic cell (K) are in fair agreement, as shown in Table 7. The fH°298.15 
values determined from results obtained with galvanic cell (K), for the bismuth-
saturated matildite ( -AgBi1+xS2), -126.88 ± 2.3 kJ∙mol-1, and the results reported 
by Shykhyev et al. [31], -118.6 ± 3.0 kJ∙mol-1, are in good agreement. These 
similarities may suggest that the investigated matildite in the study of Shykhyev et 
al. [31] was also at bismuth saturation or bismuth enriched. 

Voronin and Osadchii [7] also conducted EEMF measurements on similar galvanic 
cell arrangements to our cell (K) and reported ∆𝐻ଶଽ଼.ଵହ°  = -86.47 ± 1.63 kJ∙mol-1 
and ∆𝑆ଶଽ଼.ଵହ°  = 14.64 ± 2.4 J·(K·mol)-1 for matildite. However, their cathode layer 
(Ag-Bi-S phase assemblages) contained significant amounts of graphite and they 
did not mention whether they considered the phase transition and melting of 
sulphur in their extrapolation to room temperature. Nevertheless, their values 
have also shown the tendency of more negative values of standard enthalpy and 
entropy of matildite in equilibrium with bismuth than the results obtained with 
galvanic cells similar to our cell (J), i.e. matildite in equilibrium with sulphur. 

The divergent results observed among the calculated values, the literature data 
and the values obtained from our experimental studies may mainly come from the 
different compositions of matildite. In our series of experiments, it became clear 
that thermodynamic properties of matildite in equilibrium with sulphur are 
different from that of matildite in equilibrium with bismuth. A comparison of the 
standard thermodynamic properties of matildite ( -AgBiS2), at 298.15 K, 
determined in [IV] with those of the literature values is shown in Table 7.  

The difference between the standard entropies of matildite saturated with 
sulphur (188.64 ± 3.0 J·K-1∙mol-1) and that of saturated with bismuth (110.5 ± 5.2 
J·(K·mol)-1) is 78.2 ± 6.4 J·(K·mol)-1. These differences in standard entropies at 
slightly different compositions of matildite (‘ -AgBiS2’) were also observed in our 
earlier work [III] at slightly different compositions of pavonite (‘AgBi3S5’).   
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Table 7. A summary of standard thermodynamic properties of matildite at 298.15 K and 1 atm. The 
standard states are: Ag(fcc), Bi(rho) and S(ortho) [IV]. 

Phase fG°/kJ∙mol-1 fH°/kJ∙mol-1 fS°/J∙(K∙mol)-1 S°/J∙(K∙mol)-1 Ref. 

‘ -AgBiS2’ 
(sulphur saturated) 

-90. 20 ± 4.7 -82.72  1.1 25.08  3.0 188.64 ± 3.0 [IV] 

‘ -AgBiS2’ 
(bismuth saturated) -111.05 ± 2.5 -126.88  2.3 -53.05  5.2 110.48 ± 5.2 [IV] 

‘ -AgBiS2’ -99.06 ± 5.8 -87.86 37.58  19.3 201.1 ± 19.3 [IV]a 

‘ -AgBiS2’ -97.92 -81.83 53.95 217.47 [30] 

‘ -AgBiS2’  - -81.7  6.7  -  - [28] 

‘ -AgBiS2’ -124.2 ± 4.4 -118.6  3.0 2.78  6.8b 166.3 ± 6.8 [31] 

‘ -AgBiS2’ -90.88 ± 1.7 -86.47  1.63 14.64 ± 2.4c 178.16 ± 2.4 [7] 

a Calculated by the Craig and Barton [32] approximation method, according to Equation (10). 
b The standard entropy of formation was calculated from Shykhyev et al.’s [31] 𝑆ଶଽ଼.ଵହ° ( -AgBiS2) data and     
   standard entropy data of the pure elements [56]. 
c The standard entropy of formation was calculated from Voronin’s and Osadchii’s [7] 𝑆ଶଽ଼.ଵହ° ( -AgBiS2) data  
  and standard entropy data of the pure elements [56].  

Schapbachite (‘ -AgBiS2’) 

The trH (AgBi1+xS2) value, 7.3  2.1 kJ·mol-1, calculated from the EMF cell in [V] 
and its rG° vs. T relations at the polymorphic phase transformation temperature 
obtained, 465.55  5 K, is in good agreement with the value, 10.5  4.6 kJ·mol-1, 
reported by Bryndzia and Kleppa [28] at 468 K, by the high-temperature direct 
synthesis calorimetric studies.  

The experimentally determined fG°( -AgBi1+xS2) values based on the results 
obtained with galvanic cell (K) are more negative than the calculated values 
according to the Craig and Barton [32] approximation method, as can be seen in 
Figure 21. The difference between the calculated and experimentally determined 

fG°(‘ -AgBiS2’) values at the experimental temperatures increases from 0 kJ·mol-1 
to 10 kJ·mol-1 with increasing temperature in the range 474–699 K. As also 
observed in the study of pavonite [III] and matildite [IV] differences in fG°(‘ -
AgBiS2’) values and the fG°( -AgBiS2) vs. T slope may emanate from the 
differences in thermodynamic properties of the stoichiometric schapbachite ( -
AgBiS2) and the bismuth-saturated schapbachite ( -AgBi1+xS2) studied in [V]. In 
our previous work published in [III], similar differences were also observed 
between the calculated values of the stoichiometric pavonite and the bismuth-
saturated pavonite (AgBi3+xS5; 0 < x < 0.14).  

From experimental results expressed by Equations (27), (31), (39) and (40), it is 
possible to conclude that in the temperature range 474–680 K, schapbachite ( -
AgBi1+xS2) saturated with bismuth is thermodynamically more stable than the 
stoichiometric schapbachite ( -AgBiS2). This stabilizing effect of bismuth 
saturation has also been observed by Damian et al. [111], while studying the 
decomposition of AgPbBiS3 along the tie line PbS-AgBiS2. However, as results in 
[V] indicate: in the presence of S2(g) above T = 580 K and ambient pressure 
conditions, the stoichiometric schapbachite is thermodynamically more stable 
than the bismuth-saturated variety. 
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Figure 21. ∆fG°(‘ -AgBiS2’) vs. T diagram showing the experimentally determined and calculated 
values, according to Equation (10), at the corresponding experimental temperatures [V].  

The average ΔfH°(‘ -AgBiS2’, 298.15 K) value calculated from the results 
obtained with the galvanic cell (K) at higher temperatures is -112.10  2.4 kJ·mol-1. 

The average ΔfH°(‘ -AgBiS2’, 298.15 K) value calculated by the approximation 
method of Craig and Barton [32] is -91.11  10.1 kJ·mol-1. Both standard enthalpies 
of formations calculated from the ΔrG° vs. T relations are more negative than the 
average value -71.2  2.1 kJ·mol-1 reported by Bryndzia and Kleppa [28]. Within 
the experimental errors of our results and the literature values, the difference 
between ΔfH° values clearly show that different compositions of schapbachite (‘ -
AgBiS2’) have different thermodynamic properties, and indicate some solid 
solubility range in it.  

As fG° vs. T relations of Equations (39) and (40) indicate, fH°( -AgBiS2) 
values calculated by the Craig and Barton [32] approximation method, -84.23  
0.9 kJ·mol-1 (474–543 K) and -92.48  0.5 kJ·mol-1 (550–699 K), respectively, are 
more endothermic than the experimentally determined values determined in [V]. 

fS°( -AgBiS2) values calculated by the Craig and Barton [32] approximation 
method, as expressed in Equations (39) and (40), 18.04  19.3 J·(K·mol)-1 (474–
543 K) and 3.23  19.3 J·(K·mol)-1 (550–699 K), respectively, are also more 
positive than their respective experimental values determined in [V]; fS°( -
AgBi1+xS2) = -21.76  0.7 J·(K·mol)-1 and fS°( -AgBi1+xS2) = -51.15  0.2 J·(K·mol)-

1, respectively.  
At 298.15 K, the difference between the standard entropies of the stoichiometric 

schapbachite, obtained through the approximation method of Craig and Barton 
[32] and that of bismuth-saturated schapbachite is about 24.34 kJ·mol-1. The 
differences observed among the approximated thermodynamic functions, the 
values reported by Bryndzia and Kleppa [28] and our experimental results in [V] 
may mainly come from the different compositions of schapbachite. A similar 
difference has been also observed in [III] concerning the stoichiometric pavonite 
(‘AgBi3S5’) and bismuth-saturated pavonite (AgBi3+xS5; 0 < x < 0.14). A comparison 
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of the standard thermodynamic properties of schapbachite (‘ -AgBiS2’), at 298.15 
K, determined in [V] with those of the literature values is shown in Table 8. The 
standard entropy of schapbachite was calculated according to Equation (8), based 
on reaction (XXII). 

Table 8. A summary of standard thermodynamic properties of schapbachite at 298.15 K and 1 atm. 
The standard states are: Ag(fcc), Bi(rho) and S(ortho) [V]. 

Phase fG°/kJ∙mol-1 fH°/kJ∙mol-1 fS°/J∙(K∙mol)-1 S°/J∙(K∙mol)-1 Ref. 
‘ -AgBiS2’ 
(bismuth saturated) -107.33 ± 3.82 -112.10 -15.99 ± 4.6 147.53 ± 4.6 [V] 

‘ -AgBiS2’ -93.60 ± 15.82 -91.11 8.34 ± 18.5 171.87 ± 18.5 [V]a 

‘ -AgBiS2’ - -71.2 - - [28] 

a Calculated by the Craig and Barton [32] approximation method, according to Equation (10). 

5.4 Ag-Cu-S system 

In this section, a summary of results obtained in the Ag-Cu-S system, published in 
[VI], is presented. In the Ag-Cu-S system, thermodynamic measurements were 
conducted in the temperature range 316–498 K. The cell arrangement on which 
the measurements were conducted can be represented by a galvanic cell (M).  

(-) Pt | Ag | RbAg4I5 | Ag0.9Cu1.1S–Cu2-xS–CuS | Pt (+).                      (M) 

Based on the literature data and the results of this study, the virtual 
electrochemical cell reactions of galvanic cell (M) can be explicitly written over 
temperature regions of the different stable phases as: 

0.9Ag + 0.87CuS + 0.13Cu1.75S ⇄ Ag0.9Cu1.1S                  (XXX) 

0.9Ag + 0.89CuS + 0.11Cu1.934S ⇄ Ag0.9Cu1.1S                 (XXXI) 

0.9Ag + 0.90CuS + 0.10 -Cu2S ⇄ (Ag,Cu)2Sss               (XXXII) 

0.9Ag + 0.90CuS + 0.10 -Cu2S ⇄ (Ag,Cu)2Sss.               (XXXIII) 

5.4.1 EEMF values (cathode: Ag-Cu-S phase assemblages) 

The EMF measurements were performed in the temperature range 316–498 K by 
heating and cooling of the cell. Isothermal equilibrium EEMF values were achieved 
after many days of continuous measurements, in most cases in about a week. For 
instance, at about 341.5 K the isothermal equilibrium EEMF values were observed 
after 12 days of continuous measurements.  

The measured EEMF values with galvanic cell (M) at different temperatures 
together with the only available experimental data in the literature [112] are shown 
in Figure 22. Below T = 345 K, the EEMF values obtained in this study are 
approximately 0.0046 V less than the values reported by Schmidt et al. [112]. 
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Above T = 345 K, the results reported by Schmidt et al. [112] and our results are in 
excellent agreement. 

 

 
Figure 22. A summary of the EEMF vs. T relations obtained with galvanic cell (M) together with the 
literature values [112], the least square fitting of the experimental points in this work are shown with 
the solid lines [VI].  

In our experimental temperature range 316–498 K, EEMF values continuously 
increased with increasing temperature. In the temperature range 349–361 K, the 
slope of EEMF vs. T turns upward which is followed by a slight decrease in the slope 
of EEMF vs. T, in the temperature range 366–376 K. Above T = 377 K, the slope of 
the EEMF vs. T plot turns again noticeably upward. All the small angular turns on 
the EEMF vs. T plots can be attributed to phase transformations in the cathode 
material, i.e., the phase assemblage Ag0.9Cu1.1S–Cu2-xS–CuS. 

Analytical forms of EEMF and Ttr 

Least squares linear regression of EEMF values on temperature values in different 
temperature regions of phase stabilities were compiled in Table 9. By solving the 
selected equations in Table 9, simultaneously, two phase transition temperatures 
were found. The obtained values 360.7 ± 4.3 K and 376.6 ± 6.3 K are in fair 
agreement with the phase transition temperature of Ag0.93Cu1.07S to the solid 
solution (Ag,Cu)2Sss (T = 363 K [82]) and the polymorphic phase transition 
temperature of Cu2S (Ttr = 376 K [80]), respectively.  

Table 9. Values of the coefficients a and b, which were calculated by least squares linear regression 
of EEMF values on temperature-values [VI]. 

EEMF(mV) = a + b∙T T/K N 
a b R2 
20.322 0.2793 0.999 316 -348 3 

6.486 0.3536 0.780 349 -361 5 

29.897 0. 2569 0.978 366 -376 3 
-52.06 0.4715 0.998 377 -498 19 
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5.4.2 Thermodynamic functions in Ag-Cu-S system 

Gibbs energies of reactions (XXX)–(XXXIII) were calculated directly from the 
measured EEMF vs. T relations according to Equation (3). The results obtained for 
the reactions (XXX)–(XXXIII) are expressed by Equations (46)–(49), respectively.  ∆(ଡ଼ଡ଼ଡ଼)𝐺° = −1.77 ± 0.02 − [(24.25 ±  0.06) ∙ 10ିଷ] ∙ 𝑇           (316–348 K)       (46) ∆(ଡ଼ଡ଼ଡ଼୍)𝐺° = 0.56 ± 3.35 − [(30.71 ±  9.41) ∙ 10ିଷ] ∙ 𝑇            (349–361 K)       (47) ∆(ଡ଼ଡ଼ଡ଼୍୍)𝐺° = −2.60 ± 1.25 − [(22.31 ±  3.36) ∙ 10ିଷ] ∙ 𝑇        (366–376 K)       (48) ∆(ଡ଼ଡ଼ଡ଼୍୍୍)𝐺° = 4.52 ± 0.17 − [(40.94 ±  0.39) ∙ 10ିଷ] ∙ 𝑇          (377–498 K).      (49) ∆(ଡ଼ଡ଼ଡ଼)𝐺° values in Equation (46) combined with those ∆𝐺°(Cuଵ.ହS) values, 
calculated from the results reported by Schmidt et al. [112], and ∆𝐺°(CuS) values 
of Barin [56]; Gibbs energies of formation of Ag0.9Cu1.1S were calculated to be: ∆𝐺బ.వେ୳భ.భୗ° = −55.1 ± 0.7 − (26.61 ± 0.1) ∙ 10ିଷ ∙ 𝑇              (316–348 K).      (50)  

Table 10. A summary of standard thermodynamic properties of stromeyerite (Ag0.9Cu1.1S) at 298.15 
K. The standard states are: Ag(fcc), Cu(fcc) and S(ortho) [VI]. 

fG°/kJ∙mol-1 fH°/kJ∙mol-1 fS°/J∙(K∙mol)-1 S°/J∙(K∙mol)-1 Reference 

-63.03  0.76 -55.09  0.67 26.61  0.07 133.56  0.07 This work 

-75.39  5.81  -59.74 52.50  19.16 159.45  19.16 This worka 

-67.50 -60.34 24.0 130.95b [112] 

a Calculated by the Craig and Barton [32] approximation method (Equation (10)). 
b Calculated by using the data of Barin [56] and fS° value of Schmidt et al. [112]. 

 

The standard Gibbs energies of formation of stromeyerite were also calculated by 
the Craig and Barton [32] approximation method according to Equation (10). In 
the calculation ∆𝐺°(AgଶS) and ∆𝐺°(CuଶS) data of Barin [56] were used. The 
calculation yields Equation (51):  ∆𝐺బ.వେ୳భ.భୗ° = −59.74 − (52.50 ± 19.16) ∙ 10ିଷ ∙ 𝑇           (316–348 K).             (51) 

The fG°(Ag0.9Cu1.1S) values calculated from our experimental values are in good 
agreement with both the experimental values reported by Schmidt et al. [112] and 
the values calculated by the Craig and Barton [32] approximation method. 
However, the ∆𝑆°(Ag.ଽCuଵ.ଵS) = 52.50 ± 19.16 J ∙ (K ∙ mol)ିଵ calculated by the 
simplified approach of Craig and Barton [32] is more positive than the values 
obtained in this study [VI]. A comparison of the standard thermodynamic 
properties of stromeyerite, at 298.15 K, determined in this study with those of the 
literature values was compiled in Table 10. 
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6. Conclusions 

Accurate thermodynamic data are essential for reliable quantitative modelling of 
the stabilities of phases and their chemical behaviour in equilibrium chemical 
reactions. The solid state EMF method is one of the versatile methods to achieve 
the necessary thermodynamic data accurately. Due to the discovery of solid state 
electrolytes; such as AgI and RbAg4I5, which are fast ionic conductors of Ag+ ions, 
accurate thermodynamic studies of silver-based systems at low and intermediate 
temperatures can be realized by the EMF method. 

In this thesis work [I–VI], thermodynamic properties of phases and their 
assemblages in the Ag-Te, Ag-Bi-S and Ag-Cu-S systems below T = 700 K have 
been studied experimentally by an improved EMF method. The traditional EMF 
method has been improved for better accuracies and to overcome experimental 
difficulties in studying those phase assemblages incorporating volatile 
components. State-of-the-art equipment has been utilized and a new philosophy 
for constructing the galvanic cell and a new experimental arrangement to control 
the temperature gradient over the galvanic EMF cell were employed. 

The results obtained in the Ag-Te system [I,II] are, generally, in reasonable 
agreement with some of the available literature values. Thermodynamic properties 
of the stoichiometric equilibrium phase assemblages; Ag5Te3–Te, Ag5Te3–Ag1.9Te, 
Ag5Te3–Ag2Te and Ag2Te–Ag1.9Te, have been determined accurately and explicitly 
in situ at low and intermediate temperatures. New experimental data were also 
obtained and used to determine eutectic, eutectoidic decomposition and phase 
transition temperatures. 

In the Ag-Bi-S system, thermodynamic properties of pavonite, matildite and 
schapbachite at bismuth- and sulphur-saturation conditions have been 
experimentally determined. Prior to this thesis work [III–V], the effects of 
saturation of sulphur and bismuth on the thermodynamic properties of the ternary 
phases were not known distinctively. In addition, new experimental 
thermodynamic data of the ternary phases in the temperature ranges that have not 
been experimentally studied before were obtained. Based on the experimental 
results, accurate thermodynamic functions for 17 selected equilibrium reactions 
were derived. Using these thermodynamic data and the literature values the 
stability of AgBiS2 in the presence of gaseous sulphur has also been evaluated. 

The obtained thermodynamic properties of sulphur-saturated pavonite are in 
reasonable agreement with selected literature values and the values calculated by 
the Craig and Barton [32] approximation method. The standard enthalpy of 
formation of pavonite reported by Shykhyev et al. [31] does not agree with our 
results and the other available literature data. However, their standard entropy of 
pavonite (367.5 ± 16.5 J∙(K·mol)-1) is in fair agreement with the result obtained for 
sulphur-saturated pavonite in this study [III] (372.7 ± 2.8 J∙(K·mol)-1).  

The obtained thermodynamic properties of matildite are also in a reasonable 
agreement with selected literature values. Below T = 464 K, new experimental 



Conclusions 
 

50 
 

thermodynamic functions for matildite saturated with bismuth and saturated with 
sulphur were obtained.  

For the first time, thermodynamic functions for schapbachite saturated with 
bismuth ( -AgBi1+xS2) were experimentally determined [V]. In the absence of 
enough experimental thermodynamic data in the available literature sources, the 
results obtained at bismuth saturation were compared mainly with the values 
calculated by the Craig and Barton [32] approximation method. Taking into 
account compositional differences, the value trH (AgBi1+xS2) = 7.3  2.1 kJ·mol-1 
obtained from ΔrG° vs. T relations in [V], at 465.55  5 K, is in good agreement 
with the value trH (AgBiS₂) = 10.5  4.6 kJ·mol-1 determined by the high-
temperature direct synthesis calorimetry of Bryndzia and Kleppa [28], at 468.15 K. 

The differences observed among the calculated values, the literature values and 
the values obtained from our experimental studies mainly came from the different 
compositions of pavonite, matildite and schapbachite. For instance, the results 
obtained in our experimental studies of maltidite [IV] in equilibrium with sulphur 
( -AgBiS2+y) and bismuth ( -AgBi1+xS2) have clearly shown that slightly different 
compositions of matildite have different thermodynamic properties. From the 
results obtained in [IV], it can be concluded that at the temperatures studied; even 
the small compositional variation is energetically significant, resulting in lower 
Gibbs energies for matildite saturated with bismuth, relative to those saturated 
with sulphur. In general, the results obtained in the temperature range 298–699 K 
indicate that pavonite, matildite and schapbachite saturated with bismuth are 
more stable than those saturated with sulphur. However, our calculations above T 
= 580 K and ambient pressure conditions show that in the presence of S2(g), the 
stoichiometric schapbachite, or alternatively sulphur enriched schapbachite, is 
thermodynamically more stable than that of schapbachite saturated with bismuth.  

Solid solubility limits for bismuth in the ternary phases of the Ag-Bi-S system 

were estimated by Craig [65] to be less than 1 mol. %. The solubility limits of 
sulphur in the ternary phases were not numerically reported, however, the extent 
of its solubility in AgBiS2+y at 623 K can be seen in Figure 2. Future phase 
equilibria studies including the cathode phase assemblage of this study [III–V] will 
determine the exact values of x and y as a function of temperature.  

Thermodynamic properties of the other phases of interest in the silver-based 
systems, stromeyerite and the solid solution (Ag,Cu)2Sss, were studied in the 
temperature range 316–498 K. Below T = 348 K, the standard Gibbs energies of 
formation of stromeyerite obtained are in good agreement with those experimental 
values reported by Schmidt et al. [112] and the values calculated by the Craig and 
Barton [32] approximation method. However, the analysis made by Schmidt et al. 
[112] did not consider the different phase stability regions of the coexisting phases. 
For the first time, thermodynamic properties of the solid solution (Ag,Cu)2Sss were 
also experimentally determined [VI]. 
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