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Abstract: Thermal stabilities of selected ternary phases of industrial interest in the Ag-Cu-S system
have been studied by the calorimetric and electromotive force techniques. The ternary compounds
Ag1.2Cu0.8S (mineral mackinstryite) and AgCuS (mineral stromeyerite) were equilibrated through
high-temperature reaction of the pure Cu2S and Ag2S in an inert atmosphere. The synthesized
single solid sample constituting the two ternary phases was ground into fine powders and lightly
pressed into pellets before calorimetric measurements. An electrochemical cell incorporating the
two equilibrated phase and additional CuS as a cathode material was employed. The measurement
results obtained with both techniques were analyzed and thermodynamic properties in the system
have been determined and compared with the available literature values. Enthalpy of fusion data of
the Ag-richer solid solution (Ag,Cu)2S have also been determined directly from the experimental data
for the first time. The thermodynamic quantities determined in this work can be used to calculate
thermal energy of processes involving the Ag-Cu-S-ternary phases. By applying the obtained results
and the critically evaluated literature data, we have developed a thermodynamic database. The
self-developed database was combined with the latest pure substances database of the FactSage
software package to model the phase diagram of the Ag2S-Cu2S system.

Keywords: sulfide; silver; copper; inorganic materials; thermal analysis; thermochemistry; thermal
energy; phase diagram

1. Introduction

Today, the complexities and low grade of the available raw materials from ore deposits
are challenging the production of high-grade metals by the conventional metallurgical
processes. To address this issue, metallurgists are considering alternatives strategies and
modify operating flow sheets for processing more complex feedstock in an energy efficient,
environmentally friendly and economically sound way. To make the appropriate modifica-
tions, accurate knowledge of existing phase relations and their thermal stabilities during
the whole metallurgical processes are essential.

Ongoing research and development efforts to advance extraction metallurgy are
aiming at (a) efficient utilization of the chemical energy of the concentrate and mini-
mization/elimination of carbon-based fuel consumption, (b) maximum environmental
protection and the production of controlled gas with a high content of SO2, and (c) high
recovery of the primary metal and minor metals including the precious metals [1]. The
overall result of these efforts will eventually contribute to create adaptive and dynamic
metallurgical processes, including roasting as a thermal pretreatment that enriches raw ma-
terials and extracts thermal energy. For example, the main steps in the copper production
process at the Boliden Rönnskär (Skelleftehamn, Sweden) smelter presented in [2] consist of
drying, roasting, smelting, converting and refining. The thermal energy generated mainly
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from sulfur containing minerals in the fluidized bed roasting process can be utilized for
drying the feed materials.

Copper- and silver-containing sulfide minerals are often found in the complex ore
minerals that are available for the base and precious metals extraction. Among the silver-
based ternary phases, stromeyerite (Ag0.9Cu1.1S) is a relatively common ore mineral in
most hydrothermal vein and replacement deposits [3]. Generally, silver is considered
as a typical impurity in the sulfide ores for copper extraction. In the ores, it exists as a
native silver and as a component of mineral phases [4]. Thus, a significant amount of
silver may end up in the primary copper making via pyrometallurgical processing routes.
In the high-temperature extraction processes, it is concentrated in the copper phase and
subsequently recovered at the electro-refining stages as a byproduct together with the other
precious metals [5].

Besides their mineralogical importance in the metal extraction missions, copper and
silver halides, chalcogenides, and chalcohalides have attracted attention over the past
decades due to their properties to exhibit mixed electronic and ionic conduction [6–9].
Recently, the Ag-Cu-S-ternary phases were observed to exhibit phase transformations due
to temperature dependent cationic mobility [10,11]. This unique property, together with
their high ionic conductivity (λ) following phase transformations, initiated the most recent
research activities in the Ag-Cu-S system. For example, the face-centered cubic (FCC)
structured (Cu,Ag)2S solid solution has been reported to have λ(573 K) ≈ 2.4 S·cm−1 [12],
and also evaluated to have uncommon optical properties [13]. AgCuS belongs to this family
and shows several temperature dependent structural transitions and performs p-n-p type
conduction switching coupled with a colossal variation of thermopower in connection with
the structural changes [8,11]. These unique properties, generally, make Cu-Ag-sulfides
candidate inorganic materials for transistors, photovoltaic devices, semiconductor-switches,
and temperature-controlled-diodes and transistor devices [14,15].

Inorganic materials research involves the determination of phase transformations,
melting, phase equilibria with coexisting phases, and other application-based thermody-
namic properties. The availability of these data help to optimize materials processing
including extraction and recovery of metals, and from a materials science point of view, the
data assist the selection of high-performance and cost-effective materials and enable the
optimization of their processing technology [4].

Therefore, well-defined thermodynamic properties of the equilibrium phases in the
Ag-Cu-S system and modeling of the system have a great fundamental and practical interest
in extractive and physical metallurgy.

The experimental results of an electrochemical and calorimetric study on Ag0.93Cu1.07S
(mineral stromeyerite) and the solid solution (Cu,Ag)2S in the Cu2S-rich region, along with
thermodynamic considerations, were presented in [4,16]. The present work involves a
continuation that follows the previous research and investigates in the Ag2S-richer region,
specifically at the vicinity of 65 wt% Ag2S in the Ag2S–Cu2S system, by the means of the
simultaneous differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA) and electromotive force (EMF) techniques. Thus, this experimental work completes
the deficiencies in the thermodynamic data of the Ag2S-rich part of the Cu2S-Ag2S system.
The previous and current experimental data were utilized together with literature data to
complete the optimization of the complex phase diagram of the Ag2S-Cu2S system.

Literature Data on Phase Equilibria and Thermodynamics in the Ag2S-Cu2S System

βCu2S (monoclinic, mineral low-chalcocite) transforms at 376 K to γCu2S (hexagonal,
mineral high-chalcocite), which is stable up to 708 K [17]. βCu2S may dissolve up to
1.87 ± 0.37 mol% Ag2S, at 336 K [18]. Thermal stability data for Ag2S is summarized
in [19]. At temperatures < 400 K, three ternary compounds in the Ag-Cu-S system are
known to be thermodynamically stable; these are body-centered tetragonal Ag1.55Cu0.45S
(mineral jalpaite), orthorhombic Ag1.2Cu0.8S (mineral mackinstryite), and orthorhombic
Ag1−χCu1+χS (mineral stromeyerite) [18,20–25]. All of the ternary compounds exist below
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392 K and on the Ag2S-Cu2S tie line [20,21]. Skinner [18] characterized these phases with
X-ray diffractometer at elevated temperatures.

Of all the ternary compounds, stromeyerite was reported to exhibit significant com-
positional range. According to Skinner [18] and Frueh [23], stromeyerite (Ag1−χCu1+χS)
exhibits extended stoichiometric variation, 0 ≤ χ ≤ 0.1. The stromeyerite reported in [25],
Ag0.89Cu1.10S, is in the range of the proposed stoichiometric variation. Earlier, we syn-
thesized stromeyerite saturated with Cu2S that has a composition of Ag0.93Cu1.07S [4].
Stromeyerite with 1:1:1 molar ratio, AgCuS, has been synthesized by [8,11,26], by applying
different methods.

At temperatures above 392 K, Cu2S and Ag2S reacts to form three solid solutions of differ-
ent crustal structures: (Cu,Ag)2S(BCC), (Cu,Ag)2S(HCP) and (Cu,Ag)2S(FCC) [27,28]. Above
363 K, Ag0.93Cu1.07S restructures as a Cu2S-Ag2S solid solution, i.e., (Cu,Ag)2S(HCP) [20].
The solid solution then becomes a dominant phase together with (Cu,Ag)2S (BCC) [21].
Both the copper- and silver-richer (Cu,Ag)2S (BCC) undergo high-temperature transfor-
mation into (Cu,Ag)2S (FCC) [12,20], which has homogeneity regions starting from the
pure Ag2S and Cu2S sides [12]. The solidus and liquidus curves of the FCC solid solu-
tion were mainly determined by Schwartz [29]. The work of Guin et al. [8] and, recently,
Tesfaye et al. [4], confirm that the congruent melting temperature and composition of the
FCC solid solution determined by Schwartz [29] is accurate. In the late 1960s and early
1970s, Perrot and Jeannot [30] studied the (Cu,Ag)2S solid solution by means of measuring
activities of Ag2S at 790 K, and Werner [31] studied thermodynamic properties of the solid
solution at 573 K by the EMF method.

Activities of Ag and Cu were measured in a series of experiments that involved
stromeyerite [26], jalpaite [32,33], and mackinstryite [34] on the Ag2S–Cu2S tie line at CuS
saturation, by the EMF method. Trots et al. [11] have determined the phase transition
temperature of stromeyerite and the melting temperature of the solid solution along the
composition AgCuS, by the calorimetric method. Tesfaye et al. [4,16] studied properties
of stromeyerite and the solid solution (Cu,Ag)2S at Cu2S saturation by the EMF and
differential scanning calorimetry-thermogravimetric analysis (DSC-TGA) methods.

2. Materials and Methods
2.1. Materials Preparation

The chemicals utilized in this study are listed in Table 1 with their purity. The ternary
phase assemblage composed of Ag1.2Cu0.8S and AgCuS were synthesized from fine pow-
ders of Ag2S (65 wt%) and Cu2S (35 wt%) specified in Table 1. These fine powders were
thoroughly mixed with an agate mortar and pressed into pellets with subsequent sealing
in an evacuated fused silica ampoule. Prior to sealing, the ampoule was flushed several
times with argon gas. The sample was subjected to a heat-treatment in a chamber furnace
(AWF 12/25 type, Lenton, UK) with a stepwise-increasing temperature profile: at 573 K
for three days, at 873 K for ten days, and at 1173 K for a few minutes. To avoid thermal
shock, buildup of partial pressure (which may result in the breakage of the ampoules), and
deposition of materials in other parts of the fused silica ampoules, we have followed a slow
heating and cooling rate of 10 K/min.

At the last step, the samples were entirely melted to attain high homogeneity level,
then cooled down to 338 K and annealed for three weeks. The material produced was
analyzed with a LEO 1450 (Carl Zeiss Microscopy GmbH, Jena, Germany) scanning electron
microscope (SEM) coupled with an Oxford Instruments X-Max 50 mm2 (Oxford Instruments
plc, Abingdon, Oxfordshire, UK) energy dispersive spectrometer (EDS). The SEM-EDS
analysis confirmed the coexistence of two ternary phases, synthetic mackinstryite and
stromeyerite. The micrograph of the material synthesized is shown in Figure 1. The
equilibrated stromeyerite has an approximate composition corresponding to AgCuS, which
is in agreement with the literature data [18], suggesting stromeyerite in equilibrium with
mackinstryite to have the Ag/Cu ratio 1. The stromeyerite at Cu2S saturation, synthesized
in the previous studies [4,16], had an approximate composition of Ag0.93Cu1.07S.
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Table 1. Purity and provenance of the chemicals consumed in the experiments.

Chemical Purity Source CAS No. Form

Ag 99.9 wt% Alfa Aesar, Merck (Darmstadt, Germany) 7440-22-4 Foil
AgI 99.9 wt% Alfa Aesar, Merck (Darmstadt, Germany) 7783-96-2 Powder

Ag2S >99.9 wt% Alfa Aesar, Merck (Darmstadt, Germany) 21548-73-2 Powder
Ar 99.999 vol% Oy AGA Ab (Espoo, Finland) - Compressed gas

CuS 99.8 wt% Alfa Aesar, Merck (Darmstadt, Germany) 1317-40-4 Powder
Cu2S 99.5 wt% Alfa Aesar, Merck (Darmstadt Germany) 22205-45-4 Powder

Pt 99.99 wt% Johnson Matthey (Royston, UK) Wire
RbI 99.8 wt% Alfa Aesar, Merck (Darmstadt, Germany) 7790-29-6 Powder

The solid electrolyte RbAg4I5 was synthesized by mixing stoichiometric amounts
of high purity AgI and RbI (Table 1) with distilled water to form a dense paste. The
mixture was placed in a fused silica crucible and dried in an oven at a slowly increasing
temperature. The remaining dry reactants were annealed in a resistance vertical tube
furnace (CSC 12/–/450 V type, Lenton, UK) at T = 493 K for two hours. This temperature
is an intermediate between the eutectic temperature and the incongruent melting point of
RbAg4I5. The synthesis was accomplished by annealing at T = 433 K for two days [35]. The
produced solid electrolyte material had a glassy greenish yellow color.
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2.2. Thermal Analysis

Thermal characterization of the synthesized specimen comprised of Ag1.2Cu0.8S
and AgCuS phases was conducted by the DSC-TGA method. A STA-449-F1-Jupiter®—
simultaneous DSC-TGA analyzing equipment of the NETZSCH Group (NETZSCH-Gerätebau
GmbH, Selb, Germany)—was employed for the experimental runs. The calorimeter was cal-
ibrated with the enthalpies of melting and melting temperatures for ultra-pure substances
Zn, Sn, Au, In, Al and Bi. From the observed variations during the calibration measure-
ments, the uncertainties for the temperatures and enthalpies of melting were estimated as
±1 K and ±1.2%, respectively.

Figure 2 shows the sample preparation and experimental procedure applied during
all experimental runs. More details of the materials and gas used are described in the
figure. Prior to each run (for baseline (empty pans), calibration (one pan with sapphire)
and sample measurements), the chamber was evacuated and then backfilled with pure
argon gas three times. In the initial stage, the furnace was heated to 298 K and kept at this
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temperature for ten minutes. Then, the furnace was heated and cooled at the same rate as
specified at the bottom right corner of Figure 2. Heat flow and weight losses in all runs
were recorded simultaneously.
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2.3. Electrochemical Examination
2.3.1. Galvanic Cell Formation and the Experimental Setup

Three essential parts of the galvanic cell, i.e., the electrolyte, the reference electrode,
and test electrode, were separately prepared and then assembled together by pressing
it into a pellet with a sandwich structure. The solid electrolyte RbAg4I5 synthesized
was pulverized and utilized freshly in an amount of approximately 2.8 g. A small piece
(8 mm × 8 mm) of high purity silver foil with 0.5 mm thickness (Table 1) was cleaned
with a polishing paper from possible contaminations at the surface (e.g., oxide films) and
utilized freshly. The choice of the pure silver as the reference electrode is due to the choice
of Ag+ ion conducting electrolyte; other researchers, for example, Schmidt et al. [34], have
applied Cu+ ion conducting electrolytes and pure copper as a reference electrode. The
test electrode comprised of three phases was prepared from highly pure CuS (Table 1)
and the synthesized sample containing Ag1.2Cu0.8S and AgCuS. The total mass of the test
electrode was about 2 g. The phases were mixed in the following approximate molar ratio:
CuS/Ag1.2Cu0.8S/AgCuS = 1/4/4, representing the red solid square in Figure 3.
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(illustrated based on the information provided in [4]). Notations: S2 is Ag0.93Cu1.07S (ortho), S3 is
Ag1.2Cu0.8S (ortho), S4 is Ag1.55Cu0.45S (bct), and (x) is composition of the cathode material.
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Prior to mixing, the synthesized assemblage of the two ternary phases was pulverized
with an agate mortar. The galvanic cell was pressed with a 15 mm diameter mold, starting
with the test electrode layer, followed by the electrolyte layer and the reference electrode at
the top (Figure 4A). The final pressure applied was about 0.27 GPa. To maintain excellent
contacts between the interfaces and equilibrate, the constructed electrochemical cell was
thermally treated for a day at a temperature well below the melting point of the electrolyte
(400 K) prior to the start of the actual measurement.
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surement): 1—the test electrode (three phase mixture), 2—the solid electrolyte (RbAg4I5), 3—the
reference electrode (Ag foil), 4—the Pt cathode lead wire, and 5—a print of the Pt anode lead wire.

Platinum lead wires (Table 1) were connected to the electrodes and the galvanic cell
was put into an alumina crucible. The EMF measurements were conducted in a resistance
vertical tube furnace (CSC 12/–/450 V type, Lenton, UK) equipped with a gas-impermeable
fused silica work tube, where the crucible with the galvanic cell was disposed (Figure 5). A
protective atmosphere was provided inside the work tube by passing a small 10 mL·min−1

flow of argon (99.999 vol% pure, AGA, Espoo, Finland) controlled by a mass flow controller
Aalborg DFC26 (Industrial Process Measurement, Inc., Edison, NJ 08820, USA).

The structure of the electrochemical cell at the beginning of the measurement can be
represented by the assemblage (cell I).

Cell I:
(−) Pt|Ag|RbAg4I5|Ag1.2Cu0.8S + AgCuS + CuS|Pt (+)
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2.3.2. Measuring Devices and the Procedure

The Pt lead wires were connected to an electrometer Keithley 6517B (Keithley In-
struments, Inc., Cleveland, OH, USA) with a high input impedance to measure the EMF
of the galvanic cell. The high input impedance of the electrometer for open cell voltage
measurements was 2 × 1014 Ω. It allows the galvanic cell to function in a reversible way
without any external current flowing [36].

Calibrated Pt100 resistance thermometers (TERMOTECH SRL, Vigevano, Pavia, Italy),
with a tolerance class B 1/10 Din, SKS-Group, were connected to Keithley 2000 multimeters.
The temperature was measured from above and from below of the galvanic cell. The
galvanic cell was allocated into the isothermal zone of the furnace with the least temperature
gradient by adjusting the cell position along the furnace height. The temperature difference
between the two thermometers was less than 0.3 K during the entire experiment. Thus, any
possible thermoelectric effects in the cell EMF were negligible.

The values of temperature and EMF were measured simultaneously and recorded
with a computer with a rate of one measurement point per minute. The measurement was
conducted at a constant temperature until equilibrium was attained. The equilibration
criterion was behavior of the measured EMF as a function of time. When the EMF was
asymptotically approaching a certain value and its changes within the last 24 h were less
than 0.1 mV or it was fluctuating in the vicinity of a certain value for the same time, it
was considered as an equilibrium. Equilibration time varied from 36 h to three weeks.
Once the cell was equilibrated, the temperature was changed and equilibration started at a
new temperature. The measurements were conducted through heating and cooling cycles
to confirm reversibility and repeatability of the measurements. The measurements were
conducted in the temperature range from 308 to 402 K.

3. Thermodynamic Optimization

By combining the critically reviewed literature data and experimental data in this
work, we developed a database that enables thermodynamic calculations in the Ag2S-Cu2S
system. The optimization was done by combining our own database and the SGPS–
SGTE pure substances database, which is compiled by the Scientific Group Thermodata
Europe [37]. The calculations and assessments were performed using the FactSage 7.1
software package [38]. Details on the optimization method were described in our recent
openly accessible article [39].

4. Results and Discussion
4.1. DSC Measurement Data

The DSC-TGA measurements were conducted for the equilibrated two-phase sample
(Ag1.2Cu0.8S and AgCuS) in this work. The dashed straight line in Figure 6 at ~65 wt%
Ag2S indicates the composition and temperature range of the DSC-TGA measurement.

The results obtained after heating from 298 to 973 K are presented in Figure 7. On the
heating DSC curve, phase transitions and melting temperatures appeared as endothermic
peaks. The hatched area of the melting peak depicted in Figure 7 yielded enthalpy of fusion
of the Ag-richer solid solution (Ag,Cu)2S.

Temperatures of phase transformation and melting determined by the DSC method
are compiled in Table 2, in comparison with the values reported in the published literature.
As the TGA curves in Figure 7 show, mass loss of the sample upon heating and cooling
is negligible. Therefore, the overall chemical composition of the analyzed sample was
assumed to be constant during the thermal cycles, as indicated in Figure 6, i.e., along the
65 wt% Ag2S (the red dashed line).
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Table 2. A comparative summary of phase transition and melting temperatures for a composition
close to the DSC-TGA run in this work. Ttr/melt values from [20] were digitally collected from the
phase diagram along the composition of 65 wt% Ag2S.

Ttr/melt/K
65 wt% Ag2S
[This work]

55.4 wt%
Ag2S [4]

65 wt%
Ag2S [20]

61 wt%
Ag2S [11]

61 wt%
Ag2S [6] Reaction

Ttr 364 ± 1 361 ± 1 353 361 365

Ag0.93Cu1.07S (ortho) +
Ag1.2Cu0.8S �

(Ag,Cu)2S(HCP) +
Ag1.2Cu0.8S

Tmelt 922 ± 1 944 ± 1 937 936 - (Ag,Cu)2S(FCC) � L

The observed onset temperatures at 363.7 ± 1, 402.5 ± 1 and 922.2 ± 1 K indicated in
Figure 7 correspond well with the phase transition and liquidus temperatures reported in
the literature. As can be seen in Table 2, the onset temperature observed at 363.7 K is in good
agreement with the stromeyerite transformation into the solid solution (Ag,Cu)2S(HCP), as
reported by [4,6,11]. Despite the compositional differences that can alter thermodynamic
properties, the transformation temperature presented in the proposed phase diagram of
Chang et al. [20] is lower by up to 10 K than our measurement and the recent literature
values of [4,6,11]. The onset temperature observed at 402.5 ± 1 K corresponds with the
reported temperature of decomposition of stromeyerite into two phases at 399 K [11]. The
slight temperature differences could be due to compositional variation as depicted in Table 2.
Precisely, this phase transition temperature at 402.5 K, which comes after Ag0.93Cu1.07S
transition to (Ag,Cu)2S(HCP) at 364 K (Table 2), represents the phase transition from
Ag1.2Cu0.8S to Ag1.55Cu0.45S in the presence of (Ag,Cu)2S(HCP).

The onset temperature 922.3 K of the sharp peak on the heating curve shown in
Figure 7 can be interpreted as the melting temperature of the Ag2S-richer solid solution
(Ag,Cu)2S (FCC). According to the proposed phase diagram of Chang et al. [20], at the
same composition of the experimental runs, the melting temperature of the solid solution
is higher by about 15 K. In the previous work [4], melting temperature of the Cu2S-richer
solid solution (Cu,Ag)2S (FCC) was determined to be 944 ± 1 K. The temperature difference
between the Ag2S- and Cu2S-richer solid solutions suggest that adding a certain amount of
Ag2S to the system tend to decrease melt formation temperatures.

Enthalpy of fusion for the Ag-richer solid solution with Ag/Cu ratio of ~1.2 was deter-
mined from the DSC measurements and presented in Equation (1) with its corresponding
liquidus temperature. ∆meltH value for the Ag-richer solid solution is lower than that of
the Cu-richer solid solution determined in our previous work [4], Equation (2), by about
~1.5 kJ·mol−1. The error values indicated in Equations (1) and (2) for both temperatures
and enthalpies are average accuracies calculated during the temperature and sensitivity
calibrations, as described in the Experimental section. Decimals were rounded to the next
whole number.

(Ag1.09Cu0.91)S(s.s., FCC) � L ∆meltH = 4.1 ± 1 kJ·mol−1, at Tmelt = 922.3 ± 1 K (1)

(Ag0.92Cu1.08)S(s.s., FCC) � L ∆meltH = 5.6 ± 1 kJ·mol−1, at Tmelt = 943.9 ± 1 K (2)

4.2. EMF Measurement Data Analysis

The measured EMF values with electrochemical cell I as a function of temperature
are presented in Figure 8. The average temperatures of those measured at both ends
of the electrochemical cells were considered in deriving the thermodynamic data. The
parasitic cell potential contributions to the cell EMF, resulting from the presence of the
slight temperature gradients and contact potential differences, were obtained with the
symmetric cells and eliminated from the EMF values at each temperature.

In the range of the experimental temperature, 308–402 K, EMF values increased with
heating linearly. Thus, for the solid-state reactions in different thermal stability regions,
the temperature dependent EMF values can be expressed by the typical linear equation
E = a + b·T [4,16]. In accordance with this equation, the dependencies of the measured EMF
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values of electrochemical cell I on temperature, in two different temperature ranges, are
expressed as Equations (3) and (4).
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E(V) = 0.03700 + 0.24100·T(K)·10−3 (308 < T/K < 367) (3)

E(V) = −0.04134 + 0.45000·T(K)·10−3 (382 < T/K < 402) (4)

When equilibrium is attained, the transfer of the Ag+ ion at the interface into the
cathode or the overall reaction of cell I can be represented by the virtual electrochemical
cell reactions (5) and (6). Compositions of the solid phases are according to the composition
of the cathode materials at the beginning of the measurements

19/20Ag + 19/20CuS + 1/20Ag1.2Cu0.8S = Ag1.01Cu0.99S (5)

19/20Ag + 19/20CuS + 1/20Ag1.2Cu0.8S = (Ag,Cu)2S(HCP) (6)

Solving Equations (3) and (4) simultaneously, the phase transformation temperature
over the experimental temperature range 308–402 K were found to be T = 375 ± 1 K.
This temperature is about 10 K higher than the value obtained with the DSC technique
and the literature values for Ag0.93Cu1.07S = (Ag,Cu)2S(HCP) phase transition tempera-
ture, 361–365 K [4,6,11]. The phase transition temperature differences between the result
obtained with the EMF method and the literature value could be attributed to the compo-
sitional differences, as the solid solution forms in the electrochemical cell in equilibrium
with CuS.

Gibbs Energies of Formation (∆fG◦)

Difference in the chemical potential of Ag in the anode and cathode materials of the
electrochemical cells I (∆µAg) is directly proportional to the generated EMF values, at an
isotherm equilibrium. Thus, from the obtained EMF values as a function of temperature,
Gibbs energies, enthalpies, and entropies of reactions (5) and (6) can be determined by
applying the fundamental thermodynamic Equation (7) [4].

∆rG◦(T) = −z·F·E(T), (7)
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where z is the electrons involved in the electrochemical cell reaction, which is 0.95 (19/20 moles)
in reactions (5) and (6), the Faraday constant F is 96,485.33 C·mol−1 [40], and the EMF of
the electrochemical cell E is in V. The Gibbs energies of the virtual cell reactions (5) and (6)
were calculated from the measured EMF values as a function of temperature according
to Equation (7). The determined Gibbs energies of reactions (5) and (6) are formulated as
Equations (8) and (9), respectively.

∆r(5)G
◦/(kJ·mol−1) = −(3.39 ± 0.1) − (22.09 ± 0.5)·10−3·T/K, (308 < T/K < 367) (8)

∆r(6)G
◦/(kJ·mol−1) = (3.79 ± 0.1) − (41.25 ± 1)·10−3·T/K, (382 < T/K < 402) (9)

The calculated Gibbs energy in Equation (9) is per mole of the actual formula (Ag1.01Cu0.99)S
(i.e., (Ag,Cu)2S in reaction (6)).

By combining ∆r(5)G◦ values of reactions (5), i.e., Equation (8), with the molar Gibbs
energies of the pure substances obtained from [41], standard Gibbs energies of formation of
Ag1.2Cu0.8S were determined to be:

∆fG
◦/(kJ·mol−1) = −(50.2 ± 1) − (19.1 ± 0.4)·10−3·T/K, (308 < T/K < 367) (10)

The Gibbs energies of formation of Ag1.2Cu0.8S determined in this work are in fair
agreement with those experimentally determined values of Schmidt and Sagua [34] for
the similar temperature range. We have also calculated the Gibbs energies of forma-
tion of Ag1.2Cu0.8S by applying the Craig and Barton [42] approximation method devel-
oped for estimating the Gibbs energies of sulfosalts from simple sulfides, assuming ideal
mixing of simple sulfides to form sulfosalts of intermediate composition. To estimate
∆mixG◦ = ∆mixH◦ − ∆mixS◦·T, they assumed zero enthalpy of mixing (∆mixH◦ = 0). Their
proposed formula is:

∆fG◦
sulfosalt/(kJ·mol−1) = Σ1

n(xi·∆fG◦
sulfide) − (5.02 ± 3.35)·(R·T·Σ1

n(xi·lnxi)), (11)

where xi is number of moles of the component sulfide.
In the calculation of the Gibbs energies of formation of Ag1.2Cu0.8S, we used the Gibbs

energies for Cu2S and Ag2S provided in the handbook of Barin [41]. The largest variation
of the standard thermodynamic quantities between the experimentally determined and
calculated values in this work and the literature value is observed for entropy. A compara-
tive summary of the standard Gibbs energy, enthalpy and entropy values is presented in
Table 3.

Table 3. A comparative summary of thermodynamic properties of Ag1.2Cu0.8S at 298 K and 1 atm.

∆fG◦/(kJ·mol−1) ∆fH◦/(kJ·mol−1) ∆fS◦/(J·(K·mol)−1) Reference

−55.9 ± 1 −50.2 ± 1 19.1 ± 0.4 This work
−55.5 −46.7 29.67 Schmidt and Sagua [34] 1

−50.6 −50.5 0.12 Calculated by the Graig and
Barton method [42] 2

1 Authors reported a 1% error for the determined quantities. 2 Data for the simple sulfides in a reaction
Ag2S + Cu2S = Ag1.2Cu0.8S were adapted from [41].

The Gibbs energy data derived in this study can be utilized in the phase diagram
modeling of the Ag-Cu-S system, including the Ag2S-Cu2S system presented in the follow-
ing section. These thermochemical data can also be extrapolated to different temperature
ranges and used to determine the energetics of processes, such as oxidation reactions in the
pyrometallurgical processes.

4.3. Results of Thermodynamic Calculations for Optimization

The phase diagram of the Ag2S-Cu2S system has been optimized using the FactSage
software package. The optimization includes both the literature data and the DSC and EMF
measurement results in this work. Figure 9 depicts the optimized phase diagram at 1 atm,
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together with superimposed literature data and experimental values determined in this
work. The low temperature range consists of fifteen stable solid phase regions. To reveal
the narrow and complex phase regions, calculations were made between 273 and 430 K
(Figure 10).
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In general, the literature and experimental data for the liquidus and solidus bound-
aries are precise and consistent with the thermodynamic modeling. The literature data
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in the lower temperatures, particularly in the Ag2S-rich part, of the phase diagram are
scarcer and scattered. A summary of the experimentally determined and optimized ther-
modynamic properties in this work is presented in Table 4. The difference between the
optimized and experimentally determined temperatures for the transition from AgCuS
to (Ag,Cu)2S(HCP) is about 12 K. This difference could be due to the saturation of the
phases with different phases, saturation with Ag1.2Cu0.8S in the modeling and with CuS in
the EMF experiment. In the case of the transition from Ag1.2Cu0.8S to Ag1.55Cu0.45S in the
presence of (Ag,Cu)2S(HCP), in both cases, the temperature difference is only about 4 K,
hence, in good agreement.

Table 4. Comparison of the optimized and our experimentally determined thermodynamic properties.
Exp. and opt. represent experimental and optimized, respectively.

Reaction
Temperature (K) Exp. Method

Exp. Opt.

AgCuS � (Ag,Cu)2S(HCP) 1 375 ± 1 387 EMF
(Ag,Cu)2S(FCC) 2 � L 922.3 ± 1 930 DSC-TGA

(Ag,Cu)2S(HCP) 2 + Ag1.2Cu0.8S �
Ag1.55Cu0.45S + (Ag,Cu)2S(HCP) 2 402.5 ± 1 398 DSC-TGA

1 The ratio of Ag/Cu = 1.01/0.99. 2 The ratio of Ag/Cu = 1.09/0.91.

Compared to the phase diagram proposed by Chang et al. [20] in the late 1970s, in
the higher temperature range, our model presents lower solidus and liquidus bound-
aries, for most parts of the compositional ranges. However, our optimized direct melting
temperatures for the (Ag,Cu)2S solid solutions is in good agreement with the proposed
phase diagram of Chang et al. [20]. In the lower temperature range, the biggest dif-
ference is in the phase boundary of the phase region where Ag1.2Cu0.8S and AgCuS
are in equilibrium. There is also a shift for the stromeyerite solubility limit narrow re-
gion to the Cu2S-richer region. Compared to the phase diagram of Chang et al. [20], the
(Ag,Cu)2S(BCC) + (Cu,Ag)2S(FCC) phase equilibrium in the new phase diagram is nar-
rower and lower on the temperature scale. The solubility limit of Ag2S in the βCu2S phase
(denoted as S1) is also observed to be more than double in the new model compared to the
phase diagram proposed by Chang et al. [20].

5. Conclusions

Thermal stabilities of selected ternary phases in the Ag2S-richer part of the Ag-Cu
sulfide system have been studied with the DSC-TGA and EMF techniques. The ternary
compounds Ag1.2Cu0.8S and AgCuS were equilibrated through high-temperature reaction
of the pure Cu2S and Ag2S under vacuum condition. The samples were characterized
and then thermally analyzed with the DSC-TGA and EMF techniques under different
conditions. From the obtained measurement results, thermodynamic properties of the
equilibrium phases have been determined. The determined phase transition temperatures
were compared with the available literature values. New data for enthalpy of fusion of the
Ag-richer solid solution (Ag,Cu)2S have been determined. From the EMF measurements,
we derived the phase transformation AgCuS � (Ag,Cu)2S(HCP) in the presence of CuS to
be 375 ± 1 K and standard Gibbs energies of formation of Ag1.2Cu0.8S below 375 K to be
∆fG◦/(kJ·mol−1) = −(50.2 ± 1) − (19.1 ± 0.4)·10−3·T/K. These phase transition properties
determined through the two techniques can help to define user limit temperature range for
devices incorporating the Ag-Cu-S-ternary phases as functional materials, and the Gibbs
energy data can be utilized to determine the energetics of processes such as oxidation
reactions in the pyrometallurgical processes.

The experimental results compiled in this work and the critically reviewed literature
data incorporating recently published works were combined together with the pure sub-
stance database of FactSage version 7.1 to model the latest phase diagram of the Ag2S-Cu2S
system. The major differences between the only available phase diagram in the literature,
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modeled in the late 1970s, and in this work are on the solidus and liquidus temperatures
and the phase stability regions where Ag1.2Cu0.8S and AgCuS are in equilibrium.
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