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ARTICLE INFO ABSTRACT

Editorial handling by Elisa Sacchi This research proposes a comprehensive study of the thermodynamic stability of the structurally similar

Cu-Fe-Zn-Sn-S multinary sulfides, critical materials that are pivotal in advancing semiconductor technologies.

Keywords: In light of the scarcity of thermodynamic data in the extant literature concerning a relevant number of mineral
SUIS‘IES phases, the missing data were estimated using a method based on the sum of molecular fragments. Consequently,
Stability

a novel numerical extrapolation method derived from experimental thermochemical stability constants is inte-
grated with the simulation capabilities of the PHREEQC software. This integration facilitates the meticulous
charting (using the formalism of Pourbaix diagrams) of the stability domains of Cu-Fe-Zn-Sn-S multinary sul-
fides in aqueous environments. The present analysis addresses a critical knowledge gap regarding the aqueous
stability of multinary sulfides, while introducing a robust theoretical framework for predicting their environ-
mental and technological viability. This objective is accomplished by delineating the relative stability and
precipitation boundaries of the studied phases, thereby providing invaluable insights for the development of
these sustainable semiconducting materials. Consequently, this research makes two significant contributions.
Firstly, it contributes to the theoretical understanding of multinary sulfide systems. Secondly, it establishes the
foundation for their practical application in green technologies.

Pourbaix diagrams
Structural chemistry
Semiconductors for photovoltaics

1. Introduction Moreover, these materials have been considered for the manifestation of

photocatalytic (Olatunde and Onwudiwe, 2022) or metallic conduction

Multinary sulfides have garnered considerable attention in the
research community as a potential source of novel semiconducting
materials for advanced technological applications. In particular, a
number of these technologies are regarded as having considerable po-
tential in the context of the recent decarbonization initiatives under-
taken by numerous major economies worldwide. The clearest example
of such a strategic role is undoubtedly provided by kesterites (a group of
ond generation p-type materials for solar energy conversion). It is ex-
pected that the use of these materials will contribute to the mitigation of
environmental concerns associated with the exploitation of devices
grounded on toxic or extremely rare elements (Wang and et al., 2023).
Another extensively endorsed application of many materials belonging
to this class is in thermoelectrics (Balaz, 2024; Balaz et al., 2021a).
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(Wu et al., 2007) properties in specific phases.

The considerable interest in multinary sulfides has prompted rele-
vant research, especially in the synthesis of novel materials and the
application of the most studied phases in the assembly of innovative
devices (Digraskar et al., 2019). Nevertheless, for many of these complex
phases, there remains knowledge gap regarding their thermodynamic
stability, especially when in contact with aqueous solutions. The present
study aims to address this lacuna by providing novel data on the relative
stability of the phases. Indeed, the boundaries of their field of existence
as solid precipitates in contact with aqueous solutions will be described,
thus defining the stability limits of devices containing such materials
when in contact with aqueous solutions or moisture. The aim is fulfilled
through a strategy that incorporates PHREEQC as a calculation software,
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the sum of molecular fragments as a method for providing the missing
thermodynamic data, and the comparative analysis of the stability dia-
grams calculated for the various phases in contact with aqueous
solutions.

2. Calculation of missing thermodynamic constants through the
sum of molecular fragment energies

The experimental approach used in the present study to estimate the

missing thermodynamic constants of phases belonging to the
Cu-Fe-Zn-Sn-S system is grounded on the extrapolation of such

Table 1

Applied Geochemistry 191 (2025) 106513

quantities as the sum of the thermodynamic constants associated with
molecular fragments identified as highly frequent or “characteristics” of
the phases belonging to the system. To verify the correctness of this
assumption, we have carried out:

1) a systematic review of the structural motifs observed in the
Cu-Fe-Zn-Sn-S system, which is systematically presented in section
2.1;

2) the compilation of a database that encompasses all available exper-
imental thermodynamic data on phases belonging to the system; this
database is described in section 2.2. Since the final database will be

List of the phases belonging to the Cu-Fe-Zn-Sn-S system with at least one metal cation and Sn. Their description as minerals (where available), their Me:S ratio and
space group symmetry, the occurrence of cation disorder and the valence states of the metals are listed.

# Formulaunit ~ Mineral name Me:S Packing  Space Cation VS * reference
ratio group disorder mineral synthetic calculated
1 Cu,SnS, - >1 ccp Pnma Y Cu*,sn** (Wu et al., 1986; Jaulmes
et al., 1977; Choudhury
et al., 2017; Wang, 1974)
2 Cu,SnSs mobhite ccp Cc cu*,sn*t Kovalenker (1983) (Onoda and et al., 2000;
Lohani et al., 2020)
ccp F-43m Y (Lohani et al., 2020; Balaz
et al., 2021b)
1 ccp I-42m Y (Olatunde and Onwudiwe,
2022; Chen and et al.,
1998)
ccp P1 (Wu et al., 1986; Wang,
1974)
hcp P63mmc Wu et al.
(2007)

3 CusSnS4 kuramite 1 ccp I-42m Y Cu’, Kovalenker (1981) (Wu et al., 1986; Goto
cu?t, et al., 2013; Zalewski
Sn** et al., 2010)

4 CusSn,S; - 1 Cc2 Cu’, Pavan Kumar et al. (2021)
Cu“,

Sn*+
5 Cuy1SnsS16 - 1 ccp P-43n Y Cu’, Kumar et al. (2021)
cut,
Sntt
6 Cu,SnsS; - <1 Cc Cu*,sn** (Wu et al., 1986; Wang,
1974)

7 Cu,SnSg - <1 hep R-3m Y Cu”, Chen et al. (1999)
cut,
Sn#

8 Cu,Sn;S16 - <1 hep R-3m Cu®,sn** Chen and et al., 1998

9 Cu;0SnaSi3 - <1 ccp tetragonal Y Cu”, (Wu et al., 1986; Wang,
cu?, 1976)

Sntt

10  CugFeSn,Sg chatkalite >1 ccp P-4m2 Cu”, (Mighell, 2006; Fleischer Balaz, 2024
Fe?", and et al., 1982)

Sn*

11 CugFe,SnSg mawsonite >1 ccp P-4m2 Cu', (Mighell, 2006; Szymanski, Baldz et al. (2019) Siloi et al.
Fe3t, 1976; Markham and (2019)
sn** Lawrence, 1965; Yamanaka

and Kato, 1976)
12 Cug(Fe, stannoidite >1 ccp 1222 Cu+/2+, (Kudoh and Takeuchi, 1976; (Balaz et al., 2017a,
Zn)3Sn,S15 Fe?t, Yamanaka and Kato, 1976) 2021a; Yamanaka and
Zn?' ) Kato, 1976; Pavan Kumar
sn** et al., 2017)

13 CuyFeSnS, stannite 1 ccp I-42m Cu’, Bonazzi (2003) (Balaz et al., 2017a,
Fe?", 2017b, 2019, 2021a;
Sn** Meng, 2015)

14 CupZnSnSy kesterite 1 ccp I-42m Y Cut, (Bonazzi, 2003; Schorr et al., Balaz et al. (2021b)
zn?t, 2007)

Sntt

15 (Cu,Fe)3SnSs  petrukite 1 ccp Pmn2, Y Cu™/?* Kissin and Owens (1989) Olatunde and Onwudiwe
Fe?", (2022)

Sntt

16 Cu,FeSn3Sg rhodostannite <1 ccp I41/a Y Cu’, Springer (1968) (Balaz et al., 2017a,

Fez+, 2017b, 2021a, 2021b
Sn*t Meng, 2015; Jumas et al.,

1979)

VS — Valence state, as defined in the cited reference(s).
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used to calculate the aqueous stability of the investigated phases, it
has been developed in the framework of the existing general-purpose
geochemical databases compatible with the PHREEQC code.

2.1. Chemical and structural trends of phases belonging to the
Cu—Fe-Zn-Sn-S system

We focused our effort on a selected set of thiostannates accordingly
to the literature definition (Mo¢lo et al., 2008), i.e. the phases explicitly
containing Sn and at least one other metal cation among Cu, Fe and Zn
(see Table 1), while neglecting other phases belonging to the simpler
subsystems (e.g., Cu-S, Cu-Fe-S, Sn-S, ...) which description can be
found in earlier reports (Aquino, 2020; Giaccherini et al., 2016; Huang,
2016).

2.1.1. Chemical trends

The classification of sulfide minerals can be facilitated by consid-
ering the ratio of metal to sulfur, which is mainly 1:1 for the compounds
reported in Table 1 (e.g, Dana’s mineral classification (webmineral.
com, 2024)). Exceptions include metal-rich phases (CusSnSy4, chatkalite,
CugFeSnySg; mawsonite, CugFesSnSg and  stannoidite  Cug(Fe,
Zn)3SnyS12) and sulfur-rich phases (CuzSnsS;, CusSnySie, CuppSnaSis,
and rhodostannite, CupFeSns3Sg). All phases in Table 1 can be plotted in
the tetrahedral diagram of Fig. 1. The #1 - #9 phases (Giaccherini et al.,
2016; Wu et al., 1986) properly belong to the ternary Cu-Sn-S diagram
and lie on one of the faces of the tetrahedron. With regard to the phases
belonging to the quinary Cu-Fe-Zn-Sn-S system, an interesting way of
presenting the chemical relationship between these sulfides is to
consider the formal valence of the metal cations: most of the phases have
only Cu(l), Fe(I) (or Zn(I)) and Sn(IV), respectively. In all phases of
Table 1 except CusSnSg (Chen et al., 1999), the presence of sulfur is
either experimentally verified or at least assumed to be present only in

Fe, Zn

Fig. 1. Four component tetrahedral Cu, (Fe,Zn), Sn, S phase system showing
four ternary/pseudoternary fields relevant to classify the phases considered in
the study: Cu-Sn-S (orange field); Cu,S-(Fe,Zn)S-SnS, (yellow field);
Cu,S—-CuFeS,-SnS, (blue field); CugFeS4—CuFeS,-SnS, (green field). Details of
the four ternary/pseudoternary fields are given in the Supporting Informa-
tion file.
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its divalent reduced state S(-II). Indeed, suitable ternary subfields can be
identified to describe the chemical variability of the phases within the
tetrahedral diagram (colored regions of Fig. 1). The details of the ter-
nary/pseudoternary field depicted in Fig. 1 are elucidated in the Sup-
porting Information, Figures SI1- SI4.

2.1.2. Structural trends - phases with Me:S ratio = 1

The main thiostannates of the systems under consideration are all
based on a tetrahedral coordination of the metal cations and a cubic or
hexagonal close-packed (ccp and hep) distribution of the S anions. The
archetypal structural models are those of the ccp and hcp ZnS poly-
morphs: sphalerite, cubic with space group (SG) F43m, and wurtzite,
hexagonal with SG P6smc (Kissin and Owens, 1989; Schorr, 2007). In
both structural models, Zn cations occupy half of the available tetra-
hedral cavities.

These two archetypes are structural reference for all minerals and
phases in Table 1 with a unitary ratio between the sum of the metal
cations and anions: ccp (for stannite, kuramite, kesterite and
Cuj1Sns5S16) and hep (for petrukite and CusSnyS7) (Fig. 2a and b).

A relevant feature of all these structures is the pattern that emerges
from the distribution of cations in the tetrahedral voids, resulting in a
decrease of symmetry (Table 1). Some phases (namely stannite, mohite
and CusSnyS7) exhibit a complete ordering of metal cations, whereas
some others (kesterite, kuramite, petrukite and Cu;1SnsS;¢) show sites
with mixed metal occupancies in their structural models (Kovalenker,
1981; Bonazzi, 2003; Schorr et al., 2007; Kumar et al., 2021; Pavan
Kumar et al., 2021). Examples of these two classes are shown in Fig. 2¢
and d. It is worth noting that, despite the limited X-rays resolution with
respect to the isoelectronic cations Cu(I) and Zn(II) and a different
cationic pattern (Kissin and Owens, 1989; Hall et al., 1978), it has been
proposed that the crystal structure of kesterite could be indexed in the
SG I4. In this study, the structural solution by neutron diffraction data is
used (Schorr et al., 2007). Another peculiar case is that of mohite, a
phase whose structure has been described in at least three different ar-
rangements as a function of an assumed cation disorder in the tetrahe-
dral cavities (Onoda and et al., 2000; Lohani et al., 2020; Chen and et al.,
1998). A complete set of the relevant patterns of all the phases here
considered is shown in the Supporting Information, Figures SI5-SI11.

2.1.3. Phases with Me/S ratio >1

When the chemistry of the mineral determines chemical ratios that
deviate from the 1:1 Me/S ratio (Table 1), the challenge of finding a
suitable crystallographic site within the structure to accommodate the
excess metal cations arises. As only half of the available tetrahedral sites
are occupied by metal cations in the sphalerite/wurtzite structures,
mawsonite and chatkalite exhibit an extra occupied tetrahedral void
(Fig. SI7a). This feature gives rise to ribbons of edge-sharing tetrahedral
Fe sites, shown in Fig. 3a, which run parallel to one of the three crys-
tallographic axes.

In mawsonite, the additional tetrahedral void hosts an Fe ion. In this
phase, Fe occurs in two non-equivalent positions: the first (1b in Wyckoff
notation) is the regular site of the stannite-type tetrahedral arrangement
and the second (1c¢) is the extra site. In chatkalite, which is structurally
close to mawsonite (Balaz, 2024; Mighell, 2006; Fleischer and et al.,
1982), the Fe3*Sn** group is replaced by an isoelectronic Fe?"Snj"
group (Mighell, 2006). Replacing Fe with Sn at site 1c would result in a
tetrahedron with six edge-sharing tetrahedral next-neighbors
(Fig. SI7a-b). Conversely, replacing Fe with Sn at site 1b would result
in only two edge-sharing neighbors. In this study, it is assumed that Sn
may be replacing Fe at site 1b. However, the potential for alternative
arrangements involving Cu ions in the replacement mechanisms cannot
be ruled out. According to the chosen configuration, the extra void is
occupied by Fe also in chatkalite.

The mineral stannoidite explains its stoichiometry through the use of
a structural solution analogous to that observed in the cases of chatkalite
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Fig. 2. Structural models of (a) stannite and (b) petrukite viewed along [212] and [210], respectively (i.e., oriented so that the tetrahedra are aligned with one corner
up). Stannite and petrukite exhibit models derivative of those of sphalerite and wurtzite, respectively. Simplified view of the structural details highlighting the cation
patterns in the models of: (c) stannite, along [112], and (d) petrukite along [001]. Structures are tilted to give a comparable view of a plane of tetrahedral void.
Stannite and petrukite are example of absence and presence of partially disordered site occupancies, respectively. Colour code: S (yellow), Cu (blue), Sn (grey), Fe
(brown). Structural models are realized using the Vesta 4.6.0 software (Momma and Izumi, 2011).

and mawsonite, wherein an extra tetrahedral cavity is occupied (Kudoh
and Takeuchi, 1976). The resulting structural model is shown in
Figure SI7c. Again, the Me/S > 1 condition is solved by an extra tetra-
hedral site, which is occupied by a Cu ion in this case. This results in the
formation of ribbons of tetrahedral Cu sites parallel to the b-axis direc-
tion (Fig. 3b). Simplified views of the three minerals, emphasizing the
patterns of metal sites, are shown in Figure SI8.

Another phase with excess metal cations is CusSnSy4, in which the
excess Cu ions are accommodated by filling part of the empty octahedral
voids (Fig. SI9) (Jaulmes et al., 1977; Choudhury et al., 2017) in a 3-fold
almost planar coordination. This structural motif is somewhat similar to
that in the Cuy4S minerals (Evans, 1979).

2.1.4. Phases with Me/S ratio <1

When the number of cations in the structure is smaller than the
number of sulfide anions, a spinel-like structural arrangement
(Fig. SI10) is observed in rhodostannite (Skinner et al., 1964), and in
synthetic CusSnyS16, CTS (Chen and et al., 1998). Rhodostannite, like
greigite, exhibits a Me/S ratio that is equivalent to that of thiospinels
(Skinner et al., 1964). It has been identified that a topological rela-
tionship joins the structural model of rhodostannite and thiospinel. In
rhodostannite, the specificity of the cation distribution within the sites
results in a tetragonal symmetry. With the exception of the different
Me/S ratio (0.75 in rhodostannite and thiospinel, 0.6875 in CTS), the
main difference between the two structures pertains to the occupancy of
the octahedral voids, with a random distribution of Fe and Sn in rho-
dostannite and an ordered distribution of Cu and Sn in CTS (Fig. 3c and
d). Conversely, the crystal structure of CusSnSg (Fig. SI11) (Chen et al.,
1999), another phase with Me:S < 1 ratio, shows similarities with the
layered structure of covellite (Ohmasa et al., 1977), and ZnIn,S4. (Chong
and et al., 2022). However, tetrahedral, octahedral and/or triangular

cationic sites have been observed to coexist with the disulfide anions,
resulting in an unconventional charge balance and distinctive electric
properties (Chen et al., 1999; Di Benedetto et al., 2006).

2.2. The thermochemical database: state of the art

The geochemical code PHREEQC (v. 3.5.0) was used to estimate the
aqueous phase equilibria of the minerals (Parkhurst and Appelo, 1999).
This code calculates the equilibria between aqueous solutions and
minerals, gases, solid solutions, exchangers and sorption surfaces,
implementing several types of aqueous activity models. The results of
the PHREEQC calculation critically depend on the database used. Most
databases use the Davies equation (B-Dot activity model) (Helgeson and
etal., 1978, 1981) such as the Lawrence Livermore National Laboratory
(LLNL) model (Delany and Lundeen, 1991), minteq.v4 (Allison et al.,
1991), Thermoddem (Blanc et al., 2012), and Soltherm (University of
Oregon, 2015). The available literature thermochemical data for some
sulfide minerals can already be found in some widely used databases
(Blanc et al., 2012; University of Oregon, 2015; Johnson et al., 1992). In
particular, experimental thermochemical constants have been obtained
for the phases listed in Table 2. We operated on the soltherm database,
integrated with items from the LLNL database as already indicated by
(Giaccherini et al., 2016). Unfortunately, none of the phases listed in
Table 1 are included in the list. For the sake of completeness, in a pre-
vious study by our group, the thermochemical constants of the mohite
and kuramite phases were calculated by extrapolation from the data of
other phases available in the literature (Giaccherini et al., 2016).
Similarly, specific studies reporting calculated thermochemical con-
stants for stannite, kesterite and mawsonite can be found in the litera-
ture (Siloi et al., 2019; Stolyarova et al., 2018, 2019).
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d

Fig. 3. (a) detail of the ribbons of tetrahedral Fe sites parallel to the c-axis in the crystal structure of mawsonite viewed along [311]; (b) detail of the ribbons of Cu
tetrahedral sites parallel to the b-axis in the crystal structure of stannoidite viewed along [210]. (c) rhodostannite along [110] and (d) Cu4Sn;S;¢ along [2 1 10]. Color
code: S (yellow), Cu (blue), Sn (grey), Fe (brown). Structural models are realized using the Vesta 4.6.0 software.

3. Results and discussion
3.1. Thermodynamic constants of the newly calculated phases

From the survey of the chemical trends and structural motifs pre-
sented in the previous sections, some general considerations can be
extrapolated:

v Most of the phases host variable amounts of a small group of cations:
cu’, cu®*, Sn** and Fe?*. Exceptions are kesterite, where Zn?" is
also present, and mawsonite and stannoidite, where Fe3* is appar-
ently revealed by Mossbauer Spectroscopy; (Balaz, 2024; Szymanski,
1976).

v Most of the structural models consist of a 3D network of tetrahedral
sites populated in an ordered (or disordered) way by the different
metal cations.

Both considerations suggest that one way of populating the ther-
mochemical database for the phases in Table 1 could be to set up
calculated values obtained by linear combination of "molecular" frag-
ments obtainable from some phases in Table 2. From a chemical point of
view, formal chemical/redox reactions can be defined as, e.g.:

CusS + CuS + SnS; — CusSnSy 1

After which one can define:

log Keg CusSnSq — Zi:Cuzs‘CLLS,SnSZ log Key; 2)

The additivity of the terms in the proposed equation (2)) closely
resembles that assumed in the Born-Haber cycles, which are based on
the first principle of thermodynamics (Kondepudi et al., 1998). In these
cycles, the additive property of the formation enthalpies of simple and
complex compounds is exploited. In the present case, the use of the
logKeq signifies a consideration of analogues additive behavior with
respect to the Gibbs energy, to which the logKq is linked, in accordance
with the Van’t Hoff isotherm:

logKeg= — AG/pp 3)

The verification of the additivity of the entropy term is a complex
process. The application of a method based on the overall additivity of
the Gibbs free energy has been documented in literature (Tardy, 1976;
Tardy and Garrels, 1974; Tardy and Vieillard, 1977). This method is
applied in the extrapolation of thermodynamic data for complex com-
pounds (e.g. oxides, layered silicates, phosphates) using a molecular
fragment approach.

Here, as an example, an entropy value was calculated through an ab-
initio approach. This value was then compared with that obtained
through estimation from the molar entropies of known compounds
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Table 2
Thermochemical constants of some sulfide minerals as reported in the literature. The data are expressed as logKeq.
Phase soltherm ( thermodden (Blanc ref (Giaccherini ref (Siloi ref (Stolyarova ref (Stolyarova Dissolution reaction
Johnson et al., et al., 2012) et al., 2016) et al., 2019) et al., 2018) et al., 2019)
1992)
covellite, CuS —24.735 —22.06 CuS + H" = Cu?" + HS™
chalcocite, Cu,S —35.241 —30.02 CuyS + HY = 2Cu™ + HS™
sphalerite, ZnS -11.44 —11.145 ZnS+ H'= Zn*" + HS™
herzenbergite, —15.5786 SnS + 2H,0=Sn(OH)s H'
SnS +2HS"
berndtite, SnS, —33.271 —32.151 SnS, + 6H,0=Sn(OH)g2 + 4H™
+ 2HS’
ottemannite, —46.268 SnyS3 +12H,0 = 2Sn (OH)Z ™ +
Sn,S3 2e” +9H' +3HS’
Sn3S, —-61.98 Sn3S4+18 Hy0 = 3Sn (OH)2 +
4e” +14H" +3HS
troilite, FeS —4.008 —3.874 FeS + H' = Fe*? + HS™
mackinawite, FeS —3.54 —4.64 FeS + H' = Fe*? + HS™
pyrite, FeSy —24.654 —-23.59 FeSy 4+ 2H" +2e = Fe*2 4 2HS
marcasite, FeS, —22.862 FeS, + 2H' + 2e~ = Fe*? + 2HS
greigite, FesSy —21.889 —45.035 FesS4 + 4H" = 2Fe™® 4 Fe™ +
4HS”
chalcopyrite, —34.045 CuFeS, + 6H,0 = 3 Cu®"+ Sn
CuFeS, (OH)2 ™+ 2e~ +2H' +4HS
bornite, CugFeS4 ~109.503 CusFeS4 + 4H™ = 5Cu™? + Fe ™
+ 4e” + 4HS
mohite, CupSnS3 —58.03 CuySnSs + 6H,0 = 2Cu*? + Sn
(OH)g2 + 3H' + 2e~ + 3HS
kuramite, -73.14 CusSnS, + 6H,0 = 3Cu™? + Sn
Cu3SnSy (OH)g? + 2H' + 2e™ + 4HS’
mawsonite, -171.88" CugFeySnSg + 8H,0 = 6Cu™2 +
CugFe,SnSg 2Fe’? + Sn(OH)s? + 20H +
4e” + 8HS’
stannite, ~75.50" CuzFeSnSy + 6H0 = 2Cu™? +
Cu,FeSnS, Fe™? + Sn(OH)s? + 2H' + 2e~
+ 4HS”
kesterite, —76.51° CupZnSnS4 + 6H,0 = 2Cu™2 +
Cu,ZnSnS4 Zn™2 + Sn(OH)g2 + 2H + 2e~

+ 4HS’

@ Calculated from the E¢ value, —1.0456486 Ry.
b Calculated from the AH% value, 419.11 kJ/mol.
¢ Calculated from the AH®¢ value, 467.62 kJ/mol.

provided in the comprehensive database by Robie and Hemingway
(1995). In order to perform the aforementioned calculation, the vibra-
tional frequencies and elastic constants calculated for kesterite
CuyZnSnS4 by Giirel et al. (2011) through an ab-initio DFPT-LDA study
were considered. The resulting entropic contribution, as computed by
first principles method as reported by Belmonte et al. (2014, 2016 and
2022), yielded a value of S% at T = 298.15 and P = 1 bar of —71.7
kJ/mol. According to the molecular fragments approach, kesterite can
be formally obtained by

CusS + ZnS + SnSy — CuyZnSnSy 4)

The sum of the S values obtained from the cited database (Robie and
Hemingway, 1995) yields —78.2 kJ/mol. The result of this comparison
reveals that the difference between the values obtained by the two ap-
proaches, i.e., AS%, = 6.5 kJ/mol, is within the 10 % of the average
entropy value. Accordingly, we have demonstrated, at least for kesterite,
that the entropy term is additive within the error margin of our estab-
lished protocol, as will be discussed in greater detail subsequently. The
reasonable assumption that the entropy term of the Gibbs free energy
also exhibits an additive behavior in the proposed molecular fragment
approach extends the validity of the approach to the logKeq values.

To perform the choice of the best molecular fragment in the calcu-
lation, one should consider only those compounds in which the metal
cations, in addition to having the correct valence state, should be in a
tetrahedral arrangement, in order to take the local structural motif of the
target compound into account. Unfortunately, this condition is verified
only for Zn?* in sphalerite and for the pair Cu® + Fe3* in chalcopyrite.
We have carried out a test, as suggested in the literature (Blanc, 2008;

Subramani and et al., 2020), by plotting logK/xpe (i.e., logK scaled by
the molar fraction of metal Me) against the sulfur-to-metal ratio, S/Me,
which shows good linearity for all pure metals and binary sulfides of Cu,
Fe and Sn (Fig. SI12). Indeed, the difference between the values of the
logKeq for sulfides of the same cation in the same valence state (but
different coordination number) gives rise to an uncertainty (accepted
here as intrinsic to the linear fitting procedure described and to the
thermodynamic data) of the order of 5 % (R?is 0.94 for Cu, 0.98 for Fe,
0.98 for Sn) of the total logKeq for a given phase. Accordingly, a minimal
set of phases has been selected to extrapolate the thermochemical con-
stants of all the phases listed in Table 1. These phases are chalcocite (for
Cu™), covellite (Cu*"), mackinawite (Fe>"), berndtite (Sn**) and chal-
copyrite (Cu™ and Fe3* when present simultaneously in the target
phase). As previously stated, the reference phases have been chosen so
as to represent the correct valence and coordination number, when
possible, and only the valence, when the local coordination is not
tetrahedral (e.g chalcocite, covellite, berndtite). In particular, the
simplest binary phases were chosen for this second case.

Table 3 shows all phases with the formal equations used to calculate
their logKeq and the final calculated values.

3.1.1. Reliability of results

A certain number of phases present in both Tables 2 and 3 were used
to perform a consistency test of the calculated values with respect to the
experimental values. The result of such a test is shown in Figure SI12. A
good linear correlation is obtained between the experimental and
calculated logKeq values. Statistical considerations obtained by the
linear regression procedure allowed obtaining slope and intercept
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Table 3
List of the phases for which the log Keq was calculated according to the pro-
cedure described in the text.

# Phase Formal Log Keq Dissolution reaction

reaction

1 CuySnS, 2Cu,S + —~103.753  CuySnS, + 6H,0 =
SnS, 4Cu*? 4 Sn(OH)g2 +

2H" + 4e” + 4HS

2-6 mohite, Cu,SnS3 Cu,S + SnS, —68.512 CuySnS3 + 6H,0 =
2Cu*? + Sn(OH)62 +
3H" + 2e” + 3HS

7 kuramite, Cu,S + CuS —93.247 Cu3SnS4 + 6H,0 =

CusSnS, + SnS, 3Cu*? + Sn(OH)62 +
2H" + 2e” + 4HS

8 CusSn,S; 2Cu,S + —161.759  CusSnyS; + 12H,0 =

CuS + 2SnS, 5Cu™? + 2Sn(OH)s2 +
SH'" + 4e” + 7HS
9 Cuy15n5S16 5CuS + —367.295  Cu;3SnsS;s + 30H,0 =
CuS + 5SnS, 11Cu*? + 5Sn(OH)g2 +
14H" 4 10e™ + 16HS
10 CuySnsS; Cu,S + —135.054  CuySnsS; + 18H,0 =

3SnS, 2Cu™? + 3Sn(OH)s2 +
11H' + 2™ + 7HS

11 Cu,SnSe 4CuS +SnS;  —132.211  Cu,SnSe + 6H,0 =
4Cu™? + Sn(OH)g2 +
6HS

12 CusSnsSie 2Cu,S + —303.379  CugSnyS;6 + 42H,0 =

7SnS, 4Cu™? + 7Sn(OH)g2 +
26H" + 4e” + 16HS

13 CuyoSnySis Cu,S + —299.663  CujoSnySi3 + 12H,0 +

8CuS + H' = 10Cu* 4 2Sn

25nS, (OH)g?2 + 2e~ + 13HS’

14 chatkalite, 3Cu,S + FeS -176.913 CugFeSnySg + 12H,0 =

CugFeSn,Sg + 2SnS, 6Cu™? + Fe™ + 2Sn
(OH)g2 + 4H™ + 6e™ +
8HS

15 mawsonite, 2Cu,S + —188.677 CugFesSnSg + 8H,0 =
CugFe,SnSg 2CuFeS; + 6Cut? 4+ 2Fe? + Sn

SnS, (OH)g?2 + 20H™ + 4e
+ 8HS'

16 stannoidite, 3Cu,S + —252.541 CugFe3SnySq2 + 12H0
Cug(Fe, 2CuS + = 8Cu*? + 3Fe*? 4 2Sn
Zn)sSnyS1o 3FeS + (OH)-2"6e~ + 12HS

2SnS,

17 stannite, Cu,S + FeS —73.16 CupFeSnS4 + 6H20 =
CuyFeSnSy + SnS, 2Cu*? + Fe*? + Sn

(OH)g2 + 2H" + 2™ +
4HS

18 kesterite, Cu,S + ZnS —79.952 CupZnSnSy + 6H,0 =
CuyZnSnSy + SnS, 2Cu*? + Zn"2 + Sn

(OH)g2 + 2HT + 2e™ +
4HS

19 petrukite, (Cu, CuypS + FeS —73.16 (Cu,Fe)3SnS4 + 6H0 =
Fe)sSnS, + SnS, 2Cu™? + Fe™ + Sn

(OH)g2 + 2HT + 2e~ +
4HS

20 rhodostannite, CuypS + FeS —86.625 CuyFeSnsSg + 18H,0 =
Cu,FeSn;Ss + 3SnS, 2Cu™? + Fe™ + 3Sn

(OH)s2 + 10H" + 2e~
+ 8HS

parameters close to the ideal values of 1 and 0, respectively, and an
overall Pearson r? parameter of 0.92. This last consideration led to
define a value of uncertainty of 10 % for the whole calculation pro-
cedure. The linear relationship shown by Figure SI12 can be considered
a further confirmation of the validity of the additive assumption for the
logKeq data, at least in the present case.

3.1.2. The configurational entropy contribution

We have also investigated the possible role of configurational en-
tropy and found it to be almost negligible in most cases. The entropy
contribution in these systems is not only related to the phase formation,
but the vibrational, electronic and configurational entropies should also
be considered. Indeed, the phases listed in Table 1 suggest the occur-
rence of phenomena of cation disorder among several
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crystallographically non-equivalent sites in the structure. Except for all
phases for which experimental thermochemical properties are described
in the literature (Table 2), the determination of the configurational
entropy contribution is relevant in the case of phases with almost
identical chemical composition and overall metal coordination, but
different cation distribution (see e.g. stannite and petrukite) (Table 3).
Configurational entropy has been conventionally calculated by consid-
ering the probability that a configuration must exist, given by the two
equations:

n!

n _rl!rzl...rk!

and
S=RZInW,

In these equations, n represents the number of crystallographically
non-equivalent sites, and rx the multiplicity of the k™ metal cation
involved in the disordered distribution. The exemplary case is indeed
that of petrukite. For this mineral the configurational entropy contri-
bution (TS at room temperature) is 5.44 kJ mol !, avalue corresponding
to ~7.5 % of the AG contribution. Thus, the configurational entropy
contribution seems to be of little relevance compared to the AG (see
previous section). In fact, considering that the configurational entropy
contribution never exceeds 10 % of the total energy associated with the
mineral phase, we have decided to neglect this contribution for all
phases except those where this contribution could represent the only
difference in energetics (i.e. in the case of stannite/petrukite).

3.2. Phase stability by pe-pH diagrams

Using the approach described in the previous section, Fig. 4 shows
the pe versus pH stability diagrams for some relevant ternary and
multinary mineral phases, respectively. In these contour diagrams,
calculated at room temperature, the colored region marks the pe and pH
values at which the Saturation Index, SI, is > 0. Remarkably, for all the
phases considered in Fig. 4, this is the first description of the stability
field to the best of the authors’ knowledge. Since we have obtained the
thermodynamic constants assuming a given uncertainty, we also eval-
uated the effects of this uncertainty in the definition of the solubility
boundary of some relevant phases in the system. The results of the
evaluation are shown and commented in the Supporting Information
(Fig. SI13).

Regarding the ternary Cu-Sn-S phases (Fig. 4a-f), it can be observed
that the stability fields for CusSnSa4, CusSnSe and Cu;2Sn4S;3 are limited
by the oxidation of the anionic species (S) at high pe, by the reduction of
the water hydrogen at low pe and by the formation of complexes of the
metal(s) with sulfide and polysulfide anions at high pH. This effect is
contrary to the expected result (Le Chatelier principle), according to
which increasing the concentration of one of the reactants, i.e. sulfur,
should increase the stability of the solid product. For CusSnzS; and
Cuj1Sns5S16, a further limit at low pH is probably due to the decrease in
availability of the S~ and HS™ species in solution, a tendency not
compensated by the relatively high K4 of the precipitates. In kuramite,
the stability field appears to be significantly reduced and the pH window
of existence lies between 3 and 6. In terms of decreasing stability, the
following series can be established: Cu;2Sn4S13 > Cu;11SnsS;6 > CusSnSg
> CusSnyS; ~ CuySnSy > kuramite.

Similar considerations can be made for the quaternary Cu-Fe/
Zn-Sn-S phases (Fig. 4g-1). Here, stannoidite is the only mineral whose
stability field extends towards low pH values, whereas all other phases
undergo significant dissolution at low pH, i.e. between 1 and 2,
depending on the mineral phase. As far as Fe and Zn speciation is con-
cerned, at low pH the aqueous species of divalent cations are the most
relevant species, whereas at high pH a certain competition between
hydroxyls and sulfur anions in binding the metal cations coincides with a
reduced stability of the solid phases. It is noteworthy that no phase
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Fig. 4. Stability pE-pH diagrams for (a) CusSnSs, (b) CusSnSe, (c) CusSnaSz, (d) Cu;1SnsSie, (€) Cuy2SnysS;s, (f) kuramite, CusSnS,, (g) chatkalite, (h) kesterite, (i)
mawsonite, (j) petrukite, (k) stannite and (1) stannoidite. The calculations were performed at room temperature with the following concentrations: Cu and Sn 11073
mol/Kgw, S 41072 mol/Kgw. The contour plot is obtained by plotting the Saturation Index, SI > 0, color scale bar in the Figure. The color plot highlights the increase
in SI as a guide to the increased stability of the precipitate. The boundaries of the colored regions represent the stability limit of the mineral species.

shows such a limited behavior as kuramite. Again, a decreasing stability
series is observed: stannoidite > chatkalite ~ mawsonite > kesterite ~
stannite ~ petrukite.

It should be noted that four additional phases were considered ac-
cording to the data in Tables 1 and 2: CupSnsS;, CusSnySi6, mohite
(CuySnS3) and rhodostannite (CusFeSnsSg). All phases were found to be
essentially soluble in the calculations carried out. In fact, CupSnsS; and
Cu4Sn;S;16 show a stability field even smaller than that of kuramite
(Fig. SI14). Conversely, mohite and rhodostannite appear to be
completely soluble in the whole pe vs. pH diagram.

3.2.1. Effect of anion concentration on stability boundaries

Since some of the boundaries of the stability field described above
were found to be limited by processes involving the anionic S species, we
decided to check the effect of varying the total S concentration in the
model system on the stability fields of the phases considered. Indeed, the
relative abundance of metals and sulfide/polysulfide species in solution
is a parameter relevant to both natural minerogenetic processes and
synthetic routes in materials science. Fig. 5a and b shows the stability
fields of two selected species, kesterite and Cu4Sn;S;6, as examples of
the two main trends observed in the dataset. Similar diagrams for all
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other phases considered in the study are shown in Figure SI15, in the
Supporting Information file.

In the pe-pH diagrams of Fig. 5 and SI15, only the boundaries of the
stability region calculated at a given S concentration are shown to
facilitate comparison with results obtained for the same phase at
different S concentrations. As expected, all samples show two distinct
and opposite trends, well-illustrated by the phases shown in Fig. 5.
CuzSn3S7, CusSn;Sie (Fig. 5b) and mohite show an increase in the solid
phase stability region with increasing S concentration. In accordance
with the Le Chatelier principle, this behavior can be attributed to an
increase in one of the ions that contributes to the precipitation of a
poorly soluble species in the solution. All the other ternary and qua-
ternary phases considered in the study show a markedly opposite
behavior (Fig. 5a): the phase stability region decreases as the total sulfur
concentration in the solution increases. This counter-intuitive behavior
could be explained by considering the role that sulfide and polysulfide
anions, which are stable at low pe and high pH, could play in complexing
metal cations (particularly Cu), thus shifting the right boundaries of the
stability region towards lower pH values. Specific calculations were
carried out to verify the relevance of the above process, and the Cu
polysulfide and sulfide complexes (mainly with HS™) resulted in the
most abundant Cu- and S- species in solution above 8-10 and 6-8 pH
units, respectively, depending on the total S concentration. At the same
time, a less pronounced shift of the boundary towards lower pH values is
observed in the low pH range. This shift is in accordance with the Le
Chatelier principle, as discussed for the phases belonging to the other
group. The combined effect of a simultaneous shift towards lower pH

values at the left and right of the stability region implies that the stability
field exhibits an overall shift towards "acidification" with increasing
total sulfur concentration.

The reasons why the considered mineral phases are grouped into two
clusters with such different general behavior are due to their different
stability behavior. Phases for which the solubility (i.e. Kj) is low enough
to allow their existence as precipitates even at pH values where the
concentration of polysulfide species becomes relevant (i.e. pH > 6) may
show the counterintuitive tendency. Phases whose stability field is
generally confined in the 2-6 pH window show a Le Chatelier-like
tendency.

Finally, a notable exception is rhodostannite, whose stability field
was not observed in any of the models developed in the study. This
finding, although indicative of a relatively high solubility of this phase in
water solution, can be attributed to the fact that this phase, usually
obtained by solid state reaction at T > 298 K, could be metastable and
therefore not easily described by the present approach. Further work on
this subject is in progress. Furthermore, the latter evidence well com-
pares with global instability index (GII) calculations, which give the
highest value for rhodostannite along with that for petrukite (see Sup-
porting Information, section GII), thus supporting the metastability of
these phases.

3.2.2. Comparison of the stability profiles of selected species

Looking at the results obtained, none of the phases discussed in this
study are among the most relevant sulfides present in the aqueous
environment. This consideration can be supported by looking at the
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prevalence diagram shown in Figure SI16, obtained by plotting the most
abundant phases (solid or solute, depending on the conditions) in the pe-
pH diagram. The plot was obtained by a point-by-point mass balance
calculation using the minteq database, to which all the phases listed in
Table 3 were added. Apparently, none of the mineral phases discussed
above are present. Accordingly, the existence of minerals from such a list
in some natural assemblages, as well as their successful synthesis under
laboratory conditions, refer to very specific conditions realized during
the formation processes, conditions that are not fully reproduced by our
calculations.

Nevertheless, at least two cases of comparison between the stability
fields of the phases listed in Tables 1 and 2 are worth considering, as
they shed light on the relevance of the results obtained. The first is a
comparison between stannite and petrukite (Fig. 5c). Apart from
possible compositional variations within a limited range, and the 3D
packing of S anions, the structural difference between these two min-
erals is mainly due to the cation disorder in petrukite, which is not
present in stannite. Thus, in our calculation, the different boundaries of
the two phases are only due to the additional configurational entropy
term used in the definition of the thermodynamic parameters for pet-
rukite. In agreement with theory, the stability field increases in petrukite
with respect to stannite. It should be recalled that the possible config-
urational entropy term of the minerals considered in this study is of the
same order of magnitude as the uncertainty in the derivation of the
logKeq by combining structural fragments (as shown in the previous
sections). Thus, the difference between the boundaries in Fig. 5¢ could
be used as a graphical tool to illustrate the uncertainty in the boundary
definition using the extrapolation method adopted.

The second relevant comparison, shown in Fig. 5d, concerns the so-
called "kesterites" (kesterite sensu strictu, stannite and kuramite), which
are highly regarded in materials science. The diagram clearly shows a
different size of stability field with the following order: kesterite >
stannite > kuramite. The predominance of kuramite in the product
observed in many experimental syntheses using the wet method
(Giaccherini et al., 2019, 2020) could be attributed to at least two
different factors, the effect of which is additive. Most of the syntheses
using homogeneous S generation by decomposition of thioorganic
compounds (thiourea, thioacetamide) are carried out under buffered
conditions (and the buffers are all in regions close to the stability field of
kuramite). Indeed, it can be assumed that the sulfide complexes of Zn
and Fe counteract the metal uptake by the Cu-Sn-S precipitate initially
formed.

4. Concluding remarks

In the present study, we have explored the possibility of extending
the range of thermochemical information about multinary phases
related to the Cu-Fe-Zn-Sn-S system, relevant for applications in ma-
terials science. The proposed method, which consists in an extrapolation
based on the sum of the thermodynamics of molecular fragments, has
been tested against experimental data for some sulfide minerals and the
results are in agreement with a 10% uncertainty.

Using the adopted procedure, we were able to obtain the stability pe-
pH Pourbaix diagrams for all the phases considered, which will provide
a basis for future considerations about synthesis strategies (at least using
a wet method in water solution) and durability issues.
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