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Thermodynamic characteristics of ternary sulfides MLn,S, and solid solutions thereof
have been determined by EMF method in various modifications. The research results have
shown that solid electrolytes CaGd,S, and BaTm,S, are stable compounds within the
electrolytic range 653-723 K. The simultaneous determination of the binary sulfide activ-
ity in ternary BaTm,S,, CaY,S,, CaSm,S,. CaPr,S, systems and of the cation and anion
transfer numbers allowed us to estimate the phase stability limits and to propose a
vacancy mechanism of defect formation and suggest the predominantly sulfide-ion type
conductivity in the solid electrolytes studied.

Metozom 3IC B pasauuHbIX MOIU(MUKALUAX ONpPeleeHbl TePMOIMHAMHYECKHE XapaKTe-
PHCTHKM TePHAPHBIX cyab(uros MLNn,S, i TRepAmIX pacTBOPOB Ha UX ocHOBe. IIposeneHHbie
uccIel0BaHUS TOSBOIMIN CYHTATh TBepxslie anextponuter CaGd,S, n BaTm,S, veroiumse:-
MK COEIMHEHHAMH B 2JIeKTpoIuTH4YecKoM uHTepBane 653-723 K. OnnospeMenHoe onpenene-
HHe aKTHBHOCTH OMHapHhX cyns(uaoB B TepHapHmix BaTm,S,, CaY,5,, CaSm,S,, CaPr,5,
¥ KATHOHHBIX M AHHOHHBIX HHCEN IIEPEHOCA CHeNaJ0 BO3MOXKHBEIM OINEHWUTL IDAHMILI YVCTOM-
YUBOCTH (Das. IPEeLIOKUTh BAKAHCHOHHBIA MexaHW3M Je(deKToobpasoBaHHA M IPEeUMYIIECcT-
BEHHO CYJABL(MHUI-MOHHBIA THIO TPOBOJAMMOCTH B HCCIAENYeMBIX TBepIbIX 3JeKTPOIHUTAX.
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Ternary sulfides MLn,S, (M is Ca, Ba; Ln
is La, Y, Nd, Pr, Sm. Tm) are extensive
defect phases with a probable vacancy
mechanism of defect formation [1], and are
of interest as potential suifide solid electro-
lytes [2, 3]. To understand in more detail
the ion transfer processes in these solid
electrolytes, it is necessary to determine a
number of thermodynamic parameters char-
acterizing formation peculiarities of the
solid solutions based on MLn,S, ternary
compounds having the best prospects from
the ion transport point of view.

The studied solid electrolytes were syn-
thesized using the high-temperature solid
state reactions from appropriate amounts of
MCO;, Lny,O3, CS, in argon atmosphere
(T' =1320 K, t=12 h) [1, 2]. The data of
the micro-X-ray spectroscopic analysis for
S?-, M2*, Ln3 and the X-ray diffraction re-
sults (DRF 2.0 diffractometer, filtered iron
radiation) [4-7] have evidenced formation
of orthorhombic BalLn,S, phases (CaFe,0O,
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type structure), Caln,S,; compounds (Th;P,
type cubic structures and YbyS, type or-
thorhombic structures) and of phases on
their basis in all obtained systems. The elec-
trolytic properties of MLn,S, compounds
and of phases based thereon were studied
using conductivity [1,2,4,7], EMF [2, 4, 5],
Tubandt [8], and Hebb-Wagner [1, 6, 7, 9]
methods.

Studies in formation thermodynamics of
ternary sulfides MLn,S; from binary MS
and Ln,S; carried out in this work have
provided thermal stability estimation for
the basic sulfides within the electrolytic
temperature range. Comparing the variation
regularities of electrolytic properties studied
and also of thermodynamic characteristics of
ternary MLn,S, doped with binary sulfides
has allowed us to determine the phase stabil-
ity limits, to make a conclusion about the
nature of the major carriers and to offer a
possible mechanism of defect formation in the
studied sulfide containing systems.
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Thermodynamics of MLn,S, (CaGd,S,
and BaTm,S,) ternary sulfides formation
from binary MS and Ln,S; (Ca(Ba)S and
Gd(Tm),S3) was studied using EMF method
in concentration chains:

C/Cu/CuyS/Ln,Ss — MLN,S,/MS —
— MLn,S,/Cu,S/Cu/C A

with electrodes reversible with respect to
sulfur ions.

When there is no electron conductivity,
the EMF of chain (1) (at ¢, — 0), according
to [10], is:

s (2)
E:ij(gt 2 — 1 3+)dp
6F S Ln®* MS-
Hus

The current inducing reaction is:
MS + Ln,S3 — MLn,S,. (3)

The free energy of this reaction is con-
nected with EMF of cell (1) by well known
relationship:

AG = —6FE. (4)

The thermodynamiecs of reaction (3) was
studied using solid solutions of various con-
centrations. The well reproducible EMF val-
ues were obtained only for solutions with
the concentration of binary sulfides no
more than 2 mol %. In solid solutions of
higher concentration, the EMF values in
parallel experiments were irreproducible,
that is connected most likely with forma-
tion of associates of charged defects reduc-
ing the efficiency of ion transfer. The disso-
lution thermodynamiecs of binary sulfides in
ternary thiolanthanates was studied by EMF
method using several concentration galvanic
cells (the Chebotin and Obrosov method)
[11]. This method makes it possible to de-
termine simultaneously the activity of ad-
mixture in a compound and to subdivide the
ionic constituent of conductivity inte the
cationic and anionic ones.

The experiments were carried out in gal-
vanic cells of the type:

CIMIMLN,S, — xLn,S5(MS)|MLN,S,|M[C, (5)
C|Fe|FeS|M.n,S,MLn,S, — (6)
~ xLn,S5(MS)|FeS|Fe|C

in the atmosphere of purified argon, in tem-
perature range 650 to 750 K (x is the mole
fraction of doping binary sulphide). As the
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electrodes of cell {5) are chemically active,
the EMF was measured by an instantaneous
touch [12].

Both the EMF of the cell (5) with elec-
trodes reversible with respect to the metal
cations (Ej;) and the diffusion potential in
this cell are connected with the transport
numbers for sulfide ions and rare-earth
metal (REM) ions. The EMF of cell (6)
where the electrodes are reversible with re-
spect to sulfide-ion (Eg) is connected with
the transport numbers for the metal and
lanthanide ions. In the case of alloying a
ternary compound by a sulphide of REM,
vacancies in the sulphur and calcium sublat-
tices are expected to be mobile. On the
other hand, in the case where the alloying
component is MS, the charge carriers are
ions of sulphur and lanthanide [1]. The
method we employed makes it possible to
determine transport numbers for ions at an
accuracy of =0.01, provided the obtained
data are statistically significant.

Changes of electrolvte concentration in
near electrodes rm are known to be related
to EMF [1,11, 13] as:

o1 (7)
M dEg’
" dEy

1 (8)

Tg=—"7.

> B

dEg
The concentration changes for solid solu-
tions Lny,S; in MLn,S,, in turn, are con-

nected with ion transport numbers by rela-
tions:

tm2+ = —Ts, (9}

tpe = Ty (10)

and for solid solutions MS in MLn,S,, by
relations:

th3+ = —Ts, {11)

g8 (12)

tg2- = Tpy —
¥ M g ain + aw

where g is the correspondingion charge.

It has been shown [10, 11] that the
chemical potentials of the cells (5) and (6)
are relater to the chemical potential of
Ln,S; dissolution as

Functional materials, 13, 2, 2006



L.Kalinina et al. / Thermodynamic characteristics of ...

Table 1. Thermodynamic characteristics of CaS + Gd,S; — CaGd,S, reaction

T, K
653 673 693 713 5 723
E+0.5, mV 11.5 13.8 16.0 17.8 18.5 |
~AG0.1, 6.7 8.0 5.3 10.0 } 10.7
kd /mole
AS 20,11, 46 46 46 46 46
J/(mole-K)
AH + 0.5, 23.3 23.0 22.7 22.8 22.7
kd /mole
EsMO3BT Es™103B
a 673K _ b
673K
4k 693 K 28k 693 K
26}
35 723K
723K
24+
25t
22t
1.5 1 1 i : i 1 ] 20 i i ] 1 i 1
O 20 40 60 8 100 p_+10%B 0 20 40 80 80 E_-10%B

Fig. 1. Isothermal dependences Eg = f(Es,) for solid electrolytes (SEL): a — CaSm,S; — x mole % CaS
(x=e—2,x—80—10);b — CaSm,S; — x mole % Sm,S; (x =0 — 2, 0 — 4, x — 8).

By (13)
diins, vy

dEg 15 (14)
d]iLnZS3 ds .

The combined solution of equations (7, 8,
13, 14) provides the determination of
chemical potential of doping Ln,S; in a
solid solution:

Hins, = Hln,s, + 4s(En ~ En)  (15)

and its activity

S P

where ¢g is the charge of sulfide ion taking
into account ¢, — 0 and prevailing sulfide
ion conductivity type.

The research in temperature dependence
of EMF for chain (1) in the electrolytic tem-
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perature range for the CaGd,S, formation
reaction from CaS and Gd,;S; made it possi-
ble to determine the changes in Gibbs’ free
energy, enthalpy and entropy calculated
taking into account the temperature coeffi-
cient of EMF (Table 1). The process of
BaTm,S,; formation from binary sulfides
(BaS and Tm,S3) is exothermic and the
exotherm is —284+2 kJ/mole.

The free energy of CaGd,S,; and
BaTm,S, formation from binary sulfides de-
pends weakly on the temperature in the
electrolytic range and tends to decrease
with the temperature increase, thus,
CaGd,S, and BaTm,S, are stable compounds
in the temperature range 653 K to 723 K.
Isothermal dependences Eg = f(E),) have been
studied for a number of electrolyte systems
from of various compositions. The curves for
CaS-Sm,S; system is shown in Fig. 1.

Transport numbers for M2* and Ln3* cat-
ions and for anions S2- calculated using
Equations (9-12) basing on experimental
(dEg/dE)p,) values are presented in Table 2.
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Table 2. Study results of electrolytic properties and non-stoichiometry of phases based on chalco-

lanthanates of alkali-earth metals

System Phases based Region of solid . Vo tsz‘
on MLn,S, solutions, mole% Sriem) +0.01 +0.01
MS Ln,S, !
CaS-Sm,S, CaS( — CaSm,S,) 10 20 1076-10"* | 0.01-0.02 1.00
Sm,S4( - CaSm,S,) 10.01 (0.05%)|1.00 (0.957)
CaS-Pr,S, CaS( — CaPr,S,) 8 10 1077-107% | 0.01-0.02 1.00
Pr,S; ( — CaPr,S,) | 0.00 -0.01 100
BaS-Sm,S, BaS( — BaSm,S,) 10 10 1076-10-4 ; - - .
Sm,Sa( — BaSm,S,) - -
CaS-Nd,S, Nd,S,( — CaNd,S,) - 20 10°7-107¢ | 0.00-0.08 | 0.92-1.00
BaS-Nd,S, Nd,S;( - BaNd,S,) - 30 10-6-1075 - -
CaS-Y,S, Gas{ 5Edv,8 10 20 1074-107% | 0.05-0.05" | 0.95"-1.00
YaSil-» Ca¥%55 0.03-0.01 | 0.92-1.00
BaS-Tm,S, BaS( — BaTm,S,) 16 30 1073-1072 | 0.02-0.03 1.00
i
Tm,S;( — BaTm,S,) | 0.01-0.03 0.97
CaS-Gd,S, CaS( — CaGd,S,) 9 20 1078-107% | - : -
Gd,S,( —» CaGd,S,) | 0.00-0.06 | 0.94-1.00

— data obtained by method of Tubandt.

The transfer numbers of cations are insig-
nificant (0.00 to 0.05), whereas those of
sulfide ions are close to unity (0.95 to 1.00)
in all systems investigated by this method.
The data obtained according to Tubandt [1,
6] agree well enough with those obtained in
this work using the Chebotin-Obrosov
method. The high transfer numbers for sul-
fide ions are most likely to be connected
with the fact that the dimensions of the
migration channel for sulfide ions (R, =
0.911) in cubic lattice of the ThyP, type
satisfy the condition of sulfide ion transfer.
At the same time, the size of channels cal-
culated for M?* migration (Ry~= 0.498) are
smaller than the range 0.54<R,<0.62 favor-
able from the viewpoint of space and energy
for the M#* ion transfer. That is why, in spite
of the principal possibility of bipolar trans-
fer, the major carriers are sulfide ions.

The activity of binary sulfides in ternary
MLn,S, has been calculated for all studied
systems of various compositions using the
equation (16). Figs. 2, 3 present the iso-
therms of (-lIg a’M,cSy(Ms)) and lgo depend-

ences on the solid electrolyte composition in
CaS—Y283, BaS—Tm283, CaS-Pr283 and
CaS-Sm,S; systems. The content of binary
sulfides in stoichiometric ternary com-
pounds has been chosen as a standard state.
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As it is seen from the figures, the activities
of binary sulfides decrease with increasing
content thereof in ternary MLn,S,;. This
phenomenon is probably connected with for-
mation of neutral and charged associates of

defects with opposite charges of the /Vy V&/

or /V[n V:SI/ type when the concentration

thereof increases. A dependence of this kind
does not contradict the phenomenological the-
ory which considers the behavior of solid elec-
trolytes to be similar to that of dilute solutions
of strong electrolytes according to the Debye-
Hueckel theory [14].

Comparing the dependence of binary sul-
fides activity to electric conductivity on the
amount of alloying additive, it is possible to
estimate reliably enough the phase stability
limits based on the ternary compounds stud-
ied (Table 2). Temperature dependence of
binary sulfide activity provides the calcula-
tion of the partial mole enthalpies of the
solution thereof in ternary MLn,S, using
the relationship A}TL = f(dlga;/8T1). As
solid solutions of lanthanide sesquisulfides
based on MLn,S,, in contrast to the alkali-
earth metal sulfides, are inherent in all
solid electrolytes studied in this work, we
have considered the character of AEiLn25'3

Functional materials, 13, 2, 2006
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Fig. 2. Dependence of Ig ay, ¢ (I) and Igo (2) on composition of SEL: a — CaY,5; — x mole % CaS
M.S,
(Y5S3); b — BaTm,S, — x mole % Ba$S (Tm,S5).
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Fig. 3. Dependence of Ig @y s (1) and lgo (2) on composition of SEL: a — CaSm,S, — x mol. %
Xy
CaS (Sm,S;): b — CaPr,S; — x mol. % BaS (Pr,S,).

variation as a function of sulfide solved
(Fig. 4). The partial mole enthalpy of solu-
tion (AH;) is obtained from (AH) values
characterizing the dissociation, ionization,
defect formation, annihilation, and associ-
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ate formation processes. The defect forma-
tion enthalpy is a positive value, whereas
the contribution of all other constituents
depend insignificantly on the non-
stoichiometry. According to Tretyakov [15,
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Fig. 4. Dependence of partial molar enthalpy
of dissolution on concentration of doping
component Ln,S;: 1 — CaY,S,, 2 - BaTmS,,

3 - CaSm,5,, 4 — CaNd,S,, 5 — CaPr,S§,.

16], the variation trend of the partial molar
enthalpy of dissolution allows to judge the
nature of defect formation mechanism: the
AH; increase (—AH; reduction) during the
alloying additive concentration growth (in-
crease in non-stoichiometry) is connected
with the increasing contribution of the va-
cancy formation.

The AEansa increase with the increasing

x (LnyS3 content) observed for all systems
studied within the region of homogeneity is
an additional confirmation to the vacancy
mechanism of defect formation in solid elec-
trolytes based on MLn,S, which can be pre-
sented as:

Ln,S4( — MLn,S, < 2Lnj, + 3{Sy + (17
+ V;‘;fl + Vg.

Thus, the use of electrochemical methods
in the study of formation thermodynamics
of ternary thiolanthanates of alkali-earth
metals and phases based on those has al-
lowed to consider CaGd,S, and BaTm,S, as
stable compounds in the electrolytic tem-

perature range 653-723 K; to find the sta-
bility limits for phases based on CaY,S,,
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BaTm,S,, CaPr,S,, CaSm,S,; to suggest a
vacancy mechanism of defect formation in
the doping process of these ternary com-
pounds with binary sulfides.

The work was done under financial sup-
port by Rusisan Foundation for Fundamen-
tal Research (RFFI), Grant #05-03-33188.
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TepmonvHamMiyHi XapaKTepHCTHKH TePHAPHHUX CYyJab(inis
MLn,S, Ta TBepaux po3uuniB Ha IX ocHOBi

J.A.Kaninina, IO.H.Ywaxoea, O.B.Medeedcsa,
I'I.IMIupoxoea, €.I''Pominux, b.A.Ananvenko

Meronom EIC y pisaux mMomudikaniax BHABIEHO TePMOJWHAMIUHI XapaKTEePHCTHKH Tep-
HapHHX cynredixie MLn,S, i TBepmux posummie Ha ix ocHoBi. IlpoBexeni AocmimKeHHS
J03BONMIYN BBaykaTH TBepai exexrtpoxitu CaGd,S, i BaTm,S, cTifikumMu crmonykaMu B elexT-
porxituuyroMy iHTepBani 653-723 K. OxHouyacHe BUABIEHHS AKTUBHOCTI OiHapHWX cyapdimirs
B TepHapHux BaTm,S,, CaY,S,, CaSm,S,, CaPr,S,, a Takox xaTioHHHX i aHioHHHX 4ucen
mepeHocy 3podHJIO MOMKIHMBUM OLUHHTH Mexi cTifikocti (has, sampomoHyBaTH BakaHciiHuil
MexaHisM Xe(EKTOYTBODEHHH# 1 mepeBaKHO cyab(in-ioHHHMI THD OpoBifHOcTi vV TBepIMX
eJEeKTPONiTaX, IIC AOCHIIKYBANHCH.
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