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The CaYb,S, phases with the over-stoichiometric content of CaS and Yb,S; have been
studied. The range of solid solutions, the temperature electrolytic interval, the average
ion, cationic, anionic and electronic transfer numbers have been determined. The density
values obtained by bottle method and by radiography are compared. The data obtained
allow to consider the CaS solid solutions in calcium sulfoytterbiate as mixed ion conduc-
tors with a substantial contribution from electronic conductivity, while the phases with
the over-stoichiometric Yb,S; content, as sulfide-ionic solid electrolytes with the vacancy
defect formation mechanism.

HUccremosansr daser Ha ocHoBe CaYb,S, co ceepxcrexmomerpuueckum cozep:xanuem CaS
u Yb,S;. Ompegenena o6iacTh TBepALIX PACTBOPOB, TEMIEPATYPHBIH 5JI€KTPOIUTUYECKUH
WHTEepBaJj, cpeJHUe MOHHbLIe, KATHOHHbLIE, aHNOHHLIE 1 3JIeKTPOHHBIE uKcja mepeHoca. Coro-
cTaBJleHbl IMKHOMETPUYEeCKas U peHTreHorpauuecKkas IJOTHOCTH. IloJydeHHBIe AaHHLIE
MO3BOJIAIOT CUUTAThL TBepjble pacTBopbl CaS B TmouTTepbuaTe KajablUsd CMEIIaHHLIMU MOH-
HBIMYU IIPOBOJHUKAMH C CYI€CTBEHHBIM BKJAZOM 3JIEKTPOHHOM IIPOBOJMMOCTH, a (Pasbl CO
CBEPXCTEXHOMETPHIECKUM cogepxanmeM YD,S; cynbdui-MOHHBIME TBEPABIMHU 9JIEKTPOIUTA-
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MU C BAKAHCUOHHBIM MEXaHU3MOM Je()eKTO0O0pasoOBaHMSA.

In the modern materials technology, the
binary and ternary chalcogenides of high-
melting (mainly rare) metals are of a great
interest [1, 2]. The defect phases of general
formula MelLn,S, (Me = Ca, Ba; Ln=Lla, Y,
Tm, Nd, Sm) crystallized in lattices such as
CaFe,04 and ThzP,, have been shown to be
solid electrolytes (SE) with predominant sul-
fide-ion conduction. The appearance of sul-
fide-ion conductivity in those compounds is
combined with formation of double-ionized
vacancies in the sulfur sublattice as a result
of alloying ternary sulfides with binary
ones.

Defect phases on the basis of calcium
thioytterbiate are crystallized in an orthor-
hombic lattice of the YbsS, type where ions
Yb2* are displaced by Ca2* ones. The only
known sulfide-conductive solid electrolyte
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of the same structural type is CaY,S, [3].
This work makes it possible to extent the
field of the known sulfide-conductive solid
electrolytes. In the work frame, the synthe-
sis and annealing techniques have been de-
veloped for CaYb,S, ternary compound and
phases on its basis as well the samples ob-
tained have been identified. To determine
the defect formation character, the bottle
density was compared to the radiographic
one calculated assuming the vacancy and in-
terstitial mechanism of defect formation.
The temperature electrolytic interval and
extension of defect phases on the ternary
CaYby,S, basis were studied under account
for dependence of electric conductivity on
the temperature and phase structure. To
elucidate the effect of electron transfer on
the electrolytic properties of obtained
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CaYby,S, phases, electron and average ion
transfer numbers were measured. The sub-
division of the ion conductivity component
into cationic and anionic ones has confirmed
the existence of sulfide transfer in the phases
with over-stoichiometric Yb,S; content.

The sulfide material was synthesized by
a ceramic method. The analytical purity
grade calcium oxide and ytterbium (III)
oxide were used as initial materials. The
dried and pulverized mixtures in a graphite
boat were loaded into the reactor, heated to
1073 K in argon flow; then, the reactor was
fed with argon and carbon disulfide (volume
flow of the sulfidizing mixture 0.6—
0.7 dm3/h). Thus temperature was in-
creased up to 1273 K and hold during
8 hours, then the charge was cooled in
argon flow. To obtain more dense samples,
the synthesized powders were compacted
into tablets and exposed to homogenizing
annealing in a flow of argon with carbon
disulfide (to suppress desulfidation) for
10 hours at 1293-1323 K. The sulfidation
completeness was controlled by the iocdomet-
ric method. The chemical analysis results of
the sample synthesized have confirmed that
the selected method and the mode of synthe-
sis provide complete sulfidation of the in-
itial oxides.

The X-ray phase examination of samples
was carried out using a DRON-3M diffrac-
tometer (CuKo emission) at the scanning
step 0.1°, exposure time 2 s, the scanning
range 20°-60°. Silicon was used as an inter-
nal standard for calculating the unit cell
parameters. The complex electric conductiv-
ity of all the synthesized samples was meas-
ured by the two-electrode method with
graphite electrodes using a digital measur-
ing instrument E-7-20 within the range of
room temperature up to 773 K at 10 kHz
frequency. The error was 10 % of the nomi-
nal measured value.

The average ion transfer numbers (Z;) were
measured in a galvanic cell with the elec-
trodes reversible relatively to sulfide-ions:

C|Fe|FeS|CaYh,S, — Yb,S5(CaS)|Cu,S|Cu|C(1)

and determined from the ratio of the meas-
ured and theoretical EMF calculated under
condition of use in the cell (1) hypothetical
SE with only ion conductivity.

The electron transfer numbers (f,) were
determined using polarization method [4] in
an electrochemical cell:

(-)C|Fe|FeS|CaYh,S, — Yb,S3(CaS)|C(+) (2)
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in the voltage range 0.1-2 V. The electronic
conductivity was calculated as:

z-F -1 (3)
:—.I,
Cel"RpT. 3

where I is the saturation electron current;
z, ion charge; F, the Faraday number; R,
universal gas constant; [ and S — geometric
parameters of the solid electrolyte. The elec-
tron transfer numbers were determined tak-
ing in to account the complex electric con-
ductivity.

The ion component of conductivity was
subdivided into cationic and anionic ones
using the Chebotin-Obrosov method [5] in
concentration cells with transfer, reversible
relative to sulfide-ion and calcium ion:

ClFe|FeS|CaYh,S,CaYb,S, - (4)
— x mol.% Yb,S,|FeS|FelC,

C|CalCaYb,S, - (5)
— x mol.% Yb,S;|CaYb,5,|Ca|C.

Due to high activity of calcium elec-
trodes, the experiments were conducted
using the instantaneous tangency method
[6]. The diffusion potential in both cells
arises at the interface of the stoichiometric
compound and solid solutions of binary sul-
fides on its basis. The EMF of the element
(5) reversible relative to calcium ions (Egx,)
is connected with transfer numbers of sul-
fur and ytterbium ions. The EMF of the
element (4) reversible relative to sulfide
ions (Eg) is connected with transfer num-
bers of calcium and ytterbium. Provided the
data statistics is large enough, the method
allows to define transfer numbers of ions at
an accuracy of £0.02. The major carrier ion
type was determined under account for iso-
thermal relations Eg = f(Eg,) for electro-
lytes of different structure using equations:

lg2- = Tcq (6)

s = lca?s (7

where tg is the concentration changes in the
cell (4); tc,, those in the cell (5); tg2-, trans-
fer numbers of sulfide ions; t{c,2+, those of

calcium ions.

The bottle density was determined in ac-
cordance with International Standard ISO
5018-83.
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Fig. 1. XRD patterns for CaYb,S, (1) and
CaYb,S, — 2 mol. % Yb,S; (2).

Using ceramic technology, the
stoichiometric compound CaYb,S, and sam-
ples with over-stoichiometric content of bi-
nary sulfides CaS and Yb,S; were synthe-
sized. The X-ray phase analysis (XPA) of
the samples in the range (100—x)CaS-
xYbyS;, where x =47 to 55 mol.% Yb,Sj,
has shown the presence of a single phase
CaYb,S, which is crystallized in orthorhom-
bic structure of the Yb3S, type. The X-ray
diffraction (XRD) patterns of synthesized
samples where x < 0.47 and x > 0.55 mole
fraction of Yb,S; contained reflections from
the second phase, calcium sulfide and ytter-
bium sulfide, respectively. The XRD pat-
terns for samples of stoichiometric struec-
ture and for those containing an excess
2 mol.% of Yb,S; are shown in Fig. 1.
Thus, the synthesized samples can be pre-
sented as phases CaYb,S,—xYb,S; and
CaYb,S,—yCaS (where x varies from 0 to
10 mol. % Yb,S; and y from 0 to 6 mol. %
CaS) and the general chemical formulas for
solid solutions of the highest concentration
can be presented as CaYb,ggS35, and
Cag gYbyS3 o-

The temperature dependence of complex
electric conductivity was studied in the
298-833 K range. The selection of the
upper temperature limit is conditioned by a
possibility of changes in the sample struc-
ture due to sulfur loss resulting from ther-
mal dissociation at the further temperature
rise. For samples of all structures in the
investigated system, the relationships lgc =
f(103/T) have shown a change in the curve
slope at 470-550 K in the samples with
CaS excess in CaYb,S,, and at 470-590 K
in the samples with Yb,S; excess in
CaYb,S,. The temperature coefficient of
electric conductivity in the high-tempera-
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Fig. 2. Dependences of electric conductivity
logarithm and activation energy on solid elec-
trolyte composition of CaYb,S,—x mol.%
Yb,S; (CaS) system at 673 K.

ture segment of curves varies from 0.15 to
0.67 eV, which corresponds mainly to ion
conductivity.

Electric conductivity in phases with ex-
cess calcium sulfide in CaYb,S, is higher by
1-1.5 decimal orders than in phases with
excess Yb,S3, which can be explained by an
increased contribution from the electronic
constituent into conductivity at calcium sul-
fide alloying of CaYb,S, due to incomplete
ionization of vacancies in the ytterbium
sublattice, since ytterbium is polyvalent and
changes its oxidation states easily.

From the conductometric data, depend-
ences were constructed for isotherm of elec-
tric conductivity logarithm and isotherm of
activation energy on the system composition
of at 673 K (Fig. 2). The shown Igc and E,
dependences near stoichiometric CaYb,S,
are well described from the viewpoint of
vacancy defect formation mechanism in the
case of formation of two-sided range of
solid solutions and allow to evaluate the
solid solution field boundaries for over-
stoichiometric content CaS and Yb,S; which
agree well with XPA data.

The electronic transfer numbers were
measured by the Hebb-Wagner method in
the electrochemical cell (2) with one block-
ing electrode and one electrode reversible
relative to sulfide ion at temperatures 603,
643, and 673 K. The samples with the over-
stoichiometric calecium sulfide content as
well a those alloyed with ytterbium sulfide
were studied. The current-voltage charac-
teristics (IVC) for solid solutions of CaS in
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Table 1. Average ion and electronic transfer numbers for CaYb,S, — x mol.% Yb,S; system

Composition, 603 K 643 K 673 K

CaYb,S, - 7 2 7 2 7 2

x mol.% Yb,S, t,£0.05 t,10 £0.05 t,10 t,£0.05 t,10
0 0.82 1.92 0.79 1.80 0.75 2.33

2 0.93 0.57 0.86 0.61 0.81 0.69

4 0.97 0.38 0.94 0.36 0.89 0.33

6 0.89 1.12 0.86 1.01 0.83 1.01

8 0.88 1.45 0.85 1.75 0.82 1.43

10 0.85 - 0.82 1.50 0.81 1.68

12 0.84 1.24 0.82 1.40 0.77 1.52

CaYby,S, had no plateaus corresponding to
the saturation current. As the Hebb-Wag-
ner method is used to determine the elec-
tron transfer numbers in mixed conductors
with predominant ion conductivity (7; > 0.9)
[7], the absence of results at the usage of
that technique confirms the conclusion on a
considerable contribution from electron con-
ductivity for the phase with over-
stoichiometric content of CaS made basing
on conductometric research.

The general view of IVCs obtained at
electron transfer numbers determination at
673, 693, and 713 K is the same both for
stoichiometric CaYb,S, and samples with
excess ytterbium sulfide. The electron satu-
ration current increases regularly as the
temperature rises. This can be explained by
the ability of the studied sulfides to lose
sulfur easily at a high temperature due to
thermal dissociation that may cause a devia-
tion from stoichiometry towards excess of
metal and to appearance of electronic con-
ductivity resulting from the metal ioniza-
tion accompanied by transition of electrons
into conduction zone. The electron transfer
numbers were calculated from the data on
electron saturation current (Table 1). The
fraction of electron transfer in phases with
over-stoichiometric Yb,S; content is insig-
nificant (t, ~ 1072). However, it is to note
that use of graphite as the blocking elec-
trode results in overestimated electron
transfer numbers. Therefore, the electro-
lytic properties of investigated solid electro-
lytes are better and the true contribution
from electron (not hole) conductivity is lower
than it follows from the data obtained using
the Hebb-Wagner method (¢, < 1072) [8].

The study of electric conductivity and
electron transfer numbers has shown that
solid solutions on the basis of calcium
thioytterbiate alloyed with calcium sulfide
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Fig. 3. Isothermal dependences Eg = f(Eg,)
for the solid electrolyte CaYb,S, — x mol.%
Yb,S;: CaYb,S, — 1 mol.% Yb,S; (1);
CaYb,S, — 2 mol.% Yb,S; (2); CaYb,S, —
6 mol.% Yb,S; (3); CaYb,S, — 10 mol.%
Yb,S; (4).

are mixed ion conductors with a substantial
contribution from electron conductivity.
Therefore, the electrolytic properties were
studied only for phases on the basis of
CaYb,S, with the over-stoichiometric ytter-
bium sulfide content.

The average ion transfer numbers ob-
tained by the EMF method depend weakly
on composition and temperature, however,
increase somewhat at the temperature of
603 K close to lower limit of the electro-
lytic temperature interval (Table 1). This
may be connected to reduction of thermal
dissociation accompanied by the appearance
of mobile electrons at temperature dropping.
From the data of Table 1, it can be concluded
that stoichiometric CaYb,S, and solid solu-
tions of Yb,S; on its basis are conductors
with predominant carriers of ion type.

The subdivision of the ion conductivity
component into cationic and anionic ones
was performed in concentration cells (4) and

Functional materials, 15, 3, 2008
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Table 2. Cationic and anionic transfer numbers in the CaYb,S,~Yb,S; system

Composition, Temperature, K
o,
x ol % 673 653 623 603
293
t52740.02 |£o,2*10.02| tg27+0.02 |£,,2*+0.02| tg27+0.02 |,2*+0.02| tg27+0.02 [¢,2*+0.02
1.02 0.02 1.01 0.01 1.01 0.01 1.01 0.01
1.02 0.02 1.01 0.01 1.01 0.01 1.01 0.01
1.01 0.01 1.01 0.01 1.00 0.00 1.01 0.01
10 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
3
(5) [9]. Isothermal dependences Eg = f(Eg,) d, glem
for electrolytes of various compositions are i
presented in Fig. 3. The transfer numbers 5'5: 3
for calcium and sulfur ions calculated from 53l
experimentally obtained (dEg/dE,) values L
are listed in Table 2. The transfer numbers 51k
for calcium ions are within the method B 2
error. It can be stated at a high probability 49+
that the studied samples of solid solutions - /7
on the basis of calecium thioytterbiate with 47}
: 3 : 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1
gver-sto;chlometrlc nggga»_(;?c?)’nIt{ent in tJl;e o 1 50 5 a1 = =8
emperature range o are practi- CaVb, S, ¥ mol % Yb,Ss

cally unipolar sulfide conductive solid elec-
trolytes.

Formation of solid solutions of binary
sulfides on the basis of CaYb,S, may follow
two main structure models:

(1) substitution by impurity cations and
anions of their intrinsic positions in the ter-
nary compound lattice with vacancies for-
mation in sublattices of sulfur and of the
second cation (vacancy mechanism of disor-
dering):

CaS( - CaYb284) = (8)
= Cag, + S§ + 2Vyy, + 3V,
Yb283( - CaYb284) = (9)

= 2Yb%, + 3S§ + Vg + VE.

However, as its follows from conduec-
tometric research and from multivalency of
ytterbium, the defect formation in the case
of ternary compound alloying with calcium
sulfide may result in an incomplete ioniza-
tion of the ytterbium vacancies and appear-
ance of mobile electrons in the conductivity
zone:

CaS( — CaYb,Sy) =
= Cag, + S§ + 2Vayy, + 3Vg + 2e.

(10)

(2) introduction of the impurity cation and
anion in interstice of CaYb,S, lattice with
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Fig. 4. Dependence of density on the solid
electrolyte composition in the (100-x)CaS -
xYb,S; system: bottle density (1); X-ray den-
sity calculated basing on vacancy mechanism
(2) and interstitial mechanism (3).

formation of balanced interstitial defects
(interstitial mechanism of disordering):

= Ca" + S + Cag, + 2YbYy, + 4S§,

< 2YDb;* + 8S] + Cag, + 2YbY, + 4S§.

To elucidate the possible defect forma-
tion character, we measured the bottle den-
sity of stoichiometric calcium thioytterbiate
and that of the samples alloyed with cal-
cium and ytterbium sulfides in quantities
corresponding to the area of solid solutions
determined before. Moreover, for hypotheti-
cal vacancy and interstitial disordering
models, the radiographic (theoretical) den-
sity of solid phases under study was calcu-
lated. The dependence of the experimental
(bottle) and radiographic density calculated
for different defect formation models on the
composition of binary sulfide solid solutions
in CaYb,S, is presented in Fig. 4. The char-
acter of the bottle density dependence on
composition is described well enough within
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the vacancy disordering mechanism. Per-
haps formation of solid solutions on the
basis of ternary CaYb,S, in the system
under study is accompanied by formation of
ionized vacancies according to equations (9),
(10). Moreover, the research has shown that
the synthesized samples show good ceramic
properties, as their experimental density is
95-98 % of the theoretical one.

The dependences of average ion, elec-
tronic transfer numbers and electric con-
ductivity on the composition is shown in
Fig. 5. The stoichiometric CaYb,S, is seen
to be characterized by minimum average ion
transfer numbers and maximum average
electron ones, that is connected with a low
concentration of the ion defects originating
only due to intrinsic disordering. Therefore,
the fraction of electron conductivity origi-
nating sue to the sulfur exchange between
the solid electrolyte and the gas phase (13)
increases.

CaYb,S, = (138)
= Cal, + 2Yby, + 885 + 35,1 + Vg + 22,

At introduction of 1 to 4 mol.% Yb,S3
as an alloying impurity, the electric conduc-
tivity and ion transfer numbers increase but
electronic transfer numbers drop, because,
according to (10), the concentration of ion
defects increases. Obviously, for these
structures, ionized vacancies of sulfur and
metal atoms are most likely in amounts an-
swering to the "dilute solution™ concept
[10]. The vacancy mobility values in such a
solution are maximum. However, a further
increase concentration of alloying Yb,S; to
6—8 mol.% results in reduction of contribu-
tion from ion transfer and increase of that
from electron one, most likely due to forma-
tion of oppositely charged defects associates

/Vg - Véa/. The constant values of average

ion and electron transfer numbers for sam-
ples containing more than 8 mol.% of ytter-
bium sulfide allow to suggest the attain-
ment of the solid solution region boundary
and transition to a two-phase system.

To conclude, the study has allowed to
confirm the existence and determine the ex-
tension of CaS,Yb,S; solid solutions area on
the basis of CaYb,S, (ST Yb,S,); to con-
sider phases with the over-stoichiometric
calcium sulfide content as mixed ion con-
ductors with substantial contribution from
electron conductivity; to consider the sul-
fidic ceramics with the over-stoichiometric
ytterbium sulfide content as solid electro-
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Fig. 5. Composition-property dependences for
CaYb,S, — x mol. % Yb,S; system: electric
conductivity (1); average ion transfer num-

bers (2); electron transfer numbers (3).

lytes with predominant ion conductivity.
The defect structure of phases on the basis
of CaYb,S, is identified as a vacancy one.

The work has been carried out under the
Grant from the Russian Fund for Funda-
mental Researches No 06-03-96353.
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SaJIeKHICTh €JEeKTPOJITHYHUX Ta KepaMidHHX
BiIactuBocTeil ¢as Ha ocmoBi CaYb,S, Bix
HA/ICTEXiOMEeTPUYHOTO BMiCTy OiHaApHUX cyJab(ixis

J.0.Kaninina, IO.M.Ywarxosa, .0.Ananvwenko,
O.I''©ominux, I'.I1.Illuporosa

Hocrimxeni dasu vHa ocmoei CaYb,S, s magcrexiomerpwummm Bmicrom CaS Ta Yb,S,.
BusuaueHo 061aCTh TBEPAWX POSUUHIB, TEMIIEPATYPHUII eJIEKTPOJiTUUHUI iHTepBas, cepemHi
ionHi, KaTionHi, aHioHHI Ta eJleKTPOHHI yucsa nepexHocy. IlopiBHAHO MiKHOMETPUUHY Ta PEHTre-
Horpadiuny rycruny. Ogepskani gaHi K03BOJMAIOTH BBayKaTu TBepAl posumuu CaS y rioirrepbiaTi
KaJIbI[il0 3MINIaHUMU iOHHUMY MPOBiJHWKAMU 3 BATOMHUM BKJIAJOM €JEeKTPOHHOI IIPOBigHOCTi, a
(asu 3 HancrexiomerpuunuMm BMicToM Yb,S; — cynbdig-ionHuMu TBEpAMMM eneKTpONiTAME 3
BaKaHCIMHMM MexaHi3sMOM Ae(eKTOyTBOPEHHS.
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