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The equilibrium phase space of the Ag—In—Se system in the part AgInSe>—InSe-Se below 500 K consists seven
three-phase regions In2Ses—AglIniuiSei—Se (1), AglnuiSeir—AginsSes—Se (1), AgInsSes—AgInSe>—Se (I1T), In2Ses—

IneSe7—AgInuiSer7 (IV),  IneSer—AglIniiSei—AgInsSes

W),

InSe—InsSe7—AgInsSes, and  InSe—AgInsSes—

AglInSez (VI). Division of the AgInSe>—InSe—Se into separate phase regions was performed based on electromotive

force vs temperature  dependences of  six

electrochemical

cells (ECCs) of the type:

(=) C| Ag | SE | R(Ag") | PE | C (+), where C is the graphite (inert electrode), Ag is the left (negative) electrode,
SE is the solid-state electrolyte (AgsGeSsBr glass), PE is the right (positive) electrode, R(Ag™) is the buffer region
of PE that contacts with SE. The process of forming of the thermodynamically stable set of phases from phase non-
equilibrium mixture of compounds specified in (I)-(V1) is carried out in the R(Ag*) region. The Ag* ions act as the
small nucleation centers for stable phases. Based on the temperature dependences of the electromotive force of
ECCs with PE of the (1)-(V1) phase regions, the standard thermodynamic functions of the binary IneSe7 and three
ternary compounds in the adjacent phase regions were calculated for the first time. The agreement of the calculated
values of the standard Gibbs energies of the AgInsSes compound in two different phase regions (II) and (V):
A¢Gq1y=—(819.6 + 8.9) kJ-mol ! and A¢G,=—(820.0 £ 8.9) kJ-mol ! characterizes the phase composition of
the regions (1), (1), (1V), and (V) below 500 K as a combination of compounds of formulaic composition.
Keywords: Ag-containing compounds, Thermodynamic properties, Phase equilibria, Gibbs energy, EMF

method.
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Introduction

The T—x diagram Ag.Se-In,Ses; of the Ag-In-Se
system features the formation of AglnSe,, AglnsSes, and
Agln;1Sei7 compounds with congruent 1060 K, 1088 K,
and incongruent 1077 K type of melting, respectively [1].
The AglnSe; and AginsSes compounds crystallize from
the melt as phases of variable composition, undergo
polymorphic transformations at 968 K and 1013 K|
respectively. The homogeneity ranges of these compounds
are equal ~3 and ~4 mol.% In,Se;z at the room temperature.
The isothermal cross-section of the Ag—In-Se system at
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723 K is characterized by the Agsln, Ag.Se, InsSes, InSe,
IneSe7, In2Ses, AgInSe;, and AglnsSes compounds [2].
The existence of Aglni1Seiz compound has not been
established. The ternary AgInSe; and AglnsSes
compounds are evaluated as promising for use in
nonlinear optics, manufacturing of visible and infrared
LEDs, infrared detectors, solar cells, and other electro-
optical devices [3,4]. Information on the main
thermodynamic properties of the ternary phases AglnSe;
and AglnsSeg, which are important for the analysis of
uncontrolled changes in the operation of scientific and
technological equipment, is currently lacking. Presented
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in [5,6] data on the standard Gibbs energy of the formation
of AgInSe; and AglnsSeg compounds
AG° = —188 kI'mol ! and A;G° = —850 kJ-mol ™! are
approximate because they do not take into account the
Gibbs energy of the synthesis reactions A.G° from the
calculated amounts of Ag.Se and In,Ses.

The purpose of this work was to establish the values
of standard thermodynamic functions (Gibbs energy,
enthalpy, and entropy) of the AgInSe;, AglnsSes,
AglIni1Sei7, and IngSe; compounds by using the EMF
method [7-9] and literature data on the thermodynamic
properties of the InSe and In,Se; compounds [10]. The
results of calculations of thermodynamic functions of
compounds can be used to analyze the reasons for changes
in the performance of equipment manufactured with their
participation and modeling the phase diagrams of
multicomponent systems, including Ag-In-Se, by the
CALPHAD methods [11,12].

. Experimental

The high purity elements Ag, In, and Se
(>99.99 wt.%, Alfa Aesar, Germany) were used for
synthesis of the compounds. The evacuated melts of the
calculated amounts of the elements were well-mixed for
20 min and followed by cooling to the room temperature
at a rate of ~5 K-min~!. Crushed to a particle size of
~5 um polycrystalline samples were used for X-ray
analysis and preparation of positive electrodes of
electrochemical cells (ECCs). An STOE STADIP
diffractometer equipped with a linear position-sensitive
detector PSD, in a Guinier geometry (transmission mode,
CuKoy radiation, a bent Ge(111) monochromator, and
20/ scan mode) was used to establish the phase
composition of the samples. The following programs
STOE WinXPOW [13], PowderCell [14], FullProf [15],
as well as databases [16,17] were used for X-ray phase
analysis.

Synthesis of a thermodynamically equilibrium set of
compounds below 500 K from a phase non-equilibrium
mixture of compounds obtained by cooling the melts and
the EMF (E) measurements were performed in ECCs type
(A):

(—)C|AgISE[R(Ag")|PE|C(+), (A)
where C is the graphite (inert electrode), Ag is the left
(negative) electrode, SE is the solid-state electrolyte
(AgsGeSsBr glass), PE is the right (positive) electrode,
R(Ag") is the buffer region of PE that contacts with SE.
The process of forming of the thermodynamically stable
set of phases from phase non-equilibrium mixture of
finely dispersed compounds is carried out in the R(Ag*)
region. The Ag* ions act as the small nucleation centers
for stable phases [18].

Components of the ECCs in powder form were
pressed at 108 Pa through a 2 mm diameter hole arranged
in fluoroplast matrix up to density p = (0.93 = 0.02)-po,
where pg is the experimentally determined density of cast
samples [19,20]. The experiments were performed in a
horizontal resistance furnace, similar to that described
in [21]. As the protection atmosphere we used a flow of

576

highly purified (99.99 volume fraction) Ar(g) at
P=1.210°Pa. The gas flow of Ar at the rate of
10° m3-min~ from the right to the left electrodes of the
ECCs. The temperature was maintained with an accuracy
of £ 0.5 K. The EMF values of the cells were measured
using high-resistance (input impedance of >10'? Q) the
Picotest M3500A universal digital multimeter. The
equilibrium in ECCs at each temperature was achieved
within 2 h. During equilibrium the EMF values were
constant or their variations were not exceed £0.2 mV [22].
The dependences of the EMF of the cells on temperature
E(T) were analyzed by the method described in [23-25].
The ratios of initials components of PE of ECCs were
determined from the equations of potential-forming
reactions in respective phase regions.

I1. Results and discussion

The alleged scheme division of the concentration
space of the Ag-In-Se system in the AglnSe,—-InSe-Se
region below 500 K, confirmed our investigations of the
boundaries of the phase fields by the EMF method, is
shown in Fig. 1.

In

Ag Se

Ag;Se
Fig. 1. Division of the concentration space of the Ag—In—
Se system in the AgInSe,—InSe—Se region below 500 K: 1
are lines of two-phase equilibria, 2 are compositions of the
positive electrodes of the ECCs in the phase regions (1)—
(V1.

The position of the three-phase regions: In,Ses—
Aglni1Sei7—Se (1), Aglni1Sei7—AglinsSes—Se (11),
AglinsSes—AgInSe,—Se (111), InySes—AglniiSeir—
IngSe; (IV), In68e7—AgIn118e17—AgIn58e8 (V), InSe—
IneSe7—AgInsSes, and  InSe—AglnsSes—AglnSe; (VI)
relative to silver was used to write equations of the overall
potential-forming reactions:

2Ag + 11In,Se; + Se = 2AgIn,;Se,, (R1)
6Ag + 5AgIn,;Se;; + 3Se = 11AgIn;Seg, (R2)
4Ag + 5AgInsSeg + 2Se = 5AgInSe,, (R3)
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4Ag + 251[12533 = In6567 + 4Aglnllse17, (R4)

12Ag + 13AgIn,,Se;; = 3IngSe; + 25AgInsSeg, (R5)

2Ag + AgIngSeg = 2InSe + 3AgInSe,. (R6)

Equations (R1)—(R6) were used to establish the ratios
of selenium, binary and ternary compounds in PE of
ECCs.

The cooled melts of the binary and ternary compounds
mentioned in reactions (R1)—(R6) are thermodynamically
non-equilibrium. In particular, according to results of X-
ray analysis, the cooled melt of the formula composition

InzSes is characterized by two modifications of In,Se; with
closely related structures (space groups (SG) P63 for the
InoSes phase, stable under normal conditions, and SG P6;
for the high-temperature modification of In,Ses), and the
InSe sample, apart from the InSe compound (SG R3m),
contains impurities of the IngSe; phase (SG P2i/m),
Fig. 2, a, b. The crystallized Agln;1Se;7 melt contains a set
of lines of the Aglni1Seiz compound with an uncertain
structure and the AglnsSes (SG P-42m), Fig. 2,c. The
crystallized AglnsSeg contains impurities of the AginSe,,
Fig. 2, d. Alloys of the formulas IngSe; and AgInsSeg
crystallize as single-phase samples.

Newly assembled PE of the ECCs according to
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Fig. 2. X-ray powder diffraction patterns of samples with composition: In,Ses (a), InSe (b), Aglni1Sei7 (),
and AglnSe; (d) (black color). Compositions of the samples and identified phases (with space group indicated) are
shown in the upper right corner.
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equations (R1)-(R6) are the combination of
thermodynamically nonequilibrium phases, which cause
the formation of the R(Ag*) region in the ECC. The
process of forming of the thermodynamically stable set of
phases from phase non-equilibrium mixture of finely
dispersed compounds for the participation of Ag* ions as
a catalyst end in 48 hours at 500 K. The criterion for
attaining phase equilibria in the R(Ag™®) region of PE is the
reproducibility of the E(T) relations of ECCs during the
heating-cooling cycles.
The measured EMF values as a function temperature
of ECCs are presented in Table 1.
Table 1
A summary of the measured EMF values and
temperatures of ECCs from the phase regions (I)-(VI).

Phase regions
TIK (0] (I (1 (Iv) V) (V1)

E/mV | ElmV | El/mV | E/mV | EImV | EImV
430.3 | 375.1 | 367.7 | 362.3 | 385.7 | 374.7 | 364.8
435.2 | 3756 | 368.4 | 3629 | 3864 | 375.2 | 365.2
440.2 | 3760 | 3689 | 363.3 | 387.0 | 375.8 | 365.7
4452 | 376.3 | 369.6 | 3639 | 387.7 | 376.3 | 366.1
450.1 | 376.7 | 370.2 | 3644 | 3885 | 376.9 | 366.6
4551 | 377.1 | 3709 | 365.2 | 389.2 | 3775 | 367.0
460.0 | 3775 | 3715 | 365.7 | 389.9 | 378.0 | 367.4
465.0 | 3779 | 3721 | 366.1 | 3905 | 3785 | 367.9
469.9 | 3782 | 372.7 | 366.7 | 391.2 | 379.1 | 368.3
4747 | 3786 | 3734 | 3674 | 3919 | 379.7 | 368.8
479.3 | 379.0 | 374.1 | 367.8 | 3926 | 380.3 | 369.3
4840 | 3794 | 374.7 | 3684 | 393.3 | 380.9 | 369.8
489.6 | 379.9 | 3755 | 3689 | 3939 | 3814 | 370.2
4945 | 380.7* | 376.1 | 369.7 | 394.7 | 3819 | 370.6

* Data point not included in treatment

The linear dependencies E(T) between 430 K and
494 K provided that A.C, = const and equal zero [23]
were calculated by the least squares method and expressed
as:

E®y/mV= (341.2+0.3)+(78.8+0.7)-103T/K, )
Ega/mV = (311.3+0.5)+(130.9+1.0)-1037/K, )
ERrsy/mV = (313.2£0.6)+(114.1£1.3)-10°7/K, (3)
EraymV = (325.3+0.4)+(140.3£0.8)-10°T/K, 4
E(rsymV = (325.6+0.4)+(113.9+0.9)-1037/K, (5)
ErsymV = (325.3+0.4)+(91.6+0.8)-1037/K. (6)

The temperature dependences the EMF of ECCs is

presented in Fig. 3.

The correctness of presented in Fig. 1 division of the
Ag-In-Se system in the AgInSe,—InSe-Se part below
500 K is confirmed by the following provisions:

E vs T dependences of ECCs with PE of the (I)-(V1)
phase regions are characterized by different EMF values
at T=const and the intercept and slope coefficients;

the phase regions that are more distant from the point
of Ag are characterized by higher EMF values at
T = const.
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Fig. 3. Temperature dependences of EMF (E) wvs
temperature (T) of the ECCs with positive electrodes of
the phase regions (1)—(VI).

The Gibbs energies, enthalpies, and entropies of
reactions (R1)—(R6) can be calculated by applying the
thermodynamic Egs. (7)—(9):

AG=—-z-F-E, ©)
AH=—-z-F-[E—-(dE/dT) - T], (8)
A.S =z-F-(dE/dT), 9)

where z is the number of electrons involved in the
reactions (R1)-(R6), F =96485.33289 C'mol? s
Faraday’s constant, and E is the EMF of ECCs.

The values of thermodynamic functions of the
reactions (R1)-(R6) at 298 K and p=10°Pa were
calculated using Eqgs. (7)—(9). The determined results are
listed in Table 2.

The Gibbs energy, enthalpy, and entropy of reaction
(R1) are related to the Gibbs energy, enthalpy, and entropy
of the AgInSe, compound and pure elements of Ag and Se
by Egs. (10)—(12):

Table 2
The values of standard thermodynamic functions of the reactions (R1)—(R6).
[¢] [¢] [¢]
Reaction —AcG —AcH ArS
kJ-mol—t J-(mol-K) !

(R1) 70.37 £0.74 65.84 = 1.99 15.20 +2.18

(R2) 202.80 +1.92 180.22 + 2.25 75.78 = 2.53

(R3) 134.00 + 1.06 120.88 + 2.16 44,04 +1.33

(R4) 141.69 + 1.18 125.55 + 2.20 54.15+ 1.24

(R5) 416.31 +3.54 376.99 + 4.58 131.88 +2.71

(R6) 68.04 = 0.59 62.77 = 1.09 17.68 = 0.61
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Arry)G® = 28¢G ggin, se,, — 118¢G 50, (10)
Ar(Rl)Ho = ZAfHXgInMSeU - 11AfHIOnZSe3l (11)
Ar(Rl)So = ZSXgInHSe” - ZSXg - 11512125e3 - Sé)e' (12)

It follows from Eqgs. (10)—(12) that:

MG Rgingyser, = 0.5(11AGH, e, + ArriG©), (13)
AfHRgin, sy, = 0.5(11A¢HS, e, + ArriyH®), (14)
Shgingser, = 0,5(288g + 1180, se, + S + Arr1yS®). (15)

Similarly, the corresponding equations to determine
A¢G°, A¢H®, and S° of the AglnsSes, AgInSe;, InsSey,
AglInsSeg, and AginSe, compounds in the phase regions
(I1)~(V1) can be written based on reactions (R2)—(R6),
with their appropriate stochiometric numbers.

Combining Egs. (13)—(15), using thermodynamic
data of the pure elements Ag, In, Se and binary compounds
InSe, In,Ses [10], the standard thermodynamic data of
selected compounds in the Ag-In-Se system were
calculated for the first time. A comparative summary of
the calculated values together with the available literature
data is listed in Table 3.

The coincidence of the calculated values of the
thermodynamic functions of the compound AginsSes in

the phase sections (II), (V) characterizes the phase
composition (1), (1), (1V), (V) below 500K as a
combination of compounds of formulaic composition. The
difference in the values of the thermodynamic properties
of AgInSe; equilibrium in the phase regions (I11), (VI)
characterizes the ternary compound as a phase of variable
composition.

Considering data presented in Table3, the
temperature dependences of the Gibbs energy of
formation of the AglniiSei7, AglnsSes, AglinSez, InsSez,
AglInsSeg, and AgInSe, compounds in the phase regions
(D—(VI) are described by Eqgs. (16)—(21), respectively:

AfGaging,se,,,m/ (Kmol™) = —(1827.8 £ 20.3) + (218.8 + 3.1) - 1073T/K, (16)
AfGAngSeS'(H)/(k]~mol_1) = _(84’72 + 107) + (926 + 16) . 10_3T/K, (17)
AfGAglnSez_(m)/(k]-mol‘l) = —(193.6+3.2) + (9.7 4+ 0.2) - 1073T/K, (18)
A¢Gin se, avy/(KJ-mol™) = —(973.0 + 11.3) + (100.0 + 1.7) - 1073T/K, (19)
AfGagingseqvy/ (KJ'mol™) = —(848.8 £ 10.9) + (96.5 £ 1.6) - 1073T/K, (20)
AfGginse, viy/ (K'mol™) = —(224.7 + 4.3) + (12.7 £ 0.3) - 1073T /K. (21)
Table 3.
Values of standard thermodynamic functions of selected compounds of the Ag—In-Se system at T=298 K
Phase Phase “AGT | A §° Reference
region kJ-mol~! J-(mol-K) !
Ag - 0 0 42.677 [10]
In - 0 0 57.823 [10]
Se - 0 0 42.258 [10]
InSe - 112.475 117.989 81.588 [10]
In,Ses - 314.077 326.352 201.25 [10]
IngSez (V) 943.249.4 973.0+11.3 542.8£9.2 This work
AglniiSerr )] 1762.6+18.0 1827.8+20.3 1178.3+16.7 This work
AglnSe; (UD)] 190.7+2.1 193.6+3.2 175.3+4.1 This work
AgInSe; (V1) 220.9+2.8 224.74+4.3 172.3£3.9 This work
AglInsSeg (1 819.6+8.9 847.2+10.7 577.3£9.8 This work
AglInsSeg V) 820.0+8.9 848.8+£10.9 573.3£9.7 This work
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Conclusions

The phase composition and triangulation of the
equilibrium T-x space of the Ag—In-Se system in the part
of AgInSe,—InSe-Se below 500 K have been established.
The AglnSe>—InSe—Se concentration space contains seven
three-phase regions formed by the InSe, IngSe7, In.Ses,
AgInSe;, AglInsSes, and Aglni;;Se;z  compounds.
Equations of the temperature dependences of the Gibbs
energy as well as the values of standard thermodynamic
functions of the IngSes;, AgInSe;, AglInsSes, and
Agln;1Sei7 compounds were established for the first time.
The phase composition of the InSe—AglnsSes—InsSey,
IneSe7—AglIni1Se1r—AgInsSes, 1n2Ses—AginiiSei;—InsSey,
In,Ses—Agln1Sei7—Se, and  Aglni1Sei7—AginsSes—Se
regions is a combination of stochiometric compounds.
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TepmoauHamiuHi BIaCTHBOCTI OKpeMHX CNOJYK cucTemMu Ag—In-Se,
BH3HA4Y€HI METOA0M €JIEKTPOPYLIiHHUX CHJI

Hayionanvnuii ynisepcumem 600Ho20 20cnodapcmea ma npupoookopucmyeéanns, éyi. Cobopua, 11, 33028 Pisne, Ykpainua,
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PiBroBaxuuit T—x mpoctip cucremu Ag—In-Se B uactuni AgInSex—InSe-Se 3a 7<500 K wmictuth cim
tpudasaux ainsHok: In2Ses—AgIniiSeir—Se (1), AginuiSeir—AginsSes—Se (1), AginsSes—AgInSe>—Se (IIT), In2Ses—
InsSer—AglniiSer7 (IV),  IneSer—AgInuiSei—AgInsSes (V),  InSe—InsSer—AgInsSes  ta  InSe—AgInsSes—
AgInSe; (VI). Tpuanrymsmist AginSex—InSe—Se BcranoBnena 3a temmeparypHuMu 3anexHoctssmu EPC mectn
enexrpoximiuaux komipok (EXK) crpykrypu: (—) C|Ag | SE | R(Ag*) | PE | C (+), ne C — iHepTHHIT enekTpox
(rpadir), Ag-— wHeratuBumii (miBuit) enekrponq EXK, SE-— tepauii enekrpomt (ckio AgaGeSsBr),
PE — no3utuBHuii (npaswuii) exexrpon EXK, R(Ag*) — ninsuka PE, mo xonTaktye 3 SE, 1e 3a ydacri ioHiB Ag*, sk
MaJIuX LIEHTPIB 3apOIXKEHHs pIBHOBaKHHX (ha3, BiOyBaeThcs epedynoBa (a30BO HEPIBHOBAXKHOI CYMIllli CITOIYK
IIE 3a3nauenux B (I)—(VI) B TepmoanHamiyHO cTabinbHy cymim ¢a3. 3a TemneparypHuMH 3aiexHocTsMu EPC
xomipok (E=f(T)) 3 ITE ninsuok (I)—(VI) po3paxoBaHo 3HAYCHHS OCHOBHHX TEPMOAHHAMIUYHHUX (YHKLiH GiHapHOI
INeSe7 Ta TepHAPHUX CHONYK Y MEXYIOUHX (a30BUX AUITHKAX 3a CTaHAapTHUX YMOB. CITiBIIa/IiHHS 3HAUSHb SHepril
[i66ca YTBOPEHHS CIIOTYKHU AglnsSes AfG(O”):_(819,6 + 8,9) x/lx-momnp ! Ta
AfG(OV)=—(820,0 + 8,9) kIl monb ! pospaxosanux 3a E=f(T) 3 IE ninsnox (II), (V) xapakrepusye hazosuii
cknan aimsaok (1), (ID), (IV), (V) 3a T<500 K sk noeqHaHHSA CIIOAYK (GOPMYIBHOTO CKIaTy.

Ku104oBi c10Ba: cpiGIIOBMICHI CIIOTYKH, TepMOIMHAMIUHI BIacTHBOCTI, (pa3oBi piBHOBaru, exepris [166ca,
meron EPC.
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