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The interaction of the components in the Li-Ag—In system was studied in the whole concentration range based
on X-ray and neutron powder diffraction. The crystal structure of the binary compound LizAg was solved and
refined from X-ray powder diffraction data. Three ternary compounds (LiAg:In, Liz7s(In,Ag)1s4, and
Li2-xAg1+xIn3) were observed under the conditions of the experiment. The Heusler phase LiAg:In crystallizes in
a MnCuzAl-type structure (Fm-3m, a=6.5681(5) A). The intermetallic compound Liz7s(In,Ag)1s+ adopts a
6 % 6 x 6 superstructure of the cubic W-type (F-43m, a = 20.089(2) A), and the third compound, Li>-+Agi+.In3,
crystallizes in an own structure type (Pmma, a =9.325(3) A, b =3.198(1) A, c = 8.043(3) A). The remarkably
broad homogeneity range of the NaTl-type Zintl phase extending from Liln into the ternary region was
determined and the distribution of the atoms was obtained from refinements on X-ray and neutron diffraction

data. A wide homogeneity range was also established for the binary compound AgsIn.

Phase diagram / Intermetallics / Crystal structure / Lithium

Introduction

Investigations of the interaction between the
components in  ternary Li-Ag-M  systems
(M = p-element), including the construction of phase
equilibria, determination of crystal structures of new
compounds, and the measurement of physical
properties, have been carried out intensively over the
last years. However, the majority of these systems are
still only partially known. The present work is part of
a systematic research with the aim to investigate the
constitutional properties of ternary intermetallic
systems formed by lithium, transition metals and
p-elements. These systems usually show complex
phase diagrams, in which ternary compounds and solid
solutions coexist. Knowledge about these systems is
an essential prerequisite for further characterization of
alloys potentially interesting from the practical point of
view. Among the possible applications of some of these
alloys, is the use as anode materials for lithium
batteries.

In this paper we report results of an investigation of
the interaction of the components in the Li-Ag-In
system. It is a continuation of our preliminary work on
ternary Zintl phases in different systems, including the
Li-Ag—In system [1,2].

The next step of our investigation of the interaction
of the components in this system was the determination
of the homogeneity range of the wide solid solution of
the Zintl phase based on the binary compound Liln [3].
We have also published structure investigations of the
ternary compounds LiAgyIn [4], Lizzs(In,Ag)154[5], and
LizcAgi+Ins (x = 0.05) [6].

Experimental

The samples were prepared from the following
reactants: lithium (rod of 10 mm diameter, 99.9 wt.%,
AlfaAesar), indium (ingots or shot, 99.999 wt.%,
AlfaAesar) and silver (wire or granules 2-8 mm,
99.999 wt.%, Chempur). Appropriate amounts were
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mixed and filled into unalloyed iron or tantalum
crucibles under dried argon in a glove box. The iron
crucibles were sealed by welding under dry argon,
placed into a preheated furnace (1100°C), and heavily
shaken to mix the molten reactants properly. After
10 min, the samples were rapidly cooled to room
temperature by removing the crucible from the furnace.
The tantalum crucibles were welded by arc melting.
The reaction between the metals was carried out in an
induction furnace at 1100°C. After 15 min, the samples
were rapidly cooled to room temperature by removing
the crucibles from the furnace. The Li-loss during
sample preparation in hermetically closed crucibles can
be estimated based on previous studies with detailed
chemical analyses of similar systems [1,2,7].

Phase analysis of the alloys was made using powder
diffraction. X-ray powder diffraction patterns were
collected on a STOE STADI P diffractometer (Mo Ko
radiation) in Debye-Scherrer mode. In a glove box
filled with argon, the samples were ground in an agate
mortar and filled into capillaries from Hilgenberg
(Germany) of 0.3 mm diameter and sealed. Intensities
were recorded for different diffraction angles 26 with
steps of A26 =0.02°. The software package WinPlotr
was used for Rietveld refinements [8].

The crystal structures of the compounds were
determined by means of single-crystal and powder
diffraction. Single crystals for data collection were
selected under dried paraffin to protect the sample
against humidity, using an optical microscope.
Intensity data were collected on an Xcalibur
diffractometer from Oxford Diffraction, equipped with
a Sapphire2 CCD detector, using the ENHANCE X-ray
source option. A combined empirical absorption
correction with frame scaling was applied, using the
SCALE3 ABSPACK command in CrysalisRed [9]. The
structures were solved by direct methods and refined
using the SHELX-97 program package [10]. An initial
parameter set was obtained from the automatic
interpretation of direct methods, using SHELXS-97,
and the structure models were further refined until
convergence, using SHELXL-97.

For selected alloys, neutron diffraction patterns
were collected on the instrument SPODI (neutron
reactor FRM-II in Garching) at room temperature and
10K with a wavelength of 1.549 A. For these
measurements, approximately 1 cm3 of powder was
ground under argon in a glove box, using an agate
mortar with large diameter. Later, the powder was filled
into a vanadium container with 8 mm diameter, also
under argon in a glove box.

Results and discussion

Binary systems

The phase diagrams of the Li-In, Ag-In, and Li-Ag
systems were not investigated here, because they have
already been studied and are described in the literature
[11-15]. However, some binary alloys were prepared to

refine the crystal structures of particular binary
compounds. Crystallographic characteristics of the
binary compounds that form in the Li—In, Ag—In, and
Li—Ag binary systems are presented in Table 1. Phase
diagrams of the Li-In, Ag—In, Li-Ag binary systems
are shown on Figs. 1-3.

Li-In. A few different variants of the phase
diagram are available in the literature. An assessed
phase diagram is present in ASM International
Database [15] (Fig. 1). Other variants of this diagram
had earlier been proposed by Thiimel and Klemm [16]
and Alexander et al. [17]. Thiimel and Klemm [16]
report the phases Liln, LizIny, Liolns, LizIn, Lisln,
Liolny, Ligln, and LiyIn, whereas Alexander et al. [17]
consider the phases Liln, LisIns, LizIn, LisIny, Liglns,
LijiIng, LisIn Lisln, LigIn, Lij2In, and a phase with
unknown composition LiIn,. The assessed diagram in
ASM International Database [15] includes the phases
Liln, LisIng4, LisIny, LizIn LisIn, LijsIns, and LisIn.
We investigated lithium-rich alloys to obtain more
information about the composition and structure of the
binary compounds. By X-ray single-crystal diffraction,
we determined the structures of the binary compounds
Lizz.xll’lg+x ()C = 01), Li]l_xh’l4+x (x = 105) and Li]o.xll’l2+x
(x=1.59). Crystallographic parameters of these and
other compounds confirmed by us in the Li-In system
are presented in Table 1.

Li—Ag. The assessed phase diagram for the Li-Ag
binary system was taken from ASM International
Database [15] and is mainly based on the work by
Freeth and Raynor [22] (Fig.2). Four binary
compounds were reported by these authors: B, yi, 72,
and vs. B, v3, and y> phases were confirmed by us by
X-ray diffraction. For the y3 phase Noritake et al. [23]
proposed the composition LijcAge and the lattice
parameter 9.6066 A, which was confirmed by us in
multiphase alloys. A single-phase alloy with nominal
composition LizsAgys was prepared and the crystal
structure analysis by powder diffraction showed that
this compound crystallizes in the structure type BiF;
(Fm-3m, a=6.5151(1) A), while Freeth and Raynor
[22] described this compound as cubic y-brass CusZng
(I-443m, a=9.68A). The experimental X-ray
diffraction pattern, calculated profile and the difference
curve after Rietveld refinement (Rp=5.34%,
Rr=4.58%) are shown in Fig. 4. Refined atomic
parameters for LisAg are presented in Table 2. For the
B phase (LiAg), the existence of a low-temperature
modification was established in [24] (UPb-type
structure, [4i/amd, a=3.9605(1), c=8.2825(12)A).
The phase transition is very fast at the first stage, but
complete transformation from CsCl cubic structure to
UPb tetragonal structure occurred after 20-25 weeks.

Ag-In. The assessed phase diagram for the Li-Ag
binary system was taken from ASM International
Database [15] and is shown in Fig. 3. Four binary
compounds, a’(AgsIn) [25], §(Agsln) [26], Y(Agolns)
[27] and Agln, [28], and their crystal structures have
been reported. Only two of them, £(AgsIn) and Agln,,
were confirmed by us in the Li—Ag—In system.
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Fig. 3 Ag—In binary phase diagram from ASM International database.
Table 1 Binary compounds confirmed in the Li-Ag-In system.
Structure Unit-cell dimensions, A
Compound type Space group p b . References
Liln NaTlI Fd-3m 6.792 - - [15,16,17,18]
LisIn, Bi,Tes R-3m 4.748 - 14.740 [15,16,19]
LizIn LirGa Cmcem 4.763 10.017 4.735 [15,17,20]
Lizy oIng.x . 14.156(3) |4.729(1) 8.617(2) |[21]
(x=0.1) Liz.dng., C2/m £=105.89(1)°
LijioIngy . [21]
(x= 1.05) LijiIngy P-3m1 4.7480(7) |- 14.283(3)
Lijodnos . B [21]
(x= 1.59) LijoxInoss P6/mmm 4.6975(7) 11.526(2)
Li131n3 Li131n3 Fd-3m 13.556 — — [15,20]
B (LiAg HT) CsCl Pm-3m 3.168 - - [22]
LiAg LT UPb 141/amd 3.9605(1) |- 8.2825(2) [[24]
v3 (LisAgs) . 9.8018 - - [22]
LisAgo CuoAly p-43m 9.6066 |- _ 23]
v2 (LizAg) BiF; Fm-3m 6.5151(1) |- — this work
& (Agsln) Mg P63/mmc 2.961 - 4.778 [26]
Agln, CuAl, 14/mem 6.881 - 5.620 [28]

Table 2 Atomic parameters for LisAg from X-ray powder diffraction (Fm-3m, a = 6.5151(1) A).

Atom Wyckoff position Occupation x/a v/b z/c B, A?
Li 8¢ 1.0 Ya Ya Ya 5.0
M1 4a 3.69(4)Li +0.31(4)Ag 0 0 0 2.66(1)
M2 4b 0.32(1)Li + 3.68(1)Ag ) ) Y 2.91(2)

16 Chem. Met. Alloys 17 (2024)
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Fig. 4 Experimental X-ray diffraction pattern of LizAg, calculated profile and difference after Rietveld

refinement.
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Fig. 5 Subsolidus relations in the Li-Ag—In system (as cast); 1 — LiAgsIn, 2 — Liz7s(In,Ag) 154, 3 — LizcAgi+:In3

(x=0.05).

Ternary system Li-Ag—In

The phase equilibria in the Li-Ag-In system were
studied on 77 ternary as-cast alloys. The diagram of
subsolidus relations in the Li-Ag-In system was
constructed over the whole concentration range
(Fig. 5). After annealing the alloys at 370 K, we did not
observe any serious changes in the phase diagram.

Chemical and phase compositions, as well as lattice
parameters refined on X-ray powder diffraction data,
are listed in Table 3.

The formation of two wide solid solutions
on the ©base of Dbinary compounds was
established in  the system. The largest
solid solution was observed for the Zintl phase Liln.

Chem. Met. Alloys 17 (2024) 17
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Table 3 Phase composition of selected alloys in the Li—Ag—In system.

Nominal alloy
composition

Phase composition

Structure types

Unit-cell
dimensions, A

LisAg(,zIn33

Mg

3.0011(1)
4.7706(3)

LisAgeslnzg

Mg

2.9744(1)
4.7813(2)

LisAngl’lzs

Mg

2.9551(2)
4.7880(3)

LisAg751n20

(Ag)+¢

Cu+ Mg

4.1441(4) +
2.9532(3)
4.790(1)

LisAggoIms

(Ag)

Cu

4.1313(2)

LigAngnzz

£+ (Ag) + HP

Mg + Cu + MnCuAl

2.9512(6)
4.788(1) +
4.1532(9) +
6.594(1)

LiioAgsolneo

Agln, + HP + In

CuAl; + MnCuzAl + In

6.8806(4)
5.6081(6) +
6.4800(8) +
3.2537(1)
4.9364(3)

LijoAgssInss

&+ Aglny

Mg + CuAl,

2.9972(1)
4.7739(2) +
6.878(1)
5.616(2)

LiipAgsolnio

(Ag)

Cu

4.1045(2)

LijsAgs7Inog

HP+¢§

MnCuAl + Mg

6.5884(3) +
2.9782(1)
4.7756(4)

LixoAgiolngg

In + Liz Agidn; (x=0.05)

In + Liz.xAngIng

3.255(1)
4.931(2) +
9.325(3)
3.198(1)
8.043(3)

LizpAgsolnsg

HP + &

MnCuAl + Mg

6.6019(3) +
2.9994(4)
4.762(1)

LizpAgeolnag

HP + (Ag)

MnCuzAl + Cu

6.5665(4) +
4.1165(3)

Liz4.8Agas.5In0g.7

HP

MnCu,Al

6.5989(2)

LizsAgosinsg

HP +In + OP

MnCwAl + In + Liz.cAgiIn3

6.6441(5) +
3.2633(2)
4.9476(6) +
9.325(3)
3.198(1)
8.043(3)

LipsAgalns;

HP

MnCuAl

6.6427(3)

LizsAgsolnos

HP

MnCuAl

6.5696(3)
6.5298(5)*

LizsAg7()In5

(Ag)

Cu

4.0755(2)

LipsAgaalnyg

HP

MnCuAl

6.5812(6)

LizsAgsiInsg

HP + ZP

MnCuzAl + NaTl

6.5705(2) +
6.6728(3)

18
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Table 3 (continued)

Li4oAg51n55 ZP +In+ OP

6.7608(2) +
3.2690(5)
4.896(3) +
9.3291(9)
3.1988(4)
8.0311(8)

NaTl + Int Lir.Agi+In3

LisaAgisslnao s ZP + HP

6.6162(1) +

NaTl + MnCuAl 6.73482(8)

Lis;Agoeslnae s VA4

6.5796(1)

NaTl 6.5453(4)"

Lisg sAgi3.25In3g.25 zp

6.6862(5)
NaTl 6.6587(8)"

LisoAgzsll’lzs /P

NaTl 6.57971(3)

LisoAg4()Il’l 10 LlAg +Z7ZP

4.041(1)
8.158(3) +
6.556(2)

UPb + NaTl

LissAgoslnzs s zp

NaTl 6.6756(1)

LisoA gzoIl’lzo /P

NaTl 6.5746(3)

Li65Ag51n30 BC + LizIn

20.0498(5)
19.919(2) +
4.7485(5)
10.045(1)
4.7328(5)

Li27g(Ag,In)154 + Li,Ga

Li65Ag7In23 BC

Li27g(Ag,In)154 20.0191(7)

Li65Ag3()In5 v+ ZP

9.5938(2) +

CuyAls + NaTl 6.6271(5)

Li7oAg1()In20 LizIns+ ZP

13.2172(5) +

LijzIns + NaTl 6.6205(4)

LizoAgaolnio v3 + LijsIns+ ZP

9.5947(2) +
13.2885(4) +
6.6388(3)

CugAly + LizIns + NaTl

LigoAgiolnio LiizInz + vy

13.3932(1) +

LiisIn; + BiF; 6.5332(1)

HP — Heusler phase [4]

ZP — Zintl phase [3]

BC — “big cell compound” with cubic structure [5]
OP — phase with orthorhombic structure [6]

2 — neutron data

We investigated this solid solution by X-ray powder
diffraction along 4 isoconcentrates. Along all of them a
wide solid solution was established: Lini.. with
047<x<0.55 [29,30], Lios(Agi+Inyos  with
0.47 <x<1.00 [2,31],  LidAgoslngs)ie  with
044<x<0.62 [3] and Li(Ag~025In~075)1« with
0.49 <x £0.58 [3]. The color of the investigated Zintl
phase correlates with the wvalence electron
concentration (VEC), as already established for the
quasibinary section Lios(InsAgi-x)o.s with
0.47 <x <1.00, so that with decreasing VEC the color
changes from gray, via reddish, to bright yellow.

The hexagonal compound AgsIn (&) deeply extends
into the ternary field, dissolving up to 10 at.% Li.
The mechanism of formation of this solid solution is
complex, since it involves not only incorporation of Li

into the binary compound Agsln (for the maximal Li
content the lattice parameters increase to
a=3.2537(1) A and ¢=4.9364(3) A), but also
substitution of Ag atoms for In atoms. The lattice
parameters along the isoconcentrate 5 at.% Li change
from a =3.0011(1) A, ¢ =4.7706(3) A for 33 at.% In
to a=295323) A, ¢=4.790(1) A for 22at% In
(Fig. 6).

The other binary compounds in the boundary
systems do not dissolve significant amounts of
the third component. The homogeneity region of the
solid solution on the base of silver (Ag) was estimated
from alloys with compositions LisAgsolns,
LijoAgsolnio, and LizsAgrlns. The lattice parameter in
this area changes from a=4.1313(2)A to
a=4.0755(2) A.

Chem. Met. Alloys 17 (2024) 19
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Fig. 6 Unit-cell dimensions and volume of the solid solution based on the binary compound AgsIn along the

isoconcentrate 5 at.% Li.

Three ternary phases were found in the Li-Ag—In
system. LiAgoIn [4] crystallizes in a MnCu,Al-type
structure (Fm-3m, Heusler phase). This compound has
a wide homogeneity range, mainly along the
isoconcentrate 25 at.% Li, where the unit-cell
dimensions change from a=6.5696(3)A to
a = 6.6427(3) A with increasing In content from 25 to
33 at.%. The second compound, Liys(In,Ag)iss [5],
crystallizes in a n X n X n superstructure of the cubic
W-type with n =6 (space group F-43m). This phase
exists in a much smaller homogeneity region, within
which the lattice parameters change from
a=20.0191(7)A to a=20.06154)A. The third
intermetallic compound, Lir,Agi+Ins (x =0.05) [6],
crystallizes in an own structure type (space group

Pmma (@a=9.325(3) A, b=3.198(1) A,
c¢=28.043(3) A) and exists in a narrow homogeneity
range.

Experimental X-ray and neutron diffraction patterns
of some of the ternary alloys from the Li-Ag-In
system, calculated profiles and their difference curve
after Rietveld refinement, are shown in Fig. 7. The
main purpose of the neutron diffraction investigation
was to establish the real occupation in the statistical
mixtures Li+Ag and Lit+In in the structures of alloys
belonging to the wide solid solution based on the Zintl
phase Liln, situated on the borderline of the two

quasibinary sections Lix(Agoslng.s)i and
Lix(Ag-02s5In-075)ix. The atomic parameters for
the alloy with composition Lis7.0Ag265In2 s refined to
Rg=2.80% and Rr=225% (XRD data) and
Rg=6.11% and Rr=5.93% (neutron data) and are
listed in Table 4. The atomic parameters (Table 4) of
the alloy with composition LisgsAgisasinsgas were
refined to Rg = 5.84% and Rr= 7.21% (XRD data) and
R =5.89%, Rr=4.14% (neutron data).

Summary

Three ternary compounds were observed in
the Li-Ag-In system. The intermetallic compound
LiAgyIn crystallizes in a MnCu,Al-type structure
(Fm-3m, Heusler  phase, a=6.5681(5) A,
Liz78(In,Ag)1s4 in a cubic 6 X 6 x 6 superstructure of the
W-type (F-43m, a=20.089(2) A), and Li>.Agi+In;
forms an own structure type (Pmma, a=9.325(3) A,
b=3.198(1) A, ¢=8.0433)A for x=0.05). The
remarkably broad homogeneity range of the Zintl phase
extending from Liln into the ternary Li-In—Ag system
was determined, and the distribution of the atoms
studied on X-ray and neutron diffraction data. A wide
homogeneity range was also established for the binary
compound Agsln.
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Table 4 Refined atomic parameters for Lis7.0Ags.5In265 and Liss sAgi3.25In33.25.

: 2
Atom | Wyckoff Occupation a Vb e B, A
position XRD data | Neutron data XRD | Neutron
Liyz0Ag26.5In26.5
Agl 4a 1.000 1.000 0 0 0 1.55 0.76
Inl 4c 1.000 1.000 Vi Vi Vi 1.78 1.04
0.936(6) Li 0.937(9) Li . . .
M1 | 4b 0.064(6) Ag 0.063(3) Ag Vs Vs v 221|212
0.937(7) Li 0.94(1) Li . . .
M2 | 4d 0.063(7) As 0.06(1) In e e v 243|212
Liys5Ag13.25In38.25
Inl 4a 1.000 0 0 0 1.12 0.81
0.529(8) In 0.54(1) In 1 1 1 114 | 092
ML de 0.471(8) Ag 0.46(1) Ag /i /i A 114 |09
Lil 4b 1.000 1.000 Vs Vs 2 2.06 2.87
0.95(1) Li 0.94(2) Li . . . 112 | 1.04
M2 | 4d 0.05(1) Ag 0.06(2) Ag /A /A A 12 | 104
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