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Introduction

ABSTRACT

In the presented work, Li-In alloys with 10 and 18 at% Li were obtained.
According to scanning electron microscopy, indium is evenly distributed in
obtained alloys with different lithium contents. The atomic force microscopy
study was used for elastic modulus investigation of Li-In alloys. It was estab-
lished that obtained alloys are two-phase systems with matrix phase consisting
of solid solution (o phase) and inclusions of the Liln phase (B phase) with
individual domain sizes of 0.5-3 pm. The wettability of the solid electrolyte
based on LiyLazZr,O;; with metallic In and Li-In alloy was study by high-
temperature optical dilatometry. It was found that metallic indium wets
ceramics better than obtained lithium-indium alloys. The symmetric cells with
Li and Li-In alloy are assembled and studied. Li-In alloy application as an anode
leads to significant reduction in the interface resistance between metallic anode
and solid electrolyte from 37 to 0.4 kQ cm? at room temperature. The composite
solid electrolyte does not degrade in contact with Li-In anode.

depressurization. However, organization of optimal
interface between solid electrolyte and electrodes is
one of the main problems connected with all-solid-

Currently, all-solid-state batteries are one of the most
developed power sources [1, 2]. Because such bat-
teries have a number of advantages in comparison
with commercial lithium-ion batteries, for example,
increased safety, a wider operating temperature
range, and greater stability in case of

Handling Editor: Kyle Brinkman.

Address correspondence to E-mail: ilyina@ihte.uran.ru

https:/ /doi.org/10.1007 /s10853-021-06645-z

state batteries creation [1-5] since the anode, cathode
and electrolyte are in a solid state. According to the
literature data [3, 4, 6-8], compounds with a garnet-
like structure based on LiyLa3Zr,O;, (LLZ) are con-
sidered as promising solid electrolytes for application
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in high-energy power sources. LLZ has not only high
values of lithium-ion conductivity, but also stability
in contact with Li anode [4, 9]. But solid electrolytes
based on LLZ is poorly wetted by metallic Li.
Therefore, a low specific surface of the contact area
between solid electrolyte and Li is formed. This, in
turn, leads to high interfacial resistance and non-
uniform current distribution during cell operation.
Therefore, in recent years, active research has been
carried out to solve this problem.

The insertion of various sintering additives,
including glasses, into solid electrolytes based on the
tetragonal and cubic Li;LazZr,O;, is considered as
one of the methods to improve the interfacial contact
between electrolyte and electrode [10-15] because
such modification of LLZ leads to decrease in the
pores volume and thus to smoothing of electrolyte
surface. In addition, this ceramic modification pre-
vents the growth of lithium dendrites through the
solid electrolyte during cell operation. Moreover,
sputtering of a thin metal (or oxide) to form an
intermediate conductive layer (known as SEI—Solid
Electrolyte Interface) is considered by some
researchers [4, 16, 17] for enhancing the interfacial
contact in all-solid-state batteries. For example, in
work [17], the problem of poor contact between
metallic lithium and Lig4LazZr; 4Tag¢Oq, solid elec-
trolyte was solved by modifying the ceramic surface
with a thin indium tin oxide interlayer; the interfacial
resistance was reduced from 1192 to 32 Q cm®.

Lithium-based metal alloys application as anode
materials can also be considered as one of the solu-
tion to the problems associated with high interface
resistance, lithium dendrite formation and high
reactivity of pure lithium [18-24]. Thus, for example,
Li,Si anode exhibits high specific capacity even with
a small percentage of lithium (Lig4Si shows the
capacity of 2000 mAh) due to the ultra-high capacity
of Si (4200 mAh g™ "). Also lithium alloys with other
elements, for example Li-Sn and Li-Ge, are widely
known as anode materials. Z. Tu et al. [19] developed
batteries with Li-Sn hybrid anodes which possess
high exchange currents and stable long-term charac-
teristics. However, according to the literature reviews
[22, 23], a volumetric change of the metal electrodes
(especially based on Si, Sn) during the oxidation/re-
duction of lithium is the main disadvantage of their
application. Some other elements, such as Na, Mg,
Zn, In, Ag and Au, can also form alloys with lithium
with certain properties [18]. In work [20], it was
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found that the introduction of 10 at% Mg into lithium
metal anode can effectively prevent the loss of contact
(formation of pores at the interface) between anode
and solid electrolyte based on LLZ during electro-
chemical testing. The use of Li-Zn alloy also
improved the contact between metallic anode and
Lig 2sAlp24LazZr,01; solid electrolyte, and, as a con-
sequence, led to a decrease in the interface resistance
[21].

Li-In alloy can be considered as perspective anode
material, since it has a number of advantages, such as
minimum capacity fade, high electropositivity of
lithium in relative to indium and a constant redox
potential of about 0.6 V vs. Li*/Li’ [18]. Moreover,
Li-In alloy has a lower chemical activity in compar-
ison with pure Li and keeps high rates of the elec-
trochemical reaction Li’/Li*. According to Li-In
phase diagram, the introduction of less than 50 at% Li
does not lead to the compounds formation [24]. Some
properties of Li-In electrode in electrochemical cells
with liquid and LizPS, solid electrolyte were inves-
tigated by Santhosha A.L. et al. [24]. It was shown
that electrode composition of the alloy with 44 at%
lithium refers to the two-phase region ((In)-InLi). It
was found that no significant changes occurred over
200 h (100 cycles) during cycling of the assembled
symmetric cell. The obtained Li-In electrode exhibits
good charge transfer kinetics as well as sufficient
chemical stability in contact with LizPS, solid elec-
trolyte. The increase in Li content in the Li-In alloy
led to the stability problem of the selected solid
electrolyte during cycling. Moreover, due to the
presence of a large number of different phases in the
lithium-rich region of the phase diagram, the redox
potential can easily change after intercalation/dein-
tercalation of lithium ions.

Thus, the Li-In alloy preparation, wettability study
of solid electrolyte based on LiyLazZr,O;, by Li-In
alloy and the possibility of Li-In alloy application as
anode for all-solid-state batteries creation are the aim
of this work.

Materials and methods

Li2C03, La203, ZI'O(NO3)22H20,A1(NO3)39H20
were used as initial reagents for the sol-gel synthesis
of LiyLasZr,0O;, with the addition of 0.15 mol of Al
(LLZc). Lanthanum oxide was pre-dried at 1000 °C
for 1h to constant weight. The components were
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mixed in the stoichiometric ratio, except Li,COj
which was taken with the excess of 10 wt% [8]. These
reagents were dissolved in the mixture of diluted
HNOj; and C¢HgO7-HO. The resulting solution was
evaporated to transparent gel at 80 °C. Then, the
obtained gel was dried and heated at ~ 200 °C. The
synthesis was performed by increasing the tempera-
ture stepwise (700 °C-1 h; 800 °C-1 h; 900 °C-1 h) in
air atmosphere. Li,CO;, Y,O5; and SiO, were used as
the starting materials in order to obtain 40.2Li,.
0-5.7Y,05-54.15i0, (LYS) glass. The starting materi-
als were taken in stoichiometric ratio and mixed. The
mixture was heated in a platinum crucible for 1 h at
1500 °C. The samples were obtained by the conven-
tional quenching method and were subsequently
annealed below the glass transition temperature.
LLZc with 1 wt% LYS glass was ground and
homogenized in a planetary mill (FRITSCH, Ger-
many) with agate balls of 10 mm in diameter (the
mass ratio between the balls and the product was
3:1). The grinding was performed in 5 ml of ethanol
per 10 g of the product at a speed of 750 rpm during
30 min. Then, the obtained powder was cold-pressed
into pellets (diameter 10 mm and thick-
ness ~ 0.8 mm) at 240 MPa. The pellets were cov-
ered with powder of the same composition and then
sintered at 1150 °C for 1 h on a Pt substrate in Air
atmosphere.

The preparation of In-Li alloy with 10 and 18 at%
Li was carried out by melting of Li and In at a tem-
perature of ~ 300 °C. Firstly, metallic In was melted
in a beryllium crucible on a heated plate C-MAG HP
7 (IKA, Germany), then the required weighed
amount of lithium metal was added. The resulting
melt was heated in a furnace to 700 °C with holding
for 1 h to homogenize the alloy. Then, the obtained
melt was cooled to room temperature.

The wettability investigation of the solid elec-
trolytes based on LiyLazZr,O;; by In and Li-In alloy
was carried out using a high-temperature optical
dilatometer ODP 868 (TA Instruments, USA) in the
temperature range of 20-300 °C in air.

Metallic Li and Li-In alloy was rolled to the foil,
electrodes were cut out from obtained foil and
adpressed by rolling to both surfaces of the sample
(the diameter of electrodes are equal ~ 5 mm). The
symmetric cells were assembled in a dry argon box
M-BROWN (H,O concentration < 1 ppm). The elec-
trical resistance of the solid electrolyte and symmetric
cells with Li and Li-In alloy was measured by
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electrochemical impedance spectroscopy. The mea-
surements were carried out using a potentiostat—
galvanostat P-5X (Elins, Russia) in the 0.001-500 kHz
frequency range at 25, 130 and 200 °C. All operations
were made in an argon-filled isolated cage [25].

The phase composition of the obtained materials
was examined by X-ray diffraction method (XRD)
using a Rigaku D/MAX-2200VL/PC diffractometer
(Rigaku, Japan) with monochromate CuKa radiation
over a 20 range of 10-80° at room temperature.

Li-In alloys were studied by the scanning electron
microscopy (SEM) using an autoemission electron
microscope TESCAN MIRA 3 LMU (TESCAN, Czech
Republic). The maps of the elements distribution on
the surface of Li-In alloys (EDAX) were compiled
using the energy-dispersive X-ray microanalysis.

Li-In alloy was analyzed under atomic-force
microscopy (AFM) using an NTEGRA Aura (NT-
MDT Spectrum Instruments, Russia) microscope.
HA-HR/Pt ETALON probe with cantilever length of
123 ym was used. Spring vibrance frequency is
230 kHz and stiffness is 17 N/m. Scanning was per-
formed in hybrid mode with rate of 1 Hz, and the
field area was 10 x 10 pm with resolution of
10 x 10 nm.

Result and discussion
Materials characterization
Solid electrolyte

The cubic modification of Li;LazZr,O;, stabilized by
aluminum as well as the composite electrolyte based
on it with 1 wt% LYS glass addition (LLZc 4+ 1 wt%
LYS) were synthesized as solid electrolytes [26]. XRD
patterns of obtained solid electrolytes are shown in
Fig. 1a. According to the obtained data, solid elec-
trolytes have cubic structure with space group la-3d,
which is typical for compounds with a garnet-like
structure [4]. It should be noted that no impurity
phases were observed. The temperature dependences
of total conductivity for the investigated solid elec-
trolytes are shown in Fig. 1b. The total lithium-ion
conductivity at 25 °C for the LLZc and the composite
based on it were equal to 1.5x10™* and 2.8x10™* S
cm™', respectively.
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Figure 1 XRD patterns
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The obtaining alloys contain a small amount of
lithium; therefore, their diffraction patterns are close
to metallic indium according to the XRD data (Fig. 2).
However, some change of the peak intensity is
observed with an increase in lithium content. These
data indicate a slight change in the alloy composition.
The surface of the metal alloys was studied using
SEM (Fig. 3). It was established using the EDAX
maps that indium is evenly distributed in alloys with
different lithium contents (Figs. 3b, d). Unfortu-
nately, distribution of lithium in studied samples
cannot be determined using this technique. Never-
theless, the absence of depleted and enriched areas of
indium confirms the formation of a homogeneous
alloy, without any impurities, as well as XRD data.
Figure 4 shows topology map and elastic modulus
distribution over the Li-In alloy (18 at% Li) surface
region. Elastic modulus distribution map was recor-
ded in single run tapping mode using signal mis-
match technique. The sample under investigation
was prepared as a 100 pm foil on molybdenum sub-
strate, by use of stainless steel calendar. Figure 3
shows the SEM images of alloys foils, and one can see
that no phase segregation occurred. Topology map
shown in Figs. 4 a and b shows that the foil possess
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Figure 2 XRD patterns of Li-In alloy with 10 and 18 at% Li.

rugosity up to 500 nm pointing at high plasticity of
rolled alloys. Alloy foils easily adhered to
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Figure 3 SEM images of Li-
In alloys with 10 (a) and 18
at% Li (c) and a map of
distribution of indium (EDAX)
on the samples surface (b, d),
respectively.

molybdenum substrate and stainless steel cylinder
under rolling, so the rugosity emerged at rolled foil
exfoliation from cylinder.

Elastic modulus distribution map (Fig. 4c) shows
the presence of two clearly separated domain regions.
The dominating one is continuous matrix character-
ized by Young modulus value of 3.5-4.0 GPa. Minor
domain phase is a quantity of randomly distributed
domains with sizes of 0.5-3.0 um characterized by
Young modulus values of 3.0-3.2 GPa. Pure lithium
metal is known to possess elastic modulus of around
5.0 GPa, and pure indium has the value of around
11.0 GPa [27]. It means that no one domain represents
pure metal inclusions, the obtained alloys represent
themselves binary systems and both phases are Li-In
compounds.

The phase diagram of Li-In system shows the
presence of several stable compositions in lithium-
rich region [28]. The only way of phase separation for

1295

compositions with 10 or 18 at% of Li at temperatures
below 158.7 °C is disproportion of lithium and
indium content in o and B phases. The authors of [28]
state that Li-In solid solution area in In-rich region is
very narrow and point the estimated value of maxi-
mal lithium dissolved in metallic indium as 1.5 at%,
and the solid solution is marked as o phase. The other
phase is Liln composition with varied content, at low
temperatures estimated as 47 at% of Li. The B phase
possesses the structure close to initial In with devia-
tions in lattice parameters of not higher than 0.03 A

Thus, the obtained alloys represent themselves as
two-domain structure of o and B phases. To find out
the dominant phase, we estimated phase content via
Eq. (1:
n-A+ (100 —n)-B = X(AB

221, (100 — 1)) + (1 — X)
- (AB : ¥, (100 = 12))

@ Springer
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n—x
X=—"= 1
11— X2 M
where X is molar portion of first phase of binary
system AB composed from two initial atom species A
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and B; n is molar percent of A content in initial
mixture (A + B); y; is molar percent of A content in
first phase composition after disproportion; y, is
molar percent of A content in second phase after
disproportion.

The samples of Li-In alloy with 18 at% Li and 82
at% In are estimated to be composed of 64 mol% of
solid solution (o phase) and 36 mol% of B phase Liln.
The samples of Li-In alloy with 10 at% of Li and 90
at% In are estimated to be composed of 81 mol% of
solid solution (o phase) and 19 mol% of B phase Liln.
The real content of alloys might slightly deviate from
estimated values because of lithium losses under the
preparation procedure, but the absence of lithium
oxide or carbonate peaks on XRD patterns (see Fig. 2)
supports the main conclusion that Li-In solid solution
is the dominating phase in both alloys. Thus, the
alloy structure is  phase domain inclusions in solid
solution of Li in In.

One should note that both solid solution phase and
B phase Liln are characterized by room temperature
elastic modulus values (~ 4.0 GPa and ~ 3.2 GPa,
respectively) lower than pure metals possess. That
coincides with their heightened plasticity noticed at
foils preparation. This fact means facilitated techno-
logical treatment of alloys in contrast to indium and
lithium.

Wettability of the solid electrolytes surface
by In and Li-In alloy

The wettability of the solid electrolytes based on
LiyLazZr,0;, surface by metallic indium was inves-
tigated. From Fig. 5, it can be seen that metallic
indium after melting (> 156 °C [20]) wets the surface
of the studied samples, but does not flow over it. The
softening of indium was observed at ~ 124 °C. The
calculated contact angles for LLZc and LLZc + 1
wt% LYS solid electrolytes are equal to 77 and 57°,
respectively. So the composite based on cubic LLZ
can be considered as promising solid electrolyte for
power sources with In-based anode.

The wettability of the composite electrolyte surface
by Li-In alloys with different Li content was also
studied. During heating, the softening of alloys with
10 and 18 at% Li was observed at higher tempera-
tures—136 and 140 °C, respectively. Figure 6 shows
that obtained alloys wet the solid electrolyte worse
than metallic indium. The calculated contact angles
by Li-In alloys (with 10 and 18 at% Li content) are
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(a) . (b)

Figure 5 Wettability of the
LLZc (a, b) and LLZc + 1
wt%
40.2Li,0-5.7Y,05:54.1Si0,
(c, d) solid electrolytes by
metallic In at 22 and 200 °C.
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() ’ (d)

equal 103 and 112°, respectively. However, the alloy
has a good adhesion to LLZ-based electrolyte, and it
was difficult to remove Li-In alloy from solid elec-
trolyte surface. Moreover, it was shown in work [29]
that metallic lithium rolls into a drop after melting on
the LLZ surface. Therefore, the Li-In alloy application
instead of metallic Li can have a positive effect on
reducing the resistance between solid electrolyte and
anode in all-solid-state batteries.

Symmetric cells with Li and Li-In anode

The impedance plots of Li | LLZc + 1 wt% LYS | Li
symmetric cell are shown in Fig. 7a. The resistance of
the symmetric cell was determined from the inter-
section of the arc with the real part of the impedance
value Z’'. Figure 7a also shows an equivalent circuit,
according to which the total cell resistance is the sum
of the resistance of the electrolyte (R.) and the
resistance at the interface between the Li electrodes
and the solid electrolyte (R;). The interfacial resis-
tance of the symmetric cells was calculated by
dividing the low-frequency semicircle diameter by a

Figure 6 Wettability of the
LLZc + 1 wt%
40.2Li,0-5.7Y,05-54.1Si0,
solid electrolyte by Li-In alloy
with 10 (a, b) and 18 at% Li
(c, d) at 22 and 200 °C.

factor of two, as the total interfacial resistance corre-
sponds to two symmetric interfaces. It should be
noted that the resistance of composite solid elec-
trolyte is only a few hundred of Q, while the resis-
tance at the Li | LLZc + 1 wt% LYS interface is equal
to ~ 37 kQ cm®. Such high values of the interfacial
resistance related to the poor wettability of the
LLZc + 1 wt% LYS solid electrolyte with lithium.
Obtained values of electrolyte resistance coincide
with the ones recorded on symmetric cell In |
LLZc + 1wt% LYS | In (Figure Sla).

The Li-In alloy application significantly reduced
the total resistance of symmetric cells even at room
temperature (Figs. 7b, c). It should be noted that Li-In
alloy is a rather ductile material that is well-applied
to ceramics. The Li replacement by Li-In alloy leads
to decrease in the interface resistance between anode
and solid electrolyte from 37 to 0.4 kQ cm?. Figure 7b
also represents the equivalent electrical circuit used
for fitting all the spectra for symmetric cell with Li-In
alloy. It was found that the minimal amount of CR
elements should be two. Thus, the extra-CR element
should be connected to the process at the Li-In |

@ Springer
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Figure 7 Impedance plots of the Li | LLZc + 1 wt% LYS | Li
(a) and Li-In | LLZc + 1 wt% LYS | Li-In (b, ¢) symmetric cells
at 25 °C.

LLZc + 1 wt% LYS interface. The resistances of
symmetric cells with different Li content in the Li-In
alloy have similar values (Fig. 7b). This fact also
confirms that the CR of the elements is related to the
processes at the interface. It should be noted that the
average resistance of assembled symmetric cells does
not change significantly for 14 days (Fig. 7c).
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Moreover, the symmetrical cells were heated, and
their resistance at 130 and 200 °C was measured.
Figure 8 shows that an increase in temperature leads
to a decrease in the total resistance of the Li-In |
LLZc + 1 wt% LYS | Li-In symmetric cell. The total
resistance of the symmetric cell and Li-In | LLZc + 1
wt% LYS interface resistance at 200 °C are equal to
~ 68 and 31 Q cm? respectively. In case of sym-
metric cell, In | LLZc 4+ 1wt% LYS | In impedance
spectroscopy gave slightly more total cell resistance
values—2000 and 120 Q cm? at 130 and 200 °C,
respectively (Figure S1b). It was interesting to deter-
mine the effect of the preheating on the resistance of
studied symmetrical cell. It was established that after
cooling to room temperature, the resistance of the Li-
In | LLZc +1 wt% LYS | Li-In symmetric cells
decreased to the values of initially assembled cells.
This fact also confirms the good adhesion of the Li-In
alloy to the composite solid electrolyte based on LLZ.
So, preliminary heat treatment does not lead to an
improvement of interfacial resistance assembled cells
with Li-In alloy.

Fitting the spectra of studied cells with Li-In (10
and 18 at% Li) alloy with the proposed equivalent
circuit (Fig. 7b) yields the results collected in Table 1.
It can be seen that R; decreases gradually with tem-
perature, while R, decreases slightly after heating to
130 °C. A further increase in temperature leads to a
sharper decrease in Ry, which is possibly associated
with softening of the Li-In alloy. Thus, the decrease in
the interface resistance between anode and solid
electrolyte from 420 to 31 Q cm? was observed after
heating to 200 °C. Table 1 summarizes resistance
values (R, R; and R,) driven from impedance

34 o2
i
E 2] o
3 7 5 130°C
¢ o7 s 200°C
¥ S o fitting
T ¢ p fitting
o'" g
¢ E
0 i T T T
0 1 2 3
Z', kQ cm?

Figure 8 Impedance plots of the Li-In | LLZc + 1 wt% LYS | Li-
In symmetric cells at 130 and 200 °C.
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Table 1 Resistance values 3 3 ;)
from fitting impedance plots of & °C R, Q cm Ry, Qcem Ry, Qcm
Li-In[LLZe + 1 wt% LYS|Li- 0at%Li  18at%Li  10at%Li  18at%Li  10at%Li 18 at%Li
In symmetric cells

25 280 275 480 490 340 345

130 16 16 104 100 320 330

200 6 6 26 25 36 38

spectroscopy data (Figs. 7, 8). Electrolyte resistance
(Ry) in all cases is defined as low-resistance R value
fitting the first arc (the plot starts at Z' > 0). The value
at 25 °C coincides with the one obtained by impe-
dance spectroscopy with GaAg electrodes. R¢; values
at high temperatures (130 and 200 °C) are obtained in
experiment with GaAg electrodes, as we cannot
precisely identify the intersection point correspond-
ing to Ry in case of Li-In electrodes applied (Fig. 8)
because the impedance data describing this part of
plot shift to more high-frequency region out of
instrument limitations. These data were obtained via
experiment at symmetric cells with GaAg electrodes.

The symmetric cells were disassembled in a box
with the argon atmosphere after the experiments. It
should be noted that the Li-In alloy retained its
metallic luster and the surface of the studied samples
did not change color. Li-In alloy was removed from
the studied sample for an investigation of the solid
electrolyte surface by XRD analysis. XRD patterns of
composite electrolyte surface before and after contact
with Li-In alloy are shown in Figure 52. According to
XRD data, the formation of any impurities after
heating symmetric cells to 200 °C was not detected.
So, it can be concluded that the degradation of the
solid electrolyte after contact with Li-In anode was
not occurred.

Conclusions

Li-In alloys with 10 and 18 at% Li were obtained by
melting of In and Li metals. Using SEM study, it was
found that indium is evenly distributed in alloys with
different lithium contents, and there are no areas of
pure metals. The elastic modulus of Li-In alloys were
investigated using the AFM study. It was established
that obtained alloys are two-phase systems with
matrix phase consists of solid solution (o phase) and
inclusions of the Liln phase (B phase) with individual
domain sizes of 0.5—3 pm. Both phases are charac-
terized by lower elastic modulus values compared to

the pure metals, and the obtained material has a
higher plasticity. High-temperature optical dilatom-
etry was used to study the wettability of the solid
electrolyte based on LiyLa;Zr,O;; with metallic In
and Li-In alloy. It was found that metallic indium
wets ceramics better than obtained lithium-indium
alloys; however, Li-In alloy has good adhesion to the
composite solid electrolyte.

The Lil LLZc + 1 wt% LYSILi and Li-In|LLZc + 1
wt% LYS | Li-In symmetric cells were assembled, and
their resistance was measured at room temperature
and elevated. It was found that the Li-In alloy
application as an anode leads to significant reducing
the total resistance of the assembled cell at 25 °C. The
decrease in the interface resistance between anode
and solid electrolyte from 37 to 0.4 kQ cm® was
observed because of Li replacement by Li-In alloy. An
increase in temperature led to the decrease in the
total resistance of symmetric cells. It was established
that the composite solid electrolyte is stable in contact
with Li-In anode. Thus, the possibility of Li-In alloy
application was shown in order to optimize the
interface between anode and composite electrolyte
based on LiyLazZr,O;, for all-solid-state batteries
creation.
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