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Abstract: LiyLa3zZr,O1; is considered to be a promising solid electrolyte for all-solid-state batteries.
The problem of the poor wettability of LiyLazZr,O1, by metallic Li can be solved by using Li-In alloys
as anode materials. Li-In alloys with different Li contents (40-90 at%) were prepared by an in situ
method and investigated in symmetric cells with a LiyLazZr,O15-based solid electrolyte. The interface
resistance between the Li-In alloy (90 at% Li) and solid electrolyte is equal to ~11 Q cm? at 200 °C.
The cells with 80-90 at% Li in the Li-In anode show stable behavior during cycling with an applied
current of £8 mA (40 mA cm2). No degradation of the LiyLa3Zr,Oqy-based solid electrolyte in
contact with the lithium—-indium alloy was observed after galvanostatic cycling. Therefore, the Li-In
alloy obtained by our in situ method can be applied as an anode material with LiyLazZr,O;,-based
solid electrolyte in lithium power sources.
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1. Introduction

Renewable energy sources are currently a major topic of scientific research around
the world. Due to the rising standard of living, renewable energy sources are becoming
more necessary for industrial-scale applications and everyday tasks. Therefore, there are
a lot of safety requirements for such energy sources. The main disadvantage of the most
common lithium-ion power sources with a liquid (organic) electrolyte is instability at
high temperatures, as a result of which they can interact with electrode materials, which
sometimes leads to gas formation and battery explosion. All-solid-state batteries (ASSBs), in
turn, can operate in wider conditions associated with elevated temperatures, high pressures,
and aggressive atmospheres [1-6]. In addition, the transition to solid electrolytes will allow
the use of high-capacity electrodes (lithium or its alloys).

According to the literature [7-10], compounds with different structures are considered
as potential candidates for solid electrolyte membranes in ASSBs, including NASICON-,
Garnet-, Perovskite-, Argyrodite-, LISICON-, and LiPON-type electrolytes. In particular,
solid electrolytes with garnet structures based on Li;La3Zr,O1, (LLZ) are among the promis-
ing ceramic membranes due to their high Li* conductivity values (~107* S cm~! at room
temperature) with chemical and thermodynamic stability versus metallic Li [10,11]. Li has
a record energy capacity (3.83 A h g~!) and a low electrochemical potential (—3.045 V);
therefore, its use as an anode will improve the electrochemical characteristics of the bat-
tery produced. However, an increased interfacial resistance between the electrode and
electrolyte is still a limiting factor for the successful creation of ASSBs [1-6,10]. Many
researchers all over the world are actively trying to address the issue of point contact
between Li anodes and LiyLazZr,O1,-based solid electrolytes due to their poor wettability,
which in turn leads to lithium dendrite formation [10]. For example, the deposition of a
metal (or oxide) layer or creation of a conductive layer between an electrode and ceramic
membrane are considered solutions to this problem [10,12-14]. Replacing metallic Li with
alloys based on it is another method of interfacial contact improvement [15-19].
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The application of Li-based alloys as an anode material makes it possible to maintain
the high rates of the Li%/Li* electrochemical reaction, improve surface contact, and reduce
its reactivity. According to the literature [10,18,19], the interfacial resistance between LLZ-
based ceramics and Li was reduced by using lithium-based alloys with a small additive
content. In Ref. [18], symmetrical cells with Lig8Alg24LazZryOq; solid electrolyte and
Li-Zn alloy (5 and 10 at% Zn, respectively) were assembled and studied. The formation of
a pore-free interface was shown using scanning electron microscopy (SEM); furthermore,
according to the impedance spectroscopy data, the assembled cell with the Li-Zn anode
(5 at% Zn) had the lowest resistance at the anode-solid electrolyte interface (7.5 Q cm?). In
addition to low interfacial resistance, the assembled cells showed stable operation during
cycling (at 0.35 and 0.5 mA cm~2) without a short circuit. The positive effects of the
dense interface formation between anode and Lig 75Aly75L.azZr,O1, are also shown after
replacing Li with a Li-Mg alloy (10 at% Mg) in the literature [19]. Moreover, Li-In alloys
can be considered as prospective anode materials for lithium power sources. A thin Li-In
alloy (Lij3In3) was obtained by Nazar LF [20] using an in situ reduction of InCl by lithium.
Symmetric cells with an Lij3Ins—-LiCl composite alloy and organic electrolyte (40 uL of
1M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in di-oxolane/dimethoxyethane
(DOL/DME) (1:1 vol)) show a stable operation for more than 1000 h at 2 mA h cm—2. Good
charge transfer kinetics were demonstrated in electrochemical symmetric cells consisting
of an Li-In anode and LisPSy [17]. However, during the cycling of the cells with a higher
content of Li in the Li-In anode, significant changes were observed, i.e., unstable operation
and an increase in potential, which is associated with the instability of the selected solid
electrolyte to lithium.

In our previous work [21], Li-In alloys with a low content of Li (10, 18 at%) were
obtained by the melting of two metals, and symmetric cells with a solid electrolyte based
on LLZ were assembled. The total resistance of the symmetric cells with an Li-In anode
is thousands of times less compared with a cell containing Li. However, based on the
theoretical capacity values of anode materials, it can be seen that Li-In alloys with a high
lithium content (>60 at%) have advantages over conventional LiCg anodes (Table 1).

Table 1. The theoretical capacity value of anode materials.

Composition C, mAhg1

Li 3861

90 Li-10 In 1361

80 Li-20 In 752
Cs 372

60 Li—40 In 321

40 Li-60 In 150

18 Li-82 In 51

10 Li-90 In 26

Ref. [21] proposed that obtaining a Li-In alloy is not suitable for alloys with low indium
content. Moreover, it was also found that In metal wets LLZ better than Li-In alloy (18 at%
Li). Thus, in situ alloy formation with an initial deposition of In followed by the addition
of Li and heating can be considered as a more promising method for ASSB creation. In our
study, a composite based on cubic LLZ with a lithium—yttrium glass addition was used
as a solid electrolyte. Previously, it was established that the addition of 1 wt% LYS glass
to a solid electrolyte fills the gaps between the ceramic grains and leads to conductivity
growth from 1.5 x 1074 t02.8 x 1074 S cm ™! at room temperature [22]. According to
high-temperature optical dilatometry data, In metal wets composite solid electrolytes better
than cubic LLZ [21].
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Therefore, we aim to perform lithium—-indium anode formation by an in situ method
on the solid electrolyte substrate with a garnet-like structure in order to reduce resistance
at the electrode—solid electrolyte interface and to study the electrochemical behaviors of the
symmetric cells depending on the Li content in the alloy.

2. Materials and Methods

We synthesized the cubic modification of LiyLazZr,O;; stabilized by 0.15 mol of Al
(LLZc) by citrate—nitrate method. We used Li;COj3 (99.4%, Reakhim, Moscow, Russia),
LayO3 (99.9%, Vekton, St. Petersburg, Russia), Al (NO3)3-9H,0 (99.4%, Reakhim, Moscow,
Russia), and ZrO (NO3),-2H,0 (98.9%, KhimReaktivSnab, Ufa, Russia) as initial com-
pounds. We obtained 40.2Li,O0-5.7Y,03-54.15i0, (LYS) glass by the quenching technique
using LipyCOs3 (99.4%, Reakhim, Moscow, Russia), SiO; (99.4%, Reakhim, Moscow, Russia),
and Y03 (99.9%, Reakhim, Moscow, Russia). We homogenized LLZc with 1 wt% LYS
glass (LLZcomp) in a planetary mill (FRITSCH, Idar-Oberstein, Germany). We pressed
the obtained powder at 240 MPa into pellets. Their diameter and thickness are 10 and
~0.8 mm, respectively. We sintered the samples at 1150 °C for 1 h on a platinum sub-
strate in air. The synthesis procedure of composite electrolyte is described in detail in our
previous work [22].

We carried out the preparation of Li-In alloy with different Li contents (from 40 to
90 at%) on the solid electrolyte surface using in situ method in M-BROWN dry argon box
(HO concentration < 1 ppm). Firstly, we heated the LLZcomp on C-MAG HP 7 plate
(IKA, Staufen, Germany) at temperature of ~250 °C and applied the indium metal on both
surfaces of sample. We adpressed Li foil in required weighed amount by rolling to solid
electrolyte surfaces. We placed the assembled cells in an argon-filled cage [23] and heated
at 200 °C for 2 h to form the Li-In alloy.

We used atomic force microscopy to analyze the obtained alloys. We carried out the
measurements using an NTEGRA Aura (NT-MDT Spectrum Instruments, Moscow, Russia)
microscope with HA-HR /Pt ETALON probe. We performed scanning with rate of 1 Hz in
a hybrid mode. The studied area was 10 x 10 pm with a resolution of 10 x 10 nm.

We used electrochemical impedance spectroscopy to measure the resistance of the solid
electrolytes and Li-In | LLZcomp | Li-In cells. We carried out the measurements using a P-5X
potentiostat—galvanostat (Elins, Chernogolovka, Russia) in the 1-500,000 Hz frequency
range. We performed electrochemical measurements of the symmetric cells using the P-5X
potentiostat-galvanostat with amperometric resolution of 0.01 nA and pulse time resolution
of 2 us at 200 °C in argon atmosphere.

We investigated the cross-section of the assembled cells by scanning electron microscopy.
We used a TESCAN MIRA 3 LMU electron microscope (TESCAN, Brno-Kohoutovice,
Czech Republic).

We examined the phase composition of the electrolyte before and after contact with
lithium-indium alloy by Raman spectroscopy and X-ray diffraction method (XRD) at room
temperature. We obtained the Raman spectra using U 1000 Raman spectrometer (Renishaw,
New Mills, UK) with a solid-state laser (a wavelength of 532 nm) and recorded in the
extended mode in the range of 1200-50 cm ! (resolution of 1 cm~1!). We performed XRD
analysis with a Rigaku D/MAX-2200VL/PC diffractometer (Rigaku, Tokyo, Japan) with
monochromate CuK« radiation over a 2e range from 10 to 60°. We used PDF-2 database
(2009) for the compounds identification.

3. Results and Discussion

Lithium-indium alloys with different Li contents (from 40 to 90 at%) on the LiyLa3ZryO;2-
based solid electrolyte surface were obtained using an in situ method. A scheme for
demonstrating the in situ method of Li-In anode formation is shown in Figure 1. The XRD
data of the obtained sample show the presence of different Li-In compounds for all issued
compositions (see Supplementary Materials Figure S1). All samples with a Li content of
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40 at% and higher showed instability in air with the formation of lithium nitrides or oxides
(Figure S2).

Ar

] LIII‘I
200G C/ < Li-Tn

Solid electrolyte

Figure 1. The scheme for demonstrating the in situ method.

The topology of the surface region of the In-Li alloy (60 at% Li) is presented in
Figure 2a,b. According to topology maps, the Li-In alloys possess a rugosity up to 700 nm.
Figure 2c shows an elastic modulus distribution map of the studied alloy. The presence
of two different regions can be observed: the dominating phase with a Young modulus
value from 2.8 to 3.0 GPa and a second randomly distributed domain with lower values
of Young modulus (2.0-2.4 GPa). In our previous work [21], the presence of two phases
was also found in a lithium—indium alloy with 18 at% Li-«-phase (the solid solution phase)
and -phase (Liln) with Young modulus values of ~3.5-4.0 and ~3.0-3.2 GPa, respectively.
So, it can be assumed that in the alloy obtained, the phase with an elastic modulus of about
2.8-3.0 GPa corresponds to Liln. The second phase, according to the phase diagram of the
Li-In system, can be attributed to the y-phase [24]. Li-In alloy with a higher lithium content
(80 at%) was also analyzed using atomic force microscopy. The phases with separate grains
are not observed on its topology map (Figure 3). According to the literature data [25], Li
and In metals are characterized by elastic modulus values of ~5.0 and 11 GPa, respectively.
Therefore, we can conclude that the obtained alloys have no pure metal inclusions.
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Figure 2. Topology (a,b) and Young modulus maps (c) of the In-Li (60 at% Li) alloy.
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Figure 3. Topology (a) and Young modulus maps (b) of the In-Li (80 at% Li) alloy.

Figure 4a shows the impedance plots of Li-In (80 at% Li) | LLZcomp | Li-In (80 at%
Li) cells. After heating for 2 h, a slight decrease in the symmetric cell resistance can be
observed due to the In-Li alloy formation. Then, the resistance values did not change
further. Figure 4b shows the impedance plots for the assembled symmetric cells after their
heating for 2 h. The total resistance of the cells can be determined from the intersection of
the semicircle with the abscissa axis (Z'). An equivalent circuit is also given in Figure 4a: the
total cell resistance presents the sum of the of the solid membrane resistance (R.;) and the
interfacial resistance between LLZ-based solid electrolyte and lithium-indium electrodes
(R1). The fitting results are presented in Table S1. The obtained impedance plots start at Z’
> 0; therefore, the solid electrolyte resistance can be determined as a low-resistance R-value
during the arc fitting. It should be noted that the obtained values were in good agreement
with the impedance spectroscopy results collected for composite solid electrolyte using
GaAg electrodes. The value of the total resistance of the symmetric cells decreases from
98 to 28 Q) cm? with increasing lithium content in the alloy. All the samples are ascribed as
containing two or more different lithium-indium compounds, which might be the reason
for the differences in Ry resistance values on the impedance plots. We observed decreases
in resistance along with In content in composition. The R; corresponds to two symmetric
interfaces; therefore, the interfacial resistance between the Li-In anode and composite
electrolyte can be calculated by dividing the diameter of a semicircle by two. So, the
resistance at the interface between Li-In (90 at% Li) and LLZ-based solid electrolyte is equal
to ~11 Q cm?.

The starting cell voltage under no current applied was around 0 V, which is normal
for symmetric cells with identical electrodes. Cyclic voltammetry data were obtained
under potential scanning in a range of =500 mV relative to open-circuit voltage (OCV)
with a scanning rate of 10 mV s~!. The voltametric curves of the assembled cells with
Li-In alloy (40 and 90 at% Li) are presented in Figure 5. It can be seen that the currents of
12-18 mA cm 2 pass through the cells under the applied potential of +500 mV. The curves
were reproducible, assuming the absence of irreversible processes under current direction
changes (charge/discharge of the cells). It should be noted that currents of ~4 pA cm ™2
pass through the symmetric cell with 18 at% Li in the lithium—-indium alloy (ex situ method),
which is thousands of times less (Figure S3a). The Li| LLZcomp | Li symmetric cell possesses
an ultimate current density as high as ~20 pA cm~2 (Figure S3b).
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Figure 5. Cyclic voltammetry curves for Li-In | LLZcomp | Li-In cells with 40 (a) and 80 (b) at% Li at
scanning rate of 10 mV s~ 1.

We also carried out the galvanostatic cycling of the assembled cells with different Li
contents in the alloys under a current of =1 and 8 mA (5 and 40 mA cm~2) (Figures 6 and 7).
The potential overloads are observed during the first 10 h in symmetric cells with a low
content of lithium in the alloy (40-60 at% Li) (Figure 5). With an increase in the current
passing time, a more stable operation of the cell is observed. Such unstable behavior at the
beginning of cycling may be associated with the process of interface formation between
the Li-In alloy and solid electrolyte. Notably, the symmetric cells with a lower content of
indium in the Li-In electrode (80-90 at% Li) show a more stable behavior during cycling
(Figure 7). The increase of voltage values with time was not observed, which indicates the
stability of the symmetric cells during the experiment.

6

ZH....

0 4 8 12 16 20
th

Jﬂw

Figure 6. Galvanostatic cycling data of the Li-In (40 at% Li) | LLZcomp | Li-In (40 at% Li) symmetric
cell with the applied current of £1 mA at 200 °C.

Micrographs of the cross-section of the Li-In|LLZcomp | Li-In cells with different
Li contents in the alloys after the cycling test are shown in Figure 8. It can be seen that
the alloys obtained present a homogeneous mass, which indicates the successful inter-
action of deposited In and Li layers and the formation of the Li-In alloy. The Li-In an-
ode obtained by the in situ method forms a close contact with the Li;LazZr,O1p-based
solid electrolyte. Large voids at the electrode—electrolyte interface, as in the case of the
Li-Lig g Alg.g5LaszZr1 75Nbg 2501 interface, are not observed for all issued Li-In contents [26].
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Figure 7. Galvanostatic cycling data of the Li-In (90 at% Li) | LLZcomp | Li-In (90 at% Li) cell with
applied current of 8 mA at 200 °C.

Figure 8. SEM images of the cross-section of Li-In | LLZcomp | Li-In cells with 40 (a) and 90 (b) at% Li.

The phase composition of the ceramics surface after the experiments was investigated
by XRD and Raman spectroscopy analysis. The formation of any impurity phases at
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the LLZcomp | Li-In alloy interface with different lithium contents (40-90 at%) was not
detected, either after contact with the alloy or after the cycling of symmetric cells (Figure 9a).
The absence of interaction is also confirmed by Raman spectroscopy analysis (Figure 9b).
So, according to Raman spectroscopy and XRD data, no degradation of the composite
electrolyte occurred after contact with the lithium—-indium anode, and galvanostatic cycling
did not occur. Therefore, the Li-In alloy obtained by our in situ method can be used as an
anode in lithium power sources.

()| after cycling with Li-In alloy (90 at% Li)

after contact with Li-In alloy (90 at% Li)
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Figure 9. XRD patterns (a) and Raman spectra (b) of LLZc + 1 wt% LYS solid electrolyte surface after
contact with lithium-indium anode.

4. Conclusions

The Li-In anodes with different lithium contents (40-90 at% Li) in the alloy were
obtained by an in situ method on the Li;La3Zr,Oq; solid electrolyte substrate. The Li-In
alloy formation was confirmed by AFM data; furthermore, according to Young modulus
maps, the alloys obtained have no pure metal inclusions. The total resistance of the
Li-In-LLZcomp-Li-In symmetrical cells decreases with lithium content growth in the Li-
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In alloy. It was established that Li-In (90 at% Li) | LLZ-based solid electrolyte interface
resistance is equal to ~11 Q2 cm? at 200 °C. The symmetric cells with a low content of lithium
in the alloy (40-60 at% Li) demonstrated potential overloads during the first 10 h, and a
more stable operation of the cell was observed after the increase in the current passing
time. The cells with 80-90 at% Li in the Li-In electrode show a more stable behavior during
cycling with an applied current of -8 mA (40 mA cm—2).

According to scanning electron microscopy data, the use of a lithium—indium alloy
as an anode with the initial deposition of In on the lithium-conducting electrolyte of LLZ
family leads to the formation of a tight contact between Li-In and LLZc + 1 wt% LYS. This
leads to resistance reduction at the anode | solid electrolyte interface and the stable operation
of the cells over time with the applied current of £40 mA cm 2. Using XRD and Raman
spectroscopy, it was shown that the composite electrolyte does not degrade in contact with
lithium-indium alloys of different compositions after electrochemical experiments. Thus,
the results obtained in the presented work can be used for the creation of all-solid-state
power sources with a Li-In anode.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries8110226/s1, Figure S1: XRD data of Li-In anode with
60 (a) and 90 at% Li (b); Figure S2: XRD data of Li-In anode with 60 at% Li after exposure on air;
Table S1: The fitting results of impedance plots at Figure 4b; Figure S3: Cyclic voltammetry curves for
(a) Li-In (18 at% Li) | LLZcomp | Li-In (18 at% Li) and (b) Li| LLZcomp | Li cells with at scanning rate
of 10 mV s-1.
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