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Thermo-electrochemical Activation of an In-Cu Intermetallic
Electrode for the Anode in Lithium Secondary Batteries**

By Yoon S. Jung, Kyu T. Lee, Jun H. Kim, Ji Y. Kwon, and Seung M. Oh*

Lithium ion batteries (LIBs) have been emerging as a major power source for portable electronic devices and hybrid electric
vehicles (HEV) with their superior performance to other competitors. The performance aspects of energy density and rate
capability of LIBs should, however, be further improved for their new applications. Towards this end, many Li-alloy materials,
metal oxides, and phosphides have been tested, some of which have, however, been discarded because of poor activity at ambient
temperature. Here, it is shown that the In—Cu binary intermetallic compound (Cu;In;), which shows no activity at room
temperature as a result of activation energy required for In-Cu bond cleavage, can be made active by discharge—charge cycling at
elevated temperatures. Upon lithiation at elevated temperatures (55-120 °C), the Cu,Ins phase is converted into nanograins of
metallic Cu and a lithiated In phase (Li;3In3). The underlying activation mechanism is the formation of new In-rich phase (Culn).
The de-lithiation temperature turns out to be the most important variable that controlling the nature of the In-rich compounds.

1. Introduction

Li-alloy materials have been considered as an alternative
anode to graphites since they have a high theoretical capacity
(LiysSis: 3579 mA h g7, LixSns: 993mA h g=!, and graphite:
372mA h g~ ).'=% They have not, however, been used as an
anode in a practical battery mainly because of a severe volume
change with cell cycling, which frequently leads to a disintegra-
tion of electrode materials and eventual capacity decay.l”#! As
an approach to overcome or at least alleviate this problem,
active/inactive-type binary intermetallic compounds have been
investigated: CueSns,'% Fe Sn,"I Ni, Sn, "2 Co,Sn,['*'* and
CoSbs.I'! These materials react with Li either by a simple
addition-type reaction (AB,+yLi*+ye™ — Li,AB,) or con-
version reaction (AB,+yLi"+ye” —Li,A+xB, A: active
element and B: inactive element).[g’g’15 ! In the former reaction,
Li* ions are simply inserted into the AB, lattice along with
electrons while the structural integrity is maintained. In the
latter reaction, however, Li reacts with the active A component
that is generated after A-B bond cleavage. The inactive
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component (B) supposedly plays a buffering role against the
massive volume change encountered in the active component
(A).15-161

The previous literature complains that many binary
intermetallic compounds are inactive or show a much lower
capacity than the theoretical one at room temperature, even if
the reactions are thermodynamically feasible; Ni,Sn,1?!
Co5Sn,,M Cu;8i,17 Ni, 81,8 CusSn, [ and AI-M (M =Cr,
Fe, Mn, and Ni) alloys.**! Simply, such a slow kinetics can be
attributed to a high activation energy needed either for Li* ion
insertion (addition-type reaction) or for A-B bond cleavage
(conversion reaction).[w’zo’z” A more systematic study is,
however, needed in order to address the kinetic barriers in
these materials and to further find a way to enhance their
reactivity, which is the major concern in this work. We studied
the electrochemical reactivity and structural change upon
lithiation of an In-containing binary intermetallic compound
(CuyIns), which is inactive for lithiation at room temperature.
The major concern was the identification of reaction type
(addition or conversion reaction) and the nature of the
activation barriers that impede the lithiation reaction. Another
output from this work, which should be highlighted, is the
development of thermo-electrochemical activation.

2. Results and Discussion

2.1. Reaction Pathway and Kinetic Aspects of Cu;In;
Electrode

Figure 1 shows the galvanostatic discharge (lithiation,
downward profiles) and charge (de-lithiation, upward) voltage
profiles of pure In/Li and Cu;Ins/Li cells at 25 and 120 °C. An
immediately apparent feature here is that the Cu;In; electrode
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Figure 1. a—d) Galvanostatic discharge—charge voltage profiles of pure In/
Li and Cuyln;/Li cells. €) The enlarged view of discharge voltage profiles of
Cuyln; electrode. The second profile corresponds to that of Cuqslng since
this phase is generated after a cycling. SPeciﬁc current was 10mA g,
(~0.01 C-rate) at 25°C and 100mA g;,” " at 120°C.

is inactive for lithiation at 25°C under the current cycling
condition (Fig. 1c), but becomes active at 120 °C (Fig. 1d). The
pure In electrode, however, shows a reversible discharge—
charge behavior at both temperatures with several voltage
plateaus, which reflects that many Li-containing In phases
(Li,In) are involved in the lithiation/de-lithiation process (Figs.
la and 1b). One curious feature is that even if the CuyIn;
electrode is active at 120 °C, its voltage profile is somewhat
different to that of pure In. The most noticeable difference is
the single voltage plateau that appears in the earlier period of
lithiation from x =0.0 to 2.0 for Li,In (from Cu;In; to Li,In)
(Fig. 1d), which is contrasted by at least three plateaus in the
pure In electrode (Fig. 1b).

The in-situ X-ray diffraction (XRD) patterns that were
obtained during the first lithiation/de-lithiation period at
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Figure 2. a) Discharge—charge voltage profile of pure In/Li cell obtained at
120°C. The capacity was normalized by the value of Liysln; (theoretical
specific capacity=1012mA h g~ '). The phases evolved during lithiation/
de-lithiation are indicated at the top. b) In-situ XRD patterns of pure In
electrode that were obtained with a 50 mA h gm’] interval. The numbers in
parenthesis indicate the scan number. An unknown phase denoted as ‘x’
likely comes from an irreversible decomposition product since it steadily
grows with time.

120 °C are displayed in Figure 2 (pure In) and Figure 3 (Cu;Ins
electrode). The lithiated In phases have been identified by
XRD analysis on the coexisting phases in the plateau regions.
For instance, a careful inspection of the XRD data taken at the
first plateau region (0.56V in Fig. 2a) reveals that only a
metallic In phase appears (at 33°) in the first scan (Fig. 2b). In
the sixth scan, however, the Liln phase (indicated by «)
develops at the expense of the In phase, which must be a result
of lithiation. The Liln phase becomes dominant over In at the
eighth scan. This explains that In is present as the metallic state
before this plateau, whereas it is present in the Liln phase at
the end of plateau. A similar phase analysis was made on all the
plateaus (four plateaus in lithiation and four plateaus in de-
lithiation), from which we can identify the lithiated In (Li,In)
phases that are evolved in the course of cycling (top of Fig. 2a).
These phases are well matched with what are predicted from
the lithiation/de-lithiation capacity within experimental error
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Figure 3. a) Discharge—charge voltage profile of Cuyln;/Li cell obtained at
120°C. The capacity was normalized by the value of Liysln; (theoretical
specific capacity = 1012 mA h g;, ). The phases evolved during lithiation/
de-lithiation are indicated at the top. b) In-situ XRD patterns that were
obtained witha 50 mAh gm’] interval. The numbers in parenthesis indicate
the scan number. An unknown phase (¢) seems to be one of the lithiated In
phases, but could not be indexed.

(bottom scale in Fig. 2a). The following reversible lithiation/
de-lithiation pathway is identified for the pure In electrode:

In « Liln « Li3IIl2 Ad LigIIl — Lil3In3

The phases were indexed as follows; In (JCPDS no. 00-005-
0642), Liln (JCPDS no. 03-065-5507), LizIn, (JCPDS no. 00-
033-0616), LiIn (JCPDS no. 00-033-0614), Li;3In; (JCPDS no.
00-033-0615), Cu;In; (JCPDS no. 03-065-2249), and Cuj;Ing
(JCPDS no. 03-065-4963). In short, the pure In electrode is
lithiated with up to 4.3 Li atoms (Li;3In;, theoretical specific
capacity =1012mA h g') and fully recovered to metallic In
after de-lithiation.

The reaction pathway of the Cu;In; electrode at 120°C is
similar to that of pure In as it is also fully lithiated to a Li;3In;
phase (Figs. 1d and 3a), but differs in many aspects. First of all,
Cu atoms are extracted at the earlier period of lithiation from
x=0.0 to 2.0 for Li,In (from Cu;In; to LiIn). For clarity, the
XRD data taken in this region is separately presented in
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Figure 4. a) In-situ XRD patterns of a CusIn; electrode for the initial
30 scans (Fig. 3). Note that the initial Cuslns phase (*) is converted into
LioIn (y) and metallic Cu (¢) in this range. b) Ex-situ XRD pattern of a
Cuyln; electrode lithiated to Liln at 120 °C. The electrode was lithiated with
a specific current of 30mA g,,~' for 10h at 120°C and transferred to the
XRD cell, the temperature of which was kept at 120 °C for 3 h before the
measurement.

Figure 4a. Only the diffraction peaks that belong to the initial
CuyIn; are detected in the first scan. At the 20th scan, however,
the Li,In phase and extracted metallic Cu (43°) develop at the
expense of Cu;In;, which reflects that the initial Cu;In; phase is
converted into LiIn and metallic Cu through Cu-In bond
cleavage. That is, the CuyIn; electrode is lithiated by a
conversion reaction. At the 30th scan, only the diffraction
peaks that belong to Li,In and metallic Cu appear without any
from CuyInz, which suggests that the Cu-In bond cleavage is
complete at this point. The absence of Li-In—Cu ternary phases
in this region further supports that the Cu;In; is not lithiated by
an addition-type reaction but directly by a conversion
reaction.!'%2%21] Another difference between the two electro-
des is that CuyInj is lithiated directly to LiIn in this region
(Fig.4a), but via the intermediate phases (Liln and LizIn,) in the
pure In electrode. In order to see if this behavior has a kinetic or
thermodynamic origin, XRD measurements were performed
after the Cu;In; electrode was lithiated up to approx. one Li per
In (Liln phase) and rested for 3h at 120 °C. As seen in Figure 4b,
the Liln phase is detected, which indicates that the absence of
intermediate phases (Liln and LizIny) is not a result of
thermodynamics, but has a kinetic origin. That is, the formation
of two intermediate phases is thermodynamically allowed, but
has been missed since the specific current (30 mA g, ') used in
this experiment was too large. If the sweeping rate is extremely
low, the phases seem to appear.

Adv. Funct. Mater. 2008, 18, 3010-3017
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A comparison of the voltage profiles (Figs. 2a and 3a)
illustrates that the lithiation voltage of the CusInj electrode in
the Cu extraction region is much lower than that for the pure In
electrode. To account for this, both thermodynamic and kinetic
considerations should be made. With respect to the thermo-
dynamics, the equilibrium potential for lithiation should differ
between the two since the free energy of formation (AGy°)
should be considered as indicated in Equation (1).

AG{°(AB,)

E° =E\°
2 1+ oF

ey

Here, E,° and E,° are the lithiation equilibrium potentials
for a pure In and a CuyInj; electrode, respectively. These values
were obtained by measuring the rest potentials (Fig. 5). The
equilibrium (rest) potential (E;°) at the nominal composition
of Lig sIn, which lies within the first plateau region in Figure 2a,
is0.60 V (vs. Li/Li"). The marginal difference between this and
the transient voltage suggests a negligible overpotential under
this current condition (100 mA gIn’l). The E,° value is 0.41V,
which is lower by as much as 0.19 V as compared with the pure
In electrode. An appreciable amount of overpotential (0.31 V)
is also observed in this electrode. From this, the lower lithiation
voltage observed with the Cu,In; electrode in the single
plateau region (Fig. 3a) can be accounted for partially by the
lower lithiation potential (thermodynamic consideration) and
larger overpotential (kinetic aspect) as compared with those
for the pure In electrode. Furthermore, the large overpotential
encountered in the CuyIns electrode can be related to the
activation energy needed for In—-Cu bond cleavage since the
bond cleavage does occur in the same composition range (from
Cu;In; to LixIn) (XRD data in Fig. 4a). The poor lithiation
activity at room temperature for this electrode (Fig. 4c) can
also be accounted for by this activation energy.
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Figure 5. The voltage profiles for lithiation and open-circuit condition for
a) a pure In/Li and b) a Cu;Ins/Li cell. Both electrodes were lithiated up to
x=0.5 for Li,In at 120°C at a current density of 100 mA gm’] and rested
under open-circuit conditions to measure the equilibrium potential for the
first lithiation step.
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The de-lithiation pathway of the Cu;In; electrode also
differs to that for pure In. The XRD data reveals that an
unknown phase (¢) is evolved between LiIn and LijsIns, and
the LizIn, phase is missing (Figs. 2b and 3b). This feature can
also be explained by taking account of kinetic and thermo-
dynamic considerations. An example that illustrates that the
absence of intermediate phases is caused by kinetic origins has
already been given above. An unusual alteration of thermo-
dynamics has also been reported in many nanosized composite
materials, where the surface-to-volume ratio is so large that the
surface energy is a more dominant factor than the internal
energy in controlling the thermodynamics of the system.[15 22-32]
In this work, in order to see if the extracted Cu and Li,In phases
are indeed present as a nanosized composite, annular dark
field-scanning transmission electron microscopy (ADF-
STEM) was performed and energy dispersive spectroscopy
(EDS) elemental maps were taken for the CuyIng
electrode. As seen in Figure 6, the nanosized (<50nm) Cu
and Liln phase are evenly distributed over the electrode layer.
Their particle size was calculated using the Scherrer equation
with the XRD data (Fig. 3b) to be 20-40nm. Hence, the
unusual thermodynamic properties observed in this work,
the presence of unexpected phases, and absence of inter-
mediate phases, can now be explained by taking account of the
importance of surface energy claimed in many nanosystems.
The difference in the reaction pathways (evolution of
intermediate Li In phases) between the two electrodes is
difficult to understand since metallic In is generated after Cu—
In bond cleavage (conversion reaction). That is, the as-
generated In phase should exhibit the same thermodynamic
behaviour (phase evolution) as pure In because the two are the
same metallic In. One important difference between the two,
however, is the presence of nanosized metallic Cu in the Cu;In;
electrode. Hence, one can assume that the thermodynamic
properties of metallic In that is generated from the Cuy;In;
phase are affected by the co-existing metallic Cu. This
assumption, however, seems to be valid only if the metallic
Cu and In are in intimate contact with each other with a large
surface area, which is the case in this work as shown in Figure 6.
A similar observation was made by us with another
intermetallic electrode (CuGa,), wherein some lithiated
phases are missing and unexpected phases are evolved with
cycling.®? This unusual thermodynamic behaviour has been
explained by the alteration of surface energy of Li,Ga
nanograins, which is caused by partial bonding between two
components. The presence of partial bonding between Cu and
Ga atoms of the Li,Ga phases has been evidenced by Raman
spectroscopy.

2.2. Thermo-electrochemical Activation of a Cu;In;
Electrode

The reaction pathway shown in Figure 3a illustrates that
metallic Cu, which is extracted in the bond cleavage region,
remains in a metallic state but recombines with metallic In that
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Figure 6. ADF-STEM image and element maps for Liln and Cu phases obtained from a CuyIn;
electrode. The element map shows the local EDS signal of Cu, In, and O, respectively.
Oxidation of Liln can be ignored from the negligible intensity of O. The Cu;In; electrode was
lithiated to 0.0V (vs. Li/Li*) and de-lithiated to 0.4V with 50mA g,,~" at 55°C to generate
Liln phase.

is restored at the final stage of de-lithiation. However, the final
product after a cycle is not the initial Cu;In; but the CuyIng
phase. Note that the Cu content in this new phase is smaller
than that in the Cu;In; phase, which indicates that all the
extracted Cu is not recombined with metallic In. The lithiation
activity is compared for two phases in Figure 1e, where the first
lithiation profile is for the Cu;In; phase whereas the second
one is for the new phase (CujjIng). A valuable piece of
information gained from Figure 1e is that the In-rich (inversely,
Cu-deficient) phase exhibits a higher lithiation voltage in the
Cu-In bond cleavage region, manifesting itself that the new
phase is more active for lithiation. It is a common observation
that A-rich A-B intermetallics are more reactive for lithia-
tion,!1-131433] which is also the case for the In-Ni binary
intermetallics as shown in the Supporting Information: The In-
rich compounds show a higher lithiation activity;
NiyIng > NizIn. This feature can be rationalized by both
thermodynamic and kinetic considerations. From a thermo-
dynamic point of view, A-rich A-B intermetallics should show
a more positive lithiation equilibrium potential because they
have a less negative free energy of formation per one mole of
AB, (refer to Equation (1)).**! From a kinetic consideration,
A-rich A-B intermetallics should have a higher reactivity
because they have a smaller number of A-B bonds to be
broken.

From the observation whereby the In-rich compound
(CuyqIng) shows a higher lithiation activity than the initial
one (CuyIns), we assumed that the room-temperature inactive
Cu;In; phase can be converted into active ones if it is converted

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

into more In-rich phases. To generate In-rich
compounds, the working temperature was
varied in this work. Figure 7 presents the ex-
situ XRD patterns of Cu;In; electrodes that
were cycled with a variation in the tempera-
tures. The top three XRD patterns were
obtained by varying the de-lithiation tem-
perature while the lithiation temperature
was fixed at 85 °C. The sample de-lithiated at
85°C gives rise to the diffraction peaks that
belong to the Cu;iIng phase. Upon de-
lithiation at 25 °C, however, the recovered
phase turns out to be Culn (JCPDS no. 00-
035-1150). The generation of a mixture of
Cuy1Ing and Culn by a de-lithiation at 55°C
suggests that more In-rich compounds are
generated with a decrease in the de-lithiation
temperature. The room-temperature lithia-
tion activity is compared for these new
phases (Fig. 8), where the generated phases
and lithiation/de-lithiation temperature are
indicated in the inset. Note that the cycling
condition for the three samples is the same as
for Figures 7a—7c. The sample that was de-
lithiated at 85°C (Fig. 8a) exhibits a
negligible activity for lithiation, which means
that the CuyqIng phase is also inactive at
room temperature. The sample de-lithiated at 25°C (Culn),
however, shows a much higher activity with a discharge
capacity that approaches the theoretical value (LijsIns,
1012mA h g') at room temperature. The sample de-lithiated
at 55°C that is a mixture of Cuj;Ing and Culn shows
an intermediate behavior. When the lithiation activity is
compared for Cu;In; (Fig. 1c) and Culn (Fig. 8c) at 25°C,
one can recognize a superior activity in the latter. We named
this phenomenon ‘thermo-electrochemical activation’ since
the inactive phase (CuyIn;) is converted into an active
one (Culn) by an electrochemical reaction at elevated
temperatures.

The XRD patterns in Figures 7d-7f give an insight into the
underlying activation mechanism. For Figure 7d, the CuyIn;
electrode was lithiated only up to 2.5 Li per one In atom
(Li, sIn), which is just beyond the Cu extraction region (Li,In),
and de-lithiated at 25°C. As shown, the recovered phase is
Culn, the same one that was obtained after a full lithiation to
LijsIng (Fig. 7¢). This suggests that the prerequisite for thermo-
electrochemical activation is the Cu—In bond cleavage. That is,
the activation is allowed if the lithiation is extended beyond the
Cu extraction region. Figures 7e and 7f eloquently demonstrate
the importance of de-lithiation temperature in the activation
process. The samples were lithiated at 55°C, which is lower
than that (85 °C) for Figure 7b and 7c, and de-lithiated at two
different temperatures. The Culn phase is generated after de-
lithiation at 25 °C but the mixture is generated at 55 °C, which
indicates that the same product is formed if the de-lithiation
temperature is the same. This feature is not difficult to

Adv. Funct. Mater. 2008, 18, 3010-3017
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Figure 7. Ex-situ XRD results obtained after thermo-electrochemical acti-
vation of CuyIn; electrodes. The electrodes were lithiated and de-lithiated in
the range of 0.0-2.0V (vs. Li/Li"). Specific current was 100 mA g, ' except
for lithiation at 55°C (20mA g;,"'). The lithiation and de-lithiation
temperature are given in the inset. For d), the electrode was lithiated to
a nominal composition of Lisin (capacity=584mA h g, ") and de-
lithiated.

understand since the new phase formation takes place at the
end of the de-lithiation period.

Figure 9 provides the room-temperature cycle performance
of a Culn phase that was generated by thermo-electrochemical
activation; lithiated at 85 °C and de-lithiated at 25 °C. The cycle
performance is not highly promising since the capacity steadily
decreases. This unsatisfactory observation has seemingly come
from the intrinsic property of In, rather than any problems
encountered with activation. That is, one can readily expect a
severe volume expansion/contraction during the alloying/de-
alloying of the In component that is generated after the bond
cleavage. The thermo-electrochemical activation may be
extended to other systems since there are many intermetallic
compounds, metal oxides, phosphides, and nitrides that have
been discarded as a result of poor activity at ambient
temperature.[”’ﬂ’%] From a practical point of view, thermo-
electrochemical activation can be employed in a practical cell
manufacturing process since the elevated-temperature forma-
tion process, the pre-charge—discharge cycling of commercial
cells before they come into the market, is commonly
adopted.®®3"! The thermo-electrochemical activation can be
carried out at this formation period.

Adv. Funct. Mater. 2008, 18, 3010-3017
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Figure 8. Room-temperature (25°C) discharge-charge voltage profiles
obtained after thermo-electrochemical activation of CuyIns/Li cells. The
specific current was 10mA g,~". The generated In-rich phases are indi-
cated in the inset. The lithiation and de-lithiation temperature for activation
(provided in the inset) was the same as for Figures 7a—7c
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Figure 9. Room-temperature cycle performance of an Culn phase that was
generated by thermo-electrochemical activation of a Cusln; electrode;
lithiation at 85°C and de-lithiation at 25°C. The specific current was
30mA g, at 25°C.

3. Conclusions

In this paper, we demonstrate a way to activate room-
temperature inactive electrode materials by a discharge—
charge cycling at elevated temperatures. The results are
summarized in the following two points.

1) The CuyIn; electrode is inactive at room temperature
under a normal discharge—charge cycling condition. The
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in-situ XRD study made at 120 °C illustrates that the
lithiation proceeds by a conversion reaction, wherein
metallic Cu and In are separated by a bond cleavage
during the earlier lithiation period (x = 0.0-2.0 for Li,In).
The galvanostatic discharge—charge voltage profile shows
that the electrode polarization is most serious in the bond
cleavage region, which can be ascribed to a lower equi-
librium potential for lithiation (thermodynamic consider-
ation) and larger overpotential (kinetic aspect) as
compared with those for the pure In electrode. The latter
feature is deeply associated with the activation energy
required for In—-Cu bond cleavage. The extracted Cu
remains as a metallic state until it chemically recombines
with metallic In that is generated at the final stage of
de-lithiation. An In-rich compound (Cu;;Ing) was gener-
ated at 120 °C, which is more reactive than the Cu;Ins
phase.

2) The CuyIn; phase was activated by discharge—charge
cycling at elevated temperatures. The as-generated In-
rich phase (Culn) can be discharged to the Li;3In; phase
at room temperature. The formation of this phase is
favored by lowering the de-lithiation temperature in
the activation process. The prerequisite for activation
turns out to be the formation of nanosized metallic Cu
and lithiated In phases by Cu—In bond cleavage.

4. Experimental

For the electrochemical characterization, the pure In and Cuy;In;
electrodes were prepared as a thick film (thickness ~4 pm) by using a
DC sputtering method (power density=12kW, base pres-
sure = 1.0 x 10~ torr, and working pressure =5 mtorr with Ar). For
the pure In electrode, a thick film of In was deposited on Mo foil
(25 pm) since alloy formation between In and Mo is negligible. For the
CuyIn; electrode, however, an In film was deposited on a piece of Cu
foil (25 wm) and then heat-treated at 285 °C for 6 days under vacuum.
For the in-situ XRD analysis, the foil current collector was replaced by
Mo and Cu mesh because, with the foil current collector, the electrode
layer was not easily accessed by the electrolyte solution because of a
very narrow gap between the electrode and beryllium window in the
electrochemical XRD cell. With the meshes, however, the electrolyte
solution could easily penetrate into the electrode layer through the
holes.

For the ADF-STEM and EDS elemental mapping, the electrode
samples were prepared as a powder form and formulated as a
composite electrode by using Cu foil as the current collector. The
CuyIn; powder was prepared by heating a stoichiometric mixture of Cu
and In powder at 285 °C for 6 days under vacuum, which was followed
by high-energy ball-milling for 3 h and heat-treatment at 285 °C under
vacuum for 6 days. The composite electrode was prepared by spreading
a slurry mixture of CuyIn; powder, Super P (as a carbon additive for
conductivity enhancement), and PVDF (poly(vinylidene fluoride), as a
binder) (70: 15: 15, weight ratio) on a piece of Cu foil. All the chemicals
were purchased from Aldrich and Alfa Aesar.

For the in-situ XRD analysis at elevated temperatures, a specially
designed electrochemical cell with a beryllium window was mounted
on a D8-Bruker diffractometer equipped with Cu Ko radiation
(1.54056 A). For the ex-situ XRD analysis, cells were disassembled and
electrodes were rinsed with dimethyl carbonate and dried in an
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Ar-filled dry box. All the XRD patterns were recorded at 3kV and
30mA using a continuous scanning mode with 0.50 deg min~".

Two-electrode 2032-type coin cells were employed to assess the
electrochemical characteristics. The cells were assembled in an Ar-
filled dry box and tested in a temperature-controlled oven. The
galvanostatic discharge—charge cycling was performed in the potential
range of 0.0-2.0V (vs. Li/Li"). Li foils (Cyprous Co.) were used as the
counter and reference electrode. 1.0 M lithium bis(oxalate)borate
(LiBOB) in y-butyrolactone (GBL) was used as the electrolyte. As the
separator, a glass fiber sheet was used. Note that the specific capacity
and current are expressed on the basis of weight of In component. In
this report, lithiation was expressed as discharging but de-lithiation as
charging because Li foil was used as the counter electrode in the half-
cells.
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