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ABSTRACT: Indium—lithium alloys operating in the two-phase region of
indium metal and the InLi intermetallic are the counter and reference °°°° .
electrodes of choice in two-electrode solid-state batteries. At high current InLi ~ f’

densities on both charge and discharge, they offer low polarization, good °°°°
accessible capacity, and good cycle life. By synthesizing a phase pure InLi

intermetallic and measuring its diffusion and mechanical properties, it is S 5l —03mAcm? | |
clear that the electrochemical performance is attributable to measured fast 8 — 1 mAcm?
diffusion kinetics in the InLi intermetallic, D¥®* = 5.5 X 1077 cm?>s™!. The §& 3 mAcm? |
indium metal phase is essentially ion-blocking, so the performance is tied 31/ —5 mAcm? 1
to the microstructure, which evolves with cycling. A simple two-layer J 1
microstructure is proposed, based on the fundamental understanding 05 > = z 5 T =

established, which maximizes performance. Despite the limitations of
indium-based alloys in commercial applications, the lessons learned can
be extended to other fast-conducting lithium intermetallics.

Areal capacity (mAhcm™)

olid-state battery (SSB) technology incorporating electrolyte, and forms filaments on plating, which leads to
S inorganic solid-state electrolytes is an attractive option cell shorting.” S1213 A alternative counter electrode is needed
to power electric vehicles (EVs), primarily as it could that can cycle relevant capacities at higher current densities,
enable the safe implementation of high energy density without shorting. This material should form a good reference
electrodes including lithium metal anodes (theoretical capacity electrode, with a constant potential over a wide capacity range
~3860 mAh g™ and 2061 mAh cm™)." These can lead to cells at a high charge/discharge rate.
with gravimetric and volumetric energies upward of 400 Wh The 11th1um6 indium alloy system has gained popularity in
kg_l and 1000 Wh L~! which are thermally stable and this role,"*™' but there is little understanding of the
amenable to fast charging.2 mechanism underpinning the performance or the limitations
Current generation solid-state batteries have very low critical of the electrode, preventing the rationally driven optimization

of the electrode to maximize its performance. The lack of a
fundamental understanding risks misleading conclusions. The
region of interest is the wide two-phase region between indium
and the Inli intermetallic, which can be seen on the phase
diagram in Figure 1A, redrawn from ref 14.

The material properties of the indium metal are relatively
well understood. Chemically it is stable, especially compared to
other battery materials (E = —0.34 V vs SHE). Mechanically,
indium is very similar to lithium,"” a soft metal (E = 12.7 GPa,

current densities (current density above which cell shorts
occur) when using a lithium metal electrode.’™ This is
particularly true of solid electrolytes (SE) produced by
scaleable methodologies such as tape casting.” Current
evidence suggests this is due to high electrolyte porosity,
which enables solid electrolyte fracture under the stresses
generated by lithium metal plating.” Solving this issue by
advancing solid-state manufacturing of electrolytes, and
progressing novel strategies such as interlayers® and function-
alized current collectors,” is important.

In the meantime, the low current densities achievable with a Received: October 24, 2023
lithium metal electrode are holding back the rate of progress in Revised:  January 18, 2024
electrode development,'® specifically solid-state composite Accepted:  January 19, 2024

cathodes'' and initially lithium-free anodes where lithium Published: January 26, 2024

metal plates on the first charge. Lithium metal has limited
diffusion kinetics, readily loses contact with the solid
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Figure 1. (A) Indium lithium binary phase diagram, redrawn from ref 14. InLi unit cell inset. (B) Powder XRD of hand-milled InLi powder
showing phase purity. (C) Li PFG-NMR diffusivity as a function of temperature for the InLi intermetallic. (D) InLi modulus histogram
from continual stiffness measurement. (E) InLi hardness histogram measured from indentation impression size.

G =3.8 GPa, v = 045, 0, = 0.93 MPa), which, due to its low
melting point (T,, = 156.6 °C), is prone to creep and stress
relaxation.'® The diffusion kinetics of indium are sluggish, with
a bulk self-diffusion coefficient (D27 = 5.7 x 107 cm?
s™)"” which is 3 orders of magnitude lower than lithium’s self-
diffusivity. Indium’s use in practical batteries is limited by its
high density of 7.31 g cm™. The material properties of the
second phase in this system, the InLi intermetallic, are poorly
understood.

In this study, we investigate the fundamental properties of
the InLi intermetallic phase. Then, we investigate the
microstructural processes underpinning observed electro-
chemical performance. The understanding gained is key to
developing high-performance lithium-rich alloy anodes.

Material properties of the InLi intermetallic. Phase pure InLi
intermetallic was formed by melting and resolidifying a 1:1
stoichiometric mix of indium and lithium metal. It was easily
ground to a powder using a pestle and mortar, and the particle
size was further reduced by ball milling (Figure S1). The
powder XRD taken of the hand-milled powder in Figure 1B
shows that the material aligns with the predicted B32 cubic
Fd3m structure with a unit cell size of 6.788 A. No impurity
peaks were present.

As identified in a previous paper on lithium magnesium
alloys,"” the most fundamental material property influencing
electrochemical discharge performance is the rate of lithium
diffusion. To this end, the self-diffusion coefficient of InLi was
investigated by using "Li pulsed field gradient nuclear magnetic
resonance spectroscopy (PFG-NMR). Diffusivity was meas-
ured as a function of temperature, with reliable data observed
above 334 K (T, < 10 ms, Figure S2). The data between 338
and 354 K were fit with the Arrhenius equation giving a very
low activation energy of 0.068 + 0.037 eV (Figure 1C). The fit
extrapolates to give a room temperature (298 K) lithium
diffusivity of 5.5 + 1.0 X 1077 cm, sl Our data shows
diffusivity values about a factor of 2 lower than work done by
Tarczon et al. in 1988, which reports D, values from 7.7 X 1076
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to 3.5 X 107> cm® s™" across a range of Li:In compositions
(47% to 53% In) due to changes in vacancy concentration,
with very similar activation energies of 0.086 to 0.061 eV.”’
For diffusivity measurements taken 35 years apart, these values
are in strong agreement. Recent computational work has
sought to understand the diffusion mechanism in this
intermetallic alongside other indium—lithium intermetallics
and the comparable lithium tin system.”’ The work compares
two theoretical mechanisms of atom hopping, interstitial
diffusion with an activation energy of 0.25 eV and vacancy
diffusion with an activation energy of 0.015 eV. Our
experimentally observed activation energy of 0.068 eV
comprises both the vacancy hopping energy and the vacancy
creation energy. Assuming the computational work is accurate,
subtracting the hopping energy from our total value gives a
vacancy creation activation energy of 0.053 eV. Using the
Nernst—Einstein expression where F = 96485 C mol ™}, ¢ is
the concentration of the diffusing species, 40.4 mmol cm™, R
=831 J mol™! K™, and T = 303 K; relating diffusivity and
ionic conductivity, eq 1, the InLi phase has an ionic
conductivity at 303 K of 82.3 mS cm™.

F,

1

o=
RT

' (1)

Nanoindentation was performed to quantify the intermetal-
lic’s mechanical properties. The values for Young’s modulus
and hardness for 46 indents are presented in Figure 1D,E. The
mean Young’s modulus is 46.1 + 1.4 GPa measured using the
continual stiffness measurement (CSM) technique.”” After
indenting, the impression areas were measured by using the
scanning electron microscope (SEM) within which the
indenter sits. The mean impression size was 14.06 + 0.66
um?, with a mean maximum load of 25.46 + 0.02 mN. The
mean hardness is 1.82 &+ 0.08 GPa, approximately twice the
0.921 + 0.196 GPa of argyrodite solid electrolyte LigPS;CL"
The hardness and modulus measured by the low-load CSM
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Figure 2. Lithiation of indium metal. (A) Chronopotentiometry showing discharge of lithium metal with an indium metal counter electrode
at 30 °C and 5 MPa. Cell schematic before/after test inset. (B) Cross-sectional image of partially lithiated indium metal showing two-phase

microstructure.

technique as a function of indent depth are plotted in Figure
S3. Measured hardness is essentially independent of depth, as
is expected for hard materials. Notably, no indentation fracture
was observed either in the load—displacement data or at the
corners of the indent impression. This remained true using
much larger indentation loads of 500 mN using a sharper cube-
corner tip, Figure S4A, suggesting a fracture toughness of at
least S MPa</m. An example indent micrograph is shown in
Figure S4B, where clear slip bands corresponding to the {101}
slip planes, checked using electron backscatter diffraction
(EBSD), can be observed. These are typically the active slip
planes in cubic intermetallics.”® The interesting insight here is
that under high load at the nanoscale, plasticity is observed,
with no clear fracture in either the load—displacement data or
the indent micrographs. The plasticity seems limited to a single
set of slip planes, leading to very clear slip bands. This is
distinct from the macroscopic behavior, where the material is
brittle, as the limited number of slip systems do not allow
general deformation, leading to stress concentrations at the
boundaries where deformation cannot be accommodated. The
established mechanical and diffusion properties of the
intermetallic underpin the production of electrodes and the
observed electrochemical performance.

Indium metal lithiation. Shorting is commonly observed
when using lithium metal as a counter electrode, especially at
high current densities.” This is caused by lithium filaments
propagating across the solid electrolyte.” The potential of the
Li*/InLi half reaction is 622 mV above Li*/Li (Figure SS).
This high alloying potential is a substantial thermodynamic
barrier to lithium metal plating, and therefore, the electrode
should be highly resistant to cell shorting. To investigate this,
cells were assembled with a lithium metal electrode and an
indium metal foil counter electrode. Constant areal current
densities between 0.3 and 5 mA cm™> were applied, and the
cell potential was monitored over time. Figure 2A shows that
the cells ran stably with no shorting.

To investigate the lithiation mechanism, a thin indium foil
(20 pm) was lithiated with 2 mAh cm™ of lithium at a current
density of 1 mA cm™ in a solid-state cell. On the onset of
lithiation, the potential goes to that of the InlInLi two-phase
region, plus the cell overpotential,'* suggesting the solid-
solubility limit of lithium in indium is negligible. The cell was
disassembled to isolate the electrode for characterization.

580

Figure 2B shows a backscattered electron image of a
microtome cross-section of the partially lithiated electrode
taken at 45°. A clear two-layer morphology can be observed.
The fracture morphology and lower backscattered electron
signal intensity of the lower layer suggest that it is InLi,
whereas the top layer is primarily indium metal. X-ray
diffraction (XRD) of the electrode, shown in Figure S6,
shows the sample is primarily InLi, with some indium metal
phase. No other phases are present. The two-layer morphology
suggests that an InLi-In phase boundary propagates through
the electrode thickness as more lithium is added. The very high
ionic conductivity of the InLi phase makes indium a near-ideal
counter electrode on charge. The ionic conductivity calculated
from the NMR data suggests a 160 ym thick InLi layer leads to
just 1 mV of electrode overpotential at 5 mA cm™2 Therefore,
for all practical thicknesses of this layer and practical currents,
it is always favorable to form more InLi from the remaining
indium, instead of forming In,Lis (0.34 V vs Li*/Li"*) or
plating out lithium metal.

As well as demonstrating indium’s stability on lithiation,
Figure 2A shows that there are substantial overpotentials
associated with stripping the lithium metal electrode at high
rates in these conditions (30 °C, S MPa). At higher current
densities, a lower capacity is accessible before the potential
rapidly increases. Pure lithium metal clearly does not meet the
performance requirements of solid-state batteries, which
motivates research into novel anode architectures including
alloys.”*

Indium—lithium electrodes for fast discharge. With the
objective of developing an initially lithiated electrode
architecture capable of high areal capacity and high rate of
discharge for solid-state batteries, a two-layer electrode
architecture was obtained by first cold-pressing 70 mg of
ball-milled phase pure InLi intermetallic onto the surface of the
cold-pressed argyrodite solid electrolyte pellet before attaching
an indium metal foil disc to the outer surface.

The use of indium alone is insufficient as it does not return
all charged capacity when subsequently discharged, Figure S7.
It has been typical to produce lithium indium electrodes by
pressing pure indium and lithium metal foils such that the ratio
of indium to lithium atoms is just greater than 1."*'® Although
a solid-state reaction does occur to form the InLi intermetallic
(Figure S8), the reaction kinetics are slow, the mass loading is
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Figure 3. (A) Chronopotentiometric stripping of InLi two-layer electrode at a range of current densities from 0.3 to $ mA cm ™2 at 30 °C and
5 MPa with an indium metal counter electrode. Cell schematic inset. (B) Cross-sectional SEM images of 1 mA cm™> lithium depleted
electrode, zoomed images for images C—D highlighted. (C—D) Higher-magnification cross-sectional SEM images. (E) X-ray computed
tomography reconstructions of InLi electrode after discharge to 2.5 V at 1 mA cm™” current density, showing 3-D reconstructed volume
(top, sectioned for clarity) and two representative cross-sectional slices (bottom). (F) Impedance curves collected intermittently throughout
discharge at 1 mA cm™?, fit with the inset equivalent circuit. (G) Chronopotentiometry for intermittent impedance test (top) and calculated
effective ionic conductivity and tortuosity with areal capacity (bottom).

hard to accurately control, and the electrode potential is
unstable. As the intermetallic is hard and nonadhesive, volume
contraction during the solid-state reaction can lead to contact
loss if lithium is placed on the electrolyte side (Figure S9). If
indium is placed on the electrolyte-facing side, the micro-
structure formed consists of InLi islands within the surface
layer, which limits the accessible capacity and limits insight
from electrochemical impedance spectroscopy (EIS) due to
uncertainty on the active contact area (Figure S9). The
intermetallic powder cold-pressing method proposed in this
work is, therefore, a superior method for producing high-
capacity, high-performance counter electrodes ensuring stable
potentials, good contact, and large accessible capacities.

Unidirectional chronopotentiometry was performed, using
an indium metal counter electrode at 0.3, 1, 3, and 5 mA cm™.
Measured potential vs extracted areal capacity is plotted in
Figure 3A. As can be observed, the extracted capacity is higher
than for lithium metal at each current density, and the
potential profiles are very flat, before rapidly increasing at the
end.
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InLi;_,) = (1 — x)InLi + xIn )

The theoretical capacity of 70 mg of InLi intermetallic is
equivalent to 19.9 mAh cm™ All of the cells deliver below this.
As the electrode is discharged, indium metal precipitates
nucleate and grow within the InLi layer, leading to the
progressive blocking of lithium transport through the
electrode; contributing to an increasing observed potential.
The potential increase in the two-layer InLi happens at a lower
extracted capacity for higher current densities, suggesting the
formation of indium precipitates in the InLi matrix is more
localized to the surface in these cases. In line with this, at 1 mA
cm™? current density, doubling the mass of intermetallic used
has no meaningful impact on the extracted capacity (Figure
S11).

An electrode cross-section, discharged to the 2.5 V potential
limit at 1 mA cm™? is shown in Figure 3B with zoomed-in
images in parts C and D. A thin 20 ym indium foil was used in
the cell to reduce the shadowing caused by the plasma focused
ion beam (PFIB) trench. The indium phase, which appears
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Figure 4. (A) Cycling potentiometry 3 mA cm?, capacity of 3 mAh cm”

% at 30 °C, and 5 MPa for self-symmetric InLilln two-layer

electrodes. Cell schematic inset. (B) EIS data after working electrode discharge. (C) EIS data after working electrode charge. (D) Electrode
resistance term over cycles. (E) The ratio of open-circuit electrode resistance to each cycle’s electrode resistance.

significantly lighter in the SEM, is observed throughout the
electrode. The existing In-InLi interface due to the foil has
propagated into the InLi layer. This can be seen most clearly in
Figure 3C, where the initial indium foil layer can be
distinguished and the former InLi particle boundaries are
visible. If all indium formed at this interface, the full capacity
could be extracted. In Figure 3D, a two-phase morphology can
be seen within the former InLi layer, with a characteristic
length scale of around 5 um. The indium has precipitated on
former InLi particle boundaries, as these are lower-energy
nucleation sites. Such a tortuous microstructure will decrease
the effective ionic conductivity of the material compared with
the pristine InLi. The observed porosity can be attributed to
the 34% volume contraction associated with the phase
transition. Third, a thick layer of indium can be observed at
the solid electrolyte interface in Figure 3B. This layer is too
thick for lithium to diffuse through, suggesting it is part of a
larger surface precipitate. Computed tomography (CT) of a 1
mm diameter cell after discharge at 1 mA cm™ shown in
Figure 3E, chronopotentiometry in Figure S12, shows indium
precipitates distributed throughout the microstructure.
Cross-sectional imaging demonstrates significant micro-
structural evolution after electrode discharge throughout the
electrode. The mechanism behind the formation of indium
metal within the InLi layer is analogous to nucleation from a
supersaturated phase, a common phenomenon in metallurgy.
Given the initial presence of indium metal, the electrode starts
with the InLi phase at the most indium-rich concentration in
its solid solution window. Upon removal of lithium from the
InLi phase, there is a thermodynamic driving force for phase
separation. The precipitation of indium metal from depleted
InLi returns the remaining InLi to its equilibrium composition,
see eq 2. The kinetics of this phase transformation determine
the electrochemical performance. If it were immediate, then an
indium layer would instantly form at the interface with the
solid electrolyte blocking transport. Were it very slow, the
existing indium-InLi phase boundary would propagate, and all
the capacity of the InLi layer would be extracted. The reality is
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somewhere in the middle. The finite kinetics of this phase
transformation and high diffusivity of the InLi phase allow a
concentration gradient of lithium in the InLi phase to form,
which extends deep into the electrode, particularly at low
current densities. Indium precipitation is therefore observed
throughout the electrode, especially at microstructural defects
such as the InLi particle boundaries.

To further investigate indium precipitation throughout the
electrode, impedance spectroscopy was conducted after every
0.5 mAh cm™? of lithium was extracted at a current density of 1
mA cm™? on InLi symmetric cells (Figure 3F). To isolate the
impedance contribution from the discharged InLi electrode, an
indium and lithium coated nickel mesh reference electrode was
used, as first reported by Rieger et al.>> Due to the lack of
lithium ion conductivity in indium, the discharging InLi layer
impedance spectra component can be fitted with a trans-
mission-line model (TLM) much like a composite cath-
0de.”*™** The TLM used here (inset in Figure 3F) describes
two conduction pathways: ionic through the InLi phase and
electronic throughout the electrode. Due to both In and InLi
being electrically conductive with minimal boundary resistance
and with both having electrical conductivity several orders of
magnitude higher than InLi’s ionic conductivity, the electrical
resistance is assumed to be zero. At low lithium extraction
levels, the impedance is dominated by the SE:InLi interface;
however, as more lithium is extracted, the tortuosity of the
ionic pathway of Li in InLi increases, resulting in a decreased
effective ionic conductivity in the electrode, as can be seen in
Figure 3G; values are available in Table S1. The tortuosity,
calculated from the EIS data using the ionic conductivity from
NMR results, consistently increases as more lithium is
extracted (Figure 3G), reaching over SO before the cell
potential reaches its limit of 2.5 V. There is a positive feedback
loop where as the microstructure becomes more tortuous, the
effective ionic conductivity drops, leading to a greater fraction
of indium precipitation in the remaining conduction pathways,
further increasing the tortuosity. This is particularly the case
for higher current densities. The presence of tortuous pathways
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can be observed in CT images, whereby In-rich phases (shown
in purple in Figure 3E) are distributed throughout the InLi
matrix (shown in deep pink in Figure 3E).

The accessible capacity at high current densities can be
increased significantly by the addition of solid electrolyte to
form a composite electrode,”® ! as shown in Figure S13. Due
to the comparatively low ionic conductivity of the solid
electrolyte compared to the InLi intermetallic, the electrode
overpotentials during cycling (3 mA cm™, 6 mAh cm™) are
significant, which may limit the composite electrode’s practical
use as a combined counter/reference electrode. Illustrating the
impact of microstructure further, self-symmetric cells of cast
alloys containing 50% by volume InLi within an indium metal
matrix (Figure S14) were assembled and tested. Even at a low
current density of 0.3 mA cm™? the extracted capacity was very
small as only the lithium in the surface islands of InLi is
accessible (Figure S14)."> This highlights the impact of the
electrode microstructure on performance in solid-state electro-
des.

Cycling of indium—lithium electrodes. Based on the unidirec-
tional chronopotentiometry data, a high current density and
near-limit capacity of 3 mA cm™ and a capacity of 3 mAh
cm™ were selected to investigate cycle stability. These
challenging conditions were selected to allow the identification
and mechanistic understanding of electrode performance
degradation during cycling. Figure 4 shows cycling data for a
self-symmetric two-electrode cell assembled with 70 mg of InLi
intermetallic and indium foil on each side, cycled at a
temperature of 303 K and a stack pressure of S MPa. Before
cycling, the cell was rested for 24 h, with EIS taken every 2 h
showing excellent stability in both potential and impedance
(Figure S16). The cell was at OCV for 1 h after each charge
and each discharge step including a 20 min EIS measurement.
The working electrode is discharged (Li stripped) first. Figure
4A shows that 60 cycles are achieved before a voltage limit of
2.5 V is reached on the discharge cycle. Up to 50 cycles, the
overpotentials are low even with such a high current density.
Overall, the cycling data show a progressive worsening of
performance instead of a sudden failure.

Figure 4B,C shows EIS data collected following each
discharge and charge cycle, respectively. In line with the
cycling potential data, there is a progressive increase in
impedance after each discharge cycle. With the high-frequency
tail excluded from the fit, the simple equivalent circuit model,
inset in Figure 4D, fit the data well; this approximation
simplifies the analysis compared to using a TLM for each of
the two electrodes. The electrode resistance term in all 119
impedance curves is plotted in Figure 4D. The electrode
resistance (R,;) grows progressively over successive cycles. The
bulk resistance is approximately constant (Figure S17), which
suggests that interfacial contact is maintained over successive
cycles and is not the main mechanism of performance
degradation.

The mean electrode resistance value was constant during the
OCV, with a mean value of 2.31 Q cm® (Figure S16). This
reflects the pristine state of the InLi layers and therefore near-
perfect ionic conductivity. The electrode resistance after each
charge and discharge, divided by this value, is plotted in Figure
4E. The value decreases near-linearly with cycle number,
indicating a progressive change in the electrode microstructure
on successive cycles. Despite the composition of the electrodes
after each cycle being identical, the microstructural distribution
of the indium within the electrode progressively evolves such
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that ionic transport is impeded. After the final cycle, where a
threshold potential of 2.5 V is reached, this ratio is below 10%.

Electrodes operating in the InLilln two-phase region are
effective counter/reference electrodes. The potential profile at
very high currents on both charge and discharge is effectively
flat. The electrodes should play a helpful role in accelerating
research into electrode materials for solid-state batteries. The
diffusion kinetics in the InLi intermetallics are incredibly fast,
whereas the diffusion kinetics in the In metal phase are very
slow. Lithium transport within the electrode is therefore
dependent on the microstructure, which evolves as a result of
lithiation/delithiation. The microstructural evolution, and
therefore accessible capacity, depends on the current density
due to the fundamental balance between transport and phase
transformation kinetics. The addition of solid electrolyte
particles into the electrode allows for a greater volume of
indium metal to nucleate and grow within the fast diffusing
InLi while maintaining a continuous ion conducting network,
enabling greater extracted capacities than those achieved for a
pure InLi layer. An optimal composition can be selected to
balance the capacity, cycle stability, and flatness of the
potential profile during discharge.

The coupled problem of indium precipitation and transport
within the electrode seems ideal for a phase field model to
describe. This could guide further improvement of this
electrode and guide the understanding of two-phase solid-
state anodes in general. Future work on this system could
involve tracking the evolving microstructure using X-ray
tomography operando at a range of discharge/charge rates.

Our work shows that InLi electrodes cycle stably, despite the
use of porous cold-pressed electrolytes. Given the fundamental
resistance of InLilln electrodes to lithium plating, it would be
misleading to use them in solid electrolyte development studies
to demonstrate cycling stability. The role of a dense solid
electrolyte is to control the morphology of deposited lithium
metal and prevent dendrite-driven shorting. Going forward,
these works should continue to use lithium metal and aim to
achieve good rate capability by optimizing the electrolyte
manufacturing method. Until this is widely achieved, using
InLilln as a counter/reference electrode can accelerate the
development of solid-state cathodes and lithium-free anodes.

Considering alloys more broadly, intermetallics are an
interesting and understudied materials class for lithium
batteries; with unique mechanical, chemical, and transport
properties. Their successful implementation as part of solid-
state battery anodes requires understanding the effect of an
evolving microstructure on the electrochemical performance.
There are analogous lithium-rich intermetallics with very high
diffusivity, which have an equilibrium two-phase region with
lithium metal. Fast discharge performance superior to that of
lithium metal may be achieved if electrodes can be made by
incorporating these materials.
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