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Abstract

Tin foils have an impressive lithium-storage capacity more than triple that of graphite
anodes, and their adoption could facilitate a drastic improvement in battery energy density.
However, implementation of a dense foil electrode architecture represents a significant departure
from the standard blade-cast geometry with a distinct electrochemical environment, and this has
led to confusion with regards to the first cycle efficiency of the system. In this work, we
investigate the unique behavior of a tin active material in a foil architecture to understand its
performance as an anode. We find shallow cycling of the foil results in an irreversible formation
(< 40 %) due to diffusional trapping, but intermediate and complete utilization allows for a
remarkably reversible formation reaction (> 90 %). This striking nonlinearity stems from an in-
situ transformation from bulk metal to porous electrode that occurs during formation cycles and
defines electrode-level lithium-transport on subsequent cycles. An alternative cycling procedure

for assessing the stability of foils is proposed to account for this chemomechanical effect.






1. Introduction

The lithium-ion battery is one of the most critically important devices of the 21% century,
facilitating the widespread proliferation of consumer electronic devices and electrified
transport.1? Currently, the traditional lithium-ion battery system stores energy by shuttling
lithium-ions between an metal oxide cathode material and a graphite anode material.

Substitution of the graphite anode material with a high-capacity alloying anode represents
one promising route for improving battery energy density.® These materials offer lithium storage
capacities many times larger than graphitic materials, but successful implementation of these
chemistries in a practical electrode has proven challenging. This is because the electrochemical
reactions between lithium and alloying compounds result in electrode-level degradation via a
variety of chemomechanical effects, including pulverization upon alloying, porosity generation
upon dealloying, and diffusional lithium trapping throughout the electrode structure.*% Attempts
at designing stable alloying anodes have primarily focused upon the design of engineered
nanostructured powders, but these systems commonly suffer from high first cycle loss and low
volumetric capacity.

Recently, there has been growing interest in improving battery energy density by replacing
the graphite/copper anode assembly with a foil alloying anode.’”~® These fully dense low surface
area materials can offer nearly three times higher capacity than the standard graphite system and
eliminate the need for an external current collector, representing a simple route for the
production of high-energy anode materials. However, a bulk metal represents a fundamentally
different electrode architecture in comparison to a blade-cast porous anode, as chemomechanical
evolutions of the active material impact not just isolated particles but the entirety of the electrode

structure.



The unique aspects of this electrode architecture appear to have non-obvious impacts on
electrode-level performance. While it would be expected that the lithiation kinetics of a dense
metallic foil would be quite low, reports have demonstrated these systems can accept lithium at
impressive rates > 6 mA cm2.8% Additionally, while it would be expected that the low surface
area of a metallic foil would equate to reduced first cycle loss, literature reports of reversibility
have been hugely divergent, with a variety of groups reporting a large range of values from ~ 10
% to > 85 %.%12 Developing a correct assessment of the properties of this simple foil system is
critically important for understanding the necessary avenues for development of the class of foil
electrode materials moving forward. In this work, we develop a more complete fundamental
understanding of the evolution of a tin-foil anode during cycling, shining light upon the
mechanisms governing its reversibility and performance.

2. Experimental

Synthesis: The tin foil was synthesized as follows. Approximately 50 g of tin (Metal Shipper
Inc., > 99.95 %) was melted in air at 300 ° C in a high temperature graphite crucible. The melt was
then cast into a graphite mold, and a manual Durston rolling mill was used to process the tin ingot
into a foil with a thickness of 20 microns. For post-mortem microscopy and electrochemical
impedance spectroscopy, tin/copper composite electrodes were prepared by impressing 25-micron
tin foils onto a 0.1 mm copper mesh (TWP) using a Carver laboratory press.

Electrochemical Characterization: Coin cells (CR 2032) were constructed to test the
electrochemical characteristics of the tin foils. The foil strips (~ 15 um thick) were punched into
10 mm disks with an areal loading of ~ 10 mg cm. Metallic lithium chips (MTI corporation)
were used as the counter electrode and glass fiber prefilters (Millipore APFA04700) were used

as separators. The electrolyte used was (3:7 wt%) ethylene carbonate/ethyl methyl carbonate



with 1.2 M lithium hexafluorophosphate, 3% monofluroethylene carbonate, and 2% vinylene
carbonate (BASF). The coin cells were constructed in an inert (O2 <5 ppm) dry (H20 < 1 ppm)
glovebox with an argon atmosphere. Once assembled, galvanostatic charge discharge and cyclic
voltammetry were performed with a BT-2000 Arbin instruments battery cycler. For 500 mA h g
1,300 mA h g%, and 150 mA h g limited lithium inventory (LLI) cycling, rate was defined such
that 1C corresponded to 500 mA g%, 300 mA g, and 150 mA g. In these cells, the first 2 cycles
of the galvanostatic charge/discharge testing were conditioning cycles in which a rate of C/20
was used, after which a rate of C/10 was used for subsequent cycling. For the blade-cast
electrode, tin microparticles (99% Sigma Aldrich) were dispersed in water with carboxymethyl
cellulose (Sigma Aldrich) and carbon black at an 8:1:1 ratio, and blade-cast on a 10 um copper
foil such that the Sn loading was 1 mg cm,

Post-Mortem X-ray diffraction (XRD) Characterization: After the appropriate extent of
cycling, coin cells were manually decrimped with a pair of diagonal pliers. The cycled foil was
transferred into an environmental chamber (Rigaku) and mounted using double-sided carbon tape.
XRD patterns were collected with a Bragg-Brentano type diffractometer (Rigaku Miniflex 600)
with Copper Ka (A = 0.15418 nm) radiation. The scans were collected in continuous mode over a
260 range of 25 — 50 © 20 at a rate of 1° per minute.

Post-Mortem Imaging: The cross-section milling of tin/copper electrodes was performed
using an ion mill (IM4000+; Hitachi Inc., Japan). The cross-section of a cycled electrode was
fixed with a carbon tape so that approximately 1 mm of the sample extended out from the stub.
Milling was then performed for 40 min under the following conditions: acceleration voltage of 4

kV, discharge voltage of 1 kV, and Ar gas flow of 0.09 cm®min. Cross sectioned foils were then



examined with an FEI Quanta 650 scanning electron microscope operating at a 20 keV
accelerating voltage.

Electrochemical Impedance Spectroscopy (EIS): EIS was conducted on LixSn
symmetric coin cells using a Biologic VMP3 potentiostat. Impedance was measured in the
frequency range of 100 kHz to 1 mHz with a voltage perturbation of 10 mV. Two Sn/Copper
electrodes of similar mass were each placed in a Swagelok cell with a lithium-metal counter
electrode, glass fiber separator, and 400 pL of electrolyte. Swagelok cells were electrochemically
cycled at a current of 25 mA/g to achieve the desired state of charge and allowed to rest for at
least 12 h. The LixSn electrodes were extracted from the Swagelok cells and placed in a CR2032
coin cell (Hohsen) along with two layers of separator (Celgard 2500) and 100 pL of electrolyte.
Each symmetric cell was short-circuited for about 30 minutes before the EIS measurement to
bring the open circuit potential of the cell to less than 1 mV.

3. Results and Discussion

Metallic tin has a theoretical lithium storage capacity of 993 mA h g or 2116 mA h cm?3,
with an average delithiation potential of 0.55 V vs. Li/Li*. At room temperature, the
electrochemical alloying of lithium with tin is typically described by a series of electrochemical

reactions separated into two distinct regimes.

Regime 1 (LixSn where x < 2.5)~0-525mA hg?
L
Sn=> LiSns:0—90mAh g @0.76 V vs.Li/Li* [1]
L
Li,Sns 5 LiSn: 90 — 225 mA h g l@0.66V vs.Li/Li* [2]

.
LiSn = Li,Sns : 225 — 525mAh g~' @ 0.53 V vs. Li/Li* [3]



Regime 2 (LixSn where x > 2.33) ~525- 993 mA h g

y
Li;Sns = Lij,Sns : 525 —993mAh g1 @ 0.485 V — 0V vs. Li/Li* [4]

In regime 1, the reaction proceeds via distinct two-phase reactions which are capable of
storing ~ 525 mA h g*. In regime 2, the observed electrochemical potential becomes sloped,
suggesting an inability to nucleate crystalline phases. In this regime, the reaction occurs through
a variety of highly disordered structures approximating phases, including LisSnz, Li13Sns, LizSny,
and Li17Sna. 4

Much of the work on tin alloy electrochemistry has investigated engineered particles
dispersed throughout a porous matrix. This porous electrode is distinct from a dense metallic foil,
where lithium transport through the electrode thickness must occur via solid-state diffusion. To
investigate the impact of this alternative electrode geometry, the initial lithiation and delithiation
of a 20-micron foil was compared to a blade-cast tin microparticle anode (Figure 1).

For a tin microparticle anode, electrochemical cycling closely followed generally accepted
reaction pathways (Figure 1a). Reduction of the anode coating was associated with a sloped
discharge profile with small discontinuities in slope observable at approximately 0.65, 0.55, and
0.45 V, corresponding to the expected Regime 1 reactions. This was followed by a sloping
electrochemical feature representing lithiation to more lithium-rich compounds. Delithiation
occurred through a similar reaction pathway, and the second electrochemical cycle closely
mirrored the reaction pathways of the first.

In the foil system, this equilibrium behavior was not observed (Figure 1b). During the
initial lithiation, the surface potential was rapidly driven to ~ 0.4 V, with a small nucleation

overpotential observed at the initial stages of reduction. The observed plateau at 400 mV is



closer to the potential associated with the LiSn — LizSnz phase transition, rather than the
thermodynamically expected Sn— Li2Sns phase transition. This non-equilibrium behavior is
likely due to interfacial strain depressing the reaction potential of the initial Sn — Li2Sns
alongside poor solid-state lithium transport preventing a uniform lithiation of the thick metallic
film.> However, this non-equilibrium behavior did not appear to limit the utilization of the foil
itself. Although the theoretical areal capacity of the tin foil was approximately 10x greater than
that of the microparticle anode, the initial active material utilization was comparable between
both electrodes. This is rather surprising, as it would be expected that lithium transport would
differ significantly between a fully dense metallic foil anticipated to lithiate via solid-state
diffusion alone and a porous coating infiltrated with electrolyte.

The initial lithiation of this tin foil was highly reversible, with 91 % of the reduction
capacity being returned upon the subsequent delithiation. While there have been multiple reports
on the propensity of tin materials to sometimes catalyze a significant decomposition of
electrolytes at approximately 1.4-1.6 V vs. Li/Li", this effect was not observed for the cells tested
in this study (Figure S1).%° In the literature, this decomposition effect is not always observed, but
appears most likely to occur during lithiation of high surface area tin films fabricated by
sputtering or electrodeposition techniques.’ In contrast, the microparticle anode displayed a
formation efficiency of only ~ 80%, likely due to increased electrolyte decomposition across the
increased surface area of the tin and conductive carbon additive as well as loss of electrical
contact within the coating.

For the foil system, the subsequent lithiation/delithiation cycle was clearly distinct from the
initial cycle. During the second cycle, lithiation occurred via the successive nucleation and

growth of three distinct electrochemical reactions at potentials corresponding to the regime 1



reactions. In this case, small nucleation overpotentials were still associated with the onset of each
reaction, but the foil electrode was able to sustain sufficient lithium-flux to facilitate growth of
the Li>Sns and LiSn phases rather than the immediate depression in surface potential observed
for the bulk material. The electrochemical lithiation of the electrode post-formation mirrors more
closely the performance of the tin microparticle anode, suggesting a significant change has
occurred in the underlying electrode structure.

Interestingly, the utilization during the initial cycle of a tin foil anode had a significant
impact on the reversibility of the electrochemical reaction (Figure 1c). Lithiation to 300 mA h g’
Land 525 mA h g* were associated with respective formation efficiencies of 36 % and 91 %.
When comparing the delithiation profiles of the capacity-limited foil anodes, it becomes apparent
the discrepancy in delithiation efficiency can be entirely attributed to increasing reversibility of
the upper two plateaus; when cycled to a shallow extent, the LiSn and Li>Sns phases formed
during lithiation are kinetically inaccessible. When cycled to a greater extent, the kinetic
accessibility of lithium stored in these phases is significantly enhanced. However, even for the
foil cycled to 525 mA h g%, the capacity attributed to these two upper plateaus was only 180 mA
h g, below the theoretical capacity of 225 mA h gX. This nonlinear dependence between
utilization and reversibility of the upper plateaus was also observed for the tin-microparticle
system, yet the magnitude of the effect appeared to be reduced and obscured by additional
cycling losses (Figure 1d).

To understand the compositional difference between foils utilized to differing extents, x-
ray diffraction was performed on foils cycled to both 300 mA h g* and to 525 mA h g* (Figure
2). After lithiation to 300 mAh/g, the most prominent features in the spectra are peaks

corresponding to LiSn and LizSnz (Figure 2a). The delithiation of this foil to 1.5 V results in the



formation of clear peaks associated with metallic tin and elimination of the peaks corresponding
to LizSn3, but peaks corresponding to the LiSn phase remain clearly present (Figure 2b).
Additionally, peaks corresponding to the lithium-poor Li>Sns phase can now also be observed,
suggesting lithium has remained within the delithiated foil in the form of these compounds. For
the foil lithiated to 525 mAh/g, the lithium-rich LizSns phase can still be clearly observed, but
there is no evidence of the LiSn within the sample (Figure 2c). The delithiation of this foil to 1.5
V again shows a clear conversion of LizSns to Sn, but in this case no capacity remains trapped
within the LiSn phase (Figure 2d). However, it may be noted that peaks corresponding to Li>Sns
can still be observed in this sample, suggesting even during the efficient formation in this
utilization regime, a small amount of lithium may remain trapped in the Li>Sns phase.

To better understand this nonlinear dependence between reversibility and utilization during
cycling in the initial cycling regime, tin foils were mounted onto copper grids, electrochemically
cycled, cross-sectioned using an ion mill, and imaged using scanning electron microscopy. A
pristine foil, a foil lithiated to 150 mA h g%, and a foil lithiated to 500 mA h g%, and a foil
lithiated to 500 mA h g%, and delithiated to 1.0 V were selected for characterization (Figure 3).

When looking at the foil cross sections, it becomes clear that the lithiation is associated
with a moving interface of lithiated tin growing into the bulk of the material (Figure 3b). Rather
than experiencing a uniform transformation to the LiSn phase, a clear concentration gradient can
be observed throughout the foil. It should be noted that while the base of the foil does not appear
to have been lithiated, the significant volumetric strain associated with the large expansion
concentrated at the foil surface does appear to have impacted the entire foil structure. Notably,
apparent porosity can be observed at the interface between the lithium-containing surface and the

metallic tin base, suggesting the interfacial strain at this interface has resulted in the formation of
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an incoherent interface between the two regions. The lack of porosity observed within the
lithiated region suggests that the lithiation process may be associated with a moving front of
pulverization and agglomeration moving throughout the foil. After further lithiation to 500 mA h
gt (Figure 3c), the entire foil has now been converted into a lithiated material, and no longer
displays the clear non-uniformity observed in the earlier stage of lithiation. After this complete
conversion to a lithiated material, the electrode can now be delithiated with high efficiency,
undergoing an electrochemical dealloying process and converting into a highly porous
nanomaterial (Figure 3d). Improved lithium transport throughout this porous structure likely
explains more equilibrium lithiation potential observed during the subsequent cycle.

To further understand this evolution of lithium transport during this transformation,
electrochemical impedance spectroscopy (EIS) was used to understand the evolution of lithium-
transport during this first cycle transformation. To ensure impedance behavior was not obscured
by the impedance of the lithium-metal counter electrode, symmetric cells were used instead of
half cells for electrochemical impedance spectroscopy. To assemble each symmetric cell, two
tin/copper assemblies of nearly identical weight were pre-cycled in a Swagelok cell versus a
lithium-metal counter electrode. These electrodes were then extracted from the Swagelok cells
and assembled into a coin cell for testing (Figure 4). Foils lithiated to 50, 150, 300 and 500 mA
h g were selected to understand the transformation that occurs during the first lithiation.
Additionally, the evolution of impedance during lithiation to 500 mA h g%, delithiation to 1.0 V,
and relithiation to 500 mA h g* was studied to understand the impact of this transformation upon
the electrode’s electrochemical properties.

During the initial lithiation, there is a massive decrease in impedance across the entire

frequency range (Figure 4a). Analysis of the Nyquist plot suggests this is due to a reduction in

11



impedance in two elements: a finite Warburg impedance and a charge-transfer. The reduction in
charge-transfer resistance suggests that during the initial lithiation of the foil, the active material
surface area increases drastically. The reduction in low-frequency impedance suggests that this
increase in surface area is coupled with an increase in lithium diffusivity throughout the
electrode, either due to a reduction in solid-state diffusion path length or an increase in solid-
state lithium diffusivity.

After delithiation of the foil, the low-frequency impedance markedly increased (Figure 4b-
c). It would be expected that the additional porosity introduced during dealloying of the foil
would further decrease the solid-state diffusion path length, yet this suggests the diffusional
limitations increased drastically. In this delithiated state, the low-frequency phase behavior of the
material mirrors that of the foil lithiated to only 150 mA h g. These facts strengthen the
hypothesis that the Li>Sns and LiSn phases are associated with poor solid-state lithium
diffusivity, a phenomena which has been experimentally observed in the LiSn system in prior
work.!8 Upon relithiation, the Warburg impedance is again drastically reduced, and alongside a
further reduction in charge-transfer resistance.

Synthesis of the voltage profiles, SEM, and EIS results suggests that the initial cycle of a
tin foil anode is associated with the conversion of the bulk material into a nanoporous electrode
via a moving front lithiation mechanism (Figure 5). During the initial stages of lithiation,
lithium-poor phases nucleate upon the surface of the foil, but insufficient diffusivity through
these structures causes the foil surface to be driven to increasing lithium concentrations, resulting
in the nucleation of the Li-Sns phase. Significant strain is associated with the phase
transformations occurring at this LizSna/Sn interface, resulting in pulverization of the

surrounding material. The combination of the improved solid-state diffusivity of LizSns and the
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reduced solid-state diffusion length due to pulverization allows for sufficient lithium-transport to
enable near complete utilization of the foil. This initial front of pulverization/agglomeration also
serves to transform the monolithic metal foil into a nanostructured electrode. When this
transformation is coupled with the porosity introduced upon dealloying, a more equilibrium
lithiation of the system can be achieved during subsequent cycles. The electrochemical surface
area present in the pristine microparticle anode is significantly larger than that of the pristine foil,
reducing the impact of this phenomena, but not eliminating it entirely.

This microstructural insight changes the way in which cyclic stability of tin foil anodes
should be assessed. In modern batteries, anodes are never fully lithiated to 0 V vs. Li/Li".
Leaving unutilized anode capacity serves to eliminate the risk of accidental lithium plating and
can also serve to stabilize the cycling of high-capacity alloying materials. In many cases, this is
mirrored in a half cell by the utilization of capacity limit cutoffs on cycling. Generally, a
consistent amount of capacity is inserted into the system on each cycle, and subsequently
delithiated until the cell potential is driven above a specified capacity. However, given the
limited reversibility of tin in the low utilization regime, capacity limited cycling results in a
significant increase in the total lithium inventory within the foil far beyond what would be
expected. This chemical environment could not be achieved in a lithium-limited full cell without
drastically limiting utilization of the corresponding cathode.

In contrast to the simple capacity limit (CL), a more accurate representation of a lithium-
limited full cell could be achieved by cycling a half cell using an artificially limited lithium
inventory (LLI). In this testing protocol, a given amount of lithium in inserted into the anode on
the initial cycle. Accessible capacity is then removed from the system until the cell potential is

driven above a specified cell voltage. On subsequent cycles, the charge inserted into the anode is
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equivalent to the charge removed on the subsequent cycle. Usefully, this testing profile accounts
for all formation and cycling losses, as the fixed charge inventory is cycled into and out of the
anode material. This testing methodology mirrors operation in a full-cell where anode lithiation
is generally terminated due to depletion of lithium inventory within the cathode, and anode
delithiation is commonly limited by cell polarization.

The difference between these cycling protocols can be most clearly explained by treating
the foil cycled to 300 mA h gt in detail (Figure 6a). For this foil, 300 mA h g* of lithium was
inserted upon the first reduction, and 103 mA h g* of lithium was removed upon the subsequent
oxidation. This represents a first cycle efficiency of 34 %. When using a capacity limited cycling
profile, an additional 300 mA h g of lithium is inserted, driving the total lithium inventory of
the system to 498 mA h g. This increased utilization served to improve lithium-transport in the
electrode, and 408 mA h g* could be removed from the system during the second delithiation
with a second cycle efficiency of 136 %. In practice, accomplishing this would require utilization
of only 65% of the cathode capacity on the first cycle, leaving unutilized capacity such that the
anode could be further lithiated upon the second cycle. After this cathode capacity had been
utilized to free trapped lithium on cycle 2, ~ 80% of the cathode capacity would be utilized in the
subsequent cycles. This dynamic lithium inventory is clearly distinct from the chemomechanical
environment that an anode would experience in any reasonable lithium-limited full-cell, where
total lithium inventory would be equal to the full capacity of the cathode material.

In a limited lithium inventory cycling protocol, the removal of 103 mA h g* on the first
delithiation is followed by the insertion of 103 mA h g*on the subsequent cycle. After this
lithiation, only 103 mA h g-could be removed, which was again inserted on the third cycle. The

third delithiation allowed for 107 mA h g™ to be removed, and a slow recovery of this trapped
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capacity was observed over the following 50 cycles (Figure 6b). It should again be noted that
this style of cycling accounts for both the increase in lithium-inventory resulting from the
recovery of trapped lithium and the decrease in lithium-inventory resulting from all capacity
losses during cycling.

When cycled with inventories of 150 mA h g, 300 mA h g, and 500 mA h g%, the
maximum utilizable capacity was reached at cycle 5, 51, and 187 (Figure 6c). For the foil cycled
to 500 mA h g1, a modest recovery of lithium on the second cycle efficiency increased the total
formation efficiency to 94%, competitive with the current commercial standard for graphite-
based anodes. When tin microparticle anodes were cycled with limited lithium inventories, the
significant coulombic inefficiencies associated with cycling obscured any possible recovery of
trapped lithium, and cycling efficiencies never surpassed 100% (Figure S2).

Another feature of note is the impressive cycling efficiency of the foil cycled at 150 mA h
gl LLI. While the initial utilization of the inserted lithium was extremely low, the delithiation
profiles portray a steadily increasing utilization of the lithium-poor phases until 85% of the
initially inserted capacity had become accessible (Figure 6d). Across the full 200 cycles, the tin
foil stored a cumulative capacity of 17.92 Ah g while returning 17.89 Ah g1, representing a
lifetime coulombic efficiency of 99.8%. This cumulative efficiency includes all formation and
cycling losses and suggests electrochemical alloying and dealloying was remarkably efficient
within this regime. Rapid failure was observed after the recovery of trapped lithium in the foils
cycled with lithium inventories of 150 mA h g* and 300 mA h g, suggesting the presence of
larger kinetically inaccessible lithium-poor phases or unutilized metallic tin may serve to

stabilize the foil structure.
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Conclusion

The adoption of tin-foil anodes represents a promising avenue for a significant increase in
cell-level energy density. However, the implementation of a dense metallic anode represents a
significant change to electrode architecture in comparison to standard blade-cast geometry.
While it is well known that tin active materials undergo significant evolutions during
electrochemical cycling, these transformations take on new importance when the material is
utilized in the form of a free-standing metallic foil. For this system, efficient formation cycles
were associated with lithiation via a moving front of pulverization and agglomeration, followed
by porosity generation during electrochemical dealloying. The combination of these effects
represents a simple in-situ means for transforming a bulk metal into a porous electrode, and this
evolution governs lithium transport for the tin foil electrode on all subsequent cycles. Future
work on foil anodes should focus on the long-term stabilization of the porous electrode structures
generated after the formation cycles, since a stable foil system would allow for a transformative

improvement to battery performance.
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Figure 1. Voltage vs. capacity plots: (a) formation cycles of tin microparticle anode lithiated to 0
V; (b) formation cycles of tin foil anode lithiated to 0 V; (c) initial cycle of a tin foil anode
lithiated to differing extents at a rate of 20 mA g*; (d) initial cycle of a tin microparticle anode

lithiated to differing extents at a rate of 20 mA g*.
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Figure 2. XRD patterns corresponding to (a) tin foil lithiated to 300 mA h g (b) tin foil lithiated
to 300 mA h g* and delithiated to 1.5 V, (c) tin foil lithiated to 525 mA h g%, and (d) tin foil

lithiated to 525 mA h gt and delithiated to 1.5 V.
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Figure 3. SEM images: (a) pristine Sn foil mounted on copper mesh; (b) tin after lithiation to
150 mA h g%; (c) tin after lithiation to 500 mA h g%, and (d) tin after lithiation to 500 mA h g*

and delithiation to 1.0 V.
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Figure 4. Impedance spectra of LixSn symmetric cells: (a) Nyquist plot depicting the evolution
of foil impedance during the initial lithiation to 500 mA h g, magnified inset of highlighting the
features of the Nyquist plot; (b) Bode plot depicting the evolution of foil impedance in the
lithiated, delithiated, and relithiated state; (c) Bode plot depicting the evolution of foil phase

behavior in the lithiated, delithiated, and relithiated state.
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Figure 5. Proposed mechanistic evolution of tin foil anode during electrochemical cycling
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Figure 6. (a) A comparison of the second cycle of a foil tested with 300 mA h g using capacity-
limited (CL) and limited lithium inventory (LLI) testing profiles. (b) A comparison of the initial
cycling using CL and LLI testing profiles. (c) LLI cycling of tin foil anodes cycled with various
lithium inventories. Accessible lithium inventory represents the fraction of the initial charge
inventory inserted upon cycle 1 that was accessible on a given cycle, accounting for all capacity
losses upon subsequent cycles. (d) Delithiation voltage profiles of a foil cycled with a limited

lithium inventory of 150 mA h g*
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