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ABSTRACT: Alloy anodes for lithium-ion batteries feature greater specific
capacity than conventional graphite electrodes and could enable batteries
with higher energy density. However, large volumetric and structural
changes during cycling limit performance. Such transformations are
expected to be particularly problematic in solid-state batteries, where
volume changes can exacerbate chemomechanical degradation of the all-
solid structure. Here, we synthesize porous metal foils with bicontinuous
porosity by chemical dealloying of Li−In and Li−Sn alloys in dry methanol.
Porous indium foils are directly used as the anode in both solid-state and
liquid-electrolyte cells, and they exhibit improved capacity and cycle life in solid-state batteries compared to dense indium foil with
similar mass loading. Furthermore, capacity retention with cycling of the porous electrodes is much better in solid-state cells than in
liquid cells. This performance enhancement is due to improved accommodation of volume changes while minimizing surface side
reactions throughout the porous electrode. These results highlight the promise of porous metals for solid-state batteries.

■ INTRODUCTION

Porous metal structures are of technological interest for a
variety of applications, including electrocatalysis,1 multifunc-
tional structural elements,2 military armor,3 supercapacitors,4

radiation shielding,5 actuators,6 and sensors.7 Porous metals
have also shown promising electrochemical behavior as
electrode materials that exhibit alloying reactions in liquid-
electrolyte batteries.8−10 These applications benefit from the
advantageous properties of porous metals, such as a high
surface area per volume, relatively simple fabrication
techniques, and improved mechanical behavior.11,12 Many
such properties (such as enhanced yield strength, high specific
surface area, and low density) only arise when the ligaments
that create the structural framework of a porous metal are
smaller than a few microns. Thus, techniques for synthesizing a
wide variety of porous metals with a controlled nano-to-
micron-scale pore size are necessary.
Selective dealloying has been one of the most successful

routes for producing metals with small-scale porosity.13−15

Dealloying of binary alloys containing noble metals, such as
Ag−Au or Cu−Au, has been extensively studied. These
materials can form a bicontinuous ligament morphology with
uniform ligament size of a few hundred nanometers upon
(electro)chemical dealloying of the more reactive element.
However, conventional dealloying methods are only useful for
creating porous noble metals due to the chemistries utilized. As
an alternative option, dealloying of Li-rich alloy materials has
emerged in recent years as a route to porous metals other than
the noble variety.8 Lithium forms alloys with a wide variety of

other metals at relatively low temperatures, and the high
diffusivity of Li in many materials readily enables alloy
formation. Previously, porous Sn structures were created by
electrochemical dealloying of lithium from Li−Sn alloys,8 and
this study showed that the nature of the porosity could be
controlled as a function of Li removal rate. Furthermore, there
has been a number of recent studies in which lithium was used
as a processing agent to form other porous or nanostructured
materials,16−18 such as Al alkoxide nanowires created by
dealloying of Al.18 The large quantity of Li-rich alloys and the
versatility of these techniques could enable the synthesis of
new porous and nanostructured metals for a variety of
applications.
Metals that form alloys with Li also have great promise for

use as high-capacity anodes within Li-based battery sys-
tems.19−23 Metals such as Sn, In, Sb, and Si can electrochemi-
cally react to form Li-rich alloys at room temperature, such as
Li22Sn5, Li13In3, Li3Sb, and Li15Si4.

8,24−27 These materials have
higher specific capacities than conventional graphite anodes
(e.g., 990 mAh g−1 for Sn and 1012 mAh g−1 for In, as
compared to 372 mAh g−1 for graphite),9,24 and they also
exhibit very high volumetric capacities (e.g., 1991 mAh cm−3
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for Sn and 1980 mAh cm−3 for In, as compared to 330−430
mAh cm−3 for graphite).28 Substantial research effort has been
specifically devoted to incorporating Si into liquid-electrolyte
batteries due to its high capacity and natural abundance.29,30 A
longstanding issue with these materials, however, is that
electrochemical Li insertion and extraction cause significant
volumetric and structural changes,31,32 which can result in
fracture and chemomechanical degradation.33 In addition, the
freshly exposed surface area due to cracks can form new solid-
electrolyte interphase (SEI) films when using liquid electro-
lytes, reducing Coulombic efficiency during cycling.34

Despite their challenges, metallic alloy anodes may hold
particular promise for emerging solid-state battery (SSB)
systems that utilize inorganic solid-state electrolytes (SSEs).
Using Li metal anodes within SSBs would be ideal due to the
ultrahigh capacity of Li, but fundamental issues with interfacial
instabilities at Li metal/SSE interfaces, as well as Li filament
growth through many SSEs, have not yet been overcome.35−37

Alloy anodes offer high capacity and a higher electrode
potential than pure Li metal, and there is evidence that they
may allow for improved interfacial stability.38 However, new
challenges are expected to arise when implementing large-
volume-change alloy electrodes within SSBs: in particular,
volume changes of the electrode material are expected to cause
exacerbated mechanical degradation due to the all-solid nature
of the battery.35,39 Indeed, mechanical fracture and degradation

have recently been observed in Sn-based anodes in SSBs.40

Thus, new methods for implementing alloy anodes designed
for minimal chemomechanical degradation within SSBs are
necessary.
Here, we report the synthesis of In and Sn foil structures

with bicontinuous porosity and demonstrate that porous In
exhibits promising electrochemical characteristics within SSBs.
The porous metal foils are created by free-corrosion dealloying
of Li-rich alloys within dry methanol. Structural character-
ization of the porous In material reveals a pore fraction of 0.68
and a ligament size of less than 2 μm. The porous In foils were
used directly as battery electrodes without any additive or
binder within both liquid cells and solid-state cells with
Li10SnP2S12 (LSPS) solid-state electrolyte. This material
exhibits higher specific capacity and better cycle life compared
to dense In foil within SSBs, which is likely due to the free
volume that allows for expansion and the continuous
electrically conducting network. Our results show that porous
metal anodes could enable high capacity and extended cycle
life within SSBs.

■ RESULTS AND DISCUSSION

We fabricated porous metal foils with bicontinuous ligaments
and porosity by chemical dealloying (free corrosion) of Li from
bulk Li−In and Li−Sn alloys. Figure 1a shows a schematic of
this process. To synthesize Li-rich alloys, an In or Sn metal

Figure 1. Synthesis and characterization of porous metals by chemical dealloying. (a) Schematic showing the synthesis of porous In or Sn foil via
the delloying of a Li−In or Li−Sn alloy (a Li:In or Li:Sn molar ratio of 5:1 was used). (b) SEM image of a dealloyed In sample. (c) SEM image of a
dealloyed Sn sample. (d, e) XRD patterns of In (d) and Sn (e) samples at different steps of the synthetic procedure.
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pellet was first created by uniaxially pressing the metal powder,
and this pellet was then sandwiched with Li foil using a molar
ratio of 5:1 (Li:In or Li:Sn). These layered samples were
heated at relatively low temperatures (220−230 °C) for 4 h
inside an Ar-filled glovebox to form the Li−In or Li−Sn alloys.
After alloying, the alloy foils were then submerged in dry
methanol at 60 °C to extract Li. This synthesis process reliably
and reproducibly caused the formation of porous foils, as
shown in the scanning electron microscopy (SEM) images of
the In and Sn samples in Figure 1b,c. Figures S1 and S2 in the
Supporting Information (SI) contain an optical image of the
porous foil obtained from a Li−In sample and additional low-
magnification SEM images of the porous materials.
Structural characterization revealed that the In and Sn

samples exhibited consistent ligament size at different locations
on the samples. The average widths of the ligaments from SEM
imaging were measured to be 700 ± 210 nm for In and 1.80 ±
0.37 μm for Sn. X-ray diffraction (XRD) was used to
investigate the evolution of structure during the synthetic
procedure, as shown in Figure 1d,e. XRD of the pristine In and
Sn samples before alloying showed the expected tetragonal
crystal structures. After chemical alloying, the detected phases
are primarily Li11In4 (ICDD 04-021-2444, space group C2/m)
and Li17Sn4 (ICDD 04-014-6237, space group F3̅2m). Li2O or
Li peaks were not detected. The broad peaks between 25 and
30° in the lithiated samples arise from the mylar film used to
protect the lithiated samples from oxidation during XRD
measurements. After Li removal, the materials returned to the
original metallic phases. The change in peak intensities is
attributed to microstructural changes during the trans-
formation from a dense pellet to a porous structure. No Li
or Li2O was detected after dealloying; this indicates that the Li
was completely removed from the Li alloys after delithiation.
The dealloying of Li-rich alloys with other metals, such as Bi,

Sb, Ag, and Au, was also investigated, but these materials did
not form a porous morphology like In or Sn under these
conditions (Figure S3). Au and Ag showed cracks after
delithiation, and Sb was pulverized to smaller particles. Bi

retained its bulk foil form with embedded porosity (Figure S3).
These findings suggest that different reactions and lithium
diffusion kinetics within these alloys could play an important
role in determining the final morphology. Experiments with In
pellets were carried out to examine the effect of alloy molar
ratio on the final porous structure. Porous ligamentary
structures were observed at least partially for Li:In molar
ratios greater than 2:1 (Figure S4). In addition, further
experiments with dealloying time as a variable showed that
porous structures form after dealloying for at least 2 h at 60 °C
(Figure S5). After 6 h, ligaments with improved uniformity
were observed, which could be due to the continued diffusion
of Li out of the monolith. Dealloying for 48 h did not
significantly change the ligament morphology.
The creation of these porous metals via dealloying of Li is

consistent with a handful of previous studies on using lithium
as a processing agent. Recently, reactions between Li−Al alloys
and dry ethanol were studied,18 which resulted in the
formation of Al alkoxide nanowires due to the reaction of Al
with ethanol. In our case, both Sn and In were observed to
form porous metallic structures rather than oxides, which is
likely due to the reduced tendency of these metals to oxidize
compared to Al. In addition, Li-rich Li−Sn particles have been
shown to form porous morphologies during electrochemical
dealloying at high currents.8 This study found that a fast
dealloying rate was necessary for forming porous, bicontinuous
structures. This is because the Li dissolution rate has to be fast
enough to minimize surface diffusion smoothening, which
causes Li redistribution that can prevent pore formation. The
chemical corrosion in our experiments causes fast enough
dealloying rates to overcome internal Li redistribution for the
formation of bicontinuous structures. For comparison to
chemical dealloying, we performed electrochemical dealloying
experiments, as shown in Figures S6 and S7. In these
experiments, In pellets were electrochemically lithiated and
delithiated in coin cells at current densities ranging from 0.3 to
2.0 mA cm−2 followed by characterization of the morphology
of the different pellets. This electrochemical delithiation of the

Figure 2. Physical characterization of the porous In. (a) Schematic showing the FIB tomography experiment and trench geometry used for this
measurement. (b) An SEM image of the front surface of the milled porous In sample with carbon infill. (c) Segmented SEM images of the front,
middle, and end slices of the milled volume, in which the artificial red overlay is the segmented metallic phase. (d) Full 3D tomographic
reconstruction of the porous In sample.
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Li−In alloy did not result in a porous structure as observed
from chemically dealloying; this difference was likely a result of
the lower dealloying rates used in electrochemical Li removal.
Importantly, the relatively large mass of the metal pellet (∼2
mg) will likely make it impossible to sustain a high enough
electrochemical dealloying rate for the formation of bicontin-
uous porosity in the full pellet, and thus the free-corrosion
dealloying is essential for creating the porous structure.
The pore and ligament structures of a chemically dealloyed

In sample were further characterized with focused ion beam
(FIB) tomography. Figure 2a shows a schematic of the FIB
tomography experiment, where there was an angle of 52°
between the milling ion beam and the imaging electron beam.
Carbon paste was used to fill in the pores of the sample and to
prevent small ligaments from breaking during tomography (see
Experimental Section for details). Figure 2b shows a single
image from the experiment, and Figure 2c shows image slices
from different depths, along with the segmented metallic
regions overlaid in red. The full 3D reconstruction of the
metallic phase within a ∼3307 μm3 volume is shown in Figure
2d. The data in Figure 2 show that the average ligament width
in this volume is 850 nm, which is slightly larger than the value
measured directly from SEM images. In addition, voids were
not observed within the In ligaments. Within this 3307 μm3

external volume, the measured internal volume of the In metal
was 1055 μm3, and the surface area was 3903 μm2. This value
of the surface area is 2.9 times that of a dense metal foil. The
pore volume of the material was 68% of the total volume.

Other regions within the same sample were similarly
characterized using FIB tomography and showed similar
results. Finally, the pore tortuosity of the segmented volume
in Figure 2d was analyzed using Dragonfly software. Tortuosity
quantitatively describes transport pathways through a given
phase, and it is defined as τ = Leff/L, where Leff is the length of
a curvilinear path through a structure, and L is the Euclidean
distance through the structure.41,42 A tortuosity of 1.60 was
measured for the segmented volume in Figure 2.
The porous In electrodes were investigated as anodes for

SSBs. Solid-state battery cells with a lithium counter electrode
were constructed using a custom cell assembly inside an Ar-
filled glovebox (the Experimental Section contains complete
details). Li10SnP2S12 (LSPS) was used as the solid-state
electrolyte (SSE) due to its high ionic conductivity and
relatively stable interface with Li alloys.43 The In electrodes
were not mixed with any conductive additives, binders, or SSE
materials; instead, the porous In foils were placed directly in
contact with the SSE. Figures 3a and S8 show cross-sectional
SEM images of porous electrodes after being pressed into the
battery assembly but before any electrochemical testing. From
these images, it is clear that the internal porosity and ligaments
within the structure are preserved even after being pressed at
15 MPa within the solid-state cell assembly, and the thickness
of the porous In electrode was ∼25 μm. The electrochemical
characteristics of the In electrodes were evaluated using
galvanostatic measurements using an indium working electrode
and lithium foil counter electrode. Current densities between

Figure 3. Porous In electrodes within solid-state batteries. (a) Cross-sectional SEM image of a porous In electrode that was pressed within a solid-
state cell and removed for imaging. (b) First galvanostatic lithiation/delithiation of a porous In sample and a dense In foil sample. The current
density was 0.60 mA cm−2 for the dense foil and 0.69 mA cm−2 for the porous electrode. Both electrodes had mass loadings between 1 and 2 mg,
and lithium foil was used as the counter electrode. (c) Rate capability of a porous In electrode and a dense In foil electrode within solid-state cells at
various rates from C/30 to C/10 (1C = 1012 mA g−1 of In). Lithium foil was used as the counter electrode. (d) Capacity retention with cycling for
a porous electrode and a dense foil electrode at a rate of C/20 (0.75 mA cm−2). For long-term stability, these cells included a thick In metal foil in
contact with the Li counter electrode to reduce interfacial degradation of the SSE (see Experimental Section). (e) Coulombic efficiency from the
cells in (d).
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0.60 and 0.75 mA cm−2 were used over a voltage range of
0.01−2.0 V vs Li/Li+ (this corresponds to a current of C/20
based on the mass and theoretical specific capacity of In).
Figure 3b shows the first discharge and charge of a porous
electrode compared to a cell with a dense foil working
electrode with a similar mass loading. Both materials showed a
first lithiation plateau at 0.5 V and a second at 0.25 V, and
these plateaus were also visible during charge. The porous
electrode had a specific capacity of 350 mAh g−1, while the foil
had a specific capacity of 270 mAh g−1 for the first discharge;
thus, the porous electrode showed ∼1.3 times higher specific
capacity than the dense foil. Both the In porous electrode and
the dense foil attained lower capacities than theoretically
possible (1012 mAh g−1) because they did not access the lower
plateau at 0.05 V, which has previously only been observed
with a low current density of 50 μA cm−2 in liquid cells.24

The rate behavior and long-term cycling characteristics of
these materials were investigated next. The rate behavior of the
electrode materials was tested at various rates from C/30 to C/
10 (1C = 1012 mA g−1 of In), and reduced capacity was
observed at C/10 (Figure 3c). At all currents, the porous In
electrodes exhibit higher capacity than the dense foil. Figure 3d
shows the capacity retention with cycling for a porous In
electrode vs a dense foil electrode over 40 cycles at a current of
C/20. In this configuration, the porous electrode exhibited a
higher first-discharge specific capacity of 408 mAh g−1

compared to the dense foil (250 mAh g−1). The porous
electrode also featured better capacity retention (a decrease
from 408 to 300 mAh g−1 over 40 cycles) compared to the
dense foil, which experienced steep capacity decay after 10
cycles. The Coulombic efficiency (CE) of the porous electrode
increased from 80.0% in the first cycle to an average value of
98.5% over 40 cycles, while the dense In foil featured an initial
CE of 94.0% with an average value of 97.7% over 15 cycles. In
these longer-term cycling tests (Figure 3d,e), we note that the
counter electrodes consisted of a 50 μm thick In foil placed at
the interface between the SSE and the Li metal to improve
chemical stability of the SSE during cycling,38 which limited
SSE degradation and provided a better indication of the
electrochemical stability of the In working electrodes
themselves. Figures S9 and S10 show galvanostatic voltage
curves, comparing the behavior of these In working electrodes
coupled with either pure Li metal counter electrodes or In−Li
counter electrodes. The overpotential steadily increased with
cycling when using a pure Li counter electrode, but the use of
the In−Li counter electrode prevented this degradation.
Finally, we note that the higher observed capacity and better
cycle life of the porous In material were observed consistently
over multiple cells, with more data shown in Figure S11.
The improved capacity and cycle life of the porous metal

electrodes are likely due to the capability of the porous
material to accommodate the volume changes during
lithiation/delithiation while minimizing mechanical damage
of the cell stack and retaining electron transport pathways.
Electrode volume changes can have particularly severe effects
on the chemomechanical stability of solid-state batteries35

since there is no liquid phase (as in conventional batteries)
that can accommodate lithiation-induced strains. The built-in
porosity of our metal electrodes thus allows for higher capacity
and likely results in lower stresses within the rest of the cell
stack. Interestingly, the porous material has the added
advantage that it also exhibits higher capacity than the dense
foil when cycled at higher current densities (Figure 3c), which

may result from higher diffusion rates of the Li species on the
surface of the metal ligaments compared to that within the
bulk of the material. These results show that multiple features
of porous metals enable improved performance in SSBs.
SEM and X-ray energy-dispersive spectroscopy (EDS)

investigation of solid-state cells after one lithiation/delithiation
cycle showed that the porous In retained its particulate
structure, with porosity still evident between particles (Figures
S12 and S13). This is in contrast to the dense foil electrodes,
which did not evolve porosity after one cycle (Figures S14 and
S15). The retention of the particulate structure likely enables
continued higher specific capacity over further cycling, as
shown in Figure 3. Additional information was gathered
through SEM imaging of the cells in Figure 3 that were cycled
to failure. Figures S16 and S17 show that the In foil remains
dense but that the porous In electrode exhibits particle
agglomeration with less evident porosity. Based on these data,
it is possible that the gradual sintering between In ligaments
during charge/discharge causes capacity decay over long
periods.
We also examined the electrochemical behavior of the

porous electrodes in conventional liquid-electrolyte cells. Half-
cells were used with Li as the counter electrode, and we
compared the electrochemical behavior of porous electrodes
and dense foil. We utilized a carbonate-based electrolyte with a
mixture of ethyl methyl carbonate (EMC), ethylene carbonate
(EC), fluoroethylene carbonate (FEC), and LiPF6 salt (see
Experimental Section). FEC is necessary to prevent anomalous
electrolyte decomposition on In electrodes, as has been
previously reported.24 A current density of 0.65 mA cm−2

and an active mass loading of 1−2 mg were used in coin cells
for porous electrodes and foil over a voltage range from 0.01 to
2.0 V vs Li/Li+. Figure S18 shows cross-sectional SEM images
of porous and foil electrodes after being pressed inside the coin
cell but before any electrochemical testing; these images show
that the porous structure of the dealloyed electrodes remains
after pressing.
Figure 4a,b shows galvanostatic tests over 15 cycles for

dense In foil and porous electrodes, respectively. These data
show that the porous electrode exhibits a higher specific
capacity than the dense foil, which was consistent across
multiple cells. During the first lithiation of the dense foil, the
electrode potential was depressed below the expected plateau
of 0.5 V vs Li/Li+. The first lithiation of the porous electrode
did not feature this lowered voltage, and it was also not
observed in the solid-state testing of the dense In foil (Figure
3b) with similar mass loadings. The lowered initial discharge
potential in Figure 4a may be due to a combination of a lower
surface area of the dense foil compared to that of the porous
sample and higher charge-transfer resistance in the liquid
compared to that in the solid (Figures 4d and S19 show
impedance spectra for both cases). From the 1st to the 10th
cycle, the specific capacity of the dense foil had an average
value of 247 mAh g−1 (Figure 4a), while the porous electrode
had a higher average specific capacity of 432 mAh g−1 (Figure
4b). However, the capacity of the porous electrode decayed
faster than that of the foil in these liquid cells, which is the
opposite of the solid-state case (Figure S20). The morphology
of the electrochemically lithiated and delithiated porous
electrode samples is shown in Figure S21; the lithiated
material features less visible porosity. Porosity returns after
delithiation, but the ligaments seem to agglomerate to cause
the particle size to be larger. Rate sensitivity tests were
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performed for both types of electrodes in the liquid electrolyte,
as shown in Figure 4c. These experiments showed that porous
electrodes exhibited higher specific capacity across the range of
rates from C/30 to C/10, which is a similar result to the solid-
state case. Figure 4d shows electrochemical impedance
spectroscopy (EIS) results. The charge-transfer resistance
before cycling for the porous In electrode was 265 Ω, which
is lower than the value of 880 Ω for the dense In foil. This is
likely due to the increased surface area of the porous material,
and the surface area ratio of 2.9 measured with FIB
tomography correlates well with these different charge-transfer
resistance values. After one cycle, the charge-transfer resistance
decreased to 147 and 444 Ω for the porous and dense foil
electrodes, respectively. This decrease could be due to a stable
SEI formed on the surface of the electrodes.
The specific capacity attained using the porous In electrodes

was superior to that of dense In foil in both solid-state and
liquid-electrolyte cells. Furthermore, the porous electrodes
showed long cycle life in solid-state cells but failed faster in the
liquid cells than dense In foil. After the ∼15th cycle in liquid
cells, capacity decay was severe for the porous electrodes. This
is likely due to the continuous growth of SEI on the higher
surface area of the porous electrodes, which can eventually
impede ion transport. In solid-state cells, the higher surface
area of the porous material enables improved accommodation
of volume changes, while the interface with the SSE is confined
to only a small portion of the porous material. Thus, an SEI
does not grow to cover the entire surface area of the porous In
but instead only covers a planar interface. The bulk and surface
of the porous In materials allow for Li diffusion at a rate that is
fast enough to support the currents used herein, and a liquid
electrolyte is thus not needed to infiltrate the structure. This

advantageous geometry improves cycling stability while also
allowing for high capacity.

■ CONCLUSIONS
We have reported a new method to create porous In and Sn
metal foils via the chemical dealloying of Li-rich alloys and
have demonstrated the beneficial electrochemical character-
istics of porous In for use in SSBs. In testing of solid-state cells,
the porous In electrodes showed better rate behavior, higher
specific capacity, and longer cycle life than dense In foil.
Importantly, the cycling stability of the porous In within solid-
state cells was superior to both dense foils in solid-state cell
and porous In within liquid cells, which demonstrates the
advantages of using porous metal in SSBs. Future work is
needed to understand the interfacial evolution and stability of
various SSE materials in contact with Li alloys, such as the Li−
In alloy used here. Furthermore, it would be beneficial to
develop and investigate other porous alloy anodes that exhibit
even higher specific capacity than In. With additional effort and
research, metals with tailored porosity could be utilized to
enable next-generation solid-state batteries with a high specific
energy.

■ EXPERIMENTAL SECTION
Synthesis of Porous In and Sn Electrodes. To fabricate the

alloyed foil, In and Sn microparticles (Sigma-Aldrich, 99.9%) were
compressed at 250 MPa into thin pellets using a hydraulic press.
These pellets were then removed and physically pressed onto the top
of Li metal foil (Sigma-Aldrich, 99.9%) inside an Ar-filled glovebox
(MBraun) with H2O and O2 levels less than 2.0 ppm. Li metal foil was
manually polished to remove the surface oxide layer in the glovebox
before pressing. A molar ratio of 5:1 (Li:M, where M = In or Sn) was
used for reaction with lithium. The samples were heated in a
machined stainless steel boat on a hot plate within the glovebox at
220−230 °C for 4 h. A Signstek 6802 II dual channel digital
thermometer with a K-type thermocouple was used to measure the
temperature of the samples. After alloying, Li−In or Li−Sn alloys
were chemically dealloyed by first immersing in anhydrous methanol
(Alfa Aesar, 99.9%) inside the glovebox. Then, the immersed sample
was taken out of the glovebox and placed on a hot plate, where it was
heated at 60 °C for 8 h to facilitate dealloying. The sample was then
rinsed with clean anhydrous methanol 3 times in the fume hood.
Other experiments were carried out with varying dealloying
temperatures and times.

Cell Fabrication and Electrochemistry. The electrochemical
behavior of the produced materials was tested using CR2032 stainless
steel coin cells (MTI Corp.) for liquid cells or a custom-built solid-
state cell assembly shown in Figure S22. Galvanostatic electro-
chemical tests were performed on either a Bio-Logic VMP-3
potentiostat or a Landt CT2001 battery test system.

For coin cells, stainless steel current collectors (diameter = 15 mm)
were used. Active material mass loadings of 1−3 mg for both porous
In electrodes and dense In foils were used. Indium metal foil (50 μm,
99.99%, GalliumSource) was thinned to ∼20 μm using a roll press.
Celgard polypropylene/polyethylene membranes were soaked in the
electrolyte and used as separators. Lithium metal foil (Sigma-Aldrich,
99.9%) was used as a counter electrode after removing the surface
contamination layer. The coin cells were assembled and pressed using
a hydraulic press at 600 psi inside an Ar-filled glovebox. The
electrolyte consisted of 1.0 M LiPF6 in 0.5:0.3:0.2 ethyl methyl
carbonate (EMC, Sigma-Aldrich, 99.9%): ethylene carbonate (EC,
Sigma-Aldrich, 99%): fluoroethylene carbonate (FEC, Alfa Aesar,
98%). Galvanostatic half-cell cycling was performed at room
temperature with voltage limits of 2.0 and 0.01 V vs Li/Li+. The
impedance measurements were performed on a Bio-Logic VMP3
potentiostat at frequencies between 1 MHz and 1 Hz using a 5 mV
signal amplitude.

Figure 4. Porous In electrodes within liquid-cell batteries. (a, b) The
1st (pink), 5th (blue), 10th (red), and 15th (black) discharge/charge
curves from half-cells with dense In foil (a) or porous In foil (b)
working electrodes tested at C/20 (current density of 0.65 mA cm−2).
(c) Rate capability of porous In and dense In foil within half-cells at
various rates from C/30 to C/10 (1C = 1012 mA g−1 of In). (d)
Nyquist plots showing the impedance spectra before and after one
discharge/charge cycle for each type of electrode.
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For SSB cells, 180 mg of Li10SnP2S12 powder (LSPS, NEI
corporation) was pressed into a pellet (diameter = 10 mm) with a
pressure of 63 MPa using a hydraulic press inside an Ar-filled
glovebox. Active material mass loadings of 1−2 mg for porous In
electrodes and dense In foil electrodes were used. The working
electrode was placed on top of the compacted LSPS pellet, and a Li or
Li/In counter electrode was placed on the other side. The assembly
was then uniaxially compressed to 16.5 MPa using a torque wrench to
ensure contact between electrodes and the electrolyte. To minimize
deterioration of the Li/LSPS interface for long-term cycling tests, an
additional In foil (50 μm thick) was placed between the Li foil and the
LSPS at the counter electrode. This counter electrode foil was
measured to exhibit a molar ratio of 10:1 (Li:In) with the Li counter
electrode. The impedance measurements were performed on a Bio-
Logic SP200 instrument at frequencies between 7 MHz and 0.5 Hz
using a 5 mV signal amplitude.
SEM Characterization. SEM images of the samples before and

after dealloying were collected using a Hitachi SU8230 SEM with an
accelerating voltage of 5 kV and a working distance between 2.3 and
10 mm. SEM samples of the materials before cycling were prepared by
fabricating a cell inside an Ar-filled glovebox and disassembling the
cell to observe the pressed electrodes. Cross-sectional samples of
solid-state cells were prepared by manually breaking pellets or by
taking fragments from a fractured pellet. EDS analysis was carried out
using an accelerating voltage of 30 kV and a working distance of 15
mm. An X-MaxN X-ray detector (Oxford Instruments) was used for
EDS analysis. AZtec 2.3 software was used for EDS mapping.
X-ray Diffraction. XRD analysis was carried out using a

PANalytical Empyrean instrument with a Cu Kα radiation source
(λKα1 =1.54 Å). Chemically alloyed Li−In and Li−Sn samples were
placed on a glass slide and sealed underneath a Mylar film within a
glovebox to minimize oxidation during X-ray measurements.
FIB Tomography. Tomography of the porous In material was

performed in a dual-beam FEI Nova Nanolab 200 FIB/SEM. Porous
samples were attached to an SEM stub with conductive carbon tape
(Ted Pella, Inc.) and infilled with carbon paint (Ted Pella, Inc.). The
reason for infilling the porous electrode samples was twofold: first, it
helped with image segmentation to distinguish the pores from the
metal,44 and second, it minimized FIB artifacts like curtaining.45 The
sample was dried under vacuum (0.08 mTorr) for 24 h before
tomography. The region of interest (ROI) was coated with a 500 nm
thick platinum layer to protect it from Ga+ ion damage. Additionally,
three Pt fiducial markers were deposited on the ROI to assist with the
alignment of the image stack.
For serial sectioning of the ROI, three trenches were etched around

it and the front face was polished with an ion current of 300 pA. Next,
automated serial sectioning software (Auto Slice & View, Thermo
Fisher Scientific) was used to section and image the specimen with a
tilt of 52°. This tilt causes a visual compression along the y-axis, and
the x and y scale bars are adjusted accordingly to obtain the 3D
reconstruction (Figure 2b). An accelerating voltage of 5 kV was used
for electron beam imaging with a working distance of 5 mm. The slice
thickness in the z direction was 80 nm, and the ion current used for
slicing was 300 pA. Image stacks of 180 images were collected from
three randomly chosen regions of the porous In electrode sample.
Image alignment was performed in MATLAB using the Pt fiducial
markers, and 3D reconstruction of the segmented data was performed
using Dragonfly software (Object Research Systems). Estimates of
porosity, surface area, volume, and tortuosity were also calculated with
Dragonfly. The Dragonfly software computes tortuosity from a three-
dimensional reconstruction by reading segmented images in each
direction (i.e., x, y, or z) and finding all possible curvilinear and
Euclidian paths within the segment. Tortuosity is calculated by
computing the quotient of the curvilinear and Euclidian lengths for all
segments.
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