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ELECTROCHEMISTRY

Closed-loop cathode recycling in solid-state batteries
enabled by supramolecular electrolytes

Jiwoong Bae't, Zhuoying Zhu?, Jiajun Yan®i, Dong-Min Kim'#, Youngmin Ko', Anubhav Jain?,

Brett A. Helms'-3*

Deconstructing solid-state batteries (SSBs) to physically separated cathode and solid-electrolyte particles
remains intensive, as does the remanufacturing of cathodes and separators from the recovered materials. To
address this challenge, we designed supramolecular organo-ionic (ORION) electrolytes that are viscoelastic
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solids at battery operating temperatures (—40° to 45°C) yet are viscoelastic liquids above 100°C, which
enables both the fabrication of high-quality SSBs and the recycling of their cathodes at end of life. SSBs imple-
menting ORION electrolytes alongside Li metal anodes and either LFP or NMC cathodes were operated for hun-
dreds of cycles at 45°C with less than 20% capacity fade. Using a low-temperature solvent process, we isolated
the cathode from the electrolyte and demonstrated that refurbished cells recover 90% of their initial capacity
and sustain it for an additional 100 cycles with 84% capacity retention in their second life.

INTRODUCTION

Solid-state batteries (SSBs) are highly sought after to improve the
safety of electric vehicles (1, 2). However, the manufacturing of
SSBs remains a challenge due to the difficulty in creating conformal
interfaces between solid electrolyte particles and active materials in
battery electrodes (3, 4). Current interfacing strategies implement
high temperature and high pressure to create composite electrodes
from solid electrolytes and active materials and to assemble batteries
comprising them alongside solid-electrolyte separators, metal
anodes, and current collectors. In doing so, SSBs become difficult
to recycle at end of life, owing to the adhesive character of interphas-
es formed during thermal processing (5-8). Solid electrolytes whose
properties facilitate SSB manufacturing, as well as deconstruction
and recycling, at end of life, while offering sustainable SSB perfor-
mance in the use phase, are urgently needed (9).

Here, we show that a tetrafunctional zwitterionic supramolecular
building unit (SBU), 3,3',3”,3"-(1,3,5,7-tetraazaadamantane-
1,3,5,7-tetraium-1,3,5,7-tetrayl)tetrakis(propane-1-sulfonate), net-
works both lithium salts and solvates thereof, creating from them
organo-ionic (ORION) lithium-ion conductors (o = 0.6 mS cm™!
at 45°C; Fig. 1). Notably, these ORION conductors are viscoelastic
solid electrolytes at typical SSB operating temperatures (—45° to
45°C) yet viscoelastic liquids at temperatures of only 100°C. In
the liquidus state, ORION conductors have excellent wetting char-
acteristics for both lithium metal anodes and porous cathodes com-
prising either lithium iron phosphate (LFP) or LiNig sMng 3C0(,0,
(NMC532) active materials. Consequently, ORION SSBs can be fab-
ricated with conformal interfaces to both electrodes using low-
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intensity thermal processing. The assembled ORION SSBs
showed 82% capacity retention after 100 cycles at a rate up to C/2
(0.1 mA cm™?) at a vehicle relevant operating temperature (45°C).
We further demonstrate that ORION solid electrolytes can be recov-
ered from SSBs at end of life using a solvent process, which also
enabled direct cathode recycling. Second-life ORION SSBs recov-
ered 90% of their initial capacity and were able to sustain it for an
additional 100 cycles with 84% capacity retention.

Our findings showcase the intriguing vantage point provided by
supramolecular chemistry when exploring the design space of
ORION conductors to meet ongoing codesign challenges in SSBs
related to manufacturing, performance, and recycling circularity
at end of life. From our molecular dynamics (MD) simulations,
we find that their coordination chemistry across length scales is dis-
tinctive from small molecule, polymeric, and even zwitterionic ionic
liquids (10-16). ORION conductors feature both structural lithium
ions essential for solidification alongside mobile lithium ions essen-
tial for conductivity. These characteristics are broadly tunable
through choice of salts, stoichiometry, and SBUs. Our insights
suggest immense potential in harnessing the unique coordination
chemistry, network structure and dynamics, and ion solvation
and transport in supramolecular ionic solids to advance safer and
more sustainable SSBs.

RESULTS
Physicochemical properties of ORION conductors
To create supramolecular ORION conductors, we hypothesized that
lithium salts could be architected into viscoelastic solids by intro-
ducing to them polyfunctional zwitterionic small molecules,
which, through their high dielectric constant and reversible coordi-
nation to Li", should give a network with sufficient dynamic char-
acter to allow thermal processing of SSBs. We further reasoned that
because the materials comprised only molecular species, we would
retain the ability to recover them using solvent, facilitating battery
recycling at end of life.

To test this hypothesis, we synthesized a tetrafunctional zwitter-
ionic SBU via ring opening of propane sultone with

10f8



SCIENCE ADVANCES | RESEARCH ARTICLE

A _ B (o
LiTFSI DME o5
L 8g o o
Os.-N. 20 0 - ] ‘ 0 @
F3C/(I)| |C|)\CF3 - \/\O 3.0 ..“‘ 80°C ® @]
P "net, 60'C -®
- ]
S04 © PR e
SBU PSBMA ® 35 [ 50°C 7
5 | RPN y 4 e
o g o \
. | 9 =
I/Nj n = @ ORION 1:4 e ¢
g [ oy 404 ¢ ORION 1:2 o
7N/ ® ORION 1:1 u :
¥ \\_\ i \ 20°C T +10°C/step
S0z + - -4.5 T T T T T T
i AP M B0 28 30 32 34 1 2 4
=0s 1000/T (K™) ORION 1:x
D E F
ORION 1:1 ORION 1:1
T T =-633C — .
ORION 1:2 \\4 ORION 1:2
-62.3C s il ORI
ORION 1:4 \_5
\_j\[__ ORION 1:4
LITFSI-DME L-g
- T LITFSI-DME
¢ -31.4°C
Heat flow o
05Wg- 0.05 W g~
-50 0 50 -60 -40 -20 10 15 20 25 30
Temperature ('C) Temperature ('C) 20 (°)

Fig. 1. Physicochemical properties of ORION conductors. (A) Supramolecular ORION conductors comprising lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 1,2-
dimethoxyethane (DME), a tetrafunctional zwitterionic SBU, and a poly(sulfobetaine methacrylate) (PSBMA) viscosity modifier. (B) Temperature-dependent ionic con-
ductivities (o) for ORION conductors featuring an equimolar ratio of LiTFSI and DME and varying molar ratios of SO;™:Li" of 1:x, where x = 1, 2, or 4 and (C) comparison
based on the molar ratio. (D) Differential scanning calorimetry (DSC) of ORION conductors and (E) identification of their glass transition temperatures (7). (F) Powder x-ray
diffraction (PXRD) patterns for ORION conductors and a Li(DME)TFSI solvate crystalline solid.

hexamethylenetetramine (17). We ball-milled this SBU with various
lithium salts, such as lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), noting that across a range of molar ratios of SO; :Li",
the materials generated were glassy, brittle, and difficult to
process thermally, consistent with highly networked material, but
undesirable network dynamics. To decrease the Li" coordination
number likely responsible for this behavior, we replaced LiTFSI
with Li(DME)TFS], i.e., its crystalline solvate with 1,2-dimethoxy-
ethane (DME) (18). At molar ratios of SO;7:Li" of 1:x, where x = 1
to 4, we obtained malleable solids with excellent processability at
remarkably low temperatures, typically below 100°C. For x exceed-
ing 4, we obtained brittle solids because of an overabundance of
Li(DME)TFSI crystals and phase separation. To manipulate the vis-
cosity of these materials in the liquidus state, we found poly(sulfo-
betaine methacrylate)s (PSBMA) useful, which we prepared using
free radical polymerization (19). As a result, we obtained viscoelas-
tic solid at the temperature of 45°C, where electrochemical

Bae et al., Sci. Adv. 9, eadh9020 (2023) 11 August 2023

performance was evaluated (fig. S1). Together, these initial observa-
tions during synthesis suggested notably complex behavior at the
molecular scale translating to bulk materials properties.

To understand the implications of these behaviors on structure—
transport properties of the materials, we prepared a series of
ORION conductors varying in the ratio of SBU to Li(DME)TESI,
keeping the portion of PSBMA fixed at 5% (w/w) relative to the
SBU (Fig. 1A); we considered SO;:Li" ratios of 1:1, 1:2, and 1:4,
as these produced thermally processable solid-ion conductors. We
measured their ionic conductivities over a temperature range of T =
20° to 80°C (Fig. 1B) by using electrochemical impedance spectro-
scopy (EIS) for samples thermally annealed between blocking stain-
less steel electrodes. Overall, ORION 1:2 demonstrated the highest
conductivity: for example, 0 = 0.58 mS cm ™~ for ORION 1:2 at 45°C,
compared to 0.34 mS cm™" for ORION 1:1 and 0.38 mS cm™" for
ORION 1:4. We observed an abrupt increase in ionic conductivity
on heating ORION 1:4 from 50°C to 60°C, suggesting a possible
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phase transition in the material (Fig. 1C). Nonetheless, ORION 1:2
demonstrated the highest conductivity over the temperature region
of interest for SSBs (i.e., from 20° to 55°C), which is comparable or
higher than reported polymer or zwitterionic solid electrolytes (15,
20). When we only increased the LiTFSI ratios, inhomogeneous
mixtures were observed with a substantial drop in terms of conduc-
tivity, suggesting that ORION 1:2 fully used solvation sites (fig. S2).
The activation energy for ORION 1:2 was about 0.44 eV, which con-
firms that ion conduction is not from liquid LiITFSI-DME (0.24 eV;
fig. S3).

To provide a deeper understanding of the thermal properties of
ORION conductors from the perspective of their phase transitions,
we carried out differential scanning calorimetry (DSC) over a tem-
perature range of —80° to 90°C (Fig. 1, D and E). Li(DME)TFSI ex-
hibits a melting point of ~62°C. For ORION conductors with 1:1
and 1:2 ratios of SO;:Li", we see complete dissolution of the Li(D-
ME)TESI solvate crystal into the SBU, such that there are no longer
observable melting transitions and instead only glass transitions of
Ty =—63°C and —62°C, respectively. At the highest loading of Li(D-
ME)TFSI in the ORION conductor, we evidenced a melting transi-
tion at 50°C, as well as cold crystallization behavior at —10°C; both
characteristics are exclusive to ORION 1:4. This indicates that
ORION 1:4 is overloaded with Li(DME)TFSI and that small crystal-
lites with a lower-than-bulk melting temperature persist in the ma-
terial. Accordingly, we interpret the increase in ionic conductivity
above 50°C to the melting of these crystallites, which produces more
mobile ionic charge carriers than were available at lower
temperatures.

The emerging picture is that ORION conductors are able to
network Li(DME)TFSI into viscoelastic solid-ion conductors,
whose processability and conductivity benefit from improved
network dynamics tied to DME and its role in modifying the Li*
coordination chemistry. However, there is an upper bound above
which Li(DME)TFSI can be incorporated without also incurring
the formation of crystal-in-glass composites. This is further sup-
ported by the powder x-ray diffraction (PXRD; Fig. 1F). Whereas
the crystallinity of Li(DME)TFSI completely subsides in ORION
1:1 and 1:2, it rises in ORION 1:4, concurrent with the amorphous
phase. This behavior is apparently driven by strong interactions
between Li" and SO;7, as seen in the amorphization of LiTFSI
when the SBU is present and DME is absent (fig. S4).

Solid solvation of lithium ions in ORION conductors

To understand how lithium salts were distributed in ORION con-
ductors, we carried out MD simulation for ORION 1:1, 1:2, and 1:4
materials (Fig. 2), extracting from the simulations’ representative
coordination motifs depicting Li*, DME, and SBU (Fig. 2, A to
C), as well as spatial relationships among SBUs (Fig. 2, D to F).
Notably, we found that in the condensed phase, sulfonate end
groups of the SBU were more strongly coordinating to Li" than
DME or TFSI™, as evidenced in the changes in coordination
number at different Li*:SO; ™ ratios (Fig. 2G and fig. S5).

For ORION 1:1 materials, the SBU sulfonates are predominantly
coordinated to 82% of the desolvated Li" ions (Fig. 2A). In addition,
45% of the desolvated Li" ions bridge neighboring SBUs, forming a
dense supramolecular network (Fig. 2D). The percentage of desol-
vated Li" ions categorized by numbers of neighboring sulfonates are
depicted in Fig. 2H and table S1. Free DME in ORION 1:1 material
segregates to the tetraalkylammonium core of the SBU with short
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O—H bond distances (2.3 to 2.8 A), suggesting that hydrogen
bonding may dictate that behavior (fig. S6). Together, these simu-
lations corroborate our earlier findings that zwitterionic SBUs
provide an effective solid-solvation environment for Li(DME) TFSI
in ORION 1:1 materials, promoting the formation of a highly net-
worked brittle and glassy solid, evidenced by a high degree of net-
working of 89% (see fig. S7).

In ORION 1:2 materials, we likewise observed a supramolecular
network, consisting of desolvated Li" ions bridging neighboring
SBUs through coordination to their sulfonates (Fig. 2B). Compared
to ORION 1:1 materials, ORION 1:2 materials exhibited a lower
degree of networking (69% for ORION 1:2 versus 89% for
ORION 1:1; Fig. 2E and fig. S7). Free DME also engaged in hydro-
gen bonding to the SBU, as was the case with ORION 1:1. Solid sol-
vation and speciation of Li" in ORION 1:2 materials were notably
more complex: For example, we observe network terminations, con-
sisting of 44% of Li" bound to only one sulfonate, with the remain-
ing coordination sites taken up by DME and TFSI™; we also find
that 37% of Li" is unbound from the sulfonates (Fig. 2H and table
S1). These new species are likely responsible for the higher ionic
conductivity, along with gains coming from lower network
density. In the case of free TFSI™, they also form hydrogen bonds
with the core of the SBU and C—H bonds in the pendants, partic-
ularly those adjacent to the sulfonate and tetraalkylammonium
core. Such interactions may stretch the sulfonate arms, contributing
to the segmental movement, which is assumed to improve Li* ionic
conduction. While DME prefers to be coordinated only with Li"
ions and the core of the SBU, TESI™ exhibits unbiased interactions
with all the molecules including Li* ions, playing a role as a medi-
ator in the supramolecular system (fig. S8).

In stark contrast, for ORION 1:4 materials, SBUs interacting
with Li" were largely isolated or exhibited only short-range cluster-
ing behavior (fig. S9 and table S2); there was little network forma-
tion (Fig. 2, C and F). The degree of networking was reduced to 41%
(fig. S7), and 60% of Li* ions did not bond to any of the available
sulfonates, while those that did (33%) formed as network termina-
tions (Fig. 2H). Moreover, there were insufficient numbers of sulfo-
nate groups to associate with all of the available Li(DME)TFSI: Most
of the SBU sulfonates were already bounded with at least one Li* ion
nearby (see table S3). What remained of Li(DME)TFSI, unassociat-
ed with the SBUs, also exhibited crystallinity but less than might
otherwise be expected, suggesting that SBU suppressed crystalliza-
tion of the solvate. These simulation results were consistent with our
DSC and PXRD data (Fig. 1). The architectural features in ORION
conductors create unique coordination environments for facilitat-
ing ion conduction pathways, processability, interface and inter-
phase creation, and resilience to volume changes in all solid-state
cells, which are discussed below in turn.

lon transport in ORION solid electrolytes

Chemomechanical properties of solid-ion conductors dictate their
behaviors as solid electrolytes in batteries and other electrochemical
devices, particularly for devices featuring metal anodes undergoing
reversible plating and stripping (21, 22). As noted above, ORION
conductors feature, to varying degrees, both structural and mobile
Li", depending on the ratio of Li":SO5™. To understand how solid
solvation and Li" speciation affects their transport properties, we
determined the critical current density at 45°C in Li-Li symmetric
cells assembled with ORION 1:1, 1:2, and 1:4 conductors as solid
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Fig. 2. MD simulations of ORION conductors. Snapshots of MD simulations of (A) ORION 1:1, (B) ORION 1:2, and (C) ORION 1:4, showing the interaction among SBU, Li*,
and DME (TFSI™ has been removed for clarity). Blue molecules, SBU; purple spheres, Li*; green molecules, DME; and small red spheres, oxygen atoms where Li* ions may
coordinate. Simulated snapshots of SBU distributions in (D) ORION 1:1, (E) ORION 1:2, and (F) ORION 1:4. (G) Coordination number (CN) of Li* with O atoms in SBU, DME,
and TFSI~. PSBMA was not considered in the whole MD simulation for clarity. (H) The percentage of Li* ions that are coordinated with 0, 1, 2, 3, or 4 SO;~ compared to the

total number of Li* ions.

electrolytes (Fig. 3, A to C) (23). ORION 1:1 solid electrolytes ex-
hibited the highest overpotentials by comparison to ORION 1:2 and
1:4 materials for lithium metal plating (and stripping) at a given
current density. Divergences in overpotential with time, evidencing
kinetic limitations, allowed us to quantify the critical current
density of ORION 1:1 solid electrolytes as 0.30 mA cm™>
(Fig. 3A). For ORION 1:2, solid electrolytes, which showed the
highest ionic conductivity (Fig. 1B), demonstrated improved Li*
plating and stripping behaviors with lower overpotentials and a

critical current density of 0.40 mA c¢cm™> (Fig. 3B). ORION 1:4
solid electrolytes, which are crystal-in-glass composites, initially ev-
idenced large overpotentials for lithium plating/stripping and lastly
soft short-circuiting, even at the lowest current density tested (0.10
mA cm™%; Fig. 3C). The high performance of ORION 1:2 can be
attributed to favorable solvation environments, especially majority
of Li" ions bound to only one sulfonate, as well as the well-formed
network, harnessing chemomechanical properties for both ion
transport and mechanical integrity. These behaviors are intriguing
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Fig. 3. Chemomechanical properties of ORION conductors in Li* plating and stripping. Critical current density measurements of (A) ORION 1:1, (B) ORION 1:2, and (C)
ORION 1:4. (D) Long-term Li* plating/stripping cycling test with ORION 1:2 with the cycling range of 0 to 500 cycles. The inset shows three specific ranges of 1to 2,251 to
252, and 499 to 500 cycles. All electrochemical tests were conducted at 45°C in a Li-Li symmetric cell.
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in that lithium coordination in these supramolecular solid electro-
lytes has profound effects on their structure—transport proper-
ties (24).

With the best-performing supramolecular solid electrolyte,
ORION 1:2, we further investigated long-term cycling behavior
for lithium plating and stripping in a Li~Li symmetric cell at 45°C
(Fig. 3D). With a current density of 0.10 mA cm™?, which is below
the critical current density, ORION 1:2 solid electrolytes demon-
strated stable cycling performance for 1000 hours (i.e., 500 cycles
consisting of an alternating sequence of plating and stripping,
each for a duration of 1 hour). The enlarged voltage profiles show
that the overpotential slightly increased after 500 cycles, but the
voltage plateaus are stable without divergence, where neither den-
drites nor kinetic limitation was observed (Fig. 3D, inset). This sug-
gested to us that the interphase generated between ORION 1:2 solid
ion conductors and lithium metal was relatively stable over time
(25-27). To provide evidence that this was the case, we carried
out EIS of the symmetric cells over time at both 45° and 60°C,
where the salient features were largely unchanged over a period of
10 hours (fig. S10).

Solid-state battery performance and closed-loop cathode
recycling

Creating conformal interfaces in SSBs during battery assembly
remains a challenge, owing to the hardness of constituent materials
(28-31). We hypothesized that viscoelastic ion conductors, partic-
ularly those with a low-temperature transition between solid and
liquidus states could maximize the interfacial area between the elec-
trode and electrolyte materials. This would require that the supra-
molecular ORION solid electrolyte favorably wet the anode,
cathode, and separator. To test this hypothesis, we melt-infiltrated
conventional slurry-coated cathodes with the ORION 1:2 solid elec-
trolyte by introducing ball-milled ORION 1:2 solid powders

A Solid powder ORION —l

T=100C
Cathode
D
As-assembled cell
) ORION/Li metal
Aluminum ] interface
Cathode — l
ORION —>

Li metal —>

g

Viscoelastic liquid —l
-

Li metal

(Fig. 4A) to all-solid-state lithium metal cells, raising the tempera-
ture of the cell to 100°C for 5 min (Fig. 4B and fig. S11) and allowing
the cell to cool to ambient temperature to solidify the electrolyte
(Fig. 4C). We carried out synchrotron hard x-ray tomography in
cells as assembled and after thermal annealing to characterize
changes and the extent of interfacial coherence at lithium metal
and within the pores of the cathode and separator [here, a woven
mesh comprising polyethylene terephthalate (PET); Fig. 4, D and
E] (32-34).

As assembled, the ball-milled ORION 1:2 solid electrolyte
(which has not yet been thermally annealed) showed a dispersion
of Li(DME)TEFSI crystallites that manifest in the tomogram with
highly contrasting features (Fig. 4D). The interface between Li
metal and ball-milled ORION 1:2 materials was also rough
(Fig. 4D, enlarged region). After 5 min at 100°C, Li(DME)TFSI
crystallites were completely dissolved into the matrix comprising
the zwitterionic SBU and polymeric viscosity modifier (Fig. 4E).
The in situ formation of ORION 1:2 solid electrolyte and its infil-
tration into the separator and cathode produced a conformal inter-
face at lithium metal (Fig. 4E, enlarged region) and the separator,
whose weave we observed in cross section with no apparent aberra-
tions in the interface with ORION 1:2 solid electrolytes. We further
surmised the extent of cathode infiltration from the evolution in
contrast from dark (empty pores) to light (ORION-filled pores)
in that region of the tomogram and throughout the porous
cathode from that perspective. This suggested to us that all solid-
state ORION-infiltrated lithium metal cells should exhibit reversible
cycling behavior, as all active materials necessary for cell cycling
were in contact with the solid electrolyte after thermal annealing.

To understand how establishing conformal interfaces affects all-
solid SSB performance with ORION 1:2 materials in place, we
cycled Li|ORION|LFP cells at a current density of either 50 pA
cm ™2 (Fig. 5, A and B) or 100 pA cm ™2 (Fig. 5, C and D), which

C Viscoelastic solid —l

» =

Heat-treated cell

Fig. 4. Fabrication of solid-state cells with ORION conductors. (A) Fabricating all solid-state lithium metal cells from ball-milled ORION powders, which are initially
sandwiched between a porous cathode and Li metal anode. (B) At and above 100°C, ORION conductors are viscoelastic liquids that infiltrate porous cathodes while also
conforming to the Li metal surface. (C) After cooling, the ORION conductor solidifies, creating an all-solid-state lithium metal cell. Synchrotron hard x-ray tomography
images of (D) an as-assembled ORION SSB and (E) an ORION SSB after thermal conditioning.
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Fig. 5. Cell performance and closed-loop cathode recycling. (A and C) Voltage profiles and (B and D) cycling performances of Li|ORION|LiFePO, batteries under (A and
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are ~0.25 C and 0.5 C (1 C = 150 mA g~ "), respectively. Both cells
achieved a specific capacity close to the theoretical capacity of LFP.
Cells cycled at a current density of 50 pA cm ™~ retained 85% capac-
ity after 100 cycles, while those cycled at 100 pA cm ™ retained 82%
capacity over the same period. Coulombic efficiency in both cases
was higher than 98%. We also tested the voltage stability window of
ORION 1:2 ion conductors and the cycling performance in Li|OR-
ION|LiINMC532 all-solid-state cells at reversibly cycled at a current
density of 200 wA cm >, where after 500 cycles, the cells retained a
Coulombic efficiency higher than 99% after 500 cycles (figs. S12 and
S§13); we observed no shorting behavior. Together, these data indi-
cate that ORION conductors are versatile in their ability to exploit a
low-temperature solid-liquid phase transformation and favorable
wetting characteristics to fabricate all-solid-state lithium metal
cells that are rechargeable for hundreds of cycles. Owing to the re-
markably slow area-specific impedance rise over time (fig. S14), we
that reasoned it might be also feasible to deconstruct the all-solid-
state cells, taking advantage of the solubility of ORION conductors,
and close the loop in direct cathode recycling.
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To demonstrate direct cathode recycling potential with Li|OR-
ION|LEP (Fig. 5, E to G), we cycled it at a current density of 40
uA cm ™ until the capacity retention was ~90% of the initial capac-
ity (Fig. 5E). We then disassembled the cell and immersed the LFP
cathode in DME to dissolve the supramolecular solid ion conductor
(Fig. 5f). We reassembled this cathode into a recycled Li|OR-
ION|LFP cell and again subjected it to reversible cycling at 40 pA
cm ™ (Fig. 5G). The recycled ORION cell showed initial capacity of
~90% compared to the capacity before direct cathode recycling. The
slightly lower capacity is likely attributed to changes in mechanical
integrity of the composite cathode, which may occur during disas-
sembly. Notably, the recycled LFP cathode demonstrated 84% ca-
pacity retention after 100 cycles compared to the capacity of the
second cycle of refurbished cell (assuming the first cycle was a for-
mation cycle). The capacity fade rate before recycling was —0.14%
per cycle (cycles 2 to 43 in Fig. 5E) while —0.19% per cycle (cycles 2
to 100 in Fig. 5G) after recycling. Thus, direct cathode recycling
achieved similar long-term performance to the fade rate, capacity
retention, and underlying Coulombic efficiency of a pristine LFP
cathode [85% capacity retention from Fig. 5 (A and B)].
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DISCUSSION

As the battery community contemplates the long-term prospects for
achieving safe and stable operation of large vehicular powertrains
for heavy transport, the elevation of SSB chemistries is at the fore-
front of discussion as is their underlying potential for resource re-
covery through chemical recycling (35-39). Whereas circularity and
direct cathode recycling has been challenging to achieve with all-in-
organic SSBs, we see exciting prospects for soft solid-ion conductors
to meet codesign criteria across manufacturing and the use phase
and at end of life. Moreover, revealing the underpinnings of these
opportunities from fundamental supramolecular principles linking
their structure—transport—processing—performance—recycling char-
acteristics suggests rich areas of intrigue to explore long into
the future.

MATERIALS AND METHODS

Preparation of ORION conductors

ORION powder was prepared in an argon glove box. SBU, LiTFSI,
and DME were mixed with a ratio of SO;:Li":DME = 1:1:1, 1:2:2,
and 1:4:4 for ORION 1:1, ORION 1:2, and ORION 1:4, respectively.
PSBMA was then added to the mixture with an amount with respect
to the 5 weight % of SBU. All of the mixture was ground by mortar,
which turns the mixture into a yellowish paste. After aging for 2 days
in a glass vial in an argon glove box, the mixture solidified. The solid
powder was ground by mortar again, and a fine white powder of
ORION can be obtained finally.

Materials characterization

DSC was performed using TA Instrument DSC 2500. A set of T-
zero hermetic pan and the T-zero press was first transferred into
a glove box filled with argon. The pan was tared, and an aliquot
of the sample was weighed inside the pan. Then, the pan was
pressed and transferred to the autosampler of the instrument,
which was equilibrated at —90°C. After 5 min of isotherm, the tem-
perature was ramped at 10°C min™" to 90°C and held for an addi-
tional 5 min before ramping back to —90°C. The same cycle was
repeated five times. The second cycle was reported when no appar-
ent difference was seen in cycles 2 to 6. XRD was conducted using a
Rigaku MiniFlex 6G x-ray diffractometer, operated with a Cu Ka
radiation with 600 W of x-ray source at 40 kV and 15 mA. To
avoid exposure of ORION to ambient air, particularly moisture,
the XRD samples were prepared in an argon glove box, where 10
to 20 mg of ORION was sealed in an air-tight holder with a beryl-
lium window. 'H nuclear magnetic resonance (NMR) was per-
formed using a Bruker Avance 500 NMR spectrometer.
Deuterium oxide was used as the solvent.

Electrochemical characterization

Electrochemical studies were performed using CR2032 coin cells.
The conductivity and EIS impedance were measured by BioLogic
VMP3 in an environmental chamber for temperature control. Li
symmetric cell test, Lij ORION|LFP and Li|ORION|NMC cell test
were carried out in an oven at 45°C. For the critical current
density test, Li symmetric cells were allowed to rest for 12 hours;
then, three formation cycles of 0.10 mA cm™> for 5 hours and
rest for 2 hours were applied. The critical current density was mea-
sured with 2 hours of plating and 2 hours of rest starting from 0.10
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mA cm ™ with intervals of 0.05 mA cm™. Li symmetric cycling per-
formance was conducted under 0.10 mA cm™? for 1 hour per step.
For the linear sweep voltammetry test, Li| ORION|stainless steel
cells were assembled in a coin cell. Then, voltage was swept from
open circuit voltage to 5 V versus Li/Li" with a scan rate of 0.1
mV s~'. LFP and NMC cathodes were prepared by slurry coating
on an aluminum current collector with 8:1:1 ratio of active materi-
al:Super P:polyvinylidene fluoride in N-methyl-2-pyrrolidinone
(NMP) solvent. The coated electrode was dried at 120°C in
vacuum. The active material loading is 1.0 to 1.2 mg cm™>. For
the cycling performance, the Li|ORION|LEP cell was tested under
a current density of either 0.05 or 0.1 mA cm™2, while 0.04 mA cm™>
was used for the recycling test. The Li|lORION|NMC cell used a
current density of 0.2 mA cm > For all the cell tests, ORION
powder was pressed with a PET mesh that turns into a pellet of
ORION. The PET mesh is about 0.3 mm with 50% porosity.

Synchrotron hard x-ray microtomography

Li|ORION|NMC cells were assembled and sealed in Al-laminated
pouches in an argon glove box. For the heat-treated cell, a pouch
was heat-treated in a vacuum oven at 100°C overnight. Monochro-
matic hard x-ray (23 keV) microtomography was then carried out
on beamline 8.3.2 at the Advanced Light Source at Lawrence Berke-
ley National Laboratory. The samples were rotated 180° under the x-
ray, and the shadows cast by the samples were converted to image
stacks with ~1104 images in each stack. The stacks were resliced
with Image]J software to obtain an aligned image stack. Dragonfly
software was used to display three dimensionally from the
image stack.

Supplementary Materials
This PDF file includes:

Figs. S1 to S14

Tables S1 to S3
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