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Broader context

Direct electrode-to-electrode regeneration of
end-of-life batteries via electrode—electrolyte
interphase dissolution

a

Kiwon Kim,® Chenlu Yang,” Sabine M. Gallagher,® Shuwen Yue and

Vibha Kalra (&) *@

Lithium-ion battery recycling remains constrained by processes that recover metals at the expense of
electrode integrity, while even direct recycling typically requires shredding to black mass followed by
binder removal, separation, and full electrode refabrication. Here, we introduce direct electrode-to-
electrode regeneration (DEER), a simultaneous electrochemical regeneration of used NMC and graphite
electrodes from end-of-life batteries in their intact form by dissolving the passivating electrode—electro-
lyte interphase (EEI). DEER employs 1,3-dimethyl-2-imidazolidinone (DMI), a high donor number solvent
that creates a thermodynamic environment favorable for solubilizing redox inactive EEI components.
DEER dissolves the thick EEI on both used electrodes while preserving electrode integrity, enabling up to
95% capacity regain and improved cycling stability with a residual LiF-rich interphase. Operando Raman,
operando IR, and post-mortem NMR directly track the electrochemically driven dissolution of
carbonate-derived EEI species in the used DMI-based recycling electrolyte. Technoeconomic and life-
cycle analyses show that DEER reduces the cost of recycled cell manufacturing by 56% relative to pyro-
and hydrometallurgy, while lowering energy use and greenhouse gas emissions. Overall, DEER
establishes the first validated pathway to directly regenerate and reuse electrodes harvested from truly
end-of-life batteries, converting the key interfacial bottleneck into a controllable dissolution process and
opening a practical route toward electrode level circularity.

The rapid deployment of lithium-ion batteries for electric vehicles and grid storage intensifies the need for recycling strategies that can shorten the recycling loop
while reducing energy use and environmental burdens. Direct recycling approaches that rejuvenate spent cathode materials have therefore gained attention as a
pathway toward more sustainable battery circularity. However, most strategies are developed on reprocessed powders and remain fundamentally constrained

because of requirements for electrode refabrication and battery remanufacturing. In practical batteries, the accumulation of electrochemically inactive electrode—
electrolyte interphase layers suppresses ion transport and interfacial redox reactions, imposing a primary bottleneck for cathode and anode regeneration. By
reframing the electrode-electrolyte interphase as the primary, addressable bottleneck for electrode reuse, this work establishes interphase engineering as a
foundational design principle for battery recycling. This electrode-level regeneration framework provides a scalable pathway toward closed-loop battery
manufacturing with substantially reduced cost, energy consumption, and greenhouse gas emissions, supporting more sustainable electrification at the system level.

Introduction

highlights the urgent need for sustainable end-of-life (EOL)
management.””> Conventional recycling methods, such as pyr-

As lithium-ion batteries (LIB) emerge as the backbone of ometallurgy and hydrometallurgy, rely on energy-intensive
transportation and energy storage, their exponential growth smelting, and toxic leaching agents, resulting in hazardous

waste.>* In addition, both approaches irreversibly convert

battery active materials into metal alloys or salts of LiOH,
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cling offers promising strategies to minimize active material re-
synthesis and shorten the battery recycling loop.”® Most direct
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or on relithiation of spent active materials such as NMC, LCO,
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and graphite.”"" For instance, structural restoration and
lithium replenishment have been achieved through LiCoMnBO
surface coatings or fluorenone-mediated lithiation of spent
cathode powder, followed by annealing above 800 °C.”'* While
these strategies have effectively restored active materials without
the need for resynthesis, they still rely on producing black mass
powder by shredding batteries, followed by the removal of binders
and conductivity agents and the complicated separation of cath-
ode and anode active materials. The recycled active materials must
then re-enter conventional electrode manufacturing steps such as
slurry mixing, coating, drying, and slitting before cell assembly,
which account for up to 42% of the manufacturing cost and 57%
of the energy consumption in the production of 32-Ah lithium-ion
batteries.®> The resulting economical and logistical barriers to
practical battery recycling remains far from ideal.

A few groups have simulated lithium-deficient cells by limit-
ing the state of charge and regenerated electrodes without
disassembly or dismantling by replenishing lithium using
redox active chemical species such as Li naphthalene com-
plexes or 5,10-dimethylphenazine.'*"® These strategies success-
fully restored a substantial portion of the electrode capacity up to
the initial performance, highlighting the conceptual feasibility of
electrode regeneration as an alternative to powder-based direct
recycling. However, these demonstrations were carried out on
idealized systems with the assumption that the electrode surface
remained accessible and chemically active. Electrodes harvested
from end-of-life cells differ fundamentally from these idealized,
simulated lithium deficient systems.">"” After a few hundred to a
few thousand battery cycles under real operating conditions,
practical cells undergo a complex set of degradation pathways,
including electrolyte decomposition, parasitic reactions, struc-
tural distortions, and transition metal dissolution.'®'® A parti-
cularly critical the continuous growth and
accumulation of the electrode-electrolyte interphase (EEI) layer
on both the cathode and anode.'®?° This aged EEI becomes a
thick, resistive, and chemically heterogeneous layer that sup-
presses ion transport and interfacial charge transfer, while
promoting parasitic chemistry.>">> Because all lithium replen-
ishment and redox-mediated repair reactions operate through
the surface of active materials, a thick and resistive EEI can block
the chemical reaction for battery recycling, making electrode
regeneration fundamentally impossible without first removing
the aged EEI layers.”>** Moreover, recent studies on the diag-
nosis of battery degradation indicate that, up to a state of health
of nearly 80%, performance degradation is dominated not by
structural collapse or irreversible lithium loss but rather by EEI-
layer-driven impedance growth.'” Even though the EEI may be
the primary barrier to the regeneration of electrodes, no existing
battery recycling approach directly targets its removal or recon-
struction, revealing a critical gap in current electrode-level
recycling. An EEI-targeted strategy would not only enable prac-
tical implementation of lithium replenishment concepts but also
allow degraded electrodes to be regenerated in their intact form
while remaining coated on the current collector.

Motivated by this gap, our work starts from the hypothesis
that the accumulated EEI on both the cathode and anode is a

outcome is
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primary bottleneck for electrode-level regeneration. We intro-
duce an electrochemical direct electrode-to-electrode regenera-
tion (DEER) process in which EEI layers on the cathode and
anode are dissolved through electrochemical activation in 1,3-
dimethyl-2-imidazolidinone (DMI), a solvent with a high donor
number (DN). DMI, characterized by its strong electron-
donating capability and elevated molecular orbital energy levels,
creates a thermodynamic environment that selectively dissolves
redox-inactive EEI components. DEER completely removes inac-
tive EEI layers and simultaneously regenerates both NMC and
graphite that perform comparably to pristine ones, while pre-
serving the structural and electrochemical integrity of the
electrodes. DEER restores the capacity of a regenerated elec-
trode up to 95% of its initial capacity and delivers enhanced
cycle stability beyond that of the original cell, supported by the
thin remaining LiF components. Operando Raman, IR (infra-
red), and NMR analyses further confirm that the interphase
dissolution occurs through an electrochemical pathway due to
the favorable thermodynamic environment derived by the high
donicity of DMI. Technoeconomic and life-cycle assessments
show that, despite a modest cost for DMI, DEER delivers higher
recycling profits for processing end-of-life batteries and lower
cost for producing recycled batteries with substantially lower
energy use, greenhouse gas emissions than conventional pyro-
and hydrometallurgy. In contrast to previous direct battery
recycling approaches that rely on structural reconstruction or
lithium replenishment, DEER is the first validated strategy to
reactivate degraded electrodes through EEI dissolution-driven
regeneration, eliminating the need for material breakdown,
resynthesis, and electrode refabrication. Building on this cap-
ability, DEER demonstrates a shortened and practical recycling
loop that aligns with a feasible battery roadmap and delivers
both economic and environmental benefits.

Results and discussion

To explore electrochemical direct regeneration via electrode—elec-
trolyte interphase (EEI) layer dissolution, we use end-of-life (EOL)
lithium-ion batteries exhibiting less than 80% of their original
capacity. The batteries were fabricated with NMC85:05:10 cathodes
and graphite (Gr) anodes. The EEI layer collectively refers to the
solid electrolyte interphase (SEI) and cathode electrolyte interphase
(CEI) formed on the anode and cathode, respectively, and origi-
nates from the decomposition of carbonate-based electrolytes and
LiPFs, producing a complex mixture of Li-organic and Li-
inorganic species.”>*® Here, the EEI layer collectively refers to
the solid electrolyte interphase (SEI) and cathode electrolyte
interphase (CEI) formed on the anode and cathode, respectively,
which originate from the decomposition of carbonate-based
electrolytes and LiPF6, producing a complex mixture of Li-
organic and Li-inorganic species. Although EEI layers initially
contribute to electrode stabilization, they can grow excessively
or become electrochemically inactive during prolonged cycling,
eventually passivating the electrode surface, hindering Li* trans-
port, and reducing the reversibility of the electrochemical

This journal is © The Royal Society of Chemistry 2026
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reactions.”” To address this challenge, we developed an electro-
chemical DEER strategy in which the degraded cathode and anode
are separated from EOL batteries and both electrodes are simulta-
neously electrochemically regenerated in a high DN electrolyte.
DN, introduced by Gutmann, is a quantitative Lewis basicity scale
defined by the enthalpy of 1: 1 adduct formation between a solvent
and SbCl;.”® In battery interphases, a higher DN can strengthen
solvent interactions with Li containing organic and inorganic EEI
species, thereby modulating their solubility, binding strength, and
dissolution equilibrium.”?° Here, electrode regeneration refers to
recycling and reuse of electrodes in their intact form, serving as a
concept distinct from the previous powder-based direct recycling.
Then, the DEER treatment induces dissolution of the inactive EEI
layers on the cathode and anode at the same time. Finally, the
regenerated electrodes are reassembled into new cells (Fig. 1a).
To dissolve accumulated EEI species that cannot be dis-
solved by conventional carbonate electrolytes, DMI was selected
as the recycling solvent for DEER. Compared with the carbonate
electrolyte of EC or DEC, DMI contains N atoms in its molecular
structure (Fig. S1) and exhibits favorable physicochemical and
electrochemical characteristics, including moderate viscosity
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(1.9 Cp at 25 °C), a low melting point (8.2 °C), a high boiling
point (225 °C), and excellent oxidative stability (up to 4.3 V vs.
Li/Li*) (Fig. $2).>' Along with these properties, the occupational
health, safety, and environment (OHSE) aspects of using DMI
support handling comparable to those of conventional battery
electrolyte solvents (Note S1). Additionally, DMI exhibits a high
donor number (29.0 kcal mol™ "), which enables strong electron
donation to EEI species and promotes their chemical/electro-
chemical dissociation (Fig. $3).>> This value is higher than
those of other well-known battery electrolyte solvents, such as
FEC (15.1), DEC (16.5), EC (17.3), DOL (21.3), and DME
(20.1).>'*33** Moreover, DMI also possesses a high dielectric
constant (37.6 at 25 °C), which can potentially promote dis-
solution of EEI components as ionic compounds by stabilizing
the resulting charged species with strong solvation structures.**
To clarify how theoretically DMI promotes EEI dissolution
during DEER, density functional theory (DFT) calculations were
performed to determine the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of DMI and other representative solvents
(Fig. 1b). The highest HOMO energy of DMI indicates that it
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Fig. 1

(a) Schematic diagram of SEI/CEI layer dissolution for direct battery recycling. (b) Calculated HOMO and LUMO energy levels of FEC, PC, DEC, EC,

DMC, DME, DOL, DMI, and DMSO. (c) Radial distribution functions, g(r), between Li* from the organic EEl component of LIOCO,C,Hs and coordinating
solvent atoms in EC, DEC, and DMI. The blue dotted line circles highlight the Li* ion that remains associated with the SEI fragments in EC and DEC, in
contrast to the fully dissociated Li* observed in DMI. (d) Free-energy evaluation along the Li-O separation between the Li* and the organic EEI
component LIOCO,C,Hs in EC and DMI.
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is more likely to donate electrons, especially near the local
region of the EEI layer at the electrode surface.**** In contrast,
the elevated LUMO level compared to other solvents reduces the
propensity for reductive decomposition at the electrode, pre-
venting new EEI formation during DEER.*® As a result, the
theoretical electronic structure of DMI neither induces parasitic
reactions nor promotes the formation of new EEI layers during
DEER. Further molecular-level insights into EEI dissolution were
obtained from force-field-based molecular dynamics simulations.
In EC and DEC solvents, Li" remains associated with the organic
EEI fragment of OCO,C,Hs and is solvated by only three
carbonyl oxygen atoms in the surrounding solvent (Fig. 1c and
Table S1). In contrast, DMI enables full dissociation of Li" from
OCO,C,H;5 by stabilizing a dense mixed-donor shell composed of
four nitrogen atoms and two carbonyl oxygen atoms, resulting in a
broader, multi-site and more densely populated solvation struc-
ture than in EC or DEC. In addition, the DMI solvated system
exhibits a reduced free energy penalty for separating Li" and the
organic fragment, which is consistent with enhanced stabilization
of the dissociated configurations (Fig. 1d). This enhanced solva-
tion environment in DMI suggests the potential for more effective
dissolution of EEI species compared to EC and DEC, conventional
battery electrolyte solvents.

To validate the effectiveness of DEER with EEI layer dissolu-
tion in a high DN solution environment, various electrochemi-
cal protocols and solvents with different DNs were evaluated for
their ability to regenerate end-of-life NMC/Gr cells at 80% of
their initial capacity (Fig. S4-S6). Here, R-NMC and R-Gr denote
the NMC and graphite regenerated by DEER in the DMI
recycling electrolyte, while D-NMC and D-Gr denote degraded
NMC and graphite taken from spent NMC/Gr cells. R-NMC/Gr
refers to a reassembled cell with R-NMC and R-Gr after simul-
taneous DEER treatment of D-NMC and D-Gr in DMI, while
D-NMC/Gr refers to a reassembled cell with D-NMC and D-Gr.
To minimize cell-to-cell variability in evaluating DEER, only
D-NMC/Gr cells exhibiting less than 3% capacity variation prior
to disassembly were used (Fig. S7). Although DMSO with a DN
of 29.8 showed EEI dissolution capability comparable to that of
DMI with a DN of 28 (Fig. S8), it also induced parasitic
degradation of the graphite lattice and PVDF binder, resulting
in poor capacity recovery (Fig. S9). These results support the
role of DN in facilitating EEI dissolution, while demonstrating
that accurate prediction of DEER solvent performance requires
an integrated assessment of electrochemical stability, HOMO/
LUMO levels, dielectric constant, viscosity, solvation structure,
and electrode compatibility. Note S2 provides a detailed expla-
nation and comparison of the different protocols tested. The
regained capacity of regenerated electrodes serves as the pri-
mary metric for evaluating various recycling protocols and
electrolytes for DEER. Among these, cyclic voltammetry (CV)
scanning within the voltage window of 3.0-4.1 V vs. Li/Li"
proved most effective for recovering the capacity of degraded
electrodes from spent NMC/Gr cells (Fig. 2a). While discharge/
charge cycling induces bulk redox reactions, CV scans promote
surface reactions with minimal side reactions, making them
particularly favorable for EEI layer dissolution. Furthermore,
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during the regeneration CV scan, the current density is reduced
by 40% and 20%, respectively, at the 2nd and 3rd scans than
that of the initial scan, indicating the progressive removal of
EEI species that were previously redox inactive in spent NMC/Gr
cells with the carbonate electrolyte. The resistance changes
during DEER are monitored using electrochemical impedance
spectroscopy (EIS) after each CV scan (Fig. 2b and c). Notably,
after three CV scans, the Nyquist plot of the cell using degraded
NMC/degraded graphite closely resembled that of the pristine
NMC/Gr, and equivalent circuit fitting revealed a progressive
decrease in the resistance of the EEI (Rgg). In contrast, the
series resistance of Ry increases slightly possibly due to the
accumulation of dissolved EEI components in the electrolyte,
which increases the internal resistance.’” So R-NMC and R-Gr
are defined as the D-NMC and D-Gr regenerated by DEER after
completing the 3rd regeneration scan in DMI electrolytes. To
further examine the chemical evolution of the electrode sur-
faces, X-ray photoelectron spectroscopy (XPS) was performed
before and after DEER (Fig. 2d). Both original and deconvoluted
XPS spectra are provided in Fig. S10 and S11. In pristine NMC
and Gr electrodes, C-O & C—=O0 components are observed from
conductive carbon additives.*® In contrast, D-NMC and D-Gr
show a notable increase in C-O & C—O species and the
emergence of Li-F, Li-O-C, and Li,PF,0, compounds, reflect-
ing the accumulation of both organic and inorganic EEI com-
ponents on the electrodes.***° Following three CV scans, the
R-NMC and R-Gr electrodes exhibit XPS spectra similar to
pristine NMC and Gr, except for minor residual LiF, which
strongly suggests the successful removal of most EEI species.
The persistence of LiF is attributed to its chemical stability
originating from a high ionic migration barrier of 0.729 eV and a
large bandgap of ~13.6 eV.*"*> Nonetheless, residual LiF can
contribute positively by reinforcing structural stability and miti-
gating further interphase growth.*>** In the Li 1s and F 1s XPS
spectra of D-NMC, R-NMC, D-Gr, and R-Gr, all organic and
inorganic EEI components disappear after regeneration, leaving
only LiF on both R-NMC and R-Gr (Fig. 2e and f). XPS depth
profiling of electrodes before and after regeneration further
demonstrates effective EEI removal. (Fig. 2g and h) While D-
NMC shows progressive changes in its depth profiles of Li, C, O,
and F and approaches the composition of pristine NCM during
Ar' sputtering etching, R-NMC maintains consistent depth pro-
files during etching, representing the removal of the EEI layer
from R-NMC. Similar behavior is observed for the Gr anode, where
D-Gr shows substantial compositional changes during Ar" etch-
ing, whereas R-Gr maintains a stable depth profile. These results
indicate that R-NMC and R-Gr show clean surfaces nearly iden-
tical to pristine electrodes because of the removal of the thick EEI
layers during DEER. Finally, high-resolution transmission electron
microscopy (HR-TEM) images of R-NMC and R-Gr further reveal
clean active material surfaces identical to those of the pristine
electrodes (Fig. 2i-1 and Fig. S12). Whereas D-NMC and D-Gr
exhibit thick EEI layers of approximately 10-20 nm and 30-40 nm,
respectively, after prolonged cycling in carbonate electrolytes,
these layers are completely absent in R-NMC and R-Gr. Multiple
statistically meaningful TEM images of D-NMC and R-NMC are

This journal is © The Royal Society of Chemistry 2026
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Fig. 2

(a) Cyclic voltammetry and (b) Nyquist plots of NMC/Gr and regenerated cells assembled with D-NMC/D-Gr, which are measured at OCV in the

DMl electrolyte during the DEER regeneration scan. (c) The fitted results of R, R, and Rgg, corresponding to the measured Nyquist plots and the c-inlet)
equivalent circuit model for EIS fitting. (d) Relative comparison of the elemental compositions (atom?%) and the corresponding (e) XPS Li 1s and (f) F 1s
spectra of pristine NMC, D-NMC, R-NMC, pristine Gr (graphite), D-Gr, and R-Gr. Color coding of (d) was standardized as follows: C 1s as black, F 1s as
green, O 1s as blue, Li 1s as red, and Ni/Mn/Co 2p as yellow. XPS depth profiles of (g) R-NMC and D-NMC under an Ar* ion energy of 1 keV with
monoatomic mode, and (h) R-Gr and D-Gr under Ar" ion energy of 3.5 keV with monoatomic mode. HR-TEM images of (i) D-NMC, (j) R-NMC, (k) D-Gr,
and () R-Gr before/after electrochemical recycling in DMI-electrolytes. Cathode-electrolyte interphase (CEl) from NMC and solid-electrolyte interphase

(SEI) from graphite are considered as the EEI layer.

shown in Fig. S13 and S14. In addition, HR-SEM images of R-Gr
further represent the clean and exposed graphite morphology
comparable to those of pristine Gr (Fig. S15 and S16). D-NMC and
D-Gr simply soaked in the DMI electrolyte without electrochemi-
cal DEER treatment or with only one CV scan during DEER show
partial dissolution of the EEI layer but incomplete removal (Fig.
S17 and S18). Although the lattice fringes of R-NMC and R-Gr
exhibit subtle phase mixing and lattice distortion by battery
cycling, the bulk crystal structures are largely preserved, which
further suggests that electrode passivation by the EEI in used
NMC/Gr cells is a major contributor to performance degradation
(Fig. S19). Moreover, the unchanged XRD patterns of NMC and Gr
after DEER, with the preserved electrode thickness observed by

This journal is © The Royal Society of Chemistry 2026

SEM, indicate that both the active materials and electrode archi-
tecture remain intact during the electrochemical EEI dissolution
process (Fig. S20 and S21). Taken together, RNMC and R-Gr
treated by DEER show no apparent passivation layers, confirming
not only successful EEI dissolution but also the absence of
additional layer formation induced by the DMI-based electrolyte.

To validate the performance of the regenerated electrodes by
DEER, the cycling stability and rate capabilities of R-NMC and
R-Gr electrodes are evaluated in half-cell and full-cell config-
urations. All cells were reassembled using EC/DEC (1:1 v/v)
with 1 M LiPFs as the electrolyte, keeping all components
identical except for the electrodes. NMC/Gr refers to the cell
fabricated with pristine NMC and Gr. R-NMC/Gr denotes the
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Fig. 3 (a) Voltage profiles of R-NMC and R-Gr in half-cell evaluation with the Li metal. (b) Electrochemical cycle performance, (c) rate capability

measurements, and (d) discharge and charge curves of pristine NMC/Gr, R-NMC/Gr, and D-NMC/Gr-ER (no DEER treatment and only electrolyte refill).
(e) The cycle performance of recycled batteries from commercial-scale pouch cells after DEER treatment. The dq/dy profiles of (f) NMC/Gr and (g) R-
NMC/Gr at 0.5C. (h) Nyquist plots of R-NMC/Gr and D-NMC/Gr at the 1st and 200th cycles, measured at 3.8 V in EC/DEC with 1 M LiPFe during cycling.

cell using R-NMC and R-Gr with fresh electrolyte, whereas D-
NMC/Gr-ER (ER is the electrolyte refill) is the cell reassembled
with D-NMC and D-Gr with fresh electrolyte but without DEER
treatment. R-NMC and R-Gr with Li metal as the counter
electrode after regeneration show capacities of 182.9 mAh g™*
at a 0.2C rate and 370.3 mAh g~ " at a 0.1C rate, respectively,
which are 97% and 98% of the capacities of pristine NMR and
Gr (Fig. 3a). The recovered capacities of R-NMC and R-Gr,
relative to D-NMC and D-Gr, confirm that DEER recovers the
EEI induced performance losses of both the cathode and
anode. Half-cell EIS measurements further show that the
increased resistance of D-NMC and D-Gr decreases to near
pristine levels after DEER, confirming the effective removal of
EEI-associated resistance (Fig. S22). In full cell evaluation, R-
NMC/Gr shows a capacity of 162.9 mAh g~ " at a 0.5C rate after
formation cycle, corresponding to 95% of its initial cell capacity.
In contrast, capacity regain of only 83% of the original capacity
is observed in D-NMC/Gr-ER, demonstrating that electrode
passivation by the EEI was still a major contributor to perfor-
mance degradation (Fig. 3b). Furthermore, after a second con-
secutive regeneration cycle, the third-life recycled battery
exhibited 90% of its original capacity with 153.3 mAh g,
highlighting the repeatability of DEER to already regenerated
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electrodes. In addition, R-NMC/Gr exhibits a capacity of 0.042%
of decay per cycle, which is 1.7 times lower than the 0.072% of
D-NMC/ER, which is attributed to the presence of residual LiF.
Extended cycling up to 1300 cycles shows that R-NMC/Gr shows
an increased capacity decay rate of 0.067% per cycle after 800
cycles, indicating that reaccumulated EEI induces D-NMC/Gr-
like fading behavior (Fig. S23). Thin LiF in the EEI layer is
known to improve structural stability and suppress further EEI
formation by limiting parasitic reactions.*” The rate capability
of R-NMC/Gr from 0.1C to 1C, comparable to that of NMC/Gr,
reveals that Li" intercalation/deintercalation kinetics of R-NMC
and R-Gr remain similar to pristine NMC and Gr electrodes,
indicating that the active materials remained structurally and
electrochemically intact (Fig. 3c and Fig. S24). Based on the
almost identical charge/discharge voltage profiles and specific
capacity between NMC/Gr and R-NMC/Gr, no kinetic loss or no
electrode degradation occurs in R-NMC/Gr during DEER
(Fig. 3d). To assess the feasibility of this approach under more
practical conditions, we extended the DEER treatment to elec-
trodes harvested from 3 Ah NMC811/Gr pouch cells after
2700 cycles of long-term degradation (Fig. S25). Following DEER
treatment in a DMI-based electrolyte, the full cell with recycled
commercial NMC and Gr electrodes shows a recovered capacity

This journal is © The Royal Society of Chemistry 2026
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of 166 mAh g, which is approximately 90.3% of the initial
specific capacity of NMC/Gr in 3 Ah pouch cells (Fig. 3e). More-
over, R-NMC/Gr from pouch cells shows more stable cycle
performance compared to cells reassembled without DEER treat-
ment. Although the harvested NMC and Gr electrodes were not
regenerated at the full 3 Ah pouch cell scale, these results
demonstrate that the DEER chemistry remains effective for
commercially aged electrodes obtained from pouch cells. The
slightly lower regained capacity compared to lab-scale cells can be
attributed to deeper structural degradation in active materials,
loss of reversible lithium, and the inevitable pre-processing and
non-controlled disassembly in industrial settings. To further
demonstrate the enhanced cycle performance of R-NMC/Gr after
regeneration, the differential capacity analysis (dq/dy) curves of D-
NMC/Gr-ER and R-NMC/Gr are analyzed and plotted as a func-
tion of the cycle number (Fig. 3f and g, and Fig. 526). The dq/dy
analysis is particularly effective for identifying phase transition
features and peak shifts linked to impedance evolution, enabling
a clear evaluation of the electrochemical stability of the active
materials over extended cycling.*® In the first cycle, the H2-H3
discharge peak of R-NMC/GR appears at 3.99 V, lower than 4.05 V
observed for NMC/Gr, consistent with residual LiF and minor
degradation of the active materials (Fig. S26). Over long-term
cycling, the dqg/dy profile of R-NMC/Gr exhibits minimal changes
in the positions and intensities of the H1-M, M-H2, and H2-H3
peaks from the 1st to the 200th cycle, whereas NMC/Gr under-
goes a pronounced shift for every peak. This peak shift in NMC/
Gr observed during cycling, despite the use of fresh electrodes
and electrolytes, underlines instability in interfacial redox beha-
vior driven by the progressive accumulation of the inactive EEI

Recycling electrolyte ROLi
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species at the electrodes.*”*® Moreover, the post-mortem XRD
pattern of R-NMC after 200 cycles shows less crystal structure
degradation and lattice shrinkage than that of D-NMC-ER, indi-
cating that the residual LiF layer helps mitigate structural
damage during cycling (Fig. S27 and S28). This LiF-driven inter-
facial stabilization is further confirmed by the higher faradaic
efficiency (FE) of 99.94% of R-NMC as compared to the 99.76% of
D-NMC/Gr-ER (Fig. 3b and Fig. S29). The remaining LiF on
R-NMC/Gr stabilizes the electrode-electrolyte interface, facilitates
charge transfer, and suppresses parasitic reactions, collectively
enabling its improved cycling stability after DEER. The EIS of
R-NMC/Gr further supports EEI dissolution after DEER treat-
ment, as shown by the reduced Rgg; of 30 Q for R-NMC/Gr relative
to 36 Q for D-NMC/Gr (Fig. 3h). After 200 cycles, however, the Ry
of D-NMC/Gr increases by 5-fold, indicating that cathode degra-
dation is accelerated once the state-of-health falls below 80%. In
contrast, the R-NMC/Gr cell shows only a 1.74-fold increase in
Rer, as the residual LiF with the removal of inactive EEI barriers
effectively protects the electrode interface and helps maintain the
structural integrity of the cathode.’”** Both the EIS and dq/dy
analyses demonstrate that regeneration not only recovers the
capacity of end-of-life batteries but also enhances the long-term
cycling stability of the regenerated electrodes.

To elucidate the fundamental mechanism of DMI-based
recycling solutions in the DEER process, the operando Raman
spectra of D-NMC and D-Gr electrodes were collected during the
regeneration CV scan and presented as contour plots alongside
the corresponding voltage profiles from 3.0 to 4.1 V vs. Li/Li"
(Fig. 4a—c and Fig. S30 and S31). A custom-designed operando
Raman cell was employed, in which all inactive cell components
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Fig. 4 The contour map for operando Raman spectra of (a) D-NMC and (b) D-Gr during DEER with EEI dissolution between 3.0 and 4.1V vs. Li/Li*. (c)
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were fabricated with ~1 mm holes to allow the laser to directly
probe the degraded cathode or anode surfaces. Details of the
cell configuration and measurement parameters are provided in
Note S3. The pristine DMI electrolyte shows strong peaks at 581
and 786 cm™ ' (Fig. $32). ROLi (RCOOLI) is identified at 433, 524,
and 901 cm ™!, and ROCO,Li at 1072 cm™*.>**! In the contour
plots, peaks originating from the DMI recycling electrolyte are
marked with black dotted lines, ROLi-related bands with blue
dotted lines, and ROCO,Li-related bands with red dotted lines.
Although the Raman resolution of the Gr electrode is lower due to
its higher carbon content and optical absorption, both electrodes
exhibit similar ROLi and ROCO,Li features located at nearly
identical positions, consistent with the fact that these EEI
components primarily arise from the decomposition of carbonate
electrolytes. Notably, ROCO,Li shows a stronger initial intensity
than ROLI, reflecting its relatively simple formation pathway and
chemical instability, which agrees with previous reports that
suggest that ROCO,Li formation dominates under 0.1-0.5 C
cycling conditions.”® This similarity of EEI species and their
relative composition confirms that the EEI of D-NMC and D-Gr
resembles that of typical spent battery electrodes. The contour
plots reveal a gradual fading of the ROCO,Li and ROLi bands as
the regeneration CV scan progress, demonstrating the disappear-
ance of EEI-related species from both electrode surfaces. For the
NMC electrode, a prominent decrease in peak intensity is
observed during the cathodic sweep from 4.1 to 3.0 V, whereas
the Gr electrode exhibits more substantial changes during the
anodic sweep from 3.0 to 4.1 V. These spectral evolutions closely
correlate with the increase in current between 3.4 and 4.1V in the
CV profile, indicating that the dissolution of ROLi and ROCO,Li
is electrochemically driven rather than purely chemical. Mean-
while, the overall intensity of the DMI-related peaks also slightly
decreases with cycling, attributed either to the formation of
solvation structures between DMI and dissolved EEI species or
to minor autofocus fluctuations inherent to operando Raman
measurement. Collectively, these results demonstrate that the
EEI layer components continuously dissolve into the DMI med-
ium during regeneration, confirming the electrochemical EEI
dissolution mechanism during DEER.

To quantify these spectral changes, the intensity ratios of
ROCO,Li at 1072 cm™ ' and ROLi at 901 cm™ ' (Pgg) relative to
the electrolyte reference peak at 786 cm ™" (Ppyy) were plotted as a
function of DEER progression and the corresponding potential
(Fig. 4d). The ratios of ROCO,Li and ROLi on NMC exhibit a
monotonic decline from around 6 and 2, respectively, reaching less
than 12% and 17% of their initial values after DEER, confirming
the gradual elimination of organic EEI species from the NMC
surface. A comparable trend is observed for the Gr electrode, where
intensity ratios of Pgg; over Ppyy decrease by approximately 27%
during DEER, indicating that EEI components on the Gr anode
side are dissolving simultaneously with the dissolution of the EEI
at the NMC cathode. In addition, although the Pgg;/Ppyy ratio
gradually decreases throughout the entire regeneration CV scan,
the decline in the Pgg/Ppyy at the NMC electrode proceeds more
rapidly during the cathodic sweep, whereas the decrease of Pgg;/
Py on the Gr is more prominent during the anodic sweep. This
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behavior suggests that small amount of organic EEI components
can be chemically dissolved in the DMI electrolyte, while electro-
chemical reactions further accelerate their dissolution at specific
potential regions and sweep. This observation is consistent with
our finding that simple immersion of D-NMC and D-Gr in the DMI
recycling electrolyte restores only about 90% capacity of R-NMC/
Gr, indicating that chemical dissolution results in only partial EEI
removal and that electrochemical protocol is required (Fig. S4).
The operando Raman spectra of D-NMC and D-Gr during DEER
provides direct evidence that the EEI layers are continuously
dissolved into the DMI electrolyte electrochemically or chemically.
Moreover, the distinct decline trends of EEI peaks on both
electrodes represent potential-dependent dissolution of EEI spe-
cies in the DMI medium.

To monitor the EEI species dissolved from the electrodes
during DEER, in-operando attenuated total reflection Fourier-
transform infrared (ATR-FTIR) spectroscopy was performed using
a custom-designed coin-cell setup developed in our laboratory.>>
Compared with Raman spectroscopy, IR spectroscopy possesses a
greater penetration depth of radiation with 2.03 um at 1000 cm !
and a larger spot size of 1.5 mm, enabling comprehensive
detection capability of newly formed or dissolved species in the
electrolyte. To ensure that only the electrolyte region was probed
during cell operation, a window of approximately 2 mm diameter,
larger than the sampling area of the ATR crystal, was introduced
at the electrodes (Note S3). This configuration allowed the IR
beam to interact exclusively with the electrolyte, minimizing
interference from the electrode surface. To sensitively capture
the minute dissolution behavior of EEI components, the absor-
bance variation, A(f) — A(%,), was analyzed over three consecutive
CV scans, with the pristine DMI electrolyte spectrum shown for
reference in Fig. $33.% As illustrated in Fig. 4e, the characteristic
peaks at 841 cm™ " and 776 cm ™, corresponding to ROCO,Li and
ROLI, respectively, gradually increase in intensity during regen-
eration, indicating their accumulation in the electrolyte.”® The
ROCO,Li signal rises more rapidly than ROLI at an early stage of
DEER treatment, consistent with the earlier observation that
ROCO,Li is more abundant on both cathode and anode surfaces
and chemically less stable than ROLI. In contrast, the DMI band at
758 cm ' exhibits negligible intensity variation during regenera-
tion, suggesting that DMI itself neither decomposes nor partici-
pates in parasitic reactions with EEI constituents. This observation
shows that the EEI interphase dissolution is governed by an
electrochemical solvation-driven mechanism enabled by the
high donor number and strong coordinating ability of DMI.

To identify the species dissolved into the DMI recycling
solution, the 'H nuclear magnetic resonance (NMR) spectra of
fresh and used DMI electrolytes were measured (Fig. 4f). The fresh
DMI electrolyte exhibits characteristic peaks at 2.5 and 3.2 ppm,
corresponding to the intrinsic proton signals of DMI, while the
solvent DMSO shows resonances at 2.5 ppm (Fig. S34).>* The
conventional EC/DEC-based electrolyte displays strong carbonate-
derived peaks at 4.49 and 4.11 ppm (Fig. S34), which are also
detected in the used DMI electrolyte, attributed to the trace EC and
DEC residues originally adsorbed on the D-NMC and D-Gr electro-
des. Notably, the used DMI electrolyte exhibits new peaks at 3.41,
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3.61, 3.69, 3.93, and 4.41 ppm, which are assigned to dissolved EEI
species classified as ROCO,Li and ROLi families, including lithium
ethylene di-carbonate (LEDC), lithium ethylene mono-carbonate
(LEMC), fluorophosphate ester (FPE, OPF,(OCH3) and ethylene
glycol bis-methyl carbonate (EGBMC) originating from the catalytic
reaction of LiPFg and EC/DEC during battery cycling.*>*>>® The
peaks of EEI are clearly distinguishable from those of EC and DEC
and match well with previously reported EEI component reso-
nances. This agreement confirms that EEI species on both NMC
and Gr do not decompose in the DMI solution but instead
dissociate through the formation of stable solvation structures.
Moreover, possible cross contamination was examined by "H NMR
analysis of R-NMC and R-Gr after DEER, confirming negligible
residual soluble species on both regenerated electrodes (Fig. S35).
The observation of accumulated carbonate-derived species such as
ROCO,Li and ROLi in the used DMI electrolytes, identified by
operando FTIR and NMR, indicates that the high donor number
and strong solvation capability of DMI drive effective EEI dissolu-
tion during DEER.

Following the establishment of the capacity regain of
R-NMC/Gr and the EEI dissolution mechanism of DEER, we
next assess its economic and environmental viability. As illu-
strated in Fig. 5a, DEER has significantly fewer steps than the
pyrometallurgical (pyro), hydrometallurgical (hydro), and direct
battery recycling processes by eliminating the need for shred-
ding, mechanical disassembly, thermal treatment, materials
leaching, materials synthesis, chemical treatment for recycling,
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and battery manufacturing processes, including electrode fab-
rication. The DEER treatment does not require the extensive
preprocessing needed to produce black mass for hydro and
direct recycling (Fig. S36), as well as the detailed equipment
and process sequence of DEER are much simpler than other
recycling routes (Fig. S37-S39). After DEER, the regenerated
electrodes from the end-of-life batteries can be directly reinte-
grated into the battery manufacturing process.

To evaluate the practical feasibility of the developed DEER,
technoeconomic (TEA) and life-cycle environmental analyses
(LCA) were conducted and compared with pyro- and hydro-
recycling routes. The EverBatt2023 model developed by Argonne
National Laboratory was employed to compare different recycling
pathways.”” A detailed description of the methodology, including
the assumptions and modifications applied in this study, is
provided in Note S4. The total cost of DEER per kg of feedstock
of end-of-life NMC811 cells is 4.50 $ per kggeq, which is slightly
higher than 3.87 $ per kggeeq for pyro and 3.82 $ per kggeeq for
hydro (Fig. 5b). This is primarily because the cost of the DMI
recycling electrolyte accounts for approximately 63% of the over-
all DEER cost (Fig. S40 and Table S2). However, DEER yields
14.34 $ per kggeeq, nearly triple the revenue of pyro- and hydro-
metallurgical processes due to its direct production of regener-
ated NMC cathodes and Gr anodes rather than Li, Ni, and Co
precursors. Therefore, despite its higher recycling cost by DMI
recycling electrolyte, DEER shows a profit of 9.84 $ per kgseed,
outperforming the 1.22 and 2.11 $ per kgg.q of pyro and hydro,
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respectively, and offering better economic viability (Fig. S41).
Beyond the cost and revenue of feedstock recycling, the cell
manufacturing cost was further analyzed to assess the economic
benefits of using regenerated NMC and Gr electrodes. The cost of
cell manufacturing via DEER is 15.25 $ per kg, resulting in
approximately 50% lower cost than the cost of pyro- (26.31 $ per
kg i) and hydro-based (31.07 $ per kg..;) recycling routes due to
the simplicity of the DEER process, operated at room tempera-
ture, together with the elimination of material synthesis and
electrode manufacturing steps (Fig. 5b and Table S3). The cost
breakdown of cell manufacturing via DEER reveals that this
reduction originates from 31% in cathode production, 16% from
electrode-material savings including current collectors, binders,
and solvents, and 9% from fixed costs such as capital and labor
associated with electrode manufacturing, compared to conven-
tional virgin battery manufacturing (Fig. 5¢ and Tables S4
and S5). In addition, the total energy consumption of DEER,
152 M] 1<gcelfi, is about 34% lower than those of the pyro and
hydro routes. Compared with pyro- and hydro-based recycling,
the DEER route delivers substantially lower climate-related
impacts, reducing harmful air pollutants and using considerably
less water than both virgin battery manufacturing and conven-
tional pyro/hydro recycling approaches (Fig. S42). Therefore, the
DEER route yields competitive recycling profits, and enables less
carbon/energy circularity, demonstrating its potential viability in
the future battery recycling industries. Additionally, we note that
63% of the DEER cost is attributed to the cost of DMI recycling
electrolytes and the current calculations do not include solvent
recovery, which would save additional cost. With further devel-
opment and optimization, this solvent cost may be further
reduced by either using cheaper alternatives and/or recycling
the solvent (Fig. S40 and S43 and Table S4). We evaluated intact-
cell DEER by injecting the DMI electrolyte into a custom coin cell
without disassembly, but direct cycling after treatment showed
poor performance (Fig. S44). The capacity was recovered only
after washing and reassembly with fresh LP40, suggesting that
future intact cell DEER will require a system that enables an
outlet for the recycling solvent followed by injection of the
electrolyte. Furthermore, we propose scalable DEER designs for
pouch and prismatic cells, including a custom flow-based intact
pouch cell platform and a conceptual cell architecture for future
treatment without disassembly (Fig. S45). Together with an
envisioned grid energy storage system incorporating controlled
electrolyte circulation and removal, these designs highlight the
potential of DEER for in place regeneration of large format
battery systems.

Conclusion

This work establishes an electrochemical recycling strategy,
DEER, that directly restores end-of-life lithium ion battery elec-
trodes by dissolving the accumulated EEI layers. By dissolving
inactive EEI components through electrochemical activation in a
high donor number environment, DEER regenerates both NMC
cathodes and graphite anodes up to 95% of its initial capacity
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while bypassing conventional electrode manufacturing steps. Oper-
ando spectroscopy and surface analyses show that regeneration is
governed by interfacial accessibility rather than irreversible mate-
rial degradation over a wide range of practical states of health. TEA
and LCA of DEER indicate lower recycled cell manufacturing cost
and energy demand relative to pyro and hydro routes, primarily by
bypassing material re-synthesis and electrode fabrication. Impor-
tantly, this work shifts the paradigm of battery recycling from
material reconstruction toward electrode regeneration without
complicated processes to generate black mass powder via shred-
ding and dismantling. By enabling electrodes harvested from truly
end-of-life batteries to be directly regenerated and reused, DEER
establishes electrode-electrolyte interphase engineering as a foun-
dational design principle for next-generation battery recycling.
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