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SUMMARY

Metastable states provide unique opportunities to access functional materials inaccessible through conven

tional equilibrium pathways. Here, we employ this path dependency to enable safe storage and supplemen

tation of capacity in lithium (Li) batteries, compensating for irreversible loss of Li caused by its high reactivity. 

We introduce a strategy of storing Li as a metastable Li-Cu alloy phase with characteristic thermo-electro

chemical hysteresis—the phase is accessible only through a thermal process, inhibiting electrochemical 

re-alloying with Cu during cycling. The Li-Cu current collector (CC) demonstrates on-demand capacity 

extraction of up to 2 mAh cm− 2 for extended cycle life in Li batteries. The high extraction potential of the 

Li-Cu alloy (1.2 V vs. Li/Li+) allows intentional activation by a designed protocol while otherwise remaining 

inactive within the conventional operating window. This approach transforms CCs into a Li reservoir with 

on-demand capability via hysteretic pathways, offering a promising design platform for high-energy-density 

batteries.

CONTEXT & SCALE Lithium-ion and lithium-metal batteries consistently lose a fraction of their usable lithium 

during cycling, as reactive lithium reacts with electrolyte molecules to form the solid-electrolyte interphase, 

which contributes to the formation of electrically isolated ‘‘dead’’ lithium. This irreversible loss of active 

lithium is one of the fundamental challenges limiting capacity retention of batteries. Prelithiation—adding ex

tra lithium to the cell components—can offset the initial loss, but the added lithium is typically released within 

the first few cycles and cannot be stored or supplied later, when the battery is degraded. A true lithium reser

voir would instead store lithium safely, remain dormant during normal operation, and release lithium only 

when needed. 

Here, we show that a metastable lithium-copper alloy can serve as such a reservoir. Prepared by a simple 

thermal treatment, the alloy is introduced directly as the current collector—an inactive part of the cell— 

and stores lithium in a state that is not accessible through electrochemistry at room temperature. Because 

the stored lithium is held at an unusually high potential, it stays electrochemically silent during ordinary 

cycling and is released only when a deliberately designed protocol activates it. This decoupling of storage 

from release, enabled by thermo-electrochemical hysteresis, allows lithium to be supplemented on demand 

at any stage of a battery’s life, extending cycle life in both lithium-metal and lithium-ion configurations. This 

work demonstrates that, with appropriate optimization, metastable phases can be exploited to introduce 

added functionality to energy-storage materials at larger, practical scales. 

Joule 11, 102632, February 17, 2027 © 2026 Elsevier Inc. 1 
All rights are reserved, including those for text and data mining, AI training, and similar technologies.
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INTRODUCTION

Metastable states provide a unique opportunity to access mate

rial states with desirable properties that are challenging to reach 

through standard equilibrium chemistry. These states are typi

cally achieved by following path-dependent transformations, 

and the final composition and crystal structure of materials are 

determined by the sequence of synthetic routes—thermal, 

chemical, or electrochemical. By exploring these non-equilib

rium pathways—often referred to as synthetic hysteresis—mate

rials can be stabilized in specific compositions without sponta

neous relaxation. While this approach has already led to 

functional breakthroughs in fields like metallurgy,1 magnetism,2,3

and catalysis,4 its application toward creating additional func

tionalities in energy storage by decoupling synthetic and activa

tion pathways remains largely unexplored. In this context, such 

path-dependent pathways offer an effective strategy to effec

tively manage the active lithium (Li) inventory, which is the key 

to overcoming the fundamental limits of long-term capacity 

retention.

Retaining reversible capacity over longer cycles is a funda

mental requirement for the development of Li batteries with 

high-energy density.5 However, the continuous buildup of the 

solid-electrolyte interphase (SEI), a passivation layer formed by 

the decomposition of electrolyte at the strongly reducing anode 

surface, and accumulation of electrically isolated (‘‘dead’’) Li are 

still remaining challenges that lead to persistent loss in the active 

Li inventory.6–9 To mitigate the Li loss, approaches including 

electrolyte engineering,10–13 artificial SEI,14–16 and Li host mate

rials17,18 have been extensively designed to facilitate the forma

tion of stable SEI layers. Despite these efforts, complete preven

tion of irreversible capacity loss is still not feasible within the 

current battery architecture.

Prelithiation, the introduction of extra Li capacity to battery 

cells, has emerged as a promising strategy for improving battery 

capacity.19 The additional Li capacity in various forms, including 

prelithiation reagents to anodes and cathodes,20–23 adding a thin 

Li metal on the anode,18,24,25 or synthesizing Li-rich cathode 

materials,26 compensates for the loss, thus improving initial 

Coulombic efficiency (ICE) and extending the life of the battery. 

Despite the recent progress, extraction potentials of these mate

rials lie within the electrochemical operating window of elec

trodes, leading to an unavoidable Li release within the first few 

cycles, which precludes temporal control and long-term storage. 

A true reservoir should (1) store Li for longer cycles, (2) remain 

electrochemically inactive during cycling, and (3) release Li on 

demand when the battery is degraded. Enabling on-demand 

rejuvenation of reversible capacity at later cycles is desirable 

but not yet achieved.

Here, we propose Li-Cu alloy as a Li reservoir that can supple

ment capacity on demand in Li batteries. Thin Li-Cu alloy current 

collector (CC) prepared by thermal annealing provides control

lable areal capacity ranging from 0.5 to 2 mAh cm− 2, and its prop

erties, such as crystal structure and diffusion mechanism, are re

vealed by empirical and theoretical analyses. The high reduction 

potential of the Li-Cu alloy (1.2 V vs. Li/Li+) enables both an in

crease in the chemical stability of the alloy compared with metallic 

Li (Li0) and selective access to the Li source by elevating the anode 

potential. This prelithiated capacity can be extracted without re-al

loying at any stage during cycling to reach ∼100% and 210% of 

ICE for graphite (Gr) anodes and Li metal anodes, respectively, 

implying applicability in both Li-ion batteries (LIBs) and Li metal 

batteries (LMBs). Lastly, we demonstrate the on-demand Li 

extraction of Li-Cu CC in full cells using LiNi0.8Mn0.1Co0.1O2 

(NMC811) cathodes with a considerate design of discharging pro

tocols and rejuvenate cell capacity during cycling. Our concept of 

utilizing a metastable Li-Cu alloy phase as a CC not only improves 

the chemical stability of Li and provides a boost in capacity when 

needed for prolonged cycle life but also concurrently utilizes the 

inactive component of the battery.

RESULTS AND DISCUSSION

Design of metastable Li reservoir

The following criteria should be met for an optimal Li reservoir to 

facilitate effective on-demand Li extraction. (1) Li should be 

stored in a chemically more stable form to minimize chemical 

corrosion during cycling. Given the low reduction potential of 

Li/Li+, it is beneficial to store Li in a phase of elevated potential. 

(2) Li should not be released during the standard operating 

voltage window. By decoupling extraction steps with specialized 

protocols from normal cycling conditions, the reservoir can 

selectively supplement Li through careful designing of the 

cycling sequence.

We discovered that Li-Cu alloy would satisfy the criteria based 

on its unique properties. (1) Li-Cu alloy phase becomes acces

sible by thermal treatment at a high temperature (>180.6◦C) 

(Figure 1A).27–30 At room temperature, Li and Cu do not prefer

ably form an alloy electrochemically or chemically owing to 

slow kinetics, showing hysteretic behavior.31,32 (2) Reduction 

potential of the Li-Cu alloy (1.2 V vs. Li/Li+) is above the normal 

operating window of anodes.29 The existence of two-phase re

gions of face-centered-cubic (FCC)-(Cu) and Li at T > 180.6◦C 

hints at the solubility of Li in a solid solution, overcoming low Li 

solubility in FCC-(Cu).33 In addition, a high reduction potential 

of Li in Li-Cu alloy insinuates lower electrochemical reactivity in 

this phase, suggesting notable stability for a Li reservoir.

We fabricate Li-Cu alloy foil from commercially available thin 

Li on Cu foil with good interfacial contact between them. At 

T > 180.6◦C, molten Li diffuses into the Cu potentially through 

grain boundary (GB) diffusion followed by alloying of grains.31

Subsequently, Li-Cu alloy foil is introduced into batteries as a 

prelithiated CC. In a discharge step within a conventional oper

ation window, Li-Cu alloy CC remains electrochemically silent 

because it has not reached the potential to release Li (step I 

in Figure 1B). By contrast, during a special discharging protocol 

in which the anode reaches higher potential (>1.2 V vs. Li/Li+), 

the prelithiated CC starts to release additional Li+, providing ex

tra capacity (step II in Figure 1B). This Li extraction step is 

accessible selectively by manipulating cycling protocols, allow

ing on-demand extraction of Li from the Li-Cu CC to rejuvenate 

battery capacity and extend capacity retention. Furthermore, 

we demonstrate that Li-Cu alloy CC provides a significant 

improvement over conventional Cu CC in reversible capacity 

owing to its capability to selectively extract additional Li 

(Figure 1C).
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Fabrication and structural analyses of Li-Cu alloy

To prove our concept, we synthesized the Li-Cu alloy foil by an

nealing commercial thin Li (20 μm) on Cu foil (11 μm) (Li/Cu foil 

(Figure S1), Li atom % ∼62.3%) in an oven (Ar glove box, 

400◦C), followed by rapid natural cooling at room temperature. 

A fixed temperature of 400◦C was selected based on the temper

ature boundaries of the two-phase region between liquid Li and a 

CuxLi phase without intermetallic compounds and used as the 

reaction condition for all annealing experiments.33 Rapid cooling 

step facilitates the alloy phase to remain as a metastable state at 

room temperature. The time of annealing varied from 0 (pristine) 

to 0.5, 1, 2, and 3 h, denoted by Li-Cu-0, Li-Cu-0.5, Li-Cu-1, Li- 

Cu-2, and Li-Cu-3, respectively.

We performed X-ray diffraction (XRD) to confirm the emer

gence of the Li-Cu alloy phase with thermal annealing 

(Figures 2A–2C). After 0.5 h of annealing, we observed charac

teristic peaks of the Li-Cu alloy at 2θ = 42.9◦, 50◦, and 73.4◦, cor

responding to an FCC unit cell (a = b = c ∼ 3.645 Å) larger than 

that of Cu (a = b = c ∼ 3.615 Å)29 (Figures 2A and S2). Larger 

d-spacing of Li-Cu alloy (200) plane (0.182 nm) than Cu (200) 

plane (0.180 nm) from fast-Fourier transformation (FFT) images 

of transmission electron microscopy (TEM) cross-validated the 

isotropic increase of lattice parameters after alloying.34

(Note S1; Figure S3.) XRD peaks of Li0 were elusive owing to 

its low Z and subsequent low sensitivity to X-ray characteriza

tion. Furthermore, as the annealing time increased from 0.5 to 

Figure 1. Synthesis pathway of metastable Li-Cu alloy and on-demand capacity extraction 

(A) Synthesis pathway of Li-Cu alloy (left) and phase diagram of Li-Cu system (right). (Left) Yellow and gray arrows represent thermal and electrochemical 

pathways, respectively. (Right) Orange dots correspond to the point in the thermal pathway from the temperature vs. potential plot. Orange line and dashed line 

represent annealing and rapid cooling steps, respectively. Red dashed dot shows the location of metastable Li-Cu alloy phase after the synthesis. Data extracted 

from reference Okamoto et al.27 with permission. 

(B) A scheme of operating window (gray) and Li+ transport (blue arrow) during normal (left) and extraction protocol (right). In the extraction protocol, cutoff voltage 

of the anode is intentionally increased to include the reduction potential of the Li-Cu alloy (yellow), and Li extraction from the Li-Cu alloy is activated. 

(C) Schematic illustrations of the cycle performance of Li batteries with a conventional Cu current collector (CC, black) and Li-Cu alloy CC (orange). Cycles marked 

with I and II represent normal cycles and extraction cycles from (B), respectively. Multiple on-demand extraction steps (II) lead to significant increase in cycle life 

with Li-Cu alloy CC.
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3 h, XRD peaks of Li-Cu alloy became dominant over Cu, 

implying near-complete phase transformation from Cu to 

CuLix. Optical images of Li-Cu-1 and Li-Cu-3 support these re

sults based on the transition from gold to dark red color, repre

senting changes in phases over time (Figure S4). On the other 

hand, thinner Li foil with a smaller atom % of Li (2 μm on 11 μm 

Cu, Li atom % ∼ 5.67%) exhibited smaller peak shifts in XRD, 

possibly ascribed to insufficient of Li for complete phase trans

formation. These results confirmed the successful synthesis of 

a Li-Cu alloy with the annealing process and its dependence 

on time and initial Li atom %.

To delve deeper into the structural analyses of the Li-Cu alloy, 

we utilized a parametric method on the CuLix phase (Note S2).35

Lattice parameters of various Li-Cu samples (Li atom % = 0, 5.7, 

62.2, and 70.8%) derived from Bragg’s law show a typical trend 

of a two-phase region and the intersection of two extrapolated 

lines at ∼18.8 atom % Li, close to the location of the solvus 

line (∼20 atom % Li) at 400◦C. With a similar result from Pawley 

refinements (Figures S5 and S6; Table S1), we conjecture that 

the atomic ratio of Cu and Li is close to 4 at the boundary of 

the CuLix phase, or Cu4Li, matching the phase diagram.33

Density functional theory (DFT) simulations for Cu4Li unit cells 

were conducted to better understand its crystal structure 

(Figure 2D). We constructed FCC unit cells of Cu with a Li 

atom at an octahedral site (Cu4Li(octa)) or a tetrahedral site (Cu4

Li(tetra)) (Figure S7). A configuration consisting of a Li atom 

sitting at a Cu site with the Cu atom in an interstitial site showed 

significantly higher energy or was unable to converge in its forces 

and thus was not considered as a possible unit cell. DFT energy 

calculations with lattice parameters as variables in Figure 2D 

exhibit that Cu4Li(octa) are preferred for the lattice parameter 

(a = b = c = 3.645 Å) from experiments, as supported by simu

lated powder XRD spectra of possible unit cells (Figure S8). 

Thus, in the unit cell of Cu4Li, a Li atom occupies an interstitial 

site in the Cu unit cell.

We further used ab initio molecular dynamics (AIMD) simula

tions to investigate the alloying reaction above the Tm of Li. Diffu

sion of Li in a liquid state is a poorly understood phenomenon 

due to its high reactivity, and the mechanism of the alloying reac

tion remains unexplored. From a series of model systems with 

exposed (111) and (100) surfaces at 700 K, we observed that 

the mean squared distances (MSDs) of Li on faceted surfaces 

were much higher than that of Li in bulk Cu, exhibiting higher Li 

diffusivity via grain boundaries than through grains (Figures 2E 

and S9; Videos S1, S2, S3, and S4). This was in accordance 

with previous reports that Li diffusion is much faster through 

GB,31,36 which might be attributed to fewer neighboring Cu 

atoms and thus lower activation energy for diffusion. The result 

was also consistent with morphological changes observed in 

scanning electron microscopy (SEM) over different stages of 

Figure 2. Fabrication of Li-Cu alloy and structural analysis 

(A and B) XRD patterns of commercial Li on Cu foil with (A) various annealing times (0, 0.5, 1, 2, and 3 h) and (B) different amounts of Li infused into Cu. 

(C) Lattice parameters from XRD peaks of Li-Cu alloy at multiple atom % of Li. Lattice parameters corresponding to Cu (111) (blue), Cu (200) (red), and Cu (220) 

(purple) are displayed. 

(D) DFT energies of Cu unit cells with a Li atom at two different interstitial sites (octahedral [blue] and tetrahedral [purple]). Lattice parameters of each unit cell were 

varied from 3.3 to 4.1 A. 

(E) AIMD-simulated mean square distance (MSD) of Li on each location in Cu lattice. Bulk (octahedral) (gray) and bulk (tetrahedral) (black) refer to lattices with Li 

located at corresponding sites inside.
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annealing, in which molten Li diffused rapidly into the Cu foil 

through GB, succeeded by wetting on a lithiophilic surface (Li- 

Cu alloy),29 and bulk alloying of Cu grains (Figure S10).

Electrochemical properties of Li-Cu alloy

To verify the capability of the Li-Cu alloy as a Li reservoir, we 

investigated its electrochemical characteristics in Li||Li-Cu alloy 

coin cell configurations with 1 M lithium bis(trifluoromethane)sul

fonimide (LiTFSI) 1,3-dioxolane (DOL)/1,2-dimethoxyethane 

(DME) (1:1 v/v) + 5% LiNO3 (DDN) electrolyte (Figure 3). From 

the voltage profile of the Li||Li-Cu-1 cell during charging at 0.1 

mA cm− 2 (Figure 3A), two distinctive Li stripping behaviors 

were observed: (1) 1.6 mAh cm− 2 of Li0 stripping around 0 V 

(vs. Li/Li+), and (2) 0.7 mAh cm− 2 of Li extraction from Li-Cu alloy 

at 1.2 V. Based on the reduction potential and the plateau- 

shaped voltage profile, it was apparent that Li in Li-Cu-1 was 

electrochemically released via the phase transformation within 

a two-phase region. Moreover, the elongation of the plateau at 

1.2 V highly depended on annealing time (Figures 3B and S11), 

attributing to the temporal evolution of the Li-Cu alloy phase 

(Figure 2A). It was noteworthy that the areal capacity could be 

controlled from 0.2 to ∼2 mAh cm− 2 by tuning the percentage 

of Li-Cu alloy formed. Our samples had a significantly higher ca

pacity of 1 mAh cm− 2 (∼629 mAh g− 1) than the previously re

ported Li-Cu alloy (<16 mAh g− 1) because we did not include wa

ter exposure steps.29 Same experiments in various electrolytes 

revealed similar voltage profiles and capacities, suggesting 

that the stored capacities did not largely depend on the type of 

electrolytes used (Figure S12). Notably, the characteristic 

plateau at 1.2 V was not present after the first extraction, both 

upon plating and stripping of Li on the CC (Figure 3C). This indi

cated that once Li was extracted from the Li-Cu alloy, it could no 

longer access the Li-Cu alloy phase electrochemically at room 

temperature, representing the potential of the phase as a 

release-only reservoir. This result is noteworthy because it pro

vides key evidence of thermo-electrochemical hysteresis in Li- 

Cu alloy. The presence of Li on Li-Cu alloy from SEM and XRD 

results after a strip-plate process supported our analysis of 

voltage curves (Figures S13 and S14). This was particularly 

important because it emphasizes the role of the Li-Cu alloy 

both as a Li reservoir during an extraction step and as an inactive 

Li reservoir otherwise.

The correlation of electrochemical properties to morphological 

aspects of Li-Cu alloy was described by microscopic techniques 

(Figures 3D–3F). From the SEM image, we observed that the as- 

prepared Li-Cu-2 has a flat morphology with the presence of mi

crostructures such as microparticles (Figure 3D). After charging 

a Li||Li-Cu-2 cell to 1.2 V, gaps between microparticles (∼25 μm) 

became visible (Figure 3E). According to the report,29 we spec

ulated that microstructures corresponded to Li-Cu alloy, while 

metallic Li filled in the gaps. Interestingly, image analysis on 

Figures 3E and 3F showed that the microstructure remained af

ter further charging to 3 V (average particle size from 16.3 to 

16.4 μm and pore area fraction from 64% to 67%), an indication 

that the extraction of Li has minimal impact on the overall 

morphology of particles. We observed matching results from 

Li-Cu-3, implying that this trend is not limited to Li-Cu alloy 

with lower capacity (Figure S15). A similar conclusion could be 

Figure 3. Electrochemical characterizations of Li-Cu alloy 

(A) Voltage profile of 1 h annealed Li-Cu alloy under Li stripping in 1 M LiTFSI DOL/DME (1:1 v/v) 5% LiNO3 electrolyte. 

(B) Areal capacity of Li stored in Li-Cu alloy samples (blue) and its percentage out of the total amount of Li after annealing. Annealing time was varied from 0.5 to 3 h. 

(C) Plating and stripping behavior of Li-Cu alloy after Li extraction. 1 mAh cm− 2 of Li was deposited following the initial stripping step up to 3 V and stripped again 

to 1 V. 

(D–F) Top-view SEM images of Li-Cu alloy samples at OCV, 1.2 V, and 3 V, respectively.
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drawn by comparing XRD spectra and optical microscopy (OM) 

images of the alloy before (1.2 V) and after the extraction process 

(3 V) (Figures S16–S19; Video S5).37 Thus, we believe that the Li- 

Cu alloy would keep its morphology during the extraction step, 

confirming the morphological stability as a CC.

We employed X-ray photoelectron spectroscopy (XPS) to 

assess the chemical stability of Li-Cu alloy in electrolyte. Both 

Li 1s and O 1s spectra represented the presence of Li2O prior 

to the exposure to the electrolyte (Figure S20). After resting 

Li||Li, Li||Li-Cu-2, and Li-Cu-2||Li-Cu-2 cells for 24 h in 1 M 

LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 

v/v) + 10% fluoroethylene carbonate (FEC) electrolyte (LPF 

electrolyte), high-resolution XPS spectra of F 1s and O 1s 

showed the higher area % of Li-F and C-F in Li-Cu-2 surfaces 

than those of Li, referring to the formation of more F-rich SEI 

on the Li-Cu alloy (Figures S21 and S22). A similar trend— 

more F-rich SEI on Li-Cu alloy—was obtained after forming 

SEI on Cu and Li-Cu alloy (Figure S23). Higher ratio of LiF in 

the SEI on Li-Cu alloy attributed to the Li+-coordinated FEC- 

driven SEI than EC clusters or uncoordinated FEC molecules 

at 1.2 V.38 Consequently, Li-Cu alloy is more favorable to 

form a beneficial F-rich SEI ascribed to its higher reduction po

tential than Li in LPF.

Overall, notable features of the Li-Cu alloy were revealed by 

structural, electrochemical, and microscopic analysis: (1) the 

two-phase region of Cu4Li and a Li could electrochemically store 

Li at 1.2 V vs. Li/Li+ (Figures 3A and 3B). (2) Upon annealing, Li 

diffused mostly through grain boundaries of Cu (Extended Fig

ure 1). (3) Once stripped, Li could not go into Cu lattices again 

to reform Li-Cu electrochemically (Figure 3C). (4) There were 

minimal morphological changes on microstructures during the 

extraction process from Li-Cu (Figures 3D–3I).

On-demand extraction in LMBs

To confirm the feasibility of Li-Cu alloy as a prelithiated CC, we 

first applied Li-Cu alloy in LMBs to supplement for continuous ca

pacity loss (Figure 4). Li||Li-Cu CC half cells were cycled with a 

localized high concentration (LHCE) electrolyte (LiFSI [lithium 

bis(fluorosulfonyl)imide]-1.2DME-3TTE [tetrafluoroethyl-2,2,3,3- 

tetrafluoropropyl ether]). Li-Cu-3 was selected as CC to utilize 

its large amount of stored capacity (∼2 mA cm− 2) in the following 

experiments. We placed ‘‘extraction cycles’’ at the 1st and the 

25th cycles, in which cells were charged to 2 V, enabling extrac

tion of Li from CCs. In these extraction cycles, Li||Li-Cu-3 ex

hibited extraordinary Coulombic efficiency (CE) of 210% and 

135% in the 1st and 25th cycles, respectively, by virtue of 

Figure 4. Li-Cu alloy enables improved ICE for anodes 

(A–C) (A) Representative half-cell cycling profiles of Li||Cu (gray) and Li-Cu alloy (Li||Li-Cu alloy, orange) CC. Li extraction steps were conducted on the 1st and the 

25th cycles (marked with arrows). The cycling was performed at 1 mA cm− 2 for 1 mAh cm− 2. Charge-discharge voltage profiles of Li||Li-Cu alloy (B) and Li||Cu cells 

(C) at 1st (orange), 2nd (blue), 25th (purple), and 50th (gray) cycles. 

(D) Representative cycling profiles of anode-free Cu||NMC811 (gray) and Li-Cu-3||NMC811 (orange) with LPF electrolyte. Cells were cycled at 0.1C (2 cycles) 

followed by a CCCV protocol (0.2 C charging—CV at 4.2 V down to 0.05C–0.3C discharging). Discharge areal capacity (filled circle) and CE (open circle) are 

shown in the figure. Li was extracted from CC at the 31st and 51st cycles. 

(E) Corresponding voltage profiles of Cu||NMC811 (gray) and Li-Cu-3||NMC811 (orange) at the 31st cycle.
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additional Li supplied from Li-Cu CC (Figure 4A). By contrast, the 

Li||Cu cell showed 90% and 99% CE in the 1st and 25th cycles, 

respectively, with the same protocol. Improved CE in the 25th cy

cle demonstrated that the capacity boost from Li-Cu CC not only 

enhanced the CE of the initial cycle but also in the later cycle, 

implying the capability of Li-Cu to store and release Li during 

cycling.

We validated the Li storage and release capability of Li-Cu CC 

with voltage profiles and electrochemical impedance spectros

copy (EIS). Voltage profiles of Li-Cu CC showed the extraction 

curves starting at 1.2 V in the 1st and the 25th cycles, while no 

additional peaks were visible from Cu CC (Figures 4B and 4C). 

Moreover, nucleation overpotential at the 1st discharging 

sequence for Li-Cu CC (∼79 mV) was lower than Cu CC 

(∼147 mV), owing to the lithiophilic nature of Li-Cu alloy. At the 

25th cycle, less Li is extracted from the Li-Cu alloy (135% CE) 

than in the 1st cycle due to the already utilized amount of Li in 

the 1st cycle. In addition, EIS results after 24 h of rest also proved 

the Li-reserving capability of the Li-Cu alloy because there 

was minimal corrosion even in the carbonate electrolyte 

(Figure S24). Based on these results, we believe that (1) the 

extraction step can be placed in any cycle, e.g., the 25th cycle, 

enabling ‘‘on-demand Li extraction,’’ and (2) multiple extraction 

cycles are feasible by controlling the amount of Li capacity ex

tracted in each cycle, functioning as an optimal reservoir.

The Li-Cu CC was further integrated into pseudo-anode-free 

cells paired with NMC811 cathodes to assess its role in capacity 

retention enhancement. A custom cycling protocol was de

signed with two Li extraction cycles at the 31st and 51st cycles, 

targeting both ‘‘on demand’’ and ‘‘multiple’’ Li extraction from 

the CC. The lower cutoff voltage of cycle 31 was set to be 1.7 

V, whereas that of cycle 51 was 1.5 V to control the degree of 

extraction in multiple steps. Cu||NMC811 and Li-Cu- 

3||NMC811 (4 mAh cm− 2) cells assembled in LPF electrolyte 

were cycled with the same protocol—two activation cycles 

(0.1C) and followed by constant current-constant voltage 

(CCCV) protocols at 0.2C (constant current [0.2C] to 4.2 V, con

stant voltage to 0.05C, and discharge at 0.3C to 3 V). Except for 

the extraction steps, all parameters remained constant. Notably, 

Li-Cu-3||NMC811 exhibited higher capacity than Cu||NMC811 

after 5 cycles, owing to both the F-rich nature of the SEI formed 

on the Li-Cu and higher lithiophilicity (Figure 4D).

During the extraction cycles, Li-Cu-3||NMC811 showed sub

stantial capacity enhancement: 1.64 mAh cm− 2 (cycle 31) and 

1.97 mAh cm− 2 (cycle 51) of Li were extracted from Li-Cu-3, 

achieving 200% and 350% CE, respectively (Figures S25 and 

S26). Despite partial loss in the subsequent cycles, significant 

amounts of recovered capacities prolonged the cycle life up to 

66 cycles (>0.7 mAh cm− 2)—more than twice that from 

Cu||NMC811 cells, which did not show any noticeable boost in 

capacities from extraction cycles in the same protocol 

(Figure S27). In addition, we repeated the same experiments 

with LHCE electrolyte to confirm the general applicability of Li- 

Cu CC to various electrolytes (Figure S28).10 Analogous to re

sults with LPF electrolyte, we could extract Li in multiple steps 

only from Li-Cu CC (Figures S29 and S30). The approach sus

tained 2.5 mAh cm− 2 longer in Li-Cu-3||NMC811 cells (57 cycles) 

than in Cu||NMC811 cells (40 cycles) (Figure S31) by 1.4-fold. 

These results emphasized the utility of Li-Cu CC as a prelithiated 

CC with on-demand Li extraction capability. Through thoughtful 

protocol design, Li-Cu CC can supplement capacity loss at 

desired cycles for better managing cycle life in LMBs.

Li extraction in activation cycles of LIBs

To evaluate the practical applicability of prelithiated Cu CCs, we 

assembled Li||Gr half-cell configurations in LPF electrolyte 

(Figures 5A–5C). In particular, freestanding Gr electrodes (Gr, 

300 mAh g− 1) were paired with the Li-Cu alloy (Gr + Li-Cu) to 

verify the capability to prelithiate and support Gr anodes 

(Figure S32).39 Li-Cu-2 (∼1.1 mAh cm− 2) was chosen to match 

the Li loss for Gr electrodes in the 1st cycle (∼0.83 mAh cm− 2) 

(Figure S33). The decreased OCV (∼1.26 V) and increased initial 

discharge capacity (∼364 mAh g− 1) of Li||Gr + Li-Cu-2 from Li||Gr 

(∼2.71 V and ∼331 mAh g− 1, respectively) might be attributed to 

remaining Li on the surface of Li-Cu-2 (Figure 5A). Upon charging 

from 50 mV to 3 V (vs. Li/Li+), a distinct peak at 1.2 V was exclu

sively observed in the Li||Gr + Li-Cu-2 cell, accompanied by an 

additional capacity (40 mAh g− 1). This enabled an improved 

ICE of ∼98%, substantially higher than the Li||Gr cell (CE ∼

82%). In continuous cycling at 0.05C, Li||Gr + Li-Cu-2 also 

showed superior ICE with stable cyclability, demonstrating 

both the directional Li extraction and feasibility as a CC of Li- 

Cu-2 (Figures 5B and S34). Furthermore, the degree of lithiation 

on Gr anodes could be tuned with Li-Cu CCs (Figure 5C). By 

modulating the prelithiated amount in CC from 0 mAh cm− 2 (no 

CC) to 1.8 mAh cm− 2 (Li-Cu-3), the corresponding ICE changed 

from 80.6% to 106.8%. Back-calculated supplements from the 

Li-Cu CC yielded 0.64, 1.02, and 1.37 mAh cm− 2 from Li-Cu-1, 

Li-Cu-2, and Li-Cu-3, respectively, aligning with the experimen

tally measured capacities (Figure 3B). These findings demon

strated that our Li-Cu CC could effectively compensate for the 

initial capacity loss in LIBs.

We further extended our approach of prelithiated CC and on- 

demand Li extraction to Gr||NMC811 full cells (Figures 5D–5G). 

To confirm that selective lithiation is feasible in LIBs, we pre

pared Cu + Gr||NMC 811 and Li-Cu-3 + Gr||NMC 811 full cells 

in LPF electrolyte. Cells were cycled at 0.1C during activation cy

cles (3 cycles) and followed by cycles at 0.5C. The extraction 

step was designed as a discharge step with the lower cutoff 

voltage of 1.5 V, accounting for the reduction potential of the 

Li-Cu alloy. With the extraction step in the first cycle (E1), Li- 

Cu-3 + Gr||NMC811 cells (Li-Cu-E1) exhibited an ICE of 82.5%, 

significantly higher than Cu + Gr||NMC811 (Cu-E1, 55.4%). The 

distinct peak observed at ∼2 V indicated the full cell voltage of 

initial Li release, while it was not visible from Cu CC 

(Figure S35). The substantial increase in 1st cycle CE led to 

significantly enhanced capacity in the following cycles. Further

more, we confirmed that the extraction step in the second cycle 

(E2) could also improve the 2nd cycle CE from 84.8% (Cu + 

Gr||NMC811, Cu-E2) to 118.7% (Li-Cu-3 + Gr||NMC811, Li-Cu- 

E2) (Figure S36). The result indicated that the on-demand Li 

extraction was feasible in LIBs as well, supported by a similar 

amount of retrieved capacity in the E1 protocol (0.4 mAh cm− 2) 

and E2 protocol (0.44 mAh cm− 2) (Figures 5E and 5F). However, 

the cells cycled with the E1 protocol (1.37 mAh cm− 2) exhibited 

50% higher capacity than cells with the E2 protocol 
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(0.9 mAh cm− 2) at the 50th cycle, suggesting the benefit of sup

plementary capacity in the 1st cycle. To get an insight on optimal 

Li release during activation cycles, we plot the capacity loss, 

(discharge capacity, QD) − (charge capacity, QC) of each cycle 

in Figure 5G. The figure demonstrates the impact of lithiation 

by showing decreased capacity loss of cells and increased 

average CE during activation cycles with the Li-Cu CC. In partic

ular, average CE was the highest for Li-Cu-E1, and thus it was 

critical to supplement Li loss during the first activation cycle for 

LIBs. Based on these results, we have achieved employment 

of the Li-Cu CC in LIBs and lithiation in the activation stage for 

enhanced battery capacity with an insight to optimize the 

performance.

While the present work establishes the metastable Li-Cu alloy 

as a functional on-demand Li reservoir, several aspects remain 

to be addressed for practical implementation. First, the 

Figure 5. Li-Cu alloy enhances ICE and exhibits higher capacity in full cells 

(A) Representative charge-discharge voltage profiles of the Li||Gr (gray) and Li||Gr + Li-Cu (orange) electrodes between 0.01 and 3 V at 0.05C for the initial cycle. 

Li||Gr + Li-Cu exhibits lower OCV and larger discharge capacity. 

(B) Corresponding half-cell cycling profiles of the discharge capacity (filled symbols) and CE (open symbols) at 0.05C. 

(C) ICE of bare Gr anodes (depicted as 0 h, gray) and Gr anodes with 1 (blue), 2 (orange), and 3 h (red) annealed Li-Cu alloy CC. 

(D–F) (D) Representative cycling profiles of the CE (open circle) and the discharge areal capacity (filled circle) for Cu + Gr||NMC811 and Li-Cu-3 + Gr||NMC811 full 

cells with the extraction steps on the 1st cycles (E1). The cycling was performed at 0.1C (3 cycles) and followed by 0.5C. First 3-cycle voltage profiles of Li-Cu-3 + 

Gr||NMC811 full cells with the extraction step in the 1st cycle (E) and the 2nd cycle (F). Extraction cycles are marked in red. 

(G) Capacity loss (QD − QC) of cycle 1 (orange), 2 (blue), and 3 (purple) in all types of cells. Average CE of first 3 cycles is shown as navy circles.
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as-synthesized porous and microparticulate morphology of the 

alloy increases the surface area available for SEI formation and 

can transiently affect the CE. Further optimization of the alloy 

morphology—for example, through additional annealing to 

reduce porosity—is expected to mitigate this effect. Second, 

the integration of the Li-Cu CC with the active electrode requires 

further development. Moving from the freestanding Gr used in 

this study and adopting a dry-coating process to form a more 

intact, mechanically robust electrode directly on the Li-Cu col

lector represents a promising route toward better interfacial 

contact and improved cell performance. Finally, although the 

elevated reduction potential of the Li-Cu alloy confers greater 

chemical stability than metallic Li, its detailed reactivity toward 

atmospheric components (H2O, O2, and N2) and its compati

bility with conventional slurry-coating processes remain to be 

systematically evaluated. A dedicated study of the air and dry- 

air stability of the alloy will be important for assessing its manu

facturability. Addressing these aspects will further advance the 

metastable alloy CC toward practical, high-energy-density bat

tery systems.

Conclusions

In this study, we demonstrate that the metastable phase of a Li 

alloy can be utilized as a selective Li reservoir. Thermally acces

sible Li-Cu alloy phase enables controllable prelithiation to miti

gate capacity loss in Li batteries. Upon thermal annealing, 

molten Li rapidly diffuses through Cu foil via grain boundaries 

driven by faster kinetics for diffusion on Cu facets (100) and 

(111), followed by bulk diffusion to form a stable two-phase alloy 

of Cu4Li and Li. This phase provided a controllable amount of Li 

capacity with enhanced electrochemical stability. Importantly, 

the Li stored in the alloy phase is electrochemically accessible 

only at elevated anode potentials beyond conventional operation 

windows, enabling protocol-controlled release. As a proof of 

concept, we integrated the alloy into various configurations of 

Li batteries and observed the increase in CE with extraction 

from Li-Cu CC. Furthermore, this type of CC allowed stepwise, 

on-demand Li extraction during cycling for longer cycle life and 

enhanced cell capacity. Hence, the Li-Cu alloy can potentially 

serve both as a CC and a Li reservoir to enhance battery capacity 

retention. Our approach provides fundamental insights into 

thermo-electrochemical hysteresis for designing advanced Li- 

storage materials to enable on-demand rejuvenation of energy- 

storage devices. By exploring metastable states via thermal 

pathways, this work expands the library of candidate materials 

and architectures for high-energy batteries with longer cycle life.

METHODS

Materials

All electrolytes were prepared and handled in an Ar-filled glove 

box with O2 level < 0.2 ppm and H2O level < 0.01 ppm. The 

DDN electrolyte was prepared by dissolving 1 M LiTFSI (Solvay) 

in DOL/DME (1:1 v/v) (Sigma-Aldrich) with 5 wt % of LiNO3 

(Sigma-Aldrich). The LPF electrolyte was prepared by mixing 

1 M LiPF6 in EC/DEC (1:1 v/v) (Gotion) with 10 vol % of FEC 

(BASF). The LHCE electrolyte was prepared with LiFSI (Fluolyte), 

DME (Sigma-Alrich), and TTE (SynQuest) in the molar ratio of 

1:1.2:3. High-purity Li foil (500 μm, 99.9%, MSE Supplies), Cu 

foil (12 μm Pred Materials), Celgard 2325 separator (25 μm), 

and NMC811 (Targray, 4 mAh cm− 2) were used to make 

2032-type coin cells.

Synthesis of Li-Cu alloy

All synthesis was conducted in an Ar-filled glove box with O2 

level < 0.2 ppm and H2O level < 0.01 ppm. High-purity thin Li 

foil (Li/Cu = 20 μm/11 μ, 40 μm/11 μm, 2 μm/18 μm, MSE Sup

plies) was used to synthesize Li-Cu alloy. Before annealing, 

both sides of the foils were scraped to remove contamination 

or oxide layers. All foils were placed on a stainless-steel tray 

and annealed at 400◦C for 0.5, 1, 2, and 3 h in the pre-heated 

oven. Samples were taken out of the oven for natural cooling 

to room temperature. The prepared Li-Cu alloy was punched 

for further experiments.

Synthesis of freestanding Gr electrode

Freestanding Gr anode was prepared with a standard slurry- 

coating process. All powders were dried in the oven before use 

to remove water contamination. Gr powder (MTI), Super P 

conductive carbon black, carbon nanotube (Tuball), and polyvi

nylidene fluoride (PVDF, Tuball) were mixed in the weight ratio of 

86:2:2:10 for slurry preparation, with N-methyl-2-pyrrolidone 

(Alfa Aeser) as solvent. The Gr slurry was evenly mixed with a 

thinky mixer and coated on polyester (PET)-coated aluminum 

(Al) films by doctor blading. The coated slurry was dried in a vac

uum oven for 2 days to completely dry the solvent. After drying, 

the Gr electrode was peeled off from the PET-coated Al films and 

calendared for further use. Fabricated Gr electrodes had a spe

cific capacity of ∼300 mAh g− 1 and an areal capacity of 5.2 

mAh cm− 2.

Characterizations

All samples were prepared and sealed inside an Ar-filled glove 

box to prevent air exposure. XRD patterns were measured on 

a PANalytical Empyrean with Cu Kα (8.04 eV) as the X-ray source 

and X-ray tube working power of 45 kV/40 mA. Both Bragg’s law 

and Pawley refinement were used to analyze lattice constants. 

SEM images were collected using a Thermo Fisher Scientific 

Apreo S LoVac scanning electron microscope. Cross-sectional 

images were taken by tearing samples and mounting them on 

SEM holders. For XPS measurement of disassembled cells, sur

faces of Li of Li-Cu alloy were rinsed with 50 μL of corresponding 

pure solvents of electrolytes (DEC for LPF and DME for ether- 

based electrolytes) and dried in an Ar environment. Vacuum 

transfer vessels were used to transfer samples to an XPS cham

ber. XPS measurements were conducted on a PHI Versaprobe IV 

using a monochromatic Al Kα source. For experiments on form

ing SEI on Cu or Li-Cu alloy, SEI was formed on Cu and Li-Cu 

alloy using a CCCV protocol using LPF electrolyte. The discharg

ing current was applied at 50 μA cm− 2 until the voltage reached 

10 mV vs. Li/Li+. The voltage was held at this level until the cur

rent dropped below 10 μA cm− 2. Cells were disassembled in an 

Ar-filled glovebox with O2 concentration below 0.2 ppm and H2O 

concentration below 0.01 ppm. The electrodes were rinsed with 

15 μL of DEC (Sigma) three times to remove residual electrolyte 

salts, then transferred to an XPS chamber using a vacuum 
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transfer vessel. For analysis, the C 1s peak at 284.5 eV was set 

as the reference for spectral shifting using MultiPak software. 

For TEM analysis, Li-Cu alloy samples were transferred to lacey 

carbon-supported copper grids and water treated to remove re

sidual Li. Details on sample preparation for TEM are explained in 

Note S1. TEM images were taken with an FEI Titan 80-300 envi

ronmental TEM at an acceleration voltage of 300 kV. All FFT in

dexing measurements were divided by the correction factor of 

0.94 to compensate for a calibration offset. Modified coin cell as

sembly for operando OM was carried out in accordance with a 

previous report. Olympus BX51 optical microscope and Swift

cam SC1803 were used to record time-lapse optical images.

DFT simulations

DFT calculations were done in the Vienna ab initio simulation 

package (VASP),40 within the projector augmented wave (PAW) 

formalism.41 Since we expected a conductive phase, calcula

tions were done with the generalized gradient approximations 

(GGAs) exchange-correlation functional of Perdew-Burke- 

Ernzerhof (PBE)42 with no Hubbard correction on copper. A 

gamma-centered grid of 21 × 21 × 21, a plane wave cutoff of 

520 eV, and a Gaussian smearing of 0.2 eV were used for the cal

culations. Atomic positions were relaxed to a 1E-6 eV/Å conver

gence criterion at different lattice parameters for the octahedral 

and tetrahedral Li interstitial sites in an FCC copper unit cell 

(totaling 5 atoms in the atomic cell). AIMD calculations were per

formed at 700 K, using a Nosé-Hoover thermostat and a time

step of 0.2 fs. A 1 × 1 × 1 gamma-centered grid was used, 

with the same electronic convergence criteria, exchange-corre

lation functionals, and pseudopotentials as the ionic relaxation 

calculations.

Electrochemistry

2032-type coin cells were prepared for electrochemical experi

ments. LPF, DDN, and LHCE electrolytes were used in this study. 

Li||Gr and Li||Gr + Li-Cu-2 coin cells with 50 μL of LPF electrolyte 

were prepared and cycled from 0.05 to 3 V at 0.05C. All Li-Cu 

alloy samples were pre-stripped to 1.1 V at 0.1 mA cm− 2 to re

move residual metallic Li and transferred to new coin cells, pre

dominantly utilizing the capacity from the alloyed phases. For 

Li||Li-Cu and Li||Cu half cells, 40 μL of LHCE electrolytes were 

used, and 50 μL of specified electrolytes were used in all other 

cases. All cells were rested for at least 1 h after fabrication for 

sufficient wetting. For Gr-based coin cells with Li-Cu CC, Gr 

electrodes (∼21.64 mg) were placed on Li-Cu CC, and pressure 

was applied for better contact. EIS was carried out with Biologics 

VMP3 with the frequency range from 1 MHz to 100 mHz. All 

cycling experiments were performed using LAND cycling instru

ments. Capacity measurements of Li-Cu alloy were performed 

with Li||Li-Cu coin cells and charged to 3 V (vs. Li/Li+) at a CC 

of 0.1 mA cm− 2. Li||Gr and Li||Gr + Li-Cu cells were cycled at 

0.05C with a voltage window of 0.05–3 V vs. Li/Li+. Li||Cu and 

Li||Li-Cu were cycled at a CC of 1 mA cm− 2 to 1 mAh cm− 2 during 

discharging and to 1 V during charging. All full cells with NMC811 

as the cathode were cycled with a voltage window of 3–4.2 V, 

except during extraction cycles. In Gr||NMC811 type cells, three 

activation cycles were cycled at 0.1C and followed by a CC 

charge-discharge protocol at 0.5C. Anode-free NMC811-type 

cells were fabricated with 50 μL of LPF electrolyte, and two 

activation cycles at 0.1C were included in the initial stage. The 

CCCV protocol was employed for anode-free cells to extract 

more Li during charging, and it was composed of 0.2C 

charge—4.2 V hold to 0.05C–0.3C discharge steps. All electro

chemical experiments were conducted at room temperature.
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