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Abstract

Lithium metal batteries (LMBs) can double the energy density of lithium ion batteries.

However, the notorious lithium dendrite growth and large volume change are not well

addressed, especially under deep-cycling. Here, we build an in-situ

mechanical-electrochemical coupling system and find that tensile stress can induce smooth

lithium deposition. Density functional theory (DFT) calculation and finite element method

(FEM) simulation confirm the lithium atom diffusion energy barrier can be reduced when the

lithium foils are under tensile strain. We then incorporate tensile stress into lithium metal

anodes by designing an adhesive copolymer layer attached to lithium in which the copolymer

thinning can yield a tensile stress to the lithium foil. We further prepared elastic lithium metal

anode (ELMA) via introducing a 3D elastic conductive polyurethane (CPU) host for the

copolymer-lithium bilayer to release accumulated internal stresses and resist volume

variation. The ELMA can withstand hundreds of repeated compression-release cycles under

10% strain. LMBs paired with the ELMA and LiNio.C00.1Mno.1O2 (NCM811) cathode can
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operate beyond 250 cycles with 80% capacity retention under practical condition of 4 mAh

cm-2 cathode capacity, 2.86 g Ah-' electrolyte-to-capacity ratio (E/C) and 1.8

negative-to-cathode capacity ratio (N/P), 5 times of the life time using lithium foils.

Keywords: volume expansion, elastic lithium metal anode, tensile stress, high energy density

1. Introduction

Rechargeable batteries with higher energy density have attracted extensive attention

because of increasing demand for advanced electronic devices and electric vehicles!'l.

However, the energy density of lithium-ion batteries is fast approaching the theoretical limit

with decades of developmentl@. Lithium (Li) has been considered as the ideal anode for its

high theoretical specific capacity (3860 mAh g-'), lowest electrochemical potential (-3.04 V vs

the standard hydrogen electrode)il. Unfortunately, the uncontrolled lithium dendrite growth

will cause issues such as parasitic side reactions!¥l and short circuitll. The loose morphology
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also leads to huge volume expansion and electrodes pulverization, resulting in poor battery

performancell,

Strategies including electrolyte optimizingl’l, substrate modification!®], three-dimensional
conductive hostl®, artificial solid electrolyte interphase (SEI) protectionl'd and temperature
controll' have been carried out to regulate the deposition morphology. Stress, as one of the
fundamental physical fields, is a key factor influencing the energy state of the electrode
surface as well as the structure of the bulk phasel'2. Recently, the coupling of mechanics and
electrochemistry has attracted a lot of attention. External pressure can enable dense
deposition of lithium metal, thereby effectively improving the battery cycle life both in liquid
and solid cell systemsl'3l. However, the external pressure applied increases the complexity of
the whole system and also reduces energy density. Thus, electrode level stress relief is more

practical, especially when by itself.

It has been reported that the generation of dendrites is caused by the local aggregation of
lithium atoms on the Li electrode surface due to the high diffusion energy barriert'4l. Proper
stress can create lattice strain and lower the diffusion energy barrier, thus accelerate lithium
atoms diffusion during nucleationl'9l. Diffusion flux (J) is directly related to static stress
according to the equation: J=-D (Vc-% Vo) (where Dis lithium diffusion coefficient, cis the

concentration of Li*, Qis partial molar volume of Li*, ois static stress, Ris gas constantand 7
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is the temperature)!'€l. This can be achieved by using soft polymer substratel'”! that the

polymer thinning during lithium deposition creates a tensile stress on lithium. During the later

lithium growth stage, internal stresses are accumulated along with the plating process as the

deposition capacity increasesl'®. When internal stress exceeds the yield strength of lithium

(0.8 MPa), the deposits become pulverized. 3D elastic hosts can suppress volume expansion

and release the internal stresses!'9l. As a result, 3D elastic hosts with soft skeletons can

relieve the stress during both lithium nucleation and growth by promoting lithium atom

diffusion and relieve accumulated stress along with continuous deposition.

In this work, we first demonstrate that, with an in-situ mechanical-electrochemical coupling

experiment system, tensile stress applied to the lithium metal electrode can accelerate the

lithium atom diffusion by reducing the diffusion energy barrier, resulting in smooth deposition.

We create elastic lithium metal anode (ELMA) by hosting lithium within a 3D elastic

conductive polyurethane (CPU) coated with a lithium adhesive copolymer through roll

calendaring. In ELMA, the copolymer thinning can yield a tensile stress while the ELMA can

sustain hundreds of repeated compression-release cycles under 10% strain showing its

ability to release the accumulated stress. Full cell paired with 4 mAh cm2 LiNip.sC00.1Mng 102

(NCM811) cathode under practical condition of E/C ratio of 2.86 g Ah-' and N/P ratio of 1.8

delivers 80% capacity retention after 250 cycles.
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2. Result and discussion

2.1. Tensile stress promotes lithium atom diffusion

To investigate the effect of tensile stress on lithium deposition behavior, an in-situ

mechanical-electrochemical coupling experiment system was designed (Figure 1a). Li||Li

symmetric cells, with one Li electrode (dumbbell-shaped, Figure S1a, Supporting Information)

for stress loading and another (cuboid, 1 cm?) as counter electrode, were operated in an

Ar-filled glove box (Figure S1b, Supporting Information). Galvanostatic charge and discharge

was conducted with in-situ tensile stress applied to the dumbbell-shaped Li electrode.

Scanning electron microscopy (SEM) was used to characterize the Li electrode under

different stress conditions. Without stress loading, the 0.5 mAh cm2 Li deposited at current

density of 0.5 mA cm-2in liquid cell is composed of dendrites and filaments (Figure 1b), along

with loose structure (Figure 1c). The symmetric cells can only sustain tens of cycles. When

the tensile stress was applied and increased gradually, longer cycle lifespan can be seen

(Figure S2, Supporting Information). No visible cracks appeared on the electrode surface

when the applied tensile stress within a proper range (0~60 kPa, Figure S3, Supporting
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Information). For example, with 60 kPa tensile stress loading, the plated Li at 0.5 mA cm-

with capacity of 0.5 mAh cm=2 in liquid cell is dendrite-free (Figure 1d) and shows compact

structure (Figure 1e).

2.2. DFT calculation for Li atom diffusion on electrode surface

The lattice strain has great effect on the atom diffusion on the electrode surface, which

impacts the metal depositing morphology!'s 20, DFT calculation was introduced to study the

relationship between Li electrode surface properties and strain state. Li adatom diffusion

barrier on the metal surface plays an important role in the homoepitaxial growth behaviorf2'l,

Hopping is a typical diffusion mechanism showing an adatom propagating from the most

favorable adsorption position to the next one via the neighboring bridge site (Figure 1f). The

lower diffusion energy barrier is, the faster the adatom will diffuse. Then, smooth deposits

morphology will be obtained by the quick atom combination to form complete layers. Thus, for

the plating process, it should figure out how the tensile stress affects the diffusion energy

barriers of Li adatoms. Herein, we built a 5-layers crystal plane (001) slab model (Figure S4a,

Supporting Information) and simplified the Li plating process as a surface adsorption course

(Figure S4b, Supporting Information). The adsorption energy of Li adatoms on the

high-symmetry (hollow and bridge) sites (Figure 1f) of the most stable surface under 0~0.05
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tensile strain was calculated. As shown in Figure 1g, Li diffusion energy barrier decreases
from 0.144 eV to 0.058 eV with increasing tensile strain. Thus, the rates for hopping and
exchange diffusion increase by about 28 times according to equation (1) from simplified

transition state theory (STST)'4al,

-Eg;
k=npvoeXp(2) (1)

where , is the number of possible exit directions (1, = 4 for a square lattice), wis the
attempt frequency, Egris the diffusion barrier, Az is the Boltzmann constant and 7is the

temperature.

Besides, we also calculated the electronic properties of lithium structures in the tensile of
lithium metal. As indicated by the black arrow in Figure S5 (Supporting Information), when the
adsorbed lithium atom is in the bridge site, the 0.05 tensile strain will intensify the localization
of the electron distribution between the adsorbed lithium atom and the base lithium atom.
This localization weakens the interaction between the adsorbed lithium atom and the basal
lithium atom, thereby reducing the energy barrier that needs to be overcome during the

migration of lithium atoms.

2.3. FEM simulation for Li atoms diffusion in bulk electrode
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Besides the Li atoms diffusion at the electrode surface, the Li atoms and vacancy diffusion

in bulk electrode are also investigated with stress-diffusion coupled mathematical model built

by finite element method (FEM). We established a geometric model with 1x1x0.5 ym?

rectangular parallelepiped bottom plate and a cylinder with diameter and height of 200 nm,

representing Li atom layer and dendrite respectively (Figure S6a, Supporting Information).

These boundaries were treated as insulating due to the upper surface is covered by SEI. As

exhibited in Figure S6b (Supporting Information), the stress contours show that there is a

large stress difference between the protrusion top and bottom plate, regardless of the tensile

state. The stress gradient can provide driving force for the diffusion of vacancy, which is

consistent with the previous hypothesis. To explore the effect of tensile stress on the

distribution of internal vacancy concentration, we took a section of the model (Figure 1h).

When the tensile stress is applied during plating, the vacancies flow toward the protrusion

and simultaneously the Li atoms flow from the protrusion to the inner layer, thus suppressing

the growth of local protuberance. The FEM result also indicates that tensile stress can

accelerate Li atoms diffusion inward the Li electrode.
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Figure 1. Lithium atom diffusion promoted by tensile stress. (a) The schematic diagram of

in-situ mechanical-electrochemical coupling experiment, in which tension load is applied

while discharging/charging. (b) The top-view and (c) cross-section SEM images of plated Li

without external load applied. (d) The top-view and (e) cross-section SEM images of plated Li

with 60 kPa tensile stress applied. (f) The hopping of Li adatoms from the hollow position to

the next one via the neighboring bridge position. (g) The adsorption energies of Li adatom in

hollow and bridge position and the self-diffusion energy barriers of hopping with 0~0.05

Accepted Article

tensile strain applied. (h) The vacancy distributing nephogram in tensile state, which the color
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distribution and the black arrows present the mole fraction and the flux of vacancy,

respectively.

2.4. Tensile stress-driven mode in lithium metal anode

Tensile stress could eliminate Li dendrite through reducing the Li atoms diffusion energy

barrier. However, the tensile stress loaded by external devices could hardly be introduced

into the sealed battery system. Therefore, it is important to incorporate tensile stress into

lithium metal electrode. As the linear elastic theory used in the plated beam!22, the adhesive

stress is generated under external loading. Tensile stress generates within the bonded plate

under external loading, which is in turn transferred to the original beam through the adhesive

layer. This process generates adhesive stress in the adhesive layer23. Thus, a two-layer

model with lithium adheres to binder was built (Figure 2a). During lithium plating, the deposit

can squeeze the elastic binder to become thinner and wider. The lateral movement of the

binder molecules results in an adhesive stress on the lithium metal surface due to the strong

adhesion between the binder molecules and lithium atoms. And the adhesive stress will

diminish during Li stripping with the binder recovery.

Here, we have designed a Li* conducting and Li adhesive copolymer binder to exert tensile

stress on lithium metal. The polymer was synthesized with two monomer units, Li* conducting

methyl polyethylene glycoli14 methacrylate (MPEGMA, MG for short), and Li adhesive
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polyurethane methacrylate (PUMA, PM for short) (Figure 2b; Figures S7 and S8, Supporting

Information). After free radical copolymerization, the disappear of C=C peaks at 1640 cm-!

from Fourier Transform Infrared (FTIR) spectra indicated the successful polymerization

(Figure 2c). The adhesive strength and the Li* conductivity can be adjusted by regulating the

mass ratio of MG/PM (Figures S9 and S10, Supporting Information). The representative

phase transformation peaks in differential scanning calorimetry (DSC) corresponding to the

copolymer and lithium remained unchanged in the composite (Figure S11, Supporting

Information), showing the chemical stability. As shown from the uniaxial tensile test results

(Figure 2d), this sticky copolymer can apply adhesive stress (about 40 kPa) to lithium metal,

which is in the effective range of tensile stress (Figure S2, Supporting Information).

Compared to other soft substratel'7al without adhesive property, stress on the Li electrode

could not be created. In order to verify the effect of tensile stress inside the electrode on the

electrochemical performance of the electrode, we prepared Li@Copolymer composite anode

by calendering technique (Figure S12, Supporting Information) and investigated its cycling

stability. Compared with pure Li, Li@Copolymer exhibits more excellent cycling stability

(Figure S13, Supporting Information) due to the adhesive stress exerted by the copolymer on

the lithium metal, which was conducive to regulating the dense deposition of lithium.
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Figure 2. Tensile stress-driven mechanism in lithium metal anode. (a) Schematic illustration

of molecular-level tensile stress regulation mechanism during plating and stripping process.

(b) The synthetic strategy for the preparation of the copolymer. (c) FTIR spectra of monomers

the copolymer. (d) Shear adhesion stress of copolymer on lithium metal.
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2.5. Preparation and properties of ELMA

Electrode deformation can release accumulated internal stress in cells['72 24, Once the
Young’s modulus (£) of skeletons is smaller than lithium metal (4.9 GPa), their preferential
deformation can release the internal stress. The Young's modulus of composite can be
calculated according to the Trace theory followed by the equation: —Z__:Z—,’Z +£, where V,is the
matrix volume percentage, Vs is the skeleton volume percentage, £, is the matrix modulus
and £; is the skeleton modulus (V7 + Vs=1)251. The typically used conductive materials, such
as metal and carbon fiber, are unsuitable due to their extremely high Young's modulus. While
polymer with lower modulus is not conductive (Figure S14, Supporting Information). CPU with
Young’s modulus of about 3.1 MPa is a promising candidate (Figure S15, Supporting
Information). Moreover, compared with other commercial skeletons, CPU has advantages in
terms of density, cost and flexibility (Figures S16-S18, Supporting Information). Firstly, CPU
scaffold was pre-impregnated into a copolymer tetrahydrofuran (THF) solution. After THF
being vaporized, a copolymer-coated CPU (CPU@Copolymer) was obtained and the
thickness of copolymer was about 2.8 um (Figures S19 and S20, Supporting Information). Li
foil and CPU@Copolymer were repeated rolled together by calendaring technology (Figure

3a). The ELMA possesses 11% void, which can provide compressible space for its

compressive deformation (Table S3, Supporting Information). The initial lithium nucleus
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squeezes the ELMA during the plating process, making the polymer thinning inside the ELMA

and creating adhesive stress on the lithium metal. When the ELMA is under deep cycling,

elastic skeletons inside will deform compressively as well as the voids disappear to release

the internal stress within the deposit. Thus, the change of copolymer layer and change of

elastic skeletons synergistically contribute to the uniform Li deposition. During the stripping

process, the ELMA gradually returns to its initial state and the voids reappear. The reversible

behavior of the ELMA during repeated plating/stripping can ensure compact and

dendrite-free Li deposition as well as negligible volume expansion.

SEM image (Figure 3b) and EDS mapping of Ni element (Figure 3c) revealed that CPU

skeleton embedded in ELMA presented an interlocking network. Flexible ELMA with different

thicknesses can be regulated by adjusting rolling parameters (Figure S21, Supporting

Information) and manufactured on a large scale (Figure 3d). The X-ray diffraction patterns

(XRD, Figure 3e) of ELMA shows characteristic peaks of Ni (26 = 44.5°), Li (26 = 36.2° and

65.1°) and polyurethane in CPU (a broad peak in Figure S22, Supporting Information), further

confirming the successful combination. As shown in Figure 3f, the ELMA has ultra-high

elongation (~11 times of lithium) and breaking strength (~3 times of lithium), indicating its

excellent mechanical properties. When subjected to compress-recovery cycling with a 10%

strain limit, the ELMA recovers completely in each of the 200 cycles (Figure 3g). The strain
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recovery property can enable ELMA maintain stable during repeated Li plating/stripping. The
specific capacities of ELMA can be tailored from 1735 to 3283 mAh g-' by adjusting the

content of lithium in composite electrode (Figure 3h; and Figure S23, Supporting Information).
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Figure 3. Preparation and properties of ELMA. (a) Schematic of the fabrication process and
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internal stress release mechanism of ELMA. (b)The cross-section SEM image of ELMA and

(c) the corresponding EDS analysis. (d) Optical image of a large area of ELMA, collecting on
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aroller. (e) The XRD patterns of ELMA and CPU@Copolymer. (f) Uniaxial tensile test of

ELMA and pure Li. (g) Stress-strain profiles of ELMA during repeated compress-recovery

cycles. (h) Full Li stripping curve of the 50 pm-thick ELMA in half cell.

2.6. Low volume expansion of ELMA

Symmetric cells were cycled at 3 mA cm-2 with capacity of 3 mAh cm2 to assess the

electrode volume expansion by ex-situ SEM characterization. The thickness of pure Li

electrode increased from pristine 50 pm to 111 ym after 50 cycles (Figure 4a, b). Random

and porous dendritic Li deposits are observed on the electrode surface (Figure 4c). In

comparison, the ELMA increased by only 5 ym under the identical cycle condition (Figure 4d,

e) and Li deposits with smooth and dense morphology can be found (Figure 4f). ELMA has

advantages in volume expansion at high areal capacity and current density compared to

other previous works by the strategy of stress regulation (Figure 4g). For example, when

lithium was infused into a 3D Cu current collector, the composite Li electrode showed an

expansion of 12.8% after 50 cycles under inferior cycling conditions (0.5 mA cm-2-1 mAh

cm-2), which could reduce the internal stressl?6l. A Li anode increased from 50 to 137 ym after

50 times repeated plating/stripping under 10 psi pressure at the current density of 0.38 mA

cm-2 with capacity of 3.8 mAh cm-2.[8%1 3D Cu fabric has been prepared as Li metal host. After
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cycling at 2 mA cm-2 with capacity of 1 mAh cm-2 for 50 cycles under external pressure of 1

MPa, the electrode thickness increased by 34.52%[?9. Similar conclusions can also be drawn

even extending the cycling period of symmetric cells to 200 cycles (Figures S24 and S25,

Supporting Information).

To indicate effect of the tensile stress provided by copolymer, a composite anode

consisting of CPU and Li was prepared by the same method. Dendrites were observed on

this composite electrode and the thickness increased by 20 ym after 50 cycles (Figure S26,

Supporting Information), which is larger than the ELMA. Furthermore, we also replace the

CPU skeleton by rigid Ni coated carbon felt to identify with no elasticity (Figures S27-S29,

Supporting Information). Cracks and SEI splitting are observed (Figure S30, Supporting

Information), due to the accumulation of internal stress. And the thickness fluctuation of this

composite electrode is 21 ym after 50 cycles.

We designed an in-situ pressure testing system to monitor the pressure changes in

NCM811 pouch cells with ELMA or Li foil (Figure S31, Supporting Information). For pouch cell

using Li foil, the pressure increased by 43.95 kPa in the first charging process, and the

holistic pressure of the cell raise 33.06 kPa after 12 cycles (Figure 4h). The cell with ELMA

only raises 9.29 kPa and 3.73 kPa (Figure 4i), respectively. The tensile stress yielded by the

copolymer thinning in ELMA induces compact lithium deposition on the microscopic scale. On
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the macroscopic scale, the elastic skeleton reduces the overall volume expansion. These
collectively mitigate the volume fluctuation of the electrode. The pressure difference on the
lithium surface (4P) is closely related to the deposition morphology of lithium as described by

the following equation (2)!"éal:
AP=Y(m +=) )
R1 Rz
where yis the surface energy of lithium, R;and R are principal radii of curvature of the

surface.

According to this equation, the 4P on the ELMA is 8.5 kPa (Note 1 for the detailed
calculation procedure) during the first plating process, which is in perfect agreement with
experimental results. While the 4P on pure Li is difficult to estimate due to the intricate
dendrite morphology. A small amount of pressure increase after 12 cycles is due to the little

volume fluctuation of the ELMA.
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Figure 4. The volume expansion behaviors of elastic lithium metal anode. (a) The

cross-section SEM image of pure Li. (b) The cross-section and (c) top-view SEM image of

pure Li after 50 cycles. (d) The cross-section SEM image of ELMA. (e) The cross-section and

(f) top-view SEM image of ELMA after 50 cycles. (g) Comparison of volume expansion per

cycle, current density and areal capacity in the recent reports by the strategy of stress

regulation, the size of each point indicates the per-cycle areal capacity. The cell pressure

changes of NCM811 pouch cell with (h) pure Li and (i) ELMA during repeated plating/striping

processes.

2.7. Electrochemical performance of ELMA and high-energy-density LMBs

The rate performance and cycle stability of ELMA have also been monitored by cycling the

symmetric cells at the current densities from 1 to 15 mA cm-2 with areal capacity of 1 mAh

cm-2 for 5 cycles (Figure S32, Supporting Information). Even at 15 mA cm-2, the ELMA

maintained a low and stable overpotential. In contrast, the Li foil electrodes showed

irregularly voltage fluctuating, especially as the current density surpasses 2 mA cm=2. The

symmetric cells assembled with ELMA were tested at the current density of 3 and 5 mA cm-

(Figure S33, Supporting Information) with a more stable voltage curve as well as a low

overpotential, which can stably operate 1500 h and 1000 h, respectively. In comparison, Li
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foil symmetric cells exhibits short cycling life less than 170 h with the large polarization. In

addition, void less ELMA (with porosity of about 0.9%) has also been prepared as lithium

anodes. The symmetric cell assembled with the void less ELMA cycled at 3 mA cm-2 with

capacity of 1 mAh cm-2 showed improved cycling performance compared to the pure lithium

electrode, but much worse than ELMA (Figure S34, Supporting Information).

We also studied the SEI components and structure on ELMA or pure Li using X-ray

photoelectron spectroscopy (XPS) depth profile with argon ion sputtering. We comparatively

studied the SEI formed on pure Li and ELMA by plating at 3 mA cm-2 with 1 mAh cm-2 for five

cycles in the same ether-based electrolyte. The composition of the SEI on the surface of both

electrodes was almost identical from the C 1s and Li 1s spectra (Figure S35, Supporting

Information). However, it is noteworthy that the SEI on the surface of ELMA is thinner, which

is reflected in Li° signal on ELMA electrode increased and carbon content decreased

significantly after sputtering for 60 seconds, in contrast to that Li® on the pure Li electrode

never showed until sputtering for 300 seconds and the content of carbon does not change

significant. This conclusion is further confirmed by the electrochemical impedance spectra

(EIS) of the symmetric cell (Figure S36, Supporting Information). Larger volume expansion of

pure Li electrode will cause SEI rupture, which exacerbates the side reactions between

lithium and electrolyte and leads to SEI thickening.

This article is protected by copyright. All rights reserved.

95U9017 SUOWIWIOD 3AIERID 3|qiedldde 3y Ag pausenob aJe Sajo1Le WO ‘9sn JO Sajni 1oy Aelqiau1UO ABIAA UO (SUOTIPUOD-pUR-SLUBIW0D AS| 1M Aleid Ul |uo//:Sdny) SUORIPUOD pue SWwe 13U 38S *[£202/50/72] uo Ariqi]auluo A8IM ‘seoines Akeiqi] ToN uopuoabe|od AiseAn Aq z/820£202 BWPe/Z00T OT/I0p/wod A3 1M Areiq1putuo//sdiy woiy papeojumoq ‘el ‘S60vTeST



To achieve practical high energy density batteries, high areal capacity (> 3 mAh cm-2), low

negative-to-positive electrode capacity ratio (N:P < 3) and low electrolyte-to-capacity ratio

(E:C < 3 g Ah™") are required®2. We assembled the practical LMBs with 50 ym ELMA (6.65

mAh cm2) and high-loading LiNipsC0o.1Mn.1O2 cathode (4 mAh cm2, Figure S37, Supporting

Information) with a N/P ratio of 1.8, and E/C ratio of 2.86 g Ah-'. The cell can offer capacities

retention of 80% after 250 cycles (Figure 5a). In comparison, LMBs using the same cathode

paired with the 30 pm Li foil with similar N/P ratio (Figure S38, Supporting Information)

suffered from the rapid capacity decade after the 30t cycle. AC impedance test was carried

out to examined the interfacial resistance in full cells, the cells with ELMA manifest lower

overpotential with good interface conductivity after 10 cycles (Figure 5b; and Figure S39,

Supporting Information).

To identify the performance of ELMA in deep cycling, high-areal-load LCO cathodes (25

mg cm2, 4.1 mAh cm2, Figure S40, Supporting Information) was first charged to 4.3 V at 0.1

C (Figure S41, Supporting Information). Then, it was paired with 50 ym ELMA and 30 pym Li

foil to maintain the same N/P ratio of 0.63. The cells were first activated and then cycled at

0.2 C charge and 0.5 C discharge in the voltage range from 3V to 4.3V (Figure 5c). The cell

paired with Li foil suffered from the rapid capacity decade after the 20t cycle. In sharp

contrast, the ELMA cell showed a capacity retention over 80% and an average CE over
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99.7% after 180 cycles. The comparatively low impedances of the cell using ELMA also

manifest that good conductivity of the Li-electrolyte interface, which lead to lower

overpotential (Figure 5d; and Figure S42, Supporting Information). While, other composite

electrodes with poor deposition morphology exhibited short cycle life (Figures S43 and S44,

Supporting Information). Compared with previously reported literatures, our work shows great

advantage in terms of cathode capacity, E/C ratio, N/P ratio and cycle number (Figure 5f; and

Table S4, Supporting Information). For example, a composite lithium metal electrode with an

ion-conducting mesoscale skeleton (spiral Li) can make a full cell paired with LCO cathode

operates 100 cycles with a capacity retention rate about 62 % under N/P ratio of 272 and E/C

ratio of 400 g Ah-'i33l, The LMBs using composite Li anode, consisting of Ag

nanoparticle-embedded nitrogendoped carbon macroporous fibers, exhibited a cycle life of

250 times with LiFePO4 cathode under N/P ratio of 8.8 and E/C ratio of 88.2 g Ah-1134, A

zeroVE-Li composite anode with sandwich-like structure can enable the full battery with

NCM811 cathode cycle 200 times with a capacity retention rate about 67 % under N/P ratio of

3.6 and E/C ratio 16.2 g Ah-'351, The pouch cell packaged with ELMA reveals a stable

repeated charge/discharge process for 20 cycles without obvious capacity fading (Figure 5e).

The disassembled ELMA maintains a flat and compact surface morphology (Figure S45,

Supporting Information), keeping a good agreement with those observed in the coin cells.
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Furthermore, 1.5 Ah pouch cell assembled with ELMA with energy density of 375 Wh kg’

could work properly (Figure S46, Supporting Information).
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Figure 5. Electrochemical performance of lithium metal batteries. (a) Cycling performance of

the NCM811 full cells with ELMA and pure Li. (b) Nyquist plots of NCM811 full cells after 10

cycles. (c) Cycling performance of the LCO (Li-free) full cells with ELMA and pure Li. (d)

Nyquist plots of LCO full cells after 10 cycles. (e) Voltage-capacity profiles of ELMA||NCM811

pouch cell at the current of 14 mA. (f) Comparison of the cathode capacity, N/P ratio, E/C
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ratio and cycle number between our ELMA full batteries and previously composite lithium

metal batteries.

3. Conclusion

In summary, we propose a mechano-electrochemical approach to suppress lithium

dendrite formation and electrode volume fluctuation under deep cycling. We identify that

tensile stress applied on the lithium metal anode can suppress Li dendrite formation

experimentally and reveal the mechanism of tensile stress-driven lithium atom diffusion by

DFT calculation and FEM simulation. We show the tensile stress can be offered by designed

lithium adhesive copolymer thinning and elastic composite anode was created by hosting

lithium within a copolymer coated 3D elastic CPU scaffold through roll calendaring. The

elastic composite electrode can tolerate hundreds of repeated compression-release cycles

under 10% strain and release accumulated stress though compressive deformation.

Consequently, only 0.2% volume expansion per cycle of elastic electrode is allowed at the

current density of 3 mA cm2 with the areal capacity of 3 mAh cm-2. Full cells paired with

high-areal-load commercial NCM811 cathode show enhanced cycle performance with 80%

capacity retention after 250 cycles under practical conditions with E/C ratio of 2.86 g Ah-" and

N/P ratio of 1.8. Overall, this work not only reveals Li dendrite inhibition mechanism from

This article is protected by copyright. All rights reserved.

95U9017 SUOWIWIOD 3AIERID 3|qiedldde 3y Ag pausenob aJe Sajo1Le WO ‘9sn JO Sajni 1oy Aelqiau1UO ABIAA UO (SUOTIPUOD-pUR-SLUBIW0D AS| 1M Aleid Ul |uo//:Sdny) SUORIPUOD pue SWwe 13U 38S *[£202/50/72] uo Ariqi]auluo A8IM ‘seoines Akeiqi] ToN uopuoabe|od AiseAn Aq z/820£202 BWPe/Z00T OT/I0p/wod A3 1M Areiq1putuo//sdiy woiy papeojumoq ‘el ‘S60vTeST



mechanical insights, but provides a feasible strategy for other metal electrode systems to

boost their cycle performance.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Tensile stress can be incorporate into lithium metal anodes to reduce lithium atom diffusion

energy barrier by designing an adhesive copolymer layer attached to lithium through

copolymer thinning. Elastic lithium metal anode (ELMA) was further prepared via introducing

a 3D elastic conductive polyurethane (CPU) host for the copolymer-lithium bilayer to release

accumulated internal stresses and resist volume variation.
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