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Abstract: High interfacial energy Li’-clectrolyte interface contributes to larger Li’ nucleation
embryos and a more stable interface, so the interfacial energy is essential for highly reversible

Li® deposition/stripping. Herein, a high interfacial-energy artificial solid electrolyte interphase



(SEI) with rich LiF embedded in lithiated poly-2-acrylamido-2-methylpropane sulfonic acid
(PAMPS-Li) network is designed to realize favorable Li® nucleation and rapid desolvation of Li*
simultaneously. The Li—F bonds in LiF (001) exhibit stronger ion-dipole interactions with Li
atoms, offering higher interfacial energies. When the growth surface energy and total interfacial
energy of Li’ are balanced, the high interfacial energy SEI with abundant LiF can promote the
formation of larger Li® nucleation embryos. In addition, the PAMPS-Li with immobilized anions
presents weaker interaction with Li® and possesses higher polymer-Li interfacial energy, and its
amide and sulfonic acid groups exhibit higher binding energies with Li". Therefore, PAMPS-Li
can easily promote the Li” to escape from the solvent sheath and weaken the desolvation energy
barrier. The highly reversible Li® deposition behavior with restricted side reactions is achieved
based on the synergistic modification of high interfacial energy SEI with heterostructure. Most
importantly, lifespan of multi-layered Li° pouch cell (330 Wh kg™!) with a low N/P ratio (1.67) is

over 100 cycles, verifying its potential practical application.

Keywords: crystalline LiF-rich, high interfacial energy, large metallic Li® nucleate size, rapid

Li" desolvation, pouch cell

1. Introduction

Compared to commercial lithium-ion batteries, metallic Li° batteries offer higher mass-specific
capacity (3860 mAh g!) and can be coupled with alternative conversion-type cathodes with high
capacity [1-3]. As they may realize higher energy density, metallic Li® batteries is attracting
considerable critical attention, buts their application is stymied by short lifespan and low

coulombic efficiency. Generally, lifespan shortfall is essentially resulted from accumulation of



inactive (called ‘dead’) Li during cycling, which is composed of both (electro)chemically
produced Li" components in the solid electrolyte interphase (SEI) and electrically isolated

unreacted metallic Li® [4].

Various strategies have been proposed to enhance the Li® plating/stripping reversibility,
including electrolyte formulation [5], artificial protective layer construction [6], deposition
substrate design [7,9], and charge-discharge reconfiguration [10, 11]. Most recent studies focus
on stabilizing the electrode/electrolyte interface, which is the primary electrochemical reaction
site. For the metallic Li%electrolyte interphase, the intrinsic features of SEI are strongly
associated with the metallic Li® deposition. Firstly, the SEI constituent plays a crucial role in
regulating the flatness, dispersion, and size of metallic Li® nucleation. Besides, high mechanical
strength and good (electro)chemical stability are vital for ideal SEI. Uncontrolled growth of
metallic Li® dendrites breaks the brittle SEI, which consumes the electrolyte and active Li® via
irreversible side reactions, resulting in rapid fading of battery capacity. Fluorinated SEI has
emerged as a preferred option in recent years, which can regulate the Li-deposition behaviors
and prolong the lifespan of metallic Li® batteries. The fluorinated SEI contains high level of LiF,
which is accepted as its central feature. The grain boundaries within LiF promotes the smooth
motion of Li* inside the SEI, facilitating the flat deposition of metallic Li®. However, many
fabrication methods of fluorinated SEI, including skeleton of soybean protein fiber [12],
lithiophilic hybrid Janus interphase [13], spray quenching on molten Li [14], and self-assembled
monolayers modified separator [15], show complex process and questionable feasibility in high-
loading mass pouch cells. It should be noted that organic components of SEI (RCOLi, R=CHo,
CH>CH3, etc.) are also generated during the cycling [16, 17], but their targeted modification and

regulation are usually overlooked when the traditional fluorinated SEI is adopted. They, in



commercial carbonate-based electrolytes, are mainly derived from degradation of electrolyte and
Li, which are extremely limited in relieving the volume expansion of Li’ plating. In addition,

their poor property in Li* transition dramatically deteriorates the formation of SEI film.

The solvated Li" initially exfoliates the solvated sheaths at the SEI-electrolyte solid-liquid
interface to analyze the Li° deposition fundamentally. Then, the naked Li" accepts electrons at
the bulk Li/SEI solid-solid interphase, and Li° nucleation occurs on the metallic Li° surface or
current collector. Furthermore, Li* flux in the SEI layer replenishes the ions near the Li° core and
promotes further deposition and growth of Li° [18]. Therefore, Li* desolvation, Li® nucleation,
and Li* flow are equally significant for Li® deposition. An ideal SEI interfacial layer not only
requires excellent chemical/electrochemical stability but also exerts a synergistic effect in

manipulating the above three processes.

After in-depth analysis on the Li’ deposition behavior, a multifunctional artificial SEI is
designed, which can simultaneously realize rapid desolvation of Li" and regulate Li® deposition
on commercial Li® foil using a facile and fast spraying method. The SEI with heterostructure
mainly consists of crystalline LiFs derived from in-situ lithiation of fluorinated carbon nanotubes
(FCNTs) and cross-crosslinked single-ion conductor (lithiated poly-2-acrylamido-2-
methylpropane sulfonic acid, PAMPS-Li). In the solvent environment near to the metallic Li°
interface, the solvated Li" exhibits stronger binding energy with PAMPS-Li, which is favorable
for desolvation. The cross-linked PAMPS-Li forms a network structure inside the SEI, creating
Li" ion channels and ensuring consistent Li* flow (Fig. 1a). Finally, the crystalline LiF exhibits
higher interfacial energy with Li, forming a larger limit size to promote the metallic Li’

deposition (Fig. 1b). Practically, this method is easily employed to large-scale roll-to-roll mass



process. As a proof of concept, 330 wh kg™! metallic Li® pouch cell is performed for 100 stable

cycles with a low N/P ratio of 1.67.
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Fig. 1. (Color online) The function in metallic Li’ deposition and characterization of
FCNTs@Li. (a) The schematic illustration for the roles of FCNTs@Li in metallic Li® deposition.
(b) The structure sketch map of FCNTs@Li during cycling. (c) and (d) The schematic illustration
of fabrication and lithiation of FCNTs@Li, respectively. (e) and (f) The optical image of large-
scale fabrication of FCNTs@Li system and sample, respectively. (g) and (h) The front-section

and cross-section scanning electron microscope (SEM) images of FCNTs@Li, respectively.



2. Experimental

2.1 Preparation of FCNTs@Li anode
Typically, 0.02 g FCNTs, 0.009 g PAMPS-Li, and 0.001 g poly(vinylidene fluoride) (PVDF)
were dissolved in 10 mL of N-methylpyrrolidone (NMP). Then, the mixed solvent was
physically dispersed for 30 min by IKA dispersing machine and ultrasonically dispersed for 30
min until no obvious solid residue. In the glove box, the Li foil was cut into 12 cm and placed on

a heating table at 150° C. Next, 2.5 mL FCNTs dispersion was taken into the spray gun and

sprayed on the Li foil with 5 cm high. Finally, when the solvent on the surface of Li foil was
evaporated completely, the FCNTs@Li anode was obtained.
2.2 Material characterization

Li metal is extremely reactive with H,O and O; in the air. Therefore, all testing samples were
disassembled in the glove box with H>O and O contents below 0.01 ppm (parts per million) and
transferred through a sealed container to ensure the measurement accuracy. The obtained Li foil
was cleaned with methoxymethane (DME) several times and naturally dried before
characterization. The Li metal deposition was subjected to the morphology by field emission
SEM (GeminiSEM 500). The surface state position of the Li metal was characterized by X-ray
photoelectron spectroscopy (XPS, Escalab Xi"). The time-of-flight secondary ion mass
spectrometry (TOF-SIMS) surface spectra were tested at ion species of Bi*" and energy of 30
keV in the high mass resolution mode. Meanwhile, the surface state position of the Li metal was
etched by an Ar ion gun at 100 nA. The surface roughness of the Li metal anode was tested by an
atomic force microscopy (AFM, SPM 5500, Keysight Technologies) inside an Ar-filled glove
box. The optical photos of Li metal deposition were captured by a metallographic microscope

(CX40M).



2.3 Electrochemical measurement

The CR2016 coin cells were selected for the full cell test, symmetry cell test, electrochemical
impedance measurement, and Tafel slope test. For preparation of electrolyte, 1 mol L™ LiPFs
was dissolved in mixed solvent of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume), and 10% mass content fluoroethylene carbonate (FEC) was added as an additive to
stabilize the Li metal SEI. The NCM&11 material was selected as the cathode in the full cell test.
The loading mass of NCMS811 cathodes was varied for different test conditions. When it was
low, the NCMS811 cathodes were made by mixing the NCM811 cathode material, acetylene
black, and PVDF in a mass ratio of 8:1:1, added with appropriate NMP to form a slurry. The
high-mass loading NCMS811 electrode pieces were prepared with the same materials in the mass
ratio of 94:3:3. Then, the slurry was coated on the cleaned aluminum foil, dried in an oven at
60°C for 24 h, and finally rounded into 11 mm diameter discs for future use. After weighing, the
mass loading in the two cases were measured as 2.8 and 16.12 mg cm 2, respectively. In the
symmetry cell test, the Li foil was tested as both the working electrode and counter electrode,
and 100 pL of electrolyte was consumed. The above cell tests were performed on the Neware
battery cycler (Shenzhen, China).

The lithium-ion transference number (LTN) was investigated on an Autolab electrochemical
workstation. The LTN test was measured using the steady-state current method, in which the
electrochemical impedance spectroscopy (EIS) was tested before and after the

chronoamperometry. The value of LTN was calculated by the equation as follows:

Is(V—=IgRo)

LTN - IO(V_ISRS)’ (1)

where Ro and Rs represented the impedance before and after DC polarization, respectively; and /o

and /s referred to the initial and stable current during the polarization, respectively.



2.4 Pouch cell assembly

In this work, copper mesh, Celgard 2400, and NCMSI11 celectrode provided by Tianjin
Gateway Power Industry were selected as the anode current collector, separator, and cathode,
respectively. First, the Li belt and copper mesh were simply rolled manually in an argon-filled
glove box, and then placed into the prepared aluminum plastic film for heat sealing. Then, the
pressed Li belt was placed into the glove box. After that, the Li belt, separator, and NCM811
electrode were stacked in sequence and moved into the aluminum plastic films. After added with
electrolyte, they were treated with the heated sealer for a second seal to complete the entire
pouch cell assembly. The assembled pouch cell was placed into the test system and subjected to
the constant current and constant voltage discharge at 0.1 C rate and constant current charge at
0.1 C rate for 5 cycles to complete the formation. After that, the electrolyte reaction generated
some gas in the pouch cell, and the airbag was inserted with a needle connected with a pump to
suck the gas away.
2.5 Theoretical calculations

The Vienna Ab-initio Simulation Package (VASP) and the density functional theory (DFT)
were employed in the theoretical calculations of this work. The exchange energy function was
described using the Generalized Gradient Approximation (GGA) and the Perdew-Burke-
Ernzerhof (PBE) functions. The near-nuclear electron wavefunction was described using the
Projector Augmented Wave (PAW) pseudopotential method. The DFT+D3 was adopted to
correct the dispersion interaction. The cutoff energy of the plane wave basis set was defined as
500 eV. The structure relaxations of LiF, Li»O, and LioCOs with LiF-Li, Li,O-Li, and Li>COs-Li
were optimized using the conjugate gradient method. Electron relaxation stopped until the

change in total free energy was less than 1.0x107° eV, and the ion relaxation stopped until that of



its force was less than 0.02 eV A™!. A vacuum layer (12 A thick) was added in the Z-axis
direction for the slab models of LiF, Li>O, and Li»COs to eliminate the mutual influence of
adjacent periodic structures. A Gamma k-points mesh was set to be 6x6x1. A dipole correction
was added in the Z-axis direction to correct the surface dipole. The density of states (DOS) of
LiF, Li;O, and Li2CO3 were calculated by the tetrahedral method. The adsorption energy was

calculated with below equation:

_ ELi
Eabs - Eslab—Li — Lslab — T’ (2)

where Eaps denoted the calculated adsorption energy, Esuan-Li referred to the total energy of Li
adsorption on the compound slab model, Esia» indicated the total energy of compound slab model,
and £y, represented the total energy of the Li unit cell.

The electron-ion interactions were described by the PAW potentials, while the exchange-
correlation interactions were calculated by employing the PBE pseudopotentials of GGA.
Meanwhile, the vdW-D3 method developed by Grimme was employed to describe the van der
Waals interaction. The plane-wave energy cutoff was set as 520 eV, and the convergence
threshold was set as 1.0x107> eV in energy and 0.02 eV A™! in force. The Brillouin zone was
modeled by gamma centered Monkhorst-Pack scheme, in which a 0.04 A™! grid was set for all
models. The interface energy was evaluated using the same method by referring to a previous
work. In addition, the lattice parameter perpendicular to the interface was relaxed while the

others were fixed to optimize the interface configuration.

3. Results and discussion

3.1 Morphology characterization of FCNTs@Li electrode
Slurry coating using the doctor blade or blade coater is the most used to construct protective

layers on the Li® metal surface [19-22]. However, its modification effectiveness under high-rate



cycling conditions is in doubt as the artificial SEI fabricated by such simple coating approaches
is generally thick and nonuniform. In this work, a thin and uniform coating layer composed of
FCNTs and PAMPS-Li is introduced on metallic Li® surface through spray coating (Fig. 1c) and
is transformed to a multifunctional heterostructure SEI rich in LiF and PAMPS-Li by in-situ
lithiation during cycling (Fig. 1d). In such a rational design, the nano-sized FCNTs could
generate abundant crystalline LiF (< 10 nm) in the layer during the lithiation [23]. In the
meantime, the single ion conductor PAMPS-Li (Fig. S1 online) with a bulky cross-linked
structure (Fig. S2 online) remains as the binder in the SEI to act as the main organic components
[24]. The uniform distribution of different elements confirms the successful construction of a
homogeneous artificial SEI layer on metallic Li foil (Fig. S3 online). As a proof of concept, a
simple synthesis platform was built in a glove box to verify the feasibility of the fabrication
method in large-scale roll-to-roll projects, using a controllable motor as the power source and a
heating machine instead of the industrial heating process (Fig. 1¢). Finally, a roll of FCNTs@Li
was obtained successfully through the simple self-built fabrication platform (Fig. 1f). As shown
in Fig. 1g, the metallic Li® surface is homogenously covered by FCNTs without obvious
exposure of Li® substrate. The cross-sectional SEM image (Fig. 1h) shows that t this coating
layer is about 800 nm thick, which is in accordance with the expectation of artificial SEI. In
addition, FCNTSs consume 1.045 mAh active Li in the first cycle for SEI construction (Fig. S4
online). Due to the 800 nm thickness, consumption ratio of FCNT to metallic Li can be
calculated as 1.3 mAh mm™'. Thus, FCNT does not consume too much active Li (0.05 mAh) in
the 2rd—5th cycles. Therefore, it can be concluded that FCNT could not contribute much capacity

during the subsequent cycling.

3.2 Electrochemical performance and Li deposition morphology
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Fig. 2. (Color online) The electrode performance and metallic Li® deposition morphology
images of FCNTs@Li. (a) The symmetry cell performance and zoomed-in images with current
density of 1 mA cm™ and deposition capacity of 3 mAh cm™2. (b) The symmetry cell
performance at different rates (0.5, 1, 2, and 5 mA cm?). (c) The symmetry cell performance
when limited Li (50 um thick) was applied. (d) The plot summarizing per-cycle areal capacity of
the metallic Li° (x-axis), cumulative areal plating capacity (y-axis), and current density (size of
each circle) in this work and analogous publications using ester electrolyte. Points and reference
included: a) Ref. [27], b) Ref. [26], c) Ref. [28], d) Ref. [25], and e) Ref. [24]. (e) The Tafel plots
of pure Li and FCNTs@Li. (f), (g) The front-section and cross-section SEM images of pure Li

and FCNTs@Li after 50 cycles, respectively. (h), (i) /n situ optical microscopy observation of
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metallic Li® plating behavior of pure Li and FCNTs@Li with deposition rate of 0.5 mA cm2,

respectively.

Galvanostatic metallic Li® plating/stripping test can identify the evolution and stability of the
interface easily, as demonstrated in Fig. 2a—e. The current density for test is always set to 1 mA
cm 2. When the cycle capacity reached 1 mAh cm™2, the metallic Li’ without artificial SEI
protection displayed a cycling overpotential near to 0.1 V in the initial stage of deposition,
indicating that significant deposition energy barrier must be overcome. Moreover, the cycle
overpotential climbs progressively and reaches 0.4 V after 400 hours of cycling (Fig. S5 online).
Although there is no short-circuit caused by metallic Li® dendrite puncture, such huge energy
loss can be termed cell failure. By contrast, FCNTs@Li initially exhibits a cycle overpotential of
0.05 V and can still maintain a stable cycle overpotential after th900 hours of cycling. Such
finding suggests that FCNTs@Li can maintain a stable electrode interface for prolonged period,
which is favorable to long-term deposition of metallic Li’. The Figs. S6—S9 (online) demonstrate
that the riding advantages provided by FCNTs@Li are increasingly noticeable as cycling
capacity increases. In metallic Li® batteries, the areal capacity per cycle, the current density
during plating/stripping, and the cumulative capacity of plated metallic Li° prior to short-circuit
or cell failure are important parameters for evaluating cycling performance. The metallic Li® at
low cycle capacity and cumulative capacity is far away from satisfying the actual application.
Fig. 2d summarizes the recent publications which test the symmetry cell performance of metallic

Li® using ester electrolyte. With a cumulative plating capacity of 6,750 mAh cm 2 (5000 and

12



10,000 mAh cm™2), FCNTs@Li can cycle at huge areal capacities (up to 3, 5, and 10 mAh cm™),
which greatly outperforms that of the mentioned publications, demonstrating the application of

FCNTs@Li in metallic Li® batteries [25-30].

Since the diffusion speed of Li" in the electrolyte is faster than the migration speed in the SEI,
the Li" will accumulate on the electrode surface, which can induce concentration polarization.
The polarization overpotential may reflect the migration speed (speed step) of Li" on the
electrode surface at greater current. FCNTs@Li exhibits superior performance than pure Li
under various current densities (Fig. 2b), which is inextricably linked to the quicker transit speed
of Li" on the FCNTs@Li interface (Fig. 2e). When enough excessive metallic Li’ is furnished,
Li* can be generated constantly, rendering the metallic Li® loss and side reaction in cycling
unnoticeable [31-33]. When the metallic Li® for the metallic Li® plating/stripping is limited
(thickness of 50 pm, equal to 10 mAh cm?), voltage of pure Li increases dramatically after 260
hours of cycling, revealing no active Li° accessible (Fig. S10 online). The FCNTs@Li owns fast
Li" conduction and more stable interface, and exhibits outstanding advantage in symmetry cell

tests at higher current densities and restricted metallic Li’.

To thoroughly evaluate the impacts of SEI qualities on the morphologic features of metallic
Li® deposition, the metallic Li® anode after 50 cycles were characterized (Fig. 2f). The cycled
metallic Li® without FCNTs protection demonstrates an inhomogeneously disseminated porous
structure, and the bulk of intact/dense metallic Li’ remain in the cell. Consequently, the
electrolyte is exhausted before the metallic Li® anode is destructed. Simultaneously, the
insulating SEI layer rapidly enhances the cell resistance and accelerates the cell polarization,
resulting in dramatic rise in overpotential after several cycles. A 280 um-thick porous structure is

formed by metallic Li® and SEI, approximately half of which remain pristine unbroken metallic

13



Li® after prolonged cycling, implying that the electrolyte is exhausted before Li® consumption.
The sudden growth in the insulating SEI layer further exacerbates the surface electric field
inhomogeneity, facilitating the uncontrolled development of metallic Li® dendrites (Fig. 2h). The
comparison reveals that FCNTs@Li can remain the original anode structure (SEI/Li layer of 86
um-thick, Fig. 2g), ensuring the protracted and even metallic Li® deposition (Fig. 2i). The
titration gas chromatography (TGC) technique developed by Prof. Ying Shirley Meng was
employed to monitor the metallic Li’ on Li metal surface to characterize the inhibitory effect of
FCNTs@Li more directly on inactive lithium (Fig. S11 online). When the hydrogen produced by
the same mass of inactive lithium and water was measured using GC, we found that FCNTs@Li

should significantly mitigate the growth of Li dendrites.

3.3 Calculation of interfacial energy and Li* binding energy

14
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Fig. 3. (Color online) DFT calculations of the metallic Li’ dendrite suppression mechanism by
LiF-rich SEI formatted by FCNTs@Li. (a) Atomic structures of LiF (001) facet and
heterojunctions with LiF-Li, LioO-Li, and Li»COs3-Li. (b) Relationship between interfacial energy
of common inorganic components in SEI with lithium and the number of lithium units. (c)
Graphical illustration on impacts of SEI’s interfacial energy on metallic Li® deposition. (d)
Absorption of Li" on the LiF, Li,COs3, and Li»O. (¢) Binding energy of Li* with different solvent
molecules and organic components in SEI formatted by FCNTs@Li. (f), (g), and (h) The DOS

profiles by atomic layer with Fermi level at 0 eV of Li2COs, Li20, and LiF, respectively.
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Based on the DFT calculations, why LiF-rich SEI can effectively restrict the Li dendrites in
Li metal batteries can be elucidated. Li»CO3 and Li>O are mostly sourced from the unavoidable
solvent reductive degradation in the EC/DMC system for LiPF¢. The results of blocking lithium
dendrites were evaluated, and their heterojunction structures were constructed using LiF, Li>COs,
and LiO (Fig. 3a and Fig. S12 online) [34-36]. Since the Li" atoms develop perpendicular to the
interface during the metallic Li° plating, the interfacial property for SEI is critical to the metallic
Li® deposition. For coherent interfaces, the lattice planes are continuous at the interface, and the
resulting interface structure can be described by a single periodic phase, which is set by the
lattice constant of the composite system (defined as £2). Accordingly, interface between the two

materials (defined as a and b) can be calculated with below equation (Note. S1 online):
Vap(2,15) = 7o (2) + ny0, (3)

where ¢ was a constant related to the strain energy in material b. As assisted by Eq. (3), the
interfacial energies of LiF, LiCOs, and LiO were calculated (Tables S1—S3 and Fig. SI13
online) [37-39]. Linear curves may be generated by computing the energies between different
numbers of lithium units and lithium compounds. Intercept of the fitted linear curve represents
the interfacial energy value between lithium and lithium compounds. Fig. 3b shows that LiF
exhibits the greatest yiner of any binary lithium molecule (42.05 meV A™?), which is consistent
with results of prior literature [40, 41]. According to the derivation method of R. Edwin Garcia

[42], the electroplating rate of metallic Li° is defined herein as below expression:

r=j.(exp [(1 - @) (G + 222) | —exp | —a (G2 + E2)]), 4)

16



where ynz was the interfacial energy of the metallic Li® surface, z referred to the valence of
lithium ion, F represented the Faraday’s constant, © stood for the Li’ molar volume, and #
denoted the electroplating overpotential. In addition, j., a, R, T, and « represented the exchange
current density, reaction symmetry factor, molar gas constant, absolute temperature, and
curvature of the surface, respectively. Here, the interface contacted by the electrodeposited
metallic Li’ nucleus is the artificial heterostructure SEIL For the model of planar deposition that
is routinely explored, Eq. (4) can evolve into one of the most basic kinetic relationships in

electrochemistry, that is the Butler-Volmer equation:

zZFn

r=j. (exp[(1 - ) 2] —exp [-aZY]). )

In the case of small deviations from the equilibrium state, (% &« 1), and then the Eq. (4)

above can be reduced as follows:

I = jo (ﬂ + _YNEK'Q)_
RT RT

(6)

The electrodeposition model for metallic Li° is usually a spherical model, with v=dr/d¢ and
x=2/r. The growth rate of the nucleation size of Li’ can be obtained by multiplying the interface
deposition rate by the Li’ molar volume, that is, v=/"Q. Finally, the kinetic equation of Li°

nucleation can be obtained as follows:

dr . zF 2 0
ar_ (_’7 + VN_E)
dt

RT TRT

(7
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Eq. (7) indicates that electrodeposition can also occur on the metallic Li® surface due to the
presence of the interface, even without the effects of overpotential. Moreover, when derivative of
the Li® nucleate size concerning time is 0, dr/d¢=0, indicating that size of the Li° nucleus is no
longer growing. At this time, the limit size of the Li® nucleation can be evolved as follows based

on the Eq. (7):

lim _ _ 2YNEL
e = “aFn (3)

If z, F, and Q are set as constant values, the nucleate size of metallic Li® is proportional to the
interface energy between SEI and lithium (Fig. 3c). Therefore, the LiF-rich SEI can attribute

greater metallic Li® nucleate size and more stable metallic Li® deposition [43—45].

Compared with Li;CO3 (—2.92 eV) and Li2O (-5.12 eV), the LiF-rich (—6.56 V)
heterostructure SEI presents the highest adsorption energy and a higher affinity for Li" (Fig. 3d).
Thus, it forms several negative charge centers, which can pre-homogenize the Lewis acid Li" and
facilitate the uniform Li" flux into the SEI [46]. The high insulation effect of SEI can thus delay
the further reaction between the formed SEI and the electrolyte. The ability to transfer electrons
from Li" to SEI is calculated directly from the DOS curve based on the difference between the
conduction band minimum and the Fermi level (0 eV). LiF (9.40 eV, Fig. 3h) exhibits the highest
band gap compared to LioCOs (4.96 eV, Fig. 3f) and Li,O (5.08 eV, Fig. 3g), thus preventing
further reactions with the electrolyte. Meanwhile, once the solvated Li" ions are transported to
the SEI surface, the Li" will be desolvated and transported to the anode where it resides. The
different positions of the monomers AMPS-Li (—6.53, —5.13 eV) exhibit higher binding energies

to Li" than solvent molecules (EC, —2.26 eV; DMC, —2.30 eV), as illustrated in Fig. 3e.
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Therefore, the solvated Li" can be rapidly desolvated at SEI formed by FCNTs@Li, thus

hindering the parasitic reactions and accelerating the overall transition rate [47, 48].

3.4 Interface characterization and Li* desolvation
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Fig. 4. (Color online) The SEI state analysis of metallic Li® surface after cycling. (a), (d) The C
Is, O 1s, F 1s, and Li 1s spectra of SEIs formed in pure Li and FCNTs@Li with different etching
times, respectively. (b), (e) The changes in C, O, F and Li atomic concentrations with etching
time in SEIs formed by pure Li and FCNTs@Li, respectively. (¢) and (f) The EISs of pure Li and
FCNTs@Li after the initial cycle at 30-50 °C, respectively. (g) The activation energy of
symmetrical cells with pure Li and FCNTs@Li obtained from the Arrhenius formula. (h)

Schematic illustration for desolvation of Li* on the pure Li (left) and FCNTs@Li (right). (i) The
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TOF-SIMS depth profiles of SEIs film formed by pure Li and FCNTs@Li. (j) The depth
distributions of LixF~, LiO, and OEC with etching time in SEI film. (k) The i-¢ curves of

chronoamperometry of the FCNTs@Li symmetry cell.

The generated SEI layer was subjected to the in-depth XPS to establish that it is endowed
with LiF-rich nature by FCNTs@Li. The XPS spectra indicate the identical compositional peaks
in the two SEI layers, which were Li,PO,F: (688.0 eV) and LiF (686.2 eV) in F 1s, C—0 (533.8
eV) and C=0 (531.5 e¢V) in O 1s, C-0O (286.8 ¢V) and C=C (284.8 e¢V) in C 1s, and LiF (56.2
eV) and Li;O (54.6 eV) in Li 1s (Fig. 4a, d) [49]. The proportion of Li>O in the pure Li interface
rapidly increases as the sputtering time. Due to lower oxidation potential, the Li ions are more
prone to be accessible at the inner layer, resulting in more profoundly reactive Li2O.
Furthermore, pure Li exhibits a -COj3; peak (288.8 eV) in C 1s, which typically corresponds to
Li»COs3 in SEI and is formed by interaction of DMC with Li" in an endothermic process (Eq. (9))

but is not dispersed in FCNTs@Li [50].

CH;0C0,CH; + 2Li* + 2e™ + H, - Li,CO5 + 2CH,

©)

The peak intensity of Li>O in pure Li is significantly higher than that in FCNTs@Li (the
composition of Li;O is not detected in O 1s due to very less content). The intensity of LiF is
significantly lower than that of FCNTs@Li, indicating that LiF primarily involves in the SEI

formation. The fluctuation of element atomic concentration with sputtering time (Fig. 4b, ¢)
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demonstrates that the fluorine content in the SEI induced by FCNTs@Li is substantially greater
(near to 30%, Fig. 4e) than that induced by the pure Li (10%—15%, Fig. 4b). The TOF-SIMS
depth studies are carried out to acquire more about the composition of SEI (Fig. 41, j) [51, 52].
After cycling, the major inorganic components (LiF2~ and LiO™) and organic species (oligo-ether
carbonates) in SEI formed on the metallic Li° surface. It is evident that LiF,~ in FCNTs@Li is
evenly distributed across the dimension and possesses a substantially higher content than that in
pure Li, while the content of LiO™ is very low in pure Li. In addition, the uniform distribution of
CN in FCNTs@Li proves the high evenness of spray coating (Fig. S14 online). According to the
theoretical calculation mentioned above, LiF with both high interfacial and binding energies with
Li* can effectively promote the larger size of metallic Li® nucleation, which is advantageous for
uniform metallic Li® deposition. According to previous research, PFs~ may open the EC ring and
realize ring-opening polymerization [53], which is consistent with the finding in this work (Fig.
S15 online). When serving as an intermediate product, oligo-ether carbonate (OEC) possesses a
longer carbon chain, so it is more flexibility than organic matters generated by EC just by
opening the ring. During lithiation, the FCNTs@Li generates an abundance of PAMPS-Li, which
can construct the Li ion channels, accelerating the ion transport within the interface and
promoting the generation of OEC. Overall, the synergistic impacts of LiF with high interfacial
and binding energies and OEC generation of longer segments in FCNTs@Li enhance the SEI
that promotes uniform metallic Li® deposition and mitigates metallic Li® volume expansion,

guaranteeing the highly stable cycling over time.

The activation energy (Ea) associated with activation barrier at the electrolyte/Li interface
was calculated by fitting an equivalent circuit to the temperature dependence of the interface

resistance, and the results are listed in Table S4 (online) [54]. At 30°C, the charge transfer
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resistance (Rct) of the FCNTs@Li is estimated to be 37.1 Q (Fig. 4f and Fig. S16 online), which
is substantially lower than that of pure Li (106.2 Q, Fig. 4c). Such finding suggests that the
FCNTs@Li interface is advantageous for Li" transportation, which agrees with result displayed
by the Tafel curve. The E, at the electrolyte/Li interface can be calculated using the Arrhenius

equation, as follows:

— = dexp (- 2), (10)

Ret

where A4 is a constant, R is the molar gas constant, and 7 is the absolute temperature. The
calculated E, of Li" desolvation in FCNTs@Li (31.97 kJ mol™") is lower than that in pure Li
(54.64 kJ mol™"), confirming that the interfacial layer generated by FCNTs@Li is favorable to
separation of Li'-solvated sheaths, allowing for faster Li" intercalation kinetics (Fig. 4g). The
high absorption energies of -CONH and -SO3 with Li" in AMPS-Li can facilitate the separation
of Li"-solvated sheaths at the interface layer (Fig. 3e). As previously reported, SEI with high
LTN assist enhances the critical size of metallic Li° nucleation, smooth Li deposition, and
diminish parasitic interactions of anions with metallic Li’. The LTN values of FCNTs@Li and
pure Li are estimated to be 0.66 and 0.33, respectively (Table S5 and Fig. S17 online). Due to
Note S2 (online), the high LTN of FCNTs@Li enables ion transport and balance of surface
tension, ultimately promoting the large size of metallic Li’ nucleation [55]. FCNT+PVDF and
PAMPS-Li+PVDF are selected and sprayed onto the Li foil separately for comparison to clarify
the role of each component (Fig. S18 online). The sample with FCNT+PVDF can maintain low
overpotential due to a LiF-dominated SEI interface, which is conductive to the Li" transport.
However, the LiF-dominated SEI interface without organic component protection consumes

amounts of active Li and is deactivated after long-term cycling. The sample with PAMPS-
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Li+PVDF exhibit a larger overpotential due to poor ionic conductivity. As a result, the PAMPS-

Li in FCNTs@Li can effectively suppress the anion migration, reducing the parasitic reactions

and by-products (Fig. 4h).

3.5 Full-cell performance of coin cell and pouch cell with high-loading NCM811 cathode
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Fig. 5. (Color online) Comparison of NCMS811 cull cell electrochemical performance in coin

cell and pouch cell. (a) The NCMS811 full cell electrochemical performance with the current

density of 3.0 C (1.68 mA cm™>). (b) and (c) The voltage-capacity retention curves of pure

Li|[NCM&811 and FCNTs@Li|[NCM811, respectively, during different cycles. The NCM811 full

cell electrochemical performance with the current density of 1.0 C (3.2 mA cm?) involves high
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loading NCM811 cathode (mass loading of 16.12 mg cm™2, 3.2 mAh cm™2) and limited Li metal
anode (thickness of 50 um, 10 mAh cm™), indicating that the N/P ratio is 3.1. (¢) The definite
structural relationship of the cathode electrode and anode electrode to the separator inside the Li
metal pouch cell. (f) The NCMS811 pouch cell electrochemical performance with the charge rates
of 0.5 C (1.61 mA cm™) and 0.1 C (0.32 mA cm?). The embedded image is the optical
photograph of assembled FCNTs@Li|[NCM811 pouch cell with a capacity of 1.15 Ah. (g)
Schematic diagram of Li metal pouch cell. (h) The plot for total capacities of the Li-metal pouch
cell (x-axis), N/P ratio (y-axis), and the cycling number (z-axis) in this work and analogous

publications assembled with lithium-containing cathodes (NCM or LFP).

The metallic Li® anode is combined with NCM811 cathode to assemble the full cells for
electrochemical tests, aiming to illustrate the potential of FCNTs@Li under the actual situation.
When the loading of NCMS811 is 2.8 mg cm 2, the applied current density is controlled at 1.68
mA c¢cm 2 (3 C). The initial capacity of the FCNTs@Li|[NCMS811 full cell is 187.8 mAh g”!, and
the discharge specific capacity of 151.8 mAh g™! (retention rate of 80.8%) still is maintained
after 300 cycles (Fig. 5a, ¢, and Table S6 online). In contrast, the pure Li|[NCMS811 full cell
exhibits a initial capacity of 180.9 mAh g! and decays rapidly after 50 cycles (Fig. 5b). The
results discussed here indicate that interface of pure Li becomes progressively polarized when
the SEI thickens and the amount of Li® in the insulating state grows, enhancing the Li* transport
resistance and accelerating the capacity degradation. High-loading cathode, limited metallic Li°
anode, and lean electrolyte must be applied concurrently to maximize the gravimetric energy
density of metallic Li® batteries. The FCNTs@Li|[NCM811 full cell maintains a capacity loss of

only ~0.0987% per cycle (Fig. 5d) when it is assembled with high-loading NCM&811 cathode
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(mass loading of 16.12 mg cm ™2, 3.2 mAh cm2) and limited Li metal anode (thickness of 50 pum,
10 mAh cm™2, N/P ratio of 3.1), and lean electrolyte (E/C ratio of 5 g Ah™!) at the current density
of 3.2 mA cm2 (1 C). The capacity loss obviously exceeds the comparable state-of-the-art Li°
metal anodes recently published (Fig. S19 online). The ‘wet SEI’ layers are generated when the
FCNTs@Li metal surfaces are wetted by the electrolyte, leaving some residual electrolytes
behind. As a result, Li" flux flows back and forth between these wetted SEI layers, realizing the

electrochemical process.

In our perspective, the spray coating synthesis approach can swiftly generate the
FCNTs@Li foil, making it ideal for pouch cell assembly. As a proof-of-principle, a multilayer
laminated pouch cell was assembled with the N/P ratio of 1.67 (Table S7 and Fig. S20 online),
and the precise structure is shown in the Fig. Se. The FCNTs@Li|[NCM811 pouch cell can
supply a specific energy of 330 Wh kg™! and support the stable cycle for 100 cycles at baseline
capacity retention of 80% (Fig. 5f), whereas the pure Li||[NCMS811 pouch cell rapidly declines
after 30 cycles (Fig. 5g). Compared with recent literature about pouch cell electrochemical
performance [56-61], the pouch cells in this work can keep cycle stability for the longest time
under severe conditions with higher gravimetric energy density (1.15 Ah) and lower N/P (1.67)
(Fig. 5h). It demonstrates the long-term cycling stability of FCNTs@Li|[NCM811 metallic Li°

batteries under industrially practical harsh conditions.

4. Conclusion

In summary, a multifunctional artificial SEI is designed on metallic Li® via simple spray
coating and in-situ lithiation process in this work, which can realize rapid desolvation of Li* and

uniform metallic Li® deposition. DFT calculation results verify that LiF (001) facet owns higher
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interfacial energy than other inorganic components (Li2O and Li>CO3) in native SEI, so it can
promote the metallic Li® deposition with larger nucleate size from. Besides, insulation of LiF in
SEI can effectively suppress the formation of the metallic Li® dendrites. The PAMPS-Li can
restrain the movement of anions in the SEI and promote the desolvation of Li', thus hindering
the electrolyte penetration, mitigating the side reactions between Li° and electrolyte, and
enhancing the metallic Li’ nucleate size. As a proof of concept, a 330 Wh kg™ ! metallic Li’
pouch cell (N/P of 1.67) is implemented for 100 stable cycles assisted by the elf-built simple
roll-to-roll production system. Therefore, it is believed that the strategy proposed in this work

provides a novel direction for realizing large-scale production of high-performance metallic Li°

anodes.
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Based on the in-depth understanding of Li’ deposition behavior, a high interfacial-energy
artificial SEI with rich LiF embedded in PAMPS-Li polymer network is designed to realize

favorable Li° nucleation and rapid desolvation of Li* simultaneously, reveals the importance of

interfacial energy for highly reversible Li° deposition/stripping.
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