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Lithiated silicon significantly increases the Li plating/stripping Coulombic
efficiency to a recorded highest value of >99.7% due to successful elimination of
the dead Li. The reported principle can be broadly applied to other active
materials (such as Sn, Bi, Sb) for other metal anodes including K and Na batteries.
The discovery opens up an entirely new avenue for all alkali metal batteries and will
attract a broad range of scientists and engineers working on metal anode battery
technologies in general.
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SUMMARY

Lithium metal batteries (LMB) are promising energy storage systems due to the
highest capacity of Li (3,860 mAh/g). However, the low Coulombic efficiency of
Li plating/stripping and safety concern due to uncontrolled Li dendrite and dead
Li prevent its applications. Here, we report that Li plating on a prelithiated Li,Si
anode can effectively suppress the formation of dead Li on Li,Si when the total
lithiation/delithiation capacity in each cycle is higher than the Li plating/strip-
ping capacity on Li,Si because the slight delithiation from Li,Si at a higher deli-
thiation potential than the stripping potential of deposited Li on Li,Si will ensure
the complete stripping of the plated Li before delithiation of Li,Si, the root of
deposited Li, thus dramatically enhancing the Coulombic efficiency of Li
plating/stripping to the highest recorded (>99.7%) even at a high Li plating/

stripping capacity of 1.0 mAh cm 2.

INTRODUCTION

Advances in lithium ion batteries has significantly changed our daily life. The recent
booming market for electric vehicles requires Li-ion batteries to have a higher
energy density of ~500 Wh/kg to compete with conventional gas engine-powered
vehicles. However, it is very challenging for current Li-ion chemistry to reach a goal
of 500 Wh/kg'~® due to the limited capacity of intercalation graphite anodes and tran-
sition metal cathodes. Li metal has the highest specific capacity (3,860 mAh/g) and
lowest operation potential (—3.04 V versus standard hydrogen electrode), so the Li
metal battery (LMB) becomes the ultimate choice for electric vehicle batteries.>™
However, Li will intensely react with electrolytes forming a non-uniform solid electro-
lyte interphase (SEI), promoting the growth of dendrite Li and formation of dead Li
during Li plating/stripping cycles at a high cycling capacity (>2 mAh cm~3), signifi-
cantly reducing the Coulombic efficiency (CE) of the Li metal anode to a very low level
of <90% in traditional carbonate electrolytes."® The formation of dendrite Li and
dead Li potentially cause short circuiting of batteries, with serious safety issues.” '*
The “dead Li" is formed by Li stripping from the roots of Li dendrite metal, which
breaks the electrical contact to the substrate because the stripping potential at the
root of the Li dendrite is the same as the stripping potential at the top of the Li
dendrite (Figure 1A). After continuous cycling, the Li metal anode will be covered
by a thick accumulated SEl layer and dead Li composite, which blocks Li-ion transport
and leads to exponential increase of resistance and cell failure.*'® To offset the low
CE of the Li metal due to the continuous growth of SEl and the continuous formation
of dead Li, plenty of excess Li metal has to be paired with the cathodes, which dramat-
ically reduces the energy density of the full LMBs.

To suppress the Li dendrite and dead Li, 3D or porous host with large surface area
including hollow carbon spheres,® layered reduced graphene oxide,'® hollow
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Figure 1. Schematic Diagrams of Different Li Metal Anode Host Structures

(A) A thin film of the SEI layer (blue) forms on the surface Li metal (golden). Volumetric changes of deposited Li during the plating process can easily
break the SEl layer. “Dead Li" formed due to Li stripping from the roots.

(B) A thin film of the SEl layer forms on the surface of the prelithiated Si (Li,Si) electrode, Li depositing on the surface of Li,Si with a root which has strong
bonding of Li with Si, and stripping entirely before the delithiation of Li,Si because of the potential difference. A few Li-ions extract from the host (Li,Si)
to form surface porous Si during the discharging process.

carbon with golden seeds,"” hollow carbon fibers,'® graphene nanoribbons, '’ poly-
meric matrix,”® 3D porous carbon matrix,”’ and copper nanowire networks,” were
used to reduce the actual cycling current. Although the Li dendrite has been sup-
pressed at a low actual current, the high interface area with electrolytes of 3D and
porous host also increase the amount of SEI, which significantly reduces the CE,
especially in the first few cycles. Since the delithiation potential of these porous car-
bonous hosts is similar to the Li stripping potential, especially at a high stripping cur-
rent, and that these inactive 3D current collectors have weak bonding to Li, Li can still
be stripped from the roots of Li metal during the Li stripping process, resulting in
dead Li similar to the Li metal shown in Figure 1A. Therefore, the CEs of the Li metal

plating-stripping in these hosts are still much lower.* 47?2

An effective host should not only allow Li to uniformly plate on the host surface, but

also have the ability to avoid the formation of dead Li. The ideal host should satisfy

the following requirements: (1) the substrate should be an active material with a

strong bonding to Li for uniform Li plating, and the delithiation potential (~0.3 V)

of the host should be slightly higher than that of the Li stripping potential (0.25V de-

pending current) to ensure that Li on the surface of host (root of Li dendrite) does not

deplete until complete stripping of deposited Li on the top. The delithiation poten-

tial of the host should also not be too high, which would decrease the average

voltage and reduce the energy density of the full cell, such as Sn (>0.5 V)23 (2) It

should have high capacity and be structurally stable during shallow delithiation/lith- : i )
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iation cycles. Since the CE of Li plating/stripping cannot reach 100%, the host expe- Engineering, University of Maryland, College
riences a very shallow delithiation/lithiation process during each Li plating/stripping Park, MD 20742, USA

cycle. If dead Li can be avoided and SEI on plated Li is stable, the CE of Li plating/ ?These authors contributed equally
stripping on the host should be the same as the CE of the host during the very SLead Contact

shallow delithiation/lithiation cycles, representing a revolutionary increase for Li *Correspondence: cswang@umd.edu
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Here, we use silicon as a model electrode to demonstrate such an innovative
concept. Si is an ideal model anode for Li plating/stripping because: (1) Si has a
strong bonding with Li and has a suitable delithiation potential of 0.3 V (depending
on current density and the material used in this work, Figure 3A). The stronger pref-
erential adsorption of Li-ions onto the Si atom rather than the Li atom can induce a
uniform Li deposition and result in smaller nucleation over-potential for Li plating,
which has been demonstrated in a pioneering study by simply coating a Si nano-
layer on the Li anode.?* The strong bonding with Li and the suitable delithiation
potential of 0.3 V of Si can prevent Li stripping from the roots during the stripping
process, which results in the formation of dead Li (Figure 1B); However in-situ-coated
Sn?® or ex-situ-coated Si** nano-layers on the Li foil anode have the same potential
as Li during Li stripping, so they cannot prevent dead Li. In addition, the repeat Li
plating/stripping on Si- or Sn-coated Li may break the Si or Sn nano-layer allowing
the liquid electrolyte to penetrate underneath Li, forming Li dendrites and dead
Li, and reducing the CE. (2) The high capacity (>3,000 mAh/g) of Si**~?® can effec-
tively accommodate the Liloss ensuring long cycle life, and the repeated shallow de-
lithiation/lithiation of Li,Si can generate nano-pores on the Li,Si surface that increase
the surface area (Figure 1B), which can reduce the effective current density and mini-
mize the volume change of deposited Li. By coupling the LiNig §Mng 1Cog 1Oz (NMC
811) cathode with the lithiated silicon (Li.Si) electrode at a capacity ratio of NMC 811
to Li,Si of 1:1, and using 1 M LiPF, in all-fluorinated solvent as an electrolyte (1 M
LiPF¢ in fluoroethylene carbonate (FEC)/bis(2,2,2-trifluoroethyl) carbonate (FDEC)/
hydrofluoroether (HFE) [2:6:2 by volume]), we demonstrated that the Li,Si/NMC
811 full cell provided an energy density of 600 Wh/kg (of total mass of cathode
and anode) at a high areal capacity of 2.0 mAh cm~2 and maintained 90% of initial
energy density after 300 cycles. The average CE of Li,Si anode back calculated
from the capacity decay of Li,Si/NMC 811 full cell after 300 cycles is >99.7%, as
the CE of NMC 811 is >99.9% in 300 cycles. The CE for Li plating/stripping on the
LixSi host is similar to that of the Si anode, and is much higher than the CE of Li anode
(<99%) in the same electrolyte. The much longer cycle life (>300) of Li,Si/NMC 811
with a capacity ratio (Li,Si to NMC 811) of 1.0 than that (220) of Li/NMC 811, with a
capacity ratio (Li to NMC 811) of 10.0, and that (40) of Si/NMC 811 with the same
amount of Si loading as in Li,Si/NMC 811, demonstrated the significant advantages
of a lithiated Si host for Li plating/stripping.

RESULTS AND DISCUSSION

FEC-containing electrolytes have a high stability to Li and Si anodes and the high-
voltage NMC 811 cathode.?”*° To further enhance the stability of the electrolyte,
we increased the fluorine content by adding large amounts of two other fluorinated
solvents forming 1 M LiPF, in FEC/FDEC/HFE (2:6:2, by volume, see Experimental
Procedures for details), which enables the CE for Li plating/stripping metal to
achieve 99% at a current density of 0.5 mA cm~2 (Figures ST1A and $1B) and a small
over-potential, which is in agreement with a reported all-fluorinated electrolyte.*®
The X-ray photoelectron spectroscopy (XPS) results (Figures S1C-S1G) demon-
strated that the lithium fluoride (LiF) content in SEl is higher than >80%. The
extremely low electronic conductivity®’ and high interfacial energy of LiF to Li
metal®? enable a successful 200 cycles of the Li metal anode at a current of
0.5 mA cm 2 in this all-fluorinated electrolyte. However, when the current density
is increased to 4 mA cm™?, the cycle stability of the Li metal anode decreases
dramatically. Figure 2A shows the voltage profile for galvanostatic lithium plating/
stripping on a symmetric lithium metal cell at a current density of 4 mA cm~2, with
a cycling capacity of 0.5 mAh cm~2. The over-potential for lithium plating and
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Figure 2. Electrochemical Performance of Li Metal Anode and Optical Microscopy Images of the Li Metal Anode Surface

(A) Voltage profile for galvanostatic lithium plating/stripping on the symmetric lithium metal cell at a current density of 4 mA cm~2 for 0.5 mAh at each
step.

(B) Scanning electron microscope (SEM) image of the Li metal anode surface after the experiment in (A) for 18 hr.

(C) Capacity-sequenced optical microscopy images of the electrolyte-electrode interface during Li plating and stripping on lithium metal anode at a

current density of 4 mA cm 2. The capacity (mAh cm~?) of lithium being plated or stripped on the Li metal anode is shown in the middle of each image.

stripping suddenly increased from approximately 250 mV to more than 500 mV after
16.5 hr of galvanostatic lithium plating/stripping. The scanning electron microscope
(SEM) image of this Li metal at 18 hr of stripping/plating shows a highly porous and
thick dead Li layer on the Li metal substrate (Figure 2B), which seriously blocked
Li-ion transport and dramatically increased the over-potential of Li plating and
stripping. To clearly reveal the formation process of dead Li during Li plating and
stripping on the Li metal anode at a high current, an optical microscope was applied
to visualize the Li plating/stripping process using a custom-built optical cell. The
time-lapse images of the morphology at the electrolyte/Li metal interface during
Li plating and stripping at a current density of 4 mA cm~2 are shown in Figure 2C.
The fresh Li metal anode has a smooth morphology. After 0.5 mAh cm ™2 of electro-
chemical Li deposition, a few mound-like Li grow on the Li substrate. These mound-
like plated Li shrank during the Li stripping, but did not disappear even after 0.5 mAh
cm~2 of stripping. As schematically demonstrated in Figure 1A, the Li strips not only
from the top surface of plated Li but also from the roots, forming dead Li. In the sub-
sequent plating process, rapid and uncontrollable mossy deposited Li were
observed on the Li metal electrode. Video S1 shows the formation/growth of Li
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dendrites and dead Li in several Li plating and stripping cycles. As expected, many
dead Li, of several microns, were peeled off from the Li metal electrode during the
stripping process. Since these dead Li electrically disconnected with the Li metal
electrode but physically connect with the Li electrode by weak SEI, they also peeled
off in the plating process due to the volume expansion the plated Li.

The electrochemical Li plating and stripping on the lithiated silicon (Li,Si) substrate
was also investigated. Firstly, the electrochemical performance of silicon anodes was
evaluated in the all-fluorinated electrolyte. At a current density of 0.5 mA cm ™2, the
reversible Li extraction specific capacity of the Si anode at a potential range of 1.5
0.05Vis 1,083 mAh g’1 (the area capacity is ~2.2 mAh ecm~?) (Figure 3A), and the Si
still maintains 75% of initial capacity after 300 cycles (Figure 3B). The CE of the Siin
the first cycle is 90% and rapidly increases to 99.8% after 10 cycles (Figure 3C). The
XPS results indicated that the content of LiF in SEl on Si is also extremely high, which
enables the high CE and cycling stability of Si anode in the fluorinated electrolytes
(Figures S2 and 3). The benefit of LiF-rich SEl for Si anodes have been confirmed

in previous studies.®¥*

Figure 3D shows the electrochemical Li plating and stripping process on the lithiated
silicon (LixSi) host. An Li,Si host with a lithiation capacity of 2.2 mAh cm~2 was
achieved in the same all-fluorinated electrolyte by galvanostatic discharging a Li||Si
half-cell to a cutoff voltage of 0.005 V at a current density of 0.5 mA cm ™2 (Figure 3D,
blue). Then an additional lithiation of 2.0 mAh cm ™2 was applied to lithiated Si to
deposit Li metal on Li,Si (Figure 3D, golden). As demonstrated in the expended lith-
iation potential profile in Figure 3E, Li plating on Li,Si begins after discharging of Si
to 3.1 mAh cm™2 at —0.065 V where a clear Li nucleation over-potential is observed.
After Li plating on Li,Si for a capacity of 1.1 mAh cm™2, the lithiation process is
finished. During the delithiation (charged) process, plated Li on the Li,Si surface is
first stripped, followed by a shallow delithiation of the Li,Si because of the higher de-
lithiation potential of Li.Si than the stripping potential of the plated Li metal (Fig-
ure 3D, red).

An optical microscope was also used to capture time-lapse images of the interface
between the electrolyte and the silicon electrode during the lithiation of Si following
Li plating on the surface of the Li,Si electrode. Time-lapse images in the delithiation
process (charging process) were also recorded. Figure 3F and Video S2 show the
evolution of the Si surface during the complete 4.2 mAh cm™2 lithiation process
(including 3.1 mAh cm™2 Li-ions lithiating into Si and 1.1 mAh cm™ Li metal plating
on the surface of the silicon electrode) and 2 mAh cm~2 of delithiation process at a
current density of 0.5 mA cm™2. During the initial lithiation of Si to 2.0 mAh cm™2, the
Si electrode experiences an obvious thickness increase from 314 to 457 um due to
volume expansion. Upon further lithiation of Li,Si from 2.0 to 3.0 mAh cm~?, the
thickness of Li,Si further increases only by 6% from 457 to 488 um (Figure 3F). The
6% of volume change in the limited lithiation of Si with 1.0 mAh cm~2 is similar to
the volume change of LiFePQy, which is one of the most stable cathodes in Li-ion
batteries. The thickness of the electrode further increases to 528 pm in the subse-
quent Li metal plating process from 3.0 to 4.0 mAh cm—2 (Figure 3F). As expected,
no dendrite or mound-like plated Li metal is observed during Li plating on lithiated
Si. In addition, SEM images of lithiated Si at the end of Li plating process also
showed no obvious dendrite Li metal on the surface (Figure 4). During the subse-
quent delithiation process to 2 mAh cm™2, no dead Li exfoliation can be observed
from the Li,Si electrode (Figure 3F, delithiation from 0.25 to 2 mAh ecm~2, Video
S2). Accordingly, the thickness of the electrode decreases from 528 to 456 um
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Figure 3. Electrochemical Profiles of the Silicon Anode and Li Plating/Stripping on the Li,Si Electrode

(A) Galvanostatic charge-discharge profile of the silicon electrode cycled at a current density of 0.5 mA cm 2 between 0.005 and 1.5 V (versus Li*/Li).
(B) Cycle performance of the silicon electrode at a current density of 0.5 mA cm ™2 (the current density is 0.1 mA cm~2 during the first 3 cycles).

(C) Coulombic efficiency (CE) of the silicon electrode at a current density of 0.5 mA cm 2.

(D) Voltage profile of the Si electrode discharged to 0.005 V at a current of 0.5 mA cm ™2 (blue), voltage profile of continued discharging process with a
capacity of 2 mAh at a current of 0.5 mA cm~? (golden), voltage profile of charging process with a capacity of 2 mAh at the current of 0.5 mA cm =2 (red).
(E) Detailed voltage profile of lithium plating on the Li,Si electrode host.

(F) Capacity-sequenced optical microscopy images of the electrolyte-electrode interface during the lithiation (4 mAh cm~?) and delithiation processes
(2 mAh cm™) on the Si electrode at a current density of 0.5 mA cm ™2, The capacity (mAh cm™) of lithiation and delithiation on the Si electrode is shown
in the middle of each image.

during the stripping of deposited Li and shallow delithiation of Li,Si, demonstrating
high reversibility in the thickness.

First principles and molecular dynamic (MD) calculations were applied to reveal the
mechanism for the suppressing the formation of Li dendrites and dead Li. Figure 5
illustrates Li-ion plating and stripping behavior on the lithiated silicon surface.
Firstly, Si-Li bonding is stronger than Li-Li bonding, suppressing the Li stripping
from the interface between Si and Li (at the root of deposited Li). The first-principles
calculation demonstrated that the binding energies of Li on Si-doped Li(001) and
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Figure 4. SEM Images of the Li Plating on the Li,Si Host
SEM images at the end of Li plating process (at the end of the golden profile in Figure 3D).

Li(001) surfaces are calculated to be —1.60 and —0.55 eV, respectively (Figures 5A
and 5B). The more than 1.0 eV lower binding energy indicates a stronger preferential
adsorption of Li-ions onto the Si atom rather than the Li atom. The charge density
calculation suggests the Si atom owing the stronger electron localization ability
than Li, which suggests that the electron prefers to accumulate at the Si atoms
when it is charged by the electrons. According to the voltage profiles, the lithiation
of Si will take place before Li plating, forming Liz 75+,Si (Figure 5C).*° The higher
voltage of the Li-Si alloy also suggests a stronger interaction between Li and Si
atoms. Moreover, the average Si-Si pairs in Liz 754,Si are calculated to be ~2.5 A
according to the pair distribution function (PDF) and the coordination number of
Si-Sitorange from 1.0 to 2.0 (see Figure S4). These results indicate that Si atoms uni-
formly disperse in the Liz 754,Si alloy in 3D. The Monte Carlo simulations shown in
Figures 5D and 5E manifest that Si atoms in the Li-Si alloy provide dispersive seeds
for Li nucleation. As schematically illustrated in Figure 5F, while discharging, Li-ions
migrate toward the anode surface under the dual effect of the electric field and con-
centration gradient, and insert Si, forming an Li-Si alloy. After lithiation into the Si
process, Li plating begins at the surface of the Li-Si alloy. The dispersed lithiophilic
Si atoms offer nucleation sites, induce a uniform Li deposition, and result in smaller
nucleation over-potential for Li plating. In the following growth stage, Li uniform
nucleation acts as a Li plating matrix, significantly improving both the plating pro-
cess and final morphology. When complete, the surface of the Li-Si alloy will be
covered with uniform and smooth Li deposits. During the subsequent Li stripping
process, the stronger preferential adsorption of Li-ions on the Si atom rather than
the Li atom prevent Li stripping from the roots, which suppresses the formation of
dead Li.

During 2 mAh cm 2 of charge/discharge cycles, the Li,Si anode experiences a
shallow delithiation/lithiation process (1.0 mAh cm™?) with a volume change of
6%. The shallow charge/discharge cycles ensure a high CE and the formation of a
porous structure. Transmission electron microscope (TEM) images of the silicon after
one Li plating and stripping cycle show that a large amount of pores and slits are
formed on the surface layer of the Si particle (Figure S5), which enhances the
bonding to Li and further suppressing Li stripping from the interface between Si
and Li (root of deposited Li). The porous Si also minimizes the volume change of lithi-
ated Si and subsequent deposition of Li metal, which enhances the CE.

For comparison, we used a 2.0 mAh cm 2 NMC 811 cathode to match with three an-
odes: a Li metal anode with 10-fold excess capacity (20 mAh ecm~?), a Si anode
(2.0 mAh ecm™), and a prelithiated Li,Si anode (2.0 mAh cm™?) (the same
amount of Si) (Figure 6). The NMC 811 cathode delivered a specific capacity of
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Figure 5. First-Principles and Molecular Dynamic Calculations to lllustrate Li-lon Plating and Stripping Behaviors on the Li-Si Alloy Surface

(A and B) Differences of charge density for Li on (A) Si-doped Li (001) and (B) Li (001) surfaces and their corresponding binding energies. The turquoise
and yellow regions represent the deletion and accumulation of electrons, respectively.

(C-E) The calculated voltage profiles for amorphous Li-Si alloy form ReaxFF force field and crystalline Li-Si alloy form materials project (MP) (C).
Illustration of atomic structure of Liz 754,Si surface (D) before and (E) after Li platting. The green and blue balls represent the Li and Si atoms in the
substrate, while the yellow and purple balls represent the platted Li and outmost Si atoms.

(F) Schematic representation of the Li nucleation and plating process on Si electrode.

200 mAh g~ (Figure S6), with a high area capacity of ~2 mAh cm™2; such a high cath-
ode loading presents a rigorous test for the cycle stability for the full cell because it
requires a high utilization of the anode in each cycle, which maximizes the parasitic
reactions on the anode, especially for the deposited Li metal anode. The NMC
811(2 mAh)||Li metal(20 mAh) with 10-fold Li excess (~5.5 mg) delivers a stable ca-
pacity for 200 cycles with a >99.9% CE (Figures 6A, 6B, and S7A); the CE of NMC 811
is 99.99% since the Li counter electrode has a 10-fold higher capacity than NMC 811.
However, the high Li amount also reduces the total capacity and energy density. The
continuous reaction between Li and the electrolytes also requires high electrolyte
loading, further reducing the energy density. The specific capacity of the NMC
811(2 mAh)||Li metal(20 mAh) full cell is only around 130 mAh g~ and the energy
density is only ~487 Wh/kg (mass of both NMC and Li). Even worse, it suffers a sud-
den death around 220 cycles due to the dead Li on the Li metal anode and dryness of
the electrolytes (Figure S8), as discussed above in Figures 1A and 2. The SEM images
of the Li anode after 240 cycles (half capacity was lost) in NMC 811(2 mAhj||Li
metal(20 mAh) cell show the large thickness of the highly porous and cracked
dead Li layer above the Li metal, which seriously consumed the electrolyte, blocking
Li-ion transport, and leading to serious capacity fading (Figures S8A and S8B). The
dead NMC 811(2 mAh)|[Li metal(20 mAh) cell (after 240 cycles) was disassembled,
and a new Li metal anode (20 mAh, ~5.5 mg) was used to replace the cycled Li
anode. The new NMC 811(2 mAh)||Li metal(20 mAh) cell delivers a good cycle per-
formance again (Figures S8C and S8D), which confirms that the dramatic capacity
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Figure 6. Electrochemical Performances of Batteries Using the NMC 811 Cathode with Different Anodes

(A) Galvanostatic charge-discharge profiles of NMC 811(2 mAh)||Li metal(20 mAh) batteries at a current density of 0.5 mA cm 2 between 2.7 and 4.4V,
the weight of 2 mAh NMC 811 is ~10 mg and 20 mAh Li metal is ~5.5 mg.

(B) Cycle performance of the NMC 811(2 mAh)|[Li metal(20 mAh) battery at a current density of 0.5 mA cm 2 between 2.7 and 4.4 V.

(C) Galvanostatic charge-discharge profiles of the NMC 811(2 mAh)||Si(2 mAh) battery at a current density of 0.5 mA cm™ between 1.8 and 4.4V, the
weight of 2 mAh Siis ~2 mg.

(D) Cycle performance of the NMC 811(2 mAh)||Si(2 mAh) battery at a current density of 0.5 mA cm™ between 1.8 and 4.4 V.

(E) Galvanostatic charge-discharge profiles of the NMC 811(2 mAh)||LixSi(2 mAh) battery at a current density of 0.5 mA cm ?between 1.8and 4.4V, the
weight of 2 mAh Li,Si is ~2.5 mg.

(F) Cycle performance of the NMC 811(2 mAh)||Li,Si (2 mAh) battery at a current density of 0.5 mA cm 2 between 1.8 and 4.4 V.

fading was caused by the dead Li. The battery NMC 811(2 mAh)||Si(2 mAh) delivers a
specific discharge capacity of 150 mAh g~ (mass of NMC and Li), with a CE of only
99.8% (Figures 6C, 6D, and S7B) due to the low CE of the Si anode of 99.8% (Fig-
ure 3C), resulting in a rapid capacity decay to 60 mAh g~" after 300 cycles.

As expected, the NMC 811(2 mAh)||Li.Si(2 mAh) batteries showed the best cycling
stability, with a capacity retention of 90% over 300 cycles and a >99.9% CE (Figures
6E, 6F, and S7C); even Li,Si experiences a Li plating/stripping process during
charge/discharge cycles. The achieved specific capacity is ~160 mAh g~' (total
mass of NMC and Li,Si), and the energy density reaches ~600 Wh/kg, which is
much higher than commercial Li-ion batteries and any reported Li metal batteries
(including the excess Li metal anodes). According to the voltage profiles of this bat-
tery in different cycles, a gradual decrease in discharging voltage could be observed
due to the gradually increased state of delithiation in Li,Si during the charge/
discharge cycles, complementing the Li loss in each cycle from ~99.7% of coulombic
efficiency in the Li,Si anode (Figure 3C). Furthermore, the NMC 811(2 mAh)||
LixSi(2 mAh) cell also delivered a high performance rate, with a capacity retention
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Figure 7. Rate Performance of the NMC 811(2 mAh)||Li,Si(2 mAh) Battery

(A) Galvanostatic charge-discharge profiles of the NMC 811(2 mAh)||Li,Si(2 mAh) battery at
different current density between 1.8 and 4.4 V.

(B) Rate performances of the NMC 811(2 mAh)||Li,Si(2 mAh) battery at different current densities
between 1.8 and 4.4 V.

of 80% (135 mAh g~") at a high rate of 2C (4 mA cm™?) (Figure 7). The significant
enhancement in performance is mainly attributed to the Li,Si host, with minor con-
tributions from all-fluorinated electrolytes, as demonstrated by the better electro-
chemical performance of the NMC 811(2 mAh)|[Li,Si(2 mAh) cell, with only 1-fold
Li excess than that of NMC 811(2 mAh)||Li metal(20 mAh) cell with >10-fold Li excess
capacity in commercial carbonate electrolyte (1 M LiPF, in ethylene carbonate/
dimethyl carbonate [DMC], weight ratio of 1:1) (Figure S10). The much better perfor-
mance of NMC 811(2 mAh)||Li,Si(2 mAh) cell in commercial electrolytes demon-
strates the critical role of that Li,Si host on Li plating/stripping. The high energy den-
sity (600 Wh/kg), 300 cycle lifetime, and high rate capability of the NMC 811(2 mAh)||
LixSi(2 mAh) cell make it very attractive for electric vehicle applications. Moreover,
the all-fluorinated electrolyte applied here is non-flammable,*® which can resolve
safety issues. Here, it needs to be mentioned that the NMC 811(2 mAh)||Li,Si(2 mAh)
battery is different from the NMC 811(2 mAh)||Si(1.0 mAh) normal battery with Li
plating on the Si anode, where the low CE of Si and Li plating on Si cause rapid
capacity decay at a rate much faster than the NMC 811(2 mAh)||Si(2.0 mAh) battery
(Figures 6C, 6D, and S7B).

EXPERIMENTAL PROCEDURES

Electrode Preparation and Electrochemical Measurements

The cathode NMC 811 electrode laminates (~10 mg active material and
2 mAh cm™?) were supplied by Argon National Lab.

To prepare the silicon electrode, silicon was mixed with carbon black and LiPAA
(lithium polyacrylate) binder with a mass ratio 80:10:10 into a homogeneous slurry
in water with a pestle and mortar. The slurry mixture was coated onto a Cu foil
and then dried at 100°C for 12 hr. The loading mass of the active materials for the
electrode is about 2 mg/cm?. The LiPAA binder was prepared by ion exchange ac-
cording to a previous report,®’ neutralization being accomplished by the addition
of equimolar amounts of LIOH to aqueous solutions of PAA for a final solution
pH = 7. PAA solutions were prepared from a 25 wt % solution in water (= molecular
weight of 240,000, Alfa Aesar). The all-fluorinated electrolyte solution comprised of
1 M LiPF, in FEC/ FDEC/HFE (2:6:2 by volume). The cells were assembled with a
polypropylene microporous film (Celgard 3501) as the separator. The electrochem-
ical tests were performed using a coin-type cell (CR2016), which is fabricated in a
glove box filled with Argon. Electrochemical performance was tested using an Arbin
battery test station (BT2000, Arbin Instruments, USA).

Cell
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SEM and TEM
The morphologies of the samples were examined using a Hitachi SU-70 field emis-
sion SEM and a JEOL 2100F field emission TEM.

XPS

The surface chemistry of the electrodes after cycling was examined by XPS using a
Kratos AXIS 165 spectrometer. The electrodes were then taken out from the cell after
cycles, and rinsed by DMC inside the glove box three times. All samples were dried
under vacuum overnight, placed in a sealed bag, and then transferred into the XPS
chamber under inert conditions in an Argon-filled glove bag. XPS data were
collected using a monochromated Al Ko X-ray source (1,486.7 eV). The working pres-
sure of the chamber was lower than 6.6 x 1077 Pa. All reported binding energy
values are calibrated to the C1s peak at 284.8 eV.

In Situ Observation Cell

The in situ observation cell (illustrated in Figure S9B) was homemade and fitted in the
stage of an optical microscope (OMAX MD82ES10) (Figure S9A). Two stainless steel
meshes, connected with two stainless steel rods, were applied as the current collector.

To provide an insight in the high CE at an atomic scale, two types of calculations
were performed: (1) MD simulations using large-scale atomic/molecular massively
(LAMMPS) code;*® (2) first-principles calculation based on density function theory
(DFT) using the Vienna Ab initio Simulation Package (VASP) package.sq

MD Simulations

All the MD simulations were performed using the ReaxFF force field.***" The struc-
tures of amorphous Li,Si (x = 0.33, 1, 2.75, 3.25, 3.75, and 4.4) is modeled with a
three-step process as in previous work. Firstly, the Li,Si are heated to 2,000 K and
then annealed for 100 ps. We then cooled the Li,Si structures from 2,000 K to
room temperature at a quenching rate of 0.085 K/fs to form an amorphous solid ma-
terial with a 1-fs time step. Finally, a 100-ps equilibrium step at 300 K was performed
to obtain the energies and PDF (4(r)). The energies were calculated by averaging the
total energy of the 100 ps and PDF is defined as

_ V. n(r)
9(r) "N 4nr2Ar’

where n(r) represents particles in the shell within the region r + 41/2, where Aris the
shell thickness and N demotes the number of particles in the model volume V.

To demonstrate the plating of lithium metal on the Li-Si alloy, we applied hybrid
grand canonical Monte Carlo (MC)/MD simulations based on the Metropolis algo-
rithm within the LAMMPS code. The possible MC moves include: (1) inserting a
lithium atom into the system at a random position, (2) removing a random lithium
atom from the system, and (3) moving a lithium atom to a new random position in
the system. The Li chemical potential is calculated to be —35.3 kcal/mol using
metallic Li. The temperature is controlled using a Berendsen thermostat.

DFT Calculations

First-principles computations based on DFT***®

are performed using the VASP. The
projector augmented-wave method** with an energy cutoff of 520 eV is used to
describe the ion-electron interaction on a well-converged k-point mesh. The Per-
dew-Burke-Ernzerhof functional in the generalized gradient approximation®* is em-
ployed to calculate the exchange-correlation energy. The geometry optimizations
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are performed using the conjugated gradient method, and the convergence
threshold is set to be 107° eV in energy and 0.01 eV/A in force. The binding energy
and different charge density is calculated by subtracting the free energy and charge
density of the substrate and Li atom from the Li-absorbed system, respectively.
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Figure S1 | Electrochemical performance of Li metal anode and XPS spectra of
Li metal after cycled. (A) Galvanostatic charge-discharge profiles for the Li metal
plating/stripping on a Cu working electrode cycled at a current density of 0.5 mA cm;
(B) Coulombic efficiency for the Li plating/stripping cycled at the current of 0.5 mA
cm; (C) Full XPS spectra of Li metal anode after 100 cycles at the current density of
0.5 mA cm (without sputtering); (D) XPS spectra of F 1s for Li metal anode after
100 cycles (without sputtering); (E) XPS spectra of C 1s for Li metal anode after 100
cycles (without sputtering); (F) XPS spectra of O 1s for Li metal anode after 100
cycles (without sputtering); (G) Composition of the SEI after various duration of Ar"

sputtering on the Li metal anode after 100 cycles.

The galvanostatic charge-discharge profiles show a small over-potential of
about 60 mV and long cycling stability at the current density of 0.5 mA cm™ (Figure
S1A). The CE for Li plating/stripping was calculated from the capacity ratio of Li

stripped from Cu after its deposition in the previous cycle. The CE for Li



plating/stripping reaches to ~99% (Figure S1B), which is much higher than that
(~80%) in the conventional diluted electrolyte (i.e., Li salt concentration below 2.0
M)!. The composition of SEI on Li metal after 100 cycles in the all fluorinated
electrolyte was characterized using X-ray photoelectron spectroscopy (XPS) (Figure
S1C-G). The F 1s XPS spectra exhibit a relative high peak at 685.0 eV corresponding
to Li-F bind (Figure S1D). In Cls spectra, carbonyl species at ~289.0 eV, ethereal
carbon at ~ 287.0 eV, and hydrocarbon at ~285.0 eV were detected for the SEI
(Figure S1E), along with C=0, O=C-O, ROCO:Li, and Li2O species in the Ols
spectra (Figure S1F). However, according to the atomic concentration (at. %) of
elements among the SEI composition, the most elements are Lithium (Li) 37.24% and
fluorine (F) 41.45% (without sputtering), moreover, with the increase of sputtering
time, the contents of Li and F increase, which indicate the extremely high content of
Lithium fluoride (LiF). We believed that, they originated from the reduction of
fluorinated solvent in the all fluorinated electrolyte. LiF is a good electronic insulator
that can block the electron leakage through the SEI, therefore prevent the continuous
electrolyte consumption?, in addition, LiF is also known to exhibit a high interfacial
energy to Li metal®, which facilitates Li* transport along the interface and promotes
the growth of the deposited Li metal in parallel rather than vertical direction with
regard to the Li-metal plane. These features further reduce the specific surface area,

minimize the side-reactions, and suppress the onset of dendritic growth.
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Figure S2 | XPS results of silicon electrode after cycles. (A) Full XPS spectra of
silicon electrode after 100 cycles at the current density of 0.5mA cm™ between
0.005-1.5V in all fluorinated electrolyte (IM LiPF¢ in FEC/FDEC/HFE) (without
sputtering). (B) XPS spectra of F 1s for silicon electrode after 100 cycles in all
fluorinated electrolyte (without sputtering); (C) XPS spectra of C 1s for silicon
electrode after 100 cycles in all fluorinated electrolyte (without sputtering); (D) XPS
spectra of O 1s for silicon electrode after 100 cycles in all fluorinated electrolyte
(without sputtering).

X-ray photoelectron spectroscopy (XPS) was employed to investigate the components
of the SEI generated on cycled silicon electrode. As seen in the F 1s XPS spectra in
Figure S2B, the peak intensity mostly can be assigned to LiF at 685.0 eV. The LiF
based SEI may be mainly produced from the decomposition of fluorinated slovents

(FEC, FDEC, HFE). LiF is a good electric insulator thereby blocking the electron



leakage through the SEI layer, which can prevent the additional electrolyte
decomposition. In Cls spectra, carbonyl species at ~289.0 eV, ethereal carbon at ~
287.0 eV, and carbon-carbon at ~285.0 eV were detected for the SEI (Figure S2C), in
addition we also observed a peak at ~282.5 eV that can be assigned to C-Si bind,
which originated from the Si alloy material*. The C=0, O=C-O, ROCO:Li, and Li>O

species were also detected in the Ols spectra (Figure S2D).
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Figure S3 | Composition of the SEI after various duration of Ar* sputtering on
the Si anode after 100 cycles. According to the atomic concentration (at. %) of
elements among the SEI composition, the most elements are Lithium (Li) 37% and
fluorine (F) 28% (after 15mins sputtering), which indicate the extremely high content

of Lithium fluoride (LiF).
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Figure S4 | the (A) typical structure and (B) PDF for Si-Si pairs in Lis.75:wSi
alloys. No sharp second-neighbor peak is present in the PDF of Li3.75+wSi alloys,
which confirms the amorphous nature of the Li-Si alloy. The PDF exhibits a distinct

peak at 2.5 A indicating the average distance of seeds for Li nucleation.



Figure S5 | TEM images of the fresh Si and Si after Li plating and stripping

process. (A-B) TEM images of fresh Si; (C-D) TEM images of the Si after Li plating
and stripping process.

The Si after Li plating and stripping process was achieved by discharging the
electrode discharged to 0.005V at the current of 0.5 mA cm™ and continue discharging
with a capacity of 2mAh at the current of 0.5 mA cm™, than charging 2 mAh at the
current of 0.5 mA cm™. Compared to the fresh Si TEM images, it is obvious that, the

surface area of Si after Li plating and stripping process emerge some nano pores.
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Figure S6 | Galvanostatic charge-discharge profiles of NMC811. Galvanostatic
charge-discharge profiles of NMC811 at the current density of 0.5 mA cm™ between
2.7-4.4V in all fluorinated electrolyte.

The NMC811 cathode delivered a specific capacity of 200 mAh g!, the coulombic

efffciency is above 99.99%, with a high area capacity of ~2 mAh cm™.
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Figure S7 | Coulombic efficiency of batteries using NMC811 cathode with
different anodes. (A) Coulombic efficiency of NMC811(2 mAh)||Li metal(20 mAh)
battery at the current density of 0.5 mA cm? between 2.7-4.4V; (B) Coulombic
efficiency of NMC811(2 mAh)|[Si(2 mAh) battery at the current density of 0.5 mA
cm™ between 1.8-4.4V; (C) Coulombic efficiency of NMC811(2 mAh)|[LixSi(2 mAh)

battery at the current density of 0.5 mA cm™ between 1.8-4.4V.
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Figure S8 | SEM images of Li anode after 240 cycles (half capacity lost) in
NMC811(2 mAh)||Li metal(20 mAh) battery and Electrochemical performances
of LMB battery using the same NMC811 electrode and a new Li metal anode
(200 mAh).

(A) SEM images of Li anode after 240 cycles (half capacity lost) in NMC811(2
mAh)||Li metal(20 mAh) battery; (B) Schematic diagrams of dead Li on the Li metal
anode; (C) Galvanostatic charge-discharge profiles of LMB battery with the same
NMC811 electrode and a new Li metal anode at the current density of 0.5 mA c¢cm™
between 2.7-4.4V; (D) Cycle performance of LMB battery with the same NMC811

electrode and a new Li metal anode at the current density of 0.5 mA cm™ between

2.7-4.4V.
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Figure S9 | In situ observation cell and optical microscope: (A) the optical
microscope (OMAX MDS82ES10); (B) the visualization setup for in situ optical

microscope observation of the electrodeposition.
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Figure S10 | Electrochemical performances of NMC811/Li and NMC811/LixSi cells
in commercial electrolyte (IM LiPFs¢ in EC/DMC). (A) Galvanostatic
charge-discharge profiles of NMC811(2 mAh)|[Li metal(20 mAh) battery at the
current density of 0.5 mA cm™ between 2.7-4.4V, the weight of 2 mAh NMC811 is
~10 mg and 20 mAh Li metal is ~5.5 mg; (B) Cycle performance of NMC811(2
mAh)|[Li metal(20 mAh) battery at the current density of 0.5 mA cm™ between
2.7-4.4V; (C) Galvanostatic charge-discharge profiles of NMC811(2 mAh)||LixSi(2
mAh) battery at the current density of 0.5 mA cm™ between 1.8-4.4V, the weight of 2
mAh LixSi is ~2.5 mg; (D) Cycle performance of NMC811(2 mAh)||LixSi (2 mAh)
battery at the current density of 0.5 mA cm™ between 1.8-4.4V

We fabricated and compared the cycle performance of NMC811(2mAh)||Li metal
(20mAh) cell and NMC NMCS811(2 mAh)||LixSi(2 mAh) cell with the regular

carbonate electrolyte (1 M LiPFs¢ in EC/DMC, weight ratio of 1:1). Figure S10 shows



that the capacity of NMC811(2 mAh)||Li metal(20 mAh) cell in 1 M LiPF¢ in
EC/DMC rapidly decreases to 50% after 50 cycles even excess Li anode (~5mg, 20
mAh) with 10 times more capacities is used. In addition, Coulombic efficiency of less
than 97% is also very low. The poor performance of NMC811(2 mAh)||Li metal(20
mAh) cell in 1 M LiPFs in EC/DMC electrolyte is mainly attributed to Li dendrite
growth and formation of dead Li during charge/discharge cycles in the EC/DMC
electrolyte. In sharp contrast, the NMC811(2 mAh)||LixSi (2 mAh) cell maintains
more than 90% after 50 cycles in the regular EC/DMC based electrolytes even with
only one fold Li excess. The Coulombic efficiency is stable and around 100%, which
indicate the stable and high Coulombic efficiency of Li metal plating/stripping on the

LixSi host.
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