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Abstract

Uneven nucleation and fragile solid electrolyte interphase (SEI) restrict the practical application
of lithium (Li) metal anode. A versatile strategy to simultaneously overcome these two
drawbacks is critical for Li metal batteries (LMBs). Herein we propose an “aggressive aluminum
(Al) pulverization” strategy to form abundant artificial nucleation sites and robust SEI films
adjacently, leading to homogeneous Li deposition/stripping and high Li Coulombic efficiency. A
core-shell structure with Al core and alumina-silica (Al2O3-Si02) shell, Al@Al,03-SiO2 (AAS),
could be easily synthesized, by modulating the chemical diffusion of silicon (Si) element towards
Si-Al alloy surface. The active SiO: sites not only contribute to form the robust SEI layer, but
also facility the lithiation of the AAS, accelerating the conversion of reversible Li-Al alloy into
inert LizAl> phase. The as-generated AAS with LizAl> and Lii2Si7 phases possess negligible Li
nucleation over-potential (~0.7 mV), serving as an optimal structure for dendrite-free Li
plating/stripping with a prolonged life-span of 6 times longer than that of the unprotected

counterpart in carbonate electrolytes.
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1. Introduction

A great motivation of developing high-energy-density battery systems is derived from the gap
between the upper energy density of the state-of-the-art lithium (Li) ion batteries (LIBs) and the
ever-growing demand of portable electronic products, electric automobiles, and large-scale grid
implementations [1]. Owing to the ultrahigh theoretical specific capacity (3860 mAh g™!) and the
lowest electrode potential (-3.04 V vs. standard hydrogen electrode) of Li metal anode [2,3],
pairing Li metal anodes with high capacity cathodes (e.g., LiNixCoyMni.x.yO2, xLi2MnO3 * (1-
x)LiMOa, S, Oz and so on) is considered as a promising route to achieve next-generation high-
energy-density Li metal batteries (LMBs) [4,5]. However, heterogeneous Li plating/stripping and
fragile/resistive solid electrolyte interphase (SEI) layers lead to dendritic Li (e.g. mossy-like,
needle-like) growth, fast capacity fading and eventual thermal runaway of LMBs, especially in
carbonates electrolytes possessing wide voltage windows that are required for high-voltage

LMBs [6-8].

To solve these problems, multiple strategies have been devoted, including optimizing electrolyte
formulation to improve SEI layer quality [9-11], utilizing 3D hosts to accommodate Li
deposition [12-14], and coating artificial protective layers [15-20]. Besides, initial Li nucleation
has an essential influence on subsequent Li deposition morphology and overall electrochemical
performance of Li metal anode [21-23]. Recently, Li-M alloy (M= Al, Si, Sn, etc.) has been
proved helpful to realize dendrite-free Li metal anodes by guiding uniform Li nucleation, based

on the alloying/dealloying processes of Li-M [24,25]. However, keeping the active Li-M alloy



with reversible alloying/dealloying processes seems to be a prerequisite for these structures,

which is quite questionable for long-term cycling.

In this work, we demonstrate that the reversible alloying/dealloying processes of Li-Al are not
necessary for achieving uniform Li nucleation. In contrast, converting the reversible Li-Al alloy
into inert LizAl> granules through an “aggressive Al pulverization” strategy could serve as
prominent artificial nucleation sites, outperforming that based on reversible alloying/dealloying
processes of Li-Al alloy (Fig. 1a). Using Si-Al alloy micro-spheres as precursors, we modulated
the chemical diffusion of Si element towards the surface of Si-Al alloy to synthesis a core-shell
structure with Al core and alumina-silica (Al2O3-SiO2) shell, Al1@ Al,03-SiO2 (AAS). The active
Si0; sites not only contribute to form a robust Li>O-rich SEI layer, but also facility the lithiation
of the AAS, accelerating the conversion of reversible Li-Al alloy into inert LizAlz> phase. Due to
the complete pulverization of the AAS, no evident volume change was observed during
subsequent cycling, while the as-generated AAS with LizAl> and Lii2Si; phases possesses
negligible Li nucleation over-potential (~0.7 mV), resulting in stable SEI layer and uniform
granular Li deposition (Fig. 1b). Meanwhile for conventional Al powders, a native Al,O3 surface
layer inevitably exists, impeding fast lithiation due to its high chemical stability and insulating
nature [26-28], and leading to gradual pulverization of the Al powders during repeated
alloying/dealloying processes with large volume change and SEI layer breaks (Fig. 1a and Fig.
1b). Using the optimal AAS structure, dendrite-free Li plating/stripping was achieved with a
prolonged life-span of 6 times longer than that of the unprotected counterpart in carbonate

electrolytes. Furthermore, the AAS structure was successively applied in Li || LiFePO4 full cell,

which could remain a highly stable cycling over 645 cycles with a capacity retention of 90.5%,



outperforming those using bare Li or Al powders protected Li. Hence, this method provides a
novel approach of regulating Li nucleation for long-term cycling of stable LMBs with dendrite-

free features.

2. Results and Discussion

The precursor of the AAS is Si-Al alloy micro-spheres consisted of Al backbone and uniformly
dispersed Si, with a native Al,O3 layer formed on the surface (25 C, Fig. Sla). The

disproportion of Si-Al elements in their hypoeutectic alloy could be achieved by modulating the
chemical diffusion of Si element at different temperatures (Fig. S1b) [29]. The gradual diffusion
of Si element from the inner space towards the surface of the Si-Al alloy micro-spheres is
realized via a facile sintering method by heating the commercial Si-Al alloy powder (Si: 7.027%,
Al: 92.973% in atomic ratio; Si: 7.293%, Al: 92.707% in mass ratio) on the temperature range
between 25 and 1000 ‘C, as demonstrated by their cross-sectional FIB-SEM images with EDS
mapping (Fig. Sla). Finally, the AAS was obtained by sintering the Si-Al alloy at 1000 C in air
condition (Fig. Ic). In addition to the pre-existing Al2O3, SiO2 was also formed on the outer layer
of the AAS due to the oxidation of the diffused Si. As shown by the X-ray diffraction (XRD)
patterns, the components of Al2O3, Al and SiO: are separately observed for the AAS, while the

conventional Al powders only exhibit the dominant peaks of Al and weak signals of the native

Al O3 surface layer (Fig. 1d).



Interestingly, X-ray photoelectron spectroscopy (XPS) analysis showed different surface
chemistry for the AAS and Al powders after the lithiation to 0 V vs. Li/Li* (Fig. 1e). Besides the
major peak of Al,Os (74.0 eV) on the Al 2p spectra for both the AAS and Al powders, the
presence of LizAl» (71.2 eV) was observed on the AAS, while LiAl (71.7 eV) was observed on
the Al powders. High-resolution transmission electron microscopy (HRTEM) images and
corresponding fast Fourier transform (FFT) patterns of the lithiated AAS and Al powders are
shown in Fig. 1f and Fig. 1g. Some nanoparticles with lattice fringes of Li>O (200), LizAl» (016),
Li12Si7 (683) and Al2O3 (116) are observed on the lithiated AAS (Fig. 1f), while the lithiated Al
powders exhibit rather large bulk phase with lattice fringes of Al (220), LiAl (511) and Al20O3
(202) (Fig. 1g). The presence of Al (220) lattice fringe in the lithiated Al powders indicates the
unreacted Al in its bulk phase. Based on the surface analysis of the lithiated AAS, the following

electrochemical reaction equations could be presumed:

SiO,+4Li* +4¢” — 2Li,0+Si (1)

7Si+12Li*+12¢” —Li;,Siy ©)

Fig. 2a shows the first discharge curves including the lithiation of the AAS and Al powders

(reduction to 0 V vs. Li/Li*, stage (D) and subsequent Li plating of 1 mAh cm? (stage ).



During the stage (1, the lithiation over-potential of Li-Al alloy for the AAS is ~116.8 mV, which

is lower than that of the Al powders (~144.8 mV), indicating the facilitated Li* transfer through
the solid/electrolyte interface of the AAS. The morphologies of the AAS and Al powders
before/after lithiation are shown in Fig. 2b-2e. Before lithiation, the AAS and Al powders have
similar micro-spherical shapes (Fig. 2b and 2c), whose frequency distributions of particle size
both focused at 20 um (Fig. S2). The initial AAS particles have a low Brunauer-Emmett-Teller
(BET) surface area of 1.2769 m? g'! (Fig. S3a), with the presence of nanopores that could facility
the lithiation process (Fig. S3b). In contrast, the Al powder possessed an abnormal adsorption-
desorption curve due to the inaccessibility of nitrogen infiltration (Fig. S3c), indicating a very
compact structure of the Al powders that leads to the impeded lithiation as shown in Fig. 2a.
After lithiation, a deeply pulverized morphology was observed for the AAS (Fig. 2e), while
granular morphology was still observed for the Al powders (Fig. 2d), indicating the pulverization
of the Al powders is less aggressive than that of the AAS. Consistently, the specific capacity of
lithiation for the AAS is 1326.1 mAh g! (Fig. 2a), close to the theoretical value for the
conversion of Al into LizAl, (1410 mAh g'). Meanwhile the specific capacity of lithiation for
the Al powders is only 693 mAh g! (Fig. 2a), which is even lower than that for the conversion of
Al into LiAl (993 mAh g!), indicating the impeded lithiation due to the insulating Al>O3 outer

layer.

In this work, 1 M LiPFe/carbonate electrolyte (1 M LiPFs in EC:DEC (1:1, v/v) with vol. 5%
FEC) was used as the control electrolyte to assess the ability of the AAS for Li protection, due to
the wide voltage window of the carbonate electrolyte for high-voltage LMBs. As shown in Fig.

S4, the element mapping show uniform distributions of C, O and F on the lithiated AAS. XPS



analysis with Ar* etching was performed to study the detailed surface chemistry of SEI layers on
the AAS or Al powders after 10 cycles. As shown in Fig. 2f, the signals of LixPFy, LixPOyF, and
LiF always exist on the surface of the Al powders, while LiF seems to be the only F-based
component on the AAS up to an etching depth of 272 nm. The content of LiF is mainly
generated from the reductive decomposition of LiPFs and FEC, while LixPFy and LixPOyF, are
derived from the intermediate decomposition of LiPFs [30]. The radical reductions of LiPFs and
FEC into LiF on the AAS are probably due to the facilitated charge transfer on the more active
Si0z-based native layer, while the LiF has long been demonstrated as a critical SEI component
for stable Li plating/stripping [31,32]. Fig. 2g shows O 1s spectra at different depths of the
surface on the AAS and Al powders, whereas a critical difference is the persistent presence of
AlO3 on the Al powders that results in the insulating layer impeding the lithiation of the Al
powders. For the C 1s spectra (Fig. S5), the ratio of inorganic carbonates (CO3*) to organic
carbon groups on the AAS was lower than that on the Al powders, indicating higher content of
Li>COs3 included in the SEI layer on the Al powders, which would enlarge the interfacial
resistance because of its low electronic and ionic conductivity [33]. Based on the material
characterizations and electrochemical behaviors of the lithiated AAS and Al powders, it is
expected that the lithiated AAS could maintain a relatively stable structure during subsequent

cycling, leading to stabilized SEI layer and high efficient Li plating/stripping.

In general, the solubility of Li in copper (Cu) is negligible [34], leading to the lithiophobic nature
and large Li nucleation over-potential (> 100 mV) of Cu current collector during Li plating

(stage ), Fig. 2a). In contrast, the high solubility of Li in Al often leads to low Li nucleation

over-potential. In the present case, the Li nucleation over-potentials on the AAS and Al powders



are ~0.7 and 3.7 mV, respectively (stage @), Fig. 2a). The even lower Li nucleation over-

potential on the AAS than that on the Al powders could be due to the LizAl, and Li2Siy
imbedded SEI layer on the AAS, while the surface layer of the Al powders is mainly consisted of
AlO3. The beneficial effect of Li12Si7 is consistent to the lithiophilic nature of Si-based surface

layer as recently reported [35].

Based on the ultralow Li nucleation over-potential, uniform Li deposition is expected on the
AAS. To investigate the latter, Li plating/stripping was applied to Cu foil, Al powders and AAS
in the LiPF¢/carbonate electrolyte, at a current density of 0.5 mA c¢cm for a fixed areal capacity
of 1 mAh cm?. The as-obtained morphologies were studied through scanning electron
microscopy (SEM, Fig. 3). For the AAS, uniform and granular Li depositions were observed at
different cycles (1%, 10", 20 and 50th cycles, Fig. 3i-31), while the crack-free surfaces indicate
the highly robust SEI layers formed on the aggressively pulverized AAS with low volume
change. In contrast, interlaced cracks were gradually formed on bare Cu electrode with the
cycling proceeding (Fig. 3a-3d), resulting from the poor SEI layer and uneven Li
plating/stripping on the lithiophobic Cu substrate. As expected, due to the gradual pulverization,
large volume changes were observed on the Al powders upon cycling (Fig. 3e-3h), leading to
seriously cracked and heterogeneous SEI layers and side reactions. The Li plating morphology
for a practical capacity of 5 mAh cm™ was also studied at a scale of hundreds of microns, using
an optical sealed cell coupled with a confocal laser scanning microscope. As shown in Fig. S6a,
obvious surface roughness with tremendous needle-like structures was observed on the bare Li
foil, showing the serious surface heterogeneity engendered by the dendrite growth. In contrast,

smooth surface was maintained on the surface AAS even for the high capacity of 5 mAh cm™
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(Fig. S6b), demonstrating the uniform Li deposition enabled by the lithiophilic sites and robust

SEI layer formed on the AAS structure.

To further illustrate the effect of the aggressively pulverized AAS on Li metal protection,
electrochemical impedance spectroscopy (EIS) spectra were recorded at the 5%, 10", 15" and
20™ cycles. As shown in Fig. 4a, the charge transfer resistance (R of the Al powders increases
rapidly from ~33 to 122 Q, indicating the largely accumulated resistive side products caused by
the unstable interface between the electrode and electrolyte. In contrast, the cell using the AAS
exhibits much smaller Re; ranged on 20-40 Q from the 5" to 20 cycles, demonstrating the much

stabilized electrode/electrolyte interfaces with uniform Li plating/stripping and robust SEI layer.

Large volume expansion and repeated SEI cracks are the most considered failure causes of Li
metal anode. However, another critical issue involving parasite incidences of LMBs is the gas
generation at the Li anode surface due to the side reactions between the highly reactive Li and
electrolyte. This issue was observed by in-situ p-Raman measurements carried out near the
investigated substrates during Li plating (Fig. 4b). As shown in Fig. 4c and Fig. 4d, at the
beginning of Li plating, strong Raman bands at 710-760 cm™' corresponding to the vibration of
P-F symmetric stretch in PFs anions are observed, while the bands at 715, 730 and 742 c¢cm™!
mainly arise from free PFs", Li*-PFs pair and (Li*),-PFs™ aggregate (n = 2) respectively [36,37].
Another group of Raman bands ranged on 850-940 cm™ belong to the free/bonded organic
solvents (EC, FEC, DEC), whereas the band centered at 867 cm™ is related to free organic

1

solvents, and the two bands centered at 895 and 905 cm™ should arise from Li*-solvent pairs

[36,37]. Upon cycling, stable voltage profile and Raman spectra were maintained for the AAS,
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indicating uniform Li plating process occurring on the lithiated AAS substrate (Fig. 4c).
However, in the case of Li plating on the lithiated Al powders, large voltage fluctuations
appeared with the cycling proceeding, and the signals of the related Raman spectra were
seriously weakened (Fig. 4d). Since it is hard to ascribe the simultaneous weaknesses of the
entire Raman bands to any possible side reactions, this sudden phenomenon is rather caused by a

physical process, 1.e. the gas generation.

Using the same cell as employed for in-situ Raman measurements, the optical images of 5 mAh
cm? Li plating on the lithiated AAS and Al powders were recorded (Fig. 4e and Fig. 4f).
Granular Li deposits with metallic luster were homogeneously dispersed on the lithiated AAS
(Fig. 4e), consistent to the morphology observed with SEM (Fig. 3i-31). In contrast, large
dendritic deposition piercing the separator was observed on the lithiated Al powders, whereas
tremendous gas bubbles were also noticed (Fig. 4f), which are probably the main cause affecting
the laser scattering so as the signal weakness of Raman bands in Fig. 4d. Thus, based on the in-
situ Raman measurements and optimal observations, it demonstrates the important role of an
efficient protective structure for stable and uniform Li deposition, not only inhibiting the
uncontrolled volume expansion and side reactions, but also limiting the undesired gas generation

that could further cause a sophisticated battery management.

The improved interfacial stability of the AAS protected Li metal anode was also demonstrated
using symmetrical cells, whereas the AAS was coated on the two sides of a Celgard separator to

protect Li metal in the symmetric cells. A rate capability test was carried out prior to the long-
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term cycling, by cycling the symmetrical cells at 0.5, 1, 2, 3, 4, and 5 mA c¢cm™ for a fixed areal
capacity of 1 mAh cm? (Fig. 5a). During this dynamic test, much higher polarization was
achieved for the cell using bare separator (Fig. 5b), implying the sluggish charge transfer at the
interface of bare Li/electrolyte. The much reduced polarization for the cell using the AAS coated
separator should arise from the lithiophilic LizAl> and Li;2Si7 imbedded SEI layer. As shown in
Fig. 5c, a large portion of 71.4% of the overall polarization is decreased sharply by using the
AAS coated separator on the current density range of 0.5-5 mA cm, reflecting a good ability for
governing high-powder LMBs. Posterior to the rate capability test, the symmetric cell using the
AAS coated separator provides a long-term and stable polarization of ~30 mV over 1000 h,
whereas large voltage bumps inducing a drastic polarization up to 1000 mV were achieved at
270 h for the cell using bare separator, due to a seriously deteriorated interphase between Li
anodes and electrolyte. As well, the AAS protected Li anode still kept a relatively smooth
surface after a long cycling of 1000 h (digital photo shown in Fig. 5a), while a deep dark zone at
the center of the unprotected Li anode appeared after the short cycling of 270 h. The latter
indicates a heterogeneous distribution of Li* flux that accelerates the side reactions on the
unprotected Li anode, while the AAS coating not only reduces the Li plating/stripping over-
potentials, but also uniformizes the Li* flux and deposition morphology for highly stable Li

anodes.

The Coulombic efficiency (CE) of Li plating/stripping was also assessed on the AAS. As
expected, for the Si-Al alloy powders sintered at different temperatures as shown in Fig. 1¢ and

Fig. Sla, the best CE was achieved for the Si-Al alloy powders sintered at 1000 C (AAS, Fig.

S7), demonstrating the critical role of SiO» as a surface component rather than a bulk phase in
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the Si-Al alloy, which could further induce the formation of highly lithiophilic SEI layer as well
as aggressively pulverized structure with LizAl> and Li2Si; phases. The CE achieved on the
AAS not only outperformed those of the Si-Al alloy powders sintered at lower temperatures than

1000 °C, but also outperformed those on bare Cu and Al powders. The 1% CEs are 94.6%, 61.6%

and 70.0% for bare Cu, Al powders and AAS, respectively. The lower CEs of Al powders and
AAS than that of bare Cu are due to the higher specific surface areas of the artificial structures
causing higher Li consumption to form SEI layers, which is a general concern for the use of
artificial protective structures in LMBs, i.e. the need of pre-lithiation technique. Besides, the
higher 1%' CE of AAS than that of Al powders demonstrate the fully pulverized and lithiated state
of AAS, resulting in less Li loss that is consumed in gradual alloying/dealloying processes of Al
powders. This feature could also be illustrated by the 1% discharge-charge curves (Fig. S8),
whereas evident dealloying curve is observed in the case of Al powders, while similar shapes are
observed between the curves of AAS and bare Cu. As shown in Fig. 6a, the CE could be stably
maintained at ~97% on the AAS electrodes over 300 cycles, which is 6 times more than that on
Cu foil (with an average CE of ~87%) or Al powders (with an average CE of ~91%) in carbonate
electrolytes. As illustrated by the discharge-charge curves at the 50" cycle (Fig. 6b), Li
plating/stripping on Cu foil or Al powders show significantly larger polarizations than that for

the AAS, due to the accumulation of resistive side products on the formers.

It should be mentioned that the Al2O3-SiO; shell formed on the AAS through the chemical
diffusion of Si element is unique to generate the highly protective structure. As comparison, Li

CE was also assessed on a simple physical mixture of SiO2/Al.O3 powders at the same atomic

ratio (Si: 7.027%, Al: 92.973%) as that in the Si-Al alloy (Fig. S9), whereas only a short life-
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span of 50 cycles with parasite cycling was achieved, demonstrating the unique ability of the
AAS structure for Li metal protection. Furthermore, the effect of Al content in the AAS structure
was assessed, by etching the AAS spheres with 0.1 M HCI solution. The morphology of the
etched AAS sphere is shown in Fig. S10a, for which a mass ratio of Si: 53.572%, Al: 46.428%
was obtained. Consistently, lower specific capacity of lithiation ~ 662 mAh g is obtained for
the etched AAS (1326.1 mAh g'! for AAS), as shown by the 1% discharge curves (Fig. S10b).
The cycling stabilities of Li anodes on the AAS structures with/without etching process are
shown in Fig. S10c, whereas better performance belongs to the unmodified AAS, demonstrating
the importance of high Al content in the core part of AAS to generate abundant LizAl sites for
uniform Li nucleation. Also, the Al core is an important backbone material of the AAS. In
contrast, another type of Si-Al alloy with Si as dominant element (Si: 92.932%, Al: 7.068% in
mass ratio) was studied, whereas poor cycling were obtained whatever the sintering temperatures

(Fig. S11).

As a proof-of-concept, the AAS was applied to protect Li anode in Li || LiFePO4 full cells. A

one-side AAS coated separator was used by keeping the AAS coating with Li anode, then paired
with the LiFePOs cathodes (~0.5 mAh cm?) to form the full cell. As shown in Fig. 6¢, the cell
using the AAS coated separator shows distinctly prolonged life-span up to 645 cycles with a
capacity retention of 90.5% and a high CE of 99.2%. In contrast, fast capacity fading to ~36
mAh g! with an average CE of 95.3% and ~80 mAh g! with an average CE of 97.7% were
observed for the cells using bare separator and Al powders coated separator, respectively.
Consistently, sharp increases of polarization and reduced capacity were observed for the cells

using bare separator (Fig. 6d) and Al powders coated separator (Fig. 6e), indicating the

15



accumulated side products and the drying-up of electrolytes. In contrast, stable voltage curves

were achieved for the cell using the AAS coated separator (Fig. 6f).

Finally, Li|| LiNio.88C00.09Al0.0302 (NCA) full cells with a high NCA loading of 5 mAh cm™ were
assembled. As shown in Fig. 7a, fast capacity fading occurred in less than 100 cycles for the cell
using bare electrolyte, while more stable cycling was maintained over 200 cycles for the cell
using AAS coated separator. The charge-discharge curves also demonstrate the alleviated
polarization increase upon cycling for the cell using AAS coated separator (Fig. 7b). According
to the postmortem SEM analyses, tremendous filament side products were observed on both the
separator and Li surfaces from cycled the cell using bare separator (Fig. 7c and 7d). For the cell
using AAS coated separator, a relatively intact morphology was maintained for the AAS coating
layer on the separator (Fig. 7e), and the protected Li foil exhibited a crack-free surfaces with
some granular deposits, possibly arising from the residual AAS powders or side products (Fig.
7f). More importantly, under the protection of the AAS coated separator, the pulverization in
depth of the Li foil was mitigated (Fig. S12b), which is a general safety concern during the
cycling of routine Li anode (Fig. S12a), leading to fast electrolyte drying-up and higher
inflammability of the LMBs. Although the gradual capacity loss of the high loading Li|[NCA full
cell using the AAS coated separator still needs to be addressed by further investigation of
electrolyte and/or interface optimization, the actual results could demonstrate the possibility to
suppress significantly the uncontrolled volume change and pulverization of Li anodes by the

protective structure via aggressive Al pulverization strategy.

3. Conclusion

16



To overcome the dendritic Li deposition and undesired cracks of SEI layers rooted in initial
uneven Li nucleation, an artificial structure with enriched Li nucleation sites and robust SEI
layer was obtained from the AAS through a facile sintering process of Si-Al alloy. Based on the
thermodynamically favored Si diffusion towards the outer surface of the AAS, highly lithiophilic
and aggressively pulverized structure could be formed for the lithiated AAS structure with
generated LizAl, and Li;2Si; phases, leading to minimized volume change and Li
plating/stripping over-potentials upon cycling. Based on this structure, ultra-low Li nucleation
over-potential (~0.7 mV) and high CE of Li plating/striping ~97% over 300 cycles could be

achieved in carbonate electrolyte. Besides, the AAS coated separator could extend the life-span

of a Li || LiFePOs cell to 645 cycles with a high CE of 99.2%. This work demonstrates the

strategy of aggressive Al pulverization coupled with optimal surface chemistry to achieve stable

Li metal anodes for high-energy-density LMBs.

4. Experimental Section

4.1. Material Preparation

The AAS was synthesized in a muffle furnace. Commercial Si-Al alloy powders (Tianjin
Metallurgy Technology Co, Ltd) were heated in the furnace under the air atmosphere from room
temperature to 1000 ‘C for 3 h by a heating rate of 10 'C min!. After cooling down to room
temperature, the AAS powders were obtained by grinding them uniformly in an agate mortar. Al

powders (Aladdin Industrial, Inc) were ball-milled before use in a planetary activator (QM-3SP2,

17



Nanjing NanDa Instrument Plant Co, Ltd) for 14 h in a solution mixture of deionized water and

absolute ethyl alcohol (1:1, v/v).

4.2. Electrochemical Measurements

The electrochemical tests were performed using a carbonate electrolyte of 1 M LiPFs in EC:DEC
(1:1, v/v) with vol. 5% FEC. All the electrolyte components were purchased from Sigma-Aldrich
Co, LLC. The AAS or Al powders were mixed with Super-P and polyvinylidene fluoride (PVDF,
Sigma-Aldrich Co, LLC) in a weight ratio of 7:1:2 in N-methyl-2-pyrrolidone (NMP, Aladdin
Industrial, Inc). The as-obtained slurries were casted on Cu foils, followed by vacuum drying at
120 °C for 12 h to form the working electrodes used for Li plating/stripping tests. The same

method was applied to obtain the simple SiO2/Al203 (Aladdin Industrial, Inc) mixture coated

electrodes. For the tests of symmetric cells or Li || LiFePO4 full cells, the AAS or Al powders

contained slurries were casted on Celgard separator films (thickness: 20 um) followed by
vacuum drying at 60 °C for 12 h, and the coated layer was kept in contact with Li foil. CR2032

Coin cells were used for assembly in which an electrolyte amount of 50 uL. was deposed.

For cycling tests of Li || Cu cells, Li foil was used as counter and reference electrodes, and the

AAS or Al powders coated electrodes were used as working electrodes. Li plating was
performed at 0.5 mA c¢m for an areal capacity of 1 mAh cm?, followed by Li stripping up to a
cutoff potential to 0.5 V vs. Li/Li* using a battery testing system (LandCT2001 from LAND
electronics Co, Ltd). The EIS spectra were measured using a potentiostat/galvanostat 1470E

equipped with a frequency response analyzer 1455A from Solartron. The EIS measurements
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were carried out in the frequency range from 1 x 107! to 1 x 103 Hz with a voltage perturbation of

5SmV.

The LiFePO4 cathodes were obtained by casting the slurry of LiFePOs:Super-P:PVDF (8:1:1,
w/w/w) on Al foils, followed by vacuum drying at 120 °C for 12 h. The areal loading of LiFePO4
cathodes is ~0.5 mAh cm? (160 mAh g!' of active LiFePO4 material). The Li || LiFePO4 full cells
were pre-cycled for three cycles at charge/discharge rates of 0.1C/0.1C in a voltage window of
2.5-4.4 V vs. Li/Li*, followed by cycling at 0.5C/0.5C. For Li|[NCA cells, thick NCA electrodes
with a high areal capacity loading of ~5 mAh cm were provided by CEC New Energy (Wuhan)
Research Institute Co., LTD. All the Li|[NCA cells were pre-cycled for six cycles at
charge/discharge rates of 0.1C/0.1C in a voltage window of 2.8-4.3 V vs. Li/Li*, followed by

cycling at 0.2C/0.2C.

4.3. Characterizations

The element content of Si-Al alloy powder was detected by an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES, SPRECTRO ARCOS II). The particle size analysis
was measured by a laser diffraction sensor (HELOS-OASIS). After being cycled, the electrodes
were carefully disassembled in an argon-filled glovebox (MBraun, H,O < 0.1 ppm, O> < 0.1
ppm), and rinsed with pure DMC to eliminate the residual trace of solvents and salts, then stored
in the glove box for further characterization. The microscopy analysis of the surface morphology
was observed using SEM (FEI, QUANTA 250 FEG) and TEM (JOEL 2100, 200kV), and the

elemental distribution was examined using energy dispersive X-ray spectroscopy (EDS). The
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samples for cross-sectional characterizations were prepared by Focused Ion Beam (FIB, Auriga).
Surface chemistry analysis was conducted with a PHI 3056 XPS, which was excited by a Mg-Ka
radiation source at a constant power of 100 W (15 kV and 6.67 mA). The large-scale
morphology study was carried out using an optical sealed cell coupled with a confocal laser
scanning microscope (Zeiss, LSM700). The optical cell was purchased from MTI Corporation.
BET surfaces and pore size distribution were obtained through nitrogen gas adsorption
measurement performed on an ASAP2020 analyzer from Micromeritics, Inc. The crystalline
phase analysis was characterized by XRD with a Bruker D8 advanced diffractometer using Cu
Ko (A = 1.5406 A) radiation (Bruker axs, D8 Advance) between 20° and 90° at 0.02° step s
The cell for in-situ Raman and optical measurements was purchased from MTI Corp. The in-situ
optical images were recorded using a Leica DVM6 microscopy. The in-situ p-Raman
spectroscopy was carried out on a Renishaw inVia reflex Raman spectrometer coupled with a
battery testing system (LandCT2001 from LAND electronics Co, Ltd). During the in-situ p-
Raman measurements, the Raman spectrometer was at an excitation wavelength of 532 nm from
an Nd:YAG (neodymium-doped yttrium aluminum garnet) laser operating at 12 mW. The laser
sport was focused at a distance of 10 um from the studied electrode. Each Raman spectrum was

accumulated threefold, whereas an accumulation lasted 10 s.
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Fig. 1. (a,b) Schematic representations of (a) lithiation and (b) Li plating processes for the AAS
and Al powders; (c) Cross-sectional FIB-SEM images and EDS mapping of the AAS; (d) XRD
patterns of the AAS and Al powders; (e) XPS Al 2p spectra of the AAS and Al powders reduced

to 0 V vs. Li/Li*; (f, g2 HRTEM images and FFT patterns of the (f) AAS and (g) Al powders
reduced to O V vs. Li/Li*.
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Fig. 2. (a) Discharge curves for the AAS and Al powders lithiated to 0 V vs. Li/Li*, followed by

Li plating of 1 mAh cm, the curves were recorded at a current density of 0.5 mA c¢cm?; (b-e)

SEM images of the initial (b) Al powder and (c) AAS, lithiated (d) Al powder and (e) AAS; (f, g)
XPS analysis of surface components for the cycled AAS and Al powders after 10 cycles, with (f)

F 1s and (g) O 1s spectra obtained at different depths during Ar* sputtering process.
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Fig. 3. SEM images of Li plating morphologies on Cu foil at the (a) 1%, (b) 10™, (c) 20" and (d)
50" cycles, on the Al powders at the (e) 1%, (f) 10%, (g) 20" and (h) 50" cycles, on the AAS at
the (i) 1%, (§) 10™, (k) 20" and (1) 50" cycle, the cycling was performed at a current density of 0.5
mA cm for an areal capacity of 1 mAh cm™.
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1 mAh cm; (b) Schematic representation of the cell for in-situ u-Raman measurements; (c, d)
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