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Abstract

The use of interfacial layers to stabilize the lithium surface is a popular research direction for
improving the morphology of deposited lithium and suppressing lithium dendrite formation. This
work considers a different approach to controlling dendrite formation where lithium is plated
underneath an interfacial coating. In the present research, a Li-Sn intermetallic was chosen as a
model system due to its lithium-rich intermetallic phases and high Li diffusivity. These coatings
also exhibit a significantly higher Li exchange current than bare Li thus leading to better charge
transfer kinetics. The exchange current is instrumental in determining whether lithium deposition
occurs above or below the Li-Sn coating. High-resolution transmission electron microscopy and
cryogenic focused ion beam scanning electron microscopy were used to identify the features
associated with Li deposition. Atomic scale simulations provide insight as to the adsorption

energies determining the deposition of lithium below the Li-Sn coating.



Introduction

The Li metal anode is considered to be a critical component for next generation rechargeable
batteries due to its high theoretical capacity (3860 mAh g™') and low reduction potential (-3.040 V
vs. S.H.E.) However, the formation of Li dendrites during repeated plating/stripping is a challenge
that remains to be fully addressed [1-3]. The problem of Li dendrites is further complicated by the
presence of a heterogeneous passivation layer known as the solid electrolyte interface (SEI) [4].
Due to the inherently low reduction potential of Li, the SEI formed at the Li surface upon contact
with electrolyte results in the immediate electrolyte decomposition and formation of both organic
and inorganic decomposition products[4—6]. While the SEI passivates the Li surface from further
side reactions under static conditions, it is unstable under electrochemical cycling [7-9]. The
compositional heterogeneity of the SEI imparts non-uniform Li-ion fluxes in addition to local
differences in mechanical properties which promote the formation of Li dendrites and subsequent
fracture of the SEI [10,11]. At higher current densities (> 1 mA cm™), dendritic morphologies with
high surface areas dominate and continue to form new SEI resulting in continuous loss of active
Li. In addition, the breakage of fragile Li dendrites results in the loss of electrical contact and
formation of dead Li, which can be directly translated to poor coulombic efficiency [1]. The
formation of Li dendrites is a multi-faceted problem that has been addressed through a broad range
of approaches over past decades. Strategies employed thus far include the use of electrolyte
additives to form a more compact and compositionally uniform SEI [12,13], high surface area
three-dimensional current collectors to reduce the effective current density and accommodate Li
volume change [14,15], separator engineering to mechanically block Li dendrites [16], lithophilic

Li cages/hosts [15,17,18], and artificial coatings to stabilize the interface [19-25].



In this paper, we describe a different approach towards controlling Li dendrite formation, namely
plating lithium underneath a coating formed on Li. This dual purpose coating can stabilize the
reactive Li interface during plating/stripping and also facilitate in the transport of Li to allow for
Li plating at the Li/coating interface. Although recent work has demonstrated lithium plating
beneath a micrometers-thick intermetallic coating [21] there remain open questions on the
relationship between the microstructure of the coating and the mechanism which enables Li
deposition underneath. The plating of Li underneath a stabilizing layer offers a refreshing
perspective on reframing the question of how to best suppress dendrite formation. By confining Li
deposition to take place under the coating layer, the growth of lithium dendrites at the anode
surface is effectively eliminated. In order to investigate the mechanism of plating underneath
coating layers, a Li-Sn system was chosen as a model coating system due to its known ability to
form lithium-rich intermetallic compounds [Fig. 1(c)] which exhibit high Li diffusivity [26-29].
The use of Li-Sn based coatings and substrates has been shown to demonstrate good plating
kinetics and cycling performance [28—-30]. However, to the best of our knowledge, Li deposition
underneath lithium-tin based coatings has not been reported. In this study, we utilized transmission
electron microscopy (TEM) to elucidate the microstructure of the solution processed Li-Sn
intermetallic coating on Li, and cryogenic focused ion beam scanning electron microscopy (cryo-
FIB-SEM) to characterize the interface morphology under different plating current densities.
Through a combination of experiments and theoretical modelling, we identify conditions whereby
Li can nucleate either above or underneath the Li-Sn intermetallic coating and thus provide new

insight on the mechanism for this lithium plating process.



Results & Analysis

Li-Sn Composite Coating Fabrication and Characterization

Li-Sn composite coatings were formed through a solution processing route using a 50 mM solution
of SnCl, dissolved in THF (Supplementary Fig. S1). Due to the reducing power and chemical
reactivity of Li, the direct immersion of Li foil in the SnCl, solution resulted in the immediate
reduction of the chloride solution on the lithium surface, producing a dark grey coating with
intimate contact to the bulk foil. The plan-view SEM image in Fig. 1(b) reveals the microstructure
of the coating surface. The reaction between the bare Li and the SnCl, solution produced a uniform
coating consisting of submicron particle-like features. Cryo-FIB SEM was utilized to characterize
the cross-section of the layer to reduce the risk of ion beam damage. As shown in Fig. 1(d), the
coating is dense and has a thickness of around 1 pm. EDS mapping (Supplementary Fig. S2)

confirms the uniform distribution of both Sn and CI throughout the bulk coating.

The structure and phases of the coating were characterized with XRD and HRTEM. The (20)
diffraction peaks at 32.6 degrees and 46.8 degrees in Fig. 2(b) suggest that the coating likely
contains both crystalline Li;Sn; (P12;/m1, ICSD-104785) and Li;3Sns (P3m1, ICSD-104786)
phases. The broad diffraction peak at 38 degrees indicates the combination of the two Li-rich
intermetallic phases, Li;Sns; and Li;3Sns. Additionally, the broadness and low intensity of the
diffraction peaks indicate that the intermetallic species present in the coating layer were either
nanocrystalline and/or there were amorphous regions within the coating. HRTEM was utilized to
further understand the microstructural characteristics of the layer which showed the presence of
percolating nanocrystalline phases embedded in an amorphous matrix [Figs. 3(a) and 3(c-d)]. The

Fast Fourier Transform (FFT) pattern of the entire region in Fig. 3(b) showed the existence of



Li;Sn3 and Li;3Sns phases. In Fig. 3(c), the magnified TEM micrograph showed grains with d-
spacing measured to be 0.20 nm and 0.23 nm. These values correspond to orientations of Li;Sns
(102) and Li;Sn3 (212)/Li;3Sns (110), respectively. The crystalline regions contain intermetallic
grains that are <10 nm in diameter in addition to amorphous regions between the grains. The direct
observation of amorphous regions could help to explain the broad and low intensity peaks observed

for other solution processed intermetallic coatings [21,30].

Chlorine in the composite coating

The chlorine in the layer is suspected to be LiCl. In previous reports [21,32,33] LiCI was reported
to form as a reaction product in a two-step reaction between Li and the metal chloride (MCl,) [21]:

Li+ MCI, — M + xLiCL
yLi+:zM — LM,

Around 5% chlorine was detected by EDX analysis to be present within the intermetallic layer
[(Fig. 2(a)]. Thus, the chlorine species is a minor constituent of the coating layer. To complement
the EDX results, XPS was used to provide chemical information regarding the nanometer region
near the surface (<10 nm) [34] of the coating. Both Cl 2p,,, and Cl 2ps, were detected based on
signals at 200.04 eV and 198.39 eV, respectively. These energies lie within comparable binding
energies reported for the chlorine species produced under similar solution processing routes
[21,32,33]. The CI 2p signals could still be observed with no peak shifts after 15 minutes of argon
ion etching (Supplementary Fig. S3), indicating that the chlorine species does not change in or
near the surface of the coating while the cross-sectional EDS mapping demonstrated a uniform

distribution of Cl signals throughout the bulk of the coating (Supplementary Fig. S2).



The fact that crystalline LiCl was not detected in either XRD or FFT patterns is not surprising
[Figs. 2(b) and 3(b)]. This result is consistent with previous reports for metal chloride solution-
processed intermetallic coatings [21,32,33] which assume the formation of an
amorphous/nanocrystalline LiCl phase but provide no further evidence. In our study, the
microstructure of the coating layer was revealed to contain amorphous regions (Fig. 3). To further
assess the most likely chlorine species in the layer, density functional theory (DFT) calculations
were performed to determine the most stable surfaces for Li;3Sns and Li;Sns. In a second series of
calculations, a comparison of reaction energies was made for different Cl configurations on the
most stable surfaces, inside the bulk intermetallic phases, or as a separate LiCl phase (See
Supplementary Info II). Table I shows the reaction energies of various CI configurations for both
intermetallic phases. The formation of a separate LiCl phase is energetically more favorable over
the doping of Cl into the intermetallic structure for both Li;3Sns and Li;Sn3;. While the presence of
LiCl is not expected to take part in lithium transport due to its low lithium diffusivity, it can be of
benefit to a coating layer by imparting fast surface diffusivity at the electrolyte/electrode interface

which has been reported for lithium halide salts [35].

Although the question of whether an amorphous LiCl phase forms is outside the scope of this
paper, an interesting possibility is that the amorphous region is a Li-Sn-Cl glass. Regions of binary
or multi-component systems with decreased liquidus temperature are known to have increased
glass forming ability [36] and the binary system of LiCI-SnCl, displays a eutectic at 488 K [37,38].
Thus, there is the prospect that SnCl, from the solution and LiCl from the reaction product react
to form an amorphous phase with a eutectic-like composition. It is interesting to note that binary

and multicomponent metal chloride based glasses have been known for decades [39—41].



Lithium Plating Exchange Current

In order to study the kinetics of the lithium plating process in the Li-Sn composite coatings, the
Butler-Volmer equation was used to determine the exchange current of the coating layer system.
The exchange current is a reflection of the kinetics of the charge transfer process and the rate of
the reaction occurring at the electrode/electrolyte interface [42]. While Tafel plots are commonly
employed to determine the exchange currents using the high overpotential approximation, it has
recently been reported that the Butler Volmer Equation fails to describe the kinetics of lithium
plating and stripping at overpotentials above 50 mV [43]. Therefore, the linear, low overpotential
regime of the Butler-Volmer equation (See Methods section) was used to extrapolate the exchange
current from a galvanostatic linear polarization experiment [Fig. 4(a)]. The lithium plating
exchange current of the Li-Sn coating was found to be twice that of the bare lithium control,
indicating more favorable charge transfer plating kinetics in the Li-Sn layer over the bare lithium
control. The exchange current is inversely proportional to the charge transfer resistance [42], which
can also be seen in the impedance measurements [Figs. 4(c) and 4(d)]. The Nyquist plot of the data
not only shows a lower charge transfer resistance for the Li-Sn coating, but also demonstrates the
ability of the coating to stabilize the lithium surface throughout the repeated plating and stripping
during the galvanostatic linear polarization tests. In contrast, the bare lithium control suffers from
a continuous increase in charge transfer resistance throughout the galvanostatic linear polarization
measurement. This can be attributed to an increased surface area from non-uniform lithium
deposition/stripping and the accompanying formation of more SEI, resulting in increased
resistance [25,44—46]. The higher exchange current in combination with the stabilizing effect of

the Li-Sn coating is expected to be favorable in terms of plating and stripping by imparting faster



plating/stripping kinetics in addition to providing surface stabilization during electrochemical

cycling.

The Role of Plating Current Density in Lithium-Tin Coatings

In order to study the effect of the plating current density in Li-Sn coatings, two test case current
densities were chosen: 1) a low current density of 0.1 mA cm™ that is below the exchange current
densities of both Li-Sn coating and bare lithium systems and 2) a high current density of 2 mA cm’
? that is above the exchange current density and represents a current density commonly used in Li
plating studies [21,47,48]. For a bare lithium anode (no Li-Sn coating), lower currents, and thus
smaller overpotentials (driving force), result in a larger critical radius for nucleation as shown by
Equation 1 [48]:

2Vn/e'-(2 [1]

e FT]

where 7, is the critical nucleus radius, yy . is the interfacial energy between the Li nucleus and the

electrolyte, Q1 is the molecular volume of Li , F is Faraday’s constant, and 7 is the overpotential.
As a result, at lower current densities, more favorable plating morphologies with larger deposited
features are typically observed whereas at high current densities of 2 mA ¢cm™, smaller features
with higher surface area morphologies are more favorable to form (Supplementary Fig. S4).
However, unlike bare lithium, where lithium ions in the electrolyte have no other option but to
plate on the lithium surface, Li-Sn coatings not only offer the possibility for heterogeneous lithium
nucleation on top of the coating surface but also the possibility to plate underneath the coating.

For plating to occur underneath, the charge transfer kinetics at the interface must be favorable in



addition to the transport of lithium through the layer, which must be relatively fast to minimize

polarization and resistance within the coating.

Figure 5(c) shows the electrochemical signature of lithium plating in Li-Sn coatings plated at the
low and high test case current densities. For the high plating current sample, the initial kink
observed is commonly attributed to the nucleation overpotential for the lithium plating and the
subsequent steadier overpotential after the nucleation event is related to the continuous growth of
the deposits [48,49]. However, in the potential profile for the low plating current, there was no
visible nucleation overpotential. The lack of a nucleation kink was also observed in a bare lithium
symmetric cell plated at 0.1 mA cm™ thus indicating that at the lower current densities, the
nucleation and growth overpotentials are similar (Supplementary Fig. S5). However, in the bare
lithium plating profile, the growth overpotential exhibited fluctuations which are likely the result
of lithium deposition changing the electrode surface. In contrast, the Li-Sn sample plated at the
low current density of 0.1mA cm™ [Fig. 5(c)] demonstrated a stable overpotential with less than 1
mV change throughout the entire 40 hours of plating. The stability of the overpotential profile can
be an indicator of the unchanging surface of the electrode as a result of lithium deposition
underneath and preservation of the Li-Sn coating surface exposed to the electrolyte. In contrast,
when lithium deposition occurs on the top of the Li-Sn coating, slight fluctuations in the
overpotential [Fig. 5(c)] are exhibited and attributed to the changing surface area [Fig. 5(b)]

associated with the non-uniform Li deposition [50,51].

In terms of the physical appearance of the electrodes, even at a plating capacity as high as 4 mAh

cm™, no lithium plating was observed on the surface of the lithium tin coating for the lower plating



current density (0.1 mA cm™). A capacity of 4 mAh cm™ equates to roughly 20 um of plated
lithium assuming uniform deposition and should be identifiable even from visual inspection. In
comparing the different current densities, the plated lithium for the higher plating current density
sample [Fig. 5(b)], is confined to the upper surface, covering the dark grey/black Li-Sn coating
completely, while the lower plating current density sample retained the lithium tin coating
morphology [Fig. 5(a)]. The drastic visual differences between the two samples indicate that there
exists a critical current at which the lithium deposition location can be tuned to favor either plating
at the surface or underneath the Li-Sn coating. This critical current is likely influenced by the
exchange current density, which reflects the ease of charge transfer at the interface in addition to
the fast transport of lithium through the coating via the lithium-rich intermetallic phase (vide infra).
While plan-view SEM images show the absence of lithium on the surface of the lower plating
current density sample, the use of cross-sectional Cryo-FIB SEM is able to elucidate the presence

of buried lithium underneath the interface.

Probing above and beneath the Li-Sn layer

Cryo-FIB SEM was used to probe the Li plating morphology while minimizing the artifacts from
the ion milling process [30,52]. For the Cryo-FIB samples, a smaller plating capacity of 1 mAh
cm™ was chosen to minimize the Cryo-FIB milling time. One key question to address was whether
plated lithium could be distinguished from the bulk underlying lithium foil using the FIB milling
process. As a control, a high plating current density sample (2 mA cm™, 1 mAh cm™) where lithium

plated on top of the Li-Sn coating was analyzed to: 1) determine whether the Li-Sn layer could be



easily distinguished and 2) compare the plated lithium to the bulk lithium foil underneath the Li-
Sn layer. Fig. 6(b) shows that at the higher current density of 2 mA cm™, heterogeneous nucleation
of Li on top of the coating is observed and lithium deposition occurs on the top of the Li-Sn layer.
The nucleation of Li is driven by overpotential [53] whereby larger currents result in larger
overpotentials. The Everhart-Thornley Detector (ETD) SEM image in Fig. 6(b) shows the plated
lithium on top of the Li-Sn coating. The plated Li above the coating can be better distinguished
from the Li-Sn coating using a Backscattered Electron Detector (BSED), which provides greater
contrast due to the atomic number dependence of backscattered electrons (Supplementary Fig. S6).
The large difference between the atomic numbers of Sn (z=50) and Li (z=3), allow us to easily
distinguish lithium (both plated and bulk foil) from the Li-Sn coating. While the plated and
underlying bulk foil are both lithium, the plated lithium contains signals from the SEI (Fluorine,
Sulfur, Carbon) which represents a characteristic feature of plated lithium observed in this study
[Figs. 6(c)-6(f)]. The thickness of Li for 1 mAh cm™, assuming uniform deposition, is expected to
be around 4.8 um. This agrees well with the measured cross-section thickness for plated Li (4.87
+ (.21 um) indicating relatively uniform and dense Li deposition [Fig. 6(b)]. While Li plating
occurred on top of the Li-Sn layer at higher current densities, the deposited Li layer exhibited a
dense morphology. This demonstrates the critical influence of the substrate in lithium plating,
which has previously shown favorable plating morphologies for tin-based interfaces [30]. The
dense morphology for Li deposited at the higher current density of 2 mA c¢m™ can be attributed to
the fast surface diffusion at the Li-Sn coating interfaces. In addition to the contribution of the
intermetallic phase, the presence of the chloride species also plays an important role in the surface
diffusion of lithium when considering plating above the Li-Sn coating. The presence of lithium

halide salts has been reported to improve plating morphology, which can be correlated to an



enhanced surface diffusion from the halide due to a reduced barrier for Li diffusion at the
electrode/electrolyte interface [54,55]. Therefore, in our study, the dense, uniform, and dendrite-
free plating morphology is attributed to both the Li-Sn intermetallic compounds and the chloride

component in the composite coating.

For the lower plating current density (0.1 mA c¢cm™, 1 mAh cm™), where the applied current was
lower than the exchange current density, the Li plating process is more complex than what has
been observed previously [21]. To complement the plan-view SEM image in Fig. 5(a) which
showed no indication of Li plating on the surface of the coating, Cryo-FIB SEM was used to probe
Li deposition below the surface. By comparing the secondary electron image with the
backscattered electron image [Figs. 7(a) and 7(b)], the plated Li region (outlined in green) could
be distinguished by both its morphology and composition. The plated Li beneath the Li-Sn coating
contained porosity that helped distinguish it from the bulk Li foil. The EDX spectral mapping
indicated a lack of tin signals from the region where morphology is different from the bulk Li
while the EDX line scan showed an immediate decrease for both the tin and chlorine signals in the
plated Li region (Supplementary Fig. S7). Similar to the Li plated on top of the coating at the
higher current density, the Li plated underneath the coating also contained oxygen and sulfur
signals from the electrolyte (Supplementary Fig. S8). The plated Li region underneath the coating
in Fig. 7(a) was found to be less than the theoretical thickness of 4.8 um. However, other regions
within the sample were found to have plated Li thicknesses greater than 4.8 um (Supplementary

Fig. S9) indicating that the deposition of Li underneath the Li-Sn is non-uniform.

Li Adsorption Energy



The observation of Li plating underneath a micron thick coating offers new insight towards design
principles for an effective Li interfacial layer that can both stabilize the reactive Li surface and
serve as a passageway for the plating and stripping of Li underneath the coating. The prior notion
that an ideal layer had to be in the nanometer range to mitigate polarization and resistance with
growing film thickness [56,57] may be incomplete. In our study, for Li deposition to occur
underneath a micron-thick Li intermetallic coating, the transport kinetics across the layer is critical
and must be facilitated by high Li diffusivity via percolated Li-rich intermetallic grains within the
coating layer. Li diffusivity in Li-rich tin intermetallics is several orders of magnitude higher
[26,27] than self-diffusion of Li. The greater Li diffusivity translates to faster kinetics through the
layer and the possibility of Li nucleation underneath the coating. In addition, because the coating
layers are formed at room temperature within seconds, defects are likely to exist within the coating

and could serve as additional pathways for Li transport.

Apart from high Li diffusivity, one additional driving force for Li deposition underneath is the
adsorption energy of Li at the electrolyte/coating interface. To study the relationship between
adsorption energy and lithium plating beneath the coating, the adsorption energy of Li on a Li;3Sns
surface was studied. A 33-layer (3 x 3) Li;3Sns (001) symmetric slab was built and the adsorption
energy was defined by two different approaches: 1) a simpler treatment using the computational
Li electrode, namely, the chemical Li electrode (CLE) and 2) a more complex but also realistic
treatment, namely, surface charging (SC), that explicitly takes the potential into account (See
Methods Section).

For CLE, only G[Li], i.e., p[Li+e] is considered to be potential dependent and the adsorption

energy is defined as:



Gags (U) = E[Li@Li3Sns ] - p[Li*+e](U) - E[Li;3Sns] [2]

Where Gags (U) is the adsorption energy dependent on the potential vs Li/Li" electode,
E[Li@Li,3Sns ]| and E[Li;3Sns] are the electronic energy of the adsorbed Li;3Sns (001) surface and
the bare Li;3Sns (001) surface, respectively. For SC, both G[Li@Li3Sns | and G[Li;3Sns] are
considered to be quadratic functions of potential versus Li/Li" electrode and the adsorption energy
is defined as:

Gags (U) = G[Li@Li3Sns J(U) - u[Li +€¢](U)- G[Li13Sns](U) [3]

Fig 8(b) shows the trend in adsorption energy per adsorbed Li atom as a function of surface
coverage. In this case, surface coverage is defined by the number of adsorbed atoms divided by
the number of atoms in a filled monolayer on the surface [Fig. 8(a)]. Interestingly, at the
experimental overpotential of -0.005 V [Fig. 5(c)], the adsorption energy per atom is positive
(hence unfavorable versus bulk Li) and peaks at a surface coverage from 1 to 2 and a value of
[+0.05,+0.08] eV/atom (depending on the method), while thicker Li layers (3 and above) give a
value close to zero (+0.01-0.02 eV/atom). These calculations on adsorption energy help to explain
the experimentally observed difference in Li deposition location at different deposition rates.
When the Li is deposited at a low rate, low surface coverage (1-2 monolayers) dominates,
demonstrating a non favorable positive adsorption energy [Fig. 8(b)]. This positive adsorption
energy provides a driving force for Li to penetrate the Li-Sn coating since the Li bulk below the
coating corresponds to an adsorption energy of 0.005 eV/atom (see Methods Section). However,
once the current density exceeds a certain threshold, the system is brought to a surface coverage >

2 where coating at the surface is almost as stable as bulk Li and there exists another pathway for



the system to approach the 0.005 eV/atom thermodynamic limit. That is, to continue the deposition
and form a new Li bulk phase above the coating. By plating above and covering the Li-Sn surface,
the system’s adsorption energy is lowered and avoids the recrossing of the adsorption energy peak
in Fig. 8(b).

During the lithium plating process, because the diffusion of Li ions in the liquid electrolyte is
higher than the diffusion through the solid phase (i.e. Li-Sn coating), the rate limiting step in the
coating system is the diffusion of Li through the Li-Sn coating. Therefore, there exists a threshold
current density which should be governed by the Li diffusivity in the intermetallic coating which
transports Li through the coating. The positive adsorption energy of adsorbed Li on the Li-Sn
surface can help drive Li through the layer but there exists an optimal window for which plating
underneath can be favored. At lower plating current densities, the high Li diffusivity of the coating
layer is able to sustain the rate at which Li arrives at the coating surface and maintains a surface
coverage that does not exceed the peak in positive absorption energy seen in Fig. (8b). However,
at larger plating current densities, the rate of Li arriving at the coating surface exceeds the peak
and it becomes more energetically favorable to form a new bulk lithium phase on top of the coating

rather than transporting lithium through the coating.

Conclusion

In this work, we investigate the mechanism of Li plating underneath Li-Sn coatings which can
serve as a strategy to mitigate dendrite formation. Li-Sn coatings were fabricated directly on
lithium foil using a solution-based approach. HRTEM revealed a unique microstructure consisting
of both Li-rich intermetallic grains and amorphous chloride regions. The plating kinetics for the

Li-Sn coating demonstrated an exchange current twice that of bare lithium indicating enhanced



charge transfer kinetics in combination with the ability to stabilize the surface during
plating/stripping. We demonstrate that by tuning the plating current density, the lithium deposition
location can be modified. At current densities of 100 uA cm™, lithium deposition can be observed
underneath the coating. At higher current densities of 2 mA cm™, heterogeneous nucleation of Li
on top of the coating becomes more kinetically favorable compared to the diffusion of Li through
the coating layer. Based on the microstructure of the coating and adsorption energy of Li at the
intermetallic surface, we present new insights that help to explain lithium deposition underneath
micrometer-thick intermetallic composite coatings. The results shown here suggest a novel

approach for Li dendrite suppression.

Materials and Methods

Protective Coating Fabrication

The lithium-tin coating layer was fabricated using a solution-processed route in a sub-ppm Argon-
filled glove box(VAC). Anhydrous Tin (II) Chloride (98%, Alfa Aesar) was dissolved and stirred
into tetrahydrofuran(Sigma) to form a 50 mM Tin Chloride solution. Lithium metal foil (Alfa
Aesar, 99.9%) was polished and subsequently immersed into the Tin(II) chloride solution for ~6-
7 seconds to form a conformal dark coating on top of lithium. The coating was left to dry under
ambient glovebox conditions for 3 hours and rinsed in dioxolane. For coin cell electrodes, lithium
disks were punched out and pressed onto stainless steel spacers before immersing into the tin (II)

chloride solution.

Coating Characterization



SEM (Nova NanoSEM230; Thermo Fisher Scientific) and EDX images (Noran System 7, Thermo
Fisher Scientific) were obtained using an accelerating voltage of 10.0 kV to image the plan view
morphology of the pristine and plated Li-Sn layers. The samples were exposed for a few seconds
to ambient air during the sample transfer into the SEM chamber. EDX spectral maps were obtained
to characterize the composition of the layer. X-ray photoelectron spectroscopy (XPS; Kratos Axis
Ultra) with a monochromatic aluminum X-ray source was performed on the lithium tin coating
layer using a voltage of 10kV and emission current of 10 mA. Peak calibration was performed
using the adventitious carbon peak (284.8 eV). Analysis was carried out in CasaXPS software.
TEM characterization of the coating layer was conducted using a JEOL 2800 TEM at 300 kV. The
coating layer was gently scraped off from the Li metal surface and collected with a Cu grid inside
an Ar-filled glovebox. The sample loading was conducted with direct Ar flow toward the sample
holder to minimize air exposure. The coating cross-section was characterized using a FEI Scios
Dualbeam FIB/SEM. A Ga-ion beam source at 30 kV was used to mill the sample. To preserve
the coating and Li morphology, a cryo stage was used during the milling process. The cryo stage
temperature was maintained below -180 °C using a heat exchanger in liquid nitrogen. X-ray
Diffraction was performed using a PANalytical X'Pert Pro diffractometer using a Cu Ka (A =
1.5418 A) source. Samples were sealed in kapton to prevent air exposure. XRD patterns were
recorded in the range of 30° < 20 < 70° using a 0.03° step size, a voltage of 45 kV, and a current

of 40 mA.

Electrochemical Characterization
Galvanostatic plating/stripping experiments were conducted in a symmetric coin cell using a 25um

thick polypropylene separator and 80 L of 1M lithium bis(trifluoromethane)sulfonimide



(LiTFSI) in dioxolane/dimethoxyethane (DOL/DME) (1:1 vol). Current densities of 100 pA cm™
to 2mA cm” were used for the plating studies. For the galvanostatic linear polarization
experiments, symmetric coin cells were subject to 3 cycles of plating and stripping for a set of
current densities ranging from 5 to 50 pA cm™. In the calculation of the exchange current density,
the plating and stripping overpotentials were assumed to be similar thus the plating overpotential
was assumed to be half of the total overpotential and used to calculate the exchange current density.

The low overpotential, linearized form of the Butler-Volmer equation was used in our study

.. azF (1—-a)zF
i=1i, lexp (Wn) — exp <—RT n)l

Assuming
a = 0.5.

Using a linear approximation

e*~1+x,
We obtain
gon
U=, —
U0

Where n = —n“}ml

where i is the current density, i, is the exchange current density, a is the transfer coefficient, z is
number of electrons involved in the reaction, F' is Faraday’s constant, 1| is the overpotential, R is

the gas constant, and 7 is the temperature.

Computational Studies
The computations were carried out in the framework of density functional theory (DFT) [58] using

the Vienna ab initio simulation package (VASP) [59,60]. The Perdew—Burke—Ernzerhof



generalized gradient approximation (PBE) [61] exchange—correlation functional is applied and the
electron-ion interaction is described by the projector augmented-wave formalism (PAW) [62,63].
The plane wave cutoff energy was set as 500 eV. The convergence criteria of electronic structure
and geometry optimization were set as 10 ° eV and 0.02 eV A", respectively. The reciprocal space
was sampled on the gamma-centered meshes with a density around 0.15 A™".

Solvation effect is described by linearized Poisson-Boltzmann equation using VaspSol addon
package [64]. The dielectric constant is set as 7, corresponding to the experimental value of DOL.
The cavity surface tension is set to O for numerical stability. This contribution is generally
negligible for adsorption energies. The Debye screening length is set to give a 1M concentration

of electrolyte.

In the molecular adsorption studies, the adsorption energy is defined as:

Gads = G[LI@L113SI’15] - G[Ll] - G[Li13Sn5] [4]

Where G[Li@Li;3Sns |, G[Li] and G[L1i;3Sns] represent gibbs free energy of adsorbed Li;3Sns
(001) surface, adsorbates, and bare Li;3Sns (001) surface, respectively. In the CLE approach,
which is similar to the computational hydrogen electrode [65], in the right hand side, only G[Li],
i.e., pu[Li+e] is considered to be potential dependent. pu [Li'+e] in an electrochemical process
is defined as:

u [Li'+e] (U)=E[Li, bulk] — eU[Li/Li'] - k, TpLi [5]



Where E[Li, bulk] is the electronic energy of Li bulk, U[Li/Li"] is potential vs Li/Li" electode, ki,
is the boltzmann constant, T is the temperature, pLi is the concentration of Li. Explicitly writing

all potential dependent terms gives:

Gaas (U)= E[Li@Li3Sns ] - u [Li*+e7] (U) - E[Li;3Sns] [6]

Where Gags (U) is the adsorption energy dependent on the potential vs Li/Li" electode,
E[Li@Li;3Sns | and E[Li;3Sns] are the electronic energy of adsorbed Li;3Sns (001) surface and
bare Li;3Sns (001) surface, respevtively. The pLi term in p [Li'+e] (U) vanishes as the
experimental Li electrolyte concentration is IM. For a process where the Li forms extra layers at

the other side of the coating, the E[Li@Li;3Sns], E[Li;3Sns], and E[Li, bulk] terms cancel out:

Gags (U)=-eU [7]
At the experimental condition, this gives 0.005 eV/atom adsorption energy.
In the SC approach [**7], both G[Li@Li13Sns ] and G[Li;3Sns] are considered to be quadratic
functions of potential versus Li/Li" electrode. Explicitly writing all potential dependent terms
gives:

Gags (U)= G[Li@Li3Sns J(U) - p [Li*+€] (U) - G[Li;3Sns](U) [8]

Where G[Li@Li3Sns J(U) and G[Li;3Sns](U) represent the gibbs free energy dependent on the
potential vs Li/Li" electode of adsorbed Li;3Sns (001) surface and bare Li;3Sns (001) surface,

respectively.
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Table 1. The reaction energies (eV) to form a Cl doped LiSn intermetallic structures (either in the bulk or
at the surface) and a separate LiCl phase for Li-Sn coating layer, energies are normalized as per SnCl,

chemical formula. Considered reactions are described in the Supplementary Info Il Equation 4-8.

Li;3Sns Phase Li;Sn; Phase
Systems Cl doped (001)
Cl doped bulk Separate LiCl Cl doped bulk  Separate LiCl
surface
Reaction
Energy -5.72 -5.74 -5.86 -5.08 -5.72

(eV)






