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ABSTRACT: To increase the energy density of today’s lithium batteries, it is
necessary to develop an anode with higher energy density than graphite or carbon/
silicon composites. Hence, research on metallic lithium has gained a steadily
increasing momentum. However, the severe safety issues and poor Coulombic
efficiency of this highly re active me tal hinder its practical ap plication in lithium-
metal batteries ( LMBs). Herein, the development of an artificial i nterphase is
reported to enhance the reversibility of the lithium stripping/plating process and
suppress the parasitic reactions with the liquid organic carbonate-based electrolyte.
This artificial i nterphase i s s pontaneously f ormed b y a n alloying reaction-based
coating, forming a stable inorganic/organic hybrid interphase. The accordingly
modified | ithium-metal e lectrodes p rovide s ubstantially i mproved c ycle 1 ife to
symmetric LillLi cells and high-energy LillLiNi;sCoy,Mny;0, cells. For these
LMBs, 7 pum thick lithium-metal electrodes have been employed while applying a
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current density of 1.0 mA cm ™, thus highlighting the great potential of this tailored interphase.
KEYWORDS: artif icialinterphase, lithium metal, tin chloride, lithium nitrate, battery

INTRODUCTION

The market for lithium-ion batteries (LIBs) continues to grow,
driven by the increasing demand for electric vehicles and
energy storage devices."~* However, LIBs are about to reach
their performance limits, and although the demand for high-
performance and low-cost energy storage devices is increasing,
the improvements in energy and power density are rather
incremental frequently.”~” Substantial progress requires either
strikingly new design concepts or the introduction of new
electrode materials. Concerning the latter, one of the most
promising options is the use of metallic lithium at the negative
electrode, owing to its high theoretical specific capacity of 3860
mAh g™' and low redox potential of —3.04 V vs the standard
hydrogen electrode (SHE).*™" In fact, rechargeable lithium-
metal batteries (LMBs) had been commercialized already in
the 1980s,'”"> but the severe safety issues related to the
formation of lithium dendrites and the continuous decom-
position of the electrolyte at the interface with the lithium
metal electrode resulted in a rather poor cycle life preventing
the widespread commercial use, eventually.'°™'® The con-
tinuous electrolyte decomposition originates from the electro-
chemical potential of metallic lithium being well beyond the
electrochemical stability window of common organic solvent-
based liquid electrolytes. While a stable passivation layer—also
known as solid electrolyte interphase (SEI)—forms on
graphite, i.e., the state-of-the-art active material for the negative
electrode in LIBs, the same does not occur in LMBs, where the

metal anode undergoes essentially unlimited volume changes
upon dis-/charge rendering this challenge dramatically more
difficult.”"**® In fact, an ideal passivation layer with the
function of an SEI allows Li* cations to permeate while
preventing any electron transport.g’21 In addition, it needs to
remain unaffected by the continuous volume changes of the
lithium-metal anode and provide a mechanically, chemically,
and electrochemically stable interface with the electrolyte.
Moreover, it must suppress the dendritic lithium deposition
and enable homogeneous lithium plating and stripping.

In the past years, several approaches have been proposed to
address these issues and challenges, including the introduction
of functional electrolyte additives,”> the application of
advanced current collector architectures,”>™>> and the design
of (in situ formed) artificial interphases.9’26_3l Among the
various strategies to yield the in situ formation of a suitable
artificial interphase, intermetallic compounds, involving metals
that can form an alloy with lithium, e.g., In, Bi, Sn, Sb, or Ag
(and the corresponding metal halides as precursors), have
attracted particular interest.”>~** An advantage of such lithium-
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Figure 1. (a) Photograph of the lithium foil after coating with the SnCl, and LiNO; in DME solution and removal of the solvent by evaporation.
(b) SEM micrograph of the cross section of a-SEI-Li (original thickness of the lithium foil: 300 ym). (c) Corresponding EDX mapping for Sn, Cl,
and N (from left to the right). (d) Detailed XPS spectra region (from left to right: Sn 3d, CI 2p, and N 1s) of a-SEI-Li.

comprising intermetallic compounds is the commonly facile
lithium transport within and across such interphases. Besides,
the introduction of functional additives to form a stable
interphase has attracted even greater attention. One of the
most common additives is lithium nitrate (LiNO;).**~*" When
LiNO; gets in contact with the lithium metal surface, it is
reduced to lithium nitride (Li;N) and lithium oxynitrides
(LiNxOy).48’49 The resulting passivation layer significantly
reduces dendritic lithium deposition and enables highly
effective lithium stripping and plating.*” It appears noteworthy,
though, that, owing to its very limited solubility in, e.g., organic
carbonates,” the use of LiNO, is limited to ether-based
electrolytes, which are incompatible with 4 V cathodes due to
the rather poor oxidation stability of ether-type solvents.”"
Herein, we report a facile approach for a novel artificial
interphase on the surface of lithium-metal anodes in LMBs that
combines these two approaches. Tin chloride (SnCl,) and
LiNO; were used as precursors for the artificial interphase,
which comprises lithium—tin intermetallic compound (LixSny) )
lithium chloride (LiCl), as well as Li;N and LiN,O,. The
approach relies on the use of an ether-type solvent for the

artificial interphase formation, which provides the additional
advantage of a simple removal by evaporation. Such an artificial
interphase provides a greatly enhanced cycling stability of
symmetric LillLi cells and high-energy LillLiNiysCoy;Mn, 0,
cells, both using organic carbonate-based liquid electrolytes.
The LMBs have been tested employing a lithium-metal anode
as thin as 7 ym at current densities as high as 1.0 mA cm™.

EXPERIMENTAL METHODS

Preparation of the Artificial Interphase on Lithium Metal.
The preparation of the artificial interphase was carried out in an
argon-filled glovebox. Lithium-metal foils with a thickness of 300, 50,
and 20 ym (Honjo) as well as 10 and 7 ym (see the next paragraph
for a description of the preparation) were coated using a 0.1 M
solution of SnCl, (min. 99%, Alfa Aesar) in dimethoxyethane (DME)
with 2 wt % LiNO; (99.999%, Alfa Aesar). In some specific
experiments (see details in the article), LINO; was not added to the
coating solution. The lithium foil was allowed to react for 30 min
prior to the removal of DME by evaporation.

Preparation of the 10 and 7 um Thin Lithium Foil. The
Fraunhofer Institute for Material and Beam Technology (IWS)
developed a lithium melt deposition process for preparing very thin
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Figure 2. Galvanostatic lithium stripping/plating experiments performed on symmetric LillLi cells at a current density of 1.0 mA cm™>, comprising
a-SEL-Li (in red) and p-Li (in black). Stripping/plating experiments using (a) 1.2 M LiPF, in EC:EMC (3:7 wt %) and (b) 1.2 M LiPF, in
EC:EMC (3:7 wt %) + S wt % VC as the electrolyte. (c) Comparison of the data presented in panel (b) with a symmetric LillLi cell employing Li
electrodes treated with SnCl, only, i.e.,, without LiNO; (in blue). Each stripping/plating step lasted for 1 h, resulting in a total capacity of 1.0 mAh
em™2 per step. Initial Li foil thickness: 300 ym; electrolyte: 60 yL; temperature: 20 + 1 °C.

lithium films on copper foils. This process is based on the realization
of a lithiophilic surface on the copper substrate, enhancing the liquid
lithium wetting. The two lithium films studied herein were deposited
on a 12 pm thick copper foil (SE-CuS8, Cu: >99.9%, P: <0.006%,
Schlenk), which was treated at 300 °C for 60 s in a laboratory air
atmosphere using a roll-to-roll (R2R) furnace (HTM Reetz). As a
result of this thermal treatment, a ~200 nm thin Cu,O layer was
formed.*> The thus treated copper foil substrate (width: 150 mm,
length: 2 m) was coated with molten lithium (purity: 99.95%,
Cellithium) using a liquid lithium coating setup (described else-
where™?) with a vessel temperature of 205 °C under the argon
atmosphere inside a glovebox with <0.1 ppm H,0, <0.1 ppm O,, and
<10 ppm N,. The substrate velocity was set to 600 mm min™" for 10
um thick Li films and 400 mm min ™" for 7 ym thick Li films by a R2R
winding.

Physicochemical Characterization. Scanning electron micros-
copy (SEM) was conducted using a ZEISS Crossbeam XB340
equipped with an EDX detector. For the investigation of the cross
section, a Capella-focused ion beam (FIB) with a gallium ion source

was used. X-ray photoelectron spectroscopy (XPS) was carried out
utilizing a SPECS UHV system (FOCUS S00 equipped with a
monochromatic X-ray source, PHOIBOS 150 hemispherical energy
analyzer with 2D DLD detector) using the Al Ka (hv = 1486.6 eV)
radiation. Deconvolution of the XPS peaks was performed using the
software CasaXPS. A standard Shirley-type background was used, and
a mixed Gaussian—Lorentzian type fitting was applied to the peaks.
Electrochemical Characterization. Unless otherwise stated, the
1.2 M solution of LiPF4 in EC/EMC (3:7 wt %) + S wt % VC was
used as the electrolyte. The positive electrodes based on
LiNiy5Coo;Mny;0, (NCMg;,) as the active material were prepared
by blending NCMS811 (92 wt %; POSCO CHEMICAL CO., LTD),
C-NERGY carbon black (4 wt %; Imerys), and poly(vinylidene
difluoride) (PVAF 6020, 4 wt %; Solvay) in N-methyl-2-pyrrolidone
(NMP, Aldrich). The resulting slurry was coated on a Al foil (battery
grade) and pre-dried at 60 °C. Subsequently, disk-shaped electrodes
were punched with a diameter of 12 mm. The electrode disks were
dried at 110 °C under the vacuum overnight. The average active

material (NCMg,,) mass loading was around 15.7 + 0.3 mg cm™2.
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Electrochemical measurements were conducted using CR2032-type
coin cells employing (bare/coated) lithium disks with a diameter of
12 mm as the negative electrode, NCMy,,-based positive electrodes
with a diameter of 12 mm, trilayer PE/PP separators (Asahi Kasei)
with a diameter of 19 mm, and 60 uL of the liquid electrolyte in each
cell. For the LillCu cells, Cu foils (Schlenk) with a diameter of 12 mm
were used as the working electrodes. For the determination of the
limiting current density, the BioLogic VMP potentiostat and three-
electrode Swagelok-type T-cells were used, employing lithium metal
foil as the reference electrode. Galvanostatic measurements were
conducted with a Maccor 4000 battery tester. Electrochemical
impedance spectroscopy (EIS) was performed using a BioLogic
VMP potentiostat equipped with an impedance module while varying
the frequency from 1 MHz to 100 mHz with a voltage amplitude of
10 mV.

RESULTS AND DISCUSSION

Application and Composition of the Artificial
Interphase. The artificial solid electrolyte interphase (a-
SEI) was applied by a facile coating process employing SnCl,
and LiNO; precursors dissolved in dimethoxyethane (DME).
After removing the DME via evaporation, the surface of the
lithium metal turned black (Figure la). The analysis of the
cross section by scanning electron microscopy (SEM) reveals
the formation of a surface layer on top of the lithium metal
with a thickness of about 8 + 1 ym (Figure 1b). This surface
layer, herein referred to as a-SEI, provides a homogeneous
coverage of the lithium metal foil although showing a few
cracks presumably related to the solvent evaporation. Energy
dispersive X-ray (EDX) mapping shows a rather uniform
distribution of Sn, Cl, and N in a-SEI (Figures lc and S1).
Only the Cl mapping indicates some larger agglomerates.
Further analysis of the composition of a-SEI was conducted by
X-ray photoelectron spectroscopy (XPS, Figure 1d). The peaks
observed in the Sn 3d spectrum are assigned to Li,Sn, and Sn,
the peaks observed in the Cl 2p spectrum are assigned to
organic chloride compounds and LiCl,******7%° and the peaks
found in the N 1s spectrum are attributed to the presence of
LiNO, and LiNO,.”” Accordingly, a-SEI is composed of Li,Sn,,
Sn, organic chloride compounds, LiCl, LiINO;, and LiNO, as a
result of the spontaneous reaction of SnCl,, LINO;, and DME
with lithium metal. Such composition enables the stabilization
of the electrodelelectrolyte interface by lowering the energy of
the components that are in direct contact with the electrolyte,
as schematically illustrated in Figure S2. However, this
spontaneously formed a-SEI provides high lithium-ion
conductivity owing to the presence of LiNO, and LiCl and
good stability toward metallic lithium.”*>’

Characterization in Symmetric LillLi Cells. To inves-
tigate the effect of a-SEI on the electrochemical behavior of the
lithium-metal electrodes, symmetric LillLi cells employing
pristine Li electrodes (p-Li) or a-SEI-coated Li electrodes (a-
SEI-Li) were assembled and compared via a series of
electrochemical tests. In the first step, lithium stripping/plating
tests at a current density of 1.0 mA cm ™2 were performed using
1.2 M LiPFq in a 3:7 (wt) mixture of ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) as the electrolyte (Figure
2a). The comparison of the two symmetric cells reveals a
substantially reduced increase of the overpotential during
stripping/plating for a-SEI-Li. The p-Li cell shows a rapidly
rising overpotential after 400 h (200 cycles), indicating the
formation of a highly resistive surface layer and/or electrolyte
depletion owin(% to the continuous exposure of fresh lithium
metal surface.®’ Such rapid increase, however, did not occur

when a-SEI-Li was employed, but only a gradual increase of
overpotential upon cycling. Additionally, the application of a-
SEI to Li electrodes led to a much lower overpotential for the
initial stripping/plating cycles, indicating its beneficial impact
on the charge transfer at the electrode/electrolyte interface.
The difference is even greater when introducing vinylene
carbonate (VC) as an electrolyte additive (Figure 2b). The Lill
Li cell comprising p-Li shows a dramatic increase in
overpotential after only 250 h (125 cycles), while the
symmetric cell containing a-SEI-Li does not show any
significant increase in overpotential for more than 600 h.
These results suggest a beneficial interaction of a-SEI and the
VC additive, which is known to form a polymeric surface layer
when reductively decomposed.®’ ™%

Figure 2c¢ depicts the deconvolution of the impact of the two
a-SEI precursors by comparing the results presented in Figure
2b with those of a symmetric LillLi cell that was treated with a
solution of SnCl, only, i.e., in the absence of LiNO;. While the
cycling stability of the SnCl,-treated Li electrodes is superior to
that of p-Lj, it is clearly inferior to the a-SEI-Li, as the rapid
increase in overpotential is only delayed but not avoided. Thus,
the simultaneous presence of SnCl, and LiNOj is essential for
the formation of a highly stable interface and interphase and
suppressed electrolyte decomposition, resulting in stable
overpotentials upon long-term cycling. Advantageous in this
regard is the insolubility of LiNO, species in organic
carbonate-based electrolytes, ensuring the stability of a-SEI.

The beneficial impact of a-SEI becomes even more obvious
when increasing the duration of each stripping/plating step
from 1 to 3 h, i.e., the total capacity per step from 1 to 3 mAh
cm™? (Figure S3a). In fact, a dramatic increase in overpotential
occurs for the symmetric cell with p-Li after only 41 cycles
(250 h), while a very stable overpotential is observed for a-SEI-
Li upon 133 cycles (800 h). Similarly, the symmetric cell
comprising a-SEI-Li shows a substantially improved perform-
ance and much lower overpotential when stepwise increasing
the current density applied from 1.0 to 3.0 mA cm™* (Figure
S3b). The cell comprising p-Li faded rather rapidly when
applying a current density of 3.0 mA cm™2, while the cell
employing a-SEI-Li showed a rather stable overpotential
throughout the whole experiment. This superior behavior
originates from a better charge transfer at the interface/across
the interphase, as also reflected by the determination of the
current density when sweeping the voltage of the symmetric
cells (Figure S3c). While the current density at 0.2 V, for
instance, amounts to 1.96 mA cm™> for p-Li, it was
substantially higher with 3.32 mA cm™ in the case of a-SEI-
Li. In other words, the application of a certain current density
to the cell results in a much lower overpotential in the presence
of a-SEL

In the next step, the symmetric cells were subjected to
galvanostatic stripping/plating experiments combined with
electrochemical impedance spectroscopy (EIS) to better
understand the impact of a-SEI on the charge transfer and
transport across the interface and interphase, respectively. The
stripping/plating experiment results are presented in Figure
S4a together with the points at which EIS measurements were
performed (i.e., before stripping/plating as well as after the 1st,
10th, and 30th cycle). The corresponding EIS results are
depicted in Figure SSa—d. It is immediately apparent that the
impedance is generally much lower for the a-SEI-Li, especially
before plating/stripping (Figure SSa). Upon cycling, the
difference decreases since the impedance gets lower for the
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Figure 3. (a) Galvanostatic lithium stripping/plating experiments performed for symmetric LillLi cells at a current density of 1.0 mA cm™ (each
stripping/plating step lasting for 3 h, resulting in a total capacity of 3.0 mAh cm™2), comprising a-SEI-Li (in red) and p-Li (in black), combined
with an ex situ SEM analysis of the pristine electrodes as well as after 30 and SO cycles, as indicated. (b—d) Corresponding SEM micrographs of p-
Li (left) and a-SEI-Li (right) in (b) the pristine state, (c) after 30 cycles, and (d) after SO cycles. Initial Li foil thickness: 300 ym; electrolyte: 60 uL;

temperature: 20 = 1 °C.

p-Li cell and slightly higher for the a-SEI-Li cell (Figure SSb—
d). For a more detailed analysis, the impedance spectra were
fitted with an equivalent circuit (Figure S4b). The results from
the fitting are provided in Table S1 and plotted in Figure SSe.
The equivalent circuit components Ry, Rgg;, and R, represent
the bulk (electrolyte and electrode), the SEI, and the charge
transfer resistances, respectively.”®> The total resistance,
referred to as R, is the sum of Ry, Rgy, and R,. Prior to
the stripping/plating test, the cell comprising p-Li had a much
higher Ry, (755.9 Q-cm?) than that employing a-SEI- Li (93.8
Q-cm?), mostly owing to substantially higher Rgy and R
These are related to the resistive native surface layer on p-Lij,
consisting of Li,CO3, Li,O, and LIOH.*® After one stripping/
plating cycle, R, decreased for both cells, though far more for
the p-Li one, which is attributed to the reconstruction of the

native surface layer into a more conductive SEI based on the
substantial decrease of Rgg; and R, (Figure SSe). In the case of
the a-SEI-Li cell, R, decreased as well, which is attributed to
potential Li trapping in a-SEI, thus facilitating charge transport.
In both cases, R, remained essentially constant after the first
cycle but increased slightly in the following cycles, especially,
for p-Li, indicating an ongoing depletion of the electrolyte. As
R, includes also the resistance within the lithium metal
electrode, the greatest increase for p-Li might indicate more
pronounced changes—which are suppressed to a certain extent
in a-SEI-Li.® To investigate this, an ex situ SEM analysis of p-
Li and a-SEI-Li was performed. Exemplary stripping/plating
experiments are presented in Figure 3a. SEM micrographs were
taken on the electrodes prior to the plating/stripping test
(Figure 3b), after 30 cycles (Figure 3c), and after SO cycles
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(Figure 3d) (for each experiment, one new cell was
assembled). Prior to the plating/stripping test (Figure 3b),
p-Li shows a very smooth surface, whereas a-SEI-Li exhibits a
rather cracked (crusty) surface in line with the cross-sectional
SEM micrograph shown in Figure 1b. Upon cycling, however,
the morphology of p-Li becomes increasingly porous, while the
surface of a-SEI- Li becomes very dense and rather
homogeneous (Figure 3c,d). It appears that the initial cracks
are filled with electrochemically derived SEI products—e.g.,
stemming from the reductive decomposition of VC yielding
polymeric SEI components—resulting in the formation of a
stable interphase. Differently, the increasing porosity of p-Li
indicates the absence of a stable interphase. These changes
agree with the increase in Ry, In the case of p-Li, the fluctuating
values for Rgy and R, are presumably resulting from the
contrasting impact of the increased surface area and the
accumulation of resistive electrolyte decomposition products,
leading to a decrease and increase of the two resistance
contributions, respectively. Generally, these results highlight
the beneficial effect of a-SEI on the stripping/plating behavior
of a-SEI-Li, particularly in combination with VC as an
electrolyte additive.

Evaluation in LilINCMg,,; Full-Cells. Taking advantage of
the highly beneficial effect of a-SEI observed for symmetric Lill
Li cells, the impact on the performance of Lill
LiNiy§Coy ;Mny;0, (LillNCMg,;) full-cells was investigated.
The active material mass loading of the NCMj,, positive
electrode was set to about 15.7 mg cm ™ to obtain meaningful
insights for current densities that are of relevance in
commercial cells. The comparison of the full-cells comprising
p-Li and a-SEI-Li as the negative electrode (Figure 4) shows
the dramatic beneficial effect of a-SEI on the electrochemical
performance. The cell containing a-SEI-Li exhibits high
reversible capacity (around 3.0 mAh cm™) and substantial
cycling stability over 250 cycles at a current density of 1.0 mA
cm™? (Figure 4a). Differently, the p-Li-based cell shows rather
stable cycling for only 50 cycles. The corresponding dis-/
charge profiles for the cell based on p-Li and a-SEI-Li are
presented in Figure 4b,c, respectively. It is observed that the
rapid fading of the former is related to the great polarization
increase (Figure 4b), which does not occur for the a-SEI-Li cell
even after 250 cycles (Figure 4c).

Extension to Very Thin Lithium Foils. Following the use
of NCMyg,, positive electrodes with commercial-like high mass
loading, the study was extended to thinner lithium foils with a
thickness of 50, 20, 10, and 7 ym to reduce the lithium excess
in the cell.®*° While the first two lithium foils are commercial
products, the latter two lithium foils were prepared by a newly
developed process based on the application of a lithiophilic
surface on the copper foil and the subsequent deposition of
molten metallic lithium.>> An SEM micrograph of the cross
section of the thinnest lithium foil (7 um) is presented in
Figure S6. For this foil, the formation of a-SEI led to the almost
complete consumption of the lithium metal (Figure S7a), i..,
the reaction with SnCl, and LiNO; proceeds throughout the
whole lithium layer, resulting in a rather grain-like morphology
and a relatively rough surface. The almost complete reaction is
also evidenced by the homogeneous distribution of Sn, CI, N,
and O in a-SEI, as observed via EDX mapping (Figure S7b).

The a-SEI-Li made from Li foils of different thicknesses were
subjected to galvanostatic stripping/plating experiments in
symmetric LillLi cells. The results for the 50, 7, 20, and 10 gm
thick lithium foil are presented in Figures Sab, and S8a—c,
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Figure 4. Galvanostatic cycling of (a-SEI-coated) LillNCMg,; cells:
(a) Plot of the areal and specific discharge capacity as a function of
the cycle number for the cell comprising p-Li (in black) and a-SEI-Li
(in red). Selected dis-/charge profiles for the p-Li cell (b) and the a-
SEI-Li cell (c). For the initial five cycles, the applied current density
was 0.3 mA cm™2 (C/10), followed by a current density of 1.0 mA
cm™> (C/3) for the subsequent cycles. Initial Li foil thickness: 300
um; NCMg,, areal loading: 15.7 + 0.3 mg cm™%; electrolyte: 60 uL;
temperature: 20 = 1 °C.

respectively. Comparing the cells comprising 50 pm thick
(areal capacity of ca. 10 mAh cm™) p-Li and a-SEL-Li, a
substantial improvement in terms of cycling stability and lower
overpotential with a stable cycling for more than 300 h is
observed for the latter (Figure Sa). In contrast, the p-Li
symmetric cell shows a dramatic increase in overpotential and
eventually fades after only 12 cycles (ca. 80 h), suggesting that
no electrochemically active lithium is left owing to the reaction
with the liquid electrolyte. The tests with the 20 ym thick
lithium foil (ca. 4 mAh cm™; Figure S8a) show essentially the
same trend, with the p-Li cell fading after only 10 cycles. Figure
S8b displays a magnification of the Ist and 10th stripping/
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Figure S. (a) Galvanostatic lithium stripping/plating experiments performed with p-Li (in black) and a-SEI-Li (in red) in symmetric LillLi cells at a
current density of 1.0 mA cm™, with each stripping and plating step lasting 3 h (3.0 mAh cm™2). (b) Galvanostatic lithium stripping/plating tests

conducted for p- (in black) and the a-SEI-coated 7 pm thick lithium foil in symmetric LillLi cells at a current density of 1.0 mA cm

~2, with each

plating and stripping step lasting 0.5 h (0.5 mAh cm™) for the first 50 cycles and 1 h (1.0 mAh cm™) for the subsequent cycles. Initial Li foil

thickness: S0 um; electrolyte: 60 yuL; temperature: 20 + 1 °C.

plating cycle, highlighting the higher overpotential and poorer
reversibility, i.e.,, Coulombic efficiency, for p-Li. The results
obtained for the 10 ym thick lithium foil (ca. 2 mAh cm™>;
Figure S8c) and for the 7 pm thick lithium foil (ca. 1.4 mAh
cm™%; Figure 5b) are further confirming the beneficial impact
of a-SEI. The latter results are particularly remarkable, as a
large fraction of the metallic lithium reacted with SnCl, and
LiNO; (Figure S), thus substantially reducing the amount of
electrochemically active lithium available in the cell.

To further corroborate the beneficial impact of a-SEI on
thinner Li electrodes, LillNCMy,; full-cells were assembled
employing p-Li and a-SEI-Li made from 50 and 7 pm thick
lithium foils. The results of the galvanostatic stripping/plating
cycles are illustrated in Figure 6. It should be noted that the
electrolyte volume/cathode areal capacity ratio was kept low,
with about 20 yL per mAh in both cases. This is still rather
high compared to commercial LIBs (though one also has to
consider the different packing density inside the cell), but
among the lowest values published in academic studies so far.*”
The capacity ratio (i.e, the N/P ratio) of the negative and
positive electrode was rather low with about 3.2 and 0.44 for
the LillNCMg,; cells comprising the 50 and 7 ym thick lithium
foil, respectively—not considering the consumption of metallic
lithium for the formation of a-SEI, which is of particular
relevance for the 7 pm thick lithium foil. Independent from
this, the N/P ratio of 0.44 in this case is one of the lowest that
has been reported so far®*—considering the consumption of

metallic lithium for the formation of a-SEI presumably the
lowest.

In the case of the 50 ym thick lithium foil, the LilINCMg,,
cell containing p-Li faded after only 35 cycles, while the cell
comprising a-SEI-Li foil provides a stable cycling for more than
80 cycles (Figure 6a). Selected dis-/charge profiles for the p-Li
and a-SEI-Li cells are presented in Figure 6b,c. In the former
case, the polarization rises dramatically along with the capacity
fading (Figure 6b), presumably owing to the depletion of
electrochemically active lithium and ongoing electrolyte
decomposition, while it remains rather constant in the latter
case (Figure 6¢). Similarly, the application of a-SEI leads to a
substantial improvement of the Lil[NCMjg;, cell cycling
stability based on the 7 ym thick lithium foil (Figure 6d),
which is particularly remarkable considering the very limited
amount of “excess” lithium in this cell. The a-SEI-Li cell shows
a much lower fading after a stable cycling for more than 20
cycles, while the p-Li cell quickly fades within 10 cycles. The
superior performance of a-SEI-Li is also reflected by
substantially lower polarization (Figure 6e,f).

Given the aforementioned, very limited “excess” lithium in
the a-SEI-Li made from 7 um thick lithium foil and the
extensive interest in so-called “anode-free” or “zero-excess”
lithium batteries,”” asymmetric CullLi were assembled and
tested to compare p-Li and a-SEI-Li (Figure S9). The cell
comprising a-SEI-Li shows a substantially enhanced reversi-
bility and much lower polarization upon lithium stripping/
plating test than that employing p-Li. This latter fades after
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Figure 6. Galvanostatic cycling of (a-SEI-coated) LillNCMgy; cells based on (a—c) SO ym and (d—f) 7 gm thick lithium foil, with (a, d) the plot of
the areal and specific capacity as a function of cycle number as well as (b, c and e, f) selected dis-/charge profiles for the LilINCMg, cells containing
(b, e) p-Li and (c, f) the a-SEI-coated Li. The current density in the first five cycles was 0.3 mA cm™ (C/10) and 1.0 mA cm™ (C/3) in the

following cycles. Electrolyte: 60 yL; temperature: 20 + 1 °C.

only 15 cycles, while a-SEI-Li enables rather a stable cycling for
more than 50 cycles, further underlining the advantageous
effect of a-SEI for lithium-metal batteries.

CONCLUSIONS

A new artificial interphase (a-SEI) for lithium-metal electrodes
has been presented. This a-SEI is based on a combination of
inorganic and organic components derived from treating the
lithium foil with a DME solution of SnCl, and LiNO;. The
results show that both inorganic precursors are essential for the
realization of the advanced a-SEI, allowing for the long-term
stable stripping and plating of metallic lithium—using several
initial lithium foil thicknesses, varying from 300 to 50 and 20
and even as little as 10 and 7 ym. In the latter case, the great

majority of metallic lithium is consumed for the formation of a-
SEI, rendering the substantial improvement in lithium
stripping/plating reversibility in symmetric cells even more
remarkable. This advantageous effect is further corroborated
by the great improvement in cycling stability and reversibility
of LilINCMg,, full-cells and asymmetric CullLi cells. Note-
worthy, the N/P ratio of the LilINCMy,, full-cells comprising
the 7 um thick lithium foil is as low as 0.44—and even much
lower in the case of a-SEI-Li, making these cells very close to
the so-called “anode-free” or “zero-excess” lithium batteries
and further underlining the highly beneficial impact of this a-
SEL
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