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Abstract: The deposition of a thin LixSny alloy layer by plasma vapor deposition (PVD) on the
surface of a Li foil is reported. The formation of a Li-rich alloy is confirmed by the volume expansion
(up to 380%) of the layer and by the disappearance of metallic Sn peaks in the X-ray diffractogram.
The layer has a much higher hardness than bare Li and can withstand aggressive cycling at 1C.
Post-mortem scanning electron microscope observations revealed that the alloy layer remains intact
even after fast cycling for hundreds of cycles. A concept of double modification by adding a thin
ceramic/polymer layer deposited by a doctor blade on top of the LixSny layer was also reported to be
efficient to reach long-term stability for 500 cycles at C/3. Finally, a post-treatment after Sn deposition
consisting of a plasma cleaning of the LixSny alloy layer led to a strong improvement in the cycling
performance at 1C. The surface is smoother and less oxidized after this treatment. The combination
of a Li-rich alloy interlayer, the increase in hardness at the electrolyte/Li interface, and the absence
of dissolution of the layer during cycling at high C-rates are reasons for such an improvement in
electrochemical performance.
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1. Introduction

In recent years, there has been a growing need for greater power and energy storage.
Lithium metal is considered a promising choice for anode material in the future due
to its high specific power and energy. Nonetheless, there are still concerns regarding
safety because of the risk of dendritic and mossy Li deposition, which can lead to short
circuits and battery malfunctions [1]. Numerous investigations have attempted to address
these various issues through methods like passivation and lithium anode modification,
which are essential to the development of all-solid-state battery (ASSB) technology. As a
matter of fact, the inhibition of dendrite growth is the major concern to be addressed [2].
Various techniques can slow down the growth of Li dendrites, but they are not able to
eliminate them.

Among all the modification techniques to passivate the lithium surface, we can men-
tion the deposition of layers of polymer or a polymer/ceramic mix; this is an effective
way to reduce dendritic formation [3,4]. Recently, Su et al. showed that an insulative
polymer framework (ZIF-8 polyhedrons) is a good strategy to suppress dendritic Li forma-
tion [5]. A polymerous PI-ZnO matrix on the lithium surface enhances the electrochemical
performance due to the mitigation of dendrite formation [6].

Another method consists of the modification of the lithium surface in solution. In
fact, Li metal has a very low negative electrochemical potential (−3.040 V vs. the standard
hydrogen electrode) and can easily react with various inorganic/organic molecules [7,8].
Dendrite progression can also be suppressed with layered reduced graphene oxide with
nanoscale gaps deposited on the lithium metal anode [9]. Mechanical surface modification
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is also investigated and this method has been shown to be economical and efficient, along
with improving the rate capability [10].

Physical vapor deposition methods such as atomic layer deposition (ALD) and sput-
tering deposition on lithium foil have been documented using a variety of inorganic
compounds and metals [11–14]. Recently, Bela et al. showed that a coating of Zn on the
lithium surface to form an intermetallic coating helps to significantly reduce the instability
at the interface [15]. Winter and co-workers showed that the deposition of metals via the
sputtering method leads to the formation of lithiophilic layers (Li15Au4 and LiZn) and
could suppress lithium dendrite formation during cycling and enhance cycling stability [16].
Sputtering deposition is an efficient method to generate a uniform layer, depending on
the deposition parameters. Intermetallic coatings are thin, nanometric, compact, and re-
peatable, as we demonstrated in a previous study [17]. Furthermore, since this is a dry
deposition method, it does not require the use of harmful and costly solvents. In addition,
no drying step after modification is needed. Additionally, because deposition is carried
out with a high-purity sputtering target in a regulated environment under a high vacuum,
contamination during deposition is minimized. Lastly, it could be applied for industrial use
as roll-to-roll sputtering machinery for large-scale applications, which is already available
and easily adaptable to modify the surface of lithium foils [18,19].

Recently, our research group reported the protection of Li metal foils by depositing a
nanometric Zn layer with the aim of fast charging [17]. Since the results were interesting,
we tested various metals, such as Ag, Al, Sn, In, Bi, and W. After several months of
investigation, it was found that the best results were obtained for the modification of
lithium foils with a nanometric Sn layer. Thus, in this work, the protection of the Li metal
anode by the deposition of a thin LixSny alloy layer using the PVD technique is reported. A
volume expansion of up to 380% was observed following the sputtering deposition of Sn
metal. X-ray diffraction (XRD) analyses of modified Li foils revealed the disappearance of
Tin peaks, which confirm the in-situ alloying reaction between the lithium anode surface
and the freshly deposited Tin. However, the exact composition of the alloy layer is not
clearly determined, and it is probably composed of several LixSny alloys. Nanoindentation
measurements were conducted on the Li metal before and after the deposition of Sn, and
interestingly, a thin layer of LixSny alloy strongly increases the hardness of the anode,
which is a desired feature to impede dendrite progression. Post-mortem scanning electron
microscope (SEM) observations of used LiFePO4 (LFP)/polymer electrolyte/Li pouch cells
showed that the alloy layer remains intact even after fast cycling for hundreds of cycles. No
traces of Sn metal were found in the solid polymer electrolyte (SPE) or the Li bulk anode,
and the Al additive, initially present in the Li anode, is still uniformly distributed inside it,
even after repetitive cycling at high C-rates.

A few years ago, we also demonstrated the interest of a thin ceramic-rich polymer layer
deposited on Li foil to reduce the progression of Li dendrites and to decrease the charge
transfer resistance between the Li anode and the polymer electrolyte [20]. In order to obtain
a cumulative effect, a concept of double modification by adding a thin ceramic/polymer
layer deposited by a doctor blade on top of the LixSny layer was also reported in this paper.
This concept permits to run an LFP/SPE/Li battery at C/3 for 500 cycles with a capacity
retention of 92.6%, corresponding to a discharge capacity of 150 mAh·g−1. Finally, to wash
the surface of the Sn deposit on top of the Li metal, a plasma cleaning was applied, and the
alloy layer was found to be smoother and less oxidized. Consequently, this treatment led
to a strong improvement in the cycling performance at 1C, and the cell was able to perform
300 cycles, which represents an improvement of 1000% in comparison to the reference cell
assembled with the pristine Li metal anode.

2. Materials and Methods
2.1. Sputter Deposition of Tin on Li Metal Surface

Hydro-Quebec produces its own in-house Li metal foil, with a thickness of 50 µm
and containing 0.2% Al additive. The sputter machine used to deposit Sn metal is the
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EM ACE600 table-top model from Leica Microsystems Inc. (Concord, ON, Canada). To
clean the sample surface, it is equipped with a glow-discharge option. All Sn metal targets
(purity of at least 99.999%) were purchased from American Elements (Los Angeles, CA,
USA). A special holder has been designed to fix the Li foil in front of the target in the
deposition chamber. The process starts with six sequences of vacuuming up to 0.008 Pa
to remove air traces. The chamber was refilled with highly pure Ar (grade 6.0, 99.9999%
purity) between each vacuum sequence. Before deposition on the Li surface, a cleaning
of the Sn target is carried out, which consists of applying 70 mA for a 30 s pre-putter. All
the sputter depositions were performed using an Ar pressure of 0.8 Pa, and the sample
holder realizes 20 rotations every minute. The plasma is created at the Sn target surface by
applying a DC current of 50 mA (34 W). Finally, a fixed distance of 45 mm is used between
the Li metal foil and the target, and the tilt angle is set to 0◦.

2.2. Plasma Cleaning of Sn-Coated Li Metal Anodes

The Sn deposit on the Li surface was also treated with plasma in order to clean it and
remove some oxygen contamination. The process is realized just after the Sn deposition in
the same chamber and without exposure to dry air. To do this, plasma is created on an inox
plate by applying a DC current of 15 mA to it. The plate is placed in front of the Li foil to
perform a plasma cleaning of the surface for 15 min. As for the Sn deposition, the cleaning
process is performed under a pressure of 0.8 Pa in an inert atmosphere of Ar.

2.3. Deposition of a Polymer/Ceramic Layer on Sn-Coated Li Metal Anodes

Allyl-ether branched polyethylene oxide polymer (PEO, m.w. ~100,000) was mixed
with Lithium bis(trifluoromethanesulfonyl)imide salt (LiTFSI from Sigma-Aldrich, Oakville,
ON, Canada) in tetrahydrofuran solvent (THF) respecting an O:Li molar ratio of 5:1. A
small quantity of Omnirad 651 photoinitiator (0.4 wt.%, IGM resins, Charlotte, NC, USA)
was added into the polymer solution. The viscous liquid was mixed until a clear solution
was obtained. Then, 300 wt.% of Al2O3 ceramic (AKP-G015, Sumitomo Chemical Co., Ltd.,
Tokyo, Japan) [21] was added to the polymer solution. The mixture was intensively mixed
with an ULTRA-TURRAX rotor-stator generator. Anhydrous THF was added dropwise to
obtain a solution with a solid content of ~30%. The ceramic-rich solution was deposited
on a Li foil using a doctor blade in order to yield dry polymer films with a thickness of
3–4 µm. The ceramic-coated Li stripe was placed under a ventilated hood for 5 min and
subsequently placed inside a box filled with nitrogen. The Li foil is then exposed to UV
radiations for 5 min.

2.4. Preparation of LiFePO4 Electrodes

The composition of LFP electrodes consisted of 75.3 wt.% of carbon-coated active
material (LFP), 19.23 wt.% of PEO polymer, 6.27 wt.% of LiTFSI salt, and 1 wt.% of carbon
black. All of these ingredients were thoroughly mixed using a mixture of acetonitrile (80%
in volume) and toluene (20% in volume). The slurry was deposited by the doctor blading
method on a carbon-coated aluminum foil (thickness of 15 µm). After drying, an active
mass loading of ~8 mg·cm−2 is obtained. The whole process was realized inside a dry room
having a dew point of less than −50 ◦C.

2.5. Preparation of the Solid Polymer Electrolyte

Allyl-ether branched PEO polymer was mixed in presence of a small amount of an
acetonitrile/toluene (80:20 v/v) solvent mixture. When a viscous solution was obtained,
LiTFSI salt was added in order to obtain an O:Li molar ratio of 25:1. Then, 0.4 wt.% of
Omnirad 651 photoinitiator was dispersed in the salted polymer solution. Finally, the
solution was mixed and regularly degassed to obtain a bubble-free solution.

The as-prepared polymer solution was cast on a polypropylene film by using a doctor
blade. The doctor blade gap was adapted to the viscosity of the solution and to obtain a
dry SPE with a thickness of 25 µm. Then, the dry film was placed in a sealed box, which
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was purged with dry nitrogen for at least 3 min. The coating was allowed to reticulate by
exposing it for 5 min to an UV light (300 WPI) placed at 50 cm.

2.6. Assembling of Pouch Cells and Electrochemical Tests

The cells assembling process is conducted in a well-controlled dry room having a dew
point <−50 ◦C. LFP/SPE/Li batteries are assembled at 80 ◦C under vacuum for 3 min
using a hot-press. The active surface area for the anode and the cathode is ~7.48 cm2. The
LFP/SPE/Li stackings are placed in an in-house casing for applying an isostatic pressure
of 75 psi. The reference cell is using an unmodified Li metal anode.

The cycling of all the batteries was realized at 80 ◦C with BioLogic BCS-815 po-
tentiostats. Before long cycling experiments at 1C–C/2 or C/3–C/3 (charge–discharge
currents), the cells performed two formation cycles at C/12. Considering the loading of the
cathode, 1C is approximately equal to 0.9 mA·cm−2. A potential window of 2.0 to 3.8 V vs.
Li/Li+ was fixed for the electrochemical evaluation.

2.7. Characterizations

Grazing incident angle X-ray diffraction (GIXRD) was used in characterizing Sn thin
films coated on lithium and silicon substrates with Smartlab (Rigaku, CoKa radiation) in
a controlled environment to avoid Li metal oxidation. Data were collected at an incident
angle of 0.5◦ for 10 h. The surface of the analyzed sample is ~15 × 15 mm2.

Optical images are obtained with a Keyence VK-x200 3D laser microscope (Itasca,
IL, USA).

An atomic force microscope (AFM, Bruker Dimension Icon model, Etobicoke, ON,
Canada) was utilized to study the surface of Sn deposits on Li metal. The QNM mode
coupled with silicon nitride tips was employed. The spring constant of the cantilever was
5 N/m. A scan rate of 0.50–0.97 Hz was selected, and the resolution was 512 samples/line.

Cross-section views of LFP/SPE/Li stackings extracted from pouch cells before or
after cycling were observed using a Hitachi SU-7000 scanning electron microscope (hitachi-
naka, Japan). In order to detect Li X-ray [22], the microscope was equipped with an EDS
windowless detector Oxford Instruments Ultim Extreme. Samples were manipulated in
a dry room, in which the microscope was placed to avoid external contaminations and
reactions between Li metal and water. The micrograph and X-ray map were acquired at an
accelerating voltage of 5 kV. The working distance was 9 mm, and the probe current was
500 pA.

Nanoindentation curves of various depositions on lithium were obtained with an
Anton Paar HIT (Montreal, QC, Canada). A Berkovitch diamond indenter was used. A
typical run was performed at 1 mN and 1.5 mN/min. A creep of 40 s and a return in
20 s complete the run. The hardness was calculated using load and plastic deformation in
Equation (1):

H = P/A, (1)

where H = hardness in Pa, P = pressure in N, and A = surface in m2.

3. Results and Discussion
3.1. Formation of an Alloy Layer on Li Surface during Deposition of Sn

Sputter deposition of Sn was performed at the same time on the surface of a lithium
foil and a piece of silicon, as shown in Figure 1a. Theoretically, 400 nm of tin was deposited
on the surfaces of the two substrates. After deposition, the thickness is verified using
microscopic observations of the substrate edge. Figure 1c shows a SEM image of the silicon
piece, and the measured thickness is consistent with the expected theoretical thickness;
on average, a value of 0.37 µm was obtained. Regarding the deposition of 400 nm of Sn
on the Li surface, the measured thickness is much greater than the theoretical thickness.
Indeed, as shown in the SEM image of the Li foil (see Figure 1d), the thickness, although
relatively uniform, is between 1.4 and 1.5 µm, and on average, a thickness of 1.41 µm was
obtained, which represents an expansion of about 380% compared to the theoretical value
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(see Figure 1b). This expansion is attributed to the formation of a Li-rich LixSny alloy, and
its value is close to that reported, for example, for an alloy such as Li4.4Sn (i.e., 360%) [23].
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Figure 1. (a) Pieces of Li and Si are placed next to each other to deposit at the same time 400 nm of
theoretical Sn by sputtering. (b) Schematic representation of the thicknesses of the layers obtained
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substrate and (f) Li foil, after deposition of 400 nm Sn by sputtering.

To confirm the presence of a Li-rich Sn alloy, GIXRD analysis was performed on the
Li–Sn-protected Li foil as well as on the Si substrate. Figure 1e presents the GIXRD pattern
obtained with a grazing angle of 0.5◦ for the Si substrate covered with 400 nm of Sn. As
expected, only peaks for Sn metallic were observed (PDF powder diffraction file number:
04-004-7747). In addition, no metallic oxides/nitrides (e.g., SnO, Sn3N4) or LixSny alloys
are detected that could be attributed to contamination with oxygen/nitrogen in the gas or
Li metal vaporization in the chamber. In contrast, when Sn metal is deposited on the Li
metal surface, the XRD pattern totally changes, as evidenced in Figure 1f. First, Li metal
peaks are detected (PDF powder diffraction file number: 01-071-9473) and attributed to the
Li foil itself. Just after deposition, it is worth noting that Sn metal peaks are not detected,
confirming that a chemical reaction occurred between Sn atoms and Li metal. In fact, broad
low-intensity peaks are detected, especially those centered at 25 and 45◦. The composition
was tentatively attributed to Li13Sn5 (PDF 04-007-2035) and Li5Sn2 (PDF 00-029-0839)
phases with very small crystallite sizes, or the deposit could be mainly amorphous with
an undefined chemical composition. According to the Li–Sn binary-phase diagram, these
two phases can be obtained at room temperature [24]. Serikkazyyeva et al. reported the
fabrication of a Li/LixSny thin anode film on a copper foil by alternating depositions of Sn
with magnetron sputtering and Li metal with thermal evaporation [25]. Using XRD analysis,
they also confirmed the presence of the Li5Sn2 alloy and Sn that had not reacted. Although
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doubt exists concerning the exact composition of the layer after Sn sputtering, the chemical
reaction between Sn and Li metals is consistent with the increase in thickness observed.

The volume expansion related to the formation of an alloy is also visible by observing
the surface of the lithium modified with two different thicknesses of Sn. The surface of
the lithium foil covered by 10 (Figure 2a) and 200 nm (Figure 2b) of Sn is compared using
confocal and atomic force microscopes. First, by depositing thin thicknesses, typically
less than 100 nm, a visual difference in color is observed between the different Li grains
(see confocal image in Figure 2a). In a previous study dealing with Zn layer deposition,
a similar observation was also made, and the crystalline orientation of the Li grains was
suspected to have an impact on the structure of the deposit [17]. Darker grains contain
more “holes” on the surface. One of these holes is clearly visible, for example, in the AFM
image in Figure 2a. As the thickness of the Sn deposit increases, the holes gradually close,
and the color difference between the Li grains gradually disappears. Thus, the confocal
image of the 200 nm-thick Sn deposit on the surface of lithium appears more uniform
and darker (see confocal image in Figure 2b). The AFM image of the lithium surface with
the 10 nm-thick Sn deposit shows the formation of small spheres of about 50 nm. As tin
deposition takes place and the formation of the LixSny alloy occurs, the spheres grow into a
cauliflower shape, and the holes are thus filled. The AFM image in Figure 2b shows that the
surface is covered with cauliflower-like structures. Bela et al. recently reported something
very similar during the thermal evaporation of Zn on the surface of a Li foil [15].
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Figure 2. Confocal optical images (top) and 2D atomic force microscope images (bottom) for the Li
metal surface after deposition of (a) 10 and (b) 200 nm of Sn. (c) Nanoindentation curves obtained on
the surface of the Li metal foil (black) and for pieces of Li metal that have been coated with 10 nm
(red), 50 nm (light green), 100 nm (blue), 200 nm (purple), 400 nm (orange) and 600 nm (olive green)
Sn. The hardness value is shown in parentheses. All thicknesses mentioned are theoretical and
not measured.

According to them, the high roughness for thin metal deposits can be explained by
the growth mechanism described by the island growth model (Volmer-Weber model). In
short, as the thickness of metal increases, a stronger metal-metal interaction than Li-metal
interaction is obtained, which causes the formation of islands and apparent voids within
the coating. When the thickness of metal is still increased, the islands intergrow with each
other and form a continuous coating with a corrugated morphology due to the volume
expansion. However, this explanation partially fit with what observed by us, since some
Li grains did not present these holes upon Sn deposition. On the other hand, upon Sn
deposition, the cauliflower-like structures are observed everywhere on the surface of the Li
foil. That means the Li-rich alloy is formed on the whole surface, but the holes depend on
the Li grain orientation for a reason that must be clarified.

Hardness measurements were conducted on the surface of the bare Li foil and after
deposition of various thicknesses of Sn. Nanoindentation curves were obtained by imposing
a constant force of 1 mN and the hardness was obtained by calculation using the load and
the plastic deformation. To ensure good reliability, several measures (at least 15) were
realized on each sample and the average curve is used for calculation of the hardness.
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An example in Figure S1 (Supplementary Materials) presents 17 measurements (black
lines) and the average curve in red for a piece of lithium metal that has been cleaned
with plasma for 10 min and covered with a 50 nm layer of Sn. As seen, all measurements
are close to each other, and the hardness calculated from the average curve is a good
representative of the sample. The average indentation curves for Li metal anodes with
various thicknesses of Sn are presented in Figure 2c. For the pristine Li metal, a hardness
value of about 8.6 MPa is calculated. This value slowly increases with the thickness of Sn to
reach ~13.7 MPa for a deposit of 100 nm (+159% in comparison to the bare Li anode). As
the thickness of Sn increases, the hardness value sharply increases. Thus, deposits of 200,
400, and 600 nm led to an increase of 373, 1454, and 16,300% of the hardness, respectively.
Especially for deposited thicknesses of 400 and 600 nm, the hardness of such small alloy
interlayers is interesting to counteract the progression of Li dendrites, as long as the Li+ ions
stripping/plating take place on the Li side, between the LixSny layer and the Li bulk anode.
Then, for the electrochemical evaluation with abusive cycling protocols (fast charging of 1C
and long-term cyclability at C/3) it was decided to study the influence of Sn deposits of
400 and 600 nm. It is worth noting that after screening several metals (see Figure S2 in the
Supplementary Materials), for the deposition of 400 nm, Sn metal gave the higher hardness
(124.9 MPa) in comparison to Ag (19.8 MPa), Bi (23.0 MPa) or Zn (33.9 MPa). However, it
was found a bimetallic deposition of Sn/Ag (75%/25%) led to a higher hardness value of
785.3 MPa but this solution was not thoroughly studied due to high cost of silver.

3.2. Evolution of the Deposited Layer during Battery Assembly and Cycling
3.2.1. LFP/SPE/Li Battery Stack after Assembling

In our previous study dealings with the deposition of Zn on Li metal anode [17], we
observed the formation of AlZn nanoparticles into the bulk of the Li metal anode after
cycling at 1C for several cycles until death of the batteries. A complete dissolution of
the nanometric Zn layer was also observed. At this time, it was suggested to conduct
post-mortem SEM analyses after different stages of cycling to understand the various
steps consisting of Zn layer dissolution and AlZn nanoparticles formation. Similarly, it
was proposed in the present study to observe LFP/SPE/Li battery stacks assembled with
Sn-protected Li anodes just after assembling, after one charge at C/40 and after several
cycles at 1C in charge.

Figure 3 shows SEM images of an LFP/SPE/Li battery stack after assembling using
a Li foil with a theoretical Sn layer of 600 nm. In addition, the chemical mapping of the
battery stack for various elements is presented. In the Figure 3a, the thin and compact
layer of tin can be easily seen between the Li metal and the SPE. The magnification in
Figure 3b shows the layer of Sn have a thickness of about 1.8 µm (the same thickness
is measured after deposition of 600 nm of Sn), which represents a volume expansion of
300% in comparison to the theoretical value of Sn deposited (i.e., 600 nm). Above, we
demonstrated that for thinner deposits of Sn, the expansion could be up to 380%. For
better clarity, Table 1 reports the evolution of the LixSny layer thickness as a function of
different conditions of deposition (400 nm vs. 600 nm) and cells assembling/cycling. It
was found that the thicker the deposit of Sn on Li metal, the lower the volume expansion.
That could be explained by the limitation of Li diffusion inside the layer of Sn. As the
thickness of Sn increases, the Li metal hardly diffuses inside the metallic layer and the
volume expansion gradually decreases. This can be seen by the difference in the color of
the deposits. For thin deposits, a gold color is obtained and as the thickness of Sn increases,
a grey deposit is observed that is more likely due to the presence of unreacted Sn metal
(see photographs of pristine and modified Li metal foils with 600 nm of Sn in Figure S3).
This was evidenced by Serikkazyyeva et al. that confirmed the presence of unreacted Sn
metal in their 1000 nm-thick Li/LixSny anode made by the thermal evaporation of Li and
sputtering of Sn [25]. It is worth noting that, at this stage, although slightly visible, small
particles are generated at the boundary between Li and Sn metals. These particles are
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already observed after the deposition of Sn on Li foil (see Figure 1d) without assembling
the cell. Their composition will be discussed below.
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Table 1. Evolution of the LixSny layer thickness as a function of different conditions of deposition
(thickness of Sn deposited) and cells assembling/cycling. A theoretical value of expansion for Li4.4Sn
alloy is given for comparison.

Thickness of Sn Deposited
(nm)

Thickness of LixSny Layer
Measured (nm)

Condition of
Assembling/Cycling Expansion (%)

400 1.4–1.5 No assembling Up to 380
600 1.8 No assembling 300
600 1.8 After cell assembling 300
600 2.0 After one charge at C/40 330
600 2.3 After 225 cycles at 1C–C/2 380

- - - 380 1

1 Value for Li4.4Sn, see reference [23].

The chemical composition of the LFP/SPE/Li battery stack after assembling is pre-
sented in Figure 3c. The thin Sn layer is easily evident on the chemical mapping of Sn. It is
also clear that no diffusion of Sn metal inside the Li bulk or into the SPE after assembling is
observed. In addition, at this stage, no pollution with another element, such as oxygen for
instance, is detected.

3.2.2. LFP/SPE/Li Battery Stack after One C/40 Charge

To demonstrate the utility of the intermetallic layer as a strong barrier against Li
dendrites and to favor the uniform electrodeposition of Li metal on its side facing the
bulk Li anode, it was proposed to slowly charge the battery at C/40 (the galvanostatic
charge profile is shown in Figure S4) and observe what happens at the Li/Sn and Sn/SPE
interfaces. Firstly, the SEM image presented in Figure 4a shows that the layer is still intact
after one charge except the thickness slightly increased from 1.8 (see Table 1 and Figure 3b,
cell after assembling) to 2.0 µm. As discussed above, it was suggested that the lithiation
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of the Sn layer was not complete. Thus, after one charge of the battery, the lithiation is
improved, and an increase in the thickness is observed. However, an expansion of 330% of
the Sn layer thickness is calculated, which means the lithiation is not complete after one
slow charge (see Table 1). Considering the charge capacity obtained (about 160 mAh/g, see
Figure S4) and the cell dimensions, approximately 4.1 µm of fresh Li metal is deposited
on the Li anode during the slow charge process at C/40. Since the thickness of the LixSny
interlayer only increased from 1.8 to 2.0 µm, most Li metal electrodes are deposited between
the Li anode and the Sn layer.
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Figure 4. (a) Scanning electron microscope image showing the thin Sn layer for an LFP/SPE/Li
battery assembled with a Li foil with a theoretical Sn layer of 600 nm and after performing a charge
at a C/40 rate. (b) Chemical mapping of the battery stack for O and Sn elements. Energy dispersive
X-ray spectra for (c) the tin layer, (d) the zone inside the solid polymer electrolyte near the Sn layer,
and (e) the zone inside the Li metal near the Sn layer. The white rectangle in each scanning electron
microscope image indicates where the energy dispersive X-ray spectrum is recorded.

In addition, the growing of particles at the Li/Sn interface is more visible in comparison
to the cell after assembling (see Figure 3b). Another observation is the apparition of an
oxygen-rich layer on the Sn layer that is in contact with the SPE. This nanometric layer is
visible on the oxygen mapping of Figure 4b. The reason for its apparition remains unclear
and could be attributed to an oxidative phenomenon of the Sn layer in contact with the
SPE. More importantly, the dense LixSny alloy layer resists the charge without any sign
of dissolution. As put in evidence by the energy dispersive X-ray (EDS) spectra and SEM
images presented in Figure 4c–e, the Sn layer remained intact and is mostly composed of
Sn metal. The chemical composition of the SPE near the Sn layer (see the analyzed area
delimited by the white rectangle in Figure 4d) revealed the presence of atoms that are
normally expected for the SPE, but the absence of Sn metal demonstrated that the layer is
stable upon cycling. As mentioned, some particles are formed progressively at the Li/Sn
interface. At this moment, their nature remains uncertain. The EDS spectrum in Figure 4e
shows the chemical composition at the Li/Sn interface. Al metallic is initially present in
the Li bulk anode as an additive and is thus normally detected. Fluorine, carbon, and
oxygen are mostly attributed to contamination with the SPE during sample preparation.
Sn metallic is detected, which confirms that the freshly formed nanoparticles are at least
composed of Sn from the initial layer. More importantly, after one charge, the fresh Li+ ions
from the cathode migrate through the SPE to electroplate on the initial Li anode. In fact, the
Sn/SPE interface remains intact with no traces of Li agglomeration, and the Sn layer seems
dense with a homogenous composition, confirming that the Li metal from the cathode is
deposited on the anode side. This demonstrates the role of a Li-metal alloy layer to act as
a barrier against dendrites due to its higher potential [26,27] and hardness (see Figure 2c)
than Li metal.
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3.2.3. LFP/SPE/Li Battery Stack after Long-Cycling at 1C in Charge

LFP/SPE/Li pouch cells were assembled with the Li anode modified with 600 nm of
sputtered Sn metal and cycled until the death of the battery. Figure 5a shows the typical
charge/discharge profile (104th cycle as an example) for the battery cycled at a rate of
1C–C/2. A reversible plateau at ~3.45 V vs. Li/Li+ is obtained that corresponds to the
electrochemical activity of Fe3+/Fe2+ in association with the insertion/disinsertion of Li+

ion in the olivine structure of LiFePO4 [28]. This indicates that the thin lithiated Sn layer
does not have an impact on the overall potential of the electrochemical system, probably
due to its small thickness in comparison to the bulk anode (25 times larger in this example).
In fact, it is known that LixSn alloys have redox potentials that could be comprised between
0.38 (Li-rich alloys) and 0.78 V (Sn-rich alloys) depending on the composition [27,29]. Thus,
in addition to providing a physical barrier against dendrites, this artificial alloy layer
could reduce or inhibit the degradation of solid-state electrolytes, such as halides [30,31]
or sulfides [32], due to its higher potential than Li metal. Figure 5b,c show the discharge
capacities (C/2) and the corresponding Coulombic efficiencies for batteries of reference
(black) and using the anode with a theoretical Li–Sn alloy layer of 600 nm (green). Firstly,
the reference cell delivered about 162 mAh·g−1 during discharge at C/2, which is near the
theoretical capacity of the LFP cathode material (~170 mAh·g−1) [33]. However, the cell
was not able to run at 1C–C/2 for more than 30 cycles. As seen in Figure 5c, a drop of the
Coulombic efficiency is observed that is associated with a long plateau during the charge
that reveals the formation of Li dendrites at a high cycling rate [17]. This observation as
well as the apparition of “voltage noise” are typical of micro-short circuits [34]. Due to the
contact between the cathode and the anode, during the charge, a higher capacity than the
theoretical one is recorded. In fact, the delithiation process of the LFP cathode is counter-
acted by its dendritic lithiation [35]. The reference cell was disassembled after failure
and the electrodes were observed visually and with a confocal microscope. Figure 5d,e
show photographs of the LFP/SPE/Li reference stack observed from (d) the Li side and
(e) the cathode side. Bubbles are visible on the Li side after the cell is short-circuited, and a
detachment of the cathode coating on the cathode side is clearly observed. These bubbles
are generated by side reactions occurring when the Li metal touches the cathode. This
is confirmed by a closer look at the surface inside the detached area (Figure 5f). A spot,
delimited by a yellow circle, is observed with a confocal microscope, and the image is
presented in Figure 5g. Cracks in the cathode film were observed, which confirms gases
have been released in this area. In addition, fresh Li metal from the Li anode is also
observed, which proves Li dendrites penetrated the SPE to short-circuit with the cathode.

For the cycling of the cells with the Li–Sn-protected anodes, the initial discharge
capacities are lower in comparison to the reference cell. It took several dozens of cycles to
stabilize and reach about 155–160 mAh·g−1. However, the Coulombic efficiencies are near
100% and this behavior is much more attributable to the initial resistance of the dense Sn
layer to rapidly diffuse Li+ ions. As discussed above, the theoretical 600 nm-thick layer
of Sn is not totally lithiated (i.e., only 300% of volume expansion after deposit and the
grey color of the surface, see Figure S3) and even after a slow charge, it did not seem fully
lithiated (expansion of 330% only). The two cells were able to run correctly for 210 and
225 cycles, which represents a significant improvement in comparison to the reference cell
with a longevity increase by a factor of 7.5.

The cell that performed for 225 cycles was opened and the cross-section of the
LFP/SPE/Li stack was observed with a SEM. Figure 6a shows that the Sn layer is mostly
intact and dense even after harsh conditions of cycling. Its thickness slightly increased
to an average value of 2.29 µm, which represents an expansion of 380% (see Table 1), as
previously calculated for thinner Sn deposits (Figure 1d). Secondly, the square-shaped
nanoparticles formed at the Li/Sn interface are larger but did not seem to migrate into the
Li bulk anode, contrary to former observations made with Zn coatings on Li metal [17].
Using the same deposition method, we found that after few cycles at 1C, the thin Zn
layer was totally dissolved into the Li bulk anode and plenty of AlZn nanoparticles were
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formed and uniformly distributed into the anode. Bela et al. also confirmed the progressive
dissolution of their Zn coating made by thermal evaporation on Li metal. The chemical
mapping presented in Figure 6b shows that the nanoparticles are also rich in Al metal,
which is originally present in the Li anode as an additive. This AlSn layer is very thin
and dense after 225 cycles at 1C and interestingly the remaining aluminum is uniformly
distributed into the Li bulk anode. Thus, during cycling, the small nuclei of Sn formed on
the Li side are enriching in Al. Probably because the solubility of Sn in Li is less important
than in the case of Zn metal, the particles remain at the Li/Sn interface and slowly grow
upon cycling. This is another important aspect for the designing of protective layers on Li
metal: the layer must be stable upon cycling. It is one of the reasons why electrochemical
performances are so improved in comparison to the reference cell. At this stage, we have
demonstrated that our alloy layer is too dense and thin to impact the energy density of
the electrochemical system; the in-situ generation of a 3D Li-rich alloy favors the fast Li+

ion transfer at the SPE/Sn interface; and the chemical and electrochemical stabilities of the
artificial layer permit cycling of the battery at high C-rates for several hundreds of cycles.
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Figure 5. (a) Charge/discharge curves (1C–C/2) corresponding to the 104th cycle for the battery
assembled with a Li modified by a Sn layer with a theoretical thickness of 600 nm. (b) Discharge
capacities (charge 1C–discharge C/2) and (c) Coulombic efficiencies for batteries of reference (black)
and using an anode with a theoretical Li–Sn alloy layer of 600 nm (green). Photographs of the
LFP/SPE/Li reference stack observed from (d) the Li side and (e) the cathode side after cycling at
1C–C/2 (charge–discharge) until death of the cell. (f) Magnification of the detached area. (g) Confocal
image of the area inside the yellow circle shown in (f), where fresh Li from the Li anode has penetrated
the SPE to short-circuit with the cathode.

The chemical composition for Li, Al, and Sn was recorded along a line from point A to
point B in the SEM image presented in Figure 6c. The corresponding chemical composition
profile, shown in Figure 6d, demonstrates that no dissolution of Sn was observed in the
Li bulk anode or inside the SPE. An accumulation of Al is effectively present at the Li/Sn
interface and, as said above, the remaining Al additive is uniformly distributed into the Li
bulk anode.
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Figure 6. (a) Scanning electron microscope image of the LFP/SPE/Li battery after performing
225 cycles at 1C and showing the intact thin Sn layer. (b) Chemical mapping of the battery stack for
the following elements: O, Al, and Sn. (c) Scanning electron microscope image of the LFP/SPE/Li
battery after cycling for 225 cycles at 1C. The chemical composition is recorded along a line from
point A to point B. (d) Chemical composition profile along the A–B line for the following elements:
Li, Al, and Sn.

3.3. Overcoating of a Polymer/Ceramic Layer on the Surface of the Li–Sn Foil

It was proposed to combine two kinds of protective layers on the Li surface to see
if their effect could be cumulative. Even if 600 nm of sputtered Sn demonstrated good
results, in reality, it represents a layer of about 2 to 2.3 µm. In an aim to reduce the cost
of the process (less material deposited also means faster process) and the weight of the
anode (to increase the specific energy of the system), a coating of only 400 nm was selected.
Moreover, the deposition of a 3–4 µm polymer/ceramic layer by the conventional doctor
blade casting method was proposed as the second technical layer to prevent the Li dendrites
to progress through the SPE. Polymer/ceramic interlayers are largely reported today to
have a significant role in increasing the performance of several types of batteries [3,4,36–39].
In a previous work, we demonstrated the double advantageous of thin polymer/ceramic
interlayers. Firstly, it dramatically improves the contact between the SPE and the polymer-
coated Li anode. Secondly, it slows down the progression of Li dendrites inside the
polymer/ceramic layer and reduces the deformation of the Li anode/SPE interface [20].
The same composition was employed using Al2O3 ceramic with needle-like morphology
and a PEO polymer. In the present study, a layer of 3–4 µm is deposited, but thinner and
more homogeneous coatings could easily be obtained with a roll-to-roll slot-die coater.
Figure S5a shows a photograph of the Li metal foil modified with two thin layers. Visually,
the quality of the deposits is perfect, and this double modification could be easily integrated
in a roll-to-roll process to protect the Li metal in a few seconds in an industrial production
line. The SEM image and chemical mapping of the cross-section of this modified Li, in
Figure S5b,c, shows perfect connections between the Li metal, the first layer of the Li–Sn
alloy, and the second layer of the polymer/ceramic. However, the ceramic layer is not
perfectly uniform (±1 µm of thickness), but it is most likely due to the limitations of
the lab method of deposition that could be easily managed, for instance with a slot-die
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technique. To report the advantage of the double modification, LFP/SPE/Li batteries
were assembled and cycled using Li anodes modified with a theoretical Li–Sn alloy layer
of 400 nm, a polymer/ceramic layer of about 3–4 µm, and the combination of the two
previous layers. Figure 7a,b present the discharge capacities (charge 1C–discharge C/2)
and the corresponding Coulombic efficiencies for the reference cell and cells assembled
with the various aforementioned surface modifications. The cell assembled with the Li
metal modified by the polymer/ceramic layer performed twice the cycles the reference
cell did. This result was expected and in accordance with those obtained for symmetrical
cells in our previous study [20]. The cell with the Li anode covered with 400 nm of Sn
was able to cycle for 92 cycles. It is less performant than the cell with the anode with a
theoretical layer of 600 nm (See Figure 5), but it still represents an improvement of 330% in
comparison to the reference. Note that the activation of capacity over dozens of cycles is
not observed, probably because with 400 nm of Sn, as discussed above, the lithiation of the
layer is more complete than for a thicker layer (e.g., 600 nm). Interestingly, the combination
of the two surface modifications (first layer of LixSny alloy and second polymer/ceramic
layer) permits to run the battery for 136 cycles at 1C–C/2 with a stable discharge capacity
and Coulombic efficiency. The concept of double modification was also evaluated with
long-term cyclability at a charge/discharge rate of C/3. The electrochemical performance
for 500 cycles at C/3 for a reference cell (black) and a cell assembled with the modified
Li anode (red) are presented in Figure 7c. Throughout the experiment, the cell with the
modified anode showed a more stable Coulombic efficiency, revealing less side reactions at
the anode surface. After 500 cycles (~4 months of cycling), the reference and the modified
cells still delivered 146 and 150 mAh·g−1, which represents a capacity retention of 90.1 and
92.6%, respectively.
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3.4. Effect of Plasma Cleaning of Sn Surface

In our previous work, we demonstrated that the electrochemical performance of
LiZn-protected anodes was strongly dependent on the parameters used for the deposition,
such as cathodic current, target-substrate distance, or tilt angle [17], as they affect the
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surface topography. In the present work, it was proposed to investigate the effect of a
post-cleaning with plasma in the aim of flattening and homogenizing the surface, as well
as removing impurities that could be present. This additional treatment is interesting since
it could be easily integrated into a roll-to-roll PVD system as an option. The surface of
a Li anode modified with a theoretical Sn layer of 400 nm was observed with an AFM
before (Figure 8a) and after a plasma cleaning of the surface for 15 min (Figure 8b). Before
cleaning, the 3D atomic force microscope image at low magnification (left side, Figure 8a)
shows the presence of holes with a diameter in the range of 2–4 µm. A closer look (right
side, Figure 8a) reveals the presence of spherical particles with an average diameter of
50 nm. After cleaning with plasma, the surface appeared melted, the holes diminished in
diameter (1–2 µm) and the grains were more uniform, as seen in Figure 8b (left side). A
higher magnification of the surface (Figure 8b, right side) shows that the initial spherical
clusters of few nanometers have melted together providing a less rough surface. Figure 8c
shows the energy dispersive X-ray spectra for surface of the Li foil before (—) and after a
post-cleaning of the surface (- - -). An intense peak of oxygen is obtained for the sample
not cleaned due to the oxidation of the surface. This large peak “eclipses” those of Sn
metal, which confirms a relative high contamination of the surface with air. After applying
the post-cleaning with plasma, the intensity of Sn peaks considerably increased, and the
quantity of oxygen clearly diminished. These observations confirm the utility of plasma
to provide a cleaner and smoother surface, which are two requirements for achieving
good cycling performance. This was well confirmed during cycling tests at 1C–C/2. The
discharge capacities and Coulombic efficiencies for a reference cell and cells assembled with
Li anodes modified with 400 nm of Sn before and after cleaning are presented in Figure 8d,e.
The results show that the cell assembled with the untreated Sn-protected Li anode cycled
for almost 100 cycles (similar to the first test in Figure 7a,b). As expected, using the plasma-
cleaned Li anode, the cell was able to cycle correctly for 300 cycles at 1C–C/2. This result is
impressive for an all-solid-state lithium-metal battery, and it represents an improvement
of 1000% in comparison to the reference cell tested under the same conditions (from cell
assembling to testing).
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Figure 8. Three-dimensional atomic force microscope images of the surface of a lithium foil after
deposition of 400 nm Sn, (a) without and (b) with application of a 15 min plasma post-cleaning of the
surface. Two magnifications are presented for both samples. (c) Energy dispersive X-ray spectra of
the surface of a lithium foil after deposition of 400 nm of Sn, without plasma cleaning (—) and after
a 15 min plasma post-cleaning of the surface (- - -). (d) Discharge capacities (charge 1C–discharge
C/2) and (e) Coulombic efficiencies for the reference cell (black), for a cell using an anode with a
theoretical 400 nm Li–Sn alloy layer without plasma cleaning (red) and for a cell using an anode with
a theoretical 400 nm Li–Sn alloy layer that has been post-cleaned with plasma for 15 min (green).
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4. Conclusions

The protection of the Li metal anode by the deposition of a thin LixSny alloy layer
using the PVD technique is reported. The formation of a Li-rich alloy is confirmed by the
volume expansion (up to 380%) of the deposited layer and by the disappearance of metallic
Sn peaks in the X-ray diffractogram. However, the exact composition of the alloy layer is
not clearly determined, and it is probably composed of several LixSny alloys. Moreover,
nanoindentation measurements revealed that the layer has a much higher hardness than
the bare Li anode, which can be useful to impede dendrite progression. An interesting
feature was revealed with post-mortem scanning electron microscope observations of
used LFP/SPE/Li pouch cells. It was found that the alloy layer remains intact even after
fast cycling for hundreds of cycles. In addition, SnAl nanoparticles were formed at the
Li/Sn interface by a very slow reaction between Sn and the Al additive initially present
in the Li metal foil. Interestingly, no traces of Sn metal were found in the SPE or the Li
bulk anode. Moreover, Al additives are still uniformly distributed into the Li bulk anode
even after repetitive cycling at high C-rates, showing the electrodeposition of Li+ ions
happens efficiently beneath the alloy layer. This artificial layer acts as a buffer layer for
fast Li+ ion transfer. A concept of double modification by adding a thin ceramic/polymer
layer deposited by a doctor blade on top of the LixSny layer was also reported to be
efficient to reach long-term stability for 500 cycles at C/3. Finally, a post-treatment after
Sn deposition consisting of a plasma cleaning of the LixSny alloy layer led to a strong
improvement of the cycling performance at 1C (1000% in comparison to the Li metal anode,
300 charge/discharge cycles). The surface was found to be smoother and less oxidized after
this treatment.

This artificial layer responds to the following requirements that are mandatory to
achieve a good and cost-reliable protection of Li metal, as well as improved performance:

- The process must be easily transposable at the industrial level, fast, clean, reproducible,
cheap (Sn metal), and performed in a well-controlled environment.

- Ultra-thin Li metal anode can also be modified with this technique.
- The layer must be dense and thin to not impact the energy density of the electrochemi-

cal system.
- The in-situ generation of a 3D Li-rich alloy favors the fast Li+ ion transfer at the

SPE/Sn interface [40].
- The chemical and electrochemical stabilities of the artificial layer permit to cycle the

battery at high C-rates for several hundreds of cycles.
- The higher electrochemical potential of the alloy layer in comparison to Li metal

reduces the reactivity with the electrolyte [41].
- Post-modifications can be applied on the alloy layer to respond to various applica-

tions (e.g., reduce the SPE thickness by deposing a thin ceramic-rich polymer layer,
overcoating of a SPE, deposition of a non-electronic-conductive layer, etc.).

- The electrodeposition of Li+ ions must occur uniformly underneath the artificial layer
and on the Li metal side.

Our work proposes new designs and combinations of interlayers for the protection of
Li metal anode. The electrochemical results reported in this work are quite good considering
the all-solid-state battery configuration and the high cycling rate employed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10070253/s1, Figure S1: Nanoindentation curves obtained
on the surface of a piece of lithium metal that has been cleaned with plasma for 10 min and covered
with a 50 nm layer of Sn. The curve in red represents the average calculated from 17 measurements
shown in black; Figure S2: Nanoindentation curves obtained on the surface of the Li metal foil
(black) and for pieces of lithium metal that have been coated with 400 nm of silver (red), bismuth
(olive green), zinc (orange), tin (blue) and a 75%/25% tin/silver mixture (purple). The hardness
value is shown in parentheses; Figure S3: Photographs of the Li metal before (left) and after (right)
deposition of 600 nm of Sn; Figure S4: Galvanostatic charge profile (first charge) obtained at C/40
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for an LFP/SPE/Li cell using a Li anode with a theoretical Li–Sn alloy layer of 600 nm; Figure S5:
(a) Photograph of a Li foil with a theoretical 400 nm layer of Sn deposited by sputtering followed by
a second layer of about 3–4 µm of a polymer/ceramic mixture deposited by coating. (b) Scanning
electron microscope image of the Li foil with the first layer of Li–Sn alloy and the second layer of
polymer/ceramic. (c) Chemical mapping of the lithium surface with the two layers for the following
elements: Li, Sn, Al, C, O and F.
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