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A B S T R A C T

Li-metal based All-Solid-State Batteries (ASSBs) offer a safer and higher-energy alternative to conventional 
lithium-ion batteries, but their performances are hindered by interfacial instability between the solid-state 
electrolyte (SSE) and lithium metal electrode. To stabilize the interface, a nanometer-thick Al2O3 film made 
by Atomic Layer Deposition (ALD) technique is evaluated as a surface protective layer at the SSE/Li metal 
interface. We unveil the interfacial stability between β-Li3PS4 (LPS) SSE and deposited lithium metal using in situ 
hard X-ray photoemission spectroscopy (HAXPES) approach. Our results on LPS/Al2O3/Li metal system reveal 
that 4 nm-thick Al2O3 coating enhances interfacial stability by mitigating undesirable side reactions. Although 
some LPS reduction to Li2S still occurs, it is significantly less pronounced as compared to the pristine LPS/Li 
metal interface. Additionally, metallic lithium deposition is detected on the surface, with no observable reduction 
of phosphorus element. These findings underscore the capability of ultrathin oxide coatings made by ALD to 
significantly stabilize Li/SSE interface thus contributing to the development of more reliable and safety Li-metal 
based ASSBs.

1. Introduction

Li-ion batteries (LiBs) have dominated the battery market since they 
were commercialized for the first time in 1991. Their relatively high 
energy density, fast charging time and large lifespan allow for a wide 
range of applications, especially in portable electronics. However, 
accelerated technological progress has come along with new demands, 
such as electric transportation, which have propelled the search for 
greater energy density storage options. Actually, classical LiBs face two 

important issues: (i) a fire hazard associated with the use of organic 
liquid electrolytes, and (ii) their limited power and energy densities for 
demanding new applications, such as electric transportation [1]. The 
latter limitation can be overcome if metallic lithium is used as the 
negative electrode, instead of lithiated graphite. Its very high specific 
capacity (3860 mAh.g− 1) and low operating potential allows for higher 
energy densities [2]. Nevertheless, the metallic lithium electrode is 
prone to form dendrites during repeated charge-discharge cycles, which 
induce capacity loss of the battery and severe safety concerns [1].
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Li based All solid-state batteries (ASSBs) have emerged as a suitable 
alternative to traditional LiBs given their ability to solve the above- 
mentioned issues. First, they address the safety issues of LiBs by 
replacing the liquid flammable electrolyte with a solid-state electrolyte 
(SSE). Second, since the SSE serves as an electrode separator itself, it is a 
better physical barrier against dendrite propagation than classical 
porous separators used with liquid electrolytes. This enables the use of 
metallic Li as negative electrode in ASSB, resulting in higher energy 
densities of batteries [3,4]. The generally low ionic conductivity of 
common SSE materials had been formerly seen as the major constraint 
for the development of ASSBs, but this has been dealt with by using new 
generations of Li-ion conductors. Sulfide-based materials were found to 
exhibit the highest room-temperature ionic conductivities among Li-ion 
conductors. With ionic conductivity values of ~10− 2 S cm− 1 at room 
temperature, lithium thiophosphates can compete with their liquid 
organic electrolyte contenders [5–7]. Among them, β-Li3PS4 (called LPS 
hereafter) has caught particular attention not only due to its high con
ductivity (≈ 0.15 mS cm− 1), but also to its convenient mechanical 
properties for easy battery processing [8].

However, ASSB technology still suffers from the impossibility of 
building chemically stable interfaces between the SSE and the Li-metal 
electrode [9,10]. Few SSEs, like garnet-type materials, are chemically 
stable towards Li but suffer from a large interfacial resistance when in 
contact with it. Many other ones, especially sulfide-based materials 
(including the argyrodite family), are not thermodynamically stable 
against Li metal and undergo a extensive decomposition when in contact 
with it [9]. Ideally, the degradation should be self-limiting and form a 
metastable ionically conducting and electronically insulating solid 
electrolyte interphase (SEI) layer on the Li metal, comparable to the one 
formed in classical LiBs on lithiated graphite electrode when using liquid 
electrolytes. In most cases, however, it forms a mixed-conducting 
interphase (which simultaneously conducts electrons and Li+ ions) 
which may grow into the solid electrolyte and alter the properties of the 
whole bulk material due to a continuous decomposition [11,12]. This 
induces capacity degradation, ultimately affecting long-term battery 
cycling performance, as it is shown by the rise in impedance with con
tact time (a consequence of a higher interfacial resistance and, thus, a 
lower Columbic efficiency) [13]. In the worst case, the SEI layer will 
keep growing until a short-circuit occurs.

Attempts to stabilize the interface between the SSEs and metallic 
lithium electrode in ASSB are mainly based on the deposition/growth of 
nanometer-thick stable coatings or the formation of stable passivation 
layers at the Li/SSE interface to generate artificial SEIs [14]. To reach 
this goal, the deposited/grown artificial SEI could be an insulating layer 
(Al2O3, ZnO…) or a thin film solid ionic conductor (LiNbO3, Li3PO4, 
Li2ZrO3…) [15–17] that allows Li conduction through the artificial layer 
while stabilizing the chemistry at the SSE/Li interface. In general, these 
interfacial coatings help to establish more homogeneous interfaces be
tween the Li metal electrode and the SSE, by improving physical contact 
(which favors an even current distribution), stabilizing the surface 
chemistry and reducing stress [18]. This strategy appears to be effective 
for garnet-type electrolytes used in ASSB, as it has been observed that a 
thin oxide layer (Al2O3) made by solution processing route on LLZO 
decreases interfacial resistance, suppresses Li dendrite formation, and 
improves capacity retention of the battery [19]. The use of several 
mixtures of metallic alloys as protective coatings exhibits similar 
beneficial effects [20].

The coating strategy has also been used for stabilizing the interface 
between thermodynamically unstable SSEs (such as sulfides, argyr
odites, halides) and lithium metal electrode. It appears that a thin metal 
M (for example indium) layer between a Li2S-P2S5 solid electrolyte and 
Li metal can increase the capacity retention of a battery [14,21]. This is 
explained by the formation of a LiM-alloy phase with a higher working 
potential than pure Li, hence limiting the chemical reduction of the SSE. 
Nonetheless, this greater working potential of the negative electrode 
ultimately means a lower cell voltage and, thus, a lower energy density 

of the battery. Hence, other types of coatings such as insulating metal 
oxide layer or ionic conducting film still need to be explored. In any case, 
a fundamental understanding of the chemical stability of SSE/protective 
coating/Li interfaces is necessary for further development of 
high-performance ASSBs for practical applications. However, the 
non-destructive characterisation of these buried interfaces is not an easy 
task and has been very much limited to phenomenological techniques 
such as cyclic voltammetry (CV) or electrochemical impedance spec
troscopy (EIS), both being not chemically specific methods. X-ray 
photoelectron spectroscopy (XPS) is one of the best experimental char
acterization methods to probe the chemical composition of interfaces. 
However, it is limited by its probing depth of a few nanometers (with 
classical laboratory X-ray sources) and thus raises the problem of 
non-destructive characterization of buried interfaces. To reach this goal, 
a relevant approach consists in depositing a Li metal film using Physical 
Vapour Deposition (PVD) techniques at the surface of the SSE, and 
following the evolution of the surface chemistry by XPS vs. the deposited 
thickness and step of the thin film growth (nucleation, coalescence, 
grain growth). In an effort to chemically identify the reaction products 
formed at the Li/SSE metal interface, Wenzel et al. conceived an in situ 
XPS experiment combined with time-resolved EIS and have reported 
results for several sulfide-based solid electrolytes [12], including 
Li10GeP2S12 [22], Li7P3S11 [23], and argyrodite Li6PS5X (X = Cl, Br, I) 
[24]. They carried out the Li deposition by focusing the argon ion gun 
(commonly available in the XPS analysis chamber) onto a metallic Li foil 
to sputter off and deposit Li onto the adjacent SSE. Several deposition 
and measurement cycles could be done sequentially, which allowed 
them to follow the reaction at several steps, and revealed the S 2p and P 
2p fingerprints of Li3P and Li2S reduced species at the SSE / Li interface. 
The presence of these phases degrades the interfacial properties between 
the SSE and lithium, as demonstrated by the increasing of the charge 
transfer resistance over deposition time. This observation, again, 
stresses the need for interface modification, e.g. using a protective 
coating, to grant the formation of a stable and low-impedance interphase 
in between a highly reactive SSE (such as sulfide-based SSE) and Li metal 
electrode.

However, the method consisting in Li deposition on the SSE by using 
argon ion sputtering on a metallic Li foil leads also to the deposition of 
impurities due to the initial surface state of the metallic Li foil, which 
always contains native oxide, hydroxide and carbonate, thus disturbing 
the analysis of the created Li/SSE interface. Moreover, it has been shown 
that the energetic incident Li atoms deposited by this method may cause 
beam damage and change the chemical nature of species at the surface of 
a sulfide SSE [25]. Another method, sometimes called 
quasi-electrochemical deposition, consists in plating metallic Li in situ 
using an electron beam via the XPS electron flood gun to induce a 
negative charge accumulation on the SSE surface, with the SSE pellet 
placed on a lithium counter electrode. This negative surface charge 
electrochemically reduces Li+ ions into metallic Li at the surface of the 
SSE facing the XPS analyzer [26,27]. Interestingly, Gibson et al. [21]
observed that this method is also prone to induce slight beam degra
dation due to the ill-favored formation of an oxygen deficient interface, 
and recommended the use of Li thermal evaporation instead, although 
they could not avoid the formation of Li2O and LiOH by this evaporation 
method.

A last method, originally used with oxide-based SSEs [28], consists in 
using a dedicated lithium getter connected to the XPS analysis chamber, 
which produces Li vapor by reduction of a lithium salt. This method 
avoids pollution by the native oxide/hydroxide/carbonate layer at the 
surface of metallic lithium, and so we adopted this approach in this 
work.

Herein we develop a methodology to study the stability of SSE / Li 
interface by: (i) protecting the Li3PS4 (LPS) based SSE pellet with a 
nanometer-thick Al2O3 layer made by Atomic Layer Deposition (ALD) 
method, (ii) depositing Li metal on bare and coated LPS pellets in situ 
within the analysis chamber following the method proposed by 
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Schwöbel et al., [28] and (iii) studying the surface chemistry by Hard 
X-ray PhotoEmission Spectroscopy (HAXPES). Thanks to higher photon 
energies produced at synchrotron, HAXPES provides a larger probing 
depth compared to classical XPS and thus is less dependent on the 
possible surface pollutions (we have used photons of 2300 eV instead of 
1487 eV produced by common laboratory X-ray sources). By investi
gating buried LPS/Li and LPS/Al2O3/Li interfaces, we demonstrate how 
a ultra-thin Al2O3 layer enhances the stability of a sulfide-based SSE 
towards metallic lithium.

2. Experimental

2.1. Preparation of the SSE samples

β-Li3PS4 (LPS) was prepared as described previously in the literature 
[29]. Briefly, a solvent-mediated synthesis was carried out by reacting 
stoichiometric amounts of Li2S and P2S5 in THF for 48 h at room tem
perature. The resulting powder was then recovered and thoroughly 
dried before use.

The lithium-indium/LPS composite was prepared in a two-step 
process. First, Li and In foils were weighed to achieve a Li0.8In stoichi
ometry and then laminated and folded together until the resulting alloy 
became a brittle dull grey metal. Subsequently, the obtained alloy was 
mixed with LPS in a LiIn:SSE = 60:40 wt ratio in an agate mortar, until a 
homogeneous powder was obtained.

The studied samples were 13 mm diameter bilayer pellets comprising 
a top layer of pure LPS and a bottom layer of Li0.8In/LPS composite. This 
bottom layer helped to ensure electrical contact with the sample holder 
and thus minimize charging effects during the HAXPES measurements.

2.2. Preparation of the surface protective layer by ALD method

The LPS pellets were coated with a 4 nm-thick Al2O3 film made by 
Atomic Layer Deposition (ALD). Several LPS samples were not coated to 
be used as bare reference samples.

The ALD process of Al2O3 films was performed in a PicoSun R200 
advanced reactor. The Al2O3 layer was deposited on the top of LPS pellet 
samples by ALD operating in thermal ALD mode using Trimethylalu
minum (TMA) and O3 (ozone). The ozone generation is achieved by 
corona discharge ozone generating technology based on O2 (99.5%) / N2 
(0.5%) mixing gaz. To control the thickness at the atomic level, the 
deposition parameters such as reactor temperature, time duration of the 
TMA precursors and O3 reactant and number of ALD cycles was carefully 
investigated on silicon substrate. The duration of the purge step is fixed 
at 5 s. The Growth per Cycle (GPC) of the Al2O3 process is then evaluated 
and the number of ALD cycles is tuned to reach the targeted thickness 
(4 nm) on LPS pellets. After optimization, the ALD process was done at 
150 ◦C.

2.3. In situ metallic lithium deposition

Deposition of metallic lithium on the SSE pellets surface was carried 
out by production of a pure lithium vapor through a lithium metal 
dispenser (SAES Getters Group), by reduction of lithium chromate 
Li2CrO4 via a reducing agent (Zr 84% - Al 16% alloy). The Zr agent also 
sorbs the chemically active gases produced during the reduction reac
tion, preventing them from contaminating the lithium vapor. Resistive 
heating was applied to the dispenser in the HAXPES analysis chamber to 
start the Li deposition.

The composition of the residual gas in the analysis chamber during 
the Li evaporation was followed by a RGA MKS LM92 Microvision mass 
spectrometer.

2.4. HAXPES measurement

HAXPES measurements were carried out on GALAXIES beamline at 

Synchrotron SOLEIL [30]. The spectra were collected at a photon energy 
of 2.3 keV (λ = 5.39064 Å), which allowed for a probing depth of 
~14 nm in LPS for Li 1 s, P 2p and S 2p core peaks (and ~23 nm in 
metallic lithium for Li 1 s core peak) [31]. The spot size was 
30 × 80 mm2 (V×H). Sample handling and transfer to the HAXPES 
chamber was always performed under inert gas atmosphere (Ar) using a 
dedicated, compact UHV chamber which be transported from the SOL
EIL glove box to the samples load lock. All measurements were done at 
room temperature. Lithium deposition and HAXPES data acquisition 
were performed at alternated steps. An image of the pellet on its sample 
holder and of the deposition setup is shown in the supporting informa
tion (SI) in Figure S1. The chamber pressure was ~10− 8 mbar during the 
HAXPES measurements.

Two LPS pellets (Al2O3-coated and bare reference sample) were 
investigated on the same sample plate and during the same run, which 
ensured a uniform deposition process for sample comparison. Along 
with the two pellets, a small piece of metallic copper was stuck on the 
sample plate to serve as a reference to estimate the thickness of the 
deposited metallic Li layer, using the Cu 3p core peak (the method is 
described as supplementary information, see Figures S2, S3 and 
accompanying text). Data analysis was performed using Global Fit 
method of Igor Pro.

3. Results and discussion

3.1. ALD process optimization for Al2O3 surface protective layer

The study, described in Fig. 1a, starts with the optimization of the 
coating process to stabilize the LPS / Li metal interface against the 
formation of undesired by product issued from the instability of the 
interface (Fig. 1b). The growth per cycle (GPC), i.e. the deposition rate, 
is evaluated with the temperature of the ALD reactor because we do not 
want to modify the properties of the LPS samples if the deposition of the 
surface protective layer is made at high temperature. Moreover, the ALD 
process has to be achieved in a temperature range where the GPC is 
stable and do not depend on the temperature to get the best ALD con
ditions. The Fig. 1c describes how the GPC is modified vs the tempera
ture of the reactor while keeping fixed the other deposition parameters 
(tTMA, t03, tpurge and number of ALD cycles): non surprisingly, the GPC of 
the Al2O3 layer (TMA / O3) is stable between 100 and 350 ◦C. We thus fix 
the temperature at 200 ◦C (in the middle of the temperature range) for 
studying the effect of other deposition parameters onto the saturation 
plots.

The duration of the TMA pulse (tTMA) is then tuned and we observe 
that the GPC is stable once the tTMA is higher than 0.1 s (Fig. 1c). Similar 
trend is observed for the time duration of the ozone pulse (stability if tO3 
is higher than 0.1 s). Finally, we decide to evaluate how the thickness of 
the Al2O3 film can vary vs the number of ALD cycles within the tem
perature range where we can observe stable GPC (between 100 and 350 
◦C). The plot reported in Fig. 1d shows the quasi-linear relationship in 
between the thickness and the number of ALD cycles. The GPC (slope of 
the plots) moves from 0.53, 0.67 and 0.74 Å per cycle when the tem
perature reaches 100, 200 or 300 ◦C respectively. The higher the tem
perature, the higher the GPC is. In order not to modify the properties of 
SSE LPS pellets and to form a dense Al2O3 coating, we thus decide to fix 
the temperature of the ALD process (TMA / O3) close to 150 ◦C. Based on 
this temperature, we prepare various LPS samples coated with Al2O3 
film having different thicknesses (from 1 up to 10 nm). A 4 nm-thick 
Al2O3 film represents an optimal compromise between chemical pro
tection (providing a pinhole-free, protective layer) and efficient ion 
conduction at the nanoscale. Increasing the film thickness leads to a 
limitation in lithium ion transport through the Al2O3 dielectric layer. 
Decreasing the thickness does not prevent chemical reactions with 
metallic lithium. At 150 ◦C, the GPC is ~ 0.6 Å.cycle− 1 meaning that ~ 
67 ALD cycles is sufficient to reach the targeted thickness (4 nm). The 
second step of the study consists in evaluating the properties of the bare 
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and coated LPS pellets by in situ HAXPES.

3.2. Study of the bare Li3PS4 pellet

Fig. 2 depicts the HAXPES O 1 s, S 2p, P 2p and Li 1 s spectra of the 
pristine uncoated LPS pellet and their evolution as a function of the 
amount of deposited Li. The evolution of C 1 s spectra is also shown in 
Figure S4a.

The characteristic signature of pristine LPS appears systematically in 
the S 2p (2p3/2 component at 161.5 eV), P 2p (2p3/2 component at 
132.0 eV) and Li 1 s (55.4–55.7 eV) spectra. The binding energy values 
correspond well to what has already been reported in the literature for 
LPS and other thiophosphate SSEs [20,32–34]. In the S 2p and P 2p 
spectra, weak doublets are also observed at + 1 eV binding energy, 
which can be assigned to small traces of P2Sx [31], but no trace of surface 
oxidation of LPS can be evidenced, since the characteristic signatures of 
sulfites and sulfates (S 2p3/2 component at ~167 eV and ~169 eV, 
respectively) or phosphates (P 2p3/2 at ~134 eV) cannot be detected. 
The presence of weak peaks in the O 1 s spectrum can be explained by 
the existence of adsorbed carbonaceous species at the surface (CO and 
COO environments of carbon, which is confirmed by the C 1 s spectrum, 
see Figure S4a).

The evolution of the surface chemistry can be observed in panels (b- 
e) of Fig. 2. Each of the panels is annotated with the estimated deposited 
layer thickness (see Figures S2, S3 and accompanying text in SI for 
calculation details). The visible changes in all core peaks indicate that 
significant chemical changes occur right from the first evaporation 
cycle, as shown by panel (b). First of all, no characteristic signature of 
metallic lithium in the Li 1 s spectra (thin peak expected at ~52–53 eV) 
can be detected, even after long deposition time, which means that the 
deposited Li immediately reacts with the surface to form new products. 

Moreover, it is evident from the observation of S 2p and P 2p spectra that 
LPS is rapidly converted into Li2S (S 2p3/2 component at 
~160.0–160.5 eV) and phosphides LixP (P 2p3/2 component at binding 
energies ≤ 130 eV). From the curve fitting, four different kinds of 
phosphides are successively formed, with Li3P (P 2p3/2 at ~126 eV) 
being the final reduction product for the greatest Li deposition amounts 
[19,35,36]. After deposition of a ~7.9 nm thick layer at the surface, the 
original S 2p and P 2p signatures of LPS become minority peaks, which 
means that LPS is converted into the most reduced species as possible 
(Li2S and Li3P), which can be summarized as Li3PS4 + 8Li→4Li2S +

Li3P, and reveals its extremely high reactivity towards metallic Li. 
Please note that evaporated lithium may be more reactive than a lithium 
foil in contact with LPS powder, as used in real battery conditions. 
However, this experiment shows that LPS is not stable towards Li.

Besides, despite the relative increase of the reduction species with 
respect to the main LPS component, both the S 2p and P 2p core peaks 
get globally attenuated as deposition occurs, which may indicate a top 
overlayer. A look onto the O 1 s spectra reveals that additional 
oxygenated subproducts are formed on the surface. Contrary to the 
attenuated S 2p and P 2p spectra, the O 1 s intensity increases with 
further Li evaporation. A characteristic O 1 s signature at extremely low 
binding energy (528.2 eV) corresponds to a very negatively charged O2- 

anion and can be unequivocally assigned to Li2O [37], whose formation 
is presumed to be caused by the residual oxygen and water in the 
analysis chamber, this even though the chamber has been subjected to a 
bakeout process before the experiment and is kept at ultra-high vacuum 
during the measurements. An additional O 1 s component appears at 
slightly higher binding energy (530.6 eV), which is in good agreement 
with the formation of LiOH [33]. The formation of LiOH could result 
from chemical reaction of evaporated Li with traces of gaseous water in 
the chamber. To complement this qualitative analysis of photoemission 

Fig. 1. Overview of the proposed study and test setup used to monitor the β-Li3PS4 (LPS) / Li metal interface. Bare LPS pellet and protected LPS one with an Al2O3 
surface protective layer made by Atomic Layer Deposition (ALD) are carefully studied. (a) HAXPES setup installed in the GALAXIES beamline at Soleil synchrotron. 
The setup includes an alkali metal dispenser to evaporate Li metal on fresh & coated LPS pellets. (b) Schematic illustrating the role of the Al2O3 coating layer to 
stabilize the LPS/Li metal interface. (c) Growth per cycle plots of the Al2O3 film vs. the deposition parameters (temperature of the ALD reactor, time duration of the 
TMA precursor, time duration of the ozone reactant) while keeping fixed the number of ALD cycles (600 cycles) and the tpurge. (d) Evolution of the thickness of the 
Al2O3 layer made at 100, 200 and 300 ◦C vs. the number of ALD cycles.
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spectra, we have included in Table 1 the relative atomic percentages 
corresponding to all identified compounds for sulfur, phosphorus, 
lithium and oxygen as a function of the estimated deposited lithium 
layer thickness. Note that, due to the lack of knowledge of the analyzer’s 
transmission function at all possible photon energies, it is not possible to 
draw a general chemical composition of the surface as it is commonly 
done with XPS machines working at fixed photon energy. Therefore, 
only the relative at% for each element are given.

Additionally, the evolution of C 1 s spectrum (Figure S4a) does not 
evidence the formation of any carbonate species (like Li2CO3, expected 
at ~290 eV), but interestingly reveals the partial reduction of some 
carbonaceous species adsorbed at the surface into lithium carbide LixC 
(very low C 1 s binding energy at ~282–283 eV). To get more insight 

into the possible side reactions occurring during the Li evaporation 
process, we have followed the composition of the residual gas in the 
analysis chamber during and between the successive evaporation steps 
by mass spectrometry, as shown in Figure S5. This analysis reveals the 
continuous presence of residual O2, H2O and H2S, whose partial pressure 
slightly increases during each Li evaporation cycle, and decreases at the 
end of the cycle. The presence of O2 and H2O explains the formation of 
Li2O and LiOH at the surface. The presence of H2S certainly results from 
the reaction between H2O and LPS, a reaction that sulfide SSEs are 
known to undergo [38], and H2S may slightly contribute to the forma
tion of Li2S, besides the main reaction of evaporated Li with LPS. As a 
conclusion, this experimental approach allows to describe precisely the 
degradation mechanisms of uncoated LPS with Li, although side 

Fig. 2. HAXPES O 1 s, S 2p, P 2p and Li 1 s spectra of: (a) the pristine uncoated LPS pellet, and (b-e) at different steps of lithium deposition, with estimated deposited 
layer thickness (see SI for more details).
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products cannot be avoided.

3.3. New insights on the interface stability of the Al2O3-coated Li3PS4 
pellet

Fig. 3 displays the HAXPES O 1 s, S 2p, P 2p, Al 2p and Li 1 s spectra 
of the pristine LPS pellet coated with 4 nm-thick Al2O3 layer, and the 
evolution of these spectra after metallic Li deposition. The evolution of C 
1 s spectra is also shown in Figure S4b.

The presence of the Al2O3 coating in the pristine sample is confirmed 
by an Al 2p doublet (2p3/2 component at 74.9 eV) and a large O 1 s 
component at 532.4 eV dominating the O 1 s spectrum [39]. The char
acteristic peaks of LPS are still detected (i.e., the S 2p3/2 peak at 161.5 eV 
and P 2p3/2 peak at 132.0 eV), due to the thinness of the coating (which 
is lower than the HAXPES probing depth). One striking difference be
tween the uncoated and Al2O3-coated LPS samples is related to the 
surface oxidation of the samples. While the uncoated LPS pellet appears 
almost devoid of surface oxidation, the coated sample with Al2O3 film 
has a considerable quantity of sulfate SO4 (S 2p3/2 component at 
169.5 eV) and sulfite SO3 (S 2p3/2 component at 167.5 eV), as well as 
phosphate PO4 (P 2p3/2 components at ~134 eV) and partially oxidized 
thiophosphate PO4-xSx (P 2p3/2 component at ~133 eV). One should 
expect to detect corresponding signals for these oxygenated species in 
the O 1 s spectrum, but they are masked by the broad O 1 s peak of 
alumina. The presence of these oxygenated species may be due to LPS 

Table 1 
Relative atomic percentages corresponding to all compounds identified in Fig. 2
(uncoated LPS pellet) for sulfur, phosphorus, lithium and oxygen as a function of 
the estimated deposited lithium layer thickness.

Relative at% for each element d layer (nm)

0 (pristine) 0.8 2.4 4.4 7.9

Sulfur Li3PS4 94.7 64.7 34.5 18.5 9.6
Li2S — 34.7 64.5 81.5 90.4
P2Sx 4.2 — — — —
SO3 1.1 0.6 — — —

Phosphorus Li3PS4 88.2 65.0 47.8 27.5 14.5
LixP — 29.5 52.2 72.5 85.5
P2Sx 11.8 5.5 — — —

Lithium Li3PS4 100 51.4 24.5 — —
Li2O/Li2S — 48.6 75.5 100 100

Oxygen Surface O 100 37.8 24.2 4.2 2.8
LiOH — 56.8 56.2 43.7 26.2
Li2O — 5.4 19.6 52.0 71.0

Fig. 3. XPS spectra of 4-nm Al2O3 coated LPS, (a) pristine (b-e) during lithium deposition, with estimated deposited layer thickness.
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oxidation by ozone during the very first step of alumina deposition, and 
may stabilize the Al2O3/LPS interface during growing of the coating. 
Their presence may influence the interface impedance of the solid 
electrolyte. However, Al2O3 by itself has a very low ionic conductivity 
for Li+ ion diffusion [40,41] and contributes to an interface impedance 
increase, but makes suitable coatings for solid electrolytes due to the 
very low deposited thicknesses [42,43]. Concerning phosphates and 
sulfates, although Li2SO4 and Li3PO4 have also poor ionic conductivities 
at room temperature, it was shown that glassy mixtures based on the 
Li2SO4-Li2O-P2O5 ternary system display increased ionic conductivities 
compared to the components considered separately [44]. Moreover, 
Li3PO4 was already successfully used as surface coating for cathode 
materials (LiNi0.5Mn1.5O4 for example) [16]. Therefore, we do not 
expect any detrimental effect of these surface oxidized species, whose 
thickness is lower than the Al₂O₃ coating itself.

Besides, Figure S4b shows the presence of carbonate at the surface, 
which is also different from the uncoated LPS.

The evolution of the protected LPS sample during lithium deposition 
is shown in Fig. 3(b) to (e). Note that when comparing panels (a), 
pristine, and (b), first deposition step, there is a marked shift towards 
lower binding energy (-0.8 eV) of some of the measured spectra, notably 
O 1 s and Al 2p, which are the ones assigned to Al2O3. This can be 
explained by an energy band alignment between the different interfaces, 
which has been well described in the past [45], following the deposition 
of a first thin metallic Li layer. There is no further shift during further 
lithium deposition cycles.

The deposition of a metallic lithium (Li0) layer on the coated pellet is 
confirmed by the appearance of a very sharp characteristic Li 1 s peak at 
low binding energy (around 52.5 eV, grey in Fig. 3). To better take into 
account its metallic character, it has been fitted with an asymmetrical 
shape classically used for metallic conductors [46]. The successful 
deposition of a metallic Li layer already provides an important infor
mation regarding the chemical reactivity of the Al2O3-coated LPS SSE 
towards Li metal: contrary to what is observed for the uncoated LPS 
pellet, here the evaporated Li does not react immediately with the ma
terial, which allows its deposition at the surface as a metallic layer, and 
proves the decreased reactivity of Al2O3-coated LPS towards Li.

Although the surface of the pristine coated pellet is contaminated by 
oxidized species (sulphates and phosphates) resulting from the alumina 
ALD process (as mentioned earlier), their relative proportion to LPS 
remains reasonably constant over Li deposition time. Looking at the 
evolution of S 2p spectra, this sample also shows reduction of LPS into 
Li2S during Li evaporation, as demonstrated by the increase of the red 
peak at ~160 eV, but to a much lesser extent compared to the uncoated 

LPS. To complement Fig. 3, we have also included in Table 2 the relative 
atomic percentages corresponding to all identified compounds for sul
fur, phosphorus, lithium and oxygen as a function of the estimated 
deposited lithium layer thickness.

Moreover, no reduction products (LixP) are observed in the P 2p 
spectra. As it is difficult to imagine the reduction of LPS into Li2S without 
its simultaneous reduction into LixP, this could be an indication that the 
formed Li2S may not mainly originate from SSE degradation, but rather 
from reaction of the evaporated Li with residual H2S in the chamber, as 
evidenced by mass spectrometry (Figure S5). Additionally, the forma
tion of Li₂O is observed, which could result from the reaction of evap
orated Li with residual oxygen or water in the chamber. It may also arise 
from the chemical interaction between the deposited Li and the Al₂O₃ 
coating. Indeed, compared to the uncoated LPS material, we observe the 
appearance of new components (green in Fig. 3) in O 1 s (at 530.2 eV), 
Al 2p (at 73.3 eV) and Li 1 s spectra (at 55.0 eV) that we have attributed 
to lithium aluminium oxide LixAlyOz. Actually, the reaction between 
alumina and metallic lithium has been reported earlier, and results in a 
variety of compounds including Li9Al4, Li5AlO4, and LiAlO2 [47]. The 
formation of LiAlO2 is in good agreement with the observed lower 
binding energies with respect to Al2O3, as already outlined by other 
authors [41,48,49]. Fig. 3e depicts a third component (grey) in Al 2p 
spectrum arising at the end of the experiment, during the last evapora
tion cycles. Its position matches well with what is expected for metallic 
Al, since it has a core-level shift of − 2.4 eV with respect to alumina [36]. 
This leads us to the assumption that a LixAly phase is forming as well. It 
might be overlapped with the signal of metallic lithium in the Li 1 s 
spectrum. In this way, the Al2O3 coating made by ALD on LPS SSE could 
not only act as a chemical barrier, but may also have a partially sacri
ficial role in the protection of LPS against Li, although most of the 
coating still remains unreacted.

4. Conclusions

In this work, we have investigated the interfacial stability of β-Li3PS4 
(LPS) solid electrolyte in contact with metallic lithium, focusing on the 
impact of a thin Al2O3 coating made by Atomic Layer Deposition method 
using TMA precursor and O3 reactant at 150 ◦C. By using an in situ 
HAXPES approach, we have demonstrated that the presence of a 4 nm- 
thick Al2O3 surface protective layer significantly improves the stability 
of LPS versus lithium metal. For the uncoated LPS sample, Li deposition 
led to severe interfacial degradation, as evidenced by the formation of 
Li2S and LixP species, along with a continuous reduction of phosphorus- 
containing species with further Li deposition. Within the probe volume, 
LPS was almost totally converted into these species. In contrast, the 
Al2O3-coated LPS sample exhibited a more stable interface upon lithium 
deposition. Although some formation of Li2S was still observed, phos
phorus reduction was largely suppressed, indicating that the alumina 
layer effectively mitigates the degradation of LPS. Furthermore, the 
presence of metallic lithium (Li0) was confirmed on the coated sample, 
which suggests less reactivity between the SSE and Li. The formation of 
lithium aluminum oxide (LiAlO2) and LixAly phases indicated an inter
action between lithium and alumina, which may influence interfacial 
properties.

Overall, our findings highlight the importance of interface engi
neering in solid-state batteries, particularly through protective coatings 
like Al2O3 made by ALD, which can enhance the stability of sulfide- 
based solid electrolytes against lithium metal. Further optimization of 
coating materials and deposition techniques will be essential to achieve 
stable, low-resistance interfaces, which are critical for practically 
implementing all-solid-state lithium batteries.
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