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Interfaces and their understanding/control are the key to pave the way for the development of solid-state batteries. This

work focuses on the development of operando Auger cycling using electrons beam to investigate the Li/solid electrolyte (SE)

interphases. To do so, the fully tunable electron gun of the Auger was applied on top of a model Li/LisPSsCI(Arg) stack,

allowing the charge built up at the Arg surface and Li* migration from the lithium electrode followed by SE interphase

formation and Li plating. Overall, it is found that (i) LisPSsCl is first reduced into Li.S, LiCl and LisP while (ii) Li platting occurs

almost concomitantly and (iii) proceeds until the end of the operando cycling. These results were then confirmed by

operando XPS using electrons beam. Importantly, this study highlights that operando Auger is more powerful than operando

XPS as it provides visual observation of the dynamics/morphology of both Li/solid electrolyte interphase formation and Li

plating together with reliable chemical information. This study thus open the door for future development of operando

Auger cycling using electrons beam as a powerful approach to better understand the interfaces in solid-state batteries.

Introduction

Lithium-ion batteries play a key role in today’s society.
Indeed, they are used to power portable electronic devices,
tools and electric/hybrid-electric vehicles as well as for grid
storage of renewable wind/solar energies. However, further
improvements in term of energy and/or power densities
together with a longer lifetime and improved safety at an
affordable cost, are mandatory to meet future requirements?,
especially for electric vehicles. In that direction, all-solid-state
batteries (ASSBs) offer a promising solution23 as they could
increase the volumetric energy density up to 50 % and the
gravimetric energy density up to 150 % compared with
conventional liquid electrolyte-based Li-ion batteries. ASSBs are
based on solid electrolytes (SE), which are composed of quasi
non-flammable materials such as ceramics, polymers or a
combination of them and act as both the ion conduction
medium and the separator. The expected energy density
increase originates from (i) the use of metallic lithium at the
anode, (ii) the increase of the electrochemical voltage stability
window and (iii) the more flexible/compact cell packaging.
Nevertheless, numerous challenges need to be solved in order
to develop a new market based on this technology.
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First, the ionic conductivity of solid electrolytes (SE) still
remains relatively low, especially for polymer based SE. More
importantly, the electro-chemo-mechanical stability of the
numerous solid electrode materials/SE interfaces is still
unsatisfactory*>. SE materials are also difficult to processs,
especially for ceramic solid-state batteries, for which it is
difficult to achieve good Li ion transport between ceramics and
electrode materials’. Second, at the anode, the best possible
material is Li metal, but its use remains limited by possible
dendrite formation and SE degradation at its surface, which can
lead to rapid rollover of the cell3-10, Beyond the choice of SE and
electrode materials, true battery performance in terms of cycle
and calendar life, such as voltage window/profile and
impedance are often lower/worse than expected due to
parasitic reactions at the electrode materials/SE interfaces. The
origin of these decomposition reactions is thermodynamic.
More specifically, if the chemical potentials pa (anode) and pc
(cathode) are within the SE electrochemical stability window,
the active materials/SE interfaces are stable.!! However, this
ideal case almost never happens so that solid electrolyte
interphases (SEl) are formed, similarly to liquid Li-ion batteries.
In ASSBs, SEl can originated from cell storage/cycling as well as
from the sequential manufacturing processes, especially for
ceramic based SE®. The ideal SEl should, however, meet several
requirements such as high ionic conductivity, compact structure
and sufficient mechanical properties (both high elastic and
shear strength) to suppress lithium dendrites formation. In
practice, SEl are often unstable and/or inhomogeneous and
become thicker over time, which increases the electrode
materials/SE resistance and thus decrease the electrochemical
performance. Therefore, in ASSBs, it is better to limit the mixing



of components and stack preparation steps to hinder the
formation of electrode materials/SE interphases and thus
preserve the intrinsic properties of each material. Despite the
numerous materials combination proposed for ASSBs in the
literature, the electrode materials/SE interfaces studies remains
very sparse compared to the hundreds of papers reported in
liquid Li-ion batteries. This is explained by the challenge to
reveal and analyse the interfacial regions with high reliability as
they are buried in the entire ASSB stacks.

In that direction, state-of-the-art cross-section preparation
techniques such as focused ion beam (FIB) or broad ion beam
(BIB) are often necessary before analytical techniques can be
used to characterize the buried interfaces. In that case, ex situ
cycling is used as the most common method and consists in
electrochemically cycling the ASSB cell, disassembled it, then
reveal the buried interfaces prior to the analysis using so far:
optical microscopy (OM)12-17, scanning electron microscopy
(SEM),18-20 high-resolution transmission electron microscopy
(HR-TEM)1821-23 combined with chemical/structural analyses by
electron energy loss spectroscopy (EELS)!8 or energy dispersive
spectroscopy (EDS)?4-26, scanning electron microscopy (SEM)26-
30, Raman spectroscopy3?, Time of flight secondary ion mass
spectrometry (ToF-SIMS)32-35, Auger electron spectroscopy?s
and X-ray Photoelectron  Spectroscopy  (XPS)2436-42
Electrochemical impedance spectroscopy (EIS) has also been
extensively used to investigate electrochemical interfacial
changes*~45 but careful precaution should be taken as this
technique examines all interfaces of the ASSB stacks and does
not necessarily make distinction among the different interfaces.
Furthermore, in situ and operando approaches are very
attractive as they allow analysing “in real time” and limit
possible sample pollution/interfaces degradation induced by
the cell disassembling and sample preparation. During in situ,
the ASSB cell is sequentially cycled and analysed inside an
analysis chamber. During operando, the cell is cycled at the
same time the analysis is performed. For in situ cycling,
dedicated cells need to be design to fit in the analytical machine
used. For operando cycling, the dynamic evolution of the
electrode materials and electrode materials/SE interfaces can
be directly followed with minimal sample preparation and
concomitant possible alteration. Note that considering the
numerous in situ/operando cells setup reported so far, it is
difficult to discuss about their respective advantage and
limitation. Therefore, the standardization of the cells setups and
also of the experimental setups will need to be address in the
future in order to get more reliable and reproducible
experiments between laboratories. While different operando
cycling cells are described in the literature,*® the major interest
of operando is that it can be performed without any specific
dedicated cell. Indeed, the electron and/or UV sources can be
used instead to discharge/charge the ASSBs stack#’-4°. Typically,
the charge compensation gun present in XPS and ToF-SIMS
apparatus is used in electron flooding mode while the primary
electron beam is used for SEM/Auger analysis. Moreover, the
UV source, often present in XPS equipment can be used to
reversibly cycle the ASSB stack by removing valence band
electrons. This operando approach thus suppresses the need for
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cross-section preparation as well as the need to adapt the ASSB
stack to the format/dimension of the electrochemical cell and
so on. In that case, the main drawback remains the lack of
pressure control on the ASSB stack, which can be critical only if
high current are used, especially for ceramic SE. Indeed, the
most common use and interest of this approach so far, is to
study the Li/SE interfaces formation that cannot be access by ex
situ or in situ cycling/analysis.>®-52 Note that to our knowledge,
this operando approach using an electron gun has been
proposed two times for XPS4749, only one time for Auger*® and
remains to be developed for ToF-SIMS. Moreover, the previous
operando Auger study only reported elemental mapping
evolution without chemical/spectral information while such
data are of high interest and are even essential to get a reliable
understanding.

To fill this gap, the present work focuses on the use of
operando Auger cycling using electrons beam to illustrate the
high interest of this approach with a comparison with operando
XPS also using electrons beam. To do so, the electrochemical
stability of a model Lipw)/LigPSsCl system is investigated during Li
plating. Note that LigPSsCl is well known to be reduced as
follow24:56.58; LigPSsCl + 8 Li* + 8 e = LiCl + LisP + 5 Li,S. LigPSsCl
is thus used here to validate the operando Auger approach and
to make a reliable comparison with operando XPS. It is showed
that operando Auger allows mapping and analysing the dynamic
Li/SE interfaces formation with chemical environment as well as
visualizing the Li plating at both micro- and nano-scales.
Operando XPS shows similar chemical environment evolution
but at the micro-scale and with no optical information. Overall,
this work opens the door for future developments of operando
Auger cycling using electrons beam and paves the way for a
better understanding of interphases formation in ASSBs.

Materials and methods

LigPSsCl (99.9%, Ampcera, noted Arg thereafter) was used as
received. Inside an Ar filled-glovebox (H,0 <0.1 ppm and O, <0.1
ppm), pellets of 10 mm diameter were made by pressing 120
mg of Arg under 375 MPa (3T) during 5 min, which led to about
600 um thick pellets. The Arg pellets were placed on top of a
lithium foil (GoodFellow, 99.9 %, thickness of 0.2 mm) then
deposited on an Auger/XPS sample holder. For comparison, Arg
pellets were also used without Li (as reference) to evaluate any
possible damage induced by the electron beam in Auger and
XPS. The Li/Arg stacks or Arg pellets were transferred into the
machines using a transfer vessel (Auger) or an Ar filled-glovebox
directly connected (XPS) to prevent any air contamination. Once
inside the Auger/XPS analysis chambers, sample holders are
being grounded so that the electron flow applied on top of the
Li/Arg stacks will create a potential difference by charges build
up, which will then induce Li* migration from the lithium
electrode, SEl formation if any then Li plating (Fig. 1).

Operando SEM/Auger cycling using electrons beam was
performed using a JEOL JAMP95000F working under ultra-high
vacuum (1.5 x 10°® mbar) during analysis. Typically, the sample
was tilt to 45° (an optimal angle in such operating conditions) to
prevent any possible charging effect. The electrons beam was
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fixed at 5.108 A and 10 KeV, corresponding to a cycling rate of
about 0.8 mA.cm2. Operando SEM/Auger cycling using
electrons beam was performed by alternatively recording (60
times) a SEM image (magnification of about x800, duration <10
s) and an Auger survey spectrum (large area scan of 30 x 20 um,
i.e. average spectrum obtained from 256 x 256 points, with dE/E
= constant = 0.5 %, kinetic energy from 20 to 600 eV, duration
30 s). Thus, the sample charging is induced by both the
Auger/SEM analysis while short time acquisition SEM images
(<10 s) are used to follow the morphological evolution.

Electron beam e

\ Lithium
—

Electron beam e Electron beam e

Accumulation of
negative charges

Arg

Tithium =
Sample order

Schematic view of the operando Auger cycling method used in this
work via an electrons beam.

Fig. 1

The total duration of the experiment was about 40 min. A
“probe tracking” correction was used after each SEM/Survey
spectra step to control and compensate any drift. Additionally,
for one experiment, scanning Auger microscopy (SAM,
elemental 2D distribution) images of Li KVV (from Li,S and Li
metal) and S LVV transitions were also recorded. This
acquisition was performed after half of the SEM/Auger spectra
steps using the same large area with a 10 eV pass energy and 2
ms dwell time in a fixed energy resolution (dE = constant or
constant analyzer energy mode). Duration of the SAM was
about 10 min. Images contrast intensity is represented using
“peak minus background”. Peak fitting processing was
performed using the JEOL’s peak deconvolution software based
on real references spectra.

Operando XPS cycling using electrons beam was performed
using a THERMOFISHER ESCALAB 250 Xi with a
monochromatized Al Ka radiation (hv= 1486.6 eV) working
under ultra-high vacuum (9.0 x 10° mbar). Operando XPS was
performed by recording (12 times) core level spectra every 55
min (elliptic 325 x 650 um X-ray beam spot, 20 eV pass energy,
0.1 eV step size and short time iterative acquisition scans to
follow any possible degradation, duration 5 mins) while using
the charge neutralizer (flood gun) in electron mode (in lens only:
Beam = 0.1V, Emission = 100 pA, Focus = 20 V and Extractor =
15 V corresponding to a current applied to the sample of about
3 WA for a surface area of about 0.03 cm?). The total duration of
the experiment was 12 h. Peak fitting was performed using
CasaXPS software. The binding energy scale was calibrated from

This journal is © The Royal Society of Chemistry 20xx
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the 285 eV peak of adventitious carbon. A non-linear Shirley-
type background was used for core peaks analysis while 70%
Gaussian — 30% Lorentzian Voigt peak shapes and full width at
half-maximum constraint ranges were selected to optimize
areas and peak positions. XPS quantification was performed
using the relative sensitivity factor provided from Thermo
database (based on modified Scofield cross-sections).

Results and discussion

Operando Auger cycling using electrons beam — Note first that
when using only an Arg pellet (i.e. without Li foil), no change
was observed in SEM images neither in Auger analysis (Fig. S1),
which highlights that no electron beam damage will occur
during the operando Auger cycling on the Li/Arg stack. Fig. 2
shows typical SEM images evolution from the beginning to the
end of the operando cycling procedure. The area where the
electron beam is scanned is highlighted by the dotted rectangle.
Fig. S2 also provides a short video of the full evolution of the
SEM images during the operando. Reproducibly was checked by
repeating the experiment on another pellet (Fig. S3). At the
beginning of the experiment, a slight volume expansion of the
Arg surface was first observed with a secondary electron white
contrast (Fig. 2b) due to the SEI formation. It is explained by the
creation of reduction compounds from the Arg more likely with
different density than the Arg. Note that this phenomenon
would be anissue in a real cell as it could lead to contact loss at
the Li/SE interfaces and thus to possible dendrite formation.
Then, the apparition of a thicker layer (~2 to 5 um) with a
secondary electron black contrast was observed (Fig. 2c and d)
and is attributed to the Li plating. These results thus suggest
that the SEl is first formed followed by Li plating. Regarding the
Li plating morphology, it appears relatively rough, i.e. it did not
take place evenly over the entire surface, leading to an
inhomogeneous thickness (see Fig 6 for closer view), which can
be attributed to the relatively high current density used for the
experiment (about 0.8 mA.cm-2). Porous Li may also form under
such high current. Note also that measuring precisely the Li
thickness over the entire area remains a challenge. In any case,
the thickness of the Li expected to be plated at the end of the
operando Auger is about 2 micron while it appears thicker (up
to ~5 micron) in some areas even after only 20 min of
experiment (Fig. 2c and d). In addition, the Li plating (black
contrast) occurred on a larger area than the scanned one for the
experiment (dotted rectangle) more likely due to an electron
flow at the Arg surface supported by the well-known electronic
conductivity>® of Arg (~10° S.cm™® at 25°C from datasheet
supplier>?).
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Fig. 2

SEM images of an Arg pellet surface a) before the operando Auger cycling using electrons beam, b) after 10 min, c) 20 min and d) at the end of

operando cycling. The dotted rectangle indicates where the operando Auger cycling was performed. Note that the Li expected to be plated is about 0.7 um,
1.3 um and 2 um after 10 min, 20 min and at the end of the operando Auger, respectively.

To confirm these hypotheses, Auger spectra and SAM
images analysis were then used. Fig. 3 shows the evolution of
the Auger spectra recorded as function of the time during the
operando cycling on a duplicate sample. Auger survey spectra
showed the decrease of the P LVV, S LVV and Cl LVV transition
peaks from the Arg and the increase of the Li transition peaks
(Fig. 3a), indicating the covering of the Arg by SEI and/or Li
platting. This was confirmed by the evolution of the shape and
position of the Li KVV transition that showed the appearance
almost simultaneously of Li,S and Li metal KVV transition peaks
after only 2 min (Fig. 3b), according to JEOL references
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database. This was further confirmed by the fit of the 6 min Li
KVV spectrum in derivative representation, (Fig. 3c). These
results thus confirm the SEI formation from the Arg reduction
during the Li plating, in agreement with the well-known Arg
reduction pathway.55-5° Note that here, the appearance of LiCl
should also be observed but it was impossible to confirm it by
Auger spectra peak fitting as it would be within the uncertainty
of the fitting. It is also possible that the starting LigPSsCl was
already in partial equilibrium with LizsPS4 and LiCl so that further
reduction would lead only to Li,S formation

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3  a) Evolution of the Auger survey spectra in derivate representation as acquired at the Arg pellet surface during the operando Auger cycling using
electrons beam, b) zoom on the Li KLL transition of the Auger survey spectra during the beginning of the experiment, c) comparison of the Auger spectrum
acquired after 6 min of operando cycling with Auger spectra of Li metal, Li.S and LiCl from JEOL references as well as the corresponding fitting.

To further visualize the SEI and Li plating formation,
additional energy resolved SAM (elemental 2D distribution)
images of Limetal KVV, Liiizs KVV and S LVV transitions were taken
in the middle of the SEM/Auger spectra acquisition (see
experimental part) as reported in (Fig. 4). The energy resolved
SAM image overlay of all transitions clearly shows the Li,S
formation and Li platting. It is also observed that the Li metal

covers mostly the Li,S surface as seen by comparison between
the two SAM images. These results further suggest that Li.S is
formed first from the Arg reduction then Li plating occurs.

Operando XPS cycling using electrons beam — In this part,
operando XPS was performed on a pair sample to confirm the
results of the operando Auger cycling. Note first that when using
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only an Arg pellet (i.e. without Li foil), no change was observed
in the XPS core level spectra (Fig. S1), which highlights that no
electron beam damage will occur during the operando XPS
cycling on the Li/Arg stack. Figure 5 shows the evolution of the
Li 1s, S 2p and O 1s XPS core level spectra recorded as function
of the time during the operando cycling. Figure S4 shows the
corresponding evolution of the Cl 2p, C 1s and P 2p XPS core
level spectra. Table S1 shows the full XPS quantification (in at.%)
while Table 1 shows the corresponding XPS quantification (in
at.%) for the main compounds. Note first that the starting Arg
contains about 2 at.% of P,Ss and 6.5 at.% of Li,SO3 as well as
25.2 at.% of Li,COs, more likely originated from the synthesis
(residual P5Ss) and the storage conditions of the commercial
Arg. Overall, these impurities showed a continuous decrease
during the operando cycling, indicating their covering by new
compounds, including the reduction products of the Arg as well
as the Li plating. Note also that such relatively high amount of
LioCOs is often observed at Arg surface in the literature while
neglected. However, this could increase the contact resistance
between Arg and active materials including Li metal and it could

thus lead to poorer performance as well as possible Li dendrite
formation.

Regarding the evolution of the S 2p doublet of the Arg at
about 161.8 eV3956, XPS data showed a continuous decrease
during the operando cycling. Simultaneously, an increase first of
the O 1s peak of LiOH (~531.3 eV) then of the O 1s peak of Li,O
(~528.8 eV) were observed. The continuous shift of the Li 1s
spectra towards lower binding energy further confirms the LiOH
then Li;O increase. These phenomena are attributed to Li
plating with, however, a quick conversion into LiOH then Li,0O,
more likely due a reaction of Li with residual oxygen present
inside the XPS analysis chamber. This point will be discussed in
more details in the following part. In addition, a large increase
of Li,S (about 5 at.%) and a slight increase of LiCl / LisP (about 1
at.% both) were observed after 1h, followed by their continuous
decrease until the end of the cycling. Overall, these results thus
confirm the operando Auger cycling: (i) Arg is first reduced
following the well-known LigPSsCl + 8 Li* + 8 @ = LiCl + LisP + 5
Li,S reaction pathway; (ii) almost concomitantly, Li plating occur
and (iii) then Li plating continues until the end of the operando
cycling.

Fig. 4

a) SEM image of an Arg pellet surface in the middle of the operando Auger cycling using electrons beam with b) energy resolved SAM (elemental 2D

distribution) images of Limetar KV, Liti2s KVV and S LVV transitions and their overlay.
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Fig. 5  XPS core level spectra of Li 1s, S 2p and O 1s as recorded at the Arg pellet surface during operando XPS cycling using electrons beam.

Table I. XPS quantification table (in at.%) of the main compounds and impurities as obtained from the XPS analysis of the Arg pellet surface during the
operando XPS cycling using electrons beam.

Compounds Oh 1h 3h 7h 12h
LisPSsCl 37.2 21.6 14.4 10.8 7.2
Li>S 5.1 10.8 10.8 9 7.8
LiCl 2.2 2.6 2.6 2.2 1.8
Li,O - 9.9 21.6 35.7 45.3
LixP - 3.0 3.0 2.8 2.1
Li,CO; 24 16.8 13.8 10.8 7.8
P2Ss 2.1 1.1 1.1 0.7 0.4
Li,SO; 7.5 3.5 3 1.5 1.5

This journal is © The Royal Society of Chemistry 20xx
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Comparison between operando Auger and XPS - The
combination of Auger and XPS allows validating the operando
cycling method based on the use of an electron gun applied on
a Li/Argpeliet stack to evaluate the reduction pathway of Arg
during Li plating. Interestingly, these spectroscopies bring
complementary information. While operando XPS gave the
evolution of the degradation species of the Arg solid electrolyte
with reliable quantification, Auger allowed visualizing the
dynamics of all the processes (volume expansion during Arg
reduction, Li plating and its morphology) together with chemical
information.

Beyond that, operando XPS showed the formation of LiOH
then Li,0 instead of Li metal while operando Auger showed Li
metal plating. Note that previous operando XPS studies already
reported the formation of Li,O instead of Li metal but did not
discussed it47.6061, At this point, both the analysis time and the
analysis chamber pressure (i.e. residual O, pressure) can govern
the Li,O formation. In the present case, the duration of the
operando Auger was 40 min while for operando XPS, it was 12
hour. Regarding the analysis chamber pressure, it was 1.5 x 10
9 mbar for Auger and almost one decade higher for XPS (9 x 10
9 mbar). To evaluate these parameters, the evolution of the Li
metal plating (observed in Auger) was followed by recording

additional SEM images and Auger spectra 20 min and 12h after
the end of the operando Auger cycling procedure. At the end of
the operando Auger, the SEM image showed the black contrast
attributed to the Li metal plating with an additional white
contrast on some areas (Figure 6a), attributed to Li,O by
comparison with JEOL references database (Figure 6b). After 20
more min or 12 h in the analysis chamber, the white areas
significantly increased, indicating that Li metal continues to be
converted into Li,O (Figure 6¢c and 6d) but at a slow rate as Li
metal is still observed (black areas). For comparison, Li metal
was never observed by XPS. These results highlight that both
the analysis time and chamber pressure govern the Li,O
formation, as expected. Therefore, operando Auger cycling and
its fully tunable electron gun (both current and probe size) is of
high interest to investigate both Li/solid electrolyte interphases
formation and Li plating with its morphology as it could be done
as function of the cycling rate. In operando XPS cycling,
however, careful precaution should be taken if one want to strip
the Li metal/Li,O using the often available UV source as it could
lead to misinterpretation of the results when only Li,O is
observed. In that case, in order to limit Li,O formation, either
the analysis time should be decrease by increasing the current
and/or the chamber pressure should be lowered.

b)

Intensity (UA)

Ref Li
——Ref Li,0

T T

T
20 0 40 50 L]

—— Point 1 - white contrast
~——— Convolution
Part of Li in Convolution

—— Point 2 - black contrast
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Kinetic Energy (eV) 30 35

Fig. 6

—— Part of Li,O in Convolution.
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24

45 50 55
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SEM images as observed a) at the end of the operando Auger using electrons beam at the Arg pellet surface, c) 20 min later and d) 12 h later after

the end of the operando Auger cycling procedure. b) Auger core level spectra of the Li KVV transition as recorded on two different points (black and white
areas) as obtained at the end of the operando Auger, as indicated.
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Conclusion

This work focuses on the use of operando Auger cycling to
illustrate the high interest of this approach in the case of Li/solid
electrolyte (SE) interphases study. This approach is based on the
charges build up on top of an Li/SE stack using the fully tunable
electron gun of Auger (current and probe size), which creates a
potential difference then leads to the Li* migration from the
lithium electrode and through the solid electrolyte, to SElI
formation if any then to Li plating. Here, a model Li/LigPSsCl
stack was used. Overall, it was showed that: (i) Arg is first
reduced following the well-known LigPSsCl + 8 Li* + 8 e- = LiCl +
LisP + 5 LixS pathway ; (ii) and Li plating occurs almost
concomitantly ; (iii) then Li plating continues until the end of the
operando cycling. These results were confirmed by operando
XPS cycling on a pair Li/LigPSsCl stack. Interestingly, while
operando XPS allows following the Li/SE interfaces formation
with
dynamic of both interphase formation and Li plating with their

reliable quantification, Auger allows visualizing the

morphologies together with chemical information. In the
future, the fully tunable electron gun of Auger will be used to
investigate both Li/SE interfaces formation and Li plating as
function of the cycling rate as it is of high concerns in the
literature. Overall, this work paves the way for future
development of operando Auger cycling and for a better
understanding of solid electrolyte reactivity (including halide,
oxide etc. as well as polymer based electrolytes) in lithium solid-
state batteries.
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