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Sulfide solid electrolytes have demonstrated some of the highest known lithium ion conductivities and are ex-
pected to participate in the incoming generation of all-solid-state lithium-ion batteries (ASSLIB). Amongst the
best promising electrolytes, several lithium thiophosphates have been extensively studied for their outstanding
performances. However, they also suffer from their narrow electrochemical stability window, leading to a range
of various redox reactions during cycling when used in electrochemical cells. As a result, losses of capacity and
increases of cell impedance are systematically observed. As already pointed out, LicPSsCl argyrodite-type elec-
trolyte undergoes a series of decomposition reactions during cycling, previously investigated by several spec-
troscopic, electrochemical and DFT studies. However, this work provides a direct high resolution observation of
the decomposition products of LigPSsCl and their spatial distribution in a composite cathode based on Ni-rich
NMC compound (LiNi,MnyCo;_x4O2, x > 0.8) through scanning/ transmission electron microscopy (S/TEM).
This study focuses on the understanding of the oxidative mechanisms and reports the detailed observations of

LiCl, LigPS4, P2Ss, P20s, NiS, and LioO compounds.

1. Introduction

Besides limiting the fire hazard of thermal runaways by removing
flammable liquid solvents, ASSLIB open new prospects such as the use of
metallic Li anode, leading to higher volumetric and gravimetric energy
densities [1]. Lithium thiophosphates are amongst the most promising
solid electrolytes to be used in lithium-ion technologies [2-4] and have
shown unparalleled ionic conductivities reaching the order of 1072
S-em™ [3,5-8]. This outstanding superiority is closely related to their
anionic framework, enabling direct Li hops between adjacent tetrahe-
dral sites with low migration barrier [9,10]. Many sulfide compounds
presenting such Li ions percolating networks have been investigated to
allow the fastest Li migration, such as LigPS4, LiyP3S11, Li;oGeP2S;2 and
derivatives [3-6,11-13]. Among all these compounds, LigPSsCl argyr-
odite material has received some increasing interest during last decade
by showing ionic conductivities of 3-5 mS-em™! [14-16]. However, the
narrow electrochemical window of LigPSsCl leads in practice to un-
wanted redox reactions during cell cycling, the very first cycles being
pointed out for a massive loss of the initial cell capacity [14,15,17,18].
This loss has been attributed to an irreversible reaction from LigPSsCl
that turns toward LisPS4 and LiCl during the first cycle [17,19].
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Furthermore, LigPS4 stands as an intermediary compound for reversible
redox reactions based on sulfur oxidation during charge (Sz’ -804 2e)
and phosphorus reduction during discharge (P>* + 5e~ — P°). Argyr-
odite reactivity has been characterized by numerous techniques such as
X-ray photoelectronic spectroscopy (XPS) [19-24], X-ray diffraction
(XRD) [17,19,24], Raman spectroscopy [19,24], nuclear magnetic
resonance (NMR) [17,19], time-of-flight secondary-ion mass spectrom-
etry (ToF-SIMS) [22] and studied using density functional theory (DFT)
calculations [17,25] but interestingly, no direct observation has been
performed until now. According to the state of the art, redox activity of
argyrodite is responsible for the formation of PS5 and elemental sulfur
during delithiation and the formation of Li;S and LigP during lithiation.
Additional chemical reactivity with the cathode oxides leads to the
formation of MS, (M = Ni, Mn, Co, 1 < x < 2), SO, and PO, compounds.
This work aims to specify the spatial distribution and the nature of
intermediary and degradation compounds produced during the cycling
of a cell based on LigPSsCl electrolyte. To focus our comprehension on
oxidative mechanisms, only the cathode-electrolyte interface is
considered in this article: materials are collected from the composite
cathode and our cell is cycled over a high voltage range (2.5-4.1 V) to
discard the contribution of reduction mechanisms. In order to perform
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Fig. 1. STEM study of NMC-LPSCl interfaces : (a) HAADF micrographs of several couples of particles; (b) HAADF micrograph and EDX maps of an interface; (c) ROIs

over previous study, including (d) EDX spectra for each region and (e) EDX profile along the interface fitted with arctangent functions (derivatives are
plotted adjacently).
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Fig. 2. (a—c) Three low magnification STEM investigations of a cycled LPSCI-NMC cell including : HAADF micrograph (left), EDX overlapped maps for Ni, S, Cl
(center) and EDX spectra of corresponding numbered ROIs over the selected energy range for S/P/Cl elements (right). Noteworthy compounds are: (ii) particles
showing only a P and S content by EDX with a consistent S/P ratio; (iii) particles showing only a Cl content by EDX; (iv) mixtures of previous compounds, remarked

by their important content in Cl.

observations at nanometer scale, we focused on the use of (S)TEM im-
aging, as well as analytical and diffractive related techniques using a
local probe and allowing elemental mappings. Hence, X-ray
energy-dispersive spectroscopy (EDX), electron energy loss spectroscopy
(EELS) and selected area electron diffraction (SAED) were extensively
used over extended areas allowing to ensure the representativeness of
the analyses. XPS has been performed to get insights of the chemical
composition of the samples and to establish the representativeness of
TEM observations, taking advantage of its sensitivity to chemical
bonding.

2. Experimental section

Sample preparation — All solid state cells based on NMC and LigPS5Cl
have been prepared using Ni-rich NMC (LiNig gsMng ¢7C00.0s02) mate-
rial provided by Umicore and the LicPSsCl material was prepared at CEA
using ball milling followed by annealing. Considering the high sensi-
tivity of argyrodite when exposed to uncontrolled atmospheres [4,
26-29], the pristine state of the material has been assessed by
STEM-EDX and SAED (cf. Fig. S2) showing an insignificant oxygen
content, highlighting a successful transfer ability from sample to TEM,
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Fig. 3. (a) Segmented map of acquisiton (a) from Fig. 2 showing NMC particles (red), argyrodite and S-rich compounds produced during charge (yellow) and
individual Cl-rich compounds, further identified as LiCl particles (cyan); (b) S/P ratio map plotted from integrating S counts over 2.26-2.37 eV and P counts over
1.97-2.07 eV energy ranges and using a mask from the argyrodite & S-rich compounds segmentation (yellow surface from map (a)); (¢) similar S/Cl ratio map plotted
from integrating Cl counts over 2.56-2.71 eV energy range (not representing individual LiCl particles).

and by X-ray Diffraction (cf. Fig. S3), showing traces of remaining
compounds LiCl and LisS from synthesis with a high overall purity. In
the following sections, the materials will be respectively referred as
LPSCl and NMC. Full cells using Al current collectors, Li anode, LPSCl
electrolyte and LPSCI-NMC (50 vol%/50 vol%) composite cathodes
have been assembled in 13 mm-diameter pellets. Composite cathodes
have been firstly pressed at room temperature (74 MPa, 3 min), then full
cells have been hot pressed under Ar atmosphere (375 MPa, 250 °C, 1 h).
Full cells have undergone a single cycle at C/20, 60 °C over 2.5-4.1 V vs
Li. Active materials have been recovered from the composite cathode by
scraping the surface (cf. Fig. S1 in Supporting Information) and depos-
ited over TEM grids with holey carbon membranes without using any
solvent for the powder dispersion. Materials have been handled and
stored in Ar-filled glovebox (H20, Oz < 1 ppm) and transfers to the TEM
were done under air exposure protection using a Gatan 648 double tilt
vacuum transfer holder.

Characterization — STEM imaging, EDX, EELS and SAED techniques
have been led with FEI Tecnai Osiris TEM equipped with Super-X EDX
detector and operated at 200 kV. Bright field (BF, collection semi-angle :
10 mrad), annular dark field (ADF) and high-angle annular dark field
(HAADF, collection semi-angle : 50—200 mrad) detectors are used on
different occasions to provide different contrast imaging. EDX elemental
maps are presented using detected counts as intensity. In this study, we
used a reference-based approach for EDX analysis, using various lithium
thiophosphates to enable the monitoring and discuss the evolutions
observed in the materials of interest. S/P ratio decreases from 5 to 4
while undergoing the LigPSsCl — LisPSy4 reaction, hence the S/P ratio
criterion is used to monitor the evolution. Pristine LPSCI (CEA, S/P = 5),
LisPS4 (NEL, S/P = 4) and LisP2Sg (CEA, S/P = 3) reference spectra have
been acquired and compared in this study. Each compound and
respective spectra are detailed in Supporting Information (Fig. S4).
Reduced electron dose conditions are necessary to perform spectro-
scopic techniques on argyrodite, high spot size and low dwell times are
used in order to keep material integrity during data acquisition. While
performing EELS experiments, a particular attention is devoted to
electron loss near-edge structure (ELNES). Ionization edges for atoms
are composed of a fine structure produced by the transition of electrons
from the inner-shell state to the conduction band, providing information
on oxidation state and chemical environment. EELS spectra have been
acquired with a Gatan Imaging Filter Quantum SE. XPS has been per-
formed using a Versaprobe II XPS spectrometer. Charging effects were
controlled during analysis with a combination of low-energy electron
gun (negative charge) and low-energy argon gun (positive charge). The
X-ray source was an Al Ka monochromatic beam (1486.7 eV) and the
takeoff angle was set at 45° Pass energy was set to 23.5 eV for high-
resolution spectral acquisition, providing an energy resolution of ~0.6
eV Data treatment was performed within the MultiPak software. All
spectra were calibrated by using C 1s at 285 eV

3. Results and discussion
3.1. Interfacial stability of uncycled cell

In this part, we aim to determine any chemical reactivity from the
pristine fully lithiated NMC with LPSCl. The sample is a composite
cathode prepared as described in the experimental section. In Fig. 1, we
provide a STEM study of the stability of LPSCI toward NMC material.
STEM micrographs of several LPSCI-NMC pairs of particles are pre-
sented in Fig. 1a, showing their regular morphology. Great care has been
taken on not damaging the materials by electron beam irradiation,
especially argyrodite. The elemental distribution across a representative
interface between NMC and LPSCI characterized by STEM-EDX map-
ping is presented in Fig. 1b. The distribution of each chemical element
highlights the uniformity of both NMC and LPSCl materials. Two regions
of interest (ROIs) have been analyzed by EDX (Fig. 1¢). Spectrum for the
LPSCI particle facing NMC shows a high sulfur content, very similar to
our reference LPSCI, indicating its pristine nature. Fig. le presents
elemental profiles for each chemical element across the interface fitted
with arctangent functions. Such profiles are occasionally used to unveil
nanometer-scaled solid interphases compositions between cathode ma-
terials and solid electrolytes [30,31]. Derivatives of arctangent fitted
functions have been plotted against the elemental profiles, showing one
unique location for the interface. Thus, this study shows no evidence of
the presence of any interphase or any interdiffusivity. Those observa-
tions suggest that LPSCI remains stable against NMC in uncycled cells.

3.2. Redox activity of LigPS5Cl

3.2.1. Compositional screening

The oxidative decomposition limit for LPSCI has been established in
previous work at 3.1 V vs Li by XPS and cyclic voltammetry [23] and
near 2.0-2.3 V by DFT calculations [17,25]. Hence, Li | LPSCl |
LPSCI-NMC cells underwent one cycle between 2.5 and 4.1 V vs Li
following the conditions described in the experimental section and show
a completely different evolution from the uncycled cell. The voltage
profile is provided in Supporting Information Fig. S5. For a better
visualization of the consequences of the cycling, several low magnifi-
cation EDX maps are provided in Fig. 2 highlighting the compositional
variety of LPSCI particles through an exhaustive selection of ROIs. EDX
maps show at micrometer scale that argyrodite exhibits a strong segre-
gation of chemical elements into different phases. We can observe
distinctively the formation of P/S-rich systems and Cl-rich systems:
therefore only nickel, sulfur and chlorine are represented on Fig. 2 for an
optimal visualization. A compositional screening of the low magnifica-
tion maps has been performed by selecting ROIs on each entire particle
composed of P, S or Cl elements. The corresponding EDX spectra selected
over the 1.8-2.9 keV energy range show various compositions such as:
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Fig. 4. (a-e) STEM-HAADF, EDX and EELS study of an isolated Cl-rich phase, showing the presence of LiCl and a secondary oxygen-rich compound. An oxygen-rich
compound is isolated in study (f-g) presenting low contrast regions where O Ka ray is exclusively detected and is attributed to lithium oxides. (h) HAADF micrograph
and (i) EDX map showing the separation of LiCl and O-rich phase.
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Fig. 5. STEM study on a typical electrolyte particle, including (a) HAADF micrograph, (b) EDX maps and (c) EDX spectra selected over the two main phases
composing the particles. The Li3PS4 compounds (pink spectra) show high P and S contents and the absence of O and CI; (d) the EDX spectrum has been compared with
lithium thiophosphates references to establish their stoichiometry; (e) S/P intensity ratio map; (f) S/Cl intensity ratio map.

(i) particles containing P/S/Cl elements with a similar stoichiometry to
reference argyrodite; (ii) particles containing only P and S with a
consistent S/P ratio; (iii) particles containing only Cl; (iv) mixtures of
previous compounds, remarked by their important content in Cl. The
compounds displayed on Fig. 2 are indexed with numbers (ii-iv) with
respect to the latter nomenclature. At this stage, we have no clue on the
lithium content and we can only suggest the existence of, at least, a (Li)—
P-S phase and a probable LiCl phase. As expected from the voltage range
used to cycle our cell, no reduction products are observed, such as Li>S
or LigP.

A deeper investigation of the local stoichiometry of the P/S-rich and
Cl-rich compounds is proposed in Fig. 3. A segmentation map of NMC
particles and compounds produced by argyrodite decomposition using
data from Fig. 2a is shown in Fig. 3a. Surfaces and interfaces are not
considered in this approach. By focusing only on the surfaces segmented
as argyrodite and S-rich products (yellow surfaces in Fig. 3a), elemental
ratio maps are calculated and shown in Fig. 3b and Fig. 3c, evidencing
the local spatial evolution of S/P and S/Cl ratios, respectively. As
argyrodite is highly sensitive to electron beam, a low dwell time has
been used during the acquisition of EDX data and therefore the number
of photons detected is relatively low at each pixel position, in the order
of magnitude of 0-10. Hence, some filtering has been applied to the
dataset and is described in Supporting Information Fig. S6. Intensities
for each element are calculated using integration windows also

described in the supporting material. The S/P ratios calculated for the
reference materials using the same integration windows are 4.51 for
LigPSsCl, 3.59 for LisPS4 and 2.81 for Li4P2Se, those values are reported
on Fig. 3b for a better comprehension. It then turns out that argyrodite
with its initial stoichiometry appears yellow while LisPS,4 appears green
and more oxidized P/S-rich compounds will appear from purple to
brown for P»Ss compounds with the selected color map. The heteroge-
neity of the stoichiometry inside each particle is a remarkable point of
this analysis, the Li3PS4 compound seems to constitute the predominant
phase of the material, coexisting with argyrodite and severely oxidized
compounds. However, the composition will be discussed later, espe-
cially regarding the lithium content. In contrast, the distribution of Cl-
rich compounds is more straightforward with a macroscopic phase
separation between the (L)PS phase and the Cl-rich phase. S/Cl ratio is
calculated at 5.00 for reference argyrodite using the same integration
windows, the value is reported on Fig. 3c. Cl-rich regions and S-rich
regions are very well demarked, respectively in cyan and yellow, while
the regions having the S/Cl stochiometry of pristine argyrodite should
appear in white. However, only few regions seem to show the correct S/
Cl stoichiometry amongst the visible particles, highlighting a severe
transformation of the electrolyte despite what suggests a more global
analysis such as in Fig. 2.
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Fig. 6. (a) EDX spectrum of P,Ss particle observed in the cycled NMC-LPSCI cell plotted on top of reference spectra from LigPSsCl, LizPS4 and Li4P2Se compounds; (b)

ADF image; (c) S/P intensity ratio map .

3.2.2. LiCl phase

The LiCl composition is confirmed by using EELS. In fact, we can
easily find isolated Cl-rich particles with null S and P contents, such as
particles a2 and ¢5 from Fig. 2. Fig. 4a—c shows a magnified view of the
latter particle and Fig. 4d—e presents related EELS and EDX spectra. The
EELS spectrum shows a strong Li K-edge at 55 eV and a Cl Ly 3-edge at
200 eV in agreement with the LiCl composition. However, the strong
oxygen signal observed in EDX suggests the presence of an additional
compound, which has been isolated in some particles such as in Fig. 4f.
Li2O compounds are suspected to be produced during the transformation
due to a chemical reaction with the layered oxide cathode. The O con-
tent should not come from the atmosphere considering that the cell is
prepared in dry room, cycled under vacuum, opened in Ar-filled glo-
vebox and transferred with an atmosphere-protected sample holder.
Moreover, the uncycled cell does not show any O content over the
argyrodite regions (cf. Fig. 1). The EDX spectrum acquired on the dark
contrast region of the particle in Fig. 4g presents exclusively the O Ka
ray. Li content is not strictly established due to the high beam sensitivity
of the material but Li oxides remain the only relevant explanation to this
observation. The distinctiveness of LiCl and Li>O phases is proved with
EDX acquisitions performed with harmless acquisition parameters on
isolated particles such as in Fig. 4h-i, in which Cl and O are well
separated.

3.2.3. (L)PS phases

The (Li)-P-S phases have been characterized by EDX and EELS
spectroscopies. Fig. 5 provides an example of a particle presenting a
separation into two distinctive phases. A second example provided in
Supporting Information Fig. S7 reinforces this observation. The main
phase shows a homogeneous distribution of S and P elements (cf.
Fig. 5b) and the absence of Cl and O elements according to EDX (cf.
Fig. 5b—c). An EELS spectrum acquired on the edge of the P/S-rich phase
and provided in Fig. S7 allows to probe the presence of Li observing the
Li K-edge at 55 eV simultaneously with L-edges from P and S elements
starting at 140 eV, confirming a Li-P-S composition. Using the EDX
reference-based approach described in experimental section, we
compared the EDX spectra of the observed Li-P-S phase of Fig. 5a with
our lithium thiophosphates references in Fig. 5d. By normalizing the
spectra by the P intensity, the Li-P-S phase proves to be in a perfect
agreement with a LisPS, stoichiometry. As in Fig. 3b-c, S/P and S/Cl
ratio maps are plotted in Fig. 5e—f to discuss the local distribution of the
lithium thiophosphates and LiCl compounds. While most of the Li-P-S
phase is consistent with a LigPS4 stoichiometry in agreement with the

latter conclusion, it is remarkable that severly oxidized compounds are
found on the surfaces of the main phase, showing a strong correlation
with the presence of LiCl.

Astonishingly, the second phase observed near Li3PSy4 in the exam-
ples of Fig. 5 is a complex mixture showing several redundant features
such as very high Cl and O contents and a small P-S content with an even
lower S/P ratio than the main LigPS4 phase, as is suggesting the S/Cl
ratio map of Fig. 5f. Considering the previous observations, this phase is
attributed to a mixture of LiCl, Li;O and a small fraction of oxidized
lithium thiophosphates. LiCl and LiO are often associated together,
while the main Li3PS4 phase shows an insignificant O content. As we can
see on low magnification maps from Fig. 2, al and a8 particles corre-
sponding to the study on Figs. 5a and S7 have a global elemental balance
close to the original LPSCI but closer sights to each particle unveils the
strong phase separation.

According to the previous studies and DFT calculations performed on
argyrodite the formation of LigPS4 compound was expected. We learn
through STEM observations in this work that LisPS4 and LiCl are
partially entangled in a mixture originating from LPSCl particles.
However, other (Li)-P-S particles can present a different stoichiometry,
as revealed by the EDX analyses on other regions presented on Fig. 6.
The S/P ratio suggests in this case a P»Ss compound, which is expected
to generate as the most oxidized compound during LPSC] decomposition
[17,19,20]. Unlike other compounds studied until now, Li K-edge is not
detected for particles with this specific S/P stoichiometry. The S/P map
in Fig. 6¢ indicates that the compound is slightly more oxidized on the
surface than in the core.

Fig. 7 presents a summary of the EELS and EDX experiments from the
Li | LPSCI | LPSCI-NMC cycled cell. This shows the various compounds
formed and originating from LPSCI particles. It includes ADF micro-
graphs of selected particles (cf. Fig. 7¢), corresponding EDX spectra over
the 1.8-2.9 keV energy range normalized by P Ko ray intensity (cf.
Fig. 7a) and corresponding EELS spectra (cf. Fig. 7b), normalized by
plasmons intensity between 35 and 100 eV and by P L-edge first feature
intensity between 120 and 250 eV While LisPS4 and P,Ss are known to
be produced during charge due to the narrow electrochemical window
of argyrodite, P2Os particles are also found near NMC particles due to
chemical reactivity of oxides with sulfides. Their presence is discussed in
next section about chemical reactivity. As we can observe, P,O5 com-
pound shows a characteristic P L-edge ELNES starting at 140 eV and
composed of 4 major features. On EELS spectra for each other thio-
phosphate compound (P5Ss, LigPS4, LigPSsCl), S L-edge is detected from
~160 eV overlapping the reference P L-edge from P,Os and is



P. Naillou et al.

EDX spectroscopy

Energy Storage Materials 75 (2025) 104050

EELS spectroscopy

a S (Ka) Li K-edge

Intensity (a.u.)
Intensity (a.u.)

P (I|-1) S (L)

S (L2s)

P (Lzo)
Li,PS,

P,Ss
P20

2.50 2.75 60 80

120 140 160 180 200 220 240

5 E :

< Cl (Ka) s Li (K) Cl (Ly3)

z z

‘@ Cl(Kb)| @ .

I3 I3 LiCl

E T T T T E T T T T T T T T T
2.00 2.25 250 2.75 60 80 120 140 160 180 200 220 240

Energy (keV)

ADF

Energy loss (eV)

NMC

100 nm

Fig. 7. Series of typical acquisitions from (a) EDX and (b) EELS experiments performed on particles originating from LPSCl in a LPSCI-NMC cycled cell, allowing the
identification of the LigPSsCl, LizPS4, P2Ss, PoOs and LiCl compounds. EDX and EELS spectra are acquired from particles shown in corresponding (c) ADF micro-
graphs. In top part, EDX spectra are normalized by P Ka intensity and EELS spectra are normalized by plasmons intensity between 35 and 100 eV and by P L-edge first
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increasingly more intense as the S/P ratio increases, in agreement with
EDX relative S Ka ray intensities.

4. Electrochemical reactivity toward cathode materials
4.1. Phosphorus oxides & transition metals sulfides formation

Due to the strong chemical reactivity of sulfides in presence of ox-
ides, the cathode material particles are leading to the formation of
additional compounds such as phosphorus oxides. As we introduced it in
previous section and Fig. 7, P,Os compounds have been recurrently
observed in the cell and characterized by EDX and EELS. A few examples
are provided in Fig. 8, in which two correlated phenomena are observed
simultaneously : (i) a S-rich nanometer-scale layer is found on the sur-
face of NMC particles (cf. Fig. 8a-b, ¢, g-j) and (ii) P20s particles are
observed in contact with NMC and LPSCI materials (cf. Fig. 8a-b, d, f).
The nature of the phosphorus oxides is firstly suggested by EDX exper-
iments and confirmed by EELS: characteristic features from phosphorus
oxides such as P L-edge ELNES are observed [32,33] while no Li K-edge
is detected, dispelling the LisPO4 compound. P,Os particles are observed

near a S-rich layer. This ~10 nm-thick layer shows a priori a significant
Ni content. EELS has been performed on the layer and the underlying
cathode material (cf. Fig. 8g—j) and shows that : (i) over the cathode
region, Li K-edge, Ni M 3-edge and O K-edge are observed in a good
agreement with the spectrum of pristine NMC (provided in Supporting
Information Fig. S8) and (ii) over the layer region : S L-edge is intense, Ni
M, 3-edge is observed while Li K-edge is not and O K-edge is barely
detectable. The EELS elemental mapping of Li, Ni, S and O elements
shows the spatial distribution across the interface confirming that Li is
not detected in the layer while Ni element clearly contributes to the
layer composition. Hence, in this case such NiS, compounds are
observed because of the highly Ni-rich NMC stoichiometry. Transition
metal sulfides could be evenly produced and will be generally referred as
MS, (M = Ni, Mn, Co). The stoichiometry of transition metals in sulfide
newly-formed compounds is supported by the analyses of whole parti-
cles (~100 nm) found in the cycled cell that present a mixed MS,/MO,
composition or an overlap of MS, and MO,, such as in Fig. 9. Phosphorus
oxides are observed in contact with the MS,, particle and the Li K-edge is
not detected (cf. Fig. 9d), in agreement with previously established
correlations. According to the EDX spectrum (cf. Fig. 9¢), transition
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Fig. 8. STEM experiments of the LPSCI-NMC composite cathode from a cycled cell. (a) A BF micrograph and (b) its corresponding EDX maps show (c) a S-rich layer
covering the NMC particle and (d) a P,Os compound (ADF images of ROIs). (e) Corresponding EDX spectra of ROIs show their respective elemental composition. (f)
EELS spectrum acquired on P,Os particle shows characteristic ELNES for P,Os elements edges and the absence of detection of Li. At the surface of NMC, (g) ADF
image shows a variation of contrast between NMC and MS; layer, respective (h) and (i) EELS spectra show different features. (j) Corresponding EELS maps show the
elemental distribution (1.6 nm/pixel). Additional examples of this observation are provided in Supporting Information Fig. S10.

metals are detected in the main particle with the same stoichiometry
than the initial NMC composition, confirming the appropriate use of the
general form MS, with M = Ni, Mn, Co. The full EELS spectra are pre-
sented in Supporting Information Fig. S9, showing distinctive areas on

the particle with mainly a MO, composition on right edge and mainly a
MS, composition on left edge. This can be interpreted as the progressive
sulfidation of delithiated metal oxides in the cell.
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4.2. Observation of delithiated transition metals oxides

Meanwhile, a close observation of cathode particles in regions,

notoriously not presenting P30s formation, shows irregular
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morphologies for NMC materials such as the large surface compound
(~200 nm) presented in Fig. 10a, ROI #2. Despite a similar transition
metal oxide composition to NMC, EELS spectra unveil the lack of Li in
the surface compound and a different ELNES fingerprint than in the
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underlying NMC (cf. Fig. 10c). Ni My 3-edge is detected over ROI #2 but
not Li K-edge, nor the pre-edge peak of O K-edge. However, pristine
NMC includes the pre-edge peak, attributed to the O3 — O2—Msg
electronic transition, commonly associated to the pristine layered
structure described in R-3m space group. The decrease of the pre-edge
peak is explained by the reduction of neighboring metals and/or the
formation of oxygen vacancies, both leading to the modification of the
coordination of Ni [34]. The EELS spectrum of pristine NMC used in this
study is provided in Supporting Information Fig. S8.

This compound formed upon cycling is identified as NiO, and is also
detected directly on the surface of NMC as a nanometer-scaled layer. In
fact, ROI #1 in Fig. 10b presents a continuous EELS study across the
surface of NMC with a 1.2 nm increment between spectra and shows the
progressive decrease of the pre-edge peak a at 528 eV simultaneously
with the decrease of Li K-edge at 63 eV The EELS map of the a/b features
ratio from O K-edge is provided and shows the spatial distribution of the
NiO, compound toward NMC (4.2 nm pixel size) over the surface of the
particle. This observation assesses the presence of a disordered surface
layer of transition metal oxide with a high content of oxygen vacancies
over 10 nm at least. The quantification of x in NiO, remains as a delicate
point as few techniques are able to confirm the O/Ni ratio at atomic scale
and only rocksalt NiO and spinel LiNi;O4 phases were claimed to be
identified for a long time over NMC surfaces. However, new condensed
phases have been identified by simulations [35,36] and STEM—EELS
[37], completing the LiNiO;—NiO;—NiO ternary phase diagram. In
addition to that, Ni, Mn and Co M-edges are confounded in practice in
the 65—75 eV range, the intense contribution at 70 eV observed in our
study should be rigorously denominated as a TM M-edges overlap.
L-edges of the transition metal have not been acquired in this study as
the result of a compromise between energy resolution and energy range
in our STEM routine as we wanted to include sulfur and phosphorus
L-edges of argyrodite. Hence, a relative quantification method is pro-
posed using O K-edge / TM M-edges ratios and described in Fig. S11.
Considering the O/TM value of pristine NMC as a reference, the ratio
with the O/TM measured for the observed MO, surface compound yields
x = 1.68. This value is close to the p-NisOg structure (O/Ni = 1.6)
proposed by Ceder’s group [35-37]. In the energy window selected to
measure the area for quantification of EELS spectra, the bottom energy
boundaries exclude carefully the Li K-edge and the O K-edge pre-peak a,
while the top energy boundaries are relatively low to limit background
fitting inaccuracies, particulary strong in lowloss energy range, and
multiple scattering inclusion. However, numerous uncertainties persist
as multiple phases may coexist within the thick particle studied due to
the differential reactivity of transition metals and the spatial resolution
of our measurements could not distinguish several phases at atomic
scale, nor could the energy resolution of EELS differentiate between the
various TM M-edges. Hence, the general form MO, (1 < x < 2) is
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prefered in this study as a general term for delithiated transition metal
oxides with a significative content of oxygen vacancies.

The Li content of the surface disordered metal oxide is also varying
according to the evolution of Li K-edge over the surface of the NMC (cf.
Fig. 10b). However, given the convolution of Li K-edge and Ni M-edge, a
valuable approach to measure the degree of lithiation in transition metal
oxides is using the Sy/Sp method introduced by Kikkawa et al. [38] and
previously used for Li K-edges and Co K-edges convoluted as well in cells
composed of LiCoO3 cathodes [38,39]. The Sp/Sp surface ratio measured
for pristine NMC (cf. Fig. S8e) is 0.51, inferior to the ratios measured for
Li/Co in previous studies (0.813-0.99). Using this value as a reference
for pristine NMC, the Li/Ni content can be estimated for ROI #1 and ROI
#2 in Fig. 10. In ROI #1, the value of Sp/Sg decreases gradually from
0.37 (73 % of pristine NMC) to 0 over 20 nm, the evolution is plotted in
Fig. S12. The Li/Ni ratio is measured at 0.31 (61 % of pristine NMC) over
ROI #2 on the surface of NMC (cf. Fig. S12), attesting that the NMC is
partially delithiated under the MO, compound.

It is believed through STEM observations that the delithiation of
NMC during charge, observed on >20 nm over the surface in this study,
leads to the disordering of the surface by the creation of oxygen va-
cancies over 10 nm, eventually leading to the production of clusters of
MO, compounds originating and detaching from the surface, showing an
approximate stoichiometry of MO gg. Then, this disordered metal oxide
chemically reacts to MS, through sulfide compounds exposure such as
Li3PS4 and/or P5Ss, which are oxidized to P05 compounds. Hence,
surface MO, compounds are converted into surface MS, such as in Fig. 7
while large clusters of MO, react to form large particles of MS, such as in
Fig. 9 with remaining, uncompletely transformed oxides in some re-
gions. The initial study of the composite cathode before cycling has
shown that pristine NMC is not producing any metal sulfides, high-
lighting the role of cycling in their formation. Delithiated metal oxides
are produced only through electrochemical reaction and have been
singled out as the origin of metal sulfides and phosphorus oxides in the
cycled cell.

5. XPS measurements

As complementary analyses to the previously presented TEM studies
at local scale, XPS experiments were performed allowing averaged an-
alyses over wide areas (1.35x1.35 mm?). Spectra have been acquired on
the cycled cell and results are presented in Fig. 11. Pristine LPSCI ma-
terial shows dominant contributions from PS3~ tetrahedra with P 2p
doublet at [131.7, 132.6] eV and S 2p doublet at [161.3, 162.5] eV and
some minor disorder established by additional doublets with P 2p at
[132.4, 133.3] eV and S 2p at [162.2, 163.4] eV as well as a slightly
reduced environment identified by a doublet at [160.0, 161.2] eV
attributed to LipS. This LipS content is commonly encountered after
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synthesis due to remaining compounds after the milling process [20,
40-42]. However, LiS is fully oxidized to lithium thiophosphates during
charge above 3-3.5 V2%*2, Also, such higher energy doublets on P 2p and
S 2p spectra are identified as anionic species generally such as PaS¢ or
P,S¥ moieties [43,44], resulting from the bridging of PSS tetrahedra
through redox activation [44-46]. However, the composite cathode of a
cycled cell shows a major transformation of argyrodite identified by the
increase of the intensity of P5S, doublets, the emergence of a third
doublet on P 2p spectrum attributed to P05 compound and of two
doublets at high energy on S 2p spectrum attributed to SO,. The binding
energies of P,S, moieties are fluctuating with the S/P stoichiometry as
shown by comprehensive related studies [44]. Some margin of freedom
should be kept in the ~162.2-163.0 eV range (S 2ps3,2) and in the
~132.3-133.5 eV range (P 2p3,») when fitting contributions while such
complex mixtures of lithium thiophosphates are encountered.

The contributions of MS, compounds are expected in S 2p spectrum,
however their convolution with PS;~ doublet is a major drawback for
their inclusion. Previous XPS works in literature on argyrodite usually
do not include MS, on XPS spectra for similar reason, as every NiS,
compound for instance should lead to a doublet between 161.2 and
161.6 eV (S 2p3/2) and at 162.8 eV (S 2p; 5) according to other works
[47]. Those binding energies are practically merged with PS3~ doublet,
fitted in this study at [161.5, 162.7] eV. In order to reach a represen-
tative deconvolution of the contributions, PS3~ doublet on S 2p spectrum
has been constrained to fulfill a 1:4 ratio with PS5~ doublet from P 2p
spectrum as we know the S/P ratio of this moeity. The P,S, moeity is
assumed to fulfill a ratio between 1:3 and 1:3.5 as P»S, compounds are
known to be either PoS¢~ or P;S7~ in LisPS,. This a priori knowledge
imposes the input of an additionnal contribution at higher energies,
which is correctly filled by the doublet for P-O-P bounds reported at
similar binding energies [48] and fitted in this study at [133.1, 133.9]
eV. This constrain yields a S/P ratio of 1 : 3.18 for P5S, doublet, which is
in agreement with the expected bounds 6 < x < 7. This observation
highlights the significance of P-O-P bounds observed at higher energies,
confirming the representativity of STEM observations. We choosed not
to include any MS, doublet in the S 2p spectrum despite we believe a
contribution exists at nearly same binding energies than PS;~ doublet.

XPS results are in agreement with TEM observations: the increase of
P,S, doublets is directly connected to the formation of LisPS4 and P5Ss
compounds through redox activation, while P;Os is representatively
found in XPS as well as in TEM as a result of the chemical reactivity of
(lithium/) thiophosphates with cathode oxides. Main observations have
been performed during this study, emphasizing the correlation between
the formation of surface MO, on NMC through cycling, leading to the
formation of MS, and P,0s. Main results of this study are represented in
Fig. 12 top scheme.

6. Conclusion

This work aimed to specify the nature and distribution of compounds
formed during the charge of a LPSCl-based cell by studying the
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LPSCI-NMC composite cathode through TEM. LPSCI decomposes to LiCl,
LisPS4 and PS5 compounds through a complex phase separation. The Cl-
rich phase is mostly a mixture of LiCl, LiO and a constant smaller
fraction of more oxidized thiophosphates while the main LisPS4 phase
do not show any significant oxygen content. Astonishingly, LPSCI shows
a good stability with the NMC outside of any electrochemical solicita-
tion. Oxidized thiophosphates are the main origin of further reactivity
with the NMC. Upon cycling, the surface of the NMC encounters struc-
tural disordering and the increase of oxygen vacancies over 10 nm for
observed surfaces, leading to the formation of delithiated transition
metal oxides MO,. Such MO, are produced over the surface of NMC and
eventually detach from the surface to form large clusters (up to ~200
nm), quantitative EELS has been used to identify a ratio O/TM of 1.68,
suggesting the presence of compounds such as known NisOg given the
high Ni content of the cathode. MO, compounds react to MS, through
the exposition to (lithium/) thiophosphates. Those are oxidized to P50Os,
showing a strong spatial correlation with MS, formation during our
study. Given the unique results brought by this approach using STEM
—-EDX and -EELS in the understanding of cathode—electrolyte interfaces,
we highly encourage the use of STEM as a powerful analytical tool for
the study of interfaces in lithium batteries.
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