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Abstract. It is crucial to understand at which potentials electrolyte decomposition reactions start and
which chemical species are present in the subsequently formed decomposition films, e.g., solid
electrolyte interphase (SEI). Herein, a new operando experimental approach is introduced to investigate
such reactions by employing hard X-ray photoelectron spectroscopy (HAXPES). This approach enables
the examination of the SEI formed below a thin metal film (e.g., 6 nm nickel) acting as the working
electrode in an electrochemical cell with sulfide-based LisPSsCl solid electrolyte. Electrolyte reduction
reactions already start at 1.75 V (vs. Li*/Li) and result in considerable Li,S formation, particularly in the
voltage range of 1.5 — 1.0 V. A heterogeneous/layered microstructure of the SEI is observed (e.g.,
preferential Li>O and Li.S deposition near the current collector). The reversibility of side reactions is
also observed, as Li>O and Li,S decompose in the 2-4 V potential window, generating oxidized sulfur
species, sulfites and sulfates.
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Introduction high-energy-density electrodes (e.g., lithium metal) and

their projected safety.® Unfortunately, most solid electro-
Today, lithium-ion batteries (LiBs) are taking a central lytes (SEs) are not electrochemically stable at low poten-
position in the electrification of transportation.* In order tials, e.g., at the operation potential of high-energy-den-
to accelerate the transition away from fossil fuels in the sity lithium metal and silicon anodes (i.e., negative elec-
transportation sector, it is crucial to have advanced bat- trodes).* Therefore, electrolyte reduction reactions occur
tery technologies offering high specific energy and at the anode|SE interface, forming either a solid electro-
power, while also being cost-effective, safe, and envi- lyte interphase (SEI) or a mixed conducting interphase
ronmentally friendly.? All-solid-state batteries (ASSBs) (MCI) due to accumulation of decomposition products.5-
represent a promising battery technology that can 8 Electrolyte reduction reactions, and the succeeding in-
achieve high-energy densities due to their advantages terphase formation, will cause lithium inventory losses®
such as the potential for bipolar stacking, ability to utilize and impede the lithium transport kinetics at the anode|SE
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interface,>° both leading to poor battery cycle life. Thus,
it is crucial to determine the onset potential of different
side reactions and reaction products through theoretical
studies.*!+12 However, it is also quite important to exper-
imentally determine onset potentials and reaction prod-
ucts since the actual chemical behavior may vary under
practically relevant conditions. This knowledge is key to
designing improved anode|SE interphases and thereby
better performing battery systems.

Sulfide-based materials are very promising SE
candidates because of their high ionic conductivities
reaching that of industrial liquid electrolytes (10 mS cm-
1) and ability for sintering at room temperature, making
them attractive as compared to oxide-based SEs.* How-
ever, the implementation of sulfide-based SEs into
ASSBs has challenges, particularly when used with
high-energy-density anodes such as lithium metal which
operates at the potential E4(Li*/Li) =0 V (i.e. -3.04 V
vs. the standard hydrogen electrode). The electrolyte sta-
bility window of sulfide SEs ranges between 1.5-2.5V
vs. Li*/Li, and electrolyte reduction reactions are pre-
dicted to occur at potentials below the lower limit of this
range as initiated by the reduction of P>* and other cati-
ons as Ge**, Sn**, etc. in thiophosphates, depending on
the exact SE composition.*® As in the case of the
Li1oGeP,S12 (LGPS) electrolyte, reaction products can
form layers including of electronically conductive com-
ponents such as Ge or LixGe alloys, and therefore result
in continuous electrolyte decomposition and MCI
growth.® In the case of another important sulfide-based
SE, argyrodite-type LisPSsCl (LPSCI), electrolyte reduc-
tion products are Li,S, LiCl and LisP (assuming full lithi-
ation of phosphorous).>21415 Fortunately, the rates of
decomposition reactions are kinetically limited for this
material due to low partial electronic conductivity of the
interphase (i.e., SEI), which grows with the square root
of time diffusion kinetics at the anode|SE interface.'®
The impact of this kinetically limited interphase growth
on the overall cell resistance is relatively low, particu-
larly as compared to other sulfide-based SEs such as
LGPS, LigPSsl, etc., apparently due to sufficient ionic
conductivity of the SEI.>° However, it is very important
to consider the long term effects of this interphase
growth as the lithium inventory losses and increased re-
sistance will become limiting factors during extended
operation of LPSCl-based cells.>® For these reasons, a
comprehensive understanding of the chemistry of the
growing SEI with advanced characterization is necessary
to enable further interface engineering and thus enhance
battery performance.’

X-ray photoelectron spectroscopy (XPS) is
widely used in battery research to characterize the stabil-
ity of electrode|electrolyte interfaces. The technique en-
ables high surface sensitivity, e.g., with a typical probing
depth of 5-10 nm with Al-K, radiation (1487.6 eV) when
analyzing SEI (consisting of organic and inorganic com-
ponents) in LiBs.!® With inorganic materials, the probing
depth is even expected to be smaller (e.g., < 6 nm for

nickel metal).!® In ASSBs, the SEI is a buried interphase
growing between two solid materials making its ac-
cess/analysis difficult. The most common approach is to
perform post mortem analysis of samples extracted from
cells which were disassembled (ideally in a glovebox)
and then subsequently transferred under inert atmos-
phere into the XPS instrument. Even though this ap-
proach can provide quite valuable information, these
studies provide only a limited view on the underlying
processes. The electrochemical/chemical reactions tak-
ing place during cell operation may result in intermedi-
ates and products that are only stable during cell opera-
tion and thus can easily be missed in ex situ studies. Ad-
ditional side reactions during sample preparation (and
transfer) can result in self-discharge reactions which in
turn can compromise the drawn conclusions. In case
sputter depth profiling is employed to analyze deeper
sample regions, the existing chemical environment may
be altered due to sputter damage.? In situ and operando
experiments offer more accurate information on the ki-
netics of side reactions and identification of degradation
products.1”1821-24 The need for additional sample prepa-
ration is eliminated, which otherwise may alter chemis-
try and obscure intermediate reaction mechanisms.

In previous studies, the in situ analysis of the
lithium metal|sulfide-SE interface has mainly relied on
in situ deposition of lithium metal on solid electrolyte
pellets. In one approach as first reported by Wenzel et
al., lithium metal deposition was achieved inside the
XPS analysis chamber by sputtering of a lithium metal
plate (with Ar* ions) which is appropriately oriented with
respect to the SE pellet surface.?® In an alternative ap-
proach, as previously applied to oxide-based SEs,?%
lithium vapor deposition was performed inside a prepa-
ration chamber attached next to the analysis chamber
(thus allowing sample transfer under UHV conditions).?®
In a third approach, lithium was deposited quasi-electro-
chemically by using the sulfide SE surface as a “virtual
working electrode’ exposing it to an electron beam (e.g.,
using an e flood gun) and leading to build up of negative
charge.?®% In this approach, the SE pellet was placed on
top of an excess lithium counter electrode (e.g., lithium
metal) which was electronically grounded to the sample
stage. As additional thermal or kinetic energy (via the
electron/ion neutralizer, the sputtered Li* ions, etc.) is
transferred to the surface of the SE, the actual reactivity
of the anode|SE interface and the SEI may be altered.?"?®
Additionally, in all of these approaches, the surface of
the SE pellet is immediately exposed to the potential of
lithium metal upon its deposition, i.e., 0 V (vs. Li*/Li).
This is a serious limitation, as spectroscopic information
from the potential region notably above 0 V (vs. Li*/Li),
where electrolyte reduction reactions and SEI growth al-
ready start, remains inaccessible. Theoretical calcula-
tions show that LigPSsCl, e.g., will already suffer from
reduction once the potential drops below 1.7 V (vs.
Li*/Li).1
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In this study, we adopt a different approach to
investigate the electrochemical decomposition of LPSCI
SE through an ultrathin metal film as electrode (and cur-
rent collector) which is partially transparent to the pho-
toelectrons. The idea of using electron-transparent films
(e.g., graphene) for probing electrochemical processes
has been demonstrated already in earlier studies, both in
liquid®-** and solid phase® cell setups. These methodol-
ogies are not easily applicable to sulfide-based SEs due
to their sensitivity to film transfer, cleaning or water ex-
posure. In a different approach, Kiuchi et al. made use of
10 nm thick aluminum metal films to study LiCoO; cath-
ode active material in model-type solid-state thin film
cells.® Here, we adopt a similar thin metal film approach
to study the decomposition of sulfide-based LPSCI SE.
The surface of the SE pellet is coated with a thin film of
nickel metal (6 nm) acting as a current collector (CC)
and thereby as a working electrode (WE). Lithium metal
is pressed to the other side of the pellet and used as a
counter electrode (CE) and reference electrode (RE).
This cell (in so-called “anode-free” configuration, i.e.,
without initial lithium reservoir) is then placed in a spe-
cially designed cell holder and connected to a potenti-
ostat to gradually polarize the WE to controlled poten-
tials (and eventually plate lithium metal electrochemi-
cally at 0 V vs. Li*/Li). We then make use of the high
photon energies available at a synchrotron source result-
ing in higher kinetic energy electrons (compared to when
using an in-house XPS setup with Al K, excitation at
1486.6 eV), necessary for the analysis of the Ni|LPSCI
interface buried under the 6 nm thick nickel CC on an
appropriate time scale. This approach allows investiga-
tion of electrolyte decomposition reactions at operating
conditions and a wide range of potentials. 363738

Results and Discussion
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In the operando HAXPES experiment, the bottom side
of the LPSCI pellet faced the CE (lithium metal), and the
top side faced the WE (6 nm nickel film) and perforated
stainless steel CC support as depicted in Figure la-d.
Copper, stainless steel, and nickel are examples of most
commonly used CCs for negative electrodes.®” As shown
in a recent study,® copper is less stable as compared to
nickel and stainless steel when used as a negative elec-
trode CC in contact with sulfide-based SEs. As the film
deposition process for stainless steel would be more
complicated than for elemental nickel, the latter was cho-
sen as the CC material in this study.

In the cell configuration depicted in Figure la-
d, the electronically conductive nickel film acts as WE
on the SE surface, therefore, it needs to form a suffi-
ciently uniform/closed film. This implies that a greater
thickness of nickel film is preferable (i.e., for good cov-
erage). On the other hand, since photoelectron spectros-
copy is (even when using hard X-rays) a highly surface-
sensitive technique, the thickness of this film must also
be minimized to allow the detection of electrons emitted
from the SE and SEI layers beneath the nickel film. In-
creasing the incoming photon energy would mitigate this
issue as it would result in higher kinetic energy of emit-
ted electrons — and thus an increase in the probing depth
of the analysis (i.e., due to higher IMFP of electrons),*®
however, with increasing photon energy the photoioni-
zation cross sections will drop significantly. Hence, here,
we deposited a nickel film of =6 nm thickness and used
an incoming photon energy of 4700 eV as a good com-
promise to result in high quality data (with sufficient sig-
nal-to-noise ratio) in a reasonable measurement time.
The optimized sample environment, i.e., nickel film
coating of the perforated steel plates and the presence of
this perforated CC, did not compromise the
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Figure 1. (a) Schematic illustration of the operando HAXPES measurement. (b) Close-up illustration of the operando cell. (c)
Confocal microscope image of the Ni-coated stainless steel perforated CC support. (d) SEM top view image of the operando cell.
(e) Li 1s / Fe 3p and (f) O 1s HAXPES spectra acquired at excitation energy of 4700 eV using the operando cell before (red
spectra) and after Ni-coating of the perforated support (blue spectra). Corresponding spectra of the stainless steel are shown for

comparison (black spectra).
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electrochemical performance since the in-house testing
of the operando cell showed a similar charge/discharge
profile during the first cycles of Li plating/stripping as
compared to an identical cell prepared without nickel
coating but with a thick (2 mm) stainless steel CC (see
Figure S1).

In addition to the coating of the LPSCI pellet,
the stainless steel perforated CC support was also coated
with nickel film since the analysis through the small
sized slits could cause signals originating from this CC
support. Indeed, the first cell we prepared consisted of a
non-coated CC support which resulted in overlapping
signals originating from the stainless steel in Li 1s / Fe
3p and O 1s regions, and these undesired signals disap-
peared after nickel coating of the CC support (see Figure

le-f).

Electrochemical Polarization & Lithium
Plating. The low potential end of the electrochemical
stability window of the solid electrolyte was first probed
by electrochemical reduction of the SE. Before starting
the electrochemical polarization experiment (to low volt-
ages) by the potentiostat, the operando cell was kept in
the open-circuit state for several hours and the pristine
state of the WE was measured as = 1.94 V vs. Li*/Li (un-
less specified otherwise, all potentials will be referenced
vs. Li*/Li throughout this article). These measurements
not only revealed the pristine state of the WE prior to the
electrochemical experiment, but also demonstrated the
effectiveness of the thin nickel film against beam dam-
age (see Figure S2 which shows the impact of beam

exposure on LPSCI samples with and without the thin
nickel film). During polarization, the applied current was
10 pA (i.e., 15.6 pA cm2). However, in order to facilitate
the binding energy calibration and HAXPES data analy-
sis, constant voltage holding periods were maintained
during the measurements, thereby resulting in voltage
profiles similar to staircase voltammetry experiments
(see Figure 2a). In order to systematically explore the
effect of WE potential on SE decomposition, the poten-
tial was gradually decreased to 0.01 V (i.e., just above
the Li metal plating potential).

After the polarization experiment, a new elec-
trochemical method which has been recently reported for
the SEI quantification, i.e., coulometric titration time
analysis (CTTA),* was performed with the same oper-
ando cell to study the impact of decomposition in the
presence of lithium metal (see Figure 2b). In this partic-
ular experiment, lithium was plated on the WE during
short pulses (current of 100 pA for = 7 seconds) corre-
sponding to a pulse charge of 0.2 pAh, and the cell was
subsequently left in the OCV state until SEI formation
had consumed all lithium plated during the pulse. This
approach enables the simultaneous quantification of
electrolyte reduction reactions while accounting for the
presence of the active lithium metal electrode. These
pulse/OCV cycles were repeated for a total of approxi-
mately 4 hours (i.e., 3.4 pAh) with concurrently per-
formed HAXPES measurements. At the end of this ex-
periment, lithium metal plating and stripping was per-
formed for one cycle (in order to see the impact of
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Figure 2. (a) Constant current — constant voltage (CC-CV) polarization to lower voltages during the operando experiment. This
is followed by (b) a CTTA experiment, and later, (c) lithium plating / stripping (one cycle) and CC-CV polarization to higher
voltages. SEM images of the LPSCI-pellets (d) before and (e-f) after the operando HAXPES experiment.
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lithium plating in relatively larger quantities, i.e., at 10
pAh).

The partially reversible nature of electrolyte
decomposition in SEs such as LPSCI is well-known,43°
and further investigation is crucial to understand the be-
havior of reduced decomposition products under oxida-
tive conditions (i.e., at high voltages). Therefore, at the
end of lithium stripping, the cell was subsequently polar-
ized to high voltages of up to 4 V as shown in Figure 2c
while acquiring HAXPES at certain potentials.

The morphology of the Ni-coated LPSCI sur-
face (i.e., WE) changed during the operando experiment
indicating pronounced SEI growth. As shown in Figure
2d-e, the initially smooth surface of the WE becomes
rougher and develops a thin and planar decomposition
layer with a fine microstructure in the areas correspond-
ing to the analysis region (i.e., perforated regions of the
current collector disc). These regions are clearly visible
in the lower magnification SEM image (see Figure 2f),
as a contrast shift emerged during the removal of the per-
forated disc during post mortem sample preparation.
This shift is mainly attributable to the better adhesion of
SEI components®® to the CC disc (i.e., unperforated re-
gions) which leads to partial removal of SEI. These ob-
servations clearly show that SE decomposition initiated
at the interface between nickel film and SE on perforated
regions during the operando experiment, and therefore a
meaningful spectroscopic analysis on these regions is
possible, which will be discussed in the following sec-
tions.

Solid Electrolyte Reduction. The operando
experiments started with the gradual polarization of the
WE towards lower potentials as shown in Figure 2a.
Core-level HAXPES spectra trends during this experi-
ment are shown in Figure S3. During the measurement,
the thin nickel film was grounded through the HAXPES
analyzer aligning its Fermi levels. Hence, the applied
voltage at the working electrode is not anticipated to
have any impact on the kinetic energy of the emitted
electrons and thus corresponding binding energy of sur-
face species (as long as they maintain their initial chem-
ical state and electrical contact to the CC). Indeed, as can
be seen in Figure S3, this is evident in the case of the Ni
2p peaks. However, electronically non-conductive spe-
cies buried beneath the nickel film experienced shifts in
binding energy (BE). Even though such shifts in BE can
serve as indicators of changes in the chemical environ-
ment, these shifts can also be attributed to the electric
potential profile induced by the polarization of the WE.
In the case of pure electrostatic nature, the BE shift
would be identical to the potential applied. Indeed, it is
observed in Figure S3 and Figure S4 that the gradual
shifts in peaks related to the SE and SEI correspond to
the same magnitude of shift in line with the applied volt-
age to the WE. Similar observations were made in previ-
ous operando HAXPES studies with thin film WE
(AlILiC00,)*° and XPS studies with composite WEs
(LCO/VGCFILPS, LTO/VGCFILPS).224142 To facili-
tate the analysis of this electrostatic shift and isolate
chemical changes, the WE was polarized with potenti-
ostatic holding steps, so that the applied voltage was kept
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Figure 3. Core-level HAXPES spectra observed during the operando experiment. The detail spectra showing the electrolyte
reduction during gradual polarization (to lower potentials), CTTA and Li plating/stripping are shown in (a) for S 1s, (b) for CI
1s, (c) for P 1s, (d) for Li 1s, and (e) for O 1s core levels. The photon energy used for these measurements was 4700 eV and no
intensity normalization was performed within the data given in each individual graph, however, for better visibility the data was
stacked using a constant addend. The vertical dashed lines indicate BE positions of prominent chemical species.
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constant during each HAXPES measurement. To com-
pensate for this electrostatic shift a second energy cali-
bration was conducted for each measurement (alongside
the initial Au 4f calibration). This secondary energy cor-
rection procedure involved simply subtracting the differ-
ence Eweocv — Ewe from the BE for each respective
measurement. This calibration approach was chosen as
SEI formed in LPSCI SE presumably consists of elec-
tronically non-conductive phases. The results of such
voltage-corrected spectra obtained during the operando
experiment are shown in Figure 3.

The pristine nickel-covered LPSCI-pellet in
OCV state, as expected, contains pure unreacted LPSCI
(see Figure 4 and Figure S5 for peak fittings at selected
WE potentials). Its surface composition is dominated by
the prominent peaks in the S 1s, Cl 1s, and P 1s core lev-
els attributed to LPSCI. The small impurities observed
include P-Sy-P and Li.S species, usually observed in
these compounds as post-synthesis residues.*3#*

Application of slightly reducing potentials im-
mediately leads to LPSCI decomposition and pro-
nounced SEI formation. Already upon polarization to
Ewe = 1.75 V, a significant shoulder at around 2468.5 eV
appears in the S 1s spectrum, corresponding to Li,S for-
mation,* which is known to be the main SEI component
for LPSCI SE.*® This peak becomes prominent at Ewe =
1.5 V and dominates the whole spectrum at Ewe = 1 V

(see Figure 4 for peak fittings and Figure S6 for respec-
tive residual spectra). It is known from previous studies
that the Cl 2p peak position does not show a significant
shift during electrolyte reduction since LPSCI and LiCl
have similar Cl 2p binding energies, and therefore are
not easily distinguishable in experiments,>% which is
also confirmed in this study (see Figure S5 which shows
Cl 2p peak shifts less than 0.3 eV). In this case, the trends
of the Cl 1s (and CI 2p) spectra confirm the reliability of
the energy calibration procedure used in this study since
the peak positions did not show comparable shifts with
respect to the applied WE potential. The main P 1s peak
at 2146.8 eV diminishes and the surface becomes rather
deficient in phosphorus already at Ewe = 1.5 V (similar
trends are also observed in Figure S5b for the P 2p spec-
tra despite the higher kinetic energy and thus probing
depth at this core level).

The intensity trend of each core level is shown
in Figure 4d with respect to their intensities in the OCV
state. Except O 1s and Li 1s, the core levels of the other
elements gradually decrease with decreasing WE poten-
tial. As seen in Figure 4e, the intensity ratio of specific
core levels to the sum of all core levels also follows sim-
ilar trends. The fact that the Ni 2p signal intensity also
decreases during the experiment indicates that either new
species are forming on top of the nickel film, or the
nickel film mechanically disintegrates due to volume
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Figure 4. Normalized HAXPES detail spectra with peak fittings at selected WE potentials for (a) S 1s, (b) Li 1s, and (c) O 1s core
levels. (d) The change of intensity (i.e., total area) with Ewe for each core level as normalized to the intensity before the start of
experiments (i.e., OCV-state). (e) The ratio of the specific core-level intensity to the sum of the intensities for all core levels as
normalized to the ratio before the start of experiments (i.e., OCV-state).
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changes associated with the side reactions and SEI
growth. However, as shown in Figure S3, the Ni 2p peak
position remains almost constant with decreasing Ewe
which is an indication of an intact electronic network on
the surface throughout the experiment (the possibility of
Ni film oxidation by residual oxygen is similarly ruled
out). This indicates that oxygen and lithium containing
compounds may deposit on top of the nickel film. Such
a deposition would rely on electrochemical reduction,
thereby necessitating an electronic and ionic conduction
pathway and thus the deposition of these species between
the nickel film and the electrolyte, which could partially
cause film fracture. However, considering the fact that
this nickel film is only about 6 nm, it should also be con-
sidered that lithium ions may diffuse through nickel,*
and form oxygen and lithium containing deposits on top
of this thin nickel film. It should be noted that the elec-
trolyte has no intentional oxygen in its composition,
however, residual oxygen present on SE, in cell compo-
nents, and in the analysis chamber can contribute to the
formation of oxygen-containing compounds — as well
known from previous XPS studies.?>2%47

Oxygen build-up in the SEI is further con-
firmed by detailed analysis of Li 1s photoemission spec-
tra. The fitted Li 1s spectra at selected potentials confirm
the formation of a new peak corresponding to binding
energies of Li»S and Li,O. The formation of Li,S is
clearly visible in the S 1s spectra, and therefore a corre-
sponding new peak in the Li 1s spectra is expected. How-
ever, as can be seen in Figure 4c, the formation of a
strong metal oxide peak at = 529.4 eV is already visible
at Ewe = 1.5 V, and this new peak gets more intense upon
further decrease of the Ewe. Considering the similar in-
tensity trends of O 1s and Li 1s in Figure 4d-e, this new
peak appearing in the Li 1s spectra is mainly attributed
to Li>O formation (with a relatively smaller contribution
from Li.S). In an earlier study, preferential formation of
an oxygen-rich planar film near the stainless steel current
collector was demonstrated with a combined post mor-
tem analysis (via XPS, SEM-EDS and secondary ion
mass spectrometry) of LPSCI-based cells.® In this study,
similar observations are readily confirmed from the BE
positions and overall intensity trends, highlighting the
operando experiment's practical value. As can be seen in
Figure S7, post mortem SEM-EDS analysis also re-
vealed the presence of oxygen-rich spherical particles,
consistent with findings of our previous study.'® In an-
other study performed under UHV conditions, formation
of heterogeneous oxygen-rich SEI components (e.g.
Li,O) was shown to form also for another SE (i.e.,
LPS),? and these findings highlight that the role of oxy-
gen at low (reducing) potentials remains significant for
sulfide-based SEs even under UHV environments.

It has been reported in previous studies that the
SEI forming at the Li|LPSCI interface develops a layered
microstructure with preferential Li»S formation near the
lithium metal side as compared to other SEI components
such as LiCl and LisP which are preferentially formed

near the SE pellet side.’5%349 In the present operando
HAXPES experiment, despite the absence of lithium
metal (i.e., at potentials above Ewe = 0 V), the preferen-
tial Li>S formation is similarly observed and it can
clearly be seen in the intensity trends given in Figure 4a
and Figure 4d-e. Furthermore, as seen in Figure 3, Fig-
ure 4d-e and Figure S5, the distribution of Cl-rich and
P-rich components within the SEI also exhibits a prefer-
ence since the depletion rate of phosphorus is higher as
compared to chlorine during the initial stages of SEI
growth (e.g., at Ewe = 1 V).

In the preceding sections, the discussion has
focused on electrolyte decomposition reactions (i.e., re-
duction reactions) and SEI formation at relatively high
potentials (0.01 < Ewe/V < 2), i.e., prior to lithium plat-
ing. However, after the CC-CV discharge polarization
experiment, lithium plating was also performed. Either
small amounts of lithium (corresponding to 0.2 pAh)
were repeatedly plated with OCV intervals between each
plating step (i.e., using the CTTA method),*¢ or lithium
was plated in a single step with a larger amount of charge
(10 pAh). The general trends visible in Figure 3 and Fig-
ure 4d-e show that the lithium plating results in an in-
crease (or decrease) of peaks that had already evolved
during the polarization experiment, indicating no change
in the reaction products but rather a change in the reac-
tion Kkinetics. Interestingly, as seen in Figure 3d and Fig-
ure S8, the Li 1s peak retains its peak shape and position
but shows an increase in intensity upon lithium plating.
This suggests that the HAXPES analysis area or the per-
forated electrode regions did not align well with the spots
that are favorable for lithium metal nucleation (alterna-
tively, the SEI formation proceeded faster than Li plat-
ing, or the plating occurred below the existing SEI). The
characteristic broad plasmon peak of lithium metal (see
Figure S8b) was also absent. Nevertheless, the plated
lithium metal was corroded by the SE present at the anal-
ysis area, leading to further SEI growth through alterna-
tive galvanic pathways on the sample surface (e.g., elec-
tron conduction through the nickel film and ion conduc-
tion through the solid electrolyte).

So far, we have shown that operando HAX-
PES, with its high sensitivity and ability to monitor re-
gion near the CC at various electrode potentials, is a use-
ful experimental approach for tracking SE reduction and
SEI formation. It not only allows for the identification of
SEI products but also provides insights into the hetero-
geneous/layered microstructure of the SEI. In a second
step, we also explored the reversibility of SEI-forming
reactions. It is known that reduction products of sulfide-
based SEs can be oxidized back to LPS-like phases if the
electrode potential is raised again, offering a certain de-
gree of reversibility to the charge consumed in decom-
position reactions.**® For this reason, at the end of Li
stripping, Ewe was gradually increased back to higher
potentials in order to investigate the onset and course of
SEI (and SE) oxidation reactions.
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Oxidation of SEI and SE. In order to investi-
gate the reversibility of SE reduction reactions, the oper-
ando cell was subsequently and gradually polarized to
Ewe=1V,2V,3Vand4V. The fitted spectra are shown
in Figure 5 and respective residual spectra in Figure S9
(spectra at 0 V and 1 V were similar and thus only the
latter is shown). At Ewe = 1 V, the S 1s spectrum does
not show any considerable change except the appearance
of a rather weak peak at Eg = 2476.7 eV which can be
attributed to sulfite-like species.® This peak exhibits a
slight increase in intensity at Ewe = 2 V vs. Li*/Li. How-
ever, a more prominent peak at Eg = 2479.2 eV (at-
tributed to sulfate-like species based on Eg shift observed
in S 2p in earlier studies®%) emerges at this potential
and gradually intensifies at Ewe = 3 V, and a further in-
crease in intensity occurs when the potential is increased
to Ewe = 4 V. The intensity of this peak follows a trend
opposite to that of the intensity of the Li,S peak, suggest-
ing its formation through oxidative decomposition of
Li>S. Additionally, a new peak at 2472.1 eV also appears
at high potentials. This peak is attributed to elemental
sulfur and oxidized sulfur species (polysulfides with the
general formula Li,S,) which have been reported to form
during cycling of cathode composites consisting of sul-
fide-based SEs. 14394344

It is seen from the intensity trends in Figure
5d-e that oxygen, and particularly lithium fractions at the
surface, rapidly decrease at potentials above Ewe= 2 V.
This is mainly caused by the oxidation of Li»O as can be

seen in Figure 5¢c. Two main peaks in the O 1s spectra
become rather visible at Ewe = 2 V, in parallel with the
formation of sulfites/sulfates as observed in the S 1s
spectra, and thus we associate the O 1s components with
the same species. Interestingly, intensity trends of these
species do not exactly match each other in the O 1s and
S 1s spectra, indicating a heterogeneity in the SEI micro-
structure, with sulfites tending to be located deeper in the
bulk of SEI. The Ni 2p spectrum (see Figure S10) shows
some changes, particularly at Ewe = 4 V, indicating that
the nickel film also appears to take part in oxidation re-
actions at this potential (e.g., sulfate formation).>* The
probing depth in the O 1s core level is higher than the S
1s core level due to differences in electron kinetic ener-
gies (i.e., 4170 eV vs. 2230 eV, respectively), highlight-
ing the possibility of utilizing HAXPES (even with fixed
excitation energy) for studying such layered systems. At
the end of the electrolyte oxidation experiment, the cell
was abruptly brought below 0 V, and lithium metal was
deposited in order to check the reversibility of electrolyte
oxidation reactions. The measurements were performed
after lithium deposition (i.e., at OCV) and the results
show a strong reversal of lithium intensity trends (Fig-
ure 5e) and reappearance of strong Li,S and Li,O peaks
in the S 1s and Li 1s spectra. Remarkably, the binding
energy position of the Li>O-related peak shifted slightly
towards lower energies, suggesting some alterations
within the SEI microstructure during the oxidation-re-
duction cycle. This could be due to changes in the
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location of freshly formed Li,O with respect to the elec-
tronically conductive nickel film (e.g., thus due to alter-
ations in the differential charging effects).

Conclusions

Operando HAXPES experiments were performed on
sulfide-based LigPSsCl solid electrolyte to monitor and
understand its reduction reactions upon lithiation and re-
sulting SEI growth. A thin nickel film (= 6 nm) was used
as a partially photoelectron-transparent current collec-
tor/working electrode to control the electrode potential
(and current) by the external potentiostat. The use of high
photon energies in HAXPES measurements enables the
dynamic investigation of the buried interphase formed
below the nickel film.

The stability window of sulfide-based SEs is
known to be rather narrow, and our work confirms that
reduction already starts at potentials as high as Ewe =
1.75 V vs. Li*/Li, in agreement with theory.!! Side reac-
tions result in significant Li,S formation in the potential
window of 1.5 1.0 V vs. Li*/Li. With decreasing poten-
tial, the change of intensity follows distinct trends for
different elements. The relative intensity of lithium in-
creases as SE reduction progresses. This is partly due to
Li,S formation, but more prominently due to Li,O for-
mation, indicating the involvement of trace-oxygen in
side reactions. The overall intensity trends suggest that
the SEI has a heterogeneous/layered microstructure with
Li>O preferentially located near the current collector, fol-
lowed by Li,S. Additionally, with decreasing potential,
regions near the current collector become increasingly
deficient in chlorine and, even more so, in phosphorus.
Theoretical work is already run to model the underlying
reaction mechanisms,'?%>-% and we are confident that
our approach will be a highly valuable source of experi-
mental data.

The operando HAXPES experiments have also
proven to be useful in studying the reversibility of de-
composition reactions. Upon increasing the potential,
within the 2 - 4 V vs. Li*/Li potential window, Li-O and
Li,S are gradually oxidized to form sulfite and sulfate
species, along with oxidized sulfur species (polysul-
fides). It is shown that these species convert back to the
same major SEI components upon subsequent Li plating.
This demonstrates that our experimental approach is able
to monitor and quantify reversible and irreversible SE
decomposition reactions under dynamic and practically
relevant conditions.
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