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Assessment of Critical Stack Pressure and Temperature in
Li-Garnet Batteries

Matthias Klimpel, Huanyu Zhang, Giulia Paggiaro, Romain Dubey, Faruk Okur,
Lars P.H. Jeurgens, Kostiantyn V. Kravchyk,* and Maksym V. Kovalenko*

Stack pressure and temperature serve as effective means to induce
deformation of the lithium metal anode toward the Li/solid-state-electrolyte
interface, thereby mitigating the well-known issue of void formation during
high-current-density stripping. In this study, a compelling methodology is
systematically assessed for determining the critical stack pressure and
temperature of Li metal anode in conjunction with Li7La3Zr2O12 (LLZO)
solid-state electrolyte, which is the minimum set of values required to
maintain conformal contact between Li and LLZO at a given current density.
The methodology is based on the analysis of the second derivatives of the
voltage profiles of identical Li/LLZO/Li symmetric cells measured during one
half-cycle (3 mAh cm-2) at the same current density but different stack
pressures. The effectiveness of the presented approach in assessing
conditions for mitigating void formation during Li stripping is evaluated
through cycle stability tests performed on Li/LLZO/Li symmetric cells.

1. Introduction

The pursuit of high-energy-density Li-ion batteries has sparked
a surge of research into various solid-state electrolytes, which
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play a pivotal role in enabling the use
of a lithium metal anode.[1] Amid the
myriad of candidates in the realm of
“solid-state electrolytes”,[2] Li7La3Zr2O12
(LLZO) with garnet-type structure has
attracted significant attention in re-
cent years due to its compelling set of
properties.[3,4] These include high Li-ion
conductivity (reaching up to 1 mS cm−1

at room temperature),[5,6] low electronic
conductivity (≈10−8 S cm−1 at room
temperature),[7] exceptional thermal
stability,[8] and compatibility with metal-
lic Li.[9–11] However, as of now, Li-garnet
solid-state batteries (SSB) have not
met the requirements for commercial
viability.[12–14] One of the most substan-
tial challenges associated with employing
metallic Li in conjunction with LLZO
solid-state electrolyte is the appearance of

Kirkendall voids at the Li/LLZO interface during Li stripping.[15]

As described by Janek et al.,[16] these voids form due to an in-
sufficient rate of mass transport, arising from low Li diffusion
and applied pressure, which hinders the replenishment of Li that
dissolves into the solid electrolyte. As a result, this phenomenon
leads to a reduction in the Li/LLZO contact area and a subse-
quent rise in local current densities, also known as current fo-
cusing effect, at the Li/LLZO interface during the subsequent Li
plating.[15–18] The emergence of voids can, in turn, initiate the
growth of Li dendrites at significantly lower current densities
than those necessary for dendrite formation in an unstripped
Li/LLZO interface.

Since void formation during Li stripping is significantly influ-
enced by the external operating conditions, in particular the stack
pressure applied to the cell, their effect on the Li/LLZO inter-
face was recently investigated.[19–22] Namely, Sakamoto et al.[19]

in his pioneering study aimed to determine the critical stack
pressure, which represents the minimum pressure required for
electrochemical Li stripping without the occurrence of voids
at the Li/LLZO interface. The proposed methodology involved
monitoring the overpotential of Li/LLZO/Li symmetrical cells
under a constant applied current density (ranging from 0.005
to 0.4 mA cm−2) while the stack pressure was gradually re-
duced from 3.5 MPa to 1 MPa in 0.5 MPa steps. The criti-
cal stack pressure for a given current density was identified
as the point at which a significant increase in overpotential
was observed. For instance, it was determined that at a cur-
rent density of 0.2 mA cm−2, the critical stack pressure was
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Figure 1. a) Photograph and b,c) cross-sectional SEM images of as-sintered LLZO pellet. d) Powder X-ray diffraction pattern of as-sintered LLZO pellet
after heat-treatment at 900°C for 10 min in Ar atmosphere. e) Arrhenius plot of as-sintered LLZO pellet [inset: impedance spectrum of Au-coated LLZO
pellet at T = 25°C (dots) and fitted data (line)].

≈1.5 MPa. Stripping Li at lower pressures resulted in signifi-
cant polarization of the Li/LLZO/Li symmetrical cell. It is worth
noting that while many other studies have explored the im-
pact of pressure and temperature on void formation,[20–22] they
have mainly focused on the general trend of mitigated void
formation with increasing pressure and temperature, rather
than determining the critical stack pressure. Notably, the influ-
ence of pressure on the formation of void was also assessed
computationally.[23–29]

Following the initial work of Sakamoto et al.,[19] reporting
methodology for determining critical stack pressure, we sought
to further investigate the phenomenon of the void formation, and
aimed to underscore the significance of another factor in unveil-
ing the critical stack pressure, which is the amount of stripped Li
(the areal capacity). In contrast to the previous areal capacity lim-
itations of 0.5, 1, and 2 mAh cm−2, our study expanded the range
to 3 mAh cm−2. This expanded assessment of critical stack pres-
sure is essential for evaluating the necessary pressure for cycling
full cells that incorporate cathodes with maximized areal capacity.
Furthermore, in contrast to the reported methodology of moni-
toring voltage polarization using a single pellet while decreasing
pressure from high to low, our study explores an alternative ap-
proach to determining the critical stack pressure. We used mul-
tiple identical symmetric cells tested at different stack pressures,
thus eliminating the factor of non-identical Li/LLZO interfaces
formed after Li stripping at previous pressure steps, in the case of
one-cell measurements. Additionally, we assessed the methodol-
ogy for determining the critical temperature by conducting anal-
ogous measurements at a specific pressure of 1.25 MPa. The ef-
fectiveness of the presented approach in evaluating the suitability
of temperature, pressure, and areal-capacity-limit conditions for
mitigating of the void formation during Li stripping was assessed
through cycling stability tests conducted on the Li/LLZO/Li sym-
metrical cells.

2. Results and Discussion

The studies on stripping/plating of Li at the Li/LLZO interface
were performed using LLZO pellets prepared by ultrafast sinter-
ing of isostatically compressed commercial LLZO powders with a
nominal composition of Li6.25Al0.25La3Zr2O12 (Figure 1a). Ultra-
fast sintering was performed using a custom-made setup com-
prising two copper electrodes and two superimposed carbon felts
clamped between the electrodes.[30] In a standard sintering exper-
iment, the green-body LLZO pellet was positioned between two
carbon foils and boron nitride plates. These layers were then in-
serted between two pieces of stretched carbon felts that served
as heating elements (see temperature profile in Figure S1, Sup-
porting Information). After sintering, the LLZO pellets were sub-
jected to a heat-treatment at 600°C under oxygen flow to re-
move carbon impurities originating from the graphite foil. Sub-
sequently, an additional heat-treatment at 900 °C for 10 min in
an argon environment was performed to remove Li2CO3 that had
formed on the LLZO surface during the prior heat-treatment.[31]

The cross-sectional scanning electron microscope (SEM) im-
ages (Figure 1b,c) demonstrate the homogeneous density of the
as-prepared LLZO pellet (≈90% of the theoretical density of 5.1 g
cm−3). Powder X-ray diffraction (PXRD) and Raman spectroscopy
measurements (Figure 1d; Figure S2, Supporting Information)
confirmed the pure cubic LLZO structure after sintering and
heat-treatment steps (space group Ia„3d, a = 12.9622(2) Å, V =
2177.89 Å3, ICSD 235 896).[32] The Li-ion conductivity and activa-
tion energy of the as-prepared LLZO pellets were estimated to be
ca. 0.15 ± 0.01 mS cm-1 (RT) and 0.39 eV, respectively (Figure 1e;
Figures S3 and S4, Supporting Information), which are in agree-
ment with previously reported values for LLZO pellets.[33,34]

To assess the chemical purity of the surface of as-prepared
LLZO pellets, which has direct impact on the behavior of Li
plating/stripping at the Li/LLZO interface, pellets were analyzed
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Figure 2. a) Charge-corrected O 1s, C1s, Li 1s, and Zr 4s XPS spectra of as-sintered LLZO pellets after heat-treatment at 900°C for 10 min in Argon
atmosphere, collected before and after sputtering (10 min, 35 min). b) Composition of the LLZO surface as a function of sputtering depth.

in depth by X-ray photoelectron spectroscopies (XPS) combined
with Ar-ion sputter depth profiling. It should be noted that the
XPS system was directly connected to an Ar-filled glovebox, and
therefore, the fabricated samples could be transferred for the
analysis without air exposure. Figure 2 shows the measured O 1s,
C 1s, Li 1s, and Zr 4s spectra of the surface of LLZO pellet and
the corresponding chemical composition of the LLZO surface at
different sputtering depths. XPS survey spectra of an argon heat-
treated LLZO pellet, corresponding compositional sputter-depth
profiles and detailed XPS spectra are shown in Figures S5–S6
(Supporting Information), respectively. As shown in Figure 2, the
surface of LLZO consists mainly of adventitious carbon, as evi-
denced by the presence of the C 1s peaks at 282.9 eV, 284.1 eV,
and 287.5 eV and the O 1s peaks at 529.5 eV and 530.7 eV, which
can be unambiguously assigned to C–C, C = O, O = C–O, and
O = C, O = C–O bonds, respectively.[31] The presence of adven-
titious carbon inevitably results from the interaction of volatile
organics in the glove box with the LLZO surface. The presence
of the C 1s and Li 1s lines at 288.2 eV and 53.2 eV also confirms
the presence of a small amount of Li2CO3 on the LLZO surface.
Importantly, the La 3d, Zr 4s, and O 1s peaks originating from
the LLZO lattice could only be clearly detected for sputter depths
greater than 10 nm. Another O 1s peak at 526.8 eV at the sput-
tering depth of 10 nm through LLZO bulk can be attributed to
Li2O (Li–O bonds), most likely originating from the Li2O along
the rough surface of the LLZO grains and the open pores.[31,35]

Following a comprehensive characterization of the as-prepared
LLZO pellets, electrochemical experiments were carried out to
investigate lithium stripping at the Li/LLZO interface. These ex-
periments were conducted under different pressure and temper-
ature conditions, using symmetrical Li/LLZO/Li cells. Upon ap-
plying current to the symmetrical cell, thereby generating lithium
stripping and plating on opposing sides of the cell, the corre-
sponding potential response was monitored to trace the deviation
from Ohmic behavior over time. This deviation primarily arises

from the formation of voids during the process of lithium strip-
ping at specific current densities. Notably, despite the known abil-
ity of various interfacial layers between LLZO and Li to reduce the
Li/LLZO interfacial resistance and mitigate void formation,[35–38]

this study did not explore their influence on the critical stack
pressure and temperature of the Li/LLZO interface. Our focus
remained on examining Li/LLZO/Li symmetrical cells with an
uncoated LLZO surface.

The Li/LLZO/Li symmetrical cells were fabricated by isostati-
cally pressing lithium foil with a thickness of ≈100 μm at a pres-
sure of ≈350 MPa onto the 700 μm – thick LLZO pellets. As fol-
lows from electrochemical impedance spectroscopy (EIS) mea-
surements, the Li/LLZO interfacial resistance of the prepared
cells was ca. 115Ω cm2 (Figure S8, Supporting Information). Gal-
vanostatic electrochemical measurements were performed by ap-
plying a current density of 0.2 mA cm−2 to Li/LLZO/Li symmet-
rical cells and limiting areal capacity of Li stripping to 3 mAh
cm−2. The selection of current density was based on prior critical
current density (CCD) measurements performed on identically
prepared Li/LLZO/Li symmetrical cells (Figure S9, Supporting
Information). As follows from CCD data, this value of the current
density, on one hand, is the highest at which Li dendrite propa-
gation does not start. On the other hand, it is sufficiently high to
maximize the effect of void formation at the Li/LLZO interface.
The choice of high areal capacity limit of 3 mAh cm-2 was driven
by the stringent requirement for the areal capacity of both anodes
and cathodes to maximize the energy density of Li-garnet batter-
ies. For example, as discussed in by Sakamoto et al.,[39] to achieve
an energy density greater than 250 Wh kg−1, one must use elec-
trodes with an areal capacity of at least 2.5 mAh cm−2. This is
the case for a cell consisting of a LiCoO2 cathode infiltrated with
ionic liquid or carbonate-based electrolytes and combined with a
20-μm-thick LLZO membrane.

The resulting data, demonstrating voltage variations as a
function of the areal capacity (the amount of stripped Li from
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Figure 3. a) Voltage profiles of the Li/LLZO/Li symmetrical cells measured at different pressures (1.25 –5.25 MPa) and room temperature using a current
density of 0.2 mA cm–2. b) Voltage profiles of the Li/LLZO/Li symmetrical cells measured at different temperatures (25–70°C) and a constant pressure
of 1.25 MPa using a current density of 0.2 mA cm–2. c,d) Second derivatives of the curves shown in (a) and (b), respectively (V is the voltage; V is the
capacity). The threshold, representing the maximum stripping areal capacity of Li in the quasi-stable stripping regime is drawn as a dashed line. e,f)
Illustration of the unstable or quasi-stable Li stripping behavior from the Li/LLZO interface as a function of applied pressure e) /temperature f) and
stripping areal capacity. The impedance spectra of Li/LLZO/Li symmetric cells before and after Li stripping under unstable (RT, 1.25 MPa) and quasi-
stable (RT, 5.25 MPa) and (70°C, 1.25 MPa) operating conditions can be found in the Supporting Information (Figure S10, Supporting Information).
FIB-SEM cross-sectional images of the Li/LLZO interface after room temperature Li stripping at two different pressures of 1.25 MPa and 5.25 MPa are
shown in Figure S11 (Supporting Information).

Li/LLZO interface) within a pressure range spanning from 1.25
to 5.25 MPa, are concisely presented in Figure 3a. An analysis of
Figure 3a yields several significant conclusions. As anticipated,
higher pressure levels effectively minimize voltage polarization
and mitigate the formation of voids. This is evident from the
significant reduction in polarization observed at elevated pres-
sures. However, despite the application of substantial pressure,
such as 5 MPa, the positive slopes observed in the curves during
Li stripping indicate that the creep rate remains insufficient to
entirely mitigate void formation. Consequently, the electrochem-
ical methodology employed does not allow for a precise determi-

nation of the critical stack pressure value, but rather allows for a
qualitative identification of the stack pressure required to achieve
quasi-stable Li stripping regime with minimal void formation. In
contrast, the second derivative of the voltage profile can be em-
ployed as an indicator of quasi-stable or unstable conditions dur-
ing Li stripping. When the second derivative deviates from zero,
indicating a nonlinear increase in overpotential, it signals unsta-
ble Li stripping conditions, suggesting a rapid change in the rate
of void formation. Conversely, if the second derivative remains
close to zero, it points to a quasi-stable Li stripping regime in
which the interface can be considered quasi-stable. Therefore, in
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Figure 4. a) Voltage profiles of the Li/LLZO/Li symmetrical cell, measured at current densities of 0.2, 0.5, 0.6, and 0.7 mA cm–2, with a capacity limitation
of 3 mAh cm–2 per half-cycle. Measurements were performed at a pressure of 1.25 MPa and a temperature of 70°C. Enlarged individual voltage profiles,
measured at a current densities of 0.2 b), 0.5 c), 0.6 d), and 0.7 mA cm–2 e). Cross-sectional FIB-SEM images of the Li/LLZO interface of the Li/LLZO/Li
symmetrical cell before f) and after g) cycling.

the context of the experimental approach employed, we propose
to use of the term “quasi-stable critical stack pressure” instead
of “critical stack pressure”, which represents the boundary be-
tween unstable and quasi-stable Li stripping conditions. Notably,
the concept of using the second derivative as an indicator of an
unstable/quasi-stable regime was first introduced by Sakamoto
et al.[22] when studying the effect of Li thickness on the electro-
chemical performance of Li/LLZO anodes. Importantly, analysis
of the second derivatives of the voltage profiles recorded at differ-
ent pressures indicates that a pressure of 3.25 MPa or higher is
required to achieve quasi-stable Li stripping behavior (Figure 3c).
In contrast, utilizing pressures of 1.25 and 2.25 MPa fails to sta-
bilize the Li/LLZO interface during Li stripping, ultimately re-
sulting in a nonlinear increase in voltage polarization. A more
visually intuitive representation of the data in Figure 3c is pro-
vided in Figure 3e. This figure illustrates the range of pressure

values and the corresponding maximum Li stripping area capac-
ity at which unstable or quasi-stable Li stripping conditions can
be anticipated at a current density of 0.2 mA cm−2. Next, to com-
prehend the impact of the temperature on achieving the quasi-
stable Li-stripping conditions, we performed additional measure-
ments of the symmetrical Li/LLZO/Li cells at different tempera-
tures while maintaining a constant pressure of 1.25 MPa. The
results of these experiments are consolidated in Figure 3b,d,f.

Notably, the temperature plays a crucial role in reducing the
voltage polarization, as evidenced by the significantly flatter
slopes of the voltage profiles compared to those observed at room
temperature, even at higher pressures in the range of 3–5 MPa.
Furthermore, these findings reveal that even a relatively low tem-
perature of 50°C enables the stabilization of the Li/LLZO inter-
face, even when applying the minimum pressure of 1.25 MPa
(Figure 3d,f). These results align with the observations made by
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Hatzell et al.,[20] highlighting the substantial impact of temper-
ature in mitigating void formation. It should also be noted that
the observed quasi-stable lithium stripping conditions, i.e., a tem-
perature of 50°C and a stack pressure of 1.25 MPa, are within the
requirements for practical application in electric vehicles.[40,41]

To validate the robustness of our methodology for identify-
ing unstable and quasi-stable Li-stripping conditions and, conse-
quently, to assess the effectiveness of the selected pressure, tem-
perature, and areal capacity limit in achieving high cycling per-
formance for a Li anode in conjunction with an LLZO solid-state
electrolyte, we conducted cycling stability tests on the symmet-
rical Li/LLZO/Li cells. These experiments were performed un-
der quasi-stable conditions, involving a pressure of 1.25 MPa,
a temperature of 70°C and areal capacity limit of 3 mAh cm−2.
Notably, the voltage profiles obtained from the Li/LLZO/Li sym-
metrical cell at a current density of 0.2 mA cm−2 remained rel-
atively stable for ≈30 cycles (Figure 4a,b). These results indicate
that under the applied conditions, it is indeed possible to effec-
tively mitigate void formation and underscores the practical util-
ity of the discussed methodology in determining the quasi-critical
stack pressure or temperature. It is important to note, however,
that these maps are applicable when maintaining the same cur-
rent density, which in our case was 0.2 mA cm−2. If the current
density is increased, the pressure-temperature conditions must
be adjusted accordingly. This is demonstrated in Figure 4c–e,
which show voltage profiles at higher current densities of 0.5,
0.6, and 0.7 mA cm−2, revealing increased voltage polarization
and indicating the presence of void formation. This observation
was further confirmed by focused-ion-beam scanning electron
microscopy (FIB-SEM) measurements, which unveiled the for-
mation of 10-μm sized voids at the Li/LLZO interface after cycling
the Li/LLZO/Li symmetrical cell at the current density of 0.7 mA
cm−2 (Figure 4f,g).

3. Conclusions

In summary, our research has focused on understanding the role
of stack pressure and temperature in mitigating the well-known
issue of void formation at the Li/LLZO interface during high-
current-density Li stripping. We have examined the methodology
for assessing the quasi-critical stack pressure and temperature of
Li metal anodes when paired with LLZO solid-state electrolytes.
It is based on the comparative analysis of the voltage profiles and
their second derivatives obtained from galvanostatic measure-
ments over the one half-cycle, employing identical Li/LLZO/Li
symmetrical cells at varying pressures. In particular, we have
demonstrated that the second derivative of the voltage profile can
be used as an indicator of the stability of the Li/LLZO interface
during Li stripping, thereby enabling the determination of the
ranges of pressure, temperature, and maximum achievable areal
capacity of Li stripping at which the impact of the void forma-
tion can be minimized. For instance, our experiments have un-
veiled that quasi-stable Li stripping in Li/LLZO/Li symmetrical
cells at a current density of 0.2 mA cm−2 can be achieved at a
3.25 MPa at room temperature or 1.25 MPa at 50°C. Importantly,
we demonstrated the effectiveness of this methodology by con-
ducting cycle stability tests (current density of 0.2 mA cm−2 and
areal capacity limit of 3 mAh cm−2) on the Li/LLZO/Li symmet-

rical cells in combination with Li/LLZO cross-sectional FIB-SEM
measurements.

4. Experimental Section
Preparation of LLZO Pellets: 240 mg of aluminum-doped LLZO (Al-

LLZO powder, Ampcera, 500 nm nanopowder) was loaded into a die (d =
1 cm) and uniaxially compressed with a force of ≈10 kN. The surface of
the green body pellets was then carefully polished with SiC abrasive pa-
per to remove any visible impurities. The polished pellets were dried in
air at 200°C for 30 min, followed by additional heat-treatment at 900°C
for 10 min in an argon-filled glove box (Inert Corp, O2 < 0.1 ppm, H2O
< 0.5 ppm) on the sacrificial LLZO pellets as a substrate. Sintering of the
as-prepared LLZO pellets was performed using a custom setup (see Ref.
[30]) under an argon atmosphere (in an Ar-filled glove box) between two
graphite foils. The pellets were pre-heated to 1000°C for 20 s and then
sintered at 1200°C for 120 s (see Figure S1, Supporting Information for
a typical temperature profile). To remove any carbon impurities from the
surface, the sintered pellets were then heat-treated at 600°C for 2 h (heat-
ing rate: 600°C h−1) in an oxygen atmosphere and polished with 20-μm
diamond paper to a thickness of ≈700 μm. For a final surface treatment,
the pellets were placed in the Ar-filled glove box and heat-treated at 900°C
for 10 min on the sacrificial LLZO pellets as a substrate.

Symmetrical Cell Preparation: Symmetrical cells were fabricated by iso-
static pressing lithium metal discs (thickness ≈ 100 μm and d ≈ 6 mm)
to on both sides of an Al-LLZO pellet at a pressure of 1000 kN (equivalent
to ≈350 MPa) using a PW 100 EH cold isostatic press (P/P/Weber) for
3 min in an inert environment. Lithium metal discs were prepared from
the small pieces of lithium metal rod by rolling them into a foil.

Electrochemical Testing: Electrochemical measurements of
Li/LLZO/Li symmetrical cells under pressure and the temperature
were performed in the argon-filled glovebox, using the custom-made
setup (Figure S12, Supporting Information) connected to a BioLogic
VMP-300 multichannel workstation. Electrochemical impedance spec-
troscopy measurements were conducted with a BioLogic SAS MTZ-35
using a frequency range of 35 MHz to 10 Hz with a sinus peak amplitude
of 10 mV.

Materials Characterization: PXRD was measured on a STOE STADI P
powder X-ray diffractometer in transmission mode (Cu-K𝛼1 irradiation, 𝜆=
1.5406 Å). Fracture cross-section SEM images were recorded on a Hitachi
TM3030Plus tabletop microscope with an acceleration voltage of 5 kV.
Cross-section FIB-SEM images were prepared on a Thermo Fisher Sci-
entific Helios 5 Hydra Multi-Ion-Species Plasma FIB Microscope. Cross-
sections were made by argon ion beam milling with an acceleration volt-
age of 30 kV and a current of up to 2.0 μA. Corresponding SEM images
were recorded with a stage tilt of 52° using an acceleration voltage of 2 kV
in secondary electron mode. The images are shown with tilt correction.

XPS analysis was performed using a PHI Quantes spectrometer
(ULVAC-PHI), equipped with a conventional low-energy Al-K𝛼 source
(1486.6 eV). The XPS spectrometer was directly connected to an Ar-filled
glove box, thus allowing an in-situ transfer of LLZO pellets between the
synthesis and XPS glovebox without their exposure to air. The energy scale
of the hemispherical analyzer was calibrated according to ISO 15 472 by
referencing the Au 4f7/2 and Cu 2p3/2 main peaks (as measured in situ
for corresponding sputter-cleaned, high-purity metal references) to the
recommended BE positions of 83.96 eV and 932.62 eV, respectively. The
probing depths for the La 3d, Zr 3d, O 1s, C 1s, and Li 1s spectra recorded
from LLZO using Al-K𝛼 X-ray radiation (h𝜈 = 1486.7 eV) are 3.6, 5.5, 4.8,
5.5, and 6.6 nm, respectively.[35] Charge neutralization during each mea-
surement cycle was performed with a dual beam charge neutralization
system using low-energy electron and argon-ion beams (1 V bias, 20 μA
current).

Compositional sputter-depth profiles were obtained by performing
alternating cycles of XPS measurement (Al-K𝛼 at 51 W; beam diameter
≈200 μm) and sputtering with a focused 1 keV Ar beam, rastering an
area of 2×2 mm2. During each measurement cycle, the Li 1s, La 3d, Zr
3d, C 1s, and O 1s regions were recorded with a step size of 0.05 eV and
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a pass energy of 280 eV. The etch rate was calibrated to be 2 nm min−1

on a 100 nm Ta2O5/Ta reference sample. XPS survey spectra, covering
the binding energy (BE) range of 0 eV – 1200 eV (XPS), were recorded
with a step size of 0.5 eV at a constant pass energy of 280 eV using
the Al-K𝛼 source (power 51 W; beam diameter ≈200 μm). Importantly,
considering that the same binding energy position (282.9 eV) of C-C
peaks was observed in each spectrum at different sputtering depths due
to constant charging effect on the LLZO sample,[42] their calibration was
not performed. For comparison with literature data, all peak positions of
spectra can be shifted forward by 1.9 eV to higher binding energies.

Spectral reconstruction was performed by linear-least squares fitting
of the background corrected spectra with one or more symmetric, mixed
Gaussian–Lorentzian line shape functions using the CasaXPS software.
The Gaussian fraction of each peak component (representative of instru-
mental broadening) was constrained to 0.5. The same full width at half
maximum (FWHM) and relative BE position of each peak component were
kept constant when fitting peaks at different sputtering depths. Notably,
the peak shape and position of Li 1s at each depth were set to free, as it
is impossible to differentiate between the different Li 1s chemical species
(the chemical shifts are too small as compared to the intrinsic line width).
The quantitative analysis of each component shown in Figure S6 (Support-
ing Information) was performed by calculating the areas of the fitted peaks
without normalization. The relative composition profiles of Li2O and LLZO
were estimated from the quantitative analysis of the O 1s spectrum with a
relative sensitivity factor of 2.93, while the relative compositions of Li2CO3
and Cadv were estimated from the C 1s spectrum with a relative sensitivity
factor of 1.

Raman spectroscopy measurements were conducted on a Horiba
LabRAM HR Evolution UV-VIS-NIR system using a 532 nm laser with a
power of 300 mW. The samples were sealed between thin glass slides in
an Argon atmosphere.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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