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ABSTRACT

Interfacial materials design is critical in the development of all-solid-state lithium batteries. We
must develop an electrode—electrolyte interface with low resistance and effectively utilize the
energy stored in the battery system. Here we investigated the highly resistive layer formation
process at the interface of a layered cathode: LiCoO», and a garnet-type solid-state electrolyte:
Lig4LasZr1 4Tao6012, during the co-sintering process using in-situ/ex-situ high-temperature X-ray
diffraction. The onset temperature of the reaction between a lithium-deficient LixCoO> and
Lig4LasZr1 4Tao 6012 is 60 °C, while a stoichiometric LiCoO, does not show any reaction up to
900 °C. The chemical potential gap of lithium first triggers the lithium migration from the garnet
phase to the LixCoO> below 200 °C. The lithium-extracted garnet gradually decomposes around
200 °C and mostly disappears at 500 °C. Since the interdiffusion of the transition metal is not
observed below 500 °C, the early-stage reaction product is the decomposed lithium-deficient
garnet phase. Electrochemical impedance spectroscopy results showed that the highly resistive
layer is formed even below 200 °C. The present work offers that the origin of the highly resistive
layer formation is triggered by lithium migration at the solid-solid interface and decomposition of
the lithium-deficient garnet phase. We must prevent spontaneous lithium migration at the cathode-
electrolyte interface to avoid highly resistive layer formation. Our results show that the lithium
chemical potential gap should be the critical parameter for designing an ideal solid-solid interface

for all-solid-state battery applications.

INTRODUCTION

All-solid-state lithium batteries, consisting of electrodes and non-flammable solid-state

electrolytes, exhibit significant advantages over lithium-ion batteries in terms of safety and energy



density!. Among possible choices for the solid-state electrolytes, garnet-type lithium-ion
conductor LizLa3Zr,012(LLZO)? and its derivatives?® are promising materials due to their relatively
high conductivities (in cubic phase, up to 10 Scm™). Furthermore, their wide theoretical
electrochemical window enables us to use a high-voltage cathode and lithium metal anode.
Nevertheless, there are critical issues with interface formation for smooth charge transfer between
the solid-solid interfaces of the garnets and lithium metal or oxide cathode materials. The biggest
challenge in the development of the all-solid-state lithium batteries using the garnet-type lithium
ion conductor is the formation of the cathode-electrolyte interface.*!!

The high-temperature sintering process, generally employed for ceramic capacitor production,
is necessary to form a smooth interfacial junction between the cathode and electrolyte. However,
the co-sintering process of the cathode active material and solid-state electrolyte leads to side
reactions at the solid-solid interface resulting in poor electrochemical properties.*!2 A
computational study predicted that the layered oxide cathode, such as LiCoO2(LCO) with LLZO
interfaces, is more stable than other transition metal cations in the cathode (LiMn2Os and
LiNio3Mno3Co00302)'3. Vardar et al. identified that the most likely reaction products at the
interface are La>Zr,07 and LaCoO3 due to annealing up to 500 °C '°. On the other hand, theoretical
studies have predicted no decomposition products between garnets and LCO !3. This prediction
does not match well with experimental findings. We must remember that the discrepancy comes
from the sintering temperature and environment, which is not considered in those calculations. In
the previous study, the decomposition layer, arising from the thermodynamic driving force such
as thermal treatment, is recognized to be the non-conducting phase via transition metal diffusion
at high temperatures™’1°. Decreasing the sintering temperature is the most straightforward

solution to suppress the side reactions, and thus various sintering strategies were attempted to



improve electrochemical properties.!*!° However, the electrochemical properties are degraded
even at 350 °C, below the detectable temperature of the reaction layer®. This means that other
factors contribute to the degradation of electrochemical properties besides the transition metal
diffusion. We suspect that the interdiffusion of lithium ions rather than transition metal ions
triggers the highly resistive layer formation at the electrode-electrolyte interface.

Recent studies have revealed that surface coating by LiNbO3;(LNO) at the solid electrolyte-
cathode interface successfully prevents the interdiffusion of the transition metals on thermal

2022 Bo et al. reported that

treatment and decreases interfacial resistances experimentally
computational analysis of the LCO-LNO-B-Li3PS4 solid electrolyte interfaces provides a reliable
explanation for the effectiveness of the coating layer?*. The LNO coating effectively decreases the
interfacial resistance by reducing the Li* electrochemical potential gap at the cathode electrolyte
interface, which also partially acts as the migration barrier of Li* ions. Despite the importance of
understanding the transport behavior of Li" ions at the solid-solid interface, there is no
experimental demonstration to investigate the influence of lithium migration on the highly resistive
layer formation process. Accordingly, we focused on the migration behavior of lithium ions at the
solid-solid interface. We investigated the highly resistive layer formation process using a model
interface that facilitates lithium migration.

In the present study, we attempted to determine the critical parameters of the highly resistive
layer formation process. We examined the chemical degradation mechanisms of the LCO-LLZTO
interface during thermal treatments. We reveal that the lithium migration at the cathode-electrolyte
interface triggers the formation of the highly resistive layer. We compared the reactions of LLZTO

with a stoichiometric LiCoO; and a chemically delithiated LiCoO»(LixCoO>, LxCO), which must

have different Li chemical potential gaps (Apwi). High-temperature in-situ XRD measurements



revealed that the phase separation of LLZTO is triggered at a much lower temperature than in
previous reports, with a detrimental impact on the interface resistance. Our findings in the present
work propose desirable materials design strategies at the solid-solid interface, particularly

preventing lithium extraction from LLZTO during the cathode-electrolyte interface formation.

EXPERIMENTAL PROCEDURE

Synthesis of Lis.4LaszZr1 4Tao 6012 and delithiated LiCoO>

The garnet-type lithium ion conductor LissLazZr14TaosO12(LLZTO) is synthesized via a
conventional solid-state reaction. Stoichiometric amounts of LiOH-H>O (Nacalai Tesque, >99.0%),
La(OH)3 (Wako, >99.9%), ZrO» (Tosoh), and TaxOs (Wako, >99.9%) were mixed with excess
LiOH-H>0 of 10 wt.% to compensate for the lithium evaporation during the sintering process. The
starting materials were grounded and mixed using a planetary ball milling (Pulverisette 7, Fritsch,
Germany) with zirconia milling media in acetone for 2 hours, followed by a drying process. The
mixed powder was sieved through a 600 um sieve and pelletized at 354 MPa. The pellets were
placed on a gold sheet and confined in a crucible with a lid for calcination. Subsequently the pellets
were calcined in an electric furnace (Electric Furnace 300-plus, Denken-Hydenthal) in the ambient
atmosphere at 900 °C for 12 hours at a heating rate of 10 °C min'!. The crucible with pellets was
removed from the furnace at 500 °C, immediately transferred to an antechamber of a glove box,
and cooled it down to room temperature under vacuum to avoid reactions with moisture or
CO,?. Figure S1 shows the powder XRD patterns of synthesized LLZTO. All the observed peaks
correspond to cubic LLZTO (ICDD PDF 04-018-9024).

Delithiated LiCoO2 was prepared by chemical oxidation of LCO (>=99.0%, Japan Chemical

Industry) using chlorine gas following the procedure reported in Ref 2°. An LCO powder is



immersed in acetonitrile and delithiated with chlorine gas in the presence of AlICI3, based on the

following equation (1).

LiCo0, + xAlCl; + gczz - Li;_,Co0, + xLiAlCl, (1)

Chlorine gas acts as an oxidizing agent (4.40 V vs. Li+/Li), and AICI; acts as a Lewis acid to
dissolve the LiCl on the surface of LCO. Into an air-tight glass flask (~1.19 dm?) with a glass lid
equipped with a value, 10.0 g of LCO (0.102 mol), 13.6 g of AICIl; (0.102 mol), and 75 mL
acetonitrile were added under a dry Ar atmosphere. After the glass flask was connected to the
reaction line and the Ar gas inside was pumped off, 50 kPa of chloride gas (~24.0 mmol) was
slowly introduced from a storage cylinder. After agitation of 24 hours, the residual chlorine gas
was pumped out. 9.28 g of the final product was obtained by washing with acetonitrile,
centrifugation (3 times), and solvent removal under vacuum. The obtained products were
characterized as LixCoO> (x=0.55) by XRD analysis in Fig. S2. The lithium content in LxCO was

determined by the 003 peak position.

Sample preparation and characterization

The LLZTO powder was mixed with an LCO (or LxCO) in a mass ratio 1:1 using a mortar and
pestle. The mixture was pressed into pellets under 354 MPa to ensure good contact among particles.
The pellets were calcined at 60-900 °C for 12 hours under an argon atmosphere.

Structural characterizations of samples were performed using an X-ray diffractometer (D8
Advance, Bruker) equipped with Cu Ka radiation operating at 40 kV and 40 mA. All the Ex-situ

XRD measurements were carried out using an airtight sample holder to avoid air exposure. In-situ



XRD measurements were carried out using a high-temperature chamber (HTK-1200, Anton Parr)
in a temperature range of 60—900 °C under Ar flow with 3 hours of temperature holding time
before each measurement. Surface morphology was observed using FE-SEM (JSM-6335F, JEOL),

and elemental mapping was performed by EDX (JED-2200, JEOL).

Electrochemical Measurement
An OCV measurement was performed to estimate pri gap between LLZTO and LCO. Sintered
pellets of LCO and LLZTO were prepared independently. An Au electrode was fabricated on one

side of each pellet using a DC sputter coater (SC-701 MK II Advance, Sanyu electron) in a glove

box. The LLZTO and LCO pellets with Au electrodes are stacked in an electrochemical cell, as
shown in Fig. S3. The OCV measurement was taken using a multichannel Potentio-/Galvano-stat
(VMP-3, Biologic).

The interfacial resistance measurement was also performed by electrochemical impedance
spectroscopy (EIS). We employed a cell configuration with Au | LLZTO | stainless-steel, SS (SUS-
316L, Nilaco)-LxCO composite | SS. The SS powder improves the electrical conductivity of the
LxCO pellet without a high-temperature sintering process. The SUS powder was pressed into a
pellet of 10 mme at 255 MPa. A mixture of SS and LxCO (x=0.78, 0.9) powders on the SS pellet
was placed and pressed at 255 MPa. The LLZTO sintered body was prepared by sintering at
1000 °C for 12 hours using as-calcined LLZTO powder at 900 °C. On one side of the LLZTO
pellet, an Au electrode was fabricated after polishing the LLZTO surface with sandpaper. This
fabricated LLZTO pellet was stacked on the SS-LxCO composite-SUS bilayer pellet and pressed
at 127 MPa to form the Au | LLZTO | SS-LxCO composite | SS quartet-layered pellet. EIS

measurements from 1 MHz to 10 mHz were acquired at room temperature. AC amplitude was set



to 10 mV and DC potential was kept equal to the OCV during the measurement. The annealing

treatment of the quartet-layered pellet was applied in Ar atmosphere for 3 hours.

RESULTS AND DISCUSSION

Figure 1 shows high-temperature in-situ XRD patterns of the LLZTO and the LCO composite
up to 900 °C taken every 100 °C. These diffraction patterns show that LLZTO and LCO are
continuously observed from room temperature to 900 °C. In the case of the stoichiometric LCO,
any decomposed products of LLZTO or LCO were not detected even up to 900 °C, which is

consistent with previous literature >,
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Figure 1. In-situ XRD patterns of composite pellets of the lithium-ion conductor
Lig4La3Zri 4Tag6012 (LLZTO) and the cathode active material LiCoO; (LCO) heating from room

temperature to 900 °C.



Figure 2 shows in-situ XRD patterns of LLZTO and LixCoO2 (x=0.55, LxCO). The LxCO
immediately reacts with the LLZTO, as shown in Fig. 2a. The onset temperature of the reaction is

80 °C. The peak assigned to LxCO 003 reflection shifts toward higher angles between 80-180 °C

(Fig. 2b), resulting in the stoichiometric LCO formation. A small shoulder appeared on the peak
profile of LxCO 003 reflection on the high-angle side at 80 °C. This suggests lattice shrinkage
along the c-axis with lithium insertion into the layered structure. With increasing temperature, the
peak gradually shifts to a higher angle associated with broadening the profiles. The broadened
peak splits at 110 °C, and the peak intensity at the higher angle gradually increases. Eventually,
the peaks merge into one at 180 °C. The broadened peak is attributed to the inhomogeneous
interface reactions due to nonuniform interparticle contacts between LxCO and LLZTO. Besides
the peak shift of the LxCO, the peak intensity ascribed to LLZTO slightly increased during the
heating process up to 200 °C and then decreased at the temperature above 200 °C (see Fig. 2a).
We suspect the intensity change could be attributed to the atomic rearrangement of the lithium and
oxygen in the LLZTO by the lithium and oxygen vacancy formations. The peaks corresponding to
LLZTO gradually decayed during the subsequent heating process and mostly disappeared at
500 °C. The decomposed products of LLZTO exhibit poor crystallinity without long-range atomic
rearrangement. Hence the characterization of the decomposed LLZTO becomes difficult by XRD
measurements. Since the crystallization of the LaxZr,O7, the preferred product of the phase-
separated LLZTO is not observed at 500 °C, diffusions of the transition metal ions are still
negligible. The decomposition of LLZTO <500 °C indicates that the lithium insertion into LxCO
to form the LCO discussed above corresponds to the lithium extraction from the LLZTO.

Consequently, a lithium-deficient LLZTO is formed.



Figure S4 shows the integrated peak intensities of LCO 003 and 104 reflections in LLZTO and
LxCO mixture up to 900 °C. The LCO does not offer any changes from 200 °C to 400 °C. Then
the peak intensities corresponding to the 003 reflection rapidly increase from 400 °C to 500 °C.
We assume that the improvement in crystallinity is due to the decrease in stacking faults of LCO
because only the 003 peak showed significant increase compared with the 104 peak. Subsequently,
the peak intensities correspond to the LCO drastically decreasing at 600 °C, indicating the
decomposition of LCO occurs above 500 °C. The crystallization of other oxide phases, such as Li-
poor phases like La;Zr,07 and LaCoQs3, are observed due to the inter-diffusion of transition metals
only above 600 °C. The detection of LaxCo20s indicates Co reduction accompanying O> gas
evolution at a higher temperature. The CoO and Co3;O4 derived from LCO are also detected
because of compositional deficiencies such as Li evolution and transition metal migration. The
possible reaction steps above are summarized as follows. In the low-temperature range below
200 °C, Li migration from LLZTO into LxCO is observed. Along with the lithium migration, the
lithium-deficient LLZTO 1is formed from 80 °C to 180 °C. The lithium-deficient LLZTO
decomposes above 200 °C without the interdiffusion of transition metals between the LLZTO and
LCO. The interdiffusions of the transition metals are observed above 500 °C. The reaction products
crystallize above 600 °C.

This decomposition of LLZTO occurs at much lower temperatures than the temperature range
for highly resistive layer formation via transition metal interdiffusion reported in previous studies.
This result suggests that the structural evolution of LLZTO is the origin of the highly resistive

layer formation.
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Figure 2. In-situ XRD patterns of the composite pellets of LLZTO and delithiated LiCoO»
(LxCO, x=0.55) powder mixture calcined from room temperature up to 900 °C (a). Detailed

LxCO 003 profiles change up to 200 °C (b).

Figure 3 shows the relative peak intensity of the LLZTO 211 reflection during the heating
process normalized with room temperature. The peak intensity change is negligible in the case
only LLZTO is calcined. A similar trend is observed in LLZTO and LCO mixture. The negligible
intensity changes show that the bulk LLZTO is thermally stable against LCO up to 900 °C. On the
other hand, the LLZTO and LxCO mixture exhibited completely different behavior. The integrated

peak intensity of LLZTO 211 reflection increases from R.T. to 200 °C and subsequently decreases
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at higher temperature regions. Eventually, the peak disappears above 500 °C. The initial increase
of the peak intensity is probably due to the oxygen vacancy formation upon lithium extraction
from LLZTO because the Li migration from LLZTO into LxCO has been finished up to 180 °C.
(See Fig 2 (b)) Considering the possible oxygen loss along with the lithium migration, we also
simulated powder XRD patterns for the oxygen- and lithium-deficient LLZTO using VESTA
software 2%, and compared the simulated results with the experimental data. Since we found that
the intensity of the LLZTO 211 reflection peak: /211 and 420 peak: ls0 slightly changed via the
introduction of the oxygen- and lithium- vacancies, the >11/1420 values calculated via simulation
and experimental data are summarized in Table S1. The simulation results showed that the /211/1420
value increased with the introduction of both oxygen- and lithium- vacancies. Among the
experimental results, the 1>11/1420 value increases only in case the LLZTO and LxCO mixture at
100200 °C. Therefore, we assume that the oxygen loss from LLZTO simultaneously occurs
during the lithium migration from LLZTO to LxCO. We also think oxygen loss is necessary to
compensate for the charges in the LLZTO. After the lithium migration with oxygen loss, the

oxygen- and lithium-deficient garnet structure gradually collapses with increasing temperature.
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Figure 3. The relative peak intensity of the LLZTO 211 reflection at each temperature during
the heating process normalized with the intensity at room temperature. The black, red, and blue

dots show each value of LLZTO, LLZTO-LCO mixture, and LLZTO-LxCO mixture, respectively.

Ex-situ XRD measurements are conducted to confirm the influence of heating duration
compared to in-situ XRD measurements. The ex-situ XRD diffraction patterns of the LCO and
LLZTO mixture calcined every 100 °C are shown in Fig. S5. Even with the long calcination time
of 12 hours, the LLZTO and LCO are maintained up to 900 °C. This result indicates that the
interdiffusions of the transition metals between the LLZTO and LCO are negligible.

The ex-situ XRD patterns of the LLZTO and LxCO mixture are shown in Fig. S6. Similar trends
are also observed regardless of heating duration. The results show that the reactions between
LLZTO and LxCO are completed within 3 hours because of the fast Li diffusion. The ex-situ XRD
results are consistent with the in-situ results until 150 °C and slightly different above 500 °C. The
initial LCO formation by Li migration into LxCO is observed below 100 °C. (Fig. S6(b) The peak

intensity of the LLZTO 211 reflection increased to 150 °C and decreased above 200 °C. (Fig.
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S6(a)) Another complex oxide, CozLazTaOy, is observed above 700 °C. Long heating duration
provides sufficient time for the atomic rearrangement of transition metals, especially in Ta
diffusion, resulting in a thermodynamically stable phase.

We also investigated the elemental distribution across the LxCO-LLZTO interface to confirm
the interdiffusion of transition metals. Figure 4 shows SEM-EDX line scans of LLZTO and LCO
composite calcined particles at various calcination temperatures. The La, Zr, and Ta distributions
show similar profiles at 200 °C, suggesting that the garnet phase is maintained after the lithium
extraction. The garnet phase loses its crystallinity from 200 °C to 500 °C, and the distributions of
the transition metals in LLZTO slightly changed, especially near the LCO-LLZTO interface. The
trace of an interdiffusion of these transition metals at 500 °C agrees with the XRD study discussed
above. Once the temperature reaches 900 °C, the line profiles of La, Zr, and Ta exhibit different
distributions, showing the phase-separation of LLZTO.

Furthermore, a strong signal of the Co profile at the LLZTO side also shows a significant Co
diffusion into the garnet phase. Combined with the XRD analysis (see Fig. 2), line analysis shows
that lithium extraction's primary reaction <500 °C is the LLZTO decomposition. The transition
metal interdiffusion subsequently occurs above 500 °C and the crystallization of reactants above

600 °C.
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900 °C
Figure 4. SEM-EDX line scans of the LLZTO and LCO interphase calcined at 200 °C, 500 °C,
and 900 °C. The blown, blue, light blue, and pink lines correspond to Co, Ta, La, and Zr,

respectively.

Thermodynamics of the LLZTO-LxCO interfacial reaction

We calculated the reaction Gibbs energy of LLZTO and LxCO (x=0.5) to validate the lithium
extraction from LLZTO and LCO formation using DFT calculation data from Materials Project
2730 Since the phase separation of LLZTO is complicated, we chose lithium oxide (Li.O) to
replace the LLZTO because the stable pri range in the Li>O mostly overlaps with that in LLZTO.
We think the Li2O also worked as a lithium source for the LCO formation and calculated the Gibbs

energy of the following reaction.
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2Lig5C00;+Liz0 — 2LiC00, + 5 Liy05 = 2LiC00; + = Li0 + =0, (2)

Since the calculated Gibbs energy of the reaction is a negative value of -1.03 eV, the reaction is
supposed to proceed spontaneously. This reaction requires the oxidation of LLZTO associated
with the reduction of LxCO; hence, the reaction progresses with oxygen evolution via the phase
separation of LLZTO. The oxygen evolution agrees with the above discussion concerning Fig. 3
and Table S1. Furthermore, the delithiated LxCO drastically reacts to LLZTO at a low temperature
of 80°C, while LCO exhibits no predominant reaction with LLZTO. These reactivity differences
are described by the lithium chemical potential gap (i) at the LCO(or LxCO)-LLZTO interface.
Thermodynamic properties of interfaces between two materials depend on the electrochemical
potential of mobile ions and electrons®!'. The thermodynamic stabilities are attributed to the sum
of each electrochemical potential in the case of mixed ion-electric conductors. The difference in
the chemical potential gap of lithium at the interface could be the primary driving force for lithium
migration and phase separation. If Apy; at the interface is enough high, we suppose the lithium
migration should occur at a lower temperature. Therefore, we also investigated the LxCO-LLZTO
reaction at lower temperatures, as shown in Fig. S7. The long heating duration of 12 hours enabled
the lithium migration at 60 °C. The result indicates that the onset temperature depends on the
reaction kinetics.

We suspect the reported self-discharge and/or poor coulombic efficiency of LLZTO/LCO
batteries at elevated temperatures are initiated by the spontaneous lithium migration discussed

above’>*. Kim et al. fabricated a Li/LLZO/LCO cell using two types of LLZO and measured the

16



open circuit voltage after charging the cell to 4.05 V. Even with the improved electrochemical
properties, the cell voltage continuously dropped for 2 hours®2. Ye et al. fabricated LCO/LLZO
composite cathode via a tape casting process and cycled the cell at 60 °C. The cell showed a
coulombic efficiency of 60% at the 1% cycle and 90-95% during the following cycles.

A theoretical study also supports the instability of the LLZTO against LxCO. Nolan A. et al.
reported'? the calculated stability ranges for various solid electrolytes and cathode active materials
to be represented by a potential window (0 eV / atom vs. lithium metal). Since LCO has a pri
stability range, which overlaps with LisLa3ZrO12 (LLZO), the pii in both LCO and LLZO stays
within the potential window. On the other hand, the pr; in Lip.sCoO2 does not overlap with that of
LLZO. Thus, the LipsCo0O; preferably absorbs lithium from LLZO to achieve equilibrium of py;.

Through electrochemical measurement, we attempted to prove the predicted relationship of pr;
between LLZTO and LxCO. Gerischer et al. described the chemical potential corresponding to the

total Gibbs free energy (AGyy¢q;) Of the reaction as follows?!.

AGrorar = —eAV (3)

Here, the AV is the open circuit voltage (OCV), and e represents the elementary charge. Hence,
we measured the OCV to estimate the magnitude relationship of lithium chemical potential (pi)
between LLZTO and LCO. The LLZTO exhibits 0.6 V lower than LCO, as shown in Fig. S3. The
measured OCV value of 0.6-0.7 V is consistent with the theoretical calculation results 3>, Since
the electrode potential of LCO is higher than LLZTO, the LLZTO has higher pi; than LCO. The
Apri between LLZTO and LxCO becomes even more significant than that between LLZTO and

LCO. The enormous interfacial pr; gap accelerates the Li migration and the phase transition. To

17



summarize the above, the interfacial pi; gap triggers the Li migration from LLZTO into LxCO,
and the metastable Li-deficient LLZTO formation results in the phase separation at the relatively
low temperature of <500 °C. Hence, we think the decomposed products of the LLZTO are the
origin of the highly resistive layer rather than the layer formed by the interdiffusion of transition

metals.

In parallel with the proposed reactions above, the phase separation of delithiated LxCO could be
a competitive side reaction during heat treatment. The LxCO is easily decomposed to LCO and
Co0304, accompanied by oxygen release on thermal treatments, as shown in equation (4) 3.

1-x

LixC00, — xLiC00, +-2C030; + 20,  (4)

In addition, the obtained spinel Co3O4 also reacts with lithium to form a Spinel-type Li2C0204
at a low temperature of <450 °C in case lithium sources are available. Subsequently, the Spinel-
type Li2C0204 transforms to the layered LCO during heating. In the present system, the LLZTO
could become the lithium source, and the Co3;O4 formed via the phase separation could react with
the LLZTO to form a layered LCO. Hence, we also investigated the reactivity between the phase-
separated LxCO and LLZTO.

Figure 5 exhibits the phase separation process of LxCO during the calcination up to 400 °C.
Since the measurement is performed under an argon atmosphere, the final product after the phase
separation is a layered LCO and a rocksalt CoO. The CoO formation around 200 °C suggests that
the oxygen evolution occurs associated with the phase separation, as shown in Fig. 5(a). The onset

temperature of the phase separation is at 150 °C, as shown in Fig. 5 (b). The slight peak shift of

18



the LxCO 003 reflection is first observed at 150 °C, and the continuous peak shift mostly finishes

at 180 °C. The onset temperature of the LxCO phase separation at 150 °C is enough higher than

the temperature of lithium migration from LLZTO to LxCO discussed in Fig. 2.
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Figure 5. In-situ XRD results for the phase separation behavior of LxCO during the heating

process up to 400 °C (a). The phase separation at the low temperature ranges up to 200 °C (b).

Figure 6 (a) shows in situ XRD patterns of the reaction for the LLZTO and the phase-separated

LxCO mixture. No significant reaction is observed even up to 600 °C. Figure 6 (b) shows the

relative peak intensities at each calcination temperature to a room temperature value. Since the

integrated peak intensity of the 211 reflection peak of LLZTO and the 311 reflection peak of Co304
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showed negligible intensity changes up to 600 °C, the phase separation of LxCO is negligible for

the interfacial reaction between LLZTO and LxCO.
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Figure 6. Ex-situ XRD patterns of LLZTO and a phase-separated LxCO powder calcined from

room temperature to 600 °C (a). The relative peak intensity changes of LLZTO and phase-

separated LxCO mixture (b). The peak intensities are normalized with the intensity at room
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temperature. The blue and light green dots correspond to the 211 reflection in LLZTO and the 311

reflection in Co304, respectively.

EIS measurement for the highly resistive layer formation process

Electrochemical impedance spectroscopy (EIS) was used to assess the resistance across the LxCO
| LLZTO interface on charge transport due to the chemical and structural changes presented above.
Fig. 7 shows Nyquist plots for an Au | LLZTO | LxCO-SS | SS cell with different annealing
conditions. The as-prepared cell, before annealing, had a single semicircle whose vertex had a
frequency of 3 kHz. We think the semicircle corresponds to the charge transfer resistance at the
LLZTO | LxCO interface regarding the reported frequency ranges of the LLZTO | LCO interfacial
resistance 7%, In addition, the Au | LLZTO | Au symmetric cell showed a small semicircle at a
higher frequency region (see Fig. S8). The high interfacial resistance of 100 kQ is caused by poor
LLZTO | LxCO interface contact without heat treatment. The interfacial resistance approximately
doubled after the heat treatment at 100 °C. The increased interfacial resistance indicates that the
lithium- and oxygen-deficient LLZTO forms the highly resistive layer. In the case of 200 °C
annealing, the sample exhibited an additional component at lower frequencies, around 30 Hz,
suggesting a secondary-phase formation. These increases in resistance support the XRD structural
changes below 200 °C. Spontaneous lithium migration triggered by pri gap at the LxCO-LLZO

could result in detrimental electrochemical properties.
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Figure 7. Nyquist plot of an Au | LLZTO | LxCO-SS | SS cell before and after annealing.

Based on the discussion above, we conclude that the major component of the highly resistive
layer at the LLZTO-LCO interface is the decomposed LLZTO rather than the interdiffusion layer
of the transition metals. The trigger of the reaction is the lithium migration from LLZTO to LxCO
at a low temperature of 60 °C with a negligible LxCO phase separation, which is the competing
side reaction. The driving force of the lithium migration is the chemical potential gap ApLi between

LLZTO and LxCO. During the Li migration, the oxygen vacancies are introduced in the lithium-
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and oxygen-deficient LLZTO to compensate for the charges up to 200 °C. The structural collapse
of the lithium- and oxygen-deficient LLZTO occurs above 200 to 500 °C due to the increased
lithium- and oxygen vacancies with increased driving force at the elevated temperature. The
interdiffusion of transition metals is observed above 600 °C. Therefore, the materials design to
minimize the Apy; at the solid-solid interface become the crucial technology for developing all-

solid-sate lithium batteries.

CONCLUSIONS

In this study, we investigated the highly resistive layer formation at the LCO | LLZTO interface
during the heating process using in-situ and ex-situ X-ray diffraction. We compared a
stoichiometric LCO and a chemically delithiated LxCO with different Li chemical potential gaps
at the cathode | electrolyte interface to determine the trigger of the interfacial degradation behavior.
In the case of LCO with stoichiometric composition, no detectable reactive phase formation with
LLZTO was observed even at 900 °C, consistent with previous literature™® In comparison, the
chemically delithiated LxCO (x=0.55) shows Li migration even at 80 °C, much lower than the
decomposition temperature of LxCO. The peak assigned to the 003 reflections of LxCO gradually
shifted to a higher angle at 80-200 °C, showing the stoichiometric LCO formation. Besides the
stoichiometric LCO formation, we confirmed increasing of interfacial resistance at 100 to 200 °C
by EIS measurements. The integrated peak intensity corresponding to LLZTO decreased. The
LCO formation suggests that LCO is formed by the migration of Li from LLZTO to LxCO,
triggered by the difference in the chemical potentials of Li in LLZTO and LCO, and at the same

time, lithium- and oxygen-deficient LLZTO leads to phase separation.
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Furthermore, the peak ascribed to LLZTO almost disappeared at 500 °C. Then the other
crystalline oxide phases, such as La,Zr,0O7 and LaCoQ3, appeared at higher temperatures >500 °C,
suggesting that the interdiffusion of the transition metal ions occurs only above 500 °C. The result
agrees with the EDX analysis. The present study exhibits that the origin of the highly resistive
layer at the LLZTO-LCO interface is not the interdiffusion of transition metals but the
decomposition of the garnet phase triggered by lithium extraction. These results offer that the
chemical potentials of the carrier ions are the most critical parameter for the materials design of

the solid-solid interface.
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