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1. Introduction

Thermal stability and electrochemical behavior of
commercial polycrystalline and single-crystalline
cathodes integrated with cubic Lig 4LazZr; 4Tag 6012
for all-solid-state lithium batteriesy

Ziting Ma,? Grant LaBriola,? Karlo Adrian Salazar,? Chunting Chris Mi{ ®
and Lingping Kong @ *2¢

All-solid-state lithium batteries (ASSLBs) have emerged as promising next-generation energy storage
systems, offering enhanced safety and higher energy density compared to conventional Li-ion batteries.
However, their practical performance remains limited by interfacial instabilities. In this work, we
systematically investigate the interfacial reactions and secondary phase formation between garnet-type
cubic Ligg4lazZrisTapeO1, (LLZTO) and a variety of commercial cathode materials, including
polycrystalline LiNigsMn; 504 (pc-LNMO), LiCoO, (pc-LCO), LiNiy_,_,Mn,Co,O, (pc-NMC811, 631, 532,
111), and single-crystalline NMC631 (sc-NMC631). Structural analyses reveal that interfacial phase
evolution is highly dependent on cathode composition, crystal structure, and sintering temperature.
Among all compositions studied, sc-NMC631 exhibits superior thermal compatibility with LLZTO,
maintaining phase integrity up to 1000 °C. In contrast, polycrystalline cathodes undergo distinct
interfacial degradation: La;Zr,O; and LaCoOs form at 700 °C in pc-LCO + LLZTO, while Li,MnOz and
LaxZr,0; emerge as early as 400 °C in pc-LNMO + LLZTO. In pc-NMC + LLZTO composites, LaMOs-
type (M: Ni, Mn, Co) phases are consistently observed. Additionally, Lax(Nig sLip5)O4 phase is present in
these Ni-rich compositions and LiMnOs is in the Ni-lean NMC111. Electrochemical studies reveal a 63%
capacity loss in pc-NMC631 + LLZTO-900, primarily due to resistive interfacial phases and poor solid—
solid contact that impede Li-ion transport. In comparison, sc-NMC631 + LLZTO-900 demonstrates
a lower capacity loss of 48%, attributed to enhanced interfacial stability over its polycrystalline
counterpart. However, the remaining capacity loss is likely due to misaligned Li-ion transport pathways
across the rigid solid—solid interface. These results highlight the critical role of cathode selection and
interface engineering in garnet-based ASSLBs and establish sc-NMC631 as a promising candidate for
high-performance composite cathodes.

environmental sustainability, rendering them insufficient to
meet future demands. All-solid-state lithium batteries (ASSLBs)

Global energy consumption is projected to increase by approx-
imately 50% by 2050, driving the demand for sustainable and
efficient energy storage technologies to meet future energy
needs. Concurrently, achieving net-zero or even negative carbon
emissions is essential for ensuring climate stability. However,
the existing energy storage systems, such as state-of-the-art Li-
ion batteries (LiBs) employing liquid or gel-polymer electro-
lytes face limitations in safety, energy density, and
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have emerged as a promising alternative, offering enhanced
safety, higher energy density, and prolonged cycle life through
the use of non-flammable solid-state electrolytes (SEs) and high-
capacity lithium-metal (Li-metal) anodes."* Within ASSLBs, the
selection of suitable SEs plays a critical role to realizing these
advantages. Key requirements for SEs include high ionic
conductivity, wide electrochemical stability window, thermal
and chemical robustness, and strong electro-chemo-
mechanical compatibility with both cathode materials and Li-
metal anodes.>?

Among the various SE candidates, garnet-type cubic Li;Las-
Zr,01, (LLZO) has garnered significant attention due to its
favorable properties, including high ionic conductivity (up to
0.5 mS cm ™ at 25 °C),* a wide electrochemical stability window
(0-5 V vs. Li/Li"), and chemical compatibility with Li-metal.’
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Enhanced performance has been achieved through supervalent
cation doping, such as substituting Ta>* or Nb>* at the Zr**-site,
AP’ or Ga** at the Li*-site, will not only stabilize the cubic phase
but also increase ionic conductivity up to 1 mS ecm ™" (e.g,,
Lig 4LazZr; 4Tag 6015, LLZTO).*® Despite these advantages, one
of the primary challenges in LLZTO-based ASSLBs is the inter-
facial instability between LLZTO and the cathode materials.
While considerable progress has been made in reducing inter-
facial resistance at the LLZTO-Li metal interface,”® the LLZTO-
cathode interface remains problematic due to high interfacial
resistance, chemical incompatibility, and gradually electro-
chemical and mechanical degradation during cycling, which
collectively hinder battery performance.>*

To enhance interfacial contact and facilitate charge trans-
port, high-temperature sintering is commonly employed to
fabricate cathode + LLZTO composite structures. However, this
approach often leads to cation interdiffusion and undesirable

(a) Lco+LLZTO:

700-900°C, La,Zr,0;, LaCoO,, this work * """""""""""""""
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side reactions, resulting in the formation of ionically and elec-
tronically insulating secondary phases that degrade battery
performance.>" Fig. 1 summarizes the sintering conditions,
identified secondary phases, and characterization methods
used to investigate cathode + LLZTO composites. The formation
of interfacial phases is highly dependent on cathode composi-
tion and processing parameters. For instance, sintering LiCoO,
(LCO) with LLZTO at 700 °C has been reported to result in
LaCoOj; formation, a known ionic and electronic insulator at
the interface. In contrast, other reports suggest that LCO
remains interfacial stability with LLZTO at the temperature up
to 900 °C.*»* In thin-film configurations, element interdiffu-
sion has been observed even at relatively lower processing
temperatures (300-700 °C), likely due to their high surface-to-
volume ratios,'** as illustrated in Fig. 1a.

The chemical composition of high-voltage spinel cathodes
like LiNiy sMn; 504 (LNMO, in Fig. 1b) and ternary layered oxide
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Fig.1 Summary of sintering conditions for cathode material + garnet-type solid electrolyte composite, associated secondary phase formation,

and the characterization techniques employed for their analysis.
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cathodes, such as LiNi;_,_,Mn,C0,0, (NMC, in Fig. 1c-f), plays
a critical role in determining their thermal compatibility with
garnet-type SEs.>*® For example, Ni-rich NMC811 undergoes
interfacial reactions with LLZTO, forming La,(Ni, sLiy5)O, at
650 °C, with the amount increasing to 2 wt% at 800 °C and more
extensive phase formation observed at 900 °C.">"” Reducing the
Ni content to 60% in NMC622 improves thermal stability up to
900 °C; however, secondary phases such as LaCoO; and La,-
M, 5Lip 504 (M: Ni, Mn, Co) still appear at 1000 °C and above.'®
In contrast, Ni-lean and Mn-rich compositions like NMC111
begin forming a Li-deficient phase, La,Zr,0,, at 700 °C,"> with
LaCoMnOj; appearing at 800 °C (ref. 17) and LaMOs-type phases
(M: Ni, Mn, Co) observed at 900 °C."* Even minimal formation of
these secondary phases can significantly degrade electro-
chemical performance; for example, the presence of 1.0 wt%
La,Zr,0, in an NMC111 + LLZTO composite was shown to
reduce the active material capacity to 60% of its original value."
Additionally, the sintering atmosphere also influences the
phase evolution. In oxygen-free environments, NMC532
undergoes structural transformations from a layered structure
to spinel and rock-salt phases, while these transitions are sup-
pressed when sintered in synthetic air."

Beyond composition, the crystallographic structure of
cathode materials also has impacts on electrochemical perfor-
mance of ASSLBs.”® Polycrystalline cathode materials often
suffer from limited cycle life due to mechanical failure. During
electrochemical cycling, volumetric changes within secondary
particles generate internal strain and stress, ultimately leading
to microcracking and structural breakdown.***> This issue is
particularly pronounced in ASSLBs, where the rigid solid-solid
interfaces between cathode materials and solid electrolytes
inhibits the accommodation of mechanical deformation. To
mitigate these challenges, single-crystalline cathode particles
have been developed, demonstrating enhanced mechanical
integrity in both liquid electrolyte systems and soft solid-state
electrolytes such as halides and sulfides.”®* However, the
electrochemical behavior and mechanical durability of single-
crystalline cathodes in oxide-based ASSLBs are still under
investigation. A detailed understanding of their thermal
compatibility with garnet-type SEs and the impact of crystallo-
graphic structure on interfacial Li-ion transport is essential for
further advancement.

In this study, we systematically investigated the thermo-
chemical stability and secondary phase formation resulting
from high-temperature sintering of cubic Lig 4LasZr; 4Tag 6015
(LLZTO) with various commercial cathode materials, including
polycrystalline LiCoO, (LCO), LiNiysMn; 0, (LNMO), and
a range of NMC compositions: LiNiy gMn, ;C04,0, (NMC811),
LiNig.67Mng,25C00.050 (NMC631), LiNiysMng 3C00.,0,
(NMC532), and Li; o5Nig 33Mn, 33C00 330, (NMC111), along with
single-crystalline LiNip ¢Mng3C0,,0, (sc-NMC631). Using
a comprehensive suite of characterization techniques, we
examined the formation of secondary phases under standard-
ized sintering protocols, enabling consistent and reproducible
analysis. Furthermore, the electrochemical properties of single-
crystalline and polycrystalline NMC + LLZTO composites were
evaluated following high-temperature sintering, to assess the

This journal is © The Royal Society of Chemistry 2025
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influence of particle morphology and interphase. These find-
ings provide critical insights into the design of chemically and
structurally compatible cathode materials for garnet-based
ASSLBs and establish benchmarks to guide the development
of durable and high-performance all-solid-state energy storage
systems.

2. Experimental
2.1 Cathode composite preparation

Commercial powders of cubic Lig,LazZry 4Ta;60:, (LLZTO),
polycrystalline LiCoO, (pc-LCO), LiNiysMn, 50,4 (pc-LNMO),
LiNiy gMng 1C00 10, (pc-NMC811), LiNig ¢;Mn 25C00.050, (pc-
NMC631), LiNigsMng3C00,0, (pc-NMC532) and Li; o5Nig 33-
Mny 33C00.330, (pc-NMC111), and single-crystalline LiNig ¢-
Mn, 3C0, 10, (sc-NMC631), along with Super C65 carbon black,
were obtained from MSE Supplies®. Polyvinylidene fluoride
(purity > 99.5%, PVDF) was purchased from MTI Corporation,
and 1.0 M LiPFs in EC/DMC/DEC (vol% 1:1:1) (lithium hexa-
fluorophosphate solution in ethylene carbonate, dimethyl
carbonate and diethyl carbonate) and 1-methyl-2-pyrrolidinone
(NMP) (purity > 99.5%) were sourced from MilliporeSigma®.
Material morphologies and microstructural details are provided
in Table S1 and Fig. S1.f All materials were used as received.
This study focuses on a systematic evaluation of the thermo-
stability of commercially available cathode materials integrated
with LLZTO, as well as their electrochemical performance after
high-temperature sintering. The effects of cathode material
impurities (e.g. differences between suppliers), particle size
distribution, and volume ratios between the cathode material
and solid electrolyte were not considered.

To ensure consistent evaluation of thermochemical and
electrochemical properties, all composites were processed
under identical conditions, varying only in sintering tempera-
ture. Cathode and LLZTO powders were manually mixed (1:
1 wt ratio) for 20 minutes in an Ar-filled glovebox using a mortar
and pestle to deagglomerate particles and achieve a homoge-
neous mixture and avoid moisture. Approximately 300 mg of the
mixture was pressed into 10 mm diameter green pellets under
100 MPa for 5 minutes to ensure intimate particle contact.
Green pellets were sintered in lidded magnesium oxide (MgO)
crucibles at selected temperatures for 2 hours in an O, atmo-
sphere, with a ramp rate of 10 °C min~", followed by natural
cooling. Sintering temperatures were chosen based on ther-
mogravimetric analysis (TGA), and 2 hours was found sufficient
for forming solid-solid interfaces. The resulting pellets were
labelled as “cathode + LLZTO-T” (e.g., pc-LCO + LLZTO-800) and
stored in an Ar-filled glovebox for subsequent use.

2.2 Characterization

Thermogravimetric analysis (TGA) were conducted using a TA
Instruments Q600 SDT, with a heating rate of 5 °C min " up to
1100 °C in synthetic air, pure oxygen (21%) and pure nitrogen
(79%). The morphology and nanostructure of the materials was
characterized using a FEI Quanta 450 FEG Scanning Electron
Microscope (SEM) and JEOL JEM-2800 TEM. Raman spectra

J. Mater. Chem. A
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were collected using a Thermo Scientific DXR3 Raman micro-
scope equipped with a 532 nm laser and a grating of 900 lines
per mm. The laser power was set to 5 mW to prevent laser-
induced sample damage. Background subtraction and spec-
tral normalization were applied. X-ray diffraction (XRD) was
performed on a Rigaku MiniFlex 600-C using Cu-Ka radiation
source, over a 26 range of 10-80°, with a scan speed of
3.0° min~" and a step size of 0.01°. The raw data were analyzed
using SmartLab Studio II.

2.3 Electrode preparation, cell assembly, and
electrochemical testing

The electrochemical performance of the sintered cathode
composites was evaluated in slurry-coated electrodes assembled
in coin cells using a liquid electrolyte. Cathode composite
pellets were manually crushed and ground into power in an Ar-
filled glovebox before electrode fabrication. Slurries were
prepared by mixing composite powder, PVDF binder, and Super
C65 (85:7.5:7.5 wt%) in NMP followed by 2 hours magnetic
stirring. The homogeneous slurry was cast onto Al foil (purity =
99.3%, MTI Corporation) using a mini tape-casting coater
(MSK-AFA-HC100, MTI Corporation), then dried overnight at
100 °C under a vacuum of 30” Hg, followed by punching into
14 mm electrode discs. Cathode active material loading was ca.
~1.8 mg cm 2,

CR2032 coin cells were assembled in an Ar-filled glovebox
(LC Technology Solutions, Inc.) with a water/oxygen content <
1 ppm, using Li-metal discs (15.6 mm diameter, 460 pm

(a)
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thickness; Guangdong Canrd New Energy Technology, China)
as reference and counter electrodes, Celgard-2500 (Celgard) as
the separator, and 1.0 M LiPF, in EC/DMC/DEC (vol% 1:1:1) as
the liquid electrolyte. As a control, the electrochemical perfor-
mance of pc-NMC631 and sc-NMC631 cathode materials
without LLZTO was evaluated in a liquid electrolyte system and
labeled as pc-NMC631-LE and sc-NMC-631-LE, respectively.

Electrochemical tests were conducted at ~22 °C using a VSP
potentiostat (Biologic, USA). CV test was carried out at a scan
rate of 0.1 mV s~ ' and electrochemical impedance spectroscopy
(EIS) was recorded using an amplitude of 10 mV over 500 kHz to
50 mHz. Rate performance was evaluated on a LANDT battery
tester (CT2001A, Landt Instruments, USA). The current density
and specific capacity were calculated based on the mass of the
cathode active materials, and the working potential was set
between 3.0-4.5 V (vs. Li/Li").

3. Results and discussion

The thermal stability of cathode materials plays a critical role in
evaluating their compatibility with cubic Lig sLazZr; 4Tag 6012
(LLZTO) for all-solid-state lithium batteries (ASSLBs). Ther-
mogravimetric analysis (TGA) was employed to study the
thermal behavior of pure polycrystalline and single-crystalline
cathodes, as shown in Fig. 2a. Among them, pc-LCO demon-
strated the highest thermal stability, maintaining nearly
constant weight up to 1050 °C, with slight weight loss at higher
temperatures attributed to Li volatilization and phase
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Fig. 2
LLZTO and (d) pc-LNMO, pc-LCO, sc-NMC631 + LLZTO composites.
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(a) Thermal stability of cathode materials and (b) thermochemical compatibility with LLZTO. Zoomed-in TGA profiles of (c) pc-NMC +
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transitions.” In contrast, pc-LNMO began to decompose
around 700 °C, likely due to oxygen evolution and dispropor-
tionation reactions that result in Ni deficiency in the LNMO
phase and the formation of secondary Li,Ni, ,O phases.*® For
polycrystalline NMC materials, the decomposition temperature
was inversely related to Ni content, consistent with prior reports
attributing this trend to oxygen release and structural phase
transitions.”® Among these, pc-NMC111 showed higher stability,
followed by pc-NMC631, 532, with pc-NMC811 being the least
stable. The sc-NMC631 showed better thermal stability than its
polycrystalline counterpart. Overall, the order of thermal
stability was: pc-LCO > pc-NMC111 > sc-NMC631 > pc-NMC631
=~ pc-NMC532 > pc-NMC811 > pc-LNMO. LLZTO's purity is
highly sensitive to moisture due to Li/proton exchange and
LiOH formation induced surface Li,CO; contamination. As
shown in Fig. 2b, LLZTO exhibited three main weight loss steps
at 200-250 °C, 350-500 °C, and 550-800 °C, with a total weight
loss of ~6 wt%. These losses are attributed to the removal of
H,0 and CO, through Li/proton exchange mechanism,” as
further confirmed by Raman spectroscopy (Fig. S2at). Exposure
of garnet-type solid electrolytes to ambient moisture facilitates
Li/proton exchange and leads to surface Li,CO; contamination.

Thermochemical reactions between cathode materials and
LLZTO were investigated using 1 : 1 wt% composite powders. All
composites exhibited similar thermal behavior up to 550 °C
(Fig. 2b), after that decomposition behaviors diverged, indi-
cating the onset temperatures of side reactions vary among
different cathode materials. As zoomed in Fig. 2c, pc-NMC +
LLZTO composites began to degrade at different temperatures
depending on cathode composition: ~800 °C for pc-NMC811,
900 °C for pc-NMC631, 532, and 1000 °C for pc-NMC111,

pc-LCO+LLZTO

—_
Q
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indicating that the thermal compatibility of pc-NMC with
LLZTO decreased with increasing Ni content.”® Interestingly, sc-
NMC631 + LLZTO exhibited better thermal compatibility than
pc-NMC631 + LLZTO, despite their similar stoichiometry
(Fig. 2d), likely due to the lower defect density in the single-
crystal structure. In pc-LCO + LLZTO composite showed
a notable mass loss at ~700 °C, which was not observed in the
individual components, indicating interfacial reactivity. The pc-
LNMO + LLZTO composites had the lowest onset temperature
for side reactions, around 550 °C, underscoring its poor thermal
compatibility with LLZTO. The formation of secondary phases
in these composites was further investigated through X-Ray
diffraction (XRD) and Raman spectroscopy analyses. These
findings highlight the critical need to tailor sintering conditions
for cathode + LLZTO composites to minimize interfacial reac-
tions and preserve electrochemical performance.

XRD patterns and Raman spectra of pc-LCO + LLZTO
composites sintered at various temperatures are shown in
Fig. 3a and b. Phase changes began to occur at 700 °C, as
indicated by the appearance of a new phase with a diffraction
peak centered at 27° and a Raman peak at 304 cm !, corre-
sponding to a Li-deficient La,Zr,O, phase (labelled with v),
which has poor ionic conductivity.”> This suggests lithium
diffusion from LLZTO into LCO, facilitating the formation of
the La,Zr,0, phase. A new Raman peak at 683.4 cm ! was also
detected, attributed to LaCoOj3, based on the symmetric O-M-O
stretching vibration mode of [MOg] octahedra in rhombohedral
LaMO; (M: Co) (labelled with #).2%%° At 900 °C, the intensity of
LaCoO; peaks increased, while the La,Zr,O, peak decreased.
Rietveld refinement estimates the total fraction of LaCoO; and
La,Zr,0, phases to be 3.1 wt%. In contrast, for the composite

pc-LCO+LLZTO
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Fig. 3 XRD patterns and Raman spectra of (a and b) pc-LCO + LLZTO and (c and d) pc-LNMO + LLZTO composites sintered at various
temperatures in an O, atmosphere for 2 hours. Raman spectra of pure LLZTO are included for reference.
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sintered at 600 °C, no significant changes were observed in
Raman spectra (Fig. 3b and S4f), confirming that secondary
phase formation begins at 700 °C. To mitigate element inter-
diffusion during high-temperature processing, incorporating
a protective buffer layer such as Li;BO; is recommended.’

For pc-LNMO + LLZTO composites sintered at 600, 500, 400 °©
C, the corresponding XRD patterns and Raman spectra in
Fig. 3c and d, revealing phase evolution from 400 to 600 °C. At
400 °C, a Li-rich monoclinic Li,MnO; phase (labelled with »)
appeared with XRD peaks centered at 20.7° and 63.6°, while

pc-NMC811+LLZTO
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a Li-deficient phase La,Zr,0, (v) emerged with XRD peaks
located at 28.4° and 47.3°. These changes are attributed to
lithium diffusion from LLZTO to LNMO, forming both a Li-rich
phase and Li-deficient phase. The insulating La,Zr,O, phase
can block charge transfer at the interface, while Li,MnO; has
limited capacity as a cathode material.*® At 600 °C, the amount

of

Li,MnO; and La,Zr,0, increased, and additional phases

including LaMO; (M: Mn) (¢), LigZr,0, (a), La,O3 (e), and NiO

(m)

appeared, with LLZTO no longer detectable. These results

demonstrate that side reactions between LNMO and LLZTO
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begin at temperatures as low as 400 °C, with sever degradation
of cubic LLZTO structure at 600 °C. The impact of heat-
treatment on LNMO structural stability is further discussed in
Fig. S5.1

The effect of NMC composition on thermochemical
compatibility with LLZTO was systematically investigated, and
the corresponding XRD patterns and Raman spectra are pre-
sented in Fig. 4. XRD patterns and Raman spectra of pure NMC
cathode materials are provided in Fig. S6.7 All pc-NMC + LLZTO
composites showed evidence of cation interdiffusion with new
peaks appearing at elevated sintering temperatures. For pc-
NMC811 + LLZTO composites (Fig. 4a and b), a new Raman
peak at 304 cm™ ' was observed at 500 °C, corresponding to
La,Zr,0, formation. As the sintering temperature increased
from 600 °C to 800 °C, additional new Raman peaks emerged at
156, 415, 522, and 680 cm ', indicating the formation of Lay(-
NigsLio5)04 (labelled with «)** and a Li-deficient perovskite
phase, LaMO; (M: Ni, Co, Mn) (labelled with ¢).* XRD
confirmed the formation LaMO; at 23.0° and 24.8°, La,(Nij 5-
Lip5)O, at 24.6° and 33.8°. The total fraction of secondary
phases in pc-NMC811 + LLZTO-800 was estimated to be 2.0 wt%
based on Rietveld refinement. La,Zr,0, phase could not be
detected at 800 °C.

For pc-NMC631, 532 + LLZTO composites, they exhibited
similar thermal compatibility when integrated with LLZTO, as
shown in Fig. 4c-f. The primary phases remained stable up to
600 °C, with no clear evidence of secondary phase formation. At
700 °C, XRD patterns of both composites showed La,Zr,0-,
LaMOs;, and La,(NigsLips)O, phases. The La,Zr,O, intensity
decreased at 800 °C and was undetectable at 900 °C, while
LaMO; and La,(NiysLips5)O, intensities increased. Raman
spectra confirmed these phase changes, with the peaks at

View Article Online
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680 cm ' and 415 cm ' corresponding to LaMO; and Lay(-
Nig 5Lig 5)O,, respectively. For pc-NMC111 + LLZTO, which has
the lowest Ni content and a Mn-rich composition, phase
stability was maintained up to 600 °C (Fig. 4g and h). At 700 °C,
Li,MnO;, La,Zr,0, and LaMO; phases were observed, and the
LaMO; peak intensity increased at higher sintering tempera-
tures. However, La,Zr,0, and Li,MnO; phases were undetect-
able at 900 °C.

Fig. 5a and b represented the XRD patterns and Raman
spectra of sc-NMC631 + LLZTO composites sintered at various
temperatures. No new phases were detected, suggesting
potential thermal compatibility between sc-NMC631 and
LLZTO up to 1000 °C. Fig. 5¢ summarizes the thermochemical
stability of cathode materials in contact with LLZTO, which is
highly dependent on their chemical composition and crystal
structure. The sc-NMC631 showed the greatest thermochemical
stability with LLZTO, with no evidence of secondary phase
formation up to 1000 °C. In contrast, pc-LCO exhibited inter-
facial reactions with LLZTO starting at 700 °C, leading to the
formation of La,Zr,0; and LaCoOj3, both of which are ionically
and electronically insulating phases that can impede Li-ion
transport across the interface. For pc-NMC cathodes, the
onset temperature for side reactions with LLZTO varied with
composition. pc-NMC811, with the highest Ni content, exhibi-
ted reactivity as low as 500 °C, while pc-NMC631, 532, 111
remained stable up to 600 °C. All pc-NMC samples formed
LaMO; and La,Zr,0, secondary phases; but La,(Nig5Lig.5)O,4
was detected only in high-Ni-content samples (NMC811, 631,
532), and Li,MnO; only appeared in Ni-lean NMC111. pc-LNMO
begins reacting with LLZTO at 400 °C. Overall, these results
demonstrate that the extent and nature of side reactions
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hours. (c) Comparison of onset temperatures for side reactions and secondary phase formation across different cathode + LLZTO systems.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A


https://doi.org/10.1039/d5ta03114a

Published on 21 July 2025. Downloaded by University of Michigan Library on 7/22/2025 1:27:49 AM.

Journal of Materials Chemistry A

depend on both the cathode composition and sintering
temperature.

Single-crystalline NMC materials, including NMC532,*
LiNij §3C0¢.11Mnp 060,,>> and NMC811,*> have been widely
investigated in ASSLBs employing sulfide-based electrolytes.
These systems benefit from the mechanical deformability and
high processability of sulfide-based electrolytes, which elimi-
nate the need for high-temperature sintering. In such systems,
single-crystalline NMC cathodes offer enhanced structural
integrity and superior cycling stability compared to their poly-
crystalline counterparts. To date, there have been no reported
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studies on the electrochemical performance of single-crystalline
cathodes when interfaced with LLZTO.

In this work, single-crystalline NMC631, chemically analo-
gous to polycrystalline NMC631, was selected to evaluate the
electrochemical performance of single-crystalline versus poly-
crystalline NMC cathodes in LLZTO-based ASSLBs. Cyclic vol-
tammetry (CV) measurements in a half-cell configuration were
performed to investigate the impact of high-temperature sin-
tering and secondary phase formation on the electrochemical
performance of both types of NMC631. The corresponding CV
curves are presented in Fig. 6 and 7.

_—
(=2
-
=]
w

0.2 4

0.1 4

0.0

Current Density (A g™)

-0.1 4

-0.2

30 32 34 36 38 40 42 44
Potential (V, vs Li/Li*)

_—
Q.

N~
=]
N

7 pc-NMC631+LLZTO-900

Current Density (A g™')

30 32 34 36 38 40 42 44
Potential (V, vs Li/Li%)

7 Y
O x € A

!

~

¢ f
\‘/‘ pc-NMC631
‘&

K

Fig. 6 CV curves from 2nd to 70th cycles within a potential window of 3.0-4.5 V (vs. Li*/Li) at a scan rate of 0.1 mV s*: (a) pc-NMC631 + LE, (b)
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The CV response of pc-NMC631 with a liquid electrolyte (LE)
(Fig. 6a) serves as a reference for evaluating the electrochemical
behavior of LLZTO-based composites. Fig. 6b—d compare the CV
curves of pc-NMC631 + LLZTO composites sintered at room
temperature (RT), 800 °C, and 900 °C. All samples exhibit
distinct redox peaks near 3.8/3.7 V, corresponding to the
reversible hexagonal-to-monoclinic (H1 < M) phase transition
during Li-ion extraction/insertion. This transition involves
slight gliding of adjunct transition metal-oxygen (TM-O) layers.
Additionally, broad redox peaks observed at ~4.3/4.2 V are
attributed to multiphase transitions (M < H2 < H3) during
continued (de-)lithiation. This is a well-understood lithiation

This journal is © The Royal Society of Chemistry 2025

processes.*® Specifically, as Li ions are extracted from the M
phase, the ¢ lattice parameter expands, resulting in the H2
phase due to the increased repulsion between neighboring
oxygen layers. Further Li-ion extraction leads to the H3 phase,
characterized by gliding of TM-O layers toward adjacent Li
planes. Notably, the high-temperature sintered composites
(800 °C and 900 °C) exhibit lower voltage polarization and
improved cycling stability compared to the non-sintered and
LE-based cells, as shown in Fig. 6e. This improvement is
attributed to enhanced crystallinity of NMC631 after thermal
treatment. However, the high-temperature samples, also show
reduced peak intensities in the CV curves, suggesting lower

J. Mater. Chem. A


https://doi.org/10.1039/d5ta03114a

Published on 21 July 2025. Downloaded by University of Michigan Library on 7/22/2025 1:27:49 AM.

Journal of Materials Chemistry A

specific capacity. This decline is likely due to inactive secondary
phases (Fig. 4c and d) and increased resistance at solid-solid
interfaces, which limits Li-ion transport. As observed in the
SEM image of pc-NMC631 + LLZTO-900 (Fig. 6f), poor interfacial
contact with voids, gaps, and localized point-to-point connec-
tions further hinders ion conduction and contributes to
capacity loss. HR-TEM image (Fig. S7at) shows a blur region
between LLZTO and pc-NMC631 indicating the interfacial
resistive phase.

The thermochemical stability of sc-NMC631 with LLZTO
shown in Fig. 5, confirms the absence of secondary phase
formation. Building on this, Fig. 7a—c illustrate the electro-
chemical behavior of sc-NMC631-based composites. All
samples, including bare sc-NMC631, sc-NMC631 + LLZTO-RT,
and sc-NMC631 + LLZTO-900, exhibit two pairs of redox peaks
at ~3.9/3.7 V and ~4.3/4.2 V, corresponding to phase transi-
tions during (de-)lithiation processes.*®** Among them, sc-
NMC631 + LLZTO-900 demonstrates reduced polarization
during cycling, whereas increased polarization is observed in
non-sintered counterpart, as shown in Fig. 7d. Despite no
secondary phases formed in sc-NMC631 + LLZTO-900, its
current response is roughly 50% that of the bare sc-NMC631,
indicating substantial capacity loss. This diminished perfor-
mance likely arises from the misalign in Li-ion transport path-
ways between the single-crystalline NMC631 and polycrystalline
LLZTO (Fig. S7bt), in addition to morphological discontinuities
such as voids, interparticle gaps, limited point-to-point contacts
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as observed in Fig. 7f. The coarse surface of LLZTO in Fig. 7f is
attributed to the high-temperature calcination process.***”

The rate capability and specific capacity of pc- and sc-
NMC631 systems were evaluated at C-rates of 0.05C, 0.1C,
0.2C, 0.5C, and 1C. The theoretical capacities used for C-rate
calculations were 175 mAh g~ for pc-NMC631 and 185 mAh
¢! for sc-NMC631, with a voltage range of 3.0-4.3 V (vs. Li*/Li),
as specified by the suppliers. To further assess structural
stability under high charge potentials, an upper cutoff voltage of
4.5 V was employed.

Fig. 8 compares the rate performance of pc- and sc-NMC631
systems. The bare pc-NMC631 cathode (Fig. 8a) delivers
discharge capacities of 200.5, 199.9, 191.5, 182.4, and 173.3
mAh g~ at 0.05C, 0.1C, 0.2C, 0.5C, and 1C, respectively. In
contrast, pc-NMC631 + LLZTO-RT shows significantly lower
capacities: 171.4, 160.4, 149.5, 128.5, and 103.3 mAh g’1 at the
same rates. High-temperature sintering further aggravates
capacity degradation. Specifically, pc-NMC631 + LLZTO-800 and
pec-NMC631 + LLZTO-900 exhibit 40% and 63% reductions in
specific capacity at 0.1C, respectively, and the related discharge-
charge curves are provided in Fig. 8c. These capacity reductions
are primarily attributed to the formation of resistive interfacial
phases such as LaMO;, which hinder Li-ion transport.*® The
higher sintering temperatures accelerate new phase formation.
In the pc-NMC631 + LLZTO-RT, capacity loss is attributed to
poor interfacial contact and elevated charge transfer resistance,
as depicted in Fig. 9a.
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The bare sc-NMC631 cathode delivers discharge capacities of
175.4, 173.9, 165.1, 149.6, and 130.8 mAh g™* at 0.05C, 0.1C,
0.2C, 0.5C, and 1C, respectively. However, the incorporation of
LLZTO results in ~48% capacity reduction at 0.1C, regardless of
sintering treatment (Fig. 8b). The comparable performance
between sc-NMC631 + LLZTO-900 and sc-NMC631 + LLZTO-RT
is attributed to the high thermal stability of the sc-NMC631 with
LLZTO and the lack of secondary phase formation. The capacity
losses in these composites are therefore ascribed to mis-
matched Li-ion transport pathways between LLZTO and sc-
NMC631, and inefficient solid-solid contact, which limits
active site utilization. Despite no new phase formation, sc-
NMC631 + LLZTO-900 exhibits lower Coulombic efficiency
than sc-NMC631 + LLZTO-RT (Fig. 8d), possibly due to surface
reconstruction or stoichiometric deviations induced by high-
temperature treatment.

Electrochemical impedance spectroscopy (EIS) was
employed to further investigate charge transfer behavior in the
polycrystalline and single-crystalline NMC systems (Fig. 9). Both
pe- and sc-NMC631 samples show increased charge transfer
resistance upon LLZTO incorporation. In both cases, adding
LLZTO (1:1 wt%) doubles the resistance, due to the lower ionic
conductivity of LLZTO and interfacial discontinuities such as
voids, interparticle gaps, and point-to-point contact, as
confirmed by SEM (Fig. 6f and 7f). Among pc-NMC631 systems
in Fig. 9a, pc-NMC631 + LLZTO-900 exhibits the highest charge
transfer resistance, approximately twice that of pc-NMC631 +
LLZTO-800, four times that of pc-NMC631 + LLZTO-RT, and
eight times that of the bare pc-NMC631 electrode. This dramatic
increase stems from the formation of interfacial resistive pha-
ses (e.g., LaMOj; and La,(Nig 5Lio 5)O,4), as evidenced by Raman
analysis (Fig. 4c and d), along with the worsened solid-solid

This journal is © The Royal Society of Chemistry 2025

contact. These factors collectively result in a 40% capacity
reduction in pc-NMC631 + LLZTO-800 and a 63% reduction in
pc-NMC631 + LLZTO-900. In contrast, sc-NMC631 + LLZTO-900
(Fig. 9b) displays comparable charge transfer resistance to sc-
NMC631 + LLZTO-RT, consistent with their similar capacity
retention. This result underscores the benefit of improved
thermal compatibility between sc-NMC631 and LLZTO, which
mitigates the formation of interfacial phases. Nevertheless, the
LLZTO incorporation still imposes a general increase in charge
transfer resistance, thereby, limiting the electrochemical
performance of both pc- and sc-NMC cathodes. These results
highlight the critical role of interfacial engineering in miti-
gating charge transfer resistance and maximizing capacity in
ASSLBs.

4. Conclusions

This study systematically investigated the thermochemical
compatibility of various commercial cathode materials,
including polycrystalline and single-crystalline, with cubic
LLZTO under an O, atmosphere. The content of interfacial
reactions and secondary phase formation was found to strongly
depend on cathode composition, crystal structure, and sinter-
ing temperature. For pc-LCO + LLZTO composites, Li-deficient
phases such as La,Zr,0, and LaCoO; emerged at 700-900 °C.
pc-LNMO + LLZTO composites produced La,Zr,O; and Li,MnO;
at 400 °C. In high-Ni content pc-NMC811, secondary phase
formation began at 500 °C. pc-NMC631, 532, 111 exhibited
thermochemical stability with LLZTO up to 600 °C. sc-NMC631
demonstrated the highest thermochemical stability with
LLZTO, with no evidence of secondary phase formation up to
1000 °C. The electrochemical performance of pc- and sc-
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NMC631 was further evaluated, as representative polycrystalline
and single-crystalline systems. In pc-NMC631 composites, high-
temperature sintering improved interfacial adhesion but
resulted in further capacity losses due to resistive secondary
phase formation, which blocked Li-ion transport. In contrast,
sc-NMC631 systems, regardless of sintering, showed compa-
rable charge transfer resistance and specific capacities, reflect-
ing the thermal stability. Nevertheless, capacity remained
limited due to misalignment of Li-ion transport pathways
between the single-crystalline cathode and LLZTO. These find-
ings emphasize the critical importance of interfacial stability
between cathode and LLZTO under high-temperature process-
ing. Minimizing secondary phase formation and optimizing
charge transfer across solid-solid interfaces are essential
strategies for enhancing performance of ASSLBs.
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