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Developing scalable processing routes for oxide-based solid-state batteries remains a central challenge,
particularly in maintaining
sintering. In this work, we develop alternative lithium compensation strategies for the fabrication of fully
using LiCoO,-

lithium stoichiometry and interfacial stability during high-temperature

dense, secondary-phase-free composite cathodes beyond gas-phase lithiation,

Li;LasZr,O1, as a model system. Specifically, two solid-phase approaches were explored: the addition of
lithium precursors and the use of an overlithiated garnet catholyte. Both methods effectively suppressed
the formation of LaCoOs-type interphases and yielded highly dense microstructures after sintering at
1050 °C, achieving performance comparable to gas-phase lithium compensation. These results, first

verified on pellet samples, were successfully translated into flat, 100 pm-thick free-standing membranes
Received 21st November 2025 . t ti d trati tilit d lability. Th b d th _
Accepted 27th January 2026 via a tape casting process, demonstrating versatility and scalability. The membranes reduce the area
specific resistance to 4.5 Q cm? while maintaining high electrochemical activity and delivering

DOI: 10.1038/d5ta09479h a discharge capacity of up to 1.49 mAh cm™2 at 0.25 mA cm™2. These advances establish a scalable

rsc.li/materials-a route toward industrially relevant, all-ceramic composite cathodes for garnet-based solid-state batteries.
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Introduction

Lithium-ion batteries (LIBs) dominate energy storage across
applications ranging from portable electronics to electric vehi-
cles." However, despite substantial progress, their reliance on
flammable liquid electrolytes poses inherent safety risks,
particularly under abuse conditions such as overcharging,
mechanical impact, or elevated temperature.>* In addition, LIBs
continue to face challenges related to moderate energy density
and limited fast-charging capability over a wide temperature
range. These limitations have accelerated global efforts toward
next-generation battery technologies with both enhanced
performance and improved intrinsic safety.*® Solid-state
batteries (SSBs) have emerged as promising candidates for
future energy storage due to their potential to offer higher
energy densities, enhanced safety, and improved thermal and
chemical stability, while simultaneously enabling lithium metal
anodes.” Among the various solid electrolytes, Li-garnet-type
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lithium lanthanum zirconium oxide (Li;LazZr,0;,, LLZO)
stands out as a leading oxide electrolyte.>”® LLZO exhibits high
ionic conductivity (~107> S em™"' at room temperature) with
a wide electrochemical stability window and excellent compat-
ibility toward lithium metal anodes.*'*'* These attributes have
driven extensive research into LLZO-based SSBs, leading to
major progress in understanding and mitigating the high
interfacial resistance and lithium dendrite formation at the
LLZO/lithium metal anode interface, particularly through
advances in wetting layers, removing surface contamination,
using mixed conducting interlayers, and optimizing anolyte
microstructure.”>™® On the other hand, progress on the cathode
side - typically designed as an all-ceramic composite with
a solid electrolyte - remains comparatively slow, constrained by
the limited choice of chemically compatible active materials
and their inherent instability during high-temperature fabri-
cation. These challenges often result in high interfacial resis-
tance between LLZO and conventional cathode active materials
such as LiCoO, (LCO), layered LiN,Mn,Co,0, (NMC) oxides,
and LiFePO,."**' This leads to the formation of electrochemi-
cally inactive, highly resistive secondary phases such as LaCoO;
and LiLa,C00g.20?223

Several mitigating strategies have been investigated,
including low-temperature sintering,* radiation-assisted
densification,®**»*® and lithium-rich  co-firing  atmo-

spheres.>*?%*” In our previous work, we demonstrated that
employing a Li,O-rich atmosphere during co-firing of LCO-
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Fig.1 Overview of co-firing strategies to produce all-ceramic LLZO-LCO composite cathodes. (a) Conventional co-firing at 1050 °C results in
secondary phase formation, LaCoOs, on the LLZO grains. (b) Gas-phase lithium compensation. Alternative solid-state lithium compensation via
(c) LiIOH addition and (d) Overlithiated LLZO within cathode. (e) Scalable process using tape casting, lamination and co-firing used in this work for

a ~100-micron-thick free-standing composite cathode membrane.

LLZO composite cathodes is an effective approach to sup-
pressing secondary phase formation.”® This method compen-
sates for lithium volatilization from LLZO, which otherwise can
trigger a cascade of reactions, due to partial decomposition of
LLZO into La,O; and subsequent Co®" cross-diffusion (Fig. 1a).
By sustaining a Li,O-rich atmosphere during firing, the elevated
Li,O vapor pressure shifts the defect equilibrium, suppressing
lithium and oxygen vacancy formation and thereby preventing
the decomposition and the formation of LaCoOj;-type inter-
phase. Under these conditions, the formation of the interphase
was effectively suppressed, resulting in fully-dense (i.e. prelative
= 96.5%) composite cathodes with high specific capacity and
markedly reduced area-specific resistance (Fig. 1b).>* However,
the firing approach based on vapor-phase lithium compensa-
tion in a semi-closed crucible, while scientifically effective,
poses practical challenges for scalability, precise atmosphere
control, and uniform lithium supply.

Herein, we develop scalable routes to sustain high Li,O vapor
pressure during the firing of LLZO-LCO composite cathodes.
Specifically, a gas-phase lithium compensation method is
compared with a solid-phase route, where a small fraction of
LiOH is incorporated into the composite cathode prior to firing
(Fig. 1c). Additionally, a lithium-rich garnet phase of 7.75 Li per
formula unit (pfu) (i.e., Li; y5LasZr; ¢Tay.401,) is employed as an
overlithiated electrolyte within the cathode to compensate for
lithium loss during the firing process (Fig. 1d). Finally, the
developed lithium compensation strategies are implemented in
a high-throughput and continuous tape casting process to
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fabricate mechanically robust, free-standing composite cath-
odes with industrially relevant form factors (Fig. 1e). The
process produces dense, secondary-phase-free, ~100 pm-thick
free-standing all-ceramic composite cathode membranes that
exhibit low area-specific resistance with a high utilization of
active materials during initial cycles. By clarifying how lithium
loss drives secondary-phase formation and by providing prac-
tical compensation windows, this work opens a scalable and
more sustainable manufacturing route for oxide SSB compo-
nents. Critically, it also lays the groundwork for fabricating
cathode half-cell and full-cell prototypes through a single-step
co-firing process, which minimizes energy consumption and
cost by eliminating multiple high-temperature firing steps.®**

Results
Sintering behavior

A series of composite cathodes consisting of LCO and LLZO
with three different lithiation strategies during synthesis and
processing were examined (Table 1). In the following, the
different composite cathodes are referred to as LCO-LLZO,n, via
atmospheric compensation, LCO-LLZO,qq via LiOH addition,
and LCO-LLZO,, via overlithiation of the LLZO catholyte.

The pristine composite cathode shows a yellow-grey
appearance (Fig. 2a inset) and low relative density of 86 + 3%
due to the second phase formation of LaC00O;.>* Cross-sectional
scanning electron microscopy (SEM) images show a highly
porous microstructure with limited neck growth between the

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of relative density, grain size of LCO and LLZO, and fabrication conditions for each composite cathode of LCO-LLZO. As
a baseline, all samples were sintered at 1050 °C for 2 h under flowing oxygen in a closed-lid crucible using mother powder. LLZO powders used in
pristine, LCO-LLZO¢m and LCO-LLZO,4q were synthesized with 15 wt% excess LiOH during calcination. The overstoichiometric LLZO powder

for LCO-LLZO,, was synthesized with a higher target Li content (7.75 pfu) without external additives. *Li; 75LazZr; ¢Tag 4012

Sample Density [%] LCO grain size [pm] LLZO grain size [um] Target Li in LLZO [pfu] Firing condition

Pristine 86 + 3 35432 1.6 £ 0.8 6.45 Baseline firing only

LCO-LLZO, 96 + 2 4.8 + 2.0 2.2 2.5 6.45 LiOH bed powder for Li-rich
atmosphere

LCO-LLZOg444q 94+2 41+23 1.9 £0.3 6.45 1 wt% LiOH added as additive

LCO-LLZO,, 95 £2 44 +29 1.6 £1.2 7.75% Baseline firing only

LLZO-LLZO, LCO-LCO and LLZO-LCO interfaces (Fig. 2a, SI 1).
The grain sizes of LLZO and LCO are around 1.6 £+ 0.8 um and
3.5 + 3.2 um, respectively. In contrast, all other composite
cathodes show a uniform grey-black color and increased rela-
tive densities of 94-96%, and grain sizes of LLZO and LCO of
1.6-2.2 um and 4.1-4.8 pm, respectively. Fractured surfaces of

the LCO-LLZO,y, and LCO-LLZO,, show intimate contact
between LCO and LLZO grains without closed pores (SI 2) while
the LCO-LLZO,qq shows some closed pores, likely caused by
LiOH additive decomposition (1 wt%) and water outgassing.>~"
A larger fraction of pores with hundreds-of-micrometers in
diameter were observed in pellets with 2, 6, and 10 wt% additive
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Fig. 2 Changes in microstructure and shrinkage for LCO-LLZO composite cathode. (a) SEM images of pristine, LCO-LLZO ¢, LCO-LLZO 444,
LCO-LLZO,, after thermal etching alongside a picture of the samples (insets). (b) Shrinkage curves and their derivatives of pristine, LCO-LLZOq4q4
and LCO-LLZO,,.
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(SI 3) and further decreased relative density of 89%, 85%, and
81%, respectively. Overall, our results confirm that the selected
lithium compensation strategies, particularly the addition of
solid lithium precursors and the use of overlithiated LLZO, both
promote the sintering of LCO-LLZO composite cathodes. This
effect is consistent with the improvements observed when
lithium is compensated via a gas-phase approach.

To elucidate the sintering behavior, Fig. 2b shows the dila-
tometry curves as shrinkage (AL/Ly) and their first derivatives,
d(AL/L,) dT (inset), for three composite cathodes: Pristine, LCO-
LLZO,44, and LCO-LLZO,,. Due to limitations of the dilatometry
setup, a lithium-rich atmosphere could not be established;
consequently, no data are available for the LLZO-LCOgum,
sample. All the tested samples exhibit only linear thermal
expansion up to approximately 400 °C. At =400 °C, LCO-
LLZO,qq enters an early densification regime, shrinking by
about 1.5% as molten LiOH and any residual Li,CO; presum-
ably flood interparticle pores and enable particle rearrange-
ment. The pristine sample remains largely inert until =1040 °C,
reaches its maximum densification rate at =1090 °C, and
accumulates a total AL of - 15% by 1100 °C. In contrast, both
the LCO-LLZO,44 and LCO-LLZO,, composites begin densifying
at a lower temperature of =720 °C and surpass 15% shrinkage
by 1000 °C; the former reaches a total shrinkage of - 22.5%,
while the latter attains - 21.5% at 1100 °C. The sintering onset
for both samples starts slightly above 900 °C and reaches
maximum densification rates between 945 °C and 975 °C.
Overall, the more pronounced sintering behavior - both in the
onset of densification and in the peak sintering rate — occurs
about 100 °C below the pristine sample. Additionally, the
derivative curve for LCO-LLZO,, is noticeably steeper than that
of the LCO-LLZO,q4, indicating more vigorous sintering driven
by additional Li-rich vapor species outgassing from the
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overlithiated LLZO. This observation is consistent with ICP-OES
measurements discussed later.

Phase characterization, lithium contents and chemical
stability

Raman spectroscopy and X-ray diffraction (XRD) were used to
identify the phases of the LLZO grains, LCO grains and their
interfaces (Fig. 3). As-synthesized LLZO and commercial LCO
serve as references (SI 4). In the averaged Raman spectra of
pristine composite cathodes, all characteristic peaks of cubic-
phase Ta-doped LLZO are present at 120, 210, 250, 360, 420,
640, and 730 cm ™" (Eg for La, T,g and Ay, for O, Ty, and E, for Li,
A, for Zr and A, for Ta modes, respectively).*'** LCO exhibits
its characteristic bands at 485 cm™' (E, O-Co-O bending) and
595 cm ' (A;; O-Co-O stretching).** Notably, an additional
peak appears at 685 cm ™, attributed to LaCoOj; (Fig. 3a)** and
phase mapping confirms this second phase within the LLZO
grains (Fig. 3b). By contrast, other composite cathodes yield
Raman maps with sharply delineated LLZO and LCO regions
and neither detectable LaCoO; phase nor from other impuri-
ties. The corresponding average spectra reveal only LLZO and
LCO peaks, demonstrating complete suppression of the
secondary phase formation. The intensity of the LLZO signals in
the pristine sample is lower compared to the other samples,
indicating the shadowing of the LLZO signal by the secondary
phase. Additionally, XRD reveals only phase-pure LLZO and
LCO in the lithium-compensated composite cathodes, whereas
the pristine composite shows an additional signal attributed to
rhombohedral LaCoOj; (Fig. 3c).

To clarify how overlithiated LLZO (target Li content of 7.75
pfu) suppresses secondary phase formation during the
composite cathode sintering process, its influence on phase
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(a) Raman spectroscopy mapping of LLZO/LCO interfaces with wavelength-filters for lithium-compensated and pristine samples in a 25

x 25 um area. (b) Average Raman spectra for the LCO-LLZO co-fired cathodes from the mapped area. (c) p-XRD measurements of the samples.
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evolution (SI 5) and lattice parameters (SI 6) were examined. As-
synthesized LLZO,, powder shows slight peak splitting at 26 =
30.5° in the XRD patterns,* together with a subtle shoulder in
the Li-Os Raman band, indicates incipient symmetry lowering,
e.g. through tetragonal distortion. Excess Li can occupy addi-
tional octahedral sites, modifying the local bonding environ-
ment and lattice vibrations. Beyond a critical Li content, the
resulting Li-Li repulsion destabilizes the cubic structure and
drives its transformation to the tetragonal phase.*® Additionally,
the lattice parameter increased to 12.951 A compared to pristine
LLZO (12.948 A, SI 6), indicating that excess Li ions likely occupy
sites near oxygen anions, thereby enhancing Li-Li repulsion.
Nonetheless, after overlithiated LLZO inside the cathode was
exposed to 1050 °C for 2 h during firing, its structure reverted to
the cubic phase (Fig. 3a), and the lattice parameter decreased
back to ~12.947 A, like that of pristine LLZO. This behavior is
likely due to the lithium content dropping below the stability
threshold of the cubic phase. The lost lithium may also influ-
ence the nearby LCO structure, as reflected in the different
lattice parameters change observed after firing. In pristine LCO-
LLZO, the LCO ¢ parameter increased to 14.071 A. As proposed
in our previous studies, the expansion of the LCO ¢ parameter in
pristine samples originate from lithium loss.>**” This counter-
intuitive expansion arises because Li vacancies increase the
repulsive interactions between the CoO, layers, thereby
widening the interlayer spacing.®® In contrast, the c-axis lattice
parameters of the as-sintered LCO-LLZO,, sample does not
exhibit such increase but instead shows a slight decrease to
14.045 A (SI 6), indicating a stabilizing effect on the layered
structure. The stabilization can tentatively ascribed to two
factors: (i) Overlithiated LLZO in LCO-LLZO,, counteracts the
expansion associated with lithium-deficient interlayer spacing
in LCO,* and (ii) AI’* diffusion from LLZO into LCO contributes
to lattice compression.*

View Article Online
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Up to this point, all three lithium-loss compensation strat-
egies for LCO-LLZO composite cathodes have been systemati-
cally tested and refined using pellet samples. However, since the
transition from 700 pm-thick pellets to 100 pm-thick
membranes entails a drastic change in sample geometry, it is
important to understand how this factor can influence lithium
evaporation and, consequently, secondary phase formation. To
address this, we compared the lithium contents of LLZO
samples — powder, pellet and tape - with and without applied
compensation strategies through inductively coupled plasma
optical emission spectroscopy (ICP-OES). Since Li-loss inside
the LLZO is the driving force for secondary phase formation, we
examined pure LLZO samples (Fig. 4a). Initially, as-synthesized,
pristine LLZO powders exhibited stoichiometric lithium levels
of around 6.77 pfu. Here, Li pfu denotes the total lithium
content after dissolution and normalization. It should therefore
not be interpreted as the lithium contents incorporated exclu-
sively within the LLZO lattice, since minor Li-containing surface
species or secondary species (e.g., Li,CO3) may also contribute.
Electrically, charge neutrality of the garnet phase is maintained
through native point defects (primarily Li vacancies together
with oxygen-related defects), rather than through changes in
cation valence.” After firing at 1050 °C for 2 hours, lithium
contents decreased by 0.22 pfu in the pellets and by 0.40 pfu in
the tapes. This more than twofold increase in lithium loss
between the pellets to tapes highlights the critical influence of
sample geometry. Notably, the surface-to-volume ratio plays
a decisive role. Tapes exhibit an approximately tenfold higher
surface-to-volume ratio compared to pellets, placing a signifi-
cantly larger fraction of lithium atoms in proximity to the
surface. Since lithium evaporates from the surface and diffu-
sion paths are shorter to replenish near-surface lithium, the
overall loss becomes more pronounced in tapes.** Moreover, the
decomposition of organic components during the debinding
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(a) ICP-OES results for the Li* content in LLZO powders, pellets and tapes processed in Li-rich atmosphere, with LiOH additives or with

overlithiated powders. (b) Filtered Raman maps for tapes made with 1 wt% and 2 wt% LiOH as well as overlithiated LLZO powders.
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process of tapes at low temperature results in increased
porosity, enhancing the surface area exposed at elevated
temperature. Since lithium depletion contributes to secondary
phase formation when combined with LCO cathodes, it is
crucial to account for such effects in processing strategies.
Understanding and mitigating lithium loss is therefore essen-
tial, not only for maintaining the structural integrity of LLZO
but also for preventing undesirable reactions and secondary
phase formation at the cathode-electrolyte interface.

When examining LLZO pellets and tapes processed in a Li,O-
rich atmosphere, it was observed that, within experimental
errors, there was no significant lithium loss. This supports the
hypothesis that such an atmosphere suppresses lithium evap-
oration by shifting the chemical potential of Li,O, thereby
reducing the driving forces for lithium outgassing.

For the additive method, to compensate for the 0.22 pfu
lithium lost during pellet firing relative to the pristine powder,
we estimated that at least 0.6 wt% LiOH are required. This value
is derived from molar ratio between lithium in LiOH and the
total lithium content in LLZO (i.e. Lis,;LasZry ¢Tag401,),
assuming complete decomposition of LiOH to Li,O during
firing. The resulting Li,O vapor equilibrates with the LLZO
surface, supplying Li and oxygen ions. Lithium incorporation is
therefore considered to occur through surface reaction and
subsequent bulk diffusion of Li" under a sustained Li,O vapor
pressure. Consequently, 1 wt% LiOH suffices to compensate for
lithium loss in pellets (Fig. 3) but is inadequate for tapes, as
evidenced by secondary phase formation (Fig. 4b). This inade-
quacy arises from the significantly higher surface-to-volume
ratio of tapes, which accelerates lithium evaporation and
requires more excess lithium in LLZO tape. Therefore, 2 wt%
LiOH were chosen for tapes, resulting in no detectable impu-
rities in Raman analysis. Comparing the 1 wt% LiOH added
pellet and 2 wt% LiOH added tapes after firing, the measured
lithium contents were 7.2 and 7.02 pfu, respectively, indicating
that the added amounts may have been overestimated and can
be adjusted to achieve optimal lithium stoichiometry. None-
theless, the 2 wt% LiOH added tapes yield secondary phase-free
composite cathode tapes (Fig. 4b). Furthermore, Li,CO; and
Li,O were evaluated as alternative lithium-compensating addi-
tives in a pellet-based composite cathodes. Stoichiometric
calculation indicates that at least 0.4 wt% Li,O and 1 wt%
Li,CO; are required for lithium compensation. Experimentally,
both LiOH and Li,O at 1 wt% yield secondary phase-free
composite cathode, whereas at least 2 wt% Li,CO; is neces-
sary (SI 7). Since LiOH decomposes to Li,O and H,O upon heat
treatment,* comparable results for LiOH and Li,O are expected.
Finally, overlithiated LLZO powders, pellets, and tapes are
examined. To counterbalance the lithium loss, synthesis tar-
geted 7.75 pfu Li, which is confirmed to be 7.8 (Fig. 4a). The
lithium loss was approximately 5.9% for pellets and 15.3% for
tapes after firing, indicating a higher lithium evaporation rate
compared to the pristine LLZO, likely due to the higher initial
lithium chemical potential and partial surface segregation of
lithium species. Nonetheless, the tapes still achieved a cubic
LLZO (Fig. 4b), free of second phases, while maintaining the
initially targeted lithium content of around 6.61 pfu Li. For Ta-
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doped LLZO, the cubic phase with highest room-temperature
ionic conductivity is typically obtained at Li contents of about
6.5 to 6.8 Li pfu; too few or too many Li" vacancies promote
tetragonal ordering and inhibit optimal ionic transport
pathways.*>*

Overall, both the tailored amount of LiOH additives and the
use of overlithiated LLZO for LCO-LLZO composite cathodes
effectively suppress the formation of secondary-phase LaCoO;
in both pellet and tape samples (Fig. 4b, SI 8). For the LCO-
LLZO,, samples, two mechanisms may explain the enhanced
sintering behavior relative to pristine samples. First, lithium
may be partially incorporated into the garnet lattice, which can
induce a transient tetragonal distortion. Because lithium vola-
tilizes uniformly from nanoscale particles, this establishes
a locally lithium-rich atmosphere that accelerates sintering
while preserving sufficient lithium to stabilize the cubic garnet
phase and prevent decomposition into La,O; or La,Zr,O,.
Second, a fraction of the additional lithium may remain outside
the garnet lattice, existing as a thin surface coating or as minor
phases such as Li,O, LiOH, or Li,COj3, which can act as transient
sintering aids during densification.

Mechanical integrity

When transitioning ceramic processing from 1 mm-thick
pellets to 100 pum-thick sheet-type free-standing membranes
for practical battery cell manufacturing, ensuring flatness and
mechanical integrity of sintered membranes becomes critical.
To address these challenges, ceramic setter plates were
employed during the firing process. However, this approach
introduces additional processing complexities. First, during the
debinding process, the system must allow efficient outgassing
of decomposition products from the organic binders in the
green tape. If the gas release is hindered by the setter plate, it
can lead to tape deformation, internal gas buildup, carbon
residue, warping, and uneven sintering. Second, adhesion
between the green tape and the setter plate must be avoided. If
the tape sticks during sintering, it can lead to surface tearing,
constrained shrinkage, and nonuniform densification. Polished
MgO setter plates were found to be highly effective in this
regard. At the applied firing temperature, MgO remains chem-
ically inert toward the composite cathode and prevent bonding
between the tape and the setter, likely due to its chemical
inertness and negligible Mg®>* diffusion into LCO-LLZO
composite.** In contrast, alumina setter plates caused severe
sticking and even partial sintering between tape and setter (SI
9). This arises from the lithophilic nature of alumina, which
reacts with lithium to form Li-Al-O compounds and draws
lithium from LLZO and LCO, thereby promoting eutectic liquid
formation, exacerbating lithium loss and promoting secondary
phase formation.*>*® These insights underscore that, in addi-
tion to the atmosphere and additive control, the setter plate
selection plays a crucial role in achieving desired lithium stoi-
chiometry and flatness during firing process. As illustrated in
Fig. 1e, the green tape is placed on the setter plate, with
a second setter plate positioned on top to act as warping
restriction. Additionally, thin MgO spacers are placed between
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the setter plates to facilitate the outgassing of decomposition
products, minimize direct chemical interactions or sticking
between the specimen and the setter plates, and allow more
uniform access of the reactive atmosphere to the sample
surface. These spacers are only a few microns thicker than the
green tape and serve to limit tape warping during firing by
providing localized support without imposing constant pres-
sure across the entire tape surface. Using this setup, SEM
analysis revealed that as-sintered tapes exhibit a dense and
uniform microstructure (Fig. 5a). Notably, LCO-LLZO,qq di-
splayed a slightly higher porosity and presence of larger pores
(10-25 pum) (SI 10), attributed to the decomposition of LiOH
particles during firing. These observations are concomitant
with the microstructure observed in the pellets (Fig. 2a). As-
sintered composite cathodes have a thickness of around 120-
140 pm. As shown in the video (SI Video), the sample demon-
strated good mechanical robustness, withstanding handling
with tweezers and even accidently dropping without cracking.
Although the sample shown in the video is LCO-LLZO,q4, all
three sample types demonstrated comparable mechanical
behavior.

2 mm

Fig. 5 (a) LLZO-LCO composite cathode sintered in Li,O atmosphere
(left), using overlithiated LLZO powder (middle), and 2 wt% LiOH
additives (right). (b) 3D profilometry measurement of a flat LCO-
LLZO,, cathode manufactured with the setter/spacer method.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

3D profilometry confirmed that the composite cathode
sheets are not only thin and flat (Fig. 5b) but also exhibit
minimal surface roughness, with an areal surface roughness S,
of 9 um. The S, value, defined as the arithmetic mean of the
absolute height deviations from the mean plane, is a standard
metric for quantifying surface texture. In this case, the low S,
indicates excellent macroscopic flatness and minimal surface
waviness. This is essential for maintaining even pressure
distribution in a battery and avoiding interfacial gaps or pres-
sure spikes that could damage the cathode during assembly or
operation. The use of setter plates with spacers proved crucial in
achieving such flatness, underscoring the importance of the
firing setup in the tape casting process.

Electrochemical characterization

Because the LCO-LLZO composite behaves as a mixed
conductor with predominantly electronic transport, DC chro-
noamperometry was used to determine its electronic conduc-
tivity (Fig. 6a). The three free-standing membranes exhibited
electronic conductivities of =2.1-2.3 mS ecm ", slightly lower
than the pellet samples (3.15 mS cm ').** The reduced
conductivity is likely attributable to microstructural differences
(e.g., residual porosity). Nevertheless, the reduced thickness
(=100 pm vs. =700 um for the pellets) produces a substantially
decreased total resistance of 4.5 Q ecm? for the membranes,
compared with area specific resistance (ASR) =22.2 Q ecm? for
the pellets® - an approximately fivefold reduction. Given typical
cell component resistances, the electronic contribution to ASR
is not expected to be the limiting factor in cell operation. To
further elucidate the minor ionic contribution in the LCO-LLZO
composite, potentiostatic electrochemical impedance spec-
troscopy (PEIS) measurements were performed with poly
(ethylene oxide) (PEO) using a symmetric Steel|PEO|composite
cathode|PEO|Steel configuration, designed to selectively probe
Li" transport through the polymeric interlayer. However, this
setup lacks a well-defined lithium chemical potential at the
electrode interfaces, since both outer steel electrodes are
blocking for Li* and the PEO layer cannot function as a true
lithium reservoir. Consequently, the ionic flux across the cell
cannot be sustained under either AC or DC perturbation, and
the recorded response is dominated by interfacial polarization
rather than steady-state ionic conduction. The apparent ionic
conductivities derived from this configuration were therefore
higher than expected (SI 11), likely reflecting capacitive artifacts
and local polarization within the PEO-composite interfaces
rather than intrinsic bulk transport. To achieve a physically
meaningful separation between ionic and electronic conduc-
tivities, at least one non-blocking lithium reservoir electrode
(e.g., Li metal) must be employed to define the electrochemical
potential of lithium and establish well-controlled boundary
conditions, as described in the classical Hebb-Wagner frame-
work.*” The use of this approach for Li-oxide MIECs is, however,
experimentally challenging because direct contact between Li
metal and oxide composites often induces parasitic reduction
reactions and interphase formation, leading to an unstable
lithium chemical potential and unreliable steady-state currents.
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Fig. 6 Electrochemical evaluation of composite cathodes. (a) Chronoamperometry measurements of composite cathodes with ion-blocking
gold electrodes. (b) Capacity retention over cycle number of the LLZO-LCO cathode (c) cell voltage over discharge capacity plot for LCO-
LLZO4im cathode. (d) Nyquist plots of the LCO-LLZO 4, cathode for 30 cycles.

Additional complications such as poor wetting, high and drift-
ing interfacial resistance, and possible Li plating further
obscure the intrinsic transport behavior. To overcome these
issues, buffered lithium reservoirs (e.g., Li-In alloys) are often
employed as alternative, chemically compatible electrodes to
define p;; while minimizing interfacial reactivity — an approach
to be explored in ongoing work beyond the present study.
Subsequently, the cathode membranes were evaluated in
composite cathode|liquid electrolyte|Li metal hybrid battery
cells to assess electrochemical performance. After weighing and
with a 50 wt% active material content (LLZO to LCO mass ratio
of 1:1; an LCO loading of ~11.4 mg cm™?), we calculated the
areal capacity of the cathodes at ~1.6 mAh cm™?, assuming
a practical capacity of 140 mAh g~" for the LCO. The high
density of the cathodes limits penetration of liquid electrolyte
into the cathode, making them well suited to evaluate the
cathode performance. The LCO-LLZO,y, full-cell delivered
a first discharge capacity of 1.55 mAh cm™ or 136 mAh gcan "
measured at a current density of 0.25 mA cm™> (= C-rate of C/6)
(Fig. 6b), demonstrating near-complete utilization of the
cathode active material. Overall, tested cathode membranes
deliver initial discharge capacities exceeding 90% of their
theoretical value (SI 12). Cathode active material loadings and

J. Mater. Chem. A

capacities are compared in SI 14. Initial impedance spectra
showed a total resistance of =5.8 Q cm? for the LCO-LLZO
cathode, showcasing a reduction from =20 Q cm” as reported
previously in our pellet study.>® However, upon subsequent
cycling, a progressive capacity fade was accompanied by an
increase in impedance (Fig. 6¢ and d). Among the tested cath-
odes, the LCO-LLZO,., cathode showed the most stable
performance, retaining 66% of its capacity after 30 cycles
(Fig. 6d). In contrast, the LCO-LLZO,q4q cathode experienced an
early capacity loss within the first 5 cycles and then degraded
more rapidly, reaching only 15% retention after 30 cycles. The
LCO-LLZO,, cathode performed slightly better, maintaining
25% retention after 30 cycles. This modest improvement is
likely associated with reduced initial porosity, which may delay
the onset of crack formation and propagation.

Upon cycling, the composite cathodes exhibited microcracks
both within the bulk and at the interfaces (SI 13). Post-mortem
SEM cross-sections of all three cathodes reveal qualitatively
similar microcrack morphologies, consistent with chemo-
mechanical strain of LCO during repeated cycling, however,
a quantitative crack-density/length analysis was not performed.
These cracks likely originate from the repeated volume changes
of LCO during lithiation and delithiation. While the cracking

This journal is © The Royal Society of Chemistry 2026
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patterns are broadly comparable, we attribute the difference in
cycling stability primarily to the as-sintered microstructures,
where the additive-derived cathodes exhibit higher residual
porosity which can serve as stress concentrators and crack-
initiation sites, whereas atmosphere samples have higher
initial density. Although a lower upper cut-off voltage could
improve stability by reducing the SOC swing, we selected 4.1 V
to demonstrate mAh-class areal capacity under a practically
relevant high-energy condition; the incremental strain from 4.0
to 4.1 Vis expected to be modest compared with microstructure-
driven effects like porosity and interfacial integrity.*® In future
work, strain accommodation will be addressed primarily
through composite mechanics and targeted microstructural
design. In the present architecture, LCO particles are mechan-
ically constrained by the continuous and stiff LLZO framework,
which limits unconstrained particle expansion and instead
concentrates deformation near the interfaces. Consequently,
strategies that improve interfacial integrity become particularly
important. In addition, reducing LCO particle/grain size and
tailoring particle morphology are expected to mitigate stress
buildup. Diffusion-induced stress analyses generally predict
that the maximum mechanical stress increases with increasing
grain size;* therefore, shifting from the present 3-5 um grains
toward a sub-micron regime should substantially reduce crack-
driving forces under otherwise comparable conditions. This
consideration will guide the next generation of monolithic
cathode designs.

Raman spectra of cycled cathode particles show features
assignable to Coz;0,, suggesting that local oxygen release and
partial transition of Li;_,CoO, to lower-valence cobalt oxides
may occur in isolated regions. These microcracks and possible
local phase changes could disrupt continuous ion- and electron-
transport pathways, increase local resistance, and induce
particle-level state-of-charge heterogeneity. Locally over-
delithiated LCO domains may therefore undergo additional
structure degradation through oxygen loss,” although the
precise mechanism requires further investigations.*>**

On the anode side, degradation can also occur through
reactions between the liquid electrolyte, Li metal, and LLZO,
leading to the formation of solid-electrolyte interphases (SEI)*>
that consume cyclable lithium and contribute to the initial
irreversible capacity loss. During continuous plating and strip-
ping, the Li surface morphology evolves dynamically, repeatedly
exposing fresh surfaces and promoting further SEI formation.
Detached dendritic fragments may further reduce accessible
lithium. However, given the large lithium reservoir in our cell
(~22 mAh), these effects are expected to be minor, and the LCO
phase should remain fully lithiated during discharge. Simulta-
neously, carbonate by-products such as Li,CO; may accumulate
at the LLZO/LE interface, gradually etching the garnet surface
chemically and diminishing its ionic conductivity.?® Collec-
tively, these cathode- and anode-side degradation processes
introduce irreversible charge consumption and increasing
polarization, which is consistent with our observed coulombic
efficiency below unity and its deterioration upon cycling (SI 12).

Nonetheless, prior studies have shown that LCO-LLZO
composite cathodes can maintain mechanical integrity even
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after prolonged cycling at higher voltages than those employed
here,* provided that a highly dense and well-bonded micro-
structure is achieved. This suggests that the cracking observed
in our samples likely arises from insufficient mechanical
robustness rather than intrinsic interfacial incompatibility.
Hence, further optimization toward enhanced microstructural
density and refined grain size distribution will be crucial to
improve both the mechanical strength and the long-term
electrochemical stability of the composite cathode.

Conclusion

Co-firing of oxide-based composite cathodes is a long-standing
bottleneck for solid-state batteries: lithium loss at high
temperatures drives parasitic interphases and porosity, which
in turn limit the achievable capacity and scale-up of solid-state
batteries. By establishing solid-phase lithium compensation
routes during co-firing, we address this materials-processing
gap and outline practical paths toward manufacturable
membranes.

Using LiCoO, - LLZO as a model system, we introduce two
solid-phase compensation routes - Li-containing precursor
additives and an overlithiated LLZO catholyte - that suppress
LaCoOs-type interphases and enable fully dense, secondary-
phase-free microstructures at 1050 °C. Both routes are repro-
ducibly implemented in 100 pm free-standing membranes via
tape casting, delivering low-resistance hybrid batteries with
discharge capacities of up to 1.49 mAh cm ™2 at C/6. Within the
context of co-sintered garnet-based oxide cathodes, this places
our membranes among the few reporting both dense,
interphase-controlled microstructures and mAh-class areal
capacities at practical thickness - without relying on non-
scalable equipment or gas-phase lithiation.

The key impact is twofold. Fundamentally, we quantify and
mitigate lithium loss during co-firing, clarifying the role of
lithium chemical potential in densification and interphase
chemistry. Technologically, we provide a scalable, tape castable
process window and two interchangeable levers that can be
potentially generalized to other oxide cathodes beyond LCO.
Together, these advances tighten processing-structure—property
links for garnet composites and move fully ceramic, industry-
relevant solid-state cathodes closer to deployment.

Experimental section
Component manufacturing

Synthesis of LLZO powders. Cubic-phase Ta- and Al-doped
Lig 45Alp 95LasZry ¢Tag 401, (LLZO) powders were synthesized
via a solid-state reaction at a batch size of 100 g. Precursor
powders with stoichiometric amounts of anhydrous lithium
hydroxide (Thermo Scientific, 99.995%), lanthanum(u)
hydroxide (Thermo Scientific, 99.95%), zirconium(wv) oxide
(Thermo Scientific, 99.7%), aluminum oxide (Thermo Scientific,
99%), and tantalum(v) oxide (Thermo Scientific, 99.85%) were
prepared with an excess of 15 wt% LiOH. The powders were
then homogeneously mixed in a zirconia (ZrO,) jar with ZrO,
milling beads (Retsch) and isopropanol (VWR Chemicals,
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99.8%) using a planetary ball mill (Retsch, PM100). The
powders were dried and pressed uniaxially into pellets before
calcination in ambient air at 750 °C for 2 h. After calcination the
green bodies were pre-sintered with an isothermal hold at
1050 °C for 5 h to assure phase stabilization of the cubic phase.
Subsequently, the pellets were ground in a mortar and ball
milled for 24 h at 300 rpm. After drying, powders were sieved for
30 min in a 400-mesh test sieve to assure monodisperse particle
distributions. Powders were then stored in an argon-filled glo-
vebox ([H,O] < 0.1 ppm, [O,] < 0.1 ppm). Overlithiated LLZO
powders were synthesized accordingly but with higher lithium
contents, aiming for a nominal composition of Li; ;5Al osLas-
Zr; ¢Tay 404,. For readability, we refer to this material as LLZOo,
throughout the manuscript and “LLZO” denotes the Ta/Al-
stabilized garnet with its minor Al addition as defined here.
For reaction equations and discussions, we also neglect the
aluminum for simplicity. The Ta/Al-stabilized LLZO composi-
tion was selected because it can be densified at 1050 °C while
retaining high room-temperature ionic conductivity; in our
previous work, dense pellets sintered at 1050 °C reached 0.75
mS cm™ *.>* This compatibility with the thermal budget is crit-
ical for future one-step co-firing of separator and composite
cathode layers.

Fabrication of LCO-LLZO pellets. The synthesized LLZO or
overlithiated LLZO was dry mixed with commercial LiCoO,
(Thermo Scientific, 99,5%) in a ratio of 50 : 50 wt% for 5 min in
a planetary mixer (Thinky) at 500 rpm with ZrO, milling media
to break up agglomerates. Samples for LiOH additive were
mixed with 1 wt%, respectively. The obtained powder mixture
was pressed into 13 mm pellets with 5 MPa and sintered inside
an MgO crucible in a tube furnace in oxygen atmosphere (50
cm® h™") at 1050 °C for 2 h with heating and cooling rates of 5
K min~". A Li,O-rich atmosphere was created using a closed-lid
crucible with 0.1 g of non-touching LiOH bed powder on the
bottom and MgO plates as platforms for the cathode pellets, as
described in our previous work.*® As-sintered pellets were pol-
ished using SiC papers, ending with 4000 grit size. Pellets for
grain size distribution measurements were then thermally
etched in oxygen atmosphere at 900 °C for 1 h.

Fabrication of LCO-LLZO tapes. SE and CAM powders, as
well as 2 wt% LiOH for additive samples, were suspended in
a slurry matrix consisting of isopropanol and toluene as
solvents, menhaden fish oil as dispersant, benzyl butyl phtha-
late as plasticizer and polyvinyl butyral as binder. ZrO, balls
were used as mixing media. All components were mixed in
a Thinky ARE-250 planetary centrifugal mixer at 1500 rpm to
partially suspend the powder in the slurry matrix. The suspen-
sion was sonicated to break up agglomerates and finally mixed
again in the centrifugal mixer for 3 min to obtain homogenous
slurries. After mixing, the slurries were cast onto a Mylar foil
using a 200 um doctor blade. The tapes were dried at room
temperature for at least 20 minutes and then removed from the
Mylar foil. Tapes were stacked for desired thickness and lami-
nated twice for 5 min at 65 °C and 60 MPa with a laminator (MTI
Corporation). After cooling down, circles were punched from
the laminated green tapes. The punched-out green tapes were
co-fired in a magnesia crucible with a lid in a tube furnace in
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oxygen atmosphere, parallel to the pellet samples. For a non-
contact bed powder approach, the green tapes were sintered
as described in our previous work. However, for all tapes we
used setter plates and spacers. To achieve flat tapes, green tapes
were placed between two magnesia setter plates. To avoid
applying weight on top of the tapes, approximately 10 um-
thicker magnesia spacers than the tapes were inserted
between the setter plates. This setup reduced the load on the
tapes while still limiting available space, effectively preventing
warping.

Fabrication of polyethylene oxide. For the preparation of
PEO as electrolyte, 0.33 g lithium bis(trifluoromethanesulfonyl)
imide was dissolved in 10 mL acetonitrile. While stirring, 1 g of
PEO was added to achieve an ethylene oxide to Li" ratio of 20 : 1.
To fully dissolve the PEO, the solution was stirred for 3 h, and
the resulting homogeneous solution was drop-cast into a PTFE
evaporation dish. After drying under vacuum at room temper-
ature, the PEO film was peeled off the dish and punched out to
match the dimension of the LLZO/LCO composite cathode tape.

Cell assembly. Swagelok cells were assembled in an argon-
filled glove box using the prepared secondary-phase free tapes
as cathode, lithium metal disks as anode, a Celgard separator
and 1 M of LiPF dissolved in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (1:1 in mass) as electrolyte. Before assembly,
the tapes were mechanically polished to a thickness of 80
microns with SiC paper, ending with 4000 grit size. One side of
the tape was sputtered with a 50 nm gold layer acting as
a current collector. Before testing, the cell was rested for 24 h at
room temperature.

Characterization

Dilatometry. Composite cathode pellet-type samples were
pressed into 6 mm diameter and 12 mm long rods. Using
a Linseis DIL L76 and an alumina measuring system, the
samples were tested with a constant heating rate of 5 °C min ™"
until 1100 °C continuously flushed with 50 mL min~" oxygen.
To limit contamination, samples were sandwiched between
alumina spacers with a force of 50 mN so that the pushrod and
backstop are not in contact.

Raman spectroscopy. Raman spectra were collected using
a confocal WITec alpha300 R Raman microscope (WITec, Ger-
many) with a 532 nm excitation wavelength. The measurements
were performed in air. For the mapping, an area of 25 by 25 um
was selected to perform a stepwise raster, scanning 25 lines with
each 25 points per line, resulting in 225 spectra per map.
Averaged spectra were computed from all 225 spectra per map.
Subsequently, we performed integration over specified peak
ranges identified within the Raman spectra. The integration
focuses on CCD counts, and the results are presented relative to
the integrated count mass.

Powder X-ray diffraction (p-XRD). P-XRD measurements
were conducted on ground samples which were sealed inside
0.3 mm glass capillaries. P-XRD measurements were performed
at room temperature on a STOE Stadi P diffractometer equipped
with a Ge (111) monochromator for Mo K,; radiation (A =
0.7093 A) and a Dectris MYTHEN DCS 1K solid-state detector.
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The raw powder data were processed with the software package
WinXPOW. Profile fits were executed with the least-squares
method implemented in the EXP02014 software.>**” Back-
ground contribution was determined using a shifted Cebyshev
function and non-structural parameters were refined with the
Le Bail method. Note that the low-angle reflection may appear
mildly asymmetric due to axial-divergence-related instrumental
line-shape effects in conventional geometries, rather than
indicating an additional crystalline phase.*®

Scanning electron microscopy (SEM). SEM images were
acquired using a Hitachi TM400Plus tabletop scanning electron
microscope at 15 kV with a backscattered electron detector. An
in-lens SE detector was used for the top view images of LCO
particles, and a BED-C detector was used for the cross-sectional
SEM images of the LLZO and LLZO/LCO tapes. Conductive
carbon tape was used to tape the samples to the sample holder
and ensure sufficient electronic conductivity during imaging.
Grain size distribution measurements were carried out utilizing
Image]j.

Inductively coupled plasma optical emission spectrometry
(ICP-OES). ICP-OES measurements were collected using a 5800
ICP-OES instrument from Agilent Technologies. Powdered
samples were dissolved in aqua regia — 3 : 1 molar ratio of HCIl
(Sigma-Aldrich, 30%) to HNO; (Sigma-Aldrich, 70%) - and three
aliquots of each sample solution were diluted in Millipore water
prior to the measurement. The device was calibrated using four
multi-element calibration solutions prepared from ICP stan-
dard solutions (Sigma-Aldrich) containing the elements Li, La,
Ta and Zr (Sigma-Aldrich) in stoichiometric amounts as ex-
pected for LLZO. Aqua regia was added to each calibration
solution and to the blank solution in amounts matching the
amount contained in the sample solution to ensure an identical
matrix background. Measurements were performed in radial
geometry and the following wavelengths were evaluated for the
respective elements: 670 nm for lithium, 263 nm for tantalum,
333 nm for lanthanum, and 343 nm for zirconium. Li-contents
were calculated by normalization of the obtained Li- and La-
concentrations to stoichiometric La-content of 3.0 pfu.

Optical profilometry. A 3D profilometer (VK3100, Keyence
Corporation, Osaka, Japan) was employed to manually assess
the surface topography of each sample. The corresponding
analysis software (VR-3000 G2, Keyence Corporation, Japan)
was used to determine the arithmetic mean surface roughness
(S2)

Electrochemical impedance spectroscopy (EIS) and battery
testing. Electrochemical impedance spectroscopy and cycling of
the all-solid-state cathode was conducted at room temperature
using a BioLogic VSP-300 potentiostat/galvanostat (Bio-Logic,
Knoxville, TN, USA). The samples were then tested in a Swage-
lok-type cell (Beyond Battery) in a climate chamber at 25 °C,
applying frequencies between 7 MHz and 1 Hz with an electrical
field perturbation of 10 mV. For electronic blocking conditions,
cathode tapes were placed in between the free-standing PEO
rested in a split cell at 60 °C for 24 h before testing. For
electrochemical cycling, the cells were charged and discharged
over a potential range of 3-4.1 V (against lithium) at 0.25 mA
cm 2 current density (C-rate of C/6) at room temperature.
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Between every charge and discharge, EIS was measured from 1
MHz to 100 Hz.

Chronoamperometry (CA). 50 nm-thick Au films were
deposited on both sides of the cathode tapes by DC-sputtering.
With a BioLogic VSP-300, a potential of 100 mV was applied to
the gold-sputtered composite cathodes and the current
response was measured over two h.
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