Open Access Article. Published on 05 Nhlangula 2020. Downloaded on 2026-06-20 12:07:58.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2020, 13, 4930

Received 29th June 2020,
Accepted 5th October 2020

DOI: 10.1039/d0ee02062a

rsc.li/ees

Broader context

All ceramic cathode composite design and
manufacturing towards low interfacial resistance
for garnet-based solid-state lithium batteriesy

*xab

Kun Joong Kim (2 ¢ and Jennifer L. M. Rupp
The critical factors that determine the performance and lifetime of solid-state batteries (SSBs) are driven
by the electrode—electrolyte interfaces. The main challenge in fabricating all-oxide cathode composites
for garnet-based SSBs has been lowering the thermal processing window in which both good contact
and low interfacial resistance can be achieved. Here, we report an alternative ceramic processing
strategy that enables the fabrication of all-oxide composite cathodes at an unusually low processing
temperature without the use of extra sintering additives or a fluid electrolyte (polymer-gel or liquid
electrolyte). We present specific examples of the most common LiFePO, and LiCoO, cathodes with a
Li-garnet (Li;LazZr,O4,, LLZO) solid-electrolyte. We demonstrate an infiltration step to directly synthesize
the LiCoO, cathode from metal salts in a porous LLZO scaffold, resulting in the formation of a
composite cathode such as LiCoO,—-LLZO on top of a dense LLZO solid electrolyte at a low processing
temperature of 700 °C. A promising discharge capacity of 118 mA h g~ (3-4.05 V) with a low interfacial
resistance of 62 Ohm cm? is realized for LiCoO, with a lithium anode, whereas critical phase instabilities
for LiFePO,4 are uncovered. Our findings encourage a move away from synthesis techniques that employ
particle mixing and sintering to fabricate composites. We provide a blueprint for circumventing adverse
interphase reactions according to chemistry and ceramic thermal processing budgets in the preparation
of these ceramic interfaces as well as for increasing the number of reaction sites for high-performing
composite cathodes for Li-garnet SSBs. In addition, the ceramic methods presented are scalable and
mass manufacturable for the large-scale production of such composite cathodes for future industry.

Solid-state batteries based on inorganic solid electrolytes offer safer alternatives to classical lithium-ion batteries due to their non-flammable nature and give
prospects of both high energy and power densities. Among them, sulfide- and oxide-based solid-state battery architectures have attracted continuing attention

due to their high ionic conductivity and stability with Li metal. Despite the promise of superior chemical and electrochemical stability of oxide-type batteries
during cell operation, fabrication difficulties in achieving mechanically rigid and chemically pure interfaces between the cathode and oxide electrolyte have

been serious challenges. Oxide batteries typically reveal high interfacial impedance and readily fail to reach the theoretical capacity of the active cathode
material. Here, we introduce a low-temperature fabrication route for an oxide-type cathode composite that can enhance the specific capacity and interfacial
resistance by avoiding detrimental interfacial reactions and maximizing active reaction sites. We hope to provide the reader with an overview of existing
cathode preparation options and new insights that constitute a step forward in unravelling the complex interplay between ceramic processing routes and

performance during oxide battery fabrication.

Introduction

Solid-state batteries (SSBs) based on solid electrolytes and Li
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metal anodes are considered safer and higher energy alterna-
tives to conventional batteries operating with combustible
liquid electrolytes." After sustained research efforts, solid
electrolytes now possess conductivities that are competitive with
those of liquid electrolytes.” For example, oxide-type Li garnets
such as Li;LazZr,04, (LLZO) have exhibited conductivities

This journal is © The Royal Society of Chemistry 2020
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greater than 1 mS cm ™" and can be processed as ceramics in the
form of pellets, tapes, and films over a wide temperature range
with a wide variety of thicknesses.>* Among SSB electrolyte
materials, LLZO>® offers a relatively wide electrochemical sta-
bility window (along with LIPON”"%) as well as compatibility
with the high-capacity lithium anode."® Promising critical cur-
rent densities as high as 10 mA cm > have been demonstrated
in lithium symmetrical cells based on tri-layer LLZO
electrolytes,"" resulting in their ranking among promising
future SSB architectures. From a processing perspective, there
have been numerous attempts to achieve good contact between
the lithium anode and LLZO electrolyte. Thanks to these efforts,
novel strategies to achieve a LLZO-Li interfacial resistance as
low as several Q cm? are available.>*'>™'® However, interfacial
design and fabrication strategies that result in low interfacial
resistance across the LLZO-cathode interface and within the
cathode composite require further attention.'””'® For instance,
the interfacial resistance for Li-garnet SSB cells has been
reported to be readily over thousands of Q cm? The state-of-
the-art cell consisting of LiCoO,, Li, 3Cy B 303, and LLZO as
the cathode composite, LLZO as the electrolyte, and a Li metal
anode exhibits a total interfacial resistance of approximately
270 Q cm? at 100 °C, which is predominantly attributed to the
resistance of the LLZO-cathode interface."® The origin of the
high interfacial resistance can be generally explained by either
the formation of insulating phases at the interfaces at the cell
fabrication temperature (700 °C) or weak mechanical bonding
between the cathode and LLZO electrolyte if the co-sintering
temperature was too low. Nonetheless, recent holistic analysis
on the performance of state-of-the-art SSBs has suggested that
a high-specific-energy cell requires less than approximately
40 Q cm’® internal resistance to allow targeted cycling at 1C
with more than 90% energy efficiency.”>*' To commercialize
these generally established active materials of Li cobaltite,
Li phosphate, and Li titanate for future Li-garnet SSB products,
appropriate ceramic synthesis routes to prepare suitable
LLZO-cathode composites need to be investigated.

Recent progress on such cathode composite processing
in Li-garnet SSBs has led to the identification of three major
strategies for their assembly that define the thermal processing
window, tested active materials and loading (wt%) of the active
cathode storage material: (i) hybrid cathodes, (ii) all-oxide
cathodes with additives, and (iii) all-oxide cathodes without
additives, as illustrated in Fig. 1a.

Hybrid cathodes composed of liquid- or polymer-based
catholytes (the part of the electrolyte on the cathode side of
an electrochemical cell) mixed with active materials and carbon
(Fig. 1a) are in principle a copy-cat cathode design of the
cathodes used in traditional lithium-ion batteries, with the
porous polymer separator simply replaced by a LLZO electrolyte.
Cells with hybrid cathodes based on LiC00,,* LiFePO,,> 2
Li(Ni,Co,Mn)0,,%*?” Li,FeMn;0s,"* and sulfur'’*® have been
reported, and various forms of catholytes consisting of Li salts
in an organic solvent or polymer matrix, namely liquid
electrolytes,” polymer-gels,>** ionic liquids,*>*® and plastic
crystals,?” have been tested. The liquid catholyte penetrates the
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as-cast porous cathode sheet, Fig. 1a(i), allowing sufficiently
large contact area on its surface and forming a percolating
network for sufficient ion transport. Typically, the hybrid
cathode processing includes casting of a slurry prepared by
mixing the active materials (crystallized oxide particles), a
binder, and carbon as the conducting agent in a solvent and
drying at approximately 80-150 °C, followed by infiltration of
the catholyte. Such easy processing at low temperature (no
sintering required) makes the hybrid cathode design attractive
with a high cathode loading of >90 wt%. The reduced amount
of flammable or less thermodynamically stable catholyte in
hybrid-cathode Li-garnet SSBs compared with that in a typical
liquid battery system may be advantageous for safety.>* For
these reasons, such a hybrid SSB design is gaining momentum;
however, the underlying interfacial reaction requires further
investigation®>*° and practical demonstrations targeting cycle
numbers >500 and C-rates >1C are needed.’?

In contrast, an all-oxide cathode uses purely inorganic
ceramic materials for the electrolyte and cathode constituents
forming a composite cathode, as shown in Fig. 1a(ii) and (iii).
The main merit of all-oxide cathodes over hybrid cathodes is
overall battery safety against thermal runaway by completely
avoiding flammable liquid catholytes or organic electrolytes.**
However, it is difficult to realize strong bonding within the
composite network with low interfacial resistance. Furthermore,
high active material loading is difficult to achieve as shown by
recent reports with only 50-58 wt%,'®***” which makes the
realization of high energy density difficult.

With or without additives, all-oxide cathode composite
fabrication involves the preparation of a slurry solution
(composed of the solid electrolyte and electrode particles,
binder, and solvent), followed by screen printing of the com-
posite slurry onto the LLZO electrolyte and sintering (Fig. 1b).
With increasing temperature, the organic binder is first burned
out, and three different types of solid-solid contacts are made
(i.e., LiC0oO,-LiC00,, LLZO-LiC00,, and LLZO-LLZO), followed
by grain growth and neck growth among the constituent
phases. For instance, a cathode composite with Ta-doped LLZO
and LiCoO, can be made with mechanically strong bonding via
solid-state diffusion at 1050 °C,*” thereby meeting one of the
requirements for low interfacial resistance. However, possible
side reactions can occur during such high-temperature pro-
cesses and may increase the interfacial resistance (1138 Q cm?),
reducing the specific capacity below the theoretical one.*’
Furthermore, this approach would be exclusive to these phases
and would not apply for many other oxide cathodes because of
their higher reactivity with LLZO.?® For instance, a pellet-based
compatibility study®® shows that Li-insulating interphases
begin to form at above 600 °C in LLZO cathode composites
with high-voltage active materials of Li,NiMn;Og, Li,FeMn;Og,
and LiCoMnO,. In addition, the chemical reactivity and decom-
position of composite cathode pellets were confirmed for
LLZO-LiCoO, and LLZO-LiNi, 35C0¢ 33Mng 530, at 700 °C and
even at 500 °C for LLZO-LiMn,0, and LLZO-LiFePO,.***!

Sintering additives can be used to facilitate the particle
interconnection and densification of the cathode and electrolyte

Energy Environ. Sci., 2020, 13, 4930-4945 | 4931
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Fig. 1 Preparation of cathode composites for Li-garnet SSBs. (a) Overview of the cathode composite processing, temperature and components for each
choice of design. (i) Hybrid cathodes using a conventional catholyte (liquid or polymer electrolyte) and tested with active materials of LiCoO,,22
LiFePO4,2372% Li(Ni,Co,MNn)0,,24%” Li,FeMn30g,*2 and sulfur*>?® and prepared at 80-150 °C. The cathode loading can easily increase up to 90 wt% due to
the ease of processing by infiltrating a fluid-type organic electrolyte (i), whereas all-oxide cathode composites require higher processing temperature to
form strong interfacial bonding without the use of organic electrolytes (i) and (iii). Cathode composites including LiCoO,-LLZOY¥3273 and
Li(Nig.sC0p 2Mnp 5)02-LLZO®® are fabricated with additives at 700 °C (i) and LiCoO,-LLZO* is fabricated without additives at 1050 °C (ji)). The use of
a sintering additive allows reduction of the processing temperature, whereas the active cathode loading is reduced (54-58 wt%). Sintering over 1000 °C
produces possible side reactions, resulting in high interfacial resistance. Currently, 50 wt% cathode loading is reported. (b) Evolution of the
microstructure and interface formation during conventional solid-state sintering as exemplified by the LiCoO,-LLZO composite cathode. (c) Preparation

of the cathode composite used in this study.

interface at reduced processing temperature, as shown in Fig. 1a(ii).
For instance, the introduction of lithium borate (Li-B-O system>**?)
in LiCoO,-"?*% and Li(Niy5C0o,Mn,3)0,*%based cathode
composites significantly reduces the cathode composite syn-
thesis temperature to approximately 700 °C from 1050 °C,
Fig. 1a(ii). The oxide sintering additive promotes liquid-phase
sintering, accelerating the kinetics of densification compared
with that of pure solid-state sintering.**** The sintering additive
Li;BO; (LBO) melts at approximately 800 °C,*>*® whereby its
liquid flows into the ceramic cathode composite matrix due to
the capillary pressure difference between the fine and coarse
channels of the solid cathode and electrolyte particle constituents.
The capillary forces give rise to strong attractive forces between
neighboring particles and rearrangement. As sintering proceeds,
elimination of pores and the growth of grains occur simultaneously

4932 | Energy Environ. Sci., 2020, 13, 4930-4945

in a liquid matrix, leading to faster densification. In the as-sintered
cathode composite, the residual LBO phase prevails as an amor-
phous coating layer at the particle boundary between the electrolyte
and cathode phases within the microstructure. A critical point for
the SSB performance concerning the use of additives is that
despite the advantage of lowering the co-sintering temperature,
this residual LBO phase in the microstructure will remain as
“inactive” constituent volume of the cathode composite, not
contributing to the Li storage capacity. Thus, the associated
capacity loss must be considered. For example, 12-35 wt% LBO
additive has been used for the cathode composite, implying that
valuable capacity volume is occupied by the inactive additive.'>3*
More importantly, LBO has a two-orders-of-magnitude-
lower ionic conductivity than LLZO, thereby limiting the overall
charge transfer and slowing down the battery performance.*>

This journal is © The Royal Society of Chemistry 2020
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These results highlight needs concerning new ceramic proces-
sing strategies for cathode composites targeting low temperature
for the assembly of the constituents while keeping the strong
bonding without introducing inactive additives for high active
storage capacity. In parallel, the development of protective coating
materials to avoid the interfacial reaction and Li-insulating phase
formation needs to be explored.*®*’

Instead of co-sintering of cathode constituents, the pre-
fabrication of a 3D-connected, Li-conductive structure onto a
LLZO electrolyte has been suggested; this process is achieved by
screen-printing or tape-casting followed by sintering into a
‘porous LLZO’ framework as an ionic scaffold."*”*®*° Therein,
the porous scaffold is prepared by casting LLZO slurries on
top of a dense LLZO pellet or co-sintering LLZO tapes,’® where
the LLZO slurries and tapes use pore-forming agents that
are subsequently burned off, such as cornstarch,’® PMMA
spheres,"" or ice crystals.”” Sintering leaves well-connected
LLZO porous structures with pore volume, which can be filled
with the active cathode material via infiltration at rather low
synthesis temperature, allowing one to potentially integrate a
wider range of cathodes phase-stability wise. Pioneering studies
based on such porous LLZO scaffolds, however, have only
mainly targeted hybrid cathode composites such as sulfur-carbon-
ionic liquid** and NMC-carbon-plastic crystal.”” An all-oxide
cathode composite has been attempted but requires more
attention to optimize the electrochemical performance.”"

In conclusion, in recent reports on ceramic manufacturing
strategies for all-oxide Li-garnet SSBs, none of the appro-
aches resulted in the realization of the theoretical discharge
capacities of the tested cathode composites (LiCoO,-LLZO,
Li(Ni,Co,Mn)O,-LLZO, and LiMn,0,-LLZO) or the target inter-
facial resistance of 40 Q cm?® to cycle SSBs;*® thus, further
attention is required for the realization of all-oxide Li-garnet
SSBs. The limiting factors, including the poor contact and
limited contact area between LLZO and the cathode materials
resulting from the ceramic microstructure design, interfacial
instabilities during co-sintering, and inactive constituent
phases (i.e., LBO) in the cathode composite, increase the
interfacial resistance and impede stable battery performance.
Although there have been promising demonstrations of the use
of porous LLZO scaffolds as a host for various active materials,
a specific example of all-oxide Li-garnet SSB technology exhibit-
ing close to the theoretical capacity with the targeted interfacial
resistance has yet to be reported. A blueprint is needed for
controlling the interfacial stability and microstructure by
selecting an appropriate ceramic synthesis route and thermal
processing windows, ideally allowing for mass manufacturing
in industry as well.

In the present study, we present a ceramic processing route
for an all-oxide cathode composite with the lowest reported
interfacial resistance for LLZO-based SSBs with a LiCoO, cathode
and lithium anode. Unlike earlier attempts predominantly
relying on classic high-temperature sintering routes to prepare
a composite via mixing of cathode/electrolyte particles, we turn
to a careful discussion on how to circumvent the interfacial
phase stability problems through a phase evolution study for

This journal is © The Royal Society of Chemistry 2020
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the LiFePO, cathode and the adoption of a new ceramic
processing protocol whereby a LiCoO, cathode precursor
solution is directly infiltrated into a porous LLZO scaffold prior
to sintering (Fig. 1c). The key to the success of this approach is
to keep the processing temperatures lower than those for the
conventional solid-state sintering of crystalline particle consti-
tuents to balance the interfacial phase stability and bonding.
The results have implications for our understanding of phase
evolution and the ability of LiFePO, and LiCoO, to form stable
composite cathodes with Li garnet as tandem materials and
provide guidelines for avoiding interface reactions for future
composite cathodes in Li-garnet SSBs while introducing a novel
ceramic processing technique, borrowed from other fields such
as solid-oxide fuel cells, now to all-oxide SSB manufacturing.

Results

A promising ceramic manufacturing route for composite
cathodes for SSBs is to fill a porous solid-electrolyte scaffold
(LLZO in this work) with a cathode slurry or precursor solution
of active materials. We selected LiFePO, and LiCoO, as the
cathode materials and investigated the optimal cathode com-
posite ceramic arrangements to achieve improved phase stabi-
lity, interface stability, microstructure, and electrochemical
performance for SSBs.

LLZO scaffold design for the cathode composite on a dense
electrolyte

To study the effect of infiltration into the porous structure for
all-oxide cathode formation, we fabricated a dense LLZO elec-
trolyte pellet and a porous LLZO scaffold on the LLZO pellet.
The LLZO pellet was prepared from our own calcined powder
with a 7.2 mol% Li excess via solid-state synthesis. The LLZO
powder was pressed into 10 mm-diameter pellets, sintered to
95% of the theoretical density, and polished down to 300 pm
thickness (Fig. 2a). Scanning electron microscopy (SEM) was
used to probe the dense pellet and porous LLZO cathode
scaffold at all stages. The average grain size of the initial pellet
was 3 &+ 0.23 pm with fairly straight grain boundaries, reflecting
the rather late stage of sintering (Fig. 2b). The X-ray diffraction
(XRD) pattern of the as-sintered LLZO pellet exhibited strong
(321), (420), and (422) peaks, indicative of a high-purity cubic
garnet phase (Fig. 2c). We sputtered both sides of the pellet
with a gold electrode and then performed electrochemical
impedance spectroscopy (EIS) analysis to measure the total
resistance of the pellet and evaluate the ionic conductivity
(Fig. 2d). The EIS patterns revealed vertical capacitive behavior
at low frequencies (indicative of ion blocking) and one semi-
circle at high frequencies corresponding to the sum of LLZO
bulk and grain boundary contributions.’*>* Consequently, a
total Li-ion conductivity of 0.53 mS cm™* at 25 °C and 6.4 mS cm ™"
at 100 °C with an activation energy of 0.35 eV was calculated
(Fig. 2e), which is in good agreement with literature values for
cubic Li-garnet electrolytes.”>

Energy Environ. Sci., 2020, 13, 4930-4945 | 4933
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Fig. 2 Composite cathode scaffold ceramic design. (a) Optical image of the LigsLasZrisTagsO1» (LLZO) electrolyte with a thickness of 300 um. (b) SEM
image of the top surface of the LLZO pellet after thermal etching. (c) XRD pattern of the as-sintered LLZO electrolyte pellet. (d) EIS spectra of the LLZO
electrolyte pellet in the temperature range of 25-100 °C in dry air. The labels on the curve are log (frequency) [Hz]. (e) Temperature dependence of the
total ionic conductivity of the LLZO electrolyte pellet as a function of the temperature in an Arrhenius-type representation. The activation energy values
are determined from the slope of the log o T vs. 1/T plot. (f) Top-view SEM images of the porous LLZO scaffold on the dense LLZO pellet. From left to right,
the porous structure is created by varying the ratio of LLZO : corn starch from 20 : 80 to 90: 10 in wt%. (g) Cross-sectional SEM image of porous LLZO for

a ratio of LLZO : corn starch of 90:10.

In the second set of experiments, the porous LLZO scaffold
was synthesized as a film on one side of the sintered LLZO
pellet surface by slurry coating followed by sintering (Fig. 2f and g).
To demonstrate the tunable pore volume for cathode loading, we
systematically manipulated the porosity of the scaffold by varying
the ratio of LLZO:corn starch from 20:80 to 90:10, as shown
in Fig. 2f. The slurry solution consisted of calcined LLZO powder
(<1 pm, Fig. S1, ESIt), corn starch (20-30 pm, 26 vol%) as the
pore-forming agent, ethyl cellulose binder, and solvent. With
increasing temperature below 500 °C, all the organic compounds
including the pore formers were burned out in an oxidizing
atmosphere; then, sintering of the porous LLZO scaffold was
performed at 1100 °C for 2 h at a heating rate of 10 °C min?,
leading to strong interparticle neck formation, a phase transition to
the desired fast-conducting cubic phase, and anchoring of the
scaffold structure to the dense LLZO pellet. The top surface of the
as-sintered porous LLZO scaffold is shown in the SEM images in
Fig. 2f. With increasing solid loading of LLZO, the 2D porosity
decreased as follows: 72%, 62%, and 38% porosity for LLZO : starch

4934 | Energy Environ. Sci., 2020, 13, 4930-4945

ratios of 20:80 wt%, 60:40 wt%, and 90:10 wt%, respectively.
In general, a bimodal pore size distribution with large pores of
10-30 pm diameter and small pores of 1-5 pm diameter was
observed for the LLZO scaffolds. The former were created mainly
by the starch, whereas the latter arose from incomplete densifica-
tion due to restricted sintering (pore former) and constrained
sintering conditions. We represent the sintered porous LLZO
scaffold by a network of 3D-connected LLZO particles with wide
neck growth and approximately 38% porosity for a weight ratio of
LLZO to initial starch of 90:10 during processing (Fig. 2g), ready
for filling with cathode materials in the next steps. We selected
these scaffolds because of their robust microstructure for infiltra-
tion of the active cathode phases, defined either as LiFePO, or
LiCo0,, in the next synthesis steps for the fabrication of all-oxide
cathode composites for SSBs.

LiFePO,-LLZO composite cathodes for SSBs

LiFePO, is a representative cathode material known for its long-
term cycle life and high power capability in conventional

This journal is © The Royal Society of Chemistry 2020
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lithium-ion batteries® that has never been investigated as a
composite cathode for all-oxide SSBs with Li garnets.

In an initial attempt, prior to the fabrication of a full cell
with a LiFePO,-based composite cathode (LiFePO,~LLZO-carbon),
we first explored the phase compatibility between LiFePO, and
LLZO using composite pellets (50:50 wt%) fired over a wide
temperature range from 250 °C to 1000 °C. XRD patterns
were obtained and the pellet color was monitored using light
microscopy for each firing temperature to analyze the phase
constituents (Fig. 3a). With increasing firing temperature, we
observed changes in the apparent XRD phases and sample
color of the LiFePO,-LLZO composites. For the composite
pellet with no heat treatment, two separated XRD signatures
consistent with the LLZO and LiFePO, phases were observed.*!
At 250 °C, little changed in the X-ray patterns and the pellet
color. After firing to 300 °C, we detected minor XRD peaks
at 23.2° and 36.1°, corresponding to small quantities of
the Li;Fe,(PO,); phase. We observed more pronounced peaks
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indicative of the LizFe,(PO,); and Fe,O; phases and a color
change at 350-400 °C. Firing between 600 °C and 1000 °C
prompted the decomposition of LizFe,(PO,); and LLZO, leaving
detectable quantities of LaPO,, Li;PO,, La,Zr,0, and Fe,0O; in
the XRD pattern. According to this phase compatibility analysis,
we concluded that the desired LiFePO, phase only allowed for a
very narrow processing window of approximately up to 300 °C for
co-sintering with LLZO without sacrificing interfacial reactions.
The reaction temperature is an even lower than that reported in
recent compatibility study, as they performed sintering of a
LiFePO4~LLZO pellet in a reducing atmosphere.*"

We assembled composite cathodes based on LiFePO,-
LLZO-carbon (with 55:25:20 wt%) in the LLZO scaffold-
pellet assembly and integrated a Li metal anode to investigate
the electrochemistry and interfacial resistance by varying the
cathode firing temperature from 250 °C to 400 °C (Fig. 3b). The
cathode composite thickness was approximately 42 pm (Fig. S2,
ESIt). The cathode composites fired at 300 °C exhibited the

(pLiFePO, O LLZO ¥ Carbon

1
4.0 Composition  Planetary Porous
LiFePO,: LLZO: carbon milling LLZO
3.6 55:25:20 X x
LiFePO, nominal O  40:20:40 X X
3o fl . Yoeee 40:20:40 o x
< 40:20:40 o o
2.81 €/100
80°C
2.4+ Cycle
1-3
2.0
<—
0 30 60 90 120 150
Specific Capacity [mAh/g]

Fig. 3 Characterization and fabrication of LiFePO,4-based cathode composite cathodes for all-oxide Li-garnet SSBs. (a) Chemical compatibility study
of the LiFePO,4 and LLZO interface with the cathode firing temperature ranging from room temperature to 1000 °C. The inset presents images of the
as-fired composite model pellet. (b) Impedance spectra of the full cell (LiFePO4—LLZO—carbon|LLZO|Li) with the cathode firing temperature ranging
from 250 °C to 350 °C. The cathode fired at 300 °C exhibited the lowest total cell resistance among the tested cells. (c) Schematic illustration and cross-
sectional SEM images of the interface-engineered cathode composite. A schematic image and associated cross-sectional SEM images captured at low,
moderate (red box), and high magnification (blue box) are shown, confirming the good contact between the cathode compounds and porous LLZO
scaffold layer (blue box). (d) Discharge capacities of full cells with the cathode composite as a function of composition, planetary milling, and interface
engineering.
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lowest interfacial impedance, indicating a minimum insulating
product at the LiFePO,-LLZO interface (Fig. 3b, inset). We then
applied the same condition for LiFePO,-LLZO-carbon with a
LLZO scaffold-pellet, as shown in Fig. 3c. A schematic image
and associated cross-sectional SEM images captured at low,
moderate (red box), and high magnification (blue box) are
shown, confirming the good contact between the cathode
compounds and porous LLZO scaffold layer (blue box). The
existence of a LiFePO,-LLZO-carbon composite was further
confirmed by energy-dispersive X-ray spectroscopy (EDS), with
the elemental mapping for carbon, La, and Fe shown in Fig. S3
(ESIT). However, voids greater than 10 pm in size were often
observed, possibly because of the limited access for infiltrating
the cathode solution into the all-accessible pore volume. Engi-
neering of the porous structure is required to further optimize
the uniformity and degree of ordering toward efficient utiliza-
tion of the pore volume. The optimum in this processing
temperature for the composite cathode was determined by
studying the microstructures and phase evolution. The compo-
site cathode annealed at 250 °C presumably lacked the thermal
energy for sufficient particle contact and densification, whereas
firing above 400 °C resulted in phase decomposition and
interfacial reactions.

Next, we characterized full SSBs (LiFePO,-LLZO-carbon]|
LLZO|Li), where the composite cathode was fired at 300 °C.
Under a fixed firing temperature, we varied the cathode com-
position ratio and reduced the particle size to increase the
reaction area to achieve improved electrochemical performance
(Fig. 3d). The batteries were tested from 2 to 4 V to probe the
redox reaction for LiFePO, and potential Li;Fe,(PO,); phases
and the performance of the composite cathode.

For the first co-assembly without further optimization
strategies toward increased reaction sites, including particle
size reduction and interface modification, the discharge capacity
of the LiFePO,-LLZO-carbon cathode composite (55:25: 20 wt%)
was extremely poor (5.64 mA h g ') with very limited electro-
chemical redox reaction at approximately 2.25 V, which is far from
either the nominal voltage or theoretical capacity of LiFePO,,>
approximately 170 mA h g~ '. Thus, in the following assemblies of
the cathode composites, we varied the ratios between LiFePO,,
LLZO, and carbon. Increasing the carbon content with decreasing
the LLZO content of the composite to LiFePO,:LLZO: carbon =
40:20:40 wt% led to a slightly increased discharge capacity of
13.6 mA h g~ " and elevation of the slight voltage plateau to 2.32 V.
In this case, the poor electronic conductivity of LiFePO,, typically
approximately 10™° S em™*, was positively compensated by the
higher carbon content,>*”” whereas the role of the LLZO content
inside the cathode composite remains unclear. In the current
design, the ion transport inside the cathode composite is most
likely dominated by the porous LLZO network because of the high
sintering temperature of ~1100 °C compared with the LLZO
particles inside the cathode composite. The LLZO particles inside
cathode are fired at a low temperature of only ~300 °C; thus,
strong neck formation and grain growth of LLZO was not expected,
whereas LiFePO,/LLZO exhibited good bonding. To increase the
reaction length for charge-transfer reactions to occur, we further
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reduced the particle size using planetary ball milling, which
resulted in a further increase of the discharge capacity to
60.8 mA h g ' at a redox-potential of 2.41 V. SEM imaging
further confirmed that fewer agglomerates were present after
milling (Fig. S4, ESIt). Among the SSBs tested here, the highest
discharge capacity (131.1 mA h g~ ' at 2.6 V) was achieved for
the LiFePO,-LLZO-carbon cathode composite with an LLZO
scaffold structure together with the planetary-ball-milled
cathode composite. The discharge curves clearly point to the
Li insertion/extraction reaction of monoclinic Liz;Fe,(PO,)s,
which is consistent with ref. 58, measured for conventional
liquid-type batteries. It is speculated that the interfacial decom-
position reaction initially progressed from the particle surface
into the bulk; thus, the LiFePO, phase may not be detectable
inside the grains, as the concentration is too low to be detect-
able by XRD or electrochemical cycling at this stage (Fig. 3a).

Based on the phase stability and ceramic processing,
we conclude that LiFePO,-LLZO-carbon composite cathodes
prepared using a LLZO scaffold and cathode slurry casting
possess a cathode loading of 40 wt% and deliver a competitive
discharge capacity near the theoretical value of 128 mA h g™*
for the LizFe,(PO,); phase®® when processed at temperatures as
low as 300 °C. Therefore, the thermal processing window, when
manufacturing and working with LiFePO, in combination
with LLZO, is very narrow to achieve the expected cathode
performance. Our findings contribute to ceramic processing
science and understanding, regardless of whether LiFePO, is
ready to integrate as a cathode for all-oxide Li-garnet SSBs,
which appears limited as options to stabilize the LiFePO, phase
with LLZO are marginal, as indicated by the summary in Fig. 6.
Nevertheless, to the best of our knowledge, these synthesis
protocols and data are among the first attempts to make
all-oxide SSBs based on an inorganic solid electrolyte (i.e., Li
garnet), LiFePO, as a cathode, and a Li metal anode without
using a liquid or polymer-based electrolyte.

LiCoO,-LLZO composite cathodes for SSBs

LiCoO, cathodes have attracted the most attention for all-oxide
SSBs as they possess the highest electrochemical and chemical
stability against a Li-garnet electrolyte according to theory***°
and experiments.***”**” However, how to optimize the ceramic
processing route of the tandem material while maintaining the
interfacial stability remains unclear for composite cathodes.
The limited SSB performance is a consequence of managing the
interfacial stability of the tandem material as a function of the
ceramic processing conditions, as demonstrated by various
reports showing the dependence of the interfacial reaction
products on the thermal range (300-900 °C) such as for LiCoO, thin
films prepared on LLZO pellets by RF sputtering® and in LLZO-
LiCoO, powder mixture studies.®* There have also been conflicting
reports, claiming relatively high thermal processing windows up to
1050 °C without any sign of interfacial reaction products of LiCoO,-
LLZO cathode composites prepared using conventional screen
printing and firing starting from crystalline powders.>”

It is important to emphasize that all of these prior examples
involved either vacuum-based thin-film or ceramic processing
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37,61,62 in our

of crystalline cathode particles.
approach, we use cathode precursor solution infiltration into
a porous LLZO scaffold followed by crystallization to the oxide
cathode directly from the metal salt constituents. Using such

altered pathways in ceramic processing and shaping the

In contrast,

cathode composites has the significant advantage of strongly
reducing the temperature at which good bonding is achieved
without adverse chemical reactions. Importantly, the cathode is
directly crystallized on the large surface area of porous LLZO;
thus, the active reaction area can be controlled dependent on
the microstructure (porosity and thickness) of the porous
LLZO. As demonstrated in the previous section with our
proposed infiltration using the LLZO scaffold method for the
composite cathode on LiFePO,-LLZO, we now turn to the
LiCoO,-LLZO system as a tandem material for further explora-
tion and adaption of the technique.

Li, Co All oxide LiCo0,-LLZO
nitrate solution composite cathode
FREY v ™3 oQ PR 29
CAb L ‘ 4 ;
& 0,
§l ? . dR W‘ 700°C
‘r@ r‘J n em

LA y ] g

LLZO electrolyte
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In line with this ceramic process design for the composite,
we selected a firing temperature of 700 °C (Fig. 4a) as it is the
minimum temperature that results in crystallization of LiCoO,
particles from the Li-Co-O precursor solution without any sign
of an amorphous phase (Fig. S5, ESIt). Cross-sectional SEM
analysis revealed a well-connected network composed of LLZO
grains with a diameter of 2.3 £ 0.1 pm (Fig. 4b) and LiCoO,
grains with a diameter of 0.29 £+ 0.020 pm with fairly good
coverage on the surface of porous LLZO (Fig. 4c). EDS mapping
of the interface at LiCoO,-LLZO revealed separated Co- and
La-rich regions across the microstructure of the composite
cathode (Fig. 4d and Fig. S6, ESIt). To explore the local phase
stability after processing of the cathode composites, we per-
formed Raman spectroscopy analysis across the interface
region of the dense LLZO pellet and toward the cathode
composite (Fig. 4e). The Raman spectra for LLZO contained
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Fig. 4 Characterization and fabrication of LiCoO,-based composite cathodes for all-oxide Li-garnet SSBs. (a) Schematic illustration of the composite
cathode prepared by direct infiltration of Li and Co metal salts into a pre-made porous LLZO scaffold and subsequent firing at 700 °C, resulting in the
formation of the composite on top of a dense LLZO solid electrolyte. (b—d) SEM images and EDS mapping of the LiCoO,-LLZO cathode composite. (e)
Optical image and corresponding Raman spectra with different points at the interface through the electrolyte pellet, LiCoO,, and porous LLZO after firing
at 700 °C. (f) Cycling performance of the full cell (LiCoO,-LLZO|LLZO|Li) at 0.05C and 80 °C. (g) Impedance spectra of the full cell at open-circuit
potential after charging. (h) Change in specific capacity (mA h g~%) and area specific resistance (ASR, Q cm?) with regard to the normalized composite
m(LiCoOy)
m(LLZO)
utilization and ASR are achieved due to the increased surface area of LLZO and shorter Li-ion diffusion distance.

loading ratio . The inset presents a schematic illustration of the cathode microstructure. With decreased loading ratio, improved cathode
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characteristic peaks at 120, 210, 250, 360, 420, 640, and 730 cm ™',
which are commonly attributed to E, for La, T,, and A, for O, T,
and E, for Li, A, for Zr, and A, for Ta vibrational modes,
respectively, indicative of the cubic LLZO phase.’*** We confirmed
the presence of the rock-salt LiCoO, phase,®® with its two main
characteristic peaks detected at 485 and 594 cm ™', indicative of
E; (O-Co-0 bending) and A, (O-Co-O stretching) vibrations,
respectively. The chemistry, phase, and structure analyses con-
firm that this ceramic processing route involving the direct
transfer of metal salts to a metal oxide for the LiCoO, cathode
constituent within the pre-made LLZO scaffold resulted in
successful phase stabilization at the unusually low temperature
of 700 °C with no evidence of secondary phase formation,
particularly in the interface region (see the LiCoO,/LLZO
Raman spectra in Fig. 4e). Thus, this processing route with
a low-thermal budget is an attractive option that extends
the opportunity to prepare composite cathodes for future
all-oxide SSBs.

For battery testing, we measured the charge and discharge
characteristics of full cells of LiCoO,-LLZO|LLZO|Li metal
at 0.05C, as shown in Fig. 4f. The discharge capacity was
118 mA h g~ ' between 3.0 and 4.05 V with good initial
cyclability and a slight decay after 14 cycles (115 mA h g™ ').
The voltage profiles barely changed apart from the initial
charging, indicating the reversibility of the reaction without
any major structural changes. The abnormal initial charging
behavior (the long plateau at 3.75 V) can be attributed to
the electrochemical oxidation (decomposition) of the organo-
lithium compounds that were generated during cathode syn-
thesis and added to the first charging capacity.’® In addition,
the longer decomposition plateau indicates a higher first charging
capacity; however, it was irreversible, and the compound was not
detectable using XRD or Raman spectroscopy. The impedance
spectra of the full cell before and after the 1st charging are
compared for further discussion (Fig. S7, ESIt). To identify the
contributions from Ohmic loss (electrolyte pellet) and polariza-
tion loss (electrolyte-electrode interface) with cycling, EIS analy-
sis was performed at open-circuit voltage after charging (Fig. 4g).
The typical battery impedance spectra confirm an Ohmic loss of
around 10 Q em?, corresponding to a typical Li conductivity of
7 mS cm . The impedance spectra reveal Warburg-type capaci-
tive behavior at low frequency, interpreted as solid-state Li
diffusion contributions inside LiCoO, particles.®® We note
that at moderate frequency, other electrochemical processes
(indicated by semicircles) are active. These processes can be
seen as a summation of several physical processes for electro-
chemical reactions. Despite different individual contributions
typically being overlapped in the Nyquist diagram, the number
of processes can be estimated by fitting appropriate equivalent
circuits. This process allows us to deduce the change in the
performance (i.e., capacity) by monitoring the change in the
physical process (series R or parallel RQ circuit) involved in
the impedance spectra, where R is the resistance and Q is the
constant phase element. Of several equivalent circuits of two to
four RQ elements, that with three RQ elements showed the best
fitting result (Fig. 4g and Table S1, ESIY) for this study, whereas
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two>"%7"% or three’®”" RQ elements have been employed for the
fitting of other battery systems. Our spectra contain two small
semicircles at high ((RQ)*) and low frequency ((RQ)*) and one
larger semicircle at mid frequency ((RQ)?), which all increased;
however, the main degradation originated from the process at
mid frequency, (RQ)®. Bode plots of the imaginary part of the
impedance vs. frequency were plotted to obtain further insight
(Fig. S8, ESIt). The Bode plots also reveal one clear peak and the
peak at ~690 Hz at the 1st cycle shifted to lower frequency
(~320 Hz) and increased continuously in magnitude up to the
14th cycle; this trend corresponds to a notable increase of (RQ)
(Fig. 4g), which is the rate-limiting step of the overall battery
performance.

Two RQ elements have been suggested for sulfide-based
Li metal SSBs: the anode/electrolyte interfacial impedance at
low frequency and the cathode/electrolyte interfacial impe-
dance at high frequency.”>®® An additional semicircle can be
evolved at high frequency once serious decomposition of the
solid electrolyte occurs.®” Unfortunately, no specific impedance
models have been proposed for the Li-garnet-based full-cell
system consisting of a LCO-LLZO cathode composite, LLZO
electrolyte, and Li-metal anode, requiring further systematic
investigation to rule out these physical processes, for example,
by studying symmetrical cells with distribution of relaxation
time (DRT) analysis”" or three-electrode cell tests.”> We checked
the Nyquist plots for a symmetrical Li/LLZO cell to determine
the potential contribution toward the (RQ)® process. The
Li/LLZO interfaces exhibited low impedance (as low as
2 Q cm?), and the characteristic frequency (~26 Hz) of the
symmetric Li/LLZO/Li cell (Fig. S9, ESIt) was much smaller
than that from the full cell (62 Q cm?, 320-690 Hz) with stable
spectra for 100 cycles under a current density of 0.1 mA mA cm ™ 2.
Therefore, (RQ)> most likely originates from the cathode rather
than the anode interfaces.

In general, the irreversible capacity (reduced discharge
capacity compared to the charge capacity) in solid-state batteries
originates from the complex interplay between the cell compo-
nents during battery operation. According to the literature on
both sulfide- and oxide-based SSBs, it is often explained to result
from the increased interfacial impedance due to reactions’® or
cracking®”®® at the electrolyte/electrode interface that slow down
charge transport. In our study, the interfacial impedance at the
LCO or Li/LLZO interface is driven by (i) the fabrication conditions
(ie. contact, heating) and/or (ii) the electrochemical potential
(cell voltage). Interphases were observed in several experiments
and theoretical calculations:*” La,Zr,0,, La,0;, and Li,CoO; when
LLZO contacted half-lithiated LCO (i); tetragonal LLZO when
LLZO contacted Li metal (ii); and La,0;, La,Zr,0, and Li,CoO,
at 3 V* and La,Zr,0, and LaCoO; above 4 V (iii).”* These
interphases are typically insulating; thus, charge transport at the
interface becomes sluggish. We tried to identify such features
(interphases and interfacial gap formation) for the as-cycled LCO/
LLZO and Li/LLZO interface in Raman spectra and cross-sectional
SEM images (Fig. S10-S12, ESIt). Neither detectable crystalline
interphases nor an obvious interfacial gap were observed.
To provide direct evidence of the growing impedance at the
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LCO/LLZO interfaces, it is important to employ high-resolution
or in situ characterization techniques to elucidate the changes
in the microstructure and chemistry at the interfaces’>”®
together with in situ impedance studies. In addition to under-
standing the degradation mechanism, further minimization of
the interfacial reaction down to the target value of ~40 Q cm?®
is needed for enhanced performance.?® The low self-discharge
rate during the rest (Fig. S13, ESIT) suggests limited electronic
leakage (1.14%) in the full cell, potentially indicating that
cobalt contamination in the LLZO electrolyte during cell fabri-
cation can be excluded. However, a slight increase of the self-
discharge up to 1.24% with cycling was observed.

In the next step, we highlight one of the measures for
understanding the relationship between cathode microstruc-
ture and performance (Fig. 4h). Assuming that the LiCoO,
cathode covers the entire surface area of the porous LLZO,
the number of active reaction sites can be controlled either by
adjusting the solid loading (or porosity) of the porous LLZO or
the amount of LiCoO, loading, which directly affects the
cathode performance and interfacial resistance. To test
this scenario, we varied the solid loading of the porous LLZO
(6.41-18.6 mg cm™?) under a rather fixed amount of LiCoO,
(0.73-1.4 mg cm~?) and evaluated the effect on the performance.
Microscopically, this translates to changes in the arrangement
and coverage of LiCoO, particles on the porous LLZO backbone.
Notably, we observed that both the specific capacity and total area
specific resistance (ASR) were largely affected by the composite
m(LiCoO,)
m(LLZO)
change was normalized from 0 to 1. When this normalized
composite ratio decreased from 1 to 0.3, the specific capacities
increased from 91 to 118 mA h g * with decreasing total ASR from
472 to 114 Q cm®. A decreased loading ratio implies that there is
more empty area for LiCoO, to directly contact with the porous
LLZO scaffold instead of a LiCoO,-LiCoO, contact as schemati-
cally illustrated as an inset. An increase in the LLZO loading also
leads to lower current densities in the cathode composite (at the
porous LLZO and at the LCO/LLZO interfaces) owing to the
increased ionic surface area or LCO/LLZO interfacial length. The
number of reaction sites at electrode/electrolyte interfaces is of
vital importance to achieve reduced cell polarization and
improved capacity. In this work, the cathode microstructure with
m(LiCoO,)
m(LLZO)
show a shorter Li-ion diffusion distance with lowered current
densities in LLZO during the electrochemical reaction. Therefore,
improved cathode utilization and interfacial resistance are
achieved. It is, however, important to note that optimization can
also be achieved by manipulating another descriptor such as the
porosity under the consideration of effective reaction sites. We
successfully demonstrate that by using the proposed ceramic
synthesis route it is indeed possible to fabricate LiCoO,-LLZO
composites that deliver a discharge capacity of 118 mA h g/,
which is near the theoretical capacity of LiCoO, (115 mA h g™*,
3-4.05 V), with an exceptionally low interfacial resistance of
62 Q cm’.

loading ratio, defined as For simplification, the

an optimized solid loading of < 0.3 is expected to
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Perspectives on cathode composite design for
garnet-based SSBs

For the successful design of cathode composites in SSBs, a
delicate balance must be maintained between the phase stabi-
lity of all the cathode constituents and an optimal micro-
structure (here, LLZO vs. LiFePO, or LiCoO, phases) to ensure
sufficient electronic and ionic transport, a sufficiently large
active reaction area, and a high cathode loading. These proper-
ties are largely determined by the specific ceramic processing
route selected as well as the thermal processing range.
We demonstrate here that when taking all of these factors into
account, LiCoO, provides more opportunities for the successful
preparation of cathode composites with LLZO than LiFePO,
owing to the improved interfacial stability of the tandem
material if precautions are taken to use a ceramic processing
route from the direct transfer of a metal salt to an oxide
remaining in the low temperature processing regime. The
LiCoO,-LLZO composite cathodes in the current work, pre-
pared by precursor infiltration into a porous LLZO scaffold
using direct metal salt-to-oxide cathode crystallization, clearly
offer an improved capacity, degradation rate, and interfacial
resistance compared with those of ceramic composite cathodes
prepared via classic solid-state mixing from crystalline powders
with alteration of the sintering protocol using a Li-B-O sintering
agent (Fig. 1a and 5 and Table 1)."93%?3363751 ¢ the best of our
knowledge, the interfacial resistance of the present LiCoO,-LLZO
composite cathodes is the lowest among reported all-oxide
Li-garnet SSBs.

From a ceramic manufacturing viewpoint, it is significant to
stress that our cathode composite design was achieved without
the need for any sintering additives. This translates into more
“active” volume being available for filling cathode materials,
thereby opening further engineering opportunities for optimi-
zation by material processing design. Ideally, an increase
of the cathode loading and decrease of porous LLZO are
required toward practical application (e.g. areal cathode loading
~3 mA h em™2 for a ~120 um-thick cathode composite”””%).
The areal cathode loading in the tested LCO-LLZO cathode
composite (Fig. 4f) was 0.73 mg cm > (0.084 mA h cm?)
(Table 1), which is below the level required for practical applica-
tion. In recent studies in which a similar concept of an infiltrated
all-oxide cathode in all-solid-state sodium batteries (ASSNBs)
was implemented, a high cathode loading up to 6.2 mg cm >
(0.6 mA h cm %) was achieved.””®® However, this approach
required several repeated steps of infiltration and heat treatment
and an ultra-thick ~1 mm-thick porous ionic scaffold, thus still
limiting practical application. The fabrication of a highly porous
ionic scaffold that can afford more than 90 wt% or 80 vol% of
active materials using freeze-tape-casting or inverse-opal-type
template methods appears to be a promising option.?”#!:52
In all of the methods, the use of a dispersant would increase
the uniformity and ordering of the pore distribution further and
may be considered for future improvement. A more practical
strategy toward a cathode with high LiCoO, loading would be to
reconstruct the current cathode composite preparation by simply
reversing the preparation order between LiCoO, and LLZO
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Fig. 5 Comparison of the total interfacial resistance vs. processing tem-
perature of all-oxide Li-garnet SSBs based on layered cathode composites.
Three different types of all-oxide cathodes are categorized with respect
to the processing strategies: (i) all-oxide cathode w/additives, %236
(i) all-oxide cathode without porous LLZO,*” and (iii) all-oxide cathode
with porous LLZO.5! The numbers indicate the specific capacity (mA h g™3).
The conditions for processing and testing are based on Table 1. This study
presents the lowest interfacial resistance with the desired specific capacity
among reported all-oxide Li-garnet SSBs.

(Fig. S14, ESIf), with LiCoO, as the sintered porous scaffold
and direct synthesis of the LLZO network onto the porous
surface of LiCoO,. Regarding the rate performance, operating
at room temperature under higher current (>0.05C) is
desired. We propose that the rate-limiting step in a full cell
(LiCo0O,-LLZO|LLZO|Li) is either charge transport or electro-
nic conduction at the LCO/LLZO interface, which is from the
polarization process, (RQ)*, at mid frequencies (~320 Hz)
(Fig. 4g). Nonetheless, purely by adapting the ceramic syn-
thesis approach to move radically away from previous attempts
using crystalline powder constituents of the cathode via casting
or other routes but with the direct formation of the active
cathode from metal salt to oxide via a precursor solution and
infiltration within the porous LLZO scaffold, good bonding
and low interfacial resistance between the active materials and
LLZO electrolyte were achieved at the relatively low processing
temperature of 700 °C.

In summary, using crystalline powders of LLZO and LiCoO,,
good mechanical bonding is hardly achieved at 700 °C,** and
high interfacial resistance is inevitable if the temperature is
higher than that required for good solid-solid mechanical
bonding (i.e., >1000 °C) because of possible side reactions.?”
With additives, there has been a promising report;'® however,
further engineering to achieve reduced additive loading or
alternative processing such as additive coatings on cathode
particles is required. Regardless of the cathode preparation
methods, ultra-fast sintering strategies®®* can further help
to achieve chemically sharp but metallically strong-enough
interfacial bonding for enhanced performance especially for
all-oxide cathode composites for SSBs. With society’s need for
low-cost and mass-manufacturable processing for cathode
composites, we conclude that the presented procedure is
inexpensive, rapid, and potentially adaptable for large-scale
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Table 1 Comparison of the preparation and performance of layered cathode-based all-oxide Li-garnet SSBs reported in the literature

Electrochemical performance

Chemistry and processing

Active material

loading

Capacity loss

[mAhg™

First discharge

capacity

Initial interfacial

resistance

C-Rate or
current
density

Volt.

Temp.
[°c]

100

range

V]

Temp.

[C]

Processing
method

Cathode

[mg em 7]

[mAhg]

[Ohm cm?]

Ref.

cycles]

composition

Description

19

106 39/40

270

3-4.05 0.05C

700

Solid-state

LiCoO, + LLZO +
LiZ,SC().7B0.3OS

All-oxide cathode
with additives

sintering

Solid-state

LiCoO, + Li;BO; +
In,SnO; (ITO)

32
33

80
60

69.6

0.007C

>2000

2.8-4.3

700
700

sintering

14 mA cm 2

2/5

n.a. 0.6-7

2.5-4.2

Sol-gel mixed

w/LBO

LiCoO, + LLZO +

LisBO;

36

80

112 65.3/5

7400

5 mA cm 2

4.6

3-.

700

Solid-state

NMC + ITO +

sintering

Li;BO; w Li-Ti-O
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implementation, as it is widely used in the fields of supported
catalysts and solid-oxide fuel cells.®

Conclusion

The performance of all-oxide SSBs is often limited by the poor
cathode-electrolyte contact and high interfacial impedance
arising during fabrication. There are limited reports available
on the realization of Li-garnet-based SSBs without the use of a
high-temperature process (>1000 °C), sintering additives, or a
fluid electrolyte (polymer-gel, liquid electrolyte), which leads to
concerns about the interfacial stability, cathode loading, and
safety. In this work, we proposed an alternative ceramic proces-
sing strategy to assemble an oxide-based cathode composite
based on the most common cathodes of LiFePO, and LiCoO,
(Fig. 6). Thermal heating of the LiFePO,-Li;La;Zr,0;, (LLZO)
interface over 300 °C leads to interfacial decomposition and
phase changes due to the poor thermal stability. As a result, the
Li-garnet SSB starting with the LiFePO, cathode exhibited a
reduction of the voltage plateau from 3.2 V (LiFePO,) to 2.5 V
(LizFe,(PO,);). With such a limited thermal processing window,
we propose that the use of a hybrid cathode is currently a
feasible option but recommend all-oxide processing with a
suitable cathode coating®” and cathode firing in a low oxygen
partial pressure (e.g., Hy/Ar gas)."’ Taking key processing factors
such as interfacial stability vs. temperature into account, we see
that LiCoO, provides more opportunities for successful prepara-
tion and a wider degree of freedom in the processing window of
cathode composites with LLZO than LiFePO,. In particular, the
presented LiCoO,-LLZO composite cathodes prepared through

View Article Online
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direct synthesis from metal salts to the oxide cathode in a porous
LLZO scaffold clearly demonstrate processing capability that
allows good mechanical contact without adverse interfacial
reactions at the unusually low processing temperature of
700 °C. Importantly, the additive-free (resp. sinter-agent free)
cathode composite results in the lowest interfacial resistance
among reported all-oxide Li-garnet SSBs. We can widely adapt
this methodology to the exploration of other cathode materials
or electrolyte preparation for cathode composites. For example,
altered strategies toward higher cathode loading may be the
direct synthesis of a Li-ion conductor (e.g., LLZO) in a sintered
porous LiCoO, scaffold (Fig. S7, ESI{). In addition, we foresee
that the processing temperature of the method we present here
can potentially be reduced further by controlling the crystal-
lization temperature in the metal salts to oxide transfer of
the cathode phase through careful selection of metal salts
and their melting points, and employment of organics with
altered chain length (Fig. 6). With the help of crystallization
kinetics information, gained by constructing time-temperature-
transformation (TTT)*® diagrams using differential scanning
calorimetry, we believe that novel cathode processing guidelines
can be further developed.

Experimental details
Li-garnet electrolyte and porous Li-garnet scaffold

Solid-state synthesis. The solid electrolyte, LigsLasZr 5
Ta, 501, (LLZO:Ta), was prepared by solid-state synthesis.
A stoichiometric amount of La(OH); (Sigma-Aldrich, 99.9%),
ZrO, (Sigma-Aldrich, 99.9%), and Ta,Os (Sigma-Aldrich, 99.99%),

Processing temperature (°C)

Solid state 100 200 300 400 500 600 700 800 SO0 1000 1100
porhorval I I I | I I | I I I .
preparation I I I I I I I I I
Thermal stability LiFePO,

Hybrid type
LiFePO,-LLZO | Refs 252
Composite

3.2V —L
25V

Hybrid LiFePO, cathode

&' ” LisFe,(PO,),-LLZO-carbon

; h)
w/ Li;BO. N ; 200 °
Refolo3235 0/ & LiCo0,L1Z0-1i;80; 700-800 °C
LiCoO,-LLZO % n LiCo0,-LLZO > 1000 °C
Composite | w/o additive
Extended regime 700 °C

Refs 3751
This study W LiCoO,-LLZO
()

3.8V

toward lower temp.

Fig. 6 Overview of the cathode composite design and ceramic processing choices of all-oxide Li-garnet SSBs based on LiFePO,4- and LiCoO,-based
cathode composites: processing temperature vs. chemical and mechanical stability.
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and 7 wt% excess LiOH (Alfa Aesar, purity 99.8%) were mixed by
planetary milling (PM, Across International, PQ-N04) in absolute
isopropanol using ZrO, balls for 1 h at 500 rpm. After drying the
solution, the powder was compacted in the form of several-
centimeter-thick pellets, and the first calcination step was
performed in MgO crucibles in a tubular furnace under a
constant flow of synthetic air at 800 °C for 10 h at a heating
rate of 5 °C min . Afterward, the pellets were crushed in a
mortar and subsequently ground by planetary ball milling for
12 h. The ground and dried powder was second-calcined at
800 °C in air for 5 h at a heating rate of 10 °C min~". For the
final densification step, powder compacts were prepared using
a pressing die/mold with a diameter of 12 mm and thickness of
1.5 mm in a uniaxial press (2.2 tons cm™?). The green pellets
were sintered in a MgO crucible under a constant flow of pure
oxygen at 1100 °C for 5 h at heating and cooling rates of
10 °C min~". The sintered LLZO pellets were wet-polished down
to approximately 700-900 pm to maintain a consistent surface
finish among all the samples.

Porous LLZO layer. The porous LLZO layer was prepared on
top of the LLZO sintered pellets using screen printing and
subsequent firing. The solution paste was prepared by mixing
second-calcined LLZO powders and binder solution (mixture of
a-terpineol and ethylene cellulose) in a weight ratio of 50:50.
Corn starch (Sigma-Aldrich) was added as a pore former. The
prepared LLZO paste was printed on one side of the sintered
LLZO pellet and fired at 1100 °C for 2 h under an oxygen flow.
The active area of the porous LLZO layer was ~0.56 cm” after
firing. The loading of porous LLZO achieved was varied
between 3.5 and 10 mg depending on the number of screen-
printings, resulting in different thicknesses.

All-solid-state battery

LiFePO,-LLZO-carbon composite cathode. Before full-cell
fabrication, a chemical compatibility test between LiFePO, and
LLZO powder was conducted. LiFePO, powder (MTI corporation)
was mixed with LLZO powder in a weight ratio of 50: 50 to form a
powder mixture pellet. Here, cubic-phase LLZO powder, obtained
by annealing the second-calcined LLZO at 1100 °C for 1 h, was
used. The powder mixture was pressed into 12 mm-diameter
pellets. Firing of the composite pellets was performed on MgO
plates at 250 °C, 300 °C, 350 °C, 400 °C, 600 °C, and 1000 °C for 1 h
each at a heating rate of 10 °C min~". For full-cell fabrication,
three different composite cathode powder mixtures were prepared
from LiFePO, powder, cubic LLZO powder, and carbon-black with
different weight ratios and milling processes: (i) 55:25:20 wt%
without planetary milling (PM), (ii) 40:20:40 wt% without PM,
and (iii) 40:20:40 wt% with PM for 2 h at 500 rpm. The cathode
slurry paste was prepared with the powder mixture and binder
solution and then infiltrated into the sintered porous LLZO layer.
The prepared composite cathode on the LLZO electrolyte pellet
was fired at 200 °C, 250 °C, and 400 °C for 1 h each at a heating
rate of 10 °C min~ " in an oxygen atmosphere. After cooling, the
cathode loading was estimated from the difference in weight
before and after the composite cathode preparation. The typical
LiFePO, loading achieved was approximately 0.3-0.6 mg.
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LiCoO,-LLZO composite cathode. The composite cathode
was prepared by solution infiltration of Li and Co precursor
solution and subsequent firing. 25 wt% excess LiNOj; (Sigma-
Aldrich, 99.99%) and a stoichiometric amount of Co(NO3),-6H,0
(Alfa Aesar, purity 98%) were mixed in pure ethanol (Sigma-
Aldrich) and sonicated for 10 min. The precursor solution (2 pL)
was infiltrated into the porous LLZO layer until the entire porous
LLZO surface was fully wet. The infiltrated cathode on the
electrolyte was annealed at 600 °C or 700 °C for 1 h each at a
heating rate of 10 °C min~' in an oxygen atmosphere. After
cooling, the cathode loading was estimated from the difference
in weight before and after the composite cathode preparation.
The typical LiCoO, loading was 0.41-0.77 mg.

After the cathode preparation, gold paste (VWR Interna-
tional) was painted on top of the cathode and annealed at
300 °C for 2 h in an oxygen atmosphere. Subsequently, the
prepared half-cells were introduced into an Ar-filled glove box
(02, H,O < 0.5 ppm) to prepare Li metal as the anode. Li foils
(9 mm diameter) were punched and physically attached onto
the other side of the LLZO electrolyte pellet. Then, the entire
cells were heated on a hot plate at 180 °C for 12 h to achieve
uniform contact between the LLZO electrolyte pellet and Li metal.
The full cells were then assembled in an air-tight stainless steel
holder (Pred Materials International).

Structural characterization

Raman spectra were obtained using a confocal WITec alpha300 R
Raman microscope (WITec, Germany) with a 532 nm excitation
wavelength. All the Raman measurements were performed in
ambient air. SEM (Carl Zeiss Merlin HR-SEM, Germany) was
employed to characterize the microstructure of the pellet, porous
LLZO, and composite cathode after preparation. Image analysis
for 2D porosity was performed using Image] 1.52a.®” XRD was
used to investigate the electrolyte and electrode materials using a
Panalytical X'Pert Pro diffractometer equipped with an X-ray
tube using Ni-filtered Cu-Ko radiation (/; = 1.54056 A and
/5 = 1.54439 A). An X’Celerator 1D detector and a fixed diver-
gence slit (1/2°) were used.

Battery testing

Electrochemical cycling of the all-solid-state batteries was con-
ducted at 80 °C using a BioLogic VSP-300 potentiostat/galvano-
stat (Bio-Logic, Knoxville, TN, USA). The current density and
specific capacity were calculated based on the weight of
LiFePO, and LiCoO, in the cathode. EIS measurements were
performed over a frequency range of 7 MHz to 0.1 Hz using a
100 mV AC amplitude. EIS was analyzed using an equivalent
circuit and fitting software (ZFit, Bio-logic).
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