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The sinterability of oxide cathode LiCoO5 and garnet-type solid electrolyte Liy.,LasZra ,Ta,O12 (x = 0.5) at 980
and 1080 °C has been studied using an integrated suite of scanning transmission electron microscopy and
spectroscopic techniques, with a particular focus on the LiCoOs/LiyLasZrs,Ta,O15 interfaces. Whereas the
densification hardly progresses and the interdiffusion is limited to the vicinity of the interface at 980 °C, dramatic
densification can be achieved at 1080 °C at the expense of severe interfacial modification. The structural,
chemical, and electronic characteristics of the interphases are systematically investigated. Two kinds of in-
terphases are formed: one has a disordered LiCoOj; structure, thickly forming in contact with LiCoO,, and the
other has a structural and chemical character similar to Liy.,LasZry.,Ta,O12, thinly forming in contact with Li;.
xLasZry.,TayO12. The former is assumed to play a vital role in the densification of the pellet. Analysis using
energy-dispersive spectroscopy and electron energy loss spectroscopy reveals that the disordered LiCoO; inter-
phase is somewhat depleted of Li and contaminated with La, Zr, and Ta. These properties are considered less
favorable for achieving undisturbed ionic conductivity.

1. Introduction

Bulk-type all-solid-state lithium-ion batteries (ASSLIBs) are placed as
the promising candidate of the next generation of rechargeable batteries
in view of the safe and stable operation with high energy and power
densities [1]. In addition to the search for potential solid electrolytes and
electrode materials, their interfacial reaction is of particular interest
because the interfacial resistance can be a major bottleneck for the
development of ASSLIBs. Since the interfaces owe various aspects of the
performance such as quality stability, thermal stability, cycling dura-
bility, besides power density, well-defined and well-tailored interfaces
with high ionic conductivity are essential for practical use [2]. Never-
theless, interfacial reactions in lithium-ion conductive materials are
generally less tractable: the type of interfacial products depends on
various thermodynamic factors such as temperature, chemical potential,
and pressure, and even local/non-thermodynamic factors such as
morphology, crystallographic orientation, contamination, and time.

Among various Li-ion conductive materials, garnet-type oxide
LiyLagZryO12 (LLZ) is expected to be one of the promising solid
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electrolytes as this compound conveys relatively high conductivity (~5
x 10™* S/cm at ambient temperature) in bulk with high chemical sta-
bility, good compatibility with Li metal and wide potential window
[3-6]. This high conductivity has been recorded for the cubic symmetry
but is reduced by about two orders of magnitude for tetragonal sym-
metry [7,8]. Recent studies have elucidated that Ta substitution helps
stabilize the cubic structure and enhance the ionic conductivity (~ 1073
S/cm) [8,9]. The chemical formula Liy.LasZrs. ,TayO12 (LLZT) with x =
0.5-0.6 has been found to be optimal [8-10]. As a counterpart cathode
material, a layered rock-salt-type LiCoO2 (LCO) is the de facto standard
[11,12]. As well as its lamellar structure allows for the reversible
intercalation of Li ions, its high compacted density, high energy density,
and prominent cycle durability and reliability are also outstanding ad-
vantages for its use as a cathode material for ASSLIBs.

The LLZ/LCO interfacial characters have been studied elsewhere.
Kim has reported that the La;CoO4 with a thickness of ~50 nm is formed
at the LCO/LLZ interface deposited at 700 °C in air and makes the
electrochemical performance poor [3]. Kato has elucidated that insert-
ing a thin Nb metal layer between the LCO and LLZ at 600 °C results in
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the formation of a Li-ion-conductive amorphous layer [13]. These
studies have addressed the modifications of the LCO/LLZ interface at
relatively low temperatures where the sintering reaction does not
apparently proceed. Compared to sulfide solid electrolytes, oxide solid
electrolytes are generally brittle and require higher temperatures to
densify the electrolyte/electrode mixture. As the sintering temperature
increases, it is anticipated that interfacial mutual diffusion is pro-
nounced and thus makes the chemical bonding strong, but instead such
modification comes at the expense of interfacial ionic conductivity.
Toward the implementation of oxide solid electrolytes for ASSLIBs,
achieving densification while obtaining an interface with good ionic
conductivity is a significant challenge. Although being envisaged as
challenging, high-temperature sintering will straightforwardly commit
to the densification of the mixture. The interfacial reactions at high
temperatures could be informative in getting the strategy for engineer-
ing desirable interfaces and microstructures for various combinations of
derivative/family materials [14].

In this study, the mixture of LLZT and LCO powders is sintered at
high temperatures, and resultant microstructures are studied using an
integrated suite of scanning transmission electron microscope (STEM),
energy dispersive X-ray spectroscopy (EDS), and electron energy loss
spectroscopy (EELS). In response to the difference in sintering temper-
ature, dramatic changes in the microstructures and interfacial characters
are observed. These changes are also manifested as latent heat detected
by thermal analysis. Detailed investigations on the morphology, chem-
istry, atomistic structure, and valence state are systematically performed
for the interfacial products. This will help to shed light on the out-of-
equilibrium complex interfacial reactions, which provides the pros-
pects and challenges toward realizing the high-temperature fabrication
of ASSLIBs.

2. Experimentals and calculations

LLZT (Liy_,LagZry 4TayO12; x = 0.5) and LCO powders from Toshima
Manufacturing Co. Ltd. were used. The median diameters of the pristine
LLZT and LCO powders are 6 pm and 1 pm, respectively, and the
analyzed compositions precisely agree with the nominal ones. The LCO
and LLZT powders were mixed in a 1:1 volume ratio (9:1 M ratio)
without adding excess lithium source. The mixture was sintered at 980
and 1080 °C for 10 h under O, flow, followed by furnace cooling. The
sintered pellets were polished, and the inner facets were subjected to X-
ray diffraction (XRD) measurements. Thermogravimetric-differential
thermal analysis (TG-DTA) was performed on the unsintered mixture
with a heating rate of 2 °C/min in the range of 20-1000 °C and 0.5 °C/
min in the range of 1000-1100 °C under 95 %02-5 %Ar gas flow. The
fracture surfaces of the sintered pellets were observed using a scanning
electron microscope (SEM: JCM-7000, JEOL Ltd.). A thin-foiled spec-
imen with a dimension of 10 pm x 5 pm X 0.1 pm for the TEM obser-
vation was lifted from the inner side of the sintered pellets using a
focused ion beam (JIB-4501, JEOL Ltd.) equipped with a cooling stage.
The processing temperature was set to —173 °C. The microstructural
observation was carried out using a 200-kV STEM (JEM-ARM200F,
JEOL Ltd.). EDS and EELS mappings were obtained by their detectors
installed onto the STEM.

The thermodynamic calculations were carried out using the com-
mercial package FactSage 8.3, developed by GTT-Technologies, together
with the thermodynamic data from the ab initio Materials Project
(aiMP). This approach was employed to gain insight into the phase
stability and possible interfacial products. The calculation system is
LCO/LLZT mixture in a 9:1 M ratio under partial oxygen pressure Ppy =
0.21 atm. Note that the Gibbs free energy of LLZT was simply approxi-
mated as a linear combination of those of LiyLasZr,O12 (space group:
141/acd) and LisLasTas015 (space group: Ia3d).
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3. Results
3.1. XRD, TG-DTA and thermodynamic calculations

The DTA curve in Fig. 1 indicates that the sintering reaction gets
active above 1000 °C. The associated weight loss in the corresponding
TG curve is expected to be due to the sublimation of lithium oxides.
Although sensitively dependent on experimental conditions such as at-
mosphere, pressure, purity of raw materials, particle size and shape, and
mixture density, the thermal behavior in Fig. 1 seems reasonable in light
of the respective thermal behaviors of LCO and LLZ reported elsewhere:
Antolini and Ferretti reported that the decomposition of LCO takes place
in air above 900 °C [15], and Zhang and Yang respectively reported that
the sintering reaction of doped LLZ proceeds above 980 °C [16,17].

SEM images of the fracture surfaces of pellets sintered at 980 and
1080 °C are shown in Fig. 2(a) and (b), respectively. While the micro-
structure sintered at 980 °C does not show significant morphological
changes, sintering at 1080 °C promotes the microstructural coarsening
and forms well-contacting LCO/LLZT interfaces.

The XRD profiles of the sintered pellets are presented in Fig. 3. Sin-
tering at 980 °C gives minor peaks likely assigned as Li»ZrOs [20] and
LasLig 5C00.504 [21] compounds, but these peaks are hardly discernible
in the profile for 1080 °C, instead minor peaks likely assigned as LaCoOs3
compound become visible. Yet the major peaks of LCO and LLZT do not
show significant attenuation or lateral shifts, suggesting that phase
changes could take place only in specific regions. It is important to note
that the detection limit for phase identification by conventional XRD is
known to be around 4 vol% [22]. Although being a rough estimation, the
volume fractions of the observed interphases IP-I, IP-I, and IP-II
(detailed explanations of which are given later) are 3.5, 1.2, and 0.1
vol%, respectively. Therefore, these interphases are unlikely to be
detectable from the XRD profiles. A closer look at the peak shape reveals
that the peak widths become somewhat sharper by high-temperature
sintering. This change is supposed to be a consequence of thermal
relaxation and thereby the release of lattice defects.

Thermodynamic calculations were performed for the LCO-LLZT bi-
nary system using two databases: one is the FactPS database supple-
mented with the ab initio Material Project (AiMP) ver. 4.0 for
experimentally unknown compounds, and the other is AiMP ver. 6.3.
The results at 1000 °C are shown in Fig. 4(a) and (b), respectively. Fig. 4
(a) shows no reaction between LCO and LLZT occurs. Fig. 4(b) indicates
that although LLZT tends to decompose into more thermodynamically
stable compounds, no reaction takes place between LCO and them.
These results substantiate the low reactivity between LCO and LLZT (or
its decomposition products).

3.2. Sintered microstructure

Micro/nanoscale observations are indispensable for evaluating the
degree of densification and interfacial contact of the sintered pellets. In
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Fig. 1. TG-DTA curves obtained under 95 %0,-5 %Ar gas flow.
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Fig. 2. SEM images of the fracture surfaces of the pellets sintered at (a) 980 and (b) 1080 °C, where the left and right panels correspond to the secondary and
backscattered electron images of the same field of view, respectively. The bright and dark areas in the backscattered electron images correspond to the LLZT and LCO

phases, respectively.
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Fig. 3. XRD profiles of the LCO + LLZT powders as mixed and sintered at 980
and 1080 °C along with reference XRD profiles of LCO (red) [18] and LLZ (blue)
[19]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Figs. 5 and 6, the microstructures and corresponding elemental maps of
the pellets sintered at 980 and 1080 °C are shown, respectively. The
most salient feature is that the morphology differs dramatically between
these microstructures. The microstructure in Fig. 5(a) is filled with
micro-meter scale LCO and LLZT particles with high porosity, which
reminds us that the sintering reaction does not proceed actively at
980 °C. A small amount of impurities is visible in Fig. 5(b): as a result of
electron diffractions taken from these areas, red- and blue-colored par-
ticles are identified as LizZrOs and LagLig5Cog 504, respectively (see
Supplemental Fig. 1), which are in full agreement with the impurities

instructed by XRD (Fig. 3).

The densification progresses dramatically at 1080 °C, accompanied
by morphological change of both the LCO and LLZT particles. This
change is likely a consequence of an endothermal reaction above
1000 °C detected in the DTA curve (see Fig. 1). The highly densified
microstructure shown in Fig. 6 seems desirable from the perspective of
tailoring the microstructure for ASSLIBs. Yet, the LCO/LLZT interfacial
nanostructure is responsible for the ionic conduction between LCO and
LLZT phases. In what follows, the nano- or even atomic structures of the
LCO/LLZT interface are discussed in detail.

3.3. LCO/LLZT interfacial microstructure sintered at 980 °C

The dataset of STEM observations and EDS analysis of the LCO/LLZT
interface sintered at 980 °C is presented in Fig. 7. The EDS line profiles in
Figs. 7(b)-(f) reveal that the mutual diffusion takes place toward the
interior of the LLZT phase over a width of approximately 20 nm. The
constituent elements of La, Zr, and Ta gradually deplete, and instead, Co
intervenes from the contacting LCO phase. The crystal structures of LCO
and LLZT are robust up to the interface and thus no interfacial phase is
confirmed. No specific relationship is found between the crystal orien-
tations of adjacent LCO and LLZT grains from the FFT patterns in Fig. 7
(@).

It should be noted that the profiles overlaid on the EDS maps
represent the detected intensities and not the chemical compositions
since the Li concentration is not accessible with this technique. Ac-
cording to a study using an inductively coupled plasma optical emission
spectroscopy by Din [23], Co contamination into LLZ can lead to the
degradation processes even in very small amounts of 0.67 at.% (corre-
sponding to 0.16 per formula unit). From a practical perspective,
therefore, the extent of Co contamination deep inside the LLZT is one of
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Fig. 4. Thermodynamic stability for the LCO-LLZT system at 1000 °C derived using the databases of (a) the FactPS supplemented with AiMP ver. 4.0 and (b) AiMP

ver. 6.3.

(b) EDS (Overtay)

Fig. 5. Microstructure sintered at 980 °C. (a) STEM-ABF image and (b) corresponding EDS map colour-coded with Zr-Ka (red), Co-Ka (green), and La-La (blue)
intensities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[9) EDS (Overlay)

Fig. 6. Microstructure sintered at 1080 °C. (a) STEM-ABF image and (b) corresponding EDS map colour-coded with Zr-Ka (red), Co-Ka (green), and La-La (blue)
intensities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Microstructure in vicinity of the LCO/LLZT interface sintered at 980 °C. (a) STEM-ABF image and corresponding EDS map for (b) O-Ka, (¢) Co-Ka, (d) Zr-Ka,
(e) La-La, and (f) Ta-Ma. (g) Magnified STEM-ABF image of the rectangle area in (a) and FFT patterns generated from LCO and LLZT regions. In (b)-(f), the integrated

intensity profiles are overlaid.

the important concerns. However, due to the lack of Li distribution in-
formation and limited precision (approximately 1 at.%), the EDS mea-
surements employed in this study are not capable of measuring
quantitative Co distribution.

3.4. LCO/LLZT interfacial microstructure sintered at 1080 °C (ROI-1)

As far as we can find, there are two types of the LCO/LLZT interface
in terms of the constituting crystallographic structures, thickness, and
chemical composition: one is a narrow and well-tailored interface with
moderate chemical gradation, and the other is a broad and multi-layered
interface with irrational chemical distribution. These interfaces are
respectively observed in the regions of interest, “ROI-1” and “ROI-2",
highlighted in Fig. 6.

A magnified image and corresponding EDS maps of ROI-1 are

presented in Fig. 8. The interface is constituted with one interphase,
herein referred to as “IP-I”. As shown in the overlaid profiles in Fig. 8(b)-
(f), the IP-I is capable of significant chemical variation, linearly con-
necting the compositions of the constituent elements of LCO and LLZT, i.
e., O, Co, Zr, La, and Ta.

The detailed crystal structure of IP-I can be inferred from the high-
resolution STEM-HAADF image shown in Fig. 9(a). Typical FFT pat-
terns for the LLZT, IP-I, and LCO phases are inserted in Fig. 9(b). The IP-I
and LCO phases are in coherent contact and have nearly identical
crystallographic symmetry, while any lattice correspondence or crys-
tallographic similarity does not exist between the adjacent IP-I and LLZT
phases. The intensity ratio of 003 and 104 spots, i.e., Ipo3/I104 in the
generated FFT patterns can be a measure to evaluate the degree of
ordering of the Li and Co sites in the LCO structure. As shown in Fig. 9
(b), this value changes linearly in the IP-I phase. This value is

Fig. 8. Microstructure and EDS maps of ROI-1: a thin LCO/LLZT interface sintered at 1080 °C. (a) STEM-HAADF image and corresponding EDS map for (b) O-Ka, (c)
Co-Ka, (d) Zr-Ka, (e) La-La, and (f) Ta-Ma. In (b)-(f), the integrated intensity profiles are overlaid.



K. Niitsu et al.

Solid State Ionics 421 (2025) 116804

e L

20 30

0 10 40

Distance (nm)

Fig. 9. (a) STEM-ABF image in vicinity of IP-I. (b) A profile of intensity ratio Ipo3/I104 along the arrow in (a), where Iyo3 and I; o4 indicate the integrated intensities of
003 and 104 spots in the FFT patterns. Indices 003 and 104 are assigned with reference to the LCO crystal structure. FFT patterns are generated for rectangle areas
with sides of ~7 nm in (a). The simulated Ipo3/I104 Values for the fully ordered and disordered LCO structures are leveled by dot lines together with their simulated

electron diffractions and crystal structures.

comparable to that of a perfectly ordered LCO structure near the LCO/
IP-I boundary while drops to that of a significantly disordered state as
the LLZT/IP-I boundary is approached. This lowering in cation ordering
is supposed to be due to the intermixing of the Li and Co layers: at the
front of the LLZT/IP-I boundary, the cation sites are randomly occupied
by Co and Li (see the reference structure in Fig. 9(b)). From what we
have observed, the thickness of IP-I is relatively thin, ranging from 2 to
20 nm.

The electronic structures, especially the valence states, of the con-
stituents of IP-I are of particular importance in inferring ionic conduc-
tivity across the interface. The EELS spectra are acquired for the ROI-1
and the core-loss spectra integrated over the rectangles in Fig. 10(a) are
presented in Fig. 10(b). The EELS spectrums of LCO and IP-I are similar,
as inferred from the crystallographic similarity. As the LLZT/IP-I
boundary approaches, the Co-L3 and -Lp peak intensities weaken,
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supplanted by an increase in the La-Ms and -M4 peaks. This trend is
qualitatively consistent with the EDS result shown in Fig. 8. The valence
number of Co can be evaluated from the intensity ratio of the Co-L3 and
-Ly peaks [24]. As shown in Fig. 10(c), this ratio in IP-I changes little (or
slightly upshifts) compared to the ratio in LCO, and is placed between
the ratio of Co304 and CoSis. This means that the valence number of IP-I
is estimated to be approximately +3, the same as LCO (or slightly
smaller). Substituted elements such as Zr and Ta are supposed to adopt
valence numbers greater than +3 to compensate for electroneutrality.
The intensity ratio of the O—K pre-peak Ire and main peak Iyain is
also informative in inferring the Li concentration and electronic struc-
ture in the conduction band around the O ion [25,26]. According to an
earlier EELS study by Graetz [26], the O ions are primarily responsible
for compensating the charge valance in response to the Li depletion in
LCO, rather than modifying the valence number of Co-site ions. The I/
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Fig. 10. EELS analysis for ROI-1. (a) STEM-HAADF image in vicinity of IP-1. (b) EELS spectra accumulated for the rectangles in (a). (c) The integrated intensity ratio
of the Co-L3 and -L; peaks. (d) The integrated intensity ratio of the O—K pre-peak and main peak.
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I'main ratio refers to the density of O 2p holes, which could be introduced
by the Li extraction. We thus can infer the Li deficiency from the I/
Imain ratio. As shown in Fig. 10(d), the ratio in the IP-I is almost the same
as that in the adjacent LCO at the LCO/IP-I interface but gradually in-
creases with distance. This behavior again follows the structural simi-
larity between LCO and IP-I: although the chemical constituent is
gradually modified with distance from the LCO/IP-I boundary, the
hosting crystal structure is essentially the same. The upshift in Ipre/Imain
while maintaining the Co-Ls3/Ly ratio corroborates that the O atoms are
more involved in the charge transfer than the Co atoms in response to Li
deficiency. It seems to be a reasonable scheme that the IP-I phase is Li
deficient, which results in electron depletion in the O 2p states, making
the O—Co bond more covalent.

3.5. LCO/LLZT interfacial microstructure sintered at 1080 °C (ROI-2)

The well-tailored thin interface representatively observed in ROI-1 is
characterized as the intervention of a single-phase IP-I (2-20 nm thick).
Its structural, chemical, and electronic characters are relatively easy to
interpret. On the other hand, there exists a relatively thick LCO/LLZT
interface (over 50 nm thick) with multi-phase configurations, repre-
sented by ROI-2.

As shown in Fig. 11(a), the interface configuration seen in ROI-2 is
somewhat complicated. The thickest layer phase contacting the LCO is
labeled as IP-I, which has a coherent lattice matching to the LCO, as
confirmed by the FFT pattern shown in Fig. 11(b). With increasing
distance from the LCO, the crystallographic morphology changes to
modulated nanodomains, blurring the FFT pattern as shown in the atom-
resolved image (see second raw from the top of Fig. 11(b)). Above this
interlayer phase (labeled as IP-I'), a well-tailored, very thin interfacial

(b) 1P-11
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phase (labeled as IP-II) emerges in contact with LLZT. Its high-resolution
image and FFT pattern (the top raw of Fig. 11(b)) suggest the incoher-
ency with the IP-T.

To evaluate the crystal structure more intuitively, radial averaged
one-dimensional (1D) profiles of the FFT patterns shown in Fig. 11(b)
are provided in Fig. 11(c) together with those calculated for some
compounds, which are anticipated to emerge in the LCO/LLZT sintering
system [20,27-31]. Note that the experimental 1D FFT profiles are
generated only for the observed beam incident, thus are deficient in
unresolved lattice periodicities. Nevertheless, peak positions of IP-I are
placed near those of the disordered LCO. The peaks of IP-I' is similar to
those of the ordered LCO rather than the disordered LCO. The 1D FFT
profile of IP-II does not resemble any reference materials shown. The
detailed crystal structure of IP-II has not been identified in this study.

Elemental distributions in ROI-2 are shown in Fig. 12. Although not
linear, the decremental trend of O and Co toward the LLZT side is
consistent with the case of ROI-1. Both the IP-I and IP-I' phases are
assumed to have similar chemical and structural features. On the other
hand, Zr, La, and Ta are not diffused into these phases unlike in the IP-I
in ROI-1. Chemical gradation in the IP-II is totally different from those of
the IP-I and IP-I'. Very steep chemical changes exist inside IP-1I, swinging
back all the values comparable to the stoichiometry of LLZT. This sug-
gests that the IP-II works as a strong barrier for mutual chemical
diffusion.

In the same manner as Fig. 10, spatially resolved EELS spectra, the
Co-L3/Ly intensity ratio, and the intensity ratio of the O-K pre-edge and
main peak for ROI-2 are summarized in Fig. 13. The spectrum of IP-II is
almost the same as that of LLZT. Along with the chemical and structural
similarities, the IP-II phase is inferred to be a family/derivative com-
pound of LLZT. The essential features of EELS spectra of the IP-I and IP-I'
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Fig. 11. Microstructure of ROI-2: a thick LCO/LLZT interface sintered at 1080 °C. (a) STEM-HAADF image. (b) High-resolution STEM-HAADF images of the
constituting phases and corresponding FFT patterns. (c) Radial averaged one-dimensional intensity profile of the FFT patterns shown in (b) and those of reference
materials of cubic Li;LazZr,01, [19], LiCoO, [18], disordered LiCoO,, Li»ZrO3 [20], LaCoOs [27], LasLig 5C09 504 [3,13,28,29], LayZr,0, [30], and LigCo,04¢ [311,
which is suggested as a metastable reaction product by the thermodynamic calculations in this study.
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(e) La-La (f) Ta-Ma

(d) Zr-Ka

Fig. 12. EDS maps of ROI-2 Upper and lower columns are for an overview of ROI-2 and magnified view in vicinity of IP-II, respectively. (a) STEM-HAADF image and
corresponding EDS map for (b) O-Ka, (¢) Co-Ka, (d) Zr-Ka, (e) La-La, and (f) Ta-Ma. In (b)-(f), the integrated intensity profiles are overlaid.
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Fig. 13. EELS analysis for ROI-2. (a) EELS spectra accumulated for the rect-
angles in the inserted STEM-ABF image. (b) The integrated intensity ratio of Co-
L3 and -L, peaks. (c) The integrated intensity ratio of the O—K pre-peak and
main peak.

phases are the same as that of the IP-I phase seen in ROI-1, but a closer
look at the Co-L3/Ly ratio and Ipre/Imain highlights the subtle differences
in the valence state. The slight increase in the Co-Lg/Ly ratio in the IP-I
and IP-T' phases indicates that the valence number of the Co atoms could
somewhat downshift from +3. Meanwhile, Ire/Imain changes little
across the LCO, IP-I, and IP-I' phases, suggesting that the IP-I and IP-T
phases are not deficient in Li.

4. Discussion

As far as we can find in the pellet sintered at 1080 °C, the LCO/LLZT
interfaces are infiltrated with two types of interfacial products: the LCO-
derivative IP-I (and IP-I') and the well-ordered compound IP-II. As well
as the differences in their structural, chemical, and electronic characters,
the difference in thickness is worth mentioning. The IP-II phase forms in
a very thin (only a few nanometers) layer with well-tailored, well-
structured morphology in full contact with the LLZT, suggesting that the
IP-II phase is chemically less reactive. The IP-I and IP-I' phases, in
contrast, form in a wide range of thickness from a few to hundreds
nanometers, and show significant variations in chemical composition
and cation disordering. These features may be delivered from the
chemical reactivity of LCO and thus play a dominant role in
densification.

A detailed look at the vicinity of the IP-I/IP-I' boundary is presented
in Fig. 14. As shown in the inset of the HAADF-STEM image (Fig. 14(a)),
the c-plane fringe of the LCO structure terminates at the IP-I/IP-T'
interface. This discrete change is highlighted through the geometrical
phase map using the 006,006 periodicity of LCO, as shown in Fig. 14(c).
The maze-like pattern in the IP-I' represents the reconstruction failure
due to the discernible 006,/006 periodicity, wherein the randomly ori-
ented crystals form. The clear, well-aligned IP-I/IP-I' interface indicates
that the intermediate state between these phases is mostly likely absent.
In addition, the brighter contrast of the IP-I' region in the HAADF-ABF
image (Fig. 14(b)) suggests that this region involves a significant de-
gree of strain. From these microstructural characters, it is suggested as a
reasonable scenario that the IP-I' phase forms through a severe
morphological change such as melting and sublimation. Indeed, the
reactive temperature of LCO has been reported to be about 900 °C [14],
which is lower than that of LLZT of 980 °C [16,17].

The LCO structure comprises alternative Co- and Li-layers stacking
along (111) direction of the rock-salt lattice. The crystallographic dis-
ordering of this structure is accompanied by the increase in the crys-
tallographic symmetry toward cubic NaCl or spinel-related type [26]. In
view of structural coherency and morphology, the IP-I could be formed
with the help of bulk diffusion at the LCO/LLZT interface with keeping
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Fig. 14. Enclosed (a) STEM-HAADF and (b) STEM-ABF images of a thick LCO/LLZT interface sintered at 1080 °C. (c) Geometrical phase map reconstructed from (a)

using 006,/006 periodicity of LCO.

the structural coherency to the contacting LCO. Meanwhile, the IP-T'
could be further formed via the volumetric and surface diffusions or
even partial melting of LCO, resulting in the formation of less-crystalized
nanodomains. Guess that the highly mobile IP-I' phase can preferentially
infiltrate into voids, this phase would play a major role in the densifi-
cation upon sintering at 1080 °C.

It is important to address that the disordered cubic-like LCO is re-
ported to be easily formed at 400 °C [32-35]. Although puzzling intu-
itively, the fact that the preferentially formed IP-I has a disordered
structure and the IP-I' phase formed in a radical diffusion environment
has an ordered structure does not contradict the temperature-structure
relation reported in previous studies. The disordered LCO is known to
exhibit poor charge/discharge characteristics compared to the ordered
LCO [35]. Although dramatic densification can be achieved by 1080 °C
sintering, the formation of multi-layered and relatively thick interfaces
with chemical gradation could be destructive in achieving undisturbed
ionic conductivity across the interfaces.

5. Summary

In this study, the microstructural, chemical, and electronic charac-
ters of LCO/LLZT pellets sintered at 980 and 1080 °C have been inves-
tigated, with a particular focus on the LLZT/LCO interfaces, using an
integrated suite of scanning transmission electron microscopy and
spectroscopic techniques. Sintering at 980 °C is insufficient to promote
densification of the pellet. No interfacial products are confirmed, but
instead a chemical gradient is recognized over a width of ~20 nm near
the LLZT/LCO interface. Sintering at 1080 °C is quite effective in
densification of the pellet. However, two kinds of interlayer products are
formed: one is the IP-I and IP-I' phases with a disordered LCO structure,
which form in contact with LCO and is capable of significant chemical
gradient inside, and the other is the IP-II phase, of which crystal struc-
ture cannot be determined, forming in contact with LLZT. It is assumed
that the IP-I' phase plays a key role in the densification of the pellet. Its
low crystallinity reflects the potentially high surface/bulk diffusivity.
However, the conformed interfaces suffer from a significant chemical
gradient, suggesting poor ionic conductivity across the interfaces.
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