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ABSTRACT: LiCoO, (LCO), a practical cathode material for Li-  LiC00,(LCO) _High temperature

ion batteries, and Li,;Al);Ti,,(PO,); (LATP), an oxide-based IS - Mhatched hermoduna:
. g g : c g ¢ ermodynamic

soh‘d electrolyte, were mixed at. different ratllos and cosmt.ered at g . Di Calolation

various temperatures. The reaction products in the crystalline and seee 3 I

amorphous phases formed during sintering were quantitatively ceeee B

analyzed by X-ray diffraction (XRD) and X-ray absorption near
edge structure (XANES). LCO and LATP reacted with each other
to form Co;0, Li;PO, and amorphous-TiO, in either mixing
ratios when sintering at relatively low temperatures (<500 °C). At /
the sintering temperatures between 500 and 900 °C, LiCoPO,, Solid electrolyte
CoTiO;, and rutile-TiO, were formed for LCO and LATP at a LATP
volume ratio of 3:7; Co,TiO,, CoTiO;, and Co;0, at a volume

ratio of 5:5; and Li,TiO;, Co,TiO,, and Co;0, at a volume ratio of 7:3. We conducted thermodynamic calculations of the same
system at various temperatures under an oxygen partial pressure of 0.21 atm to compare with actual reaction products determined by
XRD and XANES. At 900 °C, the experimentally observed actual reaction products were reasonably reproduced by the
thermodynamic calculations except for a few discrepancies. The discrepancies between the identified reaction products and the
predicted thermodynamically stable phases were attributed to (1) the formation of alternative phases that have Gibbs free energies
comparable to the predicted most stable phases and (2) the occurrence of phase transformation of high temperature phases during
the cooling process to perform product analysis at room temperature. Meanwhile, as the temperature became lower from 900 °C,
discrepancies between experimental results and calculations became more prominent, so that the starting materials and reaction
products increased and decreased, respectively, probably due to the slow kinetic process such as mutual diffusion as evidenced by
elongating the sintering time and using smaller grain sizes.
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B INTRODUCTION

Lithium-ion batteries (LIBs) have been used in a wide range of

challenge for establishing the manufacturing process of the
cells.
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applications including electric vehicles, portable devices, and
energy storage systems due to their high energy density and
durability.' ™ Since conventional LIBs using a flammable
organic electrolyte have safety concerns, the development of
safer and more reliable rechargeable batteries is strongly
desired. All solid-state LIBs (ASSLIBs) especially using a
nonflammable and thermodynamically stable oxide-based solid
electrolyte are promising candidates because of their extremely
high safety and potentially long cycle life." > Among various
oxide-based solid electrolytes, NASICON-type
Li; 3Al, 3Ti; ,(PO,); (LATP),>” perovskite-type
Lig,oLlag 5, TiO5 (LLTO),*’ and garnet-type Li;La;Zr,0,
(LLZO)"'" attract much attention due to their superior
lithium-ion conductivities. However, unlike conventional
liquid-type LIBs in which electrode/electrolyte interfaces can
be spontaneously formed by injecting an organic electrolyte
solution, the formation of a highly ion-conducting interface
between oxide-based solid electrolytes and electrodes is a
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Co-sintering at high temperatures is a widely used method
to join oxide-based solid electrolytes and electrode materials as
well as densification of the individual materials. Depending on
the combination of an electrode material and a solid
electrolyte, however, co-sintering often results in undesired
side reactions which cause the decomposition of substances,
instead of the formation of well-defined ion-conducting
interfaces.'”'> Even if they are bound to each other, highly
resistive layers can be formed at their interfaces that severely

. . . 16,17
impede the ion conduction. ™
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Various approaches have been employed to construct the
highly ion-conducting interfaces without the undesired side
reactions, such as utilization of additives to lower the sintering
temperature'®'” and surface coating with ion-conducting and
sinterable materials.””*' On the other hand, a comprehensive
understanding of the reaction products after co-sintering the
oxide-based solid electrolytes with the electrode materials is
very important not only for fundamental inorganic chemistry
but also to establish the rational manufacturing process for
oxide-based ASSLIBs.

In addition to the combinations and compositions of
electrode materials and solid electrolytes, the reaction products
significantly dezpend on the sintering temperature'”'* and
atmosphere.'”>* Among these tremendous parameters, it is
very difficult to find the optimized sintering conditions to bind
electrode materials and solid electrolytes without the
occurrence of side reactions. Therefore, a highly reliable
theory-based approach that can propose the optimized co-
sintering conditions suitable for the given electrode materials
and solid electrolytes is strongly desired.

Thermodynamic calculation is a powerful technique to
predict the thermodynamically stable phases at given
conditions such as chemical compositions (e.g, the number
of elements),”** atmospheres,”® temperature”>*”** and
electrochemical potential.”*** Zhu et al. performed first-
principles density functional theory (DFT) calculations for
various binary systems composed of an electrode material and
a solid electrolyte at 0 K in vacuum.”” In the case of LiCoO,
(LCO) and LATP mixture, although LiysCoO,, Co;0,
Li;PO,, LiAl;Og, and TiO, were predicted as thermally stable
phases, they concluded that LCO and LATP can remain
unreacted because the decomposition energy (e.g, the
difference of Gibbs energy before and after reaction) was
relatively small. Miara et al. also performed first-principles DFT
calculations of thermodynamically stable phases in vacuum to
compare with actual reaction products formed by co-sintering
LATP and spinel cathode materials such as Li,NiMn;Oy,
Li,FeMn;0q, and LiCoMnO, with a volume ratio of 1:1."”
Their results showed that the experimentally identified
reaction products at given temperatures were consistent with
the thermodynamically stable phases predicted at much lower
temperatures. They attributed this temperature inconsistency
to the slow kinetics of ionic diffusion.

Understanding the origin that causes the discrepancy
between experimental results and thermodynamic calculations
is very important because it can lead to the development of a
reliable tool which can predict the reaction products at given
sintering conditions and even instantaneously propose the
optimized sintering conditions to construct the well-defined
solid electrolyte/electrode interfaces from given materials. As
both LCO and LATP are stable in air, co-sintering them in air
provides an ideal model for studying the reactivity of electrode
active materials and solid electrolytes under realistic processing
conditions. Previously, we have quantitatively identified the
temperature-dependent reaction products of LCO and LATP
composites with a volume ratio of 3:7 sintered under various
conditions (temperature, time, particle size, and cooling rate)
by a complementary approach integrated with X-ray diffraction
(XRD) and X-ray absorption near edge structure (XANES)."*
The reaction was reasonably progressed by co-sintering the
submicron-scale LCO and LATP for 8 h, while the reaction
was significantly slowing down for 10—15 um LATP coarse
particles under the same sintering conditions. In addition, it

has been reported that ASSLIBs containing LCO and LATP
can be fabricated using an aerosol deposition process followed
by low-temperature annealing, which minimizes undesired side
reactions.”’ These findings emphasize the importance of
understanding how LCO and LATP react under different
processing conditions. In order to evaluate the reliability and
applicability of thermodynamic calculations based on exper-
imental results, a wide range of composite ratios exhibiting
different reaction behaviors must be investigated. In the
present study, we further analyzed the reaction products of
cosintered LCO and LATP composites with volume ratios of
3:7, 5:5, and 7:3 by XRD and XANES and compared with the
thermodynamically stable phases calculated using the FactSage
thermochemical software and ab initio materials database
taking into account oxygen partial pressure to discuss the
origin of the discrepancy between the experiment and
thermodynamic calculations.

B METHODS

Sample Preparation. LCO with an average particle size of
0.5 ym and LATP with an average particle size of 0.7 ym were
purchased from TOSHIMA Manufacturing. Pure LCO and
LATP powders, as well as the mixtures of LCO and LATP
powders with volume ratios of 3:7 (LCLA37), 5:5 (LCLASS),
and 7:3 (LCLA73), were gently mixed for 1 h in a Zr mortar
and then pressed at 2 t/cm” in a uniaxial die with a 10 mm
diameter to produce a pellet. The weight ratios and molar
ratios of LCLA37, LCLASS, and LCLA73 are 0.74:1, 1.73:1,
and 4.03:1 and 2.90:1, 6.88:1, and 17.2:1, respectively. The
examined volume ratios were selected to cover the
composition range in which macroscopic percolation networks
for both the electrode material and the solid electrolyte are
expected based on Bruggeman’s effective media theory.”" The
pellets were sintered at various temperatures ranging from 300
to 900 °C every 50 °C for 8 h in air. The rate of temperature
increase and decrease was set to S °C/min.

XRD Measurements. The crystalline phases of sintered
samples were identified by XRD measurements (SmartLab
Rigaku, Japan) equipped with a monochromatized Cu Ka
source (A, = 1.5405 A) and a scintillation counter. All of the
data were collected using the step-scan method with a step
width of 0.005° and an acquisition time of 2 s per step, in the
range of 10° to 90°. PDXL2 software (Rigaku, Japan) was used
to conduct the Rietveld analysis (Figures S1—S3). Table S1 in
the Supporting Information lists the input powder diffraction
files for Rietveld analysis from the international center for
diffraction data (ICDD).

X-ray Absorption Spectroscopy and XAFS Data
Analysis. For XAFS measurements, the sintered pellets were
powdered, diluted with boron nitride purchased from
FUJIFILM Wako Pure Chemical, and reformed into pellets.
Co K-edge and Ti K-edge XAFS measurements were
conducted in transmission mode at BL9A and BL9C equipped
with a silicon (111) double crystal monochromator, Photon
Factory, High Energy Accelerator Research Organization in
Tsukuba, Japan (KEK). The rejection of higher harmonics was
achieved by 30% detuning the double crystal monochromator
for Co K-edge measurements and applying a cylindrically bent
Rh-coated mirror for Ti K-edge measurements. The storage
ring was operated at 2.5 GeV and 450.0 mA. The X-ray photon
energy was calibrated by using Co and Ti metal foils as a
standard sample. The ATHENA program” was used to
conduct XAFS data processing, such as energy scale
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Figure 1. (a) XRD patterns of LCLA37 sintered at various temperatures, and (b) molar ratio of crystalline phases determined by Rietveld analysis
of XRD patterns. (c) Normalized Co K-edge XANES spectra of LCLA37 sintered at various temperatures, and (d) molar ratio of Co-containing
species determined by LCF of the XANES spectra. (e) Normalized Ti K-edge XANES spectra of LCLA37 sintered at various temperatures, and (f)
molar ratio of Ti-containing species determined by LCF of the XANES spectra. (Reproduced from ref 14 with permission from the Royal Society of

Chemistry).

calibrations, background subtraction, postedge normalization,
and XANES analysis.

For linear combination analysis®** of a series of XANES
spectra arising from a mixture of LCO, LATP, and unknown
products, principal component analysis (PCA) was performed.
The concept of PCA is available from the literature.”>™* In
brief, PCA helps us to determine the number of components as
eigenvectors that reproduce an experimental data set without
an a priori assumption. In this study, we chose the number of
components as the same number of eigenvectors that allow the

12740

PCA results to reproduce the experimental data set (Co or Ti
K-edge XANES spectra) with a remnant of 0.005% or the
number of Co- or Ti-containing crystalline phases detected by
XRD. The reference compounds/spectra used for linear
combination analysis (LCF) were selected by target trans-
formation. In target transformation, linear combination fitting
using a certain number of eigenvectors given by PCA is applied
to each XANES spectrum of a potential reference compound,
and the reference spectra used for LCF are determined in the
order of the smallest mean square error of the residuals
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between the XANES spectrum of the reference compound and
linear combination of eigenvectors. The results of PCA and
target transformation are listed in Tables S2—S13 in the
Supporting Information.

LCF results of Co and Ti K-edge of LCO and LATP
composites sintered at various temperatures are shown in
Figures S4—S9 in the Supporting Information. Here, we note
that the Co,TiO, spinel phase observed by XRD patterns of
LCLASS sintered at various temperatures (see Result Section)
is not included in the database.”” Hence, it was synthesized
with the procedure described in the literature*' and used as a
reference compound for Co K-edge and Ti K-edge XANES
(see Supporting Information Section S3, Figure S10ab). In
addition, because both Co,TiO, and Li,Ti;O,, used for linear
combination fitting of Ti K-edge XANES (Tables SS, S9 and
S13) are spinel structures (Fd3m), as shown in Figure S11, and
their Ti cations are tetravalent (Ti*"), the shapes of Ti K-edge
XANES spectra of Co,TiO, and Li,TiO,, shown in Figure
S10b are similar to each other. Thus, in this study, Co,TiO,
was selected as the representative of the spinel phase for the
LCF of Co K-edge XANES (Tables S7 and S11) and Li,TisOy,
was excluded from the candidate.

The molar ratios of the reaction products were estimated, as
in our previous work,'* by combining the results of the
Rietveld analysis of the XRD patterns and the LCF of the
XANES spectra. First, the initial molar amounts of LCO and
LATP were determined by Rietveld refinement, which defined
the total Co and Ti contents in the sample. Next, the relative
amounts of the Co- and Ti-containing phases were quantified
by using the LCF of the XANES spectra to account for the
fraction of amorphous species. The Co- and Ti-free phases
were obtained directly from Rietveld analysis of the XRD
patterns.

Thermogravimetry Measurements. Thermogravimetric
analysis (TG) of LCLA37, LCLASS, and LCLA73 was
performed using a STA2500 Regulus (NETZSCH, Germany)
with a 90 mL/min air flow. The temperature program was set
with a heating rate of 5 °C/min from room temperature to 900
°C. After a 1 h hold at 900 °C, it was cooled down to room
temperature with a cooling rate of S °C/min. All of the
measurements were carried out with samples of about 10 mg in
Pt sample containers.

Thermodynamic Calculation. FactSage 8.2 (GTT-
Technologies, Germany) and its database ab initio material
project’” (aiMP) 4.0 were used to estimate the reaction
products in the LCO and LATP mixture with various volume
ratios at different temperatures under atmospheric pressure
(oxygen partial pressure, Py, = 0.21 atm).

B RESULTS

Experimental Characterization of Reaction Products
of LCLA37. We have previously determined the reaction
products of LCLA37 in both crystalline and amorphous phases
by complementary use of XRD and XANES."" Figure lab
shows the XRD patterns and Rietveld analysis of LCLA37
sintered at various temperatures. The molar ratio of LCO to
LATP before sintering is 3.10:1, which is in good agreement
with the initial molar ratio of 2.90:1. Although solely sintered
pure LCO and LATP are stable up to 900 °C (Figures S12 and
S13), LCO and LATP in LCLA37 start to react with each
other at 300 °C to form Co;0, and Li;PO,, and the crystalline
phase of LCO disappears at 500 °C. From 300 to 500 °C,

Li;PO, forms probably due to the decomposition of LATP, but
any Al- and/or Ti-containing species are absent, suggesting
that these Al- and Ti-containing species are amorphous. LATP
and the reaction products formed in the temperature range
from 300 to 500 °C such as Co;0,, and Li;PO, are consumed
from 500 to 750 °C to form LiCoPOQO,, rutile-TiO,, and
CoTiOs. After sintering at 900 °C, Co*" in the starting material
LCO is completely reduced to Co** in LiCoPO, and CoTiO,,
while Ti*" in the starting material LATP is unchanged in rutile-
TiO, and CoTiO;.

Figure 1c,e shows Co and Ti K-edge XANES spectra of
LCLA37 sintered at various temperatures. The shape of the Co
and Ti K-edge XANES spectrum of LCLA37 before sintering is
identical to that of LCO with a relatively strong white line at
around 7729 eV'** and LATP with a preedge at around 4970
eV and a relatively weak white line at around 4989 eV.'***
With increasing sintering temperature, the absorption of the
Co K-edge is shifted to the lower energy side, suggesting the
reduction of Co* in LCO to Co*". This change becomes more
remarkable at sintering temperatures above 500 °C, where
most of the Co-containing species are reduced to Co>" species
such as LiCoPO, and CoTiO; as observed by XRD. On the
other hand, the absorption of Ti K-edge remains unchanged
after co-sintering throughout the temperature range, confirm-
ing that the Ti* in LATP remains as Ti*" in rutile-TiO, and
CoTiOj; as observed by XRD.

Figure 1d,f shows the LCF results of Co and Ti K-edge
XANES spectra of LCLA37 sintered at various temperatures
using the XANES spectra of the reference compounds
determined by PCA and target transformation. Consistent
with the Rietveld analysis of XRD, the LCF analysis of XANES
also shows that LCO (Figure 1d) and LATP (Figure 1f) start
to decrease at 300 °C due to the reaction. At sintering
temperatures between 300 and 500 °C, LCO and Co;0,
decreases and increases, respectively, and amorphous-TiO,
forms due to the decomposition of LATP. At sintering
temperatures between 500 and 700 °C, Co;0,, amorphous-
TiO,, and LATP decrease, and LiCoPO, and rutile-TiO,
increase. At sintering temperatures between 700 and 900 °C,
LCF of Co and Ti K-edge XANES shows the further decrease
of Co;0, and rutile-TiO,, concurrently with the formation of
CoTiO;. Thus, the Co- and Ti-containing final products are
LiCoPO,, CoTiO;, and rutile-TiO,. There are two discrep-
ancies between Rietveld analysis of XRD and LCF of XANES
due to the insensitive nature of XRD to amorphous contents.
Unlike the Rietveld analysis that shows the complete loss of
LCO at 500 °C (Figure 1b), LCF of Co K-edge XANES
indicates the presence of LCO up to 700 °C, suggesting the
existence of amorphous and/or microcrystalline LCO. More-
over, amorphous-TiO, was observed in LCF of Ti K-edge
XANES.

Figure 2 shows the TG curves of LCO, LATP, and LCLA37.
From the TG curves, the weight loss values of LCO, LATP,
and LCLA37 were 0.80%, 2.51%, and 5.21%, respectively.
According to the fact that pure LCO and LATP are stable in
the temperature range of 300—900 °C (Figures S12 and
S$13),** the weight loss of pure LCO and LATP should be
due to the desorption of adsorbed water and volatile organic
species possibly used as the precursor. Based on the weight loss
of pure LCO (0.80%) and LATP (2.51%) and the weight ratio
of LCO and LATP in LCLA37 (LCO/LATP = 0.74:1), the
expected weight loss due to the desorption of adsorbed species
from LCO and LATP in LCLA37 is estimated to be 0.34% and
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Figure 2. TG curves of pure LCO, LATP, and LCLA37.

1.44%, respectively. Thus, 3.43% out of 5.21% is attributable to
the weight loss due to the chemical reactions such as the
oxygen release accompanying the reduction of Co** to Co*".
Because all the Co® in the starting material LCO is completely
reduced to Co®" species (XRD and Co K-edge XANES in
Figure 1b,d), the weight loss due to the accompanying oxygen
release is estimated to be 3.48% which is in good agreement
with the experimental value, 3.43% obtained by TG. During
the cooling process from 900 °C to room temperature in
Figure 2, there is no weight change in the TG curve, indicating
that no further reaction occurs.

Experimental Characterization of Reaction Products
of LCLAS5S5. Figure 3a,b shows the XRD patterns and Rietveld
analysis of LCLASS sintered at various temperatures. In the
results of the Rietveld analysis (Figure 3b), the molar ratio of
LCO to LATP before sintering, 7.08:1, is in good agreement
with the initial molar ratio of 6.88:1. When LCLASS is sintered
at temperatures higher than 300 °C, LCO and LATP react
with each other to form Co;0, and Li;PO,. The amounts of
Co0;0, and Li;PO, increase with temperature up to 600 and
700 °C, respectively. Co;0, starts to decrease from 600 °C
simultaneously with the formation of a spinel phase with a
lattice constant a = 8.4117(3) A, which is different from that of
Co;0,: a = 8.072 A.*” Based on the lattice parameter, this
spinel phase is assignable to Co,TiO, (a = 8.4440 A)*® or
Li,TisO,, (a = 8.3804 A).*’ Considering the total amounts of
Co and Ti in the samples (Figure S14), Co,TiO, is the more
reasonable substance. In the temperature range between 550
and 900 °C, first rutile-TiO, (550—700 °C) then CoTiO;
(700—800 °C) and eventually Co,TiO, form together with the
decrease of Co;0,, suggesting the successive reaction of Co;0,
with TiO,, CoTiO; and Co,TiO,. In addition, the peak
position of the Co;0, spinel phase shifted to the lower angle
and that of the Co,TiO, spinel phase shifted to the higher
angle with increasing sintering temperature from 750 to 900
°C (Figure S15a), implying the formation of solid solutions of
Li in Co;0,°”"" and Li and Ti in Co,Ti0,.>*~>*

Figure 3c,e shows Co and Ti K-edge XANES spectra of
LCLASS sintered at various temperatures. With increasing
sintering temperature, the absorption of Co K-edge is shifted
to the lower energy side, suggesting the reduction of Co®* in
LCO to Co®". This change corresponds to the formation of
Co,0,, CoTiO4, and Co,TiO, with Co*" as observed by XRD.

On the other hand, the absorption of Ti K-edge does not shift,
suggesting that the Ti*" in LATP remains as Ti*' in rutile-
TiO,, CoTiO;, and Co,TiO, as observed by XRD. Figure 3d,f
shows the LCF results of Co and Ti K-edge XANES spectra of
LCLASS sintered at various temperatures using the XANES
spectra of the reference compounds. The LCF results of Co K-
edge and Ti K-edge XANES spectra are consistent with the
Rietveld analysis; LCO and LATP decrease at 300 °C to form
Co;0,, Co;0, increases from 300 to 600 °C, and rutile-TiO,
(5§50—700 °C), CoTiO; (700—900 °C), and eventually
Co,TiO, appear in turn together with the continuous decrease
of Co;0, from 600 to 900 °C. In addition to those crystalline
phases, amorphous-TiO, is present from 300 to 700 °C,
implying that amorphous-TiO, (300—700 °C) forms prior to
rutile-TiO, (550—700 °C) as a result of the decomposition of
LATP. Another difference between the XANES and XRD is
the temperature range where CoTiO; exists. Both Co and Ti
K-edge XANES detect CoTiO; from 700 to 900 °C, whereas it
disappears at 800 °C in XRD, suggesting the existence of
amorphous-CoTiO; from 800 to 900 °C.

Figure 4 shows the TG curve of LCLASS. The TG curve
shows a weight loss of 4.41% after heating at 900 °C. Based on
the weight loss of pure LCO (0.80%) and LATP (2.51%) and
the weight ratio of LCO and LATP in LCLASS (LCO/LATP
= 1.73:1), the expected weight loss due to the desorption of
adsorbed species from LCO and LATP in LCLASS is
estimated to be 0.51% and 0.89%, respectively. Thus, 3.01%
of 441% can be attributed to the weight loss due to the
chemical reactions. When approximately 57% of Co** in LCO
of pristine LCLASS is reduced to Co*", the weight loss due to
the accompanying oxygen release coincides with 3%.
Consequently, 43% of Co ions remain as Co’* in the Co,0,
phase at 900 °C. However, the LCF of Co K-edge XANES
shows that the amount of Co®" is 37.1%, which is somewhat
smaller than that estimated from the TG curves. This
difference can be attributed to the formation of the solid
solutions as mentioned above. In the present study (Figure
3a), the expansion of lattice constant of Co;0, is evident by
the peak shifts to the low-angle side in XRD, suggesting the
formation of the solid solution of Li in C0,0,.°"" In this case,
Co ions in Co;04 can be partially oxidized for electro-
neutrality. Enlarged graphs (Figure S15a) clearly show the shift
of the 311 diffraction peak of Co;0, in LCLASS sintered at
800 °C. The only Li-containing species at 900 °C is Li;PO,
and its molar amount of Li, 8.09 mol, is 0.29 mol less than the
initial amount of Li in the pristine LCLASS (molar amount of
Li = 8.38 mol). When 0.29 mol of Li forms the solid solution
with Co;0,, the amount of Co®" is estimated to be 40.2%
which is still larger than that determined by LCF of Co K-edge
XANES. The remaining difference can be caused by the
difference in sintering time between TG measurements
(ramping at S °C/min with 1 h holding) and others (holding
at each temperature for 8 h after ramping at 5 °C/min).

Experimental Characterization of Reaction Products
of LCLA73. Figure Sa,b shows the XRD patterns and Rietveld
analysis of LCLA73 sintered at various temperatures. In the
results of the Rietveld analysis, the molar ratio of LCO to
LATP before sintering, 20.6:1, is in reasonable agreement with
the initial molar ratio of 17.2:1. At 300 °C, LCO and LATP
start to react with each other to form Co;0, and Li;PO,. The
amount of LCO decreases, and those of Co;0, and Li;PO,
increase with temperature up to 650 °C where LATP
completely disappears. In LCLA73, an excess amount of
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Figure 3. (a) XRD patterns of LCLASS sintered at various temperatures, and (b) molar ratio of crystalline phases determined by Rietveld analysis
of XRD patterns. (c) Normalized Co K-edge XANES spectra of LCLASS sintered at various temperatures, and (d) molar ratio of Co-containing
species determined by LCF of the XANES spectra. (e) Normalized Ti K-edge XANES spectra of LCLASS sintered at various temperatures, and (f)
molar ratio of Ti-containing species determined by LCF of the XANES spectra.

LCO is mixed with LATP, and therefore, a large portion of the
LCO remains in the temperature range from 650 to 900 °C.
Li,TiO; forms at 650 °C and remains up to 900 °C. The full
width at half-maximum of the diffraction peak from (311)
planes of Co;0, increases (Figure S15b), suggestlng that Li
forms the solid solution with some C0;0,.°”

Figure Sc,e shows Co and Ti K-edge XANES spectra of
LCLA73 sintered at various temperatures. Similarly, with those
of LCLA37 and LCLASS, the absorption of the Co K-edge
shifts to the lower energy side due to the formation of Co;0,
containing Co’*, while the Ti K-edge remains unchanged.
Figure Sd,f shows the LCF results of Co and Ti K-edge
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XANES spectra of LCLA73 sintered at various temperatures.
The trendlines of LCO, LATP, and other substances are
almost identical to those obtained by Rietveld analysis of XRD
with a few exceptions. Co,TiO, is absent in XRD throughout
the temperature range (Figure Sb) but present in Co and Ti K-
edge XANES between S50 and 900 °C (Figure S5d,f),
suggesting the formation of amorphous- and/or microcrystal-
line Co,TiO,.

Figure 6 shows the TG curve of the LCLA73. The TG curve
shows a gradual weight loss of 2.69% up to 800 °C, followed by
a steep weight loss of 2.65% from 800 to 900 °C. Interestingly,
a weight gain of 2.96% is observed in the cooling process. The
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Figure 4. TG curves of pure LCO, LATP, and LCLASS.

former gradual weight losses similar to those observed for
LCLA37 and LCLASS should be due to the desorption of
adsorbed species. The latter steep weight loss and gain in the
cooling process are assignable to the reversible phase transition
between Co;0, and CoO that forms at 850 °C.>>*°
Considering the percentage of Co;0, at 800 °C, determined
by Rietveld analysis (Figure Sb), the amount of oxygen
desorbed during this phase transition is estimated to be 2.61%,
which is in reasonable agreement with the TG curve.

Bl DISCUSSION

Figure 7 shows the comprehensive molar ratios of chemical
species including both crystalline and amorphous phases
obtained by XANES and XRD, in LCLA37, LCLASS, and
LCLA?73, after sintering at various temperatures. Al-containing
species are absent in XRD. Additionally, it is challenging to
precisely quantify the quantity of Al-containing species using
Al K-edge XANES measurements in a standard transmission
setup. This is because the attenuation length of X-rays in the
corresponding energy region is relatively short, requiring
extremely thin samples to ensure sufficient transmitted X-ray
intensity. Hence, all of the Al-containing species contained in
the composite are assumed to be Al,Oj;.

Thermodynamics Calculation by FactSage 8.2. Figure
8a—c shows the thermodynamically stable phases in LCLA37,
LCLASS, and LCLA73 at various temperatures with an oxygen
partial pressure of Py, = 0.21, and Table S14 compares them

with the experimentally identified ones.

At 900 °C for LCLA37, the combination of calculated
thermodynamically stable phases LiCoPO,, TiO,, Li;PO,, and
CoTi,0; (Figure 8a) was in reasonable agreement with that of
major reaction products, LiCoPO,, TiO,, Li;PO,, and CoTiO;
(Figure 7a), with a discrepancy that CoTi,O was predicted
instead of the experimentally detected CoTiO;. In contrast to
the fact that the thermodynamic calculations predicted stable
phases at given temperatures, the reaction products were
analyzed at room temperature after the samples were cooled
from the sintering temperatures. Thus, one may attribute the
discrepancy to the phase transformation during the cooling
process because CoTi,O; is a high temperature phase which
forms in the temperature range higher than 1140 °C.°”**
However, no sign of a phase transformation was observed in
the TG curve during the cooling process (Figure 2). In

addition, it was reported that CoTi,Oy forms at 1140 °C>"°*
which is much higher than the sintering temperatures used in
the present study.

Another possibility is the formation of secondary stable
phases instead of primary ones. The sum of the Gibbs free
energies of CoTiO; and TiO, at room temperature is
comparable to that of CoTi,0s, as shown in eq 1.

CoTiO; (—1262.6 kJ) + TiO, (—992.1 kJ)
< CoTi, 04 (—2263.0 KJ) (1)

When CoTi,O5 was replaced with CoTiO; in Figure 8d, the
combination and molar ratio of thermodynamically predicted
stable phases and experimentally detected reaction products
matched each other perfectly.

The compositions of predicted thermodynamically stable
phases were almost constant in the temperature range between
500 and 900 °C. In contrast, the molar ratios of experimentally
identified species significantly changed as the temperature
became lower from 900 to 500 °C; CoTiO,, LiCoPO,, and
TiO, decreased and Li;PO,, Co;0,, LATP, and LCO gradually
increased. This suggests the existence of a relatively slow
kinetic process. In fact, the reaction products at 500 °C, 600
°C, and 700 °C were significantly changed by elongating the
sintering time from 8 h to 2 weeks (Figure S16), especially for
500 °C, so that the combination and molar ratios of reaction
products were in better agreement with those of the
thermodynamically stable phases; the molar ratio of Li;PO,,
Co0;0,, LATP, and LCO decreased and those of LiCoPO,,
TiO,, and CoTiO; increased (Figure S16a). Furthermore,
when the LATP powder with an average particle size of 0.1 ym
(Figure S17a), which is smaller than that of the regular one
(0.7 pm, Figure S17b), was cosintered with the LCO powder
at 500 °C, 600 °C, and 700 °C for 8 h, the reaction products
(Figure S18), Co;0, LiCoPO,, rutile-TiO,, Li;PO,, and
CoTiO; became more consistent with the thermodynamically
stable phases (Figure S18). These results imply that the
diffusion of metal cations might be kinetically slow at the low
temperature.sg’60

The reaction products and thermodynamically stable phases
completely differ from each other in the temperature range
lower than 500 °C. Eventually, the starting materials LCO and
LATP became the majority species. In this temperature range
from 300 to 450 °C, thermodynamic calculations suggested the
formation of LiyCoO,. However, Li; Co0O,, which is the Li-
extracted LCO with the original layered structure, cannot be
distinguished from LCO in XRD.

At 900 °C for LCLASS, CoTiO;, Co,TiO,, Li;PO,, and
Co;0, were the major reaction products, whereas Li,CoTi;Oy,
LiCoPO,, Li;PO, and CoO were predicted as the
thermodynamically stable phases. Li,CoTi;Og, LiCoPO,, and
CoO were predicted by thermodynamic calculations, instead of
experimentally detected CoTiO;, Co,TiO,, and Co;0,. This
discrepancy can also be due to the existence of another
possible combination of thermally stable phases. For example,
the sum of the Gibbs free energies of Li;PO, and 3Co,TiO, at
room temperature is comparable to that of LiCoPO,,
Li,CoTi;Og, and 4Co0, as shown in eq 2.

Li;PO, (—1262.6 kJ) + 3Co,TiO, (—1496.2 k] X 3)
& LiCoPOQ, (—1639.8 kJ) + Li,CoTi;O4 (—3984.2 kJ)
+ 4Co0 (—266.8 kJ X 4) (2)
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Figure S. (a) XRD patterns of LCLA73 sintered at various temperatures, and (b) molar ratio of crystalline phases determined by Rietveld analysis
of XRD patterns. (c) Normalized Co K-edge XANES spectra of LCLA73 sintered at various temperatures, and (d) molar ratio of Co-containing
species determined by LCF of the XANES spectra. (e) Normalized Ti K-edge XANES spectra of LCLA73 sintered at various temperatures, and (f)
molar ratio of Ti-containing species determined by LCF of the XANES spectra.

Even after LiCoPO,, Li,CoTi;04, and 4CoO of the primary
thermodynamically stable phases (Figure 8b) were replaced
with the members of secondary ones such as Li;PO, and
3Co,TiO,, a small amount of CoO was still present in Figure
S19a. CoO is also a typical high temperature phase which
forms in the temperature range higher than 850 °C,*>*® and
thus, it can be transformed into Co;O, during the cooling
process from the sintering temperature. Indeed, a mass gain
was observed at around 770 °C in the TG curve during the
cooling process (Figure 4), confirming the transformation of
CoO to Co;0,. Thus, in addition to the replacement according
to eq 2, the remaining CoO was further converted to Co;0,, as

12745

shown in Figure S19b. It shows that the composition and
molar ratios became more consistent with those of
experimentally detected reaction products. One may be
concerned with the fact that the observed mass gain in the
TG curve (Figure 4) was somewhat smaller than that required
to convert all the remaining CoO into Co;0,. This
incompletion can be interpreted as the formation of a solid
solution of Li and Co;0, during sintering as evidenced by
broadening of diffraction peaks (Figure S1Sa), which sup-
pressed the phase transition between Co;0, and CoO.
Except for the replacement of Li,CoTi;O4 and LiCoPO,
with CoTiOj; and TiO, from 900 to 850 °C, the composition
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Figure 6. TG curves of pure LCO, LATP, and LCLA73.

of predicted thermally stable phases was substantially identical
in the temperature range between 550 and 850 °C. In contrast,
the composition of reaction products gradually changed as the
temperature became lower from 900 °C, so that the molar
ratios of Co,TiO,, Li;PO,, and Co;0, decreased simulta-
neously with increasing those of starting materials such as LCO
and LATP. The elongation of sintering time from 8 h to 2
weeks produced the reaction products similar to the predicted
thermally stable phases at 600 and 700 °C (Figure Sl6e,f),
suggesting the slow kinetics and insufficient sintering time for
the lower temperature range. LCO and LATP became the
dominant species.

After sintering LCLA73 at 900 °C, LiCoO,, Co;0,, Li;PO,,
Li,TiO;, and Co,TiO, were identified by XANES and XRD
(Figure 7a), although LiCoO,, CoO, Li;PO,, and Li,TiO,
were predicted thermodynamically stable phases (Figure 8b).
Because a mass gain assignable to the transformation of CoO
to Co;0, was clearly observed at around 750 °C in the TG
curve during the cooling process (Figure 6), CoO was replaced
with Co;0,, as shown in Figure 8f. The resulting composition
and molar ratios of thermally stable phases and experimentally
detected reaction products such as Li;PO,, Co;0, and LCO
became more consistent with each other in the temperature
range between 650 and 900 °C.

Li,TiO; and Co,TiO, formed by sintering LCLA73 in the
temperature range between 550 and 900 °C were the minor

inconsistent species from the predicted thermally stable phases.
Although Co,TiO, was absent in the thermodynamic
calculations, Li,CoTi;Og which is a solid solution of Li and
Ti ions in the spinel structure substantially identical to
Co,TiO, (Figure S11) was predicted in the temperature range
from 500 to 850 °C. Thus, these species can be interconverted
to each other at given conditions with certain kinetics.
Although thermodynamic calculations proposed the decom-
position of LATP and LCO to Li;PO, and LiysCo0O,,
respectively, almost all the starting materials remained
unreacted in the low temperature range from 300 to 450 °C,
probably due to the slow kinetics and insufficient sintering
time.

The results presented here demonstrate that thermodynamic
calculations can accurately predict reaction products formed at
high temperatures. Therefore, these calculations are useful for
screening material combinations and sintering conditions to
prevent undesired side reactions. Conversely, the reaction
progress was significantly suppressed at lower temperatures.
This suggests that even material combinations that are
expected to thermodynamically decompose may remain
unreacted due to kinetic constraints such as slow ionic
diffusion. Introducing a kinetic perspective into thermody-
namic calculations may enable the construction of interfaces
that function as batteries while preventing the formation of
highly resistive reaction products that hinder ionic conduction.

Bl CONCLUSIONS

The reaction products formed during co-sintering of LCO and
LATP with three different compositions at various temper-
atures in air were quantitatively identified by XRD and XANES
and compared with the thermodynamically stable phases
calculated at various temperatures under the oxygen partial
pressure of 0.21. Overall, the reaction products after sintering
the composites of submicrometer-scale LCO and LATP
powders at high temperatures, especially at 900 °C, tend to
be well-reproduced by thermodynamic calculations. However,
one may need to consider not only the primary combination
composed of the most stable phases but also the alternative
combinations composed of the secondary stable phases whose
sum of Gibbs free energies is comparable to that of the primary
combination to reproduce the experimentally identified phases.
Another important factor that causes the gap between the
experimentally identified and theoretically predicted phases is
the cooling process. In contrast to the prediction of
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thermodynamically stable phases at each temperature, the
product analysis was performed at room temperature after
cooling from the sintering temperatures, and thus, one needs
to consider the phase transformations of high temperature
species during this process to close the gap. As the sintering
temperatures became lower from 900 °C, their discrepancy
became more prominent due to the slow kinetic process and
insufficient sintering time; starting materials and reaction
products increased and decreased, respectively. During
sintering, the experimentally observed phases often reflect
kinetically favored states rather than thermodynamic equili-
brium. While predicting nucleation behavior in reaction phases
remains a challenge, more accurate insights into the formation
and evolution of reaction products may be obtained by
incorporating kinetic considerations through methods, such as
the phase-field approach. Such improvements could eventually
transform thermodynamic calculations into a practical tool for
predicting possible side reactions, sinterable material combi-
nations, and optimal sintering conditions, reducing the need
for experimentation.
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