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ABSTRACT: Composites of a NASICON-type oxide-based solid . LFPLATPinair

electrolyte Li, Al 3Ti, ,(PO,); (LATP) and an olivine-type lithium |
metal phosphate, LiFePO, (LFP) or LiNiPO, (LNP), were
cosintered at various temperatures in air and an Ar/H, atmosphere,
and the reaction products were analyzed by X-ray diffraction
(XRD), X-ray absorption fine structure (XAFS), and energy-
dispersive X-ray spectroscopy (EDS). When the LFP/LATP
composites were cosintered in air, LFP oxidized to produce Fe3*
compounds such as Fe,O,;, FePO, and Li;Fe,(PO,);, and
furthermore, at 800—900 °C, the products further reacted with
LATP to form a solid solution denoted as Fe-rich
Li,(ALTiFe),(PO,);. On the other hand, in an Ar/H, atmosphere,
LFP and LATP retained the original olivine and NASICON-type
structures up to 600 °C, but at 650 °C or higher, part of the LFP reacted with LATP to form Fe,P,0, and Fe-poor
Liy(Al,Ti,Fe)z(PO4)3. In contrast, LNP/LATP composites remained unchanged throughout the temperature range in air, whereas
they underwent drastic changes in an Ar/H, atmosphere. Ni},P; and a few minor species such as Ni,P, Li,P,0, and Li;PO, were
produced at 500 °C, Ni,P, Li,P,O, and Li;PO, became more prominent at 600 °C, and various other phases including
Li,(A],Ti,Ni),(PO,), which could not be fully identified by XRD and XAFS, were formed. In addition, thermodynamic calculations
were performed to predict the reaction products. The results showed partial agreement with the experimental observations, and the
remaining discrepancies can be attributed to (1) the absence of the thermodynamic parameters of some products in the database
used for the calculations, (2) the marginal energy differences between the predicted most stable and the kinetically hindered
metastable phases, and (3) the insufficient consideration of the release and uptake of gaseous components including water, oxygen,

and hydrogen.

1. INTRODUCTION a highly ionically insulating layer.” Thus, understanding the
reaction products from given combinations of substances at
given sintering conditions is very important not only for
fundamental science but also for designing rational manufac-
turing processes to form well-defined interfaces.

In this context, reaction products formed by cosintering of
electrode materials and solid electrolytes have been analyzed
by a few groups.’ > Beaupain et al. analyzed the reaction
products formed in mixed composites of a NASICON-type
solid electrolyte Li,3Aly;3Ti, ,(PO,); (LATP) and a typical
positive electrode material LiNiysCog,Mny,0, (NCM622)
after sintering at various temperatures. They found that even at

Conventional liquid-type lithium-ion batteries (LIBs) using
organic liquid electrolytes have been a major power source
used in portable devices, electric vehicles and energy storage
systems. However, all-solid-state (ASS) LIBs using nonflam-
mable oxide-based solid electrolytes attract much attention
because of their excellent safety, lifetime, and reliability, as well
as their potentially rapid charge/discharge capability.” For the
practical implementation of solid-state batteries, it is strongly
desired not only to develop a solid electrolyte with excellent
ionic conductivity, but also to establish a method for forming
highly ion-conductive solid electrolyte/electrode interfaces
while preserving their original crystal structures and physical
properties.

Co-sintering at high temperatures is a widely used technique
to join electrode materials and oxide-based solid electrolytes;
however, it often causes undesired side reactions, which can
lead to the decomposition of their original crystal structures
and excellent ion-conducting properties, or to the formation of
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Figure 1. (a—c) XRD patterns and (d—f) phase composition diagrams obtained by Rietveld analysis of (a, d) LFP, (b, e¢) LFP/LATP and (g, f)
LATP sintered at various temperatures in air. Stable phases predicted by thermodynamic calculations of (g) LFP, (h) LFP/LATP and (i) LATP at

various temperatures in air.

low sintering temperatures (550—650 °C), NCM622 decom-
posed into Li,O and metal oxides such as M;O, and MO (M =
Mn, Co, Ni), accompanied by the release of O,. Subsequently,
LATP underwent decomposition to form Li;PO,, LiTiOPO,
and TiO,.° Recently, we cosintered LATP and LiCoO, at
various temperatures in air, and comprehensively analyzed the
reaction products including crystalline and amorphous
substances using a complementary approach integrated with
X-ray diffraction (XRD) and X-ray absorption fine structure
(XAFS).”” We also applied the macro- and microscopic
structural analyses to composites of an olivine-type lithium
cobalt phosphate LiCoPO, (LCP), and LATP sintered at
various temperatures in air, and found that LCP and LATP
were bound to each other with a thin amorphous interlayer
composed of Li;PO, and CoO, which act as an ionic
conductor and a sintering additive, respectively.”

A variety of important control factors, such as the
combinations and compositions of substances, sintering
temperatures, and surrounding atmosphere, significantly affect

12865

the reaction products. Thus, it is essential to develop a reliable
tool which enables us to predict the reaction products for given
systems and even propose the optimized sintering condition to
form well-defined interfaces among the tremendous combina-
tions of parameters. Thermodynamic calculation is a powerful
technique for predicting the thermodynamically stable phases
of multicomponent systems under given conditions.”"’
However, the calculated results, which predict stable phases
at infinite time, are not always in full agreement with the
products obtained by sintering for a finite duration.” Recently,
we have compared the experimentally identified reaction
products with the stable phases predicted by thermodynamic
calculation, to clarify the cause of these discrepancies and
improve the accuracy of predictions.”'" In the present study,
we cosintered LATP together with olivine-type cathode
materials such as LiFePO, (LFP) and LiNiPO, (LNP) at
various temperatures and atmospheres, and quantitatively
analyzed the reaction products under each condition with

https://doi.org/10.1021/acs.jpcc.6c03720
J. Phys. Chem. C 2026, 130, 12864—12874

920z Jequigides Gz uo Jesn (SWIN) JONIIOS STLVYIN ¥O4 LSNI TLYN Aq jpd-0z.2£00900d['$0B/£9G86089/7982 L/L£/0€ L 4Pd-8jonIe ooadl/Bio soe sqnd woy papeojumoq


https://pubs.acs.org/doi/10.1021/acs.jpcc.6c03720?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.6c03720?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.6c03720?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.6c03720?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.6c03720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

the aim of understanding the reaction and validation of
thermodynamically predicted phases.

2. EXPERIMENTAL METHODS

2.1. Preparation of Sample

LATP, LFP, and LNP powders shown in Figure S1 from Toshima
Manufacturing and boron nitride powder from Fujifilm Wako Pure
Chemical were used as received. In addition to pure LATP, LFP, and
LNP powders, mixtures of LFP and LATP a weight ratio of 1:1 (a
molar ratio of 0.709:0.291) and LNP and LATP (a molar ratio of
0.705:0.295) were prepared. The required amounts of each powder
were weighed and mixed thoroughly in a zirconia mortar and pestle
under dry conditions for 1 h to ensure uniformity. The resulting
mixed powders were pressed in an uniaxial die with a diameter of 10
mm at 16 kN for 1 min to form pellets. The formed pellets were
placed in alumina crucibles on a bed of powder of the same
composition as the pellet, ensuring that each pellet was completely
covered. Sintering was carried out in air using a muffle furnace (for
static air atmosphere), and under Ar/H, (Ar: 95%, H,: 5%) using a
tube furnace with continuous gas flow, at various temperatures from
300 to 900 °C for 8 h. Prior to heating under the Ar/H, atmosphere,
the furnace containing the samples was purged with the gas mixture
for 2 h to eliminate any residual oxygen. The heating and cooling rates
were set at 5 °C per minute. It should be noted that atmospheric
sintering was conducted using a muffle furnace; therefore, the effects
of humidity and CO, were not considered in this study. One may
concern that LATP, despite its excellent stability for oxidation, is
susceptible to reduction and could be reduced during sintering under
an Ar/H, atmosphere. However, in this study, even when LATP was
heated in an Ar/H, atmosphere, the only observed change was a
grayish discoloration. This was likely caused by the carbonization of
organic molecules remaining on the surface from the synthesis stage,
and the characteristic blue color associated with reduction did not

appear.
2.2. X-ray Diffraction Measurements

XRD measurements were carried out in a Rigaku SmartLab equipped
with a Cu Ka source (dal = 1.5405 A) and a two-dimensional
detector (Hypix-3000/Rigaku Co., Ltd.). Data were collected in step
scan mode with a step width of 0.0028—0.02° and an acquisition time
of 1—4°/s. The sintered pellets were pulverized and resulting powder
was packed into a nonreflective sample holder for measurement.
PDXL2 software (Rigaku, Japan) was used to perform the Rietveld
analysis. Table S1 and Figures S2—S11 in the Supporting Information
show the input powder diffraction files for Rietveld analysis from the
international center for diffraction data (ICDD) and the results of
Rietveld analysis, respectively.

2.3. X-ray Absorption Spectroscopy Measurements

XAFS measurements at the Ti, Fe, and Ni K-edges were carried out in
transmission mode at BL9A and BL9C equipped with Si(111) double
crystal monochromators at the Photon Factory (PF), High Ener%y
Accelerator Research Organization (KEK) in Tsukuba, ]apan.lz’ 3
The ring energy was 2.5 GeV and the maximum current was 450.0
mA. The X-ray photon energy was calibrated using Ti, Fe, and Ni
metal foils as standard samples. Data processing, including back-
ground subtraction, was performed using the ATHENA program.'*
The sintered pellets were pulverized, diluted with boron nitride
powder, and remolded into pellets.

2.4. Scanning Electron Microscopy and Energy Dispersive
X-ray Spectroscopy Measurements

Cross-section polishing of the sintered pellets was performed using an
ion milling apparatus (ArBladeS000, Hitachi High-Tech Corpora-
tion). During processing, the samples were cooled to —100 °C to
prevent thermal damage. The acceleration voltage and discharge
voltage were set to 6.0 kV and 1.5 KV, respectively. Scanning electron
microscopy (SEM) images (Figures S12—S17) were taken at various
magnifications using a SEM (JSM-7800F, JEOL Ltd.) equipped with

an energy dispersive X-ray spectroscopy (EDS, X-MaxS0, Oxford
Instruments).

2.5. Theoretical Calculations

Thermodynamic calculations were performed using thermodynamic
equilibrium calculation software (FactSage, developed by CRCT and
GTT-Technologies) and a thermodynamic database (AIMP ver.
4.0).”"> While more recent versions of the AIMP database are
available, ver. 4.0 was adopted in this study because it shows better
agreement with the experimental results. To simulate the cosintering
process in air, the calculations were conducted under open-system
conditions, where the partial pressure of oxygen (p(O,)) was fixed at
0.21 atm, reflecting the atmospheric environment. For sintering in an
Ar/H, atmosphere, the system was modeled considering an
equilibrium with a gas phase consisting of 95% Ar and 5% H,. By
fixing the activity of O, gas, the software calculates the equilibrium
state based on a constant chemical potential. It automatically adds or
removes the necessary amount of that gas to maintain the specified
partial pressure.

3. RESULTS AND DISCUSSION

3.1. LFP/LATP
3.1.1. LFP/LATP Mixture Sintered in Air. Figure la—i

shows the XRD patterns, phase composition diagrams
obtained by Rietveld analysis, and stable phases predicted by
thermodynamic calculations of the LFP, LATP and LFP/
LATP mixture before and after sintering at 300—900 °C in air.
In addition to the peaks corresponding to the original olivine-
type and NASICON-type structures, peaks corresponding to
AIPO, and Fe,P,0, were observed in the LATP and LFP
samples, respectively, even before sintering (Figure la.c),
implying the existence of impurities.

XRD patterns of the LFP sample before and after sintering at
300—900 °C in air (Figure la) and phase composition
diagrams (Figure 1d) revealed that at 300 °C, most of LFP
decomposed into FePO,, Fe,O; and other minor species. This
is in reasonable agreement with the thermodynamically
predicted phases at 300 °C (Figure lg), except for the lack
of Li;PO,. When the temperature was raised to 500 °C,
LizFe,(PO,);, Fe,0; and other minor species were detected
(Figure 1la,d). The fact that FePO, was converted to
LiyFe,(PO,); suggests that amorphous Li;PO,, which is not
detectable by XRD, may also be present at 300 °C. After the
minor species disappeared at 600 °C from the phase
composition diagram (Figure 1d), Li;Fe,(PO,); and Fe,0,4
became dominant with maintaining the composition almost
constant within the temperature range of 600 to 900 °C.
Unlike, thermodynamic calculations in Figure 1g predicted the
formation of Fe,0;, FePO, and Li;PO, at 300—700 °C and
Fe,0;, FePO, and Li,P,0, at 800—900 °C. This suggests that
the increased temperature activated an alternative reaction
pathway leading to LizFe,(PO,);, which remains kinetically
trapped due to the substantial energy barrier for further
transition. Furthermore, our calculations indicate that the
energy difference between the most stable phases (FePO, and
Li;PO, at 300—700 °C and FePO, and Li,P,O, at 800—900
°C) and the metastable phase Li;Fe,(PO,); is marginal and
thus the phase selection becomes sensitive to kinetic factors
rather than purely thermodynamic stability.

XRD patterns of the LATP sample before and after sintering
at 300—900 °C in air (Figure 1c) and phase composition
diagrams (Figure 1f) show that LATP after sintering in air
retained its structure throughout the temperature range. This
result is in good agreement with the predictions by
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Figure 2. Fe K-edge XANES spectra of LFP/LATP mixtures sintered at various temperatures in (a) air and (b) an Ar/H, atmosphere.
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Figure 3. Cross-sectional SEM-EDS elemental maps of LFP/LATP sintered at 300, 500, and 900 °C in air.

thermodynamic calculations (Figure 1i), confirming very high
chemical stability of LATP.

XRD patterns of LFP/LATP mixture before and after
sintering at 300—900 °C (Figure 1b) and phase composition
diagrams (Figure le) show that after sintering at 300 °C, LFP
in the LFP/LATP mixture was almost completely decomposed
into Fe** compounds such as FePO, and Fe,0; as is the case
of the LFP sample (Figure 1a,d), while LATP and the impurity
Fe,P,0, remained. The oxidation of Fe ions is further
supported by the shift of the Fe K-edge to the higher energies
in the XANES spectra of the LFP/LATP mixtures sintered at
300 °C or above (Figure 2).'*'” At 500 °C, FePO, was
converted to Li;Fe,(PO,); (Figure 1b,e), confirming the
formation of energetically competitive metastable phase. The
structure of LATP was retained up to 700 °C, but from 800 °C
LATP started to decrease together with Li;Fe,(PO,); to form
a solid solution which has a lattice parameter slightly different
from the original LATP. This species is denoted as Fe-rich
Li,(ALTiFe),(PO,); based on the SEM-EDS map (Figure
S17) described later. It is worth noting that LisFe,(PO,);
provided the best fit for the Rietveld refinement of Fe-rich
Li,(ALTi,Fe),(PO,);.

In addition to LATP, FePO, and Fe,O;, thermodynamic
calculations (Figure 1h) predicted Li;PO, at 300 °C, which
was absent in the phase composition diagram (Figure le). The
lack of Li;PO, can be interpreted by the formation of an
amorphous or poorly crystalline lithium-containing phosphate
phase, which was presumably consumed with FePO, at 500 °C
to form the energetically competitive phase Li;Fe,(PO,); as is
the case of the LFP sample (Figure 1d,g). Another significant
discrepancy is the prediction of Li,P,0, with remaining LATP,

FePO, and Fe,0; at 800—900 °C (Figure 1h) without forming
Fe-rich Li (AL Ti,Fe),(PO,); which is the major experimentally
identified species (Figure le). This discrepancy should be
caused by the absence of thermodynamic parameter and crystal
structure of Fe-rich Li (AL Ti,Fe),(PO,); in the database used
in the present study. The absence of Fe-rich
Li,(ALTiFe),(PO,); at 700 °C or lower is likely due to
kinetic limitations.

Figures 3 and S12 show SEM-EDS elemental maps of the
LFP/LATP mixture sintered at 300, 500, and 900 °C in air. At
300 and 500 °C, LATP and the LFP-derived Fe-containing
phases were clearly identified from each other, and elemental
composition of each grain was in reasonable agreement with
those chemical species detected by XRD. At 900 °C, however,
Fe ions were uniformly distributed and the elemental
composition was almost identical throughout the cross-section
of sintered composite. This confirms that sintering LFP and
LATP at 900 °C in air promote the diffusion of Fe ions into
LATP, forming the Fe-rich Li(ALTiFe),(PO,); phase, as
discussed above. Interestingly, a relatively large grain contains a
central region with a slightly lower Fe content (gray area
indicated by the gray arrow) than surrounding area. Addition-
ally, Ti-rich layers (green area indicated by the green arrows)
and O-rich layers (yellow area indicated by the yellow arrow)
were formed at the outer surface of several particles. Such
nonuniform elemental distribution within the individual
particles indicates that the diffusion of Fe ions is relatively
slow. Overall, higher sintering temperatures promote further
densification and numerous small pores have coalesced into
larger voids.
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Figure 4. (a—c) XRD patterns and (d—f) phase composition diagrams obtained by Rietveld analysis of (a, d) LFP, (b, e¢) LFP/LATP and (g, f)
LATP sintered at various temperatures in an Ar/H, atmosphere. Stable phases predicted by thermodynamic calculations of (g) LFP, (h) LFP/
LATP and (i) LATP at various temperatures in an Ar/H, atmosphere.

3.1.2. LFP/LATP Mixture Sintered in Ar/H,. Figure 4a—i
shows the XRD patterns, phase composition diagrams
obtained by Rietveld analysis, and stable phases predicted by
thermodynamic calculations of the LFP, LATP and LFP/
LATP mixture before and after sintering at 300—900 °C in an
Ar/H, atmosphere.

XRD patterns of the LFP sample before and after sintering at
300—900 °C in an Ar/H, atmosphere (Figure 4a) and phase
composition diagrams (Figure 4d) show that, unlike in air
where most of LFP decomposed at 300 °C (Figure 1a,d), LFP
retained its crystal structure throughout the temperature range.
This is indeed consistent with the thermodynamic calculations
for the Ar/H, atmosphere (Figure 4g). XRD patterns of the
LATP sample before and after sintering at 300—900 °C in an
Ar/H, atmosphere (Figure 4c) and phase composition
diagrams (Figure 4f) show that, although a small amount of
AIPO, was formed, LATP remained unchanged after sintering
in the temperature range from 300 to 900 °C, confirming the
very high chemical stability of LATP as is the case of sintering

12868

in air (Figure 1f). In addition, the results are generally
consistent with the predictions from thermodynamic calcu-
lations (Figure 4i).

When the LFP/LATP mixture was sintered at temperatures
between 300 and 600 °C, the structures and compositions of
LFP and LATP remained unchanged from the initial state
(Figure 4b,e). At 650 °C, however, the consumption of LATP
was accompanied by the formation of a NASICON-type phase
with lattice parameters slightly different from those of the
original LATP (Figure 4b,e). At 700 °C, LATP was completely
transformed into this new NASICON-type phase, while a
significant reduction in LFP was observed simultaneously with
the formation of Fe,P,0, (Figure 4b,e). This new NASICON-
type structure can be assigned to Fe-doped LATP denoted as
Fe-poor Liy(Al,Ti,Fe)z(PO4)3 based on the reasonable Rietveld
refinement results using Li,Ti,(PO,); (Figure 4b) and the
SEM-EDS composition analysis (Figure S17). It should be
noted that the concentration of Fe ions in this Fe-poor
Li,(ALTi,Fe),(PO,); is substantially different from that of Fe-
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rich Li (AL Ti,Fe),(PO,); which was formed by sintering LFP/ Thermodynamic calculations (Figure 4h) show that LATP
LATP mixture at high temperatures (800—900 °C, Figure le) and LFP maintained a 1:1 composition throughout the
in air. temperature range. The experimentally determined phase
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Figure 7. Ni K-edge XANES spectra of LNP/LATP mixtures sintered at various temperatures in (a) air and (b) an Ar/H, atmosphere.

compositions and the thermodynamically predicted phase
compositions are almost consistent with each other in the
temperature range between 300 and 600 °C. However, Fe-
poor Liy(Al,Ti,Fe)z(PO4)3 and Fe,P,0, which were observed
experimentally at 650 °C and above, were not reproduced by
the calculations due to the lack of the thermodynamic
parameter and crystal structure of Fe-poor
Li,(ALTiFe),(PO,); in the database.

Figures 5 and S14 show SEM-EDS elemental maps of the
LFP/LATP mixture sintered at 300, 500, and 900 °C in an Ar/
H, atmosphere. After sintering at 300 and 500 °C, only the
grains which have identical elemental compositions to those of
LATP and LFP were observed, confirming both XRD results
and theoretical predictions. In addition, Fe,P,0,, LFP and Fe-
poor Liy(Al,Ti,Fe)z(PO4)3 were clearly imaged after sintering
at 900 °C as well as a few minor species such as iron
phosphides Fe,P (dark magenta area) and AIPO, (dark purple
area). Note that no peak derived from Fe,P was observed in
XRD because of its extremely small content or amorphous
structure.'*™*' Consistent with the previous results, densifica-
tion further progressed at higher sintering temperatures.

3.2. LNP/LATP
3.2.1. LNP/LATP Mixture Sintered in Air. Figure 6a—i

shows the XRD patterns, phase composition diagrams
obtained by Rietveld analysis, and stable phases predicted by
thermodynamic calculations of the LNP, LATP and LNP/
LATP mixture before and after sintering at 300—900 °C in air.
All of the experimental data and theoretical predictions in
Figure 6a—i show that the structures of both LATP and LNP
alone were retained after sintering in this temperature range,
and the experimental results were completely consistent with
the thermodynamically predicted phases. Furthermore, unlike
the LFP/LATP mixture sintered in air, the structures and
compositions of both materials were also maintained in the
LNP/LATP mixture, which was well reproduced by
thermodynamic calculations Figure 6h.

Figures 8 and S15 show SEM-EDS elemental maps of the
LNP/LATP mixture sintered at 300, 500, and 900 °C in air.
The growth and densification of each grain can be observed
with increasing sintering temperature, while their elemental
compositions are maintained. The map at 900 °C shows a Ti-
rich, Al-poor phase (dark green area) with a composition close
to that of LATP. This suggests that the majority of LNP and
LATP retained their crystal structures, while the diffusion of Ti
and Al ions occurred.

3.2.2. LNP/LATP Mixture Sintered in Ar/H,. Figure 9a—i
shows the XRD patterns, phase composition diagrams
obtained by Rietveld analysis, and stable phases predicted by
thermodynamic calculations of the LNP, LATP and LNP/
LATP mixture before and after sintering at 300—900 °C in an
Ar/H, atmosphere.

Dramatic changes in XRD patterns and phase compositions
were observed for both LNP sample (Figure 9a,d) and LNP/
LATP mixture (Figure 9b,e) after sintering in an Ar/H,
atmosphere. LNP decomposed to form a variety of reaction
products after sintering the LNP sample and LNP/LATP
mixture, and resulting products were completely inconsistent
with stable phases predicted by thermodynamic calculations as
shown in Figure 9g and h. In the case of the LNP sample, LNP
decomposed to nickel phosphides such as Ni;,Ps and Ni,P and
pyrophosphates such as Li,P,0, and Li,Ni,(P,0,), (Figure
9a,d) whereas thermodynamic calculations predicted the
formation of LiPH,0,, LiPO;, metallic Ni and H,O (Figure
9¢g). Moreover, in the case of LNP/LATP mixture, first LNP
decomposed alone at 500 °C to form Ni,P; and Ni,P (Figure
9b,e) as is the case of the LNP sample (Figure 9a,d), and then
LATP was involved in the reaction to form NASICON-type
phases with lattice parameters slightly different from those of
the original LATP at 700 °C or higher (Figure 9b,e). SEM-
EDS elemental map of the LNP/LATP mixture sintered at 900
°C (Figure S17d) revealed the existence of Ni-doped and Ni-
free LATP like domains and their nonuniform chemical
compositions across the sample. Despite the variations in local
chemical composition indicated by SEM-EDS maps, the
Rietveld refinement of the newly observed NASICON-type
phase was performed based on the structural model of
Li,Ti,(PO,)s, as it provided the best fit for the overall
diffraction profile. The NASICON-type species with various
local stoichiometries are collectively referred to as
Li (Al Ti,Ni),(PO,); in Figure 9e and thereafter.

As with the LNP sample (Figure 9g), thermodynamic
calculations for the LNP/LATP mixtures after sintering
(Figure 9h) did not well-reproduce the reaction products. Ni
compounds are readily reduced under a reducing atmos-
phere,”” and the release of oxygen occurred associated with the
reduction of divalent Ni ions in LNP to zerovalent Ni in Ni,Py
and Ni,P. In fact, the shift of the Ni K-edge to the lower
energies was clearly observed in the XANES spectra of the
LNP/LATP mixtures sintered at 600 °C or above (Figure 7b),
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Figure 8. Cross-sectional SEM-EDS elemental maps of LNP/LATP sintered at 300, 500, and 900 °C in air.
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Figure 9. (a—c) XRD patterns and (d—f) phase composition diagrams obtained by Rietveld analysis of (a, d) LNP, (b, ¢) LNP/LATP and (c, f)
LATP sintered at various temperatures in an Ar/H, atmosphere. Stable phases predicted by thermodynamic calculations of (g) LNP, (h) LNP/
LATP and (i) LATP at various temperatures in an Ar/H, atmosphere.

confirming the formation of Ni,P which is a prominent species

in XRD.

Thus, due to the release of oxygen accompanying the
reduction of Ni ions, the thermodynamic calculations in Figure
9h cannot accurately reproduce the experimental results at any
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Figure 10. Cross-sectional SEM-EDS elemental maps of LNP/LATP sintered at 300, 500, and 900 °C in an Ar/H, atmosphere.

temperature. Furthermore, the thermodynamic data for nickel
phosphides in the AIMP database should be treated with
caution. The AIMP database is primarily based on the
Materials Project,22 which includes ab initio calculation data
and experimental data. However, it contains very few
calculated entries for the Ni—P system. Consequently, the
AIMP database relies almost exclusively on experimental data
for these compounds. This is problematic because exper-
imental data for phosphides are often unreliable and
inconsistent, largely due to difficulties in synthesis and
characterization caused by the high volatility of phosphorus.

Figures 10 and S16 show SEM-EDS elemental maps of the
LNP/LATP mixture sintered at 300, 500, and 900 °C in an
Ar/H, atmosphere. When sintered at 500 °C, the decom-
position of LNP was confirmed to result in the formation of Ni
phosphides (magenta area) such as Nij,Ps. At 900 °C, LNP
completely disappeared, and Ni phosphides (magenta area)
such as Ni,P became the main product together with
Li,(ALTi,Ni),(PO,);.

In this study, the effects of material combinations and the
sintering atmosphere were systematically investigated by
classifying the experiments into four distinct conditions:
LFP/LATP in air, LFP/LATP in Ar/H,, LNP/LATP in air,
and LNP/LATP in Ar/H,. With the exception of LNP/LATP
in air, for which no reaction was observed, the corresponding
reaction equations for each system are provided in the
Supporting Information.

The Fe ions in LFP are originally divalent (Fe®*) with an
ionic radius of 0.78 A.*® Under a reducing atmosphere, the
divalent state is retained during sintering (Figure 2b), whereas,
in an oxidizing atmosphere, the Fe ions are oxidized to the
trivalent state (Fe’*) at every temperature examined in the
present study (300—900 °C) (Figure 2a), and the ionic radius
becomes 0.645 A.>*> When Fe ions are incorporated into the
LATP lattice, the Ti*" and AI** sites of LATP are considered
the principal substitution sites. Because the size of Fe** (0.64S
A) is close to that of Ti* (0.605 A) and AI* (0.535 A),*® Fe-
rich LATP forms under oxidizing conditions (Figure 1 and
Figure S17b). In contrast, Fe** differs more markedly in size
from Ti** or AI** and also carries a different charge.
Consequently, under a reducing atmosphere, Fe-poor LATP
is expected to form (Figure 4 and Figure S17c).

In the LNP/LATP system, the Ni ions are initially divalent
(Ni**) with an ionic radius of 0.69 A’ In an oxidizing
atmosphere, this divalent state is preserved (Figure 7a). The
radius is relatively close to those of Ti** and AI’*, but the
charge mismatch makes substitution, diffusion and reaction
between the two phases less favorable. Under a reducing

atmosphere, Ni are almost completely reduced to a zerovalent
species (Figure 7b). As described above, at temperatures of
700 °C or higher, a variety of NASICON-type phases appear
(Figure 9). Because some of these phases contain Ni as evident
by SEM-EDS (Figure S17d), we collectively denote them as
Li (Al Ti,Ni),(PO,);. It is possible that a small amount of Ni
remains unreduced and substitutes for the metal sites in LATP,
or that zerovalent Ni species adsorb onto Ni-free NASICON
phases instead of ion-substitutions. Thus, the redox suscept-
ibility of the metal ions in a given atmosphere, as well as their
ionic size mismatch, governs the cosintering behavior of the
LFP/LATP and LNP/LATP systems.

Fe-rich Li (AL Ti,Fe),(PO,);, Fe-poor Li (Al Ti,Fe),(PO,);,
and Li,(ALTiNi),(PO,); are presumed not to consist a single,
uniform composition, but rather of several phases with similar
structures and varying compositions. As a result, the diffraction
peaks associated with these multiple phases are overlapped
with each other. Therefore, it is difficult to provide a detailed
description of their lattice parameters and compositions.

Notably, the initial impurities (see Microstructures and
phase compositions of LFP, LNP and LATP powders in the
Supporting Information) do not significantly affect the
reaction, as the major impurity species, such as AIPO, and
Fe,P,0,, remain present even after sintering at 900 °C
(Figures 1, 4, 6, and 9), where the reaction is expected to be
most active. Indeed, the experimental results in Figure 6 are in
reasonable agreement with the calculations. Furthermore, the
discrepancies observed in Figures 1 and 4 can be attributed to
the formation of phases not registered in the database, as well
as to kinetic limitations. Similarly, the difference between the
calculated and experimental results in Figure 9 can be
interpreted as a result of mass transfer between the system
and the surrounding gas phase.

According to the results presented in Figures S12—S17, the
influence of particle size was found to be particularly
pronounced in the LFP/LATP in air system. Specifically,
Figures S12c and S17b demonstrate that, following sintering at
900 °C, Fe diftused broadly throughout the sample except for
the central regions of large particles presumed to originate
from LATP, where Fe diffusion was not observed. Point
analyses performed by EDS indicated that these regions were
rich in Ti and preserved a composition close to that of the
original LATP. The compositional heterogeneity observed
within individual particles is considered to arise from kinetic
constraints, such as slow ion diffusion.” Nevertheless, as shown
in Figure S13, extending the sintering time from 8 to 48 h
using the same raw material powders did not result in
significant changes in the elemental distribution inside the
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particles. Therefore, it is possible that the coexistence of these
two phases is thermodynamically stable under the investigated
conditions.

Here, we derive practical cosintering guidelines. A
fundamental premise is that densification and joining of
oxide-based solid electrolytes and electrode materials generally
require high temperatures. This tendency was also confirmed
by the SEM observations in the present work. For the LFP/
LATP system, sintering under a reducing atmosphere (Ar/H,;
Figure 4) is recommended to prevent the oxidation of Fe ions,
which otherwise triggers undesired side reactions (Figure 1).
Nevertheless, structural changes due to the side reaction of
LATP and LFP were observed above 650 °C even in Ar/H,
atmosphere (Figure 4). Consequently, the preferable cosinter-
ing temperature window is 600—650 °C under Ar/H,
atmosphere, where side reactions are negligible. If higher
temperatures are required, the H, partial pressure should be
lowered. For LNP/LATP system, an oxidizing atmosphere
(air; Figure 6) is more favorable because Ni ions are easily
reduced in a reducing atmosphere, leading to a variety of
unwanted products (Figure 9). Complete densification and the
successful LNP/LATP interface formation were confirmed
after sintering at 900 °C in air (Figures 6 and 7). These results
indicate that when designing cosintering conditions, it is
essential to identify the atmosphere-temperature window in
which the metal ions of each constituent remain chemically
stable.

When the phases predicted by calculations and those
observed experiment are not consistent, potential causes
include (1) insufficient accuracy of the thermodynamic
model or of the Gibbs energy description, and (2) the
experimental observation of metastable or kinetically stabilized
nonequilibrium phases.” Even the extensive ab initio Materials
Project database'® does not contain many minor species that
appear in our study, such as Fe-rich Li (AL TiFe),(PO,); and
Fe-poor Li,(ALTiFe),(PO,);. Consequently, these phases
cannot be predicted computationally when they form during
experimental cosintering, highlighting the need for continual
enrichment of the database. Moreover, a complete and
accurate thermodynamic database does not guarantee agree-
ment with experiment because the system may not reach
equilibrium within the finite experimental time, resulting in
metastable phases. Therefore, when thermodynamic calcu-
lations are employed as a screening tool to assess whether
cosintering is feasible for a given system and to identify optimal
cosintering conditions, it is necessary to consider not only the
most stable compound combination but also the second- and
third-most stable candidates, which may correspond to
metastable phases.

Rather than attributing the discrepancies solely to limited
experimental duration, we propose evaluating the free-energy
difference (AG) between the experimentally observed phase
combination and the calculated equilibrium state. Because
actual battery materials must endure long-term operation, it is
essential to assess whether the phase state obtained by
cosintering processes remain unchanged during device use.
For example, when the experimentally observed phases
coincide with the thermodynamic equilibrium states, ie., AG
is small, there is little thermodynamic driving force for a phase
transformation, the structure is relatively stable, and a long
lifetime can be expected. Conversely, a large AG indicates a
strong driving force for phase change, which may lead to
degradation of device. Thus, thermodynamic calculations are
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expected to serve not only as a screening tool for sintering
conditions but also to yield insights into the long-term stability
of the resulting meta-material.

4. CONCLUSION

The reaction products of LFP/LATP and LNP/LATP
mixtures sintered at various temperatures under both oxidative
and reductive atmospheres were analyzed using various
techniques such as XRD, XAFS, and SEM-EDS. In the LFP/
LATP mixtures, LFP was oxidized in air to produce Fe®*
compounds such as FePO, and Fe,0; at 300 °C. At 500 °C,
FePO, further reacted with an amorphous or poorly crystalline
lithium-containing phosphate phase to form energetically
competitive phase Li;Fe,(PO,);. At temperatures above 700
°C, the Fe-containing products further reacted with LATP to
produce Fe-rich Li (Al TiFe),(PO,);. In an Ar/H, atmos-
phere, LFP and LATP retained 1:1 composition, identical to
that before sintering, up to 600 °C. At 650 °C or higher,
however, (part of) LFP reacted with LATP to produce
Fe,P,0, and Fe-poor Liy(Al,Ti,Fe)z(PO4)3. On the other
hand, the composition of LNP/LATP mixture did not change
after sintering in air, but in an Ar/H, atmosphere, LNP
decomposed to produce various phases including Ni
phosphides and Li,(ALTiNi),(PO,);.

The cosintering of LFP/LATP and LNP/LATP is
significantly affected by the distinct redox behaviors of Fe
and Ni, necessitating tailored sintering atmospheres and
temperature windows for various olivine-type cathode
materials. Moreover, LATP exhibits limited inertness at
elevated temperatures and can actively participate in the
formation of complex phases derived from the NASICON
structure. The products predicted by thermodynamic calcu-
lations did not always match the experimental products, and it
was suggested that the challenges to predicting experimental
results with higher accuracy include (1) expanding the
thermodynamic parameters of reference materials in the
database (2) considering the energetically competitive species
and kinetically trapped metastable phases and (3) taking into
account the release of gas components such as water and

oxygen.
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