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Inorganic solid electrolytes are essential for developing safe and non-flammable all-solid-state batteries, with oxide-based

ones having attracted attention owing to their excellent chemical stability. Recently, a new solid electrolyte material LiTa,POq

(LTPO) was reported to have a bulk lithium-ion conductivity of 1.6 mS cm™ at room temperature, which is one of the highest

among oxide solid electrolytes. However, oxide solid electrolytes tend to have a high grain boundary resistivity and must be

formed into dense sintered pellets. In this study, different dense LTPO materials were synthesised by adjusting the size of

the starting powder particles, and their ionic conductivities were systematically investigated. Counterintuitively, larger raw

particles resulted in a lower grain boundary resistivity. This was attributed to the micromorphology of the sintered pellets.

The grain boundary resistance varied by up to one order of magnitude under the investigated synthesis conditions, and the

optimised total ionic conductivity (including the bulk and grain boundary contributions) of LTPO was 0.95 mS cm™ at 30 °C.

Introduction

The demand for large and safe storage batteries for electric
vehicles and smart grids has increased recently, with all-solid-
state batteries using non-flammable inorganic solid electrolytes
instead of flammable organic electrolytes being more
attractive, offering increased safety. Moreover, all-solid
batteries can be stacked, are expected to be more compact, and
have a higher capacity. Current inorganic solid electrolytes are
based on sulfides,’3 chlorides,*® and oxides. In particular,
oxide-based solid electrolytes exhibit excellent chemical
stability and can be assembled under atmospheric conditions.
Some well-known examples include perovskite-type (e.g.,
LisxLa,/34TiO3),”™ garnet-type (e.g., Li;LasZr,0;,),1%13 NASICON-
type phosphates (e.g., Li1, AL Tir(PO4)s, LiZr,(PO4)s3),142! and
LISICON-type materials (e.g., Li>:2Zn1.,Ge0,4).2%23 A common
feature of these excellent Li ion-conducting oxides is that their
structures contain a framework composed of metal-centred
octahedra or tetrahedra that share a vertex.?*

In 2018, Kim et al. conducted a systematic search through the
vertex-sharing polyanion Lix(MOg/2)m(TO4/2)n phases (where M
and T represent octahedral and tetrahedral cation sites,
respectively). They developed a novel material, monoclinic
LiTa,POg [Lix(TaOg/2)2(PO4/2)1, hereafter abbreviated as LTPO],
with a bulk conductivity of 1.6 mS cm= and a total conductivity
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(including the bulk and grain-boundary contributions) of 0.25
mS cm™! at 25 °C. The crystalline system of LTPO is reported to
be monoclinic with a C2/c space group.?*2> LTPO exhibits
excellent water and alkali tolerance.?® Although the P>* and Ta%*
ions are reduced upon contact with the Li metal anode,?® stable
charge/discharge cycles were possible even when using a Li
metal anode by interposing a lithium ion-conductive
polyethylene oxide buffer phase between the LTPO and Li metal
anode.?®

Considering the high theoretical lithium-ion conductivity of
LTPO (35 mS cm™) based on density functional theory
calculations,?? there should be plenty of room for improving its
conductivity. To enhance the bulk conductivity, researchers
have considered the partial substitution of Ta and P with other
elements.?’-2° To reduce the grain boundary resistivity, which is
larger than the bulk resistivity, studies have reported the
addition of excess Li3%31 and B,033233 or sintering methods such
as spark plasma sintering and hot pressing.?% 33 However, the
highest reported bulk and total conductivities of LTPO at room
temperature are 2.8 and 0.7 mS cm™, respectively,33 still more
than one order of magnitude lower than the theoretical values.
Even when similar preparation conditions are followed, such as
equal Li excess and the same firing temperature, the reported
lithium-ion conductivities of current LTPO materials differ from
author to author.?431 This suggests the existence of influencing
factors other than raw material composition and heating
conditions. Optimising the synthesis process is necessary for
improving the conductivity, particularly the grain boundary
resistivity. Therefore, in this study, we examined the solid-state
reaction of LTPO synthesis to clarify the relationship between
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the particle size of the raw materials and the ionic conductivity,
which influences the reaction rate of the synthetic procedure.

Experimental Methods
Synthesis of LTPO pellet

LTPO was synthesised via a solid-state reaction using
stoichiometric ratios of Ta,0s5 (99.9%; Kojundo Chemical
Laboratory, Japan), (NH4),HPO,; (99%; Wako Pure Chemical
Industry, Japan), and Li,COs3 (99.9%; Kojundo Chemical
Laboratory, Japan). Excess Li,COs; (10 wt%) was used to

compensate for the evaporation of Li,O at high temperatures.

All reagents were initially passed through a sieve of mesh size
500 um. The reagents were further classified using another
sieve and mixed according to conditions A-D listed in Table 1.
For sample A, unclassified reagents were processed in a
planetary ball mill (Pulverisette 7, Fritsch, Germany) with a ZrO,
pot and balls (5 mm diameter). For samples B-D, Ta,0s and
(NH4),HPO4 were further passed through sieves of mesh sizes
100 and 250 pum. The third reagent (Li,CO3) was not classified,
because its particles were reduced to below 100 um after a few
minutes of mortar grinding. Samples B-D were prepared by
mixing the reagents for 20 min using an agate magnetic mortar
and a mortar stirrer (VPMS-180BD; AS ONE, Japan). The particle
size distribution of the mixed reagent powder was analysed in
the dry state using a laser diffraction particle size analyser
(Mastersizer 3000, Malvern Panalytical Ltd.UK). The specific
surface area of the mixed reagent powder was determined
using the Brunauer-Emmett-Teller method via nitrogen gas
adsorption analysis (Bellsorp-minill, Microtrac BEL Corp. Japan)
at —196 °C. Before analysis, the samples were heated at 80 °C
under vacuum for a minimum of 2 hours.

The mixed reagent powders for samples A—D were preheated at
600 °C for 8 h and then at 1000 °C for 8 h (collectively called the
1st heating). The 15t heating was conducted without pelletisation
to avoid any differences in the results caused by the crushing
and grinding steps after the formation of the sintered body. The
use of powder during the 1%t heating prevented the introduction
of differences in conductivity measurements due to human-
derived errors during crushing. Samples agglomerated after the
1st heated were processed at 400 rpm for 30 min using a
planetary ball mill with a ZrO, pot and balls (10 mm diameter).
Thereafter, the samples were pelletised and sintered at 1050 °C
for 12 h (2" heating) to obtain pellets for conductivity
measurements. The sintered pellets were approximately 9 mm
in diameter and 1.5 mm in thickness.

Characterisation

The crystalline phase of the samples was determined via X-ray
diffraction (XRD) using a MiniFlex 600 diffractometer (Rigaku,
Japan) with CuKa radiation. Rietveld analysis was performed

2| J. Name., 2012, 00, 1-3
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using RIETAN-FP software.3* Micromorphology and,elemental
analyses of the samples were performedR?a seanmiAgteIeetfon
microscopy and energy dispersive X-ray spectroscopy (SEM-
EDS; JCM-7000 Neoscope, JEOL, Japan). Compositional analysis
via X-ray photoelectron spectroscopy (XPS) was performed
using an AlKa radiation source (PHI Quantes, ULVAC-PHI, Inc.,
USA). The bulk density of the sintered pellets (after the 2nd
heating) was calculated using the weight, diameter, and
thickness of the pellets. The diameter and thickness of the
sample were measured at three points and the average values
were used; the true density of the LTPO sample was assumed to
be the theoretical density of LTPO (5.85 g/cm3).3> The relative
density was calculated as the ratio of the density of the sample
to the theoretical density of LTPO. The ionic conductivities of
the pellets were measured after the 2"d heating using the AC
impedance method. Both sides of the pellet were polished with
2000-grit abrasive paper, and electrodes were prepared on the
sides by sputtering gold. The complex impedance was measured
with an impedance analyser (VMP-300, BioLogic, France) at -10,
0, 10, and 30 °C, a frequency range of 1-10°Hz, and a voltage of
100 mV. The activation energy of lithium transport was
calculated using the Arrhenius plot. The electronic conductivity
was determined from DC potentiostatic polarisation
measurements under a constant voltage of 100 mV for 3600 s,
using the pellets after the AC impedance measurements.

Results

Characterisation of starting materials after particle size
adjustment

The particle size distribution of the adjusted starting materials
is illustrated in Fig. S1 (Electronic Supplementary Information,
ESIT). The median diameters of the prepared samples A, B, C,
and D were 7.64, 11.1, 22.6, and 24.1 um respectively. The
nitrogen gas adsorption curves of the adjusted samples and the
calculated specific surface area are illustrated in Fig. S2. Sample
A exhibited the highest nitrogen adsorption and the highest
specific surface area. The nitrogen gas adsorption curves of
samples B, C, and D overlapped and no significant difference in
their specific surface areas was observed. Figures 1(a—d) shows
the SEM images of mixed reagents used to prepare samples A—
D (defined in Table 1), respectively. In the ball-milled reagents
for sample A, agglomerated particles of about 5 um were
observed, while most of the primary particles were sub-micron
or smaller. In the reagents for samples B, C, and D, which were
mixed with an agate magnetic mortar, the larger the reagent
particle size, the coarser the remaining particles. Fig. S3 shows
the distributions of P and Ta elements and the EDS spectra of
the starting mixture for sample D. EDS analysis detected Ta and
O in the coarse particles, and a small amount of P. Such a finding
indicates that Ta,0s tends to remain as coarse particles without
being pulverised.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Sieve sizes and mixing and grinding conditions of samples A-D.

Sieve sizes for reagents Ta,0s

Mixing and grinding condition

sample and (NH;),HPO, / um (method / rotation per minute)
A < 500 (unsieved samples) ball-mill / 300
B <100 magnetic mortar / 140
C 100-250 magnetic mortar / 140
D 250-500 magnetic mortar / 140

(b)

(c) (d)

— 500 M — 500 ym

Fig. 1 SEM images of the precursor particles for (a) sample A, (b) sample B, (c)
sample C, and (d) sample D.

Temperature dependence of the crystal phase

To investigate the crystal phases formed at different
temperatures, the mixed precursor powders for samples A and
D were heated at 750, 850, 950, 1050, and 1100 °C for 30 min.
Their XRD patterns are shown in Fig. 2(a) and 2(b), and the
identified phases are listed in Table S1. The generated phases
depended on the heating temperature. The characteristic
patterns of Ta,0s (inorganic crystal structure database (ICSD:
#9112) and TaPOs (ICSD: #202041) were identified in both
samples A and D heated at 750 and 850 °C. The differences
between A and D became more pronounced above 950 °C. The
diffraction peaks were broad and low in intensity for sample D,
which consisted of the coarsest particles, and the diffraction
peaks of Ta,0s remained unchanged. On the other hand, the
characteristic peaks of Ta,0s disappeared and the peaks
indicated by red circles (®) appeared after heating to 950 °C in
sample A, which consisted of the smallest primary particles. The
peaks indicated by red circles do not correspond to any phase
listed in the ICDD database, however, they are in good

agreement with a previously reported phase called B-
LiTa,P0g.3> Unfortunately, no structural refinement has been
performed for this B-LiTa,POg phase. Therefore, this phase is
referred to as “LTPO-Precursor” in this study. In sample A, the
diffraction peaks of LTPO-Crystal (ICSD: #110781) were
observed at 1050 °C, whereas sample D did not exhibit any such
peaks and only very weak peaks were observed at 1100 °C. The
above results confirm that the larger the particle size, the more
Ta,0s remained at higher temperatures, and the higher the
temperature at which LTPO-Crystal was synthesised.

(a) (b)

750°C I \ 750 °C
850 °C 250 °C
[ s 950 °C | o
5 LA SR e = 25 . -‘—‘—-—”‘-A"‘MK————-—'—A-—’x ¢
3 . . s .
s TR s A Tl e . 00
EYS 4zl
2 1100 °C g Cers st 1100°C
H T ——| 3 YN IR
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[ ¢ | TaPOs
Li o [N
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201 deg (CuKa) 20/ deg (CuKa)

Fig. 2 XRD patterns of (a) sample A and (b) sample D after heating for 30 min at
750, 850, 950, 1050, and 1100 °C. Bottom: simulated reference patterns based on
ICSD for TaPOs (#202041), Ta,0s (#9112), and LiTa,POg (#110781). The peaks
indicated by red circles are attributed to LTPO-Precursor in this study.

The XRD patterns of the four samples after the 15t heating (8 h
at 600 °C and then 8 h at 1000 °C) and the 2"? heating (12 h at
1050 °C) are shown in Fig. 3(a) and 3(b), respectively. Due to
extended exposure to high temperatures during the 2"® heating,
the XRD patterns in Fig. 3(b) are different from those in Fig. 2.
Prolonged heating promoted LTPO formation. As shown in Fig.
3(a), the XRD pattern of sample A after the 1%t heating matched
that of LTPO-Crystals. In contrast, the patterns of samples B, C,

Please do not adjust margins
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and D after the 15t heating only showed very weak characteristic
peaks of LTPO-Crystals, matching with those of the LTPO-
Precursor (red circles in Fig. 2). After the 1%t heating, none of the
samples showed diffraction peaks of the starting materials such
as Ta,0s. The peak intensity of LTPO-Precursor increased in the
order of B< C< D, and a few diffraction peaks of LTPO-Precursor
were also observed in sample A after the 15t heating. Overall,
the results in Fig. 3(a) indicate that LTPO synthesis is more likely
to proceed at lower temperatures when the starting mixture
consists of smaller particles. Although samples A-D formed
different products after the 1%t heating at 1000 °C, their XRD
patterns after the 2" heating at 1050 °C were very similar (Fig.
3(b)), confirming that the main phase of all sintered samples
after the 2" heating was LTPO-Crystal. In addition, slight
diffraction peaks of LiTazOg (ICSD: #493) were observed in all
four samples after the 2" heating, which agreed well with
previous reports.?* Rietveld analysis was performed on each
sample (Fig. S4) and the content of LiTazOg was calculated as A,
2.0 mass%,; B, 3.3 mass%; C, 2.1 mass%; D, 2.2 mass%, exhibiting
only minor differences in their content. The results of
refinement are presented in Table S2-1-5

(a)
T T
Mi\i | fj :amphm
sample B
sample B
= 3
g sampleC| &
> 1z sample C
= £
£ 5 “
= =
sample D I sample D
LlTa;,Og
LiTa;POg
4 L|Ta2F03
. |l\i ll.u_.l.. . i ll..‘ ol
10 20 30 40 10 40

20 3
20/ deg (CuKa) 20/ deg (CuKo)

Journal Name

results of the XPS composition analysis fortheatemic
concentrations of Li and P when the atomi©¢tdAEEAR RGN &fEPa
is converted to 2. Li concentration was smaller with a smaller
raw material grain size, however, the observed difference was
considered to be an error.

Fig. 3 XRD patterns of samples (a) after the 15t heating and (b) after the 2" heating.
Bottom: Simulated reference patterns based on ICSD for LiTasOg (#493) and
LiTa,POg (#110781).

Micromorphology, density, and chemical composition

Figures 4 (a)—(d) illustrate SEM images of the sintered pellet
surfaces obtained after the 2"d heating. All samples were ball-
milled under identical conditions after the 1%t heating, and
hence their particle size was approximately the same before the
2nd heating. However, the microstructures of the samples after
the 2" heating were different. In sample A, where the main
phase was LTPO-Crystal after the 15t heating, isotropic grains
ranging from < 1 to 5 microns were observed. In contrast,
samples B, C, and D, in which the formation of LTPO-Crystal was
hardly observed after the 1t heating, were composed of
micrometre-sized grains and uniaxially grown columnar grains,
with almost no submicron grains visible. Table S3 shows the

4| J. Name., 2012, 00, 1-3

Fig. 4 SEM images of after the 2"d heating for (a) sample A, (b) sample B, (c) sample
C, and (d) sample D.

10p

HTa

10pm

mp

Fig. 5 P and Ta elemental distribution on the surface after the 2" heating for (a)
sample A, (b) sample B, (c) sample C, and (d) sample D.

Figures 5(a)—(d) illustrate the distribution of P and Ta
determined by EDS analysis. The distribution of P and Ta was
more heterogeneous in samples B and C than in samples A and
D. Small quantities of P were detected in areas with high Ta
concentration in the SEM-EDS images (Figs. S5 and S6). Based
on the XRD profile, it was concluded that the regions rich in Ta
and poor in P corresponded to the formation of LiTazOg. Table
S4 presents the relative densities of the samples after the 2nd
heating. Sample A, which consisted of smaller grains, exhibited
the highest relative density.

This journal is © The Royal Society of Chemistry 20xx
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Lithium-ion conductivity

Figs. 6(a) and 6(b) show the AC impedance plots of the samples
after the 2" heating at two representative temperatures (30
and -10 °C, respectively). The AC impedance results measured
at -10, 0, 10, and 30 °C were fitted with equivalent circuits (Rp-
CPE,)(Rgp-CPEg)(CPE,) using Z-view software, where R is the
resistance, CPE is the constant phase element, and the
subscripts b, gb, and el refer to the bulk, grain boundary, and
electrode contributions, respectively. Only one semi-circle is
observed in the impedance plot at 30 °C, attributed to the limit
of the frequency range of the instrument. The bulk resistance
appearing on the high-frequency side is considered to be the
resistance represented by the R-CPE parallel circuit from the
results of lower temperature measurements. Therefore, fitting
with the R-CPE circuit was also employed on the 30 °C data. The
obtained capacitances were 1071'-1071° F for the semicircle on
the high-frequency side and 10° F for that on the low-
frequency side, corresponding to the bulk and grain boundary
resistances, respectively.13.24.36

leA O les O ple ¢ O sampled O
2500 - - — ax10* -
(a) R (b) ;9
2000 ° °
£ . 210" |
£ 1500 | ° ° £
S S s
N 4 o = -
—= L ~N ° I
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A et~
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ARTICLE

We also investigated the total ionic conductivity of.thesamnle
D before and after heating at 200 °C for PRir GHfeY 6 YéRiSve
possible impurities on the surfaces, such as LiOH-xH20. Figure
S7 shows the Arrhenius plots of the total ionic conductivity
before and after the heating treatment, and no change is
indicated. Thus, the effect of impurity phase on the surface is
negligible in the present study.

The DC polarisation results for sample D are shown in Fig. S8. Its
electronic conductivity is 1.53 x 10 mS cm™, which is four
orders of magnitude smaller than its ionic conductivity and
comparable to the reported value.?*

(a)
-25
£ E
E-3s g
S &
o
=]
g-es g
553332 35 38 37 38 3533 34 35 36 37 38
1000/T (/K) 1000/T (/K)
(c)
-2 sample A @
. sample B @
E -35 sample C @
a sample D @
o
o —4.5
2

-5.5

33 34 35 36 37 38
1000/T (/K)

Fig. 6 AC impedance plots for samples after the 2"d heating measured at (a) 30 °C
and (b) -10 °C.

Fig. 7 shows the Arrhenius plots of the Li-ion conductivity of
samples after the 2" heating. The Li-ion conductivities at each
temperature and the activation energies calculated from the
Arrhenius plots are listed in Table 2. The bulk and grain
boundary resistances at 30 and -10 °C are shown in Fig. 8. The
total ionic conductivity increased in the order of A<B< C<D.
The total ionic conductivity of sample A at 30 °C was 0.19 mS
cm™ and that of sample D was 0.95 mS cm™L. Sample A exhibited
the lowest total ionic conductivity and the highest density, as
shown in Table S4. Fig. 8 also shows that samples A—D exhibit
slight differences in their bulk resistance, whereas their grain
boundary resistance is ranked as D < C < B < A. At -10 °C, the
grain boundary resistance of sample A is 12 times higher than
its bulk resistance, whereas it is about 2.5 times higher in
sample B and almost equal in sample D. A similar trend was
observed at 30 °C, where the grain boundary resistance of
sample D was lower than the corresponding bulk resistance. In
all samples, the bulk activation energy was lower than the grain
boundary activation energy, and the total activation energy did
not differ significantly, as shown in Table 2.

Fig. 7 Arrhenius plots of the (a) bulk conductivity, (b) grain boundary conductivity,
and (c) total ionic conductivity of the samples after the 2" heating.

(a) (b)

100G00
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e ¢ 0D
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Fig. 8 Bulk and grain boundary resistances of samples after the 2" heating
measured at (a) 30 and (b) -10 °C.
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Table 2 Bulk, grain boundary, and total conductivities at 30, 10, 0, and -10 °C and activation energy for lithium transport of the samples after the 2" heating.

Sample A B C D
bulk 2.04 1.28 1.20 1.49
Conductivity at 30 °C ( mS/cm) grain boundary 0.21 0.86 1.55 2.59
total 0.19 0.51 0.68 0.95
bulk 0.48 0.38 0.34 0.42
Conductivity at 10 °C ( mS/cm) grain boundary 0.05 0.21 0.42 0.53
total 0.05 0.13 0.19 0.23
bulk 0.24 0.20 0.18 0.22
Conductivity at 0 °C ( mS/cm) grain boundary 0.03 0.09 0.21 0.25
total 0.02 0.06 0.10 0.12
bulk 0.14 0.11 0.10 0.11
Conductivity at -10 °C ( mS/cm) grain boundary 0.01 0.04 0.09 0.12
total 0.01 0.03 0.05 0.06
bulk 0.47 0.43 0.42 0.45
Activation energy (eV) grain boundary 0.49 0.52 0.48 0.53
total 0.49 0.49 0.45 0.48

Discussion

The synthesis of LTPO using various particle sizes ranging from
submicron to hundreds of nanometres confirmed that particle
size influenced the LTPO-Crystal formation temperature. The
smaller the starting particle size, the lower the temperature at
which LTPO-Crystal was formed. Specifically, heating at 1000 °C
for 8 h produced LTPO-Crystal in sample A exhibiting the
smallest particle size, whereas samples B, C, and D having larger
particle sizes mainly generated LTPO-Precursor together with a
trace amount of LTPO-Crystal. It was therefore concluded that
the Ta,0s5 particle size is an important factor for the kinetics of
the LTPO-Precursor formation reaction, since the Ta,0s
particles remain as coarse particles in the starting powder
mixture without being pulverised, and the coarse Ta,Os
particles remain unreacted until high temperatures due to the
low diffusivity of high-valent Ta>* ions. The difference in the
phases formed during the 15t heating had a significant effect on
grain growth during the 2" heating. No growth of LTPO-Crystal
particles was observed in sample A during the 2" heating,
resulting in sintered pellets comprising fine grains. Notably,

6 | J. Name., 2012, 00, 1-3

sample A exhibited the highest relative density after the 2™
heating, indicating the formation of a dense sintered body by a
fast-necking process among the particles. Conversely, the
growth of LTPO-Crystal particles in samples B-D was clearly
visible in a specific direction, and columnar grains were
produced during the 2" heating. Such results indicate that the
size of Ta,0s particles in the starting powder mixture affected
the formation reaction of LTPO-Precursor and
micromorphology of the sintered pellets.

Sample A, which had the smallest particle size in the starting
powder mixture, showed the Ilowest total lithium-ion
conductivity, whereas sample D having the largest particle size
showed the opposite trend. According to Fig. 8, the difference
in the total conductivity among samples A—D was due to the
grain boundary conductivity, since there was no large difference
in their bulk conductivity. In contrast to the empirical
knowledge that using a finer powder as the starting mixture
produces homogeneous, dense sintered bodies3”38 and lowers
the grain boundary resistance, our findings indicated the
opposite: sample D having the largest particles initially showed
the lowest grain boundary resistance after sintering.

Considering the micromorphology and grain boundary
resistance, we propose that in the case of sample D, particle

This journal is © The Royal Society of Chemistry 20xx
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growth during the 2" heating effectively reduced the grain
boundary resistance, by shrinking the total grain boundary area.
The presence of the LTPO-Precursor phase may control the
kinetics of necking and particle growth during the 2" heating.
Furthermore, it has been reported that the presence of LiTa;Og
leads to a decrease in conductivity.33 However, Rietveld analysis
demonstrated that sample A, which has the lowest
conductivity, contains less LiTazOg than the other samples,
while samples B, C, and D contain almost the same amount of
LiTazOg. Therefore, it is unlikely that the difference in
conductivity is due to the LiTazOg content. It was concluded that
the conductivity is influenced by the microstructure and
elemental distribution; sample A has the lowest conductivity
because it consists of the smallest particles and therefore has
the largest grain boundary area (i.e. the highest grain boundary
resistance). As illustrated in Fig. 5, the distribution of Ta and P
in samples B and C is non-uniform compared to that in sample
D, which is thought to have resulted in a higher intergranular
resistance than in sample D.

Conclusion

In this study, we proved that the use of starting materials with
a larger particle size can improve the lithium-ion conductivity of
synthesised LTPO, primarily due to a reduction in its grain
boundary resistance. Furthermore, increasing the raw material
particle size inhibited the formation of LTPO crystals and
promoted the formation of LTPO-precursor in the 15t heating.
This finding contradicts the general trend that smaller particles
are beneficial for producing homogeneous sintered samples
with a low grain boundary resistance. Sample A, in which LTPO-
Crystal was produced during the 15t heating, formed a sintered
structure during the 2" heating with a relatively high relative
density but without visible particle growth. Furthermore, it
exhibited the highest grain boundary resistance. In contrast,
sample D containing coarser particles exhibited significant
particle growth without the formation of the LiTazOg impurity
phase, having the lowest grain boundary resistance after
sintering. These findings suggest that the grain boundary
resistance could be reduced by promoting particle growth,
which lowers the proportion of grain boundaries. Such a
conclusion is contrary to the general trend that smaller particles
are beneficial for producing homogeneous sintered samples
with a low grain boundary resistance. It was also found that the
composition remained nearly constant irrespective of the
synthesis  conditions, however, the inhomogeneous
concentration of the constituent elements in the sintered
microstructure reduced the ionic conductivity. The conductivity
was reduced in the samples that did not exhibit the formation
of any intermediate products after the first sintering. This
suggests that in the case of compounds such as LTPO, where
intermediate products are formed during the synthesis process,
the raw material particle size and sintering conditions affect the
sintered body microstructure and significantly change the
intergranular ionic conductivity properties. In this study, the
same heating conditions were applied to the four samples.

Optimising the firing conditions
improvements in conductivity.
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