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The surface modification of lithium phosphate on lithium alumina titanium phosphate (LATP) by a wet chemical
method densified the LATP to over 90 % at a sintering temperature of 800 °C. This temperature was approx-
imately 300 °C lower than that of LATP without additives. Densification of LATP with lithium phosphate signi-
ficantly progressed from 700 to 800 °C, and endothermic peaks corresponding to its melting were found in a
similar temperature range, suggesting that the densification mechanism would be due to liquid phase sintering.
The liquid phase of Li;POy is produced by a multi-step thermal decomposition involving the reaction with LATP.
The sintered LATP with lithium phosphate showed a density of about 90 % and the highest ionic conductivity of
3.5 x 10~*S/cm at 25°C, suggesting an excellent Li ion conducting, solid electrolyte material.
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1. Introduction

All-solid-state lithium-ion batteries (ASSLiBs) consist
of solid materials for all components including the elec-
trolyte and electrode active materials." ASSLiBs with
oxide-based electrolytes are expected to be the next-
generation batteries. Compared to conventional batteries
with liquid electrolytes, they are superior in safety and
durability. They are expected to be applied in a wide range
of fields, such as IoT, mobility, and energy storage sys-
tems (microgrids), as the next-generation rechargeable bat-
tery.>®) Besides oxides, polymer, halide and sulfide mate-
rials are used as ASSLiB electrolytes. Among these mate-
rials, oxide materials lack plasticity and require a sintering
process in addition to the powder pressurization process for
the densification and junction of the cell components. This
process can join the particles and component interfaces,
and good Li-ion conduction pathways are formed. The
one-step co-sintering process is one of the efficient meth-
ods for sintering battery green cells.”'? The sequential
co-sintering method, in which the deposition and sinter-
ing of each component are repeated, requires multiple sin-
tering cycles. The one-step co-sintering method, in which
sequential deposition followed by sintering of all the com-
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ponents is performed at once, is a more efficient way. The
one-step co-sintering temperature is limited to the lowest
melting point of the component materials. In general, the
active material often has a lower sintering temperature than
the electrolyte material, so the co-sintering temperature is
limited to the sintering temperature of the electrode.!®!>
The electrolyte material must be densely sintered together
with the electrode in a restricted temperature range, and the
interfaces between different phases, such as the electrolyte/
electrode layer interface within the composite electrode,
must be well-bonded. For this reason, low-temperature sin-
tering methods have been developed that can sufficiently
densify the electrolyte at lower temperatures.

Various methods have been used for the Ilow-
temperature sintering of electrolytes, including element
substitution,'®29 minimization of particle size by ball-
milling and liquid-phase synthesis,'?»?1)2% the addition of
sintering aids,”®3! and sintering techniques such as hot
pressing, spark plasma sintering, and cold sintering.??-32-37)
For the method of adding a sintering additive, the additive
melts at a lower temperature than the base material. It fills
the gaps between the particles of the base material, thereby
densifying the material. When this process is applied to
electrolyte materials, the microstructure must be densified,
and good Li-ion conduction pathways must be formed
without forming highly resistive phases. Therefore, there is
a need to select sintering additives that do not significantly
impair the characteristics of the base material and a meth-
od that allows for the uniform addition of a minimum
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amount of additives. In the field of batteries, surface
modification methods for improving the electrochemical
stability of electrode active materials have been well stud-
ied. These methods are expected to be applied as surface
modification methods for electrolyte materials.® %)

Among the oxide-based solid electrolytes, the
NASICON-type Li; 3Al3Ti; 7(POy4); (LATP) has excellent
properties; i.e., high lithium-ion conductivity, low cost,
low toxicity, and easy synthesis.!?29-2949:50) In addition,
it has an excellent chemical stability in air and water.>—>%
In the past, cathode active materials compatible with LATP
electrolytes have been investigated.'?'#-39% Consider-
ing the thermal stability of the active materials and their
reactivity with LATP, the co-sintering process should be
performed at a temperature of 800°C or below. How-
ever, since the sintering temperature required for LATP is
around 950 °C, it is necessary to lower the temperature. It
has been reported that trace amounts of Co elements in
Co-based cathode active materials diffuse into the LATP
phase, thereby densifying the LATP phase.’®»3?6? These
studies suggested that lithium phosphate salts, which are
formed as intermediate products during the reaction of Co
with LATP, improve the sinterability of LATP. Various
lithium salts, such as LiBO,, Li;BO;, Li,COs3, LiCl, LiOH
and LisPO4, have been applied as sintering additives for
LATP.27-29:31163)-65) 1 jthium phosphate is a known lithi-
um ion conductor and is expected to be a sintering aid that
does not block the Li-ion conduction of LATP at its grain
boundaries.®®7? It has been reported that LATP with
Li;POy is densified at a sintering temperature of 800 °C,
which is lower than the melting point of LizPOy4, 837 °C,
but the sintering mechanism has not been revealed. The
sintering at temperatures lower than the melting point of
the sintering aid may be due to the contribution of an
intermediate phase produced by the reaction between the
matrix phase and the aid. The actual melting occurs at tem-
peratures lower than the melting point in many material
systems has been reported, but the mechanism is still not
clarified.”)7? In this study, the effectiveness of the wet
chemical method for the uniform addition of the Li;POy4
sintering aid to LATP is investigated, and the effects on
the sintering mechanism and electrical conductivity are
discussed.

2. Experimental procedure

2.1 Sample preparation

Figure 1 shows the preparation process of the LizPOy-
modified LATP (LATP-Li;PO4) powder and particles.
Commercially-available LATP powder (Toshima Manu-
facturing Co., Ltd., Japan) having the average particle size

(Dsp) of 0.6 um with the NASICON structure and R-3c¢
space group, lithium acetate dihydrate (CH;COOLi-2H,0,
Nacalai Tesque, Inc., Japan), phosphoric acid (H3POy, 85
wt % concentration, Kanto Chemical Co., Inc., Japan), and
reagent-grade ethanol (C,HsOH, 99.5% concentration,
Nacalai Tesque, Inc., Japan) were used for the experi-
ments. The impurity elements and their amounts contained
in the LATP powder are shown in Table S1. Lithium ace-
tate dihydrate was dissolved in the ethanol solvent so that
the amount of the Li content in Li;POy relative to LATP
was x = 0.0, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 wt %. While the
solution was being ultrasonicated, 15-vol % LATP powder
was dispersed in this solution. H;PO4 was then added to
the slurry while stirring. Lithium acetate dihydrate and
phosphoric acid were added in the molar ratio of 3:1.
LizPO4 was precipitated on the LATP particle surface by
the reaction of lithium acetate and phosphoric acid, as
expressed by Eq. (1).7%

3CH;COOLi-2H,0 + H3PO,
— LisPO4 | +3CH;COOH +2H,0 (1)

The prepared slurry was dried at 100 °C for 1 h using a hot
plate, and the LATP-Li;PO4 powder was obtained. The
coarse agglomerates of the dried powder were crushed
with an agate mortar, then the powder was thermally treat-
ed at 400 °C for 1 h in air at the heating rate of 200 °C/h to
remove the produced acetic acid. The powder was uniaxi-
ally pressed into a disk shape with a 10-mm diameter and
1-mm thickness at 100 MPa. The green bodies were fired
at 800 °C for 10h in air at the heating rate of 200 °C/h.

2.2 Sample characterization

The relative densities of the LATP-Li;PO;, fired bodies
were calculated by measuring the bulk density of the
LizPO4-LATP. The thickness at five locations and the
diameter at four locations were measured with respect to
the disk-shaped samples, and the volume was calculated
from the average of these measurements. The bulk density
of the samples was calculated from the measured weight
and volume. The presence of any reaction phases was
evaluated by a powder X-ray diffraction (XRD) measure-
ment (RINT-TTRIIIL, Rigaku Corp., Japan). The state of
the Li;PO4 modification on the surface of the LATP par-
ticles was evaluated by Fourier-transform infrared spec-
troscopy and the attenuated total reflection method (ATR-
FTIR) (IRSprit with QATR-S, Shimadzu Corp., Japan).
The differential scanning calorimetry (DSC) of LATP-
LizPO4 was measured from 25 to 1050°C in air at the
heating rate of 10°C/min using a thermal analyzer
(DSC3300SA, Bruker AXS, Inc., MA, USA). The frac-
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Fig. 1. The preparation process of the LATP-Li3POy.
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tured surface (FS) of the LATP-Li;PO, fired bodies was
observed by a scanning electron microscope (SEM) (JSM-
6500F, JEOL Ltd., Japan). The FS of the fired specimens
was etched by an argon-ion milling cross-section polisher
(IB-09020CP, JEOL Ltd., Japan), and the microstructure
observations and elemental analysis were performed by
SEM-EDS (JSM-7800F, JEOL Ltd., Japan). The morphol-
ogy change in the LATP-Li;PO,4 powder during heating
was characterized by an in-situ SEM (JSM-IT200 with an
attached heating stage, JEOL Ltd., Japan). All the fired
disc-shaped LATP-Li;PO, pellets were polished and coat-
ed with Au electrodes on both sides using a sputtering
apparatus (SC-701, Sanyu Electronics Co., Ltd., Japan).
The Au-coated samples were sealed in a glass container
filled with Argon gas to avoid the sub-reaction during the
electrochemical testing. The electrical conductivity was
measured using an impedance analyzer (VSP-300, Bio-
Logic Science Instruments, Ltd., France) in the frequency
range from 7MHz to 0.1 Hz with the AC amplitude of
14 mV at temperatures from 25 to 125°C.

3. Results and discussion

3.1 Powder characteristics

The liquid-phase synthesis based on the Eq. (1) reaction
lead to the synthesis of the highly-crystalline single-phase
Li;PO,4, as shown in Fig. S1. The peaks of the Li;POy
phase could not be detected from the XRD pattern of
LATP modified with Li;PO,4 because the amount of Li;POy4
modification is minimal. Instead, the peaks of the LATP
powder modified with Li;PO, were very similar to those of
the unmodified LATP powder, indicating that no decompo-
sition or side reactions of the LATP phase occurred during
the liquid-phase treatment. EDS mapping of the Liz;POy4
modified LATP powder showed the presence of a large
amount of the P element, suggesting the presence of phos-
phorus compounds (probably Li;PO,4) on the surface of the
treated powder, as shown in Fig. S2. We also attempted to
characterize the surface of the treated powders by trans-
mission electron microscopy, but the results did not di-
rectly indicate the presence of the Li;PO4 phase, because
Li;POy is susceptible to electron beam damage. The ATR-
FTIR spectrum of the LATP-Li;PO,4 powders (x = 0.0-2.0)
thermally treated at 400 °C and Li;PO4 powder is shown in
Fig. S3. The peaks around 1000 cm™" are attributed to the
asymmetric and symmetric stretching vibrations of the P—
O bond in the PO,*~ tetrahedral.”*-7% The absorption peak
intensity at 1018 cm™! increased with the increase in the
addition amount x. The peaks below 750 cm™! are due to
the Ti—O stretching vibrations in the TiOg hexahedron and
asymmetric modulation vibrations of the O—P—O bonds in
the PO,*>~ tetrahedron. The peak at 1455cm™' is due to
vibrations of the Al-O bond. With the increasing LizPO4
addition, the peak intensities originating from the vibra-
tions of the Al-O and Ti-O bonds decreased and the
spectrum gradually approached that of LisPO,4.”"®) These
results suggest that Li;PO, is modified on the surface of
LATP.

3.2 Relative density

Figure 2 shows the relative densities of LATP-Li;PO,
(x = 0.0-2.0) sintered at 600, 700, and 800 °C and its com-
pact. The LATP-Li3POy sintered at 600 °C was not densi-
fied at any addition amount of x = 0.0-2.0, and its density
was similar to that of the green body. Densification of
Li;PO4-unmodified LATP (x = 0.0) had not significantly
progressed at any sintering temperature between 600—
800°C. On the other hand, LATP-Li;PO4 (x = 0.1-2.0)
densified with the increasing sintering temperature from
600 to 800 °C. At the sintering temperature of 800 °C, the
sintered density was 63 % at x = 0.0 and the sintered den-
sity was about 90 % at x = 0.1-2.0. Since LATP sintered
at 1100 °C showed a density of about 90 %, the sintering
temperature of LATP could be lowered by 300 °C with the
addition of Li3PO,4. Figure 3 shows the relative densities
of LATP, LizPO4 and LATP-Liz;PO4 (x = 0.3) versus the
sintering temperature. The single LATP exhibited a maxi-
mum sintering density at 1100 °C. The density of Li;PO4
rapidly increased between 600 and 800 °C, with a maxi-
mum sintered density of 87 % at 800 °C, followed by a de-
crease in the sintered density toward 900 °C. The decrease
in the density of LizPO, from 800 to 900 °C is due to the
phase transition from the solid to liquid phase as the melt-
ing proceeded. The decrease in density above 900 °C is
probably due to the formation of shrinkage cavities during
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Fig. 2. Relative densities of LATP-Li;POy fired at temperatures
of 600, 700 and 800 °C, and unfired LATP-LizPOy.
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Fig. 5. The FS and the cross-section polished by Ar-ion milling (CP) of the sintered LATP-Li;PO4 (Li content

in LizPOy relative to LATP, x = 0.0, 0.3 and 2.0).

the dissolution and resolidification of Liz;POy4. In addition,
the rapid melting or over-sintering may have contributed
to the expansion of the residual isolated pores in the sam-
ple.89-83) The sintering behavior of LATP-Li3POy (x = 0.3)
was more similar to that of Li;PO,4 than that of the base
material, LATP. Despite the very small amount of added
Li;PQy, the sinterability of the LATP-Li;PO,4 system would
be dominated by Liz;PO, and its intermediate products.

3.3 Reactivity during sintering

Figure 4 shows the XRD patterns of LATP-LisPO4 (x =
0.0-2.0) sintered at 800 °C. As shown in the XRD mea-
surement results in Fig. 4, no secondary phase appeared
in LATP fired at 800°C. Although not shown here, no
secondary phase appeared even in the single Li;PO, fired
at 800°C. On the other hand, in LATP-LizPO, fired at
800 °C, new products were clearly formed as shown in
Fig. 4, and their intensity became more pronounced as the
amount of Li3PO4 modification increased. The above sug-
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gests that when LATP and Li;PO,4 coexist, some reaction
and/or decomposition occur during firing at 800 °C. The
formation of LisP,0O7 and LiPO3 by thermal decomposition
of Li3sPO,4 during firing likely follows Egs. (2)—-(4). Be-
sides LizPO,4 as an additive, lithium phosphates would
be produced as decomposition products from the LATP
phase. This is because the XRD of LATP-Li;PO, before
sintering did not identify the Li;PO, phase, whereas the
peak intensity of the lithium phosphate phase in the XRD
pattern after sintering was high.

2L13PO4 — Li4P207 + L120 (2)
Li4yP,07 — 2LiPO3 + Li,O 3)
LisPO4 — LiPO; + Li,O )

3.4 Microstructures and elemental mapping

Figure 5 shows that the FS and cross-section polishing
(CP) microstructures of the sintered LATP-Li;PO4 (x =
0.0, 0.3 and 2.0wt%). LATP-Li;PO4 (x = 0.3, 2.0) sin-
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Fig. 6. The elemental mapping images of the LATP-Li;POy4 (Li content in Li;POy relative to LATP, x = 2.0)
fired at 800 °C.

Table 1. The elemental ratios at each point in the EDS analysis

Spectrum/At % Al Ti P (¢} O/P Condition Predicted Phase
Spot 1 2.7 86 170 717 42 Al-rich LATP
Spot 2 2.6 7.8 157 736 47 Al-rich LATP
Spot 3 2.3 9.1 170 71,6 42 Al-rich LATP
Spot 4 — 128 143 728 5.1 No Al content LiTiPOs
Spot 5 — 122 147 731 5.0 No Al content LiTiPOs
Spot 6 — 128 135 737 55 No Al content LiTiPOs
Spot 7 0.8 48 200 743 37 Al, Ti-poor LizPOy, LiyP,04
Spot 8 1.3 52 191 745 39 Ti-poor LATP, LizPO,
Spot 9 0.6 2.1 27.8 69.4 2.5 Al- and Ti-poor, P-rich LiPO3, P,Os
Spot 10 1.7 54 226 703 3.1 Ti-poor, P-rich Li4P,0, LiPO;

Whole region 1.9 86 182 714 39 — LizPO4-LATP (x = 2.0)

LATP (Theoretical) 1.8 102 18 72 4.0 Amount of 6 molar LATP —

tered at 800 °C formed a denser microstructure than LATP
sintered at 1000 °C. The LATP sintered at 1100°C was
dense but very brittle due to intergranular cracking in its
structure as shown in Fig. S4. The densities of the sintered
LATP-Li;PO4 were calculated by the dimension measure-
ment and image analysis as shown in Table S2. The cal-
culated density of the LATP single-phase by the image
analysis was similar to that obtained from the dimension
measurements. However, the calculated densities of LATP-
Li;PO4 (x=0.3 and 2.0) by the image analysis were
higher than those obtained from the dimension measure-
ments. The SEM image of the fracture surface was taken at
the center of the sample, and the SEM image of the pol-
ished surface was taken relatively close to the sample sur-
face. Therefore, it is conceivable that the denseness of the
sample surface and the sparseness of the interior affected
the results of the two analytical methods. Furthermore, the
reaction products may have caused errors in the calculation
of the theoretical density of LATP-LizPO,. In the case of
LATP-Li;POy, no intergranular cracks were formed, and
the addition of Li;PO4 was also effective in densifying
LATP without intergranular cracks. The LATP-Li3PO; sin-
tered at 800 °C had a relative density of 93 % and the same
density as the single LATP sintered at 1100 °C which had

a relative density of 91 %, but its grain growth had not
progressed. This suggested that the melting of the added
Li;PO, densified the microstructure. In the CP image of
LATP-LizPOy at x = 2.0, some segregates with a dark con-
trast were present in the microstructure, but no segregated
phases were found in the microstructure at x = 0.3. At
x = 2.0, the amount of the Li;PO,4 addition was excessive,
and Li3sPO,4 was segregated to the grain boundaries. When
the amount of LisPO,4 added is x = 0.3, LizPOy as a sinter-
ing aid, does not segregate at the LATP grain boundaries.
In addition, an elemental analysis was performed to char-
acterize the segregated phases of the LATP-Li;PO,.
Figure 6 and Table 1 show the EDX elemental map-
ping and point spectrum of LATP-Li3PO4 (x = 2.0) sin-
tered at 800 °C, respectively. From the mapping images,
three main phases were identified, i.e., the LATP matrix
phase (spots 1, 2, and 3), the Al-poor phase with a lighter
contrast (spots 4, 5, and 6), and the Ti-poor phase with a
darker contrast (spots 7, 8, 9, and 10). The ratio of the
elements present in the entire image area was similar to the
theoretical value of LATP as shown in Table 1. The phases
in spots 1, 2, and 3 can be regarded as the LATP phases,
although they are somewhat enriched in Al elements. The
phases in spots 4, 5 and 6 are presumed to be the LiTiPOs
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phases since they contain no Al and have an O/P ratio =
5. Spots 7, 8, 9, and 10 are Ti-poor phases, and their O/P
ratios suggested that they are ortho-, pyro-, and meta-
lithium phosphate salts.

3.5 Thermal analysis

Figure 7 shows the DSC curves of LATP-Liz;PO, at
x=0.0 and 2.0 and Li;PO4. No noticeable change was
observed between 600—800 °C for the single LATP. For
LATP-Li;PO4 at x = 0.2, an endothermic reaction occur-
red between 771 and 900 °C, along with a large endother-
mic peak at 816°C. In addition to this large peak, two

2

771°C °C
—3 §—900°C
0 L
e 1
g -2 816°C
O
wn
a)
4 + —x=0.0
—x=2.0
6 L 1
0 200 400 600 800 1000
Temperature (°C)

Fig. 7. The DSC curves of the LATP-LizPO4 powder (Li con-
tent in LizPOy relative to LATP, x = 0.0 and 2.0) at the heating
rate of 10°C/min in air.

(a) RT 800 °C

q_
— —

800 °C

small peaks were seen between 771-816 °C. These peaks
indicated the decomposition and melting of Li;POy, reac-
tion of LATP with Li;POy, and the decomposition reaction
of LizPO, as shown by Egs. (2)—(4). The reactions of
Egs. (2) and (3) sequentially proceeded at about 816 °C,
so that these reactions are summarized by Eq. (4).

Li;PO4 becomes the intermediate product, LiyP,0O7, and
the final product, LiPO;. The melting point of LizPOy is
837°C, and its sintering proceeded in the LATP-LizPO4
system with the formation and melting of LiPOj;. This is
because the melting point of LiPOj3 is 650 °C>?>79#4) thus
the produced LiPO; immediately melts at 800°C. The
melting of LizPO4 is accompanied by thermal decompo-
sition and melting of the other lithium phosphate com-
pounds. Therefore, the melting point of the Li;PO4 single
phase is 837 °C, but in the LATP-Li;PO, system, the liquid
phase is formed at a temperature lower than the melting
point of LizPOy, and sintering occurs. The sintering mech-
anism of LATP-Liz;PO,4 was suggested to be liquid phase
sintering as already described.

3.6 In-situ SEM observation

Figures 8(a) and 8(b) show the morphology of the
LATP and LATP-LizPO4 (x =2.0) secondary particles
during heating as observed by in-situ SEM, respectively.
Morphological changes in the secondary particles during
the sintering and shrinking process were analyzed by
Image], an image analysis software program.’>37) The

900 °C 1000 °C

[ ]

" |
— —

900 °C

1000 °C

— =

Fig. 8. (a) The morphology of the LATP particles during heating observed by in-situ SEM, (b) the morphology
of the LATP-Li;PO, (Li content in LizPOy relative to LATP, x = 2.0) particles during heating observed by in-situ
SEM.
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SEM images at each temperature were classified into
particle and spatial areas by a binarization process, and the
values of the secondary particle areas were calculated.
Their area shrinkage rates were calculated as the difference
between the secondary particle area at room temperature
and at each temperature. The actual sample dimensions
were measured before and after sintering, and the volu-
metric shrinkage was determined. Figures 9(a) and 9(b)
show the sintering shrinkage rates of the LATP and LATP-
Li3PO4 (x =2.0) calculated by a sample dimensional
measurement and image analysis. Although the secondary
particles observed in situ were only a few microns in
diameter and not composed of many primary particles, the

Shrinkage (%)

@ Dimension measurement
@ Image analysis

-60 n L " L N L s L
200 400 600 800

Temperature (°C)

oe

Shrinkage (%)

4@ Dimension measurement
@ Image analysis
-60 . L

200

400
Temperature (°C)
Fig. 9. The thermal shrinkages of (a) LATP and (b) LATP-
Li;POy4 (Li content in LisPO4 relative to LATP, x = 2.0) calcu-
lated by size measurement and in-situ SEM image analysis.

600 800

measured and calculated shrinkage rates at each temper-
ature were similar. Therefore, the morphological change in
the particles during heating observed by in-situ SEM is
considered to represent the sintering behavior in the entire
bulk body. For LATP-Li3PO4 (x = 2.0), the morphology of
the secondary particle changed and significantly shrank
from 600 to 800 °C. During the initial stage of sintering up
to 700 °C, the shrinkage progressed by —25 % of about
half the total, and the primary particles joined each other
into a single particle form. At this intermediate stage as
shown in Fig. 10, it is considered that several pores re-
mained in the integrated particle group.?-%3 Furthermore,
during the final stage of sintering from 700 to 800 °C, the
shrinkage progressed by —20 %, and the joined particles
became smaller while maintaining their shape. The melting
temperature range was understood to be 771-816 °C based
on the DSC measurement results; the integration of the
particle group seemed to occur before the melting of the
lithium phosphate.

3.7 Electrical conductivity

The Nyquist plots of LATP-Li;PO4 (x = 0.0-2.0) mea-
sured by the AC impedance method exhibited a clear
semicircle as shown in Fig. S5. From the origin to the x-
axis intercept of the arc is the bulk resistance (Ry), the
semi-circular arc is the grain boundary resistance (R,p) and
pseudo-capacitance (CPEl), and in the low-frequency
region, the electric double layer corresponds to the pseudo-
capacitance (CPE2), similar to the equivalent circuit in
Fig. S5. The relaxation frequencies of LATP-Li;PO,4 ob-
tained from the semicircles corresponding to the grain
boundary impedance are shown in Table S3. The relaxa-
tion frequencies are similar between x = 0.1 and 1.0, ex-
cept x =0.0 (pure LATP) and x = 2.0 (excess LizPOy4-
added LATP), indicating that there was no significant
change in the grain boundary composition.

Figure 11(a) shows the electrical conductivity of LATP-
LizPO4 (x = 0.0-2.0) calculated from the Nyquist plot.
The electrical conductivity at 25 °C of LATP-Li3PO4 (x =
0.0-2.0) is shown in Fig. 11(b). The electrical conductiv-
ity of LATP-Li;POy increased from x = 0.0 to 0.2, then
remained constant until x = 0.5. The electrical conductiv-
ity decreased above x = 0.5. From x = 0.0 to 0.2, the con-
ductivity increased due to the increased sintering density

Heating Heating Heating
\
\ LATP
LATP-Li;PO, PO, * Sintering of LisPO, LATP-Li;PO,
Green body * Reaction between LATP and Li;PO, Sintered body
(Formation and Melting of LiPO,)
Initial Stage > Intermediate Stage Final Stage

Fig. 10. The sintering mechanism of the LATP-Li3POy,.
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Fig. 11. (a) The electrical conductivities of the LATP-Li;PO,
(Li content in LizPOy4 relative to LATP, x = 0.0-2.0) body fired
at 800 °C, (b) the electrical conductivity at 25 °C of the LATP-
Li;PO4 at x = 0.0-2.0.

and decreased length of the lithium conduction pathways.
For x = 0.2-0.5, the sintered density did not change and
the added Li;PO,4 was uniformly present without segrega-
tion, so there was no significant change in the conductivity.
The decrease in conductivity at x = 0.5-2.0 is due to the
excess amount of segregated Li;PO, acting as a resistive
phase, and the significantly increased amount of the reac-
tion phases. No significant changes were observed in any
of the activation energies. The grain boundary component
accounts for a large fraction of the total conductivity, and
the activation energy also depends on factors related to the
grain boundary. Since the amount of Liz;PO4 added by this
modification method was minimal and the amount of the
reaction phase formed between the LATP particles was
very small, it is postulated that there was no change in the
activation energy. LATP sintered at 800 and 1000 °C ex-
hibited an electrical conductivity of 6.7 x 107> and 2.7 x
1074S/cm at 25°C, respectively. LATP-LisPO4 (x = 0.5
wt %) sintered at 800°C exhibited the highest electrical
conductivity of 3.5 x 107S/cm at 25°C. The obtained
conductivities of LATP-Li;PO,4 were comparable to or ex-
ceeded those of previous reports.”?#®) The difference in
these values is due to the addition method of the sinter-
ing aid. Sintering aids were added by the powder mixing
method in previous reports and by surface modification
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utilizing the wet chemical reaction method in this study.
The powder mixing method is simple, but its structure
tends to be heterogeneous, resulting in a low conductivity.
The surface modification method can uniformly add the
sintering aid and form a more homogeneous microstruc-
ture without segregation resulting in a higher conductivity.
By surface-modifying the electrolyte particles using a wet
chemical reaction method, a minimum amount of sintering
aid can be added uniformly, and as a result, a sintered body
with a uniform structure can be obtained. Li;PO, effec-
tively acts as a sintering aid for LATP, and LATP with a
sintered density equivalent to 1100 °C can be obtained at a
sintering temperature of 800 °C. As a result, LATP-Li;PO,
sintered at 800 °C exhibits high electrical conductivity.

4. Conclusions

LATP-Li3PO,4 was densified to more than 90 % relative
density by sintering up to 800 °C, and its sinterability was
rather higher than that of single Liz;PO,4, suggesting the
interface reaction between LisPO4 and LATP contributed
to the improvement of sinterability of LATP-Li;PO,. The
sintering of LATP-Li;PO4 was found to be not only due to
the sintering and melting of Li;POy4, but also to a liquid
phase sintering mechanism related to the melting of some
lithium phosphates formed by the reaction of LATP and
Li;PO,4. Although several reaction phases were formed
during the sintering of LATP-Li;PO,, it was possible to
achieve both a high sintering density and high electrical
conductivity by adding the minimum amount of Li;PO,4 by
this surface-modification method.
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