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Developing processes for manufacturing all-solid-state batteries that form ionic—conductive interfaces at low
temperatures is crucial. In this study, dense ceramics garnet-type lithium ionconductors, Lig sLasZr; sTag 5012
(LLZTO) were prepared at low temperatures (500-800 °C) by reactive liquid phase penetration sintering (LPPS).
In this process, pressed precursor oxides (LasZrj sTags0g.75) were exposed to the melt of lithium hydroxide
monohydrate (LiOH-H30). The garnet-type lithium ion conductor prepared by LPPS at 800 °C exhibited a total
lithium ion conductivity of 2 x 107 § cm™! at 25 °C. The prepared sample has a garnet crystalline network

structure containing amorphous LiOH. The activation energy required for lithium-ion conduction of LLZTO
prepared by the LPPS method (0.41 eV) is consistent with that of samples prepared by the conventional solid-
phase sintering method at higher temperatures.

1. Introduction

Garnet-type lithium ion conductor, Lig sLasZr; sTag 5012 (LLZTO), is
a solid electrolyte for all-solid-state batteries due to its high total (bulk
and grain boundary) lithium ion conductivity of 107 S cm™! at 25 °C,
and good chemical stability against lithium metal [1-6]. Usually, a
sintering temperature above 1100 °C is required to prepare dense LLZTO
pellets with high ionic conductivity using the solid phase sintering (SPS)
method [3]. However, high-temperature sintering during the fabrication
of solid-state batteries often promotes reactions between the electrolyte
and electrode, forming highly resistive reaction products at the interface
[7-18]. Therefore, a low-temperature sintering method is required for
LLZTO to avoid the formation of a resistive interface and to realize solid-
state batteries.

Liquid-phase sintering (LPS) effectively produces dense ceramics at
low temperatures. The addition of a sintering aid, which forms a liquid
phase at the sintering temperature, promotes densification and particle
growth at low temperatures [19]. Li-Al-O produced by adding Al,O3 or
by diffusion from an alumina crucible is a well-known liquid phase for
achieving LiyLasZro0O12 (LLZO) densification [20-26]. The Li-Al-O-
liquid phase, which promotes the grain growth of LLZO particles at
high temperatures, was produced at 1055 °C [20-29]. LLZO reacts in the
atmosphere to form LioCOs. LioCO3 also acts as a liquid phase, and the
ceramics shrink because of the compressive capillary force near the
melting point [30]. Moreover, the addition of glass-forming materials
such as LiPOs, Li3gBOg, Li;0-Al503-SiO4, and LiOH is effective for grain
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growth because of liquid-phase formation at low temperatures [31-36].
In particular, adding an appropriate amount of Li3sBO3 promotes grain
growth in LLZTO particles [34,37-39]. Tadanaga et al. achieved a
lithium-ion conductivity of 1 x 107 S em™! by adding Li3BO3 to Al-
doped LLZO and sintering it at 900 °C [38]. However, excessive addi-
tion of LigBO3 prevents contact between the LLZO particles owing to the
aggregated liquid phase [40]. Although the temperature required to
prepare LLZO pellets is 1100 °C for SPS, this temperature can be
approximately 900 °C for LPS [41]. Table 1 summarizes the previous
reports on the preparation of LLZO pellets using LPS.

Low temperature synthesis of LLZO powder is possible at 700-800 °C
using the sol-gel method [35,42-47]. Kokal et al. demonstrated that
cubic LLZO can be formed at 700 °C [42]. However, Janai et al. reported
that a more stable cubic LLZO could be obtained by adding a small
amount of Al at 700 °C [43]. Hamao et al. synthesized Lig sLasZry 5.
Tag 5012 (LLZTO) at a considerably lower temperature of 500 °C by
reacting LasZry sTag 50g.75 with LizO as the precursor powder via solid-
state sintering [48]. They also demonstrated that dense LLZTO sheets
can be fabricated at a low temperature of 700 °C by reacting the pre-
cursor LasZr; 5Tag 503 75 sintered at 1600 °C with a LiNOs vapor phase
[49]. Recently, Guo et al. reported that LiOH and LasZrj 5Tag 50375
reacted to form LLZTO, and dense LLZTO was prepared by sintering at
1100 °C for 2 h [50].

Previous reports suggested that dense LLZTO ceramics can be
directly produced at low temperatures using dense precursor pellets.
Therefore, in this study, we synthesized densified LLZTO ceramics by
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Table 1
Previous reports on liquid phase sintering for the preparation of LLZO pellets.

Solid electrolyte Conductivity (S-cm™1) E, (eV) Additive Sintering temperature Reference
Li;LagZr;042 3.00 x 10~% at 25 °C 0.28 AlyO3 1100 °C [21]
Li;LasZr,012 2.00 x 10~* at RT - Al(NO3)3-9H,0 1200 °C [23]

Lig sLasZr; sTap 5012 4,90 x 10~* at RT 0.38 v-Al,03 1100 °C [24]
LiyLasZr,012 4.26 x 10~* at 25 °C - Li»0-Al,03-8i0, 1150 °C [31]

Lig sLas.05Ca0.05Zr1.75NDg. 25012 3.60 x 10 *at 25 °C 0.32 Al,O5 and Li;BO; 790 °C [34]
Al doped Li;La3Zr;01, 1.90 x 1075 at RT - LizBO3 900 °C [37]1

Al doped Li;LazZr;012 1.00 x 10™% at 30 °C 0.36 LizBO3 900 °C [38]
Lig.4LasZr1 4Tag.¢012 5.47 x 10* at 30 °C - LisBOs 1000 °C [39]
Lie.55La2.05Ca0.05Z11.5Ta0,501 2 1.33 x 10*at 30 °C 0.39 LiBO3 800 °C [40]
Li;LagZrNbO;, 7.98 x 1077 at 30 °C - LiOH 900 °C [41]
Li;LasZrNbO;, 2.52 x 107 at 30 °C 0.32 Ba0-B,03-5i05-Ca0-Al,03 900 °C [41]
Li;LasZrNbO1 7.78 x 1075 at 30 °C 0.39 LiO2-B303-5i0,-Ca0-Al,05 900 °C [41]

Liquid penetration Grain growth
and and
rearrangement connection of Li network

Grain growth

Grain growth does not
occur at low temperatures

Grain growth
Fig. 1. Process of making LLZTO pellets by (a)LPPS, (b)LPS and (c)SPS method.

directly reacting precursor pellets with a lithium hydroxide melt (LPPS).
In addition, precursor pellets were prepared by pressurization only
without sintering. The ionic conductivities, microstructures, and den-
sities of the prepared LLZTO samples were analyzed. The low-
temperature densification mechanism of the LPPS method is discussed
and compared with those of the SPS and LPS methods.

2. Experimental
2.1. Synthesis of precursor powder

The precursor powder, LasZrj 5Taps0g75, was synthesized via a

solid-state reaction. La(OH)3-H20 (99.9%, Fujifilm Wako Pure Chemical
Corporation), ZrOs (99.0%, Tosoh Corporation), and TasOs (99.9%,
Fujifilm Wako Pure Chemical Corporation) were weighed in stoichio-
metric ratios and ball milled in hexane at 400 rpm for 6 h. The powder
was pressed at 100 MPa to form pellets and then sintered at 1200 °C for
12 h at a heating rate of 10 °C-min"". Sintering was conducted in an air
atmosphere using an MgO plate.

2.2. Synthesis of garnet-type Lig sLasZr; 5Tag 5012 by LPS

The following two methods were used to prepare pellets using
reactive LPS. The first method was LPPS. The precursor LasZ-
r1.5Tag 50875 powder was uniaxially compressed at 6.25 MPa and then
isostatically pressed at 200 MPa for 5 min to prepare a green body with a
diameter of 10 mm. The prepared pellets were placed in a magnesia
crucible, mixed with lithium hydroxide monohydrate (LiOH-H5O,
99.0%, Wako Pure Chemical Industries, Ltd.) in a molar ratio of 8:1, and
sintered between 500 °C and 900 °C for 40 h. This method is named
liquid-phase penetration sintering (LPPS) (Fig. 1a) because the liquid
phase penetrates the precursor pellets from the outside.

The second method was the conventional LPS method. The precursor
LasZry 5Tag 50g.75 powder and LiOH-H;0 were mixed. An excess of 10
wt% LiOH-H,0 was added to compensate for Li loss during the heating
process. The mixed powder was ball-milled with hexane and zirconia
balls for 6 h at 400 rpm using a planetary mill and then dried at 80 °C.
The powder was uniaxially compressed at 6.25 MPa and isostatically
pressed at 200 MPa for 5 min to produce a green body with a diameter of
10 mm. To suppress Li evaporation, the pellets were coated with the
main powder (mixed powder of LagZry sTag50g75 and LiOH-H20) and
sintered in the atmosphere of 500-1150 °C for 40 h. In the LPS method,
the Li source exists inside the pellet, whereas in the LPPS method, it
penetrates the pellet from the outside (Fig. 1b). The LPPS, LPS, and SPS
methods are illustrated in Fig. 1.

2.3. Synthesis of garnet-type Lig sLasZr; sTag 5012 by solid phase
sintering

For comparison with the LPPS and LPS methods, garnet-type LasZ-
r1.5Tag 50g.75 pellets were also produced using the conventional SPS
method. The LasZr; sTag 50g.75 powder was mixed with LiOH-H,0 in a
molar ratio of 1:6.5. An excess of 10 wt% LiOH-H,O was added to
compensate for Li loss during the heating process. The precursor powder
was milled with hexane and zirconia balls for 6 h at 400 rpm using a
planetary mill and then dried at 80 °C. The powder was uniaxially
pressed at 100 MPa into pellets and calcined at 900 °C for 12 h at a
heating rate of 10 °C min~". Solid-state sintering was conducted under
an air atmosphere on a magnesia plate. The synthesized LLZTO powder
was uniaxially compressed at 6.25 MPa and then isostatically pressed at
200 MPa for 5 min to produce a green body with a diameter of 10 mm. In
order to suppress Li evaporation, the green bodies were coated with the
main (LLZTO) powder and sintered in air at 500-1150 °C for 40 h
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Fig. 2. X-ray diffraction pattern of the samples prepared by (a)LPPS, (b)LPS
and (c)SPS method. Reflections from fluorite-type LasZr;sTags0g7s and
garnet-type LigsLasZry sTags012 are labelled with Miller indices coloured in
red and blue, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Fig. 1c).
2.4. Characterization

X-ray diffraction (XRD) patterns of powder samples were obtained
using an X-ray diffractometer (MiniFlex 600, Rigaku) machine in the
range of 20 = 10°-80° at a scanning rate of 3° min~! with a Cu-
K,radiation. Li:La:Zr:Ta atomic ratios were measured using inductively
coupled plasma optical emission spectroscopy (5800 ICP-OES, Agilent).
The microstructures of the sintered pellets were analyzed using scanning
electron microscopy (SEM; VE-8800, KEYENCE and JSM-7800F, JEOL
Ltd.). Elemental analysis was performed using energy-dispersive X-ray
spectroscopy (EDS) coupled with SEM. The ionic conductivity was
measured using impedance spectroscopy. Li-ion-blocking Au electrodes
were sputtered onto both surfaces of the sintered pellets after they were
polished with sandpaper (#400). The impedance spectra were collected
using a high-frequency impedance measurement system (E4990A
Impedance Analyzer, Keysight Technologies, Inc.). The frequency range
was 100 MHz —20 Hz and the AC amplitude was 10 mV. The temper-
ature dependence of the ionic conductivities was measured in the range
of —50 °C to 50 °C. Non-blocking electrode cells with a Li/LLZTO/Li
configuration were prepared to evaluate the critical current density and
Li/LLZTO interface resistance. Thin-film Li electrodes were prepared by
vacuum thermal evaporation of lithium metal on both sides of the
LLZTO pellets. Charging and discharging were performed for 10 min at
each current density for 11 cycles. The SEM morphologies of the sintered
bodies were investigated on cross sections prepared by Ar ion milling
using a cross-section polisher (CP, IB-09020CP, JEOL) and a mechanical
polisher (IS-POLIDHER ISPP-1000, Ikegami Seiki Co.). Secondary ion
mapping was performed using a time-of-flight secondary-ion mass
spectrometer (TOF-SIMS5, ION-TOF). A mapping analysis was per-
formed using a Bij " primary ion beam operating at 60 keV and 0.5 pA.
The mapping area was 100 x 100 pm? with a spatial resolution of 254 x
254 pixels. The measurement area was pre-sputtered using an O3 beam
at 1 keV.

3. Results and discussion
3.1. Crystal structure

Fig. 2(a) shows XRD patterns of the LPPS samples sintered between
500 °C and 900 °C. The precursor powder, LasZr; 5Tags0g.75, had a
fluorite-type structure. The overall XRD pattern of the precursor, LasZ-
1r1.5Tag 50g.75 is also illustrated in Fig. S1 in Supplementary Information.
The lattice constant is 5.42 A. The XRD patterns of fluorite-type LasZ-
r1.5Tag 50g.75 [48] and pyrochlore-type LasZro07 [51] were very similar.
Based on its compositional identity, the precursor powder was attributed
to a fluorite-type structure. The melted LiOH-H,O permeated and
reacted with the LasZr;sTapsOgy7s pellets to form garnet-type
Lig sLagZr; sTag 5012 as shown in Eq. (1). The sample diffraction peaks
sintered at a low temperature of 500 °C can be assigned to garnet-type
LLZTO. This suggests that LasZr; sTag 50g.75 reacted with molten LiOH
since the melting point of LiOH-H50 is 450 °C, which is expressed as Eq.
(1.

LEl3ZI'1_5T21()_508_75 + 6.5LiOH-HzO—>Li6_5La3Zr1v5Ta0_5012 + 975H20T (1)

The XRD patterns for LPPS samples exhibited shoulder peaks on the
left side, especially at 700 °C. Owing to the excess LiOH in the LPPS
method, H,O may have been formed by the partial decomposition of
LiOH. Consequently, partial proton exchange may occur in LLZTO. The
left-sided shoulder peaks can be explained by Li*/proton exchange with
a larger lattice constant. Above 800 °C, the XRD patterns of the LPPS
sample showed a single phase of the cubic LLZTO. [48]

Fig. 2(b) shows XRD patterns of the LPS samples sintered at
500-1150 °C. Similar to the illustration in Fig. 2(a), a structural change
from fluorite-type to cubic garnet was observed in the LPS pellets.
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Fig. 3. (a) Density and (b) conductivity of LLZTO prepared at sintering temperatures of 500-1150 °C. (c) Arrhenius plot for total conductivity of the LLZTO sample

measured using Au/LLZO/Au blocking electrodes.

Fig. 2(c) shows XRD patterns of the SPS samples sintered at
500-1150 °C. Because cubic garnet-type LLZTO powder was synthesized
and then sintered into pellets, the dominant diffractions in all the pat-
terns can be assigned to LLZTO. As the sintering temperature increased,
the diffraction lines narrowed, owing to the enhanced crystallinity of
LLZTO. Although the powder used for the SPS method is LLZTO, dif-
fractions from fluorite-type LasZr; 5sTag 50g 75 are observed in the XRD
patterns at 500 °C and 600 °C. The formation of LasZr; 5Tag 50375 is due
to the partial decomposition of the proton exchanged LLZTO at 500 °C
[45,47,52]. In the SPS method, the starting material (LLZTO) is partially
proton-exchanged because it is stored in air. Proton exchange also oc-
curs during LLZTO regrind. Therefore, a decomposition reaction occurs
at 500 °C, resulting in LasZr; 5Tag 50g.75 and HyO. Then again at 700 °C,
LasZry sTag 50g.75 reacts with excess LisO (from the covered LLZTO
powder) to form LLZTO [12]. For the LPS and LPPS methods, the starting
materials (LZTO and LiOH-H50) were stable in air. Thus, proton ex-
change does not occur when stored in the open atmosphere. The lattice
constants of the synthesized LLZTO are as follows: a = 12.93 A by LPPS
at 800 °C, a = 12.93 A by LPS at 1150 °C, and a = 12.94 A by SPS at
1150 °C. The lattice constant of the LPPS sample is slightly smaller than

that for single crystals, a = 12.9455 A, reported by Kataoka et al. [53].

3.2. Density and ionic conductivity

Fig. 3(a) shows the densities of the samples prepared using LPPS,
LPS, and SPS as functions of the sintering temperature. The density was
calculated from the external dimensions and masses of the pellets. The
densities of the samples prepared using SPS and LPS are <3.0 g cm™°
between 500 and 700 °C, then increase rapidly above 800 °C. The
density of the SPS sample was 5.0 g cm™> at 1100 °C. The theoretical
density of LLZTO is 5.4 g cm™°; therefore, the relative density of this
sample is 92.5%. The difference in the densities of the LPS and SPS
pellets was small. In the LPS method, pellets are formed from a mixed
powder comprising LasZr; sTag 50s.75 and LIOH-H20, where LiOH-H20
occupies 58% by volume. Therefore, large voids remained between the
LLZTO grains, preventing densification by capillary action.

In contrast, the LPPS sample is denser than 4.0 g cm > even at a low
sintering temperature of 500 °C. The pellets were densified by pene-
tration of the liquid phase from the outside. In the LPPS method, only
LasZr; sTag 50875 is used to form pellets; therefore, the distance
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Fig. 4. (a) Complex impedance plot and (b) direct current polarization curve of LLZTO prepared by the LPPS method using the Li/LLZTO/Li symmetric cell.
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Table 2
Ry, Rgp and Ryj/11710 for LLZTO prepared by the LPPS method.

T(°C) Ry, (Q cm)

Rgp (Q cm) Ruijiizro (Q cm)

25 1250 2801 2459

between the particles is sufficiently small for capillary action to occur.
For the chemical reactions shown in Eq. (1) to proceed only Li and O
must diffuse into the interior of the LagZr; sTags0g 75 grains, which
maintains the pellet shape. The diffusion of Li and O is rapid enough
because the reaction proceeds through the pellet even at a low tem-
perature of 500 °C.

Fig. 3(b) shows the ionic conductivity of the samples prepared by
LPS, LPPS, and SPS at 25 °C. In the SPS method, the ionic conductivity
increases gradually from a sintering temperature of 700-1000 °C and
abruptly at 1100 °C, reaching the maximum value of 4 x 10*Sem™L. In
the LPS method, the ionic conductivity increases rapidly between 1000
and 1100 °C and reaches a maximum ionic conductivity of 2 x 10~ §
cm lata sintering temperature of 1100 °C. In contrast, the LPPS sam-
ples show ionic conductivities higher than 1 x 10™* S cm™! even at low
sintering temperatures from 600 °C to 900 °C. An exceptionally high
ionic conductivity of 2 x 10~* S em™! is achieved at 800 °C. The ionic
conductivity and density were comparable between the LPS and SPS
methods and were significantly improved by the LPPS method.

900 °C

Solid State Ionics 403 (2023) 116408

Fig. 3(c) shows the Arrhenius plots of ionic conductivity in the
temperature range of —50 °C to 50 °C for the samples prepared by LPPS
and SPS. The total ionic conductivities, including the bulk and grain
boundary contributions, are shown in Fig. 3c. The lithium-ion conduc-
tivity (o) was determined using the Arrhenius equation:

E
oT = o‘oexp( — k_aT) s 2)
B

where oy is a preexponential factor, E, is the activation energy, kg is the
Boltzmann constant (1.381 x 10723 J K’l), and T is the absolute tem-
perature. The conductivities of all the samples were linear with respect
to the T~! function, indicating that the ionic conduction pathways were
unchanged over the measured temperature range. The activation en-
ergies of the LLZTO pellets prepared at 700 °C and 800 °C by the LPPS
method and LLZTO pellets prepared by the SPS method at 1150 °C are
0.41 to 0.42 eV, respectively, which are consistent with the values in
previous reports [24,54-56]. On the other hand, LLZTO pellets prepared
by the SPS method at 800 °C exhibit a very high activation energy (0.7
eVv).

To evaluate the resistance of the Li/LLZTO interface, a Li/LLZTO/Li
symmetric cell was created using Li thin films deposited on both sides of
the sample. Fig. 4(a) shows a complex impedance plot of the LLZTO
prepared by the LPPS method at 800 °C. The impedance plot was
normalized by multiplying a factor of A [, where, A and [ are the

1100 °C

—

LPPS

LPS

SPS

Fig. 5. Cross-sectional SEM images of LLZTO pellets fabricated using the LPPS method at (a) 700 °C and (b) 900 °C. Cross-sectional SEM images of LLZTO pellets
fabricated using the LPS method at (c) 700 °C, (d) 900 °C, and (e) 1100 °C. Cross-sectional SEM images of the LLZTO pellets fabricated using the SPS method at (f)

700 °C, (g) 900 °C, and (h) 1100 °C.
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O

Fig. 6. EDS mapping images of LLZTO fabricated via liquid phase sintering. (a) Mapping area, (b) O, (c) Zr, (d) La, and (e) Ta.

surface area and thickness of the pellet, respectively. Complex imped-
ance plots for polycrystalline ion-conducting ceramics with Li electrodes
usually consist of three semicircles corresponding to the intraparticle
(bulk, Rp), intergranular (grain boundaries, Rgp), and Li/LLZTO inter-
face (Rpi/11zT0) resistances. However, the two semicircles resulting from
the bulk and grain boundary elements are not well separated in this
sample. Similar behavior has been observed for other garnet-type
lithium-ion conductors [5,15,23,28,39,57]. To obtain the bulk and
grain boundary resistances, the equivalent circuit is shown in the inset of
Fig. 4(a), where CPE, a constant phase element for each component, was
fitted to the experimental data. Table 2 presents the resistance values
separated by the fitting line. The resistance of the Li/LLZTO interface
was lower than that of LLZTO.

The critical current density was investigated to characterize the
stability of the LLZTO/Li interface. Fig. 4(b) shows direct current cycling
of the Li/LLZTO/Li symmetric cell at room temperature. The relation-
ship between the cell voltage and current density followed Ohm's law up

to a current density of 0.2 mA cm 2 and deviates at a current density of
0.6 mA cm 2. The critical current density was comparable to that of
dense LLZTO pellets prepared using high-temperature sintering [58].
Introducing additives such as LiOH, Li;COs, LigPOy, Li3BOs3, and lithium
halides effectively reduces pores by suppressing the formation of Li
dendrites [59-63]. Similarly, the pellets prepared by the LPPS also
suppress the formation of Li dendrites by filling the pores with
LiOH-H30.

3.3. Cross-sectional morphology

The cross-sectional SEM images shown in Fig. 5(a)-(h) show the
difference in grain structures of the samples prepared using LPPS, LPS,
and SPS methods. The grain growth of the LLZTO pellets prepared via
SPS increased after 900 °C, as shown in Fig. 5(f)—(h). The particles grew
rapidly at 1100 °C, and the sintered bodies became extremely dense. In
contrast, as shown in Fig. 5(a), LLZTO particles in the pellets prepared
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l LaO* fragment [l Li,OH* fragment

Fig. 7. Local fragment distribution of LaO" (blue) and Li,OH"(orange) frag-
ments for LLZTO pellets using liquid phase sintering. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Elemental contents of the sintered samples measured by ICP-OES. The ratios are
normalized with respect to the La content.

Li La Zr Ta
LasZry sTag 50375 prepared by solid phase 0.00 3.00 1.50 0.50
reaction method
LLZTO prepared at 800° C by the LPPS 1045 3.00 1.51 0.50
LLZTO prepared at 1150° C by the SPS 6.40 3.00 1.48 0.49

by LPPS grew, even at 700 °C. This microstructure contributes to high
ionic conductivity at low sintering temperatures. In the sample prepared
by LPS, as shown in Fig. 5(c) to (e), grain growth progresses from 700 °C
to 1100 °C. However, as shown in Fig. 5(d), many voids exist between
the LLZTO particles to form an insufficiently connected structure, even
at 900 °C.

Fig. 6 depicts cross-sectional SEM-EDS images of the sample pre-
pared with LPPS at 800 °C. The La, Ta, and Zr distributions indicate that
the light-gray areas in Fig. 6a are LLZTO particles. The dark gray areas
between the LLZTO particles only contain O and are free of La, Zr, and
Ta. In contrast, only reflections from LLZTO are detected in the XRD
pattern in Fig. 2(a), suggesting that these intergrain regions comprise
amorphous phases. To investigate the composition of the intergrain
phase, high-resolution TOF-SIMS imaging was performed on a cross-
section of the pellet.

Fig. 7 shows a TOF-SIMS image of a pellet prepared using LPPS at
800 °C. TOF-SIMS enables the simultaneous analysis of a large number
of fragments. For simplicity, the image focused on the LaO™" and Li,OH~
fragments. The Li;OH™ distribution is indicative of LLZTO particles, and
LaO™ shows the same distribution as ZrO™, which is consistent with the
SEM-EDS results. In contrast, the Li" and Li;,OH" fragments are present
in the intergrain region. Therefore, the intergrain phase was concluded
to be amorphous LiOH. Further, Fig. S2 illustrates the scanning trans-
mission electron microscopy and electron energy-loss spectroscopy
(EELS) results of the grain boundary phase between the LLZTO of the
sample prepared by LPPS at 800 °C. The EELS pattern of the intergrain
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Fig. 8. Cross-sectional SEM images of the pellets fabricated via LPPS at 800 °C.

phase was similar to that of LiOH, but not to that of lithium carbonate.
The melting point of LiOH was 475 °C under atmospheric pressure, and
the dehydration of LiOH into Li;O with associated H,O departure
occurred at 477-577 °C [64]. In the LPPS method, the sintering tem-
perature is higher than the dehydration temperature, ranging from
500 °C to 900 °C for 40 h. In the present method, dehydration may be
more difficult than under atmospheric pressure because LiOH is
confined to the grain boundaries and no gas-phase H»O is generated.

Table 3 summarizes the results of ICP-OES analysis for three samples:
the precursor material LasZr; 5Tags0g.75 powder, LLZTO prepared by
LPPS at 800 °C, and LLZTO prepared by SPS at 1150 °C. The elemental
ratios in Table 3 are normalized with respect to a La content of 3. The
ICP results of LasgZry sTaps0g75 are in excellent agreement with its
stoichiometric composition. The Zr and Ta atomic ratios in the LLZTO
prepared using LPPS and SPS also agreed with the designed elemental
ratios. Conversely, the Li content of LLZTO prepared by LPPS at 800 °C is
10.45, which is considerably higher than that of the stoichiometry of
LLZTO (6.5). This can be attributed to the amorphous LiOH component
between the LLTO grains. Based on the ICP-OES results, the theoretical
density of the LLZTO and LiOH composite was 4.3 g cm 2. Conversely,
the experimental density of the pellets prepared by LPPS at 800 °C is 4.0
g cm 3, indicating that the LPPS provides very dense LLZTO pellets with
a relative density of 93% at 800 °C.

The volume ratio of the LLZTO component in the composite pellet
obtained from the ICP-OES analysis was 71%. Considering the relative
density of 93%, the volume ratio of LLZTO in the pellets was 66%.
Compared to pellets prepared by SPS at 1000 °C, where the relative
density of LLZTO was similar (62%), the ionic conductivity of the LPPS
pellets was >10 times higher. Since the ionic conductivity of LiOH is
very low (1 x 10°Scem ! at 150 °C) [65], it was assumed that LiOH did
not contribute to the ionic conduction in the pellet prepared by LPPS.
This suggests that LLZTO prepared by LPPS provides an excellent con-
duction pathway for Li" ions. As seen in the cross-section of the LPPS
pellets, the network structures formed by the coarse LLZTO particles
support ionic conduction (Fig. 8).

As shown in Fig. 1(a), the liquid phase permeates from the outside
into the pellet, in which the precursor particles are in close contact with
each other, such that the permeating LiOH melt forms a continuous
LLZTO network from the outside of the pellet. This continuous network
formation of coarse particles establishes a continuous pathway for
lithium-ion conduction, resulting in high ionic conductivity.

4. Conclusions

In this study, dense garnet-type LLZTO ceramics with good ionic
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conduction were prepared at low temperatures (500-900 °C) via LPPS.
Grain growth and interactions proceeded using the LasZrj 5Tags50s.75
precursor and LiOH-H,0 melt to provide Li conduction pathways. The
pellet prepared using LPPS at 800 °C exhibited an ionic conductivity of
2 x 107*S cm™!. SEM-EDS and TOF-SIMS measurements revealed that
the LLZTO particles connected to form a conduction network for lithium
ions with high ionic conductivity in the presence of amorphous LiOH.
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