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Abstract: The sintering and processing of garnet-type solid ceramic electrolytes (e.g.,
Li7La3Zr2012 (LLZ)) are challenging because the material composition and
microstructure at high temperatures must be carefully controlled to obtain the
stabilization of highly conductive cubic phase and dense ceramic. Liquid-phase
sintering using sintering aids is typically used for densifying ceramic materials, as it is a
faster and/or lower-temperature process. In this study, we used solution-process-
derived sintering additives to sinter garnet-type solid electrolytes highly effective in
terms of relative density and properties at 1000 °C (10h). The liquid phase formation
during the sintering was rationalized to establish the optimal sintering conditions. The
use of 1.2-vol% 75Li20+25B203 and 1.5-vol% AlI203 as sintering additives was
highly effective in densifying a Ta-doped LLZ, achieving a high ionic conductivity of 0.8
mScm -1 (25 °C) with low activation energy (9 kd mol —1 ) and almost negligible
contribution of the grain boundary resistance (10%).
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Abstract

The sintering and processing of garnet-type solid ceramic electrolytes (e.g., Li7LazZrO12
(LLZ)) are challenging because the material composition and microstructure at high
temperatures must be carefully controlled to obtain the stabilization of highly conductive
cubic phase and dense ceramic. Liquid-phase sintering using sintering aids is typically used
for densifying ceramic materials, as it is a faster and/or lower-temperature process. In this
study, we used solution-process-derived sintering additives to sinter garnet-type solid
electrolytes highly effective in terms of relative density and properties at 1000 °C (10 h). The
liquid phase formation during the sintering was rationalized to establish the optimal sintering
conditions. The use of 1.2-vol% 75Li20-25B,03 and 1.5-vol% Al>Os3 as sintering additives
was highly effective in densifying a Ta-doped LLZ, achieving a high ionic conductivity of
0.8 mS cm™!' (25 °C) with low activation energy (9 kJ mol™!) and almost negligible

contribution of the grain boundary resistance (10%).

Keywords: garnet-type solid electrolyte, solution process, sintering additives, processing,

sintering
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Lithium-ion conductive solid ceramic electrolytes with a garnet structure (e.g., Li7LazZrO12
(LLZ)) are usually prepared by a solid-state reaction including several grinding and
calcination steps with a final sintering at a temperature of approximately 1200 °C, in which
a dense ceramic with a highly conductive cubic phase is obtained. At such temperatures, the
control of the material composition and microstructure (lower contribution of the grain
boundary resistance) is rather challenging considering the easy volatilization of lithium [1,

2].

Liquid-phase sintering is typically used for densifying ceramic materials at faster and/or low
temperatures, which proceeds by mixing a low-melting-point sintering additive with ceramic
particles sintered at a temperature equal to or higher than the melting point of the sintering
additive. In the liquid-phase sintering, the liquid phase promotes shrinkage at the initial stage
because of the rearrangement of the particles and dissolution and reprecipitation processes.
Simultaneously, the surface energy tends to reduce the gas—liquid interface expelling the
bubbles from the system. When the sintering temperature is reached, full densification of the
ceramic is achieved. Al2Os is a widely used sintering additive for garnet-type solid ceramic
electrolytes, which changes both crystal grain composition and grain boundary. As the
eutectic temperature of the LioO—Al>O3 binary system is approximately 1055 °C [3-5], the
formation of this liquid phase promotes the sintering. Different sintering additives have been
proposed [4-15]. Among them, Li3BO3 (with a content of approximately 6—10 wt%) is one
of the most efficient additives to reduce the sintering temperature, as it is unreactive during
sintering and enables to obtain relatively dense solid electrolytes at a temperature of 800 °C.

Amorphous lithium borate is present at the triple-point grain boundaries. LizBO;3 is
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presumably present at the interface as a layer at the grain boundaries between the LLZ
particles. Large regions of lithium borate through the composite electrolyte have been
observed [4, 16]. Therefore, the total lithium-ion conductivity of the composite solid
electrolyte containing the sintering additive was strongly affected by the content of the
sintering additive. As the lithium-ion conductivity of LisBOs is approximately 1076 S cm™
[17], the addition of a large amount of this sintering additive increases the resistance of the
composite solid electrolyte, leading to a large decrease in the conductivity, while an
insufficient amount leads to a poor densification and insufficient lithium pathway for the

ionic conductivity [4, 8-10, 12, 13, 15].

In this study, we propose an alternative route to sinter garnet-type solid ceramic electrolytes
using solution-process-derived sintering additives to overcome the limitations of current
sintering additives. The use of solution-process-derived sintering additives enables a
significant reduction in the sintering additive content, and thus a composite electrolyte in
which the lithium-ion transport properties are attributed mainly to the highly conductive
phase of the garnet solid electrolyte. We studied the effects of LiO—B20O3 and Al,Os solution-
derived sintering additives on the sinterability of a Ta-doped LLZ (LLZT). The effect of
solution-derived sintering additives was compared to their powder-state counterparts. In
addition, to strengthen the liquid-phase sintering, lanthanum oxide was used to modify the
liquid phase generated at low temperatures because the eutectic temperature for binary
systems such as LiBO>-La>O3 can be as low as 710 °C [18]. Thus, 1.2-vol% (0.5 wt%)

75L120-25B203 and 1.5-vol% Al>Os3 as sintering additives are highly effective in densifying
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an LLZT ceramic solid electrolyte achieving the highest ionic conductivity of 0.8 mS cm™

at 25 °C reported for this type of composite electrolytes.

a.

SA powders

o

Figure 1. Illustration of the liquid-phase sintering assisted by the (a) powder and (b) solution-

process-derived sintering additives. 7" and 75 are the temperature (during heating) and

sintering temperature, respectively.

Figure 1 illustrates the liquid-phase sintering assisted by the powder and solution-process-
derived sintering additives. The major difference between the two procedures is that the use
of a solution-process-derived sintering additive could provide a more uniform mixing
between solid electrolyte particles and sintering additive because of its fluidity compared to
those added in the powder-state. The smaller particles of the sintering additive forming a
coating on the solid electrolyte particles, after solvent removal, are expected to enhance the
liquid-phase sintering even at a small addition amount. Subsequently, liquid-phase sintering

occurs, as described above.
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Figure S1 shows scanning electron microscopy (SEM) images and X-ray diffraction (XRD)
patterns of the LLZT powder used to evaluate the effect of the sintering additives. The
morphology of the LLZT powder shows agglomerated particles with sizes between 5 and 20
um and secondary particle sizes of approximately 1 um. The XRD pattern matches well with
a low-temperature garnet-type cubic phase with the /a3d space group (ICSD #183607) and
lattice parameter of @ =12.887(4) A. La;Os was the major secondary phase. The intermediate
LaxZr,O7 pyrochlore phase could also be present in a lower amount [4, 16], following the

general reaction for LLZ usually obtained by the sol—gel process,
7L12CO; + LaxO3 + 2LaxZr.07 — 2Li7LasZr012 + 7COs. (1)

The precursors of 75Li20-25B,03 and Al,O3 sintering additive were obtained by a sol—gel
process (referred to as LBO and ALO; sols, respectively) because nanoscale sintering
additive precursors in a solution system can be easily obtained by mixing the metal alkoxide
or salts and uniformly distributed on the LLZT particles. The following cases were evaluated:
(1) LBO and ALOs in the powder states, (i1) LBO in the sol state and Al,O3 in the powder
state, and (iii) LBO and Al>Oz in the sol states (LLZT-PP, LLZT-SP, and LLZT-SS, denoting
the state of each additive (powder or sol), respectively). Figures 2a and 2b show SEM images
of the LBO and AlO3 powders, respectively. Agglomerates (approximately 50 pm) with
secondary particle sizes below 5—-10 um were observed for the LBO powder, while the Al,Os
powder exhibited an average particle size of approximately 1 um. The in-situ precipitation
of LBO and Al,O3 from sols is expected in glassy phases with a smaller particle size

(nanoscale) (Figure 1b).
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Figure 2. a,b) SEM images of the LBO and Al,O3 powders, respectively. ¢) XRD patterns

of LLZT-PP, LLZT-SP, and LLZT-SS sintered at 1000 °C.

Figure 2 shows the XRD patterns of LLZT-PP, LLZT-SP, and LLZT-SS sintered at 1000 °C.
The cubic phases with the la3d space group (ICSD #183607) were the main phases with
lattice parameters of 12.898(5), 12.905(4), and 12.930(2) A for LLZT-PP, LLZT-SP, and
LLZT-SS, respectively. LLZT-PP and LLZT-SP exhibited other peaks attributed to the
tetragonal phase with the /41/acd space group (ICSD #238686), LaAlOs3, and unidentified
phases. The transition to the tetragonal phase is associated with the insufficient stabilization
of the cubic phase, which suggests a nonuniform distribution of the sintering additives or
insufficient amount of them, which could be the main reason for the promotion of secondary
reactions during sintering. Nonetheless, the addition of solution-derived sintering additives

leads to a single-phase cubic garnet structure with a lattice parameter in good agreement with



O J oy Ul WN -

Y OYOYOYOYOY U U Ul U1 U1 U1 U1 U1 U1 Ol DD DD DDDWWWWWWwwwwwhhNhhhNdNdNDNDNDNNNRFRERRRERERRRRREBE
GO WNEFPF OWOOW--JITOHUd WNRE O WO-JIOHU D WNREFEOWLW-ITOHUd WNE OWOWJOU P WNhE O WOW-J0o Uld W P O W

that of LLZT (12.94 A) [1, 2]. This confirms that the liquid phase of sintering additives
formed during the sintering remains almost unreactive with LLZT grains and is present in

the sintered ceramic body as an amorphous phase.

10 um ——

Figure 3. Cross-section SEM images of a) LLZT, b) LLZT-PP, ¢) LLZT-SP, and d) LLZT-

SS sintered at 1000 °C.

Figure 3 shows cross-sectional SEM images of the LLZT pellets without and with sintering
additives, including the relative densities. The relative densities of LLZT, LLZT-PP, LLZT-
SP, and LLZT-SS were 50%, 78%, 94%, and 88%, respectively. LLZT sintered in the

absence of sintering additives exhibited a porous microstructure with single particles with a
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size of approximately 1 pm, indicating an insufficient densification. In contrast, the sintering
additives positively contributed to the LLZT densification, where larger grains (above 20
um) were observed as a clear signal of the grain growth and enhanced sintering. Notably, the
relative densities of LLZT-PP and LLZT-SP were over- and under-estimated because these

samples contained secondary phases (Figure 2b).

5um———

Figure 4. a,b) Cross-section SEM images of LLZT-SS (polished surface). c) Energy-
dispersive spectroscopy (EDS) analysis, including composition mapping of aluminum,

lanthanum, and zirconium.

The detailed microstructure of LLZT-SS was investigated by SEM—EDS on the cross-section

polished surface, as shown in Figure 4. Particles larger than 20 pm in intimate contact with
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smaller grains (approximately 1 um) were observed. In some regions of the surface, dark
regions were observed between the grains (Figure 4b). The EDS analysis (Figure 4c) shows
that these areas correspond mostly to aluminum-derived compounds, which suggests that
they are located at the triple point grain boundaries, as expected. Lithium-borate-derived
compositions are also expected to be a part of these dark regions. Similar observations have
been reported for LLZ composite electrolytes containing LBO [4]. Notably, the use of LLZT
(commercialized powder) with almost negligible secondary phases and sintering with LBO
and Al,O3 sols under the same conditions did not achieve a sufficient densification (63%,
Figure S2), which suggests that the liquid-phase formation during sintering is more complex
than expected. Intermediate liquid phases are formed between LBO and LayOs3 at
temperatures around 700 °C [ 18], which results in a considerable enhancement in the ceramic
densification and facilitates the excess consumption of lanthanum oxide in the calcined LLZT

powder (Figure S1).

Figures 5a and b show Nyquist plots of the electrochemical impedance of the LLZT pellets
with sintering additives measured at 25 °C. The semicircles at high frequencies (>10 kHz)
are associated to the resistance of the LLZT composite electrolyte involving grains and grain
boundaries. The tail at low frequencies is attributed the stainless-steel blocking electrodes.
The wide semicircle of LLZT-PP suggests that most of the contribution of the impedance
corresponds to the high resistance of the grain boundaries [4] because of the poor
densification or series of highly resistive components generated by the secondary phases
through the pellet. The depletion of the semicircle of LLZT-SP at high frequencies (1 MHz)

is associated with the better densification allowing the separation between grain and grain

10
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boundary resistances in good agreement with LLZ garnet electrolytes sintered with and
without sintering additives in which grain resistance contribution is observed between ca. 1
MHz-1 GHz [8, 19]. The same separation can be observed in the impedance profile (Figure
5b) of LLZT-SS with a major contribution at higher frequencies (1-3 MHz) and almost
negligible contribution at intermediate frequencies (1-0.1 MHz), which suggests that most
of the impedance corresponds to the lithium-ion transport through the LLZT grains with a

negligible contribution of grain boundaries.

a. b.
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Figure 5. a-c) Nyquist plots of LLZT pellets with sintering additives at room temperature.
Open circles represent the measured data, and solid lines indicated the fit of the data.
Information of fitting to the equivalent circuit is provided in Figure S3. d) Arrhenius plot of

LLZT pellets obtained by the total ionic conductivity.

11
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The total ionic conductivity (grain + grain boundary) calculated by the fitting of impedance
profiles to the equivalent circuits (Figure S3, Table SI) was 0.063, 0.16, and 0.8 mS cm ™! for
LLZT-PP, LLZT-SP, and LLZT-SS, respectively. The grain and grain boundary resistances
of LLZT-SS was 136.3 and 17.5 Q.cm (Figure S3c, Table SI), respectively. Thus, the grain
conductivity in LLZT-SS was estimated to be approximately 90% of the total conductivity,

higher than that in LLZT-SP (46%).

Figure 5b shows an Arrhenius plot of the LLZT pellets obtained by the total ionic
conductivity in the temperature range of 25—-125 °C. The activation energy was 14, 12, and
9 kJ mol! for LLZT-PP, LLZT-SP, and LLZT-SS, respectively. The lowest activation
energy obtained when LLZT is sintered with LBO and Al>Os3 sols is attributed to the low
resistance of the grain boundaries. In other words, the ion mobility through the grain
boundaries, formed by a more uniform distribution of sintering additives presumably located
at the grain boundaries, is facilitated by the good contact between the LLZT grains and
sintering additives. Moreover, the activation energies of all LLZT pellets sintered with sols
or powders are lower than the reported activation energies for Al, Ta-doped LLZ (~30 kJ
mol ') [1] which suggests the formation of almost Al-undoped LLZT grains. attributedto
The intragranular ionic conductivity of the Al-free LLZT solid electrolytes;whieh can exhibit
activation energies as low as 10 kJ mol™! [20]. This is in good agreement with the EDS
analysis (Figure 4c), which suggest that the Al2Os sol is located mainly at the triple points

grain boundaries and presumably along the grain boundaries between LLZT particles.

12
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Table I compares reported LLZ composite electrolytes prepared by the addition of LBO
with/without Al>Os sintering additives and that prepared in this study. The liquid-phase
formation during the sintering was promoted by reducing the particle size of LBO using
several grindings and multi-step heating. However, the required amount of LBO cannot be
lower than ~4.5 - 10 wt% to achieve a sufficient densification. The considerable reduction of
LBO (2 wt%) reported by Jonson and McGinn [12] has been achieved by sintering a Nb-
doped LLZ under an argon atmosphere, where LBO is effective in forming the liquid phase
during sintering without compensating the liquid loss from the LLZ composition, which
usually occurs under oxygen or atmospheric conditions. Nevertheless, the ionic conductivity
of LLZ solid electrolytes containing LBO phases seems to be not higher than 0.1-0.5 mS
cm ! with a significant contribution of the grain boundaries (up to 50%) and high activation

energies of approximately 2840 kJ mol ' [4, 8, 15, 21].

13
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Table 1. LLZ composite electrolytes prepared by addition of LBO and AL>Os.

Garnet-type solid electrolyte LBO AlLOs ST (°C)  Conductivity = Reference /
(Wt%) (mol%) (mS cm™) year

Ca/Nb-doped LLZ 10 vol.% 0.2 800 0.36 (25 °C) 81/2014
Nb-doped LLZ 2% 0.1 1000 0.25 (NS) (12172018
Ta-doped LLZ 6.3 NS 1000 0.55(30°C) (131/2019
Ta-doped LLZ 20 vol.% ** NS 1000 0.23 (27 °C) (14172020
LLZ 10 2.4 at% 850 0.14 (NS) (15172020
Ta-doped LLZ 0.5(1.2vol%) 0.2 1000 0.80 (25 °C) This study

The presented LLZ pellets are comparable in terms of relative density (approximately 90%).
ST: sintering temperature; NS: non specified; *Argon atmosphere; **Li3zBO3;—Li2CO3
composite.

We utilized LBO and Al>O; as well-known sintering additives for the LLZT solid electrolytes
by varying the processing using the solution-derived sintering additives. The solution-
derived sintering additives were highly effective in densifying LLZT and enhancing the

' with a

lithium-ion transport properties. They provided a high conductivity of 0.8 mS cm™
low activation energy (9 kJ mol™!) and almost negligible contribution of grain boundary
resistance. The initial composition of the garnet solid electrolyte is crucial to achieve the
enhanced properties. The lanthanum oxide was beneficial because it could form liquid phases

in the presence of lithium borate during the sintering. Therefore, further modification of the

composition of both solid electrolyte and solution-derived sintering additives could provide

14
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materials with even higher conductivities or processing at lower temperatures. Moreover, the
proposed approach could significantly reduce the energy consumption of the sintering
process and simplify the grinding and heating stages. This process could be also valuable for

processing of other ceramic materials.

Conclusions

The effects of Li2O-B203 and Al;O3 solution-derived sintering additives on the sinterability
of LLZT solid electrolyte were studied and compared to their powder-state counterparts. The
use of solution-derived sintering additives leads to a single-phase cubic garnet structure and
enhanced densification. In contrast, the transition to the tetragonal phase garnet structure
accompanied with other secondary phases was obtained when powder-state sintering
additives were used. The use of 1.2-vol% (0.5 wt%) 75Li20-25B>03 and 1.5-vol% Al>O3
sintering additives in sintering of LLZT ceramic solid electrolyte achieves a high ionic

1

conductivity of 0.8 mS cm™! at 25 ° with low activation energy (9 kJ mol ') and almost

negligible contribution of the grain boundary resistance (10%).
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Experimental Section.
1.1 Synthesis
Ta-doped LLZ solid electrolyte

The synthesis of Ta-doped LLZ by the sol-gel process was carried out following a reported
procedure!!l. First, LINO3 (99%, Kanto chemicals) and La(NO3)3:6H20 (99.9%, Kanto
chemicals) were dissolved in ethanol. Second, Ta(OC2Hs)s (99.9%, High-purity chemicals),
Zr(OC4Ho)4 (85% in butanol, Wako pure chemicals) and ethyl acetoacetate (EAcAc, 99%,
Kanto chemicals) were dissolved in ethanol under argon atmosphere and stirred for 1 hour.
Then, both solutions were mixed, and the resulted transparent solution was stirred at room
temperature for 1 to 2 hours to obtain a sol. The obtained sol was dried under vacuum between
80 and 130 °C to obtain a dried gel that was later pulverized and heat-treated at 700 °C in an
alumina crucible for 5 hours (1 °C min™!). Finally, 2 g of this powder and 4 mL of toluene
were placed in a ZrO2 pot and grounded at 300 RPM for 6 hours. Then, toluene was
evaporated under vacuum at 100 °C to obtain final LLZT calcined powder. The molar ratio
of Li:La:Zr:Ta:EAcAc was 7.15:3:1.3:0.5:1.5 and lithium was added in 10% excess to

compensate for the loss of Li during sintering.
Sintering additives

The Al2Os sol and powder were obtained by commercial source with particle size ~ 50
nm and ~ 1 pm, respectively. Both materials were used without any further purification or

pretreatment.



The Li120-B20s3 sol was synthesized by the sol-gel process using trimethoxyborane (TMB,
Shin-Etsu Chemicals) and lithium ethoxide (High-purity chemicals) in a molar ratio 3:1 and
total concentration of 40 gL"!. TMB was dissolved in ethanol and stabilized by addition of
EAcAc under argon atmosphere. Then, 0.1 M HNOs3 was added dropwise (molar ratio
TMB:HNO:s3 of 1:0.5), and the mixture was stirred for 1 hour. In parallel, lithium ethoxide
was dissolved in ethanol. Then, both solutions, TMB and lithium ethoxide, were mixed and

stirred for 1 hour to obtain a precursor LBO solution.

The LBO powder was synthesized by the solid-state process following a reported
procedure!! 2], Briefly, the Li2O (Wako pure chemicals) and B2Os (Wako pure chemicals) in
a molar ratio 3:1 were ball milled under an argon atmosphere for 40 hours under 370 RPM.
Then, the milled powder was heat-treated at 210 ° C for 10 hours and finally to 600 ° C for

5 hours to obtain Li3sBO3 powder.
Sintering of LLZT pellets

The sintering additives, sols and/or powders, were added to the LLZT calcined powder
and mixed in a mortar using toluene. Toluene was completely removed at 80 °C for
approximately 2 hours. The calcinated LLZT powder containing sintering additives were
formed into pellets (@ = 10 mm) at 100 MPa (5 min) using a uniaxial press and then, were
sintered at 1000 °C (10 h) using a heating rate of 1 °C/min and intermedium step at 700 °C (5
h). The pellets were sintered under ambient atmosphere using alumina crucibles. The pellets
were thoroughly buried in identical powder to mitigate losses of lithium and prevent any

contamination with crucibles.



1.2 Characterization

Crystal phase was determined by X-ray diffraction (XRD) using a RINT 2000 Ultima
RIGAKU diffractometer. Powder samples were scanned between 10° and 60° at a rate of
2°/min using Cu-Ka radiation. Morphology of the cross-section pellets were observed by
scanning electron microscopy (SEM), performed on a MultiFlex600 and JIB-4600F

Multibeam SEM-FIB Scanning Electron Microscopes.

The relative density was calculated with a geometrical dimension of the pellets and
theoretical density of LLZT (5.11 g cm™). HS Flat Cell HS-3ETK (Hohsen Corporation) was
used to perform the electrochemical measurements. The conductivity of the composite solid
electrolyte pellets was evaluated by the electrochemical impedance spectroscopy (EIS),
under Ar atmosphere. The samples were Au-coated and sandwiched between two stainless-
steel (SS, blocking electrodes) disks used as current collectors. EIS measurements were
conducted using an impedance analyzer (SI 1260, Solartron) in the frequency range of 1-3
MHz to 100 Hz at the amplitude of 80-100 mV. The impedance spectra were analyzed with
ZView (Scribner Associates) to assess the ohmic total resistance (Rt), which was normalized
to the pellet geometry (t: thickness and A: golden surface area) to calculate the conductivity

through the usual formula o =t/ Rt.A.
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Figure S1. a-b) SEM of LLZT calcinated powder. c) XRD pattern of LLZT calcinated powder

compared (Top) with LLZ cubic phase (Bottom) with the a3d space group (ICSD #183607).
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Figure S2. XRD pattern of a) LiscLasZr1.6Tao4O12 powder (commercialized by Toshima,
average particle size: 5 um) and after sintering using LBO and Al2Os3 sols as sintering

additives. LLZ cubic phase was also included as reference (ICSD #183607).
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Figure S3. Equivalent Circuits used to fit the impedance profile of a) LLZT-PP, b) LLZT-SP,
and ¢) LLZT-SS. This should be noted that limited information at high frequencies can induce
uncertainty in the assigned values for the contributions of grain and grain boundary
resistances. To reduce the error, the equivalent circuits used to fit the impedance profiles are
the simplest solution possible. The goodness of fit remains in the order of 10”. R represents
the resistance and CPE the constant phase element, which is characterized by two parameters
C and n. The capacitance can be calculated from CPE = (R'""C)"". Rt (CPEt) is used to
simulate the total resistance containing grain and grain boundary resistances in equivalent
circuit a. R1 (CPE1) and Rz (CPE2) are assigned to grain and grain boundary resistances,
respectively in equivalent circuits b and c¢. CPEct is used to simulate the charge transference

due to stainless steel electrodes.



Table SI. Fitting results of impedance profiles (Figure 5) of LLZT-PP, LLZT-SP, and LLZT-

SS using equivalent circuits in Figure S2.

Sample R1 R2 RTotal | CPE1 CPE2 | CPEt CPEct |n
(Q.cm) | (Q.cm) | (Q.cm) | (F) (F) (F) (F)
LLZT-PP |- - 1319 - - 2x10° |2x107 | 0.76
LLZT-SP | 246.1 210.3 456.4 | - 1x107 | - 1x107{0.78
LLZT-SS |136.3 17.5 153.8 1x101° 1 4x107 | - 1x107]0.83
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