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Abstract. Monophase powders of cubic modification with nominal composition Lig 4Alj,La3Zr,0(, (Al-
LLZO) and Lig 55Aly gsLasZr; 75Tag 2501, (Ta-LLZ) were synthesized. Dense (~97—98%) ceramic samples
of solid electrolyte with increased stability in air were obtained from these powders by spark plasma sintering.
High Li-ion conductivity parameters (4—6x%10~* S/cm) meeting to the world standard have been achieved.
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INTRODUCTION

In the last decade, inorganic solid electrolytes
with high Lit ion conductivity have been intensively
studied in order to use them as membranes,
composite electrodes, and electrolytes in solid-state
electrochemical devices [1, 2]. Solid electrolytes
have a number of advantages over liquid and polymer
materials, as they are characterized by high mechanical
strength, chemical and thermal stability. The use
of solid electrolytes can significantly increase the safety
of lithium-ion batteries (LIB) [3]. Substituted
lithium titanophosphates and germanophosphates
with the NASICON structure, solid solutions based
on lithium-lanthanum titanates with the perovskite
structure, and representatives of a new family
of lithium-conducting solid electrolytes with the garnet
structure of the composition Li;_3,Al,La;Zr,04,
are considered promising in terms of ion conductivity
and stability [4].

The structure of Li;La3;Zr,0;, garnet has two
crystal modifications: tetragonal and cubic. Tetragonal
Li;Las3Zr,04, contains a fully ordered Li* distribution
and crystallizes in the /41/acd space group. Cubic
Li;La;Zr,0,, crystallizes in the la3d space group
and exhibits a disordered distribution of lithium
ions and vacancies caused by lithium deficiency.

I Based on the materials of the report at the 17th International
Meeting “Fundamental and applied problems of solid state ion-
ics”, Chernogolovka, June 16—23, 2024.
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The lithium-ion conductivity of the tetragonal
modification is two orders of magnitude lower than
that of the cubic one. The cubic modification can be
stabilized by partial cationic substitution, for which
the solid electrolyte Li;Las;Zr,0,, is doped with ions
AIPT, Ga3", Nb3*, Ta>", etc. The largest number
of studies are devoted to the partial replacement of Lit
with AI3*, which is an inexpensive alloying additive
and can also be inadvertently introduced into the garnet
structure during annealing in corundum crucibles.
However, the AI3* ion blocks lithium positions, which
leads to a decrease in Li* concentration and a slowdown
in Li* diffusion (unlike Ta>*", which is used to replace
Zr** to avoid a decrease in Li+ content).

We synthesized powders of Al-substituted
Li;La3Zr,0, (Al-LLZO) of cubic modification
by melting the charge followed by solid-phase
annealing, which consists in the interaction
of charge components consisting of low-melting
crystallohydrates ZrO(NO3),-2H,0, La(NO3);:6H,0
and AI(NO3);°9H,0 [5—7]. The powders were pressed
into tablets without binding components in a mold
with a diameter of 12 mm with a force of 100 MPa
and sintered in air at a temperature of 1100—1150° C
in a program-controlled MIMP-3 muffle under
a mother powder of the same composition. For further
practical use, it is necessary to obtain samples with
maximum density from these powders. As noted
in these papers, it was not possible to obtain dense
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Table 1. Modes of solid-phase sintering of Al-LLZO tablets

KUNSHINA et al.

I stage (heating rate, 11 stage
10 degr./min.) (heating rate 2 degr./min) Total hte.:at trf}:latment 0,%
ime,
t, °C Heating time, min t, °C Heating time, min Hold, h
4 6 75
20—1100 110 1100—1150 25
6 8 76—78
1050—1100 25 8 10 72
20—1050 105 1050—1150 50 6 8.5 79
1050—1150 50 8 10.5 7677
8 10.5 74—79
20—1000 100 1000—1100 50
12 14.5 7677
20—1200 180 1200 7 10 80
900—1150 125 11.5 74
20—-900 90
900—1200 150 12 73-74

samples using the classical method of high-temperature
2-stage sintering with prolonged exposure (Table 1).

The maximum density did not exceed 80% (even
with the use of preliminary mechanical activation
of powders on the AGO-2C centrifugal planetary
mill). At the same time, only dense AI-LLZO ceramics
increase the overall ionic conductivity and prevent
lithium dendrites from penetrating through the pores
during cycling, which can lead to a short circuit or
destruction of the sample [8, 9]. In addition, AlI-LLZO
ceramic samples with low density are unstable when
stored in air under normal conditions [10—13]. In this
regard, it is necessary to obtain samples with maximum
density.

To increase the density of solid electrolytes by solid-
phase sintering, various sintering additives (Li,COs,
Li;PO,, LiBO,, LiOH, LiCl, LiF, Li,B,05) are used,
which contribute to the compaction of samples,
improve the microstructure, which leads to a decrease
in grain boundary resistance and an increase in ionic
conductivity [ 14]. However, sintering additives partially
induce the formation of small amounts of amorphous
phases in the grain boundary regions. The formation
of secondary phases limits the ionic conductivity
of the material [15].

An innovative spark plasma sintering (SPS)
method, which consists in high-speed consolidation
of dispersed materials of various chemical
and fractional compositions due to electrical pulse
heating during mechanical compression, may be
promising for obtaining solid electrolytes with
maximum density [16, 17]. The absence of sintering
additives and plasticizers, as well as the short cycle time
of single-stage sintering (minutes) to achieve maximum
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material density (up to 100% of the theoretical)
are the advantages of the SPS method over traditional
sintering technologies. Despite the fact that the SPS
method is a high-tech approach in a new generation
of ceramic synthesis and is a global trend in the creation
of modern ceramic materials for functional purposes,
it is rarely used to consolidate solid electrolytes [ 18—22].

We have demonstrated the positive experience
of using the IPS method to obtain a solid electrolyte
with a NASICON structure of composition
Li; 3Aly3Ti; 7(POy4)3; in [23]. From powders
Lil.3A10.3Til‘7(PO4)3 (LATP) with a narrow
granulometric composition, high-density lithium-
conductive ceramics (~97—98%) were obtained by
SPS method under optimal technological conditions
(sintering temperature 900 °C, molding pressure 50 MPa,
sintering duration 5 min). There was no change
in the phase composition of the LATP samples during
the SPS process. The use of the SPS method made
it possible to significantly reduce the consolidation
time, reduce the sintering temperature, and achieve
an increase in the density and ionic conductivity
of LATP ceramics. The maximum ionic conductivity
(ototal =2.9x10~*S/cm and o bulk = 1.6x10—3 S /cm)
is achieved for single-phase LATP samples
in combination with the maximum density (97—98%).
This is significantly higher than the results presented
by the authors [24].

The purpose of this work was to develop a method
for obtaining dense samples of Al- and Ta-doped solid
electrolyte Li;Las;Zr,0,, with high ionic conductivity
by the SPS method for use in new-generation lithium
batteries (fully solid-state, lithium-sulfur and lithium-
air batteries).

No.1 2025
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Table 2. Modes of preparation of initial powders of cubic modification AlI-LLZO and Ta-LLZO and subsequent consolida-

tion by SPS method
I stage 11 stage 111 stage SPS
té tth| XRF |t,°C|{t,h| XRF MA |t,°C|1,h| XRF |t,°C|t,min| XRF %ni/ o, S/cm
t-LLZO, t-LLZO, | 89— 10—
AL 900 | 4 c-LLZO _ _ 1000 | 10 LLZO | 90% 1-10
LLZO t-LLZO, t-LLZO, . 4.9 4
900 | 4 c-LLZO 1000 | 4 c-LLZO 4x1 min | 1000 | 4 |c-LLZO |1000| 10 |c-LLZO (96%) 4-10
t-LLZO,
c-LLZO
Ta- ; t-LLZO, 5.18 s
LLZO 900 | 4 La,0;, [ 1000 | 4 -LLZO _ 1100 | 6 |c-LLZO| 1100 | 15 |[c-LLZO 98%) 6:10
ZI'Oz,
Ta205
EXPERIMENTAL PART

Preparation of Al-LLZO and Ta-LLZO powders

Monophase powders of Al-substituted solid
electrolyte LisLa;Zr,O;, of nominal composition
Lig 4Alg ,La3Zr,0¢, (Al-LLZO) were prepared as
described in [5]. Mechanical activation (MA) after
powder annealing at 900 °C for 4 hours was carried
out in an AGO-2C planetary mill in a 4x1 min mode
with a centrifugal factor of 20 g in drums, the inner
surface of which is made of zirconium dioxide, using
balls of the same material [25]. The balls: load mass
ratio is 20:1. In order to ensure the macro uniformity
of the powders, the mill was switched off every 1 min
and the contents of the drums were mixed with
a spatula. Next, the mechanically activated powder was
calcined at a temperature of 1000 °C (heating rate of 10
degrees /min) for 4 hours.

Monophase powders of Ta-substituted solid
electrolyte Li7La3Zr2012 of nominal composition
Lig 55Aly gsLazZr; 75Tag 5501, (Ta-LLZO) were prepared
as described in [26]. Since substitution with Ta ions
ensures the transition of the tetragonal modification
to a cubic one under milder conditions than when
substituting with Al ions, mechanical activation of
Ta-LLZO powders was not performed. The authors
[27] conducted all experiments to study the chemical
and thermal stability of Ta-LLZO after SPS using
commercial Lig 4LasZr; 4Tay Oy, [28].

Consolidation of Al-LLZO
and Ta-LLZO powders by SPS method

The consolidation of the prepared Al-LLZO
and Ta-LLZO powders by the SPS method was
carried out at the Spark Plasma Sintering System
SPS-5158 installation (Dr. Sinter-LAB™, Japan)
according to the scheme: 1.5 g of LLZO powder was
placed in a graphite mold (working diameter 1.25 mm),
pressed (pressure 20.7 MPa), then the blank was placed

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 61

t-LLZO

il |I1|l|.| wliy

| ||| 1
c-LLZO

. | I ..,||| Ll

40 50
20, degrees

h|l

[r—— e —

60

Fig. 1. Diffractograms of AI-LLZO powder after solid-
phase annealing at 900 °C (a) and 1100 °C (b) and after
SPS at 1000 °C for 10 min (c).

in a vacuum chamber (10~ atm) and sintered. Graphite
foil with a thickness of 200 microns was used to prevent
the consolidated powder from baking to the mold
and plungers, as well as for unhindered extraction
of the resulting sample. SPS consolidation of LLZO
powders was carried out at a pressure of 50 MPa with
a heating rate of 50 °C/min in the range of 900—1100 °C
with exposure for 5—15 minutes.

The synthesized solid electrolytes Al-LLZO
and Ta-LLZO were characterized by X-ray phase
analysis (XRF), energy dispersive X-ray spectroscopy
(EDX), and impedance spectroscopy. Phase analysis
was performed using an XRD-6000 and Rigaku
MiniFlex-600 diffractometer, CuKa radiation,
scattering angle range 20 = 10—70°. Data processing by
the Rietveld method (refinement of lattice parameters)

No.1 2025
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Fig. 2. Diffractograms of Al-LLZO powder after SPS at 1000 °C for 10 min.
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Fig. 3. Diffractograms of mechanically activated AlI-LLZO
powder of cubic modification (a) after annealing at 1000 °C
and (b) subjected to SPS.

was performed using the smartLLAB Studio II software
within the Rigaku MiniFlex-600 diffractometer.
The international database ICDD PDF-4 was used
to decipher diffractograms.

The density of the samples was determined by
hydrostatic weighing (on an LV-210A electronic
scale with an accuracy of 0.001 g) using CCl, as an
immersion liquid. The theoretical (radiographic)
density for AI-LLZO was 5.1 g/cm3 (ICDD 01—-080—
7219), and for Ta-LLZO it was 5.26 g/cm3 (ICDD
04—023-7624).

Ion conductivity (o) was studied by electrochemical
impedance spectroscopy [29] with an AC signal
amplitude of 0.1 V using a Z-2000 impedance meter
(Elins). The measurements were carried out using
a two-electrode circuit in a shielded cell of a clamping
structure with graphite electrodes. The frequency range
of measurements was 102—2x 106 Hz. The specific ionic
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conductivity (0,,) Was calculated taking into account
the geometric dimensions according to the formula:

4h

c = —— 1
total Rn d2 > ( )

where R is the resistance of the tablet, determined based
on the analysis of the impedance spectrum, 4 and d
are the height and diameter of the tablet, respectively.

The electronic conductivity was determined by
potentiostatic chronoamperometry (PCA), recording
the current density as a function of time after switching
on the polarizing potential [9] using a P-8 potentiostat
(Elins, Russia). The value of the electronic conductivity
of Ta-LLZO was calculated using the formula:

I h
C. = % (2
where [ is the stabilization current, Uis the applied DC
voltage, and / and § are the height and cross-sectional
area of the tablet, respectively.

RESULTS AND DISCUSSION

According to the results of XRF, it was established
(Fig. 1a), that after the 15t stage of Al-LLZO synthesis,
as a result of annealing at 900 °C for 4 hours, a product
with a garnet structure containing no initial unreacted
substances and non-conductive impurity phases
(La,0s3, Zr0O,, La,Zr,0,) was formed. The samples
are well-crystallized powders of individual Al-LLZO
in the form of a mixture of 2 modifications: tetragonal
(ICDD PDF 01-080—6140) and cubic (ICDD PDF
01—-080—7219) in commensurate quantities. An
increase in temperature (up to 1100 °C) and the duration
of powder annealing (up to 6 hours) did not provide
a pure cubic modification of AI-LLZO, and a mixture
of tetragonal and cubic modifications was also present
on the X-ray image (Fig. 15).

Initially, AI-LLZO powders obtained after annealing
at 900 °C were used for SPS consolidation. According

No.1 2025



CONSOLIDATION OF Al AND Ta-SUBSTITUTED Li;La;Zr,0,

75

Table 3. Al-LLZO lattice parameters determined by the Rietveld method

Sample a=b=c,A

Rp,%

Rwp, % x2 v, A

AI-LLZO
Al-LLZO after SPS
Al-LLZO [30]

12.9735
12.96052
12.96529

10.57
3.04
2.895

13.47
4.13
4.105

2.1449
2.1934
2.099

2185
2177
2179

to the XRF data, at various SPS modes (sintering
temperature 900—1000 °C, molding pressure 50 MPa,
sintering duration 5—10 min), AI-LLZO tablets were
also obtained as a mixture of 2 modifications (Fig. 2).
In this regard, the ionic conductivity measured
by electrochemical impedance spectroscopy was
insignificant (it was at the level of 1x10=> S/cm).
Apparently, the short-term SPS process does not ensure
the complete transformation of the low-conducting
tetragonal modification of AI-LLZO into a cubic one.
When using the tetragonal modification, the authors
[21] needed additional heat treatment for 12 hours
at 1175 °C of LLZO samples subjected to SPS, since
the total ionic conductivity of LLZO samples after SPS
was only 7x10~¢ S/cm.

Many researchers have encountered the problem
of the formation of a non-conductive impurity
phase La,Zr,0; after the consolidation of the solid
electrolyte LLZO by the SPS method [18—22]. In this
regard, the data obtained in a recent paper [22] seem
contradictory, where the authors claim a high ionic
conductivity with a cubic modification of LLZO
in the sample at the level of 84% and a non-conducting
impurity phase La,Zr,0; at the level of 13%. Obviously,
for the SPS method, powders of a purely cubic
modification must be synthesized as the initial LLZO
powder, as the authors [19] do, who ground the initial
LiOH-H,0, La,03, ZrO, and Ta,O5 in a ball mill with
isopropyl alcohol for 12 hours. After drying, the powder
was calcined at 900 °C for 6 hours, then crushed, dried
under the same conditions, and heated at 1100 °C for 12
hours in the 24 stage. The powder was then re-ground,
pressed into tablets, and sintered at 1130 and 1230 °C
for 36 hours to obtain a cubic structure electrolyte [19].
The listed processing operations are lengthy, labor-
intensive and energy-consuming.

We have optimized the transition from tetragonal
modification to cubic modification using mechanical
activation. As a result of MA, the dispersion
and reactivity of the powders increases and the tetragonal
modification of AlI-LLZO is completely transformed
into a cubic one after annealing at 1000 °C (Fig. 3a).

Subsequent SPS consolidation of AI-LLZO and
Ta-LLZO powders of purely cubic modification
(obtained according to Table 2) led to the formation
of tablets with a density of ~96—98% of the theoretical.
At the same time, the structure of the cubic modification
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Fig. 4. The spectrum of the Ta-LLZO electrochemical
impedance after SPS in the range of 103—10° Hz. The
insert has a high-frequency section (105—10¢ Hz).

(la3d space group) was preserved and the peak intensity
increased significantly, which indicates an increase
in the crystallinity of the samples after SPS (Fig. 3b).
It should be emphasized that it was not possible to obtain
samples of the specified density using the multi-stage
classical solid-phase sintering of powders with prolonged
exposure, especially for Ta-LLZO [26].

For monophase Al-LLZO powders obtained after
annealing at 1000°C, as well as AlI-LLZO samples
subjected to SPS, Rietveld analysis was performed.
The lattice parameters of cubic AI-LLZO were
calculated by the method of full-profile analysis
of WPPF (Whole Powder Pattern Fitting) radiographs.
The R-factor criteria were the values of the profile
R-factors Rp and Rwp, calculated using standard
formulas (Table 3). The values of the WPPF parameters,
commonly used to assess the quality of profile fitting,
confirm the good quality of the results obtained.
The WPPF refinement showed that the structure
of the samples corresponds to the cubic phase with
the la3d space group.

Fig. 4 shows the spectrum of the electrochemical
impedance of a Ta-LLZO tablet subjected to SPS.
The impedance hodographs of the Ta-LLZO and
Al-LLZO samples constructed on the complex plane
Z7=f(Z’) are identical and consistent with the results

No.1 2025
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Fig. 5. Impedance hodographs of Ta-LLZO samples after SPS (a) and after solid-phase sintering (b). / — measured immediately
after synthesis, /71— after 10 days, /77— after 1 month, /V— after 2 months of storage in air.
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Fig. 6. Chronoamperometric curves for Ta-LLZO after
solid-phase sintering (a) and after SPS (b).

of the authors [20, 31—33], who conclude that
the impedance of the grain boundaries is negligible
compared to the impedance of the grains, probably due
to almost complete absence of grain-boundary resistance.
The conductivity value was calculated by extrapolating
the high-frequency section of the hodograph onto
the active resistance axis. The value of the specific total
ionic conductivity (0,,) of Ta-LLZO tablets at 20 °C,
calculated by formula (1), was 6x10~4 S/cm and 6 times
higher than the value measured on Ta-LLZO tablets with
a low density (69%), previously obtained by solid-phase
sintering [26]. The value of the total ionic conductivity of
Al-LLZO tablets at room temperature was 4x10-4S/cm,
which corresponds to the maximum values given by
most researchers [34] and is twice higher than the value
of the ionic conductivity of AI-LLZO tablets with
a density of 75—85%, obtained earlier by solid-phase
sintering [6—7]. This confirms the conclusion that
the main factors influencing the ionic conductivity of Al-
LLZO and Ta-LLZO are the absence of impurity phases,
highly conductive cubic modification, and maximum
sample density [35].

As noted [5], LLZO samples are unstable
when stored in air under normal conditions due
to the formation of nonconducting phases: Li,CO;
(on the surface of the tablets) and La,Zr,05 (in volume)
due to reaction with H,O and CO,. The kinetics
of hydration and carbonation of Ta-LLZO powders has
recently been studied in [36]. It has been established
that the rate of the hydration and carbonation
reactions strongly depends on the particle size and,
consequently, on the surface area. For Al-LLZO tablets
with a porosity of 17%, it was found that spontaneous
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cracking and a decrease in ionic conductivity by
3 orders of magnitude occur after three weeks of storage
[13]. The process of Li,CO5 formation is reversible,
since upon repeated annealing of the LLZO tablet
at a temperature of 900°C, the conductivity value
practically returned to the initial result [5].

A distinctive feature of the AlI-LLZO and Ta-LLZO
tablets consolidated by the SPS method (density ~96—
98%) is increased air stability. As follows from Fig. 5a,
the ionic conductivity of Ta-LLZO samples remained
almost unchanged after long-term storage under
normal conditions (for 2 months). For comparison,
as a result of storage of Ta-LLZO tablets (with a density
of 68—70%) after solid-phase sintering for one
month, the ionic conductivity decreased by 2 orders
of magnitude and amounted to 3x10-¢ S /cm (Fig. 5b).
Achieving good storage stability is an important
prerequisite for the practical use of solid electrolytes
with a garnet structure.

The ideal solid electrolyte should be a purely
ionic conductor, since electronic conductivity
causes an electrical leak or short circuit in the LIB.
High electronic conductivity may be responsible
for the formation of dendrites in solid electrolytes [9].
A critical requirement for solid electrolytes is considered
to be high ionic conductivity >10~* S/cm. Low
electronic conductivity should be another criterion
for solid electrolytes regarding their practical use [9].
The electronic conductivity of Ta-LLZO was evaluated
by the PCA method [37]. A constant voltage of 1 V from
the potentiostat was applied to a symmetrical cell C/Ta-
LLZO/C with blocking graphite electrodes. The steady-
state current was set for 1—2 hours. The polarization
chronoamperometric curves of Ta-LLZO obtained by
solid-phase sintering and the SPS method are shown
in Fig. 6.

The chronoamperometric curves are identical
and the value of the electronic conductivity is almost
the same, since the electronic conductivity depends less
on the density of the sample, but is determined mainly
by the deviation from stoichiometry and the presence
of uncontrolled impurities in the solid electrolyte.
The value of the electronic conductivity o, Ta-LLZO did
not exceed 10~ S/cm, which is 5 orders of magnitude
lower than the value of the ionic conductivity. The ratio
between the ionic and electronic conductivity
of Ta-LLZO meets the requirements for materials
for the development of solid-state devices based on them.

CONCLUSION

The possibility of obtaining high-density ceramics
(~97-98%) by spark plasma sintering (SPS) from
powders of cubic modification of solid electrolytes
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AI-LLZO and Ta-LLZO with a garnet structure under
optimal processing conditions (sintering temperature
1000—1100 °C, molding pressure 50 MPa, sintering
duration 10—15 min) is shown. The SPS process
is an effective technology for compaction of cubic
modification of Al- and Ta-substituted Li;Laz;Zr,0y,.

It has been established that during the SPS process
there is no change in the phase composition of the
Al-LLZO and Ta-LLZO samples and the formation
of nonconducting impurity phases.

Total ionic conductivity (O = 4—6%10~* S/cm)
and electron conductivity (at the level of 10~ S/cm)
are achieved for single-phase LLZO samples free
of impurity phases (La,03, ZrO,, La,Zr,0,) with
a maximum density (97—98%). The characteristics
of AI-LLZO and Ta-LLZO ceramics consolidated
by the SPS method correspond to the characteristics
of the products of leading companies in the field
of commercialization of solid electrolytes [28].
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