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ABSTRACT

The rapid advancement of electronic devices and energy storage systems demands the development of safe,
durable, and high-performance battery components. One of the key challenges in this field is replacing flammable
liquid electrolytes with more stable and reliable inorganic solid electrolytes. Among various candidates, garnet-
type lithium lanthanum zirconium tantalum oxide LigsLasZr,4Tags01, (LLZTO) has emerged as a promising material
due to its excellent chemical stability and high ionic conductivity. In this study, we present the synthesis and
characterization of LLZTO solid electrolyte prepared using the solid-state ball-milling method. The as-prepared
LLZTO exhibited a well-defined grain structure with particle sizes ranging from 3 to 5 micrometers. Electrochemical
analysis revealed an ionic conductivity on the order of 1075 S-cm™ at room temperature, demonstrating its potential
for application in solid-state lithium-ion batteries. These findings contribute to the ongoing efforts to develop safer

and more efficient energy storage solutions, paving the way for next-generation battery technologies.
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1. Introduction

In recent years, Li-ion batteries have gained
increasing importance due to the rapid advancement
of electronic devices and electric vehicles [1,2].
Consequently, researchers are actively working
to develop safer battery components. Current
Li-ion batteries rely on flammable organic liquid
electrolytes, posing significant safety concerns.
Therefore, replacing these hazardous liquids with
solid electrolytes is a crucial research focus to
enhance battery safety and stability [3].

Among solid electrolytes, ceramic electrolytes
are considered promising alternatives to liquid
electrolytes and are being widely explored for
their advantages in battery technology [4]. Ceramic
electrolytesareknownfortheirhighionicconductivity
and excellent thermal and chemical stability, making
them attractive candidates for solid-state lithium-
ion batteries (SSLIBs). Unlike liquid electrolytes,
which are prone to leakage, flammability, and
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dendrite growth, ceramic electrolytes provide
a robust and stable framework for lithium-ion
transport [5,6]. There are two main types of ceramic
solid electrolytes: sulfides and oxides. Sulfide
electrolytes exhibit high ionic conductivity, reaching
1072 to 1072 S-cm™ [7]. However, they suffer from
poor chemical compatibility with the lithium
anode and are unstable under ambient conditions
[8]. Unlike sulfide-based electrolytes, oxide-type
ceramic electrolytes, particularly garnet-type LLZTO,
exhibit stability in air and good compatibility with
anode materials. Due to its high ionic conductivity,
excellent chemical stability, and strong resistance to
temperature fluctuations, LLZTO is considered one
of the most promising electrolytes for all-solid-state
batteries [9-11].

The cubic phase of Lis.4laszZri.aTae.6012 s
particularly promising for next-generation batteries
due to its high reliability and energy density. This
is primarily attributed to its impressive lithium-ion
conductivity (~1073-10"*S/cm atroom temperature),
excellent chemical stability in contact with metallic
lithium, and broad electrochemical stability relative
to the Li*/Li pair [12]. The ordered lithium-ion
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arrangement in the cubic phase facilitates efficient
ion mobility, enabling rapid charge transfer. The
incorporation of tantalum (Ta) into the structure
further enhances ionic conductivity by reducing
defect concentration in the crystal lattice.
Additionally, Ta helps stabilize the cubic phase,
ensuring consistent conductive properties even
under varying temperatures and external conditions
[12,13].

Nowadays there are a lot of methods for
preparation LLZTO nanoparticles, such as solid-state
reaction, sol-gel synthesis, molten salt method, and
high-energy ball milling [14-16]. Each method has
its own advantages and challenges, influencing the
particle size, phase purity, and ionic conductivity of
LLZTO nanoparticles. Wet chemical methods, such
as sol-gel techniques, coprecipitation routes, and
polymer combustion, enable homogeneous mixing
of precursors at the molecular or atomic level,
leading to the production of finer LLZTO particles at
lower calcination temperatures [17,18]. However,
the classical solid-state reaction (SSR) method
remains the most commonly used synthesis route
for preparing such ceramics [19].

This study aims to synthesize LLZTO ceramic
nanoparticles using the solid-state ball-milling
method and to investigate their physical and
chemical properties. We present a simple and
efficient approach for the large-scale production of
nanoscale LLZTO with enhanced ionic conductivity.

2. Experimental part
2.1. Materials

Li,CO3 (99.00%), La,03 (99.99%), ZrO, (99.00%),
and Ta,0s (99.00%) were purchased from Sigma-
Aldrich and used as received without further
purification.

2.2. Characterization

The structure of LLZTO before and after sintering
was analyzed using X-ray diffraction (XRD) with a
Rigaku SmartLAB system, equipped with a Cu X-ray
tube and a D-Text detector. Data were collected
over a 20 range of 10-70° with a step size of 0.06°.

The grain size and morphology of the LLZTO
powder and pellet were examined using scanning
electron microscopy (FESEM, Auriga Crossbeam
540). To enhance electronic conductivity, a 5 nm
gold coating was applied to the powder surfaces
using an automatic Q150T atomizer, as electrolyte
materials are electronic insulators.

The ionic conductivity was measured via
electrochemical impedance spectroscopy (EIS) using
a Metrohm Autolab 204 potentiostat/galvanostat
over a frequency range of 1 Hz to 1 MHz. The ionic
conductivity of electrolyte pellets was determined
using the equation 0=d/RS where o represents the
ionic conductivity, d is the pellet thickness, R is the
resistance, and S is the pellet area.

2.3. Preparation of solid electrolyte

The cubic-phase LLZTO powder was synthesized
using the traditional solid-state  method.
Stoichiometricamounts of Li,C0O3(99.00%, preheated
at 120 °C for 12 h), La;0s (99.99%, preheated at
900 °C for 12 h), ZrO, (99.00%), and Ta,0s (99.00%)
were accurately weighed and ball-milled together.
To compensate for lithium loss during calcination,
an excess of 15 wt.% Li,COs was added [20]. The
precursor materials were ball-milled using zirconia
balls (0.5 mm and 0.2 mm in diameter) with
isopropanol as a dispersant at 400 rpm for 6 hours.
The slurry was then dried at 80 °C for 1 hour. The
resulting powder was calcined in a closed crucible
within a muffle furnace at 900 °C for 6 h, followed by
natural cooling to room temperature. The synthesis
process is illustrated in Fig. 1.

An uniaxial hydraulic press was employed to
form the material into tablets at a pressure of 3-5
bar. These tablets were then sintered in a muffle
furnace at 1100 °C for 15 hours. To prevent sticking
to the alumina crucible, the tablets were covered
with mother powder during the sintering process.
No additional lithium source was added to either
the granules or the starting powder. To minimize
lithium loss during sintering, the crucible was sealed
with a lid.

3. Results and discussion

In the synthesis of LLZTO, tantalum - a
pentavalent element — is commonly used to
substitute Zr** in the garnet-type LLZ structure,
promoting the stabilization of the cubic phase
and enhancing lithium-ion conductivity. Ta%*
doping leads to the formation of additional lithium
vacancies, which increases structural disorder and
stabilizes the highly conductive cubic phase. LLZTO
solid electrolytes have been synthesized via various
methods, including solid-state, sol-gel and methods
including different thermal treatment conditions.
As a result, the composition exhibiting the highest
ionic conductivity varies depending on the synthesis
approach [21-23] .
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Fig. 1. General illustrative scheme for obtaining LLZTO solid electrolytes.

In this study pure garnet-structured LLZTO
particles were successfully synthesized using the
solid-state ball-milling method. The density of
the tablets was determined by measuring their
weight and physical dimensions, a common and
effective method for evaluating LLZTO ceramics,
which achieved a relative density of 90-93%. After
the final sintering, obtained tablets, with varying
tantalum content, changed color from white to light
yellow (Fig. 2a). This color shift is attributed to the
high amount of tantalum in the composition.

To monitor phase formation, X-ray diffraction
(XRD) analysis was performed using a MiniFlex
Benchtop Powder X-ray Diffractometer, scanning
the 28 range from 10° to 70° with a step size of 0.02°.
The XRD results for the LLZTO powders matched
the standard data reported in the literature for the
cubic garnet phase Lis.4LasZr.4Tap.s012, confirming

the successful synthesis of the desired cubic phase
[24] (Fig. 2b). The starred peak at 27° is attributed
to Li,COs impurities present after synthesis [13,25],
which disappear after sintering at 1100 °C. Li,COs
forms as a result of the reaction between Li,COs (or
other lithium precursors) and ZrO, when lithium
volatilizes or is insufficiently compensated. The XRD
analysis confirmed the formation of a single-phase
cubic garnet structure after sintering, in agreement
with the literature, and the disappearance of
secondary impurity peaks after thermal treatment
validated the phase purity of the synthesized
samples. This is significant, as the cubic phase is
known to support higher lithium-ion conductivity
than the tetragonal counterpart.

Additionally, cross-sectional analysis using
Scanning Electron Microscopy (SEM, ZEISS Crossbeam
540) revealed densely packed particles composed of
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Fig. 2 (a) — photographs of LLZTO tablets before and after sintering at 1100 °C, (b) — XRD-pattern of LLZTO particles.
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Fig. 3. SEM-patterns of LLZTO particles: (a) — SEM image of LLZTO powders, (b) — SEM analysis of LLZTO tablet.

crystals measuring 3—5 micrometers in size (Fig. 3a,
b). The SEM images revealed densely packed particles
with a grain size distribution of 3-5 um, which is
consistent with typical microstructures achieved
through conventional solid-state routes [26].
However, some porosity remained, which is likely
responsible for the slightly lower ionic conductivity
observed (9.2x107% S/cm). Han et al. reported that
pore formation can be minimized by sintering
pellets in an oxygen atmosphere, resulting in dense
LLZTO structures with a significantly higher ionic
conductivity of 6.18x10™* S-cm™ [14]. Furthermore,
Shu et al. explored the effect of substituting 0"
sites with CI~ anions in LLZTO garnet electrolytes,
achieving an ionic conductivity of 4.21x107® S.cm™
[27].

LLZTO solid electrolytes typically exhibit ionic
conductivity values in the range of ~1073 to 10
S/cm at room temperature [24]. Impedance
spectroscopy results (Fig. 4) displayed a
characteristic semicircular Nyquist plot, indicating
bulk and grain boundary contributions to the total
resistance. The ionic conductivity of the synthesized
LLZTO solid electrolyte was measured to be 9.2x107°
S/cm. Comparable results were reported by Hongqi
et al., who synthesized various compositions of
Liz—xLasZr,—xTax0q2 (x = 0.2-1.0) via solid-state
reaction and found that the composition with x=0.6
achieved an ionic conductivity of 3.25x107° S-cm™,
which is in good agreement with our findings [22].

In another study, Liu et al. investigated LLZTO
ceramics fabricated via pressureless sintering at
1230 °C in air. The composition sintered at this
temperature exhibited the highest total ionic
conductivity of 6.01x10™* S-cm™atroom temperature
[30]. Lee et al. synthesized and characterized LLZTO
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Fig. 4. Electrochemical impedance spectrum of LLZTO
pellet (sample with area 0.785 cm? and 0.125 cm
thickness).

powdersand pelletswithagarnet-type cubicstructure
using the sol-gel method [29]. While their materials
demonstrated relatively high ionic conductivity (0.21
mS/cm), the process involved toxic organic solvents
such as 2-methoxyethanol and 1-propanol, raising
safety and environmental concerns.

The relatively low conductivity in this work
may be attributed to several factors: incomplete
densification (as the density reached only 93%),
residual porosity acting as scattering centers for
Li* ions, and possible lithium loss during high-
temperature sintering, despite the addition of
excess Li»COs. Although a 15 wt.% excess of Li,CO3
was added to compensate for lithium loss, lithium
evaporation at high temperatures remains a
significant challenge and can lead to secondary phase
formation or structural vacancies that adversely
affect ion transport [24,25].
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4, Conclusion

In conclusion, cubic-phase LLZTO particles were
successfully synthesized using a conventional
solid-state method. Dense electrolyte pellets were
prepared at 900 °C. The synthesized LLZTO, with an
average particle size of 3-5 um and a relative density
of 93%, exhibits a total lithium-ion conductivity of
9.2x107%S-cm™ at room temperature. These findings
confirm that the solid-state ball-milling method is
one of the effective approaches for obtaining pure
LLZTO.

Comparatively, while wet chemical methods such
as sol-gel or polymer combustion offer improved
particle homogeneity and lower processing
temperatures, they often involve complex precursor
chemistries and scalability limitations. The solid-
state ball-milling method used here, despite
its known drawbacks in achieving nanoscale
homogeneity, remains advantageous due to its
simplicity, cost-effectiveness, and compatibility
with large-scale production. Thus, the current work
serves as a foundation for further optimization of
LLZTO fabrication via solid-state routes, potentially
including  hybrid techniques that combine
mechanochemical activation with reactive sintering
to boost performance.
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CUHTE3 M XapaKTepUCTUKA TBEPAOro 3/1eKTPOoaUTa
LLZTO meTtogom TBEpAOTENBHOIO LLAPOBOro
U3menbyeHuUA

A. Tyren6aesa’, ®. CyntaHos'? b. TaTblKaes?,
. Wanabaes?, A. benrnbaesa?, 3. Hyprasuesa®

!National Laboratory Astana, Hazap6aes YHuBepcuTeT,
yn. KabaHb6am 6atbipa 53, ActaHa, KasaxctaH
2MHCTUTYT akKKyMynaTopoBs, Hazapbaes YHMBepcUuTeT,
yn. KabaHb6an 6atbipa 53, AcTaHa, KasaxctaH

AHHOTALMUA

BbicTpoe pa3BUTME 3INEKTPOHHbLIX YCTPOUCTB M
CUCTEM XPaHEHWs 3Heprum TpebyeT pa3paboTKu
6e30nacHbIX, AONTOBEYHbIX W BbICOKOMPOU3BOAM-
Te/IbHbIX KOMMNOHEHTOB aKKymynatopos. OgHon u3
KNtOYEBbIX 3aJa4 B 3TOM 06/1acTu ABAsAETCA 3aMeHa
NEerkoBOCNNAMEHSAIOWMXCA XUOKUX INEKTPOSUTOB
6onee CcTabUNbHBIMM N HALEKHbIMW HeopraHu4ye-
CKMMU TBEPAbIMWU 3neKTponuTtamu. Cpean pasnunu-
HbIX KaHAMAATOB NUTUN-NAHTAH-LUPKOHUA-TaHTa-
NIOBbIA OKcuA rpaHaToBoro tuna (LLZTO) asnAaetcs
MHoroobeLllaoWwmm matepnanom, baarogapa ceoen
NPEBOCXOAHOM XMMUYECKOM CTabuibHOCTU U Bbl-
COKOM MOHHOI npoBoaMMOCTU. B aTom uccneposa-
HUW PacCMaTpPMBAOTCA CUHTE3 U XapPaKTEePUCTUKMU
TBepaoro anektponuta LLZTO, nonyvyeHHOro ¢ uc-
Nonb30BaHMEM MeToZa TBEpPAOTE/IbHON LAapOBOWM
menbHUUbl. ToToBbIA 3nekTponuT LLZTO npopae-
MOHCTPUPOBAN YeTKO OnpeaeneHHy CTPYKTypy
3epHa Cc pasmepom 4Yactuu, oT 3 40 5 MMKpomeTpos.
INEeKTPOXMMUYECKNI aHANIN3 BbIABUA MOHHYIO MpPO-
BOAMMOCTb nopaaka 107 Cm-cm™ npu KomHaTHOM
TemnepaTtype, UTO AEMOHCTPUpPYeT ero noteHuuan
ONA NPUMEHEHUA B TBEPAOTENbHbIX INTUN-UOHHbIX
aKKymynsaTopax. MNonyyeHHble pe3ynbTaTbl cnocob-
CTBYIOT pa3Butuio 6osee 6e3onacHbix U 3 eKTUB-
HbIX TEXHOJIOTUI XPaHEHMA SHEPTUK, OTKPbIBAA NyTb
K aKKYMYJATOPHbIM CUCTEMAM HOBOTO MOKO/IEHUA.

KnioueBble cnoBa: TBepablt anekTponut, LLZTO,
WOHHaA NPOBOAMMOCTb, FPaHATOBbIN TUMN, PEHTre-
HoBCKana andpakums, COM.

LLZTO KaTtTbl 31eKTPONIUTIH KaTTbl WAP/bl YHTAKTay
dpicimeH cMHTe3gey KaHe OHbIH cMNaTTamachl

A. Tyren6aesa?’, ®. CyntaHos'?, b. TaTbiKaes!?,
. lWWanabaes?, A. benribaesa?, 3. Hyprasuesa®

!National Laboratory Astana, HazapbaeB yHuBepcuTeTi,
KabaHban 6aTbip A-nbl 53, AcTaHa, KasakcTaH
ZAKKYMYNATOP/1Iap UHCTUTYTbI, Hazapbaes yHMBepcUTeTi,
KabaHban 6aTbip A-nbl 53, AcTaHa, KasakcTaH

AHOATMA

DNEeKTPOHAbIK KYPbIIFblIApP MEH SHEPTUA CaKTay
KyYMenepiHiH *Kblngam gamybl Kayincis, 6epik KaHe
KOfapbl eHiMAi 6aTapea KOMMNOHEHTTEPIH 33ipney-
Ai Tanan etegi. byn canagafbl Herisri macenenepain
6ipi *KaHFbILW CYMbIK 3NEKTPONUTTEPAI TYPAKTbI XKaHe
CeHimai 6enopraHuMKanbIK KaTTbl 3/EKTPOAUTTEP-
MeH aybICTbipy 60abIN Tabblnaabl. IPTYPAi KaHAMU-
[aTTap apacblHA@ rpaHaT TUNTI ANTUIM NaHTaH LMp-
KOHMI TaHTan okcugi (LLZTO) Tamalwa XMMUANBIK
TYPAKTbINbIFbl MEH YXOfapbl MOHAbIK OTKI3riWTIriHIH,
apKacblHAa NepcneKkTMBaibl MaTepuan peTiHae nam-
0a 6onppbl. byn 3epTTeyae 6i3 KaTTbl KyMAeri Wapuk-
Ti ¢pesepnik agicneH gavbiHganfaH LLZTO KatTbl
3/IeKTPONIUTIHIH, CUHTE3i MeH cMnaTTamacblH YyCblHa-
MbI3. JanbiHganfaH LLZTO 6enwekTepaiH, enwem-
aepi 3-teH 5 muKpomeTpre geiiH 601aTbIH *KaKCbl
AHbIKTA/NIFAH O9H KYPbIIbIMbIH KOpPCeTTi. JNeKTpo-
XMMUANbIK Tangay 6enme TemnepatypacbiHga 107°
S-cm™ TopTibiHAE MOHADBIK OTKI3rWTIriH aHbIKTaAbl,
6y OHbIH, KaTTbl Kynaeri ATUin-noHabl 6atapeanap-
02 KONJAHYy MYMKIHAIriH KepceTTi. byn HaTuxkenep
SHEepPruAHbI Kayincis }XaHe TMiMAipeK cakTay wewim-
OepiH a3ipney 6oMblHLWa Y34iKCi3 KyL-XKirepre cenrti-
riH TUrisin, Keneci ypnak 6aTtapes TexHonornanapbl-
Ha »KOoA awagbl.

TyiiiHgi cesgep: KaTTbl anekTponut, LLZTO, noH-
OblK OTKI3riWTiK, rpaHaT Typi, peHTreHaik audpak-
uma, COM.
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