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We prepared and optimized the ionically conducting perovskite-type Lig33Lags6TiO3 by an adipic acid-
assisted sol-gel process. A high ionic conductivity of 0.131 mS cm~! was obtained at an ambient tem-
perature by adjusting the synthesis temperature, holding time, and cooling process. A dramatic
improvement in the Lig33Lags6TiO3 conductivity was noted in each step. Interestingly, a tetragonal-to-
cubic structural transition was evident during the quenching process unlike in the conventional slow

cooling process. An increase in the bottleneck site volume was observed that facilitated Li* ion migration
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1. Introduction

Fabrication of high-energy Li batteries depends on the utiliza-
tion cathodes with increased redox potential and high reversibility,
as well as high capacity anodes. The limited thermodynamic sta-
bility window of conventional carbonate-based solutions strongly
influences the electrochemical activity of the cathode and anode.
Solvent molecule oxidation was observed above 4.5 V vs. Li, and a
surface film of insoluble by-products was formed over the active
material [1,2]. Similarly, a surface layer was formed by solvent
molecule reduction below 1V vs. Li. This surface layer increased the
cell impedance and slowed the Li-ion diffusion kinetics. A
carbonate-based solution allowed dendritic growth when metallic
Li was employed as the anode. Leakage, flammability, and poor
performance at an elevated temperature (>50 °C) were additional
challenges of using liquid electrolytes [1—5]. Despite the high
anode capacity (3862 mAh g~!) of metallic Li, the current tech-
nology is based on “host-guest chemistry” with a graphite insertion
anode. The graphite has a capacity profile nearly 10-times lower
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than that of Li but also experiences poor rate capability [6].
Dendrite formation on the graphitic surface occurs at high current
operation. Metal oxide and phosphate-based insertion anodes
along with conversion and alloy-type material reactive negative
electrodes have been proposed as graphite alternatives but require
sacrificing the energy density to overcome their inherent issues [6].

The use of solid electrolytes offers a promising solution to the
challenges of liquid electrolytes and allows the exploration of high-
voltage cathodes (>4.5 V vs. Li) with metallic Li as the anode [7—11].
Solid/dry polymer electrolytes and metal oxides (e.g. LizxLay3-
xI103, LLTO), sulfides (e.g. LioS—P5Ss5), and phosphates (e.g.
LiMxZ-x(PO4)3, M = Al, Z =Ti, Ge) belong to this category [1,12—16].
Polymer electrolytes provide advantages of leak proofing, flexi-
bility, and versatility. However, the room-temperature conductivity
has been too low for practical applications [16]. Attempts like filler
incorporation in to polymer matrix, salt-in-polymer, has been re-
ported but the conductivity is still insufficient for the room-
temperature operation [17]. However, the mechanism of Li-ion
transport (amorphous domains) in polymer electrolytes is
entirely different.

LLTO is a promising solid electrolyte to explore compared to
polymer electrolytes. The cation deficiency at the A site was
favorable for monovalent cation conductivity through the
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bottleneck formed by four adjacent BOg octahedra via ion hopping
[18—22]. The ionic conductivity was dramatically increased when
LLTO was paired with metallic Li compared to blocking electrodes
like stainless steel. An increase in temperature increased the ionic
transport. It was notable that the solid electrolytes exhibited 2- or
3-fold higher conductivity at an elevated temperature. Doping also
increased the Li-ion diffusion by increasing the bottleneck volume.
Fluoride ion substitution (F~ for 0?~) has also been attempted to
improve the ionic conductivity [23]. The development of ionically
conducting oxides could be efficiently used as solid electrolytes for
emerging Li—0, and Li—S systems in addition to traditional Li-ion
chemistry. Development of high-conducting solid electrodes is
imperative to explore various Li-based secondary batteries. Syn-
thetic methods of solid state, sol-gel synthesis [24], co-
precipitation [25], spark plasma sintering, pulsed laser deposition,
and microwave sintering have been adopted to synthesize LLTO. We
explored an adipic acid-mediated Sol-gel technique to obtain
highly conductive LLTO at ambient temperature by fine tuning the
synthesis temperature, duration of holding time, and quenching or
slow-cooling techniques with scalability in mind. The sol-gel
technique is the common technique to obtain multi-component
oxides with proper homogeneity and a smaller grain size. The
sol-gel process can also assist in the formation of metastable phases
with controllable composition, which is impossible by conventional
synthetic processes. Further, we used adipic acid as a gelating agent
to yield a homogeneous distribution of particles with a reduced
grain boundary. Ambient temperature ionic conductivity and the
influence on the structural properties were continuously moni-
tored during this process. A dramatic increase in the room-
temperature conductivity was observed and discussed in detail.

2. Experimental section
2.1. Synthesis

The starting materials of Li(CH300)-H>0, La(CH3COO0)s-1.5H,0,
TiO,, and CgH1904 were received in high purity and used as such.
The acetates were dissolved in distilled water at a stoichiometric
ratio, and the TiO, particulates were dispersed within the solution
through ultrasonication in a water bath. Adipic acid was dissolved
separately and mixed into the solution. The resultant solution was
continuously stirred at 180 °C on a hotplate. Water was evaporated,
and the dry powder was kept under vacuum at 60 °C overnight
with subsequent sintering at 600 °C over 10 h to decompose the
acetate and di-carboxylate moieties. The resultant products were
collected. A pellet was formed and fired between 1100 and 1200 °C
for 5—24 h in air by adopting either the slow cooling or the
quenching technique (Fig. 1).

2.2. Characterization

Powder X-ray diffraction (XRD) measurements were performed
using a diffractometer (Rint 1000, Rigaku, Japan) with CuK, radia-
tion. Morphological studies of the LLTO were conducted with a field
emission scanning electron microscope (FE-SEM, S4700, Hitachi,
Japan) and a transmission electron microscope (TEM, Tecnai F20,
Philips, Holland). lonic conductivity measurements were per-
formed using two stainless steel blocking electrodes in a conven-
tional conductivity measurement setup. Before these
measurements, a LLTO pellet (14 mm dia x 1 mm thick) was pre-
pared and Pt was coated on both sides (~30 nm) to avoid interfacial
issues. AC impedance analysis was conducted using 4284A Preci-
sion LCR Meter between 1 and 25 Hz with applied amplitude of
1 mV.

Li(CH;00). H,0 La(CH;COO),. 1.5H,0 ’
Water Water
1 TiO, Ultrasonicated
Adipic Acid in In Waterbath
Water
|

[ 180°C until dry. }

|

[ 60 °C in vacuum overnight ]

[ 600 °C for 10 hour ]

1100-1200 °C for 5 to 24
hours

Fig. 1. Flowchart for the synthesis of Lig33Lags6TiO3 via adipic acid-assisted sol-gel
synthesis.

3. Results and discussion
3.1. Temperature optimization

The temperature condition was optimized by firing the product
between 1100 and 1200 °C at 20 °C intervals in air atmosphere for
5 h. The XRD patterns of the collected samples are given in Fig. 2a.
The observed high-intensity reflections indicated the crystalline
nature of the materials that corresponded to a tetragonal structure.
The presence of TiO, was observed as a secondary phase up to
1160 °C with additional impurity peaks. Beyond this temperature,
the primary phase decomposed and reacted with TiO,. La,Tiz05
appeared as a new secondary phase that was evident in the XRD
studies. These impurity peaks may have increased barriers of Li-ion
diffusion that resulted in very low ionic conductivity. This result
suggested that fine-tuning of the synthesis conditions were
required to obtain a pure phase. Two additional samples were
prepared at 1165 and 1170 °C with the same synthesis procedure.
The corresponding images are given separately for proper under-
standing. A nearly pure phase without additional peaks was noted
at 1165 °C. The secondary phase La,Ti»Os5 started to appear above
1170 °C. This result suggested that the temperature of 1165 °C was
appropriate to obtain a single-phase material. Fig. 2c shows the FE-
SEM image of LLTO prepared at 1165 °C. A weakly aggregated par-
ticulate morphology was evident with homogeneously distributed
rectangular grains. The magnified image in Fig. 2d shows the well-
defined grain boundaries. The microstructure was dense with a
minimally scattered porous structure. At this very high tempera-
ture, porosity was scarcely distributed. The average grain size was
less than 2 um.

Increased ionic conductivity is imperative for solid electrolyte
use in practical configurations. Pellets with a 14 mm diameter and
1 mm thickness were coated with Pt (~30 nm thick) and then
sandwiched between two blocking electrodes for conductivity
measurements under ambient temperature conditions (Fig. 3).
High impedance on the order of kQ was noted in all cases. LLTO
resistance increased in the presence of TiO; to a greater extent than
that in the presence of La,Ti»Os. The LLTO prepared at 1165 °C had
an ambient temperature conductivity of 7.8 x 1078 S cm~. This
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Fig. 2. (a) XRD patterns of Lig 33Lag 56TiO3 materials obtained at (i) 1100 °C, (ii) 1120 °C, (iii) 1140 °C, (iv) 1160 °C, (v) 1180 °C, and (vi) 1200 °C by sol-gel method, (b) XRD patterns of
Lig 33Lag 56TiO3 materials obtained at (i) 1165 °C and (ii) 1170 °C, (c—d) FE-SEM pictures of Lip33Lags6TiO3 prepared at 1165 °C with different magnifications.
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Fig. 3. (a) EIS curves of Lig33Lags6TiO3 materials calcined at various temperatures and (b) Plot of temperature vs. ionic conductivity.

conductivity did not meet the practical application requirement
regardless of LIB, Li—O>, or Li—S charge storage systems. Therefore,
further optimization of the LLTO is desperately needed for reality.

3.2. Holding time optimization

Holding time was vital to the metal oxide crystallization and
influenced the ionic conductivity of LLTO. The LTTO was prepared
by varying the sample holding time from 5 to 24 h with a fixed final
calcination temperature of 1165 °C in air. No traces of impurities
were detected in the sample at this temperature. However, a
notable deviation from the lattice parameter and cell volume was
observed when the duration of the calcination process was altered

as shown in Table 1 [22,24]. The a and c values, as well as cell
volume, were increased as holding time increased. The bottleneck
also where the Li* ion migration took place. Therefore, increased
ionic conductivity was anticipated as holding time increased. All

Table 1

Lattice parameter values of LLTO prepared at different holding time.
Sintering duration a(A) c(A) V(A3)
5h 3.869(3) 7.740(6) 115.88(8)
10h 3.870(4) 7.746(2) 116.03(6)
20 h 3.870(8) 7.747(2) 116.07(5)
24h 3.872(8) 7.745(9) 116.17(7)
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Fig. 4. (a) EIS curves of Lig33Lags6TiO3 materials calcined at 1165 °C with different holding time, (b) plot of ionic conductivity vs. holding time.

the samples were subjected to ionic conductivity measurements at
ambient temperature conditions between a pair of blocking elec-
trodes as shown in Fig. 4. A maximum conductivity of
3.85 x 10> Scm ! was registered for a duration of 20 h, which was
consistent with the variation in unit cell volume and deviation from
the lattice parameter values. Alteration of holding duration
enhanced the conducting profiles by three orders of magnitude. A
negligible variation in the LLTO powder properties was noted in the
sample treated for 24 h. No obvious differences between the

conducting profiles were noted between the 20 and 24 h treatment
durations. This result suggested that a holding time of 20 h at a
temperature of 1165 °C was required to obtain a high-conducting
LLTO.

3.3. Cooling condition

The cooling condition was also vital the conducting properties
of solid, high ionically conducting metal oxides. The conventional
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Fig. 5. XRD patterns of Lip33Lag56TiO5 obtained by (a) slow cooling, (b) quenching, (c) Deconvoluted XRD pattern of LLTO prepared by slow cooling, and (d) Deconvoluted XRD

pattern of LLTO prepared by slow quenching.
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Table 2
Comparison of the lattice parameter values corresponding to the cooling processes.
Cubic Tetragonal
a[A] VI[A] a[A] V[A]
3.870 57.96 3.874 116.25
Slow cooling 3.868(6) 57.89 3.874 116.09
Quenching 3.873(7) 58.13 3.886(1) 116.89

cooling ramp affected the desired phase formation in certain
compounds. Quenching by sudden cooling from a high temper-
ature to ambient conditions allows materials to retain the
desired structural properties [25] (Table T1). We explored the
influence of this cooling step on the LLTO conducting profiles.
The sample was fired at 1165 °C for 20 h and either the
quenching or slow cooling procedure (10 °C min~!) was adopted.
The XRD patterns were recorded for each LLTO sample (Fig. 5).
The superstructure peaks disappeared during quenching. The
presence of superstructures indicated an uneven distribution of
the La ions in A1 and A2 sites and corresponded to the tetragonal
phase [23]. The absence of superstructure was associated with
the formation of cubic phase due to the complete disordering of
La ions. The secondary phase was estimated from the specific
area analysis beneath the XRD reflections. The slow cooling
sample was composed of 75.5% tetragonal phase, and the
remainder was cubic phase. The quenching sample was 93.1%
cubic phase, and the remaining 6.9% was tetragonal phase. The
0.12° shift towards a lower angle was noted for the quenching
process compared to a 0.05° shift towards a higher angle for the
slow cooling process. This deviation was associated with the
respective growth and shrinkage of the unit cell volume
compared to that of the reference. The corresponding deviations
from the lattice parameter values and cell volumes are given in
Table 2 [22,24]. The increased cell volume subsequently led to an
increase in the bottleneck of facile Li* ion migration. This
observation suggested that quenching efficiently yielded high-
performance material irrespective of phase changes. Raman
analysis (Fig. S1) and high-resolution transmission & selected
area electron diffraction patterns (Fig. S2) were recorded to
confirm the phase transformation. The Raman spectra of the
quenched material were less active that those of the slow-cooled
material, which was consistent with the theoretical literature
predictions. The Eg Raman mode at around 120 cm~' was
diminished, which indicated the phase transition at a higher
temperature.

The ionic conductivity studies were performed by placing the
quenched or slow-cooled LLTO between two stainless steel block-
ing electrodes. The corresponding EIS traces are given in Fig. 4. The
quenched LLTO exhibited an improved ambient temperature con-
ductivity of 1.31 x 1074 S cm™! compared to previously reported
values. The observed conductivity was one order higher in
magnitude than the conventionally cooled LLTO
(3.85 x 107> S cm™!). The observed conductivity was about 17.5
times higher than the LLTO processed at 1165 °C for 5 h. This
remarkable improvement was due to the optimized firing tem-
perature and holding time combined with the quenching process
and subsequent phase transformation from tetragonal to cubic.
Phase formation has a demonstrated influence on ionic conduc-
tivity. Further studies to reduce the LLTO thickness (<1 mm) should
be considered to achieve increased conductivity for practical ap-
plications without compromising the freestanding ability. A
metallic Li battery could be constructed in an all solid-state
configuration with LLTO as separator-cum-electrolyte and com-
mercial cathodes such as LiNig5Mn504. The potential use of the
same LLTO in Li—S and Li—0; assemblies should also be prioritized.

4. Conclusion

We demonstrated the successful preparation of high ionic-
conducting solid electrolytes by an adipic acid-assisted solution
process. An ambient temperature conductivity of 0.13 mS cm™! was
obtained from optimized synthesis conditions at 1165 °C for 20 h
with subsequent quenching. The conventional cooling process
showed a conductivity lower by one order of magnitude. The
optimization of the temperature conditions, holding duration, and
cooling process improved the conductivity in a scalable manner.
Studies to further improve the conductivity and suitability of LLTO
as a solid electrolyte for rechargeable Li metal batteries are in
progress.
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