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ABSTRACT: A systematic study was performed to investigate the
effect of the sintering temperature, sintering duration, and
aluminum doping on the crystalline structure and ionic
conductivity of the Li,Al,,Si;_,O, (LASO; x = 0—0.25) solid
electrolyte. There was a strong indication that an increase in the
sintering temperature and sintering time increased the ionic
conductivity of the electrolyte. In particular, the doping
concentration and composition ratio (Liy,Al,,Si;_,O, x = 0—
0.25) were found to be crucial factors for achieving high ionic
conductivity. The sintering time of 18 h and lithium concentration
influenced the lattice parameters of the LASO electrolyte, resulting
in a significant improvement in ionic conductivity from 2.11 X
1076 (for pristine LASO) to 1.07 X 10~° S cm ™. An increase in the
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lithium concentration affected the stoichiometry, and it facilitated a smoother Li-ion transfer process since lithium served as an ion-

conducting bridge between LASO grains.
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1. INTRODUCTION

The rapid development of the world economy at the beginning
of the twentieth century changed the lifestyle of people; petrol
and diesel vehicles became essential parts of life. The limited
availability of fossil fuel resources and the formation of CO,
and harmful substances during their combustion."” Accord-
ingly, this prompted research into alternative green energy
sources, such as solar and wind energy. However, since solar
and wind energy are intermittent, storage devices are required
to store power produced from these renewable sources.
Consequently, there is a need for rechargeable devices, such
as batteries. Among secondary batteries (Pb-acid, Ni—Cd, Ni-
MH batteries), lithium-ion batteries (LIBs) have become
popular owing to their higher operating potential and specific
capacity, which make them suitable for use as electrochemical
energy storage devices.” However, the energy density of the
current state-of-the-art LIBs is just over 200 W h kg™!, which is
insufficient to overcome the futuristic energy crisis.””*

Li metal-based batteries provide higher energy density than
LIBs, but they have drawbacks: the formation of Li dendrites,
an unstable solid electrolyte (SE) interphase, dead lithium, and
related safety issues.” Their commercial applications are hence
limited, and research on the development of strategies to
overcome these drawbacks is being conducted. Among the best
strategies is the introduction of SEs between the electrodes.
The high mechanical stability of SEs can suppress Li dendrite
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formation.” Generally, a good SE should have high ionic
conductivity and reasonable critical current density to suppress
Li dendrite formation across the Li/electrolyte interface,
negligible electronic conductivity, a wide electrochemical
stability window, and good chemical compatibility with the
electrode (cathode and anode) materials."° Furthermore, it
should have high stability when exposed to air and H,O under
ambient temperature conditions.” Unlike polymer electrolytes,
ceramic electrolytes have high Li-ion conductivity, high ionic
transfer number, hi%h electrochemical stability, and excellent
thermal stability.""~"

Generally, on the basis of their chemical nature, ceramic SEs
are classified as (i) oxide, (ii) sulfide, and (iii) nitride SEs.
Oxide ceramics are considered superior to other SEs because
of their high Li-ion conductivity and excellent electrochemical
stability with cathode materials and with the Li metal
anode.””'* The most commonly used oxide SEs are perovskite
(Li,La (2—x)/3TiO3); NASICON (Li1+xM2—x4+2M’x (PO,)s,
where M = Ti or Ge, M’ = Al), and garnet and its derivatives
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(Li;_, LayZr;_,MO;,, where M = Nb or Ta; Li,_, Y,La;Zr,0,,,
where Y= Al or Ga).%%'»'316721 Most of the oxide SEs are
sintered with rare earth and expensive materials at high
temperatures (>1000 °C) to reduce the grain boundary
resistance. Further, elements such as Ti and Ge are easily
reduced to a lower valence state during the electrochemical
operation of the battery.””~** Compared with other structures,
the garnet phase is stable, but its poor air stability is the main
impediment to its practical application. The surface of the
material easily reacts with moisture (H,O) to form Li,CO,,
which impedes Li-ion transfer and eventually increases the
surface resistance of the material.”*>°

Considering these points, we used earth-abundant elemental
materials for SE research. In particular, from industrial and
foresight viewpoints, cost-effective elements are a good choice
for SE preparation. Hence, we used aluminum (Al, 7.5%) and
silicon (Si, 25.7%) earth-abundant framework cation materials
to prepare Li-ion conductive SEs.””*® Based on the reported
work, the LiAlSiO, crystal structure contains the SiO, and
AlO, tetrahedra and bridging oxygens, with Li-ions occupying
interstitial sites.””*” The reported LiAlSiO, exhibits reasonable
ionic conductivity, in which the Li-ion conduction is on 1-D
channels along the c-axis.”” Several techniques have been
employed to prepare the LiAlSiO, SE, including atomic layer
deposition (ALD), the magnetron sputtering method, and the
sol-gel method.””*"** Nevertheless, the thin-film SE battery
costs were high, and the process was difficult. Herein, we
prepared the LiAlSiO,-based SEs by a simple sol—gel method
because of its scalability and economical compared to other
methods. Generally, more Li-ions are essential for a greater
ionic conductivity in the electrolyte; therefore, the incorpo-
ration of additional Al atoms is also necessary. Here, we
improved the ionic conductivity of SE by increasing the doping
concentration of both Al and Li atoms. Additionally, we
intensively studied the physicochemical and electrochemical
properties of Lij, Al Si;_,O, (X = 0—0.25) (LASO) SEs.
The effect of different sintering temperatures on the hexagonal
structure formation in the sintering process was evaluated. The
variation of the relative density and conductivity of the SE with
the sintering duration was investigated. The main advantage of
the LASO SE is its elemental selection and sintering
temperature (<1000 °C).

2. EXPERIMENTAL SECTION

2.1. Preparation of LASO SEs. Li,, Al,,,Si;_,O, (LASO;
x = 0—0.25) SEs were synthesized via the sol—gel method.
Stoichiometric amounts of LiNOj;, Al(NO;);-9H,0, and
Si(OC,Hy),, which were the precursor materials, were used
for the synthesis. Initially, LiNO; AI(NO,);-9H,0, and
Si(OC,Hjy), were dissolved in distilled water, and the solution
was stirred for 12 h. The precursor solution was then heated at
120 °C overnight to evaporate the water. The resultant powder
was ground and then calcined at 400 °C for 6 h in an air
atmosphere. Subsequently, the powders were ground and then
pressed into pellets at a 100 MPa pressure. Finally, the pellets
were sintered at 650—850 °C for 6 h in an air atmosphere. The
LASO pellets were used for further physicochemical and
electrochemical investigations.

2.2, Material and Electrochemical Characterizations
of LASO SEs. The LASO SE crystal structure and lattice
parameters were obtained through geometry optimization
performed using density functional theory (DFT) simulation
implemented in the Quantum ESPRESSO package (Version
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7.2).>? Lithium aluminosilicate crystal structure databases were
obtained from the Materials Project Database (https://
materialsproject.org/). The following analysis was performed
to analyze the physicochemical properties of the synthesized
LASO (x = 0-0.25). High-resolution X-ray diffraction
(XRD)(D/Max Ultima III, Rigaku, Japan; 40 kV/40 mA)
was used to investigate the LASO-based SE crystal structure.
XRD data were obtained in the range of 10—80°, with a step
size of 0.02°. Field-emission scanning electron microscopy
(FE-SEM; Zeiss, Germany) was used to observe the surface
morphology and determine the particle size of the LASO SE
pellets and powder. Before sintering, thermogravimetric
analysis (TGA; TGA-50, Shimadzu, Japan) was performed to
determine the thermal behavior of the sample by the sol—gel
method and to ascertain the optimal sintering temperature.
Thermal analysis was performed up to 1000 °C at a heating
rate of 10 °C min™" in an air atmosphere. Inductively coupled
plasma optical emission spectroscopy (ICP-OES; OPTIMA
8300, PerkinElmer) was performed to determine the
stoichiometry of the Li;,,Al,,Si,_,O, (x = 0——0.25) SEs
for changes in the composition. The ionic conductivity of the
LASO electrolyte was measured with a 4284A precision LCR
meter (HEWLETT PACKARD). A pellet with a thickness of
about 1.76 mm and a diameter of 10 mm was used for the
ionic conductivity measurements. Pt was sputtered on both
sides of the pellet to form the Pt/LASO/Pt cells. Electro-
chemical impedance was obtained for an AC amplitude (10
mV) in the frequency range of 1 MHz to 25 Hz at a
temperature of 25 °C. The ionic conductivity was calculated
using the formula: ¢ = d/(A X R), where d and A are the
thickness and surface area of the pellet, respectively, and R is
the total resistance value obtained by applying electrochemical
impedance spectra.

The Li//LASO//Li symmetric cell was also constructed
using a 2032 coin-cell, and the galvanostatic charge and
discharge performance was studied at a current density of 0.1
mA cm™% The LiFePO, (LFP) cathode was prepared by a
solution casting method. LFP (MTI Corporation), Super-P,
and PVDF binder (7:2:1 ratio) were ground in a mortar and
then mixed with the NMP solvent. Then, the slurry was cast on
an Al foil current collector and the electrode was vacuum-dried
at 120 °C overnight. In the cathode composite, the LFP
loading mass was calculated to be ~2 mg cm™2. The solid-state
battery is constructed of the LFP cathode and Li metal as the
anode separated by the LASO pellet. Additionally, we added
10 uL of a liquid electrolyte (1 M LiPF4 in EC/DMC) in the
electrode and electrolyte interface to improve the electro-
chemical performance of the aforesaid solid-state battery. The
charge and discharge performance of the solid-state battery was
tested at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Theoretical Studies of LASO SEs. There are several
lithium aluminosilicates that can be prepared experimentally,
and they can be found in the Materials Project Database
(https://materialsproject.org/); the crystal structure data of
LASO SE is listed in Table 1. The corresponding crystal
structure is shown in Figure 1. Aluminosilicates containing a
high proportion of lithium can be effective ion conductors;
they have a small band gap and many mobile Li-ions.”* The
Nernst—FEinstein equation was used along with molecular
dynamics simulations performed using a large-scale atomic/
molecular massively parallel simulator and the single-atom
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Table 1. Experimentally Observed Lithium Aluminosilicate
Analogues Obtained from the Materials Project Database
(https://materialsproject.org/)

ID mp-558713

formula LiAlSiO,

crystal system hexagonal

space group Pgyy3

band gap (eV) 4.51
‘ Al
Qu
" X3
@

Figure 1. Crystal structures of lithium aluminosilicates: LiAISiO,.

Table 2. Diffusion Coefficient of the Li* Ion in and the
Conductivity of Li* Aluminosilicates Obtained from the
MDS*

D (10-* A% s71) o (10—3 S cm—1)
LiAISiO, 11.37 7.69

“The force field was produced using the neural network potential for
LiAISiO,.

neural network potential (SANNP) to determine the diffusion
coefficient and ion conductivity.”> ** The SANNP for
LiAISiO, was generated by first creating an initial force field
on the basis of a small training data set and then training the
neural network. The training data set consisted of 1000
structures generated by randomly displacing the atomic
coordinates by 0.1-0.2 A and performing SCF calculations
on each set of coordinates using Quantum ESPRESSO with
ultrasoft pseudopotentials, a cutoff energy of 40 Ry, and k-
point sampling at I" points.**> Optimized force fields were then
used to perform molecular dynamics (MD) simulations in an
NVT ensemble with T = 300 K, At = 0.5 fs, a simulation time
of 500 ps, and a 378-atom supercell model (2 X 2 X 2). The
diffusion coefficient was obtained from the slope of the mean
square displacement (MSD) of around 0.5 ns.

Figure S1 shows MSDs obtained from MD simulations for
lithium aluminosilicates. LiAlISiO, showed a significant MSD
and could be considered to have highly mobile Li-ions. By

e Al-O

Figure 2. Crystal structure of the optimized LiAlSiO, and the
corresponding channel structure.

using the MSD data as a function of time, we could calculate
the diffusion coefficient and the corresponding conductivity
could be readily obtained (Table 2). In a crystal with no grain
boundary, LiAlSiO, showed the highest conductivity, as
expected. The radial distribution function of Li in the crystal
system is presented in Figure S2. Li interacts with Al and Si at
the same distances, and the separation of Li—Li pairs is
expected to be 2.5—3.0 A, suggesting cooperative migration of
Li in the channel, as illustrated in Figure 2, where the Li path is
shown in blue.

3.2. Optimization of Sintering Temperature of the
LASO Electrolyte. 3.2.1. X-ray Diffraction Studies and
Electrochemical Characterization of the LiAlSiO, SE through
Sintering Temperature Optimization. The sintering process is
an important process in SE preparation that can affect the
structural properties of the electrolyte, such as increasing the
relative density and reducing the bulk and grain boundary
resistance.”” Therefore, the optimization of the sintering
temperature and sintering time and choosing an appropriate
sintering atmosphere are important to obtain the target
structure. It is also necessary to prevent lithium loss during

https://doi.org/10.1021/acsami.3c15221
ACS Appl. Mater. Interfaces 2024, 16, 761-771


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c15221/suppl_file/am3c15221_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c15221/suppl_file/am3c15221_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15221?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c15221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

44 3
(a) (b) (©)
850°C — 424
A E "
- 1 £ 404 o - 850°C
3 3 800°C g 384 : / \
~ (7] 364 ~ 800°C
%' 750°c | £ - 2
2 A © 344 7]
[ (G} s
£ . l . . 700°C g 32 £ 750°C
& 304
o). N 650°C ) [ ] 700°C
+-LiAIO, 8y =
. 1ICSD#2929 263 650°C
10 20 30 40 5 6 70 80 90 650 700 750 800 850 24.0 24.4 248 252 25.6 26.0
2 Theta (0) Temperature (°C) 2 Theta (0)
= 3.540 0.26
O 35357 (@ 0264 g = ()
) ¢ =
< 353 @ 0.24-
5 © | § 023
3525 S
2 © 5 0.22
‘S 3.5204 8
8 T 0.214
& 3.515] :
° = 0.20 =
S 3510 019
o -
g 3505 © ¢ 0.183 =
T 3500 4—— r r r : 047 34— v , r v 0 :
650 700 750 800 850 650 700 750 800 850 0 20 80 100

Temperature (°C)

Temperature (°C)

40 60
Z' (10 Q cm)

Figure 3. (a) XRD patterns of the LASO material sintered at different temperatures and (b) a plot of the sintering temperature (°C) versus the
average grain size (nm) of the LASO SEs. (c) XRD patterns of the d(,y,) plane for different sintering temperatures. (d) Plot of the temperature
versus the d(,,) plane spacing of LASO SEs (A). (e) Variation of the fwhm of the d ) plane of the SEs with the sintering temperature. (f) EIS

curves of LiAlSiO, materials sintered at different temperatures.
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Figure 4. SEM images of LiAlSiO, materials sintered at (a) 650, (b) 700, (c) 750, and (d) 800 °C.

sintering and to optimize the composition of the ceramic
electrolyte. In this work, the precursor was calcined at 400 °C
for 6 h in an air atmosphere to determine the optimal synthesis
conditions of the LASO electrolyte. Finally, pellets of lithium
aluminosilicates were sintered at different temperatures in the
range of 650—800 °C for 6 h in an air atmosphere at intervals
of 50 °C.

XRD analysis was performed to ascertain the structural
properties of the electrolytes sintered at various temperatures,

764

and the XRD patterns obtained are shown in Figure 3a.
Clearly, the intensity of the diffraction peaks of LASO
electrolytes increased with the sintering temperature. The
sharp peaks are attributed to the enhancement of the
crystallinity, which is important for improving the electro-
chemical performance of the LASO SE.*” The XRD patterns of
electrolytes sintered at temperatures of 750 °C or higher
matched that of the single-phase LiAlSiO, phase (ICSD:
2929), but the electrolytes sintered at 700 °C or lower

https://doi.org/10.1021/acsami.3c15221
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Figure 5. (a) XRD patterns of LiAlSiO, materials sintered at 800 °C for different durations. (b) EIS curves of LiAlSiO, materials sintered for

different durations.

Table 3. Comparison of Lattice Parameters for Different
Sintering Durations

time a (A) b (A) ¢ (A) V (&%)

6h 10.4742 10.4742 11.1325 1057.7062
12 h 10.4768 10.4768 11.1538 1060.2561
18 h 10.4792 10.4792 11.1652 1061.8261

Table 4. Lattice Parameters of Lithium Aluminosilicates
Obtained from Le Bail Refinement of X-ray Diffraction Data

x in Li Al Si; O, a (A) c(A) volume (A%)
0 10.4856 11.1898 2770.201
0.05 10.4939 11.1649 2768.422
0.15 10.4926 11.1785 2771.126
0.25 10.4979 11.1627 2769.997
0 10.5177 11.3316 2822.518

“The Lattice Parameters were Obtained through Geometry
Optimization Using DFT Simulation Implemented in the Quantum
ESPRESSO Package.

temperatures contained trace amounts of LiAlO, impur-
ities."' =" These results confirmed that oxygen and silicon
atoms combined during sintering at low temperatures (<700
°C), which is undesirable. When pellets were sintered at a
temperature of 850 °C or higher, the crystallinity of the
electrolyte decreased because of the formation of a lithium-
deficient phase, which indicated lithium volatilization at high

Table 5. ICP-OES Analysis Results of the Li,, Al Si;_ O,
(x = 0—0.25, LASO) Materials

x Li/O Al/O Si/O formula
0 1.01 1.0 0.99 Liy 1Al 080,900,
0.05 1.06 1.05 0.94 Lij 06Al} 058100404
0.15 1.17 1.16 0.84 Liy 17Al 165108404
0.25 1.26 125 0.76 Lij 56Al; 258107604

temperatures. Therefore, we identified 800 °C as the optimum
temperature to obtain the pure LiAISiO, phase.

Figure 3b shows a plot of the temperature versus the average
grain (crystallite) size of the LASO SEs. The Debye—Scherrer
equation was used to calculate the average grain size of the
electrolyte™’

~ KA
" fwhm(26)-cos(0)

where the Scherrer constant K = 0.9, the X-ray wavelength 4 =
0.15418 nm, f is the full width at half-maximum (fwhm), and 0
is Bragg’s diffraction angle. The sintering temperature is a
major factor determining the grain size of the LASO-based
SEs. The average grain sizes of LASO-650, LASO-700, LASO-
750, LASO-800, and LASO-850 were 28, 29, 34, 40, and 41
nm, respectively. It is noteworthy that the average grain size
increased with the sintering temperature. An increase in the
sintering temperature leads to the migration of grain
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Figure 6. (a) XRD patterns and (b) EIS curves of Li;, Al,,Si;_,O, (x = 0, 0.05, 0.15, 0.25, 0.4) SEs.
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Table 6. Comparison of Ionic Conductivities of Previously Reported LASO SEs and the Li;, Al,,,Si;_,0, (x = 0—0.25, LASO) SEs of the Current Study”

references
29
31

ionic conductivity and synthesis temperature

12 x 1077 S em—" (25 °C)—rapid thermal annealing at 900 °C

2.7 X 107 S cm—" (25 °C)—annealed at 900 °C
1.62 X 107 S cm—"' (40 °C)—sintered at 900 °C

preparation method, electrolyte type and thickness

ALD of LiAlSiO, thin-film —20 and 48 nm

electrolytes
P-eucryptite LiAlSiO, thin-film SEs

LiAlSiO, thin film

magnetron sputtering method—thin-film —60 nm

32

sol—gel method—composite polymer SSE—100—130 ym

PEO + LiTFSI + LiAlSiO,

our work

3.95x107°S ecm—! (x = 0) and 1.1 X 10™° S cm—' (x = 0.25) (25 °C)—sintered at 800 °C

sol—gel method—ceramic pellet —1.76 mm

Lij, Al Si;_,O, (x = 0—0.25) ceramic SE

“(ALD—atomic layer deposition method, PEO—poly(ethylene oxide), LITFSI—lithium bis(trifluoromethanesulfonyl)imide).
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boundaries, and grain growth depends strongly on the sintering
temperature.‘m’45

Electrochemical impedance spectroscopy (EIS) was used to
analyze the LASO SE prepared at different sintering temper-
atures, and the EIS results are shown in Figure 3f. The
resistance decreased as the sintered temperature increased
(>650 °C). From these data, the total ionic conductivity of the
LASO pellet sintered at 800 °C was calculated to be 2.11 X
1075 S cm™ (25 °C). This high ionic conductivity is likely to
be associated with crystallographic characteristics, such as the
interplanar spacing distance (d) and crystallinity of the sintered
LASO pellet. The comparisons of ionic conductivities of the
LiAISiO, SE for different sintering temperatures are listed in
Table S1. Figure 3c,d shows a comparison of the diffraction
patterns and d spacing for different sintering temperatures.
Apparently, the d spacing increased when the material was
maintained at a high temperature for a long duration.*® This is
due to thermal expansion because the thermal expansion
coefficient of the crystal for the direction along the mutual
space in the crystal structure varies with temperature.
Therefore, it was concluded that the higher sintering
temperature induced more d spacing by thermal expansion.

In ceramic SEs, high crystallinity of the material is essential
for fast Li-ion conduction. The crystallinity of electrolytes can
be calculated from the fwhm of the (202) major peak, which
can be determined from XRD patterns. Figure 3e shows the
relationship between the fwhm and the sintering temperature.
The crystallinity is inversely related to the fwhm of the XRD
peak.” For the sintering temperature of 650 °C, the (202)
peak was broad and had a high fwhm of 0.25°, indicating poor
crystallinity. The crystallinity improved significantly at 800 °C
and became saturated. The highest crystallinity was attained at
800 °C, and LASO showed a clear sharp peak with the smallest
fwhm (0.18°). However, the resistance of the sample sintered
at 850 °C was large, and it was due to the formation of a Li-
deficient phase as a result of lithium volatilization at this high
temperature. Hence, it was confirmed that the pellet sintered at
800 °C in which LiAlO, impurities were absent (indicated by
XRD results) had high ionic conductivity. Hence, the optimum
sintering temperature for preparing LiAlSiO,-based SEs was
identified as 800 °C.

3.2.2. Morphological Results. Figure 4 shows FE-SEM
analysis results of LiAlSiO, pellets sintered at different
temperatures in the range of 650—800 °C. With an increase
in the sintering temperature from 650 to 800 °C, there was no
significant change in the morphology, but the particle size
increased and the porosity between particles decreased, which
indicated that the pellet’s density increased. The relative
density of the pellet continuously increased to around 65% as
the sintering temperature increased from 650 to 800 °C. Frank
Tietz’s group’ found that increasing the density of an
Li; sAlysTi, s(PO,); oxide-based SE increased the SE’s ionic
conductivity. As the sintering temperature increases, the
particles expand, which results in a decrease in the porosity
and an increase in the pellet density. It was inferred that the
increase in the pellet density promoted smooth Li-ion transfer
between particles and eventually increased the total Li-ion
conductivity. The surface morphology of the synthesized
LiAlSiO, sintered at 800 °C is shown in Figure S3. The
synthesized powder was coarse with a particle size of ~9 um.

3.3. Structural and Electrochemical Characterization
of the LiAlSiO, SE through Sintering Time Optimiza-
tion. To optimize the sintering time, we sintered LASO pellets
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Figure 7. FE-SEM images of Li;, Al,,,Si;_,O, materials with (a) x = 0, (b) x = 0.0S, (c) x = 0.15, and (d) x = 0.25.
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Figure 8. Galvanostatic charge—discharge performance for the Li//Li,,Al,,,Si;_,O, (x = 0.25)//Li symmetric cell at a (a) 0.1 mA cm™ current
density. (b) Different (0.0, 0.1, 0.2, and 0.3 mA cm™2) current densities. (c) Galvanostatic charge—discharge performance for selected cycles. (d)
Cycle life of the Li//Li,,,Al,,Si;_,O4 (x = 0.25)//LFP cell at a rate of 0.2 C at 25 °C.

at 800 °C for different durations in the range of 6 to 24 h, at
intervals of 6 h. Furthermore, the dependence of the structure
and electrochemical properties of LiAlSiO, SEs on the
sintering time was examined. Figure Sa shows the XRD
patterns of the LASO electrolyte sintered at 800 °C for
different durations. The XRD peaks are sharp, confirming its
crystalline nature, and no secondary phase was formed in the
electrolyte. The electrochemical data in Figure Sb confirm that
the total resistance value of the LiAlSiO, SEs decreased as the
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sintering time increased beyond 6 h. In particular, the SE
sintered for 18 h had the smallest total resistance, namely, 57.5
k€. For a longer sintering time, the resistance value tended to
increase by 74.5 kQ. The comparisons of ionic conductivity of
the LiAlSiO, SE for different sintering times are listed in Table
S2.

To determine the reason for the drop in the resistance of
LiAISiO,-based SEs sintered at 800 °C for a longer duration
(>6 h), the lattice parameters were calculated; the lattice
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Table 7. Capacity Retention and Capacity Fade Rate of the
Li//Lil+xAl1+xSi1—x04 (x = 0.25)//LFP Cell at the 0.2 C
Rate

capacity retention

cycle  capacity (mA h g™*) (%) capacity fade rate (%)
1 94

20 104

S0 103 29 0.033

100 101 97 0.037

parameters are tabulated in Table 3. Peak shifts were observed
and confirmed in the XRD pattern. According to Bragg’s law
(nd = 2d,, sin 0), the dy, interplanar distance increases when
20 decreases.”® Therefore, the shift in the XRD pattern
indicated a change in the lattice parameters and volume
variations. Accordingly, it was considered that the volume of
the bottleneck would expand and that the ionic conductivity
would increase eventually. The lattice constants of the
LiAlISiO, SEs sintered for 6 h were a = b = 10.4742 A and ¢
= 11.1325 A, whereas those for 18 h sintering were larger (a =
b =10.4792 A and ¢ = 11.1652 A). The lattice parameters of
the LiAlSiO, SE and the unit cell volume increased with the
sintering duration. The increase in the cell volume implies that
lithium ions can diffuse more easily through the electrolyte and
that the volume of the bottleneck can be increased to enhance
Li-ion conduction.

3.4. Optimization of Composition Li;Al,,,Si;_0, (x
=0, 0.05, 0.15, 0.25, 0.4) SEs. 3.4.1. Theoretical Studies of
Li; Al 1, Si;_O,4 (LASO) SEs. The change in lattice parameters
as a function of the Li and Al content of the sample is
presented in Table 4, where the lattice parameters were
obtained through Le Bail refinement of the XRD data.*
However, the obtained lattice parameters and cell volume were
smaller than those obtained from the optimized structure by
using the Quantum ESPRESSO package (Version 7.2) with
ultrasoft pseudopotential, where the cutoff for the wave
function and charge were 40 and 360 Ry, respectively, and
the generalized gradient approximation with the Perdew—
Burke—Ernzerhof exchange functional and DFT-D3 van der
Waals dispersion corrections were used.*”® An increase in the
Al content increased the lattice parameter a, while ¢ decreased,
causing the cell volume to remain constant. These results
suggest the progressive substitution of Al into the Si position,
while the Li—Li interaction may increase the electrostatic
repulsion. The electrostatic repulsion increases the ionic
conductivity of the electrolyte.

3.4.2. Structural and Morphological Analysis of
Li; , AluSi;_ O, (LASO) SEs. On the basis of theoretical
studies, we prepared Li,Al,,Si;_,O, (x = 0—0.25) (LASO)
SEs with different Li concentrations. XRD analysis was used to
study the crystal structure of the prepared Li,, Al,,,Si;,_,O, (x
= 0—0.4) SEs, and the results are shown in Figure 6a. The
results confirmed that a hexagonal phase structure was formed
without any secondary phase formation for the composition
range of x = 0 to 0.25. A higher composition (x = 0.4) XRD
pattern showed the presence of LiAlO, as an impurity phase,
formed because of the poor combination of lithium and
aluminum with oxygen, leading to a decrease in the silicon
ratio in the synthesized Li;,Al,,Si;_,O, (x = 0.4) SEs.>’
Table 5 shows the results of ICP-OES, which was performed to
determine the actual stoichiometric ratio of the
Li,AlL,,Si_,O, (x = 0—0.25) SEs. The ICP-OES analysis
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was performed after pretreatment with aqua regia. It was
confirmed that the calculated stoichiometric ratios were
accurate for the four different compositions prepared.

3.4.3. Analysis of Electrochemical Properties of the
Li; Al Si;_O4 SE. EIS was performed to measure the
resistance of Li,,,Al,,Si;_ O, (x = 0—0.4) SEs with various
compositions, and the results are shown in Figure 6b. As the Li
ratio increased, the resistance value of the electrolyte
decreased. The charge-transfer resistance value of the LiAlSiO,
SE was about 57.5 kQ, but that of Li; ,5Al, ,5Siy,50, decreased
to 20.9 kQ. This confirmed that the substitution of Li
composition decreased the resistance value of the electrolyte.
The Li; 55Al, 5581y 7504 SE easily formed a hexagonal structure
through substitution, with increased Li content and faster
movement of Li ions. In summary, the ionic conductivity of the
LiAlSiO, SE sintered at 800 °C for 18 h was 3.89 X 107 S
cm™!, and the ionic conductivity of Li-substituted
Li; 55Al, 55Sig7504 SE was 1.07 X 107° S cm™. The comparison
of intrinsic and interface ionic conductivity of Li;, Al Si,_,O,
(x = 0—0.40) SEs are listed in Table S3. In Table 6, we
compare our Lij,,Al,,Si;_ O, (x = 0-0.25) SE ionic
conductivity with previously reported conductivities.””*"**
Additionally, Figure 7b shows the EIS profile of the
Li, 4Al, ,Sip 6O, SE and the total resistance of the
Li, 4Al, 4Sip 6O, SE is increased to 2560 K. This confirms the
existence of LiAlO, impurity and eventually increases the
resistance value of the electrolyte. Table S3 shows a
comparison of the ionic conductivity of the Li;, Al Si,_,O,
(x = 0—0.4, LASO) SEs. The intrinsic and interface ionic
conductivities of the Li, 4Al, ,Siy 4O, SE were 3.379 X 1077 and
899 X 107 S em™. Consequently, it confirmed the impurity
phase and suppressed the Li-ion movement in the prepared SE.

Figures 7 and S5 show the SEM analysis of the
Li,Al,,Si;_,O, (x = 0—0.4) pellets sintered at 800 °C for
18 h. It was found that conventional LiAlSiO, SE particles
were not closely attached, leading to low-density electrolytes.
As the x value increased, the porosity decreased, and the
density of the pellet increased to 91%, which was conducive to
the faster movement of Li ions.’’ Figure S4 shows a
comparison of the ionic conductivities corresponding to the
optimum sintering temperature, optimum sintering duration,
and optimum Lij,,Al,,Si;_,O, (x = 0—0.25) composition.
The room temperature ionic conductivity of the LASO pellet
sintered at 800 °C was 2.11 X 107° S cm™!, and the ionic
conductivity after sintering for 18 h was 3.89 X 107 S cm™.
With a change in the composition of the Li, ,5Al; ,5Siy 750, SE,
the ionic conductivity increased to 1.07 X 107> S cm™, five
times the conductivity of the pristine sample. After the x value
increased, the density of the pellet increased to 91%, but still,
the ionic conductivity of the SE is low. The lower density
compared to the theoretical pellet density, nonuniform particle
size, and shape are the main reasons for the low ionic
conductivity. If we realize the pellet density of >98%, we can
achieve higher ionic conductivity (>107> S cm™) in such SEs.

3.5. Electrochemical Performance of the Li//LASO//Li
Symmetric Cell and the Li//LASO//LFP Solid-State
Battery. Figure 8a illustrates the galvanostatic charge—
discharge performance for the Li symmetric cell using
Li, Al,,Si;_,0, (x = 0.25) as a SE. The current density of
0.1 mA cm™> was applied during the Li-plating/stripping
process, and the current direction of the cell was altered every
30 min. The initial overpotential of the Li-symmetric cell was
48 mV, but after a few cycles, the overpotential decreased due
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to smooth Li-ion transfer. After 500 cycles, there were no
fluctuations and change in the cell performance, which implies
that the SE can suppress dendrite formation for long cycle life.
The SE was also tested at different current densities for the Li-
plating/stripping process (Figure 8b). The overpotential of the
cell was increased at a higher current density, but the cell still
maintained a stable cycling performance at high rates. The
addition of liquid electrolytes (LEs) enables a better ion
transfer pathway and changes the particle—particle contact to
the particle—LE contact.

Figure SS shows the surface morphology of the LASO SE,
which was studied to understand the contact loss of the cell.
After 500 cycles, small cracks were formed on the surface of
the LASO particles, and the volume expansion was the prime
reason for crack formation. To further improve the lithiophilic
nature of the SE by a protective coating layer over the SE
surface is a good choice, which is being examined in our
ongoing work.

Furthermore, the charge—discharge performance of the Li//
Liy, Al Si;_,0, (x = 0.25)//LFP cell was tested at a rate of
0.2 C rate. As shown in Figure 8¢, the Li//LFP cell delivers
initial charge and discharge capacities of about 109 and 94 mA
h g7/, respectively, with a corresponding Coulombic efficiency
of 86%. The cell capacity is increased to 104 mA h g~' due to
the slow activation process. After 100 cycles, the cell rendered
a discharge capacity of 101 mA h g~', which corresponds to
97% of its maximum reversible capacity (Figure 8d). Table 7
shows the capacity retention and capacity fade rate of the Li//
Liy,Al,,Si;_,O, (x = 0.25)//LFP cell. The major reason for
the capacity loss is the Li-ion irreversibility and higher charge-
transfer resistance across the electrode—electrolyte interface.
Overall, the electrochemical performance is good, but the cell
is not in a complete solid-state configuration. Therefore, we
suggest further improving the contact area between the
cathode active material and SE in all-state Li-ion batteries
using a sintering aid and molten salt.

4. CONCLUSIONS

In this study, DFT was employed to determine the crystal
structure and lattice parameters of LASO. The sol—gel method
was used to prepare the LASO (x = 0—0.25) SE, and in the
synthesis process, the sintering temperature, sintering duration,
and doping composition were optimized. XRD results showed
that below 700 °C, the LASO pellet contained the LiAlO,
impurity phase. This impurity phase disappeared when higher
sintering temperatures were used. The LASO pellet sintered at
800 °C had a higher ionic conductivity of 2.11 X 107° S cm™
due to a decrease in the total resistance of the electrolyte.
Furthermore, the unit cell volume of the SE pellet sintered at
800 °C for 18 h was larger, which had a positive effect on the
electrochemical performance. To optimize the substitution
composition of Li;,Al,,Si;_,O, (x = 0—0.25), we increased
the lithium (Li*) concentration to increase the total ionic
conductivity and relative density. Following the optimization,
the Li; 55Al; 5551750, SE had an ionic conductivity of 1.07 X
1075 S cm™. The ionic conductivity of the electrolyte can be
further increased by optimizing the particle size, refining the
sintering process, and increasing the compactness of the pellet
by applying a higher pressure during pellet formation. These
measures could help realize an SE that can be used in practical
cells.
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