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ABSTRACT: Recently, y-LiAlO, has attracted considerable
attention as a coating in Li-ion battery electrodes. However, its
potential as a Li" ceramic electrolyte is limited due to its poor ionic
conductivity (<107'° S cm™). Here, we demonstrate an effective
method of processing LiAlO, membranes (<S50 pm) using
nanopowders (NPs) produced via liquid-feed flame spray pyrolysis
(LF-FSP). Membranes consisting of selected mixtures of lithium
aluminate polymorphs and Li contents were processed by
conventional tape casting of NPs followed by thermocompression
of the green films (100 °C/10 kpsi/10 min). The sintered green
films (1100 °C/2 h/air) present a mixture of LiAlO, (~72 wt %)
and LiAlOg (~27 wt %) phases, offering ionic conductivities
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(>107° S cm™) at ambient with an activation energy of 0.5 eV. This greatly increases their potential utility as ceramic electrolytes for
all-solid-state batteries, which could simplify battery designs, significantly reduce costs, and increase their safety. Furthermore, a
solid-state Li/Lis ;AlO,/Li symmetric cell was assembled and galvanostatically cycled at 0.375 mA cm ™ current density, exhibiting a

transference number ~ 1.

KEYWORDS: nanopowders, coatings, ceramic electrolyte, LiAlO,, LiAl;Oq

1. INTRODUCTION

Lithium-ion batteries (LIBs) used for portable devices are now
being commercialized at large scales (e.g, electric and hybrid
electric vehicles) due to their high energy and power densities,
cyclability, and high operating voltages." Unfortunately, current
LIBs using liquid electrolytes still suffer from limited
electrochemical performance, poor thermal stabilities, low ion
selectivity, and ﬂammability.2 The replacement of liquid
electrolytes with solid electrolytes will resolve the fundamental
safety issues due to their nonflammability and high thermal
stabilities, thereby offering access to new battery chemistries
and designs.’

Ceramic Li* superionic conductors (0.1—1 mS cm™)* with
rigid skeletal structures, low activation energies (<0.4 eV),” low
electronic conductivities (<1 X 107 § cm™),° and thermal
stability are proposed to improve battery chemistries and
increase energy densities by eliminating peripheral mass and
reducing battery pack size.” Solid electrolytes with garnet-type
¢-LLZO (Li,LayZr,0,,),® NASICON [Li,, AL Ti,_,(PO,),],”
and perovskite (LajLa, 5 ,TiO;)'" crystal structures have
been engineered to increase Li* conductivity by modifying
conduction pathways through aliovalent substitution, optimiz-
ing Li* vacancy sites and concentrations of mobile
species.'' ~'* However, little attention has been given to
lithium aluminate polymorphs as ceramic Li* conductors due
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to their poor ambient ionic conductivities (<107'° S cm™),
which can be compensated for, as with LIPON (LixPOyNz),15
through the use of thin, defect-free, and dense films.>'°

LiAlO, has been reported to be a good candidate for
carbonate fuel cells as an electrolyte matrix,'” as a substrate for
growing GaN epitaxial film,'® and as a catalyst for biodiesel
production.'” LiAlO, has also been used as a ceramic filler for
polymer electrolytes.”” Recently, LiAlO, has been explored as a
potential ceramic electrolyte for assembling solid-state micro-
batteries because of its chemical and thermal stability. In
addition to its potential use as a solid-state electrolyte,
polymorphs of lithium aluminates have been studied as
coatings for LIB electrodes.'

The reactivity of LIB electrodes with LiPF4-based electro-
lytes results in corrosive dissolution of redox-active species
from the active materials, which can be suppressed by
introducing a coating as a physical protective barrier.'® The
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Figure 1. Schematic of LF-FSP apparatus.
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most promising coating materials (ALO,,"* ZnO,”" LiAlO,,'°
and Li,ZrO;>*) are expected to offer new opportunities for
next-generation all-solid-state batteries (ASSBs) as intermedi-
ate buffers and wetting agents. Recently, LiAl;Og was found to
form in an alumina-coated garnet LLCZN
(Li;La, ;sCag,5Zr; 7sNby,50,,) interface with a Li metal
anode. The effect was to reduce interfacial impedance."”
This implies that formation of lithiated alumina (LiAl;Oy)
improves Li" migration through the ceramic electrolyte/Li
interface."”

Different synthesis approaches have targeted processing
single-phase LiAlO, membranes with desirable morphological
and conductive features.”> Some of the pathways assessed
include solid-state,'” hydrothermal,** sol—gel,25 combustion,
and atomic layer deposition (ALD) synthesis methods.”’
Recently, Hu et al. described ALD processing LiAlO, films 90,
160, and 235 nm-thick on different substrates with ambient
conductivities of 107'° S cm™" and average activation energies
of 0.8 eV.°

The fabrication of these extremely thin films requires gas-
phase deposition techniques. However, the exploration of Li*
conductive thin-film electrolytes by gas-phase deposition
techniques, such as ALD,® ion beam-assisted deposition,28
and pulse laser deposition,” is still at an early stage as such
methods are energy and equipment intensive, require high-cost
process steps, and offer low deposition rates.”” Thus, there
remains a considerable need to develop alternate methods of
processing membranes with optimal conductivity as potential
candidates for next generation ASSBs.

Recent developments in microelectronic industries have
reduced the energy and power density requirements of
electronic devices.>’ Hence, thin-film microbatteries delivering
capacities in the range of 0.1—S5 mAh can be used as power
sources for these devices.”> These microbatteries provide
various advantages such as low internal resistance, and
excellent rechargeability and enable simple designs in ultrathin
watches, computer memory chips, and microsensors.”"*’
Typically, microbatteries are assembled using thin solid
electrolytes (~1 ym) with the full stack in the range of 10—
15 pum-thick.”” However, the presence of a substrate is
reported to at least double the overall battery thickness.*> The
main challenges of thin-film batteries are finding thin,
lightweight substrates to support the battery and protect
lithium metal and lithium-containing electrodes from air
exposure.””>* The development of a thin-film battery on
flexible substrates has been suggested to improve the energy
storage capacity per unit weight and allow the use of special
designs.” In our previous work, we demonstrated that LE-FSP

NPs enable the formation of flexible and dense Al,O,
membranes with an average thickness of <10 um.”** For
conventional microbatteries, thin-film electrolytes with room-
temperature conductivities >107¢ S cm™' are highly
desirable.*® Thus, this provides the motivation to develop
the Li" conducting membrane that can potentially serve as
both the electrolyte and substrate for such batteries.

The present study aims to demonstrate an effective alternate
method of processing LiAlO, membranes (<50 ym) using high
surface area, flame-made NPs produced via LF-FSP, which
eliminates traditional solid-state reaction steps (i.e., crushing
and ball milling ).*” LiAlO, membranes are produced by tape
casting the NP/polymeric binder slurries followed by
thermocompression of green films (100 °C/10 kpsi/10 min)
and sintering at the desired temperature to obtain fully dense
(>95%) films.

Here, we also demonstrate optimization of Li* conductivity
in LiAlO, membranes through careful engineering of grain
boundary properties by introducing a second phase (LiAl;Og)
and modifying sintering conditions to minimize grain
boundary resistance. Mixed phases of LiAlO, and LiAlOg
offer superior ionic conductivities (~107® S cm™") at ambient
conditions, greatly increasing their potential utility as ceramic
electrolytes that may greatly simplify ASSB designs and
significantly reduce costs. These LiAlO,/LiAl;Og membranes
offer potential utility as ceramic electrolytes in thin-film
microbatteries and coating materials for LIB electrodes.
Sintered LiAlO,/LiAl;Og; and LiAlO, membranes were
characterized by XRD, SEM, ’Li/*’Al NMR, and EIS.
Coincidently, we explored the stability of the LiAlO,/
LiAl;Og membrane when assembled in a symmetric cell with
metallic Li.

2. EXPERIMENTAL SECTION

2.1. LiAlO, Powder Synthesis. Lithium propionate
[LiO,CCH,CH;] and alumatrane [Al(OCH,CH,);N] were synthe-
sized as described previously.” LiAlO, NPs were produced using LF-
FSP, as shown in Figure 1. Lithium propionate and alumatrane were
quantitatively mixed at selected molar ratios to result in LiAlO,
composition with 60, 80, 150, and 300 wt % excess lithium, hereafter
referred to as Li, ,,AlO,, Li;AlO, Liy;AlO,, and Lig,AlO,,
respectively. Previous studies show that resulting NPs are Li deficient
arising from Li,O volatility at flame temperatures >1000 °C.”’

Hence, excess lithium propionate was introduced to promote
formation of the phase pure material. The resulting precursor mixture
was dissolved in ethanol to give a 3 wt % ceramic yield solution. The
LE-FSP was ignited using CH,/O, pilot torches. Flame spray
pyrolysis was then initiated by injecting the precursor solution
aerosol into the combustion chamber (1.5 m long). After combustion
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Figure 2. (2) FTIR spectra and (b) SEM image of a typical as-produced Lis,AlO, NP.
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Figure 3. (a—d) TGA—DTA (1000 °C/air) of as-produced LiAlO, NPs. (a) Li; ;sAlO,, (b) Li, 0oAlO,, (c) Li; AlO,, and (d) Ligz,AlO,.

and rapid quenching, as-produced NPs were collected downstream in
a parallel set of electrostatic precipitators (ESPs) operated between 5
and 10 kV. Table SI lists the amount of lithium and aluminum
precursors used to produce the NPs with varying compositions.

An ultrasonic horn (Vibra-Cell VC 505, Sonics & Materials, Inc.)
operating at 100 W for 10—15 min was used to disperse the as-
produced LiAlO, NPs (10 g, 0.15 mol) in anhydrous ethanol (350

46121

mL). Polyacrylic acid (200 mg, 1.2 mmol) was used as a dispersant.
Thereafter, the dispersed solution was left to settle for 4 h. The
supernatant was decanted, and the recovered NPs were dried at 60
°C/12 h.

2.2. LiAlO, Membrane Synthesis. Table S2 lists the
components used for formulating LiAlO, films. Briefly, the LiAlO,
NPs were mixed with a binder, plasticizer, and dispersant dissolved in
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ethanol and acetone. Thereafter, the mixtures were ball-milled to
homogenize the suspensions. A wire-wound rod coater (automatic
film applicator 1137, Sheen Instrument, Ltd.) was used to cast the
LiAIO, green films. Detailed procedures on synthesizing green films
using LE-FSP-derived NPs can be found elsewhere.”**” To improve
packing density, the LiAlO, films were uniaxially pressed using a
heated bench top press (Carve, Inc.) at 100 °C/10 kpsi/5—10 min.

Sintering studies were conducted using a high-temperature
vacuum/gas tube furnace (Richmond, CA). The Li,,,AlO,,
Li; 99AlO,, Lis;Al0,, and Lig,AlO, green films were placed between
AlLO; disks and sintered at 1100 °C/2 h/air (100 mL min™").

2.3. Symmetric Cell Assembly. Li/Li;;AlO,/Li symmetric coin
cells were assembled inside an Ar-filled glove box. Prior to symmetric
cell assembly, the lithium metal foil (99.9%, Sigma-Aldrich) was
scraped to expose a clean surface. Solid-state symmetric cells were
assembled by placing the Liy;AlO, (25 um-thick and 18 mm
diameter) between the two Li foil disks. The symmetric cell was
heated to 200 °C to reduce interfacial impedance. The Li/Li;,AlO,/
Li cell was then transferred to the coin 2032 cell and uniaxially
pressed at 0.1 kPa. The cell was cycled at ambient conditions using a
potentiostat/galvanostat (BioLogic SP-300).

The analytical methods are included in the Supporting Information.

3. RESULTS AND DISCUSSION

In the present work, we first discuss the characterization of LF-
FSP-produced LiAlO, NPs with various Li contents by SEM,
TGA, FTIR, and XRD. In the second part, we assess the overall
conductivity, phase purity, and microstructure of Li,,,AlO,,
Li; oAlO,, Li;;AlO,, and Lig,AlO, membranes. In addition,
the electrochemical performance of the LiAlO, membrane in a
symmetric cell configuration is also presented.

3.1. Characterization of As-Produced NPs. NPs of
LiAlO, with 60, 80, 150, and 300 wt % excess lithium
propionates were produced by LF-FSP, as shown in Figure 1.
Excess Li is used to compensate for loss during combustion
and sintering. Most studies indicate that excess Li (10—15 wt.
%) is re(;[li(i)red to sinter 1—2 mm-thick pellets of Li-based
ceramics.”’

Figure 2a shows FTIR spectra of as-produced LiAlO, NPs.
The spectra show sharp peaks at 595 and 656 cm™" assigned to
vAI-O for octahedral Al. Bands centered near 715 and 972
cm™ are ascribed to vAl—O for tetrahedral Al and symmetric
bending of Al—O—H, respectively.””*"** A broad peak at
~1500 cm™! corresponds to carbonate vC=0.” The vC=0
intensity increases with lithium content corresponding to
increases in Li,CO; The presence of Li,CO; is in good
agreement with TGA mass losses (~700 °C) and XRD plots,
see Figures 3d and 4, respectively.

Figure 2b shows an SEM image of as-produced Lis,AIO,
NPs showing spherical morphologies typical of flame-made
NPs with average particle sizes (APSs) < 100 nm.*** No
noticeable differences in morphology were observed for LiAlO,
NPs with varying Li contents, as shown in Figure SI. The
particles are agglomerated (electrostatically bonded) but not
aggregated (necked), which is highly desirable for facile
dispersion, tape casting, and sintering dense thin films with
average grain sizes (AGSs) < 10 ym. The BET N, adsorption-
derived specific surface areas (SSAs) and APSs for the LiAlO,
NPs are listed in Table 1. The spherical NPs offer a narrow size
distribution with APSs of ~33—64 nm.

In Figure 3, TGA—-DTA curves for LiAlO, NPs, after
heating to 1000 °C/10 °C min™'/air, reveal mass losses below
250 °C, ascribed to physi/chemisorbed water on the as-
produced NP surfaces. As the Li content increases to 300 wt %,
the TGA plot shows an endotherm associated with a mass loss
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Figure 4. XRD plots of as-produced LiAlO, NPs.

Table 1. SSAs and APSs of LiAlO, NPs

NPs SSAs (m* g™) APSs (nm)
Li, ;5AlO, 53 33
Li; 69AlO, 46 40
Lis ;AlO, 43 47
Lig,AlO, 38 64

starting at ~700 °C as Li,COj; melts/decomposes with loss of
CO, ending at ~900 °C.” The slightly higher mass losses for
Li4,A10, suggest a hygroscopic nature coincident with a higher
propensity to pick up CO, as might be expected with the
higher Li content. This mass loss behavior is further confirmed
by XRD (Figure 4) data indicating the presence of Li,COj;.

The crystal structures of lithium aluminate polymorphs have
been studied since the 60s*’ based on the A™'B*>0, formula by
powder neutron and single-crystal X-ray techniques.*’
Polymorphs of lithium aluminum oxides with six different
crystal systems have been identified to date.*” As might be
expected, phase formation depends on the processing
conditions used. Here, we only focus on cubic LiAl;O4 and
7-LiAlO, phases.

Figure 4 shows XRD plots of as-produced LiAlIO, NPs with
varying Li amounts. The primary phase is LiAlO, with a
secondary Al-rich LiAl;Og phase. Table 2 shows the wt %
fraction of each phase. The combustion byproducts H,O and
CO, at high flame temperatures (>1000 °C) accelerate
decomposition; hence, the formation of single-phase LiAlO,
was inhibited even with 300 wt % excess Li. In general, LF-
FSP-made NPs are pure oxides.>**® However, here, we obtain

Table 2. Relative Contents of Phases in As-Produced LiAlO,
NPs

NPs LIAIO, (wt %)  LiALOg (wt %)  Li,CO; (wt %)
Li, ,5AlO, 25 + 02 74 + 0.8
Li, g5AlO, 42 +05 57 £ 05
Lis ,AlO, 67 + 02 32 +08
Lig,AlO, 85 + 0.4 S+02 9.6 + 0.6
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a mixture of LiAl;Og, Li,CO; and LiAlO,. Owing to
combustion followed by rapid quenching, LF-FSP-produced
NPs often exhibit kinetic rather than thermodynamically
favored phases; consequently, as-produced NPs are often
mixed phases.”*”*” The XRD plots show broad peaks ~19°
20, suggesting the amorphous nature of the as-produced
powders. It is typical for LF-FSP-derived electrolyte-targeted
NPs to be at least partially amorphous as a result of the fast
combustion and quenching process.”*

The observed broad diffraction peaks for the as-produced
NPs is due to the combined effect of the microstrain induced
by dislocation (strain broadening) and shrinkage of coherent
scattering volume (size broadening)."® Williamson—Hall (W—
H)* analysis was used to calculate the crystallite size (f3,) and
microstrain (f3,) by considering the broadening of the peak
width as a function of 26. The total broadening can be
expressed as

h=K+14 (1)

where f represents the total broadening, f is the broadening
due to the crystallite size, and 3, is due to the microstrain. It is
well known that the Scherrer formula provides the APSs of
crystallites in a direction perpendicular to particular (hkl)
planes.”® Thus, the LiAlO, NP crystallite sizes are estimated
using the Scherrer formula (eq 2)

D = kiA/f cos 0 (2)

where D is the crystallite size, k = 0.94 is the shape factor, 4 is
the X-ray wavelength (0.154 nm), f; is the full width at half-
maximum (FWHM) in radians, and 6 is the diffraction angle of
Bragg. The XRD peak broadening due to the microstrain is
given by eq 3

B =4etand (3)

The W—H method assumes that the strain is uniform
throughout the crystallographic direction, given by introducing
eqs 2 and 3 into eq 1

B cos @ = kA/D + 4¢ sin 0 (4)

In eq 4, D and € correspond to the crystallite size and
microstrain, respectively. Figure S2 shows the W—H plots for
the as-produced LiAlO, NPs. The nonlinearity in the W—H
plot (Figure S2b) indicates the presence of the anisotropic
strain.”’ The gradient of B, cos 6 versus sin 6 plot gives the NP
microstrain, and the Y-axis intercept gives the kA/D value.

Table S3 lists the estimated average values for the crystallite
size and microstrain based on W—H plots. The reported BET
APSs (Table 1) are relatively larger than the XRD crystallite
size. The variation between these measurements indicates that
the NPs are agglomerated,52 in good agreement with the NP
microstructures shown by the SEM image in Figure 2b.
Although the Scherrer formula provides only a lower limit of
crystallite size, both BET APSs and XRD crystallite sizes
increase linearly with excess Li for the as-produced LiAlO,
NPs, as shown in Figure S.

Figure 6ab shows "Li and ?’Al MAS NMR spectra of
Lig,AlO, NPs, respectively. The 'Li MAS NMR spectrum
shows a single peak at 0.3 ppm consistent with the crystal
structure of LiAlO, that contains only a single Li site with
tetrahedral oxygen coordination. The *’Al MAS NMR
spectrum shows two peaks. The first, at 76.2 ppm, is
characteristic of [AlO,] units,””* as expected from the crystal
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Figure S. Comparison of BET APSs and XRD crystallite sizes.
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Figure 6. (a) “Li and (b) *’Al MAS NMR spectra of LiAlO, NPs.

structure of LiAlO,. The second peak at 14.0 ppm clearly
shows the presence of [AlO] units.”>* This might hint at the
presence of some residual LiAl;Oq where Al is present both on
tetrahedral and octahedral sites of the spinel structure,
supporting the XRD results present in Figure 4. Furthermore,
since both peaks are quite broad, some amorphous fractions
might be present in the sample.

The crystal structure of LiAl;Og (Figure 7) shows corner-
linked Al-O forming tetrahedra and edge-shared Li/Al-O
octahedra. The four Li ions in the unit cells labeled Lil, Li2,
Li3, and Li4 are distributed on octahedral sites.”> Meanwhile,
AP* is equally distributed between tetrahedral and octahedral
sites. LiAl;Og, owing to its high symmetry, has four equivalent
Li* sites with the same diffusion path(s).”> Hence, it has been
suggested that LiAl;Og might show high ionic conductivities.>
Table S4 lists the lattice parameters for LiAl;Oy obtained from
experimental data and theoretical modeling.

As mentioned above, the large interfacial resistivity between
the metallic Li anode and garnet-type
Li,La, ;sCag,sZr; 75Nbg 501, (LLCZN) was effectively de-
creased by introduction of an ultrathin alumina coating.'
The rationale for these observations suggests formation of a
lithiated alumina that permits rapid diffusion of Li* through the
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Figure 7. Crystal structures of LiAl;Og. The Li, Al, and O are shown in pink, green, and red, respectively; unit cell in black.
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Figure 8. (a) XRD patterns of sintered LiAlO, membranes (1100 °C/2 h/air). (b, c) Optical images of (b) translucent LiAlO, membranes and (c)

flexible Li; ,AlO, film. (The asterisk symbol corresponds to LiAl;Os.)

interface.'” One implication is that the LiAl;Og framework may
permit high Li* mobility via 3D diffusion.>

Pan et al.” studied Li* diffusion mechanisms in LiAl;Og and
alumina by first-principles density functional theory (DFT)
calculations. They find that the Li* diffusion coefficient for
LiAl;Og (Dy; = 3.6 X 107 cm?® s7") is significantly higher than
that of alumina (D = 93 X 107*¥ cm?® s7') at room
temperature, suggesting that the mobility of Li" in LiAl;Oy is
substantially improved. Therefore, enhanced interfacial im-
pedance may be accessed by replacing alumina coatings with
LiAl;Og, implying better battery performance. In addition,
LiAl;Oq shows a wide electrochemical stability window of 0.8—
4.08 V versus Li/Li*, making it an attractive coating for next-
generation LIB electrodes” and a potential solid electrolyte for
assembling microbatteries.

3.2. Microstructure and Crystallinity of LiAlO,
Membranes. Multiple studies have used conventional solid-
state synthesis methods to produce LiAlO, powders."
However, this technique often produces aggregated materials
with broad particle size distributions, low SSAs, and requiring
multiple process steps to fabricate dense, single-phase, and
thick films.*® In contrast, we have reported using flame-made
NPs with narrow APSs to directly process green films by ball
milling the NPs with polymer additives followed by conven-
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tional tape casting. Thermopressing the green films at 100 °C/
10 kpsi/10 min results in uniform green body density that can
drive densification at lower sintering temperatures with control
of final grain size and good mechanical properties in thin (<50
um) films.

Prior to sintering, solid loadings were confirmed by TGA
(Figure S3), presenting an expected ceramic yield of 70 wt %
matching theory. The mass loss between 200 and 400 °C is
ascribed to decomposition of the polymeric additives. This
step is necessary to establish gentle binder burnout temper-
atures (300 °C/2 h) to avoid cracking the polymer-free films.
Green films of LiAlO, with varying Li amounts were
subsequently sintered at various densification temperatures.
Figure S4 shows SEM images of the green films. Micro-
structures demonstrate that the NPs are well mixed with the
polyacrylic acid dispersant. Green films of LiAlO, were
inserted between a-Al,O; disks and debindered at 300 °C/2
h and 665 °C/2 h/5 °C min~! followed by sintering at 1100
°C/2 h/1 °C min™" under a 120 mL min™" air flow.

Figure 8a shows XRD patterns of LiAlO, membranes
sintered at 1100 °C/2 h/air. The dwell time was minimized to
2 h, to reduce Li volatility, preferably resulting in a single-
phase, dense LiAlO,. LiAlO, membranes with 60, 80, and 150
wt % excess Li showed the targeted y-LiAlO, and LiAl;Og.
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Table 3 shows the relative wt % fraction of the phases present.
For Rietveld refinement, a model was imported from the

Table 3. Weight Fraction of Phases in LiAlO, Thin Films
Sintered at 1100 °C/2 h/Air

thin films LiAlO, (wt %) LiALOg (wt %)
Li, ,5A10, 35+ 0.6 64 + 0.4
Li; AlO, S3 + 0.8 46 + 02
Liy ,AlO, 72 £ 0.8 27 £ 02
Lig,AlO, 100

Inorganic Crystal Structure Database (ICSD), LiAlO, (PDF-
01-095-3721) and LiAl,O; (PDF-04-022-2622). Li,,AlO,
membranes show single-phase LiAlO, (space group, P4,2,2),
indicating that loss of Li is compensated by using excess
lithium propionate. Hence, the LF-FSP synthesis method
allows exceptional control of phase purity and stoichiometry.

It is common to account for the loss of Li in sputtering
techniques to synthesize phase pure y-LiAlO,.** However, such
processing requires subsequent ball milling of raw materials
followed by compacting pellets and sintering at high
temperatures (~1100 °C) and long dwell times (20 h) to
produce dense targets.*

Marezio* reported that the XZ plane of y-LiAlO, consists of
distorted MO, tetrahedra (M = Li and Al), forming a 3D
network. The unit cell contains four formula units. One edge of
the tetrahedron is shared by other tetrahedra containing a
metal ion of a different kind.

As seen in Figure 9, the edge-sharing topology generates
distorted hexagonal channels. In this study, the experimental ¢/

Figure 9. Crystal structure of LiAlO,. The Li, Al, and O are shown in
pink, green, and red, respectively; unit cell in black.

a ratio (1.212) for the Lis,AlO, membrane is consistent with
that reported in literature studies (within 1% error).**° The
calculated average Li—O distance in the tetrahedral structure is
~2 A, also in good agreement with the theoretical modeling
work.”® To locate the equilibrium structure, the unit cell
parameters and atomic coordinates were fully relaxed. The
lattice parameters for LiAlO, obtained from experimental and
theoretical calculations are listed in Table SS.

Figures 8b and 10 show optical images and SEM fracture
surfaces of LiAlO, membranes with various Li contents
sintered at 1100 °C/2 h/air, respectively. The optical images
with dimensions of ~1 X 1 cm® reveal semitransparent,
sintered membranes. Translucency arises because of high
densities.”” The Li,,,AlO, membrane, with the highest
LiAl;O; phase fraction (64.4 wt %), exhibits a glossy surface
(Figure 8b). The dense membranes offer thicknesses of 20—50
pum. SEM fracture surface images show uniform submicrom-
eter-sized pores, ascribed to the small and uniform NP APSs,
as shown in Figure 2b and Figure SS. This is significant
because macroscopic pores (>10 pum) in ceramic electrolytes,

aside from engendering poor mechanical properties, result in
poor ionic conductivity from local inhomogeneous ion
mobility, decreasing battery cycle life.””

Figure 8c shows that the Li;;AlO, thin membrane offers
mechanical properties that allow it to flex, which can be
expected to permit roll-to-roll processing and facilitate
assembly of microbatteries. This flexible electrolyte membrane
also enables fabrication of new ASSB battery designs. In
general, fine-grained membranes ensure flexibility in ceramics
attributed to the tortuous crack propagation pathways,
resulting in superior mechanical stability. The flexibility of
the membrane also indicates the absence of surface flaws that
may initiate cracking.

In general, high-density microstructures were achieved at
low sintering temperatures for all LiAlO, films. Transgranular
fracture surfaces reveal very high densities. The density of the
membranes seems to increase as excess Li increases as the
Lig,AlO, membrane shows the highest relative densities ~95
+ 0.2% as determined by the Archimedes method (Table 4).
This may also be attributed to the fact that as-produced
Lig,AlO, NPs contain excess Li,CO;, which aids in liquid
phase/reaction driven sintering as seen previously."” The AGSs
for the LiAlO, films were calculated by the linear intercept
method.”® Table 4 shows that AGSs increased from 2.2 + 0.3
um (for Li;,,AlO,) to 7.2 + 0.5 um (for Lig,AlO,) with
increasing y-LiAlO, phase. The small AGSs for Li,-,AlO,
(Figure SS) and Li; 9AlO, translate to increases in grain
boundary volume fractions, which will reduce the relative
densities for these membranes. Thus, the found densities
reported may actually be somewhat higher because the exact
volume fraction and densities of the grain boundaries are not
known.

3.3. lonic Conduction Mechanisms in LiAlO,/LiAl;Og
Membranes. LiAlO, is a known electrical insulator and a very
poor Li* conductor (~107'° S cm™") at room temperature.”
Efforts have been made to improve its ionic conductivity by
introducing an amorphous phase,’ silicate-based Li* conduct-
ing components with higher ionic conductivity,” structural
disordering via point defects, and higher dimensional defects.’’
However, significant improvements in ionic conductivity have
not been reported, to the best of our knowledge. In this work,
we examined the effect of a secondary phase, LiAl;Og, on
LiAlO, membrane conductivity. Figure 11 shows typical
Nyquist plots for the LiAlO, membranes where electro-
chemical impedance was collected from 7 MHz to 1 Hz at 25
°C. The Nyquist plots in the temperature range of —10 to 100
° C are presented in Figures S6 and S7. The Li; ;AlO, + 150%
membranes offer the highest ionic conductivity of ~5.2 + 0.7
X 107 S cm™ at room temperature. Table S6 records total
ionic conductivities of the membranes heated to selected
temperatures.

Optimization of the ionic conductivity of y-LiAlO, was
achieved by introducing LiAl;Oy. Pristine y-LiAlO, membranes
show room-temperature conductivities of 2.4 + 1.2 X 107* §
cm™!, still 2 orders of magnitude higher than typically reported
for y-LiAlO,.° For conventional all-solid-state microbatteries,
thin-film electrolytes with ambient conductivities >10™® § cm™
are highly desirable.**® Hence, these new LiAlO,/LiAl,Oq
membranes are solid electrolyte alternatives to LiPON for
assembly of microbatteries.

The Li" migration pathways in LiAlO,/LiAl;Og mixed
phases are proposed to be shorter than the distance between
nearest Li" sites in pristine y-LiAlO,, which implies occupation
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(a)

Figure 10. (a—d) SEM fracture surface images of LiAlO, membranes sintered at 1100 °C/2 h. (a) Li, 75AlO,, (b) Li; 4,AlO,, (c) Li;;AlO,, and (d)

Lig,AlO,.

Table 4. Relative Densities of LiAlO, Thin Films Sintered at
1100 °C/2 h/Air

thin films density (%) AGSs (um)
Li; 55AlO, 83 + 0.2 22+ 03
Li, 0AlO, 87 + 0.5 45+07
Li; ,AlO, 90 + 0.6 66+ 02
Lig,AlO, 95 + 0.2 72+ 05

of interstitial sites with lower activation energies. LiAl;Og ionic
conductivi‘?r originates from diffusion of point defects (Vy;~
and Li").>> The Li* interstitial diffusion pathway has been
reported to show a substantial decrease in the interstitial
migration barrier (0.33 €V) compared to Li* vacancy

diffusion.>

This is ascribed to a direct hopping mechanism where
interstitial Li* diffuses through the shared edge between two
LiO, tetrahedra (Figure 7), resulting in comparatively shorter
Li—O bonds (~1.4 A).>> Meanwhile, the vacancy migration
activation energy is reported to be as high as 2.86 eV due to
electrostatic repulsion from adjacent AI** at the midpoint
between the two Li vacant sites.>”

Wiedemann et al.* showed that Li* diffusion in LiAlO,
occurs along a strongly curved pathway in 2D via hopping of
Li" between Li positions and adjacent vacancies. The reported
migration barrier for this diffusion mechanism is ~0.72 eV,
which was determined using temperature-dependent neutron
diffraction studies. The other diffusion mechanism reported is
through a long-range diffusion along the [001] direction, which
results in a higher activation energy of 0.87 eV.* Indris et al.%
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Figure 11. (a—d) Nyquist plots of (a) Li,,,AlO,, (b) Li; 5AlO,, (c) Li;;AlO,, and (d) Lis,AlO, membranes at 25 °C. Marked lines indicate the
equivalent circuit modeling data, and the circles represent experimental data.
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Figure 12. (a) Arrhenius plots for the ionic conductivity. (b) Relation between room-temperature ionic conductivities and relative densities of
LiAlO, membranes sintered at 1100 °C/2 h.

investigated Li* diffusion in LiAlO, single crystals by "Li NMR barrier activation energy of 0.72 eV ascribed to the Li'
spectroscopy and conductivity measurements. They reported a diffusion via a vacancy mechanism.’!
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Table S. Comparison of Conductivities of LiAlO, Samples with Various Processing Methods®

processing phase composition experimental conditions 6 (S cm™) thickness ref
LE-FSP/TC 7-LiAlO, (~73 wt %)/LiAl;Oq (~27 wt %) AC impedance: rt 52 x107° 25 pm this work
ALD amorphous Li/Al = 1:1.16 impedance: in-plane 5.1 % 107° 90 nm 6

ALD amorphous LiAlO, impedance: in-plane 5.6 x 107° 50 nm 16

ALD amorphous LiAlO, impedance: cross-plane 2.8 x 10710 160 nm 6

CT single-crystalline y-LiAlO, AC impedance: 150—350 °C 1x 1077 80 mm 61

SSR polycrystalline y-LiAlO, AC impedance: 450—1000 °C 2x 107" 2.9 mm S9

TRQ 0.7Li,0/0.3A1,0, AC impedance: 150—400 °C 5x 1078 20 ym 63

“TRQ_= twin roller quenching, SSR = solid-state reaction, TC = tape casting, CT = Czochralski technique, ALD = atomic layer deposition, and LF-

FSP = liquid-feed flame spray pyrolysis.
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Figure 13. Galvanostatic cycling of the Li/Li; ;AlO,/Li cell at ambient using various current densities of 0.05—0.375 mA cm ™2 (a) Voltage vs time
profile and (b) Coulombic efficiency vs cycle number plot of the symmetric cell.

The introduction of structural disorder caused by point
defects and higher-dimensional defects in y-LiAlO, has been
reported to increase the room-temperature ionic conductivity,
experimentally studied by temperature-dependent impedance
spectroscopy.”” A recent study elucidates the local diffusion
mechanism for y-LiAlO, by a climbing image nudged elastic
band approach with periodic quantum mechanical density
functional theory.*

It was concluded that Li* can diffuse between two LiO,
tetrahedral sites (Figure 9) via Li point defects (V};”) and via a
Li* Frenkel defect (V;;” and Li;*).>° The low activation barriers
reported here are ascribed to the presence of extrinsic defects
generated by the introduction of LiAl;Og. The Arrhenius plots
for the ionic conductivity of LiAlO, membranes are shown in
Figure 12a. The conductivity of the LiAlO, membranes
increases with increasing temperature, indicating a thermally
activated mechanism. Table S7 presents activation energies
ranging from 0.43 to 0.5 eV for LiAlO, membranes with
various Li compositions.

The ionic conduction mechanism for y-LiAlO, is disparate
with activation barriers ranging from 0.5 to 1.47 eV.*°"%
These findings are based on polycrystalline, microcrystalline,
single-crystalline, and nanocrystalline y-LiAlO,.***°"* The
discrepancies in the calculated activation energies might be
ascribed to the fact that only isolated vacancies are considered
as possible defects, disregarding contributions from grain
boundaries and complex morphologies. In addition, Frenkel
defect-type Li* migration involves local Li* jumps as a function
of Vi;” and the distance between migrating Li—Li;, which
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explains the relatively large scatter in the experimental
activation energy values.™

Figure 12b shows the relationship between room-temper-
ature ionic conductivities and relative densities of LiAlO,
membranes with various Li amounts sintered at 1100 °C/2
h. The single-phase y-LiAlO, film, with a high relative density
of ~95%, shows 2 orders of magnitude lower ionic
conductivity (2.4 X 107 S cm™") compared to the mixed-
phase LiAlO,/LiAlO; films, with slightly lower densities. The
presence of the LiAl;Ogq phase results in superior Li* diffusivity
(3.6 X 107* cm* s™") and lower migration barriers.”> Moreover,
the fine-grained membranes (AGSs < S ym) ensure that cracks
propagate through a tortuous path that absorbs the energy
driving propagation, offering superior mechanical stability.

Table S lists the thicknesses, processing methods, and
ambient ionic conductivities of various LiAlO, films/pellets
reported in literature. The gas-phase deposition techniques
(i.e., ALD) generally require an expensive and energy-intensive
process. Regardless the simplicity of the SSR method,
achieving a dense, single-phase y-LiAlO, sample requires
high sintering temperatures and long dwell times. Utility for
cost-effective mass production with fast ion conducting
properties for ASSBs using this approach seems problematic
at best.

3.4. Symmetric Cell Studies of Li/Li;;AlO,/Li. Li/
Li; ;AlO,/Li symmetric cell was cycled at ambient conditions
by a DC steady-state method in which various current densities
(0.05—0.375 mA cm™?) were used. Figure 13a demonstrates
the potential response of the Li/Li;;AlO,/Li symmetric cell.
At relatively low current densities (0.05—0.15 mA cm™2), the
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symmetric cell exhibits an ideal voltage response, indicating
that there is a minimal interfacial impedance at ambient
conditions. The Li;;AlO, membrane wets well with the Li
metal (Figure S8), supporting the first-principles computa-
tional studies that demonstrate the strong chemical binding
between the Li metal and Li,AlL,O;,,/, (x = 0.4—1.4)."

The voltage plateaus during cycling at higher current density
(0.375 mA cm™2) do show polarization that follows Ohmic
behavior. This polarization is consistent across all cycles, as
shown in Figure S8, which does not suggest degradation of the
LiAlO, membrane. Typically, solid electrolyte degradation is
indicated by the reduction of the voltage during galvanostatic
cycling. Long-term cycling at a 0.25 mA cm™> current density
shows that the potential profile becomes constant (~6.5 mV)
for 60 h, confirming that the lithiated Li; ;AlIO, membrane is a
good Li*-ion conductor that provides an effective Li* migration
path.

The Coulombic efficiency is ~100% (Figure 13b),
suggesting that the primary charge carrier through Li; AlO,
was Li" with negligible electronic conductivity. This is also
supported by the obtained electronic conductivity determined
by DC polarization experiments. The electronic conductivities
were calculated following the procedure described else-
where.*¥*® Figure S9 shows that the stabilized current
increases linearly with the step increase voltage as expected
from Ohm’s law. The Li; ;AlO, membrane showed an average
electrical conductivity of 6.7 + 0.4 X 107'° S cm™". The lithium
transference number (¢;-) was calculated using eq S

tyr = (o)/(oyr + o) (8)
where o} is the ionic conductivity of the Li; ;AlO, membrane
obtained from the Nyquist plot and o, is the electrical
conductivity deduced from the DC polarization experiments.
The Li; ;AlO, membrane exhibits a high lithium transference
number of ~1, enabling the mitigation of electrode
concentration polarization.

3.5. LiAlO, NP-Coated Li,TisO;,(LTO) Electrode. Addi-
tional benefit of the LiAlO, solid electrolyte is that it can be
used as a coating material for LIB electrodes. Even though
LTO demonstrates excellent structural stability, it suffers from
poor conductivity, which limits its application for high-energy
density Li* batteries. The very low electronic conductivities
(<107 S cm™") and the sluggish Li* diffusion coefficient of
LTO result in its poor capability. It has been demonstrated
that the rate ca(pability of LTO can be improved by doping
aliovalent ions,”® reducing particle size, and incorporating
conductive additives.”” Thus, the LTO powders were coated
with LiAlO, NPs to enhance the conductivity and rate
performance. Prior to electrode synthesis, the LTO powder,
carbon black (C65), and the LiAlO, NPs were heated to 60
°C/24 h/vacuum. The electrode slurry was prepared by mixing
LTO (80 wt %), carbon black (C6S, § wt %), LiAlO, NPs (5
wt %), and polyvinylidene difluoride (PVDF,10 wt %) in 1-
methyl-pyrrolidin-2-one. The slurry was then coated on Cu
foil. Figure S10 shows SEM fracture surface and EDX map
images of the LiAlO,-coated LTO electrode. The EDX map
shows well distributed (Al, C, F, Ti, and O) ascribed to the
LiAlO, electrolyte, carbon additive, PVDF binder, and LTO
powder. The top interface is mainly composed of Cu from the
current collector. Here, we demonstrate that it is possible to
introduce LiAlO, coatings onto electrodes by simple ball
milling and tape casting methods.
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Furthermore, the tape casting process permits stacking of
these LiAlO,/LiAl;Og green films onto electrodes, which
simplifies battery design. Figure S11 shows the SEM and EDX
fracture surface images of LTO/LiAlO, membranes. The SEM
fracture surface image shows that the interface between the
anode and the electrolyte is smooth and uniform. The
thicknesses of LTO and LiAlO, are ~45 and 25 um,
respectively. The EDX map shows well distribution of Al in
the top layer and Ti in the bottom layer ascribed to LiAlO, and
LTO, respectively. The O and C elements are also well
distributed throughout the anolyte electrode. This preliminary
work demonstrates that the LiAlO, membranes have a
potential to be assembled in ASSBs. The electrochemical
performance of the LiAlO,-coated LTO electrode is beyond
the scope of this paper.

4. CONCLUSIONS

Solid electrolytes are proposed as key components in
developing next-generation ASSBs due to their unique merits
in terms of wide operating voltage, high thermal and
mechanical stability, and safety. The LF-FSP method’s facility
in the fabrication of nanoparticles with spherical morphologies
enables low-temperature sintering that limits grain growth
during densification, leading to dense LiAlO, membranes that
are thermally and chemically stable and therefore of use as
coatings and electrolytes for next-generation LIBs. The new
composite LiAl;Og/LiAlO, membranes offer 4 orders of
magnitude improvement in ionic conductivity compared to
pristine y-LiAlO,. This is ascribed to the decreases in the Li*
migration barrier by incorporating a 3D percolating network
through the introduction of extrinsic defects and LiAl;Og.
Long-term cycling of the Li/Li;;AlO,/Li symmetric cell
indicates that the membrane is stable with metallic Li at
current densities of 0.375 mA cm™
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