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Commercial B”’-Al20s solid electrolytes for Na* batteries are exclusively produced in tubular form, in part, due to processing
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difficulties. High sintering temperatures combined with NazO loss and excessive grain growth complicate processing of p”’-

Al;03 thin films (<100 um) which could potentially reduce cell resistance, increase energy density, and even permit room
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temperature operations. In this study, we use high surface area flame made nanopowders at selected compositions to drive
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densification to produce B”’-Al,0s thin films with controlled microstructures and NaO loss to maintain a high B”’-Al.Os

fraction. We show that addition of TiO, and ZrO, dramatically enhances the sintering kinetics, resulting in dense (>95 %),

thin (< 50 um) B”’-Al,Os films at the lowest sintering temperature ever reported (1320 °C/2 h). The sintered films also offer

superionic conductivity (>1 mS cm) at room temperature. Symmetrical cell (Na/B”’-Al.03/Na) testing further comfirms its

potential utility in Na batteries using B’’-Al.Os solid electrolytes.

Introduction

Sodium B”-Al,03 has been the subject of numerous studies for
the last 50 years because of its utility and potential utility as a Na*
conductor for a variety of applications including batteries, thermal
electric generators, as well as a number of different types of high
temperature fuel cells.'1 The successful use of B”-Al,03 for any of
these applications mandates optimization of its properties as an effi-
cient Na* conductor but also as a mechanically robust ceramic able
to endure the rapid temperature extremes encountered in some of
the more demanding applications.1214

In general, it is now well recognized that B”-Al,05 offers better
Na* transport properties than the very similar B -Al;03; thus, multiple
work has focused on optimizing processing towards this goal employ-
ing a variety of approaches. Among them, researchers have used:
solid-state reactions; tape casting, microwave, combustion, and sol-
gel syntheses.’>23 |In addition, to optimize the utility of B”-Al,03, a
variety of structural formats have been explored beginning with sim-
ple pellets, tape cast films, and tubes targeting tubular battery and
thermoelectric conversion devices.1%17,19,23-26

B’’-Al,03 tubes are commonly produced by solid-state reaction
in which starting powders are repeatedly ball-milled and calcined,
then sintered to obtain the desired microstructural, physical, and
electrochemical properties. Common sintering conditions involve
heating to >1600 °C for 0.5-4 h causing Na,O to rapidly volatilize such
that the green bodies are covered in a f”’-Al,03; powder bed or placed
in a container to minimize Na;O loss. Na;O loss during sintering re-
sults in formation of less conductive B-Al;,0s.7 Furthermore, the high
sintering temperatures cause excessive grain growth leading to 50-
500 um sized grains which exacerbate mechanical properties.®?’
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In many instances, optimization of Na* conductivity was
achieved through introduction of dopants including, Li*, Mg2?*, Ti*,
Mn#, or secondary phases of ZrO; and Y:ZrO; (YSZ).#121421 |n part
these stabilize the B” structure, in part they limit excessive grain
growth and in part they provide mechanical strength to the final sin-
tered B”-Al,03 structures.

Good microstructural control has been achieved by vapor phase
processing in which a-Al,03/YSZ (70:30 vol.%) composites are sin-
tered to high densities at 1600 °C/2 h, then reheated to 1400 °C with
the samples covered in B”’-Al,03 until full conversion of a-Al,03 to
B”’-Al,03 is reached.?8 The final grain size is equal to the initial grain
size prior to conversion but requires multiple heating steps and high
YSZ fractions which lowers the overall conductivity.

Simply put, facile processing routes to high density B’-Al,03
films with fine microstructural control at low sintering temperatures
remains problematic. Furthermore, most studies involve sintering
powder compacts or thick tubes that are not suitable for producing
thin films. Only a few reports concern relatively thin (100-300 um)
free standing plates or at 50 um but as a coating on a porous
tube.20.24

At present, commercial Na* batteries use 1-2 mm thick ’’-Al,03
tubular electrolytes that also offer the necessary mechanical frame-
work.> Processing difficulties have limited this material to such
forms. As a result cells must operate at 300-350 °C where the elec-
trolyte resistance drops but in fact is still roughly half of the entire
cell due to the required thickness.>¢ If B”’-Al,05 thin films (< 100 um)
with optimal properties can be achieved, novel cell designs in flat ge-
ometries and even room temperature operation may be realized. In-
deed, Liu et al. recently reported room temperature operation of all-
solid-state Na* batteries using B”’-Al,O3 electrolyte but at thickness
of 500 um.2? The world-wide demand for Li suggests fundamental
limitations to total Li resources that are anticipated to result in cost
increases. Consequently, Na batteries offer a low cost, environmen-
tally friendly alternative.>8
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Here, we demonstrate the advantages of nanopowder (NP) pro-
cessing, using high surface area, flame made B’’-Al,03; NPs. We coin-
cidentally introduce TiO, and ZrO, NP dopants at selected concentra-
tions and use various sintering temperatures to optimize densifica-
tion behavior and conductivities. Sintered B”’-Al,Os films were char-
acterized by XRD, SEM, Archimedes and EIS. A symmetrical Na/B"-
Al,03/Na cells was also processed for preliminary testing.

Experimental

Precursor synthesis and powder production
Sodium propionate [NaO,CCH,CHs] was synthesized by reacting so-
dium hydroxide (80 g, 2 mole) with propionic acid (445 g, 6 mole) in
a 1 L round bottom flask equipped with a still head at 130 °C in N
atmosphere. Once transparent liquid was obtained, heat was re-
moved and sodium propionate crystallized on cooling which was fil-
tered off. Magnesium propionate [Mg(0,CCH,CHs),] was synthesized
by reacting magnesium hydroxide (58 g, 1 mole) with propionic acid
(445 g, 6 mole), following the same procedure. Alumatrane
[AI(OCH,CH3)sN], titanatrane {Ti(OCH,CH3)3N-
[OCH,CH,N(CH,CH,0H),1}, and zirconium isobutyrate {Zr[O,CCH-
(CHs),]2(OH),} were synthesized as described in previous work.30-32
Sodium propionate, alumatrane, and magnesium propionate
were dissolved in ethanol at a selected molar ratios to result in
Na1,57AI1033Mg0A57017 (NAMO) composition with 50 wt.% excess so-
dium. The precursor solution with 3 wt.% ceramic loading was aero-
solized and combusted to generate nanoparticles using the liquid-
feed flame spray pyrolysis (LF-FSP) apparatus.3%-3* Nanopowders of
TiO, and ZrO, were also prepared, by aerosol combustion of ti-
tanatrane and zirconium isobutyrate, respectively.

Powder and film processing

All as-produced nanopowders (NPs) were dispersed in EtOH
(200 proof, Decon Labs) with 4 wt. % bicine (Sigma-Aldrich) disper-
sant, using an ultrasonic horn (Vibra cell VC-505, Sonics and Materi-
als, Inc.) at 100 W for 10 min. After 4 h of settling, the supernatant
was decanted and dried. TiO; and ZrO; at selected wt. % were added
to the NAMO NPs during suspension formulation. Table 1 lists target
compositions of the mixed NP systems used here.

Table 2 lists components used for formulating NAMO-2TiO,-
10ZrO, green films, shown as a representative example. All compo-
nents were added to a 20 ml vial and ball-milled with 3.0 mm diam-
eter spherical ZrO, beads for 24 h to homogenize the suspension.
Suspensions were cast using a wire wound rod coater (Automatic
Film Applicator-1137, Sheen Instrument, Ltd.). Dried green films
were manually peeled off the Mylar substrate, cut to selected sizes,
and thermo-compressed at 80-100 °C with a pressure of 30-40 MPa

Table 1. Compositions studied (wt.%).

TiOz ZrOz
NAMO 0 0
NAMO -1TiO, 1 0
NAMO -2TiO; 2 0
NAMO -2TiO,-10ZrO; 2 10
NAMO -3TiO, 3 0
NAMO -3Ti0,-10ZrO, 3 10
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for 5 min using a heated bench top press (Carver, Inc.) to improve
packing density.

Green films were heated to selected temperatures and dwell
times in a box furnace (KSL-1700X, MTI Corporation), placed in be-
tween Al,03 disks (AdValue Technology) to prevent sample warping.

Symmetrical cell construction

Symmetric cells (Na/NAMO/Na) were assembled in a fume
hood under N; flow as a semi-inert environment. Before cell assem-
bly, the metallic Na was scraped to expose a clean surface. Na was
pressed between Mylar sheets to produce smooth and flat surfaces
(0.64 cm? x 0.6 mm thick). After removing the Mylar, the Na compo-
nent was rinsed briefly in methanol and hexane solutions. Symmet-
rical cells were constructed using a standard procedure.

Characterization

X-ray diffraction measurements were carried out using a Rigaku
Rotating Anode Goniometer. Scans were made from 5 to 70° 26, us-
ing Cu Ka radiation (1.541 A) operating at 40 kV and 100 mA. The
Jade program 2010 (Materials Data, Inc.) was used for analysis.

Specific surface areas (SSAs) were obtained using a Micromerit-
ics ASAP 2020 sorption analyser. Samples (300 mg) were degassed at
200 °C/5 h. Each analysis was run at =196 °C (77 K) with N,. The SSAs
were determined by the BET multipoint method using ten data points
at relative pressures of 0.05-0.30. SSA was converted to average par-
ticle sizes (APS) using the equation APS = 6/(SSAxp). The net density
(p) of the as-produced NP was approximated by rule of mixtures.

Scanning electron microscopy (SEM) micrographs were taken
using FEI NOVA Nanolab SEM and Philips XL-30 SEM. Powder samples
were used as is, sintered films were fractured for imaging. All sam-
ples were sputter coated with Au/Pd using a SPI sputter coater.

A Q600 simultaneous TGA/DSC (TA Instruments, Inc.) was used
to observe thermal decomposition of NPs and green films. Samples
(15-25 mg) were loaded in alumina pans and ramped to 900 °C at 10
°C min-1 under constant air flow at 60 ml min-1.

Final sintered film densities were determined by Archimedes
method using ethanol.

Room temperature AC impedance data were collected with SP-
300 (Bio-Logic LLC) in a frequency range of 7 MHz to 1 Hz. Concentric
Au/Pd electrodes, 3 mm in diameter, were deposited using a SPI
sputter coater on both surfaces of the films using a deposition mask.
“EIS spectrum analyser” software was used for extracting total re-
sistance. Equivalent circuit consisting of (RiotalQtotar)(Qelectrode) Was
used. R and Q denote resistance and constant phase element, re-
spectively. SEM fracture surface images were taken to measure sam-
ple thicknesses.

Table 2. Suspension formulation (NAMO-2TiO,-10Zr0O5).

Role Wt.%

NAMO (with bicine) Ceramic (dispersant) 25.5
ZrO, (with bicine) Ceramic (dispersant) 2.95
TiO, (with bicine) Ceramic (dispersant) 0.58
Polyvinyl Butyral Binder 4.69
Benzyl Butyl Phthalate Plasticizer 4.69
Propanol Solvent 30.9
Acetone Solvent 30.4

This journal is © The Royal Society of Chemistry 20xx
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Symmetrical cells were cycled using an SP-300 (Bio-Logic LLC) in
a DC steady state approach where constant current was held (28 pA)
and the resulting potential was measured over time.

Results and discussion

The basic objectives of the work reported here were to develop
optimal methods of processing B”-Al,03 thin (<100 um), dense (> 95
%) films that also exhibit superior Na* conductivity, starting from
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flame made NPs. We have previously demonstrated that this ap-
proach allows the processing of a number of Li* conducting ceramic
electrolytes at similar dimensions that are otherwise difficult to pro-
cess.3032

To establish the best processing conditions, it is necessary to
fully characterize the starting NPs produced as described in the ex-
perimental section and in previous publications. Thereafter, we char-
acterized the sintering behavior of the processed green films with se-
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Fig. 1 (a) SEM images of as-produced NAMO, TiOz, and ZrO2 NPs. (b) XRD patterns of as-produced and calcined NAMO NPs. Reference files used are y-
Al,O3 (PDF#: 00-050-0741), NasAlsOg (PDF#: 04-009-1560), and B”’-Al.0s (PDF#: 01-073-9550). (c) XRD patterns of as-produced ZrO, and TiO2 NPs. Refer-
ence files used are m-ZrO, (PDF#: 98-000-0105), t-ZrO (PDF#: 04-005-4207), a-TiO2 (PDF#: 98-000-0081), and r-TiO2 (PDF#: 98-000-0375). (d) TGA plots of

NAMO, ZrO>, and TiO2 NPs.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




lournal of-Mate

ARTICLE

lected wt.% of TiO, and ZrO, additions. The effects of sintering tem-
perature and additives on the final microstructures and ionic conduc-
tivities are then compared.

Flame made nanopowders (NPs)

Na1.67Al10.33Mg0.67017 (NAMO) was selected as it is one of the
standard compositions used in B”’-Al,03 syntheses and processing.
The Mg?* dopant promotes B"’-Al,03 phase formation as excess Na is
required to maintain charge neutrality. A 50 % excess of Na was used
to compensate for its loss during sintering. A fairly high Na content
was selected given that the loss rate is much faster in thinner sam-
ples compared to thick pellets and no external Na,O source such as
a powder bed was used during sintering.3!

As-produced NPs were characterized by SEM, XRD, BET, and
TGA-DTA to confirm the particle sizes and morphologies, crystallo-
graphic phases present, and thermal stability. Fig. 1a shows SEMs of
as-synthesized NPs. Specific surface areas (SSAs) obtained by BET
were 52, 55, and 32 m2 g for NAMO, TiO; and ZrO,, corresponding
to average particle sizes (APSs) of 36, 28, and 32 nm, respectively.
Particles show narrow particle size distribution, and rather spherical
morphologies, typical of flame made NPs.

1360 °C/2 h

0 wt.%

1 wt.%

2wt %

3 wt.%

1400 °C/2 h
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The XRD patterns of the as-produced and calcined NAMO at se-
lected temperatures are shown in Fig. 1b. As-produced powder is a
mixture of y-Al,03, B”’-Al,03, and NasAl;0s, consistent with our ear-
lier work.23 LF-FSP produces kinetic, rather than thermodynamic
phases, due to the rapid combustion and quenching involved; thus,
often times the as-produced NPs are not single phase but mixtures.
Furthermore, note that the relative peak intensities of B”’-Al,03 are
also disproportionate compared to the reference pattern. However,
on heating, peaks ascribed to y-Al,O03 and NasAl;0g gradually grow
smaller and eventually disappear at 1200 °C as they react to form p”’-
Al,03_Single-phase B’’-Al,05; forms at 1200 °C and the relative peak
intensities align well with the reference pattern. Fig. 1c depicts XRD
patterns of as-produced ZrO; and TiO; NPs. They also show a mixture
of two phases, m-ZrO, (monoclinic) and t-ZrO, (tetragonal) for ZrO,,
and a-TiO; (anatase) and r-TiO; (rutile) for TiO,, typical of flame made
NPs.33:34 3-TiO, converts to r-TiO; (>400 °C) and m-ZrO, converts to t-
Zr0O; (>1170 °C) far below the sintering temperatures investigated in
this study as detailed below. Hence, the mixed phase in the as-pro-
duced state has no influence on sintering as the respective material
becomes single phase on heating.

1440 °C/2 h

Fig. 2. SEM fracture surface images of NAMO-xTiO:z (x=0, 1, 2, 3) sintered to selected temperatures (Scale bar = 2 um).

4| J. Name., 2012, 00, 1-3
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Fig. 1d illustrates TGA mass loss curves for the as-produced NPs.
Most mass loss takes place <250 °C, due to physi-/chemi-sorbed wa-
ter on powder surfaces. The higher mass loss of NAMO suggests its
hygroscopic nature compared to TiO; and ZrO,, consistent with the
literature.3> The absence of mass loss near the melting point of
Na,COs (850 °C) indicates the as-produced powder contains no or lit-
tle Na,COs. DTA curves are not shown as no noticeable endo-/exo-
thermic peaks were observed.

Effect of TiO; addition on the sintering behavior of NAMO

Figs. 2 and S1 compare the microstructures of the sintered
NAMO with TiO; addition. When sintered without any additives, in-
terconnected submicron plate-like grains are observed up to 1440 °C
with limited densification. At fixed temperatures, denser microstruc-
tures are obtained with increasing TiO, additions. Grain sizes in-
crease dramatically with 2 and 3 wt. % TiO; addition. At these wt.%,
the length of some of the plate-like grains surpass the field of the
SEMs whereas a number of grains are observed without TiO, addi-
tion, but less with 1 wt.% TiO,.

Clearly, TiO, aids sintering. Indeed, Ti** dopant has been re-
ported to substitute Al3* thereby generating Al3* vacancies which en-
hance A3+ diffusion rates.3¢ In addition, a number of low melting
point (1030-1130 °C) TiO,-Na,0 line compounds such as NaTiOg,
NagTisO14, and Na,TizOy likely form inducing liquid phase sintering.3”

High density microstructures are achieved at as low as 1360
°C/2 h. For example, NAMO with 3 wt.% TiO, addition sintered to
1360 °C/2 h is 98.4+1.0 % dense as determined by Archimedes
method. Earlier attempts to introduce TiO, to NAMO have been re-
ported, but none report sintering temperatures as low as demon-
strated here. Hence, the properties of the starting powder, particu-
larly the nanometer length scales, must be a key factor driving den-
sification.

In Fig. 2, at a fixed TiO; content, higher sintering temperatures
lead to denser microstructures. Also note that there are no macro-
scopic pores but rather uniformly sized submicron pores due to the
small and uniform particle sizes of the starting powder. This is very
important as the presence of macroscopic pores (> 10 um) at thick-
nesses of < 100 um can result in non-uniform ion transport arising
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from local in-homogeneities that can form during charge/discharge
cycling of a cell.

Fig. 3a compares the XRD patterns of NAMO-xTiO; (x=0, 1, 2, 3)
sintered to 1400 °C/2 h. B” and B-Al,Os share the majority of the
peaks such that those that don’t overlap and are commonly used for
phase identification are labeled. All samples show mixed phases of
B’ and B-Al,03 at varying fractions. When comparing the peak inten-
sities of those near 20° 26 and 45° 26, the relative intensities of B"’'-
Al,O3 decrease with increasing TiO; content, suggesting TiO, addition
reduces B”’-Al,0s fraction. On another note, with increasing TiO; con-
tent, peaks at ~8° and ~16° 26 intensify. These peaks correspond to
(003) and (006) for B”’-Al,03 and (002) and (004) for B-Al,0s3, suggest-
ing a preferred orientation forms. Grain reorientation during liquid
phase sintering, as discussed earlier, is likely the cause of preferred
orientation and increasing grain sizes.

Fig. 3b traces B’’-Al,0; phase fractions at all tested sintering
schedules. At a fixed TiO, doping level, higher temperatures result in
lower B”’-Al,03 fractions. This is simply due to NayO loss at higher
temperatures since B-Al,O3; has lower Na content per formula unit.
At fixed temperature, increasing TiO, content generally results in
lower B”'-Al,03 fraction. Literature reports TiO; doping stabilizes B-
Al,03.38 However, given that the B’’-Al,05 fraction decreases with in-
creasing sintering temperature at fixed TiO, doping level, it also ap-
pears that TiO; addition aids Na,O loss at lower temperatures. It may
be that Na,0 is lost from the intermediate liquid phase formed along
the Na,O-TiO; line compounds such that higher doping levels result
in faster loss. Another possibility is that Na,O is lost faster along the
(00z) plane since increased TiO, doping results in higher degrees of
preferred orientation and lower ”'-Al,05 fraction.

Effect of ZrO, addition on the sintering behavior of NAMO

ZrO; NPs at 10 wt.% were introduced to NAMO-xTiO; (x= 2, 3)
with the object of controlling the final sintered microstructures. Sec-
ondary immiscible phases of ZrO, or YSZ are commonly mixed with
B”’-Al,03 to increase the fracture toughness by mechanisms of stress
induced phase transformation toughening (tetragonal to monoclinic

— 1360 °Ci2h
— 1400 °C/2 h
— 1440°Ci2h

(b) 100

wt.% "

wt.% TiO,

Fig. 3. (a) XRD patterns of NAMO-xTiO: (x= 0, 1, 2, 3) sintered to 1400 °C/2 h. Reference files used are p”’-Al,Os (PDF#: 01-073-9550) and B-Al.Os (PDF#:
01-073-9548). Peaks that do not overlap and are commonly used for differentiating B”’/B-Al.Os are labeled. (b) Trace of B”’-Al,Os fraction of sintered

NAMO-xTiO: (x=0, 1, 2, 3).

This journal is © The Royal Society of Chemistry 20xx
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2 wt.% TiO,/ 10 wt.% ZrO,

3 wt.% TiO,

1360 °C/ 2 h 43604C/2 h

Fig. 4. SEM fracture surface images of sintered NAMO-xTiO2-10ZrO; (x= 2, 3) (Scale bar =5 pum).

Zr0;) and crack deflection. ZrO, addition also promotes densification
of B”’-Al,03 which in turn can increase the B’’-Al,03 fraction as less
Na,O is lost at lower sintering temperatures or due to faster pore
closure thereby reducing sample surface areas.!? Furthermore, ZrO,
can pin grain boundaries and prohibit grain growth resulting in
smaller, more equiaxed grain sizes. Briefly, ZrO, addition is an effi-
cient method to produce strong and tough materials and has been
studied extensively. However, since ZrO, does not conduct Na*, ex-
cessive addition results in higher resistances. A significant conductiv-
ity drop has been reported when > 10 wt.% ZrO, was introduced.3®
Figs. 4 and S2 compare SEM fracture surfaces of the sintered
NAMO-xTi0,-10ZrO; (x= 2, 3). With ZrO, addition, high density mi-
crostructures can be achieved at as low as 1320 °C/2 h. Compared to

4 » p-ALO,

3Ti0,-10Zr0, B-A10s

® m-zr0, + t-2r0,

3Tio,

L

2Ti0,-10Zr0,

Intensity (a.u.)

N S S S

2T,
|
JJ—MLM._MM.,L\..
| S
T T T r T T T T T . T r 1
10 20 30 40 50 60 70
20

Fig. 5. XRD patterns of NAMO-xTiO: (x=2, 3) and NAMO-xTiO,-10ZrO2
(x= 2, 3) sintered to 1360 °C/2 h. Reference files used are B”’-Al,O3
(PDF#: 01-073-9550), B-Al,O3 (PDF#: 01-073-9548), m-ZrO, (PDF#: 98-
000-0105), and t-ZrO, (PDF#: 04-005-4207).
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samples sintered without added ZrO,; no large grains are observed,
suggesting ZrO, successfully inhibits grain growth. The majority of
the ZrO, grains are 400-600 nm and are well distributed within the
B”’-Al,03 matrix providing uniform properties throughout the mate-
rial.

XRD patterns of the NAMO-xTiO, (x=2, 3) and NAMO-xTiO,-
10ZrO; (x= 2, 3) sintered to 1360 °C/2 h are compared in Fig. 5. Sam-
ples with ZrO, show both monoclinic and tetragonal ZrO; present at
2-3 wt.% and 9-10 wt.%, respectively. Part of the introduced Ti%*
seems to have diffused into ZrO,, stabilizing the tetragonal phase.*®
Comparing NAMO-2TiO; and NAMO-2TiO,-10ZrO,, the peak intensi-
ties of B’’-Al,03 relative to B-Al,Os substantially increase with ZrO,

100 ~ I
/]
ay
/ /’
80 )
‘/
y |
I
[
60 v /
N 404 [
‘/
' ~—— NAMO-2TiO,
- — NAMO-3TiO,
— NAMO-2Ti0,-10Zr0,
— NAMO-3Ti0,-10Zr0,
045 S
0 20 40 60 80 100

Z'(Q)

Fig. 6. Nyquist plots of NAMO-xTiO; (x= 2, 3) and NAMO-xTiO,-10ZrO,
(x=2, 3) sintered to 1360 °C/2 h (sample thickness= 50 pum).

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Summary of physical and electrochemical properties of high density films.

Sintering Density Relative ORrT B” fraction
schedule [g cm3] density [%)] [mS cm] [wt.%]
NAMO-2TiO, 1360 °C/2 h 3.0740.02 93.810.6 2.240.4 65.4+0.9
NAMO-2Ti0,-10Zr0O, 1360 °C/2 h 3.3440.04 96.0+1.1 4.1+0.7 82.3+0.9
1320°C/2 h 3.32+0.02 95.5+0.7 5.4+0.9 83.5+0.9
NAMO-3TiO, 1360 °C/2 h 3.23+0.03 98.4+1.0 2.7+0.1 58.4+0.9
NAMO-3Ti0,-10ZrO, 1360°C/2 h 3.40+0.02 98.4+0.7 3.7+0.2 61.0+0.9
1320°C/2 h 3.33+0.03 96.5+0.9 3.310.1 70.0+0.8
@) B R oAy B P - ) [ ()
B""Al*n“ R""-\le; B"'A|Zo3 B”'AIZO; Bn_ I o o
B-Al ALO; B-ALOs -
B”-Anus p-Al,O3 B”-AlO3 [ é
B"-Al,O; B”-AO; B”-Al0s B”-Al0s B’- v

Fig. 7 (a) Optical image of 1320 °C/2 h sintered NAMO-2TiO2-10ZrO,. Samp

les are roughly 2 x 2 cm?. (b) SEM fracture surface image of 1320 °C/2 h

sintered NAMO-2Ti02-10ZrO2 (50 um thick). (c) Fracture surface of 20 um thick film.

addition. Preferred orientation attenuates as well, as evidenced by
weaker relative peak intensities for peaks at ~8° and ~16° 26 com-
pared to others. A similar trend is not observed for the 3 wt. % TiO,
counterpart. It appears ZrO, hosts TiO, and at 3 wt.% TiO,, the
amount of TiO; is still enough to induce preferred orientation
through liquid phase sintering but no large grains were observed.

lonic conductivities

Table 3 compares the relative densities, ionic conductivities,
and B’’-Al,0s3 fractions of high density samples. Detailed phase com-
positions are listed in Table S1. Fig. 6 presents Nyquist plots of
NAMO-xTiO; (x= 2, 3) and NAMO-xTi02-10ZrO; (x=2, 3) sintered to
1360 °C/2 h. All compositions show high conductivities > 1mS cm™.
Among them, the conductivities of NAMO-2TiO, and NAMO-3TiO,
sintered to 1360 °/2 h are on the lower end likely due to lower rela-
tive density and B’-Al,Os fraction, respectively. NAMO-2TiO,-10ZrO,
sintered to 1320 and 1360 °C/2 h show the highest ionic conductivi-
ties of 4-6 mS cm1 as a result of high relative densities combined with
high B”’-Al,03 fraction. Note 10-12 wt.% ZrO; is present, based on
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Fig. 8. Galvanostatic cycling of Na/NAMO-2Ti0,-10ZrO2/Na symmetric
cell at the current density of 44 uA cm2.
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XRD, and hence a very low B-Al,03 fraction. NAMO-3TiO,-10ZrO; sin-
tered to 1320 and 1360 °C/2 h offers slightly lower conductivities of
3-4 mS cm likely due to lower B”’-Al,0Os fraction. No reports on room
temperature B”’-Al,03; conductivity are available, but the obtained
conductivities are 3-6 fold higher compared to the ambient conduc-
tivity of polycrystalline B-Al,03.6

Fig. 7a is an optical image of typical dense sintered films pro-
duced in this study with dimensions of ~2 x 2 cm2. Translucency is a
result of high density and low thickness. All dense samples had sin-
tered thicknesses ranging from 20-70 um, Figs. 7b and 7c.

Fig. 8 shows a Na/NAMO-2Ti0O,-10ZrO,/Na symmetrical cell gal-
vanostatically cycled at room temperature. The cells were cycled us-
ing a DC steady state method in which a constant current (28 uA or
44 pA cm-2) was held and the resulting potential was measured over
time. A DC conductivity value of 4.2 mS cm! was calculated (V= 0.07
mV, sample thickness= 68 um, area= 0.64 cm?), in good agreement
with the AC impedance measurement results.

Thus, we have demonstrated the potential of these materials to
meet the conductivity, mechanical and thickness requirements
needed to construct Na batteries utilizing solid-state electrolytes.

Conclusions

Through compositional control of flame made nanopowders,
we have identified conditions whereby B’’-Al,O3 sintering tempera-
tures can be reduced by nearly 300 °C compared to conventional ap-
proaches. Increasing TiO, dopant levels dramatically enhances sin-
tering but at the cost of excessive grain growth. However, introduc-
ing a secondary immiscible phase, ZrO,, provides excellent micro-
structural control. Sintered films 20-70 um thick, 96-98% dense with
60-85 wt.% of B”’-Al,03 fractions can be produced using the approach
developed here. The combination of high densities and high B”’-Al,03
fractions results in room temperature ionic conductivities of 3-6 mS
cmtin these thin films. The formation of t-ZrO, points to the poten-
tial for robust mechanical properties.
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Finally, we demonstrate a symmetrical Na/B”’-Al,0s/Na cell that
can be cycled at ambient showing its potential utility in Na batteries
using B”’-Al,0s3 solid electrolytes.

The processes used are easily translatable to mass production,
and with the availability of f”’-Al,05 thin films, novel battery designs
in flat geometries can be realized perhaps providing an obvious path-
way to Na solid state batteries that operate at ambient tempera-
tures.

The main focus of the work has been on optimizing composi-
tions and sintering conditions of NAMO. Future work will address
mechanical properties, critical current densities, conductivity meas-
urements at varying temperatures, and construction of Na batteries
using the NAMO films.
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