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Abstract : Na-β"-Al2O3 has been widely employed as a solid electrolyte for high-temperature

sodium (Na) beta-alumina batteries (NBBs) thanks to its superb thermal stability and high ionic

conductivity. Recently, a vapor phase conversion (VPC) method has been newly introduced to

fabricate thin Na-β"-Al2O3 electrolytes by converting α-Al2O3 into β"-Al2O3 in α-Al2O3/yttria-

stabilized zirconia (YSZ) composites under Na+ and O2- dual percolation environments. One

of the main challenges that need to be figured out is lowered conductivity due to the large

volume fraction of the non-Na+-conducting YSZ. In this study, the effect of lithia addition in

the β"-Al2O3 phase on the grain size and ionic conductivity of Na-β"-Al2O3/YSZ solid elec-

trolytes have been investigated in order to enhance the conductivity of the electrolyte. The

amount of pre-added lithia (Li2O) precursor as a phase stabilizer was varied at 0, 1, 2, 3, and

4 mol% against that of Al2O3. It turns out that ionic conductivity increases even with 1 mol%

lithia addition and reaches 67 mS cm-1 at 350 oC of its maximum with 3 mol%, which is two

times higher than that of the undoped composite.

Keywords : Na-β"-alumina, Solid electrolyte, Vapor phase conversion, Lithia addition, Sodium-beta

alumina batteries

1. Introduction

Sodium beta alumina (Na-β"-Al2O3) is a sodium

ion conducting solid electrolyte widely used in

high-temperature sodium-sulfur (Na-S) and sodium-

metal chloride (Na-MCl2) batteries thanks to its fast

sodium-ion conducting characteristics through

loosely-packed conduction planes in its spinel

blocks.1–5) There are two distinctive subgroups of

sodium beta alumina, i.e., β- and β"-Al2O3, with

the nominal composition of (Na2O)·x(Al2O3); where

the x is between 9 and 11 for β-alumina and 5

and 7 for β"-Al2O3.6–8) Na-β"-alumina has been

widely preferred among the polymorphs due to its

higher ionic conductivity resulting from higher Na-

ion content.9)

Na-β"-Al2O3 can be synthesized through various

routes such as solid-state reaction, spark plasma

sintering, or sol-gel process.10–13) All the methods

involve the use of a mixture of Na+ ion-containing

precursors, Li+ or Mg+ ion-containing phase stabiliz-

ers, and Al2O3 sources. High-temperature sintering

above 1,550 oC is generally required to densify the

Na-β"-Al2O3 solid electrolyte. However, the high-

temperature firing causes Na-volatilization in the

form of Na2O and diminution in ionic conductiv-

ity.13) Therefore, lithia (Li2O) or magnesia (MgO) is

used as phase stabilizers to balance the Na-loss

through the charge-compensation mechanism.9–13)

The Li+ or Mg2+ ions partially substitute for Al3+*E-mail: keeyoung.jung@rist.re.kr, ylee@gnu.ac.kr
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ions in the spinal blocks. When doped with a mon-

ovalent cation (M+), the Al3+ ions in the spinel

blocks of β"-Al2O3 will be partially substituted by

the M+ ions ([ ] ), and the charge

compensation is done with the introduction of an

additional Na+  ion in the conduction planes

( ).14)

Recently, a novel vapor phase conversion (VPC)

approach has been introduced to obtain Na-β″-Al2O3

directly from α-Al2O3.
11,15) The process involves the

conversion of sintered α-Al2O3/yttria-stabilized zirco-

nia (YSZ) composite into Na-β″-Al2O3/YSZ at rela-

tively lower temperatures of below 1,450 oC. This

new technique effectively suppresses harsh Na2O

volatilization and NaAlO2 aggregation, and restricts

abnormal grain growth that frequently occurred at

higher temperatures. The conversion is established

by coupled diffusion of 2Na+ and O2- ions from

Na2O(g) source through converted sodium conduct-

ing β"-Al2O3 and oxygen conducting YSZ, respec-

tively.16) At the beginning of the VPC, Na2O vapor

from the atmospheric powder (pre-synthesized Na β/

β"-alumina powder) reacts with the α-Al2O3 at the

surface of the α-Al2O3/YSZ composite to form Na-β/

β"-Al2O3. Subsequently, the Na+ and O2- ions from

the vapor are transported through the converted Na-

β"-Al2O3 and YSZ phases, respectively. The atmo-

spheric powder is also to supply Li-or Mg-phase

stabilizers during the conversion.

Even though the role of phase stabilizer is evi-

dent in the conventional process, the effect of the

phase stabilizer in the VPC has not been well stud-

ied yet. It was expected that Li2O for the phase

stabilization would be originated from the atmo-

spheric powder.17) Still, the incorporation of Li+ in

the spinel blocks of Na-β"-alumina during the con-

version would be very slow due to the poor diffu-

sivity of Li+. If a precursor of lithia is added to

the α-Al2O3/YSZ composite, before the phase con-

version, it is expected that the addition of Li2O no

longer has to belong to the slow diffusion from the

atmospheric powder. Therefore, the present study

suggests the pre-addition of a Li2O precursor into

an α-Al2O3/YSZ mixture to increase sodium con-

centration after conversion and focuses on the effect

of lithia concentration on the phase formation,

microstructure, and ionic conductivity of vapor-

phase converted Na-β″-Al2O3/YSZ composites. Since

there are many reports regarding applying Li2O as

a sintering aid for various inorganic materials, the

present research also investigates the other effects

of the dopant in the VPC.18,19) The concentration of

YSZ is fixed at 30 vol.% to obtain both percolat-

ing O2- ion conducting pathway and sufficient

mechanical strength. The concentration of Li2O is

varied from 0 to 4 mol% against that of α-Al2O3.

The phase formation and electrical properties are

systematically investigated through X-ray diffrac-

tion and AC impedance analysis. 

2. Materials and Methods

2.1 Preparation of Li-stabilized α-Al2O3/yttria-

stabilized zirconia (AY73Lx) composites

The precursor powder mixture consists of α-

Al2O3 (AES-11, Sumitomo, Japan), 3 mol% yttria-

stabilized zirconia (YSZ) (TZ-3Y, Tosoh, Japan),

and Li2CO3 (99.0%, Junsei Honsha, Japan). The

mixture was homogeneously mixed with wet

planetary milling (Pulverisette 5, Fritsch, Germany)

at 500 rpm for 4h in ethanol (99.5%). α-Al2O3 and

YSZ were mixed in the volume ratio 7:3. Li2CO3

(99.0%, Junsei Honsha, Japan) was used as the

phase stabilizer, and its concentration varied

between 0 to 4 mol % with respect to α-Al2O3.

The dried powder mixtures were uniaxially pressed

into pellets with 19 mm in diameter and 0.3-

0.4 mm in thickness at 70 MPa. The green pellets

were then sintered at 1,600 oC for 2 h to obtain α-

Al2O3 /YSZ composite discs. The α-Al2O3 /YSZ

composites are marked as AY73Lx, where x is the

mole ratio of Li2CO3 against α-Al2O3. (AY73Lx). 

2.2 Synthesis of atmosphere powder for VPC

The atmosphere powder for VPC is made by

mixing the synthesized Na-β/β"-Al2O3 powder,

previously used Na-β/β"-Al2O3 powder, and NaAlO2 in

the weight ratio 50:40:10. Na-β/β"-Al2O3 powder used

as the Na2O source for the VPC contains ~10.26 wt.%

Na2O, ~0.83 wt.% Li2O, and 88.9 wt.% Al2O3. The

precursors, α-Al2O3, Na2CO3 (99.5%, Samchun

chemical, Republic of Korea), and Li2CO3, were dry-

mixed and calcinated twice at 900 oC and 1,250 oC for

2h each to obtain Na-β/β"-Al2O3 atmosphere powder. 
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2.3 Vapor phase conversion to prepare Na-β″-

Al2O3/YSZ (BY73Lx) composite

The schematic of the VPC process is shown in

Fig. 1. The sintered AY73Lx disks were packed in

the atmosphere powder with dead weights (sintered

MgO/YSZ flat disks) (> 50 g/cm2) to minimize

warpage, and then encapsulated in a dense α-Al2O3

crucible. To avoid sodium loss, the α-Al2O3

crucible was pre-reacted with the atmosphere

powder at a temperature of 1,550 oC for 3h. The

VPC process was carried out at 1,400 oC for 3 h.

The converted Na-β"-alumina/YSZ composites are

marked as BY73Lx, where x is the mole ratio of

Li2CO3 against α-Al2O3.

2.4 Characterization of AY73Lx and BY73Lx

The microstructure of the fractured cross-sections

of the sample was analyzed with a scanning elec-

tron microscope (SEM, XL30S FEG, Philips Elec-

tron optics B.V., Netherlands). Thermal etching at

1,500 oC for 10 min was conducted after micro-pol-

ishing for the grain size analysis of the AY73Lx.

The density of the sample was estimated by Archi-

medes' method. X-ray diffraction analysis (D8

Advance A25, Bruker, Germany) using Cu-Kα radi-

ation was used for the phase analysis and structural

transformation. The conversion of α-Al2O3/YSZ

composites into Na-β"-Al2O3/YSZ was verified by

analyzing the decrease in intensity of α-Al2O3 peaks

((104) and (113)), and the increase in intensity of

Na-β"-Al2O3 peaks ((1011) and (0210)). 

The ionic conductivity measurements were carried

out between 200 oC and 350 oC with an impedance

analyzer (SP240, Bio-Logic Science Instruments,

France) using two-probe 'across-to-plane' mode. Cir-

cular Au patterns of a diameter of 8 mm were

sputtered on the sample’s surface and further brush-

painted with commercial Ag paste as blocking elec-

trodes. A piece of wires-connected Pt mesh was

also attached to the electrode on each face as a

current collector. The samples were then fired at

600 oC for 7 min to remove binders and sinter the

Ag particles. A 2h dwell is allocated in the heating

schedule to obtain thermal equilibrium for the imped-

ance measurement at each temperature. The imped-

ance spectra were obtained within the frequency

range from 10 Hz to 5 MHz.

3. Results and Discussion

3.1 Phase identification

Fig. 2(a) shows the results of the XRD analysis

of the AY73Lx samples sintered at 1,600 oC for

2 h. As shown in the figure, no secondary phases

are formed during sintering. All the peaks are

matched well with the -Al2O3 [PDF#46-1212] and 3

mol% YSZ [PDF#83-0113]. No diffraction peaks

corresponding to Li2O were identified in the spec-

trum. The first and second strongest peaks of all

patterns belong to the (111) peaks at 2θ = 30o and

(220) peaks at 2θ=34.77o of TZ-3Y, respectively.

The (220) planes of TZ-3Y and (104) planes of a-

Al2O3 share common peak positions at 2θ=34.77o.

A sharp decrease in intensity of (104) peak shown

Fig. 1. Schematic setup for vapor phase conversion of AY73Lx into BY73Lx.
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in Fig. 2(b) after conversion of AY73Lx is due to

the conversion of α-Al2O3 into Na-β″-Al2O3. More-

over, the reduction in intensity of the α-Al2O3

peaks at 2θ=25o and 2θ=43o also confirms the con-

version of α-Al2O3 into Na-β″-Al2O3
14). Regardless

of Li2CO3 contents, patterns in Fig. 2(b) are identi-

cal and well matched with the ICDD patterns of

β"-alumina [PDF No. 01-082-0462], 3 mol% YSZ

[PDF No. 01-083-0113], and partially transformed

monoclinic zirconia [PDF#37-1484]. No secondary

peaks are observed in the converted BY73Lx sam-

ples other than the monoclinic zirconia. The evolu-

tion of the tetragonal-to-monoclinic (t-to-m) transition

in the converted samples is due to the martensitic

transformation in YSZ.20) Generally, the t-to-m transi-

tion during crack propagation is the main strengthen-

ing mechanism in YSZ-containing ceramics.20,21)

Moreover, it is clear from Fig. 2(b) that the 3

mol% Li2O stabilized sample has a stronger β"

(006) orientation compared to the others. The lattice

parameters were calculated from the (0210) peaks

of BY73Lx to understand the effect of Li concen-

tration on the phase formation of Na-β"-Al2O3

during conversion, which is given in Table 1. As

shown in Fig. 2(c), all the peaks at (0210) coin-

cide; therefore, it is clear that there is no signifi-

cant change in the lattice parameters, even though

a lattice parameter increase due to Li+ doping

(0.76 Å) in the Al3+ site (0.535 Å) was expected.

The result indicates minimal incorporation of Li+ in

Fig. 2. (a) XRD pattern of the AY73Lx samples sintered at 1,600 oC for 2 h. (b) XRD patterns of the BY73Lx samples

vapor phase converted at 1,400 oC for 3h and phase-stabilized with 0, 1, 2, 3, and 4 mol % of Li2O. (c) XRD patterns of

BY73Lx enlarged between 45 o and 47 o to check the presence of Na β-Al2O3. No peak was detected corresponding to Na-

β-Al2O3.
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the α- or β"-phase during sintering and conversion.

Instead, the Li might have resided at the grain

boundaries as a glassy phase since the densification

in the conventional β"-Al2O3 synthesis process

involves the existence of an eutectic reaction

among the ternary Na2O-Al2O3-Li2O system. If

there are any secondary phases of Li at the grain

boundary, it will block the Na+ conduction across

the grain boundary. 

Na-β″-Al2O3 has a rhombohedral structure consist-

ing of three spinal blocks separated by conduction

slabs partially filled with Na+ ions. It is well

understood that the grain growth in Na-β″-Al2O3

occurs parallel to the basal plane (along the con-

duction plane), which leads to the formation of

elongated grains with platelet morphology20). The

ionic conduction occurs through the diffusion of

Na+ ions through the conducting slab. However, the

conduction of the polycrystalline Na-β″-Al2O3 is

anisotropic due to the irregular orientation of the

conduction planes. Therefore, the degree of crystal

orientation in BY73Lx is to be determined to explain

the effect of Li2O addition on ionic conductivity.22)

The crystal orientation is determined using the Lot-

gering factor, f001, which is given as23):

(1)

where,  is the intensity of 00l peak and Ihkl is

the peak intensities of all the planes within the

measured 2θ range; and  and  are the cor-

responding intensities of the reference sample with-

out any preferred orientation.20,22,24) As shown in

Fig. 2(b), the relative intensity of (006) reflection

of BY73L3 is stronger than that of other composi-

tions, indicating a higher phase orientation of

BY73Lx grains along the (006) direction. The

degree of orientations calculated using Equation 1

for various peaks are shown in Table 1; the corre-

sponding angle between the crystal plane and c-axis

is also shown in the table. It is clear from Fig.

2(b) and Table 1 that the (006) planes of BY73L3

- which are perpendicular to the c-axis (0o) - have

a higher orientation with f001 = 0.79 compared to

other compositions. However, the orientation along

other reflections (104), (110), and (1010) are com-

paratively lower and have almost identical values.

Hence it can be summarized that the 3 mol% Li

doping enables a higher phase orientation for the

BY73Lx samples along the direction of conduction

planes. 

3.2 Microstructure

The microstructure of the sintered AY73Lx (x =

0–4 mol%) after thermal etching is shown in Figs.

3(a) and 6(a–d). The 70:30 ratio provides a perco-

lating uniformly distributed equiaxed grains of a-

Al2O3 and YSZ for all the compositions; the white

shade represents YSZ, and the grey shade indi-

cates α-Al2O3. As shown in the figures, the grain

size of the AY73Lx composites increases with the

dopant concentration. Moreover, the SEM images

indicate complete densification with negligible

f
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Table 1. Lattice parameter and orientation degree of BY73Lx

Sample ID

Lattice parameter
β"-Al2O3 [Å]

Orientation degree
(C-axis/crystal face)

a c 0°
(006)

33.3°
(104)

60°
(110)

90°
(1010)

BY73L0 5.593 33.659 0.59 0.09 0.10 0.22

BY73L1 5.590 33.643 0.60 0.09 0.10 0.22

BY73L2 5.590 33.643 0.52 0.11 0.12 0.20

BY73L3 5.591 33.651 0.79 0.10 0.10 0.22

BY73L4 5.590 33.643 0.57 0.11 0.09 0.16

PDF#82-0462
(Na1.77Li0.385Al10.23O17)

5.603 33.621 0.45 0.19 0.14 0.22
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porosity. Furthermore, a relative density of ~95% is

achieved for all the AY73Lx samples. Mordekovitz

et al. reported that Li-addition enhances sinterability

and grain growth.25)

The cross-sectional SEM images of the BY73Lx

(x = 0–4 mol%), vapor phase converted at 1,400 oC

for 3 h, is shown in Figs. 3(b–h). All of the BY73Lx

compositions were converted entirely. The variation

of Li concentration doesn’t seem to have a signifi-

cant effect on the conversion kinetics, except for

the higher orientation degree of the 3 mol% Li2O

doped Na-β″-Al2O3 grains as evident from the XRD

patterns. A contiguous Na-β″-Al2O3 and YSZ phase

is visible in the SEM images, as would be required

for the complete conversion to occur through the

coupled transport of 2Na+ through the α-Al2O3

phase and O2- through the YSZ phase.15,26) Typical

Na-β″-Al2O3 grains are platelet-shaped; therefore,

polygonal morphology of α-Al2O3 grains changed

into platelets during conversion. Since the grain

growth and conversion direction are identical, the

platelet grains will be elongated towards the con-

version direction.

3.3 The effect of Li doping on the Na+ conduction

The impedance spectra of the BY73Lx are shown

in Figs. 4(a,b). Fig. 4(a) shows the high-frequency

EIS spectra of BY73Lx measured at a constant

temperature of 352±2 oC over the frequency range

from 10 Hz to 5 MHz. Extrapolation of the high-

frequency intercept to the x-axis gives the resis-

tance contribution of the grains. As shown in Fig.

4(a), the area-specific resistance (ASR) of BY73Lx

decreases with an increase in Li concentration ini-

tially and reaches the lowest value of 1.5 Ω·cm for

the 3 mol% Li2O doped sample. With a further rise

Fig. 3. Cross-sectional SEM micrographs of (a) AY73L0 sintered at 1,600 oC, (b–d) BY73L0, (e) BY73L1, (f) BY73L2, (g)

BY73L3, and (h) BY73L4 sintered at 1,600 oC and vapor phase converted at 1,400 oC. 

Fig. 4. Electrochemical impedance spectra of (a) the

BY73Lx as a function of lithium content (0–4 mol%)

measured at 350 oC, and (b) the BY73L3 (t = 290 µm) in

the temperature range 199 to 352 oC.
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in Li2O, the ASR starts to decrease. The highest

ASR is obtained for the sample without Li2O dop-

ing, which means that a small amount of Li2O

addition helps increase the ionic conductivity of the

electrolyte. The increase in resistance of the 4

mol% Li2O doped sample can be due to the block-

ing effect of the Li2O-containing secondary phase

present at the grain boundaries. Fig. 4(b) shows the

high-frequency impedance spectra of BY73L3 mea-

sured at temperatures 199, 247, 302, and 352 oC in

the frequency range 10 Hz to 5 MHz. The lowest

ASR of 1.5 Ω⋅cm is obtained at 352 oC. As the

temperature decreases, ASR increases, and the high-

est value is obtained at 199 oC. The Arrhenius plot

of the conductivity of the BY73Lx is given in Fig.

5(a). From the Arrhenius plot, the activation energy

can be obtained by taking the slope of the linear

fit and using the following equation:

(2)

where  is the pre-exponential factor, T is the

temperature in Kelvin, Ea is the activation energy,

and kb is the Boltzmann constant.

As shown in Fig. 5(a), the ionic conductivity of

BY73Lx measured at 350 oC increases with Li con-

centration and reaches the highest value of 67 mS cm-1

for 3 mol% doped samples, which was more than

double that of the BY73L0 (32 mS cm-1) measured

at the same temperature. Moreover, there is an

abrupt increase in the ionic conductivity when Li

concentration changes from 0 to 1 mol%. The ionic

conductivity starts to decrease with a further

increase in the Li2O doping after 3 mol%. The

conductivity of every composition increases with

temperature, and the highest value is reported at

350 oC for all compositions. Therefore, Li2O doping

is beneficial for increasing the ionic conductivity of

Na-β″ Al2O3 solid electrolytes. The activation

energy of all the compositions was calculated using

Equation (2), and it varied between 0.20 eV for

BY73L0 and 0.28 eV for BY73L4. The activation

energy for the BY73L3 was calculated as 0.25 eV.

The ionic conductivity and the activation energy of

BY73Lx were compared with the reported values of

Nα-β″-Al2O3/YSZ compositions were prepared at a

70:30 ratio using VPC, as shown in Table 2. 

To elucidate the reason for the higher ionic con-

ductivity of the BY73L3, we have determined the rel-

ative β and β″ fraction of the samples after

conversion from the XRD data of Fig. 2(b). The cal-

culations were done using the following equations27-29):

(3)

(4)

where Iβ(102), Iβ(206), and Iβ(107) are the peak X-ray

intensities of (102), (206), and (107) planes of Na

σ

σ
0

T
------exp

E
a

–

k
b
T
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⎛ ⎞=
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Fig. 5. (a) Arrhenius plots of BY73Lx as a function of lithium content (0–4 mol%). (b) The variation of measured ionic

conductivity, and β″ phase fraction of BY73Lx at different Li2O concentrations. The ionic conductivity data is taken at

350 oC. 
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β-Al2O3, respectively: and Iβ″(1011) and Iβ″(2010) are

peak intensities of the Na β″-Al2O3, respectively.

Generally, VPC leads to the formation of both β

and β″ phases: however, ionic conductivity of the β

phase is one order smaller than that of β″ phase.

Therefore, the relative fraction between β and β″

will determine the conductivity of the final product.

As shown in Fig. 5(b), the highest β″ phase frac-

tion, 91.5%, is obtained for the BY73L1. With fur-

ther increase in Li concentration, the β″ phase in

the composite decreased and reached the lowest

measured value of 86% for the BY73L4. Therefore,

it is evident that the higher ionic conductivity of

BY73L3 is not due to the β″ phase in the sample.

Moreover, the higher amounts of Li+ doping, > 3

mol% is detrimental to the ionic conductivity

because of the lower conversion rate to β″ phase

and the formation of a glassy phase assumed at the

grain boundaries.

The higher ionic conductivity of the BY73L3

sample can be due to two possible factors: one can

be the higher orientation degree of the (006) planes

of the Na-β″-Al2O3, as shown in Table 1. The grain

size effect can be another factor that possibly

affects the ionic conductivity. Therefore, using the

line intercept method, we further examined the

grain size of the AY73Lx composites from the

SEM images in Figs. 2(a) and 6(a–d). The grain

size in Fig. 7 is the average of the two phases, α-

Al2O3 and YSZ. The grain size of the AY73Lx

increases with Li+ doping, as shown in Fig. 7, and

the highest value of 0.49 mm is obtained for

AY73L3. The smallest grain size of 0.38 mm was

observed for the undoped BY73L0. With further

doping, the grain size decreased; for AY73L4, the

grain size was 0.48 mm. As shown in Figs. 5(b)

and 7, the variation of ionic conductivity of

BY73Lx and grain size of AY73Lx with Li2O con-

centration have a similar trend. The grain size and

ionic conductivity have the highest value at 3

Table 2. Comparison table of BY73L3 and other BY73 fabricated using vapor phase conversion technique

Conversion condition Doping agent
σ 

[mS cm-1]
T

 [oC]
Ea 

[eV]
Reference

1,250 oC for 108 h - 137 350 - 26)

1,250 oC for 20 h 5 mol% Fe2O3 16.3 350 0.2 14)

1,450 oC for 10 h - 181 350 - 20)

1,500 oC for 4 h - 8.8 350 - 27)

1,250 oC for 36 h 94 350 26)

1,400 oC for 3 h 3 mol% Li2O 67 350 0.25 This work

Fig. 6. SEM images of the cross-section of sintered a-

Al2O3/YSZ with Li2O concentration (a) 1 mol%, (b) 2

mol%, (c) 3 mol%, and (d) 4 mol%.

Fig. 7. Variation of grain size of AY73Lx with Li2O

concentrations.
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mol% Li doping. It is well understood that the

final grain size of the converted BY73Lx compos-

ites depends on the grain sizes of the AY73Lx

composite, and the ionic conductivity will be higher

for larger-grained samples.

4. Conclusions

Na-β″-Al2O3/YSZ (BY73Lx) composites were pre-

pared by vapor phase conversion of α-Al2O3/YSZ

(AY73Lx) composites at 1,400 oC for 3 h. To inves-

tigate the effect of phase stabilizer in the vapor

phase conversion process, Li2O was pre-added with

the AY73 powder mixture as a phase stabilizer, and

their concentration varied from 0 mol% to 4 mol%.

The effect of phase stabilizer concentration on the

structure, microstructure, and ionic conductivity of

vapor phase converted Na-β″ Al2O3/YSZ composite

was systematically investigated. No obvious change

in the crystal structure parameters hardly indicates

the substitution of Li+ onto the Al3+ site in the spi-

nal block. A phase pure BY73Lx composite was

obtained after conversion except for the minor sec-

ondary phase of the tetragonal-to-monoclinic transi-

tioned YSZ. A higher orientation degree is

observed for (006) planes of Na-β″-Al2O3 than

other compositions. There was considerable grain

growth observed with an increase in Li2O concen-

tration. The largest grain size of 0.49 mm was

obtained for 3 mol% doped BY73Lx. The effect of

Li2O concentration on the Na ion conductivity of

BY73Lx was also investigated. The conductivity

was enhanced with Li2O, and a maximum value of

67 mS/cm was obtained for 3 mol% doped BY73Lx.

The ionic conductivity of BY73L3 was more than

double that of BY73L0. The higher ionic conduc-

tivity of the 3 mol% doped BY73Lx can be due to

the higher crystal orientation of Na-β″-Al2O3 grains

and the larger grain size of α-Al2O3/YSZ compos-

ites. This result indicates that even a small amount

of pre-added lithia effectively promotes ionic con-

duction.

Acknowledgments

This work is supported by the National Research

Foundation of Korea (NRF) funded by the Ministry

of Education through the Basic Science Research

Program (NRF-2020R1A6A1A03038697) and Korea

Institute for Advancement of Technology (KIAT)

funded by the Ministry of Trade, Industry and

Energy (MOTIE) through the International Coopera-

tive R&D Program (P0018443, 2021).

Conflicts of Interest

The authors declare no conflict of interest.

References

1. A. V. Virkar, G. R. Miller, and R. S. Gordon, Resistivity-

microstructure relations in lithia-stabilized polycrystalline

β"-alumina, J. Am. Ceram. Soc., 61(5-6), 250–252

(1978).

2. T. Oshima, M. Kajita, and A. Okuno, Development of

sodium-sulfur batteries, Int. J. Appl. Ceram. Technol.,

1(3), 269–276 (2004). 

3. K. Jung, S. Lee, and G. Kim, Stress Analyses of the glass

joints of contemporary sodium sulfur batteries, J. Power

Sources, 269, 773-782 (2014). 

4. J. L. Sudworth, The sodium/nickel chloride (ZEBRA)

battery, J. Power Sources, 100(1-2), 149–163 (2001). 

5. T .C. Girija and A. V. Virkar, Low temperature electro-

chemical cells with sodium β″-alumina solid electrolyte

(BASE), J. Power Sources, 180(1), 653–656 (2008). 

6. C. A. Beevers and M. A. S. Ross, The crystal structure

of “beta alumina” Na2O·11Al2O3, Zeitschrift für Krist. -

Cryst. Mater., 97, 59–66 (1937). 

7. Y. Wang. D. Zhou, V. Palomares, D. Shanmukaraj, B.

Sun, X. Tang, C. Wang, M. Armand, T. Rojo, and G.

Wang, Revitalising sodium–sulfur batteries for non-high-

temperature operation: A crucial review, Energy Environ.

Sci., 13, 3848–3879 (2020).

8. M. P. Fertig, K. Skadell, M. Schulz, C. Dirksen, P. Adel-

helm, and M. Stelter, From high- to low-temperature:

The revival of sodium-beta alumina for sodium solid-

state batteries, Batter. Supercaps, 5(1), e202100131

(2021). 

9. M. C. Bay, M. V. F. Heinz, R. Figi, C. Schreiner, D.

Basso, N. Zanon, U. F. Vogt, and C. Battaglia, Impact of

liquid phase formation on microstructure and conductiv-

ity of Li-stabilized Na- β″-alumina ceramics, ACS Appl.

Energy Mater., 2(1), 687–693 (2019). 

10. A. I. Agustina, K. Skadell, C. L. Dirksen, M. Schulz, and

S. P. Kusumocahyo, Sol-gel method for synthesis of Li+-

stabilized Na-β”-alumina for solid electrolytes in sodium-

based batteries, AIP Conf. Proc., 2175, 020070 (2019). 

11. H. Li, H. Fan, H. B. Wang, C. Wang, M. Zhang, G. Chen,

X. Jiang, N. Zhao, J. Lu, and J. Zhang, Mechanical and

electrical properties of lithium stabilized sodium beta alu-

mina solid electrolyte shaping by non-aqueous gelcasting,



200 J. Korean Electrochem. Soc., Vol. 25, No. 4, 2022

J. Eur. Ceram. Soc., 40(8), 3072–3079 (2020). 

12. K. Li, M. Ma, Y. Yang, S. Liang, and X. Zhang, Prepa-

ration of β"-Al2O3 electrolytes by freeze-drying and SPS,

Ceram. Int., 47(11), 15017–15022 (2021). 

13. M. C. Bay, M. V. F. Heinz, A. N. Danilewsky, C. Batta-

glia, and U. F. Vogt, Analysis of C-lattice parameters to

evaluate Na2O loss from and Na2O content in β”-alumina

ceramics, Ceram. Int., 47(10), 13402–13408 (2021). 

14. L. Ghadbeigi, A. Szendrei, P. Moreno, T. D. Sparks, and

A. V. Virkar, Synthesis of iron-doped Na-β”-alumina +

yttria-stabilized zirconia composite electrolytes by a

vapor phase process, Solid State Ion., 290, 77–82 (2016).

15. P. Parthasarathy and A. V. Virkar, Vapor phase conver-

sion of α-alumina + zirconia composites into sodium ion

conducting Na-β”-alumina + zirconia solid electrolytes, J.

Electrochem. Soc., 160, A2268–A2280 (2013). 

16. L. Ghadbeigi, T. D. Sparks, and A. V. Virkar, Electro-

chemical studies on Na-β”-alumina + yttria-stabilized zir-

conia (YSZ) composite mixed Na+-ion - O2−-ion

conductors, J. Electrochem. Soc., 166, F679–F686

(2019). 

17. N.L. Canfield, J. Y. Kim, J.F. Bonnett, R.L. Pearson III,

V.L. Sprenkle, K.Jung. Effects of fabrication conditions

on mechanical properties and microstructure of duplex

β”-Al2O3 solid electrolyte., Mater. Sci. Eng. B, 197, 43–

50 (2015).

18. M. J. Sánchez-Rivera, M. J. Orts, V. Pérez-Herranz, and

S. Mestre, Study of lithium carbonate as sintering aid for

tin oxide densification trough experimental designs: Main

variables and microstructure changes, Boletín la Soc.

Española Cerámica y Vidr., in press, (2022). 

19. S. M. Jamil, M. H. D. Othman, M. A. Rahman, J. Jaafar,

A. F. Ismail, and M. A. Mohamed, Role of lithium oxide

as a sintering aid for a CGO electrolyte fabricated via a

phase inversion technique, RSC Adv., 5, 58154–58162

(2015). 

20. T. D. Sparks and L. Ghadbeigi, Anisotropic properties of

Na- β”-alumina + YSZ composite synthesized by vapor

phase method, J. Mater. Res., 33, 81–89 (2018). 

21. R. H. J. Hannink, P. M. Kelly, and B. C. Muddle, Trans-

formation toughening in zirconia-containing ceramics, J.

Am. Ceram. Soc., 83(3), 461–487 (2000). 

22. Y. H. Kim, D. H. Lee, D. G. Lee, K. Jung, and S. K. Lim,

Analysis of process parameters affecting the crystal ori-

entation of Na+- β”-Al2O3 solid electrolyte in one-step

synthesis cum sintering process, Mater. Res. Bull., 145,

111524 (2022). 

23. F. K. Lotgering, Topotactical reactions with ferrimagnetic

oxides having hexagonal crystal structures - I, J. Inorg.

Nucl. Chem., 9(2), 113–123(1959). 

24. S. Liang, Y. Yang, K. Li, and X. Zhang, A study on the

preparation of oriented Beta“-alumina ceramics using

rod/flake-like boehmite as precursors and their properties,

J. Eur. Ceram. Soc., 40(12), 4047–4055 (2020). 

25. Y. Mordekovitz, L. Shelly, M. Halabi, S. Kalabukhov,

and S. Hayun, The effect of lithium doping on the sinter-

ing and grain growth of SPS-processed, non-stoichiomet-

ric magnesium aluminate spinel, Materials, 9(6), 481

(2016). 

26. L. Zhu and A. V. Virkar, Conversion kinetics and ionic

conductivity in Na-β”-Alumina + YSZ (Naβ”AY)

sodium solid electrolyte via vapor phase conversion pro-

cess, Membr., 12(6), 567 (2022). 

27. D. H. Lee, S. S. Han, Y. H. Kim, and S. K. Lim, Analy-

sis of crystal phases of Na+-β/β"-alumina/YSZ composite

prepared by vapor-phase synthesis from YSZ-toughened

α-alumina, J. Ind. Eng. Chem., 76, 366–373 (2019). 

28. C. Schmid, X-ray characterization of β and β"-alumina, J.

Mater. Sci. Lett., 5(3), 263-266 (1986). 

29. S. T. Lee, S. G. Kim, M. H. Jang, S. H. Hwang, J. R.

Haw, and S. K. Lim, Effect of phase stabilizers on the

phase formation and sintering density of Na+-beta-alu-

mina solid electrolyte, J. Ceram. Process. Res., 11(1), 86-

91 (2010).


