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In order to simplify the complexity of the conventional solid-state reaction process, Na+-β/β″-Al2O3 as a fast Na+-ionic 

conductive solid electrolyte was fabricated using a synthesizing-cum-sintering process combined with the double-zeta 

method, which is able to distribute a small amount of Li2O more homogeneously in the Na2O-Al2O3-Li2O system. 

Additionally, in order to enhance the ionic conductivity, MnO2 was used as a dopant to increase the Na+-ion concentration 

on the conduction plane in the Na+-β/β″-Al2O3 crystal structure. The relative sintered density increased with the synthesis 

temperature, ultimately reaching 99.7 % after synthesis at 1400 °C. The phase formation showed an overall β″-phase 

fraction over 90 %. The addition of MnO2 had a positive effect on the phase formation, but a negative influence on the 

relative density resulting from the grain growth promotion effect. The highest ionic conductivity was observed at  

1.74 × 10-1 S/cm (350 °C) for the sample sintered at 1600 °C with 0.5 wt.% MnO2. 

Keywords: Na+-β/β"-Al2O3, solid electrolyte of NBBs, synthesizing-cum-sintering, duble-zeta process, MnO2 dopant. 
 

1. INTRODUCTION 

As part of the drive towards reducing energy 

consumption, many studies have focused on the use of 

renewable energy, such as solar and wind sources. Due to 

the dependence of renewable energy on natural sources, 

energy storage methods that enable the efficient use of such 

energy sources, such as Na-beta batteries (NBBs), are 

particularly important. As the most widely-used solid 

electrolyte is based on Na+-β/β″-Al2O3, this type of 

electrochemical device is often referred to as an NBBs. Due 

to their high round-trip efficiency, high energy density, and 

capability of providing energy for durations in the order of 

hours, NBBs technologies have been attracting increased 

attention for application to renewable energy storage [1 – 3]. 

Since the invention of NBBs in the late 1960s, Na+-β/β″-

Al2O3 has been the most common choice of a battery 

electrolyte, primarily due to its high ionic conductivity 

(typically 0.2 – 0.4 S/cm at 300 °C), excellent 

compatibility/chemical stability with the electrode 

materials, satisfactory mechanical strength, and low 

material cost [4].  

Na+-β/β″-Al2O3 exhibits excellent practical 

applicability because of its high ionic but low electronic 

conductivities. Na+ ions act as charge carriers in Na+-β/β″-

Al2O3. There are two parent phases: β-Al2O3 has the 

theoretical formula Na2O·11Al2O3 or NaAl11O17, while that 

for β″-Al2O3 is either Na2O·5Al2O3 or NaAl5O8 [5 – 7]. 

According to the Na2O-Al2O3 phase diagram proposed by 

Fally et al. [8], β + β"-Al2O3 phases coexist in that region 

corresponding to the formula Na2O·nAl2O3 (5.33 ≤ n ≤ 8.5). 

β"-Al2O3 has a rhombohedral structure with an R3m space 

group and lattice constants of a = 5.614 and c = 33.85 Å. In 
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general, its a-axis is similar to that of β-Al2O3, while its c-

axis is 1.5 times longer and the concentration of alkaline 

ions on its conduction plane is higher. Therefore, the β"-

Al2O3 exhibits substantially higher ionic conductivity [5, 9]. 

Na+-β′′-Al2O3 is not stable and decomposes at temperatures 

above 1400 °C in the binary system Na2O-Al2O3 [10], so 

cations whose ionic radii are less than 0.097 nm are usually 

doped to stabilize Na+-β"-Al2O3, which has a conductivity 

five times higher than Na+-β-Al2O3 [11]. Mg2+ and Li+ ions 

such as a stabilizer for Na+-β/β"-Al2O3 solid electrolyte have 

been the most widely used stabilizing cations. Li+ ions are 

known to be more effective for Na+-β′′-Al2O3 formation 

than Mg2+ ions [12]. However, the behavior of the different 

stabilizing cations during phase formation have not yet been 

elucidated, so it is difficult to determine the precise effects 

that each stabilizer has on the phase formation and 

transformation.  

The degree of homogeneity for small amounts of Li2O 

and Na2O is a significant factor affecting the rates of 

transformations and β"-Al2O3 formation. Homogeneous 

mixtures can be obtained through an atomic-scale reaction 

using wet chemical processes such as co-precipitation 

[13, 14] or the sol–gel method [15 – 19]. Nevertheless, these 

processes are not regarded as being useful due to certain 

drawbacks, namely, the difficulty of synthesizing and 

forming undesirable structures through these processes [13]. 

In a conventional solid-state reaction, the problem of 

achieving homogeneous and uniform mixing can be 

expected due to the inefficient mixing and dissimilarity of 

the particle sizes and shapes between the major and minor 

phases. In recent years, numerous studies have focused on 

understanding Na+-β/β"-Al2O3/YSZ composite solid 

electrolyte via vapor-phase synthesis [20, 21] for NBBs. 
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a b 

Fig. 1. Schematics of: a – double-zeta method; b – synthesizing-cum-sintering process combined with the double-zeta method 

 

P. Parthasarathy et al [20] have reported that the 

mechanism of conversion involves a coupled transport of 

Na+ ion through the Na+-β″-Al2O3 and of O2- ion through the 

YSZ. The kinetics of conversion has been investigated by 

measuring conversion thickness as a function of time [21]. 

Na+-β″-Al2O3/YSZ composite samples prepared by vapor-

phase synthesis have no liquid phase. These synthesized 

Na+-β″-Al2O3/YSZ composites are also resistant to 

moisture-induced damage, unlike Na+-β″-Al2O3 prepared by 

the conventional process. Sparks et al. [22] have studied 

dimensional geometrical changes and revealed the evolution 

of orientation degree of Na+-β″-Al2O3 conduction plane. 

These Na+-β″-Al2O3 phases have close-packed structures 

with three spinel blocks separated by 2-dimensional 

conduction planes containing Na+ and O2- ions. As a result, 

higher ionic conductivity is measured across sample 

thickness than that parallel to disc face. The ionic 

conductivity of Na+-β″-Al2O3/YSZ composite via vapor-

phase synthesis shows a close relationship with orientation 

degree of conduction plane such as [110] direction. 

As mentioned above those problems of a conventional 

solid-state reaction can be improved by pre-diluting the 

minor constituents. In the so-called double-zeta process 

[23, 24], Li2O is contained in the Li2CO3 in tiny quantities, 

but if it were in the form of Li2O∙5Al2O3, the amount could 

be five times greater. The use of lithium aluminate as a 

stabilizer instead of Li2CO3 will result in a much better 

distribution of Li+ in the mixture and also enhance the rate 

of conversion to the β"-Al2O3 phase. As a result of the 

reaction, sodium aluminate is also expected to disperse Na+ 

ions uniformly in the mixture and lead to the thorough 

transformation of the β-phase to the β"-phase. Li2CO3, 

Na2CO3, and α-Al2O3 were used as raw materials for 

synthesizing zeta lithium aluminate and sodium aluminate. 

They were mixed to a molar ratio of 1:5 by ball milling and 

synthesized at 1250 °C. 

In this study, in order to overcome the complexity of the 

conventional solid-state reaction, the double-zeta method 

was combined with the synthesizing-cum-sintering process, 

in which the synthesis and the sintering are performed in a 

single process.  

The synthesizing-cum-sintering process is extremely 

advantageous in terms of cost in comparison to the 

conventional process. In the conventional process, the 

materials are calcined in advance to produce Na+-β/β″-

Al2O3. However, these steps are complex and very costly. 

The synthesizing-cum-sintering reduces the total number of 

production steps and produces a Na+-β/β″-Al2O3 solid 

electrolyte more efficiently by combining the synthesizing 

and firing steps. Fig. 1. presents schematic illustrations of 

the conventional solid-state reaction process and the 

synthesizing-cum-sintering process combined with the 

double-zeta method for sintered Na+-β/β″-Al2O3 specimens. 

MnO2 is known to greatly promote α-Al2O3 grain 

growth as well as the formation of spinel blocks [25 – 27]. 

MnO2 has been reported as being present in the tetrahedral 

sites of β/β″-Al2O3 [28, 29]. In β″-Al2O3 stabilized by MnO2, 

Mn2+ is substituted for Al3+ in the tetrahedral sites of the 

spinel blocks.  

The resulting charge defects were compensated for by 

the additional Na+ ions in the conduction planes, which 

resulted in a higher Na+ concentration and β″-Al2O3 phase 

fraction [30]. However, there have been no studies to date 

addressing how MnO2 affects the properties of sintered Na+-

β/β″-Al2O3 in the synthesizing-cum-sintering process when 

combined with the double-zeta method. 
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2. EXPERIMENTAL DETAILS 

The starting chemicals were Na2CO3 (99.5 % High 

Purity Chemicals, Japan), Li2CO3 (99+% Sigma-Aldrich, 

USA), and α-Al2O3 (99.99 %, High Purity Chemicals, 

Japan). In order to prepare the precursors such as sodium 

aluminate and lithium aluminate, the starting materials were 

mixed by ball milling for 8 h using methanol as a liquid 

medium at a molar ratio of [Na2O]:[Al2O3] = 1:5 and 

[Li2O]:[Al2O3] = 1:5. Then, each mixture was calcined at 

1250 °C for 2 h in MgO crucibles. To fabricate  

Na+-β/β″-Al2O3, the two precursors were mixed and ball-

milled for 5 h. The molar ratio of [Na2O]:[Al2O3] was 1:5, 

and the Li2O (stabilizer) content was fixed to 0.55 wt.%, and 

any Al2O3 deficiency was compensated for by adding  

α-Al2O3. The slurries used in the granulation step contained 

1.2 wt.% polyvinyl alcohol as a binder for the composite 

powder and 0.8 wt.% octyl alcohol as an anti-foaming agent 

in distilled water. The resulting slurry had a solid content of 

50 wt.%. Granules were formed from the prepared slurry 

using a spray-drying technique under the conditions of an 

inlet temperature of 110 °C, an outlet temperature of 

200 °C, and an atomizer spinning at 8000 rpm. 

Specimens were prepared as disk-shaped pellets 

(diameter: 14 mm, thickness: 1.2 mm) using a uniaxial press 

to apply a pressure of 200 MPa. These specimens were then 

embedded in the Na+-β″-Al2O3 powder in the crucible so as 

to prevent the loss of Na2O in air. The firing schedule in the 

synthesizing-cum-sintering process consisted of two steps, 

namely, the synthesis of Na+-β/β″-Al2O3 and sintering for 

the densification. The synthesis step was conducted for 2 h 

at 1200 – 1400 °C while the sintering step was conducted for 

45 min at 1585 and 1600 °C.  

Additionally, MnO2 was added during the slurry 

manufacturing process, and the amount of MnO2 added was 

varied from 0.3 to 1.0 wt.%. Specimens were fabricated and 

sintered through the application of the above process. In 

order to determine the effect of MnO2, the synthesis 

temperature was fixed to 1400 °C and the sintering step was 

conducted at 1585 and 1600 °C, respectively. Table 1 lists 

the compositions and designations of the evaluated 

specimens. 

The microstructure was determined using a scanning 

electron microscope (SEM; Model JSM-6380, JEOL, 

Japan), and the relative sintered density was calculated 

using the Archimedes method (ASTM 373-88). The phase 

compositions of the sintered specimens were measured 

using an X-ray diffractometer (D/max 2200, Rigaku, Japan). 

The XRD was operated at 40 kV and 30 mA using Cu Kα 

radiation. The relative phase composition was determined 

by calculating the line intensities of the well-separated 

peaks of each phase [31, 32]. 

% of α = f(α)/{f(α)+f(β)+f(β″)}×100 (1) 

% of β = f(β)/{f(α)+f(β)+f(β″)}×100 (2) 

% of β″ = f(β″)/{f(α)+f(β)+f(β″)}×100 (3) 

f(α) = 1/2{Iα(104)×10/9+Iα(113)} (4) 

f(β) = 1/3{Iβ(102)×10/3+Iβ(206)×10/3.5+Iβ(107)×10/5.5} (5) 

f(β″) = 1/2{Iβ(1011)×10/4+Iβ″(2010)×10/8} (6) 

where I α(104), α(113) = X-ray intensities of the (104), (113) 

planes of the α-Al2O3 phase, I β(012), β(026), β(017) = X-ray 

intensities of the (012), (026), (017) planes of the β-Al2O3 

phase, and I β"(0111), β"(2010) = X-ray intensities of the (0111), 

(2010) planes of the β"-Al2O3 phase. 

Table 1. Denotations of sintered specimens 

Denotation 
Synthesis 

temperature, oC 

Sintering 

temperature, oC 

MnO2 addition, 

wt.% 

1200 – 1600 1200 1600 None 

1250 – 1600 1250 1600 None 

1300 – 1600 1300 1600 None 

1350 – 1600 1350 1600 None 

1400 – 1600 1400 1600 None 

1200 – 1585 1200 1585 None 

1250 – 1585 1250 1585 None 

1300 – 1585 1300 1585 None 

1350 – 1585 1350 1585 None 

1400 – 1585 1400 1585 None 

0.3 – 1600 1400 1600 0.3 

0.5 – 1600 1400 1600 0.5 

0.7 – 1600 1400 1600 0.7 

1.0 – 1600 1400 1600 1.0 

0.3 – 1585 1400 1585 0.3 

0.5 – 1585 1400 1585 0.5 

0.7-1585 1400 1585 0.7 

1.0-1585 1400 1585 1.0 

The ionic conductivities of the sintered specimens were 

measured using blocking silver electrodes with an 

electrochemical complex impedance analyzer (Zahner, 

IM6), over a frequency range of 0.1 Hz to 3 MHz and a 

temperature range of 25 to 350 °C. In general, the electronic 

conductivity of the Na+-β/β"-Al2O3 is known to be ~10-9 

S/cm, a negligible value. Therefore, the ionic conductivities 

were calculated using the following equation with the 

measured impedance value: 

σ = L/(Rs × A) (7) 

where σ, L, Rs and A denote the ionic conductivity, specimen 

thickness, impedance of the specimen, and electrode area, 

respectively 

3. RESULTS AND DISCUSSION 

Fig. 2 shows the XRD patterns of the synthesized 

sodium aluminate and lithium aluminate precursors. We can 

prove that the raw material was converted to aluminates by 

comparing the XRD patterns of the precursor with those of 

NaAlO2 (JCPDS 33-1200), NaAl5O8 (JCPDS 31-1262,  

Na+-β"-Al2O3), NaAl11O17 (JCPDS 31-1263, Na+-β-Al2O3), 

and LiAl5O8 (JCPDS 87-1278). The XRD pattern of the 

sodium aluminate precursor shows that a phase 

transformation of α-Al2O3 to Na+-β/β"-Al2O3 occurred 

without any α-Al2O3 remaining. The XRD patterns of the 

sintered specimens by a synthesizing-cum-sintering process 

exhibited growth of the (1011) and (2010) planes, which 

correspond to β"-Al2O3, respectively. 

The effects of the synthesis and sintering temperatures 

on the phase formation and relative density are shown in 

Fig. 3 and Fig. 4, using XRD patterns and phase fraction 

analysis from the measured X-ray intensity data [31, 32]. 

Fig. 3 shows the XRD patterns according to various 



71 

 

synthesis temperatures and sintering temperatures at 

1600 °C and 1585 °C, respectively. All of the XRD patterns 

appeared to be similar in shape, with the growth of the β"-

Al2O3 peak such as the (1011), (2010) planes. These results 

show that the phase transformations of sodium aluminate 

and lithium aluminate precursors to Na+-β/β"-Al2O3 

occurred completely, and that the β"-Al2O3 peaks had higher 

intensities than the β-Al2O3 peaks. In addition, the 

significant secondary phases, such as sodium aluminate, 

were not observed in all specimens. The phase 

transformations of β-Al2O3 to β"-Al2O3 were slightly 

increased at higher synthesis temperatures. The stabilization 

of β"-Al2O3 basically involves the substitution of the Al3+ 

ions by the stabilizing cations, and the substation of the 

compensating Li+ ions for the octahedral Al3+ ions in the 

spinel block [33 – 35]. Thus, it can be assumed that the β"-

Al2O3 phase formation is mainly controlled by the diffusion 

of the stabilizing ions. In addition, higher synthesis 

temperatures increase the ionic diffusion, thereby enhancing 

the transformation of β-Al2O3 to β"-Al2O3, whereas the β″-

Al2O3 phase fraction tends to decrease as the sintering 

temperature increases, because the volatilization of the 

Na2O was augmented as the sintering temperature increased, 

resulting in Na2O-loss and leading to the conversion of β″ 

to β to adjust the molar ratio in the Na+-β/β″-Al2O3 structure 

(Fig. 4. and Table 2). In contrast, the relative density of the 

specimen was enhanced as the synthesis and sintering 

temperatures increased. In the conventional solid-state 

reaction process, it was confirmed that a high sintering 

temperature could enhance the relative density, but no effect 

was observed of the synthesis temperature on the relative 

density [36]. However, in this synthesizing-cum-sintering 

process, a high synthesis temperature led to an increase in 

the relative density. Therefore, SEM micrographs and the 

bulk density of the synthesized specimen prior to sintering 

were observed. Fig. 5 shows the microstructures of the 

specimens prior to sintering. The specimens synthesized at 

1400 °C (Fig. 5 b) exhibited greater grain growth than those 

synthesized at 1200 °C (Fig. 5 a). Furthermore, their bulk 

densities were 17 % greater than the bulk densities of those 

synthesized at 1200 °C. This suggests that a pre-sintering 

effect occurred at a high synthesis temperature during the 

synthesizing-cum-sintering process. 

 

Fig. 2. X-ray diffraction patterns of calcined sodium and lithium 

aluminate precursors 
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Fig. 3. X-ray diffraction patterns according to different synthesis 

and sintering temperatures. Sintered at: a – 1600 °C; 

b – 1585 °C 
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Fig. 4. The β″-Al2O3 phase fractions and relative density 

depending on synthesis temperatures. Sintered at: 

a – 1600 °C; b – 1585 °C 
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a b 

Fig. 5. SEM images of specimens synthesized at: a – 1200 °C (bulk 

density: 1.99 g/cm3); b – 1400 °C (bulk density: 

2.33 g/cm3) 

The ionic conductivities of the specimens sintered at 

1600 °C and 1585 °C after synthesis at several different 

temperatures were measured at 25 to 350 °C; these are 

shown in Fig. 6. The relationship conformed to Arrhenius 

equation of σT = Aexp(-Ea/kT), where A is the pre-

exponential and k is the Boltzmann constant and T is the 

absolute temperature. As shown, the activation energy 

(slope of graph) declines when the temperature is above 

250 °C. It means that the resistance of Na+ ion conductivity 

can be improved as the temperature increasing [37]. 

Additionally, the specific resistance of each specimen at 

350 °C is shown as a function of synthesis temperature in 

Fig. 7. The ionic conductivity was most affected by the β"-

Al2O3 phase fraction and relative density. Among the 

samples, the maximum ionic conductivity measured for the 

1400 – 1600 specimen was 1.25 × 10-1 S/cm at 350 °C, and 

the minimum ionic conductivity measured for the 

1200 – 1585 specimen was 5.83 × 10-2 S/cm at 350 °C. This 

indicates that the synthesis and sintering temperatures in the 

synthesizing-cum-sintering process combined with the 

double-zeta method affected the ionic conductivity of Na+-

β/β″-Al2O3.  
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Fig. 7. Specific resistances of sintered specimens at 350 °C 

according to synthesis temperature 

Specifically, a high synthesis temperature during the 

synthesizing-cum-sintering process positively influenced 

both the density and β″-Al2O3 phase. However, a high 

sintering temperature was effective for the densification 

while decreasing the β″-Al2O3 phase fraction, and 

consequently the ionic conductivity decreased. Table 2. 

summarizes the relative density, Na+-β″-Al2O3 phase 

fraction, and ionic conductivity of each specimen. 

Table 2. Relative density, β"-Al2O3 phase fraction, and ion conductivity according to synthesis and sintering temperature 

Sintering temp., °C Synthesis temp., °C Relative density, % β"-phase fraction, % 
Ionic conductivity S/cm 

at 350 oC 

1600 1200 98.3 91.0 5.84 × 10-2 

1600 1250 98.5 91.2 7.72 × 10-2 

1600 1300 99.0 91.4 1.00 × 10-1 

1600 1350 99.5 91.5 1.18 × 10-1 

1600 1400 99.7 91.9 1.25 × 10-1 

1585 1200 97.9 91.0 5.83 × 10-2 

1585 1250 98.2 91.5 7.43 × 10-2 

1585 1300 98.5 91.6 8.80 × 10-2 

1585 1350 98.7 91.8 1.05 × 10-1 

1585 1400 99.1 92.0 1.19 × 10-1 
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Fig. 6. Ionic conductivity of specimens at 25 – 350 °C depending on synthesis temperature, sintered at: a – 1600 °C; b – 1585 °C
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The XRD patterns corresponding to the addition of 

MnO2 are shown in Fig. 8. The analysis was performed for 

the specimens sintered at 1600 °C and 1585 °C at a fixed 

synthesis temperature of 1400 °C, respectively. In addition, 

Fig. 9. shows the relative density and the β"-Al2O3 phase 

fraction, obtained through calculation from the measured X-

ray intensity data. 

In respect to the phase formation, the β"-Al2O3 phase 

fraction increased with the amount of MnO2. The divalent 

cation Mn2+ in the MnO2 strongly prefers a tetrahedral 

coordination environment in the β/β"-Al2O3 structure and 

accomplishes this by substituting Al3+ into Mn2+ in a 

tetrahedral site. The resulting charge defects lead to Al3+ ion 

vacancies, which favorably affects the formation of β"- 

Al2O3 phase due to the rapid diffusion of Na+ and Al3+ ions 

[30, 36, 38]. In respect of the density, however, the addition 

of the MnO2 formed an intergranular liquid phase which 

promoted grain growth. Consequently, rapid grain growth 

in the intergranular liquid phase led to pores between 

irregularly shaped grains [25, 26]. As a result, the addition 

of MnO2 decreased the relative sintered density, as shown in 

Fig. 10. Fig. 10 a and c show SEM images of the specimens 

to which 0.3 % MnO2 had been added at the sintering 

temperature of 1585 °C, while Fig. 10 b and d show the 

specimens to which 1.0 % MnO2 had been added at 1600 °C. 

Comparing Fig. 10 a, c and Fig. 10 b, d to identify the effect 

of MnO2, the addition of MnO2 appears to cause grain 

growth with intergranular liquid phase. 
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Fig. 8. X-ray diffraction patterns according to MnO2 content. Synthesized at 1400 °C and sintered at: a – 1600 °C; b – 1585 °C 
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Fig. 9. β″-Al2O3 phase fractions and relative density according to MnO2 content. Synthesized at 1400 °C and sintered at: a – 1600 °C; 

b – 1585 °C 

 

a b c d 

Fig. 10. SEM images of specimens: a – 0.3 – 1585 (R.D: 98.2 %); b – 1.0 – 1600 (R.D: 96.6 %); surface polished specimens: c – 0.3 – 1585; 

d – 1.0 – 1600 specimens 
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Fig. 11 shows the ionic conductivity of the MnO2-

doped Na+-β/β"-Al2O3 specimens sintered at 1600 °C and 

1585 °C, respectively, at 25 – 350 °C. Additionally, the 

specific resistance at 350 °C for each specimen is shown in 

Fig. 12 a. For example, Fig. 12 b shows the Nyquist plot of 

the 0.5 – 1600 and 1.0 – 1585 sintered specimens at 350 °C. 

The calculated specific resistance of the 1.0 – 1585 

specimen appeared to be higher than that of the 0.5 – 1600 

sintered specimen. In the case of Na+-β/β"-Al2O3, the grain 

boundary contribution to the total resistance was negligible 

above 250 ℃, and no semicircle corresponding to the grain  

boundary was observed at 350 °C. Table 3 conclusively 

summarizes the relative density, Na+-β"-Al2O3 phase 

fraction, and ionic conductivity of each specimen. The ionic 

conductivity increased to a maximum of 1.74 × 10-1 S/cm 

until the MnO2 concentration reached 0.5 wt.%. Thereafter, 

the ionic activity tended to decrease, because MnO2 has an 

ambivalent effect on the ionic conductivity. The grain 

growth and high β"-Al2O3 phase fraction caused by the 

addition of MnO2 improved the ionic conductivity, but due 

to the declining density, the ionic conductivities of the 

specimens with more than 0.5 wt.% MnO2 decreased. 

Table 3. Relative density, β"-Al2O3 phase fraction, and ion conductivity according to MnO2 content and sintering temperature 

Sintering temp., °C MnO2 contents, wt.% Relative density, % β"- phase fraction, % Ionic conductivity S/cm at 350 °C 

1600 0.0 99.7 91.9 1.25 × 10-2 

1600 0.3 98.3 93.9 1.31 × 10-1 

1600 0.5 98.3 95.0 1.74 × 10-1 

1600 0.7 97.2 95.1 1.34 × 10-1 

1600 1.0 96.6 95.3 9.37 × 10-2 

1585 0.0 99.1 92.0 1.19 × 10-1 

1585 0.3 98.2 94.2 1.23 × 10-1 

1585 0.5 98.1 95.8 1.56 × 10-1 

1585 0.7 96.6 95.9 1.02 × 10-1 

1585 1.0 96.3 95.9 7.99 × 10-2 
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Fig. 11. Ionic conductivities of specimens sintered at: a – 1600 °C; b – 1585 °C as a function of the MnO2 content at 25 – 350 °C 
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4. CONCLUSIONS 

In the present study, Na+-β/β″-Al2O3 was successfully 

fabricated through a simplified synthesizing-cum-sintering 

process combined with the double-zeta method in order to 

reduce the sintering temperature to less than 1600 °C in a 

Na2O-Al2O3-Li2O system. The higher synthesis temperature 

of 1200 – 1400 °C resulted in the higher relative density of 

Na+-β/β″-Al2O3 after sintering, which was caused by a pre-

consolidation effect during the synthesis process at these 

temperatures, showing the bulk density at 1.99 – 2.33 g/cm3. 

In addition, the β"-Al2O3 phase fraction increased slightly 

with the synthesis temperature, but this increase was not 

significant. The highest relative density of Na+-β/β″-Al2O3 

was 99.7 % for the sample synthesized at 1400 °C and 

sintered at 1600 °C, for which the ionic conductivity was 

1.25 × 10-1 S/cm at 350 °C. The addition of MnO2 as a 

dopant promoted the β"-Al2O3 phase formation, and the β"-

Al2O3 phase fraction could be extended to 95.9 % with 

1.0 wt.% MnO2. However, the addition of an excessive 

amount of MnO2 (more than 0.5 wt.%) led to a decrease in 

the ionic conductivity, owing to the formation of the 

secondary phase as well as a decrease in the relative density. 

Consequently, the highest ionic conductivity was  

1.74 × 10-1 S/cm at 350 °C, which was attained after 

synthesis at 1400 °C and sintering at 1600 °C with 0.5 wt.% 

MnO2. 
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