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Na+-β/β″-Al

SiO2-doped
2O3 was synthesized via a solid-state reaction, and the relationship between the SiO 2 content and
properties of Na+-β/β″-Al2O3 was investigated. Respective specimens were doped with 0 – 5 wt.% SiO2 as a liquid phase
sintering promotor and sintered. The specimens were characterized by XRD, SEM, densimeter and impedance analyzer.
In the sintered samples, the phase fraction of β″-Al2O3 decreased as the SiO2 content increased, whereas the relative
sintered density was enhanced with the inclusion of less than 0.7 wt.% SiO2. The relative sintered density of Na+- β/β″Al2O3 sintered specimen with 0.7 wt.% SiO2 doping reached 99.2 % of the theoretical density and the sintered density
decreased when the amount of SiO2 was larger than 1 wt.% result from excessive liquid-phase formation during
sintering. Similarly, the ionic conductivity of SiO2-doped Na+-β/β″-Al2O3 was enhanced by doping with a small amount
of SiO2, whereas the addition of more than 1 wt.% SiO2 negatively affected the ionic conductivity of Na+-β/β″-Al2O3
due to a decrease in the sintered density and unfavorable phase relationship.
Keywords: Na+-β/β″-Al2O3, solid electrolyte, SiO2, liquid phase sintering, ionic conductivity.

1. INTRODUCTION

phase sintering offers an alternative method of overcoming
the lack of densification. Numerous studies have shown
that the presence of small amounts of SiO2 strongly
influences the microstructure and the properties of α-Al2O3
[12 – 18]. However, it has not been conclusively
demonstrated that SiO2 is incorporated as a liquid phase
sintering promoter in Na+-β/β″-Al2O3 electrolytes during
the powder synthesis step. This study presents the
fabrication of SiO2-doped Na+-β/β″-Al2O3 specimens and
evaluates the relationship between the SiO2 content and the
properties of the doped Na+-β/β″-Al2O3.

Na+-β/β″-Al2O3 has been widely utilized as a solid
electrolyte in sodium/sulfur batteries for electric vehicles
and for storage of excess electricity [1, 2], where the Na+
ions act as charge carriers. Na +-β/β″-Al2O3 is characterized
by a highly ionic nature and low electronic conductivity,
and extensive research has been dedicated to exploiting
these features for practical purposes.
Generally, Na+-β/β″-Al2O3 is prepared by a
conventional solid-state reaction, in which the raw
materials are initially prepared by mechanical mixing
[3 – 6] followed by calcination. The thus-synthesized β/β″Al2O3 powders are converted to green bodies by cold
isostatic pressing, slip casting, and uniaxial pressing, and
are then sintered [7 – 9].
Synthesis of Na+-β/β″-Al2O3 by the conventional
solid-state reaction inevitably requires a long holding time
at a high sintering temperature, which leads to the loss of
sodium, thereby deleteriously eroding the ionic
conductivity of the β/β″-Al2O3 ceramics. Small additions
of various oxides, such as MgO, TiO2, MnO2, and SiO2 to
α-Al2O3 have been shown to influence the densification
processes by reducing the sintering temperature,
suppressing or promoting grain growth, and allowing
sintering to theoretical density [10, 11]. Therefore, a
variety of oxides, either singly or in combination, is
commonly used in the ceramic industry for various
purposes, such as for enhancing sintering or for
microstructural and mechanical modification. Among these
oxides, SiO2 is well recognized to improve the
densification of ceramics by liquid phase sintering. Liquid

2. EXPERIMENTAL DETAILS
Na+-β/β″-Al2O3 solid electrolytes doped with SiO2
were synthesized via a solid-state reaction using
commercial powders of α-Al2O3 (99.99 %, High Purity
Chemicals, Japan), Na2CO3 (99 + %, Sigma-Aldrich,
USA), 4MgCO3·Mg(OH)2·5H2O (99 + %, Sigma-Aldrich,
USA), and SiO2 (99.9 + %, High Purity Chemicals, Japan)
as the starting materials. The synthesized Na+-β/β″-Al2O3
powders contained 1.6 wt.% MgO (stabilizer), Na2O at a
[Na2O]/[Al2O3] molar ratio of 1 : 5, and various amounts
of SiO2 ranging from 0 to 5 wt.%.
The starting materials were mixed by ball-milling for
5 h in methanol as the liquid medium; the mixture was then
calcined at 1200 °C for 2 h after drying at 90 °C. The
calcined powders were molded by application of a uniaxial
pressure of 100 bars to obtain the green samples with
dimensions of Φ 14 mm × 2 mm. To minimize Na2O loss,
the green samples were buried in MgO crucibles packed
with packing powder of already synthesized Na +-β/β″Al2O3 and sintered at 1600 °C for 30 min.
The phase composition of the calcined and sintered
samples was analyzed using an X-ray diffractometer
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Fally et al. [25], the β + β"-phases coexist in a region
corresponding to the formula Na2O·nAl2O3(5.33 ≤ n ≤ 8.5).
The XRD patterns of all calcined powders conform to the
crystalline phase of NaAl5O8 (JCPDS 31-1262) and
NaAl11O17 (JCPDS 31-1263). No significant peaks
corresponding to SiO2 were detected in the XRD patterns,
which may be due to the low SiO2 concentration (less than
1 wt.%).

(XRD, D/max 2200, Rigaku, Japan). XRD analysis was
performed at 40 kV and 30 mA using Cu Kα radiation. The
relative amounts of the phases were determined by
calculating the line intensities of the well-separated peaks
of each phase using the following equations [19, 20]:
% of α = f(α)/{f(α)+f(β)+f(β″)}×100;
% of β = f(β)/{f(α)+f(β)+f(β″)}×100;
% of β″ = f(β″)/{f(α)+f(β)+f(β″)}×100;

(1)
(2)
(3)

f(α) = 1/2{Iα(104)×10/9+Iα(113)};
f(β) = 1/3{Iβ(102)×10/3+Iβ(206)×10/3.5+Iβ(107)×10/5.5};
f(β″) = 1/2{Iβ(1011)×10/4+Iβ″(2010)×10/8},

(4)
(5)
(6)

where Iα(104), α(113) denotes the X-ray intensity of the (104),
(113) planes of the α- Al2O3 phase, Iβ(102), β(206), β(107)
represents the X-ray intensity of the (102), (206), (107)
planes of the β- Al2O3 phase, and Iβ"(1011), β"(2010) indicates
the X-ray intensity of the (1011), (2010) planes of the β"Al2O3 phase.
The microstructure of the sintered specimen and the
density were assessed by scanning electron microscopy
(SEM, Model JSM-6380, Japan) and by using Archimedes
method (ASTM 373-88). The ionic conductivities of the
sintered specimens were measured by employing blocking
silver electrodes using an electrochemical complex
impedance analyzer (Zahner, IM6) within the frequency
range of 1 Hz to 3 MHz and temperature range of 25 to
350 °C. Sodium conductivities were calculated using
Eq. 7.
σ = L/(Rs × A)

a

b

Fig. 1. Perspective drawings of the idealized structures of
a – β-Al2O3; b – β″-Al2O3

(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. 1 presents schematic structures of Na+-β-Al2O3
and Na+-β″-Al2O3. The crystalline structure of β″-Al2O3 is
a rhombohedral structure with an R3m space group with
lattice constants of ‘a’ = 5.614 and ‘c’ = 33.85 Å.
Generally, the ‘a’ axis is similar to that of the β-Al2O3
structure, but the length of its ‘c’ axis is 1.5 times longer,
and the concentration of the alkaline ions on the
conduction plane is higher [21, 22]. Fig. 2 shows the
projection of β-Al2O3 and β″-Al2O3 unit cells stacking
sequence. The unit cell of β″-Al2O3 is 50 % larger than that
of β-Al2O3 by virtue of the difference in stacking sequence.
Adjacent close packed oxide slabs are again held apart by
Al-O-Al spacer units, but alternate sodium atom sites lie
above and below the plane through the centre of the oxide
spacer atoms and the Na+ ion diffusion path actually
encompasses a finite volume (the conduction slab) rather
than a plane as in the β-Al2O3 structure. β″-Al2O3 has a
higher sodium content in the conduction slab than β-Al2O3,
and therefore is more conductive than β-Al2O3.
Fig. 3 shows the XRD patterns of the powders doped
with different amounts of SiO2 that were calcined at
1200 °C for 2 h. The Na+-β phase has the theoretical
fomula Na2O·11Al2O3, or NaAl11O17 [23], and the β"phase has the formula Na2O·5Al2O3, or NaAl5O8 [24].
According to Na2O-Al2O3 phase diagram proposed by

a

b

Fig. 2. Projection of a – β-Al2O3; b – β″-Al2O3 unit cells stacking
sequence
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Fig. 3. XRD patterns of the synthesized SiO2-doped Na+-β/β″Al2O3 powders, calcined at 1200 °C for 2 h
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the phase fraction of the β″-Al2O3 decreased significantly
in the 3 and 5 wt.% SiO2-doped specimens. Generally, the
phase fraction of the β"-Al2O3 is decreased after sintering
by a volatilization of Na2O at high temperature. And Si in
the Na+-β/β″-Al2O3 led to an excess volatilization of the
Na2O to adjust the charge balance of the Na +-β/β″-Al2O3.
So, the phase fraction of β"-Al2O3 decline is attributed to
transformation of β″-Al2O3 to β-Al2O3 via the
volatilization of Na2O, while the mullite phase reacted with
Na2O.
Fig. 7 shows the relative sintered density of the
specimens sintered at 1650 °C for 30 min. The relative
sintered density was improved by doping with small
amounts of SiO2. The relative sintered density of Na+ β/β″Al2O3 sintered specimen with 0.7 wt.% SiO2 doping
reached 99.2 % of the theoretical density. The increase in
densification with SiO2 content occurred partly by the
effect of the liquid phase in allowing the rearrangement of
the particles. A liquid phase creates an attractive force
between the particles, putting the particle contacts in
compression. This effect is so strong that complete
densification is possible by rearrangement if enough
volume fraction of liquid phase is present [27]. However,
in the case of the 3 and 5 wt.% SiO2-doped specimens, the
relative sintered density declined. As the SiO2 content
increased, an excess of the liquid phase was formed
relative to the liquid phase required for sintering, resulting
in hindrance of the contact between the particles and the
creation of pores due to the contraction of generated gas
during cooling, thereby hampering the sintering process
[28].

However, in the case of the 3 and 5 wt.% SiO2-doped
calcined powders, the mullite (3Al2O3·2SiO2) phase was
detected. Fig. 4 shows the phase diagram for the binary
Al2O3-SiO2 system, produced by Aramaki and Roy [26],
which demonstrates that the mullite phase appeared
according to phase diagram for the binary Al2O3-SiO2
system. The XRD patterns of the sintered specimens
presented in Fig. 5 illustrate that after sintering, the Na +β/β″-Al2O3 phase was maintained, the mullite phase was
not detected, and the NaAlO2 and SiO2 phases appeared in
the 3 and 5 wt.% SiO2-doped specimens. As a result of
volatilization of Na2O at high sintering temperature, the
mullite reacted with Na2O to generate the NaAlO2 and
SiO2 phases.

Fig. 4. Al2O3-SiO2 binary phase diagram proposed by Aramaki
and Roy [26]
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Fig. 6 shows the phase fraction of the β″-Al2O3
analysis. Before sintering, the phase fraction of β″-Al2O3
was generally found to increase with increasing SiO2
content. This trend is indicative of a tendency towards a
rapid increase in the formation of the β″-Al2O3 phase in the
3 and 5 wt.% SiO2-doped powders. As mentioned above,
the theoretical formula of β-Al2O3 is Na2O·11Al2O3, and
the formula of β"-Al2O3 Na2O·5Al2O3, therefore, in order
to form the β"-Al2O3, it is necessary to more Na2O than the
case of forming the β-Al2O3. Due to the formation of the
mullite (3Al2O3·2SiO2) phase, the molar ratio of Na2O in
the calcined powders increased, and this aided the
formation of β″-Al2O3. In contrast, after sintering, the β″Al2O3 fraction declined with increasing SiO2 content, and
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Fig. 8 shows the Nyquist plot of the 0.7 SiO2-doped
sintered specimen at 225, 350 °C and 5.0 wt.% SiO2-doped
sintered specimen at 350 °C. Polycrystalline Na+-β/β″Al2O3 has grain bulk resistance (RB) and grain boundary
resistance (RGB), so, it was possible to separate out the
semi-circle part and the line part as shown in Fig. 8 a
below 250 °C. But, the semi-circle part was substituted by
some dots close to the Z’ axis when the temperature was
higher than 250 °C because the grain boundary or
intergranular resistance became negligible at above 250 °C
[29 – 31]. Na+ ion in the Na+-β/β″-Al2O3 conduct by jump
mechanism between lattice sites of the conduction plane
and slab, this jump mechanism is activated with rising
temperature, so the grain boundary resistance contribution
to the total electrolyte resistance becomes negligible above
250 °C [32, 33]. Thus, the Nyquist plot at 350 °C
(Fig. 8 b, c) exists the grain bulk resistance, only.

The measured bulk resistance at 350 °C of 5.0 wt.%
SiO2-doped sintered specimen was higher than the
0.7 wt.% SiO2-doped sintered specimen.
The ionic conductivity of the specimens sintered at
1600 °C for 30 min is shown in Fig. 9. The relationship
conformed to Arrhenius equation of σT = Aexp(-Ea/kT),
where A is the pre-exponential and K is the gas 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 [34].
6
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Table 1. Ionic conductivities of Na+-β/β″-Al2O3 specimens at
350 °C with various Si doping amounts
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Although doping with a small amount of SiO2
beneficially affects the ionic conductivity of the Na +-β/β″Al2O3 specimens, the addition of more than 1 wt.% SiO2
leads to reduction in the ionic conductivity due to a
decrease in the relative sintered density and formation of
the NaAlO2 and SiO2 phases via transformation of β″Al2O3 to β-Al2O3. The maximum ionic conductivity of
1.2 × 10-1 S/cm at 350 °C was achieved with the 0.7 wt.%
SiO2-doped specimen, and the minimum ionic conductivity
was achieved with the 5.0 wt.% SiO2-doped specimen with
a value 2.4 × 10-2 S/cm at 350 °C. The ionic conductivities
of Si-doped Na+-β/β″-Al2O3 specimens at 350 °C are
shown in Table 1.
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Fig. 9. Ionic conductivity of specimens sintered at 1600 °C for
30 min as a function of temperature in the range of
200 – 350 °C, with variation in the SiO2 content
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The phase fraction of β″-Al2O3 of 0.7 wt.% SiO2doped specimen was lower than the β″-fraction of
specimen without doping, but the ionic conductivity of
sintered specimens was enhanced with the inclusion of less
than 0.7 wt.% SiO2. So, it is supposed that the improved
relative sintered density was the main cause for an increase
in the ionic conductivity.
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Fig. 8. Nyquist plot of the a – 0.7 wt.% SiO2-doped sintered
specimen at 225 °C; b – 0.7 wt.% SiO2-doped sintered
specimen at 350 °C; c – 5.0 wt.% SiO2-doped sintered
specimen at 350 °C
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Fig. 10. SEM images of sintered specimens: a – SiO2 0.1 wt.%-doped specimen (×2000); b – SiO2 0.7 wt.%-doped specimen (×2000);
c – SiO2 5.0 wt.%-doped specimen (×2000); d – polished SiO2 0.1 wt.%-doped specimen (×2000); e – polished SiO2 0.7 wt.%doped specimen (×2000); f – polished SiO2 5.0 wt.%-doped specimen (×2000)

Na+-β/β″-Al2O3 have interesting practical applicability
because of their high ionic and low electronic conductivity.
So, Na+-β/β″-Al2O3 has been used as solid electrolyte in
sodium/sulfur battery and this battery operate at 300 –
350 °C. Thus, the ionic conductivities data were focused
at 350 °C, in this study [35, 36]. Table 2 lists ionic
conductivity of various dopant doped Na+-β/β″-Al2O3
investigated by other researchers for compared to the value
obtained in this study [37 – 39].
Fig. 10 presents the SEM images of the specimens
sintered at 1600 °C for 30 min. There is an apparent
decrease in the grain size with increased SiO2 doping.

(96.3 %), this sample was somewhat porous compared to
Fig. 10 d, e.

4. CONCLUSIONS
SiO2-doped
Na+-β/β″-Al2O3
specimens
were
fabricated, and the changes in the properties of the Na +β/β″-Al2O3 solid electrolyte brought about by variation in
the SiO2 content of the doped samples were investigated.
The mullite (3Al2O3·2SiO2) phase was observed in the case
of the 3 and 5 wt.% SiO2-doped Na+-β/β″-Al2O3 powders.
Volatilization of Na2O at high sintering temperature and
subsequent reaction with mullite generated the NaAlO2 and
SiO2 phases in the 3 and 5 wt.% SiO2-doped Na+-β/β″Al2O3 sintered specimens. In the sintered samples, the
relative proportion of the β″-Al2O3 phase fraction declined
with increasing addition of SiO2; notably, the phase
fraction of β″-Al2O3 declined severely in the 3 and 5 wt.%
SiO2-doped specimens. The relative sintered density was
augmented by doping with small amounts of SiO2,
whereas, in the case of the 3 and 5 wt.% SiO2-doped
specimens, the relative sintered density decreased. It is
deduced that increasing the SiO2 content lead to excessive
liquid phase formation during sintering, and this excessive
liquid phase hindered inter-particle contact with
consequent formation of pores. The ionic conductivity was
enhanced by doping with a small amount of SiO2, whereas
the addition of more than 1 wt.% SiO2 leads to a decrease
in the ionic conductivity due to the phase relationship and
reduction in the relative sintered density. In conclusion, the
properties of Na+-β/β″-Al2O3 were improved by inclusion
of less than 0.7 wt.% SiO2.

Table 2. Ionic conductivities of various dopant doped Na+-β/β″
Al2O3 specimens [37 – 39]
Dopant
Si (this study)
Ti
Zn
Co
Cu
Zr

Content
0.7 wt.%
1.0 wt.%
4.0 wt.%
4.0 wt.%
4.0 wt.%
15.0 vol.%

Ionic Conductivity, S/cm
1.2 × 10-1 (350 °C)
2.1 × 10-1 (350 °C)
8.0 × 10-2 (300 °C)
1.1 × 10-1 (300 °C)
1.2 × 10-1 (300 °C)
1.1 × 10-1 (300 °C)

This behavior may be attributed to a decline of the
grain migration rate due to the formation of solid solutions
at the grain boundaries [13]. Traces of liquid phase
sintering with addition of excess SiO2 in the entire region
of the surface were confirmed from microstructural
observation of the SiO2 5.0 wt.%-doped specimen
(Fig. 10 c), in contrast with the microstructure of the SiO2
0.7 wt.%-doped specimen (Fig. 10 b). Fig. 10 f shows the
microstructure of the polished SiO2 5.0 wt.%-doped
specimen. On the basis of the relative sintered density
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