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Abstract. Li+-stabilized Na-β”-alumina was synthesized through sol-gel based on the Pechini method with Al(NO3)3, 
NaNO3, and LiNO3 as the metal precursor. Evaluations were done to several different sodium content in order to 
counterbalance Na2O losses during sintering, as well as different sintering temperature between 1500 – 1700 °C. The 
evaluations were done by density measurement, impedance spectroscopy, X-ray diffraction, and Scanning Electron 
Microscopy. The synthesized powder exhibits Na-β”-alumina with measured relative density up to 2.96 ± 0.01 g/cm3. The 
ionic conductivity achieved was up to 0.23 S/cm at 300 °C with lowest activation energy for conduction of 0.17 eV. 
Moreover, the Na-β”-alumina phase content achieved was up to 84%. 

INTRODUCTION 

Economic and population growth intensively increased the energy consumption, which is still dominantly fulfilled 
by conventional energy sources. The depletion of fossil fuel and its environmental concerns drive the need for 
renewable energy production, such as solar and wind energy. However, renewable energy productions are fluctuating 
due to unpredictable natural force that could limit the energy generation. Stationary energy storage has been used to 
cope with energy variability problem main bound to variable renewable energy, that allows the possibility to provide 
excess energy during peak times as their appearances are fluctuating.   

Low cost, easy extractability, and abundance of sodium resources in contrast to lithium and cobalt, make sodium-
based rechargeable batteries, such as Na/S or Na/NiCl2 battery, as an ideal type for large-scale production [1], [2]. The 
key component of sodium-based batteries is Na-β”-alumina solid electrolyte, due to its high sodium ion conductivity 
and electrical insulating properties [3]. Typically, Na-β”-alumina exhibits ionic conductivity of 0.2-0.4 S cm-1 at 
300 °C [4]. Moreover, the use of solid electrolyte minimizes the potential of leaking and explosion hazard in 
comparison to utilization of solvent-based electrolytes. Processing fine Na-β”-alumina has been reviewed, as nano-
particles has higher sodium ion conductivity compared to micro-sized particles [5]. Conventionally, Na-β”-alumina is 
synthesize by solid-state reaction of boehmite, Na2CO3, and a small amount of magnesium or lithium oxide [6]. 
However, solid-state method has the main disadvantage of inhomogeneity of the starting materials and requirement 
of repetitive grinding, compaction, and annealing which results in high cost and energy consumption [7].  

Interest has grown towards the use of citrate sol-gel as an alternative method as it has an advantage of molecular-
level mixing which could increase the homogeneity of the materials [5], [7]. The Pechini method was established by 
involving chelating agent to form homogeneous dispersed solution of metal/citrate complexes [8]. The complexes are 
further converted into a polymer network with gel as an intermediate product. Li+ or Mg2+ doping stabilizes the crystal 
structure while sintering Na-β”-alumina ceramic [9], [10]. A composition of Na1.67Li0.33Al10.67O17 is an ideal 
stoichiometric as the optimum composition of Li+-stabilized Na-β”-alumina [9]. However, the sodium content should 
be elevated to counterbalance the Na2O losses during calcination and sintering [11]. The typical sintering temperature 
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of Na-β”-alumina is 1600 °C [7], [9], [12].  In this study, Li+-stabilized Na-β”-alumina was synthesized through sol-
gel based on Pechini method using metal nitrates, citric acid, and ethylene glycol as the reaction fuel. The prepared 
Na-β”-alumina were studied regarding its density, conductivity, phase analysis, and microstructure to determine the 
optimal sintering temperature and sodium content in the precursor. 

EXPERIMENTAL PROCEDURUE 

Sample preparation 

Na-β”-alumina was synthesized through sol-gel route based on the Pechini method using Al(NO3)3.9H2O (Carl 
Roth, 99.5%), NaNO3 (VWR, 99%), LiNO3 (VWR, 99%), citric acid (Carl Roth, 99.5%), and ethylene glycol (Carl 
Roth). In the first step, variations of metal precursor stoichiometric amounts (Na1.67Li0.33Al10.67O17, 
Na1.71Li0.33Al10.67O17, and Na1.75Li0.33Al10.67O17) were dissolved in distilled water. Then citric acid and ethylene glycol 
solution were added into the prepared solution with different molar ratio of metallic ions, citric acid, ethylene glycol 
of 1:2:1 were obtained. The resulting mixture was undergone aging process by slowly evaporated at temperature of 
80 °C while stirring in a water bath until a yellow colored transparent gels were formed. The viscous gel was 
transferred into pre-heated muffle furnace and was dried at 120 °C. Subsequently, the powder was obtained by ball-
milling foamy product obtained after drying process. The obtained powder was calcined in a high-temperature muffle 
furnace at 1200 °C. The calcined powder was granulated by mixing the powder with organic binding agent. The 
granules were sieved to obtain particle size in the range of 100-400 μm. The granules were uniaxially pressed (100 kN 
load) into bars (6 x 6 x 60 mm). The bars were sintered for 30 minutes under dense MgO crucibles at three different 
temperatures of 1500, 1600, and 1700 °C.  

Characterization methods 

The bars were cut into pieces with length of around 20 mm and used for density and ionic conductivity 
measurements. Density measurements were carried out based on Archimedes’ principle in toluene. The ionic 
conductivity measurements were done by Impedance spectroscopy (BioLogic SP-240 and Gamry Reference 3000 AE) 
at temperature of 240 to 330 °C. The sintered bar was clamped between two nickel-plated aluminium sample holder 
(Fig.1), which are each provided with Promat glass fiber paper (Promaglav HTI 1250 with diameter of 12 mm) and 
impregnated with ± 0.05 g of salt mixture (7 wt.% NaNO3, 50 wt.% NaNO2, and 43 wt.% KNO3). The applied 
frequencies was in the range between 1 MHz to 10 Hz. The specific conductivity was calculated by Eq.1 where L 
represents the length of the sample and A the cross-sectional area. 

� =  
�

� �
        (1) 

The resistance of the sample (R) was calculated by selecting the bulk- (Rb) and the grain boundary resistance (Rgb) 
from regression analysis curve. Moreover, temperature dependance of ionic conductivity were analyzed based on 
Arrhenius’ equation (Eq.2). 

 

  
(a) (b) 

FIGURE 1. Sketch (a) and picture (b) of sample assembling in cell measurement device for ionic conductivity measurement. 
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Where σ is conductivity in S cm-1, σ0 is the pre-exponential constant, T is temperature in Kelvin (K), Ea is activation 
energy in eV, and k is the Boltzman constant in eV K-1. Activation energy was calculated using slope from ln(σT) 
over 1000 T-1 axis. 

X-ray diffraction patterns (D8 Advance, Bruker, USA) were taken from ball-milled bars. The diffraction patterns 
were analyzed quantitatively by Rietveld refinement method (AutoQuan 2.8.0.2). SEM micrographs (Zeiss Ultra 55+, 
Germany) were recorded on a perpendicular fracture surface of the sintered bars. The fracture surface was carbon 
coated to improve the electron signal by creating conductive layer.   

RESULTS AND DISCUSSION 

 
  

(a) (b) (c) 
   

FIGURE 2. (a) Xerogel formed after drying process. (b) Carbon trapped in MgO crucible during calcination. (c) 
Agglomeration of calcined powder.  

 
During sample preparation, white yellowish foamy structure with significant expansion phenomenon after drying 

process was observed (Fig.2a). The expansion was formed as NOx gasses trapped in the solution. Subsequently, the 
powder was obtained by dry ball-milling the foamy structure and was calcined at 1200 °C. During calcination, carbon 
was trapped in the MgO crucible as the cap was tightly closed (Fig.2b). Moreover, it might also happen due to 
insufficient of oxygen during calcination, as the sample contained organic materials. To prevent this phenomenon, the 
MgO crucible can be slightly open during the calcination process. The change of powder color from gray to white 
indicates the complete removal of carbon (Fig.2c). 

 

 

FIGURE 3. Particle size distribution of calcined powder before and after dry ball-milling. 
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The particles were agglomerated after calcination with a significant volume reduction, as the organic compounds 
were removed. The agglomerated calcined powder requires ball-milling to reduce the particle size. The particle size 
distributions were shown in Fig.3. The measurement was done three times each for sample (with and without milling). 
Red and green lines are representing each measurement, while the blue and red bar diagram shows the average of the 
measurement. Without milling, bigger particle size with distribution in a range of 40-100 μm were dominant. Smaller 
particle size was also present with a low vol.% compared to bigger particles. With milling, it can be seen that 
significant particle size reduction was achieved, as the particles was milled properly and the size present was < 3 μm.  

Density Analysis 

In Fig.4, the relative density of Na-β”-alumina ceramic samples with different sodium content are plotted against 
sintering temperature of 1500, 1600, and 1700 °C. During relative density measurement, air bubbles were present 
when samples sintered at 1500 °C were submerged into toluene. These phenomena show that these samples are porous, 
which also in accordance with Fig.4 as samples sintered at 1500 °C have relatively low density. Samples with low 
and high sodium content (Na1.67Li0.33Al10.67O17 and Na1.75Li0.33Al10.67O17, respectively) show a same range of relative 
density of 2.5 ± 0.01 g/cm3 when sintered at 1500 °C, which was increased to 2.9 ± 0.01 g/cm3 when sintered at 
1600 °C, and further decreased to 2.7 ± 0.01 g/cm3 when the sintering temperature reached 1700 °C. Moreover, the 
sample with intermediate amount of sodium (Na1.71Li0.33Al10.67O17) has the highest relative density at all sintering 
temperature with the maximum density of 3.0 ± 0.01 g/cm3 when sintered at 1700 °C. Lifting up the sodium content 
to a certain amount to counterbalance Na2O losses during sintering can promote the relative density of the ceramic, 
while excessive amount of sodium can further decrease the density.  

 

 

FIGURE 4. Density of Na-β”-alumina samples as a function of sintering temperature and sodium content. 

XRD analysis 

Fig.5a shows selection of XRD diffraction patterns of different sodium content and sintering temperature. The 
qualitative result shows the co-existence of Na-β”-alumina and sodium poor Na-β-alumina in accordance to database 
(PDF 84-0211 and PDF 25-0775, respectively). Moreover, lowly intensive peak of NaAlO2 (PDF 33-1200) with a 
characteristic peak at 30.2° was detected. The quantitative phase composition was calculated by Rietveld refinement 
method (AutoQuan 2.8.0.2). The result is shown in Fig.5b. The increase of sintering temperature from 1500 until 
1700 °C slightly increases the Na-β”-alumina phase content for samples with intermediate and high sodium content 
(Na1.71Li0.33Al10.67O17 and Na1.75Li0.33Al10.67O17, respectively). The increase of sintering temperature from 1500 to 
1600 °C decreased the Na-β”-alumina phase content for the sample with low sodium content (Na1.67Li0.33Al10.67O17) 
from 54 to 35%. This might happened due to increase of Na2O sublimation at higher sintering temperature [11]. Hence, 
the sodium poor Na-β-alumina phase was formed in exchange of Na-β”-alumina phase, as the amount of sodium was 
insufficient. In this work, the adjustment of sodium content to Na1.71Li0.33Al10.67O17 and sintering temperature of 
1700 °C could result in Na-β”-alumina phase content of 83.8%. 
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(a) (b) 

FIGURE 5. (a) XRD patterns of representative Li+-stabilized Na-β”-alumina samples. The reflexes of PDF 84-2011 are shown at 
the bottom. (b) Na-β”-alumina phase content of the samples plotted against sintering temperature with different sodium contents. 

 
Shan et al. reported Na-β”-alumina phase content for undoped sample of 54% [13]. Moreover, Dirksen et al. [14] 

reported Na-β”-alumina phase content in the range of 88.5-93.4% and Wei et al. [12] have reported the range between 
95.2-98.1%. Both research groups synthesized titanium-doped Na-β”-alumina, which results in a significant increase 
of ionic conductivity. Hence, the result in this work is still in the range of previous studies.  

Ionic conductivity analysis 

For energy storage applications, high ionic conductivity electrolytes are targeted. In Fig.6a, the ionic conductivity 
of Na-β”-alumina ceramic samples with different sodium content are plotted against sintering temperature between 
1500 and 1700 °C. The result displayed, that the ionic conductivity increases as the sintering temperature increased. 
The ionic conductivity of all samples was slightly lower when sintered at 1500 °C compared to samples sintered at 
1600 °C, becoming almost negligible. At all sodium content, the highest ionic conductivity was achieved at sintering 
temperature of 1700 °C. The sample with tailored stoichiometry of Na1.71Li0.33Al10.67O17 and sintered at 1700 °C 
achieved the maximum ionic conductivity of 0.23 S cm-1. 

In addition, it can be seen that the measurement of samples Na1.67Li0.33Al10.67O17 and Na1.75Li0.33Al10.67O17 sintered 
at 1500 °C shows a wide range of results. Moreover, salt melt impregnated into the glass wool pad during measurement 
was completely absorbed to the sample pores. This might happened, as the samples are porous and not compactly 
sintered, which is accordance with SEM micrographs. Hence, this analysis method can be considered as not suitable 
for analyzing porous sample.  

The measured conductivity in the temperature range between 240 until 330 °C are in good compliance with 
Arrhenius’ equation. Figure 6c shows the activation energy for all prepared Li+-stabilized Na-β”-alumina in this 
research. The activation energy obtained in this research lies between 0.17-0.24 eV, with the minimum value achieved 
by sample of Na1.71Li0.33Al10.67O17 and sintered at 1700 °C. The values were in compliance with previous research by 
Zhang et al. [7], where it is established that the ionic conductivity of Mg-SBA prepared through sol-gel method was 
0.24 S cm-1 at 350 °C. Moreover, Butee et al. also reported the range of activation energy for Mg-stabilized Na-β”-
alumina lies between 0.20-0.23 eV [5]. 
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(a) (b) 

 
(c) 

FIGURE 6. (a) Sodium ion conductivity at 300 °C of Li+-stabilized Na-β”-alumina samples sintered at different sintering 
temperatures. (b) Arrhenius’ plot from Na1.71Li0.33Al10.67O17 sample sintered at 1700 °C. (c) Activation energy of samples with 

different sodium contents plotted against sintering temperature. 

Microstructure analysis 

Impact of Sintering Temperature on Microstructure 

The effect of sintering temperature to the microstructure of Na-β”-alumina solid electrolyte were evaluated by 
SEM images. SEM images of samples sintered at 1500 °C (Fig.7, left row), 1600 °C (Fig.7, middle row), and 1700 °C 
(Fig.7, right row) were compared. It is observed that sintering temperature of 1500 °C was not enough to compactly 
sinter the sample. Refinement in the grain size and compact materials can be observed in the samples sintered at 
1600 °C. Moreover, it can also be seen that the grain size is gradually increasing as the sintering temperature increases. 
However, increasing amount of defects was also shown as another effect of higher sintering temperature when the 
sintering temperature reached 1700 °C. Defects presence is often cause by vacancy agglomeration due to high 
sintering temperature and extensive grain growth [14]. The presence of micro pores may also be possible due to 
increase of Na2O sublimation (sublimation point at 1275 °C) [11]. Moreover, the increase of defects is corresponding 
well with the density analysis, which showed lower relative density at sintering temperature of 1700 °C.   
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Impact of Sodium Content on Microstructure 

The microstructure of Na-β”-alumina solid electrolyte was also affected by the sodium content in the precursor. 
Figure 7 shows samples with different sodium content, starting with the lowest and finish with the highest sodium 
content on the bottom. The least compact microstructure was shown by the samples with low and high sodium content 
(Na1.67Li0.33Al10.67O17 and Na1.75Li0.33Al10.67O17, respectively) at sintering temperature of 1500 °C, which shows a 
porous sample. This result was in accordance with the density measurement, as the samples shown relatively low 
density. Moreover, these samples showed more defects formation at all sintering temperature compared to sample 
with intermediate sodium amount sample (Na1.71Li0.33Al10.67O17). In addition, the Na1.71Li0.33Al10.67O17 sample shows 
a compact microstructure for all sintering temperature. 

 

 

FIGURE 7. SEM images of Na-β”-alumina samples with different tailored stoichiometry and sintered at 1500 °C (left row), 
1600 °C (middle row), or 1700 °C (right row). 

CONCLUSION 

In this research, Li+-stabilized Na-β”-alumina with difference sodium content and sintered at three different 
temperatures were successfully synthesized through sol-gel based on Pechini method. The synthesis was done using 
citric acid and a small amount of ethylene glycol as the solvent stabilizer. The maximum ionic conductivity was 
0.23 S cm-1 and a minimum activation energy of 0.17 eV with a tailored stoichiometry of Na1.71Li0.33Al10.67O17 at 
sintering temperature of 1700 °C. The highest relative density of 3.03 g cm-3 was also achieved by the same sample.   

Hereby was also shown by XRD analysis that overall the samples exhibits Na-β”-alumina phase dominantly. 
Secondary Na-β-alumina and NaAlO2 are also present in all samples, but adjustment of sodium content and sintering 
temperature could decrease the amount as low as 9.4 and 6.4% respectively. It is also established that insufficient 
amount of sodium could promote the formation of the sodium poor Na-β-alumina phase and excessive amount of 
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sodium could promote the NaAlO2 phase formation. The adjustment of both parameters; sodium content and sintering 
temperature, can attribute to a change in microstructure.  
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