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Phase pure Na-β’’-alumina ceramics are excellent electrolytes for molten-salt and all-solid-state batteries.
However, controlled processing of this complex material is required to obtain the desired phase content, as Naβ’’-alumina can accommodate variable amounts of sodium within its conduction slab. On the one hand, addition
of dopant ions (e.g. Li+, Mg2+) influences stability and sodium content of Na-β’’-alumina. On the other hand,
β’’-aluminas are prone to sodium evaporation, resulting in compositional changes during high-temperature
sintering. Here, we show that while sodium evaporation indeed becomes significant at temperatures >
1300 ◦ C, Na-β’’-alumina ceramics of constant total composition can be prepared at strongly variable sintering
conditions by applying an encapsulation. Nevertheless, our study reveals that the sodium content in the Naβ’’-alumina crystal structure varies with the processing temperature. This is indicated by changes in the c-lattice
parameter, which decreases with increasing sintering temperature, corresponding to an increase in sodium
content.

1. Introduction
High conductivity, high (electro-)chemical stability and low inter
facial resistance towards sodium metal make Na-β’’-alumina an excel
lent solid electrolyte for both high-temperature and room-temperature
applications [1–3]. While this material is commercialized in
sodium–nickel chloride and sodium–sulfur batteries with operation
temperatures around 300 ◦ C, it is also an excellent candidate for
application at ambient conditions. Recently, some of us reported strip
ping and plating from Na-β’’-alumina at room temperature at high
current densities > 10 mA cm-2 [1], demonstrating its capability for
all-solid-state battery applications. To enable such high current den
sities, it is key to reduce interfacial resistances. This is achieved by
providing a clean interface of Na-β’’-alumina with the electrode mate
rial, minimizing the occurrence of secondary phases such as NaAlO2
along grain boundaries. This is also of importance for industrial pro
cessing of Na-β’’-alumina in ambient conditions, as this impurity phase
is prone to react with H2O, compromising phase content, microstructure
and mechanical properties of the material [2].

Na-β’’-alumina is a complex material. The group of β-alumina phases
comprises layered crystal structures with Al2O3 units ordered in closepacked oxide blocks. The mobile cations (e.g. Na+) and oxygen anions
are arranged in loosely-packed conduction slabs (Fig. 1a). β-aluminas
are non-stoichiometric with the general formula (Na2O)1+x(Al2O3)11,
which is modified by doping with Li+ or Mg2+ on Al3+ sites to improve
phase stability. Different phases with variable stacking sequence are
known. Hexagonal β-alumina and rhombohedral β’’-alumina are the
most prominent phases, with β’’-alumina featuring a higher sodium ion
content and conductivity. Both β- and β’’-alumina phases are often re
ported to occur simultaneously, potentially as independent phases or in
inter-grown structures [4]. It is common to specify the β’’/(β’’+β) phase
ratio of polycrystalline ceramics by comparing the intensity ratios of
certain reflections ascribed to β’’- and β-phases in X-ray diffraction
(XRD) patterns. However, interpretation of intensity data is very diffi
cult for sodium on atom sites in the conduction plane of Na-β’’-alumina,
due to their highly anisotropic thermal parameters and large vibration
amplitudes [5]. Indeed, overall XRD patterns are often not well
described by a two-phase system comprising β’’- and β-alumina, with
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Fig. 1. (a) Schematic crystal structure of Li-stabilized Na-β’’-alumina based on
XRD reference structure PDF 01-084-1715 [15]. The amount of Li+ dopant
determines the sodium content in the structure to maintain charge balance
according to Na1+2xLixAl11-xO17. (b) According to our study, the sodium content
in the β’’-alumina structure can vary independently from its dopant content.
Depending on the processing conditions, Na2O incorporation (e.g. from grain
boundary phases) is favored with increasing sintering temperature, or Na2O
evaporation occurs in unprotected atmosphere. The composition is thus
described by Na1+2x+2yLixAl11-xO17+y, with y positive or negative.
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some peak positions of β-alumina missing and the relative intensities not
corresponding to those of the reference structure [6,7]. The situation is
further complicated as β-alumina phases feature variable Na2O content.
For undoped β-alumina, the occupancy of sodium sites has been reported
to depend on temperature, with charge balance achieved by incorpo
ration of O2− [5,8–10]. This is generally not the case for β’’-alumina,
where the Na2O content is driven by charge balance with the aliovalent
dopants according to Na1+2xLixAl11-xO17 or (Na2O)1+2x(Li2O)x(
Al2O3)11-x [2,3,10]. However, the presence of β’’-alumina phases with
different c-parameter in one material has also been suggested [4], as
well as the occurrence of structural transformations upon sintering and
annealing [11]. In practice, sample composition and stoichiometry is
uncertain in most studies, and the thermodynamic stability of β-alumina
phases is still a subject of controversy [4,6,12]. On the one hand, this
relates to difficulties in the quantitative analysis of the sample material,
typically a polycrystalline ceramic comprising light elements (e.g. Na) in
a matrix of heavier ones (Al, O). On the other hand, the synthesis of
β-alumina ceramics involves high temperatures, often around 1600 ◦ C,
where Na2O evaporation is a known issue [2,3,13,14]. The necessity of
protecting β-alumina ceramics by encapsulation and/or additional so
dium sources during sintering is thus generally accepted, but the extent
to which Na2O evaporation affects sample and crystal composition
remain elusive. While the ion conductivity of polycrystalline
Na-β’’-alumina ceramics is dominated by density and grain size effects
[7], balancing the Na2O content in the processing of ceramic
Na-β’’-alumina electrolytes is important to mitigate surface segregation
of Na2O or formation of NaAlO2 at grain boundaries.
In this study, we examine the impact of sintering conditions on
composition, ion conductivity, and phase content of Na-β’’-alumina

Fig. 2. (a) Photo of uncovered Na-β’’-alumina compacts resulting in (b) fragmented sintered bodies after extended sintering (1550 ◦ C, 4 h) and (c) coarse micro
structure with intra-granular porosity (SEM image). (d) TG analysis of Na-β’’-alumina powder under synthetic air flow featuring mass loss at temperatures above
~1300 ◦ C. (e) Photo of encapsulated Na-β’’-alumina compacts resulting in (f) intact sintered bodies after extended sintering (1550 ◦ C, 4 h) and (g) coarse micro
structures with substantially reduced intra-granular porosity (SEM image). (h) Microstructure of a sample sintered under an encapsulation and at short sintering
times (1600 ◦ C, 5 min), featuring uniform grain size distribution. (i) Na2O and Li2O content measured by ICP-OES for samples sintered in an encapsulation at
different conditions. Composition and crystal growth temperature of Li-doped Na-β’’-alumina (PDF 01-084-1715) are plotted for comparison.
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Fig. 3. Temperature-dependent ion conductivity of Na-β’’-alumina ceramics sintered at different temperature (Tmax) and dwell times: (a) 5 min, (b) 30 min, and (c) 4
h. The ion conductivity increases both with the sintering temperature and the dwell time.

ceramics. We first assess the extent of sodium evaporation and identify
measures to mitigate this effect. While a constant composition is ob
tained over a wide range of sintering conditions, we obtain Naβ’’-alumina phases with variable c-parameters at different sintering
temperatures. For the first time, we present an indirect method of esti
mating the Na2O content in crystalline Na-β’’-alumina from its c-lattice
parameter.

exchange, Δm(Na − Ag − SBA) = m(Ag − SBA) − m(Na − SBA), relative to
the difference in molar masses of Ag and Na, ΔM(Na − Ag) = M(Ag) −
Ag− SBA)
M(Na) = 84.88  g/mol: n(Na) = Δm(Na−
ΔM(Na− Ag) . The mass fraction of Na2O

mf (Na2 O) in Na-β’’-alumina is obtained by referring to the sample mass
before Ag-ion exchange, m(Na − SBA), and the molar mass of Na2O,
M(Na2 O) = 61.98  g/mol according to
M(Na2 O)
Δm(Na− Ag− SBA) M(Na2 O)
=
⋅
2⋅m(Na− SBA)
m(Na− SBA)
2⋅ΔM(Na− Ag)
Δm(Na− Ag− SBA)
=
⋅0.365[− ].
m(Na− SBA)

mf (Na2 O)=n(Na)

2. Experimental
Li-stabilized Na-β’’-alumina was prepared by solid-state synthesis from
boehmite (AlO(OH)), lithium hydroxide (LiOH), and sodium carbonate
(Na2CO3) at 1250 ◦ C [7]. Green bodies of size 7 × 26 × 3 mm3 were formed at
1.9 kbar and sintered at temperatures Tmax between 1400 ◦ C and 1660 ◦ C for
dwell times between 5 min and 4 h. Density was measured using Archimedes’
principle in distilled water for samples with relative densities > 90%, or using
the weight per volume relationship for samples with densities < 90%. The
microstructure of sintered ceramics was analyzed by scanning electron mi
croscopy (SEM, FEI Nova NanoSEM 230) on polished and thermally etched
samples. The average grain size was determined following the method pre
viously published in Ref. [7]. Temperature-dependent ion conductivity was
measured by electrochemical impedance spectroscopy (Zahner Zennium, 1 Hz
to 1MHz, 20 mV amplitude) in a four-probe geometry using four Pt-wire
electrodes at fixed distances (5 mm – 6mm – 5mm) in a tube furnace [7].
The onset temperature of sodium loss was determined on calcined powders by
thermogravimetric analysis (TG, Netzsch STA 449) under dynamic airflow
with a stepwise increase of temperature of 100 ◦ C from 1000 ◦ C to 1600 ◦ C,
heating rates of 20 ◦ C min-1, and dwell times of 30 min. Phase content was
analyzed by X-ray diffraction (XRD, Panalytical X’Pert Pro, CuKα radiation
with monochromator). If not otherwise stated, sintered ceramics were mor
tared to powder before measurements. For visual comparison, dif
fractogramms were normalized to the 220 reflection of Na-β’’-alumina, as this
reflex is not influenced by changes in c-lattice parameter. The lattice param
eters were extracted applying the Le Bail method, adjusting only the peak
positions [16]. The total content of sodium and lithium in Na-β’’-alumina
samples was measured by inductively coupled plasma optical emission spec
troscopy (ICP-OES) as reported previously [7]. Sodium loss at high tempera
ture was measured by TG analysis under dynamic airflow with heating rates of
20 ◦ C min-1 and 1 h dwell time at 1400, 1500, and 1550 ◦ C. The sodium
content after the corresponding dwell time was determined by subtracting the
mass loss from the total sodium content determined by ICP-OES (9.4 wt %
Na2O). The Na2O content of Na-β’’-alumina was measured by Ag-ion ex
change in molten AgNO3 at 350 ◦ C for a minimum time of 22 h [15]. The
sample weight after ion exchange was obtained after washing under running
water and subsequent drying at 80 ◦ C. We assumed complete replacement of
Ag  ion  exchange

Na+ ions by Ag+ ions, according to Na-β’’-alumina
→
Ag-β’’-alumina. The molar content of sodium in a Na-β’’-alumina (SBA)
sample, n(Na), then corresponds to the mass gain of the sample upon Ag-ion

3. Results and discussion
After extended sintering (e.g. Tmax = 1550 ◦ C, 4 h), the bar-shaped
uncovered Na-β’’-alumina ceramics feature macroscopic fragmentation
along their edges as shown in Fig. 2a and b. On a microscopic scale
(Fig. 2c), intra-granular porosity on a μm-scale is observed in coarse
grains. We ascribe this to evaporation of Na2O. To determine the tem
perature above which Na2O evaporation becomes significant, we per
formed TG analyses on Na-β’’-alumina powder under dynamic air
atmosphere. After the removal of surface contaminants (hydroxyl
groups and carbon contaminations by degassing of H2O, CO2) [1], the
mass of the Na-β’’-alumina powder stabilizes upon heating to 1000 ◦ C
(Fig. 2d). It remains constant on stepwise temperature increase up to
1300 ◦ C, but significant mass loss occurs above this temperature. For
dwell times of 30 min, mass loss amounts to 0.08 wt % at 1400 ◦ C, and to
0.30 wt % at 1500 ◦ C, increasing further with increasing temperatures.
Formation of Na2O gas at these high temperatures is critical, as it im
pedes densification during sintering. In particular, the gas is trapped in
the ceramic microstructure after open porosity in the Na-β’’-alumina
compacts is closed, building up a pressure.
However, Na2O evaporation is mitigated by applying an encapsula
tion and additional sodium sources when sintering Na-β’’-alumina green
bodies shown in Fig. 2e. With these measures, Na-β’’-alumina ceramics
remain macroscopically intact also after extended sintering (Tmax =
1550 ◦ C, 4 h) (Fig. 2f), and formation of intra-granular porosity is
significantly reduced (Fig. 2g). While extended sintering results in
abnormal grain growth and deterioration of the mechanical properties
[17], uniform microstructures with grain size in the μm-range can be
obtained at short sintering times (e.g. 5 min, Fig. 2h). The impact of
sintering conditions on the microstructure has been examined in details
elsewhere [7]. Na-β’’-alumina ceramics sintered with encapsulation
maintain a constant total composition over a wide range of sintering
conditions according to ICP-OES analyses (Fig. 2h). Both the precursor
powder calcined at 1250 ◦ C and the ceramics sintered at maximum
temperatures Tmax between 1400 ◦ C and 1660 ◦ C at dwell times between
5 min and 4 h are composed of 9.4 ± 0.1 wt % Na2O, 0.7 ± 0.1 wt %
13404
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Fig. 4. (a) X-ray diffractograms of Na-β’’-alumina ceramics sintered with an encapsulation at different Tmax and comparison with reference structure [15]. (b) Zooms
at different reflections. Despite normalization to the 220 reflection, all reflections dominated by the c-lattice parameter are shifted to higher 2θ values compared to
the reference structure as indicated by the arrows. (c) Zoom showing the absence of β-alumina phase.

Fig. 5. Na-β’’-alumina ceramics sintered with encapsulation at different Tmax feature different c-lattice parameters and different Na2O content in the Na-β’’-alumina
structure. (a) Photo of a typical encapsulation applied during sintering to mitigate Na2O evaporation. (b) a-lattice parameters and (c) c-lattice parameters for varying
sintering conditions (powder XRD). (d) Mass gain of the samples in Ag+-ion exchange measurements and deduced Na2O content of crystalline Na-β’’-alumina for
varying sintering conditions. The legend in (b) refers to all graphs; data for the Na-β’’-alumina reference structure PDF 01-084-1715 is plotted for comparison (star).

Li2O, and a balance of 89.9 wt % Al2O3.
Despite similar total composition, the ion conductivity of differently
sintered Na-β’’-alumina ceramics varies by more than a factor of 10 at a
given temperature (e.g. between 0.03 S/cm for 1400 ◦ C, 4 h and 0.35 S/
cm at 1550 ◦ C, 4 h). Fig. 3 shows the temperature-dependent ion con
ductivity in an Arrhenius representation for different sintering temper
atures and dwell times of (a) 5 min, (b) 30 min, and (c) 4 h. The ion
conductivity increases both with the sintering temperature (for a con
stant dwell time) and with the dwell time (for a constant sintering
temperature). As shown in Fig. S1, this trend follows the relation with
porosity and grain size presented previously, with smaller pores and
larger grains favoring the ion conductivity [7].
The ceramics sintered at different conditions with encapsulation
further feature a similar phase content according to XRD (Fig. 4a, shown
exemplarily for a dwell time of 4 h). Overall, the measured data agrees
well with the published reference structure of Na-β’’-alumina [15].
Reflections typically ascribed to the presence of β-alumina phase are
hardly discernible (Fig. 4c), resulting in high Na-β’’-alumina fractions

between 95% and 100% as reported elsewhere [7]. However, despite
normalization to the 220 reflection of Na-β’’-alumina, reflections are
shifted to higher 2θ values compared to the reference (Fig. 4b). This is
explained by changes in the c-lattice parameter of Na-β’’-alumina.
Applying the Le Bail method, Na-β’’-alumina structures with similar
a-lattice parameters of ~5.62 Å (Fig. 5b), but variable c-lattice param
eters (Fig. 5c) are obtained for the different sintering conditions. While
the dwell time applied also has an influence, the c-lattice parameters
generally decrease with increasing sintering temperature (e.g. from
33.75 Å for Na-β’’-alumina powder calcined at 1250 ◦ C, to 33.48 Å for
compacts sintered at 1600 ◦ C for 5 min). Ideally, these changes in
c-lattice parameter could directly be evaluated to derive the corre
sponding Na2O content in the crystalline Na-β’’-alumina structure by
structural refinements for site occupancy. However, as discussed above,
interpretation of intensity data is very difficult for Na-β’’-alumina [7],
and indeed, peak intensity ratios for different reflections do not match
the reference structure for our samples. Instead, we assessed composi
tional changes associated with the change in c-lattice parameters by an
13405
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Fig. 6. (a) X-ray diffractograms of Na-β’’-alumina powders subjected to Na2O evaporation in TG experiments at different Tmax. At 1550 ◦ C, decomposition into Naβ-alumina occurs. (b) Zooms at different reflections. Despite normalization to the 220 reflection, all reflections dominated by the c-lattice parameter are shifted to
lower 2θ values compared to the reference structure as indicated by the arrows. Peak splitting of the 220 reflection may indicate the presence of Na-β’’-alumina
phases of different composition.

ion exchange technique. This method is based on the ability of
Na-β’’-alumina to completely replace its cations in the conduction slab
while maintaining its overall microstructure. Thus, exchange of Na+ by
Ag+-ions in a concentrated salt melt is an established method to quantify
the Na2O content in crystalline Na-β’’-alumina by evaluating the cor
responding weight changes [10]. Note that this technique cannot be
applied to powders, and measurement reproducibility for ceramics with
low density (sintered at or below Tmax = 1400 ◦ C) is poor. Nevertheless,
dense Na-β’’-alumina ceramics sintered at increasing Tmax≥ 1500 ◦ C
show an increasing mass gain by Ag+-ion exchange, corresponding to an
increasing Na2O content in the crystalline Na-β’’-alumina structure
(Fig. 5d). As the overall composition of these samples remains constant
at around 9.4 wt % Na2O (ICP-OES, Fig. 2h) thanks to the proper
encapsulation and additional sodium source we conclude that excess
Na2O is present in the starting powder at the grain boundary phase. With
increasing sintering temperatures excess Na2O is successively incorpo
rated in the Na-β’’-alumina grains from the grain boundary phase. For
sintering at Tmax ≥ 1600 ◦ C, the Na2O content in Na-β’’-alumina reaches
a plateau at 9.6 wt % according to Ag+ ion exchange measurements.
Taking into account uncertainties of this technique (e.g. Ag addition at
the sample surface), this values is close to the total composition of the

ceramics, indicating the consumption of excess Na2O phase and its
incorporation into the Na-β’’-alumina structure.
To verify the correlation between c-lattice parameter and Na2O
content in the crystalline Na-β’’-alumina phase by an independent
method, Na2O evaporation was induced in dedicated TG experiments.
For this, Na-β’’-alumina powders were heated to maximum tempera
tures of Tmax = 1400 ◦ C, 1500 ◦ C, and 1550 ◦ C for 4 h under synthetic air
flow. The resulting XRD diffractograms for the powders are still domi
nated by the crystal structure of Na-β’’-alumina (Fig. 6a). However,
asymmetric peak shapes at low 2θ angles and peak splitting of the 220
reflection are observed for Tmax ≤ 1500 ◦ C (Fig. 6b). At 1550 ◦ C, addi
tional reflections corresponding to Na-β-alumina phase appear indicated
by the stars in Fig. 6a. Nevertheless, Na-β’’-alumina reflections remain,
allowing extraction of lattice parameters. The corresponding mass loss
during heating is depicted in Fig. 7a. After the TG experiments, the Naβ’’-alumina powders again feature constant a-lattice parameters of
~5.60 Å (Fig. 7b). In opposite to the samples sintered under un encap
sulation and with addition sodium source, their c-lattice parameters
increase from 33.67 Å to 33.83 Å with increasing Tmax due to increasing
Na2O evaporation (Fig. 7c). In a first approximation, we ascribe all mass
loss in the TG experiment to Na2O evaporation from the crystalline

Fig. 7. (a) Evolution of mass loss in Na-β’’-alumina powders during TG experiments at different Tmax. Measurement artefacts at intervals of 30 min are also visible.
(b) a-lattice parameters, and c) c-lattice parameters for varying Tmax (powder XRD). Data for the Na-β’’-alumina reference structure is plotted for comparison. d) Mass
loss in TG experiments and corresponding Na2O content change in Na-β’’-alumina ceramics (curves inserted as guides to the eyes).
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Fig. 8. (a) Relation between Na2O content in Na-β’’-alumina crystal structure and c-lattice parameter; data for PDF 01-084-1715 plotted for comparison. (b)
Variation of conduction slab thickness with increasing Na2O content in Na-β’’-alumina, approaching the limit of an oxygen ion of 2.5 Å size.

phase alone and estimate the corresponding Na2O content of Naβ’’-alumina to range between 9.0 wt % and 8.0 wt % (Fig. 7d).
As shown in Fig. 8a, the c-lattice parameter for powders subjected to
TG experiments follows the same trend with Na2O content as the
ceramic samples sintered with encapsulation. Therefore, a decrease in clattice parameter corresponds to an increase in Na2O content in the Naβ’’-alumina grains. In a first approximation, we obtain an inverse linear
relation with Na2O in Na-β’’-alumina (wt %) = (− 4.21 ± 0.43) c-lattice
parameter (Å) + (150.5 ± 14.4). Accordingly, a Na-β’’-alumina c-lattice
parameter of 33.5 Å corresponds to 9.5 wt % Na2O in the crystal
structure, while a c-lattice parameter of 33.7 Å corresponds to 8.5 wt %
Na2O in the crystal structure. This is in agreement with literature, where
an increase in sodium content is related to an increase in electrostatic
attraction between positively charged conduction slab and negatively
charged close-packed oxide block [18,19]. However, as oxygen anions
are incorporated into the conduction slab together with the sodium
cations, reduction of the conduction slab thickness reaches a limit at 2.5
Å, corresponding to the dimensions of an oxygen ion [18]. This is
confirmed by our measurements, where the thickness of the conduction
slab determined by the same approach [18] is found to decrease from
2.65 Å to 2.50 Å (Fig. 8b).
The increase in conductivity with increasing sintering conditions is
dominated by effects of porosity, grain size and grain orientation [7].
However, it is interesting to note that conductivity also increases with
the Na2O content in Na-β’’-alumina (Figs. S1a and 5d). On the one hand,
this could point to an increasing number of available charge carriers in
the crystal structure (Na+). On the other hand, it could also indicate
consumption of Na2O from the grain boundaries, resulting in a decrease
of grain boundary resistivity.

for low interfacial stability, but also to avoid ionic current constrictions
in the bulk of Na-β’’-alumina. As recently shown, current constriction
may lead to the formation of metallic filaments (referred to as den
drites), which currently impede the development of all-solid-state bat
teries by premature cell failure by short-circuit events [20].

4. Conclusion

The raw/processed data required to reproduce these findings can be
made available upon request.

Na2O evaporation from Na-β’’-alumina powders sintered under
synthetic air flow becomes significant at temperatures above 1300 ◦ C,
leading to compositional and microstructural changes in unprotected
Na-β’’-alumina ceramics. Na2O loss is mitigated by applying an encap
sulation and additional sodium sources during sintering, maintaining a
constant composition for sintering temperatures between 1400 ◦ C and
1660 ◦ C and dwell times between 5 min and 4 h. Despite a constant total
composition, the dominating Na-β’’-alumina phase features variable clattice parameters for different sintering conditions. In a first approxi
mation, we find an inverse linear relationship between Na2O content
and c-parameter. The conduction slab thickness is limited at 2.5 Å,
corresponding to the dimensions of an oxygen ion.
Overall, this study implies that fine tuning of Na2O excess in the
starting powder is important to obtain the desired phase content at given
sintering conditions. Eliminating secondary phase is not only important
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