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a b s t r a c t
As for many ion conductors, the electrical conductivity of polycrystalline Na-β -alumina reported in literature varies by over two decades at a given temperature. This is often ascribed to a combination of
variable effects related to grain size, composition, phase content, porosity and impurities, but the dominating factors are rarely identiﬁed. Based on an extensive set of Li2 O-stabilized Na-β”-alumina ceramics
sintered at different conditions, we evaluate a sample series with constant composition and phase content but variable conductivity. The total conductivity of the polycrystalline samples features pronounced
non-Arrhenius temperature dependence. To explain this effect, we present a simple microstructural model
describing the inﬂuence of grain size effects in Arrhenius-type ion conductors with highly resistive grain
boundaries as a second phase. We show that this model further predicts a linear relationship between
conductivity and effective activation energy at a given temperature, which we also observe experimentally. Based on this, we are able to identify to which extent conductivity variations in a given data set may
be explained by grain size effects only. As the same microstructural model relates fundamental transport
properties of the corresponding grain and grain boundary phases with the experimentally observed linear relationship, we further discuss how these parameters can be extracted, e.g. by taking into account
experimentally determined grain size data. Comparison with literature data indicates for which Na-β alumina samples additional effects such as changes in composition and percolation of coarse grains are
relevant for the transport properties. Our ﬁndings on the relation between effective conductivity and corresponding activation energy are applicable to Arrhenius-type ion conductors with highly resistive grain
boundary phases in general.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Solid-state alkali-metal ion conductors are intensively investigated as electrolytes for next-generation batteries [1], but the extent to which processing-related factors like grain size, phase content, and impurities affect the ionic transport properties remain
poorly understood. Here we investigate the effects of grain size on
activation energy and conductivity in ion conductors with highly
resistive grain boundary phases, using Na-β -alumina (NBA) as
model system.
NBA, a non-stoichiometric sodium aluminium oxide [2,3],
was discovered as ionic conductor more than 50 years ago
∗
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[4] and is currently commercially employed as electrolyte in hightemperature sodium-sulfur [5] as well as sodium-metal halide batteries [6] operating at around 300°C. Its ionic conductivity is comparable to liquid electrolytes based on LiPF6 salt in organic carbonate solvents, as employed in commercial lithium-ion batteries (see
Fig. 1a). At the same time, the material exhibits low electronic conductivity, proven chemical and electrochemical stability, and low
interfacial resistance towards metallic sodium electrodes [7,8]. In
√
combination with a relatively high fracture toughness (~3 MPa m
[3]), NBA ceramics thus fulﬁll all requirements for battery applications.
Despite these advantages, recent experimental reports on NBA
ceramics are scarce. This may be related to a limited commercial
availability, combined with a reputation of delicate processing: Ceramics comprising alkali metal ions like Li+ and Na+ in general
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Fig. 1. (a) Range of temperature-dependent ion conductivity obtained for Li2O-stabilized Na-β”-alumina (NBA) ceramics sintered according to different temperature proﬁles
in this study (blue symbols). Our data spans most of region (ii) reported for polycrystalline β/ β -alumina [9]; compare to NBA single crystals, region (i). Conductivities of
LiPF6 (0.5 mol/kg in EC:EMC=1, transference number 0.35) [25] and polycrystalline Li7 La3 Zr2 O3 [26] are plotted for reference. (b) The apparent activation energy for a given
NBA ceramic gradually changes with temperature. Furthermore, it changes for samples sintered at different conditions. In this study, we focus on evaluating the effective
conductivity at 300 °C (σeff,300◦ C ) and the corresponding activation energy Eeff,300◦ C (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.).

require special attention during fabrication, as these light elements
form volatile phases during the high temperatures required for sintering [9]. As a result, their exact composition is often unknown,
especially as quantitative analysis of compounds comprising both
light and heavy elements is not straightforward. At the same time,
microstructural details strongly inﬂuence functional properties like
mechanical stability and ion conductivity, leading to signiﬁcant
variations in reported key performance parameters for these materials [9,10].
The anisotropic crystal structure and complex phase stability of
NBA add to these complications. NBA ceramics may crystallize in
two different crystal structures characterized by different stacking
orders of alumina spinel blocks and loosely-packed Na2 O conduction slabs [2,11]. These structures are denoted as β-alumina and
β -alumina, with β -alumina being the preferred phase featuring
enhanced ion conductivity (~1 S/cm for single crystals at 300 °C,
compared to ~0.2 S/cm for β-alumina [9]). NBA ceramics are prone
to structural defects, with stacking faults along the c-direction
leading to twinning or syntactical intergrowth of β-alumina and
β -alumina [2]. The β‘‘-alumina structure can be stabilized by doping, often by addition of magnesium or lithium oxide, e.g. to a
composition of Na1.6 Li0.34 Al10.66 O17 [12] or Na1.67 Mg0.67 Al10.33 O17
[13]. Note, however, that the occupancy of the sodium site in
these structures is very low, e.g. 27% [12] or <17% [13], and that
β‘‘-alumina structures with variable Na2 O content exist [14]. Furthermore, the crystal structure is highly anisotropic, with transport of the mobile ions (Na+ ) restricted to directions perpendicular to the c-axis within the Na2 O conduction slabs [2]. Conductivities reported for MgO-stabilized β -alumina single crystals with
the same nominal structure and composition reported in literature thus vary by up to a factor of ﬁve at 300°C (region (i) in
Fig. 1a, adapted from [9]). Furthermore, while reports on singlecrystal β-alumina often state activation energies of around 0.15 eV
[9], several authors report a non-Arrhenius behavior with variable
activation energies for MgO-stabilized single crystal β‘‘-alumina in
older literature [15–19]. This non-Arrhenius behavior is ascribed
to vacancy ordering and the formation of a sodium-superstructure
below ~200°C, resulting in activation energies of ~0.17 - 0.34 eV
below and of 0.10 - 0.17 eV above the transition temperature
[15,16,18,19]. Note, however, that signiﬁcant variations of a nonArrhenius behavior are reported for β‘‘-alumina single crystals with
the same nominal structure and composition [15], sometimes even
prepared by the same procedure [17,18]. While these variations

have been ascribed to differences in crystal growth temperature
[17,18] or cooling proﬁles [19], conclusive studies are lacking. Furthermore, more recent reports and conductivity data on Li2 Ostabilized NBA single-crystals are not available.
In polycrystalline NBA ceramics, the situation becomes even
more complicated. Conductivities reported for MgO- or Li2 Ostabilized polycrystalline NBA scatter by two decades at a given
temperature (region (ii) in Fig. 1a). These differences do not show a
clear trend with the nature of the stabilizing ion, but are rather related to phase purity (e.g. as described by the β /β-ratio), the presence of impurities, density, and crystallographic orientation [9,11].
Measurement geometry and sample contacting also have a complex inﬂuence on the evaluation of conductivity in NBA ceramics.
In particular in the presence of sodium metal electrodes, currentconstriction resistances at the electrode-electrolyte interface can
overlay the transport properties in the solid electrolyte [20]. Last
but not least, grain size adds to these effects, as grain boundaries
were reported to exhibit signiﬁcantly reduced conductivity and increased activation energy as compared to the grain interior in both
β- and β‘‘-alumina [9,21,22].
In this context, some of us recently identiﬁed formation of a
liquid phase during sintering of NBA ceramics above 1500°C [23].
As typical sintering temperatures of NBA ceramics are close to
1600°C [3], remnants of this liquid phase at grain boundaries may
have major effects on their transport properties. In this study, we
present a simple model describing the inﬂuence of grain size in
Arrhenius-type ion conductors with highly resistive grain boundary
phases. We show that two-phase materials composed of different
grain and grain boundary fractions feature conductivity with nonArrhenius temperature dependence, but a linear correlation between effective conductivity and corresponding activation energy
at a temperature of interest. Based on an extensive set of conductivity data obtained for Li2 O-stabilized NBA ceramics with constant
composition but variable microstructure [23], we are able to identify conductivity variations in our data set explained by differences
in grain size alone. While our measurements focus on operation
temperatures of sodium sulfur and sodium metal halide batteries
around 300°C, the resulting grain and grain boundary parameters
can be used to predict the temperature dependence of measured
conductivity data over a larger range, e.g. to room temperature. To
set the results in context, we further apply our model to literature data on NBA ceramics. This comparison indicates where compositional inﬂuences may be relevant, e.g. indicating the presence
2
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of grain and grain boundary phases with improved or decreased
transport properties. Furthermore, our analysis suggests percolation of coarse grains as an important factor inﬂuencing the ion
conductivity in NBA ceramics featuring abnormal grain growth.

grain boundary contribution in the NBA ceramic. However, the corresponding RC element is not resolved by impedance spectroscopy,
and a separation of grain and grain boundary contribution is not
possible at elevated temperatures. This is in agreement with literature, where very low grain capacitances of 10-10 F and resistances of 40  at 80°C corresponding to a characteristic frequency
fmax = (2π RC )−1 = 4•107 Hz are suggested for the grain phase
[20]. While a separation of grain and grain boundary contribution
was reported for NBA ceramics at cryogenic temperatures [20], we
are not able to resolve this in measurements down to ≈30 °C (see
Fig. S2). Instead, we extract the total resistance R of the ceramic
electrolyte at 1 kHz as a function of temperature. From this, we
determine the effective sample conductivity σeff = R1 Al , taking into
account the sectional area of the bar samples A and the distance
between the two inner electrodes l. As discussed in more detail below, we generally focus on analyzing the effective conductivity at
a temperature of 300°C (σeff,300◦ C ) together with the corresponding
effective activation energy (Eeff,300◦ C ) obtained by linear interpolation of the conductivity data in plots of ln σ T versus 1/T between
280 °C and 320 °C (Fig. 1b).

2. Experimental details
A batch of Li2 O-stabilized NBA powder was prepared by solidstate synthesis from boehmite AlO(OH), lithiumhydroxide LiOH,
and sodium carbonate Na2 CO3 at 1250°C as described previously
[23]. For sintering, the powder was uniaxially pressed to green bars
of approximately 7 x 26 x 3 mm3 at 1.9 kbar. The bar samples
were placed onto a green support disk of the same powder with
49 mm diameter. Samples and support disks were positioned on
top of a dense MgAl2 O4 spinel disk and encapsulated by a dense
MgAl2 O4 spinel dome. To assure a reproducible Na2 O atmosphere,
a constant ratio of 0.14 g of Li2 O-stabilized NBA powder per cm3 of
encapsulated volume was applied in all experiments. Sintering was
performed in static air in a high temperature laboratory furnace
(Carbolite Gero HTF 1700, Germany) at constant heating and cooling rates of 10 K/min, maximum sintering temperatures between
1400°C and 1660°C, and dwell times between 5 min and 4 h.
Grain size of sintered ceramics was analyzed by scanning electron microscopy (SEM, Nova NanoSEM 230 microscope, FEI, USA)
after applying a conductive carbon coating. To visualize grain
boundaries, the samples were polished (in ethanol) and thermally
etched at 1400°C for 40 min. 2D maps of grain boundaries were
marked and analyzed using the program ImageJ 1.47v. To account
for a bimodal grain size distribution, analyses were performed at
two different magniﬁcations with image widths of 300 and 30 μm
to assess both small and coarse grains (> 4 μm), where applicable. An average grain size was deﬁned assuming spherical grains
with A = π ( d2 )2 . The weighted sum of small grain diameters dsmall
and coarse grain diameters dcoarse with respect to the corresponding area fractions Asmall and Acoarse was determined according to
d=

Asmall dsmall +Acoarse dcoarse
.
Asmall +Acoarse

3. Results and discussion
In order to assess the inﬂuence of sintering conditions on the
ion conductivity of Na-β”-alumina (NBA) ceramics, a sample series with sintering temperatures Tmax between 1400 and 1660 °C
and dwell times between 5 min and 4 h was prepared from the
same batch of Li2 O-stabilized NBA powder. Sintering was performed with encapsulations and an additional sodium source to
avoid Na2 O loss. As described in more detail elsewhere [23], this
results in NBA ceramics with constant composition (9.3±0.1 wt%
Na2 O, 0.69±0.01 wt% Li2 O) and constant phase content (95 - 100 %
β -alumina content). The sintering conditions, however, strongly
inﬂuence the microstructure and conductivity of the ceramics. In
Fig. 1a, the temperature-dependent conductivity is shown exemplarily for the two samples with highest and lowest conductivity
obtained in this study, the remaining samples plotting in-between.
Only by changing the sintering conditions (between 1550 °C, 4 h
and 1400 °C, 4 h), these samples cover most of the conductivity region reported for different polycrystalline β- and β -alumina materials reported in literature [9]. At the same time, the apparent activation energy (as reﬂected by the slope over a certain temperature
range in Fig. 1b) changes for samples subject to different sintering
conditions, tending to higher values for samples with lower conductivity. Furthermore, the apparent activation energy decreases
with temperature for a given sample. In literature, such behavior
is often described by deﬁning two distinct apparent activation energies extracted from different temperature regions, e.g. below and
above an eligibly deﬁned transition temperature [24]. Based on the
reports on vacancy ordering in NBA discussed above, we could, for
example, assume a transition temperature of 200°C. This would
correspond to apparent activation energies of 0.29 and 0.20 eV below and above this temperature for the sample with high conductivity (1550 °C, 4 h), and to apparent activation energies of 0.50
and 0.39 eV for the sample with low conductivity (1400 °C, 4 h). In
this context, it is unclear why such signiﬁcant variations should result for the different sintering conditions. Furthermore, apart from
the transition temperature, the magnitudes of the apparent activation energies depend on the temperature interval for which conductivity data is evaluated.
Instead, we ascribe the variations in apparent activation energy, both with temperature and with sintering conditions, to grain
size effects. We model the polycrystalline microstructure by a simpliﬁed two-phase microstructure with grain and grain boundary
phases connected in series (Fig. 2a). As different phases generally
possess different activation energies, we expect a gradual transi-

Grain size analysis for ceramics with 4

h dwell time at 1600 °C is not available as grain boundaries could
not be revealed by thermal etching. This is ascribed to pronounced
abnormal grain growth in these samples.
In order to assess the temperature-dependent ion conductivity
of Li2 O-stabilized NBA ceramics, a custom-made 4-probe setup inside a tube furnace was employed. In this setup, four isolated Pt
wires with ﬁxed distances (5 mm – 6 mm – 5 mm) were used
to contact four points aligned on the sample surface using spring
loads. This provided accurate measurements of the sample resistance, as voltage drops occurring at the working and counter electrodes (e.g. caused by contact resistances) were excluded. The sample temperature was recorded by a thermocouple. The surface of
the sintered bar samples were polished, and a contact paste composed of a colloidal graphite suspension (Aquadag) mixed with
small amounts of NaNO3 and NaNO2 was applied between Pt wires
and ceramic. Samples were heated to ~340 °C, and conductivity
measurements were performed during cooling at a rate of 2°C/min.
Exemplary Nyquist and Bode plots measured at different temperatures are presented in Fig. S1 of the supplemental information.
While this conﬁguration generally allows to assess the total electrolyte resistances by alternating current measurements, e.g. at
1 kHz, we employed impedance spectroscopy between 1 Hz and
1 MHz with oscillating amplitudes of 20 mV in this study (Zahner
IM6ex, Germany). The total scan duration of 40 s corresponds to
a temperature change below 1.5°C during a measurement. At our
temperature of interest at around 300°C, a phase angle close to 0°
is observed for our samples from the Hz to the kHz range. Above
~10 kHz, the phase angle starts to increases, indicating a parallel RC contribution at high frequencies, which is attributed to the
3
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Fig. 2. (a) Schematic representation of two-phase microstructure with grain and grain boundary phases. (b) Sectional view on simpliﬁed cubic geometry with constant
average grain size d, crystallite size dg , and grain boundary thickness dgb . Ion transport takes place perpendicular to the grain boundaries with grain and grain boundary
conductivity σg and σgb .

samples, conductivity increases with increasing sintering temperature and dwell time, while effective activation energy shows an
opposite trend. Note that, in our study, up to three samples were
analyzed per sintering condition to assess the inﬂuence of grain
size variations and measurement uncertainties typical for processing and analysis of ceramic materials. Not all sintering conditions
lead to dense microstructures. Here, we ﬁrst focus on samples with
Archimedes densities ≥94 %, as indicated by the oval markings in
Fig. 3a,b (subset of dense samples, mainly between 97 and 98 %,
Fig. 3c). This sample set shows a linear trend relating effective
activation energy Eeff,300◦ C and conductivity σeff,300◦ C with slope
S
S
m = − 1.74 cm
/eV and y-axis intercept c = 0.61 cm
(Fig. 3d).
Exemplary microstructures of the NBA ceramics sintered at different conditions are presented in Fig. 4, images at higher magniﬁcation are available in the supplemental information (Fig. S3).
As shown in Fig. 4 a,b,d,e, the microstructure of samples from the
dense sample subset is dominated by grains of an average grain
size of ≈1 μm. With increasing sintering temperature and time
(Fig. 4 b,e), a bimodal grain size distribution with coarse grains
embedded in a ﬁne grained matrix develops. As long as the occurrence of coarse grains does not lead to signiﬁcant change of the
path fractions in the grain and grain boundary phases, this microstructure is still well described by the corresponding average
grain size. This changes, when size and fraction of coarse grains
dominate the microstructure. As a result, the sample with percolating coarse grains of up to 100 μm length (Fig. 4g) does not follow the linear relation between Eeff,300◦ C and σeff,300◦ C in Figure 3d.
Furthermore, samples with low density (Fig. 4c,f) are not considered for analysis at this point. As presented previously [23], the
inﬂuence of porosity on conductivity is well described by Archies’s
law in this system.
In order to explain the linear relation between Eeff,300◦ C and
σeff,300◦ C in Fig. 3d, and to account for the temperature dependence of the effective activation energy (Fig. 1), we propose a
model based on the assumption that differences in average grain
size d are responsible for these effects. We deﬁne a two-phase microstructure (Fig. 2a) consisting of a grain phase (g) and a grain
boundary phase (gb). As both phases are ion conductors, transport is based on hopping mechanisms, and the diffusion coeﬃEa
cient D follows an Arrhenius-behavior, D = D0 exp(− kT
), with activation energy Ea , Boltzmann constant k, and temperature T. The

Fig. 3. (a) Effective conductivity σeff,300◦ C and (b) effective activation energy
Eeff,300◦ C versus maximum sintering temperature Tmax for samples with dwell times
between 5 min and 4 h. The subset of dense samples within the oval markings features relative densities ≥94 %, as shown in (c). This dense sample subset is plotted
as σeff,300◦ C versus Eeff,300◦ C in (d) with results of linear regression analysis resulting
S
S
/eV and y-axis intercept c = 0.61 cm
(rounded to two digits).
in slope m = − 1.74 cm
The samples marked by (i) and (ii) are discussed in more detail in Fig. 5c.

tion from the activation energy of one phase to that of the other,
resulting in the observation of temperature dependent effective activation energies Eeff,T . Apart from the magnitude of the activation
energies involved, this transition depends on the fraction of the
two phases present in the microstructure. Thus, instead of imposing two apparent activation energies over the measured temperature range, it is much more conclusive to extract effective activation energies at a temperature of interest. In this study, we focus
on the performance of NBA ceramics in sodium metal-halide batteries, which operate at ~300 °C. We therefore analyze the effective conductivity at this temperature (σeff,300◦ C ) together with the
corresponding effective activation energy (Eeff,300◦ C ) extracted between 280 and 320 °C (Fig. 1b).
The results for our polycrystalline sample series are summarized in Fig. 3. At 300 °C, the conductivity σeff,300◦ C of NBA ceramics varies between 0.04 S/cm and 0.37 S/cm depending on sintering conditions (Fig. 3a). The corresponding effective activation energy Eeff,300◦ C varies between 0.36 eV and 0.17 eV (Fig. 3b). For all

ionic conductivity is described by σion = qμc =

q2 cD
kT

(with mobil-

ity μ =
charge q, concentration of charge carriers c) according
to the Nernst-Einstein relation. As a result, both σg and σgb exhibit
temperature dependences according to
qD
,
kT

 E 
σ T = A0 exp − a = A0 exp (−β Ea ) with
kT

4
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Fig. 4. Microstructure of NBA ceramics sintered at different conditions. (a,b,d,e) Subset of dense samples: (a) 1580 °C, 5 min and (b) 1660 °C, 30 min, (d) 1580 °C, 30 min,
(e) 1660 °C, 30 min. (c,f) Porous samples with low density: (c) 1500 °C, 30 min, (f) 1400 °C, 4 h. (g) Sample with percolating coarse grains, 1550 °C, 4 h.

β=

1
,
kT

fective medium approximation, expressed as the sum of grain and
grain boundary resistivity ρg,T and ρgb,T , weighted by the grain
fraction fg :

(1)

corresponding to constant slopes in Arrhenius plots.
The two-phase microstructure is further simpliﬁed to a cubic grain geometry with surrounding grain boundaries of constant thickness dgb (Fig. 2b) as commonly assumed in the brick
layer model [27–31]. For ionic conductors with highly resistive
grain boundaries (σgb  σg , as in NBA), we can disregard current
paths inside the grain boundaries. Instead, we assume ion transport through grain boundaries perpendicular to the current direction. We deﬁne a linear grain fraction related to the average grain
size d by the grain boundary thickness dgb :

fg =

d − dgb
d

ρeff,T =

1

σeff,T

= fg Ag

= fg ρg,T + (1 − fg )ρgb,T



1
1
exp(β Eg ) + (1 − fg )Agb
exp β Egb
kβ
kβ


= fg Ag T exp (β Eg ) + (1 − fg )Agb T exp


β Egb ,

(3)

where Eg and Egb denote the activation energy of grain and grain
boundary, respectively.
The effective activation energy Eeff,T at a given temperature thus
corresponds to a local slope in ln(σ T ) versus β and can be expressed as follows:

(2)

(see supporting information, paragraph C.
The effective conductivity σeff is thus a mixture of grain and
grain boundary contributions, which is best analyzed in terms of
resistivity ρ = σ1 . The effective resistivity ρeff,T is given by an ef-

Eeff,T = −
=
5

ρ
d ln( ρTeff )
d ln(σeff T )
T d( Teff )
=
=
dβ
dβ
ρeff d β

fg Eg ρg,T + (1 − fg )Egb ρgb,T
fg ρg,T + (1 − fg )ρgb,T

(4)
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.
By rearranging Eq. (4) we obtain the grain fraction as

fg =

(Egb − Eeff,T )ρgb,T
.
(Egb − Eeff,T )ρgb,T + (Eeff,T − Eg )ρg,T

(5)

This is used to express the effective conductivity σeff,T as a
function of the grain and grain boundary parameters (ρg,T , Eg ,
ρgb,T , Egb ) and effective activation energy Eeff,T by insertion into
Eq. (3):


ρg,T − ρgb,T Eeff,T + Egb ρgb,T − Eg ρg,T
1


σeff,T =
=
= mEeff,T + c
(6)
ρeff,T
Egb − Eg ρg,T ρgb,T
with m =



ρg,T − ρgb,T
σgb,T − σg,T
Egb ρgb,T − Eg ρg,T


=
and c = 
.
Egb − Eg
Egb − Eg ρg,T ρgb,T
ρg,T ρgb,T

Egb − Eg

Eq. (6) shows that the proposed two-phase model predicts effective conductivities σeff,T and activation energies Eeff,T for different grain sizes to plot on a straight line, and hence is compatible
with the observed data and the regression line shown in Fig. 3d.
Combination of the expressions for m and c in (6) further implies conductivity and activation energy of grain and grain boundary to be linked:

σg,T = Eg · m + c and σgb,T = Egb · m + c.

(7)

Based on our model, ion transport through the grain phase is
preferred (σg > σgb ), and values for both grain and grain boundary resistivity and activation energy are restricted to positive values. For the typical case of Egb > Eg , m is negative, while c is positive. This directly indicates an upper limit for the grain boundary activation energy, Egb < | mc |, and a lower limit for the grain
conductivity, σg,T < c (see supporting information, paragraph D).
For grain resistivities exceeding those of the grain boundaries by
decades (as commonly the case for ion conductors with highly resistive grain boundary phases, σgb,T  σg,T ), the grain boundary activation energy Egb corresponds to its upper limit of | mc | in good
approximation. It can thus be directly obtained by evaluating the
x-axis intercept of the ﬁt line from plots of effective conductivity
σeff,T versus activation energy Eeff,T . As shown in Fig. 5d we obtain
Egb ≈ 0.35 eV for our subset of dense samples.
Additional information is, however, necessary to assess the
grain conductivity σg,T , which generally deviates signiﬁcantly from
its upper boundary, c. We therefore insert the terms from (7) into
Eq. (4) to obtain a relation between fg and Eeff,T with only Eg and
Egb as free parameters.

Eeff,T =

Eg Egb m + fg Eg + (1 − fg )Egb





fg Egb + (1 − fg )Eg m + c

.

Fig. 5. (a) Average grain size dSEM of dense sample subset determined from scanning electron micrographs versus maximum sintering temperature Tmax . (b) Relation of effective activation energy at 300 °C, Eeff,300◦ C , with grain fraction, fSEM . The
grain and grain boundary parameters are derived according to Eq.(8) with m, c
determined in Fig. 3d and dgb = 10 nm. The resulting parameter set is applied
in the ﬁt lines in (c), (d), and (e). (c) Comparison of measurement (symbols) and
model (lines) to predict the temperature dependent conductivity of samples (i) and
(ii) based on the model parameters. (d) Relation of effective conductivity at 300 °C,
σeff,300◦ C , with grain diameters, dSEM . (e) Overview on σeff,300◦ C versus Eeff,300◦ C for
the whole data set. The linear ﬁt line within the box represents data explained by
grain size effects according to our model and the parameters determined above.

(8)

Table 1
(a) Range of grain and grain boundary parameters (Eg , σg,300◦ C , Egb ,
σgb,300◦ C ) determined for different grain boundary thicknesses dgb according to Eq. (8), rounded to signiﬁcant digits. The values obtained for
dgb = 10 nm are applied in the ﬁts in Fig. 5 b to e.

This allows us to take into account measurements of average grain diameter dSEM obtained by scanning electron microscopy
(Fig. 5a) to determine both grain and grain boundary parameters.
In order to derive the linear grain fraction fg from dSEM according to Eq. (2), we assume an electrical grain boundary thickness
dgb = 10 nm for our Na-β -alumina sample series (see discussion
in paragraph E of the supporting information and analyses presented below). In Fig. 5b, we thus display the effective activation
energy data Eeff,300◦ C for the subset of dense samples versus fSEM
together with the ﬁt according to Eq. (8). From this, we obtain
Eg = 0.20 eV, Egb = 0.35 eV, and σg,300◦ C = 0.26 S/cm, σgb,300◦ C =
0.007 S/cm according to (7). Variable values for the electrical grain
boundary thicknesses ≥ 10 nm yield consistent values for Eg , Egb ,
and σg,300◦ C (see Table 1). Also the area speciﬁc resistance of the

dgb
[nm]

Eg
[eV]

Egb
[eV]

σg,300◦ C

σgb,300◦ C
[S/cm]

ASRgb,300◦ C
kcm2

R2

[S/cm]

2
5
10
20

0.21
0.20
0.20
0.20

0.35
0.35
0.35
0.34

0.24
0.26
0.26
0.26

0.003
0.004
0.007
0.014

0.67
1.25
1.43
1.43

0.68
0.84
0.85
0.85

Note that our model only takes into account conductivity and
effective activation energy data for a given temperature, in this
case 300 °C. Nevertheless, the grain and grain boundary parameters obtained can be used to predict the temperature dependent
conductivity of samples according to Eq. (3). Furthermore, comparison between modeled and measured data can be used to validate
the results obtained for the model parameters. As shown exemplar-

d

grain boundary, ASRgb,300◦ C = σ gb ◦ remains constant, only the
gb,300 C
grain boundary conductivity σgb,300◦ C is affected. For dgb < 5 nm
the quality of ﬁt is signiﬁcantly reduced, indicating this value as a
lower boundary for our sample set.
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ily in Fig. 5c for two samples (marked i-ii in Figs. 3 and 5), good
agreement is obtained for the temperature dependence of measured and modeled conductivity data, even down to room temperature. Minor deviations from the expected behavior in the low
temperature measurements (e.g. between 100 °C and 80 °C) are
related to uncompensated electrode effects, and/or to an imprecise
temperature assessment in this range (see Fig. S2 for details). The
temperature dependent conductivity predicted from the model parameters for samples with average grain sizes between 0.5 and 10
μm is presented in Fig. S4 of the supplemental information. Typical NBA ceramics thus feature high conductivities >1 mS/cm at
25 °C. In contrast to the literature on Mg-stabilized single crystal
data discussed above, our measurements are not indicative of nonArrhenius behavior in Li-stabilized Na- β -alumina single crystals.
To illustrate the effect of grain size on conductivity, the same
data (and corresponding ﬁt line) are also plotted as dSEM versus
σeff,300◦ C in Fig. 5d. This shows that grain size variations in the low
micrometer range result in signiﬁcant changes of the effective conductivity for our NBÀ ceramics. For a grain size increase from 1 to
5 μm, the conductivity at 300°C, σeff,300◦ C , increases by more than
25% from 0.19 to 0.24 S/cm. For even larger grain sizes, the model
predicts a less pronounced increase in conductivity as σeff,300◦ C approaches the grain conductivity, σg,300◦ C = 0.26 S/cm.
It is important to keep in mind that our model is valid for samples with randomly oriented grains of variable size, which comprise the same grain and grain boundary phase. Deviations from
a linear relation in plots of σeff,300◦ C versus Eeff,300◦ C can thus be
used to infer additional factors inﬂuencing the conductivity, such
as the presence of porosity or changes in grain and grain boundary
properties between different samples. Fig. 5e displays an overview
on σeff,300◦ C versus Eeff,300◦ C for our whole sample series, with the
subset of dense samples enclosed by a grey oval. The linear ﬁt line
within the red box represents data explained by grain size effects
according to the grain and grain boundary parameters determined
in Fig. 5b.
We ﬁrst consider the group of samples with low conductivity
σeff,300◦ C ≤ 0.1 S/cm and high activation energy Eeff,300◦ C ≥ 0.3 eV,
plotting above the model line (Fig. 5e). These data correspond to
porous samples sintered at Tmax ≤1500 °C with low relative densities between 68 and 85 %. As discussed previously [23], the conductivity of these samples at a given temperature is well represented for by porosity effects according to Archie’s law. However,
taking into account temperature dependence as in the model presented here, we see that the effective activation energies Eeff,300◦ C
at a given conductivity σeff,300◦ C are higher than predicted for the
dense sample subset. This is not explained by an increase in transport paths induced by the presence of porosity, as this would decrease the conductivity at a given Eeff,T , thus shifting the data
points to below the model line, not above. Instead, the group of
porous samples could be represented by one or more linear relations with smaller slope and higher x-axis intercept. This may
indicate the presence of grain boundary phases with higher activation energies Egb than determined for the subset of dense samples,
possibly related to the lower sintering temperatures applied. Also
other factors, such as structural defects or a variable thickness of
the grain boundary phase, could play a role.
Apart from the porous samples sintered at Tmax ≤1500 °C, also
the samples sintered at 1550 and 1600 °C for long dwell times
of 4 h deviate from the data range predicted for the dense sample subset. As indicated in Fig. 4g, long dwell times at high temperatures lead to pronounced abnormal grain growth and a bimodal grain size distribution. The ion conductivity of the resulting microstructures are thus not well represented by an average
grain size (as applied in the model), but rather by transport paths
through few percolating coarse grains.

Fig. 6. Overview on effective conductivity and activation energy at 300 °C
(σeff,300◦ C , Eeff,300◦ C ) extracted from literature data on single crystal β -alumina
(Na1.67Mg0.67Al10.33O17) [15,16,19,32,33] and MgO- or Li2O-stabilized polycrystalline β/β -alumina [24,34–43] with short summary on sintering conditions. The
data of this study is plotted for comparison.

To set these results in context, we apply our model also to literature data, for which we extract effective conductivity σeff, 300◦ C
and corresponding activation energy Eeff, 300◦ C as described above.
In Fig. 6a, published data on MgO-stabilized NBA single crystals
[15,16,19,32,33] and on MgO- and Li2 O-stabilized ceramics [24,34–
43] is evaluated together with the results from this study (displayed by red crosses). (Note that for some data on polycrystalline
ceramics a sharp decrease of conductivity was reported in the
original references [35,36,39,40]. We ascribe this to a loss of contact during measurement, and extrapolate the conductivity data reported for higher temperatures to the temperature range between
280 and 320 °C. The conductivity σeff, 300◦ C shown in Fig. 6a is
thus higher than the values reported in the original papers in
some cases.) As indicated in the introduction, the conductivity reported for NBA single crystals with the same nominal composition of Na1.67 Mg0.67 Al10.33 O17 scatter widely (note that the y-axis
is broken at three locations to display the full data range). Conductivities σeff, 300◦ C and effective activation energies Eeff, 300◦ C
range from 0.7 S/cm to 1.9 S/cm and from 0.08 eV to 0.21 eV, respectively, without a discernible relation between the two. In fact,
some single crystals exhibit higher activation energies than some
polycrystalline NBA ceramics, for which conductivities σeff, 300◦ C
between 0.008 S/cm and 0.37 S/cm and effective activation energies Eeff, 300◦ C between 0.14 and 0.40 eV are obtained. Nevertheless, all conductivities reported for the single crystals are signiﬁcantly higher than those of polycrystalline samples. They also
signiﬁcantly exceed the grain conductivity σg, 300◦ C of 0.26 S/cm
derived for our dense sample set. This is expected to some extent, as the grain conductivity of polycrystalline samples comprises
randomly oriented crystals, while single crystal measurements are
performed along the conduction slabs of the anisotropic NBA structure. However, additional effects like (unintended) compositional
inﬂuences should be taken into account to explain the large scatter
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observed in both the data on effective conductivity and activation
energy of single-crystals.
When compared to other polycrystalline ceramics, the sample
series of this study (red crosses in Fig. 6a) exhibits higher conductivities than most data reported in literature. The highest conductivities σeff, 300◦ C reported for polycrystalline NBA ceramics,
both in this study and in literature [24,34,35], reach values close
to 0.37 S/cm and are obtained for both MgO- and Li2 O-stabilized
compositions. While the corresponding effective activation energies Eeff, 300◦ C are not clearly deﬁned in all reports, similar values
between 0.17 and 0.19 eV can be extracted. (The data for Eeff, 300◦ C
from [34] is extrapolated from below 300°C and may be overestimated.) Again, these samples fall outside the data range explained
by the grain and grain boundary parameters determined for our
dense sample set in Fig. 5b and are thus not explained by grain
size effects assuming random orientation and common grain and
grain boundary phases. Note that long sintering times of several
hours are applied to all of these samples (4 h at 1550 °C in this
study, 10 h at 1500 °C [34], 2 h at 1600 °C [24], 16 h at 1500 °C
[35]). As a result, percolation of large grains may allow ion transport routes along the preferred transport direction of NBA crystals
only. This would also explain the low effective activation energies
Eeff, 300◦ C obtained for these samples, which approach those reported in single-crystal measurements. Unfortunately, this type of
microstructure is mechanically fragile, making the resulting ceramics unsuitable for application as load bearing electrolytes in electrochemical devices, where homogeneous grain sizes in the low
micrometer range are sought.
Based on the sintering conditions, most of the remaining literature data suggests the presence of ﬁne-grained microstructures.
It is interesting to note that some of the literature data (circulated in Fig. 6a and marked by bold printing in the legend) follows a second common trend line in σeff, 300◦ C versus Eeff, 300◦ C
[35–38]. Compared to the data of our dense sample set, this trend
S
line yields a lower slope of m = − 0.84 cm
/eV and a y-axis inS
tercept c = 0.35 cm
. Although derived from both MgO- and Li2 Ostabilized NBA ceramics in different studies, the reported conductivity data could thus be ascribed to grain size effects in polycrystalline ceramics sharing grain and grain boundary phases with
common conduction properties. In particular, a grain boundary activation energy of Egb ≈ 0.41 eV (derived from the x-axis intercept
of the trend line) is predicted for these samples. This value is signiﬁcantly higher than that derived for the dense sample subset in
this study (Egb ≈ 0.35 eV ), indicating that the improved conductivity data obtained for our samples could be related to a more
favorable conduction behavior of the grain boundary phase.
In current literature, the non-Arrhenius ion conductivity observed for many materials is commonly ascribed to ion correlation effects in a single phase, termed as vacancy ordering in NBA
[15,16,18,19], defect association in yttria-stabilized zirconia [44],
and ion correlations in general [45–47]. Our analyses show that
a non-Arrhenius ion conductivity can also be a direct result of a
simple, widely accepted microstructural model for polycrystalline
materials, comprising two phases (grains surrounded by highly resistive grain boundary phases). This model further predicts a linear relationship between conductivity and activation energy at a
given temperature, which we observe experimentally for the dense
sample set in Fig. 3d. Thus, our measurements are in line with
this model, and do not suggest a signiﬁcant inﬂuence of variable
grain conductivities for these samples, despite the different sintering temperatures applied. We hope that our analysis will trigger
further studies to determine for which materials ion correlation or
grain size effects are the determining factors for the temperature
dependent conductivity. Further insights may be gained from scanning and transmission electron microscopy studies (probing the

thickness of the grain boundary phase), from localized conductivity
measurements [48], and from low-temperature impedance measurements [20].
4. Summary and conclusions
Based on experimental data on Na-β‘‘-alumina ceramics sintered at different conditions, we present a simple model describing grain size effects in Arrhenius-type ion conductors with highly
resistive grain boundary phases. Samples with variable grain size
consisting of the same grain and grain boundary material thus
feature conductivity with non-Arrhenius temperature dependence,
but a linear relation between σeff,T and Eeff,T at a given temperature. This approach helps to assign samples of similar composition and to estimate to which extent grain and grain boundary
transport properties govern the total conductivity of a certain ceramic. In a ﬁrst approximation, Egb corresponds to the x-axis intercept of the ﬁt line in σeff versus Eeff . In order to determine the
transport properties of the grain, additional information on grain
fractions of the samples is required. Based on average grain diameters determined by scanning electron microscopy and an assumed grain boundary thickness of dgb = 10 nm, we determine
activation energies Eg = 0.20 eV and Egb = 0.35 eV and conductivities of σg,300◦ C = 0.26 S/cm and σgb,300◦ C = 0.007 S/cm for our
subset of dense Na-β‘‘-alumina samples (corresponding to sintering
temperatures between 1550 °C and 1660 °C with dwell times between 5 min and 30 min). Nevertheless, for extended dwell times,
we obtain samples with signiﬁcantly higher effective conductivities and lower activation energies, e.g. σeff,300◦ C = 0.37 S/cm and
Eeff,300◦ C = 0.17 eV for sintering at 1550°C for 4 h. As these samples feature abnormal grain growth, this may be related to percolation of large grains and preferred orientation, facilitating transport
along the conduction plane. Furthermore, differences in composition and phase content of grain and grain boundary phases, which
are not captured by measurements of total composition, may play
a role. Similar results are also observed in literature data. However,
among the ﬁne-grained samples with shorter dwell times, the conductivity of our samples is similar or higher than most reported
values. This may be related to the rather low grain boundary activation energy Egb = 0.35 eV derived for our sample set, which
tends to be lower than for other groups of samples reported in literature (Egb ≈ 0.41 eV). Our model is valid for ion conductors with
highly resistive grain boundary phases in general.
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