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In this paper, two new methods, polymer assisted deposition (PAD) and glass crystallization (GC) methods
were reported for the first time to prepare oxide ion conductor Caj,Ali4O0=3, with their microstructures
and electrical properties compared to that of a sample prepared by the traditional solid-state reaction
(SSR) method. The results showed that these two new methods are effective for improving ceramic

densities and oxide ion conductivities compared to the SSR method, and the ceramic prepared from

the GC method in the present work possessed the highest level of ~94% of the theoretical density and
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~1.0 x 1073 S cm~t at 900 °C for the bulk conductivity. A new bond valence method was applied to

study the oxide ion conducting mechanism, which revealed an exchange process between the free
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Introduction

Oxide ion conductors are attracting increasing attention due
to their application as electrolytes in solid-oxide fuel cells
(SOFCs)."™* The state-of-the-art electrolyte used for commer-
cially available SOFCs is yttria-stabilized zirconia (YSZ).
However, this material can only meet the oxide ion conduc-
tivity demand at a working temperature higher than 800 °C.>”
Such a high temperature imposes a technical challenge for
electrode material selection and their long-term stability,
which therefore limits the widespread application of SOFCs
and stimulates the discovery of new oxide ion conductors with
high conductivities at intermediate temperature (400-700 °C).
To date, some new structural families, such as apatites,®’
scheelites,'™'" mayenites,'>'* melilites,'*"” and so on, have
been identified to possess pure oxide ion conductivities and
have good application potential in SOFCs. Among these new
structural families, the mayenite Ca;,Al;,03; is also well-
known for its optical properties,'® electronic conducting
properties when being converted into electride,' and the more
recently reported thermal energy storage properties.>® For the
oxide ion conducting properties, these were first reported
by M. Lacerda et al. with a modest level, inferior to that of YSZ
at a given temperature.”** Nevertheless, its relatively low cost
of raw materials makes it still competitive if the oxide ion
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oxide ion and the framework ion, and the wide windows connecting the Ca—Al-O framework cages
were shown to be the key factor limiting oxide ion transport.

conductivity could be improved. To this end, several works
using a cation doping strategy have been carried out, such as
zine single doping or zinc and phosphorus co-doping,>**® iron-
doping,*® cobalt-doping,*” gallium-doping,*® and vanadium-
doping® on Al atom sites. For the zinc-, phosphorus-, or iron-
doped materials, an even lower conductivity was observed
when compared to that of parent Ca;,Al;,0;;. While for the
cobalt, gallium, and vanadium doped samples, although the
conductivities could be slightly improved, the low solid solu-
tion hindered their further conductivity enhancements. Other
elements, including copper,**** nickel,>®> manganese,*
iridium,* bismuth,* and Ln*"[Tb/Sm/Er/Nd/Yb/Ho/Pr]** were
also reported to be incorporated into the mayenite structure,
but without oxide ion conductivity being investigated.

All these doped samples with low solid solution limits as
stated above are mainly synthesized by traditional solid-state
reaction method or through growing single crystals using the
floating zone technique®” or Czochralski method.*® To inves-
tigate the effect of preparation condition on sinterability and
electrical property, M. Matsuda et al. prepared the parent
Ca;,Al;,03; material by mixing the raw materials through
a solution method.** The sinterability and electrical property
were then compared to the sample synthesized by the tradi-
tional solid-state reaction method in which the raw materials
were mechanically mixed. The results showed a great
enhancement in conductivity for the solution method
prepared sample due to the better sinterability and densifi-
cation. As in a similar hydrothermal synthesis, S. Fujita et al.*®
prepared Si-substituted mayenite Ca;,Ali4 SiyO3z340.5x With
the high solid solution of 0 = x = 4. Although these Si-
substituted materials are stable only below 600 °C and
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without oxide ion conductivities being reported, it gave us
a hint that the low doping level as reported in previous works
may be remarkably improved by a new synthesis method.
Thus, developing new methods to prepare the mayenite-based
materials may be an important way to optimize their sinter-
ability, extend the solid solution limit, and finally improve
their oxide ion conductivities. In addition, as debates existing
in the oxide ion conduction mechanism in Ca;,Al;,033,"***? it
is essential to make it clear to indicate a direction for its
performance optimization.

In this paper, two new methods, polymer assisted deposition
(PAD) method and glass crystallization (GC) method, are
applied to prepare Ca;,Al;,03; material for the first time, with
their electrical properties and microstructures being studied in
detail and compared with that yielded from solid-state reaction
method. Moreover, the oxide ion diffusion path in Ca;,Al;,033
was investigated by a new approach, the bond valence (BV)
method, for the first time. This method had been proved to be
reliable and successful in simulating the conduction mecha-
nism for ionic conductors.*>**

Methods

Synthesis

(1) For samples prepared by polymer assisted deposition (PAD)
method, Ca(NO;),-4H,0 (Alfa Aesar, >99% purity) and
Al(NO;);-9H,0 (Alfa Aesar, >99.99% purity) were used as metal
precursors and soluble polyethyleneimine (PEI) (Alfa Aesar,
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>99% purity) as the complexing agent. The Ca and Al precursor
were first separately deposited in PEI in deionized water solu-
tion, and these two solutions were then mixed together, fol-
lowed by a heating treat to evaporate water until finally burning
out the PEI, yielding amorphous Ca;,Al;,03; precursor which
was then fired at 1000 °C to obtain crystallized powder
Ca;,Al;403;3 product. To prepare ceramic samples for electrical
property measurements, the powders were pressed into pellets
and then calcined at 1300 °C for 12 h. (2) For the glass crystal-
lization (GC) method, the well-mixed and grounded raw mate-
rials were first pressed into pellets with a diameter of 4 mm,
which was then placed in an aerodynamic levitator coupled to
a CO, laser heating system to achieve vitrification. The pellets
were thus heated up to about 1850 °C for a few seconds to
homogenize and subsequently quenched down to room
temperature at a rate of roughly 300 °C s~ " by simply turning off
the lasers, yielding glass beads. The crystallization process was
then studied by heat treatment performed in the open air at
920 °C or higher temperature. (3) For comparison, Ca;,Al;,033
samples were also prepared by a solid-state reaction (SSR)
method, using CaCO; (Alfa Aesar, >99% purity), Al,O; (Alfa
Aesar, >99% purity) as starting raw materials. The stoichio-
metric weighted, evenly mixed, and well-ground raw materials
were first fired at 1000 °C for 12 hours to drive off CO,. After
regrinding, the pre calcined powders were uniaxially pressed
into pellets and sintered at 1300 °C for 12 hours. Archimedes
principle was applied to estimate the densities for all these
prepared ceramics.

(a) XRD patterns of the Ca;,Al14033 samples from PAD method calcined at 1000 °C and 1300 °C, (b) and (c) show the microstructures of

samples firing at 1000 °C and 1300 °C, respectively; (d) presents the particle size of the ceramic sample prepared by SSR method at 1300 °C.
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Characterization

The XRD characterizations were performed on a Panalytical
X'pert Pro X-ray diffractometer with Cu Ko radiation. In situ
variable temperature, XRD (VTXRD) measurements were carried
out using a HTK1200N Anton Paar oven chamber. The
morphology was investigated using scanning electron micros-
copy (SEM) (5-4800, Hitachi, Japan). HRTEM imaging and EDS
analysis were performed on a JEM-2100F (Japan) transmission
electron microscopy. Electrochemical impedance spectroscopy
(EIS) measurements were performed with a Bio-Logic VSP
instrument over a 10° to 10~ Hz frequency range. Before the
EIS measurements, electrodes were formed by coating platinum
paste on opposite faces of the pellets and fired at 750 °C for 3
hours to remove any organic components. Before the imped-
ance measurements, the temperature was equilibrated at each
setpoint for 30 minutes. Differential Scanning Calorimetry
(DSC) was performed on the STA8000 thermal analysis instru-
ment in airflow. The crystallization temperatures of glass were
determined from 25 mg powder samples, with a heating rate of
10 °C min".

Bond valence-based energy landscapes (BVELS) for a test ion
0°" in the Ca;,Aly405;5 crystal structure (ICSD #6287) were
calculated using the program 3DBVSMAPPER.*> The spatial
resolution was set to 0.2 A.

Results and discussions
Phases and microstructures

As for the PAD method, fully crystallized and pure phase
Ca;,Al;,03;3 material can be obtained by calcining the amor-
phous precursor at 1000 °C, as checked by the XRD pattern
shown in Fig. 1a. However, the density of a pellet fired at this
temperature is only ~69% of the theoretical density. The
particle sizes observed in SEM analysis (Fig. 1b) on such a pellet
are typically around 100-200 nm, and the pores demonstrated
in the picture can be ascribed to the combustion of incom-
pletely burned polymer in the precursor. Thus, to get a dense
ceramic for electrical property measurement, the powders
calcined at 1000 °C were then reground, pressed into pellets,
and fired at 1300 °C. The phase purity and microstructure are
displayed in Fig. 1a and c, respectively. It is seen that a pure
phase with an average particle size of ~3.0 pym can be gained.
The particle sizes are thus apparently increased and even larger
than that prepared by the SSR method (0.25-1.5 pm and average
in ~1.0 um as shown in Fig. 1d) at the same firing temperature.
The ceramic density was also improved to ~92% of the theo-
retical density, higher than the ceramic from the SSR method in
this work (~90%).

For the glass crystallization method, the as-made colorless
and transparent glass beads achieve a maximum size of
~3.0 mm in diameter. These glass beads were first ground into
powders for DSC measurement, which reveals a single crystal-
lization peak at ~920 °C, as presented in Fig. 2a. The presence
of a single peak and no further exothermic peak at higher
temperatures seem to indicate a congruent crystallization
process which is required to eventually elaborate a dense and

This journal is © The Royal Society of Chemistry 2020
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single-phase ceramic.”* To confirm this congruent crystalliza-
tion process, in situ variable temperature powder XRD
measurements were then carried out from room temperature to
1000 °C (Fig. 2b). It reveals that only the mayenite phase crys-
tallizes from 900 °C and no other crystalline phase was formed
over the whole measured temperature range. The minor devia-
tion in crystallization temperatures derived from DSC and
VTXRD results can be ascribed to the different temperature
detection precisions for the furnaces used for DSC and VI-XRD.
Thermal treatment at temperature 900 °C in a furnace under the
air atmosphere was then performed on glass beads in order to
synthesize a fully crystallized mayenite material, i.e. a ceramic,
in a single step, for subsequent electrical property measure-
ments. However, heat treat at this temperature did not result in
crystallized samples, regardless of heat treatment time, sug-
gesting the thermodynamically inaccessible nature at this
temperature. Thus, the annealing was then performed at
a higher temperature of 920 °C. For 2 hours, the products show
a partial crystallization behavior, as indicated by a broad rise in
background centered at ~22° 2¢ in the XRD pattern, and the
obtained beads are also transparent, as the inset shows in
Fig. 2c. This partial crystallization behavior was also further
verified by HRTEM (Fig. 2d), from which we can see that besides
the nano-crystalline region, the remaining part in the picture
can be ascribed to amorphous Ca;,Al;4033. The element
distribution analysis (Fig. 2e) revealed high homogeneity of the
product and no segregation was observed. Prolong the anneal-
ing time to 5 hours would, however, lead to cracks of these
beads into many little pieces (<1 mm in diameter) with irregular
shapes. Although these little pieces have better crystallinity that
can be checked by subsequent XRD measurement, such a small
size makes it almost impossible to carry out electrical study
experiments on an individual piece. Thermal treats at 950 °C or
even higher temperatures for 2 hours or longer were also tried,
but all failed and resulted in well-crystallized but cracked little
pieces. The crack in these beads mainly arises from the huge
internal thermal stress introduced in the glass beads preparing
stage by extremely heating and cooling rates. Optimized
annealing processes, e.g. using a much slower heating and
cooling rates (1 °C min~"), did not work either. Therefore, to
obtain a well-crystallized ceramic pellet for electrical property
studies, the partially or completely crystallized samples that pre-
calcined at 920 °C or 950 °C has to be ground into powders and
then pressed into pellets, followed by firing at 1300 °C that is the
same as used in the SSR and PAD method in this work. The
phase and microstructure of the final product obtained at
1300 °C were demonstrated in Fig. 2c and f, respectively. We can
see that the product is phase pure and particle sizes are around
10-20 pm, with a ceramic density of ~95% of its theoretical
value, close to the density of a ceramic that prepared by sin-
tering at a higher temperature of 1350 °C as described in
previous works.*»** The particle size and ceramic density thus
pronounced larger than that for the SSR and PAD methods. The
particle sizes and densities of ceramics prepared by these three
different methods but with the same final firing temperature of
1300 °C are summarized in Table 1.

RSC Adv, 2020, 10, 35803-35810 | 35805
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Fig. 2

(a) and (b) show the DSC curve and VTXRD patterns for as-made Ca;,Ali4O33 glass, respectively; (c) shows the XRD patterns of the

products of the as-made glass beads fired at different temperatures; (d) HRTEM micrographs and FFT graphs of Ca;,Alj4O3z3 prepared by GC
method at 920 °C; (e) is the EDS elemental distribution maps for the partially crystallized products at 920 °C in GC method; (f) show the

microstructures of samples calcined at 1300 °C in GC method.

Table1l Density and particle size of Ca;»Ali14O33 ceramics prepared by
three different methods but the same final firing temperature of 1300
°C

Method Ceramic density Particle size

SSR 90% of theory 0.25-1.5 pm, average in ~1.0 pm
PAD 92% of theory 2.0-5.0 um, average in 3.0 pm
GC 94% of theory 10.0-20.0 pm, average in ~15.0

pum

35806 | RSC Adv, 2020, 10, 35803-35810

Electrical properties

The oxide ion conductions of Ca;,Al;,033 materials prepared by
SSR, PAD, and GC methods as stated above were studied by AC
impedance spectroscopy, and the Arrhenius plots for bulk
conductivities in these samples are shown in Fig. 3a. It can be
seen that for the ceramics prepared at the same final firing
temperature 1300 °C, the sample prepared from the glass
crystallization method has the highest bulk conductivity, and
about one order of magnitude higher than that of the sample
from the SSR method which shows the lowest conductivity
among these three samples. A medium conductivity was

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Arrhenius plots of bulk conductivities for Ca;,Ali4033 prepared by SSR, PAD, and glass crystallization methods at 1300 °C. (b) Complex

impedance plots recorded at 900 °C of Caj,Al14033 synthesized by PAD (purple) and GC (green) method.

revealed for the sample synthesized by the PAD method. The
conductivities in these samples can be well related to their
particle sizes and ceramic densities. The larger particle size and
higher ceramic density with reduced grain boundary lead to
higher conductivity, as the bulk conductivity of a ceramic is
deduced from the total impedance of grain and grain boundary,
thus the higher density with less grain boundary would reduce
the total resistance and result in higher conductivity. In fact, as
had been reported by Irvine and West et al., the controlled
sintering is imperative to lower the grain boundary imped-
ance,” and the optimum sintering temperature is around
1350 °C, close to the melting pointing. In the present work, we
just fixed the final sintering temperature at 1300 °C and to
investigate the effects of sample preparation methods on the
conductivity. The conductivity for the sample prepared from the
GC method here is comparable with that reported in Matsuda's
work® where the sample was finally fired at 1350 °C. The nature
of oxide ion conduction in these samples can be confirmed by
the collapse of electrode response in a complex plot at elevated
temperature. Fig. 3b shows typical complex plots recorded at
900 °C for samples prepared by both PAD and GC methods. We

can see that the arcs at low frequency for these two samples
show capacitances of ~107> F cm™", which can be no doubt
ascribed to electrode responses, corresponding to the enhanced
kinetics of the oxygen ion diffusion and charge transfer reaction
of O, + 2e « 20” along with the sample-electrode interface.**
Therefore, here we can make a conclusion that the PAD and GC
methods can effectively improve the ceramic sinterability and
hence resulted in higher oxide ion conduction. These two
methods may also have great potential in preparing doped
Ca;,Al;4033 materials with a high substitution degree.

Oxide ion migration paths

The oxide ion conduction in Ca,;,Al;,03; is relative to its partic-
ular crystal structure, a cubic nanoporous zeolite-like structure (a
= 11.98 A, space group /43d, Z = 2). There are 64 out of 66 oxide
ions fixed in the Ca-Al-O framework composed of 12 cages per
unit cell. Each cage has a width of ~6 A and is surrounded by 8
other cages with ~3.7 A wide windows. The remaining two
oxygen ions randomly occupy the centers of two of these cages,
and thus loosely coordinated by cations and termed as ‘free’
oxygen. Therefore, the unit cell can be expressed by the chemical

(@)

(b)

Fig. 4 Scheme of (a) two connecting cages, and (b) the window between two cages in Ca;,Al14O33. The blue, yellow, red, and purple spheres

represent Ca, Al, framework O, and free O atoms, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The bond valance energy landscape at a low (a) and high (b) isosurface energy value.

formula [Ca,4Al,g064]""-207, and the schematic crystal struc-
ture is demonstrated in Fig. 4. The high mobility of free oxygen
ions is an important factor for Ca;,Al;,033 to become an oxide-
ion conductor, and these free oxide ions are initially thought to
transport directly through the wide windows to a neighboring
cage," i.e. interstitial diffusion mechanism. This mechanism was
then questioned by molecular dynamics and ab initio calcula-
tions by Sushko et al,” which suggested that the diffusion
processes are dominated by the exchange of free oxide ions with
the framework. In this exchange mechanism, the migrating free
oxygen ion will kick-out and replace one framework oxygen ion,
which then goes into the next cage. This exchange mechanism
was then further supported by high-temperature neutron powder
diffraction,”? and oxygen isotope exchange experiments.***®

In this work, we investigated the possible oxide ion migra-
tion paths by the bond valence method for the first time. This
method has been discussed in a range of earlier studies about
how it be used to analyze ion transport pathways statistically
from crystal structure data.**”-*° In a nutshell, it is based on the
bond-valence sum (BVS) rule from Pauling's electrostatic
valence concept.” It postulates that the BVS of an atom in
a crystal structure almost equals the absolute value of its
oxidation state, which can be expressed as the following
relation:

Vi=22S; 1)

where V; is valence, ie. formal oxidation state, S is the bond
valence for the pair of ions i and j, and can be described as the
following exponential function

Sij = exp 2 (2)

where R and B are constant parameters,®** R;; is the distance
between ions i and j. The bond valence sums (BVS) can thus be
calculated not only for a crystallographic site actually occupied
by atoms but for any arbitrary position in the unit cell. For
a probe ion in a given position, the closer the calculated BVS to
its oxidation state the more likely this position to be an inter-
mediate transition point for the migration of this ion between
equilibrium sites. For a bond valence method calculation, the
test ion was placed sequentially at all points of a three-

35808 | RSC Adv, 2020, 10, 35803-35810

dimensional grid covering a unit cell. Positions with a low
bond-valence mismatch (V; — >Sj), and hence indicating low
site energy, connecting equilibrium sites forms an infinite
network and suggests a potential migrating pathway.*> Herein,
the bond valence energy landscapes (BVEL) of O~ ions in the
unit cell of mayenite Ca,;,Al,4,0;; was calculated using a spatial
resolution of 0.2 A. Fig. 5 shows the calculation results. One can
see that with a relatively low isosurface energy value, as dis-
played in Fig. 5a with yellow area, the oxide ion's migration is
mainly limited in isolated cages, demonstrating a clear
exchange between the free oxide and framework oxygen. As the
isosurface energy value increasing, paths between two neigh-
boring cages via the centers of the connecting windows gradu-
ally emerged. As can be appreciated from Fig. 5b, each isolated
isosurface cage connected through bottlenecks to eight neigh-
boring cages, thus forming a 3D infinite oxide ion migration
network. These bottlenecks go through exactly the centers of
wide windows between cages. Therefore, the oxide ion in
Ca;,Al;403; is most likely to transport by an exchange mecha-
nism as reported in previous work. Moreover, transporting the
oxide ion through the centers of wide windows seems to be
inevitable, and passing through these windows is a rate-limiting
step for the 3D oxide ion migration in Ca;,Al;403;. In addition,
the results did not provide evidence for a pathway from free
oxide ions directly to the center of wide windows, which
therefore excluding the possibility of interstitial diffusion
mechanism.

Conclusion

In this paper, the oxide ion conductor Ca;,Al;,033 was prepared
by two new ways, PAD and GC methods, along with microstruc-
tures and electrical properties reported. The results show that the
new methods can effectively increase the particle sizes and
densities of Ca;,Al;,05; ceramic, and the product obtained from
the GC method has the highest level, which therefore resulted in
the highest conductivities among the ceramics prepared using
the methods reported in the present work, ~1.0 x 10> Sem ™ at
900 °C for the bulk conductivity. A new bond valence method was
applied for the first time to investigate the oxide ion transporting
mechanism in Ca;,Al;,05;. The results strongly suggest an

This journal is © The Royal Society of Chemistry 2020
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exchange mechanism involving the free oxide ions and frame-
work ion, and passing through the centers of the wide windows
between Ca-Al-O cages is inevitable and a rate-limiting step for
the 3D oxide ion migration.
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