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Abstract

The development of materials that can exhibit thermal resistance at very high temperatures,
thus allowing them to be applied as catalysts and thermal insulators, amongst other possible
uses, is a research subject of great interest. This is the case for hexaaluminates, a class of
hexagonal aluminate compounds with a unique structure that are stable at very high
temperatures up to 1600 °C and exhibit exceptional resistance to sintering and thermal
shock, thus making them attractive catalysts for high-temperature applications. In this
review, the structure of hexaaluminates is presented first. The most recent advances in
synthetic methods (sol-gel, reverse microemulsion, hydrothermal synthesis, carbon-
templating, solution combustion synthesis and freeze drying methods) are discussed
subsequently, with the aim of maximizing textural properties and including in their structure
metals known to be active in catalytic applications, such as combustion of CH4, partial
oxidation and dry reforming of CH4 to produce synthetic gas, and the decomposition of N,O.

Finally, other applications, such as their function as a thermal barrier, are also addressed.
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1. Introduction

Hexaaluminates are a family of hexagonal aluminate compounds with the general formula
AB,Al12xO19, where A is typically a large cation, for example Ba, La or Na. Component B is a
transition (Co, Cu, Fe, Mn, Ni, etc.) or noble metal (Ir, Pd, Rh, Ru, etc.), which can partially or
completely substitute Al crystallographic sites (see Figure 1).[Y1 The presence of these metals
allows the creation or destruction of cationic defects in the structure and, therefore, the
generation of possible active centers for catalytic processes with high thermal stability due
to the unique crystal structure of these systems. These materials exhibit a stable phase
composition up to 1600 °C and exceptional resistance to sintering and thermal shock, which
makes them attractive materials for several applications as ceramics, matrices for
immobilization of radioactive elements, catalysts for high-temperature applications,
superionic conductors, and luminescent and laser materials, among others.!?!

The textural properties of these materials are poor, with specific surface areas in the
range of 10 to 20 m?/g, as confirmed from the crystal structures for example (see below).
Important efforts have been made over the last few years to enhance these textural
properties using non-conventional drying methods. These methods mainly involve
decreasing the crystallization temperature, by improving the chemical homogeneity of the
precursors, and suppressing grain growth during the crystallization, amongst others.
Conservation of the environment by using green processes is another aspect that must be
taken into account when developing these synthetic methods.

In addition to enhancing the textural properties of these materials, efforts have also
been made to enhance the accessibility of the metal phases in the catalytic processes in
which these systems are to be applied. These metal phases can easily be incorporated into

the hexaaluminate structure or on the surface of the material, for example by impregnation.



Metals present in the structure will have limited access to the reagents, as well as a low
possibility of acting as redox centers, whereas in the case of metals incorporated on the
surface, it will be necessary to increase their dispersion, thus meaning that an enhancement
of the textural properties of the support can be considered to be crucial.

This review article covers recent developments in the structure, synthetic methods,
and catalytic applications of hexaaluminates. In the case of structure, particular attention is
paid to B-Al,03 and magnetoplumbite (MP) and the mechanism by which defects and surface
properties are generated. Typical synthetic methods for hexaaluminates are introduced and
discussed, with special emphasis on those that enhance the textural properties. Applications
of these materials as catalysts in the combustion of CHa, partial oxidation and reforming of
CO; from CHs to synthesis gas, as well as the decomposition of N,O, are also presented.
Other applications of these materials, such as their function as a thermal barrier, are also
considered. At the end of the review, the main conclusions and perspectives regarding some

of the main scientific challenges remaining in the field of hexaaluminates are also analyzed.

2. Preparation methods for hexaaluminates

The crystal structure of hexaaluminates was first reported in 195819 for the compound
LaAl12019, and the first catalytic study with hexaaluminates was published by Machida et al.
in 1987.11 These authors found that mixing BaO with AlLOs in the composition
(Ba0O)o.14(Al203)0.86 and calcination at a temperature of 1200 °C gave the barium
hexaaluminate (BaO-6-Al;03). As their structure is maintained under high-temperature
conditions and they can present active metal phases, these materials were reported as the

most promising catalytic materials for high-temperature applications.



Hexaaluminates have unique layered structures consisting of alternatively stacked
spinel blocks of closed packed oxide ions and mirror planes (see Figure 1). The spinel blocks
are composed only of A** and O% ions. Large cations, such as Na*, K*, Sr>* and La3* for
example, can be included in the spacious mirror plane. Considering the charge and radius of
the large cations in the mirror plane, hexaaluminates have the structure [3-Al,O3 or
magnetoplumbite (MP).[13-15] The difference between these two phases lies in the number of
0% ions in the mirror plane (one or three, respectively). lyi el al.l'®17! studied the effect of
cationic radius on the hexaaluminate structure and found that the upper limit of this radius
for the MP type is 0.133 nm. The charge of the ion is also important, and the effect of charge
and radius on the hexaaluminate structure is summarized in Figure 2. In particular,
hexaaluminates of the MAI12015 type containing ions such as Ba%*, Ca?*, Sr* or La3* usually
have a magnetoplumbite-type structure, whereas their counterparts containing monovalent
ions such as Na*, K* or Rb?* exhibit a -Al,O3 structure.

The structures of B-Al,03 and MP can ideally be represented as MAI11017 and MAI1,01,
respectively, where M is a large cation. However, these stoichiometric formulae are only
found for a limited number of compounds, such as CaAl12019 and SrAl;;019, because the
defect mechanism in the hexaaluminate structure is important. Indeed, non-stoichiometric
compositions are observed for almost all 3-Al,03 and trivalent La MP compounds. To explain
the hexaaluminate structures, a complex Frenkel defect has been proposed by various
authors.[*>8 Without going into too much detail to explain the crystal structure, the formula
for the barium-containing [3-Al,03 is Bao75Al11017.25. Similarly, the formula for the
lanthanum-containing MP is Lao.s3Al1188019.0. Zhu et al.!%! have given a clear picture of the
evolution of Fe crystallographic sites in BaFexAl12xO19, proposing that the transformation

from [1-Al,03 to MP is the key factor for the stabilization of Fe ions in the hexaaluminate



structure at high substitution levels. Thus, when x=1, the sample only crystallized in the [3-
Al,03 phase, whereas when increasing x up to 2-4, some of the Fe3* ions started to enter into
the MP phase in addition to the [3-Al,Os3 phase. At x > 5, the site occupancy of Fe in the MP
phase started to increase continuously, finally forming BaFe1,019 at x=12 (see Figure 3). A
similar study was carried out with the hexaaluminate LaFexAl12-x019.[2%)

As the hexaaluminate structure is formed at high calcination temperatures, the
textural properties exhibited by these materials are poor. Thus, it has been reported that,
after calcination at 1200 °C, the specific surface areas of these materials is only about 20
m?/g, decreasing for higher calcination temperatures. As such, numerous efforts have been
made to increase the specific surface areas and pore volumes of these materials by
developing more efficient synthetic routes. In this regard, sol-gel, co-precipitation and
reverse microemulsion methods, among others, have been reported.?!

Hexaaluminates can also be synthesized via a solid state reaction involving calcination
of the metal oxide and carbonate as starting materials to promote solid state diffusion.
However, as solid state diffusion is slow, high reaction temperatures (usually above 1300 °C)
and long reaction times are required to complete the reaction and obtain a pure
hexaaluminate phase. Thus, for example, Machida et al.' calcined a mixture of BaCOs and
y-Al,03 at 1450 °C to obtain a pure B-Al,0; phase with a specific surface area of 6 m?/g.
These authors observed that BaAl>Os is produced initially at 1000 °C from the reaction
between BaCOs and y-Al;0s3, followed by a reaction between BaAl,04 and y-Al;03 to form the
hexaaluminate. The synthesis of high purity Ba-hexaaluminates using this procedure was
also reported by Chandra.l??l In this case, a powdered mixture of BaCOs; and BaCl>-2H,0
(75/25 w/w) with aluminum oxide was heated at 1350 °C. Other authors previously

performed mechanical activation by grinding as an initial step prior to calcination of the



precursors.[?324 This initial step is intended to homogenize the precursors. The study was
completed by determining the effect of precursors, grinding, and calcination temperature on
the composition and surface area of the synthesized materials. Similarly, Jansen et al.[?”]
combined BaCOs;, CaCOs, SrCOs, Eu;03, MgCOs, AIN and y-Al,Os in different mixtures to
synthesize alkaline-earth hexaaluminates with a B-Al,Os or an MP-type structure after
thermal treatment at 1700 °C for 2 h. Djambazov and Yoleva!”! reported the synthesis of Lai-
xCaxAl11y--Mg,Ti,O1s, which they subsequently used as materials for the production of mill
bodies and immobilization of nuclear waste.

A solvent-free synthesis starting from metal oxides has been reported by Laassiri et
al.?®! This synthetic route involves a combination of two grinding processes, namely high-
energy and low-energy ball milling. High-energy ball milling leads to a significant reduction in
crystallite size. Although the mean crystallite size is reduced to 20 nm, the resulting material
remains highly agglomerated and contains a very high number of grain boundaries. A second
milling process at lower energy is therefore performed to deagglomerate the
nanostructured material and to form high specific surface areas. BaAl12019, BaCoAl11019 and
BaMnPdo.07Al10.93019 hexaaluminates with specific surface areas in the range between 77 and
100 m?/g were obtained after calcination at 1100 °C. This solid state reaction method is very
simple and has been reported to be suitable for large-scale production since it does not
involve a very complex and expensive procedure. Its main disadvantage, however, is the lack
of homogeneity of the synthesized oxides and, as a consequence, low specific surface area.

Other methods, which have replaced the solid-solid reaction procedure, are based on
dissolving the precursors in a liquid medium, followed by reaction, drying and calcination
steps. This category includes sol-gel, co-precipitation and reverse microemulsion methods.

The use of a liquid medium ensures that a more homogeneous precursor is obtained, thus



allowing the crystallization temperature to be reduced and, in turn, suppressing grain
growth and the loss of textural properties.

The sol-gel method is based on the hydrolysis of precursors such as alkoxides,
acetylacetonates, carboxylates, chlorides and nitrates, amongst others, to generate a
homogeneous solution and transform it into a gel by densification or subsequent heat
treatment. This is one of the methods proposed as being most suitable for obtaining fine
particles of high purity oxides.?”! An additional advantage of these methods is that they
allow complex oxides to be processed at low temperature due to the homogeneous mixing
of components at the molecular level, which means that the textural properties of the
oxides synthesized can be improved. In this regard, Machida et al.[1128-30] synthesized Ba
hexaaluminates using barium isopropoxide and aluminum dissolved in 2-propanol as starting
materials, obtaining a pure hexaaluminate phase with a specific surface area of 15 m?/g at
1450 °C. These authors found that this hexaaluminate phase is obtained directly from the
amorphous precursor without the formation of BaAl;0. intermediates due to the
homogeneous mixing of Ba and Al atoms in the alcoholic solution. They also reported that
the hydrolysis of precursors must be completed carefully before drying and calcination to
obtain samples with high specific surface areas. The synthesis of Srpglaog2XAl11019 (X=Al and
Mn) was also reported by the same research group.3%32 The same procedure, but with the
presence of copper nitrate, was used by Artizzu et al.®3 to prepare BaCuAl;101s5 with a
specific surface area of 11 m?/g after calcination at 1200 °C. Substitution of one copper ion
for aluminum in the hexaaluminate phase does not induce a severe structural stress, since
the structure is preserved. The presence of copper ions at tetrahedral sites in the spinel
block was confirmed by the diffuse reflectance spectra of the hexaaluminate. Rezaie et al.l3%

also proposed a sol-gel method to obtain Ba-hexaaluminates with a fibrous structure. This



method is based on the formation of two gels (see Figure 4). Fe-substituted Ba-
hexaaluminates were prepared by Naoufal et al.,3° with Méssbaauer spectroscopy
subsequently showing that Fe3* is present at four different octahedral sites; the substitution
of aluminum by iron seems to have no limits. Debsikbar®® proposed the synthesis of Ba-
hexaaluminates via hydrolysis of Al di(isopropoxide) acetoacetic ester chelate and anhydrous
Ba acetate obtained from the reaction between BaCOs3 and glacial acetic acid. The aim of the
author was to control chemical polymerization during gel formation. The final phase was
obtained after calcination at 1200 °C for 2 h. The synthesis of CaAl12019 from calcium and
aluminum nitrates mixed with a solution of ammonium citrate, acrylamide and N,N’-
methylenediacrylamide has been reported by Douy.B”] The solution was initially heated to
boiling temperature and to several other temperatures in a ventilated furnace to obtain the
hexaaluminate.

The effect of the precursor solution concentration on the thermal stability of
Sro.sLao2MnAl11019 has been investigated by Woo et al.38 These authors observed that low
concentrations allow acceleration of the sintering phenomena, thus resulting in rapid
particle growth and a drastic decrease in the specific surface area. Similarly, Yan et al.l3?
synthesized hexaaluminates by drying gels produced under supercritical conditions and at
room temperature and pressure. These authors used barium ethoxide and aluminum sec-
butoxide as precursors and ethanol as solvent and found that aerogel-derived
hexaaluminates have a higher specific surface area and porosity than their xerogel-derived
counterparts, thus appearing to indicate that the drying method significantly affects the
properties of the hexaaluminates obtained. The effect of drying method on the composition
of the phase has also been investigated by Xu et al.l*% These authors found that a-Al>O3

could be detected in the xerogel calcined at 1200 °C but was absent in the sample obtained



from the aerogel. As an explanation, the authors proposed that, when drying in a
conventional oven, migration of the Ba, Mn, Al species due to the flow of liquid to the
surface from the internal pores, driven by the capillary tension gradient, results in a
heterogeneous mixture of the components since the solubility of the different Ba, Mn and Al
species in water is different. In the case of supercritical drying, migration of the Ba, Mn and
Al species caused by flow of the liquid is avoided because capillary stress is eliminated, thus
meaning that the homogeneity of the mixture of components is maintained. This procedure
was used by Inoue et al.B! to synthesize films coated with ceramic substrates for use in high-
temperature combustion applications (see Figure 5). Cho et al.l*!l proposed the synthesis of
hexaaluminates in the presence of surfactants using a commercial alumina sol and metal
acetate precursors, under ambient conditions. These authors observed that the
Al,Os/surfactant ratio and the presence of organic additives markedly affect the properties
of the hexaaluminates obtained. Thus, with an Al,0Os/cetyltrimethylammonium chloride
(CTACI) ratio of 2.76, the specific surface area of the LaMnAl1001s sample calcined at 1200 °C
for 6 h was 42 m?/g when urea was used as an organic additive, which is higher than the
value obtained for the material synthesized in the absence of urea (29 m?/g). Boehmite and
lanthanum nitrate were used by Jana et al.*?l to synthesize high purity lanthanum
hexaaluminates using advanced sol-gel processing. These authors added LaAl1101s seeds to
the precursor solution, thus resulting in a decrease of 100 °C in the temperature at which
the hexaaluminate structure is formed. As a result, near monophasic lanthanum
hexaaluminate was formed at 1450 °C.

The most widespread procedure for synthesizing hexaaluminates is based on co-
precipitation (also known as the carbonate method), in which nitrate salts and (NH4),COs are

used. Using this method, the precursors can be mixed homogeneously and precipitated at
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the same time. Compared to the sol-gel method outlined above, the co-precipitation process
is very simple. It should also be noted that the pure hexaaluminate phase can be obtained at
a relatively lower temperature using this co-precipitation method than when using the solid
state reaction. For example, Groppi et al.**%! studied the synthesis of BaAl1;019 and
BaMnxAl12xO19 (x = 0.5, 1, 2, 3) by co-precipitation using (NH4),COs. A starting solution of the
metal nitrate precursors was prepared by dissolving salts in water at 60 °C under stirring.
HNO3 was used to acidify the solution (pH = 1) to avoid the precipitation of Al hydroxide. This
solution was poured into an aqueous solution of (NH4),COs in excess. During precipitation
and ageing, the pH remained at 7.5-8.0. The authors found that the BaAl;;019
hexaaluminates obtained had a specific surface area of between 10 and 15 m?/g after
calcination at 1300 °C. Jang et al.[*l studied the synthesis of various hexaaluminates
prepared by aqueous co-precipitation methods, with (NH4)2CO3; and NH4OH as precipitating
agents and with supercritical drying. The authors found that the textural properties of the
hexaaluminates synthesized using the (NH4).COs co-precipitation method are, in general,
better than those obtained when using NH4OH co-precipitation. Thus, the specific surface
area of SrogLap2MnAl11019 synthesized with (NH4),COs is 51 m?/g compared to 9 m?/g when
synthesized by co-precipitation with NH4OH. In addition to the precipitating agent, as the
precipitation temperature increased, an improvement in the textural properties of the
hexaaluminates was also observed. Similarly, Wang et al.*”! synthesized LaMnyAl12.xO19 from
metal nitrate solutions and NH4OH. In this case, supercritical drying (SCD) and conventional
oven drying (CD) methods were used to extract the water from the hydrogel. The SCD
method is key to maintaining a high surface area (28 m?/g for this method and 15 m?/g in
the case of CD) and improving the catalytic performance for methane combustion. The

particle size of the xerogel sample is less than 10 nm, and it presents a complicated XRD
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pattern (see Figure 6). The presence of a-Al(OH); and other unknown La, Mn and Al
hydroxides or oxides was also seen. In the case of the XRD pattern for the aerogel, a-AIOOH
is observed but peaks for La and Mn hydroxides are absent, thus indicating the high
dispersion of species in the aerogel. After calcination, both samples transformed into
hexaaluminates, with the presence of small amounts of LaAlOs.

Reverse microemulsion is another method that has been proposed to synthesize
hexaaluminate nanocrystals with high specific surface areas. In this technique, aqueous
nanometer-sized micelles dispersed in an oil phase are used as nanoreactors for controlled
hydrolysis and condensation of the metal alkoxide, thus resulting in a homogeneous
dispersion. The main disadvantages of this procedure are environmental, given the chemical
reagents used, and the fact that the reproducibility of the method and yields are usually low.
Zarur et al.*8>0% proposed the synthesis of discrete barium hexaaluminate nanoparticles by
sol-gel processing in reverse microemulsions. These authors studied the composition of the
reverse microemulsion, the water/alkoxide ratio, the aging time and the drying techniques
as synthetic variables. The best particle size and specific surface area of the final Ba-
hexaaluminate obtained after calcination at 1300 °C were 30 nm and 160 m?/g, respectively.
With these conditions as a reference, a wide variety of hexaaluminates with high specific
surface area have been successfully synthesized by modifying the synthetic parameters, such
as composition of the microemulsion, aging time and drying techniques. Thus, for example,
Sahu et al.® used cyclohexane as the oil phase, Triton X-100/n-hexanol as the co-surfactant
mixture and barium acetate and NH4OH as the aqueous phase. The barium hexaaluminate
obtained presented a specific surface area of 90 m?/g. Similarly, Teng et al.’? developed a
new microemulsion system consisting of water, isopropanol and n-butanol to synthesize the

material Lao.gsBaoosMnAl11019, with a specific surface area of 65 m?/g. The same authors!>3!
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also prepared CexBaixMnAl11019 type hexaaluminates (x = 0.1-0.3) with a specific surface
area of 25 to 74 m?/g using the reverse microemulsion method and inexpensive and non-
toxic inorganic salts, instead of the alkoxide, as reagent. Following the same methodology,
Jiang et al.’¥ used metal nitrate precursors and (NH4).COs as a precipitant to prepare Fe-
substituted hexaaluminates with specific surface areas as high as 45 m?/g. A catalytic
support based on this methodology was reported by Wang et al,®® who prepared a
microemulsion system by mixing polyoxyethylene (6) tridecyl alcohol ether, n-hexanol,
cyclohexane and an aqueous solution of Ba(NOs)s/Al(NOs)3/(NH4),COs. The mixed
microemulsion was agitated for several hours, centrifuged, washed and calcined at 1200 °C
for 8h, followed by supercritical drying in ethanol at 260 °C. The hexaaluminate obtained
showed a specific surface area of 47 m?/g.

Other methods that have been used to synthesize metal-substituted hexaaluminates
include nitrate decomposition,®%21 hydrothermal synthesis,®3%5 carbon-templating,[66-68]
freeze-drying!®®7% and solution combustion synthesis,’%72l amongst others. The nitrate
decomposition method is based on adding aqueous solutions of these salts to a polyethylene
glycol/isopropyl alcohol mixture and, after a certain reaction time, which may be under
pressure, drying and calcination steps. The textural properties obtained for these solids are
usually comparable to those obtained in the materials synthesized by the sol-gel and co-
precipitation methods under similar synthetic conditions. One of the disadvantages of this
method is that the mixture of precursors is not homogeneous. For example, the
hydrothermal method has been used by Mishra et al.l®* with nitrate precursors of
appropriate composition in the presence of aqueous urea. After calcination at 1400 °C, a Ba-
hexaaluminate with a specific surface area of 22 m?/g was obtained. These authors proposed

the following reaction sequence for synthesis of the hexaaluminate: hydrothermal
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precipitation of orthorhombic BaCOs and a bohemite (y-AIOOH) precursor from the aqueous
Na and Al nitrates in the presence of urea, formation of an interim mixture of y-Al,03, BaCO3
and Ba-B-Al;0s in the temperature range 800-1200 °C, and formation of BaO-6-Al,03 powder
with a [3-Al,03 type structure al 1400 °C.

A templating methodology was introduced recently into the zeolite field and
subsequently extended to ordered mesoporous materials, where periodic pore systems are
created by occluding molecular units in the resulting solid. This strategy is known as
“endotemplating”, and is also used in the case of metal oxides, where it is more generally
known as the “citrate method”. In a more recent approach, known as “exotemplating”,
extended porous structures provide the space in which a divided solid can form. Carbon is
the ideal exotemplate given its easy removal by combustion, versatile porous characteristics,
and relatively low cost. This strategy has been applied to synthesize mesoporous zeolite
crystals and nanocrystalline zeolites,73! as well as high surface area oxides!’¥ (TiO2, NiAl,Oy,
LaFeQs). The typical preparation of this type of oxide by templating involves impregnation of
the carbon with concentrated solutions of the metal cations followed by drying and thermal
treatment. There are no previous studies in which the effectiveness of carbon templating for
the synthesis of oxides is presented, especially in this case, where temperatures as high as
1200 °C are required to obtain the hexaaluminate oxide. Under these conditions the carbon
is removed and hexaaluminate formation could lead to severe sintering of the intermediate
oxide phase once the carbon has been removed. For example, Santiago et al.l”! synthesized
LaFeAl11019 hexaaluminates following a carbon-templating pathway and compared the
results with those obtained using the conventional co-precipitation method (see Figure 7).
The authors found that the specific surface area of LaFeAl11019 hexaaluminates increased by

a factor of up to 25 times when using the carbon-templating method. The main difference
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observed is that the co-precipitation method results in the formation of agglomerated
spherical type particles, which form a hexaaluminate with a broad size distribution (range 40
to 110 nm). The carbon-templating method produces finely dispersed hexaaluminate
particles. These particles may result from the growth of small crystallites on the carbon
surface and vigorous combustion of the carbon-precursor mixture. The strategy methods of

synthesis and the textural properties have been summarized in Table 1.

3. Metal-substituted and -supported hexaaluminates

Catalytic combustion over M-substituted hexaaluminates occurs via a redox mechanism
involving reversible variation of the oxidation state of the transition metal ion in the
structure. As such, the nature and role of the transition metal ion in the structure have been
investigated extensively. Thus, Mn-substituted hexaaluminates have been the most widely
studied structures and also present the highest activity in, for example, the combustion of
CH4. The chemical state of Mn ions in BaMnxAl12.x0O19.¢ hexaaluminates (x = 0.5, 1-3) was
analyzed by Bellotto et al.[**75] by X-ray absorption spectroscopy and structure refinement
after X-ray powder diffraction analysis. At low charge (up to x = 1), Mn was present
preferentially at the tetrahedral Al (2) centers of Ba-B-Al,03 as a divalent cation.[’®! The
presence of Ba in the mirror planes acts as a charge compensation mechanism to balance
the substitution of AIP* with Mn?*. At higher Mn loads (x > 1), the occupation of the Ba
centers reaches almost unity and Mn is preferably present at the octahedral Al (1) centers as
Mn3*. The incorporation of Mn3* at the octahedral Al (1) centers results in a reduction in the
specific surface area and is not observed to have a positive effect on the catalytic
performance. Artizze-Duart et al.’”78 proposed that the catalytic activity is related to the

Mn content and found that the highest activity was obtained for catalysts containing three
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Mn sites. However, these authors also found that the presence of excess Mn (x > 3) leads to
the formation of another phase (manganese oxide or spinel), which may be responsible for
the decrease in catalytic performance in the case of the hexaaluminate with four Mn sites.
The incorporation of Mg ions into LaMnAl11019 resulted in increased specific catalytic activity
per mol Mn.7>8% This behavior could be associated with stabilization of the Mn ions in a
high oxidation state by the Mg?* ions. Li and Li®% also reported that the partial substitution
of Mg for Mn improves the sintering resistance, and the Mg-containing sample has a higher
specific surface area (29 m?/g) than the unsubstituted sample (18 m2/g). Jang et al.[*®! found
that LaMnAl11019 is much more active than BaMnAl11019, and attributed the improved
activity to the different oxidation state of Mn ions in the two types of hexaaluminates.
Similarly, Li and Wang!®!l prepared Mn-substituted Ba-La-hexaaluminate nanoparticles and
found that the Bao;LaosMnAl11019 catalyst exhibited much higher activity than BaMnAl11019
or LaMnAI11019. In conclusion, it should be noted that both the degree of substitution and
the nature of the large cations in the mirror plane significantly affect the Mn?*/Mn3* redox
cycle, and therefore the catalytic performance.

Fe has also been studied as an efficient promoter for the catalytic combustion of CHa.
In this case, Fe was found to completely replace Al and lead to the formation of a BaFe12019-
type hexaferrite structure. Groppi et al.,[8? for example, synthesized samples of BaFexAl(12-
019 (x = 1, 3, 6,9, 12) and found that BaFe1,019 calcined at 700 °C was active in the
combustion of CHi. However, it was deactivated when the calcination temperature
increased and after treatment at 900 °C. The authors explained the observed deactivation
via two possible mechanisms: sintering and partial reduction of Fe3* to Fe?*. After calcination
at 1300 °C, BaFesAlsO19 showed the best catalytic properties. However, its activity is lower

than that of the Mn-substituted hexaaluminates. Naoufal et al.3% found that Fe3* ions
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occupied the S1 and S2 octahedral centers in BaFeAl11019. At an Fe/Ba ratio of 2-4, Fe3* ions
were found at two new octahedral centers (S3 and S4). The presence of Fe3* in these two
octahedral centers allowed the authors to explain the observed increase in activity. Similarly,
Laassiri et al.[®3] synthesized BaMyAl12.xO19.5 hexaaluminates (M = Co, Fe, Mn, x = 1, 2) and
found that the Mn-containing materials were more active than those containing Fe and Co,
with the increase in Mn content enhancing the catalytic activity. These authors used various
characterization techniques to clarify why the activity was improved. In the case of Mn-
containing hexaaluminates, the improvement in activity parallels the increase in specific
surface area and reducible Mn content, as well as oxygen mobility. These results showed
that multiple factors, including oxygen transfer, the oxidation state of the transition metal
and surface concentration, determine the catalytic properties of hexaaluminates. In addition
to Mn and Fe, which are more active, other metals that have been introduced into the
structure of hexaaluminates include Co,[3%83-81 (r [8486] Cy [33.78] g [79,87,88] j [62,84,89,90] Ry,
and Pt.°Y Compared to Mn and Fe, the degree of substitution of these metals is relatively
low, generally less than two metal ions, due to their size, which does not allow the
substitution of AI** and may explain their limited catalytic activity. In the structures formed,
Ni is divalent and coordinated octahedrally and pseudo-octahedrally, Fe and Cr are trivalent
in octahedral coordination, and Co is both divalent and tetrahedrally coordinated and
trivalent and octahedrally coordinated. In a detailed study, Gardner et al.’% investigated the
structure of five Ni-substituted Bao.7sNiyAl12-yO19-5 hexaaluminated at various Ni loadings (y =
0.2, 0.4, 0.6, 0.8 and 1.0) using several techniques. All samples exhibited the B-Al,03 phases
consistent with Ni substitution into the crystalline lattice of the hexaaluminate structure.
The authors observed that, as the degree of Ni substitution into the structure lattice

increased, the unit cell dimensions along the c axis decreased. This result is consistent with
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Ni%* substitution for AIP* in the hexaaluminate crystalline structure. The EXAFS results also
indicated that Ni preferentially exchanges with tetrahedrally coordinated Al3*. In the case of
noble metals, a remarkable sintering is observed outside the structure, thus meaning that
the catalytic activity is usually low, even lower than that of hexaaluminates substituted with
transition metals.®%°3!

Pd catalysts supported on hexaaluminates are the most widely studied due to their
good performance in CHs combustion. For example, Sekizawa et al.?3°4 evaluated the
catalytic activity of Pd/SrosLao2XA11019 (X = Al and Mn). The results showed that the activity
of Pd/Sro.slao2A12019 increases initially with temperature but then decreases at 700 °C. The
authors explained this behavior as being due sintering of the Pd particles upon dissociation
of PdO into metallic Pd. If the hexaaluminate used as a support is an Mn-substituted
hexaaluminate (X = Mn), the loss of activity is reduced because the support is also active.
The presence and absence of NO in methane combustion over 0.9wt.%Pd/La1xSrxMnAl11019
was evaluated by Ocal et al.®®! using the steady-state isotopic transient kinetic analysis and
conventional steady-state reaction techniques. The presence of NO;, formed from the
reaction between NO and O, boosted the site activity required for the formation of CO;. The
manner in which the oxidation state of Pd evolves with calcination temperature has been
studied by Sohn et al.,’®®! who found that the supported Pd oxide in SroslLao2MnAl11019 is
reduced to metallic Pd when heated at 1000 °C. If the temperature is increased to 1200 °C,
the formation of Pd® species occurs due to the strong interaction between the Pd and
hexaaluminate.

The activity and catalytic stability of Pd/Mn-substituted hexaaluminates was compared
with a reference Pd/Al,O3 catalyst,[®”%8! and it was found that Pd/Al,Os showed greater

activity than the hexaaluminates but that both were deactivated as the reaction progressed
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due to the decomposition of PdO into Pd. The Pd/Mn-substituted hexaaluminates exhibited
greater stability due to the transfer of oxygen from the oxidized manganese centers to the
reduced palladium centers, thus preventing the reduction of PdO to Pd (see Figure 8). When
Pd(acac); is used as palladium precursor, catalysts with more dispersed Pd are obtained,
thus resulting in a higher catalytic activity in the methane oxidation reaction. Rapid
deactivation is also observed as a consequence of the sintering of small Pd particles given

the weak interaction between Pd and the support.[#%:100

4. Catalytic performances of hexaaluminates

4.1 Combustion of CH4

The catalytic combustion of methane has been considered to be a promising alternative to
conventional thermal combustion for energy production due to the low emissions of
polluting gases that are produced. As this organic molecule is highly resistant to combustion,
the catalysts to be used must be thermally resistant (> 1200 °C) and stable, as well as
selective for incineration. One of the first published studies of this reaction was presented by
Machida et al.,[?8] who evaluated the catalytic behavior of BaMAI11019 (M = Co, Cr, Fe, Mn,
Ni) and found that all metal-substituted hexaaluminates exhibited higher activity than the
unsubstituted BaAl12019 catalyst. In addition, the Mn-substituted hexaaluminates were the
most active, exhibiting a T10 of 540 °C and Tgo of 740 °C. The following order of reactivity was
found: Mn > Fe >> Co = Cr = Ni. The same reactivity order was found for LaMAI11019
catalysts,[9% thus indicating that the combustion performance is mainly determined by the
nature of the transition metal. Since these first studies, subsequent work by a large number
of researchers has improved the activity and reaction mechanism of the combustion of CHa

on hexaaluminates. For example, Artizzu et al.[3378 found that the introduction of Cu?* ions
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into the Ba-hexaaluminate structure leads to a fairly active catalyst (T10 and Tso of 510 and
740 °C, respectively). Similarly, a synergistic effect was reported by Yan et al.,’®® who
evaluated the doubly Ba-substituted hexaaluminate BaMnosCoosAl11019 as catalyst in
comparison to mono-substituted hexaaluminates. These authors found that La-
hexaaluminates showed higher catalytic performance for all M-substituted systems in
relation to Ba-hexaaluminates. A similar promoting effect was also observed for
Sro.8Lao2MnAl110191%1 and LaMn1xMgxAl1101918% (see Figure 9), evaluating NOx emissions at
the same time as methane and propane combustion.!3?! The catalytic performance of Fe-
substituted Ba-hexaaluminates is related to the Fe3* present at octahedral sites both in the
bulk hexaaluminate and at the subsurface of the oxygen layer.3® The catalytic behavior is
governed by electronic and structural factors. The catalytic activity of Mn30s/hexaaluminate
composites was evaluated by Machida et al.['%2l as a function of Mn304 loading and the
metal composition of the spinel surface layer. It was found that air oxidation derived
composites showed excellent specific activities that were better than those for the
corresponding Mns0Oas/hexaaluminates prepared using the conventional impregnation
method (see proposed mechanism in Figure 10).

The evolution of the catalytic behavior of other oxides, such as LaMnOs perovskites,
has also been compared with LaMnAl11019.4.1%3 The authors of this study found that
catalytic performance is regulated by bulk oxygen mobility and, as a consequence, methane
oxidation proceeds via the Mars van-Krevelen mechanism.

Among noble metals, Pd is known to exhibit the best performance for the combustion
of methane and the lowest volatility. Thus, Sidwell et al.[?%! reported a comparison between
two metal-substituted hexaaluminate catalysts and a supported catalyst (3wt.%Pd/y-Al,03),

finding that the Pd-substituted catalyst (SrosPdosAl1101s-q) is suitable for low-temperature
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performance and LaxSryMnosAl1101s8.« is @ good high-temperature catalyst. The catalytic
properties of Pd supported on hexaaluminates (Sro.gLao2XAl11019, X=Al and Mn) was also
studied by Sekizawa et al.,'3¥) who found that the catalytic performance initially increases
with temperature, subsequently decreasing at about 700 °C. This drop in activity is related to
the dissociation of PdO into metallic Pd species observed at low oxygen partial pressures and
is due to the removal of adsorbed oxygen species necessary for the catalytic reaction.

A synergistic effect has been reported over Pd-modified manganese-
hexaaluminates,'%! with the magnitude of this effect being found to depend on the
palladium precursor: it is higher for palladium nitrate and palladium acetate than for
tetrachloropalladic acid. In the same way, the higher PdO/Pd ratio found in the nitrate and
acetate Pd-modified manganese-hexaaluminate catalysts, together with the high oxygen
mobility due to the presence of manganese, provide a synergistic effect in methane
oxidation in the light-off temperature region.

Pd, Pd-Pt, Pd-Au and Pt supported on three-dimensionally ordered macroporous
LaMnAl11015 (3DOM LMAO) have been used as catalysts.7>1%1 Among the PdPt/3DOM
LMAOQ catalysts, 1.14Pd,sPt/3DOM LMAO exhibited the best catalytic performance (Tso =

372 °C; see Figure 11).

4.2 Reforming of methane to syngas

The reforming of methane with CO;, or dry reforming, is a reaction initially proposed for the
industrial production of CO and H,. With respect to other types of reforming, it has the great
advantage of not requiring a previous separation of CO; to produce the CO and H; that
would allow liquid fuels to be obtained via the Fischer-Tropsch reaction. Catalysts based on

noble and transition metals have been reported to be very active for the dry reforming
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reaction, with the most widely studied being those based on Rh, Pt, Ru, Ni and Co!4362:68107]
(see Figure 12). The formation of coke during the reaction, which is one of the main
disadvantages, can be reduced by adding promoters, by using catalytic supports with basic
properties, and even by reducing the pressure and temperature conditions under which the
reaction is carried out.[®® In this regard, hexaaluminate-like catalysts could exhibit significant
advantages as they can incorporate metals that reduce coke deposits in their structure. In
addition, if the reaction temperature can be reduced significantly, coke deposition may also
be reduced.[1%8! At |east two forms of deposited carbon, namely graphite and carbide, have
observed during methane reforming with C0,.1'%! Metal particle sintering and phase
transformation have also been reported to result in catalyst deactivation.[®%

The partial oxidation of methane (POM) was evaluated by Chu et al.'’% using
BaNiyAl12-yO19-5 catalysts (y = 0.3, 0.6, 0.9, 1). All the hexaaluminates prepared had an MP-
type structure and no nickel oxide was observed, which may indicate a high dispersion of the
Ni species. These catalysts showed high activity and selectivity, with a CHs conversion of 92%
and CO selectivity of 95% at 850 °C. They also presented an excellent ability to suppress
carbon deposition and loss of active phase, exhibiting high stabilities after reaction for 100 h.
The same authors!1%8 reported the catalytic performance of a NiO/Ba-hexaaluminate, which
showed a CH4 conversion of 95% and CO selectivity of 98% at 850 °C.

The activity of Ni/Al03 and BaNixAl12xO19.« (X = 0.25, 0.5 and 1), which have a
hexaaluminate-type structure, was compared by Utaka et al.'!!] These authors found that
hexaaluminate calcined at 1400 °C exhibited a more stable and better behavior than the
former calcined at 1000 °C. The BaNiAl11019.¢ catalyst calcined at 1400 °C and reduced to

1000 °C showed a higher activity than BaNiAl11019.q calcined at 1200 °C and reduced to 800
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°C. This behavior was explained by the authors as being due to the presence of a Ni-rich
surface and highly dispersed Ni species.

A systematic study of Ni/Ba-hexaaluminate catalysts synthesized by the impregnation
method for the production of syngas via a CO methanation reaction has been reported by
Gao et al.'*2l Similarly, Rh supported on hexaaluminates (BaAl12019, CaAl12019 and SrAl12015)
has been investigated by Majocchi et al.[''3] These latter authors compared the results
obtained with a commercial Rh/a-Al;03 and found that hexaaluminate catalysts were less
stable, active and selective than the commercial catalyst. The following order of selectivity
for CO/H; was found, depending on the supports: Rh/a-Al,03 > Rh/CaAl11019 = Rh/SrAl12019 =
Rh/BaAl12019. The chemical looping partial oxidation of methane has been proposed as a
method for producing syngas with a suitable H,/CO ratio, thereby avoiding the risk of
explosion, using Ba-hexaaluminate as catalysts.[114-117]

Some of the hexaaluminates that have been reported as catalysts in the dry methane
reforming reaction (DRM) include LaNixAl12,019 (0 < x <1),[6964 Caj,LaxNiAl11019.5,8%
BaNixAl12x019 (0 < x < 1)[118] 3nd ANiAl;1019 (A = Ba, Ca, Ce, La, Nd, Pr, Sr).[>6-586L119] The
authors of these studies found that activity increases with degree of Ni substitution,
although the amount of carbon produced also increases.[62118] Xy et al.l6?! reported that Ni-
modified hexaaluminates exhibit a more effective catalytic performance and lower carbon
deposition than other Ni supported catalysts such as Ni/Al,03, NiO/Ca0O, NiO/SrO, NiO/BaO.
The nature of the large cations in the structure significantly affects the reducibility and
activity of the catalysts.[®l Thus, a lower reduction temperature was observed for the
LaNiAl;11019.s-modified hexaaluminate than for ANiAl11019 (A = Ba, Ca, Sr). In this latter series
of hexaaluminates, it was found that the Ni reduction temperature decreases with increasing

ionic radius of the alkaline earth metals.[6
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A series of substituted Cai.xLaxNiAl11019.5 hexaaluminates was prepared by Ikkour et
al.l®l After calcination at 1100 °C, the specific surface areas of all catalysts was found to be
between 1 and 6 m?/g, and the presence of hexaaluminate was only confirmed by XRD after
the incorporation of lanthanum. Cag.sLao.sNiAl11019.5 presented the highest percentage of Ni
reduced at the surface and also showed a high activity for H,/CO production and high
reaction stability after 300 h.

The effect of Ce and Pr on the structure and catalytic performance of LaNiAl11019 has
been investigated by Zhang et al.,’®>”] who found that the addition of Pr can accelerate
reduction of the Ni?* ions in Lao.gPro2NiAl11019. However, a Ce**/Ce3* redox reaction occurs in
Lao.sCeo2NiAl11019 during the reaction that reduce the electron transfer between Ni and La
ions. As such, Pr is a more valuable additive than Ce in these Ni-based catalysts. All of these
effects contribute to the improvement of the catalytic activity of modified La-
xaxaaluminates. Roussiere et al.’! have proposed a mechanism for the growth of NiO
nanoparticles in the hexaaluminate phase in order to understand the stability of these
nanoparticles under reducing conditions. The amount of Ni in the hexaaluminate ANiyAli,.
vO19 (A = Ba, La, Sr; 0 <y < 1) should be as low as y = 0.25 to control the textural growth of
NiO particles (tetrahedra) and their high dispersion in the form of nanoparticles.
Furthermore, the calcination temperature must be sufficient (1250 °C) to maintain an
adequate concentration of surface centers otherwise excess Ni causes aggregation by
forming larger NiO particles, thus resulting in carbon deposition.[26° Recently, BaFe;Al10019,
BaFesAlsO19 and bimetallic BaFe;MAIsO19 (M = Mn, Ni, and Co) hexaaluminates were also
studied in this reaction.[!2% The effect of Mn, Ni and Co doping on the structure, redox
activity and stability was investigated using several techniques. The presence of doped

metals meant that hexaaluminate was only present as B-Al,Os, remaining stable during the
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CHa4 reduction step. BaFe2CoAlsO19 exhibited good reactivity for syngas production with high
CHa conversion, high syngas yield, a desirable H,/CO ratio and stability.
The steam reforming of methane has also been reported by various authors over Ni-

substituted Sr hexaaluminates.[21.122]

4.3 Transformation of N,O

N,O mitigation is an important topic due to the adverse consequences of this harmful gas in
the atmosphere. This polluting gas can be emitted by vehicle exhaust pipes or as a by-
product of the oxidation of ammonia in Pt/Rh-based catalytic systems. One of the main
challenges that has been posed is to treat N2O in the process gases at high temperature.
These conditions assume that the catalyst must be active and stable under wet oxidation
conditions at 800-900 °C. The structure and characteristics of hexaaluminates make them
suitable catalysts for carrying out these reactions under these conditions. Pérez-Ramirez et
al.l123-128] haye evaluated the catalytic behavior of ABAl;2019 hexaaluminates (A = Ba, La; B =
Fe, Mn and Ni) for the decomposition of N>O, simulating the conditions at the outlet in the
ammonia burners of nitric acid plants (see Figure 13). Fe- and Mn-containing hexaaluminates
showed the highest activities, whereas Ni-containing catalysts were less active than
unsubstituted hexaaluminate.[!23 These researchers also studied the effect of reactor feed
gas compositions on catalytic performance and found that the presence of NO has no effect
on activity, whereas the presence of O, and H;O inhibited activity, a behavior that they
attributed to a possible competitive adsorption on the active centers in the catalysts.l['?%! |n
various related studies, Lietti et al.’4127.128] eygluated the catalytic performance of a
BaMnAI11019 catalyst in the combustion of NHs-containing gasified biomass-derived fuels.

These authors detected significant amounts of NO, which increased with temperature up to
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a maximum of about 750 °C. Above this temperature, the NO concentration decreased as a
result of a selective non-catalytic reduction process.

N,O has also been seen as a promising green propellant given its numerous
advantages, such as extremely low toxicity, self-pressurization, and compatibility of N,O with
common building materials. In view of the extreme operating conditions for N;O
decomposition found in propulsion systems (voln20% = 30-100%, T > 1000 °C, Ea = 250
kJ/mol), several studies have aimed to find a suitable catalyst that is capable of initiating N,O
decomposition at low temperature while being stable at high temperatures. For example,
Zhu et al. (1992931 have developed a BalryFe;yAl11019 catalyst (y = 0.2, 0.5 and 0.8) that
exhibits both high activity and excellent stability for this reaction. These authors found that
the decomposition of N2O begins at 323 °C and complete conversion is obtained at 450 °C.
The catalyst can undergo complete conversion at 500 °C and be stable for 26 h, which
contrasts with the rapid deactivation observed in the case of an Ir/Al,03 catalyst. The
authors also indicate that the Ir species present in the hexaaluminate network are active
centers, while the species outside the crystal structure of the hexaaluminate are susceptible
to sintering and are less active in this reaction. The presence of Fe facilitates the
incorporation of Ir into the hexaaluminate structure. A combined XRD and °’Fe Mossbauer
spectroscopy study allowed the identification of the crystallographic Fe and Ir centers in the
hexaaluminate Balro2FeAl108019.1%! This study was subsequently extended to the case of Ru,
which is very interesting due to its activity as a catalyst, but with limitations when compared
to other metals such as Ir, Pd, Pt and Rh given its high volatility (see proposed mechanism in
Figure 14).112°1 One possible solution to this problem is to develop a two-bed reactor in
which the Ir-hexaaluminate or other more active catalyst constitutes the front bed while the

back bed requires a more thermally stable catalyst. In this regard, Mn-substituted La-
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hexaaluminate (LaMnyAl(12xO19) and Ba-hexaaluminate (BaMnyAl12,O19) catalysts have
been studied.[*3% These authors reported that the Ba-hexaaluminate exhibits higher activity
than the La-hexaaluminate at a given Mn content, which may be related to the presence of
active Mn3* sites in the octahedral position of the Mn-substituted Ba-hexaaluminate.

Other catalytic applications reported for these materials include combustion of
methanol over Lla, Mn-hexaaluminate materials,’Y decomposition of ammonium
dinitramide (AND)- and hydroxyl ammonium nitrate (HAN)-based liquid monopropellants
using Sroslao2MnAl11019,[131 steam reforming of tars using BaNixAl1pxO19,11211321331 H,S
decomposition using LaFexAl12x019 (LaFex, x=2, 4, 6, 8, 10 and 12) (see Figure 15),[134 partial
oxidation of tetradecane (n-Ci4), dibenzothiophene (DBT) and 1-methylnaphthalene (1-MN)
as model reaction compounds for a series of Ni-substituted lanthanum hexaaluminate
catalysts,[*3% LagsNiyAl11.05yO19-5 (y=1.0, 0.8, 0.4 and 0.2),[*2l NH3 decomposition to COx-free
hydrogen using Ru/Ba-hexaaluminate,®™ a Ba-hexaaluminate catalyst for the
decarboxylation of biomass-derived itaconic acid to bio-based methacrylic acid,*3®! and a
ZrO>-modified Ni/LaAl1101s catalyst for CO methanation.!t37]

More information about the catalytic performance and reaction conditions have been

summarized in Table 2.

Several authors have carried out development work and industrial applications of
hexaaluminates that have been collected in international patents. Metal-exchanged
hexaaluminate catalysts for the methane combustion, particularly for use in natural gas fired
gas turbines, is reported by Wickham and Cook.[*38 The authors indicate that these catalysts
are the particular interest because exhibit good catalytic performance and stability at high

temperatures for extended periods, minimizing the generation of undesired levels of NOx
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species (less than about 10 mg/dm3). Metal exchanged catalysts are also useful for oxidation
of volatile organic compounds (VOC), particularly hydrocarbons. The hexaaluminate
structure (LaxSryMno.4Al11019, being x + y = 0.6) is observed after calcination at 1300 °C with a
specific surface area of 13.5 m?/g. Schunk et al.l'3® reported a hexaaluminate-containing
Cobalt and at least one further element from La, Ba and Sr for dry reforming of
hydrocarbons at 700 °C and 5 bar. The work included in the patent presented by
Ferrandon!9 is directed to the synthesis of new hexaaluminate formulations applied as
catalysts for the production of hydrogen from organic compounds that overcomes the

problems of catalyst poisoning and deactivation by coking and high temperature sintering.

5. Thermal insulation and oxidation protection

Thermal-barrier (TBC) and oxidation-resistant coatings (ORC) are used to protect gas turbine
components in power plants and aircraft jet engines, and as fibers in oxide-based ceramic
composites. The materials for this application must exhibit low thermal conductivity, high
thermal-shock resistance, hot corrosion resistance and long-term stability at high
temperatures. Although yttria-partially-stabilized zirconia (Y-PSZ) is the proposed material
for TBC applications, the deterioration observed in its thermo-physical properties at 1100 °C
means that other materials, such as hexaaluminates, may also be a good option.[141-143]
Indeed, hexaaluminates permit operating temperatures above 1300 °C because of their
thermal stability and electrically insulating properties. Several methods have been proposed
to produce homogeneous coatings, including atmospheric plasma spraying (APS), electron-
beam physical vapor deposition (EB-PVD), low-pressure plasma spraying (LPPS), high-velocity
oxygen fuel spraying (HVOF), and chemical vapor deposition (CVD).[46-14%1 The APS method

has been used by Sun et al.l147148l to prepare porous coatings using powdered mixtures of
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LaMgAl11019/graphite (see Figure 16). The microstructure, mechanical properties and
thermal cycling behavior of the coatings synthesized, as well as the spraying power required
to prepare them, were studied. This method was also used by Sun et al.'*% to prepare
GdMgAl11019, which exhibits much better Ca-Mg-Al-silicate (CMAS) resistance at 1350 °C
than conventional YSZ coatings because of the presence of Gd and Mg. More recently, APS
hexaaluminate ceramic coatings have been heat-treated and then exposed to molten CMAS
to evaluate their hot corrosion degradation.[*>® CMAS was found to completely infiltrate into
hexaaluminate coatings and form a corroded bilayer comprising a porous outer layer and a
dense inner layer. CaAl;Si;0s and MgAl,Os formation were the predominant reaction
products in the outer layer. The isothermally heat-treated hexaaluminate coatings exhibited
increased and widened vertical microcracks, thereby providing penetration channels and
determining the penetration kinetics of CMAS into hexaaluminate, which therefore suffered
more severe CMAS attack (see Figure 17). The synthesis of CeAl1101s was reported by Naga
et al.’>Y using cerium nitrate and aluminum triisopropoxide as precursors. After hot pressing
at 1550 °C and a pressure of 40 MPa for 2h, the hexaaluminate was characterized by a
relatively low Vickers hardness and bending strength compared to pure alumina, but
exhibited a higher fracture toughness. The same authors also reported the synthesis of
SrAl12019/ZTA composites (ZTA = zirconia toughened alumina).l’> The presence of the
hexaaluminate favors the formation of plate-like grains and improves the fracture

toughness.

Future perspectives and conclusions

Hexaaluminates have a structure that gives them remarkable resistance to sintering and

thermal shock, thus meaning that the composition of the oxide phase can be maintained at a
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very high temperature. Aluminum cations can be partially or completely replaced by
transition or noble metals, thereby giving rise to a variety of redox centers that can play an
important role in the field of heterogeneous catalysis in the near future. These properties
mean that hexaaluminates can be considered to be promising materials for many
applications that require thermal resistance, such as combustion of CH4, partial oxidation of
CH4 (POM), dry reforming of CH4 (DRM) and decomposition of N,O.

In recent years, synthetic methods have been developed with the aim of increasing the
textural properties of hexaaluminates, reaching specific surfaces of up to 160 m?/g after
calcination at 1300 °C. The starting values of these materials were in the range 10-20 m?/g.
To increase these values, the chemical homogeneity of the precursor has been enhanced
and unconventional drying methods have been implemented. Thus, sol-gel, reverse
microemulsion, hydrothermal synthesis, carbon-templating, solution combustion synthesis
and freeze drying methods, amongst others, have been reported. However, further studies
of the preparation stages of hexaaluminates are still required to enhance the textural
properties and make these processes more sustainable in terms of the procedures and raw
materials involved. The development of hexaaluminates with improved textural properties
will allow these materials to broaden the spectrum of catalytic applications and to compete
with other catalytic systems based on perovskites and spinels. Additionally, it must be taken
into account that, with respect to other oxides, hexaaluminates have a structure and
composition that allows them to form part of the monolithic honeycomb for gas turibine
combustor without apparent loss of their catalytic properties.

Although the application of these materials is oriented towards heterogeneous
catalysis, it will be necessary to increase the number of metals that can be stably introduced

into the structure of the hexaaluminates and increase their dispersion, thus making the
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active centers more accessible. These two objectives will allow future lines of research to
focus on optimizing metal/hexaaluminate structures. Additionally, since the hexaaluminate
structure is obtained at high temperature, the loss of activity due to deactivation by coke
deposition or loss of active metallic phases by regeneration and reuse will be reduced,
making these oxides even more attractive in catalytic applications.

In conclusion, there are still several interesting areas to be explored as regards the
application of hexaaluminates as thermal barriers and oxidation resistant coatings, especially
given the fact that the particular structure of hexaaluminates means that they can be
designed, controlled and adapted to desired applications. The synthesis of hexaaluminates
from industrial metal wastes [1°3 may be of relevant interest because close the cycle of new

concepts in circular enconomy.
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Captions

Figure 1. The structure of Ba-hexaaluminate: (a) B-AlbOs; and (b) MP. Numbers in
parentheses refer to the different Al sites. Al(1): octahedral site; Al(2): tetrahedral site; Al(3)
in B-Al;O3: tetrahedral site; Al(3) in MP: octahedral site; Al(4): octahedral site; Al(5) in B-
Al,Os: tetrahedral site; Al(5) in MP: trigonal bipyramid site. (Reproduced with permission
from Ref. 12).

Figure 2. Effect of charge and radius on hexaaluminate structure (Reproduced with
permission from Ref. 17).

Figure 3. Proportion of B-Al,03 and MP phases and the Fe/Ba ratios in both phase
compositions as a function of x in BaFexAl12xO19 (x = 1-12) samples (Reproduced with
permission from Ref. 19).

Figure 4. Procedure for synthesizing fibrous Ba-hexaaluminate (Reproduced with permission
from Ref. 34).

Figure 5. Schematic image of fracture surface of quadruple-layered sample of BaMnAl1101s-
5/Bao.7sAl11017.25/AlgSi2013/a-SiC after heat treatment at 1400 °C for 5 h in air (Reproduced
with permission from Ref. 3).

Figure 6. XRD patterns of LaMnAl11019 before and after calcination: (1,a) xerogel, (2,b)
aerogel, (3,c) LaMnAl11019 (CD), (4,d) LaMnAl11019 (SCD) (Reproduced with permission from
Ref. 47).

Figure 7. Various steps in the synthesis of LaFeAl11019 using co-precipitation and carbon-
templating methods (Reproduced with permission from Ref. 67).

Figure 8. Proposed mechanism for oxygen transfer between palladium and manganese in

the supports (Reproduced with permission from Ref. 98).



Figure 9. Methane conversion versus temperature over the hexaaluminate catalysts
(Reproduced with permission from Ref. 80).

Figure 10. Proposed mechanism for the methane combustion on Mn30as/hexaaluminate
catalyst (Reproduced with permission from Ref. 102).

Figure 11. Methane conversion as a function of temperature over 1.14Pd,sPt/3DOM LMAO
at SV = (a) 20,000 mL/(g h), (b) 40,000 mL/(g h), and (c) 80,000 mL/(g h). Reactant
composition: 1.5 vol% CH4 + 98.5 vol% air. (Reproduced with permission from Ref. 72).

Figure 12. Dry reforming of methane over an Ni aluminate catalyst at 1123 K and 1.0 MPa (¢
CHg4, ® CO,, < CO, A H;, m H20) (Reproduced with permission from Ref. 68).

Figure 13. Steady-state N,O conversion vs. temperature (Reproduced with permission from
Ref. 123).

Figure 14. The stabilization mechanism and crystallographic sites of Ru in B-Al,O3 type Fe-
promoted barium hexaaluminates and the effect on the performance for N,O decomposition
(Reproduced with permission from Ref. 129).

Figure 15. Proposed mechanism for the H,S decomposition on hexaaluminate catalysts
(Reproduced with permission from Ref. 134).

Figure 16. Cross-section SEM image of powdered LaMgAl11019/graphite mixtures (a) and a
magnification (b) (Reproduced with permission from Ref. 147).

Figure 17. Schematic diagram of proposed calcium-magnesium-alumino-silicate (CMAS)
corrosion mechanisms for: (a) as-sprayed hexaaluminate (LMA) coating, (b) isothermally
heat-treated LMA coating, (c) as-sprayed LMA coating after CMAS attack, and (d)
isothermally heat-treated LMA coating after CMAS attack. (Reproduced with permission
from Ref. 150).

Table 1. Strategy synthesis methods and specific surface areas.

Table 2. Catalytic performance by hexaaluminates and reaction conditions.
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Figure 1. The structure of Ba-hexaaluminate: (a) B-Al;0s and (b) MP. Numbers in
parentheses refer to the different Al sites. Al(1): octahedral site; Al(2): tetrahedral site; Al(3)
in B-Al,O3: tetrahedral site; Al(3) in MP: octahedral site; Al(4): octahedral site; Al(5) in B-
Al,O3: tetrahedral site; Al(5) in MP: trigonal bipyramid site. (Reproduced with permission

from Ref. 12).
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the supports (Reproduced with permission from Ref. 98).
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Figure 9. Methane conversion versus temperature over the hexaaluminate catalysts

(Reproduced with permission from Ref. 80).

ey T Toose E
sample composition ) ) X (kI/mol)
1 LalMnAljOhe 753 868 983 954
2 LaMng oMe; 1A1531O0 714 833 929 749
3 LaMng Mg 3A1110p0 704 818 909 76.2
4 LaMng sMgzn 4Al11O10 7 829 916 831
3 LaMng sMgo sAIO19 737 837 958 201
6 LaMng sMgp 7A11100 737 874 960 745
7 LalMng 1 Mzp oAl O 736 889 955 830
8 LaMgAl;Oge 20 974 984
9 silica 1013 1019 1023
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Figure 10. Proposed mechanism for the methane combustion on Mn30as/hexaaluminate

catalyst (Reproduced with permission from Ref. 102).
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Figure 11. Methane conversion as a function of temperature over 1.14Pd,sPt/3DOM LMAO
at SV = (a) 20,000 mL/(g h), (b) 40,000 mL/(g h), and (c) 80,000 mL/(g h). Reactant

composition: 1.5 vol% CHa + 98.5 vol% air. (Reproduced with permission from Ref. 72).
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Figure 12. Dry reforming of methane over an Ni aluminate catalyst at 1123 K and 1.0 MPa (¢

CHg4, ® CO,, < CO, A H;, m H20) (Reproduced with permission from Ref. 68).
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Figure 13. Steady-state N,O conversion vs. temperature (Reproduced with permission from

Ref. 123).
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Figure 14. The stabilization mechanism and crystallographic sites of Ru in B-Al,03 type Fe-
promoted barium hexaaluminates and the effect on the performance for N.O decomposition

(Reproduced with permission from Ref. 129).
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Figure 15. Proposed mechanism for the H,S decomposition on hexaaluminate catalysts

(Reproduced with permission from Ref. 134).
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Figure 16. Cross-section SEM image of powdered LaMgAl11019/graphite mixtures (a) and a

magnification (b) (Reproduced with permission from Ref. 147).
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Figure 17. Schematic diagram of proposed calcium-magnesium-alumino-silicate (CMAS)
corrosion mechanisms for: (a) as-sprayed hexaaluminate (LMA) coating, (b) isothermally
heat-treated LMA coating, (c) as-sprayed LMA coating after CMAS attack, and (d)
isothermally heat-treated LMA coating after CMAS attack. (Reproduced with permission
from Ref. 150).
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Table 1. Strategy synthesis methods and specific surface areas.

Calcination conditions

Surface area

HA type Method Raw materials T(°C) t(h) Atmosphere Sger(m?/g) Ref
Ba-HA SSR BaCOs, y-Al203 1450 5 Air 6 [11]
Ba-HA SSR BaCOs, a-Al20s3 1500 2 Air 10 [23]
Ba-HA ARS and BaO, Al203 100

Ba-Co-HA LEBM BaO, Co0,Al>03 1500 5 Air 79 [26]
Ba-Mn-Pd-HA BaO, MnO, PdO, Al,Os 77
Ba-HA SG Ba(OCsH7)2, Al(OCsH)3 1300 2 Air 15 [11, 28-30]
Ba-Cu-HA SG Ba*, Al(OCsH7)3 1200 24 Oxygen 11 [33]
Ba-HA, Ba-Co-HA, Ba-Mn-HA, Ba-Mn- SG-SD Mn(NOs)2, Co(NOs3)3, Ba(OCzHs)2, Ba(OCaHo)3 1200 5 Air 14-15 39]
Co-HA CH3COCH2COOC:Hs
La-Mn-HA SM Al>0s, La(CH3COO)2 x-H20, Mn(CH3CO0)2+4H,0,CTACI, SE- 1200 6 Air 42
) [41]
30,Triton X-100
Ba-HA cp Ba(NO3)2, Mn(NO3s)2, Al(NO3)3-9H.0, (NH4)2CO3 1400 10 Air 15 [43]
Sr-La-Mn-HA cp Sr(NO3)s, La(NO3)3-6H20, Mn(NO3)s, AI(NO3)3-9H20, (NH4)2COs 1200 2 Air 51 [46]
La-Mn-HA CP-SD La(NO3)3-6H20, Mn(NO3)>, Al(NO3)3-9H,0, NH4OH 1200 4 Air 28 [47]
Ba-HA RM Ba(OCsH7)2, Al(OC3H7)s 1300 2 Air 130 [48]
Ba-HA RM Ba(OCsHy)2, Al(OCsH7)s, NH4OH, Triton X-100, N-Hexanol 1300 6 Air 90 [51]

HA: Hexaaluminate

SSR: State solid reaction

ARS: Activated reactive synthesis
LEBM: Low energy ball mill

SG: Sol gel

SD: Supercritical Drying

SM: Surfactant madiated

CP: Coprecipitation

RM: Reverse Microemulsion
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Table 2. Catalytic performance by hexaaluminates and reaction conditions.

Surf; Ref
Catalysts atrjgaace Reaction conditions Reaction type Catalytic effect eterences
(m?/g) T1o (°C) Too (°C)
BaM Al O 1o 11.1- Order of reactivity: Mn > Fe >> Co = Cr = Ni. The combustion [28, 101]
LaMA|11019()|(\/I:1C2:,(M1r91-,aF:e,Co,Ni) 15'.7 540-810 720-780 CHa Combustion perfo.rrna nce is mainly determined by the nature of the
transition metal.
. . 24 s . ) . [37, 78]
BaCUAILO1ss 11 510 610 CHa Combustion The introduction of CL.| |ons.|n the Ba-hexaaluminate
structure leads to a fairly active catalyst.
. : . (39]
A synergetic effect is reported. The doubly substituted
BaMno.5Co0.5A111019 15.2 585 740 CH4 Combustion material, BaMno.sCoo0.5Al11019-, had a higher reaction rate than
BaMnAI11019-« and BaCoAl11019-a.
S . . [102]
It was revealed that the air oxidation derived composites
Mn304/BaMnAl10017.25, . showed the excellent specific activities superior to those of the
(Mn1xMy)304, M = Fe,Co,Ni) 20 360-418 >30-580 CHa Combustion corresponding Mnz0s/hexaaluminates prepared from the
conventional impregnation method.
(31]
The authors reported that the catalytic performance initially
increase with the temperature, but decreases at about 700 °C.
19.7 This activity d is related to the di iati f PdO int
SrosLao2XAl1101s, X=Al and Mn ' | 380,420 650, 700 CHa Combustion 's activity drop Is re‘ated 1o the dissaclation ot P into
16.9 metallic Pd species, that is observed at low oxygen partial
pressures. This behavior is related to the removal of adsorbed
oxygen species necessary for the catalytic reaction.
[110]
The catalysts showed high activity and selectivity with a CHa
. POM (Reforming of conversion of 92% and CO selectivity of 95% at 850 °C. The
BaNiyAl12.yO195 , - .
(y=0.3,0.6,0.9, 1) - 300 850 methane to syngas catalysts also exhibited an excellent ability to suppress carbon
y=520553 synthesis) deposition and loss of active phase, so that they exhibited high
stabilities after 100 h of reaction.
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POM (Reforming of

The authors found that hexaaluminate calcined at 1400 °C
exhibited a more stable and higher behavior than the first one
calcined at 1000 °C. The BaNiAl11019.« catalyst calcined at 1400

[111]

BaNiAl11019-a 24 250-300 750 methane to syngas °C and reduced to 1000 °C showed a higher activity than
synthesis) BaNiAl11019.q calcined at 1200 °C and reduced to 800 °C. This
behavior is explained by the authors from the presence of a Ni-
rich surface and highly dispersed Ni species.
[112]
CO is completely converted (>99%) over 2Ni/BHA and 5Ni/
BHA catalysts at 350 °C. With the increase of NiO loading for
CO Methanation the 10Ni/BHA catalyst, the maximum peak of CO conversion
2-5-10%Ni/BHA 21-24 - 250-350 (Reforming of methane (>99%) shifts to lower temperature (250 °C) and is maintained
to syngas synthesis) in the range 250-400 °C. In contrast, for Ni/Al.Os catalysts, the
maximum CO conversion is only 93.5 and 21.7% obtained over
10Ni/Al20s and 5Ni/Al20s at 400-450 °C
. . . [113]
. The authors compares the results obtained with a commercial
Rh/BaAl12019 - SrAl12019 - POM (Reforming of Rh/a-Al,03 showing that hexaaluminate catalysts were less
12219 12719 4-15 720-750 1000-1050 methane to syngas : 3 & . y
CaAl12019 vs Rh/a-Al,03 synthesis) stable, active and selective than the commercial catalyst.
v Rh/a-Al;03 >> Rh/BaAl12019= SrAl12019 =CaAl12019
. DRM (Reforming of The authors indicated that activity increases with the degree (64]
CaixLaxNiAl11019-5 . _— .
1-6 450-500 750-900 methane to syngas of Ni substitution, but also increases the amount of carbon
(x:0.1,0.2,0.3,0.5,0.7,0.9, 1) .
synthesis) produced.
(62]
. The authors found that catalytic activity increases with
. DRM (Reforming of . o .
LaNiyAli2-y O19-5 ) 500 300 methane to syngas temperature in the range of 500-900 °C and with the amount

(y=0.3,0.6,0.9, 1)

synthesis)
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[123]

Fe and Mn-containing hexaaluminates showed the highest
- 830-850 950-1200 Transformation of N2O  activities, whereas Ni-containing catalysts are less active,
compared to unsubstituted hexaaluminate.

ABAI11019
(A =La, Baand B = Mn, Fe, Ni)

The authors show significant amounts of NO that increase with [128]

temperature with a maximum at about 750 °C. From this
temperature the NO concentration decrease related to the
occurrence of a selective non-catalytic reduction process

NH3z oxidation
BaMnAI11019 15 100-150 400-450 (Transformation of
N20)

(93]
Here it was found that BalrxFe1-xAl11019 hexaaluminates

exhibited much higher activities and stabilities than Ir/Al>O3-
BalrxFei-x Al11019 -, 1200. Comparing BalrxFe1.xAl11019 with BalrxAl12.x019 (X = O-
10-23 325-350 380-450 N20O d t
(x:0.2, 0.5, 0.8) 21 decomposition 0.8), it was found that iridium was the active component in the
decomposition of N20 and the Iridium of the structure was
more active than the large IrO: particles.

The authors reported that the Ba-hexaaluminate exhibited [28-101]
higher activity than the La-hexaaluminate at a given Mn

21-27 500-550 650-700 N20 decomposition content that can be related by the presence of active Mn3*

sites in the octahedral position of the Mn-substituted Ba-

hexaaluminate.

LaMnxAl(12-xO19,
BaMnxAl(12-xO19
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