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Barium hexaaluminate, BaO - 6Al,03, exhibited excellent heat resistance in maintaining a large surface
area. Preparation from hydrolysis of metal alkoxides was a superior process in deriving the large surface area of
BaO - 6A1,03, to that from mixtures of BaCOj3/7y-Al,O;. Direct formation of BaO - 6A1,0; phase at low tempera-
ture plays the key role in retaining the fine particle size. The amount of water added for hydrolysis and the aging
period of hydrolyzed precursors strongly influenced the surface area of alkoxide-derived BaO - 6A1,03. These
effects of the preparation conditions originated from the difference in microstructure and chemical structure of
the hydrolyzed precursors. Monodispersed fine precursor particles with high oxide content generated large

surface area BaO - 6A1,0;.

Catalytic combustion has many advantages over
conventional flame combustion in suppressing NOx
emission and in improving combustion efficiency.
Recently, much interest has arisen in new application
of this technology in gas turbines, jet engines, and
boilers above 1000°C.»? In maintaining catalytic
activity under such a severe condition, high heat
resistance is necessary in the catalytic materials. But
this is not satisfied by the catalysts at present in use for
low temperature combustion. One of the crucial
problems is how to suppress sintering of the oxide
support in a high temperature combustion catalyst.
Our research has been focused on developing a sup-
port material endowed with high heat and thermal
shock resistance which also maintains a large surface
area even above 1400 °C.

Alumina is one of the most common support mate-
rials used around 1000°C. Additive oxides, such as
La,O;, BaO, CaO, MgO, Si0, etc., have been reported
to aid in maintaining the large surface area at elevated
temperatures.3~® We have previously reported’-® that
the addition of BaO greatly increases the surface area
of alumina above 1000 °C. The effect of BaO depends
strongly on the oxide composition. The optimum
composition agrees with the stoichiometric one for the
formation of BaO - 6Al,03, at which the surface area
reached more than 6 m?g-! even after calcination at
1450 °C. But the improvement is still unsatisfactory in
practical use for high-temperature combustion. In
this paper, we report the marked elevation of high-
temperature surface area retention of BaO - 6A1,03 by
employing the preparation from metal alkoxides. The
powder characteristics of sol-gel prepared BaO : 6A1,03
were compared with the sample from the conventional
technique. It has become evident that the formation
process of BaO :6A1,05 plays a key role in the reten-
tion of large surface area.

Experimental

Sample Preparation. Barium hexaaluminate (BaO -
6A1,03) was prepared from mixtures of BaCOj; (99%, Kishida
Chemical) and y-A1,0; (99.9%, Catalysis Soc. Jpn., JRC-

ALO4). The average crystallite size of BaCO; and y-Al,O4
were 0.8 pm and 5 nm, respectively. They were mixed with
an automatic mortar grinder for 2 h before firing. The mix-
ture was heated in air at a constant rate of 5 degmin~! and
kept at a desired temperature for 5 h in a high-density
alumina crucible.

A sample with the same composition was prepared by
hydrolysis of the corresponding metal alkoxides. Barium
isopropoxide, Ba(OC3H;);, was prepared by the reaction
between Ba metal (99%, Kishida Chemical) and 2-propanol
(99.5%, Kishida Chemical) in N stream at 80 °C.9

Ba+2 C3H,OH — Ba(OC3H;), + H,

Calculated amounts of Ba(OC3H;), and AI(OC;3;H7)3 (99%,
Kishida Chemical) were dissolved together in 2-propanol
and refluxed at 80 °C for 5 h with vigorous stirring. All the
procedure before the hydrolysis has been carried out in a
dried N, atmosphere. As distilled water was slowly added to
the resulting solution, gelation was observed immediately
accompanied by a rise in temperature from 80 to 90 °C. After
several hours of aging under stirring at 80 °C, the hydrolyzed
alkoxides were evaporated to dryness in vacuo and the
powders thus obtained were calcined in the above mentioned
manner. In this study, the surface areas of alkoxide-derived
BaO - 6A1,0; were investigated as a function of the amount
of water for hydrolysis and the aging period of hydrolyzed
alkoxides. Thus, a series of hydrolysis reactions were per-
formed to demonstrate these optimum conditions.

Sample Characterization. The surface areas of oxide
powders were determined by the BET method using nitrogen
adsorption. The surface area thus obtained was reproducible
within a 10% relative error on the average. The pore size
distributions were also obtained from the nitrogen adsorp-
tion isotherms at 77 K. The crystal structures of the calcined
samples were determined by X-ray diffraction (Rigaku
Denki, 4011). The microstructures of the powder samples
were measured by a scanning electron microscope (JEOL,
JSM-50).

Thermal decomposition of the hydrolyzed precursors to
the corresponding oxides was observed by differential ther-
mal analysis and thermal gravimetry (ULVAC, TGD
5000RH) in air. The samples were heated at a constant rate
of 10 degmin™! up to 600°C. The infrared spectra were
taken on a JASCO IR 810 spectrometer before and after the
thermal decomposition. Mixtures of the hydrolyzed precur-
sors (30 mg) and KBr powder (300 mg) were pressed into



3660

disks of 20 mm diameter and placed in the temperature-
controlled in situ cell. The infrared spectra were recorded
after evacuation at elevated temperatures and subsequent
cooling to room temperature.

Results

The Surface Area of BaO-6A1203. -y-Alumina and
the two BaO-A1,0; precursors, which were prepared
from powder mixtures and metal alkoxides, were
heated at elevated temperatures for 5 h. The decrease
in surface area during the heat treatment was measured
as a function of the calcination temperature (Fig. 1).
The present investigation was performed only on the
samples with a composition of (BaO)g14(Al;03)086 at
which the effect of BaO on the surface area is most
prominent, as has been reported previously.”-8 The
three samples in Fig. 1 had similar surface areas after
calcination at 1100°C, but the surface area signifi-
cantly decreased with a rise in calcination temperature.
The decrease was most significant in pure alumina.
The addition of BaO was obviously effective in main-
taining the surface area at higher temperatures. The
effect of BaO is related to the formation of a hexagonal
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Fig. 1. Temperature dependenée of surface areas of
(Ba0)o.14(Al203)0.86 and Al2O3. @ (BaO)o.14(Al203)0.86
(alkoxide), © (BaO)o.14(Al203)0s6 (BaCOs/y-Al20s3),
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Fig. 2. X-Ray diffraction patterns of (BaO)o.14-
(Al2Oas)oss after calcination at various tempera-
tures. (a) Powder mixture of BaCOs and y-Alz2Os.
(b) Hydrolyzed alkoxides. @ BaO-6Al:03, O BaO-
Al2Os.
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layered aluminate (BaO - 6A1,05).”3 The surface area
of barium hexaaluminate prepared from BaCOj/7y-
Al1,0; was 4 times larger than that of pure alumina
above 1300 °C.

Preparation from alkoxide precursors, which some-
times gives rise to the formation of ultrafine particles
and/or low temperature processing of mixed oxides,
was applied to the present system. The data for a
typical alkoxide-derived sample are shown in Fig. 1.
The loss of surface area upon heating was more grad-
ual than that of the powder mixtures. The surface area
was 3 times larger than that from BaCOj3/y-Al,0O; mix-
tures above 1300°C.1” The value of 11 m?g~! after
heating at 1600 °C has not been achieved by any oxide
supports so far reported.

The Crystal Structure of BaO-Al203. The phase
diagram of the system BaO-Al,O; indicates that the
(BaO).14(A1,03)0 g6 sample consists of a single phase of
BaO - 6Al,0; in the equilibrium state.! However, the
BaCO3/y-Al,05 precursor underwent a complicated
formation process to evolve this phase during the heat-
ing process, as shown in Fig. 2(a). After calcination at
1000 °C, the phase observed in BaCQOs/v-Al,03 was the
equimolar compound (BaO - Al;03) and a trace amount
of BaCO;, instead of the equilibrium phase (BaO -
6Al1,03). The sample at this calcination condition is
almost completely composed of a mixture of BaO-
Al,03 and Al,O3, though the diffraction lines from the
latter phase are too weak to be observed by X-ray dif-
fraction due to its poor crystallinity. With a rise in
calcination temperature, the diffraction lines from
BaO - 6A1,03 appeared and became intense. The for-
mation of the equilibrium BaO-:6Al,03; phase was
completed after heating at 1450 °C.

The samples from alkoxides, on the other hand,
showed no diffraction lines after heating at 1000 °C.
At 1200 °C, the diffraction lines which appeared in this
case were only from the BaO - 6A1,0; phase (Fig. 2(b)).
They became sharp and intense at elevated calcination
temperatures, but the BaO-Al,O; phase was not
observed at any temperature.

Microstructures and Pore Size Distributions.
calcination at 1450°C, the particle morphology of
alumina and BaO - 6A1,03 was observed by a scanning
electron microscope (SEM), as shown in Fig. 3. The
particle size of alumina (ca. 2 pm) was considerably
larger than that of the BaO - 6Al,03 samples. Signifi-
cant grain growth of alumina is evident from the large
particle size and the smooth powder surface. In con-
trast, the BaO-6Al,0; powder was clearly fine and
possessed a rough surface. It is noted that the two
BaO - 6A1,0; samples are obviously different in their
particle sizes and microstructures. When the mixture
of BaCOj; and y-Al,O3; was calcined at 1450 °C, the
resultant particles (0.5—1.0 pm) were strongly agglo-
merated (Fig.3(b)). Such large agglomerates were
absent in the sample obtained from hydrolyzed alkox-
ides. The particles were in a granular shape with uni-

After
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Fig. 3. SEM photographs of BaO-6Al203 and Al:O3 after calcination at 1450°C.
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a) BaO-6Al:03

from alkoxides, b) BaO-6Al203 from BaCOs/y-Al2Os, c) Al2Os.

form (0.3 um) size (Fig. 3(a)).

Pore size distributions of alumina and the BaO-
6A1,0; samples were measured after calcination at
1450°C. The distribution was maximum at the pore
size smaller than 10 nm (Fig. 4). The relative pore
volume gradually decreased with increasing pore size.
The barium hexaaluminate sample, in particular, that
was prepared from alkoxides possessed obviously
larger total pore volume than alumina. The sequence
of total pore volume of three samples agreed with that
of the surface area. The difference in surface area
among the three alumina-based samples largely
resulted from the population of pores with radius of
ca. 10 nm or less.

Effect of Hydrolysis Conditions on Surface Area.
The surface area of BaO-6Al1,03 is also sensitive to
some preparation conditions during the alkoxide pro-
cess such as the aging period of the hydrolyzed prod-
ucts and the amount of water. The surface area of
alkoxide-derived BaO - 6A1,0; increased at the initial
stage of aging and became almost constant after 12 h as
shown in Fig. 5 (R(H,O0/MOC3H;)=10.0). After 12 h
of aging and subsequent calcination at 1300 °C, the
sample retained the surface area of 18.5 m?g~! which
is about double that of the sample with 30 min of
aging.

The amount of water added for hydrolysis is
expressed as a molar ratio per metal isopropoxyl
group (R(H,O0/MOGC;3Hj5)). The number of metal iso-
propoxyl groups, -MOGC3H5, is the sum of -A10C;H;
and -BaOC3H;. Figure 6 shows the effect of R(H,O/
MOGC;Hj7) on the surface area of BaO-6A1,0;. The
surface area was maximum (20.2 m?2g~!) at R(H,O/
MOCGC;H;)= 0.5, but it decreased either by an increase
or by a decrease in the amount of water. The opti-
mum condition, R(H,0/MOGC;H;)=0.5, agrees with
the stoichiometric ratio for the hydrolysis of alkoxides.
The effect of the amount of water is obvious especially
when calcination was performed at lower temperatures
such as 1300 °C.
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Fig. 4. Pore size distributions of BaO-6Al;0s and
Al203 after calcination at 1450°C.
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Fig. 5. Effect of the aging period of hydrolyzed pre-
cursors on the surface area of BaO-6Al;0s.
(R(H20/MOC3H7)=10.0)

The effect of the aging period was investigated by
microscopic observation of the hydrolysis precursors
(Fig. 7). In the inital stage, the sample contained
large agglomerates (larger than 10 pm) which con-
sisted of submicron primary particles. With the aging
progress, the size of the agglomerate was significantly
reduced. After aging for 24 h, the sample consisted
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almost entirely of equal sized particles and agglomer-
ates were rarely observed.

Figure 8 shows SEM photographs of precursors after
a given amount of water was added to the alkoxide
solution for hydrolysis. Corresponding to the two
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Fig. 6. Effect of the amount of water added to
alkoxides on the surface area of BaO-6A120s. (12h

aging)
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regions observed in the surface area changes (Fig. 6),
the particle morphology was different between the
sample with R(H,O0/MOC3H;)<<0.5 and R(H,0/
MOC;3H;)>0.5. The hydrolyzed sample at R(H,O/
MOC;3H;)>0.5 consisted of submicron particles, but
the particle morphology and size were almost
unchanged with the amount of water so far as should
be observed by SEM. In contrast, the particle size was
obviously larger when less water (R(H,O/MOGC;H;)<
0.5) was used for hydrolysis. In this region, the
amount of water is not enough for complete hydrolysis
of the alkoxides. Thus, the microstructures of the
hydrolysis products well reflect the surface area of the
BaO-6A1,0;. Large agglomerates and large precursor
particles appear to result in low surface areas after cal-
cination.

Thermal Behavior of Hydrolyzed Alkoxides. The
decomposition of the hydrolyzed products was exa-
mined by in situ IR measurements. The IR spectra
obtained after heating in vacuo at various tempera-
tures are shown in Fig. 9. At room temperature, the
hydrolyzed product showed the absorption band of the

Fig. 7.
¢) 24.0h. (R(H20/MOC3sH7=10.0)

Microstructures of hydrolyzed precursors with various aging period. a) 0.5h, b) 2.0h,

Fig. 8.
MOGsH7)=0.3, b) 0.5, c) 1.0. (12h aging)

Microstructures of hydrolyzed precursors with various R(H20/MOCsH7). a) R(H20/
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Fig. 9. Change of infrared spectrum of hydrolyzed

alkoxides during the course of heating. Preparation
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aging.
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Fig. 10. DTA/TG analyses of the hydrolyzed pre-
cursors prepared under various R(H20/MOCsH7)
conditions. a) R(H:0/MOC3H7)=10.0, b) 2.0,
¢) 1.0, d) 0.5.

H-0-H bending vibration around 1640 cm~1. This
band, being attributed to the physisorbed water, com-
pletely disappeared after evacuation at 200°C. The
bands at 3000—3500 cm™! probably correspond to the
O-H stretching mode of the metal hydroxides in the
hydrolyzed precursors. These peaks were weakened at
elevated temperatures due to the thermal decomposi-
tion of metal hydroxides to mixed oxides. The O-H
bands disappeared at 400 °C after complete decompo-
sition.

Figure 10 shows the DTA/TG curves of hydrolyzed
precursors prepared under various R(H,O/MOGC;H;)
conditions. A broad endothermic peak below 100 °C,
which was observed in every alkoxide-derived sample,
is attributed to elimination of physisorbed water. A
large and sharp endothermic peak with a 25% weight
loss appeared for the sample with R(H,O/MOGC;3H,)=
10 around 250 °C. From the IR result, this weight loss
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can be attributed to dehydration accompanied by
thermal decomposition of the metal hydroxides. Sim-
ilar weight loss was observed in the samples with
R(H;0/MOC;3H;)<2.0 at 250—400°C, but they were
small, corresponding to the small content of metal
hydroxides.

Discussion

Effect of BaO-6Al03 Formation on Surface
Area. Although a large surface area is one of the most
important properties for combustion catalysts, only
little is known about the support material for high-
temperature combustion. Most support materials,
which have been used so far below 1000 °C, sinter into
particles with only a small surface area. 7y-Alumina,
which is most commonly used as a catalyst support
below 1000 °C, is not adequate because of its signifi-
cant decrease in surface area, as shown in Fig. 1. The
decrease in the surface area around 1200 °C is accom-
panied by a phase transition from metastable states
into the equilibrium phase (a-phase). In contrast,
BaO added alumina is effective in maintaining the
large surface area by forming the BaO - 6A1,0; phase.

The structure of BaO - 6A1,0; has been described as
the intermediate of magnetoplumbite and $-alumina
structures (Fig. 11).1%13 But the detailed refinement of
the crystal structure with this composition reported by
Kimura et al.14'® revealed the existence of two com-
pounds near the stoichiometric BaO - 6A1,03 compo-
sition. It was suggested that they are essentially B-
alumina structures on the basis of the electron
diffraction and crystallographic data. Both the mag-
netoplumbite and B-alumina structures are grouped
into a layered aluminate type, but they differ from each
other in the atomic arrangement in the mirror plane.
In our previous reference on a series of alkaline earth
oxide-alumina systems,® the aluminate samples
which crystallize in the layered aluminate structures
generally possessed the large surface area. It was also
reported!® that some rare earth metal aluminates with
these layered structures exhibited large surface areas
after heating at high temperatures. However, the
BaO-6A1,0; system is the most prominent in main-

Mirror plane

b N
Spinel block
Mirror plane

(a) (b)

Fig. 11. Crystal structure of (a) magnetoplumbite
and (b) B-alumina. @ Al3+, O 02—, @ Ba2*.
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taining the large surface area among the series of
layered aluminates with large di- or trivalent cations.
The real reason for such high thermal resistance
against sintering is not sufficiently understood at pres-
ent, but it is probably related to the crystal structure.
In the layered aluminate structure, each layer is separ-
ated by the mirror plane (Fig. 11). The structure may
suppress interlayer diffusion of atoms and crystal
growth along the ¢ direction (perpendicular to the
mirror plane). In fact, polycrystalline sodium -
alumina, which is used as a solid electrolyte, grows as
plate-shaped particles with their flat sides perpendicu-
lar to the ¢ axis. Powers et al.1” suggested that the
stacking of layers in sodium B-alumina is very slow in
comparison to the Al-O spinel formation. It was
deduced that the mirror planes, which separate each
spinel block, seem to play a key role in the large sur-
face area of the layered aluminate family.

Effect of Preparation Procedure of BaO -6A120s.
There are some superior points of an alkoxide process
as compared with a conventional method, i.e., 1. high
purity, 2. very fine primary particle, and 3. uniform
mixing of components.'®19 The first factor seems not
to be so important for the high surface area of the
system, because small amount of additives, such as Cr,
Mn, and Co did not promote sintering.2? Particles are
desired to be fine to obtain a large surface area, but
ultrafine particles are apt to sinter due to their large
surface energy. At present, the third point is expected
to be the most important in achieving the large surface
area of BaO:6A1,03. As mentioned above, the forma-
tion of barium hexaaluminate is essential for the large
surface area of the present system. The alkoxide pro-
cess permits direct formation of this phase by uniform
mixing of the components at a molecular level (Fig. 2).
To make a comparison with hydrolysis of the alkoxide
mixture, barium isopropoxide and aluminium iso-
propoxide were separately hydrolyzed in 2-propanol
solutions and the resulting hydroxide suspensions
were mixed and evaporated to dryness. The phases
appearing after calcination at 1300 °C were not only
BaO - 6A1,0; but also BaO - A1,05. This indicates that
high chemical homogeneity is attained only when a
mixture of the two alkoxides is hydrolyzed simultane-
ously. In other words, the mixing at a particle level
does not reduce the formation temperature of
BaO-6A1,0;. It is likely that the mixing of the two
alkoxides in 2-propanol leads to formation of mixed
alkoxides;2! but direct evidence for the formation of
mixed alkoxides has not been obtained. The high
chemical homogeneity in the alcoholic solution
should be retained in alkoxide-derived precursors as a
consequence of solution gelation.

On the other hand, in the case of powder mixtures,
barium hexaaluminate is formed through the solid
state reaction between BaO : Al,03 and alumina by dif-
fusion. Since the excellent heat resistance is not
achieved by the BaO-Al,O; phase, the BaO-Al,0;
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particles grow in size during the solid state reaction
until they are converted to BaO-6Al,03. Thus, it is
concluded that the high surface area of the alkoxide-
derived sample is a result of the low temperature for-
mation of BaO - 6A1,0;.

The difference in the reaction history is well
reflected in the microstructures of the powders. The
SEM photographs demonstrated a marked contrast in
microstructure of the two barium hexaaluminate sam-
ples (Fig. 3). Although large agglomerates and
unequal particle size are observed commonly in the
powder mixtures, the alkoxide-derived samples consist
of submicron particles with a uniform size. The dif-
ference in microstructure is reflected by the pore size
distribution. Large primary particles in the powder
mixture result in small overall pore volume as shown
in Fig. 4. The pores smaller than 10 nm in diameter
largely contribute to the difference in the total pore
volume of the three samples. Pores of this size are in
fact seen in the SEM photograph of the alkoxide-
derived BaO - 6A1,03 sample as interparticle voids.

Effect of Preparation Condition in Alkoxide Pro-
cess. The surface areas of samples from the alkoxide
process were affected by the amount of water and the
aging period after hydrolysis. The change in surface
area with the amount of water is apparently divided
into two regions as shown in Fig. 6. The stoichiomet-
ric amount of water for the decomposition of alkox-
ides is R(H,O/MOC;H;) = 0.5.

2 -M-(OC3H7) + Hzo — -M-0O-M- +2 C3H7OH (l)

At R(H,O0/MOGC3H;)<0.5, the oxide is produced partly
by hydrolysis (Reaction(1)) and partly by pyrolysis of
the alkoxides. The increase in surface area in this
region indicates that pyrolysis of the alkoxides does
not contribute to the large surface area. Namely, a
substantial amount of hydrolysis is required to pro-
duce a large surface area. The particle size of the
incompletely hydrolyzed product is two orders of
magnitude larger than that of the sample at R(H,O/
MOCGC;H;)>0.5 (Fig. 8).

At the second region (R(H,O/MOC;H;)>0.5), the
surface area decreases with an increase in R(H,O/
MOGC;H;) (Fig. 6). The partial formation of hydrox-
ides (Reaction(2)) is included, due to the presence of
excessive water in this region.??

M(OGC;H,), + nH,0 — M(OH), + nG;H,0H  (2)

As the amount of water increases, the reaction (2)
becomes dominant, resulting in a high content of
hydroxide groups in the product. The hydroxides thus
formed are thermally decomposed into oxides accom-
panying elimination of water in the temperature range
250—400 °C as was observed by TG. The weight loss
in this temperature range increased with R(H,0/
MOC;3H;), corresponding to the increase in the
hydroxide content in the precursors. The formation
temperature of BaO - 6A1,0; for the sample with a low
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extent of hydrolysis (R(H,0/MOC3;H7)<1.0) was near
1100 °C, while it is above 1200°C for the hydroxide-
rich sample (R(H,O0/MOC;H;)=10.0). The decrease
in surface area in the second region resulted from the
hydroxide formation in precursors. This also elevates
the temperature for the formation of BaO - 6A1,0;

The effect of the aging period in Fig. 5 is somewhat
smaller than that of the amount of water. The increase
in surface area with aging is related to the extent of
agglomeration of hydrolyzed products as was revealed
by SEM observation in Fig. 7. The aging of hydro-
lyzed products in the presence of excessive water likely
reduces the agglomeration of particles and brings
about a high dispersion state. Large agglomerates,
which are observed at a short aging period, grow into
large particles in the course of heating. This only
leads to the decrease in the surface area of the resultant
BaO- 6A1203

The authors are greatly indebted to the Center of
Advanced Instrumental Analysis of Kyushu University
for support in SEM measurements. This research was
partially supported by a Grant-in-Aid for Scientific
Research No. 61550598 from the Ministry of Education.
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