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Structure refinement through Rietveld analysis has been per-
formed on a series of Ba—Al-Q samples with Al/Ba ratios in the
range 9-14. This material is considered for its potential use in
catalytic combustion. The results show that different g-ALQ;-type
structures are obtained upon calcination at 1670 K depending on
the Al/Ba ratio. A f;,-Al;0; phase forms for the lowest Al/Ba
ratio and a §,-Al,0; forms for the highest one. Small amounts
of additional phases are present in the samples with the border
compositions. For an in-between composition (Al/Ba = 12) a
monophasic sample is obtained with crystal structure and calcu-
lated cell parameters intermediate between those of 8, and f;,.
The sample with the intermediate composition exhibits the highest
surface area. A strict relationship between surface area and aspect
ratic of the crystallites has been observed. This indicates that the
sintering resistance of these materials derives from the suppression
of crystal growth along the crystallographic axis c. Experimental
data also indicate that sintering resistance is closely related to Ba
content. © 1995 Academic Press, Inc.

1. INTRODUCTION

Catalytic combustion is widely used for off-gas clean
up and for low-power energy production. More recently
it has also been considered as a promising method for
the effective combustion of lean fuel-air mixtures in gas
turbines with minimom emissien of NO,, CO, and un-
burnt hydrocarbons (1-3). Power application poses de-
manding requirements on the catalytic material in view
of the extreme operating conditions typical of the combus-
tor (T = 1470-1570 K, P = 10-15 atm, v,,, = 10-40 m/s).
Hence the catalytic materials must present high thermal
stability and high resistance to thermal shocks typical of

gas turbine operation (1-4).
~ Among the investigated systems Ba-Al oxides appear
to be promising materials due to their excellent thermal
stability. Arai and co-workers (5-7) observed that the
optimum thermal stability is attained for a Al/Ba ratio of
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12 due to the formation of barium hexaaluminate (BaO -
6Al,0,). They observed that the surface area of such a
material depends on the preparation method as well as
on stoichiometry. According to the phase diagram of
BaO-Al, 0O, (8) a single phase of composition BaO - 6AlL,0,
is stable up to its melting point of 2185 K in the composi-
tion range between Ba/Al = 0 and Ba/Al = 0.5 together
with the neighboring a-Al,O; and BaO - Al O,.

The high thermal resistance against sintering has been
related to the peculiar layered structure of barium hexa-
aluminate. This structure consists of spinel blocks sepa-
rated by planes where the large Ba cations are located
(9). The layered structure suppresses crystal growth along
the ¢ axis (perpendicular to the Ba planes); this eventually
accounts for the observed plate-like shape of the crystal-
lites (6, 7).

The phase composition and the crystal structure of
Ba-hexaaluminates have been widely investigated in the
literature (10-13). It is worth noting that although BaO -
6Al, 0, has been described to be monophasic, it is now
well established that this compound is actually constituted
by two distinct phases with defective 8-Al, O, structure.
The ideal structure of 8-Al,0, is characterized by hexago-
nal symmetry. It is constituted by Al spinel blocks of
composition [Al,0,,]" intercalated by planes of composi-
tion [MO] containing monovalent or divalent cations and
oxygen. One spinel block and one intercalating plane,
that is also a mirror plane of the structure, constitute a
semicell, the crystallographic cell containing two of both,
as shownin Fig. 1. Wide deviations from stoichiometry for
B-aluminas have been reported frequently in the literature
(14). These deviations are usually caused by differences
in the distribution of the cations in the mirror plane. Also
for the Ba—g-aluminas the two observed phases differ in
stoichiometry: 8; of composition Ba, sAl;;05, 5 (Al/Ba =
14.67) is poorer in Ba, and B8, of composition
Ba, 13Aly, 130543 (ABa = 9.15) is richer in Ba (12, 13).
Structural details of these phases will foliow.

Accordingly, a critical review of available literature
data suggests that materials with the g-alumina structure,
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FIG. 1. Semicell of the ideal structure in 8-ALO,. Large spheres =
alkaline or afkali earth metal; medium spheres = oxygen ions; small
spheres = aluminum ions; m = mirror plane; s = spinel block.

which are of interest for catalytic purposes, can be ob-
tained in a composition range between Al/Ba = 14.6 and
Al/Ba = 9.1.

In previous papers (15, 16), the authors have reported
on a new preparation method based on the precipitation
of the constituents by (NH,),CO, from an aqueous solu-
tion of the corresponding nitrates. This method provides
a high interspersion of the constituents in the precursor
and allows to obtain materials with good morphological
properiies.

In the present paper, the structural investigation on
samples with Al to Ba atomic ratio from 14 to 9 is reported
~ aiming to clarify the extent and nature of the defectivity
in materials prepared using the above-cited method. The
structure has been investigated by means of powder dif-
fraction Rietveld refinement. The relations between the
B and B phases and the relevance of compositional
changes on the final morphological properties have also
been addressed.

2. EXPERIMENTAL

Samples of BaAl O, (x = 14, 12, and 9) were pre-
pared using a coprecipitation method in aquecus medium
(via carbonates) described eclsewhere (15, 16), starting
from the nitrates of the constituents, that typically provide
a high interspersion of the constituents.

Chemical analysis, carried out by means of atomic ad-
sorption (ICP-AES SPECTRO instrument by SPEC-
TROFLAME), confirmed that quantitative precipitation
occurred and that the actual Al/Ba ratios correspond to
the nominal ones.
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The precursors dried at 380 K and ground to 150-200
mesh were calcined at 1670 K according to the following
calcination procedure: intermediate steps at 770, 970,
1070, 1270, 1370, 1470, 1570, and 1670 K, heating rate of
1 K/min, hold for 10 hr at each temperature step, and
cooling rate 1.5 K/min, No grinding of the samples was
performed after cach heat treatment.

All the samples are quoted in the following with a nota-
tion indicating the ratio between the constituents; e.g.,
BaAl12 identifies the sample Ba—Al-Q with Al/Ba = 12,

The crystal structure refinement was based on powder
diffraction data. The powder patterns were collected in
6:26 step scanning mode, using CuKe radiation and a
diffracted beam monochromator (Philips vertical diffrac-
tometer PW1050-70). The step size used was 0.02° 20 and
the counting time was 10 sec/step. A divergent slit of
0.25° was used in order to keep the incident beam within
the sample down to 5° 24. The patterns were measured
in the range 15-130° 20. The refinement was performed
with a Rietveld method (17). The general structure analy-
sis system (GSAS) was used (18).

Surface area measurements were performed by the
BET technique using N, adsorption (Fison Sorptomatic
1900 instrument).

3. STRUCTURAL MODELS

Two distinct Ba-8-Al,0; phases, namely 8; and 8y,
are detailed in the literature. The differences between
them are associated with distinct defective cells, origi-
nated for electroneutrality reasons that are characterized
by Ba vacancies in the mirror ptanes, and by the related
structure defectivity (12, 13).

The structural models, actually refined in this work for
B, and B;;, have been derived from the literature. In the
case of 8, the space group P6,/mme is assumed according
to what was proposed by Yamamoto and lyi (11, 12) and
consistent with the observed systematic extinctions. The
same space group has been assumed also for the 8,; phase,
even if the correct space group should be P6m2 (13).
Powder diffraction can hardly discriminate between cen-
trosymmetric and noncentrosymmetric space groups and
the former choice results in a significantly lower number
of independent atomic positions. Moreover, noreflections
of appreciable intensity violating the P6,/mmc space
group have been observed and refinements conducted
with the correct space group did not result in a better
agreement with the experimental data. In order to include
the possibility of B-defective cells, an interstitial Ba site
has been introduced in the spinel block (site symmetry
Im, x =4, vy =%, z=3%). Only one of the two interstitial
Ba positions present in a defective semicell and generated
by centrosymmetry is actually occupied.

The Rietveld refinement used allowed for the Lo-
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rentzian peak width to be dependent on the reflection
indexes, thus modeling a crystallite shape anisotropy (19).
The thermal parameters of Ba in the mirror plane have
been refined anisotropically in order to simulate a splitting
of the position out of the 6m2 site which is also shown
by difference Fourier maps. In all the refinements soft
constraints have been introduced between the Al-0 dis-
tances of interstitial aluminums, because the low occu-
pancy factor of these atoms does not allow their precise
location. Finally, the occupancies of Ba, Al, and O have
been constrained with each other as follows (constraint
equations are reported in the relevant Tables 1b, 2b, 3b):

(i} in the case of 8, the presence of Ba vacancies implies
an equal number of Reidinger defects;

(i} in the case of 8,, for each Ba vacancy in the mirror
plane two interstitial Ba in the spinel biock are introduced
along with one triple Reidinger defect.

it has also been reported in the literature that the distri-
bution of ideal and defective cells in 8, structure is not
random. There is a definite tendency to form an in-plane
superstructure (a\/§ X a\/i), which is only bidimen-
sional and does not extend to the ¢ axis, as revealed by
selected area electron diffraction (SAED) (11, 13). This
disordered superstructure typically results in a diffuse
halo in the range 27-31° 29 of the powder XRD spectrum
(13). The superstructure has not been considered in the
Rietveld refinement because a crystallographic model is
assumed, and the halo has been included in the empirical
background modulation. A more convenient and physi-
cally sound approach to the investigation of the origin
of the observed halo is based on a noncrystallographic
approach to the simulation of the superstructure. A model
has been devised based on random stacking of layers and
resulting in a monodimensionally disordered structure.
The DIFFaX program has been used which exploits the
recursive nature of stacking sequences in a statistical en-
semble of crystallites (20). This algorithm generalizes the
Hendriks and Teller (21) approach and is easily applicabie
to all crystal structures.

4. RESULTS

4.1, Structure

The powder patterns of the samples BaAl9, BaAll2,
and BaAll4 calcined at 1670 K are reported in Fig. 2. It
is shown that in BaA19 and BaAll4, phases other than
B-aluminas are present, BaAlL,G, and a-Al,O5, respec-
tively. Quantitative Rietveld analyses yielded 2% BaAl,0,
and 2% a-AlLO, by weight. The usual accuracy of such
an analysis is of the order of 1-29% (17). The sample
BaAll2 appears to be monophasic. The inspection of the
relative intensities of the B-alumina phases, particularly
in the ranges 30-37° 20 and 15-21° 26, suggests the pres-
ence of differences between their structures depending
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FIG. 2. X-Ray powder diffraction patterns of Ba—-Al-O samples
calcined at 1670 K: (a) BaAll4, (b) BaAll2, and (¢) BaAl9.

on the Ba content. Furthermore a diffuse halo is present
in the range 27-31° 28 in sample BaAl9 and, to a minor
extent, in sample BaAll2. According to what proposed
by Yamamoto and Iyi (11, 13) and discussed below, this
feature can be attributed to the formation of a superstruc-
ture in the 8;; phase. Thus, a 8,-type structure for sample
BaAl9 and a B-type structure for sample BaAll4 have
been hypothesized. For sample BaAll2 an intermediate
structure has been assumed, which will be described in
detail later on.

BaAll4. The results of Rietveld refinement of sample
BaAli4 are reported in Table la. The low value of x? is
an index of the correctness of the assumed model involv-
ing the presence of 8, and of small quantities of a-AlLO;.
The calculated cell parameters of B, (a, = by =
5.5876(2) A, ¢, = 22.7270(9) A) compare well with those
reported in the literature (a, = b, = 5.587(2) A, and ¢, =
22.727(1) A (12)). The phase composition reasonably ac-
counts for the overall sample chemical composition ((Al/
Ba),.= 15.3, (Al/Ba),,,= 14). The calculated fraction of
defective cells results in 0,.283(4) compared to the theoreti-
cal value of (.25 required by electroneutrality. The calcu-
lated atomic positions and thermal parameters for B;-
ALO; are reported in Table 1b. The high value of the
anisotropic thermal factor U,,, compared to Us;, calcu-
lated for the barium atom, points to the fact that this atom
is probably split out of the 6m?2 site and is consistent with
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TABLE 1A
Results of Rietveld Structural Refinement of Sample
BaAlld Calcined at 1670 K

x% = 0.80 Ry,= 16.9%
Phase composition 98% Ba-B-AL0; + 2% a-ALO,
Nominal Al/Ba ratio 14

Calculated Al/Ba ratio 15.3

Ba-f-ALO, phase

Péy/mmc

a=b=7558602) A
e=27271 A

Bay 35A1Oy3 55

Bag nAlOy 5

(DIk) =18

Space group
Cell parameters

Theoretical 3; composition
Calculated composition
Crystallite shape factor

a-Al,O; phase
R - 3c
a=4k=476509 A
¢ = 13.030(4) A

Space group
Cell parameter

the known high mobility of the cations in the mirror plane
of B-AlLO, structures (14). The high value of the isotropic
temperature factor for O(5), which is also probably split
out of the position of symmetry (12), should also be noted.
The interatomic distances and the bond angles are re-
ported in Table 1c. They agree within 4 e.s.d. with litera-
ture data obtained by single-crystal refinement (12).
BaAl9. The results of Rietveld refinement of sample
BaAl9 are reported in Table 2a. The higher value of x? is
probably due to difficulties in fitting the halo at 27-31° 26
with an empirical background function (in this case a
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cosine Fourier sertes). The model involves the presence
of B, and barium aluminate phases. The calculated cell
parameters of By (g = by = 5.6016(3) A, ¢ =22.906(1) A)
compare with those reported in the literature (a, = b, =
5.6003(5) A, and ¢, = 22.922(2) A) (13). Also in this case
the phase composition accounts for the overall chemical
composition of the sample ((Al/Ba).,.= 9.0; (Al/Ba),, =
9). The calculated fraction of defective cells resulted in
0.314(6) compared to the theoretical value of 0.333 re-
quired by electroneurality. The calculated atomic posi-
tions and thermal parameters for the 8;-Al,O; phase are
reported in Table 2b. Also in this case the value of U
is higher than the value of Us; for the barium atom in the
mirror plane and O(5) has an abnormally high value of
isotropic temperature factor. In the case of O(6) the high
value calculated for the isotropic temperature factor is
meaningless because of its poor accurancy due to the low
occupancy. The interatomic distances and the bond angles
are reported in Table 2c. In this case a direct comparison
with literature data obtained by single-crystal refinement
is not possible due to the different space groups adopted;
however, the calculated values appear to be reasonable.
It is worth noting that the Ba—O distances calculated for
the 12-coordinate polyhedron are lower than those of the
9-coordinate polyhedron. This could result in a higher
energy of the Ba site in the spinel block and is in line with
the experimental evidence that 8, phase only forms in
the presence of an excess of barium, Moreover, it must
be noted that, compared to BaAlld4, a small contraction
of the regular Ba site is observed in this sample. This
contraction brings about a distortion of the site, as it
should, to maintain the Ba valency (22).

" TABLE 1B
Results of Rietveld Structural Refinement on Ba-f8;-Al,0; Phase in Sample BaAll4 Calcined at 1670 K

Site Ui Uy Us
Atom symm, Mutt. Occupancy X Y VA X100 % 100 x100
Ba(l) 6m2 2 0.717(4) 0.3333 0.6667 0.750 3.4(1) 0.1(1)
AL I 12 0.906(1) 0.1673(3) 0.3345(6) —0.1044(1) 1.64(8)
Al(2) 3m 4 1.00 0.3333 0.6667 0.0239(2) 2.92)
Al(3) im 4 1.00 0.3333 0.6667 0.1753(2) 2.3(2)
Al 3m 2 1.00 0.00 (.00 0.00 2.4(2)
Al(5) m 12 0.094¢1) 0.841(2) 0.682(3) 0.1745(7) 49)
o) m 12 1.00 0.1595(4) 0.3189%(8) 0.500(2) 1.2(2)
o) m 12 1.00 0.5036(4) 1.0072(9) 0.1457(2) 1.5(2)
o Im 4 1.00 0.333 0.6667 ~0.0545(4) 1.8(3)
0(4) Im 4 1.00 0.00 0.00 0.1426(5) 0.9(3)
[078)) 6m2 2 1.00 0.3333 0.6667 0.25 8.6(7)
06 mm2 6 0.094(1) 0.875(5) 0.75(1) 0.25 0(2)

Note. Constraints on occupancy: Ba(l) + 3 Al{5) = 1 {Reidinger defect); Al(1) + Al(5) = 1 (balance on Frenkel defect); Al(5) =
O(6) (balance on oxygen bridge). Fraction of defective cells = [ — Ba(J).

4 Atoms in interstitial positions.
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TABLE 1C
Calculated Interatomic Distances and Bond Angles for Ba—g;-A1,0; Phase in Sample
BaAl14 Calcined at 1670 K

Interatomic Distances

Bond Angles

Atoms Number of bond Distances (A) Atoms Bond angles (°)
Octahedral coordination Octahedral coordination
AlCD-0(1) 2 2.009(4) O)-AlD-0(1) B1.4(3)
Al(1)-0(2) 2 1.849(3) O()-Al(1)-0(2) 90.4(2)
Al(1)-0(3) 1 1.967(5) O(2)-Al(1)-0(2) 95.3(3)
Al(1)-0¢4) 1 1.837(6) 0O3)-AK1)-0(1) 89.4(2)
Al(4)-0(1) 6 1.916(4) O(D-Al1)-0(2) 86.1(2)
O(4)-Al(1)-0O(1) 85.4(3)
Tetrahedral coordination O4)-Al(1)-0(2) 98.6(2)
Al(2)-0(D) 3 1.784(4) O(D)-Al(4)-0(1) 88.4(2)
Al(2)-0(3) 1 1.782(9) O(1)-Al(#)-0(4) 91.5(2)
Al(3-O) 3 1.780(5)
Al(3)-0(5) 1 1.697(5) Tetrahedral coordination
ANS-0(2) 2 1.761(%) O(-AL2-0(1) 109.5(2)
Al(5)-0(4) 1 1.70(2) O(3)-Al2}-0(1) 109.4(2)
Al(F)-0(6) 1 1.75(2) O2)-ALN-O(2) 106.6(3)
O(2)-Al(3)-0(5) 112.2(2)
9-Coordinated polyhedron 002)-Al(5)-0(2) 101.8(9)
Ba(1)-O(2) 6 2.847(5) O{2)-Al(5)-0(6) 118(1)
Ba(1)-0(5) 3 3.2260(1) O()-Al(5-02) 107.6(7)
(Ba-0),,, = 2.973 A O4)-Al(5)-0(6) 104(2)

In Fig. 3, the experimental pattern along with the simu-
lated pattern derived by the DIFFaX calculation is re-
ported. The model simulates the random stacking of an
(aV3 x aV/3) superstructure layer along the ¢ axis. This
superstructure involves the ordering of the defective cells
in the ab plane. In the overall structure there is one such
defective cell every two ideal celis. The stacking sequence

involves an equal probability of finding the defective cell
above any of the three cells constifuting the superstruc-
ture unit layer. The physical meaning of this model is
that the relative positions of defective cells are totally
uncorrelated between neighboring conduction layers. The
good agreement between the experimental and calculated
pattern proves the correctness of the proposed model,

~ confirming the presence of the disordered superstructure

TABLE 2A
Results of Rietveld Structural Refinement of Sample
BaAl9 Calcined at 1670 K

X! =183 Ryp= 14.95%

Phase composition 98% Ba-£-ALO; + 2% BaAlQ,
Nominal Al/Ba ratio 9

Calculated Al/Ba ratio 9.0

Ba-8,-AlLO; phase

P6y/mmc

a=b=56017A
c = 22.906(1) A

Bay 7 AL sOvnry

Ba, 14Al10.68017.16

D/ = 3.1

Space group
Cell parameters

Theoretical 8y composition
Calculated composition
Crystallite shape factor

BaAlQ, phase

Space group P6;22
Cell parameter a=h=323455 A
c=BROLA

in the BaAl9 sample.

BaAll2, The model adopted for the structure of BaAll2
is somewhat intermediate between f; and 8);. It has been
derived from the observations that the relative intensities
for this sample are intermediate between those of samples
BaAll4 and BaA19 and that a halo is present in the range
27-31° 26, even if less intense than for sample BaAl9.
The structural model adopted here can be physically asso-
ciated with an intergrowth between B; and By phases.
The intergrowth can occur according to indications in the
literature (11, 22) due to the strong similarities between
the two structures. The relevant constraints on site occu-
pancics, due to the simultaneous presence of 8, and 8y
defective cells, have been introduced (Table 3b).

The results of Rietveld refinement are reported in Table
3a. The low value of x? supports the correctness of the
adopted model. Also in this case the 8-phase composition
reasonably accounts for the overall chemical composition
of the sample ((Al/Ba),, = 12.7; (Al/Ba),,,= 12). The
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TABLE 2B
Results of Rietveld Structural Refinement on Ba—8;-Al,0); Phase in Sample BaAl9 Calcined at 1670 K
Site Uiso U“ U33

Atom symm. Mult. Occupancy X Y z x 100 x 100 x100
Ba(l) 6m2 2 0.843(1) 0.3333 0.6667 0.750 2.81(1) 1.9(2)
Ba(2)* im 4 0.157(3) (.6667 0.3333 0.4697(5) 1.8(3)

Al(l) m 12 0.843(3) 0.1636(4) 0.3273(8) —0.1034(2) L&)

Al(2) Im 4 0.843(3) (.3333 0.6667 0.0231(3) 0.8(2)

Al(3) Im 4 1.00 0.3333 0.6667 0.1768(3) 3.3(2)

Al(4) 3 2 1.00 0.00 0.00 0.00 2.2(3)

Al(5}* " 12 1.157¢3) 0.841(1) 0.6812} 0.1769(5} 1.4(6}

) m 12 1.00 0.1574(3) 0.315(1) 0.0485(3) 0.2(2)

02) m 12 1.00 0.5050¢4) 1.0100(9) 0.1499(3) 0.7(2)

[01K)] Im 4 0.843(3) 0.3333 0.6667 —0.0555(7) 0.4(5)

O(4) Im 4 1.00 0.00 0.00 0.1464(6) 0.8(3)

OS) 62 2 1.00 0.3333 0.6667 0.25 11(1)

0(6)° mml 6 0.157(3) 0.894(5) 0.790(1) 0.25 19(6)

Note. Constraints on occupancy: Ba(1} + Al(5) = 1 {triple Reidinger defect); Ba(2) + Al2) = 1 (displacement of regular atoms
by Ba(2}); Ba(l) + Ba(2) = 1 (balance on Ba); Al(1) + Al(5) = | (balance on Frenkel defect); Al(5) = O(6) (balance on oxygen
bridge); Al(2) = O(3) (displacement of regular atoms by Ba(2)). Fraction of defective cells 2 # [1 — Ba(1)] = 2 = Ba(2).

4 Atoms in interstitial positions.

TABLE 2C
Calculated Interatomic Distances and Bond Angles for Ba—B,-Al,0; Phase in Sample

BaAl9 Calcined at 1670 K

Interatomic Distances

Bond Angles

Atoms Number of bond Distances (A) Atoms Bond angles (°)
Octahedral coordination QOctahedral coordination
ALD-0O(1) 2 2.002(5) O(D)-AID-O(1) 82.7(4)
Al(1j-0(2) 2 1.936(5) O()-AID-002) 93.8(2)
Al(1)-0(3) | 1.978(9) O2)-Al(1)-0(2) 89.5(3)
Al(1)-0{4) 1 1.863(8) O(3)-Al(1)-0(1) 89.7(2)
All4)-O1) 6 1.889(5) O(3)-A1)-0(2) 86.2(4)
O(4)-AK1H-0(1) 88.9(4}
Tetrahedral coordination O-Al-0(2) 95.1(3)
Al2)-O{(1) 3 1.804(6) O(D-Al#)-0(1) 88.9(3)
Al2)-0(3) 1 1.80(2) O{1)-Al{4)-0(1) 91.1(3)
AlN-0(2) 3 1.776(5)
Al(3)-0(5) 1 1.677(7} Tetrahedral coordination
Al(5)-{2) 2 1.745(6) O()-Al2)-0(1) 110.1(3)
Al(5)-04) 1 1.696(9) O(3)-Al2)-011) 108.8(3)
Al(5)-0(6) 1 1.752(9) O(2)-A1(3)-0(2) 108.6(3)
O(2)-Al(3)-0(3) 110.3(3)
9-Coordinated polyhedron O2)-Al(5-0(2) 102.2(8)
Ba(1)-0{2) 6 2.778(6) O2)-Al(5)-0(6) 119(1)
Ba(1)-0(5} 3 3.2341(2) O(4)-Al(5)-O(2) 109.0(4)
(Baf1)-0l,,, = 2.973 A O)-AlS—0(6) 97(1}

Ba inside the spinel blocks
(12-coordinated polyhedron)

Ba(2)~-0(1) 3 2.485(9)
Ba(2)-0(1) 6 2.833(2)
Ba(2)-0(2) 3 3.16(1)

(Ba(z)_o}ave = 2825 A
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FIG. 3. Comparison between (a) experimental pattern of BaAl9 cal-
cined at 1670 K and (b) calculated DIFFaX spectrum. @ = BaAl,0,;
® = diffuse halo.

fraction of 8- and By-defective cells calculated on the
basis of the site occupancies resulted in 0.186(8) and
0.086(8), respectively. The refined-cell parameters are in-
termediate between those reported in the literature for §;
and By. The atomic positions and thermal parameters
for the B-alumina are reported in Table 3b and the in-
teratomic distances and bond angles are reported in Table
3c. The calculated values are similar to those obtained
for BaAl14 and BaAl9. Also in this case the value of U;,
1s higher than the value of U, for the barium atom in the
mirror plane and O(5) shows a high value of the isotropic
temperature factor.

4.2, Morphology

It has been reported in the literature that Ba—3-Al,0,
consists of hexagonal plate-like ¢rystals characterized by
a strong anisotropy.

As stated above, Rietveld analysis allows us to describe
the shape-anisotropy of the particles constituting our ma-
terials. The calculated value of the crystallites aspect ratio
(i.c., the ratio between the average dimension paralle] to
the ab planes and the average dimension parallel to the
¢ axis} for the $-Al,O, of our Ba—Al-O samples are re-
ported in Tables la, 2a, and 3a. For BaAll2 an aspect
ratio of 7.4 has been obtained. This value is significantly
higher than those obtained for BaAl9 and BaAll4 (3.1
and 1.8, respectively). The trend of surface-area values
parallels that observed for the aspect ratios. In fact the
highest value (15 m?/g) is obtained for sample BaAll2
calcined at 1670 K, while surface areas significantly lower
have been measured for BaAll4 and BaAl9. These data
are consistent with literature indications (5-7) that report
the highest thermal stability and the highest surface area
for the BaAli2 systems.

GROPP] ET AL.

5. DISCUSSION

Crystal structure refinement of Ba—Al-O samples has
shown that different Ba~8-AlL,0O;-type structures are ob-
tained upon calcination at 1670 K depending on the Al/
Ba ratio. In line with indications in the literature (12, 13),
B phase forms near the lowest Al/Ba {Al/Ba = 9) limit
and 8, phase forms near the highest (Al/Ba = 14). Smail
amounts of additional phases (2% w/w «-Al,O; and 2%
w/w BaAl,(,) are present in the samples with the border
compositions. These phases correspond to the neigh-
boring ones reported in the phase diagram of the
BaO-AIL, system. The correctness of the results of Riet-
veld analysis is supported by the good agréement between
the calculated values of cell parameters, bond distances
and angles, and the values reported in the literature for
B (12) in the case of BaAll4 and for 8; (13) in the case
of BaAl9. For an intermediate composition (Al/Ba = 12)
a monophasic sample is obtained with crystal structure
and cell parameters intermediate between those of 8,
and B;;.

A halo is observed in the powder XRD spectrum of
BaA19 and, to a minor extent, of BaAl12. This feature has
been successfully modeled assuming a random stacking
sequence of ab planes showing an aV3 x aV3 super-
structure. This confirms the presence of an in-plane super-
structure disordered along the ¢ axis associated with the
By phase,

The structural details of the 8-Al,O; phases reported
herein support and better clarify the formation mechanism
reported in a previous paper (16). It has been observed
that, under the preparation route here adopted, Ba-3-
Al O, forms via solid-state reaction between microcrystal-
line y-Al,(}, and dispersed Ba compounds or crystalline
BaALQ, starting from a threshold temperature of 1370 K.

TABLE 3A
Results of Rietveld Structural Refinement of Sample
BaAll2 Caicined at 1670 K

x!= 1.46 R,,= 18.77%
Phase composition Ba-g8-AlLO,
Nominal Al/Ba ratio 12

Calculated Al/Ba ratio 027

Ba—,BHB“-AIEOJ phase
Po,/mme
a = b= 559364 A
c=22.767(2) A

Space group
Cell paramaeters

Nominal composition Bay gpAli 30017
Calculated compositiorn Bay geAlip /017
Crystallite shape factor (D/h)y =174
Calculated ratio 3//8 cells 2.16
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TABLE 3B
Results of Rietveld Structural Refinement on Ba-g,,;-ALO0; Phase in Sample BaAll2 Calcined at 1670 K
Site Vo Uy Un

Atom symm. Mult. Occupancy X Y z x100 X100 X100
Ba(l) 6m2 2 0.771(7) 0.3333 0.6667 0.750 2.5(1) 1.4(3)
Ba(2)® im 4 0.043(8) 0.6667 0.3333 0.462(4) 8(4)

AlD m 12 0.894(7) 0.1662(4) 0.3325(8) —0.1044(2) 1.5(1)

Al(2) 3m 4 0.957(4) 0.3333 0.6667 0.0237(4) 2.72)

Al(3) Im 4 1.00 0.3333 0.6667 0.1758(3) 2.42)

Al(4) im 2 1.00 0.00 0.00 0.00 1.5(3)

Al(5)° m 12 0.106(7) 0.839(1) 0.678(3) 0.1757(7) 11}

(1) m 12 1.00 0.1579(6) 0.316(1) 0.0494(3) 1.32)

o2) m 12 1.00 0.5027(6) 1.005(1) 0.1466(4) 1.9(2)

O(3) 3m 4 0.957(4) 0.3333 0.6667 —0.053(1) 1.2(1)

O4) 3m 4 1.00 0.00 0.00 0.1451(7) 1.5(4)

Q(5) om2 2 1.00 0.3333 0.6667 0.25 9(1)

o6)" mm?2 6 0.106(7) 0.893(6) 0.78(1) 0.25 0(2)

Note. Constraints on occupancy: Ba(l) — 2 Ba(2) + 3 Al(5) = 1 (Reidinger defect + triple Reidinger defect); Ba(2) + Al2) =
1 (displacement of regular atoms by Ba(2)); Al(1) + Al{(5) = 1 (balance on Frenkel defect); AK5) = Q(6) (balance on oxygen
bridge); Al(2) = O3) (displacement of regular atoms by Ba(2)); Fraction of defective 8; cells = 1 — Ba(l) — Ba(2); Fraction of

defective 8y cells = 2 * Ba(2).
¢ Atoms in interstitial positions.

TABLE 3C

Calculated Interatomic Distances and Bond Angles for Ba—,-Al;0; Phase in Sample

BaAll12 Calcined at 1670 K

Interatomic Distances

Bond Angles

Atoms Number of bond Distances (A) Atoms Bond angles (°)
QOctahedral coordination QOctahedral coordination
Al(1)-O{1) 2 2.011(6) O(D-Al1-0(1) 82.4(4)
Al(1)-0(2) 2 1.869(5) O(1)-AK1)-0(2) 91.2(3)
AlD-03) 1 2.00(2) O(D-AK1)-0(3) 88.4(3)
Al(1)-04) 1 1.858(8) O(1)-AK1)-0(4) 86.9(4)
AlH-O() 6 1.898(5) O(D-Al(1)-0(2) 94.7(4)
O2)-Al(1)-0(3) 86.9%(5)
Tetrahedral coordination O2)-Al{1)-0(4) 97.3(3)
Al(2)~0(1) 3 1.797(6) Q(1)-Al(4)-0O(1) 88.5(3)
Al(2)-0(3) 1 1.74(3) O(1)-A(4)-0(1) 91.5(3)
Al(3)-0(2) 3 1.770(6)
Al(3)-0(5) 1 1.690(5) Tetrahedral coordination
Al(5)-0(2) 2 1.761(8) O(1)-AK2)-0(1) 110.0(3)
Al(5)-0(4) 1 1.70(1) O(1)-Al2)-0(3) 109.0(3)
Al(5)-0(0) 1 L7 02)-Al3)~-02) 106.8(4)
O2-Al3) -0 112.0(4)
9-Coordinated polyhedron 0(2)-Al5)-02) 102(1)
Ba()-0(2) 6 2.839(8) O(2)-Al(5)-0(4) 107.6(6)
Ba(1)-0{(5) 3 3.2295(2) O(2)-Al5)-0(6) 120¢1)
(Ba—0Q),y, = 2.969 A O()-Al5)-0(6) 97(2)

Ba inside the spinel blocks
(12-coordinated polyhedron)

Ba(2)-0(1) 6 2.81(1)
Ba(2)-0(1) 3 2.61(7)
Ba(2)-0(2) 3 2.95(9)

(Ba(2)-0),,. = 2.792 A
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FIG. 4. Surface areas vs calculated aspect ratios of the 8-Al0,
crystallites in Ba—-Al-O samples. & Al/Ba = 14; B Al/Ba = 9; @ Al/
Ba = 12.

The stabilization of y-Al,Oy up to the formation tempera-
ture of the Ba—3-Al,0, is due to the presence of dispersed
barium which inhibits alumina sintering and phase transi-
tion. Considering structural analogy between the y-Al,O,
and the 8-Al,0; structures, the formation of this last phase
proceeds through the diffusion, along the oxygen close
packed planes, of Ba ions in the spinel structure of y-Al,0,
originating the discussed layered $8-Al,O, structure. The
observed threshold temperature of 1370 K is related to
the mobitity of Ba in the Al,O, matrix. The diffusion of
Ba may be conceived to occur at the same rate along all
oxygen planes at the beginning of the reaction, but the
modification of the crystallographic field induced by Ba
insertion prevents diffusion along adjacent planes re-
sulting in the layered 8-Al,O, structure. According to this
mechanism different structures (8, or 8 form depending
on the local Ba activity. The intermediate structure ob-
served in BaAl12, likely originated by an intergrowth of 8,
and 8y domains, points to a uniform Ba activity through-
out the sample.

In addition, the more difficult formation of Ba—g;-Al,O,
in BaAl9, which occurs 100 K above that of 8; in BaAll4,
can be due to the higher electrostatic energy associated
with the 12-coordinated Ba site inside the spinel block,
compared to the 9-coordinated Ba site in the mirror plane.

As stated above, the relevance of Ba-Al-O systems
for catalytic applications is related to their thermal stabil-
ity and particularly to their resistance against sintering. In
line with the literature data, BaAll2 shows the maximuom
resistance against sintering. It retains a surface area of
15 m%/g upon calcination at 1670 K for 10 hr. The same
value was obtained by Arai and co-workers for a sample
with identical composition prepared via hydrolysis of al-
koxides and calcined at 1670 K. The high surface area
retained by these samples is related to the plate-like shape
developed by the crystallites. Arai and co-workers found
an aspect ratio of 5-10 in their sample by means of TEM
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analysis (5-7) while our BaAll2 sample shows an aspect
ratio of 7.4, as determined by XRD line profile analysis
in Rietveld refinement.

The resistance to sintering in these materials has
therefore been attributed to the anisotropic diffusion of
atoms in the structure, caused by the layered B8-AlLO;
structure suppressing diffusion parallel to the ¢ axis
(24, 25). The suppression of interlayer diffusion is sug-
gested in the present work by the detection of the in-
plane B;; superstructure. This superstructure arises from
the lack of any interaction between successive Ba-
containing planes which are stacked in a completely
random fashion. However, the layered structure itself
is not sufficient to provide a high resistance to sintering.
Samples BaAl9 and BaAll4 exhibit surface areas signifi-
cantly lower than BaAll12. Farthermore in our samples
we have found different aspect ratios depending on the
stoichiometry.

Figure 4, showing surface area vs aspect ratio, confirms
the strict relationships between surface area and crys-
tallite shape anisotropy, the higher surface area being
exhibited by the most anisotropic sample.

In order to better clarify the different sintering behav-
iors of Ba—Al-Q samples the surface area data vs calcina-
tion temperature in the range 1470-1670 K reported in
Fig. 5 have to be considered. BaAll4 shows the maximum
area at 1470 K (4, = 32 m?%/g) but progressively sinters
on increasing the calcination temperature up to the final
value of 2 m¥/g. The surface area of BaAll2 slightly de-
creases from 1470 to 1570 K and keeps constant at 15
m?/g upon further calcination at 1670 K. The surface area
of BaAl9 calcined at 1470 K is significantly lower than
those of BaAll4 and BaAll2 and further decreases to =6
m?/g upon calcination at 1570 K. Anyway a surface area
of =4 m’/g is retained upon calcination at 1670 K. This
behavior indicates that a critical Ba concentration in the
structure is required for the effective suppression of crys-

surface area (m2/g)

Al/Ba=14
l_Al /Ba =12

10 = Al/Ba=9
?470 1570 1670 1770
TEMPERATURE (K)
FIG. 5. Surface areas of Ba—Al-0O samples vs calcination temper-

ature.
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tal growth along the ¢ axis of Ba-g3-AlLQ; crystallites.
Indeed, in BaAll4, sintering proceeds even after the for-
mation of Ba-8;-Al,0,.

As stated above, 8-AlLO; structure does not allow the
presence of adjacent Ba-containing planes, moreover the
suppression of Ba diffusion between the layers prevents
the reorganization of the stacking sequence of the layers
along the ¢ axis. Accordingly the reaction between two
crystallites with Ba planes near the surface, resulting in
a crystallite with close Ba containing planes, can hardly
occur. The different behavior of Ba—Al-0 samples points
to the fact that in BaAll4, exhibiting a Ba—3;-Al,0, struc-
ture, a residual Ba mobility is retained possibly associated
with the Ba vacancies in this structure. This mobility,
allowing the reorganization of the stacking sequence, can
be responsible for the sintering observed in BaAll4 on
increasing the calcination temperature. On the other hand,
the higher Ba content of BaAl9 and BaAll2, with total or
partial character of B structure, prevents the growth
along the ¢ axis by limiting the possibility of the re-
arrangement of the stacking sequences.

The low surface area of BaAl9 is related to the slower
formation rate of the 8; phase. The sintering of unreacted
v-Al,O; and BaAl,O, is likely responsible for the loss of
surface arca up to 1570 K. Once formed, the Ba-rich g
phase does not sinter and retains the residual value of
surface area.

6. CONCLUSIONS

The main conclusions of this work can he summarized
as follows:

1. The coprecipitation method allowed us to obtain
Ba—-Al-O samples with a final layered $-Al,0; structure
in the Al/Ba range 9-14.

2. Rietveld structural refinements showed that differ-
ent 8-Al,O; structures are obtained depending on Al/Ba
ratio, namely Bp-AlL,O; for the highest Al/Ba ratio
(Al/Ba = 9) and B,-AlL,0, for the lowest ratio (Al/Ba =
14). For the in-between composition (Al/Ba = 12) a phase
characterized by a structure intermediate between 8; and
Bu has been observed. The good agreement between the
calculated and the literature values of 38, and 8,, of cell
parameters, bond angles and distances, confirms the cor-
rectness of the structural models adopted. Only the sam-
ple with Al/Ba = 12 is monophasic. Small amounts of
additional phases, namely a-Al,O, (2%) in the case of
Al/Ba = 14 and BaAl,O, (2%) in the case of Al/Ba = 9,
are present in the samples with the border compositions.

3. Due to the similarity between the structures of
v-Al,O, and of 8-Al,0, a formation mechanism of the 3
phases is proposed which proceeds via diffusion of Ba
ions in the oxygen close packed planes of y-Al,O;. Ac-
cording to this mechanism the attainment of 8; or 8y
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structure only depends on the local Ba activity. In this
scheme the intermediate Ba—3;B8-Al,O; observed in the
case of Al/Ba = 12 suggests the uniform Ba concentration
in the crystalhites,

4. In line with what is reported in the literature the
superior morphological properties exhibited by the
BaAl12 sample are related to the suppressed crystal
growth along the ¢ axis resulting in a strong shape
anisotropy of the crystallites. The resistance to the
sintering cannot be related only to the formation of a
layered B-Al,Os-type structure. In fact it appears that
a critical Ba content is required for the effective sintering
inhibition as suggested by the worse morphologicai
properties of BaAll4, For BaAl9 the lower surface area
is likely related to the difficult formation of the final
phase that results in an irreversible sintering of the
precursor material.
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