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Thermal stabilization of transition alumina is achieved by nucleating a cubic LnAlO, structure 
(Ln = La, Pr, Nd) on the surface of the alumina support. The structural transition to corundum is 
inhibited by strong surface interactions between the thermally stable cubic perovskite compound, 
LnAlO,, and alumina. A model is proposed to interpret the influence of the doping oxide: the 
thermal stabilization is related to the presence of LnAlO, microdomains in the corundum nucle- 
ation sites. The strength of the interaction is a result of structural analogies exhibited by the two 
components of the support (LnAIO, and A120,), both related to fee oxygen packings. 0 1988 
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INTRODUCTION 

Thermal stabilization of transition alu- 
mina is of primary industrial interest. In 
particular, the decrease in activity of auto- 
motive catalysts, by thermal sintering of 
the active supported metal components, is 
dramatically aggravated by modifications 
around 1000°C of active alumina (I). These 
modifications appear both on structural 
grounds (transformation of active alumina 
into corundum) and on textural grounds 
(loss of specific area and porosity). 

Generally, stabilization is obtained by 
doping the alumina support (and conse- 
quently the supported catalyst) with foreign 
elements such as alkaline-earth metals (2), 
zirconium (3), and rare-earth metals (3, 4). 
Among the latter, cerium (5) and lan- 
thanum (3, 6) are the most commonly used. 

In spite of the fact that these systems are 
extensively studied, the exact nature of the 
interaction between lanthanum (and related 
Pr and Nd metals) and alumina is not yet 
clearly understood. 

This paper is an attempt to interpret the 
thermal stabilization of alumina. A model is 
proposed, based on structural consider- 
ations, with respect to alumina and to a 
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doping phase with the LnA103 (Ln = La, 
Pr, Nd) structure. 

EXPERIMENTAL 

Preparation. The preparation of these 
rare-earth-doped aluminas has been de- 
scribed previously (7). Briefly, the Ln com- 
pounds are deposited on the support by am- 
monia coprecipitation (pH = 9) of Ln and 
aluminum hydroxides (both from nitrates) 
in equimolar mixture (La/Al = 1) in an 
aqueous suspension of boehmite (Rhone- 
Poulenc GB200, 200 m2/g). After extensive 
washing and filtration, the product is 
calcined at 600°C for 4 h to transform the 
boehmite into y-A1203. Bulk LnA103 sam- 
ples are prepared by similar processes, i.e., 
thermal decomposition at 800°C of Ln and 
Al hydroxides, obtained by ammonia co- 
precipitation of an equimolar mixture of the 
corresponding nitrates. Finally, Ln oxides 
are obtained by thermal decomposition of 
the respective hydroxides. These com- 
pounds are used as standards for the UV- 
visible spectroscopy experiments. 

Surface area determination. The surface 
area of the support is measured by the BET 
method on a Coultronics apparatus. 

X-ray diffraction. XRD spectra (CuKor, 
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20) are recorded on a RIGAKU diffractom- 
eter, equipped with a proportional counter. 

Transmission electron microscopy. Se- 
lected area diffraction (SAD) and direct 
imaging are performed on a JEOL JEM 
1200 EX microscope, operated at 120 kV. 

UV-visible spectroscopy. Diffuse reflec- 
tance spectra are obtained on a DK-2A 
Beckman spectrophotometer, in the wave- 
length range 900-400 nm (transmittance 
scale). 

RESULTS 

We showed in a previous paper (8) that 
the stabilization by lanthanum of alumina is 
optimum for a cationic ratio of 1% lan- 
thanum (La/La + Al = 0.01); after high- 
temperature exposure (1 ISO”C>, the specific 
area of the supports is maximum at this 
concentration. Moreover, for lower La 
loadings (< I%), alumina partly transforms 
into corundum. For noble metal exhaust 
catalysts (8), we have established (by hy- 
drogen chemisorption) that the presence of 
lanthanum increases both the initial metal- 
lic dispersion and the resistance to thermal 
sintering of supported metals. Recently (9>, 
we obtained direct confirmation of the ther- 
mal stability of lanthanum doped three-way 
monolithic exhaust catalysts by measuring 
the evolution of the catalytic activity (con- 
version of CO, NO,, and hydrocarbons to 
CO?, NZ, and H20) versus thermal treat- 
ments on a laboratory reactivity test (feed- 

TABLE 1 

Changes in the Surface Area of Ln- 
Doped and Undoped Alumina after 
Heating at 6Oo”C, 4 h (a) and 1 lWC, 
12 h (b) 

Sample 

Pure A120, 
1% La-A120j 
1% Pr-A&O, 
1% Nd-Al*O, 

SBET (m*k) 

(a) (b) 

250 3 
220 63 
220 50 
220 49 

(400) (440) 
,-.,+ v-Al& 

-A 
(400) 

(440) (40.12) 

45 250. .53. .W, .65. .7P 
28 

FIG. 1. XRD patterns of La-doped alumina and un- 
doped alumina, before and after thermal aging. (A) 
Both samples before thermal aging (as prepared). (B) 
1% La-AI*O, after heating at Il5O”C, 12 h. This sam- 
ple has the 6-A1203 structure. (C) Pure alumina after 
heating at 115O”C, 12 h. This structure is a-AlzOT. 

stream: NO,, CO, COz, 02, Nz, HZ, HzO, 
C3& C3H8)- 

In the present paper, we extend to Pr and 
Nd the study of the stabilization of transi- 
tion alumina. 

Table 1, which gives the BET surface 

area of pure alumina and of the three 1% 
Ln-doped samples before and after calcina- 
tion for 12 h at 115o”C, illustrates the benefi- 
cial effect of La, Pr, and Nd on the texture 
of the alumina support. 

The XRD patterns exhibited by the Ln- 
doped samples are completely identical. 
Figure 1 shows the changes in the XRD pat- 
terns of pure alumina and of 1% La-A1203 
(thus representative of the Ln-doped sam- 
ples) before calcination (as-prepared sam- 
ples, pattern A), and after thermal aging 
(115O”C, 12 h). 

Comparison of the XRD patterns after 
heat treatment shows that the doped sam- 
ple (pattern B) has a transition alumina 
structure (a-A1203), whereas the undoped 
alumina (pattern C) is completely trans- 
formed into corundum. 

As expected, according to the great simi- 
larity of the chemical properties of La, Pr, 
and Nd, the three rare-earth elements are 
almost identically effective both on the 
structure (inhibition of the formation of co- 
rundum) and on the texture of the support 



114 OUDET, COURTINE, AND VEJUX 

(preservation of a high surface area after 
calcination at 1150°C): 3 m*/g for pure alu- 
mina and, respectively, 63, 50, and 49 m2/g 
for La-, Nd-, and Pr-doped supports. 

We now attempt to determine the chemi- 
cal state of the Ln elements responsible for 
the thermal stability. Given our preparation 
process, formation of LnA103 on alumina 
support is expected (since bulk LnA103 
readily forms in such coprecipitation pro- 
cesses followed by calcination above 
800°C; see Experimental). 

Actually, the XRD patterns (Fig. 1) show 
that no crystalline phases other than alu- 
mina can be detected in the 1% doped sam- 

ples. Since LaA103 peaks are detected for 
higher concentrations (a), we may assume 
LnA103 to be present also with the 1% 
doped samples, but below the threshold of 
detection by XRD. The following experi- 
ments were aimed at giving more direct 
confirmation. 

TEM experiments have been performed 
on doped and undoped alumina. While 
SAD shows the same limitation as XRD in 
detection of the 1% doping phase, direct 
imaging (Figs. 2a,b) reveals important dif- 
ferences between the two products, mainly 
from the point of view of morphology and 
crystallinity. The doped alumina appears 

FIG. 2. Micrographs of the supports after heating at 8OO”C, 5 h. (a) 1% La-A1203. (b) Undoped 
alumina [the fringes represent the (I 1 I) planes of -y-alumina, d = 4.56 A]. 
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less structurally organized and crystallized 
than pure alumina, even after high-temper- 
ature treatments. These differences are dis- 
cussed in the next section. While confirm- 
ing the existence of interactions between 
lanthanum and alumina, this technique 
does not provide precise information about 
the chemical state of lanthanum in the 
doped samples. 

Due to the limitations of XRD and TEM 
methods, more sensitive techniques have to 
be used. Since UV-visible spectroscopy is 
known to easily reveal the influence of 
crystal field on the electronic transitions inf 
orbitals of the rare-earth elements (IO), the 

doped samples were characterized by this 
means. 

Figure 3 shows the diffuse reflectance 
spectra of three neodymium compounds of 
interest (Nd103, NdA103, 1% Nd-Al,O,). 
One can see that the three curves are quite 
comparable. However, the NdA103 and 1% 
Nd-doped alumina spectra, while exhibiting 
the same energy transition levels, are 
shifted to the “blue” by approximately 12.5 
nm compared with the Ndz03 transitions. 
These results are in good agreement with 
the data presented by Caro (IO), concern- 
ing the shift of the 419,~-2P112 transition of the 
4f3 orbital between Nd3+ in neodymium ox- 
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FIG. 3. Diffuse reflectance spectra of Nd203, 
NdAiOj, and 1% Nd-doped alumina. The similarity of 
the two last spectra, shifted by approximately 12.5 nm 
relative to Nd203, indicates the formation of NdAIOS 
in the Nd-doped sample. The absorption peaks are at- 
tributed to transitions from the 4Igiz level (4f3) to the 
labeled levels. 

ide and the same ion in substitution (of 
La3+) in LaA103. 

Figure 4 shows the result of the same ex- 
periment performed with praseodymium. 
In this case, the situation is more ambigu- 
ous since the praseodymium oxide pre- 
pared under the conditions previously de- 
scribed is a nonstoichiometric, deep black 
powder, and thus does not yield any diffuse 
reflectance spectrum. However, the spec- 
tra of Pr-doped alumina and PrAl03 are the 
same, with energy transitions at 600, 495, 
475, and 450 nm. 

These results indicate the formation of 
perovskite-type oxides, PrAlO3 or NdAl03, 
on the surface of the transition alumina 
(II), since the formation of Ln-P-Al203 
rare-earth aluminate with the P-A1203 struc- 
ture is unlikely at the low preparation tem- 
perature (12, 13). In the case of lanthanum 
(absence off electrons), this spectroscopic 
method cannot provide direct evidence for 
the formation of LaA103. 

However, the physical and chemical 
properties of the rare-earth elements are 
virtually identical (f electrons strongly 
shielded by s and d electrons), which in our 
opinion justifies the extrapolation to lan- 
thanum of the results obtained with the two 
other elements, and the assumption that 
LaA103 forms in La-doped alumina. 

DISCUSSION 

Morphological Differences between 
Doped and Pure Alumina at 
Intermediate Temperatures 

The morphological differences between 
the doped and undoped alumina (Figs. 2a, 
b) at intermediate calcination temperature 
(i.e., before transformation of pure alumina 
into corundum, and before formation of the 
LnA103 compounds) are now briefly dis- 
cussed. It is clear from these micrographs 
that the presence of the doping element on 
the alumina surface modifies its crystal 
growth characteristics. Indeed, the doped 
support appears poorly crystallized, with 
particles of undefined shape. On the con- 
trary, pure alumina is composed of micro- 
crystals with a geometrical habit, exhibiting 
the (111) lattice fringes (d = 4.56 A). We 
may assume that the presence of the Ln 
compounds inhibits the development of the 

I I 

450 500 560 600 

FIG. 4. Diffuse reflectance spectra of Pro,, PrAIO,, 
and 1% Pr-doped alumina. As in the case of Nd, the 
similarity of the two last spectra indicates the forma- 
tion of PrA109 in the Pr-doped sample. 
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surface growing planes of alumina and, 
consequently, affects the structural and 
morphological aspects of the support. 

The formation of water from surface hy- 
droxyl groups of alumina is directly related 
to the loss of specific area during the ther- 
mal transformation of transition aluminas 
(y + 6 -+ 0) (3, 14). This influence of Ln 
elements on the texture of the supports dur- 
ing the intermediate stages of the thermal 
treatment (T < 800°C) could be related to 
interactions between Ln3+ ions and OH- 
groups. As is the case with zeolite com- 
pounds (I$, La3+ could undergo a hydro- 
lytic reaction (formation of species such as 
La3+-OH--La3+, by electron withdrawing 
from the O-H bond), leading to an increase 
in the acidity of the OH groups. These hy- 
droxyl groups would thus be more difficult 
to remove from the surface of alumina (16). 
This chemical trapping of OH groups on the 
surface of the support could explain the 
morphological differences between doped 
and undoped alumina at intermediate tem- 
peratures. 

Structural Stability of La-Doped Alumina 

The experimental results presented in the 
previous section confirm that the transition 
alumina structure can be thermally stabi- 
lized at high temperature by surface 
perovskite-type oxides: LnAl03 (Ln = La, 
Nd, Pr). The large volume of OhLn3+ ions 
[Y = 1 A (27)] does not allow one to con- 
sider that this stabilization results from the 
formation of a Ln-A1203 solid solution 
[i.e., Ln ions in Oh vacancies, or in substi- 
tution of A13+ (r = 0.51 A> in the fee oxygen 
packing of y-alumina] with ions not in- 
volved in the LnA103 structure. An inter- 
pretation of this stabilizing effect must now 
be proposed. 

The fact that the support is shown to be 
diphasic, composed for the most part of 
transition alumina and to a lesser extent 
LnA103 compound, leads us to investigate 
the possibility of interface phenomena lo- 
cated at the phase boundaries between 
AIz03 and LnA103. 

One can conceive that the low concentra- 
tion in the rare-earth element makes very 
difficult the direct observation and charac- 
terization of such interfaces. Nevertheless, 
the structural similitude of both compounds 
leads us to propose a model based on the 
possible crystallographic adaptation of the 
surface lattice planes in the vicinity of the 
interface. 

As demonstrated by Lippens (18), the 
transition y-alumina can be considered as 
derived from the fee spine1 structure. The 
so-called 6 and 8 forms differ from the y 
form in their cationic site occupancy; 6- 
Al203 is a threefold superstructure along 
the c axis of the y structure (18) and 8- 
A1203, generally indexed in the monoclinic 
system (by analogy with P-Ga203), is also 
closely related to the fee structure (19). Ac- 
cording to these remarks, we consider in 
the following a unified description of the 
transition alumina structure based on fee 
oxygen anion packing (a = 7.6 A), the AP’ 
cations being distributed as described by 
Lippens (18) and, later by Knozinger and 
Ratnasamy (16) and Gates et al. (20). 

On the other hand, the LnA103 (Ln = La, 
Pr, Nd) structures, while generally indexed 
in the hexagonal/rhombohedral system 
(2Z), can be idealized as fee packings, since 
they all exhibit a c/a ratio approximately 
equal to 2.45 (22) (respectively, 2.4436, 
2.4316, 2.4271). Moreover, according to 
Wyckoff (23), these three cubic aluminates 
are isomorphous, with lattice parameter a 
= 7.6 A (the same as for the model spine1 
alumina). 

As previously determined by TEM (8), 
the LnA103/A1203 interface can be consid- 
ered as composed of the (170) planes of 
both cubic structures. 

Figures Sa and b show the proposed 
model for this interface. Figure 5a repre- 
sents the projection on the (110) surface 
plane of the two structures. Figure 5b is a 
projection along the c axis of alumina, i.e., 
perpendicular to the previous direction. 

We have previously shown (24-31) that 
when crystallites of two phases belonging 



118 OUDET, COURTINE, AND VEJUX 

A13+tet. 

unit 
cd I 

A'203 

0 a 

0 b 

FIG. 5. Model of the LnAI0,iA120, interface (both fee structures). Large circles: O’- (Y = 1.32 A); 
small circles: Al?+ (r = 0.5 I 8); large black circles: Ln’+ (r = I A). (a) Projection of the (I IO) interface 
plane. (b) Projection along the c axis of the alumina unit cell. The coherence of the interface is due to 
the similarity of the oxygen packing and to the continuity of the A13+ coordination between both 
structures. The thermal stability of alumina is assumed to be related to the strong interaction resulting 
from the sharing of two atomic layers between the two unit cells. 

to the same parent structures come into 
contact by some preponderant surface lat- 
tice planes exhibiting the same pattern with 
only a small misfit, coherent interfaces 
could be formed that could have influence 
on the catalytic or solid/solid reactivity of 
the system. 

The continuity of the two frameworks is 
a result of the common nature of both an- 
ionic distributions sharing the same lattice 
parameter and geometric arrangement. The 
coherence of the interface is also generated 
by the common coordination of aluminum 
cations (octahedral) on both sides of the in- 

terface. Another contribution to coherence 
is the respect of the natural cubic coordina- 
tion of the rare-earth element. 

According to this model, the LnAlOJ 
AllO3 interface can be considered as the 
connection of two atomic layers between 
the two structures. One layer belongs to the 
perovskite structure and does not contain 
Ln cations, but does contain oxygen and 
octahedral aluminum ions. The second 
layer originates from alumina, and all the 
aluminum cations are octahedral [D-layer 
as proposed by Lippens (Ia)]. 

The preceding structural considerations, 
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showing the possibility of coherent inter- 
faces, are based on a couple of bulk compo- 
nents. The low concentration in rare-earth 
elements (1%) does not permit complete 
coverage of the alumina surface by the for- 
eign perovskite oxide. The presence of the 
doping phase has to be limited to “strate- 
gic” areas on the alumina surface. In our 
opinion, LnA103 appears as microdomains, 
located on the most reactive areas of the 
alumina surface, i.e., edges and corners of 
the particles, where the atoms are not fully 
coordinated, and are, accordingly, unsatu- 
rated (strong Lewis acid sites). These areas 
naturally provide anchoring and nucleation 
sites for LnA103 during the preparation 
process. Since these reactive areas can also 
be considered as nucleation sites for the co- 
rundum structure [transition alumina trans- 
forms into corundum by a nucleation/ 
growth mechanism (3)], the effect of the 
doping compounds can be interpreted as 
follows: 

The presence in the corundum nucleation 
sites of the stable perovskite oxide, strongly 
anchored by means of interfacial coher- 
ence, hinders the subsequent surface 
atomic diffusion and structural rearrange- 
ment leading to a-A1203. 

Schaper et al. (6) have previously stud- 
ied the chemical state of lanthanum in con- 
ventionally prepared La-doped alumina (di- 
rect impregnation of r-Al20, by lanthanum 
nitrate). By ESR spectroscopy, they 
showed that lanthanum exhibits the LaA103 
structure, but did not propose an interpre- 
tation of the stabilizing effect of this doping 
phase. Whereas our preparation process is 
undoubtedly different from the conven- 
tional one, both seem to lead to comparable 
systems, i.e., composed of transition alu- 
mina and of perovskite rare-earth alumi- 
nate. Thus, it seems plausible to extend to 
the conventional preparation processes our 
interpretation of the stabilizing effect of La, 
Pr, and Nd on transition alumina. 

CONCLUSION 

The present work shows that transition 
alumina can be thermally stabilized by sur- 

face interactions with a perovskite-type ox- 
ide, LnA103 (Ln = La, Pr, Nd). This ther- 
mally stable compound, deposited on the 
surface of alumina, has a neutralizing effect 
on the corundum nucleation areas, inhibit- 
ing the formation of the stable form of alu- 
mina. The strength of the interaction be- 
tween LnA103 and Al203, providing the 
stability, is believed to be a result of struc- 
tural analogies exhibited by these two ox- 
ides, considered as fee oxygen packings. 
Our model proposes an original contribu- 
tion to the understanding of thermal stabili- 
zation of transition alumina. For the sake of 
completeness, the nucleation process and 
the exact localization of the doping com- 
pounds should be more accurately stated. 

Though experimentally based on samples 
specifically prepared, direct analogy seems 
to justify the extension of our model to the 
rare-earth doping effects obtained by con- 
ventional preparation processes. 
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