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Abstract

The structure of AlO3-xLa,05 (x =0, 2, 6, 15, 25, 50 wt%) binary oxides prepared via the sol-gel preparation method was stud-
ied by means of radial distribution functions determined from X-ray diffraction patterns. At first neighbors, the binary oxides are
characterized by Al-O bond distances typical of y-Al,O3. At second neighbors the binary oxides show La-O and O-O bond dis-
tances of La,0O;. However, at higher coordination shells, these materials present bond distances corresponding to the mixed oxides
with a perovskite-type structure. These structural differences of the binary oxides could be related to their differences in activity

observed in the NO reduction with H,.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The addition of La,O; to y-alumina supports pre-
vents sintering and increases thermal stability of noble
metal catalysts [1-4]. Moreover, La,0; addition to Pd-
only three way catalysts improves the activity for the
reduction of NO [5]. La,Os is usually added by impreg-
nating alumina with lanthanum solutions to obtain the
La,05/Al,0; systems [6,7]. In these materials the struc-
ture is assumed to depend on both, the calcination tem-
perature and the content of La,O;. Bettman et al. [3]
found that a two-dimensional layer of La*' ions is
formed on the alumina surface at low lanthana content
while at higher concentration, lanthanum occurs in the
form of crystalline La;O;. They also suggested the for-
mation of a surface lanthanum aluminate (LaAlQj;)
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after calcination at 800 °C. Similar results have been ob-
tained by Haack et al. [4] and Oudet et al. [8), who re-
ported the coexistence of LaAlO; and La,O; phases at
high lanthanum content. The formation of a perovs-
kite-like phase when lanthanum oxide is supported on
v-Al,O3 was also reported by Alvarez et al. [9] from
molecular dynamics simulation. Even though the struc-
ture of the La,O3/Al,O; system has been extensively
studied, the structure of the Al,0;-La,0; binary oxides
prepared by sol-gel has not been widely studied, yet par-
ticularly since these materials are homogeneous and
amorphous [10~12]. Some characteristics of Pd catalysts
supported on Al,0O;-La,0; prepared by sol-gel such as
their desorption, reducibility, structural and textural
properties have been reported before and together with
their catalytic properties in the NO reduction with H,
[11-14]).

In this work, we studied the structural properties of
Al,O3-La,Os; binary oxide supports prepared via
the sol-gel method with a wide range of lanthana
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concentration by means of their radial distribution func-
tion (RDF). In contrast to the oxides obtained by other
preparation methods, the sol-gel materials are homoge-
neous and are characterized by an amorphous structure.
The conventional diffraction patterns, therefore, cannot
show structural details since a long-range order is not
present. However, the determination of the RDF from
the X-ray diffraction patterns can give information on
the structural environment and the most probable inter-
atomic distances in the vicinity of each atom. In this
paper, we tried also to correlate the structure of
Al,O;3-La;05 binary oxides prepared by sol-gel to their
catalytic activity in the NO reduction with H,.

2. Experimental
2.1. Preparation of Al;O3—La;0; binary oxides

Al,0O3-xLa,0; binary oxides (Al-xLa, x =0, 2, 6, 15,
25, 50 wt% La,Os) were prepared by the sol-gel method
according to Masuda et al. [15], but with some modifica-
tions in the original procedure [11-14,16]. Briefly, Alum-
inum sec-butoxide Al(O-SecBut.); (Alfa Aesar) and
lanthanum acetylacetonate La(acac); - xH,O (Alfa Ae-
sar) were used as precursors of the La;03—Al,0; binary
oxides. Samples were prepared by dissolving aluminum
sec-butoxide in a solution containing ethanol (Aldrich)
with a molar ratio ethanol/alkoxide = 1.1 and hexylene
glycol (2-methylpentane-2,4-diol) (JT Baker) as a com-
plexing agent with a molar ratio hexylenglicol/alkox-
ide =0.86. Lanthanum  acetylacetonate  powder
previously dissolved in ethanol (molar ratio ethanol/lan-
thanum acetylacetonate = 70) was added to the solution.
The solution was heated with continuous stirring at 100
°C for 3 h. After cooling to room temperature, water
with a H,O/alkoxide molar ratio of 5.5 was added to
the solution to perform the hydrolysis. The gels ob-
tained were aged at 110 °C for 10 h and dried under vac-
uum at 110 °C. Then, they were treated under nitrogen
flow (70 cm® min~?) at 250 °C for 4 h and at 450 °C for
12 h, followed by calcination in an oven at 650 °C for 4
h. Pure alumina was prepared by the same method as
the supports without addition of the lanthana precursor.
Pure lanthana was prepared by dissolving lanthanum
acetylacetonate powder in 1-butanol (Aldrich) with an
l-butanol/lanthanum acetylacetonate molar ratio of
19.4. The gel obtained was dried at 110 °C overnight,
treated under N, flow at 450 °C for 12 h followed by cal-
cination in an oven at 700 °C for 8 h.

2.2. Characterization
2.2.1. Surface area measurements

The specific surface area of Al,O3-Lay03 and pure
La,Os3, after calcination at 450 °C for 12 h in N,, fol-

lowed by a second calcination at 650 °C for 4 h for
the binary oxides and at 700 °C for 8 h for pure lan-
thana, was obtained by nitrogen physisorption at
—195 °C with an Autosorb gas sorption system from
Quantachrome on the basis of the BET equation.

2.2.2. X-ray diffraction measurements

Conventional X-ray diffractograms were obtained
with a Siemens D500 diffractometer coupled to a copper
X-ray diffraction (XRD) tube. A diffracted beam mono-
chromator releved the Cu Ka radiation. For radial dis-
tribution functions, X-ray diffraction patterns of Al,O,
and Al,0;-La,0O3 samples calcined at 650 °C, for 4 h
and La;O; calcined at 700 °C for 8 h were obtained with
the same Siemens D500 diffractometer coupled to a
molybdenum anode X-ray tube to reach the required
high values of the angular parameter s=4n sin6/4,
where 6 is the diffraction angle and 1 is the X-ray wave-
length. The intensities and the angles measured by step
scanning A20 = (1/8)°, from 2 to 120 °C, were the input
data for the program Radiale [17]. The radial distribu-
tion functions were radial electron distributions, up to
a radius of 10 A. The resolution for small values of
the radius was 0.01 A.

2.3. Catalytic measurement

Reduction of NO with hydrogen over Al,03;-La0,
samples calcined at 650 °C for 4 h and La,0j; calcined
at 700 °C for 8 h was studied in a continuous flow mi-
cro-reactor Multipulse RIG 100 (In Situ Research
Instrument) under atmospheric pressure in the 200-700
°C temperature range. Before the reaction the binary
oxides (100 mg) were heated in flowing hydrogen (60
cm® min~') at 400 °C for 1 h. The reaction mixture in
He was 5 vol% with a NO/H, molar ratio equal to 0.5
and a flow rate of 120 cm® min~! (measured at room
temperature and under atmospheric pressure). Each
experimental run was carried out twice and samples
were kept for 20 min at each temperature before collect-
ing data. Analysis of NO, N;, N,O, and NH; was per-
formed in a gas chromatograph equipped with a
thermal conductivity detector.

2.4. Results and discussion

Fig. 1 shows the BET surface area (Spgr) of the
Al;O;3-Lay0; binary oxides. The Sggr reaches a maxi-
mum value for the Al-La-15 binary oxide whichever
the thermal treatment (415 m? g~ ! at 450 °C and 284
m? g ! at 650 °C). The Sggr is also high for Al-La-25,
while it decreases to 120 m? g~! for Al-La-50. The com-
position at which the maximum surface area is obtained
(Al-La-15) is in disagreement with the results of Subra-
manian et al. [18] who suggested that 8 wt% LayO,
would be the optimum lanthana loading in order to
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Fig. 1. BET surface area of Al,Os-La,Oj; binary oxides as a function
of La,O; content: (a) after calcination at 450 °C for 12 h; (b) after the
treatment given in (a) followed by calcination at 650 °C for 4 h for the
binary oxides, and at 700 °C for 8 h for pure La,0;.

maximize the surface area when LayOj3 is impregnated
onto y-Al,O;. The difference between the two prepara-
tion methods could be that in impregnated alumina
most of La,O; is located on the surface of the alumina
whereas by sol-gel, LayO; is highly dispersed within
the structure of alumina. This is corroborated by the
X-ray diffraction patterns (Fig. 2(a)). For low La,0;
content, the only phase detected is that of y-Al,O,. At
higher lanthana concentration the intensity of the reflex-
ion peaks associated to v-Al,O; decreases and the dif-
fraction patterns appear to be almost flat, similar to
those of a non structured material. It seems that increas-
ing the concentration of lanthana introduces disorder
into the initial y-ALO; spinel structure. However, a
broad peak in the range of 20 = 25-35° with a very
low intensity is observed in the XRD patterns of Al-
La-25 and Al-La-50 binary oxides suggesting the pres-
ence of La,0;. This feature can be assigned to crystalline
La,0; since the diffraction pattern of this oxide presents
the most intense peak at 26 = 30° (Fig. 3).

Fig. 4 compares the radial distribution functions of
the monometallic oxides, and Table 1 summarizes the
position of the peaks and the associated phase. The
assignations have been made on the basis of effective io-
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Fig. 2. Conventional X-ray diffraction patterns of Al,O3-La,04
binary oxides calcined at 650 °C for 4 h: (a) Al,Os; (b) Al-La-15; (c)
Al-La-25; (d) Al-La-50.
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Fig. 3. Conventional X-ray diffraction pattern of La,O; calcined at
700 °C for 8 h.
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Fig. 4. Radial distribution function of simple oxides: (a) Al,O,
calcined at 650 °C for 4 h; (b) La,O; calcined at 700 °C for 8 h.

nic radii calculations and the results reported by Capi-
tan [19] and Alvarez [9] obtained by molecular
dynamic calculations. The radial distribution functions
obtained theoretically correspond to bond distances by
paires. In X-ray diffraction the radial distribution func-
tions is determined by all bond distances. In the first
coordination sphere alumina (Fig. 4(a)) presents a clear
and intense peak at 1.9 A that corresponds to the Al-O
bond length. This bond distance value is in good agree-
ment with the radial electron distribution calculations of
Léonard et al. [20,21], who reported the average Al-O
bond length in y-Al,O3 in the range 1.82-1.88 A. In
the lanthanum oxide curve (Fig. 4(b)), the first coordina-
tion sphere is situated at 2.45 A, it may be assigned to
the La—O bond distance according to the ionic radii
calculation.

The RDF curve of alumina also shows a peak at a ra-
dius of 3.14 A which can be attributed to the Al-Al
bond distance [19]. The alumina RDF curve shows also
a peak situated at a radius of 4.55 A. This peak results
from the overlap of the RDF peaks at a radius of 4.38
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Table 1
Position of the radial distribution function peaks of Al;O; and La;O3
ALOs r (A) (this work) ALOj; (cubic spinel) r (A) [13] La,05 r (A) (this work) La,0; r (A)
Al-O 0-0 AL-Al La-O 0-0
1.90 1.87
245 2.48*
2.90 2.88% 2.80°
3.14 3.03
4.55 438 4.84 4.81 4.83°
6.07
6.58 6.62°
7.35
7.46
8.66
8.91

? Tonic radii calculation.
b Ref. [13].

and 4.84 A. These peaks correspond to the Al-O and O—
O bond distances, respectively, for the cubic spinel struc-
ture according to molecular dynamics simulation [19].
La,Oj; presents a peak at 2.9 A which is attributed to
both the La—~O and O-O bonds considering the hexago-
nal structure of La;O; and according to the ionic radii
calculation. Other peaks appear at 4.81 and 6.58 A in
the RDF of La,0O; which are attributed to O-O bonds
of the cubic system according to molecular dynamics
simulation [19].

On the other hand, the radial distribution functions
of the Al,03-La,O; binary oxides for lanthana concen-
tration > 15 wt% are compared in Fig. 5, and the cor-
responding position of the peaks are shown in Table 2.
All the binary oxides show a first peak at a radius of
1.9 A that decreases in intensity with lanthana concen-
tration. This peak is assigned to the Al-O bond ob-
served in y-ALOs (Fig. 4). The second peak has a
shoulder at 2.9 A which is attributed to the presence

La-Al -0
(c)
(b)
E
a
L
153
<
\f\/‘if
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Fig. 5. Radial distribution function of Al,0;-La,0; binary oxides
calcined at 650 °C for 4 h: (a) Al-La-15; (b) Al-La-25, (c) Al-La-50.

of both La-O and O-O bonds of La,0; according to
its radial distribution function (Fig. 4).

In all the RDF curves of binary oxides some peaks
appear that are not present in La,O; or in y-Al,O; ra-
dial distibution functions. This suggests that there are
several types of bonds in the binary oxides that do not
occur in the simple oxides. Besides, the number of this
type of bonds increases for La,O; concentrations higher
than 15 wt%. The RDF curve of Al-La-15 binary oxide
shows a sharp peak at a radius of 3.64 A. This peak does
not appear in the FDR of La,O; or y-Al,O; and is
attributed to the presence of La-La bond distances of
La,0; with cubic structure [19]. This observation sug-
gests the coexistence of La,O3 phases both in the hexag-
onal and cubic system in the binary oxides. This peak is
also present in the RDF of Al-La-25 binary oxide, and
we can also observe the appearance of another one at a
radius of 3.19 A. This peak is assigned to the presence of
mixed oxides La-Al bond distances with an ideal
perovskite-type structure (LaAlO;) [9], and is more
clearly observed in the RDF of Al-La-50 binary oxide.
For this binary oxide the peak at 3.64 A, attributed to
cubic La,03, disappears and two new peaks appear at
4.18 and 4.77 A which are assigned to O-O and La-O
bonds found in the mixed oxide with a perovskite-type
structure [19]. The perovskite type structure is the origin
of the peaks at 5.0, 6.02, 6.76 and 6.86 A, while the peak
at 6.61 A is attributed to the O-O distance within the cu-
bic structure of La,0; [9,19]. Therefore, besides the
presence of crystalline La,0O3, some micro domains cor-
responding to the mixed oxide phases with a perovskite-
type structure are present in the Al,O;-La,0s3 binary
oxides prepared by sol-gel. When the Al-La-50 binary
oxide is calcined at 1000 °C there is a phase transforma-
tion from the amorphous to the crystalline state and its
identification corresponds to LaAlO; with a perovskite
structure [16]. This phase was also identified in the
Al,O3-LayO; binary oxide prepared by sol-gel with
5.8 wt% La,Oj; after calcination at 1200 °C [11].
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Table 2

Position of the radial distribution function peaks of Al,O3;—La,0; binary oxides

ALO;3 r (A) LayOs r (.;\) Al-La-15r (A) Al-La-25r (A) Al-La-50 r (A) Perovskite-type structure (;\)
AL-O La-O 00 La—La (this work) (this work) (this work) LaAl La-0 0-0 O-la
1.90 1.90 1.90 1.90
2.90 2.90 2.90 2.90 2.90
3.19 3.19 3217
3.68° 3.64 3.64
4.18 4.17°
477 4.73 4.83°
5.10 5.10 5.00%
6.02 6.00°
6.62 6.61
6.76 6.77
6.86 6.90°
 Ref. [9].
> Ref. [13].

Catalytic activity (NO/H; = 0.5) results of the binary
oxides in terms of the NO conversion % divided by the
surface area are shown in Fig. 6. Pure y-Al,O; is active
only at temperatures higher than 500 °C, while the bin-
ary oxides are active at 250 °C with Al-La-50 being the
more active. However, La,0Os is considerably the most
active material at temperatures higher than 400 °C
(Fig. 6). The radial distribution function studies showed
that the structure of Al-La-50 binary oxide is different,
at the short range order, and the RDF peaks corre-
sponding to bond distances of the provskite-type
structure are more clearly defined. Besides, in the RDF
of Al-La-50 a peak at 6.62 A appears that is assigned
to O-O bonds of cubic La,0;. The presence of bonds
corresponding to the perovskite-type structure could
be also related to the formation of some micro domains
of the lanthanum hexaluminate phase (LaAl;;O5)
which was detected by HRTEM in the Al-La-50 sample
[16]. On the other hand, some authors [22-26] have sug-
gested that the NO decomposition on La,O; and the

NO conversion % / SBEr

200 300 400 S00 600 700
Temperature, °C
Fig. 6. NO conversion %/Sggt vs. reaction temperature (NO/H, = 0.5)

over Al,O3-La,0; binary oxides calcined at 650 °C for 4 h and over
La,0; calcined at 700 °C for 8 h.

selective reduction of NO on La,03/Al,0; takes place
by the NO adsorption onto oxygen vacancies sites local-
ized in the La,O; structural lattice. According to Van-
nice et al. [24,25], the formation of these vacancies

90

30

%}30

Selectivity %

Ec 88808838 380
E

o 88 80288

300 400 500 600 700
Temperature,°C
Fig. 7. Selectivity % vs. reaction temperature (NO/H, =0.5) over

Al,03-La,05 binary oxides calcined at 650 °C for 4 h and over La,04
calcined at 700 °C for 8 h: @ = N, & = N»O, A = NHa.
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may occur during the pretreatment of the oxides, while
their density in La,03/Al,03 depends on lanthana con-
centration. Thereby, according to this model the concen-
tration of oxygen vacancies in the Al;03;-La,0; system
should increase with La,O; concentration and this could
be the reason for which Al-La-50 and La,0O; are the
most active materials when the surface area is consid-
ered. Therefore, according to the model of Winter [26]
the anion vacancies present in the La,0; phases could
be responsible for the NO dissociation and the catalytic
behavior observed in the binary oxides.

On the other hand, Fig. 7 shows the selectivity of the
oxides for the NO + H, reaction. NHj is the main prod-
uct and formation of N5O is low and decreases as the
reaction temperature is increased for all the samples.
v-AlL,O3; does not produce N, at temperatures lower
than 600 °C, and when La,0; is added, selectivity to
N, increases to ca. 10-45% for all the temperature range
studied. It seems that the modification of alumina by
adding lanthana influences directly the N, formation
due to a higher capability of the mixed oxides for the
dissociation of NO.

2.5. Conclusions

The structure of the Al,O;-LayO; binary oxide sup-
ports prepared by sol-gel was determined by radial dis-
tribution functions. At first neighbors, the binary oxides
are characterized by Al-O bond distances typical of -
AlLO3. At second neighbors the binary oxides show
La-O and O-O bond distances corresponding to the
La,O; phase. However, at higher coordination shells,
these materials present bond distances corresponding
to the mixed oxides with a perovskite-type structure.
The number of these bonds increases with lanthana con-
centration. The presence of La—Al bonds can be de-
tected for La,O; contents higher than 15 wt%. The
binary oxide with 50 wt% of La,O; also shows bond dis-
tances corresponding to the cubic LayOs. These struc-
tural differences of the binary oxides could be related
to the differences in activity observed in the NO reduc-
tion with H,.
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