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We investigate a series of three La;03/Al,03 samples, with a lanthana loading close to the theoretical
monolayer, obtained by calcination at 773 K, 973 K, or 1173 K from a common precursor. The samples
were characterized by N, adsorption at 77 K, X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), a variety of nano-analytical and nano-structural electron microscopy techniques, temperature pro-
grammed desorption (TPD-CO,), and volumetric CO, adsorption techniques. By combining the informa-
tion obtained from all these studies, a detailed description of their texture, nano-structure, lanthana
distribution, and chemical properties could be gained. Three different forms of supported lanthana have
been identified, and their relative weight evaluated quantitatively. As revealed by CO, adsorption, these
forms show strong, weak, or not measurable surface basicity, respectively. Upon increasing the calcina-
tion temperature, a progressive inter-conversion of the co-existing lanthana forms with inherent loss of
surface basicity is observed. The effect, though moderate, is particularly noticeable on the sample cal-
cined at 1173 K. The amount of CO, irreversibly chemisorbed on the different samples, including the alu-
mina support, correlates well with their catalytic activity for the Meerwein-Ponndorf-Verley reaction of
cyclohexanone with 2-propanol. This behavior is discussed with reference to that expected for pure lan-
thana. We conclude that our supported lanthana samples represent an advantageous alternative to pure

La;03 as highly basic catalytic materials.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, basic solid catalysts are receiving an increasing
attention in the literature [1-3]. A variety of reactions have been
assayed on them [4-11]. The rare earth sesquioxides, Ln,03, are
known to be highly basic materials, and this character smoothly
decreasing throughout the lanthanoid series [1,12]. Accordingly,
lanthana is the member of the Ln,03 family exhibiting the highest
basicity [12]. Moreover, in accordance with some experimental
studies carried out on a wide series of metal oxides [13], lanthana
exhibits the highest basicity amongst all the investigated materi-
als, thus becoming an interesting candidate as active phase in pro-
cesses catalyzed by basic oxides. There are, however, a number of
drawbacks that strongly restrict the catalytic applications of lan-
thana. The most common procedures used in its preparation typi-
cally lead to low surface area samples, additional post-preparation
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treatments being necessary to improve their initial textural prop-
erties [14]. May be more important, in contact with atmospheric
H,O and CO,, at room temperature, lanthana undergoes very
strong textural, structural, and chemical changes [12]. Its disper-
sion on an appropriate oxide carrier may thus be considered as
an interesting alternative to the bulk oxide reference for compari-
son catalytic applications.

Though a number of studies dealing with La,03/SiO, materials
are presently available [15-17], high surface area transition alu-
mina-supported lanthana is by far the most investigated system
[12]. A great majority of these studies, however, have been devoted
to the investigation of La,03 as textural/structural promoter of the
alumina [18-21]. Typically, lanthana loadings not exceeding
10 wt.% are used in these studies. Though less detailed and numer-
ous, some papers have also dealt with the chemical properties of
Ln,05/Al;03 systems [22-24].

The major objective of this work is the investigation of the tex-
tural, nano-structural, surface basicity, and catalytic behavior of a
series of high surface area transition alumina-supported lanthana
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samples. Some recently published results for a bulk lanthanum
oxide [1] will be used as a reference for comparison. The choice
of the lanthana loading, 16.7 wt.%, was made in accordance with
the BET surface area of the alumina support, as to reach a surface
density of 5.28 La>* nm~2, similar to that proposed in [25] for the
theoretical monolayer of lanthana supported on alumina, 5.12
La®>* nm~2. In our work, special attention has been paid to the influ-
ence of the calcination temperature, 773 K, 973 K, or 1173 K, on the
above-mentioned properties of the La,03/Al,03 samples. To reach
this target, a wide battery of highly complementary textural, ana-
lytical, and structural techniques has been applied. Likewise, tem-
perature programmed desorption (TPD) and volumetric adsorption
of CO,, a well-known probe molecule for basic sites [1,13,22-24],
were used to characterize the surface chemistry of the investigated
samples. To evaluate their catalytic behavior, the Meerwein-Ponn-
dorf-Verley (MPV) reaction of cyclohexanone with 2-propanol, a
hydrogen transfer process often used to probe basic catalysts
[26-28], was assayed. The analysis of the very rich information
provided with by all the above-mentioned studies has allowed us
to conclude that La,03/Al,03 samples with a lanthana loading close
to the theoretical monolayer constitute an interesting family of
catalysts whose basic properties could be modulated by modifying
the calcination temperature.

2. Materials and methods

The three 16.7 wt.% La,03/Al,03 (16.7 g of La,03/100 g of sup-
ported lanthana) samples investigated in this work were prepared
by incipient wetness impregnation of a commercial transition alu-
mina (PURALOX Scfa-140) from 1 M aqueous solution of 99.9%
pure La(NOs3);-6H,0, Alfa Aesar. The impregnated sample was
dried in air, at 383 K, for 12 h, and further separated in three por-
tions, which were calcined for 2 h, at 773 K, 973 K, and 1173 K,
respectively. The resulting samples will be hereafter referred to
das L8203/A1203—773, La203/A1203—973. and L3203/A1203—1173. The
final chemical composition was confirmed by means of ICP analy-
sis, in accordance with which the La: Al molar ratio in our lanthana-
modified samples was found to be 0.06:1.00.

The volumetric N, adsorption at 77 K and CO, chemisorption at
308 K were all performed on an automatic apparatus Micromeri-
tics, model ASAP 2020. The pre-treatments applied to the samples
consisted of either an evacuation, at 473 K (2 h), under a residual
pressure <1 x 107 Torr, in the case of the physisorption studies,
or their heating in a flow of 5%0,/He, at 773 K (1 h), followed by
1-h evacuation at 773 K, under a residual pressure <1 x 107 Torr,
in the case of the chemisorption studies. The CO, adsorption exper-
iments consisted of two successive CO, isotherms, P(CO,) range:
0-300 Torr, with 1-h evacuation treatment, at 308 K, in between
them.

The temperature programmed desorption studies were carried
out on an experimental setup coupled to a Pfeiffer quadrupole
mass spectrometer. The device was equipped with mass flow con-
trollers and electronic control of the oven temperature. All the
TPD-MS diagrams were recorded under the following conditions:
amount of sample: 200 mg, He flow rate: 60 cm3/min, heating
ramp: 10 K/min. Prior to running the TPD experiments, the oxide
samples were submitted to a pre-treatment routine consisting of
their heating at 773 K (1 h), in a flow 5%0,/He, followed by 1 h at
773 K, under flowing He, cooling to 298 K in a flow of He, 1-h treat-
ment in a flow of pure CO,, at 298 K, and finally, 2 h under flowing
He, also at 298 K.

X-ray powder diffraction studies (XRD) were carried out on a
Bruker instrument, model D8 Advance (radius 250 mm). The dif-
fractograms were recorded under the following conditions: Cu
Ko radiation, with graphite monochromator, scan range from 3°

up to 90°, with a step size of 0.07° and a time per step of 40 s. Crys-
talline phases were identified by diffractogram simulation and
matching with the experimental ones using Fullprof Rietveld pro-
gram [29] by trial and error method of the expected phases.

The X-ray photoelectron spectra (XPS) were recorded on Kratos
Axis Ultra DLD apparatus. The selected X-ray source was mono-
chromatized Al Ko radiation (1486.6 eV). Electrostatic charging ef-
fects could be stabilized with the help of the specific device
developed by Kratos. Samples were pressed into self-supported
wafers, they being further calcined at 773 K (1 h) under a 5%0,/
He flow, and finally evacuated at 773 K (1 h) in the catalytic cham-
ber attached to the spectrometer. The transfer of the samples to the
analysis chamber was carried out under high vacuum conditions. A
20-eV pass energy was used to collect the spectra, and the energy
resolution corresponds to a FWHM of 1.1 eV for the Au 4f7), peak.
The collected data came from La 3d, Al 2p, O 1s, and C 1s core lev-
els. Binding energies were referred to the Cls signal at 284.6 eV
and given with an accuracy of 0.1 eV.

High Angle Annular Dark Field-Scanning-Transmission Electron
Microscopy (HAADF-STEM), X-Ray Energy Dispersive Spectroscopy
(X-EDS), and Electron Energy Loss Spectroscopy (EELS) studies
were performed on a JEOL 2010F microscope. This instrument
has a structural resolution of 0.19 nm. It is equipped with a HAADF
detector, an EELS spectrometer (GIF2000 Gatan Imaging Filter), and
an X-EDS Oxford INCA Energy 2000 system. Energy-Filtered Images
were acquired using a JEOL3010 microscope at CEA-Grenoble. The
microscope is equipped with a LaBg filament, an objective lens
with chromatic and spherical aberration of 1.3 and 0.6 mm, respec-
tively, and a point-to-point resolution of 0.17 nm. It is also
equipped with a GIF 200 EELS filter. In order to follow the spatial
distribution of both Al and La, a series of EFTEM images covering
the 50-2273 V range was acquired using a 2-eV slit. A home-made
script has been used to measure the image drift and to generate the
Spectrum Imaging-EFTEM data cube [30]. After generating the EF-
TEM data cube, an EELS spectrum can be extracted from each point
in the image. The distribution of elements was studied by combin-
ing HAADF images with X-EDS and EELS. The spectra were acquired
using the spot and Spectrum Imaging (SI-EELS) modes. In the Spot
mode, a 0.5-nm probe is fixed on a specific point of the sample, and
the spectrum is acquired. Regarding the SI-EELS mode studies, a
0.5-nm probe is scanned along a specific area of the sample, and
EELS spectra are recorded every 0.7-0.8 nm. In order to correlate
the structural and chemical information, the HAADF signal was
simultaneously obtained. In this study, the spectra with 0.3 eV en-
ergy dispersion were recorded by using an acquisition time of 3-
5s and a convergence and collection semi-angle of 8 mrad and
24 mrad, respectively. To explore the element distribution on the
samples, the La/Al ratio profile has been extracted from the SI anal-
ysis. The Al and La integrated signals have been calculated from the
Al-L and La-N edges using a 40-eV window for the integrated sig-
nal and a 5-eV window for the background removal. The Power
Law and Hartree-Slater methods were used for the background
and cross-section estimation.

The MPV catalytic assays were performed at 355 K. A two-
mouthed flask was used as reactor. A flask mouth was fitted with
a reflux condenser, the other one being used for sampling at regu-
lar intervals. The reaction mixture, 12 mmol of cyclohexanone,
180 mmol of 2-propanol, and 0.5 g of freshly pre-treated catalyst
were continuously stirred throughout the whole experiment. Prior
to the catalytic assays, all the samples were heated for 1h, at
773 K, in a flow of synthetic air, and further cooled to 298 K under
the same dynamic atmosphere. The composition of the reaction
mixture was determined by taking 1 pL of the reaction mixture
at different reaction times. After addition of 10 pL of toluene, the
samples were analyzed by GC-MS (Gas Chromatography-Mass
Spectrometry). A Varian 3900 chromatograph equipped with a
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Factor Four VF-5 ms 30 m x 0.25 mm column and interfaced to a
Saturn 2100 mass spectrometer was used as analytical device. High
purity helium (99.999%) was used as carrier gas. The main reaction
product, cyclohexanol, was identified by comparison with an
authentic sample and MS analysis. Quantitative determinations
were based on the measured response factors of the reactants
and reaction products. Activity data were all determined at 10%
conversion. Turn over frequency (TOF) values were calculated as
the ratio between activity data per 1 m? of BET surface area of
the catalysts and the surface density of CO, adsorption sites, as
determined from volumetric adsorption.

3. Results and discussion
3.1. Textural characterization studies

The experimental N, physisorption isotherms recorded at 77 K
for the support and the three lanthana/alumina samples are in-
cluded as Supplementary material. The typology of both the whole
isotherms and hysteresis loops observed in all of them is very sim-
ilar, which suggests that lanthana deposition does not strongly
modify the textural properties of the support. Data obtained from
the analysis of these isotherms are summarized in Table 1 and
Fig. 1. As deduced from the micro- and meso-pore volume data re-
ported in Table 1, all the samples may be considered as meso-por-
ous materials exhibiting a rather narrow mono-modal pore size
distribution centered at approximately 10 nm, Fig. 1.

Lanthana deposition induces an apparent loss of BET surface
area from 140 m2g~! for Al,0; to 110m?g~! for La,03/Al,05-
773. However, if we estimate the surface area corresponding to
the amount of alumina (0.833 g) present in 1 g of this supported
oxide, 117 m?, we may conclude that, as already outlined, the lan-
thana deposition actually induces a slight modification of the tex-
tural properties of the support. Table 1.

Regarding the effect of the calcination temperature, a smooth
decrease in the BET surface area, from 110m?g~!, for La,0s/
Al,05-773, to 77 m? g1, for La,053/Al,03-1173, is found. In parallel,
the meso-pore size distributions are slightly shifted towards higher
values.

3.2. Macro-structural (XRD) characterization studies

The four investigated samples were also characterized by
means of X-ray powder diffraction (XRD). The corresponding dia-
grams are reported in Fig. 2.

The support shows a typical diffractogram for a transition alu-
mina, Fig. 2a. Regarding the lanthana-containing samples, the dia-
grams for La,05/Al,05-773 (Fig. 2b) and La,05/Al,05-973 (Fig. 2¢)

Table 1
Textural parameters characterizing the investigated samples as determined from N,
adsorption at 77 K.

Sample SBET Meso-pore Mean pore
(m® g " ampte) volume® diameter?
(Cm3 gilsample) (nm)

Micropore

volume®
351

(cm g samp]e)

ALO; 140 0.48 9.6 0.002

La,05/Al,05- 110 0.35 9.0 0.005
773

La,05/ALOs- 96 0.35 9.9 0.005
973

La,05/Al,05- 77 0.33 124 0.005
1173

@ As determined by application of the BJH method to the analysis of the experi-
mental isotherms.
> As determined from the analysis of the corresponding t-plots.
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Fig. 1. Mesoporous size distribution for Al,0s, La(20/Al,03-773), La(20/Al,03-973),
and La(20/Al,05-1173) (as determined from the BJH analysis of the corresponding
N, adsorption isotherms at 77 K).
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Fig. 2. X-ray diffractograms for Al,O5 (a), La(20/Al,03-773) (b), La(20/Al,05-973)
(c), and La(20/Al,03-1173) (d). (®) Features corresponding to the LaAlO3 phase.

show almost no difference with that reported in Fig. 2a, thus sug-
gesting that lanthana is highly dispersed in both samples. This pro-
posal is in good agreement with an earlier study [25], in
accordance with which the tridimensional growth of lanthana
nano-particles supported on alumina can only be observed for sur-
face densities above 5.12 La>** nm~2. In our case, the surface density
of lanthanum, 5.28 La** nm~2, is consistent with the above-men-
tioned proposal.

By contrast, the diagram for La,03/Al,03-1173, Fig. 2d, shows
remarkable differences with respect to those reported in Fig. 2b
and c. New diffraction peaks, all of them assignable to a perovskite
phase, LaAlOs;, can be clearly observed. The occurrence of this
phase is in good agreement with a number of earlier studies, in
accordance with which, the calcination of La,03/Al,03 samples at
or above 1073 K may lead to the formation of the perovskite
[31,32]. It is also consistent with the occurrence of CeAlOs, when
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Ce0,/Al,03 samples are heated under reducing conditions at tem-
peratures in the order of 1173 K [33,34].

3.3. X-ray photoelectron spectroscopy (XPS) studies

The influence of the calcination temperature on the surface dis-
tribution of lanthana has also been investigated by means of XPS.
Fig. 3 and Table 2 summarize the corresponding results. Fig. 3
shows the La 3ds/, spectra for the three La,05/Al,05 samples, a
clean massive La;0s3, and a commercial perovskite, LaAlOs, the lat-
ter two samples being used as reference systems. Though not
shown, a parallel series of Al 2p spectra was recorded for the sup-
port, the three La,03/Al,03; samples, and the commercial
perovskite.

In agreement with a number of earlier studies from the litera-
ture [35-37], the spectra reported in Fig. 3 consist of a main
photoemission peak located at a binding energy (BE) in the range
833-835 eV and an intense satellite structure appearing at approx-
imately 3.7 eV higher BE. This satellite has been attributed to a
shake-up process, in which an electron is promoted from the filled
02~ 2p to empty La>* 4f levels [36]. Consequently, its intensity and
energy shift with respect to the main La 3ds, peak are affected by
the local environment of the La>* ions [38].

834.51¢eV .~833.70eV
833.32 eV
P

Intensity (cps)

(d)

(e)

842 840 838 836 834 832 830
Binding Energy (eV)

Fig. 3. La 3d5/2 X-ray photoelectron spectra for La;03/Al,03-773 (a); La,03/Al,03-
973 (b), Lay05/Al;03-1173 (c), clean La203 (d), and commercial LaAlOs (e).

Table 2
XPS study of the La,03/Al,03 samples. Pure lanthana and a commercial perovskite
(LaAlOs) were also investigated as reference materials.

Sample Main La 3ds,  Satellite FWHM  Atomic
La 3ds, satellite energy main ratio
(eV) (eV) separation  La3ds;, (La/Al)
(eV) (eV)
La,03/Al,03-773 834.5 838.2 3.7 2.6 0.125
La,03/Al,03-973 834.5 838.3 3.8 2.6 0.126
La,03/Al,03-1173 834.6 838.4 3.8 2.7 0.087
Clean La,03 833.7 838.5 4.8 1.2 -
Commercial LaAlO;  833.3 837.6 43 1.6 1.070

As deduced from Fig. 3 and Table 2, for La,03/Al;05-773, the
main La 3d peak and the corresponding satellite are observed at
834.5 eV and 838.2 eV, respectively, and these positions shifting
very slightly with the calcination temperature up to 834.6 eV and
838.4 eV, for Lay03/Al;,05-1173. Regarding the reference samples,
the main La 3d peak and its satellite are observed, respectively,
at 833.7eV and 838.5eV, for clean La,03, and at 833.3 eV and
837.6 eV, for LaAlOs. We may conclude accordingly that La envi-
ronment in La,03/Al,05 samples, though slightly modified by the
calcination temperature, is significantly different from those occur-
ring in the reference samples, i.e. clean La,03 and LaAlOs. This con-
clusion is also supported by the difference of BE between main
peak and satellite in the supported lanthana samples, with values
ranging from 3.7 eV to 3.8 eV, to be compared with 4.8 eV for clean
La,03 and 4.3 eV for LaAlOs.

The different broadness of the La 3ds;, peaks for La,03/Al;05
and reference samples may also be noticed. As revealed by the
FWHM data reported in Table 2, the supported lanthana samples
show much broader peaks, thus suggesting a larger heterogeneity
in lanthanum environments.

The spectra reported in Fig. 3 for La,03/Al;05-1173 and LaAlO;
samples are also remarkably different. Despite the occurrence of
the perovskite phase, the XP-spectra for La,03/Al,03-1173 suggest
a minor contribution of this phase to the La 3d signal.

Upon integration of the La 3ds, and Al 2p spectra, the corre-
sponding La/Al atomic ratios could also be estimated. As deduced
from Table 2, this ratio remains constant for La,03/Al,03-773
(La/Al=0.125) and La,03/Al,05-973 (La/Al = 0.126), it decreasing
to La/Al = 0.087 for La;03/Al;035-1173. The loss of surface lantha-
num occurred in the latter sample is very consistent with the
observation of perovskite features in the XRD diffractogram
reported in Fig. 2d, as well as with the results of the electron
microscopy study to be commented below.

3.4. Nano-structural (HAADF-STEM) and nano-analytical (EELS, XEDS
and EFTEM) studies

Alumina-supported lanthana samples were also investigated by
combining HAADF-STEM and nano-analytical techniques. In accor-
dance with the dependence of the HAADF contrasts on the atomic
number of the elements present in the sample [39], this technique
is particularly suitable for the investigation into heavy elements,
such as lanthanum, dispersed on light supports. Moreover, as
shown in [40], high resolution HAADF-STEM may even allow the
identification of atomic lanthanum dispersed on alumina.

Though HAADF imaging can provide a first view of the Al and La
distributions, nano-analytical techniques are required to mapping
in a finer detail these spatial distributions. Thus, by using Energy
Filtering Transmission Electron Microscopy (EFTEM), element
selective images were recorded on both the low- (773 K) and high-
(1173 K) temperature calcined samples, Fig. 4. According to Fig. 4a
and b, lanthanum is homogeneously dispersed in La,03/Al,03-773,
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Fig. 4. Energy-Filtered TEM (EFTEM) images corresponding to La;03/Al,03-773 (a-Al, b-La) and La;03/Al,05-1173 K (d-Al, e-La). Images ¢ and f display the color maps for Al
(green) and La (red) corresponding to La,03/Al,03-773 and La,03/Al,03-1173, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

its distribution becoming much more heterogeneous on the sample
calcined at 1173 K, Fig. 4d and e. This observation is fully con-
firmed by the color EFTEM maps (Al in green and La in red) re-
ported, respectively, in Fig. 4c and f. As deduced from Fig. 4f, in
effect, La-rich domains, a few 100 nm in size, are clearly observed
in the La;03/Al,03-1173 sample. No similar concentration effect
can be found on La,03/Al,05-773 (Fig. 4c).

STEM-EELS technique has also been used in this study. By oper-
ating in the so-called Spectrum Imaging (SI) mode, this technique
provides very high energy and spatial resolution data on the ele-
ment distribution [41]. Fig. 5 illustrates the results corresponding
to La;03/Al1,03-973. In our experiments, a 0.5-nm electron probe
was scanned on the sample along the path from A to B marked
in Fig. 5a, and EEL-spectra were acquired simultaneously with
the HAADF signal, at 0.7-nm steps, Fig. 5b. As illustrated in the
3D plot of the whole collection of spectra, the intensity of the
Al-L,3 (75eV) and La-Ng4s5 (100 eV) signals changes noticeably
with the probe position. Fig. 5c shows the spatial variation of the
La/Al ratio as determined from the quantitative analysis of this
experiment. If we compare the La/Al ratio recorded in different re-
gions of similar thickness, which may be deduced from the inten-
sity of the HAADF signal (points 1 and 2 in Fig. 5c¢), we clearly
observe the presence of La-enriched areas of a few nanometers in
size. This suggests that, for the sample calcined at 973 K, though
not detectable by the macroscopic surface analysis data provided
by XPS, the lanthanum distribution starts to be modified, when
compared to that shown by La;03/Al;03-773. The occurrence of
nanometer-sized La-rich domains might thus be interpreted as
an indication of the very first stages of the process of local concen-
tration of lanthanum required for the tridimensional growth of
perovskite nano-crystals.

In good agreement with the XRD and EFTEM studies reported,
respectively, in Figs. 2 and 4, the HAADF images corresponding to
La,03/Al,05-1173, Fig. 6a, indicate the presence of well-defined
heavy-Z crystals due to LaAlOs. Fig. 6b illustrates a gray scale im-
age of the SI-EELS analysis performed across the region indicated
on the HAADF image shown in Fig. 6a. The lines corresponding to
Al-K and La-N4 5 edges are reported. A strong variation of intensity
in the La signal may be noticed, the maximum of which being

reached at point 1 of the HAADF image in Fig. 6a, where a well-de-
fined nano-particle is observed. Fig. 6¢c shows the EELS spectra ex-
tracted from the SI-EELS analysis corresponding to points 1 and 2.
These spectra were normalized in the 160-200 eV energy loss re-
gion. As deduced from their comparison, a strong variation in the
La-N45 edge intensity is found, thus confirming the lanthanum
enrichment associated with the contrast observed at point 1 of
the HAADF image.

To summarize, the combined application of HAADF-STEM and
nano-analytical techniques has proved to be a powerful tool for
tracking the effect of the calcination temperature on the lantha-
num distribution in the La;03/Al,03 samples. On La;03/Al,03-
773, lanthana is confirmed to be well dispersed on the support.
Our study has also shown that the local concentration of lantha-
num starts to take place on the sample calcined at 973 K. Finally,
on Lay03/Al,03-1173, in good agreement with the XRD and XPS
data, strong local concentration of lanthanum inherent to the
growth of LaAlO3 nano-crystallites can be clearly observed.

3.5. TPD-MS and volumetric adsorption studies on the CO,-oxide
interaction

3.5.1. Temperature programmed desorption studies

The surface basicity of the alumina and alumina-supported lan-
thana samples has been characterized by means of TPD-MS and
volumetric adsorption techniques. In accordance with a number
of earlier studies [1,12,13], carbon dioxide was used as probe mol-
ecule. Though quantitative information could also be gained from
the integration of the TPD traces, the main objective of these stud-
ies was to investigate the thermal stability of pre-adsorbed CO,. By
contrast, the volumetric experiments at 308 K allowed us to obtain
more precise quantitative data on both reversible and irreversible
forms of adsorbed CO,.

Fig. 7 and Table 3 summarize the results of our TPD-CO, study.
Prior to running these experiments, the oxides were cleaned at
773 K, then they were treated with flowing CO, at 298 K (1 h),
and finally, they were flushed with He, at 298 K (2 h). Therefore,
data reported in Fig. 7 and Table 3 would mainly account for the
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irreversibly adsorbed CO,. To facilitate their comparison, the TPD
signals were all referred to 1 m? of the BET surface area.

The dispersion of lanthana onto the alumina surface dramati-
cally increases both the amount and thermal stability of the ad-
sorbed CO,. According to Table 3, the surface density of CO,
desorbed from the support, 0.30 mol nm~2, is much smaller than
that determined for Lay03/Al,03-773, 2.06 mol nm~2. Likewise,
the TPD-CO, trace for the support consists of a major desorption
peak at approximately 400 K accompanied by a second much less
intense feature at 835 K, the latter being probably due to a small
fraction of strong basic centers occurring at the alumina surface.
By contrast, the trace for La,03/Al,03-773, Fig. 7b, is much broader.
It consists of a series of four not well-resolved features centered at
approximately 400 K, 495 K, 710K, and 920 K. It is uncertain the
origin of the peak at 920 K. In accordance with Ref. [1], it could
be interpreted as due to a bulk carbonate form rather than to sur-
face species, the authors [1] only assigning to desorption phenom-
ena the peaks observed below 773 K. Though this interpretation
cannot be disregarded, the homogeneity and high dispersion of
lanthana deduced from our electron microscopy study are fully
consistent with the occurrence in La;03/Al,03-773 of a small frac-
tion of very strong surface basic sites.

As already commented on, prior to the CO, adsorption, the sam-
ples were cleaned at 773 K (1 h). This temperature was selected in

order not to exceed the lowest calcination temperature applied in
the preparation routine. In accordance with Fig. 7, however, some
desorption peaks occur at temperatures above 773 K. Therefore,
the amount of CO, retained by the oxides after the cleaning pre-
treatment was also evaluated. For this purpose, TPD experiments
were run on the samples submitted to the cleaning routine, with-
out any further treatment. The corresponding diagrams are de-
picted in Fig. 8. As expected, the La,03/Al,03-773 sample, trace
Fig. 8b, retains a significant amount of CO,, the effect being pro-
gressively less important as the calcination temperature is in-
creased. According to diagram Fig. 8a, the bare support does not
retain any CO,. The fifth column in Table 3 summarizes the quan-
titative data resulting from this study.

3.5.2. Volumetric adsorption studies

Two consecutive isotherms at 308 K separated by 1-h evacua-
tion treatment at the same temperature were recorded. Fig. 9 sum-
marizes the results of this study. Adsorption data as determined
from the point-to-point difference between the first and second
experimental isotherms are also plotted in Fig. 9. In this way, the
total, reversible, and irreversible amounts of adsorbed CO,, at
Pco, =300 Torr, could be determined, Table 4. The last column in
this Table accounts for the irreversible adsorption data resulting
from the correction of those reported in the fourth column by
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Fig. 7. TPD-MS study of CO, (m/e = 44) pre-adsorbed on Al,03 (a), La;03/Al,03-773
(b), La;03/Al,03-973 (c), and La,03/Al,05-1173 (d). Prior to the CO, adsorption at
298 K, all the oxide samples were submitted to the standard cleaning pre-treatment
at 773 K. MS signals are referred to 1 m? of BET surface area of the samples.

the amounts of CO, not eliminated during the cleaning pre-treat-
ment, Table 3.

In good agreement with the TPD-MS study, the volumetric data
fully confirm the effect of the supported lanthana on the CO,
adsorption capability of the alumina. This effect is very strong on
the irreversibly chemisorbed CO,, 1.94 mol nm~2 for La;03/Al;03-
773, to be compared with 0.22 mol nm~2 for Al,05. Though not
so strong, the influence of lanthana on the surface density of
weakly adsorbed species (reversible adsorption) is also noticeable,
1.64 molnm~2 for La,03/Al,05-773, against 0.68 molnm~2 for
Al,0s.

Table 3
Amounts of chemisorbed CO, as determined by integration of the corresponding TPD
diagrams.

Samples SBET Total amount Total amount Amount
(m?g~") of of of
desorbed desorbed retained
Coy? Co5? coy°
(umol g~ 1) (mol nm~2) (mol nm~—2)
Al,03 140 70 0.30 0.00
La,03/Al,03-773 110 376 2.06 0.21
La,03/Al,03-973 96 207 1.30 0.04
La,03/Al,03-1173 77 160 1.25 0.01

2 As determined by integration of the TPD traces reported in Fig. 7 for the samples
submitted to the cleaning routine at 773 K (1 h), and further treated with flowing
CO; (Pco, =1 atm), at 298 K (1 h). Prior to start the heating program, the samples
were flushed with He at 298 K (2 h).

> As determined by integration of the TPD-MS traces reported in Fig. 8 for the
samples submitted to the cleaning routine at 773 K (1 h), with no further CO,
treatment.

Regarding the influence of the calcination temperature, data re-
ported in Table 4 and Fig. 9 allow us to conclude that the effect is
rather small on the weak adsorption sites. By contrast, the surface
density of the irreversibly adsorbed forms smoothly decreases with
the calcination temperature.

As already noticed, the XRD data and EFTEM maps for La,03/
Al,03-773 clearly show that lanthana is highly and homogeneously
dispersed on the alumina support. Since the surface density of lan-
thanum in this sample is 5.28 La*>* nm~2, very close to the theoret-
ical surface monolayer for lanthana supported on alumina, 5.12
La®>* nm~2[25], we may reasonably assume that the fraction of free
alumina surface in Lay;03/Al;03-773 should be very small, and
therefore, that its contribution to the CO, adsorption could in
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Table 4
Total, reversible, and irreversible amounts of CO, adsorbed on the different oxide
samples, as determined from volumetric studies at 308 K.

Sample? Volumetric adsorption studies at 308 K  Corrected
(mol nm~2) amount of
Total Reversibly  Irreversibly lrgevegsg)lgo e
adsorbed  adsorbed adsorbed (amscirnsrz) 2
oy’ COx* o, ©

Al,05 0.90 0.68 0.22 0.22

La,05/Al,05-773  3.37 1.64 1.73 1.94

La,05/Al,05-973  3.25 1.73 1.52 1.56

La,05/Al,05-1173  3.01 1.71 1.30 1.31

2 Prior to running the adsorption experiments, the samples were evacuated at
773 K (1 h) under high vacuum (Residual pressure <1 x 10~ Torr).

b As determined from the first isotherm (Pco, = 300 Torr).

¢ As determined from the second isotherm (Pco, = 300 Torr).

4 As determined from the difference between the corresponding volumetric data
reported in columns 2 and 3 (Pco, =300 Torr).

¢ As determined by the addition to the previous column the amounts of CO,
retained by the samples after application of the cleaning routine at 773 K (last
column in Table 3).

principle be neglected. If so, the upper limit for CO, adsorption on
La,03/Al;03-773 could be estimated by the stoichiometric surface
density of 0% ions corresponding to 5.28 La®**nm™2; i.e. 7.92
0%~ nm~2 However, the experimental amounts of adsorbed CO,
reported in Table 4 are much smaller, 1.64 mol nm 2 for the
reversible forms and 1.94 mol nm~2 for the irreversible ones. These
values represent, respectively, the 21% and 24% of the upper limit
estimated above. This is a remarkable observation indicating that,
even at the lowest calcination temperature, 773 K, a 55% of the
supported lanthana does not adsorb any CO,.

To understand the quantitative data commented on above,
three different types of lanthanum-containing forms ought to
coexist in the La;03/Al,03-773 sample. The first one, that repre-
senting one fourth of the upper limit for a fully active supported
phase, would be responsible for the strongest basic sites (irrevers-
ible adsorption). The second form, that accounting for the revers-
ibly adsorbed CO,, most likely corresponds to La,03 very strongly
interacting with the alumina, i.e. a sort of surface precursor of
the mixed oxide phase that can only be unequivocally identified
on the sample calcined at 1173 K. There is still a third fraction, that
representing the 55% of the supported lantana, which does not ad-
sorb any CO, probably because it is not accessible to the gas phase.
We should conclude, accordingly, that the strong lanthana-alu-
mina interaction actually implies the incorporation of lanthanum
to the very first subsurface layers of the support.

With reference to Lay03/Al,05-773, the change observed in the
chemical properties of the samples calcined at 973 Kand 1173 K is
rather moderate. In accordance with Table 4, the surface density of
the weak adsorption sites (reversible adsorption) varies very
slightly. Because of the progressive loss of BET surface area, how-
ever, an effective decrease of weak adsorption sites actually occurs,
very slight on La,03/Al,03-973 and noticeable on La;03/Al,053-
1173. By contrast, the surface density of strong adsorption sites
progressively decreases with the calcination temperature. This ef-
fect is even stronger if we take into account the parallel loss of BET
surface area. Data summarizing the influence of the calcination
temperature on the distribution of the lanthana forms responsible
for the different chemisorption behaviors are reported in Table 5.
These results were determined by applying to the surface densities
of adsorbed CO, reported in Table 4 the correction due to the BET
surface area of the corresponding samples, Table 1.

As suggested by the TPD traces for La;03/Al,03-773, Fig. 7b, and
La,03/Al,03-973, Fig. 7c, the loss of surface basic sites observed
upon increasing the calcination temperature may be correlated
with the disappearance of the desorption peaks at 710K and
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Table 5

Distribution of lanthana adsorption sites as determined from the correction of the
amounts of adsorbed CO, reported in Table 4 by the corresponding BET surface area of
the samples.

Sample % Irrev. ads. % Rev. ads. % No active ads.
sites sites sites
La,03/Al,05-773 24 21 55
La,03/Al,03-973 18 20 62
La,03/Al,05-1173 12 15 73

920 K, those associated with the strongest basic centers. Regarding
the TPD diagrams for La,03/Al;,03-973, Fig. 7¢c, and La,03/Al,053-
1173, Fig. 7d, they look like very similar, thus indicating that the
nature of the active sites involved in the irreversible adsorption
of CO, is essentially the same on both samples.

Some relevant conclusions may be drawn from the analysis of
these results. With independence of the calcination temperature,
the chemical properties of the supported lanthana phase are signif-
icantly different from those exhibited by the bulk oxide [1,12,14].
As shown in Table 5, the effect of increasing the calcination tem-
perature from 773 K to 973 K would mainly consist of an increase
in the inactive fraction of lanthana at the expenses of the strong
adsorption sites. In parallel with this chemical modification, the
electron microscopy study, Fig. 5, suggests the occurrence of some
local, very slight, concentration of lanthanum. As revealed by the
XPS data reported in Table 2, however, this structural change has
no effect on the surface La/Al ratio, 0.125 for La,03/Al,05-773
and 0.126 for La,03/Al,05-973. We may conclude, accordingly, that
the different surface basicity of the samples calcined at 773 K and
973 K is due to very subtle nano-structural changes occurring at
the first surface/subsurface layers of the alumina support.

With reference to La,03/Al,05-773, data reported in Table 5 for
La,03/Al;05-1173 show a noticeable loss of both reversible and
irreversible adsorption sites. Likewise, the EFTEM images in Fig. 4
clearly indicate the occurrence of a remarkable concentration of
lanthanum in localized nano-regions of the sample. In good agree-
ment with this, the La/Al ratio reported in Table 2 for La;03/Al;03-
1173, 0.087, is significantly smaller than that determined for the
sample calcined at 773 K, 0.125. As confirmed by the XRD study,
Fig. 2, a much stronger mobilization of the supported lanthana
phase, with inherent growth of a tridimensional perovskite phase,
has occurred at 1173 K. It should be stressed, however, that, even
at 1173 K, the inter-conversion of supported lanthana forms is
slow enough as to allow that one half of the strong basic sites in
La,03/Al,05-773 K is still present in La;03/Al;,03-1173 K.

3.6. Catalytic assays. Meerwein-Ponndorf-Verley reaction studies

To confirm the conclusions drawn from the characterization
studies presented and discussed above, the MPV reaction of isopro-

panol with cyclohexanone, a process typically catalyzed by highly
basic active phases [42,43], was assayed (see Scheme 1).

Table 6 summarizes the results of this study. In addition to the
yield to cyclohexanol at 24 h, the table shows catalytic activity
data at 10% conversion. In successive columns, activity data re-
ferred to 1 g of catalyst, 1 g of lanthanum oxide, and 1 m? of BET
surface area are given. Likewise, by using the CO, adsorption data
reported in Table 4, turnover frequencies could also be estimated.
In this estimate, data determined by taking into account both the
total surface density of adsorption sites, 5th column, and that cor-
responding to irreversible adsorption centers exclusively, 6th col-
umn, have been considered.

Depending on the nature CO, adsorption sites that are assumed
to be involved in the MPV reaction, a significant difference may be
noticed in the resulting turnover frequency (TOF) data. Obviously,
the TOF values in the 5th column are always smaller than those re-
ported in the 6th one, for the same catalyst. There is, however, a
second difference worth of outlining. Irrespective of the catalyst,
pure alumina included, TOF data in column 6 are quite close to
each other, a mean value of approximately 0.17 s~! being deter-
mined for all of them. This contrasts with the much wider scatter-
ing of data shown in column 5. In good agreement with earlier
studies from the literature [42-44], this observation clearly indi-
cates that the activity of the investigated catalysts for the MPV
reaction can be correlated with the number of strong basic sites,
i.e. those responsible for the irreversible adsorption, occurring in
the assayed sample.

In accordance with the conclusions drawn from the character-
ization studies and catalytic assays discussed above, it is worth
analyzing the interest of La;03/Al;03 samples as alternative highly
basic catalysts to the bulk oxide. As several authors have reported
[12,14], the surface density for CO, adsorption sites in pure lan-
thana is 8.0 center nm~2. This value is close to 8.1 mol nm~2, which
was determined for a La,03 sample pre-treated at 773 K by TPD-
CO; [1]. Likewise, it is in good agreement with the stoichiometric
estimate reported above for the surface density of 0%~ ions in a
monolayer of lanthana supported on alumina, 7.9 0%~ ion nm 2.
Therefore, 8.0 0>~ ion nm~2 may reasonably be used as an upper
reference value for the surface density of basic sites in pure lan-
thana. Moreover, if it is assumed that all its surface 02~ ions be-
have as strong adsorption sites, the dispersion of lanthana on the
surface of a transition alumina support would imply a decrease
in the surface density of irreversible adsorption sites by, at most,
a factor of 4 with respect to that expected for the bulk oxide.

0 OH
Catalyst
N Y . \n/
OH 355 K S
Scheme 1.

Table 6

Catalytic activity (initial rate) and yield to cyclohexanol in the MPV reaction of cyclohexanone with 2-propanol.?
Sample Catalytic activity” Turnover frequency (s~!) x 10?° Yield (%)¢

(umols~' g ™) (umols~! 81sy051) (umol s~' m~2) Total CO, ads. sites Irrev CO, ads. sites

Al,03 8 - 0.1 4 16 28
La,03/Al,03-773 66 395 0.3 10 19 96
La,03/Al,03-973 43 258 0.5 8 17 73
Lay03/Al,05-1173 21 126 0.3 6 13 53

@ Reaction conditions: T =355 K; initial reaction mixture: CHON: 12 mmol; 2-propanol: 180 mmol; catalyst: 0.5 g.

> Data at 10% conversion.
€ Yield to cyclohexanol at 24 h.
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Despite this effect, it is important to notice that lanthana typi-
cally shows very poor textural, structural, and chemical stability
[12]. As a result, the preparation of clean oxide samples requires
the application thermal pre-treatments leading to low surface area
materials, typically in the order or below 10 m?g~'. If so, sup-
ported lanthana samples like those investigated here could com-
pensate their lower density of strong adsorption sites with their
much higher BET surface area. Thus, if a pure lanthana sample,
with a surface density of irreversible adsorption sites of 8.0 cen-
ternm 2 and 10 m? g~!, is compared with our La,05/Al,03-773,
we may conclude that, in the latter, the amount of strong adsorp-
tion sites per gram of sample is 2.8 times larger. Even for La,0s/
Al;,03-1173, this amount is still 1.3 times larger than that for the
bulk oxide used as reference. Obviously, the difference in favor of
the supported samples would be much larger if the number of
strong adsorption sites is referred to 1 g of La,03. We may con-
clude, accordingly, that the dispersion on high surface area alu-
mina supports of lanthana loadings close to the theoretical
monolayer provides with us an interesting alternative family of ba-
sic catalysts. Despite the significant loss of surface density of basic
sites inherent to the dispersion process, the very much improved
textural, structural, and chemical stability of the resulting catalysts
allows them to compete with bulk oxide samples advantageously.
Moreover, as shown in this work, the surface basicity of the sup-
ported lanthana catalysts may be modulated by varying the calci-
nation temperature in a wide range of values, from 773K to
1173 K, with no dramatic loss of active sites.

4. Conclusions

To summarize, the combined application of a wide battery of
textural (N, adsorption at 77 K), chemical (volumetric adsorption
and TPD-MS of CO,), surface analysis (XPS), nano-analytical (X-
EDS, EELS, SI-EELS), and nano-structural (HAADF-STEM) tech-
niques has allowed us to gain a detailed picture of the chemical
and nano-structural properties of a series of La;03/Al,03 samples
with a lanthana loading close to the theoretical monolayer. Special
attention has been paid to the study of the influence of the calcina-
tion temperature on the above-mentioned properties. Even at the
lowest calcination temperature, 773 K, the chemical properties of
the supported lanthana phase are significantly modified by its
interaction with the alumina. As much as 55% of the supported lan-
thana shows no activity against CO, adsorption, a progressive,
though moderate, loss of active sites being observed as the calcina-
tion temperature is increased at 973 K and 1173 K Despite this, in
principle, not desirable effect, the reported results clearly prove
that, in addition to show a higher number of strong surface basic
sites per unit of mass of sample, the supported lanthana samples
exhibit a much better textural, chemical, and structural stability
than pure lanthana. Moreover, the distribution of surface basic
sites in the supported samples may be modulated by the calcina-
tion temperature, thus allowing us to design catalytic materials
in accordance with the specific requirements of the investigated
reaction. The advantages of dispersing lanthana on a high surface
area transition alumina are fully confirmed by the assay of the
MPV reaction of isopropanol with cyclohexanone, a process typi-
cally used in the evaluation of highly basic catalytic materials.
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