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Dual Nanoparticle/Substrate Control of Catalytic

Dehydrogenation™*

By Albina Y. Borisevich,* Sanwu Wang, Sergey N. Rashkeev, Michael Glazoff, Stephen J. Pennycook,

and Sokrates T. Pantelides

Saturated hydrocarbons, or alkanes (C,H,,»), are abun-
dant in petroleum and can be converted to alkenes (C,Hy,)
by dehydrogenation. Alkenes, also known as unsaturated hy-
drocarbons, are easy to polymerize and are the primary feed-
stock of the petrochemical industry, especially ethene (n=2)
and propene (n= 3).[1“2] Efficient catalytic dehydrogenation is
therefore a major industrial objective. It has been found that
oxidative catalytic dehydrogenation, that is, a process assisted
by both a solid catalyst and a flow of oxygen gas, is most prac-
tical because of higher system longevity.*~! Chromia/alumina
catalytic systems have been widely adopted by industry. They
have also been the subject of scientific studies seeking under-
standing that may help optimization of the process.[3’4’6’7]

It has been established that the catalytic activity of chro-
mia/alumina catalysts first increases with chromia loading, but
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then starts to decrease.” Degradation at higher coverages
has been correlated with the appearance of crystalline Cr,O3
particles. Thus far, characterization of the low-loading regime
has been pursued with a variety of techniques, all of which
probe relatively large surface areas, yielding an average sig-
nal.B># 1t has been inferred that “surface chromate species”,
as opposed to fragments of stoichiometric oxides, are respon-
sible for catalysis. Efforts to determine the oxidation state of
Cr in catalytically active species have yielded conflicting re-
sults, but a consensus has emerged that Cr® is present.
Further identification of the species, the local coordination of
Cr and O atoms, and details of the catalytic reactions at the
atomic level have remained elusive. In addition, it has re-
cently been established that there are major disparities in cat-
alyst behavior when different alumina polytypes are used as
supports. Among the so-called transition aluminas, all of
which are porous and have a cubic spinel structure,'*'") chro-
mia on n-alumina is a highly active catalyst with a lifetime of
several years, whereas the activity of chromia on y-alumina
degrades within weeks.23] Differences between the surfaces
of these two polytypes are well-known and have been attribut-
ed to different reconstructions, controlled by the different dis-
tributions of bulk Al vacancies.'*! Prior theoretical work!"!
found that single Cr atoms adsorb stably on n-alumina sur-
faces but get buried in the subsurface layers on y-alumina sur-
faces. The effect was proposed as a possible mechanism for
the observed rapid degradation of y-alumina/chromia catalyst
systems.

In this Communication we combine several experimental
techniques and first-principles quantum-mechanical calcula-
tions to provide atomic-scale understanding of alumina/chro-
mia systems, the oxidative dehydrogenation of alkanes, and
the nanoparticle—substrate interactions that control catalytic
activity. More specifically, we used direct imaging by Z-con-
trast aberration-corrected scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy
(EELS) coupled with extended X-ray absorption fine struc-
ture (EXAFS) measurements. In contrast to prior techniques,
whose probes cover relatively large surface areas, the STEM
electron beam is focused in sub-Angstrom regions, and is
scanned so that the Z-contrast images and EELS measure-
ments provide information with atomic resolution. We use
these techniques to demonstrate that chromia on n-alumina
appears in monodisperse form, predominantly as CrO, clus-
ters. We further demonstrate that such clusters remain mono-
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disperse after annealing, with no evidence of agglomeration.
In contrast, agglomeration occurs on y-alumina, leading to
Cr,03 patches. Our theoretical calculations suggest that CrO,
clusters adsorbed on either y- or n-alumina are catalytically
active. The key active sites are low-coordination-number
O atoms on the CrO, clusters that are able to strip H atoms
from alkanes. Flowing O, molecules then strip the H atoms
from the catalyst to form H,O molecules, allowing the process
to reiterate. In contrast, we find that crystalline Cr,O3 sur-
faces, where O atoms have higher coordination numbers, do
not mediate the catalytic reaction (the transfer of H atoms
from the alkanes to the surface O atoms costs energy). Finally,
we show that the catalytically active CrO, clusters adsorb
stably on both y- and n-alumina surfaces, but that degradation
of the y-alumina/chromia systems occurs because reconstruc-
tion on y-alumina facilitates the formation of crystalline
Cr,03 in registry with the substrate, while the reconstruction
on n-alumina does not.

Z-contrast STEM studies demonstrate a marked difference
in the Cr distribution on y- and 1-Al,Os. For y-Al,O5 at high
loadings of Cr the distribution is highly nonuniform, as illus-
trated by a Z-contrast image of the sample with ca. 2.5 mono-
layer (ML) loading in Figure 1a. In this imaging mode, the in-
tensity contributed by an atom is roughly proportional to Z2,
where Z is the atomic number,'® so that Cr-rich regions
(Zcr=24) appear bright on the background of the alumina
support (Za;=13). Cr is visibly segregated into extended
“patches” on the y-alumina surface. The chemical nature of
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Figure 1. Cr-doped 7-Al,O3. a) STEM image (smoothed) of a y-Al,05
flake with Cr,O3 patches. b) EELS spectra, collected on the patches
(dotted line) and between the patches (solid line), confirming Cr,0; seg-
regation. c—e) Chromia inclusions in an as-prepared sample with a load-
ing of ca. 2.5 ML, an as-prepared sample with a loading of ca. 0.8 ML,
and a sample with a loading of ca. 0.8 ML annealed at 600 °C for 24 h, re-
spectively.
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the contrast is confirmed by EELS studies (Fig. 1b), which
show a strong Cr signal on the patches and no detectable Cr
signal between the patches. Diffractograms of the images of
the patches contain Cr,Oj reflections; moreover, Cr,Oj lattice
spacings can also be identified in a conventional powder
X-ray diffraction pattern along with alumina reflections,
which is consistent with the observed patch size of several
nanometers. Overall, bright patches of chromia can be found
on samples with both above-monolayer (Fig. 1c, ca. 2.5 ML)
and below-monolayer loading (Fig. 1d, ca. 0.8 ML), but their
density is considerably smaller in the latter. Chromia islands
seem to grow on annealing (Fig. 1e).

On n-AlL O3, on the other hand, no segregation was ob-
served. Contrast in the STEM images of the sample with
ca. 0.9 ML was mostly uniform, with the thinnest, off-axis
areas of the alumina flakes sometimes displaying faint spots
(indicated by the arrows in Fig. 2a). The EELS spectra, how-
ever, clearly showed the presence of Cr and no discernible dif-
ference in Cr concentrations between different areas of the
sample (Fig. 2b). There was no apparent change in chromium
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Figure 2. Cr-doped M-Al,03. a) STEM image (smoothed) of an n-Al,0;
flake with possible single Cr atoms, indicated by the arrows. b) EELS
spectrum, confirming the presence of Cr.

distribution on annealing. A 2D Gaussian fit of the spots indi-
cated by the arrows in Figure 2a shows that their incremental
intensities are within 20 % of each other, and that the widths
are 0.6-0.9 A, which is about right for a single atom, in this
case Cr. The signal-to-background ratios for the spots are
fairly low, and while it is consistent with the moderate differ-
ence in atomic numbers between Cr and Al, the statistics of
the Z-contrast images are insufficient proof for visualizing sin-
gle Cr atoms. However, the combination with EELS data
makes the achievement of such a visualization much more
probable.

The EXAFS data provide further confirmation that the
coordination environments of Cr in the two forms (y- and
n-ALO;) are significantly different. A standard analysis of
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the X-ray absorption spectra gives the values of 5.8 and 4.5 (in
v- and m-alumina) for the coordination numbers of the Cr
atoms in the first coordination spheres (Cr—O bonds), which
corresponds to octahedral (characteristic of Cr**) and tetrahe-
dral (characteristic of higher Cr oxidation states) coordination
of Cr atoms in the two polytypes, respectively. The absence of
any long-range order for Cr/n-Al,O3 suggests the existence of
small monodisperse Cr clusters, while the Cr K-edge EXAFS
signal from the y-alumina surface ideally corresponds to the
crystalline structure of Cr,O3 (Fig. 3).

To understand the difference in behavior of CrO, clusters
adsorbed on different transition aluminas, we performed ex-
tensive first-principles calculations to find the minimum-ener-
gy configurations of individual CrO, (x =1-4) clusters on the
preferentially exposed n- and y-Al,O5 (110C) surfaces (where
C refers to having a topmost Al layer in which Al atoms have
two different coordinations).'!] These surfaces are generally
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Figure 3. a) Fourier transforms of EXAFS spectra for Cr/y-Al,03 and Cr/
n-Al,0;5 catalytic couples (Cr K-edge). The absence of any well-defined
structures in the second and higher coordination spheres for Cr/n-Al,O;
suggests the existence of small monodisperse Cr species at the 1n-Al,O;
surface. The presence of well-defined peaks in the higher-order coordina-
tion spheres for Cr/y-Al,O3 confirms the presence of long-range order-
ing; b) The Cr K-edge EXAFS spectrum of Cr-doped y-alumina (dots)
gives a perfect fit with the crystalline structure of Cr,05 (solid line), thus
confirming the crystal structure of the Cr patches.
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terminated by OH groups. We have considered CrO, clusters
either adsorbing on “bare” oxygen sites or replacing H atoms,
for which calculations were carried out without H. Unlike the
bare Cr atoms considered in previous work P! CrO, clusters
do not have a tendency to get buried under the surface of
v-AlLbO3z;. The minimum-energy configurations for a CrOs;
cluster are shown in Figure 4. The bulk crystal structures of
these two transition alumina polytypes are very similar: both
are defect spinels in which 11 % of the cation sites are vacant
to satisfy the Al,Oj stoichiometry. In y-Al,O3 most of the va-
cancies are located in tetrahedral sites, whereas in 1n-Al,O3

CrO,/1-ALO,

Figure 4. a,c) Schematics of the configurations for individual CrOs clus-
ters positioned at the (100C) surface of y-Al,O3 and n-Al, O3, respectively,
determined by first-principles calculations. b,d) The relaxed structures,
obtained by deposition of two regular Cr,O; layers on y-Al,O; and
n-Al, 03, respectively. The Al, O, H, and Cr atoms are shown in gray, red,
white, and blue, respectively. The O atoms that belong to the CrOs clus-
ters are shown in purple.

they are distributed mainly in the octahedral sites.'”) This
difference, however, results in sufficiently distinct diffraction
patterns'! and significantly affects the surface relaxation
processes in these polytypes, which results in their different
surface reactivity.'!)

At the clean y-ALO; (110C) surface, all of the oxygen
atoms in the CrO, clusters are found to be located at the
sites that match well with the oxygen sublattice of y-Al,O3
(Fig. 4a). In addition, the Cr atom binds to the surface oxygen
atoms and occupies a site that corresponds to an octahedral
site of bulk y-AL,O5. Both of these facts suggest that nuclea-
tion of Cr,O3 on y-AlL,O3 does not introduce any significant
strain at the interface, facilitating the growth of crystalline
Cr,03; particles where all the Cr atoms are octahedrally coor-
dinated. As Figure 4b clearly demonstrates, Cr,O5 particles
can grow in a commensurate way on a y-Al,Oj surface. At
low chromia loadings, however, the number of individual
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CrO, clusters located at the surface may still be quite signifi-
cant.

The n-alumina (110C) surface is markedly different from
the corresponding y-Al,O; surface, as it contains unsaturated
Al atoms with a coordination number of three."*!* The mini-
mal energy for CrO, clusters corresponds to the attachment
of its oxygen atoms to these Al atoms. The two three-coordi-
nated aluminum atoms that bond to the CrOs clusters are lo-
cated in different rows (Fig. 4c). The resulting configuration
shows a mismatch of the oxygen sites of the CrO; with the
oxygen sublattice of the alumina substrate. In addition, the Cr
atom in this configuration prefers tetrahedral coordination.
As a result, nucleation of crystalline Cr,Oj particles on the
n-alumina surface is unlikely (Fig. 4d). We conclude, there-
fore, that CrO, clusters on the n-alumina surface remain dis-
persed.

We further used density functional calculations to explore
the catalytic dehydrogenation of alkanes at the atomic level.
As an example, Figure 5 shows the key step of the dehydro-
genation of a C;Hg molecule at a CrOj; cluster supported on
the n-Al,O; surface. When C,Hg approaches the CrO; clus-

a) Q 0 b)
) ) CZHG

Figure 5. Dissociation of a C;Hg molecule on a CrO; cluster attached to
a (110C) n-Al,O5 surface. a) Initial atomic configuration with a free al-
kane molecule (C;Hg). b) Final configuration with a free alkene (CyH4)
molecule and two H atoms captured and trapped at the active oxygen
sites of the CrO; catalytic cluster.

ter, two hydrogen atoms from the molecule get captured at
the low-coordination oxygen sites and the remaining C,H,
molecule is released. This process entails an energy gain in
the range of 1.3 to 1.6 eV, depending on which O sites the hy-
drogens are attached to, and on the value of x in CrO,. The
key enabler for the process is the low coordination of the O
atoms on the CrO, cluster. A flow of O, molecules is then
necessary to remove the bound hydrogens and reactivate the
site. The reaction CrO,H,+1/2 0, — CrO,+ H,O leads to a
gain of energy in the range 0.7-0.9 eV, indicating that the hy-
drogens are removed in the form of water molecules.

The formed C,H, molecule may either depart or bind to
either the free alumina surface or to one of the CrO, clusters,
but in both cases the binding energy does not exceed 1.3 eV.
Because typical temperatures for the dehydrogenation pro-

www.advmat.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cess are high (600-900°C), the C,H; molecule will not be
trapped at the surface for long. Finally, we found that hydro-
gen atoms do not bind to the Cr atoms, as has been suggested
previously.”] Only the unsaturated oxygen atoms in the indi-
vidual CrO, cluster may capture and trap the H atoms from
alkane molecules, in agreement with the conclusions of Chen
et al. about the role of the VO,/ZrO, catalyst in the oxidative
dehydrogenation of propane.m It is also worth mentioning
that the calculated difference in catalytic activity for isolated
CrO, on a y-Al,O; surface versus an 11-Al,O3 surface is mini-
mal. However, if the dispersed CrO, clusters sinter and form
larger clusters of chromium oxide (e.g., at higher chromium
loadings or at higher temperatures) the oxygen atoms in crys-
talline Cr,O; particles acquire higher coordination and be-
come less active. If fact, we found that the dissociation of
C,Hg on a crystalline Cr,O3 (0001) surface is energetically un-
favorable, with an energy cost of ca. 2.8 eV (if the formed
C,H, molecule remains in the gas phase) or ca. 2.5 eV (if the
dissociated C,H, binds to the surface). This result explains
why the catalytic activity decreases significantly when crystal-
line Cr,0j; is formed. Thus, only dispersed CrO, clusters play
a critical role in the catalytic reaction of the dissociation of al-
kanes.

In addition, CrO, clusters may bond stably at surface steps
or particle edges, where the catalytic reactions may be some-
what different. However, their role in catalysis would be sec-
ondary because they constitute a small fraction of the total
catalyst surface.

It is also possible that Cr,O, species, where n = a small num-
ber (e.g., 2 or 3) also have low-coordination O atoms and
would also, therefore, be catalytically active. Investigation of
such possibilities represents one route towards optimized de-
sign of catalysts for specific applications.

In conclusion, we have investigated the Cr distribution in
Cr/y-AlL,O3 and Cr/n-AlLOj3 systems. Z-contrast STEM and
EELS studies have demonstrated that while Cr is segregated
into patches on y-Al,Oj3 surface, it is distributed uniformly on
n-AlLO;. EXAFS has identified the patches on y-Al,O5 sur-
face to be crystalline Cr,Oj3, while on n-Al,Oj3 the data analy-
sis suggests small isolated CrOy clusters with Cr coordination
close to tetrahedral. First principles calculations trace this dis-
parity back to the bulk structure of the respective alumina
polymorphs and the resulting differences in the surface recon-
struction: the reconstruction on y-alumina facilitates the for-
mation of crystalline Cr,O5 in registry with the substrate,
while the reconstruction on n-alumina does not. The calcula-
tions further demonstrate that only the isolated CrOy clusters
are active in alkane dehydrogenation, with important implica-
tions for the longevity of catalysts.

Experimental

Samples for the study were fabricated at BASF Catalysts. To pre-
pare Cr,O5/y-AlLO; (L6831-8-2) samples, boehmite alumina (Alcoa
HiQ 180), nitric acid and water were blended, formed into cylindrical
extrudates, dried at 120°C overnight, and then calcined at 850°C
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for 2 h. The extrudates were impregnated with chromic acid/sodium
dichromate to incipient wetness, dried at 120 °C overnight, and cal-
cined at 660 °C for 1 h. The samples with coverages of 2.5 ML and
0.8 ML were produced by varying the amount of Cr-containing
reagent. To prepare Cr,O3/M-ALOj; samples (L-6831-8-3), alumina ex-
trudates (Al-5635, proprietary, BASF Catalysts alumina support) were
calcined at 450 °C for 2 h, impregnated with chromic acid/sodium di-
chromate to incipient wetness, dried at 120 °C overnight, and then cal-
cined at 660 °C for 1 h to produce a catalyst with 0.9 ML coverage.
For microscopic observations, extrudate particles were crushed and
deposited onto holey carbon grids. Both as-prepared samples and
samples annealed at 600 °C for 48 h were examined. While annealing
did not duplicate the conditions inside the reactor, it served as a test
for the thermal stability of the dopant distribution in as-prepared
samples.

Z-contrast STEM observations were carried out with a VG Micro-
scopes HB603U instrument, operated at 300 kV and equipped with
Nion aberration corrector to give sub-Angstrom probe size [16] and
superior signal-to-noise ratio. EELS spectra were collected by using a
VG Microscopes HB501UX microscope operated at 100 kV and
equipped with a McMullan design charge-coupled device (CCD) par-
allel detection EELS system [17].

EXAFS measurements were performed in the regime of total exter-
nal reflection at room temperature at the Institute of Nuclear Physics
of the Russian Academy of Sciences (the Novosibirsk Center for Syn-
chrotron Radiation). Synchrotron radiation was properly precondi-
tioned by using the Si (111) monochromator.

The first-principles calculations (spin-polarized) were performed
within density functional theory, using the pseudopotential method
and a plane wave basis set [15,18,19]. The exchange-correlation effects
were treated with the generalized gradient-corrected exchange-corre-
lation functionals (GGA) given by Perdew and Becke [20]. We
adopted a norm-conserving pseudopotential for Al and the Vanderbilt
ultrasoft pseudopotentials for Cr, O, and H atoms [18,21]. A plane
wave energy cutoff of 400 eV and two special k points in the irreduc-
ible part of the 2D Brillouin zone of the surfaces were used for calcu-
lating the preferentially exposed (110C) surfaces of y- and n-ALOs3
[14]. Semi-infinite (110C) surfaces were modeled by repeated slabs
(supercells) containing 5-8 layers (70-128 atoms per supercell, respec-
tively) separated by a vacuum region equivalent to 10-12 A. Super-
cells containing 80 atoms and a 2 x2 surface cell were employed to
represent the a-Cr,O3(0001) surface. The cation vacancies that are in-
herently present in the spinel form of y-Al,O5; and n-AlL,O; were lo-
cated on the tetrahedral and octahedral cation sublattices, respective-
ly. All the atoms in the supercell, except for those in the lower two or
three atomic layers (which were kept fixed), were relaxed until the
forces on the atoms were smaller than 0.05 eV A™. CrO, (x=1-4)
species with different initial geometries on both y- and 1-ALO;
(110C) surfaces were examined to find the minimum-energy config-
urations. For each configuration, various combinations of O sites for
H attachment were examined to obtain the reaction energies for de-
hydrogenation of a C,Hg molecule on CrO, clusters, crystalline
Cr,03, and transition aluminas.
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