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B Abstract The key role of electron microscopy in understanding and creating ad-
vanced catalyst materials and processes in selective alkane oxidation, environmental
control, and alternative energy sources is reviewed. In many technological processes,
catalysts are increasingly nanoscale heterogeneous materials. With growing regulatory
guidelines requiring efficient and environmentally compatible catalytic processes, it is
crucial to have a fundamental understanding of the catalyst nanostructure and modes
of operation under reaction conditions to design novel catalysts and processes. The
review highlights the pioneering development and applications of atomic resolution
in situ-environmental transmission electron microscopy (ETEM) for probing dynamic
catalysis directly at the atomic level, high-resolution electron microscopy, and analyt-
ical spectroscopic methods in the development of alkane catalyzation, environmental
protection, and new energy sources.
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INTRODUCTION

The selective oxidation of hydrocarbons to a variety of industrial polymer products
and novel routes for environmental catalysis have received considerable interest
(1). The selective oxidation of n-butane to maleic anhydride (MA) is an important
commercial process. Maleic anhydride is used as a raw material for a variety of
products ranging from tetrahydrfurans (THF) for industrial fibers and polyurethane
technologies to agricultural chemicals. Several international groups are working to
improve the process. The oxidation of n-butane to MA is a remarkably selective 14-
electron oxidation. To date, vanadium phosphorus oxide—based catalysts are still
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the most active and selective systems for this chemistry. It is likely, however, that
other highly active and selective catalysts exist, with possibly different properties
(stability and lattice oxygen capacity). However, to date, none has been discovered.
Significant progress in the area is being made by studying catalysts under in situ
conditions. By understanding the nature of active species, more stable and active
catalysts (e.g., those having higher surface areas, or placed on high surface area
supports) could be developed.

Also, environmental concern is undoubtedly a powerful driving force, particu-
larly in catalysis. Thus the topic of environmental catalysis has established itself as
an area of increasing interest that encompasses a variety of technical approaches,
all of which have the common goal of improving the quality of the natural en-
vironment and contributing to so-called sustainable development (2). Generally
speaking, environmental catalysis is not only related to technologies aimed at
correcting or controlling emissions to the environment of noxious pollutant sub-
stances but also to areas such as green chemistry or alternative energy sources.
The search for catalytic processes that allow higher selectivity (i.e., less undesired
by-products); lower energy consumptions; diversification of fuels; improvements
in the quality of fuels; or for alternative, more environmentally benign energy
sources are also the scope of this exciting, ever-growing field. In this review we
highlight the key role of electron microscopy (EM) methods in recent advances
in promoted catalysts for butane oxidation as well as environmental and energy
catalysis.

EXPERIMENTAL PROCEDURES

Electron Microscopy Techniques

Electron microscopy techniques are powerful and versatile research tools for in-
vestigating the local structure and chemistry of complex heterogeneous catalysts
directly, from the macroscopic to the atomic scale (3, 4). Several monographic
books, issues and articles on EM of catalysis clearly demonstrate the tremendous
impact of these techniques in the characterization of catalytic solids (5-17).
Briefly, EM provides structural information of samples in both the real space and
reciprocal space. It provides local structural information of the surface and the bulk
of the sample routinely at the atomic level and also provides chemical, electronic,
and three-dimensional structural information. EM is a diffraction technique in
which crystals diffract electrons in accordance with Bragg’s Law, n A = 2dyy
sin 0, where X is the wavelength of electrons, d is the lattice planar spacing of hkl
reflection, and 6 is the scattering angle. The diffraction pattern thus formed may
be regarded as a Fourier transform (FT) of the crystal. An apertured inverse FT in
the objective lens of the EM forms the image. The interactions of electrons with
matter generates elastic scattering and a variety of other signals that can be used
to obtain the structural and chemical information of a sample. Elastic scattering
occurs when incident electrons interact with the potential field of nuclei of matter
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with no energy loss in momentum transfer, whereas inelastic scattering occurs
when interactions between incident electrons with electrons of matter occur and
scattered electrons lose energy (3).

In a conventional transmission electron microscope (TEM) and high-resolution
TEM (HRTEM)), electrons transmit through the sample. The TEM has an electron
gun and electromagnetic lenses, which include condenser and objective lenses,
and operates at ambient temperature in high vacuum. TEM diffraction contrast is
the conventional TEM imaging technique where the Bragg condition is satisfied
for a single diffracted beam (3). If only the diffracted beam corresponding to the
incident electron beam direction (primary beam containing the direct transmitted
electrons) is used for imaging, a bright-field (bf) image is obtained; if only scat-
tered electrons are used, a dark-field (df ) image is formed. Defects such as point
and extended defects control properties of catalysts, and understanding them is
critical for controlling and optimizing catalytic properties. The diffraction con-
trast technique is particularly effective for determining the nature of defects (i.e.,
lattice imperfections), generally without detailed simulations of defect models.
One of the most powerful methods of direct structural analysis of catalysts is
HRTEM, where two or more Bragg reflections are used for imaging. The power
of HRTEM in determining real-space structures of complex inorganic solids that
were beyond the reach of conventional structural techniques (e.g., X-ray, neutron
crystallography) has been elucidated by several workers (1, 5). Unlike conven-
tional diffraction techniques [powder X-ray diffraction (XRD), neutron], HRTEM
provides localized real-space information, now routinely at the atomic level, about
the bulk and surface properties of solids, the corresponding chemical information,
as well as electron diffraction information in reciprocal space.

For EM of catalysts, as-synthesized powders may be used. They are dispersed
in alcohol and deposited on generally 3-mm-carbon-filmed beryllium, copper, or
aluminum grids. If carbon or other support films are not desirable, finely meshed
metal grids can be used. High purity grids should be used for experiments. The
powders are thin enough for the electron beam to penetrate, and no further sample
preparations are usually necessary.

Chemical composition analysis in the EM is carried out using electron-stimu-
lated energy dispersive X-ray spectroscopy (EDX or EDS) or electron energy-loss
spectroscopy (EELS). In EDX, X-rays with energies characteristic of elements are
measured in the probed region of the sample. In EELS, energy losses produced
by the interaction between incident electrons and the sample are measured. The
energy losses result from inelastic scattering effects. EELS has normally been used
to detect light elements in materials. The measurements via EELS spectra can
provide quantitative information about chemical or oxidation states and elemental
or chemical compositions and can be particularly effective in catalyst studies.
Rich spectroscopic and structural information can be retrieved at atomic scale
resolution, and with high energy resolution in the case of spectroscopic signals,
which allows us to scrutinize the bulk, surface, and interface details of all types
of materials. Thus TEM provides a set of highly complementary tools that allow
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a very precise examination of materials in general (3) and of catalytic materials in
particular (5-17).

Recent Advances in Atomic Resolution In Situ ETEM
for Probing Catalysis Directly at the Atomic Level

Heterogeneous catalysis is a dynamic process. In gas-catalyst reactions, the dy-
namic atomic structure of catalysts under operating conditions plays a pivotal role
in governing catalytic properties. Therefore, there is a strong need for in situ EM
methods for direct probing of live catalyst-gas molecule reactions, reaction mech-
anisms, transient species, and the chemistry of catalysts under reaction conditions.
Furthermore, post-reaction examination of a static catalyst, which is taken out of
the reaction environment and cooled to room temperature (RT), does not often
represent the dynamic state of the catalyst and there may well be atmospheric
contamination, which can cause errors in interpretation.

In ETEM, a gas reaction cell (or environmental cell, ECELL or microreac-
tor) is integrated inside an electron microscope column, which is differentially
pumped as described by Gai (7). Recent developments include atomic resolution
in situ ETEM (also referred to as environmental-HRTEM), pioneered by Gai &
Boyes (18, 19). It enables probing of dynamic chemical reaction processes directly
at the atomic level. In this development, a new approach has been taken to design
the ETEM, with radial holes in the objective lens pole pieces for gas feed, and
the ECELL is integral to the ETEM (Figure 1a). The ETEM design of Gai &
Boyes has been adopted by commercial TEM manufacturers (FEI) and copied
globally.

In in situ ETEM studies, appropriate gas compositions, using a conventional
reactor-type gas-manifold system, enable the inlet of flowing gases into the ETEM
microreactor. A mass spectrometer is added for gas analysis. A sample stage with
a furnace allows samples to be heated in the in situ ETEM (20-22) (Figure 1b).
Lower gas pressures (a few mbar) are used for high-resolution imaging. Higher gas
pressures are possible with some loss of resolution owing to multiple scattering of
electrons through gas layers. Experiments on a large number of catalysts (5) have
shown that the gas layer in immediate contact with the catalyst surface is the most
critical to the catalytic reaction as compared with the total amount of gas present.
Careful experimental conditions are used in in situ ETEM to ensure that the mate-
rial is not damaged in the electron beam (12, 19, 20, 22a,b). These include the use
of very-low-dose electron beam currents for imaging materials. The image signal
is then amplified by a low-light television camera connected to a video monitor,
or recorded on a charge-coupled device (CCD) camera. Calibration blank experi-
ments (without the electron beam) are carried out with the beam switched on for a
few seconds only to record the final state of the materials and to check with in situ
data. Under these careful conditions, no invasive beam damage is observed. The
pioneering atomic resolution ETEM development of Gai & Boyes has been high-
lighted by the American Chemical Society’s C&E News (23, 24). Parallel chemical
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(a) Electron Gun (b)
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Figure 1 (a) Schematic of atomic resolution in situ environmental transmission elec-
tron microscope (ETEM) with environmental cell (ECELL or microreactor), showing
radial holes through objective lens pole pieces for gas lines (D). Differential pump-
ing is used. P, pole pieces; CA, cell aperture; O, objective aperture; SA, selected area
aperture; S, sample; G, gas; C, condenser aperture (18, 19). (b) Schematic of various
components of ETEM.

reaction experiments have been performed on larger amounts (~1 g) of the sample
in a microreactor to correlate microstructural observations with catalytic reactivity
properties. Complementary techniques in catalytic chemistry involve temperature
programmed (TP), oxidation state, and BET (Brunauer-Emmett-Teller) surface
area measurements and powder XRD of samples.

Recent in situ developments also include of wet-environmental transmission
electron microscopy (hereafter referred to as Wet-ETEM) to directly probe con-
trolled liquid-catalyst reactions in liquid phase hydrogenation and polymerization
at operating temperatures, at the nanomolecular scale (25, 26). This method opens
up new opportunities for high-resolution studies of a wide range of solution-solid
and solution-gas-solid reactions in the chemical, polymer, and biological sciences.
Other EM methods generally used in catalysis are scanning electron microscopy
(SEM) and scanning TEM (STEM) (27). SEM utilizes a focused electron beam
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that systematically scans across the surface of a sample and is used to charac-
terize surface topography of bulk powders or pellets (28, 29). STEM, which is
essentially a combination of scanning EM and TEM, is powerful as a structural
and an analytical tool and uses a finely focused probe (<1 nm) over a thin sam-
ple (30). An important method in high resolution STEM is high angle annular
dark field (HAADF) for Z (or atomic number)-contrast imaging (27). It utilizes
the fact that high-angle scattering (angles >30 mrad) obeys the Rutherford law,
i.e., the scattering cross section is proportional to Z2. The use of HAADF-STEM
signal removes the complexity of conventional bright field scattering and the as-
sociated diffraction complications. The use of HAADF-STEM to determine the
three-dimensional structure of supported metal nanocatalysts at a very high spa-
tial resolution of <1 nm has been demonstrated recently for Pd-Ru nanocatalysts
supported on mesoporous silica (31).

CATALYST SYNTHESIS AND IN SITU
CHARACTERIZATION IN N-BUTANE CATALYSIS

Control (Base) Catalysts

The most successful industrial process to manufacture MA is the vapor phase oxi-
dation of n-butane over active vanadyl pyrophosphate catalysts (32). In the follow-
ing, we review highlights of the recent work and the crucial role of EM, especially
atomic resolution in situ ETEM, dynamic electron diffraction, and correlations of
the catalyst microstructure with its reactivity. We review the effect of steam and
cation promoters on catalyst performance. In the selective oxidation of the alkane
to MA, the most active and selective phase is believed to be vanadyl pyrophosphate
[(VO),P,07] catalysts (hereafter referred to as VPO), with active centers located
at the exposed (010) basal planes (20, 32). There are also some claims that the
active phase is a combination of VPO and VOPO, phases, or a P-rich phase, or a
mixture of VPO with unknown or amorphous phases (32, 33). VPO is orthorhom-
bic witha = 1.659 nm, b = 0.776 nm, and ¢ = 0.9588 nm (32, 34). VPO is
a layered structure and the basal (010) plane, considered to be the active plane,
consists of edge-sharing pairs of distorted vanadium octahedra shared at corners
by the phosphate tetrahedral groups (Figure 2a). An organic method is generally
employed to synthesize the base catalyst precursors (20, 32, 35, 36). Vanadium
pentoxide and anhydrous phosphoric acid, prepared by mixing P,Os with aque-
ous phosphoric acid, are refluxed in 11:1 isobutyl alcohol/benzyl alcohol solvent
mixtures under an inert atmosphere. Enough anhydrous phosphoric acid to satisfy
a 1.1/1, P/V atomic ratio is slowly added to the alcohol mixture over a period
of a couple of hours. The solution is allowed to reflux for several hours. Soluble
pentavalent vandyl species are reduced predominantly by benzyl alcohol to pre-
cipate the blue tetravalent precursor (which is the case of pure VPO catalysts),
which crystallizes as vanadium hydrogen phosphate hemihydrate, VO(HPOy)
0.5 H,O. The precursors are subsequently dried in vacuum at 150°C for 18 h.
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Bartley (37) described vanadium (V) phosphate prepared using a solvent-free (in
the absence of water) leading to an anhydrous VOPQOy, that can be readily hydrated
to the precursor.

Promoted Catalysts

In the case of promoted VPO catalysts, promoter cations are added as the soluble
chlorides and alkoxides, which subsequently coprecipitate. A number of single
metal cations (e.g., Fe, Cr, Ce, Li, Zn) have been added (38-41), and the litera-
ture connected to the promotion of VPO catalysts has been reviewed recently by
Hutchings and coworkers (40). ETEM, SEM, and diffraction methods play a key
role in elucidating the surface and bulk microstructural changes, which are due
to the catalyst promotion, and the interplay between the promoted structures and
reactivity to obtain a deeper understanding of the role of promoted microstructures
in the alkane oxidation catalysis.

Gai and coworkers (35, 36) have synthesized promoted catalysts with cations
of two metals substituting for V. Their approach has been to replace V 4+ with an
equimolar combination of cations of different valencies such as Fe 3+ and Sb 5+
or bismuth and molbydenum (36). They have compared catalyst performance from
this approach with that involving the substitution of a lower valent cation such as
Fe 3+ or Cr 3+ for V 44, as well as cerium oxide additions as an oxygen reservoir
to the VPO catalyst. In addition they have prepared novel, grafted-promoted VPO
catalysts as alternative synthetic pathways.

To create the novel grafted-promoted vanadium phosphate catalyst, a mixture
of bismuth and molybdenum alkoxides is used with the hemihydrate precursor.
The alkoxides, prepared using bismuth and molybdenum chloride, form a soluble,
mixed alkoxide complex when reacted with ethanol. The mixed alkoxide, dissolved
in alcohol, is reactively grafted onto the preformed precursor. The catalysts in
these experiments contain only 1 mol% bismuth and molybdenum supported on
VOHPO, '/,H,0. This process is a grafting procedure, and the precursor complex
is then heated to transform into the final, promoted catalyst. Calcinations are
performed in a small, 3.5-cm fluidized bed on 60 g catalyst samples. Samples are
heated in air at 390°C for 1 h, followed by 460°C for 18 h in 1.5% butane/air.
The relatively high temperature of 460°C used for the calcination is beneficial for
the rapid equilibration of the catalysts.

Annu. Rev. Mater. Res. 2005.35:465-504. Downloaded from arjournals.annualreviews.org
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Microreactor Evaluations

A fixed bed microreactor is used for catalytic evaluations. Analyses of the reac-
tor feed gases prior to and after the reaction (including for butane and reaction
products such as MA, acetic acid, and acrylic acid) are carried out by gas-liquid
chromatography (GLC).

The pseudo first order rate constant, k, given for the disappearance of butane,
is obtained by fitting the reactor data to a classical first order rate expression:

d[butane]/dt = —k [butane],
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d(xy—x)/dt = —k(xq— x),

where X is the initial concentration of butane and x is the portion of butane reacted.
Integrating this expression gives the concentration of butane exiting the reactor
as a function of contact time, t, in the reactor:

[exit butane] = xq— x = Xo exp(—kt).

In addition to describing the reaction rate of butane with a catalyst, the rate
constant, k, includes several other factors including the dependence of the reaction
rate on the oxygen concentration (which remains relatively constant under our
conditions) and the concentration of catalyst active sites (also assumed constant).

In Situ ETEM Observation of Butane Oxidation

Direct in situ ETEM studies of dynamic butane oxidation over (010) VPO catalyst
(Figure 2b) at operating temperatures (~360-390°C) are reported in Science (20).

Figure2 (b) Atomic resolution ETEM image of (010) VPO in butane. The associated
electron diffraction (ED) is inset. The 002 and 400 Bragg reflections are shown along
with the corner positions of 201 reflections. The structural model is approximately
superimposed to illustrate vanadyl and P atom columns. The image and ED show a
well-ordered structure. (c¢) In situ ETEM studies of VPO reaction in butane recorded
at ~390°C, showing two sets of extended defects along the symmetry related [201]
and [20 —1] directions, indicated by arrows. Inset (C2) shows one set of dynamic
extended defects formed close to the catalyst surface, imaged in the 201 reflection in
diffraction contrast. Inset (C1) shows the corresponding ED with diffuse streaks along
(201) indicating that (201) planar oxygen atoms are partaking in the catalysis. (d) In
situ ETEM of one set of the extended defects at high resolution showing a stacking
fault close to the catalyst surface, bounded by partial screw dislocations P1 and P2 and
lattice displacement along (201). (e) (fop) A three-dimensional projection of a partial
layer of the idealized (010) VPO structure showing oxygen atoms (along (201)). O
and O are in front and back layers. Some V and P atoms are denoted. (f) (Bottom)
Generation of glide defects and model for novel glide shear mechanism along (201) in
butane oxidation catalysis. The atom shown by arrow (e.g., top of front layer) glides
to the site created by loss of O and so on. Analysis of the extended defects, using
electron microscopy, shows them to be formed by novel glide shear (18, 20). (g) A
two-dimensional structural model for the observed extended glide shear plane defects
that represent the diffusion front of anion vacancies: projection of one layer of the
idealized (010) VPO, showing the novel glide shear mechanism. The glide defects
accommodate misfit between the surface-containing anion vacancies (filled circles)
and the underlying matrix and preserve anion vacancies associated with Lewis acid
sites for catalysis. (k) Schematic of glide shear: glide plane defects at the interface
between the catalyst surface-containing anion vacancies and the underlying matrix.
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These studies have shown evidence for catalyst surface structure modifications
accompanied by two sets of symmetry-related extended defects along (201) direc-
tions (shown by arrows in Figure 2c in diffraction contrast). One set of the defects
in the HRTEM image is shown in Figure 2d. Defect analysis reveals that the defects
are formed by the glide shear mechanism (18, 20) shown in the structural model in
Figure 2e—g. The defects are partial glide (screw) dislocations separating a stack-
ing faultin {201} planes, and the stacking fault is terminated by the dislocation. In
the defect mechanism, anion vacancies are formed in the basal plane along (201),
between corner-sharing phosphate tetrahedra and vanadyl octahedra following the
catalyst oxygen loss in the butane oxidation. This important glide shear process,
in which oxide surface layers undergo a structural transformation by glide shear to
accommodate the surface misfit owing to anion vacancies formed during the butane
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Figure 2 (Continued)

reaction, essentially preserves anion vacancies associated with Lewis acid sites at
the catalyst surface, as shown in the schematic in Figure 2A. This novel mecha-
nism explains the release of structural oxygen and preservation of active Lewis
acid sites without the catalyst structural collapse. The doubly positively charged
anion vacancy sites are important in the hydrocarbon activation and oxygen ex-
change in the catalyst regeneration. The glide shear defect regions correspond to
a slightly anion-deficient defect pyrophosphate phase, with pyrophosphate groups
sharing corners similar to metaphosphate (PO3), groups. The local glide defects
regions, which maintain the anion vacancies (V3* phases), do not change the
overall VPO structure under the catalyst-operating conditions and as such are not
visible in X-ray diffraction (XRD). In situ ETEM and electron diffraction have
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thus played a key role in unraveling the important defect structures in butane
catalysis. The correlation of the glide defect microstructure with catalytic reac-
tivity in hydrocarbon oxidation catalysis has shown uniformly high selectivity
for MA in 1.5% butane/air in VPO for prolonged periods with maintenance of
high reactivity in other catalytic oxides. These data indicate that glide shear is the
most effective defect mechanism by which oxide catalysts accommodate nonsto-
ichiometry and continue to operate in selective hydrocarbon oxidation reactions
(18).

Effect of Steam Exposure on the Catalyst Performance

In any hydrocarbon oxidation, steam/water vapor is a by-product. The effect of
catalyst exposure to water vapor, especially on the catalyst microstructure and
performance, remains a relatively unexplored area. The complex characteristics
of long-term effects of water vapor and the evolution of defect structures have
been described in the literature (35). In these studies, VPO catalysts are exposed to
nitrogen/steam environments for periods ranging from 24 h to 312 h. Powder XRD
has shown a modest decrease in diffraction line widths in samples treated for longer
periods (312 h). ETEM shows that steam plays an important role in the development
of glide defect structures in the catalyst. The key observation from in situ ETEM is
the gradual evolution of the extended glide defects along (201) orientations, with
increased concentration compared with the concentration of defects in catalysts
treated in nitrogen only. Prolonged steam exposure leads to a long-range order
of the glide shear defects (18). In situ ETEM studies of reduction of VPO and
other oxide systems have revealed the formation of extended glide shear defects,
with the defect ordering leading to new homologous series of phases based on the
crystal glide shear mechanism (18). The studies have important implications in
oxide catalysis and, more generally, in oxide crystallography.

EFFECT OF CATION PROMOTERS

In in situ studies of promoted catalysts, compositions of gases (e.g., 1.5%
butane/air) in the ETEM microreactor are comparable to those in a practical re-
actor. In situ data are complemented by SEM, STEM with selected area electron
diffraction, and EDX. In a recent study (36), both as-prepared powders and cross-
sectioned samples (for compositional depth profile) were used to understand the
differences in the surface and bulk composition of a number of promoted vanadyl
pyrophosphate catalysts. The catalyst particles are cross sectioned to allow ac-
cess to the surface and to the interior (core) to obtain insights into relationships
between the promoted catalyst microstructure and the reactor performance. Vana-
dium oxidation state measurements, as determined by redox titrimetry, show small
changes in vanadium oxidation state after activation. Likewise, large changes
in NL/BET surface area are not observed for these systems, suggesting that the
increased n-butane oxidation activity is through modification of active sites or an
increase in the site density (sites/m?) of the catalyst surface.

Annu. Rev. Mater. Res. 2005.35:465-504. Downloaded from arjournals.annualreviews.org
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TABLE 1 Fixed bed microreactor data in 2% butane/air, 380°C, of grafted catalyst
systems compared to control catalysts

Selectivity at N,/BET

Catalyst composition k(s7') 40% conversion Vox SA (m?*/g)
(A) 1 mol% Bi, Mo VO(HPO,) - 0.5 1.02 86 4.07/4.06 34

H,0
(B) 1 mol% Bi, Mo VO(HPO,) - 0.5 0.88 83

H,0
(C) EtOH on VO(HPO,) - 0.5 H,0, 0.56 88 4.07/4.05 26

precursor before activation
(D) HCI + EtOH on VO(HPO,) - 0.5 0.49 83

H,O0, precursor before activation
(E) VO(HPOy,) - 0.5 H,O, precursor 0.56 86 4.00/4.01 30

before activation

Powder XRD data of Bi, Mo-promoted catalysts, catalysts with ethanol alone
and control catalysts, show single-phase crystalline vanadium pyrophosphate. Sur-
face area and redox titrimetry data are listed in Table 1. Table 2 shows data for

higher butane concentrations.

The tables show that improved reactor performance is observed for the grafted
promoted VPO systems. The results of grafted catalysts have been compared with
data from the coprecipitated promoter catalyst.

TABLE 2 Fixed bed microreactor reactor, 2% butane/air, 9% butane/air at 380°C

9% Butane,

2% Butane/air 10% O,
Selectivity at

Catalyst k(s™') 40% conversion Yield Selectivity
(1) Control catalyst 0.50 80 7.2 80
(2) 5BiMo 0.89 66 6.2 60
(3) 1BiMo 1.12 87 10 70
(4) Higher Bi 1.84 62 12.8 75
(5) Higher Bi, highest Bi/Mo 1.22 71 7.6 71

ratio possible using anhydrous

chloride alkoxides in EtOH
(6) Higher Mo 0.92 63 74 65
(7) Mo only 091 90 9.2 75
(8) 5 mol% Mo on VPO 1.22 71 7.6 60

precursor
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The catalyst systems (e.g., catalyst A) in Table 1 are prepared by reactive graft-
ing of the mixed alkoxides of bismuth on molybdenum on preformed vanadium
hydrogen phosphate precursor followed by calcination and activation at 460°C
in 1.5% butane/air. In Table 1, fixed bed microreactor data obtained using a 2%
butane/air feed mixture are shown. The catalyst activity of the catalysts grafted
with 1 mol% of Bi, Mo after the calcination and activation heat treatments in
1.5% butane/air is shown for catalysts (A) and (B). Remarkably, the pseudo first
order rate constant is approximately 60-80% greater than that of the untreated,
control catalyst (catalyst E). No/BET surface area measurements show nearly neg-
ligible changes in surface area, indicating that the performance improvements of
the grafted systems are most likely related to an increase in the density of active
sites on the catalyst. In either case, bismuth is a significantly beneficial cocatalyst
and together with molybdenum greatly enhances catalyst activity while maintain-
ing a high selectivity to MA. Bismuth may function to stabilize molybdenum (or
vanadium) in a more stable and selective oxidation state, and this role may be-
come more important under the more reducing conditions of the 9% butane/10%
O, reactant stream (Table 2).

Microchemical depth profiling studies show that the catalyst surface layers are
molybdenum rich, and the core of the catalyst particles are enriched in bismuth, in
the 1 mol% Bi, Mo VPO catalyst. Figure 3 shows the compositional depth profile
of the Mo/Bi ratio, plotted (with a scaling factor) as a function of depth in the
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Figure3 Compositional depth profile of Mo/Bi ratios (scaled) plotted as a function of
depth in the catalyst from the surface to the interior (core) of cross-sectioned samples.
Plot A is for grafted 1 mol% (Bi, Mo) VPO catalyst and plot B is for catalyst prepared
by coprecipitation of promoter cations with the precursor (coprecipitated catalyst) for
coprecipitated catalyst. The grafted catalysts show surface enrichment of Mo and the
core enrichment of Bi and higher reactivity and selectivity compared with coprecip-
itated catalysts. Statistical variations are shown. The coprecipitated catalyst (B) does
not show this behavior.
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catalyst crystal, from the surface to the center (interior) of the particles. Plot A
shows the composition depth profile for the grafted catalyst 1 mol% Bi, Mo VPO,
and plot B is the composition depth profile for coprecipitated (Big o5 Mo o5) VPO.

The presence of the Mo-rich phase may therefore be responsible for the observed
enhanced catalytic activity, by altering the nature or introducing new active sites on
the catalyst surface. As described previously (20), anion vacancies and glide defects
are introduced in VPO following catalyst oxygen loss in butane oxidation, leading
to V3* phases. It is believed that anion defect concentrations from the substitution
of Bi** are optimized by Mo®*, thus maintaining the optimal concentration of
defects and surface vanadium oxidation state (36).

FUTURE CHALLENGES IN ALKANE
OXIDATION CATALYSIS

For VPO chemistry, amajor challenge is to understand the nature of the equilibrated
catalyst, the activation conditions for generating the equilibrated catalyst, and the
effect of the catalyst compositional change on the catalyst activation. Large, parallel
microreactor systems are probably best suited to investigating this large parameter
space. Here too, in situ ETEM studies are set to play an important role to advance
the field. In this section, the nature of anion vacancy defects, especially near the
catalyst surface, and their marked effect on catalyst performance are reviewed.
These vacancy defect structures may also be induced and perhaps stabilized by
investigating catalyst/support interactions. These approaches may be crucial to
creating advanced catalysts with higher productivities for this chemistry, as well
as for other selective oxidations. Finally, it can be speculated that the stabilization
of furan intermediate in the butane oxidation and its subsequent hydrogenation to
THF (or THF in a single step) by overcoming the thermodynamically favorable
MA production can have a huge economic impact.

ELECTRON MICROSCOPY IN ENVIRONMENTAL
CONTROL CATALYSIS

In this section we review the contributions of TEM techniques in three areas at
the core of environmental catalysis: three-way catalysis (TWC), De-NOy catal-
ysis, and catalysis for alternative, cleaner energy sources. These areas are, to a
large extent, related, either through some of the reactions involved or through the
formulation of the materials that are currently being employed or essayed in these
catalytic processes. Thus although a TWC is actually the essential component of
the emission control system of all the spark-ignited motor vehicles (42, 43), and
De-NOx technology is well established for the after-treatment of nitrogen oxide
emissions from stationary sources, future trends in engine concepts envisage these
in combination. For instance, improved fuel economy and zero-CO, emissions
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will require the development of after-treatment catalysts for automobiles, which
should guarantee the efficient elimination of nitrogen oxides under lean-burn con-
ditions (44—46). Likewise, in a recent prospective review on automotive catalysis
by Shelef & McCabe (47), the replacement of actual fossil fuels by hydrogen has
been outlined as one of the ways to mitigate the contribution of vehicular transport
to the accumulation of CO,. Fuel cells and the combustion of methane from natural
gas are pointed as the basis of these reduced CO,-emission alternatives (46, 47). A
very recent publication (48) also stresses the close connection between the areas
mentioned previously.

Although TWC and De-NOy processes for stationary sources are nowadays
well-established technologies (2), further developments are still necessary to fulfill
the more stringent emission limits of future legislation (i.e., EURO IV in 2005 and
in the United States). For the TWC, extending the lifetime (mileage) of the catalytic
converters up to 100,000 km is still a challenge that requires improvements in
their deactivation behavior. Likewise, overcoming the problem of toxic emissions
(mostly hydrocarbons) during the 30 s or so period of cold-start, in which the
TWC catalyst temperature is not high enough to guarantee an efficient conversion
of the pollutants in the exhaust gases, or the development of efficient catalysts
for the reduction of nitrogen oxides under oxygen-rich (lean) conditions are some
challenges that will likely require parallel developments from the materials side
(47). Of course, this is also true for application in the field of catalysis for energy,
in which interest in catalytic processes for in situ generation of H, for fuel cell
applications has steeply risen recently.

As outlined above, the involvement of TEM in catalyst characterization and
development can be categorized into three levels: (@) TEM is used as a rou-
tine tool to determine basic catalyst parameters, for example, TEM determi-
nation of particle size; (b) well established TEM techniques are exploited
intensively to understand particular aspects of material chemistry problems in
catalysis; and (¢) novel EM techniques are applied to develop catalysts. These ap-
proaches are valuable in environmental catalysis, and below several examples are
described. We comment on not only the most relevant results but also on sugges-
tions about additional aspects of interest that could be potentially investigated by
TEM.

It should be remembered that catalysts, owing to their usually complex for-
mulation and their micro- or nanocrystalline nature, represent a bench-mark for
most TEM techniques. In addition, TEM provides a unique view of these peculiar
materials that most often is out of reach by any other macroscopic technique.

TEM in Three-Way Catalysis

According to Shelef & McCabe (47) the union of catalysts and the automobile
has been one of the greatest successes of heterogeneous catalysis over the past
25 years. TWC allows the oxidation of CO and unburned hydrocarbons into H,O
and CO, and, simultaneously, the reduction of nitrogen oxides (NOy) into Nj
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(1) under air-to-fuel ratios (A/F) close to the stoichiometric point, A/F = 14.5
(17). The actual formulation of these catalysts include (47) noble metals (Pt, Pd,
Rh), redox (oxygen storage), textural promoters (CeO,/CexZr;_x0O,), an alumina
support (y-Al,03), and some alumina stabilizers such as lanthana, silica, or baria
(2, 44, 49).

The contributions of EM to basic and applied knowledge on these types of
catalysts have been focused on the following topics: (a) influence of synthesis
procedures on the nanostructure of the catalysts; (b) understanding redox behav-
ior; (c) metal-support interaction effects in noble metal/cerium-based oxides; and
(d) understanding deactivation phenomena. Although they have been cited sepa-
rately, these topics are, to an extent, related to each other. It is also important to
state that most of the TEM work has been performed on TWC model systems con-
sisting of noble metals (NM = Pt, Rh, Pd) supported on a variety of cerium oxides
including pure ceria, Ce-Zr mixed oxides, Ce-Ln (Ln = Ce,Pr) mixed oxides, or
more complex ternary or quaternary mixed oxides.

NANOSTRUCTURE-SYNTHESIS CORRELATIONS
AS SEEN BY TEM

In relation to synthesis, HRTEM has provided key information about the strong
perturbation of the redox behavior of NM/Ceria systems associated with the use
of chlorine-containing precursors (50-56). It has been suggested that the large
amounts of chlorine incorporated into ceria or ceria-zirconia supports during im-
pregnation and further activation in hydrogen result in the formation of a tetragonal-
CeOCl phase, which grows in topotaxy with the ceria matrix. The stabilization
of Ce3* species in this crystalline phase perturbs and limits the extent of the
Ce**t/Ce?* exchange process thus modifying the redox response of these mater-
ials (Figure 4).

Systematic approaches using TEM to establish the influence of synthesis pro-
cedures on the nanostructure of TWC or TWC model catalysts are lacking. In
isolated contributions, TEM techniques are used to determine basic structural pa-
rameters such as the size of metal particles, the size of the oxygen storage or redox
promoter crystallites, or some crystallographic features of the redox promoter
component in Ce-Zr- and Ce-Tb-mixed oxides prepared using the microemulsion
method (57-60).

Basic applications of TEM focused on the metal component can also be found in
anumber of papers. Bera et al. (61, 62) used TEM to investigate the effect of CeO,
in promoting CO oxidation and NO reduction reactions on Pt/CeO, and Pd/CeO,
catalysts and found an atomically dispersed metallic phase in close contact with
the support. HRTEM has been applied (63) to study the effect of the support in
the dispersion of the metal phase in Rh catalysts. From comparison of particle-
size histograms established from HRTEM images of an Rh/Ce( sZry 50, and an
Rh/Al,O5 catalyst, the authors suggest that the mixed ceria-zirconia supports
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Sj_m_q!atgd‘f Experimental

Figure 4 (top) HRTEM image recorded on a Rh/CeO, catalyst prepared from a
chloride Rh precursor. A t-CeOCl crystal imaged down [010] is observed. Notice the
parallel aligment with respect to the CeO, matrix. (bottom) [010]-CeOCl structure,
[010]-CeOCl-simulated image and enlargement of the experimental image.

stabilize a highly dispersed state of the metallic component of the catalyst, one of
the roles commonly attributed to this component of TWC catalysts.

TEM Studies of TWC Deactivation

One of the most valuable contributions of TEM in TWC has been in the deactivation
of TWC catalysts. TWC catalysts work under harsh temperature and chemical
environment conditions. A complex mixture of gaseous components whose redox
character cyclically changes (at a frequency of about 10 Hz) between net oxidizing
and net reducing, flows at a very high velocity over the catalyst at temperatures
that can reach peaks of over 1000°C (2). Such redox and thermal stresses lead to
severe modifications in the TWC converter.

The contribution of TEM to understanding the deactivation phenomenon refers
to real as well as model TWC catalysts. Concerning the former, there is an inter-
esting analytical EM study (BF-STEM and EDS analysis) on samples obtained
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from an aged catalyst removed from a 34,800 Km-driven car (64). Using TEM
techniques the authors conclude that there were many different deactivation fac-
tors. According to their results, loss of the metal components (Pt, Pd), changes
of the alumina carrier, and Pt-Pd alloying effects were negligible, whereas metal
particle sintering and poisoning by P, Pb, and S were the most important deactiva-
tion factors. These authors highlighted the role of TEM as an indispensable tool
for the diagnosis of deactivation of TWC and point to the importance of TEM for
determining metal particle size in real TWC catalysts deactivated by poisoning.
In these samples, conventional adsorption measurements failed to establish this
parameter due to complications in the chemisorption behavior of common probe
molecules.

In relation to deactivation by poisoning, the contribution of cerium sulfate (64),
cerium phosphate (65), and Pb-Al,O3 compounds (42) formation have been stud-
ied using HRTEM and EDS analysis. Blockage of Ce**/Ce’* redox exchange
reaction by formation of stable Ce** compounds and modification of the texture
and surface acid-base properties of alumina are the likely origins of such deacti-
vation. From TEM observations, Graham et al. (66, 67) noted the occurrence of
a peculiar deactivation effect: encapsulation of Pd particles within the matrix of
the redox promoter (a Ceg sZrj 5O, mixed oxide with a surface area of 88 m2/g in
their studies). Aging at 1150°C in an atmosphere that mimics the exhaust gas con-
ditions results in severe sintering of the Ce-Zr mixed oxide support (surface area
drops down to 1 m?/g). TEM, ED, and elemental EDS analyses, performed on cut
samples, convincingly prove the presence of large (50 nm) Pd-containing particles
buried within the structure of the collapsed support (67). About 85% of the metal
loading becomes encapsulated. According to the authors (66), the encapsulated
particles suffer a compressive lattice strain (in the range of 1-3%).

Sintering of the metal particles is undoubtedly one of the key factors that con-
tributes to TWC deactivation (64, 68—72). Systematic HRTEM studies of sintering
of Pt and Rh catalysts supported on ceria-based oxides, in a variety of oxidizing
and reducing atmospheres, have been performed by Bernal et al. (73-79). These
studies, shown in Figure 5a, reveal that in general Pt is much more prone to suffer
sintering at high temperature under reducing environments than does Rh. Sintering
phenomena becomes especially significant for both metals at temperatures above
700°C. Also interesting, in the case of Rh catalysts sintered at high reduction
temperatures (900°C), is that oxidation treatments at temperatures above 800°C
produce the redispersion of the large Rh particles (80, 81). According to these au-
thors, Pt behaves quite differently in this respect. In contrast to Rh data, HRTEM,
EDS, and SEM data indicate that after high-temperature oxidation treatments,
Pt particles supported on ceria sinter heavily into micron-sized metallic aggre-
gates (76, 81), which coexist with a small fraction of 2—3-nm-sized Pt particles.
Regarding the behavior of Pd, redispersion effects have been also invoked (82) to
explain the reactivation of a Pd/Ce ¢3Zry 3,0, catalyst, aged under real conditions,
after oxidation at high temperature (900°C). Others conclude that metal loading
does not have any influence on the sintering behavior. However, the transition of
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Figure5 (a) Evolution of average particle size as a function of reduction temperature
(Tyeq) for a series of Rh and Pt ceria-based catalysts. Data are referred to the average
value at the lowest Tyeq. (b) Evolution of dispersion, as determined from HRTEM, as
a function of T4 for two Rh and Pt catalysts. (¢) Evolution with Tyq of dispersion
values determined from HRTEM (Dyrgwmy and from volumetric Hp-chemisorption ex-
periments (Dy) for an Rh and a Pt catalyst supported on a ceriz-zirconia-mixed oxide.
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alumina from the 6 to the o polymorph seems to enhance the growth of the metal
particles.

In arecent paper (83), where aging under real driving conditions and laboratory-
scale aging tests under hydrothermal (reducing and oxidizing) conditions up to
1200°C were compared, a good correlation was found. This study also revealed that
sintering is the primary deactivation factor before poisoning starts to be important.
HRTEM has also become an indispensable tool to reliably estimate the dispersion
of the metallic phase in TWC model catalysts, a key parameter to understand their
performance (74, 84), as well as particle size distribution histograms.

Figure 5b plots a comparative HRTEM study of deactivation (loss of dispersion)
behavior of Pt and Rh catalysts supported on CeO, and Ce 63Zr 320> as a function
of reduction temperature. Note how Pt deactivates more severely than Rh on both
supports in terms of dispersion (54). Likewise, Figure 5c illustrates the effect of
using (simultaneously) dispersion values determined from HRTEM (DggrgMm) and
chemisorption (Dy). Data plotted in this figure, which represent the variation of the
ratio of these dispersion values as a function of reduction temperature, have been
used to detect the on-set temperatures of metal-support interaction effects in Pt and
Rh catalysts supported on ceria-zirconia-mixed oxides. According to these data,
this temperature is much lower in the Pt catalyst. Moreover, these data also suggest
that reversibility of these interaction effects is higher in the case of the Rh catalysts.

Understanding Metal-Support Interaction Effects

Metal-support interaction effects are a crucial factor for understanding the chem-
ical and catalytic behavior of metal catalysts supported on ceria-based oxides
because of the reducibility of these oxides. Metal-support interaction effects in
the catalytic performance of noble metals (Pt, Rh, Pd) with ceria and ceria-mixed
oxides in a wide range of reduction temperatures (200-900°C) have been the focus
of a number of TEM studies (10, 54, 56, 57, 78-80, 85, 86—105). The epitaxial
growth of the supported metal nanoparticles on the surface of the oxide supports
is generally observed. Experimental and simulated HRTEM profile and plan-view
images indicate that this growth takes place under two different kinds of orientation
relationships: parallel and twined, Figure 6a. This is the most remarkable nano-
structural feature of these systems after reduction at temperatures ranging from
200°C up to 700°C. Between 700-900°, reduced support moieties mobilize and
migrate over the surface of the supported nanoparticles, which become “deco-
rated” by crystalline support overlayers, Figure 6b. This decoration phenomenon
has also been observed by HRTEM in other systems (12, 21, 22, 106). Recently, the
role of these ceria overlayers in modifying CO adsorption, as well as in reactions
involving CO or small hydrocarbons, has been investigated using model inverse
systems (97, 104, 107). In the very-high-reduction temperature regime, 900°C
or above, interaction between the metals and the support introduces more severe
modifications (Figure 6¢) and redispersion effects in supported Rh (Figure 6d),
under oxidizing conditions. Thus alloying of the metals with the lanthanide
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Rh/Ce, ;Tb, 0, red. 773 K PUCeO, red. 773 K
Parallel Epitaxy

Figure 6 Evolution of metal-support interaction effects, as revealed by HRTEM:
(a) metal-support epitaxy; (b) decoration of metal particles; (¢) Pt-Ce alloying;
(d) reversibility of metal-support decoration effects (leff). Redispersion of Rh into
small, surface-clean, particles after oxidation at a high temperature of 1173 K (right).

elements present in the support (Ce in the case of pure ceria supports or Ce and Tb
in the case of mixed Ce-Tb oxides) has been unambiguously detected by HRTEM
and EELS. In the case of Pt, an LnPts intermetallic (Ln = Ce or Ce,Tb) phase has
been identified on the basis of ED and experimental and simulated HRTEM im-
ages, as well as by measuring directly the composition of supported nanoparticles
in EELS spectra.
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In the case of NM supported on CeO,-ZrO, mixed-oxides, appreciable differ-
ences are observed after reduction at the highest temperatures. Thus the extent
of the decoration of Rh, Pt and Pd nanoparticles in samples reduced at 900°C is
negligible compared with that observed on the catalysts based either on pure ceria
or in mixed oxides containing two reducible lanthanides (Ce-Tb-mixed oxides).
Likewise, the formation of intermetallic compounds has not been observed in Pt
catalysts supported on Ce-Zr mixed oxides, whereas they have been clearly de-
tected in Pt/CeTbOy systems. Therefore, the incorporation of zirconium into the
ceria lattice seems to modulate the mobility of ceria, allowing ceria both to migrate
over the particle surface and to diffuse into the fcc lattice of Pt.

In summary, the degree of metal-support interaction in NM/ceria catalysts
increases with reduction temperature, going from purely structural interactions,
through electronic interactions in the case of Pt, to metal-support interface rear-
rangements, and finally up to interactions that involve solid-state reactions between
the supported phase and the support. TEM is a unique tool for unveiling the nano-
structural features of metal-support interaction effects in TWC model catalysts,
following their evolution in reducing and oxidizing environments as a function
of temperature and, finally, indicating the precise temperature windows at which
each type of manifestation appears or is removed.

Contribution of TEM to the Understanding
of Redox Behavior of TWC

One of the major roles of the ceria-based oxides added as redox promoters in TWC
formulations is to dump the fluctuations of A/F ratios during the catalyst operation.
By keeping this parameter as close as possible to the stoichiometric value, 14.5, the
simultaneous elimination of the different pollutants present in the exhaust gases
becomes optimum (2). Buffering the oscillations of the A/F is possible through
the Ce**/Ce** redox exchange. This change in the oxidation state of cerium is
accompanied by the creation/refilling of oxygen vacancies in the structure of the
oxide. Among the roles attributed to the ceria oxides, we should also mention
the promotion of CO conversion into CO, through the so-called water gas shift
reaction (WGSR): CO + H,O — CO;, + H,. Such a promotional effect is also
linked to the redox properties of these oxides.

The incorporation of zirconia or other reducible lanthanide elements into the
ceria lattice significantly improves its redox behavior, which is one reason for
substituting pure ceria with ceria-zirconia mixed oxides in the modern formulations
of TWCs. Redox aging at high temperatures strongly modifies the redox properties
of ceria-zirconia oxides. In the same way, the presence of a supported metal phase
modifies the redox response of these oxides in a synergistic way, especially at low
temperatures.

Structural and spectroscopic information available at atomic scale using TEM
techniques provides key information for investigating this facet of TWC materials.
Moreover, the recent achievement of atomic-resolution in situ TEM has opened
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the extraordinary possibility of investigating the state of catalytic materials under
conditions that avoid any alteration owing to their interaction with the oxidants
present in atmospheric air, as well as following the dynamics of redox processes
(5, 12, 48, 109, 110). This is an indispensable requirement for characterizing air-
sensitive materials, as is the case for all NM/ceria catalysts.

Published TEM investigations of redox properties of TWC model catalysts
encompass several topics: (a) monitoring changes in the oxidation state of the
elements as a function of the chemical environment (110, 111); (b) understand-
ing the way in which the oxygen vacancies are assimilated by the oxide (111);
(c) elucidating the role of doping with other elements or the supported phase
on the enhancement of the redox properties (112, 113); (d) unveiling mecha-
nisms of modification of the redox response after high temperature redox aging
(114-118); and (e) understanding the oxidation of the supported metal phases (80,
119-125).

The combined use of in situ EELS and in situ atomic resolution imaging of
a Rh/Ceq gPry,0, catalyst under 5 torr H, pressure has been demonstrated as a
function of temperature (25-900°C) (111). In sitt HRTEM images obtained simul-
taneously with these spectra indicate that vacancies formed at low temperatures,
associated to the reduction of Pr**, did not order into superstructures, and ordering
was observed once only when Ce** began to become reduced. A 7 type phase,
one of the members in the homologous series of reduced phases of the higher
rare-earth oxides, has been detected in the mixed Ce-Pr oxide. Detailed analysis
of HRTEM and in situ EELS spectra has allowed Sharma et al. to make semiquan-
titative estimations of the reduction degree in Ce-Zr mixed oxides as a function
of reduction temperature and structural changes in Pr-Tb mixed oxides (110, 126,
127). Concerning the redox behavior of Ce-Zr-mixed oxides, HRTEM evidence
has contributed to prove the formation of a twofold superstructure in these oxides
after redox aging at high temperature (116-119). Such a superstructure could be
on the basis of the enhanced oxygen storage and handling capabilities observed
after such aging treatments (128, 129).

Detailed HRTEM studies are currently aimed at investigating the nanostruc-
tural changes of the supported metal phase upon treatments in redox cycles. The
presence of a supported phase greatly modifies the redox response of the support.
Hence, understanding the nanostructure of the metal phase becomes a requisite to
characterize, in detail, the redox response of the whole system.

For Rh particles supported on silica, HRTEM evidence of the restructuring
of large metallic particles, in the range of 5-10 nm in size, have been reported.
Concerning the oxidation of Pd, complex nanostructural changes during the
PdO < Pd transformation have been revealed by the HRTEM images, which
are used to rationalize the activity change pattern characteristic of Pd in complete
oxidation reactions (124, 125). It is also worth highlighting, from the possibilities
offered by TEM techniques in catalysts characterization, that the electron holog-
raphy results obtained by Allard et al. (130) show evidence of the formation of
internal voids at the core of Pd particles submitted to oxidation-reduction cycles.
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TEM of DeNOy Catalysts

Nowadays DeNOy catalysis encompasses the abatement of nitrogen oxide present
in burnt gases emitted from stationary sources (power plants, chemical plants)
and the control of NOy emission from automobiles working under oxygen-rich
(lean) conditions. The catalytic technology in the former case, which is currently
well established, is based on V,05 (M00O3-WO3)/TiO, formulations (2, 131). On
these catalysts, the selective catalytic reduction (SCR) of nitrogen oxides using
ammonia as reductant allows their total elimination in the presence of a large
excess of oxygen.

Inthe case of automobiles, to date a large number (literally hundreds) of catalysts
has been studied, but the ideal solution has not yet been found. SCR of NOy using
different types of reductants (ammonia, urea, hydrocarbons) have been assayed on
two kinds of materials: metal/zeolites and metal/alumina. A suitable solution of
using a NOy storage system (NOy-trap) combined with a TWC catalyst has also
been reported. In this case, during the NOy storage lean cycle, NO is oxidized into
NO; on the TWC catalyst at the same time that residual CO and HC are oxidized
and stored as a nitrate on a barium-containing compound. Then, for a few seconds,
the engine is operated under rich conditions, which allows the reduction of NOy
into N; and the regeneration of the trap.

Although TEM has not been used as intensively on these materials as has TWC,
relevant contributions to understanding their performance and deactivation can be
found in recent literature dealing with V,05/TiO, systems (132-136), M/Al,O;
[M = Ag (137-139), Pd (140, 141), Cu (142), Pt (143), Re (144, 145)], and
M/zeolite (146—149) catalysts.

TEM of V,05/TiO, Catalysts and Related Systems

The influence of the synthesis procedure on the nanostructure of V,0s/TiO,-type
catalysts has been investigated (134, 136). Reddy et al. (134), using HRTEM and
EDS, studied the promoting effect of ZrO, in a V,05/ZrO,-TiO, catalyst and the
role of calcination temperature on the structure of this catalyst. The transition from
an amorphous TiO,-ZrO, support to a crystalline ZrV,0; compound, as the V-
containing phase, dispersed on the surface of the TiO,-ZrO, support, is detected
as the calcination temperature is raised from 500°C up to 800°C. A critical 4%
V,0s5 loading is reported to establish the nature of vanadia-titania interaction in
catalysts, which were prepared using the sol-gel route (136). For loading below this
limit, HRTEM images suggest that vanadia exists in the form of titania-coordinated
surface species, whereas for loading higher than 4%, three-dimensional hexagonal
V,0s5 crystallites, which are less active, are detected. The authors also claim that
important changes in selectivity to N; in the SCR of NO by propane are linked to
such nanostructural changes.

Deactivation phenomena have been reported (132, 133). EDS-TEM studies
point out the interest in these techniques as deactivation diagnosis tools in the
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V;,05-WO3-TiO, SCR European standard catalyst (EUROCAT) (132). After aging
in real conditions, important changes in the distribution of V and W were detected
that led to the formation of particles. The structure of the vanadia-tungsta surface
coating suffers an amorphization process, and sulfur is detected as the major poison.
EDS studies, performed on commercial SCR catalysts and reported in Reference
(133), indicate that HCI also has some detrimental impact on V, facilitating its loss
by formation of volatile species.

Dynamic redox phenomena and evolution of shear structures in vanadium pen-
toxide catalysts using in situ ETEM have been reported by Gai (150). EELS studies
of the oxidation states of V in its oxide compounds have been reported that help to
explain the catalytic performance and deactivation routes (151-154). The excep-
tional increase in energy resolution facilitated by the use of gun monochromators
and improved, aberration-corrected-EELS spectrometers enables the EELS spec-
tra to be brought down to about 0.1 eV, thus allowing fruitful comparative studies
between experimental EELS spectra and theoretical electronic states obtained from
band-structure calculation. Therefore, high resolution EELS will play an important
role in the characterization of this family of catalysts in the near future.

TEM Characterization of M/Al,O; De-NOjy Catalysts

Concerning the nature of the active phase in M/Al,O5 catalysts, Reference (142)
provides an example of the simultaneous application of HAADF and EELS to
characterize the spatial distribution of oxidation states of the metallic component.
The presence of Cu in different oxidation states on the surface and bulk of the
Cu particles, even after reduction at 800°C, is evidenced in a Cu/y-Al, O3 catalyst
and attributed to the metal-support interaction effect. HRTEM is used to elucidate
the formation of a new La-Al,Oj3 crystalline phase in Pd/Al,O3-Lay O3 catalysts
(140) and the redispersion role of Re in high-temperature oxidation treatments of
Re/y-Al, O3 catalysts (144, 145).

TEM Characterization of M/Zeolite De-NOy Catalysts

Both the size and shape of the metallic component and its precise spatial distri-
bution are essential parameters in the case of metal/zeolite systems. The location
of the supported metal phase on the outer surface of the zeolite, or within its pore
structure, can dramatically influence the intrinsic properties of the metal particles,
due to a confinement effect, and also the course of the reaction within the pores. This
is, therefore, an important parameter to be disclosed in this particular kind of mate-
rial. For such a purpose, electron tomography becomes an indispensable tool (156).
The first demonstration of three-dimensional characterization of catalysts, using
bright-field (BF) tomography, is from Koster et al. (157). From a three-dimensional
TEM reconstruction of an Ag/NaY catalyst, they conclude convincingly the pres-
ence of larger silver particles outside the channel structure and small ones (about
18 nm) inside the pores. With the same approach, they obtain precise informa-
tion on the characteristics of pore structure and connectivity of the pore system in
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zeolite Y (158). Also in an inspiring work, a detailed localization of silver particles
and ZrO, in SBA-15 zeolite is carried out (159). From the BF-tomography data,
an interpretation of the hysteresis effects observed in the N, desorption isotherms
of this material is proposed.

More recently, HAADF STEM tomography has been introduced (160) and
applied to catalyst characterization (161, 162). The direct Z dependence of this
imaging mode allows fulfillment of the projection requirement of tomography. Us-
ing this new approach, partitioning of Pd-Ru bimetallic particles between the outer
and inner surfaces of a MCM-41 zeolite has been nicely determined. Accordingly,
the presence of nanoparticles at the zeptogram level of quantity can be imaged
within mesoporous hosts (162). Backscattered imaging in a low-voltage SEM is
shown to yield images of catalyst nanoparticles similar to STEM-HAADF images,
which has economical advantages (5, 14, 163). HAADF imaging, in combination
with EDS elemental mapping, has also proved of interest in unveiling deactivation
mechanisms of a Pt/mordenite catalyst, under real operating conditions, in the
SCR of NOy-using ammonia (135). Analytical data evidence in this case is the
preferential association of S with the Pt particles.

Finally, we will mention the results presented in Reference (146). There,
HRTEM is used to characterize the geometrical arrangement of pores in a meso-
porous Tin(IV) phosphate. The phosphate, with a hexagonal arrangement of the
pores, appears more active than that which has a square distribution of the pores.
HRTEM also allows the authors to draw conclusions about the amorphous nature
of the pore walls, whose composition and Sn/P ratio were established from EDS
measurements.

In summary, as shown with different examples, the array of TEM techniques has
provided indispensable tools to understand synthesis, activation, performance, and
deactivation of the different families of materials nowadays involved in De-NOy
catalysis.

THE ROLE OF TEM IN THE CHARACTERIZATION OF
CATALYSTS FOR ALTERNATIVE ENERGY SOURCES

Reducing dependence on fossil fuels, diversifying energy sources, and reducing
the environmental impact of current energy-producing processes are major targets
of research in the field of catalysis for energy. A variety of processes are currently
being investigated, among which those related to the production of H, to feed fuel
cells are most in focus. Reforming and partial oxidation of different raw chemicals
as CHy, methanol, or ethanol provide suitable ways to obtain H, (164). Combustion
of this H; in a fuel cell would allow the transformation of chemical energy into
electrical energy (165). Likewise, gasification of biomass into syngas (CO + H;
mixture) seems a viable alternative (166, 167).

Most of the TEM work related to catalysis for energy deals with the nanoscale
characterization and development of materials (a) as catalysts in the electrodes
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(anodes/cathodes) of fuel cells (168—172); (b) in the production of hydrogen via
reforming with water (steam reforming) (173, 174) or with CO, (dry reform-
ing) (175); (c) in the partial oxidation of CHy4 or ethanol (176-179); (d) in the
low-temperature water gas shift reaction (180-182); and (e) in the selective CO
oxidation in presence of Hy (PROX process) (183—-190).

The use of TEM in the characterization of electrode catalytic components is
usually associated with the determination of metal particle size (168, 169), the
evolution of particle size during the work of the electrochemical cells (172), or
the degree of mixing of different metallic components in the case of bimetallic
catalysts (170, 171). In the last case, EDS information is the key to detect alloy
formation.

Catalysts for the production of hydrogen using ethanol as a starting point,
via steam reforming or partial oxidation reactions, have been characterized with
HRTEM. Thus in an extensive study of Co catalysts supported on a varied set of
supports (174), ED and HRTEM imaging provide key information to identify the
possible nature of the phases in which Co is present under reaction conditions,
by analyzing a series of samples after reaction. HRTEM images also provide
information about the nature of the carbon deposits, formed on the catalysts, which
contribute to the catalyst deactivation.

Rh/CeO, has been very recently highlighted, in a report that appeared in Sci-
ence, as a candidate to obtain H, from ethanol via an autothermal reaction pro-
cess (191). This system appears active, and has potential practical applications in
the gasification of biomass (166, 167). TEM knowledge developed around this
type of catalyst becomes of renewed interest in the light of these extraordinary
findings.

Alsoin the field of cerium oxides, we should recall the HRTEM work performed
by Kang et al. (178) and Kang & Eyring (179) in the characterization of binary, Ce-
Zr, Fe-Ce, ternary Ce-Zr-Tb, and more complex Ce;_y_y_,Pr,TbyM,0,_s (M =
lanthanide element, Zr, Bi, Co, Mn, Cu, Pd, Ag, Ti, V, Nb, Mo, Ta, Fe) mixed
oxides. On the basis of these oxides, the authors have submitted a patent (192)
to produce H, in a continuous way, using a two-step cyclic process that in-
volves the consecutive reaction of the oxides with CH, and then H,O (177).
HRTEM imaging has been used in this case to understand the role of Fe in
the enhanced reactivity of these oxides. Profile images have revealed the ab-
sence of carbon residues on the surface of the oxides after reaction and at the
same time suggested an enrichment of Fe on the outer surface layers (179).
Likewise, using HRTEM these authors have determined an enrichment in Ce
at the surface of Ce-Zr-mixed oxides, which were treated using the so-called
chemical-filing process (178). This enrichment would help to explain the improved
low-temperature redox actrivity of Ce-Zr-mixed oxides after such chemical-filing
treatment.

Ni/La,O3 systems have also received attention as interesting catalysts in steam
reforming of ethanol (193), catalytic partial oxidation of ethanol (176), and dry
reforming of natural gas (CHy) (175, 194). The outstanding stability of this
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catalyst, i.e., resistance to carbon deposition, has been attributed to the presence
of La species on the surface of the Ni particles. In connection with this material,
it is worth recalling the detailed HRTEM work developed by Bernal et al. on the
preparation of metal/4f sesquioxide catalysts and the origin of metal-support in-
teraction effects in this type of material (195-197). In agreement with HRTEM
images reported in these papers, metal particles are decorated by lanthana patches
after reduction even at low temperature. From detailed experiments and HRTEM
observations, these authors evidence that such decoration effects take place dur-
ing the impregnation of lanthana with the metal precursor, as a consequence of
extensive dissolution of lanthana and ulterior coprecipitation with the metal pre-
cursor. Disclosing the occurrence of this process has been possible only on the
basis of HRTEM imaging. Likewise, the formation of different lanthana phases
[La,O,CO3, La(OH)s, lanthana perovskites], claimed to play some role in the re-
action previously mentioned, have been detected and characterized by HRTEM in
different steps of the preparation of these catalysts.

The ability of lanthana to reduce the metal particle size, in the case of the
Ru/La; 03 WGSR catalysts studied by HRTEM (180), is very likely also related to
the formation of lanthana patches on top of Ru surfaces. The selective oxidation of
CO in the presence of large amounts of hydrogen, also called the PROX reaction,
is currently the focus of intense research activity. Removing CO from reformate
gases, to levels below 5 ppm, is a crucial step in the use of H; in fuel cells because
the typical anode electrodes used in these cells are extremely sensitive to poisoning
by CO. Gold-based catalysts seem good candidates to perform CO conversion at
low temperatures. In fact, since the findings reported by Haruta et al. (198) about
the remarkable activity of Au/TiO, catalysts in the CO oxidation reaction, even
at temperatures below 0°C, preparation and characterization studies of supported
gold catalysts have received renewed interest.

Given that a small particle size (<10 nm) is one of the key factors in the
enhancement of the catalytic activity of gold (199), EM techniques are necessary
to understand the catalytic properties of these materials. Thus TEM investigation
of gold catalysts supported on different oxides can be found in recent literature,
not only in connection with CO oxidation (183-187, 189, 190, 200-203) but also
in other environmental catalysis applications such as oxidation of volatile organic
compounds (VOCs) (204) or wet air oxidation of organic residues in waste waters
(205).

Although most of the TEM work (185-187, 190, 204, 205) deals with the use
of conventional TEM, BF, or HRTEM images to determine particle size and to
clarify the influence of the synthesis methods and activation conditions on metal
particle size distribution, some more detailed studies also have been reported.
Thus HRTEM and EDS have been used to confirm the metallic state of gold in an
Au/FeOy/C catalyst after synthesis and also after reaction in CO oxidation catalytic
assays (184). In this paper, FeOx was determined, from HRTEM observations, to
be present in the catalyst in the form of Fe,Os;. In the case of Au/CeO, catalysts,
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HRTEM has revealed (183) the occurrence of surface reconstruction phenomena
during CO oxidation.

Especially remarkable are the TEM studies conducted in a series of papers
by Akita et al. (189, 200-203) on Au/TiO; catalysts. HRTEM performed by these
authors has revealed the presence of epitaxial growth of the gold particles on top of
the titania polymorphs (189, 202). ADF-STEM images and EELS data also reveal
the preferential deposition of gold on the surface of the rutile poloymorph (189).
The systematic combined application of HRTEM and electron holography used
by these authors to understand the influence of particle size on the morphology
of the gold particles and on the features of the Au-titania interface is inspiring.
Changes in the contact angle between the metal and the support are determined
to take place at particle sizes about 2 nm. The mean inner potential of the small
Au particles, which is another parameter determined by these authors from the
electron holograms, shows significant deviations from the values corresponding to
bulk gold, a fact that could really be at the origin of the peculiar catalytic behavior
of the small Au particles. Moreover, changes with size of this mean inner potential
are measured, which can be taken as an indication of the occurrence of charge
transfer effects, i.e., of metal-support interaction effects (200, 201, 203). These
papers highlight the tremendous potential of the HRTEM-electron holography in
tandem in catalysts characterization.

CONCLUSION

Herein we have commented on a significant numbers of papers dealing with the
characterization and development of a large variety of catalytic materials using
electron microscopy methods. A fully comprehensive survey of the use of EM
techniques in such a widespread collection of catalysts has not been our main
target. We have tried, instead, to present a collection of papers that adequately
illustrate and represent the full potential of this large family of techniques in un-
derstanding and developing the catalysis of hydrocarbon oxidation, environmental
protection, and energy.

A wide range of information is available because of electron microscopy, which
opens a unique window to the intricate field of the structure and its relationship to
reactivity of complex catalytic solids. Such information has established a guiding
light in the synthesis of new catalysts with improved performances and the devel-
opment of new processes and has provided a key to understanding the function
and deactivation of catalysts.
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a

Figure 2 (a) A three-dimensional structural model of VPO catalyst along [010] with
edge-shared vanadyl octahedra interconnected by phosphate tetrahedra.
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