
Chapter 7
Active Sites for Selective Catalytic
Reduction

Wolfgang Grünert

7.1 Introduction

The ‘‘active site’’ is a central concept in catalyst research introduced by
H. S. Taylor in 1925 [1]. It describes an ensemble of atoms in a solid surface which
takes part in the rate-limiting step of a catalytic reaction mechanism. This is the
stage on which the catalytic reaction spectacle plays, traditionally as thought
without yet the actors. The practical importance of knowing the active site is
obvious: once its structure is determined one can search for routes to prepare it in
larger abundance for making better catalysts. It is important to note that solid
surfaces are dynamic and respond to the properties of the reaction medium.
Therefore, the actual active sites are often formed from precursor structures only
under reaction conditions, and there are even cases where they disappear when
these conditions are changed beyond certain limits (e.g., carbided Pd surface layers
for selective hydrogenation of dienes [2]). Still, the active site concept describes
only the solid-state aspect of the full picture, but the example shows that active
sites can be reliably identified only under real reaction conditions.

This adds yet another aspect of complexity to a task which is challenging in
itself: the search for the active sites. Catalysis occurs on metastable structures
rather than on idealized stable surfaces, which usually offer low activities
(=reaction rates related to surface area under specified conditions as temperature
and reactant composition). We have to look for defect sites, for atomic arrange-
ments to be found only on small particles, on interaction structures with a second
component, e.g., a support or a promoter. Usually, the arrangement of atoms
requested by the catalytic reaction is not the only one exposed by the catalytic
element. The coexistence of the active sites with indifferent structures or even with
sites catalyzing the same reaction with different activation energy and, therefore
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capable of dominating the catalytic behavior in a different temperature range,
offers a considerable methodical challenge to any research effort.

Obviously, the search for the active sites of a reaction is a very involved task
requiring the concerted application of various techniques to well-selected catalytic
materials, desirably under reaction conditions. Even then progress toward reliable
identification of the responsible structures may be slow due to the complexity of
the catalytic surfaces. There is, however, an additional rationale for such research,
because the data generated are often of considerable value for practical catalyst
development. Therefore, the literature is full of opinions about active sites on
catalysts for various reactions, which may be everything from well-supported
proposals down to mere speculation.

The present report gives a critical overview on the state of knowledge about
active sites for SCR of NO by ammonia over the most important catalysts known
today. As indicated in earlier chapters, this actually involves two reactions—
standard SCR (reduction of NO by NH3 in presence of O2, Eq. (7.1)) and fast SCR
(reduction of equimolar NO/NO2 mixtures by NH3, in presence or absence of O2,
Eq. (7.2)). Due to recent discussions on reaction mechanisms (see Chaps. 8 and 9),
the oxidation of NO to NO2 (Eq. 7.3) will be briefly considered as well.

4NO þ 4NH3 þ O2 ! 4N2 þ 6H2O ð7:1Þ

2NO þ 2NO2 þ 4NH3 ! 4N2 þ 6H2O ð7:2Þ

2NO þ O2 ! 2NO2 ð7:3Þ

Initially, a short overview over the methodology used in pertinent studies will
be given. The subsequent discussion will focus on the traditional V2O5–WO3/TiO2

system and on zeolites modified with transition-metal ions (‘‘TMI’’) as Fe and Cu,
and only briefly touch upon new catalyst systems on the basis of Mn or Ce. The
questions to be answered concern mainly the structure of the redox sites: Are they
isolated TMI sharing oxygen bridges only with the support, or are they surface
bound oligomers, islands, three-dimensional clusters? How does the promoter
operate? Is there an influence of cation exchange positions in zeolites on activity?
Is there a primary role of acidity, e.g., Brønsted sites being part of the active site,
or does acidity just increase local NH3 concentrations?

7.2 Strategies and Methods for the Identification of Active
Sites

Active sites can be identified if there is a correlation between the abundance of the
corresponding structural motif in a catalyst type (desirably detected under reaction
conditions) and the catalytic activity. To identify such relations, one has to apply
suitable methods for the structural analysis of disordered material (geometrical and
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electronic structure) to either a series of catalysts which offers the whole variety of
candidate species in sufficiently different concentrations, or to one catalyst on
which this variety can be produced by chemical manipulations (e.g., sinter series).
The resulting structural data have to be correlated to meaningful reaction rate data
from all these materials. Therefore, the most popular structure characterization
techniques will be reviewed in the following with respect to their potential for this
kind of study. For the basics of these methods, the reader is referred to the per-
tinent introductory and advanced literature [3–7]. In such studies, situations may
be encountered where two or more different species types are obtained in similar
ratios in all preparations applied and therefore cannot be discriminated with
respect to their catalytic relevance. Transient approaches suitable for such situation
will be briefly outlined as well.

Although an ever growing choice of spectroscopic, diffraction, imaging, and
sorption techniques are available to the catalytic scientist, none of them is really
well adapted to the problem to be solved here. Therefore, studies on active sites
generally employ a multitude of methods. Catalysis is a surface phenomenon, but
hardly any technique is ideally surface sensitive—with the exception of adsorption
methods, IR spectroscopy if performed on interacting probe molecules, and Ion
Scattering Spectroscopy1 (ISS). However, methods probing near surface regions or
even the bulk of the material may be still of great value for the identification of
active sites when the signals detected are dominated by information from the
surface due to a high or even atomic dispersion of the phases under study. This
tends, however, to exclude diffraction techniques, in particular XRD, because
coherence lengths available from such disperse phases will fall short of those
required for achieving detectable diffraction signals.

Despite impressive progress in resolution and contrast utilization, imaging
methods like electron microscopy or scanning probe microscopy play only a
supporting role in active site studies. Although atomic details of real surfaces can
now be made visible, the quantification of sites for correlation with activity and the
statistical significance of the small assay remain problematic. Imaging, however,
can be extremely helpful for the interpretation of data from statistically more
representative though more indirect techniques. Examples are the visualization of
morphological changes in Cu particles interacting with ZnO at different redox
potentials [8], which had been predicted on the basis of EXAFS data [9, 10], and
the detection of surface amorphization of a mixed Mo–V–Te–Nb phase during
selective propane oxidation [11, 12], which had been previously observed by XPS
(in situ [12] and under vacuum [11, 13, 14]) just as deviations between surface and
bulk compositions.

X-Ray absorption fine structure (XAFS) is a powerful technique for the study of
active sites, but certain limitations have to be taken into account. It is an averaging
method: information arising from all kinds of species formed by the element of

1 Alternative designation—Low-energy Ion Scattering (LEIS).
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interest is superimposed. If the spectra of the candidate species are known, this
superposition can in principle be used for a quantitative analysis of species con-
centrations. This is often done for the Near-Edge region (XANES) which reflects
only the first coordination sphere, but it is much more complicated for the
Extended X-Ray absorption fine structure (EXAFS) which usually probes structure
to larger distances. It has been sometimes disregarded that coordination numbers
extracted from EXAFS fits must not be used to construct the typical coordination
sphere of an element if the latter has formed more than one species type. In such
situation, which can be sometimes but not always diagnosed from the XANES,
EXAFS can still provide valuable information, which is however less reliable and
quantitative. The potential of the XANES to give access to the distribution of
oxidation states or coordination geometries (pre-edge signals of first-row TM ions,
e.g., Ti [15], V [16], Fe [17, 18]) is often used to characterize the state of an
element in in situ or operando studies during catalytic reactions. Figure 7.1 shows
an example dealing with ordered mesoporous materials the walls of which were
claimed to consist of titania silicate TS-1 nanoslabs [19]. Position and intensity of
the pre-edge peak confirmed the tetrahedral coordination of the Ti while the decay
and shift of this signal upon hydration (unlike with the hydrophobic crystalline
TS-1 reference) proved its accessibility.

The recent development of wavelength differentiating fluorescence detection
(HERFD—high energy resolution fluorescence detection) together with the
increased brilliance of synchrotron sources has initiated large progress in the
differentiation of coexisting species by X-Ray absorption methods (reviewed in
[20]). Detection of spectra using fluorescence lines with small lifetime broadening
(Kß) instead of intensity in a broad energy range permits more detail to be seen in
the chemical sensitive pre-edge features. If there are sufficient differences between
the Kß fluorescence signals of species involved, EXAFS spectra predominantly
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reflecting the coordination sphere of one or the other site can be acquired by
appropriate setting of the detector. The measurement of fluorescence spectra
tuning the excitation energy through the energy range of a XANES (RIXS—
Resonant Inelastic X-Ray Scattering) creates a two-dimensional array offering rich
structural information. The broader introduction of these techniques into catalyst
research bears great promise for the structural analysis of real systems.

Another interesting version of XAS suitable for active site studies is soft X-Ray
absorption spectroscopy. The L edges of first-row transition metals often bear a
considerable diagnostic potential for the identification of oxidation states and
coordinations, which at present is largely disregarded in catalysis research.

X-Ray photoelectron spectroscopy (XPS) is well known as a method for
quantitative determination of surface compositions, including the differentiation of
oxidation states of elements. While being primarily an elemental analysis, its
potential to diagnose coordination geometries is weak although such conclusions
may be sometimes indirectly drawn from the identification of surface compounds.
Such analysis is often possible by combining binding energies of XPS lines with
the kinetic energies of X-Ray-induced Auger lines that appear as a by-product of
the photoemission process (Auger parameter). The information provided by con-
ventional XPS may be highly relevant for active site studies although it does not
characterize the external surface layer but averages over a near-surface region of a
few nanometer thickness. The ultra-high vacuum requirement of the method,
however, is a clear disadvantage. The advent of an in-situ version of XPS
(APPES—ambient pressure photoelectron spectroscopy), where spectra can be
measured under some millibar pressure at the sample, was therefore a break-
through [21]. It has been made possible by combining differential pumping stages,
which had been long known, with electron lenses [22] as indicated in Fig. 7.2.

Regarding vibrational methods, the potential of Raman spectroscopy to analyze
surface oxide phases has been widely applied to supported oxide catalysts [23], in
particular with Raman-inactive supports. Resonance Raman spectroscopy, which
involves excitation of Raman spectra at wavelengths where species present exhibit
an absorption maximum, offers additional opportunities for structural character-
ization. IR spectroscopy where the region of lattice vibrations used for such pur-
pose is too complex to be productive, is highly useful for the detection of
adsorbates and reaction intermediates. However, the characterization of surface
structures by IR spectroscopy of probe molecules, e.g., of acidic sites by adsorbed
N bases, has been a long tradition as well. Probe molecules can trace the degree of
coordinative unsaturation of surface species as demonstrated, e.g., in classical
studies of the Zecchina group on the characterization of supported Cr oxide species
([24] and subsequent series of publications). Their ability to discriminate between
cationic adsorption sites allowed creating the experimental basis for the CoMoS
model of promoter interaction in hydrodesulfurization catalysts [25]. The potential
of CO to differentiate between different oxidation states of an element [26, 27] has
been often applied as well. In reactions involving CO, it has been used to directly
probe the exposure of different species to the reaction atmosphere, including the
response of the active site distribution to changes of reaction conditions [27].
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Absolute concentrations are, however, often difficult to establish due to the lack of
information on extinction coefficients and due to different adsorption probabilities
under the prevailing conditions. Instructive examples for research along these lines
are the observation of Cu–Zn interactions in working methanol synthesis catalysts
[28] and of coexistence of metal and ionic Ru sites in alumina-supported Ru
catalysts for partial oxidation of methane [29].

UV–Vis spectroscopy is another technique often used in active site studies. In
the visible region, the d–d transitions are related to valence states and coordination
geometries (ligand field symmetries) of cations, at shorter wavelengths ligand-to-
metal charge-transfer transitions between filled orbitals with mainly ligand char-
acter and empty cation states appear, which are sensitive to the aggregation degree
of the corresponding phase. While UV–Vis spectroscopy is popular as an in situ
technique and yields to quantification more readily than IR spectroscopy, its
limitations are related to the considerable width of the signals and to problems
with line superposition and interpretation (cf. ‘‘Fe Zeolites’’ section).

EPR spectroscopy detects species with magnetic moments arising from electron
spins, often with extraordinary sensitivity. Among them, signals from systems with
an even number of unpaired spins can be obtained only at very low temperatures
due to short relaxation times. EPR signals of isolated cations bear information
about the symmetry of their ligand field, the identity of the cations can be judged
upon by a hyperfine splitting if there is a nuclear momentum, sometimes by the
signal position (g values). Disordered aggregates of paramagnetic sites cause
interaction broadening of signals down to complete loss of intensity, whereas
ordered arrays may lead to exchange narrowing. Collective spin coupling phe-
nomena may be identified by measuring spectra in a wide temperature range. This
is exemplified in Fig. 7.3 by comparing the temperature dependence of the EPR
spectra of three Fe–ZSM–5 catalysts, where the isotropic signal at g0 = 2 increases

conventional X-ray
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X-ray from synchrotron
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Previous designs: New design: Electrostatic focusing

Fig. 7.2 Ambient pressure photoelectron spectroscopy: combination of differential pumping
with electron optics to allow for realistic photoelectron yield from in situ cells. Reproduced from
[21] with permission from Elsevier
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to different extents at high temperatures indicating different clustering degrees of
the Fe-oxide aggregates present [30].

EPR intensities are proportional to spin concentrations as long as the spins are
not interacting very intensely. Quantitative analysis requires double integration of
the signals and the availability of reliable spin standards. It is prone to uncer-
tainties and therefore rarely performed. EPR is often used to characterize systems
composed of d0 ions by measuring the signals of d1 defects which occur in the d0

phases for entropy reasons. While this is a very useful approach, one should be
cautious with quantitative conclusions because the percentage of defects is
unknown and may vary among the phases present. EPR can be also performed
in situ and even operando, provided the heating of the sample can be made without
interference with the microwave field required for the measurements. The tech-
nique is described in [31].

Similar to EPR, solid-state NMR spectroscopy has a limited range of applica-
tions, which is defined by the magnetic moment of the corresponding elemental
nuclei. While EPR may detect extremely low concentration of paramagnetic sites,
NMR has sometimes sensitivity problems, in particular in the case of nuclei with
low natural abundance, e.g., 13C or 15N. There are, however, various techniques for
signal enhancement, the best known being cross-polarization where magnetization
is transferred from an abundant to a dilute spin site. Information on coordination
geometries, which is encoded in the g tensor in EPR, is eliminated in solid-state

Fig. 7.3 Temperature dependence of EPR spectra of Fe–ZSM–5 catalysts prepared from H–
ZSM–5 and FeCl3 via different routes. a Solid-state ion exchange, b Chemical vapor deposition,
c Mechanochemical treatment. The intensity variation of the signal at g0 = 2 measured above the
Neel temperature (e.g., at 673 K) indicates the clustering degree of the Fe-oxide phase.
Reproduced from [30] with permission of Elsevier
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NMR by the magic angle spinning technique: the NMR parameters achieved are
scalars. NMR signals are greatly perturbed if there is an unpaired electron at the
atom of interest.

Nevertheless, solid-state NMR can be useful for active site studies, which is
nowadays predominantly employed for acid catalysis, e.g., with zeolites [32].
Chemical shifts obtained are related to the electronic state of the atom: 1H–NMR
data have been, for instance, used to determine acidity of Brønsted sites in zeolites,
51V NMR can discriminate V5+ in various environments in supported catalysts
[33]. As long as the sites are sufficiently dilute, NMR intensity is directly related to
concentration. Structural information is accessible by echo techniques which allow
determining distances between spin sites. By analogy with IR methodology,
adsorption sites have been investigated with probe molecules also in NMR studies.
While work with N bases may require isotopic enrichment of the probe, there are
opportunities to detect subtle structural features by cross-polarization and double-
resonance (e.g., 14N/27Al) techniques [34].

The in-situ application of solid-state NMR requires heating and temperature
control of the spinning sample. Techniques available for this purpose are reviewed
in [35]. The method is applied preferentially for mechanistic rather than for active
site studies, but the former often result in indirect conclusions on the sites involved
in the detected reaction mechanisms [32].

Moessbauer spectroscopy is readily applicable only for a few elements that
exhibit suitable low-energy nuclear transitions on which the method is based—to
Fe, Sb, and Sn. For measurements with Ru, Ir, Pt, and Au, one faces a number of
complications (low measurement temperatures, dependence on sources with short
half-lives, working at synchrotrons, etc.). Co is accessible by inverse Moessbauer
spectroscopy, which requires preparation of the sample with 57Co, the isotope that
decays into the source nucleus 57Fe.

Such effort can be justified due to the high diagnostic potential of the method
for structural features. The spectra indicate the electronic state of the element
(including high-spin/low-spin differentiation), asymmetries in the coordination
sphere, and the intensity of magnetic interactions between the atoms. In the case of
iron, size determination is possible for superparamagnetic clusters. Due to the
temperature dependence of the recoil-free fraction that determines the signal
intensity from the corresponding structure, the spectra from samples containing
iron in states of different dispersion may change with temperature, and also under
the influence of an external magnetic field, which gives the chance to single out
contributions from different coexisting sites.

Figure 7.4 shows an example where Moessbauer spectroscopy revealed the
presence of Fe-oxide aggregates in Fe–ZSM–5 prepared by chemical vapor
deposition of Fe according to [36], which was expected to contain the Fe species in
nearly atomic dispersion from the EXAFS spectra [37]. This was based on the very
low intensities of Fe–Fe scattering between 2 and 3 Å, uncorrected, which can be
seen in Fig. 7.4a, and the lack of significant scattering intensity above 4 Å, which
suggests nearly ideal dispersion of Fe. At the same time, sextets in the Moessbauer
spectra in Fig. 7.4b, c clearly show the presence of large oxide aggregates. The
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contradiction apparently resulted from large disorder in the particles, which may
have included debris from destroyed zeolite structure. Such disorder would prevent
the observation of EXAFS scattering paths and cause anomalies in the Moessbauer
parameters as obtained in the fits to Fig. 7.4b, c [38].

There have been so far no in situ Moessbauer studies with catalysts, most likely
due to the loss of intensity (recoil-free fraction) and of particle size differentiation
with increasing temperature.

The methods discussed so far are particularly qualified for active site studies by
offering the potential for in situ work—even in electron microscopy, an ‘‘envi-
ronmental’’ version in which the sample is kept under some millibar of reactant
pressure is available nowadays. Valuable insight into the structure of surfaces can
be, however, also obtained by methods targeting adsorptive interactions of reac-
tants or other probe molecules with the surface although these are usually per-
formed in separate experiments, e.g., on catalysts previously subjected to reaction
conditions.

α-Fe2O3

γ -Fe2O3

Fe-Z(A, C0.5)

o

F
T

(χ
(k

) 
* 

k3
)

R, A

5

Fe-Z(A, C10)

0 2 4 6

Fe-Z(A, C0.5)

 D(I)        12.7 %       
 D(II)       13.2 % 
 D(III')      8.9 % 
 S(I)         4.7 %
 S(II)       11.2 %
 S(III)      19.1 %
 S(IV)       30.2 %

A
bs

or
pt

io
n

-15 -10 -5 0 5 10 15

Fe-Z(A, C10)

A
bs

or
pt

io
n

Velocity, mm/s

-15 -10 -5 0 5 10 15
Velocity, mm/s

 D(I)       19.0 %    
 D(II)      13.9 %  
 D(III)     11.0 %  
 S(I')       14.9 %
 S(II)       24.6 %
 S(III)      16.6 %

(a)

(b)

(c)

Fig. 7.4 Fe-K EXAFS (a) and Moessbauer spectra (b, c) of two Fe–ZSM–5 catalysts prepared
by CVD of FeCl3 into H–ZSM–5 and calcined with different heating protocols. The missing order
at higher distances in the EXAFS spectra suggests the absence of larger aggregates, which are,
however, clearly indicated by the Moessbauer spectra. Reproduced from [37] with permission of
Elsevier
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Volumetric chemisorption techniques are widely used to explore the particle
sizes (actually the size of the accessible surface) of dispersed metals. With oxides
and sulfides, they measure the total coordinative unsaturation of the surfaces,
which may be related to the catalytic properties. The energetic effects of
adsorption are probed by adsorption microcalorimetry, which gives frequency
distributions for sites with different interaction strength with the adsorbate, without
of course providing information about the structural features of the detected sites.
Adsorption interactions are often probed by reverting the process. For instance,
desorption into a carrier gas under a (linear) temperature increase (temperature-
programmed desorption, TPD) gives the chance to differentiate the sites according
to their interaction strength with the adsorbate, though with less accuracy than
calorimetry. Even nearer to catalysis is temperature-programmed surface reaction
(TPSR), where an adsorbate is reacted under a linear temperature profile with a
reactant offered in a carrier gas. This can reveal the existence of different active
sites for a reaction and give access to energetic properties of the existing sites.

Temperature-programmed reduction (TPR) and temperature-programmed
oxidation (TPO) are thermal methods related to transformations of the catalyst
rather than to adsorption on its surface. The former differentiates phases in the
catalyst according to their reducibility, the latter, which is usually performed after
having had a (redox) catalyst in a steady state with the reactant flow, probes the
average reduction degree of the elements present and differentiates components
according to their tendency to be reoxidized.

All thermal methods mentioned are highly productive in indicating differences
between the catalysts prepared and known phases or in detecting changes by
treatments, without giving any hint on the nature of species formed during prep-
aration or further processing. Combinations of such methods with techniques of
structural analysis have rarely been described in the literature. There is a special
opportunity for TPD, because a version of this method (TDS—Thermal desorption
spectroscopy) is used in surface science to investigate the adsorption properties of
ideal well-characterized surfaces. Indeed, comparison of activation energies of
desorption obtained by TPD of H2 from real Cu catalysts with analogous H2 TDS
data from Cu single crystal surfaces has been used to judge upon the exposure of
Cu facets in methanol synthesis catalysts [39].

The characterization techniques discussed so far are summarized in Table 7.1.
The discrimination of the active site among coexisting inactive or less active

structures requires a set of samples containing the candidate species in sufficiently
different abundances. A situation where such samples are not accessible by the
preparation methods employed calls for transient methods.

Catalytic mechanisms of redox reactions most frequently involve redox cycling
of (a) transition-metal ion(s) contained in the active site. Under reaction condi-
tions, the oxidation state of the TMI in coexisting sites will adapt to the redox
potential of the reaction medium in different ways depending on the redox prop-
erties of the individual structures. The different oxidation states observed under
stationary reaction conditions are, however, not related to the relevance of the
corresponding sites in the catalytic process because for the active site, all oxidation
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Table 7.1 Characterization techniques used in heterogeneous catalysis and their potential for the
identification of active sites

Technique Potential Limitations In situ/
operando?

XRD Determination of long-range
order, of particle sizes

Averaging technique, on
traditional level no
potential for disordered
structures

yes

Electron microscopy Visualization of structures
down to atomic details,
usually in UHV, but
environmental versions
available

Site concentrations difficult
to establish, analysis
refers to small assay of
material under study
(support by averaging
technique desirable)

in situ
(limited)

XAFS
(EXAFS/XANES)

Short-range order, also for
disordered or highly
disperse phases,
electronic structure

On traditional level
averaging technique,
difficult for situations
with many species of an
element coexisting

yes

XPS Atomic concentrations,
oxidation states in near-
surface layer, sometimes
structural information,
UHV technique,
environmental versions
available

Averaging over sampling
region (depth
differentiation requires
synchrotron sourcea),
assignment of signals
may be complicated,
structural information
limited

in situ
(limited)

LEIS (ISS) Identification of atoms in
topmost layer,
concentration gradients
via sputter series, vacuum
technique

No information on oxidation
states, averaging
technique, concentration
analysis possible, but
with risks

no

Raman Structural information for
highly disperse phases,
characterization of
adsorbates

Qualitative, signal
superposition for complex
materials, problems with
sample fluorescence

(yes)

IR Characterization of sites
(acid–base, redox) by
probe molecules, of
adsorbates, structural
information

Concentration analysis
difficult (only in
transmission geometry,
extinction coefficients
required), structural
information often limited
by signal saturation

yes

UV–Vis Analysis of oxidation states,
of aggregation degree of
TMI sites

Semiquantitative, broad
signals may create
problems with
assignment, poor
resolution of clustering
degrees

yes

(continued)
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Table 7.1 (continued)

Technique Potential Limitations In situ/
operando?

EPR Analysis of paramagnetic
sites and their
environment, extremely
sensitive, gives
information also on
clustered phases

Not all oxidation states
accessible, accuracy of
concentration analysis
limited

yes

NMR Concentration, coordination,
oxidation states of
elements, sometimes
information on distances
between sites

Only nuclei with nonzero
spin, sometimes problems
with sensitivity,
interference by nearby
paramagnetic sites
complicates application in
redox catalysis

yes

Moessbauer Oxidation states,
coordination to neighbors,
clustering degrees of sites

Only a few elements with
suitable nuclear levels, in
particular Fe, full
diagnostic potential only
at very low measurement
temperatures

nob

Chemisorption Particle sizes (metals),
adsorption sites (ionic
surfaces)

Particle size determination
averaging; adsorption
stoichiometry not always
clear

no

Adsorption
calorimetry

Enthalpy and entropy of
adsorption (titration
method) for probe
molecules and reactants

Limited to simple systems
(well-defined surface, one
adsorptive)

no

Temperature-
programmed
desorption

Differentiation of adsorption
sites on a surface,
depending on test
molecule for acid/basic or
redox sites, determination
of energetics of
desorption

Desorption signals remain to
be assigned to sites

no

Temperature-
programmed
reduction/
oxidation

Reduction/reoxidation
properties of redox phases
in samples; strong in
detecting interactions
between phases, in simple
cases determination of
energetics of reduction

Nature of detected
interactions remains to be
elucidated

no

a Angle-resolved XPS, which can be performed with lab sources, is a safe tool only for flat
sample surfaces
b In principle possible, but no examples known; loss of diagnostic potential at elevated tem-
peratures seems to discourage attempts
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states are possible: the actual situation is determined by the ratio between
reduction and reoxidation rates, slow reoxidation resulting in low stationary oxi-
dation states, and slow reduction in a fully oxidized site. Therefore, reduction and
reoxidation rates have to be measured under typical reaction conditions, e.g., as a
response to step changes of the feed composition. Sites in which any of the two
rates is clearly lower than the stationary reaction rate may be rejected. More
challenging but at the same time more promising is to compare how the oxidation
states of the TMI in coexisting sites on one hand and the reaction rate on the other
respond to step composition changes. Such step change will usually cause a
change of both reaction rate and oxidation states of all coexisting sites, but only for
the site causing the observed reaction will the transient response of the oxidation
state coincide with that of the reaction rate.

In cases where sites can be differentiated by the IR spectra of an adsorbed
reactant (see above), the step concentration change may be replaced by changing
the isotopic label (e.g., 12CO ? 13CO) as the adsorption of the labeled compound
is easily detected by a shift in wavenumber. Such extension of the SSITKA
(steady-state isotopic transient kinetic analysis), which is typically used for studies
on reaction mechanisms, by integrating structural and/or surface analysis tech-
niques is nowadays established in many laboratories. For the reactions relevant for
SCR, the pertinent studies are, however, still ahead.

The information given in this chapter demonstrates the complexity of research
targeting the identification of active sites in real catalysts. The report on the state of
insight into active site structures in SCR catalysts which will follow in the next sections
should be seen on this background. This state of knowledge comes as a mosaic with
contributions of many groups which are not necessarily consistent with each other. The
picture is definitely transient, in some cases the details may well change by upcoming
work with more powerful methods and with broader use of transient methods.

7.3 Supported Vanadia Catalysts

Supported vanadia catalysts promoted with tungsten oxide, sometimes with mo-
lybdena, are the industrial standard in SCR applications for stationary sources but
have also been applied in urea-SCR schemes (cf. Sect. 2.1). In the following, the
state of knowledge about the unpromoted V2O5/TiO2 system will be discussed
first, followed by some remarks regarding the role of the WO3 promoter.

It has been known for long that the interaction of transition-metal oxides (V2O5,
WO3, MoO3) with high surface area supports leads to the formation of monolayer
surface oxide species up to a considerable coverage degree of the support surface
(see, e.g., reviews [23, 40–44]). Silica is somewhat exceptional in this respect
because of its low density of sites available for interactions with the supported
oxide, therefore the following discussions are not valid for SiO2 surfaces. The
question whether the support surface becomes completely covered before the
supported oxide starts to grow into the third dimension was subject to some
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controversy [23, 41, 43–47]. Studies by the perfectly sensitive Ion Scattering
Spectroscopy [48, 49] showed that in well-prepared catalysts the transition-metal
(V or Mo) oxide species indeed cover the support completely in the dehydrated
state before building second and third layers. Hydration of the fully covered
surfaces results in some exposure of the support, apparently due to hydrolysis of
the oxygen bridges to the latter with subsequent clustering of the supported species
[43, 44]. Less optimized preparations involving ill-controlled deposition of pre-
cipitates may, of course, lead to different situations although the oxides have a
tendency to spread over the support surface during heat treatments creating
monolayer systems also under dry conditions. Indeed, for some systems (e.g.,
MoO3/Al2O3) thermal spreading of the oxide onto the support surface is a practical
alternative preparation route to aqueous techniques [50, 51].

It has been concluded from Raman spectroscopic studies that the TM oxide
forms isolated surface oxide species at low coverages, which combine to two-
dimensional oligomers with increasing coverage [23, 40–44]. Growth into the third
dimension will result in relatively disordered clusters which can be, however,
observed by Raman spectroscopy with high sensitivity, before ordered particles
detectable by XRD are formed. On TiO2, the vanadium in isolated species is
tetrahedrally coordinated by oxygen with a short V=O bond and three longer bonds
forming oxygen bridges to Ti atoms (Fig. 7.5). In the polyvanadates, some V–O–Ti
linkages are replaced by V–O–V bridges, in addition, acidic V–OH groups may
occur.

A recent EPR spectroscopic study [52] suggests some modification of this
picture (Fig. 7.6). The catalysts were made by simple impregnation of a Ti

Fig. 7.5 Surface vanadium oxide species occurring on supported vanadium oxide catalysts.
Reproduced from [42] with permission of Elsevier. a Isolated surface VO4 species. b Polymeric
surface VO4 species. c Crystalline V2O5 nanoparticles above monolayer surface coverage
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oxyhydrate with very high surface area resulting from the sulfate process, with
subsequent calcination at a rather low temperature (623 K) with the intention just
to fix the spontaneous speciation of V oxide structures on the surface. While the
presence of three-dimensional clusters could be excluded by Raman spectroscopy,
EPR showed a coexistence of isolated and oligomeric surface oxide species over a
wide range of coverage degrees (Fig. 7.6a). The intensity ratio between the two
signals present (multiplet—isolated sites, broad isotropic signal—sites in islands)
confirmed the expected increased abundance of islands at larger V oxide cover-
ages, but the clear detection of the isotropic signal at a V oxide coverage of \3 %
suggests that surface vanadium oxide species have a much larger tendency to
island formation on titania surfaces than so far assumed.

In the early literature, the vanadyl group (V=O) was thought to be the active site
for the SCR reaction [53]. It was, however, soon observed that in catalyst series
with varying composition the SCR rate grew stronger than linear with the vanadium
content [54–57] as exemplified for V2O5/TiO2 in Fig. 7.7. It was derived from the
kinetic data that the polyvanadate-based sites in V2O5/TiO2 would be an order of
magnitude more active than the isolated sites [55]. From these observations, various
proposals of binary sites with the O=V–O–V=O motif emerged, as reviewed,
e.g., in [58]. At the same time, the relevance of Brønsted (V–OH) sites was
concluded from IR and isotopic labeling studies [59, 60]. The well-known reaction
mechanism by Topsøe (see Chap. 8), which was supported by IR spectroscopic
and TPD studies [61–63] and became the basis of a successful microkinetic model
of SCR over this catalyst type [64], indeed operates on a binary site containing an
vanadyl and a V–OH group (O=V–O–V–OH).
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Fig. 7.6 EPR spectra of tungsten-free a and tungsten-containing b V2O5/TiO2 catalysts after a
reference calcination (623 K, 1 h), measured at 77 K. Spectra are normalized to the catalyst
mass. Reproduced from [52] with permission of Elsevier
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On the other hand, the reality of SCR activity provided by isolated V oxide sites
[55] has been supported by studies with vanadium-exchanged zeolites. A clear
correlation between the intensity of the EPR signals of isolated (VO)2+ ions and
the reaction rate was found [65]. These sites obviously operate via a different, as
yet unknown mechanism.

Several concepts were put forward to explain the promoting role of tungsten in
V2O5–WO3/TiO2 catalysts. An increased surface acidity in presence of W favors the
ammonia supply to the active site [66, 67]. Tungsten was observed to enhance the
reducibility of the vanadia component [66, 68], which was explained by electronic
interactions and was related to the observed increase of activity. An alternative
approach considered the tungsten species just as competitors for the support surface,
which force the surface vanadium oxide species to greater proximity and thus to the
formation of the highly active binary sites [66] already at lower coverages. In this
version, the surface tungsten oxide species are just spectators, the activities achieved
in the promoted catalysts should be accessible without tungsten as well, but at lower
BET surface areas. Tungsten is also known to favor the stability of the catalysts by
delaying the sintering of the high surface area support.

The structure of surface tungsten oxide species was studied by Raman spec-
troscopy of monometallic WO3/TiO2 and of mixed V2O5–WO3/TiO2 catalysts
[69]. Surface W oxide species are tetrahedrally coordinated ((O)3–W=O) at low W
content while strongly distorted octahedral sites ((O)5–W=O) predominate on
dehydrated surfaces at high W oxide coverage. These sites were found to coexist
with tetrahedral monovanadate and polymeric surface vanadates in the mixed
system. A trend to more polymeric surface V oxide species was observed with
growing tungsten content, but no three-dimensional phase was seen even at total
metal coverages which would significantly exceed the monolayer limit if both
metals were to compete for the same surface sites [69]. No indications for bonds
between surface W and V oxide species (W–O–V bridges) were reported.

In Fig. 7.6, the EPR spectra of the TiO2—supported monometallic and mixed
oxide catalysts are compared [52]. Surprisingly, the introduction of tungsten
strongly suppressed the isotropic signal from the surface V oxide islands. The
effect is drastic, because the coverages in the mixed systems are very high due to

Fig. 7.7 Relation between
density of surface V atoms in
V2O5/TiO2 catalysts and their
activity for NH3–SCR (•) and
methanol oxidation (j)
Reproduced from [42] with
permission of Elsevier
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an intermediate calcination step which caused loss of surface area. For the cata-
lysts containing 1.5 wt% V2O5, (…V1.5), the isotropic signal almost completely
vanished in presence of W although the total metal oxide coverage increased by an
order of magnitude. Obviously, tungsten tends to break up island structures instead
of favoring them. A complementary TPR study indeed suggested that most of the
tungsten in these catalysts is in the vicinity of surface V oxide sites, not near W
oxide sites [52]. Therefore, the promoting effect of tungsten is caused not by the
formation but by the destruction of polyvanadate sites. Electronic interactions
between W and V oxide species or a favorable influence of W on surface acidity
would comply with this picture, but also a dependence of the specific activity of
the active (V–O–V) sites on the size of the island in which they are contained, the
smallest size offering the highest activity.

These alternatives were further differentiated by a study of the catalyst response
to high temperatures [70]. Mixed oxide systems were found to activate strongly
upon treatment at high temperatures in oxidizing medium (Fig. 7.8). Two activity
peaks can be seen with increasing treatment duration at 1023 K (panels a and c)
and concomitant decrease of the BET surface area. Under other calcination con-
ditions, even a third activity maximum emerged. While the details of these phe-
nomena are not yet fully understood, we found clear evidence from several
methods (Raman spectroscopy, XRD, TPR) that the decrease of the support sur-
face area causes the tungsten oxide species to segregate from the surface, not the
vanadium oxide species. Therefore, the drastic activation effect seen in Fig. 7.8 is
most likely related to a growth of surface V ensembles at places where the
tungsten loses contact with the surface. This is incompatible with both the concept
of electronic interactions between W and V oxide sites and of acidity effects
determining the activity trends. Instead, it seems to indicate that the spontaneous
arrangement of W and V oxide species on the titania surface leads to an excessive
isolation of vanadium oxide sites. This is relaxed by segregation of W oxide
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species from the surface under thermal stress, which allows for more highly active
dimeric sites. Under heavy thermal stress, the surface vanadia phase remains two-
dimensional while the tungsten oxide forms large WO3 crystals. The poor per-
formance resulting under these conditions suggests a lower activity of V–O–V
dimer sites when they are part of large islands.

7.4 Zeolite-Based Catalysts

Zeolites are unique among catalyst supports in many aspects, e.g., in the avail-
ability of well-defined, energetically nonequivalent cation exchange sites. The
expectation that cations exchanged into zeolites will all end up in these sites seems
to be fulfilled, however, only for monovalent ions. SCR-related research has much
contributed to the insight that exchange of polyvalent cations may result in
complicated species distributions, probably due to the extra-lattice oxygen intro-
duced into the system for charge neutralization.

7.4.1 Fe Zeolites

The discussion of active sites for NH3–SCR has been much influenced by structural
data collected in earlier studies related to the SCR with hydrocarbons (HC–SCR).
For the same reason, the discussion has long been focused on the ZSM–5 matrix
although different zeolites, in particular zeolite Beta, meanwhile seem to be more
promising for technical application. The early studies dealt with over-exchanged
samples (Fe/Al = 1, corresponding to &5 wt% Fe at an Si/Al ratio of &15),
which were first described by Feng and Hall [71] and could be reproducibly pre-
pared by chemical vapor deposition (CVD) of FeCl3 into H–ZSM–5 as reported by
Chen and Sachtler [36]. These authors proposed that the iron which is atomically
dispersed in the form of Z–O–FeCl2 species after the CVD step, rearranges quan-
titatively or to a large extent into dimeric species held together by an oxygen bridge
(Fe–O–Fe) after washing and calcination [36, 72]. This view was supported, e.g., by
the partial reappearance after calcination of the IR band of Brønsted OH groups,
which had been completely quenched by the CVD step, and by the easy (stoichi-
ometric) oxidation of CO to CO2 by these samples, which suggests the vicinity of
two Fe atoms accommodating the two electrons transferred. The assignment of the
high HC–SCR activity of these catalysts to the binuclear Fe–O–Fe sites was
encouraged by analogies with the active structure in the enzyme methane mono-
oxygenase [73] and by previous analogous assignments of activity in NO decom-
position and HC–SCR to analogous Cu–O–Cu species in Cu–ZSM–5 [74].

Several groups investigated over-exchanged Fe–ZSM–5 by X-Ray absorption
spectroscopy and supported unanimously the formation and catalytic relevance of
the binuclear Fe–O–Fe sites [75–77]. The EXAFS spectra obtained in these studies
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were successfully analyzed by models yielding coordination numbers near or equal
to one for the second coordination shell (Fe–Fe). A note of caution was given by
Marturano et al. [77] who found by magnetic measurements that the antiferro-
magnetic coupling, which is expected between the Fe atoms in binuclear sites, was
not complete. Despite 30 % of the iron detected as isolated ions, the EXAFS data
were still discussed in terms of predominating binuclear sites.

On the other hand, Heinrich et al. obtained Fe–Fe coordination numbers below
1 in their EXAFS analysis of over-exchanged Fe–ZSM–5 subjected to different
calcination regimes [37]. Supported by the observation of a significant amount of
large clusters (particles) by Moessbauer spectroscopy (cf. Fig. 7.4) they concluded
that EXAFS coordination numbers can be only averaged quantities in these
materials and thus identified the presence of significant amounts of isolated Fe oxo
sites in their zeolites. As the SCR activities of these catalysts were comparable
with those of other groups which claimed considerably less particle formation and
predominant presence of binuclear Fe–O–Fe sites in their samples [36, 78],
Heinrich et al. assigned the (HC-)SCR activity to sites which would be minority
species in all catalysts compared, e.g., isolated sites [37]. This assignment was
strongly supported by the observation of attractive SCR activity of a sample
containing just 0.5 wt% Fe [79]. This catalyst, which was prepared by a different
method, did not exhibit any significant Fe–Fe scattering signal in EXAFS which
might have indicated binuclear Fe–O–Fe sites.

In the following, the heterogeneity of the Fe speciation in over-exchanged Fe–
ZSM–5 has been confirmed by other groups as well [80] although in the mean
time, [70 % of the iron had been claimed to be part of Fe–O–Fe pairs in catalysts
that contained [45 % of the iron in large (2–10 nm) particles according to the
Moessbauer spectra [81]. Heijboer et al. found that the EXAFS spectra of over-
exchanged Fe–ZSM–5 cannot be unambiguously analyzed [80]: they presented
models including next nearest Si(Al) neighbors that represent the data equally well
as those published earlier [81] and resulted in much lower Fe–Fe coordination
numbers (see also Pirngruber et al. [82]). Likely structures of Fe species in ZSM–5
are illustrated in Fig. 7.9, which cites molecular modeling results given in [80].
These models should be taken just as examples: EPR spectroscopy identifies, for
instance, at least three different isolated sites ([30, 83], see also Fig. 7.3), which
have been related to the a, b, und c cation exchange sites meanwhile [84]. The
binuclear site is nowadays rather lumped into the oligomers, which can be iden-
tified by UV–Vis signals in a particular wavelength range [30, 85]. Upon calci-
nation, the Fe species tend to migrate toward the external surface and to aggregate
still in the zeolite [37, 81], which is nicely demonstrated by TEM–EDX images
from [81] and TEM images from [86] in Fig. 7.10a–c. The wavelength region
related to these species in the UV–Vis spectra differs from those of the oligomers
although it has remained unclear which aggregation degree would cause the
wavelength shift observed [30, 85]. Finally, oxide or oxihydrate crystals segregate
from the zeolite (Fig. 7.10b). The migration is favored by moisture, the intra-
zeolite particles most likely destroy and include part of the zeolite structure which
explains their invisibility by XRD and EXAFS (see Fig. 7.4).
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Due to the complexity of over-exchanged Fe–ZSM–5, the subsequent studies
were undertaken with ZSM–5 containing small amounts of iron, and NH3–SCR
was included owing to its upcoming technological relevance. UV–Vis and EPR
spectroscopy became the most important analysis techniques at the expense of
EXAFS because of their potential to differentiate coexisting Fe species [30]. For a
series of samples prepared by a special ion exchange technique (cf. [83]) activity
in both SCR reactions was correlated with the abundance of Fe sites derived from
a quantitative analysis of the UV–Vis spectra, neglecting a possible wavelength
dependence of the extinction coefficient [86].

For HC–SCR, this correlation resulted in strong support for a contribution of
both isolated and oligomeric Fe oxo sites to the reaction rates observed at low
temperatures. At high temperatures, the oligomers catalyze the oxidation of the
hydrocarbon reactant very effectively, therefore, the best catalysts for HC–SCR
contain iron only in small quantities. The results for NH3–SCR are summarized in

Fig. 7.9 Molecular models of Fe oxo species in zeolites. a mononuclear Fe oxo site, dehydrated;
b binuclear Fe (hydr)oxo site, c, d oligomeric Fe oxo sites of different nuclearities in straight
channel, seen from different sides. Framework represented by thin lines, atoms in extra
framework species by balls: red—O, pink—Al, dark red—Fe, white—H. From [80] with
permission of Elsevier
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Fig. 7.11. Surprisingly, the correlation with the total Fe content was superior even
to that with the sum of oligomers and isolated sites, which was explained with the
irregular structure of the intra-zeolite ‘‘particles’’ (cf. Fig. 7.10a, c) offering a non-
negligible surface area available for catalysis. Unlike in HC–SCR, the oxidation of
the reductant is much less pronounced in NH3–SCR over Fe–ZSM–5, therefore,
the oligomers can be tolerated in the catalysts. Rather, from the course of the NO
conversion curves with increasing Fe content it was proposed that the oligomers
may even contribute more strongly to the total reaction rate at higher temperatures
than under the conditions for which the correlation (Fig. 7.11) was made [86].
From this, the best catalysts for NH3–SCR would contain large amounts of iron in
the highest possible dispersion.

The surprisingly good correlations between site abundance and SCR activity
still leave a number of questions unanswered. As already mentioned, ‘‘isolated
sites’’ is a quantity lumped of at least three species detectable by EPR. The redox
properties of these sites in the typical feeds (NH3–SCR and HC–SCR) were found
to be very different, octahedrally/distorted tetrahedrally coordinated isolated sites
being more prone to reduction than tetrahedrally coordinated sites under conditions
where oligomers withstood reduction completely [87]. As SCR most likely requires
Fe to be in the +3 state in order to activate the reductant (cf. Chaps. 8 and 9),

Fig. 7.10 Electron microscopy images of Fe–ZSM–5. a STEM/EELS micrograph (Fe/O map) of
over-exchanged Fe–ZSM–5 after calcination with extremely slow temperature gradient [81], line
scan along line (b) not shown; b crystallites on over-exchanged Fe–ZSM [86], c Fe enrichment in
Fe–ZSM–5 of low Fe content (1.2 wt%)
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the contribution of these sites to the observed activity should be different. The
marginal influence of these differences on the quality of the correlations discussed
above may arise from a low degree of variation in the concentration ratios between
these sites in our series of samples. Likewise, the ‘‘oligomers’’ comprise a distri-
bution of oligomerization degrees. The small NH3 oxidation activity found with
Fe–ZSM–5 arises from clustered phases, from the oligomers rather than from the
particles. When we used a Fe–ZSM–5 catalyst after &2 years storage under the
same reaction conditions as before, we observed the influence of ammonia
oxidation on the conversion-temperature curves to be larger than in the earlier
measurements (see [86, 88]) although we could not relate this to significant changes
in the UV–Vis spectra. Maybe an influence of the oligomer size on ammonia
oxidation activity remains to be discovered here. Finally, it has been proposed that
the UV absorption of binuclear sites may fall into the wavelength region typical of
isolated sites if their antiferromagnetic coupling is weak (hydroxo-bridged dimers)
[82]. In our UV–Vis studies, no significant differences occurred between mea-
surements of a calcined sample stored subsequently at ambient or in situ right after
calcination, therefore, we do not consider the hydroxylated binuclear site relevant
for our assignments.

The sites active for NH3–SCR in Fe zeolites have been addressed in a number
of other, mostly more recent studies, which did not result in convergent conclu-
sions. Based on EPR measurements, Long and Yang [83] assigned activity for
NH3–SCR exclusively to tetrahedrally coordinated isolated sites cooperating with
Brønsted siteds. Exclusively isolated sites were also considered responsible for
NH3–SCR by Krishna and Makee [89] and by Doronkin et al. (Fe-Beta [90]).
Opposed to this, Klukowski et al. suggested a dual site mechanism for Fe-Beta
where NH3 and NO are activated at neighboring Fe3+ sites, and admitted only a
minority role for a possible single-site mechanism [91]. The dual site may be part

0,0 0,5 1,0
0,0

0,1

0,2

all Fe
oligo
iso +iso

ln
(1

/(
1-

X
))

wt-%

Fig. 7.11 Correlation of the
rate constant of NH3–SCR at
523 K with the abundance of
different site types in Fe–
ZSM–5 assessed from UV–
Vis spectra. From data in [86]

202 W. Grünert



of oligomers or consist of two nearby isolated Fe3+ ions. Iwasaki et al. proposed
NO2 TPD as a most useful tool for the elucidation of active sites as its high-
temperature peak appears to correlate with activity in NH3–SCR [92]. This peak
was associated with ‘‘oxo-Fe3+ at ion exchange sites’’ [92, 93] which includes,
however, binuclear sites as far as both Fe ions are related to framework Al cations.
In a more recent article, the binuclear sites were described as a subcategory of
oligomeric sites [94], which shifts the assignment closer to that of Schwidder et al.
[86]. Sobalik and coworkers have recently stressed the significance of the Al
distribution in the zeolite framework for the active site structure, a motive which
has been developed by scientists of the Prague Heyrovsky institute over years and
has been recently reviewed in [95]. In this concept, close Al framework sites in
opposite positions of a six-ring stabilize Fe2+ ions without extra-lattice oxygen,
while single Al framework sites are coordinated with Fe3+ oxo species. The latter
are considered responsible for the activity in NH3–SCR [96].

The conflicting conclusions mentioned arise at least partly from the limited
potential of the available analytical methods for analysis of the complex site
structure in Fe zeolites. In this situation, the group of O. Kröcher resorted to a
statistical approach in which the distribution of the Fe sites was assumed to follow a
(random) distribution of Al in the zeolite framework, and the formation of bi, tri, and
polynuclear structures was assumed to occur when nearby Fe sites are located within
certain distances [97, 98]. The site abundances obtained on this basis, which were
validated by comparison with UV–Vis spectra of a samples series covering a wide
range of Fe contents [98], were used to explore correlations within a large body of
very accurate rate measurements at different temperatures [99]. From this, Bran-
denberger et al. concluded that the catalytic reaction rate results exclusively from
isolated sites at low temperatures while oligomeric structures contribute at higher
temperatures, which agrees to some extent with the picture proposed in [86].

The importance of acidity for NH3–SCR has been discussed also with respect to
Fe zeolite catalysts. A favorable role of acidity is á priori plausible because this
tends to increase the local concentration of the ammonia reductant near the active
sites. The more fundamental question is, however, if an acidic function is part of
the active sites as, for instance, in the sites driving the reaction cycle proposed by
Tøpsoe [61–63] for V2O5/TiO2 catalysts. From a comparison of SCR activities
measured with Fe in nonacidic and acidic zeolite supports, Schwidder et al.
concluded that acidity favors the reaction without being an essential ingredient of
the active site and hence the reaction mechanism [100]. A more recent study of
Brandenberger et al. arrived at similar conclusions [101], which are at variance
with some earlier proposals, e.g., in [83].

The technical relevance of Fe zeolites is related to their potential to catalyze the
fast SCR reaction (Eq. 7.2) rather than to their activity in standard SCR. Fast SCR is
a rather facile reaction which has been proposed to proceed without any involve-
ment of Fe sites [102, 103]. This has been confirmed in [88], but it has been shown at
the same time that Fe zeolites offer sites which accelerate the reaction dramatically.
Standard SCR and fast SCR are stoichiometrically related to each other: The former
(Eq. 7.1) results when NO oxidation (Eq. 7.3) is added to fast SCR (Eq. 7.2).
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It has been proposed that this relation holds also for the reaction mechanism of
standard SCR, with NO oxidation as rate-determining step followed by the very fast
reaction of the resulting NO/NO2 mixture according to Eq. (7.2) (see Chap. 8,
earlier work summarized in [97]). This view implies that the active sites of NO
oxidation and of standard SCR are identical while those of standard and fast SCR
might be different.

The latter has been indeed reported in a study by Schwidder et al. [88] where
the activity for fast SCR was found to survive hydrothermal stress and impact of
SO2 much better than that for standard SCR (Fig. 7.12). From the observation that
fast SCR was effectively catalyzed by a sample containing just 0.2 wt% Fe,
according to UV–Vis and EPR spectroscopy almost exclusively as isolated sites
and that more iron, be it as isolated, oligomeric, or particulate species, did not
result in significant improvement, it was concluded that fast SCR is catalyzed by a
sub-entity of the isolated sites. In recent operando EPR studies, Fe sites in b and c
positions remaining in the 2+ state during calcination but being oxidized to Fe3+ in
presence of NO2 have been identified as candidates [104].

In another recent study, it was attempted to change the fractional occupation of
the ZSM–5 cation sites by the Fe species by loading the zeolite previously with
different amounts of Na or Ca ions [105]. The subsequent introduction of the Fe
component (ca. 0.25 wt%) was accomplished by a dry method (solid-state ion
exchange) to avoid leaching of the co-cations. Figure 7.13 shows conversion
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curves measured with these catalysts in the three relevant reactions (7.1) through
(7.3). These curves demonstrate clearly that the active sites dominating the cata-
lytic behavior are different for all three reactions. Thus, activity for standard SCR
was improved by the presence of Na ions (ca. 50 % exchange degree) as compared
to the Fe-only sample (Fig. 7.13b), while the activity for the other two reactions
was deteriorated (Fig. 7.13a, c). This is another piece of evidence rejecting that
standard SCR proceeds via a sequence of NO oxidation to NO2 and fast SCR. The
differences between NO oxidation and fast SCR are less striking but still pro-
nounced (Fig. 7.13a, c): Thus Fe–ZSM–5 preoccupied with Ca or with Na
(exchanged to 50 %) behave very similar in NO oxidation but clearly different in
fast SCR. A further increased Na exchange degree leads to a strong deactivation in
NO oxidation whereas in fast SCR, a loss in performance occurs only at low
temperatures. The differences in the active site structure causing the activity
changes depicted in Fig. 7.13 are subject to ongoing characterization work.

To summarize, there is no generally accepted view on the active sites
responsible for the reactions relevant for NOx reduction in Fe zeolites. Several
studies suggest a participation of all Fe sites accessible from the gas phase, which
agrees with the observation that considerable SCR activity has also been reported
for Fe oxide on open supports, e.g., tungsten-promoted FeOx/ZrO2 [106], but
correlations with exclusively isolated Fe sites have also been claimed. Research
targeting the identification of the sites active for fast SCR has only just com-
menced. While it is clear that this reaction is catalyzed by a very stable isolated
minority site, a recent operando EPR study supported by Moessbauer data sug-
gests that this site may be in the Fe2+ state in a calcined catalyst and can be
oxidized to Fe3+ only by NO2 [104]. Fe ions stabilized by close Al sites in the
framework as proposed by Dedecek et al. [95] might be candidates for that. Still,
there is not as yet a well-established relation between the reaction mechanisms of
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Fig. 7.13 Influence of inactive co-cations (Ca, Na, at different exchange degrees) on the
catalytic properties of Fe–ZSM–5. a NO oxidation, b standard SCR, c fast SCR. From data in
[105]
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SCR (standard and fast) over these catalysts and the candidate sites because the
mechanistic discussion was long dominated by the assumption of NO oxidation
being rate determining for standard SCR, and more recent concepts still need to be
related to the knowledge about the site structure in Fe zeolites.

7.4.2 Cu Zeolites

As mentioned above for Fe zeolites, the discussion on active sites in Cu zeolites
has long been based on results obtained previously in research on HC–SCR, in the
case of copper also on NO decomposition. The early work on all these reactions
was reviewed in [107]. Actually, the activity of Cu zeolites for NH3–SCR was
discovered earlier than that for HC–SCR (NO/NH3 reaction over Cu–Y—1975
[108, 109]; HC–SCR—1989/90 [110, 111]), but as the reaction was performed
without oxygen in the feed, Cu(II) became reduced at rather low temperatures
which quenched the reaction. [Cu(NH3)4]2+ complexes were considered to be the
active sites [112].

Cu–ZSM–5 was the system for which the phenomenon of over-exchange was first
described [110]. For NO decomposition, a steep increase of the turnover frequency
around 100 % exchange degree [110, 113, 114], the conclusion that the active sites
are a minority which easily interchanges between the +2 and +1 oxidation states
under reaction conditions [114, 115] and the identification of such sites with binary
Cu–O–Cu species [116] suggested a particular role of aggregated entities in this
reaction. There was disagreement with respect to the structure of these aggregates
already with the copper zeolites, where binuclear (Cu–O–Cu) sites were advocated
by the majority of groups [110, 115–118] while some groups proposed the formation
of small intra-zeolite oxide clusters (oligomers) [119, 120]. The latter was supported
by the observation of very strong enrichment of copper in the XPS sampling region of
freshly prepared Cu–ZSM–5 without any indication for the formation of massive
phases [120], which would have been sensitively detected by the help of the Auger
parameter [120–124]. Indeed, redox treatments decreased the copper excess in the
external surface region, apparently by decomposition and redistribution of the
copper oxide oligomers over the whole zeolite crystal [120].

While the beneficial role of overstoichiometric Cu is obvious for NO decom-
position, there are diverging reports with respect to HC–SCR. Observations of
peak activities at exchange levels slightly above 100 % [125–127] were consid-
ered to indicate a particular activity contribution of Cu–O–Cu sites or clusters, but
results depended on the type of hydrocarbon reactant and on the reaction condi-
tions. A completely different explanation given by Wichterlova et al. [128] is
based on the concept of the active sites being influenced by the Al framework
distribution [95]. From work with luminescence and IR spectroscopy (adsorbed
NO), two different types of isolated Cu ions were differentiated: one, which pre-
dominates at low Cu content, is change-balanced by two nearby framework Al
ions, the other one, which carries extra-lattice oxygen, is formed only at higher Cu
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content and was identified as the active site for NO decomposition. HC–SCR and
NH3–SCR were proposed to require the cooperation of both kinds of Cu ions.
Ciambelli et al. found the normalized reaction rates (per Cu atom) of HC–SCR to
increase up to full exchange, but then to decrease markedly [127], which calls into
question the relevance of excess copper. In a study of propene-SCR with copper
chloride species introduced into Na–ZSM–5 by dry methods (i.e., as guest spe-
cies), normalized reaction rates were found to be of the same order as in usual SCR
catalysts, which suggests that excess copper is just another site type for hydro-
carbon-SCR, but without particular merits [121]. This is in agreement with the
observation that Cu zeolites which differed strongly in NO decomposition activity
exhibited less differences in HC–SCR [129].

The study with Cu chloride species hosted in Na–ZSM–5 [121] showed at the
same time that HC–SCR with the reductant propene is possible without Brønsted
acidity, which had been under debate as well (cf. [130–135]).

In studies with the ammonia reactant, the coexistence of isolated and binary
sites was a major topic as well. In a kinetic investigation of NH3–SCR over Cu–Y
catalysts of different Cu content, Kieger et al. [136] found the turnover frequency
(rate per Cu atom) to increase significantly with the copper content at low reaction
temperatures while the trend was weaker above 600 K. Based on characterization
by temperature-programmed reduction and reoxidation, TPD of ammonia and IR
of adsorbed NH3, the authors assigned the selective reaction observed at low
temperatures to Cu–O–Cu sites which form in supercages at high copper content
while analogous binary sites in the sodalite cages were considered responsible for
the relatively intense N2O formation under these conditions. Above 600 K, where
the N2O selectivity decreased markedly, all accessible copper was proposed to
catalyze the selective reaction. Komatsu et al. likewise suggested a crucial role of
binary Cu–O–Cu sites from kinetic studies of NH3–SCR in Cu–ZSM–5 of varying
Cu content [137]. The proposal of Wichterlová et al. according to which a
cooperation between two different Cu ions is required for NH3–SCR ([128], see
above) sounds similar, but it does not invoke an oxygen bridge between them
because one Cu ion is change-balanced by two framework Al ions.

The renewed interest in Cu zeolite catalysts for NH3–SCR after the discovery of
high activity, selectivity, and stability of Cu chabasite materials has led to a
number of studies aimed at the elucidation of the active site in this zeolite. It has
been reported that Cu ions are present in just one single crystallographic position
in these catalysts. This was concluded from Rietveld refinement of XRD data, and
the Cu ion was found within the cage just outside the double-six rings connecting
the zeolite cages [138]. The relevance of this site for NH3–SCR was shown in
subsequent work [139, 140]. Deka et al. [141] derived similar conclusions from
operando-XAFS measurements, where the detailed coordination geometry could
be resolved more accurately due to the local sensitivity of EXAFS. A model of the
site at different temperatures is shown in Fig. 7.14 where it can also be seen how
NH3 adsorbed onto the Cu ion at low temperatures attracts it slightly toward the
center of the cage. It should be noted that this view has been challenged by Kwak
et al. on the basis of TPR and IR (CO and NO probe molecules) data, according to
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which a second cation position is populated already at 40 % Cu exchange level
[142]. The additional position, which is located more into the cage, but also
coordinated to a six-ring, provides a higher redox activity to the Cu ion. Irre-
spective of the outcome of this controversy, it seems that the activity of Cu–SSZ–
13 arises from isolated sites. This very stable activity is very much the same as the
one which other Cu zeolites (e.g., Cu–ZSM–5) [143], the performance of which
was described to be dominated by binary Cu–O–Cu species in earlier studies [137],
can provide only in the fresh state.

7.5 Recent Catalyst Development

In recent years, much work has been devoted to the search for alternative oxide
catalysts for NH3–SCR, and from the characterization work included in these
studies, conclusions regarding the active sites have often been drawn. The most
promising systems are based on the elements manganese and cerium, which are
often combined with other elements or deposited on supports (see Sect. 2.4).

The extremely high activity of bulk manganese oxides, which provide very
large reaction rates at temperatures below 470 K, can apparently arise from several
oxidation states of Mn [144–146]. It was shown that MnO2 is the most active
phase, however, its labile oxygen favors the oxidation of ammonia to N2O [146]
while Mn2O3 offers significantly better selectivity for N2 at lower reaction rates
[145, 146]. The sizeable N2O formation over these catalysts and their low thermal
stability has prompted efforts to stabilize their active sites on supports or by
creation of mixed oxide phases.

Carbon-supported Mn oxides show similar activities as unsupported samples.
On the basis of XPS evidence, Yoshikawa et al. concluded that the Mn oxidation
state on their surface is +3 [147]. At the same time, Grzybek et al. [148] were

Fig. 7.14 Illustrations of the local copper environment in d6r subunit of CHA. a Local structure
after calcination, with copper in the plane and slightly distorted from the center of the d6r subunit
of CHA; b interaction with NH3 at 423 K under SCR conditions resulting in a coordination
geometry change; c under SCR conditions above 523 K. From [141] with permission from the
American Chemical Society
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skeptical about the potential of XPS to reliably differentiate Mn3+ and Mn4+—at
least in routine application (see below). They stated that there may be oxide
crystals and two-dimensional layer structures on the carbon surface, where the
crystals are more active, whereas the monolayer structures are more selective
toward N2 [149].

Observations made with MnOx supported on other materials are somewhat
different. No bulk phases can be observed on them at low Mn loadings, but the
bulk oxides (e.g., Mn2O3) appearing at high Mn content did not improve the
activity [150]. It was proposed on the basis of a multitechnique characterization
study that Mn is present on TiO2 in the form of monomeric surface oxide species at
low Mn loading and as oligomeric monolayer structures upon increase of the Mn
content [151]. Above the theoretical monolayer coverage, amorphous oxide layers
are formed first whereas crystalline structures appear only at rather high Mn
loadings. On the basis of XPS measurements, Pena et al. identified Mn4+ and Mn3+

on their Mn/TiO2 catalysts and concluded a larger activity of the former from the
catalytic behavior of the samples investigated [152]. Analogously, Mn4+ was
considered the most active oxidation state by Zhuang et al. [153]. The latter
authors observed a pronounced dependence of the activity on the Mn surface
density on TiO2 and concluded that the activity contribution of Mn4+–O–Mn4+

sites exceeds that of isolated Mn4+–O–Ti groups. This agrees with mechanistic
proposals of Marban et al., which operate with binary Mn–O–Mn sites [154, 155].
Marban et al., however, proposed the Mn oxidation state to be +3 in these sites,
and the mechanism involves a redox cycle between Mn3+ and Mn2+ in agreement
with earlier concepts derived for Mn/Al2O3 catalysts [156–158]. Mn3+ was also
advocated as the most active state by Yoshikawa et al. [147] and Li et al. [159].

The disagreement with respect to the active oxidation states is most likely
related to the problem that the Mn oxidation states are not easily differentiated by
XPS. Due to multiplet splitting, the 2p lines of many 3d elements are broad and
asymmetric, and it is inappropriate to fit them with symmetric line profiles. The
problem has been nicely illustrated by Biesinger et al. recently [160]. Moreover,
binding energies of reference compounds for Mn3+ and Mn4+ (c-Mn2O3, MnO2)
are within just 1 eV [148], which would be challenging even with well-behaved
line profiles. Therefore, Mn 2p XPS, which is exclusively used by most of the
authors, is not an appropriate tool for the discrimination between Mn oxidation
states [148, 149]. Instead, the splitting of the Mn 3s signal (also by the multiplet
effect) gives better evidence for the oxidation state(s) present [161], however, due
to the rather weak intensity of this signal it has been rarely measured with sup-
ported catalysts.

Mixed oxides of manganese with other elements, e.g., with Fe [162] often
exhibit much better thermal stability and selectivity to N2 at only slightly
diminished activity (compared with pure Mn oxides). The improved properties
have been attributed to Mn–O–M (M=Cr, Fe, Ce) linkages [163–165], and ther-
mally stable stoichiometric compounds (CrMn1.5O4 [163], Fe3Mn3O8 [164]) have
been proposed to be active in these mixed-oxide catalysts. The redox chemistry
would then be distributed between two redox elements.
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Cerium is another redox element successfully applied in alternative catalysts for
NH3–SCR. It offers promising nitrogen selectivity and stability though at somewhat
lower activity. To exhibit these properties, Ce has to be deposited onto supports,
because the pure oxide is rather inactive unlike the Mn oxides. Apparently, the
bridging bonds between Ce and different elements (Ce–O–Ti in case of TiO2) are
important for SCR catalysis. This has been the rationale to develop very interesting
Ce/TiOx mixed oxide catalysts by homogeneous precipitation [166, 167]. In [167],
the Ce–O–Ti linkages were even detected by XAFS. Likewise, Ce–O–W bridges
have been considered responsible for promising properties of CeO2–WO3 copre-
cipitated catalysts [168]. Little is known about the most favorable active oxidation
state of the Ce cation. While the Lewis acidity of Ce4+ has stressed in [168], the same
authors considered the increased Ce3+ surface concentration (compared to CeO2)
favorable because of a concomitant formation of Brønsted sites [169].

7.6 Concluding Remarks

Research on heterogeneous catalysts is very much driven by the desire to identify
the active sites for useful reactions. The combined catalytic and characterization
work required for this generates an experimental basis and useful ideas for further
catalyst improvement. From such work, it appears that the SCR of NO by NH3 can
proceed on different site types over the most important catalysts known. For
vanadium-based systems, there is general agreement that binary V–O–V moieties
including a Brønsted site are the most active structures, and a well-accepted
mechanism is available for this site. At the same time, isolated (VO)2+ ions
exchanged into zeolites can catalyze the same reaction, apparently via a different
mechanism. According to recent studies, the W promoter creates an optimum
degree of isolation for the TiO2-supported binary V–O–V sites, which appear to
lose their reactivity when they are incorporated into large surface oxide patches.

For Fe- and Cu-modified zeolites, there is general agreement that NH3–SCR
can proceed on isolated cation sites, but their intrinsic activities appear to depend
in an unknown way on the cation position in the zeolite. There are indications for
the involvement of oligomeric oxide structures in catalysts as well although this is
not generally accepted. Fast SCR over Fe zeolites uses exclusively isolated sites,
probably a type stabilized as Fe2+ by two nearby framework Al ions.

Active site concepts for Mn- and Ce-based systems are not yet well developed,
which is partly due to problems in the reliable differentiation between oxidation
states in case of Mn.
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