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ABSTRACT: Cu-exchanged zeolites have demonstrated widespread use as catalyst
materials in the abatement of NOx, especially from mobile sources. Recent studies
focusing on Cu-exchanged zeolites with the CHA structure have demonstrated
them to be excellent catalysts in the ammonia-assisted selective catalytic reduction
(NH3-SCR) of NOx. Thorough characterization of these materials using state-of-
the-art techniques has led to a significant improvement in the understanding of
active sites present, which contributes toward a fundamental understanding of the
catalytic processes and the rational design of new materials; however, the availability
of multiple techniques at our disposal has led to various observations and con-
clusions on the nature of the active sites. This article begins with a brief introduction
to exhaust emission control in the mobile sector, followed by an overview of
hydrocarbon-SCR and NH3-SCR; the former technology having found common use
in light duty passenger vehicles, whereas the latter are applied for medium (or
heavy) duty vehicles, such as trucks and busses. This is followed by an overview of zeolite-based catalysts, especially for NH3-SCR
reaction with a focus toward zeolites known to possess high activity. They include zeolites Y (FAU framework), ZSM-5 (MFI
framework), SSZ-13 (CHA framework), and (briefly) zeolite Beta (BEA framework). A few common techniques used for the
characterization of zeolites and the information that they bring to help determine the salient structural and mechanistic aspects of
the NH3-SCR process are introduced. The combination and comparison of the information obtained from the approaches have
resulted in an accurate elucidation of the local geometry and environment of Cu within zeolites, thus forming the active site. The
article further focuses on three main aspects: (a) the crystallographic cation location of Cu within the structures as compared to
results from techniques more sensitive to the local environment; (b) the interaction of Cu at these sites with reactant or probe
molecules, which illustrates their (potential) mobility and accessibility; and (c) the proposed active sites within the zeolites ZSM-5, Y,
and SSZ-13 as evident in literature. The discussion is focused toward the influence of the zeolite structure, from both a long-
range perspective and that of the local structure around the active Cu species, on the thus formed active sites and their
implications toward the NH3-SCR reaction.
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1. INTRODUCTION

Growing concerns over climate change, our ecological foot-
print, and human health have resulted in local and global mea-
sures to control the release of pollutants into our atmosphere.
One such measure by the European Commission is the National
Emissions Ceilings Directive (NECD), which sets limits on the
amount of acidifying and eutrophying pollutants released into the
atmosphere from both mobile and stationary sources. The
NECD recognizes four main air pollutants, namely: (a) nitrogen
oxides (NOx’s), (b) sulfur oxides (SOx’s), (c) nonmethane volatile
organic compounds, and (d) ammonia (NH3).

1−4

Owing to their efficiency and durability, diesel engines have
seen their fair share of use in road transport, especially in the
European market. Although slightly more efficient compared to
their gasoline counterpart, diesel engines still form air-polluting
side products as a consequence of the use of a fossil fuel. In fact,
all four air pollutants recognized by the NECD can be formed
as a product of combustion in a diesel engine, of which NOx is
of primary concern. Studies within European member countries

have confirmed that ∼40% of the total NOx released into the
atmosphere comes from road transport alone, of which 75% is from
the use of diesel engines.4,5 The last 20 years have witnessed a
decrease of ∼95% in NOx released from heavy duty diesel engines.
Figure 1 illustrates the trend of decrease in the amounts of total
NOx and particulate matter in the exhaust stream as per EU
legislations. The initial standards merely required fine-tuning the
engine to meet the required standards. However, continuous
stringent measures (since 2005) have led to the use of catalyst
materials as after-treatment solutions to help reduce emissions. With
upcoming Euro VI standards (to be implemented in the period
2015−2017), the need to recognize and optimize new catalytic
technologies is of significant importance to the automotive industry.
This article presents one such technology: namely, the selec-

tive catalytic reduction (SCR) of NOx in mobile exhaust streams.
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SCR is an effective and promising technology for the reduction
of NOx gases. In the SCR process, NOx’s are converted into N2
using a sacrificial reducing agent over a catalyst surface.5−13

SCR technologies are subcategorized on the basis of the reduc-
ing agent used to achieve the same chemical reaction, that is,
the breakdown of NOx into N2. Two major SCR technologies
that have reached or are reaching commercialization are based
on hydrocarbon-SCR (HC-SCR) and urea-SCR (also referred
to as ammonia-SCR). Perhaps less popular has been SCR
technologies using CO or H2 as a reducing agent,

9 although the
latter has been found necessary to enable low-temperature
activity in HC-SCR.14 Section 2 of this article presents a brief
introduction into the SCR process using both hydrocarbons
(HCs) and ammonia (NH3) as a reducing agent. Although both
are closely related, the article is mainly focused on NH3-SCR
rather than on HC-SCR. Many different catalysts have been
studied for this reaction; however, industrial and academic research
studies on NH3-SCR have shown metal-exchanged zeolites to be
excellent catalyst materials for this reaction. Particularly, Cu-
exchanged zeolites possessing the CHA structure appeared to
show excellent activity and selectivity toward the SCR
reaction.15−18 This article therefore discusses the origins of
the high activity/selectivity of CHA type systems compared
with other commonly applied zeolites: namely, zeolite ZSM-5,
zeolite Y, and zeolite Beta.

2. SELECTIVE CATALYTIC REDUCTION
2.1. Hydrocarbon-Selective Catalytic Reduction. As the

name suggests, HC-SCR uses hydrocarbons as reducing agent
for the SCR reaction. Since a sufficiently large amount of par-
tially burned/unburned HCs are already present in the exhaust
stream of diesel engines, this is a very attractive technique for
most manufacturers. The use of Cu-zeolites for HC-SCR was
realized early in the 1990s.19,20 One of the earliest systems de-
veloped for this purpose by König and co-workers around 1985
at Volkswagen, used a Cu-exchanged mordenite catalyst, which
was successful in reducing the concentrations of NOx in a gas
mixture consisting of NOx, HC (i.e., methane, ethene, propene,
or butane), and oxygen. Following these results, the same group
tested different metals, including Cu, Cr, Fe, Mn, V, Co, Ni,
and Ag, although Cu was found to be the most effective among
them. However, this Cu-exchanged mordenite was very sensi-
tive to steam present in the system, which was overcome by

changing the support material to zeolite ZSM-5. Nevertheless,
this work, along with work performed by Iwamoto et al. around
the same time, led to further investigations in the area. As
different metals and supports were tested for the same catalytic
reactions, Smedler et al. found that Ag/Al2O3 was an effective
catalyst to reduce NOx at 400 °C using propane, propene, or
alkene as reducing agents.21 One of the major drawbacks of Ag/
Al2O3 systems around this time was that they could not operate
at lower temperatures. However, the addition of hydrogen
appeared to overcome this problem.22,23 Very recent studies
have demonstrated that Ag/Al2O3 catalysts prepared via mech-
anochemical ball-milling are active at temperatures as low at
250 °C, even without the addition of hydrogen.24 A Pt (or Pd)/
Al2O3 system was also found to overcome this low-temperature
activity problem, however, with the unacceptable drawback of
producing large amounts of N2O, which is a greenhouse gas
>300 times worse than CO2 and additionally responsible for the
depletion of ozone.12

2.2. Urea or Ammonia-Selective Catalytic Reduction.
Ammonia-assisted SCR was already in use during the 1970s,25

although mainly for stationary applications. When put into
mobile applications, the drawback of NH3 is that it is toxic,
corrosive, and a pollutant and, therefore, presents a risk for
being transported in pressurized containers. Hence, urea came
to be used (as a source for NH3) in heavy duty trucks and
buses.26 The basic idea behind urea-SCR is to decompose
aqueous urea in water to NH3 via the following reactions:

→ +(NH ) CO NH HNCO2 2 3 (2.1)

+ → +HNCO H O NH CO2 3 2 (2.2)

For the purpose of discussion, urea-SCR will be referred to here
as NH3-SCR, since most research studies (including our own)
discussed and presented herein directly use NH3 gas as the
reducing agent. The basic SCR reaction (known as the standard
SCR reaction) using ammonia can be described as

+ + → +4NH 4NO O 4N 6H O3 2 2 2 (2.3)

Reaction 2.3 proceeds faster in the presence of a 1:1 mixture of
NO and NO2 (designated fast SCR), primarily because NO2 is
a much stronger oxidizing agent than O2 itself. Furthermore,
studies have indicated that NO oxidation over metal zeolites
could possibly be the rate-determining step, which is discussed
further in the following section. However, a typical diesel
engine exhaust contains only a minor fraction of NO2.

+ + → +4NH 2NO 2NO 4N 6H O3 2 2 2 (2.4)

The advantage of having the 1:1 mixture for fast-SCR has led to
the implementation of new technologies, such as exhaust gas
recycling to increase the amounts of NO2 in the feed. Diesel
oxidation catalysts, which were originally implemented to oxidize
CO and unburned hydrocarbons presented in the exhaust feed
also helps increase the amounts of NO2. There are, however, some
problems with NH3-SCR. To mention a few, depending on the
conditions, the formation of N2O or explosive ammonium nitrates
has been observed, which affect both emission quality and block
catalyst pores leading to deactivation.27 The formation of the latter
can be avoided by maintaining the temperature of the system
above 200 °C, although this is not favorable for wide-scale
applications.7 This higher temperature margin is also required
to obtain a complete decomposition/hydrolysis of urea to ammonia.
Another major hurdle is the reaction between SO3 (from diesel)
and NH3, which leads to the formation of ammonium sulfates.

Figure 1. The trend in permitted amounts of NOx and particulate
matter in Europe as set by the European legislation with time. Euro VI,
initially planned for 2013, is to be implemented in two stages during
the 2015−2017 period.
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These salts accumulate over time and effectively cause irrever-
sible damage to the catalysts. Although the removal of sulfur
from diesel is practiced at present, the amount of permitted
sulfur varies globally, and therefore, this issue cannot be ignored
completely.
From a catalyst perspective, SCR (whether it be HC-SCR or

NH3-SCR) typically uses metal oxides, noble metals, or metal-
exchanged zeolites as catalyst materials. Figure 2 illustrates a

map of catalyst materials commonly active for SCR compared with
the particular temperature ranges of their maximum activity.
Although active in the low temperature range (175−250 °C), the
drawbacks of noble metals (e.g., Pt), in addition to the formation
of N2O, are their high costs.

12 Metal oxides (especially based on
vanadium), although being very effective and popular for
stationary SCR applications, are being phased out in mobile
applications because of toxicity concerns related to the volatility
of vanadia above 650 °C.7 In addition, there is the problem of
the rutile−anatase phase transition of titania, which is known to
occur at ∼500 °C and could also result in catalyst deactivation.
Metal-exchanged zeolites eventually came to receive attention
as efficient catalysts in the 1990s.19,20 Initial concerns related to
poisoning or hydrothermal stability did prevent their com-
mercialization for a long time;13 however, recent developments
have clearly demonstrated that metal-exchanged zeolites are
highly suitable for NH3-SCR.

15,28 In addition to their high activity
and selectivity toward N2, zeolites are relatively inexpensive to
produce and are nontoxic, which make them excellent candidates
for mobile emission control applications.6,7

2.3. Metal-Exchanged Zeolite Catalysts in NH3-SCR.
Over the past two decades, multiple combinations of zeolite
frameworks with different metals, each with its own pros and
cons, has been shown to be active for the SCR reaction. The
parent zeolite itself was not found to be as active as its metal
(cation-exchanged) counterpart. This was attributed to the fact
that the presence of a transition metal ion (TMI) provides a

redox catalytic center over the (internal) surface of the zeolite
structure.
From a zeolite perspective, zeolites ZSM-5 (MFI frame-

work), Y (FAU framework), mordenite (MOR framework),
and Beta (BEA framework) have received the most attention,
owing to their already widespread use in related catalysis, easy
availability, and framework stability at different temperatures of
operation. Over time, it was seen that medium-pore zeolites (e.g.,
ZSM-5, ferrierite, or mordenite) were more active when compared
to larger pore zeolites (e.g., Y, USY, and Beta). More recent
studies, particularly between 2008 and 2010, have shown an
increasing interest toward zeolites with even smaller pore
windows (mainly with the CHA structure) in both the academic
and patent literature.15,16,18,28,33 As a consequence, a lot of interest
has been spurred toward the study of these materials in the NH3-
SCR reaction.
Few metalsnamely, Cu, Fe, Cr, Ce, and Aghave now

been established as the most effective when compared with
others, such as Co, Ni, Mn, Mg, La, and Zn.7 Cu and Fe have
perhaps been the most widely studied TMIs for NH3-SCR,
owing to their availability and high activity. A possible reason
can be found in the fact that both Cu and Fe show good redox
capacity. Typically, Cu-zeolites were seen to reach the onset of
maximum activity at lower temperatures of ∼200 °C, whereas
Fe-zeolites reached maximum activity at slightly higher tem-
peratures. This effect has been observed and discussed widely in
the literature. It has been debated that the Fe-ZSM-5 system is
highly dependent on the amounts of NO2 present in the gas
composition, which appears to be the rate-determining step.34

Furthermore, it has also been demonstrated that the rate of NO
oxidation to NO2 is much lower over Fe-zeolites than the rate
of the standard SCR reaction itself.35 It has also been argued
that Fe-based systems suffer from a NH3 inhibition effect.36,37

Further comparative studies between commercial Cu- and Fe-
exchanged zeolites also showed that Cu-zeolites were less sensitive
to the presence of NO2.

38,39 Therefore, under standard SCR
conditions, that is, the absence of NO2 in the feed, a Cu-zeolite
system is expected to show a maximum activity at lower tem-
peratures when compared with a Fe-ZSM-5 system. However,
Cu-zeolites are known to oxidize ammonia at temperatures over
350 °C.7,38,39 A recent investigation on combining the effects of
both Cu and Fe used monoliths made up of either metal-
exchanged zeolite in different sequential configurations.40 A system
with a 50/50 mixture of a Cu monolith and a Fe monolith
appeared to have the same effect as just described. Kucherov et al.
performed another study in which they modified a series of
Fe-Beta with various amounts of Cu loadings with a similar ob-
servation.41 ESR studies showed that upon addition, Cu2+

replaced some of the Fe3+ present in their system. The activity
profiles suggested that the presence of both metals gave rise to
activity over a wider temperature range.
The following sections of the article will discuss the role of

various copper species found in zeolites explored for NH3-SCR.
Zeolites Y, ZSM-5, and SSZ-13 (CHA framework) will be the
main focus, considering their widespread investigation and
efficiency of these materials in the reaction. Although Cu-Beta
has also been found to be an active system, the inherent dis-
order in the BEA framework results so far in a lack of structural
information available. As a result, to date, the catalysis itself
rather than catalyst characterization has been the main focus of
Cu-Beta studies.42−44 As such, the discussion on zeolite Beta
shall be brief and limited to correlating structurally relevant

Figure 2. Catalytic materials commonly used and tested for SCR of
NO in the presence of different reducing agents. Note: The results
obtained are from multiple studies performed in different laboratories
and under different conditions.7,11,12,16,18,29−32 Note: Ag/Al2O3 has
been illustrated three times in the graph: the first system (black) is
representative of the catalytic activity of Ag/Al2O3 in the presence of
additional H2, the second (in red) represents the catalytic activity of
Ag/Al2O3 prepared via a mechanochemical ball-milling approach, and
the third (in olive green) represents that of conventionally prepared
Ag/Al2O3.
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studies on Cu-Beta to a proposed interaction of the active sites
therein.

3. EXPERIMENTAL TOOLS TO STUDY
METAL-CONTAINING ZEOLITE CATALYSTS

A major contribution in the development of metal-containing
zeolite catalysts for catalytic processes has been the thorough
characterization of active sites within these porous materials.
The ordered and well-defined crystalline lattices of zeolites, on
one hand, make it possible to perform various spectroscopic
studies into the nature (oxidation and coordination environment)
of ions and species interacting with the framework itself. On the
other hand, the combination of a reactive framework and multiple
possible (metal) cationic sites often renders the direct probing of
active sites and subsequent mechanistic insight difficult to obtain.
Needless to say, there has been much debate on the nature of the
active species in the SCR reaction. Narrowing it down to Cu-
zeolites, after decades of study, the scientific community is yet to
agree on the nature and role of Cu species stabilized inside these
zeolite pores and their role in the NOx conversion. Dimeric Cu
species, isolated Cu2+ ions, and even CuO have been proposed to
be active sites for the SCR reaction.6,7,17,45−47 The importance of a
Cu+/Cu2+ redox functionality has also been stressed.48−50 Know-
ing the nature and properties of the active Cu-containing site, of
course, is the first stage in understanding the reason behind
catalytic activity and therefore provides a platform from which
better catalysts can be developed and eventually “designed”.
Nonetheless, there is yet a lot to learn about the dynamic behavior
and accessibility of the active site within the support and multiple
possible reasons why eventually such a catalyst deactivates.
Developments toward the characterization of catalytic solids

under realistic reaction conditions have gone a long way to help
us answer these questions. In addition to the development of
conventional laboratory instrumentation, modern synchrotron
radiation facilities with dedicated beamlines to study solid−gas

interfaces have been pivotal toward the characterization of such
materials and heterogeneous catalysts in general. A recent
Chemical Society Reviews themed issue on the in situ character-
ization of heterogeneous catalysts provides a great overview of
some of these developments realized in the past few years.51

Two key aspects, as also highlighted in this issue, have been the
improvement in the available time and spatial resolution of
spectroscopic and scattering techniques toward the character-
ization of these materials, largely through the application of
brighter radiation sources and more sensitive detectors. The
possibilities of combining multiple complementary techniques
both at laboratories and at synchrotron radiation sources to
study powdered catalysts have provided a powerful tool kit to
study catalyst materials in great detail.52−54 Even more recently,
a dedicated ACS Catalysis issue was focused on the emergence
of in situ and operando techniques for the study of catalytic
phenomenon. On the basis of both heterogeneous and homo-
geneous catalysts, the issue compiles recent advances in spec-
troscopic and microscopic55 techniques to study catalytic processes
“in action”. Within the realm of heterogeneous catalysis, the issue
focuses on the elucidation of active site(s) with a drive toward
increasing studies performed under operando conditions56,57 and
with the combination of multiple techniques.58−60 Table 1 lists the
strengths and limitations of both synchrotron- and laboratory-
based characterization tools used in the study of metal-exchanged
zeolites. The same techniques have been used to obtain the results
that are discussed further in the text.

4. CU SPECIES IN ZEOLITES FOR NH3-SCR

The dispersion of TMI species in zeolites is influenced by
several factors, such as the Si/Al ratio of the zeolite, the type of
metal salt used to load the zeolites, the medium of exchange,
and the pretreatment of the parent and as-prepared material,
which are beyond the scope of this article. Details regarding the
respective roles that these factors play have been summarized in

Table 1. Characterization Techniques Commonly Used for the Interrogation of Cu-Zeolites, Including Their Associated
Strengths and Limitations

technique strengths limitations

XRD61−65 atomic resolution lack of short-range sensitivity
Cu ion location with respect to zeolite structure averaging over partially occupied Cu positions
sensitive to structural changes at the unit cell level (changes in
bond distances)

limited by reciprocal space

XAS66,67 atomic resolution long-range sensitivity (limited to ∼5 Å around the absorbing atom)
Cu oxidation state averaging over Cu in multiple environments and oxidation states
Cu coordination geometry

EPR68−71 sensitive to paramagnetic species typically requires low temperatures
can probe multiple Cu cation local environments highly sensitive to the presence of water and paramagnetic impurities
indirectly Cu oxidation state not sensitive to diamagnetic species (e.g., Cu+ is EPR silent)

UV−vis−NIR68,69,72 sensitive to specific electronic environment no atomic resolution
“fingerprint” regions of particular transitions → ligand field
environment

environment probe limited to the ligand field

fast acquisition presence of multiple components (e.g., at high metal loadings requires
deconvolution)

FTIR69 “fingerprint” regions of specific molecular vibrations no atomic resolution
fast acquisition indirect probing of the Cu environment based on the behavior of the

probe molecules
reaction intermediates probing

TPR quantify species with different redox states no structural information
heterogeneity of a reducible material no atomic resolution

XPS surface-sensitive necessity of ultrahigh vacuum conditions
accurate elemental composition in situ characterization not possible
chemical and electronic state of elements probed
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review articles.6,7 Since XRD is the most widely accepted tech-
nique for the determination of zeolite structures and location of
extra-framework cations within zeolite structures, each subsection
henceforth will begin with the results from crystallographic
studies performed for elucidating the position of Cu cations
within zeolites Y, ZSM-5, and SSZ-13. As demonstrated in the
literature, the geometric and electronic characteristics (i.e., the
“spectroscopic signature” of a TMI in a zeolite) is a combination
of its crystallographic position and the number of Al3+ atoms in
the neighboring environment.73−75 Therefore, although crystallo-
graphic results present an average position for the TMI based on
all the possible (distorted) locations, spectroscopic signatures will
change for the same crystallographic position as a consequence
of differences in the immediate surrounding environment. As
such, discrepancies are often found for all the cation positions
represented crystallographically and that reported on the basis of
the spectroscopic data. Therefore, following the crystallographic
locations, studies further related to the local environment of the
Cu species and their interactions thereof with probe molecules or
NH3-SCR reactants are presented. Finally, the discussion highlights
the active sites within the zeolite structures as proposed by in situ
experiments.
4.1. Cu Species within Zeolite Y. Crystal Structure and

Cu2+ Cation Location. Figure 3 illustrates the crystal structure

of FAU with the corresponding cation locations for Cu2+ ions
in zeolite Y. Zeolite Y is a three-dimensional large pore zeolite
made up of d6r and sod composite units. The “cage-type” struc-
ture of the FAU framework renders it possible to include
molecules with a spherical diameter of up to 11.24 Å within the
supercage. The size for diffusion along the three axes of the
cages, however, is limited to 7.35 Å. Several studies have been
performed on Cu-Y using X-rays and neutrons on hydrated and
dehydrated structures using both partially and fully exchanged
samples. For the sake of simplicity, we shall consider Cu sites
in SI′, SII, and SIII.76−80 Sites I′ and II are present on the
6-membered rings of the sodalite cavity, with the former being
part of the d6r subunits. Site III is located in the supercages of
the structure. It is worth noting that site SIII is present only for

low Si/Al ratios, that is, for zeolite X, which also has the FAU
structure.81 However, as discussed later in this section, much of
the past literature on NH3-SCR over Cu-Y zeolites have
proposed the location of Cu in site SIII as crucial and as the
active sites for the reaction, and therefore, it is considered in
our study. It is also worth noting here that in two sequential
studies, Bordiga et al. could show that because of its location
between sodalite cavities, site SI′ is not accessible to CO or N2
but is accessible to H2.

82,83

Local Environment of the Cu2+ Cations As Influenced by
the Zeolite Framework. Pierloot et al. performed EPR and ab
initio cluster calculations on Cu2+-exchanged zeolites A (LTA),
Y (FAU), and ZK-4 (LTA). The results indicated the inter-
action of Cu with four framework oxygen atoms.73 The authors
could also demonstrate that in zeolites with a lower Si/Al (e.g.
zeolite A), Cu would closely coordinate with two oxygen atoms
(∼1.9 Å), followed by another O atom at ∼2 Å and, finally, a
fourth oxygen at 2.2 Å. However, with increasing amounts of Si
and, thereby, a lower propensity of Al3+, the interaction is
different with three close Cu−O distances (∼1.95−2.0 Å) and a
fourth distant oxygen at ∼2.4 Å. Considering the issue of
hydrothermal stability in the SCR reaction, zeolites with higher
Si/Al ratios are preferred. Therefore, we shall consider the latter
model as applicable. An illustration of this shifted position is
presented in Figure 4. Recent single crystal studies performed

on Cu-Y also support this theory.79 The study showed that at
site II, Cu coordinates with three close oxygen atoms at 1.85−
2.0 Å and a fourth distant oxygen at ∼2.5 Å. The resulting
structure is a distorted square-planar Cu2+ positioned closer to
one side of the 6-membered ring unit.

Interaction with Probe Molecules and NH3-SCR Reactants
. Early FT-IR and EPR studies performed by Lunsford and co-
workers showed that in zeolite Y, Cu formed tetraamine com-
plexes in the presence of NH3 and O2 up to temperatures of
180 °C.85,86 This observation was subsequently made in the
presence of additional NO in the feed, and the authors proposed
the formation of this complex as an active reaction intermediate for
the SCR reaction; the reaction was proposed to proceed via an
organometallic homogeneous-type complex formed within the
zeolite pores.25 Delabie et al., however, could conclude other-
wise on the basis of in situ UV−vis−NIR spectroscopy com-
bined with density functional theory (DFT) calculations. The
authors observed a similar tetraamine complex; however, the

Figure 3. (a) Crystal structure of the FAU framework with the corre-
sponding composite units represented as “balls and sticks” to highlight
their position in the structure. (b) Crystallographic positions for Cu
(blue balls) in zeolite Y (FAU framework), as proposed from single
crystal and powder XRD studies. The structure is generated on the
basis of the crystallographic information available in the literature.79,84

SI′ lies on the face of the d6r subunits, next to sodalite cavities of the
FAU structure. Site SII is present on the 6-membered ring faces of the
sodalite cavities. SIII is located on 4-membered rings facing the
supercages. Note: The bold sticks highlight the local environments of
Cu in the structure.

Figure 4. Cu2+ local environment in 6-membered rings of zeolite Y.
(a) Initial crystallographic model showing the position of Cu2+ in the
center of the 6-membered ring. Shifted position of Cu2+ in the 6-
membered ring based on EPR spectra and ab initio calculations
considering the location of one Al atom in the 6-membered ring. The
local environment is a result of a distortion of the ring as well as a shift
of the Cu2+ to achieve a distorted planar coordination. The distances
shown are based on combined EPR and ab initio calculations reported
in the literature.73 The same can be considered for Cu-SSZ-13, in
which the Cu2+ ions are located on the 6-membered ring planes as part
of the d6r subunits.
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Cu2+ maintained coordination with at least one framework
oxygen. Although the study was not performed under SCR
conditions, a similar local environment could be postulated for
the SCR reaction, in which the coordination of Cu to the
zeolite lattice would be rather crucial. FT-IR studies performed
by Howard and Nicol on Cu-Y accounted for the presence of
CO (as a probe for Cu ions) in addition to NH3 in their
system.87 In addition to the already identified Cu−amine com-
plex, the authors further established the interaction of NH3 with
hydroxyl groups of the zeolite framework. Furthermore, upon
evacuation of NH3, the authors reported that the amounts of
Cu−amine complexes in their system increased, indicating a
higher affinity of NH3 toward the Cu sites as compared with the
hydroxyl groups. However, in the presence of CO, the authors
postulated the formation of a CuCO(NH3)n complex accom-
panied by a reduction of the Cu.
Lamberti et al. performed XAS and UV−vis−NIR studies on

a Cu+−Y sample prepared by a gas phase reaction between HY
and CuCl. The resulting material was reported to possess Cu+

ions exclusively within the structure. Interaction of these Cu+

ions with CO resulted in the formation of metallic Cu for about
10% of the sample. In subsequent work, the same group per-
formed XRD, XAS, and FT-IR experiments on a Cu-Y sample
prepared in the same gas-phase manner as stated above.81 The
authors could locate the Cu+ cations in sites SI′, SII, and SII′
(which is attributed as SII, but slightly positioned toward the
sodalite cavities). The authors observed a significant migration of
the Cu+ into the supercages of zeolites Y upon exposure to CO.
The same migration, however, was not observed in the presence
of NO, since it is a weaker base than CO. Nonetheless, the
authors postulated the formation of both mono- and dinitrosyl
complexes being formed in sites SII′ and SII, respectively.
The studies above showed the possible location of Cu+ ions

in the supercages of zeolite Y resulted in a high mobility for the
cations and could have both beneficial and adverse effects. On
one hand, favorable species (as suggested) could be formed as a
result of the interaction with NH3. However, it should be noted
that formation of a strong complex could result in a “blocking
effect” on the active sites. On the other hand, the high mobility
resulted in a migration of the Cu+ ions away from their initial
coordination with the lattice oxygen atoms. For example, under
reducing environments, such as CO (one of the components in
truck exhaust), the Cu ions were seen to migrate from their
known positions into the supercages, thereby forming competing
complexes or even metallic clusters; the latter is known to not
favor the SCR reaction.7,12 It is, however, very important to note
that the local environment of Cu+ could differ from that of Cu2+

within the zeolite framework, and therefore, slight discrepancies
could be expected in bond distances or the coordination geom-
etry when considering either ionic species.
Active Sites in Cu-Y. Early studies performed on Cu-Y by

Kieger et al. proposed two types of active sites present in their
catalysts.88 Below 277 °C, the authors proposed Cu ions, of
[Cu−O−Cu]2+ nature, to be the active sites stabilized by NH3
present in the supercages (site SIII); the assignment of the
species was based on UV−vis−NIR data. However, such species
in the supercages of zeolite Y had not been irrefutably identified,
and the authors proposed the presence of Cu ions in close proxi-
mity in sites SII and SIII. A similar observation of Cu occupancy
in site SII and SIII with the formation of Cu-oxo species was
made by Iwamoto et al., although this study dealt with direct
decomposition of NO.89 As stated earlier, site SIII in the FAU
structure is not always occupied by Cu ions. Therefore, although

the local Cu environment could be accurately determined, the
use of only UV−vis−NIR limited the approach to speculation
on the exact location of Cu within the zeolite structure. Non-
etheless, on the basis of FT-IR data, Kieger et al. proposed the
reaction to proceed further via a Cu2+ ↔ Cu+ redox cycle,
where Cu+ is oxidized in the presence of NO + O2. The authors
also postulated that above 327 °C, all Cu ions became active for
SCR. In this study and another subsequent work, the authors
reported the formation of CuO clusters and Cu ions in small
(sodalite) cages within the FAU structure as the origin of
unwanted N2O in their system.90−92 Subsequent studies by the
same group showed, using catalytic data and TPR, that by
“blocking” the sodalite cavities using various cocations (e.g., Ca,
Ba, and lanthanides), the Cu-Y system could be active at lower
temperatures (by ∼150 °C) and could avoid the formation of
N2O.

93 This further allowed the authors to introduce a higher
content of Cu within the zeolite Y pores, thereby increasing the
presence of Cu in the supercages and the formation of dimeric
[Cu−O−Cu]2+ species.
In a follow-up investigation, Delahay et al. also demonstrated

a direct dependence on the amounts of H+ (versus Na+) as a
countercation on the SCR activity.94 This was a very crucial
find, since H+, Na+, and NH4

+ are the most commonly present
counter cations in parent zeolites. Although close attention is
given to the amounts of active TMI or the Si/Al ratios of a
zeolite, the additional presence charge that is balancing counter
cations is not often considered. The study illustrated that the
increasing presence of H+ instead of Na+ increased low tem-
perature activity. On the basis of FT-IR and TPR, the effect was
explained by an increased migration of Cu from the “hidden”
sodalite cavities to the more accessible SIII sites in the supercages
as a consequence of replacing H+ for Na+. Quantum mechanical
calculations could then demonstrate that in the presence of Na+,
Cu behaved more like an alkali cation, whereas in the presence of
H+, it behaved more like a TMI. Therefore, the redox process of
Cu+ ↔ Cu2+ (which the authors considered as rate-determining)
could occur faster in the presence of protons. Unfortunately, further
structural characterization was not performed on the same systems,
although this could have helped greatly in the understanding of the
important issue of Cu mobility among the different subunits or sites
within the zeolite structure. From an active site point of view,
the multiple cation locations in zeolite Y make it rather chal-
lenging to directly probe active sites. The literature suggests,
however, that [Cu−O−Cu]2+ species are the active NH3-SCR
species within zeolite Y.

4.2. Cu Species within Zeolite ZSM-5. Crystal Structure
and Cu2+ Cation Location. Figure 5 illustrates the crystal
structure of MFI with the corresponding cation locations for
Cu2+ ions in ZSM-5. ZSM-5, a medium-pore zeolite is a three-
dimensional structure made up of mor, cas, mel, and mfi com-
posite units. The “channel-type” structure of the MFI frame-
work limits the maximum size of inclusions to 6.36 Å. ZSM-5
has a “zigzag” channel system; the larger channels along the
a-axis allow diffusion of molecules up to 4.7 Å, and the smaller
channels along the b and c axes, up to 4.46 Å in size. On the
basis of XRD studies, Mentzen and Bergeret could locate five
different cationic positions for Cu in the ZSM-5 structure.95

Sites Cu1, Cu3, and Cu3′ in the ZSM-5 structure appear in the
5- and 6-membered ring subunits of the zeolite structure, which
do not intersect with the main channels of ZSM-5. Sites Cu2 and
Cu2′, which could account for ∼60% of the total Cu content, were
found in the vicinity of the 10-membered ring windows of the
structure. It was therefore proposed that these two sites might have
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a significant role to play in catalysis considering their position
closer to the large channels of the zeolites and their higher
occupancy.
Local Environment of the Cu2+ Cations As Influenced by

the Zeolite Framework. The local Cu geometries in Cu-ZSM-5
are slightly difficult to address due to the complex composite
units that make up the structure as illustrated in Figure 5.
Unlike zeolite Y, the cation sites are not positioned in defined
subunits, rather in a combination of various 5- and 6-membered
rings of the zeolite structure. Nonetheless, combinations of
density functional theory (DFT)/ab initio calculations with
EPR results have allowed the determination of Cu coordination
geometry in some of these sites.75 Generally speaking, the most
relevant and agreed-upon sites for Cu cations (Cu2, Cu2′, and
Cu3) in ZSM-5 are located in either the 10-membered ring
channels or the channel interactions, and therefore, we shall
consider the local environment for these three species. Figure 6
shows the crystallographic sites for Cu in zeolite ZSM-5 and
compares it with the optimized local environment of Cu at sites
Cu2, Cu2′, and Cu3. As in the case of Cu-Y, particular examples
with one Al3+ per 5- or 6-membered ring is considered for discus-
sion, since this would be most representative of a local environ-
ment within a zeolite with a high Si/Al ratio as favored in SCR.
The cations could be coordinated to 5- or 6-membered rings

(in some cases (Cu2), to both), according to crystallographic
locations. Compared with the crystallographic studies, cations
Cu2 and Cu3 should be located in the as-labeled sites β and γ,
respectively. Both are 6-membered ring sites, however, with
additional O-T-O bridges. Cu’s at these sites were shown to
bind closely to four lattice oxygen atoms, with an average
distance of 1.95 Å (the exact distances are presented in Figure 6).
The Cu2′ site from the crystallographic studies was located in
a 5-membered ring structure. The comparable 5-membered
ring environment from the EPR/DFT study was labeled as site
δ. Cu at this site was found closely coordinated to two oxygen
atoms at ∼1.93 Å and two distant oxygen atoms at ∼2.02 Å.
Therefore, similar to the case of Cu-Y, the local environment
around the Cu cation appeared slightly different when analyzed

with a technique more sensitive to the local arrangement of
atoms around the Cu.

Interaction with Probe Molecules and NH3-SCR Reactants .
Lamberti et al. performed combined experiments on Cu-ZSM-5
samples prepared via gas phase exchange of CuCl salts into
H-ZSM-5.96 The idea of the preparative approach was to obtain
well-dispersed and isolated Cu+ ions, which the authors
confirmed by their XAFS, UV−vis−NIR, FT-IR, and EPR
results. To maintain the Cu+ oxidation state, the sample had to
be kept under vacuum when not exposed to probe gases (N2,
CO, and NO). Nonetheless, Lamberti and co-workers observed
two types of Cu+ species (labeled as families I and II in the
study), both accessible via large channels. In addition to differing in
the number of CO molecules either site could adsorb, the Cu
cations did not appear to be mobile. More interestingly, adsorption
of NO lead to NO decomposition (to N2O) already at room tem-
perature with formation of Cu2+(NO)(NO2), which demonstrated
the propensity of the Cu ions to oxidize under such environments.
In a subsequent study, Palomino et al. performed similar

experiments on a Cu-ZSM-5 prepared via conventional wet ion
exchange.80 On the basis of FT-IR, the obtained Cu2+ species
appeared to change coordination (rather than reduce) under
vacuum dehydration treatments, up to 200 °C. Further heating
to 400 °C though, led to gradual reduction of the Cu2+ species.
Interestingly, in contast to the previous case, in which the
authors managed to obtain only isolated Cu+, the EXAFS data
herein suggested the presence of Cu−O−Cu dimeric oxoca-
tions, highlighting the tendency of Cu ions in ZSM-5 (prepared
by conventional techniques) to form Cu−O−Cu type species
irrespective of their oxidation state and gas environment. Sub-
sequent exposure to H2O at room temperature was not seen to
affect the oxidation state, but led to a change in the coordination
environment and a decrease in the number of Cu−O−Cu species,
as observed in EXAFS. However, exposure to O2 in the presence
of H2O appeared to oxidize the Cu+ and also led to the formation
of Cu−O−Cu species alongside isolated Cu2+ species.
Neylon et al. studied the redox behavior of Cu in Cu-ZSM-5

using temperature-programmed reduction combined with
XAFS spectroscopy.97 The authors noted that initially, Cu2+

ions are located in two sites, namely, isolated Cu2+ and bridged

Figure 5. (a) Crystal structure of the MFI framework with the
corresponding composite units represented as “balls and sticks” to
highlight their position in the structure. (b) Crystallographic positions
of Cu2+ (blue balls) in ZSM-5 (MFI framework) as proposed from
single crystal XRD studies. The structure was generated using
crystallographic information provided in the literature.95 Sites Cu1,
Cu3, and Cu3′ are present in 5- and 6-membered ring units of the
structure. Sites Cu2 and Cu2′ (which together account for ∼60% of
the total Cu content) are located on the face of the channel system of
the structure. Note: The bold sticks highlight the local environment of
Cu2+ in the structure.

Figure 6. Cu2+ local environment in zeolite ZSM-5. Top: Local
environments of sites Cu1, Cu2, Cu2′, Cu3, and Cu3′ from the
crystallographic model is presented as a comparison. Sites β, γ, and δ
correspond to the local environments of Cu2, Cu3, and Cu2′,
respectively. The final bond distances are as obtained from EPR and ab
initio calculations.75 The position of Al3+ corresponds to models β4,
γ5, and δ2 from the same work. The models presented here are merely
a visual representation of the published work and are not original
geometry optimized structures.
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Cu−O−Cu clusters. The authors noted that reduction in H2
resulted in migration of Cu (above 375 °C) to form small
clusters, whereas exposure to CO resulted in a change in only
the oxidation state, from Cu2+ to Cu+. On the basis of EPR,
Larsen et al. had pointed out two types of species in dehydrated
Cu-ZSM-5: namely, square-pyramidal and square-planar sites.98

The relative concentration of the former appeared to increase
with increasing amounts of Cu. The species could sit on either
5- or 6-membered rings, with a preference for the former. The
two types of species observed herein could be compared with
those observed by Neylon and co-workers, that is, Cu−O−Cu type
species on a 6-membered ring (or adjoining 6-membered rings)
and the isolated Cu2+ ions in 5-membered rings. Additional
theoretical calculations by Teraishi et al.99 and Broclawik et al.100

could also support this observation and in addition proposed the
oxo species as more reactive than the lone pair Cu toward
interaction with probe molecules, such as CO or NO.
Active Sites in Cu-ZSM-5. From their original series of

studies in Cu-ZSM-5, Iwamoto et al. proposed the formation of
paired Cu species bridged by oxygen atoms of Cu−O−Cu
nature to be the active sites in the closely related HC-SCR and
NO decomposition reactions.19,101−103 This proposal was based
on the observation that increasing amounts of Cu (Cu/Al >
0.2) led to higher activity. This finding could be further
explained by Groothaert et al., who reported the formation of a
bis(μ-oxo)dicopper species at a Cu/Al ratio of 0.34 but not at a
Cu/Al ratio of 0.14.104 The detailed EXAFS/UV−vis−NIR/
kinetic studies under NO decomposition conditions could directly
probe these Cu cores. The advantage of performing such a com-
bined study was the possibility to accurately elucidate the particular
species involved in the reaction under in situ conditions. A similar
observation was made by Da Costa et al. who proposed, on the
basis of XAFS, the presence of isolated Cu2+ and Cu dimers [Cu−
O−Cu]2+ after calcination of Cu-ZSM-5.105 The authors could also
relate the increasing Cu/Al ratio (0.12−0.60) to an increase in the
amount of Cu dimers, whereas the amounts of isolated Cu2+

started to level off.
Further EPR studies comparing different Cu-zeolites per-

formed by Smeets et al. showed a direct dependence on the
amount of bis(μ-oxo)dicopper in zeolite ZSM-5 and the
superior catalytic activity of the system.106 Krivoruchko et al.
studied the electronic state of Cu under HC-SCR conditions
and proposed otherwise. The authors proposed that below 1%
wt loading, isolated octahedrally coordinated Cu2+ and Cu2+

associated with extra-framework Al3+ forming spinel-like struc-
tures were mainly present. The authors proposed these as the
active sites in the SCR process when propane was used as a
reducing agent. At wt loadings > 1%, they proposed the formation
of nanocrystalline Cu-hydroxo type species, which were active only
at temperatures higher than 300 °C. These studies were, however,
performed ex situ, and the samples were unusually prepared by an
incipient wetness impregnation method using CuCl2 salts, which
could explain the contradictory results observed.
The presence of [Cu−O−Cu]2+ was also observed by Sachtler

and co-workers in a series of “overexchanged” Cu-ZSM-5 catalysts.
On the basis of FT-IR and EPR, the authors demonstrated the
presence of Cu2+ dimers and isolated Cu2+ ions.107,108 The dimers
further formed the [Cu−O−Cu]2+ species upon heating and in the
presence of oxygen. On a similar “overexchanged” Cu-ZSM-5,
Shpiro et al.109 demonstrated the presence of both isolated and multi-
nuclear (O-bridged) Cu species on the basis of XPS and stressed
the predominance of the 2+ oxidation state of Cu during NOx
reduction conditions. Hamada et al., on the basis of XAFS studies,

proposed the presence of isolated Cu2+ species, as opposed to
CuO, Cu2O, metallic Cu, Cu acetates, or hydroxide clusters.110

The EXAFS studies in this case allowed them to elucidate the
near neighbor atoms, and they reported the formation of Cu−
Cu pairs only at higher Cu loadings. It should be noted,
however, that the parent zeolite had a rather high Si/Al ratio of
35, thereby rendering the proximal location of two Cu ions as
disfavored. Furthermore, it is difficult to unambiguously differ-
entiate this component from the other higher-order shell
components (i.e., zeolite contribution) in an EXAFS spectrum.
Shelef had also proposed the role of square-planar isolated Cu2+

as active species in NO decomposition on the basis of EPR
observations from earlier studies.111 A detailed combined XPS
and X-ray excited auger electron spectroscopy (XAES) study by
Grünert et al. tested several Cu-ZSM-5 catalysts prepared by
different methods, including excessive and controlled wet ion
exchange, wet impregnation, solid state exchange, and physical
mixtures.112 The study concluded that the samples most active
in propene-SCR contained both isolated Cu2+ in low sym-
metry environments and Cu clusters linked by extra-framework
oxygen atoms.
The Cu environment in ZSM-5 is rather complex because

the various coordination environments make it possible for a
variety of Cu species to form. The method of introducing Cu
ions no doubt plays a major role in the initial coordination
environment of Cu found in these systems; however, in the
presence of additional reactants, migration of Cu leads to
further interaction with other Cu ions or oxygen atoms, leading
to the formation of small clusters. In other words, depending
on the degree of Cu exchange and the presence of oxygen in
the system, both Cu2+ ions and [Cu−O−Cu]2+ species can be
considered as the predominant Cu species,113−115 and most likely,
both are active in SCR.

4.3. Cu Species within Zeolite SSZ-13. Crystal Structure
and Cu2+ Cation Location. Figure 7 illustrates the crystal

structure of CHA with the corresponding unique cation location
for Cu2+ ions in zeolite SSZ-13. SSZ-13 is a three-dimensional
small pore zeolite made up of d6r and cha composite units. The
“cage-type” system allows molecules up to 7.37 Å with limiting
dimensions in the a, b, and c axes being 3.72 Å. Fickel et al.
performed powder XRD studies on Cu-SSZ-13 to propose the
location of the cations therein.116 In contrast to the other

Figure 7. (a) Crystal structure of the CHA framework with the
corresponding composite units represented as “balls and sticks” to
highlight their positions in the structure. (b) Crystallographic position of
Cu2+ (blue ball) in SSZ-13 (CHA framework) as proposed from powder
XRD studies.116 The unique location for Cu cations in this structure is on
the plane of the d6r subunits facing the cha cavity. Note: The bold sticks
highlight the local Cu2+ environment in the structure.
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zeolites, Cu2+ is exclusively located on the face of the d6r units
of the SSZ-13 structure after calcination. The authors also
studied the same sample under increasing temperature conditions
and could demonstrate that the location of Cu2+ does not change,
even at elevated temperatures up to 600 °C.
Active Sites in Cu-SSZ-13. Recent studies performed by

Korhonen et al. proposed isolated Cu2+ cations on the plane of
d6r rings in Cu-SSZ-13 as active sites for the NH3-SCR reaction
on the basis of ex situ EXAFS and in situ UV−vis−NIR
studies.17 The comparative study showed that although Cu-ZSM-5
was active for both the SCR and NO decomposition reactions,
Cu-SSZ-13 showed a higher SCR activity than Cu-ZSM-5, but
no activity in NO decomposition. The Cu cations were located
in the center of d6r units of the SSZ-13 structure, a unique site
for Cu2+ in this zeolite. The above study further showed that
the Cu2+ ions were shifted slightly toward the edge of the
6-membered rings, as illustrated in Figure 8. The reason for this

discrepancy lies in the fact that the cation locations were deter-
mined using XRD, which is sensitive to the long-range order of
materials. Highlighted as one of the drawbacks of XRD in
Table 1, atomic positions with fractional occupancies such as that
of Cu, in this case, are averaged over the whole sample. EXAFS, on
the other hand, is sensitive to the local, real space environment

(in this case, of the absorbing Cu-atom) and therefore could be
used much more accurately to determine the local structure.
These findings were further confirmed by Deka et al. using

combined XAFS/XRD studies, which could probe the location
of Cu2+ ions on the plane of d6r rings of SSZ-13 as the active
sites under SCR reaction conditions and temperatures.47 The
study demonstrated that at lower temperatures, a direct Cu−
NH3 interaction was observed, concurrent with lower activity of
the system. At higher temperatures, though, Cu2+ was con-
sistently located on the plane of the d6r subunits of the struc-
ture. Figure 9 illustrates the model showing the changing Cu
local environment as a function of temperature. The authors in
both cases did not observe a redox functionality for the active
Cu sites, which has been proposed in the past as an important
step, for the HC-SCR reaction.48,49 More recently, Kispersky
et al. performed comparative operando XAFS studies on Cu-SSZ-
13, Cu-SAPO-34, and Cu-ZSM-5 under NH3-SCR condi-
tions.50 The studies showed a mixture of Cu+ and Cu2+ species
to be present in all three catalysts. The amount of Cu+ species
at 200 °C under reaction conditions were 15%, 45%, and 65%
for Cu-SSZ-13, Cu-SAPO-34, and Cu-ZSM-5, respectively.
However, the authors also calculated the reaction rates per mole
of Cu and could not correlate this with the amounts of Cu+

present. Further studies were performed by the same group
integrating the XAFS studies with periodic DFT calculations on
Cu-SSZ-13.117 The combined studies suggested that in the pre-
sence of the “fast-SCR” reaction (i.e., 1:1 ratio of NO and NO2 in
the feed), Cu was present as exclusively Cu2+ species. How-
ever, under standard conditions, a mixture of 4-fold Cu2+ and
2-fold Cu+ were the most stable active species on the catalyst
surface. The computation further suggested the 2-fold Cu+

coordinated with an additional water molecule as the key and
stable species under standard SCR conditions. Although there is
disagreement concerning the redox functionality of Cu species, as
evidenced by the two studies presented above, the location of the
monomeric Cu2+ ions on the 6-membered rings as active sites in
Cu-SSZ-13 is consistent with evidence from literature. A recent
work by Kwak et al. on Cu-SSZ-13 with increasing weight load-
ings of Cu in the samples, however, suggested that it is at lower
weight loadings that Cu predominantly occupies the 6-membered
ring sites. However, upon reaching higher than 60% weight
loadings of Cu in the samples, TPR and FT-IR studies suggested
the presence of a second Cu species located in the cages of
the zeolite structure. The studies however, require further com-
plementary evidence and characterization, since the observed

Figure 8. The local environment of Cu2+ in the d6r subunits of zeolite
SSZ-13, which is proposed as the active site for the SCR reaction.17,47

The nearest neighbor lattice O atoms have been labeled with an
asterisk (*).

Figure 9. Illustrations of the local Cu2+ environment in d6r subunit of CHA.47 (a) Local structure after calcination with Cu2+ on the plane and
slightly distorted from the center of the d6r subunit of CHA; (b) interaction with NH3 at ∼125 °C under SCR conditions resulting in a coordination
geometry change; (c) under SCR conditions above 250 °C. The local environment is obtained from EXAFS fits using an initial model proposed from
the refinement of the corresponding diffraction data collected at the different temperatures.
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differences in the TPR and FT-IR profiles can be explained by
the differences in, for example, Brönsted acidity or the presence
of cocations, etc., as shown in studies performed with zeolite
Y93,94 or from the influence of extra-framework multinuclear Cu
species, as shown recently with Cu-SAPO-34.30

Although the focus of this article was on zeolite-based cata-
lyst materials, closely related silicoaluminophosphates, especially
Cu-SAPO-34, have also been shown to be active in the SCR reac-
tion, as evidenced in both patent and academic literature.18,29,30,33

SAPO-34, although not a zeolite in the original sense, also
possesses the CHA structure. Cu cations can be introduced into
the structure via ion exchange or precipitation methods, and
isolated Cu2+ species have been proposed as active sites in these
catalysts on the basis of TPR and FT-IR.18,30,118 A more direct
proof from XRD studies on Cu-SAPO-34 prepared via direct
synthesis also supported this conclusion and could show the
location of isolated Cu2+ ions near the d6r subunits of the SAPO-
34 structure. Compared with SSZ-13, however, these ions were
located slightly away (∼0.5 Å) from the plane of the 6-membered
ring toward the cages of the structure. Nonetheless, Cu2+ ions
appeared to have a preference for the location on the d6r units
within CHA, and this appeared to have a positive effect on the
catalytic performance of the system for SCR. It should also be
noted, however, that the presence of additional Cu species (or a
second site for Cu2+) has been suggested within the SAPO-34
framework.119,120 Wang et al. suggested that this could arise from
either increasing the propensity of Al within the framework,
therefore increasing the probability of near-neighbor Cu, which
further generates CuO type species. More interestingly, as also
suggested by Zamadics et al., Cu could locate at either site (III) or
site (I) in the CHA structure, the former being in the center of the
d6r, and the latter slightly off the plane and into the cages of the
d6r. Therefore, the possibility of a second site for Cu2+ ions within
the SAPO-34 framework cannot be completely ruled out; however,
the proximity of the two sites rather suggests that Cu would be
predominantly present in either one or the other site.
4.4. Cu Species within Zeolite Beta. Crystal Structure

and Cu2+ Cation Location. Zeolite Beta (BEA) possesses an
intergrowth structure that renders it difficult to perform struc-
tural characterization to locate the position of TMIs within the
structure. Typically, the structure is made up of three poly-
morphs named A, B, and C. The different polymorphs are
obtained as a result of a different stacking order of the same
central building layer stacked at different angles. The Cu-Beta
structure presented herein is based on polymorph A; however,
it is worth noting that from a more local perspective, the counter-
cation environments of the different polymorphs would be com-
parable and similar to each other.121 Therefore, the proposed cation
positions herein can also be applied, for example, to polymorph B.
Lobo et al. performed NMR experiments in a Li+-exchanged

zeolite Beta and could propose cation exchange sites based on
interaction (or lack thereof) with oxygen molecules.122 The
postulated sites, labeled herein as Cu1, Cu2, and Cu3, were
present in either pentasil or 6-membered rings of the structure,
as shown in Figure 10a. The NMR study had concluded that
very few of the sites were actually accessible to oxygen. Since
Cu-Beta shows reasonable activity in the deNOx reaction,

43,123

we would have to assume that structurally accessible sites are
present. Therefore, Figure 10b presents a slightly different picture
for the proposed positions of the Cu cations. Cu1 is presented
in a structurally analogous 6-membered ring, but facing the
12-membered ring channel. Site Cu2 is presented in the same
position. Site Cu3 was found to be too close to two framework

oxygen atoms (Cu−O = 1.3 Å) and was therefore moved to
the alternate location in a different 5-membered ring facing the
12-ring channel. This would allow for the position of Cu in
accessible sites over which the catalytic process could take place.
Interestingly, both sites Cu1 and Cu3 in the alternate model are
in locations comparable to that of the planar arrangement within
6-rings of the SSZ-13 structure and could be proposed as active
for the SCR reaction.

Active Sites in Cu-Beta. Corma et al. performed combined
XAES/XPS studies on Cu-Beta prepared at different exchange
levels.124 The study presented a direct correlation between the
level of exchange, the Cu2+ ↔ Cu+ redox process, and the cata-
lytic activity of Cu-Beta catalysts. In overexchanged samples,
the conversion between Cu2+ and Cu+ was obtained much faster,
and consequently, the catalysts were also seen to be more active.
As such, a direct correlation between the ratio of Cu+ to Cu (on
the surface) and the catalytic activity could be established.
Recently, De La Torre et al. concluded otherwise, suggesting
Cu2+ to be the most active species in Cu-Beta on the basis of
TPR experiments.125 In contrast to the previous case, this parti-
cular study reported a decreasing NOx activity with increasing
amount of Cu in the system. It should be noted, however, that
both studies used a significantly different Si/Al ratio of the parent
zeolite (11 for the former versus 25 for the latter). Logically, then,
the amount of Cu present within the zeolite pores at ion ex-
change sites would be much higher in the former case (Si/Al: 11).
On the contrary, an increasing amount of Cu in the latter (Si/Al: 25)
could possibly result in the formation of clustered Cu species in the
outer surface of the zeolite, which would not contribute toward the
NH3-SCR reaction.
Delahay et al. prepared Cu-Beta catalysts (Si/Al: 9.3) with

different types of cocations present in the parent zeolite.126 The
study demonstrated that cocations play a very important role in
the formation of various species within zeolite Beta. Within
H-Beta, only CuO aggregates were found to be formed, whereas
isolated Cu2+ species were formed mainly in Na-Beta at exchange
levels lower than 120%. Similar to the observation made by Corma
et al., the study concluded that the maximum activity was observed
for samples, with a (113%) overexchange of Cu.

Figure 10. Cu cation position in Beta. Structure a is a proposal based
on NMR experiments performed with Li+ as a cation,122 and structure
b is an alternative proposal based on, and closely related to, structure a.
Note: Blue balls represent the locations of the Cu cations, and the yellow
circles represent a slightly shifted location to enable close coordination
(∼2 Å) with at least 3 oxygen atoms of the zeolite framework. The
coordinates (a, b, and c) denote the axes of the unit cell.
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Dedecek et al. performed FT-IR and UV−vis−NIR experi-
ments on a range of Cu-Beta catalysts, with varying counter
cations and Si/Al ratios of the parent zeolite, and further tested
them for NO decomposition activity. The study identified three
Cu-type species in the prepared samples. Type 1 Cu species
were found balanced by two close framework Al atoms, but
were not active for NO decomposition. Type 2 species, found
to be active in NO decomposition, were proposed to be single
Cu ions balanced by one framework Al atom. Comparing with
the NO decomposition activity of Cu-SSZ-1317 and considering
the number of framework Al atoms in the close vicinity of the
Cu ions, type 1 species as denoted by Dedecek et al. could be
attributed to isolated Cu2+ ions within the zeolite. Comparing
further to the proposed cation sites herein, the type 1 species
are possibly similar to Cu2 in Figure 10b. Type 2 Cu, however,
would be susceptible to forming bis-μ-oxo type species, known
to be very active for the NO decomposition reaction, as discussed
earlier, and as was observed within Cu-Beta samples in other
studies. 127 With respect to the cation sites presented herein,
these species could be expected to form over sites Cu1 and Cu3
in Figure 10b, which are also in close vicinity to each other.
Finally, at high concentrations of Cu, a type 3 species, attributed
to Cu2O, was formed, with negligible activity toward the NO
decomposition reaction.
Cu-Beta is also known to produce unwanted N2O, which has

been attributed to clustered Cu-species90 or, more recently, Cu
aluminate type species.29 On the basis of a single crystal XRD
study, Attfield et al. had proposed positions for Cu2+ in zeolite
mordenite similar to that presented herein.128 In the same
study, the authors could also note that the presence of water
could significantly influence the migration of the Cu2+ species.
Given the similarity of the local Cu environments, the com-
parable “channel type” structures of zeolite Beta and mordenite,
and the presence of water as a product in the NH3-SCR
reaction, one could postulate the possible Cu ion migration
within zeolite Beta, as well.
On the basis of XPS and XAES studies, Corma et al. also re-

ported the migration of Cu species within Cu-Beta.124 Depend-
ing on the oxidation state of the Cu ion, the study demon-
strated a change in the surface Cu/Si atomic ratio, suggesting a
dynamic migratory behavior of Cu ions in zeolite Beta. How-
ever, the authors observed that under reducing conditions, Cu0

clusters were formed, which could not be reoxidized or redispersed.
It should be pointed out, however, that in Cu-ZSM-5, the most
populated sites are also located on the face of the 10-membered
ring channels. The Cu-ZSM-5 system, however, does not appear to
have such an extensive problem. Overall, Cu-Beta presents itself as
a rather complex system for the study of active sites within.
As a result of the inherent disordered structure of the

material, highly heterogeneous types of Cu species are formed
within the zeolite channels, as discussed above and by others.129

Furthermore, the high mobility of the Cu species therein allows
for the formation of various species, which is not always seen to
be reversible. Therefore, although active for the NH3-SCR reaction,
from a characterization point of view, the nature of Cu species
within zeolite Beta appears difficult to control and thereby
optimize to realize potentially very active materials for NH3-SCR.
4.5. Rationalization of the Active Sites in the Cu-

Zeolites. The nature and location of Cu2+ ions in the zeolite
structure as discussed in the previous sections provides a good
indication of the type of interactions made possible as a result
of its location and environment within the zeolite framework.
Spectroscopic studies have proved to be very helpful in

determining the interaction of Cu-exchanged species with the
zeolite framework. The role of each individual site, however, is
rather challenging to address. In addition to other consid-
erations, both reducibility and interaction of Cu sites within the
various composite units can differ significantly as a consequence
of the chemical softness of lattice oxygen atoms, the presence of
Al3+ in the local vicinity of Cu, and the Si/Al ratio of the zeolite
materials. Although the discussion of these effects is beyond the
scope of this study, a general agreement can be found in the
preference of zeolites with a high Si/Al ratios as favorable toward
SCR. The underlying reason behind this is due to the inherent
hydrothermal stability of systems with a high Si/Al ratio, a crucial
requirement for active SCR catalysts. Perhaps less obvious is the
indirect effect of high Si/Al ratios on the amount of isolated
metal cations present in a zeolite. Zeolites with a high Si/Al ratio
would be able to accommodate only a finite number of cations
(e.g., Cu2+) within the structure. Furthermore, the probability of
more than one Al3+ (and therefore more than one cation) in
close vicinity to each other is further reduced, resulting in well
dispersed isolated metal species, which appear to be favorable
toward a high catalytic performance. On the contrary, a high
amount of Al3+ could possibly favor the proximal location of two
cations and the formation of multinuclear Cu species, which does
not appear to catalyze the SCR reaction.
Because of the lack of direct evidence, we exclude zeolite

Beta from this section of the discussion. However, although
speculative, the high activity of Cu-SSZ-13 as compared with
Cu-ZSM-5 and Cu-Y can be explained in structural terms after
consideration of the various subunits, Cu location, and studies
performed to demonstrate the accessibility and mobility of the
Cu ions at the various locations. In Cu-SSZ-13, Cu2+ cations are
located on 6-member rings, part of the d6r structure and facing
the cha cage. Cu−Cu interaction is not observed over the struc-
ture, which otherwise could result in the formation of dimeric
species or Cu clusters.17,47,116 However, the sufficiently large
windows of the cha cage allow the diffusion of gas molecules in
and out of the system. Furthermore, this still allows the Cu2+

cations enough mobility to interact with guest molecules within the
cages. Figure 11 presents an illustration of the Cu active sites in

Cu-SSZ-13 and interactions thereof as a function of temperature.
Cu-ZSM-5, as evidence suggested, appeared to have two pre-
dominant Cu species.104,105,112,130 Isolated Cu2+ ions were located

Figure 11. Rationalizing the Cu active sites in Cu-SSZ-13 as a function
of temperature. (a) Cu-SSZ-13 at low temperatures (∼125 °C). The
Cu2+ site is easily accessible to all the reactant molecules because of the
large windows of the cha cavity. A Cu−NH3 interaction, leading to a
change for Cu2+ geometry from square-planar to distorted tetrahedron
appears to be predominantly present at these temperatures. (b) Cu-
SSZ-13 at NH3-SCR active temperatures. Cu2+ maintains its location
on the plane of the d6r units. Reactant and product molecules do not
have accessibility issues. Cu−Cu interactions are not observed.
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in 5-membered rings of the structure, and [Cu−O−Cu]2+ species
(formed as a result of two proximal Cu) were found on 6-
membered rings.97,98

Literature data suggest that the former species could be
represented by Cu2′ in Figure 5, whereas the latter is formed
on Cu2 and Cu3 sites. This is further illustrated in Figure 12

along with the proposed interactions as a function of tem-
perature. With increasing Cu loadings and the presence of O2
(the latter being present under SCR conditions), the O-bridged
Cu species are favored as the isolated Cu2+ cations start to level
off.104,105 Both types of species are present in close proximity of
the 10-membered ring channels and therefore do not suffer
from issues of accessibility of guest molecules. Therefore, ZSM-
5 shows very good activity in the SCR reaction. However, Cu-
SSZ-13 turns out to be slightly better, which could be attributed
to one of two reasons: (a) only isolated Cu2+ ions are active
species (for NH3-SCR), and therefore, the formation of O-
bridged clusters does not support the SCR reaction but rather
follows the NO decomposition pathway; or (b) the location of
isolated Cu2+ ions in the 6-membered rings favors the low-
temperature SCR activity, and at higher temperatures, all Cu

species become active. Owing to the predominant presence of
isolated Cu2+ ions in 6-membered rings, Cu-SSZ-13 exhibits the
low temperature advantage.
Finally, zeolite Y has sites SI′, SII, and SIII populated with

Cu2+ or Cu+ ions.73,79,84 Site SI is akin to that seen in SSZ-13
and therefore should be postulated as a possible active site;
however, the limiting dimensions of the sodalite cavity hindered
movement of reactant molecules, as observed in the past.82,83

Thereby, the site, although potentially active, is inaccessible to
NO and NH3. Site SII is located in 6-membered rings and
therefore should be active at low temperatures, as per the
arguments presented above. However, the Cu ions in this site
have also been proposed to be highly mobile and tend to
migrate into the supercages, losing coordination with the lattice
oxygen atoms. The same could be postulated for site SIII. As
proposed by Kieger et al., Cu−O−Cu type species could be
formed over this site with neighboring Cu from site SII.88

Thereby, the observed mobile character appeared to favor the
formation of multiple Cu species and, eventually, the poor SCR
activity. This is illustrated in Figure 13. Finally, a proposition of
the behavior of different Cu species present in zeolite Beta and
their possible role in NH3-SCR is presented in Figure 14. The
hypothesis is based on the limited studies available in the
literature, as discussed in section 4.4.
In addition to the issues of Cu ion migration and clustering,

in regard to the SCR reaction, there is the obvious considera-
tion of deactivation due to hydrothermal conditions that are
present in diesel exhaust streams. Although the current manu-
script does not cover the nature of Cu sites in deactivated
catalysts, a brief discussion of Cu environments in deactivated
catalysts is worth noting. As stated earlier, the hydrothermal
conditions in exhaust streams require the use of a catalyst that
will be stable at temperatures as high as 700−800 °C, which can be
challenging to achieve in zeolite systems. In addition, there is the
problem of periodic temperature increase or temperature spikes
related to the removal of soot by regeneration of the soot filters.131

These temperature gradients have an obvious eventual detrimental
effect on the catalysts, leading to catalyst deactivation.132

Earlier studies performed by Kucherov et al.133 and Tanabe
et al.134 on Cu-ZSM-5 systems suggested that deactivated cata-
lysts appeared to have isolated Cu2+ in slightly different local
environments rather than formed clustered Cu species. Partial

Figure 12. Rationalizing the Cu active sites in Cu-ZSM-5 as a function
of temperature. (a) Active sites postulated for Cu-ZSM-5 in the
vicinity of the 10-membered ring channel, allowing easy accessibility to
all reactant molecules. Interaction of closely located Cu2+ cations with O2
leads to the formation of bis-μ-oxo type species already at lower tem-
peratures. (b) Proposed view of the Cu-ZSM-5 under “active” conditions.
Cu bis-μ-oxo species are known active sites in NO decomposition, and
one can expect the same reaction to occur over these sites. The isolated
Cu2+ in 5-membered ring sites can be expected to be active for the NH3-
SCR reaction akin to that seen in Cu-SSZ-13.

Figure 13. Rationalizing the Cu active sites in Cu-Y as a function of temperature. (a) Cu-Y at low temperatures. Cu2+ cations at site SI′ (d6r units)
are inaccessible to reactant molecules because of the small windows of the sod cages. Cu2+ at site SIII has been proposed to form Cu−O−Cu type
species stabilized by NH3. Interaction with NO/CO results in slight movement of Cu2+ cations from 6-membered rings of the sod cavities (illustrated
here in site SII). Interaction with NH3 leads to the formation of tetraamine complexes in the cages of the zeolite. (b) Proposed view of Cu-Y at active
temperatures. NO decomposition expected to occur over the Cu-oxo species. Cu2+ present at site SII (sod 6-membered ring) can be expected to
contribute to the NH3-SCR reaction. Finally, possible migration of Cu2+ ions, leading to the formation of clustered species in the supercages not
active for NH3-SCR.
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dealumination of the zeolite framework was suggested to play a
role in changing the local geometry. Yan et al. had similar
observations within Cu-ZSM-5, wherein they suggested the
migration of Cu into Al2O3 or the formation of CuAl2O3 as the
predominant Cu environments in deactivated catalysts.135 Park
et al. suggested that upon deactivation, Cu species in Cu-ZSM-5,
which are originally present in either square-pyramidal or square-
planar environments, migrate to form two additional distorted
complexes that could not be further resolved.136

Even more recent studies from Kwak et al. compared Cu-
Beta, Cu-ZSM-5, and Cu-SSZ-13.137 The study concluded that
although CuO or Cu aluminate type species form over Cu-Beta
and Cu-ZSM-5, little changes are seen in the Cu species present
in SSZ-13 catalysts. Thereby, it can be noted that even without
significant migration to form bulk CuO or metallic Cu type
species, Cu-zeolites can suffer a loss of activity upon exposure
to hydrothermal conditions. Indeed, the isolated location of
Cu-SSZ-13, with a reduced propensity of near-neighbor Cu
ions could then be the root of the high stability seen in these
systems. Further studies, however, need to be performed on
deactivated Cu-zeolites to understand the multiple mechanisms
that might play a crucial role within these systems.

5. CONCLUSIONS
Cu-exchanged zeolites are well-established catalytic materials
for the abatement of NOx from mobile sources. The nature and
composition of the zeolite structure allows for the location of
Cu at specific extra-framework cation sites, thus forming the
catalytically active sites. The following concluding remarks can be
made on the nature of these sites on the basis of the available
literature.

• The local chemistry of Cu differs slightly within cation
sites as a function of the presence of framework Al3+ in
close vicinity. As was observed in the case of zeolite Y or
SSZ-13, Cu tends to locate off the center of 6-membered
ring planes to maintain close coordination with three
lattice Os (and a distant O) in a square-planar environ-
ment. ZSM-5 has a rather diverse local environment for
Cu cations composed of distorted 5- and 6-membered

ring environments. The presence of multiple Cu types
makes it rather challenging so as to be able to determine
the local geometry of the systems, which have been
observed as square-pyramidal, square-planar, or octahe-
dral coordination, with a preference for the former two in
dehydrated systems.

• Interaction of Cu in sites SII and SIII with various
reactant gases in Cu-Y (e.g., NH3) results in migration of
these species into the supercages of the zeolite. These
can further form Cu dimeric species of an oxidic or metallic
nature. The limiting dimensions of the sodalite cages, on
the other hand, render Cu present within these cages (site
SI′) as inaccessible. Neither of the above-mentioned
properties appears favorable toward NH3-SCR.

• The Cu-active sites in Cu-ZSM-5 favor the formation of
both isolated and Cu-oxo clusters (in oxygen-rich
atmospheres), in close vicinity of the 10-membered
ring channels of zeolite ZSM-5. The formation of the
latter appeared to be favored because of the close
proximity of two particular Cu cation sites. These species
also dominate the zeolite pores with increasing amounts
of Cu as the isolated Cu2+ species were seen to level off.

• Cu-SSZ-13 has a unique planar location for isolated Cu2+

in d6r units of the structure. Interaction with NH3 under
SCR conditions at temperatures below 125 °C changes
the local geometry to distorted square-planar. The planar
coordination on 6-membered rings of the zeolite struc-
ture is maintained under reaction conditions. Although the
windows of the cha cages are large enough to allow passage
of all reactant molecules, the formation of dimeric or clustered
Cu species appears to be avoided over the framework.

• Comparison of the activity and selectivity of zeolites Y,
ZSM-5, and SSZ-13 demonstrated that the isolated
location of Cu2+ in planar 6-membered ring environments
favors the SCR reaction, especially at low temperatures. The
predominant presence of Cu2+ at these sites for SSZ-13
contributes to the low temperature activity demonstrated by
the system, as compared with the other systems. In addi-
tion to isolated Cu2+, Cu-ZSM-5 was found to have a
predominant presence of Cu-oxo clusters, which are active
in NO decomposition but do not necessarily contribute to
NH3-SCR. The propensity of Cu to cluster within the
supercages of zeolite Y and inaccessibility of other sites
seems to hinder activity in this system as compared with the
others.

• The presence of a single site for Cu2+ in Cu-SSZ-13 also
presents the system as a model system for further funda-
mental studies. The predominant presence of Cu2+ over
one type of local environment would allow for the direct
probing of structural and electronic effects using commonly
available volume-averaged characterization tools.
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