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ABSTRACT: The locations and energies of Cu ions in a Cu/SSZ-13 zeolite catalyst were
investigated by density functional theory (DFT) calculations. For “naked” Cu2+ ions (i.e.,
Cu2+ ions with no ligands in their coordination spheres other than zeolite lattice oxygen
atoms), the more energetically favorable sites are within a 6-membered ring. However,
with the presence of various adsorbates, the energy difference between 6- and 8-membered
ring locations greatly diminishes. Specifically, Cu2+ ions are substantially stabilized by
−OH ligands (as [CuII(OH)]+), making the extra-framework sites in an 8-membered ring
energetically more favorable than 6-membered ring sites. Under fully dehydrated high
vacuum conditions with different Si/Al and Cu/Al ratios, three chemisorbed NO species
coexist upon exposure of NO to Cu/SSZ-13: NO+, Cu2+−NO, and Cu+−NO. The relative
signal intensities for these bands vary greatly with Si/Al ratios. The vibrational frequency
of chemisorbed NO was found to be very sensitive to the location of Cu2+ ions. On the
one hand, with the aid from DFT calculations, the nature for these vibrations can be
assigned in detail. On the other hand, the relative intensities for various Cu2+−NO species provide a good measure of the nature
of Cu2+ ions as functions of Si/Al and Cu/Al ratios and the presence of humidity. These new findings cast doubt on the generally
accepted proposal that only Cu2+ ions located in 6-membered rings are catalytically active for NH3−SCR.
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1. INTRODUCTION

In the past few years, small-pore copper-ion-exchanged zeolite
catalysts (Cu/SSZ-13) with a chabazite (CHA) structure have
been commercialized as part of the emission control systems
for diesel passenger vehicles and light-, medium-, and heavy-
duty trucks in the U.S. and Europe, due to their remarkable
activity and hydrothermal stability for the NH3 selective
catalytic reduction (SCR) process.1−4 Along with studies
aimed at assessing the properties of the Cu/SSZ-13 catalysts
under practical engine exhaust operating conditions, consid-
erable recent research has also focused on the fundamental
chemical and physical properties of this interesting catalytic
material.
Initial reports suggested that Cu ions are located only in the

6-membered rings of the primary double 6-membered ring
structures of this CHA zeolite.5−7 However, recent studies have
revealed that Cu ions can occupy more than one ion-exchange
site. The results of H2 temperature-programmed reduction,
zeolite framework T−O−T vibrations, and electron para-
magnetic resonance (EPR) experiments during dehydration
also suggested facile movement of copper ions in the presence
of strongly interacting adsorbates (e.g., H2O).

8−10 A recent in

operando X-ray absorption spectroscopy (XAS) studied by
Riberio and co-workers has concluded that the “standard” (i.e.,
NOx = NO) NH3 SCR reaction proceeds via a redox
mechanism between Cu2+ and Cu+ oxidation states.11,12 This
conclusion was drawn because under “fast” and “NO2” SCR
conditions, in which NO2 is half or all of the NOx feed,
respectively, Cu2+ remains as the only evident Cu oxidation
state. Under the more reducing “standard” SCR conditions,
where there is no NO2 in the feed, a Cu+ species is evident in
the XAS data.12 In line with such a redox mechanism, Cu2+ can,
in principle, be reduced to Cu+ by either NH3 or NO, and Cu+

can then be oxidized by O2 to Cu2+ to finish the redox cycling.
In our recent FTIR and NMR spectroscopic study of NO and
Cu/SSZ-13 interactions, we suggested that Cu2+ can be
reduced to Cu+ by NO, leading to the formation of the
spectroscopically observed Cu−nitrosyl complex (Cu+−
NO+).3,13,14 Based on the spectroscopic evidence, a “standard”
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SCR mechanism that involves such a Cu−nitrosyl complex has
been proposed.3,13

The first application of density functional theory (DFT)
methods to the modeling of NOx catalysis on Cu zeolites was
done with single- and multi-T-site cluster models.15−18 These
computational results are helpful for understanding the catalytic
activity and reaction mechanism(s) on Cu-exchanged zeolites.
For example, for the decomposition of NO on Cu-exchanged
zeolites,16 it was found that there is evidence for a pathway
involving two successive O atom transfers to an isolated,
zeolite-bound Cu+ center, initiated by the formation of a short-
lived and difficult to detect isonitrosyl intermediate, and
yielding sequentially N2O and Cu-bound O followed by N2

and Cu-bound O2. Such models have been shown to be
generally in good agreement with fully periodic models,
although interactions, in particular with H2O, and more
extended portions of the lattice are only fully captured with
periodic models.12 Such periodic models have been actively
used to study the SSZ-13 zeolite.4,12,19−25 Göltl et al. predicted
a distribution of active sites at different levels of ion exchange
by considering the energetic variations of the Cu locations in
Cu/SSZ-13.24 Although an isolated Cu2+ ion in Cu/SSZ-13 has
been suggested to be an active site under SCR conditions,7

further studies suggested that the nature of the Cu species in
Cu/SSZ-13 is dependent on the Si/Al and Cu/Al atomic
ratios.22,23 With the aid of periodic DFT calculations, it was
found that for a series of Si/Al = 4.5 samples with various Cu
loadings, the dominant Cu ion configuration is an isolated Cu2+

ion in Cu/SSZ-13 with a Cu/Al atomic ratio below 0.2, while
CuxOy species in the 8-membered ring of Cu/SSZ-13 also form
when the Cu/Al ratio is above 0.2.23 However, only the isolated
Cu2+ ions were claimed to be the SCR active centers while
CuxOy species were suggested to be inert. This conclusion is
somewhat surprising because prior studies on other Cu/zeolite
SCR catalysts (Cu/ZSM-5, Cu/beta, Cu/Y, etc.) seem to agree
in general that a Cu-ion dimer species is a particularly SCR
active species.3 To date, there does not seem to be convincing
evidence, either experimentally or theoretically, that explains
why Cu/SSZ-13 has to be different from other Cu-zeolites. In
our most recent studies on SCR kinetics, we discovered that, at
low Cu loadings where Cu-dimer species are not spectroscopi-
cally detected, our kinetic data indicate that transient dimers
can indeed form and act as reaction centers under typical low
temperature NH3−SCR reaction conditions.9

As part of our continuing research efforts aimed at
understanding detailed SCR mechanisms and metal/zeolite
structure−function relationships from both experimental and
theoretical approaches, in the present study, we investigate NO
chemisorption on Cu/SSZ-13 using both FTIR spectroscopy
and DFT calculations. These recent studies have provided new
insights into the nature of isolated Cu ion species as functions
of the Si/Al ratio, Cu loading, and the presence or absence of
ligands attaching to the catalytically active centers.

2. METHODS

2.1. Computational Details. DFT calculations were
performed with the Vienna Ab-initio Simulation Package
(VASP) code.26,27 The projector augmented-wave (PAW)28,29

method and the generalized-gradient approximation (GGA),
using the PW91 functional,30 were employed for the treatment
of the electron−ion interactions and the exchange−correlation
effects, respectively. With its PAW potentials, VASP combines
the accuracy of all-electron methods with the computational
efficiency of plane-wave approaches. The total energy
convergence threshold was set to 10−8 eV, and the geometries
were considered to be fully relaxed when the forces were less
than 0.01 eV/Å. A 400 eV plane-wave cutoff and a single Γ-
point sampling of the Brillouin zone were used for these
calculations. In order to obtain an accurate density of states
(DOS) for Cu, higher Monkhorst−Pack k-point grids of (5 × 5
× 5) were used. The default values of RWIGS for the PW91
pseudopotential were employed in our DOS calculations. The
numbers of valence electrons are 4, 6, 3, and 11 for Si, O, Al
and Cu atoms, respectively.
As is well-known, the SSZ-13 zeolite belongs to the CHA

zeolite family, with a structure that is composed of 4-membered
rings (4MR), 6-membered rings (6MR), and 8-membered rings
(8MR), as displayed in Figure 1a. There are two equivalent
ways to construct the CHA unit cell. One is the hexagonal cell
with 36 symmetry-equivalent tetrahedral (T) sites and 72 O
atoms. The other is a rhombohedral cell containing 12 T sites
and 24 O atoms. All T sites are crystallographically equivalent
and there are four nonequivalent O sites, which can be
distinguished according to their participation in the different
ring structures of the framework. As shown in Figure 1a, the
oxygen O1 belongs to two 4MRs and one 8MR (abbreviated as
(4, 4, 8)); O2 belongs to (4, 6, 8); O3 belongs to (4, 4, 6); and
finally O4 belongs to (4, 8, 8). The rhombohedral unit cell was
used in all of our calculations, as shown in Figure 1.

Figure 1. (a) Structure of a pure SSZ-13 zeolite belonging to the chabazite zeolite family, in which the rhombohedral unit cell used in our
calculations is shown. The rhombohedral unit cell contains 12 Si and 24 O atoms. There are four nonequivalent O sites, which are labeled by
numbers 1−4; their differences are described in the main text. (b) Another view of the chabazite structure (see ref 4). Large yellow and small red
balls represent Si and O atoms, respectively.
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In a rhombohedral unit cell, electron deficits are generated
upon replacement of Si atoms by Al atoms. Extra framework
Cu ions are then required to compensate such electron deficits.
For a one-electron deficit, a Cu+ ion is required. In this case, the
resulting zeolite configuration is denoted as ZCu. A two-
electron deficit is compensated by a Cu2+ ion, and this
configuration is labeled as Z2Cu. Alternatively, a two-electron
deficit can be compensated for with a Brønsted acid site (H+)
and a Cu+ ion. The resulting configuration is labeled as HZ2Cu.
After full relaxation of the rhombohedral unit cell, the
calculated equilibrium volumes of ZCu, Z2Cu, and HZ2Cu
are the same at 823.6 Å3. Detailed calculations and plots of
energy as a function of volume can be found in the Supporting
Information (Figure S1). As will be shown below, besides
“naked” Cu ions, Cu ions with ligands (e.g., [Cu(OH)]+

species) as charge balancing moieties are also considered in
this study.
For the molecular adsorption calculations, the unit cells with

chemisorbed NO were fully relaxed to get their equilibrium
volumes, which are 823.6, 828.8, and 834.1 Å3, respectively, for
ZCu, Z2Cu, and HZ2Cu. The energy plots as a function of
volume for the NO-adsorbed systems are shown in Figure S1 of
the Supporting Information. The adsorption of NO has no
effect on the equilibrium volume of ZCu, but it causes a slight
increase of the equilibrium volumes for Z2Cu and HZ2Cu. We
note, under the experimental conditions used here, that not all
Cu sites will be occupied by NO molecules, and additionally,
not every unit cell will contain a Cu atom. Because of this, there
will be local strain on the unit cell which, due to its complexity,
cannot be addressed in our calculations. In studying other
adsorbates, unit cell lattice constants identified for the NO-
adsorbed systems were used. Adsorption energies Eads are
calculated by the following equation:

= − −E E E E
ads tot zeolite M (1)

where Etot, Ezeolite, and EM are the total energies of the zeolite
system in the presence of molecular species, the clean zeolite
system, and the isolated molecules in the gas phase,
respectively.
2.2. Experimental Section. Three SSZ-13 zeolite sub-

strates with Si/Al ratios of 6, 12, and 35 were used in this study.
The sample with Si/Al = 6 was synthesized in-house following
the procedure described by Fickel and Lobo.5 The high Si/Al
samples (12 and 35) were also synthesized in-house, using
procedures described by Deka et al.7 Cu/SSZ-13 catalysts with
various Cu/Al ratios were then prepared using traditional
solution ion-exchange methods that have also been described
previously.31 Prior to ion exchange with a CuSO4 solution, the
as-synthesized Na/SSZ-13 samples were first exchanged to
NH4/SSZ-13. Si, Al and Cu contents were determined by
elemental analysis (ICP), while the crystallinity of the zeolites
was confirmed by XRD.
In situ static transmission IR experiments were conducted in

a home-built cell (described in detail previously32) housed in
the sample compartment of a Bruker Vertex 80 spectrometer.
In short, powder samples were pressed onto a tungsten mesh
that can be resistively heated (by passing current through the
metal grid) or cooled with liquid nitrogen. Unless otherwise
specified, samples were annealed in vacuum (∼1 × 10−7 Torr)
at 500 °C for 2 h and cooled back to ambient temperature prior
to background spectra acquisition. Then NO was introduced
into the cell in a pulse mode fashion (∼0.005 Torr for the first
pulse, until total pressure in the IR cell reached ∼0.5 Torr).

After equilibrium NO pressure was reached after each pulse of
NO, an IR spectrum was acquired. Note that our highest NO
pressure of ∼0.5 Torr was specifically chosen in order to avoid
formation of Cu−dinitrosyl or even polynitrosyl complexes.

3. RESULTS

3.1. DFT Results. In the SSZ-13 zeolite, previous
experimental results have shown that the most favorable
location for the Cu ion is in the face of a 6MR site.5−7 Cu ions
in this site have also been suggested to be catalytically active for
the NH3−SCR reaction.5,7,12 We first examined the local
structures of Cu ions in the 6MR site of ZCu and Z2Cu, as
shown in Figure 2. It was found that the Cu ions are 3-fold and

4-fold coordinated to lattice O atoms for ZCu and Z2Cu,
respectively. For ZCu, the Cu ion coordinates with three O3
atoms and the shortest bond length of 1.948 Å occurs between
Cu and the O3 atom adjacent to the Al-substituted site. For
Z2Cu, in addition to three O3 atoms, the Cu ion also
coordinates with an O2 atom adjacent to the Al-substituted site.
These results are consistent with previous computational results
reported by McEwen et al.12 Examination of the partial density
of state (PDOS) for Cu ions in ZCu and Z2Cu confirms that
Cu ions are in +1 and +2 oxidation states, respectively. For
ZCu, the +1 oxidation state is evidenced by the completely
filled 3d state (9.7 e), as shown in Figure 2a. For Z2Cu, a peak
exists above the Fermi level in the PDOS plot of the Cu 3d spin
up state indicating an electron loss in the Cu 3d state. This is
confirmed by the integrated Cu 3d electrons of 4.3 e (spin up)
and 5.0 e (spin down), as displayed in Figure 2b. These results
demonstrate that the Cu ion has a +2 oxidation state in Z2Cu.

Figure 2. PDOS of Cu 3d states in (a) ZCu and (b) Z2Cu. Insets are
the local structures of Cu in the 6MR sites. Cu−O bond lengths are
indicated in units of Å. Different types of lattice O atoms can be found
in Figure 1. The numbers of integrated electrons from PDOS plots are
shown. In (b), the dash and solid lines show spin-up- and spin-down
states for Cu 3d, respectively, and the dotted vertical line highlights the
location of the Fermi level. Spheres for Si and O depicted as in Figure
1, with Cu being shown as large pink balls and Al as purple ones.
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Figure 3 displays the local structures of NO adsorbed on
ZCu and Z2Cu (ZCu-NO and Z2Cu-NO), as well as the

frequencies and the adsorption energies of NO. With NO
adsorption, the Cu ions still maintain 3-fold and 4-fold
coordination numbers for ZCu and Z2Cu. For ZCu-NO, the
formation of a Cu−N bond is accompanied by the breaking of
two Cu−O3 bonds and the formation of a Cu−O2 bond. For
Z2Cu-NO, in contrast, the Cu−N bond formation causes
cleavage of the Cu−O2 bond. The adsorption energy for NO in
ZCu-NO (−1.27 eV) is 0.19 eV stronger than that in Z2Cu-NO
(−1.08 eV). This difference is consistent with the calculated
Cu−N bond lengths, 1.766 Å in ZCu-NO and 1.818 Å in Z2Cu-
NO, also displayed in Figure 3. As demonstrated above, the Cu
ions in ZCu and Z2Cu are Cu

+ and Cu2+, respectively. The NO
adsorption energy and Cu−N bond length differences are
expected to be caused by these Cu ion oxidation state
differences. Note also that the interaction between the NO
π* state and the Cu 3d state forbids a linear geometry,21 thus
resulting in Cu−N−O angles of 143.3° and 133.7° for ZCu-NO
and Z2Cu-NO, respectively.
The calculated stretching vibrational frequencies (νNO) for

ZCu-NO and Z2Cu-NO are 1794 and 1929 cm−1, which are
consistent with computational results by using cluster17 and
periodic21 models. Note that gas phase NO has νNO of 1896
cm−1. These vibrational frequencies agree well with the
calculated N−O bond lengths. The N−O bond lengths for
ZCu-NO, gas phase NO and Z2Cu-NO are 1.184, 1.169, and
1.146 Å, respectively.
NO chemisorption shown above only considers the simplest

situation (i.e., naked Cu ions located in faces of 6MR).
However, the practical NH3−SCR reaction conditions are
rather complicated. In order for our calculations to be more
relevant, complexities are added in the following calculations.
Namely, we attempt to investigate NO adsorption under three
conditions: (1) on Cu sites in different charge balancing
locations of the chabazite structure; (2) in the presence of

Brønsted acid sites; and (3) in the presence of extra framework
ligands (i.e., −OH and H2O).
In addition to the 6MR site shown in Figure 3, SSZ-13 offers

various potential sites for Cu ions. A variation of the
distribution of the Al atoms among the T-sites leads to
different cation structures for Cu/SSZ-13. For the location of
the Cu+ cation, our recent results show that the 6MR site is
more favorable than the 8MR sites with an energy difference
about 0.5 eV.33 Göltl et al. considered eight possible different
cation structures for Cu2+/SSZ-13 and concluded that the most
favorable structure is when both Al atoms and the Cu2+ cation
are located within the same 6MR, with the two Al atoms
distributed in a AlSiSiAl configuration.24 By studying the CO
frequencies adsorbed on the Cu2+ cation in different structures,
they found that the change in the local environment changes
the frequencies of the adsorbed CO molecule.24 The question
here is what happens to the NO molecule for such local
environment changes. We systematically investigated the effect
of the Cu position and Al atoms distribution on the frequencies
of the adsorbed NO molecule. A detailed description can be
found in the Figure S2 of the Supporting Information. It is
found that the change of the Cu+ location does not change the
NO stretch frequency considerably for the ZCu-NO systems.
However, for NO adsorbed on a Cu2+ ion, the NO frequency is
dependent on not only the Cu location but also on the
distribution of the two Al atoms. For example, when a Cu2+ ion
is in a 6MR site, a change from an AlSiAl distribution to an
AlSiSiAl configuration results in an increase of the NO
frequency from 1901 to 1929 cm−1. With the same AlSiSiAl
distribution, the NO frequency varies from 1929 cm−1 to 1918
and 1932 cm−1 when the Cu position changes from the 6MR to
the 8MR sites, although Cu in an 8MR is less favorable than in
a 6MR site. We conclude that the local Cu2+ environment
changes the frequencies of the adsorbed NO, which is similar to
the results for CO as reported by Göltl et al.24

Concerning the presence of Brønsted acid sites, as shown in
Figure 1, there are four nonequivalent O sites in the SSZ-13
framework. First, we investigate the simple situation where only
the Brønsted acid sites exist in SSZ-13 (H/SSZ-13) (i.e.,
replacing one Si atom by one Al atom and using an H atom to
compensate the charge deficit). These have already been
investigated by DFT methods in the literature.19,34 The stability
of the Brønsted acid sites is found to decrease in the sequence
of O1 > O2 > O3 > O4, which is consistent with previous
results reported by Suzuki et al.34 and Göltl et al.19 In addition,
the calculated Al−O bond length is also in line with those
works. Detailed information can be found in Table S1 of the
Supporting Information. Similarly, due to the existence of four
nonequivalent O sites, four possible Brønsted acid site locations
can be arranged next to an Al T site in Z2Cu, namely, O1, O2,
O3 and O4 sites, as shown in Figure 4. The calculated bond
lengths and energies are summarized in Table 1. The
introduction of a Brønsted acid site into Z2Cu decreases the
Cu coordination number from 4 to 3. The Al−O bond lengths
change slightly with different locations of the Brønsted acid site.
Note especially the configuration where the Brønsted acid site
is located in the O3 site. In this configuration, the bond length
for Cu−O3 is 2.023 Å, larger than the Cu−O3 bond lengths
when Brønsted acid sites are located on O1, O2, and O4, as
shown in Figure 4. It is also found that the O3 Brønsted acid
site is energetically the least favorable one, with ΔE1 = 0.88 eV,
as shown in Table 1. Although the ΔE1 values for the O2 and
O4 Brønsted acid sites are rather small, the O1 Brønsted acid

Figure 3. Top and side views of structures for NO adsorbed on ZCu
and Z2Cu, shown as (a) ZCu-NO and (b) Z2Cu-NO, respectively. The
adsorption energies calculated by eq 1 as well as NO frequencies (νNO)
are presented at the bottom of the figure. The spheres for Si, O, Cu, Al
atoms are same as in previous figures. The blue sphere denotes a N
atom.
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site configuration is clearly the most stable one, and only this
structure will be further considered in the following. We also
note that in all configurations, the Al−O(H) bond length is

always longer than the other three Al−O bonds (highlighted in
Table 1).
Next, we investigate different Cu positions in HZ2Cu by

fixing the Brønsted acid site in the O1 location. Figure 5
displays the local structures of HZ2Cu with Cu in both 6MR
and 8MR positions. Cu in the 6MR site has a 3-fold
coordination to lattice O atoms (two O3 and one O2); for
the two positions of Cu in the 8MR sites, Cu atoms are either
bonded with the O1 and O4 atoms (denoted as the 8MR_O14
site) or the O2 and O4 atoms (8MR_O24 site). All calculated
Cu−O bond lengths for the three configurations are displayed
in Figure 5.
Table 2 presents calculated energy differences (ΔE2) for the

three “naked” HZ2Cu configurations, as well as configurations

with chemisorbed species (NO, OH, H2O, and NO + OH),
using the corresponding configurations for Cu in the 6MR site
as the zero energy references. Without adsorbates, the 6MR is
clearly the energetically more favorable site; the 8MR_O14 and
8MR_O24 sites are 1.00 and 0.89 eV, respectively, energetically
less favorable. However, with NO and H2O as adsorbates, the
difference greatly diminishes and the 8MR sites can even
become slightly more favorable (except for 8MR_O24-NO).
More importantly, in the cases of OH and NO + OH as
adsorbates, the 8MR_O14 conformation is energetically
substantially more favorable (ΔE2 ∼ −0.6 eV). In the following,
more details are given on these calculated results.
As displayed in Figure 6, in all three HZ2Cu-NO

configurations, Cu displays 2-fold coordination with lattice
oxygen. The adsorption of NO on HZ2Cu in a 6MR (Eads

NO =
−0.96 eV) is weaker than that on ZCu (Eads

NO = −1.27 eV, Figure
3). However, when NO is adsorbed on HZ2Cu associated with

Figure 4. (a) Local structures of a six-membered ring in the presence
of a Brønsted acid site and a Cu atom. (b) Corresponding local
structure of the tetrahedral Al site that is adjacent to the Brønsted acid
site. The spheres for Si, O, Cu, and Al atoms are the same as in
previous figures. The dark Al represents the location of the tetrahedral
Brønsted acid site. The small white spheres represent the H atoms.

Table 1. Al−O Bond Lengths (Å) for the Four
Configurations Shown in Panel b of Figure 4a

Brønsted acid
site Al−O1 Al−O2 Al−O3 Al−O4 O−H

ΔE1
(eV)

O1 1.915 1.696 1.800 1.693 0.977 0.00

O2 1.704 1.881 1.802 1.700 0.978 0.08

O3 1.700 1.696 2.188 1.691 0.988 0.88

O4 1.712 1.720 1.797 1.881 0.983 0.14
a
ΔE1 is the energy difference of HZ2Cu with different locations of the
Brønsted acid site, with respect to the total energy of the O1 Brønsted
acid site. Positive values designate less favorable sites than the O1
Brønsted acid site.

Figure 5. Local structures of three possible Cu positions (6MR, 8MR_O14 and 8MR_O24) in HZ2Cu. Note that Al and H atoms are in the same
position when varying positions of Cu and that an extended part of the zeolite is shown for Cu in the 8MR_O24, so as to show the location of both
Al sites. The Brønsted acid site locates in the O1 site. The Cu−O distances (Å) are indicated in each panel. The color schemes for different atoms
are the same as in previous figures, and the nonequivalent O atoms are identified in Figure 1.

Table 2. Energy Differences ΔE2 As Defined in the Texta

ΔE2 (eV) 6MR 8MR_O14 8MR_O24

HZ2Cu 0.00 1.00 0.89

HZ2Cu-NO 0.00 −0.07 0.08

HZ2Cu-OH 0.00 −0.56 0.02

HZ2Cu-H2O 0.00 −0.18 −0.19

HZ2Cu-(NO + OH) 0.00 −0.60 0.25
aThe positive and negative values present less and more favorable
positions, respectively, as compared to the corresponding scenario
with Cu in a 6MR position.
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8MRs, much stronger adsorption energies are obtained.
Importantly, these energies are sufficiently high to compensate
for the instability of “naked” Cu ions in 8MRs, making the
8MR_O14-NO conformation the energetically more favorable
configuration (Table 2). The frequencies of NO adsorbed on
Cu in 6MR, 8MR_O14 and 8MR_O24 sites of HZ2Cu are

1788, 1751, and 1795 cm−1, respectively. Different from the
case of Cu+ in the ZCu-NO system, where the location of the
Cu+ results in a very weak effect on NO frequency, the NO
frequency in the HZ2Cu-NO decreases from 1788 to 1751
cm−1 when Cu migrates from the 6MR to the 8MR_O14 site
and increases from 1788 to 1795 cm−1 when Cu migrates from

Figure 6. Local structures of NO adsorbed in a HZ2Cu conformation with Cu in a 6MR, 8MR_O14, and a 8MR_O24 conformation. The color
coding for the spheres have the same meaning as previous figures, and the given distances are bond lengths in Å units. The NO frequencies and
adsorption energies of NO are indicated at the bottom of the figure.

Figure 7. Local structures of H2O adsorbed onto HZ2Cu with Cu in the 6MR, 8MR_O14, and 8MR_O24 sites. The color coding for the spheres
and given distances have the same meaning as previous figures. The adsorption energies of H2O are indicated at the bottom of the figure.

Figure 8. Local structures of OH adsorbed on HZ2Cu with Cu in the 6MR, 8MR_O14, and 8MR_O24 sites. The color coding for the spheres and
given distances have the same meaning as previous figures. The adsorption energies of OH are indicated at the bottom of the figure.
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the 6MR to the 8MR_O24 site. We conclude that the local
environment of Cu changes the strength of the adsorbed NO
molecule in the presence of a Brønsted acid site. As mentioned
before, the oxidation state of Cu in HZ2Cu should be +1 to
maintain charge neutrality. These vibrational frequencies
confirm that Cu in all three HZ2Cu configurations is indeed
Cu+.
Figure 7 presents calculated results for H2O adsorption on

the three HZ2Cu structures. Upon bond formation with H2O,
Cu only displays single coordination with lattice oxygen in
6MR and 8MR_O24, while in the 8MR_O14, 2-fold
coordination with lattice oxygen still maintains. Chemisorbed
H2O has apparent hydrogen bond interactions with lattice
oxygen in all cases, where the shortest distances between a H
atom in H2O and the lattice O atoms are 1.664, 1.546, and
1.862 Å in the 6MR, 8MR_O14, and 8MR_O24 sites,
respectively. Again, adsorption energies for HZ2Cu-H2O within
the 8MR_O14 and 8MR_O24 sites are substantially greater
than that in 6MR, enough to overcome the instability of
“naked” Cu ions in 8MRs. As such, both 8MR sites are
energetically more favorable (Table 2).
The interaction between OH and HZ2Cu is very strong, with

adsorption energies in the 6MR, the 8MR_O14 and the
8MR_O24 sites being −2.36, −3.84, and −3.25 eV,
respectively. As shown in Figure 8, for the most stable
HZ2Cu-OH structure in the 8MR_O14 position, the distance
between the O atom of the adsorbed OH and the H atom of
the Brønsted acid site is 1.499 Å. This distance is slightly longer
than a valence bond which involves H but shorter than typical
distances for hydrogen bonded interactions. This quasi bond
formation extensively stabilizes the chemisorbed hydroxyl,
giving a ΔE2 value of −0.56 eV as shown in Table 2. In
addition, this quasi bond formation elongates the O−H bond
length of the Brønsted acid site (1.054 Å), as compared to the
Brønsted acid site without OH adsorption (0.975 Å). It is
reported that GGA and hybrid functionals lead to very different
results for the location of the cation d and s states relative to
the energy bands of the framework.20 In order to compare
results obtained with a hybrid functional to the GGA-PW91

functional used in this study, we recalculated the HZ2Cu-OH
systems using the hybrid HSE06 functional.35 By using the
HSE06 functional, the calculated values of the total energy
differences (ΔE2) are found to be −0.59 and 0.07 eV for Cu in
a 8MR_O14 and a 8MR_O24 sites, respectively. There is no
difference between these results and those calculated by the
GGA-PW91 functional which are −0.56 and 0.02 eV for Cu in
8MR_O14 and 8MR_O24 sites, respectively (shown in Table
2). We therefore conclude that the HSE06 hybrid functional
does not change the OH stabilization effect of Cu in the 8MR
and the energetic order. However, it has been reported that
large discrepancies arise when using the two functional to
calculate adsorption energies.21 By using the HSE06 functional,
the calculated adsorption energies of OH on Cu in a HZ2Cu
conformation are −1.88, −3.31, and −2.52 eV for Cu in the
6MR, 8MR_O14, and 8MR_O24, respectively. These values
are considerably lower than the corresponding values calculated
by using the GGA-PW91 functional, with differences at 0.49,
0.52, and 0.73 eV, respectively. A detailed comparison between
our results calculated with HSE06 functional and results found
in the literature is shown in Section 4 of the Supporting
Information.
Finally, calculated results on HZ2Cu-(NO + OH)ads are

shown in Figure 9. In our calculations, NO and OH are
restricted to the same side of 6MR while they are placed on two
sides of 8MR to release space crowding. Interestingly, in the
case for Cu in the 6MR site, NO and OH interact to form
HONO upon relaxation, an important intermediate proposed
previously in NH3−SCR.

36 In the 8MR sites, they remain
separated upon relaxation. For Cu in the 6MR site,
coadsorption with OH does not significantly change the NO
vibrational frequency (1782 cm−1), as compared to that of NO
adsorption alone (1788 cm−1, Figure 6). When NO and OH
are coadsorbed on Cu in the 8MR_O14 site, the relaxed
structure shows H2O formation between the adsorbed OH and
the proton from the Brønsted acid site. The O−H bond lengths
in the formed H2O are 1.014 and 1.025 Å. In 8MR_O14 and
the 8MR_O24 sites, NO vibrational frequencies are 1907 and
1874 cm−1, respectively, confirming that in both cases, Cu ions

Figure 9. Local structures of NO and OH coadsorbed on HZ2Cu with Cu in the 6MR, 8MR_O14, and 8MR_O24 sites. The color coding for the
spheres and given distances have the same meaning as previous figures. The adsorption energies of NO and OH are indicated at the bottom of the
figure.
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are in +2 oxidation states. Finally, for Cu in the 8MR_O14 and
the 8MR_O24 sites, coadsorption weakens the interactions
between Cu and the adsorbates. For example, for Cu in the
8MR_O14 site, the adsorption energies of NO and OH are
−1.45 and −3.26 eV upon coadsorption. However, when these
species are adsorbed separately, the adsorption energies are
−2.03 (Figure 6) and −3.84 eV (Figure 8), respectively.
3.2. FTIR Results. Previous studies have shown that in Cu-

ion-exchanged zeolites, locations of Cu ions are influenced by
multiple factors including zeolite type, Si/Al ratio, Cu ion
exchange level (i.e., Cu loading), and sometimes, synthesis
methods.4 For the simple SSZ-13 structure, Cu ion locations
can be readily varied by changing Si/Al ratios and Cu ion
exchange levels. In this study, we synthesized three SSZ-13
samples with different Si/Al ratios. Table 3 presents the Si and

Al contents for these samples, and the corresponding Si/Al
ratios (6, 12 and 35) calculated on the basis of these values.
Note that during the subsequent ion exchange step to obtain
Cu/SSZ-13 samples, no Si or Al leaching was found, and
therefore, these Si/Al ratios were maintained.
As has been addressed in detail in the previous section, a

naked Cu2+ ion balances two negative framework charges (as
Z2Cu), a naked Cu+ ion balances one negative framework
charge (as ZCu), and a Cu+/H+ pair balances two negative
framework charges (as HZ2Cu). It is also shown in the section
above that an −OH group binds strongly with a naked Cu+ ion.
In this case, Cu+ is oxidized to Cu2+, although the nominal
charge for this copper center is still +1, that is, [CuII(OH)]+.
Obviously, this species also only balances one negative
framework charge. For the formation of stable Z2Cu, two
framework Al sites, placed in close proximity, are required.
Previous studies have shown that the number of accessible Al T
sites around a given Al T site approximately follows a Poisson
distribution.37,38 This means that the probability of stable Z2Cu
formation decreases exponentially as Si/Al ratios rise. Very
recently, Verma et al. calculated the maximum Z2Cu formation
in a 6MR as a function of Si/Al ratios. Indeed, the expected
exponential decrease as a function of Si/Al ratio was found.23

Clearly, at very high Si/Al ratios (e.g., 35), Z2Cu formation
becomes highly unlikely. Yet, under humid and ambient
conditions, experimental studies show that Cu ions remain in
the +2 oxidation state irrespective of Si/Al ratio; thus, for Cu/
SSZ-13 samples with low Si/Al and high Cu/Al ratios, as well
as samples with high Si/Al ratios, some Cu2+ ions are likely
present as [CuII(OH)]+. In our most recent publication, the
detection of an OH vibrational band at 3650 cm−1 (absent for
SSZ-13 in H- and Na-forms) is direct evidence for the existence
of [CuII(OH)]+.10 In a recent publication by Lezcano-Gonzalez
et al.,25 a 3655 cm−1 band, which becomes more intense as Cu
loading increases, was assigned to the same [CuII(OH)]+

species, and these authors calculated the νOH in [CuII(OH)]+

to be 3660 cm−1.25 Similarly, Giordanino et al. also assigned a
stretching OH band at 3657 cm−1 to νOH in [CuII(OH)]+.39

Figure 10 presents IR spectra obtained after NO exposure of
a Cu/SSZ-13 sample (Si/Al = 6, Cu/Al = 0.45) annealed in

vacuum at 500 °C prior to NO adsorption. Note that these
spectra have been published elsewhere;32 however, they are
replotted here because they are key to understanding NO
chemisorption on the other samples shown below. IR bands
centered at ∼1808, 1900, and 2165 cm−1 appear immediately
after the introduction of the first small NO aliquot (0.017
Torr). With the introduction of additional NO doses, the
intensities of all of these bands increased together with slight
changes in frequencies, and new features developed as well.
Notably, new bands at ∼1785, 1910, 1930 (weak), 1948, and
2249 (weak) cm−1 appeared at higher NO pressures. While
more details will be given below, briefly, bands at 1785 and
1808 cm−1 are attributed to NO adsorbed on Cu+ sites; bands
within the range of ∼1850−1950 cm−1 are assigned to NO
adsorbed on Cu2+ sites; the broad band centered at ∼2165
cm−1 is attributed to NO+ species, and finally, the weak 2249
cm−1 feature belongs to adsorbed N2O. The stabilities of the
adsorbed species represented by these IR absorption features
are very different. Bands centered at 1948 and 1930 cm−1

disappear completely after a brief (∼10 min) evacuation at 300
K. The intensity of the 1808 cm−1 band (NO on Cu+)
decreases dramatically in the first 10 min of evacuation, but it
retains a small fraction of its intensity. Bands in the 1880−1920
cm−1 spectral region, although with diminished intensities, are
also still present after this evacuation step. The most resistant
IR feature to evacuation is the one centered at around 2165
cm−1.
Figure 11a presents ambient temperature IR spectra of

adsorbed NO collected on a Cu/SSZ-13 sample (Si/Al = 6,
Cu/Al = 0.03) annealed in vacuum at 500 °C prior to NO
adsorption. Note that the Cu loading in this sample is
substantially lower than the one used to collect data for Figure
10. However, the sequence for band development as a function
of NO pressure and the relative signal intensities among various
bands are strikingly similar to that shown in Figure 10. Still,
some subtle differences are evident. Notably, after the first NO
dose, a rather distinctive Cu2+−NO band was found at 1883

Table 3. Si, Al Contents and the Corresponding Si/Al Ratios
of the Three SSZ-13 Samples Studied Here

SSZ-13 sample Si content (wt %) Al content (wt %) Si/Al

1 30.4 5.03 6

2 40.3 3.23 12

3 43.4 1.20 35
Figure 10. Series of selected IR spectra obtained after exposure of a
Cu/SSZ-13 sample (Si/Al = 6, Cu/Al = 0.4) to NO 300 K. The
sample was annealed in vacuum at 773 K for 2 h prior to IR
measurements.
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cm−1, slightly red-shifted as compared with the higher Cu

loading sample. Also, the ∼1930 cm−1 feature appears to be

much better resolved on this low-Cu loaded sample at high NO

pressures. Figure 11b presents ambient temperature NO IR

spectra collected on the same sample but only annealed in

vacuum to 150 °C prior to NO adsorption. Note that following

such a treatment, the sample is still partially hydrated.10

Interestingly, IR spectra are markedly different in this case, and

Figure 11. (a) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample (Si/Al = 6, Cu/Al = 0.03) to NO 300 K. The sample was
annealed in vacuum at 773 K for 2 h prior to IR measurements. (b) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample (Si/
Al = 6, Cu/Al = 0.03) to NO 300 K. The sample was annealed in vacuum at 423 K for 2 h prior to IR measurements. Note that after this latter low-
temperature annealing treatment, the sample is only partially dehydrated.

Figure 12. (a) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample (Si/Al = 12, Cu/Al = 0.13) to NO 300 K. The sample
was annealed in vacuum at 773 K for 2 h prior to IR measurements. (b) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample
(Si/Al = 12, Cu/Al = 0.23) to NO 300 K. The sample was annealed in vacuum at 773 K for 2 h prior to IR measurements.

Figure 13. (a) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample (Si/Al = 35, Cu/Al = 0.10) to NO 300 K. The sample
was annealed in vacuum at 773 K for 2 h prior to IR measurements. (b) Series of selected IR spectra obtained after exposure of a Cu/SSZ-13 sample
(Si/Al = 35, Cu/Al = 0.31) to NO 300 K. The sample was annealed in vacuum at 773 K for 2 h prior to IR measurements.
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key observations are the following: (1) the 1808 cm−1 is very
weak, suggesting Cu2+ autoreduction to Cu+ essentially does
not occur; (2) the 1883 cm−1 band red-shifts slightly to 1876
cm−1 at low NO pressures while, with increasing NO pressure,
a new and strong Cu2+−NO band develops at 1904 cm−1; and
(3) the relative intensity for the 1948 cm−1 feature, as
compared to other Cu2+−NO bands at lower frequencies, is
much weaker. Meanwhile, the ∼1930 cm−1 band cannot be
resolved.
Figure 12 presents ambient temperature NO IR spectra

collected on Cu/SSZ-13 samples (Si/Al = 12, Cu/Al = 0.13 (a)
and Cu/Al = 0.23 (b)) annealed in vacuum at 500 °C prior to
NO adsorption. For both samples, Cu2+−NO bands at ∼1902
and 1915 cm−1 develop first, and with increasing NO pressure,
a strong band at 1948 cm−1 grows. The ∼1930 cm−1 feature
only becomes reasonably well-defined at the highest NO
pressures. Note that the relative signal intensities change as a
function of Cu/Al ratios. Specifically, the Cu+−NO band at
1808 cm−1 becomes much stronger than Cu2+−NO bands at
Cu/Al = 0.23, suggesting that the extent of autoreduction is
enhanced as Cu loading increases. It is also clear that the
relative signal intensity for N2O (at ∼2250 cm−1) is higher for
the Si/Al = 12 samples as compared to the Si/Al = 6 ones
shown in Figures 10 and 11.
Finally, Figure 13 depicts NO adsorption IR spectra acquired

on Cu/SSZ-13 samples (Si/Al = 35, Cu/Al = 0.1 (a) and Cu/
Al = 0.31 (b)) annealed in vacuum at 500 °C prior to NO
adsorption at ambient temperature. For both samples, vibra-
tional bands at ∼2165, 1915, 1902, and 1808 cm−1 appear
immediately after the first NO dose. With increasing NO
pressure, an N2O band at ∼2250 cm−1, Cu2+−NO bands at
1948 and 1877 cm−1, and a Cu+−NO band at 1775 cm−1 start
to develop. Three key findings are worth pointing out for these
two samples: (1) markedly different from samples with lower
Si/Al ratios, the 1948 cm−1 feature appears to be much weaker
as compared to other Cu2+−NO bands (between 1880 and
1915 cm−1); (2) the Cu+−NO band at 1808 cm−1 is very
strong, indicating facile Cu2+ autoreduction to Cu+ for these
samples; and (3) the intensity for the N2O band at ∼2250 cm−1

becomes comparable to the NO+ feature at ∼2160 cm−1 for
these two samples. In contrast, for lower Si/Al samples, the
intensity for the N2O band is generally somewhat to
considerably weaker than NO+.

4. DISCUSSION

One of the key attributes of Cu/SSZ-13 is its structural
simplicity; the CHA structure is constructed by stacking double
6MRs so that all tetrahedral sites (T-sites, Al and Si) are in
equivalent structural positions. Cu ions have been initially
suggested to be present only as isolated monomers (Cu2+ and
Cu+), and that they solely occupy one extra-frame site, that is,
faces of 6MRs.5 In view of this evident structural simplicity, we3

and others4,5 have suggested that Cu/SSZ-13 offers an excellent
opportunity to elucidate some long-standing questions
regarding NH3−SCR, including the nature of the catalytically
active centers and detailed reaction mechanism(s). With
continuing research efforts, however, it has become evident
that the situation is significantly more complicated than initially
thought. First, it is an oversimplification to suggest one type
and one location for the catalytic centers within Cu/SSZ-
13.8,13,31 In line with studies on other Cu/zeolite SCR catalysts,
the nature and location of Cu species are influenced by multiple
factors including structure of the zeolites, Si/Al ratios, Cu

loadings, and synthesis methods.4,36,40 Second, oxidation states,
locations, and chemical nature of the Cu catalytic centers are
expected to vary as a function of reaction conditions; therefore,
only in operando spectroscopic techniques applicable to NH3−

SCR are, in principle, able to accurately monitor these dynamic
variations allowing the establishment of accurate structure−
function relationships. Although great progress has been
reported in studies of these materials under in operando
conditions,9,10 using probe molecules to identify the location
and characterize the nature of catalytically relevant Cu species is
clearly an important component to achieve this goal.
In our previous study,32 using 14NO and 15NO as probe

molecules, on samples with vacuum annealing, oxidization and
reduction treatments, as well as with and without the presence
of moisture, we were able to gain detailed information on the
nature of various isolated ionic Cu species. For example, we
divided Cu2+−NO bands into two groups based on their
relative stabilities in our previous study, and denoted the less
stable Cu2+−NO species (giving rise to the 1948 and 1932
cm−1 bands) to Cu2+···NO(II) and the more stable Cu2+−NO
species (giving rise to bands from 1870 to 1915 cm−1) to
Cu2+···NO(I). We also realized that in the presence of
moisture, Cu2+···NO(II) partially converts to Cu2+···NO(I).
However, we were unable to give more detailed assignments in
our previous study. In the present work, with experimental aid
from samples with various Si/Al and Cu/Al ratios (Figures
11−13) and new information from DFT calculations, detailed
assignments of most of the FTIR spectral features are achieved,
as will be discussed below.
Cu2+−NO species that gives rise to the 1948 cm−1 band are

discussed first. Note that this band is very sharp (fwhm <10
cm−1), suggesting that (1) relevant Cu2+ ions occupy a highly
specified charge balancing site and that (2) no other
chemisorbed species are in close vicinity to perturb NO
vibrations. It is also clear that, on samples with lower Si/Al
ratios (6 and 12, Figures 10−12), this band is the dominant
Cu2+−NO species at high NO pressures, while for the sample
with a Si/Al ratio of 35, the relative intensity of this band
diminishes dramatically (Figure 13). From the DFT results
shown in Figure 3, good agreement is found for the Z2Cu-NO
species with our experimental results. Therefore, it is quite
certain that the 1948 cm−1 band is due to NO adsorbed on
Cu2+ sites in the faces of the 6MR. The 1932 cm−1 band is also
likely NO adsorbed on Cu2+ sites in the faces of 6MR, but with
an energetically less favorable structure (see Figure S2 in
Supporting Information); that is, two Al T sites are separated
by one Si T site instead of two, as shown in Figure 3b.
Next, Cu2+−NO species giving rise to bands from 1870 to

1915 cm−1 are discussed. Note first that these bands develop
prior to the 1948/1932 cm−1 bands during NO adsorption and
maintain longer during evacuation. Note also that we
discovered previously that the relative intensities of these
bands are enhanced in the presence of moisture at the expense
of the 1948/1932 cm−1 features. In the present study, on the
partially dehydrated Si/Al = 6 sample (Figure 11b), these bands
also dominate over the 1948/1932 cm−1 features. For the Si/Al
= 35 samples, these bands still dominate even when the samples
have been fully dehydrated (annealed in vacuum at 500 °C).
These experimental findings strongly suggest the following: (1)
stronger binding between Cu2+ and NO for the NO species that
give rise to bands from 1870 to 1915 cm−1; (2) these bands are
likely associated with H2O and/or −OH ligands. While binding
with a H2O molecule does not change the oxidation state of a
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copper ion, binding with an −OH ligand converts Cu+ to Cu2+.
Interestingly, a H2O ligand effectively moderates the energy
difference between Cu+ ions in the faces of 6MR and 8MR; an
−OH ligand even makes 8MR sites energetically much more
favorable (Table 2). The calculated NO vibrational frequencies
shown in Figure 9, therefore, strongly suggest that the
experimental bands from 1870 to 1915 cm−1 can be assigned
to [CuII(OH)]+-NO species located close to 8MR. The reason
why two or three bands overlap in this region can be argued to
be caused by the slight differences of local environments in the
vicinity of the Cu ion centers. We note that in previous
studies,7 Cu2+ ions have been suggested to only occupy faces of
6MR and they even stay in such positions under SCR reaction
conditions. From both DFT calculations and simple chem-
isorption FTIR experiments, we show in this study that the
previous understandings on Cu2+ ion location may need to be
revised.
The nature of the Cu+−NO species is discussed in this

section. As has been well-known, Cu+ formation is due to the
so-called “autoreduction” which occurs when Cu-ion-exchanged
zeolite materials are annealed in vacuum. Therefore, Cu+

formation in this highly idealized condition may not correlate
with Cu+ formation under standard NH3−SCR reaction
conditions found by others. For example, the sample used to
collect spectra shown in Figure 10 has much higher Cu content
than the sample used to collect data for Figure 11a, yet under
the highly idealized NO chemisorption conditions, the resulting
spectra are quite similar. Nevertheless, by comparing the 1808
cm−1 bands obtained from samples with various Si/Al ratios
(Figures 10−13), some interesting and subtle differences are
noticed: (1) For the Si/Al = 6 samples, the shoulder band at
∼1786 cm−1 is better resolved than for samples with higher Si/
Al ratios. (2) The full width at half-maximums (fwhms) of the
1808 cm−1 band for samples with different Si/Al ratios are very
different. At high NO pressures, the fwhms are ∼32, ∼22, and
∼15 cm−1, for samples with Si/Al ratios of 6, 12 and 35,
respectively. This finding indicates that the 1808 cm−1 band
should not be assigned to a single Cu+−NO species. From
Figures 3 and 6, the calculated structures giving rise to the
1794, 1788, and 1795 cm−1 bands can all contribute to the
experimental 1808 cm−1 band. By changing the Cu+ locations,
there is a 7 cm−1 shift for the NO frequency in the Cu+-NO
conformation, which is consistent with that reported in the
literature.21 Note specifically, with the decrease in Si/Al ratios
(i.e., the increase in Brønsted acid site density), contribution of
the 1808 cm−1 band from HZ2Cu is expected to increase. This
seems to nicely explain the fwhm increase with decreasing Si/Al
ratios. For both Cu2+−NO and Cu+−NO species, there appears
to be a systematic 10−20 cm−1 difference between the
experimental NO vibrations and their DFT counterparts (the
calculated values are smaller). In this sense, we do not have a
good assignment for the experimental shoulder band at ∼1786
cm−1.
Finally, the experimental NO+ bands (at ∼2160 cm−1) and

the N2O species (at ∼2250 cm−1) are briefly discussed. There
have been some historic debates on the nature of the NO
vibrational band at ∼2130−2170 cm−1. Work done by
Hadjiivanov et. al41 appeared to settle the argument, and this
band on a bare zeolite is now generally agreed to be a NO+

species adsorbed on extra framework cationic sites. In a recent
publication, we assigned this band on Cu/SSZ-13 to a NO+

species as well.13 Moreover, our in situ solid state NMR results
strongly suggest that this band directly associates with Cu ions.

Accordingly, we assigned this NO species to a Cu+−NO+

complex formed by charge transfer from NO to Cu2+. In the
present study, from the comparison between Figure 10 and
Figure 11a, although the sample used to collect spectra for
Figure 10 has a Cu loading more than 10 times higher than that
used to collect spectra for Figure 11a, the relative NO+ band
signal intensities (as compared to the Cu2+−NO and Cu+−NO
bands) are quite similar. Moreover, from Figures 11−13, as the
Si/Al ratios increase (i.e., Brønsted acid site density decreases),
the general trend is that the relative NO+ band signal intensities
decrease. This is especially obvious for the Si/Al = 35 samples.
Therefore, the NO+ species do not appear to adsorb directly on
Cu ion sites, but rather, they occupy cationic positions that
compensate framework negative charges. However, they must
be in close proximity to the Cu ions in order to allow for the
interactions observed with our prior in situ NMR experi-
ments.13 Although DFT calculations in either case could not
match the experimental NO vibrational frequencies for this
species, the effect of partial charge on the frequency of NO in
the gas phase was studied to support this assignment. As shown
in Figure S3 of the Supporting Information, the frequency of
NO increases as the charge on NO increases from negative to
positive values. Similar predictions on the CO vibrational
frequencies were reported to follow the trend CuCO <
(CuCO)+ < (CuCO)2+ by using a cluster model.15 Positive
charge of NO means loss of electron density from NO. In this
sense, the ∼2160 cm−1 bands is produced by electron transfer
from NO to a site in Cu/SSZ-13 where NO adsorbed. Thus,
the assignment of NO+ at ∼2160 cm−1 bands is reasonable,
although the corresponding conformation associated with this
NO+ species remains unclear.
Finally we comment on the N2O band centered at ∼2250

cm−1. As shown in Figures 10−13, this band’s position is
independent of the samples, which have different ratios of Si/Al
and Cu/Al. This result is supported by the DFT calculations.
As shown in Figure S4 in Supporting Information, the
frequencies of N−O in N2O adsorbed on ZCu, Z2Cu, and
HZ2Cu, which are 2367, 2339, and 2362 cm−1, have only slight
variations. These results are also quite similar to a cluster model
estimate of 2360 cm−1.17 It is concluded that the frequency of
N−O in N2O is largely independent of the chemical
environment of Cu in Cu/SSZ-13. Under NH3−SCR reaction
conditions, N2O is typically undetectable on freshly prepared
Cu-SSZ-13 catalysts at relatively low Cu loadings. Over high Cu
loading fresh catalysts, it does form (although yields are
typically very low) from NH4NO3 decomposition. On
hydrothermally aged catalysts, N2O formation is greatly
enhanced above ∼400 °C; its formation in this case is believed
to be catalyzed by CuOx clusters formed during catalyst aging.
In the present study, N2O formation may originate from NO
disproportionation or NO reduction by Cu ions. Again, under
such highly idealized experimental conditions, one cannot
correlate N2O formation here with that observed during NH3−

SCR reactions.

5. CONCLUSIONS

By varying Si/Al and Cu/Al ratios, Cu/SSZ-13 samples with
different Cu ion extra-framework locations are obtained. For
samples fully dehydrated in high vacuum, three chemisorbed
NO species coexist upon NO adsorption. These are NO+

species (∼2170−2160 cm−1), Cu2+−NO species (1950−1850
cm−1), and Cu+−NO species (1808−1770 cm−1). The relative
signal intensities for these bands vary significantly with

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500563s | ACS Catal. 2014, 4, 4093−41054103



changing Si/Al ratios. With the aid of DFT calculations, the
species responsible for these vibrations can be assigned in
detail. Table 4 summarizes the assignments by comparing

experimental and computational results. DFT results show that
Cu ions are 3-fold and 4-fold coordinated to lattice O atoms
and present in +1 and +2 oxidation states for ZCu and Z2Cu,
respectively. In addition, the calculated stretching vibrational
frequencies for Cu2+−NO and Cu+−NO are 1929 and 1794
cm−1, respectively. Furthermore, Cu+ ions are shown to be
substantially stabilized by −OH ligands (as [CuII(OH)]+),
making extra-framework sites in 8MR energetically more
favorable than 6MR sites (the energetically more favorable
sites for “naked” Cu2+ ions). FTIR results coupled with DFT
calculations allow us to conclude that NO molecules do bind
stronger on [CuII(OH)]+ located in 8MR than naked Cu2+ ions
in the 6MR. This new knowledge that Cu2+ ions are indeed
stabilized with ligands in 8MR sites should greatly aid our
understanding in Cu/CHA SCR catalysts.
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