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In this contribution, the most likely positions for Cu in Cu-SSZ-13 with a single charge compensating Al
atom (ZCu) with a Si: Al ratio of 11:1 were investigated, including the effect of the adsorption of reactants,
intermediates, and products that one would find in an NHz SCR reaction by using first-principles calcula-
tions based on density functional theory. The 6-membered ring (6MR) site is the most energetically favor-
able, while the 8-membered ring (8MR) sites are less favorable with energy differences of about 0.5 eV with
respect to the 6MR site for plain ZCu. Upon molecular adsorption, the energy differences between Cu in
the 8MR and 6MR sites decrease and, in some cases, almost disappear. For the complex scenarios of NO
or CO adsorption, the co-adsorption of 2 NO or 2 CO molecules, as well as NO or CO with OH and H,O,
weakens the interaction between adsorbates and Cu. The X-ray absorption near edge structure (XANES) of
Cu in Cu-SSZ-13 under different conditions was also modeled from first principles. A small peak feature
around 8979.5 eV was found in the K-edge XANES of Cu for a clean ZCu conformation with Cu in the
8MR site, while this feature is absent when Cu is in the 6MR site. We correlate this result for this case as
well as for other representative configurations by analyzing the corresponding PDOS of the excited state of
Cu while taking into account the core-hole effect. Molecular adsorption onto Cu in the 6MR or 8MR site
results in a Cu K-edge XANES that is independent of its location. When NO (or CO, N,) is adsorbed onto
Cu in ZCu, a small peak feature in the K-edge XANES appears at 8980 eV, which is induced by the splitting
of the Cu 4p state. An analysis of the XANES in the presence of two co-adsorbed species on an
isolated Cu ion shows that the K-edge position of Cu has the following order (from low to high energy):
clean <M <M + H,O < 2M < M + OH (M denotes NO or CO). As a result, we conclude that (1) XANES
can readily distinguish between adsorbates on ZCu due to their different oxidizing capacities, but (2) XANES
cannot be used to distinguish between the Cu location and the oxidation state in the presence of adsor-
bates, except in the presence of H,O and NHz where such distinctions can be made.
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Introduction

Nitrogen oxides (NO,) are one of the main air pollutants, and
they are present in the exhaust from diesel engines, which are
popular in road transport due to their efficiency and durabil-
ity." However, NO, emission control is a challenge in “lean-
burn” engines.” As is well known, the selective catalytic reduc-
tion (SCR) of NO, with ammonia is a reaction between the
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NO, NO,, and O, oxidants and the NH; reductant to form N,
and H,0. The application of NH; as a reductant in NO, SCR
provides an improved solution to lean NO, after treatment
over the traditional three-way catalysts. Three types of NH;
SCR reactions are generally distinguished based on the stoi-
chiometry of NO and NO,:

4NH; + 4NO + O, — 4N, + 6H,0 (standard)

4 Department of Chemistry, Washington State University, Pullman, WA 99164, USA
+ Electronic supplementary information (ESI) available: Plots of energy as a function
of volume; local structures; energy differences and bond lengths; the effect of unit
cell and functionals on Cu K-edge XANES; comparison between computational and
experimental Cu K-edge XANES; XANES and the corresponding PDOS for N, ZCu;
XANES for HONO, N,0, NO,, NO; ", O,, and OH adsorbed within ZCu; as well as
the structure of the hydrated Cu-SSZ-13 model catalyst. See DOL 10.1039/c5cy02252¢
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2NH; + NO + NO, — 2N, + 3H,0 (fast)

8NH; + 6NO, — 7N, + 12H,0 (slow)

Copper-exchanged SSZ-13 (Cu-SSZ-13), a zeolite with a
chabazite (CHA) structure, was reported to be more active
and selective toward the formation of N, in the reduction of
NO with NH; as compared to Cu-ZSM-5 and Cu-beta.’ In ad-
dition, it was found that Cu-SSZ-13 is more hydrothermally
stable than the Cu-Y, Cu-ZSM-5, and Cu-beta zeolites.* The
enhanced stability of Cu-SSZ-13 is rationalized in terms of
the small pore structure (3.8 A, diameter of an 8-member ring
channel) of this zeolite catalyst. Additionally, XRD patterns
show that the thermal stability of SSZ-13 is increased signifi-
cantly when copper is exchanged into the extra-framework as
compared with the acid form of the zeolite.> Using H,-TPR,
Kwak et al. found that below ~600 °C, Cu®** could be reduced
to Cu” and to Cu® in Cu-ZSM-5 and Cu-beta, while Cu*" could
only be reduced to Cu” in Cu-SSZ-13.* The Cu'/Cu*" redox cy-
cle was found to play a significant role in SCR catalysis.®®
Furthermore, it was reported that the SCR reaction could be
divided into two half-reactions: oxidation of the catalyst by
NO + O, and reduction by NO + NH;.'"”'* Therefore, it is
probable that the barriers for the two half-reactions are corre-
lated to the SCR efficiency of Cu-SSZ-13.

X-ray absorption spectroscopy (XAS) is a versatile tool to
determine the oxidation state and the local structure of Cu in
Cu-exchanged zeolites. In recent years, XANES has been
widely used to study the properties of Cu-SSZ-13 because of
its high activity and selectivity in the NH; SCR of NO,. In an
operando XAS study, Kispersky et al. proposed that the SCR
reaction occurs on Cu-exchanged zeolites (SSZ-13 and ZSM-5)
via a redox mechanism between the Cu®>" and Cu" oxidation
states.” The same conclusion was also made by Ribeiro and
co-workers in an integrated experimental and theoretical
study of the NH;-SCR of NO, in SSZ-13.° Under fast and slow
SCR conditions, in which NO, is half or all of the NO, feed,
respectively, Cu”* remains as the only evident Cu oxidation
state. Under more reducing standard SCR conditions, where
there is no NO, in the feed, a Cu” species also appears.®
Combining XAS with other experimental techniques, Peden
and co-workers'"'? and Yang et al."® proposed that a key step
in SCR is that Cu** is reduced to Cu” by NO, leading to the
formation of the spectroscopically observed Cu-nitrosyl com-
plex. A detailed discussion of this proposed mechanism can
be found in the recent paper reported by Gao et al.'> More re-
cently, an XAS study by Beato and co-workers has concluded
that the bidentate nitrate species (i.e. Cu>*~NO;") is formed
upon exposure of Cu’ to a mixture of NO and O, or to NO,
and the formation of Cu®>’-NO;” is rate-determining for the
standard SCR reaction.'® On the other hand, Paolucci et al.
demonstrated that NO and NH; together are necessary for
Cu*" reduction to Cu® and both NO and O, are necessary for
the oxidation of Cu to Cu®" through a XANES analysis of
their reactant cutoff experiments.'*

This journal is © The Royal Society of Chemistry 2016
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Despite the advances, the nature of the active site is still a
very much debated topic. In some reported results, the Cu
K-edge XANES was used to identify the active Cu site in reac-
tions on Cu-SSZ-13.>"*""” Combined with other experimental
tools (such as infrared spectroscopy), XANES is also used to
follow the movement of Cu ions in SSZ-13 under different
conditions of dehydration, reduction, and molecular adsorp-
tion.'® These results aid the identification of the location, co-
ordination, and oxidation states of Cu in Cu-SSZ-13. For ex-
ample, by combining XAS experiments under operando
conditions with a calculation of the phase diagram from first
principles, the local environments of the exchanged Cu* and
Cu*" ions under different gas conditions were assigned.® Un-
der “fast” SCR conditions, the XANES features were assigned
to two types of Cu®" ion environments, both with a coordina-
tion number of 4. Under “standard” SCR conditions, the ap-
pearance of a new signal assigned to the Cu’ ion with
adsorbed H,O0 and reduction in the average Cu coordination
were established. However, the analysis of the experimental
Cu K-edge XANES results relies heavily on the comparison
with proper reference species. Moreover, as reported by
Kispersky et al,” in situ (instead of operando) XAS may lead
to inaccurate “counting” of active Cu ions.

Some other issues that still need to be addressed for CHA-
based SCR catalysts include the effect of reactants on the Cu
location and the reaction mechanism itself. Experimental evi-
dence has demonstrated that Cu ions are the active sites for
NH;-SCR reactions.'>'*?° However, the location of the Cu
ions in the Cu-SSZ-13 zeolite, especially under reaction condi-
tions, is still unclear. It is reported that higher Cu loadings
can also result in multiple Cu locations within the zeolite
2021 Note that the 8-membered ring has two sides
available to interact with adsorbates, while the 6-membered
ring has only one available side. It also appears that Cu spe-
cies are mobile under reaction conditions.”'®>"*?

In addition to examining the effects of NH; SCR reactants
on Cu-SSZ-13, we will also investigate the adsorption of CO.
Although CO is not a SCR component, it is an important
emission from gasoline-powered vehicles.> CO can also be
used to probe the properties (e.g. location and local environ-
ments) of Cu® ions.>* Further, significant variation in the
near-edge structure of the Cu K-edge XANES for a Cu-
exchanged Y zeolite was reported in the presence of CO.*
Subsequently, it was found that CO interacts with a Cu ion
by modifying the coordination environment of the metal
ion.>® Here, we will closely compare our modeling results to
the recent XANES study of Kwak et al. in order to shed light
on such experimental results."®

As part of our continuing efforts toward understanding
the catalytic properties of Cu-SSZ-13, this contribution has
two parts. In the first part, a first principles study of the ad-
sorption of typical NO, SCR reactants, possible intermediates,
and products on an isolated Cu ion was performed. The Cu
ion is anchored within one of the 6-membered or one of the
8-membered rings that make up the SSZ-13 framework. In
the second part, the Cu K-edge XANES of Cu-SSZ-13 under

framework.
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different conditions was calculated using first principles.
This will serve as an alternative way to analyze the experimen-
tal XAS under SCR reaction conditions without making use of
experimental reference samples.”® A comparison between the
computational XANES results and the available experimental
XANES results will be discussed.

Computational details

The DFT calculations for the energetics were performed using
the Vienna Ab initio Simulation Package (VASP).>”*® The pro-
jector augmented-wave (PAW)*>?° method and the
generalized-gradient approximation (GGA), using the PW91
functional,®® were employed for the treatment of the
electron-ion interactions and the exchange-correlation ef-
fects, respectively. With its PAW potentials, VASP combines
the accuracy of all-electron methods with the computational
efficiency of plane-wave approaches. The total energy conver-
gence threshold was set to 10°° eV, and the geometries were
considered to be fully relaxed when the forces were less than
0.01 eV A%, A 400 eV plane-wave cut-off and a single /*point
sampling of the Brillouin zone were used for the optimiza-
tion calculations. To test the accuracy of our calculations, we
performed the calculations with a high cut-off energy of 500
eV. Using NO adsorption as an example, an adsorption en-
ergy of 1.268 €V is obtained at this cut-off energy. With a
lower cut-off energy of 400 eV, the calculated adsorption en-
ergy is 1.271 eV. The difference between them is 0.003 eV.
Therefore, we believe that the accuracy of our calculations is
good within the GGA. As such, for the calculations of adsorp-
tion energy, an upper limit of 0.01 eV in error is given when
the calculations are within the GGA.

As is well known, the SSZ-13 zeolite has a CHA structure,
which is composed of 4-membered rings (4MRs), 6-mem-
bered rings (6MRs), and 8-membered rings (8MRs). There
are two equivalent ways to construct the CHA unit cell. One
is the hexagonal cell with 36 symmetry-equivalent tetrahe-
dral (T) sites and 72 O atoms. The other one is a rhombo-
hedral cell, which contains 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 different rings of the framework. As
shown in Fig. 1, oxygen O1 belongs to two 4MRs and one
8MR; O2 belongs to one 4MR, one 6MR, and one 8MR; O3
belongs to two 4MRs and one 6MR; and finally, O4 partici-
pates in one 4MR and two 8MRs. As reported by McEwen
et al,® the local coordination of Cu with O gives the same
results when a unit cell with a Si:Al ratio of 11:1 or 35:1
is used. Hence, we will limit ourselves to a Si:Al ratio of
11:1, for which the rhombohedral unit cell is the most
convenient.

In order to obtain an accurate equilibrium volume, a
three-step procedure was performed, as detailed in the ESL}
For the purely siliceous chabazite, this procedure gives an
equilibrium rhombohedral volume of 813.1 A%, which is con-
sistent with previous calculations (see Fig. S11).>°**® In a

5814 | Catal Sci. Technol, 2016, 6, 5812-5829
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Fig. 1 Structure of pure SSZ-13. There are four nonequivalent O sites,
which are labeled by numbers 1-4. The locations of the 4MR, 6MR and
8MR are also displayed. The large and small spheres represent Si and
O atoms, respectively.

rhombohedral unit cell, one Si atom can be replaced by one
Al atom, which results in a deficit of one electron because
the number of valence electrons in Si and Al are 4 and 3, re-
spectively. A Cu' ion can then be used to compensate for this
electron deficit. The Cu” ion can be oxidized further through
interactions with other adsorbates resulting in a change in
its oxidation state. This unit cell is presented as ZCu, where
there is one Al atom in the rhombohedral framework and the
negative framework charge is compensated by a Cu' ion. The
calculated equilibrium volume of ZCu is 823.6 A®, which is
larger than the SSZ-13 zeolite and is also consistent with the
results reported by McEwen et al.® The Cu binding energy is
calculated by

Eb = Ezcu — Essza3 — Ebuik (1)

where E;cu, Fesz13, and Epay are the total energies of ZCu,
ZCu without Cu, and bulk Cu, respectively.

For the molecular adsorption calculations, the unit cell
with NO adsorbed in the ZCu conformation was found to not
change the equilibrium volume. Other adsorbates were stud-
ied in the unit cell using the lattice constants identified for
NO adsorbed on ZCu. Adsorption energies, E,qs, were calcu-
lated by using the following equation:

Eqaqs = Evor = Ezcu = Emol (2)

where Eio, Ezcyu, and Ep, are the total energies of ZCu in the
presence of molecular adspecies, clean ZCu, and the isolated
molecules in the gas phase, respectively. For the 2M_ZCu, M
+ OH_ZCu and M + H,0_ZCu co-adsorption systems (where
M represents either a NO or a CO molecule), the adsorption
energies of NO (or CO) are defined as follows:

Exis = (Eor — E3on "™ = NE)IN 3)

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5cy02252e

Published on 14 March 2016. Downloaded by Washington State University Libraries on 29/08/2016 06:34:09.

Catalysis Science & Technology
where E, EYihout™M and E,, are the total energies of ZCu
with co-adsorbed molecular species, a ZCu catalyst in the ab-
sence of NO and CO, and isolated NO (or CO) molecules in
the gas phase, respectively. N is the number of adsorbed NO
(or CO) molecule(s) in the system. Note that a [Cu®>(OH)]"
product is formed when a neutral OH reactant adsorbs on an
isolated Cu' ion in our calculations, where an electron is
transferred from the Cu" ion to the OH species.

Unless indicated otherwise, the calculations of the theoret-
ical K-edge XANES and the corresponding projected density
of states (PDOS) analyses of Cu in Cu-SSZ-13 were performed
using the CASTEP code.** Note that the core-level spectra are
studied through the electron energy loss spectroscopy calcu-
lations (EELS) within CASTEP.>® EELS and XANES are identi-
cal in principle. In order to avoid confusion, EELS is referred
to as theoretical XANES in this contribution. CASTEP uses
plane wave basis sets and ultrasoft pseudopotentials. The
GGA-PBE*® exchange-correlation functional was used for the
structure optimizations and the XANES analyses in CASTEP.
Note that the calculations of the XANES spectra were not af-
fected whether or not one optimized the unit cell within
CASTEP (see details in Fig. S21). As a result, the unit cell in
CASTEP was not optimized, namely, the unit cell optimized
by VASP was used to calculate the XANES.

Although the PBE, RPBE, and PBEsol functionals are
recommended when performing the XANES calculations, the
results of the theoretical K-edge XANES of Cu in ZCu with Cu
in the 6MR site showed a weak dependence on the exchange-
correlation functional (see Fig. S3T). When the XANES calcu-
lations were performed, ultrasoft pseudopotentials were gen-
erated on the fly*® where one core electron was excited from
the 1s core level when performing core-hole calculations. It
has been demonstrated that the core-hole effect has a signifi-
cant influence on the core level spectra.®® Therefore, the
core-hole effect was accounted in our calculations. All core-
hole calculations were carried out using supercells that are
sufficiently large so as to eliminate the interactions between
periodic images. Previous work recommends a distance be-
tween the images of 8-10 A.2**” The dimensions of the rhom-
bohedral unit cell used in our calculations satisfy this re-
quirement. Energy cutoffs of 550 eV and a k-point grid of (5 x
5 x 5) were used in the calculations of the XANES. Energy
broadening with an instrumental smearing, using the Gauss-
ian method, of 0.6 eV and lifetime broadening of Cu with a
value of 1.55 eV were applied.”® The XANES intensity is pro-
portional to the probability of absorption of a photon by a
core electron.*® It is reported that the calculated PDOS of O
in the final state, which includes the core-hole effect, corre-
lates well with the corresponding O K-edge XANES of
a-Si0,.%° The PDOS from the ground state calculation is quite
different for the PDOS from the final state. Such a difference
can be seen when examining Fig. S41 where we compare the
PDOS of the Cu 4p in its ground state with the corresponding
PDOS of the final state (excited state with a core-hole). As a
result, we will be comparing the PDOS in the final (excited)
state to our computed XANES spectra.

This journal is © The Royal Society of Chemistry 2016
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Results and discussion
Positions of Cu in ZCu

The determination of the exact location of Cu cations in the
zeolite framework and their local environment in the pres-
ence and absence of adsorbates is important for understand-
ing the catalytic properties and the underlying SCR reaction
mechanism. It has been reported that isolated Cu®>* ions are
the active sites in the SCR of NO, with NH; within the
6MR.*>'%2° However, the influence of adsorbates on the Cu
location and coordination has not been extensively investi-
gated. Three possible positions of Cu in ZCu are considered
in this contribution. One is located in the center of a 6MR
and the other two are in the 8MR sites distinguished by
bonding with different O atoms. Note that because of space
restriction, the 4MR was found to be less favorable for Cu
with respect to the 6MR. In addition, when Cu is bound to a
4AMR site, the adsorption of NO shifts it to the 6MR site dur-
ing structure optimization. Therefore, 4MR sites were not in-
vestigated further in this contribution. As shown in Fig. 2, for
the two positions of Cu in the 8MR sites, Cu atoms are
bonded with O1 and O4 atoms or 02 and O4 atoms of the ze-
olite framework, which are labeled as 8MR_O14 and
8MR_021 sites, respectively.

The Cu in the 6MR site was 3-fold coordinated with oxy-
gen, where Cu is bonded to an activated O3 atom to form the
smallest Cu-O bond length of 1.948 A and two non-activated
03 atoms with longer Cu-O bond lengths of 2.004 and 2.363
A, respectively. Here, an activated O atom is denoted as one
that is bonded to an adjacent Al atom and carries most of
the negative charge due to the presence of AI*" in the frame-
work. An attempt was made to let Cu form bonds with two
activated O atoms (O2 and 03), but the final structure
reverted to that shown in Fig. 2 after optimization, where the
Cu site forms bonds with one activated O atom and two non-

( (2013 )

— S~

A A Y e 71 N\ Ny

(b) 8MR_O14 (c) SMR_024
Fig. 2 Local structures of three possible Cu positions: (a) 6MR, (b)
8MR_0O14, and (c) 8MR_0O24 within the ZCu chabazite structure. Cu-O
bond lengths with units of A are indicated in each panel. The legend
for the different atoms is displayed in the center. The different O
atoms are labeled as presented in Fig. 1.
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activated O atoms. The Cu ions in both 8MR sites are 2-fold
coordinated with two activated O atoms. In the 8MR_0O14
site, the Cu-O bond lengths are 1.990 and 2.105 A, while they
are 2.013 and 2.028 A for Cu in the 8MR_024 site. The aver-
age Cu-O bond lengths of Cu in the 8MR_0O14 and 8MR_024
sites are 2.048 and 2.022 A, respectively. As shown in Table 1,
the coordination numbers of Cu in the 6MR and 8MRs are 3
and 2, respectively.

Comparing the properties of Cu in different positions, the
6MR site was found to be thermodynamically the most favor-
able, as shown in Table 1. The 8SMR_O14 and 8MR_024 sites
are slightly less favorable with total energy differences of 0.46
and 0.51 eV, respectively, as compared to the 6MR site. Based
on the Cu binding energy results, Cu in the 6MR site has a
stronger electrostatic interaction with the CHA framework
and has a higher coordination with lattice oxygen atoms. The
Cu binding energies are -1.41, -0.72, and -0.68 eV for Cu in
the 6MR, 8MR_0O14, and 8MR_024 sites, respectively. It is
concluded that for the ZCu conformation, the 6MR site is the
most energetically favorable site, while the 8MR sites are the
second most favorable location for the Cu ions. These results
are fully consistent with experimental discoveries®*>**°
which found that there are two different types of Cu present
in the SSZ-13 zeolite, namely, Cu ions primarily occupying
sites in the 6MR at low Cu loading, while at high Cu loading,
some Cu ions are located in the large CHA cages and are
close to the 8MR. In addition to this result, the integrated
d-state electrons of Cu were found to be 9.7, 9.8, and 9.8 for
Cu in the 6MR, 8MR_014, and 8MR_024 sites, respectively,
when performing a density of states analysis within the VASP
code using the PW91 functional, confirming that the oxida-
tion state of Cu in ZCu is Cu".

The concept of the d-band center is one possible measure
of the reactivity of the transition metals.** The d-band center
of Cu in the 6MR, SMR_0O14, and 8MR_024 sites is -1.58,
-1.70, and —1.61 eV, respectively, as shown in Table 1. There
is a very slight difference between them, which suggests that
the Cu ions in ZCu present similar catalytic properties inde-
pendent of the location. Note that the 8MR sites are more ac-
cessible to reactants because of the increased space.

Molecular adsorption on ZCu

The adsorption properties of reactants, products, and possi-
ble intermediates on the active site are crucial to understand-

Table 1 Properties of possible Cu sites in ZCu. The energy difference is
defined with respect to the total energy of the 6MR site. E, was calcu-
lated by using eqn (1)

ZCu 6MR 8MR_014 8MR_024
Energy difference (eV) 0.00 0.46 0.51

Cu d-band center (eV) -1.58 -1.70 -1.61
Average Cu-O bond length (A) 2.105  2.048 2.022

Cu binding energy E}, (eV) -1.41 -0.72 -0.68
Integrated electrons of d states 9.7 9.8 9.8
Coordination number (CN) 3 2 2

5816 | Catal. Sci. Technol., 2016, 6, 5812-5829
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ing catalyzed reactions. The adsorption of atomic or molecu-
lar species on the active site of Cu-SSZ-13 modifies the
electronic and structural properties of the system, thus affect-
ing its catalytic properties. A detailed knowledge of the mo-
lecular adsorption properties of ZCu is necessary before un-
dertaking a further study on its catalytic properties.
Therefore, we studied the adsorption of the SCR reactants
(NO, NO,, NH3, O,), products (N,, H,0, N,0) and possible in-
termediates (HONO, NO;) on ZCu in this contribution. Note
that a [Cu®*(NO;7)]" product is formed when a neutral NO;
reactant adsorbs on an isolated Cu® ion in our calculations,
where an electron is transferred from the Cu"’ ion to a neutral
NO; species. Although CO and CO, molecules are neither re-
actants nor products in the SCR reactions, they are often
used to study the properties of catalytically active sites and
are always present in the exhaust gas stream under practical
operating conditions. Therefore, the adsorption of CO and
CO, molecules on ZCu was also investigated. In addition, a
humid environment is a more realistic picture of the practi-
cal application of the SCR zeolite, since engine exhausts con-
tain large amounts of water, suggesting that there will be a
large concentration of H,O surrounding the catalyst in the ac-
tual experiments. A few recent studies”*® demonstrated that
Cu ions in the 8MR may form a [Cu®>*(OH)]" complex; there-
fore, the adsorption of OH on ZCu (labeled as OH_ZCu) was
also studied. Knowing the molecular adsorption energies on
Cu in different sites of ZCu is also of vital importance in un-
derstanding the catalytic properties of this catalyst. Table 2
lists the calculated adsorption energies (according to eqn (2))
of these molecules adsorbed on different Cu ions in ZCu.

As shown in Table 2, all molecules adsorbed on the Cu in
the 8MR sites presented stronger adsorption energies as com-
pared to Cu in the 6MR site. The adsorption energy differ-
ence between molecules adsorbed on the Cu in the two 8MR
sites is very small, where the largest difference of 0.18 eV oc-
curs for the adsorption of the HONO intermediate and the
smallest difference is only 0.03 eV for the adsorption of NH;.
Detailed information about the structures of molecularly
adsorbed species in a ZCu conformation can be found in Fig.
S5.f The following discussion provides more details about

Table 2 Molecular adsorption energies in a ZCu conformation with dif-
ferent Cu locations

Adsorbates 6MR 8MR_0O14 SMR_024
NO -1.27 -1.78 -1.69
NO, -0.97 -1.44 -1.56
NH; -1.49 -2.02 -2.05
0, -0.64 -1.06 -1.14
N,O -0.79 -1.27 -1.36
HONO -1.13 -1.52 -1.70
NO; -2.11 -2.49 -2.62
N, -0.81 -1.30 -1.39
H,0 -0.89 -1.57 -1.70
OH -2.61 -3.17 -3.23
CO -1.60 -2.09 -1.99
CO, -0.11 -0.62 -0.69
CO + OH™ -0.29 -0.44 -0.41

This journal is © The Royal Society of Chemistry 2016
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the behavior of molecular adsorption on ZCu. Note that the
GGA functional has difficulty in calculating the adsorption of
NO and NO, and more accurate calculations can be obtained
using a hybrid functional. It is concluded by Goltl et al. that
in studying the adsorption of NO on Cu ions, adsorption en-
ergies calculated with hybrid functionals are lower and more
realistic than those derived in the GGA.>®> However, this does
not affect the energy differences given in Fig. 3, as was
discussed in a previous paper.”* Thus, since one of the main
focus points of the present study is to obtain adsorption en-
ergy differences, our conclusions are not affected by
restricting ourselves to the GGA. Nevertheless, the adsorption
energies of NO and NO, on Cu using the HSE06 functional
have been computed here and the results are shown in Table
S1.f

Among the reactants NO, NH;, NO,, and O, in the NH;
SCR reactions, the NH; molecule has the strongest adsorp-
tion energy. The O, molecule has the weakest binding to Cu,
with an adsorption energy on Cu in the 6MR site being —0.64
eV, which is consistent with a value of —0.65 eV that can be
found in the literature.® As can be seen in Fig. $5,} a side-on
configuration, sometimes denoted as a ZCu(n>-0,) conforma-
tion,*” is the most favorable configuration when an O, mole-
cule is adsorbed on Cu in a 6MR,°® but an end-bound isomer
is the most favorable configuration when an O, molecule is
adsorbed on Cu in an 8MR. The adsorption energies of an O
atom on the Cu ion in 6MR, SMR_014, and 8MR_024 sites
were also calculated. Note that the adsorption energy of an O
atom was calculated with respect to the O, molecule. The
positive adsorption energy of 0.51 eV means that it is energet-
ically unfavorable to dissociate an O, molecule bonded to Cu
in a 6MR. This conclusion is consistent with the results
reported in the literature.®

The adsorption of NO, is more complicated. As studied
using cluster models,"* NO, presents several adsorption con-
figurations on the Cu site. Five configurations of NO,
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Fig. 3 The adsorption energy differences, AE*® (open symbols), and
total energy differences, AE (closed symbols), of Cu in the 6MR and
8MR positions. The subscripts 1 and 2 correspond to the 8MR_014 site
and 8MR_24 site, respectively. The total energy differences of the
clean ZCu conformations with Cu in the 6MR and 8MR sites,
AE$®®and AES'®™", are calculated to be 0.46 eV and 0.51 eV,
respectively, which are shown as dashed lines. Note that the energy
differences with respect to the 8MR_O14 and 8MR_024 sites are
small.
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adsorbed on ZCu with Cu in the 6MR and 8MR sites were sys-
tematically investigated. The NO, adsorption energy values,
as listed in Table 2, are also very similar to those reported on
cluster models, where the adsorption energies were reported
to vary from 1.03 to 1.48 eV depending on the underlying
cluster model that was used.”” Detailed structure and ener-
getic information can be found in Fig. S6 and S7 and Tables
S2 and S3. A comparison of the most favorable configura-
tions for NO, shows that its adsorption configuration de-
pends on whether the Cu ion lies in the 6MR or the 8MR:
bidentate O-bound NO, is the most stable in the SMR, while
bidentate O and N side-bound NO, is the most stable in the
6MR. The adsorption energies of the most favorable configu-
rations for NO, are listed in Table 2. Note that the stronger
binding of NO as compared to NO, is consistent with earlier
cluster models, which also found a stronger binding of NO
on Cu’ as compared to NO, on Cu".

The main side product N,O along with the possible inter-
mediates HONO and NO; in NH; SCR were found to have
intermediate to strong interactions with ZCu. The N,O mole-
cule has relatively strong adsorption energies. The intermedi-
ate HONO has similar adsorption energies, as also displayed
in Table 2. NO;™ has the strongest interaction with Cu. Note
that three NO;™ configurations were investigated on a Cu site,
namely, a monodentate nitrate with the N atom bound to Cu,
a monodentate nitrate with the O atom bound to Cu and a
bidentate nitrate with two O atoms bound to Cu. Only the
bidentate configuration of two O atoms bound to Cu is sta-
ble, as shown in Fig. S5.f This configuration is consistent
with the proposed structure of Cu**-NOj;” in the recent work of
Beato and coworkers."’

For OH_ZCu, OH interacts very strongly with the Cu ion
because of its strong oxidizing power. The change in oxida-
tion state of Cu with OH adsorption was verified by integrat-
ing the d-state electrons of Cu within the VASP code. The
integrated d-state electron of Cu in the 8MR_0O14 site was
9.2, which means that Cu is oxidized by OH from Cu’ to
Cu**. This implies that the formation of the [Cu>*(OH")]" spe-
cies occurs in this situation and confirms the reported con-
clusion that not all of the Cu”* ions initially present in the ze-
olite are balanced by two Al atoms.’® Some Cu®" ions can
certainly stay in the form of a nominal monovalent
[Cu**(OH)]" species,”*”** which balances the negative charge
created by one Al atom within the zeolite. It is reported that
the Cu'/Cu®* redox reaction occurs during the NH;-SCR
reaction.”””'> The OH group may play an important role in
the Cu’/Cu® redox reaction due to the oxidation of a Cu" ion
to a Cu®* ion. In addition, the adsorption of OH stabilizes
the Cu ion within the 8MR site making this site more favor-
able as compared to the 6MR. This result supports the pro-
posed location of Cu next to the 8MR reported by Gao et al.’

Out of the spectator species CO and CO,, the adsorption
energies of CO on the [Cu®>’(OH)]" species are -0.29, —0.44,
and -0.41 eV for the 6MR, 8SMR_014, and 8MR_024 sites, re-
spectively, as shown in Table 2. These results demonstrate
that CO interacts weakly with Cu®". In the presence of both
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Cu*" and Cu", CO interacts selectively with Cu” ions. As such,
CO can be used to probe the properties (e.g. location and lo-
cal environments) of Cu* ions."” As shown in Table 2, CO
strongly adsorbs on the Cu’ sites in a ZCu conformation.
However, the adsorption of CO, on the ZCu sites is much
weaker.

In order to understand the thermodynamic stability of
ZCu with adsorbates, the adsorption energy differences and
the total energy differences between Cu in the different Cu
sites (MR, 8MR_0O14, 8MR_024) were compared. The total
energy differences between Cu in the 8MR and the 6MR, AE,
and AE,, are defined as follows:

AE; = Egmr o014 — Eemr  and  AE, = Egyg_ o024 — Eemr~ (4)

where Egvr, Esmr o014, a0d Egyr_o24 are the total energies of
the ZCu conformation in the presence of one of the species
given in Table 2 adsorbed on a Cu ion that is located in the
6MR, 8MR_0O14, and 8MR_024 positions, respectively. We
compare these results to AES®™ and AES®*™, the correspond-
ing energy differences between the 8MR and 6MR in the ab-
sence of adsorbates. On the other hand, the adsorption en-
ergy differences, AE?S for Cu located in one of the SMR sites
and the 6MR site are defined as follows:

ads _ pads ads ads _ pads ads
AE{™ = Egmr o014 — Eemr  and  AE>™ = Egmr_o24 — Esmr  (5)

where E3% ng,[stoM, and EZ{?,?KOM are the adsorption ener-
gies (as given by eqn (2)) of one of the species given in
Table 2 adsorbed on a Cu ion that is located in the 6MR,
8MR_014, and 8MR_024 positions, respectively.

As shown in Fig. 3, the total energy differences, AE; and
AE,, of molecularly adsorbed ZCu are smaller than those of
clean ZCu, i.e. AES®™ and AES®®". This implies that the ad-
sorption of reactants, intermediates, products, and spectators
decrease their energy differences between Cu in the 8MR and
6MR sites of ZCu. For example, AE; and AE, for NO adsorp-
tion on ZCu are -0.05 and 0.09 eV, respectively, which de-
creased by 0.51 and 0.42 eV with respect to clean the ZCu
conformations. In addition, AE; and AE, distribute evenly
around an energy difference of 0 eV, except for H,O adsorbed
ZCu. This means that the thermodynamic stability of molecu-
larly adsorbed ZCu is almost the same for each of the differ-
ent Cu sites. When considering the adsorption of H,0, AE,
and AE, are —0.23 and —0.30 eV, respectively, which are the
largest energy differences among all the adsorbates studied here.
These values suggest that the most favorable position of Cu
shifts from the 6MR for clean ZCu to the 8MR sites for ZCu
with H,O adsorption. The adsorption of H,O on ZCu also
gives the largest adsorption energy differences, as shown in
Fig. 3, which are -0.69 and -0.81 eV for Cu in the 8SMR_014
and 8MR_024 sites, respectively. Further discussion regard-
ing the adsorption of H,O on ZCu will be provided later in
this contribution. As mentioned above (Table 2), stronger ad-
sorption energies are realized for adsorption on Cu ions in
the 8MR as compared to their counterparts located in the
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6MR. As shown in Fig. 3, the distribution of AE%S and AE3®,
as defined in eqn (4), cancels to a large extent the adsorption
preference in the 6MR of a bare Cu species (AE{*™ and
AE;'ea“), except for the adsorption of H,O. As a result, AE;
and AE,, the total energy differences between the 8MR and
6MR configurations as defined in eqn (5), are close to zero in
the presence of most adsorbates studied here. Hence, one
should consider the total energy differences between Cu in
the 8MR and the 6MR sites in the presence of adsorbates
when comparing the stability of these adsorption sites.

In order to understand the largest total energy differences
between Cu in the 8MR and 6MR sites found during H,O ad-
sorption on ZCu, the local structures are further examined.
As shown in Fig. 4, Cu forms strong bonds to the lattice O3,
04, and 04 atoms when Cu is located in the 6MR, SMR_014,
and 8MR_024 sites, respectively. There is also a weak interac-
tion between Cu and lattice 02, O1, and O2 atoms with lon-
ger distances. The Cu also forms a bond to the O atom of the
H,O molecule with small bond distance differences between
the three configurations. The two H atoms of H,O interact
with the lattice O atoms in both 8MR configurations, while
only one H atom of the H,O interacts with the lattice O atom
for the 6MR configuration. The different interactions between
the H atoms in the H,O molecule and the lattice O atoms re-
sult in the large total energy difference between the 8MR and
6MR configurations.

Other local structures of Cu in the 6MR, SMR_014, and
8MR_024 sites with molecular adsorption are presented in
Fig. S5.1 Note first that H,O and NH; adsorption results in
more complicated structures. Adsorption of both molecules
results in the maintenance of only one Cu-O bond with a
framework O atom when Cu is in the 6MR and 8MR_024
sites. Although Cu in the 8MR_0O14 site remains 2-fold coor-
dinated to O atoms in the framework, the distance between
Cu and one of the lattice framework O atoms is longer (2.374
and 2.346 A for H,0 and NH; adsorption, respectively). Fur-
thermore, NH; has a stronger interaction with Cu than H,0,
which can be seen by comparing the NH; ZCu and the
H,0_ZCu adsorption energies given in Table 2 when Cu is lo-
cated in the 6MR and the 8MR sites. These results are consis-
tent with the ones reported by Paolucci et al.**

0*%0 o%

ij’;l'wh 2516k 0y 805
@1,876 O @;ﬂ‘ . 19;%
¥ 2% \ ¢

i OO0
O,O 'Qoﬁ'

6MR 8MR_O14 SMR_024

Fig. 4 Local structures of H,O adsorbed in a ZCu conformation when
Cu is located in the 6MR, 8MR_0O14, and 8MR_024 sites. The small
white spheres represent H atoms. The color coding for the other
spheres and the given distances are the same as in Fig. 2 and 3.
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For other molecules, binding with adsorbates also
weakens the binding of Cu with the zeolite framework. In the
clean ZCu conformation with Cu in the 6MR site, Cu is 3-fold
coordinated to O atoms in the framework. Upon molecular
adsorption, only two bonds to the O2 and O3 atoms adjacent
to the Al atom are preserved. In addition, Cu moves from an
almost planar position within the 6MR to a position above
the ring. For Cu in the 8MR sites, it remains 2-fold coordi-
nated to O atoms in the framework upon molecular adsorp-
tion, which are adjacent to the Al atom. As a result, Cu main-
tains a coordination number of 3 upon molecular adsorption
despite its location in the 6MR, 8SMR_014, or SMR_024 site.
The analysis of the changes in the geometry (see Fig. S5t)
shows that Cu in all sites possess the same coordination
number and almost the same Cu-O and Cu-M (M denotes
molecule) bond lengths in the presence of adsorbates, which
results in nearly identical energetic stabilities (as shown in
Fig. 3) of molecularly adsorbed species in the ZCu conforma-
tion with Cu in different sites.

Molecular co-adsorption on ZCu

The molecular adsorption shown above only considers the
simplest situation, ie. adsorption of a single molecule (or
OH™ and NO;") on a Cu site. Under practical NH;-SCR reac-
tion conditions, adsorption complexes with more than one li-
gand on each Cu-ion site are expected. The following calcula-
tions attempt to address such complexities. Namely, NO and
CO adsorption are considered under two conditions: (1) at
high NO (or CO) pressure via the co-adsorption of 2 NO (or 2
CO) and (2) in the presence of other ligands (i.e. OH and
H,0).

For the co-adsorption of 2 NO on Cu in the 6MR and 8MR
sites, the 2 NO molecules weaken each other's adsorption en-
ergy as compared with the adsorption of a single NO mole-
cule. As shown in Table 3, the adsorption energies per NO of
2NO_ZCu with Cu in the 6MR, SMR_0O14, and 8SMR_024 sites
present energy differences of 0.19, 0.53, and 0.45 eV with re-
spect to the corresponding values of NO_ZCu. Co-adsorption
with OH shows that the adsorption of NO becomes slightly
stronger for Cu on the 6MR site, while it weakens the adsorp-
tion of NO on Cu on the 8MR sites. As shown in Fig. S8, the
enhanced effect of OH on the adsorption of NO on Cu in the
6MR can be understood from the formation of HONO. Except

Table 3 Calculated adsorption energies of NO and CO under different
conditions, namely, single molecule adsorption (M_ZCu), co-adsorption
of 2 molecules (2M_ZCu), and co-adsorption of OH (M + OH_ZCu) and
H,O (M + H,O_ZCu), according to egn (3). Here, M represents NO or CO

Adsorbed Ead: (V) Ead (eV)

system 6MR 8MRO14 8MRO24 6MR 8MRO14 8MRO24
M_ZCu -1.27 -1.78 -1.69 -1.60 -2.09 -1.99
2M_ZCu -1.08 -1.25 -1.24 -0.79 -1.41 -1.42
M+ OH_ZCu -1.31 -1.03 -1.02 -0.29 -0.44 -0.41

M + H,O_ZCu -0.65 -0.84 -0.72 -0.94 -1.16 -0.99

This journal is © The Royal Society of Chemistry 2016
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for the formation of the N-Cu bond with a bond length of
2.045 A, the N atom in NO also forms a bond with the O
atom in OH with an N-O bond length of 1.895 A when Cu is
in the 6MR site. For the NO + H,O_ZCu conformation, H,O
coadsorption results in the weakest adsorption energy of NO,
as listed in Table 3. However, as can be seen in Fig. S8,i the
co-adsorption of H,O stabilizes Cu in the 8MR sites as the
most favorable NO adsorption sites, with total energy differ-
ences, AE, of —0.41 and -0.37 €V relative to the 6MR. This sta-
bilization of the 8MR sites in the presence of H,O is in con-
trast to the 2NO_ZCu and NO + OH_ZCu cases, where Cu in
the 6MR site is more favorable than Cu in the 8MR sites
based on the positive value of the total energy differences AE
(see Fig. S87).

The adsorption of CO presents a similar co-adsorption be-
havior to NO under various conditions. When compared with
the adsorption of a single CO molecule, the co-adsorption of
2CO molecules and the co-adsorption of either CO with OH
or CO with H,O results in the weakening of the adsorption
energy of the CO molecule on ZCu in its three locations. As
can be seen from Table 3, co-adsorption of CO with OH re-
sults in the greatest weakening effect on the interaction be-
tween CO and Cu. As shown in Fig. S8, the Cu-C bond
length is longer in the CO + OH_ZCu conformation than that
in the CO_ZCu conformation. Note that for the 2CO_ZCu
conformation, only one CO is adsorbed on Cu in the 6MR
site while the other CO molecule is located in the gas phase
within the zeolite. This difference explains the very large total
energy differences, AE, observed between 2CO_ZCu in the
8MR and 6MR sites, where the AE values are —-0.79 and -0.76
eV for Cu in the 8MR_0O14 and 8MR_024, respectively, as
compared to Cu in the 6MR site. Finally, in contrast to the
NO + OH_ZCu conformation, the co-adsorption of OH with
CO in the 8MR is more favorable than their co-adsorption in
the 6MR site. Overall, the results of the CO + OH_ZCu calcu-
lations are consistent with previous knowledge since the
interaction between Cu’ and OH results in the oxidation of
Cu’ to Cu®" while the interaction between CO and Cu®" is
known to be very weak.'>'®

Theoretical K-edge XANES of Cu in Cu-SSZ-13

As is well known, an analysis of the XANES spectra can pro-
vide a fingerprint of a particular structure for species
identification.***° The K-edge XANES of Cu in bulk Cu,
Cu,0, CuO, [Cu(NH;),*" and [Cu(H,0)s]*" is calculated first
in order to verify our calculation and analysis method. The
calculation details can be found in section 7 of the ESILj As
shown in Fig. 5a, these computational results are consistent
with the experimental results,® demonstrating the reliability
of the calculation setups used here. Please note that the com-
putational edge position of XANES is defined here as the en-
ergy where the first derivative of the XANES intensity is maxi-
mum. However, the determination of the experimental edge
position is often complicated by the presence of struc-
tured “pre-edge” and “edge-rising” peaks corresponding to
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Fig. 5 (a) Comparison of the Cu XANES K-edge positions for several
Cu reference species. The structures of Cu (1 x 1 x 1), Cu,0 (1 x 1 x 1),
and CuO (1 x 1 x 1) unit cells, as well as the [Cu(H»O)¢l?*, and
[Cu(NH3)4(H,0),]2* species in a box of 10 A are shown in the figure. (b)
Computational results of the Cu K-edge XANES with an absolute inten-
sity scale for different Cu reference species.

transitions to an empty bound state.** As such, the edge posi-
tion determined in Fig. 5a is usually denoted as the edge-
rising peak in the literature if the peak lies in the 8983-8984
eV range." In addition, a direct comparison between experi-
ment and theory with regard to the Cu K-edge XANES spectra
of bulk Cu, [Cu(NH3)4(H,0),]** and [Cu(H,0)¢]*" can be found
in Fig. S9.7 Additional comparisons between these reference
compounds and other possible conformations not shown in
Fig. 5a are made in Fig. S9t1 as well. In particular, since the
[Cu(H,0)s]*" experimental reference compound is prepared
by dissolving Cu**-nitrate with H,O, we also compare the ex-
perimental XANES spectrum to Cu(H,0)¢(NO;), in the ESL{>°
Similarly, taking the Cu®**-nitrate and adding a large excess of
NH,OH synthesizes the Cu tetraamine experimental refer-
ence. As a result, we compare the XANES spectrum for this
Cu tetraamine reference compound to that for
Cu(NH,3)4(NO3), in the ESIf as well.”* As for the Cu,0 and
CuO reference compounds, further discussion will be given
in the following paragraph. Fig. 5b shows computational re-
sults for the Cu K-edge XANES without intensity normaliza-
tion. It is found that the maximum intensity of the main
peak of the Cu K-edge XANES varies with the environment
surrounding the Cu species and follows the order: bulk Cu <
Cu,0 < CuO < [Cu(H0)e** < [Cu(NH;)4(H,0),]**. As men-
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tioned in section 2, the XANES intensity is proportional to
the probability of absorption of a photon by a core electron.?®

Here, the XANES spectrum is analyzed by comparing it to
the PDOS of Cu with a core-hole. Note that it is difficult to
evaluate the transition energy by using the pseudopotential
method;>* therefore, the transition energy of our Cu K-edge
XANES is referenced to the Fermi level.*® In order to compare
the computational and experimental XANES on the same en-
ergy axis, a reported Cu 1s energy level of 8978.9 eV (ref. 53)
is used to shift the energy axis of the computational Cu
K-edge XANES. Then, the energy axis is translated from rela-
tive values to the absolute ones, which is the incident photon
energy in the experiment.

Using Cu,0 and CuO as examples, Fig. 6 shows the experi-
mental and computational K-edge XANES of Cu in Cu,O and
CuO, as well as the corresponding 4p PDOS of Cu in its ex-
cited state for both oxides. As shown in Fig. 6a and b, the Cu
K-edge XANES corresponds to the 4p component of Cu with a
core-hole. The 4p peak of CuO, located in the energy range
spanning from 8980 to 8985 eV, is at a higher energy value
than that of Cu,O. This correlates well with the fact that the
Cu in CuO has a higher oxidation state. In addition, the
intensity variation of the peaks in the Cu K-edge XANES for
Cu,0 and CuO also correlates well with the peak heights in
4p PDOS. Although there is a slight edge position difference
between the computational and experimental XANES for
CuO, as shown in Fig. 6b and c, the computational XANES
generates similar features as seen in the experimental
XANES. From such a comparison of the computational Cu
K-edge XANES with the experimental ones for bulk Cu, Cu,O,
CuO, [Cu(NH,),]**, and [Cu(H,0)¢]*", it can be concluded that
the XANES calculations shown here reach good qualitative
agreement with experimental results from the literature. In
addition, the calculated 4p PDOS of Cu in its excited state al-
lows one to gain further insight into the XANES Cu K-edge
spectra.
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Fig. 6 (a) The 4p PDOS of Cu in its excited state (Cu with a core-hole)
for the Cu,O (solid line) and the CuO (dashed line) oxides. The (b)
computational and (c) experimental K-edge XANES of Cu in the oxides
of Cu,O (solid line) and CuO (dashed line). The vertical dotted line rep-
resents the Fermi level.
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Several theoretical XANES results of the Cu’ species will
be discussed in detail, starting with the theoretical Cu K-edge
XANES of clean ZCu with Cu in the 6MR, SMR_014, and
8MR_024 sites (see Fig. 2). As shown in Fig. 7b, there is a
small peak in the 8978 to 8980 eV energy range of the XANES
spectra of Cu in both 8MR sites, which is not present in the
corresponding XANES when Cu is in the 6MR site. This result
is in agreement with the recent theoretical XANES modeled
by Lamberti and coworkers.”> The “white line” position in
the XANES spectra of Cu in the 6MR site is higher than that
of Cu in the 8MR sites by a small energy difference of ~0.5
eV. On the other hand, the XANES edge positions of Cu in
the 6MR and 8MR sites nearly overlap. As a result, the pres-
ence of the small peak feature for Cu in the 8MR sites does
not necessarily correlate with Cu in the Cu’ oxidation state,
as was previously inferred in the literature when analyzing
the experimental XANES spectra.® Rather, it is the edge posi-
tion that correlates well with the oxidation state of Cu in the
different sites, since both Cu species in the 6MR and the
8MR as examined here have the same oxidation state and the
same edge position.

The Cu XANES spectra difference can be correlated to a 4p
PDOS analysis of the excited states of Cu within the empty
band region, as shown in Fig. 7a. The 1s to 4s and 1s to 3d
transitions are forbidden from the dipole selection rules.*®
Therefore, the PDOS of 4s and 3d states are not displayed in
Fig. 7a. As done above, the energy scale of the PDOS with re-
spect to the Fermi level is shifted in order to clearly correlate
the 4p PDOS and XANES spectra. There is an energy gap be-
tween the small peak around 8980 eV and the main peak
around 8984 eV of the 4p states. However, the gap in the 4p
states for Cu in the 8MR sites is larger as compared to when
Cu is located at the 6MR. In addition, the small peak features
in the 4p PDOS for Cu in the 8MR sites are larger than those
in the 6MR site. As a result, the small peak feature in the
XANES spectra when Cu is located in the 8MR site is gener-
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Fig. 7 (a) The calculated PDOS of the excited Cu 4p state and (b) the
computational Cu K-edge XANES in the 6MR (solid lines), 8MR_O14
(dashed lines), and 8MR_024 (dotted lines) locations for clean ZCu.
The vertical dotted line at 8978.9 eV shows the Fermi level.
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ated by a 1s to 4p transition, while the XANES of Cu in the
6MR does not have such a small lower-energy lying peak. It is
concluded that the presence of the small peak feature around
8980 eV in the theoretical XANES results originates from the
small peak in the 4p PDOS, which is non-negligible when Cu
is located in one of the 8MR sites.

Furthermore, the orbital distribution of the different
peaks when Cu is located in the 6MR and 8MR sites is ana-
lyzed, as displayed in Fig. 8. As shown in Fig. 7, no apparent
difference is found between the two 8MR sites with respect to
their PDOS and XANES. Therefore, in Fig. 8, only the PDOS
for Cu in 8MR_014 is shown to compare with that for Cu in
the 6MR site. This confirms that the Cu 4p state contributes
significantly to the main peak around 8984 eV when Cu is lo-
cated in the 6MR and 8MR, where the orbital distributions
shown in Fig. 8 correlate well with that of a 4p, orbital. The
different contributions of the 4p state for Cu in the 6MR and
8MR sites affects the orbital shape, as shown in the left inset
of Fig. 8: the orbital distribution of Cu in the 6MR is more
symmetrical than that of Cu in 8MR. These results imply that
the XANES features are also influenced by the coordination
number and geometry of the Cu ion.

Upon NO adsorption, the Cu K-edge position becomes in-
dependent of the Cu location, as shown in Fig. 9b. This corre-
lates well when comparing the NO_ZCu structures shown in
Fig. S5.7 Indeed, in each configuration, Cu is 3-fold coordi-
nated and bound to two lattice O atoms and the N atom of
the NO molecule. The Cu-O and Cu-N bond lengths vary
only slightly when the Cu locations change, as shown in Fig.
S5. In addition, the 4p empty state of Cu is also independent
of the Cu locations, as shown in Fig. 9a. These results dem-
onstrate that upon NO adsorption, Cu in the 6MR and 8MR
sites have the same oxidation state and nearly an identical
chemical environment. This is in contrast to when a bare Cu
is located in the 8MR and the 6MR, where the coordination
numbers differ for Cu ions in the two locations. As shown in

=

6MR

o
n

PDOS (state/eV)
i
[E=

—
(=)

0.5 ; ; y SMR_O14
L int
8.97 8.98 8.99 9.00

Photon energy (keV)

Fig. 8 The PDOS of Cu in its excited state. The PDOS of the 4s
(dashed lines) and 4p (dotted lines) states are plotted. The iso-surface
value of the orbital distribution is 0.04 electrons per A3. The vertical
dotted line at 8978.9 eV presents the Fermi level.
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Fig. 9 (a) The calculated PDOS of the excited Cu 4p state and (b) the
computational K-edge XANES of Cu in the 6MR (solid lines), 8SMR_O14
(dashed lines), and 8MR_0O24 (dotted lines) locations for NO_ZCu. The
vertical dotted line at 8978.9 eV shows the Fermi level.

Fig. 9b, a small shoulder around 8980 eV also appears in the
K-edge XANES of Cu. This shoulder can be assigned to the
small peak found in the 4p PDOS in the same energy range,
which becomes convoluted with the main peak around 8984
eV when one computes the corresponding XANES spectra.
Note also that the intensities of the main XANES peak corre-
late very well with the corresponding peak heights in the 4p
PDOS.

An identical analysis is applied to ZCu with CO adsorption
on Cu. The results of the Cu K-edge XANES and the excited
Cu 4p states for the CO_ZCu configurations are shown in
Fig. 10. In this case, the small peak feature around 8980 eV
of the Cu K-edge XANES correlates nicely with the 4p states
peak. Because CO and N, molecules have similar electronic
structures, the Cu K-edge XANES of CO_ZCu and N,_ZCu ap-
pear similar, even though CO binds more strongly to the Cu
site than N, (Table 2). The results for the Cu K-edge XANES
and PDOS empty band for N,_ZCu can be found in Fig. S10.}

2
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Fig. 10 (a) The calculated PDOS of the excited Cu 4p state and (b) the
corresponding K-edge XANES of Cu in the 6MR (solid lines), 8MR_O14
(dashed lines), and 8MR_0O24 (dotted lines) sites for the CO_ZCu
conformation. The vertical dotted line at 8978.9 eV is the Fermi level.
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By analyzing the orbital distribution, further insight into
the origin of the small peak around 8980 eV in the XANES
can be gained, as shown in Fig. 11. Fig. 11a displays the
PDOS of the 2p state for CO and the excited 4p state for Cu
in the CO_ZCu conformation, as well as the corresponding
orbital distribution. Because the XANES and the PDOS of Cu
in the CO_ZCu conformation are independent of the Cu loca-
tion, only the analysis for Cu in the 8MR site is shown. It is
found that the splitting of the 4p state of Cu is induced by
the interaction between Cu and the CO molecule. Specifically,
the 2n* orbital of CO induces a peak in the 4p state distribu-
tion for Cu close to the Fermi level, which is reflected by a
small peak around 8980 eV in the XANES. Experimentally,
the Cu K-edge XANES spectra in the presence of CO under
different conditions were measured.'® Fig. 11b shows the ex-
perimental XANES spectrum of the CO-reduced Cu-SSZ-13
sample in a CO/He stream at 25 °C. The weak feature cen-
tered around 8980 eV found experimentally has been pro-
posed to represent the Cu’ ions containing CO in their coor-
dination environment.'® Using the simple model structure of
CO_ZCu shown in Fig. 11b, this feature is reproduced com-
putationally. This progress achieved on understanding the
computational Cu K-edge XANES by the PDOS and orbital
distribution of Cu ions can, therefore, be used to better un-
derstand the features found in the experimental XANES. It is
important to remark, however, that experimentally it is diffi-
cult to obtain a Cu-SSZ-13 sample with only Cu’ sites. The
fact that the white line intensity and the shape of computa-
tional XANES are not identical to the experimental ones may
be understood from the presence of Cu>" in practical Cu-SSZ-
13 samples. In addition, the modelling limitations could also
have a significant impact on the direct comparison between
computational and experimental XANES.>*

As shown in Fig. 7, 9, and 10, the peak intensity maxima
in the Cu K-edge XANES vary slightly with the different Cu lo-
cations. Among all the ZCu systems studied, the H,O_ZCu
and NH;_ZCu systems show the largest intensity variations
for different Cu locations, as shown in Fig. 12 and 13. In the
H,0_ZCu configuration, the maximum intensity of the Cu
K-edge peaks in the 6MR and 8MR_024 sites is almost twice
that of Cu in the 8MR_014 site. The edge positions also vary
slightly with different Cu locations, which are 8983.12,
8983.48, and 8983.29 eV for Cu in the 6MR, SMR_0O14, and
8MR_021 sites, respectively. The edge position shifts with re-
spect to Cu in the 6MR site are 0.36 and 0.17 eV for Cu in the
8MR_0O14 and 8MR_024 sites, respectively. Note that such
small changes in edge position may not be of practical signif-
icance since experimental resolutions for XANES are only
about ~1 eV. K-edge peak intensity differences caused by
configuration variations are more important here.

On the other hand, the XANES spectra of the NH;_ZCu
conformation with Cu located in the S8MR_0O14 and 8MR_024
sites are almost identical, while having Cu in the 6MR site re-
sults in the largest peak intensity, as shown in Fig. 13. Such a
strong peak intensity is consistent with several experimental
XANES studies on ammonia adsorption on Cu-zeolites that

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5cy02252e

Published on 14 March 2016. Downloaded by Washington State University Libraries on 29/08/2016 06:34:09.

Catalysis Science & Technology

4

View Article Online

Paper

PDOS (state/eV)
N

——4p of excited Cu
——2p of adsorbed CO

_
o o

experimental XANES
computational XANES

Normalized intensity (a.u.)
(@)
i

o
0o
o
N

8.98

8.99 9.00

Photon energy (keV)

Fig. 11 (a) The PDOS of the 2p state of CO and the 4p state for the excited Cu in the CO_ZCu conformation when Cu is located in the 8MR_O14.
The orbital distributions of the peaks in the PDOS are also shown. The iso-surface value is 0.04 electrons per A. The vertical dotted line at 8978.9
eV is the Fermi level. (b) Comparison of the computed XANES spectrum for the structure model shown in the inset (CO_ZCu with Cu in the
8MR_014) and the experimental XANES spectrum of the CO-reduced Cu-SSZ-13 sample in a CO/He stream at 25 °C.*®

were reported in the literature.">*®*” The edge position of

the NH;_ZCu conformations shifts with different Cu loca-
tions with extents of 0.57 and 0.48 eV when comparing the
edge position of the 6MR to the 8MR_0O14 and 8MR_024 Cu
sites, respectively. It is also found that the white line of the
Cu K-edge XANES for the NH;_ZCu conformation is located
at a photon energy of around 8983 eV.

A number of insights can be gained into the H,O_ZCu
and NH;_ZCu XANES results through an analysis of the corre-
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Fig. 12 (a) The calculated PDOS of the Cu 4p excited state and (b) the
computational K-edge XANES of Cu in the 6MR (solid lines), 8SMR_O14
(dashed lines), and 8MR_0O24 (dotted lines) locations for the H,O_ZCu
conformation. The vertical dotted line at 8978.9 eV shows the Fermi
level.
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sponding PDOS for the excited Cu 4p state, as shown in
Fig. 12a and 13a. Therefore, in addition to the variation of
the edge position, the intensity of the maximum peak is also
an important parameter since it varies with the location of
Cu.

The strong intensity of the peak around 8983 eV in the
XANES for H,0_ZCu (or NH;_ZCu) is due to the linear config-
uration of the Cu” ion. In the literature, it is known that the
Cu' ion with a linear configuration has an unusually high
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Fig. 13 (a) The calculated PDOS of the Cu 4p excited state and (b) the
computational K-edge XANES of Cu in the 6MR (solid lines), 8SMR_O14
(dashed lines), and 8MR_0O24 (dotted lines) locations for the NH3_ZCu
conformation. The vertical dotted line at 8978.9 eV shows the Fermi
level.
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edge-rising peak, which surpasses the intensity of the white
line around 8994 eV.'>*™* Indeed, in a study of Cu-sites in
metalloproteins by Kau et al., it was found that the high inten-
sity of the edge-rising peak is because of the doubly degenerate
4p,, final state while the white line is a 1s to 4p, transition.

Representative Cu K-edge XANES in the presence of
HONO, N,0, NO,, NO;", O,, and OH can be found in Fig.
S11.7 It is found that the edge position and intensity of the
maximum peak of the Cu K-edge XANES depends on both
the Cu locations and the nature of the adsorbed molecules.
Finally, it is worth noting that our computational XANES re-
sults for the NO, ZCu and NO;_ZCu conformations, as
shown in Fig. S11,f have a shoulder peak around 8986 eV,
which are consistent with the experimental XANES reported
by Beato and coworkers."°

Next, the computational XANES for Cu-SSZ-13 with various
chemisorbed model species are compared to the experimen-
tal spectra obtained under standard and fast SCR conditions.
Fig. 14a shows an experimental XANES spectra of 2.1 wt%
Cu-SSZ-13 under standard and fast SCR conditions at 473 K.
Details of the experimental procedure can be found else-
where.® The main difference between the XANES under stan-
dard and fast SCR conditions is that there is a peak around
8982.5 eV in the XANES spectrum under standard SCR condi-
tions, while there is no corresponding peak under fast SCR
conditions. As described in the literature,® several structures
were assigned to the different peaks. As shown in

View Article Online
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Fig. 14b and c, the computed Cu K-edge positions for the H,-
O_ZCu and 20H_ZCu structures correlate well with the fea-
tures in the XANES spectra that were assigned previously:®
the edge positions of the Cu®" species for the 20H_ZCu struc-
ture is located at a higher energy than that of the Cu" species
for the H,O_ZCu structure. Furthermore, more possible con-
figurations of clean_ZCu and NH;_ZCu for Cu’ species and
OH_ZCu and NO;_ZCu for Cu®* species are considered. The
calculated Cu K-edge XANES for these structures are also
shown in Fig. 14b and c¢. When examining all these possibili-
ties, it is found that the main contribution to the peak in re-
gion 1 of the experimental XANES spectrum under standard
SCR conditions is mainly due to Cu" species with linear coor-
dination geometries. In particular, the simulated XANES for
the H,O_ZCu and NH;_ZCu conformations have a very strong
peak around 8983 eV. The intensity of this peak is two times
stronger than that of a “bare” ZCu conformation (the main
peak around 8983 eV in Fig. 7). The regions marked 2 and 3
in Fig. 14a have almost the same experimental features under
standard and fast SCR conditions. As can be seen from
Fig. 14c, the main contributions to these regions are from our
model Cu®* species under chemisorption conditions. There-
fore, these results support the conclusion that mixed Cu’ and
Cu*" oxidation states are present under standard SCR condi-
tions, while Cu** species dominate under fast SCR condi-
tions.® Note that the present study only focuses on Cu sites
charge compensated with a single Al atom. For the situation
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Fig. 14 (a) Experimental Cu K-edge XANES of 2.1 wt% Cu-SSZ-13 under standard and fast SCR conditions at 473 K.® The three peak regions la-
beled as 1, 2, and 3 are shaded to guide the eyes. Computational Cu K-edge XANES of different (b) Cu* and (c) Cu®* species in the 6MR site.
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where Cu is charge compensated by two Al atoms, other possi-
ble Cu** species could also contribute to regions 2 and 3.

Our computational XANES results also provide an alterna-
tive explanation of the experimental results that the reduc-
tion of Cu in the presence of NH; and NO is characterized by
a strong peak around 8983 eV.'* Indeed, by comparing the
XANES spectrum of a bare Cu” ion and that of a Cu" ion in
the presence of NH;, no change in the oxidation state of Cu
is observed. However, there is indeed a dramatic increase in
the peak height around 8983 eV when NH; is present. Similar
observations in experimental XANES have been attributed to
an increase in the number of Cu’ sites in the presence of
NH,.'**® The computational results, however, show that the
XANES intensity is sensitive not only the oxidation state of
the Cu ion but also to the nature of the adsorbates since this
equally alters the corresponding PDOS. More importantly,
the linear coordination geometry and the coordination num-
ber of the Cu ion determine the high intensity of the peak
around 8983 eV for a Cu’ ion."®**° As a result, the simulta-
neous presence of such an edge-rising transition at 8983 eV
complicates the reliable determination of the edge position
and hence the determination of the oxidation state of Cu. For
this reason, a robust experimental tracking of the Cu oxida-
tion state is often also performed by monitoring the weak
dipole-forbidden pre-edge peak at 8978 eV,** mostly rising
from 1s to 3d transition in Cu®*. Although such dipole-
forbidden transitions are not taken into account here in our
calculations, experimentally it represents an unambiguous
fingerprint for the presence of Cu** in the probed system.

To further mimic the experimental conditions,"””'® the Cu
K-edge XANES of the ZCu conformation in the presence of
several NO (or CO) species were investigated. In addition, the
influence of other common ligands (i.e. OH and H,0) on the
XANES spectrum was also investigated. The comparison of
the Cu K-edge XANES for the clean ZCu, NO_ZCu, 2NO_ZCu,
NO + OH_ZCu, and NO + H,0O_ZCu conformations is
displayed in Fig. 15, where Cu is located in the 6MR and
8MR_014 sites with the corresponding conformations given
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Fig. 15 The K-edge XANES of Cu in several ZCu conformations with
different Cu locations (6MR and 8MR_0O14) under different situations,
namely, clean, NO adsorption, 2NO adsorption, co-adsorption of NO
with water, and co-adsorption of NO with OH. The same plot for Cu in
the 8MR_024 site can be found in Fig. S12;
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in Fig. S8F The spectra for Cu located in the 8MR_024 site
are shown in the ESL}

In spite of the different Cu locations, adsorption of addi-
tional species generally results in a shift in the edge position
and the white line to higher energies and a decrease in the
intensity of the white line. The edge position follows the or-
der (from low to high energy): clean < NO < NO + H,0 <
2NO < NO + OH. In particular, the adsorption of 2 NO mole-
cules results in a shift in the edge position of the Cu K-edge
XANES to higher energy, as compared to the NO_ZCu confor-
mation, where the energy shifts are 1.12 and 1.34 eV for Cu
in the 6MR and 8MR_O14 sites, respectively. The NO +
OH_ZCu conformation represents a situation where Cu pre-
sents itself as Cu®>".”> When considering different Cu loca-
tions for the NO + OH_ZCu conformation, the edge position
of Cu in the 8MR site is at a higher energy than that in the
6MR site, where the edge position difference is 1.24 eV.

CO is an important probe molecule in studying Cu-SSZ-13.
Recently, Kwak et al. have collected Cu K-edge XANES spectra
during calcination, reduction with CO, and adsorption of CO
and H,O on Cu-SSZ-13.'® The results show a variation in the
oxidation states of the copper species in the zeolite structure
and provide information on the changes in the coordination
environment around Cu ions as they interact with the frame-
work and with different adsorbates (H,O and CO). Analogous
computational studies of the Cu K-edge XANES were
performed for the ZCu system with varying amounts of CO,
as shown in Fig. 16. The influence of water on the XANES
spectrum was also investigated. Similar overall conclusions
for the NO system can be applied to the CO studies except
when 2CO molecules are adsorbed on a Cu ion in the 6MR
site. As mentioned previously, only one CO molecule was
adsorbed on Cu when it is located in the 6MR site when the
2C0O_ZCu conformation was examined, while the other CO
molecule does not bind to the zeolite framework or the Cu
ion. Consequently, the same XANES was obtained for the
CO_ZCu and 2CO_ZCu configurations with Cu in the 6MR
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Fig. 16 The K-edge XANES of Cu for the ZCu systems with different
Cu locations (6MR and 8MR_0O14) under different situations, namely,
clean, CO adsorption, 2CO adsorption, co-adsorption of CO with wa-
ter, and co-adsorption of CO with OH. The same plot for Cu in the
8MR_024 site can be found in Fig. S13.f

Catal Sci. Technol., 2016, 6, 5812-5829 | 5825


http://dx.doi.org/10.1039/c5cy02252e

Published on 14 March 2016. Downloaded by Washington State University Libraries on 29/08/2016 06:34:09.

Paper

site. Another interesting difference between the NO and the
CO systems is that the presence of CO results in a more
prominent small peak feature around 8980 eV in the XANES
spectrum, for which its decrease in intensity correlates well
with the shift in the edge position. Experimentally, during
the procedure of reduction with CO on calcined Cu-SSZ-13,
the edge position decreases with decreasing Cu oxidation
state.'® Kwak et al. proposed that the Cu" ions represented by
the XANES feature at 8980.5 eV are the ones that contain CO
in their coordination environment, while the feature at 8982
eV originates from a CO-free Cu' ion. The computational
XANES for CO_ZCu with the small peak around 8980 eV
(Fig. 11 and 16) and the peak at 8982 eV for clean_ZCu
(Fig. 7) confirm these experimental assignments. In addition,
the co-adsorption of CO with H,O on Cu ions causes the
small peak feature at 8980 eV and its edge (or edge-rising) po-
sition to shift to higher photon energies. Taking Cu in the
8MR_014 site as an example, in the presence of H,O (CO +
H,0_ZCu), the 8980 eV feature and edge position shift to
higher energies by 0.46 and 1.00 eV, respectively, compared
with those of CO_ZCu. These results are in good agreement
with the experimental findings that the accumulation of H,O
on Cu ions leads to a shift in the spectra to higher photon
energies.'®

Next, several species (H,O, O atom, O,, OH, and 20H)
with different oxidizing potentials are used to examine the re-
lationship between the molecular ligand and the Cu XANES
edge position. As can be seen by examining Fig. 17, the edge
positions vary noticeably in the presence of different species
and also display a weak dependence on the Cu locations. Ad-
sorption of H,O results in a more complicated situation be-
cause of the interaction between H,O and the lattice O, as
discussed previously. Overall, one can see in Fig. 17 that the
adsorption of such species results in a shift in the edge posi-
tion to higher energies. The XANES edge shifts with respect
to the corresponding clean ZCu conformations are listed in
Table 4 for Cu in different locations. In addition, the largest
shifts are realized when Cu is in one of the 8MR sites with
adspecies having strong oxidizing potentials (O, OH, and
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Fig. 17 The K-edge XANES of Cu in various ZCu conformations with
different Cu locations (6MR and 8MR_0O14), in the presence of several
adsorbates (H,O, O atom, O,, OH, and 20H) with different oxidizing
power. The same plot for Cu in 8MR_0O24 can be found in Fig. S14.}
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20H). This conclusion is in complete agreement with the
reported experimental DRIFTS/XANES results,'® where it was
concluded that Cu** ions in the 6MR were much more diffi-
cult to reduce to Cu’. Specifically, in the reduction experi-
ment with a gas mixture of 1% CO/He in the 25-400 °C tem-
perature range, it was not possible to reduce Cu®" ions in the
6MR, while Cu®>" ions located in the 8MR were readily re-
duced to Cu*."®

Finally, computational and experimental XANES results
during a dehydration process of hydrated Cu-SSZ-13 are
presented, where the experimental results have been pub-
lished recently by Kwak et al.'® To model a fully hydrated
Cu*" ion, a Cu”" ion that is surrounded by six H,O water mole-
cules and charge compensated by two Al atoms within the
same 6MR is used, which is denoted herein as the
H,0_6_Z,Cu conformation. The Z,Cu notation denotes a
Cu”" charge balanced by two negative framework charges,
and the H,O_6_Z,Cu structure can be found in Fig. S15.f Ex-
perimentally, the Cu-SSZ-13 sample was calcined by increas-
ing the temperature from 25 to 400 °C in a flowing O,/He
stream. The experimental XANES spectra of the Cu-SSZ-13
sample at 25 and 400 °C are shown in Fig. 18a. The O_ZCu
and the OH_ZCu model structures are used here to gain fur-
ther insight into the XANES spectra of the oxidized Cu-SSZ-13
sample. The computational XANES of the H,0_6_Z,Cu,
O_ZCu, and OH_ZCu models are shown in Fig. 18b. The peak
around 8988 eV in the XANES of the H,0O_6_Z,Cu model
shifts to 8986 eV for the O_ZCu and OH_ZCu model struc-
tures. This result is consistent with the experimental result
that the position of the K-edge feature observed at 8987.5 eV
in the fully hydrated Cu-SSZ-13 shifts to lower energies by 2.4
eV at 400 °C. Note also that the signal intensity drop of the
8995 eV feature during hydration found experimentally is
fully reproduced computationally.

Conclusions

In summary, several possible adsorption locations for Cu in a
ZCu conformation within the zeolite framework, along with
the effect of the adsorption of reactants, intermediates, and
products that are present throughout the NH; SCR cycle,
were examined using DFT calculations, and the resulting
XANES were compared with available experimental results.
Three possible Cu positions were considered, namely, the
6MR, 8MR_014, and 8MR_024 locations. The most energeti-
cally favorable site for bare Cu ions was the 6MR site, while
the 8SMR_0O14 and 8MR_024 sites were less favorable. How-
ever, the Cu ions in different sites of the ZCu conformations
present similar chemical properties with regard to their ener-
getics because of the insignificant d-band center differences.
Upon molecular adsorption, the energy differences between
Cu in the 8MR and 6MR sites decrease and almost disappear,
except for the adsorption of H,O. This suggests that the ther-
modynamic stability of molecularly adsorbed ZCu is nearly
identical for Cu in different sites in the presence of adsor-
bates. The different adsorption behavior of H,O with Cu in

This journal is © The Royal Society of Chemistry 2016
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Table 4 Edge position shifts in the Cu K-edge XANES in the presence of several adsorbates in the ZCu conformation (as shown in Fig. 17) with respect

to the corresponding clean ZCu conformation with different Cu locations. The original data of the edge positions can be found in Table S4. The resolu-
tion of the computational XANES is 0.05 eV, H,O does not change the edge position of Cu located in the 6MR site

Shift in edge position (eV) Clean H,O0 0, (o) OH 20H
6MR 0.00 0.02¢ 0.62 1.76 1.63 1.90
8MR_0O14 0.00 0.88 0.67 2.11 2.11 3.20
8MR_024 0.00 0.70 0.70 2.21 2.22 3.24

“ Note that for Cu in the 6MR site, Fig. 17 shows that the Cu edge position in the ZCu conformation in the presence of H,O appears to be at a
lower energy than that of the clean ZCu conformation. However, the calculated results in Table 4 shows that the edge position of H,O
adsorbed on ZCu is essentially the same as that of the clean ZCu conformation. The reason for the positive edge shift (displayed visually in
Fig. 17) is due to the higher intensity of the Cu K-edge XANES for H,O adsorbed on a Cu" ion as compared to the clean ZCu conformation,

which alters the edge position.

= 1.5
s (a) experimental XANES 25°C
>
% 1.0 -
g
=y
K05+
=
g —
Z 0.0 Dehydration —
4 (b) computational XANES
>~‘2.Ox10 —
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3
£1.0x107 ——H,0 6 ZCu
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——OH _ZCu
0.0 | ] | 1
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Photon energy (keV)

Fig. 18 (a) The experimental XANES of the Cu-SSZ-13 sample at 25 and 400 °C. The sample at 25 °C is fully hydrated, while flowing an O,/He
stream oxidizes the sample at 400 °C. (b) The computational XANES of the corresponding H,O_6_Z,Cu, O_ZCu and OH_ZCu model structures.

The arrows show the XANES changes during the process of oxidation.

either the 6MR or the 8MR is a result of the different interac-
tions between the H atoms of the adsorbed H,O molecule
and the lattice O atoms. In addition, all of the molecules
adsorbed on the Cu' ion in the 8MR sites present stronger
adsorption energies than that of a Cu' ion in the 6MR site.
The results from more complex conditions (e.g. high pres-
sure) show that increasing the NO pressure weakens Cu-NO
interactions for Cu ions in different locations, with the Cu*
ion in the 6MR site being identified as the most favorable
site. In the presence of 2 CO molecules, the adsorption en-
ergy of each CO molecule is also weakened, with the 8MR
sites being the most favorable because only one CO can ad-
sorb on Cu' located in the 6MR site. The co-adsorption of
NO and OH, NO and H,0, CO and OH, as well as CO with
H,0, all results in the weakening of the adsorption energies
of these species, except for the NO + OH_ZCu conformation

This journal is © The Royal Society of Chemistry 2016

with Cu in the 6MR site. In this case, NO and OH interact to
form an adsorbed HONO molecule. Overall, our energetic sta-
bility analyses of the NO + H,O_ZCu, CO + OH_ZCu, and CO +
H,O_ZCu conformations show that the 8MR sites are more
favorable than the 6MR site.

The theoretical core-level spectroscopy simulation results
of Cu in the ZCu conformation allow for attribution of the
small peak in the Cu K-edge XANES of a “naked” Cu' ion in
an 8MR site to a 1s to 4p transition. In the K-edge XANES of
Cu in a clean ZCu conformation, a weak feature at ~8979.5
eV is found when Cu is located in the 8MR site while no such
feature is observed when the Cu ion is located in the 6MR
site. This difference is rationalized by analyzing the corre-
sponding PDOS of Cu while taking into account the core-hole
effect. Upon the adsorption of different species (except for
H,0 and NH;), the K-edge XANES cannot be used to
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distinguish between the Cu location and the oxidation state
in the presence of adsorbates since the Cu in the 6MR and
8MR sites have essentially identical chemical environments.
For H,O and NH; adsorbed on ZCu, the Cu location was
found to have a strong effect on the white line intensity in
the Cu K-edge XANES. When NO (or CO and N,) is adsorbed
onto Cu in ZCu, a small feature around 8980 eV arises in the
K-edge XANES, which is induced by the splitting of the Cu 4p
state. An analysis of the orbital distribution of the CO_ZCu
conformation showed that the 2n* orbital induces a small
peak around 8980 eV in the 4p PDOS of Cu. Molecular co-
adsorption on ZCu shows that the Cu K-edge position follows
the order (from low to high energy): clean < M < M + H,0 <
2M < M + OH (M denotes NO or CO). Finally, the XANES
spectrum of a fully hydrated Cu-SSZ-13 catalyst was simulated
and was found to be consistent with the experimental results.
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