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ABSTRACT: Despite the intense investigation on the NH3-
SCR-NOx reaction mechanism catalysed by small pore Cu-CHA
zeolites, neither the rate determining step of the process nor the
exact nature of the active sites under reaction conditions are clear-
ly established. In this work in situ EPR and IR techniques com-
bined with DFT calculations are applied to the study of the oxida-
tion half-cycle of the NH3-SCR-NOx reaction on Cu-SSZ-13 and
Cu-SAPO-34 catalysts. EPR and IR spectroscopies unambiguous-
ly show that Cu" is oxidized to Cu?" at room temperature in the
presence of the reaction mixture (NO, Oz and NH3) or NO and O,
producing adsorbed NOg, nitrites and nitrates. Several pathways
are proposed from DFT calculations to oxidize Cu® cations placed
in the plane of the 6R ring units of SSZ-13 and SAPO-34 to Cu?",
either by NOz alone or by a mixture of NO and Oz, with activation
energy barriers lower than 70 kJ mol-!. The results reported here
demonstrate that a reaction mechanism invoking the formation of
nitrate/nitrite intermediates on copper cations attached to the zeo-
lite framework can be operational in the low temperature region
(T < 350 °C). Moreover, different intermediates, nitrites vs ni-
trates, are preferentially stabilized depending on the catalyst com-
position, silicoaluminophosphate vs aluminosilicate.

KEYWORDS: zeolite, chabazite, mechanism, NH3-SCR-NOx,
EPR, IR, DFT

1. INTRODUCTION

Nitrogen oxides (NOx) released from stationary power plants and
vehicle exhaust cause serious pollution problems with detrimental
effects on human health and environment. The increasingly strin-
gent regulations have motivated extensive research for the devel-
opment of new technologies to reduce NOx emissions from diesel
vehicles, as they are the main contaminants in big cities. Nowa-
days, the most efficient technology is the selective catalytic reduc-
tion (SCR-NOx) using ammonia (NH3-SCR-NOx) as reducing
agent. 12 Zeolites with transition metal ions are the preferred cata-
lyst because they display high conversion in a wide range of tem-
peratures and of O concentrations.’> In particular, Cu-SSZ-13
zeolite and Cu-SAPO-34 silicoaluminophosphate, both possessing
the small pore chabazite (CHA-type) structure have received great

attention due to their high activity and selectivity while exhibiting
excellent hydrothermal stability.%°

The standard SCR reaction between NO and NH3 in the presence
of O2 (eq. 1) and also, although to a less extent, the fast SCR reac-
tion relevant when NOz is present (eq. 2) have been extensively
investigated in the last years using Cu-CHA zeolite as catalyst.

4NH3+4NO + 02— 4N2+6 H0 8
4NH; +2 NO +2 NO2 — 4 N2+ 6 H20 2)

Great research effort has been focused on the state and distribu-
tion of copper cations in the CHA-type zeolite with the aim of
defining the active sites for the SCR reaction and the origin of its
high hydrothermal stability. The CHA framework is composed of
double 6R (six-membered ring) units, i.e. hexagonal prism, that
link to form cavities of 7.4 A diameter accessible through smaller
8R (eight-membered ring) windows of 3.8 A diameter (Figure 1).
In zeolite Cu-SSZ-13, the most stable location of divalent Cu?"
cations and the one firstly populated is the plane of 6R ring units
containing two framework Al atoms (Al pairs), while isolated Al
sites present in samples with high Si/Al ratio and/or high Cu load-
ing can stabilize [Cu(OH)]"* species.!%!1? Therefore, the nature and
the location of copper cations in Cu-CHA-type zeolites varies
with the amount (Si/Al ratio) and the distribution (isolated or
paired) of framework Al sites, which in turn depend on the syn-
thesis procedure and post-synthesis treatments. Nevertheless,
isolated Cu?* and [Cu(OH)]" attached to the zeolite framework
display similar catalytic performance and are both considered as
active sites for the SCR reaction,'>!* being the only difference
that the reduction of Cu?" to Cu" generates a new Bronsted acid
site.%!1%15 As a result of this research, it is now well established
that under standard SCR reaction conditions both Cu?" and Cu*
oxidation states co-exist and interconvert through a redox mecha-
nism. '

Besides the state of copper, much effort has been paid to the
NH3-SCR-NOx reaction mechanism that is divided into an oxida-
tion and a reduction part, according to the changes in the oxida-
tion state of copper. In the reduction part, NO and NH3 are neces-
sary to efficiently reduce Cu?* to Cu*.315-18 It is assumed that both
molecules coordinate Cu?" enabling the N-N coupling through the
formation of HoNNO (nitrosamine)!>!3171% or NH4NO> as reac-



tion intermediates,?>?° which decompose giving N2 and H20 while
Cu?" is reduced to Cu* (eq. 3).

Cu?" +NH; + NO — Cu'* + Nz + H20 + H 3)

The oxidation part of the mechanism is still controversial and
invokes the formation of nitrite/nitrate intermediates.!” It is sup-
posed that Cu® cations react with NOz to give nitrite (4) in fast
SCR, and with NO+Oz (5) to give nitrate in the standard SCR
reaction, being Cu* oxidized to Cu?*.

Cu* +NO2 — Cu*>*NOy “)
Cu* +NO + 02 — Cu?*'NOs3 5)

Nitrate intermediates formed under standard conditions can react
with NO to develop NO2 and nitrites according to equilibrium (6):

Cu*NOs™ + NO < Cu?NOz + NO2 (6)

Then, NO2 gives reaction (4) and nitrite reacts with NHs or NH4*
to release water and Na. Accordingly, the only difference between
the reaction pathway of fast and standard SCR is that nitrites are
formed in one or two steps, respectively. Within this scheme, the
step determining the rate of the SCR reaction is the oxidation of
NO on Cu*.

However, micro-kinetic studies and DFT calculations have ques-
tioned the occurrence of the classical route that assumes the for-
mation of nitrite/nitrates on isolated copper sites at low tempera-
ture (T < 350 °C).The standard SCR rate measured on Cu-SSZ-13
zeolites increases linearly with the copper loading for the usual
ion exchange level as expected for isolated active sites, but fol-
lows a quadratic dependence at very low copper loading deviating
from single-site catalyst.?!?> The apparent activation energy (Ea)
of the SCR reaction in the low temperature region (100 — 200 °C)
obtained experimentally is within the range 40-80 kJ mol-!. This
value is significantly lower than the E. = 104 kJ mol! calculated
for the formation of a Cu?* bidentate nitrate species from NO and
O according to reaction (5).!”

The discrepancies depicted above for the low temperature stand-
ard SCR reaction on Cu-CHA catalysts have been explained by
invoking an alternative mechanism.???> At low temperature, am-
monia molecules coordinate copper cations attached to framework
oxygen releasing them from their positions to form mobile
[Cu(NH3)4]>"/Cu?*(NH3):0H and [Cu*(NH3)2]"/H"]/Cu*(NH3)2
complexes. The energy barrier calculated for the oxidation of a
[Cu*(NH3)2]/H" single site to [OH-Cu?"(NH3)2] is 175 kJ mol!,?*
too high for the low temperature SCR,?!?* but the Oz activation is
sensitively lowered on transient dimeric copper species. Indeed,
the diffusion of a Cu*(NH3)2 through a 8R window to an adjacent
CHA cage containing another Cu*(NH3)2 has a low Ea. of ~35 kJ
mol!, and the reaction of two close Cu*(NH3)2 cations with Oz to
give [Cu?*(NH3)2]-O2-[Cu?"(NH3)2] is energetically favored.?>2*
In the presence of NO, it is possible to form [Cu?(NHz)2]-O-
[Cu?*(NH3)2] with an Ea of 76 kJ mol!' and releasing NO> that
gives the fast SCR reaction.?* In this model, the copper-ammonia
adducts, acting as the active sites for the reaction, are comparable
to those found in homogeneous catalysis but with limited diffu-
sion capability because of the electrostatic interactions with the
zeolite framework, and then behave as intermediate between ho-
mogeneous and heterogeneous.!>16222425 [ndeed, transport limita-
tions of more distant Cu"(NH3)2 to form dimers explains the quad-
ratic dependence of the SCR rate on Cu-CHA samples with low
copper density. It must be noted that the formation of dimers has
been ruled out for the fast SCR reaction, which is assumed to
occur through monomeric (O2N)Cu*(NHs)2. At high temperature
(T > 350 °C), copper loses its solvation sphere and moves back to
attach the zeolite framework occupying preferentially six-

membered ring (6R) positions, and Cu-CHA behaves as a single
site catalyst. The experimental Ea of ~140 kJ mol! is consistent
with the high Ea calculated for the NO oxidation step on Cu” sites
stabilized by the zeolite framework, supporting the nitrate/nitrite
route at high temperature,?’">> and explaining the change of the
SCR reaction regime observed at T ~350 °C.131721

To summarize, the more accepted mechanism for the NH3-SCR-
NOx reaction involves the formation of copper-ammonia adducts
at low temperature and of nitrates/nitrites at T > 350 °C. However,
in a recent investigation of the CsHs-SCR-NOx reaction by our
group, EPR spectroscopy revealed the formation of Cu?'NOs- in
Cu-Y and Cu-TNU zeolites in the absence of NH3 even at 25 °C.26
This result appears to be in contradiction with the recently pro-
posed reaction model,>>?* and has been the motivation of this
work.

Here, we have investigated the mechanism of the oxidation half
cycle of the low temperature NH3-SCR-NOx reaction over Cu-
CHA zeolites, Cu-SAPO-34 and Cu-SSZ-13, prepared by a direct
synthesis procedure that produces samples with a homogeneous
distribution of Cu within the crystal and with a Cu/(Al or Si) ratio
of ~0.5. In situ EPR and IR spectroscopies provide experimental
evidence on the formation of Cu**NO2™ and Cu>*NOs" by oxida-
tion of Cu' under reaction conditions (NO/NH3/O2) or under
NO+O: at low temperature. DFT calculations propose a complete
reaction pathway for the development of nitrates/nitrites on isolat-
ed Cu" sites with an activation energy lower than 70 kJ mol”, in
the range of Ea measured at low temperature. On the basis of ex-
perimental and theoretical results it is concluded here that the
nitrate/nitrite route on isolated copper cations operates for the low
temperature NH3-SCR-NOx reaction on Cu-CHA catalysts.

6RC

Figure 1. CHA structure showing the 8R windows and D6R units
(left) and the three possible distributions of Al pairs in D6R units
compensated by a Cu?* cation (right). Si and O atoms are gray and
red sticks; Al and Cu atoms are gray and green balls, respectively.

2. RESULTS AND DISCUSSION

2.1. EPR study. Paramagnetic Cu?>* ([Ar]3d?) gives EPR hyper-
fine structures consisting of four components due to the interac-
tion of the unpaired electron with the nuclear spin of copper (I =
3/2). The EPR signals of Cu?" in Cu-zeolites are typically axially
symmetric giving hyperfine structure in the parallel region, while
the g1 component is ill resolved and has low sensitivity to coordi-
nation changes, so that they are better characterized by g/ and Ay.
With the aim of identifying possible intermediates, in situ experi-



ments have been carried out here in order to monitor the changes
experienced by Cu?" under the presence of various reactants or
under reaction conditions. The Cu-SSZ-13 and Cu-SAPO-34 cata-
lysts were prepared by a one-pot direct synthesis method?”?® that
allows to obtain samples with a high Cu loading (Cu/(Al or Si) =
0.5, see Table S1) and a homogeneous distribution of Cu within
the crystal.

Figure 2 shows the EPR spectra of Cu-SAPO-34 and Cu-SSZ-13
degassed at 450 °C and after the adsorption of reactants (2.6 NHs/
2.5 NO/ 1 Oz/ Cu), and Table 1 summarizes the parameters of the
EPR signals. Notice that the spectra of Figure 2(a)-(d) are record-
ed at 230 °C, temperature at which Cu-SAPO-34 and Cu-SSZ-13
are just below maximum conversion in the catalytic test, while the
spectra of Figure 2(e) at 250 °C corresponds to maximum conver-
sion (see Figure S1). The spectrum of dehydrated Cu-SSZ-13
(Figure 2(c)) is dominated by a signal attributed to Cu®** coordi-
nated to 3 or 4 framework oxygen atoms of the 6R, labelled site
SII (signal Cu*'sp).?-3! Meanwhile, Cu-SAPO-34 (Figure 2(a))
gives a different signal with parameters Ay and g closer to Cu?*
in octahedral coordination and then it is tentatively assigned to
highly coordinated Cu?" within the D6R unit (Cu?'si), or to square
pyramid-like [Cu(H20)(O1)4]>* species on the basis of a recent
computational study of EPR parameters.’! The EPR spectra rec-
orded in the presence of the reaction mixture show a new signal,
better resolved in Cu-SSZ-13, labelled here as Cu?*NOx~ (see
Figure 2(b),(d) and Table 1), which was ambiguously assigned to
either Cu>*NOs~ or Cu**NO2~ groups in the past and to Cu*'NOs~
more recently.!” 2 Nevertheless, according to our modelling of
EPR parameters, signal Cu?’NOy~ is consistent with Cu?" in a
distorted square planar geometry resulting from the coordination
to two framework oxygens and to two oxygens of either a NO3~ or
a NO2™ group in a bidentate structure.’! Besides Cu>'NOx", the
spectra of the two Cu-CHA samples also contain a signal of
Cu?*su (Figure 2(b),(d)). Cu®*si signal present in dehydrated Cu-
SAPO-34 is not detected suggesting that Cu?* has moved from its
original position. The relative intensity of Cu**NOx decreases
when the recording temperature is raised to 250 °C (maximum NO
conversion, see Figure S1), and more at longer heating times
(Figure 2(e)). This result suggests that Cu**NOx are consumed in
the SCR reaction with the concomitant reduction of Cu?" to Cu™.
It must be stressed here that no signals from Cu?"(NH3)x com-
plexes, previously reported for Cu-SSZ-13 in the presence of only
ammonia’? are observed at any temperature with the reaction mix-
ture. Instead, Cu?>"NOx™ and Cu?'sit are the species present in the
catalyst at 230 °C.

Table 1. EPR parameters of the signals indicated in the spectra of
Figures 2-3 measured at 230 °C, corresponding to Cu-SAPO-34
and Cu-SSZ-13 samples submitted to different treatments and
their assignment to specific species.

Catalyst Treatment AyG gy g1 Assignment

cu. Dehydrated 134 2363 2.064  Cu*su
SS7-13 BNO/SNH3/02 130 2.362 2.069 Cu*sn

147 2.291 - Cu*NOx™
Dehydrated 105 2389 2.066  Cu®'s

Cu- 5NO/O2 142 2289 - Cu**NOx~
SAPO-34  ISNO/NH3/O2 130 2.350 2.069  Cu*sn

142 2289 - Cu?*NOx™
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Figure 2. EPR spectra of Cu-SAPO-34 (a), (b) and of Cu-SSZ-13
(c-e) recorded at 230°C (a-d) or 250 °C (e) after dehydration at
450 °C (a), (c), and subsequent adsorption of 2.6 NH3 /2.5 NO / 1
02 / Cu (b), (d), (e). Complete spectrum displayed on the left and
magnification of the low-field hyperfine structure on the right side.
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Figure 3. EPR spectra of Cu-SAPO-34 recorded at 230°C after
dehydration at 450°C (a) and recorded at 25°C (b) and 230°C (c)
after adsorption of 2NO/202/Cu. Complete spectra are displayed
on the left and magnification of the low-field hyperfine structure
on the right side.
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Figure 4. EPR spectra of Cu-SAPO-34 recorded at -170°C after
dehydration at 450°C (a), subsequent adsorption of 2NO/202/Cu
and evacuation at 25°C (b), 170°C (c), 250°C (d) and 300°C ().
Complete spectra are displayed on the left and magnification of
the low-field hyperfine structure on the right side.

To get further information on the formation of the Cu?>"NOx™ spe-
cies, additional experiments were carried out on Cu-SAPO-34,
such as the co-adsorption of NO+Oz, or the adsorption of only NO
at low temperatures. The spectrum of Cu-SAPO-34 recorded at 25
°C after co-adsorption of NO+O2, shown in Figure 3(b) consists of
signals of Cu>’NOx™ and of Cu?*sin. Notice that Cu?*NOx™ is al-
ready formed at 25 °C, much below the SCR reaction temperature,
but is more abundant at 230 °C. The slight shift of the EPR of
Cu?"NOx signals in Figure 3 is due to the different recording tem-
perature and not to to the presence of distinct species (See Table
S2). Comparison of the spectra of Cu-SAPO-34 recorded at 230
°C with only NO+Oz (Figure 3(c)) and with NO+O>+NHj3 (Figure
2(b)), shows that the main difference is that while only Cu?*NOx
species are observed in the first case, both Cu?*NOx™ and Cu?'sn
signals are seen when ammonia is also present. This observation
suggests that nitrites/nitrates are consumed upon heating in the
presence of NO+O2+NH3, but not with only NO+Oz, again indi-
cating that these species participate in the SCR reaction.

Cu?y
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Figure 5. EPR spectra of Cu-SAPO-34 recorded at 25 °C after
dehydration at 450 °C (a) and subsequent adsorption of 2 NO/Cu
(b) or 16 NO/Cu followed by evacuation at 25 °C (c). Complete
spectra are displayed on the left and magnification of the low-
field hyperfine structure on the right side.

The high thermal stability of the Cu?>*NOx™ in the absence of NH3
is demonstrated in Figure 4, which shows the EPR spectra record-
ed at -170 °C of Cu-SAPO-34 dehydrated at 450 °C, after the
adsorption of NO+Oz, and then subsequent degassing at increas-
ing temperature in the 25-300 °C range. As the temperature in-
creases, the signal of Cu?'si progressively grows while that of
Cu?'NOx~ decreases, not disappearing until 300 °C.

Finally, the adsorption of NO at low temperature (-170 °C) on Cu-
SAPO-34 produces EPR spectra of very low intensity due to the
formation of diamagnetic and thus undetectable Cu>*-NO species,
and only a weak and practically isotropic peak with giso = 1.991,
assigned to Cu™-NO* 3133 (see Figure S2). However, as illustrated
in Figure 5(b), when NO is adsorbed at room temperature signals
of both Cu?'s; and Cu?*sn are observed, indicating a change in the
coordination sphere of some of the Cu?" cations. What it is more
interesting, is that increasing the amount of adsorbed NO from
2NO/Cu to 16 NO/Cu provokes the appearance of the Cu**NOx~
signal already at 25 °C, indicating the existence of other processes
involving only NO that are able to produce the oxidation of Cu* to
Cu?*NOx". Indeed, a process involving the formation of Cu*(NO):
dinitrosyl complexes and their subsequent decomposition into
N20 and a Cu?*-O- species which, in the presence of excess NO,
produces Cu**NOx", was proposed to explain the detection of N2O
in Cu-ZSM-5 at room temperature,>*3¢ and a similar reaction
mechanism was theoretically investigated on Cu-FER with an
activation energy barrier for N2O formation of 109 kJ mol!.37-38

2.2. DFT study. To explain the EPR observations, the mechanism
of the oxidation half-cycle of the NH3-SCR reaction on Cu-
SAPO-34 and Cu-SSZ-13 catalysts was further investigated by
means of periodic DFT calculations. Since similar EPR spectra
showing Cu**NOx species are obtained in the absence and pres-
ence of ammonia and we are concerned with the possibility that
the oxidation pathway might not require ammonia, computations
have been made with only NO+O2. Taking into account the com-
position, Cu loading and IR characterization of the Cu-SAPO-34
and Cu-SSZ13 samples used in the spectroscopic studies (Figures
S3 and S4), the initial active site was assumed to be a Cu” cation
placed in a D6R unit containing two Si (or two Al) atoms, with a
Bronsted acid site nearby to keep the system neutral. Different
distributions of two Si and two Al atoms were considered for Cu-
SAPO-34 and Cu-SSZ-13, respectively, the most stable being
6RA site with two Si (or two Al) atoms in the same six-membered
ring (Figure 1 and Table S3). The relative energies of all struc-
tures investigated are summarized in Table 2, the optimized ge-
ometries obtained over site 6RA in Cu-SAPO-34 and Cu-SSZ-13
are depicted in Figures 6-8 and S5-S7, respectively, and the ener-
gy profiles are plotted in Figures 9 and S6-S9.

The first pathway considered is the one-step formation of
Cu?'NOs~ by direct reaction of Cu® with NO and O: (see struc-
tures 1, TS1-2 and 2 in Figure 6 and energy profile in Figure 9 for
Cu-SAPO-34, and Figures S5 and S8 for Cu-SSZ-13). In this
process, NO not directly bonded to the active site reacts with O2
initially activated on the Cu® centre, breaking the O-O bond and
forming a bidentate nitrate complex. The calculated activation
energy, ~95 kJ mol!, is similar to those previously reported on
Cu-SSZ-13, 104 — 112 kJ mol-'.'”* The calculated magnetic mo-
ment on the Cu atom, pCu, which is zero in the initial catalyst,
increases to 0.231 in Cu-SAPO-34 and 0.197 in Cu-SSZ-13 upon
adsorption of molecular Oz forming structure 1, and to 0.552 and
0.555 in structure 2, confirming the change in the oxidation state
from Cu® to Cu?". Although the reaction is clearly exothermic,
this proposed pathway does not take into account the fact that Cu*
interacts much stronger with NO forming mono- and di-nitrosyl
complexes (structures 3 and 4 in Figure 6) than with Oz, (structure
1 in Figure 6), as demonstrated by IR spectroscopy.*’



Table 2. Relative stability (in eV) of all structures involved in the
oxidation of Cu” to Cu?" by NO+O2 with respect to the sum of the
energies of Cu-CHA catalyst+2NO+Oz. The optimized structures
for Cu-SAPO-34-6RA site are depicted in Figures 6-8.

Cu-SAPO-34 Cu-SSZ-13
6RA 6RC 6RA 6RB 6RC

1 -1.170  -1.429 -1.142
TS1-2 -0.186  -0.440 -0.175
2 -3.327 -3.502 -3.297

3 -1.176 ~ -1.375 -1.175 -1.149  -1.403

4 -2.030  -2.210 -1.982 -1.965  -2.206

5 2477  -2.688 -2.443 -2.440  -2.685

TSs5-6 -1.888 -2.117 -1.878 -1.818  -2.117

6 -4.330 -4.546 -4.254 -4.213 -4.520

TSs5-7 -1.753 -1.988 -1.765 -1.746  -2.016

7 -4.238 -4.384 -4.141 -4.109  -4.401

8 -3.786  -4.023 -3.744 -3.676  -3.951

TSs—9 -3.189  -3.326 -3.095 -3.095 -3.348

9 -4.153 -4.350 -4.123 -4.082  -4.320
10 -3.233 -3.149
TS10-11 -3.093 -2.990
11 -3.558 -3.297
128 -4.238 -4.141
TS12-13% -3.697 -3.540
132 -4.068 -3.924

Calculated with respect to the sum of the energies of Cu-CHA
catalyst+2NO+O2+NOx.

Figure 6. Optimized geometries of NO and O: adsorption com-
plexes (1, 3, 4, 5), and of the structures involved in the direct for-
mation of nitrate (2) from NO+O: in Cu-SAPO-34. Al P, O, Si,
and H atoms in the framework depicted as gray, yellow, red, cyan
and white sticks; Cu cations, O and N atoms in the reactant mole-
cules depicted as green, red and blue balls.

Taking this preferential adsorption of NO into consideration, a
different pathway was reported by Mao et al.!® for the oxidation
of Cu" to Cu?" in Cu-SAPO-34 by reaction of co-adsorbed NO
and O2. This route produces NO2 and atomic O on copper with
activation energies between 83 and 102 kJ mol’!, still quite differ-
ent from the experimental values. Moreover, the relative stability
of structures 1, 3 and 4 (Table 2) and the adsorption constants Kaas
obtained from the calculated Gibbs free energies at increasing
temperatures (Table 3) indicate that O2 does not compete with NO

for the Cu™ active sites, which will be mono- or bi-coordinated to
NO in the whole range of temperature considered. Therefore,
reaction paths involving the adsorption of O2 on Cu" sites have
not been further considered in the present study. Instead, a second
pathway starting from the di-nitrosyl complex 4 was explored,
finding a complex in which O2 adsorbs close to two NO mole-
cules attached to Cu™ (structure 5 in Figures 6 and S5). In this
system, which is described in detail only for site 6RA in Cu-
SAPO-34, the O-O bond length has increased to 1.34 A, one of
the O atoms is interacting with one of the N atoms (N-O distance
of 1.59 A), and the other one is close to the Cu" site, (Cu*-O dis-
tance of 2.41 A). From structure 5, two different transition states
of comparable stability, TSs—¢ and TSs—7, lead to formation of
two NO2 molecules interacting with the copper cation in different
way (structures 6 and 7 in Figure 7). In TSs—s the O-O bond
length increases to 1.63 A, while each of the two O atoms of ad-
sorbed Oz approaches one N atom of adsorbed NO at optimized
O-N distances of 1.39 and 1.41 A. This way, after O-O bond dis-
sociation, two NO2 molecules attached to Cu* through the N atom
are obtained (structure 6 in Figure 7) with an activation energy of
57 kJ mol™. In TSs—7 as the O-O bond lengthens to 1.63 A, one of
the O atoms of Oz gets inserted into the Cu-N bond (optimized
Cu-O and O-N distances of 1.85 and 1.69 A, respectively). In this
process, a nitrite-like fragment O-bonded to Cu" is obtained to-
gether with NO2 interacting through the N atom (structure 7 in
Figure 7) with a calculated Ea of 70 kJ mol"'. Rotation of the ni-
trite fragment in structure 7 produces a less stable system 8 from
which nitrate co-adsorbed with NO on Cu?* (structure 9 in Figure
7) is obtained by means of a O transfer through TSs—9. The calcu-
lated activation energy for this step is 58 kJ mol’! in site 6RA of
Cu-SAPO-34, but increases to 101 kJ mol! if we consider as
starting point the most stable complex 7. It should be noted at this
point that similar structures and energetics are obtained on the
6RC model of Cu-SAPO-34 and on 6RA, 6RB and 6RC models
of Cu-SSZ-13 catalysts (see Figures S6, S8-S11).

e

TS5-6
T85-7 7 7
8 TS8-9 9

Figure 7. Optimized geometries of the structures involved in the
formation of nitrites and nitrates from structure 5 in Cu-SAPO-34.
Atom colors described in caption of Figure 6.



Table 3. Calculated adsorption Kuss constants of reactant mole-
cules on Cu-SAPO-34 and Cu-SSZ-13 at different T.

298 373 473 623
Cu-SAPO-34
Cu™+NO+O2—1  1.43x10' 4.05x10 5.92x10¢ 2.68x10®
Cu™+NO — 3 1.14x10™" 3.01x107 3.86x10* 1.39x10?
Cu™+2NO — 4 1.57x10% 5.33x10% 2.71x10° 7.60x1072

Cu™+2NO+02— 5 9.03x10'? 1.48x105 6.91x102 2.85x107

Cu™+NO2— 6’ 1.04x107 2.21x10* 1.62x10> 3.19x10°
Cu+NO:—» 7’ 3.34x10°  1.08x10* 1.11x102 2.43x10°
Cu-SSZ-13

Cu™+NO+O2—1  8.66x10° 3.01x103 5.22x10¢ 2.76x10®
Cu™+NO — 3 2.71x10" 7.13x107 9.16x10* 3.31x10?
Cu™+2NO — 4 7.29x10™ 3.59x108 2.50x10% 9.30x10?

Cu™+2NO+02 — 5 4.84x10'" 8.31x103 3.85x103 1.48x1078
Cu™+NO2— 6’ 5.86x10% 1.55x10* 1.33x10%> 2.52x10°
Cu+NO2—» 7’ 2.13x10°  1.34x10% 2.42x10' 8.96x10°!

As regards the change in the oxidation state of Cu, the calculated
magnetic moment on the Cu atom in structures 5, 6, 7, 8 and 9 is
close to zero, suggesting at first sight that no change in the oxida-
tion state of the active site has occurred. However, this is masked
by the fact that both NO and NO: have an unpaired electron that
modifies the magnetic moment of copper when adsorbed on it.
Indeed, the calculated value of pCu in structure 2, with only bi-
dentate nitrate coordinated to Cu, is 0.55. In a similar way, two
new structures with only one NO2 molecule directly attached to
Cu, either through the N atom (structure 6”) or through the O atom
(structure 7°) have been optimized. The calculated values of uCu
for structures 6 and 7’ are, respectively, 0.435 and 0.400 in Cu-
SAPO-34, and 0.432 and 0.370 in Cu-SSZ-13 zeolite, indicating
that the Cu* — Cu?* oxidation has occurred.
Altogether, it is concluded that the Cu*-dinitrosyl complex 4 re-
acts with Oz, being Cu”’ oxidized to Cu?* and forming either NO:
(structures 6, 6° in Figure 7), that is, the catalytic oxidation of NO
to NOz, or Cu?*NOz~ and NO: (structures 7, 7° and 8 in Figure 7),
with activation energies ranging from 55 to 70 kJ mol"' depending
on the nature and distribution of the framework Si and Al sites.
These calculated Ea values are comparable to those reported for
ammonia solvated Cu"(NH3)2 complexes as active sites, 60—75 kJ
mol!,2> 24 and in the range of E. determined experimentally for
the low temperature SCR reaction, 4080 kJ mol-'.
There is also some controversy about the role played by NOz in
the SCR reaction, especially regarding whether it is generated
catalytically on Cu® sites (for example following the 0 — 6 path-
way just described) or by direct NO oxidation in the gas phase*!>#
(reaction 7) or even by NO disproportionation to NO2 and N2O
within the zeolite voids according to reaction 8:

2NO + 02 — 2NO» (7)

3NO — (NO); — NO2 +N20 ®)
An activation energy of 40 kJ/mol has been reported for the rate
determining step of the first process,*> and a similar value of 38
kJ/mol has been now obtained for NO disproportionation (see
optimized geometries and relative stability of the species involved
in this mechanism in Figure S12).
Next, and since NO2 can be formed via several pathways, we
investigated the possibility of formation of nitrates directly from
NO: as would be expected to occur under under fast SCR reaction
conditions. The initially formed Cu?*NOy (structures 7, 7" in
Figure 7) can react with NO2 (structure 10 in Figure 8) through
TS10-11 and form a bidentate Cu?>"NOs" species and a non-bonded
NO molecule (structure 11 in Figure 8) with a really low activa-
tion energy barrier, 13 kJ mol”'. In a similar way, a third NO2
molecule can react with the nitrite fragment co-adsorbed with
NO: on the Cu®* cation (structure 12 in Figure 8) through transi-
tion state TS12-.13 to obtain Cu**NOs" together with NO and NO2

with an E. value of 52 kJ mol!. The optimized geometries ob-
tained on Cu-SSZ-13 catalyst, depicted in Figure S7, and the en-
ergy profile in Figure S8 are almost identical to those described
for Cu-SAPO-34.

It can then be concluded from the DFT study that there are several
pathways to form NOz and Cu?>*NO2" from NO+Oz and NO alone
involving activation energy barriers lower than 70 kJ mol’!, as
well as some routes with higher and lower E. values to obtain
Cu?'NOs~.

TS12-13

Figure 8. Optimized geometries of the structures involved in the
formation of nitrites and nitrates from NOz in Cu-SAPO-34. Atom
colors described in caption of Figure 6.

To quantify the contribution of each of these pathways to the
global formation of NO2, Cu?*NOz and Cu?*NOs- species under
reaction conditions, adsorption Kuis and kinetic k- constants for
the most relevant steps were calculated at four temperature values
as described in the Computational Details Section. The calculated
rate constants k for formation of NOz, NO2", and NOs" species
from NO+Oz given in Table 4 increase continuously with increas-
ing temperature. However, the & values for the pathways involv-
ing the participation of molecules not directly attached to Cu* in
the reactant structure and therefore losing some entropy in the
transition state, namely 10—11 and 12—13, do not follow a clear
and positive trend with temperature. In a similar way, the entropy
loss associated to the necessary formation of three-molecular
reactant complexes in the non-catalyzed reactions described by
equations (7) and (8) results in very low kinetic constants (see
Table S4 in the Supporting Information), much lower for the dis-
proportionation than for the NO oxidation reaction. Taking into
account the possible enhancement of such reactions within the
zeolite voids,**? a small contribution of the non-catalyzed NO
oxidation to NOz at low T cannot be completely discarded, though
it should not be relevant under realistic SCR conditions (see Fig-
ure S13 in the Supporting Information).



Table 4. Calculated kinetic constants k- for key elementary steps
on Cu-SAPO-34 and Cu-SSZ-13 at different T (in K).

298 373 473 623
Cu-SAPO-34
1-2 9.27x10* 1.55x10° 7.95x10> 2.19x10°
5—6 2.15x10%  1.49x10* 4.97x10° 1.10x107
5—-7 4.84x10"  9.23x10% 7.40x10° 3.64x107
8—9 3.98x10° 5.82x10° 4.02 x107 1.91x10°
10—11 2.08x102 1.09x10" 3.11x10" 8.18x10!
12—13 5.60x10* 3.56x10¢ 1.28x10* 3.34x107
Cu-SSZ-13
1-2 1.30x10* 1.53x10" 5.59x10' 1.06x10*
5—6 1.59x103  4.98x10* 8.37x10° 9.68x10°
5—-7 9.00x10% 1.86x10° 1.76x10% 1.14x10'
8—9 2.03x10"  2.86x10% 1.73x10° 6.44x10°
10—11 2.59x103 1.54x102 4.84x102 1.39x10"!
12—13 5.89x1010 8.09x10% 3.44x10°% 9.75x107
0
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Figure 9. Calculated energy profile for all processes leading to
formation of nitrites and nitrates from NO+Oz and from NO:z in
Cu-SAPO-34 with Cu” in site 6R. The optimized structures in-
volved are depicted in Figures 6-8.
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Figure 10. Plot of the logarithm of global rate constants for com-
plete processes leading to formation of Cu?’NO2" and Cu?>*NOs3
from Cu™+2NO+0: as a function of temperature on Cu-SAPO-34.

Since all the Cu-catalyzed pathways investigated involve consecu-
tive adsorption and reaction steps, which usually follow an oppo-
site trend with temperature, a global rate constant was estimated
for each of the complete processes leading to formation of
Cu?*NO;" and Cu>*NOs" from Cu™+2NO+0z. The plot of the loga-
rithm of such global rate constants as a function of temperature in
Figure 10 for Cu-SAPO-34 (and in Figure S14 for Cu-SSZ-13)
allows obtaining some clear conclusions. The only pathway pre-
viously proposed based on DFT calculations (0—2 process, pink
line in Figure 10) has a low contribution to formation of Cu?*NO3-
in the whole range of temperature considered. In contrast, reaction
of 2NO+0: yielding either 2NO2 molecules (0—6 process, orange
line) or nitrite and NO2 (0—7 process, red line) are always rele-
vant, especially at low temperature. Cu?*NOs™ is formed mainly
through the indirect pathway 0—7—9 (yellow line in Figure 10),
and not so much from 2NOz or 3NO2 molecules following reac-
tions 0—11 (cyan line) or 0—13 (blue line). Finally, it should be
mentioned that NH3 present under realistic SCR reaction condi-
tions might influence the rates of the oxidation half-cycle by
competitively adsorbing at the Cu” active sites where NO needs to
adsorb, but it is not expected to directly participate in the redox
process. Indeed, the adsorption energies of NO and NH3; on Cu*
and Brensted acid sites (see Table S5 in the Supporting Infor-
mation) indicate that NH3 interacts preferentially with acid sites
forming adsorbed NH4" cations. Taking this into account, we
recalculated the oxidation of Cu* to Cu?* by 2NO+0: following
the 5—6 pathway described above, but in the presence of NH4"
adsorbed close to the active center (see Figure S15). The new
activation and reaction energies are are 75 and -176 kJ mol,
respectively, not too different from the 57 and -178 kJ mol™! cal-
culated in the absence of NH3, thus validating the results obtained
with only NO and Oz. In subsequent steps of the mechanism,
however, the direct participation of NH3 and/or NH4" is necessary
to desorb the nitrite and/or nitrate species from Cu?' forming
NO2NH4 and/or NO3NH4, and to efficiently reduce Cu?" to Cu* by
reaction of NO+NH3s.

2.3. IR spectroscopy. IR spectroscopy complements EPR and
provides relevant information about the chemical nature of the
adsorbed species, their interaction strength and geometry. To
confirm the theoretical proposals, the interaction of Cu-SAPO-34
with NOz (Figure 11), with NO (Figure 12) and with a mixture of
NO+O2 (Figure 13) at 25 °C and increasing temperatures was
investigated using IR spectroscopy. It is generally accepted that
IR bands in the 1650 — 1500 ¢cm™' range correspond to nitrite or
nitrate species adsorbed on the copper active sites.?*3-46 However,
an accurate identification of these bands is not straightforward and
is quite confuse in the bibliography. To assist in the assignation of
the IR bands we took into consideration the DFT calculated vibra-
tional frequencies for intermediate structures 6-13, which are
summarized in Table S6 in the Supporting Information.
The IR spectra of Cu-SAPO-34 in the presence of only NO: at
room temperature shows three main bands at 1516, 1578 and 1608
cm! (Figure 11). Based on bibliography data and the DFT fre-
quencies listed in Table S6, the band at 1608 cm™ is assigned to
NO: adsorbed on copper. The peak at 1578 cm! could correspond
to bidentate nitrate,**4¢ although it also overlaps with a vibration
of nitrite species, and therefore additional experiments were per-
formed to assign this feature. Raman spectra of Cu-SAPO-34 after
oxygen activation shows the presence of O: species interacting
with copper (bands at 475, 417 cm™! for v(Cu-O) and 1095, 1128
cm! for v(0-0))* that disappear in an inert flow (Figure S16).
These oxygen species may react with NO following the 1—2
pathway discussed previously, forming a bidentate nitrate com-
plex Cu?*NOs" (structures 2 and 11). On the other hand, a band at
1578 cm! is clearly observed in the IR spectra of NO+O2 ad-
sorbed on a Cu-SAPO-34 sample preactivated in an Oz atmos-



phere, but is absent when the sample is preactivated in vacuum,
where only two bands at 1510 and 1610 cm! are seen (Figure
S17). These results indicate that the band at 1578 cm™! can be
safely assigned to Cu**NOs". The signal at 1516 cm™! has not been
discussed previously, and according to the DFT simulations it
could correspond to a mono-dentate Cu>**NOx (structures 7’ and
10 in Figures 7 and 8). Nitrite species show in addition other low
frequency IR bands in the 1300 — 1050 ¢cm! range which are hid-
den due to the strong absorption of the zeolite lattice vibrations in
this region. These IR data confirm the theoretical proposal that
Cu’ is readily oxidized to Cu?’NOz and maybe Cu?’’NO;z" by
proper NO2 adsorption at room temperature.

When Cu-SAPO-34 is exposed to NO alone (Figure 12), IR bands
corresponding to N20O (2224 cm™!), NO* (2121 ¢m™!) and Cu?*-NO
(1906, 1885 cm!) are clearly observed at room temperature to-
gether with the three additional IR bands associated to Cu?*"NOy

(1502 cm!), Cu?*NOs- (1578 cm!) and adsorbed NO2 (1608 cm™).

This is in agreement with the EPR results shown in Figure 5 indi-
cating that NO2 and N20 are readily formed from NO at all tem-
peratures. At 150°C Cu-nitrites species (IR band at 1502 ¢cm™)
decompose with the formation of gas phase NO2 which remains
physisorbed as evidenced by the IR peak at 1668 cm™'.

Absorbance (a.u.)
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Figure 11. FTIR spectra of Cu-SAPO-34 sample (blue line) and

after NO2 adsorption at increasing coverages (0.1 and 3 mbar).

Prior to adsorption the sample was preactivated in Oz at 350°C for
2h followed by vacuum at 150°C for 1h.
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Figure 12. FTIR spectra of NO adsorbed at 25°C on Cu-SAPO-34
(black line) with time (1, 16, 45min) and after increasing tempera-

ture to 150°C (red line). Prior to adsorption the sample was preac-
tivated in Oz at 350°C for 2h followed by vacuum at 150°C for 1h.

After exposing the Cu-SAPO-34 sample to a mixture of NO+O2
with a 2NO/502/Cu molar ratio (see Figure 13A), intense bands
associated to nitrite, nitrate and adsorbed NO2 (1507, 1578 and
1604 cm") are observed at room temperature, in addition to N2O4
(1742 cm!), Cu?*-NO (1906, 1887 cm™"), NO* (2121 em!), N2O
(2223 cm!) and NO2 (1668 cm™) as previously described. Notice
the presence of two new features at 1623 and 1298 ¢cm’! that, ac-
cording to our DFT results, would correspond to structures like 6
or 7, with NO2 (and NO2) groups adsorbed on Cu?* sites. At
150°C nitrites desorb from the Cu?" centers generating NOz, as
deduced from the decrease in the IR band at 1507 cm! and the
concomitant increase in the band at 1668 cm™! due to physisorbed
NO: in Figure 13B. Subsequent increase of the temperature to
250° — 300°C causes a decrease in the intensity of all bands, with
those corresponding to nitrates (1578 ¢cm') being still observed at
350°C. A new weak band at 1481 cm™! appears at 250 and 350°C
associated to nitrate species as in structure 13 in Figure 8. The
observation of nitrates at 150°C agrees with the DFT results indi-
cating that formation of nitrates from NO2 involves higher activa-
tion energy barriers than initial formation of nitrites and NOx.
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Figure 13. FTIR spectra of (A) NO adsorbed at 25°C on Cu-
SAPO-34 (gray line) and after Oz co-adsorption (2NO/502/Cu)
with time (1, 16, 71min) (black lines) and (B) after increasing
temperature in a 2NO/502/Cu atmosphere at 150°C (red line)
250°C (blue line) and 350°C (green line). Prior to adsorption the
sample was preactivated in Oz at 350°C for 2h followed by vacu-
um at 150°C for 1h.

The high stability of most nitrate and nitrite species formed by
reaction of NO+O2 toward evacuation is also shown in Figure 14.
Only the species responsible for the signal at 1508 cm™!, mono-
dentate nitrite according to DFT simulations, desorbs completely
at 150°C, while the rest of bands are still clearly observed at 250 —
300°C, in agreement with the EPR spectra in Figure 4.
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Figure 14. FTIR spectra of 2NO/502/Cu adsorbed at 25°C on Cu-

SAPO-34 followed by vacuum treatment at different temperatures:

25°C (black line), 150°C (red line) 250°C (blue line) and 350°C

(green line). The sample has been kept 30 min at each temperature.

Prior to adsorption the sample was preactivated in Oz at 350°C for
2h followed by vacuum at 150°C for 1h.

The IR spectra of Cu-SSZ-13 zeolite exposed to the same NO+O2
mixture is quite different (Figure S18 in the Supporting Infor-
mation). At 25°C the most intense peaks appear at 1496 ¢cm™' and
1666 cm’!, whereas the signals at 1610 and 1575 cm™! observed in
Cu-SAPO-34 and assigned to adsorbed NO2 and NOs" species are
relatively weak. According to DFT calculations (Table S6), NO>
species in the Cu-SSZ-13 sample would appear at higher frequen-
cy (~1525 ¢cm™") discarding the assignation of the 1496 cm IR
band to nitrite, while it may correspond to some kind of monoden-
tate nitrate species as depicted in structure 13, in agreement with
Negri et al.*¢ In addition to the above mentioned IR signals, bands
at 1629, 1418 and 1379 cm’! are also observed in Cu-SSZ-13,
which are related to NO2 molecules stabilized in the SSZ-13 zeo-
lite channel (see Figure S19 in the Supporting Information). Fur-
ther increase of the temperature to 150°C does not modify the IR
spectra in Figure S18, with the intensity of all bands remaining
stable. Interestingly, the IR study suggests that, at low tempera-
ture, formation of Cu-nitrite is favored in Cu-SAPO-34 as com-
pared to Cu-SSZ-13. Moreover, while Cu-nitrate interaction is
strong in both Cu-SSZ-13 and Cu-SAPO-34 samples, the stability
of Cu-nitrite is weak, producing NO2z at 150°C. The relatively
higher amount of copper nitrites in Cu-SAPO-34 might be related
its slightly higher catalytic activity in the low temperature range
(Figure S1).

3. CONCLUSIONS

The in situ EPR spectra of Cu-SAPO-34 and Cu-SSZ-13 zeolites
recorded in the presence of the reaction mixture (NO+O2+NH3) or
(NO+0Oy) at 230 °C, a temperature just below maximum NO con-
version in the NH3-SCR-NOx reaction, show a signal denoted here
as Cu®’’NOx since, according to previous publications,?' ni-
trate/nitrites are not discernable by EPR spectroscopy. Cu?"NOx
species are formed already at room temperature with NO+O2
alone and also in the presence of ammonia, indicating that oxida-
tion of Cu’ cations to Cu?>*NOx occurs easily. This finding is
confirmed by in situ IR spectroscopy, since bands associated to
adsorbed NOg, nitrites and nitrates are clearly observed at 25 °C
when Cu-SAPO-34 is exposed either to NOz alone or to a mixture
of NO+Oz. Moreover, both EPR and IR spectroscopies show the
formation of Cu?*NOx" species when the catalysts are exposed to
NO alone, probably through a disproportionation pathway produc-
ing also N20, which is detected by IR.

The decresase in the relative intensity of the Cu>*’NOx EPR signal
at 230 °C - 250 °C in the presence of the NO+O2+NH; mixture
when compared with NO+Oz suggests that Cu?*NOx™ participate

in the NH3-SCR- NOx reaction in the low temperature region (T <
350 °C). Regarding the particular role of NH3 present under realis-
tic SCR reaction conditions, our results indicate that it does not
participate directly in the oxidation half-cycle. In the subsequent
steps, NH3 and/or NH4" might assist in the desorption of the ni-
trite and/or nitrate species from Cu?" forming NO2NHs and/or
NO3NHs, and is necessary to efficiently reduce Cu?* to Cu* by
reaction with NO+NH.

In this sense, Cu?*(NHs)x adducts, previously reported by our
group when only ammonia is adsorbed on Cu-CHA zeolites, 3! are
not detected in the presence of the reaction mixture
(NO+O2tNH3), further supporting that Cu® cations directly at-
tached to framework oxygen atoms of the CHA structure can be
oxidized to Cu?" by NO+O at low temperature, without the direct
participation of ammonia.

From the DFT study several pathways are proposed to oxidize
Cu" cations located in the 6R rings of the CHA structure and con-
nected to framework oxygen atoms by reaction with NO+Oa.
These pathways generate adsorbed NO2 and NO:2™ species with
activation energy barriers between 55 and 70 kJ mol, and are
kinetically relevant already at room temperature. Formation of
Cu?*NOs" species requires activation energies larger than 96 kJ
mol!, which agrees with the observation of IR bands associated to
Cu?"NOs" species preferentially at 150 °C.

The experimental evidence on the low temperature oxidation of
Cu* with NO + O3 to form Cu?*-nitrites/nitrates without requiring
the participation of ammonia presented here appears to be in con-
tradiction with the more recent reaction model invoking the for-
mation of transient dimeric [Cu?"(NH3)2]-O2-[Cu?*(NH3)2] inter-
mediates from mobile Cu*(NH3)2 species.?>?5 This model is
founded on the statement that Cu* and Cu?" are coordinated to
NH3 molecules under reaction conditions (based on the simulation
of the XAFS spectra)®> 25 and on the too high activation energies
for the direct oxidation of Cu" attached to the zeolite to Cu**NO3
reported in the bibliography.'”> 1% 3 New DFT calculations
showed that the direct oxidation of Cu*(NH3)2 complexes requires
too high Ea (175 kJ mol™) to fit experimental results, but that the
barrier is considerably reduced, falling within the range of the
experimental values, when dimers are considered (76 kJ mol!) 2
In this work, similar activation energy values between 55 and 70
kJ mol™! are obtained for the oxidation of ammonia-free Cu" cati-
ons directly attached to framework oxygens, and these barriers are
practically not affected when also NH3 is included in the calcula-
tions.

Although the mechanism proposed here would not explain the
square dependence on Cu loading observed only at low T (200°C)
for samples with relatively high Al content and very low Cu load-
ing (Cu/Al < 0.03),%* it matches the experimental data reported for
Cu-SSZ-13 catalysts with a Cu/Al ratio higher than ~0.05, that is,
for most samples used in most experimental studies including the
present one ((Cu/Al ~0.6 for Cu-SSZ-13 and Cu/Si ~0.5 for Cu-
SAPO-34). These experimental data give activation energies
around 70-80 kJ/mol and a linear dependence of the reaction rate
on Cu loading, both explained with the proposed mechanism.

In summary, the results presented here demonstrate that a reaction
mechanism invoking the formation of nitrate/nitrite intermediates
on copper cations attached to the zeolite framework without re-
quiring the participation of ammonia in the oxidation half-cycle
can be operational in the low temperature region (T < 350 °C).
Moreover, different intermediate species are predominantly ob-
served in the two catalysts studied, nitrites in Cu-SAPO-34 and
nitrates in Cu-SSZ-13. While the role of nitrate species in the
catalytic pathway is still uncertain, this difference could be related
to the slightly lower reactivity observed in the Cu-SSZ-13 sample
at low temperature.



4. EXPERIMENTAL SECTION

4.1. Synthesis of Cu-zeolites. Zeolite Cu-SSZ-13 was prepared
by one-pot direct synthesis using a method developed by our
group and described previously,”’ from a synthesis gel of chemi-
cal composition: SiO2: 0.062 Al2O3: 0.1 Na2O : 0.06 Cu-TEPA :
0.15 TMAdaOH : 21 H20, being Cu-TEPA: copper-
tetracthylethylene-pentamine, TMAdaOH: N,N,N-trimethyl-1-
adamantammonium hydroxide. The gel was introduced into an
autoclave with a Teflon liner and heated at 150°C under static
conditions for 14 days. The resulting crystalline products were
filtered and washed with water, dried at 100°C, and then calcined
at 550°C in air to remove the occluded organic material.
Cu-SAPO-34 material was also prepared by one-pot direct syn-
thesis using a method developed by our group and described pre-
viously,”® from a synthesis gel of chemical composition: 0.19
SiO2 : 0.5 Al2Os : 0.4 P2Os : 0.045 Cu-TEPA : 0.855 DEA : 18
H20, being DEA: diethylamine. The gel was introduced into an
autoclave with a Teflon liner containing SAPO-34 seeds as well,
and heated at 150°C under static conditions for 5 days. The result-
ing crystalline products were filtered and washed with water,
dried at 100°C, and then calcined at 550°C in air to remove the
occluded organic material. The chemical composition of the ob-
tained materials was analyzed by ICP-O ES (Varian 715-ES), and
the results are reported in Table S1.

4.2. Catalytic tests. Catalytic tests were carried out in a fixed bed
quartz tubular reactor of 1.2 cm of diameter and 20 cm length,
where 40 mg of catalyst were introduced. Firstly, the catalyst was
pre-treated at 500 °C under N2 flow (300 ml/min) for 1h. Next,
the desired temperature was set (170 — 550°C) and the flow
changed to the reaction feed consisting of: 300 ml/min of a mix-
ture composed by 500 ppm of NO, 530 ppm of NH3, 7% of Oz,
5% of H20 and Nz as balance gas. The reaction was followed by
the conversion of NO that was analyzed with a chemilumines-
cence detector Eco Physiscs 62c. The results in Figure S1 show
that both samples are highly active from 200°C to 550°C, but es-
pecially in the 250 °C — 450 °C range where the NO conversion is
over 99%.

4.3. EPR experiments. About 20 mg of Cu-zeolite was placed
into a 5 mm EPR quartz tube adapted to a high vacuum valve,
connected to a vacuum line and dehydrated under dynamic vacu-
um at 450 °C (1 h) reaching a final pressure of ~10°° mbar. Next,
99.9% isotopically labelled "'NO, SNO/Oz or SNO/NH3/O2 were
adsorbed at -196°C by admitting onto the Cu-zeolite the desired
amount of gas using a calibrated volume. Then the EPR spectra
were measured at the desired temperatures (see below). Finally, in
some cases, as stated in the text, the sample with the adsorbed
gases in the quartz tube was further degassed in the vacuum line
at temperatures between 25 — 450° C and the spectra was meas-
ured afterwards. Labelled '*'NO instead of NO was used because
of the higher gas purity.

EPR spectra were recorded with a Bruker EMX-12 spectrometer,
operating at the X-band, with a modulation frequency of 100 KHz
and amplitude of 1.0 Gauss. Spectra were measured at variable
temperatures (-170 — 230 °C) using a Variable Temperature Ac-
cessory working with liquid or gas N2 depending on the tempera-
ture of measurement.

4.4. Computational Details. Periodic density functional calcula-
tions were performed using the Perdew-Wang (PW91) exchange-
correlation functional within the generalized gradient approach
(GGA)Y®# as implemented in the VASP code.’®’! The valence
density was expanded in a plane wave basis set with a kinetic
energy cutoff of 450 eV, and the effect of the core electrons in the
valence density was taken into account by means of the projected
augmented wave (PAW) formalism.>? Integration in the reciprocal
space was carried out at the I" k-point of the Brillouin zone. Elec-
tronic energies were converged to 10° eV and geometries were
optimized until forces on atoms were less than 0.01 eV/A. Transi-

tion states were obtained using either the DIMER algorithm.>34
During geometry optimizations the positions of all atoms in the
system were allowed to relax without any restriction. Vibrational
frequencies were calculated by diagonalizing the block Hessian
matrix corresponding to displacements of the Cu, N, H and O
atoms not belonging to the catalyst framework.

The chabazite structure was modelled by means of a hexagonal
unit cell with lattice parameters a =b = 13.8026 A, c=15.0753 A,
o= =90° and y = 120° containing 72 O atoms and either 36 Si
or 18 Al and 18 P atoms. To generate the Cu-SSZ-13 and Cu-
SAPO-34 models, two framework Si or P atoms were substituted
by Al or Si atoms, respectively, (Si/Al and (Al+P)/Si ratio = 17)
and a Cu” cation was placed in a 6R ring with a Bronsted acid site
nearby to keep the system neutral. The 6R, 6RB and D6R distri-
butions of Al in Cu-SSZ-13 and the 6R and D6R Si positions in
Cu-SAPO-34 shown in Figure 1 were used in the mechanistic
study.

The relative stability (Erer) of all structures involved in the oxida-
tion of Cu” to Cu?* by NO + Oz was calculated according to:

Erel = Estructure — Ecu-cHA — 2Eno — Eo2

where Estructure, Ecucua, Eno and Eoz are the total energies of
the structure considered, the Cu-CHA catalyst, NO and O, re-
spectively. Activation and reaction energies for each elementary
step were calculated as the energy difference between the transi-
tion state (TS) or the product (P) of the process and the corre-
sponding reactant (R) structure for that step.

Eact = Ets — Er
Ereac = Ep — Er

Finally, adsorption Kuas and kinetic rate k- constants for the most
relevant steps were derived from calculated adsorption AGags and
activation AGact Gibbs free energies, respectively, as follows:

—AGqqs
Kads = e /RT

K = (kt;l T) e—AGm -

The calculation of absolute Gibbs free energies is described in
detail in the Supporting Information.

4.5. IR spectroscopy. IR spectra were recorded with a Bruker
spectrometer, Vertex 70, using a DTGS detector and acquiring at
4 cm! resolution. An IR cell allowing in situ treatments in con-
trolled atmospheres and temperatures from 25°C to 500°C was
connected to a vacuum system with gas dosing facility. For IR
studies the samples were pressed into self-supported wafers and
treated in Oz flow for 2h at 350°C followed by vacuum (10
mbar) treatment at 150°C for 1 h or under dynamic vacuum (10
mbar) at 450°C for 1h. After activation, the sample was cooled
down in vacuum to 25°C. In the NO+O: experiments, NO
(1.4*%107 mol) and Oz (3.1*107 mol), corresponding to a molar
ratio 2NO/502/Cu, were dosed at 25°C. Spectra were acquired at
25°C and at increasing temperatures of 150°C, 250°C and 350°C.
In another set of experiments and in order to study the stability of
the intermediate species formed in the NO+O: reaction, after
NO+O; dosing at 25°C, the sample was submitted to vacuum (10
mbar) and increasing temperatures under dynamic vacuum condi-
tions.

In the NOz adsorption experiments, NO2 was adsorbed on the pre-
activated samples at 25°C and at increasing dosing (1.5%10- mol
to 11.2*10-5 mol) until saturation.

4.6. Raman spectroscopy. Raman spectra were recorded with a
785 nm laser excitation on a Renishaw Raman Spectrometer (“in



via”) equipped with a CCD detector. The laser power on the sam-
ple was 25 mW and a total of 20 acquisitions were taken for each
spectra. The sample has been pre-activated in Oz flow at 230°C
and then flushed with N2 at the same temperature. Spectra have
been acquired under both Oz and N2 conditions.
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