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ABSTRACT

Cu-exchanged zeolite is an efficient catalyst to remove harmful nitrogen oxides from diesel
exhaust gas through the selective catalytic reduction (SCR) reaction. The SCR performance is
structure dependent, in which a Cu with one adjacent framework Al (1AlCu) has lower
activation energy in oxidative half-cycle than Cu with two adjacent framework Al (2AICu).
Using a combination of operando X-ray absorption spectroscopy, valence to core - X-ray

emission spectroscopy and density functional theory calculations, here we showed that 1AICu
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proceeds with nitrate mechanism, in which side-on coordination of O, at a Cu'(NH3)xOsw (fw =
framework) is the rate-limiting step in the oxidation half-cycle. As a result, the Cu'(NH3)xOxy at
1AICu can easily yield a transient CuNOy intermediate upon breaking of Cu-Ogy after
interaction with NO. In the meantime, 2AICu has high barriers for Cu-Osy bond breaking and
proceeds with dimer mechanism. Our results show the coexisting of both dimer and nitrate
mechanism, in particular at high Cu loadings, in which controlling the strength of the Cu-Ogy

coordination is key for the O-O split in the nitrate pathway.

1. Introduction

Nitrogen oxides (NOx) are one of the major pollutants in the exhaust gas of power plants and
vehicles, threatening public health and the environment. NH3-assisted selective catalytic
reduction (SCR) of NOx on Cu-exchanged chabazite (Cu-CHA) zeolites have high NO
conversion in a wide temperature range and good hydrothermal stability'. Driven by the need to
improve the low temperature de-NOx activity to meet tightening legislation on emission control,
it is important to study and understand the SCR mechanism. The mechanism contains a reduction
cycle from Cu'" to Cu' and then an oxidative cycle back to Cu'l. In the reductive cycle, it is
generally agreed that Cu is reduced by NO and NH; together through the formation of
NH4NO>*> > ¢ and/or HONNO’? intermediates. However, the mechanism of the oxidative half
cycle at low temperature remains debated. One proposed mechanism uses the formation of
transient [Cu'(NH3)2]"-O,-[Cu'(NH3),]" intermediates from two mobile Cu' ions to explain the
quadratic dependent relationship between SCR rate and Cu concentration at low Cu density® '°.

For high Cu density, a variety of Cu species are formed, which means a combination of different

reaction mechanism will occur as shown in the increase of activation energy. One mechanism is
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proposed to emphasize the importance of both NO and O in the oxidation of Cu!, forming

intermediate nitrate/nitrite species (CuNOx)® due to the presence of different Cu active species.

The oxidation half cycle is affected by the local coordination environment of Cu in the Cu-CHA
catalysts and thus determines the SCR activity* * 13, Paolucci et al.” showed that Cu ions can
be assigned to two distinct types based on their proximity to one or two framework Al within a
six or eight-membered rings, forming single framework-coordinated 1AICu or double
framework-coordinated 2AICu sites. The ratio between 1 AICu and 2AICu sites is dependent on
the Si/Al and Cu/Al ratios in Cu-CHA zeolite. A Cu compositional phase diagram has been
previously calculated. According to this diagram, catalysts dominated by 1AICu site show
considerably better performance than the catalysts dominated by 2AICu sites in kinetics studies, *
suggesting differences in the catalytic mechanism. Furthermore, recent FTIR and temperature
programmed desorption studies found that Cu'NOx only forms on the 1AICu sites'>!*. The
understanding of different oxidation mechanisms at 1AICu and 2AICu sites is therefore

important to guide the catalyst design for low temperature SCR and thereby better catalysts.

Here we identify that side-on coordination of O, on a Cu'(NH3)xOsw (Osv=framework O from
zeolite) intermediate!* is the rate limiting step in the oxidation half cycle in the nitrate
mechanism. The oxidation of Cu' can only occur when Cu is not directly coordinated to
framework oxygen species (Orw). The release of Cu from the framework is site dependent and is
thermodynamically hindered when Cu is in proximity to 2Al ions, preventing the transient
Cu""™NOy formation, and the release of N2. As a result, 2AlCu will mainly proceed with the dimer
mechanism whereas 1AICu favors nitrate mechanism. This discovery is based on the
combination of Operando X-ray Absorption Fine Structure (XAFS), valence to core - X-ray

emission spectroscopy (VtC-XES) and density functional theory (DFT) calculations,
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demonstrating Cu speciation, changes between Cu-N and Cu-O coordination, and a much
stronger Cu-Opy interaction in 2AICu (67 kJ-mol™!) compared to 1AICu (28 kJ-mol™). This result
provides a complementary route towards the widely accepted Cu dimer mechanism!® !° for
splitting O-O at low temperature, bringing new insight towards an atomic level understanding of

the complex SCR mechanism.

2. Materials and Method

2.1 Sample Preparation

Pure CHA zeolite and two Cu-CHA samples representing 1AlCu (3 wt% Cu SAR25) and 2AlICu
(1 wt% Cu SARI13) were provided by Johnson Matthey Technology Centre in the form of
powder. The sample with 1 wt% Cu SAR25 is synthesized with the pure zeolite provided
through impregnation. The actual loadings of Cu-CHA samples were verified by ICP-MS

analysis.

2.2 Time-resolved XAS and EXAFS

The measurement is carried out in the P64 beamline at Deutsches Elektronen Synchrotron
(DESY, Germany). The time-resolved spectra were recorded in fluorescence mode with Si(111)
double crystal monochromator. In the experiment 1 wt% Cu SAR25 sample is loaded in the 0.5
mm diameter quartz capillary tube. The same gas configuration with the HERFD-XANES
experiments was used and monitored with mass spectrometer. The dynamic spectra (time
resolution 60s/spectrum) were recorded between 8780-9380 eV in fluorescence mode with

Si(111) double crystal monochromator. XANES and EXAFS under static conditions of each gas
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composition were also recorded between 8780-9980 eV in fluorescence mode. The sample was
first fully reduced under NH3+NO and equilibrated for at least 30 min. The gas flow was then
switched to NO+O; or Oz when the time series of XAS spectra were initialized. The spectra were
recorded every 60 seconds while the catalytic activity was simultaneously monitored by online
mass spectrometer connected to the outlet of in situ tube. The spectra processing and LCF

analysis were also performed with Athena, and EXAFS fitting was performed using Artemis'®.

2.3 HERFD-XANES and XES

HERFD-XANES and non-resonant XES measurements were carried out in the 120-Scanning
beamline!” at Diamond Light Source (DLS, UK). The incident beam energy was selected using a
Si(111) 4-bounce scanning monochromator'®. The X-ray emission spectrometer equipped with
three Si(642) spherical analyzers, operated in the Johann configuration with a 1 m diameter
Rowland circle!. For the in-situ measurement, Cu-CHA powders were fixed inside the 3mm
diameter Kapton and quartz tubes to be measured under lower temperature (200 °C) and higher
temperature (400 °C) respectively. The temperature is controlled by a thermocouple inserted into
the catalytic bed. Operando experiments were carried out by flowing a constant SCR-related gas
mixture (20 mL-min™' with concentration 1000 ppm NO, 1000 ppm NH3, 10% O,, balancing He)
generated by mass flow controllers. The concentration of the respective gas was kept the same
with balancing He while changing the composition of gas flow, which was monitored through
mass spectrometer connected to the outlet. The 1AICu and 2AICu catalysts are studied under
conditions aimed to represent the steady states of the SCR cycle: fully oxidised form under O,
followed by reduction under NH; or NO+NH3 until the fully reduced catalyst is obtained, and

reoxidation under NH3+O2, NO+O> and NH3+NO>+0O; gas streams. The sequence of different
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atmospheres follows the order O, NO, NH3, NO+NH3, NO+O;, NH3+0;, SCR condition
(NO+NH;3+02) to avoid interference. The spectra measurement always started after the
stabilization of gas flow. Under each condition, KBi3 XES (3plJ1s) and several HERFD-
XANES spectra were recorded until the catalysts reached stable states before the measurement of
vtc-XES. HERFD-XANES spectra were also recorded after vtc-XES to check the radiation
damage. For the ex-situ measurement, pellets were made for Cu(OH), and Cu(NO3)>:3H,O
references with 13 mm die under 3-5 tons pressure for 1-1.5 min. Liquid references (CuSO4 and
[Cu(NH3)4]SO4 solution) were loaded inside a liquid cell (1.5 mm thickness) sealed with Kapton
tapes. High/low concentration samples were made separately to be used for vtc-XES and

HERFD-XANES to avoid self-absorption.

HERFD-XANES was measured at the peak of the KBi3 emission line between 8903.9 and
8905.3 eV, while scanning the incident energy between 8800-9400 eV with region-scan mode
(edge region step = 0.3 eV). The spectra merging, background subtraction, normalization and
LCF analysis were performed with Athena'®. The R-factor for LCF is generally below 0.01,
except for NHs-coordinated conditions under 400 °C (R-factor > 0.05). The main edge peak is
determined by the smallest second-derivative of the spectra. Fixing the excitation energy at 9400
eV, KBi3 XES was measured between 8890-8920 eV with 0.3 eV step, and VtC-XES was
measured between 8§930-9020 eV with region-scan mode (KP25 peak region step = 0.3 eV).
Three repetitions (~40 min) were taken under each condition, making total measurement time of
2 hours for each VtC-XES. Three spectra were merged, and the background was subtracted by
fitting K13 emission line with Voigt functions. The VtC XES spectra are normalized to the
intensity of Kpi3 in order to compare the emission for different samples and under different

temperatures.
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2.4 Computational Details

Density functional theory (DFT) calculations were performed using the CRYSTAL17 code and
the PBEO hybrid exchange functional®®. The crystalline orbitals are treated as a linear
combination of atomic orbitals, represented as a linear combination of Gaussian functions. All-
electron basis sets of at least double-zeta plus polarization quality were used for all atoms,
obtained from the CRYSTAL online library (www.crystal.unito.it/basis-sets.php) with codes:
H 3-1p1G_gatti 1994, O 6-31d1_gatti 1994, Al 85-11G* gatti 1994, Si civalleri 1998,
Cu 86-4111(41D)G_doll 2000, N_6-31d1G_gatti 1994. Reciprocal space integration has been
performed using a 2x2x2 Monkhorst-Pack grid, which gives 8 k points in the irreducible
Brillouin zone. Default values were used as convergence criteria for the geometry optimizations
and activation barrier calculations. All calculations employ the hexagonal SSZ-13 unit cell with
108 framework atoms plus the Cu complex and gas phase molecules, in P1 space group.
Activation barriers are calculated using the distinguished reaction coordinate method,
corresponding to a series of constrained geometry optimisations in which a distance (N-O or O-
O) representing each elementary reaction step is held constant at regular intervals between its
value in reagents and products. The reaction profile corresponds to the variation of calculated
energy as a function of the chosen reaction coordinate. Steps of ~0.1 A or less have been used in

the proximity of each transition state.

3. Results and Discussion
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3.1 Formation of transient Cu'(NH3)xOry and Cu'NOy intermediate

The oxidation half cycle can be studied by switching from reduction half cycle NO + NH;3
atmosphere to different oxidation half cycles NO + O or pure O>. The comparison between these
two oxidation conditions can determine the role of NO in the Cu"™NOx mechanism. A model Cu-
CHA catalyst with 1 wt% Cu and common Silica: Alumina ratio (SAR25) (~Cu/Al = 0.131) is
studied with time-resolved in situ XAFS. According to the aforementioned phase diagram,’ it
contains a balanced ratio of 1AICu and 2AICu sites and delivers > 95% NO conversion between
225 and 450 °C (Figure S1). For compelete SCR reaction, the re-oxdation of Cu'(NHs) is
hindered by NH3, the Cu'(NH3)s can be formed at low temperature. For high temperature, the
dominant Cu species are fremework coordinated Cu" sites, forming ZCuOH at 1AICu site and
Z2Cu at 2AICu. When the SCR reaction is splited to redction and oxidation part, more detailed
Cu speciation change can be observed. In our designed experiment, the sample is pre-oxidized in

02 at 400 °C, and reduce to 200 °C. Then the sample is completely reduced to Cu' under NO +

NH; as shown in the typical Cu'(NH3), 1Is — 4p X-ray Absorption Near-Edge Structure
(XANES) feature at the Cu K-edge 8983 eV (Figure 1a, top red). Changing to NO + O» at 200
°C, the Cu'(NH;), feature at 8983 eV disappears along with an increase in the white-line
intensity at 8996 eV (Figure la, top black), indicating oxidation to Cu'. The decrease of
Cu'(NHs), feature undergoes two stages (Figure la, 200-12000 s and 1200-1800 s). The
intermediate state retains ~65% of the initial intensity at 8983 eV, suggesting a majority of Cu'
(Figure 1a, top blue). The slight increase of 1s to 4p feature between 400 and 1200 s is due to the
release of NH; from zeolite framework, creating local reductive environment that forms small

amount of Cu' (Figure la, right). This is also confirmed in the mass spectrometry data, which
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only shows the presence of the NO on the second stage of oxidation (Figure S3e,f). Linear
combination fitting (LCF) with a set of reference Cu environments (Figure S2) is carried out to
study the Cu speciation during the two-stage oxidation. The LCF result suggests the possible

spectroscopic feature of the intermediate Cu sites (See LCF discussion in Supporting
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information). The intermediate contains both Cu'(NHs)> (Figure 1c green) and Cu-Oyy features
(Figure 1c black), suggesting a transition from mobile Cu'(NH3): to framework O bonded Cu.
Similar behaviour was observed at 400°C, but with shorter intermediate stage (780 s Vs. 900 s)
(Figure S3a and discussion of Cu' oxidation at different temperatures). Transient Cu"™NOy is
observed in the second oxidation stage (Figure lc red), and converts partially to framework
coordinated Cu" (Figure Ic blue, black, Figure S4b). Such Cu'"™NOx can be immediately reduced
to Cu' upon switching to the reductive NO + NH3 environment, suggesting that it is an important

intermediate species during oxidation half cycle.
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Figure 1. Time-resolved XAS transient experiments. a,b) XANES spectra heatmap and c¢,d) Cu
speciation during the transient experiments of 1 wt% Cu-CHA (SAR25) through Cu oxidation at
200 °C with the mixture of NO+O- (a, c) or O3 alone (b, d) after full reduction with NO+NH3.
a,b) top Averaged XANES spectra at selected time points. a,b) right Signal intensity of Cu' 1s-4p
transition peak at 8983 eV. The coexistence of Cu'(NH3), and ZCu'OH+Z,Cu" in the

intermediate stage suggests the formation of Cu!(NH3)xOxy,

The oxidation in O2 alone takes much longer than in NO+O2 and remains at the framework-
bonded Cul intermediate for reaction at both 200 °C and 400 °C (Figure 1b,d and Figure S3b,
4b). The formation of Cu"NOXx is hardly seen due to the lack of NO supply. Only after 2 hours
can the Cul species be fully oxidized to Cul under O2 (Figure S4d).[*'] The coordination
numbers (C.N.) of Cu species are studied by fitting of Extended XAFS (EXAFS) at initial,
intermediate and final stages under NO + O2 oxidation reveals the Cu-N(O) coordination
numbers (C.N.) as 2.5 £ 0.2, 3.1 £ 0.3 and 3.2 £ 0.4 respectively at 200 °C; 2.1 £ 0.2, 2.7+ 0.3
and 3.3 £ 0.5 respectively at 400 °C (Figure S5 and Table S1). The increased C.N. from 2.5 at
Cu'(NH3): to 3.1 at intermediate state is due to the additional Cu-Og, coordination. Following
XANES and EXAFS results we refer to this intermediate as Cu'(NH3)xOgv (1 < x < 2). The
different behaviour towards oxidation with NO+O2 and O2 alone was also observed with in situ
electron paramagnetic resonance (EPR)?2. This difference shows that though both O2 and NO +
02 will form the long lifetime Cu'(NH3)xOs intermediate, the oxidation of Cu'(NH3)xOsw to
Cu'"NOy is only possible with the presence of NO. Therefore, the activation of Cu'(NH3)xOxy to

break the Cul-Ofw bond is the rate-limiting step in oxidation half cycle.

10
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3.2 Formation of Cu-Osy and its reduction at 1AICu and 2AICu

Time-resolved XAFS on the model catalyst shows formation of a critical Cu'(NH3)xOgy
intermediate. According to the site-dependent Cu"™NOx mechanism'* 3, the formation of the
Cu'(NH3)xOsw and its Cu'-Ogy bond breaking at 1AlCu and 2AICu sites can be different.
Therefore, two ideal catalysts: 3 wt% Cu (SAR 25, Cu/Al ~ 0.403) and 1 wt% Cu (SAR 13,
Cu/Al ~ 0.072) that represent the 1 AlCu and 2AlCu sites, and studied here according to the
phase diagram predicted by Paolucci et al.” 1 AICu samples has better SCR performance than
2AI1Cu when normalized by number of Cu atoms in the reactor (Figure S6a). The activation
energy E, are 58.4 and 54.0 kJ-mol" for 1AICu and 2AICu sites samples, respectively (Figure
S6a,b), which is in good agreement with literature values with different Cu loadings.* They have
different EPR response due to the distribution of the Cu sites (Figure S6¢ and SI Section 2.1).
XANES were collected with High-Energy Resolution Fluorescence Detection (HERFD) to
reveal additional spectral features (Figure 2a,b). The initial HERFD-XANES of 1AICu and
2AICu at room temperature are very similar to the aqueous Cu(H20)s>" solution (Figure S7,8).
To study the initial Cu-Og, formation, O, is applied at 200 and 400 °C, which reduces the white
line intensity at 8996 eV and new features at 8986 / 8983 eV arise, indicating the Cu"!
dehydration that yields bare Cu" species directly coordinated to Osw,(Figure 2a, Figure S9a). The
8986 eV feature is Cu 1s — 4pz transition admixing with O-2p states, referred to 1s — 4pz +
LMCT (ligand metal charge transfer) shake-down transition**. 1AICu has broadened feature at
8986 eV, suggesting the Cu is coordinated with two O species that have different O 2p energies
that causing the broadening of the shake-down transition, whereas the narrow feature at 2A1Cu

suggests the same O species. This proves the formation of ZCu"OH site (1 Oy + 1 OH) in the

11

https://doi.org/10.26434/chemrxiv-2023-xljnc ORCID: https://orcid.org/0000-0002-2475-606X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-xljnc
https://orcid.org/0000-0002-2475-606X
https://creativecommons.org/licenses/by-nc-nd/4.0/

1AICu and Z,Cu" site (2 Ogy) in 2AICu. In addition, the higher intensity around 8983 eV for the
1AICu sample indicates a more prominent self-reduction**%°. The reduction of framework
coordinated ZCu"OH and Z>Cu" is then studied with NO + NH3 atmosphere, showing a typical
1s—4p transition at 8983 eV observed for a linear Cu'(NH3), complex®*?’ (Figure 2b). The
energy and intensity at the peak maximum of this spectral feature changes as a function of
catalyst, temperature and gas composition (Figure 2c). We observe shifts to high energy and low
intensity upon 1) decreasing the reducing strength of gas from NO + NH3 to NH3 and to NH3 +
0O2; 2) from 200 °C (open) to 400 °C (solid); 3) from 1AlCu (black) to 2AICu (red). Additional
features appeared between 8986-8990 eV at 400 °C (Figure 2b, Figure S10). This suggests the
transition from linear to tetrahedral coordination geometry>>2® (Supporting Section 2.2.2) as a

result of Cu'-Ogy bond formation in the Cu'(NH3)xOsy intermediate that is sightly favoured on
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2AICu (Figure 1c). Such Cu'(NH;3)xOsw species is also seen in the LCF fitting of HERFD-
XANES with mixed [Cu'(NH3)>]" and Cu-Ogy component (Figure 2f). The Cu-Osw component
increases at 2A1Cu, suggesting a stronger framework binding than 1A1Cu® 228, This is also
consistent with the [Cu'(NHs),]" ratio estimated from the intensity of 1s—4p transition peak
fitting (Figure 2c¢ black vs red, Figure S11 and Table S2). From these observations, we conclude
that reduction at 2A1Cu forms more Cu'(NH3)xOxw species than 1 AICu, which will affect their

behaviours in oxidation half cycle.

Figure 2. Edge region analysis of HERFD-XANES. HERFD-XANES spectra of 1AlCu and

2Al1Cu samples at 200 °C and 400 °C in a), O2 and b), NO+NH3. HERFD-XANES removes the
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broadening caused by core-hole lifetime and suppress background®, yielding further information

on Cu oxidation state and coordination environment. c) Intensity and energy of the Cu' 1s—4p
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transition for Cu-CHA samples under reductive conditions at 200 °C (open) and 400 °C (full
symbols): NO+NH3 (square), NH3 (circle), NH3+O: (triangle). d) HERFD-XANES spectra of
reference compounds used in the LCF. Spectra of Cu-CHA catalysts in O> RT and in NO+NH3 at
200 °C are used as reference for [Cu'(H.0)s]*" and [Cu'(NH3):]" in the LCF®?7-3° (Supporting
Section 2.2.1). ZCu""OH and Z,Cu" are represented by spectra collected with 1A1Cu and 2AICu
samples at 400 °C in O,*!32. LCF analysis of Cu speciation in the 1AlCu and 2A1Cu samples

under different gas conditions at €) 200 °C and f) 400 °C, using the same colour code as in d).

3.3 Oxidation of Cu'(NH3)xOyw with formation of CuNOx only at 1AICu

The 2AICu catalyst has higher Cu'(NH3)xOsy content and stronger binding to Ogy than 1AICu,
inhibiting the reoxidation of Cu'. Upon treatment with NH; + O», the 2AICu sample yields a
mixture of ZCu"OH and Cu'(NH3)xOsw, while in the 1AICu sample Cu is completely oxidized to
ZCu"OH at 400 °C (Figure 2c,f). Complete Cu' oxidation to Cu' is observed under NO + O; at
both 200 and 400°C, but with different Cu® speciation in 1AICu and 2AICu sites. Co-feeding NO
and Oz into the reduced 1AICu catalyst yields Cu'NOx that is not observed with NO or O alone
in the gas stream or in 2AlCu (Figure 2e,f). This result indicates that formation of Cu™NOy (x= 2
or 3) through oxidation of both Cu and NO, only occurs in 1AICu. Cu"NOx is also found in time-
resolved XAFS (Figure lc, red). Cu'NOy is proposed as an important intermediate of the
oxidation half cycle® ¥, further supported here as the Cu''NOx signal is stronger under SCR
condition (NO+NH3+03) than NO+O; (Figure 2ef, red), confirming the presence of nitrate
species during the catalytic reaction. Even at the fully oxidized state, 2AICu has high Z>Cu ratio

(Figure 2e), suggesting the stronger Cu-Opsy interaction of the latter. As a result, Cu'(NH3)xOsv in
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1AICu has weaker Cu-Ogy interaction, is easier to oxidize than 2AlCu, forming a Cu'™NOx
intermediate and indicating high SCR activity. A higher rate of Cu'(NH3): oxidation is also

observed in the 1 AlICu sample and will be discussed in a separate publication.

3.4 Evidence of Cu-N bond breaking and Cu-O bond formation

The transition from Cu'(NH3), to Cu'(NH;3)xOsv and to Cu'™NOx involves a change from Cu-N
coordination to mixed Cu-O/N and finally to Cu-O coordination. The change from Cu-N to Cu-O
can be studied with VtC-XES?* 27-30:34-36 (Figure 3). VtC spectra are sensitive to the O and N—
based ligands®’ because they contain transitions to the Cu 1s core-level from the Cu 3d and 4p
valence states that are mixed with ligand 2p (KPa.5) and 2s orbitals (KB~ satellite)*> %3 (Figure
3a). This is not possible with EXAFS fitting. O coordinated [Cu(H20)s]*", Cu(OH),,
Cu(NO3)2-:3H20 have a double peak K5 feature at 8972.4/8976.0 eV while N coordinated
[Cu''(NH3)4]*" has a single peak at 8976.0 eV. In addition, the KB~ peak shifted from 8951.5 eV
in [Cu(H20)6]*" and Cu(NO3)2:3H,0 to 8955.8 eV in Cu(OH): to 8960.0 eV in [Cu'(NH;3)4]*",
indicating the change from H>O to OH™ and NHj3 ligands. The operando VtC XES shows similar
features for 1AlCu and 2AICu samples at 200 °C (Figure 3c, Figure S13), with K25 double peak
and KB~ peak position for O-coordination at Oz / NO + O, conditions, and N-coordination in the
NHj related reductive conditions (Figure 3c green, Figure S13). The red shift of the K25 single
peak from 8976.0 eV in [Cu(NH;3)4]*" to 8973.6 eV in Cu-CHA suggests reduction to
Cu'(NH3)2* %, consistent with the decrease of the 1s—4p transition energy in XANES (Figure
2a-c). Increasing the temperature to 400 °C does not alter Cu coordination in oxidative conditions

(Figure 3d green, Figure S14), however, the double peak feature evolves in reducing conditions
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along with the red shift of KB~ to 8956.5 eV. This indicates the Cu-O coordination even under
NH;+NO for both 1AICu and 2AICu at 400 °C and is the key evidence for the Cu'(NH;3)xOrw
feature observed in HERFD-XANES (Figure 2b,f). The Cu'(NH3), to Cu'(NH;3)xOpy
transformation is observed in changing from NO + NH3 to NH3 + Oa. In 1AICu, the Kf, 5 feature
under NH3+0; is very similar to the initial fully oxidised state, indicating the oxidation to
ZCu""OH (Figure 3e). The 2AICu maintains the Cu-N feature at 8973.0 eV, showing a mixture of
Cu-N and Cu-O coordination (Figure 3f). Together with HERFD-XANES result, we conclude
that 2AICu contains a mixture of Cu'(NH3)xOnv and Z,Cu'"/ZCu"OH species. The complete
conversion from Cu'(NH3)xOgy to Z>Cu" and ZCu"OH at 2AICu requires the simultaneous
presence of NO and O> for at least 1 hour (Figure S14b). The VtC-XES results confirm the swift

Cu-N to Cu-O conversion at 1 AlCu but 2AICu stays with a mixture of Cu-N/O under NH3 + Oo.

Figure 3. Valence-to-core XES of 1AICu and 2AICu samples. a) Simplified molecular orbital

Cudp — ;
a s € [200°C 89736 | 89763 1aioy © [ 400°c 873059760
Culdd —. ) ga72.7/ \i 0; = 1AICu H —— NHs+NO
—Nligand 2p = 2AICu 3
_7——0-ligand 2p o ——~ NH.+NO| o
©  —Nlgand2s 2 0, z
t .,::;,:_O—Ilgand 2s £ ﬁ
T £ £
KﬁZ‘S
Kg"”
"I’ 1 1 1 1 1 1 1 1 1 1 1
CUlS i 8950 8960 8970 8980 8990 9000 8950 8960 8970 8980 8990 9000
X-ray Emission Energy (eV) X-ray Emission Energy (eV)
b Kp, 8976.0; — [CuNF) I~ d [qacy 89736789763 200°c | F [ 0. 89730 8076.1
89724 [}\ 7 [Cu(H0)a]* 89729 o 02 2AICU A —— NHa+NO
—_ —— Cu(OH), —_ AL — — NH.+O,
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X-ray Emission Energy (eV) X-ray Emission Energy (eV) X-ray Emission Energy (eV)

diagram depicting VtC transitions from N-coordinated and O-coordinated complexes. b) Vtc-

XES spectra for Cu reference compounds; ¢) comparison of N-coordination and O-coordination
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in 1AlCu and 2AICu at 200 °C; d) comparison of 1 AlCu at 200 °C and 400 °C; VtC spectra in

NH3+NO and NH3+0O; for ) 1AlCu and f) 2AlCu at 400 °C.

3.5 Computational analysis

DFT calculations have been performed to examine Cu-Osy binding in 1AlCu and 2AlCu samples
and the different activation barriers of Cu' oxidation towards Cu''NOx (Supporting, DFT
discussion). The adsorption energy of O,, NO, H>O, and NH3 to isolated Cu'(NH3), is first
calculated (Table S4). Cu'(NH3)2, as confirmed here with HERFD-XANES (Figure 2b), is the
predominant species at the end of the reduction half cycle.® ° O, out-binds NO and has two
distinct modes of adsorption upon Cu'(NH3),: side-on and end-on (Figure S15). The former

adsorbs 46 kJmol! more strongly than the latter.

DFT results confirm the Cu-Ogy interaction observed in XANES and XES: the framework-
coordinated Cu'(NH3)z species. Only by increasing the Cu coordination number, such as by
adsorption of NO, O, or additional NH3 molecules, can Cu be released from the direct interaction
with Og,. When NO and O, molecules are co-adsorbed on Cu'(NHs),, the framework-
coordinated and free Cu complexes are distinct local minima in the energy surface; in 1AICu
releasing Cu from Oy requires 28 kJ-mol! against 67 kJ-mol” in 2AICu, a significant difference
for the low-temperature SCR. The stronger interaction of Cu' with the framework in 2AICu has
electrostatic origin, since the Al ion replacing Si in the zeolite represents a lattice defect with
negative net charge. This result suggests a shift towards framework-coordinated Cu from mobile

Cu, as well as slower Cu-Osy bond-breaking dynamics, in the 2AICu.
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Framework-coordinated Cu invariably yields end-on O; adsorption while in absence of Cu-Oxgy
bonds we observe side-on coordination of Oa, for both 1AlCu and 2AlCu sites (Figure 4a). Side-
on O3 enables backdonation of electrons from Cu to the m* molecular orbital, activating O-O
dissociation; this is validated by the equilibrium O-O bond length of 1.33A compared to 1.22A
for end-on coordination. The release of Cu' complexes from the framework to enable the

activated side-on coordination of O, to Cu' is therefore a critical step in the oxidation half cycle.

Oxidation of Cu'(NH3): in 1AICu and 2AICu environments is then considered with a range of
initial coordination environments, varying the type, number and relative orientation of gas phase
ligands (Figure S17). Only when NO and O: are present simultaneously have we been able to

observe a stable product for the Cu' oxidation, corresponding to formation of nitrate ions:
Cu'(NH3),(N0)(0,) - Cu" (NH3),(NO3)

We identified a three-step mechanism (Figure 4b): 1) attack of NO to O to yield a peroxynitrite
ion (ONOO") with simultaneous oxidation of Cu' to Cu'; 2) O-O bond dissociation to yield O

and NOz both coordinated to Cu'’; 3) bond formation between O~ and NO; to form NOs".

The formation of NO3™ does not occur for fw-coordinated Cu in Cu(NH3)«Onv: even if the
Cu(Ofw)-OONO intermediate forms with low barrier (AE1 in Fig 4c), subsequent O-O
dissociation (AE2 in Fig 4c) requires in excess of 140 kJ-mol™!. If however O2 adsorption occurs
on released Cu(NH3)202, leading to side-on coordination, NO addition to O2 occurs readily, and
0-O dissociation requires a reduced activation barrier of 82-83 kJmol!. The latter is also likely
in the SCR condition given the higher O content than NO and O out-binds NO in Cu
coordination. Formation of NO3™ from NO>™ and O coordinated to Cu ([JE3 in Fig 4c) is fast in

all cases. The calculated reaction barriers indicate that the oxidation mechanism is similar in
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1AICu and 2AICu and requires release of Cu from framework coordination to progress. What
differentiates 1AlCu and 2AICu environments is the strength of the Cu-Osy coordination, that
makes formation of framework-free Cu much easier in the 1AlCu, in turn activating O for bond

dissociation.

AE=+28 kJmol"
2 - J
= &'K
L

AE=+87 kJmol!

b
00

—_— .8
—
L] .
“‘H
C Site Coordination Environment AE_1/kdmol" AE_2/kJmol' AE_3/kJmol!
1AICL Cu-Oy,, NO in 2SS, end-on O, 4.9 143 10
Free Cu', co-adsorbed NO, side-on O, 27 83 3.5
2AICU Cu-Oy,, NO in 2" SS, end-on O, 18 140 4
Free Cu', co-adsorbed NO, side-on O, 60 82 36

Figure 4. a) Equilibrium structures and calculated energy difference between framework
coordinated and free Cu' at 1AICu (top) and 2AICu (bottom) sites, described under periodic
boundary conditions. For 2AICu site, an NHy4" ion situated in the 8-member ring is used for
charge balance and the 2 Al ions are located as the 3rd nearest neighbours in the 6-memberring®
°. b) Elementary reaction steps in the formation of NOs'and calculated activation barriers

(UE1, DE2, OE3 in kJ mol™) for the different Cu' environments considered. c) Table showing
the activation barrier for each step in b) at the different coordination environments for 1Al and

2Al sites.

4. Conclusion
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A complex reaction, such as SCR in the framework of Cu-CHA, usually undergoes several
reaction pathways/mechanisms. The distribution and ratio between those pathways are condition
and structure-dependent. The dicopper amino oxygen bridged complexes is a widely accepted
intermediate to dissociate the O-O bond in the oxidation half cycle at low temperature. In
addition to this mechanism, here we discover a complementary pathway by combining time-
resolved XAFS, steady state HERFD-XANES and vtc-XES and DFT analysis (Table S3). Under
low temperatures, reduced Cu'(NH3), species formed at the end of the reduction half-cycle yield
direct Cu-framework coordination, indicated as Cu'(NH3)xOfw. The stronger Cu'-Ogy binding in
2Al1Cu means it is significantly harder for Cu to be released from the framework compared to
1AlCu sites. Steric crowding around Cu caused by the Cu-Osy interactions leads to unreactive
end-on O coordination; activated side-on Oz coordination is instead observed when Cu is freed
from the framework. This geometry facilitates the formation of nitrate intermediates, in which
Cu(I) and NO are simultaneously oxidised by O»; the oxidation happens preferentially on 1AlCu
sites in which a higher fraction of Cu is released from the framework. The sequence of species in
the oxidation process follows Cu'(NH3), - Cu'(NH3)xOrw
—Cu'(NH3)x(NO)(02)Cu!(NH3)x(OONO)— Cu'(NH3)x(NO3) — Z-Cu" (ZCu"OH+Z,Cu")
(Figure 4). The result provides an additional mechanistic route for the oxidation half cycle,
complementary to the proposed dimer mechanism*!. It shows that side-on O is a proper
intermediate configuration to split O-O at 1AICu site. Changing the Cu site geometry may
proceed the O-O split in different ways, as shown here in the nitrate mechanism and the common
dimer mechanism. Together with the existing literature, the study here provides a complete

understanding to the SCR mechanism. At low Cu loadings and low temperature (< 250 °C) SCR

proceeds with dimer mechanism. At high Cu loadings and low temperature (< 250 °C), the
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reaction combines dimer, nitrate and also CuO cluster mechanisms to split O-O bond. At high
temperature (> 250 °C), the Cu species is not mobile and rules out the dimer mechanism.
Therefore, understanding of coordination chemistry and catalysis in such confined environment
is critical for rational design and optimisation of new catalytic reactions with high activity and

selectivity.
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