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ABSTRACT: The small-pore Cu-CHA zeolite is today the object
of intensive research efforts aiming to rationalize its outstanding
performance in the NHs-assisted selective catalytic reduction
(SCR) of harmful nitrogen oxides and to unveil the SCR mecha-
nism. Herein we exploit operando X-ray spectroscopies to monitor
the Cu-CHA catalyst in action during NH3-SCR in the 150-400 °C
range, targeting Cu oxidation state, mobility and preferential N or
O ligation as a function of reaction temperature. By combining op-
erando XANES, EXAFS and vtc-XES, we unambiguously identify
two distinct regimes for the atomic-scale behavior of Cu active-
sites. Low-temperature SCR, up to ca. 200 °C, is characterized by
balanced populations of Cu(l)/Cu(ll) sites and dominated by mo-
bile NHs-solvated Cu-species. From 250 °C upwards, in corre-
spondence to the steep increase in catalytic activity, the largely
dominant Cu-species are framework-coordinated Cu(ll) sites, most
likely representing the active sites for high-temperature SCR.

Recent years have seen a Renaissance for metal-exchanged zeo-
lites. These systems are attracting growing interest as versatile plat-
forms for novel chemistry at the boundary between homogeneous
and heterogeneous catalysis. Copper, with its rich redox chemistry
and exquisite coordinative flexibility, as we see in many Cu-en-
zymes,12 is the ideal candidate for single-site catalysis empowered
by host-guest interactions inside the zeolite cages. In particular, the
small-pore Cu-CHA zeolite is today the object of intensive research
efforts aiming to rationalize its outstanding performance in the
NHs-assisted selective catalytic reduction (SCR) of harmful nitro-
gen oxides.27 Cu-CHA is currently commercialized due to its en-
hanced activity, selectivity and hydrothermal stability® with respect
to other zeolite-based catalysts. Nonetheless, despite the recent ad-
vances in the understanding of the SCR mechanism on Cu-CHA 8%
15 several questions still need to be addressed to design deNOx cat-
alysts able to keep pace with the increasingly stricter regulations
worldwide.

The powerful experimental and theoretical methods matured in
the last decade are enabling an unprecedented molecular-level un-
derstanding of the structure-composition-activity relationship in
Cu-zeolites. Very recently, Schneider and co-workers!® have syn-
ergized experiment and theory to correlate the macroscopic com-
positional parameters in Cu-CHA and the types and numbers of Cu-
sites formed after dehydration and in SCR-relevant conditions. The
authors provided direct evidences that during dehydration Cu(ll)
ions first populate 2Al sites in the 6-membered rings (6r) of the
CHA framework (Z2—Cu(Il), where Z» denotes 2 neighboring
charge-balancing framework Al sites), identified as the most ener-
getically favoured exchange sites for “naked” Cu(II) ions. 81 Once
the less reduciblell1518.18 7,—Cuy(Il) sites are saturated, Cu cations
are stabilized in proximity of isolated 1Al sites as redox-active

Z—[Cu(I)OH"] complexes (where Z denotes an isolated framework
Al site), representing the largely dominant coordination environ-
ment at high Cu-loading.22 Very importantly to the present study,
the chemical and spectroscopic distinction between these two types
of Cu-sites is much less pronounced when the catalyst is exposed
to the SCR feed or partial mixtures of SCR reactants. Consistently
with previous reports,2222 operando XANES during SCR at 200 °C
revealed the presence of a ca. 50/50% Cu(l)/Cu(ll) mixture. Pao-
lucci et al.L® associated the Cu(l) and Cu(ll) components to the most
stable species evidenced by DFT: Z[Cu(l)(NHs)z] (also observed
after exposure to the NO+NHs mixture at 200 °C, as was reported
beforel2132%)  and  Z[Cu(I)OH(NHz)s] on 1Al  sites;
Z>[Cu(11)(NH3)4] and ZNH4*/Z[Cu(l)(NH3)2] on 2Al sites. On this
basis, NHs-solvated Cu-complexes, scarcely interacting with CHA
framework and poorly influenced by Al distribution, are proposed
as the SCR active sites at 200 °C. On the other hand, the authors
suggest that NHs de-solvation at higher temperature is expected to
influence the SCR rates, especially in the oxidation half-cycle.
Since no evidences on this key aspect have been reported so far, a
temperature-dependent investigation of the Cu-CHA catalyst in ac-
tion during NHs-SCR becomes crucial to pinpoint alternative reac-
tion pathways and Cu active species as a function of the operation
temperature. To bridge this gap, we monitored Cu-CHA during
NH3s-SCR in the 150—400 °C range by operando XAS and XES.
As illustrated in a number of recent reviews,>72* these X-ray spec-
troscopies®-3! are ideal to track the properties of Cu cations in ze-
olites, and allowed us to determine (i) oxidation state, (ii) mobility
and (iii) preferential N or O ligation for Cu-active sites as a function
of reaction temperature. From these experiments it clearly emerges
that temperature strongly influences Cu-speciation during SCR,
with profound implications on the elucidation of SCR active sites
and mechanism. We performed operando XAS/XES during stand-
ard SCR (500 ppm NO, 500 ppm NHs, 5% H20, 10% O/He, flow
rate = 300 ml/min) using a well-established gas flow setup on a Cu-
CHA catalyst with composition (Si/Al=15, Cu/Al=0.48) equivalent
to the one investigated in our previous studies31%2 and selected
by Paolucci et al.1® as the reference for 1Al type-containing Cu-
CHA. Additional details on sample synthesis and experimental
setup are reported in Sl, Section 1). A mass spectrometer down-
stream the reactor cell allowed us to verify that the catalyst was
effectively active for SCR reaction during XAS/XES measure-
ments, with temperature-dependent NO conversion in qualitative
agreement with SCR rates obtained in dedicated laboratory cata-
lytic tests on the same catalyst batch (see also Sl, Section 2).
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Figure 1. (a) Operando XANES collected during standard SCR at
temperatures of 150, 250, 300, 400 °C. (b) XANES spectra of se-
lected reference Cu-species employed to interpret operando data
reported in part (a). The same vertical and horizontal axes scale is
used in part (a) and (b) to facilitate a direct comparison between
operando and reference data. The insets report a magnification of
the background-subtracted Cu(Il) 1s — 3d pre-edge peaks high-
lighted by the black boxes in the main panels.

Figure 1 shows the temperature-dependent modifications in the
XANES of Cu-CHA during SCR. To guide data interpretation, op-
erando XANES (Figure 1a) are compared to the ones obtained for
a series or references (Figure 1b), selected considering the principal
spectral features emerging during SCR. Reference XANES spectra
were separately measured for Cu(l) and Cu(ll) agua/amino com-
plexes in solution (m-Cu(l) and m-Cu(ll), m = “mobile”) and frame-
work-interacting Cu(ll) species in Cu-CHA (Z-Cu(ll)), namely
three-coordinated ~ Z—[Cu(I)OH"] and  four-coordinated
Z—[Cu(IT)(NO3)7] (see Sl, Section 3.1). To estimate temperature-
dependent Cu-speciation during SCR, we applied linear combina-
tion fit (LCF) analysis using the reference spectra in Figure 1b (see
Sl , Section 3.2). The operando SCR XANES spectrum at 150 °C
is in excellent agreement with the observations reported by Pao-
lucci et al. and others!>21:22 during standard SCR at 200 °C. Hence,
our experimental conditions guarantee a reliable comparison with
previous studies. The pre-edge peak at ca. 8977.3 eV, mostly aris-
ing from Cu(Il) 1s — 3d transition,322 is significantly lower than
in Cu(ll) references. The characteristic edge-rising peak at ca.
8982.5 eV deriving from 1s — 4p transition in the linear
Cu(1)(NHs)2 complex323435 js well evident. LCF indicates a ca.
46% contribution from m-Cu(l), in the form of [Cu(l)(NHs)2]*,
whereas the remaining XANES signal is fitted with an almost equal
fraction of Z-Cu(ll) (ca. 26%) and m-Cu(ll) (ca. 25%) species. In
other words, ‘mobile” Cu(Il) and Cu(]) sites solvated by ammonia
are the main sites, in agreement with Paolucci et al.,1> with a small
fraction of Cu(ll) sites interacting with the framework. Crucially,
an abrupt modification in the operando XANES is observed from
250 °C and upwards. The contribution of m-Cu(l) reduces to ca.
15% and the spectral shape evolves towards the one characteristic
of Z-Cu(ll): an edge-rising shoulder at ca. 8986.6 eV and a broad

white line peak centered at 8997.7 eV, typically increasing in in-
tensity for four-coordinated Z-Cu(ll) sites with respect to three-co-
ordinated ones (e.g. comparing the Z-[Cu(Il)OH7] and 2Z-
[Cu(I)NOs] references in Figure 1b).2212 Z-Cu(ll) species collec-
tively account for ca. 74% of Cu sites (the remaining 11% attributed
to minor contributions from m-Cu(ll) complexes). The remarkable
intensity increase of the Cu(ll) 1s — 3d pre-edge peak clearly indi-
cates a largely dominant 2+ oxidation state, in agreement with LCF
results. A further increase in the operation temperature induces
more subtle but still appreciable modifications. At 350 °C, the rel-
ative contributions from mobile and framework-interacting species
remain substantially unchanged, whereas the slight intensity de-
crease observed in the white line region is compatible with the par-
tial conversion of four-coordinated Z-Cu(ll) sites into three-coor-
dinated ones. This trend is maintained at 400 °C. Here LCF evi-
dences negligible contributions from m-Cu(l) and m-Cu(ll) species,
and largely dominant Z-Cu(ll) sites preferentially occurring as
three-coordinated sites.
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Figure 2. (a) Operando phase-uncorrected FT-EXAFS spectra
(moduli and imaginary parts of FT in top and bottom panel, respec-
tively) collected during standard SCR at temperatures of 150, 250,
300, 400 °C. (b) Phase-uncorrected FT-EXAFS spectra of selected
Cu-references employed to interpret operando data reported in part
(a). In both part (a) and (b) all the FT-EXAFS spectra are calculated
transforming k?-weighted y(k) spectra in the range 2.5-12.4 At (see
S, Section 4) and plotted using the same vertical and horizontal
axes scale to facilitate a direct comparison between operando and
reference data.

Operando EXAFS and XES allowed us to independently vali-
date the XANES results described above, targeting the mobility
level and the preferential O or N ligation of the Cu active sites,
respectively. It is now established!3151921 that the well-defined
maximum peaking at ca. 2.3 A in the phase-uncorrected modulus



of FT-EXAFS spectrum of dehydrated Cu-CHA derives from sin-
gle-scattering paths involving Al/Si atoms of the CHA framework.
Although the variable-temperature data collection and the presence
of multiple Cu-species prevent a quantitative fitting of operando
EXAFS, the second-shell peak at 2.3 A can be exploited as a fin-
gerprint for framework-coordinated Cu-sites. As shown in Figure
2a, this EXAFS feature is always present during SCR in the
(250—400) °C range, with stable intensity and shape comparable
with what observed for Z-Cu(ll) references reported in Figure 2b.
In the same temperature interval, we notice slight fluctuations in
the first-shell intensity of the operando EXAFS spectra, suggesting
an increase in the average first-shell coordination number as tem-
perature decreases. Interestingly, in the high-R range, the FT-
EXAFS at 250 °C seems more similar to what seen in the Z-
[Cu(I1)NO37] reference, where the presence of a well-defined max-
imum at ca. 3.2 A was connected multiple-scattering scattering fea-
ture peculiar of bidentate Z—[Cu(IT)(NO3)-] moieties!® (see Sl, Sec-
tion 4). The EXAFS signature of the Cu-CHA catalyst drastically
changes when SCR is run at 150 °C. The second-shell maximum is
strongly perturbed and partially evolves towards the unstructured
shape characteristic of m-Cu(l)/(11) species. The first shell intensity
decreases despite the drop of thermal contribution to the Debye-
Waller factors, consistently with an increase of the fraction of two-
coordinated species with N/O ligands, which are hardly distin-
guishable by XAS. As already shown in in situ/operando studies
on Cu-CHA 142336 g ch an ambiguity regarding the type of ligands
can be resolved by valence-to-core (vtc) XES, monitoring the en-
ergy position of the weak KB satellite.2237 Moreover, the overall
K25 line shape is highly sensitive to local coordination geometry
and symmetry and represents a valid support to qualitatively cross-
check Cu-speciation from XANES.

Figure 3 shows operando Cu-CHA XES spectra for key temper-
ature points during SCR (Figure 3a), together with representative
reference XES data for Z-Cu(ll), m-Cu(ll) and m-Cu(l) species
formed inside the pores of Cu-CHA (Figure 3b), see also SI Sec-
tions 1.4 and 3. As for operando XANES and EXAFS datasets, two
distinct regimes can be individuated. In the high-temperature range,
at 400 and 300 °C, the K25 line shape characteristic of Z-Cu(ll)
species is observed, and the energy position of the KB™ peak reveals
largely dominant O-ligation. Conversely, at 150 °C the K25 line
shape clearly evolves towards the one observed for the Cu(1)(NH3)2
reference, characterized by a narrow and intense peak at ca. 8976
eV. In parallel, the KB satellite significantly shifts to higher en-
ergy, unambiguously indicating a substantial increase in the frac-
tion of N-coordinated Cu-species in the catalyst. The KB~ energy
position observed in these conditions is intermediate between the
ones observed for pure O- and pure N-ligation, in agreement with
XANEX LCF analysis (60% of NHs-solvated Cu-species, largely
present as [Cu(l)(NH3)2]?*, 46%). In addition, the broad feature on
the low-energy side of the K25 peak, typical of hydrated Cu(ll)
ions (see Figure 3b, gray curve), is never observed in the operando
XES series, supporting a very minor H20 coordination in the whole
probed temperature range. Consistently with LCF XANES and
with many FTIR evidences reported before, 2338 in the low-temper-
ature SCR range Cu-ions are almost exclusively solvated and mo-
bilized by NHs.
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Figure 3. (a) Background-subtracted operando XES spectra col-
lected during standard SCR at temperatures of 150, 300, 400 °C.
(b) Background-subtracted XES spectra of selected Cu references
states formed inside the pores of Cu-CHA, representative of Z-
Cu(ll), m-Cu(Il) and m-Cu(l) species. The insets report magnifica-
tions of the KB satellites and, for part (a) only, of the left side of
the KBz line, highlighted by the black boxes in the main panels.

In conclusion, operando XAS/XES during SCR unambiguously
point out that two distinct regimes exist for the atomic-scale behav-
ior of Cu-sites in the investigated Cu-CHA catalyst, emerging at
different temperature ranges. As depicted in Figure 4, low-temper-
ature SCR, up to ca. 200 °C, is characterized by balanced popula-
tions of Cu(l)/Cu(ll) sites and dominated by mobile NHs-solvated
Cu-species. We fully agree with Paolucci et al.'® in assigning the
Cu(l) component to Z[Cu(l)(NHs)2] species. As for the Cu(Il) com-
ponent, assigned by Paolucci et al. to Z[Cu(I1)OH(NHz3)3] species,
results of our LCF analysis demonstrate that it can be as well as-
cribed to a complex mixture of residual O-bonded Z-Cu(ll) sites
and m-Cu(ll) complexes (mostly with NHs ligands). In the
250400 °C range, a completely different scenario is revealed: Cu
is largely present as framework-coordinated Z-Cu(ll) species, ac-
counting for ca. 70% to more than 90% of total Cu sites. Here, tem-
perature-dependent dynamics seems to mostly involve Cu interac-
tion with O-bonding extra-framework groups and reactants from
the gas-phase (e.g. hydroxyls and bidentate nitrates/nitrites), while
coordination to framework is substantially unperturbed. Very inter-
estingly, the transition between these two regimes corresponds to
the steep rise in the temperature-dependent SCR conversion rate,
determined in a dedicated catalytic test (see Sl, Section 1.2) and
reported in Figure 4 for comparison. These novel findings evidence
a profound influence of the operation conditions on Cu-speciation
during NH3-SCR, which should be considered to fully unleash the
potential of Cu-zeolite based deNOx catalysts.
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