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ABSTRACT: As the state-of-the-art catalyst for the selective catalytic p £ \ oo

reduction (SCR) of NOx from lean-burn engines, Cu-exchanged chabazite Ly

zeolite (Cu-CHA) has been a spotlight in environmental catalysis because of \ \ . <> U

its preeminence in DeNOx performance and hydrothermal stability. The s \ (cu
microscopic cycling of active Cu cations between Cu" and Cu' in response to / e = Kewe X Puo X (e
dynamic, macroscopic reaction conditions dominates SCR catalysis over Cu- 1 \@9 X \

CHA zeolites. In such cycling, Cu cations are solvated by gas-phase reactants, \ / PN

e.g, NH; under low-temperature (LT) conditions, conferring peculiar A . ’ =

mobility to Cu-NH; complexes and making them act as mobilized entities \ 3 L \ @

during LT-SCR turnovers. Such motions provide LT-SCR—a typical <> \

heterogeneous catalytic process—with homogeneous features over Cu-
CHA, but, differently from conventional homogeneous catalysis, the motions
are tethered by electrostatic interactions between Cu cations and conjugate
Al centers. These features affect distinctly the LT-SCR redox chemistry on Cu-CHA, resulting in, for example, the involvement of
two Cu'-diamines in activating O, and reoxidizing Cu' to Cu" (oxidation half-cycle, OHC). The kinetically relevant reduction half-
cycle (RHC) that reduces Cu' to Cu' is far less understood particularly within the context of such linked homo- and heterogeneous
catalysis. Here, we focus on the LT-RHC chemistry over Cu-CHA and summarize observations from a series of recent, dedicated
works from our group, benchmarking these findings against those closely relevant in the literature. We thus attempt to reconcile and
rationalize results informed from independent, multitechnique evidence and to further progress mechanistic insights into LT-SCR
catalysis, especially in the context of dynamic interconversion between mono- and binuclear Cu sites.

KEYWORDS: Cu-CHA, NH;—SCR, nitrogen oxides, low-temperature, redox mechanism

-y
Q dynamic \ \ - reduction half-cycle of LT-SCR
Q interconversion over binuclear Cu"

1. INTRODUCTION and reoxidation of Cu ions in two halves of the redox cycle,
namely, Cu" — Cu' (reduction half-cycle, RHC) and Cu' —
Cu" (oxidation half-cycle, OHC).”~"” These Cu cations are
found to be fully solvated by NH; under LT-SCR conditions,
forming multiple Cu-NH; complexes as informed from
reaction kinetic, in situ/operando spectroscopic, titrimetric
measurements and simulation assessments from both kinetic
modeling and first-principles calculations.”*™'® Such NH,
solvation effects confer peculiar mobility to Cu-NH;
complexes, liberate them from zeolite frameworks, and enable
them to act as inter/intracage mobile entities during LT-SCR
turnovers.””" ' ="' The intracrystallite motions of active
centers are reminiscent of homogeneous catalytic reactions,
but differ from the overarching tenet of conventional

Cu-exchanged chabazite-type (Cu-CHA) zeolites are the state-
of-the-art catalysts for the control of vehicular NOx emissions
from lean-burn engines via selective catalytic reduction by NH;
(NH;—SCR). Their rapid commercial application as NH;—
SCR catalysts since a decade ago has been a major
breakthrough in environmental catalysis. Cu-CHA zeolites
exhibit salient low-temperature (LT, e.g, 473 K) DeNOx
activity in SCR reactions, are hydrothermally stable up to high
temperatures and are highly resistant to hydrocarbon poison-
ing because of their small micropore opening (3.8 A X 3.8
A)."~* These prominent catalytic performances, as well their
simple, well-defined molecular structure, feature Cu-CHA as
an ideal catalytic material for both fundamental and practical
research. In particular, characterization of active sites in
response to real, dynamic SCR working conditions and of Received:  March 9, 2022
elementary/pseudoelementary steps deciphering reaction Revised:  April §, 2022
mechanisms has been extensively conducted to reveal the Published: April 18, 2022
catalytic chemistry underlying the preeminent LT-SCR activity

of Cu-CHA. It is now established that NH;—SCR reactions

over Cu-CHA follow a redox mechanism involving reduction
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Figure 1. TRM test on preoxidized Cu-CHA (8% of O, at 823 K for 1 h) at T = 423 K and flow rate = 74 cm® s™" g.,,~! (STP): (a) reduction
phase, NO = NH; = 500 ppm; before NO adding: O, = 8%, after: O, = 0% and (b) He purge. (c) TPD phase at 0.25 K s™' from 423 to 823 K.
Integral results and deconvolution of the TPD trace were reported in panel c. Adapted with permission from ref 12. Copyright 2021 Wiley.

homogeneous catalysis as their motions are tethered by
electrostatic interactions between Cu cations and conjugate
Al centers, which therefore reflects a distinct catalytic scenario
that goes beyond conventional heterogeneous or homoge-
neous catalysis.””'*'®

Within this context, O, activation, a key step in LT-OHC
that involves a four-electron transfer (O, — 20%7), has been
well accepted based on two linear Cu'-diamine species to form
binuclear Cu'-oxo complexes through intercage diffusion,
although such a scheme addresses the exchange of only two
electrons (2Cu' — 2Cu"), while the fate of the other two still
remains debated.”'""*'"~"” The OHC process was suggested
as kinetically relevant to the overall LT-SCR based on the
second-order dependence of LT-SCR rates on Cu densities
over low-loaded Cu-CHA catalysts and on changes in
measured ag)parent activation energies with varying Cu
loadings.7’l3’ % More recent studies that tried to dissect RHC
and OHC from LT-SCR, however, reported controversial
arguments based on operando spectroscopy and kinetic
measurements and modeling: the kinetic relevance of RHC,
OHC, and both have been proposed.”®*' Such inconsistencies
reflect also the lack of in-depth understanding of LT-RHC, as
the related literature is far from consensus and diverges in
terms of, for example, Cu" speciation, reaction intermediates,
and elementary steps. Most of the literature describes LT-RHC
to be mediated by isolated Cu"—NH; species through, for
example, NO-assisted NH; activation to NH,NO”** or NO
oxidative activation to HONO;*%** these single-site mecha-
nisms would follow first-order dependence on Cu". Our group,
however, for the first time reported the second-order
dependence of LT-RHC rates on Cu”,'***** as also observed
in a recent joint work from Oak Ridge National Laboratory
and Cummins Inc.® Such quadratic kinetics strongly question
single-site LT-RHC mechanisms and, instead, suggest a
binuclear Cu-mediated pathway. These discussions are
inextricably linked to the mechanistic understanding of LT-
SCR, such as the identity of kinetically relevant steps and how
to close the overall LT-SCR redox cycle, which would establish
a foundation for the development of next generations of
further improved SCR catalysts.

Here, we review systematic investigations that focus
specifically on the LT-RHC chemistry over Cu-CHA. This
Perspective summarizes observations from a series of recent
publications made by our group'”**™** and benchmarks these
findings against those closely relevant in the literature, with an
attempt to reconcile and rationalize data, derivations and
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arguments reasoned from independent, multitechnique evi-
dence, and eventually to further progress the mechanistic
insights into LT-SCR catalysis. The recent advances in our
works benefited from an integrated methodological framework
coupling steady-state/transient kinetic, in situ/operando
spectroscopic, chemical trapping/titrimetric and kinetic probe
reaction experiments with theoretical treatments involving
transient kinetic modeling and first-principles calculations.
These investigations have been performed over industrially
relevant Cu-CHA formulations (model catalysts from Johnson
Matthey). We show that the speciation of Cu"' cations within
Cu-CHA (ZCuOH and Z,Cu) involved in LT-SCR can be
both qualitatively and quantitatively characterized using
simple, easily accessible transient response methods (TRM),
which enable in situ assessment of Cu" sites as a function of
varying reaction conditions. By exposing NHj-saturated Cu-
CHA to reductive NO pulses, we reveal that NH; ligands
coordinated to Cu"" cations are preferentially consumed in LT-
RHC, prior to the NH," stored on Brensted acid sites. The
rates of such Cu" reduction processes show a second-order
dependence on Cu", regardless of Cu" speciation, across a
broad range of industrially relevant Cu-CHA samples and
reaction conditions, which strongly question mechanisms
based on isolated Cu'! cations but, instead, reflect a CuH—pair
mediated LT-RHC pathway. These Cu'’-pairs are found to
form in situ via concerting two separated but intercage mobile
Cu"(OH)(NH;), monomers originated from either initial
ZCuOH populations or via facile hydrolysis of NH;-ligated
Z,Cu, as probed by transient CO oxidation experiments and
first-principles-derived thermodynamics and kinetics. These
findings, along with the consequent mechanistic proposal of
Cu'-pairs catalyzed NO oxidative activation, reconcile
satisfactorily a number of observations reported both in this
paper and in the literature, and highlight the involvement of
binuclear Cu" species in LT-RHC as well. Such dynamic
formation of binuclear Cu" sites in both LT-RHC and LT—
OHC enabled by NH; solvation consolidates the concept of
peculiar, linked homo- and heterogeneous catalysis within the
context of LT-SCR reactions over Cu-CHA zeolites; these may
have the potential to be extended to mechanistic discussions
on other SCR catalysts and to even other catalytic processes
over similar zeolite materials (e.g., methane to methanol on
Cu-CHA).
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Figure 2. (a) TRM test starting from steady-state SCR at 473 K (with 2% H,0) over Cu-CHA (the same sample as used above). (b) Measured
Cu' fractions by TRM experiments at different temperatures. Black squares (H,O = 2%) and blue triangles (H,O = 0%): data measured in this

work; reaction conditions: NO = NH; = 500 ppm, O, = 8% (cutoff at ~20500 s in panel a), H,O = 2% (when used), total flow rate = 125 cm® s~

1

g ' (STP). Red circle: data measured by Deka et al, in the presence of 5% H,0.°

2. RHC STOICHIOMETRY AND ITS KINETIC
RELEVANCE

2.1. Stoichiometry of LT-RHC. The reduction half-cycle
of LT-SCR reduces Cu" to Cu' by NO+NH; with N, and H,0
as the reaction products. This RHC process can be rigorously
assessed using transient experiments (i.e., TRM), in which fully
oxidized Cu-CHA is exposed to NO+NH; under isothermal
conditions. Figure 1 illustrates a typical TRM test conducted at
423 K over a preoxidized representative model Cu-CHA
catalyst (Cu = 1.7% wt.,, Si/Al = 12.5, Cu/Al = 0.24, from
Johnson Matthey; majority of ZCuOH”'*?°) that was first
saturated in NH;+0O,. The addition of NO after O, cutoff
resulted in an intense N, peak (~370 ppm), as displayed in
Figure la, which progressively decreased to zero, with mirror-
like NO consumption dynamics. Integral calculations estimate
an overall N, production of 0.268 mmol g, ' and NO
conversion of 0.251 mmol g.,,~". These values are comparable,
within the experimental error, to the Cu-loading of 0.278
mmol g, and thus indicate almost complete Cu" reduction
during the NO+NH,; transient. Such a complete Cu" reduction
by NO+NH; applies across a broad array of reaction
conditions”*>> and of Cu-CHA zeolites with different Cu
loadings and Si/Al ratios,26 as revealed by similar TRM
experiments. Consistent with these, spectroscopic measure-
ments, for example, UV—vis®'** and XANES,”*>3%3!
collected under in situ/operando modes also provide
supportive evidence, thus consolidating the observed Cu"
reduction chemistry. Further, cutting off NH; (and NO,
Figure 1b) and measuring NH; release during subsequent
temperature-programmed desorption (TPD, Figure 1c) at the
end of NO+NH; transients provides direct, quantitative
insights into the coordination environment of Cu'. Deconvo-
lution of the NH;-TPD profile yields estimates of 0.224 mmol

~! for the LT-peak (~573 K, Lewis-NH; ligated to
Cu'¥'9?52632) and 0.775 mmol g for the high-temperature
peak (~723 K, Bronsted-NH," from the zeolite frame-
work'>!1%?52632). 3dding weakly bound NH; (0.360 mmol
g\, Figure 1b) to Lewis-adsorbates, the former of which
represents additional NH; molecules coordinated to Cu ions
when gaseous NHj exists and solvates Cu, results in an NH;/
Cu ratio of ~2.1, thus strongly reflecting a two-NHj-ligands
structure—Cu'(NH;),—widely documented as the main Cu'
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speciation in Cu-CHA catalyzed LT-SCR.”~'"'®'%%%** Given
that the Bronsted-NH,* remained unchanged with respect to
the reference NH; adsorption + TPD analysis [Figure S1 of
the Supporting Information (SI)] and that the number of NH,
ligands decreased from ~3 (SI-S1) to ~2 (Figure 1), these
results demonstrate the consumption of one NH; ligand in
Cu" reduction and further an equimolar LT-RHC stoichiom-
etry of Cu:NO:NH;:N, = 1:1:1:1, as observed also for different
Cu-CHA catalysts and experimental reaction conditions.*****
These data, together with H,O formation during the NO+NH,;
transient (Figure S2), confirm the reduction stoichiometry for
Z,Cu and ZCuOH (NHL; is given in the form of independent
reactants instead of ligands to better display the stoichiom-

etry) :

Cu" + NO + NH, » Cu' + N, + H,0 + H"  (R1)

Cu"OH + NO + NH, — Cu' + N, + 2H,0 (R2)

2.2. Probing Cu Oxidation States Using TRM Tests.
Such an established LT-RHC stoichiometry also enables a
convenient quantitative assessment of average Cu oxidation
states by titrating residual Cu" with NO+NH;, in complement
to in situ/operando spectroscopies.””" ' *?%%* As an example,
applying this method can estimate the average Cu' and Cu"
fractions of the catalyst loading during steady-state LT-SCR
reactions. As illustrated in Figure 2a, cutting off O, from the
standard SCR feed stream resulted in a reductive phase of NO
+NH;, with NO and NH; progressively approaching their feed
level while N, decreased to zero. This process reflects the
reduction of residual Cu" from steady-state LT-SCR;
integration of NO consumption and N, formation upon O,
cutoff gives 0.212 and 0.219 mmol g, ', respectively, which,
according to the above stoichiometry, corresponds to ~23% of
Cu' present at 473 K steady-state SCR over this industrially
relevant Cu-CHA sample (the same used in Figure 1).
Performing the same test at different temperatures shows
20%—50% of Cu' at steady-state SCR over the Cu-CHA
sample used and in the low-temperature range tested here
(423, 448, 473, 493 K, Figure 2b). Consistent with this, Deka
et al.° used the same TRM protocol to estimate Cu' fractions at
steady-state SCR over a commercial washcoated honeycomb
monolith Cu-CHA catalyst (Cu ~ 2.4% wt., Si/Al ~ 15) and

https://doi.org/10.1021/acscatal.2c01213
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Figure 3. (a) Time-resolved operando UV—vis results (the wavelength at 793 nm was followed) over preoxidized Cu-CHA (the same sample as
used above), NO = 1000 ppm, NH; = 1000 ppm (when used), O, = 0%; TRM tests over preoxidized (b) Cu-CHA and (c) mechanical mixture of
Cu-CHA+Ba0/AL0;, NO = 500 ppm, NH; = 500 ppm (when used), O, = 0%. T = 423 K, flow rate = 125 cm®s™" g_,,”". Adapted with permission

from ref 12. Copyright 2021 Wiley.

reported 25% of Cu' at 473 K (red circle, Figure 2b), very
similar to that in Figure 2 (23% at 473 K). Such a minority of
Cu' fractions reflect the kinetic relevance of RHC to the overall
LT-SCR turnover. Besides, it is worth mentioning that
generally higher Cu' fractions are observed when H,O is
absent (Figure 2b), which suggests an inhibitory role of H,0
in LT-RHC.”* The mechanistic interpretation of such H,O
effects is lacking and requires further exploration, as discussed
in detail in Section 5.

Quantitative assessments of Cu' and Cu' fractions under
LT-SCR conditions can also be obtained using in situ/
operando XANES spectroscopy, as extensively documented in
the literature in the past decade. The derived Cu' fractions,
however, seem unconverged. For example, Liu et al.® reported
20%—40% of Cu' present during steady-state SCR at 423—473
K over a similar compositional Cu-CHA catalyst (Si/Al = 14.
Cu/Al = 0.29); Lomachenko et al.>° observed ~46% of Cu' at
423 K over Cu-CHA with Si/Al = 15 and Cu/Al = 0.48. These
results are consistent with TRM estimations in Figure 2b,
which suggest the minority of Cu' in LT-SCR. However,
different observations are also reported. On a low-loaded Cu-
CHA sample (Si/Al = 14, Cu/Al = 0.17), Marberger et al."’
observed a majority of Cu' (>70%) at 463 K steady-state SCR,
while Paolucci et al.” reported nearly internally identical Cu'/
Cu' at 473 K over Cu-CHA zeolites with significantly different
compositions (Si/Al = 15, Cu/Al = 0.44 and Si/Al = 5, Cu/Al
=0.08). The origin of such diversity is unclear for the moment
but may result from the lumped, complex impacts from, for
example, Cu-CHA structural differences as the consequence of
different synthesis protocols,” different copper distributions
among samples with different compositional parameters,”'”
different reference comg)ounds used for the linear combination
fit of XANES spectra,””*° hydrodynamic and kinetic differ-
ences between operando reactor cells and plug-flow
reactors,”'® and/or distinct reaction conditions adopted for
in situ/operando measurements.®”'%*°

3. INTERACTIONS OF CU" WITH RHC REACTANTS:
NO AND NH;

3.1. Cu" Reduction by NO. As discussed above, Cu®
reduction proceeds to completion in the flow of NO+NHj. It
is thus necessary to examine independently the interactions of
NO and NH; with Cu" cations to dissect the reduction
chemistry. Cu" reduction by NO only is known to be limited
at low temperatures, as widely documented using spectro-

- 9,12,31,35-37 .
scopic measurements and theoretical calcula-
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tions.”'>**® Figure 3 illustrates operando UV—vis spectro-

scopic and TRM titrimetric results, in which Cu" reduction by
NO only is rather limited according to both techniques: ~3%
of Cu" reduction by UV—vis (Figure 3a) and ~9% by the
TRM test (Figure 3b), in which Cu-CHA was sequentially
exposed to NO and NO+NH;, with the latter step titrating
residual Cu" after NO exposure (additional details in SI-S3).
Such a limited Cu" reduction seems to reflect thermodynamic
constraints on the weak interaction between Cu® and NO,
rather than originating from the inactive nature of the
Cu"+NO reaction chemistry. Indeed, hybrid functional
(HSE06) DFT calculations reveal that NO alone does have
the potential to reduce Cu"OH to Cu', with a gaseous nitrite-
precursor intermediate, HONO, being the product of the
reduction process (SI-S4). This NO + Cu'OH « Cu' +
HONO reaction shows an endergonic Gibbs free energy of
+12 kJ mol™" (0.1 MPa, 423 K), thus also indicating a limited
Cu" reduction extent (~15%). Along these lines, the presence
of a HONO scavenger that can effectively consume HONO
would enhance the Cu" reduction extent through relieving
thermodynamic constraints. This prediction was examined by
mixing Cu-CHA with BaO/Al,O;, a NOx storage material that
is able to store nitrites/nitrite-precursors in the form of
Ba(NO,), with exothermic features.’”~** Performing the same
TRM test over the mechanical mixture of Cu-CHA+BaO/
Al,O; showed much more significant Cu" reduction, that is,
~41% of Cu" reduction by NO only (Figure 3c). Additionally,
performing a TPD measurement after exposing the Cu-CHA
+Ba0/AlL,O; mechanical mixture to NO showed a release of
NOx at low temperatures typical of nitrites decomposi-
tion,">*** thus confirming the formation and storage of
HONO, a nitrite precursor. These two results therefore
validate the above argument based on promoted Cu" reduction
and promoted product formation, respectively.

Given that NH; is also able to react with nitrite
species”' 7?9?3404 4nd is in much closer contact with
Cu" than mechanically mixed BaO/Al,O; powders, such a
HONO scavenging effect is expected to be even more effective
when NH; is copresent, consistent with the complete Cu"
reduction by NO+NH; discussed in Section 2.1 and with the
operando UV—vis spectroscopy results in Figure 3a. Therefore,
these experimental and theoretical observations converge in
suggesting that NO oxidative activation to mobile nitrite-
precursors is an eligible mechanism for the low-temperature
Cu" reduction, the extent of which is promoted by removal of
the gaseous HONO product.'”
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3.2. Catalytic Consequences of NH; Adsorption. It is
now established that NH; significantly affects speciation,
mobility and reactivity of Cu cations in Cu-CHA via
adsorption and ligation.”'*'>*>*” At low temperatures, such
NH; solvation liberates Cu cations from the zeolite framework
and grants inter/intracage mobility to Cu-NH; complexes.
Under LT-SCR conditions, Cu" stays fully coordinated with
NH; as Cu"(NH,), and Cu'(OH)(NH,),, respectively, as
informed from NH; isothermal adsorption + TPD analysis' >
(see also Figure S1), in situ/operando XAS assessments™” and
theoretical calculations.” In addition to these NH; ligands, that
is, Lewis type NHj-adsorbates (L-NH;), NH; also adsorbs
onto zeolite frameworks as Brensted-type NH,* (B-NH,).

Reactivity of L-NH; and B-NH," and their contributions to
SCR turnovers have been a long-standing debate in the SCR
field.”**7°° In the case of Cu-CHA, various groups used in situ
FTIR spectroscopy to examine LT reactivity of the two NH;
adsorbates and reported consistent results that L-NH; is much
more active than B-NH,".”**~>* Deriving quantitative, kinetic
information from IR spectra, however, requires rigorous
assessments of extinction coefficients of L-NH; and B-
NH,",*”*” which makes such attempts quite challenging.
TPD analysis, on the other hand, can also distinguish L-NH,
and B-NH," based on their distinct binding strengths.'>'®****
Figure 4 displays a series of combined TRM + TPD
experiments, which consist of six reductive pulses (Figure 4a,
i, NO exposure at each t = 0—400 s) and five intervening
oxidative pulses (8% of O,, from last t = 400 s to the next = 0
s). Since NH; was only preloaded once before the first NO
pulse, these reductive-oxidative cycles reflect consumption of
each NH; adsorbate during each reductive pulse, as assessed by
subsequent TPD analysis (Figure 4b). During the first NO
pulse (Figure 4a), prominent N, formation was observed, and
the molar ratio of Cu:NO:N, was 1:1:1, consistent with the
LT-RHC stoichiometry. The subsequent TPD profile (Figure
4b), when compared to an NHj isothermal adsorption + TPD
reference test, reveals explicitly that only L-NH; was involved
in this Cu" reduction. Further reductive-oxidative cycles
resulted in a progressive decrease in N, formation and
consumption of B-NH,", with the latter occurring only after
the depletion of L-NHj, which thus fully agrees with infrared
spectroscopic observations. Further, the six reductive pulses
were satisfactorily fitted by a redox kinetic model assuming NO
activation by Cu" to a gaseous mobile intermediate (HONO),
which reacts first with L-NH, and then with B-NH,".*’
Notably, the regressed turnover rates for consumption of L-
NH; and B-NH," are equal, indicating their equivalent intrinsic
reactivities; the preferential L-NH; consumption observed
experimentally thus likely reflects its greater spatial proximity
than B-NH," to the Cu' active centers. Besides, this
observation also rules out the NHj-activation based mecha-
nism””* because B-NH," binding is much stronger;‘)’ls’lé’zs’26
thus, its desorption at 423 K to enable further activation on
Cu" active centers would be much slower than the observed
Cu reduction rates.

4. DYNAMIC BINUCLEAR CU" SITES IN RHC

4.1. Transient Kinetic Analysis of Cu" Reduction by
NO+NH;. As discussed in the Introduction, the detailed
reaction mechanism underlying Cu" reduction by NO+NHj is
still under debate. A straightforward way to test these
mechanistic proposals is to perform dedicated Cu" reduction
experiments (e.g, TRM tests like in Figure 1) and then
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Figure 4. (a) Pulses of catalyst reduction with NO after
preconditioning and NH; adsorption at 423 K. Feed composition:
500 ppm of NO in He. Reoxidation pulses (not shown) performed
between NO reduction pulses. Feed composition: 8% of O, in He.
(b) NH4-TPD profiles of reference NH; isothermal adsorption +
TPD (open squares), after the first (open circles), the second (open
triangles) and the sixth reduction pulse with NO (solid diamonds).
Feed composition: He. Flow rate: 74 cm®s™" g.,,”' (STP). Cu-CHA:
the same sample as used above. Adapted with permission from ref 25.
Copyright 2020 Elsevier.

benchmark mechanism-based kinetic models against exper-
imental results. In doing so, a simplified global LT-RHC
reaction that neglected Cu" speciation was adopted (H,O not
balanced):'****

2Cu" + 2NO + 2NH; - 2Cu' + 2N, + H,0 (R3)

This reaction has equimolar stoichiometry (Cu:NO:NH;:N, =
1:1:1:1) and thus reflects the LT-RHC chemistry and can
describe Cu!! reduction in TRM tests. The TRM data were
then fitted to a transient integral model of the test flow reactor,
schematized as a cascade of 20 isothermal, isobaric Continuous
Stirred Tank Reactors (CSTR). The turnover rate of Cu"
reduction is given by

] (1)

where rpyc and kgyc are the turnover rate and the apparent
rate constant for LT-RHC, respectively; Py is the partial
pressure of NO; [Cuy,] and [Cu"] are the total loading and
temporal amount of Cu", respectively. This rate equation is
first-order in NO and zeroth-order in NH;.>® The kinetic

Cul
fruc = krucPro CT
tot
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dependence on Cu'' is set as an adjustable parameter (n = 1 or
2) determined by the data fit. Additional details on the kinetic
model can be found in refs 12, 24.

Figure S reports a TRM test performed at 423 K over the
same industrially relevant Cu-CHA catalyst but with a higher
space velocity than that used in Figure 1. Assuming a first-
order dependence on Cu" (i.e, n =1 in eq 1), although in line
with popular LT-RHC mechanisms based on single-site Cu',
failed to describe the dynamics of NO and N, concentrations
(Figure Sa). In contrast, a successful fit was obtained by
adopting a second-order dependence (i.e, n = 2 in eq 1). Such
a satisfactory fit by quadratic kinetics was not occasional, but
applied across a broad array of reaction temperatures (423—
473 K), space velocities (e.g., the data in Figure la were also
better fitted by the quadratic relationship'”), NO feed
concentrations and Cu-CHA zeolites (including commercial
washcoated honeycomb monolith catalysts) under both dry
and wet conditions (0% and 2% of H,O, respectively; detailed
in SI-$5).%"%** These observations of a better fit with second-
order kinetics in Cu" than with first-order strongly question
the proposed single-site LT-RHC mechanisms based on
mononuclear Cu"" sites, reflecting, instead, an involvement of
two Cu" ions in LT-RHC catalysis, in analogy with the well-
accepted binuclear LT—OHC pathway. Further, Cu-CHA
catalyst samples dominated respectively by Z,Cu and by
ZCuOH showed identical kinetic responses during transient
NO+NH; reduction, as revealed by running the same TRM
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tests over Cu-CHA samples with distinct Z,Cu/ZCuOH
ratios.””** Such findings indicate that the two Cu' sites are
kinetically equivalent in mediating LT-RHC, although ZCuOH
has been reported to be more reducible than Z,Cu.”**"
4.2. Probing Binuclear Cu' Sites under LT-RHC
Conditions. A binuclear LT-RHC mechanism requires
intercage diffusion of isolated Cu"—NH; complexes and their
subsequent pairing to form dual-site Cu"" active species. These
two requirements are well met in the context of LT-OHC
because its transportation medium Cu'(NHj;), is h1$h1y
mobile, particularly in terms of intercage transportation,'”"”"®
and the combination of two Cu'(NH;), with one O, molecule
is exothermic,''” which acts as a thermodynamic driving force
to favor the pairing process. Similar assessments were also
conducted for Cu"'(OH)(NH,;);, (i.e., the form of ZCuOH in
LT-SCR conditions)."” Figure 6 illustrates HSE06+D3 derived
free energies of three possible configurations of Cu"(OH)-
(NH,); those having two Cu"(OH)(NHS,); units in the same
cage (central and right panels) are energetically more favorable
than the isolated one (left panel). Such a stabilization of dual-
site configurations results from their larger volumes than Cu'-
monomers, which originates stronger van der Waals interaction
with the zeolite framework.'> While Cu"(OH)(NH,); is only
intracage mobile and cannot diffuse through CHA cages
according to AIMD simulations,” Cu’(OH)(NH,) is only 3 kJ
mol™" less stable and has a low diffusion barrier of 12 kJ
mol™%;'? thus, it can serve as a proper transportation medium
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in the LT-RHC case. These results suggest that Cu"(OH)-
(NH;); also complies with the two requirements discussed
above: two such species cohabiting the same cage is both
thermodynamically and kinetically favorable, which thus
renders theoretical support to the quadratic kinetics observed
experimentally. Accommodation of additional Cu"(OH)-
(NHs,); is less favorable, indicating that dual-site configurations
prevail over those with higher nuclearity.'” Noteworthy, the
configuration with two proximate Cu'(OH)(NH,); (Two-P)
is energetically more stable than a real Cu"-p-oxo dimer
(Figure 6); a similar observation was also reported for
Cu"(OH)(NH,;),, a two-NHj-ligand conﬁguration.7 This is
compatible with the fact that Two-P is indeed a hydrolyzed
product of the dimer and that H,O is prevalent in exhaust gas
and also forms as an SCR product.

In order to challenge the theoretical prediction of
predominance of binuclear Cu"(OH)(NH,);, a probe
reaction, that is, CO oxidation, was used to assess their
existence. In fact, CO oxidation is known as a two-electron-
transfer event”””*°"** and thus requires the involvement of
Cu" pairs. Exposing preoxidized Cu-CHA to CO (Figure 7a,
thin gray line) only led to limited CO, formation, suggesting a
majority of isolated Cu" cations within “clean” Cu-CHA;
preloading NH;, however, promoted CO, formation remark-
ably (Figure 7a, black line), and the CO, dynamics were
accurately described by a quadratic rate expression: rco, = kypp’
[Cu"]? as illustrated in Figure 7b by the consistency between
experimental CO, formation and integral second-order model
predictions. Further, the asymptotic limit is equal to half the
amount of ZCuOH in the tested Cu-CHA catalyst, reflecting
that only ZCuOH is active in the Cu-dimer-mediated CO
oxidation chemistry, in line with in situ UV-—vis re-
sults.””*>%> These observations demonstrate the participa-
tion of two Cu?OH in CO oxidation and further the enhanced
mobility of ZCuOH conferred by NH;j-ligands, which
promotes CO oxidation by favoring the formation of paired
Cu"-NH; complexes.'”*”*® The latter derivation is fully
consistent with the theoretical results in Figure 6, therefore
experimentally rationalizing the formation of binuclear Cu"OH
structures under LT-SCR conditions.

Note that Z,Cu is inactive in dry CO oxidation, and
this likely reflects its inability in forming Cu" pairs needed for
CO oxidation, as NHj-solvated Z,Cu (dual charge) clusters

27,28,62,63
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cannot diffuse through CHA cages because of stronger
electrostatic tethering from the zeolite framework in
comparison with single charge ZCuOH.>" Z,Cu, however,
exhibits identical activity to ZCuOH in Cu" reduction by NO
+NH; and shows also quadratic kinetics, as aforementioned,
which highlights the involvement of two Z,Cu in LT-RHC
reactions. Reconciling such a divergence requires to account
for the dynamic interconversion between ZCuOH and Z,Cu.
As displayed in Figure 7a, adding H,O to the gas stream
promoted CO, formation distinctly (blue line); the “wet” CO,
formation dynamics can again be nicely captured by the same
second-order integral model, the asymptotic limit being now
equal to half the total Cu loading (Figure 7b). This result
indicates a promotional effect of H,O on CO oxidation, and
that H,O “activates” Z,Cu and enables it to intercage diffuse to
form Cu" pairs. Given that H,O is prevalent in LT-SCR
reactions, a similar promotional effect is expected to apply to
LT-SCR as well. Indeed, a coupled in situ FTIR spectroscopic
and theoretical investigation validated this hypothesis and
revealed that Z,Cu can be facilely hydrolyzed to ZCuOH in
the presence of NH; via Cu"(NH;), + H,O — Cu"(OH)-
(NH;); + NH,', both thermodynamically and kinetically
favorable in the presence of subsequent scavenging reactions
like CO oxidation and LT-RHC, so that Z,Cu may eventually
participate in LT-RHC under the actual form of ZCuOH.**
4.3. Binuclear Cu"-Mediated LT-RHC Pathway. Given
the above experimental, kinetic, and theoretical evidence, a LT-
RHC pathway should comply with the stoichiometry of
Cu:NO:NH;:N, = 1:1:1:1, the second-order kinetics in Cu",
the equivalent kinetic responses of Z,Cu and ZCuOH, and the
preferential depletion of L-NH; followed by B-NH," but with
identical intrinsic activity. As discussed in Section 4.1, a first-
order kinetic model based on single-site LT-RHC mecha-
nisms””*>*>*"3* fajled to describe the dynamics of TRM
experiments; the Cu-dimer-based LT-SCR redox cycle
proposed by Chen et al.'” is compatible with the dual-site
kinetic requirement, but in this mechanism, gaseous NH;
reacts with activated NO through the assistance of Brensted
acid sites, which does not incorporate the catalytic role of L-
NH;. Considering the intercage mobility of NHj-ligated
ZCuOH, the facile conversion of Z,Cu to ZCuOH via NH;-
assisted hydrolysis, and the DFT-derived Two-P configuration
(Figure 6), a binuclear-Cu’OH (ie, Two-P) mediated,
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HONO-based LT-RHC mechanism was proposed,'” as
illustrated in Figure 8. This mechanism consists of two
sequential NO oxidative activation processes, each including
three main steps: NO oxidative activation to HONO catalyzed
by one Cu"(OH)(NH;); unit (concurrently reducing Cu" to
Cu'), HONO reacting with one NHj; ligand to NH,NO,, and
NH,NO, decomposition to N, and H,O, as illustrated in
R.4—-R.9:

NO + [Cu"(OH)(NH;),--Cu"(OH)(NHS,),]

— HONO + Cu'(NH,), + Cu(OH)(NH,);  (R4)
HONO + Cu'(NH,); — Cu'(NH,), + NH,NO, (R.5)
NH,NO, — N, + 2H,0 (R6)
NO + Cu"(OH)(NH;); — HONO + Cu'(NH,),

(R7)
HONO + Cu'(NH,), - Cu'(NH;,), + NH,NO, (RS8)
NH,NO, - N, + 2H,0 (R9)

in which [Cu"(OH)(NH,);-Cu"(OH)(NHj;),] stands for
the Two-P. Summing these six steps results in the global
reaction:

2NO + [Cu"(OH)(NH,);--Cu"(OH)(NH,),]

— 2Cu'(NH;), + 2N, + 4H,0 (R.10)

consistent with the stoichiometry of Cu:NO:NH;:N, =
1:1:1:1 and the molar ratio of H,O/N, = 2 upon cutting off
0,.”® Further, NO oxidative activation over the Two-P (R.4, A
— B in Figure 8) has the highest activation barrier (+60 kJ
mol™") and thus serves as the rate-determining step in the
proposed cascade. Considering also the dynamic equilibrium
between two isolated Cu"(OH)(NH;); and the Two-P, the
overall LT-RHC rate expression is derived as'

Cu"(OH)(NH,), :

RuC = kappP NO| C
Uot

()

5270

where k,,, is the apparent rate constant for the LT-RHC
scheme in Figure 8, consistent with the quadratic kinetics
observed experimentally. Since HONO is able to react facilely
with both L-NH; and B-NH,", and both reactions are
kinetically irrelevant,'>"? this mechanism is also compatible
with the identical intrinsic activity of the two NH; adsorbates,
although L-NH; is preferentially depleted because of its spatial
proximity. NO oxidation to NO, is in principle also compatible
with these experimental observations but is energetically less
favorable because of the highly endothermic desorption of
NO,."” Note that the activation barrier for NH;-assisted
hydrolysis of Z,Cu to ZCuOH is ~66 k] mol™',*® comparable
to that of the Two-P-based LT-RHC pathway; such a similarity
suggests that the hydrolysis reaction proceeds in parallel to LT-
RHC, so that they are kinetically indistinguishable and thus
explain the identical apparent LT-RHC dynamics regardless of
the initial ZCuOH/Z,Cu ratios. Accordingly, the proposed
Two-P-based binuclear LT-RHC mechanism complies with all
these experimental, kinetic and theoretical requirements.
Further, such a binuclear LT-RHC pathway is also favorable
in terms of the overall LT-SCR redox cycle because, as
discussed in the Introduction, the LT—OHC is accepted to
occur over dimeric Cu-oxo species; if binuclear structures are
able to directly launch the RHC, there is no need to send back
one of the Cu""—NHj units to reestablish their original isolated
state at the end of LT—OHC, especially since the latter
configuration is thermodynamically less favorable.

5. SUMMARY AND OUTLOOK

This Perspective focuses on the LT-RHC of the SCR catalytic
chemistry over Cu-CHA zeolites: it summarizes findings
reported in a series of recent works from our group and
benchmarks them against those closely relevant in the
literature. Such a summary highlights the essential role of
dynamic interconversion between mono- and binuclear Cu
species not only in LT—OHC but also in LT-RHC, as enabled
by their intracrystallite mobility conferred by NHj; solvation.
This, in turn, results in a peculiar catalytic landscape that links
homo- and heterogeneous catalysis, a concept that had been
put forth for the mechanistic interpretation of LT—OHC”"?
but has also been demonstrated by us to be applicable and
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indispensable for rationalizing LT-RHC. Such strong inter-
actions between gas-phase reactants and catalyst active centers
in response to varying reaction conditions and external stimuli,
as well their significant consequences for catalysis turnovers,
are prevalent among different heterogeneous catalytic
processes. The discussions and tenets delivered in this
Perspective may have potential to be extended to inter-
rogations of the SCR reaction chemistry over other catalysts
and even to other processes catalyzed by similar zeolitic
materials, including, for example, the eye-catching partial
oxidation of methane to methanol on Cu-CHA cata-
Tysts.>>04~69

In spite of these progresses, however, several issues still
remain unsettled in our view and need further interrogations.
These include, but are not limited to, direct experimental
measurements of mobility of Cu-NH; complexes. Experimental
techniques such as impedance spectroscopy and solid-state
nuclear magnetic resonance (NMR) spectroscopy have been
used to investigate the mobility of Cu'(NH;), in LT-OHC
over Cu-zeolites’””" and of protons within H-ZSM-5 after
interacting with H,0,”” respectively; applying these methods
would be promising to provide direct experimental insights
into intracrystalline motions of Cu", too. Additionally, the
H,O effect on LT-SCR turnovers is unclear, although the
general understanding that H,O seems to not affect
significantly steady-state LT-SCR apparent kinetics. The
measured average Cu oxidation states at steady-state LT-
SCR (Figure 2b), in fact, show decreased Cu' fractions when
H,O is present. Such an observation reflects the inhibitory
effect of H,O on LT-RHC, as also confirmed directly by the
decreased LT-RHC rate constants in the presence of H,O
although their transient RHC kinetics still follow quadratic
relationships.”* Further, the apparent activation energy of LT-
RHC under “wet” conditions decreased to about half of its
“dry” counterpart (~60 kJ mol™' to ~30 kJ mol™"), which
seems to suggest the involvement of additional exothermic
equilibria when H,O is present.”* Given the limited effect of
H,0 on overall LT-SCR kinetics, there appears to be also
some promotion to LT-OHC by H,O that can counter-
balance its negative impact on LT-RHC, as supported by
preliminary kinetic explorations.”* Detailed mechanistic
interpretations of such H,O effects are still lacking but
necessary, as percentage levels of moisture prevail in realistic
exhausts. Achieving this goal also requires a clear under-
standing of how to close the LT-SCR redox cycle, that is, how
to digest the remaining two electrons after activating one O,
molecule by two Cu'-diamine motifs, how to link the binuclear
mediated LT—OHC with LT-RHC, etc. In addition to these
discussions on SCR reactions that convert NO to N,, another
unwanted side product, N,O, has now garnered more and
more attention due to its high global warming potential. It is
suggested that the low-temperature N,O formation proceeds in
the RHC and is favored by high Cu-CHA oxidation
states,”>~”° but its mechanism is still unclear and remains
debated. While further efforts are needed to resolve all the
mechanistic puzzles of the RHC in LT NH;—SCR, we believe
that the present discussions may contribute a consistent
framework to such endeavors.
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