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ABSTRACT

At low temperatures (<523 K), the selective catalytic reduction (SCR) of NO with NH3 on Cu-exchanged
zeolites occurs via elementary steps catalyzed by NHs-solvated Cu ions, which are reactive intermediates
in a Cu"/Cu' redox cycle. SCR rates are typically measured under “standard” reaction conditions, in which
0, is the oxidant and present at partial pressures (~10 kPa 0,) that cause both single-site Cu" reduction
and dual-site Cu' oxidation to behave as kinetically relevant steps. As a result, “standard” SCR rates (per g)
transition from a second-order to a first-order dependence on isolated Cu content (per g) among Cu-CHA
zeolites with increasing Cu content and thus spatial density (Si/Al = 15, Cu/Al = 0.08-0.37), as dual-site
Cu' oxidation steps limit SCR rates to lesser extents. On a given Cu-CHA catalyst, SCR rates (per Cu,
473 K) show a Langmuirian dependence on dioxygen pressure when varied widely (0-60 kPa 0O,),
enabling the isolation of first-order or zero-order kinetic regimes with respect to O,. These kinetic
regimes respectively correspond to limiting conditions in which either Cu' oxidation or Cu" reduction
becomes the dominant kinetically relevant step, consistent with in operando X-ray absorption spectra.
First-order rate constants (per Cu) increase approximately linearly with Cu density, reflecting the dual-
site requirement of O,-assisted Cu'-oxidation steps. Zero-order rate constants (per Cu) increase more
gradually with Cu density, in part reflecting the increasing fraction of isolated Cu ions that are able to
form binuclear intermediates and thus participate in SCR turnovers. Combining steady-state and tran-
sient kinetic data with in operando spectra provides a methodology to quantitatively describe the rate
dependences of SCR reduction and oxidation processes on Cu-zeolite properties such as Cu ion density
as shown here, and others including the zeolite framework topology and its density and distribution of
Al atoms.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

“light-off”) observed at low temperatures (<473 K) and the
decrease in NOy conversion with increasing temperature (i.e.,

Selective catalytic reduction (SCR) with ammonia is a strategy
used to abate nitrogen oxide (NOy, X = 1,2) emissions from diesel
and lean-burn engines, and was implemented commercially about
a decade ago with the advent of Cu-CHA zeolite catalysts that have
sufficient hydrothermal stability to withstand the harsh environ-
ments encountered in automotive exhaust applications [1-3]. Typ-
ical protocols to evaluate catalysts for practical application have
focused on the measurement of NO, conversion profiles as a func-
tion of temperature [4], including identifying the onset of the rapid
increase in NO, conversion with increasing temperature (i.e.,
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“seagull”’-shaped dip) observed at intermediate temperatures
(523-623 K) [5-8]. Such macroscopic observations are manifesta-
tions of the underlying kinetic and mechanistic details of the SCR
reaction on Cu-zeolites; they depend on the microscopic details
of catalyst composition and active site arrangement. On Cu-CHA
zeolites, these details include the number and spatial distribution
of Cu cations exchanged at anionic framework sites introduced
by Al substitution, and the fraction of Cu present nominally as
monovalent [Cu"OH]" (i.e., ZCuOH) and divalent Cu" (i.e., Z,Cu)
sites that respectively charge-compensate one and two framework
Al centers [4,9-11].

The stoichiometry of the SCR reaction using molecular oxygen
as the oxidant, which is also referred to as the “standard” SCR reac-
tion, is:
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4NO + 4NH3 + O, — 4N, + 6H,0 (1)

Rates of “standard” SCR are typically measured at ambient pres-
sures with NO and NH; present in equimolar quantities (e.g.,
0.03 kPa each), and O, is present in large stoichiometric excess
(e.g., 10 kPa), to resemble the concentrations present in lean-burn
exhaust. The observed coexistence of both Cu' and Cu" species
under “standard” SCR reaction conditions, and the sensitivity of
their proportions to catalyst composition and structure and to the
specific reaction conditions used, points to a mechanism involving
a redox cycle between these two Cu states [12]. At temperatures
below ~ 523 K and under SCR-relevant conditions, exchanged Cu
ions in Cu-CHA zeolites are fully solvated by NHj3 ligands, as evi-
denced by phase diagrams constructed from first-principles ther-
modynamic analyses of density functional theory (DFT)-based free
energies of Cu-ligand complexes [9], by in situ X-ray emission spec-
tra (XES) that show Cu-N coordination in their oxidized (Cu") and
reduced (Cu') states [7,13], and by in situ X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectra of their oxidized and reduced states that are indis-
tinguishable from those for four-fold and two-fold Cu-amine coor-
dination complexes [9,14], respectively. The coordination of Cu
ions to ammonia ligands and not to zeolite framework oxygen
atoms is further evidenced by the absence of second-shell Cu-T
atom (T = Si, Al) scattering in EXAFS spectra collected in operando
[9] and the absence of perturbed zeolite framework T-O-T vibra-
tions in diffuse reflectance IR (DRIFTS) spectra collected in situ
[15]. Thus, during low temperature NOy SCR on Cu-CHA zeolites,
ammonia-solvated Cu ions are present as cationic complexes that
are ionically bonded to anionic zeolite framework centers.

The preponderance of evidence is consistent with a reduction
half-cycle that consumes both NO and NHs, which proceeds by
NO attack on Cu'-amine complexes to form nitrosamine
(H,NNO)-like intermediates that decompose to yield N,, H,O,
Cu'-amine complexes, and an excess proton [16]. The excess proton
formed upon reduction of Z,Cu sites resides on the zeolite lattice at
framework oxygen adjacent to an Al site, while that formed upon
reduction of ZCuOH is rejected as H,O [9]. Evidence for the reduc-
tion mechanism of mononuclear Cu'-amine complexes includes
DFT calculations of plausible Cu" reduction pathways
[9,14,16,17], transient XAS [14,16] and TPR measurements [18]
that detect complete and stoichiometric reduction of Cu" to Cu'
only when both NO and NH3 are present, and NHjs titrations that
quantify the zeolitic H" sites formed upon reduction of Z,Cu sites
[9]. The details of the oxidation half-cycle are less well understood
[6,14,19,20], although O, must be consumed to balance stoichiom-
etry. The oxidation of pairs of Cu' complexes with O, is well-known
in the homogeneous Cu literature [21-23]. Mononuclear Cu'(NH3),
complexes can react with O, to form NHs-solvated binuclear Cu"
di-oxo complexes (e.g., (NH5),Cu'"(0,)Cu"(NH3),) [6,19], consistent
with DFT calculations of plausible dual-site Cu' oxidation pathways
with O, [6,19,24,25] and with EXAFS spectra of Cu-CHA zeolites
after their NHs-solvated Cu' ions are oxidized by O, that show
second-shell Cu-Cu scattering at distances characteristic of binu-
clear Cu" di-oxo complexes [19]. NH5-solvated binuclear Cu" di-
oxo complexes can be reduced to two Cu' sites while consuming
two equivalents of NO and NH5 to balance stoichiometry [19], via
a sequence of elementary steps whose precise details have yet to
be clarified.

Under low temperature “standard” SCR conditions, reaction
rates on Cu-CHA (per mass or per pore volume catalyst) increase
monotonically with the spatial density of isolated Cu ions (per
mass or per pore volume catalyst), transitioning from a second-
order dependence on Cu density in the dilute Cu limit to a first-
order dependence on Cu density at higher Cu densities
[9,19,26,27]. In operando X-ray absorption spectra (XAS) provide

direct evidence that Cu'(NH;), is the most abundant reactive inter-
mediate (MARI) at low Cu densities under “standard” SCR condi-
tions [19], implying that Cul(NHs), oxidation with O, is the
dominant kinetically-relevant process in the kinetic regime charac-
terized by SCR rates that show a second-order dependence on Cu
density. This interpretation is consistent with transient XAS exper-
iments performed to measure O,-assisted oxidation rates of Cul(-
NHs), complexes in Cu-CHA, which are best described by rate
equations that are second-order in Cu'(NHs), concentration [19].
Transient XAS experiments were also used to quantify the fraction
of Cu'(NHs), complexes that were oxidized by O, in the asymptotic
limit of long reaction times, and this fraction was found to increase
monotonically with Cu spatial density [19]. These findings indicate
that O,-assisted oxidation steps require two Cu'(NHj;), complexes,
nominally isolated from one another, to co-locate within a single
CHA cage to form a binuclear Cu" di-oxo complex. DFT calculations
indicate that transport of Cu'(NHs), through an 8-MR window into
an adjacent CHA cage that already contains a Cu'(NH3), complex
occurs with lower barriers (~35 kJ mol~!) [19] than the measured
range of apparent SCR activation barriers (~40-80 k] mol ')
[6,14,19], and that subsequent reaction steps to form binuclear Cu"
di-oxo complexes are even more facile [19,24,28].

Quantitative measurements that distinguish between the num-
ber of Cu sites that participate in SCR redox cycles, and the kinetics
of reduction and oxidation processes catalyzed by such Cu sites,
are difficult to extract from SCR rates measured under “standard”
conditions that invariably convolute the kinetic contributions of
both the oxidation and reduction half-cycles [12,14,16,19,29].
Here, we interrogate the catalytic function of Cu-CHA zeolites
under reaction conditions perturbed far from those typical of
“standard” SCR, in order to isolate either Cu" reduction or Cu' oxi-
dation as the dominant kinetically-relevant process. Given that O,
is only involved as a reactant in the oxidation half-cycle, we
hypothesize that dual-site Cu' oxidation becomes the dominant
kinetically-relevant step at dilute O, pressures and becomes
kinetically-irrelevant at higher O, pressures. We use in operando
XAS measurements to quantify the prevalent Cu and Cu' fractions
as a function of reaction conditions and Cu density. Apparent Cu"
reduction and Cu' oxidation rate constants are determined from
regression of rate data to an empirical model that captures the
observed Langmuirian dependence of SCR rates on O, pressure,
which allows extracting kinetic parameters that describe the
effects of Cu ion spatial density on SCR oxidation and reduction
processes.

2. Experimental methods
2.1. Zeolite synthesis

The parent CHA zeolites (SSZ-13, Si/Al = 15) were synthesized
using previously reported procedures [9]. Briefly, a molar ratio of
1 SiO,/ 0.033 Al,05/ 0.25 TMAdaOH/ 0.25 Na,O/ 44 H,0 was used
in the synthesis solution. An aqueous TMAdaOH solution (25 wt%,
Sachem) was first added to deionized H,0 (18.2 MQecm) in a per-
fluoroalkoxy alkane jar (PFA, Savillex Corp.), followed by stirring
the solution under ambient conditions for 0.25 h. Next, aluminum
hydroxide (AI(OH)s, grade 0325, SPI Pharma) was added to the
aqueous TMAdaOH solution. Then, a 5 M NaOH solution (16.7 wt
% NaOH in deionized water; NaOH pellets 98 wt%, Alfa Aesar)
was added dropwise to the solution and stirred under ambient
conditions for 0.25 h. Lastly, fumed silica (SiO;, 99 wt%, Cabot)
was added, and the mixture was stirred for 2 h under ambient con-
ditions. The obtained synthesis solution was then transferred to a
45 mL Teflon-lined stainless-steel autoclave (Parr) and placed in
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a forced convection oven (Yamato DKN-402C) at 433 K and rotated
at 40 RPM for 6 days.

Cu-form zeolites were prepared via aqueous-phase Cu ion
exchange of H-form zeolites using a Cu'(NOs), solution (0.001-
0.1 M, 100 cm® g&t; 99.999 wt%, Sigma-Aldrich) for 4 h and 300
RPM at ambient conditions, during which dropwise addition of
1.0 M NH4OH (Sigma-Aldrich) was used to control the pH at
4.9 + 0.1, as reported previously [9]. The resulting Cu-form zeolites
were recovered by centrifugation and washed six times with
deionized water (70 cm® gzl per wash), dried in an oven at
373 K, and then treated in flowing dry air (1.67 cm? s~ gok; Zero
Grade, Indiana Oxygen) to 773 K (0.0167 K s™!) for 4 h.

2.2. Characterization of H-form and Cu-form CHA zeolites

X-ray diffraction (XRD) patterns (Fig. S1, SI) of the synthesized
CHA samples were used to confirm crystal topology, and were col-
lected using a Rigaku SmartLab X-ray diffractometer equipped
with a Cu Ko X-ray source (40 kV, 44 mA) from 4 to 40° 20 with
a scan rate of 0.00833° s~! and a step size of 0.01°. The micropore
volumes of the H-CHA samples were calculated from Ar adsorption
isotherms measured at 87 K (Fig. S2, SI) using a Micromeritics ASAP
2020 Surface Area and Porosity Analyzer; micropore volumes
(0.20 cm® g~ ') were consistent with previously reported values
for the CHA framework [9].

Elemental analysis of the Cu and H-form zeolites (Si, Al, Cu) was
performed using atomic absorption spectroscopy (AAS) on a
Perkin-Elmer AAnalyst 300. Samples were digested for AAS by add-
ing 0.01 g of zeolite to 2 g of hydrofluoric acid (48 wt%, Sigma
Aldrich) and allowing to sit at ambient conditions for 72 h, fol-
lowed by dilution in 50 g of water (18 MQecm). Warning: when
using HF acid, always use adequate personal protective equipment
and ventilation. The absorbances of Al and Si were measured using
a reducing nitrous oxide-acetylene flame at wavelengths of 309.3
and 251.6 nm, respectively. The absorbance of Cu was measured
using an oxidizing air-acetylene flame at a wavelength of
324.8 nm. Absorbances were converted into concentrations using
calibration solutions of known concentrations for each element.

The total number of H* sites on H-form zeolites and the residual
number of H* sites on Cu-form zeolites were quantified by NH3
titration (Table S1, SI) after zeolite samples were treated in an
oxidative environment (10 kPa O,, balance N, 773 K, 4 h) using
previously reported methods [30,31]|. Zeolite samples (0.03-
0.05 g) were first saturated with gas-phase NH3 (0.050 kPa in He,
Indiana Oxygen) at 433 K for 2 h (0.05 kPa NHs, balance He,
5.8 cm?® s71), followed by selective removal of Lewis acid-bound
and physisorbed NH3 by treatment in a flowing wet helium stream
at 433 K for 8 h (2.5-3.0 kPa H,0 in balance He, 5.8 cm® s™'), in
order to selectively retain surface NH} species [31]. NH3 was then
desorbed in a subsequent temperature-programmed desorption
(TPD) in flowing He (UHP, 99.999%, Indiana Oxygen, 5.8 cm> s ')
to 823 K (0.083 K s~ 1), and quantified using on-board calibrations
in a gas-phase FTIR spectrometer (MKS Multigas™ 2030). The spe-
ciation of Cu between sites that are nominally either Cu" or Cu"OH
was determined from a site balance that considered total Cu con-
tent, the difference in H* sites titrated on H-form and Cu-form
samples, and the expected 2:1 and 1:1 H*:Cu exchange stoichiom-
etry, respectively (Table S1, SI).

2.3. In operando and transient X-ray absorption spectroscopic
characterization of Cu-CHA

X-ray absorption spectroscopy (XAS) experiments were carried
out at the Advanced Photon Source (APS) at Argonne National Lab-
oratory on the insertion device (ID) beam line of the Materials
Research Collaborative Access Team (MRCAT, Sector 10) [32]. A

cryogenically cooled double-crystal Si(111) monochromator with
an uncoated glass mirror was used to minimize the presence of
harmonics. Spectra were recorded in transmission mode with the
ionization chambers optimized for the maximum current with a
linear response (~10'° photons s~!) using gas mixtures to give
10% absorption in the incident X-ray detector and 70% absorption
in the transmission X-ray detector. Calibration of the Cu K-edge
to 8979 eV was performed by simultaneously collecting a Cu metal
foil spectrum while collecting sample spectra. Spectra were col-
lected under isothermal conditions and normalized using a first-
order polynomial in the pre-edge region and a third-order polyno-
mial in the post-edge region. Linear combination fitting of the
XANES spectra was performed using standards for Cu' (Cu-CHA
zeolite reduced in NO and NH; at 473 K) and Cu" (Cu-CHA zeolite
oxidized in 20 kPa O, to 673 K, spectra measured at 473 K) [16] to
determine the fractions of Cu' and Cu" species present.

In operando experiments were performed in a glassy carbon
tube reactor described previously [12], in which steady-state SCR
rate measurements (reaction conditions given in Section 2.4) were
collected simultaneously with XAS spectra to verify that rates were
identical to those measured in separate differential plug-flow reac-
tor experiments. Multiple spectra were taken to confirm the
absence of beam damage to the sample or any other time-
dependent changes. Transient NO and NH; reduction experiments
were carried out by first oxidizing the sample in flowing O, (20 kPa
0, in balance N,, Airgas, 13.3 cm® s') at 673 K for 0.5 h, after
which the sample was cooled to 473 K. After purging for 0.08 h
in flowing N, (13.3 cm®s~!, Airgas), flowing NH; (0.03 kPa in bal-
ance N,, Airgas, 13.3 cm®s~!) was introduced to the sample.
Shortly thereafter (approximately 0.01-0.08 h), flowing NO was
added to the gas stream (0.03 kPa NO, 0.03 kPa NHs, Airgas, bal-
ance Ny, 13.3 cm® s7!) concurrently with the start of collecting
XAS spectra. Transient O, oxidation experiments were then carried
out, starting with the catalyst in the state at the end of the NO and
NH; reduction. After purging in flowing N5 (13.3 cm? s~ ') for 0.08
h, flowing O, (20 kPa in N,, Airgas, 13.3 cm® s~') was introduced
concurrently with the start of collecting XAS spectra. For both of
the reduction and oxidation experiments, spectra were collected
until changes were no longer detectable.

2.4. Measurement of standard SCR kinetics under differential
conditions

Selective catalytic reduction (SCR) kinetics were measured
using a bench-top tubular quartz reactor system described previ-
ously [33]. Zeolite samples were sieved to obtain aggregate particle
sizes between 125 and 250 um in diameter. A bed height of
approximately 1 cm was obtained by dilution with silica gel (Dav-
isil, 250-500 pm in diameter). NO conversions were kept below
20% for all steady-state kinetic measurements to ensure that the
entire catalyst bed was exposed to approximately the same gas
concentrations, using a reactant gas mixture of 0.03 kPa NO (3.5%
NO/Ar, Praxair), 0.03 kPa NHs (3.0% NHs/Ar, Praxair), 7 kPa CO,
(liquid, Indiana Oxygen), 1-60 kPa O, (99.5%, Indiana Oxygen),
1 kPa H,O (deionized, 18.2 MQecm, introduced through a 24"
Perma Pure MH Nafion™ Series Humidifier), and balance N,
(boil-off from a liquid N, dewar) at 473 K and ambient total pres-
sure. The balance N, was composed of two independent streams,
one which passed through the humidifier and was used as a carrier
to maintain gas-phase water partial pressures at 1 kPa (“wet” N5)
and the other which was used as a diluent carrier for the other
gas-phase reactants (“dry” N,). The gas mixing pattern was
designed such that the 3.5% NO/Ar stream was pre-diluted by the
“wet” N, carrier stream and CO, prior to mixing with the "dry"
N, and O, stream, in order to mitigate background NO, formation
that occurs upon mixing of concentrated NO and O, streams. The
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total gas flow rate was 16.7-33.3 cm® s~ ! (at ambient temperature

and pressure) and selected to maintain differential NO conversion.

Outlet NO, NO,, NH3, CO,, and H,0 concentrations were measured

every 0.95 s using on-board gas calibrations on a gas-phase Fourier

Transform Infrared (FTIR) spectrometer (MKS Multigas™ 2030).
The rate of NO consumption was calculated according to:

~ (noin = Ynoout) PViora
—I'no = 10° RT 2)

where y is the volume fraction of NO in ppm, V.o is the total vol-
umetric flow rate, P is the ambient pressure, T is the ambient tem-
perature, and R is the gas constant. The SCR rate was determined by
correcting the overall rate of NO consumption in each experiment
for contributions to NO consumption resulting from “fast” SCR reac-
tions with NO,, present both as an impurity in NO reactant cylin-
ders and formed as a product from homogeneous NO oxidation
reactions within the reactor unit (details in Section S.3, SI). These
methods were validated by measuring identical SCR rates indepen-
dently in two different reactor units, with different rates of back-
ground NO, formation and, in turn, contributions from “fast” SCR
reactions (details in Section S.3, SI). Measured SCR rates were inde-
pendent of space velocity (Fig. S6, SI) and thus insensitive to exter-
nal transport phenomena (details in Section S.4, SI) [9,33,34].
Measured SCR rates were also found not to be corrupted by
intracrystallite transport phenomena according to the Weisz-
Prater criterion (details in Section S.4, SI) [35]. In addition, SCR rates
were independent of H,O (0.2-4 kPa) [19,36] and CO, (0-16 kPa)
[33,36] pressures as reported in our prior work.

Apparent NO and NHj reaction orders on Cu-CHA zeolites were
measured at three different O, pressures (1, 10, 60 kPa O,) at
473 K, holding the concentration of other gases fixed (1 kPa H,O0,
7 kPa CO,, balance N, 0.030 kPa NO or NH3) while maintaining dif-
ferential conversion. The NO concentration was varied between
0.015 and 0.060 kPa for the NO reaction order measurement, while
the NH3 concentration was varied between 0.015 and 0.090 kPa for
the NHj3 reaction order measurement (all partial pressure changes
were made in random order). Similarly, the apparent reaction
orders in O, in the low, “standard”, and high O, pressure limits
were measured by varying dioxygen pressure from 1 to 4 kPa (a
range of 2-5 kPa was used for Cu-CHA-0.078, Cu-CHA-0.084, and
Cu-CHA-0.10; details in Section S.5, SI), 5-15 kPa and 40-60 kPa,
respectively, while maintaining differential conversion and holding
other gas pressures constant (0.030 kPa NO, 0.030 kPa NHs, 1 kPa
H,0, 7 kPa CO, in balance N, at 473 K). The logarithm of SCR reac-
tion rates was plotted against the logarithm of reactant concentra-
tion and regressed to a linear function, whose slope was taken as
the apparent reaction order (Figs. S9-S11, SI).

3. Results and discussion

3.1. Both Cu' oxidation and Cu" reduction steps are kinetically relevant
during “standard” SCR

In order to study the effects of Cu ion density on the Cu' oxida-
tion and Cu" reduction processes that occur during steady-state
SCR turnover, a series of Cu-CHA samples was prepared by starting
with H-form zeolites of fixed framework Al content (Si/Al = 15) and
performing Cu ion exchange to varying extents (Cu/Al = 0.08-0.37,
Table 1; additional characterization data reported in Table S1, SI
and in our prior study [19]). Cu-CHA samples are denoted as Cu-
CHA-X, where X denotes the mean Cu volumetric density (number
of Cu atoms per 1000 A®) assuming a homogeneous Cu distribution
throughout the crystallite volume (details in our prior study [19]).
Mean Cu volumetric densities vary from 0.078 to 0.35 Cu atoms per
10® A3 from the least to most heavily Cu-exchanged samples,

respectively corresponding to approximately one Cu ion per seven-
teen to four CHA cages (Table 1).

SCR rates (per 10> A3, 473 K) were measured at 1, 10 and 60 kPa
0, on these Cu-CHA samples and are plotted as a function of Cu
volumetric density (per 10 A%) in Fig. 1a. The corresponding frac-
tion of total Cu (Cuy) present in the Cu" state (Cu"/Cu,oy), as mea-
sured in operando by XAS, at these three O, pressures is shown in
Fig. 1b. SCR rates measured at 10 kPa O, (Fig. 1a, circles), which are
representative of “standard” SCR conditions, increase with a
second-order dependence on Cu density at low values of Cu den-
sity (<0.2 Cu per 10> A%) and gradually transition to increasing with
a first-order dependence on Cu density at high values of Cu density
(>0.3 Cu per 10 A3), consistent with prior reports [19,26]. At dilute
values of Cu density (<0.1 Cu per 10® A®), in operando XAS spectra
reveal that Cu/(NHj3), is the MARI (<0.30 Cu'/Cuyy, Fig. 1b) under
“standard” SCR conditions. These data indicate that Cu' oxidation
with O, becomes the dominant kinetically relevant step when
measured SCR rates show a second-order dependence on Cu den-
sity, consistent with mechanistic proposals for the involvement
of two Cul(NHs), complexes in O,-assisted oxidation steps [19].
With increasing Cu density, the fraction of Cu" present during
steady-state SCR at 10 kPa O, increases (Fig. 1b, circles) as
single-site Cu" reduction processes increase in kinetic relevance,
as also reported previously [19].

Apparent reaction orders in O, measured in pressure ranges
characteristic of the low (1-5 kPa O,), “standard” (5-15 kPa O,)
and high (40-60 kPa O,) pressure regimes are shown in Table 2.
With increasing Cu density, apparent reaction orders in O, at
“standard” SCR conditions decrease systematically from 0.8 to 0.3
(Table 2), as single-site Cu" reduction increases in kinetic rele-
vance. These data reveal that both Cu" reduction and Cu' oxidation
are kinetically relevant steps when low-temperature SCR rates
(473 K) are measured under “standard” reaction conditions
(10 kPa O,), for Cu-CHA composition ranges similar to those typi-
cally used in practice (Si/Al ~ 15, Cu/Al ~ 0.5) [37]. These data also
indicate that measured SCR rates become more sensitive to the
kinetics of Cu! oxidation steps as the Cu density becomes more
dilute, given the dual-site requirements of O,-assisted oxidation
of NHs-solvated Cu' ions and the single-site requirements of
NO + NHs-assisted reduction of NHs-solvated Cu" ions.

The net rates of Cu' reduction and Cu' oxidation steps in the SCR
redox cycle must be equal during steady-state catalytic turnover;
yet, the rates of such steps depend on the apparent rate constants
and the pressures of reactants involved in them. Current mechanis-
tic proposals involve dioxygen as a reactant only in the Cu' oxida-
tion step, suggesting that varying the O, pressure should change
the rates of Cu' oxidation processes, but not of Cu" reduction pro-
cesses. In turn, varying the O, pressure should change the extent to
which each step limits the rates of the overall SCR redox cycle, and
lower O, pressures should cause Cu' oxidation rates to become
increasingly rate-limiting. Insights into the kinetically-relevant
processes at varying O, pressure are also relevant to practical
SCR implementation, as transient excursions to low O, pressures
(e.g., 2 kPa O,) occur during operation of diesel vehicles (e.g., rapid
acceleration), and have been observed to cause decreases in NOy
conversion [38]. In the range of Cu density values studied, SCR
rates (per 10° A3, 473 K) on Cu-CHA are systematically higher at
60 kPa O, than at 10 kPa O, (Fig. 1a), and the fraction of Cu' present
in operando is systematically lower at 60 kPa O, than at 10 kPa O,
(Fig. 1b). Conversely, SCR rates (per 10° A3, 473 K) are systemati-
cally lower at 1 kPa O, than at 10 kPa O, (Fig. 1a), and the fraction
of Cu' present in operando is systematically higher at 1 kPa O, than
at 10 kPa O, (Fig. 1b). Additionally, apparent reaction orders in O,
approach unity at low pressures (<5 kPa O,), decrease systemati-
cally with increasing pressure, and approach zero at high pressures
(>50 kPa 0,), as listed in Table 2 (additional details in Section S.5,
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Table 1
Characterization data of the Cu-CHA samples studied.

Cu-CHA-X Cu/Al Cu wt% Cu volumetric density (per 10> A%) Cu per CHA cage Number of cages per Cu
Cu-CHA-0.078 0.08 0.55 0.078 0.06 16.7
Cu-CHA-0.084 0.09 0.59 0.084 0.06 15.4
Cu-CHA-0.10 0.10 0.69 0.10 0.08 133
Cu-CHA-0.17 0.18 1.21 0.17 0.13 7.5
Cu-CHA-0.23 0.24 1.60 0.23 0.18 5.7
Cu-CHA-0.29 0.31 2.04 0.29 0.22 4.5
Cu-CHA-0.31 0.33 2.16 0.31 0.24 4.2
Cu-CHA-0.35 0.37 247 0.35 0.27 3.7
0.007 1.0
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Fig. 1. (a) SCRrates (per 10> A3, 473 K) measured on Cu-CHA-X samples at 1 (A), 10 (@), and 60 kPa (M) O, (other reaction conditions: 0.030 kPa NO, 0.030 kPa NH3, 7 kPa CO,,
1 kPa H,0, balance N,). Dashed lines are drawn through the origin and the rate on Cu-CHA-0.35 for each data series to guide the eye, illustrating that SCR rates deviate from a
first-order dependence at dilute Cu density. (b) Steady-state Cu" fraction (Cu"/Cu) at 1 (A), 10 (®), and 60 kPa (M) O, measured in operando by XAS as a function of Cu

density on Cu-CHA-X samples.

Table 2
Apparent O, reaction orders measured on Cu-CHA samples near low (1 kPa 0,),
“standard” (10 kPa O,) and high (60 kPa O,) dioxygen pressures.

Apparent O, Order®

Sample 1 kPa O, 10 kPa O, 60 kPa 0O,
Cu-CHA-0.078 0.6 0.8 0.4
Cu-CHA-0.084 1.0 0.7 0.6
Cu-CHA-0.10 0.9° 0.7 0.4
Cu-CHA-0.17 0.8 0.6 0.2
Cu-CHA-0.23 0.7 0.5 0.2
Cu-CHA-0.29 0.5 0.4 0.0
Cu-CHA-0.31 0.5 0.3 0.0
Cu-CHA-0.35 0.5 03 0.1

@ Other conditions: 0.030 kPa NO, 0.030 kPa NHs, 7 kPa CO,, 1 kPa H,O and
balance N, at 473 K. Uncertainties are + 0.1, unless otherwise noted.
b Uncertainty is + 0.3.

SI). These trends are consistent with the preferential decrease in
intrinsic Cu' oxidation rates relative to intrinsic Cu" reduction rates
at lower O, pressures.

These data serve as yet another reminder that the extent to
which Cu' oxidation steps limit SCR rates depends both on the sam-
ple composition and the reaction conditions used, given the differ-
ent kinetic and active site requirements of Cu' oxidation and Cu"
reduction processes in the SCR redox cycle. The kinetic relevance
of Cu' oxidation steps increases both with decreasing Cu ion den-
sity and with decreasing O, pressure. Yet, even at low but fixed
0, pressure (1 kPa), SCR rates are not solely limited by the rates

of Cu' oxidation steps, as evident by the finite Cu" fractions
(0.15-0.35) quantified in operando by XANES. Thus, we next sys-
tematically investigate the steady-state catalytic behavior of Cu-
CHA zeolites under widely varying O, pressures, in order to isolate
limiting kinetic behavior that allows deconvoluting the influence
of Cu' oxidation and Cu" reduction steps on overall rates of SCR
redox cycles.

3.2. Effects of O, pressure on SCR rates and the Cu"/Cu' redox balance

SCR rates (per Cug, 473 K) measured on a representative Cu-
CHA sample (Cu-CHA-0.23) as a function of O, pressure are shown
in Fig. 2a. SCR rates (per Cu,) show a Langmuirian dependence on
0, pressure when varied over a wide range (1-60 kPa O,), accord-
ing to the following empirical rate expression:

[Cutut] N kzero + kﬁrstPOZ

—Ino kﬁrst kzemP 0, ( 3 )

where kg is the apparent rate constant in the limiting kinetic
regime that is first-order in O, pressure, and k., is the apparent
rate constant in the limiting kinetic regime that is zero-order in
0, pressure (additional details of the kinetic fitting in Section S.5,
SI). The corresponding steady-state fraction of Cu present in the Cu"
state (Cu"/Cuy), measured in operando by XANES, is shown on the
secondary ordinate in Fig. 2a (in operando XANES spectra of Cu-
CHA-0.23 shown in Fig. S12, SI). In the first-order dioxygen pressure
limit, Cu ions are predominantly in their Cu' state (Cu'}/Cu,, = 0.25,
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lines represent best-fit regressions of rates to Eq. (3).

Fig. 2a), consistent with dual-site oxidation of Cu!(NH3), with O,
becoming the dominant kinetically relevant step in this regime.
The steady-state Cu" fraction increases systematically with increas-
ing O, pressure (Fig. 2a), as Cu' reduction steps increase in kinetic
relevance. These findings are also consistent with a recent report
by Liu et al. that the steady-state Cu" fraction increased systemati-
cally with O, pressures (0-10 kPa; other conditions: 473 K, 0.1 kPa
NO, 0.1 kPa NH3, balance He) for Cu-CHA compositions (Si/Al = 15,
Cu/Al = 0.03 and 0.29) similar to those studied here [39].

Importantly, the steady-state Cu' fraction asymptotically
approaches a non-unity value (Cu"/Cu = 0.65, Fig. 2a) under con-
ditions (60 kPa O,) that nearly approach the zero-order dioxygen
pressure limit (apparent O, order = 0.2). This limiting condition
should correspond to a kinetic regime in which Cu' reduction
becomes the sole kinetically-relevant step, and should have
resulted in Cu" as the sole MARI (Cu"/Cuy, = 1) if every Cu ion were
able to participate in the SCR redox cycle. The presence of a finite
fraction of Cu' in the zero-order dioxygen pressure limit would
therefore suggest that some Cu' ions are unable to participate in
SCR turnovers, which can be rationalized from data reported in
our prior study [19]. Reduction of Cu-CHA samples to their
Cu'(NHs), states in flowing NO and NH; (473 K), followed by expo-
sure to flowing O, (473 K) resulted in the transient oxidation of
only a fraction of the Cu'(NH;), species present [19]. A recalcitrant
fraction of Cu'(NHs), remained unoxidized at long O, exposure
times, either because they were physically or functionally isolated
from other Cu'(NHs), complexes and thus unable to oxidize via the
dual-site mechanism to form a binuclear Cu" di-oxo intermediate.
In turn, any such recalcitrant Cu'(NH;), complexes would not con-
tribute to measured SCR rates, and thus persist as the Cu' fraction
measured on Cu-CHA zeolites at high O, pressures when SCR rates
are limited predominantly by Cu" reduction steps.

SCR rates (per Cu, 473 K) as a function of O, pressure are shown
in Fig. 2b for Cu-CHA samples of increasing Cu volumetric density
(Table 1). For each Cu-CHA sample, SCR rates show a Langmuirian
dependence on O, pressure, according to Equation (3). In the entire
range of Cu density values studied (0.078-0.35 Cu per 1000 A3),
SCR rates (per Cu) at a fixed O, pressure increase systematically
with Cu volumetric density (Fig. 2b). These trends include rates
that are measured at low (1 kPa O,) and high (60 kPa O,) dioxygen

pressures, which begin to approach the first-order and zero-order
kinetic regimes, albeit to different extents on Cu-CHA samples of
different Cu density (Table 2). The first-order kinetic regime in
which Cu' oxidation is the sole kinetically-relevant step is nearly
approached at 1 kPa O, on the lowest Cu density samples, while
the zero-order kinetic regime in which Cu" reduction is the sole
kinetically-relevant step is nearly approached at 60 kPa O, on
the highest density samples (Table 2). These data again remind
that rates of Cu' oxidation and Cu" reduction steps depend both
on the pressures of gaseous reactants involved and on Cu volumet-
ric density in a manner that reflects the specific Cu site require-
ments of such steps. As a result, apparent rate constants that
strictly correspond to first-order and zero-order kinetic regimes
on a given Cu-CHA sample must be estimated by extrapolating
measured rate data using a rate equation, as discussed next.

3.3. Dependence of apparent first-order rate constants on Cu
volumetric density

Values of apparent first-order (kg;) and zero-order (ko) rate
constants, determined by regressing the steady-state SCR rate data
in Fig. 2b to Equation (3), are listed for each sample in Table 3. The
dependence of kgrs; on Cu volumetric density in Cu-CHA (Si/Al = 15)
is shown in Fig. 3. Values of kg increase systematically with Cu
volumetric density in the entire range of Cu density values studied
(0.078-0.35 Cu per 1000 A3). A strictly linear dependence of ks
(per Cu) on Cu density is equivalent to a strictly second-order
dependence of the SCR rate on Cu concentration, as would be
expected for a mean-field rate expression for a homogeneous reac-
tion involving two Cu sites. Yet, the oxidation of Cu! sites in Cu-
CHA by O, is not mean-field in nature; only a fraction of Cu'(NH3),
species are able to be oxidized by O, to form a binuclear Cu" di-oxo
complex, and the fraction of such oxidizable Cu' sites increases
with total Cu volumetric density [ 19]. Thus, we surmise that values
of ksrs: deviate from a linear dependence on Cu density, especially
apparent at low values of Cu density (Fig. 3), because of the non-
mean-field kinetic behavior of 0,-assisted oxidation of Cu!(NHj3),
species in Cu-CHA.

To investigate this behavior further, we performed transient
XAS experiments during O,-assisted oxidation of pre-reduced Cu-



146 C.B. Jones et al./Journal of Catalysis 389 (2020) 140-149

Table 3

Measured first and zero order rate constants from steady-state SCR kinetics and intrinsic reduction and oxidation rate constants from transient kinetic experiments.

Sample Steady-state measurements

Kzero | 10~ mol NO mol
Cu's™! Cu'kPaO3's™!

Kiirst / 10~ mol NO mol

Transient measurements

Kreq/1073 57! Kox/10~> m> mol Final Cu" fraction after

Cu's! 0, oxidation transient

Cu-CHA-0.078 10.7 0.18
Cu-CHA-0.084 9.1 0.27
Cu-CHA-0.10 7.5 0.24
Cu-CHA-0.17 16.1 0.80
Cu-CHA-0.23 15.6 1.09
Cu-CHA-0.29 14.8 1.87
Cu-CHA-0.31 16.4 1.76
Cu-CHA-0.35 18.2 2.80

204 14.1 0.67
18.4 - -

- 7.9 0.77
10.2 8.1 0.78
7.4 7.1 0.85
- 7.8 0.83
- 14.5 0.85
21.1 12.4 0.81
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Fig. 3. Apparent first-order SCR rate constants (kgs;, 473 K) as a function of Cu
density.

CHA-X samples (seven samples of varying Cu density), analogous
to such experiments reported in our prior study (on three Cu-
CHA samples of varying Cu density) [19]. Cu-CHA samples were
first reduced in flowing NO and NH;3 (0.030 kPa NO, 0.030 kPa
NH3, 473 K) to convert all Cu ions to Cul(NHs), species, followed
by exposure to flowing O, (10 kPa O,, 473 K) while monitoring
time-resolved XAS spectra (XANES spectra in Figs. S13-S19, SI).
Linear-combination fitting of XANES spectra were used to deter-
mine the fraction of Cu present in the Cu'(NHs), state (Cu'/Cucor)
as a function of reaction time, as shown in Fig. 4.

For each Cu-CHA sample, regardless of Cu content, the transient
Cu' oxidation rate was best modeled using a rate law with a
second-order dependence on Cu concentration that accounts for
a recalcitrant fraction of un-oxidized Cu' in the limit of long reac-
tion time (details in Section S.7, SI) [19]. The fitted value for the
intrinsic second-order rate constant for O,-assisted oxidation
(kox) Of Cu'(NHs), species is listed in Table 3. Values of ko are
essentially invariant (within 2x, 473 K) for the range of Cu volu-
metric densities studied (0.078-0.35 Cu per 1000 A3). The fraction
of Cu sites that were oxidized to the Cu' state at the end of the
transient O,-oxidation experiment is also shown in Table 3; this
fraction increased (0.67-0.85) with Cu volumetric density
(0.078-0.35 Cu per 1000 A3), consistent with our prior work [19].
These findings are also consistent with data reported recently by

"
%o, llll..llll... L]
R T

Cu' Fraction (Cu'/Cu,)

0.1 A

0.0

0 200 400 600 800
Time/s

Fig. 4. Cu' fraction (Cu'/Cuy) from XAS experiments during transient O,-assisted
oxidation (10 kPa O, 473 K) of pre-reduced Cu-CHA-X samples (0.030 kPa NO,
0.030 kPa NHs, 473 K): Cu-CHA-0.078 (@), Cu-CHA-0.10 (W), Cu-CHA-0.17 (#),
Cu-CHA-0.23 (A), Cu-CHA-0.29 (x), Cu-CHA-0.31 (O), Cu-CHA-0.35 (O). Dotted
lines represent least-squares regression of the data to a rate model second-order in
Cu (details in Section S.7, SI).

Liu et al., in which O,-assisted oxidation (473 K, 10 kPa O,) of
pre-reduced Cu-CHA (Si/Al = 15) resulted in higher fractions of oxi-
dizable Cu(I) on a sample with higher Cu content (0.95, Cu/
Al = 0.29) than on a sample of lower Cu content (0.53, Cu/
Al = 0.03) [39].

We next sought to compare the rate measurements from tran-
sient Cu' oxidation experiments performed at 10 kPa O, to the
steady-state SCR rates measured in the first-order (i.e., “low” O,
pressure) kinetic regime. The steady-state Cu' oxidation rate
expected at 10 kPa O, was estimated by multiplying kg by this
dioxygen pressure (10 kPa O,), and these values are plotted on
the primary ordinate of Fig. 5. Initial rates of Cu' oxidation from
the transient XAS experiments (at 10 kPa O,) were estimated by
extrapolating the fitted second-order rate models to initial time
(details in Section S.7, SI), and these values are plotted on the sec-
ondary ordinate of Fig. 5. Both of these rates systematically
increase with a similar functional dependence on Cu volumetric
density (Fig. 5); the deviation from a strictly linear dependence
on Cu volumetric density, as would have otherwise been expected
for a mean-field rate expression for a dual-site Cu' oxidation step,
reflects the non-mean-field nature of this process.
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Fig. 5. Estimated Cu'-oxidation-limited steady-state SCR rates (473 K) at 10 kPa O,
(®) plotted along with initial Cu' oxidation rates measured from transient XAS
experiments (M), as a function of Cu density.

3.4. Dependence of apparent zero-order rate constants on Cu spatial
density

The dependence of k., on Cu volumetric density in Cu-CHA (Si/
Al = 15) is shown in Fig. 6. In the entire range of Cu densities stud-
ied (0.078-0.35 Cu per 1000 A3), values of Kk, Show a much
weaker dependence on Cu density than kg (Fig. 3). Values of kzero
are lower among the three samples of lowest Cu density (7.5-10.
7 x 1072 mol NO mol Cu~! s7!, Table 3) than among the five sam-
ples of higher Cu density (14.8-18.2 x 102 mol NO mol Cu~! s7,
Table 3). Values of k.., also appear to become invariant of Cu den-
sity above the threshold value of 0.17 Cu per 1000 A2 in the sample
composition studied. Such variations in k.., with Cu density could,
in principle, reflect changes in either the intrinsic rate constant for
Cu' reduction, or the fraction of Cu sites that participate in steady-
state SCR turnovers.

To investigate the intrinsic reduction behavior of NHs-solvated
Cu' sites in Cu-CHA, and its dependence on Cu volumetric density,
we performed transient XAS experiments during NO + NHs-
assisted co-reduction of oxidized Cu-CHA-X samples (five samples
of varying Cu density). Cu-CHA samples were first oxidized in flow-
ing O, (20 kPa O,, 673 K) to convert all Cu ions to zeolite-bound
Cu'' species, followed by exposure to flowing NO and NHj
(0.030 kPa NO, 0.030 kPa NH3, 473 K) to solvate Cu" jons with
NH; to form Cu'(NH;), or Cu'(OH)(NHs); complexes and to subse-
quently reduce them to Cu'(NHs),, while monitoring time-resolved
XAS spectra (XANES spectra in Figs. S20-S24, SI). Linear-
combination fitting of XANES spectra were used to determine the
fraction of Cu present in the NHs-solvated Cu" state (Cu"/Cuo)
as a function of reaction time, as shown in Fig. 7.

On all Cu-CHA samples, the transient Cu" reduction rate showed
a first-order dependence on Cu density (Fig. 7). In some samples,
XANES spectra at the end of the transient NO + NHs-assisted reduc-
tion experiments (Figs. S20-S24, SI) showed small percentages
(<10%) of Cu" that were not reduced; these values are within the
uncertainty of the linear combination XANES fitting procedure,
but were explicitly accounted for when fitting the transient data
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Fig. 7. Cu" fraction (Cu"/Cuy) from XAS experiments during transient NO + NH3-
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Cu-CHA-0.23 (A), and Cu-CHA-0.35 (O). Dotted lines are best fits to a rate equation
that is first-order in Cu concentration (details in Section S.8, SI).

to a first-order rate equation (details in Section S.8, SI). Values of
kreq were similar (within 3x at 473 K, 7.4-21.1 1073 s~ !; Table 3)
and did not vary systematically with Cu density. These values are
quantitatively consistent with the initial rate of Cu" reduction
(1.7 mmol NO g 'h~! at 0.05 kPa NO and 423 K) reported recently



148 C.B. Jones et al./Journal of Catalysis 389 (2020) 140-149

on a Cu-CHA sample of similar composition (2 wt% Cu) [39],
assuming a first-order dependence on NO pressure and an activa-
tion energy consistent with those reported for reduction-limited
SCR kinetics (full calculation in Section S.8, SI) [6,19]. Similar Cu"
reduction rate constants measured among Cu-CHA samples of dif-
ferent Cu density would also be consistent with the proposed
single-site mechanism of NO and NHs-assisted co-reduction of
mononuclear NH;-solvated Cu' sites [9,16].

Thus, we considered the alternate possibility that k,.,, values
are influenced by the fraction of Cu sites that participate in
steady-state SCR turnover. This fraction of active Cu was estimated
to be the fraction of Cu'(NH;), that was oxidized by O, at the end of
transient XAS experiments shown in Fig. 4; as listed in Table 3,
they increase (0.67-0.85) with Cu density (0.078-0.35 Cu per
1000 A3). These values are plotted on the secondary ordinate of
Fig. 6, and show a similar functional dependence on Cu density
as kzero. This indicates that the dependence of k..., (normalized
per Cuy,) on Cu volumetric density primarily reflects changes in
the fraction of Cu sites that participate in steady-state SCR redox
cycles, specifically in the dual-site O,-assisted oxidation half-cycle.

4. Conclusions

The selective catalytic reduction (SCR) of NO with NH5 on Cu-
CHA zeolites is mediated by NHs-solvated Cu" and Cu' ions at
low temperatures (<523 K), and occurs via a Cu"/Cu' redox cycle
involving single-site Cu" reduction assisted by NO and NH; and
dual-site Cu' oxidation assisted by 0,. When low-temperature
SCR rates are measured at fixed reaction conditions (e.g., “stan-
dard” SCR conditions), they depend on the rates of both Cu" reduc-
tion and Cu' oxidation processes. With increasing Cu density, SCR
rates (per Cu) transition from a second-order to first-order depen-
dence on Cu density, Cu" fractions measured in operando by XAS
systematically increase, and apparent reaction orders in O, sys-
tematically decrease. The kinetic influences of Cu' oxidation and
Cu" reduction processes are convoluted in apparent kinetic param-
eters measured under “standard” SCR conditions, obfuscating the
individual influences of Cu-zeolite structure and composition on
the fraction of Cu sites that participate in SCR turnovers and on
the rate constants for Cu' oxidation and Cu" reduction processes.

Low-temperature (473 K) SCR rates on Cu-CHA show a
Langmuirian dependence on dioxygen pressure when varied
widely (1-60 kPa O,), and approach a first-order dependence in
the “low O, pressure” limit and a zero-order dependence in the
“high O, pressure” limit. Yet, even when SCR rates are measured
at fixed pressure in the “low O, pressure” limit (e.g., 1 kPa O,), in
operando characterization reveals that a fraction of Cu in Cu-CHA
is present in the Cu" state, and this fraction increases systemati-
cally with increasing Cu density. This serves as yet another remin-
der that differences in kinetic behavior among catalysts of varying
composition are more accurately evaluated through comparisons
of rate constants, not turnover rates measured at fixed reaction
conditions. This is especially pertinent for catalytic cycles com-
prised of elementary steps that have different active site density
requirements, for which changes in catalyst composition will
change the kinetic relevance of each step.

Steady-state SCR rates measured over widely varying dioxygen
pressures enable estimating apparent first-order (ksr;) and zero-
order (ko) rate constants that reflect SCR redox cycles limited
by dual-site Cu' oxidation with O, and by single-site Cu" reduction
with NO and NHjs, respectively. On Cu-CHA zeolites, values of kg
(per Cu, 473 K) increase with Cu density, according to a functional
dependence consistent with the dual-site and non-mean-field nat-
ure of 0,-assisted Cu' oxidation steps. Values of k., (per Cu, 473 K)
show a weaker dependence on Cu density, a consequence of its

underlying dependence on the fraction of Cu sites that can partic-
ipate in SCR redox cycles and specifically in O,-assisted Cu' oxida-
tion steps. Importantly, among Cu-CHA samples of varying
composition that are comprised nominally of isolated Cu ions,
the mechanisms of Cu' oxidation and Cu" reduction do not appear
to change; rather the relative intrinsic rates of these processes
change with reaction conditions due to their differing kinetic and
site requirements, and neither one solely limits the rates of the
SCR redox cycle.

As illustrated here for low-temperature NOy SCR with NH5 on
Cu-CHA zeolites, such phenomena can be identified by measuring
reaction rates under varying reaction conditions to isolate kinetic
regimes wherein rates of certain elementary steps limit rates of
the overall catalytic cycle. Such rate measurements facilitate pre-
cise mechanistic interpretation, when complemented with mea-
surements of transient rates of stoichiometric reactions that are
proposed facsimiles of the elementary steps that prevail during
steady-state catalytic turnover, and in operando spectroscopy to
determine the structures of the relevant MARI [40]. The measure-
ment of steady-state SCR rates over widely varying dioxygen pres-
sures, in order to estimate apparent first-order and zero-order rate
constants in O, pressure, enables quantitative comparisons of reac-
tivity among Cu-zeolite catalysts of different Cu content. We
expect these conclusions will apply for low-temperature NOyx SCR
catalysis on other Cu-based materials, under conditions wherein
the reactive intermediates are NHs-solvated Cu ions and O, is the
oxidant used in Cu' oxidation half-cycles. The approach used here
can also quantitatively describe how other catalyst properties,
such as zeolite framework topology and framework Al density
and arrangement, influence the fraction of Cu sites that participate
in SCR redox cycles and the rates at which they catalyze relevant
Cu' oxidation and Cu" reduction processes.
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Section S.1. Characterization data of H-CHA zeolite samples
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Figure S1. X-Ray diffraction pattern of a representative parent H-CHA (Si/Al = 15) sample prepared

using methods reported in Paolucci et al. [1]
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Figure S2. Ar adsorption isotherm (87 K) on a representative parent H-CHA (Si/Al = 15) sample

prepared using methods reported in Paolucci et al. [1]
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Section S.2. Characterization of Cu-CHA zeolites with varying Cu ion density

Cu-CHA samples with varying spatial density of isolated Cu sites (present either as Cu"
at paired framework Al or as [Cu"OH]" at isolated framework Al) were studied here, as in our
previous study [1]. These samples are denoted Cu-CHA-X, where X refers to the volumetric Cu
density (atoms Cu per 1000 A%). Relevant structural and site characterization of these samples
are provided in Table S1, including bulk elemental analysis, the number of Cu" and [Cu"OH]"
sites (per Al), the concentration of Cu ions per crystallite volume, and the mean Cu-Cu distance.
Additional Cu site characterization (ex situ X-ray absorption and UV-Visible spectra) can be

found in our previous study [2].

Table S1. Characterization data of oxidized Cu" forms of Cu-CHA-X samples (X = Cu volumetric
density per 1000 A*). Elemental analysis, number of H' sites titrated by NH; on H-CHA and Cu-CHA
samples, number of isolated Cu"and [CuHOH]+ sites, concentration of Cu ions per crystallite volume, and
the mean Cu-Cu distance. Characterization data originally reported in our prior study [2].

Cu/ Mean Cu-Cu

Sample Number of H' sites Number of Cu sites 1000 A® distance (&)

H'/AL H'/Al

1 % 11 *
(H-form)*  (Cu-form) Cu/Al  Cu /AI* Cu OH/Al

Cu-CHA-0.078 0.98 0.81 0.08 0.08 0.00 0.078 29.0
Cu-CHA-0.084 0.98 - 0.09 - - 0.084 28.3
Cu-CHA-0.10 0.98 0.80 0.10 0.08 0.02 0.10 26.9
Cu-CHA-0.17 0.98 0.70 0.18 0.10 0.08 0.17 223
Cu-CHA-0.23 1.00 0.64 0.24 0.12 0.12 0.23 20.3
Cu-CHA-0.29 1.00 0.61 0.31 0.08 0.23 0.29 18.7
Cu-CHA-0.31 0.98 0.58 0.33 0.09 0.22 0.31 18.4
Cu-CHA-0.35 0.98 0.51 0.37 0.10 0.27 0.35 17.6

* Different parent samples of H-CHA (Si/Al = 15), from replicate syntheses, were used to prepare the Cu-form
samples.

*Determined from a site balance considering total Cu/Al, the number of H' titrated on H-form and Cu-form
samples, and the 2:1 and 1:1 H":Cu exchange stoichiometry expected for Cu" and Cu"OH, respectively.
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Section S.3. Methods used to measure and calculate NO SCR rates by correcting for
contributions of “fast” SCR reactions from NO;

All reported NO SCR rates were corrected for contributions from the “fast” SCR reaction
due to background NO,, which is present as an impurity in NO cylinders and is formed by gas-
phase NO oxidation. A blank reactor tube was loaded with 0.070 g SiO, to measure background
NO, formation rates at fixed NO pressure (0.03 kPa) at 473 K, but with varying O, pressures
(0.5-60 kPa O,) and total gas flow rates (1.0-2.5 L min™" at ambient temperature and pressure)
(Fig. S3a). The gas-phase NO, concentration in the reactor outlet was linearly proportional to O,
pressure (Py,) and inversely proportional to gas flow rate F (i.e., proportional to gas residence
time), with a constant of proportionality k, as shown in Figure S3a and as described by Equation

(S1); the non-zero y-intercept b reflects NO, present as impurity levels in the NO cylinder.

[NO,, background] = b + k(PFﬂ) (PLO)2 (S1)

0.03 kPa NO

NO; formation rates that show a first-order dependence on O, pressure and second-order
dependence on NO pressure are consistent with gas-phase NO oxidation kinetics [3].
Background NO, formation rates indeed showed a nearly second-order dependence in NO
pressure (0.015-0.060 kPa) (Fig. S3b). In order to correct for background NO, formation for
experiments in which the NO pressure was varied from 0.03 kPa, such as when NO reaction
orders were measured, Equation S1 also accounts for the second-order dependence of NO,
formation rates on NO pressure. For these experiments, the y-intercept (b) of Figure S3a was
also adjusted based on measurements of NO, concentration at 0 kPa O, and different NO
pressures. Given that the background NO; concentration depends on the reactant source (e.g.,
NO; impurities in the NO cylinder) and reactor size and hydrodynamics (e.g., internal volumes

of the reactor and gas lines, gas mixing patterns, gas residence time), the NO, background
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concentration must be independently measured for each reactor system and NO cylinder used to

measure SCR rates.
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Figure S3. NO, concentration in reactor outlet of blank reactor experiments (SiO; only). (a) Variation of
residence times and O, pressures. Dotted line represents regression of the data to Eq. (S1) (reaction
conditions: 0.030 kPa NO, 0.030 kPa NH;, 1-60 kPa O,, 7 kPa CO,, 1 kPa H,0O and balance N,, 1.0-2.5
L min™ total gas flow rate). (b) Variation of NO pressure. Linear fits were used to calculate NO reaction
orders (reaction conditions: 0.015—-0.060 kPa NO, 0.030 kPa NH;, 10 (m) or 60 kPa (A) O,, 7 kPa CO,, 1
kPa H,O and balance N,, 2.0 L min”' total gas flow rate).

In experiments with Cu-CHA catalysts, the NO, consumed over the catalyst bed was
calculated as the difference between NO, formed in the blank reactor and NO, measured in the
outlet of the reactor in each experiment (Equation S2).

NO, consumed = NO,, background — NO,,reactor outlet (S2)
NO; consumption is assumed to occur through a “fast” SCR pathway, which consumes an
equimolar amount of NO:
4 NH; + 2NO+ 2NO, - 4N, + 6 H,0 (S3)
To calculate the rate of “standard” NO SCR, NO, consumption was subtracted from the total NO
consumption:

NO, consumed, standard SCR = NO consumed — NO, consumed (S4)
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The ratio of “NO, consumed” to “NO consumed” is shown as a function of O, pressure for a
representative sample (Cu-CHA-0.23) in Figure S4. For this sample, the magnitude of the “fast

SCR correction” is 5-10% of the total NO consumption across all measured O, pressures.
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Figure S4. Ratio of “NO, consumed” to “NO consumed” as a function of O, pressure for Cu-CHA-0.23
(reaction conditions: 0.030 kPa NO, 0.030 kPa NH3, 1-60 kPa O,, 7 kPa CO,, 1kPa H,O and balance N»).

For each Cu-CHA zeolite sample, SCR rates (473 K) at twenty O, pressures between 1—
60 kPa were measured in random order, holding the concentration of other gases fixed (1 kPa
H,0, 7 kPa CO,, 0.030 kPa NO, 0.030 kPa NH; balance N,) while maintaining differential
conversion. Figure S5 shows SCR rates as a function of varying O, pressure measured on Cu-
CHA-0.23 in two different flow reactor systems of different internal volumes; the agreement
between these measurements validates the methods described here to measure and calculate NO

SCR rates.
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Figure S5. NO SCR rates (per Cu, 473 K) as a function of O, pressure in two separate reactor units for
Cu-CHA-0.23 (reaction conditions: 0.030 kPa NO, 0.030 kPa NH3, 1-60 kPa O,, 7 kPa CO,, 1 kPa H,O
and balance N,). In order to account for background NO, formation in each reactor unit, the values of &£
and b in Equation S1 were measured independently for each system: Reactor Unit A (black diamonds), &
=210.9 (ppm mL min™ kPa™); b = 0.73 ppm. Reactor Unit B (grey squares), k = 129.6 (ppm mL min”
kPa™); b= 1.6 ppm.
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Section S.4. Assessment of potential corruption of measured rates by transport phenomena

In order to assess the extent to which external transport phenomena influenced measured
SCR rates, the gas hourly space velocity was varied from 1.13-2.26 (10° hr'") by varying total
gas flow rates (1-2 L min™' at ambient temperature and pressure) for Cu-CHA-0.084 at different
O, pressures (1, 10, 30, and 60 kPa O,). SCR rates were invariant with space velocity at all O,
pressures (Figure S6), indicating that measured rates were uncorrupted by external transport
processes, and confirming the absence of bed-scale gradients in concentration or temperature.
The invariance of measured NO SCR rates with gas flow rate also shows that measured reaction

rates are not influenced by changes to the gas-phase NO, concentration at the front of the catalyst

bed.
7.0
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o
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E
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Z 40 - n
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£
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O
(7]
1.0
1 kPa O2 u . . T .
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Figure S6. NO SCR rates (per Cu, 473 K) for Cu-CHA-0.084 as a function of gas hourly space velocity
(reaction conditions: 0.030 kPa NO, 0.030 kPa NHj, 1/10/30/60 kPa O,, 7 kPa CO,, 1 kPa H,O and
balance Ny).

The Weisz-Prater criterion (Equation S5) was used to estimate whether intracrystalline
mass transport limitations affected measured rate data, and was calculated separately for O, NO,
and NHj3, according to the following equation [4]:

NWP = I'obs I'pz / (Cs Deff) (SS)
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where ., 1s the reaction rate per volume, r, is the crystallite radius and taken as half (0.75 um)
of the crystallite length (1.5 um) measured from SEM images of H-form CHA zeolites reported
in our prior study [5], and C; is the reactant concentration at the crystallite surface and taken as
the bulk fluid concentration in the absence of external transport limitations. The final parameter
in Equation (S5) is Dy, or the effective diffusivity of each molecule within zeolite crystallites,

and were estimated according to:

(1) O2: As an order-of-magnitude estimate, D s was taken as the diffusivity of O, in
Zeolite 5A (LTA, containing 8-membered rings) at 303 K (1.2* 107 m” s™') [6], scaled to the
reaction temperature of 473 K using Chapman-Enskog theory (2.3 x 107 m*s™):

D eyr2=D e (T/T)" (S6)
At the most severe condition (Cu-CHA-0.37, 1 kPa O,), Nwp.o2 ~ 2 x 107 << 1, verifying the

absence of significant intracrystalline O, transport limitations.

(i) NO: The diffusivity of NO in LTA was not found in the literature; thus, as an order-
of-magnitude estimate, D.sr was taken as the diffusivity of N, in Zeolite SA (LTA, containing 8-
membered rings) at 303 K (6.8* 10® m* s™) [6], scaled to the reaction temperature of 473 K
using Chapman-Enskog theory (1.3 x 107 m* s™) according to Equation (S6). At the most severe
condition (Cu-CHA-0.37, 60 kPa O,), Nwpno ~ 6 x 107 << 1, verifying the absence of

significant intracrystalline NO transport limitations.

(ii1) NHs: D,y was set equal to the reported diffusivity of saturated NH3 in Cu-CHA at
473 K (1.2% 10° m* ), which was measured using quasielastic neutron scattering on a 3 wt%
Cu-CHA sample (Si/Al = 17) exposed to 80 kPa NH; [7]. Nwpnm3 is plotted as a function of Cu

density and O, pressure in Figure S7. Nwp, nuz < 1 at all conditions, suggesting the absence of
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severe intracrystalline NH; transport limitations. These conservative estimates of Nwp, nm3
become > 0.1 at higher Cu densities and O, pressures, however, indicating that NHj diffusion

might affect rates measured under certain conditions.
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Figure S7. Estimated Weisz-Prater number for NH; as a function of O, pressure and Cu density for Cu-

CHA-X samples. 1 kPa (triangles), 10 kPa (circles) and 60 kPa O, (squares) (reaction conditions: 0.030
kPa NO, 0.030 kPa NHj3;, 1/10/60 kPa O,, 7 kPa CO,, 3 kPa H,O and balance N, at 473 K).
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Section S.5. Measurement of apparent reaction orders on Cu-CHA samples in low and high
O; pressure limits
The data in Figure 2b (main text) are plotted in a log-log scale in Figure S8 to better

visualize the quality of the fit between the measured data and the rate model (Eq. (3)).
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Figure S8. Steady-state SCR rates (per Cu) as a function of O, pressure plotted using logarithmic scales
on Cu-CHA-X samples (light-to-dark shading as X increases). Dashed lines represent regression of the
data to Eq. (3).

With increasing O, pressure (1-60 kPa), apparent NO orders increase systematically from
0.2 to 0.8, while apparent NH3 orders remain essentially invariant near a value of -0.5 (Table
S2).
Table S2. SCR kinetic parameters measured on Cu-CHA samples at 1, 10, and 60 kPa O,.

Sample 1 kPa O, 10 kPa O, 60 kPa O,
NO order® NHj;order® NO order® NH;order” NO order® NH;order”

Cu-CHA-0.078 - - 0.4 -0.5 0.8 -0.5
Cu-CHA-0.17 0.3 -0.7 0.4 -0.5 0.7 -0.5
Cu-CHA-0.29 0.2 -0.5 0.6 -04 0.6 -04

“ Other reaction conditions: 0.030 kPa NH3, 7 kPa CO,, 1 kPa H,O and balance N, at 473 K
b Other reaction conditions: 0.030 kPa NO, 7 kPa CO,, 1 kPa H,O and balance N, at 473 K
Uncertainties are £ 0.1.
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Figure S9. Steady-state SCR rate (per Cu) versus O, pressure on Cu-CHA-X samples (light-to-dark
shading as X increases), along with best fit lines representing O, reaction orders, in the pressure ranges of
(a) 1-4 kPa O,, (b) 5-15 kPa O,, and (c) 40-60 kPa O,. For Cu-CHA-0.78, Cu-CHA-0.084, and Cu-
CHA-0.10, the O, reaction order in the low O, pressure range was instead reported from 2-5 kPa O,
improve experimental accuracy, due to the low (~1%) NO conversion at 1 kPa O, for these samples.
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Figure S11. Steady-state SCR rate (per Cu) versus NO pressure on Cu-CHA-0.078, Cu-CHA-0.17, and
Cu-CHA-0.29 (light-to-dark shading as X increases), along with best fit lines representing NO reaction
orders, at various O, pressures: a) 1 kPa O, (Cu-CHA-0.078 was omitted due to noisier measurements in
this case), b) 10 kPa O,, ¢) 60 kPa O,.

S14



Section S.6. In operando XANES spectra of Cu-CHA-0.23 with varying O; pressure

1.4
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Figure S12. In-operando XANES spectra measured at 1 kPa O, 5 kPa O,, 10 kPa O,, 30 kPa O,, and 60
kPa O, (light to dark with increasing O, pressure). The balance gas compositions were 0.030 kPa NHj,
0.030 kPa NO, 2 kPa H,0, 7 kPa CO,, and balance N,. Linear combination fitting to Cu(I) and Cu(Il)
standards was performed as previously reported [1].
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Section S.7. Transient O,-assisted oxidation of pre-reduced Cu-CHA-X samples: Models to

fit rate data and corresponding XANES spectra

As described in our previous study [2], the transient decrease of Cu' with time (Fig. 4,
main text) is best described by the following rate law, assuming an integral power on [Cu']:

I
SOl = 2k gyl Cul (O] 7

In order to account for the unoxidizable Cu' fraction (denoted as [Cu'(o0)]) observed in XANES
spectra at the end of the transient O,-assisted oxidation experiments (Figs. S13-S19), we define

the concentration of Cu' that can participate in the oxidation reaction as:

[Cul(t)]corr = [Cul(t)] - [Cul(oo)] (S8)
A ONors — k¢ [CU! (O Forr (9)

Since [Cu!(t)]copr is the concentration of Cu' that is oxidizable by O, as a function of time, Eq.

(S9) can be integrated from 0 to #, and subsequently rearranged to yield:

1 —rcul(oo I (oo
Cul Fraction = [Cu ()] _ 1—[Cu’(00)]/[Cu (0)] [Cu’(o0)] (SlO)

[Cutorall ~ 1+2kox([Cul(@)]-[Cul(=)Dt * [Cul(0)]
where ko, and [Cu!(o0)] are the fitted parameters. For each data series, [Cu'(2°)] is set equal to
the Cu' fraction of the final time point, and non-linear least-squares regression was used to obtain

the best-fit parameter of ko (listed in Table 3, main text).
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Figure S13. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.078
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 40 spectra
were collected in 20 second intervals. The first 10 spectra are plotted for clarity.
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Figure S14. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.10
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 40 spectra
were collected in 20 second intervals. The first 10 spectra are plotted for clarity.
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Figure S15. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.17
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 40 spectra
were collected in 14.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S16. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.23
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 30 spectra
were collected in 21.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S17. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.29
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 39 spectra
were collected in 14.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S18. Time resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.31
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NHj at 473 K. A total of 32 spectra
were collected in 21.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S19. Time-resolved XANES spectra measured during the transient oxidation of Cu-CHA-0.35
(473 K, 10 kPa O,) after treatment in 0.030 kPa NO and 0.030 kPa NH; at 473 K. A total of 30 spectra
were collected in 21.5 second intervals. The first 10 spectra are plotted for clarity.
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Section S.8. Transient NO+NH3;-assisted reduction of oxidized Cu-CHA-X samples: Models
to fit rate data and corresponding XANES spectra

The transient decrease in Cu" during reduction in NO and NHj; can be described by a rate

law that is first-order in Cu:

II
L = gl Cu (O] (S11)

In some samples studied, XANES spectra at the end of the transient NO+NHj3-assisted reduction
experiments (Figs. S20-S24) showed small percentages (<10%) of Cu' that were not reduced,
although we note that these values are within the uncertainty of the linear combination XANES
fitting procedure. For the purposes of modeling the data in Figure 6 (main text), we define the

fraction of Cu that are able to reduce as:

[Cun(t)]corr = [Cun(t)] - [Cull(oo)] (S12)
Ao Oleors = oy [Cu (O corr (s13)

Integration of Eq. (S13) yields the following expression:

, cu'®] _ [Cug]-[Cul] _k [Cull]
Cu'! Fraction = [ = 0 e Kreqt 4 _Lx—c0]
[Cutotall [Cutotall [Cutotall

(S14)

Where kg and [Cu'!(o0)] are fitted parameters. For each data series, [Cu'l(o0)] was set equal to
the Cu" fraction of the final time point, and non-linear least-squares regression was used to

obtain the best-fit parameter of k.4 (listed in Table 3, main text).

The transient reduction rate constants measured here were compared to a similar
experiment reported in the literature by Liu et al. [8] using the following approximations. First,
their reported initial rate of NO and NH3 reduction (1.7 mmol NO g h™" at 0.05 kPa NO and 423

K) was converted to the units of our reduction rate constant:

mmol NO 1gcat 63.546 g Cu 1h 1mol 0.0015 mol NO
gh 0.02gCu mol 3600s ~ 1000 mmol mol Cu s

1.7

(S15)
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Next, the Arrhenius equation was applied to estimate this rate at 473 K, assuming an activation
energy of 70 kJ/mol, which is consistent with reported apparent activation energies for low-

temperature SCR in the reduction-limited regime [2,9]:

Eq

sl = 0.012

_ mol NO
YNo,473Kk = TNO,423Kk X€ R —

molCus (516)
Finally, it was assumed that transient NO and NHj3 reduction is first-order in NO, and this rate

was scaled by the ratio of NO pressures in the two experiments (3/5) to achieve the final estimate

for the rate constant of 0.007 s, which is quantitatively consistent with our measurement.
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Figure S20. Time-resolved XANES spectra measured during the transient reduction of Cu-CHA-0.078
(473 K, 0.030 kPa NH3;, 0.030 kPa NO) after treatment in 20 kPa O, at 673 K. A total of 30 spectra were
collected in 16.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S21. Time-resolved XANES spectra measured during the transient reduction of Cu-CHA-0.084
(473 K, 0.030 kPa NH3;, 0.030 kPa NO) after treatment in 20 kPa O, at 673 K. A total of 37 spectra were
collected in 22.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S22. Time-resolved XANES spectra measured during the transient reduction of Cu-CHA-0.17
(473 K, 0.030 kPa NH3;, 0.030 kPa NO) after treatment in 20 kPa O, at 673 K. A total of 40 spectra were
collected in 14.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S23. Time-resolved XANES spectra measured during the transient reduction of Cu-CHA-0.23
(473 K, 0.030 kPa NH3;, 0.030 kPa NO) after treatment in 20 kPa O, at 673 K. A total of 54 spectra were
collected in 22.5 second intervals. The first 10 spectra are plotted for clarity.
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Figure S24. Time resolved XANES spectra measured during the transient reduction of Cu-CHA-0.35
(473 K, 0.030 kPa NH3;, 0.030 kPa NO) after treatment in 20 kPa O, at 673 K. A total of 21 spectra were
collected in 22.5 second intervals. The first 10 spectra are plotted for clarity.
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