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Abstract:

The Standard SCR reaction catalyzed by Cu-SSZ-13 is a redox process consisting of a reduction
half cycle (RHC) and an oxidation half cycle (OHC) that cycle the active Cu sites between the
Cu(ll) and Cu(l) states. In the current work, a transient-response methodology consisting of
experimental transient response Cu-redox (TRCR) measurements and kinetic modeling was
developed for detailed study of individual SCR Cu-redox half cycles. The TRCR protocol allows
quantification of the reducible Cu density, Cu(I1)-Cu(l) partitioning, relative native RHC and OHC
rates, and limiting half cycle during SCR. The half-cycle Kinetics are studied over a wide (170-
450°C) temperature, and in differential segments along the catalyst length using spatially resolved
capillary inlet mass-spectrometry (SpaciMS). The protocol alone provides two independent
measures indicating that OHC increases faster than RHC with temperature, and that at all but the
lowest temperatures SCR is RHC limited. Introducing the transient kinetic models allows half-
cycle reaction pathways, orders and activation energies to be studied and determined; e.g., RHC
involves surface and gas-phase NHz routes, and OHC with O> involves dimer formation.
Application of the full methodology provides further confirmation and quantification of the
protocol conclusions, and specifically the first measurements of RHC and OHC activation
energies; specifically for parallel RHC surface and gas-phase routes, and experimentally obtained
OHC activation energy vs. first-principle calculations in the literature. Beyond insights related to
the degreened catalyst studied here, the methodology provides a broadly available approach for

quantifying how aging processes selectively impact RHC and OHC.
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1. Introduction:

Selective catalytic reduction (SCR) of NOx with NHsz as the reactant is an important
technology for abatement of environmentally harmful NOyx compounds [1, 2]. While vanadia-
based catalysts are suitable for stationary applications such as power-generation stations, they do
not have sufficient low-temperature SCR activity and high-temperature hydrothermal stability
required for mobile applications such as lean-burn (excess Oz) diesel engines [1, 2]. In their
pioneering 2010 paper, Kwak et al. reported Cu-exchanged SSZ-13 zeolites to have excellent low-
temperature as well as high-temperature SCR activity [3]. Subsequent studies also showed the
superior hydrothermal stability of Cu-SSZ-13 compared to other catalyst candidates [4, 5]. This
led to establishing Cu-SSZ-13 as the primary commercial catalyst for NH3-SCR of NOx in diesel

engine exhaust.

The SSZ-13 material is a small-pore zeolite with chabazite topology comprised of
interconnected 4-, 5-, 6- and 8- membered rings (MR) [6, 7]. Substitution of Si** by AI** ions
creates anionic coordination sites in the zeolite, which allows introduction of extra-framework
Cu(l), Cu(ll) and H* cations. Literature suggest that two different isolated Cu sites may exist in
Cu-SSZ-13 catalysts with varied distributions depending on the Cu-exchange method, Cu loading,
Si:Al ratio, and Cu:Al ratio [6-10]. lonic Cu exchanged with two or paired framework Al sites in
a 6-MR is the most stable isolated Cu site, especially at low Cu loading. At higher Cu loading,
another Cu(ll) site exchanged with isolated framework Al in 8-MR cages and stabilized with
extra-framework OH ligands forms. The former Cu sites are known as Z>Cu while the latter as
Z;CuOH in the current literature. Commercial Cu-SSZ-13 catalysts used in diesel vehicles contain
both Z;CuOH and Z,Cu sites. While these isolated Cu sites impart Lewis acidity to the catalyst,

H* ions bonded to framework oxygen (ZH) impart Bronsted acidity.



Presence of both Lewis- and Bronsted-acid sites are important during SCR. The Cu sites
function as both SCR-active sites and NHs-storage sites, while the Bronsted-acid sites can store
extra NHs that is released to react with NO when sufficient NHs is not available in the reactant gas

stream. The Standard SCR reaction is a redox reaction between NO, NH3z and O [11-15]:

4 NO + 4 NH3z+ O2 - 4 N2+ 6 H.0 1)

This overall reaction consists of two redox half-cycles: the reduction half cycle (RHC) and the
oxidation half cycle (OHC), that cycle the Cu inventory between Cu(l) and Cu(ll). A number of
studies, including those of Paolucci et al., Gao et al. and Hu et al., have shown that RHC requires
both NO and NHjs to reduce Cu(ll) to Cu(l) [12-15]. Most of the literature delineates RHC to be
catalyzed by isolated NHs-solvated Cu ions, and therefore its kinetics follow first-order
dependence on Cu loading. Recent studies by Hu et al. and Gramigni et al., however, show via
kinetic experiments and DFT calculations that a second-order dependence of RHC on Cu loading
is also possible, facilitated by the formation of two proximate Cu-amine complexes during NH3
solvation of Z;CuOH sites [15, 16]. On the other hand, there exists a better consensus on the
relationship between OHC and Cu. It is accepted in the literature that linear copper-amine
complexes activate O> molecules to form Cu(ll)-oxo dimers, which makes the OHC Kkinetics
second order with respect to Cu [11, 15]. It is important to note that all these mechanistic studies
were performed for low-temperature SCR. At temperatures above 300°C, exchanged Cu sites lose
NHzs solvation and are therefore tethered to the zeolite framework. Thus, high-temperature SCR

redox cycling could be catalyzed by single-Cu sites [13].

An interesting consequence of SCR’s redox nature is the typical appearance of a
“conversion inflection (CI)” at SCR onset [14]. Figure 1 shows N2 formation during transient SCR

initiation starting from an oxidized Cu-SSZ-13 catalyst. The catalyst is initially pre-saturated with
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NHs from NH3 and O2 flow. When NO is introduced to the flow, a sharp N2-formation step is
measured, which then falls off slowly to a steady state (SS) value. This transient rise in N>
formation (or NO conversion) above the SS value is called a conversion inflection. Partridge et al.
assigned such SCR CI’s to the imbalance between the two redox half-cycle rates in their combined
experimental and kinetic-modeling work [14]. In Fig. 1, prior to starting NO flow, practically the
entire reducible-Cu inventory of the catalysts is in the oxidized state. As a result, the initial N2
formation step transient upon NO introduction is due to RHC, which reduces Cu(ll) to Cu(l). As
time passes (At: and At in Fig. 1), more and more Cu(l) is formed, which slows down the RHC
and speeds up the OHC; there is a transient partitioning of the reducible Cu between Cu(ll) and
Cu(l) as shown by the blue and red bars. This manifests in decreasing N2 formation after the CI
maximum. At SS, the reducible-Cu partitioning is stabilized such that the RHC and OHC rates
balance, and SS N formation is observed. The general Cl shape and intensity provide valuable
information about the relative RHC and OHC kinetics, and can be used with transient kinetic
models to quantify these parameters. In this paper, we detail a transient-response methodology
based on experiments and modeling and using such SCR CI to determine relative and quantitative

RHC and OHC kinetics.
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Figure 1: Hlustration of conversion inflection observed during SCR onset (blue curve at top), and

related transient reducible-Cu partitioning (blue and red bars at bottom).

The kinetic and mechanistic studies referenced above were mostly carried out on well-
defined model catalysts containing controlled Cu loading and targeted Cu speciation between
Z,CuOH and Z>Cu. Whereas such fundamental studies reveal valuable insights about the reaction
mechanisms and guide rational catalyst design, it is also important to translate such understandings
into methods and protocols to assess the performance of fully formulated commercial catalysts. A
commercial catalytic device is manufactured by washcoating a mixture of high-Cu-loaded Cu-
SSZ-13 catalyst and a binder (e.g., Al203, ZrO; etc.) onto a honeycomb monolith with small flow

channels (channel densities can vary between 200 cells per square inch (cpsi) to 600 cpsi). The



monolith can be several inches long which creates a spatiotemporal distribution of the reactant and
product species along the flow axis. In fact, very often a significant fraction of the downstream
part of the catalyst monolith remains unused due to complete conversion of reactant species within
the front section. Such axial distribution of reaction sequences also leads to spatiotemporal
differences in the chemical state of the Cu sites. Moreover, studying commercial catalytic devices
IS necessary to understand the impact of real-life aging (field aging) of catalysts when used in
vehicles for hundreds of thousands of miles. The rapidly increasing useful-life demand and
warranty regulations make it crucial to understand how these catalysts undergo aging in the field
[17]. The general experience of the automotive industry is that laboratory-based aging protocols
(hydrothermal aging, sulfur poisoning) do not emulate field aging, thereby making it necessary to
directly investigate samples returned from the field after suitable usage. Such investigations will
need practical experimental protocols, not only to assess the overall monolith core but also to probe

the intra-catalyst spatial performance changes along the flow channels.

In the current contribution, we introduce a transient-response Cu-redox (TRCR) protocol
to investigate the SCR redox cycle kinetics, Cl, changes in total reducible Cu, Cu-oxidation-state
speciation, and interconnections between these parameters within a wide temperature range (200-
450°C) and how they evolve along axial locations within a commercial Cu-SSZ-13 SCR catalyst.
Spatiotemporal species measurement at various intra-catalyst locations was performed by spatially
resolved capillary inlet mass spectrometry (SpaciMS). This technique has been instrumental in the
past for understanding catalyst performance, reaction network and sequences, aging and
degradation mechanisms when applied to various automotive aftertreatment systems such as lean
NOy trap (LNT), thee-way catalyst (TWC), SCR catalyst, diesel oxidations catalysts (DOC) and

particulate filters [18-23]. We will also discuss simple kinetic models that fit the SCR, RHC, and



OHC transient data collected by SpaciMS. These transient measurements and models form a
transient-response method used to quantify half-cycle kinetic parameters. This paper is the first in
a series of publications and will focus mainly on describing the transient-response method as a tool
to extract various important SCR redox-cycle and catalyst-state related information from a
degreened (DG) catalyst. This transient-response method will be applied in future publications to
elucidate kinetic impacts of hydrothermal aging, sulfur poisoning and field aging on SCR redox

half cycles.

2. Experimental setup, protocol and analysis methods:

2.1. Catalyst:

A commercial Cu-SSZ-13 catalyst washcoated on a 300-cpsi cordierite honeycomb-
monolith, similar to those used in previous publications [8, 24, 25], was used for this study. The
catalyst was estimated to have a Cu-loading of ~2.4% and Si/Al ratio of ~15. A mini-core of 1-
inch length, 1/2-inch diameter and 5x5 cells (with corner cells missing, 21 channels total) was cut
from the original commercial catalyst monolith for microreactor experiments. Prior to SCR-related
experiments, the catalyst was degreened at 550°C for four hours under 10% Oz, 7% H>O and 8%

COz in Argon balance (space velocity = 40,000/h).



2.2. Experimental setup for SCR half-cycle transient measurement:
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Figure 2: Experimental setup used for transient response studies: Picture on left shows the bench-

scale reactor system. Schematic on right illustrates the SpaciMS setup.

The experimental setup for measuring transient SCR redox cycling is shown in Fig. 2. A
bank of MKS mass flow controllers was used to deliver Ar balance, NO, NHz and O flow to 4-
way switching valves. The switching valves provided fast-switching of the reactor gas mixture

with very short response time (t,, 4., < 1 sec) for NO, Oz and N2; polar species including NHs

have a longer response time. Reactants were fed at a total space velocity of 40,000/h with the feed
gas concentrations at 200 ppm NO, 200 ppm NHz and 5% O; the gas standards were nominally
1% in Ar (0.001% purity level, Air Gas). Reactor flow included a constant 5% water vapor
provided by flowing Ar through a temperature-controlled water bubbler. A selector valve was used
to direct the reactant flow to the core reactor, powder reactor (not used in this study), or bypass. A
combiner valve collects the gas stream from the core reactor, powder reactor, or bypass and directs
the selected reactor leg into an FTIR (MKS Instruments Multigas 2030HS) spectrometer;

unselected reactor legs are vented to exhaust. While the FTIR analyzer provided integral



measurement of catalyst-exit gas composition, a SpaciMS (details below) was used to analyze the

gas species at intra-catalyst locations.

2.3. Spatially resolved capillary inlet mass spectrometry (SpaciMS):

SpaciMS is a unique analytical capability that measures gaseous species at intra-catalyst
locations under operating conditions, thereby providing a spatially resolved map of transient
reactant and product species. Such spatiotemporal measurements, performed under varied reaction
conditions, help elucidate the network and sequence of catalytic reactions, as well as changes in
the catalyst state [22]. Moreover, sampling from different intra-catalyst locations along the catalyst
axis allows measurement at various space velocities (SV). In this study, an integral space velocity
of 40,000/h at 1 atm pressure and temperatures in the range 200-450°C was used. However, the
SV at intra-catalyst locations scales with the location; e.g., at 1/8L the SV would be 320,000/h. At
such high SV, the transient data obtained from catalyst-front locations can be minimally affected
by mass transfer limitations (as shown in Section 3.4 for this application) and therefore suitable
for kinetic modeling. The SpaciMS experimental setup used in the current study consists of two
hollow fused-silica capillaries (Polymicro, 75-um ID, 150-um OD), one placed at the catalyst
entrance and the other at a selected intra-catalyst location (shown on the right side of Fig. 2). The
capillaries occupy 1.8% of the open channel area, sample 0.02% of the channel flow (~10uL/min
capillary sampling rate), and the monolith is oriented such that the capillaries rest in the probed-
channel corner; this configuration has been shown to be practically noninvasive [22, 26, 27]. Both
capillaries are connected to a multiport selector valve (Valco, 12-port, SC type) that directs one of
the capillary sample flows to a mass spectrometer (Pfeiffer, PrismaPlus QME 220) for analysis.
The intra-catalyst capillary can be translated along the probed channel to carry out spatially

resolved product and reactant quantification, while the inlet capillary is used to perform feed-gas
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analysis and mass spectrometer calibration. The multiport valve is housed in a heated oven and the
capillaries are heat-traced to avoid water condensation, NH4sNO3 formation, and improve transient

response.

2.4. Transient-response Cu-redox-cycle protocol:

The microreactor, SpaciMS and FTIR were used to run the TRCR protocol. In this protocol,
5% O, 200 ppm NH3z and 200 ppm NO were switched in and out of the feed-gas flow to perform
transient Standard SCR reaction (NO+NH3z+02), RHC (NO+NH3), and OHC (NO+0- or O2-only);
a constant 5% H>O flow existed throughout the protocol. Figure 3 shows the ten protocol steps,
associated gas flow, a depiction of the Cu-oxidation-state, and typical N2-formation transients
throughout the protocol. Prior to each run, the catalyst was oxidized using 5% O flow so that all
the reducible Cu sites were in the Cu(ll) state. Step-1 (Base) establishes a 200 ppm NO flow over
the oxidized catalyst, and includes a 20-30 min system-stabilization period. Step-2 (RHC-a) adds
NHs to implement NHs-initiated RHC, initiate Cu reduction, and ends with the reducible-Cu
inventory transformed to Cu(l). The area under the RHC-a N transient is a measure of the total
reducible Cu sites present in the catalyst, as discussed later in Section 3.1.5. In Step-3 (OHC-a)
NH3 flow is stopped and O> flow simultaneously introduced, while NO flow is maintained. In this
OHC step NO and O oxidize the reducible Cu sites back to Cu(ll). Step-4 (SCR-a) adds NH3 to
implement NHs-initiated SCR, resulting in transient onset N2 formation to the SS SCR level where
the reducible Cu is partitioned between Cu(l) and Cu(ll); because this step requires slower NH3
loading it does not typically have an onset CI. Step-5 (RHC-b) stops O3, causing the Cu(ll) at SS
SCR to be reduced to Cu(l). The area under the RHC-b N> transient is a measure of the Cu(ll)
quantity present at SS SCR. Step-6 (SCR-b) adds O> to implement Oz-initiated SCR, which starts

with the reducible Cu saturated in the Cu(l) state, vs. SCR-a which starts from the Cu(ll)-saturated

11



state; this step starts from a NHz-saturated state and thus onset Cl is typical. Step-7 (OHC-b) cuts
NHz flow and ends with the reducible Cu in the Cu(ll) state. A blank and NH3+O: pretreatment
precedes Step-8 to establish an NHz-saturated catalyst with reducible Cu in the Cu(ll) state. Step-
8 (SCR-c) adds NO to implement NO-initiated SCR, which typically displays an onset Cl with
transient NO conversion to SS SCR. Step-9 (OHC-c) along with a blank and NHz-saturation pre-
steps leave the catalyst saturated with NHz. Step-10 (RHC-c) adds NO to implement NO-initiated

RHC.
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Figure 3: TRCR protocol: Top flags indicate the number and name of each step. Flows of H20,
NO, NHz, O are represented by the horizontal bars. Transient N> formed during the
protocol is shown by the solid red lines. The change in Cu oxidation state is depicted

by dotted blue lines. Green circles represent a SS SCR mixture of Cu(l) and Cu(ll).
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Each RHC, OHC and SCR step serves a different purpose and provides multiple ways of
investigating the Cu-redox half cycles. For example, RHC-a is initiated on the catalyst without any
pre-adsorbed NHs and therefore the N»-transient is influenced by both reduction kinetics as well
as NHs adsorption-desorption kinetics. On the other hand, RHC-c starts from an NHz-saturated
catalyst, thereby decreasing the effect of NH3 adsorption-desorption dynamics on the transient N2
formation. The RHC-b step starts on a catalyst containing an SS SCR mixture of Cu(l) and Cu(ll),
vs. the RHC-a and -c steps starting from Cu(ll) saturation. Similarly, there are differences in the
various SCR steps. The SCR-a step starts on a catalyst without pre-adsorbed NH3 and therefore
the onset kinetics contains effects of NHz adsorption-desorption dynamics. The SCR-b and SCR-
c steps are started on an NHz-saturated catalyst, and with the Cu in a reduced and oxidized state,
respectively. As the SCR Cl-onset nature of an NHs-saturated catalyst is indicative of the initiating
half-cycle rate [14], the SCR-b and SCR-c ClI onsets reflect the OHC and RHC rates, respectively,

as further discussed later in Section 3.1.4.

The transient analysis in this paper focuses on N2 transients instead of NO transients, as
the SpaciMS m/z=28 signal is unaffected by other species in the reaction mixture, while m/z=30
signal has cross-sensitivity with NHz and NO>. Even though such cross-sensitivity can be isolated
by collecting related m/z signals, doing so would reduce the measurement temporal resolution.
The SCR half-cycle transients can be fast and therefore minimizing the number of m/z signals
monitored optimizes the measurement temporal resolution to best resolve the fast onset transients.
Hence, only N2 signal was collected for most of the experimental runs, while full speciation with
NO, NHsz and N2 signal measurement was performed for selected experiments. Moreover, as the
N2 and NO onset transients mirror, the NO transient can be deduced from the N> transient. Figure

S1 of the Supplementary section shows an example of this N> and NO mirroring, and how the total
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NO consumed is equivalent to the total N2> produced. In their recent articles, Tronconi group also
reported a similar complementary relationship between N2 and NO during RHC [15, 16]. Thus,

collecting only N> data is sufficient for the conclusions made here.
3. Results and discussion
3.1. TRCR protocol at a fixed catalyst location:

Figure 4a-f shows N. formation data collected from the catalyst monolith 3/8L location
during TRCR-protocol analysis at six different temperatures. Each step is labeled, and details of a

few steps are provided below.
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c steps of the TRCR protocol performed on the DG Cu-SSZ-13 at 3/8L location. Onset

heights of SCR-b and SCR-c Cls are shown in Fig. 5f

3.1.1. RHC-a

The NHs-initiated RHC (Step-2, RHC-a) adds NH3 to an established NO flow over an
oxidized and NHs-free catalyst core, and is used to quantify reducible Cu which starts the step in
a fully Cu(ll) state. Reduction of the reducible Cu to Cu(l) creates a Cl tailing to zero as the Cu(ll)
is fully converted, providing a method to count the starting Cu(ll) population. The resulting N>
transients shown in Fig. 4a-f are plotted together in Fig. 5a for comparison purpose. The shape of
these RHC-a transients depend on number of factors, including available reducible-Cu site density,

available gaseous and surface NH3z, RHC kinetics, and NHz adsorption/desorption kinetics. Higher
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temperatures increase the rates of both RHC and NH3 adsorption, which manifests in progressively
faster onset transients, higher N2 Cl peak, and shorter Cl duration (width) as shown in Fig. 5a. The
bimodal and asymmetric RHC-a transients are apparently composed of at least two components,
indicating the simultaneous presence of multiple RHC reaction pathways. The faster Pathway-1
(P-1) appears to dominate the leading edge, and the slower Pathway-2 (P-2) creates a long tail
particularly at lower temperatures. Daya et al. observed high initial NO conversion when NO+NH3
is passed over an oxidized Cu-SSZ-13 catalyst and assigned it to the reaction between HONO
intermediates (formed by interaction of NO with oxidized Cu sites) with gas-phase NHz [28]. The
concentration of NHs-solvated Cu ions at RHC onset was found to be insufficient to account for
such high NO conversion, and thus surface reactions occur only at later RHC times. In the context
of this study, gas phase reactions dominate at early RHC-a times, and surface reactions progress
at later RHC-a times as NH3 coverage builds. Therefore, P-1 and P-2 in Fig. 5a can be associated
with gaseous- and surface-NHz pathways, respectively, as further discussed in Sections 3.3 and
3.4. The kinetics of both components increase with temperature. However, the contribution of P-
1 to the overall transient increases with temperature, indicating that the P-1 RHC pathway
progressively dominates at higher temperatures. Since RHC-a is initiated with no pre-adsorbed
surface NHs, transient NHz adsorption on the acidic sites occurs starting from the onset. Thus, the
RHC-a transient is a function of NO+NHz3 reaction and NHz adsorption dynamics, or two
component reaction pathways. The NH3 adsorption progresses spatiotemporally through the RHC-
a transient and along the catalyst, and impacts the possible RHC pathways; e.g., for a given intra-
catalyst location and specifically at the front, only gas-phase reactions may be possible at RHC-a

onset, while surface-NHs reactions may be possible at later CI times once NHs adsorption has
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sufficiently progressed. The origin and relevance of these two components is further investigated

in Sections 3.3 and 3.4, which present NH3 adsorption-desorption and RHC models.

The total reducible Cu present in the Cu-SSZ-13 catalyst can be quantified by integrating
the RHC-a N2 transients, as discussed in Section 3.1.5. The Tronconi group has shown that the N2
formed during RHC is in 1:1 stoichiometric ratio with the number of Cu ions reduced [15, 16].
Therefore, regardless of gas phase or surface reaction pathway, each N2 molecule formed during

RHC-a corresponds to one reduced Cu ion.

3.1.2. RHC-c

The NO-initiated RHC (Step-10, RHC-c) adds NO to an established NHz flow over an
oxidized and NHs-saturated catalyst core, resulting in much faster CI transients compared to RHC-
a. Unlike RHC-a, pre-adsorbed NHsz in the RHC-c step removes the slow NHs adsorption-
desorption Kkinetics from the onset transient response, resulting in faster onset transients with
higher peak N> formation at each temperature. The faster bodies and tails of the RHC-c transients
reflects how NHs loading slowed the RHC-a transients; e.g., at 250°C and 3/8L, the RHC-a
transient takes ~900s to fully reduce the Cu(ll) (Fig. 5a), while the RHC-c transient takes only
~350s when not limited by NHs adsorption (Fig. 5b). The availability of surface-bound NHs for
reaction when NO is introduced at RHC-c onset is a major reason for the faster transients.
Thermodynamic equilibrium NHs saturation means that both NHz-solvated and NHz-free Cu exists
to drive both surface-NHz and gas-phase-NHs RHC reaction pathways, respectively, starting from
RHC-c inception. With this and the reducible Cu starting in a fully Cu(ll) state, the RHC-c ClI

leading-edge is indicative of the intrinsic RHC rate [14].
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While the RHC-c transients, shown in Fig. 5b, remain indicative of multiple components
and RHC reaction pathways, they differ significantly from the RHC-a transients, especially with
respect to the component contributions. Both RHC steps contain P-1 and P-2 pathways, but RHC-
¢ has smaller P-1 contribution because it has less NHs-free Cu(ll) than does RHC-a. Moreover,
the RHC-c P-1 pathway increases with temperature as the NHs-free Cu(ll) fraction increases
according to thermodynamic equilibrium, and the slower P-2 pathway degrades correspondingly.
The N2 transient shapes indicate that the P-2 pathway persists into the high-temperature regime,
indicating finite and corresponding probability for this pathway at those temperatures. A Kinetic
model of RHC-c incorporating and elucidating the information of Fig. 5b is shown in Section 3.4.

A forthcoming publication will focus on both RHC-a and RHC-c kinetic models in greater detail.

3.1.3. OHC-a

The OHC-a (Step-3) is the only OHC step that transitions the reducible Cu from a fully
Cu(l) to fully Cu(ll). It occurs in the presence of NO and O (in absence of NH3 flow) over an
NHs-saturated catalyst, and the corresponding N2 transients are shown in Figs. 4a-f and Fig. 5c.
The transient has a fast step-like onset, and the OHC Kkinetics increase with temperature as
indicated by the progressively faster tail and decreasing transient width with increasing
temperature. Starting from an NHs-saturated and fully Cu(l) state, the OHC-a transient leading-
edge is indicative of the intrinsic OHC rate [14]. The OHC-a transients appear to be multimodal
at all the temperatures, indicating multiple reaction pathways, and the relative contribution of the
different components changes with temperature. Numerous reactions involving NO, Oz and NH3
can lead to the oxidation of Cu(l) [11, 13, 29-31]. The presence of O also leads to Cu-dimer
formation at lower temperatures, however limited NH3 adsorption at higher temperatures degrades

mobility of Cu species and dimer formation correspondingly [13]. At OHC-a onset, the catalyst is
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in a reduced state and hence only oxidation reaction is possible. The initial sharp step-like N>
formation is therefore indicative of the native OHC rate. Once Cu(ll) concentration starts
increasing, NHs bound to Bronsted-acid sites functions as an NHs source to facilitate RHC reaction
with NO and thereby reducing the Cu(ll) sites. The reaction mechanism involving Bronsted-bound
NHz, however, is unclear. One possibility could be formation of HONO intermediates by
interaction of NO with Cu(ll), which then travels to a Bronsted-acid site to consume available
NHzs. Another route could be NHz movement from Bronsted-acid sites to Cu sites before reaction
with NO. Such reaction between NO and NH3 supplied by Bronsted-acid sites in the absence of
gas-phase NHz has been reported by Usberti et al. [32]. Correspondingly, a fraction of the Cu ions
may undergo multiple oxidation and unintended reduction events, complicating the OHC-a
transient. The unintended RHC during OHC-a is unique to NO+O> mediated OHC and would not
occur with O2-only OHC. To avoid this complication, O.-only OHC is addressed here as described
in Section 3.5. Additional experiments and modeling to describe the more complex NO+O, OHC-

a are ongoing and will be reported separately.

3.1.4. SCR Steps

The TRCR protocol includes three SCR steps starting from fully oxidized and reduced Cu
states, and with NHz-free and NHs-saturated conditions. While all SCR steps reach the same SS
SCR level, they have very different onset natures which reflect the kinetics of RHC, OHC and
NHz3 adsorption. The SCR-a (Step-4) onset transient probes the SCR onset kinetics starting from
an NHz-free oxidized catalyst; the OHC-a pre-step oxidizes and removes all NHz from the catalyst
surface (from both Lewis-acid and Bronsted-acid sites). In contrast, the SCR-b (Step-6) and SCR-

c (Step-8) steps start from an NHz-saturated state. The SCR-a onset transient approach to SS SCR
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is much slower than in the latter SCR steps; e.g., at 3/8L, it takes ca. 40 mins to reach SS SCR in
SCR-a at 250°C (Fig. 4b), vs. less than 3 mins in SCR-b and SCR-c (Figs. 5d and 5e). Thus, SCR
onset kinetics are much slower when surface-adsorbed NHz is not initially available and the onset
transient is limited by NHz-adsorption kinetics. This demonstrates the importance of optimizing
the NHs-dosing control in engine-emissions applications, so that the SCR catalyst contains
sufficient NHs to perform dynamic NOx reduction over realistic drive cycles, but not excessive

dosing to cause NHjs slip from the catalyst.

Because SCR-b and SCR-c start from an NHs-saturated state, their onset transients are not
limited by NHs adsorption and their Cl leading-edges are indicative of the intrinsic OHC and RHC
rates, respectively [14]. Figures 5 (d) and 5(e) show SCR-b and SCR-c ClI transients at different
temperatures and the 3/8L location. At SCR-b onset, the reducible Cu is in the fully-Cu(l) state so
the onset transient begins with maximum OHC reactants and zero Cu(ll) required for RHC; the
SCR-b and OHC-a onsets and peak CI match as they are both controlled by the intrinsic OHC rate.
Beyond the initial SCR-b onset, Cu(l) is converted to Cu(ll), which initiates RHC, which
progressively slows OHC and speeds RHC,; i.e., the RHC reaction kinetics increase with Cu(ll)
fraction. Corresponding transient NO and NH3 conversion occurs simultaneously. This transient
partitioning of the reducible Cu between Cu(l) and Cu(Il) continues until the OHC and RHC rates

balance at SS SCR.

Similarly, SCR-c starts from an NHs-saturated and fully oxidized catalyst optimized for
RHC; OHC occurs only after the Cl onset as Cu(l) is formed; and the tailing CI approach to SS
SCR is indicative of the transient partitioning of Cu(ll) and Cu(l) and corresponding balancing of
the RHC and OHC rates. As the SCR-b and SCR-c ClI onsets are representative of the intrinsic

OHC and RHC rates, respectively, their transient shapes and intensities reflect those of OHC-a
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and RHC-c, respectively, as shown in Fig 4a-f. The relative heights of the SCR-b and SCR-c Cls
above their onset-baseline level indicates the relative OHC and RHC rates, respectively [14]; e.g.,
the SCR-b CI peak will be greater than that of SCR-c if the SS SCR is RHC limited, and vice
versa, and Fig. 4 provides a ready indication of how the limiting half cycle varies with temperature.
Such a comparison of the two CI’s is possible because the N2 formation is stoichiometric with Cu
oxidization and reduction during OHC and RHC, respectively. Figure 5f shows the SCR-b and
SCR-c Cl heights above their onset baselines. While the SCR-b Cl peak increases with temperature
indicating faster OHC kinetics at higher temperatures, the SCR-c CI peak nature indicates that the
RHC kinetics are relatively insensitive to temperature. At 200°C and 3/8L, the SCR-b CI height is
smaller than SCR-c, indicating that RHC is faster than OHC; thus, the SCR-c tail is indicative of
RHC slowing to a half-cycle-rate balanced but OHC-limited SS SCR state. Above 250°C at 3/8L,
the SCR-b CI overtakes that of SCR-c, indicating OHC becomes faster than RHC. Faster OHC
kinetics persists at all temperatures above 250°C, and dramatically differ from RHC at the highest
temperature. Thus, the SCR reaction at 3/8L catalyst location is OHC limited at 200°C, and
becomes RHC limited at higher temperatures. This demonstrates how the TRCR protocol is a
useful tool to quantify the relative global RHC and OHC kinetics even without additional Kinetic
modeling. Nevertheless, detailed modeling and numerical analysis of the protocol data can

elucidate more detailed aspects of the two half cycles.

A secondary observation from Fig. 5e is the N2 formation prior to SCR-c onset at temperatures
above 300°C, which creates a non-zero onset baseline for SCR-c. This phase of the protocol
includes NHsz and O flow to achieve full oxidation and NHz-saturation of the catalyst. The isolated

Cu sites in the Cu-SSZ-13 catalyst catalyze NHsz oxidation with O to form N at these
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temperatures, and similar observations are reported in the literature [33-35]. No significant NO;

or N20 formation was measured during this NHz oxidation.
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3.1.5. Quantification of reducible Cu

The Cu-SSZ-13 catalyst theoretically has a fixed number of reducible-Cu sites, and this
number influences the half-cycle rates. In addition to providing information on the RHC and OHC
kinetics, the TRCR protocol was designed to quantify the state of active Cu-species and total
reducible Cu. During RHC, one Cu ion is used per NO and NHs molecule to form one N2 molecule;

thus, Cu:NO:NHa3:N2 react with 1:1:1:1 stoichiometry, and the N2 formed during RHC is equal to
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the Cu(ll) ions converted, as shown by the Tronconi group [15, 16, 32]. Therefore, if RHC-a starts
with the reducible Cu in a fully Cu(ll) state, the area of the RHC-a CI transient provides a measure
of the reducible Cu-ions available at a specific catalyst state, temperature, and catalyst location.
However, pre-reduction and unintended oxidation can cause differences between the calculated

and theoretical reducible Cu.

Pre-reduction by NO-only and NHz-only prior to RHC-a and RHC-c onset, respectively,
can result in under-counting of the reducible Cu based on those transients. A Modified-RHC-a
step was used to calculate the Cu densities of Fig. 6, where NO and NH3z were introduced
simultaneously (unlike the TRCR-protocol RHC-a where NO is introduced before NH3) to avoid
any Cu site pre-reduction by NO-only or NHz-only. Hu et al. have reported such partial Cu
reduction by NO in the presence of moisture [15]. Since the pre-reduction of Cu by NO is slow
and does not produce N, it would not be accounted for in the standard RHC-a N transients. Figure
S2 in the Supplementary Information file shows a comparison of reducible-Cu densities calculated
from the RHC-a, RHC-c and Modified-RHC-a transients. The reducible-Cu densities calculated
from these three RHC transients are comparable at 200°C and 250°C, but diverge above 250°C,
where NO-only and NHz-only pre-reduction become significant. At higher temperatures, NHs-
only Cu-site pre-reduction is much faster than NO-only; at 450°C, 75% of reducible-Cu sites are
pre-reduced by NHs prior to RHC-c while only 15% of the Cu sites are pre-reduced by NO-only
before RHC-a. The Modified-RHC-a allows the reducible Cu to be determined without errors due

to pre-reduction.

Figure 6 shows the resulting reducible-Cu density at a range of temperatures and the 3/8L
location, calculated using the Modified-RHC-a transient. At 200°C, the catalyst has 37 mmol/L of

reducible Cu, which is close to the 40-50 mmol/L total Cu loading measured for the full-sized
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catalyst core through ICP (internal measurements at Cummins). A portion of this ICP-measured
total Cu is in unexchanged CuOx form and therefore will not contribute to the reducible Cu
measurements. Another factor contributing to a lower reducible Cu measurement is the SS Cu
oxidation via H20 and any residual O,. Residual or contaminant O originates from the gas
standards, but most likely the Argon balance which is provided by a liquid-Argon dewar for the
current work. Residual Oz will cause finite SCR at SS RHC, and a nonzero tail asymptote; an
impurity level as low as 0.0002% (99.9998 gas purity) can lead to the observed SS RHC value
(~8ppm Nz2), and is within the gas standards specifications. The kinetics of such parasitic oxidation
increases with temperature thereby decreasing the measured reducible Cu at higher temperatures.
While the Cu-SSZ-13 catalyst theoretically has a fixed number of reducible Cu sites, in practice,

it has a shape like that of Fig.6 due to realistic exhaust water levels and gas-standard purities.

3.1.6. Quantification of Cu(l) and Cu(ll) partitioning at steady state SCR

During SCR, RHC and OHC cycle the active Cu ions between Cu(l) and Cu(ll) to achieve
an SS partitioning such that the half-cycle rates balance. This SS partitioning is influenced by and
indicative of the relative RHC and OHC Kkinetics; e.g., relatively faster and slower OHC will
increase and decrease the Cu(ll) fraction, respectively, and vice versa for the Cu(l) fraction. The
purpose of the RHC-b step is to calculate the Cu(l) and Cu(ll) fractions at SS SCR. During RHC-
b, the Cu(ll) ions present at SS SCR-a are reduced to Cu(l) by NO and NHz creating an N transient
with 1:1 N2:Cu(ll) stoichiometry as discussed in Section 3.1.5. Therefore, the area under the RHC-
b N transient is a measure of the number of Cu(ll) ions at SS SCR-a. The percentage of Cu-ions

in the Cu(Il) state can be calculated as:

Percentage of Cu(I) = 2LEaunder RHCTD 100 o, (2)

Area under RHC—a
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With the Cu(Il) fraction known, the Cu(l) fraction can be calculated as:

Percentage of Cu(I) = 100 — Percentage of Cu(II). (3)

Figure 6 shows the calculated SS-SCR Cu(ll) fraction at six different temperatures and the 3/8L
catalyst location. For this location at SS SCR, 75% of the reducible Cu are in the Cu(ll) state at
200°C, this Cu(ll) fraction increases with temperature, and reaches 100% at 450°C. As OHC is
responsible for converting Cu(l) to Cu(ll), an increasing Cu(ll) percentage at SS SCR indicates
that OHC becomes relatively faster than RHC with increasing temperature. This is consistent with
the half-cycle rates of Fig. 5f, and the great disparity of the OHC and RHC rates at 450°C is

consistent with Cu(ll) saturation at that temperature.

3.2. SCR-parameter gradients along the catalyst length

This section focuses on how the parameters impacting the Cu-redox cycle evolve or vary
along the catalyst flow axis, vs. the fixed-location (3/8L) perspective of Section 3.1. Intra-catalyst
measurements are particularly relevant to the current study as we previously showed that CI can
be most distinct at catalyst-front locations [14], resolving and correlating the intra-reactor
performance parameters provides insights not possible with integral measurements; moreover, the
catalyst-front locations can provide high effective space velocities which create differential
kinetically limited conditions suitable for performing kinetic analysis. The TRCR protocol was
performed at six intra-catalyst locations (1/16L, 1/8L, 1/4L, 3/8L, 1/2L and 3/4L, where OL is the
catalyst inlet and 1L is the catalyst exit), and six temperatures (200°C, 250°C, 300°C, 350°C, 400°C
and 450°C), resulting in 36 transient-response data sets for understanding how the SCR Cu-half-
cycle reactions vary with temperature and catalyst location. Figure 7a-f shows spatial evolution of

the TRCR protocol N2 formation transients at 300°C, and Fig. 8 overlays selected transients at the
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various intra-catalyst locations; spatial protocol data for the other temperatures are shown in the
Supplemental material, Figs. S3-S8. At 300°C, the SCR steps show that SS NO conversion is ca.
50% at 1/16L, increases along the catalyst length, and is near complete at 3/4L. The RHC and
OHC Cl transients grow in peak height and width along the catalyst length. Moreover, the SCR-b

ClI peak height grows faster than that of SCR-c CI as the reactions progress along the catalyst.
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Figure 7: TRCR protocol results for the DG Cu-SSZ-13 at 300°C and (a) 1/16L, (b) 1/8L, (c)

1/4L, (d) 3/8L, (e) 1/2L, (f) 3/4L locations.

The spatiotemporal nature of SCR-a in Fig.7a-f is consistent with our earlier Cu-redox
work [14] despite differences in the catalyst formulation and CI nature between that earlier work
and the results presented here. The earlier work investigated Cl with an SCR step equivalent to
SCR-a here and using a commercial SCR catalyst with much lower NH3 capacity. The ClI in that

work was most distinct at the catalyst front, became progressively less distinct along the catalyst
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axis, and was not apparent at the catalyst exit. While the SCR-a transient for the Cu-SSZ-13
catalyst in Fig.7a-f does not show a ClI, it is fastest and most distinct at the 1/16L location, and
becomes progressively slower and broader along the catalyst axis. As discussed below, the greater
NHz3 capacity of the Cu-SSZ-13 catalyst appears to have consumed much of the gas-phase NH3 at
SCR-a onset, limiting the fast P-1 gas-phase RHC reaction pathway and correspondingly
preventing an onset Cl for SCR-a; lower NH3 capacity would increase this fast onset RHC pathway
and create an onset Cl with spatial nature similar to that reported in our original Cu-redox

publication [14]. The more detailed TRCR protocol was developed in response to these

differences.
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steps of the TRCR protocol performed on the DG Cu-SSZ-13 at 300°C and six intra-
catalyst locations: 1/16L, 1/8L, 1/4L, 3/8L, 1/2L, 3/4L. Heights of SCR-b and SCR-c

CI’s above the onset baseline are shown in Fig. 8f.
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Regarding the spatial evolution perspective of Fig.8, such spatially resolved measurements
reflect the cumulative reaction along the catalyst length from the upstream sections.
Measurements at discrete intra-catalyst locations discretizes these reactions into spatial zones.
Thus, the 1/8L transient is composed of the 1/16L transient and additional reaction in the second
1/16L of the catalyst, determined by the difference in the 1/8L and 1/16L transients. Likewise, the
component Cl transient from the third 1/4L is determined from the difference in the 3/4L and 1/2L

transients, etc. In this way, a reaction wave can be understood as progressing through the catalyst.

The RHC-a transients at the six intra-catalyst locations and 300°C are shown in Fig. 8a; the
3/8L curve in Fig. 8a is the same as the 300°C curve in Fig. 5a. The area under these transients
increases along the catalyst length as the cumulative number of reducible-Cu ions increases. The
1/16L transient seems to have a single component, similar to the fast P-1 discussed in Section 3.1.1
and arising from the reaction of HONO intermediates with gas-phase NHz. Since the gas-phase
NHz concentration is highest near the catalyst inlet and RHC-a starts from an NHs-free state,
contribution from related P-1 gas-phase reactions is high at 1/16L. Gas-phase reaction at the
catalyst front leaves very few Cu(ll) ions available for surface reactions once adsorbed NHz has
time to accumulate, and correspondingly negligible P-2 is observed in the 1/16L RHC-a transient;
i.e., presumably the Cu(Il) population is sufficiently limited and NH3 concentration is sufficiently
great at 1/16L that the Cu(ll) population is depleted and the transient complete before significant
NHz3 adsorption can occur. Further along the catalyst at the 1/8L and 1/4L locations, the step-like
Cl-onset contributions from gas-phase reaction progressively degrade, and a small shoulder grows
in the ClI tail corresponding to the P-2 reaction pathway. The P-2 shoulder becomes prominent at

the 3/8L location, increases further along the catalyst at 1/2L and 3/4L, and appears to have a
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greater contribution than P-1 at 3/4L. In fact, and as apparent from the difference in the 3/4L and
1/2L measurements, practically all N2 in the third-1/4L section prior to ~400s is due to slip from
the front-1/2L section, and slow P-2-like reaction only starts in that third-1/4L section at late RHC-
a times ca. >400s. The NHs front moves slowly along the catalyst owing to its adsorption on the
Lewis- and Bronsted-acid sites, while the inert N2 product slips faster. Thus, the NHs front arrives
at deeper catalyst location at progressively later times, which causes the slower P-2 reactions to
become increasingly more prominent; i.e., the P-2 shoulder becomes progressively more

prominent deeper into the catalyst.

The RHC-c transients at 300°C are shown in Fig. 8b and the 3/8L curve is the same as the
300°C curve in Fig. 5b. Because these transients start from a fully NHs-solvated state, both gas-
phase and surface NHz RHC pathways are possible starting from RHC-c inception, and the
transient is much faster to complete than the NHs-adsorption-limited RHC-a. Like the RHC-a
transients, these RHC-c transients have a fast step-like component and slower features that occur
late in the RHC-c tail. There is a step-like P-1 contribution at all locations as reversible equilibrium
NHs adsorption on the acid sites ensures a fraction of unoccupied Cu-sites that form nitrite
intermediates and react with gas-phase NHs. The P-2 component has a fast and near-step-like
contribution as well as a slower shoulder-like contribution as the NO front moves through the
catalyst. The RHC-c transient width increases along the monolith as these reactions are cumulative

and represent all N2 formed up to that point in the catalyst.

Figure 8c shows the OHC-a transients collected at 300°C at the six intra-catalyst locations
and the 3/8L curve is the same as the 300°C curve in Fig. 5¢c. As discussed in relation to Fig. 5c,
the multimodal nature of OHC-a is a result of various OHC pathways involving NO, O2 and NH3

as well as unintended Cu reduction caused by reaction between NO and Bronsted bound NHs.
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Detailed kinetic modeling of these OHC-a components is an ongoing work and will be a subject

of future publications.

Figures 8d and 8e show the SCR-b and SCR-c transients at 300°C and the various locations,
and both display onset CI prior to reaching SS SCR. As discussed in Section 3.1.4, the relative CI
heights are a measure of how the OHC and RHC kinetics compare, and these are shown in Fig. 8f.
The CI peak heights are similar at 1/16L and 1/8L, indicating that the two half cycles have
comparable Kinetics at the catalyst front at 300°C. The OHC becomes progressively faster along
the catalyst length than RHC starting at 1/4 L. The intrinsic kinetics of the SS SCR reaction should
not change along the catalyst length, assuming uniform washcoat loading. Therefore, the increased
OHC rate along catalyst length mainly occurs due to the lack of NO and NH3 at the latter locations

of the catalyst, while Oz remains in excess.
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The TRCR-protocol SCR steps provide a measure of the SS SCR activity along the catalyst
length, and Fig. 9a shows what portions of the catalyst are used at various temperatures. Since
200-ppm NO was used for the Standard-SCR feed, 200-ppm N formation indicates 100%
conversion with no side reaction (e.g., NO2 and N>O formation). Indeed, catalyst-effluent FTIR

measurements showed very low NO2 and N2O formation. Even using the entire catalyst, only 94%

31



NO integral conversion is achieved at 200°C; effluent FTIR measurement indicates 12-ppm NO.
The majority 75% NO conversion (150 ppm N2) occurs in the front 1/2L, and progressively slows
along the catalyst, with 88% NO conversion (176 ppm N2) at 3/4L; i.e., only an additional 13%
conversion in the third 1/4L. At 250°C ~70% NO conversion is achieved within 1/8L, and is
practically complete at 1/2L. As SCR activity increases with temperature up to 350°C, the catalyst-
front SCR gradients increase, and the SCR-reaction zone over which 100% NO conversion occurs
progressively shifts towards a smaller portion of the catalyst front. At 350°C, complete SCR
conversion is achieved within the front 1/4L, leaving the back or downstream 3/4L of the catalyst

unused for SCR.

At 400°C and 450°C, the SCR activity and N> formation decrease compared to that at 350°C
due to a temperature-dependent changes in the SCR reaction mechanism, and occurrence of side
reactions. The SCR reaction mechanism changes between the NHs-solvation (<350°C) and high-
temperature (>350°C) ranges [13]. At lower temperatures, SCR involves Cu-dimers as active sites,
whose formation is facilitated by Cu mobility imparted by NHs-solvation. Having lower adsorbed
NHz at higher temperatures restricts Cu mobility, and thus Cu-dimer formation. Such changes in
active site nature modifies the SCR reaction mechanism, changes spatial catalyst utilization, and
reduces integral NO conversion; effluent FTIR measurements indicated 5-ppm and 15-ppm NO at
400°C and 450°C, respectively. At high temperatures, side reactions such as NO and NHz oxidation
also starts appearing, leading to 4-ppm and 8-ppm integral NO. and 1-ppm and 2-ppm integral

N20 at 400°C and 450°C, respectively.

To summarize Fig. 9a, the SCR reaction occurs in a spatially distributed manner within the
catalyst monolith, with highest spatial conversion gradients at the catalyst front, which

progressively degrade along the catalyst length in the approach to complete conversion. At lower
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temperatures such as 200°C, the SCR reaction zone can be longer than the catalyst length, and
complete NO conversion is then not achieved using the entire catalyst length. The SCR zone
becomes progressively shorter with increasing temperature due to greater reactivity, and only a
corresponding front fraction of the catalyst length is used for SCR; at 350°C complete conversion
is achieved in the front 1/4L. Due to the change in reaction mechanism above 350°C and
appearance of side reactions, NO conversion and N2 formation decreases at 400°C and 450°C,

which can stretch the SCR zone requiring a greater portion of the catalyst length to be used.

SpaciMS is uniquely suited to kinetic modeling, as it allow transient reactant and product
measurements at catalyst-front locations where space velocities are high; e.g., a space velocity of
640,000/h can be achieved at 1/16L location. The kinetic data collected at such high space
velocities can fall within the kinetically limited region, and therefore be used to calculate a global
SCR rate constant and activation energy. Indeed, the Weisz-Prater and Mears numbers calculated
using Eq. S1-S4 were found to be less than 0.06 and 0.1, respectively, for the 1/16L data, thereby
indicating the absence of internal and external mass transfer limitations. Figure 9(b) shows the NO
conversion achieved during SS Standard SCR in the temperature range 170°C-200°C. Since these

conversions are below 20%, they can be considered in the kinetically limited region. Assuming

C

first-order reaction with respect to NO, Ratey., = k the Arrhenius rate constants ‘k’ at

SCR™ “NO
these four temperatures are calculated and co-plotted in Fig. 9b. The In(k) vs 1/T plot indicates a
linear relationship and an SCR activation energy of 68 kJ/mol, which is well within the 40-80

kJ/mol range of SCR activation energy values reported in the literature [35-38].
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Figure 10: (a) Reducible Cu density and (b) Cu(Il) percentage at SS SCR at six different
temperatures (200°C, 250°C, 300°C, 350°C, 400°C, 450°C), six catalyst spatial
segments: A (0-1/16L), B (1/16-1/8L), C (1/8-1/4L), D (1/4-3/8L), E (3/8-1/2L), and

F (1/2-3/4L).

The reducible-Cu density at various catalyst locations were calculated from the RHC-a
transient area. Based on the six intra-catalyst measurement locations, the catalyst was divided into
six differential segments, A, B, C, D, E, and F, shown in Fig. 10. Lengths of the segments is defined
as the difference between adjacent measurement locations, as detailed in the Fig. 10 caption;

Segment-B is the second 1/16L, Segment-C and Segment-D are the second and third 1/8L,
respectively, etc. The reducible-Cu density in segment A was calculated using the RHC-a collected

at 1/16L. The reducible Cu density in Segment-B was calculated as the difference in values from

bounding RHC-a transients divided by the Segment-B volume, or:

(4)

Area under RHC—a collected at 1/8L — Area under RHC—a collected at 1/16L
Volume of segment B
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The reducible-Cu density in subsequent catalyst sections was similarly calculated, and the results
are shown in Fig. 10a for the range of temperatures studied. The calculated reducible-Cu density
at 200°C ranges from 35 to 40 mmol/L across the catalyst segments, indicating a slight variation
in the washcoat thickness along the catalyst length. As also discussed in Section 3.1.5, with
increasing temperatures, the reducible Cu-density decreases at each catalyst segment, because a
fraction of the available Cu is oxidized by H20 and impurity Oz, another fraction is reduced by
NO, prior to NHs introduction at RHC-a onset, and the kinetics of these reactions increase with
temperature. Knowledge of such reducible-Cu density under operando conditions at each
temperature and catalyst location is important to developing SCR kinetic models that can describe

reaction evolution along the catalyst length.

The Cu(ll) fraction at SS SCR was also calculated for each catalyst segment using the
RHC-b transient area, and the results are shown in Fig.10b. In general the SS-SCR Cu(ll) fraction
increases with temperature and along the catalyst length as conversion progresses. In segment A,
36% of the total reducible Cu is present as Cu(ll) at 200°C SS SCR, and this fraction monotonically
increases with increasing temperature to 70% at 450°C. This increasing Cu(ll) fraction indicates
that the OHC Kinetics increase faster with temperature relative to the RHC Kkinetics. The
corresponding and non-zero 64%-30% Cu(l) indicates active RHC due to significant NO and NH3
remaining from <50% conversion in Segment A (see Fig. 9a) over the 200-450°C range. The Cu(ll)
fraction in Segment B and C also increases with temperature, but unlike in Segment A, reaches
~100% at 450 °C. While integral NO conversion in Segments B and C remain below ~88% at
450°C (see Fig. 9a), the ~100% Cu(ll) fractions in these segments with >25ppm NO and NH3
remaining reflects the great disparity in the OHC and RHC rates noted in Fig. 5f; i.e., at this

condition, any Cu(l) formed via finite RHC is practically instantaneously oxidized to Cu(ll) via
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the much faster OHC, which is possibly not surprising considering the unique half-cycle-rate
disparity at 450°C. It is useful to compare this to the 350°C behavior where the half-cycle rates are
more comparable (Fig. 5f), oxidation and side reactions do not occur, and conversion spans 0-
100% within the catalyst (Fig. 9a). At 350°C the SS-SCR Cu(ll) fraction and conversion reached
100% in a common and expected way as the NO and NHs drivers for RHC go to zero
concentration. Similar behavior is observed at 400°C, where the half-cycle rates are similarly
comparable (Fig. 5f), and the <100% conversion in Segments D, E and F is apparently due to
reactions that do not produce N but do influence the Cu(l1)-Cu(l) partitioning by consuming NO
and/or NHz and thus degrading RHC. A final unique example is 200°C Segment F, where SS-
SCR Cu(ll) fraction is 100% while the conversion remains below 100%. While the native RHC
rate (not limited by Cu(ll), NO and NHs drivers) is greater than the native OHC rate (Fig. 5f),
presumably at 200°C in Segment F the conversion is sufficiently high that abundant O> controls
the Cu partitioning independent of the SCR redox cycle. In general, the Cu partitioning goes to
100% Cu(Il) as NO conversion goes to 100%, as this turns off or sufficiently degrades RHC while
abundant O, maintains OHC activity. Indeed for all temperatures, the SS-SCR Cu(ll) is practically

100% in Segments E and F catalyst-rear locations where conversion is quite high.

This ability to spatiotemporally map and correlate the various catalyst parameters and
performance (e.g., SS-SCR Cu(ll) fraction, conversion, and relative RHC vs. OHC rates) enables
insights not possible with effluent measurements. If instead of intra-catalyst measurement,
catalyst-effluent N> concentrations had been used for analysis, the Cu(ll) fraction in the effective
reaction or SCR zone would have been overestimated. For example, catalyst Segment A contains
36% Cu(ll) under SS SSR at 200 °C, which increases to 100% at segment F. Therefore, catalyst

exit measurement would have yielded a result of 100% Cu(ll) which is clearly not the case at the
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catalyst front. This shows the wealth of information that intra-catalyst measurements can provide

that would generally be overlooked by catalyst-exit integral measurements.

3.3. NH3 adsorption model

100

N, Formation (ppm)
Fractional site coverrage

0 300 600 900 1200

Time (sec)
Figure 11: Solid black line shows RHC-a transient collected at 250°C and 3/8L catalyst location
(primary Y-axis). Dotted and dashed lines indicate the fraction of ZH, Z;CuOH, and

Z>Cu sites solvated by NHz at 250°C as predicted by NH3 adsorption-desorption

model through a NHz-breakthrough experiment without NO (secondary Y-axis).

The Cu-SSZ-13 catalyst contains three different acidic sides: Z;CuOH (Lewis), Z>Cu

(Lewis) and ZH (Bronsted), and NHs binds to these acidic sites with different coordination
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stoichiometry. Luo et al. used a combination of H>-TPR, DRIFTS and NH3 TPD to show that
isolated oxidized-Cu ions in the Z;CuOH and Z>Cu forms bind to one and two NHsz molecules,
respectively, while the Bronsted-acid sites accommodate one NHz molecule [8]. Daya et al. used
one NHz-coordination for isolated oxidized-Cu sites and two for Bronsted-acid sites in an NH3
adsorption-desorption model, and obtained great agreement between experimental and model-
predicted NHs breakthrough and TPD profiles [24, 25]. In the current study, NHs-coordination
numbers similar to those reported by Luo et al. are used. In addition, DFT calculations performed
by Paolucci et al. reveals that H.O molecules can also adsorb on the Z;CuOH and Z>Cu sites, albeit
to a lesser extent than NHs [11]. Considering all these factors, the following reactions were used
to account for NHs adsorption on the Z;CuOH, Z>Cu and ZH sites, including competitive

adsorption of H20 on Cu sites.

NH3 + Z1CUOH <> Z1CuOH-NH; (5)
NH3 + Z>Cu <> Z>Cu-NH; (6)
NH3 + Z2Cu-NH3 <> ZoCu-(NHs)2 (7
NHz + ZH <> ZNH4 (8)
H20 + Z:CuOH «» Z;CuOH-H20 9)
H20 + Z>Cu <> Z,Cu-H,0 (10)

A 1D-0D model utilizing these reactions was used to fit experimental NH3 breakthrough
curves obtained from an oxidized catalyst; model details are included in the Supplementary
information. For the NH3 breakthrough curves, 200-ppm NH3z was introduced to an established 5%

H20 in Ar flow, over a pre-oxidized and NHs-free catalyst, and NHs was measured at the 3/8L
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intra-catalyst location. Figure S9 (Supplementary section) shows very good agreement between
the experimental and model-calculated NH3 breakthrough profiles at 200°C, 250°C and 300°C.
Fractional coverages of calculated NHs-solvated Z;CuOH, Z>Cu and ZH sites through the NHs-
breakthrough transient at 250°C are co-plotted with the 250°C RHC-a transient in Fig. 11; the
NHz-breakthrough and RHC-a onset times are aligned, and the breakthrough coverage calculations
are in the absence of NO. Therefore, while the transient coverage calculations provide valuable
information about NHz adsorption Kinetics, the actual site coverage values will vary in the RHC-a

transient as NO is present.

The transient site coverages calculated from the NH3z adsorption-desorption model
correlate with specific features of the RHC-a transient, and suggest origins of the P-1 and P-2
reaction pathways. Please note that the NH3z breakthrough curves were collected in the absence of
NO, and therefore illustrates NH3z adsorption-desorption without any influence from RHC reaction.
Nevertheless, the time scales of different NH3 adsorption features can be correlated with the RHC-
a transient shape, since NHs is introduced only at the onset of this TRCR-protocol step. As
discussed in Fig. 5a, the P-1 pathway dominates the fast, step-like RHC-a onset, while P-2 occurs
later and produces a shoulder in the RHC-a tail. Figure 11 shows that while NH3s coverage of ZH
sites builds to significant fractions of the saturated level within the late P-1 times, there is
negligible NHs coverage of all Cu sites at RHC-a onset where P-1 is most significant. This
indicates that the P-1 pathway involves reactions between NO and gas-phase NHz, which can be
mediated by formation and reaction of gaseous intermediates such as HONO (formed by the
interaction of NO with oxidized Cu-species) with gas-phase NHz [28]. These intermediates can
also react with Bronsted-bound NHs, especially at late P-1 times when NHz loading on Bronsted-

acid sites is significant. Such RHC mechanisms involving these intermediates have been proposed
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in the literature [15, 16, 39]. The P-2 shoulder in the RHC-a transient temporally correlates with
NHz coverage of surface Cu sites, suggesting that the P-2 pathway involves reaction between NH3

bound to the active Cu sites and gas-phase NO.

3.4. Kinetic model of RHC-c

The N2 transients from the TRCR protocol provide key insights for understanding the SCR
process, and developing and validating SCR-redox half-cycle kinetic models. Such models are of
high value to the automotive industry as they can elucidate how various aging scenarios such as
hydrothermal aging, field aging or sulfur poisoning affect each SCR half cycle. In this section, an

RHC kinetic model is illustrated, and fit to RHC-c transients.
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Figure 12: N2, NO and NH3 traces measured during the RHC-c step performed on the DG Cu-
SSZ-13 at 200°C and 3/8L. RHC-c onset starts with NO flow, is synchronous with

the N2 step-like leading edge, and is preceded by NH3 saturation.

40



Figure 12 shows N2, NO and NHs transients through an RHC-c step at 200°C and 3/8L
catalyst location. The RHC-c step starts with an oxidized catalyst which is pre-saturated with NH3
prior to initiating RHC. As seen in Fig. 12, approximately steady NHz breakthrough occurs before
NO-initiated RHC-c onset, indicating that the catalyst surface starts the step from an NHz-saturated

state. At RHC-c onset, NO and NHs react to form N2 and reduce Cu(ll) to Cu(l).

The RHC-c kinetic model uses the NH3 adsorption kinetic model described in Section 3.3.
To describe the reduction process, sets of surface and gas-phase reactions were considered. Figure
11 established that RHC involves surface and gas-phase reaction pathways, based on correlating
the time scales of NHs adsorption and the RHC-a transient. The surface-reaction set consists of
reactions between gas-phase NO and NH3 adsorbed onto Z:CuOH and Z>Cu sites (Reactions 11-
13). Reactions between NO and NHs-solvated Cu(ll) ions are suggested by many experimental
and theoretical studies [11-13, 35, 40]. The gas-phase set consists of reaction between activated
NO and gas-phase NHz (Reactions 14,15). The presence of gas-phase reactions is further suggested
by the consumption of gas-phase NHs during RHC-c in Fig. 12. Most likely, NO interacts with
hydrolyzed Cu(ll) ions to form intermediates such as HONO and H2NNO which then reacts with
the gas-phase NHs to produce N»2. A recent study by Tronconi group used chemical trapping

method and DFT to show formation of these HONO intermediates [15].

Surface RHC reactions:

Z1:CuOH-NH3+ NO — ZCu + N2+ 2H.0 (11)
Z>Cu-NHz + NO — ZCu + ZH + N2 + H20 (12)
Z>Cu-(NHs)2+ NO — ZCu-NH3 + ZH + N2 + H,0O (13)
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Gas-phase RHC reactions:
Z1CuOH + NH3+ NO — ZCu + N2+ 2H20 (14)
Z,Cu + NH3+ NO — ZCu + ZH + N2+ H20 (15)
In the above reactions, ZCu denotes a reduced-Cu site, while ZH denotes a Bronsted acid site.

The Tronconi group has shown that the reduction kinetics of the two types of isolated-Cu
species, i.e., Z1CuOH and Z>Cu, are similar [15, 16]. Paolucci et al. showed the same using DFT
calculations showcasing similar activation barriers for RHC over Z:CuOH and Z,Cu sites [12].
Thus, the RHC rate constant was lumped into a single parameter for the three surface routes

considered here.

r k « [NOJ * [Cu(IT)-NH3]" (16)

RHC, Surface = RHC, Surface

Here’ I’RHC, Surface

is the reaction rate of the RHC surface-reaction pathway, Kg, i g, IS the related
rate constant, [NO] is the concentration of NO, [Cu(11)-NHz] is a simple representation of the NH3-
solvated oxidized-Cu sites: Z1CuOH-NHs3, Z,Cu-NHz and Z>Cu-(NHs)2, and ‘m’ denotes the order
of reaction with respect to [Cu(ll)]. While a number of literature studies have shown a first-order
dependence of RHC on Cu ions [11-13], recent publications indicate a quadratic dependance [15,
16]; using experimental and DFT results, the formation of two proximal di-nuclear Cu complexes
was shown. The activation of NO over such complexes were shown to be the rate-determining
step, thereby imparting a quadratic dependence on Cu. The RHC-c model developed in the current
study also showed a second-order dependence on Cu. Fitting the experimental transients with first-

order kinetics of Cu was attempted, but the results were not adequate. Consequently, ‘m’ was taken

to be 2 in the current model.
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On the other hand, the gas-phase reactions were considered to be first order on Cu. For
dinuclear-Cu complexes to form, solvation by NHz3 is necessary. However, the gas-phase route
consumes isolated Cu ions devoid of NHs, therefore making an assumption of n=1 reasonable, as

also reported by Daya et al. [28].
MR, cas = Krhc, gas * [INOJ * [NHs] + [Cu(in]”; n=1 17)

Here, r is the reaction rate of the RHC gas-phase-reaction pathway, k is the

RHC, Surface RHC, Surface
related rate constant, [NO] is the concentration of NO, [NHzs] is the concentration of NH3, and
[Cu(lD)] is the concentration of Z;CuOH or Z>Cu. Similar to that for the surface reactions, a single

rate constant is used for the gas-phase reactions involving both Z;CuOH and Z>Cu.

The RHC reaction framework discussed above, along with the NH3z adsorption-desorption
reactions were input to a 1D-0D model to simulate the RHC-c transients; details of the 1D-0D
model are provided in the Supplementary information. Because NH3 oxidation and adsorption of
additional NHs onto ZCu was not considered here, the NH3z adsorption-desorption model
predictions deviate from experimental data above 300°C. Therefore, we considered only RHC-c

data up to 300°C for kinetic modeling.

Kinetic modelling of intra-catalyst reaction profiles can elucidate how the various rate
parameters vary along the catalyst flow channel where reactant and product concentrations and
reaction temperature vary continuously. Despite the abundant insights provided by combining
SpaciMS measurements and associated kinetic models, this comprehensive methodology has not
been widely used. The authors could find only one report in the literature involving Kinetic
modeling of intra-catalyst activity data; Coney et al. investigated H>O inhibition effect on CHa

oxidation over a Pd/Al.Os catalyst washcoated on honeycomb monolith, where the CHa
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concentration along the catalyst flow channel under SS reaction was measured using SpaciMS and
a global kinetic model was used to fit the kinetically limited data [41]. In this study, CH4 oxidation
activity data collected very close to the catalyst inlet was found to be mass-transfer limited and
therefore not used for kinetic modeling. While Coney et al. used SS intra-catalyst reaction data,
the current study focuses on transient SCR half-cycle measurements. Weisz-Prater (WP) numbers
were calculated for the RHC-c transient collected at 1/8L and are shown in Fig. S10. The WP
numbers for RHC-c transient at all catalyst locations were found to be lower than 0.6, indicating
that the entire dataset is kinetically limited and therefore can be used for kinetic modeling (a WP

number larger than 0.6 indicates existence of mass transfer limitation).

Figure 13 (a)-(c) shows experimental 1/8L RHC-c transients at 200°C, 250°C and 300°C,
and the RHC-model fits. There is great agreement between the RHC-model and experimental
transients. Figure S11 separates contributions from the surface and gas-phase routes at each
temperature. The gas-phase-route contribution is negligible at 200°C, ca. 30% at 250°C, and
practically dominant at 300°C. This increase contribution of the gas-phase route is due to the
correspondingly higher fraction of NHs-free Cu ions at higher temperatures. Luo et al. and Daya
et al. showed, via NH3-TPD on the same commercial Cu-SSZ-13 catalysts, that NHz adsorbed on
the Cu sites starts desorbing above 200°C with a desorption-peak maximum around 300°C [8, 24,
25]. The NHs adsorption-desorption model used here also predicts a higher fraction of NHz-free
Cu sites at higher temperature. Figure S12 shows the fractional coverage of Z;CuOH and Z,Cu
sites from the model, and predicts around 4%, 29% and 71% NHs-free Cu ions at 200°C, 250°C
and 300°C, respectively. Such an increasing fraction of NHs-free Cu ions lead to higher

contribution of gas-phase routes to the RHC transient at higher temperatures.
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Figure 13: Experimental N2 transient measured during RHC-c at 1/8L, and respective kinetic

model fits at (a) 200°C, (b) 250°C, and (c) 300°C. (d) Arrhenius plot (In(k) vs. 1/T) of

surface and gas-phase reaction rate constants.

Rate constants obtained from each RHC route and at the three temperatures were then used

to calculate the respective activation energies. Figure 13d shows linear behavior of the In(kg,,.)

vs. 1/T plots (Arrhenius plot) for each RHC route. Using the Arrhenius equation: K,,,. = A * exp

(-Eaq/ RT), where A is a pre-exponential factor and R is ideal-gas constant, the apparent activation

energy (Eg) for the surface RHC route was calculated to be 78 ki/mol and that for the gas-phase

RHC route was found to be 102 kJ/mol. This is the first reporting on activation energy of the RHC

gas phase route. While similar activation energies for an RHC surface route with first order

dependence on Cu have been published [6], this is the first reported for a surface RHC pathway

with second order dependence on Cu in parallel with a gas phase route. The apparent activation

energies obtained here could change depending on the NH3z adsorption model formulation as both

the reaction routes are strong functions of NHs concentration; the surface route depends on NH3

concentration on Cu-sites while the gas-phase route depends on NHs in the bulk flow.
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3.5. Kinetics of OHC

As mentioned previously in Section 3.1.3, developing a detailed kinetic model of the OHC-
a transient is a complex task considering the greater uncertainty of this half cycle. In addition to
our work on a detailed OHC model to be published separately, we also devised a complimentary
experimental protocol to investigate the global OHC Kinetics. In this experiment, the Cu inventory
is first fully reduced to Cu(l) using an RHC step with NO+NH3 flow, followed by partial oxidation
using Oz, and then a second RHC step with an associated N transient used to count the number of
Cu(l) sites converted to Cu(ll) sites during the intermediate partial OHC step (Fig. 14a). By
sweeping the partial-oxidation step time duration, the full OHC transient is resolved as shown for
a range of temperatures in Fig. 14b. Figure S13 details the transient N formation throughout this
experimental sequence, how because negligible N2 formation results from Oz-only OHC, it is not
possible to count the number of oxidized Cu by simply using an OHC N»-transient, and thus the

need for a more complicated experimental approach by adding additional RHC steps.
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Figure 14: (a) Experimental procedure for Cu-oxidation kinetics measurement, (b) Fraction of
Cu(ll) as a function of oxidation time at different temperatures; at t=0, Cu(ll) fraction
is zero, (c) First-order and second-order kinetics fit to Cu-oxidation rate at 200°C, (d)

Arrhenius plot (In(k) vs. 1/T) of second-order rate constants.
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Figure 14b shows the discretely resolved OHC transient at 3/16L and 170°C—-275°C using
the partial-OHC protocol described in Fig. 14a; the points indicate the discrete partial-OHC steps,
and all curves start at zero Cu(ll) fraction at time = 0. The Cu(ll) fraction was calculated by
dividing the Cu(ll) amount formed at various times by the asymptotic amount of Cu(ll) formed at
times greater than 1500 seconds. The oxidation Kinetics becomes faster with increasing
temperature, as observed with the SCR Cls and discussed in Section 3.1.4. A global rate law was

used to fit the Cu oxidation Kinetic data and determine the OHC kinetic parameters:
Rore = Kope * [02] * [Cu(D], (18)

where R, is the OHC reaction rate, k.. is the related rate constant, [O2] is the concentration of

OHC ' "OHC
O2, [Cu(D)] is the concentration of Cu(l), and n is the reaction order with respect to Cu(l). Since

O> is in excess abundance, this rate law reduces to:

n
Ronc, clobal = Konc, clobar® [Cu(D] (19)

Figure 14c shows the experimental data and global-OHC model fits using first-order and second-
order Cu oxidation kinetics (n=1 and 2). The second-order fit is notably better, and shows that
OHC has a second-order dependence on Cu(l) concentration. It is now widely accepted and
reported in the literature that the low temperature SCR OHC occurs via a Cu-dimer which leads to

such second-order kinetics with respect to Cu(l) [11, 30, 42]. The global OHC rate constants, K,

Glona OPTaINed from fits of the OHC transients at the temperatures in Fig. 14b were then used to

calculate the OHC activation energy, Ea. Figure 14d shows that the resulting In(k) vs. 1/T
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Arrhenius plot is fairly linear, and indicates an OHC activation energy of 34 kJ/mol. Similar OHC

activation energies are also reported by Paolucci et al. [11].

The TRCR-protocol measurements and associated kinetic models constitute a comprehensive
catalyst-evaluation methodology to characterize SCR redox cycles on a full-scale commercial
catalyst, and provide guantitative information about half-cycle kinetics and active-site distribution
throughout the catalyst. Such quantitative spatiotemporal kinetic information is essential to
understanding the impact of lab and field aging on SCR catalysts. During the lifetime of a vehicle,
the catalyst undergoes hydrothermal aging and is further exposed to various fuel- and lubricating-
oil-based impurities, such as sulfur and phosphorus, which can affect the catalytically active sites
and create more complex aging chemistry not fully captured by lab aging. These various field-
aging components can vary with independent gradients along and across the catalyst. These
complex aging-component gradients have correspondingly complex impacts on the SCR RHC and
OHC kinetics and Cu sites throughout the catalyst, further complicating the process of
understanding and developing solutions for real-world field aging. The transient-response
methodology enables investigating the unique and separate impact aging has on the individual
SCR half cycles and active sites, quantifying how the RHC and OHC kinetic parameters are
impacted, and how these aging impacts are distributed within the catalyst. In our future
publications, we will apply the transient-response methodology described here to understand the
impact of various catalyst-aging routes: hydrothermal aging, sulfur aging, and field aging on SCR

redox kinetics.
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4. Conclusion

This article describes a transient-response methodology consisting of experimental TRCR-
protocol measurements and kinetic modeling for detailed study of individual SCR Cu-redox half
cycles, and demonstrates its application to resolve spatial performance gradients within a
commercial Cu-SSZ-13 catalyst. The TRCR protocol provides for quantifying the number of
reducible Cu sites, the Cu(Il)-Cu(l) partitioning, the relative native RHC and OHC rates, and the
limiting half cycle during SCR. Adding the kinetic model to the protocol data provides for
quantifying the individual RHC and OHC Kkinetic parameters. Spatially resolved capillary inlet
mass spectrometry (SpaciMS) provides for implementing the methodology throughout a catalyst
monolith to resolve corresponding spatial variations in the redox chemistry and Cu sites; this also
enables studying space-velocity impacts, as this parameter varies corresponding to the axial
measurement location. In addition to resolving the spatially distributed impact of aging on the
individual SCR-redox half cycles and active sites, the methodology provides a broadly available
approach for detailed catalyst-performance studies [14, 15]. Salient points regarding the
methodology and key findings from its application to a degreened Cu-SSZ-13 honeycomb-

monolith core include:

e The TRCR protocol consists of measuring transient N, formation and NO/NH3
consumption during 10 different steps including SCR, SCR reduction half cycle (RHC),
and SCR oxidation half cycle (OHC) with various catalyst pre-conditioning. The SCR-
onset transients have conversion inflections (CIs) with transient shape indicative of the
relative RHC and OHC rates. The TRCR-protocol data provides information regarding

the reducible Cu density, Cu(l)-Cu(ll) partitioning, the relative half-cycle rates, and the
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SCR-limiting half cycle, as well as how these vary with temperature and intra-catalyst
location.

The RHC and OHC transient shapes show contributions from multiple reaction routes and
NH3s adsorption-desorption Kinetics. These transients become faster with increasing
temperature, indicating faster half-cycle kinetics at higher temperatures.

The SCR-onset Cls reflect the global half-cycle rates, and the specific half cycle
represented by the CI depends on the initial catalyst state. Initiating SCR from an oxidized
or reduced catalyst produces a Cl indicative of the global RHC or OHC rate, respectively.
In this way, the TRCR-protocol CI data provide a direct assessment of the relative half-
cycle rates, and which is SCR limiting. Using this approach, we found that OHC is slower
than RHC at lower temperatures, faster but comparable to RHC at intermediate
temperatures, and dramatically faster at 450°C. The half-cycle-limiting crossover
temperature can vary depending on catalyst formulation and aging conditions.

The fraction of reducible Cu in the Cu(ll) state, or Cu(Il)-Cu(l) partitioning, at SS SCR
is function of the relative half-cycle rates. Relatively faster or slower OHC will increase
or decrease the Cu(ll) fraction at SS SCR, respectively; and likewise, relatively faster or
slower RHC will decrease or increase the Cu(ll) fraction at SS SCR, respectively. This
provides an assessment of the relative half-cycle rates independent of the CI method noted
above, also available directly from the TRCR-protocol data, and useful to quantify how
these rates vary with temperature, aging and other conditions. Using this method,
variations in the SCR-limiting half cycle consistent with the CI method discussed above

were determined.
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An RHC kinetic model including surface reactions (NO reacting with NH3z-solvated Cu)
and gas-phase reactions (NO activated by NHs-free Cu and then reacting with gas-phase
NH3) was used to determine RHC kinetic parameters using the measured RHC transients.
Surface reactions showed a second-order dependance on Cu(ll) concentration, and the
overall significance of the gas-phase pathway increased with temperature. Similarly, an
OHC kinetic model was used to determine OHC kinetic parameters using the measured
OHC transients. The global OHC rate showed a second-order dependance on Cu(l)
consistent with formation of dinuclear Cu-oxo complexes during OHC.

The RHC and OHC kinetic parameters were determined using the TRCR-protocol data
and the kinetic models. The global rate constants were determined for each half cycle at
a range of temperatures and used in Arrhenius analysis to determine the activation
energies for RHC and OHC. Reported activation energies for parallel RHC surface and
gas phase routes are the first in the literature. The experimentally obtained OHC activation
energy is similar to those reported in the literature from first-principle calculations.

The TRCR-protocol and kinetic modeling comprise a transient-response methodology
capable of providing rich and detailed insights regarding catalyst performance, and a
method for separating the specific impact aging has on the individual SCR redox half
cycles. The ability to implement this methodology in a spatially resolved intra-catalyst
manner allows the independent gradients of individual aging components to be studied.
Compared to less-readily accessible spectroscopy-based techniques, the TRCR protocol
is a simple but effective and complementary method allowing in-operando catalyst

characterization, with unique capabilities for advancing catalyst- aging studies.
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This article focused on defining a transient-response methodology and demonstrating its
application to characterize a degreened commercial Cu-SSZ-13 catalyst. This methodology will
be applied in future publications to study how lab and field aging impacts the Cu-redox half-cycle

kinetics of the same commercial SCR catalysts.
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co-plotted (secondary Y -axis).
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Weisz-Prater number is calculated using the equation:

RopsR?
oos*‘\p (Sl)
DeCNO,s

Where is Robs the observed reaction rate, Ry is the characteristic length (washcoat thickness), De is
effective washcoat diffusivity (0.2 cm?/s for washcoated catalyst) and Cnoss is the concentration of

NO on catalyst surface. WP number < 0.6 indicates absence of internal mass transfer limitation.

Mears number is calculated using the equation:

R R
obsf‘p (82)
kmCNO,g

Where is Robsthe observed reaction rate, Ry is the characteristic length, km is mass transfer constant

and Cnos is the concentration of NO in gas space.

km was calculated using the following correlations:

Sh.D
km — 2Z-Teff (S3)
dn
Sh= 0.3 +{0.62Re"/25cY/3 - [1+ (0.4/50)**] /*} - {1 + (Re/282000)5/8}""° (S4)

Where Sh is Sherwood number, Dy is hydraulic diameter, Dess is effective diffusivity, Re is
Reynold’s number, Sc is Schmidt number, and z is catalyst length. Mears number < 0.15 indicates

absence of external mass transfer limitation.
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Figure S11: Model predictions for the contribution of surface and gas-phase routes towards
RHC-c reaction rate at three different temperatures: (a) 200°C, (b) 250°C, and (c)

300°C.
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Figure S12: Model predictions of the coverage of Cu sites during equilibrium NH3 adsorption-
desorption condition at three different temperatures: (a) 200°C, (b) 250°C, and (c)

300°C.
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Figure S13: N2 formation during partial O2-only OHC and subsequent RHC experiments. Very

small amount of N2 is formed during O2-only OHC. The NO+NH3 RHC step

provides a way to count oxidized Cu via area under RHC N transient.
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NH3 capacity model/ RHC-c kinetic model

The reaction pathways related to the NHs-capacity and RHC-c models are provided in the main
body of the manuscript (Sections 3.4 and 3.5). Once these reactions are formulated, they are
incorporated in an overall transient model to account for external mass transfer, internal diffusion
and reactions. There are two ways to construct such transient models: (a) a 1D-1D model where
both axial mass transport and pore diffusions are considered, and (b) a 1D-0D model where axial
transport is considered along with effective mass transfer and pore diffusion. For the sake of
simplicity, a 1D-0D model is used for this study. Since the commercial monolith catalysts used
here has high effective washcoat diffusivities of reactant molecules, an effective pore diffusion

term can be assumed. The model can be expressed by the following equations:

&b OCh,i/0t+V-(epv Cp,i) = V-(eb D VCb,i))—(1—¢b) Ga km,i (Cp,i—Ci) (S5)

ew (1—ep) dCi/dt = (1—eb)Ga km,i (Cbi—Ci)—(1—eb) Zvj wjr;j (S6)

Equation S1 deals with mass transport in the bulk gas (Cs,i), which is a function of the bulk void
space (e»), the average gas velocity (v), the axial dispersion (D), the surface-area-to-volume ratio
for the catalyst (Ga), and the effective mass-transfer rate (km,i). The axial dispersion term is taken
to be zero for a 1D-0D model. Equation S2 takes into account the effective pore diffusion, where
Ci is the average concentration in the washcoat pores, and is a function of the washcoat porosity
(ew), the mass-transfer from the bulk space, the molar stoichiometry of additional adsorbed reactant
for that reaction (u;), and the rate reactions (rj) that result in uptake of reactants. Since the
experiments in this study were run under isothermal condition, the energy balance equation was

ignored for simplifying the model. Source code implementing the model was developed by Austin
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Ladshaw at Oak Ridge National Lab and can be found at the following GitHub repository:

https://github.com/aladshaw3/cats

The rate of accumulation of surface species concentration (gx) as a function of reaction rate (rj)

and the molar amount of that reaction that attributes to that surface species (uq,) is expressed as:

dqy
ar Zuqk,j T (S7)
vj

The surface site balance is expressed as:

Smaxt =51+

Z Us ik * Qk] (58)

vk

where Smax, IS the maximum number of possible surface sites for site I, Sy is the number of open |

sites, and usik is the moles of S; sites taken up by the gk surface species.

The fractional coverage of surface species k on site | (bx,) is expressed as:

Oy, = —% (S9)
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