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ABSTRACT

Practical catalysts often operate under dynamic conditions of temperature variations and sudden
changes of feed composition that call for understanding of operation and catalyst structure under
analogous experimental conditions. For instance, the copper exchanged small pore SSZ-13
catalyst used currently in the selective catalytic reduction of harmful nitrogen oxides from the
exhaust gas of diesel fuelled vehicles operates under recurrent ammonia dosage. Here we report
the design of unsteady state experiments that mimic such dynamic environment to obtain key
mechanistic information on this reaction. Through the combination of time-resolved X-ray
absorption spectroscopy and transient experimentation we were able to capture an ammonia
inhibition effect on the rate-limiting Cu re-oxidation at low temperature. The practical relevance
of this observation was demonstrated by the optimization of the ammonia dosage on a catalyst
washcoat on cordierite honeycomb, resulting in lower ammonia consumption and the increase of

NO conversion at low temperature.
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Introduction

Heterogeneous catalysts in practice often operate under conditions that are highly dynamic, for
example continuous variation of temperature, gas composition, and gas flow rate as encountered
in vehicle emission control'?. Understanding the behaviour of a catalyst under these transient
conditions is crucial to optimize current catalytic systems and to design future ones. However,
most techniques that allow gathering of molecular level information on the structure of the
catalytic active site under realistic working conditions, most notably X-ray absorption and
emission spectroscopy (XAS and XES), are typically applied to study catalysts under steady state
conditions. Nowadays both techniques can also be applied in time-resolved®> fashion enabling
the study of catalysts under dynamic non-steady state conditions. Automotive exhaust emission
control systems are preferred examples for the application of these time-resolved
characterization techniques due to the dynamic and complex reaction environment during
driving®8, which includes changes into the air-to-fuel ratio, temperature, gas composition and
catalyst load. In the most efficient exhaust after-treatment technology for diesel engines, the
selective catalytic reduction (SCR) of nitrogen oxides by ammonia, the exhaust gas stream is
enriched with ammonia (NH3) to reduce nitrogen oxide (NO) emissions according to eq. 1':

4NO + 4NH; + 0, — 4N, + 6H,0 (1)
In recent years the copper-exchanged small pore size zeolite Cu-SSZ-13 has emerged as a
commercial solution for SCR with high NO conversion at low temperature and high stability
upon exposure to steam at high temperatures’!4. The abundant and detailed information on the

15,16 or

structure of the active site and the reaction mechanism has been derived either by theory
from spectroscopic experiments under steady state conditions'>°. Despite a few mechanistic

studies including reactant cut-off and addition experiments®?!"23, the benefits offered by time-
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resolved spectroscopy have not yet been exploited to address key issues of this catalytic system,
such as the rate limiting step, the nature of the active species and how transient conditions affect
them.

In order to probe the dynamics of the Cu speciation and the catalyst structure-activity relation
over a wide range of realistic operation conditions, we used operando X-ray absorption
spectroscopy (XAS) with sub-second time resolution (0.5 s/spectrum). To mimic the necessary
dynamic conditions, reactant cut-off and addition experiments were designed to cause a
perturbation of the steady state?*, while the associated variations of catalytic activity were
simultaneously monitored with online mass spectrometry. The time-resolved operando XAS
measurements enabled us to resolve ambiguities related to the low temperature activity of low
metal loaded Cu-SSZ-13. In particular, we associated the rate limiting step with the re-oxidation
of Cu(I) in the low temperature regime (< 250°C), and we observed an NH3 inhibiting effect on
the re-oxidation of Cu(I). Moreover, during relaxation of the inhibition a fourfold coordinated
Cu(II) species was identified as the reaction intermediate, while Cu-nitrate species appeared only
when NH3; was not further available, thus away from SCR conditions. Hence, we provide
unprecedented experimental insights into the role and the stability of the different Cu species in
Cu-SSZ-13 under SCR-relevant process conditions at the sub-second time scale. Finally, we
demonstrate that this knowledge can directly be applied to improve the operation of actual SCR

converters and to foster their future design.
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Results

Low loaded Cu-SSZ-13

A Cu-SSZ-13 catalyst with low metal loading (Supplementary Method, 1.1 wt% Cu, Si/Al = 14,
Cu/Al =0.17, Supplementary Table 1) was used because its overall lower activity is beneficial to
reveal peculiar features of the kinetic behaviour compared to high-loaded catalysts
(Supplementary Figure 1)!%?°. According to extended X-ray absorption fine structure
spectroscopy (EXAFS, Supplementary Method) measurements in oxygen and under SCR
conditions, the Cu-SSZ-13 catalyst presented primarily isolated Cu-ions (Supplementary Figure
2, Supplementary Table 2) that are indispensable for SCR on Cu-exchanged zeolites'>!*?32¢ The
selected reaction temperatures, i.e. 190°C, 225°C and 270°C, ensured that the measurements
were performed below the characteristic temperature region between 300°C and 350°C, where
low loaded Cu-SSZ-13 exhibits a significant dip in activity. This lower activity is proposed to
origin from the loss of ligands around the copper ions and is likely accompanied by Cu migration

within the zeolite framework®'618:23,

NH; inhibits the rate-limiting oxidation of Cu(I) to Cu(Il)

In the NH3 cut-off experiment (Figure 1) representative of NH3 dosing in a real catalytic
converter, the Cu-SSZ-13 catalyst was equilibrated in SCR conditions for 30 min, followed by a
rapid NH3 cut-off initiated by automated switch valves while continuously collecting XAS
spectra. The spectra were dominated by an intense white line, which is the result of a
superposition of signals of various Cu-species, and by a pre-edge feature characteristic of Cu(I)
species (1s—4p transition, 8982.7 eV). Normalised XAS spectra of various expected reference

components®® were used for the linear combination fit (LCF) of the time-resolved spectra
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generated during the NH3 cut-off experiment (Figure 2a-d, Supplementary Figures 3a, 4 and 5,
Supplementary Video 1), including ionic Cu(Il) attached to the zeolite framework (Cu'-Z),
obtained after activation of Cu-SSZ-13 at 400°C in O2?*; aqueous copper nitrate species labelled
as Cu'-(NOx)y because of the negligible difference between the XANES spectra of Cu'-(NO3),
and Cu'-(NO2)x(H20)6x>' (Supplementary Discussion); and finally, aqueous copper ammonia
complexes Cu'(NH3)2 and Cu''(NH3)s4, because NH3 readily coordinates to Cu in Cu-SSZ-13 and
forms complexes in which the Cu cation is scarcely coordinated to the zeolite framework!>!6,
The Cu speciation determined by LCF of the spectra collected under equilibrated SCR conditions
(time < 0) indicated that the contribution of twofold coordinated Cu'(NH3): decreased with
increasing reaction temperature while that of Cu'-Z increased with temperature (Figure 2a-c for
190°C, 225°C and 270°C, respectively). Only the fraction of reduced Cu(I) was dependent on the
reaction temperature, which is evident by the decreasing intensity of the pre-edge feature in the
XAS spectra at higher temperature under SCR conditions and its virtual disappearance at 400°C
(Supplementary Figure 3c)!’. NO conversions of ca. 17% (190°C), 42% (225°C) and 65%
(270°C) were measured at the reactor cell outlet (Figure 2e-g).

At time zero, NH3 was removed from the feed in order to follow the transient modifications of
the local environment of Cu by XAS (Figure 2) and to mimic a genuine SCR system where NH3
is dosed intermittently to the exhaust gas. The Cu speciation changed immediately after NH3 cut-
off, showing the need for the time-resolved spectroscopic approach. It is evident that the fraction
of Cu'(NH3)2 decreased while the Cu'-Z fraction increased rapidly before adjusting to new
levels. With time, all NH3 that had been stored on the catalyst desorbed and/or reacted with NO.
The oxidising nature of the feed in absence of NH3 eventually transformed all Cu centres to

Cu(Il) (Cu"-Z and/or Cu-(NOx)y) at all temperatures. At 190°C (Figure 2a), the Cu(I) species
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disappeared only after the total experiment duration, whereas full oxidation was observed after
ca. 1100 s at 225°C (Figure 2b) and after 500 s at 270°C (Figure 2c). In correspondence of the
attainment of full Cu oxidation, the NO concentration reached 1000 ppm at increasingly shorter
times with increasing reaction temperature, reflecting the faster extinction of the SCR reaction at
higher temperatures (Figure 2e-h). At 400°C (Figure 2d), no reduced Cu(I) species were found
in the equilibration phase under SCR conditions while Cu''-Z was the dominant species that was
slowly replaced by ca. 10% of Cu'-(NOx)y after NH3 cut-off.

The high time resolution exploited in these experiments captured the dynamic behaviour of
Cu'(NH3)2 and Cu''(NH3)4 species after NH3 cut-off (or NH3 addition, Supplementary Figure 6
and Supplementary Discussion). The oxidation state of the Cu species was perturbed away from
the equilibrium value obtained under SCR conditions and a transient oxidation event occurred at
190°C and 225°C within 300 s and 150 s, respectively. The manifestation of this oxidation event
was the increase of Cu''(NH3)s simultaneous to the decrease of Cu'(NH3)2. At 270°C, the
observed trend was opposite and a transient increase of Cu'(NH3)2 was observed while no
Cu''(NH3)4 was found. Also the NO conversion (change in NO concentration, Figure 2e-g)
immediately changed upon the NH3 cut-off and a transient increase of conversion at low
temperatures and a decrease at 270°C was observed. The changes in the XAS and the MS data
occurred concurrently, which was best observed at 225°C (Figure 2b and Figure 2f).

The short-lived increase of NO conversion after the NH3 cut-off occurring only at low
temperature can be explained by the inhibiting effect of NHs previously observed on vanadia-
titania and iron-zeolite SCR catalysts®>*"?%, Switching off NH; alleviates the inhibition because
NHs is not replenished at the Cu sites and NO can react more readily. Possible reasons for the

inhibition are that NH3 locks the Cu redox centre into Cu(I), blocks a nearby Brensted acid
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centre and/or inhibits the formation of intermediates®’. The NO concentration and the Cu'(NH3)2
speciation followed the same temporal evolution and changed at the same rate upon NH3 cut-off
(Supplementary Figures 7 and 8) indicating the close correlation of Cu!(NHs)2 to the SCR
process at 190°C and 225°C. At low temperature, NH3 is thus capable of locking Cu into
Cu!(NHs)2, thereby hindering Cu(I) re-oxidation to Cu(II) under SCR conditions, which was
proposed to occur through Oz bonding to pairs of mobile Cu/(NHs3)2 species®!'¢. The transient
appearance of Cu''(NH3)4, best visible at 225°C, coincided with the increased SCR activity after
the NH3 cut-off (interruption of NH3 inhibition) suggesting that Cu''(NH3)s4, or an analogous
fourfold coordinated species (e.g. Cu(OH)(NH3)3)®!"°, is a key intermediate in the reaction
mechanism at this temperature. After the sudden transient changes of the NO concentration and
LCF for ca. 80 s at 225°C (Figure 2b and Figure 2f) the total fraction of Cu(Il) species
(Cu"(NH3)4 and Cu'-Z, Figure 2b) increased steadily because NH3 could be supplied only from
the fraction that remained adsorbed on the zeolite. As a consequence, the rate of Cu'(NH3)4
formation decreased and the SCR reaction slowed down until it extinguished. The difference
between the temporal evolution of Cu-species and the different rate of increase of NO conversion
at NHs cut-off at 190°C and 225°C reflects the subtle equilibrium between NH3 inhibition and
overall activity at low temperature. Conversely, NH3 inhibition did not occur at 270°C because
NO conversion decreased at NH3 cut-off (Figure 2g) and the fraction of Cu'(NH3); increased
transiently (Figure 2c).

In agreement with the observation by others!'®2%21:2 Cuyl'-(NOy),-type species were observed,
however only when the catalyst was no longer fully covered by NHs and after the disappearance
of gas phase NH3 (Figure 2b and 2f). Because nitrates appeared only after the reaction

environment was far away from SCR conditions, we suggest that they are either not involved in
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the reaction cycle!” or are too short-lived for XAS during SCR. The observation of Cu'-(NOx)y
species is reasonable because the feed was composed of NO, Oz, H20 and N2 and the Cu species
were fully oxidised. Our data indicate that the re-oxidation process occurred in the sequence
Cu!(NH3)2—Cu''(NH3)s—Cu-Z—Cu'(NOx)y suggesting that Cu nitrate species are not involved
in the SCR reaction.

To follow the evolution of the various Cu species upon initiation of the SCR reaction, an
experiment was conducted where NO was added to the NH3/O2 feed (Figure 3, Supplementary
Figure 9). Prior to NO addition at t < 0, we observed that the ratio of Cu"(NH3)4 and Cu'-Z
species was temperature dependent. The equilibrated fraction of Cu''(NH3)4 changed from 40%
at 190°C to 23% at 270°C while the contribution of Cu'-Z passed concomitantly from 15% to ca.
40% in agreement with NH3 desorption and the loss of coordinating NH3 ligands with increasing
temperature!® as observed in Figure 2. In contrast, the amount of Cu'(NH3): was ca. 40%
irrespective of the reaction temperature, suggesting that the reduction strength of NH3 does not
change appreciably between 190-270°C and that these species are more stable than Cu'(NH3)4in
this temperature regime.

The initiation of the SCR reaction upon NO addition (t= 0) was confirmed by the decrease of the
NH3 concentration at the reactor outlet and by the levelling of the NO concentration at ca. 80%
(190°C, Figure 3d), 60% (225°C, Figure 3e) and 30% (270°C, Figure 3f) of the dosed value.
Time-resolved changes were also detected in the LCF weights of the XAS spectra (Figure 3a-c)
which equilibrated faster compared to the situation of Figure 2 because of constant NH3
exposure. The increase of Cu'(NH3)2 and the simultaneous attenuation of Cu''(NH3)4 were most
prominent at 190°C and 225°C (Figure 2a and 2b, respectively). Cu{(NH3)4 was consumed by

the SCR reaction, which resulted in an increased amount of stable Cu'(NH3)2 species. This is in
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agreement with previous reports showing the enhanced reduction of Cu sites in the presence of
both NO and NH3, compared to only NH32%3°, After equilibration under SCR conditions, Cu(II)
was present primarily as Cu''(NHs)s at low temperature while the coordination environment
changed to Cu'-Z at higher temperature (see also Figure 2 before NH3 cut-off). This can be
explained by the weakening of the interaction between NH3 and Cu(Il) at higher reaction
temperatures'* and the more facile reaction of Cu{(NH3)4 with gaseous NO, which increased the
SCR reaction rate.

The NO addition experiment depicted in Figure 3 enabled us to identify the rate limiting step of
SCR over this low metal loaded Cu-SSZ-13 at low temperatures. The level of equilibrated
Cu!(NH3)2 (Cu(I):Cu(II) ratio of 75:25 at 190°C, 60:40 at 225°C and 35:65 at 270°C) decreased
with increasing temperature and at 270°C it eventually remained unchanged upon NO addition
compared to the preceding equilibration phase with only NH3. The accumulation of Cu'(NH3)2 at
190°C and 225°C can be explained by a slower oxidation of the Cu sites than the corresponding
reduction. Assuming that the influence of diffusion limitation is negligible at these
temperatures'®*!, the data presented in Figure 3 demonstrate that the re-oxidation of Cu(I) to
Cu(Il) is rate limiting. This observation agrees with the conclusion that NH3 inhibition is at work
in the same temperature range. At 270°C, the Cu(I):Cu(Il) ratio was in favour of Cu'-Z. If re-
oxidation was still rate limiting at this temperature, the Cu(I):Cu(Il) ratio would still exceed the
value of 1'%, Hence, re-oxidation is only rate limiting at 190°C and 225°C. Examination of the
Cu speciation at 270°C further reveals that Cu'-Z was the major Cu species. It is therefore
plausible that the formation of active Cu'{(NH3)4 sites is limited above ca. 250°C, which can be

used to explain the dip in activity above this temperature (Supplementary Figure 1).
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Fate of two and four-fold coordinated Cu species

The data of Figure 2 and Figure 3 suggest that the catalyst is saturated with NH3 during low
temperature SCR and that copper forms preferably ammine complexes as long as NHs is
provided from the gas phase or from adjacent Brensted acid sites. The strength of these
complexes decreases with increasing temperature favouring the formation of Cu'-Z, as
schematically shown in Figure 4b. At this point, it may be useful to rationalize the stability of
NH3 coordinated Cu species within Cu-SSZ-13 identified by time-resolved XAS and reflecting
the catalytic activity. NH3s desorption (Figure 4a) exhibits three peaks for Cu-SSZ-13 and two
for H-SSZ-13%32%3, The peak at ca. 170°C shifted to slightly higher temperature (ca. 190°C)
when Cu-SSZ-13 was pre-oxidised (4 vol% O2/N2) while it greatly diminished after self-

1723 compared to H-SSZ-13, suggesting that the oxidation state of Cu affects

reduction in nitrogen
the adsorption properties of NH3 over the zeolite at low temperature. The intensity loss after self-
reduction of Cu-SSZ-13 indicates a decreased fraction of oxidized copper species binding NH3 at
this temperature, revealing that this peak is related to desorption of NH3 from Cu'(NH3)s. The
absence of the peak at 290°C in H-SSZ-13 and its enhancement after self-reduction of Cu-SSZ-
13 strongly suggest desorption of NH3 from Cu'(NH3)2 in this region’***. The presence of this
peak in pre-oxidised Cu-SSZ-13 agrees with the partial reduction of Cu(Il) to Cu(I) by NH3%.
The NH3 species desorbing from the Bronsted acid sites represented by the peak at ca. 460°C>*
serves as the reservoir of adsorbed molecules, which can diffuse to the Cu sites to provide
residual SCR activity upon the interruption of the NH3 dosage. The spectroscopic experiments in
Figure 2 and Figure 3 indicated that Cu'(NHs)4 formed below 250°C under SCR conditions,

thus lower than the desorption of NH3 from Cu'(NH3)2. On the contrary, reduced Cu'(NH3)2 was

observed at this temperature, which agrees well with the NH3-TPD peak at 290°C stemming

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

from Cu'(NH3)2. The consumption of Cu''(NH3)4 during the low temperature SCR reaction leads
to the formation of Cu!(NH3)2, which is stable in this temperature regime as suggested by NH:-
TPD and cannot be re-oxidised quickly, making this step rate-limiting'>!®. However, Cu(I)-NH3
bonding weakens above 250°C, allowing occasional formation of framework coordinated Cu'-Z
(and possibly Cu'-Z), becoming the dominant species above 350°C and likely part of a different
reaction pathway not involving coordinated NH3 species of the same nature of those observed at
low temperature!>!¢. Hence, Figure 4 demonstrates that the SCR activity at 200-350°C follows
tightly the desorption profile of NH3 from reduced Cu sites indicating that the activity in this
temperature regime is dictated by the loss of solvated Cu-ammonia species'® and by the rate
limiting re-oxidation fading off at increasing temperature. Based on these considerations, the
activity of Cu-SSZ-13 can be described schematically as in Figure 4b. Below 250°C, copper is
fully covered by NH3 and the remarkable low temperature activity of Cu-SSZ-13 originates from
the presence of Cu''(NH3)4 that was best visible during the enhanced activity after the NH3 cut-
off (Figure 2f). Stable Cu'(NH3)2 species accumulate during SCR and their re-oxidation is rate
limiting, an event that possibly occurs without the loss of its NH3 ligands®!>!%3, The observed
NHs inhibition modifies the Cu(I)/Cu(Il) equilibrium by regulating the re-oxidation of
Cu!(NHs)2. Between 250 and 350°C, at partial NH3 coverages, the Cu''(NH3)4 species required
for the low temperature SCR can no longer be formed at a sufficient rate resulting in a significant
decline of the activity (Figure 4a). Cu'(NHa): is still partly present because of its greater stability
and can oxidise more readily to Cu'-Z while NH3 inhibition is no longer an issue in this
temperature regime. Above 350°C, the SCR reaction occurs only over framework coordinated
Cu'-Z, for which a different reaction mechanism may be envisaged'¢ that requires a separate

investigation. The transition from the low to the high temperature reaction regime is likely

12
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accompanied by the change in the Cu configuration within the SSZ-13 framework that is widely

discussed in the literature®'>3°.

Relevance for real-world SCR converters

The molecular level findings obtained by XAS bear practical aspects. To mimic a catalytic
converter analogous to those build in real SCR systems, the catalyst powder was washcoated on
a cordierite monolith and was then tested in a catalytic reactor using the transient approach
exploited in Figure 1 (Figure 5). Upon NH3 cut-off from the feed at 190°C and 225°C similar to
the experiments of Figures 1-2, the NO concentration rapidly passed through a minimum
suggesting an identical NH3 inhibition effect (Figure 5a). The response to the NH3 cut-off was
quicker compared to the one in Figure 2 due to the different flow rates and sample bed
geometries. At 225°C, the SCR activity increased at a faster rate than at 190°C (Figure 5b), also
reflecting the behaviour observed in Figure 2. Therefore, the NH3 inhibition and the resulting
perturbation of the Cu(I)/Cu(Il) equilibrium observed by time-resolved XAS in a plug flow
reactor are also valid in a realistic catalytic converter. The observation of the NH3 inhibition on
the washcoated catalyst encourages to provide recommendations to improve the low temperature
activity by varying the NH3 dosage aiming to control the influence of NH3 inhibition and thus
NHs slip at the catalyst outlet’’°. This can be realized by progressively changing the NH3
concentration in the feed rather than dosing the same amount continuously (Figure 5d). This
operation mode resulted in an optimized NO conversion especially in the low temperature
regime (ca. 20% NO conversion with standard dosage and 36% with optimised dosage at 200°C;

Figure 5c-d). Low NH3 dosage is desired in real applications, e.g. catalytic converters of diesel

13
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vehicles, to operate the system cost efficient and to meet the maximum allowed NHj3

concentration in the exhaust.

Conclusions

The time-resolved experimentation approach used in this work allowed to monitor the evolution
of various Cu species in Cu-SSZ-13 and to experimentally identify crucial characteristics of the
SCR catalyst in the low temperature regime: the rate limiting re-oxidation of Cul(NHz): is
strongly influenced by NH3 inhibition, the active Cu'(NHs)4 species are mainly formed below
250°C and the modification of the active sites with increasing temperatures is driven by the loss
of NH3 coordinating Cu species. The findings were used for understanding and improving the
performance of a monolithic converter analogous to those used in real-world applications.
Finally, the revealed intrinsic properties of various Cu species in Cu-SSZ-13 may be useful for
the rational design of more active catalysts by tuning the properties of the active Cu species with

various promoters and zeolite modifications.

Methods

Synthesis of Cu-SSZ-13

The SSZ-13 zeolite with Si/Al = 14.4 was prepared by hydrothermal synthesis. First, 1.0 g of
sodium hydroxide (Sigma-Aldrich, 98%) was dissolved in 80 ml of deionized water and mixed
with 20 ml of trimethyladamantyl (TMAda) ammonium hydroxide solution (25 wt % in H20,
Sachem). Then 1.56 g of aluminum hydroxide (Sigma-Aldrich, reagent grade) and 15 g of fumed
silica (Sigma-Aldrich, 0.007 um) were slowly added to the solution under vigorous stirring. The

resulting gel with the molar composition 10TMAda:10NaOH:4A1203:100S102:2200H20 was

14
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aged at RT for 2 h and then transferred into a stirred autoclave with teflon liner. The zeolite was
hydrothermally synthesized at 160°C for 120 h, subsequently washed with acetone and deionized
water, dried at 120°C for 12 h and then calcined in air at 575°C for 8 h. The crystal structure of

the sample was confirmed by X-ray diffraction (Supplementary Figure 10).

The obtained solid was ion-exchanged three times with an excess of 1| M ammonium nitrate
solution (Sigma-Aldrich, 98%) and calcined at 500°C for 2 h to ensure that the zeolite is in the
H-form (H-SSZ-13). Finally, H-SSZ-13 was ion-exchanged with 0.1 M copper sulfate solution
(Sigma-Aldrich, 98%) at 80°C for 4 h, dried at 120°C for 12 h and calcined in air at 600°C for 4

h to yield Cu-SSZ-13.

Operando X-ray absorption spectroscopy

A custom-made cell was used***! for the operando XAS measurements, using ca. 17 mg of
Cu-SSZ-13 (100-150 pm sieve fraction) which were firmly fixed between two quartz wool plugs
(bed length, 3 mm). Graphite windows (thickness, 0.5 mm) were used on either side of the
catalytic bed to ensure X-ray transmission and an air-tight reaction environment. The
temperature of the cell was controlled by a thermocouple inserted ca. 0.5 mm in the catalytic bed
from the inlet section of the cell to guarantee homogeneous temperatures over the entire catalytic
bed. Mass flow controllers were used to generate a constant flow of the gas mixture (50 ml/min;
GHSV = 100’000 h™") and automated switch valves (Parker, type Series 9; opening response
time, < 5 ms) installed in front of the cell enabled the execution of transient experiments.
Stainless steel tubing (1/16 inch) was used throughout; the distance between the switch valves

and the middle of the catalyst bed was approximately 100 mm.
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Operando XAS measurements were carried out at the SuperXAS beamline of the Swiss Light
Source (SLS, Villigen, Switzerland). The storage ring operated at 2.4 GeV in top-up mode with a
ring current of 400 mA. The polychromatic beam was collimated by a Si-coated mirror at 2.5
mrad (which also served to reduce higher order harmonics) and subsequently monochromatized
by a Si(111) channel-cut monochromator, which allowed data collection in quick scanning
EXAFS (QEXAFS) mode at 2 Hz*?. Spectra were collected in transmission mode using Na-filled
ionization chambers. A Cu reference foil mounted between the second and third ionization
chamber was measured simultaneously for absolute energy calibration. The QEXAFS spectra
were averaged, background corrected and normalized using the JAQ 2 software (2); linear
combination fitting analysis (LCF) was performed using the prestopronto software* and in the

energy range of 8965-9035 eV.

Catalytic performance test on a monolith

A washcoated Cu-SSZ-13 monolith (7x14x50 mm, 300 cells per square inch) was tested on a
dedicated laboratory test reactor’’ using a feed of 10 vol% O2, 5 vol% H20, 500 ppm NO and
500 ppm NH3 (or the NH3 dosage given in Figure 5d) with balance N2 in order to mimic realistic
exhaust gas composition. The gas hourly space velocity GHSV was 50,000 h™!, which is typical
for SCR converters of diesel vehicles**. A calibrated FT-IR spectrometer (Nexus Thermo
Fisher), equipped with a heated gas cell was used for the online gas analysis of the exhaust gas.

The NOx conversion was calculated according to Supplementary Equation 1.

16
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Figure captions

Figure 1. Cu K-edge XANES spectra of Cu-SSZ-13 during transient experiments. Pre-edge
and white line region of the operando time-resolved Cu K-edge QEXAFS spectra of Cu-SSZ-13
at (a) 190°C, (b) 225°C and (c) 270°C. All spectra are normalised. After equilibration in SCR
conditions (1000 ppm NH3, 1000 ppm NO, 6 vol% Oz, 2 vol% H20 and make-up N2) for 30 min,
XAS data were collected in SCR conditions for 60 s (120 spectra) followed by continuous data

collection in absence of NH3 (t =0, 0.5 s/spectrum).

Figure 2. Switching off the SCR reaction by NH3 removal. Dynamic copper speciation
obtained from linear combination fit of time-resolved QEXAFS spectra during the cut-off of
1000 ppm NH3 from a constant flow of 1000 ppm NO, 6 vol% O2, 2 vol% H20 and make-up N2
at (a) 190°C, (b) 225°C, (c) 270°C and (d) 400°C. (e-h) Corresponding MS signals of NH3 (m/z=
17) and NO (m/z= 40). Prior to NH3 cut-off, the catalyst was equilibrated in SCR conditions for

30 min.

Figure 3. Initiation of the SCR reaction by NO addition. Dynamic copper speciation obtained
from linear combination fit of time-resolved QEXAFS spectra during the addition of 1000 ppm
NO to a constant flow of 1000 ppm NH3, 6 vol% Oz, 2 vol% H20 and make-up N2 at 190°C (a),
225°C (b) and 270°C (c). (d-f) Corresponding MS signals of NH3 (m/z = 17) and NO (m/z = 40).

Prior to NO addition, the catalyst was equilibrated in NH3 for 30 min.
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Figure 4. Temperature dependent evolution of Cu-species. (a) NO conversion of Cu-SSZ-13
measured in a laboratory test reactor for monolithic catalysts and NH3 temperature programmed
desorption (NH3-TPD) of Cu-SSZ-13 and H-SSZ-13 after pre-oxidation in 4 vol% O2/N: (full
lines) and after self-reduction in N2 at 600°C (dashed lines). (b) Schematic temperature

dependence of copper speciation in Cu-SSZ-13.

Figure 5. Optimization of NH3 dosage in monolithic catalytic converters. (a) NO and NHj3
concentrations and (b) corresponding NO conversion of washcoated Cu-SSZ-13 before and after
cut-off of 500 ppm NH3 from the SCR feed at 190°C and 225°C; (¢) temperature dependence of
NO conversion. For the standard conversion, an equimolar 500 ppm NH3s and 500 ppm NO gas
feed was used that included 10 vol% Oz, 6 vol% H20 and make-up Na. For the optimized
conversion, the NH3 dosage was varied as indicated in (d). (d) NH3 dosage required to achieve

the NO conversion values of (¢).
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