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ABSTRACT: Catalytic processes have supported the develop-
ment of myriad beneficial technologies, yet our fundamental
understanding of the complex interactions between reaction
intermediates and catalyst surfaces is still largely undefined for
many reactions. Experimental analyses have generally been limited
to investigation of catalyst materials or a subset of functional
groups as indirect probes of the critical surface-bound intermediate
species and reaction mechanisms. A more direct approach is to
probe the intermediate species themselves, but this requires direct
study of the local chemical environment of light elements. In this
work, we use soft X-ray emission spectroscopy (XES) and a
custom-designed in situ reactor cell to directly observe and
characterize the electronic structure of reactant, intermediate, and
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product species under reaction conditions. Specifically, we employ N K XES to probe the interaction of various nitrogen species with
a Cu-SSZ-13 catalyst during selective catalytic reduction of nitrogen oxides (NO and NO,) by ammonia (NH;-SCR), a reaction that
is critical for the removal of NO, pollutants formed in combustion reactions. This work reveals a novel spectral feature for all spectra
measured with flowing NO gas present, which we attribute to the interaction of NO with the catalyst. We find that introducing both
NO and O, gases (compared to only NO) increases the interaction of NO with Cu-SSZ-13. Adsorption of NHj; leads to a more
pronounced spectral signal compared to NO adsorption. For the standard NH;-SCR reaction, we observe a strong N, signal,
comprising 30% of the total spectral intensity. These results demonstrate the vast potential of this technique to provide direct, novel
insights into the complex interactions between reaction intermediates and the active sites of catalysts, which may guide advanced

knowledge-based optimization of these processes.

he selective catalytic reduction of nitrogen oxides by

ammonia (NH;-SCR) is a wide-spread process in
emission control that is largely used for the conversion of
NO, (primarily NO and NO,), formed during lean-burn
combustion, to more benign molecules, N, and H,0."” NO,
species cause a wide variety of health and environmental
issues; they contribute to the formation of ground-level ozone,
smog, and acid rain, but they can also react to form nitrate
particles or acid aerosols, all of which can trigger serious
respiratory problems. Despite continuing advances in renew-
able energy technologies and expanding capabilities for CO,-
neutral fuels, it is not unlikely that the global community will
continue to rely on internal combustion engines for trans-
portation (e.g, of heavy goods), which currently contribute
14% of global greenhouse gas emissions.”* Moreover, NO, is
formed in many industrial processes and waste incineration
plants. Thus, further technology development toward elimi-
nation of these emissions is critical.
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Zeolite catalysts have been widely applied for use in NH;-
SCR of NO, Of particular interest are chabazite-based
catalysts, such as Cu-SSZ-13, which have demonstrated
excellent performance and stability. While these catalysts
have already been commercialized, the exact mechanism
including the role of metal centers and zeolite framework is
still debated in the literature.”™"”

Particular focus has recently been laid on understanding the
nature and location of Cu species, the special “seagull” activity
profile with an activity drop at intermediate temperatures
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(~350 °C), and the identification of reaction intermediates,
mechanisms, and elementary steps. Monomeric/dimeric Cu
species'”'* were reported alongside Cu sites coordinated to a
single or two adjacent Al ions of the zeolite framework.'*"
Additionally, pronounced structural dynamics with altered
reactivity were observed as a function of gas mixture and
reaction temperature.é’m’16 With respect to the reaction steps
that are necessary to complete the generally accepted
Cu** < Cu' redox cycle of the SCR mechanism, the
adsorption of NH; forming [Cu(NH;),]* complexes is favored
as the main intermediate under SCR conditions, especially at
low temperatures. Operando/in situ characterization of copper
sites in Cu-SSZ-13 during SCR of NO, using hard X-ray
emission spectroscopy (XES) and high-energy resolution
fluorescence detection X-ray absorption near-edge structure
(HERFD-XANES) has confirmed a strong adsorption of NH,
on Cu, as depicted in Figure 1 (data taken from the
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Figure 1. (a) Cu Kf X-ray emission (XES) and (b) Cu K high-energy
resolution X-ray absorption near-edge structure (HERFD-XANES)
spectra of 1.2 wt % Cu-SSZ-13 zeolite (Si:Al = 16) measured at
200 °C in He, nitrogen-containing reference gases, and under
standard reaction conditions for SCR of NO, (further details in the
experimental series reported in the SI and ref 5).

experimental series in ref $). A direct interaction between
NH; and Cu is found, especially evidenced by the shift of the
Cu Kf” emission line (Figure 1a). Exposure to NO alters the
XANES spectrum of Cu sites (Figure 1b), proving the
existence of an interaction between Cu and NO in the
absence of ammonia and water. This interaction is even more
pronounced when a mixture of NO and O, is fed over Cu-SSZ-
13, particularly at increased temperatures.” Upon feeding the
standard SCR mixture, the Cu—NH; interaction dominates the
spectral features below the “seagull” point (~350 °C), leaving
interactions with NO undefined; two possibilities are NO
adsorption on the same Cu site via O before reacting with
NH;, or NO directly reacting from the gas phase.” At higher
temperatures, Cu species seem to be more localized at the ion-
exchange positions of the zeolite framework due to desorption
of water and partially of ammonia, although NO, adsorption at
the Cu sites is facilitated.”'*'°

To the best of our knowledge, the results reported in the
literature on Cu-SSZ-13 catalysts, including those in Figure 1,
provide only indirect information on the actual species

adsorbed in the vicinity of Cu sites, which limits the present
understanding of the SCR reaction mechanism. Until now,
only a limited number of studies have addressed the
participation of NH; and NO, stored on the zeolite support.'”
For instance, a multisite mechanism involving ammonia-
solvated Cu cations and zeolite Bronsted acid sites (BASs)
with formation of H,NNO and HONO intermediate species
was recently suggested by Chen et al. and Feng et al. based on
density functional (DFT) theory calculations and supported by
a first-principles microkinetic model.”'® The authors also
proposed roles for NH;, depending on its involvement in the
reaction mechanism: ligand, inhibiting, and reactant NH; at
the Cu cations and NH," at the BAS, in addition to reactant
NH; gas. Nevertheless, distinguishing between these species or
probing rapidly desorbed products such as N, or N,O in the
catalyst bed volume is challenging; so far, they have only been
detected at the reactor outlet.

To address these open questions, density functional theory
(DFT) calculations or experimental infrared (IR) spectroscopy
is most often utilized.”'*~>' However, IR spectroscopy
provides only indirect information about chemical bonds that
may be related to certain functional groups; this method is
insufficient for directly measuring electronic structure
information of intermediates. In addition, IR spectroscopy
does not account for all N-containing species (e.g., N, is not
IR-active). Furthermore, the results are difficult to quantify, as
molar absorptivity coeflicients of various species or functional
groups are unknown a priori, especially if measurements are
made in diffuse reflectance mode (DRIFTS), in which case
further factors need to be considered. Finally, overlapping
bands from different species in the reaction mixture may
severely limit conditions under which IR measurements are
possible. Hence, there is a need for a complementary
experimental technique, which can directly observe and
quantify reacting species, intermediates, and products. Such a
technique requires the investigation of light elements with
relatively shallow core levels, such as the N and O 1s orbitals of
the involved reaction species. Thus, soft X-ray spectroscopy—
with its unique capabilities to study the local chemical
environment of light elements in solids, liquids, gases, and
their interfaces—is a suitable technique to address this
challenge.

Among the soft X-ray spectroscopic techniques, X-ray
emission spectroscopy (XES) is particularly powerful, as it
offers direct insights into the valence electronic structure from
the VieW})oint of deliberately chosen elements and core
levels.”>*” In our case, it can give a direct view of the occupied
valence states responsible for the bond formation between
nitrogen-containing molecules and the catalyst surface.
Furthermore, as a photon-in-photon-out technique, XES can
be combined with custom-designed in situ and operando cells
to also allow for the study of gases, liquids, and their interfaces
with solids.”* ™" Such studies have recently become possible
due to the major development of high-transmission spec-
trometers for soft X-rays and of advanced in situ/operando cells,
as employed in this paper.””*>**

The work presented here uses N K edge XES to investigate
interactions between 1.2 wt% Cu-SSZ-13 and various nitrogen-
containing gases relevant to SCR of NO,. To identify the
different nitrogen species, we use XES gas phase spectra of
NHj;, NO, and N,, as well in vacuo “reference” spectra of NH;-
treated zeolites to analyze in situ spectra obtained for zeolites
in the presence of NH; NO, and O, under elevated
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temperatures. With a detailed fit analysis approach of the
spectra taken under reaction conditions, we can identify the
presence of nitrogen-containing species at or near the surface
of the zeolite.

The XES reference spectra of pure N,, NH;, and NO gas are
shown in Figure 2a. For the N, (g) spectrum, we observe the
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Figure 2. (a) N K X-ray emission (XES) spectra of nitrogen-
containing reference gases. Main features are consistent with the
established literature results. Arrows indicate small features that are
likely due to double excitations.”* (b, ¢) N K XES spectra of SSZ-13
zeolites with (red) and without (gold) Cu loading, treated with NH,
under dry (solid lines) or humidified/wet (dashed lines) conditions.
Spectra are normalized to maximum peak height (a), total N XES
spectral area (b), and total O XES spectral area (c), the latter to
normalize to the overall amount of zeolite present.

. . . . 35-39
typical fingerprint reported in previous measurements.

The spectrum contains three main peaks at 391.5, 393.1, and
394.4 eV, representing electronic transitions with final state
holes in the 3oy 1, and 20, orbitals, respectively. With the
high transmission spectrometer used in this study, the
underlying vibrational fine structure is not resolved. For the
NH; (g) spectrum, we observe two dominant peaks, a broad,

asymmetric peak at 389.1 eV and a narrow peak at 395.2 eV.
Consistent with the previous literature, these are identified as
electronic transitions with final state holes in the le and 3a,
orbitals, respectively.‘m_42 Small features are visible in the
region between these peaks; these are likely due to double
excitations occurring for excitation well above (~20 eV) the
absorption edge. For the NO spectrum, we observe an intense,
narrow peak at 394.2 eV with a shoulder on the low-energy
side, as well as a less intense peak at 402.7 eV. The intense
peak and shoulder represent electronic transitions with final
state holes in the 56 and 1z orbitals, respectively.’”® The
smaller peak is the N 1s to 2z* transition. A more in-depth
discussion of NO XES (including the double-excitation peaks
indicated with arrows) and resonant inelastic X-ray scattering
(RIXS) maps is presented elsewhere.**

To develop a baseline understanding of the interaction
between N-containing molecules and the zeolite-based
catalysts, we conducted in vacuo measurements of both SSZ-
13 and Cu-SSZ-13 samples (Si/Al = 16:1, Cu/Al = 1:5) in an
ultrahigh vacuum (UHV) environment (base pressure below
107® mbar). The samples were first pretreated via heating at
500 °C under first 10% O, + 1000 ppm NO (1 h) and then
10% O, in N, (1h) gas flow to remove undesired adsorbates
and then treated with NH; (g) in either dry (at 100 °C) or 5%
water vapor (wet, at 150 °C) conditions (the complete
treatment procedure is described in the SI). Figure 2b,c shows
the obtained N K XES spectra, with (red) and without (gold)
Cu loading. “NH;-Cu-SSZ-13” is used to designate NHj;-
treated Cu-SSZ-13, and “NH,-SSZ-13” is used to designate
NH;-treated H-SSZ-13. Figure 2b is normalized to the area of
the N K XES spectrum to highlight differences in the spectral
shape. Figure 2c is normalized to the area of the corresponding
O K XES spectra (included in Figure S1 for these and other
samples), which approximates a normalization to the total
amount of zeolite present in each measurement, as the primary
source of the oxygen signal is the aluminosilicate zeolite
material. All spectra shown here were measured while scanning
across powder samples pressed onto carbon tape at 600 ym/s
to minimize beam damage and improve the signal-to-noise
ratio. Further details regarding the effect of slower scan rates,
the extent of beam damage, and the near-zero N K background
signal from the carbon tape are discussed in the SI and
illustrated in Figure S1.

Whereas the NH; (g) spectrum exhibits two peaks at 389
and 395 eV, the spectra for NH;-treated zeolites reveal two
peaks at 390 and 395 eV (Figure 2), and the valley in-between
does not reach near-zero. In a building block picture, the
spectra for NHj-treated zeolites are very similar to those of
protonated amino groups,”***** in accordance with an
adsorption as a —NH;" species. Here, the narrow feature at
395 eV (present in both cases) is due to ultrafast proton
dynamics during the core excitation of the XES measurement,
resulting in proton dissociation and formation of —NH,,***>**
while the feature at 390 eV is dominated by contributions of
the intact —NH," species.

Comparing the NHj-treated zeolites, we find a significant
difference in shape due to the presence vs absence of Cu
(Figure 2b, red vs gold), but there is minimal difference for wet
vs dry NHj; treatment conditions (i.e., dashed vs solid lines).
Water is known to compete with NH; for binding to Lewis
acid sites (LAS) on zeolites; nonetheless, we suspect that the
UHYV environment removes NH; from (weakly bound) LAS in
a similar way to that in the presence of water vapors,”*
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Figure 3. (a) Schematic of the gas manifold and reactor for in situ soft XES measurements. (b) One set of experimental conditions and progression
of measurements. (c) Second set of experimental conditions and progression of measurements. Both sets were initiated with a fresh catalyst sample,
i.e,, after pretreatment in dry 1000 ppm NO, 10% O, in N, balance for 1 h at 500 °C followed by one additional hour at 500 °C in 10% O,/N, to
remove adsorbed species. The resulting samples were transported to the ALS in a sealed N,-purged environment.

resulting in very similar spectra in our in vacuo experiments.
The gold-colored profiles are, thus, characteristic of NH," at
the BAS. We also observe a significant difference in intensity of
the valley region (Figure 2b, ~394 eV) for zeolites with and
without Cu. Several effects may be the source of such
differences, including the formation of a new molecular orbital
or a change in the above-mentioned proton dynamics.

When spectra are normalized to the O K XES area (i.e,
proportional to the amount of zeolite present), as in Figure 2c,
the area of the N K XES spectra for the Cu-containing powders
is approximately 1.3 times larger compared to the Cu-free case.
Given this result, we consider that Cu binds NH; more
strongly than LAS on zeolites, but weaker than BAS on
zeolites.*® BAS are formed near Al atoms, such that the
number of BAS is defined by the amount of Al. For Cu-loaded
zeolites, Cu’* species can coordinate 3—4 NH; groups (~3.3
on average for the used Cu-SSZ-13), depending on their
location in the zeolite channels.”' However, Cu®* species
occupy a BAS, thereby increasing NH; adsorption by only a
factor of ~2.3 per Cu®* site. When reacting with NH;, a
fraction of Cu®" sites reduces to Cu*, which can coordinate
with two NH;.”' As this happens, the Cu® also detaches from
the zeolite framework, leaving a BAS site free to bind another
NHj, enabling a greater increase in the total NH; adsorption
capacity. Overall, in an ideal case, one may expect an ~40—
46% increase in NH; adsorption on the used Cu-SSZ-13
zeolite, albeit with considerable room for error due to the
remaining uncertainties in NH;*Cu structures. Therefore, we

21001

assign this spectral intensity increase, accompanied by slight
variations in peak position, to additional NH; adsorbed on the
Cu-loaded zeolites. Figure S3 shows the difference between the
dry NH;-Cu-SSZ-13 and dry NH,-SSZ-13 spectra and
illustrates the additional spectral weight, which may represent
the interaction between NH; and Cu in Cu-SSZ-13. This
additional signal, therefore, represents the ligand and inhibiting
NH; at the Cu cations.

Finally, we note some observable N signal for zeolites that
were not subjected to NH; treatment, even after the adsorbate-
removing pretreatment. These samples exhibited significantly
reduced intensity (when normalized to the amount of zeolite),
but with similar spectral shapes to those of the NH;-treated
H-SSZ-13 and Cu-SSZ-13 samples. These spectra are included
in Figure S2.

Having thus established an in vacuo baseline of NH;-treated
zeolite XES spectra (albeit with the caveat that the UHV
exposure potentially affected the adsorption of NH; on the
zeolite materials), we now transition to in situ XES experiments
to further investigate the interactions between these adsorbates
and Cu-SSZ-13. While previously thought impossible due to
high absorption and low fluorescence yield of soft X-ray
photons in matter, we have developed an in situ platform with
a custom-designed reactor cell and gas manifold that allows for
controlled delivery or purging of gas mixtures, as well as
heating of the inlet gases, zeolite, and reaction volume during
XES.”” Combined with a high-flux synchrotron beamline (such
as BL8.0.1 at the ALS or the X-SPEC beamline at the KIT-
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synchrotron®”) and a high-transmission X-ray spectrometer,’”
it is now possible to conduct such in situ (and operando)
experiments with soft X-ray excitation, enabling us to study the
reaction species, i.e., the reactants, intermediates, and products,
and not just the catalyst metals.

Most importantly, the reactor design separates the reaction
environment (at 25—200 °C and 1 bar) from the UHV
environment of the spectrometer and beamline, using a thin
SiC membrane (100 nm) that allows soft X-rays to pass with
tolerable attenuation (for excitation and emission). The
experimental design is illustrated in Figure 3a, and details of
the reactor cell are published elsewhere.””

Each in situ experiment presented here started with a new
membrane and a fresh Cu-SSZ-13 catalyst sample, pretreated
with NO and O, in N, and then O, in N, at 500 °C as
described above and transported to the ALS in a sealed N,-
purged environment. Figure 3b,c outlines the experimental
conditions, including temperature and gas environment, in the
order that they were introduced to the catalyst. In particular,
black dots illustrate the sequence and conditions of all
measurements (temperature, gas environment, and/or prior
low vacuum/purge). The experimental procedure in Figure 3¢
(NO and O, gas conditions followed by the full SCR reaction)
was measured before the experimental procedure in Figure 3b
(NH; gas conditions) to minimize the possibility of residual
NHj; being present during the NO and O, gas measurements.
These conditions enable analysis of temperature and gas
environment effects on adsorption behavior and parallel
previous studies on this catalyst.” Some of the thus-obtained
spectra are shown in Figures 4—6 and will be discussed below.
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Figure 4. In situ N K XES spectra of Cu-SSZ-13 zeolite, exposed to 10
sccm of 1000 ppm NH; in He at (i) 100 °C and (i) 200 °C. Spectra
are normalized to measurement time and fit with reference spectra
components. The fit residuals are shown below the spectra.

The in situ N K XES measurements probe all N-containing
species that are present at that particular point of the
experimental sequence. In addition to introducing various N-
containing species as gaseous reactants, which may adsorb on
the catalyst or be present in the gas phase of the reactor, we
also observe signal intensity from N-containing species formed
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Figure S. In situ N K XES spectra of Cu-SSZ-13 zeolite, exposed to 10
sccm of 1000 ppm NO in He at (i) 100 °C and (iii) 200 °C, and 9
sccm of 1000 ppm NO in He plus 1 scem O, at (ii) 100 °C and (iv)
200 °C. Spectra are normalized to measurement time and fit with
reference spectra components. The fit residuals are shown below the
spectra.

as intermediates or products. Furthermore, we also need to
consider the possibility that N-containing contaminants in our
reactor contribute to the spectral signal. Thus, it is also
possible that the zeolite or the membrane add some residual
background N signal, as observed for the pretreated zeolites in
the in vacuo measurements. To aid in understanding the data
from such complex measurements, Table 1 summarizes the
major, medium, and minor contributions to the total N K XES
spectrum (top to bottom), and the various experiments in
which we expect to detect them (in vacuo, in situ pure gas
references, and in situ with zeolites and mixed gases, from right
to left). For example, columns E, F, and G refer to the in situ
reference gas spectra introduced in Figure 2a. Column H refers
to the in vacuo zeolite measurements introduced in Figure 2b,c.
These spectra will be used to identify spectral components of
the various species present for the in situ zeolite experiments,
described in columns A, B, C, and D. The combinations of
spectral components that are used to fit the four variants of
“Zeolite w/ NX, (g)” in column A, namely, (1) “Zeolite w/
NH;”, (2) “Zeolite w/ NO”, (3) “Zeolite w/ NO & O,”, and
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Figure 6. In situ N K XES spectrum measured of Cu-SSZ-13 zeolite in
a custom reactor cell, under standard reaction conditions for SCR of
NO, with NH; (4.5 sccm of 1000 ppm NHj; in He plus 4.5 sccm of
1000 ppm NO in He plus 1 sccm O, at 200 °C). The fit analysis is
performed with reference spectra components. The fit residual is
shown below the spectra.

(4) “Zeolite w/ NH; & NO & O,”, are summarized in Tables
S1-S3 (note: variants (2) and (3) are combined in Table S2).

First, in situ XES spectra were measured of the empty reactor
cell with 10 sccm (standard cubic centimeters per minute) He
flowing at room temperature, 100 °C, and 200 °C (Table 1,
column D, labeled “Blank w/ He (g)”). This was done to
determine the background signal from the membrane and any
potential species adsorbed on its surface. Next, spectra were
measured for 10 sccm of 1000 ppm NHj; in He, and for 10
sccm of 1000 ppm NO in He (Table 1, column C, labeled
“Blank w/ NO”) to determine the relative signal contribution
from the dilute gas mixtures, the membrane, and the species
adsorbed on the membrane. The final baseline XES measure-
ments were collected for a fresh catalyst in the reactor with He

flowing at room temperature, 100 °C, and 200 °C (Table 1,
column B, labeled “Zeolite w/ He (g)”) to determine a
background signal for the zeolite in our experimental setup.
This spectrum contains signals from multiple residual nitrogen
species that may be adsorbed on the zeolite or on the
membrane of the in situ cell. Together, these background
spectra, combined with the pure gas references and in vacuo
measurements for NH; adsorbed on Cu-SSZ-13, serve to
identify various spectral features of N-containing species
present during the in situ experiments that probe the catalysts
with various combinations of dilute NH;, NO, and O, at
elevated temperatures.

Following the experimental progression outlined in Figure
3b, a pellet of fresh Cu-SSZ-13 powder catalyst was placed into
the reactor cell, put under vacuum (~107> mbar), and purged
several times with He to remove all air. After consistent
baseline measurements of zeolite in 1 bar He were obtained,
the cell was slowly heated to 100 °C. The pressure in the cell
was then reduced to ~1 mbar followed by flowing 10 sccm of
1000 ppm NH; in He at 1 bar. Several short XES spectra were
recorded for the same condition, inspected for beam damage
or other temporal changes, and averaged to improve the signal-
to-noise ratio. Each in situ spectrum represents steady-state
conditions (collected over 25—50 min of total measurement
time). In addition, the reactor cell was periodically moved with
respect to the beam spot to illuminate a new location on the
membrane and minimize beam-induced ad/desorption of
species or changes on the membrane. The same procedure
was repeated after heating the cell to 200 °C.

The resulting spectra for Cu-SSZ-13 in the presence of
flowing dilute NH; gas are shown in Figure 4 (black lines).
Both spectra were fitted based on the relevant spectral
components given in Table 1 and Table S1: empty cell with
He flowing (Blank w/ He (g)), representing the background
signal for the membrane and any species adsorbed on the
membrane (column D), in vacuo NHi-treated Cu-SSZ-13
(NH; ,q4), representing the signal from the catalyst and
adsorbed NHj, which includes ligand and inhibiting NH; on
Cu cations and NHj at the BAS (column H), and reference gas

Table 1. Potential N K XES Signal Sources and Relative Magnitude of Signal Contributions (Intensities)

Insitu Ref Invacuo
Potential Sources A B ¢ b E E G H
of N K XES Zeolite Zeolite | Blankw/ Blank Ref.NH:(g) | Ref. NO(g) | Ref.N:(g) NH;s-
Signal w/ NX, w/ He NO (g) w/ He (High conc.) (High (High treated
nal
8 () (2) (g) conc.) conc.) Zeolite
5 Reactant Gases Y Y Y Y
‘=
= Product Gases Y Y
é . Gases in.teracting v -
5| B | w/ Zeolite
2| 3 Gases interacting
= Y Y
5 = w/ Membrane
go Zeolite Y Y Y
E;‘J =
5]
8| Membrane Y Y Y Y o
s expect relative signal
Species adsorbed v v v v contribution to be very small
on Membrane
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spectra for NH; and N, (columns E and G, respectively). The
fit residual (dark orange line) is shown below the measured
spectra with a separate dotted gray zero line for reference.

The “Blank w/ He (g)” component has an asymmetric,
broad feature at 386—398 eV, with higher intensity toward the
high-energy side. Note that the shape of this background
spectrum varies slightly with temperature, potentially due to
temperature effects on any N content in the membrane or
desorption of N species from the reactor walls. The NH; 4
component, in contrast, has two peaks at 390 and 395 €V (see
Figure 2b,c). Likewise, the NH; (g) component shows two
peaks, but at 389 and 395 eV. The various fit components are
thus sufficiently different to allow for a meaningful variation
and optimization in the fit routine.

The fits in Figure 4 are normalized to measurement time;
because these spectra were measured on the same zeolite
pellet, this also normalizes the spectra to the amount of zeolite
present. First, we note that the overall spectral intensity is
approximately 1.7 times greater at 100 °C vs 200 °C. However,
the absolute signal intensity for the NHj .4, contribution is
nearly identical at 100 °C and 200 °C, even though it
contributes to a smaller fraction of the total spectral signal at
100 °C (note that a detailed quantitative analysis will be given
in conjunction with Figure 7). If no water is present, some

mBlank w/ He (g) mZeolite w/He (g) mN, (9)
I ENH, ~ ENH,(g) BNO ENO (9)

100°C 200°C 100°C 100°C 200°C 200°C 2’\(l)g°g
&O2 &O NO&O

Experiment Conditions

Fit Component
Signal Intensity

Figure 7. Overview of absolute signal intensities of in situ N K edge X-
ray emission spectra of Cu-SSZ-13 with their respective fit
components for each condition and for each of the species described
above. Note that signal intensities are not proportional to the
respective concentrations of each species due to variations in
absorption cross sections and physical location of each species within
the in situ reactor cell.

difference is expected in NH; adsorption between 100 and
200 °C due to the additional NH; adsorption on LAS at lower
temperature. However, if water is present (perhaps in small
amounts at 100 °C, but not at 200 °C) or if the probing beam
is dissociating/removing NH; from these sites, little or no
difference is anticipated between these two temperatures.*®
Therefore, the spectra suggest that, at 100 °C, some water may
still be present and competing with NH; for binding sites on
the zeolite. At 200 °C, water should be removed, but additional
heat/energy input would also remove NH; from weakly bound
LAS.

The fits also show that the signal intensity for NH; (g) is
almost double at 100 °C compared to 200 °C. Furthermore,
the fits suggests that no N, (g) is present at 100 °C, but some
N, (g) is clearly present at 200 °C, giving rise to the peak at

~393 eV in the experimental spectrum. Lastly, the fits indicate
a vastly different contribution from the background signal at
100 and 200 °C. Time-normalized signal intensities for overall
spectra and respective fit components are summarized for all in
situ measurement conditions in Table SS. As observed in the
prior literature, Cu is reduced under NHj flow, indicating that
Cu sites carry some oxygen, which may possibly oxidize NH;
to N, at 200 °C.°

We next discuss the experimental progression outlined in
Figure 3c, where a pellet of fresh Cu-SSZ-13 powder catalyst
was placed into the reactor cell, exposed to low vacuum (~1
mbar)/He purge cycles, and then slowly heated before
exposure to flowing either 10 sccm of 1000 ppm NO in He,
or 9 sccm of 1000 ppm NO in He plus 1 sccm O, at 1 bar. The
resulting spectra for these two gas conditions, measured both
at 100 and 200 °C, are shown in Figure S. Similar to the NH;
gas conditions, these spectra were fit with appropriate spectral
components to identify signal contributions according to Table
1 and Table S2. In this case, we do not have an ex situ or in
vacuo NO-treated Cu-SSZ-13 spectrum to represent adsorbed
NO, since only very small amounts of NO are expected to
adsorb."® Giinter et al. showed that, at temperatures below 200
°C, the presence of small traces of H,0 (readsorbed on the
catalyst surface during sample manipulation) was found to
inhibit the interaction of NO with Cu sites in Cu-SSZ-13
catalyst.”*® In other works, harsh in situ pretreatments in dry
conditions, such as annealing at 500 °C under high vacuum,
calcination at 400 °C, or reduction at 550 °C, were required to
detect any interaction of Cu-SSZ-13 with NO.>**** Hence, in
this study, we used a combination of other measured spectra to
estimate a spectral shape for NO that is adsorbed or otherwise
interacting with an available surface (catalyst site or membrane,
labeled “NOmt”)

This “NO,,” component (column “C—D—F” in Table S2)
was calculated separately for 100 and 200 °C and in both cases
included a dominant feature at 392—39S eV as well as a unique
feature at approximately 400 eV. Some contribution of this
feature at 400 eV was observed in all spectra measured with
flowing NO gas present and may be the main indicator of NO
interaction with other species. Note that the spectral shape was
estimated from differences of other spectra and that the true
spectral shape for adsorbed NO (or interacting with other
species) likely also contains similar peaks as measured for NO
(g). For purposes of fitting, 100% of the NO-related peak
intensity at 402.5 eV was subtracted to isolate the unique peak
at 400 eV in this fit component. Unlike the NH; 4, spectrum,
the NO,, spectra do not include a signal contribution from the
zeolite; therefore, the “Zeolite w/ He (g)” spectrum was used
to represent the background signal for these conditions. The
“Zeolite w/ He (g)” spectrum consists of a broad main feature
at 390—397 eV and has slightly different shapes at 100 and
200 °C, potentially due to temperature effects on the N
content in the zeolite. The overall spectra are again normalized
to time as an approximate normalization to zeolite content;
they display nearly similar intensity for all NO conditions
shown in Figure S, except for the 200 °C NO & O, condition,
for which the overall spectral intensity doubles.

The fits for the first three conditions (NO at 100 °C and 200
°C, NO & O, at 100 °C) reflect a similar relative contribution
of the background Zeolite w/ He (g) signal, while a slightly
greater contribution is found for the 200 °C NO & O,
condition. Fits also suggest no (or very little) signal intensity
from N, (g), while, again, the 200 °C NO and O, condition
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features a clear N, (g) contribution, comprising ~19% of the
spectral area. Decomposition of NO to N, and O, occurs on
Cu zeolites, but the presence of O, should inhibit this
process.”’ Therefore, we would not necessarily expect to
observe more N, in the presence of O,. We speculate that this
may be due to trace NHj; in the zeolite, as observed in the
untreated in vacuo samples (Figure S1, top right). NHj; likely
reacts with NO to form small amounts of N,. Additionally, we
note that this N, signal stems from the spectroscopic probe
volume, which includes the volume of gas above the zeolite,
gas in the pores of the zeolite, adsorbates on the zeolite, and
the zeolite itself, while we have not analyzed the product
stream leaving the cell (as is most often characterized in the
prior literature).

The fits in Figure S reflect similar levels of signal intensity
from NO (g) at 100 °C, and lower, but similar, signal intensity
at the two 200 °C conditions. Lastly, the fits suggest low levels
of signal intensity from the calculated NO;,, component for
NO-only conditions, but an increased intensity (~3X) for both
NO & O, conditions. Compared to the NH; conditions in
Figure 4, the NO conditions lead to a lower N K signal
intensity (ie., for adsorbed NO vs NH; species), although the
presence of O, may aid in NO adsorption. This observation is
consistent with temperature-programmed desorption results
(not shown) and complementary to our hard X-ray studies
(Figure 1), which for such low temperatures indicate less
interaction between Cu zeolites and NO compared to NHj
and increased interaction between Cu and NO in the presence
of 02.6’46 These studies also showed that, compared to NO,
the presumably formed NO, and NO;~ do indeed show a
prominent interaction with Cu sites in Cu-SSZ-13. However,
under the experimental conditions in our current investigation,
the formation of nitrate and nitrite species via NO oxidation
was not identified; a detailed analysis is given in the SI (Figure
S4). Instead, it was observed that the introduction of NO and
O, to the catalyst lead to an increase of the amount of NO
interacting with the zeolite (NO,,, component), which also
contributes to the spectral feature at ~400 eV. Indeed, soft
XES investigations of NO adsorption on well-defined
ruthenium surfaces have identified a reorganization of electron
distribution and the formation of new hybridized chemisorbate
orbitals.”’ Simulated XES spectra also show peaks in this
energy range that are associated with molecular orbitals formed
via chemisorption of NO.”> These features are distinct and
more intense than other possible satellite features (resulting
from free NO (g)) in this energy region.34‘53 Therefore, we
highlight NO,,,, as an important fit component, with a unique
identifying spectral feature at ~400 eV that we attribute to
interactions of NO with Cu-SSZ-13. An extended analysis of
these features is included in Section 7 of the SL

As the culminating experimental step, the Cu-SSZ-13
catalyst was exposed to reaction conditions for standard
SCR, using 4.5 sccm of 1000 ppm NH; in He, plus 4.5 sccm of
1000 ppm NO in He, and plus 1 sccm O,, at 200 °C. The
resulting spectrum is shown in Figure 6, together with the
same fit components as used for the previous NO-containing
conditions. Many iterations of fits were performed before
identifying this as the best representation; a comparison of
possible satisfactory fits is shown in Figure S5. The small
variations in the fits indicate that the fit results are quite robust,
regardless of choice of background signal (“Zeolite w/ He (g)”
or “Blank w/ He (g)”).

None of the attempted fits suggested a significant spectral
intensity contribution from the in vacuo spectrum representing
NHj; .4, and thus this component has been removed from the
figures for clarity. However, this does not exclude that NH;
may still be adsorbed in small amounts on the zeolite,
represented in the “Zeolite w/ He (g)” background signal.
Potential beam-induced desorption of NH; may have reduced
the intensity of this spectral contribution, as illustrated in
Figure S1. Additionally, an increased presence of N-containing
gas phase species under these conditions may also mask a
(small) signal from adsorbed NHj, since the exciting and
emitted photons need to travel through the gas phase to/from
the zeolite at the back of the in situ reactor cell. Lastly, it is
possible that NHj is adsorbed in a different manner for this in
situ reaction (e.g, “reactant NH,”, which could not be
observed under reference conditions) than that measured for
the in vacuo samples, and thus the spectral signal for this
species may be slightly different.

In contrast, all fits of the experimental spectrum in Figure 6
show a very strong contribution of N, (g) (~30% of the total
signal), in agreement with the clearly observed presence of a
peak at ~391.5 €V in the experimental spectrum. Since N, (g)
was not fed over the catalyst, we identify this species as an SCR
reaction-facilitated product. In addition, small contributions
are observed for NH; (g) and NO (g) (~4% and ~6%,
respectively). When included in two of the fits in Figure S5b,d,
the NO;,, component represents approximately 5% of the total
spectral area; inclusion of this peak is compensated for by a
slight decrease in the “Zeolite w/ He (g)” or “Blank w/ He
(g)” background and N, (g) signals.

When normalized to measurement time (and amount of
zeolite), the overall spectral area for the standard reaction
condition is ~1.3 times greater than for the 200 °C NO & O,
condition. Therefore, the absolute signal intensity from N, (g)
is ~1.9 times greater for the complete reaction mixture,
compared to the 200 °C NO & O, condition. While this N,
signal may be lower than expected for the product stream of
Cu-SSZ-13 under these conditions, it is again important to
note that this technique probes all species present in the
reaction cell (and not in the product stream). It is likely that
gas in the volume above the zeolite is removed from the cell
more quickly under constant flow conditions than gas species
that diffuse into the zeolite pores. Depending on the
adsorption constants of the various gas species, it is possible
that some gas species have a longer residence time in the pores
of the zeolite and thus remain in the reactor cell and show
greater contributions to the overall spectrum. Finally, the NO
conversion is expected to be relatively low at this temperature.’

Figure 7 shows a summary of the relative intensities of the
respective spectral fit components for each of the experimental
conditions presented in this paper (also quantified in Table
S4). The total height of each bar is proportional to the overall
spectral intensity for each condition, while colored segments
represent the area of each fit component. This representation
does not indicate absolute concentration of the species present
in the reactor cell, as the relative absorption cross sections of
each species as well as their concentration gradient within the
cell differ and cannot be accurately quantified. In addition,
further species may form that are possibly contained in the
“Zeolite w/ He (g)” background. This summary plot shows the
approximately equal NH; 4 signal intensity for the two NH;
conditions and reflects the slightly increased NO,, intensity for
the NO & O, conditions vs the NO-only conditions. Most
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noteworthily, contributions of N, (g) are also shown (purple,
top-most species for the 200 °C conditions).

In conclusion, we have probed the electronic structure of
reaction species, including reactants, intermediates, spectator
species, and products, involved in the standard SCR reaction
over Cu-SSZ-13 using soft XES and our custom-designed in
situ reactor cell. N K XES provides a direct view of the
occupied valence states responsible for the bond formation
between nitrogen-containing molecules and the catalyst
surface, enabling us to distinguish free vs adsorbed species.
For this analysis, we first established a set of references,
measuring N K XES spectra of pure NH;, NO, and N, gas,
which would later become the reactants and products of the in
situ measurements of the complete SCR reaction. In vacuo
measurements of NHj-treated SSZ-13 zeolites with and
without Cu also revealed differences in spectral shape and
intensity, which we attribute to additional NH; adsorption on
the Cu-loaded zeolites. Further investigation of the NH;
interaction with Cu-SSZ-13 catalysts using in situ measure-
ments at 100 and 200 °C showed a similar intensity for the
NH; 4, fit component, suggesting that a competition between
NH; and H,O at 100 °C and desorption due to increased
thermal energy at 200 °C results in similar levels of NH;
adsorption at these temperatures.

Next, we have investigated the interaction between NO and
Cu-SSZ-13 and examined the effects of temperature as well as
the presence/absence of O,. We have identified a unique
spectral feature at ~400 eV that was observed in all spectra
measured with flowing NO gas present. This feature does not
align with identified peaks or satellite features for free NO (g),
nitrite, or nitrate reference species and thus may be a unique
indicator of NO interaction with other surface sites. The
intensity of this feature is increased by ~3X for conditions that
include both NO and O, gas, compared to only NO gas.
Therefore, we attribute this peak to represent interactions of
NO with the zeolite matrix, Cu, or other species and find that
introducing NO and O, gases increases the interaction of NO
with the Cu-SSZ-13. Computational investigations will likely
be required to further unravel the origin of this feature.

Finally, N K XES was measured for Cu-SSZ-13 exposed to
the standard reaction conditions for SCR of NO, with NH;.
Multiple fits were used to assess the choice of fit components
and background signal; the presence of only small variations in
the fits indicate that the results are quite robust. The fits reveal
the strongest signal contribution for N, (~30% of total
intensity) compared to any other conditions. We also note
some signal contribution from free NH; and NO gas as well as,
possibly, from NO interactions with the zeolite (when this
component was included). Supporting the conclusion derived
from the earlier and complementary hard X-ray study,’ an
interaction of NO with the Cu and BAS of the zeolite was
shown to be weak, amounting to less than 5% of N atoms in
the reaction system. In addition, our analysis emphasizes the
advantage of probing the Cu-N interaction from the viewpoint
of both the N K-edge and the Cu K-edge.

This work thus brings together advances in high-flux
synchrotron beamlines, a high-transmission X-ray spectrom-
eter, and an in situ platform with a custom-designed reactor cell
and gas manifold to enable in situ (and operando) experiments
with soft X-ray excitation. Our spectral analysis applies a
consistent fitting scheme to all in situ experimental conditions,
allowing robust comparisons of species across a range of
controlled catalyst environments, including varied gas
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composition and temperatures, to reveal trends and identify
unique spectral features which represent interaction between
reaction intermediates and catalyst surfaces. We highlight the
use of in situ (and operando) experiments with soft X-ray
excitation to study the local chemical environment of light
elements, which provides powerful and complementary
insights to hard X-ray investigations of catalyst materials. As
is the case with hard X-ray spectroscopy, the combination of
XES (probing occupied electronic levels) and XANES
(probing unoccupied electronic levels) allows for a compre-
hensive description of electronic structure of reactants,
intermediates, and products.54
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