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Synthetic fuels are promising candidates for achieving carbon neutrality
and lowering soot formation. However, their combustion leads to notable
amounts of formaldehyde and other oxygenates. These emissions further
affect the selective catalytic reduction (SCR) of NO, and cause secondary
HCN emissions due to their reaction with NH,. This study focuses on
elucidating the structural features of Cu-SSZ-13—awidely applied NH;-SCR
catalyst—that lead to high formaldehyde conversion while minimizing HCN
emissions. Complementary in situ/operando characterization techniques

supported by density functional theory calculations are systematically
applied for a series of Cu-SSZ-13 catalysts with different Cu loadings and
Si/Al ratios. The obtained results demonstrate that the decrease in SCR
activity due to the presence of HCHO correlates with the formation

of mobile Cu-CN species, whereas low HCN emissions at >350 °C are
associated with the presence of ZCuOH species in the catalyst structure.

Synthetic fuels generated via the conversion of CO, with renewable
hydrogen are promising contributors to attaining carbon neutrality
and high-density energy storage"’. Furthermore, their combustion
leadsto the same efficiency as that obtained with state-of-the-art diesel
engines, and less soot formation is observed®. Biomethane obtained
from biomass and synthetic methane obtained by CO, hydrogena-
tion with green hydrogen are also considered important, since about
20% less CO, is emitted during the combustion of CH, compared with
that of conventional fuels. Nevertheless, a catalytic after-treatment
systemis still required in both cases (for example, for hydrocarbon
oxidation and NO, removal)**. Due to the incomplete combustion
of alternative fuels such as biomethane and oxymethylene ethers,
emissions of hazardous oxygenates besides CO and NO, are expected”.
Herein, formaldehyde (HCHO) is a problematic pollutant®® since its
complete suppression over standard oxidation catalysts is unlikely due
to external diffusion limitations’ and catalyst inhibition in complex
gas mixtures'*", Additionally, secondary emissions such as HCHO can
be generated directly over a deteriorated catalytic system by partial
oxidation of hydrocarbons®" ™,

Recent studies have shown that HCHO strongly influences the
activity of all typical catalysts used for the selective catalytic reduction
(SCR) of NO, with NH,, leading to their deactivation and the formation
of high emissions of toxic HCN"'®, Whereas most investigations on
HCN formation agree that this process involves a reaction between
HCHO and NH; on the catalyst surface' ", further mechanistic details
are still debated, especially considering the different classes of cata-
lysts. For Fe-exchanged ZSM-5 zeolites, areaction pathway viaformates
towards formamide was proposed at low temperatures'. Furthermore,
the formation of HCN by formamide decomposition was reported by
Krocher et al.'** over V,05/WO,-TiO, catalysts when this compound
was tested as an NH; precursor.

An alternative path without previous formation of formates was
suggested more recently by the same group’. Their diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) investiga-
tions showed the formation of amide species through the reaction
of gas-phase formaldehyde with pre-adsorbed NH,, which eventually
decomposedto HCN. Based oninsitu Fourier transforminfrared spec-
troscopy (FTIR) measurements, Ngo et al.”>" further suggested that the
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generation of HCN emissions over the V,0,/WO,-TiO, catalystinvolves
the formation of HCONH, via a Mars-van Krevelen mechanism, fol-
lowed by its decomposition. At low temperatures, vibrational bands
associated with hexamethylenetetramine formation were detected,
which were linked to the appearance of HCN emissions as well”>. Similar
vibrational bands were later detected for commercial Cu-SSZ-13 cata-
lysts and were connected to the mechanismfor HCN formation over this
system'”. Whereas a decrease in NO, removal activity due to the pres-
ence of formaldehyde was observed for the VWTi and Fe-exchanged
zeolite catalysts at higher temperatures, HCN emissions were detected
over a wider temperature range. In contrast, the catalytic activity of
Cu-SSZ-13 catalysts seems to only be affected at temperatures below
350 °C(refs.14,19). Furthermore, HCN emissions diminish with increas-
ing temperature, making this catalytic system particularly interesting
for avoiding these undesired emissions™.

Cu-exchanged small-pore zeolites such as Cu-SSZ-13 are generally
the system of choice for NO, removaliftheir application requires both
high low-temperature activity and thermal stability. Such catalysts are
also known for the characteristic seagull-shaped activity profile*?,
whichis assumed to be caused by two different reaction mechanisms
occurring within different temperature ranges>. At temperatures
below 350 °C, the reduction of Cu* to Cu* occurs readily in the SCR mix-
ture, butre-oxidation of Cu”is slow and thought to be the rate-limiting
step. Under these conditions, the copper ions are expected to be
solvated by NH; (refs. 24-26). This process promotes their removal
fromthe ion exchange sites and makes them mobile within the zeolite
framework. Such mobile species are thought to be able to activate
0, molecules by the formation of p-n%:n?-peroxodiamino di-copper
complexes®?*5, However, at temperatures above 350 °C these species
arenotstableand the copperions are rebound to the exchange sites of
the zeolite framework®*°. In this temperature range, activation of the
0, molecules is also possible on copper single sites® >,

Depending onthe copperloadingand the Si/Al ratioin the zeolite
framework, different Cusites can be formed. The thermodynamically
favoured copper sites (Z,Cu) are generated at low copper loadings and/
orlowSi/Al ratios®**. In this case, Cu?** ions are linked to six-membered
rings containing two framework Al centres. Inthis way, complete charge
compensation is achieved by the framework. Once all six-membered
rings containing two framework Al centres are saturated by copper
ions, another Cuspecies forms in the eight-membered rings containing
one Al centre. Thisis preferentially formed at high copperloadings and
high Si/Al ratios. Since only one Al centre is available, the remaining
charge of a Cu®* ion is compensated by the addition of an OH™ group,
resulting in the formation of ZCuOH sites®. Although both sites are
activein NH;-SCR at high temperatures, it has been shown that ZCuOH
sites are more likely to be reduced and tend to be more active in the
oxidation of NH,*>%,

Inthis context, this study focuses on understanding theimpact of
HCHO presence on the activity of the different copper sites and associ-
ated HCN emissions during the SCR of NO, over a series of Cu-SSZ-13
catalysts. The experimental results show significant differences in
terms of activity and selectivity depending on the Cu loading and
Si/Al ratio in the zeolite framework. Using operando X-ray absorption
spectroscopy (XAS), in situ DRIFTS, diffuse reflectance ultraviolet—
visible (UV-Vis) spectroscopy and density functional theory (DFT)
calculations, the necessary structural characteristics of Cuspecies for
low HCN emissions were identified, which are essential for the future
application of Cu-SSZ-13 as an emission control catalyst for synthetic
fuel or biomethane combustion engines.

Results

Influence of catalyst composition

Six Cu-SSZ-13 catalysts with an Si/Al ratio of either 7 or 14 and a Cuload-
ingof 0.5,1.3or 1.8 wt.% (hereafter referred to as Cu-SSZ-13 followed by
parentheses containing the Si/Al ratio and the Cu loading, separated

by a forward solidus) were prepared to evaluate the role of different
Cu species during HCHO conversion and HCN formation. Al magic
angle spinning (MAS) NMR investigations of the commercial zeolites
(Supplementary Fig.1) indicated the absence of extra-framework Al for
both samples. The spectra of the as-received zeolites showed a sharp
peakat 54 ppm correspondingto tetrahedrally coordinated Al (frame-
work), whereas the fingerprint of octahedrally coordinated Al (the extra
framework) was missing at 0 ppm®’. No changesin the zeolite structure
and the absence of CuO, reflexes were observed in the corresponding
X-ray diffraction patterns after theion exchange step (Supplementary
Fig.2). The energy-dispersive X-ray spectroscopy (EDXS) maps of the
as-prepared samples confirmed the homogeneous distribution of Cu
species (Supplementary Fig. 3). According to the Fourier transform
extended X-ray absorption fine structure (FT-EXAFS) data collected
for Cu-SSZ-13 (7/1.3) and Cu-SSZ-13 (14/1.3) catalysts after dehydra-
tion at 500 °Cin 10% O,/He (Supplementary Fig. 5), Cu is present as
small entities mostly located at the ion exchange sites in the zeolite
framework, whichisinline with previous literature on similar catalyst
compositions****, This was indicated by the rather low intensity of the
second coordination spherearound 2.6 A. Additional N, physisorption
measurements using the Brunauer-Emmett-Teller isotherm showed a
surfaceareaof ~730 m? g™ (+20 m?g ") and aporevolume of ~0.3 cm*g™*
forall prepared catalysts (Supplementary Table 2). This similarity was
corroborated by the accessible inner surface and the absence of CuO,
clustersinside the zeolite pores.

Steady-state experiments during NO SCR by NH; in the presence
or absence of HCHO were conducted for the entire catalyst series
(Fig. 1) between 200 and 500 °C. In the absence of HCHO, the SCR
activity increased withincreased Culoading, whereas a slightly higher
low-temperature activity was observed for the catalysts with an Si/Al
ratio of 7. With the exception of the samples with the lowest Culoading
(Cu-SSZ-13 (7/0.5) (Fig. 1a) and Cu-SSZ-13 (14/0.5) (Fig. 1b)) all cata-
lysts showed high NO conversion (>80%) above 200 °C. The different
activity of these samples below and above 350 °C can be attributed
to the high average Cu-Cu distance and therefore low probability of
oxygen-bridged Cu dimer formation®>. Particularly at low tempera-
tures, the formation of 0> [Cu'(NH,),]" during the oxidation half-cycle
of the SCR cycle? is slow for isolated Cu sites. This was also visible in
the decrease of the normalized reaction rate with lower Cu loadings
(Supplementary Table 3 and Supplementary Fig. 4). In addition to
the Cu loading, variation in the Si/Al ratio has been shown to affect
the fraction of Lewis and Brgnsted acid sites, which have different
NH; adsorption properties and activity contributions in the low- and
high-temperature SCRwindows*. Accordingly, a poor low-temperature
activity with an inflection point around 350 °C was noticed for the
0.5 wt.% Cusamples tested inthis study, withalower activity exhibited
by the Cu-SSZ-13 (14/0.5) catalyst that is expected to contain asmaller
number of Brgnsted acid sites.

For the intermediate (Cu-SSZ-13 (7/1.3) (Fig. 1c) and Cu-SSZ-13
(14/1.3) (Fig.1d)) and highest Culoadings (Cu-SSZ-13 (7/1.8) (Fig. 1e) and
Cu-SSZ-13 (14/1.8) (Fig. 1f)), ahigh NO, conversion was already reached
at 250 °C. Thiswas maintained at elevated temperatures, after asmall
inflection pointaround 350 °C for the samples containing 1.3 wt.% Cu.
At the same time, only the samples with an Si/Al ratio of 14 (Cu-SSZ-13
(14/1.3) (Fig. 1d) and Cu-SSZ-13 (14/1.8) (Fig. 1f)) exhibited slight NH,
overconsumption due to oxidation at high temperatures (>450 °C).

During HCHO dosing, distinct effects were observed for the two
SCRregions below and above 350 °C, formerly assigned to the seagull
inflection point**>*, Allinvestigated catalysts showed a pronounced
decrease of the low-temperature SCR activity, leadingtoan NO conver-
sionbelow40%. Above 350 °C, the SCR activity seemed tobe regained,
but high NH; overconsumption was observed for the catalysts withan
Si/Alratio of 7. A general increase in HCN formation was observed for
all catalysts up to 350 °C, which correlates with the similar state of Cu
species due to solvation by NH, and H,0%?°. At higher temperatures,
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Fig.1|Influence of formaldehyde on the NH3-SCR activity. a-f, Conversion of
NO, (black lines) and NH; (red lines) in the absence (dashed lines) and presence
(solid lines) of formaldehyde over the catalysts Cu-SSZ-13 (7/0.5) (a), Cu-SSZ-13
(14/0.5) (b), Cu-SSZ-13(7/1.3) (c), Cu-SSZ-13 (14/1.3) (d), Cu-SSZ-13 (7/1.8) (e)

Temperature (°C)

--@- NO, conversion without HCHO
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and Cu-SSZ-13 (14/1.8) (f) at various temperatures. The grey bars represent the
emission of HCN during SCRin the presence of HCHO (right y axis). The gas
composition was 350 ppm NO, 350 ppm NH,, 0-100 ppm HCHO, 0.5% H,0 and
10% O, inHe.

the solvation extent decreases as NH, and H,0 gradually desorb®***, and
the fingerprint of the different Cu structures at the ion exchange posi-
tions of the zeolite becomes visible. Consequently, for the two selected
Si/Al ratios of the Cu-SSZ-13 samples, a clear variation in HCN emis-
sionswas noticed. For the catalysts with the Si/Al ratio of 7 (Fig. 1a,c,e),
HCN emissions above 350 °C seemed to stagnate at rather high values
with the increase in temperature. In contrast, the catalysts with an
Si/Alratio of 14 (Fig. 1b,d,f) showed a strong decrease in HCN concen-
tration above 350 °C, with no detectable emissions for the two highly

loaded catalysts (Cu-SSZ-13 (14/1.3) (Fig. 1d) and Cu-SSZ-13 (14/1.8)
(Fig.1f)). Theoretically, this behaviour could stem from either alower
concentration of HCN emissions formed over the Cu-SSZ-13 (14/1.3) and
Cu-SSZ-13 (14/1.8) catalysts or their ability to convert the formed HCN.
Ultimately, both possibilities probably originate in the different local
structures of Cu species compared with that present in the catalysts
with an Si/Al ratio of 7. Although the distribution of Al in the zeolite
framework could not be confirmed since the preparation method for
the commercial supports used inthis study isunknown, the probability
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of finding adjacent Alatomsin the zeolite framework should increase
withthe decrease in Si/Alratio, irrespective of the preparation method.
Hence, two possible structures (that is, Z,Cu and ZCuOH) could be
presentindifferent percentagesinthe catalysts with an Si/Alratio of 7
versus those with an Si/Al ratio of 14 (ref. 29). Nevertheless, the finger-
print of these species is more pronounced at higher temperatures due
to NH, desorption and decreased mobility of the Cu species®.

Considering the influence of the Si/Al ratio on HCN emissions at
high temperatures, as well as the general decrease in the SCR activity
atlowtemperatures, abetter understanding of the evolution of Cu spe-
ciesunder reaction conditions is necessary to clarify their role during
HCHO conversion and in minimizing HCN emissions. For this purpose,
two representative catalysts withintermediate Culoadings—Cu-SSZ-13
(7/1.3) and Cu-SSZ-13 (14/1.3)—were investigated in detail.

Nature of active sites

Inafirststep, theinteraction of Cuions with the zeolite framework was
evaluated by XAS measurements at 150 °C after catalyst pre-treatment
in10% O,/He at 500 °C. This procedure leads to sample dehydration
and migration of Cu to the ion exchange positions*®*. The FT-EXAFS
datareportedin Supplementary Fig. 5uncovered the presence of two
well-defined coordination shells at ~1.8 and ~2.6 A for the Cu-SSZ-13
(7/1.3) sample, which were previously assigned to bonds with oxygen
and bonds with Si/Alin the zeolite framework or with other Cu atoms,
respectively?>*°, Additionally, a small feature appeared around 3.4 A,
whichwas assigned previously by Pappas etal.*” to the Cu-Cuscattering
pathinmultinuclear Cu"species suchas ZCu"OCu"Z.Such abehaviour
during sample dehydration leading to the formation of dimeric species
linked to opposite Al sitesin the zeolite framework was also indicated
by Fahami et al.”? based on electron paramagnetic resonance investiga-
tions of differently loaded Cu-SSZ-13 samples. Although this evolution
of certain Cuspecies cannot be excluded, due totherather short krange
applied during dataevaluation (2-12 A™) and the elevated temperature
ofthe measurement, aclear assignment of the feature appearingat 3.4 A
would require further investigations. The profile of the first coordina-
tionshellisalmostidentical for Cu-SSZ-13 (14/1.3), however the second
coordination sphere is substantially less pronounced.

Todistinguish between overlapping contributions from different
neighbouring atoms or scattering events, such as Si/Al and Cu in the
second coordinationsphere, wavelet transform analysis of the EXAFS
spectrawas additionally used (Fig. 2a,b and Supplementary Fig. 6)*°~°.
Despite equally high resolutioninboth kand R space being difficult to
achieve via this data analysis approach*’*, the backscattering ampli-
tude factor strongly depends on the atomic number. Thus, heavy atoms
are typically observed at high wavenumbers, whereas light atoms
contribute at low k values. For both Cu-SSZ-13 samples, a distinct first
shell lobe at Ak=1.5-9.0 A" and AR =1.00-1.75 A (not corrected for
phase shift) is visible that can be associated with the contribution of
the oxygen atomsin the zeolite framework. In the second coordination
sphere (R>2 A), multiple lobes are observed due to several contribu-
tions. Based on previous studies on similar systems,?**”*2 the first
lobe appearing around Ak =2.8-4.3 A" and AR =2.00-3.75 A for the
Cu-SSZ-13 catalysts can be assigned to the second oxygenshell, whereas
thesecond lobeat Ak =5.0-7.5 A and AR = 2.00-4.75 A could be asso-
ciated with backscattering of either Al or Si atoms of the framework.
Eventhethirdlobe, whichis distinguished for Cu-SSZ-13 (7/1.3) around
Ak=8-9 A'and AR=2.50-3.75 A, canbe assigned to Cu-Siand Cu-Al
scattering paths according to DFT calculations of possible Cu struc-
tures after sample dehydration (Supplementary Table 4). Nevertheless,
we cannot completely exclude the additional contribution of aCu-Cu
scattering pathinthis region caused by the formation of dimeric oxo/
peroxo Cuspecies linked to the zeolite framework upon dehydration®.
Forbothsamples, another lobe was observed around Ak =9-11 A" and
AR=2-3 A, whichis usually an indicator of further Al, Si or Cu atoms.
Overall, the WT-EXAFS features appearing in the second coordination

shell were more intense for the Cu-SSZ-13 (7/1.3) catalyst, suggesting
astronger interaction between the Cu species and zeolite framework
compared with that appearing for Cu-SSZ-13 (14/1.3), whichiis in line
with the magnitude of the FT-EXAFS data. This is also consistent with
the higher concentration of Z,Cu species that would be expected for
this catalyst, whereas the formation of ZCuOH species is favoured for
the Cu-SSZ-13 (14/1.3) sample™®.

To further support these findings, in situ DRIFTS measurements
were conducted for the Cu-SSZ-13 samples after dehydration in 10%
0O,/Arupto 350 °C, followed by NH; adsorption at 100 °C. Asshownin
Supplementary Fig. 8, a more pronounced negative band appeared
around 3,656 cm™ for the Cu-SSZ-13 (14/1.3) catalyst compared with
the Cu-SSZ-13 (7/1.3) sample. Considering that this feature has been
previously assigned to ZCuOH sites*® and should appear with negative
intensity compared with the background upon NH; adsorption, this
aligns well with the higher concentration of these species in the SSZ-13
zeolite with an Si/Al ratio of 14.

For the same samples, temperature-programmed reduction (TPR)
experiments were conducted under relatively mild reducing conditions
in1,000 ppm H,/He (Fig. 2¢,d and Supplementary Fig. 7) or 350 ppm
NH,/He after catalyst dehydration in 10% O,/He at 500 °C (Supple-
mentary Fig. 9). For both experiments, X-ray absorption near-edge
structure (XANES) spectra were continuously collected at the CuK
edge while heating the catalyst bed to 500 °C at a rate of 5°C min™.
According to previous studies on Cu-SSZ-13 catalysts®*¢, several
characteristic features can be distinguished in the Cu K-edge XANES
profile depending on the Cu oxidation state and coordinationenviron-
ment. For Cu*" a pre-edge feature can be observed at 8,977.5 eV in the
insets of Fig. 2c,d due to weak dipole-forbidden/quadrupole-allowed
transitions (1s > 3d). This does not appear for Cu* since this transition
is not possible due to the different electronic configuration (4s'3d™).
Instead, the presence of Cu*is indicated by the intense peak between
8,982 and 8,984 eV that is generated by acombination of 1s > 4p tran-
sition and asymmetric mixing with unoccupied ligand orbitals®.
Although this transition is independent of the oxidation state of cop-
per, its fingerprint is the most intense for a linear geometry involving
the degeneration of both the 4p, and 4p, orbitals. Such a geometry is
highly frequent for Cu* species. An increase of the Cu coordination
number causes the shift of this feature towards higher energies while
decreasing its intensity. Additionally, a splitting of this feature can
be observed since the double degeneration of 4p, and 4p,is lost by a
transition from a linear geometry to a T-shaped one. Above 8,985 eV,
the1ls > 4p,transitionis expected, but due to possible overlap with the
whiteline position, its contributionis only visible in the case of strong
metal-ligand interactions.

At the start of the H,-TPR experiment, a shift of the Cu K-edge
white line to 8,998 eV and the evolution of an edge feature at 8,987 eV
could be observed for both samples (Fig. 2c,d). The latter feature was
assigned tothe1ls - 4p,  transitionin Cu* and indicates the dehydration
of the catalyst®. Upon further heating of the catalyst bed, the intensity
of the white line feature at 8,998 eV continuously decreased during
the reduction of both catalysts, and two small features at 8,989 and
8,983 eV evolved. At the same time, the pre-edge feature at 8,977.5 eV
disappeared and an additional shoulder at 8,979 eV appeared. These
increasing features were previously attributed to the1s > 4p, (8,979 eV),
1s>4p, (8,983 eV)and 1s > 4p,(8,990 eV) transitions in Cu* species***.
Therefore, a reduction of Cu* to Cu* combined with a change in the
local geometry of the copper sites is indicated. In line with previous
literature data on similar samples, even at the highest measured tem-
perature of 500 °C, no metallic copper could be detected due to the
strongly stabilized local structures of Cu species inside the zeolite
framework®’. Although the overall trend during reduction of the two
catalysts was similar, the extent of reducibility and the final state of Cu
were different. Whereas for the Cu-SSZ-13 (14/1.3) catalyst at 210 °C, a
50% reduction to Cu* was measured, for the Cu-SSZ-13 (7/1.3) sample
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Fig. 2 |Insitu characterization of Cu-SSZ-13 (7/1.3) and Cu-SSZ-13 (14/1.3).
a,b, Experimental two-dimensional wavelet transform plots of EXAFS x(k)
spectra collected at the middle position of the catalyst bed at 150 °C after
temperature-programmed oxidation up to 500 °Cin10% O,/He witharamp

Energy (eV)
rate of 5°C min™ for Cu-SSZ-13 (7/1.3) (a) and Cu-SSZ-13 (14/1.3) (b). ¢,d, XANES
spectra collected during H,-TPRin 1,000 ppm H,/He with a ramp rate of 5 °C min™
for Cu-SSZ-13 (7/1.3) (c) and Cu-SSZ-13 (14/1.3) (d). Inset, magnifications of the
pre-edge regions between 8,970 and 8,980 eV.

this point was only reached at 320 °C (Supplementary Fig. 7). This
variation in the reducibility of Cu sites for SSZ-13 catalysts with differ-
ent Si:Alratios has been reported previously in literature, and is often
exploited to estimate the Z,Cu and ZCuOH fractions*>**. In general, it
was observed that the reduction of Cu was promoted by an increase
inthe Si/Alratio in the chabazite framework, which corresponds with
the formation of ZCuOH as the predominant species. Inline with these
statements, the Cu-SSZ-13 (14/1.3) catalyst showed almost full reduc-
tionat 500 °C, with a Cu’ content of 93.5% according to linear combina-
tionfitting (SupplementaryFig. 7). In contrast, in the Cu-SSZ-13 (7/1.3)
sample, only 85.5% of copper was present as Cu* species at 500 °C.
Even more pronounced differences in the XANES profile were
observed between the two Cu-SSZ-13 samples during the NH,-TPR
experiment (Supplementary Fig. 9). In this case, the Cu* pre-edge
feature typically observed at 8,977.5 eV almost completely disappeared
assoon as the catalyst was exposed to the NH;-containing gas mixture
(Supplementary Fig. 9). Although the characteristic feature of linearly
coordinated Cu*(NH,), species was easily visible at ~-8,982.5 eV on the

Cu K edge for the Cu-SSZ-13 (14/1.3) sample, this fingerprint showed
anotably lower intensity for the Cu-SSZ-13 (7/1.3) catalyst. Moreover,
analogous to the behaviour noticed during H,-TPR, the structural
evolution and final state of Cu at 500 °C were not the same in the two
zeolite frameworks. This different behaviour could be caused by a
stronger interaction of the Cu ions with the zeolite framework in the
Cu-SSZ-13 (7/1.3) sample, leading to the formation of highly stable
Z,Cu species. At the same time, ZCuOH sites are probably formed in
Cu-SSZ-13 (14/1.3), which explains their higher reducibility***®, These
differences in local structure and reducibility are also supported by
theredox response observed for Cu species during NH; oxidation over
the Cu-SSZ-13 (14/1.3) and Cu-SSZ-13 (7/1.3) catalysts (Supplementary
Fig.11). However, as mentioned previously, under reaction conditions,
the solvation of Cuspeciesby NH,and H,0 is expected to diminish these
differencesin the Custate at low temperatures®’, whereas the link to the
zeolite framework becomes noticeable mostly above 350 °C?264458.60,

To elucidate the influence of HCHO on the structures of the
different Cuspeciesin Cu-SSZ-13(7/1.3) and Cu-SSZ-13 (14/1.3) samples
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Fig. 3| Operando XANES measurements along the catalyst bed during
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of formaldehyde at 300 °C (aand b) and 450 °C (cand d). Position 1 (Pos 1) was
towards the beginning of the catalyst bed in the quartz capillary microreactor
and position 5was towards the end of the catalyst bed. The gas composition was
350 ppm NO, 350 ppm NH,, 0-100 ppm HCHO, 0.5% H,0 and 10% O, in He.

under reaction conditions, spatially resolved operando XAS measure-
ments were conducted at the CuK edge along the catalyst bed during
the standard NH,-SCRreaction. The catalyst bed located inacapillary
reactor was monitored at five different positions between the begin-
ning and the end of the catalyst bed. To probe both temperature regi-
mens, we selected two temperatures (one either side of 350 °C—the
seagullinflection point): 300 °C, corresponding to <20% NO conver-
sion;and 450 °C, corresponding >80% NO conversion. The NH,/H,O
solvation extent of Cu species is already expected to decrease at
300 °C, leading to variation in the Cu structure®***. However, it is
likely that the presence of HCHO causes the formation of different
Cuspecies with higher stability, which are responsible for the strong
inhibition of the NH,-SCR process. Moreover, the highest HCN emis-
sions were measured for both of the selected Cu-SSZ-13 samples at this
temperature (~50 ppm; Fig. 1), due to their very poor HCN conversion
activity in this temperature range. Hence, 300 °C was considered a
reasonable compromise to investigate the state of the active sites dur-
ing NO, HCHO and HCN formation and conversion. Figure 3 depicts
the XANES spectra collected at the Cu K edge during the NH;-SCR
reactionat300 and 450 °C for Cu-SSZ-13 (7/1.3) and Cu-SSZ-13 (14/1.3)
samples in the presence or absence of formaldehyde. Under typical

standard SCR conditions, a more reduced beginning of the catalyst
bed was observed at 300 °C (Fig. 3a,b; black lines), as suggested by
theintense edge feature appearing at 8,983 eV. This feature was pre-
viously associated with the formation of linear Cu*(NH,), species via
solvation with NH; (ref. 60), and is especially pronounced at low tem-
peratures®. The intensity of this feature steadily decreased towards
theend of the catalyst bed, pointing to the presence of more oxidized
Cuspecies atthese positions. This variationin the Cu oxidation state
correlates with the consumption of NO/NH; along the catalyst bed
and the resulting decrease inavailable reducing agent® . This over-
all trend could be observed at both Si/Al ratios, but the intensity of
the 8,983 eV feature was higher for the Cu-SSZ-13 (14/1.3) sample at
all investigated catalyst bed positions. Therefore, a lower average
oxidation state can be assumed under standard SCRreaction condi-
tions for the catalyst containing ZCuOH species. This is probably
due to their higher reducibility, as was already observed during the
H,-TPR experiment (Fig.2), combined with alower re-oxidation rate.
Atthesame time, during the solvation process® a changein the local
geometry towards alinear Cu-NH; configurationis easier to achieve
for the ZCuOH sites. When the temperature was increased to 450 °C
(Fig. 3c,d; black lines), Cu species at the beginning of the catalyst
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steady-state SCR conditions in the presence of HCN at 300 °C. Position1was
towards the inlet of the capillary reactor and position 5 was towards the outlet.
The gas composition was 350 ppm NO, 350 ppm NH,, 100 ppm HCN, 0.5% H,0
and10% O, in He.

bed remained in a reduced state, but to a lower extent compared
with that observed at 300 °C, due to the higher reaction rate. Addi-
tionally, there was a strong decrease in the intensity of the 8,983 eV
feature towards the end of the catalyst bed, accompanied by emerg-
ing shoulders at 8,986 and 8,992 eV. These indicated the presence of
oxidized Cu* close to the end of the catalyst bed, probably due to the
high or full conversion of NO and NH; at the beginning of the catalyst
bed®’. Even though the trend was similar for both Si/Al ratios under
the applied reaction conditions, in the Cu-SSZ-13 (7/1.3) catalyst, Cu
species remained more oxidized at all of the investigated positions
within the catalyst bed, in comparison with the corresponding state
inthe Cu-SSZ-13 (14/1.3) sample.

Upon HCHO addition to the gas mixture at 300 °C (Fig. 3a,b; red
lines), the catalystbed remained in a more reduced state over its entire
length, as indicated by the intense Cu K-edge feature at 8,983 eV that
appeared at every single measured position. Additionally, a feature
at 8,987 eV was visible in combination with the decrease in the white
lineintensity around 8,999 eV. Although incomplete conversion of the
SCR mixture (Supplementary Fig.10) could resultin amore extended
catalyst bed area containing reduced Cu* species, this cannot explain
the additional feature appearing at 8,987 eV. This feature has previ-
ously been attributed to the 1s > 4p, transition of Cu* species with
strong metal-ligand interaction®. Therefore, the adsorption of an
unknown, strongly binding species can be assumed. Since this feature
is only discernible if HCN emissions are detected (Supplementary
Fig.10), the formation of Cu-CN-like species could be predicted. After
increasing the temperature to 450 °C, Cu species in the catalyst bed
remained overall more reduced compared with the measurements
conductedinthe absence of HCHO. Intense features were recognized
at 8,983 and 8,987 eV, but towards the end of the catalyst bed their
intensity decreased due to the consumption of reducing agents at
upstream positions.

When comparingthe two investigated catalysts, a higher intensity
ofalledge features was noticed for the Cu-SSZ-13 (14/1.3) sample at this

temperature, even though this catalyst demonstrated the lowest HCN
emissions. Considering the rather complex gas mixture used during
these tests, including the simultaneous presence of NO, NH;and HCHO,
together with reaction products and byproducts and intermediate
species, a precise assignment of the observed spectral fingerprints
to HCN formation or conversion is difficult. At the same time, the
limited number of spatially resolved XANES spectra collected under
steady-state conditions along the catalyst bed did not allow for mul-
tivariate curve resolution with alternating least squares fitting®> to be
conducted in order to obtain further information on the variation in
the Custate duethe changeinreaction conditions. Hence, the catalyst
structure was additionally investigated during the direct interaction
with HCN under simplified or complexreactionatmospheres, including
transient reaction conditions.

Effect of HCN on SCR activity

To clarify whether the decrease in activity at low temperatures occurs
before or after HCN formation, SCRactivity tests in the presence of HCN
were conducted as a next step for the Cu-SSZ-13 (7/1.3) and Cu-SSZ-13
(14/1.3) catalysts. As illustrated in Fig. 4a, both samples showed astrong
diminishment in the SCR activity at temperatures below 350 °C and
fullrecovery of NO conversion above 350 °C. The corresponding HCN
conversions are reported in Supplementary Fig. 12.

As had already been observed for the SCR measurements in the
presence of formaldehyde (Fig. 1b,e), NO, conversion also in this case
started at lower temperatures for Cu-SSZ-13 (7/1.3) compared with
Cu-SSZ-13 (14/1.3). Moreover, for both catalysts, the trend in conversion
seemed to follow the corresponding activity profile observed during
NH,-SCR in the presence of formaldehyde (Fig. 1b,e). Therefore, the
decreaseinthe SCRactivity at lower temperatures seemed to be caused
by the formation of inactive Cu-CN speciesin the presence of HCN. At
300 °C, this process was confirmed by XANES measurements at the
CuK edge during SCR of NO, with NH, in an HCN-containing gas feed
(Fig. 4b). Under these conditions, a new edge feature was observed
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around 8,987 eV for both catalysts, and this was also noticed when
HCHO was added to the standard SCR gas mixture. At the same time, a
ratherlow HCN conversion was observed below 350 °C (Supplementary
Fig.12). Although some of the formed HCN viaHCHO conversion might
alsobe converted at low temperatures under NH,-SCR conditions, this
reactionis not expected tooccur at ahigh rate based on theseresults.
In contrast, at higher temperatures, only Cu-SSZ-13 (14/1.3) shows
almost complete HCN conversion, whereas still only minor activity
was measured for the catalyst containing predominantly Z,Cu species
(Supplementary Fig.12).

HCN interaction with Z,Cu and ZCuOH sites

To further evaluate the effect of HCN on the structure of Cu species,
insitu XANES measurements were conducted atthe CuK edgeinamodel
gas mixture containing only 100 ppm HCN and 10% O,/He (Fig. 5¢) for
both Cu-SSZ-13 (7/1.3) and Cu-SSZ-13 (14/1.3) catalysts. The resulting
spectral profiles were compared with those obtainedin 25 ppm HCHO
and10% O,/He (Fig. 5a). During the addition of formaldehyde at 300 °C,
broad features were visible at 8,983 and 8,986 eV (Fig. 5a) and ashoul-
derwasseenat 8,992 eV. The presence of these features and the slight
decreaseinthe whitelineintensity can be assigned to a partial reduction
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of Cu® to Cu". A higher intensity of both features and lower intensity
of the edge maximum were observed for the Cu-SSZ-13 (14/1.3) sam-
ple compared with Cu-SSZ-13 (7/1.3), which once again indicated a
more pronounced reduction of ZCuOH species that were present in
this catalyst. When the catalyst was exposed to 100 ppm HCN and 10%
0,/He, notably more prominent features were observed in the Cu
K-edge XANES spectrum compared with those induced by the presence
of HCHO. Additionally, the shoulders appearing on the edge step were
slightly shifted to 8,982 and 8,986 eV (Fig. 5c). Moreover, in this case,
their intensity was higher for the Cu-SSZ-13 (14/1.3) sample, with the
exception of the white line region. Comparison of these measurements
with the corresponding XANES profiles obtained during exposure
to NH,/He or NH,/O,/He (Supplementary Figs 9 and 11, respectively)
revealed anintermediate intensity and shift towards higher energy for
the feature related to the 1s > 4p, transition (8,982 eV in HCN/O,/He
and 8,983 eVin NH,/He and NH,/O,/He). Although this trend could be
explained by aslightly different degree of reductionto Cu*inthe pres-
ence of HCN/O,/He versus that occurring in the NH,/O,/He feed, this
processisimprobable due to comparableintensities and the position
ofthe whiteline for the two experiments. Alternatively, in the presence
of HCN, the Cu ions could adopt a different configuration compared
with the expected linear geometry during NH, solvation®*~¢, This was
supported by the appearance of an additional feature at 8,986 eV, which
could be assigned to the 1s > 4p, transition. Combined with the Cu
K-edge white line at 9,006 eV, this feature, which also appears during
the SCRof NO with NH;in the presence of HCHO (Fig.3) or HCN (Fig. 4),
seems to be a characteristic of HCN bound to Cu" sites.

To confirm this assumption and further elucidate the structures
ofthemeasured reference states, DFT calculations of several predicted
configurations were conducted. Since the adsorption of formaldehyde
on Cu ions is expected to progress to formic acid®®, the calculated
structure during formaldehyde addition was assumed to be aformate
species with a square planar geometry (Fig. 5 and Supplementary
Table 4). A slight deviation of the planar structure is predicted with a
torsion angle of 5.2° against the four oxygen ligands. Nevertheless, a
rather symmetrical oxygen coordinationis anticipated with an average
Cu-Odistance of 2.0 A for the formate and framework oxygen atoms.

Asillustratedin Supplementary Table 4, different structures rep-
resenting possible Cu-CN species were calculated in the next step.
Among the structures considered were: monomeric copper attached
tothe zeolite framework and interacting with H,0, NH; or HCN; mono-
meric Cu solvated by both cyanide and NH;; and dimeric Cu species
solvated by cyanide and/or NH;. Depending on the simulated struc-
ture, clear variations in the local geometry and bond distances were
obtained. For instance, the predicted monomeric cyanide structure
with copper boundto the zeolite framework showed a T-shaped geom-
etry with C-Cu-0 angles of 170.9° towards the trans-oxygen and 109.1°
towards the cis-oxygen (Fig. 5 and Supplementary Table 4). A strong
asymmetry in the Cu-0O distances was observed for this structure.
Although the distance of Cu-0,; was calculated to be 2.01 A, the pres-
ence of the cyanide ligand seemed to drive the Cu ion towards the
framework, resulting in a shortened Cu-0,,,,, distance of 1.93 A. This
corresponds to arather strong metal-ligand interaction considering
the observed distance is shorter than that of the Cu-O bond in Z,Cu
(1.95 A) and ZCuOH (1.98 A). At the same time, the Cu—C distance was
calculated to be 1.84 A for this structure. In contrast, the mobile dimeric
cyanidespeciesis predicted to have alinear geometry withasymmetric
Cu-Obondwithadistance of1.73 A (Fig. 5and Supplementary Table 4).
Compared with the monomeric species, ashorter Cu-C bond of1.83 A
was calculated for the dimeric cyanide species. A linear geometry was
also obtained for the solvated monomeric species with mixed ligands
(NH;and H,0), whereas ashorter distance was predicted for the Cu-C
bond (1.82 A), and a Cu-N bond distance of 1.94 A is expected.

Inaddition to considering the desorption of NH;and H,O asafunc-
tion of temperature increase?, the finite difference method near-edge

structure (FDMNES)®* code was used to simulate the XANES spectra
based on the DFT-generated structures to identify the Cu configura-
tion formed under reaction conditions. The simulated spectra of the
formate species (Fig. 5a, blueline) predicted anedge feature at 8,988 eV
andashoulderat 8,992 eV. Thisisinagreement with the measurements
of the Cu K edge in the Cu-SSZ-13 (7/1.3) catalyst (Fig. 5a, black line),
which shows only a slight reduction. However, the simulated XANES
profile does not align with the experimental data obtained for the
Cu-SSZ-13 (14/1.3) sample (Fig. 5a, red line), where a higher degree of
reductionis observed for the copper sites. Additionally, the predicted
XANES profile overlaps with the common features of dehydrated Cu**
species (Fig. 2); therefore, any assignment of formate formation needs
tobe further proved.

Among the calculated XANES spectra of the Cu-CN structures
with and without NH; co-adsorption, only afew were found to replicate
the features of the experimental data, which are discussed below (Sup-
plementary Fig. 13 and Supplementary Table 4). As shown in Fig. 5c,
anintense feature at 8,984 eV and two shoulders at 8,988 and 8,991 eV
appear in the theoretical XANES spectrum of the monomeric copper
cyanide species still attached to the zeolite framework (ZCu*CN"). At
the sametime, the dimeric (NC-Cu),0 speciesis predicted to have edge
features at 8,983 and 8,987 eV, with lower intensity compared with the
monomeric species and a double-edge maximum with peaks at 8,993
and 8,998 eV. The solvated Cu monomeric species ([Cu(NH;)]'CN") is
expected to exhibit edge features at 8,986 eV, with comparable inten-
sity to that of the HCN solvated dimeric species and the edge maximum
at 8,994 eV. By weighting the shape and intensity of the features on the
CuKedge and white line for the calculated XANES spectra against the
experimental data, it is evident that a perfect match is not achieved
with singular species for the two Cu-SSZ-13 catalysts. Although a higher
resemblance is noticed between the edge profile of the operando
XANES spectra and the calculated one of the (NC-Cu),0 dimeric spe-
cies, the additional presence of [Cu(NH;)]'CN™ monomeric species
cannotbe excluded based on the corresponding shape of the CuK-edge
white line. Hence, although H,0 is expected to have a weaker interac-
tion with Cu species at intermediate and high temperatures™®, the
simultaneous adsorption of HCN and NH; leading to the solvation of
Cuisanticipated, especially below 350 °C.Inthis regard, the adsorption
of ammonia and water on dimeric (NC-Cu),0 was studied using DFT
by computing the adsorption free energies as a function of tempera-
ture. Asshownin Supplementary Figs.15and 16, adsorption of NH, to
(NC-Cu),0 was favourable at all of the investigated temperatures up
to 450 K and was furthermore more likely than adsorption of water,
despite the higher partial pressure of water.

To further understand the nature of copper cyanide species,
valence-to-core X-ray emission spectroscopy (XES) was used in the
next step due to its sensitivity when probing metal-ligand interac-
tions®. In the standard NH,-SCR gas mixture, two intense peaks were
visibleat 8,973 and 8,975 eVin the KB, sregion, accompanied by a shoul-
der at 8,982 eV and a minor peak at 8,990 eV (Fig. 5b, black line) for
the Cu-SSZ-13 (7/1.3) catalyst. Although the peaks at 8,975, 8,982 and
8,990 eV did not change in intensity after the addition of formalde-
hyde to the gas mixture, the peak at 8,973 eV decreased in intensity
(Fig. 5b, red line). Since a detailed interpretation of these variations
is demanding due to the contribution of both ligand and transition
metal orbitals*****, the predicted DFT structures were also used in this
case for the calculation of the XES spectrabased onthe FDMNES code
(Fig. 5d and Supplementary Table 5). The calculated valence-to-core
XES spectrum shows a high-intensity peak at 8,972 eV and a peak of
lower intensity at 8,978 eV for (NH,-Cu),0, whereas two peaks with a
similarintensity appear at 8,972 and 8,976 eV for (NH;-Cu),0, dimers,
which are assumed to be the active species for NH;-SCR below 350 °C
(refs.23,24,27). For the monomeric cyanide species linked to the zeolite
framework (Fig.5d, red line), adoublet with lower intensity is predicted
at 8,974 and 8,976 eV, combined with a shoulder at 8,977 eV, whereas
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the corresponding formate species (Fig. 5d, black line) is expected to
show a peak at 8,977 eV. For the dimeric (NC-Cu),O species (Fig. 5d,
cyanline), peaks at 8,973, 8,974 and 8,978 eV, with the highest intensity
forthefeatureat 8,978 eV, are anticipated. The solvation of Cuspecies
by bothHCN and NH; would resultin the appearance of asingle peak at
8,974 eV if the two Cu atoms were connected via an O, peroxo group,
whereastwo peaks at 8,974 and 8,978 eV are expected if asingle oxygen
atomis present between the two Cuatoms (Fig. 5d and Supplementary
Table 5). Visual comparison of the experimental data and the calcu-
lated Kf3, s region for the Cu species linked to the zeolite framework
shows a certain resemblance with the ZCuOH sites upon NH; or HCN
adsorption. Considering that at 300 °C the formation of mobile spe-
cies is highly probable, among the calculated spectra for the dimeric
solvated Cu species, those of (NH;-Cu),0, and (NC-Cu),0 exhibit
greater similarity. Herein, the decrease in intensity of the feature at
8,971 eV in the experimental data after formaldehyde addition sug-
gests the replacement of (NH,-Cu),0, dimers with cyanide-solvated
species. To further elucidate the variations in the spectral features,
the Kp”” satellite region was investigated. As shown in Supplemen-
tary Table 5, the KB” position slightly shifted towards higher or lower
energyrelative to that of the ZCuOH site (8,958.8 eV) depending on the
type ofligand. This high sensitivity of the KB” position has often been
reportedin theliterature, which allows to probe adirect bond with N,
CorO(refs. 66-68). Furthermore, as shown by Delgado-Jaime et al.*’,
the position and intensity of the KB’ satellite are strongly influenced
by the nature of the C ligand. Upon HCN adsorption, the KB” feature
ispredicted toemerge at 8,958.1 eV.In contrast, NH,adsorptiononan
ZCuOHsitewouldresultinaKp” peak centred at 8,959.8 eV. The forma-
tion of (NH;-Cu),0, and (NC-Cu),0 dimeric species is anticipated to
lead toadecreasein the KB” intensity and a further shift up to 8,960.7
and 8,961 eV, respectively. Finally, the position of the KB” satellite is
expectedto change only slightly if the Cuspecies are solvated by both
HCN and NH; (~8,961 eV) while the intensity is significantly enhanced.

Inthe experimental data, abroad peak splitinto two main signals
was detected in the KB” region after formaldehyde addition to the
SCR mixture. The peak around 8,958 eV is typically assigned to Cu-N
interaction®’°. The second feature of slightly lower intensity at 8,956 eV
is commonly associated with a Cu-0 interaction®®”, Although clear
assignment is difficult considering all of the possible interactions
expected in the presence of HCHO, the overall broadening of the KB”
region and double-peak profile suggest the bonding of Cuwith several
ligands. The formation of Cu dimeric species solvated by NH,under SCR
conditions would resultin direct bonds withboth Nand O, nevertheless
theadditionalinteraction with HCN and the formation of monomeric
or dimeric speciesalsoimply links to O, Cor N atoms, with Cand N pos-
sibly linked viaCN, NC or NCO groups. Based onthe trendsindicated by
the calculated valence-to-core XES spectra for the KB region, a shift
towards lower energy is expected if HCHO is added to the NH,-SCR gas
mixture. However, its magnitude and intensity depend not only on the
type of ligand but also the final Cu structure (monomeric or dimeric
or has Cu at the ion exchange position). In the experimental data,
the intensity of the feature at 8,958 eV slightly decreases after HCHO
addition, confirming the diminishment of the Cu-Ninteraction due to
copper cyanide formation. However, owing to the excess of NH; com-
pared with HCHO/HCN concentrations (more than five times higher),
identification of the Cu-Cinteraction fingerprint in the KB’ region is
challenging. Moreover, although beam attenuators were used during
our experiments, the possibility of beam damage cannot be excluded
considering the high flux of photons that is necessary for such meas-
urements, which further limits the outcome of these investigations to
aqualitative assessment.

To further elucidate these observations, EXAFS spectroscopy
data were collected in the absence and presence of HCN (Fig. 6) for
Cu-SSZ-13(7/1.3) and Cu-SSZ-13 (14/1.3) samples at 300 and 450 °C. At
first, agas mixture containing only NO and HCN was applied (Fig. 6a,b),

followed by the complete SCR gas mixture (Fig. 6¢,d). Both catalysts
showed anintense first coordination shell associated with the oxygen
ofthe zeolite framework. A second shell was visible inNO + O, (Fig. 6a)
thatis commonly assigned to framework Si or Al. At both investigated
temperatures, this feature was more intense for the Cu-SSZ-13 (7/1.3)
catalyst, again showing the stronger interaction of Cu with the zeolite
frameworkin this sample. When HCN was added to the gas mixture at
300 °C, theintensity of both coordination shells decreased. Although
this change was observed for both catalysts, the decrease was more
severe for Cu-SSZ-13 (14/1.3), to a point that the second coordination
shell—and thus theinteraction with the zeolite framework—vanished.
Although the formation of NH, during HCN oxidation over Cu zeolites
hasbeenreported”?, the withdrawal of Cu from the ion exchange posi-
tions by NH; can be excluded at this temperature since no conversion
of HCN was detected and possible traces of NH; are eliminated in the
presence of NO. Therefore, the drop in intensity for the second coor-
dination shell was probably caused by a direct interaction with HCN,
further showing the possible formation of mobile Cu-CN monomers
or dimers. The formation of solvated species at 300 °C and the differ-
ent interplay of Cu with the two zeolite frameworks in the presence
of HCN is supported by the corresponding two-dimensional plots of
the WT-EXAFS data (Supplementary Table 6). At 450 °C, the presence
of HCN still decreased the intensity of both coordination shells, but
only slightly for the Cu-SSZ-13 (7/1.3) sample, whereas the FT-EXAFS
spectra of the Cu-SSZ-13 (14/1.3) sample showed comparable changes
tothose observed at 300 °C (Fig. 6b). Combined with the lower degree
of Cu-zeolite interaction, asindicated by the previous XANES measure-
ments (Fig. 4), and the lack of HCN conversion over Cu-SSZ-13 (7/1.3),
the observed FT-EXAFS profile suggests the absence of an interplay
between HCN and Z,Cu sites at 450 °C. This different interaction of
HCN with Z,Cu compared with ZCuOH sites is probably at the origin
of their distinct activity and selectivity profiles.

Upon applying the SCR gas mixture at 300 °C (Fig. 6¢), the
FT-EXAFS dataillustrated asmallintensity for the second coordination
shell due to the formation of mobile Cu-NH; dimers. Whereas for the
Cu-SSZ-13 (14/1.3) catalyst this feature was hardly noticeable at 450 °C
(Fig. 6d), for the Cu-SSZ-13 (7/1.3) sample the second coordination shell
was clearly visible, in line with the stronger interaction of Cu with the
zeolite framework. When HCN was added to the SCR gas mixture, over-
alltheintensity of the Cu-0O and Cu-O-Al/Sishells decreased again for
both catalysts, following the same behaviour that was observedinthe
absence of NH; (Fig. 6a,b). Also in this case, the HCN interaction with
Z,Cu species was limited at 450 °C for Cu-SSZ-13 (7/1.3), asillustrated
by the minor diminishment of the Cu-0-Al/Sishell (Fig. 6d). Since the
mobility of Cuions is anticipated under SCR reaction conditions at
300 °C, the additional decrease in the first coordination shell that was
observed for both catalysts (Fig. 6¢) either indicates a higher degree
of Cusolvation dueto the presence of HCN or the formation of Cu-CN
mobile species withalower coordination number. Although deconvo-
lution of the second coordination shellin WT-EXAFS analysis is known
to help to elucidate the exact nature of Cu species®, this approach was
used only to evaluate the structural evolution of Cu under various
reaction conditions (Supplementary Table 6). The clear assignment
of individual scattering paths (for example, Cu-Cu in dimers) was
avoided in our study due to the high sensitivity of EXAFS datato ther-
mal vibrations”. In contrast with the less affected XANES region, the
high temperatures used for the operando experiments is expected to
influence theintensity of EXAFS features. Furthermore, Cu-CN mobile
species are anticipated to interact with further gas molecules (that is,
NH,), whichalso leads to aless defined structure and makes the separa-
tion of the different contributions difficult.

Further details on the low-temperature behaviour of Cu-SSZ-13in
the presence of formaldehyde were gathered by in situ DRIFTS meas-
urements (Fig. 7a) at several temperatures up to 350 °C during catalyst
exposure to the SCR gas mixture with or without HCHO. As expected,
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middle of the catalyst bed. The gas composition was 350 ppm NO, 0-100 ppm
HCN, 0.5% H,0 and 10% O, in He (aand b) or 350 ppm NO, 350 ppm NH,,
0-100 ppmHCN, 0.5% H,0 and 10% O, in He (cand d).

NH; adsorption was observed in the absence of HCHO, as indicated
by the broad band between 2,050 and 2,250 cm™. After formaldehyde
addition, NH; remained the dominant surface species, but a slight
decrease in the intensity of the characteristic adsorption band was
noticed at 50 °C. At 100 °C, a new band appeared around 2,168 cm™.
This frequency was previously assigned to Cu-CN species™. Its intensity
increases with anincrease intemperatureto150 °C, inline with higher
HCN emissions. Additionally, ashoulder s visible at 2,148 cm™ that can
alsobe assigned to cyanide species, whereas the NH; adsorption band
almost completely vanishes at 200 °C. Although NH," (or H") cations
are necessary to compensate for the charge of the zeolite framework
during the formation of Cu-CN monomeric or dimeric species, the
appearance of corresponding infrared bands*’is probably masked by
the excess NH; used during in situ DRIFTS measurements compared
with the HCN concentration.

After the in situ DRIFTS experiments, the pre-treated Cu-SSZ-13
(14/1.3) catalyst was investigated with ex situ diffuse reflectance UV-Vis
spectroscopy (Fig. 7b). Analogous to the XAS and XES measurements,
similar main features were observed in the absence and presence of
HCHO inthe obtained diffuse reflectance UV-Vis spectra. Under both

SCR conditions, aband between 512 and 800 nm was visible, which is
typically associated with the d > d transition band of Cu** (refs. 75,76).
Inthe region commonly assigned to ligand-to-metal charge transfer, a
dominantband was visible at 225 nm when NH; was present in the gas
mixture. Previously, this band was associated with copper solvated
by NH, within the zeolite framework. By also considering the band at
350 nm, the formation of a p-n%:n?-peroxodiamino di-copper complexis
plausible during SCRin the presence and absence of formaldehyde’s,
Although these spectral features had similar intensities under both
reaction conditions, a slight blue shift of the band at 350 nm was
noticeable due to the presence of formaldehyde, which could have
been caused by changesin the structure of the p-n%:n*peroxodiamino
di-copper complex??%”,

HCN conversion at ZCuOH sites

Even though high emissions and similar HCN inhibiting effects were
recorded atlow temperatures for both Cu-SSZ-13 (14/1.3) and Cu-SSZ-13
(7/1.3) catalysts, the observed difference in HCN conversion above
350 °C aligns well with the distinct structural characteristics of the
ZCuOH and Z,Cussites. At lower temperatures, coordination of HCN to
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Fig. 7| Interaction of copper sites with gas-phase adsorbates. a, In situ DRIFTS
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50-200 °C. The pre-treatment was 1 hin10% O,/Ar at 350 °C. The gas composition
was 300 ppm NO, 300 ppm NH;, 0-25 ppm HCHO and 10% O, in Ar. b, Ex situ
diffuse reflectance UV-Vis spectroscopy after the treatment of Cu-SSZ-13 (14/1.3)
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10% O, (red line), 300 ppm NO, 300 ppm NH;, 25 ppm HCHO and 10% O,
(greenline) or 300 ppm NH; (blue line) and Ar balance. ¢,d, Two-dimensional in
situ XANES maps collected at the beginning of the catalyst bed for the CuK edge
in Cu-SSZ-13 (14/1.3) during transient HCN addition during NH;-SCR at 300 °C (c)
and 450 °C (d). The gas composition was 350 ppm NO, 350 ppm NH;, 0-100 ppm
HCN, 0.5%H,0 and 10% O, in He.

the Cusites was shown during the steady-state experiments reported
in Figs. 5c and 4b. To confirm this assumption for the entire temper-
ature range, further operando XAS investigations were conducted
during the transient HCN dosage in the standard SCR gas mixture at
300and 450 °C. For these measurements, 100 ppm HCN were periodi-
cally (~6 minintervals) added to a gas stream containing 350 ppm NO,
350 ppmNH,, 0.5% H,0 and10% O, in He and XANES spectra were con-
tinuously collected at the beginning of the catalyst bed. Asillustrated
in Fig. 7¢,d, changes in the Cu K-edge XANES profile were observed
immediately after HCN admission to the gas mixture at both of the
investigated temperatures. The variations were particularly observed
for the features between 8,982 and 8,986 eV around the absorption
edge, whereas the white line decreased around 9,002 eV at both tem-
peratures. Especially at 300 °C, the extent of detectable changesin the
XANES profile was more pronounced, indicating substantial adsorption
of HCN at these lower temperatures.

Nonetheless, thereversibility of thisinteraction was clearly dem-
onstrated during the transient operando XANES measurements at
450 °Cforthe Cu-SSZ-13 (14/1.3) sample. According to thelinear com-
bination fitting analysis (Supplementary Fig. 15), around 49% of Cu sites
formed Cu-CN species after 6 min exposure to HCN at 300 °C, versus
only 24% at 450 °C. Once HCN was removed from the gas mixture, the
intensity of the feature 8,982 eVincreased again and the one at 8,986 eV
decreased, without complete catalyst regeneration at 300 °C. Although
there wasa constant decrease in the content of HCN-associated species,
after 6 mininthe SCR gas feed, 25% of Cu species were still present as
Cu-CN species. In contrast, HCN absence in the gas stream at 450 °C
resulted in complete catalyst regeneration. This reversible behaviour
was reproduced in several consecutive cycles of HCN exposure.

All of these observations on the implications of HCHO presence
inthe standard SCR gas mixture for NO, conversion and HCN forma-
tion are illustrated in a simplified scheme in Fig. 8 as a function of
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the type of Cu species. In spite of the fact that solvated and mobile
monomeric and dimeric Cu species are formed at low temperatures
in Cu-SSZ-13 catalysts due to the interaction with NH,and HCN, which
occursirrespective of the Si/Al ratio and Cu loading (denoted as CuCN
species), a distinctinteraction was identified above 350 °C for ZCuOH
versus Z,Cu species. The stronger interaction of Cu when linked to
two framework Al centres (Z,Cu) influences the catalyst behaviour,
especially at high temperatures, by preventing the adsorption and
conversion of HCN. In contrast, ZCuOH sites that are formed at high
Cu loadings and high Si/Al ratios in the SSZ-13 zeolite are accessi-
ble to interact with HCN (denoted as ZCuCN in Fig. 8) and catalyse
its conversion, in this way restoring the initial catalyst structure.
Although further investigations and kinetic studies would represent
a great benefit for consolidating these mechanistic findings, the
structure-activity-selectivity correlations derived in our study based
on extensive in situ and operando characterizations and systematic
activity tests provide the basis for understanding important aspects
of the NH,-SCR reaction mechanism in the presence of HCHO, and
facilitate the rational development of this class of catalysts for mini-
mizing HCN emissions.

Conclusions

Systematic in situ and operando spectroscopic investigations com-
bined with extensive catalytic testsand theoretical calculations allowed
theidentification of essential structural features in Cu-SSZ-13 catalysts
for minimizing HCN emissions during SCR of NO, with NH, in the pres-
ence of formaldehyde, whichis a potential component in the exhaust
of synthetic fuel or biomethane combustion engines. By screening
the Si/Al ratio and Cu loading and thus varying the ratio of Z,Cu to
ZCuOH species, valuable insights into the general SCR mechanism and
complex behaviour of Cu-SSZ-13 catalysts were revealed. Whereas in
the low-temperature range (<350 °C) astrong decrease in SCR activity

and high HCN emissions were observed independent of the catalyst
composition due to the equivalent Cu state after NH,/H,0 solvation, at
temperatures above 350 °C the NO, removal activity was less affected
but HCN emissions were interconnected with the Si/Al ratio in the zeo-
lite framework, as well as the nature of the Cu species.

Although the formation of HCN from HCHO and NH; appears to
be dominant over the entire temperature range of the SCRreaction,
the subsequent interaction of HCN with copper sites seems to be
site selective. Using complementary spectroscopic techniques sup-
ported by DFT calculations, it was possible to trace the pronounced
decrease in SCR activity at low temperatures and observed HCN
emissions to the formation of stable mobile cyanide species, which
block the catalyst active sites. At higher temperatures, such mobile
and/or zeolite-linked species are generated mainly via the reaction
of HCN with ZCuOH sites, whereas the strong interaction with the
zeolite framework prevents Z,Cu sites from converting HCN. Finally,
the formed Cu cyanide species are converted at high temperatures,
probably via NH, formation, thus restoring the initial catalyst struc-
ture and circumventing HCN emissions.

Therefore, by adjusting the SSZ-13 zeolite composition and Cu
loading, structural properties and the ability of Cuions to convert HCN
canberegulated. Inthisregard, theincreaseinthe number of ZCuOH
sites is expected to help minimize HCN emissions above 350 °C.
Although further investigation of the detailed reaction mechanism
for the formation of HCN from HCHO and NH; and the subsequent
conversion of HCN at ZCuOH sites is required, the outcome of this
study offers guidance for the further development of Cu-SSZ-13 cata-
lysts to minimize highly toxic HCN emissions and reduce the overall
impact of HCHO from the exhausts of synthetic fuel and bio-fuel
combustion engines.

Methods

Catalyst preparation

Cu-SSZ-13 catalysts with varying Si/Al ratios and different Cu loadings
were prepared by ion exchange. Commercial NH,-SSZ-13 zeolites (Clari-
ant) were stirred with an aqueous solution of Cu(CH,COO), at room
temperature for 5 d, following asimilar procedure to those describedin
previousstudies® . The concentration of Cu(CH,COO), varied depend-
ingonthe desired Culoading (Supplementary Table 2). Subsequently,
the samples were washed with deionized water and dried at 70 °C in
staticair. Theresulting sample was calcined in static air at 550 °Cfor 4 h.

Catalyst activity tests

The SCR activities were evaluated using 7 mg granulated (100-
200 pum) catalyst powder in a quartz capillary microreactor (inner
diameter =1.48 mm; outer diameter =1.50 mm) heated using a hot
air gas blower (XDS Oxford). To avoid bypass of the gas stream, the
catalyst bed was fixed between two quartz wool plugs. Gases were
dosed using mass flow controllers (Bronkhorst). The gas concentra-
tion in the product flow was monitored online after dilution with N,
to a flow of 300 ml min™ using an FTIR spectrometer (MultiGas 2030
FTIR Continuous Gas Analyzer; MKS Instruments). To dose water and
formaldehyde, either demineralized water or an aqueous solution
of paraformaldehyde (16% solution, EM grade; Electron Microscopy
Sciences) was used in a gas saturator. All gas tubes were heated to a
temperature of 180 °C to prevent condensation before and after the
catalyst bed.

Before each series of experiments, the fresh catalysts were con-
ditioned for 1 h at 550 °C in a standard SCR gas mixture (350 ppm
NO, 350 ppm NH,, 0.5% H,0, 10% O, and He balance). Conditioning
and the following activity tests were conducted under a total flow of
~100 ml min™. The catalysts were tested at steady state in a stepwise
manner between 550 and 150 °C, with 50 °C steps. All gas mixtures
were dosed first without HCHO and afterwards in the presence of
80 ppm HCHO.
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The conversion X of the different compounds was calculated using
the following formula:
Sin ~Cout 100 1)

in

X=

In this equation, ¢, stands for the inlet concentration, which was
measured by bypassing the reactor. The concentration ¢, was meas-
ured at the outlet of the reactor.

Normalized reaction rates were obtained in a similar manner to
those from previous studies based on afirst-order kinetic equation on
aper-mole-of-Cu basis’*°.

Ex situ characterization

Elemental compositions were identified by X-ray fluorescence analy-
sis at the Institute for Applied Materials at the Karlsruhe Institute of
Technology.

Powder X-ray diffraction patters were collected for the as-prepared
catalyst powders using a D8 ADVANCE X-ray diffractometer from
Bruker with Cu Ka radiation. The scans were recorded a 26 range of
8-60° with steps 0of 0.033°.

A BELSORP-minill instrument (Bel Japan) was used to determine
the surface areaand pore volume of the catalysts. Before the analysis,
approximately 80 mg of the sample was degassed at 300 °C under
vacuum for 2 h. Afterwards, N, adsorption and desorption isotherms
were measured and evaluated using BELSORP data analysis software
and the Brunauer-Emmet-Teller isotherm method®.

Insitu and operando characterization

According to the selected spectroscopic method, but also due to the
high number of samples and experimental conditions, several meas-
urement campaigns were conducted at the SOLEIL (France), European
Synchrotron Radiation Facility (ESRF; France) and PETRAIIl (Germany)
synchrotrons to complete this study. In all cases, the same in situ and
operando setup was used comprising a quartz capillary microreactor
(inner diameter =1.48 mm; outer diameter =1.50 mm)®, a heating
system (hot air gas blower), a gas dosage unit and gas analysers. To
mimic a laboratory plug-flow reactor, the catalyst sample was used
as granulated powder (100-200 um) and fixed between two quartz
wool plugs, which prevented bypass of the gas stream. For selected
temperatures, five positions along the catalyst bed had been screened
(the beginning, middle and end of a catalyst bed of 5 mmand two addi-
tional positions inbetween). In general, for reaction conditions under
which minimal gradients along the catalyst bed were expected, the
Cu state was probed at the middle position (position 3; for example,
low conversion or during H,-TPR or NH;-TPR), whereas XES measure-
ments were performed at the beginning of the catalyst bed (position
1). Gases were dosed using mass flow controllers (Bronkhorst). The gas
concentrationinthe product flow was monitored online usingan FTIR
spectrometer (MultiGas 2030 FTIR Continuous Gas Analyzer; MKS
Instruments). To dose water and formaldehyde, either demineralized
water or an aqueous solution of paraformaldehyde (16% solution, EM
grade; Electron Microscopy Sciences) was used inagas saturator. All gas
tubes were heated to atemperature of 180 °C to prevent condensation
before and after the catalyst.

Conventional XAS in fluorescence mode was performed at the
SAMBA beamline at the SOLEIL synchrotron. The incident energy (Cu
K edge) of the X-ray beam was pitched by an Si(220) crystal with an
energy resolution of 6.0 x 107, A 35-pixel HPGe fluorescence detec-
tor (Canberra) was used to detect and select the emitted radiation of
thesample. The beam size was 0.3 mmin both vertical and horizontal
dimensions. Scans were performed in step scanning mode. For tran-
sient measurements, X-ray absorption near-edge spectra were col-
lected from 8,800-10,186 eV, resultinginatimeresolution of 11 min per
scan. These measurementsincluded the H,-and NH;-TPR experiments
displayedinFig. 2 and Supplementary Fig. 9.

Further operando XAS measurements were performed at the
ROCK beamline®*®* of the SOLEIL synchrotron. For these experiments,
the quick-EXAFS®*%¢ acquisition mode was used with a time resolution
of 2 Hz. Energies were selected using an Si(111) crystal monochro-
mator. Under transient reaction conditions, the beginning of the
catalyst bed was monitored with abeam size of -0.432 nm x 0.223 nm
(horizontal x vertical). For energy calibration, reference Cu metal
foil was recorded together with each experimental spectrum. For
initial data collection and merging, a graphical user interface devel-
oped at SOLEIL was used®**. Further data evaluation was performed
using Athena data analysis software®. The EXAFS spectra y(k) were
extracted, background subtracted and subsequently analysed in the
k-spacerange of 3-15 A, These measurements included the spatially
resolved SCR experimentsin the presence of HCN showninFig. 4, the
reference states used for the WT-EXAFS analysis reported in Supple-
mentary Table 6, thereference states shownin Fig. 5 and the transient
measurementsin Fig. 7.

Additional spatially resolved CuK-edge (8,979 eV) XAS datawere
acquired at beamline P64 at PETRA Il for selected reaction condi-
tions using the same in situ and operando setup as described above.
Aliquid-nitrogen-cooled Si(111) channel-cut quick-EXAFS monochro-
mator was used for fast dataacquisition, together with fast-responding
gridded ion chambers®®. The monochromator oscillated at 2 Hz
(8,610-10,038 eV), resulting in two spectra per second. The X-ray
absorptionspectrum of a Cu foil was recorded simultaneously through-
out the entire experiment for energy calibration. During the XAS
measurements reported in this study, no detectable changes in the
sample due to exposure to the X-ray beam were observed. The results
of these measurements are reported in Fig. 3.

Valence-to-core XES

Valence-to-core XES experiments were conducted at the ID26 beam-
line of the ESRF*. The incident X-ray beam was provided by three
mechanicallyindependent undulators and the higher harmonics were
suppressed using Si-coated mirrors operated in total reflection mode.
AnSi (111) double-crystal monochromator was used to select thebeam
energy and the beam was focused both horizontally and vertically
using a pair of mirrors. Fluorescence X-rays were collected using an
X-ray spectrometer equipped with two spherically bent Ge crystals
utilizing the (800) reflection and the photons were counted using an
avalanche photodiode. A Cu foil was used in transmission mode for
monochromator energy calibration. Energy calibration of the spec-
trometer was achieved by fixing the spectrometer energy at 8,903 eV
while scanning the monochromator energy torecord the elastic peak.
For the valence-to-core XES measurements, the spectrometer scanned
the X-rays emitted by the sample and the incident energy was kept
constant above the Cu K absorption edge at 9,100.0 eV. In a first step,
the valence-to-core spectra were normalized based on the area of the
KB, ; emission lines. Then, the background of the Kf3, ; emission line
was approximated using four pseudo-Voigt functions’. Finally, the
valence-to-core data were subtracted. The gas flow dosing unit and
capillary microreactor were identical to those used for the conven-
tional XAS measurements. The X-ray beam size was 0.2 mm x 1 mm. To
avoid beam damage of the sample due to the high photon flux, beam
attenuators were used during the in situ and operando experiments.
Additionally, during data acquisition, the position of the beam was
changed continuously in a triangular motion to minimize the photon
flux on a singular point and therefore decrease the beam damage of
the samples.

Wavelet transform EXAFS analysis

For the wavelet transform, k*>-weighted EXAFS spectra were used.
A Morlet wavelet mother function for the wavelet transform of all
spectra within the k range of 1-15 A was employed™. Wavelet transform
was carried out using the MorletE software developed by M. Wang”".

Nature Catalysis


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-025-01389-4

Linear combination analysis

The linear combination analysis was conducted for the in situ and
operando XANES data using the Athena data analysis software® in the
-20t030 eVenergy range around £,,. For the evaluation of the data col-
lected during the H,-TPR measurement, internal references were used.
Theseinclude the as-prepared sample after temperature-programmed
oxidation at 500 °C in10% O,/He to represent Cu?*" and the Cu state at
600°Cin1,000 ppmH,/He asthe Cu'reference. For the transient HCN
dosage experiment, the initial state of Cu (after 20 min of NH;-SCR)
and its final state (after 20 min of NH;-SCR + HCN) were used as inter-
nal references. During the linear combination analysis, the sum of all
contributions was forced to be one and individual weights were set to
between zero and one.

DFT calculations

Geometry optimizations were carried out with periodic DFT cal-
culations using the VASP program package®”* with the projector-
augmented wave method®*. The PBE functional® with Grimmes disper-
sion correction (D3)” was used. The convergence criteria were set to
amaximum force of 0.001 eV A with an energy cutoff of 400 eV and
k-point sampling only at the T-point. As in earlier studies”, the struc-
turalmodel of Cu-SSZ-13 was considered a periodic unit cell containing
36 tetrahedral atoms, from which one Si is substituted with Al, thus
giving an Si/Al ratio of 35. The charge is balanced by a Cu* ion, leading
to isolated Cu monomers. The cyanide and ammonia dimers were
calculated in the gas phase using a simulation cell of 18 A.

Abinitio calculations of XANES spectra

Cu K-edge XANES and XES simulations were performed using the
FDMNES code (revision 11/2022)%. Self-consistent calculations were
executed using the finite difference method, which provided superior
agreement with the experimental data compared with the full multiple
scattering approach and muffin-tin approximation also availablein the
FDMNES software’®®’, The real Hedin-Lundqvist exchange correlation
potential was employed without core hole approximation. Parameters
forthe ab initio XANES simulations were optimized to achieve the best
agreement with the experimental data. Calculations were conducted
foracluster radius of 7 A.

DRIFTS and UV-Vis

DRIFTS was performed usinga VERTEX 70 FTIR spectrometer (Bruker)
equipped with Praying Mantis diffuse reflection optics (Harrick) and a
liquid-nitrogen-cooled mercury cadmium telluride detector. Granu-
lated catalyst samples (50 mg; 100-200 pmsieve fraction) were placed
inside a high-temperature in situ cell (Harrick) fitted with a CaF, win-
dow. Gas flow rates of 100 ml min™ were applied using mass flow con-
trollers (Brooks Instrument). After 1 h of oxidative treatmentin10% O,
inargonat 350 °C, the catalyst was cooled to 50 °C and exposed to the
reaction mixture (300 ppm NH;, 300 ppm NO, 0-25 ppm HCHO, 10%
0, and Ar balance) for 30 min. After spectra were collected, the tem-
perature wasincreased stepwise by 50 °C and additional spectrawere
collected until 200 °C was reached. For the NH; adsorptions experi-
ments, the catalyst was exposed to 500 ppm NH; in Ar after oxidative
treatment for 30 min at 100 °C and flushed in Ar for 30 min. After the
DRIFTS experiment, the catalyst was cooled to room temperature in
the reaction mixture and the Praying Mantis diffuse reflection optics
(Harrick) were placed in the UV-Vis spectrometer (Agilent). Spectra
were collected between the wavelengths of 200 and 800 nm. Spec-
tralon was used as areference.

Electron microscopy

Adiluted aqueous suspension of the sample nanoparticles was depos-
ited on a commercial holey ultrathin amorphous carbon film (3 nm)
mounted on a400-um mesh Cu grid (Plano 01824). High-angle annular
dark-field scanning transmission electron microscopy measurements

in combination with EDXS were conducted using an FEI Osiris Chem-
iSTEM microscope at an electron energy of 200 keV (using a Super-X
EDXS system with four silicon drift detectors; Bruker). CuK-edge EDXS
spectra obtained during the scanning of specific sample areas were
used to determine the overall distribution of Cu species with ESPRIT
software (version 1.9; Bruker).

ZAl MAS NMR experiments were conducted on an AVANCE NEO
instrument. The probe wasaMAS VTN 400 WB, which allows the rota-
tion of 4-mm MAS rotors up to 15 kHz. The detailed experimental
parameters are summarized in Supplementary Table 1. The ¥ Al chemi-
cal shift was referenced to an aqueous solution of AI(NO,);-9H,0.

Data availability

The data that support the findings of this study are included in the
articleandits Supplementary Information or available from the authors
upon request. Source data for this article are available at KITopen
(https://doi.org/10.35097/rhrwhbtxdme4emux).
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