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1  Catalytic data analysis and comparison with IR-conditions experiment.

Catalytic experiments made at the synchrotron were repeated in the laboratory with the
same reactor-cell and similar pellet masses, in order to verify the coherence of the catalytic results.
The Aabspec CXX 800 °C reactor cell was connected to a gas distribution and analysis system,
described previously [1]. Prior to the experiment, the catalyst pellets were pretreated at 500 °C for
2 h with a temperature ramp rate of 5 °C/min under 10 % of Oz in Ar. Then, the reaction was
studied in the 450 °C and 150 °C temperature range using a model feed gas composition equivalent
to that used at the synchrotron: 500 ppm NO + 500 ppm NH3s + 10% O2 + 2% H2O in an Ar flow.
The gas flow rate was controlled at 100 ml min™. All the reactants were stabilized before being
sent to the cell and analysed by Mass Spectrometry (Quadrupole Pfeiffer Omnistar GSD 301),
which also measured the output gas from the Aabspec CXX 800 °C reactor-cell.

We can remark the excellent agreement between the results obtained during the operando
XAS experiment at the synchrotron and at LCS laboratory (University of Caen), in the same
conditions and pellet masses (See Figure 1 of the main text). However, one observes that the
changes in the mass of the catalyst and total flow passing through the system yields essential
difference in conversion activity with respect to our previous results collected upon operando IR
experiments [1]. To account for different mass of the catalyst and total flow rate, the NO
conversion was recalculated. First, the Kkinetic constants were calculated in accordance with
following equation:

k= — Ftot
Wcat

where k is a kinetic constant, but normalized to weight; it comes out as mL reactant per weight,
per time unit due to the first order of reaction for NO; F is total (normal) flow in mL/s; Weat is
the mass of the catalysts and X is NO conversion measured as reported in eq. S1.

Once the kinetic constant calculated for every sample and experiment, it is possible to
reversely calculate the conversion in a normalized situation, for example for the relevant GHSV
of 50000 h. The corresponding data is reported in Figure 1 of the main text and discussed in
Section “Catalytic activity”. At the same time we need to remark that the conversion rates are very
high, so that we can estimate to be in the kinetic regime only for the low temperature range ( T <
250 °C), due to the fact that the sample mass was notably increased in order to maximize XAS
signal. However, the conversion rates between the samples are preserved, so that we can
confidently correlate the XAS with the catalytic results.

In(1-X) (eq.S1)
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Figure S1 NO vs. N2 conversion over Cu-CZC, Fe-MOR and mechanical mixture Cu-Fe-mix during XAS operando
experiment.

Also, it should be mentioned that linear dependence of N> vs. NO conversion for the
investigated samples as measured during XAS operando experiment (reported in Figure S1)
assume that very small of N2O is produced. Moreover, no N.O was detected for investigated
samples during the laboratory experiment (reported in our previous work [1]), where on-line IR
cell analyzer was utilized known as the most sensitive technique for N2O detection.



2  Preliminary XRD characterization.
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Figure S2. PXRD patterns collected for Cu/Fe exchanged and not exchanged (a) SAPO-34 and
(b) MOR frameworks.




3 Fe K-edge EXAFS fitting

3.1 Fit parametrization details

Thanks to the good quality of the experimental signal the Fourier transformation for all Fe
K-edge EXAFS data reported in the article has been performed for k?y (k) in the k-range from 2.8
Alto 14.1 At EXAFS fitting has been performed in R space for k?-weighted EXAFS amplitudes
in the range from 1.1 to 3.5 A, thereby capturing 2" and 3" peaks of Fourier transformed
experimental signal.

All SS and MS paths contributions within the effective path lengths up to 4.2 A has been
accounted for the fit. Different SS and MS paths above the first two oxygen shells were
parametrized by scaling coefficients n1, n2 and n3 intended to describe the CNs corresponded to
the first (n1) and higher coordination shells (n2, n3). Atomic displacement and DW (Debye-
Waller) factors of the first two oxygen shells were parametrized independently and reported as
AR_O1; and 6% _Oup, respectively. While the atomic displacement of more distant atoms starting
from the first Fe-Fe coordination shell, were parametrized by unified scaling coefficient a. The
corresponding DW factors for the paths atomic scatters beyond the first two oxygen shells were
parametrized on the basis of the proportionality of the square root in accordance with the ratio of
the distances by oi = otar(Ri/Rrer) 2 [2, 3], where Ri corresponds to effective lengths of the current
scattering path, while Rreft (2.89 A) is the effective length for the first Fe-Fe coordination shell SS
path (actually represented by a single Fe at the distance ~ 2.89 A) parametrized solely by Grar. It is
also worth to emphasize, that all MS paths included in the fit were parametrized by the product of
different CNs scaling coefficient, in accordance with the “affiliation” of the scatterers to a
particular coordination shell (e.g. if the MS path is consist of the atomic sites which individual SS
paths parametrized by n1 and n3 coefficients, the corresponding passive amplitude reduction factor
will be parametrized by the product Se?>n1n3; such parametrization roughly gives a meaning of
occupancy for scaling coefficient nl, n2, n3 when it is employed for MS paths and allow to get
lower R-factor with respect to the fits where MS paths were parametrized by a single CNs scaling
coefficient).

Almost for all fits one or two correlations above 0.9 were obtained (See Table S2, Table
S3 and Table 2 of the main text). We aware by this fact, however fixing some of the correlated
parameters the fit remained stable and yields very similar results. So, there is no way to avoid these
undesirable correlations that are present in the fit, likely because of large number of scattering
paths included in the fit. Considering a limited number of independent variables within the selected
fit range, we were obliged to find a compromise parametrizing a large number of scattering paths
by the limited number of variables parameters.

For the dataset collected under SCR condition in a wide temperature range the multi-dataset
fit with DWFs parametrized in accordance with Einstein model [4, 5] has been performed (See
Figure S4b) in addition to the standard fit (See Figure S4a and Table S4). The Einstein model
approximates the vibrational density of states as a Dirac delta function spiked at a single frequency,
so called Einstein frequency (wg). Under this approximation, the DWFs behavior for multiple
dataset (collected at different temperatures) is determined by the only one parameter — Einstein
temperature (6g)— in accordance with following expression:



o} (T) =
X Zukgeg

where O the Einstein temperature, related with the Einstein frequency (wg) by the relationship:
hwy = kg where h = 1.055 10°3* J s - is the reduced Plank constant and kz = 1.38 x 102 K1 -
Is the Boltzmann constant. The rest of the parametrization is similar to the single dataset fit
parametrization described above. The best fit for the multiple datasets composed by all 9
temperature point measurements yields Einstein temperature g = 333.01 °C.

Importantly that despite the multi-dataset character of the fit some of the guess parameters
(Eo and o) were refined independently for each temperature point. As expected, the multi-dataset
fit yields higher R-factor with respect to the independent fit of the dataset for each temperature
point, however an overall fit quality (See Figure S4b) is still good and confirm the structure of a-
Fe2O3 oxide as an initial guess.

X
coth(E)  (eq.52)

3.2 Additional fit results.

Table S1 reports coordination numbers as refined for a-Fe;Os (hematite), Fe-MOR and Cu-Fe-mix samples at RT
recalculated from the corresponding scaling coefficients n1, n2, n3 reported in Table 2 of the main text. Only few
strongest SS path that contribute to the intensity of the 1%, 2" and 3’ EXAFS peaks are reported in the table. Coloumn
“init. CN’s” and “init. R” corresponds to the the distances and coordination numbers taken from initial guess structure
of a-Fe;03 [29] (American Mineralogist database, str. Ne 0000143).

Coeff. / SS path Init. R, A Init. CN’s a-Fe,03 Fe-MOR Cu-Fe-mix
O] 1.946 3.0 2.76+0.18 2.79+0.15 2.76+0.15

nl 0 2.116 3.0 2.76x0.18 2.79£0.15 2.76+0.15
Fe1 2.899 1.0 1.02+0.06 0.78+0.07 0.79+0.06

n2 Fe; 2.971 3.0 3.06+0.18 2.34+0.21 2.37+0.18
Fes 3.364 3.0 2.52+0.30 1.41+0.27 1.47+0.27

Os 3.398 3.0 2.52+0.30 1.41+0.27 1.4740.27

n3 O4 3.597 3.0 2.52+0.30 1.41+0.27 1.47+0.27
Fes 3.705 6.0 5.04+0.60 2.82+0.54 2.94+0.54
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Figure S3 Fe K-edge k?-weighted EXAFS phase uncorrected amplitudes (upper curves) and corresponding imaginary
parts (bottom curves) collected for bulk oxide phase a-Fe,O3 at RT and Cu-Fe-mixed at RT before activation. Dashed
red and dotted green lines demonstrate the best fit obtained by the standard fit procedure and fit where CNs were
parametrazed by equation (eq.2) in order to evaluate cluster size, respectively. Blue rectangle area represents the fit
range in R-space.



Table S2 The fit results reported for k2-weighted EXAFS amplitudes obtained for bulk oxide phase a-Fe,O3 as well
as Fe-MOR and Cu-Fe-mix at RT. The variables that has been fixed upon fit procedure is underlined. * The fit results
were obtained by using special approach for parametrization of CNs in accordance with equation (eq. 2) from the
main text and reported elsewhere [6, 7]. n1, n2 and n3 coefficients reported for Fe-MOR™ fit were fixed as obtained
for a-Fe,0s and represent N2** . An averaged cluster size <D> obtained within this approach is reported also in Table

2 of the main text. Ningand Ny corresponds to the number of independent and variable parameters.

Fit parameters a-Fex03 Fe-MOR* Cu-Fe-mix*
AE (eV) -4.03 +0.45 -2.96 + 0.47 -2.39+0.44
Ning/Ny 17.6/11 17.6/8 17.6/8

So? 0.799 0.799 0.799
R-factor 0.0030216 0.0045455 0.0040163

Ny 0.92 £ 0.06 0.92 0.92

n2 1.02 £ 0.06 1.02 1.02

N3 0.84 £ 0.010 0.84 0.84

AR 0: (A) -0.015+0.005 -0.022+ 0.007 -0.022+0.007
AR 0, (A) -0.029+0.008 -0.051+0.009 -0.051+0.009
o (A) -0.0046+0.0025 | -0.0006 + 0.0033 -0.0001+ 0.0031
6’ 01 (A? 0.0015+0.0008 0.0043 £ 0.0009 0.0044+0.0009
o’ 0, (A 0.0027+ 0.0012 0.0060 + 0.0014 0.0061+ 0.0014
o® far (A?) 0.0025+ 0.0004 0.0056 + 0.0006 0.0058+ 0.0006
<D> (nm.) n/d 22+0.7 22+0.8
highest no correlations | o% far/<D>=0.932 | <D>/c? far = 0.931
correlations higher than 0.90

Table S3 The fit results reported for k>-weighted EXAFS amplitudes obtained for Cu-Fe-mixed sample at steady-state
conditions at RT, 200 °C and 500 °C upon activation. The independent single dataset fit was performed for each
temperature. The variables that has been fixed upon fit procedure are underlined. The fit results obtained for RT is
also reported in Table 2 of the main text. Ning and Ny corresponds to the number of independent and variable

parameters.

Fit parameters Cu-Fe-mix

RT 200 °C 500°C
AE (eV) -2.34+£0.40 -3.24+ 041 -3.02 £ 0.50
Ning/Ny 17.6/10 17.6/7 176/7
So® 0.799 0.799 0.799
R-factor 0.0024579 0.0033186 0.0040716
Ny 0.92+0.05 0.92+0.05 0.92+0.05
N2 0.79+0.06 0.79+0.06 0.79+0.06
N3 0.49+0.09 0.49+0.09 0.49+0.09
AR 01 (A) -0.021+0.007 -0.030+0.010 -0.008+0.012
AR _0; (A) -0.051+0.009 -0.071+ 0.012 -0.072+0.025
o (A) -0.0008+0.003 -0.0015+ 0.003 0.0099+0.005
o’ 01 (A?) 0.0043+ 0.0011 | 0.0068+0.0011 0.0094+0.0010
o’ 0 (A?) 0.0061+0.0018 | 0.0095+0.0022 0.0208+ 0.0043
o’ far (A?) 0.0054+0.0006 0.0076+0.0002 0.0117+ 0.0003
<D> (A) n/d n/d n/d
highest no correlations | o? OJJAR_O;= o?_0,JAR_O; =
correlations higher than 0.90 0.928 0.913




Table S4 The fit results reported for k*-weighted FT-EXAFS amplitudes obtained for Cu-Fe-mixed sample under
NHs-SCR conditions in a wide temperature range. The CNs coefficients (n1, n2 and n3) and Se? have been fixed as
refined for activated sample, See Table S3.

Parameters Cu-Fe-mix sample
100 °C 150 °C 200 °C 250°C 300°C 350°C 400 °C 450 °C
AE (eV) -3.00+0.37 | -2.68+0.38 | -2.72+0.39 | -2.57+0.48 | -2.83+0.42 | -2.99+0.50 | -3.23+0.49 | -2.74+0.48
N/Ny 17617 17617 17617 17617 17617 17617 176/7 176/7
R-factor 0.0030 0.0034 0.0035 0.0044 0.0034 0.0034 0.0034 0.0039
Reduced x? 67.132 132.820 124,578 147.464 82.477 82.477 105.763 112.079
AR O; (R) - - - - - ; ; ;
0.019+0.008 | 0.021+0.00 | 0.022+0.00 | 0.012+0.01 | 0.010£0.01 | 0.008+0.01 | 0.006+0.01 | 0.005+0.01
8 9 3 3 5 4 2
AR _0; (A) - 0.058+0.01 | 0.058+0.01 | 0.062+0.01 - - - -
0.058+0.011 1 2 8 0.068+0.01 | 0.068+0.02 | 0.083+0.02 | 0.071+0.02
8 2 5 4
a(d) 0.0010+0.00 | 0.0011+0.0 | 0.0022+0.0 | 0.0047+0.0 | 0.0048+0.0 | 0.0059+0.0 | 0.0042+0.0 | 0.0092+0.0
28 031 032 041 037 044 042 045
o?_0; (A?) 0.0057+0.00 | 0.0058+0.0 | 0.0061+0.0 | 0.0073+0.0 | 0.0081+0.0 | 0.0084+0.0 | 0.0093+0.0 | 0.0091+0.0
09 009 009 011 010 011 011 010
?_0, (A?) 0.0096+0.00 | 0.0100+0.0 | 0.0109+0.0 | 0.0138+0.0 | 0.0153+0.0 | 0.0166%0.0 | 0.0186+0.0 | 0.0199+0.0
20 021 022 037 037 043 042 042
o*_far (A?) 0.0061+0.00 | 0.0069+0.0 | 0.0075+0.0 | 0.0082+0.0 | 0.0089+0.0 | 0.0096+0.0 | 0.0103+0.0 | 0.0110+0.0
02 002 002 003 002 003 003 003
highest no no no c% 02/ c% 02/ c? 02/ c? 02/ o 02/
correlations correlations | correlation | correlation AR _O1= AR _O1= AR_O1= AR_O1= AR O1=
>0.9 $s>09 $s>0.9 0.94 0.94 0.94 0.92 0.91
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Figure S4 Comparison of the EXAFS fit results obtained for Cu-Fe-mix dataset collected under NHs;-SCR conditions
in a wide temperature range (a) by single-datset fit for each temperature point and (b) by multi-dataset fit

implementing Einstein model for DWFs parametrization. For both cases, the coordination number scaling coefficients
has been fixed as obtained for RT fit. For more details see Section 3.1.



4 Fe K-edge differential XANES

The differential XANES signal obtained as a difference between Fe-MOR minus Cu-Fe-
mix sample. First, we will analyze the differential XANES signal for the activated samples shown
as a purple dashed line in Figure S5. The comparison of the energy localization for the features
obtained for differential XANES signal with respect to the normalized pu(E) XANES signal of Fe-
MOR (collected at 150 °C under SCR conditions and reported as a dotted black curve at Figure S5
for clarity) show that features B and B* (located at ~ 7121 eV and ~ 7125 eV, respectively)
observed for the differential XANES spectra can be caused by the energy shift of absorption
threshold. As it was discussed in the main text the tiny energy shift observed for the samples under
high T activation can be associated with temperature-induced structural rearrangements, that likely
should be more pronounced for surface Fe sites of the small Fe>Os clusters or for minority of the
isolated Fe species. The similar shape of the differential XANES signal (with respect to the
difference obtained for the activated samples) has been also obtained for low temperature dataset
acquired under NH3-SCR conditions, resulting to even slightly more pronounced negative features
B and B* and positive peaks C and C* (located at 7134 eV ~ and ~ 7138 eV, respectively).
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Figure S5. Fe K-edge differential XANES spectra obtained as a difference between Fe-MOR and Cu-Fe-mixed
XANES spectra acquired under NH3-SCR conditions at different temperatures. Purple dashed line corresponds to the
differential XANES obtained for the activated samples at 500 °C. Dashed grey curve correspond to the normalized Fe
K-edge XANES spectra collected at 150 °C shown here for easier interpretation of the differential XANES features.

The interpretation of features B and B* as well as C and C* in differential Fe K-edge
XANES indeed could be assigned with some temperature-induced structural rearrangements,
however, quantitative EXAFS analysis reported above reveals structural similarity of small iron
oxide clusters (particularly very similar cluster size, Fe-O distances and DW factors of oxygen
species in the first coordination shell), both upon activation ramp and reaction conditions.
Moreover, starting from the temperature of 350 °C and upwards, the shape of differential XANES
spectra undergoes a dramatic changes that results to the formation of the positive peak A (located
at around 7120 eV, in the area of the main adsorption threshold onset) and to the significant
decrease of B, B* and C, C* features intensity, thus resulting to the damping of differential
XANES signal.



5 PCA and statistical analysis of XANES

5.1 Cu K-edge dataset

The determination of the optimal number of principal components (PCs) is of crucial
importance for the further LCF analysis reported in the main text of the article (for Cu K-edge
dataset). In this work the determination of the PCs is performed on the basis of advanced statistical
analysis as implemented in the recently released PyFitit package [8].

First, XANES dataset composed by 32 spectra acquired during the entire SCR-process, was
constructed. The constituted data matrix (characterized by 87 energy points, from 8975 to 9020
eV) has been subjected to the singular value decomposition (SVD) procedure [9, 10]. From this
technique, the eigenvectors (abstract components and their related eigenvalues) of the correlation
matrix associated to the input XANES dataset were identified (Figure S6). The first abstract
component represents principal components (PCs) that represents the directions of a X-
dimensional space able to take account for the highest variance of the data, noise included. Each
eigenvector is constituted by 87 points and, for this reason, can be considered as a spectrum but
without a chemical/physical meaning, as it shown in Figure S6. For this reason, the eigenvectors
of the correlation matrix are typically called “abstract spectra” or “abstract components” [11].
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Figure S6 First six abstract spectra extracted from the covariance matrix associated to the Cu-CZC dataset acquired
under the NH3-SCR condition.

The eigenvalues of the correlation matrix represent, from a statistical point of view, the
importance that each abstract component has in the data representation [10]. In order to identify
the correct number of PCs able to represent the real/physical signal and not the noise and then the
pure species associated to determined complexes in the mixture, different statistical criteria can be
applied. In our analysis, we applied the most widely used techniques in the field of spectral mixture
resolution such as: Scree plot, IE and IND values analysis and finally the Fisher (F)-test [10, 12].
The results of these test applied on the Cu-CZC reported in Figure S7 (a-d).
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Figure S7 (a) Scree Plot, (b) IND plot, (c) %SL plot associated to the F-test, (d) IE plot related to the Cu-Fe mixed
sample dataset acquired during the SCR condition. (e) Graphical representation of the fifth, sixth and seventh PCs
associated to the Cu-CZC dataset acquired during the SCR condition. The fifth and sixth PCs are reported in Figure
S5 as well.

The identification of the signal-related PCs comes directly from the analysis of each
abstract spectra reported in Figure S6. The first four components are undoubtedly associated to the
real signal; on the contrary, PC 5 and PC 6 are more dubious. However, if we compare them (See
FigureS7e), it is possible to see that some defined features emerge in the fifth component while
components sixth and seventh are predominantly dominated by noisy features, apart the peak
appearing at ca.8983.8 eV in the sixth PC that can be associated to Cu species forming during a
transient phenomenon. Taking into account all the above consideration it was concluded that the
optimal number of PCs is 5 both for Cu-CZC and Cu-Fe-mix datasets (the analysis for Cu-Fe-mix
dataset case is not reported for brevity).

As it was announced before, the abstract spectra reported in Figure S6 and Figure S7e do
not have chemical/physical meaning. However, different methods have been employed in order to
recover some pure spectra and their related concentration profiles having a physical/chemical
meaning. An example of successful implementation of Multivariate Curve Resolution (MCR)
approach [13, 14] reported in few recent works [15, 16]. However, for the present case the
algorithm of the physical/chemical meaningful XANES references based on the earlier
successfully employed approach SIMPLISMA [17] has failed. Due to this fact for the further
analysis standard linear combination fit routine has been employed. The results and motivation of
selection of the spectra employed as a reference for LCF is reported in the Section S6.



5.2 Fe K-edge datdaset

For the Fe K-edge analysis, the XANES dataset was composed by 44 spectra acquired for
only monometallic Fe-MOR sample both under activation and SCR conditions (for Cu-Fe-mixed
sample the temperature evolution were monitored solely by Cu K-edge XANES, cause it is
demonstrated significantly higher variations). The constituted data matrix (characterized by 164
energy points) has been subjected to the SVD procedure.

The different statistical criteria IND and Fisher Test (with a significance level fixed to 5%)
proposed 6 and 4 PCs, respectively. (the XANES acquisition dataset of Fe-MOR sample used for
analysis reported in Figure S16). The obtained abstract components are reported in Figure S8.
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Figure S8 First six abstract component extracted from the covariance matrix associated to the Fe-MOR dataset
acquired under high-temperature pretreatment and NH3-SCR condition.

The first abstract component is close to the reverse average associated to the entire XANES
dataset, appearing very similar to the one reported in Figure 2 of the main text or Figure S13 of
SI. While the 2" and 3™ are an additive to the 1% abstract component that allow accurate
reproducing of each spectra from the investigated dataset. The 4™ abstract component in principle
also might have some physical/chemical meaning but its contribution is already dramatically
small. While starting from the 5™ abstract component they are on the level of noise. Considering
that relatively intensive 2" and 3™ abstract components in principle have a meaning of differential
XANES spectra, thus they can be qualitatively compared with differential XANES signal as
reported in Figure S9.

Indeed, one can see that shape of the 2" and 3™ abstract components coincide well with
experimental differential Fe K-edge XANES signal obtained as a temperature induced difference
within Fe-MOR sample and as a difference between Fe-MOR and Cu-Fe-mix upon high-T
pretreatment (See Figure S9). Thus, the obtained abstract component can describe experimentally
observed differential XANES signal.
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Figure S9 Comparison of the abstract component derived from statistical analysis of Fe-MOR dataset with differential
Fe K-edge XANES signal obtained as (a) temperature induced difference within Fe-MOR sample and (b) difference
between Fe-MOR and Cu-Fe-mix sample upon high temperature pre-treatment of the catalysts.

Accounting for the fact that statistical analysis showed that up to four abstract components
might have physical/chemical meaning and for the similarity of the EXAFS fit results obtained for
corresponding datasets we can assume that some of this components can be associated with the
signal steaming from the minority of isolated iron species.



6 PCs selection and motivation for Cu K-edge dataset

Based on the statistical analysis of the Cu K-edge XANES dataset acquired under reaction
conditions we used five pure components for LCF analysis of both monometallic Cu-CZC and
bimetallic Cu-Fe-mixed samples in the entire temperature range. Description of the species is

given in Table 5 and the corresponding spectra are shown in Figure S10.

Table S5 Cu-species selected as references for linear combination fit (LCF) analysis of operando XANES

Cu-type Z-Cu(ll) m-Cu(ll) m-Cu(l)
(Dominant)
CU“(OH)/OZ CU“(NO3) CU(' |)(NH3)3X CUI(NH3)2 CUI(NH3)Of\N
Cu-species
Cu-Fe mix,
Cu-CHA (Si/Al=15,
cucze 500 ppm NO + CUAI=05) Cu-Fe mix, Cu-CHA,
XAS data U 10%0; (pre- hd 00 0o O£ 500 (Si/AI=13,
m + -
collection 10%0; treatment 500 ppm 1000 ppm NO + PP Cu/Al=0.44),
. 1200 ppm NHs (pre- ppm NH3,
conditions 500 °C NO+500ppm  treatment 10% O + MCR ALS
NH3) 1000 ppEn NO), 200 °C component
50 °C
200 °C
Bibliographic
[18] [19],[20] [21],[16] [19], [22] [16], [22]

references

Several changes were introduced in the set of the pure species compared to the original
work of Lomachenko et al. [23]. First, accounting for recent experimental [16, 21] and theoretical
[24] findings and considering the notable energy shift for the rising-edge feature upon temperature
decrease under SCR conditions we have taken into account additional configuration for the quasi-
linear amino complex Cu'(NH3)Osw. In this configuration Cu(l) ion is coordinated by NHs that is
pointing to the center of the cavity and by O from the zeolite framework as reported by
Giordanino et al., [22]. It was not possible to re-create experimental conditions where this complex
is dominant species, because it always co-existed with the linear diammino Cu'(NHs).. Therefore,
instead of the experimental spectrum we used a theoretical curve obtained by MCR ALS procedure
from the dataset originating from NHz TPD experiment with Cu-CHA sample reported by
Borfecchia et al. [16]. To further validate the structural assignment of the experimental XANES,
derived by MCR approach in ref. [16], we report comparison of the XANES spectra simulated
both mobile di-amino complex and framework coordinated Cu'(NH3)Osw (See Figure S10) [30].
XANES simulations has been performed on the basis of molecular orbitals approach as
implemented in ADF package [25]. More details on XANES simulations is reported in our
previous works [15, 18]. From Figure S10 (a and b) one can see that the simulated XANES
accurately reproduce the difference observed for two experimental XANES principal component
associated with two different Cu' complexes: (i) the energy shift of the rising-edge Cu(l)
fingerprint feature, (ii) less deep character of the subsequent minima and (iii) the energy shift of



the second absorption peak towards the lower energy was obtained for Cu'(NH3z)Osn With respect
to mobile m-Cu'(NHs)2.
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Figure S10 (a) Experimental XANES spectra of the 5 pure components used for linear combination fit of the entire
XANES dataset collected under NH3-SCR reaction for both monometallic (Cu-CZC) and bimetallic (Cu-Fe-mix)
catalysts. (b) XANES simulations performed for linear m-Cu'(NHs), and framework coordinated Cu'(NH3)2Ofw
complexes reported to emphasize the necessity to account for two different Cu' component for LCF analysis and their
structural assignment reported at panel (c). green, blue and red spheres correspond to Cu, N and O, while the rest of
the framework and hydrogen sites are shown as sticks. Panel (b) is adapted from Ref [30].

Then, tetra-ammino complex Cu''(NH3)s employed as independent component in the
previous work was substituted by mixed-ligand complex that has been found to be formed upon
exposure by NO/NHj3 feed after equilibration in NO/O> flux [21] (denoted as Cu(NHz)3X in this
work). This choice is justified by the fact that the experimental conditions for collecting this
spectrum are much more relevant to SCR compared to those for Cu''(NHs)a. Indeed, the latter was
measured in solution, and the spectral shape was reported to be heavily influenced by the hydration
shell [26]. Finally, the hydrated Cu(H2O)s species were excluded from the fit, because the
contribution was found to be small and unstable. At the same time, its inclusion as a 6™ component

did not lead to significant improvement of the R-factor.



7 An extended results of Cu K-edge LCF analysis

The results of XANES linear combination fit analysis (LCF) for monometallic Cu-CZC
and bimetallic Cu-Fe-mix samples are summarized in Figure S11 . The top part of the figure i.e.
panel (a) and (b) represent the temperature evolution profile for the 5 PCs described in detail in
Section S6. The color code of the abundancy profiles are in correspondence with the spectra of
PCs used for LCF analysis (shown in Figure S10). The vertical bars represent error bars for the
abundancy values derived from XANES LCF. The bottom part of the Figure S11 is duplicated
from the main text (See Figure 7) of the article and represent the temperature profile where the
contributions from two framework coordinated complexes Cu"(NOs) and Cu''(OH)/Oz are unified
as Z-Cu(11) (red bars), while contribution from two Cu(l) species Cu'(NH3)2 and Cu'(NH3)On are
unified as Cu(l) (grey bars). The contribution from mobile mixed-ligand complex Cu''(NH3)sX
reported as m-Cu(ll). Panel (c) and (d) duplicate the results reported in the main text.
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Figure S11 (a) and (b) relative abundance temperature profile for different Cu-species formed in the monometallic
and bimetallic catalysts, respectively, under NH3-SCR conditions, derived by XANES linear combination fit acconting
for the 5 principle components. (c) and (d) the same results of the linear combination fit analysis presented in a way,
where two different framework coordinated Cu" and two different mobile Cu' components were combined and
reported as Z-Cu(ll) and Cu(l), while the mobile Cu" reported as m-Cu(ll) for the sake of simplifcation. Panel (c) and
(d) are also reported in the main text of the article.



8  Similarity of Cu-speciation in the activated samples.

Figure S12 reports Cu K-edge XANES spectra and FT-EXAFS amplitudes collected at 500
°C for monometallic and bimetallic catalyst after high-temperature activation in oxidative
conditions. The only notable differences in XANES is observed in the region of Cu(l) rising-edge
feature (ca. 8983 eV), where monometallic catalyst show slightly more intensive shoulder, that
can be interpreted by the minor presence of the self-reduced framework interacting Cu' sites in
Cu-CZC sample. The corresponding EXAFS amplitudes reported in the inset of Figure S12 declare
some differences in the intensity of the first shell peak, that stemming from possibly slightly
different relative abundancy of three-fold or four-fold coordinated Cu-oxo species in the activated
samples [27, 28].

Cu K-edge O,-activated
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Figure S12 Cu K-edge XANES spectra collected under steady state conditions at 500 °C for Oj-activated
monometallic (Cu-CZC) and bimetallic (Cu-Fe-mix) samples. The inset reports corresponding k?>-weighted FT-
EXAFS amplitudes.



9 Additional XAS data
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Figure S13 Fe K-edge XANES collected for monometallic Fe-MOR sample upon Oz-activation in comparison with
the spectrum of reference compound - bulk a-Fe;Os.
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Figure S14 Fe K-edge k>-weighted phase uncorrected FT-EXAFS (a) amplitudes and (b) imaginary parts collected
for monometallic Fe-MOR samples under NH3-SCR conditions.
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Figure S15 Cu K-edge XANES collected during temperature ramp upon activation in oxygen (10%0; + 90%He).
Panels (a,b) and (c,d) represent the data collected for Cu-CZC and bimetallic Cu-Fe-mix samples, respectively. Panels
(a,c) correspond to rehydration and the onset of transient auto-reduction stage, while panels (b,d) correspond to
continuous transient auto-reduction and further re-oxidation stages. For panels (b,d) light blue curve correspond to
dehydrated state, orange curve — auto-reduced state and dark red — re-oxidized state of the catalysts, while thin grey
curves correspond to intermediate states.
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Figure S16 Activation and SCR parts of the Fe K-edge XANES dataset collected for F-MOR subjected for SVD
decomposition procedure as described in Section 5.2 of SI.
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Figure S17 Magnified post-edge region of Fe K-edge normalized XANES spectra collected at RT for Cu-Fe-mix

sample and reference material - bulk a-Fe,Os. The observed difference in the post-edge oscillations reveal strong size-
effect for small Fe-O clusters formed in the CuFe-mixed catalyst.
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