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1. Materials and methods 
 

The Cu-CHA catalyst was prepared by impregnation of the parent H-CHA zeolite material (Si/Al = 6.7) with the 
appropriate amount of an aqueous solution of Cu-nitrate. After impregnation, the samples were dried for 2 h at 
90 °C, followed by 1 h of calcination at 500 °C in air to decompose the nitrates. 

The XAS experiment was performed at BM23 beamline of the ESRF. The storage ring was operating in 4-bunch 
top-up mode at 20 mA maximum current. Measurements were performed in transmission mode at Cu K-edge, 
using a double-crystal Si(111) monochromator moving in a continuous mode. Acquisition time for one XAS 
spectrum was 2 min, energy range of 8800-10000 eV, energy step of 0.3 eV. A pair of flat Si mirrors at 2.8 mrad 
angle was used for harmonic rejection. Ionization chambers were used to detect incident and transmitted photons. 
I0 chamber was filled with 1.57 bar N2, I1 and I2 with 0.33 bar Ar, all three of them topped-up with He to the total 
pressure of 2 bar(a). The spectra of the Cu reference foil were measured together with the sample and then used 
for alignment. The XAS data were analysed using Athena program from Demeter package1 and Larch2 code. 

The X-ray adsorbate quantification (XAQ) data, reported in Figure 3 of the main text, were obtained by 
monitoring the change of the total absorption coefficient before Cu K edge (at 8885 eV, averaging the region of 
8820-8950 eV) during the interaction SO2. The change of the absorption coefficient was attributed to the 
adsorption of SO2. The corresponding number of moles of SO2  per unit area of the pellet was calculated by XAFS 
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mass code3 and, knowing the parameters of the sample pellet (mass, surface density and Cu content), converted 
into Cu/S ratio. 

Cu Kβ valence to core (vtc) XES measurements were carried out at ID26 beamline of the ESRF. The storage ring 
was operating in uniform top-up mode at 200 mA maximum current.  The measurements were done using the 
five analyser crystal spectrometer in vertical Rowland geometry. Incident radiation energy was fixed at 9050 eV, 
set by a flat Si (311) double-crystal monochromator. Scans of emitted radiation energy were performed using the 
(800) reflection of five identical Ge (100) analyser crystals. The crystals were spherically bent following the 
Johann scheme to focus the fluorescence radiation on the APD detector. Sample-analyzer distance was ca. 1m. 
The overall energy resolution of ca. 1.7 eV estimated by the FWHM of the elastic peak. Between the cell, analyzer 
crystals and detector a He-filled bag was placed in order to minimize X-ray absorption along the sample-
analysers-APD path. In order to decrease radiation damage, the incident beam was attenuated by a factor of 10. 
Vtc XES data were collected integrating 0.5 s per point, each point collected at the fresh spot of the sample. After 
each vtc-XES scan a correction scan was performed with the same integration time, measuring intensity of Kβ1,3 
main line in the same spots on the sample, which was then used for the normalization of vtc XES data. A 
background function was subtracted from the XES spectra. The latter was modelled in the following way: the 
region before and after XES Kβ vtc line was fitted with a sum of three Pseudo Voigt functions to reproduce the 
downward trend of the Kβ main maximum. 

For both XAS and XES experiments, the samples of Cu-CHA catalyst were prepared in a form of self-supported 
pellets of 13 mm diameter. The pellet mass of 104 mg was optimised by XAFSmass code3 to maximise the signal-
to-noise ratio in transmission XAS measurements. Resulting Cu K-edge edge jump was ca. 0.6. In both 
experiments the measurements were conducted in flow conditions (total flow in SO2 was 50 ml/min, total flow in 
other gas mixtures was 100 ml/min) using Microtomo reactor cell4 of the ESRF and mobile gas mixing setup for 
both experiments. The outlet gas composition was monitored using a mass spectrometer (Balzers Prisma).  

The SO2-TPD was performed with the samples of the same material sulfated following the same procedures as 
employed in the XAS experiment. The SO2-TPD was carried out with simultaneous thermal analyzer (STA 449 
F3 Jupiter, NETZSCH), which is coupled with an infrared (FTIR) spectrometer (MKS 2030, MKS Instruments) 
for evolved gas analysis. The sample was first kept in nitrogen gas flow 100 ml/min at 50°C for 30 mins and then 
heated up to 1200°C with 10 K/min. The sample mass was 25 mg. 

2. Experimental Procedures 
 

The goal of each experimental procedure was to induce a preferential formation of one of Cu intermediates in the 
SCR reaction. To obtain them each sample was activated in oxygen and exposed to the suitable conditions. The 
detailed schemes containing the information on the temperatures, gas compositions and timing are presented in 
Figures S1-S6. 
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Figure S1 Scheme of the followed experimental protocol comprising the pre-treatment Procedure 1 leading to the 
formation of fw-CuI species prior to exposure to SO2 

 

Figure S2 Scheme of the experimental protocol comprising the pre-treatment Procedure 2, leading to the 
formation of mobile [CuI(NH3)2]+ complexes prior to exposure to SO2 
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Figure S3 Scheme of the experimental protocol comprising the pre-treatment Procedure 3 leading to the formation 
of fw-CuI species prior to exposure to SO2 

 

Figure S4 Scheme of the experimental protocol comprising the pre-treatment Procedure 4 leading to the formation 
of fw-CuII species prior to exposure to SO2 
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Figure S5 Scheme of the experimental protocol comprising the pre-treatment Procedure 5 leading to the formation 
of mobile [CuII

2(NH3)4O2]2+ dimers prior to exposure to SO2 

 

 

Figure S6 Scheme of the experimental protocol comprising the pre-treatment Procedure 6 leading to the formation 
of mixture of NH3-coordinated CuI/CuII species prior to exposure to SO2 

 

3. XANES linear combination fit before SO2 
In this section we present the comparison between different linear combination fits (LCF) for the Cu species 

obtained in Procedure 6 (CuII + NH3). In Figure S7 we compare the linear combination fits results with different 

reference components. One component (linear diamine complex [CuI(NH3)2]+) is the same for all the fits. As the 
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second component, we use the spectrum of oxygen-bridged diamine dicopper complex [CuII
2(NH3)4O2]2+ (Figure 

S7a), the spectrum of tetraamine complex in solution [CuII(NH3)4]2+ (Figure S7b) and the spectrum of tetraamine 

copper sulfate monohydrate [CuII(NH3)4]SO4·H2O (Figure S7c). The best agreement with the data was obtained 

for the fit with oxygen-bridged diamine dicopper complex [CuII
2(NH3)4O2]2+ as the second reference. 

 

Figure S7. Comparison between LCF results with different references for the XANES spectrum collected after 
pre-treatment in Procedure 6; the reference spectra are the spectrum of linear diamine complex [CuI(NH3)2]+ (the 
same for all fits) and (a) oxygen-bridged diamine dicopper complex [CuII

2(NH3)4O2]2+, (b) tetraamine copper 
complex in solution [CuII(NH3)4]2+, (c) tetraamine copper sulfate monohydrate [CuII(NH3)4]SO4·H2O. 
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4. Wavelet transform analysis of the sample heated in O2 
 

Wavelet transform (WT) analysis is applied to EXAFS data for distinguishing the contributions of light and heavy 

atoms in the EXAFS signal 5, 6. The distinction is coming from the dependence of backscattering amplitude factors 

on the atomic number Z. As a result, the contributions of heavier atoms are localized at higher k. With WT it is 

possible to represent the signal in both R- and k-space making possible to assign it to the scattering paths with a 

better precision.  

Following the procedure analogous showed in works 6, 7 we used WT for identifying the presence of Cu in Cu-

CHA after initial heating in O2 to 550 °C and subsequent cooling to 200 °C. The Cu-Cu contribution is expected 

to be localized at ca.  6-7 Å-1, according to the calculations of the backscattering amplitude factors2. Such 

contribution is indeed visible in WT map of the examined Cu-CHA sample (Figure S8). Together with Z-CuII(OH) 

species, the dimers, that are usually oxygen-bridged, may  constitute a necessary stock of oxygen needed for the 

formation of mixed-ligand CuII(NH3)xOy complexes after the subsequent treatment in NH3 at 200 °C in Procedure 

6. 

 

Figure S8. Full-range WT representation of the EXAFS signal for the Cu-CHA sample measured at 200 oC after 
heating to 550 oC in 10% O2/He and cooling to 200 oC; b) Magnification of the high-R WT region in ranges Δk 
(0-10) Å-1 and ΔR (2-4.5) Å. WT sub-lobes stemming from O, Al/Si and Cu atomic neighbours are indicated by 
white arrows and labels.  

 

5. EXAFS fitting 
The composition of the Cu species proposed in the LCF section was supported by EXAFS fitting results (Table 

S1). The fitting was performed using the Athena and Artemis software from the Demeter 1 package. For the 

complex [CuII
2(NH3)4O2]2+ from Procedure 5 before SO2 the fitting model was chosen according to the structure 
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proposed in literature8. Although it was shown9 that this state can contain a small fraction (around 10%) of CuI, 

here we assumed a “pure CuII” approximation.  For the mixed species after (CuII + NH3) treatment in Procedure 

6 before SO2 the coordination numbers from theoretical models were multiplied by the coefficients obtained from 

the linear combination fitting described above. For all fits, coordination numbers were fixed. Path lengths and 

Debye-Waller factors were fixed for the paths taken from previously done fits of the corresponding components, 

other path lengths and DW factors were fitted.  Figure S9 shows the resulted fits in k- and R-space.  

Table S1. The results of EXAFS fitting. Fitting ranges: k-range = 3-13 Å-1, R-range = 1.15-3 Å. Colour codes of 
the paths correspond to the following species: yellow: [CuII

2(NH3)4O2]2+, light-blue: [CuI(NH3)2]+. Parameters 
without errors in parentheses were taken from the fit of the corresponding component and fixed in the fit here 

Cu-species Path Parameters R-factor, % 
[CuII

2(NH3)4O2]2+ 

(Procedure 5) 
Cu-O N = 2, σ2 = 0.008(1) Å2, R = 1.921(1) Å 0.2 
Cu-N N = 2, σ2 = 0.006(1) Å2, R = 2.016(1) Å 

  (CuII + NH3) 
(Procedure 6) 

Cu-N N = 2 ·  0.495*, σ2 = 0.008 Å2, R = 1.91 Å 0.8 
Cu-N 
Cu-O 

N = 2 ·  0.505*, σ2 = 0.003(2) Å2, R = 2.03(2) Å 
N = 2 ·  0.505*, σ2 = 0.004(2) Å2, R = 1.92(2) Å 

 

* coefficients for N are taken from XANES LCF results (Figure 2 Main text)  
 

 

Figure S9. EXAFS fitting results for [CuII
2(NH3)4O2]2+ complex (a, b) and the outcome of (CuII+NH3) treatment 

(Procedure 6) (c, d) after pre-treatment procedures in R- (left panels) and k-space (right panels). Green dashed 
lines show the fitting ranges.  
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