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Highlights
eln situ/operando spectroscopic investigations revealed the mechanism of the NH3-SCR

reaction over a heterogeneous Cu-exchanged phosphorus-modified CHA zeolite catalysts (Cu-
P-CHA).

eThe NH3-SCR reaction over the Cu-P-CHA catalyst proceeds via the reduction of Cu(ll) to
Cu(l) and a subsequent re-oxidation of Cu(l) to Cu(lIl) similar to the system of Cu-exchanged
CHA zeolite catalysts (Cu-CHA) without phosphorus modification.

eThe phosphorus modification prevents the deactivation of the active Cu species in Cu-P-CHA

during hydrothermal treatment.



Abstract

The modification of Cu-exchanged zeolites with phosphorus represents a promising method to enhance
their hydrothermal stability, which is of pivotal importance for catalysts that promote the selective
catalytic reduction of NO with ammonia (NH3—SCR). In this study, we investigated the reaction
mechanism of NH3—SCR catalyzed by a phosphorus-modified CHA zeolite that contains active Cu
species (Cu-P-CHA), and assessed the effect of the phosphorus modification on the hydrothermal
stability of the catalyst by employing in situ/operando spectroscopic methods. In their entirety, the
combined results from in situ/operando IR, UV-vis and XANES experiments revealed that the NH;—
SCR process over Cu-P-CHA proceeds via the reduction of Cu(Il) to Cu(I) followed by a reoxidation
of Cu(I) to Cu(Il). In addition, we found that the phosphorus modification improved the hydrothermal
durability of the catalyst by retaining a higher amount of the redox-active Cu species and the zeolite

framework.

1 Introduction

The selective catalytic reduction of nitrogen oxides (NOy) with ammonia (NH;—SCR) for the control of
diesel emissions is currently one of the hottest topics in environmental catalysis [1-4]. Various catalysts
have been studied, and Cu-exchanged small-pore zeolites, such as CHA, AEIl, RTH, and AFX, have
attracted particular attention [5-11]. The Cu-exchanged CHA type SSZ-13 zeolite (Cu-CHA) is
regarded to be the most suitable catalyst owing to its high activity and hydrothermal durability, which
makes it practicably viable [12-19]. When Cu-CHA is used for NOx emission control during diesel
combustion, it is exposed to harsh conditions, and the strong demand to improve the catalyst stability
given its vital importance in this real-world application is accordingly very high [20]. Two major
degradation processes for such Cu-zeolite catalyst systems, have been identified: sulfur poisoning and
hydrothermal aging [16,20-22]. The former is typically reversible because adsorbed sulfur species
(mainly sulfate) can be removed by active regeneration treatments at high temperature [21]. The latter,
however, is typically irreversible due to the permanent structural changes to the zeolite frameworks and
owing to the changes to the chemical and/or physical nature of the active Cu species [20]. Improvement
of the hydrothermal durability of catalyst systems is therefore of paramount importance for the design
and manufacturing of advanced Cu-zeolite catalysts.

Recently, the group of Tsunoji and Sano have prepared phosphorus(P)-modified small-pore
zeolites, including CHA, LEV, and AEI, as durable host materials in Cu-catalyzed NH;—SCR reactions
[23-25]. Although P-modification can improve the hydrothermal stability of zeolites [26-30], the
typical procedure for carrying out this post-synthesis modification cannot be applied to small-pore
zeolites as the diffusion of phosphorus species inside the small pores of the zeolite is limited. However,
Tsunoji, Sano, and coworkers have achieved such P-modification by synthesizing P-modified zeolites
from zeolitic starting materials. This process involves the hydrothermal conversion of the starting

zeolite using a phosphonium-containing organic structure-directing agent (P-OSDA). This method



provides highly crystalline P-modified zeolites (P-zeolites) without structure-defects and with a
homogeneous distribution of the P species inside the cavity [31]. Cu-loaded P-zeolites (Cu-P-zeolites)
exhibit excellent catalytic performance with high thermal/hydrothermal stability in the NHs-SCR
process [24]. Although highly durable Cu-P-zeolite catalysts have been developed, the effect that the P
species exerts on improving the catalyst stability and the SCR mechanism has not been studied
systematically [25].

In the present study, the reaction mechanism of the standard NH:—SCR reaction catalyzed by a
Cu-loaded P-CHA zeolite catalyst (Cu-P-CHA) was investigated. For that purpose, various in
situ/operando spectroscopic methods were employed, which revealed that the SCR reaction over the
Cu-P-CHA catalyst proceeds by way of the reduction of Cu(ll) to Cu(l), followed by a subsequent re-
oxidation of Cu(l) to Cu(ll), similar to Cu-CHA systems that have not been modified with phosphorous.
Moreover, we discovered that the improved hydrothermal stability caused by the P-modification results
from the suppression of the formation of aggregated Cu oxides (CuOy), which are not redox-active

during the NHs—SCR process.



2 Experimental

Preparation of the Catalysts

An NH4"-type P-CHA zeolite (Si/Al = 10, P/Al = 0.18) and an NH,"-type CHA zeolite (Si/Al = 10)
were synthesized according to a previously reported method [31]. It should be noted here that the P-
CHA zeolite used in this study has an almost optimal P/Al ratio, as determined in a previous study of
some of our authors [24]. The Si/Al ratio was determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) on a Seiko SPS7000. To synthesize the Cu-P-CHA catalyst,
dealuminated FAU zeolite (Si/Al = 16), sodium hydroxide, tetraethyl phosphonium hydroxide (TEP),
N,N,N-trimethyl-1-adamantammonium hydroxide (TMAda), and distilled water were mixed to obtain
a gel with a molar composition of Si/Al/TMAda/TEP/NaOH/H,0 = 1:0.0625:0.05:0.25:0.1:7.5. The
resulting gel was transferred into a 100 mL Teflon-lined stainless-steel autoclave (R-100, Hiro
Company) and heated to 150 °C for seven days with tumbling (10 rpm). The solid product was collected
via centrifugation, washed thoroughly with distilled water until the washings exhibited an almost neutral
pH, and then dried overnight at 70 °C. The as-synthesized zeolites were calcined for 10 h at 600 °C in
air to remove organic molecules. The Na cations in the calcined zeolites were subsequently removed
by ion-exchange using an aqueous solution of NH4NO3 (ca. 1.0 mol L™) at 60 °C for 2 h (this ion-
exchange procedure was repeated three times). The Cu-P-CHA catalyst was prepared using an agueous-
phase Cu-ion-exchange method on the NH4*-type P-CHA zeolite using a Cu(NOs), solution at pH = 5.5.
After the exchange, the sample was filtered, washed with distilled water, and dried for 12 h at 110 °C,
followed by calcination for 1 h at 600 °C.

The Cu-CHA catalyst without P-modification was prepared in the same way as the Cu-P-CHA
catalyst using FAU (Si/Al = 16) and omitting the TEP. The synthesis gel with a molar composition
Si/AI/TMAda/NaOH/H,0 = 1:0.0625:0.30:0.1:7.5 was used. X-ray fluorescence spectroscopy revealed
Cu loadings of 2.0 (Cu/Al =0.26) and 2.0 (Cu/Al = 0.26) wt% for Cu-P-CHA and Cu-CHA, respectively.
Aged Cu-P-CHA and Cu-CHA were prepared by treating the samples for 15 h at 800 °C under a flow
of 3% H,O/air (30 mL min™).

In situ/operando X-ray absorption spectroscopy (XAS)

Cu K-edge XAS measurements were performed in transmission mode using beamline BL-14B2 at
SPring-8. A Si(111) single crystal was used to obtain a monochromatic X-ray beam. A self-supported
wafer-form of the sample (diameter: ca. 7 mm) was placed in a quartz in situ cell under a 10% flow of
O, diluted with He (1000 mL min™). A mass spectrometer (BELMass, MicrotracBEL Corp.) was used
for analyzing the effluent gas. Normalization and linear combination fitting (LCF) analysis of the X-
ray absorption near edge structure (XANES) were carried out using the Athena software package [32].
XANES spectra for the reference compounds, which were collected using equivalent data collection
procedures with specific acquisition parameters optimized for each sample, were taken from our

previous study [33]. They were either measured after in situ treatment of Cu-P-CHA or Cu-CHA, to



obtain a reference for Z-[Cu®*] (Z = zeolite framework), or prepared as solution-phase complexes,
namely [Cu(NH3)4]*" and [Cu(NHs).]*, according to literature procedures [34,35].

In situ/operando UV-vis spectroscopy

Diffuse reflectance UV-vis measurements were performed at 200 °C using JASCO V-670. The light
source was directed at the center of an integrating sphere through an optical fiber. The reflectance was
converted into pseudo-absorbance using the Kubelka-Munk function. BaSO4 was used to obtain a
background spectrum. Gas mixtures were fed into a Cu-P-CHA sample (6.5 mg) at a flow rate of 100
mL mint. The relative concentration of N in the outlet gas mixture was monitored using the same mass
spectrometry apparatus used for the XAS measurements. The product concentration was quantified by
calibrating the mass response.

In situ/operando IR spectroscopy

IR spectra were recorded on a JASCO FT/IR-4600. Samples were pressed into a 40 mg self-supporting
wafer and mounted in a quartz IR cell with CaF; windows. Spectra were measured by accumulating 20
scans at a resolution of 4 cm™. A reference spectrum of the catalyst wafer in He taken at the
measurement temperature was subtracted from each spectrum. The mass spectrometry apparatus used

for the UV-vis measurements was also used here.

Catalytic reactions

The standard NH3—SCR (NO + NH3 + Oy) reaction was performed in a fixed-bed flow reactor using 10
mg of the Cu-P-CHA catalyst and a flow rate of 100 mL min™. The composition of the feed gas was
NO/NH3/02/He = 500 ppm/500 ppm/10%/balance. The effluent gas was analyzed by IR spectroscopy
and gas chromatography with a thermal conductivity detector (GC-TCD) (Agilent 490 micro-GC). It
should be noted here that the presence of N,O was not detected.

Other characterization technique

Powder X-ray diffraction (XRD) measurements were carried out using a Rigaku MiniFlex II/AP
diffractometer with Cu-Ko radiation. Electron spin resonance (ESR) spectra were measured on a Bruker
Biospin EMX plus spectrometer. The catalyst powder (ca. 10 mg) was added to a 5 mm quartz tube,
and subsequently, the sample tube was filled with N> to remove the O,. Spectra were measured at
—173 °C without exposure to air. N, adsorption measurements at —196 °C were carried out using an
AUTOSORB 6AG (Yuasa lonics Co.).



3. Results and discussion

3.1. Mechanistic investigation of the Steady-state standard NHs—SCR

The oxidation state of the Cu species in the Cu-P-CHA was investigated under steady-state standard
NHs-SCR conditions by employing in situ Cu K-edge XANES techniques [8,33,36,37]. The low-
contact time-conditions (W/F = 3.0x10° g s mL™; W = 50.6 mg; F = 1000 mL min™) allowed us to
analyze the Cu oxidation states under kinetically controlled conditions. Fig. 1(a) shows the typical
XANES spectra of Cu-P-CHA. By increasing the temperature from 150 °C to 400 °C, the peak
characteristic of the Cu® species at 8983 eV increased. LCF analysis of the XANES spectra was
performed on the spectra of the three reference compounds: [Cu(NH3)4]?" and [Cu(NHa)2]* in aqueous
solution measured at room temperature, as well as the framework-interacting Z-[Cu?'] species [33]. A
typical example of an LCF analysis is shown in Fig. 1(b); the in situ XANES spectrum obtained during
the NH3-SCR at 200 °C fits the combination of the aforementioned three reference spectra well. The
error bars for the LCF analysis are given in Table S1. The temperature dependence of the fraction of
each Cu species present is shown in Fig. 1(c). The fraction of the Cu(l) species [Cu(NHs3)2]" is low at
150 °C and increases with increasing reaction temperature up to 300 °C. Yet, at high temperatures

(>350 °C), the Z-[Cu?] fraction surges substantially, which suggests a detachment of NH; from the Cu

center.
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Fig. 1 In situ Cu K-edge XANES spectra of (a) Cu-P-CHA under NH3-SCR reaction conditions at
various temperatures. (b) LCF analysis of the Cu-P-CHA spectrum at 200 °C using the spectra of
standard compounds. (c) Proportion of each Cu species present at different reaction temperatures when
using the Cu-P-CHA catalyst. NH3s—SCR reaction conditions: 1000 ppm NH3, 1000 ppm NO, 10% O,
He balance (1000 mL min™); catalyst weight = 50.6 mg.

Operando UV-vis spectra of Cu-P-CHA during NHs-SCR at 200 °C obtained using varying O-
pressures (0—-10%) are shown in Fig. 2(a). The spectra show a distinct band at around 760 nm due to d-
d transitions in the Cu(ll) species [36]. The intensity of the band at 760 nm was plotted as a function of
the O, pressure together with the mass spectrum (MS) intensity of N2 as shown in Fig. 2(b). Initially,

the rate of the NHs—SCR and the relative amount of Cu(ll) species present increase steeply as the O»



Cu(IDlimiting step of NH3—SCR at low O, concentration conditions, which can occur during the real-

world operation of diesel vehicles, in particular during rapid acceleration.
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Fig. 2 (a) Operando UV-vis spectra of Cu-P-CHA during the NH3-SCR at 200 °C using varying O2
pressures (0.1-10%). (b) Black line - band intensity at 760 nm due to d—d transitions in Cu(ll) during
the NH3-SCR as a function of the O, pressure. Red line - MS intensity of N; as a function of the O;
pressure. Conditions: 1000 ppm NHs, 1000 ppm NO, 10% O,, He balance (100 mL min™); sample
weight = 10 mg.



3.2. Mechanistic investigation of the reduction half-cycle

Operando XANES measurements were carried out to investigate the reduction half-cycle via the
reaction of O,-treated Cu-P-CHA with a mixture of NO and NHz (NO + NHj3) at 200 °C. The XANES
spectrum of Cu-P-CHA after treatment with 10% O, treatment is shown in Fig. 3(a). Characteristic
shoulders and peaks of isolated Cu®* coordinated to the cation-exchange sites of the zeolite were
observed from 8970 to 9020 eV [35,38-40]. After exposure of the sample to NO + NHjs, a sharp peak,
which was attributed to the 1s — 4p transitions of the linear [Cu(NHs3)2]" species, emerges at ca. 8980
eV [35,38,41]. During the reaction, the formation of N, was confirmed by mass spectrometry. The
formation of [Cu(NHs).]" and N2 during the reduction half-cycle is consistent with previously reported
results [33].

To obtain further insight into the mechanism of the reduction half-cycle of the NH;—SCR, operando IR
measurements were conducted for the reaction of the adsorbed NHj3 species with NO at 200 °C (Fig. 4).
An IR spectrum was taken after feeding 0.1% NH; to Cu-P-CHA, followed by purging with He. The
spectrum (Fig. 4(a), black line) shows a peak at 1620 cm™ due to the coordination of NHs to Cu sites
(Cu™-NHs) and a large peak at 1430 cm™ due to the presence of NH," (NH; on Bransted acid sites)
[42-44]. Subsequently, NO (500 ppm) was fed to the sample and the resulting Cu™*-NHs band at 1620
cm™ is shown by the red line in Fig. 4(a) red line. Fig. 4(b) shows the time-dependent MS intensity of
N downstream from the IR cell. The formation of N coincides with the consumption of NH3 on Cu,
which indicates that the NH3 at the Cu sites reacts with NO to yield N2. NH4* could be consumed under
NO+O- [45,46]. We have recently reported that NH4* in a Cu-zeolite does not react with NO at 200 °C
in the absence of O, [33]. Based on the various aspects of spectroscopic evidence, we have shown that
the reaction of Cu(l1)-NHs with NO yields H*, N2, and H,O [33]. The reaction of the thus formed H*
with an adsorbed molecule of NH3 could hence increase the amount of NH,4*. As shown in Fig. 4, the
intensity of the band due to NH," (1430 cm™) is increased by the reduction of the Cu(l1)-NHs species
with NO. This is consistent with a report by Simon et al. where the amount of NH4* increases upon
treating the Cu(l1)-NHs species with NO [47].

Operando UV-vis measurements were carried out (Fig. 5). The UV-vis spectra for NH;
adsorbed on Cu-P-CHA exhibits a d-d band centered around 760 nm that results from the Cu?* species
coordinated to a NHs-ligand, which is consistent with the results obtained from the operando IR studies
(Fig. 4). After purging with He and the subsequent introduction of NO, the d-d band almost disappeared,
which is indicative of the reduction of Cu(ll) to Cu(l). The formation of N, was also observed during
the UV-vis measurements.

To check that the above reduction half-cycle is the main pathway for the formation of N during
the NH3—SCR reaction, we compared the N2 formation rate for the transient and steady-state NH;—SCR
reactions. The solid line in Fig. 6 shows the formation rate of N during the transient reaction of the

adsorbed NHs species with NO at 150 °C. This data was obtained using a conventional flow reactor



equipped with an online GC-TCD. The powder form of Cu-P-CHA was first exposed to 0.1% NHs,
followed by purging with He. As NO (500 ppm) was fed to the catalyst, the transient formation of N
was observed. The No-formation rate in the steady-state NH;—SCR at 150 °C with the same reactor (in
Fig. 6 dashed line) was of the same order of magnitude. The obtained result demonstrates that the
reduction half-cycle is the most important N.-formation step in the Cu-P-CHA-catalyzed NH;—-SCR at
150 °C. This finding is consistent with our previous report [33].

Summarizing the results of these three operando spectroscopic studies, it can be concluded that
the reaction of the [Cu(NHz)4]**-like species with NO yields a [Cu(NH3)2]* species and N in the gas
phase. This mechanism is consistent with the previously reported mechanism of the Cu(Il) — Cu(I)

half-cycle for the NH3-SCR catalyzed by Cu-CHA [48].
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Fig. 3 (a) Operando XANES spectra of Cu-P-CHA obtained at 200 °C. The catalyst was first exposed
to a flow of 0.1% NH3/0.1% NO/He flow (1000 mL min™); (b) Time dependence of the MS intensity
of N2. Sample weight = 50.6 mg.
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Fig. 4 (a) Operando IR spectra of adsorbed species in Cu-P-CHA obtained at 200 °C. The catalyst was
first exposed for 0.5 h to a flow of 0.1% NHz/He (100 mL min™*) and purged for 10 min with He (black
line), followed by exposure to a 500 ppm NO/He flow (100 mL min; red line). (b) Time dependence



of the IR peak area due to adsorption of NH;3 on Cu sites (black line) and time dependence of the MS
intensity of N (red line). Sample weight = 40 mg.
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Fig. 5 (a) Operando UV-vis spectra of Cu-P-CHA obtained at 200°C. The catalyst was first oxidized
under 10% O,/He (100 mL min™), followed by exposure to a 0.1% NHas/He flow (100 mL min™) for
0.5 h, and to a 500 ppm NO/He flow (100 mL min™). (b) Time dependence of the band intensity due
to Cu(ll) (black line) and time dependence of the MS intensity of N> (red line). Sample weight = 10
mg.
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Fig. 6 Comparison of the steady-state (dashed line) and transient rates (solid line) of the NO reduction

to N, over Cu-P-CHA at 150 °C. The steady-state rate was measured under the standard NH;-SCR

conditions. The transient reaction for the reduction half-cycle was carried out by passing 500 ppm

NO/He (100 mL min™) over Cu-P-CHA pre-exposed to a 0.1% NHa/He flow (0.5 h). Sample weight =
10 mg.
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3.3. Mechanistic investigation of the oxidation half-cycle

In situ XANES measurements were also conducted for the oxidation half-cycle at 200 °C (Fig. 7).
Recently, we discovered in a mechanistic study of the NH3s—SCR over Cu-CHA catalysts with the same
Si/Al and Cu/Al ratios that the oxidation half-cycle can proceed using O as the sole oxidant [33]. This
has also been confirmed using a theoretical approach based on density functional theory (DFT)
calculations [49]. In this study, after the reduction of Cu-P-CHA with NH3; + NO, the sample was
treated with 10% O to induce the oxidation of Cu(l). In the XANES spectrum, the decrease of the peak
arising from Cu(l) confirms the occurrence of oxidation. An LCF analysis was conducted for each
spectrum to estimate the fraction of Cu(l) and Cu(ll) present. The time dependence of the fraction of
Cu(l) and Cu(ll) is shown in Fig. 7(b). The fraction of Cu(ll) increased immediately and then leveled
off after 500 s. The time-dependency of the fractions of the Cu(ll) and Cu(l) species for Cu-P-CHA
were similar to those for the Cu-CHA system with similar Si/Al and Cu/Al ratios described in our recent
experimental study [33]. This result indicates that the re-oxidation of Cu(l) in the form of the
[Cu(NH3)2]" complex proceeds smoothly using O; as the sole oxidant via formation of multinuclear Cu
species [49,50].

The results of the in situ UV-vis measurements for the oxidation half-cycle are shown in Fig.
8. When the Cu-P-CHA catalyst, pre-reduced by NO/NHs, had been exposed to 10% O, the peak at
760 nm due to the presence of the Cu(ll) emerged. This result indicates that the re-oxidation of Cu(l)
to Cu(ll) occurs with O as the sole oxidant. In addition, the rate of the oxidation process is almost
identical to the one obtained over the Cu-CHA catalyst in the absence of any P species [33]. The
combined results of these in situ spectroscopic measurements suggest that the re-oxidation of Cu(l)
proceeds via the same mechanism for both the Cu-CHA and Cu-P-CHA catalysts, regardless of the
presence/absence of the P species.

Based on the above experimental results and our recent theoretical study [49], it is feasible to
propose the following reaction mechanism for the NH;—SCR over Cu-P-CHA: In the reduction half
cycle, Cu(ll) species with NH; ligands are reduced by NO to yield Cu(l) species, H* (in the form of
NH4"), N2, and H,O. The Cu(l) species can be oxidized using O, as a sole oxidant to yield the original
NHs-solvated Cu(ll) species. The mechanism is essentially the same as the NHz—SCR mechanism
catalyzed by Cu-CHA [33]. It should be noted here that the reaction does not necessarily proceed via
this proposed mechanism, as several other catalytic pathways, which depend on the local reaction

environment and the reaction conditions, can be envisioned [50].
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Fig. 7 (a) In situ XANES spectra of Cu-P-CHA, pre-reduced by NHs/NO, during the re-oxidation half-
cycle (under 10% O) at 200 °C. (b) Time-dependence of the fractions of Cu(ll) and Cu(l) as estimated
by in situ XANES spectra of Cu-P-CHA, pre-reduced by NH3/NO, during the re-oxidation half cycle
(under 10% O,) at 200 °C. The catalyst was exposed to a 0.1% NH3/0.1% NO/He flow (1000 mL min
1y for 0.5 h, followed by exposure to 10% O2/He (1000 mL min™) for 0.5 h after purging with He.

Sample weight = 50.6 mg.
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Fig. 8 In situ UV-vis spectra of Cu-P-CHA at 200 °C after reduction by NH3/NO (gray line), followed
by re-oxidation for 0.5 h under 10% O/He (blue line). The catalyst was exposed to a 0.1% NH3/0.1%
NO/He flow (100 mL min™) for 0.5 h, followed by exposure to 10% O/He (100 mL min™) for 0.5 h

after purging with He; Sample weight = 10 mg.
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3.4. Effect of P species on the catalyst stability

Improvement of the hydrothermal durability of NHs—SCR catalysts is of great importance for real-world
applications, and therefore, much effort has been devoted in recent years [51-53]. As mentioned in the
introduction, Cu-P-CHA is very robust under hydrothermal conditions [31]. To investigate the effects
of the presence of P species on the stability of Cu-P-CHA, XRD, XANES and ESR measurements were
conducted on both fresh and aged catalysts samples. The aged catalysts samples were prepared using a
hydrothermal method, where the samples were treated for 15 h at 800 °C under a flow of 3% H,O/air.
As shown in Fig. 9, the XRD patterns of the fresh and aged Cu-P-CHA are essentially identical,
indicating that the zeolite framework of the Cu-P-CHA catalyst remained intact even after the
hydrothermal treatment at 800 °C. In contrast, the diffraction peaks for the aged Cu-CHA shifted to
higher angles compared to the fresh Cu-CHA, suggesting that the lattice parameter of the CHA zeolite
decreased upon aging. Bayerlein et al. have reported the effect of hydrothermal dealumination on the
lattice constant of FAU zeolites and shown that lattice parameter decreased with decreasing amounts of
framework Al [54]. Accordingly, our XRD results for Cu-CHA suggest a dealumination of the CHA
zeolite after the hydrothermal treatment at 800 °C, resulting in a decreased lattice parameter of the CHA
zeolite. We also performed N adsorption experiments of fresh and aged Cu-P-CHA. The BET specific
surface areas were calculated to be 562 m?/g and 591 m?/g for fresh and aged samples, respectively,
indicating that the porous zeolitic structure was maintained even after the aging treatment. These results
clearly demonstrate that P-modification can improve the hydrothermal stability of Cu-CHA-type
catalysts.

The nature of the Cu species after the hydrothermal treatment was investigated by in situ
XANES measurements (Fig. 10). After exposing the samples to 10% O»/He at 200 °C, the samples were
reduced under a flow of NO/NHs. For all samples, the spectra obtained after oxidation with O, were
essentially identical and did not change whether there were P species present nor if the sample had
undergone hydrothermal aging treatment at 800 °C. This result shows that the Cu species in these
samples are Cu®" species. After reduction by NO/NH;, the XANES spectra of the fresh and aged Cu-P-
CHA samples are similar and comparable to the reference spectrum of the [Cu(NH;),]" complex (Fig.
1(b)). In contrast, the XANES spectrum of the NO/NHs-reduced aged Cu-CHA catalyst shows a
different shape compared to that of the fresh sample. The intensity of the peak due to the presence of
the [Cu(NH;),]" species was decreased by the hydrothermal treatment. This indicates that the amount
of redox-active Cu species, most likely isolated Cu ions, is decreased by the hydrothermal treatment.

Subsequently, we investigated the effect of the hydrothermal aging on the Cu species by ESR
spectroscopy. Cu®" is a d’ system with an unpaired electron, which affords a spin doublet ground state
[36,55]. Moreover, it has been reported that Cu—O—Cu dimers, CuOx clusters, and bulk CuO are ESR-
silent even though Cu?* is paramagnetic. The relative amounts of the isolated Cu?* ions in the zeolite
frameworks can thus be estimated using ESR techniques [20]. ESR spectra of the fresh and aged Cu-P-
CHA and Cu-CHA samples were measured at —173 °C (Fig. 11). The ESR spectra of the fresh Cu-CHA
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and Cu-P-CHA samples exhibit sharp signals with g values (g, = 2.09 and g = 2.39) that can be
assigned to monomeric Cu®* ions in the CHA zeolites [55]. The intensities of these signals for the aged
samples decreased, indicating that the hydrothermal treatment causes the aggregation of isolated Cu*"
ions to yield ESR-silent CuOx species [20]. However, in the case of aged Cu-P-CHA, the magnitude of
the decrease was considerably smaller than that observed for Cu-CHA. These results indicate that
aggregation of isolated Cu®" ions into an ESR-silent CuOy species was suppressed by the P-modification.
Summarizing the results of the XRD, XANES and ESR measurements, it can be concluded that the P

species in the Cu-P-CHA catalyst effectively hampers the formation of redox-inactive CuOy aggregates

and therefore prevents the deactivation of the redox-active Cu species (isolated Cu ions).

Cu-P-CHA Aged

Cu-CHA

lOOOOI

10 20 30 ' 40
20/ deg.

Fig. 9 XRD patterns of Cu-P-CHA and Cu-CHA before and after the hydrothermal treatment.

@) (b)

Cu-P-CHA N Cu-CHA
7 ‘\

Fresh Fresh
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Fig. 10 In situ XANES spectra of (a) fresh Cu-P-CHA and aged Cu-P-CHA, (b) fresh Cu-CHA and

aged Cu-CHA at 200 °C after initial oxidation under 10% O,/He (1000 mL min™) (dashed line),

followed by reduction under 0.1% NH3/0.1% NO/He (1000 mL min™) (solid line); sample weight: 50.6
mg.
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Fig. 11 ESR spectra of Cu-CHA and Cu-P-CHA before and after hydrothermal treatment.
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4 Conclusions

This study investigated the redox cycle of the selective catalytic reduction of nitrogen oxides (NOy)
with ammonia (NH3—SCR) catalyzed by a Cu-loaded phosphorous-modified CHA zeolite catalyst (Cu-
P-CHA) using in situ/operando IR, UV-vis spectroscopy techniques as well as XAS measurements.
Transient operando studies demonstrated that NHz adsorbed on Cu®* as a Lewis acid site was consumed
under a flow of NO to afford N, while Cu®* was reduced to Cu*. We also confirmed that the re-oxidation
step of Cu* was promoted by O as the sole oxidant. In addition, the effects of the P species on the
hydrothermal stability of the catalyst were also investigated. The obtained results demonstrated that the
role of the P-modification is to suppress dealumination of the zeolite host and aggregation of active

Cu*" ions into redox-inactive CuOx species during the hydrothermal treatment.
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