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Linking hydrothermal deactivation of Cu-CHA
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NHs-Selective Catalytic Reduction (NH3-SCR) is a critical technology for controlling NO, emissions from
diesel and H, engines. Cu-exchanged chabazite (Cu-CHA) materials are preferred catalysts for the
NH3-SCR reaction thanks to high activity, selectivity and stability under normal operating conditions.
However, exposure of Cu-CHA to water at high temperatures (=650 °C) leads to loss of Brensted acid
sites due to dealumination. Here, we have measured the activity and selectivity of hydrothermally aged
Cu-CHA. The hydrothermal deactivation is linked to changes in the amount of Breonsted acid sites as
measured by NHs-Temperature-Programmed Desorption (TPD) and the ability to form the key
intermediate [Cu,(NH3)40512", as probed by NO-Temperature-Programmed Reaction (TP Reaction). The
activity decreases rapidly during the first 10 hours of aging, which correlates with a rapid loss of Brgnsted
acid sites. The activity after 10 hours is reduced at a slower rate, which coincides with a loss in ability to
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form [Cu,(NHs)4052". The measurements are corroborated by density functional theory based
microkinetic modeling. The simulations show that the part of the reaction cycle that occurs over Brensted
DOI: 10.1039/d5¢y01491c acid sites in fresh catalysts can occur at a slower rate over silanol nests in the aged catalyst. Roughly half
of the activity loss after 100 hours of aging can be attributed to the decrease of Brensted acid sites,

]2+

rsc.li/catalysis whereas the remaining loss can be related to reduced formation of the [Cux(NH3)4,0,]“" complex.

Atomistic reaction mechanisms have been developed
based on experiments and first principles calculations.”"?

Introduction

Selective catalytic reduction of NO, using ammonia as a
reducing agent (NH;-SCR) is the leading technology for
controlling NO, emissions in oxygen excess, such as diesel
exhausts.” Cu-exchanged small-pore chabazite zeolites have
shown high activity for NH;-SCR and a good hydrothermal
stability under low-temperature conditions."** The overall
NH;-SCR reaction with only NO (so-called standard SCR) is:

4NH3 + 4NO + 02 g 4N2 + 6H20

Each NO reacts with one NH; molecule, and O, is needed to
accommodate the hydrogen atoms. The NH;-SCR reaction
cycle over Cu-CHA involves alternating oxidation and
reduction of Cu ions, with the Cu oxidation state cycling
between Cu" and Cu®*. O, adsorption occurs on Cu" sites,
oxidizing them to Cu*', whereas the coupling of NO and NH;
reduces Cu”" back to Cu’.
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The reaction mechanisms agree that Cu-sites are required for
the oxidation half cycle, whereas different paths have been
suggested for N-N coupling and N, formation. The
mechanisms include steps where N, is formed from NH,NO,
or H,NNO decomposition partly viae HONO as an
intermediate. NH4NO, and H,NNO decomposition is
generally assumed to be facile, and in ref. 12 it is proposed
to occur over Brensted acid sites.

We have previously proposed a detailed reaction scheme
based on density functional theory (DFT) calculations and
DFT-based microkinetic modeling.>”” Fig. 1 shows a simplified
version of the proposed reaction mechanism for standard
NH,;-SCR. Below 300 °C, NH; solvates the Cu ions, forming
mobile [Cu(NHj;),]" complexes."*™"” Pairs of the [Cu(NH;),]"
complexes (A) are needed to allow for adsorption and
activation of O, via the formation of a [Cu,y(NH3),0,]*" peroxo
complex (B), which is a key intermediate in the reaction
cycle.’®2° The reaction proceeds via adsorption of NO, which
reacts with NH; to form H,NNO and [Cu,(NH;);00H]*" (C).
H,NNO can diffuse away from the Cu sites and decompose
over Brensted acid sites to produce N, and H,0.%%!
Another H,NNO and an HONO molecule can form over
[Cu,(NH3),00H]*" giving [Cu,(NH3),0OH]*" (D), over which a
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Fig. 1 Simplified reaction cycle for low-temperature NH3-SCR over
Cu-CHA, showing the most critical intermediates. The top cycle shows
the formation of H,NNO and HONO over Cu-sites, whereas the
bottom cycles show the decomposition of H,NNO and HONO over
Bronsted acid sites. The kinetic simulations in the present work are
performed with the complete low-temperature reaction cycle.>”

second HONO molecule can form. Each HONO formed in the
main reaction cycle decompose together with NH; over
Bronsted acid sites to N, and H,O. The Bronsted acid sites
under reaction conditions are occupied by NH; forming
NH,, and thus H,NNO and HONO are effectively
decomposed over NH,". An unwanted side reaction is N,O
formation, which may occur if H,NNO decomposes over
[Cu,(NH;),00H]*".**> The selectivity of the reaction depends
critically on the ratio between the barriers for H,NNO
decomposition and diffusion together with the availability of
Bronsted acid sites.® Adsorption of NH; competes with NO
adsorption,® and results in [Cu,(NH;);0,]*" (E). NH;
adsorption blocks the Cu-sites for the reaction and
[Cu,(NH;)50,]*" is an inactive state of the catalyst, giving rise
to the negative reaction order of the NH;-SCR reaction in
ammonia.® The proposed NH;-SCR mechanism relies on both
copper and Bregnsted acid sites: HONO and H,NNO form over
copper sites and decompose over Brgnsted acid sites.

Despite high activity and selectivity under low-temperature
conditions, Cu-CHA catalysts are known to deactivate when
exposed to water vapor at temperatures above 600 °C. This
deactivation is a consequence of dealumination, and thus the
detachment of AI’* from the framework in the form of
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Al(OH);H,0, so-called extra-framework Al (EFAl) species. In
the dealumination process, four Si-OH groups (a silanol nest)
are formed at the original locations of the AI’* ions along
with loss of a Brensted acid site.?*® Furthermore, under
high-temperature conditions, the loss of Brgnsted acid sites
may also be associated with the transformation of ZCuOH
species into Z,Cu.””*®* X-ray absorption near edge
spectroscopy (XANES) measurements show that the amount
of [Cu(NH;),]" complexes decreases upon dealumination.
The loss of [Cu(NH;),]" complexes is accompanied by the
formation of copper aluminate (Cu-Al) species, which are
inactive for the NH;-SCR reaction.’® The Cu-Al species are
formed by the reaction between Cu ions and extra-framework
AL*"  which according to our previous study is a
thermodynamically preferred process.*>

Dealumination and transformation of ZCuOH to Z,Cu
could affect the NH;-SCR reaction rate both via the loss of
Brgnsted acid sites and changes in the properties of Cu-
species.®® If the decomposition of the HONO and H,NNO
intermediates to N, and H,O occurs over Brgnsted acid sites
as proposed in Fig. 1, the loss of Bregnsted sites should affect
these reaction steps. Moreover, the distribution of Brgnsted
acid sites, which is changed upon dealumination, affects the
mobility of the [Cu(NHj3),]" complexes and the stability of
[Cu(NH,),]" pairs***® and the [Cu,(NH;);0,]*" intermediate.*®

In the present work, we link the loss in NH3-SCR activity
of Cu-CHA upon hydrothermal aging with changes in
Brgnsted acid sites and Cu sites. Activity measurements are
combined with temperature-programmed desorption of NH;
(NH,-TPD), which measures the number of Brgnsted acid
sites, and NO-temperature-programmed reaction (NO-TP
reaction), which estimates the amount of [Cu,(NH;),0,]*
complexes. The activity as a function of aging time shows a
rapid initial decrease followed by a slower decrease. We relate
the rapid decrease to the loss of Brensted acid sites, whereas
the slow decrease is related to a reduced formation of
[Cuy(NH3),0,]*"  complexes. The  experiments  are
corroborated with density functional theory (DFT)
calculations and DFT-based microkinetic modeling. The DFT
calculations show that the barriers for HONO and H,NNO
decomposition over silanol sites are higher than those over
Bronsted acid sites. The kinetic simulations suggest that
approximately half of the reduced activity after 100 hours of
aging is connected to the loss of Brgnsted acid sites, whereas
the rest of the activity loss can be attributed to reduced
formation of [Cu,(NH;),0,]*".

Experimental and computational
details
Aging protocol

The experiments were performed with a Cu-CHA catalyst
having a silica-to-alumina ratio (SAR) of 13.4, corresponding
to a Si/Al ratio of 6.7, loaded with 3.2 wt% Cu. Cu-CHA is
prepared by impregnation of the parent H-CHA material with

This journal is © The Royal Society of Chemistry 2026
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an appropriate amount of Cu-nitrate solution, followed by
calcination at 600 °C for 2 h.

A catalyst portion of 50 mg was filled in a quartz U-tube
microreactor with an inner diameter of 6 mm, and the initial
activity and NH3;-TPD were measured. The fresh catalysts
were pretreated by heating 10% O, at 550 °C. Hydrothermal
aging was performed by exposing the catalyst to 10% water
and 10% O, at 650 °C. The catalyst was subjected to stepwise
hydrothermal aging to accumulate 1, 2, 5, 8, 10, 20, 40, 60,
80 and 100 hours of aging. After each step, the activity and
NH;-TPD were measured to follow the deactivation with the
accumulated aging time. The amount of [Cu,y(NH3),0,*" in
the fresh and aged catalysts was measured in a separate
measurement, after 2, 10 and 100 hours of accumulated
aging. The parent H-CHA material was also used for some
reference measurements.

Activity and selectivity measurements

For the fresh and aged catalysts, activity measurements were
performed using 50 mg of dry catalyst material. The catalyst
was exposed to a gas mixture containing 500 ppm NO, 600
ppm NH;, 10% O,, and 5% H,0. The measurements were
conducted at 160 °C in an N, carrier gas with a total flow rate
of 13.5 NL h™'. The concentrations of NO, NO,, and N,O were
monitored using a Gasmet CX4000 FTIR spectrometer.

For the kinetic analysis, we wused the common
approximation that the NH;-SCR reaction is first order in NO
and zeroth order in NH;.>”*° The rate constant k (mol g™ h™)
is under these assumptions evaluated as:

_ F ln(l _XNO)
w

k= )
where, F is the total molar flow (0.6027 mol h™), Xyo is the NO
conversion, and Wis the amount of catalyst (50 mg).

NH;-temperature programmed desorption

To determine the effect of hydrothermal aging on the amount
of Bronsted acid sites, we conducted NH;-TPD measurements
on the fresh catalyst samples and after hydrothermal aging at
650 °C in 10% O, and 10% H,O for 1, 2, 5, 8, 10, 15, 20, 40,
60, 80, and 100 hours. For each experiment, a 50 mg sample
(150-300 pum sieve fraction) mixed with 300 mg of SiC (mesh
60) was added to the quartz U-tube reactor.

The TPD measurement began with pre-heating the sample
to remove any adsorbed species or moisture. Next, at 100 °C,
the sample was exposed to 1500 ppm NH;, followed by
exposure to 5% water for 15 min to remove physisorbed NH3,
and an additional 60 min in dry N,. Then, the catalyst was
cooled to 80 °C, to start the heating ramp to 550 °C, at a rate
of 3 °C min™".

NO temperature-programmed reaction

NO temperature-programmed reaction measurements was
used to probe the amount of [Cu,(NH;),0,]*" species
formed in the catalyst.*® The measurements were performed
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on a 50 mg sample aged at 650 °C for 0, 2, 10, and 100
hours. Prior to the measurements, the sample was heated at
550 °C with 10% O,. The pretreatment was followed by
cooling the sample to 200 °C, where it was exposed to 800
ppm NO and 960 ppm NHj;, which results in [Cu(NH;),]"
complexes.”’ Subsequent oxidation at 200 °C in 10% O,
yields [Cuy(NH;3),0,]*" complexes.*™*> After the oxidation,
the samples were cooled to 50 °C, and exposed to 680 ppm
NO while heating from 50 to 300 °C at a rate of 3 °C min .
During heating, we monitored the consumption of NO, from
which the amount of [Cu,(NH;),0,]*" was estimated.*’

DFT calculations

Spin-polarized DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP).**™*® A plane wave
basis set with a cutoff energy of 480 eV was used to describe
the valence electrons. The interaction between the valence
and the core electrons was described with the projector
augmented wave (PAW) method.*”*® The explicitly treated
valence electrons were Si(4), Al(3), O(6), N(5), and H(1). The
k-point sampling was restricted to the gamma point.

The Perdew-Burke-Ernzerhof PBE functional®® augmented
with D3 corrections to account for long-range van der Waals
(vdW) interactions®>®' was used to describe exchange
correlation effects. The electronic structure was considered to
be converged when the difference between steps in the Self-
Consistent Field loop was smaller than 1 x 107> eV. Structures
were considered to be relaxed when the force acting on each
atom was smaller than 0.05 eV A ™.

The chabazite structure was modeled with a hexagonal
unit cell, which includes 36 tetrahedrally coordinated
silicon atoms (T-sites) in which one Si atom is substituted
by an Al atom. Thus, the Si/Al ratio of the pristine zeolite is
35. Calculations are performed with the experimental lattice
parameters of a = b = 13.8 A, ¢ = 15.0 A, a = f = 90.0°, and
y = 120.0°.

Mean-field microkinetic model

Mean-field microkinetic modeling was used to explore the
consequences of replacing framework Al with silanol groups
and facilitate comparison to experiments. Building on our
previous work,”” the present model replaces the Bronsted
acid site with silanol groups as the active site for HONO and
H,NNO decomposition. The steady-state reaction rates and
fractional intermediate concentrations were obtained by
solving a set of coupled ordinary differential equations:

@ = Ton(7) @

where each intermediate 7 has a fractional concentration 6,. 1;
is the elementary reaction rates that depend on the fractional
concentration of the intermediates (6). ¢i; is the
stoichiometric factor of compound i in reaction j. The rate
constant (k;) for the reaction j is given by:>*
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where kg is Boltzmann's constant, T is the temperature, and
h is Planck's constant. AS* and AH' are the difference
between the initial and transition states for enthalpy and
entropy, respectively. The change in enthalpy (AH*) was
replaced with the change in energy (AE¥) as the volume
change is negligible in the reaction. The entropies for the gas
phase molecules were calculated from the translational,
rotational, and vibrational partition functions. For adsorbed
molecules, only the vibrational partition function was used.
Thus, the translations and rotations were described as
frustrated vibrations. The vibrational modes were evaluated
in the harmonic approximation.® The NO turnover frequency
(TOF) was calculated by summing the elementary steps that
consume NO and is reported per Cu-ion per second.

Results and discussion
Experiments

The effect of hydrothermal aging on the activity and
selectivity is measured for a 3.2 wt% Cu-CHA sample with an
SAR of 13.4. The dependence of the reaction rate constant on
the aging duration is shown in Fig. 2. A sharp drop in activity
is observed during the first 2 hours. The rate constant
decreases from 39 to 11 mol g”* h™". Thus, the catalyst shows
a fast initial deactivation. Beyond 2 hours of aging, the rate
constant decreases gradually, indicating a slower rate of
deactivation.

The hydrothermal aging also affects the selectivity to N,O.
During the first 10 h of aging, the N,O selectivity increases
from 0.1% to 0.7%. According to the kinetic model,® an
increase in N,O selectivity is consistent with a loss of
Bronsted acid sites, as the presence of Brgnsted acid sites
affects the decomposition of the HONO and H,NNO
intermediates to N, and H,O. In the absence of Bronsted acid
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T {0.008 %
230} >
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£ 20} o
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Fig. 2 Rate constants (mol g h™) for NO conversion and N,O
selectivity as a function of hydrothermal aging duration at 650 °C for
3.2 wt% Cu-CHA (an SAR of 13.4). Measurements were performed
using 50 mg of catalyst exposed to a gas mixture containing 500 ppm
NO, 600 ppm NHs, 10% O,, and 5% H,O, at 160 °C in an N, carrier gas
with a total flow rate of 13.5 NLh™,
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sites close to species C in Fig. 1, H,NNO can decompose over
species C to form N,O.

To directly measure how hydrothermal aging duration
affects the amount of Brensted acid sites, NH;-TPD
measurements are performed on H-CHA and 3.2 wt% Cu-CHA.
H-CHA contains Brensted acid sites and is included as a
reference. The fresh H-CHA sample exhibits a single, high-
intensity desorption peak centered at approximately 420 °C
(Fig. 3(a)). The intensity at 420 °C decreases rapidly during the
first 10 hours of hydrothermal aging, and a new peak at around
250 °C appears. Further aging leads to a limited decrease in
the amount of adsorbed ammonia in the range of 200-500 °C.
The low-temperature NH; desorption feature at 250 °C can be
associated with NH; desorbing from Si-OH/AI-OH formed
during dealumintaion,” whereas the peak at 420 °C
corresponds to NH; release from Brensted acid sites.””**
Assuming that all Brgnsted acid sites have been lost after 100 h
of aging, these data are used as a baseline reference for the
quantification of Bronsted acid sites. The quantification is
done by integrating the baseline-corrected NH;-TPD
profiles. The Brensted acid site concentration for the fresh
sample is determined to be 1229 pmol g'. After
hydrothermal aging at 650 °C for 2 hours, a sharp decrease
in peak intensity is observed. After 2 hours of aging, the
Bronsted acid site concentration is 265 umol g ' and
decrease further to 129 umol g™' after 10 hours of aging.
This shows that most Bregnsted acid sites are lost within the
first 2 hours of aging as a result of dealumination.

In addition to H-CHA, NH; TPD was also performed on 3.2
wt% Cu-CHA (an SAR of 13.4), as shown in Fig. 3(b). The fresh
Cu-CHA sample exhibits two distinct NH; desorption peaks
centered at approximately 250 and 420 °C, respectively. The
low-temperature peak (250 °C) corresponds to NH; release
from Lewis acid sites, e.g. Cu-sites, whereas the high
temperature peak (420 °C) again is attributed to Brensted acid
sites.”””* Upon aging, the peak at 280 °C increases and shifts
to lower temperatures, whereas the intensity for the peak at
420 °C decreases. The most significant changes are observed
during the first 10 hours of aging. The amount of Brensted
acid sites was in this case quantified by a three-peak
deconvolution, fixing the high-temperature peak related to
the Bronsted acid sites between 395 and 415 °C and allowing
the temperatures for the two other peaks to shift during the
fitting procedure. This procedure is simplistic with the
purpose of performing a semi-quantitative measurement of
the loss of Brensted acid sites. The Breonsted acid site
concentration is analyzed to be 930 pumol g™ for the fresh
sample. The concentration after 2, 10 and 100 hours of aging
is reduced to 426, 241 and 115 umol g™*, respectively. For Cu-
CHA, the decrease in Breonsted acid sites, in addition to
dealumination, could arise from the transformation of
ZCuOH to Z,Cu during dealumination.?’

In addition to the loss of Bregnsted acid sites as a result of
hydrothermal aging, the decrease in activity can also be
related to the loss of Cu sites. To evaluate how hydrothermal
aging affects the formation of the [Cuy(NH;);0,]*" complex,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) NH3z desorption profiles of H-CHA measured after different hydrothermal aging durations (from 0 h to 100 h). (b) NHz desorption profiles
of 3.2 wt% Cu-CHA (an SAR of 13.4) for different hydrothermal aging durations (from 0 h to 100 h). Dashed lines correspond to intermediate aging

stages between fresh and 100 h.

we performed temperature programmed NO reaction
experiments for the fresh and aged samples (Fig. 4). A high
consumption of NO corresponds to a high amount of
[Cu,(NH;),0,]*" species. The extent of NO consumption is
quantified by integrating the outlet NO concentration curve
between 95 °C and 200 °C. Temperatures above 200 °C are
excluded, as additional effects unrelated to the NO-
[Cu,(NH;),0,]*" reaction contribute to the NO consumption
at  higher  temperatures. = Moreover, the thermal
decomposition of [Cu,(NH;3),0,]*" starts at about 250 °C."*>®

Fig. 4(a) shows the NO outlet concentration profiles after
the reaction with [Cu,(NH;),0,]*". In all cases, a pronounced
decrease in NO concentration is observed between 70 °C and
130 °C, with a minimum near 120-135 °C. The experiments
show that NO reacts with the [Cu,y(NH3),0,]>" complex. At
temperatures above 130 °C, the NO concentration rises and
approaches the baseline. The fresh catalyst shows the highest
consumption of NO. The NO consumption decreases with
aging and the 100 h aged sample shows the lowest amount of
consumed NO. The experiments show that hydrothermal aging
suppresses the formation of the [Cu,(NH;),0,]*" species.

To illustrate the trend with suppressed [Cuy(NHj3),0,]*"
formation, Fig. 4(b) shows the ratio of consumed NO between

680 (a)
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—
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NO Concentration (ppm)

640}
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50 100 150 200
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the fresh and aged catalysts. The ratio decreases to 0.87 after
2 hours and 0.68 after 10 hours. While the NH;-TPD and N,O
selectivity showed only minor changes between 10 and 100 h
aging, the ratio of consumed NO between the fresh and aged
catalysts is 0.21 after 100 hours, indicating that the ability to
form [Cu,(NH;),0,]*" complexes keeps declining after 10 h of

aging.

DFT calculations and kinetic modeling

In the reaction mechanism presented in the introduction
(Fig. 1), the function of the Brensted acid sites is to
decompose the HONO and H,NNO intermediates to N, and
H,0.® The results presented in the previous section show that
the Cu-CHA catalyst retains some NH;-SCR activity after 10 h,
even though most Brensted acid sites are lost. This suggests
that the decomposition does not necessarily proceed over a
Bronsted acid site, and also could occur over the silanol nests
formed upon dealumination of the zeolite framework. As the
barrier for H,NNO decomposition in the gas phase is high
(1.45 eV),”* a proton source is needed to facilitate the
decomposition. In the absence of Bregnsted acid sites, it is
possible that silanol groups formed during dealumination
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Fig. 4 (a) Temperature-programmed reaction between NO and the [Cu,(NH3)40,]%* species comparing the fresh and aged samples (2, 10 and 100

hours). (b) The ratio of consumed NO between the fresh and aged catalysts.
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can act as proton sources. To explore this hypothesis, we
performed density functional theory (DFT) calculations of
HONO and H,NNO decomposition over silanol groups.

Fig. 5 shows the potential energy landscape for the
decomposition of HONO over a silanol nest (four Si-OH
groups). In the first step of the reaction, NH; is coordinating
to HONO, forming HONO-NH;. A proton transfer from NH;
to HONO with simultaneous cleavage of the HO-NO bond
results in the formation of H,NNO and an H,O molecule.
This step has a barrier of 0.42 eV. The H,NNO intermediate
decomposes further to N, and another H,O molecule. The
overall reaction is exothermic by -0.76 eV. The mechanism
for HONO decomposition over a silanol group differs from
that over a Bronsted acid site as the silanol group facilitates
a direct proton transfer from NH; to HONO with
simultaneous HO-NO bond cleavage, forming H,NNO and
H,O. In the HONO decomposition over a Bregnsted site,
HONO reacts with the proton forming an NH;-NO'
intermediate and H,O, followed by proton transfer from
NH;-NO' to NH3, which yields H,NNO and NH,".

Fig. 6 shows the reaction pathway for the decomposition
of H,NNO over a silanol nest. The reaction begins with the
adsorption of H,NNO onto the hydroxyl (OH) group of the
silanol nest, forming structure I. Subsequently, a proton is
transferred between the OH-group and the adsorbed H,NNO,
leading to the formation of an HNNOH intermediate
(structure II). The proton transfer is associated with a barrier
of 0.31 eV. The nitrogen atom of HNNOH forms a hydrogen
bond with the silanol group (structure II). Next, the OH group
of HNNOH rotates, resulting in trans-trans HNNOH
(structure II) first and thereafter trans—cis HNNOH (structure
IV). The rotations are associated with barriers of 0.59 and
0.45 eV, respectively. The ¢rans—cis HNNOH  structure
decomposes without a barrier to N, and H,0. The overall
reaction is exothermic by -2.45 eV. The H,NNO
decomposition over NH,", which is the state of the Bronsted
acid site under reaction conditions, in ref. 5 was proposed to

involve  multiple proton exchanges, whereas the
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Fig. 5 The potential energy landscape for HONO decomposition over
a silanol nest. Atomic color codes: N (blue), O (red), Si (yellow), and H
(white).
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Fig. 6 The potential energy landscape for H,NNO decomposition over
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decomposition over a silanol group proceeds via a single
proton transfer followed by OH rotations.

The calculations show that the decomposition of HONO
and H,NNO can also occur over the silanol group. However,
the highest barrier for decomposition over silanol groups is
0.59 eV, which is higher than the corresponding value (0.38 eV)
for decomposition over NH,'. Thus, HONO and H,NNO can
decompose over silanol groups if Brgnsted acid sites are
removed, however, at a slower rate.

To explore the kinetic consequences when exchanging
Brgnsted acid sites with silanol groups, we calculated the rate
of the entire NH;-SCR cycle using DFT-based microkinetic
modeling. The modified model is an extension our previous
model.>” Fig. 7 shows the turnover frequency (TOF) as a
function of temperature for two cases: i) NH;-SCR with
HONO and H,NNO decomposition over Brgnsted acid sites
(solid line) and ii) NH3-SCR with HONO and H,NNO
decomposition over silanol nests (dashed line). In both cases,
the light-off is at about 150 °C and reaches a maximum at
280 °C. The decrease in TOF at higher temperatures is related
to a low coverage of adsorbed 0,.° The TOF for the NH5-SCR
reaction is lower over silanol groups, as compared to
Bronsted acid sites. At 160 °C, the TOF over Bronsted acid

BAS
") 140 160 180
I 0.04F Temperature (°C)
(@]
= 7 Silanols
0.02F
0.00L— — L !
100 150 200 250 300

Temperature (°C)

Fig. 7 Simulated turnover frequencies for NO conversion over Cu-
CHA as a function of temperature over Bronsted acid sites (solid black
line) and silanol groups (dashed orange line). The inset shows a close
up of the TOFs around 160 °C.
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sites is 0.0038 s !, whereas it is 0.0018 s over the silanol
nests. Thus, the TOF is reduced by 50% when the site for
HONO and H,NNO decomposition is changed. The reduced
TOF is associated with a change in rate controlling steps as
revealed by a degree of rate control analysis®®®” (see SI). In
the case of HONO and H,NNO decomposition over Brgnsted
acid sites, the rate is controlled by the blocking of the
[Cu,y(NH3),0,]*" peroxo complex, which hinders NO
adsorption and NO reacting with the [Cu,(NH;)s(OH),]*
complex. In the case of HONO and H,NNO decomposition
over silanol nests, the rate controlling steps are the NH;
blocking of the [Cuy(NH3),0,]*" peroxo and H,NNO
decomposition.

The higher barrier for HONO and H,NNO decomposition
also affects the selectivity to N,O. The increased barrier for
H,NNO decomposition results in a higher H,NNO coverage
on the [Cu,(NH;),00H]*" intermediate where it decomposes
to N,O and H,O forming [Cu,(NH;);OH]*". The selectivity
to N,O is according to the model increased by a factor of
10 at 160 °C, which is in accordance with the experiments
in Fig. 2.

To compare the calculated rates for the NH;-SCR reaction
with the measurements, there is a need to account for the
loss of Cu sites. The NO-TPR experiments show that 13%,
32% and 79% of the [Cuy(NH;),0,]*" complexes relative to
the fresh sample are lost after 2, 10 and 100 hours of aging,
respectively. The loss of [Cu,y(NH;),0,]*" complexes can be
assumed to be related to a reduced formation of Cu(NH;);
pairs. Because the starting point in the kinetic model is a
pair of Cu(NH;); complexes, the reduced number of
[Cu,(NH;),0,]*" complexes is accounted for by simply
reducing the number of paired Cu(NHj;); complexes in the
model.

Combining the effects of HONO and H,NNO
decomposition over silanol groups and the loss of Cu(NH;)}
pairs results in a reduction of the TOF by 56%, 66% and 94%
as compared to the case with HONO and H,NNO
decomposition over Bregnsted acid sites and the initial
number of Cu(NHj;); pairs. Experimentally, the corresponding
decreases in the rate constant with respect to the fresh
sample are 72%, 78% and 89% for the samples aged for 2, 10
and 100 hours, respectively (Fig. 2). The simulated rates show
a similar trend to the measured deactivation, indicating that
the initial rapid deactivation is associated with the loss of
Bronsted acid sites, whereas the slow deactivation arises from
the decrease in available Cu(NH;); complexes.

Discussion

The NH;-SCR activity measurements of Cu-CHA indicate two
kinds of deactivation mechanisms with different rate constants
upon hydrothermal aging. A fast deactivation occurs within the
first 10 hours of aging followed by a slower deactivation
mechanism from 10 to 100 hours of aging. The initial fast
decrease in the activity coincides with a rapid loss of Brgnsted
acid sites and an increase in N,O selectivity, which remains

This journal is © The Royal Society of Chemistry 2026
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largely constant after 10 h aging. The observation that the
catalyst still shows activity after hydrothermal aging suggests
that the HONO and H,NNO decomposition occurs over silanol
nests that are formed upon dealumination, however, at a lower
rate than that over the Brensted acid sites. The experimental
finding is supported by DFT calculations, showing that HONO
and H,NNO decompose over silanol groups with a barrier that
is higher than that over Brensted acid sites (0.59 eV as
compared to 0.38 eV).

Dealumination also affects the mobility and pairing of
Cu(NH;); complexes. A pair of Cu(NH;); complexes is
required for O, adsorption and the formation of the
[Cu,(NH3),0,]*" complex. The NO-TPR experiments show that
the amount of [Cu,(NH;),0,]”" complexes is reduced to 68%
after 10 hours of aging and to 21% after 100 hours of aging.
The reduced amount of formed [Cu(NH;),0,]>" complexes
could, for example, originate from i) reduced mobility of
Cu(NHj;); complexes, ii) lower stability of paired Cu(NHj;);
complexes and [Cu,(NH3),0,]*", and iii) the formation of Cu-
aluminate species, which are inactive for NH,-SCR. The
experiments indicate that once the majority of Brensted acid
sites are lost, the rate becomes increasingly controlled by the
formation of [Cu,(NH;)40,]>" complexes, which are key
intermediates in the NH;-SCR cycle.

The hydrothermal aging is also investigated with a DFT-
based microkinetic model, incorporating the effect of
replacing Breonsted acid sites with silanol groups and a
reduced number of paired Cu(NH;), complexes. Including
only the effect of HONO and H,NNO decomposition of
silanol groups results in a 50% decrease in the TOF at 160 °C
as compared to the pristine case. Adding the effects of a
reduced number of paired Cu(NH;); complexes results in a
reduction of the TOF that is close to the reduction of the
experimental values of the rate constant. It should be noted
that the onset of the NH;-SCR reaction is controlled by
desorption of NH; from [Cu,(NH3)s0,]*", which enables NO
adsorption and subsequently NO-NH; coupling.®

Although the current micro-kinetic model is in line with
the experiments, there are important limitations. The model
does not account for changes in the Al-distribution upon
dealumination. The change in Al-distribution affects the
stability of the paired Cu(NH;); complexes as well as the
adsorption energies of O,, NO and NH,.** Moreover, the
model does not account for changes in diffusion barriers of
H,NNO and HONO, which affects the selectivity to N,O.

Conclusions

We have combined activity measurements, NH;-temperature
programmed desorption, NO-temperature programmed
reaction, and DFT-based microkinetic modeling to investigate
the hydrothermal aging of Cu-CHA catalysts for NH;-SCR.
The activity measurement revealed two types of deactivation
processes, a fast initial process that dominates the first 10
hours of deactivation and a slower process that is active
during the rest of the deactivation measurements. The initial
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fast deactivation coincides with a rapid decrease of Brgnsted
acid sites and an increased selectivity to N,O. The slower
process is connected to the formation of [Cu,(NH;),0,]*
complexes.

The experiments have been corroborated by DFT-based
kinetic modeling. The model relies on copper sites to form
HONO and H,NNO and Brgnsted acid sites or silanol groups
for HONO and H,NNO decomposition to N, and H,0.° The
model shows that the initial fast decrease in activity can be
related to the loss of Brgnsted acid sites as the rate for HONO
and H,NNO decomposition is slower on silanol groups than
on Brensted acid sites. Moreover, the slower rate for H,NNO
decomposition results in an increased selectivity to N,O. The
remaining deactivation can be related to the decrease in
[Cu,(NH;),0,]*" formation as measured in the NO-TPR
experiments. This work shows that hydrothermal aging
severely affects the performance of the Cu-CHA system for
NH;-SCR and that the loss in performance can be understood
within the framework of an atomistic DFT-based kinetic
model.
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