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Abstract

For the first time, the standard and fast selective catalytic reduction of NO by
NH, are described in a complete catalytic cycle, that is able to produce the correct
stoichiometry, while only allowing adsorption and desorption of stable molecules. The
standard SCR reaction is a coupling of the activation of NO by O, with the fast SCR
reaction, enabled by the release of NO,. According to the scheme, the SCR reaction
can be divided in an oxidation of the catalyst by NO 4+ O, and a reduction by NO
+ NH;; these steps together constitute a complete catalytic cycle. Furthermore both
NO and NH; are required in the reduction, and, finally, oxidation by NO + O, or
NO, leads to the same state of the catalyst. These points are shown experimentally
for a Cu-CHA catalyst, by combining in situ X-ray absorption spectrosocpy (XAS),
electron paramagnetic resonance (EPR), and Fourier transform infrared spectroscopy
(FTIR). A consequence of the reaction scheme is that all intermediates in fast SCR
are also part of the standard SCR cycle. The calculated activation energy by density
functional theory (DFT) indicates that the oxidation of an NO molecule by O, to a
bidentate nitrate ligand is rate determining for standard SCR. Finally, the role of a
nitrate/nitrite equilibrium and the possible influence of Cu dimers and Brgnsted sites
are discussed, and an explanation is offered as to how a catalyst can be effective for

SCR, while being a poor catalyst for NO oxidation to NO,.
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1 Introduction

The selective catalytic reduction of NO to N, by ammonia (NH;-SCR) plays an important
role in the abatement of NO, emissions in the exhausts of diesel engines and power plants.
With the environmental legislation becoming more stringent in many places in the world,
this reaction is going to play an important role in the development of technologies to meet the
emission requirements for exhaust gases. The commercially available catalysts for exhaust
gas cleaning by NH;-SCR are based on vanadium oxide supported on titanium oxide, Fe-
exchanged zeolites, or Cu-exchanged zeolites. The traditional zeolites applied in SCR are
ZSM-5, and zeolite . More recently, Cu exchanged chabazites (CHA), in particular SSZ-13
and SAPO-34, have become more important, as these materials are more stable under high
temperature conditions. Other known Cu- or Fe- exchanged zeolites with SCR activity are
SSZ-39,! ferrierite, mordenite.?3

The composition and temperature of the exhaust gas from which the NO is to be removed
depends on the source. In an automotive diesel engine, a typical exhaust gas contains up
to a few hundred ppm of NO,, 5-10% water vapor, 5-10% O,, hydrocarbons, CO and CO,.
Ammonia is usually introduced by decomposition of urea to a concentration level of typically
1.0-1.2 times the NO concentration; the slight excess of ammonia ensures an efficient removal
of the NO. In a typical exhaust aftertreatment system, the hydrocarbons and CO are removed
upstream from the SCR catalyst, and hence the SCR catalyst is exposed to a mixture of
NOy, O,, H,O, and NH; in an inert gas (N, and CO,). The temperature at the SCR catalyst
varies, and it is generally required that the SCR catalyst performs well in the temperature
range 200-500 °C. This gas composition and temperature range define the general operation
conditions for an SCR catalyst system.

The key reaction in the NH;-SCR is the formation of nitrogen from NO and NH; according
to the equation:
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This reaction is often referred to as ‘standard SCR’. In the presence of NO,, nitrogen

can also be formed according to

Because this reaction is faster than the standard SCR reaction,* it is often referred to as
‘fast SCR’. In addition to these two reactions, a number of side reactions can occur in the
mixture of NOy, O,, H,O, and NH;, such as formation of N,O, or ammonia oxidation to
NOy. These side reactions do not directly contribute to the transformation of NO and NHj,
to N,, but have an impact on the performance of the SCR catalyst, as they influence the
selectivity for N,.

Due to the number of possible reactions in this system, the chemistry involved in the NH,-
SCR reaction is rather complex. Consequently, the reaction mechanism for the NH;-SCR is
still under discussion. In this article, first the key aspects of the SCR reaction mechanism are
reviewed, and some shortcomings with the proposed reaction schemes are identified. Then we
present a new reaction scheme that resolves these shortcomings in the present schemes, and
corroborate the reaction scheme by means of density functional theory (DFT) calculations,
X-ray absorption spectroscopy (XAS), electron paramagnetic resonance (EPR), and fourier
transform infrared spectroscopy (FTIR) by example of a Cu-CHA catalyst. Finally, the
consequences of the proposed mechanism are discussed, leading to new insights in the role

of the different reactants and intermediates, and in the chemistry behind the SCR reaction.

2 Mechanistic aspects of the SCR reaction

As mentioned in the introduction, the best known catalysts for SCR are supported vana-
dium oxide on titanium oxide, and Cu- and Fe- exchanged zeolites. The catalysts based on
vanadium oxide and ion-exchanged zeolites all have an activity for redox reactions and acidic

properties. For a V-based catalyst, a mechanism was proposed combining an acid cycle with
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a redox cycle. In the acid cycle, the ammonia is adsorbed and reacts with NO to N, and
H,O, while reducing V°" to V**; the redox cycle restitutes the V°* state of the catalyst
through oxidation by oxygen and water.® This scheme involves transfer of an H-atom from
adsorbed NH, to a neighboring V°*=0 site. According to such a reaction scheme, at least
two neighboring V atoms are involved in the SCR reaction.®® The SCR reaction can also
take place on a single V atom,” but the SCR reaction becomes significantly faster with the
presence of polymeric V species.®

In the Cu- and Fe-exchanged zeolites, the oxidation properties are related to the ability
of the exchanged ions to change oxidation state.®!? In general, such catalysts also have
Brgnsted acidity, either since the standard procedures for Cu or Fe exchange do not result in
a complete exchange or new protonic sites are formed as a result of a reduction of the metal
ions.!! It is argued that the exchanged Cu or Fe ions facilitate the SCR reaction®!?14 by
oxidizing the NO to NO,, while the SCR reaction takes place elsewhere in the zeolite,'*1°
which could be on the ammonia adsorbed on the Brgnsted sites. If the Brgnsted sites are
located close to the Cu (or Fe) ions in the zeolite, it is conceivable that an NO, molecule
on a Cu ion can interact directly with an NH; molecule on a neighboring Brgnsted site,
which would make a reaction possible without the need for desorption of NO,.17 Such an
interaction between an oxidation site and an acid site resembles that for the vanadium-oxide
catalyst as mentioned above.

A consequence of the redox/acid cycle scheme is that the SCR activity of an ion-
exchanged zeolite becomes quite sensitive to the amount and distribution of the Al atoms
in the framework of the zeolites.'® 2! However, the role of the Brgnsted sites in an ion-
exchanged zeolite is not well understood at present. For Cu-MFI and Cu-CHA zeolites it
was found that the SCR activity at 200 °C is not dependent on the amount of Brgnsted
sites in these materials. This indicates that either the Brgnsted sites do not play a role in

the SCR reaction, or that these sites are always saturated with NH,*-ions under reaction

conditions.'??? Likewise, Brgnsted sites in Fe-MFI catalysts are generally not required for
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high activity, but they could influence the distribution of the Fe ions or act as a promoter
for the active Fe ions.?®?* All these results indicate that the SCR reaction takes place on
the metal ions in Cu- or Fe-zeolites, with a limited influence of the Brgnsted sites at most.

The distribution of the Al-framework atoms in a zeolite also affects the ability to form
Cu- or Fe-dimers. After ion-exchange, the Cu-atoms are coordinated to the oxygen atoms in
Si—O—Al-bridges, probably as a Cu®>"—OH  unit,®?>? which has a total charge of +1 to
balance the negative charge on the Si—O—Al site. Two neighboring Cu*"—OH ™ or Cu™ units

3039 which is bound to two different Al atoms

can combine to form a Cu—O—Cu-structure,
in the framework. It has been suggested that the formation of such Cu-dimers enhances the
SCR activity of Cu-SSZ-13, based on the observation that the activity per Cu atom increases
with the Cu-loading. 3940

In Cu-zeolites, the local environment of the Cu ions may be important for the SCR
activity. Recently, it has been shown that the Cu ions in a Cu-CHA zeolite are located in
both the 6- and 8-rings of the chabazite framework structure.?®2?344! Upon adsorption of
NH,, NO or H,O on the Cu atoms in the 6-rings, the Cu atoms are lifted out from their

42744 and therefore it seems that the

original position into the larger cavities in the zeolite,
SCR reaction actually takes place in the large cavities in Cu-CHA. However, only the Cu ions
located in or close to the 6-rings seem to contribute to the SCR activity in Cu-CHA. 245748

Independent of the nature and structure of the catalyst, and the local environment of the
active sites, the SCR reaction can be divided in a reduction part and an oxidation part, quite
similar to the well known Mars-Van Krevelen scheme for oxidation reactions. The reduction
part corresponds to the steps in which the ammonia reacts with the NO to nitrogen and
the catalytic site is reduced. In the mechanism for SCR over supported vanadium oxide
mentioned above, the acid cycle would represent the reduction part of the reaction. For
Cu-zeolites, it is proposed that the reduction takes place by adsorption of both NO and

NH, on Cu?*, leading to the formation of an ammonium nitrite or nitrate-like species, which

decomposes to N, and H,O, while the Cu®' is reduced to Cu*.4%49>! The presence of Cu*
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has been unambiguously identified by XAS under SCR conditions and infrared spectroscopy,

even though the amounts may vary dependent on the zeolite type!0:12:47:52:53

and the steady
state conditions of the SCR reaction. This direct observation of Cut confirms the idea that
the SCR activity originates from the ability of the exchanged Cu to change the oxidation
state. Besides NH;, NO also plays a role in reduction part of the SCR reaction.'%4%5! The
formation of a Cu™—=NO™ species?® by adsorption of NO on Cu®" at room temperature
suggests that the Cu is actually reduced by NO. On Fe-exchanged zeolites, the reduction
follows essentially the same scheme as on Cu-exchanged zeolites, with a reduction of Fe*T to
Fe?™ under the influence of NH, and NO. %15 However, Fe-zeolites show a more pronounced
inhibition by NH; for the SCR reaction, as compared to Cu-zeolites. 105

Whereas the reduction part of the SCR reaction seems quite well understood, the oxi-
dation part is less clear. The oxidation part includes both the reoxidation of the catalytic
site and the activation of NO. The reoxidation of the active site closes the catalytic cycle.
This part of the reaction is often associated with the O, that is needed for the SCR reaction,
according to Eq. (1).591040 The detailed steps describing this part of the reaction, however,
are not known. An unsolved problem is that a single Cu- or Fe-ion only reduces the oxidation
state by 1, e.g. from Cu®" to Cu™, and hence only delivers one electron, whereas an oxygen
molecule requires four electrons to be reduced to water. As a consequence, if the oxidation
reaction would take place with O, only, a single oxygen molecule must interact with four
Cu- or Fe-ions. Therefore, it is likely that the oxidation of the catalytic site is accompanied
by another oxidation reaction at that site, such as the oxidaton of NO. This means that the
activation of NO and the restoration of the catalytic site always occur together.

It is often argued that an activation of NO to (adsorbed) NO, is necessary for the SCR
reaction.!® Based on the fact that the SCR reaction becomes much faster in the presence
of NO,, this step has also been proposed as the rate determining step for the standard
SCR reaction.?®®® The adsorbed NO, is the first step in the formation of reactive nitrate

15,40

and nitrite species, which could occur by disproportionation of two NO, molecules to
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NO, and NO™, or alternatively by a reaction between NO and NO, via an N,O; intermedi-
ate.? In the presence of NH; and H,0, N,O, and NO™ react further to ammonium nitrite
NH,NO,, which readily decomposes to N, and water.'>4 The NO,™ species are transformed
to ammonium nitrate, which upon decomposition may produce N,O.4°

Nitrates have also been considered as important intermediates for the fast SCR reaction
over vanadium-oxide based catalysts. In particular it has been noticed that nitrates react
with NO to give NO,.5%6! This reaction is not confined to vanadium-oxide based systems, as
exposure of nitrates in Cu or Fe-exchanged zeolites to NO also result in a transient release of
NO,.%56264 The opposite reaction also occurs: a direct exposure of an SCR catalyst to NO,

0.95:59.62.65 Thig indicates that nitrates can be converted

results in the formation of some N
to nitrites and vice versa, dependent on the gas atmosphere.

The conclusion that the oxidation of NO by O, to NO, is the rate determining step in the
SCR reaction is challenged by Ruggeri et al.®® They compare the rate of NO oxidation over a
Cu-zeolite with the rate of the SCR reaction, and show that the NO oxidation is much slower
in the entire temperature range 200-550 °C, and that the effect of water is quite different for
the NO oxidation compared to the SCR reaction. It is argued that if the NO, formation were
a part of the SCR reaction, then the rates of the NO oxidation and SCR reactions should
be similar, as well as the effect of water on them. Following this argument, the formation of
NO, can not be part of the SCR reaction. A point against this reasoning is that NO, can be
formed, but does not desorb from the Cu-sites, under the given conditions. 616467 In that
case, the SCR reaction would involve a reaction of adsorbed NO, with ammonia adsorbed on
Cu, and not the Brgnsted sites. Temperature-programmed desorption of NO, on Cu-CHA,
however, shows that the onset of NO, desorption is around 300 °C and is complete around
450 °C.5%61 This would imply that, at least above 450 °C, the rate of NO, formation should
approach that of the SCR reaction, if the desorption of NO, were rate limiting. Ruggeri et

al. suggest that the rate determining steps for SCR and NO,(g) formation are different: for

NO oxidation, it is the release of NO, from a surface nitrite, for SCR it is the reaction of

9
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surface nitrites with NH;.% At this moment it is not known why Cu-exchanged zeolites are
effective SCR catalysts, and at the same time poor catalysts for the oxidation of NO to NO,.

In conclusion, there have been several proposals for the mechanism for the SCR. reaction.
The consensus is that the N, is formed by a reaction between ammonia and a (N,O) species,
which is accompanied by a reduction of the catalytic site. It is also clear that the oxidation
of NO plays a role in the reoxidation of the catalytic site. However, we note that most of the
proposed reaction schemes are not able to produce the stoichiometry of the SCR reaction as
given in Eq. (1) in a closed catalytic cycle. Often, single oxygen atoms, fractional molecules
(%02) or isolated ions, such as H", OH and O? , are invoked. Such species are not readily
available and also imply other changes to the catalyst: the use of a single H" ion leaves
an isolated negative charge on the catalyst, or the second oxygen atom in %02 must be
accommodated in the catalyst. These changes have to be restored as well in order to close
the catalytic cycle. In the following we construct a reaction scheme for the SCR reaction on a
Cu-exchanged zeolite, which is consistent with the stoichiometry of the SCR reaction as given
in Eq. (1), and involves only adsorption and desorption of stable molecules. The proposed
reaction scheme is supported by spectroscopy and DFT calculations. Some implications of
the reaction scheme are discussed, leading to new insights in the SCR reaction and a deeper

understanding of the role of NO, NH;, NO, and the adsorbed nitrate (and nitrite) species,

which are often observed in in situ and operando spectroscopic studies of the SCR reactions.

3 A comnsistent reaction scheme for SCR

The variety of proposed reaction schemes for the SCR reaction in the literature is a conse-
quence of the fact that several different reactions can occur simultaneously in a gas mixture
of NO/NH,/0,/H,0 in the presence of an oxidation catalyst with acidic properties. In most
cases, the proposed reaction schemes are based on in situ spectroscopic observations of cer-

tain species, and it is then attempted to give these particular species a place in the reaction
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scheme. The problem with this approach is that it is hard to determine, if a given species
that is observed actually plays a role in the SCR reaction, or is part of a side reaction, or just
a spectator species. % Obviously, this complicates the process of finding a consistent reaction
scheme for the SCR reaction.

To overcome that problem, we have taken a different approach. Instead of starting with
a number of possible reaction intermediates, we have focused on the SCR reaction as given
in Eq. (1), and attempted to outline how this reaction could proceed on a Cu-exchanged
zeolite, given that the reaction gas mixture contains O,, NO, NO,, NH;, N,, and H,O.

Furthermore, we imposed the following requirements:

1. In each reaction step, the mass balance is maintained, and the complete catalytic cycle

is consistent with the total stoichiometry of the SCR reaction, Eq. (1)

2. adsorption from and desorption to the gas phase can only take place with stable
molecules: O,, NO, NO,, NH;, N,, and H,O, implying that adsorption or desorp-

tion of fragments, such as 5027 or isolated ions, e.g. OH", H", O% is not allowed

3. the oxidation state for the active Cu ion changes from +2 to +1 in the reduction part,

and from +1 to +2 in the oxidation part

4. in each step, the charge balance is maintained and the total charge of the Cu-complexes
in the zeolite is always +1, allowing for coordination to a single Si—O —Al site in the

zeolite.

In this way, we construct a reaction scheme for the SCR reaction only, which means that
we do not consider side reactions, such as oxidation of NH; by O,, or the formation of N,O.

Scheme 1 shows a reaction scheme for a Cu-zeolite that fulfills all requirements mentioned
above. This reaction scheme can be regarded as the simplest possible reaction path for the
SCR reaction.

The key point in this reaction scheme is the formation of an NO, molecule in the gas

phase by reaction of NO with an adsorbed nitrate species, leaving a nitrite species on the

11
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Scheme 1: Proposed reaction mechanism for the SCR reaction in a Cu-zeolite. The fast SCR
cycle is represented in blue, and the NO activation cycle is represented in black. Reactants are
indicated in red, reaction products are indicated in black, the NO, intermediate is indicated
in green. In the standard SCR reaction, Eq. (1) the NO activation cycle and fast SCR cycle
run at equal rates; the stoichiometry of the standard SCR reaction is then found by adding
these two cycles. The oxidation states of the Cu ions have been assigned according to the
magnetic moment found in DFT: M(Cu*") > 0.45 and M (Cu*) < 0.1

Cu atom (step 2). The NO, molecule reacts with a Cu™ ion elsewhere in the zeolite to an
identical nitrite species (step 8). Both nitrites react with ammonia and NO and release water
and nitrogen, via Cu?t—OH ™ species, to a Cu™; this corresponds to the reduction part of
the SCR reaction. The Cu™ site then reacts either with NO and O, or with NO, to form the
nitrate and nitrite species, closing the catalytic cycle; this corresponds to the oxidation part
of the SCR reaction. Scheme 1 shows that it is conceivable that the entire SCR reaction can
take place on a single, isolated Cu site, without the need of Brgnsted sites or Cu dimers. In
fact, the reaction scheme does not require a specific location or configuration of the Cu-ions.

Similar reaction schemes, containing the formation of NO, from a nitrate species to form two
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identical nitrite species, can be constructed for Cu in 6-rings or 8-rings, and also Cu-dimers,
or other metal ions capable of 1-electron redox reactions, e.g. Fe-zeolites or vanadium oxide,
or other, oxide based catalysts.

The stoichiometry of the standard SCR reaction arises from the coupling of the two
reaction cycles via the NO, that is released. The inner cycle in Scheme 1, containing the
reaction of NO, with a Cu*, is in fact the fast SCR reaction, according to Eq. (2), and
hence it is intrinsically faster than the outer cycle. In this article, we refer to the steps in
the inner cycle as ”"fast-SCR cycle” (blue arrows in Scheme 1), and the steps in the outer
cycle as "NO-activation cycle” (black arrows in Scheme 1). The NO-activation cycle can be

written as:

Note that the NO-activation cycle includes the same reduction steps as the fast-SCR
cycle.

In standard SCR, there is no excess NO,, and the rate of the fast-SCR cycle is limited
by the amount of NO, available. As a result, the overall rates of the fast-SCR and NO-
activation cycles become equal. The reaction steps in the NO-activation cycle are always
accompanied by the reaction steps in the fast-SCR cycle at an equal rate; the result is the
standard SCR reaction. It is noted that the steps in the fast-SCR cycle can occur isolated,
provided NO, is available; this is the fast SCR reaction.

The total stoichiometry of the standard SCR reaction then follows from addition of the
NO-activation and fast-SCR cycles in Scheme 1, and Egs. (2) and (3). Ruggeri et al. have
noted that the standard SCR reaction can be written as the sum of the oxidation of NO to
NO,, according to 2NO + O, — 2NO,, and the fast SCR reaction (Eqs. 2).% Scheme 1
is actually a representation of that, with nitrite figuring as one of the NO, species.

The coupling of the NO-activation and fast-SCR cycles, as proposed here, has two impor-

tant consequences for a fundamental understanding of the standard and fast SCR reactions.

13
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

First, as the fast-SCR cycle is intrinsically faster than the outer cycle, the rate determining
step in standard SCR must involve the oxidation of NO to nitrates or nitrites, or the release
of NO,. The second consequence is that the chemistry of the standard SCR and fast SCR
reactions essentially is the same: all reaction intermediates in the fast SCR reaction are also
part of the standard SCR reaction.

It is stressed here that the reaction intermediates shown in Scheme 1 are constructed
according to the requirements given above, and are presented as a hypothesis at this point.
Any other reaction scheme containing the element of a slow formation of NO, from NO
and O, in combination with a fast-SCR step also will result in the correct stoichiometry
for the SCR reaction, and may be equally valid. Scheme 1 seems nevertheless reasonable,
as it contains the known NO;, NO,, OH", HO—NO and NH; ligands. The reaction path
from Cu?*t—OH  to Cu™ consists of the same reaction steps as proposed earlier, %" and the
presence of nitrates in an SCR catalyst is also well documented.?%:62:63.69.70 Scheme 1 is in
full agreement with the conclusions that Cu®* is reduced by the combination of NO+NH;,
followed by an oxidation by NO+0,.% A reaction between NO and nitrate to NO, has been
observed in SCR over both V-based and zeolite-based catalysts,%>:%! and the reverse reaction
releasing NO upon exposure to NO, is also known. 55626371 The difference between Scheme
1 and previously proposed reaction schemes does not lie in the individual reaction steps or
reaction intermediates, but in the description of the standard SCR reaction as a coupling of

an NO oxidation step with the fast SCR reaction via an NO, molecule.

3.1 Verification of the reaction scheme

To verify the reaction steps shown in Scheme 1 for SCR reactions, the energy profile of the
NO-activation cycle at 200 °C was calculated by DFT.

Furthermore, a Cu-CHA catalyst with a Si/Al ratio of 15 and a Cu/Al ratio of 0.48,
corresponding to a total Cu-loading of 2.6 wt % Cu, was characterized by XAS, EPR and
FTIR. First, the reduction and oxidation steps were decoupled to obtain insight in the state
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of the Cu and the ligands present in these different phases of the SCR reaction. Then,
the same techniques are also used to verify that the state of the Cu obtained by oxidation
by NO and O, or by NO, is the same. Finally, the role of nitrates and nitrites and their
formation by NO + O, and by NO, is studied in more detail. In all these measurements,

the temperature was kept at 200 °C.

1.0-_ ]

2 0 -5.0

S 0.8 .

© ]

o ] i

o 067 L 557

\S ] £ ]

= 0.4 .

g ’ -6.0

z ]

o 0.2- .

(&] -6.5- E_ .= 69 kd/mol
OO-WFTV:V UL BLELEL LS BN BLELELELE BN BLELELELE |

200 300 400 500 210 215 220 225 230 235
Temperature (°C) 1000/T

Figure 1: Left panel: Measured conversion of NO (circles) and selectivity to N,O (diamonds)
in the temperature range 160 - 550 °C. Amount of catalyst: 5 mg. Feed gas: 500 ppm NO,
533 ppm NHj, 5% H,0, 10% O, in N,. Flow: 225 Nml/min. Right panel: Arrhenius plot of
the rate constant, assuming a first order rate equation » = k pyo; the slope corresponds to
an activation energy of 69 kJ/mol.

The Cu-CHA catalyst used in these characterizations is an efficient SCR catalyst. Figure
1 shows the NO conversion and N,O selectivity measured in a microreactor in the tempera-
ture range 160-550 °C. The NO conversion shows a bimodal pattern, with a first maximum
around 300 °C and a second maximum around 400 °C, similar to earlier observations.3%4°
The decreasing NO-conversion above 400 °C can be ascribed to an enhanced direct oxidation
of ammonia to NO that occurs in this temperature range. It is noted that this particular
Cu-CHA catalyst is very selective: N,O is the only byproduct, with a maximum selectivity
of about 6 % at 230 °C.

The activation energy is derived from the NO conversion data in the temperature range

160-200 °C. Assuming that the SCR reaction is first order in NO and zeroth order in
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NH,,5%56:72 the rate constants for the SCR reaction in this temperatures are evaluated.
From the slope of the Arrhenius plot of these data, shown in the right panel in Figure 1,
an apparent activation energy of 69 kJ/mol is found, which is within the range of activation

energies reported earlier. 3972

3.1.1 Stability of intermediates and energy diagram calculated by DFT

In each reaction step shown in Scheme 1, a molecule is adsorbed or desorbed from the Cu
site, or both. The ligands on the Cu site then follow from the mass balance at each step.
In the following, the stability of the different reaction intermediates as calculated by DFT is

discussed, to show that the proposed reaction steps in Scheme 1 are reasonable.

Cu* Cu?-OH- Cu>-NO,” Cu*-NO,

double 6-ring 8-ring double 6-ring 8-ring

Figure 2: Model geometries of Cu®, Cu**—OH", and Cu®**—NO, in a 6-ring and an 8-ring
configuration in CHA. Atoms are colored as follows: Si: grey, Al: yellow, Cu: green, N: blue,
O: red, H: white

From DFT, we find that the most stable geometry of Cu' is in the double 6-ring and
that of Cu* —OH™ in the 8-ring, as shown in Figure 2. These two locations for the Cu ions
are well known from structural analysis of Cu-CHA catalysts, although some controversy
exists on which form actually constitutes the active site.612:28:34:39-4144,52,72.73 However, when
adsorbates are present, the Cu ion is lifted out of the 6-ring plane and the preference for

the 6-ring location diminishes.*>4%™ This is also observed for the formation of Cu®*t*—NO,
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(step 1), where the difference in energy for the Cu located in the 8-ring is only 0.08 eV lower
compared to the Cu in the 6-ring, showing that there is no real preference for location of the
Cu in the 6-ring or 8-ring in this case.

The ligands in the different steps in Scheme 1 represent the most stable configuration
found with DFT for the given stoichiometry. However, the order of two consecutive adsorp-
tion steps, e.g. the adsorption of NO and NHy (step 5), or NO and O, (step 1), is arbitrary,
as it at the end produces the same intermediate. According to Scheme 1, the Cu?t—OH"
(species E) reacts with both NH,; and NO to N, and H,O, while the Cu®" is reduced to
Cu™; this part is the heart of the SCR reaction. After adsorption of the NO and NHj,
the stoichiometry of the ligands corresponds to that of ammonium nitrite, and from here, a
decomposition to water and nitrogen takes place. The calculated adsorption energy of NO
on the Cu*"—OH" (species E) is -1.05 eV to yield a NOT—Cut—OH" species and -1.14 eV
to yield a Cum™—HONO-like species; these species are quite similar to the Cu™—=NO™ species
proposed earlier.4%™ The corresponding adsorption of NHj, resulting in a Cu*" —NH;—OH"
species, is -0.93 eV. As these values are quite close, the actual order of adsorption of NO
and NH; seems more or less random.

An important result for the SCR reaction mechanism is that adsorption of O, takes place
on the Cu™ species. The calculated adsorption energy at 0 K of O, on Cu™ (species A in
Scheme 1) is -0.66 eV. On the Cu*" —OH ion (species E), the calculated adsorption energy
is positive and no adsorption takes place. This indicates that O, only takes part in the
reoxidation of the Cu™.

Figure 3 shows the energy diagram of the reaction steps of the NO-activation cycle shown
in Scheme 1 (black arrows). The SCR reaction is strongly exothermic, and all the steps in
the reduction part of the reaction, involving the reaction with NH; and NO, are exothermic,
which is consistent with a fast and effective reduction of the Cu*"—OH™ (species E) to the
Cu™ (species A) in a mixture of NO and NH,. In the oxidation part of the reaction, the

adsorption of NO + O, and formation of the nitrate are exothermic, but the formation of
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Figure 3: Calculated free energy diagram for the NO activation cycle shown in Scheme 1.
The free energies at each level are given relative to Z—Cu™, and the appropriate gas phase
molecules. Calculated activation energies in the oxidation part are shown in blue.

nitrite under the release of NO, (step 2) is endothermic. This is an indication that this
reaction step is an equilibrium reaction, which is consistent with earlier reports that this
reaction can occur in both directions. 6263

As noted above, the rate determining step of the standard SCR reaction is the oxidation
of NO to nitrates (step 1) or the release of NO, (step 2). The calculated activation energies
for these steps are 1.08 eV for the nitrate formation, and 0.67 eV for the release of NO,
(Figure 3). This indicates that the oxidation of NO with O, to a Cu**'nitrate species is the
rate determining step of the standard SCR reaction.

The calculated activation energy of 1.08 eV is somewhat higher than the measured ap-
parent activation energy of 69 kJ/mol (0.72 eV); the experimental value probably includes

other factors, such as the adsorption energy of the reactants as described by the Langmuir

isotherm, which have not been taken into account in the DFT calculation.
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3.1.2 Characterization of Cu-CHA in decoupled oxidation and reduction

According to Scheme 1, it should be possible to perform the oxidation and reduction parts
of the SCR reaction separately, by exposing the catalyst alternately to a mixture containing
NO and O, and a mixture containing NH,; and NO. To verify Scheme 1, we follow the state of
the catalyst in situ after oxidation in NO + O,, reduction in NH; + NO, and again oxidation
in NO + O, by XANES, EPR and FTIR. These oxidation and reduction steps constitute a
complete catalytic cycle, and therefore, the second oxidation step should restore the original
state of the catalyst.
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Figure 4: In situ XAS (left panel), EPR (middle panel), and FTIR (right panel) spectra
collected during reduction and oxidation in SCR over of Cu-CHA (2.6 wt% Cu) at 200 °C in
the following consecutive steps: a) initial oxidation in 1000 ppm NO/10 % O, (dashed black
curves); b) reduction in 1200 ppm NH;/1000 ppm NO (solid red curve); c) reoxidation in
1000 ppm NO/10% O, (solid grey curve). Inset left panel: background-subtracted XANES
pre-edge peak, characteristic for the Cu*" 1s—3d transition, indicating the presence of Cu*".

Figure 4 shows the Cu K-edge XAS spectrum in the XANES (X-ray absorption near
edge structure) region, EPR, and FTIR for the Cu-CHA catalyst after initial oxidation in
NO+O,, after reduction in NH;+NO, and after reoxidation in NO+4O,. All results clearly
indicate that the state of the Cu after reoxidation is identical to that obtained after initial
oxidation, indicating that the reduction and oxidation steps as performed here constitute a
catalytic cycle.

The XANES and EPR spectra also provide evidence that the oxidation state changes

from Cu®" to Cu' during the exposure to NH; and NO together. In particular, the XANES
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Figure 5: In situ XANES at the Cu K-edge (left panel) and EPR (right panel) showing the
reducing capability at 200 °C of 1200 ppm NHj (b: solid blue curve), 1000 ppm NO (c:
solid orange curve) and a mixture of 1200 ppm NH; and 1000 ppm NO (d: solid red curve)
on the Cu(Il) state obtained after initial oxidation in a mixture of 1000 ppm NO and 10%
O, (a: dashed black curve). Inset left panel: development of the intensity at 8983 eV with
time with NH; only (a—b) and with a mixture of NH;4+NO (a—d), visualizing the different
reduction behavior with time in these cases. In EPR, a stable state is obtained after 11 min.
in NH;4+NO (red), while the EPR spectra are still developing after 11 min. in NH; alone
(blue), or 30 min in NO (orange).

spectrum measured after reduction in NH; + NO (curve b) is characterized by an intense
pre-edge peak at ~ 8983 eV, due to the 1s—4p transitions in Cu™ compounds with a low
coordination number.**7 Furthermore, the weak pre-edge peak at ~ 8978 eV, which is a

fingerprint of the 1s — 3d transition in Cu®",5%7"

81 has disappeared (inset in Figure 4,
left panel). In EPR (Figure 4, middle panel) the signal intensity relative to the total Cu
content decreases from 0.59 to 0.18. (The signal intensities have been corrected according
to the Boltzmann equation.) This indicates that a significant part of the Cu changes from
an EPR active Cu?" to the EPR silent Cu™ state. This change in oxidation state is in line
with Scheme 1, and reaction schemes published earlier.?1%49°1 The EPR active species that
constitutes the difference betweeen the dashed and the orange curve in Figure 4 has the spin
Hamiltonian parameters g, = 2.28 and A =449 MHz, which can be assigned to a Cu?"

nitrate species.®?
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The FTIR spectra in Figure 4 (right panel) after initial NO + O, exposure (curve a)
reveal the appearance of IR bands at 1627(s), 1607(sh) and 1570(w) cm™'; all three bands
are associated to NO,~ coordinated to Cu sites.® The nitrate bands promptly disappear
upon interaction with the NO + NH; mixture, and the final spectrum (curve b) is dominated
by bands related to strongly adsorbed NH4 species. In particular, bands at 1620 and 1297
cm ™! are associated to asymmetric and symmetric N—H bending vibration of molecular NH,
adsorbed on Cu sites, respectively. The frequencies of these modes found by DFT are 1640
and 1321 cm ™!, which agrees well with the experimental values. The bending N—H vibration
of NH; adsorbed on Brgnsted sites in form of NH,"-ions shows a maximum at 1460 cm~*.%3
The complete disappearance of these bands upon NO + O, exposure and final restoration of
the initial state dominated by Cu nitrate features (curve c) prove the reoxidation and closes
the SCR cycle.

Following Scheme 1, the reduction of Cu*" to Cu" requires both NH; and NO. As a
consequence, the reduction should result in different states of the Cu, if one of these compo-
nents is missing. This is confirmed by the results reported in Figure 5, which shows XANES
spectra at the Cu K-edge and EPR for Cu-CHA in the presence of NO or NH; alone at 200
°C, together with that obtained in the presence of both NO and NHj.

The XANES spectra clearly show that exposure to NO alone at 200 °C essentially leads
to a Cu”" state that is similar to the Cu®" obtained with oxidation in a mixture of NO and
O,. This indicates that interaction with NO alone does not result in significant reduction
of the Cu®" species at this temperature. In EPR, exposure to NO alone leads to an EPR
spectrum that is identical to that obtained with dehydrated Cu-CHA.?’ Upon oxidation with
NO and O,, however, a difference is observed, indicating that an additional Cu species is
formed in this case. This suggests that a fully oxidized Cu*" species in the 6-ring is obtained
in both cases, but that oxidation in the mixture of NO and O, also produces a Cu®" species

that is not located in the 6-ring.

In the presence of NH; alone, the pre-edge peak at ~8983 eV, which is characteristic for a
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Cu™ species, is remarkably less pronounced, compared to that obtained with the mixture of
NO and NH;, and it develops much slower (see inset Figure 5, left panel). This indicates that
the combination of NO and NH; results in a different state of the Cu, compared to the state
obtained upon exposure to NO or NH; alone, in good agreement with previous results. %!
In EPR, exposure to NH; alone at 200 °C leads to a decrease of the signal intensity to 29%,
relative to the total amount of Cu, in 11 min, and a further decrease to 19% in about 3 h.
In a mixture of NO and NH,, the EPR signal decreases to 18% in 11 min, clearly showing
that the reduction is faster in this case. These results indicate that the NO/NH, mixture

acts as a different, more powerful, reducing agent that is essential in the reducing part of

the SCR reaction.

3.1.3 Identification of the Cu™ and Cu?t states

A more detailed analysis of the XAS and FTIR data in Figures 4 and 5 provides information
on the identity of the Cu™ and Cu®* species. In Figure 6 we compare the in situ XAS spectra
of Cu-CHA in the presence of NH; only and NH; 4+ NO, shown in Figure 5, with those for the
linear [Cu'(NH;),]™ and square planar [Cu'(NH,),]*" amino-complexes in solution, which
have been measured as a reference. The XAS spectrum of the Cu-CHA zeolite after reduction
in the NH,; 4+ NO mixture at 200 °C is almost identical to that of the linear [Cu'(NH;),]*
complex, both in the XANES and in the EXAFS regions. This provides strong evidence for
a substantial reduction of the Cu in the catalyst to a Cu' state, and reveals that the Cu
is predominantly present as a [Cu'(NH,),]* complex, after reduction in a mixture of NO
and NH; at 200 °C. As judged from the Cu—N coordination number of about 2 in the first
shell (see panel ¢ in Figure 6) and the lack of a second shell contribution associated with
the Cu—Si or Cu—Al coordination,?®5? the Cu is only weakly bound to the zeolite. This
suggests that the Cu is mobile, even at 200 °C. It is noted that the linear [Cu'(NH,),]*
complex is not specifically mentioned in Scheme 1, but it can be regarded as NH; adsorbed

on Cu™.
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Figure 6: (a) The linear [Cu'(NH,),]* and square planar [Cu™(NH,),]>* complexes: Cu:
green; N: blue; H: white. (b) Cu-K XANES spectra and (c) Fourier Transformed EXAFS in
the k-range 2.4-12.4 A" of the Cu-amino complexes (orange and green solid lines), compared
to the data for Cu-CHA exposed to 1200 ppm NH; and 1200 ppm NH;/1000 ppm NO at
200 °C (empty circles). Panel (b) also shows that the spectrum for Cu-CHA reduced in 1200
ppm NH; corresponds to a linear combination of 25% [Cu'(NH,),]* and 75% [Cu(NH,),]**
(light blue solid line). The data indicate that Cu is mostly reduced to Cu" in a mixture of
NO and NH, at 200 °C, while the majority of Cu remains in the Cu*" state when exposed
to NH;.

After reduction with NH; alone, the intensity at 8983 eV in the Cu K-edge remains
lower than that obtained after reduction in a mixture of NO and NH; (see Figure 5). In
Figure 6, this spectrum is compared as well to those for the [Cu'(NH,),]* and [Cu™(NH;),]>*
amino-complexes. The measured XANES spectrum is well reproduced with a contribution
of approximately 75% of the square-planar [Cu''(NH;),]** complex and 25% of the linear
[Cu'(NH,),]* complex. This clearly indicates that a majority of the Cu species is present
as Cu*", and therefore is not reduced by NH; alone at 200 °C, confirming the conclusion
that the mixture of NH; and NO is a stronger reducing agent than NH; alone. The first
shell coordination number in this case is between 2 and 4, as expected for a mixture of
[Cu™(NH,),]** and [Cu'(NH;),]* complexes.

The reaction scheme also postulates that oxidation of Cu® by NO + O, or NO, leads
to identical Cu-species. Earlier in this section we have identified these species by FTIR and
EPR spectroscopy as nitrates on Cu®" (Figure 4, right panel). Figure 7 (right panel) shows

that the same set of vibrational bands is observed after oxidation of the Cu™ species in a
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mixture of NO and O, or NO,. The higher overall intensity of this set of bands obtained with
only NO, in the gas feed indicates that nitrate formation is more efficient in this case. Figure
7 (middle panel) shows that the Cu K-edge XANES and Fourier transformed EXAFS spectra
for the Cu*" state obtained by oxidation in NO/O, or NO, are identical, thus confirming

that oxidation of Cut by NO + O, or NO, leads to the same Cu®*t species.
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Figure 7: Structure of the bidentate Cu—NO; species (left panel). In situ XAS and Fourier
transformed EXAFS (middle panel) and FTIR (right panel) spectra after exposure of dehy-
drated Cu-CHA to 1000 ppm NO, (solid green curves), and to a mixture of 1000 ppm NO
and 10% O, (dashed black curves) at 200 °C. The left panel indicates the distances from the
central Cu atom to the neighboring atoms in A. Color code atoms: Cu: green, O: red, N:
blue, Al: yellow.

A more detailed EXAFS analysis after oxidation of the Cu-CHA in an NO/O, mixture
reveals the structure of the nitrate species (Figure 7, middle panel). It is important to note
that the Fourier transformed EXAFS does not show a significant contribution in the 2.8-3.0
A range, which is typical for the Cu—Cu distance, indicating a predominantly monomeric
Cu species. The contribution of the second shell at ~2.5 A indicates a contribution of a
Si or Al atom of the zeolite framework, which means that the Cu is bound to the zeolite
framework. These features rule out a bridging nitrate configuration between neighboring
Cu®" ions, in agreement with previous studies.?”?® A number of different configurations for
the nitrate species were optimized by DFT and tried in the EXAFS analysis, and by far
the best agreement with the EXAFS data was obtained with a chelating bidentate nitrate

on a single Cu®" site, close to 1 Al atom; this structure is shown in Figure 7, left panel,
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and is also indicated in Scheme 1, species B. DFT calculations also show that the bidentate
configuration of the nitrate group on the Cu®" site is the most stable. The feature around
3 A in the Fourier transformed EXAFS corresponds to a coordination geometry around the
Cu center that is very specific for a bidentate nitrate species. The DF'T calculations of the
chelating bidentate nitrate ligand also reveal a vibrational mode at 1570 cm ™! associated with
the stretching mode of the N=0O-bond that points away from the Cu-ion. Consequently, the
vibrational bands at 1627(s), 1607(sh) and 1570(w) cm™" in the FTIR spectrum, observed
after oxidation in NO/O, or NO, correspond to a chelating bidentate nitrate configuration

on a monomeric Cu-species. 63697

4 The nitrate - nitrite equilibrium

From the discussion above, we find that the Cu®" species formed upon reaction of a Cu™ with
NO + O, or NO, is a bidentate nitrate species (Cu**—NO, , species B). According Scheme
1, the reaction of NO, with the Cu™ should result in a nitrite species. However, as mentioned

63 and, consequently, an exposure of

above, step 2 in Scheme 1 is an equilibrium reaction,
Cu* to NO, results in the formation of a nitrate species,*>5%6361 under the release of NO. To
understand why generally nitrate species are found in an in situ measurement of Cu-CHA,
we consider the equilibrium between nitrates and nitrites (step 2), and the formation of NO,

in the gas phase.

The equilibrium between nitrates and nitrites can be written as follows (step 2):

NO;™ +NO(g) == NO,™ + NO,(g) (4)

The equilibrium constant K associated with the equilibrium reaction in Eq. (4) is written
as:
PNo,

K =
y4\(e}
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where pno, and pno are the partial pressures of NO, and NO, respectively. To calculate
the value of the equilibrium constant in Eq. (5), the standard Gibbs free energy (AG°) of
the equilibrium reaction is estimated using the tabulated values for the Gibbs free energy
of formation® (AGY) for alkali nitrates, the corresponding nitrites, NO, and NO,.* At 200
°C, AG" is found to be +40 to +50 kJ/mol, which corresponds to an equilibrium constant of
3.0-107% to0 3.8 -107°. With an NO concentration of 500 ppm in the gas, this corresponds to
equilibrium concentrations of NO, in the range 2-20 ppb. The formation of nitrite and NO,
by reaction with NO will only occur if the concentration of NO, is below the equilibrium
concentration, otherwise the reaction proceeds in the other direction.

The low value of the equilibrium constant implies that the steady-state concentration of
NO, in the SCR reaction must be low for the reaction to proceed. In the SCR reaction,
NO, reacts according to the fast-SCR reaction, Eq. (2), and the higher rate of that reaction
compared to the standard SCR reaction can ensure such a low steady-state concentration.
A steady state concentration of this magnitude and the corresponding low concentration of
the nitrite species, is difficult to determine experimentally in in situ measurements.

Another consequence of the very low equilibrium concentrations of NO, is that the equi-
librium shifts to the nitrate side, already at concentrations well below 1 ppm. In most
experimental setups some NO, will always be present in mixtures of NO and O, due to the
oxidation of NO to NO, in the gas phase. The kinetics of this reaction is well known from
atmospheric chemistry.®® Using a third order rate law r = k ¢ co, and the rate constant k
(in L mol=2 s72) given by k = 1.2-10% **%/T (T is the temperature in K),* it is calculated
that it takes only a few seconds to produce 2-20 ppb NO, in a mixture of 500 ppm NO
and 10% oxygen at 200 °C. This means that, in practice, a mixture of NO and O, contains
an amount of NO, that is higher than the estimated equilibrium concentration, and hence,
the equilibrium is usually shifted towards the nitrates in the presence of NO and O,. It
is noted that the gas phase oxidation of NO to NO, is several orders of magnitude slower

than the catalytic SCR reaction, which is capable of converting a few hundred ppm of NO
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in milliseconds. Therefore the contribution of the gas phase oxidation of NO to NO, in the
SCR reaction is negligible.

When there is no oxygen present in the gas phase, then the concentration of NO, can
become low enough to shift the equilibrium in Eq. (4) towards the nitrite side, and observe
a transient release of NO, upon exposure of the nitrate phase to NO.526% This effect is also
shown in Figure 8, which shows the changes in the EPR signal of the Cu-CHA catalyst
when the oxygen is removed from a 1000 ppm NO/10% O, mixture. The difference between
the orange and black spectrum in Figure 8) corresponds to a tetragonal Cu®" species with
parallel spin Hamiltonian parameter values g = 2.28 and A = 449 MHz. These values are
close to those for the Cu-species found after adsorption of NO, on Cu-MFI g; = 2.29 and
A = 462 MHz, and assigned to a Cu®'-nitrate species.®? This shows that the Cu*" —NO,"
species reacts with NO. Upon removing the O,, a transient formation of NO, is observed,
and the amount of this NO, correlates to the amount of EPR active species that disappears,

when the O, is removed (see Figure 8).
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Figure 8: EPR of Cu-CHA after exposure to NO/O, at 250 °C (black) and the transformation
in the first 30 min. after the O, has been removed. The final spectrum is shown in orange.
The sets of lines corresponding to 3 different Cu*" species are shown: The two persistent
sets (green and blue) corrrespond to two different Cu*" sites in the 6-ring. The set that
disappears (brown) corresponds to the Cu2+—NO37 species. Inset: Transient amount of
NO, formed compared with the quantified loss of EPR signal intensity for 8 independent
experiments on fresh and reused Cu-CHA samples.
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As we only observe the disappearance of the EPR signal with g = 2.28, and not the
development of a new feature, it is concluded that the Cu-nitrite Cu**—NO, is EPR in-
active. The remaining species (orange curve in Figure 8 is similar to that observed after
dehydration of a Cu-CHA catalyst.?” These EPR signals, corresponding to Cu®" in 6-ring
sites are persistent and are present both in an atmosphere of NO only and in a mixture of
NO and O, at 200 °C. This indicates that the Cu*" 6-ring sites do not form nitrates under

the experimental conditions used in this EPR experiment.

5 NO oxidation as rate determining step in standard

SCR

In Scheme 1, we have identified the oxidation of NO to nitrate as the rate determining step
of the standard SCR reaction. This contradicts the conclusions of Ruggeri et al., who ruled
out the NO oxidation as the rate determining step for the SCR reaction, based on the very
low rate of NO oxidation on a Cu-zeolite.®® These opposing conclusions can be reconciled
by realizing that the NO oxidation reaction over a Cu zeolite is also the result of a complete
catalytic cycle and not of a single reaction step. The NO oxidation part in Scheme 1 does not
represent a complete catalytic cycle, since the oxidation state of the Cu changes from Cu™
to Cu®", and therefore this part alone does not correctly represent the catalytic oxidation of
NO to NO, over a Cu-zeolite.

If we assume that the catalytic oxidation of NO to NO, take place on a Cu™ site, as is
the case in the SCR reaction, then the formation of NO, is accompanied by an oxidation of
the Cut to Cu®*". However, the reduction of this Cu** to Cu’ will be much slower than in
the SCR reaction, as there is no possibility for the very efficient reduction with NH; and NO
in the catalytic oxidation of NO to NO,. This is supported by the XANES results, which
show only a Cu®" species in the Cu-CHA in the presence of NO and O, and no Cu™ species.
This means that the oxidation of NO in the absence of NH; is limited by a slow reduction

28
ACS Paragon Plus Environment

Page 28 of 45



Page 29 of 45

©CoO~NOUTA,WNPE

ACS Catalysis

of Cu®" to Cu™, while the SCR reaction is limited by the NO oxidation to nitrate. This is
a first explanation how a Cu-zeolite can be a good catalyst for SCR, but a poor catalyst for
the oxidation of NO to NO,, even though the NO oxidation is the rate determining step in
the standard SCR reaction.

A second explanation is that NO oxidation in the absence of NH; proceeds via an entirely
different pathway than depicted in Scheme 1. In fact, the low equilibrium concentration of
NO, in transition from nitrate to nitrite species (step 2), as estimated above, would actually
limit the possible yield of NO, to a very low level. This suggests that NO oxidation in the
absence of NHy can not proceed in this way. Following this argumentation, the oxidation of
NO to NO, in the absence of NH; is different from the NO oxidation step in the standard
SCR reaction. The rates of NO oxidation in the absence and presence of NH; (SCR) then
become different, and therefore, no conclusion on the NO oxidation rate in SCR can be made
based on measurements of NO oxidation in the absence of NH;. The conclusion that the
oxidation of NO to NO, requires a Cu dimer, while the SCR reaction can proceed on a single

Cu-ion, is a good illustration of this scenario. %3

6 Standard SCR, fast SCR, and slow SCR

From Scheme 1, it follows that NO is required in both the oxidation and the reduction part
of the SCR reaction. However, NO, can also be reduced by NH4 to produce N, and H,O in

the absence of NO, according to:

This reaction is slower than the fast and standard SCR reactions, and is known as ‘slow
SCR’ reaction. Based on Scheme 1, it is straightforward to understand the chemistry that
controls the rate of the standard, fast and slow SCR reactions. The rate of the standard SCR
reaction is controlled by the oxidation of NO to NO,. In fast SCR, this rate-determining
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step is bypassed, which explains why the fast SCR is faster than the standard SCR.

NO plays a dual role in the standard SCR reaction: it is required both for the oxidation
of Cu® to Cu®*", and for the reduction of Cu** to Cu™, together with NH,. In fast SCR,
NO is no longer required for the oxidation part, but it is still needed for the reduction of
the Cu?" species. This is the reason why the fast SCR also requires NO, and according to
Scheme 1, the optimal conditions are obtained for equimolar amounts of NO and NO,.

In the slow SCR reaction, Eq. (6), the fast reduction of Cu®* cannot occur as NO is not
available. Consequently, the slow SCR reaction involves different reaction steps and reaction
intermediates for the reduction of Cu?** to Cu™, which apparently are slower. This implies
that the chemistry of the slow SCR reaction is actually different from that of the standard
and fast SCR reactions. The fact that the slow SCR reaction is slower also illustrates the

importance of NO for the reduction part of the standard and fast SCR reactions.

7 Role of Cu-dimers and Brgnsted sites

According to Scheme 1, the SCR reaction does not require the presence of Cu-dimers or
Brgnsted sites. All reaction intermediates are accomodated on isolated Cu ions, and the
calculated stability of the intermediates (Figure 3) seems sufficient for the reaction to occur
in such a way. This is consistent with a constant activity per Cu atom.*” Nevertheless, the
formation of Cu dimers can still be beneficial for the SCR reaction. Measurements actually
show an increase in the activity per Cu site with increasing Cu loading for SCR, over Cu-SSZ-
13 catalysts.3*4 As the propensity for Cu-dimer formation increases with Cu loading, this
may indicate that Cu-dimers could enhance the rate of the NH;-SCR reaction. A possible
scenario is that the oxygen leaves a single O-atom on each Cu-ion. Then, the rate-limiting
nitrate formation in Scheme 1 could be circumvented according to 2Cut +2NO + O, —
2NO,” —Cu?*, leading to a faster SCR reaction.

The effect of Brgnsted sites on the SCR reaction is limited.!??? As adsorption sites for
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ammonia, Brgnsted sites may influence the SCR reaction by an interaction with neighboring
Cu-species. The conclusions that Brgnsted sites promote the SCR reaction in Fe-zeolite
catalysts?® and that the SCR activity of Cu-SAPO-34 catalysts increases proportionally
with acid density seem to support such an influence. An interesting observation is that pairs
of NH," in H-ZSM-5 and mordenite zeolites show SCR activity with NO,(g) species.? In
Scheme 1, this would imply that Brgnsted sites can contribute to the activity of the fast
SCR cycle. As the fast SCR cycle is also a part of the standard SCR reaction, Brgnsted

sites may influence the standard SCR reaction in this way.

8 Conclusions

For the first time, a consistent reaction scheme for the complete catalytic cycle of the standard
and fast SCR reactions is presented. The reaction scheme describes the standard SCR
reaction cycle as a coupling of an NO oxidation step to the fast SCR reaction, running at
equal rates. This leads to the correct stoichiometry for the standard SCR reaction, while the
mass and charge balances are maintained in each step. The coupling is made by the release
of an NO, molecule in a reaction of NO with a nitrate species, leaving a nitrite species at the
catalytic site. The NO, molecule that is released, forms an identical nitrite species elsewhere
in the catalyst.

The reaction scheme shows, that it is conceivable that the SCR reaction proceeds on
a single Cu-ion in the zeolite, without the need of Cu-dimer formation or interaction with
Bregnsted acidic sites.

The reaction scheme has been corroborated experimentally in three ways, using a Cu-
CHA catalyst. First, a reduction in a mixture of NO and NH; followed by oxidation in a
mixture of NO and O, restores the original state of the catalyst, showing that these steps
constitute a catalytic cycle. Secondly, the same bidentate nitrate species (Cu—NOj ) is

formed upon exposure of the Cu" state to a mixture of NO and O, or to NO,, which confirms
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that the standard and fast SCR reactions follow the same scheme. Finally, the reduction
of Cu** to Cu™ requires the presence of both NH; and NO. The product of this reduction
is a weakly bound [Cu'(NH;),|* linear species, which can be regarded as a Cu™ covered
with NH,. A reaction of the Cu®" state with NH; alone leads primarily to a [Cu™(NH;),]**
complex. Exposure of the Cu*" to NO alone at 200 °C does not lead to a measurable
reduction of the Cu.

All reaction steps are exothermic, except the formation of a Cu?'-nitrite by reaction of
NO with Cu®"-nitrate. The latter reaction is an equilibrium reaction that depends on the
partial pressures of NO and NO,. Under typical conditions for SCR, the equilibrium partial
pressure of NO, is on the order of 2-20 ppb, indicating that the steady-state partial pressure
of NO, in SCR is very low. As gas phase oxidation of NO and O, can produce such amounts
of NO, in a few seconds, nitrate species are typically observed in a mixtures of NO and O,
as well.

All reaction steps involved in the fast SCR reaction are also part of the standard SCR
reaction. As a consequence, the rate determining step must involve the oxidation of NO by
O,; a density functional theory calculation of the activation energies in a Cu-CHA point to
the formation of a bidentate nitrate (Cu—NQO, ) species as the rate determining step.

To resolve the apparent contradiction that the oxidation of NO by O, is rate determining
in the standard SCR reaction over a Cu-zeolite, while such catalysts have a much lower
activity for the oxidation of NO to NO,, it is realized that the rates of the SCR and NO
oxidation reactions are the result of two different catalytic cycles. In the absence of NHj,
the reduction of Cu®" to Cut cannot occur in the same way as in the SCR reaction, and
the reduction of Cu®t to Cu®™ becomes rate determining in the oxidation of NO to NO,.
Alternatively, the oxidation of NO to NO, follows a reaction path that does not involve a

Cu™ species.
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9 Experimental

The Cu-CHA sample was prepared using a similar method as reported earlier.?” A synthesis
gel with the composition 1.0 SiO, : 0.0667 Al: 0.5 TMAdaOH : 0.5 HF : 3 H,O was prepared
by dissolving aluminum isopropoxide (98 %, Sigma-Aldrich) in tetraethyl orthosilicate (98%
Aldrich) and adding N,N,N-trimethyladamantammonium hydroxide (TMAdaOH, 25 wt.%,
Sachem) to the solution. This mixture was stirred to homogenize overnight. Hydrofluoric
acid (48 wt.%, 99.99% trace-metal basis, Sigma-Aldrich) was added and the mixture was
stirred by hand. Water was evaporated from the gel at 60 °C under regular homogenization
by hand until the desired content was obtained. To form the CHA zeolite, the gel was
heated to 150 °C for 3 days under rotation in a teflon-lined autoclave. The CHA product
was recovered by filtration and washed several times with water, followed by calcination at
580 °C for 3 hours to remove the TMAdaOH. Copper ions were introduced by suspending
the calcined CHA in 250 mL (per gram zeolite) 5 mM copper(II)acetate solution and stirred
at room temperature for 24 h. Finally, the product was filtered, washed and calcined in air
at 500 °C for 3 h. The final Cu-CHA obtained and used in this work had a Si/Al = 15 and
a Cu/Al = 0.48, corresponding to a Cu content of 2.6 wt%.

The measurement of the NO conversion was done in a microreactor, using a 5 mg sample
of the Cu-CHA catalyst (sieve fraction 150-300 pm) in a quartz U-tube reactor with 2 mm
inner diameter. The composition of the reactor exit gas was determined using a Gasmet
CX400 FTIR spectrometer connected to the outlet of the reactor. The catalyst was heated
for 1 hour at 550 °C, in an atmosphere of 500 ppm NO, 533 ppm NH;, 5 % H,O, and 10
% O, in N, at a flow rate of 225 Nml/min. The catalyst was then stepwise cooled down
to 160 °C, using the same flow and gas composition. In each step, the sample was kept at
a constant temperature for 20 min. The conversion of NO was determined based on the
averaged concentration measured during the final 5 min. in each step.

Spin polarized Density Functional Theory (DFT) calculations were used to estimate the

free energies of the reaction intermediates at 200 °C. The calculations were performed with
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the GPAW package,®"® using a real space grid-based projector augmented wave method.
A grid spacing of h = 0.2 and a Fermi smearing of 0.1 K were found sufficient to obtain
a satisfactory convergence of the relative energies. The BEEF-vdW functional®® was used
to account for the Van der Waals interactions.”® This functional has shown to produce

9192 The free energy of the

reliable results for the interaction of molecules with zeolites.
adsorbed species at 200 °C was calculated based on the calculated DFT energies at 0 K
and the vibrational frequencies, using the thermochemistry package in ASE.? The free
energies of the gas phase species at 200 °C were obtained from the Shomate equations.
The zeolite was represented by periodic cells with hexagonal symmetry (cell parameters
a,b=13.886 A, c =15.116 A, o = 120°, 3, = 90°), containing 36 T atoms.

The in situ X-ray absorption spectroscopy (XAS) measurements at the Cu K-edge were
performed at the BM23 beamline of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). A self-supported pellet (~100 mg) of the Cu-CHA catalyst was placed in
a Microtomo reactor cell connected to a gas manifold that allowed to control total gas flow
and gas composition of the mixtures. Initially, the Cu-CHA sample was heated to 400 °C
at 5 °C/min in 50% O,/He at a flow of 100 ml/min, and kept at those conditions until the
near-edge features (XANES) became stable (~ 1 h). Then, the temperature was reduced to
200 °C and the catalyst was exposed to the different reaction gas mixtures.

The XAS measurements at the Cu K-edge were carried out in transmission mode, using
double-crystal Si(111) monochromator and ionization chambers for the detection of the in-
cident and transmitted photons. A copper foil was measured simultaneously as a reference
for the photon energy.®! For steady state conditions, the XAS spectra were collected in a
step-scan mode, at a resolution of 0.3 €V around the edge, and a step size Ak=0.035 A~
in the EXAFS part, using a dwell time of 1 to 4 s per point. Typically, the data analysis
was based on the average of 2 consecutive scans. To monitor changes in time upon changing
gas atmosphere, a faster scan mode was used, with a step resolution of 0.3 eV around the

edge and a Ak=0.08 A~! up to 8 A~! with a dwell time of 1 s per point; this allowed for
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collecting about 10 scans per hour.

[Cu'(NH,),]* and [Cu(NH,),]** complexes were used as references for the XAS mea-
surements. Both complexes were prepared as aqueous solutions. The [Cu(NH,),]** solu-
tion (~50 mM, deep-violet-blue color) was prepared by dissolving tetraamminecopper(II)
sulfate monohydrate (Sigma Aldrich, 98%) in water); a small amount of NH; was added
to avoid precipitation of Cu(OH),. The solution was poured into a glass capillary (@=3.5
mm), which was used for the XAS measurement. The [Cu'(NH,),]* complex was prepared
by dropwise adding a solution of hydrazine (Sigma Aldrich, 35%) into the capillary with
the[Cu™(NH;),]>" complex.®* In order to prevent the re-oxidation of Cu™ ions by O,, the
capillary was then sealed with paraffin. The [Cu'(NH,),]* solution was prepared immediately
before the XAS measurements.

For the FTIR measurements, about 15 mg of the Cu-CHA catalyst was pressed in a
self-supported pellet and placed inside a commercial FTIR reactor cell (AABSPEC, #2000-
A multimode), which allows to record infrared spectra under controlled temperature and
gas atmosphere. Prior to the measurements, the catalyst was heated at 400 °C for 30 min
(heating rate 5 °C/min) in a 50% O,/He gas mixture at a flow of 50 ml/min. Then the
sample was cooled down to 200 °C, and exposed to the different reaction gas mixtures at a
flow of 50 ml/min. The FTIR spectra were recorded in transmission mode with a resolution
of 2 ecm™! on a Perkin Elmer System 2000 infrared spectrophotometer equipped with a MCT
detector at liquid nitrogen temperature.

The in situ EPR measurements were performed on a continuous wave X-band Bruker
EMX EPR spectrometer with the ER 4102ST cavity with a gunn diode microwave source
in the field interval 220-400 mT. A quartz tube (4 mm inner diameter) with a 10-20 mg
sample of the Cu-CHA catalyst (150-300 pm sieve fraction); quartz wool was used to keep
the sample in place. The sample was heated using preheated atmospheric air with a Bruker
EMX VT unit. The quartz tube was connected to a gas manifold, allowing for changing

of the gas atmosphere in the tube within seconds. The reactant gas flow was kept at 200
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NmL/min, using a Bronkhorst mass flow controller. A Thermo Electron Corporation Model
17C Ammonia Analyser was used to measure the NO, concentration in the exit gas. The EPR
spectra were measured continuously during the experiment with fast sweeps (approximately
10 s) between 220 and 400 mT, with a microwave power 6.3 mW, a modulation frequency
of 100 kHz, a modulation amplitude of 8 G, at a frequency of 9.3 9.7 GHz, and 1024 data

points. The time between two spectra was approximately 15 s.
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