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1. Introduction

Selective Catalytic Reduction (SCR) is an effective technology
that is nowadays widely employed for the abatement of NOy emis-
sions from mobile sources, such as diesel vehicles. The technology
is based on the use of NH3 for NOy reduction, which can occur via
various reactions. The Standard SCR reaction (1),

1
2NH3 + 2NO + 502 — 2N +3H,;0 (1)
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as well as the Fast SCR (2) and the NO, SCR (3) reactions

2NH; + NO + NO, — 2N; + 3H,0 2)
2NH; + %No2 - %Nz +3H,0 (3)

globally account for the NH3-NOy reactivity in modern SCR con-
verters, which are based on metal (Cu, Fe)-exchanged zeolite
catalysts. The Fast SCR reaction (2) is of particular interest, since
it enables high NO conversions at low temperatures. Several liter-
ature studies on both V-based [1-4] and metal-promoted zeolite
catalysts [5-8] have unveiled the redox nature of the Fast SCR
mechanism, whose rate is enhanced by the presence of strongly
oxidizing species like NO, and surface nitrates: nitrates reduction
by NO has been identified as the key step of the process [1-4]. The
Standard SCR mechanism, on the contrary, has been the object of
controversial proposals [9-11] in which the overall Standard SCR
(1) chemistry would result from a consecutive two-step mecha-
nism involving first the slow NO oxidation to NO,,

NO + %02 ~ NO, (4)
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followed by the fast SCR (2) reaction. However, some of us have
recently reported multiple kinetic evidence which shows that NO
oxidation to gaseous NO; can hardly be the rate determining step
of the Standard SCR over Cu- and Fe-promoted zeolites. Instead,
an alternative pathway has been proposed in which the NO oxida-
tion and the Standard SCR mechanisms share nitrite-like species as
oxidized intermediates [12].

The present paper describes a DRIFTS (diffuse reflectance
infrared Fourier transform spectroscopy) in-situ study of a com-
mercial Cu-exchanged chabazite (Cu-CHA) catalyst aimed at
investigating the nature and the reactivity of surface species
involved in the NO oxidative activation, with the purpose of pro-
viding new mechanistic insights and elucidating its relationship
with the mechanism of the Standard SCR reaction. Moreover, we
present dedicated bench reactor experiments aimed at the investi-
gation of the consistency between the proposed mechanism for NO
oxidation and the kinetic effects of water, oxygen and NO, concen-
trations on the NO oxidation activity. A dedicated paper reporting
an analogous study of the Standard SCR mechanism on the same
Cu-CHA catalyst will follow.

2. Experimental
2.1. Catalyst

Experiments were performed on a commercial Cu-CHA catalyst
made by BASF Corporation and used on light duty diesel vehicles
in the USA. Details of the catalyst composition, performance, and
aging behavior were published by Schmieg and coworkers [13].
Briefly, the CHA zeolite is an aluminosilicate with a nominal silica
to alumina ratio of 35:1. CHA is 100% ion exchanged with copper,
resultingin a copper loading of 2.8 wt% (expressed as copper metal).
The exchanged zeolite is coated on a cordierite flow-through mono-
lith substrate.

2.2. DRIFTS experimental equipment

A sample slab composed of a thin layer of washcoat supported
on cordierite was cut from the original honeycomb monolith cata-
lyst. The area of the sample was approximately 0.8 cm?2, in order to
fit in the specially designed in-situ DRIFTS reactor cell. The reac-
tor consisted of a stainless-steel cell with an integral cartridge
heater functioning as the sample holder. The sample temperature
was measured by a type K thermocouple in direct contact with
the catalyst sample, and temperatures up to 550°C were achiev-
able. The reactor cell was operated below atmospheric pressure
(500Torr) to seal a removable zinc selenide (ZnSe) hemispherical
dome to the top of the reaction cell with a perflouro-elastomer
gasket. The DRIFTS measurement system consisted of a Harrick Sci-
entific ellipsoidal mirror DRIFTS accessory coupled with a MIDAC
model M2500 FTIR spectrometer. The ellipsoidal mirror geome-
try enabled maximum detection of light diffusely scattered at all
azimuthal angles from the sample surface to assure high signal to
noise ratios. The IR light was transmitted to and from the sample
surface through the removable hemispherical dome of spectral-
grade ZnSe. A mercury-cadmium-telluride (MCT) detector was
used to collect the IR light. A more detailed description of the equip-
ment is provided by Toops et al. [14,15].

Mass flow controllers were used to set NO, NO;, O, and Ar feeds.
A saturator immersed in a recirculating constant temperature bath
was used to control the H, O feed concentration. Two 4-way switch-
ing valves allowed step changes in the composition feed in order
to perform O, and NOyx pulses, while keeping the total volumetric
flow through the reactor cell constant.

Each spectrum was collected by averaging 8 scans witha2 cm™!
resolution. The choice of collecting 8 scans/spectrum ensured a
high temporal resolution while maintaining reasonable signal-to-
noise ratio. For each series of spectra, after an oxidizing or reducing
pre-treatment of the catalyst sample and prior to introducing the
reactive gases, a background spectrum was recorded under Ar
or Ar+H,0 at the experiment temperature. The background was
then used as a reference for the data conversion to absorbance
units.

2.3. Sample pre-treatment and test conditions

Before each experiment, the sample was pre-treated for 1h at
500°C in 100 STP cm3/min Ar flow, using either 8% O, (oxidizing
pre-treatment) or 1000 ppm NH3 (reducing pre-treatment). In the
case of a reducing pre-treatment, the catalyst was cooled down
in Ar to the desired temperature; in the case of oxidizing pre-
treatment, oxygen flow was maintained until the sample reached
the experiment temperature and was then removed from the gas
phase before beginning the experiment. Due to the main interest
in understanding the low-temperature NO activation mechanism,
the experiments have been focused in the 120-200 °Cregion. More-
over, the DRIFTS technique is limited by high temperatures, since
the IR wavelengths are affected by thermal radiation. In addition,
the low reaction rates and the greater thermodynamic stability of
adsorbed species at low temperatures guaranteed a high concen-
tration of surface species for DRIFTS analysis. The gas mixtures fed
to the reactor cell contained 500 ppm of NO or NO, and 0-8% of
0,. Measurements with 1% H,O in the gas mixture were used in
an experiment dedicated to studying the effect of water on NOy
adsorption. NOy adsorption experiments lasted for 20 or 30 min,
depending on the species, in order to reach steady-state surface
concentrations. At the end of the adsorption step, the catalyst was
purged in Ar at constant temperature to assess the surface species
stability.

2.4. Bench reactor kinetic experiments

Additional kinetic runs were performed in a bench flow reactor
to investigate the NO oxidation and Standard SCR activity of the
commercial Cu-CHA catalyst. Core monolith samples (1.18-3in.)
were cut from the original commercial monolith and then wrapped
in a fiber glass insulation tape to minimize gas flow bypass of the
catalyst, before being inserted in a quartz tube placed in the reac-
tor furnace. A K-type thermocouple was inserted at the mid-length
of the monolith from the reactor outlet to measure the catalyst
temperature. To prevent axial temperature gradients, quartz rods
were placed in the reactor tube both upstream (for gas preheat-
ing and premixing) and downstream the catalyst samples. Gases
were supplied by mass flow controllers and were preheated and
premixed in a coiled tubing enclosed in a separate preheater fur-
nace before entering the flow reactor. All the gas lines were kept
at a temperature higher than 200°C. Gas analysis relied on a high-
speed FTIR gas analyzer (MKS) which provides temporally resolved
species profiles by measurements of NO, NO,, NH3 and N,O.

The activity of NO oxidation was studied between 150 and
350°C, far from thermodynamic equilibrium. A GHSV correspond-
ing to 30000 h~! referred to an equivalent volume of monolith
(Q=4985 Ncc/min; Wear =3.98 g) was set using N as balance gas,
and feed gas concentrations were varied to study the effects of H,O,
0, and NO;: 2-8% 05, 0-8% H,0, 0-500 ppm of NO, 0-500 ppm of
NO,. In addition, the standard SCR activity was investigated at a
GHSV=90000h"" (Q=14955Ncc/min; Wea; =3.98 g) between 150
and 250°C: such experimental conditions were chosen in order to



0.08

a
= 0.06- 1620 cm”
©
8 0.041 1590 cm”
= 1
_g Time ) 1570 cm
—_
O 0.02-
[72]
¥e!
<
0.00
T T T T T T T T T T T T T T T T T 1
2300 2200 2100 2000 1900 1800 1700 1600 1500 1400
-1
Wavenumber, cm
0.006
b Time -
1 min
. 2140 cm 5 min
S 0.004
®
)
=
S 0.002+
Qo
—
o)
3
<C 0.000
T T T T T T T T T
2300 2250 2200 2150 2100 2050

-1
Wavenumber, cm

Fig. 1. NO, adsorption at 150°C on pre-oxidized catalyst: DRIFT spectra collected
after 1,3,4,5and 7 min; (a) 2300-1400 cm~' region and (b) 2300-2050 cm~! region.

avoid complete conversion, since Cu-CHA catalysts are known to
exhibit high SCR performance [12,16].

3. Results and discussion
3.1. NOy adsorption: identification of surface species

3.1.1. NO; adsorption

Fig. 1 shows the temporal evolution of DRIFTS spectra collected
during NO, adsorption at 150°C on a pre-oxidized catalyst. The
sample pre-treatment included exposure to 8% O, for 1 h at 500°C
and during the cool down to 150°C: oxygen was then removed
from the gas phase before feeding NO,. Upon NO, adsorption, bands
located in the 1700-1400cm~! and in the 2200-2100 cm~! spec-
tral regions appear already after 1 min and then progressively
grow in intensity (Fig. 1a). In the 1700-1400 cm~! range, multiple
bands are present, including three distinct peaks centered at 1620,
1590 and 1570 cm~!. The height of these three bands increases at
the same rate. Since the intensity of the 2200-2100 cm~! bands is
one order of magnitude smaller than the 1700-1400 cm~"! peaks,
Fig. 1b magnifies the 2300-2050 cm~! spectral region to enable a
closer analysis of this portion of the spectra. A broad symmetric
peak, centered at 2140 cm™! is already visible after 3 min.
Moreover, a shoulder at 2190 cm~! appears in the spectra after 5
min.
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Fig. 2. DRIFT spectra for NOy adsorption at 150°C after 20 min: NO, on pre-oxidized
catalyst, NO adsorption on pre-oxidized catalyst, NO + O, adsorption on pre-reduced
catalyst, NO adsorption on pre-reduced catalyst; (a) 2300-1400 cm ™ region and (b)
2300-2050 cm~! region.

3.1.2. NO adsorption

Fig. 2 compares the spectrum for NO, adsorption at 150 °C on
the pre-oxidized catalyst, obtained after 20 min, with spectra col-
lected during three NO adsorption experiments, respectively, on
a pre-oxidized catalyst, on a pre-reduced catalyst, and on a pre-
reduced catalyst in the presence of O, all at the same temperature
and adsorption time. With the single exception of the NO adsorp-
tion on the pre-reduced catalyst, the spectra collected during NOy
adsorption share the same features in the 1700-1400 cm~! region
(Fig. 2a), wherein three distinct peaks can be distinguished, located
at 1570-1590-1620 cm~!. As more clearly shown in Fig. 2b, addi-
tional bands are located around 2140 and 2190 cm~!. In this case,
for NO, adsorption, the 2190 cm~! feature is more prominent than
in the spectra collected at earlier adsorption times shown in Fig. 1b.
In the following, NOx adsorption results are analyzed in detail
to identify possible differences or specific features of the above-
mentioned bands depending on the gas feed composition and the
catalyst oxidation state.

a) NO+0, adsorption on pre-reduced catalyst

When the adsorption of 500 ppm NO in the presence of 8%
0O, is carried out on a pre-reduced catalyst at 150°C for 20 min,



the same bands located both in the 1700-1400cm~! and in the
2200-2100 cm~! region, but no shoulder at 2190 cm~! is observed,
as during NO, adsorption. The intensity of the bands is however
much lower.

b) NO adsorption on pre-reduced catalyst

As apparent from Fig. 2a, no bands in the 1700-1400 cm!
region are detected when only 500 ppm of NO are fed to a
pre-reduced catalyst. Only a broad symmetric band, centered at
2140cm~!, is observed, whose peak intensity is, however, very low.

c) NO adsorption on pre-oxidized catalyst

The same features observed in the case of NO, and NO+0,
adsorption are apparent when NO is adsorbed for 20 min at 150°C
on a pre-oxidized catalyst. Bands located at 1570-1590-1620 cm ™!
are detected: their intensity is lower than in the case of NO, adsorp-
tion, but higher than during NO + O, adsorption on a pre-reduced
catalyst. The same is observed for the 2140 cm~! band. Only a very
small shoulder at 2190 cm~! is noted in this case.

Identification of surface species

The bands in the 1700-1400cm~! region, observed in all the
NOy adsorption runs with the exception of NO adsorption on a pre-
reduced catalyst, are typically assigned to nitrate species formed on
Cu sites [17-19]. In particular, the peak located at 1620cm~! can
be assigned to a bridging nitrate complex, which would require
two adsorption sites, whereas the 1590-1570 cm~! band can be
attributed to bidentate nitrates [20]. Our results in Fig. 2 show that
such nitrates can be formed either from gas phase NO; or NO + O,.
Moreover, it has been shown that nitrates can be formed from NO
without gas phase oxygen, provided that the catalyst has been pre-
oxidized.

The identification of the band centered around 2140 cm~! is, on
the contrary, not trivial. This band was assigned to NO,* by Szanyi
et al. [21] who pointed out that this species could be generated on
H-ZSM-5 by the interaction of NO,, formed in NO + 0O, presence,
with Brgnsted acid bridging hydroxyl groups; this band was not
detected on Cu-ZSM-5, in which the above-mentioned hydroxyl
groups are substituted by Cu in the exchange process. Later, Hadji-
ivanov et al. [22,23] demonstrated by labeled O, experiments that
the 2133 cm~! band observed under NO + O, adsorption on H-ZSM-
5 is not due to NO,* and concluded that it can be assigned to NO*
(nitrosonium ions) located in the cationic position of the zeolite.
They also observed displacement of -OH groups around 3610 cm™!
in conjunction with the 2133 cm~! band growth to further con-
firm the location of NO*. A recent work on NO adsorption onto
Cu-CHA by Szanyi et al. [24] has assigned this band to NO* paired
with Cu* ions formed by reduction of Cu?* sites upon interaction
with NO* and located in cationic position of the zeolite structure. In
our DRIFTS experiments, the 2140 cm~! band associated with NO*
is formed in considerable amounts in the cases of NO, adsorption,
NO adsorption on the pre-oxidized catalyst and NO + 0, adsorp-
tion on the pre-reduced catalyst, whereas the 2140 cm~! peak has
an almost negligible intensity in the case of NO adsorption on a
pre-reduced catalyst. Also, no perturbation of the 3600-3700 cm™!
spectral region is observed. Accordingly, we assign this band to NO*
species formed upon interaction of NO with Cu sites in an oxidized
state, Cu%*. The minor NO* formation upon NO adsorption on the
pre-reduced Cu-CHA sample can be likely ascribed to an incomplete
efficiency of the reducing pre-treatment.

Asseenin Fig. 1b for NO, adsorption and in Fig. 2 for NO, adsorp-
tion and NO adsorption on the pre-oxidized catalyst, a shoulder at
2190cm~! is visible on the NO* peak. The same shoulder on the
2140 cm~! peak is reported by Szanyi et al. [25] when feeding NO,.

Table 1
IR bands detected during NO, adsorption experiments and their assignments.
IR band (cm~1) Assignment
1570, 1590 Bidentate nitrates
1620 Bridging nitrates
2140 NO* formed upon interaction with Cu?*
2190 NO*NO; adducts

The formation of a band at 2185cm~! under NO, adsorption on
H-ZSM-5 was pointed out also in [21], where an isosbestic point
between the 2133 and 2185 cm~! peaks was also observed, indicat-
ing a correlation between the two species. Those bands have been
more recently attributed to the formation of NO*NO, adducts in
the presence of excess NO; in the gas phase [25]. This assignment
could explain why in our case the 2190cm~! band was detected
only for NO, adsorption and appeared after some time (it is present
in Fig. 1b in the 5 min spectrum but not in the previous spectra). In
fact, in the case of NO+ 0, adsorption, gas-phase NO, can hardly
be formed via NO oxidation at the considered temperature [12], so

that the NO*NO, adduct is not expected in significant amounts.
The 2190 cm~! shoulder has been observed also in the case of

NO adsorption on the pre-oxidized catalyst, however, when the
presence of gas phase NO, is equally unlikely. An alternative inter-
pretation relies on the possible existence of two cationic positions
inthe zeolite, as pointed out by Peden et al. inrecent work [ 26]: they
observed the existence of two distinct Cu* species in Cu-SSZ-13
characterized by a different reducibility, their distribution depend-
ing on the Cu loading. The first Cu ions would be located in the
six-membered rings of the zeolite structure, as also proposed by
Loboetal.[27] by Rietveld refinement of XRD measurements, while
the second Cu species is assumed to occupy cationic positions in
the larger cages of the zeolite structure and is more easily reduced.
They also report FTIR data for NO adsorption at room temperature
showing a shoulder on the peaks corresponding to NO adsorption
on both Cu* and Cu?*, assigned to NO adsorbed on Cu sites sitting
in the larger cage, growing in intensity as the Cu exchange level
increased. Based on all these observations, one could propose a ten-
tative assignment of the 2140cm~! feature to NO* formed in the
six-membered ring, while the 2190 cm~! band could be attributed
to NO* sitting in the larger cages of the CHA structure. Such assign-
ments, however, do not explain why the 2190 cm~! feature is more
intense during NO, adsorption and appears only after a certain
amount of time (Fig. 1b). Considering also the small magnitude of
the 2190 cm~! band, itis not possible to establish a conclusive inter-
pretation of the identity of the 2190 cm~"! feature detected in our
experiments; this, however, does not affect the main conclusions of
the present DRIFTS investigation. While the assignment to NO*NO,
adducts appears more in line with our experimental results, in the
following discussions both peaks in the 2100-2250cm~! region
will be generally regarded as related to NO*.

A summary of the observed IR bands with their proposed assign-
ments is provided in Table 1.

It is worth mentioning that our data for NO adsorption do not
reveal any bands associated with nitrosyls, which were reported
instead at 1810 cm~"! in similar in-situ DRIFTS studies performed
however at 300K [24,25]. The absence of such species in our spectra
is likely due to our significantly higher NO adsorption temperature.

Since the NOy adsorption spectra compared under different
reacting conditions do not point out great differences in the ad-
species formed on the catalyst surface besides peak intensities and
the presence of the 2190 cm~! shoulder, the role of NO* in NO oxi-
dation and the mechanism of nitrates formation are not completely
clear at this stage. Then, in order to identify the key players in the NO
oxidation mechanism, additional DRIFTS experiments have been
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carried out at 120°C to perform a time resolved analysis of the
observed ad-species.

3.2. Peak area dynamics upon NOx adsorption

3.2.1. NO; adsorption dynamics

A series of DRIFTS spectra was collected at 120°C during NO,
adsorption experiments in order to monitor the dynamics of sur-
face species formation. Selected spectra are shown in Fig. 3a

immediately after NO, feed (500 ppm) and after 2, 4 and 20 min.
In addition, the peak area profiles for nitrates and NO* are shown
in Fig. 3b and c, in which the stepped NO; feed is displayed as well.
The initial 5 min are magnified in Fig. 3b. Integration of the peak
areas corresponding to nitrates was evaluated considering all the
three features in the 1400-1700cm~! region. Similarly, the NO*
peak area is calculated integrating over the entire 2000-2300 cm™!
region. No deconvolution of the peaks was carried out and the peak
areas referring to the 2140 and 2190 cm~! features were calculated
by integrating the 2000-2170 and the 2170-2300cm~! spectral
region, respectively, the NO* area being therefore the sum of the
2140 and 2190 cm~! contributions.

The spectral features at 120 °C are the same as the peaks present at
150 °C (Fig. 1). As soon as NO, is fed to the reactor cell, trace

levels of both NO* and nitrates are observed. As time increases,
both peaks grow in intensity, suggesting that those two species are
formed on the surface at the same time. The nitrate bands, however,
continue to grow monotonically with time approaching a steady
state, whereas the bands corresponding to NO* reach a maximum
intensity after about 2 min and then slowly decrease with time.
The decline in the NO* band signal parallels the increase of the
nitrates bands, thus suggesting conversion of NO* to nitrates. Note
that different extinction coefficients of the involved species may
account for the differences in the peak areas, which do not quanti-
tatively correlate 1:1. Moreover, it should also be considered that a
fraction of NO* intermediates could be in equilibrium with nitrite
species that are not visible in our IR measurements as their bands
are obscured by the features of the zeolite framework.

The peak area dynamics shown in Fig. 3b, which reports the first 5
min of the experiment, highlight more clearly the previ-

ous observations: when NO, is present in the gas phase, NO* and
nitrates are formed simultaneously on the catalyst surface.
Moreover, NO* decreases beyond 2min, while nitrates are in
the final approach to steady-state surface concentration. Such
a behavior suggests that NO* might be an intermediate in the
conversion of NO, to nitrates, being formed initially via NO,
disproportionation—heterolytic chemisorption and then rapidly
oxidized by NO, in the process of nitrates formation [7,8]. More-
over, NO* is relatively stable at 120°C, since it is still present in
significant amounts after nitrates reach their steady-state concen-
tration, and its peak area remains constant even after NO, shut off
(Fig. 3c). Similar NO, adsorption experiments at a higher tem-
perature (150°C) showed, however, partial disappearance of NO*
after NO, shut-off, while nitrates remained stable, as illustrated in
Fig. 4. The comparison of Figs. 3 and 4 suggests that the NO* stability
decreases with increasing temperature.

Notably, an FTIR study of NO, adsorption onto Fe-ZSM-5
showed a similar evolution of NO* and nitrates species during
exposure of the catalyst to NO, at low temperature, but only
nitrates were left at steady-state after NO, shut-off [8]. The dif-
ferent behavior of NO* ad-species observed in this work and
by Ruggeri et al. [8] are in line with the greater stability of
nitrates and nitrites on Cu-zeolites as compared to Fe-zeolites
[28].

3.2.2. NO +0; adsorption dynamics

The same experiment was replicated at 120 °C on a pre-
oxidized catalyst (Fig. 5), feeding simultaneously NO and O,:
oxygen flow was kept constant during the experiment, whereas
NO (500 ppm) was fed for 30 min and then shut off. As apparent in
the spectra in Fig. 5a (immediately after NO feed and after 3, 15,
30 and 40 min), both NO* and nitrates are already present after 3
min of NO feed. However, the two bands grow with different
rates: the NO* band is relatively constant after 3 min, while the
nitrates bands continue to grow. In addition, on comparing the
evolution of the peak area
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profiles displayed in Fig. 5b and c, it is apparent that the 2140 cm~!
band increases as soon as NO is added to the 8% O, in Ar gas feed
mixture. Nitrates, on the contrary, are formed on the catalyst sur-
face with a small delay and at a different rate. In fact, in the first
5 min of NO adsorption, the NO* peak area grows rapidly, whereas
nitrates are formed slowly (Fig. 5b).
Notably, comparison of Fig. 5 with Fig. 3 reveals the differ-ent
temporal evolution of the same ad-species (NO* and nitrates)
observed when the Cu-zeolite catalyst is exposed to NO + O, (Fig. 5)
rather than to NO, (Fig. 3). It is clearly apparent that during the
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peak area dynamics during the first 5 min of the experiment; (c) peak area dynamics
during the full NO + 0, adsorption experiment.

oxidative activation of NO the formation of NO* precedes the for-
mation of nitrates, contrary to the simultaneous appearance of both
species during NO, adsorption. Accordingly, these data: (i) rule out
that the initial activation of NO leads directly to gaseous NO,, since
in this case the expected surface species evolution should be the
same as in NO, adsorption; (ii) suggest a role of intermediate for
NO™ (and related species, like nitrites) in the NO oxidation process.
The importance of NO* as an intermediate in the SCR chemistry
has also been recently addressed by Szanyi et al. [24], who iden-
tified NO* as an intermediate in the Standard SCR reaction over
Cu-SSZ-13.



It is worth emphasizing that the decrease in the NO* peak area
and the corresponding increase in the nitrates peak area are not
expected to quantitatively correlate 1:1, due to the different molar
extinction coefficients of NO* and nitrates. In this respect, it should
also be considered that a possibly considerable fraction of the sur-
face intermediates (e.g. nitrites in equilibrium with NO* species,
see step R.2) may not be visible to IR as their bands are obscured
by the features of the zeolite framework.

The same NO + O, adsorption experiment (here not shown) was
replicated on a pre-reduced catalyst and the results revealed the
same qualitative behavior described for the pre-oxidized catalyst.
Thus, an oxidizing or reducing pre-treatment did not have any
effect on NO+ 0, adsorption as regards both surface species for-
mation and peak area dynamics.

3.2.3. Dynamics of NO adsorption on pre-oxidized catalyst
Fig. 6a shows the spectra collected during NO adsorption with no
0, co-feed at 120 °C on a pre-oxidized Cu-CHA sample imme-
diately after starting the NO feed, and after 3, 15, 30 and 40 min
of NO exposure. After 3 min, only NO* is present on the catalyst
surface, while nitrates are formed at later times, even without oxy-
gen in the gas phase. The peak area dynamics displayed in Fig. 6b
and c are similar to the case of NO+0, adsorption both on the
pre-reduced and on the pre-oxidized catalyst, and differ from the
case of NO, adsorption. In fact, the areas corresponding to the two
species of interest, namely nitrates and NO*, do not grow simul-
taneously. Indeed, as soon as NO is fed to the catalyst sample,
NO™* species are formed first, whereas nitrates are formed after a
delay, beginning to grow only after 5 min. This evidence clearly sug-
gests that the two species are formed in sequence: NO* — nitrates,
like in the case of the NO + O, experiment in Fig. 5 and differently
from the simultaneous evolution noted during NO, adsorption in
Figs. 3 and 4. Moreover, the experiment proves the red-ox nature
of NO oxidation to surface NO* and nitrates: since there is no oxy-
gen in the gas phase, NO must be reacting with oxygen from the
catalyst.

3.2.4. Dynamics of NO adsorption on pre-reduced catalyst

NO adsorption on a pre-reduced catalyst sample was also per-
formed without feeding oxygen: related DRIFTS spectra collected
before NO feed and after 0.1, 4 and 10 min are shown in Fig. 7a. As
NO is fed to the Cu-CHA sample, no interaction with the sur-face is
observed for the first few minutes. Then, a little NO* is slowly
formed on the surface. This can be probably ascribed to the
presence of a few oxidized Cu sites not fully reduced during the
sample pre-treatment with NHs. Evidence of incomplete reduction
of the catalyst with formation of small amounts of NO* on a pre-
reduced Cu-CHA is also reported by Szanyi et al. [25]. It is worth
emphasizing, however, that no nitrates are formed on the catalyst
when oxygen is absent from both the gas phase and from the cat-
alyst surface. Only when O, is present (see Figs. 5 and 6) NO* is
detected in large amounts on the catalyst surface and the nitrates
peak area grows. This experiment, together with the NO
adsorption runs described earlier and reported in Figs. 5 and 6,
confirms the red-ox nature of the entire process of NO oxidation to
surface NO* and nitrates.

3.3. Water effect on NO, adsorption

All the experiments discussed so far were carried out in the
absence of water. However, in realistic SCR conditions water is
always present, being a significant part of the engine exhaust. For
this reason, the effect of water on the catalyst surface species has
also been investigated. NO, adsorption was performed while con-
tinuously feeding 1% of water to the reactor cell. Fig. 8 compares
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DRIFTS spectra collected at 150°C after 20 min of NO, adsorption
both in the absence and presence of water on a pre-reduced cat-
alyst. Fig. 8 shows that no NO* was detected with water present.
Moreover, nitrates were present but to a much less extent. This
suggests that water adversely affects the NO oxidation process, hin-
dering the formation of NO* and of related intermediates [22], and
thus inhibiting nitrates formation on the catalyst surface. Indeed,
it has been extensively reported in the literature that water has a
strong inhibiting effect on NO oxidation to NO; [12] and negatively
affects nitrates formation [29].
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3.4. Proposed reaction mechanism for NO oxidation

3.4.1. Active sites

Based on the in-situ DRIFTS results reported above, a mechanis-
tic proposal for NO oxidation over Cu-CHA should account for the
following features:

1) NO* and nitrates are the primary surface species formed during
NO oxidation.

2) The process of NO oxidation and nitrates formation has a red-
ox nature: it proceeds not only in the presence of gas-phase
oxygen, but oxygen reacts directly from the surface of the cata-
lyst; moreover, the reaction does not proceed on a pre-reduced
catalyst.

3) Different dynamics prevail depending on the species present in
the gas phase (NO;, NO+0,, NO on a pre-oxidized catalyst). In
particular, during NO adsorption/oxidation nitrates are formed
consecutively to NO*, whereas simultaneous formation of NO*
and nitrates occurs during NO, adsorption.

4) In the presence of water, only small amounts of nitrates are
formed.

It is worth pointing out that, in our experiments, different Cu
oxidation states, namely Cu?* for the pre-oxidized sample and
Cu* for the pre-reduced catalyst, were likely induced by different
catalyst pre-treatments. Preliminary considerations on the nature
of the Cu sites and their configuration and coordination in the zeo-
lite structure are necessary for the discussion of the NO oxidation
mechanism. Indeed, the species detected during NOy adsorption
are reported to be associated with Cu?* placed in the cationic posi-
tion of the zeolite structure, both in the case of NO* and of nitrates.
In fact, only traces of NO* were formed on the pre-reduced catalyst,
on which Cu could be present as Cu*. The amount of NO* detected
in these experiments was negligible compared to that formed on
the pre-oxidized sample and appeared after a substantial delay.
As a consequence, it can be inferred that no NO* is formed when
the oxidation state of copper is +1. Indeed, the presence of CuZ* in
the zeolite framework balances two negative charges in the alumi-
nosilicate zeolite framework: the same charge compensation can
be provided by aNO*-Cu* pair formed upon donation of an electron
to Cu?* [25]. This proposal is supported by McEwen et al. [30], who
published X-ray adsorption data and DFT calculations for charac-
terization of the Cu oxidation state in operando conditions for a
Cu-CHA catalyst. This study concluded that the average oxidation
state of Cuin presence of NO, (i.e.during both NO oxidation and Fast
SCRexperiments)is +2, whereasitis +1 for standard SCR conditions,
when NO, is not present. Cu® was not, in any case, a plausible oxi-
dation state for Cu. This implies that an oxidized catalyst is needed
for NO oxidation to proceed and brings us to the conclusion that NO
interacts with Cu?* to form NO* as an intermediate species in the
NO oxidation process. NO* is, of course, an oxidized intermediate:
the formal N oxidation state goes in fact from +2 to +3 in NO — NO™.

It has been proposed that in Cu-CHA catalysts, single isolated
Cu sites exist coordinated with three oxygen atoms [30-33]. For
other zeolites such as Cu-ZSM-5 [34,35], however, the existence
of Cu dimers has been reported and proposed as responsible for
the activity in the selective catalytic reduction of NOx by ammo-
nia. More recently, the existence of Cu dimers on Cu-CHA zeolite
catalysts has been reported [36,37], too, in the case of highly Cu-
loaded samples, like, e.g., commercial NH3-SCR catalysts similar
to the one used in the present investigation. A very recent exper-
imental and computational kinetic study [38] has provided clear
evidence, based both on in-situ XANES and on DFT calculations,
that only CuyOy sites (x> 2) contribute linearly to the NO oxida-
tion activity over Cu-SSZ-13, whereas isolated monomeric Cu ions



cannot accommodate adsorption and dissociation of O, necessary
to catalyze NO oxidation. In this respect, it may be also worth notic-
ing that formation of NO* involves reduction of one Cu?* to Cu*;
once NO* has been formed, however, one more oxidized Cu?* site
is needed in order to complete the NO oxidation process, bringing
the NO* intermediate (+3) to NO; (+4). In other words, the two-
step oxidation of NO to NO, requires an overall increment of +2
in the formal oxidation state of nitrogen: this suggests that it may
proceed more effectively over dimeric Cu-sites.

In line with the literature evidence above, we identify Cu dimers
as the most likely candidates to be the active sites for NO oxida-
tion to NO, in our experimental conditions. Notably, this does not
necessarily imply that the same sites are also responsible for the
NH3-SCR activity.

3.4.2. Mechanism of NO oxidation to NO,

In light of the previous considerations, we assume small copper
clusters, in the form of Cu dimers, as the active sites for NO oxida-
tion. The first step (R.1) in the redox mechanism of NO oxidation
can thus be written as:

Z-o-[c'ocu"" —0-Z+NO »Z

—(0-cu"o)y NOt +cu'—0-2Z (R.1)

Step (R.1) proceeds on a copper dimer: on one Cu site, a nitroso-
nium ion is formed, whereas the other Cu is reduced to Cul. This
reaction implies the formation of an oxidized species: Cu'O-NO*
can be identified as the precursor of a nitrite, in which the nitrogen
atom is in a +3 formal oxidation state (R.2):

Z—(0-cu'o) Not < Z -0 - cull — NO, (R2)

This species is detected as “NO*”, namely the species corre-
sponding to the 2140cm~! band, in our DRIFTS experiments. On
the other hand, no nitrites were detected during the same exper-
iments, perhaps due to the highly reactive and unstable nature of
such species. Moreover, characteristic nitrites IR bands would be
masked by the IR absorbance features of the zeolite (wavenum-
ber<1300cm~1) [8,39]. Spectral inspection for the presence of
a band around 2444 cm~!, corresponding to nitrites combina-
tion/overtone modes, as reported in [20], did not give any definitive
conclusion. Indeed, if visible, we expect that the contributions both
of nitrites (at 1220cm~!) and of the corresponding combination
modes would be very small.

Proceeding from step (R.1), NO; is then formed directly from
decomposition of the nitrite-like species according to (R.3), which
leads to the formation of a second Cu in a reduced state. This is
regarded as the rate determining step of the NO to NO, process
[8,40]:

Z-(0-cu"0) NOt -+ NO, +cu' —0-2 (R.3)

Finally, in order to close the redox cycle, the Cu sites have to be

reoxidized by oxygen:
1

2Cu’—O—Z+iOZ—>Z—O—[Cu”OCu”]"—O—Z (R4)

Reaction (R.4) is of course not an elementary step, possibly
implying mobility of surface oxygen atoms.

The sum of steps (1)-(3) gives the overall NO oxidation reaction
(4):

1

NO + 502 — NO, (RS)
The mechanism discussed above is written in the absence of

water and accounts for the experimental observations collected
during this study, namely:

1) The pre-oxidized catalystis active in NO* and nitrates formation,
whereas no species are formed on the pre-reduced catalyst;

2) NO*, with a formal N oxidation state of +3, behaves as an inter-
mediate in NO (+2) oxidation to NO, (+4);

3) The red-ox nature of NO oxidation to NO, requires an overall
change of 2 in the catalyst oxidation state.

The water effect will be discussed in a dedicated section below.

3.4.3. Mechanism of surface nitrates formation

Contrary to what was observed for NO oxidation to NO*, in
the presence of NO, nitrates formation proceeds simultaneously
with NO* formation. As extensively reported in literature, the
related mechanism likely implies disproportionation of NO, to
nitrites/nitrates, and subsequent oxidation of nitrites to nitrates,
accompanied by NO evolution, according to the following reactions
[41]:

Z—o0—[cd"ocu"" =0 -7 +2N0O, < Z

—(0-cu'0) NOt +Z -0 - cu'' — NO; (R.6)

Z - (0-cu"0)"NO* + NO, & Z - 0 — cu'" — NOs3 + NO (R.7)

wherein a NO*/nitrite species is formed in addition to a nitrate by
dimerization and heterolytic adsorption of NO, and then reacts

with gaseous NO, to form NO and one more nitrate. These reac-
tions can explain the efficient nitrate formation observed in Fig. 3
for NO, adsorption on a pre-oxidized sample. It should be empha-
sized that, contrary to the case of NO oxidation, nitrate formation
from NO, does not require a change in the catalyst oxidation state,
i.e. it remains as Cu?*.

In the case of a pre-reduced catalyst, it was observed that no NO*
could be formed on the surface of the catalyst when exposed to NO
only. Without O,, in fact, NO, is needed to re-oxidize the catalyst
to form NO*:

Z-0-Cu' +NO, & Z—-(0-cu'"o) No+ (R.8)

and then NO* reacts with additional NO, to form nitrates and NO
similarly to what reported for the oxidized sample (R.7). Notably,
the red-ox step (R.8), involving oxidation of a reduced Cu site, is
nothing but the reverse of (R.3).

Our results show that nitrates can be formed also from NO
adsorption, when feeding either NO+ 0, or NO only over a pre-
oxidized catalyst (Figs. 5 and 6, respectively), the differences
relative to NO, exposure being that (i) NO* and nitrates are now
formed in a stepwise sequence and (ii) oxygen is required, either
from the gas phase or from the catalyst surface. These elements
suggest that nitrates formation on the catalyst may result from NO,
evolution in the gas phase according to the same mechanism sum-
marized by steps (R.6)-(R.7). Notably, this hypothesis is not ruled
out by the experiments with gas phase monitoring (not shown
here), wherein no NO, was detected, because even small traces
of NO; could still disproportionate and form nitrates.

Buildup of stable surface nitrates blocking the active Cu-sites
explains the well-known significant NO, inhibition of the NO oxi-
dation to NO, noted experimentally over metal-promoted zeolite
catalysts [9].

3.4.4. NO oxidation to NO, and nitrates formation in the presence
of water

Water likely has an effect on the configuration of Cu sites within
the zeolite structure [36]. In particular, water would be responsible
for the following reaction:

Z-o0-[cd'ocu"" —0-Z+Hy0 22— (0-Cu"0) H*  (R9)



Evidence of CuOH groups formed upon dissociative adsorp-
tion of HyO has been indeed obtained in our DRIFT experiments
(band at 3670cm™1), based on the assignment recently proposed
by Giordanino et al. [42]. The formation of CuOH species as a
result of the hydration of Cu dimers is also reported in [36,43].
On the other hand, molecular adsorption of water and formation of
[Cu(H20)s]?* complexes is reported to result from hydration of iso-
lated Cu species [36,38] which, according to [38], do not contribute
significantly to the rate of NO oxidation.

Notably, (R.9) results in the disruption of the Cu dimers, i.e. the
sites responsible for the NO oxidation process according to our pro-
posal. In addition, it can be speculated that CuOH sites are inactive
(or less active) in the NO oxidation to NO,, consistently with what
proposed for isolated Cu sites [38]. Furthermore, in the presence of
water, NO* can be hydrolyzed, in line with what has been reported
for Fe-zeolites [7,12,24], according to

Z —(0-Cu"0)"NOt + H,0 < Z — (0 — cu"0) H* + HONO (R.10)

In fact, the DRIFTS results for NO, adsorption experiments in
wet conditions, shown in Fig. 8, confirm that no NO* is detected
when water is present. Notably, both the breakage of the active
dimeric Cu-sites, (R.9), and the (R.10) equilibrium are consistent
with the experimentally observed strong H,O inhibition of the NO
oxidation to NO, [12].

When H,O0 is present, however, nitrates are still formed in small
quantities upon NO, adsorption, so a mechanism accounting for
the formation of nitrates in wet conditions has to be considered,
too. In particular, nitrates are formed both on pre-oxidized and on
pre-reduced catalysts [41].

Amechanism of nitrates formation on CuOH sites can be written
in analogy with the mechanism reported in the literature for Fe-
zeolites [8], e. g.

2NO, +Z — (0 — cu'0) Ht < Z — (0 — cu’0~)NO* + HNO; (R.11)

HNO3; +Z — (0 - cu"0) H* «+Z—-0-Cu' = NO3 +H,0  (R.12)

NO; +Z — (0= Cu"0~)NOt < Z— 0 — cu" —NO3 + NO (R.13)

This process proceeds via gaseous HNO3 (R.11), which forms
nitrates interacting with a Cu site (R.12). The formation of nitrates,
however, is influenced by the water concentration: high concentra-
tions of water would negatively affect the (R.12) equilibrium, thus
reducing the concentration of surface nitrates, as experimentally
observed.

3.5. Catalytic activity tests and kinetic effects of O,, H;0 and NO>
on NO oxidation

The NO oxidation and Standard SCR activity of the Cu-CHA
catalyst employed in the present in-situ DRIFTS study have been
investigated under dry conditions. Steady-state data obtained from
the bench reactor runs are plotted in Fig. 9 in terms of NO aver-
age consumption rate (molyo/(gcat*s)). A Standard SCR activity was
apparent already at 150°C and grows with increasing temper-
ature: an average rate of approximately 1.3 x 1073 molyo/(gcat S)
was approached at 250 °C. On the contrary, the NO oxidation activ-
ity was very low: negligible activity was noted at 150°C, and
an average rate of only 1.3 x 1074 molno/(gcat ) was achieved at
350°C. Notice that our data show a difference of at least one order
of magnitude in the measured average rates of NO consumption
for the two reactions. These results are typical of state-of-the-art
Cu-CHA commercial SCR catalysts. Particularly, average rate val-
ues calculated from data available in literature and collected at
the same temperatures are in the order of 10-3 molyg/(gcat s) and
2.8 x 1074 molno/(gcat 5) for standard SCR [43] and NO oxidation,
respectively [9], in line with results herein reported. This confirms
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that the NO oxidation activity is very poor compared to Standard
SCR activity over Cu-promoted zeolites [9,12,28].

Focusing on NO oxidation, the kinetic effects of water, oxygen
and NO, concentration have been investigated with the main pur-
pose of verifying their coherence with our mechanistic proposal.
Fig. 10a compares NO average consumption rates obtained varying
the oxygen feed concentration and adding water to the feed gas
stream. Lowering the oxygen feed concentration from 8 to 2% (v/v)
resulted in a decreased NO oxidation activity, in accordance with
literature reports [9]. Furthermore, switching from dry to wet con-
ditions at constant 8% O, essentially suppressed the NO oxidation
activity, again in line with previous reports [12].

Fig. 10b shows the NO oxidation results obtained for an experi-
ment in which the total NO, feed concentration was kept constant,
while the NO,/NOy feed ratio was varied from 0 to 0.75 in the
presence of 8% O, and absence of water: measured NO average
consumption rates are plotted as a function of the NO,/NOy ratio
at different reaction temperatures. As the NO, content in the feed
increased, NO average consumption rates decreased at all tempera-
tures, revealing a strong inhibiting effect of NO, on the NO oxidation
rate. Such observations are in line with Metkar et al. [9].

The experimental results in Figs. 9 and 10 are strong evidence
that NO oxidation to NO, does not represent the rate determining
step of the Standard SCR reaction, as has been proposed elsewhere
[12]. On the contrary, our mechanistic proposal well explains the
experimental evidence in Fig. 10. In particular, the inhibiting effect
of water is explained by formation of less reactive Cu(OH) isolated
sites [36] according to step (R.9), and by the equilibrium between
HONO formed upon H,O interaction with surface NO* and NO*
itself, expressed by step (R.10): once HONO is formed, in fact, step
(R.3) (NO* decomposition to NO;) cannot proceed further to pro-
duce gaseous NO,.

The NO, inhibiting effect can be explained by: (i) shift of the
equilibrium of (R.3) towards NO* due to the presence of gas-phase
NO,; (ii) formation of stable nitrates on the Cu sites, which impedes
further proceeding of the NO oxidation reaction. Moreover, the
mechanism herein proposed is not in contrast with the identifi-
cation of nitrites species as key intermediate in the Standard SCR
reaction, as recently suggested by Ruggeri et al. [44] for Fe zeolite
catalysts.
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4. Conclusions

NO oxidation to NO, and its mechanism have been studied over
a commercial state-of-the-art Cu-CHA NH3-SCR catalyst by in-situ
DRIFT spectroscopy. Adsorption of NO,, NO+0, and NO on both
pre-oxidized and pre-reduced catalyst samples have been analyzed
in order to identify the surface species involved in the overall NO
oxidation process. Under oxidizing conditions, nitrates on Cu2*
were the dominant ad-species on the catalyst surface at steady
state after NOy adsorption for ~20 min. Formation of nitrates by NO
adsorption on the pre-oxidized catalyst did not require gas-phase
0,, as oxygen was supplied directly from the catalyst surface.

Another ad-species besides nitrates was identified as NO*,
nitrosonium ion. NO*, having a formal N oxidation state of +3, can
be considered a nitrite-like species, formed as an intermediate
in the stepwise oxidation process from NO (+2) to NO; (+4). The
observed temporal evolution of the species in fact supports the
hypothesis of NO* (or related nitrites) as intermediates in NO
oxidation: NO* appeared before nitrates when NO was fed to the
reactor, whereas it appeared simultaneously with the nitrates in
NO, adsorption runs. This result is of great importance, since it

reveals that the formation of the above-mentioned NO* species
proceeds from either NO + O, or NO,, via two different mechanisms,
namely oxidation of NO over Cu?*, which involves Cu reduction
to Cu*, and NO, disproportionation-heterolytic chemisorption,
which leaves the Cu?* sites in their high oxidation state. Based
on recent literature reports, it is also assumed that NO oxidation
to NO* proceeds on Cu dimers, which are known to be present in
commercial Cu-CHA catalysts with high Cu loadings.

The DRIFTS experiments have clearly pointed out the red-ox
nature of the NO oxidation to NO,, since only traces of NO* and
no nitrates were formed on a pre-reduced catalyst when feeding
NO only, without gas-phase oxygen.

The effect of water on the NO oxidative activation was also
addressed: no NO* species and only trace amounts of nitrates were
detected in NO + O, adsorption experiments under wet conditions.
Such a result is explained considering that water hydrolyzes the
Cu dimers, i.e. the active sites in NO oxidation, and also shifts
the NO*/nitrites-HONO equilibrium. Likewise, water also adversely
affects nitrates formation via NO, disproportionation by acting on
the nitrates—-HNOj3 equilibrium.

A comprehensive mechanism for NO oxidation to NO, and
nitrates has been formulated, which is consistent with all of the
above-mentioned observations. The proposed mechanism is in
accordance with the observed kinetic effects of H,0, O, and NO,
on the NO oxidation activity of the Cu-CHA catalyst.

DRIFTS measurements similar to those herein reported with the
aim to investigate the standard SCR mechanism and related surface
species were performed on the same catalyst and will be presented
and discussed in a dedicated forthcoming paper.
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