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Abstract: The long debated reaction mechanisms of the
selective catalytic reduction (SCR) of nitric oxide with
ammonia (NH;) on vanadium-based catalysts rely on the
involvement of Brgnsted or Lewis acid sites. This issue has
been clearly elucidated using a combination of transient
perturbations of the catalyst environment with operando
time-resolved spectroscopy to obtain unique molecular level
insights. Nitric oxide reacts predominantly with NH; coordi-
nated to Lewis sites on vanadia on tungsta—titania (V,05-WO ;-
TiO,), while Brgnsted sites are not involved in the catalytic
cycle. The Lewis site is a mono-oxo vanadyl group that reduces
only in the presence of both nitric oxide and NH; We were also
able to verify the formation of the nitrosamide (NH,NO)
intermediate, which forms in tandem with vanadium reduction,
and thus the entire mechanism of SCR. Our experimental
approach, demonstrated in the specific case of SCR, promises
to progress the understanding of chemical reactions of
technological relevance.

Abatement of harmful NO, is a major objective of environ-
mental and health protection policies as a result of the
increasing emissions from power plants and vehicles in
rapidly developing countries. Efficient NO, removal from
exhaust gases of stationary sources is achieved by reacting
NH; on a solid catalyst, typically consisting of dispersed
vanadia on tungsta-titania (V,05-WO;-TiO,), according to
the standard selective catalytic reduction (SCR) process.!'!

4NO +4NH, + O, — 4N, + 6 H,0 (1)

The increasingly stringent emission regulations in the
transport sector also make this technology attractive for
controlling the exhaust of mobile sources; especially diesel
trucks, railroad diesel engines, and more recently, ship
engines. Despite the widespread use of SCR, some molecular
aspects of the reaction mechanism remain controversial.”!
The advent of powerful computational resources, the search
for catalyst formulations counteracting the implicit draw-
backs of vanadium-based catalysts,m and the development of
low-temperature SCR catalysts for automotive applications,
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have rejuvenated the debate on the nature of the active
center. The mechanistic aspects of SCR using vanadium were
summarized by Busca et al.””! The reaction proceeds accord-
ing to the stoichiometry of Reaction (1) and the two nitrogen
atoms of the N, product originate, one each, from NO and
NH;. It is generally accepted that the mechanism comprises
an acid site where NH; is activated and a redox site that
requires oxygen to be regenerated. The Brgnsted and Lewis
acid sites are responsible for the adsorption of NH; and have
thus been anticipated to be essential for the reaction
mechanism. While Brgnsted acid sites bind NH; to form
NH," (Bny,), Lewis acid sites coordinate NH; directly with
a metal atom (Lyy,). NO reacts on the acid sites according to
an Eley-Rideal mechanism, accompanied by the reduction of
V3 to V¥, It is also recognized that the role of oxygen is to
restore the V>*O, active center. Various experimental and
theoretical studies have tackled the crucial issue of the
involvement of either Byy, or Lyy, sites in the standard SCR
reaction without reaching unequivocal conclusions. Ramis
et al.”! reported a mechanism based on Lyy, active species
that encompasses the formation of a NH,NO reaction
intermediate. Byy, was later proposed by Topspe® as the
active center. Given the large excess of Byy, species
compared to Lyy,, especially with the introduction of tungsta
in the catalyst formulation, the SCR activity was correlated
with the change of By, coverage.’! However, two consid-
erations seem to complicate the Brgnsted acid mechanism.
Ammonia must lose all protons to form the N, product, thus
making the initial protonation to NH," an apparently super-
fluous step. The energy barrier for the reaction involving
a Brgnsted acid site is also higher than that comprising
a Lewis acid site.!) By comparison, Ly, is more resistant to
desorption at a given temperature!’ and demonstrates higher
heat of adsorption than Byl Although the two reaction
pathways probably do not exclude each other, it is essential to
understand whether either or both species are relevant.
Spectroscopy contributed considerably to the formulation
of the proposed reaction mechanisms.*™ %% However, we note
that this precious mechanistic information was derived under
steady-state conditions, thus under less suitable experimental
conditions and inappropriate time scales to observe active
and intermediate species and to describe the working catalyst.
Moreover, the widely used temperature programmed desorp-
tion method can only predict the amount and stability of acid
sites, but is intrinsically ambiguous with respect to the nature
and reactivity of the acid site(s) directly involved in the
reaction. Important mechanistic details were obtained on
vanadium-based catalysts also by the transient-response
method,"” but without implementation of spectroscopic
measurements. Transient experiments are more suitable to
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disclose the nature of active centers on a catalyst surface.
From a spectroscopic perspective, second to sub-second time-
resolution is required to capture relevant structural changes
while the catalytic system is perturbed. To date, little time-
resolved examination of this kind has been reported for
a state-of-the-art V,05-WO;-TiO, SCR catalyst.

Herein, we describe the use of time-resolved infrared and
visible spectroscopy to demonstrate the unambiguous
involvement of NH; bonded to Lewis acid sites in the SCR
mechanism. At low temperature, the Byy, species barely
contribute to the activity of a vanadium-based catalyst and
solely Ly, species participate in the standard SCR reaction.
We are also in the position to associate the V>*/V** redox pair
with the Lewis acid site. The striking experimental observa-
tions herein provide a new perspective on the mechanism
involved (based on Lewis acid sites) that may encourage the
use of our experimental approach as a tool to assist the design
of SCR catalysts. This holds specifically for vanadium-based
catalysts, but because of the general applicability of the
method the development of other types of catalysts should
profit too.

The selected catalyst for this study comprised 2 wt % V,05
supported on 10 wt % WO;-TiO, (VWT), a commonly used
composition for state-of-the-art vanadium-based SCR cata-
lysts.'Yl The relatively low vanadium loading guaranteed, on
the one hand, sub-monolayer coverage of oxo-species (ca.
25%), which provided high selectivity and stability, and on
the other hand, sufficiently high activity in the SCR reaction
for most commercial applications. The NO reduction behav-
ior measured in the spectroscopic cell in the temperature
range 150-350°C was comparable to that obtained in a tubular
quartz reactor (Supporting Information, Figure S1), thus
ensuring transferability of the spectroscopic data. When
examined by diffuse reflectance infrared spectroscopy
(DRIFTS), NH; adsorption at 250°C followed by desorption
in 5 vol % O,/N, (Figure 1a) was characterized by the features
of ammonium ions (NH,*) adsorbed on Brgnsted acid sites
(Bxn, ; 3200-2700, 1670, and 1423 cm™") and NH; coordinated
to Lewis acid sites (Lyy,; 3250, 1603, and 1250 cm ). These
features were easily assigned on the basis of existing
literature.”®'? The coverage of both species was only slightly
diminished upon desorption. Various negative peaks were
associated with the coordination of NH; to titanium and
tungsten hydroxy groups, vanadyl (V=0) and tungstenyl
(W=0) groups, and residual sulfate (S=O) species. From the
perspective of infrared spectroscopy, it is obvious that NH;
adsorption on Brgnsted acid sites was dominant and that
tungsta played a major role in this respect.

When residual adsorbed NHj (after desorption at 250°C)
was reacted with 500 ppm NO/O,/N, while recording
DRIFTS spectra at 0.9 s/spectrum, the first evident effect
was that these species were consumed before nitrosyl species
(NO") and water started to populate the surface of the
catalyst (Figure 1a). Only a deeper inspection of the time-
resolved spectra demonstrated that the consumption rates of
Lyg, and Byy, were not identical upon exposure to NO. This is
best seen from the temporal evolution of the two species and
NO™ (Figure 1b). Consumption of Lyy, occurred in two
stages, which could be distinguished by the time evolution of
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Figure 1. Transient infrared and visible spectra of NO reaction on NHj-
equilibrated V,05-WO;-TiO,. a) DRIFT spectra after 500 ppm NH,
adsorption (15 min), desorption (15 min) followed by NO (500 ppm)
addition. b) Temporal evolution of selected signals during addition of
NO from identical DRIFT and DR-Vis measurements and from online
gas analysis by mass spectrometry. DRIFTS: 8,,(N—H) of Ly,
8,s(N—H) of By, and v(NO) of NO™. DR-Vis: V** (700 nm, d-d
transition). Negative and positive absorbance values indicate con-
sumption and formation of species, respectively. Conditions: O,/N,

(5 vol%); 250°C.

Lyy, rather than by the presence of two distinct spectroscopic
signatures. An instantaneous removal of approximately 30 %
of Lyy, (Lau, (1)) was followed by a slower consumption of
Lyn, (L, (2)). Only when Lyy, had been almost completely
consumed, did the signal of NO™ start to intensify. Byy,
coverage at this point was still approximately 70 %. Byy, only
started declining long after reaction of Lyy,. The simulta-
neous mass spectrometric data undoubtedly demonstrated
that the water product of standard SCR evolved parallel to
the consumption of Lyy,, thus reflecting the occurrence of the
SCR reaction in the early stages of NO admittance. This is
further supported by the very similar ratio between consumed
NO and evolved water (1.53) relative to the stoichiometry of
the standard SCR reaction (1.5).

Exposure to NO also had an immediate impact on the
oxidation state of vanadium (Figure 1b; Supporting Informa-
tion, Figure S3) in an identical diffuse reflectance visible
(DR-Vis) spectroscopy experiment. NO caused a rapid initial
reduction, which was monitored using the d—d transition at
700 nm as the fingerprint of V**.!1 Reduction was followed
by a slower re-oxidation before returning to a constant (and
on average higher) oxidation state after all adsorbed NH; had
been consumed. Hence, the time-resolved measurement of
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Figure 1 clearly demonstrates that NO reacted primarily with
Lyy, and simultaneously enhanced reduction of V3* to VH,
compared to NH; adsorption. After the fast initial reaction of
NO with Lyy,, the SCR reaction slowed down because of the
decreasing Lyy, coverage and the increasing levels of vt
By, started declining only after consumption of Ly, (2).
Although we cannot exclude that Byy, converts into Ly,
before reacting, this demonstrates that at low temperature
only the Lewis acid sites are SCR active. Moreover, NO is
activated on a Lewis acid site occupied by NH; in tandem with
reduction of V** to V*'. As long as Ly, is available, NO
cannot adsorb as NO* and gradually consumes the remaining
NH; species.

The rates of initial consumption of Lyy, and of the parallel
initial reduction to V*' were independent of temperature
(200-250°C) and presence of oxygen (Figure 2), suggesting
that Lyy, (1) is not involved in the rate-determining step. On
the contrary, the fraction of Ly, (2) increased with decreasing
temperature, while its consumption rate decreased. Lyy,(2)

(@) DRIFTS
o
M
m“"”*""(d)"“”

01 | g (Ohy

NOin 0, - N, "3
250°C
225°C

——200°C

'3

Ly, peak intensity / a.u.

—=NO

(b) NOin N,

NO - no preads. NH, —

absorbance / a.u.

| | Noino,-N,
——200°C ——225°C

250°C

0 100 200 360 400
time /s
Figure 2. Temperature dependence of NO reaction on NH;-equili-
brated V,05-WO;-TiO,. Temporal evolution of selected a) DRIFTS and
b) DR-Vis signals during NO addition at 200, 225, and 250°C (with
and without O,) in identical measurements to that of Figure 1. c) and
d) Traces correspond to temporal evolution of Ly, in two consecutive
runs in the absence of oxygen and with NH; adsorption/desorption
intervals. DRIFTS: 8,,(N—H) of Ly, ; DR-Vis: V*' (700 nm).

was susceptible to the absence of oxygen. Admittance of NO
in the absence of oxygen (Figure 2¢) consumed only Lyy, (1),
which reacts faster at all temperatures. However, no further
Lyn, consumption was observed once consumption of Ly, (1)
had occurred. This observation suggests that Ly, (1) does not
require gas phase oxygen to complete the SCR reaction.
The absence of oxygen further discards the possibility for
NO, to be the source of the initial fast decay of Lyy, (fast
SCR)."l When the catalyst was equilibrated with NH; in the
absence of oxygen after reaction with NO (Figure 2d), no fast
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Ly, consumption was detected. This measurement demon-
strates decisively that Lyy, (1) does not need oxygen to react
but cannot be regenerated if oxygen is absent. Therefore, this
active site is an oxidized center. The reaction of Lyy,(2) can
instead be associated with the slower re-oxidation that was
clearly temperature dependent, in agreement with oxygen
being involved in the rate-determining step.'*! Without
oxygen, re-oxidation did not occur and a constant V** content
was obtained over time on stream. This data encourages us to
propose the existence of V'O, Lewis acid sites that are
already arranged in an optimum configuration to react with
NO after NH; adsorption. The structure of these sites is
addressed below.'”! Once these sites have been reduced by
the reaction of coordinated NH; with NO, they need to be
regenerated by oxidation of V**.

The significance of Lyy, for SCR was confirmed by an
identical measurement, which included water in the feed gas
during NH; adsorption/desorption and NO admittance
(Supporting Information, Figure S5—S7). Water is reported
to decrease NO conversion, which we also observed in the
DRIFT cell (Supporting Information, Figure S1). As a con-
sequence, the overall levels of both Lyy, and Byy, before NO
dosage were lower in the spectra as a result of competition
with water. Nevertheless, the relative temporal evolution of
the two species remained identical, suggesting that water
decreases the reactivity of VWT by suppressing a fraction of
Lewis acid sites available for reaction—in particular Ly, (1)
that was evidently absent.

The experiments described so far undoubtedly demon-
strate two crucial steps of the reaction mechanism of standard
SCR reaction on a VWT catalyst: 1) the direct involvement of
the V' Lewis acid site, and 2) the rate-determining step,
which is the oxidation of V*' by oxygen. This is presented for
clarity in Scheme 1 (steps (a) and (d), respectively), within the
paradigm of the catalytic cycle proposed by Ramis et al.,*"
based on Lewis acid sites. We were able to obtain an even
more complete picture of the reaction mechanism under more
realistic reaction conditions than those of Figure1 and
Figure 2, by periodically perturbing the atmosphere around
the catalyst while acquiring time-resolved spectroscopic data.
This approach mimics the SCR conditions better than the

NH
>_\ NH3
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o=y v'5+=o
'/, HOH 2045cm™ 1603 cm!
NO
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Scheme 1. Reaction mechanism of standard NH;-SCR.
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single transient experiment of Figure 1. The short time-scale
inspection of the SCR reaction using modulated excitation
spectroscopy!'®! can trace the surface changes with additional
precision because of phase sensitive analysis.

The most valuable modulation sequence consisted of NO
pulses in a continuous flow of NH,/O, (Figure 3 d; Supporting
Information, Figure S10), that is, on a catalyst surface
permanently covered by adsorbed NH;. Other relevant
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Figure 3. The concentration modulation approach: NO pulses in NH;.
a) Time-resolved DRIFT spectra during a full NO+ NH; +O,/NH;+ O,
modulation experiment at 250°C (T=220s). b) The corresponding set
of selected phase-resolved data (™" =150-320°); in-phase spectrum
(red). c) Temporal evolution of selected signals from the time-resolved
DRIFT and DR-Vis spectra over multiple periods. d) Representation of
the pulse sequence (NH; in, NO in) and experimental FTIR gas
analysis (NH; out). Conditions: NH; (500 ppm), NO (500 ppm), O,

(5 vol%) in N,.

sequences for the discussion are presented in Figure 4. Only
the phase-resolved spectra were able to reveal subtle but
important changes as the SCR reaction was switched on and
off repeatedly by NO pulses (Figure 3b). These changes
mirrored those observed in the single transient experiment of
Figure 1 and were essentially identical in the case of shorter
pulses (Supporting Information, Figure S10). Despite their
dominant presence in the time-resolved spectra (Figure 3 a),
none of the changes could be associated with Byy,, thereby
confirming its extraneousness with respect to SCR. On the
contrary, Lyy, played a major role in the spectra. It exhibited
signals of opposite sign to that of two signals at 1490 and
1400 cm™!, which were otherwise hidden in the time-resolved
spectra by the persistent Byy, signals. These two signals were
slightly phase shifted, suggesting that they did not belong to
the same species.
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The features at 1603 and 1490 cm™! did not reflect NH,
adsorption/desorption because of their opposite sign. This
process was rather mimicked by the sequence in Figure 4j-1,
where a minor fraction of Byy, was also seen to contribute to
the phase-resolved spectra and with the same sign as Lyy,. We
could assign the signal at 1490 cm™' to the nitrosamide
intermediate (NH,NO, v(NO); Scheme 1b).*"l The assign-
ment was confirmed by the temporal evolution of the feature
in this sequence and in that obtained by alternating NO and
NH; pulses. In the NH3/O, pulse (Figure 3c¢), the replenish-
ment of Lyy, consumed in the previous NO + NH; + O, pulse
was accompanied by the disappearance of nitrosamide as
a result of the absence of NO. This corresponds to interrupt-
ing the catalytic cycle at step (b) in Scheme 1. Nitrosamide
sharply intensified again when NO was admitted concom-
itantly to the consumption of Lyy,. Hence, Lyy, reacted
repeatedly with NO, as in the experiment of Figure 1, which
was confirmed by the loss of gas phase NH; (Figure 3d).
When NO pulses were alternated with NH; pulses (Fig-
ure 4d), the SCR reaction occurred only briefly at the valve
switch. Consistent with its intermediary nature, nitrosamide
was formed rapidly at each pulse before returning to lower
levels because the gas composition was either only NO or only
NH;. The need for both NH; and NO for V°* reduction was
confirmed by the DR-Vis data of this sequence (Figure 4 f).
The V*' level increased only at the beginning of the NO + O,
pulse, since Lewis acids were covered by NH; reacting with
NO at the V** center. V** slowly re-oxidized in the NO pulse,
in response to oxygen and the slight oxidative character of
NO (compare with Figure 2b). The change in Lyy, was larger
in this sequence because of the continuous addition and
removal of gas phase NH; and was thus complemented by
minor variations of the Byy, coverage as a result of
adsorption/desorption.

The molecular level information on the vanadium reduc-
tion/oxidation present in the phase-resolved DRIFT data was
enriched by important details concerning the V=0 and
V—OH groups involved in this chemistry. The spectra allowed
distinguishing between the reactivity of isolated V=0 and the
NH,; adsorption capacity of WO,.["l Isolated V=0 species are
expected in VWT because of the sub-monolayer vanadium
coverage and the tendency of vanadium to disperse on a WO;-
TiO, surface while the existence of adjacent V=0 groups is
unlikely. However, the signature of the isolated V=0 groups
at 2045 cm ! was observed only for the sequences depicted in
Figure 3 and Figure 4 a—c."” In all other cases, perturbation of
W=0 tungstenyl species (2005 cm™) always masked the
contribution of V=0, which is reasonable based on the
above observation that NH; adsorption/desorption was
present in those sequences. The appearance of V=0 species
simultaneous to Lyy, consumption confirmed that NH,
dissociated on V=0 in the presence of NO, thus producing
a V-OH group (3660 cm™'). The V-OH group in turn was
oxidized by oxygen and restored to unoccupied V=0 (steps
(c) and (d) in Scheme 1). This observation is consistent with
a concerted transfer of a hydrogen atom to the coordinating
vanadium mono-oxo group simultaneous to the formation of
the N—N bond of the intermediate (Supporting Information,
Figure S9). Moreover, this observation helps to explain the
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describe the entire mechanism of
standard NH;-SCR. NO reacts pre-
dominantly with NH; adsorbed on
Lewis acid sites at low temperature.
Despite their abundance, Brgnsted
acid sites hardly contribute to the
SCR activity and mainly serve as an
NH; pool to replenish the Lewis
sites. The active Lewis acid site
consists of isolated V°*, which
reduces only in the presence of
both NO and NH;. On top of this,
we were able to verify the forma-
tion of the nitrosamide intermedi-
ate, which is formed alongside V°>*
reduction. Once consumed, the
active Lewis sites must be regener-
ated upon re-oxidation, which is the
rate-determining step.
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observed increased V' reduction only upon reaction of
adsorbed NH; and gas phase NO. The direct involvement of
the V*/V>* pair in the sequence of NO pulses in NH; was
disclosed by the phase-resolved data, while virtually no
change in the oxidation state of vanadium was visible in
time-resolved DR-Vis (Supporting Information, Figure S8).
The fraction of vanadium changing repeatedly between V>*
(reducing in the presence of both NO and NH;) and V**
(slowly oxidizing in the subsequent NH;+ O, pulse) was
clearly visible, in agreement with the transient experiment
depicted in Figure 1.

The results show that the two peculiar functions present
on a vanadium-based SCR catalyst can be probed by time-
resolved spectroscopic methods. To this end, we could clearly
separate between reactive sites and NH; adsorption/desorp-
tion sites."”! Although we cannot state whether NH; adsorbed
on Brgnsted acid sites desorbs in the gas phase prior to
adsorption onto Lewis acid sites, the role of Brgnsted acid
sites is clearly that of an NHj; reservoir. The SCR active redox
sites are only associated with vanadium Lewis acid sites—
likely isolated mono-oxo vanadyl groups.

The combined transient time-resolved DRIFTS and DR-
Vis study adds a new perspective to the SCR mechanism over
V,05-WO;-TiO,, using a time scale pertinent to the observa-
tion of active, intermediate, and spectator species. Using
tailored time-resolved pulse experiments we were able to
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