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ABSTRACT: Water is ubiquitous in various heterogeneous
catalytic reactions, where it can be easily adsorbed, chemically
dissociated, and diffused on catalyst surfaces, inevitably influencing
the catalytic process. However, the specific role of water in these
reactions remains unclear. In this study, we innovatively propose
that H,O-driven surface lattice oxygen activation in y-MnO,
significantly enhances low-temperature NH;—SCR. The proton
from water dissociation activates the surface lattice oxygen in y-
MnO,, giving rise to a doubling of catalytic activity (achieving 90%
NO conversion at 100 °C) and remarkable stability. Compre-
hensive in situ characterizations and calculations reveal that
spontaneous proton diffusion to the surface lattice oxygen reduces
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the orbital overlap between the protonated oxygen atom and its neighboring Mn atom. Consequently, the Mn—O bond is weakened
and the surface lattice oxygen is effectively activated to provide excess oxygen vacancies available for converting O, into O,”.
Therefore, the redox property of Mn—H is improved, leading to enhanced NH; oxidation-dehydrogenation and NO oxidation
processes, which are crucial for low-temperature NH;—SCR. This work provides a deeper understanding and fresh perspectives on
the water promotion mechanism in low-temperature NO,, elimination.

KEYWORDS: NH;—SCR, water-promoting effect, lattice oxygen activation, MnO,, proton diffusion

1. INTRODUCTION

NH;—SCR technology is currently practiced in the elimination
of nitrogen oxides in steel, cement, chemical, and other
nonelectric industries.”” H,O, as an inherent component of
low-temperature SCR, comes from both front-end wet
desulfurization (the content is about 5—15%) and the reaction
itself.>* And due to the enhanced capillary condensation effect
at low temperatures, H,O forms a liquid film more easily on
the catalyst surface, which to some extent exacerbates its toxic
effect. Therefore, understanding the specific mechanism of
H,O in the reaction process, especially its impact on the
catalyst structure, is not only quite beneficial for developing
high-performance catalysts at low temperatures, but also of
great meaning for improving the H,O tolerance.

Generally, H,O is believed to cause an unfavorable effect on
most catalytic reactions, including the denitrification reaction,
as it competes with reactants for available adsorption sites and
also covers the active sites.”® The conclusion is mainly based
on the macroscopic effect of reduced catalytic activity caused
by the introduction of H,O. However, recent research into the
reaction processes has led to a better understanding of the
mechanism of H,0. For example, numerous studies have
reported on the positive effects of H,O in catalytic reactions.
Some works proposed that H,O can enhance the catalytic
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reaction indirectly via the improvement of reactant adsorption
and intermediate conversion. Bi et al. showed that H,O was
beneficial for the toluene adsorption on Pd supported on UiO-
66 catalysts, resulting in the formation of benzoate and maleic
acid intermediates in toluene oxidation.” Wei et al. proposed
that the mechanism behind water-promoted alcohol oxidation
lay in the enhanced adsorption of the reactant benzyl alcohol
through hydrogen-bonding interactions with H,O. This
interaction reduced the intramolecular energy of benzyl
alcohol, thereby facilitating its conversion.” Most notably,
H,O can interact with O, to facilitate oxygen activation or
directly enhance catalytic reactions by utilizing its oxygen atom
as an active oxygen. For example, our previous work indicated
that O, could be synergistically activated by H,O, with the
water-induced reactive oxygen species counteracting SO,
poisoning over Mn-based SCR catalysts.” In addition, CO
molecules could react with the active hydroxyl groups from the
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Figure 1. (a) Catalytic NO reduction performance of y-MnO, and Mn—H. (b) H,O tolerance over Mn—H under different H,O contents at 120 °C
(the feeding gas contained S00 ppm of NH;, 500 ppm of NO, S vol % O,, S, 10, or 15 vol % H,O (when used), and Ar balance, WHSV = 60,000

mL-g"“h7").

dissociation of H,O on the surface of Au,/CeO, or Pt;/CeO,,
resulting in excellent oxidation activity.'”'" On single Pt atoms
catalysts, surface lattice oxygen activation by steam treatment
has been an important reason for low-temperature CO
oxidation.'” Furthermore, the lattice oxygens of transition
metal oxides also could be activated by H,O, hlghhghtmg the
role of water in the VOCs catalytic combustion.">

Excitingly, a novel promoting effect of H,O has also been
found in NH;—SCR reaction, where H,O changes the states of
active centers in catalysts, affecting the catalytic reaction.'*™"'°
Ji et al. reported that the dissociation of H,0O on MnCe
catalysts generated numerous hydroxyl groups, which limited
charge transfer between active Mn sites and sulfur species,
thereby hindering SO, oxidation. These findings highlight the
positive effect of H,O in SCR. However, research on this topic
has mostly focused on adsorption and dissociation, particularly
the impact of hydroxyl groups produced by H,O dissociation.
The effect of protons (with their high diffusion coefficients) on
active centers of the SCR catalysts has rarely been addressed.
Moreover, understanding this effect is complicated by the
diverse components of catalysts, which might not be conducive
to investigating the water-promoting mechanisms.

Herein, two SCR catalysts, »-MnO, and steam-treated y-
MnO, (Mn—H), were constructed to explore the role of H,0
in a promoted NH;—SCR process. Detailed characteristic
analysis and density functional theory (DFT) calculations were
adopted to study the influence on the catalytic performance of
7-MnO, by water in the catalytic reduction of NO, unraveling
the specific process of water-driven surface lattice oxygen
activation in the NH;—SCR reaction.

2. MATERIALS AND METHODS

2.1. Catalyst Preparation. y-MnO, was made via a
hydrothermal approach. Initially, the same amounts of MnSO,-
H,0 and (NH,),'S,04 were dissolved in deionized water and
stirred continuously for 2 h to yield the resulting solution.
Then, the solution was transferred into a stainless-steel
autoclave and heated at 90 °C for 24 h. After cooling, the
product was filtered, thoroughly washed, and dried overnight
at 80 °C. The material was subsequently subjected to

calcination in air at 350 °C for 3 h. This catalyst was labeled
as y-MnO,.

Steam-treated y-MnO, was produced by the steam treat-
ment. 200 mg of y-MnO, was preprocessed for 2 h in Ar flow
with 5 vol % H,0 introduced (200 mL-min~') at the
temperature of 100, 150, 200, and 250 °C, respectively. The
obtained sample was labeled Mn—H (-T).

2.2. Characterization and Performance Measure-
ments. Detailed characterization methods (XRD, N,
adsorption—desorption, Raman, H,-TPR, XPS, TPD, EPR,
Py-IR, in situ DRIFTS and computational details) and
performance measurements (SCR performance measurements
and kinetics measurements) are provided in the Supporting
Information (SI).

3. RESULTS AND DISCUSSION

3.1. NH;—SCR Performance. The NO conversion curves
were measured to evaluate catalytic performance in the
temperature range of 100—250 °C. As shown in Figure Ila,
100% denitrification efliciency was achieved at 150—250 °C
over y-MnO,, demonstratmg that y-MnO, was a promising
catalyst for low-temperature NO removal.'”'® After steam
treatment, Mn—H exhibited dramatically improved reactivity
at 100 °C compared to that of y-MnO,, as the NO conversion
rose to approximately 90% from S51%. Furthermore, no
noticeable deactivation was detected during the stability test
with three cycles (Figure S1). In addition, the NO conversion
of steam-treated y-MnO, at different temperatures was
measured as well. As displayed in Figure S2, the catalysts
with steam treatment presented elevated catalytic activity, and
the difference in NO conversion of the four Mn—H samples
was only 10%, indicating that the catalytic performances would
not be significantly affected by the pretreatment temperatures,
and the temperature of 250 °C was chosen for investigation.
There was no obvious change in N, selectivity before and after
steam treatment, and the slight improvement may be due to
the H‘lhibition of byproduct N,O formation by H,0 (Figure
S3).

To investigate the interference of vapor on Mn—H catalyst,
stability tests over catalyst were conducted under different
H,O contents at 120 °C. As revealed by Figure 1b, when H,O
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Figure 2. (a) XRD patterns and BET surface area; (b) Raman spectra and the corresponding force constant of the Mn—O bond; (c) FT-IR spectra
(inset: spectra with the baselines overlapped); and (d) XPS patterns of Mn 3s of y-MnO, and Mn—H.

was introduced into the reaction condition, only an invisible
drop in NO conversion over Mn—H after 12 h appeared, even
though the H,O content reached up to 15 vol %. It indicated
that the resistance to H,O of Mn—H was quite superior. When
H,0 was withdrawn from the reaction condition, the NO
conversion returned to its original level at once, suggesting that
the declining activity resulted from competition adsorption
between the reactants and H,O on the active sites of the
catalyst.

Therefore, H,O-activation-y-MnO, (Mn—H) was provided
with the promoted low-temperature NH;—SCR. Compared
with y-MnO,, Mn—H showed about double the performance
improvement at 100 °C in the NH;—SCR reaction.
Comprehensive in situ characterizations and calculations were
further implemented to explore the water promotion effect.

3.2. H,0-Weakened Mn—O Bond. To determine any
interaction between water and the catalyst, detailed character-
izations were employed accordingly. XRD patterns of y-MnO,
are displayed in Figure 2a, in which the diffraction peaks
corresponded to the (100), (001), and (102) planes (PDF#
30-0820)."" Mn—H, the sample treated with steam, could
retain the original structure. Additionally, the specific surface
areas between the two catalysts hardly changed (54.2 and 52.1

16976

m*g~"), indicating that the steam treatment had little effect on
the textural properties.

The Raman characterization was used to analyze the
bonding properties. In Figure 2b, the peak at 631.0 cm™
attributed to the Mn—O stretching vibration in y-MnO, was
observed,”® which became a visible broadening at around 626.8
cm™! after the steam treatment for the Mn—H sample,
suggesting that the crystallinity was decreased and more
defects were generated, possibly due to the lattice dis-
tortion.”** In addition, the bond strength of Mn—O was
calculated using Hooke’s law. The equation is as follows”"

1 |k
w=—/—
2ac\| 1

where k is the bond force constant, @ is the Raman shift of the
stretching vibration of the Mn—O bond, y is the Mn—0O bond
effective mass, and ¢ is the velocity of light. It could be
observed that there was a certain red shift (from 631.0 to 626.8
cm™') coming from the Mn—O bond after the steam
treatment, which resulted in the weaker bond energy of
Mn—H (292 N-m™"), compared to that of -MnO, (296 N-
m™"). In a previous report, it was proposed that the rupture of
the unsaturated metal—oxygen bond led to the lattice oxygen
desorption on surface (O/,).23 Based on this, it was suggested
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that the Mn—H sample was provided with a weakened bond,
which resulted in enhanced redox properties and thus
improved catalytic performance. Moreover, the FT-IR
characterization was carried out on the y-MnO, and Mn—H
samples (Figure 2c). The absorption bands at 800—400 cm ™"
were detected, which were the metal—oxygen vibrations in the
octahedron of the [MnQg] type of MnO,.** On the Mn—H
sample after the steam treatment, the peak intensity was
decreased, which was related to the breakage of the Mn—O
bond in MnO,,”” confirmed by the Raman results.

Further, XPS technology was also adopted to study the
valence states of the catalysts on the surface. Generally, based
on the following equation, the average oxidation state (AOS)
of Mn species has a linear relationship with the multiplet
splitting of Mn 3s°

AOS = 8.95 — 1.13 X AEy, 3

In Figure 2d, the multiplet splitting values of y-MnO, and
Mn—H samples were 4.9 and 4.4 eV, respectively, from which
the AOS was calculated to be 3.41 for y-MnO, and 3.98 for
Mn—H. The relative percentage of Mn*" derived from Mn 2p
also well corroborated the above conclusion (from 50.5 to
55.5%) (Figure S4). Meanwhile, a higher chemical shift was
observed in Mn** of Mn—H. In general, the shifted energies of
the emitted photoelectrons were related to the changed
chemical states.”” The density of the electrons around the
atom became higher, and thus the Ey of photoelectrons from
its core levels was higher, leading to lower Ej chemical shift in
the XPS spectrum (“Ey” refers to the kinetic energy of
photoelectrons excited by incident photons, and “Eg” refers to
the orbital binding energy of inner electrons).”” It indicated
that there was an increase in the average valence state in Mn
species and a decrease in the electron cloud density around Mn
atoms induced by water.

3.3. Activation Mechanism of Surface Lattice Oxygen.
DFT calculations were employed to further explore the
mechanism of the water-induced effect. The behaviors of
water are illustrated in Figure 3a, through the highly exposed
(100) facets of y-MnO, according to our previous work.”
Initially, the O atom (H,O molecule) was bonded to the Mn
atom (y-MnO,) to form a stable adsorption configuration (IS).
Then, the dissociation of H,O molecule into proton and
hydroxyl was achieved, according to the report that the proton
derived from water dissociation has anomalously large diffusion

coeflicients and can easily penetrate the oxide lattice and
occupy interstitial positions.”” The dissociated proton
spontaneously diffused through the oxide lattice and freely
migrated to the surface lattice oxygen to protonate it (FS), due
to a quite low energy barrier (just 0.06 eV). Meanwhile, with
the protonation of this O atom, the length of adjacent Mn—O
bond was extended to 1.99 or 1.96 from 1.89 A (Figure 3b,c),
and the Bader charge indicated that more electrons were
localized to the protonated O atom (inset in Figure 3a),
weakening the Mn—O bond. In addition, the reduced orbital
overlap between the protonated oxygen atom and the adjacent
manganese atom would prevent the transfer process of
electrons from the O 2p to the empty orbital of Mn 3d."
According to the results in Raman and FT-IR, lattice oxygen
activation on the surface was aided by the weakened Mn—O
bond. Therefore, the H,O molecule promoted the sponta-
neous proton diffusion, and thus, the protonation of the lattice
oxygen on the surface drove the activation process.

The ability of water-activated surface lattice oxygen could
improve the redox abilities, reflected by the H,-TPR
technology (Figure 4a). Generally, two peaks were associated
with the process of the reduction of Mn** — Mn*/Mn* —
Mn?*, respectively.”” As a whole, the reduction process of H,
on manganese dioxide could also be regarded as Mn*" + O},,*~
+ H, —» Mn*" + H,0."* Compared with y-MnO,, it was easier
for Mn—H to be reduced at a lower temperature (from 367 to
321 °C), meaning an enhanced redox process. More hydrogen
consumption (0.085 mmol-g™") was observed on Mn—H than
7-MnO, (0.075 mmol-g™"), demonstrating the larger amount
of Mn*", which was in accordance with the results from XPS
analysis. Accordingly, Mn—H had a stronger redox property
with the aid of water-driven activation.

Generally, the excellent redox capacity from the reactive
oxygen species is important to low-temperature SCR reaction,
and thus O,-TPD characterization was operated to further
investigate the oxygen species after steam treatment (Figure
4b). The first region below 400 °C corresponded to surface
adsorbed oxygen species at vacancy sites (0,7, O7), and the
second and third regions at 400—500 °C are ascribed to
surface lattice oxygen species (surface Op*7), respectively.”"
The desorption of surface Op’~ in Mn—H (75.2%) was
significantly increased compared with y-MnO, (60.5%) (inset
in Figure 4b), indicating enhancement of lattice oxygen
mobility in the Mn—H catalyst. This could be due to the
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weakening of the Mn—O bond”” and the protonation of lattice
oxygen increasing lattice distortion, as we analyzed in Raman,
FT-IR, and DFT calculations. Therefore, the increased redox
capability and low-temperature activity of Mn—H resulted
from lattice oxygen activation on the surface, which may be a
key factor.

To further identify the generated active species in the
process of H,O-induced surface lattice oxygen activation, the
EPR spectra were collected in different atmosphere conditions
(Figure 4c). After y-MnO, stabilized in a flow of H,O, the
signal at g = 2.004 ascribed to the oxygen vacancy due to the
electron capture on the oxygen defect” on the y-MnO, was
increased, which suggested that the occurrence of vapor
boosted the oxygen vacancy formation. Therefore, richer
vacancies in y-MnQO, were generated with the vapor activation
surface lattice oxygen. Subsequently, the O, was added into the
flow, and new signals emerged, where a signal located at
around 1.974 was assigned to surface electron trapping sites
related to the oxygen species,”*** and a group of signals (g, =
2.000, g, = 2.014, and g, = 2.038) were assigned to the
paramagnetic superoxide O,~ species.’*® The emerged signals
suggested the activation of O, at oxygen vacancies from the
H,O pretreatment, bringing about an increase in active oxygen.
In general, O, is crucial in the NH;—SCR process, as it can
participate in the activation of reactant molecules and assist in
the catalytic redox cycle. Generally, the O, on the catalyst
surface originates from the O, activation at the vacancies.”’
And according to the in situ EPR under the conditions of H,O

or O, + H,0O (Figure SSa and Figure SSb), it was found that
with the pretreatment time, the effect of the vapor was to
create more vacancies by the lattice oxygen activation on the
surface, resulting in the increased oxygen species. The content
of these generated reactive oxygen species under the O, + H,O
condition was much higher than that in only O, on y-MnO,,
suggesting the superior ability of H,O for the lattice oxygen
activation on the surface.

3.4. Activation Process of Reactants. For the low-
temperature denitrification, the excellent activation ability of
reactant molecules was important to the catalytic performance
due to lower energy consumption. Therefore, the effect of
water-driven surface lattice oxygen activation on the activation
of NH; and NO reactants was worth taking into account.
Generally, the surface acidity is closely related to the NHj;
activation, and thus the surface acidity was determined by the
NH;-TPD technology (Figure S6a). The desorption peaks of
NH; were mainly located below 300 °C, corresponding to the
weak acid sites.”’ Notably, the total acidity of Mn—H
dramatically increased compared to the original y-MnO,.
Furthermore, the pyridine adsorption FT-IR spectra (Py-IR)
were used to analyze the acidity information (Brensted and
Lewis). In Figure Sa, the peaks at ca. 1612, 1595, 1581, and
1444 cm™' were attributed to the Lewis acid binding to the
pyridine, and the Bronsted acid was found at the peaks at ca.
1643 and 1540 cm™', while the peak for either Lewis or
Bronsted acid was at 1490 cm™.** It was found that for Mn—
H, both acid sites were increased, which was consistent with
the results in the NH;-TPD profiles. Furthermore, the
normalized peak areas at 1540 and 1444 cm™! after desorption
at 100 °C (Figure Sb) were used for the calculation of the
amounts of Brensted and Lewis acids. Apparently, on y-MnO,
and Mn—H, the Lewis acid sites were predominantly present,
with a small content of Bronsted acid. In general, Bronsted acid
came from hydroxyl groups and lattice oxygen protonation by
water dissociation on the surface,”” while Lewis acid resulted
from Mn species with higher average states, which was
provided with a stronger ability to accept electron pairs. But for
NO, the nitrates adsorbed on Mn—H were much less than
those on y-MnO, (Figure S6b). It suggested that the
adsorption of NO+O, on Mn—H was restrained by surface
lattice oxygen protonation due to the competition adsorption.

Although surface acid modification is in favor of the
improved catalytic performance, the activation of NH; and
NO greatly de}ljends on the redox performance at low
temperatures.”"" The lattice oxygen on the surface from
SCR catalyst participated in the conversion of NH; to NH, or
NO to NO,, crucial reactive intermediates involved in the
reaction.”” N,O signal from the NH,-TPD process can be
employed to evaluate the level of NH; activation (Figure Sc)
since N,O is identified with the product of the overoxidation
of NH; in an excess of active 0xygen.42’43 As expected, a
stronger N,O signal response appeared on Mn—H, signifying
that its surface lattice oxygen was more active and its ability to
activate NH; was stronger, compared with y-MnO,. In
addition, the fast SCR reaction rate was 1—2 orders higher
than the standard SCR reaction at low temperatures, effectively
enhancing the denitrification performance, where the rate-
determining step is oxidizing NO to NO,. Therefore, the
increase in NO, yield by the oxidation ability is an effective
means to promote fast SCR reaction.”** Here, the NO
oxidation ability of the two catalysts was also evaluated (Figure
5d). Although the NO adsorption was largely inhibited over
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Figure 5. (a) Py-IR spectra, (b) acid sites amount (umol-g™") from the IR spectra of Py adsorption, (c) N,O signal from NH;-TPD results, and (d)

NO oxidation ability of y-MnO, and Mn—H.

Mn—H, its ability to oxidize NO unexpectedly upgraded
throughout the entire reaction temperature. On the whole, the
activation of reactant molecules (NH; and NO) was well
promoted on Mn—H, facilitated by the Lewis acid sites (from
higher average state of Mn) and excellent redox property,
resulting from the active surface lattice oxygen.

3.5. Catalytic Mechanism. The kinetic study was also
determined, with the purpose of further evaluating the catalytic
mechanism. According to the calculation of the apparent
energy of activation (E,), the Arrhenius plots (Figure 6)
showed that the E, value of Mn—H was 25.8 kJ-mol™!, which
was lower than that of »-MnO, (29.8 kJ-mol™). A lower E,
implied that the rate-determining step could proceed with less
energy consumption in thermodynamics, which was in
accordance with the promoted catalytic performance at low
temperatures, proving that the process of water-driven surface
lattice oxygen activation lowered the reaction energy barrier.

In situ DRIFTS characterization was conducted to acquire a
deeper insight into the reaction mechanism on the y-MnO,
and Mn—H samples. The samples were preadsorbed with NHj,
and then the spectra of NO + O, at 150 °C on both catalysts
are determined in Figure 7a,b, respectively. As for y-MnO,, the
signals of Lewis acid (1267 and 1205 cm™") and Bronsted acid
(1444 cm™') appeared.*® When the NO and O, conditions
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Figure 6. Arrhenius plots of y-MnO, and Mn—H.

were introduced, the adsorbed NHj species reacted in less than
20 min, and the bridged and monodentate nitrates (1635,
1540, and 1284 cm™') began to accumulate.”” Similarly, the
Lewis acid with the bands at 1269 cm™ and Bronsted acid
(1458 and 1375 cm™') were detected on Mn—H after being
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sites.

saturated with NH;. Compared with the y-MnO,, NHj; species
adsorbed on Mn—H were completely reacted with NO + O,
almost within 10 min, manifesting that NH; species were more
well activated. Then, it was found that the bridged and
monodentate nitrates (1625 and 1165 cm™, 1530 and 1283
cm™") appeared, respectively.

To determine the reaction rate of the adsorption of NH; on
Lewis and Brensted acid in NO + O, flow, the spectra were
plotted in another clear form after subtracting the baseline
(Figure 7c,d). Obviously, the consumption rate of NH; species
on Mn—H was much higher than that on y-MnO,, both on
Bronsted and Lewis acids, almost completely consumed within
10 min, showing the higher activity of NH; species over Mn—
H. In addition, once the NO + O, was in the reaction
condition, compared with the NH; species on Bronsted acid,
the depleted NH; species on the Lewis acid of Mn—H was
faster, which demonstrated that H,O activation surface lattice
oxygen generated abundant manganese ions with higher
oxidation states, acting as Lewis acid sites to activate NH;
molecules to improve the reaction performance. This strategy
of the water-promoting effect was also adaptable to other metal
oxide SCR catalysts. For example, CeO, as another common
SCR catalyst was evaluated, and the sample pretreated by H,O
was denoted as Ce—H. In Figure S7, it was found that the Ce—

16980

H exhibits a significantly improved activity in a medium-
temperature reaction.

4. ENVIRONMENTAL IMPLICATIONS

Elucidating the intrinsic mechanism behind the “transition
from inhibition to promotion” by H,0O, and understanding
how to fully exploit this promoting effect, is of great
significance for designing and developing NH;—SCR catalysts.
This work investigates the influence of water on catalytic
performance at low temperatures by using the common MnO,
catalyst. The Mn—H catalyst demonstrated a 90% NO removal
efficiency at 100 °C, with protons from water dissociation
effectively activating surface lattice oxygen. This activation
created more oxygen vacancies, which could be used to
produce O,  from oxygen molecules. These processes
facilitated better activation of NH; and NO, thereby enhancing
the catalyst performance. Additionally, Mn—H exhibited
excellent stability, with no observed performance decline
even after three cycles, and showed strong resistance to H,O.
This research on water-driven surface lattice oxygen activation
provides new insights for designing low-temperature NH;—
SCR catalysts.
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