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Selective catalytic reduction (SCR) of NO, with NH3 has been widely used for NO, emission control, but
commercial catalysts inevitably suffer severe deactivation in SO,-containing stack gases at low
temperatures because the ammonium bisulfate (NH4HSO,4, ABS) formed in SCR blocks the surface active
sites. We resolve this issue by developing a TiO,-supported single-atom Mo catalyst (Mo,/TiO,) that
decomposes ABS at ~225 °C, far lower than the dew point of ABS (~260 °C). Single Mo atoms paired
with the neighboring surface Ti atoms function as Mo-Ti acid—base dual sites, which respectively adsorb
the NH4* and HSO4~ of ABS. After the oxidation of NH4* by surface lattice oxygen on the Mo sites,
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Accepted 31st October 2021 electrons left behind on the dual sites are localized around the Fermi level, which allows them to transfer
to the adsorbed HSO,~ on the Ti sites, thus releasing SO, at low temperatures. The Mo4/TiO, catalyst

DOI 10.1035/d1ta08269h with Mo-Ti acid—base dual sites enables the decomposition of ABS at low temperatures, and thus this
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1 Introduction

Nitrogen oxides (NO,) emitted from mobile and stationary
sources are not only major atmospheric pollutants, but also
important precursors for the formation of ozone and secondary
aerosols,” and hence are severely harmful to human health and
the environment. With the increasingly stringent environ-
mental regulations, enormous efforts have been devoted to
controlling NO, emissions.** Selective catalytic reduction (SCR)
of NO, with NH; over V,0s-based catalysts is the state-of-the-art
technology for abating NO, emission from high-temperature
(300-400 °C) stack gases.>® Nevertheless, these catalysts will
inevitably suffer severe deactivation when this technology is
applied in low-temperature and SO,-containing stack gases
typically from many industrial boilers, largely because the
surface catalytic sites are covered by viscous ammonium
bisulfate (NH,HSO,, ABS) formed in SCR.”® Hence, it is neces-
sary to develop low-temperature ABS-resistant catalysts to
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work provides a way to effectively control NO, emission particularly from industrial boilers.

ensure that SCR catalysts efficiently operate under such
conditions.

There are two main strategies to develop low-temperature
ABS-resistant catalysts on the basis of the formation mecha-
nism of ABS and its properties. One can be defined as a source-
controlling strategy. ABS is formed mainly from two sequential
reactions, ie., SO, + 1/2 O, — SO; and SO; + H,O + NH; —
NH,HSO,," and thus the formation of ABS can be avoided by
preventing the oxidation of SO, to SO;. To slow down the
reaction rate of SO, oxidation, adjusting the redox properties of
catalysts such as by lowering the loading of active components
seems feasible.”'* However, this strategy is not optimal because
the lower reaction rate of SO, oxidation is at the expense of the
low SCR activity.”> Meanwhile, there is often a certain amount of
SO; in flue gases, which makes the formation of ABS inevitable
by the reaction of SO; with NH; and H,O.

The other strategy is to develop SCR catalysts with a function
of decomposing ABS at low temperatures. ABS deposited on
active sites is reported to be usually decomposed in a relatively
high temperature range owing to its viscosity and the electro-
static attraction between NH," and HSO, .**® Two kinds of
interaction are often important factors to determine the
temperatures required for ABS decomposition: ABS-catalyst
adsorption interactions and NH,'~HSO,~ electrostatic interac-
tions. Conventional methods are often focused on the interac-
tions between ABS and catalysts and thus the lowest
decomposition temperature for ABS was reported to be
~340 °C.**" Nevertheless, an extremely strong electrostatic
interaction between NH," and HSO, exists in ABS,?* making
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the low-temperature decomposition of ABS to produce SO, and
N, unfavorable.”* To address that challenge, our previous work
successfully broke the electrostatic interaction by spatially
separating NH," from HSO,  with the assistance of layered
MoOj;, which allows electron transfer between separated NH,*
and HSO,  mediated by catalysts, thus achieving a lower
decomposition temperature of ABS at ~275 °C.*> However,
limited by the weak interaction between acidic MoO; and
HSO, ,* this decomposition temperature is still high (higher
than the reported lowest dew point of ABS, ~260 °C).>* There-
fore, dual sites for NH," and HSO,  adsorption and strong
electron transfer ability are key requirements for catalysts to
effectively decompose ABS at low temperatures.

Considering the adsorption model of ABS previously re-
ported,* a desired catalyst should possess acid-base dual sites
to adsorb NH," and HSO, ", respectively. The electron transfer
from NH," to HSO, ™ on that catalyst should be realized through
the oxidation of NH," on the acid site together with the reduc-
tion of HSO,™ on the base site by electrons left behind on the
acid-base dual sites. It was reported that MoO; has strong
acidity to adsorb the NH," of ABS and the ability to oxidize
NH,",2*?” while the TiO, support surfaces can provide the basic
sites for adsorbing the acidic HSO,  of ABS.*””® Hence, a cata-
lyst with Mo-Ti acid-base dual sites should readily adsorb NH,"
and HSO, , respectively. Moreover, owing to the unsaturated
coordination configuration, the surface Mo ions often have the
desired ability to facilitate the oxidation of NH,",> generating
reduced Mo species. Due to the charge transfer between Mo and
Ti atoms via Mo + Ti*" — Mo®" + Ti**,** the produced Ti’*",
which often has a higher electron state density near the Fermi
level (Eg),** favourably accelerates the reduction of HSO, . What
is more, it is feasible to fabricate the Mo-Ti acid-base dual sites
because Mo species tend to disperse on the surface of TiO, in
the form of Mo single atoms,*” which can pair with neighboring
Ti sites to form acid-base dual sites.

In this work, we developed a TiO,-supported single-atom Mo
catalyst (Mo;/TiO,), which can decompose ABS at temperatures far
lower than the dew point of ABS. Based on systematic character-
ization via density functional theory (DFT) calculation, aberration-
corrected scanning transmission electron microscopy (AC-STEM),
Raman spectroscopy, diffusereflectance infrared Fourier-
transform (DRIFT) spectroscopy, Fourier transform infrared spec-
troscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS),
atomically dispersed Mo adatoms on the surface of TiO, resulted in
the formation of abundant Mo-Ti dual sites, which respectively
adsorb the NH," and HSO, ™ of ABS. Further electron transfer from
NH," to HSO,™ mediated by these Mo-Ti dual sites was realized,
resulting in Mo,/TiO, decomposing ABS at a temperature as low as
~225 °C. This work proposes a strategy for designing ABS-resistant
catalysts to effectively control NO, emissions particularly from
industrial boilers.

2 Experimental
2.1 Catalyst preparation

Titanium oxide (TiO,, 5-10 nm) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. Ammonium

6066 | J Mater. Chem. A, 2022, 10, 6065-6072

View Article Online

Paper

molybdate tetrahydrate ((NH,)¢Mo0,0,,4-4H,0) and ammonium
bisulfate (NH,HSO,, ABS) were acquired from Sinopharm
Chemical Reagent Co., Ltd (China).

In a typical synthesis, a precursor solution was prepared by
dissolving 0.147 g (NH4)sM0,0,4-4H,0 into 20 mL deionized
water under stirring. Then 2.0 g TiO, was added and the slurry
was evaporated to dryness in a water bath at 80 °C, accompanied
by drying in an oven at 80 °C for 12 h. The powder was then
calcined at 550 °C for 3 h to get 6 wt% MoOj3/TiO, (denoted as
Mo, /TiO, catalyst). Besides, 0.40 g TiO, was further loaded on
1.0 g Mo,/TiO, by impregnation and the obtained solid was
calcined at 550 °C for 3 h to acquire the TiO,/Mo,/TiO, catalyst.

As for MoO;/TiO, catalysts with a series of MoO; loadings on
TiO,, they were synthesized by tuning the amount of (NH,)e-
Mo0,0,,-4H,0 added to 0.073, 0.098, 0.123, 0.490, 0.736, or
0.981 g, respectively, following the same procedure used for the
preparation of the Mo,/TiO, catalyst. For 0.5 or 2 wt% ABS-
loaded samples, 0.005 or 0.02 g ABS was dissolved in 20 mL
deionized water and 1.0 g of the corresponding catalyst was
added later. After evaporating to dryness at 80 °C in a water bath
and drying at 80 °C for 12 h, ABS-deposited catalysts were
obtained.

In order to better understand the electron transfer pathway,
the Mo,/TiO, catalyst was further treated by (i) NH," oxidation:
the catalyst was pre-reduced under 50 mL min~ " 3 vol% NH;/He
for 3 h followed by a 50 mL min~" Ar atmosphere for another 3 h
at 230 °C; (ii) HSO,  reduction: 2 wt% ABS was loaded on the
catalyst and the obtained sample was then treated at 300 °C for
3 h under a 500 mL min~ " N, flow; (iii) re-oxidation: the catalyst
obtained in step (ii) was oxidized at 300 °C for 3 h under a 500
mL min~* mixed 3 vol% O, + 97 vol% N, flow.

2.2 Catalyst characterization

X-ray diffraction (XRD) patterns of the catalysts were collected
via a Rigaku D/MAX2200V X-ray diffractometer at 40 kV and 40
mA using Ni-filtered Cu Ka radiation (A = 0.15418 nm). Trans-
mission electron microscopy (TEM, JEOL JEM-2100F) and high-
resolution TEM (HRTEM) were recorded using a JEOL JEM-
2100F transmission electron microscope. Besides, AC-STEM
images and energy dispersive X-ray spectroscopy (EDX)
measurements were performed on a probe-corrected scanning/
transmission electron microscope (Thermo Fisher Thermis Z)
equipped with a SuperEDX detector at an accelerating voltage of
300 kV. An XploRA confocal spectrometer (Jobin Yvon, Horiba
Gr, France) was used to obtain Raman spectra. The Raman
scattering was excited by an external-cavity diode (785 nm) and
coupled with a 50x Olympus microscope objective (Olympus,
0.50 numerical aperture). The power of the laser was 9 mW. The
Raman spectra were collected at a resolution of 3 cm™" with two
accumulations at a 10 s acquisition time using a 1200 lines
per mm diffraction grating. To analyze the change in electron
states after a series of treatments, XPS was performed on
a Kratos Axis Ultra DLD system with a monochromatic Al-Ka X-
ray gun (1486.6 eV). Spectra were calibrated by adjusting the C
1s peak to 284.6 eV. XPSPEAK 4.1 with a Shirley-type back-
ground was used to analyze and process XPS data. DRIFT
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spectroscopy of NH; adsorption was conducted by accumu-
lating 64 scans at 4 cm ™' resolution from 4000 to 1000 cm ™" on
a Nicolet IS 50 Fourier transform infrared spectrometer equip-
ped with a Harrick Scientific DRIFT cell and a mercury-
cadmium-telluride MCT/A detector. After the catalyst was pre-
treated at 300 °C for 1 h to remove physically adsorbed water
and trace residues in a flow of N, (150 mL min ') and then
cooled to 50 °C, the background spectra were collected under
a N, flow. Then, the NH; adsorption on the catalysts was ach-
ieved by exposing the catalysts to a flow of 500 ppm NH3/N, (150
mL min ") at 50 °C for 1 h. After removing physically adsorbed
NH; in a flow of N, (150 mL min ") for 1 h, the DRIFT spectra
were collected with background correction. To observe the
evolution of ABS on the surface of the catalyst, in situ DRIFTS
was carried out. In order to remove the physically adsorbed
water, pretreatment of the catalysts was undertaken in a flow of
N, (50 mL min~ ') at 200 °C for 1 h. Then the temperature was
raised to 260 °C and the N, flow was changed to 25 mL min~".
The DRIFT spectra were collected with 4 cm ™" resolution and 64
scans between 4000 and 1000 cm ™' every two minutes. As for
the FT-IR spectra of 0.5 wt% ABS-deposited samples, they were
mixed with KBr at a ratio of 1: 99, pressed, and dried under
infrared light. The spectra were obtained with 4 cm ™" resolution

and 64 scans between 4000 and 1000 cm ™.

2.3 Catalytic evaluation

All the above-synthesized catalysts were pressed, crushed, and
sieved to 40-60 mesh for evaluation. Temperature-programmed
decomposition (TPDC) experiments were performed in a fixed-
bed quartz reactor (inner diameter of 6 mm) and detected
using a Fourier-transform infrared spectrometer (Thermo
Scientific Antaris IGS analyzer) under atmospheric pressure.
Before TPDC experiments, 2 wt% ABS was loaded on the surface
of each catalyst. During the test, 0.20 g sample was used and the
N, flow rate was 500 mL min~' with a temperature ramp of
5°C min~". A temperature-programmed procedure was adopted
to record the temperature data.

NH; oxidation experiments were performed and NH;
oxidation was detected using the same instrument as in TPDC
experiments. In NH; oxidation experiments, 0.50 g catalyst was
used, and the gas flow rate was 500 mL min ', containing
500 ppm NH3, 3 vol% O,, and balanced N,. The temperature
ramp was 2 °C min~ .

The stability experiment of Mo,/TiO, was evaluated at 260 °C
in the same reactor used for the TPDC experiments, and the gas
exiting the reactor was analyzed with an online chem-
iluminescence NO-NO,-NO, analyzer (42i-HL, Thermo Fisher
Scientific, Waltham, MA). During the test, 0.50 g catalyst was
used and the gas flow was 500 mL min ", containing 3 vol% O,
500 ppm NO, 500 ppm NH;3, 500 ppm SO,, 5 vol% H,0, and
balanced N,.

2.4 Density functional theory (DFT) calculations

All the spin polarized DFT + U calculations were performed
using the VASP program with PW91 potentials, and the effective
U for Ti 3d orbitals was set to be 4.2 eV. Self-consistence of the
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electronic energy is reached when the energy change is smaller
than 107 eV. The force of each free atom converged to 0.03 eV
A~" during geometric optimization. Besides, a 2 x 2 x 1 Mon-
khorst-Pack k-point grid was used for Brillouin zone sampling.

3 Results and discussion

Anatase TiO, (101) was selected as the exposed surface to
anchor single Mo atoms because it is often the mainly exposed
plane,* and thus a Mo,/TiO, model was constructed by using
the DFT method to scheme the decomposition of ABS at low
temperatures, as shown in Fig. 1a. A single Mo atom was fixed
on TiO, (101) since MoOj; tends to atomically disperse on the
surface of TiO,.*>** This acidic Mo atom (yellow ball in Fig. 1a)
pairs with the neighboring surface basic Ti atom (blue ball in
Fig. 1a) to form Mo-Ti acid-base dual sites, which respectively
adsorb the NH," and HSO, of ABS via acid-base interactions.
Following the oxidation of NH," on Mo sites, electrons left on
the Mo-Ti dual sites transfer to the Ti sites, where the reduction
of HSO,  occurs and SO, desorbs from the surface and is
released.

In order to shed light on the charge transfer ability of Mo-Ti
dual sites, DFT calculations were performed to evaluate the
electronic state of Mo and Ti in the pristine Mo,/TiO, catalyst
and the reduced one (Mo;/TiO,-R) by removing a linked oxygen
in Mo-Ti dual sites to simulate the situation after NH,"

(a)
NH,HSO,
N, SO,
(b) ,
0.15
i L Mod4d
(%3] | ; i
O 0.104 j ;T
@] . i
o . i :
4 1.0 0.5 0.0 0.5 !
0.05 ;
0.00 :'_'___'___'_'.'_'_-.'_'_'_'_'_'_-_'_'_jt'.'.'_-_'___'_'_’
45 1.0 05 0.0 05
E-E/eV

Fig. 1 (a) Schematic diagram of the decomposition pathway of ABS
over Moy /TiO,. A single Mo atom (yellow ball) pairs with a Ti neighbour
(blue ball) to form a Mo-Ti dual site, where the NH4* of ABS is
adsorbed and oxidized on Mo sites, while HSO,4™ is attached to and
reduced on Ti sites. The wave-type arrow represents a possible
electron transfer pathway between those two sites. (b) PDOS of the Mo
site (4d) and Ti site (3d) in Mo4/TiO,—R.
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oxidation, and the projected density of states (PDOS) results are
shown in Fig. 1b and S2.7 For the pristine structure, both Ti 3d
and Mo 4d showed peaks at ~—0.9 eV (Fig. S21), indicating the
strong hybridization between Mo and Ti together with the
bridging O atom, implying easy electron transfer between Mo
and Ti.*® After the NH," oxidation by the Mo site, the finite
density of states at the Fermi level emerged for Ti 3d due to
higher occupancy of d orbitals.*® These electrons at the Fermi
level possessed a greater electron-donating capacity which may
be favorable for reducing HSO, by transferring these high-
energy charges to the anti-bonding orbitals of HSO, . There-
fore, such Mo-Ti dual sites can realize electron transport from
NH," to HSO,~ and thus the decomposition of ABS at low
temperatures theoretically.

To verify the feasibility of this strategy, we synthesized a Mo,/
TiO, catalyst and explored the structure of Mo species on the
surface of TiO,. No peak assigned to MoO; appears on the XRD
pattern of Mo,/TiO,, revealing a highly dispersed state of Mo
ions on the surface of anatase TiO, (Fig. S3t). A similar
phenomenon was observed by TEM, i.e., no MoO; particle was
detected on TiO, (Fig. S41). Meanwhile, the EDX mapping
image of Mo,/TiO, displayed in Fig. 2b showed highly dispersed
Mo ions. Furthermore, single Mo atoms dispersed on TiO, (101)
were clearly observed in the AC-STEM image of Mo;/TiO,
(Fig. 2c). As further analyzed by the two-dimensional simulated
images of the selected area shown in Fig. 2d and the calculated
structural model in Fig. S1,T single Mo atoms with a MoO; motif
were established. One Mo atom is bound to two twofold coor-
dinated O atoms of TiO, and two introduced hydroxy which link
a Mo adatom and two fivefold coordinated Ti atoms, and one
Mo=0 dangling bond points away from the surface.’” These
single Mo atoms coordinating with surrounding Ti atoms
facilitate the formation of abundant Mo-Ti dual sites.

Fig. 2 (a) AC-STEM and (b) EDX mapping images of Mo/TiO,. (c)
Atomic-resolution AC-STEM image of Mo4/TiO,. (d) Two-dimensional
simulated image (above) and the corresponding structural model
(below) of the selected area in (c). Light blue represents Tiatoms, red O
atoms, green H atoms, and yellow Mo atoms.
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Fig. 3 (a) Raman spectra and (b) NH3-DRIFT spectra of Mo,/TiO,,
MoOs and TiO, catalysts.

Furthermore, Raman spectra and NH;-DRIFT spectra were
collected to determine the configuration of Mo atoms. In
Fig. 3a, a small shoulder at ~940 cm ™" appears in the Raman
spectrum of Mo,/TiO, compared with that of TiO,. As reported,
surface molybdenum oxide species possess the terminal Mo=0
Raman stretching in the range of 934-954 cm ™", while the peak
shifted to higher frequency for bulk Mo0Oj3,*” indicating the
existence of a dangling Mo=0 bond. In the Raman spectrum of
Mo, /TiO,, no specific signal can be observed at ~875 cm ™" or
~820 cm ™' assigned to the stretching mode of a Mo-O-Mo
bond in surface or bulk molybdenum oxide species, respectively
(Fig. S6t), evidencing the existence of single Mo atoms, in line
with the results in Fig. 2. As for the NH;-DRIFT spectra shown in
Fig. 3b, only a peak at ~1600 cm ™" assigned to the adsorbed gas
NH; on Lewis sites appears in the spectrum of TiO,.** However,
when single Mo atoms were anchored on TiO,, significant
signals at ~1670 and ~1455 cm™ " appeared, manifesting the
increased NH; coordination of Brgnsted sites in the form of
NH,",**?® i.e., Mo—-O-H structures were formed on the surface of
Mo, /TiO,, which are totally different from that in bulk MoO;
where no relevant peak was observed. As a result, Mo single sites
provide a particular Mo-O-H matrix for NH," adhesion.

For the purpose of estimating the behaviour of adsorbed
NH," on the Mo-Ti dual sites, NH; oxidation experiments were
implemented on Mo,/TiO,, M0oO; and TiO,. As shown in Fig. 4a,
the onset of the NH;-oxidation curves of Mo,/TiO, located at

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Reaction rates of the NHsz oxidation as a function of
temperature over Mo,/TiO,, MoOs and TiO,. (b) Arrhenius plots for
reaction rates with E; over Mo/TiO, and MoOs.

~200 °C, reflecting a strong ability of Mo,/TiO, towards NH;
oxidation. Similarly, MoO; started to catalyse NH; oxidation at
~200 °C, the same as Mo,/TiO,, while the onset temperature
shifted to ~300 °C for TiO,, showing that the Mo atoms of the
dual sites are responsible for NH; oxidation. Fig. 4b shows the
Arrhenius plots for the rate (R) of NH; oxidation together with
activation energy (E,) over Mo,/TiO, and MoO;. The E, of Mo,/
TiO, is 50 k] mol™!, much lower than that of MoO,
(70 kJ mol "), suggesting a strong interaction between Mo
single atoms and neighboring Ti atoms which activates the
surface lattice oxygen of Mo. Thus, combined with the results
obtained from NH;-DRIFT spectra, the Mo atoms of Mo-Ti dual
sites should be responsible for the adsorption and oxidation of
NH," in ABS.

Based on the dual-site adsorption model of ABS,* it is likely
that HSO,  adsorbs on the neighboring Ti sites in consider-
ation of NH," adsorption on Mo sites. FT-IR spectra were used
to detect surface structures of catalysts after ABS deposition
(Fig. 5a and S7f). For pure ABS, peaks at ~1242, 1172, and
1072 ecm ™', assigned to the bending vibrations of SO-H (dso_11),
symmetrical stretching vibrations of S=0 (vss—o), and asym-
metrical stretching vibrations of S-O (v,ss_0) in HSO, ™ emerged,
respectively.”® After ABS was loaded on the surface of MoOj3, only
slight changes occur in the position of the peaks, demon-
strating weak interactions between MoO; and HSO, . In
contrast, the FT-IR spectra of ABS-deposited TiO, and Mo,/TiO,
are both quite different from that of pure ABS. Both spectra have
peaks at ~1222 and 1134 cm " corresponding to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) FT-IR spectra of ABS-deposited TiO, and Mo4/TiO,. (b) In
situ DRIFT spectra of the transient reaction on the 0.5% ABS-deposited
Mo, /TiO, catalyst at 260 °C. The initial spectrum was deducted as the
background.

asymmetrical stretching vibrations of S=0 (v,4ss—0) and vss—o,
respectively, and a peak at ~1042 cm ™! (Vue5-0).2* The similar
spectral features between the spectra of ABS-loaded TiO, and
Mo, /TiO, illustrate that HSO, ™ is adsorbed on surface exposed
Ti sites. Moreover, the disappearance of dso_y and the appear-
ance of v,5s—0 in the spectra of Mo,/TiO, compared to pure ABS
indicates the transformation of HSO,~ into SO,>~,? via a strong
interplay between TiO, and HSO, . The interaction resulted in
obvious redshifts of v,ss 0, indicating the increase of the S-O
bond length and hence the reduction of its bonding energy,*
which is favorable for the cleavage of two S-O bonds of SO, so
as to release SO,. Hence, the co-adsorption of NH," and HSO,~
of ABS on acid-base Mo-Ti dual sites was established, where Mo
sites and Ti sites are responsible for the oxidation of NH," and
the reduction of HSO,, respectively.

To confirm whether such Mo-Ti dual sites realize low-
temperature decomposition of ABS, the dynamic evolution of
ABS on Mo,/TiO, through time-resolved DRIFT spectra was
observed to directly depict the decomposition process on the
Mo-Ti dual sites (Fig. 5b). The strong peak at ~1363 cm ™' could
be assigned to SO4> ,* which gradually faded (here is the
inversed peak becoming stronger and stronger with time),
indicative of the decomposition of ABS. In contrast, the peak
between ~1500 and 1380 c¢cm™ ' characterized to be NH,"
adsorbed on Brensted sites gradually increased.** According to
the decomposition equation of ABS: NH,HSO, — 1/3 NH; + 1/3
N, + SO, + 2 H,0,* one third of the NH," species are eventually
released in the form of NHj;, and the formed NH; will be
adsorbed on the regenerated Brgnsted sites, explaining the
increase of signal between ~1500 and 1380 cm™ ' in Fig. 5b.
Consequently, it is evident that the Mo-Ti dual sites indeed
facilitate the decomposition of ABS at low temperatures.
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According to the above decomposition equation of ABS, we
further determined the onset temperature for the decomposi-
tion of ABS by conducting TPDC experiments on catalysts pre-
reduced in the NH;3/N, atmosphere (Fig. S8-S107). The results
from TPDC are shown in Fig. 6a. The onset temperature for pure
ABS decomposition was measured to be ~350 °C. Note that for
Mo,/TiO,, the onset temperature greatly decreased down to
a temperature as low as ~225 °C, while the corresponding onset
temperatures for TiO, and MoO; are ~350 and ~275 °C,
respectively. These results indicate that the catalytic sites for the
low-temperature decomposition of ABS on Mo,/TiO, are the
Mo-Ti dual sites rather than surface standalone Mo or Ti sites.
For reference, we deposited ABS with the same loading on
a conventional V,05-WO;/TiO, (VWTi) catalyst, and found that
the onset temperature was ~300 °C. This result is consistent
with the fact that high decomposition temperature determined
that conventional V,05-WO;/TiO, catalysts used at thermal
plants often effectively operate only at temperatures higher than
300 °C. Otherwise, these catalysts will suffer deactivation.* In
contrast, Mo,/TiO, can decompose ABS at temperatures as low
as 225 °C, far lower than the reported lowest dew point of ABS.*
Because both Mo and Ti of Mo,/TiO, are also important
components of commercial V,05-MoO;/TiO, SCR catalysts,
Mo, /TiO, provides a crucial base for designing strong ABS-
resistant SCR catalysts typically applied in many industrial
boilers, as further confirmed by the high stability of the Mo,/
TiO, catalyst under simulation stack gas conditions of indus-
trial boilers (Fig. S111). Meanwhile, based on the results from
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Fig. 6 (a) Onset temperatures of the SO, release over a series of ABS-
deposited catalysts. (b) O 1s XPS of Mo4/TiO, (pristine and after NH,*
oxidation and HSO,4~ reduction).
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TPDC experiments, the yield rates of SO, were also calculated
(Table S1t), and Mo,/TiO, exhibited the highest yield rate,
revealing a strong ability towards the decomposition of ABS.

The release of SO, during TPDC reflects the reduction of
HSO, by the Mo-Ti dual sites. Hence, the decomposition
process of ABS can be divided into three stages: NH," oxidation,
HSO,  reduction, and re-oxidation of the catalyst by O,. XPS was
adopted to probe the evolution of electron states of the pristine
Mo,/TiO, catalyst and those after each stage (Fig. 6b and S127).
After NH," oxidation, the ratio of Mo’" increased from 41% to
64%, clearly confirming the electron transfer from NH," to
single Mo atoms. Simultaneously, the ratio of oxygen vacancies
(Oyac) to surface lattice oxygen (Oy,) increased dramatically.
Note that a new high-energy peak at 533.6 eV in the XPS of
Fig. 6b related to oxygen in O-H (Opy) appeared after the NH,"
oxidation, consistent with the increase of the Bronsted sites in
Fig. 5b. As illustrated in Fig. 1b, after the formation of oxygen
vacancies via the oxidation of NH," on the Mo-Ti dual sites,
electronic state densities of both Ti and Mo ions emerged at the
Fermi level in Ti 3d and Mo 4d orbitals of the dual sites, which
readily transfer to HSO,  adsorbed on the Ti site. Moreover, the
protons of the Brgnsted sites also play an important role in
transferring charge between Mo and Ti ions of the dual sites,*
which is beneficial to the reduction of HSO,  and subsequent
release of the produced SO,. Again, due to the desorption of SO,
concomitant with the H,O release resulting from the reduction
of HSO, , the remaining oxygen atoms filled the oxygen
vacancies, accounting for the decrease of O, (Fig. 4b).
Accompanied by the re-oxidation process, all the electronic
states were eventually restored to the original states (Fig. S121),
completing the decomposition of ABS on the Mo,/TiO, catalyst.

The above discussion demonstrates that single Mo atoms
with neighboring Ti atoms function as Mo-Ti dual sites which
provide Mo sites for the adsorption and oxidation of NH,", and
Ti sites for the adsorption and reduction of HSO, . In order to
further verify the effect of Mo-Ti dual sites in the decomposi-
tion process of ABS, we adjusted the surface structure of the
catalyst by tuning the Mo loading or wrapping the exposed Mo
single atoms with TiO,. The decomposition temperature
remains basically stable (~225 °C) at low Mo loadings, but
increases to another constant (~260 °C) at high loadings which
is closer to that of bulk MoOj; (Fig. S13 and S147). Meanwhile,
further coverage of TiO, also resulted in the delay of the
temperature for the SO, release (Fig. S157). Therefore, the Mo-
Ti acid-base dual sites, namely the pair of single Mo atom and
neighboring Ti atom, are key to the decomposition of ABS over
Mo,/TiO, at low temperatures.

4 Conclusions

In summary, we designed a Mo,/TiO, catalyst to solve the
problem of ABS poisoning on low-temperature SCR catalysts.
The Mo, /TiO, catalyst successfully achieved the decomposition
of ABS at ~225 °C, which is superior to that of other catalysts
reported previously. With various characterization techniques
such as XRD, TEM, Raman and AC-STEM, single Mo atoms on
TiO, were defined, ensuring the formation of Mo-Ti acid-base

This journal is © The Royal Society of Chemistry 2022
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dual sites by single Mo atoms pairing with the neighboring
surface Ti atoms, which respectively adsorb the NH,  and
HSO,  of ABS, as confirmed by DRIFT and FT-IR spectra. After
the oxidation of NH," by the surface lattice oxygen on the Mo
sites, electrons left behind on the dual sites are localized around
the Fermi level, which allows them to transfer to the adsorbed
HSO,  on the Ti sites, releasing SO, at low temperatures.
Therefore, this work proposed a strategy for designing ABS-
resistant catalysts for effectively controlling NO, emission
particularly from industrial boilers.
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