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ABSTRACT: Mn—Ce—Ti mixed-oxide catalyst prepared by the hydrothermal 100
method was investigated for the selective catalytic reduction (SCR) of NO,, with
NH; in the presence of oxygen. It was found that the environmentally benign Mn—
Ce—Ti catalyst exhibited excellent NH;-SCR activity and strong resistance against
H,0 and SO, with a broad operation temperature window, which is very
competitive for the practical application in controlling the NO, emission from
diesel engines. On the basis of the catalyst characterization, the dual redox cycles
(Mn* + Ce** & Mn** + Ce*, Mn** + Ti** & Mn*" + Ti*") and the amorphous
structure play key roles for the high catalytic deNO, performance. Diffuse &
reflectance infrared Fourier transform spectroscopy studies showed that the
synergetic effect between Mn and Ce contributes to the formation of reactive
intermediate species, thus promoting the NH;-SCR to proceed.
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1. INTRODUCTION

NO, removal from diesel engine exhaust remains one of the
major challenges in environmental catalysis since the conven-
tional three-way catalysts are no longer effective to reduce NO,,
under lean-burn conditions.' Selective catalytic reduction
(SCR) of NO, with NH; (NH;-SCR) is regarded as one of
the most promising technologies for the abatement of NO,
from diesel engines." Although V,0,—WO;(MoO;)/TiO,
catalyst has been widely used in the NH;-SCR for the removal
of NO, from stationary sources,"* the practical application of
this catalyst system has been restrained for diesel engines due
to the inevitable problems including the toxjcit;r of vanadium
species and the poor low-temperature activity.” The temper-
ature of the exhaust gas from diesel engine is mainly in the
range of 150—350 °C.* Zeolite-based NH;-SCR catalysts have
been studied extensively for reducing NO, from diesel engine
in recent years. But they often exhibit insufficient activity at low
temperatures.” To boost NO, reduction at low temperatures
for diesel engine, one method is placing a diesel oxidation
catalyst (DOC) upstream of the SCR converter to convert a
portion of NO to NO,, thus promoting the fast SCR reaction.”
However, the dynamic temperature and flow rate of the exhaust
gases influence the oxidation activity of the DOC significantly;
thus, the overall deNO,, efficiency over the SCR unit is limited.
Therefore, it is desirable to develop environmentally benign
NH;-SCR catalysts, with high SCR performance in a wide
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temperature range, for the control of NO, emitted from diesel
engines.

Mn-containing catalysts, such as MnO,/TiO, and MnO,,
exhibited relatively high activity for the low-temperature NH;-
SCR.*” Amorphous manganese oxide was reported to be active
for the NO, reduction.® Cr—MnO, mixed-oxide catalyst is
highly active in the range of 120—220 °C, and the reduction of
Mn** to Mn>* plays an important role.” Thirupathi et al.'® also
reported that the high reducibility of MnO, phase was
responsible for the high SCR activity of the nickel-doped
Mn/TiO, catalyst.

Besides Mn-containing catalysts, Ce-based NH;-SCR catalyst
has also attracted attention due to the high oxygen storage
capacity and excellent redox property of CeQ,."'~"> For the
Ce—Ti mixed-oxide catalyst, the amorphous CeO, was
suggested to be favorable for the NH;-SCR of NO,.'* The
doping of tungsten to Ce/TiO, leads to an enhanced SCR
activity due to the strong interaction between Ce and W."
MnO,—CeO, mixed oxides showed high NH;-SCR activity
between 100 and 200 °C.'>'® However, the narrow temper-
ature window has restrained its application for the removal of
NO, from diesel engines.
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Considering that the redox property of the catalyst and the
amorphous structure are closely related to the NH;-SCR
activity, the amorphous Mn—Ce—Ti mixed-oxide catalyst with
dual redox cycles (Mn* + Ce** & Mn*" + Ce*, Mn*" + Ti**
< Mn*" + Ti*") was first fabricated, and it presented excellent
NH;-SCR activity and strong resistance against H,O and SO,
in a wide temperature window. The Mn—Ce—Ti catalyst could
be a very competitive catalyst for the practical application in
controlling the NO,, emission from diesel engines.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The Mn—Ce—Ti catalysts with
different ratios of Mn/Ce/Ti were prepared by the hydrothermal
method. Appropriate amounts of Mn(NO,),-:3H,0, Ce(NO;);-6H,0,
and Ti(SO,), were dissolved in deionized water at room temperature
and stirred for 1 h, then ammonia solution was added slowly to the
above solution under vigorous stirring until pH is ca. 11. After stirring
for 2 h, the obtained suspension was transferred to a Teflon-sealed
autoclave and aged at 120 °C for 48 h. The obtained precipitate was
filtered and washed with deionized water thoroughly. The resulting
powder was dried at 120 °C for 12 h and then calcined in air at 500 °C
for 6 h. For comparison, Mn—Ti and Ce—Ti catalysts were also
prepared by the same preparation method as described above.

2.2. Catalytic Activity Measurement. The activity measure-
ments were carried out in a fixed-bed quartz reactor using 0.12 g of
catalyst of 40—60 mesh. The feed-gas mixture contained S00 ppm of
NO, 500 ppm of NHj3, 0 or 5% H,0, 0 or 50 ppm of SO,, 5% O,, and
helium as the balance gas. The total flow rate of the feed gas was 300
cm® min~!, corresponding to a gas hourly space velocity (GHSV) of
64000 h™". The reaction temperature was increased from 100 to 400
°C in steps of 50 °C. The composition of the product gas was analyzed
by a chemiluminescence NO/NO, analyzer (Thermal Scientific,
model 42i-HL) and gas chromatograph (Shimadzu GC 2014 equipped
with Porapak Q and Molecular sieve SA columns). The activity data
were collected when the catalytic reaction practically reached steady-
state condition at each temperature. The effect of internal diffusion on
the activity of the catalyst was investigated by comparing the catalytic
activity over a variety of particle sizes of Mn,,Ce,;Tij,0, catalyst
including 50—70 and 60—80 mesh. The catalyst showed an essentially
identical catalytic activity, regardless of the particle sizes of the catalyst.
The reaction rate was obtained using the differential reactor over
which the NO, conversion was kept below 15%.

2.3. Catalyst Characterization. N, adsorption—desorption
isotherms were obtained at liquid N, temperature (—196 °C) using
a Quantachrome Nova Automated Gas Sorption System. The specific
surface area was determined from the linear portion of the Brunauer—
Emmett—Teller (BET) plot. The pore volume was calculated from the
desorption branch of the N, adsorption isotherm using the Barrett—
Joyner—Halenda (BJH) method. Prior to taking the surface area and
pore volume measurement, the samples were degassed in a vacuum at
300 °C for 4 h. The elemental analysis of the prepared catalysts was
performed by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) on a Plasma-Spec-I spectrometer.

X-ray diffraction (XRD) measurements were carried out on a
Rigaku D/MAX-RB X-ray Diffractometer with Cu Ka radiation. The
structure of catalyst was studied by the micro-Raman spectroscopy
(Renisaw, InVia) under the 532 nm™' excitation laser light. The
morphologies of the catalysts were investigated by field-emission
scanning electron microscopy (SEM) images obtained by a Zeiss
SupraSS instrument operated at a beam energy of 20 kV. XPS
measurements were conducted on an ESCALab220i-XL electron
spectrometer from VG Scientific using 300 W Mg Ka radiation,
calibrated internally by carbon deposit C 1s binding energy (BE) at
284.8 eV. A least-squares routine of peak fitting was used for the
analysis of XPS spectra.

Temperature-programmed reduction (H,-TPR) experiments were
conducted on a chemisorption analyzer (Micromeritics, ChemiSorb

2720 TPx) under a 10% H, gas flow (50 mL min™") at a rate of 10 °C
min~" up to 650 °C.

2.4. In Situ DRIFTS Measurements. In situ DRIFTS experiments
were performed on a Fourier transform infrared (FTIR) spectrometer
(Nicolet 6700) equipped with a Harrick DRIFT cell containing ZnSe
windows and MCT detector. Prior to each experiment, the sample was
pretreated at 400 °C for 1 h in a flow of helium. The background
spectrum was collected in flowing helium and was automatically
subtracted from the sample spectrum. The reaction conditions were
controlled as follows: 100 mL min~" total flow rate, S00 ppm of NH;
or 500 ppm of NO + 5% O,, and helium balance. All spectra were

recorded by accumulating 100 scans with a resolution of 4 cm™.

3. RESULTS AND DISCUSSION

3.1. Comparison of NH;-SCR Performance . Figure 1
showed the NH;-SCR performance of Mn,,Ti;sO,,
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Figure 1. NH;-SCR activity (a) and selectivity (b) of Mn,,Ti3O,,
Cey, Tig40,, and Mny,Ce,,Tiy,0, catalysts (500 ppm of NO, 500
ppm of NH;, 5% O,, balance He, GHSV = 64000 h™!).

Ce(Tiy40,, and Mny,Ce,Ti;,0, catalysts. It can be seen
that Ce,,Tiy,O, exhibited low SCR activity below 250 °C, with
only 10% NO, conversion obtained at 150 °C. Mny,Ti (4O,
showed relatively high activity from 150 to 300 °C. The N,
selectivity of Mn,,Tiy30, and Cej Tiyjo0, catalyst was
noticeably decreased above 250 and 300 °C, respectively.
And it was as low as about 40% at 400 °C. In contrast,
Mny,Ce Tiy,0, catalyst afforded highly remarkable catalytic
activity. It demonstrated a wide operation temperature window
with over 90% NO, conversion obtained from 150 to 350 °C,
and even at 150 °C, 92% of NO, conversion can be achieved.
The reaction rate of Mn,,Ce, ; Ti,;O, at 150 °C was 12.2 ymol
g™' s7!, which is much higher than that of Mn,,Tiy3O, (4.5
umol g s7') and Cey;TigoO, (2.4 umol g s7') catalysts.
More importantly, nearly 100% N, selectivity was obtained over
Mny,Ce;Tiy;0, in the whole temperature range investigated.
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Therefore, Mn,Ce,Ti;-O, is very active and selective for the
NH,-SCR of NO,.

Qi et al."* found that the molar ratios of Mn/(Mn + Ce) are
closely related to the NH;-SCR activity of MnO,—CeO, mixed-
oxide catalyst. Therefore, the activities of Mn—Ce—Ti catalysts
with various ratios of Mn/Ce/Ti were also investigated, and the
results are shown in Supporting Information, Figure S1. It can
be seen that Mny;Ce;Ti;3O,, Mn,,;Ceq,Ti,-,0, and
Mn,;Ce; Tiy¢O, exhibited similar activity with wide activity
temperature window. Mn,,Ce,Ti;-O, exhibited a super low-
temperature activity in the wide operating temperature window,
indicating that it is promising for the control of NO, emitted
from diesel engine.

3.2. Effect of H,0 and SO,. The effect of H,O and SO, on
the SCR activities of Mn,,Ti;3O,, Ceg;Tiz,0,, and
Mn,,Ce;Tiy,0, catalysts was also investigated. From the
comparison of Figure 1 and Supporting Information, Figure S2,
it can be seen that the presence of H,O leads to the activity
temperature window of Mny,Ce,;Ti,;O, catalyst shifting to
higher temperature by 50 °C. In the temperature range of 200—
400 °C, more than 90% NO, conversion was obtained, which is
significantly higher than those obtained over Mn,,Tiy3O, and
Cey,1 Tiy O, catalysts (see Supporting Information, Figure S2a).
Even in the copresence of H,O and SO,, nearly 90% NO,
conversion was achieved from 200 to 400 °C. The conversion
of NO, is also much higher than those obtained over
Mng,Tig30, and Ceg,Tig,0, catalysts (see Supporting
Information, Figure S2b). The response of the NO, conversion
over Mny,Ce, Tiy-O, catalyst at 200 °C to the intermittent
feed of H,O and SO, was further investigated. As shown in
Figure 2, the introduction of H,O and SO, induced a slight
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Figure 2. Response of the NO, conversion over Mny,Ce,;Tij,O,
catalyst at 200 °C to the intermittent feed of H,O and SO, (500 ppm
of NO, 500 ppm of NH;, 5% O,, 5% H,0, 50 ppm of SO,, balance
He, GHSV = 64000 h™").

decrease of the NO, conversion. After excluding H,0O and SO,
from the reactant feed, the NO, conversion was almost
recovered. Therefore, Mn,,Ce,,Tiy,0, catalyst displayed a
satisfied resistance against H,O and SO,, which is very
important for the potential deNO, application.

3.3. BET Surface Area, XRD, Raman Spectra, and SEM.
The chemical composition, BET surface area, and total pore
volume of Mn,Tiy30,, CeyTipeO, and Mn,,Ce,Tiy,O,
catalysts are listed in Table 1. The stoichiometry of the
catalysts is close to the nominal values. It is evident that the
surface area, pore diameter, and pore volume decreased in the
order of Mn,CeTiy;0, > Cey;TipoO, > Mng,Ti;50,. The
high surface area of Mn,,Ce,;Ti;,O, could contribute to the
high NH;-SCR activity.

Figure 3 shows X-ray diffraction (XRD) patterns of
Mn,,Tip30,, CeyTipoO, and Mny,Ce,;Tiy,O, catalysts.
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Figure 3. XRD patterns of Mny,Tip30,, Ceq,Tipo0, and
Mn,,Ce,,Tiy,0, catalysts: (@) anatase TiO, (V) MnO,; (A)
Mn,0;.

Over Cey;TigyO, only an anatase structure (JCPDS 21—
1272) was observed.'” The peak ascribed to crystalline CeO,
phase (JCPDS 34—0394) was absent, indicating that CeO, was
highly dispersed on the surface of TiO,. Besides the weak peak
assigned to anatase phase, the peaks ascribed to MnO, (JCPDS
42—1169) and Mn,O; (JCPDS 41-—1442) appeared over
Mn,,Tiy 50, catalyst.g’18 No obvious peak was observed for
Mny,Ce Tiy,0,, indicating a complete amorphous structure
formed.”” Raman spectroscopy experiment was conducted for
further investigation of structure phases of these catalysts. Five
bands, corresponding to the six Raman-active modes, namely,
E, (144,197, and 639 cm™), A, (519 cm™), and By, (399 and
519 cm™'), are observed over Cey;Tiy,0, catalyst (see Figure
4). The Raman peak pattern is similar to the typical feature of
anatase-structured TiO,.*° Since MnO, and Mn,O, exhibited
relatively weak Raman bands,* these phases were not detected
by the present Raman spectra. Any peak ascribed to TiO,,
manganese, and cerium oxides are not detected over
Mn,,Ce;Tiy,0,. This is in good accordance with the XRD
result. These facts indicate that Mn,,Ce;,Ti,,0, mixed oxide
is of amorphous structure, thereby maximizing the interaction
among Mn, Ce, and Ti.'” The strong interaction between TiO,
support and the active metal oxides contributes to the NH;-
SCR activity.””** The amorphous structure is usually of higher
surface area than the crystallized one. Therefore, the BET
surface area of Mn—Ce—Ti catalyst is as high as 217 m? g,

Table 1. Chemical Composition and Textual Properties of the Different Catalysts

catalyst chemical composition” surface area (m* g™*) pore diameter (nm) pore volume (cm® g™*)
My, TigsO,5 Mg 15Tig 1O 101 + 2.0 325 + 0.08 0.19 + 0.01
Ceg, TigsO, Ce 16 Tios0Os 161 + 42 327 + 0.09 032 + 001
Mng,Ceq, Tig-O, Mg 15Ceq 10Tio 7105 217 + 6.1 338 + 0.10 048 + 001
“Chemical composition determined by ICP-AES.
14502 dx.doi.org/10.1021/am5038164 | ACS Appl. Mater. Interfaces 2014, 6, 14500—14508
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Figure 4. Raman spectra of Mng,Tiz30,, Ce,;TipoO, and
Mn,,Ce, Tiy,O, catalysts.

which is much higher than that of TiO,-based catalyst reported
previously.">"> With varying the ratio of Mn and Ce, no
obvious peak was observed on the Mn—Ce—Ti mixed-oxide
catalysts (see Supporting Information, Figure S3), suggesting
that the amorphous structure was still formed.'?

The amorphous structure of Mn—Ce—Ti mixed oxide was
also reflected from the SEM images. As illustrated in Figure S,
Mn,,Ce( Tiy,O, is of amorphous structure, and some
nanosheets interweave in the structure, which leads to the
high surface area. Mn,Tiy 3O, is also mainly composed of
amorphous structure. The crystallinity was increased for
CepTipoO, catalyst, over which small particles agglomerate,
forming a structure like cauliflower.

3.4. H,-TPR Analysis. Temperature-programmed reduction
(H,-TPR) analysis was conducted to investigate the reduction
behavior of Mn,,Tiy30,, Cey;Tiye0,, and Mn,,Ce,,Ti;,O,
catalysts. As illustrated in Figure 6, two reduction peaks
centered at ~250 and ~350 °C can be distinguished in the H,-
TPR profile of Mng,Tiy3O, catalyst, which can be assigned to
the reduction processes of MnO, — Mn,0; — MnO.***
Cey,1Tiy 9O, exhibited two reduction peaks at ~350 and 570 °C.
The former small peak is probably assigned to the reduction of
the surface oxygen of ceria, and the second reduction peak is
due to the reduction of Ce* to Ce* %% Interestingly, the
Mn,,Ce;Tiy,O, catalyst possesses two overlapped reduction
peaks centered at ~350 and 486 °C, the former of which can be
assigned to the two-step reduction process of MnO, via Mn,O;
to MnO, and the latter one is due to the reduction of Ce*" to
Ce?". Evidently, the reduction temperature of Ce*" to Ce** was
decreased, indicating that the ceria oxides becomes more
reducible, which can be ascribed to the synergetic effect
between Mn and Ce. The synergetic effect can effectively
promote the redox properties of the Mn—Ce—Ti mixed-oxide
catalyst.

3.5. XPS Analysis. To reveal the surface nature of the active
sites over the catalyst systems X-ray photoelectron spectra
(XPS) analysis was conducted. The XPS spectra of Mn 2p for
Mn,,Tips0, and Mny,Ce; Tiy;0, catalysts are shown in
Figure 7. For both catalysts two main peaks due to Mn 2p;/,
and 2p,,, appear at ~642.0 and 653.5 eV, respectively. To
better understand the manganese oxide phases and their
relative intensities, the peak-fitting deconvolution was per-
formed on Mn 2p;/, and 2p,,, peaks. As shown in Figure 7,
both Mn 2p;/, and 2p;,, spectra can be separated into two
characteristic peaks: the peaks at 641.2 and 6532 eV
correspond to Mn®, and those at 642.7 and 654.1 eV
correspond to Mn*** The ratio of Mn*, calculated by
Mn**/(Mn** + Mn*"), over Mny,Ce,,Tiy;0, (71.0%) was

Figure S. SEM images of Mny,Tiy3O, (a), Cey;Tigo0, (b), and
Mn,,Ceq; Tiy;0, (c) catalysts.
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Figure 6. H,-TPR profiles of Mny,Ti,30,, Cey;Tip40,, and
Mng,Ce, Tiy,O, catalysts.

significantly higher than that over Mny,TiysO, (23.8%). The
complex spectrum of Ce 3d was decomposed into eight
components with the assignment defined in Figure 8. The sub-
bands labeled u’ and v’ represent the 3d'°4f' initial electronic
state corresponding to Ce®*, and those labeled u, u”, u”, v, v/,
and v” represent the 3d'°4f" initial electronic state correspond-

dx.doi.org/10.1021/am5038164 | ACS Appl. Mater. Interfaces 2014, 6, 14500—14508
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Figure 7. Mn 2p XPS spectra of Mn,,Ti,3O, and Mny,Ce;Ti,,O,
catalysts.
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Figure 8. Ce 3d XPS spectra of Cej,Tiy90, and Mny,Ce;Tiy,0,
catalysts.

ing to Ce**."” The high ratio of Ce** exists on both Ce;Tiy,O,
and Mn,,Ce,; Tiy,O, catalysts. The binding energy of Ti 2p;/,
for Ce,Tiys0, is 459.9 €V, which can be ascribed to Ti* (see
Figure 9).” Compared with Cey,;TigoO, catalyst, the peak
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02" '087x

Mn,Ce, iy O, . . \a\
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Figure 9. Ti 2p XPS spectra of Mny,Tiz30,, Cey;TipoO, and
Mn,,Ce, Tiy,O, catalysts.

position of Ti 2p for Mny,Ti;3O, and Mny,Ce,;Tiy,O,
catalysts was shifted toward lower BE by 1.6 eV, suggesting
that some Ti** could be reduced to Ti**.***" The high
reducibility of Ti contributes to improve the NH;-SCR activity.
% On the basis of the XPS results analysis, the high ratio of
Mn>* over Mn,,Ce,,Ti 50, can be ascribed to the redox
process of Ce**/Ce® and Ti*'/Ti*', both of which could
transfer electrons to Mn**.

3.6. In Situ DRIFTS Studies. 3.6.1. Adsorption of NO +
O,. Figure 10a shows the DRIFT spectra of NO + O, on
Mn,,Tiy3O, catalyst at different temperatures. The bands at
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Figure 10. DRIFT spectra of NO + O, on Mny,Ti3O0, (a),
Cey, TigsO, (b), and Mngy,Cey Tiy,O0, (c) catalysts at different
temperatures.

1611, 1549, and 1277 cm™' can be assigned to the adsorbed
NO, species,lz’32 monodentate nitrate,>> and chelating nitrite,>*
respectively. As shown in Figure 10b, more NO, adsorption
bands were observed over Cey Tiy,O, catalyst. Besides the
bands assigned to adsorbed NO, species (1624 cm™)" and
chelating nitrite (1281 cm™), those assigned to bidentate
nitrate (1585 and 1528 ecm™),** trans-N,0,%~ (1459 cm™!),"?
M-NO, nitro compounds (1351 em™),* and bridging nitrate
(1244 cm™),> respectively, were also observed. The DRIFT
spectra of NO + O, on Mn,,Ce,Tiy,0, catalyst at different
temperatures was illustrated in Figure 10c. The intensity of the
band ascribed to adsorbed NO, is high. Compared with Figure
10a,b, it is evident that the intensities of the bands assigned to
monodentate nitrate and bridging nitrate over
Mn,,Ce(Tiy,0, catalyst are higher than those over
Mny,TiygO0, and Ce,;TiyoO,, respectively. This fact suggests

dx.doi.org/10.1021/am5038164 | ACS Appl. Mater. Interfaces 2014, 6, 14500—14508
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that the synergetic effect between Mn and Ce contributes to the
formation of monodentate nitrate and bridging nitrate species.

3.6.2. Adsorption of NH;. Figure 11 showed the DRIFT
spectra of NH; adsorption on Mn,Ti;3O,, Cey;Tiy40,, and
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Figure 11. DRIFT spectra of NH; on Mn,,Tiy3O, (a), Cey,TigoO,
(b), and Mn,,Ce;Tiy,0, (c) catalysts at different temperatures.

Mn,,Ce;Tiy,0, catalysts at different temperatures. Several
bands at 3363, 3234, 1594, 1411, and 1122 cm™" were observed
on Mny,TiysO, catalyst (see Figure 11a). The bands at 1594
and 1122 cm™" are related to the coordinated NH; bound to
Lewis acid sites,>**” and those at 3363 and 3234 cm™' can be
ascribed to the N—H stretching vibration modes of the
coordinated NH;.*® With increasing temperature, the peak at
1411 cm™! was shifted to 1434 cm™, which is attributed to the
NH," species on Bronsted acid sites.%** On Cey, Tigs0,
catalyst, the band ascribed to NH," species was absent, while
the intensities of the bands assigned to the adsorbed NH; on

Lewis acid sites are much higher than those observed on
Mn,,Tiy 5O, catalyst (see Figure 11b). As shown in Figure 11c,
both the peaks ascribed to the adsorbed NH; on Lewis acid
sites and NH," species on Bronsted acid sites (1664 and 1438
cm™') were observed on Mng,Ce,;Tiy,0, catalyst, and their
intensities were higher than those observed on Mn,,Ti,gO,
catalyst. Moreover, the peak assigned to the deformation
species of adsorbed NH; (1289 cm™) appeared.*® This fact
indicates that more NH; will be adsorbed and activated over
Mn,,Ce;Tij-O, catalyst.

3.6.3. Reactivity of Surface-Adsorbed Species. Figure 12
presents the DRIFT spectra of Mn,,Ce,Ti,,O, catalyst in a
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Figure 12. Dynamic changes of the in situ DRIFT spectra over
Mn,,Ce,Tiy,O, catalyst in a flow of NHj after the catalyst was pre-
exposed to a flow of NO + O, for 60 min followed by helium purging
for 30 min at 200 °C.

flow of NHj after the catalyst was pre-exposed to a flow of NO
+ O, for 60 min followed by helium purging for 30 min at 200
°C. It can be seen that switching the gas to NH; leads to the
decrease of the intensities of NO, peak (1622 cm™),
monodentate nitrate peak (1555 cm™'), M—NO, nitro
compounds and bridging nitrate peak (1236 cm™), indicating
that these species are reactive in the NH;-SCR process.
Simultaneously, the peaks ascribed to the adsorbed NH; (3378,
3262, 3165, 1607, 1527, and 1278 cm™) appeared. Therefore,
more reactive intermediates (NO,, monodentate nitrate, M—
NO, nitro compounds, and bridging nitrate) formed over
Mn,,Ce,,;Tiy;O, catalyst (see Figure 9c), thus leading to the
high catalytic performance.

Figure 13 showed the DRIFT spectra of Mny,Ceq,;Ti,-O,
catalyst in a flow of NO + O, after the catalyst was pre-exposed
to a flow of NH; for 60 min followed by helium purging for 30
min at 200 °C. As illustrated in Figure 13, switching the gas to
NO + O, leads to the decrease of the intensities of all bands
assigned to ammonia species. And those bands vanished in §
min. Meanwhile some new bands attributed to NO, species
appeared. This fact indicates that the adsorbed ammonia
species are reactive in the NH;-SCR of NO,.

Zhang et al."’ reported that amorphous CeO, phase was
active for the SCR of NO, by NHj, while crystallized CeO, was
deleterious to the activity. Kapteijn et al.*' proposed that
Mn,0O; exhibited high selectivity to N,, while MnO, exhibited
the highest activity. The presence of Mn®* was also reported to
play an important role in the SCR of NO, by Li et al.’ In the
present study, the amorphous Mn—Ce—Ti mixed oxides were
first fabricated by hydrothermal method, and they exhibited
high NH;-SCR activity in a wide temperature window. On the

dx.doi.org/10.1021/am5038164 | ACS Appl. Mater. Interfaces 2014, 6, 14500—14508



ACS Applied Materials & Interfaces

Research Article

1620

10.05

NO+O, 20min
NO+O, 10min

L

Absorbance(a.u.)

3
&

N

40003500 2000 1800 1600 1400 1200 1000

Wavenumber(cm')

Figure 13. Dynamic changes of the in situ DRIFT spectra over
Mn,,Ce,Tiy,O, catalyst as a function of time in a flow of NO + O,
after the catalyst was pre-exposed to a flow of NHj; for 60 min followed
by helium purging for 30 min at 200 °C.

basis of the catalyst characterization, it is a mixture of
amorphous MnO,, Mn,0;, CeO,, Ce,05, and TiO,.

The redox properties are the kezr factors controlling the
reactivity of NH;-SCR catalysts.'"'”** For V,O,-based catalyst,
the redox couples of V**/V°* seemed to play an important role
for the SCR reaction to proceed.*” In the present study, the
redox couples Mn*"/Mn**, Ce*/Ce*, and Ti*"/Ti** exist over
Mn—Ce—Ti catalyst. Dual redox cycles (Mn** + Ce*" < Mn**
+ Ce*, Mn* + Ti** & Mn** + Ti*) are available only for
Mn—Ce—Ti catalyst and not for Mn—Ti and Ce—Ti catalysts,
and both of the cycles can promote each other. This will result
in a decrease in the energy required for the electron transfer
between Mn, Ce, and Ti active sites. The electronic transfer is
closely related to the activation of NO and NH; during the
NH,-SCR of NO,.

The high ratio of Ce®' and Ti’** present over
Mn,,Ce,;Tij,O, catalyst can induce more oxygen vacancies
to form,'? which would promote the adsorption and activation
of gas-phase oxygen. The activated oxygen atom plays an
important role for the formation of NO,>* From the
comparison of Figure 10a,b, we can see that the intensities of
the peaks ascribed to NO, and bridging nitrate over
Ce(Tiy9O, catalyst are higher than those observed over
Mn,Tiy 4O, catalyst, indicating that the formation of NO, and
bridging nitrate would be mainly over Ce active sites. Liu et
al.> reported that the introduction of Mn to FeTiO, catalyst
contributed to the formation of Brensted acid sites on the
catalyst surface. From Figure 11 we can see that the band
ascribed to NH," species on Bronsted acid sites appeared over
Mn,,Tiy 3O, catalyst but not over Cej Tiy,O, catalyst. This
fact suggests that Mn active sites would be responsible for the
formation of NH,". Therefore, we proposed the dual redox
cycles for the activation of NO, and NH; over Mn—Ce—Ti
catalyst as depicted in Scheme 1. NO, could react with NH," to
form NH/NO, species, which reacted further to yield the
NH,NO. Then the NH,NO decomposed to form N, and H,O.
Besides NO,, the adsorbed monodentate nitrate and bridging
nitrate would also react with the activated NH," or NH,
following the Langmuir—Hinshelwood mechanism. On the
other hand, the adsorbed NH; on Lewis acid sites would react
with gas-phase NO (Eley—Rideal mechanism) to form N,.

This research showed that the dual redox cycles (Mn*" +
Ce** & Mn’** + Ce*, Mn* + Ti** < Mn*" + Ti*") are the
source of the synergistic effect on the catalytic properties of
Mn,,Ce;Tij,O, catalyst, which facilitate the adsorption and

Scheme 1. Dual Redox Cycles for the Activation of NO and
NH,

NO; or ad-NO3”

1120, O’ad/v v\No*ad NO
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activation of NO and NHj, as shown in the in situ DRIFTS
studies above, consequently leading to an improved NH;-SCR
performance.

4. CONCLUSIONS

It has been demonstrated that an environmentally benign Mn—
Ce—Ti mixed-oxide catalyst exhibited high catalytic activity for
the NH;-SCR of NO, in a wide temperature range. Moreover,
this catalyst displayed high resistance against H,O and SO,.
The dual redox cycles (Mn** + Ce** < Mn** + Ce*, Mn*" +
Ti** & Mn** + Ti*") and the amorphous structure can account
for the excellent NH;-SCR catalytic performance of Mn—Ce—
Ti catalyst. Compared with MnTi and CeTi catalysts, the
adsorption and activation of NO and NH; was promoted over
Mn—Ce—Ti catalyst, thus leading to an improvement of the
NH;-SCR performance. The present results have practical
implications, as they may open new pathways for NO,
reduction at low temperatures, whereby diesel oxidation
catalyst (DOC) positioned upstream of the SCR converter is
no longer needed. Besides its application in diesel vehicles, this
mixed-oxide catalyst is also promising for a number of modern
stationary SCR applications.
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