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MnO,-CeO, @ TiO, core-shell composites for low

temperature SCR of NO,

Dingren Ma,® Liu Yang,? Bingjie Huang,? Liting Wang,* Xiao Wang,* Zhongyi

* and Fan Dong™

Sheng

In this study, MnOx-CeO, @ TiO;, catalyst for NH3-SCR of NOy at low
temperature was successfully prepared. TiO, was distributed on MnOy-CeO; nanorod
surface to form the core-shell structure. MnO4-CeO, @ TiO;, had excellent catalytic
performance and SO, resistance. Characterization results indicated that excellent
catalytic performance of MnOx-CeO, @ TiO; could be mainly attributed to the large
specific surface area, the presence of oxygen vacancies, the strong redox ability and
the abundant acidic sites. Moreover, the catalytic active sites of MnOx-CeO, @ TiO,

could be protected from SO, poisoning due to the existence of the TiO; shell.

MnOx-CeO, @ TiO, was proved to be an excellent low temperature SCR catalyst.
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A large number of nitrogen oxides (NOy) from coal-fired power plants have
caused great harm to the environment and human beings.!?® Selective catalytic
reduction (SCR) by urea or ammonia is one of the most effective technologies for the
abatement of NO,.*® However, there are many defects in commercial SCR catalysts,
such as narrow and high working temperature.”® Therefore, the development of low
temperature SCR catalysts is of great significance. MnOy has excellent catalytic
activity to remove NO, at low temperature.” And CeO, has strong redox ability,
oxygen storage capacity and acid-base property, which make it become a good
catalyst.’®*" The combination of MnO, and CeO, exhibits superior catalytic
performance. Therefore, MnOy-CeO, catalysts are considered to be promising low
temperature SCR catalysts. But the poor sulfur resistance of MnOy-CeO, catalysts at
low temperature still disturbs researchers.*

In order to improve the SO, tolerance of MnOy-CeO; catalysts, researchers have
used a variety of methods. Gao et al. found that MnO-CeO, modified by NiO and
Co0Os3 had larger surface area and more active sites, which improved catalytic activity
and SO, resistance.’® Chang et al. reported that Sn** doped MnO,-CeO, also had
excellent SO, resistance.’® ® Leng et al. investigated the Mn-Ce composite oxide
catalyst supported on TiO, had excellent catalytic activity and sulfur resistance at low
temperature.”> Furthermore, core-shell nanostructures have been widely studied for
special properties which can protect active components from migrating and
sintering.”? MnOy @ TiO, core-shell catalyst not only showed excellent catalytic

activity at low temperature, but also had good SO, resistance.?® Chen et al. found that
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exhibited favorable water resistance.?* Moreover, mesoporous TiO, @ Fe,03

core-shell composites were prepared to improve the low temperature SO,-tolerant.?®

Herein, in order to take advantages of core-shell structure, MnOy-CeO, nanorods
were first prepared by a template method. Then the surface of MnO,-CeO, nanorods
was covered by TiO; particles and core-shell structure catalyst marked as MnO4-CeO,
@ TiO, was successfully prepared. The effects of MnOx-CeO, @ TiO, with unique
core-shell structure on catalytic activity and SO, resistance at low temperature were
investigated. The MnO4-CeO, @ TiO, catalyst may act as a potential candidate for the

NH3-SCR reaction at low temperature due to its excellent performance.
2. Experimental

2.1. Catalyst preparation

2.1.1. MnOx-CeO, @ TiO,

MnOy-CeO, @ TiO, was prepared by a three-step method. Ce(OH)COs3
templates were first prepared and then MnOy-CeO, nanorods were prepared by an
oxidation-reduction process. Finally, MnO,-CeO, @ TiO, was prepared by a versatile

kinetics-controlled coating method.?®

In an oil bath at 80 °C, 0.02 mol Ce(NO3z)3 6H,O and 0.12 mol urea were
sequentially added to 400 mL deionized water and stirred for 24 h. The solution was
centrifuged to obtain white precipitate, and the precipitate was washed with distilled

water to remove excess impurities until the pH of supernatant was about 7.
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Ce(OH)COs3 was obtained after drying at 60 °C for 6 hours in an oven.

20 mL Mn(NO3), (0.025M) was first prepared and 1.25g Ce(OH)CO3; was added
to the solution under magnetic stirring. The mixture was further stirred ceaselessly for
30 min and then kept still for 6 days. The sediment was sequentially washed with 1M
HNO3 and deionized water. Finally, MnOx-CeO, composite was acquired by drying at

80 °C for 12 hours.

0.26 g MnO-CeO, was distributed uniformly in 100 mL ethanol. 0.3 mL
ammonia was added to the above solution under ultrasonic processing for 30 minutes.
Then 0.75 mL tetrabutyl titanate was added to the mixture under magnetic stirring for
24 hours at 45 °C. The precipitate was rinsed three times with deionized water. At last,
the resulting powder was dried at 80 °C for 12 hours and calcined in air at 500 °C for

2 hours. The sample was denoted as MnOx-CeO, @ TiO..

2.1.2. MnOx-CeO, / TiO;

The corresponding MnOy-CeO, / TiO, sample was prepared by a one-step
hydrothermal method. 0.03 mol Ce(NO3)3 6H,0 was dissolved in 100 mL Mn(NO3),
(0.025M) solution at room temperature. Then 7.5 mL ammonia and 19 mL tetrabutyl
titanate were added to the above solution. The mixture was further stirred ceaselessly
for 30 minutes and then sealed in a Teflon-lined stainless steel autoclave at 130 °C for
12 hours. The sediment was washed with deionized water and dried at 80 °C for 12
hours. Finally, the powder was calcined in air at 500 °C for 2 hours, which was

defined as MnOy-CeO, / TiOs.

DOI: 10.1039/C9NJ03461G
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2.2. Catalysts characterization

X-ray diffraction (XRD) with Cu-Ka radiation was used for testing the
crystalline structures of samples. The morphology and structure of samples were
analyzed by transmission electron microscopy (TEM). The pore distribution and
surface area were calculated by Brunauer-Emmett-Teller (BET) equation using
Micromeritics ASSP 2020 equipment at 77K by N5 physisorption. The Raman spectra
of samples were collected by Raman spectrometer (Renishaw RM 2000) with a laser
at 514 nm. X-ray photoelectron spectroscopy (XPS) was used for analyzing the
surface atomic states of samples. NH; temperature-programmed desorption
(NH3-TPD) was performed on the TP 5080 automatic multi-purpose adsorption
instrument (Xianquan, China). The samples (150 mg) were pretreated at 300 C in a
flow of N, (30 mL min™) for 0.5 h and cooled to 100 ‘C under N, flow. Then the
samples were saturated with NH3 at 100 C for 1 h, followed by N, purging for 0.5 h
until there was no NH3; signal detected. Finally, the temperature was raised to 800 ‘C
in N, at a ramping rate of 10 “C min™. And the results of H, temperature-programmed

reduction (H2-TPR) were recorded on the same instrument.
2.3 Activity measurements

NH3-SCR activity measurements were performed in a temperature controlled
fixed-bed. In the experiment, air flow rate was 1600 mL min™ and airspeed was
24000 h™. The concentration of reaction gases were as follows: 500 ppm NO, 500

ppm NH3 and 5% O, (200 ppm SO;) and N; as the balance gas. The inlet and outlet
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concentrations of SO,, O,, NO, and NO were measured by a flue gas analyzet“"(MR’
Vario Plus, Germany). And the outlet concentration of N,O was monitored by another
gas analyzer (G200). NOy conversion and N selectivity of samples were calculated as

follows respectively:

in out
CNo,Cx

O, conversion (%) = % 100

in
NO,
out
2C\50

in in out out ~out )
Cro, TN, -CRo,~CNo-CRH;

N, selectivity (%) = (1 - x100

where NO, = NO + NO, + 2N,0.
3. Results and discussion
3.1 XRD patterns

The phase compositions of MnO-CeO, / TiO, and MnOy-CeO, @ TiO, were
determined by XRD. Fig. 1 shows the XRD patterns of MnO-CeO, / TiO, and
MnOy-CeO, @ TiO,. Characteristic peaks of CeO, (JCPDS card No. 81-0792) and
TiO, (JCPDS card No. 89-4921) can be found in both samples. There are no obvious
peaks of MnQ,, indicating that MnOy are highly dispersed on the samples. And highly
dispersed active components would contribute to increase the catalytic activity of
catalysts.”” Compared with MnO,-CeO; / TiO,, the characteristic peaks of CeO, in
MnOy-CeO, @ TiO, are significantly reduced. The reasons for this are that CeO, and

MnOy are well integrated and MnOy-CeO, is wrapped by TiO,, resulting in a decrease
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of the strength of the CeO diffraction peak.?®

Intensity (a.u.)

Fig. 1 XRD patterns of MnO,-CeO, / TiO, and MnO,-CeO, @ TiO,
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The morphologies and structures of the samples were observed by TEM. As

shown in Fig. 2a, the nanoparticles have a large spacing from each other, indicating

that MnO-CeO;, / TiO, has no special core-shell structure. In Fig. 2b, Mn-Ce

nanorods are wrapped by TiO, nanoparticles to form the core-shell structure. The

formation of the core-shell structure is consistent with the conclusions obtained in

XRD. Fig. 2c shows a HRTEM image of MnO-CeO, @ TiO,. It can be seen that the

nanorod structure is very clear and some nanoparticles are attached to the nanorod.

The distinct lattice fringes are measured to be about 0.306 nm and 0.292 nm, which

matche well with the (311) crystal plane of CeO, and the (105) crystal plane of TiO,,

respectively. Moreover, Fig. 2d shows that MnO,-CeO, @ TiO; is polycrystalline.®
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Fig. 2 TEM images of MnO,-CeO, / TiO; (a) and MnO,-CeO, @ TiO, (b), HRTEM image and

SAED pattern of MnO-CeO, @ TiO; (c, d).
3.3 Raman Patterns

Raman spectroscopy was performed to further analyze the crystal structures of
samples. As shown in Fig. 3, MnO-CeO, / TiO, presents bands located at 142, 460

30,31 characteristic band

and 577 cm ™. Band at 142 cm™ coincides with anatase TiO»,
at 460 cm™ belongs to pure CeO, *%and band at 577 cm™ can be assigned to
0-Mn02.2® Obviously, the a-MnO, characteristic band of MnO,-CeO, @ TiO- shifts
to higher wavenumber compared with MnOx-CeQO; / TiO,, which is the result of the

action of oxygen vacancies.** The presence of oxygen vacancies facilitates the

destruction of N-O bonds and thus increases catalytic activity.*> The CeO, band of
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MnO,-CeO, @ TiO, exhibits a red shift compared with MnO,-CeO, / TiO,, Whith%fs/oN/0461c
related to the formation of Mn-Ce nanorods. Due to the interaction of TiO, and

Mn-Ce nanorods, the band of TiO, shifts to lower wavenu mber.®*

Intensity (a.u.)

200 400 600 800 1000
Raman shift (cm™)

Fig. 3 Raman spectra of MnO4-CeO, / TiO, and MnO,-CeO, @ TiO,
3.4 BET analysis

The pore size distributions and BET surface areas of the different samples are
shown in Table 1. And the N, adsorption-desorption isotherms are displayed in Fig. 4.
Both curves in Fig. 4 have significant hysteresis loops in the P/P, range of 0.6 to 1
and are assigned to the type 1V according to IUPAC classification, indicating that the
samples have large amounts of mesoporous.®® Rich mesoporous structure would
provide channels for the reaction gases to enter into the inner surface of catalyst to
improve the catalytic performance.®® As shown in Table 1, the specific surface area of
MnOy-CeO, @ TiO; is larger than MnOy-CeO; / TiO,, which is conducive to the
improvement of catalytic performance. The large specific surface area of MnO4-CeO;

@ TiO, may be due to the formation of hollow nanorods.*’
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Table 1 BET surface areas and pore parameters of catalysts DO 10.1039/CONIO3A61G

Sger (m¥g)  Porevolume (10%cm’g)  Average pore diameter (nm)

MnOy-CeO,/TiO, 71.71 0.25 13.72

MnOy-CeO,@TiO, 110.65 0.37 13.26

—=— MnO,-Ce0, / TiO,
2200 —e— MnO,-Ce0, @ TiO,

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

Fig. 4 N, adsorption-desorption isotherms of MnO,-CeO, / TiO, and MnO,-CeO, @ TiO,
3.5 XPS

The XPS spectra of Mn, Ce, Ti and O are shown in Fig. 5 and relative atomic
concentrations are listed in Table 2. In Fig. 5a, Mn 2p3,; spectra can be divided into
two characteristic peaks which correspond to Mn®* at 640.90eV and Mn** at
642.80eV respectively.®® Mn 2p;, peak appear at 652.80 eV, which is related to
Mn**¥* As shown in Table 2, the content of Mn is higher on the surface of
MnOy-CeO; / TiO; than that of MnOx-CeO, @ TiO,, which is due to the formation of
nanorod and core-shell structure. Moreover, the NO conversions decreased in the

order of MnO, > MnsOg > Mn,03 > Mn0, in low-temperature SCR reaction.'® The


https://doi.org/10.1039/c9nj03461g

Page 11 of 23 New Journal of Chemistry

View Article Online

proportion of Mn** in MnO4-CeO, @ TiO, is higher than MnO4-CeQ, " Ti€3;, <*"0:4¢1¢
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indicating that MnO4-CeO, @ TiO- has excellent catalytic activity.

The XPS results of Ce 3d spectra are shown in Fig. 5b. It can be seen that Ce 3d
spectra can be divided into eight different peaks. These eight peaks can be divided
into two kinds, one is the 3ds, corresponding peaks labeled as u and the other is the
3dsp, corresponding peaks labeled as v. The peaks denoted as u, u”, u™ and v, v", v
are assigned to Ce** while u' and v are assigned to Ce®**.*® As shown in Table 2, Ce
mainly exists in the form of Ce** in samples. Interestingly, the production of Ce*" is
related to the formation of oxygen vacancies.*® According to the Raman results, the

oxygen vacancies in MnO,-CeO, @ TiO, favor the formation of Ce**, which is

consistent with the higher Ce* content of MnO,-CeO, @ TiO..

Fig. 5¢ shows the XPS results of Ti 2p. The peak at around 459.5 eV corresponds
to TiO..*! Ti exists in the form of Ti** on the surface of MnO,-CeO; / TiO, and
MnOy-CeO, @ TiO,. The content of Ti in MnO4-CeO, @ TiO; is higher than
MnOy-CeO; / TiO,. This result indicates that MnOy-CeO, is wrapped by TiO,, which

consistent with the results of TEM.

In Fig. 5d, two distinct peaks appear. One is chemisorbed oxygen (O,) located at
530.9eV and the other is lattice oxygen (Og) located at 528.8 eV.' The higher the
content of O,, the more conducive to the SCR catalytic reaction.® Table 2 shows that
the ratio of O, in MnO4-CeO, @ TiO; is higher than MnOx-CeO, / TiO,, which can

promote the oxidation of NO to NO,, thereby increasing the catalytic activity.*
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Fig. 5 XPS spectra of catalyst surface elements Mn 2p (a), Ce 3d (b), Ti 2p (c) and O 1s (d)

(A: MnOX'CEOZ/TiOZ; B: MnO,-CeO, @ TIOg)

Table 2 Atomic surface composition of the catalysts as determined by XPS

Atomic composition (%) Relative atomic ratio (%)

Samples Mn @] Ce
Mn Ti O Ce
Mn*  Mn* 0O, O3 Ce" Ce”

MnO,-CeO,/TiO, 4.16 14 53.75 753 489 511 1226 87.74 86.22 13.78

MnO,-CeO,@TiO, 401 1584 56.6 532 6742 3258 2342 7658 85.61 14.39

3.6 NHs-TPD
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Obviously, the surface acidity of samples play an important role in the NF3-SER/ONI034616
reaction.* In order to explore the surface acidity of samples, NH3-TPD results are
shown in Fig. 6. There is a broad peak at 200<C for the samples, which is formed by
the desorption of adsorbed NH3 on medium acid and weak acid sites.** The peak
located in the temperature range from 200 to 500 <C is attributed to the Brensted acid
sites.®® It can be seen that the peak area of MnOx-CeO, @ TiO, is larger than
MnO«-CeO;, / TiO,, especially in the Brensted acid position, indicating that
MnO,-CeO, @ TiO, has more acidic sites.** Obviously, MnOx-CeO; @ TiO-

possesses excellent NH3 adsorption capacity, which is conducive to the NH3-SCR

reaction.
—— MnO,-CeO, / TiO,
—— MnO,-Ce0, @ TiO,
:
=
100 2(I)O 3(I)0 4(I)0 500
Temperature (°C)
Fig. 6 NH5-TPD pattern of MnO,-CeO, / TiO, and MnOy-CeO, @ TiO,
3.7 H,-TPR

In order to examine the reducibility of the samples, H,-TPR measurements were
performed. As shown in Fig. 7, MnO4-CeO, @ TiO, has two peaks located at 241<C

and 345<C respectively. The peak at 241 <T is due to the reduction of MnO; to Mn30,.
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And the peak at 345<C corresponds to the reduction of MnzO4 to MnO wWhen’ thg/<oN024616
surface capping oxygen of CeO; is reduced.”> Furthermore, MnO,-CeO; / TiO; has
two peaks similar to MnO4-CeO, @ TiO,. But the two peaks shift to higher
temperature, indicating the oxidation performance of MnO-CeO, / TiO, is weaker

than MnO,-CeO, @ Ti0,.*

241

MnO,-Ce0, @ TiO,

292

/\:3L

MnO,-CeO, / TiO,

Intensity (a.u.)

100 150 200 250 300 350 4D0 " 450 5b0 " 550
Temperature (°C)

Fig. 7 H,-TPR patterns of MnO,-CeO, / TiO, and MnO4-CeO, @ TiO,

3.8 Catalytic Performance

The catalytic performance of prepared samples towards NO removal was
evaluated. As shown in Fig. 8a, MnO-CeO; / TiO, and MnOx-CeO, @ TiO, exhibit
high catalytic activity at low temperature. The NOy conversion of MnO-CeO, @
TiO, reaches around 100% at 140 °C. And the catalytic activity of MnO,-CeO; / TiO>
is lower than MnOy-CeO, @ TiO,, which is consistent with the conclusions obtained
before. N, selectivity is a crucial role in evaluating the catalytic activity of SCR
catalyst. In Fig. 8b, the N, selectivity of MnOy-CeO, / TiO, gradually decreases with

the increase of temperature. These results can be attributed to the formation of N,0O
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under high load and partial oxidation of NH; at elevated temperatures®’ ‘Rfi/coNI0s401C
Mn-based catalysts, due to their oxidative power, promote the formation of undesired
products (NoO and NO,).® In addition, the N, selectivity of MnO,-CeO, @ TiO-
remains above 95% from 40 to 200 °C. As shown in the Raman spectra, a synergistic
interface effect exists between MnOy-CeO; (core) and TiO, (shell), which facilitates
NH;-SCR activities of MnO,-CeO, @ TiO, catalysts and N, selectivity.** The
stability of MnO,-CeO, @ TiO, at 160 °C is shown in Fig. 8c. And the NOy
conversion of MnOx-CeO, @ TiO, remains unchanged in the whole test, which is due
to the formation of the core-shell structure.>® Core-shell nanostructures protect active
components from migrating and reuniting. It can be concluded that MnO4x-CeO, @
TiO; has high Ny selectivity, good stability and high SCR activity, which is closely

related to its special core-shell structure.

100
@

80

60

—=— MnO,-CeO, / TiO2

01 —e—MnO,-Ce0, @ TiO,

NO, Conversion (%)

T T T T T T T T
40 60 80 100 120 140 160 180 200 220
Temperature (°C)
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T 40| ) § 40+
@ —=— MnO,-Ce0, / TiO, g
z X o
204 ——MnO0,-Ce0, @ TiO, Z 904
40 60 80 100 120 140 160 180 200 0 100 200 300 400 500 600 700 800 900
Temperature(°C) Reaction time (min)

Fig. 8 Catalytic activity (a) and N, selectivity (b) for different samples and stability of

MnO,-CeO, @ TiO, catalyst at 160 T (c)

3.9 Influence of SO,

High SO, durability is usually required for the potential low-temperature
NH3-SCR catalysts. 200ppm SO, was added into the system on the basis of the
catalytic activity test. The catalytic activity of MnOx-CeO, / TiO, and MnO«-CeO, @

TiO; are shown in Fig. 9.

After 200ppm SO, was introduced into flue gas system for 3.5 hours, catalytic
activity of MnOx-CeO, / TiO, and MnOy-CeO, @ Ti0O, decreased from 100% to 47%
and 70% respectively, verifying that SO, had a poisoning effect on SCR activity at
low temperature. Catalytic activity of MnO4-CeO, / TiO, could not recover after the
removal of SO, indicating that SO, caused irreparable damage to MnO4-CeQO, / TiO,.
Compared with MnO4-CeO, / TiO,, the activity of MnOy-CeO, @ TiO, restored to

around 85% after turning off the SO,.
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200ppm SO, off

0] 200pprh SO, on

NO, conversion (%)
(2]
o

—e— MnO,-Ce0, @ TiO,
—=— MnO,-Ce0, / TiO,

0 100 200 300 400
Reaction time (min)

Fig. 9 SO, tolerance of MnO,-CeO, / TiO, and MnO,-CeO, @ TiO, at 180 °C

According to literatures, the formation and deposition of ammonium sulfates
which clog the pore channels and the competitive adsorption between NO and SO,
partially contribute to the deactivation of catalyst. And the main cause of catalyst
deactivation is the sulfation of the active center atoms.”® Gao et al. reported that
MnO,-based catalysts have poor resistance to SO,.>* MnOy-based catalysts can easily
react with SO, to generate a large amount of sulfate, resulting in a decrease of the
amount of the active component of Mn**. When SO, was added into system,
MnOy-CeO, @ TiO, had higher catalytic activity than MnOy-CeO; / TiO,. As shown
in Fig.2a, the active components of MnOx-CeO; / TiO, were completely exposed. The
surface of MnOy-CeO, / TiO, was covered with ammonium sulfate to prevent the
adsorption of the reaction gas. Moreover, the active components of MnOy-CeO, /
TiO; reacted with SO, to generate a large amount of sulfate that did not contribute to
NO degradation, which was the reason why the catalytic activity of MnOx-CeO, /

TiO; could not recover after the removal of SO,. Compared with MnOx-CeO, / TiO,,
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the special core-shell structure in MnOy-CeO, @ TiO, caused ammonium stiffafe to’<*"702*1¢
deposit on the outer shell, which reduced the blockage of the catalyst channel by
ammonium sulfate. Interestingly, the active center is not easily exposed to SO, due to
the presence of the TiO; outer shell.** MnO,-CeO, @ TiO still had a large number of
active centers after SO, was added into the system for several hours. So MnOx-CeO,
@ TiO; had higher catalytic activity than MnOx-CeO, / TiO,. And the decomposition
of ammonium sulfate and the disappearance of competitive adsorption of SO, were
probably responsible for the recovery of MnOx-CeO, @ TiO, activity after the

removal of SO,.

) (NH,),50,
NO+NH,+0, SO2 2t NO
@C SOZ
N,+H,0
N Mnsoy/
CeSO,
) (NH,),S0,
) NO+NH;+0, \ « NO+NH;+0,
C so -
N,+H,0 N,+H,0

TiSO,
Fig. 10 The SO, deactivation mechanism over different catalysts. (2) MnO,-CeO, / TiOy; (b)

MnOy-CeO, @ TiOs.

4. Conclusion

In summary, core-shell structure MnO4-CeO, @ TiO, was successfully
fabricated as high-performance de-NOy catalyst. Compared with MnO-CeO, / TiOy,

MnO«-CeO, @ TiO, has larger specific surface area and pore volume, which make
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the catalyst have more active sites and channels for the reaction gas to fully’Coftact <2"702461c
the active sites. Moreover, more oxygen vacancies and acidic sites in MnO,-CeO, @
TiO, make NO more susceptible to oxidation. Obviously, The TiO; shell not only
does not inhibit the catalytic activity of MnO4-CeO, @ TiO,, but improves the
physicochemical properties of the catalysts. The superior SO, tolerance could be
attributed to the unique core-shell structure lowers the possibility of surface active
sites poisoned by SO, and meanwhile prevents the formation of ammonium sulfate
species from covering the active sites. The MnOx-CeO, @ TiO, catalyst could serve

as a promising candidate for the NH3;-SCR catalyst at low temperature.
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8 MnO,-CeO, @ TiO, catalyst presents excellent NH3;-SCR activity and TiO, shell is

21 responsible for the good SO, tolerance.
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