Preparation of highly dispersed Mn—Ce mixed metal oxides supported on the nitric
vapour functionalised CNTs for low-temperature NO reduction with NHj
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Highly dispersed Mn—Ce mixed metal oxide catalysts supported on the nitric vapour functionalised carbon nanotubes (CNTs) were
synthesised by a polyol process for the low-temperature NO reduction with NH;. The obtained samples possessed high Mn**/Mn and O,/

O, + Og ratios and exhibited 90-100% NO conversion at 180-240°C.

1. Introduction: Selective catalytic reduction (SCR) is considered
as one of the optimum clean technology for reduction of the NO,
from stationary sources. V,0s—WO3/TiO, is usually used as the
commercial catalyst for the NH3-SCR of NO, [1, 2]. However,
some disadvantages exist, such as catalysts should be located
downstream of the de-sulphurised and electrostatic precipitators,
and the flue gas temperature at this point is usually below 200°C
[3]. Therefore, it is necessary to develop highly active
low-temperature (<200°C) catalysts.

Recently, Mn-based catalysts, which are famous for the novel
chemical and physical properties, have developed for low-
temperature SCR of NO with NH;. However, the low-temperature
SCR activity of single component needs to be improved [4, 5].
Complex metal oxides are concerned, which selectivity of N, and
active window can be changed [6]. The MnO,—CeO, binary metal
oxides catalysts were possessed of desirable SCR activity, recently,
such as MnO,—CeO,/TiO; [7], MnO,—CeO, catalysts [8], Mn—
Ce0,/Ti0, carbon nanotubes (CNTs) [9]. Moreover, CNTs with
unique one-dimensional tubular, electronic, physical and chemical
characteristics get more and more attention as support materials
of the catalysts. In particular, the CNT-based catalysts are not
poisoned, and the CNTs are good sorbents of ammonia and nitric
oxides [10, 11]. As we know, CNTs have a hydrophobic surface
[12]. So it is difficult to uniformly disperse the MnO, and CeO,
on the CNTs. Herein, we hope to improve the dispersity of the
active components by the surface modification of CNTs. The
liquid oxidation using vigorous oxidants such as nitric acid or
nitric acid and sulphuric acid mixture to remove amorphous
carbon and impurities is often recognised as the efficient method
[13]. However, it pollutes the environment and damages the essen-
tial nanotubes structure and it is difficult to remove the oxidant
solution through tedious washing. Recently, we found that
functionalisation with HNO; vapour can afford surface oxygen
functional groups (C=0, -COOH and —OH), which can eliminate
agglomerates and serve as the adsorption sites for reducing
agents, and enhance the loading efficiency of the metal phase
[14-18]. Therefore, the oxygen-containing functional groups are
in favour of the enhancement of NH3-SCR activity. In addition,
the application of the HNO; vapour treatment is more advantageous
by avoiding the tedious filtration and washing. So we first oxidise
CNTs via nitric acid vapour to improve the hydrophobic nature in
solvents for the SCR catalysts. The catalyst is prepared by a
polyol process. Meanwhile, we found non-covalently associating
CNTs with polyvinyl pyrrolidone (PVP) can solubilise CNTs in
ethylene glycol solution. The CNTs with PVP can uniformly dis-
perse in the ethylene glycol solution. The Mn** and Ce*" ions are
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attached to the composites of CNTs and PVP though reflux. We
can obtain the catalysts Mn—Ce/CNTs after calcination. The morph-
ology, structural properties as well as the catalytic performance of
catalysts were investigated.

2. Experimental

2.1. Catalyst preparation: Pristine multi-walled CNTs (1 g) with
40-60 nm in diameter were loaded on the porous SiO, griddle of
glass sand crucible, and placed into a 100 ml Teflon-vessel, and
10 ml HNO; was previously added to the bottom of the vessel.
The vessel was sealed, and then placed into the autoclave.
Subsequently, the autoclave was moved to the oven at the
temperature of 180°C. After 5h of operation, took the
functionalised CNTs out of the vessel when the autoclave was
cool to the room temperature. Then, the CNTs were separated by
filtration, washed several times with distilled water and ethanol.
Next, the samples were dried at 70°C overnight.

The supported catalysts were synthesised by the polyol process.
Manganese acetate and cerium nitrate with different mole ratios and
the functionalised CNTs were mixed and dispersed in 100 ml of
ethylene glycol upon ultrasonic vibration for 2 h. The mixed solu-
tion was refluxed under continuous stirring at 140°C for 10 h. After
that, the solution was filtered and washed repeatedly with distilled
water and ethanol, and dried at 70°C for 12 h. Finally, the sample
was calcined at 400°C for 2 h in N, atmosphere. The obtained
catalysts are denoted as Mn(y)-Ce/VF-CNTs, where y represents
the molar ratio of Mn/(Mn + Ce).

For comparison, the primitive CNTs are oxidised by nitric acid so-
lution. Then the catalyst with optimum Mn/(Mn + Ce) was prepared
by an impregnation method. The catalyst synthesised by this way
was denoted as Mn—Ce/SF-CNTs. In the typical synthesis, the primi-
tive CNTs were impregnated with a mixed solution of cerium nitrate
and manganese acetate. After that the sample was dried at 70°C and
calcined at 400°C for 2 h in N, atmosphere. The catalyst synthesised
by this way was denoted as Mn—Ce/p-CNTs.

2.2. Catalyst characterisation: The power X-ray diffraction (XRD)
was performed on a DX-9BG X-ray diffractometer with Cu-K,,
(40 kV, 40 mA) radiation. The XRD data were recorded in range
of 5°<20<80°. The X-ray photoelectron spectroscopy (XPS)
results were obtained using an AXIS Ultra DLD system from
Kratos with Al-K, radiation as X-ray source for radiation. The
transmission electron microscopy (TEM) observation was carried
out on a JEOL JEM-200CX system. Field emission scanning
electron microscopy (FESEM) image was obtained by Nova
NanoSEM 230 SUPRA 55 SAPPHIRE instrument equipped an
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X-ray probe with 10 keV primary electron energy and about 127 eV
energy resolution in the Mn (K,,) peak.

2.3. Catalyst tests: The NH;-SCR activity measurements are
performed in a fixed-bed reactor at 100-300°C and the following
reaction condition is NO=NH; =500 ppm, 5% O,, N, balance
and the gas hourly space velocity of 20,000 h™'. The concentration
of NO in the feed gases and the excurrent steams were measured
by a KM9106 flue gas analyser. NO conversion was calculated as
follows

[No]in — [No]out
[NOJ;,

[N,]
[Nox]in - [NOx]out

NO conversion(%) = x 100%

N, selectivity(%) = x 100%

3. Results and discussion

3.1. TEM and XRD: Fig. 1 shows the micro-morphology of the
samples and the dispersion of the metal oxides on the functioned
CNTs were investigated by TEM and SEM. From Fig. la, many
metal oxides nanoparticles were anchored on the surface of
CNTs. As shown in Fig. 1b, there were no obvious
agglomeration of metal oxide particles and the particle size was
uniform. To further demonstrate the elemental distribution in the
catalysts, the elements mapping was listed in Figs. lc—f. The
bright spots in Figs. 1¢—f indicate the presence of elements C, O,
Ce and Mn, respectively. Moreover, the mapping shapes of
various elements imply the catalyst has uniform distribution of
metal oxides.

The XRD patterns of samples are shown in Fig. 2. The diffraction
peaks around 26.2°, 42.86°, 53.9°, 77.3° are ascribed to the charac-
teristic reflections of CNTs [19]. From Fig. 2, it is observed that the
diffraction peaks of manganese oxides and cerium oxides are very
weak and broad over the Mn—Ce/VF-CNTs catalysts. No obvious
peaks ascribed to crystalline phase of manganese oxides or
cerium oxides could be observed even at a high loading, which sug-
gested that Mn—Ce mixed oxides dispersed well on the HNO;
vapour functionalised CNTs. Based on the XRD results above, it
can be concluded that the manganese oxides and cerium oxides
have poor crystallinity and the metal oxides can be homogeneously
dispersed in the Mn—Ce/VF-CNTs catalysts.

3.2. BET: The Brunauer-Emmett-Teller (BET) surface area, pore
volume and pore size of the catalysts can be obtained by N,
adsorption—desorption. As shown in Table 1, functioned CNTs by
acid vapour obtained an increase in specific surface area and pore
volume owing to the opened tips of CNTs, which is beneficial for
the SCR activity. It can be distinguished from Table 1 that

Fig. 1 Micro-morphology of the samples

a TEM image

b FESEM image

c—f Elements mapping images of Mn—Ce/VF-CNTs catalysts
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surface areas and pore volumes of the Mn—Ce/VF-CNTs catalysts
are higher and larger than the catalysts prepared by the other way.
It may be a result of the better dispersion of the Mn—Ce/
VF-CNTs and the inside channel of CNTs would not be blocked.
The results are in good consistency with the TEM study. In
general, the high specific surface area and porous structures could
provide ideal adsorptive and reactive centres for the reactants,
which could be useful in the NH;-SCR reaction.

3.3. X-ray photoelectron spectroscopy: The XPS measurements
were carried out to provide the information about the metal
oxidation states of the elements. The obtained XPS spectra of Mn
2p, Ce 3d, C 1s and O 1s are shown in Fig. 3, and the
corresponding surface atomic mole ratios and compositions are
summarised in Table 2.

Fig. 3a presents the C 1s spectra of the catalysts. By performing
peak-fitting deconvolutions, the C 1s spectra of the CNTs func-
tioned by HNO; vapours could be separated into carbon sp’
(C=C, 284.8¢eV), sp® (C-C, 285.1 V), epoxy/hydroxyls (C-O,
286.2 eV) and carboxylates (O—C=0, 288.9 eV) [20]. Therefore,
the results indicate that there are large amounts of acidic groups
after HNO; vapour treatment. These oxygen-containing groups
could provide active sites for MnO,—CeO, particles over the Mn—
Ce/VF-CNTs catalysts and enhance the ability of the CNTs to
support metal oxides, which are beneficial for the NH;3-SCR
activity.

The Mn 2p,/; spectrum can be divided into three characteristic
peaks, which can be assigned to Mn®" (640.4 ¢V), Mn®" (642.2
eV) and Mn*" (644.5 eV) by performing peak-fitting deconvolu-
tion, respectively [21, 22]. According to the XPS results, the con-
centration of Mn and Mn*" on the Mn—Ce/VF-CNTs is 88.97%
and higher than that on the Mn—Ce/p-CNTs catalysts. Previous
studies have demonstrated that the manganese species with higher
oxidation state were preferable for redox properties in the
NH;-SCR reaction at low temperature [23]. Moreover, it has been
found that a high Mn*" ratio would promote the reduction of NO
to Np, which is favourable to improve the electron transfer and
enhance the SCR activity [21].

The Ce 3d spectrum in Fig. 3d was deconvoluted by the curve-
fitting procedure. The peaks denoted as u, (879.9 eV), u (882.63
eV), uy (889.11 eV), uz (898.31 V), and v, (899 eV), v (901.28
eV), v» (907.59 eV), v3 (916.69 eV) were assigned to the Ce*"
species, while u; (885.3 ¢V) and v; (903.67 eV) were indexed to
Ce®" species, which imply the coexistence of Ce*" and Ce**
species [22]. As is well documented in the literature, the presence
of partial Ce®" species could create the oxygen vacancies and unsat-
urated chemical bonds on the catalyst surface, which could be bene-
ficial for the activity of the active oxygen species and hence

» Mn(0.4)-Ce/VF-CNTs

/" Mn(0.5)-Ce/VF-CNTs
/" Mn(0.6)-Ce/VF-CNTs
S/ functioned CNTs

10 20 30 40 50 60 70 80

Fig. 2 XRD patterns of the Mn—Ce/VF-CNTs catalysts
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Table 1 Surface area and pore characterisation of samples

Samples BET surface area, Pore volume, Pore size,
m? g’1 cm® g’1 nm
Raw-CNTs 116.4 0.54 18.56
VF-CNTs 146.9 0.65 18.43
Mn—Ce(0.5)/ 195.3 0.83 16.71
VF-CNTs
Mn—Ce(0.5)/ 155.4 0.71 14.91
p-CNTs

increase the SCR activity and N, selectivity [21]. As shown in
Table 2, the ratio of Ce*"/(Ce*" + Ce*") for Mn—Ce/ VF-CNTs is
higher than that of Mn—Ce/p-CNTs, which could improve the low-
temperature SCR activity of NO.

The O 1s XPS spectra of the Mn—Ce/VF-CNTs catalysts were
shown in Fig. 3b. The O 1s XPS spectra consists of two peaks
assigned to the lattice oxygen at 529.5-531.3 eV and the chemi-
sorbed oxygen at the high binding energy 531.6-532.4 ¢V [23].
They are denoted as O, and Og, respectively. The chemisorbed
oxygen is from the hydroxyl groups or oxide defects. As listed in
Table 2, the O,/O, + O ratio over the Mn—Fe/VF-CNTs is higher
than the other one. It has been demonstrated that the chemisorbed
oxygen is more active than the lattice oxygen, which is ascribed
to their higher mobility. Moreover, the higher O, content could ac-
celerate the oxidation of NO to NO,, resulting in the subsequent fa-
cilitation of the ‘fast SCR’ reaction, which is beneficial to the
low-temperature NH3-SCR activity.

3.4. Catalytic activity: Fig. 4 shows the NH;3-SCR activity of the
samples, as a function of the temperature within 100-300°C. It is
worth noting that the NO conversion over all the catalysts
increases first with the rising temperature. The maximum NO
conversion rate of 88% of the Mn—Ce/p-CNTs was reached at
200°C. However, the rate of maximum NO conversion of the
Mn—Ce/VF-CNTs is 99% and good catalytic performance could
be maintained from 180 to 240°C. It can be seen that the Mn—Ce/
VF-CNTs catalysts has the higher NH;-SCR activity than the

intensity, a.u.
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Fig. 3 XPS spectra for

aCls

bOIs

¢ Mn 2p

d Ce 3d of the Mn—Ce/VF-CNTs catalysts
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Table 2 Corresponding surface atomic mole ratios and compositions of
the samples

Catalysts C, Mn, Ce, 0, Mn*, o0, C&,
% % % % % % %

Mn-Ce(0.5)/ 888 1.0 0.12 10.0 58.7  60.1 16.3
VF-CNTs

Mn—Ce(0.5)/ 903 0.89 038 79 46.7 513 109
p-CNTs

catalysts synthesised by other ways. It also can be observed that
the NO conversion of the CNTs without metal oxides is about
11% and we can exclude the catalysis of CNTs to the reaction. It
is remarkable that the Mn—Ce/VF-CNTs demonstrated a wider
operation temperature window. From the XRD and XPS results,
the good dispersion degree of the active components on the Mn—
Ce/VF-CNTs surface leads to enhancement of the reduction,
which could increase the SCR activity. Moreover, the higher O
contents on the catalyst surface could facilitate the ‘fast SCR’
process and be in favour of the excellent catalytic reduction of
NO. As is well documented in the documents, the higher Mn and
Mn*" contents are exposed on the surface of the Mn—Ce/
VF-CNTs catalysts, which results in the more active sites for the
SCR-NHj; reaction. The interaction of MnO, and CeO, could
promote the oxidation of NO to NO,, which can enhance the
SCR activity. Additionally, the N, selectivity of the catalysts is
shown in Fig. 4b as a function of reaction temperature. As shown
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Fig. 4 NH;-SCR performance of Mn—Ce/VF-CNTs and Mn—Ce/p-CNTs

a Catalytic activity

b N, selectivity reaction conditions: [NO]=[NH3] =500 ppm, [O,]=5%,
N, balance and GHSV = 20,000 h™"
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in Fig. 4b, the Mn—Ce/VF-CNTs catalysts are more selective for the
low-temperature  NH3;-SCR of NO. Generally, the Mn—Ce/
VF-CNTs catalysts demonstrate highly active and selective for
the low-temperature NH;-SCR of NO,.

4. Conclusion: In summary, we successfully developed the Mn—
Ce/VF-CNTs via a facile and green method. The obtained
samples enhanced NH;3-SCR activity of NO. The CNTs
functioned by HNO; vapour could be associated with the high
specific surface areas, oxygen-containing functioned groups. The
high specific surface areas are beneficial for the adsorption of the
reagents, leading to high catalytic activity. The oxygen-containing
functioned groups could enhance the hydrophilic nature of the
nanotubes surface and provide the anchoring sites for catalyst
precursor complexes, which could result in the uniform
distribution of active sites and be in favour of the excellent
catalytic performance. Based on these favourable properties, the
catalysts could possess the excellent low-temperature NH3-SCR
activity of NO.
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