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Abstract : The manganese-cerium composite oxides catalysts were prepared with the pretreatment of plasma. The effects of the

discharge atmosphere of the plasma, including N,, Ar, and air, on the structure and performance of manganese-cerium

oxides were investigated. The physical and chemical properties of the samples were characterized by means of the BET surface

area, X-ray diffraction, X-ray photoelectron spectra and H,-temperature programmed reduction analysis. Plasma pretreatment

can improve the catalytic oxidation performance of the catalyst. The catalyst pretreated by air plasma displays the highest cata-

Iytic activity, whose NO oxidation efficiency is about 75% at 275 °C, which is 20% higher than the catalyst prepared by the

traditional method. Plasma pretreatment can improve oxygen mobility and oxidation-reduction ability at low temperatures. Ac-

cording to the characterization of the catalysts, the improvement of the redox ability and catalytic activity is attributed to the

enhancement of the formation of solid solution structure between MnO_ and CeO, with plasma pretreatment, leading to an in-

crease of specific surface area, the ratio of Ce’ at catalyst surface and the amount of surface active oxygen, which result in

the improvement of the redox ability and catalytic activity.
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Nitrogen oxides (NO,) emission from fossil fuel
combustion is one of the most important environmental
problems because it contributes to the formation of acid
rain, photochemical smog and ozone depletion. Oxidi-
zing NO into NO, by O, is an essential pre-requisite
step for NO, removal as NO, promotes the selective ca-
talytic reduction and enhances the absorption of NO in
wet flue gas desulfurization system''’. One of the effec-
tive methods to increase the proportion of NO, in ex-
haust gas is passing gas over a strong oxidation catalyst.

Transition metal oxides, supported noble metal
catalyst, active carbon and zeolite are the primary cata-
lysts for NO catalytic oxidation reaction''™. Among
these catalysts, transition metal oxides have been stu-
died widely due to its excellent redox ability and the

moderate cost. Many studies reported that cerium oxide
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has strong ability for oxygen storage and shows a good

. 5
reactlons( ] .

performance in oxidation Manganese
oxides present high low-temperature catalytic activity
and shows strong ability to interact with cerium oxide
which leads to the formation of solid-solution structure,
the promotion of the activity of lattice oxygen, and the
enhancement of catalytic activity'® . Therefore, the
manganese-cerium composite catalysts have been stu-
died extensively in treatment of liquid and gaseous pol-

lutants due to their perform-

[5,7-9]

superior catalytic
ance

However, compared with the commercially noble
metal supported catalyst, the catalytic activity for NO
catalytic oxidation of the manganese-ceriumcomposite
oxides catalyst under current preparation method is still

lower, which limits it to be the substitute of commer-
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cial catalyst. Therefore, it is of great significance to
carry on research on how to enhance the catalytic oxi-
dation ability of this transition metal oxide catalyst. In
recent years, non-thermal plasma has been applied in
the preparation of catalysts as plasma-assisted prepara-
tion can change catalyst properties and improve cataly-
tic activity. Non-thermal plasma contains a large num-
ber of active species, including excited particles, elec-
trons and ions, with a macroscopic temperature of 25~
200 C. These active species can help decompose ni-
trates and organics in precursor of the catalyst and lead
active

to the formation of surface defects and

10-13]

sites' . Thus pretreatment of the catalyst using
plasma shows a promising method to improve the redox
ability and catalytic performance of the manganese-ce-
rium mixed-oxides catalyst'!™>"*'* . In this work,
MnCeO, catalysts were prepared using the plasma-
assisted sol-gel method and tested in the oxidation of
NO. The effects of plasma in different discharge atmos-
phere including Ar, N, and air were compared. The

physical and chemical properties of the catalysts were

characterized.

1 Experimental

1.1 Catalyst preparation

MnCeO, precursor with a Mn : Ce atom ratio of
3 : 1 was prepared by the sol-gel method'"™’. The sol
was heated at 80 °C till gel was formed. The sample
was dried at 110 °C overnight. This sample was deno-
ted as MnCeO, w/0o P or C. Then the sample divided
into two portions. One portion calcined in air at 300 °C.
The obtained sample was denoted as MnCeO_-C. The
other portion of the sample was put into the discharging
tube and treated by plasma for 90 min, followed by the
calcination in air at 300 °C. The plasma was generated
by high-frequency dielectric barrier discharge with dis-
charge power of 180 W. This sample was nominated as
MnCeO,-M (M was noted as discharge atmosphere,
Ar, N, or Air).
1.2 Catalytic activity tests

Experiments of NO catalytic oxidation were carried
out at atmospheric pressure in the temperature range of

100~ 350 °C in a cylindrical fixed-bed quartz reactor

(diameter = 8 mm) containing 0.2 g catalyst of 60~
80 mesh. The reactor was connected to Testo 350XL
gas analyser for NO and NO, measurement. The gas
flow and gas hourly space velocity ( GHSV) in all ex-
periments were 1 200 mL/min and 360 000 mL ™" g
h™"; The simulated gas mixtures used contained 400
ppm NO, 5% O, and balance N,. The NO oxidation ef-

ficiency (X) and the rate constant (k) were calculated

as follows:
x = WOLu = INOLow i (1
= X
[NO] in ’ )
F
k:—ﬁln(l—X) (2)

Where [ NO], and [ NO]

and outlet concentrations of gaseous NO, respectively;

i Tepresented the inlet
F was the total flow rate and W was the weight of the
catalyst.

1.3 Catalyst characterization

Thermogravimetric analysis (TGA) was performed
by using a TA Q500 TGA instrument. The samples
(3~4 mg)were heated from 50 to 800 °C in nitrogen
at a heating rate of 10 °C/min.

Fourier-transform infrared spectroscopy ( FTIR)
was carried out to investigate the functional groups spe-
cies using a Nicolet 5700 spectrometer. The spectrum
was generated and collected 32 times and the back-
ground line obtained was automatically subtracted. The
spectra were recorded from 4 000~400 cm™'.

The BET surface area and pore size distribution
were obtained by measuring N, adsorption and desorp-
tion at liquid nitrogen temperature (77 K) with Micro-
meritics ASAP 2020 system. Prior to N, adsorption,
the samples were degassed at 250 °C for 3 h.

The powder X-ray diffraction (XRD) was carried
out on a Rigaku D/max-rA system using monochroma-
ted Cu Ka radiation (40 kV, 200 mA) at a scan rate
of 4°/min with a 0.0167° step size in the 26 range be-
tween 10° and 90°.

Temperature programmed reduction ( TPR) of
hydrogen was performed on a custom-made TCD setup
using 100 mg catalysts to measure the redox properties.
Prior to each measurement, the samples were pretreated

under flowing pure Ar at 200 °C for 30 min, and this
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was followed by cooling to 50 “C in atmosphere of Ar
containing 10% H, at a flow rate of 30 mL/min. TPR
runs were carried out from 50 ~ 700 °C with linear
heating rate (10 °C/min) in the same atmosphere.

The X-ray photoelectron spectra ( XPS) measure-
ment of O 1s, Mn 2p, and Ce 3d regions was per-
formed a Thermo ESCALAB 250 electron spectrometer
equipped with an Al Ka X-rays (hv=1486.6 ¢V) and
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a hemispherical electron analyzer being operated at a
constant pass energy (20 eV). Sample charging effects
were eliminated by correcting the observed spectra with

a C 1s binding energy ( BE) value of 284.6 eV.

2 Results and Discussion

2.1 Catalytic activities
Fig.1(a) shows the NO oxidation efficiency of the
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Fig.1 (a) Catalytic activity of the catalysts along with temperatures; (b) Catalytic performance of the
MnCeO, -Air catalyst within 50 h

manganese-cerium oxides catalysts prepared by plasma
pretreatment and traditional method. The oxidation effi-
ciency increases as the temperature increases until rea-
ches the equilibrium of the reaction. The order of oxi-
dation efficiency is as follows: MnCeO_-Air > MnCeO -
Ar = MnCeO,_-N, > MnCeO, -C. Compared with the
catalyst prepared by traditional method, the catalytic
activities are improved by the pretreatment of plasma,
especially at 250 ~275 °C. The NO conversion of Mn-
CeO,-Air is 75% at 275 °C , which is 20% higher than
that of MnCeO_-C. In Fig.1(b), it can be seen that
the MnCeO -Air catalyst has a favorable stability within
50 h.
2.2 Analysis of the samples treated by plasma

FTIR

To study the characters and components at the
surface of the precursor treated by plasma in different
discharge atmosphere, FTIR was utilized to analyze
these samples. The results are displayed in Fig.2. The
surface of the precursor without treatment has numerous

groups including —COOH, —NO,”, —OH, C—0—

-OH C-H -COOH €=0 -OH C-0-C
i i (~COOH) ;
. NO* |
o~ { MnCeO,~C 3 /\/“
 MnCeO,-Air
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Fig.2 The FTIR spectra of the catalyst precursors

before calcination

C and C = O. The peak at 1 388 em™' is correspond-
ing to the nitrates. The peak is weakened by Ar plasma
treatment, which demonstrates that Ar plasma could
decompose partial nitrates. The peak at 1 734 cm™ is
contributed to the C = O in —COOH, and the peak at
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1 073 em™ is contributed to C—O—C in polyethylene
glycol (PEG). No obvious change for these two peaks
is observed after Ar plasma treatment, which demon-
strates that Ar plasma cannot decompose organics. This
is because the active species in Ar plasma is only meta-

171 which have weak reaction with the

stable Ar atoms
precursor.

After N, plasma treatment, the —COOH peak
vanishes and both the C—O0—C and —NO,  peaks
weaken notably. It demonstrates that N, plasma treat-
ment can decompose all carboxyl group and partial po-
lyethylene glycol and nitrates, which results from the
reactions between the precursor and excited or metasta-
ble N and N, in N, plasma, which is more active than
metastable Ar.

The infrared spectroscopy of the sample treated by
air plasmas is almost the same with that of the sample
after calcination, except trace amount of residue ni-
trates. As our experimental experience, if catalyst were
placed in the plasma discharge zone, NO and NO,
could be oxidized by O, in air, and then adsorbed by
the catalyst. Therefore the residue nitrates maybe
caused by the decomposition-adsorption equilibrium. It
indicates that air plasmas could decompose nitrates and
organic matters almost completely and gain pure oxides
with trace nitrates. That is because the oxidative active
components including O, O; formed in air plasma can
decompose nitrates and organics in the precursor of
catalyst efficiently.

TGA

The results of TGA for the samples treated by
plasma but without calcinations are displayed in Fig.3.
Compare with the result of FTIR, it is found that the
weight loss before the temperature of 230 °C is attribu-
ted to the desorption of absorbed water, and the de-
composition of carboxyl group and nitrates to intermedi-
ates, such as Mn (OH),. The precursor without any
treatment shows an obvious weight loss about 11% at
200 °C. Its weight loss at 250 ~270 °C could be con-
tributed to the decomposition of the intermediates and
the organics to Mn,0;. Then the weight does not
change as the temperature continues rising. The whole

weight loss is about 66% eventually.
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Fig.3 TG and DTG curves of the catalyst precursors

before calcination

The sample prepared by Ar plasma shows a whole
weight loss of 61.6% , which was just 4.4% lower than
the precursor without plasma treatment. This is assis-
tance with the result of FTIR, that Ar plasma could on-
ly decompose partial nitrates. The sample treated by N,
plasma shows a weight loss of about 42.5%. The peak
at 200 C disappears, and the weight loss for organics
oxidation moves to a lower temperature of 230 to 252
°C. Because the N, plasma decomposes the organics to
some matters which are easy to be oxidized, the weight
loss of the sample treated by N, plasma shifts to a lower
temperature. The sample treated by air plasma shows
weight loss about 4.5% and no noticeable weight loss
peak is observed. It indicates that the nitrates and or-
ganics have been decomposed almost completely in the
treatment process by air plasma. Therefore the pretreat-
ment of air plasma help avoid sintering and agglomera-
tion occurring at high temperature in calcination.

2.3 Characteristics of the catalysts

BET

Table 1 gives the specific surface area, pore vol-
ume and pore size of the catalysts prepared by plasma
pretreatment and traditional calcination method. The
catalysts pretreated by N, and Ar plasma shows little

difference in specific surface area , pore volume and
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Table 1 The physical characteristics of the catalysts

Samples Sper/(m* + g™") Pore volume/ (em® « g7') Pore size/nm
MnCeO,-C 68.9 0.131 6.78
MnCeO,-N, 63.8 0.112 7.15
MnCeO, -Ar 65.9 0.126 7.87
MnCeO_-Air 165 0.461 9.18

pore size with the sample prepared by traditional met-
hod, while the sample treated by air plasma shows
much larger values of all the parameters. The specific
surface area of MnCeO -Air is 165 m°g”™", which is 2.4
times larger than that of MnCeO,-C.

XRD

The XRD patterns of the samples prepared by
plasma pretreatment and traditional method are dis-

played in Fig.4. As shown in Fig.4, in the pattern of

+ CeO, v Mn;0, 4 Mn;Oy

MnCeO,-Air

MnCeO.~Ar
MnCeO,-N,

*

Intensity/(a.u)

- v v
MU MnCeO,-C
1 1 | 1 1 1 1

10 20 30 40 50 60 70 80 920
20/° )

Fig.4 XRD patterns of the catalysts

MnCeO_-C, the peaks of CeO,, Mn,0, and Mn O, can
be found. The CeO, peaks of the samples treated by
plasmas are weaker than that of MnCeO, -C, which
suggests that plasma treatment promotes the dispersion
of CeO, component. The Mn; O, peaks of MnCeO_ -N,
and MnCeO, -Ar are much weaker than that of Mn-
CeO, -C, while the Mn;O4 peak of MnCeO_ -Air vani-
shes. It demonstrates that plasma pretreatment enhance
the interaction of MnO_ and CeO,, and more solid so-
lution structure is formed. The peak of CeO,, Mn,0,
and Mn;Og in MnCeO _-Air is weaker than that of other

samples, which demonstrates the solid solution struc-

ture of MnCeO_ is well formed in MnCeO_-Air. As re-

ported in the research of MnO_ -CeO, mixed oxides, the
solid solution has higher oxidation efficiency than MnO,
and CeOzilg_lg] , which is in the good agreement with
the results of this study.

XPS

The formation of solid solution structure can
change the valence of Mn and Ce in mixed-oxides and
increase the amount of active oxygen. In order to ana-
lyze the valence states of the metal element and the
type of oxygen on the surface of the studied samples,
XPS spectra of O 1s and Ce 2p were measured, and
the results are shown in Fig.5 and Table 2. Table 2
shows the percentage of oxygen on catalyst surface. It is
found that the catalysts surface gets relatively rich in O
value with the pretreatment of plasma. The spectra in
Fig.5 are deconvolved for the convenience of observa-
tion. The oxygen species on catalyst surface plays a sig-
nificant role in catalytic oxidation. The peak at 529 eV
is contributed to lattice oxygen ( mnoted as O, ) in
oxides, while the peak at 531 eV is attributed to the
surface adsorbed oxygen (noted as O, ), such as the
chemical absorbed oxygen and the hydroxyl-like group

at catalyst surface' ™.

The O, which is more active
than Oy is the major species for oxidation reaction and
has significant effect on catalytic activity'”"'. As shown
in Fig.5 and Table 2, the samples pretreated by plasma
present higher 0,/(0,+0,) values than the sample
prepared by traditional method. Quantitatively, it was
found that the 0,/(0,+0,) value of MnCeO,-Air,
MnCeO, -Ar and MnCeO,-N, is 14.0%, 2.2% and 3.6%
higher than that of MnCeO -C (26.2%) , respectively,
which suggests that plasma pretreatment can notably in-
crease the oxygen vacancies and surface active oxygen,
which is beneficial for catalytic oxidation.

In the Ce 3d spectra, the U, U”, U’’’ |V V”
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Fig.5 XPS spectra for (a) O 1s and (b)Ce 3d. (¢) Correlations between the relative concentrations of

surface-adsorbed oxygen 0,/(0,+0,) and the relative concentrations of Ce*/(Ce* +Ce™). (d) Correlations

between the relative concentrations of surface-adsorbed oxygen 0,/(0,+0,) and the rate constant (k) at 275 C

Table 2 XPS results of the catalysts

Samples 0/% Ce™ /(Ce™ +Ce™ ) /% 0,/(0,+0,)/%
MnCeO, -Air 69.14 19.3 40.2
MnCeO,-Ar 67.01 15.9 28.4
MnCeO-N, 67.67 15.4 29.8
MnCeO,-C 65.85 12.8 26.2

and V'’ peaks are contributed to Ce*" , while the U’
and V’ peaks are attributed to Ce’". Table 2 summari-
zes the calculated values of quantitative analysis. Mn-
CeO,-Air has the highest proportion of Ce’*, which is
6.5% higher than that of MnCeO,-C. And the propor-
tion of Ce’ in MnCeO, -Ar and MnCeO -N, is 3.1%
and 2.6% higher than that of MnCeO,-C, respectively.

The existence of Ce’* is important to the formation of
the surface active oxygen on catalyst surface, because
Ce™

and unsaturated chemical bonds'

can lead to charge imbalance, oxygen vacancies
2 Due to more solid
solution is formed by plasma pretreatment, as dis-
cussed in XRD, the portion of the relative amount of

Ce’/(Ce™ +Ce* ) is increased. As a result, oxygen
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vacancies and surface active oxygen in plasma-assisted
prepared catalysts increase, which is confirmed by the
results of relative concentration ratios of 0,/(0,+0,).
As presented in Fig.5(c), good correlation can be ob-
served between the relative concentration ratios of
Ce™/(Ce’*+Ce™) and relative concentration ratios of
0,/(0,+0,) , indicating that the relative concentra-
tion ratios of surface adsorbed oxygen are directly rela-
ted to the concentration of Ce™ on catalyst surface.
Therefore, the well-formed solid solution results in the
increase of relative amount of Ce™ and the increase of
oxygen vacancies and surface active oxygen, which has
higher mobility than lattice oxygen and contributes to
the enhanced catalytic performance. As shown in Fig.5
(d), the rate constant (k) has a linear correlation
with relative concentration ratios of 0,/(0,+0,), in-
dicating the catalytic performance is sufficiently related
to the relative concentration ratios of surface adsorbed
oxygen.

H,-TPR

Fig.6 shows the H,-TPR profiles of the studied

catalysts . Profile of the catalysts showed two reduction

MnCeO,—-Air

5 MnCeO,-Ar
=
=
20
2 MnCeO,-N,
@]
F
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1 1 1 1 1 1
100 200 300 400 500 600 700

Temperature/°C

Fig.6 H,-TPR profiles of the catalysts

peaks. One locates in low temperature between 200 to
250 °C, which is attributed to the reduction of Mn** to
Mn™, and the other in high temperature between 350
to 400 °C, is attributed to the reduction of Mn’* to
Mn®*. The catalysts pretreated by plasmas displays
stronger peaks in low temperature and weaker peaks in

high temperature compared with the catalyst prepared

by traditional method, which indicates that plasma pre-
treatment can improve oxygen mobility and oxidation-

(531 As discussed

reduction ability at low temperature
above in XPS results, there is more oxygen species and
higher portion of surface adsorbed oxygen on plasma
pretreated catalysts, which is easier to be reduced by
H, and has an important influence on catalytic oxida-
tion >/

In conclusion, plasma treatment can form more
Mn-Ce solid solution structures and enhance the speci-
fic surface area of the catalysts and the Ce™ component
at catalyst surface, all of which can notably increase
the oxygen vacancies and surface active oxygen. The
increase of surface oxygen species enhances the redox
performance of catalyst leading to the improvement of
catalytic activity. Besides, the air plasma pretreatment
shows the largest influence on the physical and chemi-
cal properties of the catalyst. The influence of the N, or
Ar plasma treatment on catalyst is similar, and both of
them are weaker than that of air plasma. That is be-
cause the oxidative active components including O, O,
formed in air plasma can decompose nitrates and orga-
nics in the precursor of catalyst efficiently and lead to
the formation of oxides before calcination. However,
there are only some metastable Ar atoms in Ar plasma
and some excited or metastable N and N, active compo-
nents in N, plasma. These active components have
weak reaction with the precursor of the catalyst, so

have a weak influence on the catalytic performance.

3 Conclusion

Plasma pretreatment can notably enhance the cat-
alytic oxidation activity of MnCeO, catalyst. The NO
conversion efficiency of MnCeO_ -Air is 20% higher
than that of MnCeO_-C. Air plasma treatment has the
largest influence on the physical and chemical proper-
ties, while the influences of N, and Ar plasmas treat-
ments are similar and both of them were weaker than
air plasma. Plasma pretreatment, especially in air dis-
charge atmosphere, enhances the formation of solid so-
lution between MnO, and CeO,, which results in hig-
her portion of Ce* , more surface active oxygen and the

improvement of redox ability of the catalysts. All of
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them

are the major reasons for the improvement of cata-

lytic performance.
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