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Ce-modified MneFe mixed-oxide catalysts were prepared by a citric acid sol-gel method and character-
ized by X-ray diffraction, Raman, N2 adsorption-desorption, infrared spectra, H2 temperature-programmed
reduction and thermogravimetric analyses. Their catalytic properties were investigated in ozone (O3)
decomposition reaction. Results show that the small amount of rare earth metal Ce added during MneFe
(FM) mixed-oxide synthesis greatly improves the catalytic performance in O3 decomposition. Among the
prepared catalysts, the C0.04(FM)0.96 mixed-oxide catalyst exhibits the highest catalytic activity and sta-
bility. The O3 conversion over C0.04(FM)0.96 is 98% after 24 h reaction at 25 �C under dry condition, and that
over FM decreases to 90% after 16 h reaction. At 0 �C, the O3 conversion over C0.04(FM)0.96 is 95% after 7 h
reaction under dry condition, and that over FM slows down to 70%. Under humid condition (RH ¼ 65%),
the O3 conversion over C0.04(FM)0.96 is 63% after 6.5 h reaction at 25 �C, while that over FM decreases to
55%. When Ce is doped into MneFe mixed oxides, the small amount of Ce enters the crystal lattice of
MnO2, and partial Fe is separated to form Fe2O3. This changes cause lattice distortion and increase defects
and enable the as-synthesized CeeFeeMn ternary mixed-oxide catalysts to acquire additional oxygen
vacancies and increase their specific surface area, thereby increasing the number of reaction sites and
enhancing the catalytic performance of the catalysts forO3 decomposition.

© 2020 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
1. Introduction

Ozone (O3) layer is like a protective umbrella that protects
people, animals, and plants on earth from ultraviolet light and O3
plays an important role in food preservation, health care, and
environment treatment because of its strong oxidizing ability.1e6

However, tropospheric O3 is a common pollutant that causes
health problems to human beings.7 In fact, O3 concentrations
exceeding 1 � 10�7 (volume ratio) cause distress to humans and
extremely high O3 concentrations are fatal. The World Health
tional Natural Science Foun-
ience Foundation of Zhejiang
and Technology of Zhejiang

), luhf@zjut.edu.cn (H.F. Lu).

lf of Chinese Society of Rare Earth
Organization stipulates that O3 concentration in air should be lower
than 1 � 10�7.8 The rapid development of various industries led to
significant increases in nitrogen oxide (NOx) and volatile organic
compound (VOC) emissions. The photochemical reactions of NOx

and VOCs in turn increases O3 concentrations in the air.9e11 When
O3 is used in sterilization and disinfection or pollutant degradation,
residual O3 in stream usually exceeds the allowable concentration.
Moreover, some office and household appliances, such as dupli-
cator, printer, and ozone disinfector also emit a certain amount of
O3.12 Therefore, eliminating O3 in the air is an urgent task, which
requires a safe and effective ozone removal method.13

Various methods for removing O3,14e16 such as thermal
decomposition, activated carbon adsorption, liquid absorption, and
catalytic decomposition are currently available. Among them, cat-
alytic decomposition technique has been generally adopted for O3
removal due to its safety, economy, and high efficiency. In partic-
ular, manganese oxide (MnOx)-based catalysts are extensively
studied because of their low cost and because they are
s.
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environment-friendly, have excellent tunable structural, and pro-
mote O3 catalytic decomposition at room temperature.17e19 Jia et al.
synthesized three kinds of manganese dioxide with different
crystal structures (a-, b- and g-MnO2) by hydrothermalmethod and
found that a-MnO2 had the highest catalytic activity of O3
decomposition.20 They also synthesized Fe-MnOx (Mn/Fe molar
ratio ¼ 2) with increased oxygen vacancies and enhanced activity
by adding Fe during a-MnO2 synthesis.21 Lian et al. studied the
influence of different iron precursors and Mn/Fe ratios on the cat-
alytic O3 decomposition activity and found that the catalytic per-
formance over MnFe0.5Ox-Fe(NO3)3 was the best.22 Liu et al. found
that, compared with pure todorokite MnO2 catalyst, Ce-modified
todorokite MnO2 samples exhibited considerably better activity
and stability for O3 decomposition.23 Many reports showed that the
oxygen vacancy is the active site for O3 decomposition. The content
of oxygen vacancies is a decisive factor in catalytic O3 decom-
position.20e24 Based on this mechanism, we believe that the
introduction of more oxygen vacancies in the materials can further
improve their catalytic properties in O3 decomposition.

Adding a third element to a binary mixed oxide can change the
number of oxygen vacancies and alter crystal phase structures and
improving oxygen storage capacities and stability of mixed
oxides.25e27 However, to the best of our knowledge, the ternary
mixed-oxides applied in the catalytic decomposition of O3 is rarely
reported despite their great significance to scientific research and
practical application owing to their excellent performance and
special and variable structures.28 Herein, based on the MneFe (Mn/
Fe molar ratio ¼ 2) binary mixed-oxide catalyst reported in the
literature, we prepared the CeeMneFe ternary mixed-oxide cata-
lysts by citric acid sol-gel method, and the effects of rare earth
metal Ce modification on the catalyst structure and catalytic O3
decomposition performance are also clarified.

2. Experimental

2.1. Chemical agents

Manganese nitrate (Mn(NO3)2, 50 wt%) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Iron nitrate
(Fe(NO3)3$9H2O) was purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Cerium nitrate (Ce(NO3)3$6H2O) was purchased
from Sinopharm Chemical Reagent Co., Ltd., and citric acid
(C6H8O7$H2O) was purchased from Rugao Jinling Reagent Co.

2.2. Catalyst preparation

CeeFeeMn mixed-oxide catalysts were prepared by citric acid
sol-gel method with appropriate amounts of Mn, Fe and Ce nitrates
as precursors. Mn(NO3)2, Fe(NO3)3$9H2O and Ce(NO3)3$6H2O were
mixed in appropriate molar ratios (the molar ratio of Mn/Fe is 2:1)
in distilled water to obtain a transparent solution. Then citric acid
equimolar to the metal nitrates was added to the solution. The
mixed solutionwas stirred to form a sol in awater bath at 90 �C and
then dried at 110 �C to form a fluffy gel. This gel was then calcined at
400 �C for 3 h in air. The synthesized catalysts were denoted as
Cx(FM)1ex, where x/(1ex) represents the molar ratios of Ce/
(MneFe) (x ¼ 0, 0.02, 0.04, 0.06). The purchased ozone decompo-
sition catalyst was denoted as COC (main composition (detected by
XRF): w(C) 95.06%,w(Mn) 1.39%, w(Fe) 0.820%, w(Si) 0.782%, w(Na)
0.394%, w(Al) 0.368%, w(Mg) 0.214%, w(S) 0.134%).

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns were recorded on a PANalytical
X0 Pert PRO diffractometer instrument operated at 40 kV and 30mA
with Cu Ka ray radiation (l ¼ 0.154178 nm). Scans were taken with
a 2q range from 10� to 80�.

The Raman spectra were measured on a microscopic confocal
Raman spectrometer (HORIBA HR800) in the range of
200e1200 cm�1 three times, and the excitation source used had a
wavelength of 532 nm.

N2 adsorption-desorption isotherms of the samples were car-
ried out at 77 �C on a Micromeritics ASAP2020 instrument. The
specific surface areas and the mesopore sizes of the samples were
calculated by using the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda method, respectively. The samples were pretreated
in vacuum at 200 �C for 5 h before measurements.

Infrared spectra were examined through Fourier transform
infrared (FTIR) spectroscopy (Vertex 70, Bruker Optics, Germany).
The samples were blended with KBr and pressed into tablets before
measurement. Spectra were recorded from 400 to 4000 cm�1 at a
resolution of 2.5 cm�1 and at an average of 32 scan/s.

H2 temperature-programmed reduction (H2-TPR) was measured
on a FINE SORB-3010 E instrument equipped with a thermal con-
ductivity detector (TCD). The sample was placed in a quartz reactor,
pretreated in Ar flow at 200 �C for 1 h and cooled down at 50 �C. The
catalyst bed was performed by admitting a flow of 5 vol% H2/Ar at
60 �C for 10min, followed by heating at a constant rate (10 �C/min) of
up to 800 �C. Finally, the catalyst was cooled under Ar flow. The flow
rates in the experimentwere 30mL/min. The hydrogen consumption
was monitored using the TCD operating at 60 �C and 60 mA.

Thermogravimetric (TG) analysis was conducted on a Netzsch
STA 409 PC. The samples were loaded into a pan, and the temper-
ature was increased to 900 �C at a heating rate of 10 �C/min in O2 or
N2 stream (50 mL/min).

2.4. Catalytic activity test

Catalytic decomposition ozone was carried out with a fixed-bed
flow reactor (i.d. 6 mm). A total of 50 mg of catalyst mixed with
200 mg of quartz sand was packed in a reactor and then placed in a
water bath at 25 �C (or 0 �C). The total flow rate, containing 21 ppm
O3 with different relative humidities, through the reactor was
maintained at 400 mL/min; and the weight space velocity was set
at 480000 mL/(g∙h). The O3 was generated by passing the dry ox-
ygen through an O3 generator (ZA-D 3G, Guangzhou Zeao Ozone
equipment Co., Ltd., China). The inlet and outlet O3 were analyzed
by using an online FTIR spectrophotometer (Vertex 70, Bruker
Optics, Germany), and the O3 concentrationwas calculated by using
the standard curve. The O3 conversionwas obtained on the basis of
the inlet and outlet O3 concentrations.

3. Results and discussion

3.1. Crystal structure and textural properties

The XRD patterns of the samples before and after Ce doping are
shown in Fig. 1(a). The main crystal phase of the Cx(FM)1ex mixed
oxides was ramsdellite MnO2. In the case of six-coordinated, the
ionic radii of Fe3þ (0.055 nm) and Mn4þ (0.053 nm) are similar;
hence, substitution of Mn4þ by Fe3þ is easier, and the latter can be
uniformly distributed in MnO2, which leads to the lack of charac-
teristic peaks of iron species in the FM sample. Given that the ionic
radius of Ce3þ (0.102 nm) is larger than that of Mn4þ, a small
amount of Ce enters into the MnO2 lattice, which causes lattice
distortion and replacement of some Fe3þ. This resulted in the
change in the crystal growth direction and precipitation of some
Fe2O3

29; hence, the diffraction peaks of MnO2 (101) crystal plane
and Fe2O3 were detected. Compared with FM sample, the diffrac-
tion peaks of MnO2 were obviously weakened after Ce doping,



Fig. 1. XRD patterns (a) and Raman spectra (b) of Cx(FM)1ex mixed-oxide catalysts.
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indicating that the defects (such as oxygen defects) of mixed oxides
were increased, which is more beneficial to oxygen movement.23

The Raman spectra of Cx(FM)1ex mixed oxides are displayed in
Fig. 1(b). The FM sample exhibited three bands at 316, 570 and
647 cm�1, which are characteristic of the deformation modes of
MneOeMn and the stretching mode of the MneO lattice.30 How-
ever, the Raman intensity of MnO2 was weakened relative to that of
the FM sample after Ce doping, and the Raman band of Fe2O3
(615 cm�1) appeared.31 These results are consistent with those of
XRD characterization.

The texture structures of the Cx(FM)1ex mixed oxides were eval-
uated through N2 adsorption-desorption technique. Table 1 lists
some data about textural parameters of the samples derived fromN2
adsorption-desorption. The FM sample exhibited the smallest spe-
cific surface area (SBET) and the largest average radius. After Ce
doping, the SBET increased, and the average radius decreased.
Particularly, the SBET increased as the Ce increased from 0 to 0.04
Table 1
Texture structure of Cx(FM)1ex mixed oxide catalysts.

Sample Average radius (nm) Pore volume (cm3/g) SBET (m2/g)

FM 4.65 0.219 103
C0.02(FM)0.98 4.11 0.244 128
C0.04(FM)0.96 3.86 0.283 146
C0.06(FM)0.94 3.63 0.222 131

Fig. 2. FTIR spectra of Cx(FM)1ex mixed oxide catalysts.
(molar ratio) but decreased as the Ce further increased to 0.06. This
phenomenon can be understood as follows. First, the defects brought
by Ce modification will result in increase in SBET.23 Second, the
formed Fe2O3 after Ce doping will partially block the pores thereby
resulting in decrease in SBET. Thus, the SBET increases at first then
decreases as the Ce content increased from 0 to 0.06. Among the
mixed oxides, C0.04(FM)0.96 had the largest specific surface area,
which is suitable for heterogeneous catalytic oxidation reactions.32

The surface functional groups of Cx(FM)1ex mixed oxides were
measured by FT-IR. The results are shown in Fig. 2. The IR bands
located at below 1000 cm�1 correspond to theM (Mn, Fe and Ce)eO
stretching vibrational mode.33e35 The IR band at around 1500 cm�1

can be assigned to the vibrational mode of the oxygen functional
groups.36 The intensity of this band decreased after Ce doping,
which may be caused by oxygen defects. In addition, a weak peak
was observed at 2350 cm�1, which corresponds to the physically
adsorbed CO2. The intensity of this peak increased after Ce doping.
This is because the addition of Ce introduces more oxygen va-
cancies, which enhance the ability of mixed-oxide to absorb CO2.37

These results indicate that Ce-containing samples have more oxy-
gen vacancies, which is beneficial for O3 decomposition.

3.2. Temperature-programmed studies

The effect of Ce addition on the amount of oxygen vacancies was
further investigated by H2-TPR. Fig. 3 shows the H2-TPR profiles of
Fig. 3. H2-TPR profiles of Cx(FM)1ex mixed oxide catalysts.



Fig. 4. TG curves of Cx(FM)1ex mixed oxide catalysts under flowing O2 or N2.
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Cx(FM)1ex mixed oxides. In the FM sample, the reduction was
separated into two sections. In the left section, three overlapped
reduction peaks located at 204, 249 and 287 �C were attributed to
the reduction of surface oxygen and MnOx. In the right section, the
two peaks at 409 and 637 �C were assigned to the reduction of Fe
species.21 The two new reduction peaks that occurred at 323 and
366 �C after Ce doping were attributed to the reduction of Ce
species.38 The reduction peaks of surface oxygen, MnOx, and some
Fe species moved to lower temperature because the addition of Ce
introduced additional oxygen vacancies and enhanced the redox of
the samples. Usually, the lower the starting reduction temperature
is, the easier the reduce is.39 However, the reduction peak located at
above 500 �C moved to higher temperature because the addition of
Fig. 5. Ozone catalytic decomposition on Cx(FM)1ex mixed oxide catalysts in dry gas.
Reaction conditions: 21 ppm O3, WHSV ¼ 480000 mL/(g$h), 25 �C.
Ce led to some Fe2O3 precipitation. This also confirms the results of
XRD and Raman characterization.

When the amount of oxygen vacancies is large on the surface of
the sample, a weight increase is expected because the unsaturated
surface is compensated by the oxygenwhen the sample is heated to
a certain temperature under oxygen atmosphere.40e43 Thus, the TG
measurement can further provide the support for the oxygen va-
cancy. Fig. 4 shows the TG curves of Cx(FM)1ex mixed oxides heated
to 900 �C under O2 and N2, respectively. The shapes of the TG curves
of Ce-containing samples was obviously different from those of the
FM sample, indicating that the introduction of a small amount of Ce
greatly affects the physicochemical properties of FM mixed oxide,
which was also confirmed in other characterizations. The weights
of the Cx(FM)1ex mixed oxides were significantly increased when
Fig. 6. Performance of different catalysts: FM, C0.04(FM)0.96, and commercial ozone
catalyst (COC) for decomposing ozone in dry gas. Reaction conditions: 21 ppm O3,
WHSV ¼ 480000 mL/(g$h), 25 �C.



Fig. 7. Performance of different catalysts: FM, C0.04(FM)0.96, and commercial ozone
catalyst (COC) for decomposing ozone in dry gas. Reaction conditions: 21 ppm O3,
WHSV ¼ 480000 mL/(g$h), 0 �C.

Fig. 8. Performance of different catalysts: FM, C0.04(FM)0.96, and commercial ozone
catalyst (COC) for decomposing ozone in humid gas (65%). Reaction conditions: 21 ppm
O3, WHSV ¼ 480000 mL/(g$h), 25 �C.

Fig. 10. Performance of C0.04(FM)0.96 mixed oxide catalysts after circulation and
regeneration for decomposing ozone in dry gas. Reaction conditions: 130 ppm O3,
WHSV ¼ 1200000 mL/(g$h), 25 �C.
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they were heated to a certain temperature under O2. These in-
creases further confirm the presence of abundant oxygen vacancies
in these samples. The weight loss of the sample under N2 can be
ascribed to the removal of physical and chemical adsorbed
Fig. 9. TG (a) and DTG (b) curves of C0.04(FM)0.96 mixed oxide c
substances, surface active oxygen and residues (such as citric acid)
during preparation.44 From the TG curves, these substances on the
surface of the sample can be removedwhen the sample is heated to
900 �C under N2. Therefore, based on TG data of Cx(FM)1ex mixed
oxides under different atmosphere, we can roughly deduce the
content of oxygen vacancies of these samples. The calculation re-
sults are shown in Fig. 4. A small amount of Ce doping can obtain
more oxygen vacancies in the mixed oxides, and the C0.04(FM)0.96
sample has the most abundant oxygen vacancies.

3.3. Catalytic activity for ozone decomposition

The performance of as-synthesized Cx(FM)1ex mixed oxide cat-
alysts for dry O3 decomposition at 25 �C is presented in Fig. 5.
Adding a small amount of Ce into FMmixed oxides can significantly
improve the ability and stability of catalytic O3 decomposition, and
the C0.04(FM)0.96 mixed oxide exhibited the best activity, main-
taining as high as 98% O3 conversion after 24 h reaction; while for
FM mixed oxide, the O3 conversion decreased to 90% after 16 h
reaction. This result indicates that doping of a small amount of Ce in
FMmixed oxide is a simple and effective method for improving the
catalytic performance of O3 decomposition.

In order to further illustrate the performance advantages of as-
synthesized CeeFeeMn ternary mixed oxide catalysts, FM,
C0.04(FM)0.96, and COC were selected for the catalytic performance
test of O3 decomposition under dry (0, 25 �C) and humid (25 �C)
conditions, respectively. The results are shown in Figs. 6e8. The as-
atalysts before and after treated with O3 under flowing N2.



Fig. 11. Schematic representation of Ce effect on oxygen vacancies (a) and ozone catalytic decomposition on the Cx(FM)1ex mixed oxide catalysts (b).
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synthesized C0.04(FM)0.96 mixed oxide catalyst exhibited better
catalytic activity for O3 decomposition under various experimental
conditions. Especially under dry air (Figs. 6 and 7), C0.04(FM)0.96 has
excellent activity and stability. As observed by many
researchers,21,45e47 water vapor has a negative impact on catalytic
activity for O3 decomposition (Fig. 8). This is because that the water
molecules absorbed on the oxygen vacancies will dissociate to form
hydroxyl groups, and more water molecules are connected to the
hydroxyl groups by hydrogen bonds, which gradually cover the
oxide surface.48 But the data in Figs. 6e8 demonstrate that
C0.04(FM)0.96 shows better activity not only in dry air but also in
humid air than FM and COC. Therefore, CeeFeeMn ternary mixed
oxide catalyst is a promising O3 decomposition catalyst.

3.4. Catalyst deactivation and regeneration

In addition to the above-mentioned decrease in catalytic O3 ac-
tivity caused by water vapor, it can be seen from Fig. 5 that the
catalyst may also be deactivated during use. This may be because
that the O2

2� formed in the reaction cannot be decomposed in time,
and the recovery of the occupied oxygen vacancies will be hindered,
thus resulting in catalyst gradual deactivation.21,23 TG analysis of the
C0.04(FM)0.96 mixed oxide before and after O3 treated (Fig. 9(a))
showed that theweight loss of the sample after O3 treated increased
significantly, and the weight loss mainly occurred before 400 �C,
which is attributed to surface oxygen desorption.21 TG measure-
ment indirectly verified the cause of catalyst deactivation. Therefore,
an effective catalyst regeneration method is to remove oxygen
occupying oxygen vacancies. Combined with the DTG curves
(Fig. 9(b)), we tried to regenerate the C0.04(FM)0.96 mixed oxide after
O3 treated in a muffle furnace at 200 �C for 2 h under air, and then
test the activity (130 ppm O3, 1200000 mL/(g$h), 25 �C) of the re-
generated sample, the results are shown in Fig. 10. It is found that
the activity of the C0.04(FM)0.96 mixed oxide could be restored by the
heat treatment, and the activity was not significantly reduced after 4
cycles. So the deactivated CeeFeeMn ternary mixed oxide catalyst
can be reused by thermal regeneration.

3.5. Schematic of oxygen vacancy introduction and ozone
decomposition

Fig. 11 shows the schematic of oxygen vacancy introduction and
O3 decomposition to deepen the understanding of the related
processes. According to the characterization results of Cx(FM)1ex
mixed oxides, the addition of a small amount of Ce into MneFe
mixed oxides causes lattice distortion, Fe separated out to form
Fe2O3, and the defects increased, forming more oxygen vacancies,
as shown in Fig. 11(a). In addition, many research findings show
that oxygen vacancy is the active site for O3 decomposition, and the
content of oxygen vacancies is a decisive factor in catalytic O3
decomposition.20e24 According to the experimental results, the
order of oxygen vacancies in the Cx(FM)1ex mixed oxide catalysts is
C0.04(FM)0.96>C0.02(FM)0.98>C0.06(FM)0.94>FM and the order of cat-
alytic O3 decomposition is C0.04(FM)0.96>C0.02(FM)0.98>C0.06
(FM)0.94>FM. This result is consistent with the reaction mechanism
of oxygen vacancies as the active sites of catalytic O3 decomposi-
tion. Therefore, the schematic of catalytic O3 decomposition on
Cx(FM)1ex mixed oxides is shown in Fig. 11(b), and the reported
reaction equation is as follows20:

O3 þ Ovac / O2 þ O2� (1)

O3 þ O2� / O2 þ O2
2� (2)

O2
2� / O2 þ Ovac (3)

First, O3 combines with oxygen vacancy (Ovac) on the surface of
the catalyst. The oxygen vacancy transfers electrons to the oxygen
atom to form O2�, and an oxygen molecule is released (I). Then,
another O3 reacts with O2� to form O2

2�, while releasing an oxygen
molecule (II). Finally, O2

2� decomposes into an oxygen molecule, and
the oxygen vacancy restored continues to participate in the next
reaction (III). The reason of the catalyst deactivation is that
O2
2�cannot be decomposed in time for the restoration of oxygen

vacancy and cannot participate in the reaction. Hence, introducing as
many oxygen vacancies as possible is the most direct and effective
means for promoting the catalytic O3 decomposition of catalysts.

4. Conclusions

CeeFeeMn ternary mixed oxide catalysts with enhanced ac-
tivity and stability for O3 decomposition than MneFe binary mixed
oxides have been obtained by introducing Ce during MneFe mixed
oxide synthesis. Based on the results of XRD, Raman and BET, de-
fects are formed and the sizes of specific surface areas increase after
the addition of Ce. These changes increase the number of reaction
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sites. Furthermore, the FTIR, H2-TPR, and TG results show that
adding Ce increases the number of oxygen vacancies and thus
greatly improves catalytic activity and stability for O3 decomposi-
tion. The as-synthesized C0.04(FM)0.96 mixed oxide not only exhibits
excellent catalytic performance of O3 decomposition in dry gas but
also shows more resistance to water vapor in humid gas. It also
shows good catalytic performance in a low temperature environ-
ment (such as 0 �C). This finding indicates that introducing as many
oxygen vacancies as possible is the most direct and effective means
for developing efficient O3 decomposition catalysts, and a ternary
mixed oxide with a large number of oxygen vacancies is a good
choice.
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