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The performance of Ce-OMS-2 catalysts was improved by tuning the fill percentage in the
hydrothermal synthesis process to increase the oxygen vacancy density. The Ce-OMS-2
samples were prepared with different fill percentages by means of a hydrothermal
approach (i.e. 80%, 70%, 50% and 30%). Ce-OMS-2 with 80% fill percentage (Ce-OMS-2-80%)
showed ozone conversion of 97%, and a lifetime experiment carried out for more than
20 days showed that the activity of the catalyst still remained satisfactorily high (91%). For
Ce-OMS-2-80%, Mn ions in the framework as well as K ions in the tunnel sites were replaced
by Ce4+, while for the others only Mn ions were replaced. O2-TPD and H2-TPRmeasurements
proved that the Ce-OMS-2-80% catalyst possessed the greatest number of mobile surface
oxygen species. XPS and XAFS showed that increasing the fill percentage can reduce the
AOS of Mn and augment the amount of oxygen vacancies. The active sites, which accelerate
the elimination of O3, can be enriched by increasing the oxygen vacancies. These findings
indicate that increasing ozone removal can be achieved by tuning the fill percentage in the
hydrothermal synthesis process.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

As is well known, ozone is a very common air pollutant, and
can pose a potential threat to our living environment as well
as public health. There is a positive association between
c.cn (Jinzhu Ma).

o-Environmental Science
increases in the ambient ozone concentration and increases
in health problems (Fadeyi, 2015), including respiratory
disease (Magzamen et al., 2017), cardiopulmonary disease (Li
et al., 2018a), cardiovascular disease (Berman et al., 2012;
Hoffmann et al., 2012) and neurological diseases (Magzamen
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et al., 2017). Reactions between VOCs and NOx will generate
ozone in sunlight conditions (Cooper et al., 2010). In addition,
ozone pollution also arises from some types of equipment as
well as plasma processes (Chen et al., 2012). Today, both in
China and worldwide, more and more people are concerned
about the health issue of ozone exposure. According to the
stipulation made by The Occupational Safety and Health
Administration (OSHA, US), the upper limit for eight-hour
exposure to O3 is 10 ppb (Lian et al., 2015) and the indoor
ozone concentration should not exceed 70 ppb in accordance
with the Chinese “indoor air quality standards” (GB/T 18883-
2002) (Weschler, 2000). Therefore, effective elimination of
ozone is urgently needed to protect the environment. In
addition, it is also good for public health.

A variety of methods have been used to remove ozone,
for instance adsorption (Yang et al., 2017), thermolysis
(Benson and Axworthy, 1957), passive purification by plants
(Abbass et al., 2017), photocatalytic decomposition (Li et al.,
2000; Yu et al., 2009), and catalytic decomposition (Gong et
al., 2019; Jia et al., 2016b; Liu et al., 2019). Researchers have
focused on catalytic decomposition because of its high
efficiency, safety and economy. Among the catalysts
developed for ozone decomposition, manganese oxide
catalysts are widely used due to their high efficiency and
low cost. Through a comparison of the properties of
different types of manganese dioxide with difference
crystal structures for the elimination of O3, Jia et al.
(2016a) observed that α-MnO2 exhibited the best O3 conver-
sion performance, and they found that for manganese
oxides, the catalytic performance is largely determined by
the oxygen vacancy density.

Cryptomelane, which has good ion-exchange ability as
well as a porous structure, is a form of MnO2 belonging to the
octahedral molecular sieve type 2 family (OMS-2). The
porosity of OMS-2 arises due to the one-dimensional tunnel
structure formed by 2 × 2 octahedral chains of [MnO6] with
pores about 0.46 nm in diameter (Wu et al., 2017; Zhang et
al., 2015a). Furthermore, its capabilities can be changed by
incorporating metal ions into OMS-2, enhancing its potential
as a promising catalyst for various applications (Liu et al.,
2017b). OMS-2 modified by combinations of various dopants
has attracted much attention in many catalytic applications.
Based on a study of high-performance catalysts for ozone
decomposition, Ma et al. (2017) developed a series of
transition-metal-doped OMS-2 catalysts, and found the
highest ozone elimination rate with a Ce-doped OMS-2
material. Therefore, it is acknowledged that transition
metal doping of OMS-2 is an effective method for the
improvement of catalytic performance. In addition, a hydro-
thermal method is usually used to prepare this material (Ma
et al., 2017), but the mechanism by which the parameters of
the hydrothermal process affect the catalytic performance is
not clear. Ma et al. (2005) studied the effects of various
parameters of the hydrothermal process on single crystals of
zinc oxide (ZnO), and found that the fill percentage for the
hydrothermal reactor could influence the morphology of
ZnO crystallites. Nevertheless, as far as we know, the effects
of hydrothermal process parameters on ozone decomposi-
tion activity have not been reported yet, not to mention the
fill percentage. In this research, the preparation of Ce-OMS-2
materials with different activities was achieved by tuning
the fill percentage in the hydrothermal process. The effect of
varying the fill percentage on ozone removal performance
was explored.
1. Experiment

1.1. Preparation of catalysts

Ce-OMS-2materials were prepared by a hydrothermalmethod
using different fill percentages (ratio of the reaction mixture
volume to that of the autoclave) (Ma et al., 2017). During the
synthesis, the fill percentages were 80%, 70%, 50% and 30%,
accordingly. The detailed procedure was as follows: 15 mmol
MnAc2·4H2O, 1.4 mmol Ce (NO3)3·4H2O and 2.5 mL HAc were
dissolved in deionized water with stirring. Then, an aqueous
solution of 14 mmol KMnO4 was added. A 100-mL Teflon-lined
autoclave was filled with 80, 70, 50 or 30 mL of the mixed
solution. Finally, theautoclave containing the reactionmixture
was kept at 100°C for one day and then cooled to room
temperature. The black slurry obtained was centrifuged,
washed with deionized water, and dried at 100°C overnight.
The materials obtained were designated Ce-OMS-2-80%, Ce-
OMS-2-70%, Ce-OMS-2-50% and Ce-OMS-2-30%, accordingly.

1.2. Catalyst characterization

The catalysts were characterized by field emission scanning
electron microscopy (FE-SEM, SU 8020). Before the measure-
ments, the samples were prepared via deposition of the
powdered materials by using N2 vertical purging prior to the
FE-SEM measurements.

The XRD patterns of materials were obtained on an X-ray
diffractometer (Bruker D8A A25) with Cu Kα (λ = 0.15418 nm)
radiation at 40 mA and 40 kV in the 2θ scanning range of 10°–
80°.

The surface areas of the materials were determined
through measurement of nitrogen sorption isotherms using
a Quantachrome physisorption analyzer. In order to eliminate
the physisorbed moisture before N2 adsorption, all samples
were degassed at 90°C for half a day. The surface area and
pore size distribution were determined by the BET equation
and BJH method, respectively.

X-ray absorption fine structure (XAFS) measurements were
carried out on the BL14W1 beamline, Shanghai Synchrotron
Radiation Facility (SSRF) at room temperature. Background
removal, energy calibration, averaging and data standardiza-
tionwereperformedusingAthenasoftware (Rezaei andSoltan,
2014). The construction of EXAFSmodels ofMnO2 and fitting of
the experimental data were carried out in Artemis (Rehr and
Albers, 2000). The first-order derivatives were used for com-
parative analysis of the variation of absorption edge energies
after edgeheight normalization of theXANESdata. The filtered
k3-weighted χ(k) of EXAFS oscillations was transformed into R
space in the k range of 3–12 Å−1.

X-ray photoelectron spectra (XPS) were measured on a
Scanning X-ray Microprobe (250 xi, ESCALAB). The binding
energies were calibrated based on the C1s peak at 284.8 eV.
Data processing was performed by the software Avantage.



Fig. 1 – (a) Ozone conversion on Ce-OMS-2 catalysts prepared with different fill percentages and (b) ozone conversion on Ce-
OMS-2-80% catalyst; all reactions were carried out at RH = 45%.
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The chemical compositions of catalysts were obtained by
ICP-OES. Dissolution of materials was carried out by applica-
tion of strong acid solution prior to testing and calibration
solutions were prepared with pure standards.

Redox experiments including H2-TPR and O2-TPD were
performed on a Micromeritics Autochem 2920 instrument
with a thermal conductivity detector (TCD). After loading
80 mg of the H2-TPR sample in a reactor, it was pretreated at
300°C for an hour in Ar flow. After cooling to room
temperature, the catalyst was then heated to 850°C in H2/Ar
(10 vol%) flow at a heating rate of 10°C/min. In order to
eliminate surface H2O, samples were heated at 105°C and
purged for 0.5 hr, then purged with H2/Ar flow at 25°C for half
an hour. Desorption of O2 was carried out in flowing He while
Fig. 2 – XRD patterns of the Ce-OMS-2 catalysts preparedwith
various fill percentages.
heating from 30 to 850°C. The signal of desorbed O2 (m/z = 32)
was monitored by a MS detector.

1.3. Catalysts' activity for ozone elimination

The catalytic activity experiments of Ce-OMS-2 materials for
O3 elimination were performed at 30°C using a fixed-bed
reactor (inner diameter = 4 mm). 0.1 g catalyst (40–60 mesh)
was used and the reactant gas flow was controlled at 1.0 L/
min. Low-pressure ultraviolet lamps were used to generate
ozone, which was monitored online by a 2B Technologies
ozone monitor. The concentration of ozone was 40 ± 2 ppm
and the gas hourly space velocity (GHSV) was kept at
600,000 hr−1 for all experiments. The relative humidity of the
gas flowwas controlled by passing the feed gas through a pure
water bubbler maintained at a constant temperature with a
circulating water bath. The measurement of relative humidity
was carried out with a humidity monitor. Both the tempera-
ture and pressure drop were recorded to verify maintenance
of uniformity throughout the experiments.

The calculation of the activity performance was based on
the following equation:

O3conversion ¼ Cin‐Cout

Cin
� 100%

where, Cin is the inlet concentration of ozone and Cout is the
outlet concentration accordingly.
2. Results and discussion

2.1. Ozone elimination performance

Fig. 1 exhibits the ozone decomposition performance attained
over Ce-OMS-2 samples at relative humidity (RH) of 45% with
an inlet ozone concentration of 40 ppm. The activity was
related to the fill percentage in the hydrothermal preparation
process. The catalytic activity followed the sequence Ce-OMS-
2-80% > Ce-OMS-2-70% > Ce-OMS-2-50% > Ce-OMS-2-30%.
Among the four samples, the activity presented by Ce-OMS-2-



Fig. 3 – FE-SEM images of the Ce-OMS-2 catalysts prepared with different fill percentages.
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80% surpassed the other catalysts, and 97% ozone decompo-
sition was achieved after 6 hr. The other catalysts Ce-OMS-2-
70%, Ce-OMS-2-50% and Ce-OMS-2-30% presented lower
activity than Ce-OMS-2-80%, with 86%, 80%, and 76% ozone
decomposition after 6 hr, respectively. As shown in the figure,
the activity first declined and then stabilized with time.
Within the first 2 hr, the reduction in the activity may arise
from the competition of H2O molecules with ozone for
adsorption. Further study on catalyst lifetime revealed that
this catalyst could resist deactivation by O3, with O3 decom-
position above 91% after more than 20 days. These findings
show that the ozonolysis performance of Ce-OMS-2 catalysts
is related to the fill percentage used in the hydrothermal
process.

2.2. Structure and morphology of the catalysts

XRD patterns obtained for the Ce-OMS-2 catalysts prepared
with various fill percentages are depicted in Fig. 2. All of the
four catalysts exhibit several weak peaks, corresponding to
the crystalline phase OMS-2 (JCPDS 29-1020) (Genuino et al.,
2015). It can be concluded that the Ce metal is dispersed or
incorporated into the structure from the fact that no
additional peaks appear in patterns of the materials. In
comparison with the other catalysts, the peaks for Ce-OMS-
2-80% are weak and broad. This means that Ce-OMS-2-80%
forms a phase with poor crystallinity, introducing more
defects and enhancing the surface area, which can better
adsorb and activate the ozone molecules. The intensities of
the diffraction peaks followed the sequence Ce-OMS-2-
80% < Ce-OMS-2-70% < Ce-OMS-2-50% < Ce-OMS-2-30%,
which was in line with the ozone elimination performance.

The microstructures of the as-prepared Ce-OMS-2 mate-
rials with various fill percentages were characterized by FE-
SEM, and the images are shown in Fig. 3. Their morphologies
are quite similar and show a honeycomb structure, which
might enhance catalyst surface area and result in abundant
adsorption sites, thereby improving the catalytic activity for
the elimination of ozone. There were no significance differ-
ences among the four catalysts observed in the FE-SEM
images, so the surface morphology was not a factor in the
observed differences in catalytic performance. Therefore,
there must be other factors that determine the catalytic
activity for the elimination of ozone as a function of the
hydrothermal fill percentage used in preparing the Ce-OMS-2
materials.

Nitrogen adsorption–desorption isotherms for the Ce-
OMS-2 catalysts prepared with different fill percentages are
shown in Fig. 4, with pore size distribution plots calculated by
the BJH method shown in the insets. The isotherms of all
samples were consistent with those of mesoporous materials.
Type IV isotherms with a hysteresis loop of type H2 (according
to IUPAC) were observed. In contrast with the other materials,
a higher slope at low P/P0 was observed for Ce-OMS-2-80%. It
can be seen that the crystallinity of this sample was lower and
the surface area was relatively high. This is consistent with



Fig. 4 – The N2 adsorption/desorption isotherms of the as-prepared Ce-OMS-2 materials with different fill percentages. The
pore size distribution plots calculated by the BJH method are shown in the insets.
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the XRD data. Furthermore, from the capillary condensation
at lowest P/P0 for Ce-OMS-2-80%, the mesopore aperture for
this sample was the smallest. In comparison with the other
materials, the pore size distribution of Ce-OMS-2-80% was
relatively narrow, with average pore diameter of 5.62 nm.
According to Table 1, the Ce-OMS-2 samples had surface areas
of around 150–220 m2/g, which varied in the order Ce-OMS-2-
80% > Ce-OMS-2-70% > Ce-OMS-2-50% > Ce-OMS-2-30%.
With the introduction of more defects, and the surface area of
the material is enhanced and the activity is improved. The
sequence of surface areas is consistent with the XRD data and
ozone decomposition activity, and very likely played a role in
the enhancement of catalyst activity.

2.3. Oxidation state of Ce, Mn and O in the samples

The results of ICP-OES elemental analyses for Ce, Mn and K
in Ce-OMS-2 samples are shown in Table 1, confirming the
incorporation of Ce in the structure. The final Ce and K
Table 1 – The surface areas and relative mass ratios of elem
percentages.

Samples Ce/(Ce + Mn + K) % Mn/(Ce + Mn

Ce-OMS-2-80% 14.56 80.13
Ce-OMS-2-70% 12.15 79.06
Ce-OMS-2-50% 12.09 79.20
Ce-OMS-2-30% 12.20 78.83
OMS-2 / 93.63
contents in the prepared materials differed from each other
despite the fact that the original mass ratios of cations in
the reactant mixtures were the same. As shown in Table 1,
for Ce-OMS-2-70%, Ce-OMS-2-50% and Ce-OMS-2-30%, in
comparison with the mass ratios of the OMS-2 material
(prepared by our previous work (Ma et al., 2017)), the Mn/
Ce + Mn + K mass ratios were lower, and the K/Ce + Mn + K
mass ratios were higher. It can be concluded that the
cerium substituted for Mn3+ in the framework and in-
creased the K+ content in the tunnels. For Ce-OMS-2-80%,
the Mn/Ce + Mn + K mass ratio and the K/Ce + Mn + K mass
ratio were relatively low compared with the OMS-2 sample,
suggesting that Mn3+ in the framework and K+ in the tunnel
sites were partially replaced by cerium ions. In addition, Ce-
OMS-2-80% had the highest Ce/Ce + Mn + K mass ratio of
any of the samples. Higher Ce content in the tunnel will
produce abundant oxygen vacancies to balance the deficit
in positive charge, which is beneficial for the decomposi-
tion of ozone.
ents in Ce-OMS-2 catalysts prepared with different fill

+ K) % K/(Ce + Mn + K) % Surface area m2/g

5.30 216
8.77 184
8.70 168
8.96 156
6.37 137
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XPS spectra were next measured to identify the chemical
states of surface cerium, manganese and oxygen atoms. The
oxidation state of Ce was characterized by analysis of the Ce
3d spectra as shown in Fig. 5a. From Fig. 5a, six peaks at 916.9,
908.5, 903.3, 901.0, 896.6 and 885.6 eV could be identified,
which correspond to the Ce4+ oxidation state, and the Ce3+

state could be characterized by the other four peaks appearing
at 906.1, 898.8, 889.4 and 882.6 eV (Lawrence et al., 2011; Liu et
al., 2017a; Liu and Zhang, 2017). The percentages of Ce3+ in
Ce-OMS-2-80%, Ce-OMS-2-70%, Ce-OMS-2-50% and Ce-OMS-2-
30% were 40.5%, 37.7%, 33.9% and 32.5%, respectively,
Fig. 5 – XPS spectra of Ce-OMS-2 samples. (a)
implying that Ce4+ is the principal oxidation state of Ce ions
in the materials.

The density of oxygen vacancies has great impact on the
catalytic activity of MnOx, and more oxygen vacancies will be
generated as along with more low-valent manganese species
(Mn2+ and Mn3+) in the manganese dioxide structure. A
distinction between different surface species can be made
via the O 1s spectra. As shown in Fig. 5b, the O 1s spectra of
Ce-OMS-2 materials can be split into two peaks, a main peak
at 530.01 eV corresponding to surface lattice oxygen (marked
as Olatt) (Cai et al., 2014; Mathieu et al., 2004), in the form of O2
Ce 3d, (b) O 1s, (c) Mn 2p3/2 and (d) Mn 3s.



Table 2 –Molar ratios and average oxidation state (AOS) of the Ce-OMS-2 catalysts prepared with different fill percentages
determined from XPS results.

Samples Osur/Olatt Mn2+ % Mn3+ % (Mn2++Mn3+)/Mn4+ % AOS Ce3+ %

Ce-OMS-2-80% 0.59 16.46 30.63 88.99 3.48 40.5
Ce-OMS-2-70% 0.35 11.43 30.18 71.26 3.58 37.7
Ce-OMS-2-50% 0.33 11.08 22.27 50.06 3.60 33.9
Ce-OMS-2-30% 0.32 9.26 21.19 43.80 3.61 32.5
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−, and 531.18 eV allocated to adsorbed oxygen (marked as Osur)
(Mathieu et al., 2004; Zhang et al., 2015b), in the form of O2

2−, O−

or hydroxyl-like groups. The calculated Osur/Olatt molar ratios
are shown in Table 2, which vary in the order Ce-OMS-2-80%
(0.59) > Ce-OMS-2-70%(0.35) > Ce-OMS-2-50% (0.33) > Ce-
OMS-2-30%(0.32). The activity of the catalysts in the reaction
of O3 on MnOx is dominated by the surface-adsorbed oxygen
concentration. Therefore, the abundant surface adsorbed
oxygen and oxygen vacancies on Ce-OMS-2-80% catalyst
would better adsorb and activate ozone molecules.

In the process of ozonolysis reaction based on Ce-OMS-2, the
oxidation state ofMn plays a vital role. Therefore, it is necessary
to analyze the impact of Mn oxidation state on the properties of
Ce-OMS-2 prepared with different fill percentages. As shown in
Fig. 5c, ThepeaksofMn2p3/2 at 641.1, 642.2 and643.4 eV couldbe
assigned to surface Mn2+, Mn3+ and Mn4+, accordingly (Mathieu
et al., 2004; Zhang et al., 2015b). The surface concentrations of
Mn2+ and Mn3+ derived by quantitative analysis of the Mn 2p3/2

spectra are shown in Table 2. As can be seen, the Ce-OMS-2-80%
catalyst presented the highest percentage of low-valentmanga-
nese species (Mn2+ and Mn3+). The surface low-valent manga-
nese species (Mn2+ andMn3+) percentage followed the sequence
Ce-OMS-2-80% (47.09%) > Ce-OMS-2-70% (41.61%) > Ce-OMS-2-
50% (33.36%) > Ce-OMS-2-30% (30.47%). This observation is in
accord with the evolution of catalytic activity. Therefore, these
more abundant low-valent surface manganese species would
better generateoxygenvacancies,which is crucial for adsorption
and decomposition of ozone.

The Mn 3s X ray photoelectron spectra were studied to
obtain the energy difference (△Es), which declines monoton-
ically with the increase of the average oxidation state (AOS). In
Fig. 6 – H2-TPR profiles of Ce-OMS-2 catalysts prepared with
different fill percentages.
our work, the AOS of Mn was calculated via the relationship
between △Es and AOS: AOS = 8.956–1.126△Es (eV) (Galakhov
et al., 2002). According to Fig. 5d and Table 2, the AOS
decreased in the sequence Ce-OMS-2-30% > Ce-OMS-2-
50% > Ce-OMS-2-70% > Ce-OMS-2-80%. Low AOS correlates
to generation of abundant oxygen vacancies, which is accord
with the above analysis results.

The mixed valency of Mn in Ce-OMS-2 samples plays a
vital role in the electron transport, as the cycling between
various valence states of the relevant metal ions will
influence the efficiency of a catalyst for redox reactions (Sun
et al., 2011; Wang et al., 2015). The reaction scheme for ozone
decomposition is presented as follows:

O3 þ Mn2þ� �
→O2 þO‐

sur Mn3þ� �

O3 þ O‐
sur Mn3þ� �

→2O2 þ Mn2þ� �

O3 þ Mn3þ� �
→O2 þO‐

sur Mn4þ� �

O3 þ O‐
sur Mn4þ� �

→2O2 þ Mn3þ� �

There is a linear correlation between low-valent manga-
nese species (Mn2+ and Mn3+) content and ozone decomposi-
tion (Liu et al., 2014), such that abundant Mn2+ and Mn3+ are
beneficial for ozone decomposition. This means that for
decomposition of ozone on Ce-OMS-2-80%, the high content
of Mn2+ and Mn3+ is consistent with the catalytic activity for
ozone decomposition.

2.4. Redox properties and evolution of oxygen

In order to investigate the reducibility of the catalysts, H2-TPR
experiments were conducted. In general, MnO2 tends to lose
oxygen to formMnO, with Mn2O3 and Mn3O4 as intermediates
Fig. 7 – O2-TPD profiles of Ce-OMS-2 catalysts prepared with
different fill percentages.



Fig. 8 – (a) XANES and (b) first-order derivatives of XANES of
Mn K-edge in series of MnOx catalysts and Mn-containing
reference samples.
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(Yang et al., 2018). As shown in Fig. 6, the catalysts show a
three-peak H2-TPR profile. For Ce-OMS-2-70%, Ce-OMS-2-50%
and Ce-OMS-2-30%, the ratio of peak II to the weaker peak III
typically about 2:1, and these peaks are assignable to a two-
step process: MnO2 → Mn3O4 → MnO (Xie et al., 2015). For Ce-
OMS-2-80%, peak II is approximately equal to peak III, which
can be speculated to arise from a different process, i.e.,
Fig. 9 – EXAFS spectra of Mn K-edge in series of MnOx catalysts. (a
red dashed lines correspond to the curve-fitting results; (b) filtere
correspond to the curve-fitting results.
MnO2 → Mn2O3 → MnO. Peak I corresponds with the con-
sumption of surface structural oxygen without decomposing
the material. The catalyst with the best reducibility is Ce-
OMS-2-80%. The oxygenmobility in the catalyst is reflected by
the reducibility as measured by H2-TPR; among the four
catalysts, since Ce-OMS-2-80% shows the lowest temperature
for the first reduction peak, it has the most mobile oxygen
species. As a consequence, more oxygen was absorbed due to
the high oxygen mobility, which contributes to the decompo-
sition of ozone.

As shown in Fig. 7, O2-TPD was conducted to characterize
the evolution of oxygen with temperature. The desorption of
active surface oxygen as well as chemisorbed oxygen species
usually occurs at temperatures below 450°C, while the loss of
sub-surface lattice oxygen would typically take place in the
mid-range temperature (500–650°C) desorption peak, and the
conversion of bulk lattice oxygen corresponds to the higher
temperature peak about 700°C (Jia et al., 2016a). It is well-
known that a decrease in the temperature of oxygen
desorption peaks means that the oxygen is more loosely
bound to Mn, indicating higher oxygen mobility (Wang et al.,
2018). For the desorption peaks of oxygen, the top tempera-
ture of surface-adsorbed oxygen desorption obeyed the
following sequence: Ce-OMS-2-30% > Ce-OMS-2-50% > Ce-
OMS-2-70% > Ce-OMS-2-80%. The temperature (590°C) for
sub-surface lattice oxygen desorption was the lowest on Ce-
OMS-2-80%, and there was hardly any difference between the
other three samples, which meant that the catalyst prepared
with 80% fill percentage was rich in loosely bound surface
oxygen species, which were beneficial for ozone
decomposition.
) Fourier transforms of filtered k3·χ(k) into R space, where the
d k3·χ(k) in the k range of 3–12 Å−1, where the red dotted lines



Table 3 – Curve-fitting results of Mn K-edge EXAFS in Ce-
OMS-2 catalysts.

Sample Mn-K
Reference

Shell CNa Rb

(Å)
DWc

(Å)
R factor

(%)

MnO2 α-MnO2 Mn-O 6.0 1.89 0.0020 1.40
Mn-Mn1 4.0 2.85 0.0027
Mn-Mn2 4.0 3.42 0.0022

Ce-OMS-
2-80%

α-MnO2 Mn-O 5.2 1.89 0.0036 0.93
Mn-Mn1 4.0 2.86 0.0063
Mn-Mn2 2.2 3.42 0.0042

Ce-OMS-
2-70%

α-MnO2 Mn-O 5.9 1.89 0.0044 0.95
Mn-Mn1 4.0 2.87 0.0058
Mn-Mn2 2.8 3.43 0.0040

Ce-OMS-
2-50%

α-MnO2 Mn-O 5.9 1.89 0.0048 1.11
Mn-Mn1 4.0 2.87 0.0059
Mn-Mn2 3.0 3.45 0.0045

Ce-OMS-
2-30%

α-MnO2 Mn-O 6.0 1.89 0.0049 1.17
Mn-Mn1 4.0 2.86 0.0060
Mn-Mn2 3.2 3.43 0.0046

a CN: coordination number.
b R: bond distance.
c DW: Debye-Waller factor.
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2.5. Electronic and structural properties of the catalysts

The X-ray absorption fine structure (XAFS) technique is
sensitive to the local structure and chemical environment,
and thus can characterize the structural information of the
coordination shells of elements at the atomic scale. In the
XAFS experiment, reference samples of Mn foil, MnO, and
Mn2O3 were adopted. As shown in Fig. 8a, there was no
observable difference between the XAFS spectra of Ce-OMS-2
catalysts prepared with different fill percentages. Next, the
first derivatives of XANES of the Mn-K edge for MnOx samples
were calculated and a comparative analysis was performed to
determine the average valence of manganese in thematerials.
As revealed in Fig. 8b, the absorption energy (E0) of Mn-K for
MnO2 and Mn2O3 is 6552.0 and 6548.4 eV respectively. In
contrast with the E0 of manganese in MnO2, the value is higher
in Ce-OMS-2 catalysts (6550.6 eV), which probably arises from
the presence of small amounts of Mn3+. According to the
calculation results obtained by the Athena software, the exact
amounts of Mn3+ in the materials were 21.4%, 11.2%, 10.4%
and 8.2% for Ce-OMS-2-80%, Ce-OMS-2-70%, Ce-OMS-2-50%
and Ce-OMS-2-30%, respectively. The content of Mn3+ corre-
lated with the catalytic performance, which proves that a
higher content of Mn3+ leads to better elimination of ozone.
The result was consistent with the order of decrease in AOS
(Ce-OMS-2-80% > Ce-OMS-2-70% > Ce-OMS-2-50% > Ce-OMS-
2-30%) as mentioned above.

The filtered k3-weighted EXAFS oscillations of the Mn K-
edge Fourier transformed into R space and the correspond-
ing filtered k3·χ(k) in the k range of 3–12 Å−1 are shown in
Fig. 9a and Fig. 9b. The EXAFS results for the Ce-OMS-2
samples were modeled on the basis of the structure of
MnO2, and in the fitting of these catalysts, no contribution
from Mn2O3 was taken into consideration. This fitting is
reasonable, as the highest percentage of MnOx in Ce-OMS-2
catalysts is only 10.7% (Liu et al., 2013; Rezaei et al., 2013).
α-MnO2 (space group I4/m) served as the reference model
for the fitting procedure. As shown in Fig. 9a, the
coordination shells of Mn-O and Mn-Mn in the materials
are different from the coordination shells in the MnO2

standard sample to a certain extent. The interstitial sites,
which are formed by the stacking of Mn-O octahedra, are
occupied by potassium ions (Tang et al., 2008). The
experimental results fit well with the theoretical data
from Fig. 9b, and Table 3 presents the curve-fitted data.

On the basis of the fitting results of α-MnO2, Mn-O
coordination shells were determined at 1.89 Å with coordina-
tion number (CN) of 6.0, Mn-Mn1 and Mn-Mn2 at ca. 2.85 with
CN of 4.0 and 3.42 Å with CN of 4.0 accordingly. As can be
seen, the coordination shells of Mn-O, Mn-Mn1 and Mn-Mn2

for Ce-OMS-2 are similar to those of α-MnO2. Nevertheless,
the CN of Mn-Mn2 shown by the Ce-OMS-2 catalysts for its
corresponding shell is relatively small. Moreover, the ozone
decomposition performance for the Ce-OMS-2-80% sample is
the best, in view of it having the lowest CN for the Mn-Mn2,
corresponding tomore surface defects on the catalyst (Li et al.,
2018b), and these surface defects contributed to the adsorp-
tion and activation of ozone.
3. Conclusions

Four kinds of cerium-doped cryptomelane-type manganese
oxides (Ce-OMS-2) prepared with different fill percentages
in the hydrothermal process (i.e. 80%, 70%, 50% and 30%)
were successfully obtained by a one-step hydrothermal
method and tested for ozone decomposition. The fill
percentage was linearly related to the ozone decomposi-
tion performance, and among the four samples Ce-OMS-2-
80% exhibited the best performance as a catalyst, with 97%
ozone decomposition obtained under 40 ppm ozone, RH =
45% and space velocity of 600,000 hr−1 even after 6 hr. A
service-life experiment on Ce-OMS-2-80% was carried out
for more than 20 days, and the activity of the catalyst still
remained satisfactorily high (91%). According to the BET,
XRD and ICP-OES data, the as-synthesized Ce-OMS-2
materials had a low degree of crystallinity, relatively high
surface area and crystallized with no segregated Ce
impurities. For Ce-OMS-2-80%, Mn ions in the framework
as well as K ions in the tunnel site were replaced by Ce
ions, while for the others only Mn ions were replaced. O2-
TPD and H2-TPR proved that Ce-OMS-2-80% possessed the
largest amount of mobile surface oxygen species among
the four catalysts, because it showed the lowest tempera-
ture reduction peak, and more oxygen was absorbed due to
the high oxygen mobility in this catalyst, which is
beneficial for ozone decomposition. In addition, XPS and
XAFS showed that increasing the fill percentage during
preparation could reduce the AOS of Mn and augment the
amount of oxygen vacancies. This in turn enriches the
active sites, which accelerates the decomposition of ozone.
These findings are helpful for understanding the key factor
that determines the catalytic activity and ozone removal
performance due to tuning the fill percentage in the
hydrothermal process.
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