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ABSTRACT: Transition metal (cerium and cobalt) doped γMnO2 (M-γ-MnO2, where M represents Ce, Co) catalysts
were successfully synthesized and characterized. Ceriumdoped γ-MnO2 materials showed ozone (O3) conversion of
96% for 40 ppm of O3 under relative humidity (RH) of 65%
and space velocity of 840 L g−1 h−1 after 6 h at room
temperature, which is far superior to the performance of the
Co-γ-MnO2 (55%) and γ-MnO2 (38%) catalysts. Under space
velocity of 840 L g−1 h−1, the conversion of ozone over the
Ce-γ-MnO2 catalyst under RH = 65% and dry conditions
within 96 h was 60% and 100%, respectively, indicating that it
is a promising material for ozone decomposition. XRD and
HRTEM data suggested that Ce-γ-MnO2 formed mixed
crystals consisting of α-MnO2 and γ-MnO2 with speciﬁc surface area increased from 74 m2/g to 120 m2/g compared to
undoped γ-MnO2, thus more surface defects were introduced. H2-TPR, O2-TPD, XPS, Raman, and EXAFS conﬁrmed that Ceγ-MnO2 exhibited more surface oxygen vacancies and surface defects, which play a key role during the decomposition of ozone.
This study provides important insights for developing improved catalysts for gaseous ozone decomposition and promoting the
performance of manganese oxide for practical ozone elimination.

1. INTRODUCTION
In recent years, ozone pollution in the atmosphere has become
more and more serious in both developing and developed
countries.1,2 The photochemical reactions involving volatile
organic compounds (VOCs) and nitrogen oxides (NOx)
driven by sunlight will increase the outdoor O3 concentration,3
and the generated ozone induces the aging of building
materials, decreases crop yield, and causes the deceleration
of tree growth.1,2 The sources of indoor ozone mainly consist
of ozone-generating air cleaning devices (OACD)4 and
modern oﬃce equipment involving high-pressure discharge,
corona discharge, or ultraviolet radiation (such as photocopiers
and laser-jet printers).5 Long-term exposure to ozone will bring
about many kinds of detrimental eﬀects including neurological
diseases,6 decreased pulmonary function and airway inﬂammation,7 high blood pressure,8 and accelerated aging.9 Besides,
indoor ozone can produce a series of oxidation products
including unsaturated hydrocarbons, VOCs, and secondary
© 2018 American Chemical Society

organic aerosol (SOA), which are more harmful to humans
than ozone itself.4 Thus, the U.S. Environmental Protection
Agency (EPA) updated the National Ambient Air Quality
Standards (NAAQS) limit for ground-level ozone from 75 to
70 ppb. Therefore, the study of ozone decomposition is of
great signiﬁcance for environmental conservation and human
health.
A variety of techniques have been applied in ozone
treatment, such as thermal decomposition, adsorption, electromagnetic wave radiation, and catalytic decomposition. Among
them, catalytic decomposition has advantages in terms of
safety, economy, and eﬃciency, so it is widely used to remove
ozone. The catalysts used mainly consist of noble metals (e.g.,
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Ag,10,11 Au,12,13 and Pd14,15) and transition metal oxides (e.g.,
MnO2,16 Co3O4,17 Cu2O,18,19 Fe2O3,20,21 and NiO22). Among
these catalysts, manganese oxide is a highly eﬃcient and
economical catalyst for catalytic decomposition of ozone.23,24
Manganese dioxides show great structural ﬂexibility and a
number of crystallographic polymorphs such as α-, β-, γ-, and
δ-MnO2, which all contain edge- or corner-sharing [MnO6]
octahedra.25 Among all the research works, α-MnO2 has been
most commonly studied due to its excellent activity for ozone
decomposition.16,26 α-MnO2 possesses a one-dimensional
tunnel structure composed of 2 × 2 edge-shared MnO6
octahedral chains, which are corner-connected to form 4.6 ×
4.6 Å tunnels.27 γ-MnO2 is also a form of manganese dioxide
with a one-dimensional tunnel structure consisting of
disordered 1 × 1 and 1 × 2 tunnels made up of edge-shared
MnO6 octahedral chains, which are corner-connected to form
1.89 × 1.89 Å and 2.3 × 4.6 Å tunnels.28 Furthermore, γ-MnO2
has been applied in the catalytic decomposition of formaldehyde, toluene, and NOx because of its excellent performance, low-cost raw material, and low toxicity.29−32 However,
the catalytic decomposition of gaseous O3 over γ-MnO2 has
rarely been reported. Jia et al.28 reported that the ozone
conversion over γ-MnO2 can reach 95% under dry conditions
at room temperature, but its performance under humid
conditions was not studied. Nevertheless, the ozone decomposition performance of manganese oxides is greatly restricted
by humidity.33
Jia et al.28 also found that the content of oxygen vacancies
determined the activity of manganese dioxides with diﬀerent
crystal structures (α-, β-, and γ-MnO2), and oxygen vacancies
are considered to be active sites for ozone decomposition.
According to previous reports, doping with speciﬁc transition
metals during hydrothermal synthesis will disturb the normal
formation of MnO2 and facilitate the formation of oxygen
vacancies.34,35 Ma et al.36 found that doping with Ce3+ during
the hydrothermal synthesis of OMS-2 materials will replace the
ions in the tunnel and framework of the cryptomelane
structure, which will give rise to an increase in Mn3+ (along
with oxygen vacancies) and surface defects. Liu et al.37 found
that the addition of Ce3+ during the hydrothermal synthesis of
todorokite MnO2 changes the morphology from agglomerated
particles to small sheets, resulting in larger surface area, and
leads to the appearance of crystal boundaries between MnO2
and CeO2, which gives rise to the formation of more oxygen
vacancies. Jia et al.38 indicated that doping with Fe3+ during the
hydrothermal synthesis of MnO2 led to the original product αMnO2, with [2 × 2] tunnels, totally transforming into
ramsdellite MnO2 with [1 × 2] tunnels, and generated some
Fe2O3 at the same time; this led to an increase in the speciﬁc
surface area and more oxygen vacancies. In this study, the
addition of Ce3+ during the hydrothermal synthesis of γ-MnO2
induced some γ-MnO2 to convert into α-MnO2, resulting in
the formation of mixed crystals, which increased the speciﬁc
surface area and the content of oxygen vacancies. Therefore,
the Ce-modiﬁed γ-MnO2 catalyst has better performance and
practical potential than unmodiﬁed γ-MnO2.

dissolved in 80 mL of deionized water under stirring, then
4.575 g of (NH4)2S2O8 was added, followed by stirring
magnetically for about 30 min until the solution became
homogeneous, after which it was transferred into a 100 mL
Teﬂon-lined stainless-steel autoclave. The autoclave was kept
at 90 °C for 24 h in an oven and then cooled to room
temperature. After discarding the supernatant, the resulting
products were obtained by ﬁltering, washing, drying at 80 °C
for 12 h, and calcining at 300 °C for 2 h. The synthetic
procedures for Co-γ-MnO2 and Ce-γ-MnO2 were similar to
that for γ-MnO2 with the exception of adding Co(NO3)3·
6H2O or Ce(NO3)3·6H2O to the initial solution. In order to
determine the optimal doping ratio, we prepared catalysts with
diﬀerent initial Ce/Mn weight ratios (0, 1/10, 1/8, and 1/6).
The sample with Ce/Mn = 1/8 had the highest ozone
conversion (Figure S1). Therefore, catalysts with M/Mn = 1/8
(where M represents Ce, Co) and named M-γ-MnO2 were the
main materials synthesized. The α-MnO2 materials were
synthesized by reaction between MnSO4·H2O and KMnO4
via a one-step hydrothermal method according to a previous
report.39 The subsequent procedures were similar to that
followed for γ-MnO2. The α+γ-MnO2 catalyst was obtained by
mixing equal weights of α-MnO2 and γ-MnO2 catalysts.
Catalyst Characterization. The crystalline structure was
measured by a Bruker D8-Advance X-ray powder diﬀractometer using Cu Kα (λ = 0.15406 nm) radiation at a tube
voltage of 40 kV and current of 40 mA in the 2θ range 10°−
80° with a step size of 0.02°. The speciﬁc surface areas and
pore structures of the catalysts were obtained using a
Quantachrome physisorption analyzer at 77K. The morphologies of the γ-MnO2 and M-γ-MnO2 catalysts were observed
with a SU8020 ﬁeld emission scanning electron microscope
(FESEM) using the accelerating voltage of 3 kV. The
elemental distribution was measured by an EDX detector in
the FESEM. The lattice images were taken using highresolution TEM (TEM-2100 Plus Electron Microscope) at an
accelerating voltage of 200 kV. Temperature-programmed H2
reduction (H2-TPR) experiments were conducted using an
AutoChemII 2920 Chemisorption Analyzer (Micromeritics)
equipped with a TCD detector. The desorption of oxygen was
obtained by a temperature-programmed desorption of O2
experiment, and the signal for O2 was detected with a mass
spectrometer. The contents of diﬀerent oxygen species were
determined using an Imaging X-ray Photoelectron Spectrometer (Axis Ultra, Kratos Analytical Ltd.). Raman spectra of the
γ-MnO2 and M-γ-MnO2 catalysts were recorded on a
homemade UV resonance Raman spectrometer (UVRDLPCDL-03) and a CCD detector cooled by liquid nitrogen. The
surface defects were determined by measuring the X-ray
absorption near edge structure (XANES) and extended X-ray
absorption ﬁne structure (EXAFS) of the Mn−K edge in the γMnO2 catalysts.
Catalytic Activity. The activity of the γ-MnO2 and M-γMnO2 catalysts for ozone decomposition was measured in a
ﬁxed-bed continuous ﬂow quartz reactor (4 mm i.d.) using
about 100 mg of catalyst with size of 40−60 mesh at room
temperature (30 °C). The gas ﬂow passing through the reactor
was 1400 mL/min, and the weight space velocity was
calculated to be 840 L·g−1·h−1. The relative humidity of the
gas stream was maintained at 65% by controlling the ﬂow of
wet gas and measured with a humidity probe (HMP110,
Vaisala OYJ). The ozone was generated by low-pressure
ultraviolet lamps, and the concentration was maintained at 40

2. EXPERIMENTAL SECTION
Preparation of Catalysts. The γ-MnO2 materials were
synthesized by reaction between MnSO 4 ·H 2 O and
(NH4)2S2O8 via a one-step hydrothermal method according
to a previous report.39 The detailed preparation procedure of
γ-MnO2 catalysts is as follows: 3.375 g of MnSO4·H2O was
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± 2 ppm. An ozone monitor (Model 202, 2B Technologies)
was used to monitor the inlet and outlet ozone concentrations.
The ozone conversion was calculated by the following
equation
O3 conversion =

similar N2 adsorption/desorption isotherms, showing the
characteristics of mesoporous materials. According to the
IUPAC classiﬁcation, the isotherms of the three catalysts
belong to the type IV isotherm pattern, with the type H3
hysteresis loop, which is usually related to the accumulation of
layered particles and the formation of slit-like pores.42 The
speciﬁc surface areas, pore size distributions, and pore volumes
are shown in Table 1. Compared with the γ-MnO2 and Co-γ-

Cin − Cout
× 100%
Cin

where Cin and Cout are inlet and outlet concentrations of ozone,
respectively.

Table 1. BET Surface Area, Pore Structure, and FESEM
Results of γ-MnO2 and M-γ-MnO2

3. RESULTS AND DISCUSSION
3.1. The Crystal Structures and Surface Areas of the
Catalysts. The XRD patterns of the as-prepared catalysts are
shown in Figure 1. The pattern of pure γ-MnO2 corresponds

BET
catalysts
γ-MnO2
Co-γMnO2
Ce-γMnO2

FESEM

SBET
(m2/g)

Dpore
(nm)

Vpore
(cm3/g)

urchin
sphere

compact
sphere

74
87

9.57
9.57

0.19
0.21

100%
40%

0
60%

120

6.53

0.30

20%

80%

MnO2 catalysts, Ce-γ-MnO2 with an average pore diameter of
6.53 nm has a relatively small pore size distribution. The
speciﬁc surface areas of the γ-MnO2, Co-γ-MnO2, and Ce-γMnO2 catalysts were 74, 87, and 120 m2/g, respectively. The
speciﬁc surface area of Ce-γ-MnO2 was markedly higher than
those of Co-γ-MnO2 and γ-MnO2. A large speciﬁc surface area
can expose more surface active sites, which is favorable for the
adsorption of ozone molecules.
3.2. The Morphology and Elemental Distribution of
the Catalysts. The morphologies and microstructures of the
catalysts were observed by FESEM. The size distribution
histograms of γ-MnO2 and M-γ-MnO2 are shown in Figure S3.
As shown in Figure 2A and B, the γ-MnO2 nanorods were
assembled in a radially symmetric urchin-like structure 6.1 ±
1.2 μm in diameter.39 Doping with transition metals had a big
impact on the shape of γ-MnO2, so that the urchin-like
nanostructure partially transformed into compact globules, and
the size of the globules changed at the same time. After doping
with Co (Figure 2C, D, E, and F), the urchin-like
nanostructures became larger, with a diameter of 7.4 ± 1.0
um, and the stretched nanorods became disorganized. In
addition, there were about 60% compact globules with a
diameter of 5.8 ± 1.4 μm. After doping with Ce (Figure 2G, H,
I, and J), the urchin-like nanostructures became larger, with a
diameter of 6.6 ± 1.2 um, and the stretched nanorods became
thinner and longer. In addition, there were about 80% compact
globules with a diameter of 5.3 ± 1.3 μm. During the in situ
doping metal process, diﬀerent metal ions will aﬀect the
normal synthesis of γ-MnO2 and make the resultant materials
diﬀerent.
Elemental mapping was conducted to observe the element
distribution of the doped metal within the M-γ-MnO2 catalysts.
The Ce mappings in Figure 3 show that the surface Ce atoms
were dispersed as homogeneously as Mn within the urchin-like
globules and the compact globules. However, the surface Co
atoms were not dispersed as homogeneously as Mn within the
urchin-like globules or the compact globules. As is shown in
Table S1, the ICP results show that the content of Ce and Co
is 2.97% and 0.4%, and the EDS results show the content of Ce
and Co on the catalyst surface to be 8.07% and 10.38%, which
indicates that the Ce or Co atoms are mainly concentrated on
the surface of the catalysts.

Figure 1. XRD patterns of the γ-MnO2 and M-γ-MnO2 catalysts.

well to the standard PDF card (JCPDS 14-0644) of γ-MnO2.
The diﬀraction peaks of CeO2 or Co3O4 were not observed for
the M-γ-MnO2 catalysts, which revealed that the content of
CeO2 or Co3O4 was below the detection limits of the XRD
instrument, or was ﬁnely dispersed over the surface of the
MnO2. It was noted that the crystal structure of the Ce-γMnO 2 catalyst had changed. First, the corresponding
diﬀraction peaks for γ-MnO2 broadened and lessened in
intensity, which indicated that doping with Ce is detrimental to
the formation of γ-MnO2.40 In addition, the characteristic
diﬀraction peaks for α-MnO2 (JCPDS 44-0141) appeared,
which showed that doping with Ce is favorable for the
formation of α-MnO2. Part of the γ-MnO2 had transformed
into α-MnO2, forming a mixed crystal; thus, more surface
defects were introduced.37,41 The surface oxygen species are
usually adsorbed on the defect sites, so a high defect density is
conducive to the adsorption of ozone molecules on the surface
of the catalyst.33 The crystal structure of Co-γ-MnO2 showed
slight formation of α-MnO2, and the most signiﬁcant
phenomenon was that the diﬀraction peaks were broadened
and weakened in intensity compared to those of the γ-MnO2
catalyst. Thus, the degree of crystallinity declined. The Co-γMnO2 catalyst with poor crystallinity can generate more
defects in the γ-MnO2 framework structure, which is favorable
to the adsorption and decomposition of ozone molecules.
Therefore, it is reasonable that M-γ-MnO2 might exhibit higher
conversion of ozone compared with γ-MnO2.
Figure S2 shows the N2 adsorption−desorption isotherms of
the γ-MnO2 and M-γ-MnO2 catalysts. The catalysts have
12687
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Figure 2. SEM images of catalysts: (A−B) γ-MnO2, (C−F) Co-γ-MnO2, and (G−J) Ce-γ-MnO2.

growth of the crystals.45 These results are consistent with the
XRD results, which can further demonstrate the formation of
mixed crystals and surface defects.
3.3. Reducibility of Catalysts. The H2-TPR proﬁles
(Figure 5) of the γ-MnO2 and M-γ-MnO2 catalysts were
measured to evaluate their reducibility. The γ-MnO2 and M-γMnO2 catalysts all exhibit two principal reduction peaks (peak
I and II). As shown in Table 2, the H2 consumption of peak I is
about twice that of peak II, so the samples could mainly follow
a reduction route such that MnO2 ﬁrst transforms into Mn3O4,
then to MnO.46 The reduction peaks of γ-MnO2 appeared at
272 and 385 °C. The low temperature reduction peak of Ce-γ-

The morphologies and microstructures of the catalysts were
further investigated using HRTEM. As shown in Figure 4A, γMnO2 displays fringe spacings of 0.24 and 0.45 nm
representing the (220) and (001) planes of γ-MnO2 and
contains scarcely any amorphous regions. For M-γ-MnO2
(Figure 4B and C), besides γ-MnO2, the (200) and (310)
planes of α-MnO2 are also exhibited, as shown by fringe
spacings of 0.49 and 0.31 nm, respectively. Furthermore,
amorphous regions and obvious local lattice distortions visually
appear in the HRTEM images, which can generate more
surface defects.43,44 The reason for the above phenomenon
could be that doping with Ce or Co destroyed the normal
12688
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Figure 3. Elemental mapping of catalysts: (A−F) Co-γ-MnO2 and (G−L) Ce-γ-MnO2..

Figure 4. HRTEM images of catalysts: (A) γ-MnO2, (B) Co-γ-MnO2, and (C) Ce-γ-MnO2.

MnO2 could be observed at 265 °C, and the high temperature
reduction peak occurred at 380 °C. The two reduction peaks
of Co-γ-MnO2 were at 263 and 377 °C, respectively, which was
similar to the results for Ce-γ-MnO2. For manganese oxide, the
catalytic decomposition mechanism of ozone mainly includes
the adsorption of ozone on the catalyst surface, the redox
process, and the desorption of the decomposition products.
The position of the ﬁrst reduction peak can indicate the

reducibility of the catalysts. The ﬁrst reduction peak of the Ceγ-MnO2 and Co-γ-MnO2 catalysts appears at lower temperature, which show they have higher reducibility; thus, their
activity should be superior to that of γ-MnO2. Table 2 shows
the total amounts of consumed H2. The H2 consumption of
both the Ce-γ-MnO2 and Co-γ-MnO2 catalysts was lower than
that of γ-MnO2, which illustrates that a certain amount of Mn3+
is present in the catalysts and that the Mn3+ content of Ce-γ12689

DOI: 10.1021/acs.est.8b04294
Environ. Sci. Technol. 2018, 52, 12685−12696

Article

Environmental Science & Technology

Ce-γ-MnO2 catalyst has more surface-adsorbed oxygen (O2−,
O−, OH−), which is consistent with the results of H2-TPR
since oxygen species are typically adsorbed on the oxygen
vacancies.47 The adsorption and desorption of oxygen over the
catalysts were tested, and the results are shown in Figure S4.
When the temperature was increased from room temperature
to 450 °C, an oxygen desorption peak at 450 °C was observed.
When the catalysts began to cool from 450 °C, an oxygen
adsorption peak was observed. The cycles of heating and
cooling were repeated four times, and the oxygen adsorption
and desorption of Ce-γ-MnO2 during every cycle were greater
than that of γ-MnO2 and Ce-γ-MnO2, which indicates that the
capacity for oxygen adsorption and desorption of Ce-γ-MnO2
is greater.
Figure 6B shows the XPS spectra in the O 1s region. The O
1s spectra can be deconvoluted into three peaks to gain
information on the nature of oxygen species. The peak at
∼529.7 eV can be ascribed to the lattice oxygen (denoted as
OI), the peak at binding energy of ∼531.2 eV is assigned to the
surface-adsorbed oxygen species (denoted as OII), and the
peak at the higher binding energy of ∼533.5 eV can be
assigned to the surface-adsorbed water (denoted as OIII).48
Table 2 shows that the content of the surface-adsorbed oxygen
species (OII) decreases in the sequence Ce-γ-MnO2 (32.57%)
> Co-γ-MnO2 (30.65%) > γ-MnO2 (30.10%). This result
further conﬁrmed that the Ce-γ-MnO2 catalyst has more
surface oxygen vacancies, which is consistent with the results
revealed by H2-TPR and O2-TPD.
The XPS spectra of Mn 2p3/2 are shown in Figure 6C.
Deconvolution of the Mn 2p3/2 peaks indicates that there are
two manganese species in the three catalysts. The two peaks at
641.8 and 642.7 eV are attributed to Mn3+ and Mn4+,
respectively.16,28 The Mn3+/Mn4+ molar ratios are summarized
in Table 3. The Ce-γ-MnO2 catalyst has the highest Mn3+/
Mn4+ molar ratio (0.18), and the Mn3+/Mn4+ molar ratios for
the γ-MnO2 and Co-γ-MnO2 catalysts are 0.11 and 0.12,
respectively. Therefore, the Ce-γ-MnO2 catalyst has more
oxygen vacancies. As shown in Figure 6D, the average
oxidation state (AOS) of Mn was calculated by the following
formula: AOS = 8.956 − 1.126ΔEs, where ΔEs represents the
binding energy diﬀerence between the two Mn 3s peaks.28 The
AOS of the Ce-γ-MnO2 catalyst is the lowest (3.62), which
suggests that the content of Mn3+ in Ce-γ-MnO2 is the highest.
The above results further demonstrate that Ce-γ-MnO2 has
more oxygen vacancies than the other catalysts.
Compared with XPS, Raman spectroscopy mainly shows the
bulk structure of catalysts. Figure 7 shows the Raman spectra
of the γ-MnO2 and M-γ-MnO2 catalysts. The γ-MnO2 catalysts
showed bands at 197, 260, 370, 524, 572, and 652 cm−1, which
is consistent with the previous data on γ-MnO2.49 The ﬁrst
three bands are attributed to the deformation vibration of the
metal−oxygen chain of Mn−O−Mn, and the latter three
correspond to the stretching vibration of the MnO 6
octahedron.16,50 Among all the bands, the peak at 572 cm−1
is indicative of a well-developed orthorhombic structure with
an interstitial space consisting of (1 × 2) channels.28,51 The
ﬁrst band at 197 cm−1 shifts to 204 and 218 cm−1 for Co-γMnO2 and Ce-γ-MnO2, respectively. Meanwhile the last band
at 652 cm−1 shifts to 644 cm−1 for Ce-γ-MnO2. The above
peak-shift phenomenon indicated the formation of αMnO2.28,49 The results are consistent with the XRD patterns
and HRTEM images. Compared with γ-MnO2, the bands of
Ce-γ-MnO2 catalysts became broader and weaker. The above

Figure 5. H2-TPR proﬁles of the γ-MnO2 and M-γ-MnO2 catalysts.

Table 2. H2-TPR and O2-TPD Results of γ-MnO2 and M-γMnO2
H2-TPR

catalysts
γ-MnO2
Co-γMnO2
Ce-γMnO2

O2-TPD

peak I
(mmol/g)

peak II
(mmol/g)

peak I/
peak II

total
(mmol/g)

T<
350 °C
(%)

6.76
6.19

3.50
3.21

1.93
1.93

10.26
9.40

0
13.53

5.76

2.98

1.93

8.74

14.12

MnO2 is higher than of Co-γ-MnO2. It is generally known that
oxygen vacancies will be created to maintain charge balance
when Mn3+ exists in manganese dioxide on the basis of the
following process (R1)28
1
4Mn 4 + + O2 − → 4Mn 4 + + 2e−/VO + O2
2
1
4+
3+
→ 2Mn + 2Mn + VO + O2
(R1)
2
where VO represents an oxygen vacancy site. Therefore, it can
be deduced that the surface oxygen vacancy density increases
in the order γ-MnO2 < Co-γ-MnO2 < Ce-γ-MnO2.
3.4. The Characteristics of Oxygen Vacancies. The
evolution of oxygen was characterized by an O2-TPD
experiment, and the results are shown in Figure 6A. The
desorption capacity of the oxygen species on the surface of the
catalyst was observed by detecting the O2 desorption peak
using mass spectrometry. The chemisorbed oxygen species and
active surface oxygen usually desorb at lower temperatures
around 350 °C, and the higher temperature desorption peak
(500−650 °C) is ascribed to the subsurface lattice oxygen.26
The higher temperature peak at 700 °C is attributed to the
conversion of bulk lattice oxygen.26 The lower the temperature
at which oxygen is released, the looser it is bound to Mn atoms
within the framework. Therefore, the Ce-γ-MnO2 and Co-γMnO2 catalysts had higher oxygen mobility.45 As shown in
Figure 6A, the total peak areas for Ce-γ-MnO2 are visibly larger
than for the γ-MnO2 and Co-γ-MnO2 catalysts, indicating that
the former had more excellent oxygen adsorption and storage
capacity. As shown in Table 2, abundant active oxygen species
exist in the Ce-γ-MnO2 and Co-γ-MnO2 catalysts, and the
content of active oxygen species on the Ce-γ-MnO2 catalyst is
higher than that of Co-γ-MnO2. However, there are almost no
surface oxygen species in γ-MnO2. The result indicates that the
12690
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Figure 6. (A) O2-TPD proﬁles of the γ-MnO2 and M-γ-MnO2 catalysts and (B) O 1s, (C) Mn 2p, and (D) Mn 3s XPS spectra of the γ-MnO2 and
M-γ-MnO2.

Table 3. XPS Results of γ-MnO2 and M-γ-MnO2
O 1s

Mn 2p3/2

transforming into an amorphous structure, which could lead to
the formation of oxygen vacancies.52−54 Therefore, the Ce-γMnO2 catalysts had the most oxygen vacancies, which is
consistent with the H2-TPR and O2-TPD results.
X-ray absorption ﬁne structure spectroscopy (XAFS) can be
used to explore the surface defects, local atomic arrangement,
and electronic structure of crystalline materials. Therefore, Xray absorption ﬁne structure spectroscopy (XAFS) measurements were carried out to further examine the distinct oxygen
vacancy concentrations in the γ-MnO2 and M-γ-MnO2
catalysts. The Mn K-edge k3χ(k) oscillation curves (Figure
8A) of Co-γ-MnO2 and Ce-γ-MnO2 were similar to that of γ-

Mn 3s

OIII
(%)

Mn3+
(%)

Mn4+
(%)

Mn3+/
Mn4+

AOS
of Mn

catalysts

OI (%)

OII
(%)

γ-MnO2
Co-γMnO2
Ce-γMnO2

60.75
58.97

30.10
30.65

9.15
10.38

9.53
10.42

90.47
89.58

0.11
0.12

3.70
3.69

57.61

32.57

9.81

15.10

84.90

0.18

3.62

results showed that Ce-doping increased the disorder of the
interior lattice structure and led to the regular γ-MnO2 crystals
12691
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Table 4. Curve-Fitting Results of Mn K-Edge EXAFS in γMnO2 and M-γ-MnO2 Catalysts
Mn−K
reference

catalysts

γ-MnO2

γ-MnO2

Co-γMnO2

Ce-γMnO2

CNa

Rb
(Å)

DWc
(10−3 Å2)

R factor
(%)
0.39

6
4

1.89
2.89

3.1
9.6

4

3.4

11.2

γ-MnO2

Mn−O
Mn−
Mn1
Mn−
Mn2
Mn−O

5.7

1.89

3.0

3.9

2.89

9.7

3.9

3.4

11.3

γ-MnO2

Mn−
Mn1
Mn−
Mn2
Mn−O

5.3

1.89

3.0

3.8

2.89

11.1

3.8

3.4

11.8

Figure 7. Raman spectra of the γ-MnO2 and M-γ-MnO2 catalysts.

MnO2, which indicated that the [MnO6] octahedral structure
is well maintained.45 The corresponding Fourier-transformed
k3χ(k) functions (Figure 8B) can reveal diﬀerences in the
coordination environment of the Mn atoms. The FT curves
have three main peaks at 1.89, 2.89, and 3.4 Å, corresponding
to the Mn−O, Mn−Mn1, and Mn−Mn2 coordination shells,
respectively.33,36 The peak intensity for Mn−O coordination in
Ce-γ-MnO2 clearly decreased in comparison with γ-MnO2 and
Co-γ-MnO2, qualitatively illustrating its lowered Mn−O
coordination (increased oxygen vacancies).45,55,56 Meanwhile,
the peak intensity for Mn−Mn1 and Mn−Mn2 coordination in
Ce-γ-MnO2 and Co-γ-MnO2 showed a distinct decrease, and
that in Ce-γ-MnO2 decreased more markedly.
Least-squares curve ﬁtting was conducted to obtain
quantitative structural parameters around Mn atoms in the γMnO2 and M-γ-MnO2 single-unit-cell layers. Ramsdellite γMnO2 with orthorhombic structure (space group Pnam) was
used as the reference model, and its single and multiple
scattering paths were used to ﬁt the EXAFS data. The crystal
structure of the reference material is listed in Table S2. The
EXAFS data ﬁtting results are shown in Figure S5 and Table 4.
The reference material (γ-MnO2) was conﬁrmed to possess
perfect coordination, such that the Mn−O, Mn−Mn1, and
Mn−Mn2 coordination shells at ca. 1.89, 2.89, and 3.4 Å have
coordination numbers of 6.0, 4.0, and 4.0, respectively. The
coordination numbers for Mn−O, Mn−Mn1, and Mn−Mn2
coordination, conﬁned in the Ce-γ-MnO2 and Co-γ-MnO2
single-unit-cell layers, decreased as compared with the γ-MnO2
single-unit-cell layers, which indicates that these catalysts
possessed more surface defects.33,36 Among them, the Mn−O
coordination number of Ce-γ-MnO 2 and Co-γ-MnO 2
decreased to 5.3 and 5.7, respectively, which further indicated
that more oxygen vacancies had formed in their structure. This
will facilitate the adsorption and activation of ozone. The

shell

Mn−
Mn1
Mn−
Mn2

1.99

2.01

a
CN: coordination number. bR: bond distance cDW: Debye−Waller
factor.

generated manganese and oxygen vacancies led to the
appearance of coordinatively unsaturated [MnO6‑x] octahedra,
which resulted in a distorted structure (Figure 4). The above
results are consistent with the results revealed by HRTEM, H2TPR, O2-TPD, XPS, and Raman.
According to the previous literature, an ozone decomposition mechanism based on the participation and recycling of
oxygen vacancies is widely accepted.16,57,58
O3 + VO → O2 + O2 −
2−

O3 + O

→ O2 + O2

(R2)
2−

(R3)

O2 2 − → O2 + VO

(R4)

Abundant surface oxygen vacancies on the surface of the
catalyst could favor ozone decomposition. Hence, the presence
of more surface oxygen vacancies was beneﬁcial to the highly
eﬃcient removal of ozone on Ce-γ-MnO2.
3.5. Ozone Decomposition Performance. Figure 9A
shows the catalytic activity for ozone decomposition on γMnO2 and M-γ-MnO2 catalysts with relative humidity (RH) of
65%. Within 0.5 h, the activities of γ-MnO2, Ce-γ-MnO2, and
Co-γ-MnO2 were all above 90%, and there were no signiﬁcant
diﬀerences. However, the activity of α-MnO2 and physically
mixed α-MnO2 and γ-MnO2 (weight ratio 1:1) catalysts
dropped sharply within 0.5 h. The α-MnO2 catalyst showed

Figure 8. (A) Mn K-edge extended XAFS oscillation function k3χ(k) and (B) the corresponding Fourier transforms FT(k3χ(k)).
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Figure 9. (A) The conversion of ozone on the γ-MnO2, M-γ-MnO2, α-MnO2, and physically mixed α-MnO2/γ-MnO2 catalysts. Conditions: ozone
inlet concentration 40 ppm, temperature 30 °C, RH = 65%, weight space velocity 840 L g−1 h−1. (B) Durability of the Ce-γ-MnO2 catalyst.
Conditions: ozone inlet concentration 40 ppm, temperature 30 °C, weight space velocity 840 L g−1 h−1.

at the ﬁrst cycle (8 h). However, when the gas path was
switched to the dry atmosphere (RH < 5%), the ozone removal
rate quickly recovered to 100%. Furthermore, when the RH
was increased to 65% again, the ozone removal eﬃciency
gradually reduced to the level of the ﬁrst cycle (89%) in the
ﬁrst 6 h, and the ozone conversion slowly decreased to 86%,
which indicates that water molecules are weakly adsorbed on
the catalyst and can be blown away by the dry gas stream.
When the Ce-γ-MnO2 catalyst was placed in the wet gas ﬂow a
third time, the catalytic activity quickly dropped to the level of
the second cycle in half an hour and then slowly decreased to
78% after 8 h. In the next few cycles, the catalytic activity
quickly decreased to the level of the previous cycle, which
could be because the oxygen vacancies able to decompose
ozone were reduced. As is shown in Figure S7, the surface
average oxidation state (AOS) of Mn of the ozone-treated Ceγ-MnO2 catalyst increased to 3.64, and the Mn3+ content of the
ozone-treated Ce-γ-MnO2 catalyst decreased to 14.68%, which
indicates that the oxygen vacancies of the Ce-γ-MnO2 catalyst
decreased after ozone treatment.16 This is because part of the
oxygen species (from ozone molecules) adsorbed on the
oxygen vacancies is not easily desorbed.28 In order to test the
stability of the catalyst under dry conditions, the decomposition of ozone on Ce-γ-MnO2 was investigated under high
space velocity. As is shown in Figure S8, the removal eﬃciency
of the Ce-γ-MnO2 catalyst ultimately maintained a level of 81%
after a continuous 96 h test under the space velocity of 5600 L
g−1 h−1 and dry gas. The above results further indicate that if
the oxygen species (from ozone molecules) adsorbed on the
oxygen vacancies cannot be desorbed in time, the catalyst will
be gradually deactivated. As is shown in Figure 9B and Figure
S8, the catalytic activity of the Ce-γ-MnO2 catalyst eventually
stabilized at a certain value, which indicates that a portion of
the oxygen vacancies on the catalyst surface is stable and is not
easily deactivated. Therefore, there are diﬀerent types of
oxygen vacancies on the catalyst surface, some of which are
easily deactivated, and others are relatively stable. The oxygen
vacancies weakly combined with intermediate oxygen species
could be the more stable active sites. Even though the number
of active sites was reduced, the catalyst still had 100% ozone
conversion under dry conditions and weight space velocity of
840 L g−1 h−1, which indicates that the remaining oxygen
vacancies are very eﬃcient active sites. Therefore, Ce-γ-MnO2
has promising application potential in industry.

less than 20% ozone conversion. After physical mixing of αMnO2 and γ-MnO2, the catalytic activity only increased to
about 45%. After 1 h, the ozone conversion of γ-MnO2 and
Co-γ-MnO2 distinctly decreased, while the Ce-γ-MnO2 catalyst
still showed almost 100% ozone conversion. The activity of αMnO2 and physically mixed α-MnO2/γ-MnO2 catalysts was
14% and 43%, respectively. The Ce-γ-MnO 2 catalyst
maintained 96% ozone conversion after 6 h. However, the
ozone conversion on the Co-γ-MnO2 and γ-MnO2 catalysts
was 55% and 38%, respectively. As shown in Figure S6, the
activity of CeO2 and Co3O4 was very poor, which indicates
that the two components do not contribute to increasing the
activity of the Ce-γ-MnO2 or Co-γ-MnO2 catalysts. The
activity of α-MnO2 was stable at 5% after 6 h, and the
physically mixed α-MnO2/γ-MnO2 catalyst also had stable
ozone conversion of about 35%, showing far less activity than
Ce-γ-MnO2. The above results indicate that Ce doping
induced the formation of a mixed crystal during the synthetic
process, which leads to superior activity compared to that
obtained with the physically mixed catalyst. During the
synthetic process of γ-MnO2, the addition of transition metals
destroyed the normal growth of crystals. The most logical
source of the enhancement is the mixed crystal, amorphous
regions and obvious local lattice distortions appearing in
HRTEM images, which can increase the speciﬁc surface area
and oxygen vacancies of the catalyst. However, simple physical
mixing cannot change the crystal structure. According to the
previous literature, oxygen vacancies play a key role in the
catalytic decomposition of ozone. The above characterization
indicates that the Ce-γ-MnO2 catalyst has the most oxygen
vacancies, so it has the best catalytic activity.
Considering its practical application in ozone decomposition, the Ce-γ-MnO2 catalyst was continuously tested for
longer time periods under RH = 65%. As shown in Figure 9 B,
the removal eﬃciency of the Ce-γ-MnO2 catalyst for 40 ppm
ozone decreased slowly and ultimately maintained a level of
60% after a continuous 96 h test. However, the catalytic
activity of the Ce-γ-MnO2 catalyst always maintained a level of
100% under dry conditions, which indicates that the
deactivation of the catalysts under RH = 65% conditions is
mainly due to the competitive adsorption of water molecules
and ozone molecules. The ozone removal rate evaluated under
alternating humidity conditions is shown in Figure 9B. When
the Ce-γ-MnO2 catalyst was ﬁrst placed in the wet gas ﬂow
(RH = 65%), the ozone conversion gradually decreased to 89%
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3.6. Implications and Future Direction of the
Research. Transition metal (cerium and cobalt) doped γMnO2 catalysts were successfully synthesized by reaction
between the metal ions, Mn2+, and (NH4)2S2O8 via a one-step
hydrothermal method. Diﬀerent metal-ion-doped M-γ-MnO2
catalysts showed distinct diﬀerences in their ozone decomposition activities, which is mainly due to diﬀerent contents of
oxygen vacancies. The Ce-γ-MnO2 materials were far superior
to the Co-γ-MnO2 and γ-MnO2 catalysts, and the materials
showed ozone (O3) conversion of 96% for 40 ppm of O3 under
RH = 65% and space velocity of 840 L g−1 h−1 after 6 h at
room temperature. A series of experimental results indicated
that cerium-doped γ-MnO2 can form more surface oxygen
vacancies along with formation of a mixed crystal and an
increase in the speciﬁc surface area, which further demonstrates the key role of oxygen vacancies in the catalytic
decomposition of ozone.
In this work, the removal eﬃciency of the Ce-γ-MnO2
catalyst for 40 ppm ozone under RH = 65% and space
velocity of 840 L g−1 h−1 still remained at 60% ozone
conversion after a continuous 96 h test, and the ozone
conversion rate could reach 100% for 96 h under dry
conditions and space velocity of 840 L g−1 h−1, which indicates
that the Ce-γ-MnO2 catalyst possesses promising application
potential in industry. Furthermore, the durability tests of the
Ce-γ-MnO2 catalyst show that the catalyst deactivation under a
wet gas stream is mainly due to the competitive adsorption
between water molecules and ozone molecules, and the
catalyst deactivation under the dry gas stream is mainly due to
the fact that part of the oxygen vacancies is easily deactivated.
Therefore, if ozone molecules can be more easily adsorbed at
the oxygen vacancies (weakening the competitive adsorption of
water molecules), and the generated intermediate oxygen
species are more easily desorbed (by synthesis of catalysts
having oxygen vacancies weakly combined with intermediate
oxygen species), the catalytic activity can be greatly enhanced,
which provides guidance for the further improvement of
catalysts.
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