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ABSTRACT: Ground-level ozone is an irritant and is harmful to
human respiratory and nervous systems. Thus, four manganese oxides
with different crystals were hydrothermally synthesized to decompose
residual ozone (deO3) in an ozone synergistic−oxidation system.
Among them, a cactus-like MnO2-IV nanosphere exhibited the
highest deO3 activity, with excellent tolerance to water vapor and
SO2/H2O, which could maintain >88% deO3 efficiency in the high-
humidity and sulfur-containing conditions. It benefits from the unique
morphology, high specific surface area, superior redox properties,
oxygen chemisorption capabilities, abundant surface-active hydroxyl
species, and low valence Mn species. More importantly, the detailed
interference mechanism of O2/O3/H2O/SO2 molecules on MnO2-IV was revealed utilizing in situ diffused reflectance infrared
Fourier transform spectroscopy and X-ray photoelectron spectroscopy. H2O generally caused recoverable deactivation, but that
caused by SO2 was irreversible. The synergistic effect of SO2/H2O promoted the formation of an unstable sulfate species, thereby
deepening the deactivation but inhibiting the irreversible poisoning. Finally, nine specific steps to decompose ozone via surface-
active hydroxyl/intermediates were established.

1. INTRODUCTION
Ozone has strong oxidizing properties and is one of the
strongest oxidants in nature. Excess ground-level ozone is an
irritant and is harmful to human respiratory and nervous
systems,1 which can cause serious respiratory symptoms like
coughing, chest tightness, and tachypnea.2,3 Moreover, breath-
ing ambient air containing ozone can induce asthma
symptoms.4,5 Commonly, ground-level ozone can be generated
naturally via photochemical reactions under conditions of high
temperature, sufficient sunshine, and dry air. Nowadays,
anthropogenic ground-level ozone, derived from the nitrogen
oxides (NOx) and volatile organic compounds (VOCs), has
been listed as one of the main air pollutants.6,7 Therefore, a lot
of work has been devoted to controlling the emission of air
pollutant precursors. Furthermore, the emissions and unor-
ganized diffusion issues of indoor residual ozone are also
important, such as wastewater treatment,8 disinfection,9 air
purifiers,10 laser printers, and so on. For these occasions where
ozone is actively generated and released, more work has been
devoted to controlling (indoor) ozone emission under simple
gas components. However, there is still a lack of research on
complex industrial conditions.
Recently, ozone synergistic−oxidation technology has been

rapidly applied to industries for flue gas treatment.11−14 These
medium-sized boilers/furnaces in biomass power plants,11

thermal power plants, and industries such as rubber,12 glass,13

and waste incineration14 are limited by space, flue gas
conditions, and capital, resulting in unavailable application of

traditional selective noncatalytic reduction (SNCR) technol-
ogy and selective catalytic reduction (SCR) technology for
NOx abatement.15 In contrast, ozone can preferentially convert
insoluble NO into highly soluble NO2/N2O5 at a low
temperature (80−140 °C),16,17 whereas SO2 cannot be
oxidized by ozone under these conditions. Further, the
insoluble mercury and VOCs can also be oxidized into soluble
Hg2+ and environmentally friendly CO2 and H2O by O3,
respectively.18 Subsequently, the oxidized soluble NO2, N2O5,
Hg2+, and CO2 can be absorbed together with SO2 in a wet
scrubber.19 It is advantageous that the original wet flue gas
desulfurization (WFGD) system can undertake the absorption
functions and achieve a simultaneous multipollutant removal
function. However, due to the load/fuel fluctuations in actual
engineering applications, residual ozone can be detected in the
exhaust gas especially when excess ozone is injected to achieve
a higher denitration efficiency. Sometimes residual ozone even
reaches up to ∼22 ppm under the molar ratio of O3/NO
around 2.9,11 which exceeds the standards of 50 ppb
(suggested by World Health Organization) and 0.16 mg/m3
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(∼0.7 ppm, suggested by Indoor Air Quality Standard (GB/T
18883-2002, China)).20−22 The residual ozone has already
received public attention and has hindered the applications of
ozonation technology. Therefore, there is an urgent need to
develop an effective method to eliminate the residual ozone,
especially one that can adapt to the complex flue gas
conditions.
So far, the reported technologies to eliminate ozone include

activated carbon adsorption,23 liquid absorption,24 thermal
decomposition,25 and direct catalytic decomposition. Among
them, the direct catalytic decomposition method, benefiting
from its stability, safety, and economy, is considered as the
most promising way to achieve nonhazardous disposal of
ozone. In terms of non-noble catalysts, manganese-based
catalysts generally exhibit excellent low-temperature activity
and promote the decomposition of ozone (deO3).

26,27

Therefore, considerable research has been devoted to revealing
the deO3 mechanism of Mn-based catalysts. As shown in eqs
1−3, the widely accepted mechanism consists of the
dissociative adsorption of O3 and the desorption of adsorbed
intermediates (the symbol * represents active sites).28−30

Research shows that manganese oxides can form various
crystals with different tunnel structures through MnO6
octahedra units, which provide abundant active sites and
oxygen vacancies.27,31 Herein, surface oxygen vacancies can
significantly improve the adsorption and decomposition of O3
molecules.30 Furthermore, the surface defections and low
valence Mn2+/Mn3+ species in the structure also play key roles
in the ozone decomposition process.32 In addition to pure
MnOx, the deO3 behaviors of supported MnOx catalysts are
closely related to the characteristics of support and the loading
situation of Mn species. For instance, the deO3 activity of
MnOx/ZSM-5 zeolite is related to the surface acidic sites and
hydrophobicity of the ZSM-5 support.20,33 Zhu et al. obtained
α-MnO2 nanofibers with a high concentration of surface
oxygen vacancies by vacuum deoxidation, which increased
their ozone removal rate from 32.6 to 95% in dry gas flow.30

Moreover, the specific intermediate and binding method of O3
molecules adsorbed on the Mn-based samples is also a hot
research topic, which has not yet been further explored. For
example, Mn(OH)4(O2)

+ species on MnOx/Al2O3 are
considered to be the possible compound for the adsorbed

oxygen species.28 Given that the complex compositions in flue
gas and water vapor can cause catalyst deactivation, it is an
important factor for the deO3 applications. For example, the
ozone removal rate of α-MnO2 nanofibers at 12 h decreased
from 97 to 48%, whereas the relative humidity (RH) increased
from <5 to 30%.30 Doping and modifing (K,34 Na,35 Fe,21

Ni,36 and Ce,37 etc.) could adjust the average valence of Mn
and promote the oxygen vacancies, thus obtaining a better
deO3 performance and water vapor resistance capability.
MnFe0.5Ox catalyst modified by Fe atoms has more abundant
surface Mn3+ (Mn2+) species and can maintain over 85% ozone
conversion under >90% RH.21 Nevertheless, most of the
above-mentioned work was aimed at a simple application
condition. The interference mechanism of water vapor on
ozone decomposition is generally unclear, especially under the
complex flue gas containing multiple components.

+ * → * +O (g) O O (g)3 2 (1)

+ * → + *O (g) O O (g) O3 2 2 (2)

* → + *O O (g)2 2 (3)

In summary, the existing research on O3 decomposition has
made relatively good progress in catalyst synthesis and
decomposition mechanism. However, detailed literature on
high humidity and low sulfur conditions is rare, resulting in a
few useful works when dealing with residual O3 in the ozone
synergistic−oxidation system. In particular, under sulfur-
containing and humidity conditions, the specific changes of
the intermediate product and the deactivation mechanism on
the catalyst surface are still unclear. To the best of our
knowledge, there is no report for ozone elimination closely
integrated with the actual flue gas conditions of the ozone
synergistic−oxidation system.
Hence, this work was devoted to revealing the decom-

position behavior of O3 molecules on hydrothermally
synthesized manganese oxides, especially with the interference
of water vapor and SO2. Notably, the detailed O3/O2/H2O/
SO2 adsorption behaviors on cactus-like MnO2 were revealed
utilizing in situ diffused reflectance infrared Fourier transform
spectroscopy (DRIFTS) and X-ray photoelectron spectroscopy
(XPS). More importantly, a novel mechanism in which ozone
molecules are decomposed via the surface-active hydroxyl

Figure 1. Schematic diagram of the O3 decomposition experimental setup.
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species was proposed. This work provides deeper insight into
residual ozone decomposition and promotes the industrial
applications of affordable Mn-based catalysts in the ozone
synergistic−oxidation system.

2. EXPERIMENTAL METHODOLOGY
2.1. Preparation of Catalysts. Four manganese oxides

with different crystalline structures (abbreviated as MnO2-I,
MnO2-II, MnO2-III, and MnO2-IV) were synthesized by a
uniform hydrothermal method. In the synthesis of MnO2-I, 16
mmol KMnO4 (Sinopharm, China) and 6 mmol MnSO4·H2O
(Sinopharm, China) were dissolved in 160 mL of deionized
water under ultrasonic stirring for 20 min, and the solution was
kept at 140 °C for 12 h in a 200 mL Teflon-lined autoclave.
The precipitation was further dried at 110 °C for 12 h after
thorough centrifugation and washing, and then the obtained
powder was annealed at 300 °C for 3 h in air. The syntheses of
MnO2-II, MnO2-III, and MnO2-IV were similar to that of
MnO2-I except for the differences of precursors and hydro-
thermal conditions. Specifically, MnO2-II was synthesized with
(NH4)2S2O8 (Sinopharm, 10 mmol) and MnSO4·H2O (10
mmol). For MnO2-III, the solution with (NH4)2S2O8 (16
mmol) and MnSO4·H2O (16 mmol) was hydrothermally
reacted at 90 °C for 24 h. Further, MnO2-IV was synthesized
via the hydrothermal reaction of KMnO4 (36 mmol) and
MnSO4·H2O (6 mmol) at 240 °C for 24 h. All of the reagents
were of analytical grade, and the catalysts were screened with
40−60 mesh before the activity tests.
2.2. Activity Tests. The O3 decomposition activity and

SO2/H2O resistance tests of the synthesized manganese oxides
were evaluated in a fixed-bed furnace, and the schematic
diagram is shown in Figure. 1. The experimental setup
consisted of a gas-feeding system, an ozone generation−
detection system, an electric heated reaction furnace, and a
Fourier transform infrared (FTIR) analyzer. Source gas was
supplied from cylinder bottles (Hangzhou Jingong Special Gas
Co., Ltd., 99.999% for O2, 99.999% for N2, 1000 ppm/balance
N2 for SO2) and controlled by mass flow controllers (MFCs,
O3/O2, Beijing Sevenstar Electronics Co., Ltd.; N2, SO2, Alicat
Scientific, Inc.). Ozone was generated by a dielectric barrier
discharge (DBD) reactor (VMUS-1S, AZCO Industries., Ltd.)
and divided into two parts. The initial O3 concentration was
monitored by a high concentration ozone analyzer (BMT-
964B, OSTI, Inc., range: 0−20 g/Nm3, resolution: 0.1 g/
Nm3), and then one O3/O2 stream was mixed with N2
according to the calculated molar ratio. The residual O3 after
decomposition was measured by a dual beam ozone monitor
(model 205, 2B Technologies, Inc., 0−250 ppm, resolution 0.1
ppb). The reaction furnace was equipped with a K-type
thermocouple inserted to monitor the reaction temperature.
In each test, 0.15 g of MnO2 was mixed with quartz sand

(SiO2, Sinopharm, 40−60 mesh) and placed in a quartz
cylindrical tube (inner diameter: 12 mm). The total flow rate
was kept at approximately 1.5 L/min with the gas hour space
velocity (GHSV) of ∼30000 h−1 (or ∼90000 h−1), and the
initial O3 concentration in the mixed gas was ∼100 ppm. For
facilitating comparison and multiple replicates, the activity data
after a 300 min test were used to investigate their deO3
performance, and the stability results (MnO2-IV, 12 h) are
shown in the Supporting Information (Figure S1). Sub-
sequently, MnO2-IV was selected to do further tolerance
investigations because of its highest activity among four
manganese oxides. The H2O/SO2 tolerance tests were

performed based on the high-humidity gas conditions and
“ultralow emission” standards (SO2 < 35 mg/Nm3) after the
scrubber. Water vapor or 10 ppm (28.57 mg/Nm3) SO2 was
introduced into the reactor after a 60 min stabilization at 80 °C
to investigate the catalytic tolerance to water vapor and SO2.
Water vapor was carried via a nitrogen flow by the heating−
bubbling method and measured by a humidity analyzer
(TH21E, Anymetre, Inc.). The inlet and outlet concentrations
of SO2 were monitored with a Gasmet DX4000 FTIR analyzer.
The O3 decomposition efficiency was calculated by the
following eq 4:

η =
[ ] − [ ]

[ ]
×

O O
O

100%O
3 inlet 3 outlet

3 inlet
3 (4)

where ηO3
represents the ozone decomposition efficiency of the

catalyst. [O3]inlet and [O3]outlet represent the initial and outlet
ozone concentration in parts per million, respectively.

2.3. Catalyst Characterization. Powder X-ray diffraction
(XRD) patterns were obtained on a Rigaku D/max 2550PC
diffractometer using monochromatized Cu Kα radiation (λ =
1.5406 Å, step size = 0.5°, 4° min−1 from 10 to 80°). The
surface area of catalyst was determined by the Brunauer−
Emmett−Teller (BET) model from nitrogen adsorption−
desorption isotherms (at 77 K, Gemini V2380 chemical
adsorption analyzer). Moreover, the Barrett−Joyner−Halenda
(BJH) method was used to calculate pore volume and average
pore diameter. The micromorphology of the catalyst was
detected on a Hitachi SU-70 field emission scanning electron
microscope (FE-SEM). X-ray photoelectron spectra were
recorded on a Thermo Scientific ESCALAB 250Xi analyzer
using a standard Al Kα source (1486.6 eV), and all binding
energies are referenced to the C 1s peak at 284.8 eV.
The hydrogen temperature-programmed reduction (H2-

TPR) and oxygen temperature-programmed desorption (O2-
TPD) measurements were conducted on a Micromeritics
AutoChem II 2920 chemical adsorption analyzer with a
thermal conductivity (TCD) detector. In the H2-TPR test,
∼50 mg of catalyst was loaded in the U-type quartz tube to
undergo the pretreatment. The sample was first purged at 200
°C for 1 h under 30 mL/min of He flow and then cooled
naturally to 100 °C. After stabilization, the program was heated
to 800 °C (10 °C/min) under 20 mL/min of 5 vol % H2/Ar
flow, and the signal intensity was recorded by the TCD
detector. The hydrogen consumption was referenced to the
data of standard copper oxide and further quantified. For O2-
TPD, ∼50 mg of catalyst was similarly pretreated and then
cooled to 50 °C. In the subsequent adsorption, the catalyst was
treated in a 50 mL/min of 2 vol % O2/He flow for 1 h and
further purged under 30 mL/min of He for 50 min to remove
residual gas as well as physically adsorbed species.
Furthermore, the program was heated to 900 °C (10 °C/
min) under 50 mL/min of He flow, and the TPD data were
collected by a Hiden QIC20 mass spectroscope.
FTIR spectra of samples before/after the reactions were

collected on a Thermo Nicolet iS50 FTIR spectrometer.
Further, in situ DRIFTS data were conducted on an iS50
spectrometer equipped with a reaction chamber (Praying
Mantis) and detected by a mercury cadmium telluride (MCT/
A) detector. For each test, the catalyst was purged by 100 mL/
min of N2 flow at 150 °C for 30 min and then cooled naturally
to 80 °C. Subsequently, the in situ spectra were recorded at a
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resolution of 4 cm−1 in a 600−4000 cm−1 range under specific
simulated flue gas conditions (O2/O3/SO2/H2O).

3. RESULTS AND DISCUSSION
3.1. Crystal Structures, Morphologies, and Textural

Properties. Powder XRD data were collected to confirm the
crystal structures of four synthesized MnOx, and their patterns
are shown in Figure 2. Figure S2 represented the standard

XRD patterns of JCPDS 44-0141 (α-MnO2),
38 JCPDS 24-

0735 (pyrolusite, β-MnO2),
39 JCPDS 14-0644 (nsutite, γ-

MnO2),
40 and JCPDS 52-0556 (birnessite-type potassium

MnO2, δ-MnO2).
41,42 The diffraction pattern for the MnO2-I

sample exhibits typical characteristic peaks at 12.8, 18.1, 28.8,
37.5, 42.0, 49.9, 60.3, and 69.7°, corresponding to (110),
(200), (310), (211), (301), (411), (521), and (541) planes of
α-MnO2, respectively. The MnO2-II sample exhibits sharp
peaks at 28.7, 37.3, 42.8, 56.7, 59.4, and 72.3° corresponding
to (110), (101), (111), (211), (220), and (301) planes of β-
MnO2, respectively. Both MnO2-I and MnO2-II had sharp and
intense diffraction peaks as well as no impurity peaks,

indicating their highly crystalline nature and high purity.43

Nevertheless, the diffraction patterns for MnO2-III and MnO2-
IV were much weaker. The wide diffraction peaks with low
intensities observed in MnO2-III at 22.4, 37.1, 42.6, 56.1, and
65.6° were ascribed to (120), (131), (300), (160), and (421)
planes of γ-MnO2, indicating the poor crystallinity of γ-MnO2
in MnO2-III.

44 Additionally, the broad peaks with a slight shift
at 12.4, 25.0, 37.1, 42.1, ∼49.7, and ∼65.5° observed over
MnO2-IV were partially assigned to (003), (006), (012),
(015), (018), and (110) planes of δ-MnO2, respectively. This
indicated that there are weak crystallization and slight lattice
defects associated with δ-MnO2 in the MnO2-IV phase.
Further, the relatively intense diffraction peak at 12.4°
((003) plane) suggested that more MnO6 octahedral units
had extended growth along the plane, which possibly formed
the local layered structures under the stabilization of plentiful
K+ or H2O molecules as the template.45 The XRD results
confirmed that four high-purity manganese oxides with
different crystals were successfully synthesized.
Scanning electron microscopy (SEM) measurements were

collected to further distinguish morphologies and surface
structures of the synthesized MnO2. As shown in Figure
3a1,a2, SEM images showed that particles of MnO2-I adopted
a slender and regular rod-like morphology with diameters of
50−100 nm and lengths of 1−6 μm that tended to be
randomly distributed and clustered in loose clusters. Moreover,
SEM images (Figure 3b1,b2) presented that MnO2-II mainly
consisted of nanowires that were shorter but thicker than those
of MnO2-I, as well as a few flat-regular flakes with diameters of
150−400 nm. These morphologies coincided with the good
crystallinity in their XRD results (Figure 2). Different from the
former two with the randomly distributed nanorods/nano-
wires, SEM images of both MnO2-III and MnO2-IV exhibited
some agglomerated particles. As shown in Figure 3c1,c2, SEM
images of MnO2-III catalysts presented some rough nano-
spheres with diameters of 3.5−10.0 μm, and each nanosphere
was composed of closely packed nanowires as well as prolate
agglomerated nanoflakes, confirming its weak crystallization in
the XRD pattern. Further, Figure 3d1,d2 presents that MnO2-
IV consisted of cactus-like nanospheres, and the diameters
ranged from 1.0 to 5.6 μm. Interestingly, MnO2-IV nano-
spheres agglomerated more compactly and smaller than the
other three samples, and the surface morphologies of the

Figure 2. Powder XRD patterns of manganese oxides in the 2θ range
of 10−80°.

Figure 3. SEM images of (a1,a2) MnO2-I, (b1,b2) MnO2-II, (c1,c2) MnO2-III, and (d1,d2) MnO2-IV.
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particles (Figure. 3h) showed lichen-like or cactus-like
structures with many thin flaky protrusions. This should be
related to the layered structures of weakly crystalline δ-MnO2
on the surface,46 attributed to the intense peak ((003) plane)
in its XRD pattern.
The textural properties were investigated by N2 adsorption−

desorption characterization and are summarized in Table 1.

Specific surface area and pore volume of the samples decreased
in the order of MnO2-IV > MnO2-III > MnO2-I > MnO2-II.
Among them, MnO2-IV possessed the largest specific surface
area of 84 m2·gcat

−1 with the largest pore volume of 29.5 mL·
gcat

−1, which was beneficial to decompose ozone. In
comparison, MnO2-II possessed the lowest specific surface
area and pore volume of 11 m2·gcat

−1 and 29.5 mL·gcat
−1,

respectively, possibly resulting in a poor catalytic activity.38

The detailed nitrogen adsorption−desorption isotherms are
shown in Figure S3, and the inset curves in Figure S3 show the
pore size distribution calculated by the BJH method. All of
these catalysts exhibit type IV isotherms with a H3 hysteresis
loop,38,46 and no obvious saturated adsorption platform was
observed. This indicated that these catalysts possessed plentiful
mesopores, and the pore structures were very irregular.47 The
average pore size decreased in the order of MnO2-III > MnO2-
I > MnO2-II > MnO2-IV. Specifically, MnO2-I and MnO2-II
possessed a broad mesopore distribution in the range of 2−20
nm, in particular, concentrated in the range of 2−6 nm, with a
slow tail distribution above 20 nm. This led to the very weak
hysteresis loop and the low nitrogen adsorption−desorption
capacity, corresponding to the low specific surface area. MnO2-
III possessed a broad mesopore distribution in the range of 4−
50 nm with a wide peak centered at 15.6 nm and several small
peaks below 4 nm. Nevertheless, MnO2-IV possessed a
concentrated mesopore distribution in the range of 3−20 nm

with two sharp peaks centered at 3.9 and 6.3 nm and a wide
peak centered at 15.5 nm. Given the low proportion of peaks at
<4 nm in the curves of MnO2-III (Figure S3c), the smaller
pores observed in MnO2-IV should be attributed to the tiny
gaps formed by the surface cactus-like structure, which could
increase the surface reaction area.

3.2. O3 Decomposition Performance. After determining
the basic characteristics of the synthesized catalyst, the ozone
decomposition tests were carried out. The ozonation reactor is
usually installed upstream of the wet scrubber inlet for flue gas
treatment, where the flue gas temperature is around 80−140
°C. Moreover, the original WFGD tower is used as the wet
scrubber in most renovation projects and is operated at 40−80
°C to achieve better removal efficiency. Additionally, the wet-
plume elimination device is sometimes applied downstream of
the wet scrubber outlet to condense, dehydrate, and reheat the
flue gas, which further increased the flue gas temperature even
over 100 °C.48 Hence, in order to screen out the catalyst that
can effectively decompose ozone at the outlet condition of the
wet scrubber, the deO3 activities of four synthesized MnO2
under 25−100 °C as well as different GHSV were investigated,
and the results are shown in Figure 4. Moreover, the quartz
sand (SiO2) was used as an object of reference to characterize
the natural decomposition efficiency of ozone, which was
found to be less than 1% below 100 °C and therefore could be
ignored here.
As shown in Figure 4a, the ozone decomposition efficiency

of these samples increased as flue gas temperature increase
when GHSV was set at ∼30000 h−1. The deO3 activity of
MnO2-II with the smallest specific surface area (11 m2·gcat

−1)
and the highest crystallinity was significantly lower than that of
the other three, and its deO3 efficiency only reached 75.86%
even at 97 °C. MnO2-IV with the largest specific surface area
(84 m2·gcat

−1) showed the best overall activity. It indicated that
the specific surface area had a great influence on the ozone
decomposition activity. Nevertheless, the samples except for
MnO2-II exhibited similarly high activities. Specifically, their
deO3 activities at 25 °C were all higher than 90% and
decreased in the order of MnO2-IV (98.75%) > MnO2-III
(97.63%) > MnO2-I (94.11%), further achieving ∼100% above
60 °C, which was not strictly following their BET sequence.
Meanwhile, the gap between their activities was also not as
obvious as that in their BET results, suggesting that the
catalytic activity was not only determined by BET results. In
fact, the specific surface area is just one of the important factors

Table 1. Textural Properties of Manganese Oxides

catalyst
BET surface area

(m2·gcat−1)
pore volumea

(mL·gcat−1)
avg. pore

diameterb (nm)

MnO2-I 22 7.8 16.9
MnO2-II 11 3.3 12.9
MnO2-III 42 17.0 18.0
MnO2-IV 84 29.5 12.6

aBJH desorption cumulative volume of pores. bBJH desorption
average pore diameter.

Figure 4. O3 conversion efficiency over four synthesized MnO2 at different temperatures when GHSV was set at ∼30000 h−1 (a) and ∼90000 h−1
(b).
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affecting the catalytic activity. Other catalytic properties, such
as structure, redox properties, valence states of key elements,
etc., also have an impact on its activity. Moreover, it also
suggested that the gaps between the above three samples
cannot be well-distinguished under the tested conditions.
Therefore, the GHSV was further set at ∼90000 h−1 by
reducing the amount of catalyst to make a detailed comparison.
As shown in Figure 4b, a higher GHSV implied that the

reactants were in contact with samples for less time, and thus
their ozone decomposition efficiency exhibited a significant
drop. The activity sequence was MnO2-IV > MnO2-I > MnO2-
III > > MnO2-II. The activity order of MnO2-I and MnO2-III
was inconsistent with that in Figure 4a, attributed to the
difference of their out-diffusion effects. The higher GHSV also
promoted a mass transfer coefficient that exhibited a positive
impact on chemical reactions. This effect might have a stronger
promoting effect on MnO2-I, thus leading to an obvious gap
and a higher deO3 activity compared to that of MnO2-III.
Overall, MnO2-I and MnO2-IV showed excellent ozone
decomposition activity, achieving 93.11 and 96.00% at 58
°C, respectively. In addition, the deO3 efficiency of MnO2-IV
further reached 100% over 81 °C, positively benefiting from its
unique cactus-like structure, large specific surface area, and
slight lattice defects. Hereby, MnO2-IV was selected as the
material for the subsequent sulfur and water vapor resistance
tests.
3.3. TPR/TPD Results. The catalytic activity of ozone

decomposition is usually correlated with redox properties,
oxygen adsorption−desorption capabilities, and the surface
transference of oxygen species, thus H2-TPR and O2-TPD
experiments were conducted, and the results are shown in
Figure 5. Table 2 calculates their total H2 consumption in the

reduction process based on the H2 uptake of standard copper
oxide. As shown in the inset patterns of Figure 5a, the
diffraction pattern for MnO2-I after H2 reduction under 500 °C
exhibited sharp and intense peaks that corresponded to MnO
(JCPDS #07-0230),49 and the same was true for the other
samples. This indicated that these peaks in H2-TPR profiles
should be assigned to the reduction of high valence manganese
to Mn2+, mainly proceeding along the reduction process of
Mn4+ → Mn3+ → Mn2+,47 i.e., the multimodal reduction
process of MnO2 →Mn2O3 →Mn3O4 →MnO.50 Commonly,
the peaks below ∼300 °C were assigned to the reduction from
Mn4+ species to Mn3+, and the peaks above 300 °C were
assigned to the reduction from Mn3+ species in different
compound forms to Mn2+ species. The amount of H2
consumption increased in the order of MnO2-IV < MnO2-I
< MnO2-III < MnO2-II, in contrast to their deO3 activity
sequence, and the sample that consumed less H2 generally
exhibited a better deO3 performance. This indicated that
manganese species with lower valence benefitted from ozone
decomposition. Moreover, it was notable that MnO2-IV could
be reduced at the lower temperature (corresponding to the
first reduction peak centered at 275 °C) and consumed the
least amount of hydrogen (8.97 mmol·gcat

−1). Hence, MnO2-
IV possessed the best reducibility and the lowest average
valence of Mn species, which was beneficial to eliminate ozone
effectively.18

It is well-accepted that surface-active oxygen species and
oxygen vacancies are important for the process of oxygen
adsorption, conversion, and desorption.51 Therefore, O2-TPD
tests were conducted to investigate the oxygen adsorption−
desorption behavior of synthesized MnO2. As shown in Figure
5b, the desorption peaks below 250 °C were associated with
physically adsorbed oxygen. The peaks in the range of 250−
600 °C were attributed to the release of the chemically
adsorbed oxygen species,52 as well as part of the subsurface
lattice oxygen,53 while the peaks above 600 °C were attributed
to the bulk lattice oxygen species.54,55 Both MnO2-IV and
MnO2-I had obvious desorption peaks below 250 °C, which
had a relatively good catalytic activity, coinciding with the
reported studies that the deO3 activity was related to the low-
temperature oxygen adsorption−desorption properties. Most
obviously, MnO2-IV had the largest low-temperature peak
centered at 124 °C and a weak broad peak in the range of
250−530 °C. This reflected that MnO2-IV possessed an
excellent oxygen adsorption capacity, abundant oxygen
vacancies, and active oxygen species, beneficial to its excellent
catalytic activity. In addition, neither the least active MnO2-II
nor the relatively better active MnO2-III exhibited almost no
oxygen desorption below 250 °C but corresponded to a
significant difference in deO3 activity. This was partly related to
the gap of their specific surface areas. Moreover, it suggested
that the deO3 activity of the catalyst was not only determined
by its oxygen adsorption−desorption behavior but also affected
by various properties of the material. Therefore, a compre-
hensive measure is required in designing and optimizing
catalyst formulations.

3.4. Surface Elements. X-ray photoelectron spectroscopy
was used to characterize the oxidation state of Mn and O
species, which were highly correlated with catalytic activities.
Mn 2p3/2, O 1s, and Mn 3s XP spectra of the original samples
are shown in Figure S4, and those spectra of the spent samples
after decomposing ozone are shown in Figure 6. Further, by
deconvolution of XPS curves, the details of species

Figure 5. (a) H2-TPR profiles and (b) O2-TPD profiles of samples:
(I) MnO2-I, (II) MnO2-II, (III) MnO2-III, and (IV) MnO2-IV. The
inset curve shows XRD patterns of MnO2-IV after 500 °C/TPR
reaction.

Table 2. Peak and Hydrogen Consumption in H2-TPR
Profiles over Four Synthesized MnO2

catalyst
first peak

center (°C)
second peak
center (°C)

total H2 consumption
(mmol·gcat

−1)

MnO2-I 309 11.21
MnO2-II 329 475 13.08
MnO2-III 282 383 12.41
MnO2-IV 275 8.97
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concentration ratios and Mn average oxidation state (AOS)
were calculated and summarized in Table 3. Mn 3s spectra
(Figure 6c) were fitted to two peaks centered at ∼89.1 and
∼84 eV, and then AOS could be calculated by eq 5,56 where
ΔEs presented the difference in binding energy between the
centers of the two peaks.

= − ΔEsAOS 8.956 1.126 (5)

As shown in Figure 6a and Figure S4A, the Mn 2p3/2 spectra
centered at ∼642 eV were deconvolved to three peaks located

at ∼640.5, ∼642.0, and ∼642.7 eV, corresponding to Mn2+,
Mn3+, and Mn4+ species,31,57 respectively. The detailed
distribution energies of manganese and oxygen species are
listed on Table S1. Both the ratio of low valence Mn species
((Mn3+ + Mn2+)/Mn4+) and the calculated AOS (Table 3)
decrease in the order of MnO2-IV > MnO2-I > MnO2-III >
MnO2-II, coinciding with their deO3 performance as well as
their H2 consumption in the H2-TPR results. Further, MnO2-
IV-O3 exhibited the lowest manganese AOS (3.51) after the 5
h deO3 experiments, followed by MnO2-I-O3 (3.56) and

Figure 6. XPS spectra for samples after O3 decomposition reaction: (a) Mn 2p3/2, (b) O 1s, and (c) Mn 3s. Samples: (I) MnO2-I-O3, (II) MnO2-
II-O3, (III) MnO2-III-O3, and (IV) MnO2-IV-O3.

Table 3. XPS Results of Mn 2p and O 1s of MnO2-I, MnO2-II, MnO2-III, MnO2-IV, and Their Spent Samples

Mn 2p3/2 O 1s

catalyst Mn4+ (%) Mn3+ (%) Mn2+ (%) (Mn3+ + Mn2+)/Mn4+ AOS OO−H (%) Oad (%) Ola (%)

MnO2-I 40.7 53.5 5.8 1.46 3.69 1.1 40.0 58.9
MnO2-II 56.8 42.4 0.8 0.76 3.91 0.5 33.6 65.9
MnO2-III 52.8 46.1 1.1 0.89 3.81 1.1 36.4 62.5
MnO2-IV 40.6 51.2 8.2 1.46 3.63 1.9 34.2 63.9
MnO2-I-O3 46.1 46.4 7.5 1.17 3.56 1.3 38.7 60.0
MnO2-II-O3 56.3 42.7 1.0 0.78 3.87 0.0 43.6 56.4
MnO2-III-O3 50.5 49.5 0.0 0.98 3.74 1.1 41.8 57.1
MnO2-IV-O3 42.8 47.8 9.4 1.34 3.51 4.7 31.1 64.2
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MnO2-III-O3 (3.74). The lower AOS commonly represented
more low valence Mn species and more oxygen vacancies,58

indicating more active centers and higher efficiency in
catalytically decomposing ozone.56,59 Notably, after deO3
reaction, the proportions of Mn3+ species in the spent
MnO2-I and MnO2-IV decreased from 53.5 to 46.4% and
from 51.2 to 47.8%, respectively. Meanwhile, the proportions
of Mn4+ and Mn2+ species were improved. However, the ratios
of Mn3+ species in MnO2-II or MnO2-III that possessed a
relatively poor deO3 activity were approximately unchanged by
reacting with ozone. Therefore, it indicated that Mn3+ species
were the key intermediate factors of the valence transition in
the ozone decomposition cycle process. Above all, MnO2-IV
possessed the most oxygen vacancies as well low valence Mn
species, thus exhibiting the highest deO3 activity.
The O 1s spectra of four MnO2 and their ozone-treated

samples are shown in Figure S4B and Figure 6b, respectively.
The curves were approximately deconvolved to three peaks
located at ∼529.7, ∼531.5, and ∼533 eV, corresponding to
lattice oxygen (Ola), adsorb oxygen (Oad), and hydroxyl
oxygen (OO−H) species,18,31,57 respectively. As reported, the
surface-adsorbed oxygen species exhibits high activities in the
oxidation reaction. Obviously, the proportion of oxygen species
other than lattice oxygen (Table 3) decreased in the order of
MnO2-I > MnO2-III > MnO2-IV > MnO2-II, hence MnO2-I
with plentiful Oad species exhibited a good deO3 activity. It also
coincided with their deO3 performance except for MnO2-IV.
Nevertheless, the original MnO2-IV possessed the highest

proportion of hydroxyl oxygen species compared to the others,
which should be assessed to the interlayer-adsorbed water in
the rich sheet/layer structure on the cactus-like surface. In
particular, the proportion of hydroxyl oxygen species in MnO2-
IV had been further improved from 1.9 to 4.7% after ozone
treatment, whereas that of the other samples was approx-
imately unchanged. It was deduced that the surface hydroxyl
oxygen species also plays an important role in the O3
decomposition process over MnO2-IV, which was different
from that in MnO2-I.

3.5. Water Vapor and Sulfur Resistance. Through the
above characterization, MnO2-IV possessed the largest specific
surface area, the best low-temperature reducibility, and the
most low valence Mn species, oxygen vacancies, and hydroxyl
oxygen species, resulting in the highest catalytic activity.
However, even if the stringent ultralow emission standard
(SO2 < 35 mg/Nm3) was met, residual SO2 after the wet
scrubber would also cause sulfur poisoning.11 Further, the
nearly saturated water vapor in the flue gas also had an
uncertain impact on the catalyst. Therefore, the resistance tests
to H2O and SO2 were subsequently conducted over MnO2-IV
to investigate its performance in the complex flue gas
condition, and the results are shown in Figure 7. The moisture
humidity in the simulated flue gas was changed by adjusting
the ratio of N2 flow through the bubbling−evaporation device,
and the concentration of SO2 in the sulfur resistance
experiment was set at ∼10 ppm (approximately equal to 30
mg/Nm3).

Figure 7. (a) Water vapor and SO2 interference on ozone decomposition over MnO2-IV at 80 °C. (b) Ozone concentration interference. (c)
Circular deO3 efficiency under water vapor treatment. (d) deO3 performance of reactivated MnO2-IV. Conditions: (1) 100 ppm of O3; (2) O3 +
1.0% H2O; (3) O3 + 2.0% H2O; (4) O3 + 10 ppm of SO2; (5) O3 + 10 ppm of SO2 + 2.0% H2O.
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3.5.1. Catalytic Activity under H2O/SO2/(SO2 + H2O). The
deO3 activities of MnO2-IV in H2O/SO2 resistance tests at 80
°C are shown in Figure 7a. Obviously, the decomposition
efficiency could maintain at ∼100% in the low-humidity
condition (∼1.0% H2O). In addition, the outlet ozone
concentration was less than 0.2 ppm (Figure 7b), even
increasing the initial O3 concentration to 300 ppm, which
exhibited good tolerance to low concentration water vapor. As
water vapor concentration was increased to ∼2.0%, the deO3

efficiency decreased and finally stabilized at ∼97.0% within the
240 min test. Interestingly, its efficiency rapidly turned back to
∼100% after stopping the bubbling. It suggested that excess
H2O possibly competed with O3 molecules for the surface-
active sites on MnO2-IV.

14,56 Specifically, H2O molecules
would be adsorbed and desorbed at the sites, and the dynamic
process should be affected by temperature, GHSV, and O3/
H2O concentration, etc. Herein, when the H2O molecule
achieved the adsorption−desorption equilibrium under a low
humidity, the unoccupied active sites were sufficient to
decompose O3, thus the deO3 efficiency could be stable at
100%. However, after increasing to an unbearable humidity,

the left active sites could not decompose ozone completely,
and thus the slight deactivation occurred.
To further reveal the interference of water vapor, a lasting

circular test was conducted on MnO2-IV by a periodic H2O
treatment, and the deactivation−reactivation curves are shown
in Figure 7c. It is notable that the deO3 efficiency could always
be restored to ∼100% after switching to dry gas flow. It
indicated that the effect of adsorption−desorption water vapor
on the active sites was slight and even partially reversible.
Therefore, its deO3 efficiency could gradually recover to
∼100% as the desorption process of H2O molecules with the
release of surface sites. However, the deO3 activity decreased
to the level of the former cycle quickly once switching to wet
gas flow and exhibited more and more deactivation in the
wet−dry cycle. This was because only part of the physically
adsorbed H2O molecules could be desorbed by simply
switching to dry gas flow below 100 °C. The incomplete
desorption released the partial active sites, and this effect was
cumulative, corresponding to the equilibrium of competitive
adsorption. Hence, H2O molecules would compete with O3

molecules for the remaining active sites in the next switch of

Figure 8. XPS spectra for samples after SO2/H2O resistance tests: (a) Mn 2p3/2, (b) O 1s, (c) Mn 3s, and (d) S 2p. Samples: (1) MnO2-IV, (2)
MnO2-IV-O3, (3) MnO2-IV-O3/SO2, and (4) MnO2-IV-O3/SO2/H2O.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00120
ACS Omega 2022, 7, 9818−9833

9826

https://pubs.acs.org/doi/10.1021/acsomega.2c00120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00120?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00120?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


wet gas flow, resulting in a faster and more serious
deactivation. After being dried under vacuum and purged via
N2 flow, the active sites occupied by physically adsorbed H2O
molecules could be fully released. In addition, the slight
changes in the bulk phase of MnO2-IV excited more oxygen
vacancies in O3−H2O deactivation−reactivation loops.30 Thus,
the water vapor tolerance of spent MnO2-IV (Figure 7d, 110
°C, 12 h) was even better than that of the untreated sample.
In the sulfur resistance experiment, the catalyst quickly

deactivated with the introduction of SO2, and its deO3
efficiency finally slowly decreased to 93.3%. Moreover, the
catalytic efficiency could hardly recover after stopping SO2, and
even incessantly dropped to 93.1%. In brief, SO2 would
compete with O3 molecules for surface active sites,60 as H2O
molecules did. The initial rapid decline in the deO3 activity
could be attributed to the low resistance of the competition
between SO2 and O3 molecules during the initial poisoning. As
the adsorption−desorption equilibrium (like H2O molecules)
was approached, the resistance increased and so the
deactivation rate gradually went slowly. Moreover, the formed
sulfates/sulfites could not be decomposed at 80 °C and further
blocked the active centers, leading to the irreversible
deactivation. Therefore, although MnO2-IV maintained the
deO3 efficiency of over 90% within the 300 min sulfur
resistance experiment, the optimization and improvement were
necessary for the actual project application containing SO2.
Regarding the synergistic interference of water vapor and

SO2, the catalytic activity of MnO2-IV exhibited a larger
decreasing trend and amplitude compared to that affected by
any single factor, and the efficiency eventually tended to 88.9%.
Similar to the phenomenon in our previous research,18 it
suggested that more serious deactivation had occurred under
the synergistic interference of H2O and SO2, corresponding to
the simultaneous competitive adsorption of H2O/SO2
molecules as well as the irreversible reaction. Nevertheless,
the deO3 efficiency could recover to 94.5% after stopping
H2O/SO2, which was between the efficiency affected by SO2
alone and that affected by H2O alone. It suggested that the
deactivation was partially recoverable; that is, the synergistic
effect of H2O/SO2 alleviated the irreversible sulfur poisoning.
On one hand, H2O molecules occupied some active sites in the
competitive adsorption process and blocked the irreversible
reaction caused by SO2 to some extent. On the other hand,
H2O molecules probably promoted the formation of unstable
sulfate/sulfite species that could be decomposed, thus reducing
the poisoning after reactivation.
3.5.2. Catalytic Characterization of the H2O/SO2-Treated

Samples. XRD patterns of MnO2-IV, MnO2-IV-O3/SO2, and
MnO2-IV-O3/SO2/H2O (Figure S5) showed that the effect of
sulfur led to a weaker diffraction peak at 12.4° (003 plane) and
a slight broader band centered at 25.0° (006 plane). Moreover,
the synergistic effect of sulfur and water further weakened the
peaks at 12.4, 25.0, and 37.1° (012 plane). It indicated that the
poisoning process possibly changed the bulk phase slightly.

Further, the broadening of the peak centered at 25.0° was
suppressed under the interference of H2O, corresponding to
the irreversible poisoning probably. The XPS results of Mn
2p3/2, O 1s, Mn 3s, and S 2p in the spent MnO2-IV are shown
in Figure 8. Moreover, the details were calculated by
deconvolution of XPS curves and are summarized in Table
4, where the abbreviated sample (i.e., MnO2-IV-O3/SO2/H2O)
presented the spent MnO2-IV experienced sulfur and water
resistance tests. As shown in Figure 8a,c and Table 4, the ratio
of low valence Mn species in MnO2-IV-O3/SO2, especially that
of Mn2+ species, was significantly reduced after sulfur
poisoning and was converted into Mn4+ species. However,
the above conversion of Mn2+ and Mn3+ species was weakened
by water vapor. The proportion of (Mn3+ + Mn2+)/Mn4+

decreased in the order of MnO2-IV-O3 > MnO2-IV-O3/SO2/
H2O > MnO2-IV-O3/SO2, coinciding with their catalytic
performance. This suggested that SO2 could promote the
irreversible oxidation of low valence Mn species, whereas H2O
could inhibit this trend. Thus, MnO2-IV-O3/SO2, which
suffered from severe sulfur poisoning, had the highest AOS,
followed by MnO2-IV-O3/SO2/H2O, which underwent slight
sulfur poisoning.
Further, as shown in Figure 8b, the ratio of the lattice

oxygen in the samples decreased significantly after sulfur
poisoning. This could be attributed to the transformation from
manganese oxides to manganese sulfate/manganese sulfite.
Moreover, the ratio of hydroxyl oxygen species of the spent
samples was generally higher than that for the original MnO2-
IV and further that in the MnO2-IV-O3/SO2/H2O was higher
than the others, indicating that H2O molecules could promote
the formation of surface-active hydroxyl oxygen species via
decomposing ozone process.
The S 2p spectra were fitted by deconvolution, as shown in

Figure 8d, the effect of spin−orbit splitting could be observed
for sulfur compounds. The binding energy difference between
S 2p1/2 and S 2p3/2 peak was held at ∼1.2 eV, and the area ratio
was fixed at 0.5.61 The peaks were located at 167.54 and
168.18 eV, corresponding to the S 2p3/2 peak of SO3

2− and the
S 2p3/2 peak of SO4

2−, respectively.62 Further, the area ratio of
SO3

2− to SO4
2− in MnO2-IV-O3/SO2 was 1.24, whereas that

ratio in MnO2-IV-O3/SO2/H2O was higher than the former,
∼2.78. Obviously, more sulfite species were formed under the
promotion of water vapor, consistent with the analysis in
section 3.5.1. It could be concluded that in the high-humidity
sulfur-containing condition, water vapor would promote the
combination with SO2 and tend to generate more sulfites on
the active sites, thereby aggravating the deactivation. After
water vapor and SO2 was stopped, part of the active sites
occupied by H2O molecules could be released. Further, the
degradable, desorbed sulfites originating from the interference
of H2O molecules could be partially decomposed, whereas
sulfate could not, inhibiting irreversible sulfur poisoning
accordingly. As a result, the catalyst activity rose to a value

Table 4. XPS Results of Mn 2p and O 1s of MnO2-IV and the Spent Samples after O3/SO2/H2O Treatment

Mn 2p3/2 O 1s

catalyst Mn4+ (%) Mn3+ (%) Mn2+ (%) (Mn3+ + Mn2+)/Mn4+ AOS OO−H (%) Oad (%) Ola (%)

MnO2-IV 40.6 51.2 8.2 1.46 3.63 1.9 34.2 63.9
MnO2-IV-O3 42.8 47.8 9.4 1.34 3.51 4.7 31.1 64.2
MnO2-IV-O3/SO2 51.2 45.1 3.7 0.95 3.49 4.2 56.8 39.0
MnO2-IV-O3/SO2/H2O 49.9 45.8 4.3 1.00 3.53 5.2 69.4 25.4
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higher than that under the effect of SO2 alone, but that could
not be recovered completely.
3.6. In Situ DRIFTS Study. In situ DRIFTS was conducted

to reveal surface intermediates in ozone decomposition
process, and the interference of SO2/H2O was also
investigated. In order to obtain specific information about
the adsorption of O2/O3/SO2/H2O molecules on MnO2-IV,
the different gas components were introduced in sequence
balanced with nitrogen.
3.6.1. O2−O3−SO2 (the Order of Injected Gas). The tests

were marked based on the order of injecting gas as “O2−O3−
SO3” and “(SO2+O2)−O3”, where the (SO2+O2) presented the
co-injection of SO2 and O2. As shown in Figure 9a, the
background was collected after N2 flow purge, and then O2 was
preinjected with N2 as the balance gas. The spectra of 0 min in
Figure 9a correspond to the introduction of ozone (∼200
ppm). The broad weak band located at ∼3320 cm−1 could be
ascribed to the extensional vibration of O−H groups from
interlayer bound water, and the band at 1680−1610 cm−1

characterized the bending mode of adsorbed water.63,64 As O3
was injected, the above bands became weaker slowly, and the
small band peaks at ∼3740 cm−1 correspond to the mono-
coordinated hydroxyl groups (i.e., surface free hydroxyl). The
centered peaks at ∼3582 cm−1 were assigned to the O−H
stretching modes from adsorbed H2O, two-coordinated OH
species (i.e., a doubly bridging hydroxyl group), etc.65,66

Accordingly, the associated interlayer water and adsorbed
water were converted into highly active hydroxyl groups by
ozone and active oxygen species, and then hydroxyl groups
could participate in ozone decomposition, verifying the XPS
results (section 3.5.2).
The adsorption intensity of the above intermediates

increased with time after ozone injection and tended to
stabilize until the surface was saturated. The bands in the

region of 950−600 cm−1 were generally ascribed to the lattice
vibration of metal oxides,63 e.g., the adsorbed peroxide (O2

2−)
on oxide surfaces generated via ozone.67 Further, the broad
bands centered at 1400, 1240, and ∼800 cm−1 should be
ascribed to the adsorbed oxygen/ozone species linked to the
MnO2-IV surface.33 Specifically, the intermediate at 1400 cm−1

should be assigned to atomic oxygen attached to the strong
Lewis acid sites, which was considered to be the main deO3
active sites on natural zeolite.68 Nevertheless, there was also
research that shows this intermediate was the cause, resulting
in the sustained deactivation in the deO3 process over the ε-
MnO2 catalyst.55 Therefore, the sample was subsequently
purged in N2 flow for another 30 min to determine the roles of
the above species in the deO3 process over MnO2-IV.
Interestingly, except for the band at ∼1400 cm−1, there was
almost no drop in the other ozone-related intermediate peaks.
It indicated that this intermediate could be partially trans-
formed or decomposed on MnO2-IV, resulting in its excellent
catalytic performance accordingly.
After the injection of O3 and SO2, the intensities of the

bands at 1240 and 1400 cm−1 decreased significantly.
Meanwhile, the bands in the range of 1275−1240 cm−1 were
enhanced, which were commonly attributed to the character-
istic vibration peak of bisulfate (HSO4

−) species.69 Finally,
three strong bands at ∼1276, ∼1116, and 1046 cm−1 were
observed, corresponding to bidentate sulfate, chelating
sulfate,70 and sulfite species, respectively. This suggested that
the ozone-related intermediates were converted into more
stable sulfate/sulfite species in SO2-containing gas flow, thus
leading to the continuous deactivation of the catalyst. In
addition, the bands at 910 and 816 cm−1 also shrunk and
shifted slightly, confirming the activity analysis that the crystal
lattice of manganese oxide was changed in the sulfur poisoning
process.

Figure 9. In situ DRIFT spectra of MnO2-IV exposed to (a) O2−O3−SO2 and (b) (SO2+O2)−O3 in sequence.
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3.6.2. (SO2+O2)−O3. The coadsorption DRIFTS of
(SO2+O2) was conducted to further distinguish the adsorbed
species related to SO2, and the spectra are shown in Figure. 9b.
The bands at 1276, 1130, and 1040 cm−1 were also observed
after the coadsorption of SO2 and O2, which had a little shift
compared to those in the O2−O3−SO2 test (section 3.6.1).
Notably, SO2 molecules would occupy the surface-active sites
after coadsorption and even form sulfate/sulfite species, which
further hindered the adsorption−decomposition of O3. In
addition, as shown in the inset curve of Figure 9b, the intensity
of the band at 1276 cm−1 was significantly improved after
ozone injection. This indicated that more sulfate species were
accumulated on the surface. There was little change in
intensity of the band at 1130 cm−1, which was attributed to
this stable sulfate species, hardly affected by ozone. However,
the band at 1046 cm−1 was assigned to the unstable sulfite
species and became weaker as well as those bands ascribed to
the lattice vibration, part of which were further converted to
sulfate species by strong-oxidizing ozone. Therefore, it caused a
sustained slow deactivation of MnO2-IV, consistent with the
results in Figure 7 and Figure 8.
In addition, after ozone injection, the band of bound water

exhibited a smaller drop than that in the O2−O3−SO2
condition, and the bands of active hydroxyl groups were also
weaker. This indicated that SO2 possibly inhibited the
generation of OH species from the reaction between ozone
and bound water, thereby reducing the catalytic activity.
3.6.3. Interference of H2O on Ozone Decomposition.

Bound water and active hydroxyl groups played a key role in
the deO3 process. Therefore, in situ H2O interference DRIFTS
experiments were conducted to further reveal the mechanism
of water in the decomposition process. Given the water

tolerance of the in situ reactor and the measurement
interference, MnO2-IV was fully preadsorbed with H2O via
bubbling before the continuous online detection. According to
the order of injected gas, the tests were marked as “H2O,
(SO2+O2)−O3”, “H2O, SO2−(O2+O3)”, and “H2O, O2−O3−
SO3”, where the (SO2+O2) presented the co-injection of SO2
and O2.
The conditions and procedures in Figure 10a were similar to

those in Figure 9a, except for the water vapor preadsorption.
Most obviously, the band at 790 cm−1 ascribed to the metal−
oxygen bond was not observed after ozone injection. Further,
the intensities of the broad bands at ∼3250 cm−1 were
obviously decreased, which represented the decrease of bound
water. The band at ∼3600 cm−1 corresponding to the hydroxyl
species was strengthened. This suggested that H2O molecules
were bonded on MnO2-IV after water vapor preadsorption and
thus hindered the combination between O3 molecules with
surface oxygen vacancies, coinciding with the results of section
3.5.1. Meanwhile, the bound water was dissociated to surface
active hydroxyl species by ozone. Interestingly, MnO2-IV could
still maintain an over 90% deO3 efficiency in the H2O
resistance experiment (Figure 7), but the intensities of the
metal−oxygen bond (e.g., 790 cm−1) had little change. Thus,
O3 molecules are probably bound to the surface-active
hydroxyl species as well as H2O molecules, which had been
adsorbed on the active sites.30 Subsequently, the association
intermediates underwent the deO3 reaction. In other words, O3
molecules could be decomposed utilizing the surface-active
hydroxyl species over MnO2-IV, instead of being decomposed
via oxygen vacancies, which was different from the classic
mechanism. In addition, excess H2O molecules are possibly
associated with the adsorbed H2O molecules by hydrogen

Figure 10. In situ DRIFT spectra of MnO2-IV after H2O pretreatment exposed to (a) (O3+O2)−SO2, (b) SO2−(O2+O3), and (c) O2−O3−SO2 in
sequence. (d) FTIR spectra of (1) MnO2-IV, (2) MnO2-IV-O3, (3) MnO2-IV-SO2, and (4) MnO2-IV-SO2/H2O.
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bonds and even formed water film to cover the catalyst,
resulting in the recoverable deactivation.
3.6.4. Interference of H2O on Sulfur Poisoning. As shown

in Figure 10b, after oxygen injection, a relatively large weak
broad band in the range of 3200−3600 cm−1 was observed
after SO2 was injected. It should be attributed to the reaction
of SO2 with the bound water/adsorbed water, accompanying
by the formation of a few hydroxyl species. For the synergistic
effect of SO2 and H2O, the band of the SO2-related species on
the H2O-pretreated sample, especially the band at 1276 cm−1

(ascribed to the stable sulfate species), was relatively weaker
than that in Figure 9b. Further, the injected ozone promoted
the formation of stable sulfate species, similar to the tests in
Figure 9. However, comparing Figure 9a with Figure 10a and
Figure 10c, it should be noticed that the intensity of the above
sulfate species (1276 cm−1) on the H2O-pretreated sample was
relatively weaker than that of other species (the bands at 1116
and 1046 cm−1). Furthermore, as shown in Figure 10d, the
FTIR result of MnO2-IV-SO2/H2O exhibited a weaker peak
than with MnO2-IV-SO2. The above results indicated that the
abundant bound water (or active hydroxyl species) could
inhibit the formation of stable sulfate species on MnO2-IV,
which further confirmed the conclusions of H2O/SO2
resistance tests (section 3.5.1) and S 2p XP spectra (Figure
8d).
3.6.5. deO3 Mechanism under Water Interference. Based

on the above findings, the mechanism of O3 molecules being
decomposed via bound water and surface-active hydroxyl over
MnO2-IV was proposed. The theoretical diagram is shown in
Figure 11, where [o] represents oxygen vacancy and HO•

represents surface free hydroxyl. As a comparison, the diagram
of the widely reported deO3 mechanism on oxygen vacancies is
shown in Figure S6. The detailed steps are shown in Table 5,
where −OH, −HO2

−, and −O2
2− represent surface-active

species/intermediates.
First, the injected H2O molecules and interlayer water were

adsorbed or transferred to surface-active oxygen vacancies
(following step 1). After the stimulation of ozone, the
associated H2O molecules and adsorbed water were converted
into highly active hydroxyl groups. Moreover, O3 molecules
were combined with surface-associated H2O molecules (step
2) and surface-active hydroxyl (steps 4 and 6). Subsequently,

the intermediates were decomposed into surface free hydroxyl,
hydroxyl species, active oxygen, peroxide species, and oxygen
(steps 3, 5, 7, and 8). The surface free hydroxyl excited via the
decomposition process could be decomposed into water and
oxygen (step 9) or be associated with oxygen vacancies and
further participate in the deO3 reaction, meanwhile providing
electrons for steps 3, 5, and 7.

4. CONCLUSION
In this work, four manganese oxides with different crystals were
hydrothermally synthesized for the decomposition of residual
ozone in the ozone synergistic-oxidation system. The
synthesized MnO2 and their spent samples were systematically
characterized by XRD, SEM, BET, XPS, H2-TPR, O2-TPD,
FTIR, and in situ DRIFTS. The specific conclusions are listed
in the following:

(i) Cactus-like MnO2-IV nanospheres possess unique δ-
MnO2-layered morphology, high specific surface area,
superior redox properties, oxygen chemisorption capa-
bilities, abundant surface-active hydroxyl species, and
low valence Mn species.

(ii) MnO2-IV exhibited the highest ozone decomposition
activity, achieving ∼100% efficiency at 40−100 °C. It
also showed the excellent tolerance to SO2/H2O, which
could maintain over 88% deO3 efficiency in the sulfur-
containing high-humidity condition.

(iii) O3 molecules could be bound to the surface-active
hydroxyl species as well as the adsorbed H2O molecules.
Subsequently, the association intermediates could under-
go the deO3 reaction over MnO2-IV, instead of being
directly decomposed on oxygen vacancies. In addition,
excess H2O molecules possibly associated with the
adsorbed H2O molecules by hydrogen bonds and even
formed water film to cover the catalyst, resulting in the
recoverable deactivation.

(iv) The deactivation caused by SO2 was irreversible.
Further, the synergistic effect of SO2/H2O promoted
the formation of unstable sulfate species, thereby
deepening the deactivation but inhibiting the irreversible
poisoning.

■ ASSOCIATED CONTENT
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Stability activities of MnO2-IV, standard XRD patterns,
N2 adsorption/desorption isotherms, XPS spectra, XRD

Figure 11. DeO3 mechanism over MnO2-IV by bound water and
surface-active hydroxyl species. The white, red, blue, and green balls
represent oxygen vacancy, O atom, H atom, and Mn atom,
respectively.

Table 5. Specific Reactions of Ozone Decomposition over
MnO2-IV under Water Interference

reactions under water interference step

[o] + H2O → H2O−[o] 1
H2O−[o] + O3 → O3−H2O−[o] 2
O3−H2O−[o] + e− → [o]−OH + HO• + O2 3
[o]−OH + O3 → [o]−OH-O3 4
[o]−OH−O3 + e− → [o]−HO2

− + O2 5
[o]−HO2

− + O3 → [o]−HO2
−−O3 6

[o]−HO2
−−O3 + e− → [o]−O2

2− + HO• + O2 7
[o]−O2

2− → [o] + O2 + 2e− 8
2HO• → H2O + 0.5O2 + 2e− 9
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