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Abstract

Manganese oxides with varied Mn valance states but identical morphology were synthesized. Their behaviors of ozone decompo-

sition were investigated following the order of Mn3O4 < Mn2O3 < MnO2 < MnO2-H-200. It was deduced that the superior O3

decomposition capacity for MnO2-H-200 was strongly associated with abundant oxygen vacancies. Among Mn3O4, Mn2O3 and

MnO2, the difference on O3 decomposition efficiency was dependent on divergent nature of oxygen vacancy. DFT calculation

revealed that Mn3O4 and MnO2 possessed lower formation energy of oxygen vacancy, while MnO2 had the minimum desorp-

tion energy of peroxide species (O2*), suggesting that the promotion of the O3 decomposition capability was attributed to the

easier O2* desorption. The insights on the deactivation mechanism for MnO2-H-200 further validated the assumptions. As the

reaction proceeded, adsorbed oxygen species accumulated on the catalyst surface, and a portion of them were transformed to

lattice oxygen.

Abstract

Manganese oxides with varied Mn valance states but identical morphology were synthesized via a facile
thermal treatment of γ-MnOOH. And their behaviors of ozone decomposition were investigated following the
order of Mn3O4 < Mn2O3 < MnO2< MnO2-H-200. In combination with XRD, SEM, BET, TEM, H2-TPR,
O2-TPD and XPS characterization, it was deduced that the superior O3decomposition capacity for MnO2-
H-200 was strongly associated with abundant oxygen vacancies on its surface. Among Mn3O4, Mn2O3 and
MnO2, the difference on O3 decomposition efficiency was dependent on divergent nature of oxygen vacancy.
DFT calculation revealed that Mn3O4 and MnO2 possessed lower formation energy of oxygen vacancy, while
MnO2 had the minimum desorption energy of peroxide species (O2

*). It was deduced that the promotion of
the O3decomposition capability was attributed to the easier O2

* desorption. The insights on the deactivation
mechanism for MnO2-H-200 further validated the assumptions. As the reaction proceeded, adsorbed oxygen
species accumulated on the catalyst surface, and a portion of them were transformed to lattice oxygen. An
irreversible generation of oxygen vacancy led to the deactivation of the catalyst.

Introduction

Ozone (O3) as a typical secondary pollution is considered to be detrimental to human health and plant
growth because of its strong oxidation capacity [1, 2]. It is generally recognized that the ground-level ozone
is sourced from the photochemical reaction between volatile organic compounds (VOCs) and nitrogen oxides
(NOx) in the presence of heat and sunlight. Since the concentration of VOCs and NOxhas been increasing
with the increasing of the population density of the world, ozone pollution becomes more and serious [3].
Especially in some special circumstance, ozone hazards are more prominent such as in indoor environment
and aircraft cabin [4]. Thus, the U.S. Environmental Protection Agency updated the National Ambient Air
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Quality Standards for ground-level ozone from 75 ppb to 70 ppb [5]. Among the various routes known to
eliminate ozone contamination, ozone catalytic decomposition has shown significant promise as an alternative
way due to its efficiency and safety. Nevertheless there are a number of desirable characteristics for an ozone
decomposition catalyst, among which superior activity and stability are crucial. Of course low cost is also
a pursuit in view of application. Though precious metals own higher performance for ozone decomposition,
transition metal oxides still are the optimum option in consideration of the scarcity of precious metals. Among
transition metal oxides such as Co3O4, CeO2, CuO and MnO2 etc, MnO2 is the most active oxide owing to
multiple valence states [6]. As a result, numerous manganese oxides (MnOx) with different Mn valences or
particle morphologies have been reported with satisfactory catalytic performance for ozone elimination over
the recent years [7, 8]. However, MnOx is easily deactivated in the presence or absence of water vapor, so
the reason why the catalyst deactivated is important for the rational design of the effective catalyst [9, 10].

Possible ozone decomposition mechanism over MnOxcatalyst was investigated by detecting the interme-
diate species. The peroxide species were identified by in situ Raman spectroscopy with isotopic labeling
experiments by Oyama et al, and the reaction mechanism was elucidated as below [11, 12]:

O3 + *- O* +O2 (1)

O3 + O*- O2* + O2 (2)

O2* - O2 + * (3)

in which * represents the active sites, and O2
* stands for peroxide species. The primary reactions above

are generally assumed to take place at oxygen vacancies with cations on the MnOx surface, since oxygen
vacancies can influence the O3 and/or oxygen intermediates adsorption/desorption behaviors [10, 13-17].
Zhu et al showed that the adsorption energy of O3 was increased when oxygen vacancies were generated
into the α-MnO2lattice, indicating oxygen vacancies were more favorable for O3 adsorption [15]. Gong et
al [18] found that cubic Cu2O exposed plane owned higher efficiency of O3 decomposition and resistance
to water vapor, which was ascribed to weakly adsorbed O2

*intermediate on the cubic Cu2O. According to
defect engineering, the adsorption strength of binding of adsorbed oxygen intermediates to the MnOx surface
depends on the property of oxygen vacancies, which is related to the elemental composition and structure
of MnOx [19, 20]. As the most efficient catalyst for O3 decomposition, MnOx was widely studied owing
to its multiple oxidation states. Higher Mn3+ ratio on Mn/TiO2owned superior O3 decomposition activity
[21]. Similar result was obtained that manganese with lower oxidation states was favorable in decomposition
of ozone [22, 23]. As indicated that the valence of Mn can significantly influence the ozone decomposition
performance. Moreover, when Mn was coated on the support, the introduction of support will add the
complexity between Mn valence and activity [24, 25]{Rakesh Radhakrishnan, 2001 #725}. Therefore, to
avoid the effects of support, it is necessary that pure MnOx should be synthesized to elucidate the intrinsic
mechanism on O3 decomposition. Even for the unsupported α-MnO2, the α-MnO2 nanofibers exhibited the
best activity, which is ascribed to abundant oxygen vacancy on its preferentially exposed (211) facet [26].
So the effects of morphology should be further avoided.

In the study, MnO2, Mn2O3 and Mn3O4 nanorods with identical morphologies were synthesized and oxygen
vacancies were introduced to the surface of MnO2-H-200 via hydrogen reduction. Their behaviors of ozone
decomposition were studied. The dependence of their catalytic activity on the surface Mn valence was
investigated. In combination with DFT calculation, the intrinsic mechanisms were also analyzed on O3

catalytic decomposition.

2. Experimental section

2.1 Catalyst preparation

Firstly, γ-MnOOH nanorod was synthesized by a facile redox precipitation process. Then the corresponding
β-MnO2, α-Mn2O3 and Mn3O4 were prepared by calcining γ-MnOOH nanorods under different temperature
and atmosphere. The details of preparation precedure and chemicals invloved are shown in Supporting
information (SI).
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2.2 Characterization

The crystalline structure of as-prepared samples was characterized by XRD. And their morphologies were
observed by SEM and TEM. Texture properties were obtained by N2-adsorption isotherms. And their redox
capacities were tested by H2-TPR and O2/O3-TPD. To further validate the oxygen mobility on the samples,
XPS, FT-IR and Raman spectroscopies were also measured. The details of characterization are shown in
Supporting information (SI).

2.3 Computational Methods

Density functional theory (DFT) calculations were carried out by the Vienna ab initio simulation package
(VASP). The projector augmented wave (PAW) pseudo-potential was adopted to describe the ion-electron
interactions, and the PW91 gradient-corrected functional was employed in the calculation of the exchange
correlation energy. An energy cutoff of 400 eV was used for the plane-wave basis set. Numerical convergence
thresholds of 10-6 eV in energy and 10-2 eV/Å in force were achieved on structural optimization. The Brillouin
zone was sampled on the basis of the Monkhorst-Pack scheme with a 5×5×1 k-point mesh [27]. A five-layer
slab was used in the calculations. The atoms in the top two layers were fully relaxed while the rest of the
atoms were fixed in their equilibrium positions.

Formation energy (E f) of oxygen vacancy is defined as shown in the formula (4):

E f = E v -E i - 1/2E O2 (4)

E v and E i are total energy of the structure with and without an oxygen vacancy.E O2 is the total energy
of an oxygen molecule.

The oxygen adsorption energy E O was defined relative to the isolated substrate and the O2 in the gas phase,
as shown in the formula (5):

E O = E [surf+O] -E [surf] - 1/2E O2 (5)

where E [surf + O] andE [surf] are the total energies of the surface with and without the O adsorbate, respec-
tively.E O2 is the total energy of an oxygen molecule.

2.4 Catalyst Activity Measurement

The activity of as-prepared samples for ozone decomposition was measured in a fixed bed continuous flow
quartz reactor (6 mm i.d) using 0.1g of catalyst with size of 40-60 mesh at a temperature of 30oC. The total
gas flowrate was 1000 mL/min with 500 mL/min air and 500 mL/min Ar, then the weight space velocity
was 600,000 mL.h-1.g-1. Ozone was generated by the electrical stimulation of oxygen (OSAN, Dalian) and
the inlet ozone concentration was 15 ppm. An ozone analyser (Model 49i, Thermo Scientific, USA) was used
to detect the inlet and outlet ozone concentrations. The ozone conversion was calculated on the basis of inlet
and outlet O3 concentration (C ) as follows:

O 3 conversion = (C in -C out)/C in × 100% (6)

3. Results and discussion

3.1 The crystal structures of the catalysts

The structure of the products by calcining the γ-MnOOH precursors (Figure S1) under different conditions
was studied by XRD measurement. For clarity, the diffraction peak positions and the relative intensities of
the standard patterns of MnO2, Mn2O3, and Mn3O4 are also shown at the bottom of Figure 1. As can be
seen from Figure 1, for the samples being calcined in air at 350°C, all the peaks of XRD patterns could be
indexed to tetragonal β-MnO2 (JCPDS card no. 72-1984). Further elevating temperature to 600°C, cubic
α-Mn2O3 (JCPDS card no.71-0636) were obtained. Replacing the oxidative atmosphere to inert Ar, the
obtained products consisted of tetragonal Mn3O4(JCPDS card no. 80-0382). After hydrogen reduction,
the XRD patterns denoted as MnO2-H-200 were in good agreement with β-MnO2. However, the broad and

3
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weak XRD features of MnO2-H-200 indicated that β-MnO2 owned a poor crystalline phase, which was led
by introducing more defects during hydrogen reduction.

Figure 1. XRD patterns of the as-prepared products obtained by calcining the γ-MnOOH precursors under
different conditions:(a) 350oC for 4h in air and then 200oC for 2h in H2 (b) 350oC for 4h in air, (c) at 600oC
for 2h in air, (d) 600oC for 4h in argon.

3.2 The morphology and microstructures of the catalysts

The morphologies of the as-obtained catalysts were investigated with SEM. Figure 2(a)-(d) showed the SEM
images of MnO2, Mn2O3, Mn3O4 and MnO2-H-200, respectively. For all samples, it could be seen that
the shape was dominated by one dimensional nanorods with a diameter of tens of nanometers and a length
of several micrometers. To study the detailed structural features, the micro-morphologies of four samples
were characterized by TEM. Figure 3(b) showed that MnO2possessed the inter-planar distance of 0.31nm,
corresponding to the (110) plane of β-MnO2, which is in good agreement with the results of the selected-
area electron diffraction (SAED). The MnO2 had excellent crystallinity and displayed oriented growth along
the [001] direction, and mainly exposed (110) facets. As shown in Figure 3(d) and (f), Mn2O3and Mn3O4

preferentially exposed (211) and (200) facets, respectively. For MnO2-H-200, the lattice fringe image became
more indiscernible than MnO2(Figure 3(h)). The indistinct lattice fringe image of MnO2-H-200 suggested
that defects were generated due to oxygen element escaping from the MnO2 lattice under H2/Ar atmosphere.

4



P
os

te
d

on
A

u
th

or
ea

7
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

88
85

24
.4

69
53

07
4

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Figure 2. SEM images of MnOx catalysts: (a) MnO2, (b) Mn2O3, (c) Mn3O4, (d) MnO2-H-200.

5



P
os

te
d

on
A

u
th

or
ea

7
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

88
85

24
.4

69
53

07
4

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

6



P
os

te
d

on
A

u
th

or
ea

7
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

88
85

24
.4

69
53

07
4

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

7



P
os

te
d

on
A

u
th

or
ea

7
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

88
85

24
.4

69
53

07
4

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

8



P
os

te
d

on
A

u
th

or
ea

7
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

88
85

24
.4

69
53

07
4

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Figure 3. TEM images (with the SAED pattern inset) of MnOx catalysts: (a,b) MnO2, (c,d) Mn2O3, (e,f)
Mn3O4, (g,h) MnO2-H-200.

3.3 The redox property of the catalysts

The reducibility of the MnOx above has been evaluated by H2-TPR experiments and the results are shown
in Figure 4. All the samples got green after H2-TPR experiments. It indicated the samples were reduced
into MnO. Only one reduction peak occurred for Mn3O4, which was attributed to the reduction of Mn3O4

to MnO. While two peaks were detected over other samples. The lower-temperature peak was ascribed to
the reduction of MnO2/Mn2O3 to Mn3O4, and the higher-temperature peak is attributed to the further
reduction of Mn3O4 to MnO [28, 29]. Moreover, it should be noted that the low reduction temperature
decreased from 306°C to 295°C for MnO2 and MnO2-H-200. Generally, low onset reduction temperature
corresponds to better reducibility. As shown in Figure 4, the reducibility lied in the following sequence:
Mn3O4< Mn2O3< MnO2< MnO2-H-200, implied that abundant oxygen vacancies or high Mn valence can
enhance reducibility of MnOx catalyst.

9
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Figure 4. H2-TPR profiles of MnOx catalysts (MnO2-H-200, MnO2, Mn2O3 and Mn3O4

The type and mobility of oxygen species were determined by O2-TPD and the results were shown in Figure
5. Generally, the O2-TPD profile of MnO2could be divided into three evolution peaks including low temper-
ature(<350°C), medium temperature(350-600°C) and high temperature (>600°C) [30]. For the above MnOx,
the major peak centered at 519°C was ascribed to the transformation of MnO2 to Mn2O3 due to the release
of lattice oxygen. The high temperature peak (>800°C) was attributed to the successive transformation to
Mn3O4. As shown in Figure 5, the oxygen desorption behaviors on manganese oxides at different valences
were obviously different. Usually, the lower the desorption temperature of oxygen is, the looser it is bound
to Mn within the MnOxlattice. Therefore, MnO2 and MnO2-H-200 had higher oxygen mobility. The peak
at below 200°C was sourced from the desorption of physically adsorbed O2 [31]. As shown in the inset of
Figure 5, the peak area of physically adsorbed O2 is remarkably larger than that of other samples, indicating
that more active sites were provided on MnO2-H-200. For MnO2-H-200, a new peak at 270°C was assigned
as the release of surface lattice oxygen and chemisorbed oxygen located at surface vacancies, indicating that
hydrogen reduction enhance the mobility of oxygen species at low temperature, which was important for the
ozone elimination activity.

10
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Figure 5 . O2-TPD profiles of MnOx catalysts (MnO2-H-200, MnO2, Mn2O3 and Mn3O4), inset with the
large view of the profiles at the temperature range of 50-200°C

3.4 The characteristics of oxygen vacancies

The surface Mn state and oxygen species were investigated by XPS. The magnitude of Mn3s multiplet
splitting could be used to calculate the average oxidation state(AOS) of Mn, according to the following
relationship [32]:

AOS=8.956-1.126ΔE S (7)

Where [?]E s is the binding energy difference between the doublet Mn3s peaks shown in Figure 6a.The
results were summarized in Table 1. The calculated AOSs of MnO2, Mn2O3 and Mn3O4 were lower than
their theoretical values owing of surface oxygen defects. Moreover, the AOS of MnO2-H-200 decreased to
3.22 from 3.78 of MnO2 suggesting that the density of oxygen vacancy was enhanced via hydrogen reduction.

For the above MnOx, the O1s spectrum shown in Figure 6b could be deconvoluted into two peaks to gain
information on the nature of oxygen species. The one with lower binding energy at 529.5-530.2eV was
assigned as the lattice oxygen (denoted as Olatt), and the other with higher binding energy at 531.3-531.4eV
was ascribed as the surface-adsorbed oxygen (denoted as Oads). Generally oxygen molecules were adsorbed
at the oxygen vacancies of an oxide material [33]. And the ratio of Oads/Olatt was an efficient parameter to
characterize the relative abundance of oxygen vacancy in MnOx. The more oxygen species adsorbed on the
MnOx surface, the higher oxygen vacancy density was. As was shown in Table 1, there were no remarkable
differences on the ratios of Oads/Olatt for MnO2, Mn2O3 and Mn3O4. While MnO2-H-200 exhibited the
higher value of Oads/Olattratio than those of MnO2, Mn2O3 and Mn3O4, indicating that MnO2-H-200
owned the most abundant surface adsorbed oxygen species, which was consistent with the results revealed
by O2-TPD.

11
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Figure 6 . (a)Mn 3s and (b) O1s XPS spectra of MnOx catalysts (MnO2-H-200, MnO2, Mn2O3 and Mn3O4)

Table 1. XPS results of MnOx catalysts (MnO2-H-200, MnO2, Mn2O3 and Mn3O4)

Catalysts Mn3s AOS of Mn
O1s binding energy
(eV)

O1s binding energy
(eV)

Relatively intensity
Oads / Olatt

Olatt Oads

Mn3O4 2.48(8/3) 530.2 531.3 0.26
Mn2O3 2.88(3) 529.9 531.3 0.29

12
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Catalysts Mn3s AOS of Mn
O1s binding energy
(eV)

O1s binding energy
(eV)

Relatively intensity
Oads / Olatt

MnO2 3.78(4) 529.5 531.3 0.27
MnO2-H-200 3.22(4) 529.8 531.4 0.55

3.5 Catalytic activities on ozone decomposition

The catalytic activities of as-prepared MnOx catalysts for ozone decomposition were evaluated at 30°C. As
shown in Figure 7, the ozone conversion of all the MnOx decreased with reaction time. Nevertheless MnO2-
H2-200 showed a better stability, and its ozone conversion kept above 96% after 12h of reaction. While the
conversion dropped to 87% for MnO2, 43% for Mn2O3 and 12% for Mn3O4, respectively. MnO2-H2-200
showed the best performance of ozone decomposition due to the abundant surface oxygen vacancies revealed
by O2-TPD and XPS analysis.

Figure 7 . Ozone conversion over different MnOxcatalysts (MnO2-H-200, MnO2, Mn2O3 and Mn3O4)

MnO2, Mn2O3 and Mn3O4 showed distinctly different performance on ozone decomposition, although they
had almost the same Oads/Olatt ratio. As it is recognized that the improvement in catalytic performance
may be due to higher surface area, BET surface area were obtained for the catalysts as shown in Table 2
and Figure S2. To exclude the influence from surface area, specific surface reaction rates of different MnOx

were shown in Table 2, in the following order: MnO2>Mn2O3> Mn3O4. It indicated that their catalytic
performances of O3 decomposition were not likely dependent on their surface area among MnO2, Mn2O3

and Mn3O4. The related study reported that the desorption of peroxide species O2
*was the rate-limiting

step during ozone catalytic decomposition. And the desorption procedure is a reduction process, in which
electrons were transferred to the manganese center by O2

* to form O2. That is to say, the easier MnOx

reduces, the better the catalytic activity is. XPS results showed that the O1s binding energy of Olatt

decreased in the following order: MnO2(529.5eV) < Mn2O3(529.9eV) < Mn3O4(530.2eV), suggesting that
MnO2 had the most loosely bound of Mn-O or the highest mobility of oxygen, which was consistent with
the results of H2-TPR and O2-TPD. Since the three catalysts had comparable Oads/Olattratio values, the
nature of oxygen vacancies may play a crucial role in the desorption of O2

*. However the gap on the nature
of oxygen defects still needed to be elucidated by DFT calculation.
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Table 2. Reaction rate after 3h time-on-stream test

Catalysts
Specific surface area
m2g-1 Reaction rate μmol g-1 h1

Specific surface reaction
rate μmol m-2 h-1

Mn3O4 34.8 48.2 1.38
Mn2O3 43.8 172.8 3.94
MnO2 54.4 349.5 6.42
MnO2 -H-200 66.0 385.7 5.84

3.6 DFT calculations

The first-principle calculation was carried out using VASP program to further understand the formation
of the oxygen vacancy and its effect on ozone decomposition. Based on the TEM images (Figure 3), the
MnOx selectively exposed different favorable facets. On three types of facets, including MnO2 (110), Mn3O4

(200) and Mn2O3 (211), the deoxidation kinetics were studied. Top, bridge and hollow oxygen vacancy sites
were all examined for each facet (Figure S3-S5). Formation energy (E f) of oxygen vacancy was theoretically
studied to reveal the energy of removal of lattice oxygen, as shown in Table 3. The process of oxygen vacancy
formation often played a key role in catalytic activity, as for it was generally accepted as the active sites
for ozone adsorption [34]. And literatures [9, 17] reported that the oxygen vacancy easier to be formed led
to more active sites, resulting in a higher performance for ozone removal. In comparison with the oxygen
vacancy formation energy, it can be drawn that the oxygen vacancy is difficult to form on Mn2O3(211)
surface, owing to the relatively higher formation energy. It could be explained by the different coordination
number of oxygen to manganese atoms.

The process that the O2
* transforms into oxygen molecule can be viewed as oxygen desorption, so oxygen

adsorption energy (E o) on oxygen vacancy has been widely adopted as a descriptor for ozone elimination
activity. The adsorption energy of O2 on different kinds of oxygen vacancies on MnO2 and Mn3O4 was also
calculated and the results were shown in Table 3. Generally, a largeE o leads to the difficulty of the removal of
O2

*, thus catalytic activity was lowered. Compared to Mn3O4(200), MnO2(110) was favorable for adsorbed
O2

* to desorb from the oxygen vacancy sites. A three-step sequence mechanism was reasonable to describe
ozone decomposition on manganese oxides, (i) dissociative adsorption of ozone to form an O2 molecule and
an atomic O, with low energy barrier of 6 kJ/mol, (ii) reaction of the atomic O with gaseous ozone to form
a peroxide species and an O2 molecule, and (iii) desorption of O2 to restore oxygen vacancy. The step (iii) is
proved to be the rate-limiting step. Comparing with the oxygen adsorption energy, MnO2(110) was favorable
for the regeneration of the oxygen vacancies, enhancing the O3elimination capability, as shown in Figure 8.
It is in good agreement with the experimental results.

Table 3. Formation energy (E f) and oxygen adsorption energy (E o) of different kinds of oxygen vacancies

MnO2 (110) Mn2O3 (211) Mn3O4 (200)

Formation energy (E f) (eV) Top / 6.1197 /
Bridge 2.9918 4.0208 2.0503
Hollow 2.6895 5.1112 /

Oxygen adsorption energy (E o) (eV) Bridge -2,5564 / -4.3003
Hollow -2.3758 / /

14
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Figure 8 . Schematic illustration of O3decomposition on MnO2.

3.7 Mechanism of deactivation of ozone decomposition

Since the catalytic performance decreased with the reaction time for all MnOx, it is necessary to investigate
the catalyst deactivation mechanism to develop more efficient catalyst. The physiochemical performances
for MnO2-H-200 before and after reaction were studied. The catalysts, its ozone conversion dropping to 60%
and 20%, were denoted as MnO2-H-200-0.6 and MnO2-H-200-0.2, respectively. The surface composition of
the catalysts was investigated using XPS (Figure 9). The Mn AOS increased after reaction, accompanied
with the binding energy of Mn2p shifting to higher energies, suggesting a higher Mn AOS for deactivated
catalysts. And the peak intensity for surface adsorbed oxygen (Oads) increased with the decline of ozone
conversion, implying that the oxygen intermediates accumulated on the catalyst surface during the reactions.
The intermediates occurring on the partially deactivated catalysts were characterized by FT-IR (Figure S6).
The results indicated that a new peak at 1380cm-1 occurred, which was assigned to oxygen species derived
from peroxide species O2

* [35, 36]. Combined with XPS results, it was speculated that the irreversible
O2

* desorption on oxygen vacancies led to the accumulation of intermediate oxygen species, resulting in the
deactivation of MnO2-H-200.
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Figure 9 . (a) Mn 3s, (b) Mn 2p3/2 and (c) O1s XPS spectra of MnO2-H-200 at different ozone conversion
(1, 0.6 and 0.2)

To further verify the irreversible O2
*desorption on MnO2-H-200, O2-TPD was conducted and was shown

in Figure 10. The O2-TPD profile in lower temperature range was deconvoluted into several peaks (Figure
10b). According to previous studies, the desorption peaks of O2

* and O* located at less than 200oC and
in the range of 200-350oC, respectively. The O2

* was regarded as the intermediate of ozone decomposition.
The desorption temperature of the peaks attributed to O2

* followed the order: MnO2-H-200-0.2 >MnO2-
H-200-0.6 >MnO2-H-200, suggesting that O2

* species were relatively stable on the spent catalysts. As the
desorption of O2

* is the rate-limiting step for ozone decomposition, the difficult desorption of O2
* on the

catalyst hindered the recovery of the oxygen vacancies. As a result, it caused a decrease of active sites and a
low ozone conversion. The results indicated though the O2

* desorption process was relatively reversible for
MnO2-H-200, the residual O2

* difficult to desorb from the surface of the catalyst might hinder the subsequent
cycles, hence decreasing its active sites with time.
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Figure 10 . O2-TPD profile of MnO2-H-200 at different ozone conversion (1, 0.6 and 0.2): (a) the temper-
ature range of 50-600°C and (b) the peak-peak fitting at the temperature range of 50-400°C

For MnO2-H-200, two desorption peaks occurring at 468°C and 491°C were attributed to the gradual escapes
of the lattice oxygen close to the surface and the bulk oxygen species, respectively. They both shifted to
higher temperature for the spent catalysts, which indicated that oxygen mobility got weakened and the
strong Mn-O bond was formed in the octahedral MnO6 framework. The consistent results were obtained in
H2-TPR (Figure 11). Generally, when oxygen vacancies were introduced to MnO2, the formation of Mn3+

could result in the Jahn-Teller distortion and thus facilitate to weaken Mn-O bond. So the lower oxygen
mobility of the used catalysts might be caused by the unrecovered oxygen vacancies.
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Figure 11 . H2-TPR profile of MnO2-H-200 at different ozone conversion (1, 0.6 and 0.2)

In order to further confirm the influence of the accumulation of O2
*on the catalysts, the structures of MnO2-

H-200 before and after reaction were analyzed by XRD as shown in Figure 12. The diffraction peaks of
the reacted catalysts corresponded well to the standard PDF card (JCPDS 72-1984) of MnO2 and no extra
impurities were observed, which indicated that the accumulation of O2

*had slight effect on the catalyst
crystal structure or the changes were too trivial to detect.

Figure 12 . XRD patterns of MnO2-H-200 at different ozone conversion (1, 0.6 and 0.2)

Further evidence on the micro-structural transformation during deactivation was obtained by Raman spectra
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(Figure 13), which can afford abundant information on short-range structure. For MnO2-H-200, its charac-
teristic peaks were centered at 533 and 665 cm-1, which were attributed to the stretching mode of the Mn-O
bond in MnO6 octahedra in β-MnO2. While a new peak at 574cm-1appeared on the spectra of the reacted
catalysts, which was indicative of the stretching vibrations of MnO6 octahedra with an interstitial space
consisting of (1×2) channels [37-40]. It reflected a formation of γ-MnO2 structure for the reacted catalysts,
suggesting that the adsorbed intermediate oxygen species transformed into lattice oxygen. It was further
elucidated that the irreversible desorption on MnO2-H-200 led to the loss of active sites and a decay of ozone
conversion.

Figure 13 . Raman spectra of MnO2-H-200 at different ozone conversion (1, 0.6 and 0.2)

4. Conclusions

A series of MnOx catalysts (MnO2, Mn2O3 and Mn3O4) with different Mn valences were synthesized by
calcining γ-MnOOH through tuning the calcination temperature and atmosphere. MnO2-H-200 was obtained
by reducing MnO2 using hydrogen. The catalytic activity of the above MnOx towards ozone decomposition
followed the order of MnO2-H-200 >MnO2> Mn2O3> Mn3O4.MnO2 showed better activity than Mn2O3

and Mn3O4 due to its lower formation energy of oxygen vacancy and desorption energy of peroxide species.
Especially among three catalysts, the least desorption energy of peroxide species on MnO2 facilitated to
the occurrence of rate-limiting reaction step. The surface oxygen vacancy got enriched for MnO2-H-200
by H2-reduction. The results elucidated that both the nature and abundance of oxygen vacancies have a
decisive influence on the catalytic decomposition of ozone. Take an example of MnO2-H-200, the insights
on deactivation mechanism further validated that the catalytic stability of O3 decomposition was strongly
associated with the regeneration capacity of oxygen vacancy. The transformation from adsorbed oxygen
species to lattice oxygen led to an irreversible generation of oxygen vacancy, which changed the property of
the surface of the catalysts and resulted in the difficult desorption of O2

*. Hence it caused the deactivation
of the catalyst.
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Appendix A. Supplementary data

The following is Supplementary data to this article:

Catalyst preparation; Catalyst characterization; XRD patterns of the as-prepared γ-MnOOH; N2 adsorption
and desorption isotherms of the different MnOx catalysts; Top plane view and the oxygen vacancy sites of the
preferentially exposed crystal plane for various MnOx during DFT calculation; FT-IR spectra of MnO2-H-200
and partially deactivate MnO2-H-200 catalysts.
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