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ABSTRACT: Ag−Mn catalysts with excellent water resistance and ozone
decomposition activity were successfully synthesized by simple precipitation
and impregnation methods. Under a relative humidity of 65% and space
velocity of 840,000 h−1, the 6%Ag/α-Mn2O3-I catalyst showed 99% conversion
of 40 ppm O3 after 6 h, which was far superior to the performance of the 6%
AgMnOx-C (49%), 6%Ag/MnCO3-I (32%), and α-Mn2O3 (5%) catalysts.
Physicochemical characterization indicated that the chemical state of Ag on the
Ag−Mn catalysts determined the O3 decomposition activity of the catalysts.
The Ag species on the 6%Ag/α-Mn2O3-I catalyst were mainly metallic silver
nanoparticles (Agn

0), which exhibited much better ozone decomposition
performance than the Ag1.8Mn8O16 and oxidized silver clusters (Agn

δ+) existing
on the 6%Ag/MnCO3-I and 6%AgMnOx-C catalysts. The 6%Ag/α-Mn2O3-I
catalyst still had above 85% ozone conversion after 60 h under a relative
humidity of 65% and space velocity of 840,000 h−1. The slight deactivation of
the catalyst was ascribed to the oxidation of Agn

0, and its activity could be completely recovered by treatment at 350 °C under an N2
atmosphere, which indicated that it is a promising catalyst for ozone decomposition. This research provides guidance for the
subsequent development of Ag−Mn catalysts for ozone decomposition with high activity.

1. INTRODUCTION
Ozone (O3) pollution in the troposphere has become
increasingly serious in densely populated countries and regions
in recent years,1−3 and the problem of excessive ozone
concentrations in confined spaces (indoors or in airline cabins)
remains to be solved. Therefore, the study of ozone removal is
an urgent and important task for environmental protection and
human health. Catalytic decomposition is the safest, most
economical, and most efficient ozone removal method.
Catalysts for ozone decomposition mainly include transition
metal oxides and noble metals.4 Among transition metal
oxides, manganese oxides (MnOx) exhibit excellent ozone
decomposition performance and have been widely studied.4−11

The ozone decomposition performance of MnOx was found to
be improved by regulating the types and contents of ions in the
tunnels of MnOx or doping with other transition metal
elements during synthesis of the oxides.12−21 However, the
water resistance and the stability of active sites on MnOx still
needed improvement. The addition of the noble metal Pd can
significantly improve the water resistance and the stability of
active sites (oxygen vacancies) on MnOx.

22−25 However, it is
necessary to develop a cheaper alternative metal to enhance
the performance of MnOx because of the high price of Pd. Ag
has a lower price and excellent water resistance. Imamura et
al.26 found that the O3 decomposition activity of Ag2O at 30
°C was not affected in the presence of 4.2% water vapor (the
saturated concentration of water at 30 °C). The water

adsorption experiments also demonstrated that the introduc-
tion of Ag into MnOx significantly improved the water
resistance of the catalysts.27 In addition, the interaction
between Ag species and MnOx could promote the formation
of lattice defects and oxygen vacancies and improve the
reduction ability and oxygen mobility of MnOx, which is
beneficial to the catalytic oxidation of CO and VOCs, the
catalytic combustion of methane, and the oxygen reduction
reaction.28−36 According to the ozone decomposition mech-
anism, the above advantages of Ag−Mn catalysts are also
favorable for the ozone decomposition reaction.6,37,38 How-
ever, Ag−Mn catalysts are less frequently applied in ozone
decomposition. Previously, we prepared Ag-modified MnOx by
the co-precipitation method, and the formation of
Ag1.8Mn8O16 was the main reason for the increased ozone
decomposition activity.39 Deng et al.27 also doped Ag into
MnOx during hydrothermal synthesis, which significantly
enhanced the ozone decomposition activity of MnOx because
of the formation of surface defects and oxygen vacancies.
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Therefore, the noble metal Ag was selected to modify MnOx in
the hope of improving the water resistance and ozone
decomposition performance of the catalysts.
Ag has been exchanged into or loaded onto inert supports

such as SiO2, Al2O3, and molecular sieves to study the ozone
decomposition performance of Ag-based catalysts.40−44 The
initial chemical state of Ag changes during ozone decom-
position, leading to a change in activity. For example, Imamura
et al.26 found that the ozone decomposition activity of AgZ
molecular sieves (Ag exchanged into NaY zeolite) increased
with the generation of more-oxidized states (AgO) during
ozone decomposition. Nikolov et al.40 found that an Ag/SiO2

catalyst had better ozone decomposition activity than an Ag/
clinoptilolite catalyst at first. However, the Ag/SiO2 catalyst
became deactivated because of the oxidization of metallic Ag0

to AgO and Ag2O3, and the Ag/clinoptilolite catalyst
maintained stable ozone decomposition activity on account
of the stable chemical state of Ag+ in the zeolite channel.
Therefore, it remains to be determined which chemical state of
silver species has better ozone decomposition performance.
The chemical state of Ag on Ag−Mn catalysts can be

regulated by introducing Ag into manganese oxides by different
preparation methods. In this study, in order to study the effect
of the chemical state of Ag on the ozone decomposition
performance, the Ag chemical state on Ag−Mn catalysts was
precisely regulated. The ozone decomposition performance of
Agn

0 on the 6%Ag/α-Mn2O3-I catalyst was superior to that of
Ag1.8Mn8O16 and Agn

δ+ present on the 6%AgMnOx-C and 6%
Ag/MnCO3-I catalysts. The 6%Ag/α-Mn2O3-I catalyst, with
excellent ozone decomposition activity and water resistance,
was successfully developed by simple precipitation and
impregnation methods. The study provides guidance for the

further development and tuning of Ag−Mn catalysts with high
activity for ozone decomposition.

2. EXPERIMENTAL SECTION

The α-Mn2O3 catalyst was prepared by calcining the MnCO3
precursor at 600 °C for 3 h. The MnCO3 precursor was
obtained by the precipitation method. Ag atoms were
introduced into MnOx by different preparation methods. The
6%AgMnOx-C catalyst was prepared by the co-precipitation
method. The 6%Ag/MnCO3-I and 6%Ag/α-Mn2O3-I catalysts
were prepared by impregnating AgNO3 solution on MnCO3
and α-Mn2O3, respectively. The detailed catalyst preparation
steps are described in the Supporting Information, and a
schematic of the preparation of the Ag−Mn catalysts is
illustrated in Figure S1. The detailed catalyst characterization
and activity test sections are described in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Ozone Decomposition Performance. Figure 1A
shows the ozone decomposition activity of the prepared
catalysts for 40 ppm ozone under a relative humidity of 65%
and space velocity of 840,000 h−1. The 6%Ag/α-Mn2O3-I
catalyst exhibited 99% ozone conversion after 6 h, which is far
superior to that of the α-Mn2O3 (5%), 6%AgMnOx-C (49%),
and 6%Ag/MnCO3-I (32%) catalysts. The main reasons for
the differences in the activity of the four catalysts may be
related to the numbers and types of active sites on the catalysts,
and the detailed reasons are discussed in the following sections.
The specific ozone reaction rate of the 6%Ag/α-Mn2O3-I
catalyst was significantly better than that of α-Mn2O3, 6%Ag/
MnCO3-I and 6%AgMnOx-C, which indicates that specific

Figure 1. (A) Conversion of ozone on α-Mn2O3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts under RH = 65%; (B) 6 h
ozone conversion for Ag/α-Mn2O3-I catalysts impregnated with different amounts (1, 2, 4, 6, and 8%) of Ag under RH = 65% and RH = 80%.
Conditions: ozone inlet concentration 40 ppm, temperature 30 °C, and space velocity 840,000 h−1.

Figure 2. (A) XRD patterns and (B) Raman spectra of the α-Mn2O3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts.
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surface area is not the key factor in the ozone decomposition
performance of Ag−Mn catalysts (Table S1).
Figure 1B shows the catalytic activity (6 h) of the Ag/α-

Mn2O3-I catalysts impregnated with different amounts of Ag.
When the Ag load was above 4%, the ozone conversion of Ag/
α-Mn2O3-I was above 97% even under a relative humidity of
80%, which indicates that these catalysts have excellent water
resistance. Moreover, the 6%Ag/α-Mn2O3-I catalyst exhibited
better ozone decomposition performance than a 6%Ag/α-
Mn2O3-commercial catalyst (Figure S2), Ag loaded on Al2O3,
SiO2, or molecular sieve supports, and most previously
reported Mn-based catalysts under humid conditions (Tables
S3 and S4).
3.2. Crystal Structures, Morphologies, and Chemical

States of Active Components of the Catalysts. Figure 2A
shows the XRD patterns of the prepared catalysts. The XRD
pattern of α-Mn2O3 prepared in this study corresponds well to
the standard PDF card (JCPDS 41-1442) of α-Mn2O3.

36 The
main components of the 6%Ag/MnCO3-I and 6%AgMnOx-C
catalysts are α-Mn2O3 and Ag1.8Mn8O16 (JCPDS 77-1987),39

and the Ag1.8Mn8O16 diffraction peaks of the 6%AgMnOx-C
catalyst are stronger than those of the 6%Ag/MnCO3-I
catalyst. The contents of Ag1.8Mn8O16 for 6%Ag/MnCO3-I
and 6%AgMnOx-C were calculated to be 15.6 wt % and 27.6
wt %, respectively (Figure S5 and Table S5). The mass
percentage of Ag in Ag1.8Mn8O16 is 21.8%, so 3.4 and 6.0 wt %
of Ag formed Ag1.8Mn8O16 for the 6%Ag/MnCO3-I and 6%
AgMnOx-C catalysts, respectively. Therefore, the Ag in 6%
AgMnOx-C almost all forms Ag1.8Mn8O16. The diffraction
peaks of α-Mn2O3 and Agn

0 (metallic Ag nanoparticles)
(JCPDS 87-0717) appear in the pattern of the 6%Ag/α-
Mn2O3-I catalyst.45 The chemical state of silver was further
studied by other characterization methods. The ozone
conversion of the 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%
Ag/α-Mn2O3-I catalysts all improved, compared with α-
Mn2O3, which indicates that both Ag1.8Mn8O16 and Agn

0 can
improve the catalytic ozone decomposition activity. The 6%
Ag/α-Mn2O3-I catalyst had the best activity for ozone
decomposition, so Agn

0 is a better active component than
Ag1.8Mn8O16. When the Ag load was above 4%, the peaks of
Agn

0 appeared for the Ag/α-Mn2O3-I catalysts (Figure S6),
which further demonstrates that Agn

0 is an excellent active
component for ozone decomposition.
Raman spectra were collected to further investigate the

structure of the prepared catalysts. As shown in Figure S7 and
Figure 2B, the bands at 197, 317, 647, and 700 cm−1 are
characteristic peaks of α-Mn2O3.

46−48 With the addition of Ag
on the Ag/α-Mn2O3-I catalysts, the peak intensity ratio of the
two peaks at 647 and 700 cm−1 increased, and the peak for the
8%Ag/α-Mn2O3-I catalyst at 647 cm−1 shifted to 640 cm−1

(Figure S7), which may be because of the presence of Ag.48

For the 6%Ag/MnCO3-I and 6%AgMnOx-C catalysts, new
bands at 180, 399, 577, and 638 cm−1 appeared, attributed to
the Mn-O vibration of the MnO2 structure,49,50 which
corresponds to the formation of the Ag1.8Mn8O16 structure.
The intensities of the four new bands for the 6%AgMnOx-C
catalyst are stronger than those for the 6%Ag/MnCO3-I
catalyst, which is attributed to the higher concentration of
Ag1.8Mn8O16 on the 6%AgMnOx-C catalyst. Raman results
further confirmed the identities of the Ag species on the
catalysts.
The morphology and nanostructure of the catalysts were

observed by FESEM and HRTEM. Figure 3A,B shows that the

α-Mn2O3 catalyst has an inhomogeneous nanoparticle
morphology.39 In addition, the electron diffraction pattern
(Figure 3C) indicates that there are various crystal faces with
different lattice spacings on the α-Mn2O3 catalyst. As shown in
Figure 3D, nanorods of Ag1.8Mn8O16 and nanoparticles of α-
Mn2O3 appear in the image of the 6%Ag/MnCO3-I
catalyst.39,51 Figure 3E shows that many small nanoparticles
(Ag species) with a diameter of 1.9 ± 0.6 nm are anchored on
the Ag1.8Mn8O16 nanorods. A fringe spacing of 0.27 nm
representing the (101) planes of Ag1.8Mn8O16 is exhibited in
Figure 3F, which further indicates the formation of
Ag1.8Mn8O16.

52 Also, a fringe spacing of 0.236 nm on the
small nanoparticles may represent the (111) planes of Ag2O or
the (111) planes of Ag053, but the subsequent XPS
characterization proved that most nanoparticles are Ag2O.
The above results indicate that some Ag species form
Ag1.8Mn8O16, and others are mainly in the state of Ag2O
nanoparticles anchored on the Ag1.8Mn8O16 nanorods. As
shown in Figure 3G, nanorods of Ag1.8Mn8O16 also appear in
the image of the 6%AgMnOx-C catalyst, and no other Ag
species exist on the Ag1.8Mn8O16 nanorods. The Ag species in
6%AgMnOx-C all form Ag1.8Mn8O16 nanorods, which is
consistent with the XRD results. The (101) and (200) planes
of Ag1.8Mn8O16 are exhibited in Figure 3H,I, as shown by
fringe spacings of 0.27 and 0.49 nm, respectively. As shown in
Figure 3J, for the 6%Ag/α-Mn2O3-I catalyst, all Ag nano-
particles are loaded on the α-Mn2O3 support, with a diameter
of 12.6 ± 4.6 nm. With increasing amounts of Ag (from 1 to
8%) on the Ag/α-Mn2O3-I catalysts, the number of Ag

Figure 3. (A) SEM images and (B, C) HRTEM images of α-Mn2O3;
HRTEM images of (D−F) 6%Ag/MnCO3-I, (G−I) 6%AgMnOx-C,
and (J−L) 6%Ag/α-Mn2O3-I.
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nanoparticles on the support gradually increases, but the
particle size does not change significantly (Figure S8). The
nanoparticles display fringe spacings of 0.236 and 0.208 nm,
representing the (111) and (200) planes of Agn

0 (Figure 3K−
L), respectively.45,54

XPS spectra were further used to confirm the chemical state
of active components. The AOS of Mn for the α-Mn2O3, 6%
Ag/α-Mn2O3-I, 6%Ag/MnCO3-I, and 6%AgMnOx-C catalysts
is 2.8, 2.8, 2.9, and 3.0, respectively (Figure 4A). The AOS of
Mn for all the Ag/α-Mn2O3-I catalysts is the same as that of
the α-Mn2O3 catalyst (Figure S9), because the crystal structure
of α-Mn2O3 does not change, and there are no other
manganese oxides formed. The increase of the Mn valence
state on the 6%Ag/MnCO3-I and 6%AgMnOx-C catalysts is
proportional to the amount of Ag1.8Mn8O16 generated. The
relative content of the two phases (α-Mn2O3 and
Ag1.8Mn8O16) was calculated according to the actual valence
state of Mn on the 6%Ag/MnCO3-I and 6%AgMnOx-C
catalysts. Detailed calculations can be found in the Supporting
Information. As shown in Table S5, the mass percentages of
Ag1.8Mn8O16 for the 6%Ag/MnCO3-I and 6%AgMnOx-C
catalysts are 10.3 and 20.5%, respectively. That is, 2.2 and
4.5 wt % of Ag forms Ag1.8Mn8O16 on the surface of the 6%Ag/
MnCO3-I and 6%AgMnOx-C catalysts, respectively. The
calculated results are consistent with the trend of the content
of Ag1.8Mn8O16 obtained by quantitative XRD analysis.

Figure 4B shows the XPS spectra of Ag 3d for the 6%Ag/α-
Mn2O3-I, 6%Ag/MnCO3-I, and 6%AgMnOx-C catalysts. The
binding energy of Ag 3d5/2 for the 6%Ag/α-Mn2O3-I and 6%
AgMnOx-C catalysts is 368.5 and 368.0 eV, respectively, which
could be assigned to Ag0 in metallic Ag nanoparticles and Ag+

on Ag1.8Mn8O16.
55,56 The Ag 3d5/2 peaks for the Ag/α-Mn2O3-

I catalysts impregnated with different amounts of Ag are also
located at 368.5 eV (Figure S9), indicating that the Ag species
on these catalysts are Agn

0. The Ag 3d5/2 peak of the 6%Ag/
MnCO3-I catalyst is located at 368.1 eV, between the values
for Ag0 (368.5 eV) and Ag+ (368.0 eV), which indicates that
the Ag species on the 6%Ag/MnCO3-I catalyst are comprised
of both Ag0 and Ag+. According to the ICP results (Table 1),
the actual Ag content for the 6%Ag/MnCO3-I, 6%AgMnOx-C,
and 6%Ag/α-Mn2O3-I catalysts is 5.4, 5.5, and 4.8 wt %,
respectively. The XPS results show that the surface content of
Ag for the three catalysts is 11.7, 5.2, and 21.2 wt %,
respectively. Combining these data with the above character-
ization results from XRD and HRTEM, we can confirm that all
Ag atoms for 6%Ag/α-Mn2O3-I are concentrated on the
surface of the catalysts, the Ag atoms for 6%Ag/MnCO3-I are
partly concentrated on the surface of the catalysts, and all Ag
atoms for 6%AgMnOx-C enter the channels of Ag1.8Mn8O16.
To further determine the chemical state of Ag on the surface of
6%Ag/MnCO3-I, the Ag 3d5/2 peak of the 6%Ag/MnCO3-I
catalyst was deconvoluted into two peaks at 368.5 and 368.0
eV, corresponding to Ag0 and Ag+, respectively, where Ag0 and

Figure 4. (A) Mn 3 s XPS spectra of the α-Mn2O3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts; (B) Ag 3d of the 6%Ag/
MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts; (C) Ag 3d5/2 XPS spectra of the 6%Ag/MnCO3-I catalyst; (D) schematic diagram of
the location of Ag in the catalysts.

Table 1. ICP, XRD, and XPS Results and Quantitative Analysis of Ag Species of the 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%
Ag/α-Mn2O3-I Catalysts

ICP XRD XPS quantitative results

catalyst
Ag/wt
% Ag1.8Mn8O16/wt %

Ag/wt
%

Agn
0/wt
% Ag1.8Mn8O16/wt %

Agn
δ+/wt
%

Agn
0/

% Ag1.8Mn8O16/%
Agn

δ+/
%

6%Ag/MnCO3-I 5.4 3.4 11.7 2.9 2.2 6.6 11 63 26
6%AgMnOx-C 5.5 6 5.2 0 5.2 0 0 100 0
6%Ag/α-Mn2O3-I 4.8 0 21.2 21.2 0 0 100 0 0
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Ag+ account for 24.6 and 75.4%, respectively. Therefore, the
contents of Ag0 and Ag+ on the surface of 6%Ag/MnCO3-I
amount to 2.9 and 8.8 wt %. According to Mn 3s XPS results,
2.2 wt % of Ag forms Ag1.8Mn8O16. The remaining 6.6 wt % of
Ag forms oxidized silver clusters (Agn

δ+). Combined with the
above ICP and XRD results, the proportions of Ag forming
Agn

0, Ag1.8Mn8O16, and Agn
δ+ were calculated to be 11, 63, and

26%, respectively (Table 1). Detailed calculations can be found
in the Supporting Information. A schematic diagram of the
location of Ag in the catalysts is shown in Figure 4D for clarity.
Combining this information with the activity data, it can be
observed that the activity of the different Ag species decreased
in the sequence Agn

0>Ag1.8Mn8O16>Agn
δ+. Ag M4VV Auger

spectra were used to further investigate the chemical state of
Ag species on the surface of the 6%Ag/MnCO3-I, 6%AgMnOx-
C, and 6%Ag/α-Mn2O3-I catalysts (Figure S10). Compared
with Ag foil, the peak in the Ag M4VV Auger spectrum of the
6%Ag/α-Mn2O3-I catalyst moved to a lower value of 356.8 eV,
indicating that the surface of Agn

0 nanoparticles was oxidized.41

The intensity of Auger peaks was proportional to the amount
of silver species on the surface of the 6%Ag/α-Mn2O3-I, 6%
AgMnOx-C, and 6%Ag/MnCO3-I catalysts.
Figure 5A,B displays the Mn K-edge XAFS data of 6%Ag/

MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I together with
MnO2 and α-Mn2O3 as references. The Mn K-edge energy and
edge step of 6%Ag/α-Mn2O3-I coincide with those of α-
Mn2O3, indicating that the addition of Ag did not change the
electronic structure of α-Mn2O3. The Mn K-edge energy and
edge step of 6%Ag/MnCO3-I and 6%AgMnOx-C shift toward

the direction of the K-edge energy and edge step of MnO2, and
the offset of 6%AgMnOx-C is greater than that of 6%Ag/
MnCO3-I. As shown in Figure 5B, the FT curves of α-Mn2O3
have two main peaks at 1.47 and 2.71 Å, corresponding to the
Mn−O and Mn−Mn coordination shells, respectively, and the
FT curves of MnO2 have three main peaks at 1.47, 2.48, and
3.0 Å, corresponding to the Mn−O, Mn−Mn1, and Mn−Mn2
coordination shells, respectively. The 6%Ag/α-Mn2O3-I
catalyst has two coordination peaks that almost overlap with
the coordination peaks of α-Mn2O3, indicating that the
addition of Ag did not affect the coordination of α-Mn2O3.
For 6%Ag/MnCO3-I, the change trend for the coordination
peak at 1.47 Å (stronger) and 2.71 Å (weaker) is toward the
coordination in MnO2, which corresponds to the generation of
Ag1.8Mn8O16. The 6%AgMnOx-C catalyst has three coordina-
tion peaks at 1.47, 2.26, and 2.79 Å, which is because of the
formation of more Ag1.8Mn8O16 on it. The coordination peaks
at 1.47 Å, 2.26 Å, and 2.79 Å correspond to the Mn−O
coordination shells of α-Mn2O3 and Ag1.8Mn8O16, the Mn−
Mn1 coordination shells of Ag1.8Mn8O16, and the Mn−Mn
coordination shells of α-Mn2O3 and the Mn−Mn2 coordina-
tion shells of Ag1.8Mn8O16, respectively.
Figure 5C,D displays the Ag K-edge XAFS data of 6%Ag/

MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I together with
those of Ag foil and AgNO3 as references. The K-edge energy
and edge step of the 6%Ag/α-Mn2O3-I catalyst were closer to
the values for Ag foil, which further confirmed that the Ag
species on this catalyst are predominantly in the metallic state.
The K-edge energy and edge step of the 6%Ag/MnCO3-I and

Figure 5. (A) XANES of Mn K-edge and (B) Fourier transforms FT(k3χ(k)) of Mn K-edge extended XAFS oscillation function k3χ(k) in MnO2,
α-Mn2O3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts; (C) XANES of Ag K-edge and (D) Fourier transforms FT(k3χ(k)) of
Ag K-edge extended XAFS oscillation function k3χ(k) in Ag foil, AgNO3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts.
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6%AgMnOx-C catalysts move toward those of AgNO3, and the
K-edge energy and edge step of 6%AgMnOx-C are closer to
those of AgNO3 than 6%Ag/MnCO3-I, which is because there
is more Ag+ on it. As shown in Figure 5D, an intense peak at
around 2.67 Å corresponding to the Ag−Ag shell appeared for
the 6%Ag/α-Mn2O3-I catalyst, which further demonstrated the
presence of Agn

0. The Ag−Ag coordination peak for the 6%
Ag/MnCO3-I and 6%AgMnOx-C catalysts is very weak, and
the Ag−O coordination peak begins to appear (Figure 5D),
which corresponds to the presence of Ag1.8Mn8O16 and Agn

δ+

on 6%Ag/MnCO3-I and the presence of Ag1.8Mn8O16 on 6%
AgMnOx-C.
3.3. The Reducibility and Oxygen Evolution of the

Catalysts. The reducibility of the prepared catalysts was
investigated by H2 temperature programmed reduction
experiments. The detailed reduction path is shown in Table
S7. The reduction temperature for the 6%Ag/MnCO3-I, 6%
AgMnOx-C, and Ag/α-Mn2O3-I catalysts with different
concentrations of Ag (1, 2, 4, 6, and 8%) all decreased,
compared to the α-Mn2O3 catalyst (Figure 6A and Figure
S12), indicating that the addition of Ag significantly enhanced
the reduction capacity of the catalysts. The enhanced reduction
capacity facilitated ozone decomposition. O2 desorption peaks
appear between 520 and 620 °C on the 6%Ag/MnCO3-I and
6%AgMnOx-C catalysts (Figure 6B), which is attributed to the
desorption of subsurface lattice oxygen of Ag1.8Mn8O16. The

strength of the desorption peak reflects the content of
Ag1.8Mn8O16, which confirms the above results.

3.4. Deactivation and Regeneration of the 6%Ag/α-
Mn2O3-I Catalyst. Considering practical application, the Ag/
α-Mn2O3-I catalysts were evaluated for 60 h under a relative
humidity of 65% and space velocity of 840,000 h−1. The ozone
conversion of 6%Ag/α-Mn2O3-I could be maintained at above
80% (Figure 7A), which is far superior to that of previously
reported Ce-γ-MnO2, K-rich MnO2 and Na-OMS-2 cata-
lysts.13,15,18 In order to study the deactivation mechanism of
the 6%Ag/α-Mn2O3-I catalyst under humid and dry atmos-
pheres, a switching experiment was carried out between dry
and humid gas. The results (Figure 7B) indicate that the
deactivation under high relative humidity is mainly due to the
competitive adsorption of water and ozone molecules.18,57

However, the catalyst also gradually deactivated under a dry
atmosphere, indicating that the active sites on it gradually
change under an ozone atmosphere.
After the 6%Ag/α-Mn2O3-I catalyst reacted with ozone, the

XRD diffraction peaks representing Ag metal disappeared
(Figure S13), and a new Raman peak at 422 cm−1

corresponding to the Raman vibration of AgO appeared
(Figure S13).58,59 The AOS of Mn increased from 2.8 to 3.0
(Figure 8A), and the Ag 3d spectrum moved in the direction of
lower binding energy (Figure 8B). The Ag M4VV Auger
spectra moved to lower kinetic energy (Figure S14), the Ag K-

Figure 6. (A) H2-TPR profiles and (B) O2-TPD profiles of the α-Mn2O3, 6%Ag/MnCO3-I, 6%AgMnOx-C, and 6%Ag/α-Mn2O3-I catalysts.

Figure 7. (A) Durability of Ag/α-Mn2O3-I catalysts with 4 and 6% Ag under RH = 65%; (B) ozone conversion on the 6%Ag/α-Mn2O3-I catalyst in
alternating humidity conditions. Conditions: ozone inlet concentration 40 ppm, temperature 30 °C, and space velocity 840,000 h−1.
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edge energy and edge step moved toward the values for
AgNO3 (Figure 8C), the Ag−Ag coordination peak became
very weak, and the Ag−O coordination peak began to appear
(Figure 8D). The above results all demonstrate that the
intermediate oxygen species generated during the ozone
decomposition process do not desorb fully, leading to the
oxidation of Agn

0 and α-Mn2O3. In addition, the Agn
0

nanoparticles on the 6%Ag/α-Mn2O3-I catalyst become small
Agn

δ+ nanoparticles with a diameter of 2.0 ± 0.6 nm after
reacting with ozone (Figure S15), which was also observed by
other researchers in previous studies.43,60 The content of Ag on
the surface increased from 21.2 to 36.7% (Table S8), which
corresponds to the HRTEM results. The above phenomenon is
the reason for the gradual decline in catalytic activity. The
above data indirectly prove that Agn

0 has better ozone
decomposition performance than Agn

δ+.
In order to solve the problem of reduced catalytic activity

after long-term use, the deactivated catalyst was regenerated.
According to the above characterization results, the main
reason for catalyst deactivation is the oxidation of Agn

0

resulting from the accumulation of intermediate oxygen species
on the active sites during the ozone decomposition reaction.
The activity of the deactivated 6%Ag/α-Mn2O3-I catalyst can
be fully recovered after treating it at 350 °C under an N2
atmosphere (Figure 9), which indicates that the catalyst has
good regeneration ability and can be reused. In addition, the
regeneration temperature of the catalyst was lower than that of
catalysts reported in the literatures,13,15 which also indicated
that the intermediate oxygen species accumulated on its
surface were more easily desorbed. The desorption rate of
intermediate oxygen species is a key rate-controlling step in the

ozone decomposition reaction.6 The lower regeneration
temperature of the 6%Ag/α-Mn2O3-I catalyst also demon-
strates that it has excellent ozone decomposition performance
and is favorable for practical application of the catalyst in
industry.

3.5. Implications and Future Direction of the
Research. In this study, Ag was successfully introduced into
MnOx using different preparation methods, and the effect of
the chemical state of Ag on the ozone decomposition
performance of catalysts was studied. The addition of Ag
significantly improved the ozone decomposition activity and
the water resistance of MnOx, which has lower cost and better
application prospects than the commonly used noble metal Pd.
The synthesized 6%Ag/α-Mn2O3-I catalyst exhibited 99%

Figure 8. (A) Mn 3s and (B) Ag 3d XPS spectra of 6%Ag/α-Mn2O3-I before and after reacting with ozone; (C) XANES of Ag K-edge, and (D)
Fourier transform FT(k3χ(k)) of Ag K-edge extended XAFS oscillation function k3χ(k) in Ag foil, AgNO3, and 6%Ag/α-Mn2O3-I before and after
reacting with ozone.

Figure 9. Ozone removal rate of fresh, ozone-treated, and regenerated
6%Ag/α-Mn2O3-I catalysts. Conditions: ozone inlet concentration 40
ppm, temperature 30 °C, relative humidity 65%, and space velocity
8.4*105 h−1.
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conversion of 40 ppm O3 after 6 h under a relative humidity of
65% and space velocity of 840,000 h−1. When the relative
humidity increased to 80%, the 6%Ag/α-Mn2O3-I catalyst still
had over 97% ozone conversion. The chemical state of Ag on
the Ag−Mn catalysts determined the O3 decomposition
activity of the catalysts. The performance of Agn

0 on the 6%
Ag/α-Mn2O3-I catalyst for ozone decomposition is superior to
that of Ag1.8Mn8O16 and Agn

δ+ present on the 6%AgMnOx-C
and 6%Ag/MnCO3-I catalysts, which provides guidance for the
further development and tuning of Ag−Mn catalysts with high
activity for ozone decomposition.
From the point of view of practical application, the 6%Ag/α-

Mn2O3-I catalyst can maintain above 85% ozone conversion
after 60 h under a relative humidity of 65% and space velocity
of 840,000 h−1, which is far superior to the previously reported
Ce-γ-MnO2, K-rich MnO2, and Na-OMS-2 catalysts. Although
the oxidation of Agn

0 under an ozone atmosphere resulted in
declining activity for the 6%Ag/α-Mn2O3-I catalyst, treatment
at 350 °C under an N2 atmosphere could completely recover
its activity. Therefore, follow-up research should aim at
developing highly stable Ag species and milder regeneration
methods for Ag−Mn catalysts.
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