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ABSTRACT: Ozone (O3) removal has important implications for
environmental protection and human health, and Ag-Mn catalysts
have shown promising O3 decomposition. Catalysts with Ag
supported on porous cube-like α-Mn2O3 (Ag/Mn-C) with high
utilization of Ag were prepared by the impregnation method and
showed excellent O3 decomposition activity. Physicochemical
characterizations demonstrated that metallic Ag nanoparticles
(Agn

0) were mainly anchored on manganese vacancies, forming
Ag−O−Mn bonds between Agn

0 and α-Mn2O3-C. The abundant
manganese vacancies of α-Mn2O3-C can lead to Agn

0 with a smaller
particle size and more uniform dispersion, thereby resulting in
markedly enhanced O3 decomposition performance compared to
Agn

0 with a large particle size and uneven distribution on rod-like α-Mn2O3 (Ag/Mn-R). Under a relative humidity of 65% and a
space velocity of 1,110,000 h−1, the conversion of 40 ppm O3 over the 2%Ag/Mn-C catalyst within 6 h (98%) at 30 °C was more
than twice as high as that of the 2%Ag/Mn-R catalyst (42%). The study provides guidance for the design of highly efficient Ag-based
catalysts and the understanding of the microstructure of supported catalysts.
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1. INTRODUCTION

Ground-level ozone (O3) pollution in large- and medium-sized
cities has been particularly acute in summer.1 Commercial
airliners flying in the stratosphere face serious O3 pollution
problems.2 Many industrial applications, such as sterilization,
bleaching, deodorization, and wastewater treatment, emit large
amounts of O3 exhaust.3 The extensive use of electrical
equipment, including air purifiers, printers, and electronic
disinfectors, causes indoor O3 exceeding regulatory limits.4 O3
pollution in the atmospheric environment and confined spaces
can be controlled effectively by the catalytic decomposition
technology.2,5,6 Manganese oxides (MnOx) have been widely
studied as effective O3 decomposition catalysts.6−12 In
addition, Ag as an excellent active component has frequently
been added to MnOx because of its relatively cheap price and
excellent water vapor resistance.13−15 Although Ag-Mn
catalysts have been synthesized with high O3 decomposition
activity in preliminary studies, the utilization rate of Ag is very
low, which is not conducive to industrial application.15 Also,
the influence of the dispersion of Ag on O3 decomposition
activity is still unclear. In addition, which factor determines the
chemical state of Ag, how to tune the chemical state of Ag, and
the interaction between Ag and MnOx in Ag-Mn catalysts are
not clear. Therefore, Ag-Mn catalysts with excellent O3
decomposition performance and a high Ag utilization rate

need to be developed, and the relationship between the
dispersion of Agn

0 and its activity needs to be revealed to
further guide the design of efficient catalysts. In addition, the
essential reasons determine the chemical state of Ag and the
interaction mechanism between Ag and MnOx in the Ag-Mn
catalysts need to be revealed.
The choice and regulation of the support, addition of

additives, and development of new preparation methods all
substantially influence the chemical state of Ag.16−21 In
essence, the chemical state of a noble metal closely correlates
with the metal−support interaction. The interaction takes
place at the interface between the supported metal nano-
particles and the support in the form of charge redistribution
and mass transport, so the surface structure of the support is
very important to the interaction.22 The morphology is an
important manifestation of the surface structure of a support.
Therefore, the regulation of the chemical state of Ag by virtue

Received: August 26, 2021
Revised: October 27, 2021
Accepted: October 29, 2021
Published: November 9, 2021

Articlepubs.acs.org/est

© 2021 American Chemical Society
16143

https://doi.org/10.1021/acs.est.1c05765
Environ. Sci. Technol. 2021, 55, 16143−16152

D
ow

nl
oa

de
d 

vi
a 

R
E

SE
A

R
C

H
 C

T
R

 E
C

O
-E

N
V

IR
O

N
M

E
N

T
A

L
 S

C
I 

on
 D

ec
em

be
r 

14
, 2

02
1 

at
 0

9:
15

:3
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaotong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangzhi+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinzhu+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xufei+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingfa+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.1c05765&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/55/23?ref=pdf
https://pubs.acs.org/toc/esthag/55/23?ref=pdf
https://pubs.acs.org/toc/esthag/55/23?ref=pdf
https://pubs.acs.org/toc/esthag/55/23?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.1c05765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


of support morphology-controlling strategies is helpful for the
in-depth study of the interaction mechanism between Ag
species and MnOx. Up to now, the mechanism by which the
MnOx morphology influences the chemical state of Ag and the
catalytic activity of various oxidation reactions has rarely been
studied. Li et al.23 studied the effect of different morphologies
(wire-like, rod-like, and tube-like) of MnO2 on the interaction
between Ag and MnO2 and found that Ag particles on wire-like
MnO2 were homogeneously dispersed and existed as hemi-
spherical particles because of the strong interaction between
Ag particles and wire-like MnO2; this was beneficial for toluene
oxidation because of the enhancement of catalytic oxidation
ability and the generation of more lattice oxygen. Lu et al.24

found that Ag/MnO2 nanorods with better catalytic oxidation
ability and more surface-active oxygen exhibited better activity
and stability for the oxidation of HCHO than Ag/MnO2
nanoparticles. However, the level of structural characterization
in the above studies was very limited and insufficient to analyze
the interaction mechanism of Ag and MnOx and its effect on
the dispersion of Ag in detail.
This interaction is affected by the content and type of

anchoring sites (hydroxyl or surface defects) for noble metals
on the support.25,26 The relevant research studies mainly focus
on Al2O3, SiO2, CeO2, or TiO2 supports.27−35 Wang et al.27

revealed that the anchoring sites for Ag species on nanosized γ-
Al2O3 were the ample terminal hydroxyls of the (100) surface.
Dutov et al.28 proved that the molar ratio between hydroxyls
on SiO2 and silver would affect the silver dispersion on Ag/
SiO2 catalysts. Hu et al.29 found that the amount of surface
defects on different crystal planes of CeO2 determined the
interaction between Pd and CeO2, which further affected the
structure and chemical state of Pd. Many researchers
demonstrated that surface defects on TiO2 supports were
effective anchoring sites for single atoms and nanoparticles of
Au.30−32 However, the anchoring sites of Ag species on Mn2O3
supports have not been determined, and the detailed
interaction mechanism between Ag species and Mn2O3
supports at anchoring sites needs to be revealed.
In this study, Ag-Mn catalysts with excellent O3 removal

efficiency and a high Ag utilization rate were developed. Then,
the influence of the Agn

0 dispersion on the O3 decomposition
performance over Ag-Mn catalysts was observed. The
anchoring sites of Agn

0 on Mn2O3 supports were determined,
and the relationship between the content of anchoring sites
and the dispersion of Agn

0 was determined. In addition, the
detailed interaction mechanism between Agn

0 and the Mn2O3
supports at anchoring sites was revealed. This study not only
provides guidance for the exploitation of efficient catalysts for
O3 decomposition but also provides a deeper understanding of
the interaction mechanism between Ag and MnOx, which can
guide the subsequent development of supported Ag-Mn
catalysts.

2. EXPERIMENTAL SECTION
The porous cube-like α-Mn2O3 (α-Mn2O3-C) and rod-like α-
Mn2O3 (α-Mn2O3-R) supports were synthesized by a hydro-
thermal method followed by high-temperature calcination.
Then, the Ag/Mn-C and Ag/Mn-R catalysts were synthesized
by impregnating AgNO3 solution on the α-Mn2O3-C and α-
Mn2O3-R supports, respectively. The detailed preparation
procedures are shown in the Supporting Information. The
detailed characterization methods and computational details
are shown in the Supporting Information. The evaluation

methods for O3 decomposition activity were consistent with
our previous work,15 and the detailed evaluation procedures
are shown in the Supporting Information. The weight space
velocity (WHSV) was maintained at 840 or 1680 L g−1 h−1 by
using 100 or 50 mg of catalyst.

3. RESULTS AND DISCUSSION
3.1. Crystal Structures and Morphologies of Sup-

ports. As shown in Figure S3, the α-Mn2O3-C and α-Mn2O3-R
supports had the same crystal structure and no discernible
differences in crystallinity.36 The N2 adsorption−desorption
isotherms of α-Mn2O3-C and α-Mn2O3-R supports are shown
in Figure S3. The isotherms of the two supports were type IV
isotherms with a hysteresis loop of type H3.37,38 The pore size
distribution plot showed the characteristics of a wide pore size
range from mesopores to macropores. The average pore size of
α-Mn2O3-R (3.3 nm) was distinctly smaller than that of α-
Mn2O3-C (32.6 nm). The specific surface areas of α-Mn2O3-C
and α-Mn2O3-R supports were 18 and 14 m2/g, respectively,
which are not significantly different.
As shown in Figure S4 and Figure 1A, α-Mn2O3-C mostly

showed a porous cube-like structure consisting of nano-
particles, while α-Mn2O3-R exhibited a uniform rod-like
structure (Figure S4 and Figure 1E). The electron diffraction

Figure 1. HRTEM images of (A−D) α-Mn2O3-C and (E−H) α-
Mn2O3-R.
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pattern indicated that the single-crystalline structure of α-
Mn2O3-C was damaged as shown by its disordered diffraction
spots (Figure 1B). However, α-Mn2O3-R had regular
diffraction spots (Figure 1F), indicating its single-crystalline
nature. The deterioration of the single-crystalline structure of
α-Mn2O3-C is conducive to the formation of defects.39 Figure
1C,D shows that there are many twisted, rough, and
amorphous areas with obscure lattice fringes on α-Mn2O3-C,
indicating that more defects were formed on its surface.
However, α-Mn2O3-R exhibited clear and regular lattice
fringes, and the fringe spacing was 0.381 nm, representing
the (211) crystal planes of α-Mn2O3 (Figure 1G,H). It has
been found that defects on some oxides, such as MnO2, TiO2,
and CeO2, are important anchor sites of noble metal
atoms,29−32,40 so it was speculated that Ag nanoparticles on
α-Mn2O3-C would be more evenly distributed.
The surface structure of the α-Mn2O3-C and α-Mn2O3-R

supports was investigated by Raman spectroscopy (Figure 2A).
The peaks at 197, 312, 640, and 696 cm−1 represented the
typical vibrations of α-Mn2O3.

41−43 The peak intensities of α-
Mn2O3-C were weaker than those of α-Mn2O3-R, correspond-
ing to more defects on the surface of α-Mn2O3-C determined
by HRTEM. Figure S5 shows the Mn 3s XPS spectra of α-
Mn2O3-C and α-Mn2O3-R. Compared with the perfect α-
Mn2O3 structure, α-Mn2O3-C and α-Mn2O3-R have the same
number of oxygen vacancies. Figure 2B shows the Mn K-edge
XAFS results of the α-Mn2O3-C and α-Mn2O3-R supports. The
coordination peak at 1.47 Å of α-Mn2O3-C, corresponding to
the Mn−O coordination shell, was stronger than that of α-
Mn2O3-R, indicating that there are more Mn−O coordination
bonds and fewer oxygen vacancies on α-Mn2O3-C. In addition,
the coordination peak at 2.71 Å of α-Mn2O3-C, corresponding
to the Mn−Mn coordination shell, was weaker than that of α-
Mn2O3-R, indicating that there are more manganese vacancies
on α-Mn2O3-C. Curve-fitting results (Figure S6 and Table S1)
for Mn K-edge EXAFS also indicated that the coordination
numbers of Mn−Mn on α-Mn2O3-C are lower than those on
α-Mn2O3-R. The α-Mn2O3-C support was p-type semi-
conducting metal oxide (Table S2). Metal cation vacancies
readily occur in p-type semiconducting metal oxide. Then,

positron annihilation spectroscopy was used to confirm the
manganese vacancy concentration of the α-Mn2O3-C and α-
Mn2O3-R supports.40,44 The similar positron lifetime spectra of
α-Mn2O3-C and α-Mn2O3-R (Figure S7) indicated that these
two supports had similar defect types. After analyzing the
spectra, three lifetime components were found on these two
supports. The lifetime of three components (τ1, τ2, and τ3)
increased in turn, corresponding to the bulk lifetime, the
positron annihilation at manganese vacancies, and the lifetime
of large voids (defect clusters), respectively.40,44,45 The relative
intensity of positron lifetime peaks represents the content of
defects. The manganese vacancy content (I2) in the α-Mn2O3-
C support (47.0%) was higher than that in α-Mn2O3-R
(41.4%) (Table 1), confirming the presence of more
manganese vacancies on α-Mn2O3-C. After Ag was supported
on α-Mn2O3-C, the manganese vacancy concentration (I2)
decreased from 47.0% to 43.7% (Table 1 and Figure S8),
directly demonstrating that Ag nanoparticles were anchored on
manganese vacancies.40 Yang et al.40 proved that there was
electrostatic repulsion between Ag and Mn atoms with positive
charge on MnOx without manganese vacancies, while Ag atoms
were easily adsorbed on the manganese vacancies of MnOx,
and the existence of manganese vacancies eliminated the
spatial isolation between Ag atoms and O atoms, facilitating
charge transfer between Ag and MnOx. Therefore, the
presence of more manganese vacancies on α-Mn2O3-C should
be favorable for bonding between Ag nanoparticles and the
support.

3.2. Chemical States and Dispersity of Ag on α-
Mn2O3. As shown in Figure S9, the crystal structure of α-
Mn2O3-C and α-Mn2O3-R did not change after loading with
Ag. After loading 4% Ag on α-Mn2O3-C and α-Mn2O3-R, Ag
species existed in the form of metallic Ag (Figure S9).46 To
further confirm the nature of Agn

0, all catalysts were observed
by HRTEM. For 1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-
C catalysts, Ag species existed in the form of nanoparticles of
3.2 ± 1.9, 5.7 ± 2.6, and 7.5 ± 4.4 nm, respectively (Figure
3A−C). With the increase in Ag loading, Ag nanoparticles
gradually grew in size. The Ag nanoparticles on α-Mn2O3-C all
displayed lattice fringes of 0.236 nm (Figure S10), representing

Figure 2. (A) Raman spectra and (B) Mn K-edge EXAFS spectra of α-Mn2O3-C and α-Mn2O3-R catalysts.

Table 1. Positron Lifetime Parameters of α-Mn2O3-C, α-Mn2O3-R, and 4%Ag/Mn-C

sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%)

α-Mn2O3-C 204.8 ± 1.7 52.2 ± 0.8 396.1 ± 3.8 47.0 ± 0.8 2080 ± 170 0.8 ± 0.1
α-Mn2O3-R 206.6 ± 5.5 57.5 ± 2.6 379.0 ± 11.0 41.4 ± 2.6 1510 ± 120 1.1 ± 0.2
4%Ag/Mn-C 190.2 ± 5.5 55.4 ± 2.6 349.6 ± 9.0 43.7 ± 2.6 1489 ± 88 1.0 ± 0.1
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the (111) plane of Agn
0.47 For 1%Ag/Mn-R, 2%Ag/Mn-R, and

4%Ag/Mn-R catalysts, the diameters of Ag nanoparticles were
9.8 ± 3.7, 14.8 ± 5.2, and 17.9 ± 6.8 nm, respectively (Figure
3G−I). The fringe spacing of Agn

0 on α-Mn2O3-R was also
0.236 nm, representing the (111) planes of Agn

0 (Figure S10).
In addition, Ag nanoparticles were always in contact with α-
Mn2O3-C at an acute angle (Figure 3D−F), while the contact
mode between Ag nanoparticles and α-Mn2O3-R was an
obtuse angle (Figure 3J−L), which indirectly proves that there
is a stronger interaction between Ag nanoparticles and α-
Mn2O3-C.

48−50 According to the formula between the

diameter (d) and the dispersion (D) (d (nm) = 1.31/D),51

the dispersion of Ag on α-Mn2O3-C and α-Mn2O3-R was
obtained (Table S2). The results indicated that α-Mn2O3-C
promoted Ag dispersion, consistent with the ICP and XPS
results (Table S3), which was attributed to the greater density
of manganese vacancies on the α-Mn2O3-C support. In short,
the existence of more manganese vacancies led to the exposure
of more active sites of metallic Ag on α-Mn2O3-C. According
to a previous report, Agn

0 are excellent active sites for O3
decomposition,15 so the Ag/Mn-C catalysts should exhibit
better activity than the Ag/Mn-R catalysts for O3 decom-
position.

3.3. The Interaction between Ag and α-Mn2O3. To
further study the reasons for the differences in Ag dispersion
on α-Mn2O3-C and α-Mn2O3-R, the XPS spectra were
collected to study the interaction between Ag nanoparticles
and the support. The Ag 3d5/2 binding energies were 368.15,
368.20, and 368.23 eV for the 1%Ag/Mn-C, 2%Ag/Mn-C, and
4%Ag/Mn-C catalysts, respectively, all of which were lower
than that on α-Mn2O3-R (368.50 eV) (Figure 4A,B). The
binding energy of Ag 3d5/2 on α-Mn2O3-R fell in the same
position as that of Ag foil (Figure 4C), which indicated that the
large Ag nanoparticles on α-Mn2O3-R were in the metallic
state. The Ag 3d5/2 binding energy on Ag/Mn-C moved
toward the direction of low energy, indicating that small Ag
nanoparticles on this support have partial positive charges
because of electron transfer between α-Mn2O3-C and Ag
atoms, thus forming Ag−O−Mn bonds between Ag nano-
particles and the α-Mn2O3-C support and enhancing the
metal−support interaction.
The Ag K-edge XAFS data for 4%Ag/Mn-R and 4%Ag/Mn-

C further corroborated the above conclusions. The K-edge
energy and edge step of the 4%Ag/Mn-C catalyst moved
toward those of AgNO3 (Figure 5A), which also proved that
small Ag nanoparticles on this support carried a partial positive
charge. As shown in Figure 5B, 4%Ag/Mn-R and 4%Ag/Mn-C
both showed one main peak at about 2.7 Å, associated with the
Ag−Ag coordination shell. Compared with 4%Ag/Mn-R, the
Ag−Ag coordination peak of 4%Ag/Mn-C was significantly
weaker, which was because the Ag nanoparticles on it are
smaller. In addition, a coordination peak of the Ag−O shell
appeared at about 1.5 Å, indicating that Ag−O−Mn bonds
formed on the 4%Ag/Mn-C catalyst. Then, quantitative fitting
of the EXAFS spectra of Ag foil, 4%Ag/Mn-R, and 4%Ag/Mn-

Figure 3. HRTEM images of (A, D) 1%Ag/Mn-C, (B, E) 2%Ag/Mn-
C, (C, F) 4%Ag/Mn-C, (G, J) 1%Ag/Mn-R, (H, K) 2%Ag/Mn-R,
and (I, L) 4%Ag/Mn-R.

Figure 4. Ag 3d XPS spectra of (A) 1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-C catalysts and (B) 1%Ag/Mn-R, 2%Ag/Mn-R, and 4%Ag/Mn-R
catalysts. (C) Ag 3d5/2 binding energy positions in the XPS spectra of 1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-C catalysts, 1%Ag/Mn-R, 2%Ag/
Mn-R, and 4%Ag/Mn-R catalysts, Ag foil, and AgNO3.
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C (Figure 5C and Table S4) was carried out to obtain accurate
coordination information and investigate the interaction
between Ag nanoparticles and the α-Mn2O3 support. The
Ag−Ag coordination numbers for Ag foil, 4%Ag/Mn-R, and
4%Ag/Mn-C were found to be 12, 7.9, and 5.0 with bond
lengths of 2.87, 2.86, and 2.86 Å, respectively, and the Ag−O
coordination number for 4%Ag/Mn-C was 0.8 with a bond
length of 2.05 Å. The above results indicated that each Ag
atom on 4%Ag/Mn-C coordinated with five Ag atoms from the
Ag nanoparticles and almost one (0.8) oxygen atom from the
α-Mn2O3-C support. However, each Ag atom on 4%Ag/Mn-R
was coordinated to nearly eight (7.9) Ag atoms from Ag
nanoparticles and had almost no coordination with oxygen
atoms from the α-Mn2O3-R support. Next, the wavelet
transform (WT) analysis of the Ag K-edge EXAFS spectra
(Figure 5D) was carried out to further demonstrate the above
conclusion. In the WT contour plot of 4%Ag/Mn-C, the
intensity maximum of the Ag−O contribution appeared at
around 4 Å−1 and was markedly stronger than that of 4%Ag/
Mn-R, confirming the formation of more Ag−O−Mn bonds
on the 4%Ag/Mn-C catalyst. The formation of more Ag−O−
Mn bonds between Ag nanoparticles and α-Mn2O3-C proved
the stronger interaction between them.
Raman spectra were collected to observe the changes in the

catalyst structure after loading with Ag, which could also
indirectly prove the strength of the interaction between Ag and

the α-Mn2O3 support. The peaks at 647 and 699 cm−1

correspond to the asymmetric and symmetric stretching of
bridged oxygen species (Mn−O−Mn), respectively.41−43 With
the increase in Ag loading, a new peak at 622 cm−1

corresponding to Ag−O−Mn bonding appeared on the α-
Mn2O3-C support (Figure 6A,B), which was because of the
formation of Ag−O−Mn bonds on the Ag/Mn-C catalysts.
Then, the asymmetric stretching vibrations of Mn−O−Mn and
Ag−O−Mn were calculated to confirm the formation of Ag−
O−Mn bonds, which is basically consistent with the
experimentally measured frequencies (Table S5). Therefore,
the new band observed at 622 cm−1 did correspond to Ag−O−
Mn bonds. However, Ag−O−Mn bonds did not appear on the
α-Mn2O3-R support with the increase in the Ag loading
(Figure 6C,D). The above results were consistent with the
HRTEM, XPS, and XAFS results, which further clarified the
stronger interaction between Ag and the α-Mn2O3-C support.
The stronger interaction was attributed to the formation of
more Ag−O−Mn bonds on manganese vacancies of α-Mn2O3-
C, corresponding to the aforementioned characterization
results.
The reducibility of the catalysts is shown in Figure S12. In

the reduction path of α-Mn2O3 catalysts, Mn2O3 is first
reduced to Mn3O4 and then to MnO. The first reduction peak
of the α-Mn2O3-C catalyst was located at 321 °C. After Ag was
loaded on the α-Mn2O3-C support, the Ag nanoparticles with

Figure 5. Ag K-edge (A) XANES and (B) EXAFS spectra for Ag foil, AgNO3, Ag2O, 4%Ag/Mn-C, and 4%Ag/Mn-R catalysts, (C) corresponding
fits of the EXAFS spectra, and (D) WT of the EXAFS spectra in the R space for Ag foil, 4%Ag/Mn-C, and 4%Ag/Mn-R catalysts.
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partial positive charges are reduced first (Figure S13),51 and
then the occurrence of hydrogen overflow causes the
temperatures of the first reduction peak of 1%Ag/Mn-C, 2%
Ag/Mn-C, and 4%Ag/Mn-C catalysts to decrease to 252, 202,
and 201 °C, respectively. By comparison, the temperatures of
the first reduction peak of the 1%Ag/Mn-R, 2%Ag/Mn-R, and
4%Ag/Mn-R catalysts decreased from 364 °C to 260, 273, and
273 °C, respectively. Increasing the loading amount of Ag on
α-Mn2O3-R did not cause the temperature of the reduction
peaks of Ag/Mn-R catalysts to show a further decrease, which
may be because hydrogen overflow reached saturation on the
1%Ag/Mn-R catalyst. The above phenomenon indirectly
demonstrated the weak interaction between Ag and the α-
Mn2O3-R support. Comparing the α-Mn2O3-C and α-Mn2O3-
R supports, the degrees of decline of the first reduction peak
on the 4%Ag/Mn-C and 4%Ag/Mn-R catalysts were 120 and
90 °C, respectively, which further proved that Ag and α-
Mn2O3-C had a stronger interaction.
3.4. Ozone Decomposition Performance. The activity

of Ag/Mn-C and Ag/Mn-R catalysts for O3 decomposition was
evaluated under a relative humidity (RH) of 65% and a WHSV
of 840 L g−1 h−1 (Figure 7A). For the same Ag loading
amount, the 6 h activity of Ag/Mn-C catalysts was always

superior to that of Ag/Mn-R catalysts (Figure 7A). The O3
decomposition activity of 2%Ag/Mn-C could reach 98% after 6
h, while that of 2%Ag/Mn-R was only 42% (Figure S14),
which was due to the greater density of active sites of metallic
Ag on Ag/Mn-C. Then, the 4%Ag/Mn-C and 4%Ag/Mn-R
catalysts were tested for 64 h under dry gas or a RH of 65% to
investigate their long-term stability (Figure 7B). Under dry
conditions, the 4%Ag/Mn-C and 4%Ag/Mn-R catalysts
showed 98 and 89% O3 conversion after 64 h, respectively.
Under a RH of 65%, the O3 conversion of the 4%Ag/Mn-C
catalyst was stable at 53% after 64 h, but the O3 conversion of
the 4%Ag/Mn-R catalyst continued to decrease to 10%,
indicating that the 4%Ag/Mn-C catalyst had better water
resistance and more stable O3 decomposition performance.
The greater stability of O3 decomposition activity on the 4%
Ag/Mn-C catalyst (Figures S16 and S17) was attributed to the
stronger interaction between Ag nanoparticles and α-Mn2O3-
C. To evaluate the catalytic decomposition ability of the 4%
Ag/Mn-C catalyst for O3 in practical application, the removal
ability of O3 at low concentrations was tested. The 4%Ag/Mn-
C catalyst still had 99% conversion for 600 ppb O3 after 600
min (Figure S18). By adjusting test conditions, the turnover
frequency (TOF) of the 4%Ag/Mn-C catalyst at 30 °C under a

Figure 6. Raman spectra of α-Mn2O3-C, 1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-C catalysts (A) before peak fitting and (B) after peak fitting;
α-Mn2O3-R, 1%Ag/Mn-R, 2%Ag/Mn-R, and 4%Ag/Mn-R catalysts (C) before peak fitting and (D) after peak fitting.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c05765
Environ. Sci. Technol. 2021, 55, 16143−16152

16148

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c05765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


RH of 65% is calculated to be 0.0141 s−1, which is much larger
than that of the 4%Ag/Mn-R catalyst (0.0018 s−1) under the
same conditions. Moreover, the 4%Ag/Mn-C catalyst still
showed 98% O3 conversion after 6 h under a RH of 90%
(Figure S19), which further demonstrated its excellent water
resistance. In addition, the activity of 4%Ag/Mn-C (79%) was
nearly twice that of our previously reported 4%Ag/Mn2O3
(Mn2O3 with irregular spherical morphology, Figure S20)
catalyst (42%) within 6 h under a higher WHSV of 1680 L g−1

h−1 (Figure 7C),15 and the activity of 4%Ag/Mn-C was far
superior to most of the previously reported manganese-based
catalysts (Table S6). To put this in perspective, satisfactory O3
decomposition performance can be achieved with a lower Ag
loading (2%) on the Ag/Mn-C catalysts (Figure 7D), which
was one-third of Ag loading of our previously reported Ag/α-
Mn2O3 catalyst. The above results indicated that the utilization
rate of Ag was higher on the Ag/Mn-C catalyst, and the
application cost of the catalyst was significantly reduced. By
adjusting the morphology of the supports, the interaction
between Ag and the support and the chemical state of Ag can
be successfully tuned, giving Ag species on the catalyst in the
state with the best catalytic performance. Therefore, the study
has great guiding significance for further improvement of the
performance of Ag-Mn catalysts in future studies.
3.5. The Reaction Mechanism of Ozone Decomposi-

tion on Agn
0. To better understand the decomposition

mechanism for O3 on the 4%Ag/Mn-C catalyst and the reason
for the decrease in activity with time, a catalyst that had been

reacted with O3 for 64 h (Figure 7B) was characterized to
investigate changes in the dispersion and valence of the Ag
nanoparticles. According to the results of XRD (Figure S21),
XPS (Figure S22), and HRTEM (Figure S17), it can be seen
that the intermediate oxygen species that cannot desorb rapidly
during O3 decomposition promote the oxidation and
dispersion of metallic Ag nanoparticles.15 Therefore, the
activity of the 4%Ag/Mn-C catalyst for O3 decomposition
declined slowly after it reacted with O3 for a long time.
According to the above characterization results and many

previous studies,52−54 a possible mechanism of O3 decom-
position on Ag nanoparticles is proposed. The overall process
of O3 decomposition over metallic Ag nanoparticles is shown
in the following reaction equations (steps 1−3). First, O3
molecules adsorb on metallic Ag nanoparticles. Second,
absorbed O3 molecules decompose to O2 molecules, and the
remaining atomic oxygen species (O2−) are adsorbed on active
sites. Then, atomic oxygen species react with gaseous O3
molecules, forming an adsorbed peroxide species (O2

2−) and
an O2 molecule. Finally, most of the adsorbed peroxide species
quickly decompose to oxygen molecules, and the metallic Ag
nanoparticles participate in the next reaction cycle, giving the
4%Ag/Mn-C catalysts excellent catalytic activity. However, the
metallic Ag nanoparticles are also slowly oxidized by adsorbed
intermediate oxygen species to form some oxidized Ag species
(steps 4−6),54,55 which will lead to a gradual decline in the
activity of the 4%Ag/Mn-C catalysts. When metallic Ag
nanoparticles are oxidized to Ag2O, the reaction can proceed

Figure 7. (A) Six hours of ozone conversion on α-Mn2O3-C, 1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-C and α-Mn2O3-R, 1%Ag/Mn-R, 2%Ag/
Mn-R, and 4%Ag/Mn-R catalysts under a WHSV of 840 L g−1 h−1 and a RH of 65%; conversion of O3 for (B) 4%Ag/Mn-C and 4%Ag/Mn-R
catalysts under a WHSV of 840 L g−1 h−1 and a RH of 65% or dry atmosphere, (C) 4%Ag/Mn-C and 4%Ag/Mn2O3 catalysts under a WHSV of
1680 L g−1 h−1 and a RH of 65%, and (D) 2%Ag/Mn-C and 6%Ag/α-Mn2O3 catalysts under a WHSV of 840 L g−1 h−1 and a RH of 65%.
Conditions: 40 ppm O3, T = 30 °C.
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cyclically (steps 4−6) and the activity of the 4%Ag/Mn-C
catalysts can remain stable over a period of time (Figure 7B).
However, the activity is only stable at 53%, far less than the
original activity of the metallic Ag nanoparticles. To reuse the
catalyst, the 4%Ag/Mn-C catalyst was treated for 1 h at 300 °C
under a N2 atmosphere, and the results showed that the
activity could be completely restored to the original state
(Figure S23), which indicated that the catalyst has good
application prospects.

O Ag O Ag On n3
0 2 2

2+ → +− +
(1)

O Ag O O Ag On n
2 2

3 2
2 2

2+ → +− + − +
(2)

O Ag Ag On n2
2 2 0

2→ +− +
(3)

O Ag Ag O Agn n
2 2

2 2
0→ +− +

− (4)

Ag O O 2AgO O2 3 2+ → + (5)

2AgO O Ag O 2O3 2 2+ → + (6)

3.6. Implications and Future Direction of the
Research. In this study, Ag-Mn catalysts with high utilization
of Ag and excellent O3 decomposition performance were
prepared by adjusting the morphology of the support. Agn

0

with a smaller particle size and more uniform dispersion on the
Ag/Mn-C catalysts exhibited better O3 removal efficiency than
the large Agn

0 on the Ag/Mn-R catalysts because of the
exposure of more active sites. It was demonstrated that Agn

0

are mainly anchored by manganese vacancies, forming Ag−O−
Mn bonds between Agn

0 and the α-Mn2O3 support. More
manganese vacancies existed on α-Mn2O3-C, and more Ag−
O−Mn bonds formed between Ag and α-Mn2O3-C, so smaller
Agn

0 were anchored on this support. This study provides new
insights into the understanding of the microstructure of
supported catalysts, especially in the interaction between the
metal and the support.
Under a high WHSV of 1680 L g−1 h−1, the O3 removal rate

of the 4%Ag/Mn-C catalyst (79%) was nearly double that of a
4%Ag/α-Mn2O3 (Mn2O3 with irregular spherical morphology)
catalyst (42%) in our previous works, indicating that this
catalyst has greater potential for use in decomposition of O3
under high humidity and high space velocity. To put this in
perspective, satisfactory O3 decomposition performance can be
achieved with a lower Ag loading (2%) on the Ag/Mn-C
catalysts, which was one-third of Ag loading of our previously
reported Ag/α-Mn2O3 catalyst. This study provides guidance
for the design of more efficient Ag-based catalysts. Subsequent
research should focus on the development of Ag-Mn catalysts
with high Ag utilization and stable ozone decomposition
activity.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.1c05765.

Detailed catalyst characterization methods; detailed
activity evaluation procedures; Mn2O10 cluster model
(Figure S1) extracted from the crystalline structure of
Mn2O3; MnAgO10 cluster model (Figure S2) created by
replacing a Mn atom with a Ag atom in the Mn2O10
cluster model; XRD patterns and N2 adsorption/

desorption isotherms (Figure S3), SEM patterns (Figure
S4), Mn 3s XPS spectra (Figure S5), and corresponding
fits of the EXAFS spectrum in the R space (Figure S6) of
α-Mn2O3-C and α-Mn2O3-R catalysts; positron lifetime
spectra (Figures S7 and S8) of α-Mn2O3-C, α-Mn2O3-R,
and 4%Ag/Mn-C catalysts; XRD patterns (Figure S9),
HRTEM images (Figure S10), Mn 2p XPS spectra
(Figure S11), and H2-TPR profiles (Figures S12 and
S13) of Ag/Mn-C and Ag/Mn-R catalysts; conversion of
O3 (Figure S14) on Ag/Mn-C and Ag/Mn-R catalysts
under a RH of 65% and a WHSV of 840 L g−1 h−1;
conversion of O3 (Figure S15) on the 4%Ag/Mn-C
catalyst; Ag 3d XPS spectra (Figure S16) and HRTEM
images and size distribution histograms (Figure S17) of
fresh and used 4%Ag/Mn-C and 4%Ag/Mn-R catalysts;
conversion of 600 ppb O3 (Figure S18) on 4%Ag/Mn-C
catalysts; conversion of O3 (Figure S19) on 4%Ag/Mn-
C catalysts under an RH of 90% and a WHSV of 840 L
g−1 h−1; SEM images (Figure S20) of α-Mn2O3 with
irregular spherical morphology; XRD patterns (Figure
S21) and XPS spectra (Figure S22) of fresh and used 4%
Ag/Mn-C catalysts; O3 conversion (Figure S23) of fresh,
used, and regenerated 4%Ag/Mn-C catalysts; curve-
fitting results of Mn K-edge EXAFS (Table S1) in α-
Mn2O3-C and α-Mn2O3-R catalysts; voltage test results
(Table S2) of hot and cold ends in the α-Mn2O3-C
support; HRTEM, ICP, and XPS results (Table S3) of
1%Ag/Mn-C, 2%Ag/Mn-C, and 4%Ag/Mn-C and 1%
Ag/Mn-R, 2%Ag/Mn-R, and 4%Ag/Mn-R catalysts;
curve-fitting results of Ag K-edge EXAFS (Table S4)
in Ag foil, 4%Ag/Mn-C, and 4%Ag/Mn-R catalysts;
calculated and experimentally measured frequencies
(cm−1) of Mn−O stretching vibrations (Table S5);
summary of activity (Table S6) of various MnOx
catalysts for O3 decomposition (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Jinzhu Ma − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; Center for Excellence in Regional
Atmospheric Environment, Institute of Urban Environment,
Chinese Academy of Sciences, Xiamen 361021, China;
University of Chinese Academy of Sciences, Beijing 100049,
China; orcid.org/0000-0003-1878-0669; Email: jzma@
rcees.ac.cn

Hong He − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; Center for Excellence in Regional
Atmospheric Environment, Institute of Urban Environment,
Chinese Academy of Sciences, Xiamen 361021, China;
University of Chinese Academy of Sciences, Beijing 100049,
China; orcid.org/0000-0001-8476-8217;
Email: honghe@rcees.ac.cn

Authors
Xiaotong Li − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China; orcid.org/0000-0002-3097-2658

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c05765
Environ. Sci. Technol. 2021, 55, 16143−16152

16150

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05765/suppl_file/es1c05765_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinzhu+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1878-0669
mailto:jzma@rcees.ac.cn
mailto:jzma@rcees.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8476-8217
mailto:honghe@rcees.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaotong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3097-2658
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangzhi+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c05765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Guangzhi He − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China; orcid.org/0000-0003-1770-3522

Xufei Shao − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China

Yingfa Chen − State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c05765

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors appreciate the support of the National Natural
Science Foundation of China (NSFC) (nos. 52022104 and
21876191), the Cultivating Project of Strategic Priority
Research Program of Chinese Academy of Sciences
(XDPB1902), the Young Talent Project of the Center for
Excellence in Regional Atmospheric Environment, CAS
(CERAE202006), and the Youth Innovation Promotion
Association, CAS (2017064). We are grateful for the use of
beamlines BL14W1, SSRF and 1W1B, BSRF for XAFS
experiments.

■ REFERENCES
(1) Cooper, O. R.; Parrish, D. D.; Stohl, A.; Trainer, M.; Nedelec, P.;
Thouret, V.; Cammas, J. P.; Oltmans, S. J.; Johnson, B. J.; Tarasick,
D.; Leblanc, T.; McDermid, I. S.; Jaffe, D.; Gao, R.; Stith, J.; Ryerson,
T.; Aikin, K.; Campos, T.; Weinheimer, A.; Avery, M. A. Increasing
springtime ozone mixing ratios in the free troposphere over western
North America. Nature 2010, 463, 344−348.
(2) Chen, Y.; Qu, W.; Li, C.; Chen, J.; Ma, Z.; Tang, X. Ultra-Low-
Temperature Ozone Abatement on alpha-MnO2(001) Facets with
Down-Shifted Lowest Unoccupied Orbitals. Ind. Eng. Chem. Res.
2018, 57, 12590−12594.
(3) Laera, G.; Cassano, D.; Lopez, A.; Pinto, A.; Pollice, A.; Ricco,
G.; Mascolo, G. Removal of Organics and Degradation Products from
Industrial Wastewater by a Membrane Bioreactor Integrated with
Ozone or UV/H2O2 Treatment. Environ. Sci. Technol. 2012, 46,
1010−1018.
(4) Namdari, M.; Lee, C.-S.; Haghighat, F. Active ozone removal
technologies for a safe indoor environment: A comprehensive review.
Build. Environ. 2021, 187, 107370.
(5) Gong, S. Y.; Xie, Z.; Li, W. M.; Wu, X. F.; Han, N.; Chen, Y. F.
Highly active and humidity resistive perovskite LaFeO3 based
catalysts for efficient ozone decomposition. Appl. Catal., B 2019,
241, 578−587.
(6) Li, X.; Ma, J.; He, H. Recent advances in catalytic decomposition
of ozone. J. Environ. Sci. 2020, 94, 14−31.
(7) Li, X.; Ma, J.; Yang, L.; He, G.; Zhang, C.; Zhang, R.; He, H.
Oxygen Vacancies Induced by Transition Metal Doping in gamma-
MnO2 for Highly Efficient Ozone Decomposition. Environ. Sci.
Technol. 2018, 52, 12685−12696.
(8) Jia, J.; Zhang, P.; Chen, L. Catalytic decomposition of gaseous
ozone over manganese dioxides with different crystal structures. Appl.
Catal., B 2016, 189, 210−218.

(9) Zhu, G.; Zhu, J.; Li, W.; Yao, W.; Zong, R.; Zhu, Y.; Zhang, Q.
Tuning the K+ Concentration in the Tunnels of alpha-MnO2 To
Increase the Content of Oxygen Vacancy for Ozone Elimination.
Environ. Sci. Technol. 2018, 52, 8684−8692.
(10) Yu, Y.; Liu, S.; Ji, J.; Huang, H. Amorphous MnO2 surviving
calcination: an efficient catalyst for ozone decomposition. Catal. Sci.
Technol. 2019, 9, 5090−5099.
(11) Hong, W.; Shao, M.; Zhu, T.; Wang, H.; Sun, Y.; Shen, F.; Li,
X. To Promote Ozone Catalytic Decomposition by Fabricating
Manganese Vacancies in ε-MnO2 Catalyst via Selective Dissolution of
Mn-Li Precursors. Appl. Catal., B 2020, 274, 119088.
(12) Hong, W.; Zhu, T.; Sun, Y.; Wang, H.; Li, X.; Shen, F.
Enhancing Oxygen Vacancies by Introducing Na+ into OMS-2
Tunnels To Promote Catalytic Ozone Decomposition. Environ. Sci.
Technol. 2019, 53, 13332−13343.
(13) Deng, H.; Kang, S. Y.; Ma, J. Z.; Wang, L.; Zhang, C. B.; He, H.
Role of Structural Defects in MnOx Promoted by Ag Doping in the
Catalytic Combustion of Volatile Organic Compounds and Ambient
Decomposition of O3. Environ. Sci. Technol. 2019, 53, 10871−10879.
(14) Li, X.; Ma, J.; Zhang, C.; Zhang, R.; He, H. Facile synthesis of
Ag-modified manganese oxide for effective catalytic ozone decom-
position. J. Environ. Sci. 2019, 80, 159−168.
(15) Li, X.; Ma, J.; He, H. Tuning the Chemical State of Silver on
Ag-Mn Catalysts to Enhance the Ozone Decomposition Performance.
Environ. Sci. Technol. 2020, 54, 11566−11575.
(16) Bai, B.; Qiao, Q.; Arandiyan, H.; Li, J.; Hao, J. Three-
Dimensional Ordered Mesoporous MnO2-Supported Ag Nano-
particles for Catalytic Removal of Formaldehyde. Environ. Sci.
Technol. 2016, 50, 2635−2640.
(17) Tang, X.; Chen, J.; Li, Y.; Li, Y.; Xu, Y.; Shen, W. Complete
oxidation of formaldehyde over Ag/MnOx-CeO2 catalysts. Chem. Eng.
J. 2006, 118, 119−125.
(18) Bai, B.; Li, J. Positive Effects of K+ Ions on Three-Dimensional
Mesoporous Ag/Co3O4 Catalyst for HCHO Oxidation. ACS Catal.
2014, 4, 2753−2762.
(19) Ma, L.; Seo, C. Y.; Chen, X.; Li, J.; Schwank, J. W. Sodium-
promoted Ag/CeO2 nanospheres for catalytic oxidation of form-
aldehyde. Chem. Eng. J. 2018, 350, 419−428.
(20) Ma, L.; Wang, D.; Li, J.; Bai, B.; Fu, L.; Li, Y. Ag/CeO2
nanospheres: Efficient catalysts for formaldehyde oxidation. Appl.
Catal., B 2014, 148, 36−43.
(21) Liao, G.; Fang, J.; Li, Q.; Li, S.; Xu, Z.; Fang, B. Ag-Based
nanocomposites: synthesis and applications in catalysis. Nanoscale
2019, 11, 7062−7096.
(22) Tan, H.; Wang, J.; Yu, S.; Zhou, K. Support Morphology-
Dependent Catalytic Activity of Pd/CeO2 for Formaldehyde
Oxidation. Environ. Sci. Technol. 2015, 49, 8675−8682.
(23) Li, J.; Qu, Z.; Qin, Y.; Wang, H. Effect of MnO2 morphology on
the catalytic oxidation of toluene over Ag/MnO2 catalysts. Appl. Surf.
Sci. 2016, 385, 234−240.
(24) Lu, S.; Zhu, Q.; Dong, Y.; Zheng, Y.; Wang, X.; Li, K.; Huang,
F.; Peng, B.; Chen, Y. Influence of MnO2 Morphology on the
Catalytic Performance of Ag/MnO2 for the HCHO Oxidation. Catal.
Surv. Asia 2019, 23, 210−218.
(25) Lang, R.; Du, X.; Huang, Y.; Jiang, X.; Zhang, Q.; Guo, Y.; Liu,
K.; Qiao, B.; Wang, A.; Zhang, T. Single-Atom Catalysts Based on the
Metal-Oxide Interaction. Chem. Rev. 2020, 120, 11986−12043.
(26) Tauster, S. J.; Fung, S. C.; Baker, R. T. K.; Horsley, J. A. Strong
Interactions in Supported-Metal Catalysts. Science 1981, 211, 1121−
1125.
(27) Wang, F.; Ma, J.; Xin, S.; Wang, Q.; Xu, J.; Zhang, C.; He, H.;
Cheng Zeng, X. Resolving the puzzle of single-atom silver dispersion
on nanosized gamma-Al2O3 surface for high catalytic performance.
Nat. Commun. 2020, 11, 529.
(28) Dutov, V. V.; Mamontov, G. V.; Zaikovskii, V. I.; Liotta, L. F.;
Vodyankina, O. V. Low-temperature CO oxidation over Ag/SiO2
catalysts: Effect of OH/Ag ratio. Appl. Catal., B 2018, 221, 598−609.
(29) Hu, Z.; Liu, X.; Meng, D.; Guo, Y.; Guo, Y.; Lu, G. Effect of
Ceria Crystal Plane on the Physicochemical and Catalytic Properties

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c05765
Environ. Sci. Technol. 2021, 55, 16143−16152

16151

https://orcid.org/0000-0003-1770-3522
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xufei+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingfa+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05765?ref=pdf
https://doi.org/10.1038/nature08708
https://doi.org/10.1038/nature08708
https://doi.org/10.1038/nature08708
https://doi.org/10.1021/acs.iecr.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202707w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202707w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202707w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.buildenv.2020.107370
https://doi.org/10.1016/j.buildenv.2020.107370
https://doi.org/10.1016/j.apcatb.2018.09.041
https://doi.org/10.1016/j.apcatb.2018.09.041
https://doi.org/10.1016/j.jes.2020.03.058
https://doi.org/10.1016/j.jes.2020.03.058
https://doi.org/10.1021/acs.est.8b04294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b04294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2016.02.055
https://doi.org/10.1016/j.apcatb.2016.02.055
https://doi.org/10.1021/acs.est.8b01594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CY01426H
https://doi.org/10.1039/C9CY01426H
https://doi.org/10.1016/j.apcatb.2020.119088
https://doi.org/10.1016/j.apcatb.2020.119088
https://doi.org/10.1016/j.apcatb.2020.119088
https://doi.org/10.1021/acs.est.9b03689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jes.2018.12.008
https://doi.org/10.1016/j.jes.2018.12.008
https://doi.org/10.1016/j.jes.2018.12.008
https://doi.org/10.1021/acs.est.0c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2006.02.002
https://doi.org/10.1016/j.cej.2006.02.002
https://doi.org/10.1021/cs5006663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5006663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2018.05.179
https://doi.org/10.1016/j.cej.2018.05.179
https://doi.org/10.1016/j.cej.2018.05.179
https://doi.org/10.1016/j.apcatb.2013.10.039
https://doi.org/10.1016/j.apcatb.2013.10.039
https://doi.org/10.1039/C9NR01408J
https://doi.org/10.1039/C9NR01408J
https://doi.org/10.1021/acs.est.5b01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2016.05.114
https://doi.org/10.1016/j.apsusc.2016.05.114
https://doi.org/10.1007/s10563-019-09272-6
https://doi.org/10.1007/s10563-019-09272-6
https://doi.org/10.1021/acs.chemrev.0c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.211.4487.1121
https://doi.org/10.1126/science.211.4487.1121
https://doi.org/10.1038/s41467-019-13937-1
https://doi.org/10.1038/s41467-019-13937-1
https://doi.org/10.1016/j.apcatb.2017.09.051
https://doi.org/10.1016/j.apcatb.2017.09.051
https://doi.org/10.1021/acscatal.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c05765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Pd/Ceria for CO and Propane Oxidation. ACS Catal. 2016, 6,
2265−2279.
(30) Chen, M. S.; Goodman, D. W. The Structure of Catalytically
Active Gold on Titania. Science 2004, 306, 252−255.
(31) Lopez, N. The adhesion and shape of nanosized Au particles in
a Au/TiO2 catalyst. J. Catal. 2004, 225, 86−94.
(32) Wan, J.; Chen, W.; Jia, C.; Zheng, L.; Dong, J.; Zheng, X.;
Wang, Y.; Yan, W.; Chen, C.; Peng, Q.; Wang, D.; Li, Y. Defect
Effects on TiO2 Nanosheets: Stabilizing Single Atomic Site Au and
Promoting Catalytic Properties. Adv. Mater. 2018, 30, 1705369.
(33) Liu, Z.; Li, J.; Buettner, M.; Ranganathan, R. V.; Uddi, M.;
Wang, R. Metal-Support Interactions in CeO2- and SiO2-Supported
Cobalt Catalysts: Effect of Support Morphology, Reducibility, and
Interfacial Configuration. ACS Appl. Mater. Interfaces 2019, 11,
17035−17049.
(34) Ma, Y.; Li, F.; Ren, X.; Chen, W.; Li, C.; Tao, P.; Song, C.;
Shang, W.; Huang, R.; Lv, B.; Zhu, H.; Deng, T.; Wu, J. Facets
Matching of Platinum and Ferric Oxide in Highly Efficient Catalyst
Design for Low-Temperature CO Oxidation. ACS Appl. Mater.
Interfaces 2018, 10, 15322−15327.
(35) Zhang, X.; You, R.; Li, D.; Cao, T.; Huang, W. Reaction
Sensitivity of Ceria Morphology Effect on Ni/CeO2 Catalysis in
Propane Oxidation Reactions. ACS Appl. Mater. Interfaces 2017, 9,
35897−35907.
(36) Deng, J.; He, S.; Xie, S.; Yang, H.; Liu, Y.; Guo, G.; Dai, H.
Ultralow Loading of Silver Nanoparticles on Mn2O3 Nanowires
Derived with Molten Salts: A High-Efficiency Catalyst for the
Oxidative Removal of Toluene. Environ. Sci. Technol. 2015, 49,
11089−11095.
(37) Fan, Z.; Wang, Z.; Shi, J.-W.; Gao, C.; Gao, G.; Wang, B.;
Wang, Y.; Chen, X.; He, C.; Niu, C. Charge-redistribution-induced
new active sites on (001) facets of alpha-Mn2O3 for significantly
enhanced selective catalytic reduction of NOx by NH3. J. Catal. 2019,
370, 30−37.
(38) Cheng, L.; Men, Y.; Wang, J. G.; Wang, H.; An, W.; Wang, Y.
Q.; Duan, Z. C.; Liu, J. Crystal facet-dependent reactivity of alpha-
Mn2O3 microcrystalline catalyst for soot combustion. Appl. Catal., B
2017, 204, 374−384.
(39) Xie, C.; Yan, D.; Li, H.; Du, S.; Chen, W.; Wang, Y.; Zou, Y.;
Chen, R.; Wang, S. Defect Chemistry in Heterogeneous Catalysis:
Recognition, Understanding, and Utilization. ACS Catal. 2020, 10,
11082−11098.
(40) Yang, H.; Zhang, X.; Yu, Y.; Chen, Z.; Liu, Q.; Li, Y.; Cheong,
W. C.; Qi, D.; Zhuang, Z.; Peng, Q.; Chen, X.; Xiao, H.; Chen, C.; Li,
Y. Manganese vacancy-confined single-atom Ag in cryptomelane
nanorods for efficient Wacker oxidation of styrene derivatives. Chem.
Sci. 2021, 12, 6099−6106.
(41) Javed, Q.; Wang, F. P.; Rafique, M. Y.; Toufiq, A. M.; Li, Q. S.;
Mahmood, H.; Khan, W. Diameter-controlled synthesis of alpha-
Mn2O3 nanorods and nanowires with enhanced surface morphology
and optical properties. Nanotechnology 2012, 23, 415603.
(42) Luo, Y.; Deng, Y. Q.; Mao, W.; Yang, X. J.; Zhu, K. K.; Xu, J.;
Han, Y. F. Probing the Surface Structure of alpha-Mn2O3 Nanocryst-
als during CO Oxidation by Operando Raman Spectroscopy. J. Phys.
Chem. C 2012, 116, 20975−20981.
(43) Naeem, R.; Ehsan, M. A.; Yahya, R.; Sohail, M.; Khaledi, H.;
Mazhar, M. Fabrication of pristine Mn2O3 and Ag-Mn2O3 composite
thin films by AACVD for photoelectrochemical water splitting. Dalton
Trans. 2016, 45, 14928−14939.
(44) Gao, S.; Gu, B.; Jiao, X.; Sun, Y.; Zu, X.; Yang, F.; Zhu, W.;
Wang, C.; Feng, Z.; Ye, B.; Xie, Y. Highly Efficient and Exceptionally
Durable CO2 Photoreduction to Methanol over Freestanding
Defective Single-Unit-Cell Bismuth Vanadate Layers. J. Am. Chem.
Soc. 2017, 139, 3438−3445.
(45) Xiao, C.; Qin, X.; Zhang, J.; An, R.; Xu, J.; Li, K.; Cao, B.; Yang,
J.; Ye, B.; Xie, Y. High thermoelectric and reversible p-n-p conduction
type switching integrated in dimetal chalcogenide. J. Am. Chem. Soc.
2012, 134, 18460−18466.

(46) Deng, Q.; Duan, X.; Ng, D. H.; Tang, H.; Yang, Y.; Kong, M.;
Wu, Z.; Cai, W.; Wang, G. Ag nanoparticle decorated nanoporous
ZnO microrods and their enhanced photocatalytic activities. ACS
Appl. Mater. Interfaces 2012, 4, 6030−6037.
(47) Wang, F.; He, G.; Zhang, B.; Chen, M.; Chen, X.; Zhang, C.;
He, H. Insights into the Activation Effect of H2 Pretreatment on Ag/
Al2O3 Catalyst for the Selective Oxidation of Ammonia. ACS Catal.
2019, 9, 1437−1445.
(48) Michael Humenik, J.; Kingery, W. D. Metal-Ceramic
Interactions: III, Surface Tension and Wetta bility of Metal-Ceramic
Systems. J. Am. Ceram. Soc. 1954, 37, 18−23.
(49) Xie, Y.; Zhu, Y.; Zhao, B.; Tang, Y. An important principle for
catalyst preparationspontaneous monolayer dispersion of solid
compounds onto surfaces of supports. Preparation of Catalysts VII,
Proceedings of the 7th International Symposium on Scientific Bases for the
Preparation of Heterogeneous Catalysts 1998, 441−449.
(50) Zhu, Y. X.; Zhao, B. Y.; Zhou, C. J.; Wang, R. Q.; Xie, Y. C. A
Novel Way to Prepare TiO2 and γ-Al2O3 Supported Catalysts with
Large Surface Areas. Chin. J. Chem. 2001, 19, 131−136.
(51) Wang, F.; Ma, J.; He, G.; Chen, M.; Zhang, C.; He, H.
Nanosize Effect of Al2O3 in Ag/Al2O3 Catalyst for the Selective
Catalytic Oxidation of Ammonia. ACS Catal. 2018, 8, 2670−2682.
(52) Li, W.; Gibbs, G. V.; Oyama, S. T. Mechanism of ozone
decomposition on a manganese oxide catalyst. I. In situ Raman
spectroscopy and ab initio molecular orbital calculations. J. Am. Chem.
Soc. 1998, 120, 9041−9046.
(53) Imamura, S.; Ikebata, M.; Ito, T.; Ogita, T. Decomposition of
ozone on a silver catalyst. Ind. Eng. Chem. Res. 1991, 30, 217−221.
(54) Konova, P.; Naydenov, A.; Nikolov, P.; Kumar, N. Low-
temperature ozone decomposition, CO and iso-propanol combustion
on silver supported MCM-41 and silica. J. Porous Mater. 2018, 25,
1301−1308.
(55) Blaskov, V.; Stambolova, I.; Georgiev, V.; Batakliev, T.; Eliyas,
A.; Shipochka, M.; Vassilev, S.; Mehandjiev, D. Synthesis and catalytic
activity of silver-coated perlite in the reaction of ozone decom-
position. Ozone: Sci. Eng. 2015, 37, 252−256.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c05765
Environ. Sci. Technol. 2021, 55, 16143−16152

16152

https://doi.org/10.1021/acscatal.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1102420
https://doi.org/10.1126/science.1102420
https://doi.org/10.1016/j.jcat.2004.03.036
https://doi.org/10.1016/j.jcat.2004.03.036
https://doi.org/10.1002/adma.201705369
https://doi.org/10.1002/adma.201705369
https://doi.org/10.1002/adma.201705369
https://doi.org/10.1021/acsami.9b02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b11536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b11536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b11536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2018.12.001
https://doi.org/10.1016/j.jcat.2018.12.001
https://doi.org/10.1016/j.jcat.2018.12.001
https://doi.org/10.1016/j.apcatb.2016.11.041
https://doi.org/10.1016/j.apcatb.2016.11.041
https://doi.org/10.1021/acscatal.0c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC00700A
https://doi.org/10.1039/D1SC00700A
https://doi.org/10.1088/0957-4484/23/41/415603
https://doi.org/10.1088/0957-4484/23/41/415603
https://doi.org/10.1088/0957-4484/23/41/415603
https://doi.org/10.1021/jp307637w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp307637w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6DT02656G
https://doi.org/10.1039/C6DT02656G
https://doi.org/10.1021/jacs.6b11263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308936b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308936b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am301682g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am301682g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1151-2916.1954.tb13972.x
https://doi.org/10.1111/j.1151-2916.1954.tb13972.x
https://doi.org/10.1111/j.1151-2916.1954.tb13972.x
https://doi.org/10.1002/cjoc.20010190203
https://doi.org/10.1002/cjoc.20010190203
https://doi.org/10.1002/cjoc.20010190203
https://doi.org/10.1021/acscatal.7b03799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie00049a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie00049a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10934-017-0540-9
https://doi.org/10.1007/s10934-017-0540-9
https://doi.org/10.1007/s10934-017-0540-9
https://doi.org/10.1080/01919512.2014.983453
https://doi.org/10.1080/01919512.2014.983453
https://doi.org/10.1080/01919512.2014.983453
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c05765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

