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O3 decomposition catalysts with excellent performance still need to be developed. In
this study, Ag-modified manganese oxides (AgMnOx) were synthesized by a simple
co-precipitation method. The effect of calcination temperature on the activity of MnOx

and AgMnOx catalysts was investigated. The effect of the amount of Ag addition on the
activity and structure of the catalysts was further studied by activity testing and
characterization by a variety of techniques. The activity of 8%AgMnOx for ozone
decomposition was significantly enhanced due to the formation of the Ag1.8Mn8O16

structure, indicating that this phase has excellent performance for ozone decomposition.
The weight content of Ag1.8Mn8O16 in the 8%AgMnOx catalyst was only about 33.76%, which
further indicates the excellent performance of the Ag1.8Mn8O16 phase for ozone decompo-
sition. The H2 temperature programmed reduction (H2-TPR) results indicated that the
reducibility of the catalysts increased due to the formation of the Ag1.8Mn8O16 structure.
This study provides guidance for a follow-up study on Ag-modified manganese oxide
catalysts for ozone decomposition.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Ozone is a double-edged sword: ozone in the stratosphere can
protect the creatures of the earth from ultraviolet radiation;
however, ozone near the ground is a threat to human health.
Studies have shown that long-term exposure to even low
concentrations of ozone can have adverse effects on human
health, such as increasing the incidence of respiratory diseases
(Magzamen et al., 2017), affecting the cardiovascular system
(Berman et al., 2012; Hoffmann et al., 2012), and harming
c.cn. (Jinzhu Ma).

o-Environmental Science
cardiopulmonary function (Fadeyi, 2015). Outdoor ozone pollu-
tion is mainly derived from photochemical reactions involving
nitrogen oxides (NOx) and volatile organic compounds (VOCs)
(Cooper et al., 2010). Electrostatic equipment, ultraviolet disin-
fection devices and related ozone air purifiers make a great
contribution to indoor ozone pollution (Fadeyi, 2015; Tuomi
et al., 2000; Yu et al., 2011). The daily maximum 8-hr average
surface O3 concentration in the Chinese Ambient Air Quality
Standards (GB3095-2012) Grade II standards and 1-hr average O3

concentration in the Chinese Indoor Air Quality Standards (GB/T
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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18883-2002) is ~82 ppbV. Therefore, the study of ozone removal
is of great significance to human health and environmental
protection.

According to long-term research, catalytic decomposition
is considered to be a safe, efficient and economical approach
among a variety of ozone removal methods. Catalysts for
ozone decomposition principally include transition metal
oxides (e.g. MnO2 (Wang et al., 2015; Ma et al., 2017; Zhu
et al., 2017; Li et al., 2018), Co3O4 (Tang et al., 2014), Cu2O
(Gong et al., 2017, 2018), Fe2O3 (Mehandjiev and Naidenov,
1992; Lian et al., 2015) and NiO (Mehandjiev et al., 2001)) and
noble metals (e.g. Ag (Imamura et al., 1991; Naydenov et al.,
2008), Au (Hao et al., 2001; Zhang et al., 2009) and Pd (Yu et al.,
2009; Zhou et al., 2013)). Noble metal catalysts have excellent
activity for ozone decomposition and good water resistance
compared to other catalysts, but their exorbitant prices limit
practical application (Naydenov et al., 2008; Hao et al., 2001;
Chang and Lin, 2005). Imamura et al. (1991, 1988) found that
the activity of Ag2O catalysts for ozone decomposition is
better than that of NiO, Co3O4, Mn2O3, Fe2O3 and other metal
oxides, and gradually increases as the reaction proceeds,
which is attributed to the oxygen species on the surface of Ag
oxides being more weakly bound compared with other metal
oxides, giving them greater mobility to react with O3 to
accelerate its decomposition. Besides, Ag has a lower price
than other noble metals. Thus, Ag was selected in this study
as the active component added to catalysts to increase
activity.

Hollandite-type manganese oxides are a kind of octahedral
molecular sieve composed of a one-dimensional tunnel
structure constructed of double chains of edge-sharing MnO6

octahedra, with the cations in the tunnels occupying the
center of the cubic cage formed by MnO6 octahedra and
coordinated with eight oxygen anions (Li and King, 2005).
Hollandite-type manganese oxides have been applied in
DeNOx processes and soot oxidation (Wang et al., 2011;
Huang et al., 2013; Liu et al., 2018). Ag1.8Mn8O16 is a kind of
special hollandite structure in which Ag ions are located on
the common faces of the cube and coordinate with four
oxygen atoms (Chang and Jansen, 1984). Li and King (2005)
synthesized the Ag1.8Mn8O16 material by ion exchange of
cryptomelane in AgNO3 melt, and found that it has excellent
performance for low-temperature SO2 absorption and
the oxidation of CO and NO. Chen et al. (2007) prepared
Ag-hollandite nanofibers through a simple hydrothermal
reaction between Mn(NO3)2 and AgMnO4 and found that the
material has excellent catalytic performance in ethanol
oxidation. Sun et al. (2011) also synthesized Ag1.8Mn8O16

nanorods by a facile hydrothermal route, and discovered that
the products had electrochemical lithium-storage capabilities.
Huang et al. (2012) successfully fabricated active single-atom
Ag chains in the openings of the Ag-modified hollandite-type
manganese oxide (Ag-HMO) tunnels by simple thermal
processing of Ag particles, and found that the single-atom Ag
catalyst had excellent activity for HCHO oxidation at low
temperatures, which was ascribed to the high activation
ability toward both lattice oxygen and molecule oxygen.
However, the performance of the Ag1.8Mn8O16 material in
ozone decomposition has not been studied.
In this work, catalysts containing Ag1.8Mn8O16 and α-Mn2O3

were successfully synthesized by a simple co-precipitation
method, and results showed that the activity of the catalysts
for ozone decomposition was markedly enhanced due to the
formation of Ag1.8Mn8O16. The above results indicate that the
Ag1.8Mn8O16 phase has excellent performance for ozone
decomposition, which can guide the follow-up study of Ag-
modified manganese oxides.
1. Materials and methods

1.1. Preparation of catalysts

The AgMnOx catalysts were prepared by a co-precipitation
method, andMnSO4⋅H2O, AgNO3 and Na2CO3 were selected as
raw materials. The specific synthesis process of AgMnOx

catalysts is as follows: 10.5 g of MnSO4⋅H2O was dissolved in
250 mL deionized water under stirring, then 85.87 mg (1%Ag),
173.49 mg (2%Ag), 354.20 mg (4%Ag), 542.61 mg (6%Ag) or
739.21 mg AgNO3(8%Ag) was added, followed by stirring
magnetically for about 30 min until the solution became
homogeneous, and the obtained solution was named as A;
9.3 g of Na2CO3 was dissolved in 150 mL deionized water
under stirring to obtain a homogeneous solution of B; then
solution B was added to solution A drop by drop at a constant
dropping rate, and a mixed precipitate of MnCO3 and Ag2CO3

was obtained as the reaction progressed. The final pH value of
the supernatant liquor was about 8. Next the resulting
precipitates were filtered, washed, dried at 80°C for 12 hr
and calcined at 600°C for 3 hr. The above prepared catalysts
were named 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx

and 8%AgMnOx, respectively. The MnOx catalyst was prepared
by a similar synthetic procedure as AgMnOx without adding
AgNO3 during the preparation of solution A. Furthermore, the
MnOx and 8%AgMnOx catalyst precursors were also calcined
at 300, 400, 500 and 900°C for 3 hr to investigate the effect of
different calcination temperatures.

1.2. Catalyst characterization

The thermostability of precipitates was tested by a thermal
gravimetric analyzer/dynamic stability control STARe system
(TGA/DSC 1 STARe system, METTLER TOLEDO, Switzerland) at
10°C/min heating rate from 30 to 1000°C under 50 mL/min of
flowing air. The obtained precipitates containing MnCO3 and
Ag2CO3 were used as the test sample.

The crystalline structure of catalysts was determined by X-
ray powder diffraction (XRD) (D8-Advance, Bruker, Germany)
using Cu Kα (λ = 0.15406 nm) radiation at a tube voltage of
40 kV and current of 40 mA in the 2θ range 10–80° with a step
size of 0.02°.

The Raman spectra of catalysts were recorded on a
homemade ultraviolet resonance Raman spectrometer
(UVRDLPC-DL-03) and a charge coupled device (CCD) detector
cooled to 60°C by liquid nitrogen. The Stokes Raman signal of
Teflon at 1378 cm−1 was used to calibrate the instrument. The
exciting radiation was a continuous diode-pumped solid state
(DPSS) laser beam (532 nm) with about 40 mW power. The



Fig. 1 – Thermogravimetry/Dynamic stability control (TG/
DSC) curves of the MnOx catalyst.
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spectrum was recorded for 10 min with the resolution of
2.0 cm−1.

A Quantachrome physisorption analyzer (Autosorb-iQ-
1MP, Quantachrome, USA) was used to obtain the specific
surface area and pore structure of the catalysts. The catalysts
were degassed at 280°C for 6 hr before measurement. The
surface area (SBET) was obtained by the Brunauer–Emmett–
Teller (BET) equation from data in the 0.05–0.35 partial
pressure range.

A field emission scanning electron microscope (FESEM)
(SU8020, HITACHI, Japan) with the accelerating voltage of 3 kV
was used to observe the morphologies of the catalysts.

The temperature programmed H2 reduction (H2-TPR)
experiments were conducted using an chemisorption ana-
lyzer (AutoChem II, Micromeritics, USA) equipped with a
Thermal Conductivity Detector (TCD). About 50 mg of 40–
60 mesh catalyst was used to conduct the experiments.
Firstly, the surface-adsorbed water was removed by heating
in air at 300°C for 1 hr. Then the sample was cooled down to
50°C, and the temperature programmed reduction process
were conducted in 5 vol.% H2 in Ar with a flow rate of
50 mL/min.

The temperature programmed desorption of O2 experi-
ment (O2-TPD) was carried out to observe the desorption of
oxygen, and the signal for O2 was detected with a mass
spectrometer (Cirrus, MKS, USA). Firstly, about 150 mg of
catalyst was pretreated with helium at 105°C for 30 min. Next
the catalyst was cooled down to 50°C, and thenwas allowed to
adsorb oxygen in a mixture of O2/He of 50 mL/min for 1 hr.
After the sample was purged with helium for 30 min,
desorption of O2 from the catalyst was monitored as the
temperature was ramped from 50 to 850°C in helium at a
heating rate of 10°C/min.

The imaging X-ray photoelectron spectrometer (XPS) (Axis
Ultra, Kratos Analytical Ltd., UK) was used to determine the
state and the surface content of atom.

The actual addition of Ag of AgMnOx catalysts was
detected using an inductively coupled plasma spectrometer
(ICP) (720, Varian, USA). All samples were dissolved using
concentrated nitric acid before being tested.

1.3. Catalyst activity for ozone decomposition

All the activity tests were conducted in a fixed-bed continuous
flow quartz reactor (4 mm inner diameter) using 100 mg of
catalyst with size of 40–60 mesh at room temperature (30°C)
under a gas flow of 1400 mL/min and relative humidity of 65%.
The space velocity was calculated to be 840,000 hr−1. The
relative humidity of the gas stream was maintained at 65% by
controlling the flow of wet gas, which was measured with a
humidity probe (HMP110, Vaisala OYJ, Finland). The ozone
was generated by low-pressure ultraviolet lamps, and the
concentration was maintained at 40 ± 2 ppmV. An ozone
monitor (Model 202, 2B Technologies, USA) was used to
monitor the inlet and outlet ozone concentrations. The
ozone conversion (CONVO3) was calculated by the following
equation:

CONVO3 ¼ Cin−Cout

Cin
� 100% ð1Þ
where, Cin (ppbV) and Cout (ppbV) are inlet and outlet
concentrations of ozone, respectively.
2. Results and discussion

2.1. Effect of calcination temperature

Fig. 1 shows the thermogravimetry/DSC (TG/DSC) profiles of
the MnOx catalyst precursor (MnCO3), which were measured
to investigate its thermal stability. The weight loss can be
categorized into four segments. The weight loss below 300°C
can be attributed to the removal of physically adsorbed water
and desorption of chemically bonded water (Jia et al., 2016).
When the temperature rises to 400°C, the corresponding
weight loss can be ascribed to the evolution of lattice oxygen
and phase transformation from MnCO3 to MnO2 (Figs. 2b
and 3b). When the temperature further increases to 600°C, the
corresponding weight loss is due to the evolution of lattice
oxygen and phase transformation from MnO2 to Mn2O3

(Figs. 2b and 3b). When the temperature is higher than
900°C, the corresponding weight loss can be due to the
evolution of lattice oxygen and phase transformation from
Mn2O3 to MnO.

According to the TG/DSC results, MnOx tended to lose carbon
dioxide and oxygen (MnCO3 → MnO2 → Mn2O3 → Mn3O4) when
calcined at elevated temperature. As is shown in Fig. 2a, the
activity of the MnOx catalyst for ozone decomposition gradually
decreased as the calcination temperature increased. When the
calcination temperature was 300°C, the catalyst was still MnCO3

(JCPDS 44-1472) and its conversion level for 40 ppmV ozone was
about 67% under a space velocity of 840,000 hr−1 and relative
humidity (RH) of 65% after 6 hr at room temperature. When
the calcination temperature increased to 400°C, the catalyst
consisted of MnCO3 and MnO2 (JCPDS 30-0820), indicating that
MnCO3 gradually transforms intoMnO2 at this temperature, and
its activity was about 70%. When the calcination temperature
further increased to 500°C, the catalyst consisted of MnO2 and
Mn5O8 (JCPDS 39-1218), indicating that MnO2 partly transforms
into Mn5O8 at this temperature, and its activity for ozone
decomposition decreased to 31%. When the calcination



Fig. 2 – (a) Effect of calcination temperature on the activity of MnOx catalyst. Conditions: ozone inlet concentration 40 ppmV,
temperature 30°C, relative humidity 65%, space velocity 840,000 hr−1; (b) X-ray powder diffraction (XRD) patterns of MnOx

catalyst calcined at different temperature.
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temperature further increased to 600 and 900°C, the MnOx

totally transformed into α-Mn2O3 (JCPDS 44-1442), and the
conversion level for ozone decreased to 6% and 0%, respectively.

The effect of calcination temperature on the conversion of
ozone and crystal structure of the 8%AgMnOx catalyst is
shown in Fig. 3. When the calcination temperature was 300
and 400°C, the 8%AgMnOx catalyst mainly consisted of MnCO3

and a mixture of MnCO3 and MnO2, respectively, and the
diffraction peaks representing related species of Ag were not
observed, which revealed that the content was below the
detection limits of the XRD instrument, or that Ag-containing
species were finely dispersed over the MnOx. The ozone
conversion of the above catalyst calcined at 300 and 400°C
was 71% and 78%, respectively, which indicates that adding
Ag at these two temperatures does not increase the activity to
a great extent. When the 8%AgMnOx catalyst precursor was
calcined at 500°C, the catalyst consisted of α-Mn2O3, Mn5O8

and Ag1.8Mn8O16 (JCPDS 77-1987), and the ozone decomposi-
tion activity was only 39%, indicating that the addition of Ag
Fig. 3 – (a) Effect of calcination temperature on the activity of the
40 ppmV, temperature 30°C, relative humidity 65%, space veloci
calcined at different temperatures.
at this temperature also does not increase the activity much.
When the calcination temperature increased to 600°C, the 8%
AgMnOx catalyst, composed of α-Mn2O3 and Ag1.8Mn8O16, was
found to have the best activity for ozone decomposition
among all catalysts. The pure MnOx catalyst calcined at 600°C
was totally converted into α-Mn2O3, which indicates that the
addition of Ag can restrain the conversion of MnO2 to Mn2O3.
Furthermore, the addition of Ag increased the activity from
6% to 81% at the calcination temperature of 600°C. When the
calcination temperature further rose to 900°C, the 8%AgMnOx

catalyst was mainly composed of α-Mn2O3 and Mn3O4 (JCPDS
24-0734), and the related species of Ag could not be observed.
The content of Agmay be below the detection limit of the XRD
instrument, or the corresponding species could be finely
dispersed over the catalyst. The addition of Ag increases the
activity from 0% to 39% at the calcining temperature of 900°C.
According to the above results, the 8%AgMnOx catalyst
calcined at 600°C had the best activity for ozone decomposi-
tion among all the catalysts and the maximum improvement
8%AgMnOx catalyst. Conditions: ozone inlet concentration
ty 840,000 hr−1; (b) XRD patterns of 8%AgMnOx catalyst



Fig. 4 – (a) Conversion of ozone on the MnOx, 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts.
Conditions: ozone inlet concentration 40 ppmV, temperature 30°C, relative humidity 65%, space velocity 840,000 hr−1; (b) XRD
patterns of the MnOx, 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts.

Fig. 5 – Raman spectra of the MnOx and 8%AgMnOx catalysts.
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in activity compared to the MnOx catalyst. Therefore, the
calcination temperature of 600°C was concluded to be optimal
and was used during subsequent preparation.

2.2. Effect of the amount of Ag addition

The activity of AgMnOx with different contents of Ag for ozone
decomposition is shown in Fig. 4a. It is evident that the activity
gradually improved as the content of Ag increased. The
catalysts with Ag addition of 0%, 1%, 2%, 4%, 6% and 8%
showed 6%, 20%, 32%, 30%, 49% and 81% conversion for
40 ppmV ozone under a space velocity of 840,000 hr−1 after
6 hr at room temperature and RH = 65%, respectively. As is
shown in Fig. 4b, the MnOx catalyst is comprised of α-Mn2O3.
The diffraction peaks of α-Mn2O3 were also observed in the 1%
AgMnOx and 2%AgMnOx catalysts, but the diffraction peaks of
Ag species were not observed, which revealed that the content
of Ag species was below the detection limits of the XRD
instrument, or that they were finely dispersed over the MnOx

surface. The diffraction peaks of Ag1.8Mn8O16 began to appear
in the 4%AgMnOx catalyst, indicating that Ag1.8Mn8O16 began to
form. When the content of Ag increased to 6% or 8%, the
diffraction peaks of Ag1.8Mn8O16 become narrower and stron-
ger, indicating that Ag1.8Mn8O16 was well-formed. When the
Ag1.8Mn8O16 was well-formed, the activity of the catalyst
markedly increased. Therefore, the Ag1.8Mn8O16 phase is the
key component to improve the activity of the catalyst.
Furthermore, when the amount of Ag addition was 4%, 6%
and 8%, the diffraction peaks of α-Mn2O3 became weakened,
indicating that the crystallinity decreased, which is also
beneficial to the activity.

Raman spectra of the MnOx and 8%AgMnOx catalysts were
obtained to further observe the structure of the catalysts and
are shown in Fig. 5. Bands at 178 and 306 cm−1 can be attributed
to the out-of-plane bendingmodes, and bands appearing at 635
and 693 cm−1 can be ascribed to the symmetric stretching
modes of Mn2O3 (Buciuman et al., 1999; Kapteijn et al., 1994; Li
et al., 2017; Kolathodi et al., 2016). The above results are similar
to those in previous literature (Kapteijn et al., 1994), and
indicate that the obtained MnOx catalyst is Mn2O3 without
formation of other MnOx phases. Bands at 206 and 587 cm−1

appeared in the Raman spectra of the 8%AgMnOx catalyst, and
the two bandswere ascribed to the deformation vibration of the
metal-oxygen chain of Mn–O–Mn and the stretching vibration
of theMnO6 octahedron, respectively (Zhu et al., 2017; Xie et al.,
2015). According to previous literature, Ag1.8Mn8O16 shows a
zeolite-like structure that is comprised of a Mn8O16 skeletal
framework of corner- and edge-sharing MnO6 octahedra, and
Ag ions in the channels participate in the coordination (Chang
and Jansen, 1984; Qu et al., 2013). The new bands further
demonstrate the formation of Ag1.8Mn8O16. The Raman results
are consistent with the XRD results.

2.3. Specific surface area and morphology

The N2 adsorption–desorption isotherms of the MnOx, 1%
AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx and 8%AgMnOx

catalysts are shown in Appendix A Fig. S1. All the catalysts
have similar N2 adsorption/desorption isotherms, showing the
characteristics of a type II isotherm with a H3 hysteresis loop.
The above phenomenon is related to the formation of slit-



Table 1 – Brunauer–Emmett–Teller (BET) surface area and
temperature programmed H2 reduction (H2-TPR) results of
the MnOx, 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%
AgMnOx and 8%AgMnOx catalysts.

Catalyst BET H2-TPR

Surface area
(m2/g)

Total H2 consumption
(mmol/g)

MnOx 21 5.43
1%AgMnOx 27 5.4
2%AgMnOx 27 5.5
4%AgMnOx 25 5.82
6%AgMnOx 31 6.32
8%AgMnOx 32 6.52
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shaped pores in thematerials, which can cause the appearance
of macropores (Xie et al., 2017). The specific surface areas are
shown in Table 1. The specific surface areas of catalysts slightly
increased with the addition of Ag, which can be related to the
formation of Ag1.8Mn8O16.

As is shown in Fig. 6, the morphology of catalysts was
observed by FESEM. The MnOx catalyst consisted of aggre-
gated nanoparticles. When the content of Ag was 1% or 2%,
the morphology of 1%AgMnOx and 2%AgMnOx catalysts was
still aggregated nanoparticles. When the content of Ag
continued to increase to 4%, short, thick nanorods begin to
appear in the 4%AgMnOx catalyst. The short thick nanorods
increased in number in 6%AgMnOx, and the 8%AgMnOx

catalyst had the most nanorods. According to previous
literature, Ag1.8Mn8O16 has a nanorod morphology (Li and
King, 2005). Therefore, the nanorods appearing in the 4%
Fig. 6 – Scanning electron microscope (SEM) images of (a) MnOx,
and (f) 8%AgMnOx.
AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts can be attrib-
uted to formation of the Ag1.8Mn8O16 structure.

2.4. Temperature programmed studies

As is shown in Fig. 7, temperature programmed reduction was
conducted to investigate the reducibility of catalysts. The
MnOx catalyst has two reduction peaks at 316 and 418°C, and
the H2 consumption of peak I and peak II is 1.85 and
3.58 mmol/g, respectively. The H2 consumption of peak II is
about twice that of peak I, so the reduction path of the MnOx

catalyst is Mn2O3 to Mn3O4, and then Mn3O4 to MnO. When Ag
was added in the MnOx catalyst, three reduction peaks could
be observed, and the temperature of every reduction peak
obviously decreased. The new reduction peak I of 1%AgMnOx

and 2%AgMnOx catalysts at 170 and 163°C can be attributed to
the reduction of Ag+ to Ag0 (Qu et al., 2013). The new reduction
peak III of 1%AgMnOx and 2%AgMnOx catalysts at 313 and
297°C became smaller compared with the MnOx catalyst, and
the new reduction peak II of these two catalysts gradually
became larger, which can be ascribed to the addition of Ag
facilitating the direct reduction of a fraction of Mn2O3 to MnO
(Qu et al., 2013). According to the XRD and Raman results, the
Ag1.8Mn8O16 structure formed in the 6%AgMnOx and 8%
AgMnOx catalysts. The reduction of the Ag1.8Mn8O16 phase
occurs in two steps: firstly, Ag+ is reduced to Ag0, and Mn4+ is
reduced to Mn3+; then, Mn3+ is reduced to Mn2+ (Huang et al.,
2012). Thus, the reduction peak I of 6%AgMnOx and 8%
AgMnOx catalysts at 166°C can be attributed to the reduction
of Ag+ to Ag0 and Mn4+ to Mn3+ in Ag1.8Mn8O16, and the
reduction peak II of 6%AgMnOx and 8%AgMnOx catalysts at
185 and 187°C can be ascribed to the reduction of Mn3+ to Mn2+

in Ag1.8Mn8O16 andMn2O3 to Mn3O4 in α-Mn2O3. The reduction
(b) 1%AgMnOx, (c) 2%AgMnOx, (d) 4%AgMnOx, (e) 6%AgMnOx



Fig. 7 – H2-TPR profiles of the MnOx, 1%AgMnOx, 2%AgMnOx,
4%AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts.

Fig. 8 – Temperature programmed desorption of O2 (O2-TPD)
profiles of the MnOx, 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%
AgMnOx and 8%AgMnOx catalysts.
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peak III of 6%AgMnOx and 8%AgMnOx catalysts at 305 and
266°C is attributed to the reduction of Mn3O4 to MnO. The
Ag1.8Mn8O16 structure began to form in 4%AgMnOx, so the
reduction peak I of 4%AgMnOx catalyst at 196°C can be
attributed to the reduction of the Ag1.8Mn8O16 phase. Mean-
while, a portion of the Ag atoms did not form the Ag1.8Mn8O16

structure, and this Ag can promote the direct reduction of a
fraction of Mn2O3 to MnO, which makes the reduction peak II
bigger and causes reduction peak III to become smaller. The
decline of the reduction temperature for every peak can be
attributed to the Ag species facilitating the reduction of
manganese oxides and the mobility of lattice oxygen species.
Activation of hydrogen on the surface of Ag species depends
on the hydrogen spillover to migrate to the surface of the
manganese oxides and participate in the reduction process (Li
et al., 2016; Bai et al., 2016). Furthermore, the new reduction
peak I for AgMnOx catalysts gradually becomes stronger as the
content of Ag increases. Meanwhile, the total H2 consumption
also increases as the content of Ag increases (Table 1). The
above phenomena further demonstrate the increase in the
amount of Ag1.8Mn8O16. The Ag1.8Mn8O16 component is
recognized as the active ingredient. The 8%AgMnOx catalyst
has the most Ag1.8Mn8O16, so the 8%AgMnOx catalyst has the
best activity. The above results are consistent with the XRD,
Raman and BET results.

The temperature programmed desorption results of O2 of
the MnOx, 1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx
and 8%AgMnOx catalysts are shown in Fig. 8. The MnOx
catalyst has only one desorption peak at 774°C, which is
attributed to the transformation of Mn2O3 to MnO. When Ag
was added into the MnOx catalyst, the desorption peaks
between 520 and 630°C began to appear. The first two
desorption peaks are ascribed to the conversion of
Ag1.8Mn8O16 to Mn2O3 and Ag0. The last desorption peak for
AgMnOx is still due to the transformation of Mn2O3 to MnO.
Meanwhile, the first two desorption peaks gradually shift to
higher temperature and become larger, which is related to the
formation of Ag1.8Mn8O16. The structure of Ag1.8Mn8O16

becomes more stable as the content of Ag increases. No
obvious shift is observed in the last desorption peak. The
above results further demonstrate the formation of
Ag1.8Mn8O16, which is consistent with the XRD, Raman, BET
and H2-TPR results.

2.5. Surface atom oxidation state

As is shown in Fig. 9, the XPS spectra were used to determine
the surface atom oxidation state of the catalysts. The Mn 3s
spectra of catalysts were analyzed to estimate the average
oxidation state (AOS) of Mn according to the following
formula:

AOS ¼ 8:956–1:126ΔEs ð2Þ
where, ΔEs is the binding energy difference between the
doublet Mn 3s peaks (Jia et al., 2016). The AOS of the MnOx,
1%AgMnOx, 2%AgMnOx, 4%AgMnOx, 6%AgMnOx and 8%
AgMnOx catalysts is 2.80, 2.81, 2.82, 2.83, 3.02 and 3.03,
respectively. The AOS of the MnOx, 1%AgMnOx, 2%AgMnOx,
4%AgMnOx catalysts slightly increased with the increase in Ag
addition, but the AOS increased to 3.02 and 3.03 from 2.80



Fig. 9 – (a) Mn 3s (b) Mn 2p (c) Ag 3d X-ray photoelectron spectrometer (XPS) spectra of the MnOx, 1%AgMnOx, 2%AgMnOx, 4%
AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts. AOS: average oxidation state; ΔEs: binding energy difference between the
doublet Mn 3s peaks.

Table 2 – Inductively coupled plasma spectrometer (ICP)
and XPS results of the MnOx, 1%AgMnOx, 2%AgMnOx, 4%
AgMnOx, 6%AgMnOx and 8%AgMnOx catalysts.

Catalyst ICP XPS

Percentage (wt.%) Percentage (wt.%)

1%AgMnOx 0.99 2.74
2%AgMnOx 1.83 5.53
4%AgMnOx 3.67 4.06
6%AgMnOx 5.52 5.20
8%AgMnOx 7.37 7.00
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when the content of Ag increased to 6% and 8%. The above
results also indicate that Ag1.8Mn8O16 was well-formed in the
6%AgMnOx and 8%AgMnOx catalysts. Fig. 9b shows that the
two different peaks corresponding to Mn 2p1/2 and Mn 2p3/2

are located at 654 and 642.2 eV, which is attributed to spin-
orbit splitting. The spin-orbit splitting value is 11.8 eV, which
is almost the same band gap energy as manganese (III) oxides
(Li et al., 2017; Kolathodi et al., 2016). Fig. 9c shows that the
binding energy of Ag 3d5/2 for AgMnOx catalysts is 368.5 eV.
The Ag 3d5/2 peak centers at 369 eV for Ag0 and 368.5 eV for
Ag+ (Li et al., 2016). The above results indicate that the silver
species are Ag+, which is consistent with the XRD and H2-TPR
results.

Table 2 shows the mass percentage content of Ag on the
surface of catalysts and in the bulk phase of catalysts,
respectively. The ICP results represent the actual doping
amounts of Ag in the catalysts, and the XPS results show the
content of Ag on the surface of catalysts. The amount of Ag on
the surface of 1%AgMnOx and 2%AgMnOx catalysts is far
higher than the actual doping amount of Ag in the catalysts,
which indicates that the Ag species of 1%AgMnOx and 2%
AgMnOx catalysts mainly aggregate on the surface. When 4%
Ag is added into the catalyst, the difference in the content of
Ag on the surface and in the bulk goes down, so the
aggregation of Ag species on the surface of catalyst is slightly
alleviated, which is due to the gradual formation of
Ag1.8Mn8O16. The amount of Ag on the surface and in the
bulk for the 6%AgMnOx and 8%AgMnOx catalysts is almost
identical. Therefore, the Ag species in the 6%AgMnOx and 8%
AgMnOx catalysts do not aggregate on the surface of the
catalysts and are homogeneously doped in the catalysts,
which is due to the formation of Ag1.8Mn8O16 causing Ag+ to
enter into its framework structure. The above results are
consistent with the XRD and Raman results. Furthermore, the
actual amounts of Ag in 4%AgMnOx, 6%AgMnOx and 8%
AgMnOx catalysts are 3.67, 5.52 and 7.37 wt.%, and the mass
percentage of Ag in Ag1.8Mn8O16 is 21.83%. If the doped Ag all
goes into formation of Ag1.8Mn8O16, the mass percentage of
Ag1.8Mn8O16 in the 4%AgMnOx, 6%AgMnOx and 8%AgMnOx
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catalysts rises to 16.81%, 25.29% and 33.76%, which further
indicates that the Ag1.8Mn8O16 phase is a highly effective
active ingredient. Meanwhile, the catalytic performance of 4%
AgMnOx (30%), 6%AgMnOx (49%) and 8%AgMnOx (81%) cata-
lysts gradually increases with the formation of Ag1.8Mn8O16.
Therefore, the synthesis and performance of pure
Ag1.8Mn8O16 will be investigated in future work.
3. Conclusions

Ag-modified manganese oxides (AgMnOx) were synthesized
by a simple co-precipitation method. The calcination temper-
ature of 600°C was demonstrated to be the most appropriate
for AgMnOx. The activity of the 8%AgMnOx catalyst was the
best among all the catalysts, and the XRD and Raman results
indicate that Ag1.8Mn8O16 develops well when the addition of
Ag reaches 8%. The activity and characteristic results indicate
that Ag1.8Mn8O16 is the key component enhancing the activity
of catalysts. Meanwhile, the reducibility of the catalysts
evidently increases on account of the formation of the
Ag1.8Mn8O16 structure. The weight content of Ag1.8Mn8O16 in
the 8%AgMnOx catalyst is only 33.76% according to calcula-
tions based on ICP results, which further indicates the
excellent performance of Ag1.8Mn8O16 phase for ozone de-
composition. The study has important guiding significance
for subsequent research on Ag-modified manganese oxides.
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