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ABSTRACT: Manganese oxide octahedral molecular sieves
(OMS-2) exhibit an excellent performance in ozone catalytic
decomposition in dry atmosphere conditions, which however is
severely limited by deactivation in humid conditions. Herein, it was
found that the OMS-2 materials modified with Cu species could
obviously improve both the ozone decomposition activity and
water resistance. Based on the characterization results, it was found
that these CuOx/OMS-2 catalysts exhibited dispersed CuOx
nanosheets attached and located at the external surface
accompanied with ionic Cu species entering the MnO6 octahedral
framework of OMS-2. In addition, it was demonstrated that the main reason for the promotion of ozone catalytic decomposition
could be ascribed to the combined effect of different Cu species in these catalysts. On the one hand, ionic Cu entered the MnO6
octahedral framework of OMS-2 near the catalyst surface and substituted ionic Mn species, resulting in an enhanced mobility of
surface oxygen species and formation of more oxygen vacancies, which act as the active sites for ozone decomposition. On the other
hand, the CuOx nanosheets could serve as non-oxygen vacancy sites for H2O adsorption, which could alleviate the catalyst
deactivation to some extent caused by the occupancy of H2O on surface oxygen vacancies. Finally, different reaction pathways for
ozone catalytic decomposition over OMS-2 and CuOx/OMS-2 under humid conditions were proposed. The findings in this work
may shed new light on the design of highly efficient catalysts for ozone decomposition with improved water resistance.

1. INTRODUCTION
As we all know, stratospheric ozone (O3) can prevent strong
ultraviolet radiation from reaching the earth. However, ozone
near the ground becomes a kind of pollution gas, which can
not only cause damage to the ecosystem1,2 but also have
certain destructive effects on human health.3−5 Therefore, it is
very necessary to decompose it into harmless substances thus
to meet the emission standard of 0.08 ppm as the Chinese
indoor air quality standard (GB/T18883-2002) specifies6 or
the average allowable contact gaseous ozone concentration of
only 100 μg m−3 (∼51 ppb) in 8 h as the World Health
Organization (WHO) has established,7 which is of practical
significance to eco-environmental protection and public health.

In the past decades, a large number of techniques and
methods have been developed for the decomposition of ozone
from the air.8,9 Among these, catalytic decomposition is
considered as the most effective way to eliminate ozone due to
its high efficiency, safety, and low cost.10−12 Generally
speaking, there are two different types of active components
in catalysts, which are applied to the ozone catalytic
decomposition, i.e., noble metals such as Pd,13 Au,14 and
Ag15 and nonprecious metal oxides such as Fe,16 Co,17,18 Ni,19

and Mn.20 Among these, the manganese oxide octahedral
molecular sieves (OMS-2), which possess a 2 × 2 tunnel
structure (4.6 Å × 4.6 Å) consisting of MnO6 octahedral

chains, have attracted much interest in ozone catalytic
decomposition due to their large specific surface area, low
cost, environmental friendliness, and superior catalytic
activity.21 Nevertheless, the catalytic performance of OMS-2
could be significantly inhibited by water vapor at high GHSV,
which limits their practical application.21,22 Modification of the
OMS-2 material with other metal ions such as transition
metals,23−25 noble metals,6 and alkali metals26 is the common
way to promote the catalytic performance as the concentration
of surface oxygen vacancies can be obviously raised, which
have been extensively deemed as the active center for ozone
catalytic decomposition.27−29 For example, Ma et al.25

investigated a series of OMS-2 materials doped with transition
metals such as cerium, cobalt, and iron and found that cerium-
doped OMS-2 materials gave the best performance and the
Mn3+ content and the amount of surface defects played a key
role in the ozone catalytic decomposition. Nevertheless, the
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activity of Ce-OMS-2 was not satisfactory at high GHSV and
high humidity.23,24 Yang et al.6 continued to dope Ce-OMS-2
with Pd, which improved the ozone removal performance of
the catalysts in a humid environment due to the increase in
oxygen vacancy concentration caused by Pd−Mn interactions.
However, the use of noble metals as dopants will reduce the
economic efficiency of catalysts. Therefore, it is an urgent need
to develop nonprecious metal doping catalysts under humid
conditions. Moreover, to the best of our knowledge, the study
of OMS-2 materials modified with a common nonprecious
metal such as copper have not yet been reported in the ozone
catalytic decomposition, especially under humid conditions.

In recent years, copper-doped OMS-2 materials have been
frequently reported in many industrial areas due to their
excellent performance. For example, Li et al.30 found that the
catalytic active phases of the CuO/OMS-2 nanocomposite
were reconstructed to metallic Cu and Mn3O4 when the
reaction temperature exceeded 240 °C, which exhibited highly
efficient catalytic activity for NO reduction by CO to N2. Liu
et al.31 found that the optimal CuO/OMS-2 catalyst provides
reactivity with a T90 of 55 °C and the interaction between the
highly dispersed CuO and OMS-2 support generates active
sites for CO oxidation. Yu et al.32 also reported a practical
protocol for efficiently preparing diaryl sulfides using Cu-OMS-
2 to catalyze the C−S coupling reactions of substituted
thiophenols and aryl halides. Recently, Han et al.33 reported
that both the catalytic performance for mercury removal and
the sulfur resistance ability could be improved by modification
of OMS-2 using copper. Our preliminary experiment had
discovered that the modification of OMS-2 with copper could
significantly improve the ozone decomposition activity of the
catalyst under humid conditions. However, the relationship
between the catalyst structure and the performance for ozone
catalytic decomposition has not been established yet.

Specifically, two different synthetic strategies could be
employed to modify the OMS-2 with the copper species, i.e.,
the preincorporation and wet impregnation methods. The
former as commonly employed in extensive studies will control
the localization of Cu species in the interior of OMS-2 (i.e.,
Cu-OMS-2), while the latter performs on the external surface
(i.e., CuOx/OMS-2). In this work, the wet impregnation
method was preferred to be employed to prepare a series of
CuOx/OMS-2 catalysts with different contents of Cu species
to modify the external surface properties of OMS-2 and the
enhancement effect of Cu species on ozone catalytic
decomposition under humid conditions was investigated.
The position of Cu species in OMS-2 was determined using
a variety of characterization techniques, and the key factors
influencing the catalytic performance were unveiled. Based on
these findings, different reaction pathways for ozone catalytic
decomposition over unsupported OMS-2 and CuOx/OMS-2
under a humid atmosphere were proposed. Although the
catalysts reported in this work were not superior to the best
catalysts reported to date, this work would provide a reference
for the design of highly efficient catalysts to eliminate ozone
under humid conditions.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. KMnO4, MnSO4·H2O,

and Cu(NO3)2·3H2O were purchased from the Sinopharm
Chemical Reagent Co. Ltd., China. All these reagents were
analytical grade and used without further purification.

2.2. Catalyst Preparation. In this work, a series of CuOx/
OMS-2 catalysts modified with different contents of Cu species
were prepared by a simple impregnation method. First, the
OMS-2 powder was synthesized by a facile redox reaction
between the KMnO4 as an oxidant and the MnSO4 as a
reductant. In a typical synthesis, MnSO4·H2O (8.8 g) was
dissolved in deionized water (30 mL) in a beaker; then,
concentrated nitric acid (3 mL) was added to the above-
mentioned solution under stirring. KMnO4 (5.89 g) was
dissolved in deionized water (100 mL) and slowly added to the
above-mentioned mixed solution and then was continuously
stirred with a magnetic agitator for 0.5 h and then left to rest
for 0.5 h to precipitate the black-brown solids. Then, the
obtained solids were rinsed with deionized water repeatedly
until there was no residual SO4

2− in the filtrate (detected using
0.2 mol L−1 BaCl2 solution). After that, the obtained products
were dried overnight at 110 °C to produce OMS-2 powder and
divided into several groups. One group was calcined at 400 °C
in static air for 4 h to produce the calcined OMS-2 material,
and the others were employed as supports to prepare a series
of CuOx/OMS-2 catalysts with different contents of Cu
species. For example, 1 g of OMS-2 was dispersed in a 5 mL
Cu(NO3)2 solution with a certain concentration, and the
mixture was stirred for 5 h at room temperature and
evaporated to dryness using a water bath at 90 °C. Finally,
the obtained solid was also dried at 110 °C and calcined at 400
°C in static air for 4 h, which was denoted as yCuOx/OMS-2,
where y represents the Cu/Mn molar ratio. Since the molar
ratio of Cu/Mn in these catalysts was 0.01, 0.02, 0.05, and 0.1,
these catalysts were designated as 0.01CuOx/OMS-2,
0.02CuOx/OMS-2, 0.05CuOx/OMS-2, and 0.1CuOx/OMS-2,
respectively. For comparison, some CuOx powders were also
prepared by direct evaporation of Cu(NO3)2 solution using a
water bath and dried and calcined in the same way.
2.3. Characterization of Catalysts. The actual Cu

contents in the catalysts were determined using an Optima
7300DV inductively coupled plasma atomic emission spec-
trometer (ICP-AES). The phase structures of the catalyst
samples were characterized using a Bruker D8 ADVANCE X-
ray powder diffractometer (XRD) by using Cu Kα radiation (λ
= 1.5418 Å) working at 40 kV and 40 mA. The patterns were
collected in the scanning range from 10 to 90° with a scanning
rate of 0.05° s−1. The Raman spectra of the samples were
recorded on a Renishaw inVia-Reflex instrument by employing
a 532 nm laser source at a power of 3 mW. The dwell time was
90 s, the number of scans was 1, and the resolution was 1 cm−1.
Field emission scanning electron microscopy (FESEM)
coupled with energy dispersive X-ray spectroscopy (EDX)
was performed to investigate the microstructure and composi-
tional distribution of the catalysts using a ZEISS Gemini SEM
300 scanning electron microscope, which was operated at an
accelerating voltage of 5 and 15 kV. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were conducted on a JEOL JEM-
2100F instrument operated at 200 kV. The N2 adsorption−
desorption experiments at 77 K were carried out on a
Quantachrome Nova 4000e surface area analyzer. The specific
surface area was determined by the Brunauer−Emmett−Teller
(BET) method, and the pore size distribution was calculated
by using the Barrett−Joyner−Halenda (BJH) formula from the
desorption branch of the isotherms. Before the test, all the
samples were degassed at 200 °C. The surface properties of
these catalysts were analyzed using a ThermoFisher ESCALAB
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250Xi X-ray photoelectron spectrometer (XPS) with a
monochromatic Al anode Kα radiation (hυ = 1486.6 eV) as
the excitation light source and calibrated internally by setting
the C1s binding energy of the adventitious carbon to 284.8 eV.
The water contact angle measurement was carried out on a
Sindin SDC-100-type contact angle-measuring device.

The reducibility of the catalyst was measured using a
homemade hydrogen temperature-programmed reduction (H2-
TPR) experiment. In the typical H2-TPR experiment, 50 mg of
the catalyst was loaded in a quartz tubular reactor and was
heated to 300 °C in a pure N2 (99.99%, 30 mL min−1) flow
and kept in a flow of pure N2 (99.99%) for 0.5 h to clean the
catalyst surface. After the sample was cooled to room
temperature, it was heated to 800 °C at a rate of 10 °C
min−1 in a 5% H2−95% N2 mixture (30 mL min−1). The signal
was recorded using a thermal conductivity detector (TCD),
and the H2 consumption was calibrated by the reduction of
CuO powder with a known amount.

O2 temperature-programmed desorption (O2-TPD) experi-
ments were conducted on a MicrotracBEL Belcat II automatic
chemisorption analyzer. In the typical O2-TPD experiment, 50
mg of the sample was initially pretreated at 300 °C under a He
flow (30 mL min−1) for 0.5 h to remove the surface-adsorbed
H2O. After cooling to room temperature (25 °C), the sample
was further purged with a 5 vol % O2/He mixture (30 mL

min−1) for 1 h, followed by switching automatically to the He
flow for purging for 1 h to remove the residual gaseous and/or
physically adsorbed O2. Thereafter, the desorption of O2 in the
sample was carried out from 30 to 700 °C with a heating rate
of 10 °C min−1, and the desorbed oxygen signal was collected.

Water temperature-programmed desorption (H2O-TPD)
experiments were performed in a quartz tube reactor system
equipped with a Hiden QIC-20 MS. In the typical H2O-TPD
experiment, 200 mg of the sample was also initially pretreated
at 300 °C under a He flow (30 mL min−1) for 0.5 h to remove
the surface-adsorbed H2O and then cooled to room temper-
ature; then, the H2O-TPD experiment was performed by
passing He through a saturator containing pure water for 1 h at
25 °C. After water adsorption, the sample was purged using He
for at least 1 h to remove the physically adsorbed water. The
desorption of the chemically adsorbed water was conducted by
heating the sample to 550 °C at a rate of 10 °C min−1, and the
detection of the desorbed water (m/e = 18) was monitored
using a mass spectrometer.
2.4. Ozone Decomposition Measurement. The ozone

catalytic decomposition experiments were performed on a
laboratory-made setup with a fixed-bed quartz U-tube reactor
(i.d. 8 mm) using 0.1 g of catalyst at room temperature (25
°C), as illustrated in Scheme 1. The total flow velocity of the
feed gas was controlled at 1000 mL min−1, thus giving the

Scheme 1. Schematic Diagram of the Experimental Setup for the Ozone Catalytic Decomposition Measurement

Figure 1. XRD patterns (a) and Raman spectra (b) of various samples.
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weight hourly space velocity (WHSV) of 600 000 mL g−1 h−1.
A bubbler was kept at a certain temperature to maintain a
certain relative humidity (RH). The temperature of the reactor
was maintained using a thermos static water bath. Ozone in the
inlet gas was generated using ultraviolet lamps (COM-AD-01-
OEM, Anseros, Germany), and the inlet ozone concentration
was 50 ± 2 ppm. The ozone concentration in inlet and outlet
gases was detected using an ozone gas analyzer (BMOT-200T,
Weifang Shengxin Electronics, China) with a detection limit of
0.1 ppm. The ozone conversion was calculated according to
the following equation

= ×C C Cozone conversion (%) ( )/ 100%inlet outlet inlet
(1)

where Cinlet and Coutlet are the concentrations of ozone detected
at the inlet and outlet, respectively.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure, Morphology, and Textural

Properties. XRD patterns of the unsupported OMS-2
materials and yCuOx/OMS-2 catalysts are shown in Figure
1a. All these samples showed the characteristic diffraction of
peaks at 12.7, 18.1, 28.7, 37.6, 42.0, and 49.9°, which
corresponded to the cryptomelane-type manganese dioxide
(JCPDS 29-1020).34 No extra peaks attributed to CuOx (x =
0.5 or 1) species were observed even over the 0.1CuOx/OMS-
2 catalysts with the highest Cu content as shown in Table 1,

indicating that these Cu species were highly dispersed on the
catalyst surface or incorporated into the structure. However,
no obvious difference in the peak intensity or shift between
these catalysts could be discovered, suggesting that the
modification of Cu species had little effect on the bulk phase
of OMS-2 and the unique cryptomelane structure can be
maintained over these CuOx/OMS-2 catalysts. The grain size
of the unsupported OMS-2 materials and yCuOx/OMS-2
catalysts can be calculated through the Scherrer formula (D =
0.89λ/(B cos θ)), where their grain size was all around 14.0
nm. Nevertheless, the possibility of ionic Cu species entering
the MnO6 octahedral framework near the catalyst surface could
not be excluded as the radii of Cu+ (0.77 Å)35 and Cu2+(0.73
Å)36 are nearly the same as those of Mn3+ (0.72 Å) and Mn4+

(0.67 Å).37 In other words, it is theoretically feasible for Cu
ions substituting Mn ions in the octahedral framework near the
catalyst surface.

Compared with XRD, Raman spectroscopy is a technique
that is more sensitive to the surface property of samples. Figure
1b shows the Raman spectra of the unsupported OMS-2
materials and yCuOx/OMS-2 catalysts, which gave similar
bands at 352 and 634 cm−1. The weak intensity of peaks at 352

cm−1 corresponded to the deformation modes of the metal−
oxygen chain of Mn−O−Mn, while the distinct bands at 634
cm−1 originated from the symmetrical stretching vibration of
Mn−O in the MnO6 octahedra.38−41 Furthermore, no signals
due to the crystal or polycrystal of Cu species could be
observed, consistent with the XRD results. However, the
Raman spectra of these yCuOx/OMS-2 catalysts were
broadened and decreased gradually in intensity as the Cu/
Mn molar ratio increased from 0.01 to 0.05 in comparison to
those of the unsupported OMS-2 material, suggesting that
ionic Cu species entered the MnO6 octahedra framework of
OMS-2 and notably weakened the stretching mode of the
Mn−O lattice. Earlier studies had found that Cu in the Cu-
OMS-2 structure can provoke the weakening of the Mn−O
bond by electronic delocalization on the Cu−O−Mn bridges,
which was favorable for the promotion of high oxygen lability
and the formation of oxygen defects.42,43 However, further
increasing the Cu/Mn molar ratio to 0.1 was not conducive for
Cu species to enter the MnO6 octahedral framework of OMS-2
over the 0.1CuOx/OMS-2 catalyst, which gave sharper and
stronger intensity of Raman peaks compared to those of the
0.05CuOx/OMS-2 catalyst. Nevertheless, these results dem-
onstrated that partly, Cu species such as ionic Cu entered the
framework of OMS-2 near the yCuOx/OMS-2 catalyst surface
and substituted ionic Mn species to form Cu-OMS-2, thus
introducing more surface defects, which could favor ozone
decomposition.

SEM images of the unsupported OMS-2 material and
yCuOx/OMS-2 catalysts are shown in Figure 2. Generally
speaking, OMS-2 usually presents nanorod morphology in
many studies33,34,44,45 but also shows other morphologies, such
as hydrangea,13 nanoparticle,46 and microsphere,47 which may
depend on their different synthesis details. The morphology of
OMS-2 in this work as displayed by Figure 2a1,a2 presents the
microsphere morphology with 200−300 nm diameter.
However, the SEM images of CuOx/OMS-2 catalysts showed
a similar microsphere morphology as shown in Figure 2b1−d1
with some dispersed CuOx nanosheets with ca. 100 nm
diameter attached and located on the external surface of OMS-
2 as shown in Figure 2b2−d2. Meanwhile, the presence of Cu
and O in these CuOx nanosheets was further confirmed by the
inserted EDX mapping spectrum as shown in Figure 2d2.
Furthermore, the increase of Cu/Mn molar ratios from 0.01 to
0.1 could promote the formation of growing number of CuOx
nanosheets on the surface of OMS-2. In order to further verify
the localization of Cu species in these yCuOx/OMS-2 catalysts,
the EDX mapping test of the 0.05CuOx/OMS-2 catalyst as a
representative has been carried out. As shown in Figure 2f1−
f5, the EDX mapping of the Cu species distinctly exhibits the
almost full morphology of the catalyst, suggesting that these
Cu species were uniformly distributed on the surface of OMS-
2.

To determine the exposed crystal facet of the CuOx
nanosheets on these catalysts, we performed TEM and
HRTEM tests of the 0.05CuOx/OMS-2 catalyst as a
representative sample, as shown in Figure 3. In Figure 3a, we
observed nanosheet-type structures located on the surface of
the catalyst, with average widths and lengths of 50 and 100 nm,
respectively, consistent with the FESEM results. Moreover, the
HRTEM image in Figure 3b revealed an interplanar spacing of
0.233 nm corresponding to the (111) planes of monoclinic
CuO.48

Table 1. Actual Cu Content and N2 Adsorption−Desorption
Results of Various Samples

samples

Cu
contenta
(wt %)

BET
surface area

(m2 g−1)

total pore
volume

(cm3 g−1)

average pore
diameter

(nm)

OMS-2 134.7 0.224 6.6
0.01CuOx/OMS-2 0.79 127.5 0.345 9.4
0.02CuOx/OMS-2 1.65 126.0 0.339 10.1
0.05CuOx/OMS-2 3.90 123.6 0.325 10.5
0.1CuOx/OMS-2 7.92 102.5 0.305 11.9

aThe Cu content in catalysts was determined by ICP.
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The N2 adsorption−desorption isotherms and pore size
distributions of the unsupported OMS-2 material and yCuOx/
OMS-2 catalysts are analyzed in Figure 4a,b, respectively. The

N2 adsorption−desorption isotherms showed a characteristic
type II isotherm pattern with a hysteresis loop of type H3 based
on the IUPAC classification, indicating the adsorption on

Figure 2. SEM images for unsupported OMS-2 (a1, a2), 0.01CuOx/OMS-2 (b1, b2), 0.02CuOx/OMS-2 (c1, c2), 0.05CuOx/OMS-2 (d1, d2), and
0.1CuOx/OMS-2 (e1, e2) and EDX mapping of 0.05CuOx/OMS-2 (f1−f5).

Figure 3. TEM images (a) and HRTEM image (b) of the 0.05CuOx/OMS-2 catalyst.
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aggregates of particles forming slit-like pores, similar to those
previously reported for OMS-2.25,49 The corresponding values
of BET surface area, total pore volume, and average pore
diameter are given in Table 1. It can be found that compared
to that of unsupported OMS-2 (134.7 m2 g−1), the BET
surface areas of yCuOx/OMS-2 slightly decreased to 123.6−
127.5 m2 g−1 with lower Cu/Mn ratios (0.01−0.05) and then
obviously to 102.5 m2 g−1 with the highest Cu/Mn ratio (0.1),
accompanied with the increase of their average pore diameter
from 6.6 to 11.9 nm. These results demonstrate that these
CuOx species are mainly located on the external surface of
OMS-2 with lower Cu/Mn ratios, gradually entering the
channel pore structure of OMS-2 with the increase of Cu/Mn
ratios, which thus block the channels of OMS-2, especially with
the smaller pore size ones. This may be the main cause
accounted for the worst activity of 0.1CuOx/OMS-2 catalysts
compared to the counterparts as this excess amount of CuOx
species will cover the surface and/or block the channel pore
structure of the catalysts, thus causing the decrease in the
probability of ozone adsorption on the surface oxygen vacancy.
3.2. Temperature-Programmed Studies. Since the

ozone catalytic decomposition ability of the catalysts is highly
dependent on the reducibility of the catalysts, the reducibility
of the OMS-2 sample and yCuOx/OMS-2 catalysts was further
determined by the H2-TPR measurement as shown in Figure
5a. For the unsupported OMS-2, a weak peak at 216 °C (α)
with two strong peaks at 328 °C (β) and 407 °C (γ) was

observed. Among these, the α peak was ascribed to the
reduction of surface oxygen species, which thus led to the
partial reduction of MnO2, while β and γ peaks were ascribed
to the reduction of MnO2 → Mn3O4 → MnO.6,50 In the case
of yCuOx/OMS-2 catalysts, these three reduction peaks
evolved into four peaks, i.e., α, β, and divided γ′ and γ″,
which were generally shifted to lower temperatures gradually
with the increase of the Cu/Mn molar ratios. However, an
exception could be observed that the position of the γ″ peak
(359 °C) over the 0.1CuOx/OMS-2 sample is higher than that
(343 °C) over 0.05CuOx/OMS-2, probably due to the
obviously lower surface area of the former than that of the
latter, which is thus not favorable for H2 to complete the
reduction of MnO2 to MnO. These results indicated that the
addition of Cu species promoted the reduction of MnO2 and
the interaction between Cu and Mn species was growing.
However, the reduction peaks of a small amount of Cu species
could be overlapped by the stepwise reduction process of
OMS-2, which made it hard to distinguish. Due to the clearer
α peaks appearing at low temperatures in these catalysts
compared to those of unsupported OMS-2 materials, these α
peaks were ascribed to the reduction of well-dispersed surface
CuOx species and the partial reduction of MnO2 species, as the
reducibility of CuOx/OMS-2 could be improved by the
spillover hydrogen from copper atoms to manganese oxides.51

Moreover, the divided γ′ and γ″ peaks further indicated that
the Cu2+−O−Mn4+ entities were generated at the interface

Figure 4. N2 adsorption−desorption isotherms (a) and the pore size distribution (b) of various samples.

Figure 5. H2-TPR (a) and O2-TPD curves (b) of various samples.
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between CuOx and OMS-2, which gave a better reducibility
compared to that of OMS-2.50−52 Besides, the amounts of H2
consumption by different samples are also listed in Figure 4a,
which were obviously smaller than the theoretical value (11.5
mmol·g−1) for the reduction from MnO2 to MnO, indicating
that a substantial fraction of Mn3+ accompanied with oxygen
vacancies exists in all these yCuOx/OMS-2 samples. Among
them, 0.05CuOx/OMS-2 gave the lowest amounts of H2
consumption (8.8 mmol·g−1). These above-mentioned results
showed that doping of Cu species enhances the reducibility
and reactivity of the catalysts.

The O2-TPD tests were conducted over the unsupported
OMS-2 material and yCuOx/OMS-2 catalysts to probe their
differences in the release of oxygen. There are several peaks
that can be found in the O2-TPD curves of all samples and
fitted as shown in Figure 5b, which were assigned to the release
of surface-adsorbed oxygen species (Oads) at 100 °C, surface
lattice oxygen species (surf. Olat) at 300−400 °C, subsurface
(sub-surf. Olat) and bulk lattice oxygen (bulk Olat) in the
transformation process of MnO2 to MnO above 400
°C.34,53−55 Nevertheless, a small peak at ca. 550 °C appeared
in all these yCuOx/OMS-2 samples, which was absent in the

case of unsupported OMS-2, suggesting that this peak could be
ascribed to the Cu species-bonding lattice oxygen (Cu-Olat).
Unfortunately, no obvious shift of these peaks could be
observed with the addition of Cu species in yCuOx/OMS-2
compared to the unsupported OMS-2. However, differences in
their peak areas could be discovered based on these fitted
results. It is worth noting that excluding the case of 0.1CuOx/
OMS-2, the content of surface lattice oxygen species gradually
increased as the Cu/Mn ratios increased from 0.01 to 0.05,
indicating that the lability of oxygen has been improved and
more oxygen vacancies could be formed. As shown in Figure
5b, the 0.05CuOx/OMS-2 catalyst gave the highest content of
surface oxygen species, which could be accounted for the
optimum performance in the ozone catalytic decomposition.
However, the content of surface oxygen species in 0.1CuOx/
OMS-2 was obviously smaller than its counterparts and even
the unsupported OMS-2 material, probably due to the much
smaller specific surface area in the former compared to that of
the latter, which is unfavorable to expose the active surface
oxygen. These results also proved that the strong Cu−Mn
interaction increased and doping Cu species accelerated the
formation of surface lattice oxygen vacancies.

Figure 6. XPS spectra of Mn 2p (a), Mn 3s (b), Cu 2p (c), Cu LMM (d), and O 1s (e) of various samples.

Table 2. Each Component Ratio Based on the XPS Results of Various Samples

Mn 2p3/2 Mn 3s Cu LMM O 1saa

samples Mn3+ (%) Mn4+ (%) AOS Cu1+ (%) Cu2+ (%) Oα (%) Oβ (%) K/Mn molar ratio

OMS-2 40.5 59.5 3.82 53.4 46.6 0.04
0.01CuOx/OMS-2 47.3 52.7 3.70 45.2 54.8 51.6 48.3 0.03
0.02CuOx/OMS-2 50.2 49.2 3.64 40.4 59.6 49.4 50.6 0.03
0.05CuOx/OMS-2 58.8 41.2 3.58 38.9 61.1 48.5 51.5 0.03
0.1CuOx/OMS-2 46.9 53.1 3.77 32.0 68.0 54.3 45.7 0.03

aOα, lattice oxygen (O2−); Oβ: surface oxygen (O−, O2−) adsorbed on oxygen vacancies.
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3.3. Surface Electronic State Analysis. The surface
electronic states of the OMS-2 and yCuOx/OMS-2 catalysts
were also characterized by the XPS measurement as shown in
Figure 6, and each component ratio is also listed in Table 2. As
shown in Figure 6a, the Mn 2p3/2 spectrum was deconvoluted
into two peaks with binding energies of 642.3 and 643.4 eV,
which corresponded to Mn3+ and Mn4+, respectively.6,56 As
listed in Table 2, the ratios of Mn3+ in all yCuOx/OMS-2
catalysts (47.3−58.8%) were obviously higher than that of
OMS-2 (39.8%), indicating that the addition of Cu species
promotes the formation of Mn3+ in these catalysts. Among
these, the 0.05CuOx/OMS-2 catalyst contained the highest
amount of Mn3+ (58.8%), which was consistent with the H2-
TPR and O2-TPD results. A lot of previous studies suggested
that the more the Mn3+ (surface oxygen vacancies) on the
surface of the catalyst, the higher the activity for ozone
decomposition.22,27,57 This well explains the higher activity of
0.05CuOx/OMS-2 in catalytic ozone decomposition than that
of its counterparts. The average oxidation state (AOS) of Mn
can also be determined by the energy difference (ΔEs)
between the spin splitting peak of Mn 3s from Figure 6b,
which can be calculated by using the following formula: AOS =
8.956 − 1.126 ΔEs.22,27 As shown in Table 2, the calculated
AOSs of surface Mn species in yCuOx/OMS-2 catalysts were
obviously lower than that of unsupported OMS-2. Among
these, the AOSs of surface Mn species in 0.05CuOx/OMS-2
were the lowest, ascribed to the presence of abundant Mn3+

(surface oxygen vacancy) as mentioned above.
For Cu 2p spectra, as shown in Figure 6c, the peaks at 933.6

and 953.6 eV were attributed to Cu 2p3/2 and 2p1/2,
respectively.30 In addition, two typical strong Cu2+ satellite
peaks58 also appear at binding energies of 943.8 and 962.8 eV,
indicating that a plenty of Cu2+ species exist in these CuOx
nanosheets. However, the possibility of other Cu species such
as Cu+ cannot be ruled out. Therefore, the Auger Cu LMM
spectrum was also employed to determine the different ratios

of Cu2+ and Cu+ species on these samples surface, as shown in
Figure 6d. The Cu LMM spectrum can be deconvoluted into
two peaks at a kinetic energy of 916.7 and 917.6 eV, assigning
to Cu+ and Cu2+ species, respectively.59 Their ratios were also
calculated based on the results of the Cu LMM spectrum. As
shown in Table 2, excluding the case of 0.1CuOx/OMS-2, the
Cu2+ ratio in the samples increases with the decrease of Mn4+,
signifying that there is growing strong interaction between Cu
and Mn species, which enhances the redox ability of the
catalyst, thus facilitating the ozone catalytic decomposition.

There are mainly two oxygen species in the O 1s spectrum
as shown in Figure 6e. The peak appearing at 529.6 eV was
ascribed to lattice oxygen (Oα), while the peak of 531.3 eV was
ascribed to the surface oxygen (O−, O2−) adsorbed on the
oxygen vacancy (Oβ).25,60 Among these, the surface oxygen
was considered to have a great influence on the ozone catalytic
decomposition, as the high amount of surface oxygen is
beneficial for the desorption of the intermediate product of
oxygen species, thus promoting the decomposition rate of
ozone.27−29 As shown in Table 2, it can be seen that excluding
the case of 0.1CuOx/OMS-2, the concentration of surface
oxygen species in the CuOx/OMS-2 catalysts increased
significantly compared to those of the OMS-2 sample,
indicating that the addition of Cu species was conducive to
generating rich oxygen vacancies, which was in good
agreement with the O2-TPD results. Among these catalysts,
the 0.05CuOx/OMS-2 catalyst gave the largest amount of
surface oxygen, consistent with the previous results. In
addition, it was previously reported that the remaining K
species in these catalysts were unfavorable for the formation of
surface oxygen vacancies. However, in this work, the effect of
the remaining K species on the samples could be ruled out, as
there was no obvious difference in K/Mn molar ratios between
OMS-2 and yCuOx/OMS-2 catalysts as listed in Table 2.
3.4. Catalytic Activity of Ozone Decomposition.

Figure 7a shows the catalytic activity of ozone decomposition

Figure 7. Performance of various samples for ozone removal in a dry atmosphere (RH < 5%) (a); humid conditions (RH = 50%) (b); alternatively
in humid (RH = 50%) and dry (RH < 5%) atmospheres (c); and 0.05CuOx/OMS-2 catalyst in different humidity atmospheres (d). Conditions:
ozone concentration: 50 ± 2 ppm, temperature: 25 °C, weight space velocity = 600 000 mL g−1 h−1, and catalyst weight = 100 mg.
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over various samples under a dry atmosphere (RH < 5%). The
ozone conversion of the OMS-2 sample was maintained over
95% in 6 h, whereas the pure CuOx was by far the least active
even under a dry atmosphere, as shown in Figure 7a. However,
all of the yCuOx/OMS-2 catalysts converted ozone to ∼100%
in 6 h when operating under a dry atmosphere.

The catalytic behaviors of ozone decomposition over various
samples under dry humid conditions (RH = 50%) are also
illustrated in Figure 7b. In contrast to the dry atmosphere
depicted in Figure 7a, the obvious deactivation of all these
catalysts under humid conditions could be observed probably
due to the gradually covered oxygen vacancy by H2O. Among
these, the 0.05CuOx/OMS-2 catalyst outperformed the others
in terms of ozone decomposition activity and stability,
indicating its best activity and resistance to water. It is also
interesting to note that the CuOx and OMS-2 physical mixing
sample (labeled as 0.05CuOx + OMS-2) gave lower ozone
conversion and worse water resistance than those of pure
OMS-2 and all other yCuOx/OMS-2 catalysts, indicating that
only the strong interaction formed between Cu and Mn species
is favorable for improvement of the catalytic performance. In
order to clearly understand the deactivation of the catalyst,
these spent catalysts (under RH = 50%, for 6 h) were
regenerated by heating at 110 °C overnight. Furthermore, it
could be found that the conversion of ozone could be
recovered to 95% just as the fresh catalyst in the initial step,
and thus, it seems to be speculated that the main reason for the
obvious deactivation of the fresh catalyst under humid
conditions could be the adsorption of water vapor on the
surface of these catalysts.

Figure 7c shows the the ozone conversions of various
samples alternatively in a dry (RH < 5%) atmosphere and
humid (RH = 50%) one. As shown in Figure 7c, the catalytic
activity of the OMS-2 sample decreased sharply to about 50%,
once switching the dry gas conditions (RH < 5%) to humid gas
conditions (RH = 50%), while that of yCuOx/OMS-2 is still
above 70%, indicating that the Cu species promote the OMS-2
for ozone catalytic decomposition with improved water
resistance. Among these, the 0.05CuOx/OMS-2 catalysts
showed the best activity for ozone decomposition with an
ozone conversion above 90%, which may be ascribed to the
highest content of surface oxygen vacancies. The results
indicate that doping with Cu species in OMS-2 could promote
the water resistance. Nevertheless, it was noted that once the
RH was switched from humid gas (RH = 50%) to the dry gas
conditions (RH < 5%), the ozone decomposition activity of
the yCuOx/OMS-2 catalyst was hardly restored to the original
stage, which suggested that the accumulated adsorbed water
molecules on the surface of these catalysts account for the
obvious deactivation.

Since the water vapor has a severe influence on the catalytic
performance in ozone decomposition, the study of the effect of

relative humidity (RH) on the ozone catalytic performance of
the 0.05CuOx/OMS-2 catalyst was also characterized under
different RH conditions, i.e., <5, 20, 50, 70, and 90%. As shown
in Figure 7d, it is obvious that the ozone decomposition
activity of 0.05CuOx/OMS-2 strongly depends on the RH.
The higher the humidity, the faster the deactivation. To make
matters worse, their activity performance could not be restored
to the initial stage once the atmosphere was switched from
humid gas conditions to dry gas conditions, especially under
the RH of 90%. Previous studies have confirmed that the water
molecules adsorbed on the surface oxygen vacancy can lead to
the loss of active sites by competitive adsorption with ozone.57

3.5. Ozone Catalytic Decomposition Mechanism. On
the basis of the above-mentioned characterization results, it
was strongly dictated that Cu species in these yCuOx/OMS-2
catalysts mainly exist as two different states. One part of Cu
species aggregated on the surface of OMS-2 to form dispersed
CuOx nanosheets, then attached, and were located at the
external surface of OMS-2 as demonstrated by XRD (Figure
1a), FESEM results (Figure 2), and N2 adsorption−desorption
analysis (Figure 3). The other part of Cu species as ionic Cu
entered the MnO6 octahedral framework of OMS-2 near the
catalyst surface to replace the Mn species, which promote the
formation of Mn3+ and surface oxygen vacancy as demon-
strated by Raman (Figure 1b), H2-TPR (Figure 4a), O2-TPD
(Figure 4b), and XPS results (Figure 5). Based on the catalytic
results, it is safe to conclude that the addition of Cu species in
OMS-2 could obviously promote the ozone catalytic
decomposition with improved water resistance compared to
the unsupported OMS-2. Among these catalysts, 0.05CuOx/
OMS-2 shows superior activity, which could be mainly related
to the relatively highest amount of surface oxygen vacancies,
which enhance the activation of ozone decomposition and
were considered as the active sites for ozone catalytic
decomposition.27,52

It is worth noting that the 0.1CuOx/OMS-2 catalyst still
exhibited much higher catalytic performance with improved
water resistance than that of unsupported OMS-2 materials,
even though the ratio of the surface oxygen vacancy (Oβ) over
the former could not be effectively improved by the
substitution for Mn4+ with Cu2+ compared to that of the latter
as shown in Table 2. The reason could be related to the
existence of excess Cu species such as CuO nanosheets located
on the surface of the former while being absent over the latter,
indicating that there could be other key factors which also
exerted an effect on the catalytic performance under humidity
conditions, such as the surface hydrophilicity depending on
different materials. It was reported that H2O molecules could
be apt to suppress the surface oxygen vacancy, thus blocking
the exposed active sites of OMS-2-based materials.21 There-
fore, the difference of surface hydrophilicity between OMS-2
and CuOx nanosheets located on the catalyst surface may result

Figure 8. Water contact angle measurements of OMS-2 (a), 0.1CuOx/OMS-2 (b), and CuOx powders (c).
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in the different affinities of H2O molecules. For this, both the
water contact angle and H2O-TPD measurements of
unsupported OMS-2 materials, 0.1CuOx/OMS-2 catalysts,
and CuOx powders were characterized to confirm the
differences of surface hydrophilicity in a more intuitive way.
As shown in Figure 8, the water contact angles on OMS-2,
0.1CuOx/OMS-2, and CuOx were 38.2, 24.8, and 13.8°
respectively, indicating that the CuOx was much more sensitive
to H2O, which could be accounted for the smaller water
contact angles on the 0.1CuOx/OMS-2 compared to that of
unsupported OMS-2. Meanwhile, H2O-TPD over these
samples is also illustrated in Figure 9. These desorption

peaks were observed to shift from 109 to 116 to 125 °C over
OMS-2, 0.1CuOx/OMS-2, and CuOx, respectively, and
gradually broadened. These results indicated that both the
strength and amount of H2O adsorption increase as the
amount of CuOx increased. In other words, H2O was more
easily and strongly adsorbed on CuOx compared to the
unsupported OMS-2; thus, CuOx nanosheets located at the
external surface of OMS-2 are more inclined to adsorb the
H2O from the atmosphere. Thus, it is possible for the CuO
nanosheets to serve as non-oxygen vacancy sites for H2O
adsorption over these yCuOx/OMS-2 catalysts, which could
alleviate the catalyst deactivation to some extent caused by
occupancy of H2O on surface oxygen vacancies, thus efficiently
preventing water from accumulating on the exposed surface
oxygen vacancies against water poisoning. For the unsupported
OMS-2 materials, the H2O from the atmosphere can only

occupy the surface oxygen vacancy of OMS-2, thus resulting in
lower activity and poor water resistance.

Herein, considering the revealed above-mentioned results,
we believed that the surface oxygen vacancies acted as active
sites for ozone catalytic decomposition irrespective of it being
over unsupported OMS-2 or yCuOx/OMS-2 catalysts. Taking
the CuOx/OMS-2 catalysts for example, the possible reaction
mechanism of ozone decomposition over these samples could
be depicted as three steps (expressed as eqs 2−4) under a dry
atmosphere, similarly as proposed by others.26,27 First, once
the samples are brought into contact with ozone, the ozone
molecule (O3) inserts one oxygen atom into the surface oxygen
vacancy, thus forming a surface-bound oxygen species (O2−) at
the oxygen vacancy site and releasing a dioxygen molecule
(O2), which desorbs into the gas phase (see eq 2). Second,
another ozone molecule reacts with the surface-bound oxygen
species (O2−) to produce a peroxide (O2

2−) species and a
dioxygen molecule (O2) (see eq 3). Finally, the peroxide
(O2

2−) species decomposes and desorbs a dioxygen molecule
(O2), and consequently, the oxygen vacancy is recovered (see
eq 4), which completes the cycle of catalytic decomposition of
ozone and then in turn participates in the next cycle.
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Among these, VO represents the surface oxygen vacancy
formed by the substitution for Mn4+ with Cu2+ as ionic Cu
species entering the MnO6 octahedral framework of OMS-2 to
maintain charge balance. Nevertheless, in the presence of H2O,
the reaction pathways for ozone catalytic decomposition over
unsupported OMS-2 and yCuOx/OMS-2 could be modified as
demonstrated in Scheme 2. As shown in Scheme 2a, the
competitive adsorption of H2O and O3 over unsupported
OMS-2 leads to some oxygen vacancies being occupied by
H2O, resulting in the decrease of active sites bound to O3, thus
reducing the decomposition activity of ozone. However, the
enhancement of the catalytic ozone decomposition perform-
ance of yCuOx/OMS-2 may be ascribed to two aspects as
shown in Scheme 2b. On the one hand, the addition of Cu
species obviously promotes the formation of the surface
oxygen vacancies (Cu1+−VO−Mn3+) due to the more surface
oxygen vacancies as active centers produced, which are
favorable to enhance the catalytic activity of ozone
decomposition. On the other hand, the CuO nanosheets

Figure 9. H2O-TPD of OMS-2, 0.1CuOx/OMS-2, and CuOx
powders.

Scheme 2. Schematic Representation of the Possible Ozone Catalytic Decomposition Mechanism over Unsupported OMS-2
(a) and CuOx/OMS-2 Catalysts (b) under Humid Conditions
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served as non-oxygen vacancy sites for H2O adsorption over
the catalyst to alleviate the catalyst deactivation aroused from
some surface oxygen vacancies occupied by the H2O from the
atmosphere. Thanks to the combined effect of different Cu
species, the OMS-2 materials modified with Cu species could
obviously improve both the ozone decomposition activity and
water resistance. Nevertheless, due to the hydrophilicity of the
yCuOx/OMS-2 catalyst, low stability for ozone decomposition
under high humidity (RH = 90%) over these yCuOx/OMS-2
could be observed. Therefore, the active OMS-2-based
catalysts with high water resistance in high-moisture conditions
(RH = 90%) still need further research.

4. CONCLUSIONS
In summary, we demonstrated that the OMS-2 materials
modified with different contents of Cu species via an
impregnation method could effectively improve both the
decomposition activity of 50 ppm ozone and water resistance
over the catalysts at a high weight hourly space velocity
(WHSV) of 600 000 mL g−1 h−1 under the mild relative
humidity (RH = 50%) and room temperature (25 °C). These
CuOx/OMS-2 catalysts exhibited dispersed CuOx nanosheets
attached and located at the external surface of OMS-2
accompanied with ionic Cu species location within the
framework of OMS-2. It was found that the promotion of
ozone catalytic decomposition activity could be ascribed to the
combined effect of these two different Cu species in these
catalysts. Among these, ionic Cu replaces the Mn ions in the
framework near the catalyst surface, thus resulting in an
enhanced mobility of surface oxygen species and the formation
of more oxygen vacancies, while the CuOx nanosheets located
on the surface could serve as non-oxygen vacancy sites for H2O
adsorption due to their better hydrophilicity than that of OMS-
2. Among these catalysts, the 0.05CuOx/OMS-2 catalysts
showed the best activity for ozone decomposition, due to its
largest concentration of surface oxygen vacancies. Further-
more, we proposed two different reaction pathways for ozone
catalytic decomposition over unsupported OMS-2 and CuOx/
OMS-2 in a humid atmosphere with the involvement of oxygen
vacancies as well as the surface CuOx nanosheets. This work
could provide a reference to the development of highly
efficient catalysts for ozone decomposition under humid
conditions.
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