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Abstract: Different Cu contents (x wt%) were supported on the cryptomelane-type manganese oxide
octahedral molecular sieve (OMS-2) (xCu/OMS-2; x = 1, 5, 15, and 20) via a pre-incorporation method.
Physicochemical properties of the OMS-2 and xCu/OMS-2 samples were characterized by means of
the XRD, FT-IR, SEM, TG/DTG, ICP-OES, XPS, O2-TPD, H2-TPR, and in situ DRIFTS techniques, and
their catalytic activities were measured for the oxidation of CO, ethyl acetate, and toluene. The results
show that the Cu species were homogeneously dispersed in the tunnel and framework structure of
OMS-2. Among all of the samples, 15Cu/OMS-2 sample exhibited the best activities with the T50%

of 65, 165, and 240 ◦C as well as the T90% of 85, 215, and 290 ◦C for CO, ethyl acetate and toluene
oxidation, respectively, which was due to the existence of the Cu species and Mn3+/Mn4+ redox
couples, rich oxygen vacancies, good oxygen mobility, low-temperature reducibility, and strong
interaction between the Cu species and the OMS-2 support. The reaction mechanisms were also
deduced by analyzing the in situ DRIFTS spectra of the 15Cu/OMS-2 sample. The excellent oxygen
mobility associated with the electron transfer between Cu species and Mn3+/Mn4+ redox couples
might be conducive to the continuous replenishment of active oxygen species and the constantly
generated reactant intermediates, thereby increasing the reactant reaction rate.

Keywords: cryptomelane-type manganese oxide; OMS-2; supported CuOx catalysts; carbon monox-
ide oxidation; volatile organic compounds oxidation

1. Introduction

Carbon monoxide (CO), ethyl acetate (CH3COOC2H5), and toluene (C6H5CH3) come
from a variety of sources (e.g., stationary industries, daily life, and vehicle exhaust emis-
sions) [1], and they give rise to severe pollution on atmospheric environment and are
seriously harmful to human health. Therefore, it is a critical requirement to effectively
remove these pollutants. Two fundamental elimination strategies are (i) recovery (e.g.,
absorption, adsorption, condensation, and membrane separation) and (ii) degradation (e.g.,
catalytic combustion, thermal incineration, biological method, and photochemical cataly-
sis), in which catalytic oxidation has several merits, such as low reaction temperatures, low
energy consumption, predominant activity, favorable selectivity, and persistent stability [2].

To date, many noble metals (Pt, Pd, Au, Ag, and Ru) supported on various supports
have been extensively investigated [3,4]. The noble metal catalysts exhibit preferable
activities towards removal of air pollutants; however, their resource scarcity, expensive
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cost, high-temperature agglomeration, and poisoning tendency limit their wide applica-
tions [5,6]. According to the literature, transition metal oxides have good redox properties
due to their unsaturated d orbitals [7]. OMS-2 is a one-dimensional microporous material
with the 2× 2 octahedral [MnO6] chains linked by oxygen atoms at the vertex of octahedron
(constituting a unidimensional tunnel of 0.46 nm × 0.46 nm) [8]. Mn possesses various
valence states (2+, 3+, 4+, and 7+), thus representing good redox property, whereas OMS-2
exhibits outstanding ion exchange performance. With the unique features of mixed valence
and quantities of unlimited interlayers and pore structures, OMS-2 can be modified so that
its catalytic activity can be remarkably enhanced by doping a foreign metal [9,10]. The cop-
per content in the earth’s crust is about 0.01% (ranking the 26th), hence copper is abundant
and low cost [11]. Taking the rich resource and relatively low cost as well as good catalytic
activity into account, we envision that Cu/OMS-2 catalyst would possess a distinctive
superiority in the catalytic removal of CO and volatile organic compounds (VOCs).

Nevertheless, there are insufficient research reports on the preparation of the Cu/OMS-
2 catalysts and their applications in the oxidation of CO and VOCs. Furthermore, it is rare to
conduct the oxidation of CO and VOCs over the catalysts under harsh reaction conditions
of (e.g., high pollutant concentrations and high space velocity). In addition, there have
been few studies on the catalytic mechanism of ethyl acetate oxidation. Herein, we report a
pre-incorporation method to load Cu species on OMS-2. A series of techniques, such as
X-ray diffraction (XRD), Fourier transform infrared (FT-IR), scanning electron microscopy
(SEM), Thermogravity/differential thermogravity (TG/DTG), inductively coupled plasma-
optical emission spectrometer (ICP-OES), X-ray photoelectron spectroscopy (XPS), O2
temperature-programmed desorption (O2-TPD), and H2 temperature-programmed reduc-
tion (H2-TPR), were employed to characterize the physicochemical properties of OMS-2
and xCu/OMS-2 samples, and their catalytic activities for the oxidation of CO, ethyl acetate,
and toluene were measured under the harsh conditions. In situ diffuse reflectance infrared
Fourier transform spectroscopy (in situ DRIFTS) experiments were carried out to study the
oxidation behaviors of CO, ethyl acetate, and toluene over the 15Cu/OMS-2 sample. This
work can provide new insights into the fundamental understanding of the microscopic
catalytic mechanisms of CO, ethyl acetate, and toluene oxidation.

2. Results and Discussion
2.1. Physicochemical Properties of OMS-2 and xCu/OMS-2
2.1.1. Crystal Phase Composition

Figure 1 depicts the XRD patterns of the OMS-2 and xCu/OMS-2 samples. Good-
resolution diffraction peaks were observed at 2θ = 12.9◦, 18.2◦, 28.9◦, 37.7◦, 42.0◦, 49.9◦, and
60.5◦, corresponding to the (110), (200), (310), (211), (301), (411), and (521) crystal planes of
the tetragonal cryptomelane (KMn8O16, JCPDS PDF# 34–168), respectively. With the rise in
Cu loading, the diffraction peaks of the supported CuOx samples decreased noticeably in
intensity and shifted slightly towards higher diffraction angle (as compared with those of
OMS-2), which was due to shrinkage of the framework accompanied by diminution in the
lattice parameter. This might be caused by the replacement of the bigger K+ (138 pm in
radium) by the smaller Cu species (54–77 pm in radium) in the tunnels of OMS-2 during
the preparation process, in which Cu was connected to Mn through O to form a Cu–O–Mn
bond. Similar lattice variations have been reported by Li et al. [12] and Nur et al. [13]. These
inside Cu ions could favor the formation of a tight structure of manganese oxide octahedral
molecular sieve due to the strong interaction between Cu species and MnOx. Similar effects
were also observed in the Ag/OMS-2 and Pd/OMS-2 catalysts [14,15]. Furthermore, no
diffraction peaks assignable to the Cu or CuOx phases were detected in the xCu/OMS-2
samples, indicating the good dispersion of the Cu species in OMS-2.
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Figure 1. XRD patterns of (a) OMS-2, (b) 1Cu/OMS-2, (c) 5Cu/OMS-2, (d) 15Cu/OMS-2, and
(e) 20Cu/OMS-2.

2.1.2. Structure

The FT-IR spectra of the OMS-2 and xCu/OMS-2 samples are illustrated in Figure 2.
There were vibration absorption bands at 400–800 cm−1 of the typical OMS-2 material. The
bands at 709, 581, 520, and 457 cm−1 were the feature of a cryptomelane-type structure,
which were related to the vibration signals of the [MnO6] octahedron along with the
stretching vibration of the Mn–O bonds [16]. Loading the Cu species led to the peaks at 520
and 457 cm−1 in weaker intensity, as compared with those of OMS-2, which were ascribed
to the lattice vibration probably resulting from partial insertion of the Cu ions into the
OMS-2 tunnel. It was also observed that the absorption band at 710 cm−1 of the xCu/OMS-
2 samples became stronger in intensity and was slightly shifted to a higher wavenumber
than that of OMS-2. This might be caused by the formation of a Cu–O–Mn bond connected
through the bridging oxygen atoms due to the interaction between Cu and Mn after K+

ions were substituted by the Cu ions, which was in good agreement with the above XRD
results. The band at 1623 cm−1 was ascribed to the vibration of water in the tunnel of
these samples, indicating the possible existence of hydroxyl groups. The formed hydroxyl
groups could be the adsorption sites for some VOCs and would play an important role in
promoting VOCs oxidation [17]. As compared with the OMS-2, the vibration absorption
band at 1623 cm−1 of the xCu/OMS-2 samples became stronger, indicating an increase in
adsorbed water amount of these samples.
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Figure 2. FT-IR spectra of (a) OMS-2, (b) 1Cu/OMS-2, (c) 5Cu/OMS-2, (d) 15Cu/OMS-2, and
(e) 20Cu/OMS-2.
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2.1.3. Morphology

The SEM images of the OMS-2 and xCu/OMS-2 samples are shown in Figure 3. These
samples displayed a uniform morphology with well-defined fibrous fringes and a typical
cryptomelane structure. There were no obvious morphological differences between the
OMS-2 and xCu/OMS-2 samples, suggesting that the loading of Cu had no destructive
effect on the original structure of the OMS-2.
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Figure 3. SEM images of (a) OMS-2, (b) 1Cu/OMS-2, (c) 5Cu/OMS-2, (d) 15Cu/OMS-2, and
(e) 20Cu/OMS-2.

2.1.4. Thermal Stability

The TG/DTG analysis was carried out to explore the thermal stability of these samples,
and their profiles are shown in Figure 4. There were four weight losses in the temperature
range of 50–850 ◦C, and their detailed weight losses are summarized in Table 1. The first
weight loss in the range of 50–250 ◦C was ascribable to the removal of the physisorbed and
interlayer water [18]. The water content in the 20Cu/OMS-2 sample was 4.54 wt%, while
that in the OMS-2 was 1.54 wt%, which fit well with the peak intensity of the adsorbed
water at 1623 cm−1 in the FT-IR analysis (Figure 2). That is to say, the OMS-2 prepared
by the buffer solution method was hydrophobic and could selectively adsorb VOCs in
presence of water vapor. The second weight change at 250–550 ◦C was possibly due to
the chemisorbed oxygen species and surface active lattice oxygen species [19]. The third
weight loss from 550 to 700 ◦C could be attributed to the thermal decomposition of MnO2
to the compound with a lower valence state of Mn and the release of partial lattice oxygen
species. As the temperature was higher than 700 ◦C, the sample started to lose bulk lattice
oxygen from the framework structure, and the cryptomelane was decomposed to Mn2O3 or
Mn3O4. Obviously, all of these samples contained a large number of lattice oxygen species
that would become mobile upon thermal treatment.
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Table 1. Thermal analysis results of the OMS-2 and xCu/OMS-2 samples at different temperatures.

Samples
Thermal Analysis (Weight Loss wt%)

50–250 (◦C) 250–550 (◦C) 550–700 (◦C) 700–850 (◦C)

OMS-2 1.54 1.29 3.69 3.07
1Cu/OMS-2 2.08 0.86 3.55 2.69
5Cu/OMS-2 3.15 0.91 3.78 3.28
15Cu/OMS-2 3.62 2.21 3.12 2.65
20Cu/OMS-2 4.54 0.79 2.37 2.02

In the second stage (250–550 ◦C) of weight loss relating to the chemisorbed oxygen
species and surface active lattice oxygen species, the order of weight loss was 15Cu/OMS-
2 (2.21 wt%) > OMS-2 (1.29 wt%) > 5Cu/OMS-2 (0.91 wt%) > 1Cu/OMS-2 (0.86 wt%)
> 20Cu/OMS-2 (0.79 wt%), and the 15Cu/OMS-2 sample exhibited the highest weight
loss, which meant the most exchangeable oxygen species. The temperatures for releasing
skeleton lattice oxygen of the OMS-2 and xCu/OMS-2 samples were 610 and 560–580 ◦C,
respectively. Clearly, the lattice oxygen release and phase transformation were strongly
facilitated after doping of the Cu species. The low thermal stability might be owing
to the lattice defects caused by the replaced K+ ions for preserving the charge balance
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and structural stability of OMS-2, in which the quantity and kinds of tunnel cations and
ion radium mismatch could give rise to the lattice defects. Hence, it appears that if the
Cu species were introduced into the tunnels of OMS-2 and replaced partial K+ ions, the
bonds of the Mn–O octahedron would be twisted to decrease the volume of the lattice and
create a smaller tetragonal structure, which was in line with the results of XRD and FT-IR
investigations. Consequently, the oxygen anions became more activity.

The results suggest that the 15Cu/OMS-2 sample contained more amounts of surface
and lattice oxygen species, i.e., exchangeable active oxygen species. The amount of the
exchangeable active oxygen species in the range of 250–550 ◦C might influence the evolu-
tion rate of oxygen from manganese oxides and hence the catalytic oxidation activity of
the samples.

2.1.5. Component Analysis

The ICP-OES characterization was conducted to determine the actual CuO contents in
the OMS-2 and xCu/OMS-2 samples. As shown in Table 2, the CuO contents in 1Cu/OMS-
2, 5Cu/OMS-2, 15Cu/OMS-2, and 20Cu/OMS-2 were 0.23, 1.05, 3.37, and 4.58 wt%,
respectively. Apparently, the actual CuO contents in all of the samples were lower than
their nominal contents, suggesting that some Cu species were lost during the prepara-
tion process.

Table 2. CuO contents, surface Mn3+/Mn4+ and Oads/Olatt atomic ratios of the OMS-2 and xCu/OMS-
2 samples.

Sample CuO Content (wt%) a
Surface Atomic Ratio b

Mn3+/Mn4+ Oads/Olatt

OMS-2 0.00 1.63 0.379
1Cu/OMS-2 0.23 1.97 0.447
5Cu/OMS-2 1.05 2.05 0.456

15Cu/OMS-2 3.37 3.05 0.530
20Cu/OMS-2 4.58 2.79 0.526

a The data were determined by the ICP-OES technique. b The data were estimated by quantitively analyzing the
peaks in the XPS spectra of the samples.

Shown in Figure 5 are the Mn 2p, O 1s, and Cu 2p XPS spectra of the OMS-2 and
xCu/OMS-2 samples. There were two peaks at the positions of binding energy (BE) = 642.0
and 654.0 eV (Figure 5A), which were attributed to the Mn 2p3/2 and Mn 2p1/2 sig-
nals, respectively. The peak at BE = 642.0 eV could be decomposed into two compo-
nents at BE = 641.4–641.7 eV (Mn3+) and 643.1–643.9 eV (Mn4+), whereas the peak at
BE = 654.0 eV could also be decomposed into two components at BE = 653.1–653.4 eV
(Mn3+) and 655.3–655.9 eV (Mn4+). From the atomic ratio summarized in Table 2, the order
in Mn3+/Mn4+ ratio was 15Cu/OMS-2 (3.05) > 20Cu/OMS-2 (2.79) > 5Cu/OMS-2 (2.05)
> 1Cu/OMS-2 (1.97) > OMS-2 (1.63). Among them, the 15Cu/OMS-2 sample possessed
the highest Mn3+/Mn4+ ratio. The sorting results showed that the loading of Cu species
would change the Mn3+/Mn4+ distribution in the sample, and a rise in amount of the Mn3+

means an increase in amount of oxygen vacancies in the sample.
Figure 5B shows the O 1s XPS spectra of these samples. The peaks at BE = 528.8–529.2

and 530.2–530.5 eV were attributed to the surface lattice oxygen (Olatt) and adsorbed
oxygen (Oads) species, respectively. The amount of Oads was determined by the amount
of oxygen vacancies on the sample surface. As shown in Table 2, the Oads/Olatt ratio on
the samples was ranked as 15Cu/OMS-2 (0.530) > 20Cu/OMS-2 (0.526) > 5Cu/OMS-2
(0.456) > 1Cu/OMS-2 (0.447) > OMS-2 (0.379). Among them, the Oads/Olatt ratio of the
15Cu/OMS-2 sample was the highest, indicating that there was a higher amount of the
surface oxygen vacancies on this sample, which was consistent with the result of Mn 2p
XPS analysis.
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As shown in the Cu 2p XPS spectra (Figure 5C), the minor peak at BE = 932.7–933.0 eV
was assigned to the CuO species, whereas the main peak at BE = 934.3–934.6 eV was due
to the isolated Cu2+ species, indicating that the Cu species on the samples existed mainly
in the form of Cu2+, and only a small amount of Cu species on the samples existed in the
form of CuO.
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2.1.6. Oxygen Desorption Behavior

The O2-TPD experiments of the samples were carried out to identify the different
oxygen species, in which a cold trap was installed to avoid the effect of H2O before the
released gas entered the TCD. Figure 6 illustrates the O2-TPD profiles of the OMS-2 and
xCu/OMS-2 samples. Each profile could be divided into three regions: low-temperature
(LT, <400 ◦C), medium-temperature (MT, 400–700 ◦C), and high-temperature (HT, >700 ◦C).
The LT peak was ascribed to desorption of a small amount of the surface-active oxygen
species (i.e., chemically adsorbed oxygen and partial surface lattice oxygen); the MT peak
originated from the evolution of the surface lattice oxygen and subsurface lattice oxygen
in cryptomelane (converted to Mn2O3), and the HT peak was derived from the evolution
of the bulk lattice oxygen in cryptomelane (converted to Mn3O4) [20]. Two independent
peaks at MT and HT represented two types of the released oxygen species owing to the
weaker chemical bond between Mn3+ and O atoms than that between Mn4+ and O atoms
in the framework [21]. Hence, the majority of the oxygen species in each sample could be
attributed to the lattice oxygen species.

With the rise in Cu loading, the area of the LT peak increased gradually, indicating that
the content of the labile oxygen species on the sample surface increased. It can be explained
as that Cu loading caused a more amount of the surface defects, thus providing a more
amount of the dissociative adsorption sites for oxygen molecules. Meanwhile, after Cu
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doping, the area of the MT peak increased, but that of the HT peak decreased, suggesting
that a more amount of the lattice oxygen desorption occurred at a lower temperature. The
reason was that the OMS-2 doped with Cu contained a more amount of Mn3+ ions, which
was confirmed by the formation of weaker Mn3+–O than Mn4+–O, as mentioned above. The
enhancement in Mn3+ amount of the sample after Cu doping brought about an increase in
amount of the desorbed lattice oxygen species, which led to the larger area of the MT peak.
Among all of the samples, the 15Cu/OMS-2 sample showed the largest area, indicative of
the highest amounts of the lattice oxygen and Mn3+ species.
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It is well known that the lower temperature of oxygen desorption peak means a looser
bonding of oxygen with Mn, i.e., a higher mobility of oxygen [22]. The temperature at
which lattice oxygen began to desorb of the MT peak increased in the order of 15Cu/OMS-2
(400 ◦C) < 20Cu/OMS-2 (420 ◦C) < 1Cu/OMS-2 (470 ◦C) < 5Cu/OMS-2 (480 ◦C) < OMS-2
(485 ◦C). Evidently, the 15Cu/OMS-2 sample exhibited the lowest desorption temperature
(400 ◦C) among all of the samples, at which lattice oxygen began to dissociate. This
result demonstrates that after Cu doping, the efficiency of lattice oxygen evolved from
the surface and subsurface was enhanced, thus making the 15Cu/OMS-2 sample show
the best catalytic performance for the addressed reactions. The highest oxygen mobility
might be associated with the formation of oxygen vacancies after Cu doping, i.e., the
existence of the Cu species and Mn3+/Mn4+ redox couple promoted the generation of
oxygen vacancies [23].

In summary, the produced surface defects, abundant lattice oxygen, rich Mn3+ ions,
and enough oxygen vacancies resulted in a higher oxygen desorption rate and the highest
oxygen mobility of the 15Cu/OMS-2 sample, and this sample hence shows good catalytic
performance for the oxidation of CO, ethyl acetate, and toluene.

2.1.7. Reducibility

The reducibility of the OMS-2 and xCu/OMS-2 samples was evaluated by the H2-
TPR technique, and their profiles are illustrated in Figure 7. Each sample displayed three
partially overlapped reduction peaks (marked as α, β, and γ), corresponding to a three-step
reduction process. For OMS-2, peak α at 320 ◦C was attributed to the consumption of
readily reducible superficial species, which were principally related to the surface labile
oxygen species and surface manganese oxide clusters (2MnO2 + H2 →Mn2O3 + H2O) [24].
Peak β at 370 ◦C was generally associated with the reduction of Mn2O3 to Mn3O4 (3Mn2O3
+ H2 → 2Mn3O4 + H2O). Peak γ at the high temperature was assigned to the reduction
of Mn3O4 to MnO (Mn3O4 + H2 → 3MnO + H2O) [25]. After Cu doping, all of peaks
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α, β, and γ moved remarkably towards lower temperatures (as compared with those
of the OMS-2 support), signifying a strong metal–support interaction between the Cu
species and the OMS-2. Peak α at the low temperature was due to the reduction of Cu2+

to Cu0 as well as MnO2 to Mn2O3 [26]. Meanwhile, the lower reduction temperature of
the sample indicates its better reducibility [27]. As for the low-temperature reducibility,
the reduction temperature increased in the following order: 15Cu/OMS-2 (190 ◦C) <
20Cu/OMS-2 (200 ◦C) < 5Cu/OMS-2 (205 ◦C) < 1Cu/OMS-2 (220 ◦C) < OMS-2 (320 ◦C),
which demonstrates that the existence of Cu was beneficial for the promotion effect on the
reducibility of OMS-2 through hydrogen spillover. Specifically, the formation of the Cu–
O–Mn bond was propitious to the hydrogen spillover from Cu atom to manganese oxide.
A better reducibility means a higher oxygen mobility [16]. Therefore, the 15Cu/OMS-2
sample possessed a significantly improved oxygen mobility as compared with the other
samples, which was in good agreement with the O2-TPD results.
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The peak positions and hydrogen consumption of the samples obtained from the H2-
TPR profiles are listed in Table 2. As shown in Table 3, the H2 consumption ratios of peak
(α + β) to peak γ for the xCu/OMS-2 samples were equal to 1.46–2.01, while that for the
OMS-2 was 2.01. The difference in peak ratio arose from the reduction of the Cu species as
well as the successive reduction of MnO2 →Mn2O3 →Mn3O4 →MnO. The peak ratio for
the 15Cu/OMS-2 sample was the largest (2.01), indicating that the synergistic effect of Cu
and Mn might be the most significant. Total hydrogen consumption (7.25–7.73 mmol/gcat)
of the xCu/OMS-2 samples decreased in comparison with that (9.45 mmol/gcat) of the
OMS-2, which was probably owing to the fact that the well dispersed Cu species on the
OMS-2 surface caused the partial surface to be covered and hindered the reduction of
Mn species. The supported Cu species weakened the reduction of the manganese species,
further confirming the strong synergistic effect between Cu and OMS-2. Compared with
the other samples, the 15Cu/OMS-2 sample displayed the lowest reduction temperature,
suggesting the superior low-temperature reducibility and oxygen mobility, which would
promote the redox cycles and hence improve the catalytic activity for eliminating CO
and VOCs.
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Table 3. Reduction temperatures and H2 consumption of the OMS-2 and xCu/OMS-2 samples.

Sample
Temperature (◦C) H2 Consumption (mmol/gcat)

α β γ α β γ (α + β)/γ Total

OMS-2 320 370 420 1.46 4.85 3.14 2.01 9.45
1Cu/OMS-2 220 300 350 1.32 3.54 2.87 1.69 7.73
5Cu/OMS-2 205 310 345 1.10 3.20 2.95 1.46 7.25

15Cu/OMS-2 190 285 330 1.56 3.51 2.52 2.01 7.59
20Cu/OMS-2 200 300 340 1.63 3.20 2.55 1.89 7.38

2.2. Catalytic Performance

Catalytic activities for the oxidation of CO, ethyl acetate, and toluene over the OMS-2
and xCu/OMS-2 samples are shown in Figure 8. The catalytic activity can be evaluated
using the reaction temperatures (T50% and T90%) at which 50% and 90% conversions are
achieved, respectively. The OMS-2 showed the lowest catalytic activity, with the T50% and
T90% being 135 and 145 ◦C for CO oxidation, 190 and 250 ◦C for ethyl acetate oxidation, and
260 and 340 ◦C for toluene oxidation, respectively. The 15Cu/OMS-2 sample performed
the best: the T50% and T90% were 65 and 85 ◦C for CO oxidation, 165 and 215 ◦C for ethyl
acetate oxidation, and 240 and 290 ◦C for toluene oxidation, respectively. The catalytic
activity for CO, ethyl acetate, and toluene oxidation decreased according to the sequence of
15Cu/OMS-2 > 20Cu/OMS-2 > 5Cu/OMS-2 > 1Cu/OMS-2 > OMS-2. Obviously, doping
of Cu significantly decreased the reaction temperature at the same conversion. Moreover,
the supported Cu content also had a great influence on the catalytic activity, with the
15Cu/OMS-2 sample performing the best, which was closely related to the active oxygen
species, generating oxygen vacancies and low-temperature reducibility.
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In order to better compare the catalytic activities of the OMS-2 and xCu/OMS-2 samples
for CO, ethyl acetate, and toluene oxidation, we calculate the rcat over the samples at 70, 180,
and 260 ◦C (Table 4), respectively. For CO oxidation, the rcat (2.04 × 10−6 molCO/(gcat s)) at
70 ◦C over 15Cu/OMS-2 was much higher than that (3.1 × 10−7 molCO/(gcat s)) at 100 ◦C
over Pd/CuMnOx[28]. For ethyl acetate oxidation, the rcat (9.82× 10−7 molethyl acetate/(gcat s))
over OMS-2 at 180 ◦C and those (1.25 × 10−6–1.74 × 10−6 molethyl acetate/(gcat s)) over
xCu/OMS-2 at 180 ◦C were higher than that (2.30× 10−7 molethyl acetate/(gcat s)) over Cu-Ce-
Zr prepared by Dou et al. [29]. For toluene oxidation, the rcat (9.82 × 10−7 moltoluene/(gcat s))
over OMS-2 at 260 ◦C and those (1.31× 10−6–1.85× 10−6 moltoluene/(gcat s)) over xCu/OMS-
2 at 260 ◦C were higher than that (4.09 × 10−7 moltoluene/ (gcat s)) over OM-CuMn0.25
prepared by Aguilera et al. [26]. The rcat over OMS-2 and xCu/OMS-2 for CO, ethyl acetate,
and toluene oxidation decreased in the order of 15Cu/OMS-2 > 20Cu/OMS-2 > 5Cu/OMS-2
> 1Cu/OMS-2 > OMS-2, in good accordance with the sequence in catalytic activity, signifying
that the 15Cu/OMS-2 sample performed the best.
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Table 4. A consumption on specific reaction rates for the oxidation of CO at 70 ◦C, ethyl acetate at 180 ◦C, and toluene at
260 ◦C over the OMS-2 and xCu/OMS-2 samples.

Catalyst rcat (molCO/(gcat s)) rcat (molethyl acetate/(gcat s)) rcat (moltoluene/(gcat s)) Reference

OMS-2 1.36 × 10−7 1.96 × 10−6 1.96 × 10−6 This study
1Cu/OMS-2 2.73 × 10−7 2.51 × 10−6 2.62 × 10−6 This study
5Cu/OMS-2 1.09 × 10−6 2.84 × 10−6 2.94 × 10−6 This study
15Cu/OMS-2 4.09 × 10−6 3.49 × 10−6 3.71 × 10−6 This study
20Cu/OMS-2 1.77 × 10−6 3.27 × 10−6 3.27 × 10−6 This study

PdCoMn/Cord 3.41 × 10−7 (at 100 ◦C) - - [28]
Cu–Ce–Zr - 2.30 × 10−7 - [29]

OM-CuMn0.25 - - 4.09 × 10−7 [26]

The conversions of CO at 85 ◦C, ethyl acetate at 215 ◦C, and toluene at 290 ◦C versus
time on-stream are illustrated in Figure 9. Apparently, a stable conversion was achieved
over the 15Cu/OMS-2 sample for the oxidation of CO, ethyl acetate, and toluene within
50 h of on-stream reaction. No obvious decreases in activity were measured, suggesting that
the 15Cu/OMS-2 sample was catalytically durable under the adopted reaction conditions.
The good catalytic stability might be associated with the hydrophobicity of the OMS-2
surface, since good hydrophobicity could reduce the adsorption of water generated during
organics oxidation on the active sites [30].
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2.3. In Situ DRIFTS Spectra and Catalytic Oxidation Mechanism

Figure 10 shows the in situ DRIFTS spectra of the CO (Figure 10A), ethyl acetate
(Figure 10B), and toluene (Figure 10C) oxidation over the 15Cu/OMS-2 sample, which
provides convenience to identify the reaction intermediates formed during the oxidation
processes of the reactants at different temperatures.
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2.3.1. CO Oxidation over 15Cu/OMS-2

Figure 10A shows the in situ DRIFTS spectra of CO oxidation at 30, 70, and 100 ◦C.
As revealed in the in situ DRIFTS spectra of CO oxidation at 30 ◦C, the absorption bands
appeared in the ranges of 2176–2113 and 2355–2325 cm−1. The former was assigned to CO
adsorption on the active sites, whereas the latter was ascribed to the gaseous and adsorbed
CO2. This result indicates that CO began to convert to CO2 at 30 ◦C [31,32]. When the
temperature reached 70 ◦C, the band of CO (2176–2113 cm−1) became stronger in intensity.
Meanwhile, the absorption band of the gaseous and adsorbed CO2 at 2355–2325 cm−1

became obvious. With a further rise in temperature to 100 ◦C, the band at 2176–2113 cm−1

nearly disappeared, while the band at 2355–2325 cm−1 was preserved, which indicates that
CO was almost converted to CO2 at this temperature, in good consistency with the activity
evaluation of CO oxidation over the 15Cu/OMS-2 sample (Figure 8A).

CO oxidation on the 15Cu/OMS-2 sample would follow a Mars–van Krevelen mecha-
nism [15]. Reaction cycles are shown in Figure 11A. Initially, gaseous CO molecules were
adsorbed on the sample surface and activated on the active sites of the sample to the
active CO species. The active CO species then combined with the reactive oxygen species
to generate the adsorbed CO2 and oxygen vacancies. Subsequently, the adsorbed CO2
was released from the sample surface to gaseous CO2. Eventually, the gaseous O2 was
adsorbed and activated to generate the active oxygen species, which was supplied to the
oxygen vacancies. Based on the above discussion, the number of the active sites and active
oxygen species, oxygen mobility, and reducibility of the sample had distinct impacts on the
catalytic performance.
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2.3.2. Ethyl Acetate Oxidation over 15Cu/OMS-2

Figure 10B shows the in situ DRIFTS spectra of ethyl acetate oxidation at 125, 175, and
225 ◦C. There were many bands of intermediate species in the range of 1000–2600 cm−1.
The band at 1210 cm−1 was representative of the C–O stretching vibration of ethyl acetate,
the one at 1243 cm−1 was concerned with the C–O stretching vibration of alcoholates, the
one at 1340 cm−1 was due to the CH3 stretching vibration of acetates, the ones at 1458 and
1416 cm−1 were ascribed to the COO− symmetric stretching vibrations of acetates, and
the wide ones at 1560–1508 cm−1 was attributed to the overlapping COO− anti-symmetric
stretching vibrations of acetates [33]. The C=O of ethyl acetate or aldehyde was relevant to
the bands at 1726 and 1689 cm−1 [34]. Asymmetric stretching vibration band corresponding
to CO2 appeared at 2360 and 2340 cm−1. The results show that acetate was the main
intermediate product. When the temperature reached 175 ◦C, intensity of the bands at
2000–1200 cm−1 assignable to the ethyl acetate and acetate species decreased significantly
as compared with those when the temperature was 125 ◦C, indicating that oxidation of
ethyl acetate to the intermediate species and then to CO2 and H2O increased rapidly with
the rise in temperature. When the temperature reached 225 ◦C, the absorption band of the
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intermediates almost disappeared, and merely a weak absorption band at 2360–2340 cm−1

of CO2 was retained, demonstrating that ethyl acetate was almost thoroughly oxidized at
this temperature, which was in good agreement with the catalytic activity of the 15Cu/OMS-
2 sample (Figure 8B).

In general, lattice oxygen participates in the oxidation of VOCs, i.e., catalytic oxidation
of VOCs took place via a Mars–van Krevelen mechanism [35]. The possible mechanism
of catalytic ethyl acetate oxidation is shown in Figure 11B, in which the oxidation process
involved the oxidation of the carboxylate species, since the emblematical adsorption
species were observed in the catalytic ethyl acetate oxidation over 15Cu/OMS-2 [36]. As
the temperature increased, the intermediate acetate was rapidly oxidized to CO2 and H2O.
The specific steps were as follows: Ethyl acetate molecules were adsorbed on the sample
surface and activated by the active sites, which caused the production of carboxyl and
hydroxyl groups. The produced carboxyl and hydroxyl groups were converted through
two ways, in which both carboxyl and hydroxyl groups were eventually converted to
acetate. Under the promotion of the exchangeable oxygen species, the intermediate acetate
was rapidly converted into CO2 and H2O and detached from the sample surface. Finally,
the gaseous O2 was adsorbed and activated into the oxygen species, which attacked the
oxygen vacancies and replenish the consumed oxygen species.

2.3.3. Toluene Oxidation over 15Cu/OMS-2

The in situ DRIFTS spectra of toluene oxidation over the 15Cu/OMS-2 sample at
different temperatures are shown in Figure 10C. The bands at 1616 and 1513 cm−1 were
characteristic aromatic ring vibrations [37], the one at 1520 cm−1 was attributed to the
carboxylic acid group. Meanwhile, the band at higher intensity ascribed to the carboxylate
species suggests that benzoate was likely to be a key intermediate involved in toluene
oxidation. The bands at 1694 and 1645 cm−1 due to the stretching vibration of C=O of
aldehyde were also recorded. The band at 1739 cm−1 corresponded to an anhydride species,
which was consistent with the findings reported by Bentrup et al. [38]. The bands at 2358
and 2321 cm−1 were ascribed to CO2. As the temperature increased from 250 to 350 ◦C,
intensity of all of the absorption bands was weakened, indicating that the reaction rate of
toluene oxidation to CO2 and H2O was accelerated. As revealed in the toluene oxidation
at 250 ◦C, the benzoate species were decomposed on the surface of the 15Cu/OMS-2
sample. When the temperature increased to 300 ◦C, the bands at 1520 and 1694 cm−1

of the benzoate and aldehyde species were even more difficult to be captured until they
disappeared at 350 ◦C. This result indicates that toluene was completely oxidized at this
temperature, which was in good accordance with the temperature of toluene oxidation
over the 15Cu/OMS-2 sample (Figure 8C).

A reasonable mechanism for toluene oxidation over 15Cu/OMS-2 was proposed
according to the above in situ DRIFTS results, as shown in Figure 11C. The adsorbed toluene
molecules could be converted to the benzoate intermediate and further quickly oxidized to
CO2 and H2O. In detail, the adsorbed and activated toluene generated C6H5CH2–, which
was further dehydrogenated to form C6H5OC– that was finally converted to CO2 and H2O.
Hereafter, gaseous oxygen was adsorbed on the surface of 15Cu/OMS-2, dissociated, and
eventually refilled the oxygen vacancies created during the oxidation process. In this way,
toluene could be oxidized continuously and efficiently.

Cu species, Mn3+/Mn4+, and active oxygen species were involved in the reaction
processes. The key to the reaction was the supply of the active oxygen species, and the
existence of Cu species and Mn3+/Mn4+ redox couples could promote electron transfer
and oxygen mobility. The high oxygen mobility was conducive to the continuous replen-
ishment of oxygen vacancies and the continuous generation of reactant intermediates,
thereby increasing the catalytic reaction rate. Catalytic performance of the 15Cu/OMS-2
sample increased with the improved oxygen mobility and low-temperature reducibility,
which were in good consistency with the O2-TPD and H2-TPR results. Consequently,
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redox property of the sample and regeneration ability of the active oxygen species played
important roles in the catalytic oxidation of CO and VOCs.

3. Materials and Methods
3.1. Catalyst Preparation

All of the chemicals utilized in this work were analytical in purity and used without
further purification. Synthesis of OMS-2 was conducted via a buffer solution method.
Briefly, 11 g of Mn(CH3COOH)2·4H2O was dissolved in 40 mL of deionized water (DW),
and a buffer solution was prepared by dissolving 5 g of KCH3COOH and 5 mL of
CH3COOH in 40 mL of DW, followed by adding it to the above Mn-containing solu-
tion. Then, a KMnO4 solution containing 6.5 g of KMnO4 in 150 mL of DW was added
dropwise to the above mixed solution. After being refluxed at 100 ◦C for 24 h simultane-
ously and stirred vigorously, the obtained product was filtered, washed with DW several
times until a neutral pH was reached, dried at 120 ◦C overnight, and calcined in a muffle
furnace at a rate ramp of 2 ◦C/min from room temperature to 400 ◦C and maintained at
this temperature for 4 h, thus obtaining the OMS-2 support.

The xCu/OMS-2 samples were prepared by the pre-incorporation method. After
dissolving 11 g of Mn(CH3COOH)2·4H2O in 40 mL of DW, it was transferred to a 500-mL
three-necked flask. Cu(NO3)2·3H2O was added to the buffer solution, which was prepared
using 5 g of KCH3COOH and 5 mL of glacial acetic acid dissolved in 40 mL of DW. The
above mixed solution was added dropwise to the Mn(CH3COOH)2 aqueous solution. 6.5 g
of KMnO4 was dissolved in 150 mL of DW, and the as-prepared KMnO4 solution was
slowly added dropwise to a three-necked flask under stirring magnetically. Then the above
mixed solution was refluxed at 100 ◦C for 24 h, filtered with suction, and washed with
DW until the filtrate was neutral. The obtained filter residue was dried at 120 ◦C for 12 h
and then calcined in a muffle furnace at 400 ◦C for 4 h to obtain the Cu/OMS-2 sample.
The xCu/OMS-2 samples were prepared by changing the mass of Cu(NO3)2·3H2O to load
Cu with mass fractions of 1, 5, 15, and 20 wt%, which were recorded as 1Cu/OMS-2,
5Cu/OMS-2, 15Cu/OMS-2, and 20Cu/OMS-2, respectively.

3.2. Catalyst Characterization

The XRD patterns of the samples were recorded in a Bruker-AXS D8 Advance diffrac-
tometer (Bruker, Billerica, MA, America) with radiation (λ = 0.15406 Å) of Cu Kα at a
scan rate of 1.2◦/min from 2θ = 10◦ to 80◦. The FT-IR spectra of the typical samples were
measured in a Perkin-Elmer One FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA)
(400–2000 cm−1, a step of 4 cm−1). Surface morphologies of the samples were observed on
a SEM apparatus of Zeiss Supra 55 (Zeiss, Oberkochen, Germany) with the acceleration
voltage of 20 kV and the vacuum degree of less than 10−5 Pa. The thermal stability of the
samples was investigated using the TG/DTG technique with the sample mass being 10 mg,
the temperature range being 30,900 ◦C, and the heating rate being 10 ◦C/min. ICP-OES
characterization was conducted to determine the actual CuO contents in sample. Using Al
Kα excitation source, XPS spectra of the samples were measured on an ESCALAB 250Xi
spectrometer (ThermoFisher, Shanghai, China). The C 1s signal of contaminant carbon at
BE = 284.6 eV was used to calibrate the Mn 2p and O 1s binding energies of the samples.
The O2-TPD profiles of the samples were determined on a chemical adsorption analyzer
(Builder PCA-1200, Beijing, China). A He flow (20 mL/min) was used to pretreat 50 mg
of the sample at 400 ◦C for 1 h. After that, the sample was dropped to room temperature,
changed to a 10 vol% O2/He (balance) flow of 20 mL/min at 100 ◦C for 1 h, and then
flushed with He (20 mL/min) at room temperature for 1 h. Ultimately, O2 desorption was
carried out in a He flow (20 mL/min) by heating at a step of 10 ◦C/min from 50 to 950 ◦C.
H2-TPR was performed on a chemisorption analyzer. Then, 100 mg of the sample was
heated in a 5 vol% H2/Ar (balance) flow of 25 mL/min from room temperature to 900 ◦C
at a rate of 10 ◦C/min. The in situ DRIFTS spectra of the samples were conducted on a
Bruker TENSOR II spectrometer (Bruker, Karlsruhe, Germany) with a reaction chamber.
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The catalyst sample was packed in spectrometer and heated to 400 ◦C in a N2 flow of
200 mL/min for 1 h. Moreover, each spectrum was recorded with a resolution of 4 cm−1

(32 accumulated scans).

3.3. Catalytic Evaluation

The catalytic activity evaluation of the samples was performed in a fixed-bed quartz
tubular microreactor. To reduce local hot spots, 150 mg of quartz sands (40–60 mesh) was
mixed with 100 mg (40–60 mesh) of the sample. (i) For CO oxidation, the reactant mixture
was (1.08 vol% CO + air (balance)) with a total flow rate of 50 mL/min, giving rise to a
space velocity (SV) of 30,000 mL/(g h). The reaction products were analyzed by an online
gas chromatograph (GC-14C, Shimadzu, Shanghai, China) with a thermal conductivity
detector (TCD) for CO detection. (ii) For toluene oxidation or ethyl acetate, a concentration
of 2000 ppm toluene or ethyl acetate generated by N2 bubbling (8.29 or 2.53 mL/min) of
a toluene or ethyl acetate saturator at 30 ◦C was mixed with the N2 and O2 flows, giving
a total flow rate of 200 mL/min and a SV of 120,000 mL/(g h). The reaction organics
products were analyzed on an online gas chromatograph (GC-7900, Techcomp, Shanghai,
China) with a flame ion detector (FID). The conversions of CO, toluene, and ethyl acetate
were calculated according to the equation of (Cin − Cout)/Cin × 100%, where Cin and Cout
represent the inlet and outlet concentrations of CO, toluene, or ethyl acetate, respectively.

In order to better compare the catalytic activities of the OMS-2 and xCu/OMS-2
samples for CO, toluene, and ethyl acetate oxidation, we calculated the specific reaction
rates (rcat).

rcat = (1/w) × [1/v(B)] × dn(B)/dt, (1)

where w is catalyst mass, v(B) is the stoichiometric number of reactant B in the total reaction,
n(B) is the molar amount of reactant B, and t is time.

4. Conclusions

The xCu/OMS-2 samples were prepared via a pre-incorporation route. By means of
various characterizations, it was found that the 15Cu/OMS-2 sample possessed improved
physicochemical properties, such as the highest ratios of Mn3+/Mn4+ and Oads/Olatt,
good oxygen mobility, good low-temperature reducibility, and strong interaction between
the Cu species and the OMS-2 support, which was strongly correlated with its excellent
catalytic performance: T50% = 65 ◦C and T90% = 85 ◦C for CO oxidation, T50% = 165 ◦C
and T90% = 215 ◦C for ethyl acetate oxidation, and T50% = 240 ◦C and T90% = 290 ◦C
for toluene oxidation. The redox property and regeneration ability of active oxygen of
the 15Cu/OMS-2 sample played important roles in the oxidation of CO, ethyl acetate,
and toluene.
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