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a b s t r a c t

Manganese oxide octahedral molecular sieves (OMS-2) were synthesized using MnSO4 and KMnO4 as
precursors by a reflux method under acidic conditions. CuO/OMS-2 catalysts were prepared by an impreg-
nation method and tested for CO oxidation. The synthesized OMS-2 molecular sieves were nanorods, with
the cryptomelane-type structure. X-ray photoelectron spectra (XPS) and hydrogen temperature program
reduction (H -TPR) results indicated that the OMS-2 support contained high concentration of Mn4+ (50%)
eywords:
anganese oxide octahedral molecular

ieves (OMS-2)
uO/OMS-2 catalysts
O oxidation

2

in the OMS-2 support and an interaction between CuO and OMS-2. The CuO/OMS-2 catalysts showed
higher activities for CO oxidation compared with the CuO/MnOx catalyst. Among the CuO/OMS-2 cata-
lysts, the highest reactivity was obtained on CuO15/OMS-2 catalyst, with a T90 (the lowest temperature
for 90% conversion of CO) of 55 ◦C. The interaction between the highly dispersed CuO and OMS-2 support
generates active sites for CO oxidation. CO oxidation may follow the Mars-van-Krevelen mechanism with

–Mn3
Cu2+–O2−–Mn4+ ↔ Cu+–�

. Introduction

The catalytic oxidation of CO has wide applications in indoor
ir cleaning, CO gas sensors, CO2 lasers, and automotive exhaust
reatment [1,2]. Precious-metal catalysts such as Au/TiO2, Au/ZrO2
nd Pt/SnO2 have been used for low-temperature CO oxidation
3–5]. However, due to the high cost of precious metals, more
ttention has been given to the use of base-metal catalysts, espe-
ially copper catalysts [6–8]. Among them, Cu–Ce–O catalysts are
f special interest due to their remarkable activities that are even
omparable to the noble metals [9]. Our previous work showed
hat Cu–Ce–O catalysts exhibited excellent activities superior to
ther Cu-based catalysts, due to the finely dispersed CuO species
nd Cu–Ce interactions [10]. Chen et al. also found that the finely
ispersed CuO species were the active phase for CO oxidation
8].

Octahedral molecular sieves (OMS-2) of manganese oxides are
ryptomelane-type manganese oxides, with a porous structure
0.46 nm) arising from edge sharing of 2 × 2 [MnO6] octahedral
hains to form one-dimensional tunnel structures [11,12]. Mn
pecies in the OMS-2 material have mixed-valent Mn4+, Mn3+, and

ome Mn2+ sites. Divalent and trivalent transition metal ions incor-
orated into OMS-2 have been developed as promising catalysts
or oxidation reactions [13], such as selective oxidation of benzyl
lcohol, cyclohexane, as well as oxidation of methanol for fuel cell

∗ Corresponding author. Tel.: +86 579 82283910; fax: +86 579 82282595.
E-mail address: mengfeiluo@zjnu.cn (M.-F. Luo).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.05.015
+ + O2 redox couple.
© 2010 Elsevier B.V. All rights reserved.

applications [14,15]. Also, Ag-OMS-2 has been reported as an active
catalyst for the CO oxidation [16].

Since CuO-based catalysts show remarkable activities for CO
oxidation, in the present study, CuO catalysts supported on OMS-2
(CuO/OMS-2) were prepared and tested for CO oxidation. For com-
parison, CuO supported on conventional MnOx was also prepared.
It was found that the CuO/OMS-2 catalysts were highly active for
CO oxidation at low temperature. A possible reaction pathway for
CO oxidation was also discussed.

2. Experimental

2.1. Catalyst preparation

Manganese oxide octahedral molecular sieves (OMS-2) were
synthesized by a reflux method [17]. A typical synthesis was as
follows: 11.33 g of MnSO4·H2O (0.072 mol) dissolved in 120 ml
of deionized water was added to a solution of 7.57 g of KMnO4
(0.045 mol) in 38 ml of deionized water and 4 ml of concentrated
HNO3. The mixed solution was refluxed at 100 ◦C for 24 h, and
the product was filtered, washed, and dried at 120 ◦C. The dried
sample was calcined at 400 ◦C for 4 h and denoted as OMS-2
in the text. Cu/OMS-2 catalysts with different loadings of CuO
were prepared by an incipient wetness method. The support

was immerged with a proper amount of Cu(NO3)2 solution. The
slurry was heated at 80 ◦C under stirring for 15 min to remove
the water, followed by a calcination at 400 ◦C for 4 h in air. The
resulting catalysts were denoted as CuO2.5/OMS-2, CuO5/OMS-2,
CuO10/OMS-2, CuO15/OMS-2, and CuO20/OMS-2, with the num-

dx.doi.org/10.1016/j.cej.2010.05.015
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mengfeiluo@zjnu.cn
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er referring to the mass percentage of CuO in the catalyst
CuO + OMS-2).

For comparison, MnOx support was prepared by a deposition
ethod. A detailed process is as follows: an aqueous solution of

OH (2 M) was added to an aqueous solution of MnSO4 under stir-
ing until a precipitate was obtained. The resulting precipitate was
ged at 50 ◦C for 1 h, and then separated from the mother liquid
y centrifugation. The solid was washed with deionized water and
ried at 120 ◦C overnight. Finally, it was calcined at 400 ◦C for 4 h.
uO15/MnOx catalyst was prepared by an impregnation method
ith the same procedure as the CuO/OMS-2, followed by a calci-
ation at 400 ◦C for 4 h in air. The CuO loading in this catalyst was
5 wt%.

.2. Characterization

The specific surface areas (SBET) of the catalysts were mea-
ured from a multipoint Braunauer–Emmett–Teller (BET) analysis
f the nitrogen adsorption isotherms at 77 K recorded on an Quan-
achrome Autosorb-1 apparatus.

The scanning electron microscopy (SEM) images were taken
n a Hitachi S-4800 scanning electron microscope (SEM) operated
t 1 kV. The samples were dispersed into ethanol with ultrasonic
reatment for 5 min, and drops of the suspension were placed
n a copper sheet for SEM observations. The transmission elec-
ron microscopy (TEM) images of the catalysts were obtained on
JEM2010 microscope operated at 200 kV. The sample was dis-

ersed into ethanol with ultrasonic treatment for 5 min, and drops
f the suspension were placed on a copper grid for TEM observa-
ions.

The X-ray diffraction (XRD) patterns were collected on a PAN-
lytical X’Pert PRO MPD powder diffractometer using Cu K�
adiation (� = 0.1542 nm). The working voltage was 40 kV and the
urrent was 40 mA. The intensity data were collected at 25 ◦C in a 2�
ange from 10◦ to 90◦, with a scanning speed of 0.7◦ s−1 and a step
f 0.03◦. The lattice parameters and crystallite size of the samples
ere determined by the Rietveld method, using JADE 6.5 software.

The X-ray photoelectron spectroscopy (XPS) measurements
ere performed on a Kratos AXIS Ultra DLD high performance elec-

ron spectrometer using nonmonochromatized Al K� excitation
ource (hv = 1486.6 eV). Binding energies were calibrated by using
he contaminant carbon (C 1s = 284.6 eV).

The elemental compositions of catalysts were determined by
-ray fluorescence (XRF) analysis equipped with ARL ADVANT’X

ntelli Power 4200 scanning X-ray fluorescence spectrometer. The
esults were analyzed using UniQuant non-standard sample quan-
itative analysis software.

The reducibility of the catalysts was measured by the hydrogen
emperature-programmed reduction (H2-TPR) technique. A 15 mg
f the sample was placed in a quartz reactor which was connected
o a homemade TPR apparatus and the reactor was heated from
0 ◦C to 700 ◦C with a heating rate of 10 ◦C min−1, in a reducing
tmosphere of mixed H2 (5 vol.%) and N2 (95 vol.%) with a total flow
ate of 30 ml min−1. The amount of H2 uptake during the reduction
as measured by a thermal conductivity detector (TCD), calibrated

y using a known amount of pure CuO powder. To determine the
xidation state of Mn in the samples, MnO was assumed to be the
nal state after the hydrogen reduction at temperature lower than
00 ◦C.

The CO temperature-programmed desorption (CO-TPD) mea-
urements were carried out in a fixed-bed quartz tubular reactor

quipped with a quadrupole mass spectrometer (Omnistar, Balz-
rs). 15 mg of sample was loaded and heated to 400 ◦C with an Ar
ow (30 ml min−1) and kept at this temperature for 30 min. After
ooling down to room temperature, CO adsorption was done by
assing a 5 vol.% CO in Ar mixture (30 ml min−1) through the sample
Journal 162 (2010) 151–157

for 30 min, and the sample was purged with Ar (30 ml min−1) for 1 h.
The system was then heated to 400 ◦C with a ramp of 10 ◦C min−1

in Ar flow (30 ml min−1). The desorbed CO2 was monitored by the
mass spectrometer with a m/e of 44.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra
of the samples were recorded using a Nicolet 670 spectrometer
equipped with a MCT detector and a DRIFTS cell (Harrick), under
reaction conditions with a resolution of 4 cm−1. An accumulation of
32 scans was used for collecting background spectrum and 8 scans
for collecting sample spectrum. About 20 mg of the catalyst which
was ground in an agate mortar for 5 min was placed in the cell and
pretreated at 400 ◦C for 0.5 h in a flow of He (30 ml min−1) in order
to remove water and carbonate in the catalyst. Subsequently, the
system was cooled down to 30 ◦C and the background spectrum
was recorded. After the introduction of the gas mixture (1% CO in
Ar) for 10 min, the spectra were collected. The catalyst was purged
with He for 20 min to remove the physisorbed CO, then the spectra
were collected at 30 ◦C.

2.3. Catalytic activity measurement

The CO oxidation was performed in a quartz tubular (i.d. = 6 mm)
fixed-bed reactor under atmospheric pressure. A 200 mg of the
catalyst was loaded in the reactor. The reaction temperature was
monitored by a thermocouple placed in the middle of the catalyst
bed. A mixture of 1 vol.% CO and 1 vol.% O2 balanced by N2 was
introduced as the reactants. The total flow rate was 40 ml min−1,
corresponding to a space velocity of 12,000 ml g−1 h−1. The CO
and CO2 were analyzed by an on-line GC (Shimadzu GC2014)
equipped with a FID detector and two columns (carbon molec-
ular sieves and TDX-502). The gaseous products passed through
a methanization converter filled with Raney-Ni catalyst and all
the carbon-containing products were converted to methane before
they went to the FID detector to ensure a high intensity of signal.

Conversion of CO was calculated as follows:

CO conversion (%) = [CO]in vol.% − [CO]out vol.%
[CO]in vol.%

× 100

where [CO]out and [CO]in are the CO concentrations in the products
(vol.%) and feed gas (vol.%), respectively. Carbon balance is near
100%.

3. Results

3.1. Structural characterization

The BET surface areas of catalysts are summarized in Table 1. It
can be seen that the surface areas of the OMS-2 is 93 m2 g−1. The
surface areas of the supported CuO catalysts are slightly lower than
those of the support. The BET surface area of MnOx is 29 m2 g−1,
which is much lower than that of the OMS-2.

The actual content of CuO in the catalysts is listed in Table 1. It
shows that the actual CuO content in the catalyst is very close to the
nominal value since the catalyst was prepared using an impregna-
tion method.

Fig. 1 shows the SEM and TEM images of the catalysts. The OMS-
2 exhibits nanorod-shaped morphologies, with diameters of about
13 nm and lengths of 400–500 nm. In contrast, the MnOx exhibits
spherical particles with a diameter of about 150 nm. The HRTEM
image of OMS-2 (Fig. 1c) indicates that the distance between the
lattice fringes is 0.692 nm, which corresponds to the d-spacing of

the (1 1 0) plane of MnO2.

Fig. 2a shows the XRD patterns of the CuO/OMS-2 and OMS-
2 catalysts. The diffraction peaks at 2� of 12.6◦, 17.9◦, 28.7◦, 37.5◦,
41.9◦, 49.9◦, and 60.1◦ are attributed to the crystalline phase of cryp-
tomelane (KMn8O16), indicating that the nanorod OMS-2 material
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Table 1
BET surface area, CuO content, phase compositions and crystallite sizes of catalysts with different CuO loadings.

Catalyst BET surface area (m2 g−1) CuO content a (wt%) Phase composition Crystallite size (nm)

OMS-2 93 – MnO2 11.1
CuO2.5/OMS-2 91 2.53 MnO2 10.6
CuO5/OMS-2 92 4.91 MnO2 10.8
CuO10/OMS-2 88 9.87 MnO2 + CuO 10.2 (MnO2)
CuO15/OMS-2 74 14.76 MnO2 + CuO 9.7 (MnO2) + 16 (CuO)
CuO20/OMS-2 70 19.92 MnO2 + CuO 10 (MnO2) + 19 (CuO)
CuO15/MnOx 23 14.72 Mn3O4 + Mn5O8 + CuO 2.8 (Mn3O4) + 11.5 (Mn5O8) + 11 (CuO)
MnOx 29 – Mn3O4 + Mn5O8 45.6 (Mn3O4) + 25.5 (Mn5O8)

a Determined by XRF.

) MnO

h
t
t
t
o
w
t
w
X
t
t
C

m
s

Fig. 1. SEM images of (a) OMS-2, (b

as a cryptomelane-type structure [18]. However, XRD peaks due
o CuO are not detected in the samples with CuO loading lower
han 10%, indicating that CuO species may be highly dispersed in
hese samples or the crystallite size of the CuO is below thresh-
ld detection limit of the XRD apparatus. For CuO10/OM-2 catalyst,
eak diffraction peaks of CuO are observed, and the intensities of

hese peaks increase with increasing CuO loading from 10 to 20%,
hich indicates the growth of CuO crystallites. Fig. 2b shows the
RD patterns of the CuO15/MnOx and MnOx catalysts. It can be seen

hat the characteristic peaks of Mn3O4 and Mn5O8 are observed in

hese catalysts, and characteristic peaks for CuO are observed in the
uO15/MnOx.

The results of crystallite size and phase compositions deter-
ined by he Rietveld method using JADE 6.5 software are also

ummarized in Table 1. The results show that the crystallite size

Fig. 2. XRD patterns of (a) catalysts with different CuO l
x , and HRTEM images of (c) OMS-2.

of CuO increases with increasing CuO loading, while that of MnO2
is still about 10 nm in OMS-2.

3.2. Surface and redox properties of the catalysts

In order to investigate the surface properties of these catalysts,
XPS measurements were performed. Fig. 3a shows the XPS spec-
tra of Mn 2p in the catalysts. The detailed peak fitting results are
listed in Table 3. It is found that these samples contain both Mn3+

and Mn4+ species [19,20]. For the CuO15/MnOx catalyst, it is found

that the binding energies of Mn 2p3/2 and Mn 2p1/2 are essentially
identical to those of MnOx support. However, compared to those
of the support OMS-2, the binding energies of the Mn 2p of the
CuO15/OMS-2 catalyst are 0.4 eV higher, indicating an interaction
between CuO and OMS-2 support. Quantitative analysis of the sur-

oadings and (b) CuO15/MnOx and MnOx catalysts.
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Fig. 3. XPS spectra of (a) Mn 2p in CuO15/OMS-2, CuO15/MnOx , OMS-2 a

ace components shows that the OMS-2 and CuO15/OMS-2 samples
ontain more Mn4+ (about 50%) than the MnOx and CuO15/MnOx

about 30%), indicating that Mn species in the OMS-2 have higher
verage oxidation state than the MnOx. Also, it is found that the sur-
ace Cu contents in the CuO containing catalysts (about 40%, atomic
atio) are higher than the nominal contents (about 20%), indicating
hat the CuO may enrich on the catalyst surface.

Fig. 3b shows the Cu 2p XPS of CuO15/OMS-2 and CuO15/MnOx

atalysts. For the CuO15/MnOx catalyst, the main peaks are
bserved at BE (2p1/2) = 953.1 eV and BE (2p3/2) = 933.1 eV, accom-
anied by shake-up satellites at BE (2p1/2) = 961.3 eV and BE
2p3/2) = 943.2 eV, respectively. For the CuO15/OMS-2 catalyst,

he main peaks are observed at BE (2p1/2) = 953.6 eV and BE
2p3/2) = 933.6 eV, accompanied by shake-up satellites at BE
2p1/2) = 961.8 eV and BE (2p3/2) = 943.7 eV, respectively. These
esults show that Cu2+ species are present on the surface of cat-

Fig. 4. H2-TPR profiles of (a) CuO/OMS-2 and OMS-2 and
nOx catalysts and (b) Cu 2p in CuO15/OMS-2 and CuO15/MnOx catalysts.

alysts [21]. The Cu 2p binding energies for the CuO15/OMS-2 are
higher than those for CuO15/MnOx, which indicates an interaction
between CuO and OMS-2.

The redox properties of the catalysts are measured by means
of H2-TPR. Fig. 4a shows the H2-TPR profiles of the CuO/OMS-
2 catalysts. For all catalysts, two reduction peaks (�1 and �2) at
200–450 ◦C are observed. These two peaks correspond to the typi-
cal two-step reduction process of MnO2: the first step (peak �1) is
ascribed to the reduction of MnO2/Mn2O3 to Mn3O4, and the second
step (peak �2) is ascribed to the reduction of Mn3O4 to MnO [22,23].
For the CuO/OMS-2 catalysts, the reduction peaks (�1 and �2) shift
to lower temperatures, indicating that the presence of copper pro-

motes the reducibility of manganese oxide through a hydrogen
spillover effect [24]. In addition, two new peaks (�, �) appear in the
temperature range of 130–300 ◦C. The � peak centered at 180 ◦C is
usually assigned to the reduction of the finely dispersed CuO parti-

(b) CuO15/OMS-2, CuO15/MnOx , OMS-2 and MnOx .
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Table 2
Comparison of nominal H2 consumption and peak �.

Catalyst H2 consumption (×10−3 mmol g cat−1)

Nominala � peakb

CuO2.5/OMS-2 6 25
CuO5/OMS-2 12 48
CuO10/OMS-2 24 50
CuO15/OMS-2 48 55
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CuO20/OMS-2 96 46

a Based on the CuO content in the catalyst.
b Based on the calibrated H2 consumption of CuO powder.

les, while the � peak centered at 275 ◦C is assigned to the reduction
f large CuO particles [6,7,10]. The amount of H2 consumption of
eak � calculated from the TPR profile is listed in Table 2. It can
e seen that the H2 consumption for the � peak of the CuO/OMS-2
atalyst is much larger than the corresponding nominal H2 con-
umption of the CuO in the catalyst (except for the CuO20/OMS-2),
ndicating that the � peak includes not only the reduction of finely
ispersed CuO particles but also partial reduction of MnO2 species.
he enhanced reduction of MnO2 is due to the spillover of hydrogen
rom Cu atoms to manganese oxides. Furthermore, the reduction
eak � suggests an interaction between the finely dispersed CuO
articles and MnO2, which greatly enhances the mobility of oxygen.
ctually, similar phenomenon has been found in an Ag-OMS-2 sys-

em. Chen et al. assigned the reduction peak of Ag-OMS-2 catalysts
t low temperature (109 ◦C) to the combined reduction of Ag+ to
g and MnO2 to Mn3O4 [16]. With respect to the high temperature
eduction peak (peak �), it is probably due to a combined reduction
f large CuO particles and MnO2 to Mn3O4 [16].

Fig. 4b shows the H2-TPR profiles for the MnOx, OMS-2 and sup-
orted CuO catalysts. The MnOx support shows one reduction peak
entered at 340 ◦C and one weak reduction peak at 505 ◦C. The for-
er is due to the reduction of Mn5O8 to Mn3O4, while the latter

s due to the reduction of Mn3O4 to MnO [25]. For the supported
uO15/MnOx catalyst, the reduction peaks shift to the lower tem-
eratures at 310 and 380 ◦C. The first reduction peak is related to
combined reduction of large CuO particles to Cu and Mn5O8 to
n3O4, and the second reduction peak is related to Mn3O4 to MnO

26]. Compared to the CuO15/OMS-2 catalyst, the low-temperature
eduction peak � is absent in the CuO15/MnOx catalyst, indicating
hat the CuO15/MnOx catalyst barely contains finely dispersed CuO
articles.

.3. Catalytic activity for CO oxidation

Fig. 5 shows the catalytic activities of the catalysts for CO oxi-
ation. The reactivity of the OMS-2 or MnOx support is quite low,
nd the OMS-2 shows slightly higher activity than the MnOx. With

he addition of CuO, the activities of the supported catalysts are
emarkably enhanced. For the CuO/OMS-2 catalysts, the catalytic
ctivity increases with increasing CuO loading from 2.5 to 5 wt%.
owever, with further increasing CuO loading (from 5 to 15 wt%),

he catalytic activity hardly changes, when CuO loading increases

able 3
urface analysis of catalysts by XPS measurements.

Catalyst BE (eV)

Mn3+ Mn4+

2p3/2 2p1/2 2p3/2 2p

CuO15/OMS-2 641.8 653.2 643.1 65
CuO15/MnOx 641.5 652.9 643.2 65
OMS-2 641.8 653.2 643.1 65
MnOx 641.1 652.5 642.8 65
Fig. 5. CO oxidation over CuO/OMS-2 and CuO/MnOx catalysts.

to 20 wt%, the activity slightly declines. Among the catalysts, the
highest reactivity is obtained on the CuO15/OMS-2 catalyst, with a
T90 (the lowest temperature for 90% conversion of CO) of 55 ◦C.
And 45% conversion of CO is obtained even at 30 ◦C. Moreover,
it is found that the CuO15/OMS-2 is also much more active than
the CuO15/MnOx. The CuO/OMS-2 catalysts in the current work
show slightly higher catalytic activities than other Cu-based mixed
oxides reported elsewhere for the oxidation of CO to CO2 at low
temperatures [27,28]. The activity of CuO15/OMS-2 is also higher
than that of CuO–CeO2 catalysts reported in our previous work [10].
Also, CO oxidation under high O2 concentration (20% in air) was
carried out on the CuO15/OMS-2 catalyst. It was found that the
reactivity of the catalyst was almost unchanged, implying that the
catalyst may be applicable to the realistic reaction condition.

4. Discussion

4.1. Roles of Cu2+–O–Mn4+ entities in the CO oxidation

The introduction of CuO in both OMS-2 and MnOx supports
greatly improves the activities of catalysts. For the CuO/OMS-2 cat-
alysts, the promoting effect of CuO is even more pronounced, and
the introduction of CuO makes the T90 decreases by 103 ◦C (from
158 ◦C to 55 ◦C). It is interesting that the CuO15/OMS-2 catalyst has
much higher activity than the CuO15/MnOx, which implies that the
differences in the structural and chemical properties of these two
supports greatly affect the catalytic behavior. The porous structure
of the OMS-2 material may facilitate the diffusion of the reactants.
In other hand, the average oxidation state of Mn species in the

OMS-2 material is relatively higher than that in the MnOx (Table 3),
which may cause discrepancies in the catalytic behavior as many
literatures pointed out that Mn species with high oxidation state
are beneficial to the oxidation reaction [29]. More importantly, the
differences in the structural and chemical properties of these two

Mn4+/(Mn4+ + Mn3+) (atomic %) Cu/Mn atomic ratio

1/2

4.4 51 0.41
4.6 31 0.43
4.4 50 –
4.2 32 –
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ig. 6. Specific reaction rate based on Cu loading in CuO/OMS-2 catalysts at reaction
emperature of 20 ◦C.

upports would affect the interaction between the CuO and the
n species. Note that the TPR profiles of the CuO/OMS-2 contain
low-temperature reduction peak (�) starting from 130 ◦C, rep-

esenting a combined reduction of finely dispersed CuO particles
nd MnO2. The presence of this low-temperature reduction peak
mplies an interaction between the finely dispersed CuO particles
nd the OMS-2 support, probably due to a Cu2+–O–Mn4+ entity [30].
ut no reduction peak at the temperature region of 130–200 ◦C was
bserved for the CuO15/MnOx catalyst. Moreover, the XPS results
how that the binding energies of the Mn 2p of the CuO15/OMS-
catalyst are 0.4 eV higher than that of OMS-2. This suggests an

nteraction between the CuO and OMS-2, which most probably
ccurs at the CuO-OMS-2 interface. Ramstad and Mikkelsen [31]
roposed that the presence of octahedral Mn4+ and Cu2+ ions were
upposed to interact with lattice oxygen. The interaction of the
n–O and Cu–O bond makes the oxygen species more negative,
hich is favorable for easy activation of oxygen species.

In order to compare the intrinsic reaction activities of these cata-
ysts, reaction rates of the CuO/OMS-2 catalysts based on the weight
f Cu in the catalyst (mmolCO g−1

Cu h−1) for CO oxidation at 20 ◦C
ere calculated and the results are shown in Fig. 6. And it is found

hat the reaction rates are close for the low CuO loading catalysts
CuO2.5/OMS-2 and CuO5/OMS-2), but higher CuO loading in the
atalyst results in a decline of reaction rates. The calculated specific
ates based on CuO loading in the catalyst reflect the contribution of
he finely dispersed CuO particles to the reaction. As the XRD results
learly show that the catalysts with low CuO loading contain finely
ispersed CuO particles; while those with high CuO loadings have

arge CuO particles, leading to a lower fraction of finely dispersed
uO particles in these catalysts, thus the reaction rate is suppressed.

nterestingly, it is found that the catalysts with similar reduction
eak areas (peak � in Table 2) have very close reactivities (Fig. 5).
his finding suggests that the Cu2+–O–Mn4+ entities possesses an
asily reducible bridge oxygen that generates from an interac-
ion of the finely dispersed CuO particles and the MnO2 support,
hich are responsible for the reactivity, particularly in the low-

emperature region. The reducible bridge oxygen was also found
n Ag-OMS-2 systems [32,33]. Meanwhile, the absence of the low-
emperature reduction peak in the CuO15/MnOx catalyst implies
he lack of the interacted Cu2+–O–Mn4+ entities, which can inter-

ret the low activity of the CuO15/MnOx in the low-temperature
egion.

Fig. 7 shows the CO-TPD profile of the CuO15/OMS-2 and OMS-
catalysts. For the CuO15/OMS-2, a low-temperature desorption
Fig. 7. CO-TPD profiles of CuO15/OMS-2 and OMS-2 catalysts.

peak started at 50 ◦C appears. For the OMS-2, a very weak desorp-
tion peak is observed at the temperature range of 60–100 ◦C. This
indicates that the CO adsorbed on the surface of CuO/OMS-2 is very
easy to react with the active lattice oxygen species to form CO2 [26],
while that adsorbed on the OMS-2 support reacts with the active
lattice oxygen species at higher temperature.

4.2. Possible reaction mechanism for CO oxidation

For the CO oxidation on transition metal oxides such as MnOx,
Co3O4 and Fe2O3, a Mars-van-Krevelen mechanism is proposed
[34]. The reaction pathway involves the incorporation of the lat-
tice oxygen in the support oxide with CO and the reduced oxide
on the surface could be re-oxidized by free oxygen in the feed gas.
Therefore, the mobility/reducibility of the active lattice oxygen is
of crucial importance for the reaction. Pu et al. [35] proposed that
the oxygen vacancies provide activation centers for O2 and the Cu
species provide chemisorption sites for CO oxidation.

By combining the reducible lattice oxygen in the Cu2+–O–Mn4+

entities and the activities of CuO/OMS-2 catalysts for CO oxida-
tion at low temperatures, a reaction pathway of CO oxidation on
CuO/OMS-2 could be proposed as follows:
2Cu2+–O2−–Mn4+ + 2CO → 2Cu+–�–Mn3+ + 2CO2

2Cu+–�–Mn3+ + O2 → 2Cu2+–O2−–Mn4+

2CO + O2 → 2CO2

where � represents an oxygen vacancy.
The very reducible bridge oxygen in the Cu2+–O2−–Mn4+ entity

could react with CO to produce CO2 and a partially reduced
Cu+–�–Mn3+ couple; then the Cu+–�–Mn3+ entities could be
re-oxidized rapidly by O2 in the feed gas. This reaction path-
way is similar to that reported on the Cu–Ce–O catalyst for CO
oxidation. For example, Marbán and Fuertes [36] proposed a
Cu2+–O2−–Ce4+ ↔ Cu+–�–Ce3+ + (1/2)O2 redox couple to explain
the reaction mechanism.

In addition, to prove the process of Cu+–�–Mn3+ entities can
be re-oxidized rapidly, the CuO15/OMS-2 catalyst was reduced
from 40 ◦C to 200 ◦C (1st TPR), and the catalyst was re-oxidized
at 50 ◦C in the feed O gas for 1 h, then was reduced from

40 ◦C to 200 ◦C again (2nd TPR). The H2-TPR profiles (Fig. 8a)
show about 50% of the CuO15/OMS-2 catalyst is re-oxidized
to Cu2+–O2−–Mn4+. Therefore, the Cu+–�–Mn3+ entities could
be re-oxidized rapidly at 50 ◦C, which confirms the process of
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ig. 8. (a) H2-TPR profiles of CuO15/OMS-2 the 1st time and the 2nd time; (b) in situ
hemisorption over OMS-2 support.

u2+–O2−–Mn4+ ↔ Cu+–�–Mn3+ + O2 could cycle easily. Moreover,
ig. 8b shows the in situ DRIFT spectra of CO absorption over the
atalyst of CuO15/OMS-2. It can be seen there are two peaks at
117 and 2170 cm−1, however, when the catalyst is purged with He,
he two peaks disappear. Therefore, these two peaks are attributed
o gaseous CO [37]. The peaks at 2300 to 2400 cm−1, assigned to
he adsorbed CO2 and the gaseous CO2 [37], are observed for the
uO15/OMS-2 catalyst even at 30 ◦C. The results of the in situ DRIFT

ndicate that CO could react easily on the surface of catalysts to
roduce CO2 even at 30 ◦C, and the CO2 adsorbed on the catalysts’
urface. With increasing temperature, CO2 desorbes from the cata-
ysts’ surface. When the temperature increases to 150 ◦C, the peak
isappears. Fig. 8c shows the in situ DRIFT spectra of CO absorption
ver the OMS-2 support. Compared to the CuO15/OMS-2 catalyst,
he intensity of the formed gaseous CO2 is much weaker on the
upport. This phenomenon is in good accordance with the CO-TPD
esults (Fig. 7). It can be concluded that adsorbed CO could react eas-
ly with active oxygen species on surface, and Cu+–�–Mn3+ entities
ould be re-oxidized rapidly to complete the redox cycle.

. Conclusions

Cu/OMS-2 catalysts exhibit high CO oxidation activities,
nd the lowest temperature for 90% conversion of CO is
5 ◦C. The interaction between the highly dispersed CuO and
MS-2 support generates active sites for CO oxidation. CO
xidation may follow the Mars-van-Krevelen mechanism with
u2+–O2−–Mn4+ ↔ Cu+–�–Mn3+ + O2 redox couple.
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