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A new type of catalyst for ammonia selective catalytic oxidation, mesoporous CuO/RuO2 with well-crys-
tallized framework and ordered mesoporous structure, has been synthesized by a co-nanocasting-repli-
cation method. Various techniques have been employed for the material characterization. The prepared
mesostructured bimetal oxides demonstrated high catalytic activity and N2 selectivity toward NH3 oxi-
dation reaction in the presence of excess oxygen. The temperature for the complete ammonia oxidation
was as low as 180 �C on the mesoporous 10 wt.% CuO/RuO2 composite, and there was no apparent
decrease in the catalytic activity at prolonged reaction time. Both high ammonia conversion up to
100% and high N2 selectivity (>95%) were achieved on the mesoporous 5–15 wt.% CuO/RuO2 composites.
A synergetic catalytic mechanism between copper and ruthenium component was proposed to under-
stand the promoted catalytic effect, especially the achievement of both high conversion and high selec-
tivity for N2 by CuO.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction Various types of materials have been studied as catalysts for
The increasing problem of air pollution by N-containing com-
pounds, such as NO, NO2, N2O and NH3, has led to more and
more stringent emission control. The removal of ammonia from
waste streams is becoming an increasingly important issue. It
is known that many chemical processes use reactants containing
ammonia or produce ammonia as a by-product. The selective
catalytic oxidation (SCO) of ammonia to nitrogen and water is
one of the best potential approaches nowadays for removing
ammonia from oxygen-containing waste gases, and consequently
it has become of increasing interest in recent years [1–5]. The
oxidation of ammonia can proceed via the following principal
reactions [6]:

4NH3 þ 5O2 ¼ 4NOþ 6H2O ð1Þ
4NH3 þ 3O2 ¼ 2N2 þ 6H2O ð2Þ

The process described in reaction (2) is a potentially effective and
technologically important method to eliminate ammonia pollution,
and it is becoming the most promising method for cleaning of large
gas flows containing oxygen and ammonia [1,7]. This method can
be applied for the treatment of waste gases emitted from chemical
processes in which ammonia is used as a reactant or produced as a
by-product.
ll rights reserved.
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ammonia SCO reaction. Noble metals including Pt [8,9], Pd [8,10],
Ru [10], Ir [11], Ag [11,12] have been found to be very active cata-
lysts for the ammonia oxidation. Ammonia oxidation reactions cat-
alyzed by these noble metal catalysts proceed at relatively low
temperature, for example, the NH3 oxidation temperatures on
Al2O3 or ZSM-5 supported Pd, Rh and Pt catalysts were at 200–
350 �C. However, the selectivities for N2, i.e., SCO of NH3 to N2 on
these catalysts are relatively low (typically680%). The next group
of catalysts for the ammonia SCO process is based on transition
metal oxides, such as MnO2, Co3O4, Fe2O3, CuO, MoO3, V2O5 [13–
19]. These catalysts showed higher N2 selectivity; however, they
needed significantly higher operation temperatures (300–400 �C)
than the noble metal catalysts. Recently developed catalysts were
aimed to combine the advantages of earlier two types of catalysts,
to enhance both the catalytic activity and the N2 selectivity for NH3

oxidation. This group catalysts included Fe-exchanged zeolites (Fe-
ZSM-5) [4,5], Fe-exchanged zeolites supported noble metals (Pt,
Pd, Rh) [10], and activated carbon fiber (ACF) supported copper
catalyst [20], which showed 95–97% NH3 conversion and 97–
100% N2 selectivity for ammonia SCO reaction. Though V2O5/TiO2

catalyst reported by Li and Armor [21] was quite selective for N2

at T < 300 �C; however, it was much less active compared to the
precious metal catalysts for NH3 oxidation at 200–350 �C. Lu
et al. [22] presented that the alumina supported copper-based cat-
alyst (CuAl2O4-like) was more active than CuO for the ammonia
oxidation reaction. Recently, Hung [23] found that the Cu:La molar
ratio in the CuO/La2O3 bimetal oxide catalyst had great effect on
the ammonia catalytic oxidation at temperatures from 150 to
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500 �C in the presence of oxygen. As a whole, however, it is still a
great challenge to achieve both complete ammonia conversion at
relatively low temperature and high N2 selectivity of ammonia oxi-
dation by using low cost catalysts.

It is well known that mesoporous materials are a new group of
porous materials and very attractive for their potential catalytic
applications, which are characterized by ordered pore structure,
large surface area, porosity and high thermal stability [24–27].
However, there is no report about using mesoporous bimetal oxide
as catalyst for the ammonia SCO as far as we know, though non-
mesoporous V2O5/TiO2 and CuO/La2O3 bimetal oxide catalysts have
been reported [21,23]. Previously, we reported that a high surface
area mesoporous hydrous ruthenium oxide (RuOxHy) prepared at
350 �C showed high electrochemical catalytic activity due to its
special mesoporous structure [28]. In this report, we aim to pre-
pare mesoporous CuO/RuO2 bimetal oxides and use them as the
ammonia SCO catalysts and try to achieve complete ammonia con-
version at relative low temperatures and meanwhile high selectiv-
ity of ammonia oxidation to nitrogen. The catalysts were prepared
by a co-nanocasting-replication method using mesoporous silica
(KIT-6) as hard template, and the mesostructured bimetal oxides
showed a 100% ammonia conversion and near 98% N2 selectivity
at a temperature as low as 180 �C. A synergetic catalytic effect be-
tween RuO2 and CuO has been proposed to understand the cata-
lytic performance.
2. Experimental

2.1. Synthesis of mesoporous silica (KIT-6)

The mesoporous silica (KIT-6) with cubic Ia3d symmetry was
prepared according to the published procedure [29] with minor
modification. Typically, 6 g of surfactant P123 and 6 g of n-butanol
were dissolved in a HCl solution, which was prepared by mixing
11.4 g of concd. HCl (37 wt.%) in 217 g distilled water. To this
homogeneous solution, 12.9 g of tetraethylorthosilicate (TEOS)
was added and continuously stirred for 24 h at 38 �C, which was
slightly higher than the reported (35 �C) procedure [29]. Then,
the mixture was transferred to teflon-lined autoclave and heated
at 100 �C for another 24 h. The solid product was filtered, washed
with distilled water and calcined at 550 �C for 5 h to remove the or-
ganic template.
Fig. 1. Small-angle (A) and wide-angle (B) XRD patterns for the prepared
mesoporous RuO2 and CuO/RuO2 composites.
2.2. Preparation of mesoporous CuO/RuO2 bimetal oxides

Mesoporous RuO2 and CuO/RuO2 materials were prepared by a
one-step co-nanocasting method using KIT-6 as hard template. A
mixed solution of Cu(II) nitrate and Ru (III) chloride (totally
0.8 g) was prepared by dissolving Cu(NO3)2�3H2O and RuCl3 in
2 mL ethanol. The weight percentage X of Cu(II) oxide (CuO) in
the bimetal oxide, X = ([CuO]/([CuO] + [RuO2])) � 100, was varied
from 5 to 30. The prepared mesoporous copper–ruthenium bimetal
oxides were named as X-CuO/RuO2. Typically, 2 mL of previously
prepared ethanol solution including copper and ruthenium precur-
sors was co-impregnated into 0.4 g of KIT-6 template. After the
ethanol was evaporated, the ruthenium–copper/silica composite
was kept under ammonia vapor for 24 h at room temperature to
convert the ruthenium precursor into metal hydroxide. After that,
the obtained composite was calcined at 500 �C for 3 h. The silica
template was finally removed by treating in a 2 M heated (90 �C)
NaOH solution. The template-free products were collected by cen-
trifugation, washed with distilled water, dried at room tempera-
ture in vacuum and named as m-RuO2 (0-CuO/RuO2), 5-CuO/
RuO2, 10-CuO/RuO2, 15-CuO/RuO2, 20-CuO/RuO2 and 30-CuO/
RuO2 according to the amount of CuO addition.
2.3. Material characterization

The powder X-ray diffraction (XRD) patterns of prepared sam-
ples were recorded on a Rigaku D/Max-2550V X-ray diffractometer
with a Cu Ka radiation target (40 kV, 40 mA). The scanning rates
were 0.6�/min and 6�/min for the low-angle and wide-angle XRD
measurements, respectively. The N2 sorption measurement was
performed using Micromeritics Tristar 3000 at 77 K, and the spe-
cific surface area and the pore size distribution were calculated
using the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Hal-
enda (BJH) methods, respectively. Transmission electron micros-
copy (TEM) images were obtained on a JEOL 200CX electron
microscope operating at 160 kV. Energy-dispersive X-ray (EDX)
spectra were collected from a JEM-2010 electron microscope oper-
ated at 200 kV. X-ray photoelectron spectroscopy (XPS) signals
were collected on a VG Micro MK II instrument using monochro-
matic Mg Ka X-rays at 1253.6 eV operated at 150 W, and spectrum
calibration was performed by taking the C 1s electron peak
(BE = 285 eV) as internal reference.
2.4. Catalytic tests

The catalytic reactions for ammonia SCO were carried out under
atmospheric pressure in a temperature-programmed reaction,
fixed-bed quartz–glass reactor (6.0 mm in inner diameter) using
a thermal conductivity detector (TCD) of a gas chromatograph
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(HP 6890 series GC system). The reactant gas was obtained by
blending different gas flows, and the typical reactant gas composi-
tion was as follows: 1000 ppm NH3, 2% O2 and balance He. The to-
tal flow rate was 100 mL min�1 (at ambient temperature and
pressure), and a space velocity of 75,000 mL h�1 gcat�1 was ob-
tained. In a typical reaction, 80 mg catalyst was supported on the
quartz cotton in a quartz–glass tube reactor and thermally treated
from room temperature to 350 �C at 6 �C min�1. The concentration
of the outlet NH3 after stepwise changes in the reaction tempera-
ture was analyzed with an on-line gas chromatograph (SP-6890,
molecular sieves 13�column) equipped with a TCD. Multiple con-
centrations of the outlet gas were taken and averaged to ensure
Fig. 2. TEM images of prepared samples of (A) m-RuO2, (B) 10-CuO/RuO2, (C) 15-CuO/R
RuO2.
that the catalytic system had reached a steady state. The conver-
sion of NH3 was calculated using the integrated peak area differ-
ences between the initially fed NH3 and the effluent NH3 from
the reactor with an accuracy of about ±5%.
3. Results and discussion

3.1. Characterization of prepared samples

Fig. 1A gives the low-angle XRD patterns of the prepared silica-
free replicas. All samples showed characteristic reflections of
uO2, (D) 20-CuO/RuO2 and (E) 30-CuO/RuO2; and EDX spectrum (F) of mesoporous



Fig. 3. XPS spectra of core level region of Cu 2p (A) and Ru 3d (B) obtained on
mesoporous copper–ruthenium bimetal oxides at copper contents of 10 wt.%
(bottom curve), 20 wt.% (middle curve) and 30 wt.% (top curve); inset in (A) is the
survey spectrum of 20-CuO/RuO2.
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(2 1 1) planes at 2h value of about 1�, corresponding to the main
(2 1 1) diffraction peak of the cubic Ia3d symmetry of mesoporous
silica template, though their positions had shifted toward higher
angles. However, only (2 1 1) reflections were observable for all
the replicas, and they were relatively broad and low in intensity,
suggesting that the mesostructures of prepared RuO2 or CuO/
RuO2 composites were less ordered than their silica template.
The wide-angle XRD patterns of the prepared replicas are shown
in Fig. 1B. For samples with copper oxide contents of 0–5 wt.%,
the diffraction patterns are quite similar, and all the Bragg diffrac-
tion peaks can be indexed to ruthenium dioxide (RuO2, JCPDS 65-
2824), and the diffraction peaks of CuO can hardly be found. How-
ever, weak diffraction peaks of tenorite (CuO) could be identified in
10-CuO/RuO2, and the intensity of it became stronger with the in-
crease in CuO content for samples 15-CuO/RuO2, 20-CuO/RuO2 and
30-CuO/RuO2. In addition, the broadened diffraction peaks of all
the replicas indicated that the crystallites were nano-sized because
of the effectively restrained growth of crystalline particles by the
framework of silica template during calcination. The mesostruc-
ture of the silica template played a role of a micro-reactor for the
formation of nano-sized CuO/RuO2 structure during the synthesis
procedure.

The typical TEM images of the prepared samples are shown in
Fig. 2. The ordered arrangement of the mesoporous m-RuO2 can
be clearly observed in [1 0 0] direction (Fig. 2A). Fig. 2B–E is the
TEM images of 10-CuO/RuO2, 15-CuO/RuO2, 20-CuO/RuO2 and
30-CuO/RuO2 replica in the view of [3 1 1], [1 1 0], [1 1 0] and
[1 1 1], respectively, indicating that the ordered pore structure of
copper–ruthenium bimetal oxides has been well or partially re-
tained. In addition to the ordered areas in the images, the disor-
dered regions among them, such as those in Fig. 2C, could also
be found suggesting the partial collapse of the mesopores. This
was probably resulted from the incomplete CuO/RuO2 filling into
the pore channels due to the volume shrinkage by the precursor
decomposition during calcination and thus structural collapse dur-
ing dissolution of the silica template. This was also in agreement
with the result of low-angle XRD pattern where they showed only
one characteristic diffraction peak of the cubic mesoporous struc-
ture. No other signals such as silica or sodium, except for Ru and
Cu, were detected in sample 10-CuO/RuO2 according to the EDX
spectrum in Fig. 2F, indicating the complete removal of the silica
template by heated NaOH solution.

The surface compositional information of the prepared CuO/
RuO2 composite was collected by XPS. The survey spectrum (inset
in Fig. 3) of 20-CuO/RuO2 composite shows the distinctive XPS
peaks of ruthenium, carbon, oxygen, copper, as well as their auger
peaks. Signals of silicon and sodium could hardly be identified, fur-
ther indicating the complete removal of the silica framework.
Fig. 3A focused on the region where the XPS signals of Cu 2p
(925–960 eV) in X-CuO/RuO2 (X = 10, 20, and 30) catalysts were ex-
pected to appear. Accordingly, the Cu 2p3/2 and Cu 2p1/2 peaks at
around 934 and 954 eV with broadened peak at 940–945 eV in
the spectra can be attributed to Cu(II) ions in form of CuO
[30,31]. The intensity of the Cu 2p peaks increased with the in-
crease in copper content. It can also be found from Fig. 3A that
there is a shoulder peak at about 932.5 eV, which, if compared with
literature data [32], seems to be resulted from the Cu(I) ions, indi-
cating that there is a very small amount of Cu(I) ions present in the
mesoporous CuO/RuO2 composite in comparison with the domi-
nant Cu(II) ions. Fig. 3B shows the XPS spectra of Ru 3d obtained
from the mesoporous Cu–Ru bimetal oxides. The component with
a binding energy of 281 and 285.6 eV can be attributed to the Ru
3d5/2 and Ru 3d3/2 in RuO2, which is consistent with the literature
[33].

Fig. 4A gives the N2 sorption isotherms of the Cu–Ru bimetal
oxides. It can be seen clearly that m-RuO2 and CuO/RuO2 compos-
ites show typical characters of mesoporous transitional-metal oxi-
des replicated via the nanocasting pathway from mesoporous silica
[34–36]. This indicates that the mesostructure of RuO2 or Cu–Ru
bimetal oxides has been partially preserved after the removal of
silica template. Fig. 3B gives the pore size distribution curves of
the samples. Compared to that of silica template in the inset, it
could be found that all the CuO/RuO2 composites showed bimodal
pore size distributions in the range of 2–5 and 9–12 nm, which
were produced by the removal of silica wall and the textural poros-
ity among the particles, respectively. However, sample m-RuO2

showed only one distribution peak at about 4.2 nm matching well
with the wall thickness of silica template (4.4 nm) as shown in Ta-
ble 1. Accordingly, the BJH pore size of m-RuO2 was smaller than
that of the Cu–Ru bimetal oxide. The BET surface areas, BJH pore
sizes and corresponding pore volumes of the prepared samples
were listed in Table 1. All the mesoporous bimetal oxide replicas
exhibited relatively large BET-specific surface areas (>90 m2 g�1).
This means that the Cu–Ru bimetal oxides synthesized by co-nano-
casting-replication method have the merits of well-maintained
large surface areas and pore volumes as well as homogeneous dis-
persion of components.
3.2. Catalytic performance for NH3 oxidation

The catalytic activities of the mesoporous CuO/RuO2 catalysts
for ammonia oxidation are shown in Fig. 5A, and the corresponding
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data are listed in Table 1. The onset reaction temperature of NH3

oxidation on m-RuO2 was at 125 �C with the T50 at 202 �C. After
the CuO addition of limited amounts, the catalytic activity of the
bimetal oxides was significantly enhanced, and the reaction of
NH3 oxidation started at 90 �C on 5-CuO/RuO2 and completed at
200 �C, and the corresponding T50 was 153 �C, which were much
lower than those on m-RuO2. Increasing the CuO content, the cat-
alytic activity of bimetal oxide for NH3 oxidation was further en-
hanced. T50 of sample 10-CuO/RuO2 was as low as 115 �C, the
lowest among all samples, and the complete ammonia conversion
temperature on it was at 180 �C, much lower than those (�250 �C)
of Cu–Ag catalysts supported on alumina [12] and those (250–
300 �C) of V2O5/TiO2 catalysts [21]. The complete ammonia oxida-
tion temperature is one of the important factors to characterize the
Table 1
Pore structural parameters and the catalytic activities of template and the prepared X-CuO

Sample BET surface area (m2 g�1) BJH pore size (nm)

KIT-6 template 883 6.3
m-RuO2 102 7.1
5-CuO/RuO2 95 8.9
10-CuO/RuO2 98 9.6
15-CuO/RuO2 97 9.0
20-CuO/RuO2 103 8.4
30-CuO/RuO2 98 9.8

KIT-6: d211 = 9.38 nm, thickness of pore wall = 4.4 nm.

Fig. 4. (A) Nitrogen sorption isotherms of the prepared samples and the mesopor-
ous silica template (KIT-6, inset); (B) the corresponding pore size distribution
curves of the replicas and the template (inset).
catalytic activity of catalyst, therefore, the sample 10-CuO/RuO2

with a complete NH3 conversion temperature of 180 �C should be
a satisfactory catalyst for the low-temperature NH3 oxidation reac-
tion. However, if the CuO content was increased further, the activ-
ity of CuO/RuO2 bimetal oxides for NH3 oxidation reaction would
decrease gradually, e.g., T50 values for samples 15-CuO/RuO2, 20-
CuO/RuO2 and 30-CuO/RuO2 were as high as 138, 162 and
175 �C, respectively.

Besides the complete ammonia oxidation temperature, the
selectivity of NH3 oxidation to N2 should be a widely concerned is-
sue for the ammonia catalytic oxidation. From Fig. 5B, it could be
found that the N2 selectivity of the ammonia oxidation on all the
bimetal oxides was 95% and above, and it even reached 100% on
/RuO2 replicas.

Pore volume (cm3 g�1) T50 (�C) SCO to N2 (%)

1.31 – –
0.20 202 78
0.19 153 95
0.24 115 97
0.25 138 98
0.27 162 99
0.28 175 100

Fig. 5. (A) The NH3 oxidation conversion rate vs. temperature plots catalyzed by
mesoporous RuO2 and mesostructured CuO/RuO2 composites; (B) the correspond-
ing selectivity curves of ammonia catalytic oxidation to N2.
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mesostructured 30-CuO/RuO2 composite significantly higher than
that on pure m-RuO2 (78%), which was desirable for the elimina-
tion of ammonia pollution. Moreover, the N2 selectivity of NH3 oxi-
dation on the CuO/RuO2 composites increased with the increase in
CuO content. This indicates that the CuO component affects the N2

selectivity differently from the catalytic conversion for ammonia
oxidation. It is proposed that the simultaneous enhancement of
both the catalytic activity and N2 selectivity for ammonia oxidation
after incorporating 5–15 wt.% CuO into RuO2 framework should be
resulted from the synergetic catalytic effect between copper and
ruthenium oxide. Such a synergetic process will be discussed in
the following section.

Fig. 6 gives the complete conversion temperature of ammonia
oxidation as a function of the CuO content in bimetal oxide cata-
lysts, and the catalytic activity dependence on CuO concentration
can be clearly seen. Compared to pure mesoporous RuO2, the
complete conversion temperature of NH3 oxidation on mesostruc-
tured CuO/RuO2 composites decreased after small amount of CuO
addition, and the lowest temperature of 180 �C was achieved on
the 10-CuO/RuO2 composite for the complete ammonia conver-
sion. However, further increasing the amount of CuO addition
resulted in the gradual increase in NH3 complete conversion tem-
perature, and for samples 20-CuO/RuO2 and 30-CuO/RuO2, the
Fig. 6. The complete conversion temperature of NH3 oxidation vs. CuO content plot
for the mesostructured CuO/RuO2 composite catalysts.

Fig. 7. NH3 oxidation conversion rate and the corresponding selectivity of NH3

selective catalytic oxidation to N2 as a function of CuO content in the mesostruc-
tured CuO/RuO2 composite catalysts at 180 �C.
complete NH3 conversion temperatures were 190 and 192 �C,
respectively.

Under the fixed reaction temperature (180 �C), ammonia con-
version rate and the corresponding N2 selectivity vs. CuO compo-
nent in CuO/RuO2 catalysts are shown in Fig. 7. It could be found
that the ammonia conversion rate on mesostructured X-CuO/
RuO2 (X = 0, 5, 10, 15, 20, and 30) catalysts increased remarkably
at first with the increase in CuO content and then reached a com-
plete conversion stage at X = 10, and it decreased subsequently
when X > 10. Comparatively, the N2 selectivity of ammonia oxida-
tion on X-CuO/RuO2 catalysts showed a fast increase at first and
then increased gradually with the increase in CuO content. Hun-
dred percent N2 selectivity could be obtained on 30-CuO/RuO2

composite, though the ammonia conversion rate for this composite
was 60% at 180 �C. These results indicate that CuO plays an impor-
tant role both in ammonia catalytic oxidation and N2 selective for-
mation during NH3 oxidation process.

The enhanced catalytic activity after copper component addi-
tion may be ascribed to the synergetic catalytic effect between
CuO and RuO2 during the ammonia oxidation reaction. According
to the previous report [37], the (1 1 0) surface of stoichiometric
RuO2 is highly susceptive to NH3 molecules. This surface possesses
numerous dangling bonds and exposes coordinatively unsaturated
Ru-cus atoms and therefore is very chemically active. The NH3 mol-
ecules (NH3-cus) and/or oxygen atoms (O-cus) can be adsorbed easily
onto these coordinatively unsaturated Ru-cus atoms, as illustrated
in Fig. 8A. The interaction between these adsorbed NH3-cus mole-
cules and O-cus atoms would take place, which leads eventually
to the formation of N-cus and H2O according to report [37] with
the following reaction:
Fig. 8. Schematic drawings of the stoichiometric mesoporous RuO2 during the SCO
of ammonia: (A) stick and ball model of the stoichiometric RuO2 (1 1 0) surface with
adsorbed NH3 molecules and O atoms (O-cus). O-bridge and Ru-cus are twofold
coordinated oxygen atoms and fivefold coordinated Ru atoms, respectively. O-cus is
the additional oxygen atom, which may be adsorbed on top of Ru-cus by further
exposure to O2; (B) the possible surface reaction processes and the formation of N2

between N-cus and N-cus, or NOx between N-cus and O-cus.



316 X. Cui et al. / Journal of Catalysis 270 (2010) 310–317
NH3�cus þ O�cus ! ðNH2Þad þ OHad ! N�cus þH2O ð3Þ

The formed N-cus species may recombine either with each other
into N2 or with neighboring O-cus into NO-cus, as shown in Fig. 8B,
following reactions (4) and (5), respectively:

N�cus þ N�cus ! N2 ð4Þ
N�cus þ O�cus ! NO�cus ð5Þ

NO�cus þ NH3�cus !
CuO

N2 þH2O ð6Þ

On the other hand, CuO is an excellent component, which is active
and shows selective catalytic properties in the reduction of NO into
N2 during ammonia oxidation [20,22,23], which means that the
NO-cus species adsorbed on the surface of RuO2 can be reduced to
N2 selectively by CuO following reaction (6). After the reaction fol-
lowing Eq. (6), the active (1 1 0) surface of RuO2 is exposed again to
NH3 and O2 molecules, which can be adsorbed onto the surface,
making the ammonia further oxidized following Eq. (3). The earlier
reaction process following Eqs. (3), (5), and (6), as catalyzed by the
mesostructured CuO/RuO2 catalyst, results in both high conversion
of ammonia oxidation and high N2 selectivity at appropriate con-
tent of CuO in the composite, when compared to that on pure mes-
oporous RuO2. The content of CuO is an important factor. Over low
CuO content (e.g., <5% in the present case) will be not effective
enough in enhancing ammonia oxidation activity and N2 selectivity,
however, over high amount of CuO component (e.g., >15% in this
case) may cover the active sites on RuO2 surface to a large extent,
Fig. 9. Time-on-stream behavior of NH3 oxidation on mesoporous RuO2 and CuO/
RuO2 composite catalysts at a fixed reaction temperature (180 �C), and (A and B)
give the data on different time scales.
leading to the slowing-down of NH3 adsorption on RuO2 surface
by reaction (3), and consequently the decreased catalytic activity
for ammonia conversion. In the meantime, the N2 selectivity of
NH3 oxidation increases monotonously with the increasing CuO
content in the composites following reaction (6), and at higher
enough CuO content of 30%, reaction (6) must be fast enough and
a 100% N2 selectivity has been obtained.

Fig. 9 gives the relation between the ammonia oxidation per-
centage on catalysts and the time-on-stream (TOS) at 180 �C to
investigate the catalytic-induction capability and stability of the
mesoporous bimetal oxide catalysts of various compositions. The
catalytic-induction capability was characterized by the time period
needed to achieve a stable conversion for each catalyst at the tem-
perature of 180 �C. For mesoporous m-RuO2, activation of the cat-
alyst took about 12 min and then reached the steady-state reaction
stage according to Fig. 9A. After CuO addition, the activation time
became shorter, and it took about 5, 0 and 8 min for 5-CuO/RuO2,
10-CuO/RuO2 and 15-CuO/RuO2, respectively, to reach the stea-
dy-state reaction stages under the space velocity (75,000
mL h�1 gcat�1). As for 20-CuO/RuO2, the catalyst activation period
was prolonged to about 15 min under the same space velocity,
which was in accordance with its lower activity. More importantly,
it can also be seen from Fig. 9B that each catalyst keeps a stable
ammonia conversion rate at the temperature, and no deactivation
in ammonia oxidation is observed for as long as 8 h. This reveals
the excellent catalytic stability of mesoporous RuO2 and mesopor-
ous Cu–Ru bimetal oxides toward ammonia oxidation, which is
highly desirable as catalysts for the ammonia selective catalytic
oxidation process.

4. Conclusions

A co-nanocasting-replication method using Ia3d symmetry
mesoporous silica KIT-6 as hard template has been developed to
prepare mesoporous Cu–Ru bimetal oxide catalysts in a wide range
of compositions. The mesostructured bimetal oxide replicas exhib-
ited high and stable catalytic activities toward NH3 oxidation.
Addition of an appropriate amount of CuO can significantly en-
hance the catalytic activity of the mesoporous CuO/RuO2 compos-
ites, and a high N2 selectivity up to 95–100% can be obtained at the
CuO contents >5 wt.% in the composite catalysts. The highest cata-
lytic activity (100% conversion of NH3 at 180 �C) and a reasonably
high N2 selectivity (97%) have been achieved on the mesostruc-
tured CuO/RuO2 composite catalyst with a CuO content of
10 wt.%. The synergetic catalytic effect between CuO and RuO2, to-
gether with the well-defined mesoporous structure, is believed to
be responsible for the achievement of both high catalytic activity
toward NH3 oxidation and high N2 selectivity on the mesoporous
bimetal oxide catalysts. The present mesostructured copper–
ruthenium bimetal oxide catalyst should be a promising candidate
for the elimination of NH3 or for the N-containing compounds (NO,
NO2, N2O).
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