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Herein, we have rationally designed and fabricated porous MnCoxOy nanocubes on a Ti mesh in situ, as

a novel monolith de-NOx catalyst for selective catalytic reduction of NO by NH3 (NH3-SCR). The

catalysts were systematically examined by X-ray diffraction, scanning electron microscopy, transmission

electron microscopy, elemental mapping and catalytic performance tests. The results indicate that the

surface of the titanium mesh is uniformly coated with a layer of cube-like arrays, and each cube is

formed by the stacking of regular sheet layers. This structure could prevent the migration and

agglomeration of metal oxides and enable the synergistic performance of the components during the

catalytic reaction. In addition, due to the robust structure and morphology, the catalyst can sustain high

NO conversion, while exhibiting superior catalytic cycle stability and good H2O resistance. Considering

all these favorable properties, the developed material could serve as a promising candidate for monolith

de-NOx catalysts; the in situ synthesis of hierarchical monolith catalysts also illustrates a new path for the

development of environment-friendly and highly active monolith de-NOx catalysts.
Introduction

Nitrogen oxides (NOx) are one of the major air pollutants that
can cause several ecological problems.1–3 The selective catalytic
reduction of NO by NH3 (NH3-SCR) is one of the most efficient
techniques for the control of NOx from stationary and mobile
sources.4–9 Various catalysts that use this technique have been
reported. Among them, V2O5–WO3 (MoO3)/TiO2 has been widely
used commercially. However, there are some inevitable disad-
vantages during the application, such as the high working
temperature, the high conversion of SO2 to SO3 and the toxicity
of vanadium species to the environment and human health.10–14

Moreover, the SCR unit is installed upstream of the particle
collector and desulfurizer in order to avoid reheating of the ue
gas. Therefore, a highly active catalyst for low temperature SCR,
which can be placed downstream of the electric precipitator and
desulfurizer, is required.15,16

It has been demonstrated that Mn-based metal oxides
showed an excellent low temperature activity for the SCR
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hemistry 2017
reaction.17–23 Meng et al.24 found that the N2 selectivity of the
Mn–Co mixed-oxide catalyst is higher than those of Co3O4 and
MnOx in the temperature range from 50 �C to 375 �C due to the
abundant surface acid sites, large active surface oxygen and
good redox ability. Thirupathi et al.25 compared a series of Co/
Mn atomic ratios and found that NO conversion and the
broadening of the temperature window was greatly improved at
Co/Mn ¼ 0.4, due to the formation of a two-dimensional
monolayer coverage. We26 developed a catalyst based on
hollow porous MnxCo3�xO4 nanocages with excellent low-
temperature SCR activity, high stability, and H2O and SO2

tolerance. This structure had a large surface area and more
active sites to adsorb and activate the reaction gases. Moreover,
the uniform distribution and strong interaction of manganese
and cobalt oxide species strongly enhanced the catalytic cycle
and inhibited the formation of manganese sulphate. However,
the Mn–Co mixed-oxide catalyst was obtained only as particles.
For industrial application, active catalysts are usually supported
on monolithic honeycombs by wash-coating. The main draw-
backs of these catalysts are nonuniform coating, weight loss,
low inter-phase mass transfer rates and low mechanical
strength.27–31 Metal substrates could be alternative choices due
to their good thermal and mechanical properties, controllable
mass transport, recyclability, and other advantages.32 Therefore,
we have rationally designed and fabricated porous MnCoxOy

nanocubes on Ti mesh in situ, as a novel monolith de-NOx

catalyst for the NH3-SCR reaction of NO. The synthetic route is
schematically illustrated in Scheme 1. TiO2 contributes a high
RSC Adv., 2017, 7, 36319–36325 | 36319
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Scheme 1 Schematic of the synthesis of the MnCoxOy@TiO2@Ti wire
mesh.
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surface area, high thermal stability and possesses profound
surface acid–base properties to improve the resistance of
SO2.33–37 Thus, TiO2 as a good carrier was obtained by the high
temperature calcination of Ti mesh. Then, MnCoxOy precursor
nanocube arrays are obtained by the urea assisted co-
precipitation of Mn2+ and Co2+ nanoparticles on the surface
of TiO2. Finally, the calcination procedure yields the MnCox-
Oy@TiO2@Ti wire mesh. In this design, the MnCoxOy nano-
cubes were anchored on the surface of the Ti wire mesh through
TiO2. This structure could prevent the migration and agglom-
eration of the metal oxides and enable a synergistic perfor-
mance between all the components during the catalytic
reaction. The MnCoxOy@TiO2@Ti wire mesh catalyst can
potentially serve as a high performance monolith de-NOx

catalyst.
Experimental
Catalyst preparation

All reagents were of analytical grade, purchased from Sino-
pharm Chemical Reagent Co. Ltd (China) and used without
further purication. The Ti wire mesh was purchased from
Anping Kaian Metal Mesh Co. Ltd (Hebei, China). Before use,
the Ti wire mesh was cut into pieces (3 cm � 11 cm, d ¼ 0.8 cm)
and pretreated with 4MHNO3 aqueous solution at 60 �C for 4 h.
Then, the Ti wire mesh was washed by isopropanol upon
ultrasonication for 20 min, to remove the dirt and grease, and
nally dried at 60 �C in the oven.

In a typical synthesis, the Ti wire mesh was treated at 600 �C
for 4 h with a ramping rate of 2 �C min�1 in air. A series of
MnSO4$H2O, Co(NO3)2$6H2O and 24 mmol of urea were dis-
solved in 80 mL of deionized water under stirring for 1 h.
Subsequently, the pretreated Ti wire mesh was immersed in the
above-mentioned homogeneous solution and transferred to
a 100 mL Teon-lined stainless steel autoclave. The autoclave
36320 | RSC Adv., 2017, 7, 36319–36325
was heated andmaintained at 90 �C for 24 h and then allowed to
cool to room temperature naturally. The Ti wire mesh was
washed by deionized water, dried overnight at 60 �C, and
nally calcined in air at 600 �C for 4 h with a ramping rate of
1 �C min�1.

The MnCoxOy/TiO2/honeycomb ceramics and V–W/TiO2/
honeycomb ceramics as reference samples were also fabricated
via similar procedures. The preparation of the MnCoxOy/TiO2/
honeycomb ceramics catalyst was carried out as follows. The
commercial cordierite ceramic honeycomb (400 cells per square
inch, 1 mm2 square channels and 100 mm a wall thickness) was
purchased from the Yixing Weimin Ceramics Factory (China)
and cut into a cylinder with a diameter of 2 cm and a height of
3 cm. The cordierite was pre-treated with ethanol and deionized
water and dried at 70 �C overnight. According to the loadings of
active component MnCo2O4 on TiO2 wire mesh (the mass
difference before and aer the reaction), 0.087 g of MnSO4$H2O
and 0.302 g of Co(NO3)2$6H2O were dispersed in 10 mL
deionized water under stirring for 20 min. Then, the pre-treated
cordierite ceramic honeycomb was repeatedly immersed in
the homogeneous solution and dried at 80 �C, until the
active component entirely covered the cordierite. Finally, the
products were calcined in air at 450 �C for 4 h at a ramping rate
of 5 �C min�1.

The V–W/TiO2/honeycomb ceramics catalyst was obtained by
a similar process as described above, except that the active
component was obtained from 0.00257 g NH4VO3, 0.02187 g
(NH4)10W12O41$xH2O and 0.178 g TiO2.

Characterization

The morphology and elemental information of the as-
synthesized samples were monitored by a scanning electron
microscope (SEM, JEOL JSM-6700F) equipped with an energy
dispersive X-ray spectrometry (EDX) system. The samples were
deposited on a sample holder with a piece of adhesive carbon
tape and sputtered with a thin lm of gold. Powder X-ray
diffraction (XRD) patterns were recorded on a Rigaku D/MAX-
RB X-ray diffractometer with Cu Ka (40 kV, 40 mA) radiation
and a secondary beam graphite monochromator.

Catalytic tests

The SCR experiments were carried out at atmospheric pressure
in a xed-bed stainless steel ow reactor (i.d. 1 cm). The
temperature of the reactor was monitored and controlled by
thermocouples that were inserted into the centre of the catalyst
bed. The reactant gases were fed to the reactor by an electronic
mass ow controller. The typical reactant gas composition was
as follows: 500 ppm NO, 500 ppm NH3, 3 vol% O2 and N2 as
balance. The NO-SCR experiments were performed over the
catalysts from 100 to 470 �C and the gas hourly space velocity
(GHSV) was 10 000 h�1. The inlet and outlet concentrations of
NO from the reactor were analyzed by a NO–NOx analyzer
(KM9106). The concentrations of N2O and NH3 were measured
by a transmitter IR N2O analyzer and IQ350 ammonia ana-
lyzer, respectively. All the stream lines were maintained at
approximately 110 �C to prevent condensation of water and
This journal is © The Royal Society of Chemistry 2017
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dissolution of NH3 in water. The NO conversion was calculated
according to the following equation:

NO conversion ð%Þ ¼ ½NO�in � ½NO�out
½NO�in

� 100%

where [NO]in and [NO]out indicated the inlet and outlet
concentrations at steady-state, respectively.
Fig. 2 (a) TEM, (b) STEM, (c) HRTEM, and (d–f) EDX-mapping images
of the MnCoxOy@TiO2@Ti wire mesh.
Results and discussion
Morphology and structure of the catalysts

The morphology and structure of the MnCoxOy@TiO2@Ti wire
mesh were studied by SEM and TEM. Fig. 1 shows the SEM
images of the MnCoxOy@TiO2@Ti wire mesh. Manganese and
cobalt ions are deposited on the surface of the titanium mesh in
situ by a hydrothermal reaction to form precursor salts and yield
a uniform coating of the manganese and cobalt composite oxide
layer upon calcination. The active component oxides closely
combined with the metal wire mesh carrier are benecial for the
effective mass transfer and heat transfer in the process of deni-
trication, which can avoid the effect of catalyst sintering.34,38

The surface of the titaniummesh is uniformly coated with a layer
of a cube arrays, and each cube is formed by the stacking of
regular sheet layers (Fig. 1b and c). The cube layer is composed of
uniform particles (Fig. 1d), which is due to the decomposition of
cubic precursor salts. Several inorganic species (H2O, NO2, SO2,
etc.) volatilize by decomposition and diffuse to form the ordered
pores. The cubes could not be obtained without the Ti wire mesh
(Fig. S1†). The three-dimensional hierarchical structure not only
has a larger effective specic surface area, which helps to expose
more reactive sites and adsorb more reactive gas molecules, but
also avoids the sintering of the active component at high
temperature. The manganese cobalt compound oxides can play
a synergistic catalytic role on the improved performance of the
monolith catalysts.

Fig. 2 shows the TEM images of MnCoxOy (the active
components were scraped off from the titanium mesh surface).
Fig. 1 SEM images of the MnCoxOy@TiO2@Ti wire mesh. (a) Overview;
(b) surface morphology of wires; (c) morphology of cubic layers; and
(d) microstructure of cubic layers.

This journal is © The Royal Society of Chemistry 2017
The obtained MnCoxOy nanoparticles are uniform with an
average size of 80–120 nm (Fig. 2a and b). The HRTEM image of
MnCoxOy (Fig. 2c) showed lattice fringes in the (222) direction
with an interplanar spacing of 0.239 nm. In order to understand
the surface elemental distribution of MnCoxOy@TiO2@Ti, the
EDX-mapping is shown in Fig. 2d–f. The Mn and Co elements
show a highly uniform distribution in the MnCoxOy nano-
particles, indicating that the Mn and Co atoms are arranged in
the cube-like structure and have a strong interaction between
them.26 This structure ensures the uniform dispersion of the
active components to improve the catalytic activity.

The XRD patterns of the MnCoxOy powders scraped from the
Ti wire mesh also conrm the formation of MnCoxOy (Fig. 3);
the peaks at 18.55�, 30.54�, 35.99�, 43.76�, 54.34�, 57.91�, 63.62�

and 76.35� indicate that the nanocrystals of MnCo2O4 possess
the spinel structure (JCPDS 23-1237). The diffraction peaks are
narrow and strong, which means that the MnCo2O4 has small
particle size and regular morphology. This is also consistent
with the results of SEM and TEM.

The chemical states on the catalyst surface were investigated
by XPS measurements. The catalyst shows two overlapping
peaks of the O 1s (Fig. S2a†); the low binding energy peak
Fig. 3 XRD patterns of theMnCoxOy powders scraped from the Ti wire
mesh.

RSC Adv., 2017, 7, 36319–36325 | 36321
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Fig. 4 NH3-SCR performance of the MnCoxOy@TiO2@Ti wire mesh,
MnCo2O4/honeycomb ceramics and V–W–T/honeycomb ceramics
as a function of temperature. Conditions: [NO] ¼ [NH3] ¼ 500 ppm,
[O2] ¼ 3 vol%, N2 as balance gas, and GHSV ¼ 10 000 h�1.
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(531.8 eV) was assigned to lattice oxygen, and the high binding
energy peak (533.0 eV) was attributed to chemisorbed oxygen,
which could originate from defect oxides or hydroxyl-like
groups. The surface chemisorbed oxygen has been reported as
the most active oxygen, particularly in the oxidation reaction
due to its higher mobility. The abundance of chemisorbed
oxygen in MnCoxOy@TiO2@Ti wire mesh may enhance the
NH3-SCR reaction by participating in the “fast SCR” reaction
route.

The Co 2p3/2 spectrum of the catalyst is tted into two peaks
assigned to Co3+ (779.9 eV) and Co2+ (781.5 eV) (Fig. S2b†). The
Co3+ species is preferred for the oxidation cycle among the
various valence states of cobalt, resulting in an enhancement of
NH3 chemisorption. Thus, the Co3+ species could enhance the
catalytic activity.

The Mn 2p3/2 spectra can be divided into three characteristic
peaks attributed to Mn2+ (640.6 eV), Mn3+ (642.0 eV), and Mn4+

(644.1 eV) (Fig. S2c†). The Mn4+ species and its redox cycle
might contribute to the high activity in the NH3-SCR reaction at
low temperatures and enhance oxidation of NO to NO2.

The H2-TPR analysis was employed to evaluate the reducibility
of the catalyst. The TPR proles of the MnCoxOy@TiO2@Ti wire
mesh are shown in Fig. S3.† As can be seen, the catalyst shows
three distinct peaks at 306, 406, and 457 �C. The low temperature
peak at 306 �C corresponds to the reduction of the manganese
species. The later peaks at 406 and 457 �C are attributed to the
Co3+ to Co2+ and Co2+ to Co0 transitions, respectively.

The NH3-TPD experiments were performed to investigate the
adsorption and activation of NH3 on the surface acid sites of
the catalyst, which is generally viewed as the key process in the
NH3-SCR of NO. In the NH3-TPD prole (Fig. S4†), the low
temperature desorption peaks between 100 and 300 �C belong
to the ammonia desorbed from weak Lewis or Brønsted acid
sites and the high temperature desorption peaks between
300 and 600 �C belong to the ammonia desorbed from strong
acid sites.3 Therefore, the NH3-TPD measurement was per-
formed as shown in Fig. S4.† The catalyst exhibits two desorp-
tion peaks: the weak peak centred at 190 �C attributed to
ammonia desorbed from the weak acid sites, and the strong
peak observed at 484 �C assigned to ammonia desorbed from
the strong acid sites on the catalyst. This reveals a much larger
area, indicating the presence of several acid sites.
Catalytic performance

The NH3-SCR activity of MnCoxOy@TiO2@Ti wiremesh is shown
in Fig. 4. For comparison, manganese salt, cobalt salt and TiO2

were impregnated on the conventional honeycomb ceramics and
the V–W/TiO2/honeycomb ceramics catalyst was also prepared.
The MnCoxOy@TiO2@Ti wire mesh and MnCoxOy/TiO2/honey-
comb ceramics show a similar NO conversion, implying that the
Mn and Comixed oxides are the active components. In the range
of 200–425 �C, theMnCoxOy@TiO2@Ti wiremesh shows a better
NO conversion than the MnCoxOy/TiO2/honeycomb ceramics.
Particularly, at 275–350 �C, the maximum NO conversion of the
MnCoxOy@TiO2@Ti wire mesh is 95%, and 92% for the
MnCoxOy/TiO2/honeycomb ceramics. During the ve recyclable
36322 | RSC Adv., 2017, 7, 36319–36325
catalytic tests, the maximum NO conversion remains at 95%
(Fig. S5†). The three-dimensional titanium wire mesh support is
more favourable for improved denitrication performance
compared to traditional ceramic honeycomb carriers due to its
goodmechanical properties and heat transfer performance. This
can also avoid the sintering of the active component of the
catalyst at high temperature and inuence the catalytic perfor-
mance. Additionally, the metal wire mesh are easier to recycle as
compared to the ceramic. From Fig. 4, the V–W/TiO2/honeycomb
ceramics show a maximum NO conversion of 97% at 400 �C.
Thus, the MnCoxOy@TiO2@Ti wire mesh and MnCoxOy/TiO2/
honeycomb ceramics display denitrication activity at lower
temperatures than the V–W/TiO2/honeycomb ceramics, which
further conrms that these catalysts with the active components
of cobalt manganese composite oxides are conducive to practical
application. Therefore, the titanium wire mesh is demonstrated
as an excellent catalyst substrate for the removal of NOx, which is
expected to replace the traditional honeycomb ceramic carrier.
In addition, it can be recycled to avoid environmental pollution
and wastage of resources. A comparison of the MnCoxOy@-
TiO2@Ti wire mesh with other high-activity Mn-based catalysts
that were reported in the literature has been summarized in
Table S1.† Thus, Mn or Mn–Co is a good de-NOx catalyst, but
those are powders rather than monolith.

A relative turnover frequency (TOF) value was employed to
calculate the activities of the catalyst. The relative TOF (s�1) of
NO over eachMn atom was calculated by the following equation:

TOF ¼

�
Py

RT

�
a

mcatbMn

MMn

where P is the standard atmospheric pressure (1.01 � 105 Pa); y
is the ow rate of NO (1.0 mL min�1); R is the proportional
constant (8.314 J mol�1 K�1); T is the room temperature (298 K);
a is the NO conversion of the catalyst (%);mcat is the mass of the
This journal is © The Royal Society of Chemistry 2017
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catalyst; bMn is the Mn loading calculated from the XPS spectra
(%) andMMn is themolarmass ofMn (54.94 gmol�1). Based on the
NO conversion at 150 �C, the TOF for the MnCoxOy@TiO2@Ti wire
mesh, calculated using the above equation, was 2.7 � 10�3 s�1.

In order to have a better understanding of the improved
morphology and catalytic ability of theMnCoxOy@TiO2@Ti wire
mesh, different conditions were investigated. With a change in
solution concentration, the obtained morphology is different
(Fig. S6†). When themolar amount of Mn is 4mmol, the highest
loading of the surface active component on the titanium wire
mesh is observed, the layered cubic structure is the most regular
and displays the most exposed surface, which enables adsorp-
tion and activation of the gas molecules in the process of
denitrication and improves the catalyst activity. With the
increase of duration of the hydrothermal reaction, the active
load gradually increased and an even load was obtained on the
surface (Fig. S7†). The saturated load was achieved at 12 h and
did not display a signicant change upon further increase of the
duration.

There is a close relationship between the activity of the
monolith catalyst and the proportion of the components.
Different proportions of the monolith catalyst may have different
crystal structures, specic surface areas and redox properties,
which ultimately lead to different catalyst activities.39–47When the
concentration of MnSO4$H2O was 4 mmol and Co (NO3)2$6H2O
was 8 mmol, the monolith catalyst exhibited the best catalytic
activity in the entire temperature range, compared to the other
catalysts (Fig. S8†). In the temperature range 275–400 �C, the NO
conversion rate is more than 87% and reached a maximum value
of 96% at 325 �C.

The NO conversion under different GHSVs is very crucial for
practical applications.6,28 Fig. 5 shows the NO conversion of
MnCo2O4 under different space velocities. At 10 000 h�1, the
catalyst displayed the best performance. In the range 200–400 �C,
the NO conversion was >70%, while it was >94% at 275–350 �C. At
20 000 h�1, the NO conversion was 90% at 325 �C and reduced at
all other temperatures. The entire catalytic activity window
became narrow. At 30 000 h�1, the catalytic activity decreased
Fig. 5 NH3-SCR activity of the MnCoxOy@TiO2@Ti wire mesh for
different GHSVs.

This journal is © The Royal Society of Chemistry 2017
signicantly and the maximum conversion rate of NO was 74%.
The entire active range window shied to the high temperature
zone. The results show that the denitrication activity of the
MnCoxOy@TiO2@Ti wire mesh decreased gradually with the
increase in space velocity. From the actual operating temperature
range and the maximum NO conversion requirements, the
appropriate gas ow rate or amount of catalyst to achieve the
corresponding space velocity condition can be selected.

The catalytic stability is quite important in practical appli-
cations for the catalyst. Fig. 6 shows the stability test curve of the
MnCoxOy@TiO2@Ti wire mesh at 325 �C. In the rst 2 h, NO
conversion signicantly decreased from 98% to 95% and slowly
reduced further to 92% aer a long test of 13 h. Thus, the NO
conversion was maintained at >90% during the entire test. This
shows that the MnCoxOy@TiO2@Ti wire mesh can not only
provide high NH3-SCR activity in a wide range of operating
temperatures, but can also maintain a high NO conversion rate
under longer test conditions. This also proves that the
mechanical stability and the three dimensional structure of the
catalyst support titanium mesh enables a good mass transfer
and heat transfer performance to avoid the sintering of the
catalyst in the long term test. The stability of the MnCoxOy/TiO2/
honeycomb and V–W/TiO2/honey-comb ceramics was also tested
(Fig. S9†). The result of MnCoxOy/TiO2/honeycomb ceramics is
similar to that of the MnCoxOy@TiO2@Ti wire mesh, but the NO
conversion is lower due to the aggregation of nanoparticles and
poor transformation. The NO conversion of V–W/TiO2/honey-
comb ceramics is relatively low and descends rapidly.

Some residual H2O always exists in the exhaust fume, which
can deactivate the catalyst if adsorbed on the active sites.39–42

The test curve of the MnCoxOy@TiO2@Ti wire mesh in the
presence of 10 vol% water vapor at 325 �C is shown in Fig. 6a.
The NO conversion of the catalyst was about 93% in the absence
of steam. Aer the introduction of 10 vol% H2O, the conversion
Fig. 6 (a) Stability test at 325 �C for 15 h and (b) H2O durability test of
the MnCoxOy@TiO2@Ti wire mesh at 325 �C.

RSC Adv., 2017, 7, 36319–36325 | 36323
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rate slowed to 89% during the 6 h test. This is because the water
vapor and NH3 molecules on the surface of the catalyst compete
for adsorption sites to inhibit the adsorption and activation of
reactive gas molecules. However, aer removing H2O, the
conversion of NO remained unchanged. The NO conversion of
the catalyst was >90% during the entire process of water resis-
tance testing, which shows that the catalyst has better ability to
resist H2O steam toxicity. The performance of H2O resistance at
275 �C is similar (Fig. S10†). Aer the introduction of 10 vol%
H2O, the conversion rate slows to 80% during the 6 h test.
Conclusions

In summary, we have rationally designed and fabricated porous
MnCoxOy nanocubes on Ti mesh in situ as a novel monolith de-
NOx catalyst for NH3-SCR of NO. The MnCoxOy@TiO2@Ti wire
mesh catalyst displays an enhanced NH3-SCR activity compared
to the honeycomb ceramics based monolith catalysts, with
a maximum NO conversion of 95% at 275 �C. The NO conver-
sion is maintained >90% at a GHSV of 10 000 h�1 within the
broad temperature window from 275 �C to 400 �C. The surface
of the titanium mesh is uniformly coated with a layer of cube-
like arrays, and each cube is formed by the stacking of regular
sheet layers. This structure could prevent the migration and
agglomeration of metal oxides and provide a synergistic
performance between the components during the catalytic
reaction. The catalyst can sustain high NO conversion and
exhibits superior catalytic cycle stability and good H2O resis-
tance. The in situ growth of composite metal oxides on the wire
mesh can not only reduce environmental pollution due to the
binder in the traditional monolithic catalyst, but also can be
easily recovered twice. The wire mesh has good mechanical and
mass transfer properties, which benets the denitrication
reaction. The idea and the concept of the preparation of the
novel monolithic de-NOx catalyst are of great signicance for
the development and design of new monolithic catalysts.
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