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Highly ordered mesoporous «-Mn,0; with well-defined
mesopores, high surface area, and high oxygen vacancy exhibits
excellent catalytic activity toward H,O, decomposition at low
temperature.

Recently, there has been great interest in the synthesis and
application of various kinds of nanostructured transition metal
oxide as an attractive alternative to traditional catalysts.!??
Among them, a nanocrystalline manganese oxide exhibits
remarkable catalytic activities toward gas-phase oxidation of
methane®> and carbon monoxide,®’ and decomposition of
NO..8 The manganese oxide also shows excellent catalytic
activity for decomposition of H;O, compared to other transition
metal oxides.® The decomposition of H,O, in various applica-
tions, such as water treatment and bleaching using H,O, in
production of pulp, is desirable from an environmental view-
point. Many researchers have also reported that various mixed
metal oxides, including Mn species such as Mng s3Fe; 4704,'°
CrO;-MnO,,'""  Li,0-Mn,03;/Al,0;,"> La;_,Sr,MnO;"? and
MnFe,04,'* are active for H,O, decomposition. Recently,
Valdés-Solis et al. have reported that spinel ferrite MnFe,O4
nanoparticles shows much higher activity than heterogeneous
catalysts previously reported in the literature.'*

Mesoporous transition metal oxides have received enormous
attention because of the unique catalytic properties attributed to
high surface area and easy accessibility to active sites.'>!® Ren
et al. reported that the mesoporous metal oxides exhibit higher
activity than corresponding bulk materials for low-temperature
CO oxidation.'® The high activity is related to the mesoporous
structures, not just high surface area of mesoporous metal
oxides. A nanoreplication method has brought forward incred-
ible possibilities in preparing new mesoporous materials.
However, the nanoreplication of mesoporous metal oxides
presents some difficulty. In particular, it is necessary to carry
out infiltration several times to achieve optimum loading of
precursors within the mesopores.!””!° In the present work, we
have successfully synthesized highly ordered mesoporous «-
Mn,O3 material by using a simple and facile solvent-free
infiltration method.?’ The mesoporous @-Mn,Os thus obtained
was applied to catalytic H,O, decomposition, where the catalytic
performance was compared to those of bulk @-Mn,0;, meso-
porous &-Fe;03, and other reported nanocatalysts.

The mesoporous silica templates (KIT-6) were synthesized
following methods reported elsewhere.?!?> A triblock copoly-
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mer (Pluronic 123, EO»gPO70EO,q, M,, = 5800) was used as the
structure directing agent for the silica material. Tetraethylortho-
silicate (Aldrich) was used as the silica source for the KIT-6
material. After calcination, the KIT-6 material was used as a
template for the synthesis of &-Mn,O; replica. Manganese(I1I)
nitrate hexahydrate (Mn(NOj3),+6H,0, Aldrich) was used as o-
Mn,0; precursor. Typically, 5.0 g of the calcined KIT-6 template
was heated at 100°C for 1h. The preheated silica template
was poured into a polypropylene bottle containing 3.2 g of
Mn(NO3),+-6H,0 (mp 37 °C) that was melted to liquid phase at
80 °C. The bottle containing the mixture was closed and shaken
vigorously to mix the Mn(NO;),-6H,0 and KIT-6 template.
Subsequently, the bottle was put in an oven at 80 °C overnight
for the spontaneous infiltration of manganese precursor within
the mesopores of silica template. The composite materials then
were heated to 450 °C under ambient atmosphere for 3h. The
silica template was removed by treating the composite material
with 2 M NaOH solution three times. Finally, the mesoporous o-
Mn, O3 material thus obtained was washed with distilled water
and acetone several times and dried at 80 °C. Elemental analysis
indicated that the amount of residual silica template was lower
than 0.5wt%. In order to compare the catalytic activity of
mesoporous ®-Mn,03 material with other catalysts, a bulk «-
Mn,0O; and a mesoporous «-Fe,O; were also synthesized
following a procedure described in the references”>?* (See
Supporting Information for details of preparation methods®’).
The H,0, decomposition reactions were performed in a flask
batch reactor at desired temperatures (1, 8, 18, and 25 °C) under
atmospheric pressure. For typical reaction condition, the catalyst
(0.05g) was put into 31.5mL of 0.042M H,0O, solution. The
effect of pH of the medium on the H,O, decomposition was
investigated using KOH solution instead of water. The H,0,
concentration depending on reaction time was measured by
KMnOy, titration.2°

Figures 1a and 1b show X-ray diffraction (XRD) patterns
for the KIT-6 template and the replicated mesoporous manga-
nese oxide, respectively. As shown in the low-angle XRD
pattern (Figure 1a), the KIT-6 exhibits typical XRD peaks that
are characteristics of 3-D cubic (Ja3d) mesostructure.?’ In the
case of mesoporous manganese oxide, a new XRD peak appears
at a low angle as shown in Figure 1b, which corresponds to the
position of the 110 reflection for la3d symmetry. Since the la3d
symmetry are not allowed to have the 110 reflection, however,
the presence of the new XRD peak indicates that the cubic la3d
mesostructure is transformed to the tetragonal /4;/a (or lower)
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Figure 1. XRD patterns of (a) KIT-6 template and (b)
mesoporous ®-Mn,03, and (¢, d) TEM images of mesoporous
a-Mn,0s3. Insets in XRD pattern and TEM image are wide angle
XRD pattern and high-resolution TEM images of mesoporous
a-Mn, O3, respectively.

mesostructures or a single gyroid structure after the removal of
silica template.?0-21242829 Very similar phase transformation
upon the removal of silica template was reported for the
synthesis of mesoporous carbon, metal oxides, and metals from
mesoporous silica templates with cubic la3d mesostructures
(MCM-48 or KIT-6).20212428 The wide-angle XRD pattern of
mesoporous manganese oxide (inset of Figure 1b) shows several
peaks at 26; (211) at 23.08°, (222) at 32.87°, (400) at 38.14°,
(332) at 45.00°, and (134) at 49.22°, which are the character-
istics of a-MnyO;. The average size of crystalline a-Mn,0O;
framework is estimated to be about 10 nm by using the Scherrer
formula, which is similar to the pore size of KIT-6 (ca. 7.4 nm,
Figure S2 and Table S1) as well as the wall thickness estimated
by TEM image (ca. 8nm, Figure 1d). The highly ordered
mesostructures of mesoporous ®-Mn,03 can also be confirmed
by TEM images as shown in Figures 1c and 1d. A high-
resolution TEM image (inset of Figure 1d) shows clear lattice
fringes with the spacing of about 0.27 nm, which agrees well
with the d»,, spacing of «-Mn,0;. SEM images in Figure S12
are also consistent with the presence of highly ordered porous
structures on the particle surface.

The N, adsorption—desorption isotherm for the mesoporous
a-Mn,0;5 gives a typical type-IV isotherm with hysteresis,
which is characteristic of mesoporous materials (Figure S22%). A
well-defined step appears in the adsorption—desorption curves
around a relative pressure, p/po, of 0.8. As shown in
Figure S2,%5 the mesoporous @-Mn,0O; exhibits dual porous
structure (2.7 and 20 nm). The mesopore with 2.7 nm in diameter
should arise from the silica framework of KIT-6 template (silica
wall thickness is about 2.6nm, Table S12). The other (20nm
pore) may be generated by the structural transformation from the
cubic /a3d mesostructure to the others, as discussed for XRD
patterns.?®2!242% The mesoporous «-Fe,O3 and bulk a-Mn,03
materials were also characterized by N, sorption, XRD, and
SEM (Figures S2, S3, and S4).2° The physical properties of
mesoporous &-Mn,03, bulk &-Mn, 03, and mesoporous a-Fe, O3
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Table 1. Physical properties and light-off time for H,0,
decomposition

Sample SBZET: Vtgtb_1 Light-off time/min
/m g™ Jemr'g ts0° 10o°
KIT-6 709 0.99 — —
Mesoporous &-Mn,O; 118 0.41 0.3 0.7
Bulk o-Mn,03 21 0.16 1.0 10

Mesoporous &-Fe,O; 138 0.36 365 1380

“BET surface area calculated in the range of relative pressure
(p/po) = 0.05-0.20. Total pore volume measured at p/py =
0.99. °Times when H,O, conversion reaches 50% at 25°C.
9Times for 100% conversion of H,0, at 25°C.
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Figure 2. H,0, decomposition activity over mesoporous and
bulk @-Mn,Oj5 catalysts at different reaction temperatures (1, 8,
18, and 25°C).

material are summarized in Table 1. The BET surface area of
mesoporous @-Mn,O3 (118 m?g~!) shows a much higher value
compared to bulk a-Mn,O3; (21 m?>g~"). The mesoporous «-
Fe,05 also exhibits well-defined mesostructure and high surface
area (138 m>g™).

Figure 2 shows catalytic activity toward H,O, decomposi-
tion over mesoporous and bulk o-Mn,O; at different temper-
atures (1, 8, 18, and 25°C), which depicts the conversion of
H,0,. Total H,O, decomposition (¢1qg) is achieved within 1 min
over mesoporous &-Mn,O; even at 1 °C whereas 1oy over bulk
a-Mn,05 is achieved at 30 and 10min at 1 and 25°C,
respectively. In general, H,O, decomposition rate over metal
oxides is known to be dependent on reaction temperature, i.e.,
the activity increases as the reaction temperature increases.'!-*
However, it was observed that the catalytic decomposition of
H,0, over the mesoporous &-Mn,O; is very similar at all
temperatures without any detectable difference, even at 1°C
under our reaction conditions, whereas the bulk &-Mn,05; shows
that the activity is highly dependent on the reaction temper-
atures. It is reasonable that the high activity toward H,0,
decomposition over mesoporous &-Mn,O; at low temperature
is attributed to its well-defined mesopores and high surface area.

The mechanism of H,O, decomposition over transition
metal oxide has been proposed by two possible reaction
pathways via a surface oxygen vacancy mechanism and via
radical reaction mechanism in the literature (See Supporting
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Information).!®!3233! The oxygen vacancies on the metal oxide
surface can participate in the reaction by activating H,O, to
produce H,O and O,.'%!3 A reaction mechanism by radical
formation (¢OOH and eOH) on the surface metal oxide species
(for example, Feg,¢ > and Feg,s>t) has also been proposed.!%3!
Figure S5% shows H, temperature-programmed reduction (H,-
TPR) and O, temperature-programmed oxidation (O,-TPO) data
for mesoporous &-Mn,O; and bulk «-Mn,O; materials. As
shown in Figure S5, the bulk ®-Mn,0; exhibits two typical
H,-TPR peaks (around 360 and 470°C),>? whereas the meso-
porous &-Mn,05 exhibits broad reduction peaks below 300 °C
(150 and 250°C) in addition to the two main peaks. These
additional peaks at low temperatures are probably due to the
reduction of manganese species with oxygen vacancies, indicat-
ing that the mesoporous «-Mn,0O; has a greater number of
oxygen vacant sites on the surface than bulk ®-Mn,03. The O,-
TPO data (Figure S5%°) also indicate that a much larger amount
of oxygen is consumed for the mesoporous ®-Mn,0O3 than bulk
a-Mn;,0s. It is reasonable that mesoporous &-Mn,O; with high
surface area and considerable amount of oxygen vacant sites on
the surface may result in excellent catalytic activity at low
temperature, where the a-Mn,O; catalyst follows a surface
oxygen vacancy mechanism. '3

The activity of mesoporous &-Mn,Oj3 is compared to those
of mesoporous ®-Fe,O; and other catalysts in the literature
(Figure S6%°) under the same reaction conditions. For com-
parison, the activities of MnFe,04,'% CuFe;_ 043 and
Mnyg s3Fe; 47040 catalysts reported by other authors are plotted
in Figure $6.2 Mesoporous «-Mn,O3 synthesized exhibits the
excellent activity at low temperature compared to mesoporous
a-Fe,03 and other catalysts in the literature. #,9o of mesoporous
a-Fe,O5 is achieved in 23h whereas the that of nanosized
MnFe,0,4 (BET surface area: 93 m?g~")'* is achieved in around
Smin. Mngs3Fe; 4704 (BET surface area: 14-16 m? g‘l)10 and
Cu,Fe;_,043 exhibit relatively low activity. As shown in
Figure S7, the activity of mesoporous @-Mn,Oj is not affected
by pH of the reaction medium. Moreover, there is no significant
change in the H,O, decomposition even though the catalyst is
reused several times (Figure S8%). After three reaction and
regeneration cycles, the XRD patterns and H,-TPR of meso-
porous &-Mn,05 are very similar to those of the material before
the reaction (Figure S9?°), indicating the present mesoporous ¢-
Mn,0; is quite stable over several catalysis cycles.

In summary, the H,O, decomposition activity over meso-
porous &-Mn,0Oj3 is considerably higher than those of bulk «-
Mn,0;, mesoporous &-Fe,Os, and other nanocatalysts reported
in the literature. The excellent activity of mesoporous &-Mn,03
even at 1 °C is probably due to the high surface area as well as
the large number of oxygen vacant sites. Moreover, the activity
is not affected by reaction conditions such as reaction temper-
ature, pH, and reutilization. From an environmental viewpoint,
the present work is expected to be very useful for H,O, removal
applications such as water treatment or peroxide bleaching.
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