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ABSTRACT: Synthesis of crystalline mesoporous K, . MngO 4
(Meso-OMS-2), and &-MnO, (Meso-&-MnO,) is reported. The
synthesis is based on the transformation of amorphous
mesoporous manganese oxide (Meso-Mn-A) under mild
conditions: aqueous acidic solutions (0.5 M H' and 0.5 M
K"), at low temperatures (70 °C), and short times (2 h). Meso-
OMS-2 and Meso-¢-MnO, maintain regular mesoporosity (4.8—
5.6 nm) and high surface areas (as high as 277 m’/g). The
synthesized mesoporous manganese oxides demonstrated
enhanced redox (H,-TPR) and catalytic performances (CO
oxidation) compared to nonporous analogues. The order of
reducibility and enhanced catalytic performance of the samples
is Commercial-Mn,0O; < nonporous-OMS-2 < Meso-Mn,0; <

Meso-OMS-2 < Meso-e-MnQO, < Meso-Mn-A.

Meso-OMS-2

o +1/20, co,
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Nanocrystalline and monomodal pore size multivalent
mesoporous transition metal oxides (MTMOs) have
attracted much attention in the past two decades and have been
the subject of thousands of research studies. The interest in
multivalent MTMOs originates from their catalytic, electronic,
sorption, and magnetic properties which are superior to those
of their nonporous counterparts.'”” However, because of
synthetic limitations in the sol—gel chemistry of TMs,
multivalent MTMOs (i.e., Fe, Mn, and Co) can be synthesized
only with a limited (usually one) number of crystal
phases.>*”'°~™* That limits the potential use of mesoporous
MTMOs for various applications, because their versatility arises
from the numerous oxide structures, polymorphs, and stable
oxidation states.">~>' The situation is more complicated for
manganese oxides. In addition to thermodynamically stable
major Mn,O5 (Bixybyite, Mn = 3*), Mn;0, (Hausmannite, Mn
= 2" & 3%), and f-MnO, (Mn = 4*) phases, there are many
other oxide structures (i.e, Mn;Og & MnO), polymorphs of
MnO, (a-, -, y-, 6-, &-, and A-), and cation-stabilized octahedral
coordinated microporous manganese oxides (octahedral
molecular sieves, OMS).?>">% Thus far, ordered mesoporous
manganese oxides have only been synthesized with Mn,O;
(Bixybyite) or Mn;0, (Hausmannite) phases by direct sol—gel
methods.>'* Other phases such as K,_ MngO;s (Cryptoma-
lene) and y-MnO, have only been obtained using a hard
template (nanocasting) such as mesoporous silica (i.e., SBA-16
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and KIT-6).>° This approach requires subsequent template
removal by NaOH following the formation of the desired oxide
structure.

Here, we are reporting the transformation of mesoporous
amorphous manganese oxide (Meso-Mn-A) to crystalline
mesoporous Mn,0; (Meso-Mn,0;), &-MnO, (Meso-¢-
MnO,), and K, MngO,; (Meso-OMS-2) materials by
preserving the mesoporosity under mild (0.2—0.5 M H* &
40—70 °C) conditions. Scheme 1 summarizes the trans-
formation conditions for the materials mentioned in this
manuscript (see the Supporting Information for detailed
experimental procedures). The amorphous manganese oxide
(Meso-Mn) was synthesized using a recently developed inverse
micelle templating route. This method uses inverse nonionic
surfactant micelles (P123) as a soft template, whereas the sol—
gel process of manganese sols is controlled in acidic media
(HNO;) by NOx chemistry. The Meso-Mn was subjected to a
heating cycle of 150 °C (10 h) + 250 °C (3 h) + 350 °C (2 h)
to form amorphous Meso-Mn-A. Meso-Mn-A was used as a
substrate to form other crystalline mesoporous manganese
oxides: (1) Meso-Mn,O; was formed by heating Meso-Mn-A at
450 °C for 1 h, (2) Meso-e-MnO, was synthesized by treating
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Scheme 1. Schematic Illustration of the Synthetic Approach
to Form Crystalline Mesoporous Manganese Oxides
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Meso-Mn-A in a 0.5 M aqueous sulfuric acid solution at 70 °C
for 2 h, and (3) Meso-OMS-2 was synthesized by treating
Meso-Mn-A in a 0.5 M aqueous sulfuric acid solution
containing 0.5 M KCl at 70 °C for 2 h.

These materials are members of the recently discovered
University of Connecticut (UCT) mesoporous materials family.
The UCT materials are randomly packed monodisperse
nanoparticle aggregates and the mesopores are continuous
intraparticle voids. The UCT materials typically have one low-
angle diffraction line indicating the size of the building blocks
(nanoparticles) and a Type IV adsorption isotherm indicating a
regular mesoporous structure.” Figure Sla in the Supporting
Information shows the low-angle PXRD patterns of the
mesoporous samples. All samples have one low-angle
diffraction line indicating the existence of a mesostructure.
The positions of the diffraction lines are at around ~8 nm for
all the mesoporous samples except for Meso-Mn,O; (10.8 nm)
(see Table 1). The increase is attributed to a unit-cell expansion
upon heat treatment caused by nanoparticle sintering, which is
also typical for UCT materials.>*’Figure S1b in the Supporting
Information shows the wide-angle PXRD patterns of
mesoporous manganese oxides. Meso-Mn-A does not show
any diffraction lines (amorphous) whereas Meso-Mn,0; shows
the bixbyite (Mn,0O;) crystal structure with a crystallite size of
11.8 nm (Table 1). Acid treatment of the Meso-Mn-A sample
yielded the £&-MnO, (Meso-¢-MnO,) phase with a crystallite
size of 2.3 nm (see Figure S1b in the Supporting Information
and Table 1). The e&-MnO, (Akhtenskite) is a relatively less
known phase of manganese oxide and is structurally (and
electrochemically) very similar to the y-MnO, phase.”>** Both
(e- and y-) consist of an intergrowth 1 X 1 pyrolusite (2.3 A X
2.3 A) and 2 X 1 ramsdellite (4.6 A X 2.3 A) phases. However,
the &- phase shows more structural faults (De Wolff faults) and

microtwinning than the y- phase.”> MnOy octahedral units are
the building blocks of &-MnO, as well as numerous other
microporous manganese oxides known as Octahedral Molec-
ular Sieves (OMS). The micropores of OMS materials are
occupied with charge balancing cations (ie., H, K, Ag*, Rb*,
Mg*, Ba’*) and manganese is mix-valent with oxidation states
of 2%, 3*, and 4*.162528 Among the OMS materials, potassium
containing manganese oxide octahedral molecular sieves (K-
OMS-2) has attracted much of the interest because of its
advanced redox activity in catalytic reactions.'”'****° OMS-2 is
synthetic analogue of a naturally occurring microporous
manganese oxide mineral, cryptomelane (4.7 A x 4.7 A).”
Synthesized mesoporous K-OMS-2 (Meso-OMS-2) is the
cryptomelane (K,  MngO,s) phase with a crystallite size of
5.0 nm (see Figure S1b in the Supporting Information and
Table 1). Figure S1 in the Supporting Information shows the
N, sorption isotherms (c) and BJH desorption pore size
distributions (d) of mesoporous manganese oxides. BET
surface areas, pore sizes, and pore volumes of mesoporous
manganese oxides are summarized in Table 1. Regardless of
applied heat or acid treatments, all the materials have a Type IV
adsorption isotherm indicating the existence of mesopores
followed by a Type I hysteresis loop suggesting a regular
mesoporosity. Acid-treated samples exhibit higher mesopore
sizes than the parent Meso-Mn-A (3.4 nm) and Meso-Mn,O,
(3.8 nm) with Meso-e-MnO, having the largest pore size (5.6
nm). In addition, all mesoporous samples exhibit high BET
surface areas (>128 m?*/g) where Meso-OMS-2 is the one with
the highest surface area (277 m?/g). For comparison,
commercial Mn,0O; (C—Mn,0;) and nonporous K-OMS-2
synthesized by reflux methods (R-OMS-2) were also analyzed.
Their physicochemical properties are summarized in Table 1
and Figure S2 in the Supporting Information. Both C—Mn,O;
and R-OMS-2 do not have any low-angle diffraction lines (see
Figure S2a in the Supporting Information) and have high
crystallinity (see Figure S2b in the Supporting Information and
Table 1). They also demonstrate a Type III adsorption
isotherm due to their nonporous nature (see Figure S2c in the
Supporting Information), and therefore they exhibit low BET
surface areas (<56 m’/g).

Transformation of Mn,0O; and Mn;0, phases to MnO, in
acidic aqueous solutions relies on dissolution-disproportion
reactions (see equations S1—S3 in the Supporting Informa-
tion).>"** Mn* in the solid is reduced to Mn?* which leaches
out from the oxide surface (Mn** (aq)); meanwhile Mn*" in
the solid is oxidized to Mn*" to form MnO, in acidic aqueous
media. Sinha et al. converted a mesoporous mixed phase

Table 1. Structural Parameters of Mesoporous Manganese Oxide Samples and Their Catalytic Performances for CO Oxidation

low-angle PXRD peak surface area BJH des. pore

sample ID position(nm) Sper (m?/g) size (nm)
Meso-Mn-A 7.9 238 3.4
Meso-Mn,0, 10.8 128 3.8
Meso-e- 8.4 196 5.6

MnO,
Meso-OMS-2 82 277 4.8
C-Mn, 04 NA 9 NA
R-OMS-2 NA 56 NA

BJH ads. pore  pore volume  Scherrer crystal Tiaw
size (nm) (cc/g) size (nm) crystal structure (°C)
3.8 0.31 NA NA 25
4.9 0.22 11.8 Mn,0, (Bixbyite) S0
52 0.32 2.3 £-MnO, S0
(Akhtenskite)
6.7 0.48 5.0 K, MngOy¢ 50
(Cryptomelane)
NA 0.01 34.6 Mn,O; (Bixbyite) NA
NA 0.69 8.6 K,_MngOy4 225
(Cryptomelane)

“T\00 is 100% conversion temperatures in CO oxidation experiments. The conversion is based on CO. 1%CO + 2% O, were diluted in N,. The flow

rate was 15 cc/min. The experiments were done at atmospheric pressure.

dx.doi.org/10.1021/am502846e | ACS Appl. Mater. Interfaces 2014, 6, 10986—10991



ACS Applied Materials & Interfaces

(Mn;0, and Mn,0;) manganese oxide to y-MnO, using a 10
M sulfuric acid solution at RT (20x more concentrated than the
conditions used in this study).'"** In another study, Walanda et
al. transformed nonporous Mn,0; to y-MnO, (0.5 M H', 80
°C for 1 week) and OMS-2 (5.0 M H*, 80 °C for 1 week) by
sulfuric acid treatment.>> Because of the nanoparticle nature of
UCT materials, the transformation conditions are much milder
(0.5 M H* at 70 °C for 2 h) and resulting materials exhibit high
surfaces area and mesoporosity. In addition, mesoporous é&-
MnO, and OMS-2 have not been observed previously. To
validate the mildness of the reaction conditions, commercial
Mn,0; (C—Mn,0;) was treated with 0.5 M sulfuric acid
solution at 80 °C for 4 h. Despite the transformation being
done at a higher temperature (70 °C vs 80 °C) and longer time
(2 h vs 4 h), the transformation was incomplete and the major
crystalline phase was still Mn,O; (see Figure S3 in the
Supporting Information). Most probably, the transformation
only occurred on the surface and the bulk remained the same.

Morphology studies using SEM (Figure 1 and Figure S4 in
the Supporting Information) revealed that the acid treatment

Meso-Mn,0, Meso-Mn,0;

y Meso-e-MnO,

2

o’

~

Meso-OMS-2

Meso-OMS-2

Figure 1. SEM images of mesoporous manganese oxides (a) Meso-
Mn,O; (scale bars are SO0 nm at al and 200 nm at a2), (b) Meso-¢-
MnO, (scale bars are S00 nm at bl and 200 nm at b2), and (c) Meso-
OMS-2 (scale bars are 500 nm at cl and 200 nm at c2).

caused drastic changes on the surface morphology of
mesoporous manganese oxides, despite the low magnification
images showing aggregated micron sized spheres for all
samples. Direct heat treatment of Meso-Mn-A to form Meso-
Mn,O; did not cause a significant change in the surface
morphology. The sample preserved its relatively smooth surface
morphology and one can realize textural porosity on the
particle surfaces (compare Figure S4 in the Supporting

Information and Figure 1a). However, the surface morphology
of Meso-e-MnO, particles show flakes growing out the particles
with wide openings (Figure 1b) and Meso-OMS-2 sample has
surfaces covered by needles growing out the spherical particles
(Figure 1c). Surface morphologies like fibers, needles, flakes,
nanoplates, and nanorods have widely been observed for tunnel
structured MnO, (OMS) materials.">'®2325283% However,
these materials failed to demonstrate regular, monomodal
porosity as evidenced by the lack of a Type IV N, adsorption
isotherm. Therefore, HR-TEM images of mesoporous man-
ganese oxide samples were also collected for better evaluation
of the changes of surface morphologies and the origins of
mesoporosity (Figure 2 andFigure SS in the Supporting
Information). HR-TEM images of Meso-Mn-A and Meso-
Mn,O; samples show nanoparticle aggregates with a porous
nature formed by intraparticle voids (mesopores) (Figure 2a,
b). Unlike Meso-Mn,0; sample, the origin of mesoporosity is
not clear for Meso-e-MnO, and Meso-OMS-2 samples because
of the sample thickness. HR-TEM images of Meso-e-MnO,
(Figure 2c) and Meso-OMS-2 (Figure 2d) show flakes and
needles growing on the surface of particles, which is consistent
with the SEM analyses. Probably, interior of these materials still
preserve the nanoparticle aggregate nature after transformation
so as the mesoporosity. More detailed HR-TEM analyses using
the samples prepared by focus ion beam (FIB) is underway for
Meso-e-MnO, and Meso-OMS-2 samples to investigate the
origins of mesoporosity in Meso-e-MnO, and Meso-OMS-2
samples.

As redox catalysts, manganese oxides are known to be very
active for selective or total oxidations or oxidative trans-
formations of various or%anic compounds in both liquid and gas
phase reactions."'******} High-surface-area, nanocrystalline
manganese oxides with readily interchangeable multiple
oxidations states are found to be the most active in these
studies, because the heterogeneous catalytic reactions occur on
the catalyst surface. From a pure redox activity perspective;
more readily reduced surface species generally have higher
redox activity, because their reduction generally occurs at lower
temperatures.®> The redox properties of mesoporous man-
ganese oxides were examined by H,-TPR (Figure 3a). Among
all the mesoporous samples, Meso-Mn-A showed the lowest
reduction temperature of 318 °C with a two-step reduction
(the second is at 469 °C). Meso-Mn,0; was reduced in one
step with a peak position of 502 °C which was lower than the
commercial analogue (C-Mn,0;, 534 °C). The shift of the
reduction temperature was attributed to the more easily
reducible nature of nanocrystalline Meso-Mn,0O;. Meso-OMS-
2 showed a two-step reduction (at 347 and 411 °C) and the
ratio of the lower temperature peak to the higher temperature
peak was around 1. Therefore, the lower temperature reduction
was attributed to the reduction of MnO, to Mn,0O; and the
higher temperature peak was attributed to the reduction of
Mn,O; to MnO. On the other hand, R-OMS-2 (nonporous)
only showed one broad reduction peak centered at 418 °C,
which is typical for large and nonporous particles.** Meso-e-
MnO, also showed a two-step reduction (at 364 and 480 °C)
and the ratio of the lower temperature peak to the higher
temperature peak was around 2. The lower temperature
reduction was attributed to the reduction of MnO, to Mn;0,
and the higher temperature peak was attributed to the
reduction of Mn;O,4 to MnO. Similar reduction profiles were
previously observed for y- and f-MnO, which support our
assignments.'> When mesoporous and nonporous manganese
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Meso-Mn-Aj

e

Figure 2. HR-TEM images of mesoporous manganese oxides. (a)
Meso-Mn-A (scale bars are S0 nm at al and 10 nm at a2), (b) Meso-
Mn,O; (scale bars are 50 nm at bl and 10 nm at b2), (c) Meso- &-
MnO, (scale bars are 50 nm at c1 and 10 nm at c2), and (d) Meso-
OMS-2 (scale bars are SO nm at d1 and 10 nm at d2).

oxides are compared based on their lowest temperature
reduction peaks, the enhanced reducibility of the samples is
in the order C-Mn,0; < R-OMS-2 < Meso-Mn,0O; < Meso-
OMS-2 < Meso-e-MnO, < Meso-Mn-A.

The catalytic oxidation of CO on various manganese oxides
have been extensively studied and thought to be hapli)enin
through a Mars-van-Krevelen reaction mechanism."*>%3
According to the Mars-van-Krevelen mechanism, the surface
adsorbed CO is reacted with labile lattice oxygen to form CO,
(equation S4 in the Supporting Information).”>*” The catalytic
activity of mesoporous manganese oxides for CO oxidation was
reported in Figure 3b and Tjy, (100% conversion) temper-
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Figure 3. (a) H,-TPR (temperature-programming reduction) profiles
of mesoporous manganese oxides (Meso-Mn-A, Meso-Mn,O;, Meso-
&-MnO,, and Meso-OMS-2), C-Mn,0;, and R-OMS-2 samples. (b)
The catalytic performance of mesoporous manganese oxides, C-
Mn, 05, and Reflux-OMS-2 samples for catalytic oxidation of CO (2%
O, + 1% CO balanced in N,). The flow rate is 20 sccm.

atures are listed in Table 1. Meso-Mn-A showed the highest
activity (100% conversion at RT). Meso-¢-MnO, and Meso-
OMS-2 demonstrated similar activity and both reached 100%
conversions at 50 °C. However, Meso-e-MnQO, was slightly
more active than Meso-OMS-2, which showed 95% (vs 60%)
conversion at RT. Meso-Mn,0; showed the lowest activity
among the mesoporous manganese oxides and 100%
conversion was observed at 75 °C. All mesoporous manganese
oxides were much more active than nonporous manganese
oxides (R-OMS-2 and C-Mn,0,;). R-OMS-2 reached 100%
conversion at 225 °C and C—Mn,0; only reached 20%
conversion at the same temperature. The order of catalytic
activity was found to be the same as the order of reducibility,
despite the fact that the enhanced reducibility does not always
correlate with the activity in catalytic oxidation reactions (i.e.,
toluene, formaldehyde, and ethanol). Crystallinity, surface area,
lattice oxygen mobility, and sorption of reactants and products
are some of the most important parameters determining the
activity of a redox catalyst."****7 Crystalline mesoporous
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manganese oxides have similar structural properties (high
surface area, monomodal mesoporosity, and high mesopore
volume), because all crystalline mesoporous samples were
synthesized from the same starting material (Meso-Mn-A).
Moreover, both Mn>*/** (ie, Mn,0;) and Mn*/** (ie,
MnO,) redox reactions are known to show catalytic activity for
CO oxidation (seeequation S4 in the Supporting Information).
Therefore, we attributed the order of catalytic activity of
mesoporous manganese oxides for CO oxidation to the order of
ease of reducibility. The £&-MnO, phase (Meso-e-MnO,) was
found to be the most active phase among the crystalline
samples. Therefore, Meso-e-MnO, was also used for the
catalytic stability tests (see Figure S6 in the Supporting
Information) and no activity loss was observed for CO
oxidation after 24 h of reaction.

In summary, amorphous mesoporous manganese oxide was
transformed into two different crystalline phases (OMS-2 and
&-MnO,) of manganese oxide under mild acidic conditions (0.5
M), at low temperatures (70 °C), and in very short times (2 h).
The materials maintained high surface areas (=196 m*/g) and
mesoporosity (4.8—5.6 nm) after the transformation. Nano-
crystalline mesoporous manganese oxides demonstrated
enhanced reducibility and high catalytic activity for CO
oxidation. The catalytic activity correlated with the reducibility
and followed the order C-Mn,0; < R-OMS-2 < Meso-Mn,04
< Meso-OMS-2 < Meso-e-MnQO, < Meso-Mn-A. Extension of
this work describing the synthesis of various polymorphs (a-,
B-, 7-) of MnO, and OMS materials is underway.
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The list of chemicals, detailed experimental procedures for the
synthesis of mesoporous manganese oxides, details for materials
characterization. This material is available free of charge via the
Internet at http://pubs.acs.org.
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