
Control of Catalytic Activity Via Porosity, Chemical Composition, and Morphology of
Nanostructured Porous Manganese Oxide Materials

Chun-Hu Chen and Steven, L. Suib*
Department of Chemistry, University of Connecticut, Storrs, CT 06269-3060, USA

(Received: Nov. 17, 2011; Accepted: Nov. 28, 2011; Published Online: Dec. 8, 2011; DOI: 10.1002/jccs.201100699)

This review concerns a summary of synthesis, characterization, and applications of octahedral molecular
sieve (OMS) materials. These OMS systems have been the focus of our research program for over 20
years. This review primarily covers the past 10 years with an emphasis on the most recent developments in
this area. Some current areas of concern include the systematic synthesis of well ordered materials, control
of particle sizes, generation of nano-size particles, and development of new synthetic methods like pulse
laser deposition and epitaxial growth of oxidic materials. Applications include use of OMS in environ-
mental catalysis, adsorption, clean energy materials, activation of the Greenhouse gas carbon dioxide, and
selective oxidations. OMS catalysts are outstanding selective oxidation catalysts and can also drive total
oxidations. The highly selective of OMS systems may be related to redox cycling and redox catalysis.
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INTRODUCTION

Porous materials are important for many catalytic

systems, and have been extensively studied and applied in

molecular catalysis and industry. These porous materials/

molecular sieves, in terms of structural aspects, can be

briefly classified to two different categories: octahedral

and tetrahedral coordinated porous materials. For a long

time, tetrahedral coordinated porous molecular sieves,

composed of Si, Al or C, including zeolites, mesoporous

silicates, clay materials, and others, are well investigated

and used.1,2 Their complex and adjustable structures, exter-

nal/internal interconnections, acidity/basicity, porosity,

functionality, and low cost make these tetrahedral catalysts

or molecular sieves highly versatile in many fields.3,4

Recently, octahedral coordinated porous manganese

oxide materials have attracted a great deal of attention due

to their controllable structures, porosities, and catalytical

selectivities in relation to those of tetrahedral porous mate-

rials.5,6 In addition, manganese is one of the few elements

which have more than five different stable oxidation states.

This unique nature results in the valuable mixed-valency of

the porous manganese oxide and greatly distinguishes this

type of material from tetrahedral molecular sieves. First,

the manganese oxide octahedral molecular sieves (OMS)

are natural semiconductor materials, and they also possess

unique properties that only come with transition metal

and/or d-orbitals, which are generally not available in the

tetragonal molecular sieve systems. Second, since transi-

tion metals are well known as the active centers/species in

many artificial and natural/biological catalytical systems,

the transition-metal based OMS promises a simpler and

more effective incorporation of various other transition

metal active species. These superior advantages have

raised many useful applications of manganese oxide OMS

in catalysis, semiconductors, ion-exchange, radioactive-

hazard separation, sensors, and batteries.5,7-15

Environmental protection is an important issue in this

century. There are data showing that human civilization ac-

tivities have significantly affected, or even damaged, the

equilibrium and sustainability of the Earth irreversibly.

One of our recent research directions is to explore the ap-

plication and usages of OMS materials on the issues of en-

vironment protection. Solutions for water cleaning, recy-

cling of the green-house gas CO2, and sustainable energy

materials are urgent research tasks. OMS materials have

shown a highly selective oxidation with remarkable cata-

lytic activities, especially alcohol oxidation towards alde-

hyde products.16 Excellent catalytic performance inspires

the application of OMS catalysts for environmental protec-

tion. In addition, high catalytic selectivity is the key to sav-

ing large amounts of time and energy on product separa-

tion/purification in industry. Investigation of highly selec-

tive OMS catalysts would provide the opportunity of con-

ducting highly energy-efficient chemical engineering to

generate products with lower energy input and less CO2

emission.
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In this review, the recent research progress of OMS

materials on the issues of environmental pollution clean-

ing, clean energy materials, green house gas (CO2) treat-

ment/reuse with respect to the morphological and compo-

sitional control of OMS is summarized. The highly selec-

tive molecular catalysis of OMS, important for energy-sav-

ing catalysis, is also included. The general background and

current focuses regarding control synthesis, nanoscale

structures, and catalytic results of OMS materials are also

discussed.

STRUCTURES AND PREPARATION OF

MANGANESE OXIDE MATERIALS

For years, our research interests of manganese oxide

focus on preparing various octahedral molecular sieves

(OMS), octahedral layer (OL), and also amorphous manga-

nese oxide (AMO) materials, mainly with a mixed valency

system of Mn4+ and Mn3+.6,17-19 In these OMS materials, the

MnO6 octahedron building blocks are connected by verti-

ces and edges, generating various porous tunnel struc-

tures.20,21 The schematic structural presentation and chemi-

cal compositions of several common OMS and OL materi-

als are shown in Fig. 1 and Table 1, respectively. Positive-

charge ions are present inside the tunnels or interlayer to

compensate the negative charge caused by the mixed va-

lency of Mn4+ and Mn3+. The ion exchange of these tunnel

or interlayer ions is important for applications of catalysis,

batteries, and ion traps. For example, Mg2+ ions commonly

occupy the 3 × 3 tunnel of the synthetic OMS-1 (Fig. 1a),22

and K+ ions for 2 × 2 tunnel in OMS-2 (Fig. 1b).23 These

interlayer cations, (also Rb+, Na+, Li+, and other cationic

organic surfactants)24,25 have been considered as structure

directors of tunnel size and structure control in porous

manganese oxides, although this hypothesis is not always

true in some studies. Typically, the OL materials (eg. birnes-

site) are used as the precursors and ion-exchange is con-

ducted to place desired cations into the interlayer spacing.

The strong charge density in the OL materials requires a

3-4 step process to complete the intercalation/ion-ex-

change of desired ions.18,26,27 These modified OL precur-

sors can then be converted into tunnel structures under dif-

ferent synthetic conditions, normally involving high tem-

peratures and pressure. This structural transformation

method provides a general route toward various manganese

oxide products with desired tunnel sizes, structures, and

phases. Some OMS materials can only be prepared through

this multi-step procedure. Due to the versatility and de-

mand of OL precursors, Chen et al. have recently reported a

rapid single-step preparation to produce highly-ordered,

intercalated OL materials with large interlayer spacing

(Scheme I), in which the synthesis of intercalated OL pre-

cursors can be significantly simplified.25

Although the intercalated OL precursors can be pre-

pared easily, these multi-step structural transformation

methods generate impurities, require longer preparation

times, complicated operations, and are not able to provide

promising control of specific morphologies and particle

sizes. One of our main research directions is to explore sin-

gle-step preparation and size-, shape-, structure-specific

syntheses of OMS materials.28-30 These single-step proce-

dures certainly provide more reliable controls of morphol-

ogy, shape, and properties of materials, yet only one spe-

cific product can be produced, which may not be as versa-

tile or general as the structural transformation preparations.

Morphology Control of Nanostructured OMS-2

OMS-2 materials with open 2 × 2 tunnels have been

widely studied due to outstanding catalytic applications.

Studies have shown that the catalytic performance is highly
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Fig. 1. Schematic structures of several common po-
rous manganese oxide OMS and OL materials.



affected by the preparation methods.31 While different tem-

peratures, pressure, and pH are important for the controls

of morphology and sizes, synthetic approaches, including

hydrothermal,32,33 laser deposition,34 microwave,35 air-oxi-

dation,36 reflux,23 sol-gel,37 doping,38,39 solid-state reac-

tion,40 and others, were carried out in our group to enhance

the performance of OMS-2 for various applications.

Typical preparations involve reduction of Mn7+, oxi-

dation of Mn2+, or the combined one-step redox reaction

of Mn7+ and Mn2+. In the sol-gel synthesis, hydrocarbon

compounds are commonly used as the reducing reagents

to interact with permanganate to produce OMS-2 materi-

als.37 To oxidize Mn2+ into OMS-2, proper selection of ox-

idants, such as dichromate, persulfate, hydrogen perox-

ide, and others, was reported as an effective route toward

shape and size control of OMS-2 materials.33,41,42 The re-

flux methods in aqueous systems are also widely used

(Eq. 1).

2MnO4
-
(aq) + 3Mn2+

(aq) + 2H2O(l) �

5MnO2(s) + 4H+ (1)

Nanorod-like OMS-2 materials are commonly gener-

ated by mild reflux treatment in water (Fig. 2). This ap-

proach is also popular for the synthesis of doped-OMS-2

materials. Nyutu et al. have shown that microwave-assisted

reflux can significantly control the width of fibrous rods

down to a few nanometers.35 In terms of length control, the

hydrothermal method tends to produce much longer OMS-2

nanowires up to several hundred microns in length under

higher temperatures and pressure as compared to the reflux

method.33 Dendritic OMS-2 with highly uniform square

cross-section fibers can also be prepared with hydrother-

mal methods.42 These dendritic OMS-2 materials were then

used as structural templates for shape controlled syntheses

of other materials via epitaxy.43 Except for liquid phase

preparations, the new excitement of stoichiometry-specific

deposition of structural and compositional complex OMS-

2 has been realized by pulse laser deposition techniques

with the critical control of oxygen levels during the deposi-

tion process.34

Highly thermal stable OMS-2 materials are essential

for high-temperature catalytic systems. The typical thermal

stability of the OMS-2 phase prepared by the previously

mentioned methods is around 500-550 oC in air. Cai and Jin

el al. reported the two-step air oxidation method to produce
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Table 1. Compositions and structures of common OMS materials

Materials Structures Composition Mineral Name

OMS-1 3 × 3 Mg2+
1.9-1.94Mn2+

0.9-1.4Mn4+
4.4-4.5O12

�nH2O Todorokite
OMS-2 2 × 2 KxMnO2

�nH2O Cryptomelane
OMS-4 2 × 1 MnO2 Ramsdellite
OMS-6 2 × 3 (Na,H2O)xMn5O10 Romanechite
OMS-7 1 × 1 MnO2 Pyrolusite
OL-1 Layered structure K0.25-0.45MnO2

�nH2O Birnessite

Scheme I The single-step procedure for large-inter-
layer spacing OL materials. Reproduced
with permission from Ref. 25. Copyright
2008 American Chemical Society

Fig. 2. The TEM image of nanostructured OMS-2 pro-
duced by reflux treatment in water.



highly stable K-OMS-2 with a thermal stability up to

around 800 oC, further expanding the application window

of OMS-2 materials.44,45

POROSITY

The BET surface area of porous manganese oxide

materials is highly dependent on the preparation proce-

dures, generally within the range of 50-250 m2g-1. Meso-

pores and micropores are observed in both manganese ox-

ide octahedral molecular sieves and layered materials. For

example, in OMS-2 materials, the double-wide slab is 4.6

Å with a diagonal across 2 × 2 open about 6.5 Å, which is a

typical microporous system. However, studies for many

years have only suggested the presence of micropores with

a small amount of micropore volume. This is mainly due to

the diffusion limit of nitrogen molecule in porosity studies

at liquid nitrogen temperature (77 K). Similar difficulties

have been reported in other microporous zeolite materials.

Recently Luo et al. reported success in experimental prob-

ing of micropores in OMS and layered materials using CO2

at 273K.46 These results are important to clarify the argu-

ment of the pore-size dependent selectivity with OMS cata-

lysts.

MOLECULAR CATALYSIS AND SELECTIVITY

OF OMS MATERIALS

Selective Oxidation of Alcohol

The control of selective alcohol oxidation to alde-

hyde with simple and one-step processes remains a chal-

lenge. Few systems can utilize only one catalyst without

any additives to selectively stop the oxidation at the alde-

hyde stage. Aldehydes are valuable intermediates for many

pharmaceutical and organic syntheses. The first demon-

stration reported by Son et al. regarding highly selective

oxidation of benzyl alcohols in the liquid phase with the

presence of K-OMS-2 or protonated OMS-2 (H-K-OMS-

2) shows 100% selectivity to aldehydes with more than

90% conversion (Scheme II).16 This report presents the role

of OMS-2 materials as highly efficient and selective cata-

lysts capable of uptaking molecular oxygen in air as an oxi-

dant to complete a one-pot oxidation. Later, the detailed

catalytic mechanism of selective alcohol oxidation was in-

vestigated by Makwana et al. using 18O isotope-labeling

(Scheme III).47 The results confirm that OMS-2 catalysts

utilize molecular oxygen as an oxidant in a two-step Mars-

van Krevelen model regarding the exchange between gas

and lattice oxygen in the cycle. The occurrence of a two-

electron redox cycle in manganese species (between Mn2+

and Mn4+) is associated with two-electron reduction of mo-

lecular oxygen to hydrogen peroxide.

Carbon-Hydrogen Bond Oxidation

After the exploration of the alcohol oxidation by

OMS-2 materials, studies of carbon-hydrogen bond oxida-

tion were conducted to further understand the oxidation ca-

pacity of OMS materials. Opembe et al. studied the oxida-

tion of 9H-fluorene catalyzed by OMS-2 with molecular

oxygen into 9-fluorenone without any additives.48 High

selectivities (95-100%) with excellent conversions, 4-99%

conversions, both highly dependent on the solvent environ-

ment, were reported. The studies of kinetics, kinetic iso-

tope effect, and catalyst preparations were also presented.

The mechanisms propose that the C-H cleavage is the

rate-controlling step and a free-radical mechanism is in-

volved (Scheme IV), which is different from the mecha-

nism of benzyl alcohol oxidation.

Jin et al. reported another success of C-H oxidation of

toluene with porous OMS under mild conditions.29 Al-

though the methyl group in toluene is at the allylic site, to-
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Scheme II The highly-selective oxidation of alcohol
via OMS-2 catalysts

Scheme III The catalytic mechanism of benzyl alco-
hol oxidation with molecular oxygen and
OMS-2 catalysts



luene is a stable and inert solvent compound in organic re-

actions. This work significantly challenges the oxidative

activity of OMS catalysts in the liquid phase via only the

oxygen in air without any pressurized reaction conditions.

The results show that OMS-2 catalysts give an excellent

100% selectivity to benzoic aldehyde but low conversion

(< 1%), while the other OMS catalyst, �-MnO2, having a

disordered 1 × 1 (pyrolusite, OMS-7) and 1 × 2 (ramsdel-

lite, OMS-4) tunnel structures, gives the highest conver-

sions with 15% and 57% selectivities to benzoic aldehyde

and benzoic acid, respectively.

The uniform tunnel size in catalysts, like OMS-2,

could be responsible for the highly selective oxidation.

Similar to the mechanism of 9H-fluorene oxidation, the to-

luene oxidation by OMS is through a free-radical pathway.

These results show that two different oxidation routes by

OMS materials: carbon-hydrogen bond oxidation involves

the free-radical pathway and alcohol oxidation goes

through two-electron redox reactions.

APPLICATION OF OMS MATERIALS FOR

ENVIRONMENTAL PROTECTION

Catalytic Activation and Recycle of CO2

The global warming caused by the greenhouse effect

has extensively impacted our climate today and has become

a significant threat of all the living species on the Earth.

The dramatic increase of carbon dioxide concentrations in

the atmosphere over the past several decades has been con-

sidered as one of the major reasons of global warming. Due

to the unique mix-valency, outstanding selectivity, and low

cost of OMS-2, we attempt to explore the application of

these materials to activate and/or recycle CO2 as oxygen

and carbon sources to produce other valuable hydrocar-

bons.

To mimic Nature photosynthesis of CO2 activation

and water splitting together for hydrocarbons, Hu et al.

have combined electrocatalysis and thermal activation to

produce paraformaldehyde with nearly 100% selectivity by

feeding CO2 and H2O over metal/metal oxide catalyst sys-

tems.49 The metal oxide layer acts as the oxygen ion con-

ductor to assist the reduction of CO2 and H2O on the Pt sur-

face. The results also show that using OMS-2 as a metal ox-

ide support can significantly decrease the reaction tempera-

tures from around 900 oC (using calcia stabilized zirconia)

to the range of 250-450 oC. This achievement is due to the

unique bifunctionality of OMS-2 as an ion conductor and

mixed-valency semiconductor, especially advantageous in

this electrocatalytic system as compared to other single

functionality metal oxide materials.

An example of CO2 recycling to perform ethane de-

hydrogenation with CO2, instead of using oxygen over

OMS-2 catalysts to generate ethylene and CO for industrial

carbonylation (Eq. 2) has bene done. Jin and coworkers

have revealed that OMS-2 catalysts can significantly en-

hance the conversion and selectivity toward ethylene, with

much higher CO2 consumption (56%), as compared to that

of a conventional chromium oxide system (< 20%), within

a short time.36 The presence of CO2 can even further pre-

vent coke deposition on the catalysts and give a remarkable

continuous catalytic stability longer than 24 hours, which

is highly valuable for practical industrial applications. A

detailed reaction mechanism shows that two reactions are

involved (Eq. 3 and 4). The active OMS-2 catalyzes the

ethane independently to generate ethylene and hydrogen.

The reverse water-gas shift reaction, also catalyzed by

OMS-2, consumes the as-generated hydrogen to reduce the

chance of side product (ie. methane) formation. As the re-

action temperatures are required to be 700-800 oC, most

OMS-2 materials prepared via one-step methods with ther-

mal stability around 500 oC are not able to survive under

such circumstances. The OMS-2 catalysts in this work
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Scheme IV The radical mechanism of 9H-fluorene
oxidation using OMS-2. Reproduced with
permission from Ref. 48. Copyright 2008
Wiley and Sons



must be specially prepared by thermal structural transfor-

mation from birnessite at 800 oC, again showing that the

physical and catalytic properties of OMS materials are

highly dependent on the preparation methods. The overall

mechanism of the CO2 reforming of ethane is shown below

in Equations 2-4.

C2H6(g) + CO2(g) � C2H4(g) + CO(g) + H2O(g) (2)

C2H6(g) � C2H4(g) + H2(g) (3)

H2(g) + CO2(g) � CO(g) + H2O(g) (4)

Water Cleaning

Clean water is currently an important international is-

sue in many countries. Public health and resources, infec-

tious disease, and medical-care spending are all dependent

on the quality of water. One major challenge of water

cleaning is that many toxic species can not be easily sepa-

rated from water. Direct decomposition of methylene blue

dye in water by Sriskandakumar et al. with the presence of

oxidants has shown that OMS-2 materials are highly active

on cleaning dye molecules in aqueous systems.50 The Mo

incorporated K-OMS-2 materials can quickly decompose

dyes three times faster than that of non-modified K-OMS-

2. Recently, Hu et al. demonstrated the removal of phenol

in water using transition-metal doped OMS-2 nanofibers.51

The relative high solubility of phenol in water causes a sig-

nificant phenol accumulation in surface water, ground wa-

ter, and soil. The OMS-2 doped with Cu2+, Co3+, and Ce4+

show both enhanced adsorption capacity and oxidative ac-

tivity than non-modified OMS-2. The scanning electron

microscopy images show a clear adsorption of organic

spheres on the surface of catalysts (Fig. 3). Large surface

area samples generally show better efficiency than small

surface area samples, suggesting that adsorption plays an

important role in oxidative decomposition. The control ad-

sorption experiments performed in an inert nitrogen atmo-

sphere demonstrate that oxygen molecules significantly

enhance the phenol adsorption and oxidation.

Besides the contaminants existing inside water, large-

area spills of oil or organic contaminants on water surfaces

are always severe disasters for water cleaning and the eco-

logical system. The main difficulty is how to clean the

large-area organic contaminants efficiently. Selective ad-

sorption of polar molecules from contaminated water by

OMS-2 nanowire membranes promises a potential solution

for this issue.52 These unique membranes are assembled by

OMS-2 nanowires and engineered into paper-like mem-

branes. The membrane surface can be reversibly modified

with hydrophobic polymers to create superwetting proper-

ties, contributing to a highly selective adsorption towards

oil/organic contaminants. The capacity of this “super-ad-

sorbance” can adsorb organic contaminants around 20

times the membrane weight, much superior as compared to

those of porous polymer and silicon-coated glass mem-

branes. Together with the low production cost, the OMS-2

membranes have a distinct possibility for applications of

efficient cleaning of water.

CO Removal

The presence and emission of CO is important in au-

tomobile/industry emissions, battle fields, fire scenes, fuel

cells, and others. Fast CO detoxification/oxidation is a

highly urgent and challenging topic that requires catalysts

with high capacity, low-temperature activity, and inexpen-

sive cost. Although amorphous manganese oxide (AMO) is

generally considered to have no long range order of partic-

ular tunnel structures, the large surface area with the nature

of mixed-valency allows this material to be a highly active

catalyst in many systems to perform fast, stable, and high

conversion catalysis at relatively low temperatures. To

achieve the success of using AMO as an environmental CO

cleaning catalysts, surface and/or structural functionaliza-

tions are necessary to use this catalyst under many practical

conditions with elongated lifetime and enhanced perfor-

mance. Chen and Nijagi have currently been focusing on

modifying the AMO catalyst for moisture- and hydro-

gen-rich conditions.53 The hydrophobic polydimethyl-

siloxane (PDMS) surface coating on AMO successfully

protects the active sites from environmental moisture, al-

lowing a wide usage of this PDMS-coated AMO in many

practical conditions. In addition, the copper incorporated

AMO catalysts also show exceptional CO oxidation activi-

ties at low temperatures and a highly selective oxidation to-

ward CO under a hydrogen-rich environment due to the dif-
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Fig. 3. The SEM images of the adsorption of organic
spheres on the surface of OMS-2 catalysts. (a)
The pristine OMS-2 catalysts, and (b) the ad-
sorption of organic spheres. Reproduced with
permission from Ref. 49. Copyright 2010
American Chemical Society.



ferent activation energy between CO and hydrogen at low

temperatures, which is highly favorable for polymer elec-

trolyte membrane (PEM) fuel cells.54,55

Epitaxy for Energy Materials

Nanostructured TiO2 is a versatile clean energy mate-

rial widely used in solar cells, water splitting, and other en-

ergy harvesting technologies.56 The epitaxy based on OMS-2

materials toward 3D nanostructured TiO2 was recently re-

vealed with a simple and low-cost approach.43 The unique

superstructures are composed of approximately 25-nm-

thick shell and ultrafine nanofibers (5-10 nm diameter)

above the shell (Fig. 4). Various nanostructures (eg. nano-

tubes, nanorods, superstrcutres, etc.) can be selectively

prepared through controls of substrates, precursor concen-

trations, and reaction conditions. The detailed character-

ization indicates that the epitaxial misfits and interfacial

energy lead to the formation of unique nanoscale super-

structures. Experimental results suggest that this concept

could be general for the production of nanoscale materials.

This technique was successfully applied to produce nano-

scale antenna-like TiO2 on substrates, the highly ordered

array and large surface are both desired for clean energy

and applications of photocatalysis, solar cells, and sensors.

CONCLUSION

In this review, the great potential of using porous

manganese oxide materials for CO2 recycling, water clean-

up, CO removal, nanostructured energy materials, and se-

lective catalysis are demonstrated. The properties and per-

formance of OMS materials for these applications are

highly dependent on the preparation methods and condi-

tions. Control of thermal stability, morphology, sizes, self-

assembly, phase/structure, porosity, structural doping, and

conductivity can be achieved with a proper selection of

synthetic routes. The adjustable, room-temperature stable

mixed-valency in OMS materials allows flexible electron

transfer and reaction activation, leading to a wide range of

applications. In particular, CO2 reuse/recycling have opened

the new possibility of using the oxidative catalysts like

OMS to convert highly oxidized and inert molecules into

other valuable molecules with less input energy. These ad-

vantages rival tetrahedral-coordinated porous materials

and lead to new ideas and strategies for new challenges. In

the near future, new functionalities and performance of

OMS materials will be pursued via novel, simple, and

low-cost synthetic methods. Continuous effort on more en-

vironmental protection issues, selective catalysis, and en-

ergy materials will be emphasized.
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from (c). The square cross-section of the etched
OMS-2 is clearly shown.
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