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CONSPECTUS

his Account first gives a historical overview of the development of octa-

hedral molecular sieve (OMS) and octahedral layer (OL) materials based
on porous mixed-valent manganese oxides. Unique properties of such sys-
tems include excellent semiconductivity and porosity. Materials that are
conducting and porous are rare and can offer novel properties not nor-
mally available with most molecular sieve materials. The good semicon-
ductivity of OMS and OL systems not only permits potential applications
of the conductivity of these materials but also allows characterization of H
these systems where charging effects are often a problem. Porous man-
ganese oxide natural materials are found as manganese nodules, and these Pn(HOH

materials when dredged from the ocean floors have been used as excel-
lent adsorbents of metals such as from electroplating wastes and have H0+1206,
been shown to be excellent catalysts. Rational for synthesis of novel OMS },202/

and OL materials is related to the superb conductivity, microporosity, and

catalytic activity of these natural materials. The natural systems are often

found as mixtures, are poorly crystalline, and have incredibly diverse compositions due to exposure to various aqueous envi-
ronments in nature. Such exposure allows ion exchange to occur. Preparation of pure crystalline OL and OMS systems is
one of the very significant goals of this work.

The status of this research area is one of moderate development. Opportunities exist for preparation of a multi-
tude of novel materials. Some applications of these materials have recently been achieved primarily in the area of
catalysis and membranes, and others such as sensors and adsorptive systems are likely. Characterization studies are
becoming more sophisticated as new materials and proper preparation of materials for such characterization studies
are being done.

The research area involved in this work is solid state chemistry. The fields of materials synthesis, characterization, and
applications of materials are all important in developments of this field. Researchers in chemistry, chemical engineering,
materials science, physics, and biological sciences are actively pursuing research in this area.

The most significant results found in this work are related to the novel structural and physical properties of porous man-
ganese oxide materials. Variable pore size materials have been synthesized using structure directors and with a variety of
synthetic methodologies. Transformations of tunnel materials with temperature and in specific atmosphere have recently
been studied with in situ synchrotron methods. Conductivities of these materials appear to be related to the structural prop-
erties of these systems with more open structures being less conductive. Catalytic properties of these OMS and OL mate-
rials have been shown to be related to the redox cycling of various oxidations states of manganese such as Mn**, Mn3*,
and Mn**,

Chemists interested in synthesis of new materials, the chemistry of solids, enhancing the rates of catalytic reactions, and
finding new applications of materials would be interested in these novel materials. Fundamental properties of electron trans-
fer are critical to this research. Concepts of nonstoichiometry, defects, oxygen vacancies, and intermediates are fundamen-
tal to many of the syntheses, characterization, and applications such as fuel cells, catalysis, adsorption, sensors, batteries,
and related applications.
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Introduction: Tunnels, Layers, and
Controlled Shapes

Dr. David Storm of Texaco Research Laboratories in Beacon,
NY, visited our laboratory in 1991, discussed structures of nat-
ural manganese oxide nodules,’ and said that our group
should be able to make such materials. Dr. Yanfei Shen spent
2 years trying a variety of syntheses and made a thermally
stable 3 x 3 tunnel structure material, which we labeled OMS-
1.2 Interest in OMS-1 stemmed from the 6.9 A square tun-
nels, the mixed-valent semiconducting nature, outstanding
adsorptive properties, and excellent activity in numerous cat-
alytic reactions. Our major collaborator in this early work was
Dr. Chi-Lin O’Young at Texaco Research Laboratories. The long
sought after hydrothermal stability of OMS-1 and similar
materials was not realized and prevented use of such mate-
rials in catalytic cracking. Various structures of octahedral layer
(OL) and octahedral molecular sieve (OMS) materials are
shown throughout this Account.

Time and many experiments by Professor Zheng Rong Tian
would show that the good thermal stability of OMS-1 of about
600 °C was due to incorporation of some Mg%" into the
framework of these tunnel materials.> Dr. Tian later designed
some crystalline walled manganese oxide mesoporous sys-
tems (MOMS) that have interesting adsorptive and catalytic
properties.*

A key phase that shows outstanding electrochemical and
catalytic properties is the 2 x 2 synthetic cryptomelane or
OMS-2 structure. Professor Roberto DeGuzman used a com-
bination of ac impedance, dc conductivity, and electrochem-
ical methods to show that electrons could readily flow through
OMS materials, in particular OMS-2.> Doping of these mate-
rials created differences of orders of magnitude in conductiv-
ity, and when two electron jumps from doped M?* to Mn**
occurred, the conductivity suffered tremendously due to these
traps.

A unique structural feature of OMS-2 materials is the myr-
iad of morphologies that can occur. Professor Oscar Giraldo
showed that perfect helices of OMS-2 could be formed from
nanosize layered precursors after ion exchange and heat treat-
ment while retaining the helical morphology.® Elegant high-
resolution microscopy experiments by Dr. Michael Tsapatsis of
the University of Minnesota and his group showed that these
systems are well ordered and crystalline and made up of indi-
vidual threads like that in a rope.

Such threads when deposited on a flat surface were found
by Dr. Jikang Yuan to self-assemble and align.” These indi-
vidual fibers formed inorganic oxide paper or membrane

480 = ACCOUNTS OF CHEMICAL RESEARCH = 479-487 = April 2008 = Vol. 41, No. 4

materials, dubbed protean papers by Dr. Philip Ball of Nature,®
because they are extremely versatile, can be redispersed, and
can be cut, written on, and folded. Dr. Yuan also made hol-
low spheres of OMS-2 that showed excellent enhancement in
catalytic oxidation reactions due to enhanced surface area,
showing that morphology can lead to changes in catalytic
activity.®

Dr. Xiongfei Shen, brother of Dr. Yanfei Shen, about 10
years later, showed that a variety of OMS materials having dif-
ferent pore sizes and tunnel structures could be prepared from
the same hard cation, Na*.'® These experiments clearly
showed that as with zeolites, in many cases structure direc-
tors rather than exact templates are used to form OMS mate-
rials. Until this time, specific cations were often used to
prepare specific tunnel structures, such as Rb™* for prepara-
tion of the 2 x 4 tunnel structure.

Dr. Young Chan Son discovered that OMS-2 materials
when treated with acid could markedly catalyze the selective
oxidation of alcohols to aldehydes.'’ No overoxidation
occurred, and in almost all cases, 100% selectivity was
obtained. This is in marked contrast to stoichiometric oxida-
tions using active manganese oxide. A redox Mars van Krev-
elen mechanism was proposed based on kinetic, O-labeling,
and D/H-labeling experiments.'*?

Dr. Oscar Giraldo showed that the rate of transport for ion
exchange in thin films of OMS-2 was markedly enhanced.'2"
Interconnection of mesopores and micropores in these mate-
rials was invoked to explain the ultrafast rate (<1 s) for 100%
exchange. This enhanced mass transport may be partially
responsible for the high rates of reaction of these materials in
selective oxidations.

Drs. Yuan and Li spearheaded recent work to control mor-
phology and growth of OMS materials.'? In this case, control
of the growth rate of OMS-2 was done by adding small
amounts of chromium, which slowed the growth rate and
made unusual inorganic dendrites. Such highly ordered three-
dimensional structures form due to control of the redox poten-
tial of small amounts of chromium additives creating a
Cr,0,27/Cr** couple that is only slightly larger than the Mn**/
Mn?* couple. This allows precise control over nucleation and
growth processes leading to highly uniform dendritic struc-
tures.'®

Recent characterization studies by Xiongfei Shen in collab-
oration with Jon Hanson of Brookhaven National Laboratory
involve in situ synchrotron diffraction studies.'> These time-
resolved experiments (Figure 1) show 3-D plots of 26, inten-
sity, and numbers of scans and allow in situ determination of
changes in structure that provide valuable information regard-



FIGURE 1. In situ synchrotron diffraction of formation of 1 x 2
tunnel structure, plot of relative intensity (RI), number of scans, and
angle of diffraction, 26. Reproduced from ref 15. Copyright 2006
American Chemical Society.
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FIGURE 2. Results of in situ synchrotron diffraction, layer to tunnel
transformation studies. Adapted from ref 15. Copyright 2006
American Chemical Society.

ing phase changes, thermal stabilities, intermediates, and
mechanisms of tunnel formation and transformations (Figure
2). Similar in situ synchrotron diffraction experiments of the
synthesis of OMS-2 show that this phase is formed almost
immediately and the numerous changes in the development
of structures of the 1 x 2 materials shown in Figure 1do not
occur. Continuing studies involve Rietveld refinements of time-
resolved diffraction data of various intermediates.

These in situ synchrotron diffraction studies clearly show
that as temperature increases there is a closing of pores until
only the smallest 1T x 1 tunnel structure is produced. These
studies also confirm that there is a transformation from the
layered OL-1 structure to tunnel structures. Intensity data
taken at various stages suggest that dissolution is minimal and
that a solid to solid transformation is likely occurring.

Perspective: Current Studies

The interaction of nanosize particulates is critical for the con-
trolled deposition of OMS and OL structures. By using mixed
aqueous—nonaqueous solvents, Drs. Oscar Giraldo and Jason
Durand recently used phase-transfer syntheses to control the
size and shape of nanosize particles of OMS and OL materi-
als.'® One goal of this work was to provide a safe synthesis
that would yield small nanosize manganese oxide porous lay-
ered and tunnel structure materials and to use these as pre-
cursors for syntheses of other materials. This route avoids the
use of tetralkylammonium permanganate salts, which can be
explosive.'® Figure 3 shows the formation of layered nano-
size particulates from such phase transfer syntheses. As con-
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FIGURE 3. Particle behavior during formation of nanosize particles
of OL-1. Taken from ref 16b.

vection occurs, the originally 6 nm sized OL-1 particles grow
to about 50 nm at the air—solvent interface. Shapes of these
particles have also been investigated with small angle neu-
tron scattering methods and determined to be two-dimen-
sional ellipsoids. Consistent with calorimetric experiments in
collaboration with Dr. Alex Navrotsky, the OL-1 phase is most
stable and initially forms in these and many other synthe-
ses.'”

The novelty of such phase-transfer syntheses is that nano-
size precursors as small as 5—10 A can be prepared that are
stable for months. These sizes were determined from a vari-
ety of experiments including small angle neutron scattering
studies and cryo-transmission electron microscopy studies.
Such precursors have been used to make unique materials
with unusual morphologies such as inorganic helices,® which
are quite rare. In addition, nanosize lines of porous manga-
nese oxides'® and other metal oxides'® can be prepared from
such precursors.

Besides control of size, shape, and structure, there is inter-
est in controlling physical properties of such systems. Conduc-
tivity is a unique feature of OL-1 and OMS-1 materials. Both
ionic and electrical conductivity can exist in these systems.
Recent conductivity experiments by Dr. Josie Villegas have
shown a systematic relationship to the structure of tunnel
materials. Recent unpublished data clearly show a trend
between the types of tunnels in OMS materials and the con-
ductivity. This relationship is shown in Figure 4.

The primary effect on electrical conductivity appears to be
the size of the tunnels, although compositional differences,
framework substitutions, tunnel compositions, and morphol-
ogies cause secondary effects on conductivity. Multielectron
transfers induced by divalent substitutions for quadrivalent
ions clearly act as traps and severely decrease conductivity.
The effects of framework substitutions in a series of structures
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FIGURE 4. Resistivity values for various OMS materials. Corresponding structures and morphologies are below, in same order. Taken from

ref 19a.

such as those shown in Figure 4, still need to be systemati-
cally studied to understand the exact mechanism of conduc-
tivity and the roles of defects, electron transfer, and structure.
Enhancement of conductivity is crucial to a variety of areas
including fuel cell electrodes,'® battery materials,?° redox
catalysis,?' electrocatalysis,* and sensing devices.?* The lim-
its of conductivity in these systems need to be determined.
Battery work is a current intense subject of interest and
involves varying chemical composition of electrodes, gener-
ation of higher voltage materials, batteries with enhanced
power, systems that recharge at a faster rate, and operation
under a wide variety of environmental conditions.

Molecular design of porous materials with novel magnetic
properties is also an area of current interest. Fe**-doped
framework OMS-2 materials {designated [Fe**]OMS-2} have
been prepared that show unique magnetic properties. Frame-
work doping has been done by a sol—gel-assisted combus-
tion method using nitrate precursors and a cross-linking agent.
The morphologies of the rods that are formed are novel and
thicker than nondoped materials. After doping, the powder is
attracted to poles of a magnet (Figure 5). This material also
shows semiconducting behavior. Materials that show both
semiconducting and ferromagnetic behavior are very uncom-
mon and may be useful for spintronic and other
applications.?*2> Such tunable ferromagnetic semiconductors
with Curie temperatures (T.'s) above room temperature are
unprecedented. This approach of using manganese as a host
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FIGURE 5. [Fe**]JOMS-2, Mn/Fe = 5, magnetic studies. Taken from
ref 10b.

and doping with Fe*" is in direct contrast to the low T, sys-
tems where small amounts of manganese are doped into var-
ious semiconductors.?®

The presence of ferromagnetism in these [Fe**]OMS-2
materials is apparent from magnetic susceptibility experiments
(Figure 6). The ferromagnetism can be observed at tempera-
tures as high as 400 °C. This is truly unique behavior. In addi-
tion, the dopant level controls the T, of these materials, that
is, the highest temperature at which ferromagnetism exists
above which it then converts to paramagnetic behavior. This
control of T. with the dopant [Fe**] is unprecedented.

The observed T, values do not correspond to any known
iron oxide, iron, manganese, or manganese oxide phase, indi-
cating that this behavior is related to the [Fe3*] dopant level.
Ratios of Fe and Mn and preparation temperatures are given
as insets in the upper left side of the panels in Figure 6.
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FIGURE 6. Magnetic susceptibility of [Fe3>*JOMS-2 indicative of ferromagnetism: panel B is a magnification of a portion of panel A. Taken

from ref 10b.

TABLE 1. Dependence of T, on Fe3* Concentration in [Fe3*JOMS-2

Fe/Mn ratio (atomic) 0 1/10 1/5
Fe wt % 0 5.3% 10%
T.(°Q N/A 360 400

Table 1 shows that the T, value changes with the level of
iron dopant, which suggests that these signals are not due to
impurity phases. T, cannot be readily determined for the 1/2
Fe/Mn material since this transition is very broad. Syntheses
of Fe3* framework doping in other OMS and in OL materials
like OL-1,0L-2,1 x 1,2 x 2(0OMS-2), 2 x 3,2 x 4,3 x 3
(OMS-1) and others are being done to study structural and
pore size effects on magnetic properties.

Variable temperature (4 °C to room temperature) Moss-
bauer studies of the Fe** framework doped materials sug-
gest that the Fe®' ions are in high-spin octahedral
environments and do not couple at and above room temper-
ature. This is quite interesting and implies that the ferromag-
netism results from either Fe—O—Mn or Mn—O—Mn
interactions. The latter could be caused by changes in orbital
interactions due to strain induced by iron doping. Anomalous
synchrotron diffraction, extended x-ray absorption fine struc-
ture (EXAFS), and X-ray absorption near edge structure
(XANES) experiments are being used to give a better idea of
what is exactly going on in these systems. Based on mixed-
valent manganese oxides, a new group of spintronics mate-
rials has been fabricated by doping Fe** into the KOMS-2
structure. Magnetic, compositional, and microscopy measure-
ments show that the ferromagnetism is not due to impurity
phases.

Control of chemical properties is also crucial in many areas
such as catalysis. The following section summarizes some
recent novel unpublished results in the area of selective oxi-
dations that we are pursuing. The effect of morphology of
OMS and OL materials on catalytic selective oxidations is a
subject of current interest. With OMS-2 alone there are vari-

ous morphologies such as hollow spheres, helices, papers/
membranes, stars, multipods, and dendrites that have the
same composition but very different rates of reactions. These
rate differences cannot be accounted for solely on the basis of
surface areas. Correlations of types and sizes of pores, chem-
ical compositions, and average oxidations states with rates
need to be considered for the reactions (eqs 1 and 2) shown
below. These reactions are environmentally friendly, gener-
ally one-pot, and use air or oxygen as oxidizing agents. Sys-
tematic studies of various single and multiple framework-
substituted OMS systems with and without H* sites are
currently under investigation. The catalysts listed for each
reaction are the most active in these reactions to date.

Oxidation of Fluorene

9-Fluorene

o

L a

9-Fluorenone

nano H-K-OMS-2
Air, solvent

No Peroxide
Conversion 97 %
Selectivity 100 %

Proposed Mechanism of Fluorene Oxidation

OH
0,

9-Fluorene 9-Fluorenol

(2)

H-K-OMS-2
Oxidation

o]

9-Fluorenone
A detailed mechanism of the reaction 1 will provide ideas
for several oxidation applications. Nano-H-K-OMS-2 patrticles
are critical to this reactivity. Almost no conversion occurs with
larger particles (>500 A) of H-K-OMS-2. A proposed mecha-
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nism is given in eq 2, although the 9-fluorenol intermediate
cannot yet be isolated. Fluorenone has been identified as a
model compound capable of modifying a wide variety of poly-
meric substrates.?”® For example, fluorenone chromophore
has been incorporated into the backbone of Nylon.?” Mass
spectrometry, FTIR, and NMR methods are being used to study
this mechanism. Production of oxygenates at a saturated posi-
tion without peroxide is extremely difficult, and this is an
impetus for studying this reaction mechanism. The first step is
not well-established, but hydrogen is most likely coming from
H-K-OMS-2. As can be seen above, the most active catalysts
are obtained when Bronsted acidity is introduced into these 2
x 2 materials.

Activation of hydrocarbons is the first step in petrochemi-
cal reactions like polymerization. Activation of toluene is not
readily catalyzed in selective oxidations. Peroxide has not
been used in reaction 4. Toluene is used as the solvent and
reactant.

H-K-OMS-2

T Sobvent 3)

Isophorone Ketoisophorone (KIP)

Oxidation of Toluene
nano OMS-2
or V-K-OMS-2

CH, CHO
—_—
Air, Reflux
@ AIBN @ (4)

Toluene Benzaldehyde

Conversion : 10 ~ 15 %, only
benzaldehyde (99 %
Selectivity)

Reaction 4has been demonstrated to occur over nano-
size OMS-2 and V-K-OMS-2 catalysts with 10% selectivity.
Usually high temperature, high pressure, and strong acids
are used to drive this reaction, and low selectivities are typ-
ically observed with non-OMS systems. The conditions for
reaction 4 are quite mild without strong acid or unneces-
sary solvents.

The reactions are catalyzed by a variety of materials. In
many cases (reactions 2 and 3), Bronsted acidity appears to
be very important. In other cases like reaction 4, incorpo-
ration of metals like V into framework sites enhances the
rate of these reactions. In addition, particle size effects, in
particular nanosize catalysts, often increase the rates of
these reactions.

There is considerable debate about the active sites in these
selective oxidations concerning OMS and OL catalysts. Other
catalysts known to drive these reactions are believed to pro-
ceed by base-catalyzed mechanisms, and in the gas phase,
radicals are invoked. The OMS and OL catalysts have higher

484 = ACCOUNTS OF CHEMICAL RESEARCH = 479-487 = April 2008 = Vol. 41, No. 4

rates when Bronsted acid sites are introduced.'"'? Bronsted
acid sites are due to incorporation or generation of H™.
Another key feature is that radical scavengers, rather than
slowing down such reactions, are actually oxidized by these
catalysts. Redox cycling of the mixed-valent manganese oxi-
dation states is suggested since when oxygen is removed
from the feed, oxidation of the catalyst occurs and activity
stops. Average oxidation state potentiometric titration data
also clearly show changes in oxidation states in these mate-
rials, unless oxygen is present. The loss of lattice oxygen dur-
ing reaction is believed to be an important process in these
reactions and is shown by 80, labeling experiments and con-
comitant in situ XRD experiments. Finally, the selectivity in
such reactions is unprecedented.

Synthesis Strategies

There are several strategies for making various phases dis-
cussed throughout this manuscript. There is no a priori strat-
egy for making any particular material. One key technique is
to build up materials from the smallest possible units. The
phase transfer synthesis described above for making small
nanosize colloidal particles is useful in this context; however,
the thermodynamically favored layered structure (OL-1) is
almost always formed first. Conversion of the layered phase
into tunnel structures is often a path that must be taken. Iso-
morphous substitution such as the case of the magnetic mate-
rials resulting from iron being incorporated in framework sites
needs to be synthesized in situ before nucleation. As in most
syntheses, size, charge, and polarizability of various cations
and anions must be considered as well as many other fac-
tors like solubility, role of solvent, physical conditions of tem-
perature and others, stable coordination numbers, solvation
effects, and others. There are very few cases of true template
effects. Most materials are structure-directed by a variety of
inorganic and organic structure directors. An exception seems
to be the role of Mg?* in the preparation of thermally stable
OMS-1 materials.

In the case of the 2 x 2 OMS-2 tunnel structure material,
a variety of methods have been used for synthesis of this sys-
tem, such as sol—-gel, high-temperature, hydrothermal, micro-
wave, phase-transfer, solvent-free, reflux, and other methods.
Catalytic studies suggest that each of these different chemi-
cal preparation methods can lead to materials that are not
exactly the same. There are many possible novel synthetic
methods that could be tried to make a variety of novel OL and
OMS type materials. Epitaxial growth is one method that
comes to mind that has not yet been exploited.



Conclusions

Control of the conductivity and electron-transfer capability of
solids is crucial to a number of areas like fuel cell electrodes,?®
batteries,® redox catalysis,® and artificial biological sys-
tems.®! Knowledge of redox properties is key to understand-
ing how enzymes achieve efficient transport of electrons
across biological membranes.>?> Membranes with embedded
proteins are used by nature to move electrons to critical sites
to support life processes.>* Mimicking such membrane com-
posites provides a powerful approach to explore redox chem-
istry in biomimetic microenvironments.>* Mixed valence is
important in such biological systems, as well as the OMS, OL,
and other systems described. The nomenclature used through-
out this paper of OMS-1, OMS-2, etc. refers to the order in
which such materials were discovered and here refer to the 3
x 3 and 2 x 2 materials, respectively. Some recent exam-
ples from the literature of other groups who are applying OMS
systems include zinc air batteries,>> low-temperature adsorp-
tion of SO,, CO, and NO oxidation,?® and amperometric bio-
sensors of glucose oxidase.?” New syntheses of OMS, OL, and
related materials will likely exploit the redox properties of var-
ious reagents. Control of particle size, morphology, composi-
tion, oxidation states, and concomitant properties should be
realized.

Fundamental knowledge in the areas of synthesis, new
characterization methods, structural analysis, mixed valency,
electron transfer, magnetic behavior, conductivity, catalysis,
electrocatalysis, and photocatalysis has been obtained in our
studies of OMS and OL materials. The novelty of porous semi-
conducting molecular sieves has allowed fundamental studies
of effects of electron transfer''"'? and unique electrocatalytic
systems>® based on nanofilms of OL and OMS. Control and
understanding of conductivity*® of all of these materials is
important for redox catalytic cycling, sensing devices, and sev-
eral spectroscopic and microscopic experiments where charg-
ing can be significantly reduced. Synchrotron, high-resolution
spectroscopic, microscopic, and imaging studies have led to an
excellent understanding of many of the fundamental struc-
tural transformations and electronic features of these
systems.”210.13.1¢ Catalytic studies have led to correlations of
structure/activity/selectivity, shape selectivity, and redox or
electron transfer capability.''? How electrons are moved in
such systems is critical as regards possible applications of
these materials.

Unique features of the systems described above include the
myriad of morphologies available in these systems (helices,
nanoropes, stars, dendrites, nanowires, nanolines, nanopat-
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terns, nanospheres), a variety of tunnel structures (1 x 1, 1 x
2,2 x 2,3 x 3,2 x 4,3 x 5), excellent conductivity, ease
of ion exchange, and protean free-standing papers as cata-
lytic and adsorptive materials.”- Lithium intercalation has led
to unique battery and sensor systems that are functional and
low cost. Lithium air batteries are primary batteries. Recent
attempts have been made to prepare A-MnO, phases that are
reversible so that these systems can be used in rechargeable
secondary batteries.>® Many of the OL and OMS materials dis-
cussed in this proposal are being tested at Yardney, Inc. as
both primary and secondary battery systems. Control of mor-
phologies and exploitation of these properties in real devices
will likely be the focus of future work.

Catalytic oxidations are the focus of proposed catalysis
studies because excellent preliminary results and selected high
impact targets have been obtained.''2 There is continued
interest in both producing and scaling OMS and OL materi-
als. Recent work from others concerning generation of 3 x 3
materials using bacterial catalysis,*° production of single-crys-
tal multipods of MnO,*' generation of macroporous manga-
nese oxides with regenerative mesopores,** and production
of redox active nanosheet crystallites of MnO, via delamina-
tion*® and others already cited have provided considerable
insight and research thrusts for the future. The unique com-
bination of availability of numerous structural types, good
electrical properties, high permeability, and high porosity is
rare. OMS, OL, and related materials offer these novel prop-
erties that are not readily available in other systems (zeo-
lites, pillared clays, clays). Extensions to non-manganese-
based porous nanomaterials are also underway. The
selectivities and stabilities of many of the catalysts
described here are unprecedented. Applications in thermal,
photo-, and electocatalysis have been summarized. Future
studies may lead to improved conversions and rates of
reaction as well as novel applications.

We acknowledge the U.S. Department of Enerqgy, Office of Basic
Energy Sciences, for support of most of our research.
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