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A novel sol—gel-assisted solid-state synthetic method has been developed to prepare pure
and transition-metal-substituted cryptomelane 1D nanomaterials with controlled particle
sizes. Different cross-linking reagents (PVA, glycerol, or glucose) have been used to prepare
precursor powder materials and to produce nanorods, nanoneedles, or nanowires. The phase
transformation, crystal structures, and properties of these nanomaterials have been
investigated using a variety of characterization techniques including XRD, TEM, SEM, FT-
IR, TGA, and BET surface area measurement. Both the cross-linking reagents and nitrate
were found to affect the crystalline phase transformation of the nanomaterials. The
cryptomelane phase was formed around 500—600 °C in the nanomaterials depending on
the type of cross-linking reagent used. The nanoscale materials exhibit long-range ordered
structures along the b axis. No cross-linking reagent residues were found in the final products
after the reactions were complete. Several types of transition metal cations (Fe®*, Co?", Ni?™,
and Cu?") were used to substitute into cryptomelane nanomaterials. XRD data show that
Fe(l11) cations have been substituted into the materials without the formation of additional
amorphous or crystalline phases, while the other three cations caused the formation of impure
amorphous or crystalline phases. These nanomaterials showed thermal stability up to 700—
800 °C. Catalytic application of these nanoscale manganese oxide materials has been explored
in the green oxidation of toluene to produce benzyl alcohol, benzylaldehyde, and benzoic
acid. The nanoscale catalysts showed unique catalytic activity for this oxidation compared

to those catalysts conventionally used for this reaction.

Introduction

In the past few years, one-dimensional nanoscale
structures (nanowires, nanorods, and nanotubes) have
been stimulating significant interest in material chem-
istry due to their unique electronic, magnetic, optical,
and micromechanical properties.1=8 Syntheses, proper-
ties, and applications of these nanomaterials have been
of interest to many research groups. Various methods,
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such as laser ablation,® template-assisted chemical
deposition,? and vapor deposition/transport techniques,®8
have been used to prepare one-dimensional nanoscale
metals and semiconductors. The potential applications
of these materials have been explored in nanoelectronic
circuits, superstrong composites, functional nanostruc-
tured materials, and novel probe microscopy tips.1011

Manganese oxide octahedral molecular sieve (OMS)
materials have one-dimensional tunnel structures. These
tunnel structures are formed by edge-shared and corner-
shared MnOg octahedra.’?2° OMS materials have mixed-
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valent manganese species (Mn2t, Mn3*, and Mn*"),
microporous structures, large open tunnels, and high
surface areas.?1-30 Cryptomelane-type manganese oxide
(OMS-2) materials are a group of important OMS
materials because OMS-2 materials have been widely
used in catalysis, separations, chemical sensors, and
batteries. Preparations, investigations, and applications
of bulk OMS-2 materials have been explored extensively
for the past 2 decades.116:31-39 A reflux method was one
route mostly used to prepare bulk OMS-2 materials.33:34
To alter the properties of OMS-2 materials, metal
cations have been doped into the tunnel or framework
of OMS-2 materials via ion-exchange reactions*® or
isothermal/framework substitutions.®2=35 The doping
amounts of foreign cations are limited because these
cations are not easy to incorporate into the structures.
The morphologies of these OMS-2 materials are either
platelike or needlelike with sizes of up to several
micrometers.

Nanoscale manganese oxide octahedral molecular
sieve (OMS) materials with tunnel structures have been
stimulating interest recently because their small par-
ticle sizes and larger surface areas can improve the
performance of manganese oxide materials in applica-
tions such as catalysts and battery materials. 41745 The
methods used before for synthesizing these nanoscale
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OMS materials were either hydrothermal treatments
to transform layered structure precursors to tunnel
structure products*=44 or redox reactions between per-
manganate salts and organic acids.*®> Nanoscale OMS
materials had been prepared using single-type tunnel
cation templates without any foreign cation doping or
substitution. The quantities of products which can be
prepared using the hydrothermal and redox reaction
methods are limited. Faster and cheaper synthetic
routes are needed for preparing nanoscale and metal-
substituted OMS materials.

Here we report a novel sol—gel-assisted solid-state
method to synthesize cryptomelane-type manganese
oxide (OMS-2) nanorods, nanoneedles, and nanowires.
In these syntheses, cross-linking reagents (PVA, glyc-
erol, or glucose) have been used to control the sizes of
the nanomaterials. This method was developed based
on the use of cross-linking reagents to provide a
homogeneous system for the reaction. The use of metal
nitrates to utilize the oxidation properties of the nitrate
anion upon heating to oxidize Mn(l1) to higher oxidation
states (111 or 1V) is also an important finding. This
synthetic pathway not only shortened the time of
preparation but also simplified the preparation proce-
dure. The amount of products was limited only by the
sizes of the reacting container, which makes this method
very amenable to scale-up. Tunnel structures are formed
spontaneously with the assistance of the tunnel cation
templates. The effects of the cross-linking reagents and
foreign cations on the formation and crystal structures
of the final products have been studied. The chemical
and physical properties of these nanoscale OMS materi-
als also have been investigated.

Catalytic application of nanoscale OMS-2 materials
has been explored in a novel green oxidation of toluene.
The reaction was designed without using any acid or
solvent. The nanoscale OMS-2 showed unique catalytic
activity on the oxidative reaction of toluene, compared
with bulk OMS-2 materials prepared using a reflux
method and with conventional catalytic methods, such
as liquid-phase oxidation using strong acids, vapor
phase oxidation, electrochemical oxidation, and oxida-
tive chlorination.*® The green oxidation of toluene using
nanoscale OMS-2 materials provides an environmen-
tally friendly alternative to oxidize toluene to products
such as benzyl alcohol, benzylaldehyde, and benzoic
acid, which are very important raw materials in the fine
chemical industry. The turnover number of the catalytic
reaction using the novel OMS-2 nanomaterials was 13,
which shows promising potential for industrial applica-
tions.

Experimental Section

1. Synthesis. To synthesize nonsubstituted nanoscale
OMS-2 materials, a sol was prepared first by dissolving 0.01
mol of potassium nitrate and 0.0046 mol of manganese nitrate
salts in 50 mL of distilled water. A cross-linking reagent (PVA,
glycerol, or glucose) was dissolved in 30 mL of distilled water.
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The molar ratio of salts and cross-linking reagent was adjusted
to be 1:2. Then the cross-linking reagent solution was added
into the solution of salts. The mixture was stirred for 10—30
min at room temperature to form a homogeneous clear sol.
The clear sol was then evaporated with vigorous stirring on a
hot plate until the water in the solution was completely
evaporated. Flame firing in the dried sols was observed, and
a dry gel was formed at this point.

The dry gel was heated at 180 °C for 2 h in an electric oven,
resulting in the formation of dark black powders, except for
the gel containing glycerol in which the powders were formed
after heating at 300 °C for 2 h. The powders were then calcined
at elevated temperatures from 300 to 800 °C in 100 °C
intervals for a 2-h heating at each interval, and a small part
of the powders was saved at the end of each heating to study
the structure transformation during heating.

To investigate the role of the cross-linking reagents and
nitrate in the crystalline growing process, additional batches
of sample were prepared. One batch of sample was prepared
from the nitrate salts without using any cross-linking reagent.
Another two batches were prepared using acetate or chloride
salts as reactants instead of nitrate salts, and PVA was used
as the cross-linking reagent. All the procedures followed the
method described above.

For the preparation of metal-substituted OMS-2 materials,
additional metal nitrate salt was added into the solution of
potassium nitrate and manganese nitrate. The molar ratio of
foreign cations to manganese cations was adjusted to 1:10 in
all of the substitution syntheses, but the molar ratio of
potassium cations to the sum of manganese cations and
substituting cations were the same as those used in the
preparation of nonsubstituted K—OMS-2. All of other synthe-
ses procedures were the same as that used for nonsubstituted
OMS-2 materials. The metal-substituted materials were
designated as M/IK—OMS-2 (M = foreign cations used in the
substitution).

2. Characterization. Structural analysis was performed
using powder X-ray diffraction (XRD) methods. XRD data were
collected on a Scintag XDS 2000 diffractometer with Cu Ka
radiation on the powder samples. TEM bright field (BF) images
and selected area electron diffraction (SAED) data were
obtained using a Philips EM420 transmission electron micro-
scope (TEM) operating at an accelerating voltage of 100 kV.
Samples for TEM analysis were prepared by placing a drop of
nanoscale OMS-2 powder suspension diluted in acetone onto
a holey carbon film supported by a 3-mm copper grid and
allowing the solvent to evaporate.

The morphologies of the nanomaterials were studied using
a Zeiss DSM 982 Gemini field emission scanning electron
microscope (FESEM) with a Schottky emitter. The OMS-2
powder suspension in acetone was dispersed on AuPd-coated
silicon chips that had been mounted onto the stainless steel
sample holders using silver conductive paint.

Thermogravimetric analyses (TGA) were carried out on a
Hi-Res TGA 2950 model thermogravimetric analyzer. The
temperature ramp was 10 °C/min in N, for experimental
studies on thermal stability. To study the mechanism of
formation of OMS-2 materials and decomposition of cross-
linking reagents, the sol—gel-assisted solid-state reaction was
simulated in an air atmosphere using the thermalgravimetric
analyzer. The powder samples used in the simulating experi-
ments were those formed at 180 °C using PVA or glucose and
those formed at 300 °C using glycerol. The ramping rate was
programmed to simulate the elevated heating process in the
furnace. The temperature was first increased from 30 to 200
°C with a ramping rate of 10 °C/min, which took about 17 min.
Then the sample was heated at 200, 300, 400, 500, 600, 700,
and 800 °C for 2 h at each temperature. The ramping rate
between two temperature stages was 10 °C/min.

Fourier transform infrared (FTIR) spectra were collected on
a Nicolet Magna-IR System 750 FT-IR spectrometer with a
MCT-B detector and a KBr beam splitter. The elemental
analyses on the nanoscale OMS-2 materials were carried out
with a Perkin-Elmer Model 140 ICP-AES instrument. The
average oxidation state (AOS) of manganese in the sample was
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Figure 1. X-ray diffraction patterns of K-OMS-2 heated at
different temperatures during its formation using poly(vinyl
alcohol) as the cross-linking reagent. (a: potassium nitrate;
*: y-Mny03; O: cryptomelane; <&: hausmannite.)

determined using a potentiometric titration method.®? The
isothermal N; adsorption/desorption experiments on the pow-
der samples were conducted on a Micromeritics ASAP 2010
surface area and porosimetry system. Each sample was pre-
degassed at 200 °C for 15 h. Nitrogen gas was used as an
adsorbate at liquid nitrogen temperature. Pore size distribu-
tions were measured. Surface areas were calculated by the
BET method.

3. Catalytic Application. The catalytic application was
explored on the green oxidation of toluene. The activities of
novel nanoscale OMS-2 materials were compared with those
of bulk OMS-2 materials prepared using the reflux method. 3*
The catalytic reaction was performed using a procedure which
will be the subject of another paper.*’ Briefly, the catalysts
were heated in an electric oven at 110 °C overnight to
eliminate absorbed moisture. A solution containing 50 mmol
of toluene was mixed with 0.05 g of OMS-2 and 0.03 g of 2,2'-
azobisisobutyronitrile (AIBN) in a round-bottom flask. The
reaction was initiated at 110 °C in UV light generated from
an ultraviolet lamp for 30 min. The mixture was then stirred
with refluxing at room temperature in air for 2 d. OMS-2
catalysts were removed by filtration. The filtrates were then
analyzed using gas chromatography/mass spectrometry (GC/
MS).

Results

1. XRD Studies. X-ray diffraction was used to study
the formation processes of cryptomelane by character-
izing the samples saved after each heating step. A
different crystalline growth process of OMS-2 was
observed when a different cross-linking reagent was
used.

Figure 1 shows XRD patterns of K-OMS-2 prepared
using poly(vinyl alcohol) as the cross-linking reagent.
At 180 °C where the dark black powders were just
formed, two groups of diffraction peaks were observed
in the XRD pattern, indicating the presence of crystal-
line phases of a small amount of potassium nitrate
(JCPDS: 11-30) and a large amount of y-Mn,O3 (JCP-
DS: 18-803). At 300 °C, a cryptomelane phase pattern
first appeared, but the majority of the crystalline phase
was still y-Mn;03. y-Mn,03; phase disappeared after
heating for 2 h at 500 °C. Only the cryptomelane phase
(KMngOj6, JCPDS: 34-168) was observed in the tem-

(47) Son, Y.-C.; Liu, J.; Ghosh, R.; Makwana, V. D.; Suib, S. L.
Manuscript in preparation.
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Figure 2. X-ray diffraction patterns of K-OMS-2 heated at
different temperatures during its formation using glycerol as
the cross-linking reagent. (*: y-Mn;Os; #: birnessite; O: cryp-
tomelane.)
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Figure 3. X-ray diffraction patterns of K-OMS-2 heated at
different temperatures during its formation using glucose as
the cross-linking reagent. (#: birnessite; O: cryptomelane.)

perature region from 500 to 800 °C. The growth of
cryptomelane crystals was indicated by the increasing
intensities of the cryptomelane diffraction peaks. The
growth was completed at 700 °C, as suggested by little
change in the intensities of the XRD peaks of the
powders heated at 700 and 800 °C. The pure crystalline
phase of cryptomelane was stable up to 800 °C. At 900
°C, diffraction peaks of an impure phase appeared in
the XRD pattern, which was identified as a hausman-
nite phase (JCPDS: 24-734).

The growing process of K—OMS-2 crystals using
glycerol was different from the process when using PVA,
as indicated by the XRD patterns in Figure 2. When
the powder precursor was formed at 300 °C, the mixed
crystalline phases of birnessite (JCPDS23-1046) and
y-Mn,0O3 were observed. At 400 °C, y-Mn,03 phase was
eliminated, leaving birnessite as the only phase in the
materials. At 600 °C, the cryptomelane phase appeared.
The growth of the K-OMS-2 crystal was complete at
800 °C. The hausmannite phase was also observed in
the XRD pattern (not shown here) when the materials
were heated at 900 °C for 2 h.

Another different formation process of cryptomelane
was observed when glucose was used as the cross-
linking reagent (Figure 3). At 180 °C after the black
powder was just formed, no crystalline phase was
formed, suggesting the powder was an amorphous
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Figure 4. X-ray diffraction patterns of metal-substituted

K—OMS-2 prepared at 800 °C using glycerol. (O: cryptom-
elane; C: CuO; N: NiO).

material. After the powder was heated at 300 °C for 2
h, a birnessite phase was observed in the XRD pattern.
The birnessite was the only crystalline phase in the
materials until 400 °C. At 500 °C, cryptomelane was
formed from the birnessite, as revealed by the XRD
pattern. A pure crystalline phase of cryptomelane was
maintained in the temperature region from 500 to 800
°C, and the crystalline growing process was complete
at 800 °C. After heating at 900 °C, a hausmannite phase
was observed in the XRD pattern (not shown here).

For the sample prepared without using any cross-
linking reagents, the XRD pattern (not shown here)
revealed that neither y-Mn,O3 nor birnessite phase was
formed during the process. The cryptomelane phase was
formed directly from the mixed salts around 600 °C with
very poor crystallinity. Other impure phases were also
observed in the sample at 600 °C. For the samples
prepared using acetate or chloride salts, XRD data (not
shown here) indicated that neither y-Mn,O3 nor birnes-
site was formed as a pure phase during the heating at
300—-500 °C. Impure phases were also formed along
with the cryptomelane phase at 600 °C.

Figure 4 shows the XRD patterns of metal-substituted
OMS-2 (Fe/[K—OMS-2, Co/K—0OMS-2, Ni/K—OMS-2, and
Cu/K—0OMS-2) prepared using glycerol at 800 °C. Cryp-
tomelane was the only crystalline phase in the Fe- and
Co-substituted materials, as revealed by the XRD data.
The diffraction peak at 20 of about 30°, which was
identified as the diffraction peak of (103) planes in
cryptomelane, was not obviously observed in the XRD
pattern of Fe/K—OMS-2 material. But this diffraction
peak was observed in the other three materials. In the
XRD patterns of Ni- and Cu-substituted OMS-2 materi-
als, impure phases appeared. In the diffraction pattern
of Ni/K—OMS-2, the two additional diffraction peaks at
20 of about 35° and 43° were due to diffraction from the
(111) and (200) planes of nickel oxide (JCPDS4-835),
respectively. In the XRD pattern of Cu/K—OMS-2, the
two additional peaks at 26 of about 35.5° and 38.5° were
due to diffraction from the (002) and (—111) planes of
copper oxide (JCPDS41-254), respectively.

2. HRSEM and TEM Studies. HRSEM was used to
study the morphologies of the materials. The morphol-
ogies of OMS-2 materials prepared at 800 °C with
different cross-linking reagents are shown in Figure 5.
The materials had a one-dimensional nanoscale struc-
tures.
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Figure 5. HRSEM images of K—OMS-2 nanorods prepared at 800 °C using (a) PVA and (b) glucose; (¢, d) K-OMS-2 nanowires
synthesized using glycerol.
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Figure 6. TEM bright-field image and corresponding selected area diffraction pattern of a K—OMS-2 nanowire prepared with

glycerol at 800 °C.

The widths of these 1D nanocrystals ranged from 40
to 100 nm and varied depending on the cross-linking
reagents. The lengths of the nanomaterials prepared
using PVA were a few hundred nanometers (Figure 5a),
which was the shortest among the three nanoscale
K—OMS-2 materials. Intergrowth between the nanoc-
rystals was observed in the PVA-prepared materials.
The lengths of the nanocrystals prepared using glucose
were a few micrometers (Figure 5b). The shapes of
glucose-prepared K—OMS-2 were more uniform than
those prepared with PVA. Little intergrowth was ob-
served in the K—OMS-2 nanocrystals prepared using
glucose. When glycerol was used as the cross-linking
reagent, nanocrystals were formed with lengths from a
few micrometers to several tens of micrometers (Figure
5¢,d), which are the longest among the three nanoscale
K—OMS-2. The lengths of K—OMS-2 nanocrystals
prepared using different cross-linking reagents were
in the following order: PVA < glucose < glycerol. To
distinguish the three types of 1D nanocrystals,

K—OMS-2 prepared using PVA, glucose, and glycerol
were named nanorods, nanoneedles, and nanowires,
respectively.

The microstructure of nanoscale OMS-2 was investi-
gated using TEM. Figure 6 shows a TEM bright field
image of a K—OMS-2 nanowire prepared at 800 °C
using glycerol and the corresponding selected area
electron diffraction (SAED) pattern. The tunnel struc-
tures are well-ordered continuously along the b axis, as
indicated by the uniform lattice fringes in the enlarged
image. The distance between the lattice fringes is about
0.7 nm, which corresponds to the distance between the
2 x 2 tunnels. The nanowires observed were found to
lay on their (110) planes. The crystals studied using
TEM showed little twinning and few dislocations in the
tunnel structures, as revealed by the electron diffraction
pattern and the TEM bright-field image in Figure 6.
Similar microstructures and crystal orientations were
observed in the nanorods prepared using PVA and in
the nanoneedles prepared using glucose.
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Figure 7. TEM bright-field images and some corresponding
selected area diffraction patterns of metal-substituted nano-
materials prepared with glycerol at 800 °C: (a) Fe/[K—OMS-
2, (b) Co/K—OMS-2, (c) Ni/K—OMS-2, and (d) Cu/K—OMS-2.

The morphologies and microstructures of metal-
substituted OMS-2 materials prepared using glycerol
also were investigated using TEM. The TEM bright-field
images of Fe/K—, Co/K—, Ni/K—, and Cu/K—OMS-2 are
shown in Figure 7. Fe/K—OMS-2 showed similar mor-
phologies to those of nonsubstituted K—OMS-2 nanow-
ires prepared using glycerol (Figure 7a). The Fe/K—
OMS-2 nanowires had the same electron diffraction
patterns as the nonsubstituted materials (not shown
here), which indicates well-formed and long-range or-
dered cryptomelane tunnel structures. However, other
metal-substituted OMS-2 (Co/K—0OMS-2, Ni/K—OMS-
2, and Cu/K—0OMS-2) materials showed different mor-
phologies (Figure 7b—d). The lengths of the nanoscale
OMS-2 crystals were much shorter than those of the
nonsubstituted K—OMS-2 nanowires. Intergrowths be-
tween the short OMS-2 crystals were observed in these
materials. Different amounts of small nanoparticles
were found in these materials. Electron diffraction
studies on these nanoparticles indicated that they were
amorphous.

3. FTIR Studies. FTIR spectra of powder samples
prepared with different cross-linking reagents at dif-
ferent temperatures are shown in Figure 8. In the
spectrum of powder formed at 180 °C using PVA as the
cross-linking reagent (Figure 8a), the broad band around
3450 cm~! and the sharp band at 1380 cm~! were due
to the PVA and nitrate residues in the sample, respec-
tively. At 400 °C, the intensities of these two bands
decreased, indicating the amount of PVA and nitrate
residues decreased in the sample. At 600 °C, the
disappearance of the two bands indicated that PVA and
nitrate were decomposed completely. The bands in the
450—750-cm~1 region of the sample prepared at 800 °C
were attributed to Mn—0O vibrations in cryptomelane.
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Figure 8b shows the FTIR spectra of the powders
prepared using glycerol. Two bands at 1380 and 3460
cm~1, which were attributed to nitrate and glycerol,
were observed in the sample after heating at 600 °C.
These two bands disappeared after heating at 800 °C,
revealing the complete decomposition of nitrate and
glycerol in the materials after heating at 800 °C.

For powders prepared using glucose at 180 °C (Figure
8c), several intense vibration bands (1060, 1660, and
3450 cm~1) were observed in the spectra, revealing that
a large amount of glucose residue was left in the
materials at this temperature. The intensity of these
bands decreased dramatically in the spectrum of the
sample prepared at 400 °C, indicating that most of the
glucose residue was decomposed in this step. The band
at 1380 cm~! was due to nitrate residue in the sample.
At 600 °C, the vibration bands of glucose and nitrate
almost disappeared. These bands were not observed in
the spectrum obtained for the sample prepared at 800
°C, indicating that all of the residues of nitrate and
glucose were removed.

4. TGA Studies. Thermal stabilities of K-OMS-2
nanomaterials prepared at 800 °C using different cross-
linking reagents were studied with TGA in N in the
range of 30—900 °C with a ramping rate of 10 °C/min.
The TGA plots of these materials are shown in Figure
9. The thermal stabilities of the three K-OMS-2 nano-
materials varied depending on the cross-linking reagent
that was used.

When PVA was used (Figure 9a), the first weight loss
in the range of 30—400 °C was only 1.5%. In the range
of 500—660 °C, a second weight loss (7.5%) appeared,
which was due to the evolution of active oxygen species
from the materials. When the temperature was higher
than 800 °C, the sharp weight loss change indicated the
collapse of the tunnel structure and the transformation
of cryptomelane to hausmannite.

When glycerol was used (Figure 9b), the first weight
loss (3%) was observed in the range of 100—150 °C,
which is due to water physically absorbed in the
materials. The second weight loss was about 3%,
observed in the range of 600—700 °C. This weight loss
was attributed to the evolution of active oxygen species
in the materials. The last and sudden weight loss was
observed at a temperature higher than 700 °C, where
the tunnel structure collapsed.

When the glucose was used (Figure 9c), the weight
loss behavior of the materials was similar to that
prepared using glycerol. The first weight loss was at a
temperature lower than 150 °C. The second and third
weight losses were observed at 650—750 °C and at
higher than 800 °C, respectively.

The TGA plots of the simulating experiments on the
heating process are shown in Figure 10. For the sample
using PVA as the cross-linking reagent (Figure 10a),
about 6% of weight was lost in the range of 30—150 °C,
which is due to physically absorbed water. During
heating at 200 °C, the weight loss was only about 1%.
When the temperature was ramped from 200 to 300 °C
within 10 min, another 7% of weight was lost. About
1-2% more weight was lost during continuous heating
at 300 °C. The weight loss was less than 0.5% when the
temperature was ramped from 300 to 400 °C. During
continuous heating at 400 °C, the weight loss was about
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Figure 9. TGA plots for K-OMS-2 nanomaterials prepared
at 800 °C with (a) PVA, (b) glycerol, and (c) glucose. The
ramping rate is 10 °C/min in Na.

1.5%. By 500 °C, the weight of the sample was not
decreasing any longer. From 500 to 800 °C, the weight
increased at each heating temperature. The total weight
gain was about 2.5%. At 900 °C, a sudden weight loss
was observed, which was due to the transformation of
cryptomelane to hausmannite, as indicated by XRD data
(Figure 1).

For the sample prepared using glycerol as the cross-
linking reagent, a similar process of weight loss and gain
was observed in the TGA plot (Figure 10b). Physically
absorbed water evolved, resulting with the 7% weight

loss in the range of 30—150 °C. Another two weight
losses were observed around 400 and 500 °C. From 600
°C, weight gain was observed at each heating temper-
ature until 900 °C, where the cryptomelane transformed
to hausmannite. The total weight gain was about 1.2%.

The sample prepared using glucose as the cross-
linking reagent had a different type of TGA plot (Figure
10c). A sudden and dramatic weight loss (~70%) was
observed around 200 °C, which indicates that most of
the glucose residue was decomposed at 200 °C. In the
range of 200—500 °C, an additional weight loss (~1.5%)
was observed. Then about 1.2% of weight was gained
when the sample was further heated.

5. Elemental Analysis and BET Surface Area
Measurement. The elemental composition of potas-
sium cations, foreign cations, and manganese species
in the metal-substituted OMS-2 materials was deter-
mined using the inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). The molar ratios of
potassium to manganese and of foreign cation to man-
ganese in Fe-, Co-, Ni-, and Cu-substituted OMS-2
materials are listed in Table 1. The molar ratios of
foreign cation to manganese are much higher than those
for the OMS-2 materials prepared using a conventional
reflux method, which was in the range of 0.005—0.097.48

The N, absorption/desorption isothermal plot and the
pore size distribution of K-OMS-2 nanomaterials pre-

(48) Chen, X.; Shen, Y.-F.; Suib, S. L.; O'Young, C. L. Chem. Mater.
2002, 12, 940—-948.
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Figure 10. TGA plots of the simulating experiments for the
solid-state reaction process in air when different cross-linking
reagents were used: (a) PVA, (b) glycerol, and (c) glucose.

Table 1. Molar Ratios of K/Mn and M/Mn (M: Foreign
Cations Used in the Substitution) of Metal-Substituted
OMS-2 Prepared at 800 °C Using Glycerol

sample name K/Mn M/Mn
Fe/K—OMS-2 0.26 0.18
Co/K—OMS-2 0.35 0.17
Ni/K—OMS-2 0.33 0.18
Cu/K—OMS-2 0.33 0.20

pared at 800 °C using PVA are shown in Figure 11. The
isothermal plot (Figure 11a) observed was similar to
those of OMS-2 materials prepared using a conventional
reflux method, indicating a Type Il adsorption isotherm
with micropore filling at low p/py and capillary conden-
sation at high p/po.“® All of the other K-OMS-2 and
metal-substituted OMS-2 had isotherms of N, absorp-
tion/desorption similar to the one in Figure 1la. The
materials were microporous, as indicated by the pore
size distribution plot (Figure 11b). The microporous
structures of the samples prepared using the novel
method in this paper are different from those prepared
using a conventional reflux method. The conventional
OMS-2 materials usually had only one peak in the pore
size distribution plot, which was around 5 A48 The
nanomaterials prepared in this paper showed diverse
pore size distributions with three peaks around 7.8, 9.0,
and 9.8 A. Other K—OMS-2 materials and metal-
substituted OMS-2 materials also showed unusually
diverse pore size distributions.

The BET surface areas of K—OMS-2 materials pre-
pared with different cross-linking reagents and metal-
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Table 2. BET Surface Areas of K-OMS-2 Nanomaterials
Prepared Using Different Cross-linking Reagents and
Metal-Substituted OMS-2 Materials Prepared Using
Glycerol; All of These Materials Were Calcined at 800 °C

sample name BET surface area

(cross-linking reagent used) (m?/g)
K—OMS-2 (PVA) 11
K—OMS-2 (glycerol) 18
K—OMS-2 (sugar) 14
Fe/K—OMS-2 (glycerol) 13
Co/K—OMS-2 (glycerol) 6
Ni/K—OMS-2 (glycerol) 6
Cu/K—OMS-2 (glycerol) 6

substituted OMS-2 materials prepared using glycerol
were measured. The results are listed in Table 2. The
surface areas are lower than some OMS-2 materials
that were previously reported.+348

6. Catalytic Application. The nanoscale OMS-2
materials prepared above showed unique catalytic
activity for the green oxidation of toluene. The products
of the catalytic reactions included benzyl alcohol, ben-
zylaldehyde, and benzoic acid. Both K-OMS-2 and Fe/
K—OMS-2 were used as catalysts for the oxidative
reaction of toluene. The conversions of the oxidative
reaction using both nanoscale OMS-2 catalysts were
10—15% and the turnover numbers were about 13. The
time scale for the turnover numbers was per day. When
the bulk OMS-2 materials prepared using the reflux
method were used, the conversion was only 3.6%. This
result was based on a preliminary study using nanoscale
OMS-2 for the green oxidation of organic compounds.
Investigations are underway on the optimal condition
for the catalytic reaction, mechanism of the oxidation
of toluene, and the effects of metal substitution for the
activity of the catalysts.*”

Discussion

1. Effects of Cross-linking Reagents on the
Formation Processes of OMS-2 Nanomaterials.
The cross-linking reagent and nitrate have influenced
the formation process used for OMS-2 nanomaterials.
When PVA was used as the cross-linking reagent, the
solid-state reaction showed a two-step crystal growth
process. The first step was around 180—500 °C where
y-Mn,03 was formed and transformed to cryptomelane.
According to the XRD patterns (Figure 1), y-Mn,Os first
appeared as the major crystalline phase upon heating
at 180 °C where the black powders were just formed.
The amount of y-Mn,03 phase decreased at 300 °C. A
cryptomelane phase appeared at 300 °C, became the
mayjor crystalline phase around 400 °C, and dominated
as the only phase at 500 °C. In the same temperature
range (300—500 °C), the decomposition of PVA and
nitrate also occurred, as evidenced by the FTIR spectra
(Figure 8a) and TGA data (Figure 10a). Nitrate was the
oxidant in this step to oxidize Mn(l1) species to a higher
oxidation state, such as Mn(lll), as evidenced by the
formation of y-Mn,O3 (see eq 1).

3Mn** + NO,” — 3Mn*" + NO, (1)

The second step of crystal growth was in the range of
500—800 °C, in which the crystals of cryptomelane kept
growing and the crystallinity kept increasing, as indi-
cated by the increasing intensities of the cryptomelane
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peaks in the XRD patterns (Figure 1). Oxygen from the
air took the role of oxidant in this step. This further
growth of cryptomelane resulted with the increasing
amount of oxygen in the structure of cryptomelane, as
evidenced by the weight gain in the TGA data for this
sample (Figure 10a).

When glycerol was used, the crystal growth had three
steps. The first step was in the 300—400 °C range where
y-Mn,03 was formed and transformed to birnessite, as
revealed in the XRD pattern (Figure 2). At the second
step of around 500—600 °C, birnessite was transformed
to cryptomelane. The decomposition of glycerol and
nitrate also occurred upon heating at these two steps,
as revealed by their FTIR spectra (Figure 8b) and TGA
data (Figure 10b). Nitrate was also the oxidant for the
manganese species in these two steps. The third step
was at a temperature of 600—800 °C. The crystals of
cryptomelane grew upon further heating in the step
where oxygen from air acted as the oxidant. Further
growth of cryptomelane crystals resulted in a weight
gain, which was observed in the TGA data (Figure 10b).

When glucose was used, the reaction also had a three-
step phase transformation. The first step was in the
temperature range of 180—400 °C, where the birnessite
phase was formed in the amorphous precursor. The
second step was in the range of 400—500 °C, where the
birnessite phase was transformed to a cryptomelane
phase. The glucose and nitrate were decomposed in
these two steps, as evidenced by the TGA data (Figure
10c) and FTIR spectra (Figure 8c). The third step was
in the temperature range of 500—800 °C. The manga-
nese species were further oxidized by the oxygen in air,
resulting in an increasing crystallinity of cryptomelane
and the weight gain in the materials, as evidenced in
the XRD patterns (Figure 3) and in the TGA experiment
(Figure 10c).

Both cross-linking reagents and nitrate anions are
important in the formation of well-ordered cryptomelane
nanomaterials. When no cross-linking reagent was used,
neither y-Mn;O3 nor birnessite was able to be formed
during heating. A small amount of cryptomelane phase

was formed along with other impure phases due to the
oxidative property of nitrate and oxygen from the air.
This is because reactant salts were easy to aggregate
without the assistance of cross-linking reagents. There-
fore, reactions between the nitrate salt reactant were
more rapid than those using cross-linking reagents,
resulting in large particles, intergrowths, and the
formation of other crystalline phases.

When nitrate was substituted with other anions
(acetate or chloride), impure cryptomelane was also
formed in the solid-state reaction. Nitrate acted as an
oxidant in the heating and oxidation of Mn(I1) to higher
oxidation states at a temperature lower than 400 °C,
which is evidenced by the formation of y-Mn,03. With-
out the formation of y-Mn,O3, cryptomelane could be
formed directly from the manganese and potassium
salts by the oxidation of oxygen in air at temperatures
as high as 600 °C, but rapid reaction between the salts
caused the unavoidable formation of impure phases. The
formation of y-Mn,O3; may be critical to the formation
of a pure cryptomelane phase upon further heating in
air.

2. Effects of Cross-linking Reagents and Metal
Substitution on the Particle Sizes of OMS-2 Na-
nomaterials. The particles sizes of the OMS-2 nano-
materials, especially the lengths along the 1D nano-
structure direction, were also affected by the cross-
linking reagents. The use of PVA, glucose, and glycerol
resulted in nanorods, nanoneedles, and nanowires,
respectively (Figure 5). This is probably related to the
amount of hydroxyl groups in the cross-linking reagent,
the decomposition of the cross-linking reagent during
the elevated heating process, and the chemical role of
the cross-linking reagents in the solid-state reaction.

When PVA or glycerol was used to prepare OMS-2
nanomaterials, y-Mn,O3 was formed as the predominant
phase at the beginning of crystal growth processes. The
hydroxyl groups in the cross-linking reagent residue
may have formed bonds with the surface OH groups on
the manganese oxide materials, and manganese oxide
particles were isolated from each other by the surround-
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ing cross-linking reagents to prevent further aggrega-
tion. The ratio of hydroxyl groups to carbon atoms in
glycerol is larger than that in PVA. The bond via OH
groups between the manganese oxides and glycerol is
stronger than that between the manganese oxides and
PVA.

Since there are three hydroxyl groups in glycerol, the
bonds to the manganese oxide surface are more rigid
and may tend to bind to a flat surface, such as the
surfaces along the length of the 1D nanostructures,
rather than to a small surface, such as the tips of the
nanorods. Therefore, glycerol may prevent the interac-
tion between the surfaces along the lengths of manga-
nese oxide nanoparticles more efficiently than PVA, but
may not prevent the interaction between the tips of
manganese oxide nanocrystals as well as PVA. During
the reactions where glycerol was used, the nanocrystals
tended to grow in a direction along the length. The
diameter was not greatly changed during the calcina-
tions, which was evidenced by HRSEM images (data are
not shown here). When PVA was used, the nanocrystals
tended to grow in a direction along the diameter. The
diameters of PVA-prepared nanorods were almost twice
the diameters of glycerol-prepared nanowires.

When glucose was used, amorphous manganese oxide
was formed first. Birnessite was formed from the
amorphous manganese oxides. After firing, the glucose
residue may also have played a similar role as glycerol
to prevent the interaction between different nanocrys-
tals on the surfaces along their layered structure.
However, interactions at the edge of the layered struc-
tures were not prevented. Nanoneedles of OMS-2 were
then formed from the thin layered materials by dis-
sociation among the layers.

The small amount of hydroxyl groups in PVA may
also cause the rapid transformation from y-Mn,0O3 to
cryptomelane phase without having an intermediate
phase (birnessite) in the temperature range of 400—500
°C, as indicated by the XRD patterns (Figure 1). The
transformations using glycerol and glucose show the
intermediate birnessite phase (Figures 2 and 3) because
glycerol and glucose have more hydroxyl groups, which
may prevent the rapid transformation to cryptomelane.

Some of the transition-metal cations used to substi-
tute into the OMS-2 nanomaterials have also affected
the particle sizes of the final products. In the four
cations used for substitution, only iron(l11) cations were
able to be substituted into the structure without forming
other amorphous or crystalline phases, as evidenced by
the XRD and TEM data. The particle shapes and sizes
were similar to those of nonsubstituted OMS-2 materi-
als prepared with the same cross-linking reagent—
glycerol. When the other three cations (Co?*, Ni2*, and
Cu?*) were used for substitution, amorphous and crys-
talline impure phases were formed in the materials, as
revealed by the XRD and TEM data.
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The lengths of the nanoscale OMS-2 crystals were also
decreased significantly. Nanosize amorphous particles
were isolated from the OMS-2 materials. Fe(ll1) cations
could be well-assembled into the structures of OMS-2
because the sizes and oxidation states of Fe(lll) cation
are the same as those of Mn(l11) cations. The Shannon
radii of Fe3* and Mn3* are both 0.645 A.49 Therefore,
Fe(111) probably can reside in the sites of Mn(I11) in the
framework.3233 Other cations (Co?*, Ni?*, and Cu?")
were not able to assemble into the OMS-2 materials due
to the differences in their cation sizes from those of
manganese cations. These cations may have formed
metal complexes with the cross-linking reagents and
prevented the binding of the cross-linking reagents with
manganese oxides. Lack of glycerol binding on the
surface in the long dimension of the rods resulted in
the growth of the diameter of these nanomaterials.

Conclusions

Nanorods, nanoneedles, and nanowires cryptomelane
materials were successfully prepared by a novel sol—
gel-assisted solid-state reaction. Cross-linking reagents
played an important role in the crystal growth and
controlled particle sizes of the final 1D nanostructured
crystals. The nitrate anion acted as an oxidant at the
early stage of the solid-state reaction to oxidize Mn(ll)
to Mn(111). In the second stage of oxidation, oxygen from
the air was the oxidant and converted manganese
species to a higher oxidation state, such as Mn(1V). Four
transition-metal cations (Fe3*, Co?", Ni?", and Cu?")
were used to substitute into OMS-2 materials. Fe(l11)
cations were found to be the most suitable ones of these
four cations to be associated into the structure of
nanoscale OMS-2 without an impact on the crystalline
structure and morphology. The other three cations
showed different degrees of effects on the morphologies
of the final OMS-2 materials by forming amorphous or
crystalline phases. The thermal stabilities of novel
synthetic OMS-2 nanomaterials were as high as 800 °C.
The nanomaterials also showed an unusual pore size
distribution for the micropores, compared with the
OMS-2 materials that were conventionally prepared by
a reflux method. Compared with conventional OMS-2
catalysts, the nanoscale OMS-2 showed exceptional
catalytic activity in the green oxidation of toluene to
produce benzyl alcohol, benzylaldehyde, and benzoic
acid.
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