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A B S T R A C T

Crystalline tunnel structure cryptomelane type manganese oxides (OMS-2) have been studied as

photocatalysts for the selective oxidation of 2-propanol to acetone. The reaction is carried out with

visible light irradiation at room temperature. The activities of various K-OMS-2 and metal doped OMS-2

(M-OMS-2) catalysts prepared by different synthesis procedures have been evaluated. K-OMS-2 and M-

OMS-2 (M = Fe, Ni) with nanorod morphology were the most active photocatalysts. Conversions

obtained for these catalysts ranged from 50 to 15%. K-OMS-2 fibers gave only 5–6% conversion. All

reactions gave 100% selectivity to acetone. The reusability of the K-OMS-2 catalyst was also tested.

Characterization of K-OMS-2 catalysts was done using several techniques like temperature programmed

desorption, UV–vis spectroscopy, average oxidation state analysis, XRD, BET and FE-SEM. As suggested

by the photochemical and characterization data, synthesis methodology, morphology, mixed valency

and the release of oxygen from the OMS-2 structure are important factors for the design of active OMS-2

photocatalysts. XRD and FTIR were also used to study structural changes in the catalyst after photolysis.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Today’s increasing energy consumption and depleting fossil
fuel resources have compelled us to seek alternative sources of
energy. In line with this, harnessing solar energy is unquestionably
a viable alternative to conventional technologies using fossil fuels,
since solar energy is an abundant natural resource [1,2].
Photocatalytic reactions using solar energy can successfully
catalyze mild oxidation of alkanes, alkenes, and alcohols on the
surfaces of metal oxides or sulfides. A very important application of
such reactions is the destruction of volatile organic compounds in
air and water purification processes [3]. Photocatalytic oxidation
reactions have several advantages such as use of solar energy as the
activation source, stable semiconductor catalysts, room tempera-
ture reactions, and the use of non-toxic oxidants like molecular
oxygen and air [4,5]. Heterogeneous gas phase catalysis is a
particularly simple and environmentally friendly technique due to
the ease of recovery of the catalyst and reusability [6]. However,
the development of cheap catalysts that can efficiently harness
solar energy still remains a huge challenge for chemists [2,7].
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Among metal oxides, TiO2 and ZnO based photocatalysts have
been very popular. However, in many cases doping with certain
elements is necessary to make them utilizable under visible light
irradiation [8,9]. Other transition metal oxides like manganese
oxide based photocatalytic systems [10–14] have been studied to a
lesser extent even though in nature manganese containing clusters
bring about the photo oxidation of water in the presence of
sunlight [15]. In manganese oxide, d–d electronic transitions are
known to occur during irradiation due to partially filled d-orbitals.
So manganese oxide can be effectively used as photocatalyst
without the need of doping. The problem of charge confinement in
the d-orbital can be overcome by designing nanostructures that
will facilitate the easy migration of charge carriers in the oxide
[10]. Hence, there lies an opportunity for the development of
efficient photocatalysts based on manganese oxide.

K-OMS-2 or manganese octahedral molecular sieves (Fig. 1) are
a type of manganese oxide having a highly porous structure and are
particularly well known for catalyzing selective oxidation reac-
tions. K-OMS-2 (mineral name – cryptomelane) is constructed
from MnO6 octahedral blocks that form edge-shared double chains
and are corner connected to form a tunnel of �4.7 A by 4.7 A size.
The tunnel has a chemical composition of KMn8O16�nH2O with the
K+ cation residing in the center of the tunnel. The material exhibits
salient features like mixed-valency (2+, 3+, and 4+) of Mn, a
hydrophobic nature, porous structure, easy release of lattice
oxygen, and acidic sites [16]. Several different morphologies have
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Fig. 1. Tunnel structure of K-OMS-2 or cryptomelane. Each Mn atom (shown in

green) is surrounded by 6 O atoms represented by a octahedron. The K atoms

(shown in red) occupy the tunnel. (This image was generated using CrystalMaker1:

CrystalMaker Software Ltd, Oxford, England (www.crystalmaker.com).) (For

interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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been synthesized ranging from micrometer long fibers to nanorods
and paper like materials [17,18]. These properties make K-OMS-2
an ideal catalyst particularly for a variety of oxidation reactions.
Interesting catalytic oxidation reactions have been reported using
K-OMS-2 as a catalyst [19–24]. These materials have proven to be
highly selective towards organic compounds [25]. Various
synthesis procedures, detailed characterization and catalytic
studies have been established in our laboratory [16].

Despite the fact that K-OMS-2 is an excellent catalyst for several
oxidation reactions, most reactions have been carried out under
conditions like conventional heating or microwave irradiation
along with harmful peroxides as oxidants [20,22,23]. K-OMS-2
fibers were very poor photocatalysts when irradiated with visible
light in the gas phase oxidation of 2-propanol [13]. Under the same
conditions, another type of manganese oxide amorphous manga-
nese oxide (AMO) showed higher conversions (�8%) of 2-propanol
due to the easy evolution of oxygen from its structure. However,
AMO underwent structural changes after photolysis [13]. In this
study, the photocatalytic activities of K-OMS-2 and metal doped
OMS-2 (M-OMS-2) with different morphologies are examined
under visible light irradiation (400–760 nm range), which is
similar to the spectral range of the sun. Also, molecular oxygen was
used as an oxidant. We have used the gas phase oxidation of 2-
propanol as a probe reaction [26–30]. After reaction the catalyst
was regenerated by a very simple procedure and reused.
Comparative experiments were carried out with K-OMS-2
prepared by other synthesis procedures to evaluate the effect of
different morphologies on photocatalytic activity. Temperature
programmed desorption techniques were used to study oxygen
evolution from K-OMS-2 materials. Characterization of K-OMS-2
catalyst is done before and after reaction to detect any changes in
structure after photolysis.

2. Experimental

2.1. Synthesis of K-OMS-2 materials

A solvent free method was used to prepare K-OMS-2SF [17]. The
synthesis involved the physical mixing of Mn2+ with KMnO4 in the
ratio of 2:3. Typically, 90 mmol of Mn(Ac)2�4H2O and 60 mmol of
KMnO4 were ground homogenously in an agate mortar. The mixture
was maintained at 120 8C for 4 h in a capped glass bottle. The
resulting powders were thoroughly washed with deionized water
several times until the pH is close to 7 and dried at 80 8C overnight.
Metal doped solvent free (M-OMS-2SF, M = Fe, Ni) catalysts were
prepared by mixing KMnO4:Mn(Ac)2�4H2O:metal(II) acetate in a
molar ratio of 2:3:0.5. The same procedure described above was
followed.

A reflux method [31] was employed to synthesize K-OMS-2R. In
a typical reaction, 37 mmol of KMnO4 was placed in 100 mL of
double deionized water (DDW) and added to a solution of 55 mmol
of manganese sulfate hydrate in 30 mL DDW. Three milliliter of
nitric acid was added to this solution. A dark brown slurry forms
which is refluxed for 24 h at a temperature of 110 8C, then filtered,
washed and dried at 120 8C overnight.

For the preparation of K-OMS-2HY, a hydrothermal synthesis
was used [32]. K2S2O8 (1.629 g), K2SO4 (1.046 g) and MnSO4

(0.678 g) were added to a Teflon liner with 13 mL DDW. The mole
ratio of chemicals is 2:3:3. This solution was stirred for 30 min and
put in an autoclave for 48 h at 200 8C. The powder was then washed
thoroughly with water and ethanol and dried at 100 8C overnight.

2.2. Catalyst characterization

2.2.1. X-Ray diffraction

X-ray diffraction data were obtained using a Scintag-2000 PDS
diffractometer with Cu Ka (l = 0.15406) radiation. The beam
voltage and beam current were set at 45 kV and 40 mA. Continuous
scans were taken in a 2u range of 5–858 with a scan rate of 0.02 8/s.
The Joint Committee on Powder Diffraction Society (JCPDS)
database was used to index the peaks of XRD. The XRD patterns
of K-OMS-2 catalysts are comparable to standard K-OMS-2
materials.

2.2.2. Morphology

The morphologies of the K-OMS-2 materials were studied using
a field emission scanning electron microscope (FE-SEM) on a Zeiss
DSM 982 Gemini instrument with a Schottky emitter at an
accelerating voltage of 2 kV and a beam current of 1 mA. The
samples were suspended in ethanol and dispersed on Au–Pd-
coated silicon. Transmission electron microscopy (TEM) images
were obtained in a Philips EM420 operating at 120 kV. The samples
were prepared by dispersing in ethanol and sonicated for 5 min.
The suspension was then dropped on a carbon coated copper grid.

2.2.3. Surface area and porosity analysis

The BET surface area analysis and porosity were determined
using a Micromeritics ASAP 2010 instrument. All samples were
degassed at 120 8C for 10 h to remove any physically adsorbed
species. Nitrogen isothermal adsorption and desorption experi-
ments were conducted at relative partial pressures (P/P0) from
10�3 to 0.01, respectively.

2.2.4. Temperature programmed desorption (TPD)

Temperature programmed desorption with mass spectrometric
analysis was done to study oxygen evolution from the catalysts
before and after catalytic reaction. The catalyst (50 mg) was packed
into a tubular furnace controlled by an Omega temperature
controller. The sample was purged with UHP argon (Airgas) for 6–
8 h at room temperature followed by the heating of the sample to
700 8C at the rate of 10 8C/min. The exhaust gas was fed to a MKS
quadrupole mass spectrometer and the evolution of oxygen was
monitored.

2.2.5. FTIR

Fourier transform infrared (FTIR) spectroscopy experiments
were performed on a Nicolet 750 spectrometer with a Mercury–
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Cadmium–Telluride (MCT) detector and KBr beam splitter. Spectra
were collected with a resolution of 4 cm�1 using 250 scans.

2.2.6. Average oxidation state

Potentiometric titration was used to measure the average
oxidation state (AOS) of the K-OMS-2 catalysts. The catalyst was
dissolved in hydrochloric acid so as to convert all the manganese to
Mn2+ and titrated to a Mn3+ complex with sodium pyrophosphate
versus potassium permanganate. This gives total Mn content,
based on which the AOS is determined by reducing the solid to
Mn2+ using ferrous ammonium sulfate and back-titrating the
excess Fe2+ with a permanganate standard.

2.3. Photocatalytic reactions

The photocatalytic activity of the K-OMS-2 materials was tested
in the presence of visible light under heterogeneous conditions.
Prior to every reaction the catalyst surface was cleaned in a
continuous stream of argon for 2 h. Oxidation of 2-propanol was
carried out using 50 mg of catalyst in a quartz tube with 13 mm
diameter. A 1000 W continuous output xenon lamp was used to
illuminate the catalyst bed. Lamp power was controlled at 520 W.
Fig. 2. SEM images of as-synthesized OMS-2 catalysts: (a) K-OMS-2SF,
The UV radiation coming from the source was cut-off by a 400-nm
filter and the IR was cut-off using a glass water filter to keep the
reaction system from heating. 2-Propanol was bubbled from an
ice-bath constantly maintained at 0 8C. Molecular oxygen flown at
the rate of 10 mL/min was used as a carrier gas. An online gas
chromatograph connected to the reactor was used to analyze the
reaction products. GC analyses were done using a HP 5890 series II
gas chromatograph with a flame ionization detector. A HP Plot Q
column (bonded polystyrene-divinylbenzene column) of dimen-
sions 30 m � 0.53 mm I.D. � 40 mm film was used.

3. Results

3.1. Characterization of OMS-2 catalysts

3.1.1. Characterization of undoped K-OMS-2 catalysts

SEM images for K-OMS-2 materials synthesized in this study
are shown in Fig. 2. K-OMS-2SF (Fig. 2a) prepared by solvent free
method has nanorod morphology with a particle width of about
10 nm. The lengths of these rods vary from 30 to 100 nm. K-OMS-
2R (Fig. 2b) has fiber morphology and the length of these fibers is
greater than 1000 nm. Based on SEM images, these fibers have
(b) K-OMS-2R, (c) K-OMS-2HY, (d) Fe-OMS-2SF and (e) Ni-OMS-2SF.



Table 1
Properties of as-synthesized K-OMS-2 catalysts.

Catalyst Crystallite

size (nm)

Surface

area

(m2/g)

Mesopore

vol.

(cm3/g)

Total pore

vol.

(cm3/g)

% mesopore

vol.

K-OMS-2SF 9.8a 123 0.33 0.35 94%

K-OMS-2R
a 18 90 0.29 0.46 63%

K-OMS-2HY 17b 57 0.19 0.22 86%

Fe-OMS-2SF 10.8 168 0.54 0.56 96%

Ni-OMS-2SF 12 109 0.30 0.33 90%

a Ref. [17].
b Ref. [20].

Fig. 4. Conversion of 2-propanol to acetone using K-OMS-2 and metal doped OMS-

2SF catalysts under visible light. Reaction conditions: 50 mg of catalyst, 2-propanol

at 0 8C, O2 flow rate = 10 mL/min, lamp power = 520 W.
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width of approximately 15–30 nm. The hydrothermal synthesis
(Fig. 2c) yielded fibers with widths of few tens of nanometers
(approx. 15–30 nm) and lengths of several micrometers. TEM
images (S1) representing individual nanorods and individual fibers
are given from which the approximate width of the fibers and rods
can be confirmed.

The X-ray diffraction patterns of K-OMS-2 catalysts prepared by
various synthesis procedures (reflux, hydrothermal, solvent free) are
in good agreement with the standard pattern of pure cryptomelane
(Fig. 3). All peaks can be indexed to pure cryptomelane phase (JCPDS
29-1020) and no other phases are present. The peaks for K-OMS-2SF

are much broader and weaker than those for K-OMS-2R and K-OMS-
2HY indicating smaller crystallite size. K-OMS-2SF has the smallest
crystallite size (9.8 nm) [17] as shown in Table 1. This value from
earlier work on OMS-2, had been calculated using the Scherrer
equation for the (2 1 1) peak from XRD data [17,20]. The BET surface
areas, porosity values and crystallite sizes of all catalysts are
tabulated in Table 1. Among all K-OMS-2 catalysts, K-OMS-2SF has
the highest surface area (123 m2/g), highest mesopore volume (94%),
and the smallest crystallite size.

3.1.2. Characterization of doped OMS-2 catalysts prepared by solvent

free method

SEM images of doped catalysts (Fe-OMS-2SF (Fig. 2d) and Ni-
OMS-2SF (Fig. 2e)) are shown. The images show nanorod
morphology as for the undoped K-OMS-2SF. In addition, no other
phases are seen in the image.

The XRD patterns (Fig. 3) of the doped catalysts (Fe-OMS-2SF

and Ni-OMS-2SF) match well with cryptomelane and no additional
phases are present for the doped materials. Crystallite size
calculation was done using the Scherrer equation and the (2 1 1)
XRD peak. Fe-OMS-2SF has a crystallite size of 10.8 nm and Ni-
OMS-2SF has a size of 12 nm (Table 1). These values are close to the
crystallite size of K-OMS-2SF [17] (Table 1). The surface areas and
porosity values presented in Table 1 show that the doped catalysts
have high surface area (168 m2/g and 109 m2/g for Fe-OMS-2SF and
Ni-OMS-2SF, respectively) and high mesopore volume (Table 1) in
the structure.

3.2. Photocatalytic reactions with various OMS-2 materials

Results for the photocatalytic oxidation of 2-propanol using
different K-OMS-2 catalysts prepared by reflux, solvent free and
hydrothermal methods are shown in Fig. 4. In all cases, the reaction
is selective and only acetone was detected as the partial oxidation
product. Among all the catalysts tested, K-OMS-2SF gave the
Fig. 3. X-Ray diffraction patterns: (a) fresh K-OMS-2SF, (b) K-OMS-2SF after photoreaction

2HY.
highest conversion. Fig. 4 shows that the activity of K-OMS-2SF is
very high �50% at the beginning of the reaction, then decreases to
15% conversion to acetone as time proceeds. However, the catalytic
activity was maintained for more than 4 h. In order to check for
total oxidation of 2-propanol as a possibility, the same reaction
was carried out and analysis was conducted using a SRI GC
equipped with a TCD detector. CO2 was not detected as a product of
the reaction. Hence the reaction with K-OMS-2 materials is 100%
selective. Other catalysts, i.e. K-OMS-2R and K-OMS-2HY showed
poor photocatalytic activity (only 5–6%) when tested under the
same conditions (Fig. 4).

Since K-OMS-2SF showed the highest photocatalytic activity,
metal doped OMS-2 (Fe-OMS-2SF and Ni-OMS-2SF) catalysts
, (c) fresh Ni-OMS-2SF, (d) fresh Fe-OMS-2SF, (e) fresh K-OMS-2R and (f) fresh K-OMS-



Table 2
Reusability test for photocatalytic oxidation of 2-propanol.

Time (min) Conversion of 2-propanol (%)

Fresh K-OMS-2SF Used K-OMS-2SF

recycled after

heating at

240 8C

Used K-OMS-2SF

recycled after

heating at

120 8C

15 50 37 8

30 30 24 2

60 30 26 2

90 18 15 2

120 18 14 1

240 15 14 3

Reaction conditions: 50 mg of catalyst, 2-propanol at 0 8C, O2 flow rate = 10 mL/min,

lamp power = 520 W.
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prepared by solvent free method were also tested for photo-
catalytic conversion of 2-propanol. The results are displayed in
Fig. 4. Doped materials prepared by solvent free method showed
�50–20% conversions to acetone which is similar to the undoped
catalyst.

3.3. Catalyst reusability

Since K-OMS-2SF showed the highest photocatalytic activity,
the reusability of the K-OMS-2SF was tested. This is shown in
Table 2. After completing the reaction with fresh K-OMS-2SF, the
catalyst was heated at 240 8C or 120 8C overnight to remove any
adsorbed species. The catalytic activity recovered almost
completely after treatment at 240 8C. However, when the
reusability test was conducted by heating the used catalyst at
120 8C overnight and tested for the same reaction, the catalyst
showed a significant decrease in activity.

3.4. Temperature programmed desorption (TPD-MS)

In order to study oxygen evolution from the catalyst surface, the
K-OMS-2 materials were heated in an inert (argon) atmosphere
and the oxygen evolving from the surface was monitored using
mass spectrometry. TPD-MS profiles are displayed in Fig. 5. Among
the three catalysts tested, K-OMS-2SF shows predominant evolu-
tion of oxygen starting above 500 8C. Even though quantification of
oxygen evolved was not done, Fig. 5 shows that the intensity of the
oxygen peak evolved from the surface of K-OMS-2SF catalyst is
Fig. 5. TPD-MS profiles of m/e = 32 for various K-OMS-2 catalysts: (a) K-OMS-2SF,

(b) K-OMS-2R and (c) K-OMS-2HY.
much higher than those for K-OMS-2R and K-OMS-2HY. In the case
of K-OMS-2R, a small shoulder is seen above 400 8C and an oxygen
peak evolves around 540 8C. In K-OMS-2HY, oxygen begins to
evolve around 500 8C beginning with a small shoulder. The K-OMS-
2SF oxygen peak is markedly different from those of K-OMS-2HY

and K-OMS-2R in that a lower temperature peak (below 400 8C)
was not seen. An O2 peak rises sharply just above 500 8C. This peak
is followed by another hump which evolved at a higher
temperature than 700 8C but this is not displayed in the figure.

4. Discussion

4.1. Structural considerations

Nanoscale manganese oxides absorb photons in the 400-nm
region [11]. The band gap energy is the energy between the Mn 3d
t2g and eg states [10]. K-OMS-2 is an indirect semiconductor oxide.
Bulk MnO2 has a band gap of 0.2 eV. K-OMS-2 nanofibers have a
band gap of 1.32 eV which is �1 eV blue shifted with respect to
bulk materials [33]. The estimated band gap of MnO2 monolayer
nanosheets is 2.23 eV [10]. Hence, the electronic structure and the
size of fibers greatly affect the band gap energy and this in turn
affects photocatalytic activity [33].

A study done with TiO2 catalysts reported that the photo-
catalytic activity increased with particle size up to �30 nm and
beyond that the activity decreased as the particle size increased for
TiO2 catalysts [34]. Such an effect may exist in K-OMS-2R and K-
OMS-2HY where the very long hollow fiber morphology allowed
electron–hole recombination to occur more easily inside the
particle and hence prevented the efficient diffusion of charge
carriers to the surface. Sakai et al. [10] have noted that ultrathin
nanosheets provide a better surface for d–d transitions due to
facilitation the easy migration of holes and electrons to the surface
of the oxide [10]. The unique nanorod morphology and small
crystallite size of �9.8 nm of K-OMS-2SF readily allows easy
electron transfer in the catalyst when irradiated. Efficient
hydrolysis of nitriles was catalyzed under light with a-MnO2

nanorods of�75 nm diameter and�235 nm length [11]. Due to the
unique structure of OMS-2SF nanorods, they are the most active
catalysts for oxidation of various alcohols among all K-OMS-2
materials [17,22]. The catalytic activity did not show any particular
trend with surface area. K-OMS-2R (90 m2/g) and K-OMS-2HY

(57 m2/g) have very similar catalytic activity even though their
surface areas vary greatly.

Incorporation of dopant ions (Fe and Ni) into OMS-2SF did not
significantly change but improved the conversion to acetone
slightly compared to undoped catalyst made by the solvent free
method as seen in Fig. 4. In metal doped OMS-2 catalysts, the
catalytic activity could vary compared to the undoped ones
depending on different oxidation states, accessibility of the
transition metals and defects in the OMS-2 structure due to the
foreign cations [35,36]. However, in this case, the amount of
dopants present in the catalyst could be too low to bring about any
significant change. An optimization study is further required to
understand the effect of amount of dopant.

4.2. Mixed valency in manganese oxides

OMS-2 has bands in the visible region (488 nm and 542 nm)
that are d–d transitions in Mn4+ (2t2g to 3eg) and Mn3+ (5E to 5T2),
respectively [12]. The presence of both these species could be
important for enhanced photocatalytic activity due to light
induced semi-conductivity in Mn3+:Mn4+ [37]. The electrical
conductivity of K-OMS-2SF measured using a 4 probe d.c. Van
der Pawv technique was found to be 8.3 � 10�3 V�1 cm�1. The
average oxidation state of various K-OMS-2 catalysts was also



Fig. 6. Photocatalytic activity of commercial manganese oxides: (a) commercial

MnO2, (b) commercial Mn2O3 and (c) commercial MnO. Reaction conditions: 50 mg

of catalyst, 2-propanol at 0 8C, O2 flow rate = 10 mL/min, lamp power = 520 W.

Fig. 7. Effect of light and oxygen on the activity of K-OMS-2SF catalyst. Reaction

conditions: 50 mg of catalyst, 2-propanol at 0 8C, O2 flow rate = 10 mL/min, lamp

power = 520 W.
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measured. The AOS values varied over a small range, i.e. 3.79–3.91.
K-OMS-2SF has the smallest AOS number of 3.79 compared to the
AOS numbers for other two catalysts viz. K-OMS-2R (AOS = 3.91)
and K-OMS-2HY (AOS = 3.91). This could indicate that even a slight
proportional difference of Mn3+ to Mn4+ could enhance photo-
catalytic activity since Mn3+ and Mn4+ have different electronic
structure and hence would have different effects on the band gap of
K-OMS-2 nanomaterials [33]. Tests were also conducted with
commercial manganese oxides – MnO2, Mn2O3 and MnO.
Commercial MnO2 was the most active among the three catalysts
(Fig. 6). The activity of commercial MnO2 decreased after a few
minutes of reaction (conversion to acetone fell from 15 to 4%).
Mn2O3 showed very poor activity (only 3% conversion) and MnO
did not show any conversion.

4.3. Oxygen evolution from K-OMS-2 catalysts

Oxygen evolution from K-OMS-2 catalysts was studied using
TPD-MS (Fig. 5). TPD-MS profiles show the peak intensities of
oxygen evolved from various catalysts when heated in an argon
stream. The oxygen peak patterns agree closely with the spectra of
K-OMS-2 catalysts recorded by Makwana et al. [38]. Oxygen peaks
from K-OMS-2 materials can be categorized into low temperature
(LT) peaks, medium temperature (MT) peaks and high temperature
(HT) peaks [39,40]. The LT peaks are due to chemisorbed oxygen on
the catalyst surface. The medium temperature peaks are due to
oxygen evolving from the lattice layers very close to the catalyst
surface [38]. The loss of oxygen at this point does not lead to the
complete breakdown of the cryptomelane tunnel structure. A
small number of vacancies form on the surface due to oxygen
mobility [25]. The peak evolved from fresh K-OMS-2SF just above
500 8C is the MT peak and is the highest amount of lattice oxygen
evolved from the catalyst surface compared to other K-OMS-2
catalysts. This property of easy evolution of lattice oxygen from the
surface of K-OMS-2SF catalyst could play an important role in its
photocatalytic activity. The decomposition of the material starts to
occur above 700 8C. Easy evolution of lattice oxygen could also be
due to strain in the Mn–O bonds due to the presence of more Mn3+

species in the catalyst [38].
There are two different mechanisms suggested for the photo

oxidation of 2-propanol. In one mechanism, the photo-adsorbed
oxygen [O2

�
(ads)] from gas phase oxygen reacts with �OH radicals

on the catalyst surface to form �OH2 radical species that carry out
the photo oxidation process [29]. In another mechanism, the lattice
oxygen or surface hydroxyl groups form excited oxygen species in
the presence of irradiation due to electron transfer in the
manganese oxide structure. These species bring about the
oxidation reaction of the alcohols [27]. The probable mechanism
on K-OMS-2 catalysts could be the second mechanism in which the
lattice oxygen or radical hydroxyl species first participate in the
reaction. In the case of K-OMS-2SF when reaction was carried out in
an inert atmosphere (nitrogen) the catalyst still showed activity
even though no gas phase oxygen is supplied (Fig. 7). However, the
catalyst deactivated very quickly implying that the oxygen from
the manganese oxide and walls of reactor is first consumed for
photocatalytic oxidation but later needs to be replenished by
molecular oxygen. Reaction carried out with gas phase oxygen and
light but without any catalyst showed no conversion of 2-propanol.
In the absence of irradiation, the reaction still occurs. However, the
conversion at the beginning of the reaction is only 30% and
deactivates to 10% which is much lower than in the presence of
irradiation (50–15%) (Fig. 7). These results are similar to those
reported for the photocatalytic oxidation of 2-propanol using
amorphous manganese oxide [13]. Hence, lattice oxygen is
important for the oxidation process on the manganese oxide
surface.

Three key steps involved in the oxidation process are electron
transfer due to light absorption by the manganese oxide, reduction
of manganese species and movement of oxygen from the bulk to
the surface and re-oxidation of manganese oxide by gas phase
oxygen [13]. The proposed mechanism is depicted in Scheme 1.
Larson et al. [27] studied the involvement of lattice oxygen on the
surface during the photo oxidation of 2-propanol with titanium
oxide (Degussa P-25) and reported that when less than a
stoichiometric quantity of oxygen is supplied during the reaction,
the balance oxygen needed for the reaction was supplied from the
TiO2 catalyst surface indicating that lattice oxygen is involved in
the photo oxidation process [27].

The photo degradation pathway of 2-propanol has been
proposed to occur through a dehydrogenation pathway to form
acetone without the formation of propene [27]. Studies suggest
that degradation occurs through the formation of 2-propoxide as
an intermediate leading to acetone as the major product [28].
However, this species was not detected in our GC analysis. Acetone
further undergoes oxidation to form mesityl oxide and probably
acetic acid which ultimately decomposes to CO2 however this
reaction takes place at a relatively slower rate [28]. Our analysis
did not show the formation of CO2 during the reaction. No other
products except acetone were detected. With the use of Degussa P-
25 as a catalyst, the photocatalytic oxidation products of 2-
propanol are known to be acetone, H2O, and CO2 [27]. 100%
selectivity to acetone was also reported by Cao and Suib [13] using
amorphous manganese oxide and no CO2 formation was detected.
Partial oxidation to acetone instead of complete mineralization
could be due to the fact that not enough energy is supplied by
visible light.



Fig. 8. FTIR spectra of K-OMS-2SF catalyst: (a) before photo reaction and (b) after

photo reaction.

Scheme 1. Proposed cycle of photo oxidation of 2-propanol on the surface of K-OMS-2 catalyst.
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4.4. Catalyst deactivation and reusability

Acetone formed on the catalyst surface desorbs very slowly
at room temperature and heating is required to completely
remove this product [27]. This could be one of the reasons for
poisoning of catalytic sites since K-OMS-2 has a very porous
structure as suggested by BET data (Table 1) along with
occupancy of the tunnel. The deactivated catalyst was tested
for reusability and structural changes. Heating the deactivated
catalyst at 120 8C overnight did not lead to complete recovery of
activity but did show little conversion (<5%) to acetone
(Table 2). However, when the catalyst was heated at 240 8C
the activity recovered completely showing that organic mole-
cules desorb at this temperature (Table 2). This shows that the
catalyst is reusable.

The X-ray diffraction (XRD) patterns of K-OMS-2SF (Fig. 3)
catalysts taken before and after the reaction remained un-
changed indicating that irradiation did not cause breakdown of
the structure of the catalyst. The intensity and peak widths of
the used catalyst remained the same as those before reaction.

FTIR spectra were recorded before and after photocatalytic
oxidation. The spectra were taken after cleaning the catalyst
surface by purging with N2 overnight. FTIR data are presented in
Fig. 8. The spectra taken before and after reactions indicate that
there are no structural changes in the catalysts after the reaction.
No externally adsorbed species were detected on the catalyst
surface.
5. Conclusions

In summary, cryptomelane type manganese oxide (K-OMS-2)
with a tunnel structure and unique nanorod morphology, prepared
by solvent free technique, is found to be an efficient reusable
photocatalyst. K-OMS-2SF (synthesized by solvent free method)
successfully catalyzed the gas phase photo oxidation of 2-propanol
giving 50–15% conversion to acetone with 100% selectivity under
facile reaction conditions like irradiation at �400 nm to 760 nm
and with molecular oxygen as the oxidant. Under the same
conditions K-OMS-2 fibers gave only �5-6% conversion. Enhanced
photocatalytic behavior of K-OMS-2SF compared to other K-OMS-2
catalysts may be attributed to its small crystallite size, nanorod
morphology, easy evolution of lattice oxygen as shown by TPD data
and Mn4+:Mn3+ ratio. The catalytic activity recovers completely
after being heated at 240 8C overnight. XRD and FTIR characteri-
zation of catalysts after photoreaction suggest that the catalyst can
withstand irradiation and there was no subsequent change in the
structure of the catalyst. Hence, K-OMS-2SF can be successfully
used as a reusable photocatalyst. Such OMS-2 photocatalysts with
easy inexpensive synthesis procedures, easy recovery, reusability
and without the need of physical supports are important and
suitable candidates for potential solar energy conversion.
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