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a b s t r a c t

Manganese oxide octahedral molecular sieve (OMS-2) catalyst prepared by the reflux method was inves-
tigated for hydrogen generation via the water-gas shift reaction. Catalysts were characterized using X-ray
diffraction (XRD), field emission scanning electron microscopy (FE-SEM), The Brunauer–Emmett–Teller
(BET) surface area and determination of average oxidation state (AOS). The OMS-2 catalyst showed very
ctahedral molecular sieves
ydrogen generation good catalytic activity for the water-gas shift reaction to generate hydrogen under laboratory conditions.

An in situ study was conducted to monitor the structural changes in the catalyst during the water-gas
shift reaction using synchrotron radiation-based time-resolved X-ray diffraction (TR-XRD). During the
water-gas shift reaction, the mixed valent OMS-2 catalyst undergoes a structural transformation to form
Mn2O3 and finally to form MnO. The study showed that OMS-2 catalysts can be used as inexpensive

nerat
catalysts for hydrogen ge

. Introduction

There is a growing demand for energy around the world
nd researchers in both industry and academia are striving to
evelop sustainable energy sources and renewable alternatives
o petroleum. Hydrogen has been identified as a very promising
enewable clean energy source to satisfy energy needs while pro-
ecting the environment. Hydrogen is obtained industrially using
he water-gas shift (WGS) reaction, which involves the reaction
etween carbon monoxide and water to give hydrogen and car-
on dioxide as products. (CO + H2O → H2 + CO2). Pt-group metals,
uch as Au are used as effective catalysts for the WGS reaction
ecause of their high levels of activity and stability [1]. However,
t- and Au-based catalysts can often display more activity than
esired for WGS reactions than Cu-based catalysts [2]. In addi-
ion, the noble metals are recognized as a scarce resource as well

s a limiting factor in the development of viable energy alterna-
ives to petroleum. Because of the high cost of precious metals,
ome transition metals with high levels of catalytic activity for the

GS reaction have been evaluated as alternatives. Since the early
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1940 s the WGS reaction has represented an important step in the
industrial production of hydrogen. At the present time, mixtures of
Fe–Cr and Zn–Al–Cu oxides are the commercially used catalysts for
the water-gas shift reaction at temperatures between 350–500 ◦C
and 180–250 ◦C, respectively. However, these oxide catalysts are
pyrophoric and normally require lengthy and complex activation
steps before usage [3]. Therefore, better and inexpensive catalysts
are being sought for the generation of hydrogen using WGS reac-
tions [4]. Transition metal oxides have been extensively studied
for water-gas shift reactions. Hutchings et al. have studied vari-
ous mixed manganese oxide catalysts for WGS reactions and found
that copper and cobalt manganese oxides are very active at temper-
atures above 300 ◦C [5]. In addition, the kinetics of the water-gas
shift reaction on manganese oxides under atmospheric pressure
have been reported by Krupay et al. [6].

In the recent past, in situ spectroscopy in catalysis has gained
a lot of attention among scientists because such methods are
powerful tools in probing events taking place in a heterogeneous
catalyst under reaction conditions. This is crucial for understand-
ing reaction mechanisms of many important chemical processes
and would allow the rational design of new or better catalysts

[7]. Synchrotron radiation-based in situ spectroscopy has become a
very powerful method to study catalysts under working conditions.
Synchrotron radiation in combination with modern data collection
devices makes it possible to conduct sub-minute, time-resolved
XRD experiments under a wide variety of temperatures and pres-
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were integrated using the FIT2D code. The 3D plots obtained inte-
grating the powder rings of TR-XRD using FIT2D were similar to
ig. 1. Crystal structure of the OMS-2 catalyst. MnO6 octahedra are shown in blue;
otassium atoms are shown as brown spheres.

ures [8]. Recently, Shen et al. from our laboratory have successfully
sed synchrotron X-ray diffraction to study the in situ formation of
ixed valent manganese oxide nanocrystals [9].
Manganese oxide octahedral molecular sieves (OMS) are well

nown and these materials have applications in cation-exchange,
on and molecule separation procedures, and chemical sensor, bat-
ery, and catalysis applications [10]. OMS-2 catalysts have a 2 × 2
ne-dimensional tunnel structure with a pore size of approxi-
ately 4.6 Å. Their structures are constructed from edge-shared

ouble chains of [MnO6] octahedra, which are corner-connected to
orm one-dimensional (1D) tunnel structures (Fig. 1) [11]. Recently,
hese OMS materials are the subject of intense research as low cost,
fficient, and environmentally friendly catalysts [12]. Some of the
atalytic applications include the synthesis of imines [13], quinox-
lines [14], amino-alcohols [15], epoxides [16], and the oxidation of
ydrocarbons [17]. The catalytic activities of the OMS-2 materials
ary with their synthesizing methods [18]. In the present study, we
escribe the use of synchrotron based in situ time-resolved X-ray
iffraction (TR-XRD) to study the behavior of cryptomelane-type
anganese oxide (OMS-2) catalyst under water-gas shift reaction

onditions for hydrogen production. The study shows that inex-
ensive and environmental friendly OMS-2 catalysts can be used
o generate hydrogen through the water-gas shift reaction. Further,
he structural changes that occur in the catalysts during the reaction
rocess can be monitored using TR-XRD. Optimization of water-
as shift reaction conditions and thorough mechanistic studies is
ngoing.

. Experimental

.1. Catalyst preparation

A reflux method described in the literature was employed for the
reparation of OMS-2 catalysts [19]. A potassium permanganate
olution of 0.4 M and 225 mL was added to a mixture of 67.5 mL
f 1.75 M manganese sulfate hydrate solution and 6.8 mL concen-

rated nitric acid. The dark brown slurry was refluxed in a 500 mL
ound-bottomed flask with a condenser for 24 h, then filtered and
ashed with deionized water several times.
s Today 156 (2010) 2–7 3

2.2. Catalyst characterization

2.2.1. XRD
A Scintag Model PDS 2000 diffractometer in a continuous

scan mode was used for X-ray powder diffraction (XRD) experi-
ments. Samples were loaded on glass slides, and Cu K� radiation
[� = 1.5418 Å] was used at a beam voltage of 45 kV and 40 mA beam
current. The Joint Committee on Powder Diffraction Society (JCPDS)
database was used to index the peaks in the XRD patterns.

2.2.2. FE-SEM
A Zeiss DSM 982 Gemini field emission scanning microscope

with a Schottky Emitter at an accelerating voltage of 2 kV with a
beam current of 1 �A was used to obtain scanning electron micro-
graphs of the OMS-2 catalyst.

2.2.3. BET
The surface area of the OMS-2 catalyst was determined using

the Braunuer–Emmet–Teller (BET) method on a Micrometrics ASAP
2010 instrument. Using N2 as the absorbent and a multipoint
method the area of OMS-2 was determined.

2.3. Average oxidation state

Potentiometric titration was used to measure the average oxi-
dation 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.

2.4. Temperature-programmed reduction

Temperature-programmed reduction (TPR) was carried out by
feeding 10% H2 in Ar to 25 mg of OMS-2 catalyst in a conventional
flow reactor without oxidation treatment prior to measurements.
The flow rate of the reducing gas was set at 40 mL/min. The temper-
ature of the reactor was raised from room temperature to 800 ◦C
at a rate of 10 K/min. The rate of H2 consumption was determined
using a thermal conductivity detector and recorded on an on-line
personal computer.

2.5. Catalytic experiments

In situ time-resolved X-ray diffraction (TR-XRD) experiments
were carried out on beam line X7B of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. The experimen-
tal set up is similar to that described by Rodriguez et al. [20]. The
sample (∼1 mg) was loaded into a sapphire capillary cell which was
attached to a flow system. A small resistance heater was wrapped
around the capillary, and the temperature was monitored with a
0.1 mm chromel–alumel thermocouple that was placed straight
into the capillary near the sample. The WGS reaction was carried
out isothermally at several temperatures (350, 400, and 500 ◦C)
with a 5% CO and 95% He gas mixture at a flow rate of ∼10 mL/min.
A heating rate of 3.75 ◦C/min was used to increase the sample tem-
perature. This gas mixture passed through a water bubbler before
entering the reactor. Two dimensional powder patterns were col-
lected with a Mar345 image plate detector and the powder rings
previous publications from the beamline X7B.
The water-gas shift reaction using OMS-2 catalyst was con-

ducted in our laboratory. Under laboratory conditions, the catalytic
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Fig. 2. X-ray diffraction pattern of the OMS-2 catalyst.

ctivity of OMS-2 was examined in a conventional flow reactor at
tmospheric pressure in the temperature range 50–350 ◦C and at a
onstant flow rate of 10 mL/min., using 100 mg of catalyst. The gas
omposition before and after the reaction was analyzed by an on-
ine gas chromatograph (SRI 8610C, TCD, He (UHP 99.999%, Airgas)
arrier) with a packed silica gel and molecular sieve column.

. Results

The synthesized OMS-2 catalysts were characterized by XRD,
E-SEM, BET, and average oxidation state determination. The X-
ay patterns of the OMS-2 catalysts in Fig. 2 were comparable
o that of standard cryptomelane (JCPDS 29-1020) and no other
hases were present. An SEM micrograph of OMS-2 catalyst in
ig. 3 shows the typical fibrous morphology of the catalyst. The
pecific surface area of the OMS-2 sample was determined by
he Brunauer–Emmett–Teller (BET) method. The surface area was
ound to be ∼90 m2 g−1. Potentiometric titration method to mea-
ure the average oxidation state (AOS) revealed that the AOS of the
-OMS-2 catalyst was 3.84.

Time-resolved XRD experimental results are shown in
igs. 4, 7 and 10. The OMS-2 catalyst underwent several structural
hanges during the water-gas shift reaction as shown in Fig. 4. The
nal form of the catalyst was MnO, which was consistent with data
btained in comparative experiments in our laboratory (Fig. 9).
ig. 7 shows structural changes of OMS-2 catalyst when H2 was
assed over the catalyst. The OMS-2 catalyst was reduced to MnO
nd further reduction to elemental Mn was not observed, which

as confirmed by X-ray photoelectron spectroscopy (XPS) studies.
hen oxygen was passed over the reduced form of the catalyst,

he catalyst was oxidized to MnO2 as shown in Fig. 10.

Fig. 3. FE-SEM image of the OMS-2 catalyst.
Fig. 4. A 3D plot of in situ TR-XRD patterns of OMS-2 catalyst during the water-
gas shift reaction. The catalyst was heated from room temperature to 350 ◦C and
WGS reaction was carried out at 350, 400 and 500 ◦C. XRD patterns were collected
continuously with 5 min/pattern (� = 0.992 Å, beamline X7B, NSLS, BNL.

4. Discussion

Hydrogen has emerged has an alternative and important source
of energy because of its cleanliness. The water-gas shift reaction is
widely used in the industrial hydrogen production. This reaction
is relatively controllable due to the moderate exothermic nature
(�H298 = −41.1 kJ/mol) as opposed to large exothermic heat for
the oxidation of CO to CO2 (�H298 = −283 kJ/mol). Therefore, the
water-gas shift reaction still remains the best means to remove
high concentrations of CO from reformed fuels [21]. The kinetics
and mechanisms of the WGS reaction with various catalyst systems
have been studied in the past by many researchers. Based on kinetic
results two types of mechanisms were proposed. The first one is the
Rideal–Eley type oxidation–reduction, or regenerative mechanism,
in which water oxidizes the surface and CO re-reduces the oxidized
surface:

H2O + ∗ → H2 + O∗

CO + O∗ → CO2 + ∗
where * is an active metal site.

The second mechanism describes a bi-functional process where
the adsorbed CO on the precious metal or mixed metal oxide is
oxidized by the support and then water fills oxygen vacancies of
the support [22,23]:

CO + ∗ → CO∗

M2O3 + H2O → 2MO2 + H2

2MO2 + CO∗ → M2O3 + CO2

Earlier reports by Krupay et al. kinetic and mechanistic studies with
manganese oxides suggest a similar mechanism [6]:

CO(ads) + [O] → CO2(ads) + [ ]

[ ] + H2O → H2(g) + [O]
where [O] and [ ] represent an oxygen atom or ion and an oxide
vacancy on the surface of the catalyst, respectively. The focus of our
present study was to investigate the structural changes that take
place on the OMS-2 catalyst during the water-gas shift reaction. The
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ig. 5. (a) H2 and CO2 concentrations measured during the WGS reaction with
MS-2 at various temperatures for 1st and 2nd pass. (b) TR-XRD patterns of OMS-2
atalyst after 1st and before and after 2nd passes.

ptimization of reaction parameters, a detailed kinetic and mech-
nistic study for this OMS-2 catalyzed water-gas shift reaction is
nderway.

The TR-XRD patterns were collected under water-gas shift
WGS) reaction conditions from room temperature to 350 ◦C and
hen holding the temperature at 350, 400 and 500 ◦C. Fig. 4 shows
he structural changes observed on the OMS-2 catalyst during reac-
ion. A sequential reduction of OMS-2 (OMS-2 → Mn2O3 → MnO)
ccurred during the WGS reaction process. OMS-2 catalyst, which
as a cryptomelane structure, transformed to Mn2O3 around
50 ◦C. Further increases in temperature in the reaction system led
o the formation of MnO as the final form of the catalyst. The for-

ation of H2 during the WGS reaction gradually reduces the mixed
alent Mn in the OMS-2 catalyst (average oxidation state ∼3.8) to
n2+ in MnO. The resulting Mn oxides are nanoparticles with a

article size of ∼44 nm. However, these resulting Mn oxides have
arger particle size and smaller surface area than that of OMS-2
atalyst.

The concentrations of products of the water-gas shift reaction
ith OMS-2, H2 and CO2, are shown in Fig. 5a. According to Fig. 5a,

he catalytic activity increased with increasing temperature in both
he 1st and 2nd pass. However, the catalytic activity in the 2nd pass
t 500 ◦C is less that that in the 1st pass. The structural changes
n OMS-2 after the 1st pass due to water-gas shift activity can be
ttributed to the difference in reactivity. Using the in situ exper-
mental set-up at the BNL for this experiment, we were able to

◦
etect the products at temperatures only above 300 C due to the
mount of the catalyst used in the micro-reactor. In a separate
nvestigation, OMS-2 catalysts have been found to be active even
elow 300 ◦C under laboratory reactor conditions. Fig. 6 shows the
esults of the water-gas shift reaction activity under laboratory
Fig. 6. WGS reactivity of OMS-2 catalyst under laboratory conditions. Conversion
of CO with temperatures from 50 to 350 ◦C.

conditions. The activity was monitored at temperatures ranging
from 50 to 350 ◦C. The activity started above 100 ◦C and contin-
ued to increase with increasing temperature. Temperatures below
100 ◦C are not desirable because water molecules from the reac-
tants are adsorbed on the active sites of the OMS-2 catalyst thus
preventing catalytic activity. Furthermore, continuous reaction at
200 ◦C maintains the structure of OMS-2 for longer period. A faster
flow rate has no effect of stability of the catalysts, but decreases
the conversion of CO. However, the focus of this paper is to study
the structural changes that take place in the catalyst during the
WGS reaction using synchrotron radiation. Hence optimal reac-
tion conditions were not used for this study. We are in the process
of optimizing WGS reaction conditions with OMS-2 catalysts on
a larger lab scale. It will then be feasible to calculate turnover
numbers and compare with the performance of the existing
systems.

As we described before (Fig. 4), the OMS-2 catalyst is reduced
to MnO during the WGS reaction process. However, it is not clear
if the reactant carbon monoxide or the product hydrogen induces
the reduction of OMS-2 to MnO. CO oxidations with OMS-2 cat-
alysts have been reported previously and the catalysts have been
found to be very stable in the presence of CO and oxygen envi-
ronments. Luo et al. have shown that the activity of OMS-2 for
the oxidation of CO is comparable to that found in the Pt/Al2O3
system. They also conducted the reaction with CO in helium (no
oxygen) to study the function of lattice oxygen. Pt/Al2O3 system
did not show any activity, however, OMS-2 showed the same ini-
tial activity and the activity diminished with the consumption of
lattice oxygen [24]. To illustrate the role of H2 in the reduction,
a systematic in situ reduction of OMS-2 with hydrogen was car-
ried out. H2 was passed over the OMS-2 catalyst while ramping
the temperature from room temperature to 640 ◦C. TR-XRD were
recorded and the results are shown in Fig. 7. Around 400 ◦C, the
diffraction peaks of the OMS-2 catalyst started to disappear and the
final diffraction pattern observed corresponded to MnO. This obser-
vation is consistent with the TPR experiments conducted with the
OMS-2 catalyst. Fig. 8 shows pronounced hydrogen consumption
peaks in the temperature range 250–550 ◦C. The TPR experiment
resulted in a greenish powder which was identified as MnO from
XRD studies. Furthermore, XRD patterns of the catalyst before and
after the water-gas shift reaction under our laboratory conditions
are shown in Fig. 9. This further illustrates that the reduced form
of the catalyst after the WGS reaction is MnO. In a previous report,

Te et al. have studied the structural changes in various manganese
oxides (MnO, Mn3O4, MnO2, etc.) feeding carbon monoxide and
hydrogen (CO/H2 = 1:1). Using X-ray diffraction studies on the used
catalysts, they have found that these manganese oxides were con-
verted to MnO [25]. This study reveals that MnO is the final form
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Fig. 7. TR-XRD patterns of the OMS-2 catalyst acquired during the flow of H2. The
final form of the catalyst observed was MnO.
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Fig. 8. TPR of OMS-2 catalyst. (a) Reduction of catalyst to MnO.

f the reduced catalyst and further reduction to Mn metal is not
ossible.

Finally, another experiment was carried out to investigate the
tructural changes during the reoxidation of the reduced catalyst
uring the WGS reaction using time-resolved XRD. As we have seen
arlier, the OMS-2 catalyst is reduced to MnO in the WGS reac-

ion process. Fig. 10 shows the TR-XRD patterns recorded during
he oxidation of MnO in a stream of 5% O2/95% He at 300–700 ◦C.
he reoxidation resulted in many phases from MnO → Mn3O4 and
hen to MnO2. The rapid formation of Mn3O4 from MnO is in agree-

ig. 9. XRD patterns of catalyst before and after the WGS reaction under laboratory
onditions.
Fig. 10. Time-resolved XRD patterns for the oxidation of reduced MnO catalyst with
oxygen.

ment with reported work by Stobbe et al. [26]. They investigated
the utilization of manganese oxide as an oxygen storage compound
and reported the various phases observed at different temperatures
during the reoxidation of MnO. Their studies showed that the for-
mation of Mn3O4 at 673 K and Mn2O3 at the same temperature
occurred upon prolonged exposure to oxygen. However, they indi-
cated MnO2 can only be formed at an elevated temperature which
was also observed our studies.

5. Conclusions

In summary, manganese oxide octahedral molecular sieve cata-
lysts have been used for hydrogen generation using the water-gas
shift reaction. OMS-2 catalysts show very good catalytic activity
in the water-gas shift reaction above 150 ◦C. In situ TR-XRD shows
that the OMS-2 catalyst is transformed to MnO during the WGS
reaction. However, the regeneration process of the reduced MnO
did not produce OMS-2, but produced an active MnO2 phase. This
investigation essentially reveals the possibility of using an inexpen-
sive tunnel structured manganese oxide material as new catalysts
for the water-gas shift reaction to generate hydrogen, which is a
significant development in clean energy research.
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