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Julio B. Fernandesa,∗

a Department of Chemistry, Goa University, Taleigao Plateau, Goa 403206, India
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Abstract

This investigation reports the possible use of carbon-supported manganese octahedral molecular sieves (OMS-2) for the electrooxidation
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f methanol. The effect of combining these materials with a commercially available 5%Ru-carbon sample is examined. The acti
MS-2 materials is evaluated with respect to other forms of manganese oxides such as pyrolusite and nsutite. The OMS-2 mate
ynergistic interaction with the 5%Ru-C as well as the pyrolusite materials that enhances their electrochemical activities effectiv
MS-2 materials are not only cost-effective but also very electrochemically active.
2005 Published by Elsevier B.V.
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. Introduction

The development of the direct methanol fuel cell (DMFC)
as seen significant progress over the past few years, espe-
ially in relation to electrocatalysis, optimization of the
lectrocatalyst|membrane interface, catalyst loading, etc.
here have been many studies on various kinds of oxides,
ixed oxides, perovskite, noble metals (bulk as well as

upported), etc.[1–3]. Platinum-ruthenium is the most com-
only used binary anode catalyst. There is, however, grow-

ng evidence that ternary and quaternary alloys contain-
ng platinum-ruthenium together with osmium and iridium
xhibit better activity towards methanol oxidation. Our ear-

ier studies[4,5] have shown that Pt-Sn bimetallic catalysts
upported on activated carbon improve the kinetics of carbon
onoxide oxidation. The superior performance of binary cat-
lysts has been explained with the help of two models: (i) a
ifunctional model in which the oxophilic metal acts as a site
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for H2O adsorption and (ii) an electronic model in which
alloying element contributes to the d electron density.
bifunctional model suggests that effective catalysts sh
contain at least two types of surface elements, namely,
that bind methanol and activate its CH bond and those th
adsorb and activate water so that ‘OH’ groups are produ
According to the electronic model, CO poisoning of ac
Pt sites is caused by back bonding from Pt orbitals to th�*

orbital of CO. In Pt–Ru binary alloys, there is reduction
the back bonding due to interaction of Ru orbitals with th
orbitals and hence CO becomes less strongly bonded
results in a higher positive charge on the carbon and the
makes it more susceptible to nucleophillic attack by w
and hence assists the oxidation of CO to CO2.

Carbon-supported Pt–WO3−x electrodes have be
reported to be more active than conventional Pt-C cata
It is believed[6] that multiple oxidation states of W, su
as W(V) and W(VI), and an ability to form labile hydrog
atoms in HWO3 may be responsible for the electrocatal
activity. The increased electrocatalytic activity has b
attributed to oxyhydroxide surface structures assoc
378-7753/$ – see front matter © 2005 Published by Elsevier B.V.
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with proton insertion electrodes and an active hydroxylated
surface.

Materials such as carbon, zeolites, etc. have been the most
studied support-materials for the oxidation of methanol. With
zeolites, the enhanced activity of the materials is attributed to
the cage-like structures[7,8]. These substances allow effec-
tive methanol adsorption and later help in the oxidation of the
adsorbed poisonous CO formed at the end of the reaction.

Mn(IV) oxides are of several types and are characterized
by tunnels of varying dimensions analogous to zeolites.
Unlike zeolites, which are built from silica and alumina
tetrahedra, Mn(IV) oxides are built from [MnO6] octahedra.
Depending upon how the octahedra are connected, the
manganese oxides with monodirectional channel structures
are todorokite (OMS-1, 3× 3 channels), cryptomelane
(OMS-2, 2× 2 channels), pyrolusite (1× 1 tunnels), rams-
dellite (1× 2 channels) and nsutite. The last mentioned has a
ramsdellite–pyrolusite intergrowth structure. The oxides are
used as oxidation catalysts, ion-exchange materials, sensors,
etc.[9,10], and are also known to show good electrochemical
properties under various conditions. At present, manganese
oxides find extensive use in dry cells and primary batteries.
Recently, we have shown that nickel-modified manganese
oxide films, produced by thermal decomposition of the salts
to form the oxide phase on a platinum strip, show good elec-
trochemical activity towards the oxidation of methanol[11].
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MnO2 was determined by the standard ferrous ammonium
sulfhate method, and percentage of Mn was determined by the
EDTA method. The acid sites of the synthesized samples were
determined by temperature programmed desorption (TPD),
in which ammonia was used as the probe molecule in a con-
tinuous flow type reactor (seeFig. 1).

Fourier transform infra-red analyses of the samples were
undertaken in the range 400–4000 cm−1 with a Shimadzu
DR-8031 FTIR spectrometer. X-ray diffraction (XRD) analy-
ses of the samples were performed with a Shimadzu labX-100
diffractometer to confirm the phase compositions. The ther-
mal stability of the samples was determined with a NETZCH
STA 409 PC thermogravimetric/differential scanning, calom-
etry (TG/DSC) instrument, at a heating rate of 10◦C min−1.
The surface areas of the samples were obtained by means
of the BET method using a SMART SORB 91 surface-area
analyser.

2.3. Electrode preparation

The electrodes were made as follows. First, 50 mg of sam-
ple was taken along with 3 ml of isopropyl alcohol in a mortar
and pestle and mixed well for about 5 min. Next, three drops
of Nafion solution were added and mixed to make a homoge-
nous mixture. The resulting ink was applied to a 3 cm× 1 cm
toray carbon paper to obtain a catalyst loading of 10 mg over
1 n an
o .
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Manganese oxides are known to exhibit good pro
lectron intercalation properties. In this study, we h
ttempted the possible use of manganese octahedral m
lar sieves (OMS-2) for the electrooxidation of metha
he effect of combining these materials with commerci
vailable Ru-carbon has been studied.

. Experimental

.1. Catalyst synthesis

The active MnOx samples (OMS-2) were synthesized
he oxidation of MnSO4·H2O with KMnO4 in acidic medium
n a typical synthesis, 0.037 M KMnO4 was added to ho
nSO4 (0.052 M) containing 3 ml of concentrated HNO3,
nd refluxed for 24 h[12]. Similarly, the carbon-supporte
ample was synthesized by taking appropriate quantiti
he salts for the in situ generation of the phase on the su
aterial such that the ratio of OMS-2 phase:5%Ru-C was
or comparison of activity, a pyrolusite manganese oxid
as synthesized by the thermal decomposition of Mn(II)N3
t 200◦C. An International Common sample, IC8 (nsu

orm), supplied by the Electrochemical Society, Clevela
H, USA was also used.

.2. Characterization

Chemical analysis of the OMS-2 samples was perfor
o determine the composition of MnO1+x; percentage o
-

cm2 active of surface area. This strip was then dried i
ven at 403 K for 1 h for later use in polarization studies

.4. Chemical activity

Active manganese dioxides undergo H+ ion exchang
hen stirred with KI solution in an aprotic solvent such
imethyl formamide (DMF). A proportionate amount of2

rom I− is liberated. The I2 is then estimated by titratio
ith sodium thiosulfhate. The volume of thiosulfhate, t
onsumed, indirectly gives the H+ ion exchangeability o
he active MnO2. In the present investigation, therefore,

+ ion exchange capacity is determined in a DMF med
nd is expressed as the volume of thiosulfhate consu
he amount of S2O3

2− increases with increase in cataly
ctivity. The H+ ion exchange capacity is directly rela

ig. 1. Temperature programmed desorption of ammonia over OMS-
lysts S (curve 1) in relation to pyrolusite (curve 2).
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to the presence of acidic ‘OH’ groups attached to Mn3+ in
the host Mn(IV) oxide lattice. The catalytic activity should
therefore depend on the presence of the active Mn4+/Mn3+

redox couple.

2.5. Electrocatalytic activity

In the present investigation, electrochemical measure-
ments were carried out in 2.5 mol dm−3 H2SO4 and
1 mol dm−3 CH3OH with a specially fabricated electrode
described in Section 2.3 as the working electrode. Platinum
foil was used as counter electrode, while a saturated calomel
electrode (SCE) served as the reference electrode. The exper-
imental set-up is shown inFig. 2. The electrocatalytic activity
is evaluated from the resulting Tafel plots.

3. Results and discussion

Chemical analysis of the OMS-2 samples reveals that
the chemical composition was MnO1.86 corresponding to
average oxidation state of manganese of 3.72. This value is
close to that reported by DeGuzman et al.[12] for materials
obtained using different precursors. By comparison, the pyro-
lusite sample prepared by thermal decomposition of Mn(II)
nitrate has a stoichiometric composition of MnO2 wherein
the oxidation state of manganese is +4.

The d and I/Io and the lattice parameters are calculated
from the XRD patterns on the basis of tetragonal unit cell
given inTable 1. These are in agreement with the literature
values[13] and also compare well with the JCPDS file 20-
908 for cryptomelane KMn8O16. The peak atd ≈ 1.80Å is a
characteristic of cryptomelane OMS-2. The FTIR profiles of
the samples also show OMS-2 characteristic bands at about
700 cm−1. The prominent absorption peak at 700 cm−1 is
generally not seen in pyrolusite and nsutite forms of man-
ganese oxides[14].

The activity of the samples is given inTable 2, in relation
to their other physicochemical characteristics, viz., surface
area, O2 loss by thermogravimetric analysis, acidity levels
and volumes of thiosulfhate (as a measure of H+ ion exchange
capacity of the OMS-2). The electrocatalytic activity of the
samples is expressed in terms ofi (current produced at
a lots
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Fig. 2. Experimental set-up to study Tafel relationship.
able 1
-ray diffraction data of OMS-2 catalyst

JCPDS 20-908

I/Io d I/

.7786 84 6.9

.8572 68 4.9

.1186 94 3.1

.3811 100 2.39

.1373 39 2.25

.8227 35 1.80

.6274 35 1.63

.5406 45 1.54

.4210 – 1.35
= b = 9.7584Å, c = 2.8463Å a = b = 9.84Å, c = 2.8
150
n overpotential of 150 mV) as calculated from Tafel P
Figs. 3 and 4). These values are given inTables 2 and 3.

It is seen from the data inTable 2that the OMS-2 samp
produces a large current of 3.2 mA cm−2. By comparison

he corresponding current given by the pyrolusite sample
egligible. The poor activity of P is due to its stoichiome
ature and absence of any acidic OH groups. The high ac
f S could be due to presence of labile oxygen and acidic
roups, as discussed below.

It is known that the oxidation of alcohols on Mn(IV) oxid
ollow the Mars–van-Krevelen mechanism that involves
icipation of lattice oxygen[9,15]. In such a case, it can
ypothesized that the higher activity is associated with
xtent of participation of lattice oxygen. In order to confi
his hypothesis, TG/DSC studies were conducted. Mn

Ref.[13]

Io d I/Io

90 9.93 s
80 4.90 vs
80 3.1 vvs

100 2.39 vvs
60 2.14 s
40 1.83 s
60 1.63 w
60 1.54 w
50 1.42 w

6Å a = b = 9.81Å, c = 2.85Å
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Table 2
Activity of Mn(IV) oxides in relation to their physicochemical characteristics (electrocatalytic activity expressed in terms of current producedat overpotential
of 150 mV)

Catalyst ‘x’ in
MnOx

Crystal phase BET
(m2 g−1)

Thermal analysis Acidity
(mmol g−1)

VS2O3
2−

(ml)
i150

(mA cm−2)
% O2 loss Decomposition

temperature (◦C)
120–300 (◦C) 300–500 (◦C) 500–570 (◦C)

S 1.86 Cryptomelane
(OMS-2)

77 4.45 4.44 2.4 600 1.66 3.3 3.2

P 2 Pyrolusite 7 2.8 3.29 1.2 597 0.78 0 0.3

Fig. 3. Tafel plots to study effect of pyrolusite (P) on OMS-2 (S) and nsutite
(IC8).

oxides are known to lose progressively: (i) bound water and
some physisorbed oxygen up to 300◦C[16]; (ii) chemisorbed
oxygen and some lattice oxygen up to about 500◦C; (iii) oxy-
gen beyond 500◦C until the decomposition temperature is
more reflective of only lattice oxygen loss[14,16]. At around
600◦C, thermal decomposition of the type MnO2 → Mn2O3
occurs[14]. In the present case, this decomposition occurs
at about 600◦C. The various TG weight losses in the tem-
perature range 120–570◦C are given inTable 2. Beyond
this temperature the OMS-2 structure will not be stable. The
weight loss between 500 and 570◦C will be pure loss of lattice

oxygen. The active OMS-2 sample shows greater oxygen loss
in all the three temperature intervals. Therefore, the catalytic
activity can be directly related to the rate of oxygen evolution
as evident from the TG and presence of acidic ‘OH’ groups
attached to Mn3+ in the host Mn(IV) oxide lattice.

It is also evident from the data inTable 2that the H+ ion
exchange capacity, expressed as volume of thiosulfhate con-
sumed VS2O3

2−, increases with increase in catalytic activ-
ity. The H+ ion exchange capacity depends on the MnOOH
group. The mobile H+ ions can then hop on to neighboring
Mn4+ sites to generate new Mn3+, i.e.,

H+ + MnO2 � MnOOH. (1)

The activity may therefore be related directly to the pres-
ence of the active Mn4+/Mn3+ redox couple, which may be
responsible for the acid centres in the catalysts as evident in
the TPD data. Suib and co-workers[15] have in fact suggested
the presence of such strong Lewis acid centres. It is further
seen fromTable 2that the OMS-2 sample has stronger acid
sites than the pyrolusite sample. Hence, the electrocatalytic
oxidation of methanol may be mediated by (i) lattice oxy-
gen and (ii) the Mn4+/Mn3+ redox couple. It is believed that
methanol dehydrogenation is catalyzed by the Mn4+/Mn3+

redox couple by the evolution of protons and electrons, i.e.,

C
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5
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Fig. 4. Tafel plots of OMS-2 (S), 5%Ru-C and their mixtures.
H3OH
Mn4+/Mn3+

−→ S· · · CO(ads)+ 4H+ + 4e− (2)

ollowed by oxidation of the residual CO-type species
attice oxygen. The resulting anion vacancy would be he
y absorption of dissolved oxygen into the OMS-2 latt

able 3
lectrocatalytic activity of samples expressed in terms of current prod
t arbitrarily chosen overpotential of 150 mV

ample i150 (mA cm−2)

3.2
0.3

C8 2
/S 2.8
/IC8 1.2
%Ru-C 0.75
/Ru-C 5.6
/Ru-C (50% MM)a 7.2
a 50% MM: mechanical mixture containing 50% OMS-2 compound.
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according to:

S· · · CO(ads)+ O2− → S� + CO2 + 2e− (3)

where� is lattice vacancy.

S� + 1
2O2(dissolved)→ S (regeneration of catalyst) (4)

Further investigations carried out on the International sample,
IC8, resulted in high currents although the OMS-2 sample
was still superior. To understand the effect of pyrolusite,
mechanical mixtures of pyrolusite and nsutite were pre-
pared in a 1:1 ratio and subjected to activity tests. As can
be seen fromTable 3, the pyrolusite/IC8 mixture does not
increase the activity in terms of the current produced. On the
other hand, the current produced by the pyrolusite/OMS-2
mixture produces almost the same current as pure OMS-2
(∼3.0 mA cm−2). This demonstrates that even though pyro-
lusite is itself inactive, it gives the same result as OMS-2 with
50% reduction in the OMS-2 quantity in the final electrode
mixture. Thus, pyrolusite produces a synergistic interaction
with OMS-2 but not with nsutite.

It is well known that Ru in Pt-Ru alloy catalysts greatly
enhances the electrocatalytic activity of Pt. In order to study
the effects of Ru on OMS-2, further investigations were car-
ried out with a commercially available 5%Ru-C sample (sup-
plied by Arora Matthey Co. Ltd., Calcutta, India). Activity
t Ru-
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c mix-
t rrent
o -C
i

R

S

I lus-
t s in
c on
o

4

ove
s

(i) Manganese octahedral molecular sieves have been
successfully synthesized and found to be active for
methanol electrooxidation.

(ii) The high activity of manganese oxide is associated with
the presence of the Mn4+/Mn3+ redox couple and the
extent of participation of lattice oxygen plays an impor-
tant role in methanol oxidation.

(iii) Pyrolusite in combination with manganese octahedral
molecular sieves gives a higher current (more than twice)
than that produced by a combination of pyrolusite with
the international sample (IC8). This suggests that it pro-
duces a synergistic interaction with OMS-2 and thus
improves its activity towards methanol oxidation.

(iv) In case of OMS-2 materials in combination with 5%Ru-
C (whether an in situ generated phase on the Ru-C or a
1:1 mechanical mixture), Ru acts as nucleating centres
for CO clustering within the octahedral sieve framework
of OMS-2 and promotes, facile oxidation of CO to CO2.
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. Conclusions

The following conclusions can be drawn from the ab
tudy.
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