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Abstract. Curtailment of platinum catalysts loading in fuel cell is a recent central issue. As substitutes, these
days several organic metal chelate compounds having featured moieties of M-N,; or M-N,O, (M = transition
metal ion) are being used as cathode catalysts in fuel cells. Here, in this study, we report in detail the electro-
catalytic activity of manganese-Schiff base complexes for oxygen reduction reaction in 0-05 M HCIO, at room
temperature. Actually, [Mn(salen)]*: [N,N’-bis(salicylaldehyde) ethylenediimino manganese(III)]* and
[Mn(salophen)]*: [N,N’-bis(salicylaldehyde)-1,2-phenylenediimino manganese(III)]* were introduced into/onto
the MCM-41 type silica spheres and used for the electrocatalytic reduction of oxygen. Synthesized materials
were characterized by UV-Vis, FT-IR and electrochemical techniques. Significant low overpotential for
oxygen reduction in 0-05 M HCIO, on [Mn(salen)]*- and [Mn(salophen)]*-incorporated silica-modified glassy

carbon electrodes was observed.
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1. Introduction

Oxygen reduction reaction (ORR) has received much
attention for more than three decades because of its
importance in fuel cells, metal-air batteries and H,O,
producing industries (Adzic et al 1998; Subhramannia et
al 2008a, b; Liu et al 2010; Prakash et al 2010; Kundu
et al 2011; Basu and Basu 2012; Lin et al 2013; Lu et al
2013). Since utilization of platinum as electrocatalyst
increases cost of fuel cells, exploration for the develop-
ment of cheap and cost-effective electrocatalysts such as
metal oxides, metal alloys and transition metal macro-
cycles, upshots several chemically-modified electrodes
with immobilized electrocatalyst for ORR (Adzic er al
1998). Similar to metal phthalocyanines and metal
porphyrins (Ni and Anson 1985; Koc et al 2009; Pal and
Ganesan 2009, 2012a, b) few Schiff base complexes are
also (Ortiz and Park 2000; Pal and Ganesan 2012a, b)
observed to offer encouraging electrocatalytic activity
towards ORR. The most probable basis for such activity
is supposed to be their conjugated structure with high
chemical stability (Phougat and Vasudevan 1997; Pal and
Ganesan 2012a, b). Based on these previous studies of
free Schiff bases and its complexes, which are exhibiting
biological (Soloshonok and Ono 1996), -catalytic
(Kureshy er al 1996), optical (Bhat ef al 1996) and photo-
chromic (Alarcon et al 1996) activities, [Mn(salen)]* and
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[Mn(salophen)]” complexes ([N,N’-bis(salicylaldehyde)
ethylenediimino manganese(IIl)]* and [N,N’-bis(salicyl-
aldehyde)-1,2 phenylenediimino manganese(IlI)]*, respec-
tively) have been chosen as the effective redox mediator
for the present study. On the other hand, high surface
area, uniform pore size, mechanical and thermal stability
and lined-silanol groups confer the MCM-41 type
mesoporous silica spheres (MSS) as potential host for
variety of guest chemical species including metal nanopar-
ticles and transition metal complexes (Pol et al 2002;
Jiang et al 2005; Ganesan and Walcarius 2008; Pal and
Ganesan 2009, 2010a, b, 2012a, b; Chen et al 2010).
Therefore, immobilization of catalyst molecules on solid
supports can be satisfactorily employed in the areas of
catalysis (Caro et al 2002a, b; Pal and Ganesan 2009,
2010a, b). In this consequence, in the present work, we
present the synthesis, characterization and electrocata-
lytic activities of [Mn(salen)]*/[Mn(salophen)]” incorpo-
rated mesoporous silica spheres, i.e. MSS-[Mn(salen)]*
and MSS-[Mn(salophen)]” towards the reduction of oxy-
gen in acidic media.

2. Experimental
2.1 Chemicals and reagents

Tetraethoxysilane (TEOS, 98%), was procured from
Sigma-Aldrich, cetyltrimethylammonium bromide (CTAB)
was from Himedia, polyvinyl alcohol, ammonia, ethylene-
diamine, salicylaldehyde and 1,2-phenylenediamine were
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obtained from SD Fine chemicals limited, India. Triple
distilled water was used to prepare solutions all through
the experiments and other reagents used in this study
were of analytical grade.

2.2 Synthetic procedures

2.2a Synthesis of mesoporous silica spheres: For the
synthesis of MCM-41 type mesoporous silica spheres
(MSS), standard procedure is followed (Kresge et al
1992; Pal and Ganesan 2009, 2012a, b). Briefly, CTAB is
dissolved in water—ethanol-ammonia mixture. TEOS in
ethanol was then added to the surfactant and catalyst
solution under vigorous stirring condition. The stirring
was continued for 2 h at room temperature. The formed
white precipitate was filtered on a Buchner funnel and
washed with excess water and ethanol. The resulting pow-
der was dried in vacuum for 24 h. The CTAB was removed
from the MSS material by acid/solvent extraction.

2.2b  Synthesis of [Mn(salen)]” and [Mn(salophen)]:
Schiff base ligand (salenH,) was synthesized and purified
according to a literature procedure (Bottcher ef al 1993).
In an Erlenmeyer flask (containing 100 mL of 95% etha-
nol) 10 g of salicylaldehyde was added. Then, the solu-
tion was heated to boil on a sand bath with constant
stirring followed by addition of 2-8 mL of ethylenedia-
mine. The stirring was continued for another 5 min. Then,
the flask was removed from sand bath and allowed
to cool in room temperature and then in ice cold water.
Yellowish crystals were collected on Buchner funnel,
which was washed with ice cold ethanol and allowed to
dry in air thoroughly. Similarly, salophenH, was prepared
according to literature (Chen et al 1995) by condensation
of 1,2-phenylendiamine with salicylaldehyde (1:2 mol
stoichiometric ratio in ethanol) at room temperature. The
product was purified by recrystallization from ethanol. To
prepare [Mn(salen)]” (Kantam and Bharathi 1998), typi-
cally 3-:064 g of Mn(OAc),-4H,0 was added to a solution
of 1.34 g of salenH, ligand in 25 mL of ethanol and dis-
solved. This solution was refluxed under air for 3 h at 80 °C
and cooled to room temperature. Then, 5 mL of saturated
aqueous solution of sodium chloride was added to the
reaction mixture and it was again refluxed for further 2 h.
The reaction mixture was then cooled again in an ice bath
and the [Mn(salen)]Cl was extracted with large amount
of dichloromethane. The extractions were combined
and evaporated to recover the product [Mn(salen)]Cl.
[Mn(salophen)]Cl was also prepared following the same
procedure.

2.2¢ Incorporation of metal complexes into the MSS:
Since the synthesized MSS contain long range channels
with wide pore openings (Pal and Ganesan 2009),
[Mn(salen)]* and [Mn(salophen)]" complexes can be easily
incorporated into the channels. For incorporation, the

Vellaichamy Ganesan, Manas Pal and Manoj Tiwari

below procedure is followed. [Mn(salen)]” or [Mn
(salophen)]” was added to 0-5 g MSS in 25 mL of water
in a 50 mL beaker. The solutions were equilibrated for
about 24 h to incorporate maximum amount of the Schiff
base complex on the channels of MSS. After 24 h of
equilibration, the materials were filtered, washed with
plenty of water and vacuum dried. The resulting materials
are named as MSS-[Mn(salen)]" and MSS-[Mn
(salophen)]”, respectively.

2.3 Preparation of modified electrodes

Aqueous colloidal solution (1%) of the relevant materials
(MSS-[Mn(salen)]” or MSS-[Mn(salophen)]*) was pre-
pared with 0-01% poly(vinyl alcohol) as a binder. Glassy
carbon electrode (GC) surface was cleaned with alumina
on a Buehler-felt pad, washed with water and methanol,
sonicated for 5 min in water and air dried. Calculated
amount (5 uL) of the colloidal solution was dropped onto
0-07 cm® of the dry GC and air-dried in the absence of
light. These electrodes were used for the electrochemical
studies within 24 h.

2.4 Instruments

Fourier transform infrared (FT-IR) spectra of the solid
samples were scanned in PerkinElmer FT-IR spectrome-
ter (Spectrum Two, USA) using KBr pellets in the range
of 400—4000 cm™. SEM images were recorded from
Quanta 200, FEI, Netherland operating at 20 kV. Elec-
tronic spectra of the metal complexes in solution and the
corresponding metal complex incorporated silica materi-
als (i.e. MSS-[Mn(salen)]* and MSS-[Mn(salophen)]*)
were recorded using 2802 PC UNICO (USA) and UV
1700 Pharma Spec, Shimadzu UV-Vis absorption spectro-
photometers, respectively. The powdered MSS-[Mn(salen)]*
and MSS-[Mn(salophen)]” materials were uniformly dis-
persed with Nujol mull and pasted on a filter paper strip
to record the electronic spectra. Electrochemical experi-
ments were performed on a CH instruments (CHI-660C,
USA) electrochemical workstation. A three electrode one
compartment cell setup with MSS-[Mn(salen)]” or MSS-
[Mn(salophen)]” modified GC as working electrode, Pt
wire as counter electrode and KCI saturated calomel elec-
trode (SCE) as reference electrode were used for electro-
chemical studies. All the electrochemical studies were
performed at room temperature under nitrogen atmo-
sphere unless otherwise indicated.

3. Results and discussion
3.1 Characterization of materials

UV-Vis absorption spectra, FT-IR, scanning electron
microscopy (SEM) and cyclic voltammetric studies were
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employed to characterize the metal complexes, MSS,
MSS-[Mn(salen)]* and MSS-[Mn(salophen)]" materials.

3.1a UV-Vis absorbance spectroscopy: Figure 1 depicts
the UV-Vis absorbance spectra of MSS-[Mn(salen)]" and
MSS-[Mn(salophen)]™ materials and the corresponding
solution absorbance spectra of the metal complexes
in ethanol or acetonitrile. The UV-Vis spectrum of a
[Mn(salen)]* (figure 1a) and [Mn(salophen)]* (figure 1b)
shows typical metal d — d transition band around 410
and 446 nm, respectively (Srinivasan et al 1986), which
are present in their corresponding silica samples (i.e.
MSS-[Mn(salen)]* (figure 1a’) and MSS-[Mn(salophen)]*
(figure 1b")) also. These spectra clearly confirm the
incorporation/adsorption of [Mn(salen)]* and [Mn(salo-
phen)]* complexes within the MSS.

3.1b  FT-IR Spectroscopy: Figure 2 shows FT-IR
spectra of MSS, [Mn(salen)]* and [Mn(salophen)]” com-
plexes, MSS-[Mn(salen)]* and MSS-[Mn(salophen)]*
materials. Figure 2(a) shows the absence of any bands in
the region of 1670-1300 cm™ in the spectrum of MSS.
The band appears at 3437 cm™' is due to =SiOH---OSi=
stretching vibrations of the free surface silanol groups of
MSS. Two strong bands appear at 1085 and 800 cm™,
which could be assigned to asymmetric and symmetric
stretching vibrations of Si—O-Si bridges, respectively.
The band at 525 cm™ corresponds to the Si—-O-Si bending
vibration of SiO, tetrahedra. Spectra of free [Mn(salen)]"
and [Mn(salophen)]* complexes (figures 2(b) and (c),
respectively) show bands due to C=C—-C bond stretching
of aromatic ring (between 1615 and 1450 cm™'), aromatic
C-H stretching (at 3110 cm™"), C—OH bond (at 1194 cm™)

Absorbance (a.u.)

525 600
Wavelength (nm)

Figure 1. UV-Vis absorption spectra of: (a) [Mn(salen)]" in
ethanol, (b) [Mn(salophen)]* in acetonitrile and powdered MSS-
[Mn(salen)]* (a") and MSS-[Mn(salophen)]" (b") materials.
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and —C=N- bond (between 1690 and 1590 cm™). The
spectra of MSS-[Mn(salen)]” (figure 2d) and MSS-
[Mn(salophen)]” (figure 2e) materials show the combined
features of the corresponding metal complex and MSS
with slight changes. All the vibration bands observed in
the free metal complex is also observed in the corre-
sponding MSS. However, the intensity of the bands is
less (and some vibrations are so week to such an extent
that the correct band position can not be measured)
probably due to the low amount of the incorporated/
adsorbed metal complex. As there are meager changes in
the vibrational band positions, it is concluded that the
structure of the metal complexes are not altered on incor-
poration into MSS and the interaction between the metal
complex and MSS is weak.

3.1c SEM analysis: SEM images of the MSS-based
samples are shown in figure 3(A—C). Figure 3(A) clearly
depicts uniform distribution of the material and presence
of uniform-sized MSS spheres. Similarly, SEM images of
MSS-[Mn(salen)]* and MSS-[Mn(salophen)]” materials
are shown in figures 3(B) and (C) respectively, where
distinct difference in the morphology of the materials (than
the MSS (figure 3A)) can be seen due to the adsorp-
tion/incorporation of metal complexes. The channels and
porosity present in the MSS is clearly visible in the SEM
image of magnified scale (figure 3D) and the spheres are
separated. However, due to the adsorption/incorporation of
[Mn(salen)]” and [Mn(salophen)]* onto/into the channels
of MSS, the porosity is not clearly visible in MSS-
[Mn(salen)]” and MSS-[Mn(salophen)]* materials (figu-
res 3(E) and (F), respectively) and the spheres are
aggregated to some extent.
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Figure 2. FT-IR spectra of (a) MSS, (b) [Mn(salen)]*, (c)
[Mn(salophen)]*, (d) MSS-[Mn(salen)]* and (e) MSS-
[Mn(salophen)]* materials.
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Figure 3. SEM images of MSS (A and D), MSS-[Mn(salen)]* (B and E) and MSS-[Mn(salophen)]* (C and F) materials.
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Figure 4. Current density—voltage characteristics of (A) GC/MSS-[Mn(salen)]* and (B) GC/MSS-
[Mn(salophen)]* in 0-05 M HCIO, with different scan rates. Insets: Plots of I,, and I, against square

root of scan rate.

3.1d Electrochemical study: Potentiodynamic response
of GC electrode modified with MSS-[Mn(salen)]* and
MSS-[Mn(salophen)]” materials in 0-05 M HCIO, solu-
tion at different scan rate is shown in figure 4. It is
observed that current density—voltage characteristics do not
change with different scan rates. Insets of figure 4 show
the plot of I, and I,. vs square root of scan rate, which is
linear revealing that the redox processes are diffusion-
controlled. Cyclic voltammogram (CV) of [Mn(salen)]"
reveals a quasi-reversible one electron redox reaction
(Epa=0-42V, E,. = 0-25 V) which corresponds to [Mn™

(salen)]*/[Mn"(salen)] redox couple (E;p=034V).
Whereas, in case of [Mn(salophen)], the CV shows a
quasi-reversible one electron transfer (E,,=0-81V,
E,.=0-62 V), which corresponds to [MnIII(salophen)]+/
[MnH(salophen)] redox couple (Ey, =0-72 V).

3.2 Electrocatalytic oxygen reduction

In figure 5(A), curves (a) and (b) represent the current den-
sity—voltage characteristics of GC/MSS (blank electrode)
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Figure 5. Current density—voltage characteristics of (A) GC/MSS (a, a’) and GC/MSS-[Mn(salen)]*
(b, b’) and (B) GC/MSS (a, a’) and GC/MSS-[Mn(salophen)]* (b, b’) in 0-05 M HCIOy, in the absence of

(a, b) and presence (a’, b’) of oxygen.

and GC/MSS-[Mn(salen)]* electrodes, respectively, in N,
saturated aqueous acidic solution. Curves (a”) and (b")
represent the current density—voltage characteristics of
the same electrodes in oxygen saturated solution, respec-
tively. The solution is saturated with either N, or O, by
purging the respective gas through the solution for about
15-20 min. High current density is observed for the re-
duction of oxygen at GC/MSS-[Mn(salen)]” with a de-
crease in the onset of the oxygen reduction potential
compared to the blank electrode. Figure 5(B) shows the
current density—voltage characteristics of GC/MSS and
GC/MSS-[Mn(salophen)]” electrodes in the presence and
absence of oxygen. Even though the increase in current
density at GC/MSS-[Mn(salophen)]” electrode is not very
much, when compared with blank electrode, a consider-
able decrease in the onset of the oxygen reduction poten-
tial is observed. Hence, it can be concluded that both GC/
MSS-[Mn(salen)]* and GC/MSS-[Mn(salophen)]” elec-
trodes electrocatalytically reduces oxygen.
Chronoamperometry is carried out to calculate the
catalytic rate constant, k.. This can be calculated based on
the relation given below in (1) (Bard and Faulkner 1980).

1/ = 77k Co)'", (1)

where I, represents the obtained current in presence of
oxygen and [, represents the same in the absence of oxy-
gen. C, denotes the bulk concentration of oxygen in solu-
tion (1-2 % 10°° M, Chen et al 2009) and ¢ represents the
time. The values of k. obtained for GC/MSS-[Mn(salen)]*
and GC/MSS-[Mn(salophen)]” electrodes are 3-7 X 10° and
2:65 x 10° M s7! respectively. These values are higher
than the previously reported k. values which utilize metal
complex consisting electrode modifiers under similar
experimental conditions (Pal and Ganesan 2009, 2012a, b).

4. Conclusions

[Mn(salen)]” and [Mn(salophen)]® complexes have been
prepared, characterized and incorporated/adsorbed on

MCM-41 type silica material. These new materials elec-
trocatalytically reduces oxygen efficiently. Based on the
reduction current and catalytic rate constant, MSS-[Mn
(salophen)]” material shows better catalytic activity to
reduce oxygen electrochemically compared to MSS-
[Mn(salen)]".
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