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Abstract. Electrocatalysis is an important phenomenon which is utilized in metal–air batteries, fuel cells,
electrochemical sensors, etc. To increase the efficiency of the electrocatalytic process and to increase the
electrochemical accessibility of the immobilized electrocatalysts, functionalized and non-functionalized meso-
porous organo-silica (MCM41-type-materials) are used in this study. These materials possess several suitable
properties to be durable catalysts and/or catalyst supports. Owing to the uniform dispersion of electrocatalysts
(metal complex and/or metal nanoparticles (NPs)) on the functionalized and non-functionalized silica, an enor-
mous increase in the redox current is observed. Long range channels of silica materials with pore diameter of
15–100 Å allowed metal NPs to accommodate in a specified manner in addition to other catalysts. The useful-
ness of MCM-41-type silica in increasing the efficiency of electrocatalysisis demonstrated by selecting oxygen,
carbon dioxide and nitrite reduction reactions as examples.

Keywords. Functionalized silica; electrocatalysis; metal nanoparticles; oxygen reduction; carbon dioxide
reduction; nitrite reduction.

1. Introduction

Electrodes when modified with silica materials exhibit
significant improvements in electrocatalysis and elec-
tron transfer kinetics.1–5 They combine the intrinsic
properties of silica materials to reduction/oxidation
of the target analyte leading to the construction of
electrochemical sensors and biosensors.1–5 Templated
routes to synthesize silica materials give rise to well-
ordered structures with pores and interconnected chan-
nels, whereas a non-templated route leads to amor-
phous silica powder.6,7 Both of these (ordered and
amorphous) materials can be used as catalysts and/or
supports for catalysts. However, considering electron
transport and/or charge transport properties on elec-
trode surfaces, it appears beneficial to use ordered
mesoporous materials for fast electron and/or charge
transfers.1–5,8–10 They possess a regular array of uni-
form nanostructured pores and the pore sizes can be

varied over 15 to 100 Ǻ through the selection of appro-
priate template. After the removal of the template,
they show large surface area1–7 and peculiar adsorp-
tion properties,2,11 which can lead to potential applica-
tions in electrocatalysis.2,11,12 Likewise, metal nanopar-
ticles (M NPs) are also equally attractive for utilizing
their interesting electronic, optical and catalytic proper-
ties, which depend mainly on the size and shape of M
NPs.2,11–23 These nano-scaled materials should be suit-
ably immobilized on a substrate to avail their attractive

properties for electrocatalytic applications.24 Au and
Ag NPs show promising applications in several areas
such as fuel cells and electrochemical sensors owing
to their striking roles such as catalyst, electrocatalyst,
etc.1–5,11–20,22–25 One can use silica precursors possess-
ing organic functional groups to stabilize M NPs and to
combine the favourable properties of the organic moi-
ety to the inorganic backbone,25 which is expected to
be attractive in electrocatalytic applications and elec-
trochemical sensing devices. Therefore, for electrocat-
alytic applications, immobilization of electrocatalyst is
necessary as this generally enhances the rate of a reac-
tion and bare electrodes are often not appropriate for
these purposes.

In chemically modified electrodes (CMEs), the elec-
trode modifiers are generally allowed to form mem-
brane/film on the surface of the electrodes by dip or
spin coating and in most cases, the electrode modifier
is a non-conducting material. Earlier in the 1980s when
the concept of CMEs were developed,26–29 researchers
thought that the use of non-conducting material as elec-
trode modifier could be a big obstacle. Though the
electron transport properties within the films are sup-
ported by hopping mechanism,26–29 electrode modi-
fiers generally depress the electron transport properties
in CMEs. Depressed electron transport properties can
make significant fraction of redox species to be elec-
trochemically silent. Therefore, improving the electron
transport properties within the film becomes another
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important direction which is highly desired in elec-
trocatalytic applications. In this context, we decided
to anchor Ag and Au NPs inside the channels of
thiol functionalized silica materials2,11,12,18,20 in addi-
tion to the adsorption/incorporation of an electrocat-
alyst. When suitable procedures are adopted, metal
porphyrins (MPs) and metal phthalocyanines (MPcs)
can be conveniently assimilated into these MCM-
41-type materials.30,31 MPs and MPcs are efficient
catalysts for various reactions such as oxygen,32,33

carbon dioxide,34,35 nitrite36,37 and nitrate38,39 reduc-
tions. In these aspects, cobalt phthalocyanine (CoPc),
zinc phthalocyanine (ZnPc) and certain Schiff base
complexes are immobilized on thiol functionalized or
on a non-functionalized ordered silica and used as
electrocatalysts.2,11,18–20,40 In this study, it is aimed
to demonstrate the successful utilization of MCM-41-
type silica materials in electrocatalysis. In addition, the
effects of Ag and Au NPs on the loaded electrocatalysts
towards certain reduction reactions are summarized.

2. Experimental

2.1 Chemicals and reagents

Triple distilled water was used to prepare aque-
ous solutions. Analytical grade chemicals were used
unless otherwise stated. Silica precursors, mercap-
topropyltriethoxysilane >80% and tetraethoxysilane
>98% procured from Sigma-Aldrich were used as
received. ZnPc, CoPc, HAuCl4 and polystyrene were
also procured from Sigma-Aldrich. Cetyltrimethy-
lammonium bromide (CTAB) and AgNO3 was pur-
chased from Himedia and Merck, respectively. Sal-
icylaldehyde, 1,2-phenylenediamine, ethylenediamine
and poly(vinyl alcohol) (SD Fine Chemicals Ltd.,
India) were used without further purification. Fol-
lowing the literature procedures,19,40–42 Schiff base
ligands salenH2 (N,N-bis(salicylaldehyde) ethylene-
diamine) and salophenH2 (N,N’-bis(salicylaldehyde)-
1,2 phenylenediamine) were prepared and puri-
fied. [Co(salen)]+, [Co(salophen)]+, [Mn(salen)]+ and
[Mn(salophen)]+ complexes were prepared using liter-
ature procedures.19,40–43 Template-free thiol function-
alized silica and non-functionalized silica materials
were synthesized according to the reported one-pot
synthetic approach2–5,25 and abbreviated as TFS and
NFS, respectively. Ag and Au NPs were introduced
into the TFS by equilibrating with the corresponding
metal ion precursors (AgNO3 or HAuCl4) for 12 h
followed by reduction with NaBH4 at 0–4◦C.2,11,12

They were named as Ag-TFS and Au-TFS, respectively.
TFS, Ag-TFS and Au-TFS materials were adsorbed

with CoPc or ZnPc using simple equilibration pro-
cedure with the respective molecules in dimethylfor-
mamide (DMF).2,11,18,20 The resulting materials were
represented as TFS-ZnPc/CoPc, Ag-TFS-ZnPc/CoPc
and Au-TFS-ZnPc/CoPc. Similar equilibration pro-
cedures were followed for the immobilization of
Schiff base complexes on NFS materials and rep-
resented as NFS-[Co(salen)]+, NFS-[Co(salophen)]+,
NFS-[Mn(salen)]+ and NFS-[Mn(salophen)]+.

2.2 Fabrication of electrodes

An aqueous colloidal solution (0.5–1.0%) of the res-
pective material was prepared together with 0.01% poly
(vinyl alcohol). Using alumina slurry and cloth pad,
glassy carbon electrodes (GCE, 0.07 cm2, CH Instru-
ments) were polished to mirror finish. The polished
GCE was washed and subjected to sonication with water
and methanol. The colloidal solution was dropped (typi-
cally 5 µL) on the vertically mounted polished dry GCE
and dried in air for about 12 h. These electrodes are repre-
sented as GCE/respective material. After complete dry-
ing, the electrode was used for electrochemical studies.

2.3 Instrumentation

For X-ray diffraction (XRD) measurements (2θ value
from 10◦ to 80◦), 1D 3000 SEIFERT diffractometer and
Cu-Kα radiation were used. UV-Vis spectrophotome-
ters (Shimadzu, UV 1700 Pharma Spec, and UNICO,
2802 PC) were used to measure the absorption spec-
tra of the synthesized materials. To record the absorp-
tion spectra of the powdered silica materials, they were
mixed intimately with few drops of Nujol and the resul-
ting mull was applied on a suitably cut Whatman filter
paper. The mull applied filter paper was placed on the
path of the light to measure the absorbance. Trans-
mission electron microscope (TEM) images of the si-
lica materials were collected using TECNAI 20G2 FEI
microscope and it was operated at 200 KV. CHI-
660C (CH Instruments) electrochemical workstation
was used for cyclic voltammetry analysis at room tem-
perature (25±2◦C). The silica materials modified GCEs
as working electrodes, aqueous Ag/AgCl as reference
electrode and a thin platinum wire as counter electrode
were used for the electrochemical studies.

3. Results and Discussion

3.1 Materials characterization

TFS and NFS materials with and without M NPs and/or
adsorbed catalysts were first analysed by absorption
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spectra. As shown in figure 1A, TFS material with-
out M NPs and catalyst, exhibit no absorption peaks
in the visible region.2,11,12,18,20 Surface plasmon res-
onance bands of corresponding M NPs are observed
in the Ag and Au NPs containing silica materi-
als at 464 and 551 nm (Ag-TFS and Au-TFS),
respectively.2,11,12,18,20,44 TFS, Ag-TFS and Au-TFS
adsorbed with MPcs (TFS-ZnPc, Ag-TFS-ZnPc, Au-
TFS-ZnPc, TFS-CoPc and Au-TFS-CoPc) show their
corresponding absorption bands around 610–620 nm
(for CoPc) and 670–680 nm (for ZnPc). Since these
absorption spectra are comparable with the spec-
tra of corresponding MPcs in DMF solution (Fig.
not shown), the adsorption of MPcs on the silica
materials is confirmed.2,11,18,20 The absorbance spec-
tra of NFS-[Co(salen)]+, NFS-[Co(salophen)]+, NFS-
[Mn(salen)]+ and NFS-[Mn(salophen)]+ materials19,40

are shown in figure 1B. Resemblance of these spec-
tra to their corresponding solution spectra evidences
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Figure 1. UV-vis absorption spectra of TFS (A) and NFS
(B) materials.

the incorporation/adsorption of Schiff base metal com-
plexes into the NFS. XRD patterns of the materials can
provide knowledge on crystallinity of the synthesized
material as well as the incorporation of M NPs. There-
fore, XRD patterns are recorded in the range where
M NPs show their reflections (figure 2). TFS does not
exhibit any peak in the 2θ range of 10◦ to 80◦. M NPs
incorporated silica materials show four peaks around
38.1◦, 44.2◦, 64.4◦, and 77.4◦ corresponding to their
cubic structure. MPcs adsorbed Ag-TFS and Au-TFS
show several additional peaks in the 2θ range of 10◦ to
30◦, which represent the crystallinity of the adsorbed
ZnPc or CoPc. The shape and size of TFS materials
are not changed by further incorporation of M NPs
and/or MPcs.2,11,18,20,25 Incorporation and uniform dis-
tribution of M NPs on silica materials is revealed by
the images of Ag-TFS and Au-TFS materials.2,11,18,20,25

Adsorption of MPcs on TFS and M-TFS materials
slightly changes the morphology of the parent mate-
rial which confirms the adsorption of MPcs on silica
materials.2,11,18,20,25

3.2 Electrochemical characterization

Cyclic voltammetry (CV) was used to evaluate the char-
acteristics of a catalyst immobilized in a matrix. The
NFS and TFS material did not show any redox pro-
cess (Figure not shown) in the region from −0.5 to
1.5 V. The Ag and Au NPs incorporated TFS mate-
rials show distinct redox processes due to the oxida-
tion/reduction of respective M NPs (figure 3). Ag-TFS
coated GCE (GCE/Ag-TFS) exhibits stable redox pro-
cess which may be assigned to oxidation (Ag0 Ag+ at
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Figure 2. XRD reflection patterns of TFS (a), Ag-TFS
(b), Ag-TFS-ZnPc (c), TFS-ZnPc (d), Au-TFS (e), Au-TFS-
ZnPc (f) TFS-CoPc (g) and Au-TFS-CoPc (h) materials.
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Figure 3. Cyclic voltammograms of (a). GCE/Ag-TFS and
(b). GCE/Au-TFS in 0.05 M HClO4. Scan rate: 50 mVs−1.

359 mV) and reduction (Ag+ Ag0 at 135 mV) reactions
of Ag NPs. Au-TFS also exhibits (GC/Au-TFS) sim-
ilar redox process and it is assigned to the formation
(at 1275 mV) and reduction (836 mV) of gold oxide.
MPcs adsorbed TFS materials (with and without M
NPs) are characterized by the presence of distinct redox
peaks (figure 4) due to CoPc or ZnPc. All the synthe-
sized materials display stable and reproducible response
when coated on GCE. The CV response of TFS-ZnPc,
TFS-CoPc, Ag-TFS-ZnPc, Au-TFS-ZnPc and Au-TFS-
CoPc materials coated GCE (represented as GCE/TFS-
ZnPc, GCE/TFS-CoPc, GCE/Ag-TFS-ZnPc, GCE/Au-
TFS-ZnPc and GCE/Au-TFS-CoPc, respectively) are
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Figure 4. Cyclic voltammograms of GCE/TFS-ZnPc
(a, a′), GCE/TFS-CoPc (b), GCE/Ag-TFS-ZnPc (c), GCE/
Au-TFS-ZnPc (d) and GCE/Au-TFS-CoPc (e) in 0.05 M
HClO4. Scan rate: 50 mVs−1.

shown in figure 4. In the absence of M NPs, i.e., TFS-
ZnPc and TFS-CoPc materials reveal redox response
due to the corresponding MPc (curves a, a′ and b of
figure 4). A pair of redox peaks due to phthalocyanine
(Pc) ligand reduction and oxidation (ZnIIPc(-2)/ZnIIPc(-
3)−) appears (figure 4a)2,45 with an E1/2 value of −230
mV (scan rate: 50 mVs−1) at GCE/TFS-ZnPc. In addi-
tion, a pair of broad redox peaks (not well defined,
figure 4a′) attributed to the oxidation and reduction of
Pc ligand (ZnIIPc(−2) to ZnIIPc(−1)+) is observed.45

Further, an irreversible peak due to the Pc ligand oxi-
dation is detected in the high positive potential region,
(around 1.120 V) for the adsorbed ZnPc (figure 4a′).
Similarly, two weak redox couples are observed for
TFS-CoPc material (figure 4b) with E1/2 values around
0.12 and 0.34 V. Even though at low scan rates
(20 mVs−1 or below), the redox couples are realized a
bit better, for comparison purpose, the CV response at
50 mVs−1 is shown (figure 4b). In addition, a quasi-
reversible Pc ligand reduction with a peak potential at
−260 mV due to the formation of CoIPc(-3)2− and an
irreversible Pc ligand oxidation at high positive poten-
tial (1127 mV) due to the formation of CoIIIPc(−1)
are also observed. When M NPs are introduced into
the materials, they exhibit electrochemical properties of
the respective M NPs in addition to the adsorbed MPc.
GCE/Ag-TFS-ZnPc shows a small shift in both Ag0/+

redox couple and ZnIIPc(−2)/ZnIIPc(−3)− redox pro-
cess (figure 4c). These shifts could be due to the inter-
action between the Ag NPs and ZnPc. Likewise, GCE/
Au-TFS-ZnPc (figure 4d) and GCE/Au-TFS-CoPc
(figure 4e) also exhibit similar trend.

CV response of GCE/NFS-[Co(salen)]+ (figure 5a)
and GCE/NFS-[Co(salophen)]+ (figure 5b) electrodes
exhibit stable redox peaks which are attributed to
[Co(salen)]+ to [Co(salen)] and [Co(salophen)]+ to
[Co(salophen)] redox processes, respectively.19,46,47

The calculated E1/2 values for the redox process are
423 and 378 mV, respectively (scan rate: 150 mV).
Similarly, NFS-[Mn(salen)]+ (figure 5c) and NFS-
[Mn(salophen)]+ (figure 5d) materials display E1/2 val-
ues corresponding to their [Mn(salen)]+ to [Mn(salen)]
and [Mn(salophen)]+ to [Mn(salophen)] redox process
at 303 and 706 mV, respectively.40

3.3 Electrocatalytic properties

It is well-known that oxygen and carbon dioxide can be
electrocatalytically reduced by MPs and MPcs however,
with less efficiency.32–35 Suitable immobilization of the
electrocatalyst on the electrode surface could increase
the efficiency of the electrocatalytic process due to the
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Figure 5. Cyclic voltammograms of GCE/NFS-[Co
(salen)]+ (a), GCE/NFS-[Co(salophen)]+ (b), GCE/NFS-
[Mn(salen)]+ and GCE/NFS-[Mn(salophen)]+ in 0.05 M
HClO4. Scan rate: 150 mVs−1.

preconcentration of catalyst molecules in a small area,
and large fraction of electrochemically active catalyst.
Therefore, M NPs and/or CoPc/ZnPc are immobilized
on the electrode surface as electrocatalysts. To analyse
the ability of these new materials towards electrocat-
alytic reduction of oxygen, cyclic voltammograms are
recorded in 0.05 M HClO4 acidic medium and shown
in figure 6 (for clarity, reductive scans alone shown).
GCE/Ag-TFS in the presence of oxygen saturated
0.05 M HClO4 solution shows a distinct peak for the
reduction of oxygen around −243 mV. Under simi-
lar conditions, GCE/Au-TFS also exhibits reduction of
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Figure 6. Electrocatalytic reduction of oxygen at TFS
material coated GCEs in 0.05 M HClO4. The solid line indi-
cates the reduction scan of GCE/Ag-TFS under the nitrogen
saturated condition. Scan rate: 50 mVs−1.

oxygen, however without a defined peak. Similarly all
the other materials show electrocatalytic oxygen reduc-
tion except the TFS which contains no electrocatalyst
(either M NPs or MPc). The high reduction current
observed at GCE/Ag-TFS could be due to the large
amount of Ag NPs incorporated in the TFS matrix. It
should also be noted that the size and shape of the NPs
is another important factor in determining the catalytic
process. When CoPc or ZnPc is introduced further to
the Ag/Au-TFS material, the electrocatalytic current is
supposed to increase because of the synergetic effect
between MPc and MNPs. As expected, MNPs and MPc
synergize towards the electrocatalytic oxygen reduction
as evidenced from the increase in current in figure 6. M
NPs act as tiny electron conduction centres or nanoelec-
trodes and increase the electrical communication within
the film, thereby facilitating the electron transfer.12

Oxygen electroreduction at NFS and Schiff base
metal complex adsorbed NFS materials are also
analysed19,48 It is found that the Schiff base metal
complex adsorbed NFS materials show efficient
electrocatalytic activity towards the electroreduc-
tion of oxygen (figure 7). In oxygen saturated
solutions, cyclic voltammograms (for clarity, only
the reduction cycles are shown) of GCE/NFS-
[Co(salen)]+, GCE/NFS-[Co(salophen)]+, GCE/TFS-
[Mn(salen)]+ and GCE/TFS-[Mn(salophen)]+ show
increased reduction current in comparison to the nitro-
gen saturated solutions. Even though no defined peaks
are observed, the enormous increase in reduction cur-
rent in presence of oxygen clearly indicates the elec-
trocatalytic reduction of oxygen at these electrodes. As
observed, at NFS material, inefficient reduction of oxy-
gen starts at around −230 mV, whereas in all Schiff

-0.4 -0.3 -0.2 -0.1 0.0

-30

-20

-10

0

C
u

rr
e

n
t 

( 
A

)

Potential (V)

NFS

NFS-[Mn(salophen)]
+

NFS-[Mn(salen)]
+

NFS-[Co(salophen)]
+

NFS-[Co(salen)]
+

Figure 7. Electrocatalytic reduction of oxygen at NFS
material coated GCEs in 0.05 M HClO4 Scan rate: 50 mVs−1.



312 Vellaichamy Ganesan

base complex adsorbed materials, the oxygen reduction
is observed at low negative potentials.

The TFS materials are further analysed for the
electrocatalytic reduction of CO2.2,34,49 Since the cat-
alytic efficiency is expected to increase for immobi-
lized catalysts, CO2 reduction is studied using these
new materials (figure 8). Electrocatalytic reduction of
CO2 is observed only in the presence of ZnPc.2 TFS,
Ag-TFS and Au-TFS did not show any electrocat-
alytic properties towards CO2 reduction. TFS-ZnPc
(figure 8a), Ag-TFS-ZnPc (figure 8b) and Au-TFS-
ZnPc (figure 8c) materials show electrocatalytic reduc-
tion of CO2 around −0.50 V. Earlier investigations50 on
the CO2 electroreduction indicate that it occurs at high
negative potentials (around −1.00 V) even in the pres-
ence of electrocatalysts such as Ru(2,2′- bithiazole)2+

3 .

Thus, a large shift in the CO2 electroreduction (more
than 500 mV) occurs in the presence of ZnPc
(figure 8a). Thus, the efficiency of the ZnPc is greatly
increased in the presence of Au NPs, which is evi-
denced by the large increase in the CO2 electroreduction
current (figure 8b and c).

Since MPcs are known to exhibit several catalytic
reactions, the ZnPc-adsorbed silica materials are tested
for nitrite reduction in acidic medium.11 In the absence
and presence of nitrite, GCE/TFS electrode does not
show any faradaic process indicating that nitrite is
not reduced at this electrode. At GCE/TFS-ZnPc,
nitrite reduction occurs less efficiently after −30 mV.
However, at GCE/Ag-TFS and GCE/Ag-TFS-ZnPc
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Figure 8. Cyclic voltammograms showing the electrocat-
alytic reduction of CO2 at the TFS-ZnPc (a), Ag-TFS-ZnPc
(b) and Au-TFS-ZnPc (c) material coated GCEs. Curve c′

is recorded at GCE/Au-TFS-ZnPc under nitrogen saturated
condition. Scan rate: 50 mVs−1.
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Figure 9. Cyclic voltammograms showing the electrocat-
alytic reduction of nitrite (20.0 mM) at the TFS-ZnPc, Ag-
TFS and Ag-TFS-ZnPc material coated GCEs. The dashed
lines indicate the cyclic voltammograms of the correspond-
ing GCEs in the absence of nitrite. Scan rate: 50 mVs−1.

electrodes, nitrite is electrocatalytically reduced at
−0.01 and 0.02 V, respectively (figure 9). The electro-
catalysis shown by ZnPc (i.e., at GC/TFS-ZnPc) towards
the electroreduction of nitrite is influenced in the pres-
ence of Ag NPs (i.e., at GC/Ag-TFS-ZnPc) as evi-
denced by 12 times increase in the reduction current
at −0.25V (figure 9a). The large increase in current
at GC/Ag-TFS compared with GC/Ag-TFS-ZnPc could
be due to the high amount of Ag NPs in the material.

4. Summary

The use of MCM-41 type materials, TFS and NFS in
electrocatalysis and their possible application as fuel
cell material are demonstrated. Metal complexes and/or
metal NPs are firmly immobilized into/onto the TFS
and NFS materials. They act as durable electrode mod-
ifiers with strong adhering property. Presence of metal
NPs greatly improves the electrocatalytic reactions such
as oxygen, carbon dioxide and nitrite reductions.
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