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Enhanced Hydrogen Peroxide Sensing Based on
Tetraruthenated Porphyrins/Nafion/Glassy Carbon-modified
Electrodes via Incorporating of Carbon Nanotubes
Karla Calfum�n,*[a] Diego Quezada,[b] Mauricio Isaacs,[b] and Soledad Bollo[c]

1 Introduction

Hydrogen peroxide can be found in a large number of
commercial products and this fact has led to the develop-
ment of several analytical methods for its quantification
in many different areas of application, such as medicine,
food, atmospheric and biochemical process [1]. For these
reasons, various methods have been used to determine
hydrogen peroxide, including the following: spectrophoto-
metric [2,3], fluorimetric [4,5], chemiluminescence [6,7],
chromatographic [8,9], volumetric [10,11] and electro-
chemical methods [1,12–17]. Electrochemical approaches
are favorable for this determination due to the rapid re-
sponse and simple operation.

Due to the high overvoltage requirement a direct am-
perometric detection scheme for hydrogen peroxide does
not seem feasible in a complex sample from either an en-
vironmental or a biological sample [18]. A good way to
reduce them is through the use of electrodes modified
with redox mediators to aid the charge transfer processes.
Some studies have reported the use of hexacyanoferrate
[16], Prussian blue [14,19,20], metallic oxides [8,21,22],
perovskites [23], carbon nanotubes [17,24,25], porphyrins
[2,12,26] and phthalocyanines [27,28,29]. These com-
pounds have been used as electrocatalysts for analytical
purposes [12–28] or mimicking the activity of peroxidase
[29,30], exhibiting excellent electrocatalytic behavior with
a wide linear range of response; high sensitivity and low
detection limit [26–29].

Tetraruthenated porphyrins are novel macrocycles,
which present numerous redox processes, specifically
Ru(III)/Ru(II) redox couple present a four electron si-

multaneous voltammetric wave that can be used as
a redox probe for different analytical applications.

This kind of porphyrins contain four units of [Ru(b-
py)2Cl]+ (bpy=2,2’ bypyridine) coordinated to pyridinic
moiety of a meso-tetra(pyridil)porphyrin i.e. a (TRP)
[31]. One disadvantage in the use of these kinds of por-
phyrins is related with its high positive charge (4+), as
this feature makes them soluble in water, re-dissolving
the macrocycle from the electrodic surface to the working
solution [32]. The modification of electrodic surfaces with
mixtures of Nafion and MTRPs has shown to enhance
the stability and the electrocatalytic properties of these
macrocycles toward several analytes such as sulfite and
nitrite anion [12,33,34].

On the other hand, physical and chemical properties of
carbon nanotubes (CNTs) make them a good nano-struc-
tured material for different applications in a wide range
of technological fields including biology, chemistry, medi-
cine, electronic, materials and engineering [17,25]. CNT
represents a carbon material which is found in two types:
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single-wall carbon nanotubes (SWCNTs) that can be de-
scribed as a graphene sheet rolled into a cylinder and
multiwall carbon nanotubes (MWCNTs) composed of
concentric graphene sheets, namely, CNT of different di-
ameters within each other. SWCNTs have a typical diam-
eter between 1.2–5 nm, while for MWCNTs this value is
between 10 and 50 nm [17,35]. The MWCNT modified
electrodes show better performance due to its structure
that showed a higher active area, since, as previous re-
search has shown, both tube ends and defects in the walls
are electrochemically active sites [17,35,36]. Recently,
composites of metal nanoparticles [25,30] and porphyrins
[37,38] have been prepared with CNT showing enhanced
sensitivity towards small molecules such hydrogen perox-
ide [25], glucose [30], halides [37], nitrite [15,38] and
methanol [39]. On the other hand, this combined surface
between a good electrocatalysts and CNT is a potential
platform toward the design of biosensors since it is
known that MTRP allows electron transfer to enzymes
and CNTs are able to immobilize biomolecules because
keep a big active area and biocompatibility, enhancing
the analytical performance of this potential biosensor
[40].

The aim of this paper is the study of glassy carbon
modified electrodes with Nafion polyelectrolyte as a sup-
port, tetraruthenated metalloporphyrin (M=Co(II),
Ni(II) and Zn(II)) and MWCNT as electrocatalysts
toward the electrochemical detection of hydrogen perox-
ide in neutral media. The effect of incorporating carbon
nanotubes in the modification protocol was evaluated in
terms of the enhancement in the sensitivity of the result-
ing method.

These modified electrodes have been quantitatively
evaluated for amperometric detection of hydrogen perox-
ide at more favorable overpotential than bare glassy
carbon in neutral media.

The best response was obtained in the hydrogen perox-
ide electroreduction performed at ¢150 mV presenting
a low detection limit of 27.9 mM. Among all, electrochem-
ical methods using these modified electrodes are a simple
and sensible way to quantify hydrogen peroxide.

2 Materials and Methods

2.1 Reagents

All chemical reagents were analytically graded. Sodium
perchlorate, Nafion 117 and ferrocene methanol (FcOH)
were purchased from Sigma-Aldrich. Multiwall carbon
nanotubes 1–5 mm long and (30�14) nm diameter were
obtained from NanoLab (USA).

Methanol and hydrogen peroxide (30 % V/V aqueous
solution) were purchased from Merck.

The precursor complex cis dichloro (2,2’-bipyrydine)
ruthenium (II) dihydrate was prepared following the pro-
cedure described in the literature [41]. The supramolec-
ular complexes of Co(II), Ni(II) and Zn(II) m-{meso-
5,10,15,20-tetra(pyridyl)porphyrin}tetrakis{bis(bipyridi-

ne)(chloride) ruthenium(II)} (PF6)4 were prepared by the
method described by Toma et al. [31,32,41]. The purity of
these compounds was checked by optical absorption spec-
troscopy, elemental analysis and 1H-NMR.

2.2 Apparatus

Cyclic Voltammetry (CV), amperometry and scanning
electrochemical microscopy (SECM) measurements were
carried out with a CHI 900 setup (CH Instruments). Elec-
trochemical measurements using a rotatory disk electrode
(RDE) were carried out with a speed control unit BAS
RDE-I and BAS CV-50W.

Working electrodes were glassy carbon discs purchased
from CH Instrument (r=1.5 mm), the auxiliary electrode
was a Pt wire and reference electrode was Ag/AgCl both
from CH Instruments. All potentials are referred to this
reference electrode. For SECM measurements a carbon
fiber electrode (r=0.5 mm) homemade served as SECM
tip while glassy carbon electrodes (r=1.5 mm) from CH
Instrument were used as SECM substrate. A magnetic
stirrer provided the convective transport when necessary.

2.3 Preparation of Modified Glassy Carbon Electrode

After each experiment, the GC electrode was cleaned by
polishing with 0.3 mm and 0.05 mm alumina slurries. The
electrode was rinsed with double distilled, deionized
water and rinsed in an ultrasonic bath for 30 s, to remove
any remaining alumina and then rinsed again with abun-
dant deionized water.

The procedure for the preparation of the modified
electrodes (ME) is described briefly below.

GC/Nf-modified electrode. Five microliters of 1 %
Nafion solution diluted in methanol was placed on the
surface of the GC electrode, and it was allowed to dry at
room temperature (drop coating) [33,34].

GC/Nf/MTRP-modified electrode. The electrode GC/Nf
was dipped into a 1 mM methanolic solution of the com-
plex for 4 min (dip coating). The electrode was left to dry
at room temperature [33,34].

GC/Nf/CNT-modified electrode. The electrode surface
(GC/Nf) is modified with 5 mL of a dispersion prepared
from 1 mg of short multiwall nanotubes in methanolic
nafion solution by sonication for 20 min.

GC/Nf/CNT/CoTRP-modified electrode. The electrode
surface (GC/Nf/CNT) is modified with 8 mL of a disper-
sion prepared from 1mg of short multiwall nanotubes and
5 mM of CoTRP in methanolic alcoholic nafion solution
by sonication for 30 min.

2.4 SECM Experiments

The experiments were carried out in aqueous solutions
0.1 M NaClO4 pH 6, using Ferrocenemethanol (FcOH) as
redox mediator. The tip potential was held at 0.600 V to
produce the oxidation of FcOH, while the substrate po-
tential was held at ¢0.100 V to permit the feedback be-
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tween the electrodes, since FcOHox generated at the tip
is reduced at this potential regenerating the parent
FcOH.

Part of the film (no more than 1/3 of the surface) was
removed from the glassy carbon modified electrode.
Then, an approach curve was conducted on the bare
glassy carbon surface at a tip scan rate of 0.5 mms¢1. The
tip was stopped when iT reached 1.25 times the value of
iT,1 (iT,1=4nFDCa, where F is the Faraday constant, n is
the number of electrons transferred in the tip reaction, D
is the diffusion coefficient of electroactive species, C is
the bulk concentration of the species and “a” is the tip
radius). According to the theoretical curve that describes
the dependence of the iT with the distance between the
tip and the substrate (d), 1.25 times of iT,1 corresponds to
a d= ~10 mm, when a 5 mm tip radius is used [42].

After the approach curve, the tip was moved in the x-
direction to make sure that the tip is over the film and
a series of constant height 100 mm× 100 mm areas SECM
images were recorded at a tip scan rate of 1 mms¢1. The
results are presented in the dimensionless form of IT, by
normalizing the experimental feedback current (iT) by the
steady-state current obtained when the tip was far from
the substrate (iT,1), i.e. , IT = iT/iT,1.

2.5 Cyclic Voltammetry and Amperommetry
Measurements

The cyclic voltammetry and amperometry experiments
were performed using a 0.10 M NaClO4 (pH 6) as sup-
porting electrolyte. All the experiments were carried out
at room temperature.

3 Results and Discussion

3.1 Hydrodynamic Study of the Hydrogen Peroxide at the
GC/Nf/MTRP Modified Electrodes

Figure 1 shows the current-potential performance gener-
ated from hydrodynamic voltammograms for GC, GC/Nf/
CoTRP, GC/Nf/NiTRP and GC/Nf/ZnTRP modified elec-
trodes, in order to evaluate the effect of the metal ion
center present in the porphyrin ring, in presence of
0.01 M H2O2 and 0.1 M NaClO4 as supporting electrolyte.

Figure 1 shows that the modified electrodes decrease
the overpotential required for the hydrogen peroxide oxi-
dation in about 100 mV, compared to glassy carbon, and
an increase in the associated currents that clearly indi-
cates the catalytic activity of MTRP towards oxidation of
hydrogen peroxide. This effect is more pronounced at the
electrode containing CoTRP.

Also the formation of a molecular stacking of tetrar-
uthenated porphyrins on nafion polymer matrix and/or
electrode surface has been reported [12,43,44].

Acording to Da Rocha et al. [43] charge transfer mech-
anism in molecular stacks are based in four key points de-
tailed below.

i. Hole generation from the electrode to the ruthenium
complexes disposed next to the electrodic surface and
its propagation trough the porphyrin p system.

ii. Hole generation by jump of electrons only involving
the peripheral ruthenium complexes.

iii. Hole generation by jump of electrons involving the
metal ion coordinated to the porphyrin core.

iv. Through pure electronic conduction across the por-
phyrin p system.

Therefore, according to the available information and
considering that all the charge transfer mechanism above
mentioned occurs, it is possible to suppose that the differ-
ence in catalytic activity toward hydrogen peroxide
shown by the different modified electrodes should be di-
rectly related to the formation of porphyrin molecular
stacks on the nafion polymeric matrix and/or on the elec-
trode.

Considering that molecular stacks will depend of the
stacking capacity, an intrinsic characteristic of each mac-
rocycle, the formation of molecular stacks will depend di-
rectly on the number of electrons in the d orbitals of
metal center coordinated to the porphyrin; hence, pro-
moting or preventing charge transfer according to the
above mentioned mechanism iii.

Among the metals studied, Ni(II) is the only one that
can maintain the symmetry plane when it is coordinated
in the center of the macrocycle, fact which agrees with
the lower catalytic activity. On the other hand, Co(II)
and Zn(II) present larger ionic radius, therefore, when in-
serted in the central cavity, a change in the porphyrin sy-
metry is expected, mainly due to its position out of the
macrocycle plane. Due to this reason, molecular stacking
capacity should be increased because of their random
stacking, making a faster charge transfer through the
polymeric matrix. In addition it must be considered that
Co(II) in a square planar geometry afford a free molecu-
lar orbital able to bind oxo-species like O2 and H2O2 pre-
vious to electron transfer [45]. In contrast a Zn(II) metal
center is a closed shell ion without possibility of coordina-
tion of ligands (analytes) as a previous path to the elec-
tron transfer reaction. In consequence the enhanced mo-
lecular stacking ability of CoTRP and coordination prop-

Fig. 1. Steady-state current versus applied potential of GC (&),
GC/Nf/CoTRP (N), GC/Nf/NiTRP (~) and GC/Nf/ZnTRP (*)
obtained for the electrochemical reduction of H2O2 (0.01 M) in
NaClO4 (0.1 M) aqueous solution.
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erties of Co(II) ion as a metal center it must provide
a synergism toward oxidation and reduction of H2O2

better than other metal ions studied in this work.
As CoTRP was the macrocycle that presents the best

electrocatalytic activity, this complex was selected to eval-
uate the effect of incorporate CNTs in the electrodic sur-
face.

3.2 Voltammetric Characterization of Modified
Electrodes in H2O2 Electrocatalysis

The cyclic voltammetry of GC, GC/NTC, GC/Nf/CoTRP
y GC/Nf/NTC/CoTRP modified electrodes in the oxida-
tion of H2O2 is shown in Figure 2.

As shown in Figure 2 (C,D) H2O2 oxidation current on
modified electrodes is several times higher than those
registered for GC and GC/NTC (Figure 2A,B), confirm-
ing the electrocaytalytic character of these modified elec-
trodes where the redox couple responsible for this pro-
cess is Ru(III)/Ru(II) (see Figure 2C dotted line). Com-
paring both modified electrodes it is clear that GC/Nf/
CoTRP presents a reversible character for H2O2 oxida-
tion wheras in GC/Nf/CNT/CoTRP the oxidation of H2O2

occurs as a irreversible process (Figure 2C,D), also a sig-
nificant enhanced in the oxidation current for H2O2 is ob-
served in GC/Nf/CNT/CoTRP, these differences could be
attributed to the incorporation of CNT to the mixture of
the electrode, since CNT increase active of the electrode
and enhance conducting proprteries of the surface
[36,46].

The same experiments were carried for the reduction
of H2O2 (not shown), again modified electrodes showed
a better activity for the reaction under survey. In this case
it has been informed that metal ion in the cavity of the
macrocycle or a macrocycle reduction process it should
be the active redox center. This fact has been demonstrat-
ed for O2 and CO2 reduction [45].

Figure 3 shows the current-potential plot taken from
voltammograms under constant stirring for GC, GC/Nf/
CoTRP and GC/CNT/Nf/CoTRP modified electrodes.

This figure shows the presence of CNT significantly im-
proves the hydrogen peroxide electrooxidation and reduc-
tion ensuring a reliable electroanalytical quantification.

Incorporation of less than 5% w/w of carbon nano-
tubes has improved many properties in polymers, such as
mechanic resistance, resistance to thermic degradation or
thermal and electrical conductivity. However, increase of
the aforementioned properties in a polymeric nanocom-
pound requires the optimization of two conditions; the
first one related to the CNT dispersion and secondly its
integration to the polymeric matrix. In this study, an opti-
mal dispertion has been reached, increasing the above
mentioned properties in the GC/Nf/CoTRP modified
electrode.

Thus based in cyclic and hydrodynamic voltammetry
experiments (Figs. 1, 2 and 3), electroanalytical working
potentials were chosen as the minimal necessary to carry
out the reaction.

3.3 Amperometric Oxidation of Hydrogen Peroxide at
the GC/Nf/CNT/CoTRP Modified Electrodes

Since amperometry under constant stirring conditions is
much more current sensitive than cyclic voltammetry, this
method was employed in order to estimate the sensitivity
of the electrodes to detect H2O2. Figure 4 depicts the cor-
responding calibration plots and amperometric experi-
ments recorded at 600 mV obtained after sequential addi-
tions of hydrogen peroxide at GC/Nf/CNT/CoTRP modi-
fied electrode. These are shown in the insets of Figure 4.

In the above mentioned figure, a linear relationship be-
tween current response and the hydrogen peroxide con-
centration in the range 0 to 1 mM can be seen, while for
a higher concentration of H2O2, the plot current versus
analyte concentration deviates from linearity as a manifest
of surface saturation.

Fig. 2. Cyclic Voltammetry of A) GC, B) GC/CNT, C) GC/Nf/
CoTRP and D) GC/Nf/CNT/CoTRP in ausence (dotted line)
and presence (solid line) of 0.02 M H2O2 in 0.1 M NaClO4 solu-
tion. Scan rate 100 mV/s.

Fig. 3. Voltammetric behavior under constant stirring at GC,
GC/Nf/CoTRP and GC/Nf/CNT/CoTRP modified electrodes in
presence of 0.01 M H2O2 in 0.1 M NaClO4.
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The sensitivity of the sensors was estimated from the
slopes of the linear concentration range and the value is
8 nA/mM (Table 1). The limits of detection (LODs) calcu-
lated as three times the standard deviation of the blank
over the sensitivity was in the order of 10¢6 M (Table 1).
All the plots have linear coefficients above 0.99.

3.4 Amperometric reduction of Hydrogen Peroxide at the
GC/Nf/CNT/CoTRP Modified Electrodes

Figure 5 depicts the corresponding calibration plots and
amperometric experiments recorded at ¢150 mV ob-
tained after sequential additions of hydrogen peroxide at
GC/Nf/CNT/CoTRP modified electrode are shown in the
insets of Figure 5.

There is a linear relation between the current response
and peroxide concentration in the range 0 to 2.6 mM
(Figure 5). The sensitivity of the sensors was estimated
from the slopes of the linear concentration range and the
value is 4.3 nA/mM (Table 1). The limits of detection
(LODs) calculated as three times the standard deviation
of the blank over the sensitivity was in the order of
10¢6 M (Table 1). All the plots have linear coefficients
above 0.99.

In a general GC/Nf/CNT/CoTRP presents a LOD in
the same order of magnitude that several devices already
published, but it must be considered that the overpoten-

tial for oxidation-reduction of H2O2 on GC/Nf/CNT/
CoTRP modified electrode is significatively low. Compar-
ing the results of the present work with other modified
electrodes, see Table 1, it is observed that at oxidation po-
tentials GC/Nf/CNT/CoTRP presents a lower limit of de-
tection compared to a Nafion/PtPd-MWCNTs/GCE at
the same operative potential. At reduction potentials GC/
Nf/CNT/CoTRP presents lower LODÏs that TH/DNA/
nano-TiO2/GC at very near workin potential. [13–16,43].

The modified electrodes can easily be regenerated by
washing the surface with water; its catalytic activity re-
mains almost unchanged. The results obtained for GC/Nf/
CNT/CoTRP among them; the quick and easy prepara-
tion of modified electrode, production low cost in addi-
tion to its excellent stability and catalytic effect, show
that this modified electrode can potentially be used for
the determination and monitoring of H2O2.

3.5 Characterization of Modified Electrodes by
Electrochemical Scanning Microscopy

In order to understand the topography and the electro-
chemical activity of the electrodic surfaces, SECM experi-
ments were carried out [47,48]. Figure 6 shows the 3D
SECM surface-plot images of the GC/Nf/CoTRP, GC/Nf/
CNT/CoTRP and GC/Nf/CNT modified electrodes.

The electrode surface GC/Nf reveals an irregular elec-
trochemical activity; this fact can be explained in terms
of pores that are present in the polyelectrolyte film [33].
Thus, the generation of FcOHox positively charged could
be adsorbed in the negative pores of Nafion, covering the
surface area and preventing any other charge transfer in
this zone (not shown) [12,36]. In contrast, GC/Nf/CoTRP
has a homogeneous electrochemical activity, normalized
current presents values without variations, confirming the
close interaction between polyelectrolyte and the macro-
cycles forming a layer of sufficient thickness to cover the
polyelectrolyte surface entirely [12,49].

On the other hand, the ability of Nafion to disperse
CNT provides a useful avenue for preparing CNT-based
electrode transducers for a wide range of sensing applica-
tions [36]. Under the experimental conditions studied,

Fig. 4. Calibration curve. Inset: amperometric response of GC/
Nf/CNT/CoTRP obtained at 600 mV for the modified electrode
after successive additions of H2O2 0.01 M in NaClO4 0.1 M.

Fig. 5. Amperometric response of GC/Nf/CNT/CoTRP ob-
tained at ¢150 mV for the modified electrode after successive
additions of H2O2 0.01 M in NaClO4 0.1 M.

Table 1. Electroanalytic parameters for the determination of
H2O2 at GC/Nf/CNT/CoTRP modified electrodes in 0.1 NaClO4.

Electrode mM¢1 EAPPLIED/
mV

LOD/
mM

Sensitivity/
nA

GC/Nf/CNT/CoTRP ¢150 27.9 4.3
600 10.9 8.0

AgPs-SWCNT[13] ¢300 2.8 –
AgNPs/PoPD/GCE[13] ¢500 1.5 –
Ag/GC electrode[13] ¢440 10 –
PQ11-AgNPs/GCE[13] ¢300 33.9 –
Ag/GN-R/GCE[13] ¢400 28 –
Nafion/PtPd-MWCNTs/GCE[13] 600 31 –
TH/DNA/nano-TiO2/GC[16] ¢200 50 6.1
PdNPs[44] ¢500 2 2.7
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GC/Nf/NTC modified electrodes presenting clear evi-
dence of enhanced surface activity compared with GC/Nf.
However, the image shows regions with different electro-
activity, suggesting the existence of areas with different
amount of CNT indicating that the nanotubes are ar-
ranged randomly and not necessarily spatially ordered
which could reduce their catalytic efficiency.

When CNT are dispersed in the presence of Nafion and
CoTRP, the electrodic surface GC/Nf/CNT/CoTRP shows
a homogeneous electrochemical activity indicating that
specific interactions between CNT and CoTRP are favor-
ing the CNT dispersability.

By comparing GC/Nf/CoTRP with GC/Nf/CNT/
CoTRP, although both have similar catalytic activities
(current values) and the electrode surface exhibit a com-
parable homogeneity, it may be noted that the CNT-
modified electrode roughness is slightly higher; the result
was clearly influenced by the CNTs.

The addition of CNTs contributing to the formation of
a new molecular stacking different from that of MTRP by
altering the shape, surface-morphology, composition
chemical and physical properties including the catalytic
activity. This new hybrid assemblies between CNT and
MTRP by noncovalent p-p stacking, provides an excel-
lent opportunity collectively combine the exceptional
properties of these two materials [50]. In addition the use
of CNT provide the ability to anchor biomolecules, thus
projecting the use of this surface as a biosensor.

4 Conclusions

A simple procedure was used to modify glassy carbon
electrodes using a tetraruthenated metalloporphyrin (M=
Co (II), Ni (II) and Zn (II)) and Nafion polyelectrolyte
as a support (GC/Nf/MTRP). These modified electrodes
were compared with an analog that contained multiwall
nanotubes (GC/Nf/CNT/CoTRP) in the amperometric

oxidation and reduction of hydrogen peroxide in neutral
media (0.1 M NaClO4).

The GC/Nf/CNT/CoTRP modified electrode shows de-
crease of the potential required for the hydrogen perox-
ide reduction at about 150 mV compared to glassy carbon
under the same experimental conditions and also presents
low detection limit, high sensitivity, short response time,
satisfactory linear concentration range excellent stability
and good reproducibility.

Based on SECM experiments it was demonstrated that
the CNTs provide increased roughness and therefore an
enhanced active area.
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