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Electrocatalytic Activity of Nanohybrids Based on Carbon
Nanomaterials and MFe,O, (M = Co, Mn) Towards the
Reduction of Hydrogen Peroxide
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Abstract: We report the advantages of hybrid nano-
materials prepared with electrogenerated ferrites
(MFe,O4; M: Co, Mn) and multi-walled carbon nanotubes
(MWCNTs) or thermally reduced graphene oxide
(TRGO) on the electro-reduction of hydrogen peroxide.
Glassy carbon electrodes (GCE) modified with these
hybrid nanomaterials dispersed in Nafion/isopropanol
demonstrated a clear synergism on the catalytic reduction

of reduction of hydrogen peroxide at pH 13.00. The
intimate interaction between MFe,O, and carbon nano-
materials allowed a better electronic transfer and a
facilitated regeneration of M?>" at the carbon nanomate-
rials, reducing the charge transfer resistances for hydrogen
peroxide reduction and increasing the sensitivities of the
amperometric response.
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Hydrogen peroxide is a key metabolite intimately related
to several metabolic pathways and is widely used in food,
pharmaceutical, chemical and biochemical industries
[1,2]. The study of the electroreduction of hydrogen
peroxide has received considerable attention mainly due
to the importance of the development of oxidases-based
biosensors, non-enzymatic sensors and fuel cells. Taking
into account that the reduction of hydrogen peroxide at
conventional electrodes requires elevated overvoltages,
one of the key aspects is the development of materials
that allow the decrease of these overvoltages. In this
regard, several alternatives have been proposed [3,6].
Among them, the use of metals and metal oxides have
received considerable attention. In fact, metals like
rhodium, copper, platinum, gold or their combination [7-
16]; metal oxides such as copper oxide, manganese oxide
[17-21]; perovskites [22-23] and electrogenerated ferrites
[24-26] have been successfully used for this task.

Spinel ferrites present unique electronic, optical,
magnetic and catalytic properties that make them very
interesting nanomaterials [27]. In particular, the electro-
generated ones present interesting advantages mainly
connected with the possibility to tune their size and
composition [28,29]. Carbon nanotubes (CNTs) present
important advantages mainly connected with their high
surface-to-volume ratio, their unique electronic properties
and the presence of edge-plane like defects that make
them a very interesting material for electroanalytical
applications [30,31]. Since 2004, graphene has received
enormous attention due to its high thermal conductivity,
high electron mobility at room temperature, capacity to
maintain high current densities, and easy functionaliza-
tion, among others [32]. Both carbon nanomaterials have
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been widely used in the field of electroanalysis as the
explosive increase in the number of papers have demon-
strated. Hybrid nanomaterials prepared by association of
carbon nanostructures and different nanoparticles have
demonstrated better performances than similar configu-
rations using the individual components as a consequence
of the combined properties or synergistic effect of the
individual materials [33-35]. Madhura et al. [36] have
reported the synergism between MnFe,O, and reduced
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graphene oxide (rGO) nanohybrids on the catalytic
reduction of hydrogen peroxide. Ensafi et al. [37] have
proposed the use of glassy carbon electrodes (GCE)
modified with exfoliated GO decorated with CoFe,O, for
the quantification of hydrogen peroxide and NADH,
reporting a synergistic effect as a result of the combina-
tion of the nanomaterials. Teymourian et al. [38] have
reported the electrocatalytic activity of nanocomposites
constituted by Fe;O, magnetic nanoparticles and rGO
nanosheets towards the reduction of hydrogen peroxide
and O, and the oxidation of NADH.

In this work we report the catalytic activity of hybrid
nanomaterials obtained by combination of electrogener-
ated nanosized ferrites (MFe,O,, where M: Mn and Co)
and multi-walled carbon nanotubes (MWCNTs) or ther-
mally reduced graphene oxide (TRGO) towards the
reduction of hydrogen peroxide at pH 13.00. In the
following sections, we perform a critical comparison of the
catalytic activity towards the reduction of hydrogen
peroxide for glassy carbon electrodes (GCE) modified
with the nanohybrids (MWCNTs-MFe,O, and TRGO-
MFe,0,) and the individual nanomaterials (MWCNTSs,
TRGO and MFe,0,) dispersed in Nafion/isopropanol/
water (Naf-IP).

Figure 1 shows TEM micrographs of the electrogen-
erated CoFe,O, (A) and MnFe,O, (B) nanoparticles
(NP). Both NPs present almost spherical shapes and,
according to the histograms displayed in the insets (N=
100 NP), the sizes are (18+3) nm and (19+3) nm for
CoFe,0, and MnFe,0,, respectively. These values are in
agreement with those obtained from X-ray diffraction
patterns (not shown).

Figure 2 compares the polarization curves obtained for
1.0x1072 M hydrogen peroxide at GCE and GCE modi-
fied with different materials, either carbon nanostructures
(TRGO or MWCNTsy), ferrites (CoFe,O, and MnFe,0,),
or hybrids carbon nanomaterial/ferrite (MWOCNTSs-
CoFe,0,, MWCNTs-MnFe, O, TRGO-CoFe,O, and
TRGO-MnFe,0,). Figure 2A displays the polarization
curves for hydrogen peroxide at GCE (black), GCE/
MWCNTSs (red) and GCE/TRGO (green). The presence
of TRGO and MWCNTs at the glassy carbon surface
produces a decrease on the onset potentials for the
reduction of hydrogen peroxide (87 and 25 mV, respec-
tively) and an increase of the maxima hydrogen peroxide
reduction currents (13 and 6 pA for GCE/MWCNTSs and
GCE/TRGO) compared to GCE (maximum current
4 uA). The modification of GCE with CoFe,O, (Fig-
ure 2B, blue) or MnFe,0, (Figure 2C, blue), produced a
decrease in the onset potentials for hydrogen peroxide
reduction similar to that observed in the presence of the
carbon nanomaterials (compared to GCE). The associated
currents show an enhancement even more pronounced
that in the case of GCE/carbon nanomaterials (32 and
24 pA for GCE/CoFe,O, and GCE/MnFe,0,, respec-
tively), clearly indicating the catalytic activity of the
ferrites towards the reduction of hydrogen peroxide. The
analysis of the polarization curves for GCE modified with
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Fig. 1. TEM images of CoFe,O, (A) and MnFe,O, (B). The inset
shows size histograms (N =100 NP).

the nanohybrids (GCE/MWCNTs-CoFe,O, (Figure 2B,
red), GCE/TRGO-CoFe,O, (Figure 2B, green), GCE/
MWCNTs-MnFe,O, (Figure 2C, red), and GCE/TRGO-
MnFe,0, (Figure 2C, green)) indicates that the onset
potentials for hydrogen peroxide reduction do not present
significant changes compared to GCE/ferrites. However,
the reduction currents largely increase compared to GCE/
ferrites and GCE/carbon nanomaterials (106, 58, 92 and
50 pA for GCE/MWCNTs-CoFe,0,, GCE/TRGO-CoFe,,
GCE/MWCNTs-MnFe,0, O, and GCE/TRGO-MnFe,0,,
respectively). These profiles are a clear evidence of the
catalytic behavior of MFe,0O, towards the reduction of
hydrogen peroxide mediated by the nanoparticle metallic
center (Co or Mn) and the synergism between the
nanomaterials.
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Tafel plots for the different systems are presented as
insets of Figures2A, B and C. The slopes for GCE/
CoFe,0,, GCE/MnFe,0,, GCE/MWCNTs-CoFe,O,,
GCE/MWCNTs-MnFe,0, GCE/TRGO-CoFe,O, and
GCE/TRGO-MnFe,0, are —(0.063+£0.005), —(0.063+
0.004), —(0.059+0.002), —(0.058+0.009), —(0.059+
0.003), and —(0.058+£0.002) Vdec™!, respectively, that is,
the Tafel slopes for all the electrodes modified with
ferrites, either alone of associated with MWCNTs or
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TRGO, are around 0.059 Vdec™'. On the contrary, in the
absence of MFe,0,, the Tafel slopes are higher: —(0.11+
0.01) Vdec™; (—(0.130£0.009) Vdec™ and (—(0.11+
0.06) Vdec ™' for GCE; GCE/TRGO and GCE/MWCNTs,
respectively. These values of Tafel slopes indicate that
when the ferrites are present at the electrode surface, the
catalytic reduction of hydrogen peroxide is mediated by
M?*, while in the absence of ferrites the determining rate
step is the charge transfer at the carbon materials.

To obtain complementary information about the
electrochemical behavior of hydrogen peroxide at the
different electrodes, we performed EIS experiments for
GCE, GCE modified with the individual nanomaterials
(MWCNTs, TRGO, CoFe,O, and MnFe,O,) and GCE
modified with the hybrid nanomaterials (GCE/MWCNTs/
MnFe,O,, GCE/MWCNTs/CoFe,0,, GCE/TRGO/
CoFe,0, and GCE/TRGO/MnFe,0,). The experimental
data for GCE, GCE/TRGO and GCE/MFe,0, were fitted
with a (R(R.,Cy)) circuit, where R, is the electrolytic
resistance, R, the charge transfer resistance and C, the
double layer capacitance. in the case of GCE modified
with the hybrid nanomaterials the systems were fitted
using an equivalent circuit with two additional elements, a
capacitance (C,) and a resistance (R,) associated with the
electrocatalytic activity of the carbon nanomaterials (R,
(RC)(R,(Cy)). Every (R,C,) represent one time-constant,
associated with each nanomaterial present in the hybrid.
In the particular case of GCE/MWCNT, the data were
also fitted with the second circuit, since two time-
constants are present, probably due to the existence of
some residual impurities in the MWCNT. Figure 3A shows
Nyquist diagrams obtained for 1x102 M hydrogen
peroxide at GCE/Naf-IS (a), GCE/MnFe,O, (b) and
GCE/CoFe,0, (c). The presence of MFe,O, produces a
huge decrease of R, due to their catalytic activity towards
the reduction of hydrogen peroxide. In fact, R decreases
from (1.084+0.04) 10° Q at GCE/Naf-IP to (1.14+0.1) x 10*
and (124+0.3)x10°Q at GCE/CoFe,0, and GCE/
MnFe,0,, respectively. The analysis of Figures 3B and 3C
indicate that the modification of GCE with the hybrid
nanomaterials produces a drastic decrease in R, com-
pared either to GCE/carbon nanomaterial or GCE/
MFe,0,, reaching values of (1.2+0.5)x10* and (2.7+
0.5)x10°) Q@ for GCE/MWCNT-CoFe,O, and GCE/
MWCNT-MnFe,0,, respectively (Figure 3B); and (1.7+
0.5)x10° and (3.5£0.5)x10°)) Q for GCE/TRGO-
CoFe,0, and GCE/TRGO-MnFe,0,, respectively (Fig-
ure 3C). Therefore, the modification of GCE with ferrites
produces a drastic decrease in the R, although this
decrease is considerably more important when GCE is
modified by the nanohybrid materials (MWCNT-MFe,O,
or TRGO-MFe,0,), demonstrating once more the syner-
gism between ferrite NP and carbon nanostructures.

To obtain additional information about the catalytic
activity of the nanomaterials towards hydrogen peroxide
and evaluate the potential analytical application of GCE/
nanohybrids, we also performed amperometric experi-
ments at —0.400V in a NaOH pH 13.00 solution for
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Fig. 2. Polarization curves for 1.0 x  10-2  M hydrogen peroxide prepared in 0.100 M NaOH, pH 13.00 obtained at: (A) GCE (black), GCE/TRGO (green) and GCE/MWCNT (red); (B) GCE/CoFe2O4 (blue), GCE/TRGO-CoFe2O4 (green) and GCE/MWCNT-CoFe2O4 (red); C) GCE/MnFe2O4 (blue), GCE/TRGO-MnFe2O4 (green) and GCE/MWCNT-MnFe2O4 (red). Inset show the corresponding semilogaritmic Tafel plots.  
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Table 1. Sensitivities for hydrogen peroxide reduction obtained

from amperometric recordings at
pH 13.00 using different electrodes.

—0400 V in NaOH solution

Electrode Sensitivity (LAmM ™)
GCE/Nat-IP 0.29+£0.03
GCE/MWCNT 1.034+0.09
GCE/TRGO 1.184+0.09
GCE/CoFe,0, 0.7+0.1
GCE/MnFe,0, 09402
GCE/MWCNT-CoFe,0O, 4.0+04
GCE/MWCNT-MnFe,0, 42406
GCE/TRGO-CoFe,0, 3.34+0.2
GCE/TRGO-MnFe,0, 2.1+0.3
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Fig. 3. Nyquist plots for the impedance spectra obtained for
different electrodes: (A) GCE/Naf-IP (a) and GCE/MFe,O, (Mn,
b; Co, ¢) (B) GCE/MWCNT (a) and GCE/MWCNT-MFe,0, ,
(Mn, b; Co, ¢) (C) GCE/TRGO (a) and GCE/TRGO-MFe,0O,

(Mn, b; Co, c). Working potential: —0.400 V. Frequency range:
10 KHz to 10 mHz; Potential perturbation: 10 mV.

0 500 1000

successive additions of hydrogen peroxide. The corre-
sponding sensitivities are shown in Table 1. Compared to
GCE/Naf-IP, the sensitivities for hydrogen peroxide
reduction increases 2.9 and 3.7 times when GCE is
modified with CoFe,O, and MnFe,O,, respectively, as
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expected considering the catalytic activity of MFe,O,. The
modification of GCE with MWCNT-CoFe,O, and
MWCNT-MnFe,O, produced important enhancements of
the sensitivities, which are even higher than the hypo-
thetical sensitivities obtained by addition of the sensitiv-
ities for GCE/MWCNTs and GCE/MFe,O,. In fact, the
values for GCE/MWCNTs-CoFe,0O, and GCE/MWCNTs-
MnFe,0O, are 2.3 and 2.2 times higher than the values
resulting from the addition of the sensitivities obtained
with GCE/MWCNTs and GCE modified with the corre-
sponding ferrite. A similar behavior is observed for GCE/
TRGO-MFe,0,, with sensitivities 1.8 and 2.0 higher than
the addition of the individual sensitivities for GCE/
TRGO-CoFe,0, and GCE/TRGO-MnFe,O,, respectively.
Thus, in agreement with previous results, the synergism
between MnFe,O, and carbon nanostructures is also
evidenced from the amperometric detection of hydrogen
peroxide. Considering that the highest sensitivities were
obtained for GCE/MWCNTs-CoFe, O, and GCE/
MWCNTs-MnFe,0,, we evaluated their short-term stabil-
ity from amperometric experiments at —0.400 V using the
same electrode surface. In the case of GCE/MWCNTs-
CoFe,0,, the sensitivity (obtained from amperometric
experiments for successive additions of hydrogen
peroxide) remained in 95% and 83 % of the original one
for the second and third calibration plots, respectively.
The sensitivity for the fourth calibration was 60% and
remained almost constant up to the tenth one. The
average for ten sensitivities, given as percentage of the
original one, was 71%. In the case of GCE/MWCNTs-
MnFe,0,, the sensitivities remained very close to the
value obtained with the fresh electrode even after the
calibration number 10, with an average of 91.3% for the
10 successive calibrations.

In summary, the significant changes in the maximum
currents, R, and sensitivities for the reduction of hydro-
gen peroxide obtained at GCE/MFe,O,-carbon nanomate-
rials clearly indicate that the nanohybrids resulting from
the association of MFe,O, with MWCNT or TRGO
facilitates the regeneration of M** at the carbon nano-
materials, producing a synergism in the catalytic reduction
of hydrogen peroxide. This synergism makes MWCNTs-
MFe,0, and TRGO-MFe,O, nanohybrids important ana-
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lytical tools for the development of electrochemical (bio)
sensors, not only for hydrogen peroxide quantification but
also for the detection of other analytes based on the
measurement of hydrogen peroxide reduction.

Experimental

Hydrogen peroxide and isopropanol (IP) were purchased
from Merck. Nafion (Naf) was acquired from Sigma. Iron
(99.5%), cobalt (99.9%) and manganese (99.5%) foils
were obtained from Goodfellow. Multi-walled carbon
nanotubes (MWCNTs, 5um length and (15+5) nm
diameter) were obtained from NanolLab and used as
received. Graphene oxide (GO) was obtained from
Graphenea. All the other chemicals were reagent grade
and used without further purification.

Ultrapure water (p=18M Q-cm) from a Millipore-
MilliQ system was used for preparing all the solutions. A
NaOH solution pH 13.00 was employed as supporting
electrolyte.

The electrosynthesis of ferrite nanoparticles (NPs) was
performed with a potentiostat/galvanostat VersaStatTM
EG&G Instruments from Princeton Applied Research.
Amperometric experiments and LSV were performed
with a PALM SENS potentiostat (4 channels EmStat 3).
EIS experiments were performed with a CHI-650 poten-
tiostat (CH Instruments).

A platinum wire and Ag/AgCl, 3M KCIl (CH Instru-
ments) were used as counter and reference electrodes,
respectively. All potentials are referred to the latter. A
magnetic stirrer provided the convective transport during
the amperometric measurements.

Synthesis of MFe,O,: Cobalt (CoFe,0,) and manga-
nese (MnFe,O,) ferrite nanoparticles were prepared
according to [39]. Briefly, two anodes, one of iron (2 cm?)
and the other of cobalt or manganese (2 cm?®) parallel
positioned between them, and a cylindrical iron counter
electrode (120 cm?) were placed in a 0.040 M tetrabuthyl
ammonium bromide aqueous solutions. Currents of 80
and 50 mA were applied for 1800 s to iron/cobalt or iron/
manganese, respectively, to obtain cobalt or manganese
ferrite NPs, both at room temperature. The resulting NPs
were then stabilized and functionalized with citric acid
according to [40].

The structural characterization of ferrite nanoparticles
was carried out by X-ray powder diffraction using a Siemens
D 5000 diffractometer, with a 6-20 geometry, equipped with
a primary and secondary monochromators and a SOL—X
Bruker detector with a CuKa radiation. The morphological
observations of the nanoparticles were performed by trans-
mission electron microscopy (TEM) using a JEOL JEM
1010 operating at an accelerating voltage of 100 kV. The
samples were prepared by dropping 10 uL of the ferrites
dispersions onto copper grids coated with a carbon film and
drying at room temperature. The amount of cobalt and
manganese were obtained with an inductively coupled
plasma optical emission spectrometer (ICP-OES) Perkin
Elmer Optima 2100 DV.
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Thermally reduced graphene oxide (TRGO) : GO was
reduced by heating 100 mg at 950°C for 30s under
nitrogen atmosphere. The resulting material was charac-
terized by Raman spectroscopy, XPS and electrochemical
techniques [41].

Preparation of the dispersions (MFe,O,-MWCNTSs and
MFe,0,-TRGO): 0.40 mg of carbon nanomaterials, either
MWCNT or TRGO, were mixed with an amount of
MFe,0, equivalent to 0.1 mg of M and 500 pL of water/
isopropanol (4:1), and then sonicated in an ultrasonic
bath for 30 min. After sonication, 20 pL. of commercial
Nafion solution were added and sonicated for additional
30 min. Dispersions of carbon nanomaterials or ferrites
were prepared in the same way by using 0.40 mg of
MWCNT or TRGO or an amount of ferrites equivalent to
0.1 mg of M.

Preparation of GCE modified with the carbon nano-
materials-ferrite dispersion: GCEs were polished with
alumina slurries of 1.0, 0.30, and 0.05 um for 2 min each.
Before functionalization, the electrodes were cycled in a
0.050 M phosphate buffer solution pH 7.40 for ten times
from —0.300 V to 0.800 V at 0.050 Vs' and then modified
by dropping 20 uL MWCNT-MFe, O, (GCE/MWCNT-
CoFe,0, and GCE/MWCNT-MnFe,O,) or TRGO-
MFe, 0, (GCE/TRGO-CoFe, 0, and GCE/TRGO-
MnFe,0,). Once the solvent was evaporated at 50°C, the
modified electrodes were cycled ten times between
—0.300 V and 0.800 V at 0.050 Vs™' before starting the
electrochemical experiments. GCEs were also modified
with MFe, O, (GCE/CoFe, 0O, and GCE/MnFe,0,),
MWCNT (GCE/MWCNT) or TRGO (GCE/TRGO)
dispersions in a similar way. Control experiments were
performed with GCE modified with 20 uL of water/
isopropanol/Nafion solution (GCE/Naf-IP).

Polarization curves were obtained at 0.005 Vs™' in
deoxygenated 1.0x107>M hydrogen peroxide solutions.
Amperometric measurements were conducted in a deoxy-
genated NaOH solution pH 13.00 by applying the desired
working potential and allowing the transient currents to
decay to a steady-state value prior to the addition of the
analyte and subsequent current monitoring. EIS experi-
ments were performed in the frequency range between
10 KHz and 10 mHz, with a potential perturbation of
10 mV and a working potential of —0.400 V using a 2.5 x
1072 M hydrogen peroxide solution. The impedance spec-
tra were analyzed by using the Z-view program. All
measurements were performed in a deoxygenated
0.100 M NaOH pH 13.00 solution at room temperature.
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