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Low dimensional carbon allotropes are the most used materials in composites. In addition, when mag-
netic nanostructures are assembled with carbon-based materials, a versatile material for building sensi-
tive electrodes is achieved. Here, we propose a route to obtain magnetic composites based on both
graphene oxide and reduced graphene oxide with permalloy nanowires. A comparative analysis of the
electrochemical performance for such composites reveals that a relatively small amount of magnetic
nanowires leads to an increased conductivity with respect to that of the pristine matrix, being such effect
more pronounced for the graphene oxide-based composite. Therefore, the presence of permalloy nanos-
tructures plays a determinant role in the conductive properties of graphene oxide-based materials, pro-
viding an attractive alternative for sensing purposes.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Carbon-based composites arise as advanced materials for a new
generation of highly sensitive electrodes [1,2]. In fact, since com-
posites are constituted by two or more components of different
physical and/or chemical nature, an integration between any car-
bon allotrope and other different structures leads to a multifunc-
tional profile in the new hybrid material. In this framework,
graphene oxide (GO) as well as reduced graphene oxide (rGO), used
as a cheaper alternative source than graphene, can provide a robust
platform as building blocks of the composite matrix [3,4]. Further-
more, GO and rGO both supply high surface area and the possibility
of obtaining a family of GO and rGO with differentiated conductive
properties by controlling the reduction process. This is mainly due
to the presence of functional groups that behave as reactive points
to anchorage pollutants, which can be furthermore easily removed
[5,6]. In addition, the functional groups can also promote a co-
operative interaction with magnetic nanostructures, such as nano-
wires (NWs), inducing an effective assembly with them. These lat-
ter present a large surface-to-volume ratio, high shape anisotropy
and exhibit different properties in comparison to bulk, which
makes this type of materials very attractive for tuning the compos-
ite properties [7]. The use of magnetic nanostructures for environ-
mental applications provides advantages over non-magnetic ones,
since they can be removed from contaminated waters by applying
an external magnetic field [8] or enhance the electrical conductiv-
ity to increase the sensitivity in molecular sensors [8,9]. Among
magnetic nanomaterials, the alloy Ni80Fe20, known as permalloy
(Py), has evidenced remarked performance in several technological
applications for environmental remediation [10,11].

In this work, we develop an easy synthesis route to prepare
novel magnetic GO and rGO-based composites with potential use
as electrodes of interest in the environmental remediation field.
The morphology of the magnetic nanostructures was characterized
by scanning electron microscopy (FE-SEM), while the electrochem-
ical characterization of Py NWs, GO and rGO components as well as
of the obtained composites (Py NWs/rGO and Py NWs/GO) were
performed by cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS).
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2. Material and methods

Anodic aluminium oxide (AAO) of 1 lm wide and pores of
(28 ± 2) nm in diameter were obtained by applying a two-step
anodization process to aluminium substrates (Alfa Aesar,
99.997%) [12].

Py NWs were synthesized inside the AAO pores, by means of AC
electrodeposition, applying a peak-to-peak voltage amplitude
(VPP) of 16 V and a frequency of 200 Hz, during 1 min, at room tem-
perature. The electrodeposition process was carried out in aqueous
electrolytic bath of salts containing both Ni and Fe cations [12].
AAO templates were coated with Au at the backside to be used
as working electrode. The obtained NWs were decoupled from
the AAO template by dissolving the template with 1 M NaOH, for
30 min.

Commercial suspension of GO (0.04 mg/mL) from Graphenea
was employed. An emulsion constituted by 50 mg of commercial
rGO powder (Graphene Supermarket) and 10 mL of isopropyl alco-
hol (Cicarelli) was prepared, followed by sonication during 1 h.
Raman spectra of GO and rGO samples employed for composites
are shown in Fig. S1. Sonication was also applied to Py NWs to
avoid agglomeration. Sputtered Au on Al was used as substrate
(S) for all samples in order to facilitate the handling. The magnetic
composites were obtained by sequential steps of dripping the
decoupled Py NWs onto the rGO flakes supported on S (S/rGO/Py
NWs), on the one side, and Py NWs onto GO layers deposited on
S (S/GO/Py NWs), on the other side, up to reach 80 mL of each com-
ponent for both composites [12].

An 8-nm thick Cr coating was deposited on the surface of the Py
NWs sample by means of sputtering, prior to morphological and
elemental composition characterization performed by a Field-
Emission Scanning Electron Microscope (FE-SEM Zeiss Rigma)
with an Energy Dispersive Spectrometer (EDS Oxford of 80 mm2

of surface).
The electrochemical properties have been characterized by Cyc-

lic Voltammetry (CV) and Electrochemical Impedance Spec-
troscopy (EIS), using an AUTOLAB PGSTAT100. A 0.1 M
KNO3 aqueous solution was used as electrolyte, at room tempera-
ture. The voltamperograms were measured using a window poten-
tial between �0.8 and 0.8 V at 0.01 Vs�1. For EIS, the first and last
applied frequency was 104 Hz to 2 � 10–2 Hz, respectively, record-
ing 60 frequencies and applying a VPP = 10 mV.
Fig. 1. Py NWs: (a) FE-SEM image of decoupled NWs and (b) EDS spectrum of the elem
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3. Results and discussion

Fig. 1a shows FE-SEM images of Py NWs that were collected
over the substrate after decoupling them from the AAO template.
This procedure yields ~1 mm long Py NWs as well as of Py NWs
arrays that are still embedded inside the alumina membrane. Both
Py NWs configurations, individual ones and arrays, are randomly
orientated on the substrate and exhibit a serrated morphology, as
it is observed in the SEM image. As well, Py NWs of shorter lengths
due to the decoupling process are observed. In addition, elemental
analysis of the Py NWs carried out by EDS shows the presence of
Ni, Fe, O, Al (Fig. 1b). Ni and Fe elements are expected because of
the alloy composition of the NWs, while the O signal has probably
two contributions, one coming from the residual AAO membrane,
and the other due to certain degree of oxidation of the Py NWs
[12]. The Al signal corresponds to substrate or undissolved
template.

In Fig. 2, CV responses for rGO and GO films display a typical
capacitive shape, showing higher currents for rGO than for GO, in
good agreement with its conductive properties. On the other hand,
the current response for the Py NWs shows the presence of anodic
and cathodic peaks at around 0.3 V. This is due to Ni and Fe oxida-
tion and reduction. For the case of S/GO/PyNWs and S/rGO/PyNWs
composites, no major changes in the voltamperogram shapes are
observed, in comparison to carbonaceous components. In addition,
for the GO based composite electrode (Fig. 2b), incipient peaks are
observed at around 0.3 V (see arrows), indicating that Py NWs
redox reactions take place.

Fig. 3a and b show the Bode representation of the EIS responses
for both composites as well as for individual components. For all
samples, the double-layer capacitive behaviour is obtained in the
0.1–100 Hz frequency region, meanwhile at very low frequencies
the impedance extrapolates to the resistive comportment of the
electrodes. Fig. 3c depicts the trend for each electrode resistance
at very low frequencies.

A conductivity 20 times higher than that of GO film is obtained
for the S/GO/Py NWs composite, evidencing the noticeable contri-
bution of the Py NWs, even at low amounts in comparison to the
massive carbonaceous matrix. Comparatively, the contribution of
the Py NWs to the conductivity of rGOmatrix is ~2.5 times, indicat-
ing that the conduction is mainly through the rGO matrix. This lat-
ter behavior hints that Py NWs have lower global effect in the S/
ents. The unlabeled peaks correspond to the Au of the substrate and Cr coating.



Fig. 2. CV response at 0.01 V s�1 for (a) S, S/rGO, S/Py NWs and S/rGO/Py NWs composite, and (b) S, S/GO, S/Py NWs and S/GO/Py NWs composite.

Fig. 3. Electrochemical Impedance Spectroscopy response of individual and composites samples of (a) impedance module and (b) phase angle. (c) Bar graphs corresponding
to the resistance, Ro, at very low frequencies for the different systems: (1) S/GO, (2) S/rGO, (3) S/Py NWs, (4) S/GO/Py NWs and (5) S/rGO/Py NWs. The error bars are the
uncertainties of the resistances.
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rGO/Py NWs composite compared to the case of the GO-based one.
These results are in good agreement to VC response discussed
above.
4. Conclusions

Here we developed a method that allows performing magnetic
composites constituted by GO and rGO with Py NWs. A compara-
tive analysis between electrochemical results unveils that Py
NWs play a remarkable role in the increased conductivity observed
for both GO and rGO-based composites with respect to that of the
pristine matrix in each case, being significantly higher for GO than
for rGO case. Therefore, both composites show enhanced electro-
chemical performance, which make them promising materials to
be explored as electrodes for sensing devices.
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