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Here the performance in 4-Nitrophenol (4-NP) detection of magnetite-few layer graphene-based electrode was
reported. The prepared nanocomposite, synthesized according to a “wet chemistry” approach, was broadly
characterized: SEM and TEM images and XRD spectra indicate the formation of nanoparticles with a few
nanometers size dispersed on graphene layers. The sample was tested as an electrochemical sensor for the
detection of small traces of 4-NP in aqueous solutions with a limit of detection (LOD) of 4 uM. The sensor was
tested also for 1 month, showing proper operation and excellent stability.

1. Introduction

Phenol compounds are important intermediates in drugs, dyestuffs and pesticides synthesis (Yu et al., 2019).
These compounds have a remarkable role in agriculture due to high insecticidal activity, but, at the same time,
even at very low concentrations, lead to irreversible damage to organisms and plants (Saleem et al., 2018).
Among these, 4-Nitrophenol (4-NP), a chemical intermediate in the production of organophosphorus
insecticidal derivatives, is considered a key pollutant by the United States Environmental Protection Agency;
therefore, growing interest in developing methods for determining and the removal of this compound has been
raised. Several techniques (e.g. capillary zone electrophoresis, UV-vis spectrophotometry, fluorescence, gas
and liquid chromatography) have been studied for the determination of 4-NP. However, to implement these
approaches, expensive devices and long analysis time are required.

Electrochemical techniques have drawn increasing attention thanks to the intrinsic advantages of these
methods (i.e. simplicity, easy operation, short analysis time, high sensitivity, the capability of on-line
monitoring and low cost) (Sarno et al., 2019a; Rahman et al., 2018). Electrochemical sensors were applied to
detect a variety of materials, such as heavy metals, DNA hybridization, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, pesticides, glucose and so on (Yogeswaran and Chen, 2008; Thiyagarajan et al.,
2014; Sarno and Ponticorvo, 2019a; Sarno and Ponticorvo, 2019b).

Graphene, a two-dimensional structure consisting of sp.-hybridized carbon, attracted significant attention
because of its chemical stability, high specific surface area, outstanding charge transport mobility, mechanical
strength and so on. Graphene-based materials were applied for new energy batteries, flexible screens,
supercapacitors, and innovative sensors (Sarno et al., 2016; Ambrosi et al., 2016; Ciambelli et al., 2004). On
the other hand, the extensive research work has been done related to magnetite (Fe3O4) (Setyawan and
Widiyastuti, 2019; Ali et al., 2016; Sarno et al., 2019b) nanoparticles due to their special qualities, such as low
cost, easy preparation, low toxicity, magnetic and optical properties, and biocompatibility (Gerent and Spinelli,
2017; Bharath et al., 2015). Hybrid structures, constituted by two or more nanomaterials, have shown some
interesting catalytic properties thanks to the interfacial interactions between different components. This is seen
in enhanced catalytic power, obtaining nanostructures more active than either single material. Herein, a novel
4-nitrophenol sensor with superior electrocatalytic performance, obtained by modifying the glassy carbon
electrode with a synthesized Fe;Os-graphene nanohybrid, was reported. The electrocatalytic performance
sensor was evaluated by cyclic voltammogram (CV) and differential pulse voltammetry (DPV) analysis. The
proposed sensor exhibits low detection limits and high sensitivity. Scanning Electron Microscopy (SEM),
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Transmission Electron Microscopy—Energy-dispersive X-ray spectroscopy (TEM-EDS) and X-ray diffraction
(XRD) were employed for materials characterization.

2. Experimental Section
2.1 Nanocomposite preparation

Few-Layer Graphene (in the following “G”) was obtained by sonication of graphite in N-methylpyrrolidone
(NMP, spectrophotometric grade> 99.0%) (Guadagno et al., 2015; Sarno et al., 2015). After subsequent
centrifugations, G: with a lateral sizes of few micrometers; a number fraction of monolayer graphene (number
of monolayers/total number of flakes) equal to 22%; more than 85% of the number of the total sheet have
layers ranging from 1 to 6; and a fraction of the total sheets with layers raging between 25-40, was recovered.

Fes04 dispersed on G based nanocomposite, in the following named Fe304/G, was obtained using standard
airless procedures and commercially available reagents. Fe304/G was prepared by thermal decomposition of
iron acetylacetonate in an organic solvent in the presence of G with a Fe304/G weight ratio equal to 0.15,
using oleic acid and oleylamine as surfactant agents (Liu et al., 2015; Tripathy and Mishra, 2017).

2.2 Characterization methods

A Bruker D8 X-ray diffractometer with monochromatic CuKa radiation was used for measurements of powder
diffraction profiles. TEM images were acquired using FEI Tecnai electron microscope, operating at 200 kV
with a LaBs filament as the source of electrons, equipped with an energy-dispersive X-ray spectroscopy (EDX)
probe. For the preparation of the TEM sample, 0.1 mg of the nanocomposite dispersed in hexane was
deposited on carbon-coated electron microscope grids. Scanning electron microscopy (SEM) images were
obtained by the use of a Phenom electron microscope, equipped with an energy dispersive X-ray (EDX)
probe.

Electrochemical characterization was carried out by means of Autolab PGSTAT302N potentiostat/galvanostat.
In detail, a conventional three-electrode system was composed of a glassy carbon electrode (GCE) as the
working electrode, a Pt foil as the counter electrode, and Ag/AgCI (3 M KCI saturated with AgCl) as the
reference electrode, respectively. Cyclic voltammogram (CV) and differential pulse voltammetry (DPV) tests
were performed in a wide 4-nitrophenol concentration range (10-500 pyM).

3. Results and discussion

The XRD spectrum of the prepared nanocomposite is shown in Figure 1.
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Figure 1: XRD spectrum of Fes04/G.
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A series of characteristic peaks: (220), (311), (400), (4 2 2), (511), and (440), which are in good agreement
with the inverse cubic spinel phase of Fe;O4 (magnetite, JCPDS card no. 85-1436), were observed. These
results are similar to those reported in the literature (Wang et al., 2011; Yang et al., 2018). The mean
crystallite diameter obtained from the diffractogram, by using the Scherrer's formula, is 7 nm. Furthermore, the
typical peak at (002) of pristine graphite is visible, which intensity is comparable with that of nanoparticles
indicating delamination of the graphite into more thinner graphene and multilayer graphene sheets (Sarno et
al., 2012).

To evaluate the morphology of the as-prepared nanocomposite, a TEM image is shown in Figure 2a. The
image revealed that the FezOs NPs, with uniform size, are attached to the G sheets even after the
ultrasonication used to disperse Fe3z04/G for TEM characterization. The particle size distribution, obtained
from the statistical analysis of over 100 NPs showed that the average diameter of the inorganic core is d = 7.2
nm with o = 1.05 nm. The corresponding electron diffraction pattern, not shown here, confirms the ferrite
nature of nanocrystals.

SEM image of Fe304/G was reported in Figure 2b. The EDX maps provided information about the
nanoparticle's disposition both topographically and quantitatively. Iron and oxygen were homogeneously
distributed on carbon, their maps, superimposable to this of carbon, were also given in Figure 2b.

— L

Figure 2: TEM image of Fe304/G (a) and SEM image of Fe304/G and EDX maps of carbon, oxygen, and iron
(b).

The N2 adsorption-desorption isotherm of prepared nanocomposites is shown in Figure 3. A BET surface area
of 512 m2/g due to the G content and a mesoporosity between G sheets (total pore volume 1.10 cm3/g,
micropore volume 0.16 cm3/g), were observed.
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Figure 3: Nitrogen adsorption-desorption isotherms of Fe304/G.
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The multimodal mesopore size distribution (BJH (Barrett-Joyner-Halenda) pore distribution) is centered at 2.7
(interparticle surface porosity), 16 and 35 nm (pores between nanoparticles aggregates). A microporosity
ensuring a suitable surface area was observed together with mesopores (Villarroel-Rocha et al., 2014).

4-NP was detected by CV and DPV measurements on the Fe3;04/G nanocomposite deposited on a GCE
electrode over the very wide concentration range of 10-500 yM. In Figure 4, the DPV curves obtained at
different concentrations of 4-NP over the concentration range of 100-500 uM, are shown. The potential peak
for electrochemical 4-NP detection is observed at ~ 1 V.
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Figure 4: DPV curves of Fe304/G for various 4-NP concentrations. The continuous line indicates the results
obtained with a solution without 4-NP. Amplitude: 25mV; Scan rate: 10 mV st

In Figure 5a the linear relationship between the peak currents and the concentrations from 0.01 mM to 0.10
mM can be observed. The linear equation (R2 of 0.969) is:

| (MA) =4.04%107-5+8.067*10"-5*C (mM) (1)
where C is the 4-NP concentration.
The limit of detection (LOD) and the limit of quantification (LOQ) were calculated using the following
equations:

3*d

b (2)

LOD=

10*5

b @)

LOQ=

where § is the standard deviation, b is the slope of the calibration curve (Sarno et al., 2019a).

The calculated LOD and LOQ are 0.004 mM and 0.016 mM, respectively.

In order to determine the storage stability of the Fe3O04/G electrode, its 4-NP detection performance was
monitored for 1 month. Figure 5b shows the relationship between the peak current at different days. During 30
days storage period, the electrode retained 97% of the initial response current, revealing good storage
stability, higher than that reported in the literature so far (Tang et al., 2013).
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Figure 5: Calibration plot of the DPV curves in the 4-NP concentration range 0.01-0.1mM (a). Peak current of
different storage days of 4-NP by DPV response. Amplitude: 25mV; Scan rate: 10 mV st (b).

The Fe304/G electrode was further explored to detect the 4-NP in tap water for the real sample analysis. The
accuracy of the detection of 4-NP was obtained through DPV in real samples. The obtained results are
summarized in Table 1, confirming the good electrochemical responses. The obtained recovery values range
from 96% and 100%, which reveals the appreciable practicality of the 4-NP sensor.

Table 1: Determination of 4-NP in tap water samples using DPV analysis

4-NP 4-NP Recovery
added detected
[%]

[mM] [mM]

0.01 0.01 100

0.05 0.049 98

1 0.957 96

10 9.540 96

100 98.82 99

4. Conclusions

In summary, a simple and efficient strategy was applied to synthesize magnetite nanoparticles dispersed on
few-layer graphene. TEM and SEM images confirmed the formation of the aforementioned nanocomposite
structure. The prepared nanocomposite has been tested as an electrochemical sensor in order to detect small
traces of 4-NP in aqueous solutions.

Fe304/G electrode showed excellent behavior as 4-NP sensor: high peak currents intensities, excellent linear
ranges of detection (10-500 uM), low detection limit (0.004 mM) and favorable stability. So this sensor may be
a good and cheap choice in practical applications.
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