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Development of an ultra-sensitive
para-nitrophenol sensor using tri-metallic
oxide MoO,-Fez04-CuO nanocompositesy
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A tri-metal oxide, MoO,-Fez04-CuO (TMO), was synthesized by the co-precipitation method and
characterized by XRD, SEM-EDS, and FTIR. The average particle size of the nanocomposite was found
to be 34.85 nm. The zeta potential and hydrodynamic size of the MoO,-Fez0O4-CuO nanocomposite
were studied in acidic and basic pH respectively. A glassy carbon electrode (GCE) was modified by
MoO,-Fez04-CuO to develop a chemical sensor for para-nitrophenol (p-NP). A simple /-V method was
employed for this study. Excellent sensitivity, an ultra-low detection limit, long-term stability, and
reproducibility of the MoO,-FezO4-CuO/Nafion/GCE sensor were observed towards p-NP. A linear
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calibration plot (r% 0.9995) was obtained for 1.0 pM to 0.01 mM aqueous p-NP solution, with a
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Introduction

There have been a number of studies on advances of mixed
metal oxide catalysts." The electronic and molecular struc-
tures of metal oxides have attracted special attention because of
the presence of multiple oxidation states and variable noncon-
ventional local coordination. They have simultaneous bulk and
surface phases as well as different surface functionalities.
Mixed metal oxides comprise the largest family of hetero-
geneous catalysts for numerous applications. Composite oxides
are better in terms of their catalytic activity than constituent
oxides. It is due to the increasing active acidic or basic sites as
well as the increasing surface area on mixed metal oxides.*
Many industrially important processes have been explored
with mixed metal oxide nanocomposites.’” Significant pro-
gress for technological development might be achieved by the
use of those nano mixed metal oxides. MoO, is a larger band-
gap semiconductor (3.85 eV) than MoO; (2.90 eV). When
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sensitivity value of 5.2430 pA uM~?

cm™2 and remarkably low detection limit (LOD) of 0.2 pM.

crystallized, MoO, showed spherical morphology whereas
MoO; forms hexagonal or rectangular plates, based on the
synthesis conditions.>® MoO, has excellent applications in
field emission devices, promising anode materials, and optical
materials.” Thermodynamically, the stability of the amorphous
phases is lower than that of orthorhombic MoO;.'® This oxide
is normally found in the orthorhombic phase, which has many
applications. This phase can be described as a layered structure
formed by covalent double layers of MoOg octahedra. There
have been studies on the antimicrobial, antioxidant, and cyto-
toxic effects of molybdenum oxide nanoparticles."

In nature, iron(m) oxide is found in the form of rust.
Generally, iron oxides are widespread, widely used as they are
inexpensive, and play an important role in many biological as
well as geological processes. They are also extensively used by
humans including iron ores in thermite, catalysts, durable
pigments (coatings, paints, and colored concrete), and hemo-
globin. The three most common forms of iron oxides in nature
are magnetite (Fe;O,), maghemite (y-Fe,O;), and hematite
(0-Fe,03). NPs composed of ferromagnetic materials and with
size <10-20 nm exhibit a unique form of magnetism, ie.,
super parg-magnetism.

Oxide-based nanomaterials such as CuO have been gaining
interest in nanomaterials research. Semiconducting oxides
such as CuO and Cu,O have distinguishing properties and
are now widely used as transparent semiconducting oxide
materials and chemical and biological sensors. This study
was conducted to synthesize and characterize a tri-metal oxide
from single metal oxides of interest, for exploring electrochemical
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sensor applications, because trimetallic oxide nanocomposites are
promising systems for toxin sensors, photocatalytic applications
and environmental safety, an efficient anti-bacterial agent against
MDR bacteria, and industrial sterilization mediators.*?™°

Phenolic compounds and their derivatives are extensively
used in the production of pharmaceuticals, dyes, pesticides,
etc., and are known as severe environmental toxins.'”'®
They cause severe damage to organisms and plants.”® para-
Nitrophenol (p-NP) is an ingredient of the parathion-
insecticide, which is a reason for anxiety because of its severe
effects. p-NP is considered as one of the major toxic pollutants
by the US Environmental Protection Agency (EPA).>%*' As a
result, for ecological security and food safety, there is an urgent
need to produce an effective method for the detection and
quantification of p-NP. Some traditional analytical methods
have been reported for the detection of p-NP.>*"** The electro-
chemical method offers various potential advantages such as a
fast response, cost-effectiveness, and simple operation steps
with good sensitivity and selectivity for the detection of p-NP.
Electrodes including gold and glassy carbon electrodes in the
electrochemical analysis are known to show good performance.
However, still there is a need for ultrasensitive detection for
a very low concentration of p-NP in pM in water. Modification
of electrodes with various nanostructured materials may offer
such opportunities.’®?” Carbon-based nanomaterial containing
electrodes such as carbon paste, carbon nanotube, and gra-
phene electrodes are used extensively in the electrochemical
determination of p-NP.*®*° Nanographene is an excellent
electrode material for p-NP determination because of its excel-
lent charge transport properties, large surface to volume ratio,
high electrocatalytic activity, and thermal conductivity.***!
There have been studies on the detection of p-NP using
graphene/graphene oxide modified electrodes within the range
of a few hundred nanomolar.*>

In the present study, we prepared a MoO,-Fe;0,-CuO nano-
composite by the co-precipitation method for the electroche-
mical detection of p-NP at ambient conditions. The structural
and morphological properties of M0oO,-Fe;0,-CuO were studied
by various techniques. After synthesis of M0oO,-Fe;0,-CuO, we
coated the nanocomposite onto a GCE for the evaluation of the
electrochemical performance for the detection of p-Np.**3*
Besides, we also compared the electrochemical response of
the MoO,-Fe;0,-CuO nanocomposite with a bare GCE and
Mo0O,-Fe;0,-CuO/GCE for the detection of p-NP, which
indicates that the MoO,-Fe;0,-CuO nanocomposite shows
better performance.

Experimental section

Materials and methods

MoCl, (Sigma Aldrich, Germany), Fe(NO;);-9H,0 (MERCK,
India), CuCl,-3H,0 (AR, BDH), Na,CO; (AR, BDH), NaOH
(AR, BDH), and HCI (AR, BDH) (GPR, BDH) were purchased
and used without further purification. Disodium phosphate,
monosodium phosphate, 2-aminophenol, 4-methoxyphenol,
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p-NP, 3-chlorophenol, 2,4-dinitrophenol, bisphenol A, hydra-
zine, paracetamol, 4-nitrophenyl hydrazine, and 5% ethanolic
Nafion solution were also purchased from Sigma-Aldrich.
All chemicals were of analytical grade and used without further
purification. The identification of the crystal phase and evalua-
tion of other structural information of the nanomaterials
studied in this work was performed by X-ray diffraction (XRD,
Bruker D8 Advance diffractometer, equipped with a graphite
monochromator). The diffraction patterns were recorded
within the 20 angle range from 10° to 80° in the step scan
mode at 0.05 steps and at a rate of 10 s per step.’* The surface
morphology was studied using a Scanning Electron Microscope
(SEM) with an Energy-Dispersive X-ray Spectrometer (EDS)
(JSM-7100F) linked with an EDS mapping appliance. FTIR
analysis of the samples was carried out using an FTIR spectro-
meter (Shimadzu, FTIR-8400S). The hydrodynamic size and
zeta potential were measured using a Zetasizer Nanoseries
(Nano-ZS90). I-V measurements of the fabricated MoO,-
Fe;0,-CuO/Nafion/GCE composites were conducted to detect
p-nitrophenol using a Keithley electrometer (6517A, USA) at
ambient conditions as reported recently.>*

Preparation of the TMO Mo0O,-Fe;0,-CuO nanocomposite

The MoO,-Fe;0,-CuO nanocomposite was synthesized by a
reliable and low-cost co-precipitation method. This synthetic
process was started by preparing 0.25 M solutions of MoCl,,
Fe(NO;)3-9H,0, and CuCl,-3H,0, which act as sources of
molybdenum, iron, and copper, respectively. All of them were
mixed in a beaker in the same volume ratio (50 mL) with
constant stirring for 15 minutes. To the above mixture 0.5 M
Na,CO; was added dropwise until completion of the reaction at
45 °C. The resultant mixture was stirred constantly for another
1 hour at 45 °C. When the reaction was completed, the white
precipitate was separated from the solution by centrifugation,
then washed several times with deionized water and finally
dried at 120 °C in an oven for 2 hours. The white sample was
calcined in an electric muffle furnace (Gallenkamp, Korea) at
600 °C.*® The calcination transformed the metal carbonates
into metal oxides.?® The reactions can be summarized as below:

(Mo®" + CI7) + (Na" + CO;*>7) + HOH — MoCOs-(OH),
+C0, + (Na* + Cl)

2Fe(NO;)3-9H,0 + 3(Na" + CO5>7) + HOH — Fe,(COj3),:
(OH),+ (Na" + NO; ")

(Cu®* +ClI7) + (Na* + CO;*>7) + HOH — CuCOj;-(OH),
+(Na" + Cl7)

3MoCO;-(OH), — 3MoO, + 3CO,
3F62(003)2-(OH)2 — 2Fe;0,4 + 6CO,
CuCO;-(OH), — CuO + CO,

MoO, + Fe;0,4 + CuO — Mo00O,-Fe;0,4-CuO

This journal is © The Royal Society of Chemistry 2020
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Modification of a GCE with the TMO nanocomposite

The synthesized MoO,-Fe;0,4-CuO was used to fabricate a GCE
by using a 5% ethanolic solution of Nafion to get an approxi-
mately 0.4 mm thick film. It was then heated in an oven at
45.0 °C for 2 hours to get the dry film on the GC electrode. In an
electro-chemical cell, the MoO,-Fe;0,-CuO nanocomposite
fabricated GCE was used as a working electrode (WE), a
platinum wire was the counter electrode (CE), and aqueous
p-NP in 0.1 M phosphate buffer solution (PBS; pH 7.0) was used
as the supporting electrolyte. To utilize the target chemical,
aqueous p-NP (1.0 mM) was systematically diluted to various
concentrations (1.0 mM to 1.0 pM) using deionized water.
All the I-V measurements were performed in 5.0 mL of PBS
(pH = 7.0). From the slope of the calibration plot, the sensitivity
of the proposed p-NP sensor was calculated by considering the
active surface area of the GCE. By using an electrometer
(Keithley, 6517A electrometer, USA) the I-V method was applied
to aqueous p-NP taking MoO,-Fe;0,-CuO/GCE as a working
electrode.

Results and discussion

Structural characterization of the MoO, -Fe;04-CuO
nanocomposite

The XRD pattern of MoO,-Fe;0,4-CuO is as depicted in Fig. 1.
There are three oxides MoO,, Fe;0, and CuO in the synthesized
nanocomposite. One of them is monoclinic, C2/c(15), tenorite
(Cu0), which shows peaks at 20 = 32.505°, 35.498°, 38.698°,
46.153°, 48.702°, 51.346°, 58.144°, 61.548°, 65.659°, 66.152°,
67.954°, and 72.208° (JCPDS#72-0629) with lattice constants a,
b, ¢ and (afy) of 4.6837, 3.4226, 5.1288 and (90.0 x 99.54 x
90.0), density (p) = 6.515 and volume = 81.1. Another one is
magnetite (Fe3O4) (cubic, Fd3m(227)) having 260 = 18.326°,
35.498°, 37.139°, 43.01°, 57.044°, 66.152°, 71.101°, 74.243°,
and 79.086° (JCPDS#88-0315). Its lattice constants a, b, ¢ and
(afy) are 8.375, 8.375, 8.375 and (90.0 x 90.0 x 90.0) with
density (p) = 5.235, and volume 587.4. The third one is also
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monoclinic, P21/¢(14), M0oO,, with 20 peaks at 18.326°, 37.139°,
41.303°, 41.913°, 49.467°, 59.834°, 63.999°, 66.152°, 70.306°,
72.208°, and 79.086° (JCPDS#86-0135). Its lattice constants a,
b, ¢ and (of3y) are 5.609, 4.86, 5.628 and (90.0 x 120.94 x 90.0)
respectively. The particle size of the nanocomposite was esti-
mated from XRD data using Scherrer’s formula t = K/(f cos 0).
Here 7 is the mean size, K is a dimensionless shape factor with a
value 0.94, 4 is the X-ray wavelength (0.1506 nm), f is the line
broadening at half the maximum intensity (FWHM) and 6 is the
Bragg angle. The average particle size of the MoO,-Fe;04-CuO
nanocomposite was found to be 34.85 nm.

Morphological and elemental analysis of the MoO,-Fe;0,-CuO
nanocomposite

An SEM study (as in Fig. 2a and b) was performed to reveal a
clear image of the surface morphology and particles of synthe-
sized nanocomposite MoO,-Fe;0,4-CuO. Fig. 2(a) shows that the
nanocomposite formed in mixed cubic, rectangular and sphe-
rical morphologies. EDS mapping was carried out to map the
elemental compositions of the nanocomposite. As is seen from
the EDS data (Fig. S1 and Table S1, ESIt) the nanocomposites
consist of Mo, Fe, Cu, and O with an atomic percentage of 2.5%,
30.85%, 14.8%, and 51.85% respectively. The EDS mapping
also indicated that the elements were distributed throughout
the matrix (Fig. S2, ESIT).

FTIR study of the M0O,-Fe;0,-CuO nanocomposite

Fig. S3 (ESIT) shows the FTIR spectrum of the MoO,-Fe;0,-CuO
nanocomposite in 400-4000 cm™'. The band centred at
3433 cm™ ' is assigned to the stretching mode of atmospheric
H,0.*” The FTIR spectrum of the sample calcined at 600 °C
showed the stretching mode of Mo=0 at 966 cm™' and Mo-O
at 823 cm™*, and 775 em ™. The IR peak at 717 cm ™! is attributed
to the Mo-O-Mo stretching vibrations.?® The sample exhibited an
intense peak at 599 cm ™" due to the stretching vibration mode
associated with the iron-oxygen band (Fe-O bonds in the crystal-
line lattice of Fe;04).>° The peak at 433 cm ™' is attributed to the
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Fig. 1 XRD pattern of the MoO,-Fez04-CuO nanocomposite.
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Fig. 2 SEM image of ternary MoO,-Fez04-CuO nanocomposites at different magnification (a and b).

Cu-O bond frequency. No peak at 873 cm™ ' was found, which
may indicate that there is no CO,*™ left in M0O,-Fe;0,-CuO.
Thus, the nanocomposite contains only oxides with little or no
unknown compounds.

Zeta potential and hydrodynamic size of the MoO,-Fe;0,-CuO
nanocomposite

The zeta potential and hydrodynamic size of the MoO,-Fe;O,-
CuO nanocomposite were studied in acidic and basic pH to
know the size and charge in dispersed media. The hydrody-
namic size, zeta potential, and polydispersity index (PDI) are
listed in Table 1. The hydrodynamic size of MoO,-Fe;0,-CuO in
acidic pH and basic pH was found to be 1284 and 850.7 nm.
The zeta potential in acidic and basic pH has been observed to
be —24.7 and —24.55 meV respectively. The results indicated
that negatively charged MoO,-Fe;0,-CuO particles may adsorb
organic compounds, dyes, and organic chemical toxins on the
particle surface and perform catalytic functions.

Applications: chemical sensor study of the MoO,-Fe;0,-
CuO/Nafion/GCE assembly.

Detection of p-NP using MoO,-Fe;0,-CuO/Nafion/GCE by the
I-V method

Toxic p-NP in an aqueous system was determined using the
Mo0O,-Fe;0,-CuO nanocomposite modified GC electrode. When
p-NP comes into contact with MoO,-Fe;0,-CuO, it produces a
significant response in the I-V technique. The possible use of
the p-NP sensor constructed from the MoO,-Fe;0,-CuO/Nafion/
GCE assembly was tested to detect and measure the selected
toxin in phosphate buffer solution (PBS). The M0oO,-Fe;0,4-CuO/
Nafion/GCE sensor exhibits several advantages such as higher
stability in air, improved electro-chemical properties during the
determination, versatile operation, and safe electrochemical
characteristics.>*** The probable application of the chemical
sensor with MoO,-Fe;0,-CuO/Nafion/GCE was evaluated in

Table 1 Hydrodynamic size and zeta potential of the MoO,-FezO4-CuO
nanocomposite

Na-citrate buffer (pH 4.95) PBS buffer (pH 7.4)

Size Zeta Size Zeta
Compound (nm)  potential PDI (nm) potential PDI
MoO,-Fe;0,-CuO 1234 —24.55 0.66 850.7 —24.7 0.33

2834 | Mater. Adv., 2020, 1, 2831-2839

detail for the detection of selected compound p-NP in buffer
solution and Mo0O,-Fe;0,-CuO/Nafion/GCE acted as an electron
mediator during the sensing process. The MoO,-Fe;0,-CuO/
Nafion/GCE assembly was tested as a working electrode for the
construction of the proposed sensor for the targeted toxin p-NP.
In the sensing procedure of p-NP in PBS solution, the applied
current vs. potential (I-V) was examined on a thin film of MoO,-
Fe;0,-CuO/Nafion/GCE in the working electrode, which was
increased noticeably due to the adsorption of aqueous p-NP on
the fabricated working electrode. 1.0 sec was set as the holding
period in the electrometer and an improved current vs.
potential was detected in the time of p-NP determination by
the fabricated chemical sensor.®> A suggested oxidation mecha-
nism of p-NP is demonstrated in Scheme 1. At the time of
p-NP oxidation by the constructed working electrode with the
MoO,-Fe;0,-CuO/Nafion/GCE assembly, an enrichment of elec-
trons in the buffer solution was detected and it caused an
enhancement of the current vs. potential response during
the I-V measurement at ambient conditions. According to the
proposed p-NP oxidation mechanism, at the beginning, p-NP
was converted to 4-hydroxylaminophenol, and, in the second
step, 4-hydroxylaminophenol was oxidized to 4-nitrosophenol,
followed by a consequent reversible reduction,*® which are
presented in eqn (i) and (ii).

HO-Ph-NO, + 4e~ + H* — HO-Ph-NHOH + H,0
(i)
(ii)

HO-Ph-NHOH < HO-Ph-NO + 2¢~ + H'

The pictorial application of the MoO,-Fe;0,-CuO/Nafion/
GCE modified electrode as a p-NP chemical sensor is demon-
strated in Scheme 1.

A GCE was coated with a slurry of MoO,-Fe;0,-CuO nano-
materials. The constructed working electrode was applied for
detection of p-NP compounds due to the oxidation in the buffer
system which is proposed and presented above as per chemical
reactions eqn (i) and (ii). According to the electrochemical
oxidation process of targeted p-NP, several electrons were
released to the conduction band, which enhanced the I-V
response of the MoO,-Fe;0,-CuO/Nafion/GCE sensors.

Fig. 3(a) shows the current responses for nine toxic chemicals,
where (1.0 uM; 25.0 puL) p-NP solution (red line) in PBS (pH = 7.0)

This journal is © The Royal Society of Chemistry 2020
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HO-Ph-NO, == HOP-NHOH 4,0 ===  HOPNO+2 "+
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Scheme 1 The proposed mechanism in detection of p-NP by MoO,-Fez04-CuO/Nafion/GCE.

produces a distinct peak at +0.3 V with the MoO,-Fe;0,-CuO/
Nafion/GCE surface. How the electrochemical property of
MoO, -Fe;0,-CuO changes with the pH values was studied in
PBS with pH values of 5.7 to 8.0 as in Fig. 3(b). The obtained
results showed that MoO,-Fe;0,-CuO exhibits better electro-
chemical performance at different pH values. The electrocata-
lytic property of MoO,-Fe;0,-CuO changes with the pH values,
which is revealed by the variation of the current response. In
the pH optimization using p-NP (1.0 uM; 25.0 pL) in PBS, pH
value 7.0 produces the maximum current response. Hence, pH
value 7.0 was used in the rest of the experimental work in this
p-NP determination by the MoO, Fe;0,-CuO/Nafion/GCE
assembly. In the absence of target p-NP, the electrochemical
signal intensities of the MoO,-Fe;0,-CuO/GCE sensor probe at
different pH values are measured and the signal is found to not
significantly change in identical conditions (Fig. S4a, ESIt). The
signal intensities of the MoO,-Fe;0,-CuO/GCE sensor probe at

different times (in the absence of p-NP) are also evaluated in
identical conditions (Fig. S4b, ESIf). It is observed that no
significant changes are found in the electrochemical response
for elongated time in the absence of target analyte p-NP. The
current intensities using p-NP (1.0 uM; 25.0 pL) in PBS (5.0 mL,
pH = 7.0) for the bare GCE (blue line) and MoO,-Fe;0,-CuO
fabricated GCE (red line) are given in Fig. 3(c). M0O,-Fe;0,-
CuO/Nafion/GCE produces a much better response than the
bare GCE, which demonstrates the excellent electrochemical
property of MoO,-Fe;0,-CuO as a selective p-NP sensor. Fig. 3(d)
shows the current response of the MoO,-Fe;0,-CuO fabricated
GCE in the absence of p-NP (blue line) and the presence of p-NP
(red line; 1.0 pM; 25.0 pL) in 5.0 mL of PBS. With p-NP, a
remarkable increase of the current response indicates the p-NP
sensing capability of the proposed Mo0O,-Fe;0,-CuO/Nafion/GCE
sensor. The I-t response for p-NP (1.0 uM; 25.0 uL) in 5.0 mL of
PBS solution using the MoO,-Fe;0,-CuO nanostructure fabricated

1.2 1.2
~—— 2-Aminophenol
—— 4-methoxyphenol
1.0 PNP 1.0
— 3-Chlorophenol
i 0.8 ——— 2,4-Dinitrophenol i 0.8
o Bisphenol-A e
= 0.6 Hydrazine = 0.6
= =
e Paracetamol 2
; 0.4 ——— 4-Nitrophenyl Hydrazine is 0.4
& &)
0.2 0.2
0.0 (a) 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V) Potential (V)
1.2 1.2 8
Bare GCE — Without NP
1.0 Coated GCE 1.0 { —— With NP ¢ fﬂ"’f
~ ~ ~
0.8 0.8
i El E
- - -
= = 0.6
g 0.6 S §
- - -2
= = 04 =
O 0.4 8] s}
0.2 0.2 0 o
() 0.0 (d) (e)
0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
Potential (V) Potential (V) Time (s)

Fig. 3

|-V responses: (a) selectivity study using nine interferents, (b) pH variation; (c) bare GCE and MoO,-Fez04-CuO/GCE, and (d) without and with the

presence of p-NP (1.0 uM; 25.0 pL), and (e) current variation with time for MoO,-Fes0O4-CuO/Nafion/GCE in 1.0 uM; 25.0 pL p-NP.
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Fig. 4 (a) Current variations for different concentrations (1.0 pM to 1.0 mM) of agueous p-NP in 0.0 to +1.0 V, (b) calibration plot of the MoO,-Fez0,4-CuO

fabricated GCE at +0.3 V, (c) repeatability using different WEs (0.1 uM, 25.0 pL p-NP; 5.0 mL, 0.1 M PBS at pH 7.0), and (d) reproducibility using the same WE

(0.1 uM, 25.0 pL p-NP; 5.0 mL, 0.1 M PBS at pH 7.0).

GCE as a working electrode is shown in Fig. 3(e). With p-NP
(1.0 uM; 25.0 pL) in 5.0 mL of PBS, a constant current response
was obtained in approximately 10 seconds. The p-NP chemical
sensor is also optimized with various single metal oxides (i.e.;
CuO, Fe;0,, and Mo00,) and compared with the MoO,-Fe;0,-CuO
nanostructure in identical conditions (Fig. S4c, ESIT). The highest
current is observed with the MoO,-Fe;0,-CuO nanostructure/GCE
sensor probe compared to the only CuO, Fe;O4 and MoO,
modified individual material.

In 5.0 mL PBS, low (1.0 pM) to high (1.0 mM) concentration
p-NP solutions (25.0 pL) were injected sequentially and the
surface current response variations were studied after every
injection. The I-V responses from the MoO,-Fe;0,-CuO fabri-
cated GCE surface were estimated using an aqueous p-NP
solution of different concentrations (1.0 pM to 1.0 mM), given
in Fig. 4(a) (the inset shows the magnification peak current
at 0.3 V). It showed that when the potential increases, the I-V
responses are also increased for the MoO,-Fe;0,-CuO fabri-
cated GCE sensor. It was also observed that, from dilute
(1.0 pM) to concentrated (1.0 mM) p-NP solution, the I-V
responses also increased regularly. Aqueous p-NP (1.0 pM to
1.0 mM) was taken to select the limit of detection (LOD) of the
developed sensor. The calibration plot (at +0.3 V) for the full
concentration range is given in Fig. 4(b). A higher sensitivity
value of 5.2430 pA uM ™" cm ™2 was estimated from the calibra-
tion plot. From the calibration plot, the linear dynamic range
of the developed MoO,-Fe;0,-CuO/GCE sensor was attained as
1.0 pM to 0.01 mM (r* = 0.9995), and the LOD was estimated as

2836 | Mater. Adv., 2020, 1, 2831-2839

0.2 pM [3 x noise (N)/slope (S)]. Fig. 4(c) shows the reproducibility
of the current response with the MoO,-Fe;0,-CuO fabricated GCE
with 25.0 uL of 0.1 uM p-NP using seven distinct working
electrodes in run R1 to R7 under the same experimental
conditions. The almost similar current responses in all seven
experiments confirm the outstanding reproducibility of the
sensor (RSD = 4.17%, n = 7). Fig. 4(d) presents the repeatability
where the same working electrode was used in run R1-R7. The
almost similar I-V responses in the seven repeated experiments
demonstrate the outstanding repeatability of the sensor (RSD =
3.85%, n = 7). With the same working electrode in different
solutions with the same conditions, the I-V response decreases

Table 2 Analysis of some environmental samples with MoO,-FezO4-CuO/
Nafion/GCE by the electrochemical process

p-NP concentration®

P-NP con- determined” by
Real centration® MoO,-Fe;0,-CuO/ Recoveryb RSD*
sample  added Nafion/GCE (%) (%) (n = 3)
S1 2.000 nM 2.102 nM 105.1 3.1
S1 2.000 uM 2.056 uM 102.8 2.9
S2 2.000 nM 2.036 nM 101.8 2.8
S2 2.000 uM 2.006 yM 100.3 3.4

S1 and S2: real water samples collected from an industrial effluent
treatment plant and Safa drinking water bottle respectively, Jeddah,
Saudi Arabia. “ Mean of three repeated determinations (S/N = 3) with
Mo00,-Fe,0,-CuO/Nafion/GCE. * Concentration of p-NP determined/
concentration of p-NP taken. ¢ The relative standard deviation value
indicates the precision among three repeated determinations.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison of sensor analytical parameters of other nanostructure materials with the MoO,-FesO4-CuO/Nafion/GCE sensor probe using the

electrochemical method for the detection of p-NP

Sensor material Method LDR LOD Sensitivity Ref.
ABPGH LSV 20 nM to 8.0 uM and 8.0 uM to 0.1 mM 8.0 nM 2.717,1.8117 pA pM " 41

BDAC LSV Up to 500 uM 0.16 uM 5.810 pA pM ™' cm 2 42
Fe;0,4/graphene DPV 0.01 to 0.10 mM 0.004 mM 8.067 x 10°° pA mM " 43

TLISS DPV 1.43-55.93 and 55.93-553.7 UM 1.09 M — 44
NiO-CeO, cv 1 to 20 M 2.48 uM 3.68 ApM ' cm™? 45

Mo0, -Fe;0,-CuO I-v 1.0 pM to 0.01 mM 0.2 pM 5.2430 pA pM* cm 2 This work

TLISS = tremella-like indium silver sulfide modified GCE, ABPGH = acetylene blackpaste and graphene hybrid, BDAC = biomass derived activated

carbons.

slightly. This may be because of the fall of the number of active
sites in MoO,-Fe;0,-CuO after each run.

Real sample analysis by the MoO,-Fe;0,-CuO/Nafion/GCE
sensor

To confirm the functionality of the proposed sensor material
MoO,-Fe;0,-:Cu0O, Mo00, Fe;0,-CuO/Nafion/GCE had been
employed to determine p-NP in industrial effluent water and
drinking water from a plastic bottle after 7 days of sunlight
irradiation kept inside a car (S2). For this, we use the standard
addition method to verify the accuracy of the aqueous p-NP
determination. 25.0 uL of aqueous p-NP of different concentra-
tions and equal amounts of real samples were mixed and
analyzed in PBS (5.0 mL, pH 7.0) with M0O,-Fe;0,-CuO/GCE
as a WE. Table 2 presents the obtained outcomes, which
demonstrated that the MoO,-Fe;0,-CuO/GCE modified sensor
exhibited a quantitative (~100%) recovery of p-NP. So, we can
conclude that the -V method can be an appropriate and
reliable technique in analyzing real samples using the MoO,:
Fe;0,4-CuO/Nafion/GCE assembly.

The I-V responses in the p-NP measurements mostly depend
on the size, porosity, and morphology of the nanomaterials.
When the MoO,-Fe;0,-CuO surface comes into contact with
the reducing p-NP, a surface-mediated oxidation reaction takes
place. Oxidation of p-NP provides electrons to the MoO,-Fe;0,-
CuO nanocomposite surface, which ultimately enhances the
conductance of the MoO,-Fe;0,-CuO/Nafion/GCE assembly.
Consequently, when the potential increases, the I-V response
also increases. The MoO,-Fe;0,-CuO/Nafion/GCE sensor has
also displayed consistency and stability. Overall, the proposed
Mo0,-Fe;0,-CuO/Nafion/GCE sensor for p-NP detection showed
better performance than others as shown in Table 3.~*°

Conclusions

MoO,-Fe;0,-CuO was synthesized by the coprecipitation method.
Mo0,-Fe;0,4-CuO was characterized by several techniques including
XRD, SEM-EDS, hydrodynamic size and zeta-potential analysis,
and FTIR. The average particle size of the nanocomposite
was determined to be 34.85 nm. The surface morphology of the
composite was observed in the SEM study. The zeta potential of
MoO,-Fe;0,4-CuO in acidic and basic pH has been observed to be
—24.7 and —24.55 meV respectively. A MoO,-Fe;0,-CuO/Nafion/
GCE electrode was successfully employed as a chemical sensor for

This journal is © The Royal Society of Chemistry 2020

the determination of aqueous para-nitrophenol. The fabricated
p-NP chemical sensor based on MoO,-Fe;0,-CuO coated on a
GCE showed a very efficient electron mediator property in the
oxidation of p-NP in the PBS system. The proposed MoO,-Fe;O,-
CuO/Nafion/GCE sensor for p-NP exhibits a high sensitivity
(5.2430 pA nM ' cm ?) and ultra-low LOD = 0.2 pM with an
excellent linear response (r*: 0.9995) for a wide range of concen-
trations in a short response time. It initiated a new route in
developing an effective chemical sensor using nanostructured
nanomaterials for a sustainable and safe environment.
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