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Herein, FeMoO,4 (FM) nanorods were synthesized by a template-free, facile, hydrothermal method in an
aqueous medium. The surface morphology of FeMoO, was identified with field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). X-ray diffraction (XRD) was
performed to identify the crystallographic nature of the as-synthesized FeMoO,. The as-synthesized
material was used as an active electrode material for the oxidation of a neurotransmitter (i.e. nor-
epinephrine (NE)) by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) techniques.
FeMoO, possesses polycrystallanity and bimetallic character, which helps to enhance the performance of
the FM/GCE as compared to the GCE. The enhanced performance was also due to the formation of Fe (II)-
dioxygen complexes, which catalyze the oxidation of NE. Meticulous observations taken from CV studies
proved the diffusion-controlled nature of the reaction with a diffusion coefficient of 1.10 x 10~% cm?/s
and a standard heterogeneous rate constant of 4.078 x 10~3 cm/s. The amperometric response of NE on
the FM/GCE showed a linear increase in the current between 5.0 x 1078 M and 2.0 x 104 M with a
detection limit of 3.7 x 10~° M. In the amperometric study, the time required to reach the 98% steady
state response, after successive additions of 50 nM NE, was less than 3 s. The FM/GCE showed good
sensitivity, and stability for the determination of NE.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Norepinephrine (NE) is a crucial catecholamine neuro-
transmitter in the mammalian central nervous system. Extremely
abnormal concentrations of NE may lead to the occurrence of a
variety of diseases, such as ganglion neuronal, ganglia neuro-
blastoma, paraganglioma, and Parkinson's disease (Ardakani et al.,
2011). In addition, NE accelerates human immunodeficiency virus-
1 (HIV-1) replication via protein kinase because NE enhances the
adhesion of HIV-1 infected leukocytes to cardiac microvascular
endothelial cells (Cole et al., 1998). Therefore, it is necessary to
develop sensitive, selective, and reliable methods for the direct
determination of trace amounts of NE due to its physiological
functions and the diagnosis of certain diseases in clinical medicine.
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Despite the fact that several techniques are available for the de-
termination of NE including HPLC (Sabbioni et al., 2004), spec-
trophotometry (Zhu et al., 1997) and fluorometry (Oka et al., 1982),
electrochemical methods (Wei et al., 2002; Lu et al., 2004; Liu
et al., 2008; Bian et al., 2010; Ardakani et al., 2010; Goyal et al.,
2011; Li et al., 2012; Beitollahi and Mohammadi, 2013; Chen et al,,
2015) have several advantages over other methods such as their
low cost, simpler procedures, high sensitivity, and reproducibility.
NE is an electroactive compound that can be oxidized electro-
chemically; therefore, the development of electrochemical sensors
for the determination of NE has been the focus of research over the
past decade. However, few reports have been published on the use
of modified carbon materials as effective electrodes for NE sensing.
Liu et al. (2008) reported the use of a poly-calconcarboxylic acid
modified carbon electrode, and Beitollahi and Mohammadi (2013)
used carbon paste electrode (CPE) modified with 5-mino-3',4'-
dimethyl-biphenyl-2-ol (5ADB) for the selective determination of
NE with a detection limit of 0.01 and 0.59 pM respectively. Bian et
al. (2010) investigated the electrochemical response of NE with
carbon-coated nickel magnetic nanoparticle modified glassy car-
bon electrode. However, the fabrication of these electrodes is
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tedious and the detection limit of NE is not appreciable. Wang
(2008) reported that nanomaterial modified electrodes can reduce
the potential, improve the electrochemical reaction rate, and in-
crease the selectivity of the modified electrodes. Hence, re-
searchers are currently focused on using nanomaterials, like metal
oxides, bi-metallic oxides, and nanocomposites, as enzyme-free
biosensor electrode materials. Recently, Ardakani et al. (2010) and
Li et al. (2012) studied the electrochemical detection of NE with
metal oxide nanoparticles (e.g., ZrO, and WOs-TiO,); however, the
sensitivity of the electrode was not satisfactory. Alternatively,
binary metal oxides are also considered to be potential materials
for electrochemical applications, including high-performance su-
percapacitors (Zhang and Lou, 2013), lithium ion batteries (Cherian
et al.,, 2013), and sensors (Zhang et al., 2015a, 2015b), because of
their feasible oxidation state and high electrical conductivity. Re-
cently, metal molybdates, such as CoMoO, (Liu et al., 2013),
NiMoO4 (Zhang et al., 2015a, 2015b; Cai et al.,, 2013), MnMoO4
(Senthilkumar et al., 2015) BaMoO,4 (Yang et al., 2011), and FeMoO,
(Ju et al., 2015; Zhang et al., 2010; Cui et al., 2012) have been ex-
tensively studied for electrochemical applications. Among them,
FeMoO, is one of the most important metal molybdates and is
expected to offer richer redox chemistry compared to single
component oxides due to its combined contributions from both
iron and molybdenum ions (Mai et al., 2011; Wang and Wang,
2013). FeMoOy4 has been employed in the large-scale production of
formaldehyde by the partial oxidation of methanol in an excess of
oxygen (air) at relatively low temperatures (Soares et al., 2001;
Soderhjelm et al., 2008). FeMoO4 has also been used as an effective
electrode material for Li-ion batteries (Leyzerovich et al., 2004;
Xiao et al., 2010). Most recently, Liu et al. (2015) synthesized rose-
shaped FeMoO, in a glycerol solvent and used these materials as
biosensors for hydrogen peroxide; however, the sensitivity to-
wards H,0- is limited to 0.5 uM. Nevertheless, inadequate data is
available on their use as an electrode material for biosensors.

Therefore, the present study was carried to establish a facile,
template-free synthesis method for FeMoO4 (FM) nanorods. To the
best of our knowledge, this is the first report investigating the
application of as-synthesized FeMoO,4 nanorods as biosensors for
the effective oxidation of norepinephrine.

2. Material and methods
2.1. Reagents and materials

Norepinephrine (NE), ascorbic acid (AA), uric acid (UA), Nafion
(Nf), ferrous sulfate, Na,HPO4, NaH,PO, and sodium molybdate
were purchased from Sigma Aldrich. A buffer solution (PBS, 0.2 M,
pH=7.2) was prepared from NaH,PO, and Na,HPO,. De-ionized
water was used throughout the experiments.

2.2. Synthesis and characterization of FeMoO, nanorods

In a typical synthesis of FeMoO4 nanorods, 0.36 M FeSO, - 7H,0
and 0.12 M Na,MoO4 were dissolved in double distilled water. The
detail of material synthesis and characterization has been ex-
plained in Supplementary information.

2.3. Fabrication of electrodes and electrochemical measurements

All electrochemical experiments were performed on a CHI 660
D electrochemical work station (CHI Instruments Co., Austin, USA)
with a conventional three-electrode system comprised of a plati-
num wire (auxiliary electrode), Ag/AgCl (reference electrode), and
a modified or unmodified glassy carbon electrode (GCE) (3 mm in
diameter, as the working electrode). Prior to modification, the GC

electrode was polished with 0.50 mm alumina slurry and rinsed
thoroughly with water. The electrode was then sonicated in
deionized water for 30 min to remove any adsorbed alumina
particles. The as-prepared FeMoO, nanorods were dispersed in
1 mL of a 0.1% Nafion solution (10 mg/mL). The above suspensions
(20 pL) were dropped onto the clean GCE and dried at room
temperature. The three electrodes were then rinsed twice with
deionized water and used in the binding and selective recognition
experiments. CV and DPV measurements were carried out by re-
peated potential scanning between —0.2 and 0.7 V at a scan rate of
30 mV/s.

3. Results and discussion
3.1. Characterization

XRD was employed to characterize the crystal phase of the as-
prepared material. The typical XRD spectrum of the sample is
shown in Fig. 1a. All peaks could be readily indexed to monoclinic
[-FeMoO, with lattice constants of a=10.29A°, b=9.39 A,
c=7.07 A°, and =106.31 A°. These match well with the standard
XRD pattern for monoclinic 3-FeMoO, (JCPDS card no. 089-2367).
The monoclinic structure of the B-FeMoO, crystals has a wol-
framite-type structure with point group symmetry C2/m and two
clusters per unit cell (Z=2). In these unit cells, the Fe and Mo
atoms are coordinated to six oxygen atoms, which form distorted
octahedral [FeOg] and [MoOg] clusters (Ju et al., 2015). The XRD
pattern shows that the as-prepared material is polycrystalline in
nature; this is further confirmed by HRTEM analysis. Fig. 1b shows
the Raman spectra of the as-synthesized FeMoO, nanorods. A
prominent peak at 926 cm~' can be seen in the Raman spectra;
this was assigned to the 2Ag components. Two peaks between 800
and 900 cm~! were assigned to the v3 component, which may be
due to the high fluorescent background present in FeMoO, (Sale-
em, 1987). The frequencies observed in the region between 310
and 480cm~' in the Raman spectrum were assigned to the
bending modes of Mo-0 bonds. Fig. 1c shows SEM images of the
as-prepared FeMoO, nanorods at different magnifications. At a
reaction time of 6 h, well-grown nanorods were observed with an
average length of 600-700 nm and an average diameter of 100-
150 nm (average aspect ratio is about four to six). Detailed mor-
phological information of the synthesized FeMoO4 nanorods was
obtained by HRTEM (Fig. 2). The TEM micrographs of FeMoO, re-
veal the formation of nanorods. The SAED pattern of the nanorods
exhibits a series of bright rings with a few bright spots, suggesting
that they are polycrystalline in nature (inset of Fig. 2b). These re-
sults are in agreement with the XRD data. The HR-TEM image of
the nanorods (Fig. 2d) reveals an interplanar spacing of 0.68 nm,
which is consistent with the (110) plane of the FeMoO,4 monoclinic
phase, as calculated from the XRD pattern. The EDS analysis shows
well-resolved peaks for Fe, Mo, and O. The major peak is attributed
to copper, which was used as the substrate (Fig. S1). EDS elemental
mapping (Fig. 2e-h) also shows that the distribution of these ele-
ments is uniform throughout the nanorod. This may lead to con-
stant current flow during the electrochemical study. Also, there are
some small particles/extensions that can be seen on the surface of
the nanorods in the SEM (inset of Fig. 1d) and TEM (Fig. 2a and c)
images. These may act as precursors for the formation of sub-
sequent nanorods (Zhang et al., 2015a, 2015b).

Obtaining a good understanding of the parameters that control
crystallization should enable us to grow nanoparticles of a desired
size. Initially, the reaction was carried out at lower temperatures,
but this leads to an uneven size distribution in the product. The
reaction time was found to be another important factor that in-
fluences the final morphology of FeMoO,. Hence, a series of
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Fig. 1. a) XRD pattern of the as-synthesized FeMoO,4 nanorods compared to the standard diffraction pattern of p-FeMoO,4, b) Raman spectra of as-synthesized FeMoO4
nanorods, and c¢) SEM images of the FeMoO, nanorods at (a) low (30.00 K X), (b) high (100.00 K X) magnification.

reactions was carried out at 3, 6, 9, and 12 h while all of the
parameters were kept constant. The proposed growth mechanism
of the FeMoO, nanorods is described below. Initially, FeMoO,
nuclei are formed via a reaction between Mo0O,42~ ions and Fe?+
ions in the solution. After the initial nucleation process, FeMoO,
grains coarsen into nanorods; this was confirmed by changing the
reaction time from 3 h to 12 h. By analyzing SEM and TEM images
of the products obtained at various reaction times (Fig. S3) it was
observed that the nucleation process starts after 3 h, resulting in
agglomerates/particles of FeMoO4 These agglomerated particles
are amorphous in nature (inset of Fig. S3e), as can be seen from the
SAED pattern. Furthermore, these agglomerated nanoparticles
developed into nanorods as the reaction time was extended to 6 h.
At this stage, surface of the nanorods was rough with nano-
particles attached to their surfaces, and they were polycrystalline
in nature (Fig. S3f). After a reaction time of 9 h, the size of the rods
increased and they became perfectly crystalline, as can be seen
from the SAED pattern (Fig. S3g). As the reaction time was in-
creased further, the nanorods became fused together to form mi-
cro rods with an average length of 37 um and an average diameter
of 3.5 um. They were also so dense that we were unable to obtain
an SAED pattern. On the basis of our SEM and TEM results, as well
as results found in the literature (Ju et al., 2015; Zhang et al., 2010;
Cui et al., 2012), we believe that the formation of the FeMoO,4
nanorods can be attributed to the Ostwald ripening process. The
minute observation of TEM images also shows that the nanorods
coarsen from the inner parts of the material (Fig. 2c and d). Hence,
the inner parts of the nanorods become more crystalline than the

surface parts. This change in crystallinity as a function of the re-
action time was also verified with the XRD patterns (Fig. S2). With
this data, the reaction time for the synthesis of FeMoO,4 nanorods
was optimized at 6 h. Zhang et al. also explained a similar type of
growth mechanism; however, they were unable to obtain uniform
nanorods. Herein, using our proposed method, one can achieve a
desired morphology in an aqueous medium.

3.2. Electrochemical study

Since the early work of Adams et al. (1972), which introduced
electrochemistry to the neurosciences, numerous electrochemical
techniques and electrode materials have been used to identify and
resolve catecholamines. In the present work, for the first time,
FeMoO,4 nanorods were employed for the electrochemical detec-
tion of NE. In order to study the electrochemical behavior of the
as-prepared material, CV was carried out with bare GCE and
modified electrode i.e. FM/GCE with and without 100 uM NE in
0.2 M PBS (pH=7.2) at a scan rate of 30 mV/s (Fig. 3a). There were
no redox peaks in the absence of NE in PBS (pH=7.2) over the
potential range between —0.2 and 0.8 V. Furthermore, with bare
GCE the oxidation of NE is observed at 0.49 V. Alternatively, with
the modified electrode (FM/GCE), a 70 mV shift in the negative
direction (0.42 V) was observed in the presence of 100 uM NE. The
less positive potential shift might be due to the hydrogen bonding
interactions between FeMoO, and either -NH, or the -OH func-
tionality of NE. Also, at pH 7.2, NE exists in a cationic form (Gu
et al., 1996); hence, electrostatic interactions between the amine
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Fig. 2. TEM images of FeMoO,4 nanorods (a) at 200 nm, (b) at 100 nm, (c) at 20 nm, and (d) at 5 nm. The inset of b is the electron diffraction pattern of the nanorod. d) HRTEM
images of a nanorod with marked lattice fringes, (e) Dark field TEM image of FeMoO, nanorod, (f) TEM/EDS Fe-k map, (g) TEM/EDS Mo-k map, and (h) TEM/EDS O-k map
elements.
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Fig. 3. a) Electrochemical detection of 100 uM NE in 0.2 M PBS (pH=7.2) at a scan rate of 30 mV/s, b) DPV curve of FeMoO,4 nanorods at various reaction times in the
presence of 100 uM NE in 0.2 M PBS (pH=7.2), c) loading capacity of the electrode with FeMoO,4 suspension (10 mg/mL), and d) effect of the scan rate from 5 mV/s to
150 mV/s, in 0.2 M PBS (pH=7.2). The inset of d shows the plot of the peak current vs. v'/%.
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Scheme 1. Schematic presentation of electrochemical oxidation.
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groups of NE and the anionic form of FeMoOQO,4 are possible. The
cathodic peak current in Fig. 3a shows a great enhancement in the
current with the FM/GCE, which provides evidence that FeMoO,4
acted as an excellent mediator for electron transfer and possesses
very high electrocatalytic activity towards the oxidation of NE. The
separation between the peak potentials with the modified elec-
trode, AEp (AEp=Epc-Epa), was about 240 mV; this is more than
the value of 59/n mV at 25 °C expected for the reversible reaction
(Bard and Faulkner, 2001). In the CV curve, the reduction peak
shows a decrease in the current which may be due to the forma-
tion of norepinephrinequinone as shown in Scheme 1. Ad-
ditionally, the electrochemical behavior of as-prepared FeMoO,4
nanorods at various times (3, 6,9 and 12 h) in presence of 100 pM
NE in 0.2 M PBS (pH=7.2) was studied with DPV technique. Fig. 3b
reveals that the FeMoO,4 nanorods synthesized at 6 h show the
maximum current in the presence of 100 uM NE in 0.2 M PBS
(pH=7.2). This may be due to the polycrystalline nature of the
material, which gives an effective path for electron transport. This
effect could be less significant in the case of amorphous or highly
crystalline materials. Therefore, further electrochemical studies
were carried out for the FeMoO,4 nanorods synthesized at 6 h. The
loading capacity of the FM/GCE was also evaluated with CV with
loadings of 10 pL, 15 pL, 20 pL, and 25 pL suspensions of FeMoO,4
(10 mg/mL). The obtained results showed that the peak current of
NE increases as the material loading increases up to 20 uL and then
suddenly drops at 25 pL (Fig. 3c). NE showed a high oxidation
current when 20 pL of FeMoO,4 was loaded onto the GCE. Thus, a
loading value of 20uL was used in the remainder of the
experiment.

To understand the nature of the oxidation reaction of NE at the
FM/GCE, CV was carried out at different scan rates from 5 mV/s to
150 mV/s. The effect of the potential scan rate (V) on the electro-
chemical properties of the FM/GCE with 0.2 M PBS containing
50 uM NE was studied by CV (Fig. 3d). The plot of the cathodic
peak currents (Ip) linearly increases with the square root of the
scan rate [linear equation, I (pA)=0.2314 v'/? [(mV/s)!/?]+0.3342,
R?>=0.9912] in the range of 5-150 mV/s (inset of Fig. 3d), in-
dicating that the redox process at the modified electrode is dif-
fusion-controlled in nature with two electrons and two protons
(Bard and Faulkner, 2001). It also demonstrates that the redox
process at the modified FM/GCE is a surface-confined process with
quick electron transfer kinetics. Based on the Ip vs. v!/? plot the
diffusion coefficient (D) of NE (cm?/s) was calculated using the
Randles-Sevcik Eq. (1) (Nie et al., 2010):

i, = (2.69 x 10%n*AD'2cy!/2 )

Here, iy, is the peak current, n is the number of electrons, A is
the electrode area (cm?), D is the diffusion coefficient (cm?/s), C is
the redox molecule concentration (mol/cm?), and v is the potential
sweep rate (V/s). Clearly, i, varies proportionally with A, C, and o!/
2, These relationships hold when the charge-transfer kinetics are
relatively rapid. The estimated value of D at the GCE was found to
be 4.03 x 105 cm?/s, whereas at the FM/GCE the value of D was
1.10 x 10~ % cm?/s. Furthermore, the standard heterogeneous rate
constant (k) values for NE at the GCE and FM/GCE were calculated
using the Velasco Eq. (2) (Velasco, 1997):

ks = 1.11 D', — E, ) 12! /? @)

Here, ks is the standard heterogeneous rate constant, D is the
diffusion coefficient, E, is the oxidation peak potential, Ep is the
half-wave oxidation peak potential, and v is the scan rate. The K
value obtained for the GCE was 7.08 x 10~% cm/s and the K value
of the FM/GCE was 4.078 x 10~ 3 cm/s. The higher k, value for NE
at the FM/GCE indicates that the oxidation of NE was faster than at
the bare GCE. A plot of the scan rate normalized current (i [U'/?) vs.

the scan rate (Fig. S4) exhibits the shape that is characteristics of a
typical electrocatalytic (EC) process (Bard and Faulkner, 2001). The
rate determining step of the reaction estimated by the Tafel slope
(b) can be obtained from the slope of Ep vs. log v (Fig. S5) using Eq.
(3) (Harrison and Khan, 1970):

E

b= g logv + Constant

3)
Here, v is the scan rate and ‘b’ is the Tafel slope. Additionally,
the Tafel slope can also be written as:

,_ 23RT
~ anF “4)

The number of electrons involved in the rate-determining step
can be estimated from the slope of the Tafel plot. The value of the
Tafel slope was found to be 93 mV (Fig. S5), which indicates that a
one-electron transfer process is the rate-determining step (RDS);
this has a charge transfer coefficient (o) of about 0.63.

In this study, NE was used as a model to investigate the ap-
plication and mechanism of FeMoO,4 nanorods in neurotransmitter
monitoring. Herein, FeMoO,4 nanorods showed its robust ability for
electron transfer to the electrode surface. Fig. 3a presents a pair of
well-defined redox peaks corresponding to the direct electro-
chemistry of NE on modified FM/GCE electrode. The detailed oxi-
dation mechanism is shown in Scheme 1. Basically, NE contains
catechol residue and a side-chain amine group which are capable
of coordinating metal ions. On the other side, the as-synthesized
material (FeMoO,) exists in the Fe?*and MoO4?~ form. When NE
was immobilized on the FM/GCE, the Fe?* bound with the di-
oxygen of catechol residue and formed the Fe (II)-dioxygen com-
plexes (Sigel et al., 2006). Further, the side chain amine group also
reacted with FeMoO, by the electrostatic interactions with
Mo042~ (Gu et al., 1996) and led to the formation of ligand-metal
ion-dioxygen complex. Further this complex broke down into
norepinephrine-quinone via a two electron process (Lu et al,
2004; Bian et al., 2010; Chen et al., 2015). The formation of Fe (II)-
dioxygen complexes led to an increase in the oxidation current in
the CV curve whereas the reduction peak showed a decrease in the
current intensity due to the formation of quinone. Kannan et al.
(2016) also reported that the Fe from bimetallic Ni-Fe nanoparticle
system, acted as a synergistic catalyst to enhance the electro-
catalytic oxidation of glucose.

The accumulation potential (Eacc) was determined by differ-
ential pulse voltammetry (DPV) in the presence of 10 uM NE from
—0.2 to 0.7 V (Fig. S6). It was observed that when the accumula-
tion potential was 0.33 V, the peak current reached its maximum.
Hence, a potential of 0.33 V was chosen for further analysis using
DPV and amperometric techniques. DPV was used for the de-
termination of NE at the modified electrode because of its higher
current sensitivity and better resolution compare to CV. The DPV
measurement was carried out in 0.2 M PBS (pH=7.2) by repeated
potential scanning between 0.0 and 0.7 V. Fig. 4a shows that the
DPV peak current responses towards NE were higher at the
modified FM/GCE; this indicates better immobilization and a su-
perior binding capacity for the template molecules. The oxidation
of NE occurred at 0.33 V, with a well defined inverted ‘V’-shaped
voltammogram and a stable response. As shown in Fig. 4b, the
calibration curves for NE detection by DPV are linear from 1 uM to
167 uM and have the equation Y=0.0067X+0.2706 (R?=0.9976).

Fig. 5 shows the typical amperometric response curve (i-t
curve) towards the oxidation of NE at the FM/GCE in 0.2 M PBS
that is obtained by applying a potential of 0.33 V. Sequential ad-
ditions of 50 nM of NE to the electrode provoked dramatic in-
creases in the current, and the time required to reach the 98%
steady state response was less than 3 s (inset of Fig. 5a) upon
further additions of 50 nM NE at intervals of 50 s. This biosensor
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Fig. 4. a) DPV curves for different concentration of NE (1-167 uM) on the FM/GCE. b) Linear relationship between the current and concentration of NE.

yielded a linear response for NE concentrations between 50 nm
and 900 nM and had a correlation coefficient of 0.9987, as pre-
sented in the inset of Fig. 5a. This sensor also yielded a very low
detection limit of 3.7 x 10~° M estimated at a signal-to-noise ratio
of three, without any chemical modifier. Fig. 5b shows that the
amperometric current response increased linearly with increasing
NE concentrations between 5.0 x 108 M and 2.0 x 10~% M with a
correlation coefficient of 0.9989 (inset of Fig. 5b). It is well known
that NE is generally present in human blood and urine with the

normal concentration ranges of 3x107°-9x1078M and
1.7 x 1077-7 x 107 M, respectively. In this study, it is proven that
the material under study can effectively detect the amount of NE
from blood and urine as its limit of detection is 3.7 x 10~° M with
wide linear range. This proves that the FM/GCE is suitable for the
detection of NE at very low concentrations. It is worth comparing
the detection limit of NE that was obtained in the present study
with previously reported values for different modified electrodes
(Table 1). Table 1 shows that the present FM/GCE had the lowest
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Fig. 5. a) Amperometric i-t curve for the determination of NE at the FM/GCE in a 0.2 M PBS. Inset (a): Plot of the concentration of NE vs. current and plot of the current vs.
time, showing a steady state current within 3s. (b) Amperometric i-t curve for the determination of NE at the FM/GCE in a 0.2 M PBS. (Each addition increases the
concentration to (a) 1, (b) 3.5, (c) 7.5, (d) 12.5, (e) 22.5, (f) 37.5, (g) 62.5, (h) 100, (i) 150, and (j) 200 uM NE at the FM/GCE in a 0.2 M PBS at a intervals of 50 s. Inset (b): Plot of
the concentration of NE vs. current. (c) Amperometric response of the FM/GCE to the addition of NE in the presence of interfering compounds (i.e 0.25 mM UA and 0.1 mM

AA).
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Table 1
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Comparison of reported modified electrodes for the determination of NE with the FM/GCE produced in this study.

Electrode material

Linear range (uM)

Detection limit (uM) Ref.

ZrO, nanoparticle-modified carbon paste electrode 0.1-200
AuNPs/ITO 0.1-25
WO5-TiO,/ITO 3.23-388
CPE modified with 5-mino-3',4'- dimethyl-biphenyl-2-ol (5ADB) 1.2-900
Molecularly imprinted polymer-coated PANPs 0.5-80
MW(CNTs/carbon ionic liquid electrode 0.3-450
Molybdenum (VI) complex/carbon paste electrode 30-700
FeMoO,4/GCE 1-200

0.089 (Ardakani et al., 2010)

0.0087 (Goyal et al., 2011)

1.07 (Li et al., 2012)

0.59 (Beitollahi and Mohammadi, 2013)

0.1 (Chen et al., 2015)

0.09 (Salmanpour et al., 2012)
0.043 (Beitollahi and Sheikhshoaie, 2011)
0.0037 Present work

detection limit for NE with a wide range of concentrations.

It is well known that ascorbic acid (AA) and uric acid (UA)
coexist with NE in human body fluids i.e human blood and urine,
and their concentrations are always much higher than that of NE
(Kazuko et al., 2003). AA and UA also oxidize at a potential near to
that of NE at most electrodes, resulting in overlapping voltam-
metric responses. Therefore, the determination of NE in the pre-
sence of higher concentrations of AA and UA was carried out. The
interference influence was investigated via the amperometry i-t
curve at the FM/GCE with 15 uM NE in the presence of 0.25 mM
UA and 0.1 mM AA (Fig. 5¢). It was found that these common in-
terferences, at the added concentrations did not interfere with the
determination of NE. Additionally, the amperometric responses to
15uM NE were mostly constant before and after these inter-
ferences were added. Similarly, epinephrine (E) and dopamine
(DA) were also supposed to interfere in determination of NE, as
both contain a catechol residue and a side-chain amine. In this
study, we have used the specific oxidation potential for oxidation
of NE (0.33 V). Hence, the contribution of the current from E and
DA oxidation will be negligible. The high sensitivity of the elec-
trode is due to the application of an appropriate potential and the
selectivity of the as-synthesized material towards NE.

A reliable NE biosensor should show good precision (repeat-
ability and reproducibility). The repeatability generated by the
biosensor was studied by measuring the current 10 times in a
single day. Aditionally, the reproducibility of the biosensor was
studied by measuring the current with five different electrodes
with a relative standard deviation of 3.45%. (Fig. S7). The FM/GCE
was preserved in PBS (pH 7.2; 0.2 M) at room temperature after
each CV measurement. It was found that the current response
decreased by about 1.4% after one week (Fig. S8). The sensitivity of
the FM/GCE are comparable to those of previously reported
modified electrodes. These results show that the present modified
electrode was very stable and reproducible for the determination
of NE. This may be due to fact that the FM/GCE has good poly-
crystallinity, which provides an effective path for electron trans-
port and high electrocatalytic activity.

4. Conclusions

The present study demonstrated the simple hydrothermal
synthesis of FeMoO,4 nanorods and used as electrode materials in
biosensors for the detection of NE. The synthesized electrodes
exhibited excellent electrocatalytic performance towards the oxi-
dation of NE by the formation of Fe (II)-dioxygen complexes over a
wide linear concentration range (5.0 x 108 M and 2.0 x 10~ M)
with a detection limit as low as 3.7 x 10~° M. This value was lower
than a variety of enzyme and noble metal nanomaterial based
biosensors. It was also observed that the oxidation of NE is diffu-
sion controlled in nature with a diffusion coefficient (D) of
1.10 x 10~* cm?/s and a standard heterogeneous rate constant (k)
of 4.078 x 10~ 3 cm/s. In the amperometric study, the FM/GCE

showed a quick response (less than 3s). Because of these re-
markable analytical advantages, an effective approach for the de-
tection of NE was established by using the as-prepared modified
electrode. Our research could lead to a paradigm in future studies
concerning biosensors and may lead to the preparation of actual
devices.
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