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Developing cost-effective approaches for the fabrication of electrochemical devices is instantly needed
for transferring from basic research to point-care technology. Herein, we report an electrochemical
sensing platform based on an iron molybdate (Fe,(MoQ,)s)-modified screen-printed carbon electrode
(SPCE) for the sensitive and selective sensing of dopamine (DA). The formation and purity of Fe,(MoQO,)z
was characterized via multiple spectroscopic techniques. Likewise, the electrochemical performance of
the Fex(MoO4)s modified SPCE was probed via cyclic voltammetry and differential pulse voltammetry.
Fe>(MoO4)3/SPCE exhibited a 1.44-fold increase in electrochemical sensing activity towards DA than
bare SPCE. In a range as wide as from 0.01 to 225 uM, a linear relationship is well established with the
value of correlation coefficient being 0.9914. The limit of detection (S/N = 3) is well defined as 0.002 uM,
which is lower than that reported previously. The fabricated Fe (MoQO,4)3/SPCE shows good anti-

Received 8th April 2021, interference ability towards DA detection in the presence of numerous co-interfering compounds at a

Accepted 27th May 2021 higher level. Moreover, a biological analysis indicated that spiked DA can be determined accurately by
Fe>(MoQy4)s modified SPCE with the recovery rate in the range of 99.30-99.80% in human serum samples.
Based on the above-mentioned results, the proposed electrochemical sensor has great potential in the

fields of biological detection.
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1. Introduction

Neurotransmitters play a vital role in the human body that
helps in communication between the brain and nerve cells.
Among the various neurotransmitters, dopamine (DA) is an
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important catecholamine and neurotransmitter for living
organisms."” It plays an essential role in the cardiovascular,
central nervous, and endocrine regulation systems.>* The
inadequate level of DA in biological fluids causes diseases such
as schizophrenia, hyperactivity disorder, Tourette syndrome,
senile dementia, and Huntington’s, Parkinson’s, and Alzheimer’s
diseases.”” Besides, some toxic agents in the environment would
damage the human brain, liver, and kidney, which may lead to
inadequate DA level.*'° Therefore, it is of excessive importance to
develop accurate, sensitive, and low-cost analytical techniques for
detecting DA in biological samples. At present, numerous
techniques, such as fluorescence, chemiluminescence, colorimetry,
capillary electrophoresis, high-performance liquid chromatography,
electrochemical sensing, and liquid chromatography/tandem mass
spectrometry, are available for the detection of DA.™>° Among
them, electrochemical sensing gained considerable attention due
to its simplicity, low cost, rapid response, user-friendliness, and
real-time detection.>>*

Transition metal molybdates (TMMs) have been widely used
in electrochemical application due to their efficient catalytic
performance.?*”*” Sundaresan et al. reported barium molybdate
as a promising electrocatalyst for the detection of DA.*®
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Fan et al. developed an electrochemical sensor based on cobalt
porphyrin/tantalum molybdate for the simultaneous detection
of DA.*® Nanomaterials owing to their high surface area and
high activity are almost utilized in all sensor applications.°
Zhang et al. reported nickel molybdate nanosheets as a
potential catalytic platform for NADH and ethanol sensing."
Among these different TMMs, iron molybdate (Fe,(M00,);) is
crystallized in a structure of monoclinic with 16-FeOg octahedra
and 24-MoO, tetrahedra, which share corners in a unit cell,
which has the advantages of low cost, good conductivity,
environmental friendliness, high theoretical specific capacity,
chemical stability and natural abundance, and it is the most
promising electrode material.*>** However, Fe,(MoO,); have
some limitations, such as poor conductivity and electrochemical
stability, due to structural breakdown during redox reactions
that leads to low electrochemical performance.*® Arumugam
et al. reported nanoplate-like iron molybdate for the selective
determination of promethazine hydrochloride.*® Different
methods such as the sol-gel method, co-precipitation method,
impregnation method and hydrothermal method have been
used for the synthesis of Fe,(M00,);.***® Among the above-
mentioned synthesis techniques, the hydrothermal technique
has been widely used as an electrocatalyst owing to its simple,
environmentally, high phase purity, well-defined structural
morphology, low-cost, and highly efficient method.*”*® Several
hydrothermally prepared materials offer low detection limit due
to their precise morphology and functionality.*® To the best of
our knowledge, the Fe,(Mo0O,); modified electrode was utilized
the first time for the electrochemical determination of DA.

In this study, we utilized a Fe,(M0O,); modified electrode
for the electrochemical detection of DA. The as-prepared
Fe,(M00,); was analyzed by different spectroscopic, micro-
scopic, and voltammetric techniques. The electrochemical
performance was scrutinized by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) techniques. The effect of
various parameters such as pH, scan rate, different concentration
and detection limit was evaluated. Significantly, the Fe,(MoO,)s
modified electrode exhibits an improved electrocatalytic activity
towards DA via various physicochemical properties. Notably, the
Fe,(Mo00,); modified electrode delivers a low limit of detection,
wide linear range and acceptable selectivity. Compared with
previously reported electrodes for the detection of DA, the
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fabricated Fe,(Mo0O,); sensor provides several significant merits
such as (1) superior conductivity, (2) wide linear range because
of the large surface area, (3) excellent selectivity ability due to
the specific DA recognition, (4) high accuracy, and (5) good
biocompatibility for real-time monitoring of DA.

2. Experimental
2.1. Materials

Iron acetate (Fe(CO,CHj;),) and sodium molybdate dihydrate
(Na,M0O,) were purchased from Sigma Aldrich. Urea
(NH,CONH,) and ethanol were purchased from Fluka chemical
companies. All chemicals were of analytical grade and used
without further purification. Phosphate buffer solutions (PBS)
0.05 M were used in all the electrochemical studies. Double
distilled water (DI) was used for all the experiments.

2.2. Instrumentation

The structural morphology, crystalline structure and chemical
composition of the as-prepared Fe,(MoO,); were characterized
via transmission electron microscopy (TEM) (JEOL: JEM-
1200EX), and mapping analysis was performed via FE-SEM
(SEM Hitachi S-3000H) and X-ray diffraction (XRD; XPERT-
PRO spectrometer from PANalytical B.V. with Cu Ka radiation
/. = 1.5406 A). The functional groups were identified via FT-IR
(FT-IR-6600 spectrometer). The electrochemical measurements
were conducted at room temperature on an electrochemical
workstation (CH Instrument, USA) connected to a computer.
A typical three-electrode system consisting of a saturated KClI
silver-silver chloride (sat. KCl Ag/AgCl) as the reference
electrode, platinum wire as the counter electrode, and a
SPCE (0.071 cm®) as the working electrode was used. All the
experiment was carried in a nitrogenous atmosphere.

2.3. Synthesis of Fe,(M00O,);

In this study, Fe,(Mo00O,); were prepared by the simple hydro-
thermal method, as represented in Scheme 1. Briefly, 0.1 M Fe
(CO,CHj3), and 0.1 M Na,MoO, were dissolved in 20 mL DI
water and stirred until a homogeneous mixture was obtained at
atmospheric temperature. Then, 5 mg urea was dissolved in
10 mL DI water, and the mixture was added to the above-

Solution A

[ Fe(CO,CHy),
+

Na,MoO,

stirred

Solution A

140 °Cfor 12 h

Fe,(MoOy);

600 °C for 4 hours /

Scheme 1 The synthesis procedure of (Fe,MoOy4)s by the hydrothermal method.
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Fig. 1 (A) XRD pattern and (B) Raman spectra of Fe(MoQOy)s.

mentioned solution and stirred for another 30 min. The final
solution is transferred to a Teflon-lined stainless steel auto-
clave, shield tightly, maintained at 140 °C for 12 h and left
undisturbed until it reached room temperature. Then, it was
washed with DI water and ethanol several times and dried at
50 °C for 12 h and finally calcined at 600 °C for 4 h. The
obtained Fe,(MoO,); were ground and used for further electro-
chemical studies. Scheme 1 shows the schematic representation
of the synthesis methodology of Fe,(M00O,);.

A

200 nm 200 kV X20000 Cr=

Raman shift (cm™)

2.4. Fabrication of the DA sensor

Initially, the bare SPCE was cleaned with DI water and ethanol
every few seconds to remove unwanted impurities over the
SPCE surface. The SPCE electrode was modified with
Fe,(Mo0,); for the sensitive electrochemical detection of DA.
For the preparation of an Fe,(MoO,); suspension, the as-
synthesized Fe,(M0O,); electrocatalyst was ultrasonically
dispersed in DI water to form a 2 mg mL™"'. Then, 8 uL of
Fe,(Mo00,); dispersed in 1 mL DI water was gently drop-coated

200 kV X25000  2000m 200 KV X300004

O Kal

Spm

Spum
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Fig. 2 (A-C) TEM image of (D) line EDX spectra and (E-G) mapping image of Fe,(MoO4).
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Fig. 3 (A) CV curves of bare SPCE and Fe,(MoQ,)s/SPCE in the absence and presence of 150 uM DA in 0.05 M PBS (pH 7.0) at a scan rate of 50 mV s™*.
(B) CV curves at different DA concentrations at a scan rate of 50 mV s~ (C) CV curves at different scan rates with a DA concentration of 150 pM.
(D) Corresponding calibration plot of the redox current response and the scan rates.

on the electrode surface and dried to dehydrate the water
content at 50 °C for 15 min. Later, the modified SPCE was
rinsed to remove the loosely bounded particles with water, and
electrochemical studies were carried out.

3. Results and discussion
3.1. Material characterization

The structural and phase analyses of Fe,(M00O,); were charac-
terized via XRD in Fig. 1A. The XRD patterns of the product can
be indexed to the monoclinic phase Fe,(M00O,); structure
(JcpDS file Card No. 35-0183) without other possible
impurities.’®" The sharpness of the XRD peak indicates the
high crystallinity nature of materials. Raman spectroscopy
analysis was used further to confirm the (Fe,Mo00,); formation,
which is shown in Fig. 1B. The Raman spectrum of the MoO,
units of Fe,(M00,); was characterized by a triple peak feature at
995, 972 and 937 cm ', corresponding to the symmetric
stretching mode of the Mo—O bonds of three distinct MoO,
units. The two bands at 785 and 824 cm ™' correspond to the
asymmetric stretching vibration mode. A broad feature at
around 350 cm ! corresponds to the bending modes of the
Mo0O, overlaying bands.*>* The morphology of Fe,(M00,); was
investigated by TEM measurements. The TEM images of
Fe,(Mo00,); present a uniform sphere-like structure with good

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

crystallinity and a more specific area, and the active site will
improve the redox process® (Fig. 2(A-C)). The corresponding
elemental mapping of Fe,(M00,); confirms the presence of Fe,
Mo and O elements (Fig. 2(E-G)). The line energy dispersive
spectrum shows that Fe, Mo and O elements are distributed
evenly in Fe,(M00O,);.

3.2. Electrochemical studies

The concentration (mg) of Fe,(M0O,); for the SPCE preparation
will influence the performance of the developed electrochemical
sensor. Fig. S1 (ESIt) displays the electrochemical oxidation of
DA with respect to variation in the concentration of Fe,(M0O,)s.
2 mg mL ™' of Fey(MoO,); presented the highest oxidation
current for the detection of DA. The effect of the amount of
Fe,(Mo0O,); on the electrode response to 150 pM DA is shown in
Fig. S2 (ESI}). The oxidation peak current progressively increases
with the loading amount (2.0-6.0 pL), and the highest peak
current response appears at 8 pL of Fey(MoO,);. Therefore,
8.0 UL of Fe,(M00,); was selected as the optimal loading volume
in the subsequent electrochemical experiment.

3.2.1 Electrochemical performance for the detection of DA.
The CV technique in Fig. 3A show the bare SPCE and
Fe,(M00,)3/SPCE in the absence and presence of DA (150 uM).
No obvious redox peaks were observed on the bare SPCE and
Fe,(Mo00O,);/SPCE in 0.05 M PBS (pH 7.0) without 150 uM DA,
which suggests that no electrocatalytic reaction took on the

New J. Chem., 2021, 45, 11644-11651 | 11647
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Scheme 2 The redox mechanism of DA.

electrodes. The bare SPCE exhibits quasi-reversible redox perfor-
mance with weak oxidation (E,,) and reduction (E,.) peaks for
DA observed at 0.35 and 0.02 V, respectively. As expected,
Fe,(Mo00O,)3/SPCE shows a well-defined quasi-reversible beha-
viour for DA, and the redox peaks are observed at 0.28 V (Ep,)
and 0.03 V (Ep), respectively. Besides, the anodic peak current
response of DA is about 1.44 fold higher than that of those
observed at bare SPCE. The good redox current response at
Fe,(M00,)3/SPCE is due to good specific area, better electro-
catalytic activity and more active sites. The electrochemical
reaction of DA occurs by exchanging two-electron and two
protons on the surface of Fe,(MoO4);/SPCE, thus forming
dopamine-o-quinone (DOQ). The mechanism for the electro-
oxidation of DA is depicted in Scheme 2. Fig. 3B shows the CV
curves of Fe,(M00O,)3/SPCE in the different concentrations of DA
ranging from 30 to 150 pM. As shown in the CV signals, the

Current (A)
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redox currents progressively increase with the concentration of
DA. The result indicates that Fe,(M0O,);/SPCE has a good
electrochemical activity for the electrochemical sensing of DA.
3.2.2 Effect of scan rate and pH. The effect of the scan rate
on the electrochemical performance of DA at Fe,(Mo0O,)s;/SPCE
was examined by the CV method. Fig. 3C displays the CV curves
of Fe,(Mo0O,);/SPCE in 150 pM DA containing 0.05 M PBS
(pH 7.0) at different scan rates from 40 to 240 mV s~ ". As the
scan rate increases, the redox peak currents of DA for
Fe,(M00,)3/SPCE increases continuously, suggesting a quasi-
reversible process. The redox peak current of DA had a linear
dependence on the scan rates with the correlation coefficient of
0.9975 and 0.9984 (Fig. 3D). The obtained results indicate that
the electrochemical reaction was controlled by a typical surface-
controlled electrochemical process on the Fe,(Mo0O,);/SPCE.
The solution pH is an important parameter for high sensitivity
in the detection system.>>” The effect of pH on the redox
reaction of 150 uM DA at Fe,(Mo00O,);/SPCE was investigated by
the CV method in the pH range from 3.0 to 11.0. As shown in
Fig. 4A, the redox peak current of DA increased gradually with
the increase in the pH of the solution from 3.0 to 7.0, and the
maximum redox current was achieved at pH 7.0. With further
increasing pH, the redox peak current gradually reduced.”® "

0.4
B
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R?2=0.9921

—~ 0.2
b J
[-]
w1

0.0

®
-0.1 r . . :
2 4 6 8 10 12

pH

Fig. 4 (A) CV curves obtained at Fe,(MoQ,)s/SPCE in 150 uM DA containing different pH at a scan rate of 50 mV s, (B) Calibration plot of the formal
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(A) DPV responses at Fe(MoQO,)s/SPCE of various concentrations of DA. (B) Calibration plots of the oxidation peak current vs. different DA
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Table 1 Comparison of Fex(MoOy)s with previously reported DA sensors

Electrode materials Methods Linear range (uM) LOD (uM) Ref.

YVO/GA DPV 0.009-89 0.0015 6
Cu/Cu,0 NP,/PGE DPV 0.3-53 1.06 63
CuCrO0,-TiO, DPV 1-230 0.14 64
Fe,0,@Au cv 10-1000 0.058 65
CB-Nafion/p-BDD  SWV 0.1-100 0.054 66
NPC DPV 30-90 0.0027 67
Ni-MOF DPV 0.2-100 0.06 68
Poly-ET SWV 0.1-20 0.007 69
Au-C@Ni/BDD DPV 0.05-100 0.015 70
rGO-CMNs DPV 34-125 0.158 71
Fe,(M00,); DPV 0.01-225 0.002 This work

Hence, pH 7.0 was chosen for the subsequent analytical
experiments. The linear plot between the formal potential
and pH was plotted (Fig. 4B). The number of electron was
calculated by the following Nernst equation:®*

2.303RTm
Ep = E?orma] - TPH

where Ep, R, T, m, n, and f are the electric potential, universal
gas constant, temperature, number of protons, number of
electrons, and Faraday constant, respectively. We estimated
the slope value of —50.6 mV pH ™', which is an equal number
of protons and electrons process.
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3.2.3 Determination of DA. The DPV technique was
applied to assess the electrochemical performance of
Fe,(Mo00,);/SPCE towards the DA determination. Fig. 5A shows
the DPV signals for various concentrations of DA at Fe,(M00O,);/
SPCE. The oxidation peak current of DA increased linearly with
the concentration in the range of 0.01-849 uM. The linear range
for DA was determined in the range from 0.01 to 225 uM with
the correlation coefficient of 0.9913, as shown in Fig. 5B. The
limit of detection (LOD) was calculated to be 0.002 uM by
utilizing the formula as shown in previous literature.***"*
Table 1 shows the electrochemical comparison of the proposed
sensor with that of previously reported DA sensors. Fe,(MoO,)s/
SPCE presents a better electrochemical performance
towards DA with a dynamic linear range and a very low LOD.
The fabricated Fe,(Mo0O,);/SPCE sensor is effective for analyzing
DA in biological samples.

3.2.4 Interference and analytical application. The selectivity
of DA electrochemical oxidation on Fey(M0O,);/SPCE was
assessed by the DPV method with numerous interferents in
human serum samples. Thus, uric acid (b), ascorbic acid (c),
glucose (d), sucrose (e), caffeic acid (f), catechol (g), iron (h), zinc
(i) and sodium chloride (j) were taken as interfering substances
for DA. Fig. 6A displays the DPV performances of DA oxidation
with a 20-fold excess of b-g and a 50-fold excess of h-j. It can be
seen that common interfering substance lead to a minimum
relative error (£5%) in the determination of DA (Fig. 6B).

-

(=3

o
1

=]
o
1

(=2}
o
1

40

20

Current Intensity (%

a b ¢ d e f g h i j
Interfering compounds

06{D

y =0.0316x + 0.1152

R? = 0.9982
0.5

0.4

0.3

Current (pA)

0.2

0.1 T T T T T T T T

DA [uM]

Fig. 6 (A) DPV signals of Fe,(MoO,4)3/SPCE towards DA (a) in the presence of various common interference compounds (b—j). (B) A plot of the current
response of DA (%) with different interfering compounds. (C) DPV signals for the detection of DA in the spiked human serum sample based on

Fe>(MoQO,4)s/SPCE. (D) Calibration plot of the oxidation intensity against DA.
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Table 2 Determination of DA in human serum samples by Fe,(MoQ,)s/ Acknowledgements
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SPCE

Detected  Added Found  Recovery
Samples (uM) (uM) (uM) (%)
Human serum samples = — 1.00 0.99 99.00

— 3.00 2.99 99.70

— 6.00 5.96 99.30

— 10.00 9.98 99.80

— 15.00 14.94 99.60

These results confirmed
selectivity towards DA.

The analysis of DA present in human serum samples was
studied via the DPV method using the Standard addition
approach (Fig. 6C). Human serum samples were diluted
20 times with 0.05 M PBS (pH 7.0). Human serum samples
are free from DA; therefore, injected a known level of standard
DA in human serum samples. The plot for DA at Fe,(MoO,)s/
SPCE in Fig. 6D displays that the oxidation current increased
with the DA concentration in the range from 1 to 15 uM with
the correlation coefficient of 0.9982, and the obtained recovery
results are presented in Table 2. The recovery results of DA in
human serum samples were found in the range from 99.30 to
99.80% (Table 2). These results confirmed that Fe,(MoO,); is
the most promising electrode material for the sensitive and
selective detection of DA in real biological samples.

that Fe,(MoO,);/SPCE has good

4. Conclusion

We describe the simple fabrication of an effective and fast
electrochemical sensor for the analysis of DA. A novel
Fe,(M00O,); was synthesized via a hydrothermal method and
used as the sensing material. The sensing material was extensively
examined via X-ray diffraction, Fourier-transform infrared
spectroscopy, transmission electron microscopy, line energy-
dispersive X-ray spectroscopy and elemental mapping. Fe,(Mo0O,)s/
SPCE exhibits a better electrochemical performance than bare
SPCE, which is attributed to the good surface area, electrocatalytic
activity and active sites. The pH values were highly influenced and
the pH 7.0 was effective for efficient DA detection. Fe,(MoO,)s/
SPCE has proven to be promising for DA detection with low LOD
(0.002 uM) and good linear range (0.01-225 puM). Importantly, the
presence of various coexisting compounds did not adversely affect
during DA detection. Compared to other literature reported in
Table 1, our proposed sensor was a better linear range, LOD and
selectivity. Furthermore, the as-prepared Fe,(MoO,);/SPCE shows
comparable electrochemical performance for DA sensing in human
serum samples with satisfying recoveries. In the future, our
Fe,(MoO,); based sensor shows promising electrochemical
performance as a potential DA sensor.
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