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1 Introduction

Nanoengineered parallelogram-NiFe,0,4/rGO
nanocomposite-based biosensing interface for
highly efficient electrochemical detection of
neurodegenerative disorders via dopamine
monitoring

Rahul Verma, @2 Kshitij RB Singh, @2 Ranjana Verma® and Jay Singh @ *@

A low-temperature hydrothermal method was used to synthesize a unique parallelogram (Pg) morphology
based on Pg-NiFe,O4 and Pg-NiFe,O4/reduced graphene oxide (rGO) nanocomposite. This unique Pg
morphology provided high surface area, loading of a biomolecule, and high charge transfer between the
substrate and analyte. This nanocomposite enabled creation of an efficient selective electrochemical
biosensor for 3,4-dihydroxy phenylalanine (dopamine (DA)). DA is a key monoamine neurotransmitter that
causes numerous disorders, including Parkinson's disease, Alzheimer's disease, dementia, and hyperactivity
disorder due to an imbalanced concentration of DA in biological fluids. Thus, the in situ-prepared Pg-NiFe,-
O4/rGO nanocomposite was utilized for immobilization of the enzyme tyrosinase (Tyr) and for
electrochemical estimation of DA. In addition, the structural, morphological, and electrochemical
characteristics of the synthesized Pg nanocomposite were investigated by X-ray diffraction analysis, Fourier
transform infrared spectroscopy, Raman spectroscopy, UV-visible spectroscopy, X-ray photoelectron
spectroscopy, transmission electron microscopy, scanning electron microscopy, atomic force microscopy, and
electrochemical method. The Tyr/Pg-NiFe,O4/rGO/ITO bioelectrode had a excellent linear detection range of
1-300 pM, high sensitivity (9.456 x 107 mA uM™ cm™), low response time of 10 s, long stability of 40 days,
good repeatability, and low limit of detection (0.0456 uM). Hence, the in situ-prepared nanocomposite, with its
unique parallelogram morphology, offers an efficient means for monitoring DA, that can be essential for

managing neurodegenerative disorders, by providing excellent sensitivity, stability, and detection capabilities.

divalent metal ion (Ni*") with a trivalent ferric ion (Fe**) in a
1:1 ratio are present on octahedral lattice sites.” The magnetic

Ferrite is a ferromagnetic compound having iron oxide as a
principal element, and mixes readily with other metals.
Ferrites are commonly represented as AB,O,, especially in
electrochemistry. Iron and nickel are regularly considered as
two eco-friendly and inexpensive elements in electrochemical
applications.”* Spinel ferrites can be represented as MFe,Oy.
M corresponds to a divalent fricative metal ion (e.g., Ni, Zn,
Co) and Cu nanoparticles have an eight face-centered cubic
(FCC) arrangement formed by oxygen atoms, in which only 1/8
of the 64 tetrahedral sites are occupied by Ni ions and 1/2 of
octahedral sites by Fe ions. In an inverse spinel structure
(parallelogram (Pg)-NiFe,O,, n-type semiconductor), one
trivalent ferric ion (Fe®') in tetrahedral lattice sites and a

“ Department of Chemistry, Institute of Science, Banaras Hindu University,
Varanasi (221005), Uttar Pradesh, India. E-mail: jaysingh.chem@bhu.ac.in,
Jaimnnit@gmail.com; Tel: +91 9871766453

b Department of Physics, Institute of Science, Banaras Hindu University, Varanasi
(221005), Uttar Pradesh, India

252 | RSC Appl. Interfaces, 2024, 1, 252-267

ferrite-based metal oxides Fe;O,, ZnFe,O,, CoFe,O,, and
NiFe,O, are used in various applications, such as catalysts,”
energy-storage devices, sensing and medical applications,’
electrochemical  sensing,® controlled drug release,”
semiconductors, and hydrogen-evolution reaction.® Among
these nano-ferrites, Pg-NiFe,O, is one of the most important
spinel soft ferrites. It has a significant role in biosensing
applications due to good frequency and electrical conductivity,
little loss of eddy currents, good permeability, good
mechanical and electrochemical stabilities, and because the
target molecule can bind readily on its surface.” The
conductivity of a material has a crucial role in amperometry-
based biosensors by improving the response current. However,
Pg-NiFe,0, cannot be used directly in biosensing due to poor
conductivity'® as compared with Pg-NiFe,O,/reduced graphene
oxide (rGO) nanocomposites.

Graphene is a two-dimensional (2D) carbon material and
the “mother” of all carbon nanostructures having sp> hybrid
single-layer carbon atoms. Graphene exhibits four important

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties: (1) finite dimensions; (2) morphological (e.g., edge
and dislocation) flaws; (3) 5-6-8 member rings in honeycomb
and hexagon shapes; (4) holes in the plane (these sheets can
aggregate through weak van der Waal contact and pi-pi
interactions)."* Reduced graphene oxide (rGO) is a supreme
derivative of graphene. It has a layered structure with oxygen-
containing functional groups on its edges and basal plane."?
The surface of rGO contains several functional groups, such
as carboxyl, epoxide, and hydroxyl, which are responsible for
hydrophilicity and dispersibility in aqueous solution.*® It also
exhibits good thermal, optical, electrical, mechanical, and
conducting properties that make it ideal material in several
domains, such as electrochemical applications,'* sensors,"”
photocatalysts,'® solar cells, and photochemistry.'” However,
the oxygen functional group present on the rGO surface
decreases the electrical conductivity of the material and
controls its direct application in electro-functional materials
and devices."® Therefore, to improve the electrical
conductivity of the rGO surface, some modifications (e.g.,
chemical modification,” doping,”® and composite formation
with other conductive materials*') have been carried out to
improve its conductive efficiency.

Dopamine (DA) is an  essential monoamine
neurotransmitter in the human body. DA is directly related to
pathways that control mobility, motivation, metabolic activity,
and the central system in mammals.”*> Its
concentration in whole human blood and serum for healthy
persons ranges from 107° to 10~ mol L™". A low concentration
of DA in the physiological system creates serious health
issues, such as hypertension, the death of heart muscles, and
neurological disorders such as Parkinson's disease (which
results in the loss of dopaminergic cells), and
schizophrenia.”®** Thus, the dysfunctional metabolism of DA
in the brain must be treated by r-dopamine. To resolve these
above-mentioned health-related problems, a rapid and
effective method is required for DA measurement.

In recent years, several methods have been reported to
measure the DA concentration, such as electrochemical
methods, photoelectrochemical analysis,*
chemiluminescence,*® localized surface plasmon resonance
(LSPR),%” chromatography, and mass spectrometry.*® Among
all of these methods, the electrochemical approach is
exquisite due to quick detection, high sensitivity, high
specificity, limit of detection, handleability, cost-
effectiveness, eco-friendliness, on-site and real-time
monitoring, and portability.>**> The electrochemical
approach allows recording the real-time response by
changing the DA concentration. However, the selectivity of
DA can be poor due to the presence of ascorbic acid and uric
acid, which have a close redox potential to that of DA. Thus,
carbon-based materials are used to improve the selectivity
response of DA. In carbon-based materials, GO improves the
selectivity significantly and can detect a low concentration of
DA.* A literature survey indicated that the mixing of NiFe,0,
into corban materials improved the electrocatalytic activity
and performance of electrochemical biosensors for many
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analytes, such as acetaminophen, codeine,* DA,*> and
epinephrine.*®

Herein we report, for the first time, an amperometric-
based biosensor for the detection of DA using a tyrosinase
(Tyr)/Pg-NiFe,0,/rGO/ITO bioelectrode. We synthesized a
nanocomposite via a hydrothermal method for the detection
of DA. Furthermore, the prepared nanocomposite material
was applied to the ITO surface through electrophoretic
deposition (EPD). Then, Tyr was immobilized on the surface
of the modified Pg-NiFe,O,/rGO/ITO electrode by drop-
casting. The prepared Tyr/Pg-NiFe,0,/rGO/ITO bioelectrode
showed outstanding amperometric results, such as excellent
linearity, high sensitivity, low limit of detection, high
stability, and good response time. These features make this
bioelectrode an excellent candidate for electro-oxidation and
detection of DA. The reason for effective enhancement of the
electrochemical  response in  the  Pg-NiFe,0,/rGO
nanocomposite was due to the decoration of rGO with Pg-
NiFe,O, The intercalation between rGO nanosheets and
oxygen-containing functional groups in rGO interacted
electrostatically with the unique Pg-metal ferrite to enhance
the amperometric response, surface area, and stability of the
composite material for use in biosensing applications. Hence,
the newly developed bioelectrode presents a pioneering
amperometric biosensor for DA detection, with exceptional
linearity, sensitivity, low detection limit, stability, and rapid
response time. These attributes are crucial for precise DA
monitoring in the management of neurodegenerative disorders.
Further, its prospects include broader application in disease
diagnosis and treatment optimization. These sensors are needed
to provide accurate and timely data for tailoring interventions
and therapies, which ultimately improves patient health in
neurodegenerative disorders.

2 Experimental
2.1 Chemicals

Ni(NO;),-6H,0, Fe(NO;);:9H,0, H,0, (30% solution), and
NH; (25% solution) were purchased from Merck (Whitehouse
Station, NJ, USA). Graphite flakes were obtained from
Millipore Sigma (Burlington, MA, USA). Cetyl-trimethyl-
ammonium-bromide (CTAB, 99% purity) was from SRL Sisco
Research Laboratories (Maharashtra, India). H,SO, (98%) was
sourced from Loba-Chemie (Mumbai, India). Sodium
dihydrogen phosphate-dihydrate ([NaH,PO,]-2H,0), disodium
hydrogen phosphate-dihydrate ([Na,HPO,]-2H,O, 99%),
potassium hexacyano-ferrate(m) (K;[Fe(CN)g], 98.5%), and
potassium hexacyanoferrate(u)trihydrate (K,[Fe(CN)e]-3H,0)
were purchased from Merck. Dopamine hydrochloride (Cg-
H;,CIO,N) and enzyme dihydroxy-phenylalanine (Tyr extract
from mushroom, 8503 unit per mg lyophilized solid powder)
were purchased from Millipore Sigma. Sodium chloride
(NaCl, 99%; Merck) and ITO sheets with surface resistivity
(20 Q sq™") were procured from Millipore Sigma and used as
a working electrode.
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2.2 Synthesis of Pg-NiF,0,/rGO nanocomposite

GO was synthesized following the method reported by Hummer
and colleagues®” with some modifications. Graphite flakes (2 g)
were mixed with H,SO, (46 ml) solution into a round-bottom
flask by slow addition of KMnO, (6 g) at 0-5 °C and
continuously stirred for 2 h. The reaction temperature was
maintained at 35 °C (overnight). Then, 92 ml of distilled water
and 30% H,O0, solution (25 ml) were added with continued
stirring to give a yellowish solution. Washing and drying were
done to obtain rGO sheets. The hydrothermal synthesis of the
NiFe,0,/rGO nanocomposite has been reported.*® We modified
the reported synthetic process to prepare the Pg-NiF,0,/rGO
nanocomposite. First, 0.4 M Ni(NO3),-6H,O and 0.8 M
Fe(NO3);-9H,0 were mixed in 50 ml of distilled water and
stirred continuously to prepare a uniform solution. To this
solution was added 25% NH; to maintain a constant pH of 10
and a clear-brown solution appeared. After that, 30 mg of rGO
was added to 25 ml of distilled water, and this solution was
sonicated for 45 min at room temperature. A 50 ml mixture of
0.4 M Ni(NO3),-6H,0 and 0.8 M Fe(NOs);-9H,0 was transferred
to 25 ml of rGO solution. Next, 0.1 M CTAB was added as a
surfactant to the solution stated above, and the whole solution
was stirred continuously at 60 °C for 2 h. The same solution
was transferred to a hydrothermal autoclave (180 °C, 18 h) and
the autoclave cooled down naturally at room temperature. A
mixture of distilled water and ethanol was used for washing
the precipitate, which removed unreacted materials and
maintained a neutral pH. This precipitate was dried at 90 °C
for 6 h. The material was obtained in powder form, and was
calcinated at 500 °C for 5 h. The resulting material was the Pg-
NiF,0,/rGO nanocomposite. To confirm this material, we
undertook X-ray diffraction (XRD) analysis, Fourier transform
infrared (FTIR) spectroscopy, and transmission electron
microscopy (TEM). A similar method was used for the synthesis
of Pg-NiFe,0, without using rGO and surfactant. Eqn (1)-(3)
show how the Pg-NiF,0,/rGO nanocomposite was synthesized.

2Fe(NO3); + Ni(NO3), + 8NH,OH — 2Fe(OH); + Ni(OH),

+ 8NH,NO; (1)
2Fe(OH); + Ni(OH), — NiO + Fe,0; + 4H,0 (2)
NiO + Fe,0; — Pg-NiFe,0, (3)

2.3 Fabrication of Pg-NiFe,0,/rGO/ITO and immobilization of
Tyr on the prepared electrode

Fabrication of the Pg-NiFe,0,/rGO/ITO electrode was done
using an EPD technique. A 30 mg uniform suspension of
Pg-NiFe,0,/rGO was mixed in double-distilled water (12 ml)
and ethanol solution (3 ml) following ultrasonication for 60
min before EPD. A copper electrode was used as an anode
material and functionalized ITO glass plate was employed
as the cathode. The two electrodes were dipped in a
suspension of Pg-NiFe,0,/rGO and hung vertically with a 1
cm gap between the two electrodes. A uniform thin film of
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the Pg-NiFe,0,/rGO nanocomposite was prepared on the
ITO surface (0.25 cm®) by applying a 30 mV potential for 25
s. The prepared Pg-NiFe,0,/rGO/ITO electrode was removed
from the EPD solution, washed with distilled water to
remove unbound particles, and stored in a cool place for
future utilization. A 20 pL solution of Tyr was immobilized
on the Pg-NiFe,0,/rGO/ITO electrode surface using the
drop-casting method and dried in a humid chamber at
room temperature for 12 h. Tyr was immobilized on the
surface of the Pg-NiFe,0,/rGO/ITO electrode and stored at 4
°C. Atomic force microscopy (AFM) was done to confirm the
immobilization of Tyr on the surface of the Pg-NiFe,0,/rGO/
ITO electrode.

3 Characterization

The characterization of hydrothermally synthesized Pg-NiFe,O,,
and Pg-NiFe,0,/rGO nanocomposite was done through various
methods. A powder X-ray diffractometer (4 = 1.5418; Cu Ko; D8
Advance; Bruker, Billerica, MA, USA) with a scan rate of 2° min™"
in the range of 0° to 90° was used for analyses of the crystallite
nature and phase. A FI-IR spectrometer (FTIR-4700; Jasco,
Tokyo, Japan) in the range of 400-4000 cm™" at 25 °C was used
for structural confirmation. Optical properties were checked by
a UV-visible absorbance spectroscopy using a spectrometer (UV-
1700; Shimadzu, Tokyo, Japan). A Raman spectrophotometer
(LabRam HR Evolution; Horiba, Tokyo, Japan) was employed to
detect in the range of 200-3500 cm™" using a high-performance
charged-coupled-device detector. A laser emitting a He-Ne beam
at 633 nm was used to illuminate the sample. The surface
morphology of the powder Pg-NiFe,O, and Pg-NiFe,0,/rGO
nanocomposite determined by scanning electron
microscopy (SEM) using an EVO18 system (Zeiss, Oberkochen,
Germany). AFM was done using a Solver Nano (NT-MDT
Spectrum Instruments, Tempe, AZ, USA) system to confirm the
surface morphology of Pg-NiFe,0,/ITO, Pg-NiFe,0,/rGO/ITO,
and Tyr/Pg-NiFe,0,/rGO/ITO. X-ray photoelectron spectroscopy
(XPS) was undertaken with a PHI 5000 VersaProbe-III Scanning
XPS Microprobe (ULVAC-PHI, Tokyo, Japan) to investigate
elemental composition and the level of reduction in rGO and
Pg-NiFe,0,/rGO. A multi-purpose surface-area and pore-size
analyzer (As-i Q-C; Quantachrome Instruments, Boynton Beach,
FL, USA) was used to calculate pore size and surface area by the
Brunauer-Emmett-Teller ~ (BET) method. The internal
morphology of the proposed materials was confirmed by TEM
using a JEM 1400 setup (Jeol, Tokyo, Japan). Elemental
composition was determined by energy-dispersive spectroscopy
(EDS) using the EVO18 setup (Zeiss). NaCl solution (0.9%) was
added to phosphate-buffered saline (PBS; 50 mM, pH 6.5)
following use of 5 mM ferric/ferro cyanide [Fe(CN)e]*’*" and
used as a redox couple to undertake electrochemical studies
using a single-channel instrument (CS350; CorrTest, Wuhan,
China) for a three-electrode system. Tyr/Pg-NiFe,0,/rGO/ITO,
platinum (Pt), and silver/silver chloride (Ag/AgCl, 3.5 M KCl
electrolyte solution) electrodes were applied as the working,
counter, and reference electrode, respectively.

was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) XRD spectra of (a) rGO, (b) Pg-NiFe,;O,4, and (c) Pg-NiFe,0,4/rGO nanocomposite with their respective planes. (B) Raman spectra of (a) rGO, (b)

Pg-NiFe,Oy4, and (c) Pg-NiFe,O4/rGO nanocomposite. (C) FTIR spectra of (a) rGO, (b) Pg-NiFe,O4, (c) Pg-NiFe,O4/rGO, and (d) Tyr/Pg-NiFe,O4/rGO, in

transmittance mode.

3.1 XRD analyses

XRD analysis of the hydrothermally synthesized Pg-NiFe,O, and
Pg-NiFe,0,/rGO nanocomposite was carried out to confirm the
phase and crystal-lattice system. After XRD (Cu Ko, 111, 002,
220, 311, 222, 400, 422, 511, 440, 620, 533, 622, 444, and 642
planes were obtained (Fig. 1A). We found that 26 at 26.17° (002
plane) was like graphene oxide (Fig. 1A-a) and matched with
JCPDS 75-1621; all other planes confirmed the formation of
nickel ferrite (Fig. 1A-b) (JCPDS 86-2267). Fig. 1A-c shows a good
match to confirm the formation of the Pg-NiFe,0,/rGO
nanocomposite and exhibits a single-phase cubic spinel crystal.?
The diffraction peaks for Fe,O; and NiO were absent, which
suggested the formation of pure single-phase NiFe,0,. A FCC
crystal system with space group Fd3m was noted. The Scherrer
equation (D = 0.94/fcos6) was used to calculate the crystallite
size (D) using the highest peak intensity, where 1 is the
wavelength of the X-ray (Cu Ka 1.5418 A), @ is Bragg's angle, and
B is fullwidth at half maximum (FWHM). The obtained
crystallite size was 29.8 nm for diffraction in the (311) plane. The
lattice parameter (a) and density (d) of the nanocomposite were
calculated using eqn (4) and (5), respectively, where A, k, and [
are the Miller indices, a is the lattice parameter, d is the density
of the X-ray, 8 molecules are present in each unit cell of a spinel
lattice, M is molecular weight in g mol™ of the spinel, and N, is
the Avogadro number. The calculated values of the lattice
parameter and density were 8.38 A and 5.21 g cm >, respectively.

a=AR+ 1+ P)"?/25sin0 (4)

d = 8M/Nxa®

(5)

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 Raman spectroscopy

Raman spectroscopy is a fast and nondestructive tool. It can
provide direct electron-phonon interactions, as well as phase
and structural (order/disorder) confirmations. The Raman
spectra of rGO, Pg-NiFe,0, and Pg-NiFe,0,/rGO (He-Ne laser
beam at 633 nm,*® accumulation time = 7 s, acquisition time
=10 s, grating = 1800 grooves per mm, slit width = 100 um)
are shown in Fig. 1B. The Raman spectrum of rGO exhibited
D (diamond) and G (graphite) bands at around 1348 cm™
and 1583 cm™ due to an out-of-plane breathing mode on sp”
atoms with A;, symmetry (local defects/disorder) and
scattering of first-order in E,, phonons of Csp® atoms in the
Brillouin zone. A second-order two-phonon mode of the 2D
band was observed at 2710 em™. The Csp* atoms associated
with vibrations of the G band in a 2D hexagonal lattice and
2D band provided evidence for the reduction of GO and
formation of monolayer graphene-like structure’®*’ The
average size of sp” domains was correlated with the intensity
ratio (Ip/Ig) of D and G bands. However, the intensity, shape,
and position of the D and G bands were dependent upon the
number of layers of graphene. A ratio of I/Ig = 0.85 gave
information about the degree of graphitization and defects
present in the crystal lattice (Fig. 1B-a). Classical theory
explains that an interaction between lattice vibrations and
crystal structure appear during the synthesis of Pg-NiFe,0,,
but some other phase formations, such as Fe;O,, o-Fe,Os3,
and y-Fe,03, are also possible. The scattering of Raman rays
was used to differentiate the Pg-NiFe,O, phase from another
possible phase (like that found using XRD). The strongest
peaks of the y-Fe,O; phase are at ~1380 cm ' and ~1580

RSC Appl. Interfaces, 2024,1, 252-267 | 255
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(A) UV-visible absorbance spectra of (a) rGO, (b) Pg-NiFe,Oy4, (c) Pg-NiFe,04/rGO, and (d) Tyr/Pg-NiFe,O,4/rGO nanocomposites. (B) Band

gap analysis by Tauc plots of (a) rGO, (b) Pg-NiFe,O,, (c) Pg-NiFe,O4/rGO, and (d) Tyr/Pg-NiFe,O4/rGO nanocomposites.

em™'. However, no such peak was observed in this range*

(1300-1600 cm™"), which indicated the formation of a pure
crystalline Pg-NiFe,O, phase (Fig. 1B-b). The cubic inverse spinel
structure of Pg-NiFe,O4 having a space group Oy’ (Fd3m) and
inverse spinel gave the vibrational mode predicted by the group
theory in eqn (6) based on Raman (R), infrared (ir) active, and
inactive (in) vibration. We found five (A + E; + 3T,,) Raman-
active modes and 4Ty, IR-active modes. The peak at 675-610
em™ indicated the chemical nature of the divalent cation in the
inverse spinel structure. Fig. 1B confirmed the formation of the
pure crystalline Pg-NiFe,0,/rGO nanocomposite.

['(AB,O4) = Ajg(R) + Eg(R) + 3T,4(R) + Tyg(in) + 2A,,(in)
+ 2Ey(in) + 2T, (in) + 4Ty (ir) (6)

3.3 Detection of functional groups by FTIR spectroscopy

FTIR spectroscopy was used for confirmation of the
functional groups present in the hydrothermally synthesized
nanocomposite. We used a range of detection of 400-3500
em™" for FTIR spectroscopy and assigned into two important
regions (fingerprint and functional group). However, the peak
observed in Pg-NiFe,O; was below 750 cm™'; peaks at 430
em ™' (Nigee-O bond) and 620 ecm™  (Fewwa~O bond)
represented the stretching vibrations of the spinel cubic
crystal in octahedral and tetrahedral lattices,*® respectively
(Fig. 1C-b). The peak observed at 1595 cm™" corresponded to
O-H bending vibrations. However, the transmittance peaks
at 1215 cm™* and 1675 cm™" indicated C-O alkoxy and epoxy
groups,** and the C=O0 carbonyl group. After that, the peaks
at 900 ecm™' (C-C), 1420 cm ™" (C=C), 2320 cm™' (COOH), and
3380 cm™ (N-H) were related to stretching vibrations in rGO
and Tyr (Fig. 1C-a and d). The peak observed in the range of
2920-2980 cm™' corresponded to Cx~H stretching of the
aromatic ring present in rGO.

3.4 UV-visible spectra

UV-visible spectroscopy was used to analyze absorption in the
absorbance range 200-800 nm. Fig. 2A shows the absorption

256 | RSC Appl. Interfaces, 2024, 1, 252-267

spectra of rGO (265), Pg-NiFe,0, (270), Pg-NiFe,0,/rGO (270),
and Tyr/Pg-NiFe,0,/rGO (266) nanocomposites. The d-d
transition of metal ions lead to a red (bathochromic) shift.
The absorption peak of rGO (265 nm) corresponded to the
n-m* transition, indicating that some functional groups on
the surface of GO were removed and the conjugated structure
was maintained.*> The band gap (E,) of rGO, Pg-NiFe,0,, Pg-
NiFe,0,/rGO, and Tyr/Pg-NiFe,0,/rGO absorption peaks was
calculated using Tauc plots using eqn (7), where E, is the
band gap in eV, Av (1240 eV) is the photon energy, a is the
absorbance coefficient, n is constant (n = 1/2 direct, 2
indirect, allowed, and 3/2 direct, 3 indirect forbidden
transitions, respectively) for a direct band gap n = 1/2, and K
is the proportionality constant. The graph was constructed
using (ahv)® vs. hv to find the value of the band gap on the
x-axis. The band gap (E, on the X-axis) of rGO, Pg-NiFe,0y,
Pg-NiFe,0,/rGO, and Tyr/Pg-NiFe,0,/rGO was 4.22, 2.74, 2.65,
and 4.06 eV, respectively (Fig. 2B). The Pg-NiFe,0,/rGO
nanocomposite had a lower band gap than Pg-NiFe,0,4, which
gave a faster electronic transition.

ahv = K(hv — By)" )

3.5 TEM, SEM, and EDS for elemental analysis

The internal surface morphology of the Pg-NiFe,0, and Pg-
NiFe,0,/rGO nanocomposite was examined by TEM. The
rhombus-parallelogram morphology of the calcinated NiFe,-
0O, and NiFe,0,/rGO nanocomposite is shown in Fig. 3. These
parallelograms contained two opposite edges that were equal
and parallel with the angle. The other two edges (at right
angles to each other) were different. The high-resolution
TEM (HR-TEM) image (Fig. 3B) showed lattice fringes in the
Pg-NiFe,0, phase distributed equally and also a selected area
electron diffraction (SAED) pattern is shown in Fig. 3C. A
particle-size histogram of Pg-NiFe,O, with regard to diameter
and length (Fig. 3D) was calculated to discover the ratio of
diameter/length (Nyoa 30, 88.4 and 90 nm). TEM images of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (A) Pg-NiFe,O,4 and (B) HR-TEM images demonstrating fringes in a parallelogram. (C and D) SAED pattern and particle size (diameter
and in-set is based on length) of Pg-NiFe,O,. (E and F) Parallelogram of NiFe,04/rGO nanocomposite. (G) HR-TEM fringes of Pg-NiFe,O,/rGO, (H and 1)
SAED pattern and particle size of Pg-NiFe,O,/rGO with regard to diameter and in-set is based on length.

the NiFe,O,/rGO nanocomposite revealed an identical
parallelogram morphology to that of NiFe,O, (Fig. 3E and F).
HR-TEM indicated the lattice fringes of Pg-NiFe,0,/rGO in
two different phases of Ni and Fe metal (Fig. 3G). The SAED
pattern (Fig. 3H) and particle size of Pg-NiFe,0,/rGO were
calculated with regard to diameter and length (Fig. 3I), and
were found to be 68.4 nm and 72.7 nm, respectively. Pg-
NiFe,0,/rGO showed a uniform distribution of a
parallelogram on rGO because Ni**/Fe* interacted
electrostatically with negatively charged rGO containing
C=O0, C-O, and the OH group stimulated the uniform
attachment of Ni*'/Fe** on the GO These
homogeneous attachments enhanced the catalytic efficiency
and inhibited the agglomeration of nanoparticles."®

SEM was used for surface-morphology analysis of Pg-
NiFe,0, and Pg-NiFe,0,/rGO. These materials were evaluated
at an acceleration voltage of 20 kV, and the source of the
X-ray laser (at 3 nm) used for the secondary image was
lanthanum hexaboride (LaBg). The surface of materials was
coated with gold metal using a sputtering method to boost
their electron emission, thereby resulting in the continuous
flow of electrons and improving the quality of the image.
Fig. 4A and B showed the unique parallelogram morphology
in Pg-NiFe,0, and Pg-NiFe,0,/rGO nanocomposite to validate

surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry

the result of TEM. Thus, the distribution of Pg-NiFe,0, in the
embedded surface of rGO provided a perfect interaction with
a metal ion to enable uniform Pg distribution in the
nanocomposite.

Detection of the elemental composition of Pg-NiFe,O, and
Pg-NiFe,0,/rGO nanocomposite was done using EDX
(Fig. 4C and D). Elemental composition is described in
Table 1 with atomic percentages. Ni, Fe, O, and C elements
were present in the Pg-NiFe,0,/rGO nanocomposite. The EDX
spectrum exhibited an Ni/Fe atomic ratio of nearly 1:2,
which indicated formation of the Pg-NiFe,O, phase.

3.6 AFM

The AFM images of Pg-NiFe,0,, Pg-NiFe,0,/rGO, and Tyr/Pg-
NiFe,0,/rGO bioelectrodes are shown in Fig. 5A-1. It reveals
2D and 3D images, and a height-distribution histogram of
thin films for uniform and crack-free Two
important roughness parameters, average roughness (R,) and
root mean square roughness (Ry), were measured to explain
the morphology of the thin film. R, measures the height of
average surface area roughness. Ry represents the standard
deviation of surface height. S, indicates the maximum area
peak height (Table 2). After the immobilization of Tyr on the

surfaces.
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Fig. 4 SEM image of (A) Pg-NiFe,O4. (B) EDX image of Pg-NiFe,O4. (C) SEM image of Pg-NiFe,04/rGO. (D) EDX image of Pg-NiFe,04/rGO

nanocomposite showing elemental composition (atomic%) in tabular form.

Table 1 Elemental composition of Pg-NiFe,O, and Pg-NiFe,O4/rGO
nanocomposite

Pg-NiFe,0, Pg-NiFe,0,/rGO
Element Series Atomic% Atomic%
Fe (26) K-series 38.50 9.04
O (8) K-series 43.14 53.94
Ni (28) K-series 18.36 8.04
C (6) K-series — 28.99

nanocomposite electrode, granules agglomerated due to a
high charge density and particle-particle interaction. The
corresponding R,, Ry, and Sy values are shown in Table 2.
The surface roughness decreased due to the adsorption of
Tyr on the nanocomposite surface via strong interactions
between the positive metal ion and oxygen atom of Tyr. The
surface of Tyr/Pg-NiFe,0,/rGO has a vascular cavity that has
an important role in the loading of biomolecules and is
efficient during electroanalysis. The other two important
parameters, skewness (Rg) and kurtosis (Ry,), 