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Abstract: The demand for regenerative energy and electric automotive applications has grown
in recent decades. Supercapacitors have multiple applications in consumer alternative electronic
products due to their excellent energy density, rapid charge/discharge time, and safety. CuFe2O4-
incorporated three-dimensional graphene sheet (3DGS) nanocomposites were studied by different
characterization studies such as X-ray diffraction, transmission electron microscopy, and scanning
electron microscopy. The electrochemical studies were based on cyclic voltammetry (CV), galvano-
static charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements.
As prepared, 3DGS/CuFe2O4 nanocomposites exhibited an excellent surface area, high energy stor-
age with appreciable durability, and excellent electrocatalysis properties. A supercapacitor with
3DGS/CuFe2O4-coated nickel foam (NF) electrodes exhibited an excellent specific capacitance of
488.98 Fg−1, a higher current density, as well as a higher power density. After charge–discharge
cycles in a 2.0 M KOH aqueous electrolyte solution, the 3DGS/CuFe2O4/NF electrodes exhibited an
outstanding cyclic stability of roughly 95% at 10 Ag−1, indicating that the prepared nanocomposites
could have the potential for energy storage applications. Moreover, the 3DGS/CuFe2O4 electrode
exhibited an excellent electrochemical detection of chloramphenicol with a detection limit of 0.5 µM,
linear range of 5–400 µM, and electrode sensitivity of 3.7478 µA µM−1 cm−2.

Keywords: CuFe2O4 nanofiber; three-dimensional graphene; supercapacitors; electrochemical sensor;
specific capacitance

1. Introduction

Research on sustainable and renewable energy sources is ongoing due to the declining
fossil fuel reserves and growing population [1,2]. Meanwhile, energy storage devices
are widely used in digital communications, electric motor vehicles, data storage, and
portable electronic devices. Numerous batteries and high-performance capacitors have been
developed for such uses [3]. Among these, supercapacitors, also called ultracapacitors or
micro-capacitors, are essential to accumulator systems because they can supply significant
power over a brief period in addition to receiving and storing energy. Research on cutting-
edge energy storage technologies has gained significant attention in recent decades [4,5].
Supercapacitors are an appealing energy storage technology because of their extended cycle
life, superior operational safety, and high power capabilities over secondary batteries [6].
Supercapacitors will displace batteries in the future due to their advantages of rapid power
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transmission, fast charging, discharging capability, increased power density, and good
cycle stability. The energy storage density of supercapacitors is currently lower than that
of batteries; hence, the main goal of current research on supercapacitors is to increase the
energy storage density [7,8].

Supercapacitors have been classified into three categories based on the electrode
materials’ charge or energy storage mechanism: electrochemical double-layered capacitors
(EDLC), pseudo-capacitors, and hybrid supercapacitors [9]. EDLC capacitors store energy
or a charge through ion adsorption at the electrode/electrolyte interface, whereas pseudo
capacitors store a charge or energy through the electrochemically reversible faradic process.
Hybrid supercapacitors have more advantages than EDLC and pseudo-capacitors [10–13].
EDLCs are efficient electrical energy storage devices because of their simple structure, cycle
stability, and high power density. EDLC mechanisms commonly follow the charge storage
of carbon-based electrode materials and their derivatives. In contrast, charge storage by
conducting polymers or metal oxides is followed by pseudocapacitive mechanisms [14,15].

The safety concerns and low charge–discharge cycles of the lithium-ion batteries on
the market make the development of high-energy supercapacitors an urgent necessity
for all portable electronic devices [16,17]. Nevertheless, the primary issue impeding the
advancement of supercapacitors has been their poor energy density. There are two primary
study areas for increasing the energy density of supercapacitors. One focuses on creating
new electrode materials; the other aims to create new electrolytes. Therefore, a suitable
chemical composition must be chosen, and the electrode material must be improved to
boost the specific capacity and long-term cycle stability [18,19].

Chloramphenicol (CAP) is a broadly and frequently used antibiotic drug to treat
bacterial infections in both humans and animals [20]. Furthermore, an excess of CAP
can build up in food and water, posing a severe risk to human health as well as the
welfare of all animals [21]. Currently, the use of CAP in animal husbandry has been
globally prohibited, and the highest allowable residual amount of CAP in food is 0.3 µg/kg.
Moreover, CAP can accumulate in food and water, endangering not just the health of
humans but also the welfare of all other living things [22,23]. However, because of its
high effectiveness and low cost, CAP is still used illegally to treat illnesses in cattle and
other animals. Therefore, it is crucial to create a sensitive and dependable sensor for
identifying CAP in food and medicine samples [24,25]. Commonly used detection methods
for CAP detection are gas chromatography–mass spectrometry, surface-enhanced Raman
scattering, liquid chromatography–tandem mass spectrometry, and fluorescence. However,
using the required instrumentation for on-site direct detection is challenging because
of the complex processes, the need for professional operators, and heavy equipment.
However, electrochemical detection has the advantages of simplicity, portability, and low
pollution, and it offers various analytical techniques such as cyclic voltammetry, square-
wave voltammetry, linear sweep voltammetry, and differential pulse voltammetry [26].

The spinel-structured transition metal ferrites having a general formula of MFe2O4
(M = Cu, Cr, Ag, Au, Pd, Pt, Ru, Mn, Co, Cu, and Ni) have been used in electronics and
capacitors in recent years due to their environmental friendliness, variable oxidation states,
electronic conductivity, capacitive nature, chemical stability, rapid redox properties, unique
crystal structures, low price, high theoretical capacity, and great abundance [27,28]. The
properties of the ferrite complexes can be changed by varying the identity of the divalent
M2+ cation with the electronic configuration of 3d104s1 [29,30].

Transition metal ferrite fiber structure materials are a significant field of investigation
because they have potential applications in many areas due to their high theoretical capac-
ity [31,32]. Moreover, transition metal ferrite fiber can be synthesized by numerous tech-
niques, including the template, sol-gel, co-precipitation, solvothermal, electrodeposition,
microwave, and hydrothermal methods [33,34]. Among these techniques, electrospinning
method is an effective and simple way to prepare transition metal ferrite fibers. Transition
metal oxide nanofibers provide an efficient charge and ion transfer that is beneficial for
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electrochemical signal production [35]. The specific surface areas of the relatively smooth
fiber morphologies are generally low compared to those of porous or 2D structures [36].

M. Israr et al. studied CuFe2O4/GNPs for supercapacitors and photocatalytic appli-
cations [37]. K. Atacan et al. reported CuFe2O4/RGO/gold nanoparticles for L-cysteine
detection [38]. H. Yang et al. reported CoFe2O4/rGO nanoparticles for oxygen reduc-
tion [39]. G. A. T. Battad et al. studied CuFe2O4/RGO for a malathion sensor [40]. M.
Baghayeri et al. developed MWCNTs/CuFe2O4 for bisphenol detection [41]. S. Tajik et al.
studied ZnFe2O4/RGO for the detection of hydrazine [42]. G. Bharath et al. reported
Ru–CoFe2O4/RGO for high-performance photoelectrodes [43]. R. Khan et al. developed
CuFe2O4-Fe2O3 for high-performance capacitor electrodes [44]. S. Tajik et al. reported
CuFe2O4 nanoparticles for the detection of sunset yellow [45]. W. Liang et al. fabri-
cated CuFe2O4 for electrical energy storage [46]. J. C. Bhangoji et al. identified CuO-
CuFe2O4@rGO for paracetamol sensing [47]. V. Mahdikhah et al. reported CoFe2O4/rGO
for the degradation of organic dyes [48]. Y. Zhang et al. reported good results for
CoFe2O4/rGO for peroxymonosulfate activation [49]. Therefore, based on the above
work, copper ferrite (CuFe2O4) was chosen in the current study.

CuFe2O4 has a formidable chemical stability, high catalytic activity, excellent me-
chanical strength, high theoretical capacity, thermal stability, chemical stability, electrical
properties, and natural abundance [50]. Therefore, based on the aforementioned find-
ings, CuFe2O4 has been widely used in electronics, sensors, catalysts, magnetic memory,
high-frequency equipment, medication delivery, lithium-ion batteries, and anode materials.
Furthermore, CuFe2O4 can be characterized as a tetragonal I41/amd structure or a cubic
(Fd3m) structure based on the amount of Cu2+ that occupies the octahedral sites. Addition-
ally, Cu2+ and Fe3+ ions occupy two distinct interstitial positions in a cubic close-packed
arrangement of oxygen ions for an inverted spinel structure. Furthermore, because of the
remarkable efficiency of inter-valence electron migration from Cu+ to Cu2+ and Fe2+ to
Fe3+ ion pairs in the octahedral sites, CuFe2O4 has the best electron transmission efficiency
among all metal ferrites in terms of catalytic activity [51].

In addition, electrospinning preparation is considered an efficient and simple method
for fabricating hollow nanofibers, with inorganic, organic, and polymer fiber nanomaterials
prepared by this facile method [52,53]. Electrospun nanofibers can be widely used in
various applications due to their high surface area and electrical conductivity. Predomi-
nantly, the formation of hollow nanofibers by the electrospinning process is attributed to
the decomposition of organic polymers at high temperatures [54]. Compared with other
traditional preparation methods, electrospinning is attractive because it is very simple,
effective, and low cost, with a good repeatability, high yield, and scalability. However,
it has also been reported that ferrite-modified electrodes have defects such as a low elec-
tronic conductivity, improper volume changes during the charge/discharge processes, and
poor cycling stability. Therefore, carbon needs to be incorporated for high-performance
capacitance to be achieved [55–57].

Carbon materials like graphite, graphene, multi-walled carbon nanotubes, and acti-
vated carbon are used to increase the specific capacitance and energy densities. Graphene
is especially used for energy storage devices due to its high conductivity, thermal conduc-
tivity, transparency, excellent mechanical strength, large surface area (theoretical value
2630 m2g−1), and chemical stability. Because of its unique mechanical, thermal, and elec-
trical properties, graphene has attracted a lot of attention in different fields of application.
In addition, 2D van der Waals heterostructure materials have gained a lot of attention
because of their potential application to create unique electrical and optoelectronic mem-
ory devices, field-effect transistors, photodetectors, light-emitting diodes, solar cells, and
memory devices [58]. Furthermore, using 2D materials in sensors presents built-in benefits
for creating adaptable, quick-operating memory devices with significant charge storage
capacities. However, graphene oxide exhibits stable dispersion in aqueous medium due
to its highly hydrophilic nature, so the 2D nature of graphene will be lost. Hence, a 2D
graphene-based capacitor has a low specific capacitance, which is the reason for the par-
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allel restacking and agglomeration of graphene sheets by the van der Waals interactions
between the neighboring graphene sheets. Therefore, the restacking and aggregation of
the nanosheets efficiently reduce the surface area of 2D graphene on which charges are
accumulated to form double-layer capacity, leading to loss of capacitance [59–62].

To solve this problem, the modification of GO is essential to suppress the aggregation
of graphene. Currently, three-dimensional graphene sheet (3DGS) materials are considered
excellent materials for supercapacitors due to their random orientation, partial stacking,
microporous structure, highly wrinkled structure, and atomistic perforations. This unique
structural orientation of 3DGS improves the storage capacity and the free movement
of the ions via porous geometry. Furthermore, 3DGS have a low density, high electrical
conductivity, easy electrolyte penetration, low diffusion resistance, and high specific surface
area. These 3DGS can play a major role in improving composite efficiency, charge, and
discharge. The properties above of the 3DGS make them a promising material for high-
performance supercapacitor electrodes with better capacitance performance [63–67].

In this work, we have prepared a CuFe2O4 fiber using the electrospinning approach
and applied to supercapacitor electrode preparation. The highly active and highly specific
surface area of 3DGS with CuFe2O4 fiber exhibited a significant power density, high capaci-
tance, and stable cyclic performance due to the synergetic effect between the 3DGS and
CuFe2O4 fiber. The prepared 3DGS/CuFe2O4/NF electrode obtained significant specific
capacitance (Fg−1), marvelous cycling stability (Ag−1), excellent charge–discharge pro-
cess, and practical applications. In addition, the GCE/3DGS/CuFe2O4 modified electrode
has been used for the accurate electrochemical detection of CAP by cyclic voltamme-
try and differential pulse voltammetry. The electroanalytical performances of the GCE/
3DGS/CuFe2O4 electrode were tested for the limit of detection, linearity, repeatability, and
reproducibility. The electrochemical application of this GCE/3DGS/CuFe2O4 electrode
will be expanded in future work.

2. Preparation of Three-Dimensional Graphene Sheets/Copper Ferrite Fiber
Composite (3DGS/CuFe2O4)
2.1. 3DGS Preparation

As reported in previous research, graphene oxide was prepared using a modified
Hummers’ method. Briefly, graphite (5.0 g) and concentrated sulfuric acid (60 mL) were
stirred at room temperature, and sodium nitrate (2.5 g) was slowly added. After that, the
mixture was cooled in an ice water bath. To maintain the low temperature, KMnO2 (5.0 g)
was slowly added to the system under vigorous agitation. The whole reaction mixture was
shifted to a 35 ◦C water bath and stirred for about 3 h, after which H2O2 (20 mL) and water
(500 mL) were added to the reaction mixture for about 1 h. Finally, the reaction mixture
was filtered and cleaned with diluted HCl solution and continuously washed with water
to remove the acid and unreacted materials. The obtained GO powder was characterized
and stored in a desiccator for further use. Samples of 3DGS were prepared through the
traditional hydrothermal reduction process. First, GO (2.0 g) was added to deionized
water with ultrasonication for 1 h. Afterward, the prepared GO solution with H2SO4
(2 mL) mixture was sonicated and stirred for up to 20 min. Finally, the stirred solution
was transferred into a Teflon-coated sealed autoclave and held at 150 ◦C in an oven for
12 h. After the heating, the autoclave was cooled to laboratory temperature, and the black-
colored product was obtained. Finally, the product was collected and washed with water
to obtain the 3DGS. The prepared 3DGS were further used for electrochemical studies.

2.2. Transition Metal Ferrite Fiber Preparation

To prepare the transition metal ferrite, copper (II) nitrate hexahydrate (Cu(NO3)2·xH2O),
iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O), poly (vinyl pyrrolidone) (PVP), and N, N-
dimethylformamide (DMF) were used as the starting chemicals. In a typical preparation
procedure, calculated amounts of copper (II) nitrate hexahydrate and iron (III) nitrate non-
ahydrate were dissolved into N, N-dimethylformamide with magnetic stirring. Then, a
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calculated amount of polyvinyl pyrrolidone (PVP) was dissolved into the aforementioned
solution under vigorous stirring for more than 12 h at laboratory temperature to form a pre-
cursor solution. The copper and iron metal precursor solution was transferred to an electro-
spinning instrument in a horizontal programmable glass syringe pump (diameter = 4.2 mm)
equipped with a capillary tube needle (ID = 0.5 mm), connected to a high-voltage source
with the flow at 0.02 mL/h. Aluminum foil was fixed as a collector 15 cm from the capillary
needle to form an electrospinning jet. After the electrospinning process, CuFe2O4 electro-
spun nanofibers were collected on the aluminum foil. The collected CuFe2O4 nanofibers
were calcined at 800 ◦C for 5 h with a heating rate of 10 ◦C min−1 to evaporate any impurities
and polymer to obtain the CuFe2O4 fiber.

2.3. The 3DGS/CuFe2O4 Fiber Composite Preparation

The calculated amount of 3DGS was dispersed in methanol and sonicated for 30 min.
Afterward, the prepared electrospun transition metal ferrite fiber (CuFe2O4) was mixed
with the above-mentioned mixture and stirred for 10 min. After that, the prepared precursor
solution was transferred into the autoclave, which was tightly sealed. The loaded autoclave
was placed in an oven and the reaction temperature was maintained at 180 ◦C for 12 h.
After the reaction, the autoclave was allowed to cool gradually to room temperature. The
resultant product, the 3DGS/CuFe2O4 composite was filtered, washed with cooling water,
and dried.

2.4. Supercapacitor Electrode Preparation and Studies

Electrochemical experiments were performed at an electrochemical workstation with
three-electrode electrochemical cells in optimized electrolytes. A coated nickel foam elec-
trode was the working electrode, platinum wire was the counter electrode, and silver/silver
chloride (Ag/AgCl) was the reference electrode. All the electrochemical studies were
conducted at room temperature. The cyclic voltammetry (CV) and galvanostatic charge–
discharge (GCD) experiments were performed on a CHI electrochemical workstation. The
as-synthesized three-dimensional graphene sheets/CuFe2O4 composite material (80 wt %)
and carbon black (15 wt %) were mixed with N-methyl pyrrolidinone (0.4 mL) to form a
homogeneous mixture. After that, 15 µL of the mixture was coated on a 1 × 1 cm2 area
of the nickel foam (NF) electrode via drop-casting (solution-casting method) and dried
overnight. The prepared electrode was soaked in electrolyte for a few minutes before the
electrochemical experiment began. A 2M KOH electrolyte solution was prepared by a
simple chemical method. PVA (1 g) was mixed with DI water and then stirred to form
a clear solution. After that, 10 mL of KOH (2.0 M) solution was mixed with the above
solution to form a gel-like homogeneous electrolyte solution.

2.5. Glassy Carbon Electrode Entrapped with 3DGS/CuFe2O4 Nanofiber Composite
(GCE/3DGS/CuFe2O4) Preparation

The following process was used to prepare the GCE/3DGS/CuFe2O4 electrode. First,
2 mg of 3DGS/CuFe2O4 nanomaterial was dispersed in 1 mL of ethanol by the ultrasonica-
tion method for 15 min. Initially, 2 mg of 3DGS/CuFe2O4 nanomaterial was mixed with
1 mL of ethanol using an ultrasonication technique for 15 min to form a composite. Next,
the drop-casting process was used to coat the 6 µL of dispersed 3DGS/CuFe2O4 composite
material over the GCE surface. Then, the prepared GCE/3DGS/CuFe2O4 electrode was
allowed to dry for a few hours at room temperature. The GCE/3DGS/CuFe2O4 electrode
preparation and electrochemical usage are illustrated in Scheme 1.
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tor and sensor application.

2.6. Capacitance and Energy Density Calculation

Electrode capacitance and energy density were calculated by the equation below. The
electrochemical performance of the prepared electrodes was studied using a three-electrode
electrochemical system in the presence of a suitable electrolyte. The proposed materials
coated on the Ni foam were used as the working electrode, Pt wire as a counter electrode,
and Ag/AgCl as a reference electrode. The galvanostatic charge–discharge (GCD) and
cyclic voltammetry (CV) experiments were performed on an electrochemical workstation.
To prepare the supercapacitor electrode, 8 mg material, 1.72 mg carbon black, 0.8 mg PVDF,
and 50 µL NMP were mixed and stirred for 15 min. Then, the paste was applied to a
1 × 1 cm NF and dried overnight. The specific capacitance of the electrodes was calculated
using the equations below.

From the CV measurements,
C = Q/m∆V (1)

where C is the specific capacitance (Fg−1), m is the mass of the active material (unit of g), Q
represents the average charge during the charge–discharge (GCD) process (C), and ∆V is
the working potential (V).

From the GCD measurements,

C = I∆t/m∆V (2)

where I (A) is the applied current density during the GCD process and ∆t (s) is the dis-
charge time.

The energy density was calculated by

E = 1/2C∆V2 (3)

and power density was calculated by

P = E/t (4)

where E (Whkg−1) is the energy density, C (Fg−1) is the specific capacitance, P (Wkg−1) is
the power density, and t (s) is the discharge time.
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3. Characterization Studies
3.1. Crystalline Structure

The structures of 3DGS, CuFe2O4, and 3DGS/CuFe2O4 were characterized by XRD,
EDS, FESEM, TEM, Raman spectra, and EIS analysis. Figure 1 shows the X-ray diffraction
patterns of the as-prepared 3DGS, CuFe2O4 fiber, and 3DGS/CuFe2O4 composite analyzed
by X-ray powder diffraction. The 3DGS carbon material exhibits two major characteristic
peaks at 2θ = 25◦ and 43◦. The XRD patterns of CuFe2O4 fiber peaks presented at 18.51◦,
30.17◦, 35.64◦, 37.17◦, 43.4◦, 57.05◦, 62.77◦, and 74.54◦ for the (111), (220), (311), (222),
(400), (422), (511), and (533) planes. Furthermore, the XRD plane was consistent with the
standard spectrum of face-centered cubic phase CuFe2O4 with no detectable impurity
phases, demonstrating that the CuFe2O4 fiber could be prepared by the electrospinning
method after a calcination treatment. The diffraction peaks and positions matched the
standard XRD data for CuFe2O4 (JCPDS 01-077-0010). The same characteristic peaks were
observed in the previously reported composite materials. Therefore, the XRD patterns
indicated the good formation of the 3DGS/CuFe2O4 composite.
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Figure 1. XRD patterns of the as-prepared materials: 3DGS, CuFe2O4, and 3DGS/CuFe2O4 composite.

3.2. FESEM and TEM Studies

Figure 2 shows the FESEM image of the prepared (A–D) CuFe2O4 fiber, (E,F) 3DGS,
and (G–I) 3DGS/CuFe2O4 composites. The FESEM images of the CuFe2O4 fibers revealed
continuous nanofibers with a uniform ∼400 ± 2 nm diameter. The surfaces of the CuFe2O4
nanofibers were smooth, and the average diameter of the CuFe2O4 nanofibers was reduced
due to the decomposition of PVP and PAN. The SEM images of the 3DGS/CuFe2O4 com-
posite show CuFe2O4 fibers well incorporated with 3DGS. Also, the prepared nanofibers
appeared to have smooth surfaces due to the amorphous nature of the 3DGS/CuFe2O4
composites. Figure 2D–H presents the composite elemental mapping.
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(I) EDX elemental mapping of overall 3DGS/CuFe2O4. Elemental mapping of (J) copper (Cu),
(K) oxygen (O), (L) carbon (C), (M) iron (Fe), and (N) EDX spectra of 3DGS/CuFe2O4 composite.

Additionally, the EDX spectra exhibited a homogenous and consistent elemental
distribution throughout the composite. Figure 2I shows the elemental mappings of the
3DGS/CuFe2O4 composite, exhibiting Cu, O, C, and Fe elements. The EDS spectra revealed
that only copper (Cu), oxygen (O), carbon (C), and iron (Fe) were present without contami-
nants. Additionally, the elemental mapping results in Figure 2J–M demonstrated that the
copper, oxygen, carbon, and iron in the scanning area were distributed uniformly in the
3DGS/CuFe2O4 composite. Figure 2N displays the EDX spectra of the 3DGS/CuFe2O4
composite, showing the elemental distributions of Cu, O, C, and Fe.

TEM images revealed more information about the 3DGS/CuFe2O4 composite.
Figure 3 presents typical TEM images of (A) the CuFe2O4 fiber, (B) 3DGS, and (C,D) the
3DGS/CuFe2O4 composite. The image of CuFe2O4 shows good fiber formation with an
average fiber diameter of 400 nm. The TEM image of 3DGS shows a good curtain sheet
structure, and those of the 3DGS/CuFe2O4 composite show that CuFe2O4 nanofibers
were randomly aligned and intercalated on the 3DGS surface, consistent with FESEM
and TEM observation.
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3.3. Raman and EIS Studies

Raman spectra were used to confirm the composite synthesis and electronic interaction
between 3DGS and CuFe2O4 fibers. Figure 4A shows the Raman spectra of 3DGS, CuFe2O4
fibers, and 3DGS/CuFe2O4 composite. The spectra of 3DGS display two prominent D and
G bands at 1354 and 1606 cm−1, respectively, while CuFe2O4 fibers have D and G bands
at 1354 cm−1 and 1606 cm−1. It is well known that the D and G bands arise due to the
E2g mode. In addition, the 3DGS/CuFe2O4 composite shows the D and G bands at 1354
and 1606 cm−1. The ID/IG band intensity ratios of RGO, CuFe2O4, and 3DGS/CuFe2O4
were found to be ID/IG = 0.97, ID/IG = 0.86, and ID/IG = 1.17, respectively. These Raman
spectra confirm the possible electronic interaction between the 3DGS and CuFe2O4 fiber,
indicating a conjugated graphene oxide network (sp2) after the loading of the CuFe2O4 fiber.

Electrochemical impedance spectroscopy analysis was used to identify electron trans-
fer and electrode resistance. The Nyquist plot has two regions. The semicircular region
is electron transfer resistance (Rct), and the linear region is a diffusion-controlled process.
Figure 4B exhibits the EIS spectra of (a) 3DGS, (b) CuFe2O4 fibers, and (c) 3DGS/CuFe2O4
composite-decorated GCE electrodes in 5 mM [Fe(CN)6]4−/3− solution with 0.05 M phos-
phate buffer (pH 7) with 0.1 M KCl electrolyte. The range of frequencies of the EIS spectra
was 0.1 Hz−1 MHz. The electrode Rct values were determined by using the Randles equiv-
alent circuit model to fit the Nyquist plot. After the modification of GCE with 3DGS and
CuFe2O4 fibers, the Rct values were 545 Ω and 217 Ω, respectively. Finally, the Rct values of
the 3DGS/CuFe2O4 composite exhibited smaller Rct values (61 Ω) than the electrodes with
3DGS and CuFe2O4 fibers due to the excellent electron transfer and low resistance. The
reason was that the 3DGS and CuFe2O4 fibers created a strong π-π noncovalent interaction,
enhancing the electrical conductivity of GCE/3DGS/CuFe2O4 electrodes. In other words,
the low resistance of the 3DGS/CuFe2O4 electrode should be ascribed to the high electronic
conductivity and fast electron flow rate.
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electrodes in 0.05 M phosphate buffer (pH 7) containing 5 mM [Fe(CN)6]4−/3− with 0.1 M KCl elec-
trolyte solution.

4. Supercapacitor Studies

A comparison of the capacitive performances of the three modified electrodes 3DGS/NF,
CuFe2O4/NF, and 3DGS/CuFe2O4/NF using cyclic voltammetry in 2 M KOH was con-
ducted in the potential range of 0 to +0.45 V at 50 mVs−1, and the results are displayed in
Figure 5A. The cyclic voltammograms of 3DGS/NF, CuFe2O4/NF, and 3DGS/CuFe2O4/NF
showed the presence of redox couples at about 0.26, 0.23, and 0.21 V, respectively. In the 2 M
KOH electrolyte system, CuFe2O4 shows Faradaic redox reactions in the positive potential
side due to the intervalence charge transfer between Cu2+/Cu+ and Fe3+/Fe2+. A pair of
redox peaks of CuFe2O4 indicates its pseudocapacitive nature [68].

CuFe2O4 + H2O + 2e− ⇆ CuO + 2FeO + 2OH− (5)

2CuO + H2O + 2e− ⇆ Cu2O + 2OH− (6)

The electrophoretic peak of 3DGS exhibited a weak voltammetry response with very
little background current in the potential range of 0 to +0.45 V. After that, the CuFe2O4/NF
electrode exhibited a rapid increase in the peak current because CuFe2O4 oxidizes above
this potential. Finally, the 3DGS/CuFe2O4/NF electrode obtained a higher Faradaic ca-
pacitance due to the higher electrocatalysis and good intercalation between 3DGS and
CuFe2O4. The cyclic voltammetry area of the supercapacitor electrode serves as a window
into the specific capacitance. The cyclic voltammetry area of the 3DGS/CuFe2O4/NF
electrode was higher than those of the 3DGS and CuFe2O4 electrodes. Curiously, the cyclic
voltammogram of the 3DGS/CuFe2O4/NF electrode displayed an even larger region, and
the rectangular voltammogram form was indicative of a hybrid capacitor. In addition, the
3DGS/CuFe2O4/NF electrode displayed rectangular-shaped voltammograms typical of a
hybrid capacitor, with contributions from the Faradaic reaction and double–layer charg-
ing. Moreover, the intercalation and deintercalation of K+ ions in the 3DGS/CuFe2O4/NF
electrode were the cause of the higher Faradaic capacitance. The electrode capacitance was
calculated using the formula given in Equation (7).

C = Q/∆V mFg−1 (7)

where “∆V” is the potential window of capacitance, “Q” refers to the total charge of the
anodic and cathodic peak cycle, and “m” is the weight of the electrode material. The
specific capacitance of the CuFe2O4/NF electrode (202.22 Fg−1) was higher than that of the
3DGS/Nf electrode (75.55 Fg−1). However, the 3DGS/CuFe2O4/NF (488.98 Fg−1) exhibited
a remarkable increase in specific capacitance compared to 3DGS/NF and CuFe2O4/NF.
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The aforementioned results confirmed that the effective capacitance of CuFe2O4 and 3DGS
led to the increased specific capacitance.

The cyclic voltammograms of the 3DGS/CuFe2O4/NF electrode in a 2 M KOH
solution at different scan rates (10 to 100 mVs−1) are displayed in Figure 5B. In that
figure, the anodic and cathodic peak currents plotted against the square root scan
rate show a linear trend, indicating that the Na+ ion intercalation and deintercalation
processes were diffusion-controlled.
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Figure 5. (A) CVs of (a) 3DGS/NF, (b) CuFe2O4/NF, and (c) 3DGS/CuFe2O4/NF in 2 M KOH at a
scan rate of 50 mVs−1. (B) Cyclic voltammograms of 3DGS/CuFe2O4/NF in 2 M KOH at various
scan rates from 10 to 100 mVs−1. (C) Linear plot of peak current against the square root of scan rates.

Figure 5C presents a plot of the specific capacitance values vs. the scan rate. These
findings indicate that increasing the scan rate from 10 to 100 mVs−1 decreased the specific
capacitance value. The K+ ions can easily diffuse into practically all accessible areas of the
electrode materials at low scan rates, resulting in a sufficient insertion reaction and nearly
flawless capacitive behavior. At a high scan rate, the K+ ion can approach the outer surface
of the electrode material, and the K+ ion is located away from the 3DGS/CuFe2O4/NF elec-
trode surface; hence, it makes little contribution to the electrochemical capacitive behavior
because the outer active surface is used for charge storage and electroactive materials are
used at high discharge current densities, preventing ions in the electrolyte from entering
the inner surface of the active material [9,10,13]. However, the current densities are decreas-
ing, and ions in the electrolytes are entering the inner surface of the 3DGS/CuFe2O4/NF
electrode materials. As a result, the scan rate increases to reduce capacitance.

GCD measurement is a very useful technique for the analysis of the specific capacitance
of prepared supercapacitor electrode materials. Figure 6A shows the specific capacitance
of the as-prepared 3DGS/CuFe2O4 composite after increasing the charge and discharging
current density. Consequently, the galvanostatic discharge time of the 3DGS/CuFe2O4/NF
composites was longer than that of the other produced materials, namely 3DGS/NF and
CuFe2O4/NF. In addition, the results indicated that the 3DGS/CuFe2O4 composite had
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a more significant charge capacity nature, which was well consistent with the CV inves-
tigations (Figure 5A). The 3DGS/NF, CuFe2O4/NF, and 3DGS/CuFe2O4/NF electrodes’
galvanostatic charge–discharge behavior is depicted in Figure 6A under an applied constant
current density of 2 Ag−1 in the potential range of 0.4 to 0.5 V in 2 M KOH. The following
Equation (8) was used to calculate the capacitance values.

Cs = i ∆t/(m∆v) (8)

where “m” is the mass of the supercapacitive material, “∆v” is the potential window, “I” is
the charge or discharge current (A), and “∆t” is the discharge time (S).
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Figure 6. (A) Galvanostatic charge–discharge curves of 3DGS/NF, CuFe2O4/NF, and 3DGS/CuFe2O4/
NF in 2 M KOH at a current density of 2 Ag−1. (B) Bar diagram of the specific capacitance for
different current densities of 3DGS/NF, CuFe2O4/NF, and 3DGS/CuFe2O4/NF. (C) GCD curves at
3DGS/CuFe2O4/NF electrode at 1–10 A.g−1 current densities. (D) Cycle stability at 3DGS/CuFe2O4/NF
in 2 M KOH at 2.5 A.g−1. (Inset) A plot of specific capacitance vs. cycle numbers (inset cycle stability
of 500 s).

The specific capacitance of the prepared electrodes was made of all materials at a
constant density of 1 Ag−1. Another observation is that there is very good agreement
between the specific capacitance values obtained from charge–discharge experiments and
cyclic voltammetry. Furthermore, the curves show two variation ranges during the charge
and discharge steps. The time dependence of the potential is linear below approximately
−0.3 V, demonstrating the behavior of pure double-layer capacitance resulting from the
separation of charges at the electrode/electrolyte interface. Above −0.3 V, the dependency
becomes nonlinear, indicating the normal behavior of pseudo capacitance. The specific
capacitance values of the as-made 3DGS/CuFe2O4/NF electrode are better in 3DGS/NF
and CuFe2O4/NF. The comparison results show that our 3DGS/CuFe2O4/NF electrode
performs better than several similar electrodes. One of the critical elements affecting
the supercapacitor capacitive behavior is current density. Figure 6A displays the charge–
discharge curves of the 3DGS/CuFe2O4/NF electrode, which were measured in 0.5 M
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KOH at current densities of 1 Ag−1 to 10 Ag−1 between 0.1 and 0.45 V. For the same
current density values mentioned above, the calculated specific capacitance values were
488.98, 202.22, and 75.55 Fg−1, respectively. Figure 6B shows the bar diagram of specific
capacitance values of the 3DGS/CuFe2O4/NF, CuFe2O4/NF, and 3DGS/NF electrodes. The
3DGS/CuFe2O4 composite system exhibits capacitive characteristics during the charging
and discharging operations, as seen by the asymmetric charge–discharge lines. Due to the
asymmetry between the charge–discharge and charge curves of the 3DGS/CuFe2O4/NF
electrode, it may be concluded that these systems are pseudocapacitive and show double-
layer contributions. The specific capacitance diminishes progressively as the current
densities rise. Moreover, the specific capacitance performance of 3DGS/CuFe2O4 compared
with other same material literature, and mentioned in Table S1.

As shown in Figure 6C, the specific capacitance of the prepared supercapacitor elec-
trodes was examined at various current densities. Due to the redox reaction, the discharge
reaction produced a non-linear curve and low potential decay; deep ion intercalation illus-
trates the pseudocapacitive nature of the prepared materials. Because ions in the electrolyte
cannot penetrate the inner surface of the active material, only the outer active surface is
used for charge storage, which results in the limited utilization of electroactive materials
at high discharge current densities. Because ions from the electrolytes are penetrating the
inner surface of the active materials at low current densities, the capacitance falls as current
densities rise. One of the key features of hybrid nanostructure-based supercapacitors is the
cycle stability test. Through repeated galvanostatic charge–discharge testing between 0 and
0.6 V at a constant current density of 1 Ag−1 for more than 5000 cycles, the cycle stability
of the 3DGS/CuFe2O4/NF electrode was determined. Figure 6D displays the estimated
specific capacitance values for a few intermittent cycles against the corresponding cycles.
Figure 6D plots cycle numbers against certain capacitance values. The specific capacitance
value was identified during the first 500 s cycles mentioned in the inset. Then, it was
noticed that the decay slowed down, resulting in an overall loss of 20% by the end of
5000 cycles.

5. Electrochemical Sensor Performance
5.1. Different Modified Electrode Studies toward the Detection of CAP

Electrochemical studies on the detection of CAP were conducted using the normal
three-electrode system in the presence of 50 µM of CAP in PBS (pH 7) at a scan rate of
50 mVs−1 using various modified electrodes. Figure 7A reveals the CV curves for the
reduction of CAP for bare GCE, GCE/3DGS, GCE/CuFe2O4, and GCE/3DGS/CuFe2O4
modified electrodes. The reduced peak currents of the bare GCE are shown at −0.12 V,
with the peak current of CAP being 22.2 µA. Additionally, the GCE/3DGS electrode
exhibited a peak current of 83.8 µA at −0.89 V. Conversely, the GCE/CuFe2O4 electrode
exhibited a peak current of 88.8 µA at a potential of −0.53 V. In the presence of CAP, the
detection peak current was well-sharpened when the bare GCE surface was modified
with GCE/CuFe2O4. The final GCE/3DGS/CuFe2O4 modified electrode also displayed
a reduction peak of 105.7 µA at a potential of −0.68 V. The final GCE/3DGS/CuFe2O4
electrode showed a more significant peak current than the bare GCE, GCE/3DGS, and
GCE/CuFe2O4 electrodes because of their superior electrocatalytic activity. The obtained
CAP detection peak current bar graph diagram is provided in Figure 7B. Overall, the
electrochemical detection of CAP compared with previously published CAP sensor reports
showed better results. Without CAP added, the GCE/3DGS/CuFe2O4 electrode CV curves
exhibited no electrochemical response in this potential range. This indicated that the
GCE/3DGS/CuFe2O4 electrode only showed a selective response in the presence of CAP.
The GCE/3DGS/CuFe2O4 electrode showed the reduction peak (R1) and a distinct pair of
redox peaks (Q1, R2) at −0.155 V, −0.784 V, and −0.034 V, respectively. CAP was directly
reduced to phenylhydroxylamine to show an R1 peak. At the same time, two redox peaks
(R2 and O1) were linked to the two-electron redox process that reduces nitroso derivatives
into hydroxylamine and then oxidizes hydroxylamine into a nitroso derivative (Scheme 2).
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We discovered that the GCE/3DGS/CuFe2O4 electrode showed the R2 peak current to be
very high for CAP reduction due to the strong interaction between 3DGS and CuFe2O4.
Moreover, the peak current of R1 was lower than those of R2 and Q1, indicating that
the CAP reduction at the GCE/3DGS/CuFe2O4 electrode forms aryl hydroxylamine at
a lower rate than the nitroso formation. Scheme 2 suggests a potential electrochemical
redox mechanism of CAP on the GCE/3DGS/CuFe2O4 electrode. This demonstrates that
the combination of the high electrical conductivity and the ideal large surface area of the
3DGS/CuFe2O4 composite was the reason behind the effective interaction of the CAP
molecules compared to 3DGS and CuFe2O4 fiber.
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5.2. Effect of Different Concentration and Scan Rate Studies

Different concentration and scan rate studies are essential in developing electrochemi-
cal sensors. Figure 8A presents the CV curves for CAP reduction performance at different
concentrations in N2-saturated 0.05 M PBS. The GCE/3DGS/CuFe2O4 electrode had linear
concentration ranges up to 100 µM. The CAP reduction peak current was significantly
increased for the different concentration additions of CAP. The GCE/3DGS/CuFe2O4 elec-
trode showed a good surface area, electrocatalytic activity, and electron transport responses
due to the π–π stacking interaction. Figure 8B shows the linear plot between the CAP
reduction peak current and different concentrations of CAP. The CAP concentration and
peak current were plotted in a linear relation with the linear equation y = 4.7456x + 30.521
and the coefficient of R2 = 0.9972. These studies proved that the GCE/3DGS/CuFe2O4
electrode exhibited a good CAP electrocatalytic activity. Since the slope value was nearly
equal to 1, it was likely a first-order kinetic reaction involving the electrocatalytic oxidation
of CAP.
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Figure 8. (A) CV curve response of the GCE/3DGS/CuFe2O4 electrode for the different concentrations
of 10–100 µM in the presence of CAP in PBS (pH 7) at a scan rate of 50 mVs−1. (B) Calibration plot
for different concentrations of CAP. (C) CV response curves at different scan rates in the presence of
50 µM of CAP in PBS (pH 7). (D) Calibration plot for the square root of scan rates (5–300 mVs−1) vs.
peak current.

Figure 8C depicts the CV response and impact of the scan rate on the GCE/3DGS/
CuFe2O4 electrodes toward the detection of CAP. The influence of the scan rate response
of 50 µM of CAP was conducted for 5–300 mVs−1 scan rates in a 0.05 M PBS solution at
pH 7. Figure 8D shows that increasing the scan rate also increased the CAP reduction
peak current. The reduction peak current was plotted against various scan rates, and
the results exhibited a good linearity, with a slope of 1.0841 and a correlation coefficient
of 0.952. The good linearity suggests that the CAP reduction was a process that was
regulated by an adsorption controlled reaction. The scan rate studies confirmed that
the CAP reduction peak current increased for the different scan rates. Finally, the scan
rate studies confirmed that the electrochemical reaction of CAP was a surface-controlled
process. The scan rate results were consistent with previous CAP reports.

5.3. Effect of pH

The pH of the electrolyte solution influences the electrochemical detection performance
of CAP. Therefore, we used a CV study to determine the impact of pH on the detection
of CAP. The scan rate was set at 100 mVs−1 and the pH was altered between 3 and 11.
Figure 9A shows the electrochemical detection peaks of CAP from a low pH solution to a
high pH solution. The maximum peak current response was at pH 7; after that, it decreased
slowly to pH 11. The increases in peak current up to pH 7 due to the pKa value of CAP
(5.52) influenced the amount of CAP adsorbed on the GCE/3DGS/CuFe2O4 electrode
surface. The peak current response loss above pH 7 was attributed to the hydrolysis
of CAP. Moreover, the peak potentials shifted to more negative potentials as the pH
increased from 3 to 9 for CAP determination, implying that the proton is involved in the
redox reaction process. pH 7 was the most appropriate for the adsorption of CAP on the
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GCE/3DGS/CuFe2O4 electrode surface. The possible electrochemical reaction mechanism
of CAP on the GCE/3DGS/CuFe2O4 electrode can be described by Scheme 2. Therefore,
we used pH 7 for all the electrochemical studies. Figure 9B shows the linear plot relation
between anodic peak potential (Ep) and pH. The slope value was near the Nernst value.
This result revealed that the numbers of protons and electrons in the CAP oxidation at the
GCE/3DGS/CuFe2O4 electrode were equal.

Inorganics 2024, 12, x FOR PEER REVIEW 16 of 24 
 

 

GCE/3DGS/CuFe2O4 electrode surface. The possible electrochemical reaction mechanism 
of CAP on the GCE/3DGS/CuFe2O4 electrode can be described by Scheme 2. Therefore, we 
used pH 7 for all the electrochemical studies. Figure 9B shows the linear plot relation be-
tween anodic peak potential (Ep) and pH. The slope value was near the Nernst value. This 
result revealed that the numbers of protons and electrons in the CAP oxidation at the 
GCE/3DGS/CuFe2O4 electrode were equal.  

 
Figure 9. (A). CV response of the GCE/3DGS/CuFe2O4 electrode in the presence of 50 µM of CAP in 
PBS (pH 3–11) at a scan rate of 50 mVs−1. (B). Correspondence to peak current at various pH levels. 
(C). Effects of pH on the CAP detection peak potential vs. pH. 

5.4. DPV Studies toward the Detection of CAP over the GCE/3DGS/CuFe2O4 Electrode 
Differential pulse voltammetry (DPV) is a very sensitive method compared to other 

CV techniques. The electrochemical and detection ability performances of the 
3DGS/CuFe2O4 electrode were evaluated by the DPV method in optimal pH 7 PBS. The 
electrolyte solution was well mixed before DPV measurements to ensure that the addi-
tional CAP was thoroughly blended. As a result, DPV tests were used to determine the 
electrode sensitivity, detection limit, and linearity of the GCE/3DGS/CuFe2O4 electrodes 
for CAP reduction. Figure 10A shows the performance of GCE/3DGS/CuFe2O4 electrode 
DPV in N2-purged PBS (pH 7) at different CAP concentrations. The peak value of the DPV 
increased steadily with increasing CAP concentration. There was a finite number of active 
spots on the electrode surface. The active site of the GCE/3DGS/CuFe2O4 electrode de-
creased after a CAP concentration of 400 µM because of CAP accumulation throughout 
the electrochemical process. At low concentrations of CAP, full occupancy of the active 
sites was not achieved. The CAP detection peak current rose with increases in CAP con-
centration. The corresponding results showed that up to 400 µM of CAP concentration 
was added. Furthermore, the linear calibration plot of the decreased peak current (Ipc) 
against CAP concentration is shown in Figure 10B, and it relates to the correlation coeffi-
cient determination of R2 = 0.9925. Ip = 0.2661 [CAP]/µM + 24,698. Furthermore, based on 
the slope/electrode area (sensitivity = slope/electrode active area), the electrode sensitivity 
was determined to be 3.7478 µAµM−1cm−2, and its linear concentration response varied 
from 5 to 400 µM. Furthermore, the limits of quantification (10× standard deviation/slope, 
S/N = 10) and detection (LOD) (3× standard deviation/slope, S/N = 3) were found to be 
0.04 µM and 0.5 µM, respectively. The results were compared with those of earlier studies 
(Table 1). The electrochemical detection of CAP at the GCE/3DGS/CuFe2O4 electrode was 

Figure 9. (A). CV response of the GCE/3DGS/CuFe2O4 electrode in the presence of 50 µM of CAP in
PBS (pH 3–11) at a scan rate of 50 mVs−1. (B). Correspondence to peak current at various pH levels.
(C). Effects of pH on the CAP detection peak potential vs. pH.

5.4. DPV Studies toward the Detection of CAP over the GCE/3DGS/CuFe2O4 Electrode

Differential pulse voltammetry (DPV) is a very sensitive method compared to other CV
techniques. The electrochemical and detection ability performances of the 3DGS/CuFe2O4
electrode were evaluated by the DPV method in optimal pH 7 PBS. The electrolyte solu-
tion was well mixed before DPV measurements to ensure that the additional CAP was
thoroughly blended. As a result, DPV tests were used to determine the electrode sen-
sitivity, detection limit, and linearity of the GCE/3DGS/CuFe2O4 electrodes for CAP
reduction. Figure 10A shows the performance of GCE/3DGS/CuFe2O4 electrode DPV
in N2-purged PBS (pH 7) at different CAP concentrations. The peak value of the DPV
increased steadily with increasing CAP concentration. There was a finite number of ac-
tive spots on the electrode surface. The active site of the GCE/3DGS/CuFe2O4 electrode
decreased after a CAP concentration of 400 µM because of CAP accumulation through-
out the electrochemical process. At low concentrations of CAP, full occupancy of the
active sites was not achieved. The CAP detection peak current rose with increases in
CAP concentration. The corresponding results showed that up to 400 µM of CAP con-
centration was added. Furthermore, the linear calibration plot of the decreased peak
current (Ipc) against CAP concentration is shown in Figure 10B, and it relates to the
correlation coefficient determination of R2 = 0.9925. Ip = 0.2661 [CAP]/µM + 24,698. Fur-
thermore, based on the slope/electrode area (sensitivity = slope/electrode active area),
the electrode sensitivity was determined to be 3.7478 µAµM−1cm−2, and its linear con-
centration response varied from 5 to 400 µM. Furthermore, the limits of quantification
(10× standard deviation/slope, S/N = 10) and detection (LOD) (3× standard devia-
tion/slope, S/N = 3) were found to be 0.04 µM and 0.5 µM, respectively. The results
were compared with those of earlier studies (Table 1). The electrochemical detection of
CAP at the GCE/3DGS/CuFe2O4 electrode was lower than those of the other reported
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electrodes, such as P(EBT)/GCE) [LOD = 3 µM] [23], C-BN [LOD = 0.035 µM] [69], Cu–
BCN/GCE [LOD = 2.41 µM] [22], Gr/CuPc/GCE [LOD = 0.75 µM] [21], GO/ZnO/GCE
[LOD = 0.01 µM] [70], rGO/PdNPs/GCE [LOD = 0.02–1 µM] [71], ZnONPs/SWCNTs
[LOD = 0.03 µM] [72], activated SPCE [LOD = 0.02 µM] [73], CuNDs/MWCNTs/GCE
[LOD = 9.84 µM] [74], and g-C3N4/EuMoO4 [LOD = 0.4 µM] [24]. The comparison data
show that the GCE/g-C3N4/EuMoO4 electrode had a better sensor response for the detec-
tion of CAP.
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Table 1. Comparison of the electrochemical sensor performances of different modified electrochemical
sensors for the detection of CAP under different analytical conditions.

Modified Electrode Linear Range (µM) Detection Limit (µM) References

P(EBT)/GCE) 0.01–4.0 3 [23]
C-BN 0.1–700 0.035 [69]

Cu−BCN/GCE 0.01−1.12 2.41 [22]
Gr/CuPc/GCE 1–30 0.75 [21]
GO/ZnO/GCE 0.2–124 0.01 [70]

rGO/PdNPs/GCE 0.05 0.05–1 [71]
ZnO NPs/SWCNTs 10–140 0.03 [72]

Activated SPCE 0.05–100 0.02 [73]
CuNDs/MWCNTs/GCE 0.15–12.0 9.84 [74]

g-C3N4/EuMoO4 50–400 0.4 [24]
GCE/3DGS/CuFe2O4 5–400 µM 0.5 This work

The findings show that, in terms of high sensitivity, low detection limit, and detection
speed, the GCE/3DGS/CuFe2O4 electrode performed better than most prior sensor reports.
Furthermore, the electrochemical detection of CAP at the GCE/3DGS/CuFe2O4 electrode
is lower compared to other reported electrodes. The GCE/3DGS/CuFe2O4 electrode
demonstrated a low detection limit of 0.5 µM, a wide linear range of 5–400 µM, and a
respectable selectivity toward the detection of CAP. Furthermore, according to the data,
CuFe2O4 may be a suitable electrocatalyst for the reduction of CAP due to its relatively high
electron transfer rate. Furthermore, 3DGS materials have a large surface area and promote
effective interaction with CuFe2O4. As a result, the GCE/3DGS/CuFe2O4 electrode can be
used for the electrochemical sensing of CAP.

5.5. Repeatability, Reproducibility, and Stability of GCE/3DGS/CuFe2O4 Electrodes

The prepared GCE/3DGS/CuFe2O4 electrodes were tested for repeatability and re-
producibility using the CV method in N2-purged PBS with 50 µM of CAP at a scan rate
of 50 mVs−1. As shown in Figure 11A, the repeatability of the modified electrode was
studied with six repeated electrochemical runs of the GCE/3DGS/CuFe2O4 electrode for
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the detection of CAP. Figure 11B shows the repeatability studies of the bar diagram of
the GCE/3DGS/CuFe2O4 electrode. The CV curves demonstrated comparable cathodic
currents of CAP detection with an RSD value of 2.5%, demonstrating the outstanding
reproducibility of the GCE/3DGS/CuFe2O4 electrode. As illustrated in Figure 11C, the
reproducibility investigation was carried out using CAP detection over three distinct
GCE/3DGS/CuFe2O4 electrodes for each concentration at fixed time intervals. Figure 11D
shows the reproducibility studies of the bar diagram of the GCE/3DGS/CuFe2O4 elec-
trode. The average relative standard deviation (RSD) exhibited was 2.5%, well within the
acceptable levels according to guidelines. The RSD value of the reproducibility studies was
2.1%. These results suggest that the electrode can be reliably fabricated.
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Figure 11. (A) Repeatability study of the GCE/3DGS/CuFe2O4 electrode. (B) Bar diagram of
different repeatability peak currents. (C) Reproducibility study of five different GCE/3DGS/CuFe2O4

electrodes. (D) Bar diagram of different repeatability peak currents in N2-purged PBS with 50 µM of
CAP at a scan rate of 50 mVs−1.

Stability experiments of the GCE/3DGS/CuFe2O4 electrode were also conducted.
Figure 12A presents the storage stability results of the GCE/3DGS/CuFe2O4 electrode, and
Figure 12B shows the cyclic stability results of the GCE/3DGS/CuFe2O4 electrode. The
GCE/3DGS/CuFe2O4 electrode was kept in 0.1 M PBS (pH = 7.4) at 25 ◦C for 30 days to
examine its long-term stability. The GCE/3DGS/CuFe2O4 electrode demonstrated that the
sensor retained 90.1% of its initial peak response, indicating the long-term 30-day storage
stability of the GCE/3DGS/CuFe2O4 electrode. Additionally, the cyclic stability of the
GCE/3DGS/CuFe2O4 electrode was examined with CV experiments. In CV experiments,
95.32% of the initial current response was maintained after 100 cycles, indicating high
stability. The aforementioned studies show that the GCE/3DGS/CuFe2O4 electrode has a
good stability, repeatability, and reproducibility in the detection of CAP.
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Figure 12. (A) Storage stability results of the GCE/3DGS/CuFe2O4 electrode. (B) Cyclic stability
results of five different GCE/3DGS/CuFe2O4 electrodes in N2-purged PBS with 50 µM of CAP at a
scan rate of 50 mVs−1. Real sample analysis of CAP in (C) milk samples, (D) honey samples, and
(E) eye drops samples by the GCE/3DGS/CuFe2O4 electrode in N2-purged PBS with CAP at a scan
rate of 50 mVs−1.

5.6. Real Sample Analysis of the GCE/3DGS/CuFe2O4 Electrode

Figure 12C,D present the results of real sample analysis with the GCE/3DGS/CuFe2O4
electrode. We conducted such analyses in (C) milk, (D) honey, and (E) eye drop samples.
These real samples were obtained from local markets and pharmacies in Taipei, Taiwan.
The collected samples were diluted appropriately with distilled water and then spiked with
known amounts of CAP. The assay parameters matched those applied to the laboratory
specimens. The recovery rate of CAP was assessed using the standard addition method.
Table 2 lists the results of the real sample analysis of milk, honey, and eye drops, showing
satisfactory CAP recovery rates ranging from 97.53% to 102.53%. These real sample analyses
demonstrated that the GCE/3DGS/CuFe2O4 electrode could detect real-time CAP in food
and drug products.

Table 2. Real sample analysis of CAP in milk, honey, and eye drop samples.

Sample Added (µM) Found (µM) Recovery (µM) RSD (%)

Milk 20 19.2 96 2.52
40 35.6 89 2.15
60 58.7 97.8 2.19

Honey 20 19.5 97.5 2.25
40 39.5 98.7 1.95
60 59.8 99.6 2.36

Eye drop 20 19.8 99 2.42
40 39.3 98.2 1.93
60 58.6 97.6 2.12
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6. Materials and Methods

Graphite, nitric acid (HNO3), sulfuric acid (H2SO4), monosodium phosphate (NaH2PO4),
disodium hydrogen phosphate (Na2HPO4), N-methyl pyrrolidinone (NMP), potassium ferric
cyanide (K3Fe(CN)6·3H2O), potassium ferrocyanide (K4Fe(CN)6·3H2O), sodium hydroxide
(NaOH), potassium hydroxide (KOH), copper nitrate hexahydrate, iron nitrate nonahydrate,
dimethylformamide were obtained from ACROS chemical company, Taiwan. Ni foam (NF)
(1 × 1 cm2), glassy carbon (GC) electrode, silver/silver chloride electrode (Ag/AgCl), plat-
inum wire (BAS Inc. Tokyo Japan), nitrogen (N2) gas, and ultra-pure double distilled water
were used for all the experiments. Material preparation and characterization were carried
out by suitable physical and chemical characterization techniques such as X-ray diffraction
analysis (XRD) (XRD, D2 Phaser, Bruker, Billerica, Massachusetts, USA) using Cu Kα radiation
(λ = 1.5406 Å). After the diffraction, the data were analyzed in MDI JADE5.0 software and
compared with the JCPDS Card database. Field emission scanning electron microscopy (SEM)
(JEOL, JSM-7610F, Tokyo, Japan, and Hitachi Regulus 8100, Tokyo, Japan, respectively), energy
dispersive X-ray analysis (EDX), transmission electron microscopy (TEM) (Japan Electron
Optic Co., Ltd., JEOL 2100F, Tokyo, Japan), Raman spectroscopy (ACRON, UniNanoTech Co.,
Ltd., Yonginsi, Korea), and electrochemical impedance spectroscopy (EIS) (CH Instruments,
Inc. 3700 Tennison Hill Drive Austin, TX 78738 – 5012 USA). The supercapacitor performance
has been determined by CHI cyclic voltammetry (CV) and the galvanostatic charge–discharge
technique (CH Instruments, Inc. 3700 Tennison Hill Drive Austin, TX 78738-5012, USA). The
electrochemical performance of the GCE/3DGS/CuFe2O4 modified electrode was assessed
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV).

7. Conclusions

In conclusion, the CuFe2O4/3DGS composite was successfully synthesized and em-
ployed for supercapacitor and electrochemical sensor applications. Several electrochemical
techniques including electrochemical impedance, cyclic voltammetry, differential pulse
voltammetry, and chronopotentiometry were used to assess the electrochemical perfor-
mance of the GCE/3DGS/CuFe2O4 electrode. The 3DGS played a significant role in the
3DGS/CuFe2O4/NF electrode to improve the electrochemical capacitance and electro-
chemical sensor. Because of the hierarchical structure and good electrical conductivity, the
3DGS/CuFe2O4 composites had an excellent specific capacitance, a high current density,
and a high power density. Accordingly, the results indicated that the prepared compos-
ites were promising electrodes for supercapacitor materials. Furthermore, the prepared
3DGS/CuFe2O4 composite has an excellent electrochemical performance toward the identi-
fication of CAP, with a detection limit of 0.5 µM, linear range of 5–400 µM, and electrode
sensitivity of 3.7478 µA µM−1 cm−2. Furthermore, the GCE/3DGS/CuFe2O4 electrode re-
vealed a good selective detection of CAP in real sample analysis. It also exhibited excellent
repeatability, reproducibility, and stability. In conclusion, the CuFe2O4/3DGS composite
exhibited a superior capacitance performance and superior electrochemical sensing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics12060164/s1, Table S1: Specific capacitance performance
of 3DGS/CuFe2O4 compared with other same material literature. References [75–79] are cited in the
supplementary materials.
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