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Abstract: In this article, we developed specific sensing of chloramphenicol (CAP) using strontium
selenium nanoflower-adorned phosphorus-doped graphitic carbon nitride (Sr@Se/PGCN) nanocom-
posite. The synthesized Sr@Se/PGCN nanocomposite was characterized using spectrophotometric
techniques. Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV), and Differential
Pulse Voltammetry (DPV) were used to examine the electrochemical performance of Sr@Se/PGCN
nanocomposite. The Sr@Se/PGCN composite shows excellent performance with a linear range of
5–450 µM and an LOD of 2.7 nM. Furthermore, the present electrochemical CAP sensor exhibited
high sensitivity, good stability, exceptional reproducibility, and an excellent recovery rate in real
food samples.

Keywords: chloramphenicol; strontium selenium nanoflowers; phosphorus-doped graphitic carbon
nitride; milk; honey

1. Introduction

Chloramphenicol (CAP) is an antibiotic with a wide range of activity against diverse
bacteria [1]. Since the 1950s, it has been widely used to treat infectious infections in humans
and animals [2]. However, it causes significant human side effects, including grey baby
syndrome, leukemia, and aplastic anemia [1]. As a result, the use of CAP in animal-derived
foods has been excluded globally to assure food safety [3]. However, owing to its low
cost and availability, CAP is not eradicated in actual manufacturing and living, so it is
preferable to make a simple and rapid CAP monitoring method [4]. For CAP detection,
several analytical methods have been developed, including LC-mass spectrometry (LC-
MS), high-performance liquid chromatography (HPLC), gas chromatography (GC), Raman
scattering, and chemiluminescence, gas chromatography-mass spectrometry, and enzyme-
linked immunosorbent assay [5–10]. However, it is essential to note that these techniques
have significant drawbacks. Electrochemical sensors have received attention because
of their fast reaction time, easy operation, and the convenience of on-site analysis and
detection [11].

The semiconductor nanoparticles exhibit exceptional nonlinear characteristics, as well
as saturable absorption and optical bi-stability [12]. Selenium (Se) has many key features
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and applications, including semiconductors, catalytic activity, sensing, free radical scaveng-
ing, and strong photoconductivity [13,14]. Yajuan et al. reported on a photoelectrochemical
biosensor based on Se-doped In2S3 nanomaterials for highly sensitive detection of chlo-
ramphenicol [15]. Recently, Hao et al. synthesized cubic MnSe2 nanoparticles dispersed on
multi-walled carbon nanotubes: A robust electrochemical sensing platform for chloram-
phenicol [16]. In this research, we opted to substitute the strontium (Sr) with Se in our study
since there has been relatively little research on electrochemical sensors. The usage of Se for
sensing applications is extremely less and undeveloped. Because of these characteristics,
they are helpful in semiconducting optoelectronic applications [17–19]. K. Y. Hwa et al.
reported flower-like Sr@Se nanoflowers coated with rGO: an effective electrode matrix
for promethazine hydrochloride sensing applications [20]. Muhammad Faisal Iqbal et al.
reported on the electrocatalytic performance of strontium selenide nanowires for hydrogen
evolution reactions at varied pH levels [21].

Carbonaceous materials are a suitable electrocatalyst for cost-effective and extremely
sensitive modifiers due to their rapid transfer of an electron, catalytic reactivity, and lasting
stability [22]. Among several carbon-based nanomaterials, g-C3N4, a metal-free polymeric
semiconductor, has garnered significant attention in various applications because of its
adjustable electronic characteristics and exceptional chemical stability [23]. Furthermore, a
simple preparation process involving the one-step polymerization of nitrogen-rich com-
pounds [24] and its environmentally friendly and cost-effective nature means that g-C3N4
an excellent material for photocatalysis [25], energy [26], biological [27], and optoelectronic
applications [28]. A few studies have been published in recent times about the benefits of
PGCN catalysts for typical applications such as hydrogen generation [29], electrocatalytic
activity [30], and catalytic degradation [31]. The literature that is currently accessible bases
its reports on gCN for QCN detection on metal nanocomposites. Veerakumar et al. reported
using the green microwave technique and an AgNPs@g-CN composite with an LoD of
1 nM [32]. In a similar manner, S. Selvarajan et al. developed a g-C3N4/NiO heterostructure
nanocomposite using a sonochemical method. The sensor showed a linear range of QCN
concentration from 0.010 to 230 µM and a detection limit of 2 nM [33]. In consideration of
this, introducing phosphorus to the gCN environment has the potential to increase both
electrical conductivity and catalytic activity [34,35]. As a result, in this study, Strontium
selenium nanoparticles were used to adorn phosphorus-doped graphitic carbon nitride
nanocomposite utilizing a simple sonochemical process.

In the present work, a Sr@Se/PGCN nanocomposite was successfully produced
and analyzed using several analytical and spectroscopic techniques in this study. The
Sr@Se/PGCN nanocomposite demonstrated high conductivity and a sizeable electroactive
surface area. Furthermore, we assigned a highly sensitive electrochemical sensor for the
detection of CAP using Sr@Se/PGCN nanocomposite. The electrochemical analysis of the
Sr@Se/PGCN composite produced a significant and acceptable specific capacitance value.
As a result, Sr@Se/PGCN was demonstrated to be a viable choice for electrode material in
practical sensing and energy storage applications.

2. Materials and Methods
2.1. Reagents and Materials

Chloramphenicol (C11H12Cl2N2O5), strontium nitrate (Sr (NO3)2), selenium powder,
ethylene glycol (C2H6O2), and hydrazine hydrate (N2H4) were purchased from Sigma-
Aldrich, Mumbai, India. Monobasic sodium phosphate, sodium hydrogen phosphate,
potassium chloride, urea, sodium hypophosphite, sodium hydroxide, ethanol, hydrochloric
acid, uric acid (UA), and glucose (GLU) were purchased from SD fine chemicals LTD
(Bengaluru, India), and the double-distilled water was purchased from local Wenders (Nice
Chemicals (P) LTD, Kerala, India).
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2.2. Apparatus

The prepared nanocomposite structural crystallinity was investigated using the XRD
(Rigaku X-ray diffraction Ultima—IV, Tokyo, Japan) technique. The infrared analyzer
(PerkinElmer RX-1 spectrophotometer, Waltham, MA, USA) determined the electrode’s
distinct functional groups. The prepared composites’ structural topography and elemental
mapping were examined by FE-SEM (JEOLModel-JSM7100F, Tokyo, Japan) with EDX. We
employed a three-electrode electrochemical workstation (CHI 660D, Austin, USA). The Pt
filament, saturated Ag/AgCl, and GCE (surface area-0.07 cm2) acted as the auxiliary, refer-
ence, and working electrodes, respectively. Various electrochemical techniques, including
CV, EIS, and DPV, were used to examine the electroanalytical properties of the modified
electrodes.

2.3. Synthesis of Sr@Se

Typically, Sr@Se was synthesized by modifying the previously reported solvothermal
synthesis techniques [20]. Briefly, Sr (NO3)2 (0.1 M) was dissolved in 60 mL of DD water,
ethylene glycol, and hydrazine hydrate in the ratio (7:3:1) and was vigorously stirred for
30 min at 60 ◦C to form a homogenous mixture. The mixture added 0.2 M of selenium
powder and stirred for 30 min. Later, the solution was transferred to a stainless-steel Teflon
autoclave that was sealed and heated to 180 ◦C for 24 h. The sample was then collected,
cooled at ambient temperature, and centrifuged many times at 7000 rpm for 30 min to
ensure that all of the unreacted particles were adequately removed. Finally, the acquired
product was dried overnight at 60 ◦C. The synthetic procedure of Sr@Se nanoparticles is
illustrated in Scheme 1a.

2.4. Preparation of PGCN

To synthesize PGCN using condensing precursors, CH4N2O and sodium hypophos-
phate were placed in a muffle furnace at high temperatures. In particular, 10 g of CH4N2O
was liquified in 25 mL of ethanol, and 1.2 g of sodium hypophosphate was introduced. The
aqueous solution was ultrasonically treated for 20 min, and then the ethanol was allowed to
evaporate in an oven at a temperature of 80 ◦C. The resultant precipitates were transferred
to a covered crucible and heated at 550 ◦C for 2 h at a calcinating rate of 5 ◦C min−1. The
yellow solid is produced and crushed into tiny grains in a mortar for subsequent usage and
designated as PGCN [36]. Scheme 1b depicts the synthesis of PGCN.

2.5. Fabrication of the Sr@Se/PGCN/GCE

First, Glassy Carbon Electrodes (GCE) were polished successively on silicon carbide
paper and Al2O3 powder and then washed in water and ethanol for a short period, re-
spectively. Under optimization, a 1:1 ratio (wt %) of Sr@Se/PGCN/GCE nanocomposite
(mg/mL) of approximately 8 µL, which demonstrated outstanding electrochemical per-
formance, was dropped over the GCE to construct a CAP electrochemical sensor. After
that, the modified GCE was dried for 10 min at 50 ◦C. Next, the electrocatalytic reaction of
CAP was investigated using a Sr@Se/PGCN/GCE-modified electrode. Following that, the
modified Sr@Se/PGCN/GCE was used to detect CAP by CV and DPV. Scheme 1c depicts
the fabrication process of the Sr@Se/PGCN-modified GCE for CAP measurement.
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Scheme 1. (a) Synthesis of PGCN, (b) synthesis scheme of Sr@Se, and (c) preparation of electrocatalyst
and its application for the electrochemical measurement of CAP in the real sample application.

3. Results

To assess the crystalline structure and phase purity of the synthesized materials,
XRD was taken, which included Sr@Se, PGCN, and Sr@Se/PGCN, and the outcomes are
displayed in Figure 1a. The XRD pattern of Sr@Se is in good agreement with previously
reported studies [20], which confirmed the pure form of Sr@Se. The diffraction peaks at
2θ = 23.49, 29.8, 41.36, 43.7, 45.42, 48.13, 51.8, 55.53, 56.16, 61.22, 61.65, 65.28, 68.3, 71.68,
76.9, and 78.19 were ascribed to Sr@Se (JCPDS card no. 00-001-0574) and fitting to the hkl
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planes (100), (101), (110), (102), (111), (200), (003), (112), (103), (202), (210), (211), (113), (203),
(301), and (104), respectively. Additionally, 2θ peaks are seen at 25.4, 42.12, 49.6, and 52.3,
which correspond to (111), (220), (311), and (222) hkl, respectively. Moreover, a smaller 2θ at
9.37 (100) and a larger 2θ at 27.4 (002) were noted (Figure 2b). Interestingly, the Sr@Se and
PGCN diffraction peaks were reproduced in the Sr@Se/PGCN nanocomposite, indicating
the nanocomposite’s effective formation (Figure 2c).
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The Fourier-transform infrared spectroscopy (FT-IR) spectra of Sr@Se, PGCN, and
Sr@Se/PGCN are shown in Figure 1d. The range of Sr@Se reveals a minor peak at 525.12
due to a Se-Se bonding and other peaks at 769.76 and 856.60 due to Se (out-of-plane)
bending in the material. The C-H stretching is confirmed from the peak at 701.36 [37].
The symmetric C=O and C-O stretching vibrations produce a weak band at 1436.86 and
1775.03 cm−1, respectively. The stretching frequency of O-H bonds is greater than that
of heavier atom bonds [38]. The spectra of PGCN display an absorption band extending
from 1100 to 1600 cm−1, which is attributed to the stretching vibration of tri-s-triazine, and
it is important for C-N and C=N heterocycles. The absorption is strong at 809.23 cm−1,
corresponding to the triazine unit bending vibration in the heptazine rings, confirming the
development of g-C3N4 [39]. The stretching vibration modes of O-H bonds were assigned
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a set of peaks in the 3020–3600 cm−1 range. A distinctive peak at 3144.59 cm−1 is ascribed
to the N-H stretching group [40]. A minor peak determines the formation of PGCN at
957.29 cm−1, which is caused by the inclusion of a phosphorus dopant [41]. Furthermore,
by modifying PGCN with Sr@Se, all of the absorption peaks in the nanocomposite were
reproduced.
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Figure 2. FE-SEM images of (a,b) Sr@Se, (c) PGCN, and (d) Sr@Se/PGCN nanocomposite and (e) EDX
spectra of nanocomposite with corresponding weight percentages (inset).

FE-SEM was used to examine the structural properties and external morphology
of the material. FE-SEM images of the Sr@Se (a and b), PGCN (c), and Sr@Se/PGCN
nanocomposite are shown in Figure 2a–d. For Sr@Se (Figure 2a,b) clearly shows the
development of a flower-like structure on lengthy micro rods. After careful examination,
we can observe that the Sr@Se 3D flower-like structure generated has numerous little
rod-like structures of uneven length that extend in all directions. The picture of the PGCN
shows a 2D sheet-like structure with flat surfaces (Figure 2c). On the other hand (Figure 2d),
shows an FE-SEM image of the Sr@Se/PGCN nanocomposite in which the Sr@Se flowers-
like nanorods that are tightly anchored on the PGCN sheets are visible. The pictures were
obtained to confirm the excellent anchoring of Sr@Se on the PGCN. The EDX analysis
of the Sr@Se/PGCN nanocomposite (Figure 2e) reveals the elements with their weight
percentages such as carbon (64%), nitrogen (34.10%), selenium (0.70%), strontium (0.54%),
and phosphorous (0.66%) (Figure 2e (inset)).

3.1. Electrochemical Performance of the Sr@Se/PGCN Nanocomposite

The electrochemical performance of the modified electrodes, namely bare GCE, Sr@Se/
GCE, PGCN/GCE, and Sr@Se/PGCN/GCE, were measured using CV in [Fe(CN)6]3−/4−

solution at a sweep rate of 50 mVs−1. (Figure 3a). The bare GCE, Sr@Se/GCE, PGCN/GCE,
and Sr@Se/PGCN-modified GCE obtained anodic peak current (Ipa) values of 100.84,
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133.34, 149.28, and 164.34 µA, respectively. Furthermore, compared to other modified
electrodes, the synergistic impact of Sr@Se (increased catalytic activity) and PGCN (high
conductivity) might improve the peak current response.
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EIS is a widely used method for assessing electrode kinetics as well as changes in the
electrode–electrolyte interface induced by electrode surface modifications. Figure 3b depicts
the EIS spectra of the bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE. All of
the measurements were executed in a 5 mM [Fe(CN)6]3−/4− electrolyte containing 0.1 M
KCl. The inset image of Randles’ equivalent circuit illustrates the best match, where Rs is the
solution resistance, Cdl is the double-layer capacitance, W is the Warburg resistance, and Rct
is the charge transfer resistance. Rct was calculated at the interface of electrode–electrolyte
using a well-defined semicircle in the Nyquist plot for bare GCE, Sr@Se/GCE, PGCN/GCE,
and Sr@Se/PGCN/GCE. From the Nyquist plot, the Rct values for bare GCE (423.46 Ω),
Sr@Se/GCE (388.7 Ω), PGCN/GCE (323.51 Ω), and Sr@Se/PGCN/GCE (149.83 Ω). The Rct
value decreased to 323.51 Ω when the GCE surface was modified with PGCN, indicating the
development of charge-transfer kinetics. Finally, the Rct value for the Sr@Se/PGCN/GCE
nanocomposite fabricated with the GCE surface was 149.83 Ω, which was remarkably lower
than bare GCE, Sr@Se/GCE, and PGCN/GCE. Considering the Rct value, there is a rapid
electron transfer rate between the Sr@Se/PGCN/GCE and electrolyte solution, resulting in
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lower resistance and excellent conductivity. According to the EIS study, the Sr@Se/PGCN
composite has excellent electrical conductivity and excellent charge transfer capabilities,
making it suitable for electrochemical sensing applications.

Using the Tafel plot (Figure 3c) and a slope of 2.3RT/n (1 − α) F [42], the electron
transfer coefficient (α) was determined to be 0.99.

The Randle–Sevcik equation was used to determine the modified electrode’s active
surface area (Equation (1)) [43].

Ipa = 2.69× 105 A C n3/2 D1/2 υ1/2 (1)

where Ipa represents the oxidation peak current of variously adjusted electrodes, n de-
notes the number of electrons (n = 4), A is surface area (cm2), D is diffusion coefficient
(6 × 10−6 for [Fe (CN)6]3−/4−), C stands for concentration of electrolyte (10−6 mol cm−3

for [Fe(CN)6]3−4−), and υ is scan rate (Vs−1). Surface areas of the bare GCE, Sr@Se/GCE,
PGCN/GCE, and Sr@Se/PGCN/GCE were determined using Equation (1) to be 1.21,
1.60, 1.79, and 1.97 cm2, respectively. These findings show that the electrode’s electrical
conductivity is proportional to its active surface area, resulting in greater charge transfer in
the Sr@Se/PGCN/GCE.

The number of redox cores on the surface and the electrode dimensions determine
the roughness factor (Rf). The ratio of the electrode surface area is known as the Rf [44].
The ratio of the surface areas of Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE to the
surface area of bare GCE is used to estimate the Rf of bare GCE, Sr@Se/GCE, PGCN/GCE,
and Sr@Se/PGCN/GCE. The calculated Rf values for Sr@Se/GCE, PGCN/GCE, and
Sr@Se/PGCN/GCE are 1.32, 1.47, and 1.62, respectively.

Equation (2) can be used to determine the kinetic parameter (Ψ) follows [45]:

Ψ = k0
√

RT/πFDv− 1
2

(2)

where, Ψ is denoted as the dimensionless kinetic parameter, R is the gas constant, T is
the temperature of the solution in kelvin, F is the faraday constant (C/mol), ν is the
scan rate (V/s), and D denotes the diffusion coefficient of Fe(CN)6]3−4−. The calculated
values were 0.453, 0.451, 0.435, and 0.36 for the bare GCE, Sr@Se/GCE, PGCN/GCE, and
Sr@Se/PGCN/GCE, respectively.

In the EIS analysis, two segments are obtained, such as semi-circular and linear. The
kinetics of the electron transfer are represented by the semicircle’s diameter, which is
abbreviated as Rct. From the Rct observations, the standard heterogeneous rate constant
(k0) is determined by employing the following equation (Equation (3)) [46].

k0 = RT/F2 Rct AC (3)

The general gas constant (8.314 JK−1mol−1), the Faraday constant (96,485 C mol−1),
and the temperature (298 K) are each represented by the symbols T, R, and F in this equa-
tion. The Rct values for bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE
are determined from the EIS investigations. As determined above, A represents the sur-
face areas of bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE. C represents
the concentration of the potassium ferrocyanide solution. According to the calculations,
the values of k0 for bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE are
1.03 × 10−3 cms−1, 1.13 × 10−3 cms−1, 1.35 × 10−3 cms−1, and 2.93 × 10−3 cms−1, respec-
tively. A system with a higher k0 value achieves equilibrium in very little time. This is
further evidence of faster electron transfer for Sr@Se/PGCN/GCE when compared to other
modified electrodes.

From the Cottrell equation (I = nFAD1/2 Cbπ − 1
2 t−1/2) [42], where (A = 0.36 cm2,

n = 4, and F = 96,485C mol−1) and the value of diffusion coefficient (D) was determined
to be bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE are 7.94 × 10−2,
9.03 × 10−2, 7.18 × 10−2, and 8.09 × 10−2, respectively.
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The standard heterogeneous rate constant (ks) for Fe(CN)6]3−4− at the bare GCE,
Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN-modified GCE was determined using
Equation (4) [47].

ks = 2.415 exp (−0.02F/RT) D1/2 (Ep − Ep/2)−1/2 V1/2 (4)

where Ep and Ep/2 represent the peak potential and the half-height potential in CV, re-
spectively. Therefore, ks was determined to be bare GCE, Sr@Se/GCE, PGCN/GCE, and
Sr@Se/PGCN/GCE are 2.414 × 10−3 cms−1, 2.60 × 10−3 cms−1, 2.18 × 10−3 cms−1, and
2.62 × 10−3, respectively.

3.2. Electrochemical Performance of the Sr@Se/PGCN Composite with CAP

Several aspects, including the scan rate, different nanomaterial effects, and pH varia-
tion, must be studied during the sensor development process to understand the sensor’s
electrochemical behavior. The CV findings of the bare GCE, Sr@Se/GCE, PGCN/GCE,
and Sr@Se/PGCN/GCE in 250 µM of CAP are shown in Figure 4a. The bare GCE and
Sr@Se/GCE exhibited high Ipc values of −181.36 and −201.27 µA, respectively. After
modification with PGCN/GCE, a higher Ipc value of −209.09 µA was observed owing to
the large surface area and the high conductivity of PGCN, and the Ipc value of the PGCN-
modified GCE was twice that of Sr@Se/GCE and thrice that of bare GCE. Interestingly,
the Sr@Se/PGCN nanocomposite-modified GCE shows a maximum Ipc of −225.43 µA
compared to the other fabricated electrodes. The electrochemical performance of the
Sr@Se/PGCN nanocomposite was increased by the strong electrocatalytic activity of Sr@Se
and the larger specific surface area of PGCN. In this case, the reduction is ascribed to the
direct reduction of CAP (Scheme 2a) to phenylhydroxylamine involving four electrons and
four protons, which is the reduction of nitroso derivative into hydroxylamine and two
electrons and two protons oxidation of hydroxylamine into a nitroso derivative [48,49]
(Scheme 2b). Scheme 2 depicts a proposed electrochemical redox mechanism of CAP.

3.3. pH and CAP Concentrations

The pH of the supporting electrolytes influences peak shape, current, and potential.
Figure 4b shows the CV findings towards 250 µM CAP for pH values of 3.0, 5.0, 7.0, 9.0, and
11.0 on Sr@Se/PGCN/GCE. The current increased significantly as the pH increased from
3.0 to 9.0, followed by a gradual redox process from 9.0 to 11.0. The CAP redox reaction
was accomplished at pH 9.0 based on developing a well-resolved, sharp, high-intensity
peak, offering a broad consideration of the reaction process, and showing the practical
use of the as-prepared electrochemical sensor for hassle-free real-time detection. The pH
vs. Ipa and pH versus Epa graphs are given in Figure 4c,d, respectively, and the correlated
regression equations are as follows (Equations (5)–(7)):

Ipa (µA) = 6.887 [pH]−0.947
(

R2 = 0.9618
)
− (pH : 3, 5, 7, and 9) (5)

Ipa (µA) = − 6.395 [pH]+ 115.275
(

R2 = 1
)
− (pH : 9 and11) (6)

Epa (V) = 0.0397 [pH] − 0.0298
(

R2 = 0.9237
)

(7)

The current investigation shows that CAP is stable in an alkaline medium. At pH
9.0, the CAP oxidation showed an Ipa of 57.72 µA, indicating excellent adsorption on the
prepared GCE surface due to the presence of a matrix compound that hinders electron
transport with CAP on the fabricated GCE surface. The increase in pH changes the peak
potential to the negative side, which might be attributable to modifications in the CAP
molecules’ acid–base protonation activities [20]. Based on these findings, this work utilized
electrolyte solutions with a pH of 9.0 for all electrochemical experiments.
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Figure 4. (a) CV curves of bare GCE, Sr@Se/GCE, PGCN/GCE, and Sr@Se/PGCN/GCE in 250 µM
of CAP (pH 9.0) and (b) CV curves of CAP (250 µM) at pH 3, 5, 7, 9, and 11. Linear plots of (c) current
and (d) potential at different pH values. (e) CV responses with increasing CAP concentration from 50
to 750 µM in (pH 9.0) on the Sr@Se/PGCN/GCE and (f) corresponding linear plots.

The electrocatalytic activity and conductivity of Sr@Se/PGCN/GCE were examined
using CV at a scan rate of 50 mVs−1 with increasing concentrations of CAP (from 50
to 750 µM), as shown in Figure 4e. The increase in CAP concentration also increased
the related Ipa and Ipc values, indicating the remarkable electrocatalytic activity of the
Sr@Se/PGCN/GCE. The plot of Ipa and Ipc vs. CAP concentrations is shown in Figure 4f,
and the corresponding equations are as follows (Equations (8) and (9)).
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Ipa (µA) = 5.5183 CCAP (µM) + 0.0014
(

R2 = 0.985
)

(8)

Ipc (µA) = −5.2512 CCAP (µM)− 0.00116
(

R2 = 0.966
)

(9)

The synergistic combination of Sr@Se (increased electrocatalytic activity of porosity)
and PGCN (higher conductivity and large active surface area) may improve electrochemical
performances for the CAP redox reaction.
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3.4. Scan Rate

The electrochemical response of Sr@Se/PGCN/GCE in CAP (250 µM) containing
0.1 M PBS (pH 9.0) with increasing scan rates ranging from 20 to 200 mVs−1 was examined
to assess the electrode kinetics. As illustrated in Figure 5a, increasing scan rates resulted
in a gradual increase in Ipa and Ipc, as well as a significant shift in Epa and Epc. The linear
graph of the square root of scan rates vs. Ipa and Ipc, as well as the corresponding linear
regression (Equations (10) and (11)), is shown in Figure 5b, showing a diffusion-controlled
CAP system on the Sr@Se/PGCN/GCE.

Ipa (µA) = 225.334 υ1/2 (V/s)1/2 + 5.439 (R2 = 0.995) (10)

Ipc (µA) = −251.846 υ1/2 (V/s)1/2 + 12.249 (R2 = 0.992) (11)Chemosensors 2022, 10, x FOR PEER REVIEW 14 of 19 
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Figure 5. (a) CV curves for scan rate ranging from 20 mVs−1 to 200 mVs−1 in the presence of 250 µM
CAP (0.1 M PBS, pH 9.0). Linear plots of (b) current vs. square root of scan rate and (c) log current
vs. log square root of the scan rate. (d) DPV curves of the Sr@Se/PGCN/GCE were obtained at the
CAP concentration ranging from 5 to 450 µM in 0.1 M PBS (pH 9). (e) Linear graph of increasing
concentration of CAP against Ipc.
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The plot of Epa and Epc vs. log square root of scan rate is shown in Figure 5c, and the
equation is as follows (Equations (12) and (13)):

Log Ipa (µA) = 0.4585 log υ (V) + 0.969
(

R2 = 0.997
)

(12)

Log Ipc (µA) = −0.6093 log υ (V)− 0.604
(

R2 = 0.995
)

(13)

The slope was estimated using Equations (12) and (13) and was found to be 0.4585
(Ipa) and 0.6093 (Ipc), which is nearly identical to the theoretical value [50]. This finding
demonstrates that the electrochemical redox reaction is a diffusion-controlled mechanism.

3.5. Quantification of CAP

DPV analysis was used to evaluate the CAP detection response on Sr@Se/PGCN/GCE,
and the results are displayed in Figure 5d. At a scan rate of 50 mVs−1, the CAP concen-
tration range was linearly increased from 5 to 450 µM (pH 9.0). As seen in Figure 5d,
increasing the CAP concentration resulted in a gradual increase in Ipc intensity due to the
synergistic activity and non-covalent interaction between Sr@Se and PGCN, which im-
proves electroanalytical performance for the CAP redox reaction. Figure 5e depicts a linear
plot of CAP concentration vs. Ipc, with two linear fits recorded. The initial linear regression
ranged from 5 to 90 µM, and the related equation is shown below (Equation (14)):

Ipc (µA) = −0.0318 CCAP (µM)− 35.345
(

R2 = 0.9849
)

(14)

The second linear regression was applied to the concentrations ranging from 100 µM
to 450 µM using the following regression equation (Equation (15)):

Ipc (µA) = −0.0080 CCAP (µM)− 37.759
(

R2 = 0.987
)

(15)

In this study, the CAP is a reduction reaction. CAP occurs via the shortest electron
transfer mechanism between the modified GCE surface and the CAP molecules. The
estimated LOD is 2.7 nM, and the sensitivity is 2.25 µA µM−1 cm−2. The electroanalytical
activities of the Sr@Se/PGCN/GCE were compared to those of previously described CAP
sensors (Table 1).

Table 1. Electroanalytical characteristics of Sr@Se/PGCN/GCE and other electrocatalysts.

Electrocatalyst Detection Technique pH Values Linear Range (µM) LOD (nM) References

Fe3O4/Au/GCE DPV 5 1.0–12 144 [51]

Co@NCNP/GCE DPV 7 5–268.83 500 [52]

Ag/CMC@TiO2/LIG DPV 7 0.01–100 7 [53]

GdBiVO4@rGO/SPCE DPV 7 0.05–2336.55 22.9 [54]

Sr2Co2O5/GCE DPV 7 0.01–931.1 2.3 [55]

Sr@Se/PGCN/GCE DPV 9 5–450 2.7 Present work

3.6. Interference Studies

DPV investigated the selectivity of the Sr@Se/PGCN/GCE sensor for CAP reduction
with various biological species. The DPV curves of CAP with three-fold concentrations of
various interfering species, including CAP, NO2−, NO3, AA, H2O2, UA, and glucose, are
shown in Figure 6a. The bar graph reveals that there was no significant change (<8%) in
the Ipc values of CAP and interfering species (Figure 6b). As a result, the developed sensor
has improved selectivity for CAP detection.
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3.7. Reproducibility and Stability

The CV approach was used to assess the reproducibility of five different Sr@Se/PGCN-
modified GCEs in 250 µM of CAP. Figure 7a depicts a bar graph of the five GCEs with varia-
tions in Ipa values. The RSD was determined to be 2.98%, indicating the Sr@Se/PGCN/GCE
sensor’s significant reproducibility. Sr@Se/PGCN/GCE was kept in a 4 ◦C refrigerator for
10 days to assess storage stability. A bar graph depicts the sensor’s storage stability after 0, 2,
4, 6, 8, and 10 days and the corresponding Ipa values (Figure 7b). After 10 days, the current
intensity remained at 80.12% of its initial value, indicating that the Sr@Se/PGCN/GCE
sensor has high storage stability.
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3.8. Real Sample Analysis

DPV investigated the potential of the Sr@Se/PGCN electrochemical sensor for real-
time CAP measurements in food samples such as milk and honey. Before the study, the food
samples were taken from nearby stores, and no CAP traces were found. Following that, a
known CAP concentration was introduced to the food samples, and the electrochemical
responses were investigated. Table 2 summarizes the recovery and RSD results of the milk
and honey samples, revealing that the Sr@Se/PGCN/GCE has an appreciable recovery for
determining CAP in food samples.



Chemosensors 2022, 10, 425 15 of 18

Table 2. Determination of CAP in milk and honey samples using the Sr@Se/PGCN/GCE sensor.

Samples Added (µM) Found (µM) Recovery
(%)

RSD
(%)
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