Environmental Science and Pollution Research (2024) 31:46484-46497
https://doi.org/10.1007/511356-023-26043-z

SMART NANOMATERIALS FOR HEALTHCARE AND ENVIRONMENTAL APPLICATIONS: q
PERSPECTIVES IN NANOTOXICOLOGY Check for

updates

Construction of functionalized carbon nanotube@metal oxide
nanocomposite for high-performance electrochemical measurement
of antipyretic drug in water samples

Subramaniyan Vinoth' - Sea-Fue Wang'

Received: 21 November 2022 / Accepted: 16 February 2023 / Published online: 4 March 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Acetaminophen (AP) acts as supportive clinical therapy for fever and dysmenorrhea. An overdose of AP may result in
severe adverse diseases, such as liver dysfunction. In addition, AP is a key-listed environmental pollutant, which is difficult
to degrade in the environment and has serious effects on living bodies. Therefore, the simple and quantitative determina-
tion of AP is highly relevant today. In this work, tin dioxide (SnO,) nanoparticles with functionalized multi-walled carbon
nanotube (-MWCNT) as a hybrid composite were prepared by hydrothermal-assisted synthesis. The composite material was
characterized by various spectral, morphological, and electrochemical tests. Electrochemical investigations were conducted
using a SnO, @~MWCNT-reinforced electrode for the detection of AP. The composite electrode exhibited better functional
properties, which facilitated electron transfer and enhanced electrical conductivity. The calculated low detection limit (LOD)
of 0.36 nM is with a wide linear range of concentration from 0.001 to 673 uM. Additionally, the SnO, @ ~-MWCNT-modified
electrode exhibited good anti-interference capability, repeatability, reproducibility, storage, and operational stability. The
developed SnO, @f-MWCNT-modified electrode was applied to practical analysis in diverse water matrices (river, drinking,
and pond) with acceptable recovery percentages. A synthesized nanoscale metal oxide electrocatalyst is of great interest
and an active research area that serves as a foundation for the development of new, cost-effective electrochemical antibiotic
drug sensors.

Keywords Electrochemical sensors - Acetaminophen - SnO, - -MWCNT - Water pollutant detection - Hydrothermal-
assisted synthesis

Introduction

Acetaminophen (AP-paracetamol: N-acetyl-para-aminophe-
nol) has received wide recognition as an effective analge-
sic and antipyretic medicine (Wang et al. 2019). The AP is
often prescribed to treat strep throat in addition to treating
fever, headaches, joint pain, neuralgia, and dysmenorrhea
(Chokkareddy et al. 2019). The AP drug has tremendous
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potential for regulating body temperature by selectively
inhibiting the synthesis of prostaglandins in hypothalamic
thermoregulatory centers while raising the pain threshold
(Wei et al. 2021, Zhang et al. 2019). If the exposure of
AP to humans exceeds the lethal dosage limit, it induces
severe side effects like nausea, vomiting, and some seri-
ous harm to the liver (Lu et al. 2012). These effects are not
only on humans, but also on the environment. Due to its
non-prescriptive access, concentration of AP in domestic
and medical wastes is high, and its contamination in sur-
face waters has become an emerging water contaminant
problem globally. Besides, increasing the concentration
levels of AP (phenolic compounds) in water directly affects
the sustainability of aquatic ecosystems while in portable
water systems. As an emerging chemical pollutant, it poses
a threat to the natural water bodies (Montaseri &Forbes
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2018). Therefore, monitoring the AP is important for both
health care and environmental protection. The development
of highly reliable and accurate methods to detect the AP is
of prime important amongst researchers. Some of the tra-
ditional methods to detect AP are capillary electrophoresis
(Zhang et al. 2000), high-performance liquid chromatogra-
phy (HPLC) (Vanova et al. 2022), titration (Nabatian et al.
2022), spectrophotometry (Hadef et al. 2022), fluorescence
(Keerthana et al. 2022), and electrochemistry (Arul et al.
2021a). In those, electrochemical detection requires less
equipment and is also easy to operate than other methods
(Balaji et al. 2022, Pourmadadi et al. 2022b). Electrochemi-
cal AP sensors have made great strides due to the develop-
ment of nanotechnology. There have been many successful
designs of electrochemical AP sensors incorporating metal
oxides, carbon-based materials, semiconducting materials,
and metal-organic framework (MOF) materials (Adhikari
et al. 2016, Batool et al. 2021, Ma et al. 2019, Najeeb et al.
2022, Pourmadadi et al. 2022a, Yu et al. 2018). These mate-
rials are still being explored by researchers to develop AP
sensors in environmental pollutants.

Among the many escalating environmental issues, the
most serious of which is the lack of safe drinking water
which poses a serious threat to human (Sharma et al. 2017).
Because of their low cost, ease of synthesis, extremely
porous character, and strong redox performance, carbon
quantum dots and activated carbons from diverse natural
feedstocks have been widely adopted for water purification
(Bharathi et al. 2022, Gupta et al. 2022, Pourmadadi et al.
2023). Multi-walled carbon nanotubes (MWCNTSs) possess
an enormous potential to replace activated carbons in sen-
sor technology in the near future. Babaei et al. synthesized
nickel hydroxide nanoparticles/multi-walled carbon nano-
tubes composite electrode towards AP sensor to achieve
the wide linear range 1-960 pmol/L and detection limit
0.25 pmol/L (Babaei et al. 2013). Due to the availability
of a high number of active reactive sites, the open structure
of carbon nanotubes (CNTs) has been widely preferred in
numerous applications. The CNTs are proven to have high
mechanical strength, considerable electrical characteristics,
good field emission properties, and high thermal conduc-
tivity. The CNTs can be used as a reinforcing material to
influence and enhance the mechanical property of com-
posites and helps to develop smart materials/devices with
outstanding Young’s modulus (1 TPa), tensile strength (60
GPa), electrical conductivity (4105 S/m), and thermal con-
ductivity (43000 W/mK) (Nadafan &Tohidifar 2020). Fur-
thermore, adding surface functionalities like -OH, -COOH,
and hybridization with different metal oxide nanoparticles
such as Fe,03, ZrO,, SnO, CeO,, MnO,, polymers, bio-
molecules, etc. can significantly increase the catalytic prop-
erties (Rizwan et al. 2022, Sivasankarapillai et al. 2020).
Metal oxide nanoparticles have been frequently employed to

improve the characteristics of carbon nanotubes. Tin oxide
(SnO,) nanoparticles have recently been recognized as an
important n-type semiconducting material with a broad
band gap of 3.6 eV, generating a lot of research attention
(Sharma et al. 2018). Tin oxide nanoparticles are often used
in microelectronics, photo electronics, solar cells, biosen-
sors, gas sensing, supercapacitors, field emission studies,
and lithium-ion batteries due to their high electrical conduc-
tivity, photo-electronic property, low discharge voltage, high
theoretical capacitance, and high sensitivity (Tamilalagan
et al. 2020). In this work, we prepared SnO, nanoparticles
anchored with FMWCNT nanocomposite. It exhibits supe-
rior electrocatalytic traits of AP with modified glassy carbon
electrode (GCE) due to an enhanced electrical conductivity
and large specific surface area. This material has remarkable
effectiveness, fast electron transfer rate, good stability, and
interference resistance. Compared with previous literatures,
the sensor displayed a low detection limit. In addition, the
SnO, @f-MWCNT/GCE has been successfully used to deter-
mine the presence of AP in environmental samples.

Experimental section

A brief description of the chemicals, materials, reagents, and
instruments was included in the Supplementary Materials.

Synthesis of -MWCNT

The functionalized MWCNT was produced utilizing a
previously described method (Joseph et al. 2021). The
pure MWCNT was weighed and distributed in a 1:1 ratio
of HNO; and H,SO, mixed solution. The liquid was then
stirred for 30 min at 60 C using a continuous magnetic stir-
rer. The solution combination was then subjected to ultra-
sonication for about 5 h. The well-distributed solution was
then aged at room temperature. Finally, the black residue
was centrifuged and allowed to cool to ambient temperature.
The final residue obtained is known as f~-MWCNT.

Synthesis of Sn0,-nanoparticles

The hydrothermal technique was used to prepare SnO, nano-
particles (Madhu et al. 2018). For 15 min, 0.2 M of SnCl,.
5H,0 was dissolved in 30 mL of deionized water while stir-
ring. After vigorous stirring, 0.1 M NaOH was added drop
by drop to the above-mentioned reaction mixture. After agi-
tating the resultant solution at ambient temperature for 30
min, the suspension mixture was transferred to an autoclave
at 180 °C for 24 h before being centrifuged and washed with
ultrapure water and ethanol several times to remove unreacted
molecules. For 3 h, the product was dried in oven at 450 °C.
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SnO, nanoparticles were given to the resulting powder catalyst
(Scheme 1).

Synthesis of Sn0,@f-MWCNT

The ultrasonication approach was used to synthesize the
composite SnO, @f-MWCNT. SnO, and -MWCNT were
combined in a 1:2 ratio to keep on sonication for 1 h at room
temperature (Sriram et al. 2021). Then, the combined solu-
tion was rinsed with DI-H,O and dried overnight in a drying
oven set to 60 °C after, and the product was SnO, @-MWCNT
composite (Scheme 1).

Fabrication of SnO,@f-MWCNT electrocatalyst

The GCE was modified using SnO, @ -MWCNT as a working
electrode and used electrochemical sensor towards AP. Before
using the working electrode, polishing with alumina powder
removes unwanted contaminants. The resultant materials,
JFMWCNT, SnO,, and SnO, @~-MWCNT, are drop casted on
GCE surface in a 6-pL solution. The drop casting solutions
were prepared by sonication for 20 min. The various custom-
ized electrodes are dried at 70 °C in a standard oven (Vinoth
et al. 2022).

Electrochemical assay
The voltammetry analysis of AP was tested using modified
composite electrodes surface. The relative standard devia-
tion (RSD) was calculated using the following Eq. (1) (Arul
et al. 2021b):

SD

100 % (1)

RSD = —
(Mean of deviation)
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Result and discussion
Spectroscopic studies

The SnO,@f~-MWCNT was characterized by using X-ray
diffraction (XRD) study to check the crystalline phase of
the material as represented in Fig. 1A. The XRD pattern
obtained for SnO, matched well with standard (Tetragonal
(Cassiterite)—JCPDS Card # 00-005-0467) and revealed a
space group number of 136 and (P,,/mnm) space group with
confirmed lattice parameter (a b=4.7380 A, ¢ =3.1880 A).
The characteristic peaks in the obtained spectra are 26.5°
(110), 33.8° (101), 37.95° (200), 38.9° (111), 42.6° (210),
51.7° (211), 54.7° (220), 57.8° (002), 61.8° (310), 64.7°
(112), and 65.9° (301) which matches well with the litera-
ture (Wan et al. 2016). Notably, the composite form with
FMWCNT has a low peak which corresponds 25.8° (002)
and 43.3° (100) to an inestimable connection of high intense,
sharp peak of SnO, nanoparticles. The XRD was confirmed
as synthesized SnO,, -MWCNT, and SnO,@f-MWCNT.
Besides, the average crystallite size was determined by
Debye-Scherrer’s equation using the prominent diffraction
peak of the plane as follows Eq. (2):

D = (kA / Bcos ) 2)

Where D-average crystallite size (nm), k-Scherrer’s con-
stant (shape factor = 0.9), 4-X-ray wavelength (1.54 A),
p-FWHM (full width at half maximum) of the diffraction
peak, and 6 are Bragg’s angle. The calculated average crys-
tallite size was estimated to be 24 nm from all XRD peaks.
Along with the ball-stick model, these SnO, have been
reported in the form of tetragonal metal oxides (VESTA
software) as shown in Fig. 1B.
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Fig.1 A XRD patterns of SnO,, fMWCNT, and SnO,@f-MWCNT nanocomposite, B Crystal structure of SnO,-cassiterite (ball and stick
model), C Raman spectrum, and D FTIR spectra of SnO,, FMWCNT, and SnO, @f-MWCNT nanocomposite respectively

The room temperature of Raman spectrum of SnO,,
FMWCNT, and SnO,@f~-MWCNT samples has taken
between the wavelengths 200 and 1800 cm™'. Generally, it
is used to study the crystal structure of materials which can
be observed due to interaction or overlapping. It is assigned
at 271, 316, 498, 529, 567, 656, 714, and 796 cm™! with
vibrational modes of E , Alg, Eg, Azg, and B2g respectively
(Haddad et al. 2017). Besides, the f~FMWCNT compared
with finally modified composite (SnO,@fMWCNT) pos-
sesses binary bands of sp>-hybridized disordered structure
of D-band at 1359 cm™! and also a sp>-hybridized carbon of
G-band at 1586 cm™! respectively (Fig. 1C). The spectrum
consists of peaks corresponding to both SnO, @ -MWCNT
composite. FTIR spectrum of prepared pure SnO, with
f-MWCNT of the absorption bands are 503, 519, 668, 1090,
1573, and 1620 cm™! (Fig. 1D). The observed peaks at 519

and 668 cm™' represent Sn-O and O-Sn-O modes. Then,
the other bands such as 503, 1090, 1573, and 1620 cm ™! are
observed with acid-treated -MWCNT. The relatively nar-
row peak at 1620 cm™! corresponding to stretching vibration
of C=0 mode and C=C bonds will have the presence of
assigned 1573 cm™' aromatic peak, and other narrow peaks
was observed at 1090 cm™! C-O alkoxy group. Finally, we
confirmed the formation of SnO,@f-MWCNT composite
by using sonication method. So, it will be more suitable
for an electrocatalytic activity to enhance electron transfer
properties.

XPS analysis

XPS analysis was used to investigate the chemical
states and elemental composition of the synthesized
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SnO,@f~-MWCNT nanocomposite. The survey spectrum
of the SnO, @ ~-MWCNT nanocomposite shows clear peaks
of Sn, O, and C (Fig. 2A). In the XPS spectra of Sn 3d,
three distinctive peaks of 485.8 and 494.2, 497.5 eV can be
assigned to Sn 3ds,, and Sn 3d,,,, indicating the presence
of Sn** on the surface of carbon fiber. The spin—orbit split-
ting energy between Sn 3ds, and Sn 3d;, is 8.4 eV (Pal-
lavolu et al. 2022). SnO, was initiated through the reaction
of Sn(OH), in alkaline solution at high temperatures and
pressures (Fig. 2B). The O 1s spectra were separated into
two components: 529.9 eV of O-C and 531.9 eV of O=C
(Fig. 2C).

The C 1s region spectra were divided into three peaks,
indicating the existence of carbon in three distinct chemi-
cal environments. Three peaks with energies of 283.6 eV,
284.5 eV, and 285.2 eV, respectively, corresponded to sp?
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hybridized C—C and sp? hybridized C=0 bonds and C=0-C
(Fig. 2D). Finally, we conformed SnO, nanoparticles dec-
orated on nanotubes, for which observed in the spectrum
analysis provides a clearly through valence bond formation.

Surface morphology

Analytical grade chemicals were employed in the produc-
tion of SnO, @/~-MWCNT nanocomposites for analysis using
FESEM and TEM (Fig. 3). Using FESEM, high resolution of
the nanomaterials SnO,, -MWCNT, and SnO, @~MWCNT
was captured in order to gain a thorough understanding of
the surface morphology. It displays the final FESEM of the
SnO, particles created in this work using the hydrothermal
technique. The FESEM of the synthesized SnO, depicts an
asymmetrical nanoparticle with a metal oxide size that was
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Fig.2 XPS spectrum of overall spectra of SnO,@FMWCNT (A), Sn 3d (B), O 1s (C), and C 1s (D)
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Fig.3 FESEM image of A
SnO, and B SnO, @ -MWCNT.
TEM image of C -MWCNT,
D SnO,, E SnO,@fFMWCNT
nanocomposite, and F SAED
pattern

determined to be around 100 nm in length (Fig. 3A). We also
examined the resulting FMWCNT material (Fig-S1(A)).
In the FESEM, we can clearly see the ffMWCNT narrow
tube-like structure (Fig. 3B). We also performed FESEM
analysis SnO, @f~-MWCNT nanocomposites where both
the material in the composite is clearly seen. The produced
nanocomposite has also undergone elemental mapping, as
shown in Fig-S1 (B-G). Tin (Sn), oxygen (O), and carbon
(C) are respective elemental mappings. Thus, we were able
to detect the surface morphology of synthesized materials
by performing FESEM characterization and elemental map-
ping. SnO, @f-MWCNT tube and particle network provides
a wide accessible surface area for electrolyte penetration,
starts quick electrochemical interactions with electrolyte
ions, and improves their sensitivity and rate capability.
The elemental analysis and energy dispersive X-ray (EDX)
spectra of the SnO, @~-MWCNT nanocomposite are shown
(Fig-S1 (G) insert image). Several elements such as Sn, O,
and C were detected in the manufactured sample without
any contaminants based on the EDX spectrum. Furthermore,
the SnO, @~-MWCNT material homogenous distributed and
coexisted in Sn, O, and C elements. And also, we measured
the particle size distribution of SnO, nanoparticles (Fig-S2).

To fully comprehend the nanostructures of the
SnO,@f-MWCNT composite, TEM examinations were
conducted. It displays a TEM image of f-MWCNT narrow
tube-like structure and demonstrates that it is possible to
find material that can change morphology into nanotubes
(Fig. 3C). SnO, nanoparticles demonstrate that the particles
are naturally spherical (Fig. 3D). In the SnO, nanoparticles
shown on the f-MWCNT nanotubes, a deep black area is
emphasized. Both the SnO, and -MWCNT components are
connected to one another, and there are important interac-
tions between the two materials (Fig. 3E). Additionally, the

11000t

10 1/nm

produced materials of pure SnO, are confirmed by the selec-
tive area electron diffraction pattern (SAED) in the numbers
110, 112, and 221 (Fig. 3F).

Electrochemical impedance spectroscopy (EIS)

In order to verify the interfacial charge transfer electrons at
the electrode surface, an analogous circuit can be fitted using
impedance values. The electrochemical interfacial charge
transfer properties of GCE and modified electrode surfaces
were measured in a working solution containing redox pairs
of 5 mM [Fe(CN)4]> ™~ and 0.1 M KClI (Fig. 4A). At high
frequencies, the unmodified electrode surface appears to
have a large semicircle section. Despite the lowered charge
transfer rate and mass at the surface of the redesigned elec-
trode, the results demonstrate a high charge transfer resist-
ance (R_)). As a result of high frequencies, semicircle of the
modified SnO, @f-CNT/GCE (88.2 £2) was smaller than that
of alone GCE (197.7 Q), f~CNT/GCE (171.8 ), and SnO,/
GCE (97.2 Q), respectively. In fact, the aforementioned
modified surfaces have actually increased electron kinetics
rates, which reduces the mass transfer resistance. This higher
conductivity of the modified electrode (SnO,@f-CNT)
results in a noticeable increase in electron charge transfer,
and it was calculated from the following (Eq. (3)) (Vinoth
&Wang 2022b):

R - __RT
7 (n2F?K,C) 3)

R is the gas constant (8.314 ] mol™! K1), T'is the tem-
perature (330 K), n is the number of electrons, K is the rate
constant, C is the concentration of the redox probe, R, is
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the charge transfer resistance, and F is the Faraday constant
(96485.33 s A/mol). Another interesting parameter for elec-
trochemical sensors is the electroactive surface area. Modi-
fied electrode surfaces were used to monitor the surface area
by voltammetry response under reversible active redox probe
of [Fe(CN)6]3‘/4‘. Figure 4B shows the CVs for redox probe
of ferric and ferro system at SnO,@f~-CNT/GCE, f~-CNT/
GCE, SnO,/GCE, and bare GCE under the potential scan
between —0.2 and 0.6 V. The redox behavior of surfaces
for bare GCE, f~-CNT/GCE, SnO,/GCE, and SnO,-bounded
f-CNT is of Ipa = 64.6, 66.4, 73.1, and 88.2 pA, respec-
tively. The large active surface area of composite electrode
showed facile synergistic effect between individual functions
of SnO, and f~CNTs. Furthermore, in efficient adsorption of
SnO, on f~-CNT, the composite could potentially affect the
anodic and cathodic current intensity, and it was proving the
facility of electron transfers. In order to calculate the rate
reaction of modified electrodes, the Randles-Sevcik equation
(Eq. (4)) was used (Vinoth &Wang 2022a).

Ip = 2.69 x 10° x ACn’/2D'/?)1/2 @

Where D is the diffusion coefficient (7.60 x 107% cm?
s™1), n is the number of transferred electrons (n = 1), A is

@ Springer

the surface area of the electrode (cm?), IP is the slope of
peak current (A), v is the scan rate (V.s™!), and C is the
concentration of a solution (pmol cm™). The higher surface
area of Sn0,@f-CNT (0.256 cm?) is highly depended on the
surface defect than control electrodes. In order to verify the
kinetic behavior of modified electrodes, the effect of scan
rate was investigated from 20 to 240 mV.s~! (Fig. 4C). Based
on the linear plots (R* = 0.9962 (1,,,)) (R* = 0.9936 (,,.)) and
peak-to-peak separation values, the system has diffusion-
controlled process (Fig. 4D).

Effect of modified electrode

Cross-checking the electrochemical activity of modified
electrodes requires a catalytic investigation of AP. Fig-
ure SA shows the CV signals for oxidation of AP at modi-
fied electrodes under the potential scan between —0.2 and
0.8 V in pH-7.0 as an electrolyte. The signal response of
bare GCE (/,, = +4.219 pA) was observed, but current
behavior was significantly affecting at higher detection
potential of +0.55 V. Additionally, /~-CNT/GCE (I, =
+5.58 pA) and SnO,/GCE (I, = +8.23 pA) had signifi-
cantly higher peak current of AP than control bare GCE.
Interestingly, SnO,@f~-CNT/GCE had enhanced current
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Fig.5 A CVs for AP (200 uM) at bare GCE, f-CNT/GCE, SnO,/
GCE, and SnO,@f-CNT/GCE, with corresponding bar diagram (B).
C CVs for different concentration of AP. D Calibration plots of cur-

signal (I, = +10.4 pA) and clear sharp peak potential
(E,, = +0.55 V) than other control electrodes.
Therefore, the significance of electrocatalytic per-
formance on SnO,@f~-CNT/GCE identified the strong
electron transfer towards AP. Figure 5B shows a bar
diagram of current signal against and various modified
electrodes of AP. As a result of the increased active sur-
face area and improved electron transfer between SnO,
and f~-CNT, the composite electrode steadily increased
the sensitivity efficiency of concentration from 0 to 300
pL (Fig. 5C). A calibration plot was drawn between the
oxidation peak current and concentration of AP and lin-
ear regression coefficient values expressed as I,,(pA) =
0.042 x +1.788 (R *= 0.9998) and I,.(pA) = —0.014 x
—1.787 (R? = 0.9995) (Fig. 5D). Based on the results of
linear plot, SnO, @f~CNT/GCE has revealed the first-order
kinetics of AP. The effect of scan rate for 200 uM of AP
at SnO,@f-CNT/GCE is shown in Fig. SE. The linear
changes of oxidation peaks while tuning the scan rate from
20 to 300 mV.s~! and linear plot of square of the scan root
suggested (1,,,(pA) = 1.107 X +4.829 (R? = 0.9987) and
IPC(pA) = —0.722 x —0.732 (R*= 0.9904)) that detection
system has adsorption-controlled process (Fig. SF).

rent vs concentration. E Effect of scan rate from 20 to 300 mV.s™. F
The linearity plots of scan rate

Effect of pH

Voltammetry technique was used to investigate the
effect of pH on the electrocatalytic activity of modified
SnO, @f-CNT/GCE surface and target analyte (Fig. 6A).
The redox current increases with increasing electrolytic pH
medium until it reaches 7.0, and after that, current signal was
minimized. The linear calibration plot of pH versus potential
of AP oxidation is as follows: Ipa(A) = 0.041x + 0.840 with
correlation coefficient of R? = 0.9982 are shown in Fig. 6B.
The significant changes of peak potential for AP are as a
result of protons participating in the electrochemical detec-
tion mechanism.

According to this study, stability was truthfully
affected by while switching the electrolyte medium of
both basic (11.0) and acidic pH (3.0), respectively. In
pH environment below 3.0, there are many protons par-
ticipating to form benzoquinone. Furthermore, the AP
became unstable at pH levels above or equal to 9.0 due
to an abundance of hydroxide ions. In spite of this, AP
remained stable in pH ranges of 5.0 to 11.0; however,
dimerization might be responsible for the inherent insta-
bility. pH 5.0 to 11.0 showed strong redox signals, with
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Fig.6 A The optimized pH
studies of AP. B The calibration
plot of pH vs current with possi-
ble sensing mechanism (C)
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the detection peak potential slightly changing towards
a cathodic peak. The pH 7.0 electrolyte was found to
be effective for sensing of AP (Fig. 6C). Based on the
slope value, m and n were applied into the Nernst equa-
tion (Eq. (5)).

E

»=E° =

pH

<0.05n92m > 5)

From the theoretical calculation, the m/n ratio was found
to be 0.69 suggesting that the mechanical accepts of AP
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Fig.7 A DPVs for linear concentration range of AP from 0.36 to 673
uM at SnO, @f-CNT. B Linearity plot for current vs concentrations of
AP. C Anti-interfering analysis of different species with correspond-
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Table 1 Analytical parameters
for the determination of AP at

Electrode materials

Detection method LOD (nM)

Linear range (uM)

Ref

SnO, @f-MWCNT-modified apS_PNIPAm-PS/ iDPV

electrode with previous report MWCNTs-GQDs
°NiCu-CAT DPV
°AuPd/GN-CNTs-IL DPV
‘MOFs/ERGO DPV
°*CNT/SBA/Ag-PE DPV
fy-Fe,0,/CNTs DPV
EMIP/pABSA DPV
Bpt/Ce0,@Cu,0 kcv
{Au-rgo/poly(L-cys) (&)Y
Pyrolytic carbon films DPV
Graphene ink film DpPV
SnO,@FMWCNT DPV

66 0.1-103.0 (Zhao et al. 2019)

5000 5-190 (Wang et al. 2020)

50 0.1-10 (Yang et al. 2021)

16 0.6-120 (Ma et al. 2019)

38 0.12-110 (Tkachenko et al. 2021)
46 2.5-385 (Cai et al. 2021)

43 0.05-100 (Teng et al. 2015)

50 0.4-32 (Rajamani & Peter 2018)
500 1-200 (Zhang et al. 2020)
1400 15-250 (Keeley et al. 2012)
2700 10-500 (Fu et al. 2018)

0.36 0.001-673 This work

#Poly(styrene-b-(N-isopropylacrylamide)-b-styrene)/multi-walled carbon nanotubes—graphene quantum dots

®Catecholate

¢AuPd nanoparticles—ionic liquid (IL) functionalized graphene—carbon nanotube nanocomposite

9Metal organic frameworks/electroreduction graphene oxide

¢Carbon nanotube/Santa Barbara Amorphous/silver nanoparticles

fy-phase iron oxide/carbon nanotubes

£Molecular-imprinted polymer/poly (p-aminobenzene sulfonic acid)

"Platinum/cerium oxide@cuprous oxide

! Au-reduced graphene oxide/poly(L-cysteine)

IDifferential pulse voltammetry

KCyclic voltammetry

oxidation participated. In this case, m and n are the same
numbers of protons and electrons, E), is the peak potential,
and E’ is the standard potential.

Electrochemical determination of AP

Differential pulse voltammetry (DPV) is a superior ana-
lytical method for sensitive detection of target by electro-
chemically. In Fig. 7A, DPV analysis was performed on
SnO,@f-CNT/GCE at a 50 mV.s~! with gradual concen-
tration increment of AP from low to high level. There is a
wide linear range concentration from 0.001 to 673 pM, and
current signal was significantly enhanced with correlation
coefficient R* = 0.9862 and 0.9990 illustrated in Fig. 7B.
In order to determine AP, the oxidation peak current was
absorbed toward the positive peak potential caused by the
bare electrode surface. In addition, the enhanced oxida-
tion peak currently seen during AP detection occurs as a
result of electrons interacting with the composite electrode
surface. Calculating the LOD of AP using the calibration
plot and 3.3c/slope formula yielded 0.36 nM and sensitiv-
ity of 0.262 uA uM~! cm™2. The present sensor report of
SnO,@f-CNT-modified GCE showed significant analytical
performance than excited methods. Compared to the studies
(Table 1), the SnO,@f-CNT-modified electrode has a low

LOD and wide linear operating range than the most previ-
ous literatures (Cai et al. 2021, Fu et al. 2018, Keeley et al.
2012, Ma et al. 2019, Rajamani &Peter 2018, Teng et al.
2015, Tkachenko et al. 2021, Wang et al. 2020, Yang et al.
2021, Zhang et al. 2020, Zhao et al. 2019) with detection of
AP. Considering all of this suggests its promising potential
for real sample analysis of AP from environmental samples.

Anti-interference and selectivity studies

The properties of anti-interference, stability, and reproduc-
ibility are highly important for electrochemical target sensors.
Hence, the developed sensing system continues the investiga-
tion of selectivity, accuracy, and other special performances.
Initially, the anti-interference behavior of SnO,@f-CNT/
GCE was investigated in AP with other possible interfering
biological substances. In Figure 7C, DPV signal response
for AP with possible interfering metal ions and biological
chemical components includes (A) acetaminophen (AP), (B)
magnesium (Mg2+), (c) uric acid (UA), (D) nitrate (NO5"),
(E) caffeic acid (CA), (F) ascorbic acid (AA), (G) potassium
(K", (H) sodium (Na*), (I) dopamine (DA), and (J) glucose
(Glu). In order to verify the selectivity test, 20-fold higher
concentration of above possible metal ions and biomolecules
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Fig.8 A-C DPVs for practical utility results of AP in presence of various sources of water samples with corresponding linear plots (D-F)

is added with the same electrolytic media. Interestingly, no
significant current changes were observed, and it may due to
size exclusion effect, interfacility chemical charges, mobil-
ity of ions, and selective targeted active porosity of SnO,.
Figure 7D shows a bar graph chat of interfering species vs.
current and relative error vs. interfering species (Fig-S3(A)).
As a result, the obtained results were satisfactory in terms of
anti-interference. The repeatability test was conducted with
six different SnO, @f~CNT-modified electrodes for catalytic
response of AP (200 pM) with RSD of 3.46%, as shown
in Fig. 7E. The repeatability of modified SnO, @f~-CNT in
(200 pM) AP was continuously assessed by repeating the
experiment six times. The repeatability of this experiment
was good, with an RSD value of 2.41% (Fig. 7F). Further-
more, Fig-S3(B-C) shows a bar graph for reproducibility
and repeatability. The oxidation current response of AP (200
pM) was investigated by 50 continuous potential cycles, and
results show 5% of variant Fig-S3(D). The physicochemical
characteristics and structural capability of the proposed SnO,
with f~CNT delivered a high performance of catalytic activ-
ity including facile rate reaction and an extended active site.

Practicability analysis

AP has potentially addressed human health and aquatic environ-
mental pollution and is highly relevant to quantitative analysis.

@ Springer

In order to determine the quantitative amount of AP in vari-
ous samples including ponds, rivers, and drinking waters. The
detailed pre-treatment process of real samples was given in sup-
porting information. To determine the concentration of AP in
real samples, a modified electrode sensor made of SnO, @f~CNT
was evaluated by DPV. In electrolyte (pH 7.0), the present
real-time monitoring sensor samples did not reveal a current
response. Figure 8A—C shows the AP oxidation current signal
at +0.55 V using the standard addition of AP. DPV response
and calibration plot were drawn based on results of environmen-
tal samples as follows: Ipa(A) = 0.0335x + 0.5455, 0.0415x +
0.4215, and 0.0356x 4 0.5230 with correlation coefficients of R*
=0.9960, 0.9985, and 0.9950 was found in drinking, pond, and
river waters (Figure 8D—F), respectively. Following that, the oxi-
dation current signal steadily increased in the same electrolytic
medium, and attentively signal response of AP was strengthen
without affecting the detection potential. These findings clearly
demonstrate that the current sensor’s viability will not positively
affect the detection of AP in real samples.

Conclusions

In summary, a reliable electrochemical detection of AP was
achieved by SnO, composite with f~CNT. The hydrothermal
approach was used to synthesize the metal oxide nanomaterial,
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and sonication technique was used to produce the composite
SnO,@f~CNT. The composite material was analyzed by spec-
tral (XRD, Raman, and FTIR) morphological characterization
(FE-SEM, TEM, EDX, and elemental mapping). The sens-
ing system of AP delivered an extended linear wide range
concentration, low detection limit, and high sensitivity than
other existing similar nanocomposite-modified electrodes.
SnO,@f~-CNT-modified electrode was successfully used to
detect AP in environmental water samples and showed a good
recovery percentage result. These superior catalytic activities
of hybrid composites could be applied to point-of-care devices
in real-time environmental samples to save human life at an
earlier stage of infection.
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