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Abstract: We developed a simple hydrothermal technique for the fabrication of a flexible integrated
composite containing cerium vanadate (CeVO4) and multi-walled carbon nanotubes (MWCNTs). The
CeVO4/MWCNTs composite possessed good conductivity and interesting electrochemical catalytic
performance when immobilized on a glassy carbon electrode (GCE). This CeVO4/MWCNTs-GCE
sensor provided excellent analytical performance for the detection of the sulfonamide antibacterial
drug sulfamethazine (SMZ). Benefiting from the significantly enlarged surface area of the modified
electrode and the catalytic effect of CeVO4-MWCNTs, the sensor offered high sensitivity, good
stability, fine selectivity, and a remarkable limit of detection (LOD) of 0.02 µM. Furthermore, the
sensor also exhibited ideal performance with good recovery and precision when applied to SMZ
residue detection in real aquaculture water samples.

Keywords: carbon nanotubes; cerium vanadate; sensors; sulfamethazine

1. Introduction

Sulfonamides such as sulfadiazine (SD), sulfamethazine (SMZ), sulfamethoxazole
(SMX), and sulfamethoxine (SMOX) are a class of antibacterial drugs that possess structures
similar to that of p-aminobenzenesulfonamide. As a class of broad-spectrum antibacterial
agents, sulfonamides were widely used to treat bacterial infections in humans during the
early 20th century. Recently, owing to their abundance, low cost, and safety, sulfonamides
are more commonly used for treating animals. Typically, sulfonamides are usually used as
animal feed additives for prophylactic and therapeutic purposes. However, the overuse or
improper use of these veterinary drugs leads to the presence of excessive drug residues
in animal-origin products as well as the potential risk of environmental pollution [1]. Al-
though the residues of sulfonamides are usually very low in the environmental background,
their concentration may be found increasing significantly in the wastewater [2]. In the
aquaculture industry, fish food containing sulfonamide additives is commonly thrown
into aquaculture waters to feed the fish. Most of these drug additives are therefore re-
leased into water systems, forming a new type of pollution that is a critical threat to public
health. An increasing amount of clinical evidence has indicated that sustained exposure
to sulfonamides in food or the environment has a potentially negative impact on health.
This includes increased bacterial resistance, liver and renal injury, carcinogenic effects, and
mutagenic action. Accordingly, strict laws or principles have been developed by govern-
ments and other organizations to regulate the content of sulfonamide residues in food or
the environment. Therefore, simple, sensitive, and selective techniques are needed for
the determination of trace concentrations of sulfonamide residues. Common techniques
such as high-performance liquid chromatography (HPLC) [3], mass spectrometry [4], flu-
orescence spectroscopy [5], and enzyme-linked immunosorbent assay (ELISA) [6] have
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been successfully applied for the accurate determination of sulfonamide residues in terms
of good resolution, excellent repeatability and precision, linear output, and satisfactory
reliability. However, the main disadvantage of these traditional detection methods is the
requirement of expensive devices with sophisticated operations, time-consuming proce-
dures, and offline-only application. This has limited the application of these techniques for
controlling antibacterial drug pollution in food or environmental backgrounds.

Electrochemical techniques offer remarkable advantages over classical methods in
terms of analytical speed, low cost, equipment miniaturization, and in situ measurement or
automatic application [7–9]. Scientists in this field have proposed various electrochemical
devices for the convenient analysis of antibacterial drug residues [10,11]. In particular,
chemically modified electrodes (CMEs) can be fabricated by electrode surface modifica-
tion. These electrodes exhibit excellent performance due to their faster electron transfer
kinetics, catalytic effect, and larger active surface area, resulting in improved sensitivity
and selectivity as well as a lower detection limit [12–14]. Carbon nanomaterials, such as
graphene [15–17], carbon quantum dots [18–22], carbon nanotubes [23], and their com-
posite materials [24–26], have been successfully applied as functional blocks (e.g., probes,
enhanced materials, carriers) for fabricating various sensors and have achieved improved
analytical performance. Carbon nanotubes (CNTs) are a typical class of nanomaterial that
possess excellent conductivity, high specific surface area, a superior electrocatalytic effect,
and good antifouling performance [27]. Therefore, CNTs are an ideal material for CME
preparation. A variety of electrochemical sensors based on CNTs have been invented to
analyze organic or inorganic substances.

Metal oxides, especially nanostructured rare earth metal oxides, have been successfully
used for preparing CMEs. Owing to their remarkable physicochemical properties, such
as their nanoscale effect, mixed valence states, tunable bandgaps, and abundant oxygen
vacancies, CMEs based on nanostructured rare earth metal oxides can show enhanced
electrochemical behavior [28]. Ðurović and coworkers developed a ZnO/reduced graphene
modified electrode that exhibited a remarkable performance for the determination of
tetracycline determination [29]. A samarium vanadate nanoparticle-based sensor was
successfully fabricated for sulfadiazine analysis, demonstrating excellent sensitivity and
selectivity [30]. In Kokulnathan’s work, hedgehog-like cerium vanadate particles were
successfully interconnected with carbon nanofibers to form an electrochemical sensor
for the sensitive detection of the drug nilutamide [28]. Sharma and coworkers reported
a screen-printed electrode based on flower-like cerium vanadate and graphitic carbon
nitride for sensitive and real-time monitoring of mesalazine [31]. Metal oxides exhibit poor
conductivity when they are used as electrode materials by themselves [32]. Therefore, the
incorporation of metal oxides into conductive nanomaterials with high specific surface
areas to form new composites has great potential for the fabrication of CMEs with better
analytical performance.

In this work, a new functional electrochemical CME was prepared by fabricating a
composite material integrating multi-walled carbon nanotubes (MWCNTs) and cerium
vanadate particles (CeVO4). Herein, this CeVO4/MWCNTs composite was synthesized by
the hydrothermal method and employed for the fabrication of new electrochemical sensors.
The encouraging analytical performance of these sensors was demonstrated through the
electrochemical determination of SMZ in aquaculture water samples with or without
residues. The developed electrochemical sensor has advantages of simple fabrication, easy
operation, and high sensitivity owing to the good conductivity, enlarged surface area, and
high electrochemical catalytic of CeVO4-MWCNTs nanocomposites.

2. Materials and Methods
2.1. Materials

High-purity multi-walled carbon nanotubes (MWCNTs) were purchased from Jichang
Nano Co., Ltd. (Nanjing, China). Analytical grade cerium chloride (CeCl3·7H2O), am-
monium metavanadate (NH4VO3), and SMZ were supplied by Sigma Aldrich (Shanghai,
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China). Sodium dodecyl sulfonate (SDS) and other analytical grade chemicals were ob-
tained from Chinses Chemical (Shanghai, China). Ultrapure deionized water was pre-
pared by an Academic Millipore system (Millipore Inc., Billerica, MA, USA) for use in
all experiments.

2.2. Apparatus

A CHI660E electrochemical station (Chenhua, Shanghai, China) equipped with a three-
electrode system (a saturated AgCl/Ag reference electrode, a Pt wire counter electrode,
and a prepared CME as the working electrode) was applied for electrochemical testing.
The morphologies and elemental information of the composite were investigated by a field-
emission-scanning electron microscope (FE-SEM, ZEISS Sigma 300) equipped with a Smart
EDX energy-dispersive X-ray spectrometer (EDS). X-ray diffraction (XRD, Rigaku Smart
Lab 9kW, Tokyo, Japan) was used to analyze the phases of the composite. The structure of
the composite was further investigated by a Raman spectrometer (Horiba Scientific-Lab
RAM HR Evolution, Kyoto, Japan). X-ray photoelectron spectroscopy (XPS) was performed
using a Thermo Scientific instrument (Thermo Scientific K-Alpha, Boston, MA, USA).

2.3. Preparation of CeVO4/MWCNTs Composite

The preparation of the CeVO4/MWCNTs composite followed a slightly modified
literature method [33]. Briefly, 0.02 M cerium chloride and 0.02 M SDS were dissolved
in 50 mL deionized water to form a yellow-colored solution. An appropriate amount of
MWCNT powder was added to this solution, which was stirred to ensure good mixing.
After gradually adding 50 mL of 0.02 M NH4VO3 into the solution, the reaction system
was ultrasonicated for 30 min. Next, the resulting black solution was transferred into a
Teflon-lined stainless-steel autoclave and heated at 180 ◦C for 12 h. After the hydrothermal
reaction, the autoclave was cooled to room temperature. Then, the precipitate was separated
by filtration, rinsed several times with deionized water, and dried in a vacuum oven at
60 ◦C for 24 h. This composite product was denoted CeVO4/MWCNTs.

2.4. Fabrication of CeVO4/MWCNTs-GCE

The prepared CeVO4/MWCNTs was finely ground in an agate mortar. 5.0 mg of
the ground CeVO4/MWCNTs black powder was then transferred into 5.0 mL deionized
water, which was vigorously stirred for 10 min by an ultrasonic agitator to form a uniform
black gel. A proper volume of this black gel was cast onto a finely polished GCE-based
electrode substrate. The solvent was allowed to evaporate in a clean ambient atmosphere
to form a new CME, denoted CeVO4/MWCNTs-GCE. For comparison, CMEs denoted
MWCNTs-GCE and CeVO4-GCE were prepared by a similar procedure.

3. Results and Discussion
3.1. Convenient Fabrication of CeVO4/MWCNTs-GCE

Scheme 1 illustrates the synthesis strategy for preparing CeVO4/MWCNTs-GCE.
First, the CeVO4/MWCNTs composite was synthesized using cerium chloride hydrate,
ammonium metavanadate, SDS, and MWCNTs via a hydrothermal route followed by
separation. After drying in a vacuum oven at 60 ◦C for 24 h, the obtained black filter cake
was thoroughly ground in an agate mortar. Then, 5 mg black powder was dispersed into
deionized water to form a uniform gel with the help of ultrasonic agitation. Finally, a drop of
this black gel was carefully cast onto the surface of a finely polished GCE, followed by mild
evaporation of the solvent in the ambient atmosphere. A CME denoted CeVO4/MWCNTs-
GCE was obtained for subsequent analytical experiments. For comparison, MWCNTs-GCE
and CeVO4-GCE were prepared in parallel following similar pathways.
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3.2. Raman Spectroscopy and Morphological Analysis

Raman spectroscopy and SEM were used to verify the synthesis of the CeVO4-
MWCNTs composite. The Raman spectrum of MWCNTs (Figure 1a) featured a typical dis-
ordered band (D band) at 1340 cm−1, which was ascribed to single-bonded sp3 hybridized
carbon. The graphitic band (G band) at 1578 cm−1 was assigned to sp2 hybridized carbon.
A conspicuous broad band, known as the 2D band, was also observed at 2684 cm−1 [34].
In the CeVO4/MWCNTs spectrum, the D, G, and 2D bands appeared at 1346, 1586, and
2689 cm−1, respectively, slightly shifting toward higher wavenumbers. This was indicative
of the increased dispersibility of the MWCNTs after chemical modification [35]. Further-
more, the ratio of D band and G band intensities (ID/IG) decreased from 1.17 to 0.95 after
modification. This implied that the sp3 hybridized carbon (such as the amorphous carbon
introduced during the preparation of the MWCNTs) was removed during the fabrication of
the CeVO4/MWCNTs composite [36]. Bands at 794 cm−1 and 861 cm−1 were attributed to
the symmetric and antisymmetric stretching of VO4

3−, which was in good agreement with
other literature [37].

The morphology and elemental composition of the composite were characterized
by a ZEISS Sigma 300 FE-SEM coupled with EDS. As shown in Figure 1c, the MWCNTs
fibers were clear and distinct, and they did not show the presence of any contaminants.
However, needle-like particles scattered across the MWCNTs fibers were observed in the
SEM image of CeVO4/MWCNTs (Figure 1d). EDS analysis of CeVO4/MWCNTs (Figure 1e)
demonstrated the presence of C, O, Ce, and V elements, with atomic percentages of 73.72%,
19.70%, 2.73%, and 2.30%, respectively. The Ce/V atomic ratio was approximately equal
to 1, consistent with the proportion of cerium and vanadium in CeVO4 molecules. EDS
mapping shows that C, O, Ce, and V were homogeneously dispersed throughout the
CeVO4/MWCNTs composite sample (Figure 1f–i).
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Figure 1. Raman spectra of (a) MWCNTs and (b) CeVO4/MWCNTs. SEM images of (c) MWC-
NTs and (d) CeVO4/MWCNTs. (e) EDS spectrum of CeVO4/MWCNTs. (f–i) EDX mapping of
CeVO4/MWCNTs showing the distribution of C, O, Ce, and V.

3.3. Lattice and Valence Analysis of CeVO4/MWCNTs

XRD patterns of CeVO4, MWCNTs, and CeVO4/MWCNTs were obtained to evaluate
their crystal structures, as illustrated in Figure 2a. The CeVO4 sample showed well-defined
and high-intensity diffraction peaks corresponding to the structure of tetragonal CeVO4
(JCPDS no. 12-0757). The MWCNTs diffraction peaks at 2θ = 25.9◦ and 43.4◦ corresponded
with those from literature reports [38]. Impressively, the typical intense diffraction peaks of
CeVO4 and weak, but well-defined, MWCNTs peaks were observed in the XRD pattern of
the CeVO4/MWCNTs composite, implying the successful preparation of this composite.
The composition and elemental valence states of the CeVO4/MWCNTs composite were
analyzed by XPS. The survey spectrum in Figure 2b showed an intense peak at about
286.4 eV, which was ascribed to the C 1s binding energy. O 1s, V 2p, and Ce 3d peaks
were, respectively, observed at about 533.3, 516.3, and 885 eV. The high-resolution and
deconvoluted C 1s, O 1s, Ce 3d, and V 2p XPS spectra of CeVO4/MWCNTs are shown in
Figure 2c–f. As shown in Figure 2c, C 1s peak was fitted with four deconvoluted peaks
at 284.5, 285.1, 286.6, and 290.4 eV, which corresponded to the binding energies of sp2

carbon (C=C), sp3 carbon (C-C), C-O, and the π-π* shake-up feature, respectively. This
was consistent with the carbon valence information of MWCNTs pretreated by strong acid
for the promotion of hydrophilicity [39]. The deconvoluted O 1 s spectrum (Figure 2d)
displayed an obvious peak at 529.5 eV corresponding to the oxide bonds of lattice oxygen
in tetragonal CeVO4 [40], a moderate peak at 531.3 eV related to the oxygen of OH−

ions adsorbed on the CeVO4 lattice [33], and a weak peak at 532.9 eV associating with
the oxygen in C-O bonds or water molecules adsorbed on the sample surface [36]. As
shown in Figure 2e, two pairs of obvious Ce 3d peaks were observed at 903.3, 899.3 eV
and 884.9, 881.2 eV. These pairs of peaks were ascribed to the binding energies of Ce 3d3/2
and Ce 3d5/2, respectively, in agreement with Yang’s report [40]. The V 2p spectrum of
CeVO4/MWCNTs shown in Figure 2f showed two strong peaks at 516.7 and 523.9 eV,
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which represented the V 2p3/2 and V 2p1/2 binding energies attributed to the pentavalent
state of vanadium (V5+) [31].
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3.4. Electrochemical Analysis

EIS was used to investigate the electrochemical properties of the prepared elec-
trodes. Nyquist plots were obtained for bare GCE, CeVO4-GCE, MWCNTs-GCE, and
CeVO4/MWCNTs-GCE in 0.1 M of KCl containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6], as
shown in Figure 3a. In these plots, the semicircles related to the charge-transfer resistance
(Rct) were observed at a high-middle frequency range. Larger semicircles indicate a higher
Rct, resulting in lower electrode conductivity [41,42]. GCE had the second-largest semicircle,
implying a moderate charge-transfer resistance. After CeVO4 modification, CeVO4-GCE
possessed the largest semicircle (Rct) due to the poor conductivity of CeVO4. However,
owing to the good conductivity of MWCNTs, the MWCNTs-GCE electrode exhibited a
significantly smaller semicircle, indicating a significant decline in Rct and much higher
conductivity. As expected, when CeVO4/MWCNTs was used as the modifier, the Rct of
the as-prepared electrode slightly increased but was still lower than that of GCE. This
demonstrated the successful preparation of CeVO4/MWCNTs-GCE. However, in Figure 3a,
small arcs can also be found in the high frequency region on the left side of the high-middle
frequency semicircle, which indicates that there are two complex interfacial transfer pro-
cesses on the modified electrode surface. This phenomenon probably attributed to the fact
that CeVO4/MWCNTs and other modifiers did not completely cover the surface of the
glassy carbon electrode during the preparation of the modified electrode, resulting in part
of the exposed surface of the GC electrodes and the modified layers being involved in the
interfacial transfer of electrons at the same time [43,44].

Cyclic voltammetry (CV) was employed to evaluate the electrochemical performance
of the modified electrodes in 0.1 M sulfuric acid solution containing 0.1 mM SMZ with a
potential scan rate of 50 mV/s. CeVO4/MWCNTs-GCE, CeVO4-GCE, MWCNTs-GCE, or
bare GCE were applied as the working electrode, a clean platinum wire was used as the
counter electrode, and AgCl/Ag (saturated KCl) was the reference electrode. As shown in
Figure 3b, a tiny anodic current peak was observed at 1.02 V and no corresponding cathodic
peak appeared during the reverse scanning process. This corresponded to a possible
oxidation due to the reaction of one proton and one electron of the primary amino group of
SMZ, leading to the subsequent formation of a dimer [45]. Compared with bare GCE, no
significant change in the anodic peak was observed at a similar potential when CeVO4-GCE
was used as the working electrode. Notably, an obvious and negatively shifted anodic
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3.4. Electrochemical Analysis

EIS was used to investigate the electrochemical properties of the prepared elec-
trodes. Nyquist plots were obtained for bare GCE, CeVO4-GCE, MWCNTs-GCE, and
CeVO4/MWCNTs-GCE in 0.1 M of KCl containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6], as
shown in Figure 3a. In these plots, the semicircles related to the charge-transfer resistance
(Rct) were observed at a high-middle frequency range. Larger semicircles indicate a higher
Rct, resulting in lower electrode conductivity [41,42]. GCE had the second-largest semicircle,
implying a moderate charge-transfer resistance. After CeVO4 modification, CeVO4-GCE
possessed the largest semicircle (Rct) due to the poor conductivity of CeVO4. However,
owing to the good conductivity of MWCNTs, the MWCNTs-GCE electrode exhibited a
significantly smaller semicircle, indicating a significant decline in Rct and much higher
conductivity. As expected, when CeVO4/MWCNTs was used as the modifier, the Rct of
the as-prepared electrode slightly increased but was still lower than that of GCE. This
demonstrated the successful preparation of CeVO4/MWCNTs-GCE. However, in Figure 3a,
small arcs can also be found in the high frequency region on the left side of the high-middle
frequency semicircle, which indicates that there are two complex interfacial transfer pro-
cesses on the modified electrode surface. This phenomenon probably attributed to the fact
that CeVO4/MWCNTs and other modifiers did not completely cover the surface of the
glassy carbon electrode during the preparation of the modified electrode, resulting in part
of the exposed surface of the GC electrodes and the modified layers being involved in the
interfacial transfer of electrons at the same time [43,44].

Cyclic voltammetry (CV) was employed to evaluate the electrochemical performance
of the modified electrodes in 0.1 M sulfuric acid solution containing 0.1 mM SMZ with a
potential scan rate of 50 mV/s. CeVO4/MWCNTs-GCE, CeVO4-GCE, MWCNTs-GCE, or
bare GCE were applied as the working electrode, a clean platinum wire was used as the
counter electrode, and AgCl/Ag (saturated KCl) was the reference electrode. As shown in
Figure 3b, a tiny anodic current peak was observed at 1.02 V and no corresponding cathodic
peak appeared during the reverse scanning process. This corresponded to a possible
oxidation due to the reaction of one proton and one electron of the primary amino group of
SMZ, leading to the subsequent formation of a dimer [45]. Compared with bare GCE, no
significant change in the anodic peak was observed at a similar potential when CeVO4-GCE
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was used as the working electrode. Notably, an obvious and negatively shifted anodic
peak at 0.95 V was observed when MWCNTs-GCE was used as the working electrode,
which was in good agreement with our previous work [46]. The significant increase in
the current response was attributed to the large specific surface area of the MWCNTs and
their good conductivity. Based on the structure of SMZ and MWCNTs, π-π interaction,
hydrophobic interaction, hydrogen bonding effects were also possible mechanisms for
promotion of the detection of SMZ [47]. Excitedly, the anodic peak of SMZ was dramatically
amplified when the CeVO4/MWCNTs-GCE electrode was used. This phenomenon was
due to the synergistic performance of CeVO4 and MWCNTs. Namely, the MWCNTs
provided a large electrochemical active surface and good conductivity, while CeVO4 owned
potent electrocatalytic performance, leading to an increase in the electron transfer between
the analyte and the electrode surface. Furthermore, the anodic potential of SMZ was
negatively shifted to 0.85 V, suggesting a convenient reduction in anodic interference
during the amperometric analysis. Therefore, CeVO4/MWCNTs-GCE is suitable for the
electrochemical analysis of SMZ.
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Figure 3. Electrochemical characterization. (a) Nyquist plots of different working electrodes (bare
and coated GCE) obtained in 0.1 M KCl containing 5 mM K3[Fe(CN)6]/ K4[Fe(CN)6], (b) CV response
of the working electrodes obtained in 0.1 M sulfuric acid containing 0.1 mM of SMZ, (c) amperometric
response of CeVO4/MWCNTs-GCE obtained at different anodic potentials in 0.1 mM SMZ solution,
and (d) dependence of response current on anodic potential.

Amperometry is an excellent quantitative method due to its ultra-high sensitivity and
ease of online analysis or automated analysis [48–50]. The working potential was optimized
by applying significant anodic potentials of 0.6, 0.7, 0.8, 0.9, 1.0, and 1.1 V in 0.1 M sulfuric
acid containing 0.1 mM SMZ. The anodic currents obtained with CeVO4/MWCNTs-GCE
slightly increased when the anodic potential was raised from 0.6 V to 0.8 V, but significantly
increased when the anodic potential was raised from 0.9 V to 1.1 V (Figure 3c,d). The anodic
current obtained at 1.1 V was significantly higher than that obtained at 1.0 V and 0.9 V,
but the current noise was also extremely high (Figure 3c), implying negligible background
interference during the analysis procedure. To avoid excessive current noise and to obtain
a sensitive anodic current response, 0.9 V was set as the optimal anodic potential for the
amperometric analysis of SMZ in subsequent experiments.
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3.5. Analytical Performance of CeVO4/MWCNTs-GCE toward SMZ

Under optimal conditions, the performance of CeVO4/MWCNTs-GCE toward the
quantitative detection of SMZ was investigated by amperometric technique. According to
the optimized parameters, the working anodic potential was 0.9 V, and a series of strictly
metered volumes of SMZ stock solution was successively spiked into an electrochemical
cell containing 5.0 mL of 0.1 M sulfuric acid with the aid of constant stirring. As shown
in Figure 4a, the anodic current rapidly rose after each spiking of SMZ stock solution and
then leveled off after 10 s. Therefore, the response time of the sensor was estimated to be
10 s. Furthermore, the increase in anodic current was dependent on the concentration of
SMZ in the electrochemical cell. The CeVO4/MWCNTs-GCE electrode displayed different
linear correlations when exposed to low or high concentrations of SMZ. A linear correlation
equation of I (µA) = −0.000776 + 0.0328C (µM), with the correlation coefficient R2 = 0.999,
was obtained in the range of 0.1–27.1 µM, and a different linear correlation equation of
I (µA) = 0.290 + 0.0221C (µM), with the correlation coefficient R2 = 0.999, was obtained
in the range of 27.1–113.4 µM (Figure 4b). The limit of detection (LOD) was calculated
to be 0.02 µM, based on the equation LOD = 3Sb/k, where Sb is the average standard
deviation of the signals obtained in blank solution and k is the slope of the correlation
equation in the low SMZ concentration range. The relative standard deviation (RSD) of
7.9% was obtained by taking 10 continuous measurements of 5.0 µM SMZ in 0.1 M sulfuric
solution. This RSD value indicated the good repeatability of the sensor. Another carefully
stored CeVO4/MWCNTs-GCE sensor was used to monitor the same concentration of SMZ
solution for 7 consecutive days and the RSD was calculated to be 8.4%. Therefore, the
stability of the sensor was also satisfactory.
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For comparison with literature results, recently published works about sulfonamide
testing were listed in Table 1. Although the present work was not the best, the LOD and
linear range were better than most of the literature work listed in Table 1. The pH of the
supporting electrolyte is a factor that potentially influences the test. As discussed in our
previous work [46], with the pH value decreasing, it not only increases the solubility of
the sulfonamides, but also promotes the involvement of protons in the electrochemical
oxidation of the sulfonamides. Therefore, the whole testing process needed to be controlled
in an acidic environment, and 0.1 M dilute sulfuric acid was optimized as the supporting
electrolyte. The main interference during sensing was caused by the anodic reaction of
substances with oxidation potentials lower than 0.9 V. This would affect the measurement
accuracy during the amperometric measurement of SMZ. Therefore, a measurement strat-
egy to carefully eliminate interference was proposed to test real samples. Briefly, the anodic
current of a sample (I0) was recorded under the working potential of 0.9 V, while the back-
ground interference current (Ib) was measured at 0.8 V. The real anodic current response (I)
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toward SMZ was calculated by subtracting Ib from I0. Finally, the exact SMZ content in the
samples was calculated according to the regression equation mentioned above. Interference
from most potential substances (such as uric acid, ascorbic acid, dopamine, and other
inorganic metal ions) was successfully eliminated by this strategy. The potential influence
of ionic strength and nature organic matters (NOM) can also be eliminated by this method.

Table 1. Comparison of analytical performance between literature works end this work.

Method Analyte LOD
(µM)

Linear Range
(µM) Reference

LSV (MIP/Ni(OH)2/NF) SPy 0.4 0.6–1340 [51]
SWV (SPCE) SMZ 0.16 1.0–500 [52]

DPV (AuNPs/Gr/GCE) SAM 0.01 0.1–1000 [53]
DPV (MIP/CNT@COF/GCE) SMR 0.1 0.3–200 [54]

DPV (GO/ZnO) SMX 0.029 0.1–1.5 [55]
AuNP/TCBt/GCE SMZ 0.097 0.89–107.7 [1]

i-t (SmVO4@GOS/GCE) SSZ 0.002 0.02–667 [56]
i-t (MIP) SMX 0.8–170 [57]

i-t (CeVO4/MWCNTs-GCE) SMZ 0.02 0.1–113.4 This work

SPy: sulfapyridine, SSZ: sulfasalazine, SAM: Sulfanilamide, SMR: sulfamerazine, SDM: sulfadimethoxine,
SG: sulfaguanidine, LSV: linear sweep voltammetry, SWV: square wave voltammetry, DPV: differential
pulse voltammetry.

3.6. Determination of SMZ in Real Samples

The potential of the CeVO4/MWCNTs-GCE sensor for practical applications was
verified by analyzing the trace SMZ residue in aquaculture water samples collected from
a fish farm in Qiantang District, Hangzhou, China. First, 5.0 mL samples of the collected
water were piped into three clean 10 mL volumetric flasks. Next, 1.0 mL sulfuric acid
solution was added to each flask. A different volume of SMZ stock solution was injected
into each flask to obtain spiked concentrations of 0, 5.0, and 30.0 µM. Finally, the three
flasks were diluted to 10 mL with deionized water, and an amperometric analysis was
separately carried out for each flask. As shown in Table 2, no SMZ residue was observed
in sample 1, suggesting that the aquaculture water of the fish farm was not polluted by
sulfonamides. The recoveries of the two spiked samples were 109% and 93.0%. The RSD
values of the two spiked samples were 6.06% and 5.56%, implying that the prepared sensor
was sensitive, reliable, and stable.

Table 2. Application of CeVO4/MWCNTs-GCE toward SMZ detection in real aquaculture
water samples.

Sample Spiked Concentration
(µM)

Detected Concentration
(µM) Recovery (%) RSD (%)

1 0 0 — —
2 5.0 5.47 109 6.1
3 30.0 27.9 93.0 5.6

4. Conclusions

In summary, a CeVO4/MWCNTs nanocomposite was prepared by a simple hydrother-
mal reaction and characterized in detail. The electroanalytical performance of this nanocom-
posite was assessed by measuring the antibacterial drug SMZ in water samples. Encour-
agingly, the CeVO4/MWCNTs nanocomposite exhibited promising catalytic activity for
SMZ detection. The CeVO4/MWCNTs-GCE sensor presented remarkable sensitivity, good
selectivity, a lower LOD, and a wide linear response range. Furthermore, the interference of
co-existing substances was successfully eliminated by background subtraction. This sensor
was also successfully applied to the detection of SMZ in real aquaculture water samples,
showing reliable recovery and accuracy. Based on the excellent performance and manu-
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facturing convenience of the CeVO4/MWCNTs-GCE composite, this sensor is expected
to be useful for designing and manufacturing online or portable devices for sulfonamide
residue measurements.
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