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Abstract: The excessive intake of chlorpromazine (CPZ) adversely affects human health profoundly,
leading to a series of severe diseases such as hepatomegaly and dyskinesia. The rapid and precise
detection of CPZ in real samples is of great significance for its effective surveillance. Herein, a
versatile and sensitive electrochemical sensor was developed for the detection of antipsychotic drug
CPZ based on a Nafion (Nf)-supported nitrogen-doped carbon dots/cuprous oxide (N-CDs/Cu,0)
composite. The as-synthesized N-CDs/Cu,O composite was systematically characterized using
various physicochemical techniques. The developed composite-based sensor displayed excellent
performance towards CPZ determination in a dynamic linear range of 0.001-230 M with the detection
limit of 25 nM. Remarkably, the developed sensor displayed good performance in terms of sensitivity
and selectivity. Furthermore, good anti-interference properties toward CPZ determination were
attained despite the presence of highly concentrated interfering compounds. Therefore, this composite
could be a notable potential modifier to enhance electrocatalytic activity onto the surface of the
electrode. Finally, N-CDs/CuyO/Nf-based sensor was effectively applied for quantification of CPZ in
human urine and pharmaceutical formulation samples.

Keywords: electrochemical sensor; carbon dots; cuprous oxide; chlorpromazine; antipsychotic drug;
pharmaceutical formulations

1. Introduction

As a psychosis medication and the first-generation antipsychotic drug used for the management of
schizophrenia, chlorpromazine (CPZ) is used to control various mental disorders, hypoxia, psychomotor
agitation, manic depression, paranoia, anxiety, and tension [1]. However, it is frequently used as a
growth promotion agent for the livestock industry. The illegal overuse and wrongful administration of
CPZ results in its chronic accumulation in the environment and human food, which could lead to severe
health issues such as hematological disorders, central nervous system reactions, and hypotensive
effects [2—4]. Therefore, a highly sensitive and selective tool for the emerging, rapid, and accurate
sensing of CPZ is of great significance to the field of pharmacological research.
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Over the last few years, various techniques have successfully been reported for
determining the content of CPZ in pharmaceutical formulations such as chemiluminescence [5,6],
chromatography [3,7,8], electrochemiluminescence [9] and flow injection [10]. However, compared with
the electrochemical technique, which offers good sensitivity and selectivity, rapid response, portability
and low cost [11-14], the aforesaid methods have non-negligible demerits such as the requirement of
sophisticated instruments, complicated routine analysis, and specially trained technicians [15-17].

Cuprous oxide (Cu,O) is known as one of the desired and ideal materials in the electrochemical
sensing applications not only due to the natural abundance and low cost but also its higher catalytic
activity, good chemical stability, environmental compatibility and non-toxicity [18,19]. Owing to
the limited sensitivity and narrow-range liner detection of pristine semiconductor Cu,O sensors,
integrating carbonaceous materials has been regarded as one of the efficacious ways that can compensate
the defects and drastically enhance the electrical conductivity. Carbon dots (CDs) are a type of carbon
nanoparticles with sizes less than 10 nm and have recently attracted great attention because of their high
surface area ratio, excellent chemical and thermal stability and good electronic conductivity [20,21].
This carbonaceous material is progressively being employed to enable the electron-transfer at the
interface of electrode surface and analyte in the electrochemical processes, which results from the
plenty of hydrophobic planes and hydrophilic edges in the CDs that can escalate the interaction
of analyte and electrode [22]. Moreover, the modification of carbon core, functionality and doping
hetero atom could further influence the electrocatalytic activity of CDs [23]. In particular, doping
nitrogen in the CDs (N-CDs) is an effective way to significantly improve its electrical conductivity
and increase the binding active sites as well as ameliorate the electron-donor performance [24,25],
endowing N-CDs excellent performance in the area of biomedical applications such as bioimaging and
biosensing [26]. Jahanbakhshi and Habibi [27] developed an electrochemical sensor for H,O, based on
gold nanoparticles/CDs nanohybrid. The investigation revealed that the nanohybrid possesses good
electrochemical performance towards the reduction of H,O;. Recently, many Cu,;O-based materials
have been employed for electrochemical sensing and biosensing applications due to the properties
such as high catalytic activity and strong electroactive surface area [25,28,29]. Assimilating unique
properties of each material and their features would help in improving the performance of sensor
applications. Hence, it would be exciting to bring out novel properties by taking the benefits of both
CuyO and N-CDs.

In this work, we developed in situ hybridized Cu,O with N-CDs (N-CDs/Cu,0) composite via a
simple two-step process through hydrothermal and wet chemical approaches. The developed composite
was used as sensing materials with the support of Nafion (Nf) for electrochemical determination of
CPZ, exhibiting a good electrocatalytic response towards the sensing of CPZ. More distinctively, the
developed N-CDs/Cu,O/Nf composite modified electrode shows good selectivity, high sensitivity,
and wide linear range with lowest detection limit towards CPZ determination. The proposed
sensor was also employed for testing of the applicability to real samples such as quantification of
CPZ in the pharmaceutical formulation as well as in urine sample without needing any additional
chemical pretreatment.

2. Materials and Methods

2.1. Materials and Reagents

Chlorpromazine hydrochloride, potassium chloride, ethylenediamine, catechol, ethanol,
potassium ferricyanide, Nafion, magnesium sulfate, dopamine hydrochloride, sodium hydroxide,
glucose, sodium chloride, uric acid, ascorbic acid and N,N-dimethylformamide, purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China), potassium ferrocyanide, copper
(II) sulfate pentahydrate procured from Shanghai Macklin Biochemical Co., Ltd., (Shanghai, China),
citric acid obtained from Tianjin Damao Chemical reagents (Tianjin China). Sodium dihydrogen
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orthophosphate and sodium phosphate dibasic were used to prepare buffer solutions. Deionized (DI)
water was used throughout this work.

The electrochemical data were recorded using CHI 660E electrochemical workstation (CH
Instruments, Shanghai, China). A conventional three electrodes (a glassy carbon electrode (GCE)
or a modified GCE (working electrode), a platinum wire (axillary electrode) and an Ag|AgCl (3.0
M KCl) electrode (reference electrode)) electrochemical system was used. All the experiments were
performed at room temperature only. The pH measurement of buffer solutions was carried out using
pH meter (Shanghai Yueping Scientific Instrument Ltd., Shanghai, China). The diffraction patterns of
as-synthesized materials were collected using X-ray diffractometer (XRD (Bruker® AXS D8 adv, Bruker
(Beijing) Scientific Technology Co., Ltd., Beijing, China)) and the chemical compositions were attained
using Thermo-Fisher® Microlab 350 X-ray photoelectron spectroscopy (XPS) system (Hillsboro, OR,
USA). The surface morphological studies of as-synthesized materials were studied using Hitachi®
Field emission-scanning electron microscopy (FESEM, SU-70, Tokyo, Japan)) with energy-dispersive
X-ray spectroscopy (EDS). The Fourier transform infrared spectrometer (Nicolet 6700) was employed
to study FI-IR spectra. Transmission electron microscopic (TEM) analysis was carried out using field
emission electron microscope (JEOL JEM-2100F, Tokyo, Japan).

2.2. Synthesis of N-CDs

In a typical synthesis of N-CDs, 1.0508 g of citric acid and 335 puL of ethylenediamine were
dissolved in 10 mL of DI water and then transferred to 50 mL Teflon lined autoclave and heated at
200 °C for 5 h. After the autoclave was cooled to room temperature naturally, the obtained products
were centrifuged at 3500 rpm to separate unreacted and large size particles. The outcome was
freeze-dried for 72 h to get solid N-CDs.

2.3. Synthesis of N-CDs/Cu,O Composite

N-CDs/Cuy;O composite was synthesized according to previous literature with minor
modifications [30]. Typically, 500 mg of copper (II) sulfate pentahydrate (CuSO4-5H,0) and 10 mL of
DI water containing 1 mg of N-CDs (solid) were dissolved in 40 mL of DI water under mechanical
stirring. 10 mL of 1 M NaOH was slowly added to the above solution and followed by injecting 10 mL
of 0.3 M glucose (acts as a reducing agent) after being heated to 60 °C. After aging at 60 °C for 3.5 h,
the product was centrifuged and then washed 3 times with ethanol and DI water, respectively. Later,
the product was dried at 65 °C and termed as N-CDs/Cu,O (Scheme 1). The similar procedure was
used to synthesize pure CuyO cubes without introducing N-CDs during the synthesis.
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Scheme 1. Schematic illustration of electrochemical sensor development and catalytic response of CPZ.
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2.4. Preparation of N-CDs/Cu, O/Nf Composite Modified Electrode

First, 5 mg of as-synthesized N-CDs/Cu,O was dispersed in 5 mL of N-dimethylformamide by
ultra-sonication for 20 min (solution A). Then, 20 pL of 5% Nf solution and 180 uL of ethanol were
ultra-sonicated for 30 min (solution B). Next, an optimized mixture of solution A and B (1:32, v/v)
were ultra-sonicated for 5 min to obtain a suspension. Afterwards, 5 pL of the suspension was
dropped onto the surface of cleaned GCE and dried under the IR lamp. The resulted electrode was
known as N-CDs/Cu, O/N{f/GCE. Similarly, 5 mg of N-CDs and 5 mg of Cu,O were used for preparing
N-CDs/GCE and CuyO/GCE, respectively.

2.5. Real Sample Preparation

The urine sample was collected from healthy personnel and centrifuged for 5 min at 5000 rpm
to obtain supernatant solution. The obtained supernatant solution was diluted 10 times with 0.1 M
phosphate buffer solution (PBS) (pH 7.0) and stored in refrigerator at 4 °C for study analytical
application of proposed sensor in biological matrix.

3. Results and Discussion

3.1. Physicochemical Characterization

The morphological and structural features of as-synthesized Cuy;O and N-CDs/Cuy0O composite
were studied using FESEM and TEM as shown in Figure 1. The pure Cu,0O displayed a cube-like
structure with an evidently smooth surface (Figure 1A—C). With the introduction of N-CDs, N-CDs/Cu,O
composite exhibited a sphere-like morphology in Figure 1D-F due to the coverage of CDs outside
cubic CuyO. The elemental mapping of N-CDs/Cu,O composite in Figure 1G was conducted to
determine the homogeneous distribution of C, N, Cu, and O elements. The Cu and O signals were
much higher than that of C and N elements, indicating the cuprous oxide is dominant in the composite
materials. The structure of N-CDs/CuyO composite can be obviously observed in the TEM image of
Figure 1H, showing as black spots of N-CDs spread on the surface of the CuyO. From HRTEM analysis
(Figure 1I), the lattice spacings of 0.25 nm, 0.24 nm and 0.21 nm were consistent with (111) plane of the
crystallographic CupyO and (200) and (100) planes of CDs, respectively, which is in well agreement with
the XRD results [24,25]. The specific content of each element was further confirmed by EDS analysis in
a random region of N-CDs/Cu,O composite, which demonstrated the element composition of 9.11% C,
0.64% N, 10.23% O and 80.02% Cu in the as-synthesized N-CDs/Cu,O composite (Figure 1J).

The as-synthesized Cu,O and N-CDs/Cu,O composite were characterized by XRD test and the
similar diffraction peaks at 29.79°, 36.54°, 42.43°, 61.40°, 73.62° and 77.62° in Figure 2A assigned to
(110), (111), (200), (220), (311) and (222) lattice planes of cubic phase Cu,O (JCPDS 05-0667) [31]. The
existence of carbon source for N-CDs was revealed by a broad peak at around 26 =24.73° (Figure 2B).
However, no characteristic peak of carbon source from 23° to 27° was attained for N-CDs/Cu,0O
composite due to the presence of minor quantities, well dispersions and low crystallinity of N-CDs in
N-CDs/Cu,O composite [30]. Moreover, no additional peaks were observed in the XRD pattern of
both pure Cu,O and N-CDs/CuyO composite and confirming the high purity of synthesized materials.
The functionalities of N-CDs, CuyO and N-CDs/Cu,O composite were further investigated by FT-IR
spectra. As seen in Figure 2C, the broad peaks at 3430 cm™! and 3255 cm™! represent O-H and N-H
stretching vibrations, respectively. Moreover, bands of 1661 cm~! (amide I) and 1554 cm~! (amide II)
are ascribed to the bending vibrations of the amide group [32]. The weak merged peaks at 2943 and
2879 cm™! are related to the C—H bond stretching vibrations. All of them demonstrate the presence of
N-CDs in the composite. A sharp and intense peak at 627 cm™ in FT-IR spectra of N-CDs/Cu,O and
Cu,0 is primarily assigned to the characteristic stretching of Cu-O, which specifies the framework of
Cu,O. Furthermore, the peak positions of N-CDs/Cu,0O in FT-IR are almost similar to CuyO, owing to
small quantities of N-CDs in N-CDs/Cu,O composite.
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Figure 1. (A-C) SEM images of CuyO, (D-F) N-CDs/Cu,O composite, (G) elemental mapping
of N-CDs/Cu,O composite, (H) TEM, (I) its corresponding high resolution transmission electron
microscopic (HRTEM) image of N-CDs/Cu,0 and (J) elemental composition of N-CDs/Cu,O composite.
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Figure 2. (A) XRD pattern of Cup;O and N-CDs/Cu,O composite, (B) XRD pattern of N-CDs; (C) FI-IR
spectra of (a) N-CDs, (b) CuyO and (c) N-CDs/Cu,O composite.

The chemical composition of N-CDs/Cu,O was studied by XPS analysis. The XPS survey
spectrum (Figure S1A) confirms the existence of elements such as Cu, N, C and O in N-CDs/Cu,O. The
deconvoluted spectrum of Cu 2p of N-CDs/Cu,O composite displayed two peaks at 935.26 eV and
955.15 eV (Figure S1B), corresponding to its 2ps;, and 2py/, spin-orbital, which is ascribed to Cu* of
Cu,0 [33]. The difference of less than 20 eV in binding energies (Cu 2p3,, and Cu 2pyjp) confirming
the existence of Cu,O in the prepared composite. The deconvoluted spectrum of C 1s of composite
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displayed the Gaussian peaks at 284.96, 285.7, 287.5 and 290 eV (Figure S1C) are corresponding
to C-C (sp3), C-N (sp3), Cc=0 (spz) and O-C=0 (spz) or C=N, respectively [34]. The presence of
C-N bonding reveals nitrogen-doping in the CDs. The fitted two Gaussian peaks of O 1s at 531.72
and 534.0 eV (Figure S1D) are ascribed to C=0O and C-OH / C-O-C groups, respectively [35]. The
peaks of N 1s at 399.5, 402.79 and 405.8 eV shown in Figure S1E specify the existence of nitrogen
typically in the form of pyrrolic or pyridonic-N, graphitic-N and N-oxides [36]. Pyrrolic or pyridonic-N,
graphitic-N, and N-oxides can generate different electronic environments for carbon atoms and further
create electrochemically active sites. Therefore, based on deconvolution results of XPS analysis,
it can be evidently confirmed that N-doping was perfectly taken place in CDs. Interestingly, the
presence of pyridinic-N is additionally beneficial for enhancing the electrochemical sensing of organic
compounds [37]. Moreover, graphitic-N can considerably increase the conductivity of N-CDs/Cu,O
composite through additional electrons at nitrogen sites [38].

3.2. Electrochemical Characterization of N-CDs/Cu, O/Nf/GCE

The electrochemical response of bare and modified electrodes was studied using CV technique, in
0.1 M KClI containing 2.5 mM of [Fe(CN)g P74~ (equimolar) at a scan rate of 100mV sl Figure 3A
displays cyclic voltammetric response of GCE, N-CDs/GCE, Cu; O/GCE and N-CDs/Cu, O/Nf/GCE. As
can be seen, typical redox peaks were attained with peak to peak separation (AEp) of 164 mV at bare
GCE due to relatively poor reversibility of GCE in [Fe(CN )6]>4~. The N-CDs modified GCE showed a
better performance with AE;, of 134 mV with improved redox peak currents than GCE by the good
electrical conductivity of N-CDs. Furthermore, Cu; O/GCE exhibited the AEp, of 98 mV due to the good
catalytic activity of CupO. A significant increase in the peak currents with decreased AEp, (89 mV) was
observed for N-CDs/Cu, O/Nf/GCE. Moreover, the intensities of peak currents at N-CDs/Cu, O/Nf/GCE
were found to be 4.68 times higher than that of bare GCE. Obviously, remarkable enhancement in the
peak currents, least AE, and perfect reversibility of redox system observed in cyclic voltammogram at
this composite modified electrode signifying the excellent electrocatalytic enhancement. Moreover, the
anodic peak current(ipa)/cathodic peak current(ipc) was almost unity and can be treated as a significant
factor to testify the stable electrochemical response for this redox system at the modified electrode.
This has probably resulted from the synergistic effect caused by the high electrical conductivity of
N-CDs and the good catalytic activity and high surface area of Cu,O.
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Figure 3. (A) Cyclic voltammetric responses of different modified electrodes in 0.1 M KCI containing
2.5 mM [Fe(CN)g]*74~ at a scan rate of 100 mV s~1, (B) Calibration plot of square root of scan rate vs.
anodic peak current of 1 mM K3[Fe(CN)g] in 0.1 M KCI at N-CDs/Cu, O/Nf/GCE.
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The effective surface area of N-CDs/GCE, Cu, O/GCE and N-CDs/Cu,O/Nf/GCE were calculated
using different scan rates of cyclic voltammetric responses at 1 mM K3[Fe(CN)4] in 0.1 M KCl supporting
electrolyte. The Randles-Sevcik equation is used as follows: [39]

ip = (269 10°)A,¢Diniv3C

where ip, is the anodic peak current (A), A.¢ is an effective surface area (cm?), D is diffusion coefficient
of potassium ferricyanide (7.60 X 107 cm? s7!) [40], v is the scan rate (V s7!), n is the number of
electrons involved in the electrochemical reaction of potassium ferricyanide (n = 1) and C is the bulk
concentration of the redox probe (mol. cm™). By taking the slope of the plot of ips vs v¥2 (Figure 3B)
into account, the effective surface area of N-CDs/Cu, O/Nf/GCE was found to be 0.1582 cm? which was
higher than that of the effective surface area of N-CDs/GCE (00756 cm?) and CupyO/GCE (0.0945 cm?).
This evidence demonstrates that the N-CDs/Cu, O/Nf/GCE possesses a good electrochemical effective
surface area.

3.3. Electrochemical Performance of N-CDs/Cu,; O/Nf/GCE towards CPZ Oxidation

To estimate the influence of the amount of N-CDs/Cu,O/Nf on the surface of GCE, the
electrochemical performance of N-CDs/Cu, O/Nf/GCE in 0.1 M PBS (pH 7.0) containing 1mM CPZ
was recorded. Figure 4A displays the electrocatalytic oxidation peak current of CPZ is nonlinear over
the increasing amount of N-CDs/Cu, O/Nf. Obviously, the highest peak current of CPZ was achieved
when 5 pL of N-CDs/Cu,O/Nf was applied onto the surface of GCE. Thus, the optimized concentration
was chosen for ultrasensitive detection of CPZ.

The electrochemical response of CPZ at modified and unmodified electrodes was verified using
CV technique. Figure 4B shows cyclic voltammograms of 1 mM CPZ in 0.1 M PBS (pH 7.0) at
GCE, N-CDs/GCE, CuyO/GCE and N-CDs/Cu,; O/Nf/GCE. Apparently, no characteristic peak was
detected in 0.1 M PBS without CPZ in the given window of potential. The bare GCE exhibited an
irreversible voltammogram with poor peak current for CPZ, while the N-CDs/GCE displayed higher
electrochemical oxidation response due to the better conductive and stable nature of N-CDs [41].
A notable enlargement in the peak current of CPZ was observed at CuyO/GCE when compared
with GCE and N-CDs/GCE owing to the good electrons transfer property at the electrode surface
that is endowed by the catalytic activity of CuyO. Beyond that, N-CDs/Cu, O/Nf/GCE presented the
superior peak current among all the electrodes with a shifting towards the less positive potential for
electro-oxidation of CPZ, which is attributed to the high surface area of N-CDs/Cu,0 on the surface of
modified electrode.

The influence of scan rate on the oxidation peak current of CPZ was examined and Figure 4C
displays the changes of anodic peak current with an increasing scan rate of 1 mM CPZ from 50 to
300 mV s7!. The linear relationship between oxidation peak current and the square root of scan rate
was evident in Figure 4D. Moreover, with the increasing of scan rate, an obvious shift of the anodic
peak potentials towards the positive was emerged, indicating the limitation of charge transfer kinetics.
The electrochemical observations revealed that the electro-oxidation of CPZ was a diffusion-controlled
irreversible process at the surface of N-CDs/Cu, O/Nf/GCE.
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Figure 4. (A) The plot of loaded amount of N-CDs/Cu20/Nf composite onto the surface of GCE vs. iy,
(B) cyclic voltammograms of different modified electrodes at a scan rate of 100 mV s~ and (C) various
scan rates at N-CDs/Cu20/N{f/GCE in 0.1 M PBS (pH 7.0) containing 1 mM CPZ, (D) calibration plot of
square root of scan rate vs. peak current, (E) cyclic voltammograms of CPZ at different pH at a scan
rate of 100 mV s~! and (F) the plot of pH (4.5-9.0) vs. ip of CPZ.

The electrochemical reactions of organic compounds are usually carried out with the involvement
of protons which have a significant impact on speeding up the reactions. The pH of supporting
electrolyte generally influences the electrochemical reaction of CPZ by shifting its oxidation potentials
towards positive side due to the acid dissociation of CPZ. Hence, to optimize the pH of supporting
electrolyte for the electrochemical oxidation of CPZ at the composite electrode, a cyclic voltammetric
investigation was performed in 0.1 M PBS with the pH ranging from 4.5 to 9.0 (Figure 4E). The
negligible shift of CPZ peak potentials at various pH conditions indicates that the electro-oxidation
of CPZ is a simple electron-transfer process rather than a proton transfer process. However, the
anodic peak current of CPZ strongly depends on the pH of the supporting electrolyte. Figure 4F
displays the relationship between the pH of analytes and their corresponding anodic peak currents
for N-CDs/Cu,O/Nf composite electrode, in which the maximum peak current was attained at pH
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7.0. Hence, the PBS with a pH of 7.0 was selected as an optimized condition throughout the following
electrochemical study of CPZ at N-CDs/Cu, O/Nf composite-based sensor.

According to the results in Figure 4E, the redox peaks with reversible cyclic voltammogram can
be observed from pH 4.5 to 6.5, whereas only oxidation peaks are seen from pH 7.0 to 9.0. A reversible
redox system in acidic media is shown in Figure 5A. An oxidation peak was observed in the forward
scan at 0.730 V and the counterpart reduction peak was attained at 0.571 V, which is due to the influence
of the pH of supporting electrolyte on the peak potentials of redox peaks. The oxidation peak appeared
in the forward scan is attributed to the formation of CPZ cation radical (CPZ*) through one-electron
oxidation of CPZ, whereas the reduction peak in reverse scan relates to the reduction of CPZ* by a
slow disproportionation reaction (Scheme 2A) [42]. The CPZ cation radical is more stable in acidic
media. However, Figure 5B displays an irreversible system in neutral and basic media. Obviously, only
oxidation peak at 0.687 V in the forward scan was observed, which signifies that with the increasing of
pH values, direct conversion of CPZ to CPZ?* would take place and make the process unstable. It gets
a conversion to the final product by taking oxygen from the water molecule by a chemical reaction
without any electrochemical-reduction (Scheme 2B).
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Figure 5. Cyclic voltammograms of 1 mM CPZ in 0.1 M PBS with (A) pH 4.5 and (B) pH 7.0.
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Scheme 2. Possible electrochemical mechanism of CPZ in (A) acidic media, (B) neutral and basic media
at N-CDs/Cu, O/Nf/GCE.

3.4. Analytical Performance

The analytical electrochemical performance of N-CDs/Cu,O/Nf/GCE was studied at various
concentrations of CPZ under the optimal experimental conditions using differential pulse voltammetry
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(DPV) technique. The recorded voltammograms were presented in Figure 6A. It simplifies that there
was no prominent peak of CPZ potential appeared in the absence of CPZ. The characteristic oxidation
peaks of CPZ (= 0.65 V) in 0.1 M PBS (pH 7.0) increased with the increasing concentration of CPZ
without affecting the oxidation potential in the range of 0.001 uM and 230 pM. The calibration plot of
the CPZ concentration and its corresponding peak current was depicted in Figure 6B. The detection
limit was found to be 25 nM (S/N = 3) and is comparable in a dynamic linear range (0.001 to 230 uM),
signifying the superior performance of the designed sensor. Additionally, the analytical merits of
the present sensor are compared with previously reported sensing protocols of CPZ (Table 1) and
enlightening the capability of the developed sensor towards the determination of CPZ. The outstanding
analytical response of N-CDs/Cu; O/Nf modified electrode can be ascribed to the enhanced surface area
of the composite onto the electrode which was produced by the incorporating of N-CDs into Cu,O.
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Figure 6. (A) Differential pulse voltammograms of CPZ with different concentrations in 0.1 M PBS
(pH 7.0), (B) calibration plot of concentration of CPZ vs ip.
Table 1. Comparison of the analytical merits of N-CDs/Cu, O/Nf composite with previously reported
sensing materials for electrochemical determination of CPZ.
Sensing . . LOD
Material Technique pH Linear Range (M) (M) Ref.
PNIPAM DPV 7.0 0.05 uM-7999 uM 16 [43]
B-SnWNRs Amperometry 7.0 0.01 uM—-457 uM 3 [44]
CdO/NPs/IL Chronoamperometry 7.0 0.1 uM-350 uM 70 [2]
. 0.1 pM-143 uM;

Peas-like STtM DPV 7.0 153 UM-1683 uM 28 [45]
BDD DPV 4.0 0.1 pM—40.0 uM 30 [46]
PTN DPV 7.0 0.1 uM-130 uM 300 [47]

N-CDs/Cu,O/Nf DPV 7.0 0.001 uM-230 uM 25 Present work

PNIPAM: poly-N-isopropylacrylamide microgel; 3-SnWNRs: one-dimensional (3-stannous tungstate nanorods;
CdO/NPs/IL/CP: CdO/nanoparticles (NPs) ionic liquid carbon paste; StM: Strontium molybdate; BDD: Boron-doped
diamond: PTN: Polythiophene Nanowires.

3.5. Interference Study

It is well-known that the anti-interference is one of the most important parameters for
electrochemical sensing of CPZ. Some organic compounds and inorganic ions may exist in
pharmaceutical and biological samples in the quantification of CPZ. Figure 7 displays the comparison
of the peak current of 200 uM CPZ in the presence of 100 folds of common interfering compounds at
N-CDs/CuyO/Nf/GCE. The negligible variations of the peak currents for various interfering substances
reveal that the developed composite-based sensor has high reliability and good selectivity for
ultrasensitive electrochemical sensing of CPZ.
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T T
CPZCatacol CA FeCl; AA DA NaCl UA Glu

Interfering Compounds

Figure 7. Comparison of the peak current of CPZ in the presence of interfering compounds
at N-CDs/Cup,O/Nf/GCE (CA: Caffeic Acid; AA: Ascorbic acid; DA: Dopamine; UA: Uric acid;
Glu: Glucose).

3.6. Stability, Repeatability, and Reproducibility

Repeatability refers to the ability of a sensor to produce almost the same signals in consecutive
electrochemical measurements. To verify the repeatability of the developed N-CDs/Cu,O/Nf
composite-based sensor, 30 distinct cyclic voltammetric cycles were recorded with and without
CPZ (20 uM) alternately. There was a little difference in anodic peak currents and the peak potentials of
CPZ for these repeated tests. The relative standard deviation (RSD) for the measurements was calculated
to be 1.53% demonstrating that the sensor has good repeatability. To investigate the reproducibility of
the proposed sensor, three N-CDs/Cu, O/Nf composite-based sensors were constructed under the same
working conditions and RSD of 1.83% was presented for these sensors with 20 uM CPZ, confirming
its good reproducibility. The long-term stability of N-CDs/CuyO/Nf composite modified electrode
was further determined by storing the electrode for four weeks at 4 °C. Remarkably, the anodic peak
current of CPZ, after four weeks, maintained more than 97% of its initial signal, which signifies that
the proposed sensor could be used for determination of pharmaceutical samples with acceptable
operational stability.

3.7. Real Sample Analysis

To further appraise the reliability of the proposed sensor, examination of CPZ was carried
out in pharmaceutical formulations (Figure S2) and human urine sample (Figure S3). Before the
measurements, 0.1 mL of human urine sample was diluted with 9.0 mL of PBS (pH 7.0) to reduce the
matrix effect for obtaining accurate results. The stock solution of tablet sample was prepared with the
help of PBS (pH 7.0). Although spiking a known concentration of CPZ, the oxidation peak current of
CPZ increased linearly without any peak potential shift. The content of CPZ in both the samples was
determined at N-CDs/Cu,O/Nf composite modified electrode using the standard addition method.
Each addition was measured three times using DPV technique under the optimal working conditions.
The obtained results were tabulated in Table 2. The recovery profile reveals that the developed sensor
is greatly reliable for determining CPZ in real sample analysis and confirming a promising analytical
sensing platform for pharmaceutical drugs.
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Table 2. Recovery profile of CPZ at N-CDs/Cu, O/Nf/GCE in real samples (n = 3).

Sample S.No Added (uM) Found (uM) Recovery (%) Bias (%)
1 0 Not detected - -
Tablet 2 10 09.94 99.40 0.6
3 20 20.22 100.10 1.1
4 30 30.01 100.03 0.03
1 0 Not detected - -
Human Urine 2 10 09.71 97.10 2.90
3 20 20.50 102.50 2.50
4 30 29.31 97.70 2.30

4. Conclusion

In this work, we have developed a versatile strategy for developing a sensing platform for
CPZ based on nitrogen-doped carbon dots with cuprous oxide (N-CDs/Cu,O) composite. The
as-synthesized composite was characterized using physicochemical and electrochemical techniques.
With the support of Nafion (Nf), N-CDs/Cu,O composite was successfully employed as a sensing
material for the detection of CPZ. The composite-based sensor showed excellent performance towards
CPZ determination in a dynamic linear range of 0.001 — 230 uM with a detection limit of 25 nM. The
developed sensor displayed long-term stability, good anti-interfering property, repeatability, and
reproducibility. Additionally, the potential applicability of N-CDs/Cu,O/N{f/GCE was successfully
verified with satisfactory recoveries in pharmaceutical drug and human urine samples. The successful
performance of N-CDs/Cu,O/Nf composite sensor was attributed to the synergetic effect of N-CDs
and Cu;O, which made the effective electron-transfer ability at the surface of electrode. Therefore, the
developed sensor can be potentially used for clinical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/8/1513/s1,
Figure S1: XPS spectra of N-CDs/Cu,O composite, Figure S2: DPV responses for detection of CPZ in pharmaceutical
formulations, Figure S3: DPV responses for detection of CPZ in human urine sample.

Author Contributions: Conceptualization, V.IN.P.; methodology, V.N.P,; Investigation, V.N.P; writing—original
draft preparation, V.IN.P; writing—review and editing, C.L; supervision, C.L., R K., LW. and ].-N.T.; funding
acquisition, C.L. and J.-N.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by National Natural Science Foundation of China (21905180
and 51778369), the Scientific Research Foundation for Peacock Talents of Shenzhen (000364), NSF of Shenzhen
University (2018003) and Ten Thousand People’s Scheme of Chinese Ministry of Education (201810090052).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Akira, S.; Snyder, S.H. Schizophrenia: Diverse approaches to a complex disease. Science 2002, 296, 692-695.
[CrossRef]

2. Ahmadzadeh, S.; Karimi, F.; Atar, N.; Sartori, E.R.; Faghih-Mirzaei, E.; Afsharmanesh, E. Synthesis of CdO
nanoparticles using direct chemical precipitation method: Fabrication of novel voltammetric sensor for
square wave voltammetry determination of chlorpromazine in pharmaceutical samples. Inorg. Nano-Metal
Chem. 2017, 47, 347-353. [CrossRef]

3.  Stevenson, D.; Reid, E. Determination of Chlorpromazine and Its Sulfoxide and 7-Hydroxy Metabolites by
Ion-Pair High Pressure Liquid Chromatography. Anal. Lett. 1981, 14, 741-761. [CrossRef]

4.  Sakthivel, R.; Kubendhiran, S.; Chen, S.-M. Functionalization of a carbon nanofiber with a tetrasulfonatophenyl
ruthenium(II)porphine complex for real-time amperometric sensing of chlorpromazine. Microchim. Acta.
2019, 186, 285. [CrossRef] [PubMed]


http://www.mdpi.com/2079-4991/10/8/1513/s1
http://dx.doi.org/10.1126/science.1070532
http://dx.doi.org/10.1080/15533174.2016.1186049
http://dx.doi.org/10.1080/00032718108055479
http://dx.doi.org/10.1007/s00604-019-3384-y
http://www.ncbi.nlm.nih.gov/pubmed/30989391

Nanomaterials 2020, 10, 1513 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sgaragli, G.; Ninci, R.; Della Corte, L.; Valoti, M.; Nardini, M.; Andreoli, V.; Moneti, G. Promazine. A major
plasma metabolite of chlorpromazine in a population of chronic schizophrenics. Drug Metab. Dispos. 1986,
14, 263-266. [PubMed]

Huang, Y.; Chen, Z. Chemiluminescence of chlorpromazine hydrochloride based on cerium (IV) oxidation
sensitized by rhodamine 6G. Talanta 2002, 57, 953-959. [CrossRef]

Zimova, N.; Némec, I; Zima, J. Determination of chlorpromazine and thioridazine by differential pulse
voltammetry in acetonitrile medium. Talanta 1986, 33, 467—470. [CrossRef]

Ninci, R.; Giovannini, M.G.; Della Corte, L.; Sgaragli, G. Isothermal gas chromatographic determination of
nanogram amounts of chlorimipramine, chlorpromazine and their N-desmethyl metabolites in plasma using
nitrogen-selective detection. J. Chromatogr. B Biomed. Sci. Appl. 1986, 381, 315-322. [CrossRef]

Xu, G.; Dong, S. Electrochemiluminescent Detection of Chlorpromazine by Selective Preconcentration at a
Lauric Acid-Modified Carbon Paste Electrode Using Tris(2,2’-bipyridine)ruthenium(II). Anal. Chem. 2000, 72,
5308-5312. [CrossRef]

Chen, D.; Rios, A.; de Castro, M.D.L.; Valcdrcel, M. Simultaneous flow-injection determination of
chlorpromazine and promethazine by photochemical reaction. Talanta 1991, 38, 1227-1233. [CrossRef]
Palakollu, V.N.; Chiwunze, T.E.; Gill, A.A.S,; Thapliyal, N.; Maru, S.M.; Karpoormath, R. Electrochemical
sensitive determination of isoprenaline at 3-cyclodextrin functionalized graphene oxide and electrochemically
generated acid yellow 9 polymer modified electrode. . Mol. Lig. 2017, 248, 953-962. [CrossRef]

Palakollu, V.N.; Thapliyal, N.; Chiwunze, T.E.; Karpoormath, R.; Karunanidhi, S.; Cherukupalli, S.
Electrochemically reduced graphene oxide/Poly-Glycine composite modified electrode for sensitive
determination of 1-dopa. Mater. Sci. Eng. C 2017, 77, 394-404. [CrossRef]

Reddaiah, K.; Madhusudana Reddy, T.; Venkata Ramana, D.K.; Subba Rao, Y. Poly-Alizarin red S/multiwalled
carbon nanotube modified glassy carbon electrode for the boost up of electrocatalytic activity towards the
investigation of dopamine and simultaneous resolution in the presence of 5-HT: A voltammetric study. Mater.
Sci. Eng. C 2016, 62, 506-517. [CrossRef]

Govindasamy, M.; Wang, S.-E; Jothiramalingam, R.; Noora Ibrahim, S.; Al-lohedan, H.A. A screen-printed
electrode modified with tungsten disulfide nanosheets for nanomolar detection of the arsenic drug roxarsone.
Microchim. Acta 2019, 186, 420. [CrossRef]

Khodadadi, A.; Faghih-Mirzaei, E.; Karimi-Maleh, H.; Abbaspourrad, A.; Agarwal, S.; Gupta, VK. A new
epirubicin biosensor based on amplifying DNA interactions with polypyrrole and nitrogen-doped reduced
graphene: Experimental and docking theoretical investigations. Sensors Actuators B Chem. 2019, 284, 568-574.
[CrossRef]

Yola, M.L. Electrochemical activity enhancement of monodisperse boron nitride quantum dots on graphene
oxide: Its application for simultaneous detection of organophosphate pesticides in real samples. J. Mol. Liq.
2019, 277,50-57. [CrossRef]

Miraki, M.; Karimi-Maleh, H.; Taher, M.A.; Cheraghi, S.; Karimi, F; Agarwal, S.; Gupta, V.K. Voltammetric
amplified platform based on ionic liquid/NiO nanocomposite for determination of benserazide and levodopa.
J. Mol. Lig. 2019, 278, 672-676. [CrossRef]

Zhang, E; Li, Y,; Gu, Y,; Wang, Z.; Wang, C. One-pot solvothermal synthesis of a Cu,O/Graphene
nanocomposite and its application in an electrochemical sensor for dopamine. Microchim. Acta 2011,
173, 103-109. [CrossRef]

Yang, K.; Yan, Z.; Ma, L.; Du, Y.; Peng, B.; Feng, J. A Facile One-Step Synthesis of Cuprous Oxide/Silver
Nanocomposites as Efficient Electrode-Modifying Materials for Nonenzyme Hydrogen Peroxide Sensor.
Nanomater. 2019, 9, 523. [CrossRef]

Zhuang, X.; Wang, H.; He, T.; Chen, L. Enhanced voltammetric determination of dopamine using a glassy
carbon electrode modified with ionic liquid-functionalized graphene and carbon dots. Microchim. Acta 2016,
183, 3177-3182. [CrossRef]

Sun, D.; Ban, R.; Zhang, P-H.; Wu, G.-H.; Zhang, ].-R.; Zhu, ].-J. Hair fiber as a precursor for synthesizing of
sulfur- and nitrogen-co-doped carbon dots with tunable luminescence properties. Carbon 2013, 64, 424-434.
[CrossRef]

Pan, M.; Xie, X.; Liu, K;; Yang, J.; Hong, L.; Wang, S. Fluorescent Carbon Quantum Dots—Synthesis,
Functionalization and Sensing Application in Food Analysis. Nanomaterials 2020, 10, 930. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/2870904
http://dx.doi.org/10.1016/S0039-9140(02)00142-X
http://dx.doi.org/10.1016/0039-9140(86)80257-0
http://dx.doi.org/10.1016/S0378-4347(00)83597-5
http://dx.doi.org/10.1021/ac000507s
http://dx.doi.org/10.1016/0039-9140(91)80097-J
http://dx.doi.org/10.1016/j.molliq.2017.10.092
http://dx.doi.org/10.1016/j.msec.2017.03.173
http://dx.doi.org/10.1016/j.msec.2015.12.036
http://dx.doi.org/10.1007/s00604-019-3535-1
http://dx.doi.org/10.1016/j.snb.2018.12.164
http://dx.doi.org/10.1016/j.molliq.2018.12.084
http://dx.doi.org/10.1016/j.molliq.2019.01.081
http://dx.doi.org/10.1007/s00604-010-0535-6
http://dx.doi.org/10.3390/nano9040523
http://dx.doi.org/10.1007/s00604-016-1971-8
http://dx.doi.org/10.1016/j.carbon.2013.07.095
http://dx.doi.org/10.3390/nano10050930

Nanomaterials 2020, 10, 1513 14 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zheng, X.T.; Ananthanarayanan, A.; Luo, K.Q.; Chen, P. Glowing Graphene Quantum Dots and Carbon Dots:
Properties, Syntheses, and Biological Applications. Small 2015, 11, 1620-1636. [CrossRef]

Yola, M.L.; Atar, N. Development of molecular imprinted sensor including graphitic carbon nitride/N-doped
carbon dots composite for novel recognition of epinephrine. Compos. Part B Eng. 2019, 175,107113. [CrossRef]
Li, J.; Jiang, J.; Xu, Z.; Liu, M,; Tang, S.; Yang, C.; Qian, D. Facile synthesis of Pd—Cu@Cu, O/N-RGO
hybrid and its application for electrochemical detection of tryptophan. Electrochim. Acta 2018, 260, 526-535.
[CrossRef]

Xu, Q.; Kuang, T; Liu, Y,; Cai, L; Peng, X.; Sreenivasan Sreeprasad, T.; Zhao, P; Yu, Z; Li, N.
Heteroatom-doped carbon dots: Synthesis, characterization, properties, photoluminescence mechanism and
biological applications. J. Mater. Chem. B 2016, 4, 7204-7219. [CrossRef]

Jahanbakhshi, M.; Habibi, B. A novel and facile synthesis of carbon quantum dots via salep hydrothermal
treatment as the silver nanoparticles support: Application to electroanalytical determination of H,O, in fetal
bovine serum. Biosens. Bioelectron. 2016, 81, 143-150. [CrossRef]

Luo, J.; Cui, J.; Wang, Y.; Yu, D.; Qin, Y.; Zheng, H.; Shu, X.; Tan, H.H.; Zhang, Y.; Wu, Y. Metal-organic
framework-derived porous Cu, O/Cu@C core-shell nanowires and their application in uric acid biosensor.
Appl. Surf. Sci. 2020, 506, 144662. [CrossRef]

Khan, S.B.; Akhtar, K.; Bakhsh, EMM.; Asiri, A.M. Electrochemical detection and catalytic removal of
4-nitrophenol using CeO,-CuyO and CeO,-Cu, O/CH nanocomposites. Appl. Surf. Sci. 2019, 492, 726-735.
[CrossRef]

Li, X;; Yang, Z.; Xu, S.; Zhang, W.; Su, Y.; Hu, N.; Lu, W,; Feng, J.; Zhang, Y. Morphology Control and
Photocatalysis Enhancement by in Situ Hybridization of Cuprous Oxide with Nitrogen-Doped Carbon
Quantum Dots. Langmuir 2016, 32, 9418-9427. [CrossRef]

Waseda, Y.; Matsubara, E.; Kozo, S. X-Ray Diffraction Crystallography: Introduction, Examples and Solved
Problems; Springer Verlag: Berlin, Germany, 2011.

Dang, D.K,; Sundaram, C.; Ngo, Y.-L.T.; Choi, W.M.; Chung, ].S.; Kim, E.J.; Hur, S.H. Pyromellitic acid-derived
highly fluorescent N-doped carbon dots for the sensitive and selective determination of 4-nitrophenol. Dye.
Pigment. 2019, 165, 327-334. [CrossRef]

Han, X.; He, X.; Sun, L.; Han, X.; Zhan, W.; Xu, J.; Wang, X.; Chen, J. Increasing Effectiveness of Photogenerated
Carriers by in Situ Anchoring of Cu,O Nanoparticles on a Nitrogen-Doped Porous Carbon Yolk—Shell
Cuboctahedral Framework. ACS Catal. 2018, 8, 3348-3356. [CrossRef]

Yang, Z.; Xu, M; Liu, Y;; He, E; Gao, F; Su, Y.; Wei, H.; Zhang, Y. Nitrogen-doped, carbon-rich, highly
photoluminescent carbon dots from ammonium citrate. Nanoscale 2014, 6, 1890-1895. [CrossRef]

Zhang, R.; Chen, W. Nitrogen-doped carbon quantum dots: Facile synthesis and application as a “turn-off”
fluorescent probe for detection of Hg2+ ions. Biosens. Bioelectron. 2014, 55, 83-90. [CrossRef]

Zhang, X.; Zhang, Z.; Hu, F; Li, D.; Zhou, D,; Jing, P,; Du, E; Qu, S. Carbon-Dots-Derived 3D Highly
Nitrogen-Doped Porous Carbon Framework for High-Performance Lithium Ion Storage. ACS Sustain. Chem.
Eng. 2019, 7, 9848-9856. [CrossRef]

Nanthagopal, M.; Santhoshkumar, P.; Shaji, N.; Praveen, S.; Kang, H.S.; Senthil, C.; Lee, C.W. Nitrogen-doped
carbon-coated Li[NipgCop1Mng;1]O; cathode material for enhanced lithium-ion storage. Appl. Surf. Sci.
2019, 492, 871-878. [CrossRef]

Jeong, HM.; Lee, ].W.; Shin, W.H.; Choi, Y.J.; Shin, H.J.; Kang, ].K.; Choi, ]. W. Nitrogen-Doped Graphene for
High-Performance Ultracapacitors and the Importance of Nitrogen-Doped Sites at Basal Planes. Nano Lett.
2011, 11, 2472-2477. [CrossRef]

Allen, ].B.; Larry, R.F. Electrochemical Methods: Fundamentals and Applications; John Wiley & Sons: New York,
NY, USA, 2001.

Yola, M.L.; Atar, N. Simultaneous determination of [-agonists on hexagonal boron nitride
nanosheets/multi-walled carbon nanotubes nanocomposite modified glassy carbon electrode. Mater. Sci.
Eng. C 2019, 96, 669-676. [CrossRef]

Hu, S.; Huang, Q.; Lin, Y.; Wei, C.; Zhang, H.; Zhang, W.; Guo, Z.; Bao, X.; Shi, ].; Hao, A. Reduced graphene
oxide-carbon dots composite as an enhanced material for electrochemical determination of dopamine.
Electrochim. Acta 2014, 130, 805-809. [CrossRef]

Zhang, M.; Bao, W.-Q.; Wang, Y.; Deng, N.; He, J.-B. In situ monitoring of chlorpromazine radical intermediate
by spectroelectrochemistry. J. Electroanal. Chem. 2014, 724, 1-7. [CrossRef]


http://dx.doi.org/10.1002/smll.201402648
http://dx.doi.org/10.1016/j.compositesb.2019.107113
http://dx.doi.org/10.1016/j.electacta.2017.12.125
http://dx.doi.org/10.1039/C6TB02131J
http://dx.doi.org/10.1016/j.bios.2016.02.064
http://dx.doi.org/10.1016/j.apsusc.2019.144662
http://dx.doi.org/10.1016/j.apsusc.2019.06.205
http://dx.doi.org/10.1021/acs.langmuir.6b02011
http://dx.doi.org/10.1016/j.dyepig.2019.02.029
http://dx.doi.org/10.1021/acscatal.7b04219
http://dx.doi.org/10.1039/C3NR05380F
http://dx.doi.org/10.1016/j.bios.2013.11.074
http://dx.doi.org/10.1021/acssuschemeng.9b00407
http://dx.doi.org/10.1016/j.apsusc.2019.06.242
http://dx.doi.org/10.1021/nl2009058
http://dx.doi.org/10.1016/j.msec.2018.12.004
http://dx.doi.org/10.1016/j.electacta.2014.02.150
http://dx.doi.org/10.1016/j.jelechem.2014.04.002

Nanomaterials 2020, 10, 1513 15 of 15

43.

44.

45.

46.

47.

Mutharani, B.; Ranganathan, P.; Chen, S.-M. Highly sensitive and selective electrochemical detection of
antipsychotic drug chlorpromazine in biological samples based on poly-N-isopropylacrylamide microgel.
J. Taiwan Inst. Chem. Eng. 2019, 96, 599-609. [CrossRef]

Kokulnathan, T.; Kumar, J.V.; Chen, S.-M.; Karthik, R.; Elangovan, A.; Muthuraj, V. One-step sonochemical
synthesis of 1D -stannous tungstate nanorods: An efficient and excellent electrocatalyst for the selective
electrochemical detection of antipsychotic drug chlorpromazine. Ultrason. Sonochem. 2018, 44, 231-239.
[CrossRef] [PubMed]

Vinoth Kumar, J.; Karthik, R.; Chen, S.-M.; Kokulnathan, T.; Sakthinathan, S.; Muthuraj, V.; Chiu, T.-W.,;
Chen, T.-W. Highly selective electrochemical detection of antipsychotic drug chlorpromazine in drug and
human urine samples based on peas-like strontium molybdate as an electrocatalyst. Inorg. Chem. Front. 2018,
5, 643-655. [CrossRef]

Petkovi¢, B.B.; Kuzmanovié, D.; Dimitrijevi¢, T.; Krsti¢c, M.P.,; Stankovi¢, D.M. Novel Strategy for
Electroanalytical Detection of Antipsychotic Drugs Chlorpromazine and Thioridazine; Possibilities for
Simultaneous Determination. Int. J. Electrochem. Sci. 2017, 12, 3709-3720. [CrossRef]

Hajian, A.; Rafati, A.; Afraz, A.; Najafi, M. Electrosynthesis of Polythiophene Nanowires and Their Application
for Sensing of Chlorpromazine. J. Electrochem. Soc. 2014, 161, 196-200. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jtice.2018.10.029
http://dx.doi.org/10.1016/j.ultsonch.2018.02.025
http://www.ncbi.nlm.nih.gov/pubmed/29680607
http://dx.doi.org/10.1039/C7QI00743D
http://dx.doi.org/10.20964/2017.05.34
http://dx.doi.org/10.1149/2.0881409jes
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Synthesis of N-CDs 
	Synthesis of N-CDs/Cu2O Composite 
	Preparation of N-CDs/Cu2O/Nf Composite Modified Electrode 
	Real Sample Preparation 

	Results and Discussion 
	Physicochemical Characterization 
	Electrochemical Characterization of N-CDs/Cu2O/Nf/GCE 
	Electrochemical Performance of N-CDs/Cu2O/Nf/GCE towards CPZ Oxidation 
	Analytical Performance 
	Interference Study 
	Stability, Repeatability, and Reproducibility 
	Real Sample Analysis 

	Conclusion 
	References

