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The rational design of nanomaterials for electrochemical hanosensors from the perspective of structure—
property—performance relationships is a key factor in improving the analytical performance toward
residual antibiotics in food. We have investigated the effects of the crystalline phase and copper loading
amount on the detection performance of Cu-MoS, nanocomposite-based electrochemical sensors for
the antibiotic chloramphenicol (CAP). The phase composition and copper loading amount on the MoS,
nanosheets can be controlled using a facile electrochemical method. Cu and Cu,O nanoparticle-based
electrochemical sensors showed a higher CAP electrochemical sensing performance as compared to
CuO nanoparticles due to their higher electrocatalytic activity and conductivity. Moreover, the design of
Cu—-MoS, nanocomposites with appropriate copper loading amounts could significantly improve their
electrochemical responses for CAP. Under optimized conditions, Cu—MoS, nanocomposite-based
electrochemical showed a remarkable sensing performance for CAP with an
electrochemical sensitivity of 1.74 pA uM~* cm~2 and a detection limit of 0.19 uM in the detection range
from 0.5-50 pM. These findings provide deeper insight into the effects of nanoelectrode designs on the

nanosensor

rsc.li/rsc-advances

1. Introduction

In recent years, the design of nanomaterials (NMs)-based elec-
trochemical sensors for developing simple but reliable analyt-
ical methods with high sensitivity and selectivity has attracted
increasing attention because the unique properties of NMs are
beneficial for improving the performance parameters of elec-
trochemical sensors, such as sensitivity, selectivity, stability,
repeatability, and processability." The use of NMs as electro-
chemical sensors has presented extremely promising prospects
for improving the analytical performance toward environmental
pollutants and food contaminants, especially in
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analytical performance of electrochemical nanosensors.

electrochemical sensors based on the direct redox process'?.
Various types of NMs such as nanoparticles (metal and metal
oxide nanoparticles),>* carbonaceous NMs,** magnetic NMs,”
quantum dots,*® and two-dimensional (2D) NMs,'® have been
developed for constructing various electrochemical sensors
with low detection limits and good signal amplification. In
general, the NMs-based electrodes show significant improve-
ment in the conductivity and electron transfer through the
interface of the electrode/electrolyte solution, increasing the
electrode/electrolyte junction area, as well as providing more
active sites for electrochemical reactions and analyte adsorption
as compared with conventional electrodes.”* More interest-
ingly, the physicochemical properties of NMs that have decisive
effects on the analytical performance of electrochemical
sensors, such as electrocatalytic activity, conductivity, and
adsorption efficiency, can be flexibly regulated by controlled
material synthesis or design processes. As a result, various
routes for improving the sensitivity of the NMs-based electro-
chemical sensor, including controlled synthesis (in terms of
size and shape), the design of novel functional nanometric
interfaces, the modulation of surface architecture, and hybrid
nanostructures fabrication, have also been exploited."* None-
theless, the performance-improving strategies based on deeply
understanding  the relationships between  structure,
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composition, and reactivity of nanomaterials, especially in
novel hybrid structures, have rarely been considered. Moreover,
the reproducibility of the initial high performance (e.g. sensi-
tivity, selectivity, and stability) in the complex detection envi-
ronments is still a great challenge for NMs-based
electrochemical sensing systems."** Therefore, further efforts
are still required in the functional NM designs for developing
advanced electrochemical sensors with excellent performance.

Copper, a low-cost transition metal, and its oxides have
received significant attention in the scientific community
because of their interesting electronic and surface structures,
excellent redox, high catalytic activity, as well as antifungal and
antifouling properties.””™ With such unique properties,
copper-based NMs have been widely used in sensors,'® photo-
catalysis,”” and antimicrobial applications.” Copper nano-
particles (Cu-NPs) were developed in electrochemical sensors to
take advantage of their inherent merits, such as conductivity,
excellent redox, and cost-effectiveness in comparison with other
noble metal NPs.'® Cupric oxide nanoparticles (CuO-NPs), as
a semiconductor, were used to improve the electrocatalytic
activity of graphene-modified electrodes in the electrochemical
sensor for the determination of metronidazole.** Cuprous oxide
nanoparticles (Cu,O-NPs), as a typical p-type semiconductor,
which integrated with rGO for electrochemical detection of
dimetridazole, also showed significant improvement in the
electrocatalytic activity towards dimetridazole.”® The current
reviews of NMs-based electrochemical sensors for antibiotics
have indicated that hybrid structures, especially the 2D NMs-
based hybrid structures, are strong candidates in the develop-
ment of advanced electrochemical sensors.'*'® MoS, nano-
sheets, with large surface area, excellent chemical,
electrochemical stability, and high carrier mobility are a prom-
ising platform for hybrid structures.”® Moreover, with an
abundance of low-coordinated surface atoms on plane edges
and defect sites, the 2D-MoS, structure offers significant
benefits for catalytic activities towards the redox process.' The
designs of novel hybrid structures can take advantage of the
inherent properties of the component materials to improve the
performance parameters of the electrochemical sensor. For
a given nanohybrid-based electrochemical sensor, its perfor-
mance relies significantly on the designs of appropriate nano-
structure for signal amplification, effective catalysis in redox
processes, as well as for selective adsorption with the targeted
analyte. The changes in the structure, phase composition, size,
and component content directly vary the electronic and surface
properties of NMs, which strongly affect the electrochemical
processes occurring on the electrode surface. Therefore,
understanding how the material parameters, such as phase
composition, size, and component content influence the elec-
trochemical properties of the nanostructured electrode is
crucial in designing high-performance electrochemical
Nnanosensors.

Antibiotics have been known as revolutionary medicines in
treating infectious diseases in livestock and humans. However,
the overuse of antibiotics in livestock production (the treatment
and prevention of diseases and growth promotion) presents
a serious food-safety problem, which poses a potential hazard
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for human health.?**> Chloramphenicol (CAP), a phenolic
antibiotic, has been banned for use in food-producing animals
within the European Union, the United States, and many other
countries because its residue in food may accumulate in the
human body and cause aplastic anemia, gray baby syndrome,
bone marrow suppression, etc.>*?® Due to its low cost and high
efficacy, CAP is still used widely. As a result, the development of
effective methods for the rapid, accurate, and on-site determi-
nation of CAP continues to attract further studies.

For the above reasons, we have studied the effect of phase
composition and copper loading amount on the CAP sensing
performance of Cu-MoS, nanocomposite-based electro-
chemical nanosensors. Herein, Cu-NPs, CuO-NPs, and Cu,O-
NPs, as well as various copper loading amounts on the 2D-
MoS, nanosheets were prepared by using a controlled electro-
chemical synthesis process. In particular, the CAP analytical
performance parameters of the proposed NMs-based electro-
chemical sensors were evaluated and compared in detail based
on the perspective of structure-property—performance rela-
tionships. The systematic investigation of the electrochemical
sensing performance of copper-based NMs (Cu-NPs, CuO-NPs,
Cu,0O-NPs) would provide insight into the role of the crystal
phase on the electron transfer through the interface of
electrode/electrolyte solution and electrode processes. The
present study has shown how the copper loading amount on the
MoS, nanosheets affects the electrochemical response towards
CAP, providing further understanding of MoS,-based hybrid
structure designs in high-performance electrochemical sensors.

2. Experimental procedures

2.1. Chemicals and apparatus

Two pure identical copper plates (15 x 2 x 0.5 cm) as two
electrodes were used for the electrochemical synthesis. Sodium
citrate tribasic dihydrate (CcH5NazO5-2H,0) and r-ascorbic acid
(vitamin C-98%) were obtained from Shanghai Chemical
Reagent. Potassium chloride (KCl), sodium chloride (NaCl),
dibasic sodium phosphate (Na,HPO,), and potassium dihydrogen
phosphate (KH,PO,) were purchased from Merck KGaA, Germany.
Chloramphenicol (CAP > 98%) and MoS, (98%, <2 pm) were
supplied by Sigma-Aldrich. All of the above chemicals were utilized
without any further purification. Carbon screen-printed electrodes
(SPEs-DS110) were purchased from DS Dropsens, Spain.

2.2. Fabrication of CuO, Cu, Cu,O nanomaterials and Cu-
MoS, nanocomposite-modified SPEs

Cu-NPs, CuO-NPs, and Cu,O-NPs, as well as various copper
loading amounts on the MoS, nanosheets, were prepared by
using a controlled simple electrochemical synthesis process.
The two parallel copper plates as a copper ion creation source
were put into a 250 mL glass beaker filled with an electrolyte
consisting of sodium citrate in the presence of r-ascorbic acid.
The Cu-MoS, nanocomposites were prepared by the same
method with a slight modification. Before the electrolysis
process, 10 mL of MoS, nanosheets suspension with a concen-
tration of 2 mg mL™"' was added to an electrolyte solution.
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Subsequently, a direct current (DC) voltage source was supplied
to the electrodes at room temperature and under magnetic
stirring. In this experiment, four parameters, namely, the
concentrations of sodium citrate and t-ascorbic acid, reaction
time, and applied DC voltage had profound effects on the ob-
tained products (see the ESI S1 Experimentst for more details).
All SPE-based electrodes modified with CuO-NPs, Cu-NPs,
Cu,O-NPs, and Cu-MoS, nanocomposites were prepared via
a facile dropping method. Firstly, all SPEs were polished using
a 0.05 pm alumina slurry, then washed several times with
deionized water and ethanol, and dried at room temperature.
Finally, the solutions of prepared NMs were dropped onto the
surface of the working electrode, naturally air-dried, and stored
at room temperature for further electrochemical experiments.

2.3. Preparation of real samples

Milk and honey samples were purchased from the local super-
market. To prepare milk samples, 1 mL of milk in 5 mL of PBS
(0.1 M) was spiked with various known amounts of CAP stan-
dard and the resulting solution was mixed completely by
a vortex mixer. For the honey sample preparation, 1 g of honey
was dissolved in 5 mL PBS (0.1 M) and transferred to a micro-
centrifuge tube. The solution was centrifuged for 5 min and
filtered through a filter paper. Finally, the different known
amounts (5, 10, and 20 uM) of CAP standard were added.

2.4. Characterization techniques

The UV-vis absorbance spectra were recorded (HP 8453 spec-
trophotometer) within the wavelength range of 400 to 800 nm.
The crystalline structures of the samples were analyzed by X-ray
diffraction using Cu Ko radiation (A = 0.154056 nm). The
Raman spectra were collected with a MacroRAM, Horiba using
a 785 nm excitation laser source. The pH measurements were
recorded with a Benchtop pH Meter (Laqua pH 1200) with
a glass working electrode.

2.5. Electrochemical measurements

All electrochemical measurements were conducted with an
electrochemical workstation (Palmsens 4, PS Trace, PalmSens,
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The Netherlands). To characterize the electrochemical proper-
ties of the electrodes, cyclic voltammetry (CV) was performed by
applying a potential range of 0.6 to —0.2 V in 0.1 M KClI solution
containing 5 mM K;[Fe(CN)g]/K,[Fe(CN)g] at a scan rate of
a 50 mV s '. The electrochemical behavior of CAP on the
modified SPE with various materials was investigated using CV
and differential pulse voltammetry (DPV) measurements in
aqueous phosphate buffer electrolyte solution (0.1 M PBS). The
CV measurement was conducted for investigating the effect of
scan rate in the potential range between —1 and 0V, Tequitibrium
= 60 s. The DPV measurements were completed under the
following conditions: scan rate of 6 mV s~ %, Tequilibrium = 60 S,
Epuise = 0.075 V, Tpuise = 0.2 s in the potential range of —0.4 to
—0.8 V. All measurements were conducted at room temperature
(25 + 2 °C).

3. Results and discussion

3.1.
MoS, nanocomposites

Characterization of Cu-based nanomaterials and Cu-

To investigate the effect of phase composition on the CAP
electrochemical sensing performance, Cu-NPs, CuO-NPs, and
Cu,O-NPs were prepared by using a simple electrochemical
method through changing the concentration of sodium citrate
and vr-ascorbic acid (see ESI S1 Experimentst for more details).
Under the same conditions of reaction time and applied electrolysis
voltage, CuO-NPs were obtained with sodium citrate and ascorbic
acid at 0.5 g L' concentration, while the formation of Cu,O-NPs
occurred at higher concentrations of 0.75 ¢ L' and 1 g L™" for
sodium citrate and ascorbic acid, respectively. Cu-NPs were also
formed at 0.75 g L™ " sodium citrate and 2 g L ™" ascorbic acid in the
electrolyte solution. The UV-vis absorption spectra of Cu-NPs, CuO-
NPs, and Cu,O-NPs are presented in Fig. 1a. The presence of char-
acteristic peaks at 460, 585, and 690 nm corresponding to Cu,O-NPs,
Cu-NPs, and CuO-NPs shows that various copper phase composi-
tions were successfully designed.

To further confirm the formation of the obtained Cu-based
NMs with different and tunable phase compositions by the
electrochemical method, X-ray diffraction (XRD) studies of
three samples were performed under various synthesis condi-
tions as shown in Fig. 1b. For the CuO sample, the diffraction
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Fig. 1 UV-vis spectra (a) and X-ray diffraction patterns (b) of Cu-based NMs. Inset images show changes in the colors of the reaction mixtures.
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peaks (black line) at 260 = 32.8°, 35.6°, 38.7°, 48.8°, 53.4°, 61.3°,
65.8°, and 67.5° coincided with the diffraction planes of (110),
(002), (111), (202), (020), (113), (022), and (310) planes of ten-
orite, respectively, and matched the Joint Committee on Powder
Diffraction Standards (JCPDS), card no. 48-1548. However, the
Cu,O impurity phase was present in an insignificant amount,
which was consistent with the UV-vis results. For the Cu,O
sample (blue line), all the diffraction peaks in the XRD pattern
at 26 values of 29.2°, 36.1° 41.9°, 61.1°, and 73.1° correspond to
the planes of (110), (111), (200), (220), and (311) of cuprite.
These patterns were consistent with the database JCPDS card
no. 78-2076. In the XRD pattern of the Cu sample (red line),
Bragg's reflections were observed at 26 values of 42.9°, 50.1°,
and 73.8°, representing the (111), (220), and (200) planes of face-
centered-cubic (fcc) copper, respectively, in agreement with the
JCPDS card no. 78-2076. Interestingly, as can be seen from
Fig. 1b, no additional peaks related to impurities were observed,
indicating the high crystallinity of the formed Cu,O-NPs and
Cu-NPs, in good agreement with the UV-vis results.

Raman spectroscopy is a powerful method for the identifi-
cation of the oxidation state of copper.” The Raman spectra of
Cu-NPs, Cu,O-NPs, and CuO-NPs are shown in Fig. S2;1 the Cu-
NPs and Cu,O-NPs have high phase purity and no unintended
phases such as Cu(OH), and CuO. Based on previous
reports,”*3° the observed Raman bands of Cu,O may be
assigned as lattice modes at about 110 cm ™" (E,), 325 em™"
(Azy), 620 cm ™! (T4, TO, LO), and in the vicinity of 525 cm ™" for
the only Raman-active T,, mode. The bands at 225 cm ™' (2E,),
in the range between 400 and 490 cm ™, and at 690 cm ™" were
assigned to multiphonon Raman scattering.”®*" An additional
feature at 180 cm™ ' is a resonant gap mode due to the local
vibrations of Cu on O-sites.?®332 In the case of CuO-NPs, the
Raman spectra show three optical vibrational modes at
289 cm ™' (Ay), 355 cm ™' (Byg), and 633 cm ! (B,).2"** However,
in addition to CuO peaks, Cu,O peaks can also be seen, which
indicate the coexistence of both CuO and Cu,O phases in the
prepared CuO-NPs sample. These results are consistent with the
obtained UV-vis and XRD results. Thus, it can be concluded that
the proposed electrochemical method was efficient for the
design of Cu-based NMs with various phase compositions. This
is critical to the design of appropriate nanostructures for
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improving the performance parameters of the electrochemical
sensors.

To investigate the effect of the copper loading amount on the
MoS, nanosheets on the CAP electrochemical sensing perfor-
mance, Cu-MoS, nanocomposites with various copper loading
amounts were prepared by varying the electrochemical reaction
time. Fig. 2a shows the UV-vis spectra of Cu-MoS, nano-
composites synthesized at different reaction times starting from
30 min to 90 min. It was observed that with the progress of time,
the SPR peak observed at 580 nm was increased with the
increase in the reaction time. Nevertheless, the small red-shift
observed at 90 min may be attributed to the formation of
larger Cu-NPs. As compared with the UV-vis spectrum of the
pure Cu sample, a slight blue shift from 585 to 580 nm was
observed for Cu-MoS, samples, which could be due to the
distribution of smaller Cu-NPs on MoS, nanosheets. The pres-
ence of Cu-NPs over the MoS, nanosheets was analyzed by X-ray
diffraction as described in Fig. 2b. Four characteristic peaks of
MoS, nanosheets appeared at 14.3°, 33.1°, 39.6°, and 58.4°,
corresponding well with the (002), (100), (103), and (110) crystal
planes (JCPDS card no. 77-1716), respectively. The diffraction
peaks for MoS, are shown beside the diffraction peaks of Cu at
26 values of 43.2°, 50.2°, 73.7°, 89.4°, and 94.5°, which were
assigned to (111), (200), (220), (311), and (222) reflections of the
face-centred-cubic (fcc) structure of the metallic copper,
respectively (JCPDS card no. 04-0836). The absorption spectra of
Cu-NPs, MoS, nanosheets, and Cu-MoS, nanocomposites are
given in Fig. S1.} Four characteristic absorption bands of MoS,
nanosheets were observed at 679, 628, 465, and 415 were
referred to as the A, B, C, and D peaks, respectively. The A and B
peaks could be attributed to the characteristic A and B direct
excitonic transitions of MoS, with the energy split from the
valence band spin-orbital coupling.** The C and D peaks were
assigned to the direct excitonic transition of the M point.**
There was one observed absorption peak at 580 nm in the
spectrum of the Cu sample. For the Cu-MoS, nanocomposite
sample, in addition to the four characteristic absorption peaks
of MoS,, the appearance of a new peak at 580 nm confirmed the
formation of Cu nanoparticles on MoS, nanosheets.

The surfaces of Cu-NPs, Cu,O-NPs, CuO-NPs, and Cu-MoS,
modified SPEs were analyzed by scanning electron microscopy

(a)24 ] EomasgeozsEso ] (b) M)  WCu  [04-0836]
] 1 ‘ = = 45min ® MoS, [77-1716
5 20 ...-."'GOmin - 2 [ ]
Ll 1 580 nm =ve+-76 min g
g 1.6+ A ee-comin | T
c e e SN =
@ .- - R ST _
2124 s SalieTeas el ¢
2 4 . AR P SeR oS (200)
G adlloveioele sre e 4 £ o
< 0.8 Sl S,
| e e T s ) 2 loo2) (100)
0.4 —— = * o"ﬁj
T T T T LI LA N B BN B BN B R

Wavelength (nm)

Fig. 2

© 2021 The Author(s). Published by the Royal Society of Chemistry

U YV Simmncy ¥ Ve
400 450 500 550 600 650 700 750 800

10 20 30 40 50 60 70
20 (degree)

80 90 100

(@) UV-vis spectra and (b) X-ray diffraction of Cu-MoS, nanocomposites. Inset photographs of glass vials of reaction mixtures.
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(SEM). All the NMs were decorated on the carbon electrode
surface (see Fig. S37). In the Cu-MoS, sample, the synthesized
Cu-NPs were tightly and seamlessly enclosed by MoS, nano-
sheets, implying that the appearance of sheet structures like
MoS, generated good connectivity to the formed Cu-NPs. By
stacking 0D (Cu-NPs) and 2D (MoS, nanosheets) materials
through non-covalent van der Waals interactions, which do not
exhibit any additional chemical states besides the metallic
contact metal and bulk Mo and S states in MoS,,** homoge-
neous Cu-MoS, heterostructures were prepared. The Cu nuclei
with a strong affinity towards valency-deficient S atoms were
preferentially anchored to the edges and defects of the MoS,
nanosheets, where S atoms act as sites for metal nuclei seeding
and their subsequent growth into bigger nanostructures via
Cu(0) crystal-incorporation.*” The uniform distribution of Cu-
NPs could improve the conductivity, enhance the electron
transfer rate, and expose more active sites to improve the elec-
trochemical sensing performance.

3.2. Electrochemical investigations

3.2.1. Electrode characterization. To further understand
how phase composition and copper loading amount affect the
CAP electrochemical sensing performance, the electrochemical
properties of the modified electrodes were investigated using
CV and EIS measurements in 0.1 M KCIl containing 5 mM
[Fe(CN)sJ> /%~ Fig. 3 shows CV curves of CuO-NPs/SPE, Cu-NPs/
SPE, and Cu,O-NPs/SPE, respectively. A reversible redox peak of
[Fe(CN)]**~ was observed at all modified electrodes, and
under the same conditions, the obtained peak current intensi-
ties were different for each electrode. The remarkable
enhancement of redox peak current was recorded for the Cu,O-
NPs/SPE (126.2 pA), this modified-SPE manifested a higher
current as compared to both Cu-NPs/SPE (121.9 pA) and CuO-
NPs/SPE (110.8 pA). To further evaluate the enhancement of
the current intensity, the electroactive surface area (EASA) value
reflecting the total electrochemically active areas of electrodes
was determined by the Randles-Sevcik equation as follows (25
oc):38

I, =2.69 x 10°4n**D"*Cy'"?

(a) 1804

-0.2 0.0 0.4 0.6

EO'EV)

View Article Online

Paper

where I, (uA) refers to the cathodic and anodic peak current, A
(cm?) is the electroactive surface area of the electrode (EASA), n is
the number of electron transfers in the redox reaction, D (cm?
s~ 1) is the diffusion coefficient, C (mol cm?) is the concen-
tration of [Fe(CN)e]*"*~, and » (V s ) is the scan rate. EASA was
estimated from the graphs of cathodic peak current along with
n=1,D=6.5x10"°cms !, C=5mM, »=0.05Vs !, as listed
in Table S2.f The active surface areas of the Cu,O-NPs/SPE
(0.375 ecm?®) and Cu-NPs/SPE (0.362 cm?) were 1.14-fold and
1.1-fold that of CuO-NPs/SPE (0.329 cm?), respectively. The
results showed that the crystal structure and phase composition
have a strong effect on the electroactivity of the modified elec-
trode. In general, the larger the active surface area, the better
the electrocatalytic performance.*® Cu,O-NPs possess the most
electroactive surface area among the Cu-based NMs; this
suggests that the Cu,O-NPs-modified SPE will exhibit better
electrocatalytic performance as compared to the other two
modified electrodes.

EIS measurements were also employed to assess the changes
in the surface features of the modified electrodes. The impedance
spectra were comprised of semicircles in the higher frequency
regions that represent electron transfer resistance (R.) and the
linear part in the lower frequency corresponds to the diffusion of
ions.* Fig. 3b shows the Nyquist plots of CuO-NPs/SPE, Cu-NPs/
SPE, and Cu,O-NPs/SPE in the supporting electrolyte of 0.1 M
KCl solution, containing 5 mM [Fe(CN)]>"*~ in the frequency
range of 50 kHz to 0.01 Hz with 10 mV amplitude of the AC voltage.
The Randles circuit was used as a fitting model in the EIS analysis
for the interpretation of the impedance spectra (Fig. S471). R, is the
solution resistance, which is dependent on the ionic concentration
and the electrode area; R, is the charge-transfer resistance (R.),
which is inversely proportional to the electron transfer rate, and
dependent on the nature and surface properties of modified nano-
materials; C; is the double-layer capacitance, which is directly related
to the charging and background current; W; is the Warburg imped-
ance, which arises from mass-transfer limitations. For faradaic
processes, particular importance is given to the R.* The R, values of
CuO-NPs, Cu-NPs, and Cu,O-NPs-modified electrodes were 2149,
1642, and 1473 Q, respectively, meaning that Cu,O-NPs/SPE has
better charge transfer efficiency than CuO-NPs/SPE and Cu-NPs/SPE.
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Fig. 3 (a) CV curves and (b) EIS spectra of CuO-NPs, Cu-NPs, and Cu,O-NPs-modified electrodes in 5 mM [Fe(CN)gl>~/4~ solution containing

0.1 M KCL. The scan rate of CV was 50 mV s~ %,
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(@) CV curves and (b) EIS spectra of Cu—MoS,-modified electrodes synthesized at different reaction times: 30 min, 45 min, 60 min, 75 min,

and 90 min in 5 mM [Fe(CN)gl>~/*~ solution containing 0.1 M KCL. The scan rate for CV was 50 mV s %,

This phenomenon is consistent with the CV results and could be
related to the active surface area, electrode transfer, phase composi-
tion, as well as crystallinity, and will be discussed in detail below.

The electrochemical properties of the various Cu-MoS,-
modified SPE electrodes were also investigated by CV and EIS
techniques. Fig. 4a displays the CV results of five SPE electrodes
modified with Cu-MoS, nanocomposites and synthesized at
different reaction times corresponding to the different copper
loading amounts on the surface of MoS, nanosheets. Not
surprisingly, the current increased with an increase in the
amount of Cu-NPs covered on the MoS,/SPE and reached the
maximum at the reaction time of 75 min and then decreased
considerably with the extension of the reaction time. The EASA
value of the Cu-MoS,-modified electrodes increased from 0.346
cm” to 0.404 cm” with the increasing reaction time in the range
from 30 min to 75 min. The lower redox peak current, as well as
the reduction in the EASA value for Cu-MoS,-90/SPE, indicated
that the electron transfer rate for the [Fe(CN)s]>/*~ redox
process was dramatically decreased. This was caused by the
aggregation of Cu-NPs, which decreased the surface area of Cu-
NPs and was well in agreement with the UV-vis results.

The electron transfer properties of different Cu-MosS,-
modified electrodes were also investigated by EIS, as shown in

Fig. 4b. The R, values of the Cu-MoS,-30/SPE, Cu-Mo0S,-45/SPE,
Cu-MoS,-60/SPE, Cu-MoS,-75/SPE, and Cu-MoS,-90/SPE were
894.7,674.3,230.9,181.8, and 251.3 Q, respectively. It was noted
that the R, of Cu-MoS,-75/SPE was smaller than that of all
other modified electrodes, which was consistent with the
recorded CV curves. More interestingly, the Cu-MoS,-75/SPE
provided a higher EASA value and lower R value as compared
to the Cu-NPs, Cu,O-NPs, and even CuO-NPs-modified elec-
trodes. These experimental results suggest that the Cu-MoS,
nanocomposites possess excellent conductivity due to the
synergistic effects of MoS, nanosheets and Cu-NPs resulting in
the enhancement of the electron transfer ability between the
redox probe and the electrode surface.*

3.2.2. The effect of Cu-based nanomaterials with tunable
phase compositions

3.2.2.1 Effect of tunable phase composition. The electro-
chemical performances for the detection of CAP on the modi-
fied electrodes using Cu-based NMs including Cu-NPs, CuO-
NPs, and Cu,O-NPs were investigated via CV measurements
in 0.1 M PBS (pH 7.2) containing 50 uM CAP at a scan rate of
60 mV s~ . Fig. 5a shows the electrochemical behavior of the Cu-
NPs/SPE-modified electrode in 0.1 M PBS in the absence and the
presence of 50 uM CAP. The CV curve of CAP exhibited a sharp

( a) 40 (b) = = = Cu,0/SPE
20
<
3 CuO/SPE
— 201 CulSPE
Cu,0/SPE
-40 - \
Red
-60 O Cu/SPE
T T T T T 1
-1.0 -0.8 -0.6 -04 -0.2 0.0
E(V)

Fig. 5

(a) CV recorded on Cu-NPs/SPE using in 0.1 M PBS (pH 7.2) and PBS (pH 7.2) containing 50 uM CAP. (b) CV curves of CuO-NPs, Cu-NPs,

and Cu,O-NPs-modified electrodes using 0.1 M PBS (pH 7.2) in 50 uM of CAP; the inset shows the corresponding bar chart diagram of irre-

versible reduction peak current responses for CAP. The scan rate is 60 mV s
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and broad irreversible reduction peak at —0.8 V, corresponding
to the direct reduction of the nitro group (-NO,) to hydroxyl-
amine group (-NHOH) in CAP molecules with four electrons
(eqn (1)).*>** A pair of reversible redox peaks was observed in the
potential range of —0.26 V and —0.14 V, corresponding to the
reduction of the nitroso derivative into hydroxylamine and vice
versa via the redox reaction process of the two electrons and two
hydrogen ions (eqn (2)). This is consistent with many previous
reports for the electrochemical reduction process of CAP
occurring at the electrode surface.*®****° In both cases, with and
without the presence of CAP, the reduction peak at around
—0.4Vto —0.5 V could be ascribed to the irreversible reduction
of residual hydroxyl or other functional groups on the
commercial SPE surface.*

R-NO, + 4e~ + 4H" - R-NHOH + H,0 (Redno,) 6))]

R-NHOH < R-NO + 2e~ + 2H" (Oxi;/Red,) 2

Fig. 5b shows the CV curves of CuO-NPs, Cu-NPs, and Cu,O-
NPs modified electrodes in 50 pM of CAP and the corresponding
bar chart diagram of the irreversible reduction peak current
responses for CAP. Two irreversible and sharp reduction peaks
were recorded at the CuO-NPs/SPE and Cu,O-NPs/SPE as the
reduction process of CAP at the potential of —0.82 V; mean-
while, for Cu-NPs/SPE, this peak was observed at a lower
negative potential value of around —0.8 V. This phenomenon
was obvious when comparing the conductivity of a metallic
conductor (Cu-NPs) and semiconductors (Cu,O-NPs and CuO-
NPs); Cu-NPs could remarkably promote the electron transfer
of CAP on the electrode owing to its excellent electrical
conductibility. Nevertheless, the calculated results show that
the peak current intensity value for Cu,O-NPs/SPE was higher as
compared CuO-NPs/SPE and Cu-NPs/SPE electrodes (Fig. 5b
inset). The utilization of Cu-NPs/SPE enhanced the electronic
conductivity, however, it is clear that the electroactive surface
area, the adsorption capacity, as well as electrocatalytic effi-
ciency are also important factors affecting the electrochemical
performance. These results are consistent with the CV
measurements in [Fe(CN)s]* ™ and the calculated results for
EASA and R, showing that the Cu,O-NPs/SPE exhibited higher
sensitivity towards the reduction of CAP. Therefore, all the
modified electrodes (i.e. CuO-NPs/SPE, Cu-NPs/SPE, and Cu,O-
NPs/SPE) will be further investigated to gain insight into the
effect of Cu-based NMs with different phase compositions on
the CAP electrochemical sensing performance.

3.2.2.2 The effects of scan rate, pH, and amount of NPs loading
on the SPE electrode. The electrochemical behaviors of Cu-NPs-
and Cu,O-NPs-modified electrodes were examined by CV in
0.1 M PBS containing 50 pM of CAP by applying various scan
rates from 10 to 60 mV s~ (Fig. S5(a and b)t). It was seen that at
both electrodes, the increase in scan rate resulted in increases
in the anodic and cathodic peak currents. Furthermore, the
cathodic peak potential of CAP slightly shifted to the negative
potential side when the scan rate increased. The shifting of the
cathodic peak potential of CAP towards the negative direction is

30550 | RSC Adv, 2021, 11, 30544-30559
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due to a decrease in the size of the diffusion layer at faster scan
rates.*® The calibration plots were drawn between the irrevers-
ible reduction peak current of CAP versus the scan rate of Cu,O-
NPs/SPE, Cu-NPs/SPE, were shown in Fig. S5(d and e),f
respectively. The plot of peak current versus scan rate presented
a good level of linearity, corresponding to the linear regression
equations: I, (HA) = 0.281y (mV s~ ') + 2.153 (R* = 0.99) (Cu,O-
NPS/SPE); I, (1A) = 0.2297 (mV s~ ') + 2.468 (R> = 0.99) (Cu-NPs/
SPE). This implies that the electrochemical behaviors of Cu-NPs
and Cu,O-NPs-modified SPEs were adsorption-controlled
processes, not diffusion-controlled processes towards CAP.***

The buffer pH value is one of the vital parameters that
significantly affect the activity of the electrochemical sensor.*®
The influence of buffer pH on the electrochemical responses of
Cu-NPs/SPE and Cu,O-NPs/SPE towards 50 uM CAP in the 0.1 M
PBS was investigated in the range from pH 3 to pH 11, as shown
in Fig. S6.7 The DPV curves revealed that the reduction peak
potential of CAP was shifted to negative potential with
increasing the pH value. As can be observed, the reduction peak
current of CAP increased as the pH increased from 3 to 5, and
the highest peak current was seen at pH 5 for all electrodes. The
decreases in the peak current beyond pH 5 were recorded.
Furthermore, plot of peak potential versus pH presented a good
level of linearity, corresponding to the linear regression equa-
tions: Ep, (V) = —0.0266pH — 0.4172 (R* = 0.996) (Cu,O-NPs/
SPE); Ep, (V) = —0.0318pH — 0.4012 (R* = 0.997) (Cu-NPs/
SPE). Hence, pH 5 was chosen as the optimized pH for further
electrochemical measurements of CuO-NPs, Cu-NPs, and Cu,O-
NPs-modified SPEs. The values of the slope of —31.8 mV pH ™"
and —26.6 mV pH™ ' were different from the value —59 mv pH ™"
for the reversible case, indicating the irreversibility of the peaks.

To optimize the conditions for the loading of functional NMs
on the SPEs, the electrochemical response of Cu,O-NPs/SPE and
Cu-NPs/SPE with the various volumes from 2 to 10 pL were
conducted by using the DPV technique in the 0.1 M PBS con-
taining 50 uM CAP at a scan rate of 6 mV s~ * (see Fig. S7(a and
b)t). For the modified electrodes, the reduction peak currents of
CAP increased significantly with increasing the modifier
amount up to 6 pL. The peak current gradually decreased with
further increases in the modifier amount. Hence, similar to the
pH parameters, the most appropriate loading amount was
chosen as 6 pL for CuO-NPs/SPE, Cu-NPs/SPE, and Cu,O-NPs/
SPE for further electrochemical experiments of CAP detection.

3.2.2.3 Calibration curve. DPV is a differential technique
that is immune to residual current and can be used to detect
and quantify the analytes at trace levels in analytical applica-
tions.” Thus, DPV was used to determine the sensitivity, linear
concentration range, and limit of detection towards CAP.
Fig. 6a-c show the DPV curves of the different CAP concentra-
tions on CuO-NPs/SPE, Cu-NPs/SPE, and Cu,O-NPs/SPE under
the optimized experimental conditions, respectively. As can be
observed, when the concentration of the CAP increased, the
peak currents also increased and their potentials slightly shif-
ted to the more negative values at all three modified electrodes.
This phenomenon could be attributed to the involvement of
protons and the change in the pH value around the electrode
interface. The H' concentration is considered as the major

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DPV curves of CuO-NPs/SPE (a), Cu-NPs/SPE (b), and Cu,O-NPs/SPE (c) in 0.1 M PBS (pH 5) containing CAP (1-50 uM) at a scan rate of
6mvVs? corresponding to the calibration plots between peak current vs. various concentrations of CAP (d—f), along with error bars.

cause of a decrease in the vicinity of the working electrode, and
leads to a slight shift in the peak potential of CAP.** In partic-
ular, the lowest detectable CAP concentration, sensitivity,
repeatability, as well as LOD were different for the different
modified electrodes, as shown in Table 1. Both CuO-NPs/SPE
and Cu-NPs/SPE exhibited linear ranges in the concentration
range of 2.5 to 50 puM, while Cu,O-NPs/SPE with the higher
electroactive surface area (higher EASA value) and the electron
transfer enhancement (lower R.) showed a wider linear range in
the concentration range of 1 to 50 pM. Accordingly, the cali-
bration plots were constructed using the DPV peak current
response, as shown in Fig. 6d-f corresponding to CuO-NPs/SPE,
Cu-NPs/SPE, and Cu,O-NPs/SPE with the coefficient of correla-
tion R* being more than 0.99. The electrochemical sensitivities
of CuO-NPs/SPE and Cu-NPs/SPE towards the reduction of CAP
were calculated to be 0.141 pA uM™' and 0.17 pA puM*,
respectively; the limits of detection (LOD) were determined to
be 0.45 pM and 0.25 uM, respectively, using the standard
formula: LOD = 3Sp/S (where Sp, is the standard deviation, S is
the slope value). Notably, the Cu,O-NPs/SPE exhibited the highest
sensitivity towards the reduction of CAP at 0.177 pA uM ™, and the

LOD was estimated to be 0.23 uM. The Cu,O-NPs/SPE achieved
a wider linear range, lower detection limit, and better electro-
chemical sensitivity for the determination of CAP than CuO-NPs/
SPE and Cu-NPs/SPE because of the remarkable improvement in
the electron transfer through the interface of the electrode/
electrolyte solution and its benefit in the electrochemical reduc-
tion of CAP. The obtained results show that the crystal phase could
significantly affect the electrode processes, which was a critical
factor for improving the sensing performance.

3.2.3. The effect of copper loading amount on the perfor-
mance of the Cu-MoS, nanocomposites-based electrochemical
sensor

3.2.3.1 The effect of copper loading amount on the surface of
MoS, nanosheets. The electrochemical responses of modified
and un-modified SPEs for CAP were determined by CV. Fig. 7a
shows the electrochemical behavior of CAP on the bare SPE and
different modified electrodes such as Cu-NPs/SPE and Cu-
MoS,/SPE in 0.1 M PBS (pH 7.2) at a scan rate of 60 mV s '
containing 50 pM CAP. The reduction peak potentials of CAP at
the bare SPE and Cu-NPs/SPE electrodes were measured to be
—0.795 V and —0.8 V, slowly shifting to the more negative

Table1 A comparison of the characteristic parameters of CAP electrochemical sensors using CuO-NPs/SPE, Cu-NPs/SPE, and Cu,O-NPs/SPE

Modified electrodes EASA (cm?) Rt (Q) Sensitivity (uA uM 1) Linear range (uM) LOD (uM)
CuO-NPs 0.329 2149 0.141 2.5-50 0.45
Cu-NPs 0.362 1642 0.17 2.5-50 0.25
Cu,O-NPs 0.375 1473 0.177 1-50 0.23
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bar chart diagram of irreversible reduction peak current responses for CAP. The scan rate is 60 mV s

potential range. The Cu-NPs/SPE offered a higher peak current
as compared to the bare SPE, which was attributed to the
excellent electrical conductivity of copper, especially at the nano-
scale. More interestingly, Cu-NPs in combination with MoS, to
modify SPE showed the highest peak current at the lowest negative
potential of —0.76 V. Furthermore, the reduction peak current
response of CAP at Cu-MoS,/SPE (22.6 pA) was 1.36-fold and 3.42-
fold higher as compared to Cu-NPs/SPE (16.6 pA) and bare SPE (6.6
pA), respectively. The shift of the anodic peak to a more negative
potential and a higher current response revealed that the Cu-MoS,/
SPE was an effective promoter to enhance the kinetics of the elec-
trochemical process of CAP, suggesting the pronounced electro-
catalytic activity of these nanocomposites for the CAP reduction.
MoS, is known as a material with excellent electrocatalytic activity,
however, the poor electrical conductivity significantly restricts its
applications.* Meanwhile, Cu-NPs are an outstanding conductive
nanomaterial. The combination of MoS, and Cu-NPs could take
their inherent advantages in their properties to enhance the
adsorption capacity, conductivity, as well as electrocatalytic activity,
resulting in performance improvement in the determination of CAP.

To investigate the effect of the copper loading amount on
MoS, nanosheets on the CAP electrochemical sensing perfor-
mance, the CAP electrochemical responses of SPEs modified
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(a) CV responses at the bare SPE, Cu-NPs/SPE, and Cu—MoS,/SPE in 0.1 M PBS (pH 7.2) containing 50 uM CAP, and (b) the corresponding

-1

with Cu-MoS, nanocomposites synthesized at various reaction
times were considered. In the electrochemical synthesis
method, the increase in the reaction time was similar to that of
the increase in the copper coating amount on the MoS, nano-
sheets. The influence of the copper loading amount on MoS,
nanosheets on the current and potential of the reduction peak
of CAP is displayed in Fig. 8a. With the progress of reaction
time, more and more Cu-NPs were formed, resulting in
a remarkable change in the peak potential value as well as peak
current. As described in Fig. 8b, the calculated results show that
the peak current rapidly increased as the reaction time
increased and reached a maximum after 75 min. Unfortunately,
the current response of CAP decreased with a further increase in
the copper loading amount. To explain this, when the reaction
time reached 90 minutes, the greater agglomeration of the
formed Cu-NPs on MoS, nanosheets led to a decrease in active
sites and lower electron transfer within the electrode. This not
only reduced detection performance but also led to the easy
peeling of the electrode surface during operation. These results
were consistent with the UV-vis results and CV measurements in
[Fe(CN)e]>"*~, corresponding to the calculated results for EASA
values and EIS spectra. This implies that the synergistic effect of
MoS, nanosheets with the large surface area, excellent

T T T T
30 45 60 75 90

Reaction time (min)

Fig. 8 DPVs recorded on Cu—MoS, modified electrodes with various reaction times using in 0.1 M PBS (pH 7.2) containing 50 uM CAP (a); the
plots of peak current vs. reaction time (b) with error bars. The scan rate is 6 mV s .
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electrocatalytic activity and Cu-NPs with wonderful electrical
conductivity resulted in enhanced electrochemical perfor-
mance. The results also show that the rational design of the
copper loading amount on the MoS, nanosheets was critical to
the electrochemical activity of Cu-MoS, nanocomposites.

3.2.3.2 The effects of scan rate, pH, and amount of nano-
composites on the SPE electrode. The effect of scan rate on Cu-
MoS,-75-modified SPE towards CAP was examined by CV in
0.1 M PBS (pH 7.2) containing 50 uM of CAP by applying various
scan rates from 10 to 60 mV s~ ' (Fig. S5(c)t). It was observed
that the reduction peak of CAP slightly shifted to the negative
potential side and the peak current increased linearly as the
scan rate increased. The calibration plot between reduction
peak current and scan rate is shown in Fig. S5(f).1 The linear
regression equation of I, (HA) = 0.355» (mV s~ ) + 1.079 (nA)
with correlation coefficient of R> = 0.984 suggests that the
electrochemical reduction of CAP at the Cu-MoS,-75-modified
SPE was an adsorption-controlled process.

The influence of pH value on the electrochemical response of
CAP at Cu-MoS,-75/SPE was investigated in the range of pH 3-11
(Fig. S6(c)t). The DPV curves indicated that the peak potential
shifted towards the negative direction when the pH increased from
3 to 11. As shown in Fig. S6(f),T the CAP reduction peak current
increased as the pH increased from 3 to 5 and then progressively
decreased as the pH of the solution increased. The suitable value
of pH 5 was chosen to obtain the highest current in the further
electrochemical measurement of CAP. The plot between different
pH and peak potentials exhibited good linearity (R” = 0.998), with
the regression equation of Ep, (V) = —0.0324pH — 0.3618. The
value of the slope of —32.4 mV pH ™' was different from the value
—59 mV pH " for the reversible case, showing the irreversibility of
the peaks.

We have investigated the optimized conditions of the
loading amounts of Cu-MoS,-75 nanocomposites on SPE with
various volumes from 2 to 10 pL (Fig. S7(c)t). The calculated
results show that the current response of CAP rapidly increased
with increasing the modifier amounts of Cu-MoS,-75 nano-
composites and reached a maximum of 6 pL. The reason could
be that the superfluous Cu-MoS, was densely packed, leading to

View Article Online
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the formation of a thick film on the electrode, hindering the
electron transfer. Therefore, we chose 6 uL of Cu-Mo0S,-75 as the
optimum modifier amount to investigate their electrochemical
performance for CAP detection in more detail.

3.2.3.3 Calibration curve. Under optimum conditions, the
quantitative electrochemical detection of CAP by the as-
prepared Cu-MoS, was conducted via DPV measurements as
shown in Fig. 9a. As can be observed, the cathodic peak current
of CAP was increased with the increasing concentration of CAP
in the range from 0.5 to 50 uM. The reduction peak current was
linearly proportional to the CAP concentration with correlation
coefficient R* = 0.99 (Fig. 9b). The electrochemical sensitivity of
Cu-MoS,-75/SPE was calculated to be about 1.74 pA uM~* cm ™2
and the detection limit was estimated to be 0.19 uM. When
comparing the characteristic parameters of these electro-
chemical sensors, the Cu-MoS,-75/SPE achieved lower detect-
able concentration, lower LOD, and better sensitivity for the
determination of CAP than CuO-NPs/SPE, Cu,O-NPs/SPE, and
Cu-NPs/SPE. The reason might be that the employment of Cu-
MoS, nanocomposites could significantly increase the adsorp-
tion efficiency, electrical conductivity, and the effective surface
area of the SPE electrodes. These results were consistent with
the calculated results for EASA and R, values, which was due to
the excellent synergistic effect of the nanocomposites such as
a better voltammetric response, high active surface area, and
enhanced electron transfer, as well as good electrocatalytic
activity.*>*°

3.2.4. Selectivity, repeatability, stability studies, and real
sample analysis of the proposed electrochemical sensors. The
selectivity of the developed sensors was examined by the
simultaneous addition of possible interfering compounds and
ions such as glucose, ascorbic acid, 4-nitrophenol, amoxicillin
(AMX), K*, Na*, Ni**, Fe**, Zn®**, Ag~, Cl~, and NO;~ to a 50 uM
CAP standard solution. The tested results are given as a bar
chart diagram in Fig. S8.f As shown in the figure, all three
modified electrodes have delivered excellent current responses
towards CAP in the presence of interfering substances at 10-fold
concentrations, except for AMX. The reduction peak potential of
CAP remained, while AMX showed 17, 22, and 23% of signals

(a) s

y =0.21848x + 0.13635
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10 4
<
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A
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Fig. 9 (a) DPV curves of Cu-MoS,-75/SPE in 0.1 M PBS (pH 5) containing CAP (0.5-50 uM) at a scan rate of 6 mV s~ corresponding to the
calibration plots of the peak current vs. various concentrations of CAP (b) along with error bars.
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Table 2 Analysis of CAP in honey and milk samples using Cu,O-NPs,
Cu-NPs, and Cu-MoS,-modified electrodes as electrochemical
sensors (n = 3)

Spiked Recovery
Electrodes Sample (uM) Found (uM) (%) RSD (%)"
Cu,O Honey 5 4.3 85.6 3.1
10 9.7 97 3
20 19.1 95.7 3.7
Milk 5 4.9 97.8 3.5
10 9.5 95.1 2.3
20 19.7 98.3 1.2
Cu Honey 5 4.6 92.9 4.1
10 9.5 95 1.8
20 19.8 98.8 4.6
Milk 5 4.7 94.3 5.4
10 9.6 96.2 1.1
20 19.9 99.5 4
Cu-MoS, Honey 5 4.9 97.5 2.2
10 9.9 99 3.4
20 19.8 98.7 3.3
Milk 5 5.1 101.4 3.3
10 10.2 102.4 3.0
20 20.22 101.1 3.3

(percentage concerning CAP signal) for Cu,O-NPs/SPE, Cu-NPs/
SPE, and Cu-MoS,-75/SPE, respectively. This is mainly due to the
high affinity of sulfur atoms for copper, as well as the chelation
between the copper atom and the N atoms from the amino group
of AMX,**> which could cause the changes in the effective surface
area of the Cu-based NMs-modified electrodes. Therefore, AMX
and structurally similar compounds such as ampicillin, penicillin
G, ceftazidime, cefadroxil, cefuroxime, etc., may influence the CAP
analytical performance of Cu-based electrochemical sensors. Thus,
AMX should be separated before the detection of CAP for quanti-
tative analytical purposes, and for rapid and on-site detection, the
interference of AMX could be overlooked.

In order to study the repeatability of the modified electrodes,
ten repeated DPV measurements were performed towards the
determination of CAP (40 uM) on the same electrode under the
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same conditions (Fig. S91). The reduction current for CAP at
Cu,O-NPs/SPE, Cu-NPs/SPE, and Cu-MoS,-75/SPE showed
appreciable repeatability with relative standard deviation (RSD)
values of 0.31, 0.24, and 0.19%, respectively. The long-term
storage stability of the modified electrodes was also investi-
gated by evaluating their responses to the CAP reduction after
storage for 14 and 30 days at room temperature. As can be seen
in Fig. S10,T the Cu-NPs/SPE, CuO-NPs/SPE, and Cu-MoS,/SPE
still retained 83.4, 86, and 89.6% of their initial current
responses after being stored for 30 days, respectively, indicating
the capability for long-term storage and the operational stability
of the proposed sensors. Unfortunately, it should be empha-
sized that for the Cu,O-NPs-modified electrode, the current
response retained only 70.8% of its initial response after 30
days. The major decline of the initial reduction current of Cu,O-
NPs/SPE can be mainly attributed to the susceptibility to
oxidation of Cu,O; accordingly, further research is needed to
enhance the stability of the electrode after working for 1 month.

The practical feasibilities of the developed electrochemical
sensors were investigated for the determination of certain
concentrations of CAP in food samples, including milk and honey
samples. The spiked CAP concentrations were 5, 10, and 20 pM.
According to the obtained DPV curves, the ultimate concentration
of CAP was calculated following the regression equation of the
calibration curves. The obtained results are summarized in Table
2. For the Cu,O-NPs/SPE and Cu-NPs/SPE, the average recoveries
were in the range of 85.6% to 98.3%, and 92.9% to 99.5%, with the
RSD values within 3.7% and 5.4%, respectively (n = 3). In contrast,
Cu-MoS,/SPE exhibited greater accuracy and stability with the
average recoveries in the range from 98.7% to 102.4%, and the RSD
was less than 3.3%. These results demonstrate that the developed
electrochemical sensors using Cu,O-NPs, Cu-NPs, and Cu-MoS,
nanocomposites had good practical applicability for CAP deter-
mination in milk and honey samples.

3.3. Discussion

For the nanostructured electrochemical sensors, the rational
design of NMs plays an important role in improving the

Table 3 Comparative study of the performance of various modified electrodes for CAP electrochemical detection®

Modified electrodes Techniques Analytical ranges (uM) Limit of detection (uM) Ref.
C0;0,@rGO/GCE DPV 2-2000 1.16 44
Sr-ZnO@rGO/SPE LSV 0.19-2847.3 0.131 63
Fe;0,~CMC@AuNPs/GCE SWV 2.5-25 0.066 64
CuNPs@CNTs/MIP/GCE Ccv 10-500 10 65
AuNPs-N doped graphene/GCE LSV 2-80 0.59 47
AuNPs-GO/GCE Amperometry 1.5-2.95 0.25 48
MoS,/polyaniline/CPE DPV 0.1-1000 0.065 66
MoS,-GO/SPE DPV 0.1-50 0.05 43
CuO/SPE DPV 1-50 0.45 This work
Cu,O/SPE DPV 1-50 0.23

Cu/SPE DPV 2.5-50 0.25

CuNPs-MoS,/SPE DPV 0.5-50 0.19

4 SWV: square-wave voltammograms; GCE: glassy carbon electrode; MIP:

carbon paste electrode.
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analytical performance of electrochemical sensors. From the
perspective of the structure-property-performance relation-
ships, the analytical performance of electrochemical sensors
using NMs can be controlled by changing the factors that
decisively affect their conductivity, electrocatalytic activity, and
adsorption efficiency, such as structure morphology, dimen-
sionality, crystal phase, and composition. In this study, three
Cu-based NMs, including CuO-NPs, Cu-NPs, and Cu,O-NPs,
were designed to investigate the roles of copper phase compo-
sition on the electrochemical sensing performance of CAP. The
orders of the EASA values and R, values were Cu,O-NPs/SPE >
Cu-NPs/SPE > CuO-NPs/SPE and Cu,O-NPs/SPE < Cu-NPs/SPE <
CuO-NPs/SPE, respectively. Generally, a higher electroactive
surface area leads to a better adsorption efficiency and is vital
for enhancing the electrochemical performance. Cu,O-NPs/SPE
showed enhanced electrochemical activity due to abundantly
available adsorption and/or deposition sites, good electron
transfer through the interface of electrode/electrolyte solution,
facilitating the charge transferability to the analyte. This can be
explained in terms of phase purity, crystallinity, and resistivity.
Both CuO and Cu,O are p-type semiconductors, thus the
conduction arises from the presence of holes in the valence
band.**** However, unlike CuO, the top states of the valence
band in Cu,O-NPs are derived from the fully occupied Cu 3d*°
states, which are not localized (more mobile) when converted
into holes.* The formation of Cu vacancies is an often-stated
mechanism for the origin of p-type conductivity in Cu,O-NPs;
the hole carriers in Cu,O-NPs crystalline structures are gener-
ated by Cu-vacancies.>****” Some reports have also studied the
effects of phase composition and crystallinity on the resistivity
of different types of copper oxide. Figueiredo et al.>® observed
that during the conversion from Cu,O to CuO, the formation of
the mixed Cu,0-CuO phase was accompanied by an increase in
resistivity. Recently, Valladares et al.> reported a difference in
the resistivity of the samples with the coexistence of CuO and
Cu,O phases. The authors indicated that in the sample with the

o® CV eo-
:;og 0
Copper Cuprous oxide Cupric oxide 3. o
N .s
+ Large electroactive surface area — 30 6.6 A Cu,0

+ Accelerate electron transfer

Chloramphenicol
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dominant CuO phase containing a small amount of Cu,O, the
CuO sites probably acted as electrically neutral defects, which
replaced the electrically active Cu vacancies, resulting in the
increased electrical resistivity.®® These results were suitable for
the obtained experimental results in our report observed for the
CuO sample; the coexistence of the side Cu,O phase was
observed from the XRD pattern, which significantly decreased
its electrical conductivity, leading to reduced electrochemical
performance. From the XRD and electrochemical analysis
results, it can be seen that the single-phase feature with the high
crystallinity of Cu and Cu,O was the major cause of a decrease
in the resistivity, suggesting that crystallization might also
contribute to the electrical characteristics of the modified
electrode. The positive impacts of single-phase Cu and Cu,O
NMs on conductivity are in good agreement with the electrical
behaviors of copper and copper oxide reported by other
authors.”®**% Moreover, Cu,O-NPs with Cu” ion centers can
effectively catalyze the reduction of antibiotics."® Based on the
obtained electrochemical results, we found that the phase
composition and crystallinity of these Cu-based NMs strongly
affected the electron transfer, which were critical factors in
improving the CAP electrochemical sensing performance.

The many previous studies indicated that the nanohybrids/
nanocomposites exhibited synergistic effects, which not only
resolved the drawbacks of the single component but also resulted in
better performance.* There are two main disadvantages to the
practical application of pure MoS, like poor charge mobility and low
activity, which are attributed to strong van der Waals interactions
existing among the lamellar crystals and the relatively low electronic
conductivity between two adjacent S-Mo-S layers.*** However, the
defects and edges on MoS, containing partially unbound sulfur can
act as decorated sites for supporting metal NPs,”” thus achieving
amplified signals and increasing the performance of electro-
chemical sensors.**® The hybrid of Cu-NPs and MoS, nanosheets
can improve the electroactive surface area, and prevent the oxidation
and self-agglomeration of Cu-NPs. Accordingly, the EASA value of

!m' 16.6 pA
18.9 ,AA/: \

137 A , 22.6 pA

T T T T T T
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Fig. 10 The proposed mechanism of the electrochemical sensing performance for CAP using SPE electrode modified with Cu-based NMs such

as CuO-NPs, Cu-NPs, Cu,O-NPs, and Cu—-MoS, nanocomposites.
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Cu-MoS,/SPE was higher than that of Cu,O-NPs/SPE, Cu-NPs/SPE,
and CuO-NPs/SPE. As a result, Cu-MoS,-modified electrodes
exhibited a wider linear range (lower detectable concentration),
a lower limit of detection, and better sensitivity for the determina-
tion of CAP than Cu,O-NPs/SPE, Cu-NPs/SPE, and CuO-NPs/SPE.
The changes in the copper loading amount on the MoS, nano-
sheets directly varied the electronic and surface properties of Cu-
MoS, nanocomposites, which strongly affected the electrode
processes. The rational design of Cu-NPs amount on the MoS,
nanosheets significantly reduced the charge transfer resistance and
thus improved the electron transfer, which helped to enhance the
electrochemical response and lower the detection limit. Our results
also suggested that the combination of the advantageous charac-
teristics of MoS, and Cu-NPs provided more electroactive sites,
facilitated the electron transfer, and enhanced the absorption of
CAP on the electrode surface, resulting in the improvement of the
electrochemical sensing performance of CAP. The comparison of
the analytical parameters of our proposed sensors with various
electrochemical sensors for the CAP detection is summarized in
Table 3, which indicated that the Cu-MoS,/SPE afforded good
sensitivity and reliability with wide detection ranges. These results
show that the proposed electrochemical sensors are suitable and
economically efficient for the analysis of CAP, as well as other
antibiotics in food samples (Fig. 10).

4. Conclusions

We have demonstrated the effects of phase composition and
copper loading amount on the MoS, nanosheets on the CAP
analytical performance of Cu-MoS, nanocomposites-based elec-
trochemical sensors. Electrochemical performance analyses
revealed that Cu-NPs and Cu,O-NPs displayed a higher CAP
analytical performance than CuO-NPs in the following order Cu,O-
NPs > Cu-NPs > CuO-NPs. Our results also showed the importance
of the rational design of copper loading amount on the MoS,
nanosheets for the electrochemical response enhancement of CAP
(up to ~1.3 times enhancement in the electrochemical response
signal). Under optimized conditions, the Cu-MoS,
nanocomposites-based CAP electrochemical sensor reached an
electrochemical sensitivity of 1.74 pA uM ™" ecm™? with a LOD of
0.19 pM in the detection range from 0.5-50 pM. The designed
electrochemical sensor exhibited high stability, satisfactory anti-
interference ability, and admirable recovery results in milk and
honey analysis. These excellent findings show that Cu-MosS,
nanocomposites offer great promise for the design and develop-
ment of high-performance electrochemical sensors to detect
residual antibiotics in food samples.
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