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ABSTRACT: Control and detection of sunset yellow (SY) are an utmost demanding issue due to its high risk of detrimental effects
on living systems caused by excessive ingestion. In this study, we reported the synthesis of Cu@Cu2O nanoparticle-decorated B and
N codoped porous carbon (BNPC) and its use in developing a novel electrochemical sensor for SY. The Cu@Cu2O-BNPC catalyst
was fabricated through single-step polymerization, followed by carbonization. Scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy characterization results showed that Cu@Cu2O anchored on
the porous BNPC successfully. Compared with the BNPC-modified electrode, it was found that the Cu@Cu2O-BNPC-modified
electrode showed superior electrocatalytic activity in both electrochemical impedance spectroscopy and cyclic voltammetry tests.
The as-prepared Cu@Cu2O-BNPC catalyst directly acted as a sensor for amperometric detection of SY without further assembling,
which exhibited an ultrahigh sensitivity of 0.09 μA nM−1 cm−2, a low limit of detection (2.4 nM), and a wide linear detection ranging
from 10 nM to 8 μM. To further validate its possible application, the proposed method was successfully used for the determination
of SY in Fanta drinks with satisfactory results.

■ INTRODUCTION
Porous carbon, a kind of carbon nanomaterial with diversified
pore structures, is currently attracting a great amount of
interest due to its exceptional performance advantages of large
surface area, high electrical conductivity, excellent biocompat-
ibility, and chemical stability.1−3 These characteristics make
porous carbon a highly trusted candidate material in sensors,4

batteries,5 supercapacitors,6 eletrocatalysis,7 and so on.
Especially in the fields of electrochemical sensors and
biosensors with high sensitivity, rapid detection speed, and
low operating cost, porous carbon possesses great application
potential.8−10 Moreover, the unique porous structure of porous
carbons has made them a good substrate for loading metal
nanoparticles and/or metal oxides.11,12 Jia et al. proposed the
introduction of Ni nanoparticles into porous mesoporous
carbon nanorods.13 The characterization experiment showed
that Ni nanoparticles were uniformly dispersed in the carbon
nanorods successfully with enhanced surface area and pore
volume. Dong et al. developed a ZnO-loaded porous carbon
matrix via simple thermolysis of metal−organic frameworks

(MOFs).14 After ZnO loading, the compound material had a
larger surface area and better conductivity.14,15 Using three
different Zn-based MOFs as precursors, Hussain et al. also
obtained porous ZnO/C nanocomposites with more structural
defects and higher conductivity.16 Thus, the comprehensive
performance has been improved greatly in the application of
the electrochemical immunosensor for detecting C-reactive
proteins. The above results suggest that embedding metal
nanoparticles and/or metal oxides on porous carbon materials
is a feasible strategy to obtain new nanocomposites with
superior electrochemical performance. The distinct features
such as fast electron mobility, relatively higher surface area, and
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unique electrochemical capability of copper (Cu) and its oxide
(Cu2O) nanoparticles have rapidly attracted our attention.17,18

Recently, Li et al. prepared Cu2O/Cu@porous carbon
composites via anchoring Cu2O/Cu in the porous carbon
framework. Due to the doping of Cu2O/Cu, this composite
possessed abundant active reaction sites and exhibited a larger
surface area of catalyst and higher catalytic activity.19 It is
worth noting that the unique structural characteristics of
porous carbon can prevent the agglomeration of copper (Cu)
and its oxide (Cu2O). In addition, the composite structure
formed by porous carbon and doped nanoparticles is beneficial
to increase the effective contact area between the analyte and
the electrode surface.20

Although pure carbon materials have achieved great success
in electrochemical applications,21,22 previous studies have
demonstrated that chemical doping can change the spin
density and charge distribution of adjacent carbon atoms and
further elevate the physical and chemical activities of
heteroatom-doped porous carbon materials.23,24 Yang et al.
used N, Cl codoped fluorescent carbon dots (FCDs) to detect
tartrazine in beverages. Compared with pure carbon dots, N,
Cl-FCDs resulted in a dramatic improvement in the
fluorescence properties and surface physical chemical proper-
ties.25 Liu et al. introduced nitrogen and phosphorus into the
carbon lattice of porous carbon materials. The synergistic effect
between the N atom and the P atom in the carbon matrix can
significantly promote the sensor performances in conductivity
and activity.26 The above examples exhibited that heteroatoms
can enhance the sensing properties of carbon by modifying
carbon materials directly. Among various kinds of heteroatom-
doped composites, electron-deficient B and electron-rich N-
doped porous carbons have a tremendous future in electrical
sensors.27 The conjugated structure formed by the B, N
bonding configuration and porous carbon can ameliorate the
electrochemical properties of carbon-based compounds.28

Furthermore, the abundant active sites on the surface of the
B, N codoped carbon nanocomposites are conductive to
further improving the activity of the catalysts.
In food processing, synthetic dyes are often added to color

food due to their good stability in light, temperature, and pH
and low price.29,30 Sunset yellow (SY) is a typical artificial
colorant that contains an azo group, which can not only
achieve ideal colors but also improve the texture of foods when
employed in fruit juices, cakes, sodas, cheese sauces, ice
creams, canned fish, and spicy snacks.31 Given its large number
of azo (N�N) functional groups and an aromatic ring
structure, the excessive intake of SY can potentially cause many
adverse health effects, including allergies, eczema, migraine
headaches, asthma, anxiety, and possibly cancer.32,33 Hence, it
is significant to perform quantitative studies of SY in food
products.
This study reports the advantageous features of porous

carbon, heteroatom, and copper (Cu) and its oxide (Cu2O)
nanoparticles and fabrication of an electrochemical sensing
platform (Cu@Cu2O-BNPC/GCE) to detect SY. Compared
with the sensor only made of porous carbon-based materials,
the electrochemical performance of the Cu@Cu2O-BNPC/
GCE sensor was impressively improved. In addition,
accumulation time, accumulation potential, amount of Cu@
Cu2O-BNPC suspension, and pH were optimized, and the
electrochemical reaction mechanism for SY was described in
detail. Finally, this novel sensor was successfully applied for
determining SY in actual sample of food products to ensure

food safety, with cost and performance superior to that
achieved using other compound materials.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Boric acid (H3BO3), aniline,

ammonium persulfate (APS), and copper nitrate trihydrate
(Cu(NO3)2·3H2O) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. The aniline monomer
purchased from E. Merck was purified by vacuum distillation
before polymerization. SY, tartrazine, amaranth, brilliant blue
G, quinoline yellow, sucrose, saccharin, glucose, vitamin C,
oxalate, and sodium citrate were purchased from Sigma-Aldrich
Co., Ltd. Phosphate buffer solution (PBS) was obtained via
mixing different amounts of equimolar aqueous solutions of
disodium hydrogen phosphate dodecahydrate (Na2HPO4) and
sodium dihydrogen phosphate dihydrate (NaH2PO4), which
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Fanta drinks were obtained from the local supermarket. All
reagents were of analytical grade and could be used without
further purification. High purity water (18 MΩ cm) was used
to prepare all aqueous solutions throughout our study.
Apparatus. Electrochemical experiments were conducted

at 25 ± 1 °C using an electrochemical workstation (CHI660E)
and a conventional three-electrode system, which consists of a
glassy carbon working electrode (GCE, diameter: 3 mm), a
platinum column counter electrode, and a saturated calomel
reference electrode (SCE). The techniques of differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) were used
to explore the SY detection performance of the as-prepared
modified electrode. pH values were measured using a clean pH
meter (PHS-3C) with the combined pH glass electrode.
The surface morphology and structure of the as-prepared

samples were observed using the Zeiss Supra field-emission
scanning electron microscope (FESEM) and the Tecnai G2
F30 S-Twin high-resolution electron microscope (HRTEM).
Powder X-ray diffraction (XRD) patterns were collected using
a Bruker D8 Advance X-ray diffractometer, which is equipped
with Cu Kα radiation (λ = 0.154 nm). Raman spectra were
collected using a Renishaw inVia microscope. X-ray photo-
electron spectroscopy (XPS) analysis was conducted using an
Axis Ultra X-ray photoelectron spectroscope equipped with Al
Kα radiation of 1486.6 eV.
Preparation of Cu@Cu2O-BNPC. A common synthesis

method of Cu@Cu2O-BNPC is as follow: First, two ice cold
equimolar solutions of aniline (50 mM) and APS (50 mM)
were separately dissolved into 1 M H3BO3 followed by rapid
mixing and 30 min of stirring treatment at ice cold
temperature. After this, the solution of Cu(NO3)2 (50 mM)
was added to the above mixed solution drop by drop and
stirred continuously at 0∼5 °C for 12 h under an N2
atmosphere. Second, the reaction solution was centrifuged
and repeatedly washed with deionized water until a pH value
of 7 was reached. After drying at 60 °C under vacuum, the
acquired solids were heated at 900 °C with a heating rate of 5
°C min−1 under an N2 atmosphere and maintained at this
temperature for 2 h to generate the final Cu@Cu2O-BNPC
powder. On the other hand, BNPC, which served as a
counterpart sample for comparison purpose, was also prepared
in the same manner excluding the addition of the Cu(NO3)2
solution.
Preparation of the Cu@Cu2O-BNPC-Modified Elec-

trode. The GCE was first polished with 0.3 μm Al2O3 slurry
and cleaned thoroughly with water and ethanol followed by
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drying under an N2 atmosphere. Afterward, 2.0 mg of Cu@
Cu2O-BNPC sample was dispersed in 1.0 mL of deionized
water. Finally, 5.0 μL of the above dispersion was added onto
the prefabricated GCE surface and air-dried naturally. When
not in use, the modified electrodes were stored at 4 °C in a
refrigerator.

■ RESULTS AND DISCUSSION
Surface Characterization of Cu@Cu2O-BNPC. The

surface morphology, dimension, and structure of the prepared
Cu@Cu2O-BNPC were analyzed using scanning electron

microscopy (SEM) and transmission electron microscopy
(TEM). Figure 1A shows the SEM image of BNPC as foam-
like carbon sheets. After incorporation of Cu@Cu2O,
numerous nanospheres were uniformly embedded in the
carbon sheets (Figure 1C). The typical low-magnification
TEM image displayed a thin sheet-like structured BNPC
carbon matrix (Figure 1B). Figure 1D shows the changes
during incorporation of Cu@Cu2O into BNPC, which plainly
exhibits that sphere-like Cu@Cu2O nanoparticles with a mean
size around 200 nm were homogeneously distributed
throughout the thin carbon sheets without any agglomeration.

Figure 1. SEM (A) and TEM (B) images of BNPC; SEM (C), TEM (D), and HRTEM (E) image of Cu@Cu2O-BNPC; and XRD patterns (F) of
BNPC (black line) and Cu@Cu2O-BNPC (red line).

Figure 2. High-resolution XPS spectra for (A) survey, (B) B 1s, (C) C 1s, (D) N 1s, (E) Cu 2p, and (F) O 1s of Cu@Cu2O-BNPC.
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By comparison, the amorphous carbon presented a distinctive
sheet-like structure with a porous surface. The detailed
crystallographic structure of the composite was studied by
HRTEM. In Figure 1E, the calculated “d” spacing values of the
lattice fringes of the nanoparticles were 0.21 and 0.25 nm,
which correspond to the (111) planes of both Cu and Cu2O,
implying the presence of the above two components.34 An
additional HRTEM image of the resulting composite showed
that the graphitic carbon enwrapped a large amount of
nanoparticles with a 0.33 nm d spacing, indicating that the
nanoparticles and graphitic carbon have a close interfacial
connection. The enhanced electrocatalytic properties of the
nanocomposites are ascribed to the innermost connection
between Cu@Cu2O and BNPC.
The purity and structure of the Cu@Cu2O-BNPC catalyst

have been measured by XRD.35 In the XRD patterns shown in
Figure 1F, two broad diffraction peaks of BNPC (black line) at
around 25° and 43° correspond to the (002) and (101)
reflections of a graphite phase, which certified the formation of
BNPC. Remarkably, the similar diffraction pattern of Cu@
Cu2O-BNPC (red line) portraying peaks at around 25° and
43° indicated the formation of graphitic carbon. The rest of the
sharp peaks could be precisely indexed with the face centered
cubic form of Cu (JCPDS 04-0836) and Cu2O (JCPDS 05-
0667).36,37 Significantly, no formation of diffraction peaks of
other possible elemental impurities has confirmed the high-
phase crystallographic purity of Cu@Cu2O-BNPC.
In sequence to the morphological analysis, the resulting

Cu@Cu2O-BNPC composite was characterized using XPS
tests to determine the elemental composition and oxidation
states of the surface. As shown in Figure 2A, the full XPS
survey spectrum of Cu@Cu2O-BNPC indicated the presence
of coexisting B, C, N, Cu, and O elements in the composite.
After Gaussian fitting, the enlarged B 1s signal was composed
of three peaks situated at around 189.8, 191.3, and 192 eV,
corresponding to B−N, B−C, and B−O, respectively (Figure
2B). Moreover, the high-resolution C 1s spectrum shown in
Figure 2C was deconvoluted into three peaks corresponding to
the sp2-hybridized graphite-like carbon (C−C sp2) bonding at
284.9 eV, C−O/C−N/C−O−B bonding at 285.8 eV, and O−
C�O bonding at 289.2 eV.38 In addition, the N 1s high-
resolution spectrum could be deconvoluted into triplet peaks
at 398.1, 400.3, and 403.1 eV, which were the characteristic
peaks of B−N, pyridinic-N, and pyridinic oxide (Figure
2D).28,39,40 The presence of pyridinic-N can result in an
improved electrochemical reaction rate and electrical con-
ductivity of Cu@Cu2O-BNPC.41 In addition, the Cu 2p
spectrum shown in Figure 2E was fitted into a dual peak
located at 934.5 and 954.0 eV, corresponding to the Cu 2p3/2

and Cu 2p1/2 binding energies, respectively. The spin orbital of
Cu 2p3/2 can be further deconvoluted into two peaks at 933.5
and 936.1 eV, indicating the presence of Cu/Cu+ and Cu2+.
Considering that the binding energy of Cu is close to that of
Cu2O (Figure 2E), we could distinguish them via the position
of their LMM Auger transition at 568 eV (Cu0) and 571 eV
(Cu1+),42,43 denoting the existence of both the above
substances. These results were in agreement with the XRD
analysis of the resulting samples. For the O 1s spectrum, the
peak at 532.6 eV displayed in Figure 2F could be related to O−
C�O, which was consistent with that of C 1s spectrum.44 In
conclusion, the abundant surface chemical composition may
offer an elevated catalytic activity to Cu@Cu2O-BNPC.
Electrochemical Properties of Cu@Cu2O-BNPC. Elec-

trochemical impedance spectroscopy (EIS) renders valuable
information about the electrode surface when comparing the
results obtained with the bare and the modified electrode
surfaces. Figure 3A shows the obtained Nyquist plots of the
three target electrodes (bare GCE, BNPC/GCE, and Cu@
Cu2O-BNPC/GCE) in a mixed solution with 5.0 mM
Fe(CN)3−/4−6:0.1 M KCl = 1:1. The large well-shaped
semicircle of the bare GCE indicates the transfer of electrons
on the GCE interface. However, BNPC/GCE (b) and Cu@
Cu2O-BNPC/GCE (c) exhibited semicircles with a signifi-
cantly decreased diameter at the high-frequency region.
According to the inset graph of Randles equivalent circuits,
the electron transfer resistance (Rct) values were calculated to
be 112.41, 26.30, and 12.62 Ω on the bare GCE (a), BNPC/
GCE (b), and Cu@Cu2O-BNPC/GCE (c), respectively. The
Rct value of the electrode modified with BNPC is greatly
reduced, indicating that it has stronger charge-transfer ability,
which is mainly attributed to the excellent conductivity of
graphene. When the Cu@Cu2O-BNPC film is coated on the
surface of bare GCE (a), the charge-transfer ability is further
augmented and the Rct value reached a minimum, which is due
to the high surface area of the nanocomposite. Clearly, Cu@
Cu2O-BNPC possesses the largest ionic conductivity according
to the results of EIS measurements.
It is worth noting that the ionic conductivity is related to the

degree of graphitization.45 The Raman spectrum can be used
to explain the change in the degree of graphitization. As shown
in Figure S1, both samples displayed two dominant broad
peaks at around 1350 and 1586 cm−1, which were associated
with the disorders and defects (D-band) in the graphite sheets
and the sp2 feature (G-band) in the graphitic carbon,
respectively. The ratio of D-band to G-band (ID/IG) is usually
used to semiquantitatively evaluate the level of graphitic nature
of carbon materials.46 In this study, compared with BNPC, a
higher ID/IG band intensity ratio value was obtained for Cu@

Figure 3. (A) Nyquist plots and (B) saturated adsorption capacity of bare GCE (a), BNPC/GCE (b), and Cu@Cu2O-BNPC/GCE (c).
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Cu2O-BNPC, which implied that Cu@Cu2O doping generated
more defect sites than pure BNPC. Herein, the Raman
spectrum results verified the reasons for increased ionic
conductivity of Cu@Cu2O-BNPC.
To further evaluate the active areas of the resulting

electrodes, chronocoulometry was conducted (Figure 3B).
The saturated adsorption capacities of bare GCE, BNPC/
GCE, and Cu@Cu2O-BNPC/GCE are calculated in the mixed
solution with K3Fe(CN)3−/4−6 (1 mmol L−1) and KCl (0.1
mol L−1). The linear relationship between the electric quantity
(Q) and t1/2 is expressed as the equations: Q(GCE) =
5.6406t1/2 − 3.8726 (R2 = 0.9958), Q(BNPC/GCE) =
22.1057t1/2 − 19.5382 (R2 = 0.9902), and Q(Cu@Cu2O-
BNPC/GCE) = 24.8908t1/2 − 17.9479 (R2 = 0.9941). Hence,
the active areas of different electrodes could be calculated
according to the formula:

Q
nFAcD t

Q Q
2 1/2 1/2

1/2 dl ads= + +

where Qdl and Qads represent the double-layer charge and
Faraday charge, respectively, A is the effective area of the
modified electrode, c is the concentration of the substrate, and
F is the Faraday constant (96,485 C mol−1). In particular, for
the K3Fe(CN)6 solution, the number of electrons transferred
(n) is 1 and the diffusion coefficient (D) is 7.6 × 10−6 cm2 s−1.
The active areas of the three working electrodes are,
respectively, calculated to be 18.79, 73.65, and 82.93 mm2

using the slope of the regression equation of Q ∼ t1/2. It is
worth noting that Cu@Cu2O-BNPC/GCE possessed the
largest active area, which can be ascribed to the composite
structure formed by BNPC and Cu@Cu2O nanospheres. In
other words, Cu@Cu2O-BNPC shows a higher electron
conduction rate, which is consistent with the EIS results.
Electrochemical Sensing of SY. In order to clarify the

electrochemical performance and explore the optimum
detection activity toward SY, a range of CV tests of the
Cu@Cu2O-BNPC sample are conducted. Figure 4A reveals the
electrochemical oxidation activity in the presence of 5 μM SY
at the bare GCE (curve a), BNPC/GCE (curve b), and Cu@
Cu2O-BNPC/GCE (curve c). When adding SY, each of the

Figure 4. (A) CV curves and (B) DPV curves of SY at bare GCE (a), BNPC/GCE (b), and Cu@Cu2O-BNPC/GCE (c).

Figure 5. Effects of accumulation time (A), accumulation potential (B), and amount of Cu@Cu2O-BNPC suspensions (C) on the oxidation peak
currents of 5 μM SY (error bar represents the standard deviation of triple measurements). (D) CV curves of 5 μM SY in a supporting electrolyte
solution with different pH values (a−g: 5.0−8.0). (E) Effects of pH value on the oxidation peak currents of SY. (F) Linear calibration curve of Epa
versus pH.
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three curves exhibited a couple of obvious redox peaks,
demonstrating that SY can be reversibly oxidized on the
surface of all the electrode materials. From the curves c to a,
the calculated oxidation signal values of 5 μM SY are about
30.80, 7.56, and 3.28 μA, respectively. Compared with the bare
electrode, the BNPC electrode exhibited a higher oxidation
signal, which is mainly attributed to the excellent conductivity
and catalytic activity provided by the modified substance.
When Cu@Cu2O-BNPC was immobilized on the GCE
surface, the significantly increased value of the oxidation
peak signal demonstrates that the above nanocomposite is
conducive to promoting electron transfer and improving
electrode conductivity.
Compared to CV tests, DPV can provide more obvious peak

shape and higher sensitivity.47 Figure 4B exhibits the DPV
responses of the three as-prepared GCE in pH = 6.5 phosphate
buffer containing 5 μM SY; the order of the SY oxidation
response current is Cu@Cu2O-BNPC/GCE (curve c) >
BNPC/GCE (curve b) > bare GCE (curve a). Compared to
the weak oxidation signal of the bare GCE at 0.63 V, Cu@
Cu2O-BNPC/GCE and BNPC/GCE possessed significantly
enhanced response signals of SY, especially the Cu@Cu2O-
BNPC composite, indicating that SY exhibited better oxidation
activity on the surface of the modified electrodes. All the above
results can be ascribed to the synergetic effect between BNPC
and Cu@Cu2O nanospheres and the unique physiochemical
properties of the Cu@Cu2O-BNPC composite including high
surface area, rapid ion diffusion rate, and abundant active sites.
Optimization of the Experimental Parameters. In

order to obtain the best sensing property, the electrochemical
sensor performance of the Cu@Cu2O-BNPC electrode was
further explored with respect to the influences of accumulation
time, accumulation potential, amount of suspension, and pH
value.
Effect of Accumulation Time. By increasing the

accumulation time, the amount of SY loaded on the electrode
surface is gradually increased, accompanied by the enhance-
ment of the oxidation signal for SY. Figure 5A displays the
peak current value of Cu@Cu2O-BNPC at different accumu-
lation times. It could be clearly seen that in the low
accumulation time range (2, 4, and 6 min), the peak current
reached the highest value at 6 min, which is ascribed to the
abundant amount of SY on Cu@Cu2O-BNPC/GCE. How-
ever, further increasing the accumulation time from 6 to 10
min resulted in a significant reduction of current, indicating
that SY reached the load limit on the surface of the Cu@Cu2O-
BNPC film. Therefore, 6 min is selected as the optimal
accumulation time.
Effect of Accumulation Potential. The effect of

accumulation potential on the oxidation signal of the analyte
was determined. Figure 5B presents that with the increase of
accumulation potential from 0.10 to 0.70 V, the signal
increased first and then decreased and reached the maximum
at 0.50 V. This result indicates that 0.50 V can be used as the
optimum initial potential and accumulation potential to

promote the Cu@Cu2O-BNPC electrode to exhibit the
strongest response signal.
Effect of the Amount of Cu@Cu2O-BNPC Suspension.

Figure 5C depicts the effect of the modification amount of
Cu@Cu2O-BNPC suspension on the oxidation signal of SY.
The response current increased gradually as the amount of the
Cu@Cu2O-BNPC suspension increased from 1 to 5 μL.
However, the oxidation signal decreased on further increase of
the amount of the Cu@Cu2O-BNPC suspension to 9 μL. The
above results are attributed to the increase of the film thickness
of the Cu@Cu2O-BNPC suspension, further causing a
significant increase of Rct. For achieving higher sensitivity,
the optimal amount of the Cu@Cu2O-BNPC suspension was
adopted at 5 μL.
Effect of pH Value. Moreover, pH value is also a major

parameter affecting the response signal of SY on the electrode
surface. Different pH values will influence the peak value and
peak position of the response signal. According to the linear
fitting relationship between the pH value and the correspond-
ing potential, the number of transferred electrons and protons
in the electrochemical reaction can be obtained, and the redox
mechanism of SY occurring on the electrode surface can be
inferred. We explored the electrochemical response of the
analyte at different pH values (5.0−8.0) using CV tests (Figure
5D). Figure 5E shows that the peak current first increased and
then gradually declined with the increase of the pH value of
PBS, and the Cu@Cu2O-BNPC electrode exhibited the largest
current response at pH = 6.5. Considering the higher signal
strength, the supporting electrolyte is determined as PBS with
pH = 6.5. In Figure 5F, as the pH was gradually increased, the
oxidation peak potential (Epa) shifted toward negative with the
linearization equation of Epa (V) = 0.9955 − 0.0449 pH (R2 =
0.9982). The absolute value of the slope was 44.9 mV pH−1,
suggesting that one proton and one electron transferred
between the electrode and the supporting electrolyte.48 As
displayed in Scheme 1, we inferred the redox mechanism of SY.
In addition, the reduction of the electrode reaction rate caused
by the load on the electrode surface leads to the deviation of
this slope from the theoretical value.49−51

Study of Scan Rate. Next, the electrochemical behavior of
SY was assessed at different scan rates using CV tests. As
shown in Figure S2, the anodic and cathodic peak currents of
SY increase linearly with the scan rate from 100 to 700 mV s−1

(a∼j). The anode spikes keep moving in the positive direction
while the cathode spikes keep moving in the negative direction,
suggesting that the oxidation of SY on our sensor is a reversible
process. In addition, with the increase of the scan rate, the plot
of Ip versus ν1/2 also shows linear behaviors in the inset for SY.
The regression equations are Ipa (μA) = 1.6669ν1/2 − 6.3926
(R2 = 0.9997) and Ipc (μA) = −0.7538ν1/2 + 6.9853 (R2 =
0.9991), respectively. The result indicates that the electro-
oxidation process of the modified electrode surface is mainly
controlled by diffusion, which is coherent well with the
classical Cu-based sensor reported in the literature.38,52

Scheme 1. Mechanism for the Electrochemical Oxidation of SY
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Determination of SY Using Cu@Cu2O-BNPC/GCE. We
explored the variation trend of DPV peak currents for Cu@
Cu2O-BNPC/GCE with the increase of the SY concentration.
As shown in Figure 6A, the current response displayed a great
linear relationship with the concentration of SY ranging from
10 nM to 8 μM under the optimal test conditions. The
corresponding regression equation of Cu@Cu2O-BNPC/GCE
is Ipa (μA) = 6.3834C (μM) + 0.1971 (R2 = 0.9997) (Figure
6B). In addition, the calculated limit of detection (LOD) was
about 2.4 nM when S/N = 3. The sensitivity of the Cu@Cu2O-
BNPC-based sensor was also calculated to be 0.09 μA nM−1

cm−2. With the analyte concentration exceeding 8 μM, the
deviation of the calibration plot indicated that the surface of
the modified electrode had been in a saturated state. Overall,
the constructed Cu@Cu2O-BNPC sensor offered a relatively
wider linear range, lower LOD, and ultrahigh sensitivity for SY
detection.
Comparison of the Sensor Performance. As shown in

Table 1, the resulting modified electrode has a considerable

advantage in terms of LOD and linear interval than other
electrode samples reported in the previous literature. This
comparison proved that the electrochemical sensing platform
constructed using Cu@Cu2O-BNPC as a modified material is
suitable for SY detection.
Selectivity, Repeatability, Reproducibility, and Stabil-

ity of Cu@Cu2O-BNPC/GCE. A selectivity test was performed
in order to evaluate the anti-interference ability of a Cu@
Cu2O-BNPC-modified sensor. As shown in Figure S3, the pure
SY solution and the mixed solution of SY and other analogues
(e.g., molecules with similar structures and possible coexisting
additives) had produced almost the same amperometric
responses for Cu@Cu2O-BNPC/GCE, indicating the high
selectivity of the as-proposed sensor. Next, after five

consecutive tests under the same experimental conditions, SY
produced nearly constant peak current and potential for the as-
prepared electrode (Figure S4A). The above experimental
results illustrate the good repeatability of the Cu@Cu2O-
BNPC composite. In addition, the reliability of a sensor is
another crucial evaluation parameter. Here, reproducibility was
investigated by analyzing the current response of five Cu@
Cu2O-BNPC electrode-prepared sensors by testing the same
concentration of SY. As shown in Figure S4B, the peak current
and potential of SY were similar.
Stability, a reliable index in electrochemical sensor

applications, can be quantitatively defined via testing the
same modified electrode once a week. Notably, after 30 days,
the retention of the current response is 98.56%, suggesting that
the resulting Cu@Cu2O-BNPC film was not contaminated and
had excellent long-time stability.
Practical Application of Cu@Cu2O-BNPC/GCE. Finally,

in order to explore the practical utility of the resulting
composite, the Cu@Cu2O-BNPC/GCE sensor was applied to
detect SY levels in Fanta drinks. Considering the influence of
the matrix on the experimental results, we adopted the
standard addition method to measure the content of SY in
Fanta drinks, as listed in Table 2. The obtained sample was

tested independently for three times, and the recoveries of 96−
103% indicated the excellent precision and real-world
reliability. In addition, the relative standard deviation (RSD)
ranging from 1.10 to 3.52% proved the good experimental
stability of the sensing platform. In summary, Cu@Cu2O-
BNPC/GCE is a suitable electrochemical sensing platform for
real beverage sample detection.

■ CONCLUSIONS
In summary, we reported the synthesis of a Cu@Cu2O
nanoparticle-decorated BNPC and its use in developing a
novel electrochemical sensor for SY. The Cu@Cu2O-BNPC
catalyst was systematically studied through a series of detailed
structural characterizations and in-depth electrochemical
analyses. The result shows that Cu@Cu2O was successfully

Figure 6. (A) DPV curves of Cu@Cu2O-BNPC/GCE fabricated with different SY concentrations. (B) Corresponding linear calibration curve of
panel (A) (n = 5 for each point).

Table 1. Comparison of the Detection Performance of
Reported SY Sensors

electrode materials
linear range

(μM)
LOD
(nM) refs

MWCNT-GCE 0.55∼7 120 42
GN/TiO2-CPE 0.02∼2.05 6 43
ZnO/RGO/ZnO@Zn/GCE 0.05∼5 3 53
ERGO-AuNRs-GCE 0.01∼3 2.4 54
GO-MWCNTs-GCE 0.09∼8 25 55
Pt/GCE 0.0316∼3.16 31.6 56
nAu/CPE 0.1∼2 30 57
Cu2O-ErGO/GCE 0.02∼20 6 58
Cu@Cu2O-BNPC/GCE 0.01∼8 2.4 this work

Table 2. Spiked Recovery Results for SY in a Real Sample (n
= 3)

sample
Fanta

added
(μM)

predicted
(μM)

detected
(μM)

recovery
(%)

RSD
(%)

1 0 0.72
2 1 1.72 1.68 96 1.10
3 2 2.72 2.78 103 2.33
4 5 5.72 5.60 97.6 3.52
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anchored on the porous BNPC. Owing to the synergistic
catalysis of copper-based materials and BNPC, the electron
transfer ability and accumulation efficiency were improved
significantly. Under optimized conditions, the Cu@Cu2O-
BNPC-based sensing platform exhibited excellent electro-
chemical activities toward the detection of SY with sensing
bounds from 10 nM to 8 μM. The fabricated sensor was
employed for the determination of SY in Fanta drinks with
satisfactory results.
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