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Abstract
The interaction between the sensitive interfaces of photoelectrochemical (PEC) semiconductor nanomaterials and microscopic 
matter creates endless potential for the efficient detection of endocrine disruptor. This work presents the development of a 
high-efficiency PEC aptasensor for bisphenol A (BPA) monitoring based on Cu3BiS3 sensitized CuV2O6 nanocomposites 
with exceptional visible-light PEC activity. We implemented the integration of Cu3BiS3 nanosheet photosensitizer to sensi-
tize the CuV2O6 nanowire structure that was synthesized utilizing a facile hydrothermal approach. The band gap alignment 
between Cu3BiS3 and CuV2O6 facilitated enduring PEC response yielding an efficient interfacial structure. The surface of the 
CuV2O6/Cu3BiS3 electrode was modified with BPA aptamer, enabling specific binding with BPA and precise quantification 
of its content. The developed aptamer sensors possess a wide detection range of 5.00 × 10−1 to 5.00 × 104 ng/mL, and a low 
detection limit of 1.60 × 10−1 ng/mL (at S/N = 3). After undergoing 20 testing cycles and enduring long-term storage, the 
sensor maintained its stability and showcased excellent repeatability and reproducibility. This study presents a promising 
methodology for the detection of BPA in environmental settings.
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Introduction

Bisphenol A (BPA) is an essential industrial organic agent 
in the world; it is widely used in the production of epoxy 
resins and polycarbonate [1]. As a result, a large amount 
of BPA remains in the ecological environment. However, 
excessive use of BPA may cause many health hazards [2], 
including cardiovascular disease [3], immune impairment 
[4], breast tumors, and obesity [5]. The European Union’s 

2018/213 test standard dictates that the quantity of BPA 
allowed in varnishes or coatings should not exceed 0.05 mg/
kg. Furthermore, BPA should not be present in any materi-
als or items that may come into contact with baby food or 
comparable foodstuffs [6]. Hence, there is an urgent require-
ment to create a new method that can be sensitively and 
effectively detected BPA to reduce its harmful effects on 
humans. In recent years, many ways have been successfully 
used for BPA detection [7], such as fluorescence assay [8], 
electrochemiluminescence [9], and electrochemical method 
[10]. They have the advantages of wide detection range and 
high sensitivity. Among them, electrochemical detection is 
widely used for PBA detection due to the advantages of sim-
ple operation and miniaturization. However, electrochemical 
oxidation of PBA often generates a polymer on the elec-
trode surface, which prevents the enhancement of electrode 
sensitivity by causing electrode passivation [11]. Thus, it 
is of great significance to find a sensitive and convenient 
method to realize the detection of BPA. Photoelectrochemi-
cal (PEC) sensors address the limitations of the above meth-
ods and also have the advantages of easy operation and low 
energy consumption [12, 13]. In short, PEC sensors work by 
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transferring photoelectrons from photosensitive materials to 
electrodes or solutions when they are excited by light, result-
ing in a readable electrical signal [14, 15], and the electrical 
signal has a certain linear relationship with the concentration 
of the sample to be measured. Due to the use of inexhaust-
ible sunlight resources in nature, PEC sensors are expected 
to be used for commercial promotion in the future [16, 17].

However, how to achieve high sensitivity for BPA moni-
toring and specific identification of BPA using PEC sensors 
are quite critical and challenging issues. Recently, transi-
tion metal vanadate has been widely used in many emerg-
ing applications cover biosensors, photovoltaic conversion 
and catalysis due to their brilliant electronic, optical, and 
magnetic properties [18, 19]. CuV2O6 as an n-type semicon-
ductor is a promising photoactive material with appropriate 
band gap (about 2 eV), low redox potential, and suitable 
chemical stability [20, 21]. However, the PEC properties of 
unmodified CuV2O6 are limited by the rapid complexation 
of photogenerated holes and electrons, which can greatly 
reduce the photocurrent signal [22]. It is a simple strategy 
to use a suitable sensitizer to sensitize CuV2O6 to improve 
the optical absorption capacity and facilitate the separation 
of photogenerated carriers, which could enhance the per-
formance of the sensor. Chalcogenide compounds semicon-
ductor have attracted plenty of research attention in recent 
years and they are increasingly used in academic research 
and industrial applications [23]. In particular, copper-based 
sulfide semiconductor materials have good photochemical 
properties. Ternary copper-based compound semiconduc-
tor of Cu3BiS3 is regarded as a promising compound for 

sensitizers, due to their narrow band gap [24], non-toxic, 
inexpensive, excellent layered structure, earth-abundant 
element, and ease of mass production [25, 26], making it 
stand out among many other materials. Moreover, the energy 
levels of Cu3BiS3 and CuV2O6 are matched to overlap in 
band structure, which can enhance the separation and trans-
fer of photogenerated electrons. To enhance the selectivity 
of photocurrent sensors, DNA aptamers were employed as 
molecular recognition components. Aptamers can achieve 
high specificity and high affinity recognition, and they are 
more stable, easier to synthesize, and easier to modify on 
ITO glass electrode. For example, Yang et al. designed a 
ciprofloxacin photoelectrochemical aptasensor based on 
Bi24O31Cl10/BiOCl heterojunction [27].

In this study, a novel PEC aptamer sensor was fabricated 
based on the unique advantages of the above materials with 
the aids of BPA aptamer. Scheme 1 shows the process of the 
above BPA aptasensor construction. When the photosensi-
tive semiconductor material on the surface of the electrode 
is irradiated by visible light, photogenerated electrons and 
holes are produced. The electrons generated by the conduc-
tion band (CB) of the semiconductor are diverted to the elec-
trode surface to produce the photocurrent. At the same time, 
the electron holes generated by the semiconductor valence 
band (VB) combine with the ascorbic acid (AA) in the elec-
trolyte solution to generate a stable photocurrent. A series 
of performance tests showed that the PEC aptamer sensor 
in this paper has excellent PEC response and high sensitiv-
ity, which provides a viable solution for the detection of the 
BPA.

Scheme 1   Schematic diagram of the construction process of the PEC aptasensor
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Experimental section

The materials and instruments employed in the experiment 
have been detailed in the Electronic Supporting Material 
(ESM).

Synthesis of Cu3BiS3

By referring to the previous literature, Cu3BiS3 was syn-
thesized through hydrothermal synthesis [28]. The detailed 
synthetic procedures can be found in the ESM.

Synthesis of CuV2O6

CuV2O6 was synthesized via hydrothermal synthesis 
method [29]. The specific methods and procedures have 
been elaborated in the ESM.

The fabrication of PEC aptasensor

The PEC sensor was constructed on ITO glass, and the 
ITO electrode was cleaned with acetone, ethanol, and 
ultrapure water in the ultrasound machine, and then dryed 
at 70 °C in an oven. Next, 10 μL of Cu3BiS3 (5 mg/mL) 
solution was added dropwise to the bare ITO electrode for 
modification. After the first layer of material was dried 
in the ambient atmosphere, 10 μL of CuV2O6 (5 mg/mL) 
was dropped on the electrode and dried naturally. Next, 6 
μL of (3 mM) thioglycolic acid (TGA) used to attach the 
BPA aptamer was modified on the surface of electrode. 
Afterward, 6 μL of BPA aptamer (5 μM) and 3 μL of BSA 
(1 wt%) were added on the electrode sequentially and dried 
at room temperature. Finally, the electrode was modified 
with 6 μL of BPA solution of different concentrations. 
When the ITO electrode dried naturally, the PEC sensing 
platform was obtained.

PEC performance detection

The PEC sensor performance was tested in PBS (0.1 M, 
pH = 8.0) buffer solution containing ascorbic acid (AA), 
where AA was used as a sacrificial electron donor in PEC 
measurement. The electrochemical impedance spectroscopy 
(EIS) test was performed in a mixture of phosphate buffer 
(pH = 8.0), 5.0 mmol/L [Fe(CN)6]−3/−4, and 0.1 mol/L KCl. 
Three-electrode system was composed of working electrode 
(the obtained PEC sensing platform), reference electrode 
(Hg/Hg2Cl2), and counter electrode (Pt). The PEC signal was 
measured by using current-time mode of the electrochemical 
work station at 0 V. By a certain program, the light source 

(400~700 nm) was employed as excitation light source, and 
it was switched on/off every 10 s.

Results and discussion

Analysis of the photoactive materials

The performance of the photoactive material plays an impor-
tant role in the construction of the sensor, so the synthe-
sized materials should be analyzed before characterizing 
the sensor properties. The crystal structure of Cu3BiS3 was 
characterized by X-ray diffraction (XRD). Comparing the 
characteristic peaks in the XRD pattern of Cu3BiS3 (Fig. 1A) 
with the standard card (PDF#: 43-1473) in the database, it 
can be seen that they have a high matching degree, which 
clearly shows that the preparation of Cu3BiS3 is successful. 
The scanning electron microscopy (SEM) image in Fig. 1B 
displays that Cu3BiS3 has a nanosheet structure; this unique 
sheet structure allows other materials to adhere to it more 
conveniently. Meanwhile, the photoactive materials were 
characterized by transmission electron microscopy (TEM). 
TEM image of Cu3BiS3 (Fig. 1C) manifests the typical 
lattice spacing with 0.207 nm, which can be attributed to 
the (2 1 0) crystal plane of the Cu3BiS3. The XRD pattern 
(Fig. 1D) of CuV2O6 indicates that CuV2O6 is successfully 
synthesized and all diffraction peaks of CuV2O6 are in good 
agreement with the standard card (PDF#: 43-0081). Fig-
ure 1E displays that CuV2O6 has a nanowire structure. As 
demonstrated in Fig. 1F, the 0.249-nm lattice spacing is con-
sistent with the (2 0 6) facets of the CuV2O6.

To further determine the elemental composition and 
chemical state of the materials, X-ray photoelectron spec-
troscopy (XPS) of Cu3BiS3 and CuV2O6 was carried out. 
Figure 2A shows the basic element composition of Cu3BiS3. 
The high-resolution energy spectrum of Bi 4f and S 2p is 
shown in Fig. 2B; there are two strong characteristic peaks 
located at 158.82 eV and 164.14 eV, which attributed to S 
2p3/2 and S 2p1/2 respectively [30]. The existence of charac-
teristic peaks indicates that S element is in the state of S2−, 
and the peaks of Bi 4f7/2 (158.78 eV) and 4f5/2 (164.75 eV) 
indicate the presence of the Bi3+ state in Cu3BiS3. As can be 
seen from Cu 2p spectrum (Fig. 2C), the binding energies 
of peaks at 932.35 eV and 952.42 eV represent the binding 
energies of Cu 2p3/2 and Cu 2p1/2. The value of the bind-
ing energy indicates that Cu is in the Cu+ state. The same 
test was performed on CuV2O6. Figure 1D shows that the 
CuV2O6 is only composed of Cu, V, and O elements. Those 
two peaks observed at 516.88 eV and 524.36 eV are linked 
with V 2p3/2 and V 2p1/2 separately (Fig. 1E), suggesting the 
presence of V5+ within the CuV2O6 [31]. The characteris-
tic peaks at 531.52 eV and 529.87 eV correspond to O 1s 
(Fig. 1F). The peaks of Cu 2p1/2 and Cu 2p3/2 are shown in 
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Fig. 1   The (A) XRD pattern, (B) SEM image, and (C) TEM image of Cu3BiS3. The (D) XRD pattern, (E) SEM image, and (F) TEM image of 
CuV2O6

Fig. 2   A The XPS pattern of Cu3BiS3. The high-resolution energy spectrums of (B) Bi 4f and S 2p and (C) Cu 2p of Cu3BiS3. D The XPS pat-
tern of CuV2O6. The high-resolution energy spectrums of (E) V 2p and (F) O 1s of CuV2O6



Microchim Acta (2024) 191:89	

1 3

Page 5 of 8  89

Fig. S1 (ESM file), and the binding energies of Cu 2p3/2 are 
located at 931.35 eV and 934.51 eV respectively. The peaks 
which locate at 951.89 eV and 954.92 eV belong to the Cu 
2p1/2. The characterization results of the above materials 
prove the successful preparation of Cu3BiS3 and CuV2O6.

Optimal conditions for the experiment

In order to obtain a better PEC response and improve the 
performance of the constructed sensor, the effects of the pH 
of the PBS used for testing and the concentration of AA in 
the PBS were investigated. Corresponding data are given 
in the electronic support material. It can be seen from Fig. 
S2, pH of 8.0 and concentration of 0.1 M of AA in the test 
electrolyte were chosen as the best experimental conditions.

Possible charge transfer mechanism

By analyzing the band gap structure of the photovoltaic 
material, potential mechanisms for charge transfer in the 
PEC sensor can be uncovered. The band gap position and 
width of the material were measured by using linear scan-
ning voltammetry and Mott-Schottky curves (Fig. S3). 
According to the relative positions of the valence and con-
duction bands of Cu3BiS3 and CuV2O6, these two materi-
als form a type II heterostructure with staggered band gaps. 
Figure S4 illustrates the possible charge transfer mechanism 
in the constructed PEC sensor. Specific data and analytical 
processes are described in the ESM.

PEC performance characterization

To validate the successful construction of this PEC sen-
sor, time-based photocurrent test was performed under 
the optimal experimental conditions. The plotting of 

time-photocurrent curves is one of the most effective 
means of describing the performance of the PEC sensors. 
As illustrated in Fig. 3A, during the construction of sensor, 
the photocurrent of the ITO electrode without any material 
modification was close to zero (curve a). Curve b shows 
that a certain photocurrent was obtained after modification 
with the photoactive material Cu3BiS3. The electrode was 
then modified with CuV2O6, and due to the two materials 
were well matched in band gap level, the photocurrent 
was increased (curve c). When the CuV2O6/Cu3BiS3 elec-
trode was modified with TGA, aptamer of BPA and BSA, 
the response photocurrent decreased continuously (curve 
d, e). Finally, target BPA was modified on the electrode, 
and the lowest photocurrent value was measured (curve 
f). The reason for this change may be that the introduction 
of PBA inhibited charge migration on the electrode sur-
face, which is called the steric hindrance effect. The BPA/
BSA/aptamer/TGA/CuV2O6/Cu3BiS3 electrode showed a 
significant decrease in response photocurrent after modi-
fication with BPA, indicating that the aptamer sensor was 
sensitive and selective to BPA. The construction of the 
PEC aptamer sensor was proven successful.

The electrochemical impedance spectroscopy (EIS) is an 
excellent method used to measure the charge transfer resist-
ance of sensors. Figure 3B compares the EIS patterns of 
several electrodes. The resistance value of the unmodified 
ITO glass was small (curve a), after Cu3BiS3 was added 
to the electrode, the resistance value increased (curve b). 
Next, when CuV2O6 was modified on the electrode, a larger 
resistance value was obtained (curve c). Subsequently, TGA, 
aptamer DNA, and BSA were modified on the electrode 
sequentially; the resistance increased continuously (curve 
d, e). Finally, BPA was modified on the electrode, and the 
largest charge transfer resistance was obtained (curve f). 
The gradual increase impedance values are consistent with 

Fig. 3   A PEC responses of different electrodes and (B) EIS spectra 
of (a) ITO, (b) Cu3BiS3/ITO, (c) CuV2O6/Cu3BiS3/ITO, (d) aptamer/
TGA/CuV2O6/Cu3BiS3/ITO, (e) BSA/aptamer/TGA/CuV2O6/

Cu3BiS3/ITO, and (f) BPA/BSA/aptamer/TGA//CuV2O6/Cu3BiS3/
ITO (cBPA = 200 ng/mL)
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the time-photocurrent results, again demonstrating that .the 
modification of the electrode layers was successful.

Analytical properties of BPA

To test the performance of the constructed sensors, the 
photocurrent intensity of the sensor was tested under 
diverse concentrations of BPA. As the BPA concentration 
(0.5–50000 ng/mL) increased, the response photocurrent 
decreased (Fig. 4A). The linear equation between response 
photocurrent and BPA concentration is as follows: I = 8.000 
− 1.217logc (ng/mL) (R2 = 0.9909). The sensor also has 
a detection limit of 1.60 × 10−1 ng/mL (S/N = 3), show-
ing a wide linear range and good potential application for 
BPA detection (Fig. 4B). The comparisons with the previ-
ously reported BPA sensors are indicated in Table S1. To 
verify the performance of the constructed sensor in other 
aspects, it is necessary to test the stability, repeatability, and 
selectivity of the designed sensor. Figure 4C shows that the 
PEC sensor is irradiated for 400 s without interruption, and 
tested for nearly 20 cycles of photocurrent test cycling. The 
photocurrent response of the sensor is hardly varied, which 
proves that the sensor is extremely stable. In addition, five 

ITO electrodes were prepared and measured independently, 
and the relative standard deviation (RSD) obtained was 3.1% 
(Fig. 4D), demonstrating that the reproducibility of the con-
structed aptasensor is excellent. Four different interfering 
substances were selected (including Ph, Py, 1-NP, 4-MP) 
for selective and interference-resistant experiments on the 
sensor. Selectivity experiments were conducted under condi-
tions where the interference substance concentrations were 
the same. The results, as shown in Fig. S5A, indicate that 
the current signal strengths for Ph, Py, 1-NP, and 4-MP are 
11.06%, 5.22%, 9.98%, and 3.84% of BPA, respectively, 
demonstrating good selectivity of the sensor to BPA. The 
interference resistance of the PEC sensor was analyzed by 
adding interfering substances, as shown in Fig. S5B, and 
due to the specific recognition of BPA by the ligand, the 
added interfering substances had virtually no effect on the 
photocurrent generated by the electrode.

Sample analysis

In order to verify the application potential of the as-
prepared sensor in actual sample detection, the concen-
trations of BPA in water samples (ultrapure water, tap 

Fig. 4   The performance analytic of the BPA. A Photocurrent 
response of different concentrations of BPA (B) corresponding cali-
bration curve of the PEC aptasensor: (from a to h) 0.5, 10, 100, 200, 

2000, 5000, 20000, 50000 ng/mL. C Stability analysis and (D) repro-
ducibility analysis (cBPA = 200 ng/mL). Error bars: ± standard devia-
tion (SD) (n = 3)
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water, drinking water, and lake water) and soil sample 
were tested. Specific treatments of actual samples and 
selection of analyte addition concentrations are shown 
in the ESM. The designed sensors were also evaluated 
using standardized high performance liquid chromatog-
raphy (HPLC) methods, and the test results are shown in 
Table S2, from which it can be seen that the RSD of the 
test results was less than 4%. The results suggest that the 
CuV2O6/Cu3BiS3-based BPA aptamer sensor is feasible for 
the detection of BPA in real samples, and indicate that the 
proposed method is promising for practical application.

Conclusion

In conclusion, an effective and simple CuV2O6/Cu3BiS3-
based PEC aptamer sensor was proposed for the deter-
mination of BPA. The bandgap of the two materials is 
matched with a synergistic effect, which improves the 
sensitivity of the sensor. The selectivity of the sensor is 
enhanced through the application of an aptamer. Mean-
while, this method offers a wide linear range, effective sta-
bility, low detection limits, and is cost-effective for detect-
ing BPA. Nevertheless, the suggested sensor has some 
limitations, such as low detection efficiency. Therefore, 
further improvements are necessary to enable the detection 
of multiple targets in the future. In conclusion, this sensing 
strategy provides a feasible idea and method for detecting 
BPA, and it is expected to have extensive application in 
safeguarding both environmental and food safety.
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