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Electrochemical detection [30_TD$DIFF]is an [29_TD$DIFF]efficient method for the detection of Bisphenol A (BPA). Herein, a
sensitive photo-electrochemical sensor based on two-dimensional (2D) TiO2 (001) nanosheets was
fabricated and then used for BPA electrochemical detection. Upon light [28_TD$DIFF]irradiation, the 2D TiO2 (001)
nanosheets electrode provided a lower detection limit of BPA detection [31_TD$DIFF]compared with an ambient
electrochemical determination. The low detection limit is�5.37 nmol/L (S/N = 3). Furthermore, profiting
from the photoelectric characteristics, the 2D TiO2 (001) nanosheets electrode exhibits a nice
regeneration property. After 45min of light irradiation, the electrochemical signal was regenerated from [32_TD$DIFF]

14.7% to 82.9% of the original signal at the 6th cycle. This is attributed to the non-selective
�
[33_TD$DIFF]OHmediation

produced by the 2D TiO2 (001) nanosheetsmineralizing anodic polymeric products and resuming surface
reactive sites. This investigation indicates that photo-assistance is an efficient method to improve the
electrochemical sensor for detecting BPA in water environments.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Bisphenol A (BPA) is an environmental endocrine disruptor. It
has an estrogenic effect that can mimic and interfere with
endogenous estrogens and adversely affects the endocrine system,
nervous system, immune system, and can even be teratogenic
and carcinogenic [1,2]. Electrochemical detection is an efficient
method for detecting the organic pollutant because of its simple
sample preparation, fast response, high sensitivity, and easy
operation [1–3]. However, during the electrochemical oxidation
process of BPA, non-conductive polymer films are easily formed
and adsorbed on the surface of the electrode, inactivating the
electrode and affecting the sensitivity of BPA detection [4].
Therefore, eliminating the electrode surface non-conductive
polymer and regenerating the fouling electrode is of great interest
in developing reliable BPA monitoring [5,6].

Photochemical oxidation based on semiconductors can effi-
ciently remove these surface contaminants by strong oxidizing
species produced from the photo-excitation of a semiconductor
[7–9]. TiO2 is a typical semiconductor for practical applications
because of its stable physical and chemical properties, low-cost,
and nontoxicity [10–12]. Additionally, the [34_TD$DIFF]potential of the valence
).

titute of Materia Medica, Chinese
band (VB) of TiO2 is greater than 1.99 eV, enabling it to [35_TD$DIFF]produce
holes and directly oxidize OH� to

�
[36_TD$DIFF]OH.

�
OH has a strong oxidizing

ability. It can react with most organic pollutants and non-
selectively oxidize them into CO2, H2O, or mineral salts. However,
the utilization of holes is still limited as a consequence of the
inherently high combination rate of photogenerated carriers of
TiO2 [13].

Two-dimensional (2D) TiO2 with a largely exposed (001) single
plane can provide rich surface atoms and large specific surface area
for catalysis. Moreover, the migration length from the interior to
the surface is reduced for photo-generated carriers because of the
short thickness of the third dimensional. Therefore, the recombi-
nation rate of the carriers is largely reduced. Herein, 2D TiO2 (001)
nanosheets were adopted for the detection of BPA in an aquatic
environment. Under light irradiation, the 2D TiO2 (001) nanosheets
electrode produces abundant reactive oxygen species (

�
[37_TD$DIFF]OH) with

strong oxidation properties that can directly photodegrade the
non-conductive polymer and realize the self-cleaning of the anode.
The density functional theory (DFT) calculations show that the
interfacial charge-transfer (ICT) transitions between the TiO2 (001)
and the BPAmolecule under the light irradiation. The experimental
and theoretical results suggest that the 2D TiO2 (001) nanosheets
electrode not only achieved awide range detection of BPA, but also
realized regeneration under simulated solar light irradiation.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. [22_TD$DIFF](A) DPV responses of the 2D TiO2 (001) nanosheets electrode (curves 1–5 are
continuous test and curve 6 is the regenerated after light irradiation 45min). (B) The
corresponding peak intensity (Dip) of DPV vs. cycle number, measuring conditions:
Solution (0.1mol/L PBS +0.1mol/L KCl solution +10mmol BPA, pH 7.0), scan rate [24_TD$DIFF]

(100mV/s), potential range (0.0–1.0 V vs. SCE).
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The 2D TiO2 (001) nanosheets were prepared by a solvothermal
method [14]. The details of the characterizations of X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), UV/[38_TD$DIFF]vis diffuse reflectance spectra
(DRS) and X-ray photoelectron spectroscopy (XPS) and experi-
mental sections are provided in Figs. S1 and S2 and corresponding
discussions (Supporting information).

Generally, the differential pulse voltammetry (DPV) technique
is a more efficient method to determine trace amounts BPA than
the cyclic voltammetry (CV) technique because the non-Faradaic
current produced by the CV technique can be eliminated by the
intensive current signals of DPV [15–17]. [39_TD$DIFF]Figs. 1A and C show DPV
curves of the 2D TiO2 (001) nanosheets electrode containing
various concentrations of BPA with and without light irradiation,
respectively. The oxidation peak currents were linearly propor-
tional to the BPA concentration with a high correlation coefficient
of > 0.98 ([39_TD$DIFF]Figs. 1B and D). No oxidation peak appeared without the
addition of BPA (Fig. S3 in Supporting information). Besides, under
light irradiation, the 2D TiO2 (001) nanosheets electrode exhibited
a higher analytical signal and sensitivity for BPA (detection limit of
�5.37 [40_TD$DIFF]nmol/L, S/N=3) than that without light irradiation (detec-
tion limit of �16.33 [41_TD$DIFF]nmol/L, S/N =3).

Although a sensitive detection result was achieved by using an
electrochemical electrode, polymeric products were easily pro-
duced in situ on the electrode for most of the organic pollutant
detection because of their reactivity and spontaneity. Not
unexpectedly, the intensity of the anodic oxidation peak current
of DPV gradually decreased for BPA detection within the 5-run
cyclic test, and approximately [42_TD$DIFF]78% decrement after the 5-run cyclic
measurement (Fig. S4 in Supporting information). Besides, the
potential of the oxidation peak (�0.58 V vs. SCE) was increasingly
positively shifted (Fig. S4). These results suggest that the severe
fouling occurred on the surface of the electrode and the electron
transfer resistance was increased.

For relieving the rapid decay of ability caused by electrode
contamination and restoring electrode performance, the photo-
chemical regenerated method was adopted. The fouling electrode
(after the 5-run cyclic DPV measurement) was placed in deionized
water with continued stirring for 15min under the xenon lamp.
[(Fig._1)TD$FIG]

Fig. 1. The DPV responses of the 2D TiO2 (001) nanosheets electrode with (A) and
without (C) light irradiation; the corresponding plots of anodic oxidation
photocurrent densities vs. the concentration of BPA (B) and (D [21_TD$DIFF]). Measuring
conditions: solution (0.1mol/L PBS +0.1mol/L KCl solution + different concentra-
tions of BPA, pH 7.0), scan rate (100mV/S), potential range (0.3-0.9 V vs. SCE).
Then, it was found that the oxidation peak current intensity of the
6th-[43_TD$DIFF]run test was obviously improved compared to that of the 5th-[44_TD$DIFF]
run test. The decrement of oxidation peak current intensity
decreased from [45_TD$DIFF]78% (5th-run) to 48% (6th-run). Then, the potential
of oxidation peak returned to the original position ([39_TD$DIFF]Figs. S5A and B
in Supporting information). With an increase in irradiation time,
the recovery of the oxidation peak current intensity improved. The
decrement decreased to [46_TD$DIFF]39.1% and 18.1% after it was exposed to UV
irradiation for 30min and 45min, respectively (Fig. [47_TD$DIFF] 2 and Fig. S5 in
Supporting information). These results demonstrate that electrode
contamination can be greatly removed by 2D TiO2 (001) nano-
sheets under light irradiation and that the electrode achieved
regeneration. The specificity and reliability of the electrode were
significant for BPA detection. Therefore, interfering tests with
added structural analogues Bisphenol AF (BPAF) or Bisphenol D
(BPD) are executed for BPA detection, as shown in Fig. S6
(Supporting information). The 2D TiO2 (001) nanosheets electrode
can be accurately detected without being affected by BPAF or BPD.

The nice photochemical regenerated property of the 2D TiO2

(001) nanosheets electrode was mainly due to the non-selective
�
[33_TD$DIFF]OH mediation produced by the 2D TiO2 (001) nanosheets
electrode that could mineralize polymeric products and resume
surface reactive sites. Holes produced by the 2D TiO2 (001)
nanosheets have strong oxidation ability and can directly activate
H2O/OH�

[48_TD$DIFF] to
�
OH [18,19].

�
OH can oxidize the polymeric products

during BPA electrochemical detection, as shown in Scheme 1.
Besides, the large portion of exposed (001) facet of TiO2 effectively
shortens the migration length of carriers from the interior to the
surface, which inhibits photogenerated carriers recombination
and improves the number of holes for

�
[37_TD$DIFF]OH. To verify this,
[(Scheme_1)TD$FIG]

Scheme 1. Regeneration mechanisms of the 2D TiO2 (001) nanosheets electrode-
based electrochemical detector for cyclic BPA detecting.
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Fig. 3. PL spectra (A), photocurrent (B), EIS (C) and Mott-Schottky curves (D) of the
2D TiO2 (001) nanosheets electrode. PL measuring conditions: terephthalic acid
0.014 g, NaOH 3mmol/L, sample 0.1 g, 500W Xe lamp, l< 420 nm, stirring rate
500 rpm, excitation wavelength 315 nm. Photocurrent measuring conditions: [25_TD$DIFF]

solution (0.1mol/L PBS + 0.1mol/L KCl solution + 10mmol BPA, pH 7.0), 0.3 V of
applied potential. EIS measuring conditions: [25_TD$DIFF]solution (0.1mol/L PBS + 0.1mol/L KCl
solution + 10mmol BPA, pH 7.0), voltage amplitude 5.0mV, frequency range 10 kHz
to 0.1 Hz and no bias. Mott-Schottky measuring conditions: [26_TD$DIFF]solution (0.1mol/L KCl
+ 0.1mol/L PBS, pH [27_TD$DIFF]7.0), frequency (103 Hz).
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photoluminescence (PL) technology was adopted to detect the
�
[33_TD$DIFF]OH

that was produced by the 2D TiO2 (001) nanosheets, as exhibited in
Fig. 3A. With the increase of illumination time, the PL intensity
increased. Abundant nonselective high-activity

�
[33_TD$DIFF]OH can be

produced under light irradiation of the 2D TiO2 (001) nanosheets.
Then, a transient photocurrent was adopted to investigate the
charge separation property of the 2D TiO2 (001) nanosheets
electrode, as shown in Fig. 3B. A strong photo-response property
and well charge separation efficiency can be obtained on the 2D
TiO2 (001) nanosheets electrode [20–23]. Following this, electro-
chemical impedance spectroscopies (EIS) were executed and the
Mott-Schottky measurement was taken to verify the intrinsic
characteristic of the 2D TiO2 (001) nanosheets electrode after
regeneration, as shown in Figs. 3C and D [24,25]. After the 10th-run
cycle DPV test, the 2D TiO2 (001) nanosheets electrode exhibited a
large deviation with the fresh sample. However, after being
illuminated for 45min by a xenon lamp, the curves were close to
that of the fresh sample. Fig. S7 (Supporting information) shows
CVs of 10mmol/L BPA at different scan rates on the 2D TiO2 (001)
nanosheets electrode. The anodic photocurrent density increased
linearly, the regression equations are Ipa = 0.0509y + 2.51
(R2 = 0.985, without xenon lamp illumination) and Ipa = 0.111y +
7.29 (R2 = 0.993, with xenon lamp illumination), indicating the
electron transfer for BPA detection is a quasi-reversible and
adsorption controlled process.

To further prove the ICT transitions between the TiO2 (001) and
the BPA molecule, DFT calculations of the TiO2 (001)-BPA model
was investigated, as shown in Fig. S8 (Supporting information). In
this optimized configuration, the BPA molecule was adsorbed on
the TiO2 (001) surface by two Ti-O-C linkers, and the calculated
adsorption energy was �23.27 eV (� �23.02 kcal/mol), indicating
a strong binding between the TiO2 (001) surface and the BPA
molecule. Figs. S8B and C presents the spatial distributions of the
highest occupied molecule orbital (HOMO) and the lowest
unoccupied molecule orbital (LUMO) of the complex. The HOMO
is distributed at the interface and the LUMO is predominantly
distributed in the TiO2 substrate. This result indicates the existence
of ICT transitions between the TiO2 (001) and the BPA molecule
under light irradiation [26–28].
The practical application of the 2D TiO2 (001) nanosheets
electrode as a photoelectrochemical (PEC) sensor for detecting BPA
is carried out in various real water samples (Table S1 in Supporting
information). However, the BPA concentration is too small to be
directly detected in these real water samples. Therefore, standard
addition was taken as the method for improving detection
accuracy and recovery efficiency. The recoveries of BPA ranged
from [49_TD$DIFF]97.18% to 102.1% for spiked lake water and [50_TD$DIFF]95.63%–102.2% for
spiked tap water, respectively. Moreover, the relative standard
deviation (RSD) was less than [51_TD$DIFF]5.5% for 3 successive measurements,
suggesting that the present 2D TiO2 (001) nanosheets electrode has
suitable accuracy and can be applied to evaluate the concentration
of BPA in real water.

In summary, a renewable 2D TiO2 (001) nanosheets electrode
sensor was fabricated and implenmented to detect BPA in real
water samples. With the help of photo-assistance, non-selective
�
[37_TD$DIFF]OH mediation produced by the 2D TiO2 (001) nanosheets
electrode mineralized polymeric products and resumed surface
reactive sites, leading to the regeneration of electrode for BPA
detection. [52_TD$DIFF]Besides, the DFT calculations show the ICT transitions
between the TiO2 (001) and the BPA molecule under light
irradiation. These results suggest that photo-assistance is an
efficient method to improve the electrochemical sensor for
detecting BPA in water environments.
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