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ARTICLE INFO ABSTRACT

Keywords: This work presents a novel hexagonal boron nitride (h-BN) based self-powered photoelectrochemical (PEC)
Hexagonal boron nitride aptasensor for ultrasensitive detection of diazinon (DZN) with excellent photoelectric conversion efficiency. It
Self-powered was the first time that h-BN based materials were applied to PEC aptasensor, in which the construction of Z-

Photoelectrochemical aptasensor
Photoelectric conversion efficiency
Diazinon

scheme heterojunction of h-BN and graphitic carbon nitride (CN) via doping sulfur into h-BN was innovatively
proposed. Meanwhile, Au nanoparticles (AuNPs) were utilized for the surface plasmon resonance (SPR) effect
and the formation of new recombination centers. The charge transfer mechanism was expounded and verified by
the electron spin resonance (ESR) spin-trap technique. The proposed PEC aptasensor for determination of DZN
exhibited a wide linear range from 0.01 to 10000 nM and a low detection limit of 6.8 pM with superb selectivity
and remarkable stability. Moreover, the constructed PEC aptasensor performed well with excellent recoveries in
three different real samples. This work illustrated that PEC aptasensor is a promising alternative to conventional
analytical technologies for the detection of DZN and other organophosphorus (OP) pesticides. The designing
ideas of the proposed h-BN based material can provide a foothold for the innovative construction of photoactive
materials for PEC bioanalysis.

1. Introduction

Rapid, sensitive, and stabile bioanalytical technique is significant
and indispensable in analytical chemistry and biomolecule research (Li
et al, 2017). Photoelectrochemical (PEC) aptasensor as a newly
emerged bioanalytical techniques, has attracted considerable attention
because of prominent advantages, such as fast response, low back-
ground, high sensitivity, simple operation and straightforward detec-
tion mechanism (Wang et al., 2019; Zhao et al., 2014). Furthermore,
self-powered PEC aptasensor as a brilliant sensing strategy by utilizing
excellent photoelectric conversion efficiency without the requirement
of external power, has gradually attracted widespread attention (Kang
et al., 2015b). And the self-powered ability is benefited from various
excellent photoactive materials, such as rGO/ZnO nanorods array (Kang
et al., 2015a), NiO/PbS QDs nanostructure (Dai et al., 2017), MoSx@
ZnO nanorods array (Shang et al., 2019) and CdS/rGO/ZnO hetero-
structure (Zhao et al., 2016). Meanwhile, the photocurrent signal of
photoactive materials has a great influence on the sensitivity and

stability of PEC sensors (Hu et al., 2018; Zheng et al., 2016). Therefore,
the excellent photoactive materials with high photoelectric conversion
efficiency play an important role in the construction of self-powered
PEC aptasensor.

Hexagonal boron nitride (h-BN) is a typical two-dimensional (2D)
semiconductor similar to graphene with carbon atoms being replaced
by boron and nitrogen (Deepak et al., 2002; Hattori et al., 2014). h-BN
based materials have been widely used in durable high-temperature
crucibles, protective coatings and photocatalysis field due to their ex-
cellent chemical, thermoelectric (Pakdel et al., 2014) and optical
properties (Watanabe et al., 2004). Similarly, it has a potential appli-
cation in PEC aptasensor with superior photoelectric conversion effi-
ciency, environment-friendly property and highly specific surface areas
(Lei et al., 2016). However, h-BN can only be excited under ultraviolet
radiation due to its large bandgap, which enormously restricts the
utilization of visible light (Golberg et al., 2010). Inspiringly, element
doping has been an important method to improve the absorption of
visible light and narrow the bandgap of photoactive materials (Jiang
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et al., 2017). Especially, doping sulfur heteroatoms into photoactive
materials shows prominent enhancement on visible light absorption
(He et al., 2015; Liu et al., 2010). Hence, it is necessary for doping
heteroatom to enhance the photoelectric response of h-BN under
visible-light irradiation. Meanwhile, as a familiar strategy, heterojunc-
tion system is introduced to facilitate the effective separation of pho-
togenerated carriers due to the transfer between two semiconductors
(Huang et al., 2016; Li et al., 2016). h-BN based heterojunctions exhibit
excellent photoelectric activity and have extensive application, such as
h-BN nanosheets/TiO5 (Weng et al., 2015), h-BN/WO; (Xu et al., 2016),
h-BN/Bi,WOg (Li et al., 2015b), and h-BN/BiOBr (Di et al., 2016).
However, compared with typical heterojunction, the Z-scheme hetero-
junction whose electron-hole transfer pathway has a startling likeness
to the letter “Z” (Tang et al., 2018a), can not only possess remarkable
reducibility and oxidizability, but also inhibit the recombination of
electron-hole pairs (Zhou et al., 2014). Consequently, the Z-scheme
heterojunction is a promising strategy to improve the application of h-
BN based materials. Graphitic carbon nitride (CN), as a popular pho-
toactive material with nontoxicity, excellent chemical stability and
proper bandgap (Wang et al., 2018), has been extensively applied in
heterojunctions with other materials (Deng et al., 2018). But CN could
hardly couple with h-BN to construct Z-scheme heterojunction owning
to the too-large bandgap of pure h-BN for energy band match. There-
fore, it is potential for the combination of two strategies (including
element doping and Z-scheme heterojunction) to construct a novel h-BN
based materials with enhanced photoelectric conversion efficiency. In
addition, Au nanoparticles (AuNPs) can promote the transfer of pho-
togenerated carriers and enhance the absorption of visible light due to
surface plasmon resonance (SPR) effect. Meanwhile, AuNPs can be able
to band with thiol modified aptamer through self-assembly formation of
thiol-gold bonding (Au-S). Thus, AuNPs were used to further enhance
photoelectric conversion efficiency of the proposed h-BN based photo-
active material, and connect with aptamer for the construction of h-BN
based self-powered PEC aptasensor.

Organophosphorus (OP) pesticides, as an effective insecticide with
high durability, are widely used in agriculture (Tang et al., 2018b).
However, a little amount of organophosphorus pesticide residues in
water and food can irreversibly inhibit acetylcholine esterase (AChE)
and accumulate acetylcholine neurotransmitter leading to neurotoxicity
symptom even death (Wang et al., 2013b). Therefore, to detect the
concentrations of OP pesticides in environmental samples for public
security is still of great necessity and urgency. Diazinon (DZN) as a
typical organophosphorus pesticide, has high insecticidal efficiency.
Nevertheless, trace residues of DZN in the environment may impair
human and animal health. The accepted maximum residue limits
(MRLs) of DZN in water and vegetables are 0.1 pg/L and 0.04 ug/g,
respectively, according to World Health Organization and European
Union (Bhattacharjee et al., 2012). Generally, various methods can be
applied for DZN detection, such as gas chromatographic-mass spectro-
metry (GC-MS) (Armstrong et al., 2014), surface enhanced Raman
scattering (SERS) (Wang et al., 2010), high performance liquid chro-
matography (HPLC) (Zhang and Lee, 2013), chemiluminescence tech-
niques (Wu et al., 2011) and electrochemical strategies (Hassani et al.,
2018). However, these methods are often expensive, complex, time-
consuming, and need laboratory based large instrumentation (Jenkins
et al.,, 2001). Therefore, to develop a convenient and sensitive PEC
aptasensor for detection of DZN certainly becomes an appropriate
choice.

In this work, we firstly proposed a novel h-BN based self-powered
PEC aptasensor for ultrasensitive determination of DZN with excellent
photoelectric conversion efficiency. In the proposed h-BN based pho-
toactive material, sulfur doped h-BN (S-BN) possessed porous structure
and large specific surface areas, and was coupled with CN due to the
reduced bandgap by doping S into h-BN. AuNPs as a bridge, was used to
connect h-BN based photoactive material with aptamer in this PEC
aptasensor, to improve the visible light absorption and to inhibit the
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recombination of electron-hole pairs due to the SPR effect and the
formation of new recombination centers. Moreover, the mechanism of
the h-BN based PEC aptasensor was explained and verified in detail.
The applicability of the fabricated PEC aptasensor for DZN detection
was tested in three different real samples.

2. Experimental section
2.1. Materials and instruments

The materials, reagents, and instruments used in this study are de-
scribed in the “Supporting Information” file.

2.2. Preparation of photoactive materials

The porous h-BN nanosheets were prepared by a simple calcination
method. Specifically, boric acid (2.0 g) and urea (8.0 g) were dissolved
in 50 mL water, which was stirred for 30 min to obtain a clear colorless
solution. Then the mixed precursor solution was transferred into a ro-
tary evaporator at 80 °C until water was vaporized. The obtained gel
was heated to 900 °C for 5h with a heating rate of 4 °C/min under ni-
trogen atmosphere. After cooling to room temperature, the white
porous h-BN nanosheets were collected after ground.

The sulfur doped porous h-BN (S-BN) was synthesized by a typical
heat-treat process. h-BN powders (2.0 g) and sublimed sulfur (1.0 g)
were well-mixed. The prepared precursor was heated to 440°C for
120 min with a heating rate of 5°C/min under nitrogen atmosphere.
Subsequently, the temperature kept on increasing to 550 °C for another
2 h to remove the extra sulfur. After being cooled to room temperature,
the taupe S-BN powders were collected for use after washing with
ethanol and water.

The S-BN/CN composite was prepared via an in-situ growth method.
Briefly, S-BN (0.2 g) and different weights of melamine were dissolved
in 50 mL ethanol. Subsequently, the mixed suspension was stirred at
80 °C to evaporate the ethanol, and then the resultant powders were
heated to 550 °C for 4 h under a heating rate of 3 °C/min. The ultimately
obtained yellow powders were denoted as X-S-BN/CN, where X (5, 10,
15, 20, 25) was the mass ratio of melamine to S-BN. For comparison,
the pure CN was synthesized without S-BN.

Then the S-BN/Au/CN composite was synthesized through a photo-
reduction method (Peng et al., 2018). Typically, 50 mg of the above
synthesized S-BN/CN powders were dispersed into 30 mL of methanol/
water solution (1:5 in volume) for 2h. Next, suitable amount of
HAuCl4-4H50 solution (1 wt% in water) (the detailed volume was ex-
hibited in Table S1) was dropped in the mixture solution under con-
tinuous stirring for 1h in dark for uniform distribution, and then ex-
posed to a 300 W xenon arc lamp for 1 h. Finally, the obtained product
was washed with ethanol and water, and dried at 60 °C. The same
method was used to fabricate the S-BN/Au/CN composites with dif-
ferent Au wt% (0.5, 1, 2, 5, 10, 20%).

2.3. Construction of PEC aptasensor

Prior to preparation, the fluorine-doped tin oxide (FTO) glass
(1.0 cm x 2.0 cm) was cleaned by successive ultrasonication in acetone,
ethanol and water for 10min, respectively, and dried at 60 °C.
Following that, 0.2 mL of S-BN/Au/CN suspension (4.0 mgmL~%; dis-
persed in 1.0 mL of ethanol and 0.05% Nafion mixture solution) was
dropped on the cleaned FTO electrode and dried at room temperature,
and marked as S-BN/Au/CN/FTO. Subsequently, 20 uL of 2.5 uM thio-
lated DZN aptamer stock solution was dropped on the S-BN/Au/CN/
FTO surface and incubated at 4 °C for 12 h, and then it spontaneously
formed self-assembly monolayer (SAM) through the formation of Au-S
bond, marked as aptamer/S-BN/Au/CN/FTO. After the incubation, the
modified electrode rinsed with washing buffer solution to remove extra
non-specific adsorbed aptamers. Then, 20 uL. of 5mM MCH solution
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was dropped on the modified electrode for 1h incubation at room
temperature, in order to form a MCH film blocking the non-specific sites
and obtain a well-aligned DNA monolayer (Tang et al., 2009; Wang
et al., 2013a). Afterwards the prepared electrode was slowly rinsed with
washing buffer solution and stored in dark at 4 °C for further usage.

2.4. Detection of DZN with the aptasensor

To detect target DZN molecules, the PEC aptasensor was incubated
with different concentration (0.01, 0.1, 1, 10, 100, 1000, 10000 nM) of
DZN in binding buffer solution at 60 °C in a thermostat for 1 h, and then
rinsed with washing buffer solution. Finally, the PEC signals of DZN/
MCH/aptamer/S-BN/Au/CN/FTO were measured in binding buffer
solution (pH 7.4) at room temperature.

2.5. Real sample preparation

The PEC aptasensor was used for the determination of DZN in river
water, tap water and apple samples where the pretreatment processes
were accomplished as follows. Specifically, the apple samples were
purchased from local markets, the tap water was obtained from local
municipal pipelines, and the river water was collected from Xiangjiang
River in Changsha, China. Firstly, 100 g of apple samples were ground
by a mortar to obtain supernatant. Afterwards, both the supernatant
and two water samples were treated through a filter membrane
(0.22 um) to filter suspended substances. At last, three different con-
centrations of DZN (10, 100, 1000 nM) were dropped on the obtained
solution respectively by the standard addition method, and pH was
adjusted to 7.4 by binding buffer solution before detection. To confirm
the practical application ability of the aptasensor in different real
samples, the results were compared with the high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) measure-
ments.

3. Results and discussion
3.1. Characterization of the photoactive materials

The transmission electron microscopy (TEM) images of porous h-
BN, S-BN, S-BN/CN and S-BN/Au/CN composites were shown to char-
acterize the morphologies and structures. As shown in Fig. 1A, h-BN is
in a typical sheet-like stacking structure with lots of randomly dis-
tributed mesopores whose interlayer distances was calculated to be
0.364 nm (Fig. S1B). The abundant pores might be ascribed to the re-
leased gas (like NH3 and N,) during material preparation process. Al-
though after doping with S, the interlayer distances of S-BN became
narrower with a size of 0.345 nm (Fig. S1C), Fig. S1A shows that S-BN
owned the same microstructure with pure h-BN, demonstrating that the
doping S didn't destroy the porous structure. And as shown in Fig. 1B,
after the in-situ growth of layered CN on the surface of S-BN nanosheet,
the obtained S-BN/CN became relatively rough and thick with the well
preserved pore structures. Fig. 1C further reveals the successful synth-
esis of S-BN/Au/CN where numerous AuNPs with a diameter of
10-20 nm were well-dispersed on the surface. According to the related
literature, the enhanced photocurrent density upon SPR excitation with
a diameter of 10-20 nm was higher than the photocurrent of other sizes
(Wang et al., 2017). Furthermore, a typical crystal spacing of 0.235 nm
belonging to the (111) lattice plane of AuNPs could be observed clearly
(see Fig. S1D). Additionally, the EDS mapping in Fig. 1D reveals the
uniform distribution of all elements (B, C, N, O, S) in S-BN/Au/CN.

To further investigate the porous structure, the N, adsorption-des-
orption isotherms (Fig. S2) of h-BN, S-BN/CN, S-BN/Au/CN were
measured. All the samples presented a type-IV isotherm with a H3 type
hysteresis loop where the similar mesopore distribution illustrates the
existence of highly porous structure (inset in Fig. S2). In addition, the
corresponding BET specific surface areas and pore volumes are
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exhibited in Table S2, demonstrating that both the CN growth and
AuNPs loading only gently reduced the BET surface areas and pore
volumes, which was consist with the TEM results. Hence, the relatively
large specific surface areas of prepared S-BN/Au/CN (200.408 m?/g)
could still endow it with substantial active reaction sites.

The X-ray diffraction (XRD) patterns were employed to analyze the
crystalline phases of materials. As shown in Fig. 2A, the two main peak
around 25.8° and 42.5° of h-BN sample are attributed to the (002)
crystal planes and (100) crystal planes, corresponding to the interlayer
stacking and in-plane packing of h-BN, respectively (Wang et al.,
2013a). It is obvious that the (002) peak of S-BN shifts from 25.8° to
26.5°, indicating that doping S could lead to compacting the interlayer
distances by the formation of new chemical bonds, which is consistent
with the HR-TEM images (Figs. S1A and S1C). With the loading of CN,
the S-BN/CN appears two (100) peaks corresponding to S-BN and CN,
respectively, while the (002) peak exhibits a significant shift due to the
formation of new interfacial phases (He et al., 2017). Comparing with
binary composite, the four additional characteristic peaks of S-BN/Au/
CN located at 38.2°, 44.5°, 64.4° and 77.5° correspond to (111), (200),
(220) and (311) crystal planes of Au, respectively, on the grounds of the
standard value (JCPDS card 04-0784), indicating the successful de-
position of gold nanoparticles (Peng et al., 2018).

The X-ray photoelectron spectroscopy (XPS) was used to further
confirm the element chemical states of the prepared materials (Yu et al.,
2019). Fig. 2B indicates the main characteristic peaks of B 1s, C 1s, N
1s, O 1s and Au 4f, while the peak of S element is not obvious which
might be due to its low concentration. Furthermore, the high resolution
spectra of individual elements were also analyzed respectively. In
Fig. 2C, the high-resolution spectra of S 2p proves the successfully
doping of S element where the peak at 163.74 eV corresponds to the
formation of new chemical bond. Additionally, two binding energy
values located around 84.80 eV and 88.51 eV of Au 4f (Fig. 2D) corre-
spond to Au 4f 7/2 and Au 4f 5/2, well suggesting the successful load of
AuNPs on the composite (Li et al., 2015a). Meanwhile, as for the B 1s
spectrum (Fig. S3A), the binding energy value of 190.70 eV is attributed
to the B-N bonds, and the characteristic peak around 192.20 eV reveals
a primary B-O bonds (Jiang et al., 2018). The N 1s XPS spectrum is
presented in Fig. S3B, where the peak at 398.20 eV belongs to the N-B
bond, and the shoulder peak located at 398.96 eV and 400.20 eV are
assigned to C-N-B and C-N=C, respectively (Huang et al., 2014; Wang
et al., 2016), which further reveals the CN in-situ growth on the surface
of S-BN. Moreover, the main peak in C 1s spectra (Fig. S3C) at
288.40 eV is assigned to the N-C=N bonds, while the subordinate peak
at 284.64 eV is ascribed to the adventitious carbon species (Dong et al.,
2013; Xu et al., 2013).

The ultraviolet visible diffuse reflectance spectra (UV-vis DRS) was
shown to identify the electronic structures and optical properties. As
depicted in Fig. 3A, the absorption edge of S-BN shows a remarkable
red shift with S-doped, inferring the decrease of bandgap. Furthermore,
the absorbance and absorption range of S-BN/Au/CN have an en-
ormously co-enhancement due to the load of CN and the SPR effect of
AuNPs. To investigate the electronic band structure in detail, the band
gap of CN, h-BN and S-BN were calculated by the Kubelk-Munk method
according to the formula as follows (Deng et al., 2016):

ahv = Ahv - E))"? @

where a, h, v, A and E, represent the absorption coefficient, Planck
constant, light frequency, a constant and band gap energy, respectively.
The n values of h-BN and g-C3N,4 are 1 which depend on properties of
semiconductors (Xia et al., 2017; Zhang et al., 2018). As shown in
Tauc's plots (Fig. 3B), the bandgap of pure h-BN is about 3.78eV, and as
expected S-BN presents a reduced bandgap of 2.96 eV corresponding to
our previous inference. Simultaneously, CN owns a bandgap of 2.72 eV,
which is similar to the reports in the literature (Jiang et al., 2017).
The cyclic voltammetry (CV) curve was used to further investigate
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Fig. 1. TEM images of (A) pure h-BN, (B) S-BN/CN and (C) S-BN/Au/CN; (D) HAADF-STEM image and EDS mapping of S-BN/Au/CN.

the conduction band (CB) and valence band (VB) of photoactive semi-
conductors according to the formula as follows (Wang et al., 2019):

Evg = - (4.8 + Eoxidation - E1/2"F") 2

Ecg = Evg + Eq 3

where Egyqation 1S the oxidation initiation potential, and E ,"¢F¢* is

the formal potential of the ferrocene/ferrocenium (Fc/Fc™) couple.
Potentials were calibrated with Fc/Fc*, and the potential of Fc/Fc™
had an absolute energy level of 4.80 eV to vacuum. As shown in Fig. 3C,
the Eoxidation Of S-BN and CN are 2.62 and 1.5V, respectively. The
Eoxidation Of h-BN and E; ,"F¢* are estimated to 2.62 and 0.48 V ac-
cording to the tangents of oxidation peaks (Fig. S4). Thus, the Eyp of
—6.94, —5.82 and —6.94 eV could be determined for S-BN, CN and h-
BN. Consequently, the Ecg of S-BN, CN and h-BN were calculated to
—3.98, —3.10 and —3.06 eV, respectively. On the basis of the calcu-
lation results, it could be inferred that S doping didn't change Eyy of h-
BN, but reduced the Ecp. These values were significant for the electron-
hole transfer pathway of the S-BN/Au/CN photoactive material.

The photoluminescence (PL) spectra was used to characterize the
migration and recombination of photogenerated carriers (Tang et al.,
2016). All the samples were measured under an excitation wavelength
of 350 nm. As shown in Fig. 3D, the pure CN suggests a strong emission
peak, while the peak intensity of S-BN/CN has a sharp decline, re-
vealing that the composites possess a low recombination rate of elec-
tron-hole pairs. Moreover, the peak intensity of S-BN/Au/CN was fur-
ther reduced owing to AuNPs as the electron-hole pairs recombination
centers, capturing electrons from CB of S-BN and holes from VB of CN to
extremely decrease the recombination of photogenerated carriers. As
expected, pure h-BN and S-BN can hardly be excited under visible-light
irradiation (inset in Fig. 3D) because of the wide bandgap (Golberg
et al., 2010). Meanwhile, the doped S gave rise to a great reduction of
emission peak, illustrating that it could facilitate the separation of
photogenerated electrons and holes.

3.2. Photoelectrochemical characterization of the fabricated PEC
aptasensor

Electrochemical impedance spectroscopy (EIS) was used to monitor
the processes of interfacial charge transfer (Fig. 4A). Typically, the
semicircle diameter in Nyquist plot represents the electron-transfer
resistance (R Q) value, which dominated the electron transfer kinetics
of redox probe at the electrode interface (Tang et al., 2009). All the
measurements were conducted in binding buffer solution containing
5mM [Fe(CN)e]>7* with 20 mM KCl (PH 7.4). Obviously, the smallest
semicircle diameter (curve a) was ascribed to the bare FTO electrode,
while the resistance of h-BN modified FTO exhibited a sharp increased
(curve b), indicating that the pure h-BN had a serious conductivity due
to its wide bandgap. The semicircle diameter of S-BN/FTO (curve c)
decreased due to the reduced bandgap by S doping. Meanwhile, the R,
of S-BN/CN/FTO (curve d) had a tremendous reduction, suggesting that
the formation of S-BN/CN heterojunction could generate built-in elec-
tric field at the contact interface of S-BN and CN, which could promote
the migration of electrons and reduce resistance. Furthermore, the de-
position of AuNPs further decreased the resistance (curve e) because it
could facilitate the charge transfer process at the electrode surface.
When aptamers were dropped on the surface of prepared materials, the
resistance value increased dramatically (curve f) due to the repulsion
force between aptamers with negative charges and the negatively
charged [Fe(CN)¢1>7* species, which inhibited the electron transfer.
With the addition of MCH (curve g), the active sites were blocked, re-
sulting in the increased of R.. After the prepared electrode was in-
cubated in 1 nM DZN solution (curve h), its resistance value was further
raised. It could be interpreted that the aptamers on the surface of
electrode had a specific reaction with DZN molecules and formed
abundant aptamer-DZN complexes, which increased the steric hin-
drance effect of the electron transfer between electrode and [Fe
(CN)13”* solution. Additionally, the equivalent circuit (inset in
Fig. 4A) including charge transfer resistance (R..), warburg impedance
(Zy), solution resistance (R;), and interfacial capacitance (Cq), as well
as the parameters in detail are presented in Table S3. All of the above
phenomena revealed that S-BN/Au/CN was successfully immobilized



J. Tan, et al.

”_M/L S-BN/Auw/CN
-, A
- (111) (200) (220) (311)
&
%’ S-BN/CN
5
= CN
(100) (002)
A_/\ S-BN
(002) h-BN
100)
T T v T T T T T T T T T T
10 20 30 40 50 60 70 80
20 (degree)
C S2p
163.74 eV _ e
T
a
&
2
g
£
v T T T T T T T v T 7
167 166 165 164 163 162 161
Binding Energy (eV)

Biosensors and Bioelectronics 142 (2019) 111546

B Nls
Cls Ols S-BN/Au/CN
Audf Bls A Y g
S-BN/CN
2 i L_L Pt
9
= S-BN
o
h-BN
| P | o
v T T T v T T T v T )
0 200 400 600 800 1000 1200
Binding Energy (eV)
D Au 4f
Au 4f7/2
Au 4f, 84.80 eV 1\

572

Intensity (a.u.)

Binding Energy (eV)

Fig. 2. (A) XRD patterns of h-BN, S-BN, CN, S-BN/CN and S-BN/Au/CN; (B) The full-scale XPS spectra of h-BN, S-BN, S-BN/CN, S-BN/Au/CN and high-resolution XPS
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on the FTO electrode.

Subsequently, the modified electrodes were measured for photo-
current responses in binding buffer solution without applied potential
under intermittent visible-light irradiation. As can be seen in Fig. 4B,
the weakest photocurrent signal of h-BN/FTO (curve a) was due to the
wide bandgap and high recombination rate of electron-hole pairs. The
photocurrent responses of S-BN/FTO (curve b) had a sharp increase as
the introduction of S narrowed down the bandgap. In contrast, ascribed
to the efficient separation of photogenerated charge carriers and low
recombination rate of electron-hole pairs, S-BN/CN/FTO composite
produced a higher photocurrent response (curve c). Furthermore, the
electrode modified with S-BN/Au/CN/FTO (curve d) produced the
strongest photocurrent intensity, which might be ascribed to the en-
hanced absorption efficiency of visible-light irradiation by the SPR ef-
fect of AuNPs. However, when the aptamer (curve e) and MCH (curve f)
were immobilized on S-BN/Au/CN/FTO modified electrode, the pho-
tocurrent signals were obviously decreased owing to the hindered
electron transfer corresponding to the EIS results. At last, the prepared
aptasensor was incubated in 1 nM DZN, where a significant decline of
the anodic photocurrent signal could be observed (curve g). It could be
explained that the formation of aptamer-DZN increased the steric hin-
drance and inhibited the transfer of electrons. These analyses of pho-
tocurrent signals were in accordance with the EIS results, demon-
strating that the PEC aptasensor was successfully established for
detection of DZN on the basis of S-BN/Au/CN.

3.3. Mechanism study and verification

The mechanism of photocurrent generation and DZN detection is
exhibited in Scheme 1. Presumably, if pure h-BN and CN constructed
the heterojunction, the photogenerated electrons from the CB of h-BN
should flow into the CB of CN, and the photogenerated holes from the
VB of h-BN might transfer to the VB of CN. But obviously, this het-
erojunction was unsatisfactory because of its instability and high re-
combination rate of electron-hole pairs. As for the construction of h-BN
based Z-scheme heterojunction of S-BN/Au/CN, CN was easily excited
and S-BN could also be excited due to the reduced bandgap by doping S
under visible-light irradiation, where abundant photogenerated elec-
trons and holes were produced in the CB and VB, respectively. Notably,
doping S only changed the CB of h-BN, and the VB position was almost
constant corresponding to the calculations above. After deposition of
AuNPs, a new Z-scheme charge transfer was constructed. Exactly both
the photogenerated electrons in CB of S-BN and the photogenerated
holes in VB of CN transferred to the AuNPs due to the formation of new
recombination centers, which inhibited the recombination of electron-
hole pairs. Simultaneously, AuNPs promoted the utilization of visible
light attributed to the SPR effect, which facilitated the separation of
photogenerated charge carriers. Therefore, the h-BN based photoactive
material exhibited an extremely high photocurrent signal due to the
synergistic effect as above mentioned. With the presence of DZN, the
formation of aptamer-DZN complexes brought about the photocurrent
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Fig. 3. (A) UV-vis diffuse reflectance spectra of h-BN, S-BN, CN, S-BN/CN and S-BN/Au/CN; (B) Tauc's plots of (ahv)'/2 vs. photon energy (hv) and (C) CVs of the
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AgCl reference electrode (with saturated KCl), with a Pt wire counter electrode; (D) The PL spectra of CN, S-BN/CN, S-BN/Au/CN and h-BN, S-BN (inset).

significantly decreased on account of the steric hindrance effect with
the inhibited transfer of charges. Consequently, the novel h-BN based
self-powdered PEC aptasensor could realize ultrasensitive detection of
diazinon with excellent photoelectric conversion efficiency.

The charge transfer mechanism was expounded and verified by the
electron spin resonance (ESR) spin-trap technique with the signals of
superoxide (*O, ) and hydroxyl (*OH) radicals. These radical detection
experiments of S-BN, S-BN/CN, and S-BN/Au/CN were carried out
under dark conditions, and visible-light irradiation of 5min, and
10 min, respectively. As shown in Fig. 4C and D, the characteristic
signals of DMPO-+OH of S-BN could be observed, while DMPO-O," of S-
BN couldn't be observed, which might be caused by the fact that the
lowered CB by doping S could not reach the standard redox potentials
to reduce O, to O, (Zhang et al., 2014). With the in-situ growth of
CN, both *O, " and *OH radicals of S-BN/CN were produced, illustrating
that the electrons of S-BN/CN accumulated on the CB of CN and the
holes accumulated on the VB of S-BN, which could further verify the
construction of Z-scheme heterojunction instead of type II heterojunc-
tion in S-BN/CN. Moreover, the two DMPO- signals of S-BN/Au/CN had
a simultaneous enhancement, which revealed that the loading of AuNPs
boosted the generation of radicals. The related reaction route of S-BN/
Au/CN was exhibited as follows:

S-BN/Au/CN + hv — S-BN/Au/CN (e~ + h*) )

e + 02 - '027 (5)

(6)

Therefore, the novel h-BN based Z-scheme heterojunction was
constructed successfully and could produce abundant superoxide and
hydroxyl radicals.

h* + H,O0 — «OH + H*

3.4. Optimization of experiment conditions for the PEC aptasensor

In order to enhance the performance of the PEC aptasensor in every
step, some relevant experimental parameters were optimized, where
the mass ratios of melamine, the weight ratios of AuNPs, aptamer
concentration, pH of binding buffer solution, and incubation time of the
DZN were all contained. The concentration of DZN is 100 nM in the
experimental optimization processes. Fig. SS5A reveals that the photo-
current of S-BN/CN/FTO electrode increased initially and then declined
with the mass ratios of melamine to S-BN increasing from 5 to 25,
suggesting that the appropriate loading of CN could enhance the PEC
activity of S-BN/CN. As shown in Fig. S5B, with the load of AuNPs, the
photocurrent gradually increased due to the SPR effect and reached the
maximum value at 5% AuNPs load, while excessive AuNPs may block
surface active sites and lower the absorption efficiency of visible-light
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Fig. 4. (A) Electrochemical impedance spectra of (a) FTO electrode, (b) h-BN/FTO, (c) S-BN/FTO, (d) S-BN/CN/FTO, (e) S-BN/Au/CN/FTO, (f) aptamer/S-BN/Au/
CN/FTO, (g) MCH/aptamer/S-BN/Au/CN/FTO (h) MCH/aptamer/S-BN/Au/CN/FTO incubated with 1 nM DZN in binding buffer solution containing 5mM [Fe
(CN)6]1*7* with 20 mM KCl (PH 7.4); (B) Photocurrent responses of (a) h-BN/FTO, (b) S-BN/FTO, (c) S-BN/CN/FTO (d) S-BN/Au/CN/FTO, (e) aptamer/S-BN/Au/
CN/FTO, (f) MCH/aptamer/S-BN/CN/FTO, (g) MCH/aptamer/S-BN/Au/CN/FTO incubated with 1 nM DZN in binding buffer solution without applied potential;
DMPO spin-trapping ESR spectra of (C) DMPO-*O,~ (D) DMPO--OH with S-BN, S-BN/CN, S-BN/Au/CN at 0 min, 5 min and 10 min under visible-light irradiation.

irradiation. As demonstrated in Fig. S5C, with the increased con-
centration of aptamer, the photocurrent decreased and then remained
stable. It could be explained that the decrease of photocurrent was at-
tributed to the impeded charges transfer of aptamer and stable photo-
current might be due to the saturated Au-S bonds between AuNPs and
aptamer. The pH value of binding buffer solution was also optimized
(Fig. S5D), the photocurrent intensity reached the lowest at pH 7.4
because the aptamer was easily inactivated in the overly acidic or al-
kaline environment. Additionally, Fig. S5E illustrated that the photo-
current intensity declined piece by piece when the incubation time
increased from 20 to 60 min, and kept stable with the time increase. It
could be explained that long incubation time might promote the for-
mation of aptamer-DZN complexes until the binding reaction reached
saturation. Therefore, the optimized CN, AuNPs weight ratios (5%),
aptamer concentration (2.5uM), pH (7.4), incubation time (60 min)
were chosen in all experiments, unless otherwise mentioned.

3.5. Performance of the PEC aptasensor

Under the optimal conditions above, the photocurrent response was
measured by the fabricated PEC aptasensor at a series of DZN con-
centration in binding buffer solution. As shown in Fig. 5A, the anodic
photocurrent gradually reduced with the concentration of DZN varied

from 0.01 to 10000 nM due to the steric hindrance effect. The linear
regression equation (Fig. 5B) was AI =0.322 lg Cpzy + 0.778
(R% = 0.996), where Al is the difference value between the photo-
current of MCH/aptamer/S-BN/Au/CN and DZN/MCH/aptamer/S-BN/
Au/CN. The limit of detection (LOD) was calculated according to for-
mula 30/s (the method details are available in the “Supporting In-
formation” file) (Cakiroglu and Ozacar, 2018). Therefore, the calcu-
lated LOD of this aptasensor for DZN detection was 6.8 pM. Compared
with previously reported methods for DZN detection (Table S4), the
proposed PEC aptasensor displayed excellent performance with rela-
tively wider linear range and lower detection limit.

3.6. Selectivity, reproducibility and stability of the PEC aptasensor

The selectivity of the fabricated PEC aptasensor was measured by
interference experiment with 100nM DZN and other representative
interfering species including phorate, malathion, profenofos and del-
tamethrin of same concentration. As shown in Fig. 5C, compared with
blank group, the photocurrent signals of four other pesticides were
unchanged. However, the photocurrent intensity of DZN obviously
decreased, which was almost identical to photocurrent value of the
mixture (consist of all pesticides above). These phenomena could be
explained that the high selectivity between the proposed aptasensor
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and DZN molecules, and the interference of other pesticides was ig-
norable.

To confirm the reproducibility of the aptasensor, five independent
MCH/aptamer/S-BN/Au/CN modified FTO electrodes were incubated
with 100nM DZN at the same conditions. The relative standard de-
viation (RSD) was calculated to be 3.73%, which illustrated the good
reproducibility of the prepared PEC aptasensor.

Furthermore, the photocurrent signal of aptasensor detection for
100 nM DZN, was carried out under 10 on-off cycles to characterize the
stability. As demonstrated in Fig. 5D, after 400 s, the photocurrent in-
tensity had no noticeable variation and maintained 98.8% of normal
value, revealing the excellent stability of the proposed PEC aptasensor.
After stored at 4 °C for 1 month, the photocurrent signal still remained
96.7% of the original value, revealed excellent long-term stability of the
self-powered PEC aptasensor.

3.7. Real samples analysis

The practical application capability of the fabricated PEC aptasensor
was verified in three different real samples. In addition, these samples
solution were prepared in detail according to the procedure of Section
2.4. As shown in Table S5, the recoveries of the samples solution were
in the range of 98.03%-102.21% with a RSD value in the range of
3.58-5.72%, which is essentially consistent with the results acquired by
HPLC-MS/MS. Thus, all results demonstrated that the proposed PEC
aptasensor possessed the enormous potential applicability in different
environment conditions.

4. Conclusion

In this work, a self-powered PEC aptasensor was successfully fab-
ricated for ultrasensitive detection of DZN based on a novel h-BN based
photoactive material with extremely high efficiency of photoelectric
signal conversion. The construction of h-BN based photoactive material
by S doping and coupling with CN, which promoted the absorption of
visible light, improved the separation of photogenerated carriers and
inhibited the recombination of electron-hole pairs. In addition, the
loaded AuNPs further enhanced the photoelectric performances due to
SPR effect and the formation of new electron-hole pairs recombination
centers. Furthermore, the proposed PEC aptasensor for DZN detection
presented a linear range from 0.01 to 10000 nM and a detection limit of
6.8 pM with high selectivity, good reproducibility and excellent stabi-
lity, and exhibited a great application in three different environmental
real samples. In summary, this work proved that it is feasible to apply
PEC aptasensor in the detection of DZN and other OP pesticides.
Moreover, it is believed that our designing ideas of the h-BN based
material will provide a bright prospect of various innovative photo-
active materials for universal PEC bioanalysis. In the future work, the
density functional theory (DFT) calculations may be applied to in-
vestigate the energy band structure and electron transfer, and to de-
velop more photoactive materials with excellent performance for PEC
biosensor.
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