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Abstract

®
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In this letter, we have put out a fresh idea for managing the diffraction sample of optical vortex
light that was transmitted from a four-level quantum dot molecule. We describe the creation of a
new weak laser field via inter-dot tunneling, which causes the diffraction grating to be
dependent on the orbital angular momentum (OAM) of the optical vortex light. We found that
the relative phase between the implemented lights and the OAM number of the vortex light
affect the intensity distribution of the asymmetric grating. Additionally, we discovered that the
maximum amount of probe energy could be dispersed in higher orders of diffracted angles that
were negative and positive by modifying the inter-dot tunneling and OAM number.

Keywords: electromagnetically induced grating, optical vortex light, tunneling effect

(Some figures may appear in colour only in the online journal)

1. Introduction

It is known that quantum coherence and interference effects
can be used to control the optical response of coherent
systems [1-3]. In multi-level quantum structures, quantum
coherence and interference lead to a number of phenomena,
such as electromagnetically induced transparency (EIT) [3],
optical solitons [1], four-wave mixing [4], optical bistabil-
ity [5, 6], and other phenomena [7—12]. In a typical three-
level atomic system where the absorption of weak probe light
is controlled, the EIT phenomena can be manipulated by
using a strong coupling light. In fact, many other phenom-
ena in quantum nonlinear optics are caused by the EIT effect

* Author to whom any correspondence should be addressed.

1612-202X/22/095205+6$33.00  Printed in the UK

[13—15]. For instance, a distinct phenomenon known as an
electromagnetically induced grating (EIG) is produced when
the control field is switched out for a standing wave (SW)
[8, 16-22]. The amplitude and dispersion of the probe field
become spatially periodic as a result of SW patterning of the
coupling light. As a result, high order directions are formed
from the transmitted probe light. Due to the EIG’s broad use
in nonlinear optics, numerous quantum systems have theoret-
ically examined it. For instance, Wan et al [23] investigated
the EIG in a four-level atomic system using enhanced nonlin-
ear modulation by spontaneously generated coherence (SGC).
They discovered that the third order of nonlinearity is boosted
and the linear absorption is simultaneously decreased due to
the presence of quantum interference caused by SGC. As ares-
ult, the probe energy may move from diffractions of zero order
to those of high order. The EIG pattern of the transmitted probe

© 2022 Astro Ltd
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light from a double V-type quantum system that is close to a
plasmonic nanostructure was examined by Vafafard et al [24].
They discovered that the presence of plasmonic nanostructure
can change the quantum system’s dispersion characteristics,
which in turn affects how the Fraunhofer diffraction pattern
behaves. The transmitted probe light’s asymmetric diffraction
pattern has recently undergone extensive research [25-27]. In
another study by Asadpour et al, the diffraction grating from
three and four levels quantum system via optical vortex and
composite vortex light have been investigated [21, 22]. They
have shown that by adjusting the orbital angular momentum
(OAM) number of the vortex light, the intensity distribution of
the diffraction grating can be manipulated in different regions.
In this letter, we discussed the diffraction grating of the optical
vortex light from four-level quantum dot molecule (QDM)
via electron tunneling effect. We show that in the presence
of the electron tunneling, the weak signal light can be gen-
erated that cause to phase dependent of the diffraction grating,
respectively.

2. Model and equations

A QDM consists of two QDs coupled by electron tun-
neling is presented in figure 1. A weak probe light with
Rabi-frequency €, and detuning A, interacts with transition
[1) +> |2). The coupling and signal driving fields with Rabi-
frequencies €2, €); and detuning A., A, interacts with trans-
itions |3) <> |4) and |1) > |4), respectively. The levels |2)
and |3) are coupled by the electron tunneling process T,. The
optical susceptibility of the QDM related to the coherence term
p21- The steady state analytical expression for the coherence
term p;; can be obtained as follow:

 [i (18— 57) = 1] + Q:T.e

(v —id)) (irg 8, — 82 + 1| 2)

p21 = (1

where + corresponds to the decay rate of QDM and ¢
denotes the relative phase between applied lights. Here, we
assume A, =0 and A, = A; = §,. When the coupling field
is in the form of a SW along x—y directions, we can write
the coupling Rabi-frequency as Q. (x,y) = Qo[sin(mx/Ae) +
sin(my/Acy)], to realize the periodic spatial modulation, where
A« (A,) is the space period.

Under the slowly varying envelope approximation, the dif-
fraction pattern of the probe light is given in the steady-state
regime as follows:

OE, .«

872 = lﬂpp7 Pp = EO(XP)EP' (2)

Parameter )\, corresponds to the wavelength of the probe
light. The transmission function for the probe field is
given as:

T(x,y) = exp(—Im(x,)L)exp(iRe(x,)L). A3)

The first and second terms in the exponential correspond to
the amplitude and the phase modulations, respectively.

T 13)
T 1
QS <3 4 A_p i 2>

Figure 1. Four-level QDM with tunneling effect.

By using of Fourier transformation of the transmission
function T(x,y), we obtain Fraunhofer diffraction equation as
follows:

»sin*(MnRsiné,) sin®*(NwRsin6,)
M?(nRsinf,)  N?(mRsinfy)
“

Hp(em ‘gy) = |E(‘9X7 0)')|

where

0 0
x exp(—i2wyRsin by )dy. 5)

¢, and 6, show the diffraction angle concerning the
z-direction. Parameters M and N correspond to the number of
spatial periods along x and y direction.

In the follow, we consider that the weak signal probe is a
vortex beam. Therefore, we have:

E, = / es(r/wy)re e dr ©)

where, r = \/x%+y?, ¢, = arctan(y/x), [, is the OAM num-
ber and w; is the beam waist, respectively.

In figure 2, we display the Fraunhofer diffraction pattern
versus sinf, and sinf, in the absence of electron tunneling
effect for different value of OAM number. We find that in the
absence of tunneling parameter, the quantum system is not
depend to the OAM number of the vortex light and we have
similar results for different of OAM number, respectively. In
this case, most of probe energy gathers in the zero order and
we have not any intensity distribution in high orders of grat-
ing. In the next step and in figure 3, we show the effect of
electron tunneling on Fraunhofer diffraction pattern when the
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Figure 2. Fraunhofer diffraction pattern versus sinf, and sin6, in the absence of tunneling effect for (a) [y =1, (b) Iy =2, (c) [y = 3 and
(d) s = 4. The other selected parameters are v = 1, 6, = 0.5, Q. =37, Q2 =0.17,¢=0and M =N =4.
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Figure 3. Fraunhofer diffraction pattern versus sin6, and sin6, for Iy = 0 and (a) T. = 5+, and (b) T, = 10~y. The other selected parameters

are same as figure 2.

optical vortex light becomes Gaussian light i.e. /; = 0. Here,
we realized that for T, = 5y some of probe energy transfer to
the high orders, but most of probe energy remains in the zero
order, respectively. Here, we find that due to phase modula-
tion of transmission function, the probe energy may transfer
to the high orders. By enhancing the electron tunneling effect
to T, = 10 (b), we find that the intensity distribution of the
diffraction grating in different orders are enhanced, but most

of probe energy is also gathers in the zero-order, respectively.
In the other words, the diffracted orders of grating increases
when we enhance the electron tunneling effect. In figure 4,
we display the Fraunhofer diffraction pattern via different val-
ues of OAM number in the presence of the electron tunnel-
ing effect, respectively. It is found that the asymmetric dif-
fraction pattern can be realized when we introduce the OAM
number of the vortex light as a new controllable parameter for
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Figure 4. Fraunhofer diffraction pattern versus sin 6, and sin 6y in the presence of tunneling effect (7. = 5v) for (a) [y =1, (b) I, =2,
(c) Iy =3 and [; = 4. The selected parameters are same as figure 2.
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Figure 5. Fraunhofer diffraction pattern versus sin 6y and sin, for different values of relative phase (a) ¢ = 7/6, (b) p =7/4,(c) p =m/3
and (d) ¢ = 7/2. The selected parameters are T, = 5+, [y = 4 and others are same as figure 2.
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adjusting the Fraunhofer diffraction pattern. We find that by
changing the OAM number from /[, =1 (a) to [, =4 (d), the
probe energy may transfer from zero order to the high order of
directions. Moreover, the regions of the diffracted photons are
changed when we alter the OAM number of the vortex light,
respectively. From equation (1), one can find that the coher-
ence term p;; depends on the relative phase between applied
lights ¢. Therefore, in figure 5, we fix the OAM number [ to
4 and plot the Fraunhofer diffraction pattern for different val-
ues of relative phase ¢, respectively. Here, we find that the
diffraction pattern of the probe light can be shifted from one
region to other regions by transferring the probe energy from
zero order to the high orders. However, for ¢ = 7 (d), most
of probe energy remains in the zero order and the symmetric
diffraction pattern can be realized.

3. Conclusion

In conclusion, we have explored the electron tunneling effect-
based Fraunhofer diffraction pattern in a four-level QDM. An
optical vortex light that carries OAM and a two-dimensional
SW pattern, respectively, both interact with the QDM. We dis-
cover that when we alter the OAM number of the vortex light,
Fraunhofer diffraction pattern becomes symmetric even in the
absence of electron tunneling and the majority of probe energy
remains in the zero order. However, some of the probe energy
may pass to the high orders in the symmetric pattern of the
diffracted photons by taking into account the electron tunnel-
ing and for the Gaussian optical field. We discovered that the
majority of probe energy transfers to the high orders and asym-
metric diffracted light becomes feasible when we take into
account the OAM number of vortex light on Fraunhofer dif-
fraction pattern of the probe light. Additionally, the regions
of the diffracted photons can be varied by varying the OAM
number and relative phase between applied light.
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ARTICLE INFO ABSTRACT

Keywords: Heterostructured construction is regarded as a valuable approach to improve photoelectrochemical (PEC) per-
Photoelectrochemical formances. Herein, porous hollow NiS@NiO spheres were prepared derived from the Ni(TCY) MOFs precursor.
p-n type heterostructure Photoactive TiO, was coupled with as-prepared NiS@NiO to form a close heterojunction interface of NiS@NiO/
Hollow NiS@NiO

TiOy. NiS@NiO/TiO2 modified ITO electrode (NiS@NiO/TiO,/ITO) displayed fiercely enhanced photocurrent
response, which was 4687-fold than that of NiS@NiO/ITO (0.008 pA) and 8.5-fold than that of TiO2/ITO (4.41
pA), respectively. Remarkable PEC property could be ascribed to the hollow NiS@NiO spheres with thin-shell
structure provided there is a larger active surface area for harvesting the visible light. Most importantly, the
p-n type NiS@NiO/TiO, heterojunction could lead to generating more photo-excited charge carriers (e /h") and
efficiently hinder the recombination of carriers, resulting in significantly augmented photocurrent output. Based
on this outstanding PEC property, NiS@NiO/TiO2/ITO electrode fabricated sensing platform (BSA/anti-CEA/
NiS@NiO/TiOy/ITO, BSA=Bovine serum albumin) exhibited high sensitivity for monitoring CEA (Carcinoem-
bryonic antigen). Wide linear detection range was from 0.001 to 45 ng mL! and with a low detection limit of
1.67 x 10 ng mL™! (S/N = 3). Prepared biosensors also showed good reproducibility, stability and had satisfying
specificity. Thus, the proposed NiS@NiO/TiO2 heterostructured composite afforded well-design and synthesis
strategy for constructing high-performance photoactive materials from MOFs-derivate.

Carcinoembryonic antigen detection

[6], and photoelectrochemical (PEC) [7,8], etc. Among them, the PEC
method has attracted wide interest due to several advantages of simple

1. Introduction

Carcinoembryonic antigen (CEA), as the tumor marker generated by
the tumor cells from the human body, most possibly exists in the serum
of patients with colorectal [1], breast [2], cystadenocarcinoma [3], and
other carcinomas. CEA is widely used for the clinical diagnosis and
treatment of cancer. The initial cancer diagnosis and effective treatment
have very important significance in reducing the mortality of patients.
Thus, the sensitive and precise detection of CEA in the early stage is
indispensable and still urgently needed. Different analysis techniques
have been developed to detect the CEA, such as fluorescence [4],
enzyme-linked immunosorbent assays [5], electrochemiluminescence

operation, high selectivity, Low-background signal, and low-cost
detection [9,10]. Apparently, for the structure of PEC biosensors, the
photoelectric active materials are the pivotal component, because it
makes the changed biology or chemistry information to convert into a
noticeable PEC output which affects the sensitivity improvement of
analyte. Up to now, a variety of photoactive materials have been
employed for improving the PEC property, including the metal oxides
[11,12], metal chalcogenides [13,14], organic polymers [15,16],
metal-organic frameworks (MOFs) [17,18], etc.

As a typical transitional-metal oxide, TiOy has many merits such as
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large surface area, high stability as well as photoelectric activity, which
is potentially promising for developing PEC sensors. However, due to the
wide bandgap, TiO, only absorbs the ultraviolet (UV)-light with a
wavelength range of A <400 nm [19,20], and most biomolecules can be
harmed by UV-light. So, TiO, does not very beneficial to be applied in
PEC biosensors. Many efforts have been employed to enable the
visible-light utilization of TiO,, for intense, coupling TiO, with other
photoactive materials to form the heterojunction is regarded as an
effective strategy. In a heterojunction, the internal electric field is
spontaneously built among different components which can boost the
spatial separation of photo-excited e /h™ pairs [21,22]. Zhang etc. [23]
prepared a heterostructured FepO3/TiO2 photocatalyst that could
enhance the solar-energy conversion efficiency and showed excellent
property for photoelectrochemical water oxidation. Singh etc. [24] used
a heterostructure of BiVO4/TiOy to achieve the improved
photo-absorption capacity and BiVO4/TiO as the photoelectrode ma-
terial with high photocatalytic activity for water splitting. Gao etc. [25]
reported a heterojunction formation between TiO and CdS, which
displayed the increased photoactivity in UV regions and based on
CdS/TiO2 nanocomposite structured PEC sensor exhibited high sensi-
tivity for nitrite assay.

Another strategy to improve the photo-electric performance is to
tailor the particular morphologies or construct, such as hollow struc-
tures [26], thin-wall [27], hierarchical architectures [28], and high
porosities [29]. The photoactive material with a hollow structure can
strengthen the light-harvesting ability due to its multiple reflection ef-
fects, resulting in the generation of more charge carriers within the
interior void. Meanwhile, hollow structures provide plentiful active sites
for the related interface reactions, which can lead to promoting photo-
catalytic efficiency. Moreover, the thinner-shelled configuration of
hollow materials can shorten the transportation distance of charge
carriers, thus reducing the recombination opportunity of photo-induced
electron-hole pairs. Guo etc. [30] designed a hollow octahedral Cuy-xS
with abundant reaction sites and further fabricated the
sandwich-layered composite of Cuy-xS/CdS/Bi»S3 that could aid in
photocatalytic Hy evolution performance, as well as displayed the
photocatalytic degradation efficiency for 2,4-dichlorophenol. Dinh etc.
[31] proposed the thin-shell Au/TiOy hollow photocatalysts exhibited
notable photonic behavior which originated from the macroscopic voids
of hollow spheres and thus led to an enhancement in the photocatalytic
activity. Pei etc. [32] developed hollow graphene growing on the TaON
particles surface in situ, obtained graphene@TaON materials with the
spatially separated active sites could achieve the improvement of the
visible-light-driven CO, reduction. Our groups [33] anteriorly had
synthesized a hollow ZnIn,S4 nanocage material based on ZIF-8 MOF--
derivants, which exhibited the promoted visible-light captures capa-
bility. These above facts have proved that hollow structure with
compelling virtues improves PEC properties. Nevertheless, to tailor the
rational hollow geometry and well-remaining its intrinsic
microstructure-activity of photoactive material still has a few
challenges.

In this paper, we successfully constructed MOF-derived porous hol-
low NiS@NiO spheres by a simple solvothermal method and calcination
strategy. Based on the well-matched band gap between NiS@NiO (2.02
eV) and TiOy (3.40 eV), the formed NiS@NiO/TiO, heterojunction
modified ITO electrode (NiS@NiO/TiOo/ITO) displayed a notable
photocurrent response compared with the NiS@NiO material or mono-
phasic TiO,. The sharply enhanced photocurrent signal was owed to the
interior hollow cavity of NiS@NiO with multiple reflection effects that
could improve the light-absorption response. What is more, the p-n type
NiS@NiO/TiOy heterostructured formation led to producing more
photo-induced charge carriers (e /h™), as well as efficiently achieving
the separation and migration of e /h™ pairs. Benefiting from the
outstanding photoelectric conversion efficiency, NiS@NiO/TiO2/ITO
modified electrode surface was successively introduced with anti-CEA
and BSA (Bovine serum albumin) biomolecule to fabricate a PEC
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biosensor. The sensing platform (BSA/anti-CEA/NiS@NiO/TiOy/ITO)
had been successfully applied for the CEA assay and obtained the wide
linear detection range from 0.001 to 45 ng mL™! with a low LOD (limit of
detection) value of 1.67 x 10 ng mL?. Furthermore, the prepared
sensor also showed good stability and satisfying specificity in the
monitoring process of CEA. This excellent analysis property of the
developed biosensor demonstrated the great potential application of the
hollow heterostructured photoactive materials in PEC sensors.

2. Experimental section

Chemicals, reagents, and apparatus had been reported on supporting
information.

2.1. Synthesis of Ni(TCY), NiS@NiO, and NiS@NiO/TiO2

The Ni(TCY) was prepared by a simple hydrothermal method. First,
0.145 g Ni(NO3)2-6H20 (0.5 mmol) and 0.177 g trithiocyanuric acid
(TCY) (1 mmol) were dissolved in 60 mL methyl alcohol under stirring
for 1.5 h, then the mixture was transferred into 100 mL steel reactor and
kept at 120 °C for 24 h. After cooling to room temperature, the brown
products were carefully collected with centrifugation at a velocity of
10,000 rpm, and then washed three times by the DDW and ethanol. The
obtained precipitates were vacuum dried at 60 °C for 10 h and finally got
the pure Ni(TCY).

The Ni(TCY) precursor was mixed with TiO5 (1:1, m/m), then the
mixture of Ni(TCY)/TiO; was transferred into the furnace and calcining
at 450 °C for 1.5 h under isolated air. After naturally cooling to room
temperature, the dark gray NiS@NiO/TiO, was obtained. The black
NiS@NiO was achieved at the same experimental conditions without
adding TiO particles. The preparation process of NiS@NiO/TiO, com-
posite is shown in Scheme 1A.

2.2. Fabrication of the PEC biosensor

In brief, the indium tin oxide (ITO) electrodes were ultrasonically
washed with acetone, 1.0 M NaOH/ethanol (1:1, V/V), and DDW for 15
min every time. Before modification, the NiS@NiO/TiO, compound
(1.35mg mL'l, dissolved in DDW) was ultrasonic treatment for 15 min,
then 9 pL of well-dispersive NiS@NiO/TiO solutions were dropped onto
the ITO electrode surface. After drying spontaneously, obtained the
NiS@NiO/TiO, modified ITO electrode (NiS@NiO/TiO5/ITO). For
comparison, the Ni(TCY)/ITO, NiS@NiO/ITO, and TiO,/ITO electrodes
were prepared in the same manner.

Afterward, 9 pL 25 mg mL'! anti-CEA was dropped on the NiS@NiO/
TiO4/ITO electrode surface and stored for 3 h at 4 °C, then rinsing with
0.1 M PBS to obtain the modified electrode of anti-CEA/NiS@NiO/TiOy/
ITO. 7 pL of 1 wt% BSA included 0.1 M PBS (pH 7.4) was covered onto
the anti-CEA/NiS@NiO/TiO-/ITO electrode surface for 1 h to block non-
specific adsorption. Followed by washing with PBS, the obtained elec-
trode was denoted as BSA/anti-CEA/NiS@NiO/TiO5/ITO.

Finally, 9 pL of different concentrations solutions of CEA were
respectively dropped to the above-modified electrode (BSA/anti-CEA/
NiS@NiO/TiO,/ITO) and then incubated for 60 min at 4 °C. After
rinsing with PBS, the PEC biosensor was successfully fabricated (shown
in Scheme 1B).

2.3. PEC and electrochemical measurements

The PEC measurement was performed in 0.1 M PBS (pH 7.4) con-
taining 0.15 M AA (ascorbic acid). A self-made photoelectric chemical
system was constituted by the CHI 650E electrochemical station with a
xenon lamp light source. The excitation source of the xenon lamp was
420 nm with a light intensity of 20 mW cm 2 and switched on every 10 s
under 0.0 V bias voltages. EIS was executed at a potential of +0.172 V
with the frequency range from 0.01 Hz to 1 x 10* Hz. Cyclic
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Scheme 1. Schematic illustration of the synthesis process of (A) NiS@NiO/TiO, and the fabrication processes of (B) PEC biosensors for CEA detection.

voltammetry (CV) was carried out in 5.0 mM [Fe(CN)g] 3-/4- containing
0.1 M KCL. The scanned potential range of CV was from +0.6 V to —0.2 V
with a scan rate of 0.1 V s..

3. Results and discussion
3.1. Characterization of prepared materials

The morphological features of the prepared samples were examined
by field emission scanning electron microscope (FESEM). As shown in
Fig. S1A, a large number of dispersed Ni(TCY) exhibited the similar

EHT & 15006V Figral & inCans

WO &4 me Mig= WOOKN  Time METOP
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Fig. 1. FESEM images of (A) NiS@NiO/TiO,; TEM images of (B) NiS@NiO; SAED pattern of (C) NiS@NiO/TiO,; High-resolution TEM (HRTEM) images of (D and E)
NiS@NiO/TiO,; Elemental mapping images of (F) Ni, O, S, and Ti elementals of NiS@NiO/TiO5.
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shape of a sphere, and with the particle size range was from 0.5 pm to
1.9 pm. From the amplified SEM view (Fig. S1B), the spherical Ni(TCY)
displayed high porosity with small sizes. After calcining the Ni(TCY)
precursor, the converted NiS@NiO showed an obvious cracked position
(Fig. S1C), which was also observed in the NiS@NiO/TiO, composite
(Fig. 1A), as well as in which lots of TiOy particles (blue wireframes
marking) were compactly connecting with the NiS@NiO. Fig. 1B showed
the TEM images of NiS@NiO, and the hollow and thin-shelled micro-
structures could be seen compared with its solid precursors (inset of
Fig. S1B). Fig. 1C illustrated the selected area electron diffraction
(SAED) pattern of NiS@NiO/TiO, with the various diffraction rings,
demonstrating that NiS@NiO/TiO, had the polycrystalline structure.
From the HRTEM image of NiS@NiO/TiO, (Fig. 1D and E), the typical
interplanar spacing of 0.21 nm, 0.24 nm, and 0.29 nm corresponded to
that of (200) plane, (111) plane, and (100) plane of NiO and NiS [34,35],
respectively, the interplanar spacing of 0.35 nm corresponds to the
(101) plane of TiO, [36]. Fig. 1F showed the elemental mapping images
with the uniform distribution of Ni, Ti, S, and O elements in NiS@-
NiO/TiO,. The SEM/TEM images and elemental mapping images of Ni
(TCY) and NiS@NiO were also surveyed in Fig. S2(A F).

The phase structure of prepared materials was analyzed by PXRD
(powder X-ray diffraction) pattern. As illustrated in Fig. S3A, there were
no obvious diffraction peaks on Ni(TCY), indicating that the obtained Ni
(TCY) was amorphous. The diffraction peaks that arose at 25.31°,
37.93°, 48.16°, 54.14°, and 55.23° corresponded to the (101), (004),
(200), (105), and (211) lattice planes of TiO, (JCPDS, No: 73-1764). In
Fig. S3B, the characteristic peaks at around 30.05°, 35.07°, 45.93°, and
53.85° were assigned to the (100), (111), (101), and (110) crystallo-
graphic planes of NiS (JCPDS, No: 75-0613) [37], the characteristic
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peaks at about 37.33°, 43.41°, 62.95°, and 75.96° were assigned to the
(111), (200), (220), and (311) crystallographic planes of NiO (JCPDS,
No: 47-1049) [38]. These characteristic diffraction peaks were also
presented on the NiS@NiO/TiO» (Fig. 2A), confirming the formation of
NiS@NiO/TiO, composite.

Fig. 2B showed the FT-IR spectroscopy of Ni(TCY), NiS@NiO, and
NiS@NiO/TiO,. The absorption peak at 1642 cm ™! was attributed to the
stretching vibration of C=N in the trithiocyanuric acid ligand, which
also existed in NiS@NiO and NiS@NiO/TiO;. The absorption band
peaks of Ni(TCY) at 1426 cm %, 1243 cm ™!, and 873 cm ™! demonstrated
the interaction between thiocyanate and Ni%*[39].

Fig. 2C showed the optical properties of UV-vis DRS (diffuse
reflectance spectra) of obtained materials. It could be seen that pure Ni
(TCY) and TiO; particles only had the harvesting capacity in the UV-
light region, while NiS@NiO displayed the obvious visible-light
response compared with its precursor of Ni(TCY). Furthermore, the
visible-light absorption intensity (A > 380 nm) of NiS@NiO/TiO5 was
dramatically increased than all other prepared materials, confirming
that the heterostructural NiS@NiO/TiO; composite could further
enhance the photo-capturing capability.

The surface compositions and chemical bonding state of synthesized
materials were also explored by X-ray photoelectronic spectroscopy
(XPS). Fig. 2D showed the XPS results of NiS@NiO and NiS@NiO/TiO4
with their corresponding elements. Fig. 3A described the high-resolution
Ni 2p core-level spectrums of NiS@NiO/TiO,. The spectra of Ni 2p could
be fitted by the spin-orbit doublets of 2ps,, and 2p; /5 as well with two
shake-up satellites (Sat.). The binding energies at 856.7 and 874.3 eV
corresponds to the Ni 2ps/; and 2p1 2 of Ni2¥, respectively, and two
shake-up satellites of Ni 2p were at about 861.3 and 880.0 eV [40-42].
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Fig. 2. XRD patterns of (A) NiS@NiO/TiO,; FT-IR spectra of (B) Ni(TCY), NiS@NiO and NiS@NiO/TiO,; UV-vis spectra of (C) TiO,, Ni(TCY), NiS@NiO and

NiS@NiO/TiO,; XPS spectra of (D) NiS@NiO and NiS@NiO/TiO,.
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The characteristic peaks at 531.8 and 529.9 eV were attributed to the
0% [43] (Fig. 3B). In Fig. 3C, the binding energies of S 2p at 168.8 €V (S
2p1,2) and 169.5 eV were ascribed to $%> and S* in NiS@NiO/TiO,
[44-46], respectively. Fig. 3D showed the Ti 2p core-level spectrum of
NiS@NiO/TiO,, and the binding energies at 458.7 and 464.2 eV corre-
sponds to Ti*" [47,48], respectively. All above XPS results suggested
that the NiS@NiO/TiO, composite was achieved. In addition, the
high-resolution XPS spectra of NiS@NiO with their corresponding ele-
ments were also investigated in Fig. S4(C ~ E).

3.2. PEC mechanism

From the UV-vis DRS characterization (Fig. 2C) and based on the
empirical equation of ahv = A (hv-Eg)'/2, the Eg values of NiS@NiO,
TiO,, and NiS@NiO/TiO, were calculated to be 2.02, 3.40, and 2.93 eV
(Fig. 3E, F, and Fig. S4F), respectively. Moreover, with the VB-XPS
exploration, the VB potentials of NiS@NiO and NiS@NiO/TiO, were
measured at 1.48 and 1.45 eV (Fig. S5A and B), respectively. The Ecp
positions of TiOy were —0.50 eV (vs NHE) according to reported liter-
ature [49]. As well as, with the empirical formulae:

Ecs = Evp - Eg,

The corresponding Ecp potentials of NiS@NiO and Eyp positions of
TiO3 could be gained at —0.54 eV and 2.90 eV, respectively. These re-
sults indicated that the CB and VB potentials of TiO, were lower than
that of NiS@NiO, and hence NiS@NiO/TiO; composite could form a
well-matched heterostructure. Under illumination, the photo-excited
electron in the CB of NiS@NiO was transferred to the CB of TiO5, and
the hole in the VB of TiO, was transferred to the VB of NiS@NiO and
then scavenged by the electron donor of AA, which resulted in enhanced
photocurrent output. The markedly enhanced photocurrent response of
NiS@NiO/TiO; could be further explained by the following points: (I)
hollow and thin-shell NiS@NiO with the increased surface area could

improve the light-responsive property; (II) the heterogeneous NiS@-
NiO/TiO; with typical p-n formation endowed abundant active-sites to
lead to more photo-induced charge carriers and concurrently promote
their separation/migration; (III) a close connected interface between
NiS@NiO and TiO could reduce the charges transfer distance. The PEC
property of NiS@NiO/TiO2/ITO electrode and the detection mechanism
of fabricated PEC biosensor (BSA/anti-CEA/NiS@NiO/TiO5/ITO) as
shown in Scheme 1B.

In the Nyquist plots of the EIS (electrochemical impedance spectra)
method, the electron transfer resistance (Re¢) can be determined by the
impedance semicircle diameter. The EIS measurement of BSA/anti-CEA/
NiS@NiO/TiO5/ITO electrode was surveyed using [Fe(CN)6]3'/ 4 as a
redox probe (Fig. 4A). It could be seen that the small semicircle on the
bare ITO electrode (curves a) corresponded to 76 Q. Compared to the Ni
(TCY)/ITO modified electrode (curve b) with the greatest R¢; value of
540 Q, the Rt value of NiS@NiO/ITO electrode reduced (87 Q, curve ¢),
indicating the hollow NiS@NiO spheres could accelerate the electronic
transfer of electrode interface. When the TiO,, anti-CEA, and BSA were
respectively introduced to the NiS@NiO/ITO electrode surface, the Ret
value orderly increased to 163 Q, 300 Q, and 410 Q (curve d, e and f),
indicating the above-modified materials or substances that hindered the
electron transfer due to poor conductivity. The stepwise assembly pro-
cess of BSA/anti-CEA/NiS@NiO/TiO2/ITO electrode was also surveyed
by CV (cyclic voltammetry, Fig. S6A) techniques with the redox probe of
[Fe(CN)e] 3/ 4’, and the obtained result was in good agreement with the
EIS analyses, revealing the PEC biosensor was successfully fabricated.

The preparation process of the modified electrode was deeply
explored by the PEC measures, and the results were recorded in 0.1 M
PBS (pH 7.4) (Fig. 4B). On the bare ITO electrodes (curve a), it could not
find only photocurrent response signal, while the NiS@NiO/ITO elec-
trode had a slight photocurrent value of 0.008 pA (Fig. S6B, curve b),
which were attributed to the hollow NiS@NiO with the larger surface
area could improve the visible-light absorption. Nevertheless, on the
NiS@NiO/TiO5/ITO modified electrode, the photocurrent value fiercely
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7.4) of the TiO,, NiS@NiO, NiS@NiO/TiO, modified ITO electrodes.

increased to 37.5 pA (Fig. 4B, curve d), which was 4687-fold than that of
NiS@NiO/ITO (0.008 pA) and 8.5-fold than that of TiO5/ITO (4.41 pA,
Fig. 4B, curve c), respectively. It was an authentic explanation that
NiS@NiO/TiO; heterojunction with the p-n type formation could
significantly enhance the transformation efficiency of photon-to-
electricity. After the anti-CEA and BSA were successively immobilized
on the NiS@NiO/TiO,/ITO electrode interface, the photocurrent signal
decreased to 33.8 pA and 29.1 pA (curves e and f) owing to their insu-
lating performance and hindrance effect. These PEC results also
confirmed the successful manufacture of the PEC biosensor.

Fig. 4C illustrated the linear sweep voltammetry (LSV) patterns of
obtained materials modified ITO electrodes under visible-light irradia-
tion in 0.1 M NaSO4. It was seen that NiS@NiO material had barely LSV
response, while monocomponent TiO, particle displayed obvious
enhanced LSV signal than NiS@NiO. It was worth noting that NiS@NiO/
TiO; had the greatest LSV intensity compared to NiS@NiO or TiOs,
which could be ascribed to p-n type NiS@NiO/TiO; heterojunction with
the improved photoelectric property. Fig. 4D showed the open circuit
potential (OCP) patterns of the above materials in 0.1 M PBS (pH 7.4)
including 0.15 M AA. In the TiO; particle and NiS@NiO/TiO2 compos-
ite, observed that the upward surface band bends (region I) depending
on their potential of redox equilibration in the dark, which also
confirmed that the n-type TiOy component existed in NiS@NiO/TiO,.
Under continuous illumination, the OCP response of TiO, and NiS@-
NiO/TiO, materials towards the negative rapidly reached a steady-state
(region II) due to the accumulation of photo-generated electrons. After
the light stimulation was switched off, the OCP signal gradually
increased again (region III) due to the recombination of photo-induced
charge carriers. While the OCP behaviors of NiS@NiO were opposite
compared to the above-proposed materials, proving the p-type NiS@NiO

obtained. For these results, the p-n type NiS@NiO/TiO, composite was
successfully achieved. Besides, the charge separation efficiency can be
identified by the AOCP (change values of OCP). The AOCP value of
NiS@NiO/TiO, showed an enhancement than the NiS@NiO and TiOs,
demonstrating that the p-n type heterogeneous NiS@NiO/TiO, could
generate more e /h" and then accelerate their transition/migration.

3.3. PEC response of the optimization experiments shown on supporting
information

3.3.1. PEC analysis properties of the prepared biosensor

Under optimized conditions, the prepared BSA/anti-CEA/NiS@NiO/
TiO9/ITO biosensor was further applied to monitor different concen-
trations of CEA. As described in Fig. 5A, under the visible-light illumi-
nation, the photocurrent response was gradually decreased with the
increased concentrations of CEA, suggesting the intensive effect between
CEA and BSA/anti-CEA/NiS@NiO/TiO2/ITO. The changed photocurrent
values (Alpgc) were consistent with the logarithm of the CEA concen-
tration (log Ccga) from 0.001 to 45 ng mL™, the linear equation was
Alpcg (BA) = —0.278 log Ccea (ng mL ™) + 1.812 (R% = 0.9967) (Fig. 5B).
Based on the 3 signal-to-noise ratio (S/N = 3), a low LOD value was 1.67
x 10 ng mL. Moreover, compared to previously reported literature
(shown in Table S1), the developed PEC biosensor displayed a wider
linear range and lower LOD for CEA detection, suggesting the p-n type
NiS@NiO/TiO; heterojunction had amplified the PEC effect for which to
improve the CEA detection sensitivity.

3.4. Stability, selectivity, and reproducibility of the PEC biosensors

Fig. 5C showed the stability of the proposed PEC biosensor, it was
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Fig. 5. PEC responses of (A) BSA/anti-CEA/NiS@NiO,/TiO,/ITO biosensor in the presence of (a-i): 0.001, 0.002, 0.006, 0.03, 0.15, 0.45, 4.5, 22.5, 45 ng mL"}; The
plot of (B) Alpcg versus the logarithm values of Ccea (log Ccra); Time-based photocurrent response of (C) BSA/anti-CEA/NiS@NiO/TiO,/ITO biosensor in the
presence of 0.5 ng mL ! GEA in 0.1 M PBS (pH 7.4) with light on and off cycles; Selectivity of (D) the PEC biosensors to CEA, (1) blank, (2) blank + 150 ng mL BSA,
(3) blank + 150 ng mL! AFP, (4) blank + 150 ng mL PSA, (5) 0.5 ng mL™! GEA, (6) 0.5 ng mL! CEA + 150 ng mL'! BSA, (7) 0.5 ng mL™ CEA + 150 ng mL ! AFP, (8)

0.5 ng mL™ CEA + 150 ng mL™! PSA.

found that no significant photocurrent signals change on BSA/anti-CEA/
NiS@NiO,/TiO/ITO electrodes after interaction with 0.5 ng mL™! CEA
under irradiation cycles for 400 s and ten on/off, confirming that the
PEC biosensor had long-term stability for the target substance analysis.
Besides, compared to the original photocurrent intensity (100%), the
fabricated PEC biosensor was stored for a week at 4 °C, and photocurrent
was reduced to 94.3%. When the storage time exceeded two weeks, the
photocurrent declined to 87.1% (Fig. S6D), indicating that the catalytic
activity of anti-CEA on the modified electrode was still well-retained.

The selectivity of this PEC sensor was examined by adding the
representative interfering substances of AFP (Alpha-fetoprotein), BSA
(Bovine serum albumin), and PSA (Prostate-specific antigen), respec-
tively. The comparison was carried out in the blank +150 ng mL™! in-
terferences and the mixture of 0.5 ng mL! CEA with above interferences.
The results showed that no distinct photocurrent changes in the presence
of mentioned interfering substances (Fig. 5D), confirming the PEC
biosensor had good selectivity.

The reproducibility of the biosensor was studied by comparing the
PEC response current of three equilibrium results of BSA/anti-CEA/
NiS@NiO/TiO4/ITO electrode after incubation with 8.5 x 1072 ng mL!
CEA. Gained relative standard deviation (RSD) corresponds to 7.2%,
indicating that the PEC biosensors had satisfying reproducibility.

3.5. Analysis of the biosensor in blood samples

To assess the practicability of the PEC sensor, the recovery experi-
ment was investigated using a standard addition method. Under illu-
mination, the different concentrations of CEA (0, 1.0, 10 ng mLY) in
human serum samples were detected. The results showed that the

changed recoveries were from 95.3% to 105.1% with the RSD value of
1.89%-3.83% (Table S2), indicating the designed PEC biosensor had
great potential applicability for CEA detection in clinical analyses.

4. Conclusion

In summary, hollow NiS@NiO with a thin-shell structure was pre-
pared via the Ni(TCY) MOFs derived calcination method. The obtained
NiS@NiO combined with TiO5 to form a NiS@NiO/TiO; heterojunction
exhibiting an intense photocurrent response than the monophasic TiO5
or NiS@NiO compound. It could be explained by the multiple light-
capture effects from the hollow and thin-shell structure of NiS@NiO.
Of note, heterostructured NiS@NiO/TiO2 with p-n type formation had
internal electric fields to produce more electron-hole carriers, and
accelerated their separation and transfer effectively. The excellent
photoelectric conversion efficiency of the NiS@NiO/TiO2 modified ITO
electrode was a benefit to improve the accuracy and anti-interference
property during the test process. Hence, the further fabricated PEC
biosensor (BSA/anti-CEA/NiS@NiO/TiO2/ITO) displayed high sensi-
tivity for CEA detection within a wide linear range and with a low LOD
value. The proposed sensor also showed good stability, reproducibility,
and selectivity in CEA analysis. This work demonstrated the marvelous
potential of hollow NiS@NiO/TiO; heterostructured spheres in the PEC
sensing field, which could develop its applications in clinical diagnosis,
environmental monitoring or food analysis.
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Abstract

A metal-organic framework (MOF) of Cu-TPA (terephthalic acid) microsphere was prepared, followed by calcinating the
MOF precursor of Cu-TPA/ZIF-8 mixture to obtain the CuO/ZnO. N-doped carbon dots (NCDs) were employed to com-
bine the CuO/ZnO composite to form a tripartite heterostructured architecture of NCDs@CuO/ZnO, which led to a fierce
enlargement of the photocurrent response. This was ascribed to the thinner-shell structure of the CuO microsphere and the
fact that hollow ZnO particles could sharply promote the incidence intensity of visible light. The more porous defectiveness
exposed on CuO/ZnO surface was in favor of rapidly infiltrating electrolyte ions. The p-n type CuO/ZnO composite with
more contact interface could abridge the transfer distance of photo-induced electron (e~!)/hole (h*) pairs and repress their
recombination availably. NCDs not only could boost electron transfer rate on the electrode interface but also successfully
sensitized the CuO/ZnO composite, which resulted in high conversion efficiency of photon-to-electron. The probe DNA (S1)
was firmly assembled on the modified ITO electrode surface (S1/NCDs@CuO/ZnO) through an amidation reaction. Under
optimal conditions, the prepared DNA biosensor displayed a wide linear range of 1.0x 107°~7.5x 10! nM and a low limit
of detection (LOD) of 1.81x 107 nM for colitoxin DNA (S2) measure, which exhibited a better photoelectrochemistry (PEC)
analysis performance than that obtained by differential pulse voltammetry techniques. The relative standard deviation (RSD)
of the sensing platform for target DNA detection of 5.0 x 107> nM was 6.3%. This proposed DNA biosensor also showed
good selectivity, stability, and reproducibility, demonstrating that the well-designed and synthesized photoactive materials
of NCDs@CuO/ZnO are promising candidates for PEC analysis.

Keywords Photoelectrochemical - NCDs@CuO/ZnO composite - Tripartite-heterostructure - DNA biosensor

Introduction

The photoelectrochemical (PEC) technique not only inherits
P< Wenhua Gao

whgao@stu.edu.cn

Department of Chemistry and Laboratory for Preparation
and Application of Ordered Structural Materials

of Guangdong Province, Shantou University, Shantou,
Guangdong 515063, People’s Republic of China

Department of Natural Sciences, Shantou Polytechnic,
Shantou, Guangdong 515078, People’s Republic of China

Guangdong Shantou Supervision Testing Institute
of Quality & Measuring, Shantou, Guangdong 515041,
People’s Republic of China

Institute of Chemical Engineering, Guangdong
Academy of Sciences, Guangzhou, Guangdong 510665,
People’s Republic of China

Published online: 30 March 2022

the advantages of electrochemical methods such as simplic-
ity, portability, and easiness to miniaturize but also pos-
sesses lower bias potentials and higher sensitivity than its
electrochemical counterparts [1]. Recently, PEC fabricated
biosensors have widely gained attention such as the simul-
taneous detection of multiple micro-RNAs biomarkers [2],
the biomolecules of cells [3], DNA [4], antibiotics [5], and
so forth [6]. To obtain high-performance PEC biosensors for
DNA detection, the photoactive and electrocatalytic materi-
als play an important role that can significantly influence the
improvement of the analytical sensitivity [7 ~9]. Moreover,
an effective immobilization of the single-stranded probe
DNA (S1) on the modified interface is indispensability,

@ Springer
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which relates to various properties of the biosensor such
as accuracy, stability, and lifetime. Therefore, the design
and synthesis of the excellent photoactive material are still
urgently needed, as well as a well-defined matrix interface
for functional immobilization should be carefully thought.

So far, various photoactive materials such as TiO, [10],
CuO [11, 12], ZnO [13], Bi,S; [14], and CdS [15] have been
employed for the construction of PEC sensor. Among them,
CuO has received extensive concern owing to its narrow
band gap (1.4~1.7 eV) [16] and good electron conductiv-
ity. ZnO has a wide band energy gap (Eg) and shows the
photo-activity performance only in the UV light region [17].
Moreover, due to the fast recombination of photo-induced
carriers, the photocatalytic efficiency of ZnO is restricted
[18]. And the pure photoactive material’s inherent defects
such as rapid recombination of electron-hole pairs and
poor capability for visible light absorption, limit their fur-
ther application in PEC analysis [19]. Considerable efforts
have been transformed for coupling varieties of photoactive
materials with better-matched energy levels to form the het-
erostructure composite which can extend the visible spectral
range and accelerate charge carrier separation, resulting in
promoted photocurrent output [20, 21].

Being a porous material, metal-organic frameworks
(MOFs) are constructed by transition metal ions and
organic ligands. Due to the specific surface area, exposed
active sites, and versatile structures, MOFs have been exten-
sively applied in the area of supercapacitors [22], catalysis
[23], sensing [24], etc. Recently, the MOF precursors are
employed to fabricate functional materials because of their
controllable properties. By treating the precursor template
under specific conditions, MOFs can be adjusted to the
tailored morphologies such as hollow cages, hierarchical
structures, and heterojunction composite [25, 26]. MOF-
derived products can be the main structure of the MOF
precursor morphologies, as well as owe the merit of comb-
ing various components such as metal oxides and metal
sulfide [27, 28]. Further, through controlling the pore size
and crystalline structure, MOF-ramification can provide
more photocatalytic and electrochemical active sites, which
greatly promote the ion diffusion and the electron transport
rate [29]. Hu et al. [30] prepared a hierarchically structured
octahedral CuO by treating a Cu-MOF precursor (HKUST-
1) at alkaline conditions, exhibiting an ultra-high capacity
for the Li+ storage. Zhang et al. [31] constructed a core/
shell nanocomposites of Fe;0,@C/Cu(CuO) through calcin-
ing the mixture of Fe;0, and HKUST-1, which showed an
obvious photocatalytic activity for the degradation of meth-
ylene blue (MB). Our work [32] had reported a hierarchical
hollow ZnCdS @MoS, heterostructure cage which derived
from ZIF-8 polyhedral cages and obtained greatly ampli-
fying photocurrents response because of the close contact
heterojunction interface. Thus, MOF-derivatives can be used
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as the great potential of photoactive materials to fabricate
PEC biosensors.

Carbon dots (CDs) are assembled by carbon atom aggre-
gates or small graphene nanoplatelets [33]. The typical size
of CDs is in the range of about~ 10 nm and with a relatively
narrow band gap. Compared to the semiconductor materials
or other metal complexes, CDs are more environmentally
friendly and can be used as an ideal optical material [34].
Based on its excellent properties of photo-stability, bio-
compatibility, and easily functionalized as interface matrix,
CDs have been widely applied in photocatalysis [35], opti-
cal imaging [36], sensors [37], etc. But a disadvantage of
the poor electron transfer capability of CDs still limits its
practical applications in electrochemical analysis. To over-
come this problem, heteroatoms doping with N or S were
proposed, and the obtained doped-CD composite not only
shows an improvement in electro-catalysis property but also
can improve significantly the optical capability [38]. For
instance, Shi et al. [35] prepared the N-doped CDs (NCDs)
with different atom ratios of N/C and the maximum level
of N atom doping showed an enhanced electron transfer
rate. Our work [40] previously synthesized NCDs could
successfully sensitize the photoactive material of TiO, and
further improve the photo-to-electron conversion efficiency
of NCDs/TiO, composite.

Inspired by this, a novel Cu-TPA microsphere and its
composite of Cu-TPA/ZIF-8 were successively synthesized.
Through calcination, the Cu-TPA/ZIF-8 precursor template
had a compact connective hetero-constructed composite of
CuO/ZnO. Afterward, NCDs were assembled onto CuO/
ZnO surface and the formed NCDs@CuO/ZnO showed
the greatest photocurrent response signal than the CuO or
CuO/ZnO composite, which could be explained as follow-
ing reasons: (i) the well-matched energy band gaps of CuO,
Zn0, and NCDs (Eg=1.78, 3.20, and 2.98 eV, respectively)
made the tri-heterojunction interfaces to accelerate the sepa-
ration/migration of e~!/h™ carriers; (ii) the thin-shell struc-
ture of CuO and hollow polyhedron of ZnO could improve
the light-absorption capability; (iii) the close contact CuO/
ZnO interface with p-n type heterostructured system could
shorten the carrier transfer distance and facilitate photo-to-
electron conversion; (iv) the heterogeneous CuO/ZnO com-
posite could be sensitized effectively by the NCDs which
led to an enhanced photocurrent output. It was notable that
NCDs were also employed as a functional matrix mate-
rial for immobilization of the single-stranded probe DNA
(S1) through a gentle amidation reaction between carboxyl
groups (-COOH) and amino groups (-NH,). The obtained
probe modified electrode of S1/NCDs@CuO/ZnO/ITO was
finally applied to detect the colitoxin DNA (S2). The photo-
active material of NCDs@CuO/ZnO could further expand
its tremendous application such as the photocatalytic pro-
duction of hydrogen or the pollutant degradation.
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Experimental section

The reagents and apparatus (the other reagents
and apparatus are shown in the Electronic
Supporting Material (ESM))

Reagents

Copper nitrate trihydrate (Cu(NO;),-3H,0, 99%), ben-
zene-1,3,5-tricarboxylic acid (BTC, 99%), terephthalic
acid (TPA), and phosphate buffer (PB, Na,HPO,-12H,0/
KH,PO,) were purchased from Aladdin Chemical Reagent
Co., Ltd. (Shanghai, China). Ethylenediaminetetraacetic
acid (EDTA), ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC, 99%), N-hydrosulfosuccinimide (NHS,
99.8%), and Tris (hydroxymethyl) aminomethane (Tris)
were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China). Ammonium citrate and ethylenediamine
were obtained from Xilong Chemical Co. Ltd. (Shantou,
China). The other reagents were of analytical grade and
gained commercially. All aqueous solutions were prepared
with the deionized water.

Apparatus

The electrochemical experiments were carried out on a
CHI 650E electrochemical analyzer (Shanghai CH Instru-
ment Company). The conventional three-electrode system
was consisted of bare or modified indium tin oxide (ITO)
as working electrode, Ag/AgCl/(3 M) as reference elec-
trode, and Pt wire as auxiliary electrode. The irradiation
light source was from a 300-W Xe lamp, and the light
intensity was measured using a touch screen thorlabs
(PM200, USA).

Synthesis of Cu-TPA, Cu-TPA/ZIF-8, and NCDs.

The Cu-TPA (TPA: terephthalic acid) was synthesized
by a solvothermal method according to reported literature
[41] with a modification. Firstly, 0.6 g Cu(NO;),e3H,0
(2.48 mmol) with 0.3 g TPA (1.8 mmol) was dissolved
in 10 mL deionized water; then, 10 mL N, N-dimethyl-
formamide (DMF) and and 10 mL ethanol were added
into the above solution. Subsequently, the mixture was
stirred for 30 min and transferred into a Teflon-lined stain-
less steel reactor (50 mL) with a treatment of heating at
95 °C for 24 h. After cooling to room temperature, the
products were carefully gathered through centrifugation
(8000 rpm, 10 min), washed with water and ethanol, and
dried at 60 °C for 6 h under vacuum. Finally, the blue Cu-
TPA particles were obtained.

The Cu-TPA/ZIF-8 composite was prepared as fol-
lows: 0.11 g of as-prepared Cu-TPA and 0.09 g of

Zn(NO;),e6H,0 (0.3 mmol) were dissolved in 50 mL
methanol and treated with sonication to form a well-
dispersed solution. Then, 0.22 g of 2-methylimidazole
(0.26 mmol) was added into the mixture under stirring and
reacted for 6 h. After that, the gained products of Cu-TPA/
ZIF-8 were washed by centrifugation (8000 rpm, 10 min)
with water and ethanol, respectively. ZIF-8 was synthe-
sized in the above experiment process without adding the
Cu-TPA.

NCDs were prepared by the hydrothermal method [40].
Under stirring, 1.0 g of ammonium citrate and 5 mL of eth-
ylenediamine were dispersed in 10 mL deionized water. The
mixture was subsequently transferred to a 50 mL Teflon-
lined stainless steel reactor and heated for 5 h at 200 °C. The
obtained orange-red solution was centrifuged (10,000 rpm,
10 min) and concentrated supernatant was further dialyzed
for 24 h with the membranes of 1000 cutoffs. After freeze-
drying at the vacuum condition, the brown N-doped CD
powder was gained.

Preparation of CuO/ZnO and CuO/ZIF-8 composite

The as-fabricated Cu-TPA/ZIF-8 MOF precursors were
transferred into a muffle furnace and calcined at 400 °C for
1.5 h. When cooling down to room temperature naturally,
the dark gray product of CuO/ZnO was obtained. The CuO
and ZnO particles were prepared in the same experimental
condition without adding ZIF-8 or Cu-TPA. CuO was mixed
with ZIF-8 (1:1, m/m) to obtain the CuO/ZIF-8 composite.

Fabrication of the DNA biosensor

Before modification, the ITO electrode was severally washed
with acetone, 1.0 M NaOH, and deionized water three times.
Subsequently, 8 pL suspension solutions (1.3 mg mL™") of
CuO/ZnO were drop-cast on the cleaned ITO electrode sur-
face and dried naturally. Then, the CuO/ZnO modified ITO
electrode (CuO/ZnO/ITO) was immersed into 1 mg mL™!
NCD solution for 6 h. After thorough coupling, the desired
electrode was marked as NCDs@CuO/ZnO/ITO.

The NCDs@CuO/ZnO/ITO electrode was immersed into
0.5 mL PBS solution (50 mM) with 20 mM NHS (N-hydro-
sulfosuccinimide) and 8 mM EDC (ethyl-3-(3-dimethylami-
nopropyl) carbodiimide) for 15 min in order to reactivate the
carboxylic groups. After rinsing the modified electrode with
the TE buffer solution (10 pM Tris—HCI, 1.0 mM EDTA,
pH 8.0), 10 pL 0.1 pM S1 was dropped onto as-prepared
NCDs@CuO/ZnO/ITO electrode for incubating 3 h. Dried
at room temperature, the probe DNA modified electrode (S1/
NCDs@CuO/ZnO/ITO) based on the covalent-linking reac-
tion between S1 and NCDs was successfully fabricated.
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Hybridization reaction of the modified electrode

The S1/NCDs@CuO/ZnO/ITO was put into a 200-uL differ-
ent concentration of S2 and incubated at 42 °C for 40 min.
Then, it was washed with TE buffer solution to remove the
un-hybridized S2. The hybridized electrode was termed
S2-S1/NCDs@Cu0O/ZnO/ITO. The hybridization of S1/
NCDs@CuO/ZnO/ITO with S3, S4, and S5 DNA sequences
was performed with same experimental steps.

Results and discussion
Characterization of prepared materials

The morphology and microstructure of the synthesized prod-
ucts were investigated by FESEM and TEM. As well seen
in Fig. 1A and insert of Fig. 1A, the shape of Cu-TPA was
similarly microsphere structured with the diameter range of
0.5~11 um, which also indicated that the good crystallin-
ity of the Cu-TPA was obtained. From the enlarged SEM
image (Fig. 1B), a large number of micro-pores could be
observed on Cu-TPA. Compared to the Cu-TPA precursor,
CuO/ZnO composites had a much coarser surface with a
distinct macropore in size of about 0.3~ 1.7 um (Fig. 1C).
In Fig. 1D, the ZnO particles were welded with the CuO
microsphere to form the composite of CuO/ZnO. Figure 1E
shows that the ZIF-8 had a typical rhombic dodecahedron

structure with a smooth surface, and the average particle
size was about 250 ~350 nm. In addition, the SEM image of
Cu-TPA/ZIF-8 is shown in Fig. S2. The SEM results dem-
onstrated that the CuO/ZnO composite still maintained the
basic morphologies of their precursor templates of Cu-TPA
or ZIF-8.

The microstructure characteristics of Cu-TPA and CuO/
ZnO composite were further investigated in the TEM analy-
sis. As seen in the insert of Fig. 1E, ZnO particles had a
well-retained rhombus shape with a hollow structure. Com-
pared to the pure Cu-TPA (insert of Fig. 1B), CuO micro-
sphere displayed a thinner crystalline structure with a greater
roughness of the microsphere edge (Fig. 1F and insert),
which may be caused by the hyperthermia pyrolysis process.
Meanwhile, distributed ZnO particles with a similar rhombic
shape were also found in CuO/ZnO composite. The TEM
result was in agreement with the SEM investigation of CuO/
ZnO. Elemental mapping images (Fig. S3C) manifested the
homogeneous distribution of Cu, Zn, O, and C elements in
the hetero-structured composite of CuO/ZnO.

Figure S3A shows the TEM measurements of NCD
nanoparticles. It was found that the spherical-like shapes
of NCDs were continuously distributed, and an average
diameter of NCDs was determined to be 18 ~23 nm. From
the HRTEM image (Fig. S3B and insert), the typical lattice
spacing of 0.34 nm corresponded to a graphitic structure of
the NCDs [42], which also proved that the NCDs had been
successfully synthesized.

Fig. 1 Low magnification and high magnification SEM images of (A and inset of A, B) Cu-TPA, (C, D) CuO/ZnO, and (E) ZIF-8; TEM images

of (inset of B) Cu-TPA, (inset of E) ZIF-8, and (F) CuO/ZnO
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The phase composite and crystal structure of the synthe-
sized products were examined by XRD pattern. As seen in
Fig. 2A, the characteristic diffraction peaks of Cu-TPA and
ZIF-8 were in good agreement with the literature reported
[43, 44], respectively, indicating that the Cu-TPA and ZIF-8
had been prepared successfully with high purity. The diffrac-
tion peaks at 32.5°, 35.5°, 38.8°, 48.8°, 53.5°, and 58.33°
observed in XRD pattern were indexed to the characteristic
(110), (002), (200), (112), (020), and (021) planes of CuO
(PDF#04-0706). The peaks at 31.8°, 34.7°, 36.7°, 47.7°,
and 56.3° could be indexed to (100), (002), (101), (102),
and (110) planes of ZnO (PDF#36-1451). Figure 2B shows
the strong and sharp diffraction peaks of CuO and ZnO,
testifying that the CuO/ZnO composite was successfully
synthesized. The typical XRD pattern of NCDs with the
20=24.8° is also shown in Fig. S4A. Figure S4B shows the
thermogravimetric (TG) patterns of Cu-TPA and Cu-TPA/
ZIF-8, in which both products could be stable up to approxi-
mately 320 °C. It was noteworthy that Cu-TPA/ZIF-8 had
been decomposed at the temperature of 400 °C.

The FT-IR pattern of the synthesized products was deter-
mined by FT-IR spectroscopy. As seen in Fig. 2C, the char-
acteristic peak values of 1384 cm™' and 1572 cm™! of Cu-
TPA coincided with the reported literature [41]. Figure 2D
shows the FT-IR pattern of ZIF-8, NCDs, CuO/ZnO, and
NCDs@CuO/ZnO. The characteristic peaks at 1554 cm™",
1658 cm™!, and 3834 cm™! were assigned to the N—-H, C=0,

Wavenumber (cm™)

and O-H bonds of NCDs [45], respectively, which are also
preserved in NCDs @CuQ/ZnO. In addition, the characteris-
tic peak at about 500 cm™~! was ascribed to the specific vibra-
tion of the Cu—O bond in CuO/ZnO and NCDs @CuO/ZnO.
The Raman spectrum of CuO/ZnO is shown in Fig. S4C, in
which two typical peaks at 1365 cm™! and 1568 cm™" were
ascribed to the D-band and G-band, respectively.

The surface composition and chemical bonding state of
the synthesized products were also investigated using XPS
measurement. Figure 3A shows the XPS survey spectra of
CuO, NCDs, and CuO/ZnO with their composing elements
of Cu, Zn, N, O, and C, respectively. Figure 3B shows the
high-resolution Cu 2p core-level spectrum of CuO/ZnO at
about 933.6 and 953.6 eV which correspond to the Cu 2p;,
and Cu 2p,,, peaks, respectively, indicating that the oxida-
tion state of Cu in CuO/ZnO was + 2 [46]. Meanwhile, two
shakeup satellite peaks at approximately 941.3 and 962.1 eV
also revealed the copper oxidation state of + 2. The high-res-
olution Cu 2p, Ols, and C 1 s spectra of CuO are shown in
Fig. S5A ~C. Figure 3C displays that the peaks at 1022.0 eV
and 1045.1 eV were attributed to Zn 3ds,, and Zn 3d,,, of
Zn* in CuO/ZnO [47]. Figure 3D shows the Ols spectra
with two peaks at about 529.7 eV and 530.6 eV, which was
attributed to the existence of O~ in Cu—O and Zn—O bond-
ing linker [48]. Meanwhile, the high-resolution N1s spec-
trum of NCDs was observed at about 962.1 eV, and the peaks
that appeared at 284.7 eV and 287.7 eV (Fig. S5D ~F) may
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Fig.3 XPS spectra of (A) CuO, NCDs, CuO/ZnO, High-resolution XPS spectra of (B) Cu 2p, (C) Zn 2p, (D) O 1 s of CuO/ZnO; UV-vis spec-

tra of (E) Cu-TPA, CuO/ZnO, NCDs@CuO/ZnO, and (F) NCDs

be attributed to the C—C/C=C and C—OH/C-O—-C bonds in
NCDs [49], respectively. All above XPS results verified that
the desired materials were successfully synthesized.

The UV-vis absorbance performance of prepared mate-
rials was investigated by diffuse reflectance spectroscopy
(DRS). As observed in Fig. 3E, the pure Cu-TPA only
had the photo-absorption property in the UV-light region,
while the NCDs showed two absorption peaks of UV-light
at about 241 and 352 nm (Fig. 3F), which was ascribed to
the n—x* transition of C =C bond and the n—x* transition

of C=0 bond [42], respectively. Compared with pure Cu-
TPA and NCDs, CuO/ZnO and NCDs @ CuO/ZnO not only
had remarkable absorption in the UV-light region but also
showed obvious absorption properties in the visible-light
region of A>390 nm. The result could be attributed to
the heterogeneous interface composites formed among
the CuO, ZnO, and NCDs. Furthermore, NCDs@ CuO/
ZnO displayed a better harvesting ability for visible-light
than CuO/ZnO, demonstrating that the NCD nanoparticles
could effectively sensitize the composite of CuO/ZnO.
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Fig.4 (A) UV-vis spectrum of CuO and ZnO; (B) EIS and (C) PEC
response of Cu-TPA/ZIF-8/ITO (a), CuO/ZIF-8/ITO (b), CuO/ITO
(¢), CuO/ZnO/ITO (d), NCDs@CuO/ZnO/ITO (e), SI/NCDs@CuO/
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ZnO/ITO (f); EIS and PEC experiments were conducted in 5 mM
[Fe(CN)4]>*~ containing 0.1 M KCl and in 0.1 M PBS (pH 7.4),
respectively
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PEC mechanism

The UV-vis DRS of CuO and ZnO were also surveyed
(Fig. 4A). It was found that the light absorption ability
of ZnO declined at the wavelength of 380 nm, while the
absorption intensity of CuO gradually enhanced in a range
from 380 to 800 nm. This phenomenon could be explained
by the thin-wall structure of the CuO microsphere which
led to generating multiple scattering/reflection effects. In
addition, based on the (ahv)? versus (hv) plots with the fol-
lowing empirical equation [9]: ahv=A (hv— Eg)"?, where
hv, a, and A belong to the photon energy, a constant, and
absorption coefficient, respectively. The Eg values of CuO,
Zn0O, and NCDs were estimated to be about 1.78, 3.20, and
2.98 eV (Fig. S6A ~C), respectively. Meanwhile, using the
valence band (VB)-XPS spectra, the VB potentials of CuO
and NCDs were calculated at about 0.68 and 2.16 eV (Fig.
S6D and E). The CB potentials could be obtained accord-
ing to the empirical formula of Eq-z=Eyz—Eg (Ecg and
Eyg were the CB and VB edge potentials, respectively).
Hence, the corresponding CB potentials of CuO and
NCDs were —1.10 and —0.82 eV. Additionally, the Eyy
value of ZnO was 2.16 eV based on its CB positions value
of —0.5 eV [50, 51]. These results revealed that the narrower
Eg value of CuO was compared with the ZnO and NCDs,
and the CB and VB potentials of CuO were higher than
that of NCDs and ZnO. Therefore, the composite of CuO,
ZnO, and NCDs was assembled onto the ITO electrode to
form tri-heterostructures. Under visible-light excitation, the
photo-excited electrons in the CB of CuO were transferred
to the CB of NCDs and ZnO orderly, while the holes in
the VB of ZnO were transferred to the VB of NCDs and
CuO subsequently, resulting in an enhanced photocurrent
response. The significantly increased property of photo-to-
electron was mostly attributed to the thin-shell structure of
CuO microsphere with hollow ZnO particles which could
extend the visible-light capture. Besides, the interlaced band
structures of NCDs@CuO/ZnO formed tri-heterojunction
could effectively separate the photo-generated e~'/h*. The
last but not least, the high electro-catalysis of NCDs fur-
ther facilitated the electron transfer. When the special DNA
sequences (S1, S2) were introduced, the photocurrent val-
ues had decreased visibly due to their inferior conductivity.
The detection mechanism of the DNA biosensor is shown
in Scheme 1B.

Electrochemical and PEC behavior of the modified
electrodes

Electrochemical impedance spectroscopy (EIS) was an
effective tool that reflected the interface properties of modi-
fied electrodes [52]. In EIS, the electron-transfer resistance
(R, value can be estimated by measuring a semicircle

diameter at higher frequencies equals. As shown in Fig. 4B,
the Cu-TPA/ZIF-8/ITO electrode (curve a) obtains the great-
est R,, value of 1180 Q, which indicated a very poor electron
transferring ability on the electrode surface. The modified
electrodes of CuO/ZIF-8/ITO (curve b) and CuO/ITO (curve
c) possessed the approximate R., values of 473 Q and 486 €,
respectively, while the R, value on CuO/ZnO/ITO (curve d)
decreased substantially (190 ) that was ascribed to the syn-
ergistic effect of CuO/ZnO composite that could improve the
electrochemical property on the electrode surface. NCDs @
CuO/ZnO/ITO electrode (curve e) exhibited a smaller arc
radius with the R value of 103 Q, indicating that NCDs
promoted the electron transfer rate of the redox probe of
[Fe(CN)6]3_/4_ owing to the excellent electric conductivity.
When the probe DNA (S1) was immobilized on NCDs@
CuO/ZnO/1ITO electrode, the R,, value significantly boosted
(curve f, 292 Q) due to negatively charged phosphate back-
bone with the steric hindrance effect of S1 which inhibited
the electron transfer of [Fe(CN)6]3_/4_. The preparation pro-
cess of the modified electrode was also investigated by CVs
(Fig. S6F and Fig. S7A). All the EIS and CV results prove
that the S1/NCDs@CuO/ZnO/ITO electrode was fabricated
successfully.

To deeply study the photoelectric property of various
modified electrodes, all photoelectric tests were recorded
in 0.1 M PBS (pH 7.4) and the results are shown in Fig. 4C.
It was obvious that the photocurrent response on Cu-TPA/
ZIF-8/ITO (curve a) was almost zero. Compared with Cu-
TPA/ZIF-8/ITO, the photocurrent values of CuO/ZIF-8/ITO
and CuO/ITO (0.12 pA and 0.1 pA, curves b and c) were
increasing obviously. This result was due to the porous thin
structure of the CuO microsphere that had good charge pen-
etration property. On the CuO/ZnO/ITO electrode (curve d),
the photocurrent intensity increased to 0.45 pA, which was
ascribed to the p-n type heterogeneous construction of CuQ/
ZnO composite that could accelerate the photo-generated
electron/hole pair separation. Nevertheless, the photocurrent
responses of NCDs@CuO/ZnO/ITO (curve e) had the big-
gest value (1.03 pA), which was 2.28-fold than that of CuO/
ZnO/ITO and 10.3-fold than that of CuO/ITO, respectively,
indicating that the more efficient sensitization effect with
higher conductivity of NCDs could enlarge remarkably the
photocurrent strength. Afterward, the photocurrent intensity
of SI/NCDs@CuO/ZnO/ITO decreased slightly (curve f)
due to the hindrance effect and low conductivity of S1. The
PEC results confirmed that this sensing interface for DNA
detection was proposed successfully.

The linear sweep voltammetry (LSV) tests of NCDs@
CuO/Zn0O, Cu0O/ZnO, CuO, and Cu-TPA/ZIF-8 were car-
ried out in 0.1 M Na,SO, at a potential range of 0.0~0.75 V
vs. Ag/AgCl. As shown in Fig. 5A, the LSV curve of Cu-
TPA/ZIF-8 exhibited no photocurrent effect under con-
tinuous visible-light irradiation because of the much great
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Scheme 1 (A) Schematic illustration of the synthesis process of CuO/ZnO and the construction processes of PEC and DPV biosensors for coli-
toxin DNA detection. (B) Photogenerated electron—hole transfer mechanism based on NCDs@CuO/ZnO

recombination rate of photo-generated e~'/h™ pairs. How-
ever, the photocurrent response of LSV on CuO and CuO/
ZnO showed an escalating trend, which demonstrated that
the heterojunction composite of CuO/ZnO could facilitate
photo-generated e~!/h* pair transfer and separate speedily.
It was noted that the highest LSV response was obtained
on NCDs@CuO/ZnO; this reason could be attributed to the
excellent conductivity of NCDs which could further enhance
the PEC property.

The open-circuit potential (OCP) patterns of NCDs@
Cu0O/ZnO, CuO/ZnO, and CuO under dark and visible-light
irradiation were recorded in 0.1 M PBS (pH 7.4) solution. As
depicted in Fig. 5B, the feature peak of OCP on CuO verified
that the presence of n-type CuO. In the dark, the proposed
materials of CuO, CuO/ZnO, and NCDs @CuO/ZnO all dis-
played a downward surface band bending (region I) due to
the potential of redox equilibration [53]. Under continuous
illumination owing to the photo-generated electrons accu-
mulating, the OCP response of the above materials increases

@ Springer

quickly towards a positive Fermi level and reaches a steady
state (region II). After the irradiation was switched off, the
OCP intensity gradually decreased (region III), which may
be ascribed to the recombination of photo-generated charge
carriers [36]. In addition, the change values of OCP (AOCP)
could manifest the charge separation efficiency of different
modified materials; it was easily found that the AOCP values
of CuO/Zn0O and NCDs@CuO/ZnO both exhibited greater
than the single-component material of CuO, demonstrating
that p-n type heterogeneous composites got more photo-
generated electrons and both accelerated charge carriers
change efficiently. These OCP results also revealed that the
NCD nanoparticles could achieve the photo-sensitive effect
for CuO/ZnO.

PEC analysis properties of the prepared biosensor

Under optimized conditions, the developed DNA biosensor
was applied to detect different concentrations of colitoxin
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Fig.5 (A) LSV patterns of NCDs@CuO/ZnO, CuO/ZnO, CuO, and
Cu-TPA/ZIF-8 in 0.1 M Na,SO, with a scan rate of 80 mV s~!, (B)
OCP curves of NCDs@CuO/ZnO, CuO/ZnO, CuO in 0.1 M PBS
(pH 7.4); (C) PEC response and (D) the corresponding logarithmic
curve of SI/NCDs@CuO/ZnO/ITO sensor for the detection of differ-
ent concentrations of target DNA (S2). (a-i) 1.0x107%, 1.0x 1075,

DNA (S2). Figure 5C shows the photocurrent response
gradually decreases with increasing concentrations of S2,
suggesting that more and more double-helix structure of
DNA had been formed on the modified electrode surface,
and the photocurrent change values (AJ) were commendably
proportional to the logarithm of the target DNA concentra-
tion (log Cs,) from 1.0x 1075 to 7.5x 10~ nM (Fig. 5D).
The linear equation was Al (pA)= —0.8446 log Cpna
(nM) + 1.833 (R>*=0.9981) and with a low LOD value of
1.81x 107" nM based on 3 signal-to-noise ratio (S/N=3). To
further probe whether this PEC biosensor had the best ana-
lytical performance for target DNA, S1/NCDs @ CuO/ZnO/
ITO hybridization response with different concentrations of
S2 was also investigated by the electrochemical method of
DPV. Figure S9B and C show the change values of DPV
increased accordingly with the increase of S2 concentration
(Cs,) in the range from 1.0x 1075 to 2.5 x 1072 nM with
a LOD value of 2.43x107® nM (S/N =3). Through com-
parison of this result and others reported in the literature
(shown in Table S1), it could be found that the prepared
PEC biosensor exhibited a wider linear range. This superior
analytic ability may be attributed to that NCDs @ CuO/ZnO
composites had the mainly photoelectric activity compared
with its electrochemical property, and as well the synergetic

Time (s)

Stoage time (day)

1.0x107, 3.0x107, 6.0x107, 3.0x107%, 1.5x107%, 1.5x107,
7.5x107" nM; (E) time-based photocurrent response of S2-S1/
NCDs@CuO/ZnO/ITO electrodes with light on and off cycles; (F)
the photocurrent responses of as-prepared biosensor after different
storage time (day) in PBS (0.1 M, pH 7.4)

amplifying effect of multiple heterogeneous architectures
with a contact interface.

Stability, selectivity, and reproducibility of PEC
biosensor

Figure S5E shows the stability of the prepared PEC biosen-
sor; it was found that no significant photocurrent signals
change on S1/NCDs@CuO/ZnO/ITO modified electrodes
after the biosensors hybridization with 8.0 x 107> nM coli-
toxin DNA under irradiation cycles for 400 s and when on/
off, which demonstrated that the developed PEC biosensor
had superior long-term stability for target DNA analysis.
When the fabricated PEC biosensor was stored for a week
at 4 °C, the photocurrent was reduced to 93.8% compared
with the original photocurrent intensity (100%). When the
storage time exceeded 2 weeks, the photocurrent declined to
86.4% (Fig. 5F), suggesting that the modified electrode had
the receivable stability.

Figure S7C shows the selectivity investigation of fabri-
cated colitoxin DNA sensor hybridization with the comple-
mentary DNA sequence (S2), non-complementary DNA
sequence (S5), and the mismatch DNA sequences: single-
base mismatched DNA (S3) and three-base mismatched
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DNA (S4). At the depiction of PEC results, SI/NCDs@
CuO/ZnO/ITO electrode had the highest PEC responses.
After the biosensor was hybridized with S2 (curve e), the
PEC signals significantly decreased, indicating the efficient
hybridization reaction occurrence on the electrode surface.
When the biosensor was hybridized with S5 (curve b), the
photocurrent change was negligible, suggesting that the
non-specific absorption did not occur. When this biosen-
sor was hybridized with S3 (curve d) and S4 (curve c), the
decreased photocurrent signals were still higher than that
obtained on the hybridized electrode with S2, displaying
that the S3 and S4 DNA sequences only occurred as partial
hybridization with the S1. The corresponding histogram
of photocurrent values is shown in Fig. S9A, demonstrat-
ing that the developed photochemical biosensors possessed
excellent selectivity.

The reproducibility of the biosensor was studied by
comparing the PEC response current of three equilibrium
results of S1/NCDs@CuO/ZnO/ITO electrode after hybridi-
zation with 5.0 x 1072 nM target DNA. The obtained rela-
tive standard deviation (RSD) was corresponding to 6.3%,
indicating that the fabricated biosensors had satisfactory
reproducibility.

Conclusion

In this work, the MOF-derived hetero-structured composite
of CuO/ZnO was synthesized, and the MOF-derived mor-
phologies of CuO/ZnO particles possessed the advantage
for harvesting UV—visible light. The porous flaw structure
of CuO/ZnO was profitable for the electrolytic ion access-
ing. The obtained compact contact interface of CuO/ZnO
could reduce the transport distance of the charge carriers.
CuO/ZnO was coupled with NCDs to form the hierarchical
band gap energies architecture that could further accelerate
charge carrier separation and migration. This tri-heterogene-
ous composite of NCDs@CuO/ZnO modified ITO electrode
resulted in a remarkable PEC signal response. The PEC anal-
ysis results of proposed biosensor displayed a better sens-
ing performance than the DPV characterization method. In
general, this work broadened the practical application of the
MOF-derivative, and the proposed method provided a prom-
ising strategy for the inexpensive, accurate, and convenient
detection of DNA in the bio-molecular diagnostic areas.

In this paper, the tri-heterostructured NCDs@CuO/ZnO
system and its PEC mechanism were initially explored. Fur-
ther work will be focused on the construction of novel het-
erojunctions and to improve the practical application ability
in other fields.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05280-y.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e The porous and hollow CdCoS,(2)
microsphere could improve the visible-
light absorption ability, which led to
vastly promoting the PEC response.

o The thin-wall CdCoS»(2) particles had a
large surface area and could provide
abundant photoactive sites for the
surface-related redox reactions.

e CdCoS,(2) formed the type hetero-
junction  architecture that could
generate more charge carriers,
increasing the photoelectric conversion
efficiency.

e The conductivity of Ag nanoparticles
was combined with CdCoS,(2), and ob-
tained CdCoS,(2)@Ag composite dis-
played the marked photocurrent output
due to the synergistic photoelectric
effect.

o This MOF-based biosensor was success-
fully applied for the OPs (chlorpyrifos)
detection and also had potential appli-
cation in actual sample analysis.
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CdCoS3(2) modified ITO electrode was 93-fold and 41-fold than that of CoS and CdS materials, respectively.
Promoting the photo-absorption ability by internal multilight scattering/reflection was due to the porous and

hollow nature of CdCoS,(2). Furthermore, obtained CdCoS»(2) heterostructure in-situ with a close contact
interface could facilitate the separation/migration of photo-induced carriers. The CdCoS2(2) was also mixed with
Ag nanoparticles (NPs) to further improve the PEC response. Acetylcholinesterase (AChE) as a bio-recognition
molecule was immobilized on the glutaraldehyde-chitosan (GLD-CS) modified CdCoS2(2)@Ag electrode sur-
face by cross-linking effect. AChE could hydrolyze the acetylcholine chloride (ATCI) to produce an electron donor
of thiocholine which led to the elevated photocurrent output. When the bioactivity of AChE was inhibited by the
organophosphate pesticides (chlorpyrifos as substrate), the reduced production of thiocholine resulted in a
decline in photocurrent. Under optimal conditions, the structured AChE/GLD-CS/CdCoS2(2)@Ag/ITO sensing
platform was successfully achieved for chlorpyrifos detection. The wide linear response range was from 0.001 to
270 pg mL~! and with a low detection limit of 0.57 ng mL™. The proposed PEC biosensor also exhibited
excellent selectivity and good stability, demonstrating the designed porous hollow CdCoS»(2)@Ag hetero-
structured composite promised to be a great application in the PEC sensors.

1. Introduction

Organophosphate pesticides (OPs), as control and effective in-
secticides, have been widely utilized to improve crop production all over
the world [1]. However, using OPs in excessive doses is risky since it can
pollute drinking water and cause a variety of food safety issues [2].
Furthermore, OPs can inhibit the activity of acetylcholinesterase
(AChE), which results in a disturbance of the normal nervous system.
Thus, the OPs residues in agricultural products are harmful to humans or
other mammals, and it is of great importance to measure OPs with
sensitive, accurate, and rapid techniques.

Various analytical methods such as gas/liquid chromatography
mass-spectrometry [3], fluorescence [4], electrochemiluminescences
(ECL) [5], and photoelectrochemistry (PEC) [6] have been applied to
monitor the OPs residues. Among these techniques, the PEC method has
gained greater scientific attention due to its low background,
ultra-sensitivity, and easy operation [7,8]. The photoactive materials
play a very important role in improving the sensitivity of PEC
biosensors.

Hitherto, numerous photoactive materials including the metal oxides
(ZnO [9] and TiO2 [10]), metal chalcogenides (CdS [11] and CoS [12]),
organics [13], Metal-organic frameworks (MOFs) [14], etc have been
developed for PEC sensors. Among them, the semiconductor material
type of CdS has an excellent light-harvesting ability with a narrow band
gap in the range of about 1.4-1.7 eV [15]. Nevertheless, the serious
photo-corrosion effect of CdS results in fast recombination of
photo-induced carrier charges, thus the CdS stability remains unsatis-
factory [16]. Thus, these inherent defects on CdS are not conducive to
the fabrication of a PEC biosensor with visible-light driving.

Coupling CdS with other photoactive materials to form a heteroge-
neous composite can be an effective way to improve the photoelectric
property of CdS. Because heterostructured materials can combine the
advantages of different components, they can generate a band gap that is
more appropriate for suppressing electron/hole pair recombination.
Vamvasakis et al. [17] successfully prepared a p-Ni(OH), modified CdS
nano-heterojunction and compared it with the single component of CdS,
B-Ni(OH),/CdS heterojunction that showed highly photocatalysis ac-
tivity and stability for Hy evolution. Wang et al. [18] structured a hi-
erarchical photoanode of CdS/CdSe heterojunction displaying an
enhanced photocurrent density under visible light irradiation, which
was 3.83 times higher than that of CdS nanorods (NRs).

As newly emerged functional materials, MOFs have unique merits
such as the specific surface area, high porosity, and controllable
morphology. But the design and preparation of innovative MOFs with
enhanced photo-activity is still necessary. Under specific conditions,
MOFs precursor can be revised as tailored structures such as the hier-
archical morphology, hollow, thin-wall, and multi-shelled cages
[19-21], and the gained MOF-derivatives also well retain the corre-
sponding structural features of their precursors. MOF-derivants with
hollow structures in photoelectrochemistry possess several kinds of

compelling properties. Firstly, hollow scaffolds can facilitate the
light-harvesting by multiple reflection/scattering effects inside the
cavity, resulting in more photo-generated charge carriers [22,23]. Sec-
ondly, thin-shelled configuration on hollow architectures reduces the
diffusion length of charges and thus weakens the recombination of
e /h™ pairs [24,25]. Finally, the large surface area of hollow particles
can provide plentiful reactive sites to accelerate surface-related re-
actions [26,27].

Previously [28] we have synthesized the hollow nanocage of ZnIn,S4
(ZIS-HNCs) based on MOFs derivatization. Compared with the irregular
morphologies of ZnInyS4 nano-flower, ZIS-HNCs exhibited reinforced
visible-light capturing and PEC properties. We [29] previously prepared
MOF-derived hollow C@ZnCdS polyhedral material for fabricating a
PEC sensing platform which showed a high sensitivity for CEA detection
due to the excellent hollow structure of C@ZnCdS. Lou et al. [23] con-
structed hierarchical hollow Co/ZnInyS4 composites (Co/ZIS) which
started with ZIF-8 as a precursor, and the Co/ZIS photo-catalyst had high
efficiency for Hy evolution.

Inspired by the above pioneering works, herein, a porous hollow
CdCoS5(2) microsphere with a heterojunction was controllably designed
and prepared. The ZIF-67-S material was first synthesized via a simple
solution reaction, then acting as a precursor template, which was per-
formed by the in-situ sulfidation reaction with cadmium source to obtain
the CdCoSy(1) derivants. After a thermal treatment for CdCoS»(1), the
photoactive CdCoS»(2) was achieved. As expected, under illumination,
the CdCoS»(2) modified ITO electrode exhibited a greatly enhanced
photocurrent response (3.72 pA), which was 13.7-fold, 93-fold, and 41-
fold than that of CdCoS2(1), CoS, and CdS modified electrodes, respec-
tively. This outstanding PEC property could be ascribed to porous hol-
low CdCoS3(2) which promoted the visible-light harvesting capacity.
Meanwhile, the CdS and CoS components with well-matched energy
band-formed heterojunction architecture could make more efficient
separation of charges, resulting in improved photon-to-electron con-
version efficiency. Afterward, compositing CdCoS2(2) with the con-
ductivity Ag-NPs could further increase the photocurrent response
signal.

The CdCoSy(2)@Ag/ITO electrode was modified with
glutaraldehyde-chitosan (GLD-CS), and AChE was covalently immobi-
lized on the modified electrode surface by the cross-linking reaction.
When the acetylcholine chloride (ATCI) was introduced, the fabricated
AChE/GLD-CS/CdCoS2(2)@Ag/ITO  sensing platform displayed
enhanced photocurrent due to the AChE could catalyze ATCI to generate
photoactive thiocholine which could serve as an electron donor to
strengthen the separation efficiency of photo-induced e /h' pairs.
When the chlorpyrifos was present, the photocurrent intensity decreased
obviously because the chlorpyrifos could suppress the activity of AChE.
Based on the relationship of the inhibition effect between chlorpyrifos
and photocurrent responses, this visible-light-driven PEC biosensor was
successfully applied for the chlorpyrifos detection and had a wider linear
range (0.001-270 pg mL’l) with a low LOD value (0.57 ng mL’l).
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2. Experimental section

2.1. Material, reagents, and apparatus have been reported on supporting
information

2.1.1. Preparation of ZIF-67-S, CdCoS2(1), CdCoS2(2), and Ag-NPs

The ZIF-67-S microspheres were synthesized following the previ-
ously reported method with a minor modification [30]. Typically, a
0.291 g (1 mmol) Co(NO3), 6H20 and 0.328 g (4 mmol) 2-methylimida-
zole were separately dissolved in 40 mL methanol, and the solutions
were mixed quickly under stirring. The obtained mixture was added to 4
mmol CTAB (Hexadecyl trimethyl ammonium bromide) (1.45 g CTAB
dissolved in 180 mL DDW) and subsequently stirred for 3 h to obtain a
homogeneous solution. Finally, the suspension was washed with ethanol
and DDW via centrifugation. The violet product of ZIF-67-S was suc-
cessfully prepared after further drying at 60 °C under a vacuum for 10 h.

CdCoS5(2) was synthesized via a simple reflux reaction using the ZIF-
67-S as a sacrificial template. Briefly, 40 mg of as-prepared ZIF-67-S and
200 mg of CdC1; were dissolved in 35 mL methanol with ultrasonication
dispersion for 15 min. Afterward, 180 mg of thioacetamide (TAA) was
added to the above dispersion solution. The obtained mixture was
transferred into a three-flask and refluxed at 90 °C for 1 h under stirring.
After cooling down to ambient temperature, the precipitate was
collected and washed with ethanol three times followed by overnight
drying at 60 °C overnight, thus giving a green-yellow sample of
CdCoSy(1). The obtained CdCoSy(1) was further subjected to a calci-
nation strategy at 550 °C for 3 h to get the dark-gray product of
CdCoS2(2). For comparison, the CoS and CdS were synthesized through
the above same method except removing the procedure of adding CdC1,
and ZIF-67-S, respectively.

Ag-NPs were prepared by a simple process as follows: 0.073 g (0.25
mmol) of sodium citrate was dissolved in 25 mL and followed by adding
0.33 g (2 mmol) of AgNO3 and stirring for 15 min at room temperature.
Then, the mixture was heated at 90 °C for 3 h to gain the purple-black
product of Ag-NPs. After that, 15 pL of CdCoS2(2) (1.5 mg mL 1) was
mixed with 15 pL above Ag-NPs (1.5 mg mL™) to form the CdCoS»(2)
@Ag composite.

2.2. Fabrication of the modified electrodes

Before the modification, ITO electrodes were sequentially washed
with acetone, 1 M NaOH/ethanol mixture (1:1, v/v), and DDW under
successive ultrasonication (each time for 15 min). Then, the cleaned ITO
electrodes were dried at 60 °C.

Initially, 12 pL uniformly dispersed CdCoS»(2)@Ag solution was
dropped onto the bare ITO substrate. The obtained CdCoS2(2)@Ag)/ITO
electrode was covered with 9 pL of 5% GLD/0.07% CS (1:1, v/v), after
drying at room temperature, the modified electrode (GLD-CS/CdCoS2(2)
@Ag)/ITO) was carefully rinsed with DDW several times. Afterward, 9
pL AChE solutions (125 U mL 1) were added onto GLD-CS/CdCoS2(2)
@Ag/ITO electrode surface and kept at 4 °C for 12 h to gain the AChE/
GLD-CS/CdCoS2(2)@Ag composite modified ITO electrode through a
coupling reaction between the AChE and GLD. After rinsing with 0.1 M
PBS (pH 7.4) to remove the physical adsorption of AChE, the sensor
electrode of AChE/GLD-CS/CdCoS»(2)@Ag/ITO was successfully pre-
pared. For comparison, the other modified electrodes were fabricated in
the same manner.

2.3. Detection of real samples

A total of 10 mL of the river water sample was centrifuged for 8 min
(10,000 r/min), then the obtained supernatant was diluted with 0.1 M
PBS (pH 7.4) to 45 mL.

Similarly, for the preparation of the cabbage sample, 5 mL of the
acetonitrile was added to 5 g cabbage and shocked for 30 min. After
centrifuging for 8 min (10,000 r/min), the supernatant was diluted into
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45 mL with 0.1 M PBS (pH 7.4). Subsequently, the known chlorpyrifos
concentrations were respectively added to prepared samples for recov-
ery monitor.

2.4. PEC and electrochemical measurements

The sensor electrode was immersed several times in different con-
centrations of chlorpyrifos for 8 min. Then, the PEC and DPV mea-
surements were carried out in 0.1 M PBS (pH 7.4) containing 0.8 mM
ATCl. The excitation source of the xenon lamp was 420 nm with the
intensity of 20 mW cm ™2 and switched on every 10 s under 0.0 V bias
voltages. EIS was conducted at a potential of +0.172 V with its fre-
quency range from 1.0 x 10* Hz-0.01 Hz. The DPVs were conducted at a
pulse period of 0.2 s with an amplitude of 0.05 V.

3. Results and discussion
3.1. Morphological and structural features of synthesized materials

The surface morphologies of prepared samples were investigated by
scanning electron microscopy (SEM). It was observed in Fig. 1A, that the
synthesized ZIF-67-S particles were microsphere structure and uni-
formly distributed. Fig. 1B shows that the CdCoSz(1) also well-remained
the spherical shape of ZIF-67-S, and the particles diameter range was
from 450 to 800 nm. But the roughness of CdCoS,(1) displayed a slight
reduction as-compared with its precursor through a sulfurization effect
(Figs. S1A and B). Fig. 1C illustrated the SEM morphologies of the
CdCoS5(2) particle. It was found that the particle size of CdCoS2(2) had
increased to about 1000 nm, and there were some mesoporous/macro-
pores on the CdCoS,(2) surface with a width from 40 to 180 nm.

The microstructures of CdCoS2(2) were also characterized by the
high-resolution transmission electron microscope (HRTEM) images. As
seen, the relatively bright regions of CdCoS,(2) (Fig. 1D) proved that the
hollow structure had a thin shell compared to the solid CdCoSy(1)
microsphere (Fig. 1G). The magnified TEM image of single-CdCoS2(2)
(Fig. 1E ~ F) revealed that the interplanar spacings of 0.34, 0.21, and
0.18 nm corresponding to the (111), (220), and (311) planes of CdS NPs
respectively (Fig. SIG ~ H), indicated that the CdS had the poly-
crystalline structure [31]. While no obvious lattice fringe of the amor-
phous CoS could be found. This result was agreed with the SAED pattern
(Fig. 1H and Fig. S11). Besides, the component elements of Co, Cd, and S
of CdCoS4(2) could be identified in Fig. 11, which were well consistent
with the component elements of CdCoSy(1) (Fig. S1C). This EDS map-
ping manifested the successful formation of the CdCoS2(2) composite.

The nitrogen adsorption-desorption technique was also applied to
determine the BET surface area and pore-structure of as-prepared sam-
ples. Asseen in Fig. S2A, the shape of the nitrogen adsorption-desorption
isotherms displayed that CdCoS»(2) had some type of hysteresis loops,
indicating the presence of mesoporous structure in this composite [32],
and the calculated BET surface area of CdCoS»(2) was 1022.4 m? g. The
pore size distribution of CdCoS2(2) was further explored by the
Barret-Joyner-Halenda (BJH) model based on the desorption branch. As
shown in Figs. S2B and a sharp peak centered at 50.6 nm appeared in the
pore size distribution plot, which agreed with the mesopore character-
istic as revealed in the SEM image (Fig. 1C).

3.2. Characterization of the prepared materials

The phase structures of the prepared samples were investigated by an
X-ray diffractometer (XRD). As shown in Fig. 2A, all the characteristic
peaks of ZIF-67-S were consistent with pure ZIF-67, and the amorphous
feature of the CoS crystal was well-matched as previously reported [12].
In Fig. 2B, the typical peaks located at 24.8°, 26.5°, 28.2°, 43.7°,47.9°,
and 52.0° were indexed to the (100), (002), (101), (110), (103) and
(112) planes of CdS (JCPDS: 77-2306), respectively. And all of those
characteristic diffraction peaks were also clearly presented in
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Fig. 1. SEM images of (A) ZIF-67-S, (B) CdCoS,(1) and (C) CdCoS2(2); TEM images of (D) CdCoS,(2) and (G) CdCoSx(1), High-resolution TEM (HRTEM) images of (E
~ F) CdCoS,(2); SAED pattern of (H) CdCoS,(2); Elemental mapping images of (I) Co, Cd, and S elementals of CdCoSx(2).

CdCoS5(1), CdCoSy(2), and CdCoSy(2)@Ag. This result also demon-
strated the co-existence of CoS and CdS in the above composites.
Furthermore, the characteristic peaks at 38.7° and 44.1° were ascribed
to the (111) and (200) lattice diffractions of Ag-NPs [33], which
revealed the formation of CdCoS2(2)@Ag composite.

The optical properties of prepared materials were investigated by
UV-vis diffuse reflectance spectroscopy (DRS). As illustrated in Fig. 2C,
ZIF-67-S only had the photo-absorption property in the UV-light region.
Compared with the ZIF-67-S, CdCoSy(1) and CdCoS3(2) displayed
enhanced visible-light absorption, but the presented photo-absorption
intensity of CdCoS,(2) improved than that of CdCoSz(1), which could
be explained by the porous hollow CdCoS,(2) particles with multiple
scattering/reflection effect. On the CdCoS»(2)@Ag composite, the light-
absorption ranged from >360 nm and showed increased photo-
capturing capability clearly than all the other as-prepared materials.
In the insert of Fig. 2C, the whole light-absorption intensity of CdS
showed an obvious enhancement compared with the CoS. In Fig. 2D, the
UV-light absorption wavelength at about 291 nm was corresponding to
the specific spectra of OPs (chlorpyrifos) [34,35].

The surface composition and chemical state of as-synthesized ma-
terials were investigated by X-ray photoelectronic spectroscopy (XPS).
Fig. 3A showed the XPS results of CdS, CoS, and CdCoSy(2) with their
corresponding component elements, respectively. The high-resolution
Co 2p core-level spectra of CdCoS;(2) and CoS were shown in Fig. 3B
and C, respectively. In Fig. 3B, both doublet peaks at 794.5 and 779.3 eV
were attributable to the Co 2p;,, and Co 2p3/2 of Co>* of CdCoSy(2),
while the peaks at 782.1 and 798.2 eV corresponded to the Co 2p; 2 and
Co 2ps,2 of Co?™, respectively. Further, two shakeup-satellite peaks were
presented at 802.1 and 785.9 eV, respectively [36]. Fig. 3D displayed

the Cd 3d spectra of CdCoS»(2) and CdS, in which two distinct peaks at
412.4 and 405.6 eV of CdCoS»(2) were ascribed to the Cd 3ds,, and Cd
3ds,/5 of Cd%* [37], respectively. Fig. 3E showed the S 2p spectra of CoS,
CdS, and CdCoS5(2). The peaks at around 161.9 and 163.1 eV were
assigned to S 2p;,2 and S 2ps,s of S%~ of CdCoS(2), and a type
shakeup-satellite peak of CdCoS,(2) was located around 168.8 eV [38,
39]. Thus, it could be confirmed that cobalt-cadmium sulfide
(CdCoS2(2)) includes the Co®*, Co®*, Cd?>™, and S? ions.

To explore the stepwise modification process of the PEC sensor,
electrochemical impedance spectroscopy (EIS) measurements were
carried out by the redox probe of [Fe(CN)ﬁ]g’/ 4 As seen in Fig. 3F, the
bare ITO electrode had the smallest electron transfer resistance (Ret)
value of 135 Q (curve a). After the CoS and CdCoS»(1) were assembled
onto the bare ITO electrode, the R values increased to 760 Q and 450 Q
(curves f and d), respectively. But the R value of CdCoS2(2) (curve e,
350 Q) showed an obvious decrease than the CoS/ITO or CdCoS,(1)/ITO
electrode, demonstrating that CdCoS»(2) had higher charge transfer
kinetics. After Ag-NPs were combined with CdCoS3(2), the R value of
CdCoS2(2)@Ag (curve b) decreased to 215 Q due to the excellent elec-
tronic conductivity of Ag-NPs. When the GLD-CS and AChE were
continuously modified on the CdCoS2(2)@Ag/ITO electrode surface, the
Rt values increased progressively, which could be ascribed to the
insulation effect of those assembled materials. The cyclic voltammetry
(CV) technique was also used to characterize different modified elec-
trodes (shown in Fig. S4A) and the consequences were consistent with
the EIS assay. All the results demonstrated that the sensing platform was
manufactured successfully.
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3.3. PEC properties of different electrodes and PEC mechanism

To deeply monitor the stepwise construction process of the PEC
sensor, all PEC examination was carried out in the PBS (0.1 M, pH 7.4)
solution. As shown in Fig. 4A, no photocurrent was found on the bare
ITO electrode (curve a). After the ITO was modified with CoS, CdS, and
CdCoSy(1) (curve b, ¢, and d), obtained photocurrent intensities were
corresponding to 0.04, 0.09, and 0.27 pA, respectively, indicating that
the CdCoS3(1) could improve the PEC property. However, the photo-
current intensity on the CdCoSy(1)/ITO electrode dramatically
increased to 3.72 pA (curve e), which was 93 times and 41 times higher
than that of the single-component CoS and CdS modified electrode. The
superior photoelectric conversion efficiency of the CdCoS5(2) composite
was ascribed to the porous hollow CdCoS3(2) which could promote the
light absorption ability. When the Ag-NPs were combined with
CdCoS3(2), the photocurrent response of CdCoS2(2)@Ag/ITO electrode
(curve f) was increased slightly due to the synergistic effect in this
composite. When the GLD-CS and AChE were successively assembled
onto CdCoS,(2)@Ag/ITO electrode, owing to the steric hindrance effect
of those materials, which led to the gradually decreased photocurrents
(curve g and h). Nevertheless, when the ATC1 was introduced into the
characterization solution, the photocurrent signal of the CdCoS3(2)
@Ag/ITO electrode had increased distinctly (curve i). This could be
explained by the catalytic hydrolysis of AChE making ATCl generate
thiocholine which also served as the electron donor to strengthen the
separation of charge carriers (e /h™). The PEC result demonstrated the
successful construction of the PEC biosensor.

The linear sweep voltammetry (LSV) assay of as-prepared materials
modified electrode was performed in 0.1 M NaySO4 with a potential
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range from 0.0 V to 0.9 V vs. Ag/AgCl. As shown in Fig. 4B, under
visible-light irradiation, the LSV response indicated that the bare ITO
electrode had no photo-generated current. CdCoSy(1) composite
exhibited enhanced LSV intensity compared to mono-component CoS or
CdS material with a slightly LSV response. While CdCoS,(2) material
displayed a greater LSV response than that of CdCoSy(1), which was
attributed to the superior microstructure of the hollow CdCoSy(2). The
CdCoSy(2)@Ag composite gained the highest LSV response, suggesting
that the synergistic effect could further heighten the photocurrent
signal. All the above-gained results of electrochemical and PEC assay
verified that the CdCoS»(2)@Ag composite could significantly improve
the photoelectric activity.

Fig. 4C showed the open circuit potential (OCP) patterns of bare ITO
and prepared materials modified ITO electrodes under dark and visible-
light irradiation. There was scarcely an OCP response current on the
bare ITO electrode. In the dark, the CoS, CdS, CdCoS2(1), CdCoS»(2),
and CdCoSy(2)@Ag materials displayed an upward surface band
bending (region I) due to the potential of redox equilibration [40].
Under light irradiation, the OCP on those materials was negatively rapid
and reached a steady-state due to the accumulating photo-generated
electrons (region II). After the irradiation was removed, the OCP grad-
ually increased again (region III), this could be ascribed to the recom-
bination of photo-induced charge carriers.

The resulting OCP curves also revealed the type n feature of all
proposed materials. Simultaneously, the OCP response change (AOCP)
value of CdCoS»(2) increased more than that of the CoS and CdS. It was
attributed to n-n type heterojunctions formed between CoS and CdS
which could elevate the property of photon-to-electron transition. Be-
sides, CdCoS2(2)@Ag displayed the greatest AOCP than other materials
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Fig. 4. (A) PEC response of bare ITO (a), CoS/ITO (b), CdS/ITO (c), CdCoS2(1)/1TO (d), CdCoS»(2)/1TO (e), CdCoS»(2)@Ag/ITO (f), GLD-CS/CdCoS»(2)@Ag/ITO
(g), AChE/GLD-CS/CdCoS,(2)@Ag/ITO (h) in 0.1 M PBS (pH 7.4) and (i) in the presence of 0.8 mM ATCI; (B) LSV patterns in 0.1 M Na,SO4 with a scan rate of 80
mV s~%; (C) OCP curves in 0.1 M PBS (pH 7.4) of bare ITO and modified ITO electrodes; (D) Time-based photocurrent response of AChE/GLD-CS/CdCoS,(2)@Ag/ITO
biosensor in the presence of 2.5 pg mL~! chlorpyrifos in 0.1 M PBS (pH 7.4) containing 0.8 mM ATCI with light on and off cycles.
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because of the synergistic effect from every component in this amplifying effect of every component in CdCoS2(2)@Ag composite was
composite. indispensability, such as the Ag-NPs could assist to achieve the overall

Moreover, according to the empirical equation of ahv = A (hv — Eg)"/ PEC capability. Besides, the acetylcholine chloride (ATCl) could
2, the Eg values of CoS and CdS were calculated to be 1.73 and 2.25 eV generate thiocholine via a catalytic hydrolysis reaction by AChE. The

(Fig. S3C ~ D), respectively. And with the VB-XPS pattern, the VB po- thiocholine served as an electron donor not only could reinforce the
tentials of CoS and CdS were evaluated at about 0.38 and 2.05 eV separation of charge carriers but also improves the electrocatalytic ac-
(Fig. S3E ~ F). Besides, based on the formulae of Ecg = Eyp — Eg, the tivity toward the electrode surface, which led to the enhanced photo-
corresponding CB potentials (Ecg) of CoS and CdS were calculated to be current and electrochemical response (as shown in Fig. S3). The PEC
1.35 and —0.20 eV, respectively. mechanism of the prepared composite was shown in Scheme 1B.

The above results revealed that the CB and VB potentials of CoS were
higher than that of CdS, and a type heterojunction of CdCoS»(2) could be
speculated. Under visible light, the photo-generated electron in the CB of 3.4. PEC response of the optimization experiments shown on supporting
CoS was transferred to the CB of CdS, while the hole in the VB of CdS was information
transferred to the VB of CoS, which resulted in a significantly enhanced
photocurrent response. Also, the composited Ag-NPs could be acted as a 3.4.1. PEC analysis properties of the prepared biosensor

valid electron acceptor for CdCoS,(2) to further reinforce the photo- The analytic performance of the proposed PEC biosensor was sur-
current output. The porous, hollow, and thin-wall microstructure of veyed in 0.1 M PBS (pH 7.4) containing 0.8 mM ATCI. As illustrated in
CdCoS,(2) could provide a specific surface area from its interior cavity, Fig. 5A, under the optimal experimental conditions, the photocurrent
which increased the active site and led to improving the efficiency of ~ response of the PEC sensor decreased continuously with the concen-
light-harvesting. Second, the in-situ synthesized heterojunction on tration of chlorpyrifos from 0.001 to 270 pg mL, and the changed
CdCoS,(2) with a compact contact interface was beneficial to shorten photocurrent related to the logarithmic values of OPs (chlorpyrifos)
the transfer distance of the photo-generated charges. Third, the formed concentration showed the good linear relationship. The regression

staggered band structure among the CoS and CdS could effectively equation was Alpgc (A) = —0.296 + 2.1626 log Cops (ug mL™1) (R? =
facilitate the e /h™" separation and migration. Finally, the synergistic 0.9976) with a low LOD of 0.57 ng mL ™" (S/N = 3) (Fig. 5B). Compared
to the DPV analysis results (the regression equation was Al (1.0 x 1074
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Scheme 1. (A) The preparation processes of CdCoS3(2) and (B) schematic illustration of the proposed PEC biosensors for OPs detection.
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Fig. 5. PCE responses of (A) AChE/GLD-CS/CdCoS,(2)@Ag/ITO biosensor in 0.1 M PBS (pH 7.4) containing 0.8 mM ATCI at different concentrations of chlorpyrifos:
(a-h) 0.001, 0.01, 0.05, 0.3, 1.5, 9.0, 90, 270 ug mL~}; The plot of (B) Alpcg versus the logarithm values of Cops (log Cops); The photocurrent responses of (C) as-
prepared biosensor after different storage time (day) in PBS (0.1 M, pH 7.4) containing 0.8 mM ATCI; (D) Selectivity of the PEC biosensor in PBS (0.1 M, pH 7.4)
containing 0.8 mM ATCl in the presence of 1.5 ug mL~' OPs (chlorpyrifos), Fenvalerate, 2,4-Dichlorodiphenyltrichloroethane (DDT) and 150 pg mL~" inorganic ions

of K™, Na™, ClI” and NO3.

A) =1.3451 log Cops (1g mL~ 1) + 4.038 with a linear range from 0.001
to 7.5 pg mL ! and LOD of 0.84 ng mL ™) (Figs. S6A and B) and other
reported methods (Table S1), this PEC sensing platform exhibited a
relatively wider linear range and a lower LOD for chlorpyrifos assay.

3.5. Stability, selectivity, and reproducibility of PEC biosensor

Fig. 4D showed the stability of the PEC biosensor. It could be found
that no significant photocurrent change on AChE/GLD-CS/CdCoS»(2)
@Ag/ITO electrode after the biosensors reaction with 2.5 pg mL~!
chlorpyrifos under irradiation cycles for 400 s and ten on/off, demon-
strating that the PEC biosensor had excellent long-term stability for
chlorpyrifos monitor. Besides, the fabricated PEC biosensor was stored
at 4 °C for a week, the photocurrent reduced to 95.6%, and when the
storage time was two weeks, the photocurrent declined to 90.2%
(Fig. 5C), suggesting that the catalytic activity of AChE on the modified
electrode was still well retained.

The selectivity of the PEC biosensor was also investigated (Fig. 5D).
The photocurrent intensities on modified electrodes were gained in 0.1
M PBS (pH 7.4) containing 0.8 mM ATCl in the presence of 1.5 pg mL™*
chlorpyrifos, fenvalerate, 2,4-dichlorodiphenyltrichloroethane (DDT)
and 150 pg mL™! inorganic ion of K¥, Na¥, CI~ and NO3. No distinct
photocurrent changes were observed except in the presence of chlor-
pyrifos, testifying that the developed PEC biosensor had satisfactory
selectivity.

For the reproducibility investigation of the PEC biosensor, three
AChE/GLD-CS/CdCoS2(2)@Ag/ITO electrodes were applied to monitor
0.1 pg mL ™ chlorpyrifos and obtained relative standard deviation (RSD)
of 2.7%. This result indicated the reproducibility of the PEC sensor was

also acceptable.
3.6. Real samples analysis

The practical application of the PEC sensor was evaluated with a
standard additional method according to the procedure mentioned in
Section 2.4. The experimental results as summarized in Table S2, and
the recovery values of the sample solution were from 94.2% to 105.0%
with the changed RSD values of 1.74%-3.27%, respectively. Further-
more, the results obtained by the PEC sensor were consistent with the
results obtained by GC-MS, which revealed that the proposed PEC
biosensor can be utilized for chlorpyrifos detection in real samples.

4. Conclusions

In summary, the heterostructured CdCoS,(2) photoactive material
was controllably structured via the MOFs derived method. The ZIF-67-S
as the sacrificial template was performed by the in-situ sulfidation with
cadmium source precursors, then calcining the MOF-derivants to gain a
porous hollow CdCoS3(2) composite. The PEC assays showed that the
CdCoS5(2) modified ITO electrode had greater photocurrent output than
the individual component CoS or CdS, revealing the tailored morphol-
ogies of CdCoSy(2) could strengthen visible-light harvesting. And the
well-matched band structures between CoS and CdS played an impor-
tant role in elevating the separation efficiency of charges. The high
conductivity of Ag-NPs also could further improve the photocurrent
intensity of CdCoS,(2)@Ag. Benefiting from the outstanding PEC per-
formance of CdCoS2(2)@Ag, a developed PEC biosensor had been suc-
cessfully applied for the chlorpyrifos analysis. Compared to the DPV
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results, the AChE/GLD-CS/CdCoS,(2)@Ag/ITO modified electrode dis-
played superior sensitivity (the LOD reached 0.57 ng mL). Thus, this
work could provide a novel strategy for developing different photoactive
materials from MOF-derived products. In the meanwhile, this PEC
biosensor appeared to be a promising tool for detecting organophos-
phate pesticides (OPs) in the environment or food.
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ARTICLE INFO ABSTRACT

Keywords:
MOF-derivant of CuO
NCDs@Au nanoflows
Heterojunction
Photoelectrochemical
AFP detection

Heterogeneous composite is considered a valuable material to boost the photo-electrochemical (PEC) properties.
Herein, the porous hollow and thin-shell CuO particles were prepared by calcining a Cu-BTC precursor. N-doped
carbon dots (NCDs) as both reductor and stabilizer can reduce the Au™ to gain regularly nanoflower NCDs@Au,
which further to create type-II heterogeneous interface of CuO/NCDs@Au. PEC monitoring results showed that
the CuO/NCDs@Au nanocomposite displayed markedly improved photocurrent response than the mono-
component CuO or CuO/NCDs. This outstanding photoelectric property was ascribed to the multiple reflection/
scattering effects from the porous hollow structure of CuO particles which led to more photo-induced e~ /h™
pairs. The obtained heterostructured CuO/NCDs@Au could magnify synergistically the photocurrent output
signal. Ab (antibodies) was accurately immobilized on the CuO/NCDs@Au modified ITO electrode via a facility
amidation reaction. Fabricated Ab/CuO/NCDs@Au/ITO PEC sensing platform for AFP (alpha-fetoprotein)
detection manifested an enhanced sensitivity (3.32 x 10# ng mL™!) with wide linear range (0.001 ~ 300 ng
mL™1), which was superior compared to the electrochemical results. This works developed an excellent heter-
ojunction nanocomposite of CuO/NCDs@Au, which provided well-synthesized strategies for structuring high-
performance photocatalysts based on MOFs derivant.

1. Introduction still have some disadvantages, for example the complex operation pro-

cess, high cost, limited selectivity or sensitivity, requirement of profi-

Alpha-fetoprotein (AFP) is used as an important biomarker of ma-
lignant tumors, and it mostly exists in patient’s serums, colorectal and
bladder carcinomas. The AFP concentration in serum of healthy person
is usually less than 25 ng mL™?, but this concentration significantly in-
creases in the patients having liver cancer. So, the sensitive and rapid
methods of AFP detection play an imperative part for diagnosing cancers
previously. Several methods have been developed for AFP detection in
human serum, including the fluorescence spectroscopy, enzyme-linked
immunosorbent assay (ELISA), high-performance liquid chromatog-
raphy (HPLC), chemiluminescence, mass spectrometric immunoassays,
and radioimmunoassay [1-3]. Despite many efforts, these techniques
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cient operator and long detection time. Photoelectrochemical (PEC)
biosensor is widely used in the detection of tumor markers because of its
high sensitivity, rapidity, easy operation and minimal sample con-
sumption [4,5].

In photoelectrochemical (PEC) analysis, the photoactive material is a
critical factor in which it reliably influences the PEC performance [6,7].
To date, various kinds of photoactive materials have been proposed for
the application of PEC studies, such as the TiO, [8], ZnO [9], WO3 [10],
CdS [11], WSy [12], Metal-organic frameworks (MOFs) [13], Au NPs
[14] and carbon dots (CDs) materials [15]. Nevertheless, the application
of pristine photoactive material was still limited because of its inherent
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defects such as poor visible light absorption, serious aggregation of
photo-generated carriers, and tardigrade charge transfer [16]. Sur-
mounting these limitations caused inferior PEC performance, estab-
lishing composited hetero-structure material with proper band-gap
energy position was considered as a promising approach [17,18].
Moreover, hybrid nanocomposite materials with porous and hollow
structures also could effectively promote carriers separation and trans-
portation [19,20]. However, various photoelectric materials may be
incompatible which resulted in weak structural stability and poor uni-
formity of the prepared heterojunction composites [21]. Hence, adopt-
ing reliable routes and controllable strategies to get anticipant
heterostructured photocatalysts were still urgently required.

Carbon dots (CDs) materials are assembled by the sp? hybridized
carbon atom or small graphene nanoplatelets [22]. Due to various ad-
vantages of CDs such as the good biocompatibility, low cytotoxicity,
easy functionalization, excellent electro-catalysis, and photo-induced
properties, CDs have been applied diffusely in the fields of catalysis,
bioimaging, photovoltaics, sensors, etc [23-26]. Recently, doping of the
CDs with heteroatoms has gained more attention because it not only
enhances the conductivity capability but also benefits the optical
property [27,28]. Among the heteroatoms, the atomic size of nitrogen
(N) is most approachable to CDs, which leads to improving the CDs
performance such as the interior electronic environment [29]. As well as
the N-doped CDs (NCDs) can be used as an effective photosensitizer for
magnifying the signal response. Cheng et al. [30] prepared the nitrogen-
doped carbon dots (NCDs) that could improve the photocurrent response
of the NCDs/TiO, composite. Shi et al. [31] explored the NCDs with
different atom ratios of N/C and obtained the highest N-doping level
that showed enhanced electron transfer capacity. Additionally, it is
noteworthy that CDs can be employed as the reductant and stabilizer to
reduce metal ions such as Ag*, Cu>*, Au™, and obtained nanoparticles
can further improve the electron transfer. For instance, Huang et al. [32]
synthesized a nano-composite of Pd-Au@CDs by using the stabilizing
and reducing agent of CDs, which exhibited higher electric conductivity
properties than the monocomponent material of CDs.

Metal-organic frameworks are the type of porous coordination
polymers fabricated by transition metal ions and organic ligands. Owing
to the specific merits of large surface area, exposed active sites, and
versatile structures, MOFs materials have been widely used in the field
of gas adsorption or separation [33], catalysis [34], and sensing [35,36].
However, there are still some defects for MOFs such as weak electronic
conductivity, poor photocatalytic activity, and inferior mechanical
ability. Recently, MOFs as the precursor materials converted into new
compositions with excess morphology and structure have gained an
enthusiastic interest [37,38]. These MOF-derivatives not only inherit the
main morphologies from their precursors but also can fabricate the
functionalized features such as thin-shell structures, multi-shelled cages,
hollow-shape morphologies, etc. Moreover, they possess the merit of the
changed components including metal sulfide, metal oxides, or C ele-
ments which may further improve their electrochemical properties
[39,40]. Our works [16] previously proposed MOF-derived porous
carbon nano-bubbles of C@ZnCdS prepared by the sulfurization and
calcination strategies, and the C@ZnCdS composite exhibited superior
photoelectron-chemical performance because of the synergistic effect
from their porous shells and carbon layers. Hu et al. [41] synthesize
hierarchically structured CuO octahedral particles based on Cu-BTC
MOFs, benefiting from this structural feature, it displayed a good
capability for the Li* storage and transfer.

MOFs with hollow structures are also considered as an effective
approach for promoting photo-electric behaviors. In the interior void of
hollow materials, it can lead to the multiple reflection effect and further
reinforce the light-harvesting, resulting in more photo-generated charge
carriers [42]. On the other hand, hollow structures provide an efficient
channel for immensely immerging the electrolyte solution which is
conducive to transporting the electrical charges [43]. Otherwise, the
thinner-shell feature of hollow structures can reduce the transferred
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distance of photo-excited e}/h™ pairs, hence effectually restraining the
recombination of the charge carriers [44,45]. Our works [46] had pre-
pared hollow ZnInyS4 polyhedral nanocages derived from the ZIF-8
MOFs precursor, in which the visible light absorption capacity
distinctly enhanced and consequently improved the photoelectric con-
version efficiency. Zhang et al. [47] using ZIF-67 MOFs as sacrificial
templates fabricated another hollow polyhedral composite of
CoSx@CdS and it not only reinforced the photo-absorption capacity but
also supplied plenty of active sites to facilitate the redox reactions.
Although the hollow geometry affords an effective route for improving
the physicochemical properties, hollow materials with higher electrical
conductivity and reasonable band gap still demand a well-design and
feasible strategy.

Inspired by these above pioneering works, herein, we presented
porous hollow and thin-shell CuO particles derived from the Cu-BTC
MOFs acting as precursor templates. The NCDs were successfully syn-
thesized via a solvothermal method and also used as a reducing agent to
obtain a well-regular NCDs@Au nanoflower composite by a simple
reduction strategy. Subsequently, NCDs@Au materials were coupled
with the as-prepared CuO particles to create type-II heterojunction
photocatalysts of CuO/NCDs@Au. The PEC properties of prepared ma-
terials were severally surveyed by photocurrent monitoring. The gained
results revealed that CuO/NCDs@Au nanocomposite exhibiting the
most superior photocurrent response compared with monocomponent
CuO particles or CuO/NCDs, which was attributed to thin-shell and
hollow CuO particles with large surface area as well formed hetero-
structured architecture of CuO/NCDs@Au. Moreover, the abundant
carboxyl groups of NCDs could be further employed as a functional
substance for effectively immobilizing Ab on ITO electrode surface to
build a sensing platform of Ab/CuO/NCDs@Au/ITO. The fabricated PEC
biosensor for AFP detection indicated a wider linear range with a rela-
tively low limit of detection (LOD) value than the results of the elec-
trochemical method obtained. This proposed biosensor also showed
good stability, excellent selectivity, and acceptable reproducibility in
AFP assay.

2. Experimental section

Chemicals, reagents, and apparatus had been reported on supporting
information.

2.1. Synthesis of Cu-BTC, NCDs and NCDs@Au

The Cu-BTC was prepared by the solvothermal method according to
previous literature with slight modification [48]. Firstly, 0.621 g Cu
(NO3)2-3H50 (2.57 mmol) and 0.303 g BTC (benzene-1,3,5-tricarboxylic
acid, 1.44 mmol) were successively added into 15 mL deionized water
(DDW) with 15 mL ethanol, stirring adequately for 15 min at room
temperature, the mixture was further ultrasonicated for 10 min to gaina
homogeneous solution. Following this, the compound was transferred to
a 50 mL Teflon-lined autoclave and heated for 20 h at a temperature of
120 °C. When naturally cooled to room temperature, obtained Cu-BTC
blue particles were carefully collected under centrifugation with a ve-
locity of 8000 rpm and then washed several times with water and
ethanol (volume ratio of 1:1). Finally, the precipitates were vacuum
dried at 60 °C overnight to obtain the pure Cu-BTC products.

N-doped CDs were synthesized by a straightforward hydrothermal
method [49]. 1.0 g ammonium citrate was dissolved in 10 mL DDW, and
5 mL ethylenediamine was added to the solution. After stirring vigor-
ously for 15 min, the gained bright and yellow mixture was taken into
50 mL Teflon-lined autoclave and had been heated for 5 h at 200 °C.
After cooling down to room temperature, the changed orange-red so-
lution was centrifuged at 10000 rpm for 10 min. Then, the concentrated
supernatant was dialyzed for 24 h with a dialysis membrane of 1000
cutoffs. Finally, the brown NCDs powder was obtained by vacuum
freeze-drying. In addition, the CDs were prepared in the same processes
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without using ethylenediamine as the nitrogen source.

The NCDs@Au nanoparticles were prepared by a simple reduction
method [32]. First, 150 pL. HAuCly solution (1 mg mL 1) was added into
150 pL NCDs solution (1 mg mL’l). Then, this mixture was heated at
90 °C in a water bath for 60 min and obtained the regular nanoflower
products of NCDs@Au.

2.2. Preparation of CuO particles and CuO/NCDs@Au nanocomposites

The MOF-derived product of CuO was achieved by calcining the Cu-
BTC precursor for 1.5 h at 380 °C under isolated air, and the Cu-BTC
materials had been translated into black CuO particles. The as-
obtained CuO (1 mg mL_l) and NCDs@Au were mixed in a volume
ratio (1:1) and ultrasonicated for 15 min to get a well-dispersive nano-
composite of CuO/NCDs@Au. The CuO/NCDs composite was prepared
in the same experiment condition. The preparation process of CuO/
NCDs@Au was shown in Scheme 1A.

2.3. Fabrication of the PEC and electrochemical biosensor

In brief, the indium tin oxide (ITO) electrodes were ultrasonically
cleaned with acetone, 1.0 M NaOH/ethanol (1:1), and DDW for 15 min,
respectively. Then, 9 uL as-prepared CuO/NCDs@Au solutions were

120°C
24 h
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dropped onto the ITO electrode. After drying spontaneously, the modi-
fied electrode of CuO/NCDs@Au/ITO was obtained. For comparison,
the other modified electrodes of CuO/ITO and CuO/NCDs/ITO were also
prepared in the same way.

Afterward, the CuO/NCDs@Au/ITO electrode was immersed into 50
mM PBS buffer (pH 7.4) including 25 mM NHS and 12 mM EDC for 30
min to activate the carboxylic groups of NCDs. Immediately, 8 puL of Ab
solution (25 pg mL™!, Ab was attenuated with 0.1 M PBS) was dropped
onto the CuO/NCDs@Au/ITO electrode surface and incubated for 6 h at
4 °C to form the Ab/CuO/NCDs@Au/ITO electrode via a gentle ami-
dation reaction.

The electrode was rinsed with PBS (0.1 M, pH 7.4), 10 pL of 1 wt%
BSA solution (0.1 g BSA dissolve into 10 mL DDW) was covered on Ab/
CuO/NCDs@Au/ITO surface for 40 min to block non-specific adsorption
binding, and the electrode was washed with PBS (0.1 M, pH 7.4) to clean
physically adsorbed BSA. The final sensor electrode of BSA/Ab/CuO/
NCDs@Au/ITO was successfully established and stored at 4C° for
further analysis.

2.4. PEC analysis procedures

8 pL various concentrations of AFP solution were severally dropped
on the BSA/Ab/CuO/NCDs@Au/ITO surface and incubated for 1 h at
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1.5h
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room temperature, and then rinsing carefully with PBS (0.1 M, pH 7.4).
The properties of the sensor electrode (AFP/BSA/Ab/CuO/NCDs@Au/
ITO) were carried out by the PEC and DPV (differential pulse voltam-
metry) measurements in 0.1 M PBS (pH 7.4), respectively. The wave-
length of light excitation was 420 nm with an intensity of 25 mW cm 2,
The excited light source was switched on every 10 s with an applied
potential of O V.

3. Results and discussion
3.1. Characterization of prepared materials

The morphologies and microstructure features of the prepared
samples were surveyed by FESEM and TEM. From Fig. 1A, it could be
observed that the Cu-BTC particle showed a smooth surface with sharp
edges, suggesting the synthesized products had high purity and good
crystallinity. Additionally, the opposite-vertical-apex length and edges
length of Cu-BTC was estimated to be about 10 pm and 13 pm, respec-
tively (inset of Fig. 1A), which was in accordant with the reported
literature [50]. Fig. S1 showed that the CuO particles displayed an
obvious roughness with porous morphological features compared with
its solid Cu-BTC precursor. From the high-magnification image (Fig. 1B),
the tearing holes in CuO particles with the diameter range was from
about 2 pm ~ 5 pm, but still, the particle sizes could be well-maintained.
From the TEM images of Cu-TPA (Fig. 1C), a single Cu-BTC particle
exhibited the regular hexagon shape. But for the CuO particle (inset of
Fig. 1D), it had been changed into a similar square with enhanced
roughness of its edges. Furthermore, compared with the pristine Cu-
BTC, CuO crystal had some distinct features such as thin-shell and hol-
low structure. The insets (a) and (b) of Fig. 1C displayed the selected
area electron diffraction (SAED) pattern of crystalline natures of Cu-BTC
and CuO, respectively. From the concentric diffraction rings on both of
them, it could be concluded that these two samples had the same
polycrystalline structure. While CuO particles had clearer diffraction
rings than Cu-BTC, which may be attributed to the thinness hollow
structure of CuO but a higher thickness crystal of pure Cu-BTC. From the
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HRTEM image of CuO (Fig. 1D), typical interplanar spacing was esti-
mated to be about 0.23 nm, 0.25 nm, and 0.27 nm, which corresponded
to that of (111) plane, (002) plane, and (110) plane of CuO [51],
respectively. Meanwhile, the elemental mapping images (Fig. S2)
showed that the uniform distribution of Cu, O, and C elements in as-
obtained CuO particles. The above results testified that the Cu-BTC
precursor had been adequately converted into CuO component material.

From the TEM image (Fig. 2A), it could be found that NCDs nano-
particles were continuously distributed with similar spheres, and the
size distribution was in an average range of about 17 nm ~ 25 nm (inset
of Fig. 2A). Interestingly, NCDs as a reductant could reduce the Au" into
metallic Au®, which formed a regular and well-distributed nanoflower
composite of NCDs@Au (Fig. 2B and insert) with the diameter size of
about 50 nm (Fig. 2C). These nano-size NCDs@Au particles could be
well-dispersed on the surface of CuO as well as readily drilled into the
interior cavity because of the porous CuO particles. The HRTEM image
of NCDs@Au showed the lattice spacing of 0.23 nm (Fig. 2D and insert a)
which agreed well with the Au (111) plane [52], and the lattice space of
0.34 nm revealing a graphitic structure of NCDs [49]. The SAED pattern
of NCDs@Au displayed the good crystallinity with the diffraction rings
(inset b of Fig. 2D) corresponding to the polycrystalline structures of
NCDs@Au nanoparticles. The EDS analysis further confirmed that the
NCDs@Au was consisted of C, N and Au elements (shown as Fig. S3). All
these results indicate that the NCDs@Au nanocrystals were successfully
prepared.

The surface compositions with a chemical bonding state of prepared
materials were also surveyed by X-ray photoelectronic spectroscopy
(XPS). Fig. 3A showed the obtained XPS results of CuO, NCDs, and
NCDs@Au with their corresponding component elements, respectively.
In Fig. 3B, the high-resolution Cu 2p core-level spectrums of CuO at
about 933.7 and 953.8 eV corresponds to the Cu 2ps,» and Cu 2pj /2
peaks, respectively, indicating that the oxidation state of copper (Cu)
was +2. Together with two shakeup satellite peaks at about 941.2 and
962.3 eV, respectively, which also revealed the Cu oxidation state of +2
[53]. Fig. 3C showed the O 1s spectrum with peaks at about 529.8 eV
which was attributed to the existence of 0%~ in Cu-O bonding linker, and

Fig. 1. SEM images of (A and inset) Cu-BTC, (B) CuO; TEM images of (C) Cu-BTC, (inset of D) CuO; HRTEM image of (D) CuO; SAED patterns of (inset a and b of C)

Cu-BTC and CuO, respectively.
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Fig. 2. TEM images of (A) NCDs with (inset) amplified views, (B and inset) NCDs@Au with (C) amplified views; HRTEM image of (D and insert a) NCDs@Au; SAED
patterns of (inset b of D) NCDs@Au.
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another peak at about 531.3 eV may come from the absorbed oxygen. of NCDs [30]. The characteristic peaks at about 284.8 eV, 286.1 eV, and
Fig. 3D displayed the high-resolution N 1s spectrum of NCDs@Au with a 288.4 eV (Fig. 3E) could be attributed to the C—C/C—=C, C-OH/
strong peak at about 400.6 eV, which was attributed to the N—H bonds C—0—C, and C=0 bonds in NCDs of NCDs@Au [27], respectively. In
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Fig. 3F, the peaks observed at 84.6 eV and 88.01 eV belonged to the Au
4f; /5 and Au 4f5,/, peaks, respectively, indicating that the AuCl% could
be reduced to Au® by NCDs and the formation of NCDs@Au nano-
composite. In addition, the high-resolution XPS spectra of C 1s of CuO; N
1s, C 1s and O 1s of NCDs and O 1s of NCDs@Au were also displayed in
Fig. S5. All XPS results suggested that the desired materials were suc-
cessfully prepared.

The crystallographic structure of as-obtained materials was analyzed
by the powder X-ray diffraction (XRD) pattern. As shown in Fig. 4A, all
the diffraction peaks of Cu-BTC were in good agreement with the face-
centered cubic phase in reported literature [54], testifying the pure
Cu-BTC materials had been successfully synthesized. The typical
diffraction peaks of CuO at 32.53°, 35.56°, 38.87°, 48.82°, 53.55°, and
58.34° corresponds to the (110), (002), (200), (112), (020), and
(021) crystallographic planes (PDF#04-0784) [53], respectively,
which evidenced the transformation of Cu-BTC MOFs into CuO particles.
In the XRD pattern of NCDs@Au, the diffraction peaks at 38.12° and
44.27° were assigned to the face-centered-cubic planes of (111) and
(200) of Au [55], respectively. In addition, a peak position at about
24.8° corresponds to the crystal plane of NCDs, which was further dis-
played in Fig. S4A. These results indicated the successful preparation of
photoactive NCDs@Au material. The Raman pattern of CuO with
detailed description was shown in Fig. S4B.

The FT-IR pattern of Cu-BTC, CuO, and NCDs was also investigated
by FT-IR spectroscopy in Fig. 4B. The adsorption bands at 1450 cm™!
and 1375 cm ™! were assigned to the symmetric stretching of carboxylate
groups (-COOH) of Cu-BTC, and the asymmetric stretching of -COOH
groups of Cu-BTC presenting at 1450 and 1375 em™! [54]. The
adsorption bands of NCDs at 1554 cm ™! and 1658 cm ! were assigned to
the curving vibration of -C—=0-NH-, while the adsorption bands at 1396
em™! correspond to the curving vibration of C—O [30]. Besides, the
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absorbing feature peaks at approximately 498 cm ™! and 512 cm ™! were
assigned to the Cu-O bond, the characteristic peak of all prepared ma-
terials at 3438 cm ™! was indexed to the hydroxyl groups (-OH). Fig. 4C
showed the thermogravimetric (TG) analysis of Cu-BTC, in which the
thermodynamic stability could be maintained up to approximately
300 °C and presenting a dramatic thermal decomposition reaction. It
was noted that at the temperature of 380 °C, Cu-BTC had been mostly
thermal decomposed.

3.2. PEC mechanism

The optical properties of UV-vis DRS of the prepared materials were
further evaluated. In Fig. 4D, it was found that CDs only had the
collection capacity in the UV-light region, while the visible-light ab-
sorption wavelength of > 380 nm was observed on CuO/NCDs and CuO/
NCDs@Au. Compared to the CuO/NCDs materials, CuO/NCDs@Au
heterostructural nanocomposites showed an enhanced photo-capturing
capability. In the inset of Fig. 5A, CuO particles displayed the typical
feature absorption of optical light due to their reversely narrow bandgap
energy. It was also seen that both NCDs and NCDs@Au exhibited two
feature absorption peaks of about 240 nm and 352 nm (Fig. 5A),
respectively, which were attributed to the p-p* transition and n-p*
transition caused by C—=C bond and C=0 bond [49]. An absorption peak
position at 528 nm was ascribed to the surface plasmon resonance (SPR)
of Au [56]. This result also confirmed that NCDs could smoothly reduce
the AuCl* to Au nanoparticles. Additionally, based on the empirical
equation of ahy = A (hv—Eg)l/ 2, the Eg values of CuO, NCDs@Au and
NCDs were calculated to be 1.75, 3.02, and 2.98 eV (Fig. 5B ~ C and
Fig. S5A), respectively. With the VB-XPS characterization, the VB po-
tentials of CuO, NCDs@Au, and NCDs were measured at 0.60, 2.19, and
2.16 eV (Fig. S6A ~ B), respectively. Concurrently, with the empirical
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formulae:
Ecg = Evp - Eg,

the corresponding CB potentials (Ecp) of CuO and NCDs@Au could be
obtained (-1.15 eV and —0.83 eV, respectively). These results reveal that
the CB and VB potentials of NCDs@Au were lower than that of CuO, thus
the hybrid materials of CuO/NCDs@Au could form a well-composited
heterostructure. Under illumination, the photo-induced electron in the
CB of CuO was transferred to the CB of NCDs@Au, while the hole in the
VB of NCDs@Au was transferred to the VB of CuO. The gained greatest
photocurrent response of CuO/NCDs@Au was ascribed to porous hollow
CuO with special surface area. In which, it not only extended the photo-
responsive range and intensity but also could combine the available
NCDs@Au photoactive materials to form a tight contacted hetero-
structure interface, resulting in increased e /h" pairs separation effi-
ciency. Besides, a high electron conductivity of Au nanoparticles could
also serve as an effective electron acceptor in CuO particles which
further facilitated the charges transfer. Finally, a type II of hetero-
junction system with the synergistic effect in CuO/NCDs@Au markedly
reduced the recombination chance of electron-hole pairs. The PEC
property and detection mechanism of the prepared AFP biosensor were
shown in Scheme 1B.

3.3. Electrochemical and PEC behaviors

EIS is a valuable method to reflect the impedance change of the
electrode surface, and the electron transfer resistance (Re;) can be
directly determined by a semicircle diameter in the Nyquist plots. The
stepwise modification process of the BSA/Ab/CuO/NCDs@Au/ITO
electrode was investigated by EIS measurements using [Fe(CN)e]>”* as
the redox probe. As seen in Fig. 5D the small semicircle of bare ITO
electrode (curves a) corresponds to the Re¢ value of 70 Q. Compared with
the modified electrodes of CuO/ITO (407 Q, curve c¢) and CuO/NCDs/
ITO (288 Q, curve d), Cu-BTC/ITO electrode (curve b) exhibited the

greatest Re value of 605 Q, indicating the solid Cu-BTC could not pro-
mote the electron transfer of [Fe(CN)6]3'/ 4 towards the electrode sur-
face. On the CuO/NCDs@Au/ITO electrode, the reduced Re; value (157
Q, curve e) displayed an excellent electrocatalysis property than the
CuO/ITO or CuO/NCDs/ITO electrode, which was ascribed to the hol-
low structure of CuO particles, the high electrical conductivity of NCDs
and Au nanoparticles formed resultful synergistic effect. When the Ab
and BSA were immobilized onto the CuO/NCDs@Au/ITO, the R¢; values
increased to 212 Q and 330 Q (curves f and g), respectively, indicating
the poor conductivity of protein obstructed the charge transport. The
modified process was also explored by CV (cyclic voltammetry) tech-
niques in Fig. S6C, and obtained result was mainly corresponding to the
EIS characterization. All EIS and CV results demonstrated that the AFP
biosensor was successfully fabricated.

The stepwise construction process of the sensor platform was further
studied by the PEC tests, and all the PEC analysis results were recorded
in 0.1 M PBS (pH 7.4). As seen in Fig. 5E, there was no photocurrent
response on both bare ITO and Cu-BTC/ITO electrodes (curve a, b).
While the CuO/ITO electrode (curve c) had an obvious PEC response
(0.25 pA), manifesting that the MOF-derived CuO particle could be
employed as an efficient photoactive material. However, the photocur-
rent response value of CuO/NCDs@Au/ITO (curve e) was measured to
be 1.96 pA, which was 7.8-fold than that of CuO/ITO and 3.2-fold than
that of CuO/NCDs/ITO (0.61 pA, curve d). It was ascribed to the fact that
the hollow structure of CuO particles could provide large surface area
and more active sites for connecting another photoactive NCDs@Au to
form a compact heterogeneous nanocomposite, resulting in greatly
enhanced photon-to-electricity conversion efficiency. As well as, Au NPS
as an effective electron acceptor in composite could promote the
migration and separation of carriers. Afterward, Ab and BSA were
introduced on CuO/NCDs@Au/ITO electrode interface successively,
and obtained photocurrent values decreased to 1.81 pA and 1.72 pA
(curve f and g), respectively, which could be due to their insulating
property and hindrance effect. The PEC results also demonstrated the
successful structure of the AFP biosensor.
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Fig. 5F showed the linear sweep voltammetry (LSV) patterns of Cu-
BTC, CuO, CuO/NCDs, and CuO/NCDs@Au modified ITO electrodes
under visible light irradiation in 0.1 M Na3SO4. Compared to the Cu-BTC
materials the LSV response intensity of CuO particles increased, indi-
cating the hollow CuO particles could effectively promote the utilization
efficiency of visible-light spectra. However, the hybrid CuO/NCDs@Au
material displayed the highest photocurrent response than the mono-
component CuO particles and CuO/NCDs composite. This phenomenon
could be explained by the photoactive CuO, sensitizing effect of NCDs,
and the high conductivity of Au synergistic effect formed with a heter-
ojunction which could improve significantly the PEC property.

3.4. PEC response of the optimization experiments shown on supporting
information

There were some vital factors that influencing the sensitivity on the
sensing platform. In order to obtain the maximum PEC intensity, those
experimental factors were further optimized. As displayed in Fig. S7A,
the solution volume of the CuO/NCDs@Au that dropped onto ITO
electrode was explored. It was found that the photocurrent response
gradually increased with the solution volume of CuO/NCDs@Au in a
range from 3 ~ 9 pL, and the highest photocurrent assigned to 9 pL.
Thence, 9 pL. of CuO/NCDs@Au solution was chosen as the optimal
volume in following experiment. Fig. S7B showed that different pH
values could influence the photocurrent intensity of the PEC electrode.
When the buffer solution with the varied pH range from 5.5 ~ 9.0, the
maximum photocurrent was corresponding to pH value of 7.4. Thus, the
reasonable neutral environment of pH 7.4 was selected for next study.
Fig. S7C showed that the electron inertness of the bio-protein antibody
(Ab) could hinder the electron transferring of the redox probe, and the
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best concentration of Ab was 25 pg mL™".

Besides, the incubation time of Ab on CuO/NCDs@Au/ITO electrode
was also investigated. As seen in Fig. S7D, when the time was trans-
formed from 2 ~ 6 h, the photocurrent response of Ab/CuO/NCDs@Au/
ITO decreased continuously, and reached a plateau at 6 h, indicating
that a saturated incubation time of Ab was 6 h. So, 6 h was adopted for
further analysis. In the final process of incubation for capturing antigens
(AFP) on the BSA/Ab/CuO/NCDs@Au/ITO electrode, the incubation
time was optimized to be 60 min (Fig. S7E).

3.5. PEC and DPV analysis properties of the prepared biosensors

The analytical performance of the developed PEC biosensor was
investigated by incubating with various concentrations of AFP. As
shown in Fig. 6A, under optimized conditions, the PEC response in-
tensities gradually decreased with the increase of AFP concentration
from 0.001 to 300 ng mL™}, and showed a good linear relationship
related to the logarithm concentration of AFP with a low LOD value of
3.32 x 10 ng mL~! (LOD = 3S/k, where S is the standard deviation
calculated from ten values of the photocurrent in the absence of AFP, k
represent the slope of the calibration curve) (Fig. 6B), the regression
equation was Alpcg (PA) = -0.187 log Capp (ng mL™Y) + 0.8445 (R? =
0.9936) (all the standard deviation of photocurrent values was less than
5.0 %). To discriminate whether this PEC method had a superior
analytical performance for AFP detection, the as-prepared biosensor was
further examined by DPV techniques. Fig. S8B showed the DPV (dif-
ferential pulse voltammetry) responses decreased accordingly with the
increasing logarithm of AFP concentration from 0.001 ~ 60 ng mL~},
and the linear equation was Alp, (pA) = -0.111 log Carp (ng mL™Y) +
0.8658 (R? = 0.9958) (all the standard deviation of DPV values was less
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Fig. 6. (A) PEC responses of BSA/Ab/CuO/NCDs@Au/ITO biosensor in the presence of (a-i): 0, 0.001, 0.002, 0.006, 0.06, 0.6, 3.0, 30, 300 ng mL"%; The plot of (B)
Alpcg, versus the logarithm values of Capp (log Carp); (C) Time-based photocurrent response of BSA/Ab/CuO/NCDs@Au/ITO biosensor in the presence of 0.005 ng
mL~} AFP in 0.1 M PBS (pH 7.4) with light on and off cycles; (D) The photocurrent responses of five separate modified electrode of CuO/NCDs@Au/ITO in 0.1 M PBS

(pH 7.4).
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than 5.0 %) (Fig. S8C) with a LOD value of 8.1 x 10*ng mL™! (S/N = 3).
Through a comparison of these DPV results and other analysis methods
(shown in Table S1), the proposed PEC biosensor displayed a better
detection performance.

3.6. Stability, reproducibility, and selectivity of PEC biosensor

Fig. 6C showed the stability of the fabricated PEC biosensor. It was
found that the photocurrent response had no significant variation after
the biosensor incubation with 0.005 ng mL~! AFP under irradiation
cycles for 400 s (ten on/off), demonstrating the PEC biosensor had long-
term stability for AFP analysis. The photocurrent responses of five
separate as-constructed electrodes of CuO/NCDs@Au/ITO were inves-
tigated and the obtained relative standard deviation (RSD) was 2.73 %
(Fig. 6D), indicating that the CuO/NCDs@Au/ITO modified electrodes
possessed excellent reproducibility.

In Fig. S8A, the selectivity of the as-prepared PEC sensor was also
evaluated by measuring the photocurrent response with other inter-
fering substances such as 0.06 ng mL™! CEA (carcinoembryonic anti-
gen), PSA (prostate-specific antigen), BSA, and the mixture (0.06 ng
mL~! AFP + 50 ng mL~! BSA), respectively. It could be seen that the
almost same photocurrent responses are as the blank solution, suggest-
ing that the proposed PEC biosensor had high specificity for the AFP
detection.

3.7. Preliminary analysis for real samples

To further investigate the feasibility of the PEC sensor for AFP
detection, the human serum samples were monitored by a standard
addition method. First, the blood serum samples (provided by the
Hospital of Shantou University) were diluted tenfold with 0.01 M PBS
(pH 7.4). Then, different concentrations of AFP were respectively added
into the human serum and measured by the prepared biosensor
(Table S2). It could be found that after replacement of AFP with pure
blood serum the photocurrent response had no significant effect on the
detection result. When the sensing electrode was incubated with blood
serum samples containing different AFP concentrations (1, 5, 10, 50 and
100 ng mL 1), the recovery ranged between 112.6 % and 94.7 % were
acceptable. And the obtained relative standard deviation (RSD) value of
less than 3.77 %, which indicated that the proposed PEC platform had
reliable applicability in clinical analyses for AFP detection.

4. Conclusions

In this paper, we proposed a novel type-II heterostructure nano-
composite of CuO/NCDs@Au to fabricate PEC platform (BSA/Ab/CuQ/
NCDs@Au/ITO) for A FP detection. Benefiting from the porous hollow
and thin-shape structure of the CuO particles could reinforce a signifi-
cant harvest of the visible light due to its multiple scattering and
reflection mechanism. As well as, specific surface areas from the hollow
structure of CuO were readily combined with nanoflower photoactive
material of NCDs@Au to form a useful heterogeneous composite for
enhancing the photocurrent output. Moreover, incorporated Au nano-
particles performed as an effective electron acceptor for CuO could
accelerate the photo-generated carrier migration and separation effec-
tively. This structured PEC biosensor displayed a better analytical
property for AFP target detection than the electrochemical method ob-
tained through comparing their detection linear range and LOD values.
The designed PEC sensor also exhibited high stability, good selectivity,
and satisfying reproducibility in AFP detection. Based on the
outstanding photon-to-electricity conversion performance, CuO/
NCDs@Au nanocomposite may enlighten more MOFs-derived products
for building worthy heterojunction photoactive materials in other PEC
fields.
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Road Extraction using High Resolution Satellite Images
based on Receptive Field and Improved Deeplabv3+

Yun Wang, Suye Wang and XueBin Hong
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Abstract. Road extraction from high resolution remote sensing images is an important and
challenging computer vision task. This paper presents a road segmentation based on Receptive
Field and Improved Deeplabv3+, which obtains the best training image set by calculating the
edged energy function after simply clipping. To solve the problem of data homogeneity across
as well as convergence, we innovatively use the initialization method Leaky-He to extract the
layer backbone network in the network structure. Using the DeepGlobe Road Extraction
dataset as the training dataset, the experimental results show that the best mloU score of the
test set is 0.7099, which can improve the results by 0.1919 and 0.1596 in this paper compared
with U-Net and D-LinkNet classical networks.

1. Introduction

Road extraction from satellite images is a necessary step for many applications, such as vehicle
navigation urban planning intelligent transportation, image registration, GIS updates, land use
detection, etc. Due to the complexity of the environment around roads in high-resolution images, a
variety of focusing algorithms have emerged. Most of these methods can be divided into three
categories: generation of road pixel-level markers [1,2], detection of road skeletons [3,4], and a
combination of both [5,6].

Road area segmentation is the preliminary task of road extraction, which can be used as guidance
of the topology delineation. In recent years, Deep learning methods have been increasingly applied to
information extraction from high-resolution satellite images due to their good performance and
generalization ability [7,8]. Since Mihi et al. [9] applied deep learning methods to road extraction,
other deep learning models have been applied to road extraction research[10,11]. Zhong et al.[12]
introduced the fully convolutional network into the segmentation of the road area and achieved dense
end-to-end reasoning. But the simple linear interpolation upsampling of FCN made the model
performance poor. Evolved from FCN, U-Net has a symmetric encoder-decoder structure, and the
decoder uses parameter-learnable deconvolution, which makes the semantic segmentation more
accurate. Zhang et al. [13] and Alexander et al. [14] proposed a semantic segmentation road extraction
neural network, which uses unit construction with a similar architecture to U-Net, allowing the model
to use fewer parameters but obtain better performance. Although the U-Net segmentation algorithm
subsamples the road remote sensing image several times, making a large number of image features
less, the network does not take into account the perceptual domain of the image and therefore has
shortcomings for small target extraction.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL
Published under licence by IOP Publishing Ltd 1
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A Study on the Compressive Bearing Capacity of Prefabricated
Bolted Ball-Cylinder Joints at Elevated Temperatures

CHEN Anyang1 , Z0U Xiaozhou*, CHEN Lexian®, HE Jianian®, QIU Yu*,
LI Lijuan’, LUO Yunhai®, XIONG Zhe'

(1. Department of economic management, Shantou Polytechnic, Shantou 515071, China; 2. Guangdong Xiangshun
Construction Group Co.,Ltd., Yunfu 527400, China; 3. School of Civil and Transportation Engineering,
Guangdong University of Technology , Guangzhou 510006, China)

CHEN Anyang:929976041@qq.com

Abstract: In order to study the compressive bearing capacity of bolted ball-cylinder joints at elevated temperatures, the finite
element analysis software ABAQUS is used in this paper. Firstly, for checking the reliability of the model, a more
practical joint model is proposed. Secondly, 147 model examples are used to evaluate the failure mechanism and the
influence of key parameters on the bearing capacity of the joint. Finally, a formula of compressive bearing capacity at
elevated temperatures is proposed. The results show that the proposed joint model is not only more consistent with
the actual situation, but also more conservative and safe for evaluating the compressive performance of bolted ball-

cylinder joint. When the temperature is less than 300 °C, the initial stiffness and bearing capacity of the joint does not

BAS B #1:2021-05-01 ;4 215 & A5 8 9. 2021-07-15
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change significantly. When the temperature is higher than 300 °C, the initial stiffness and bearing capacity of the joint

decreases significantly. The reduction factor of steel yield strength at elevated temperature can accurately predict the

change of compressive bearing capacity of joints at elevated temperatures.

Keywords:

T HESh A A QR S5 A e TR E E K EON
Tz 4T S & S M RERF Y TAE 2 JEAESK T IeH
2 [ A S A ZAS H A DR MR ol A Y i A D — b
T ICARE S [ [0 s 45 KA B 2 T A 2 ORI, BT R Y
IR GUO S0 X M kb 4 450 10 7 1
TP T RS 8 T 1, 8 134> a3l A i 2k
BT, BAEE T MR BRAE T AT B B2 R L 2 A A S
AR AR 2 s BEL S A 7 i E AT FROC o B AR
ABAQUS BE— PRI T 1 xR ANERE & T 1R Bk
RO B i B DS A2 S DA /A W

SR, 5 T BB BEAYBF 58 BCR , B X IR AR BROAE Y AT
9 BF 5 W A AE LB VF AN JE o L —  ZENG % i 56 4 i
e, RS P T A 0 A R X AT s A A iR 2 R
PR, S B0V A5 A i 16 7 2800 R R BE 2B D 5%, 3R B
H R A Y AR B BE AL TS PR B0 5 G 8 R R R R
AL RE AR D 1Y RS R — A E IR, H AT Ik R
VLB AR AR IE T A T A TS A TR A
BRI AR R, LR AR kR I RE by S O
R PR F 5 45 2R R T, B0 b A IR B R g 300 °C
I, JFC AP A A A S G iR R o B T R 24 R
i 600 CHY I A e Jo R B AE L L, O R IR R
BROAE AT T R B B B T SR TR B A A 4 2 BT
R L.

N T SRANB AR BRAE S RS T AN R AR SCEE T
A FRITIT TR ABAQUS , #5755 FHL AT 5 (o R R BRAT 55 1
B R AR 0T 09 07 1k, PRS0 R A BRAT 39 R 7 iR 2
A F BORENERE , 2E TR R A2 R T ik

1 REBEET SR
11 BEE
111 JLMR~t

PR BRAT T 0 25O AR S0 BB FETR A M
SRR T iR R S AL R4 R, W R LR . B4k,
FEASE Y A N AR AR D ke L A AL R LA
RUH 35 30k 03] i A RF — 3, 58 3 22 s A G ] 2
R o

1.1.2 #MPBEM
P T R R oy B S N R i R Al SR G A Ry SR e <
F1 O RAEERCE IS LR YR A

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

bolted ball-cylinder joint; elevated temperature; bearing capacity; finite element analysis

1 |H¥

=0 B KA

©
?"I ©
Bl SERIRETREE
Fig. 1 Details of bolted ball-cylinder joint

(0

B2 SERKEDTAZEER
Fig. 2 Compression model of bolted ball-cylinder joint

FEOE A (2 MG A2 ) , R I SCHR [ 3 ] rh b PR 3 g &5 2R, 3 5
A AR I R N AR e 4 Sy L ST N g RN R P AR AR
B, R =T RAER & 3a) BT o A PR IR I 45 R AT
S XA 8 R B A — 9 R P D B, AR A L
PR A 197 000 MPa, i liz 5% B 4 195 MPa, $it 7 5% &
“h 560 MPa, % h (4 58 ¥ 1 722 43 531 24 0.001 #10.170, 45 2
26,10.9 Gy R AR AR | ML AL 5 T 1R BILAR P AR A
HZETFIZAE Y (GB/T 3098.1—2010) /a7 J1 , HoJ R 3
1 000X 0.9=900 MPa, 3 H] B AL 58 93 PEATAY , 4 &1 3b)
JR7R o 5 328 BN, A FE R A W RE A K 1 SR A R
S ASE S Ry 10° A% 1) 0 A LR AR &

ok TA
S
f)‘,-

i

€

»y

0 & sl‘ & 0 ely &
a) =LA b) FHARBAE AR A
B3 WiFAEE

Fig.3 Constitutive models of steel

http://www.cnki.net



86 i 8244
1.1.3 HWMTEE x2 MEBXRISFHE
ASCIE 3 MR 1 TR B 6 443 AT A fif AR A6 45 2 4 3t 57 Tab.2 Mesh dividing methods
PR A, A TITARALL Y A 52 il . Ho 10 N2y R 4 A %) o H AR #72 R +/mm
ANt F re Q RN “« » H
T AN BN W A7 B 25 AL 57 4% M, 5 000 N7 s A R A i
R T REALL S B A R T (& Hzh ) ok A 5k '
L i v p A @A E%HE RS
R1 SWHRE BT (oW kA1) o 5
Tab.1 Settings of analysis steps
5 F AR 7 AR 45 MR o 5
S F AR , ‘
— P SR LSE R e .
Stenl B % SR, 5 A s B 2R, oy Ik
Step 0 10 N 82 A 3
w SEAkERE KL 1
Step2 fRR NG BT 2 R - b bk g Bk
Step3 T e B T 18] 36 A ) B AT A AT R e £ M S B Ak 2 %) A 12
Step4 & #BF A4 & A 5000 N
Step5 B R A 1.2 EEKZ
Step6 e 52 TR 6 4 A A 3, AT BEICSCHR [ 317 19 55 IDS AT A, LA IE AR ¥R

1.1.4 EMXR

T RS 2 AR ] VR R B R T 2
filxst o A, A5 O AR R RSO A BR A — AR M54
SRS N AR AR 5 Y A AR I e B b R i HL AT
AHXT ¥ Bl 35 I Tie” 203 . a2 e R R i 5 =
T H2 Ml H T A6 I B i AN O RN RS L R
T 5 2 T ik 0 2 ok b DD IR AT O R S R R
BOCR 0.2 535 AT 18 B 742 filh |, I 70 322 il 20 15
WAL, K 0 #ob 1 R WA, I 255 5 T k.

115 BRTRBESHIELH

8T A AR M 7S T AR U4 B 43 BT (C3D8R) T 8 1y i 2k
PEA TR DE BT (C3DST) #E T /N R ™ B ik o3-#r -
Horpr C3D8R X0 % A oK fige 45 SR HL BORE L 9 HAE KA
(] 25 25 5 WS, i C3DSTREAS v IR B35 V1) H i 1) &1, 3 1 F
TG, BEA RN B, 6 a0 AR (B Eh ) |
S ERR MR R AR F C3DSR AL ; ifif 1]
Uit PR A2 FRAZ il AR T BT D) 2 R AR BT Y AT,
PR TR A (35 1M s B ) R FH C3DSTELHY .

BT AR BN T R LA X 45 AR R
2 RS R o B R AR ST R SE . 2 2% SOk [ 5-6 ] Ak
TR f T A K] 43, A SO RS 43 AL A R A7 RS i Ak, ELAR
FUFE 2R

116 BREGSHEEH

AR Y 1 i B A A S R 4y L — & X N 2
A 8 249 B, Fh 6 B T 2 ke e R AR R HL R i 3k
1) % 2, B IH X 0 26 A it o 7 A% 249 B, B ol LV A4 A T 3%
5 T B4 57 5 T A R AR By g 24 B, 6 A2 R RS
[ A Ao A 0 E 0 2R R KA S L

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

FEAE B AT S

1.21 ®WHFER

& 4a) \b) n] F1, A BR JT AL 8 TD5 8 & ) far 2 4E A
T, A0 FAT R W B R AR TR . BbAh, A0 AR AR DS
— 3t S0 2 BR AR 1 L5, s 0 B A A RE S B A
i, S50 S AR — 8 I do) il 23 0 B AR A AR
T &h By Ak VR A TR I X 888 1 B K A A S 2 N
FEAE .

B4 & IDSEEIRAER T

Fig.4 Comparison of failure modes of joint JD5%

http://www.cnki.net



557

JEAE S (1] 0 A 45 4 25 i OB AR TR AL 59 oy i o2 T M RE BT 5T 87

1.2.2 T
AN AT e W KT A B R 2 S R T X A 2 -7
P gl LAATRAE . BT mskar i & b BAgE T
B2 ik BN £ P AT — a5 DR LR 1 RRAE N T
L W

il 48 -2 A% 1R 0 X L 1 5 T o 1R 15 3 At B KR
A E H R 440.66 kKN, A3 BE JC 5 M 15 2 B9 0% BR Ak 2 71 ok
404.80 kN, M1 22 —8.14% . A, ik 56 ik 28 A 40 4 W hy
222.67 kNemm ™", A5 BROCHIZ AT 4 KITEE A 233.53 kNemm ™',
72 4.88% . HUL AT UL, AR BRAE Y AL AR R BE A o nl FE
PR 05 0 32 Pk B .

450

400

350

300

= 250

= 200

150

100
50

——JD5-test
——JD5-FE

1 1 1 J
0 10 20 30 40
0/ mm

5 TR IDSTrE-fL &L

Fig. 5 Comparison of load-displacement

curves of joint JD5

1.3 LERFmRER

TR A R B AT e AT 6 Y 4 R
YRR o RTT, 7252 Br TR Hp 39 50T 3 ¥4 5 oK 52 313
ZRAERT . T8, SEbR ARV, b A A 1215 7% S8
REPROIR MRS o OAS T TN AR ) 24 SR AR R AR
A 2 B, X 35 R 32 R AR B RE R AT S BT

1.3.1 BREZFHZE

6, “TD5-NT AR 3 JC i 48 B 24 SR 45 s B A L
UL AT L, % T 52 FE Y A5 TD5, 24 i B in 2 A 29 Hs, 5 0
b WIS R AR 2 A BT B O Lt 2 pi A i (e B, in 2%
Je AR B TR B o A TC N A8 AR 24 S S A5 far 2R -7
ot R BLAT T R Y 22 5, X 2 M IR AR ek s 5 30
i BRI ARAR L HS , T 45 0 15 % 198 3 ) B A [) (— i
A I ERAIR LI, I — 0 ) 7R R ) far 2R R
KA AT R BOR R R 7R

1.3.2 #MRERMER I

P8 v, “TD5-17 4% & 2R FH AN b4 B AR 3 990 455 8 ) 4
Ao TR AR SR AR b B AR 55008 P SR ) Y A 40 B
I %A & AR, Je R B s TRE . 5RAC =
LRI (0T AOH EE SR P < BARL B A AR R A Y 4 )
AR TR, XA A5 32 R AR R B PR TR AR SE

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

450
400
350
300
250
200
150
100 —o—]D5-FE
50 —=—]D5-N

N/kN

0 10 20 30 40
J/mm

6 INEIR LR S
Fig. 6 Constraint analysis of loading plate

E7 BIEMBEIRLAR THIFEAIT L (R AL mm)
Fig.7 Comparison of failure modes with and without

constraint of loading plate (Unit: mm)

450
400
350
300

Z 230

= 200

150
100 —o—JD5-FE
50 ——JD5-1

0 10 20 30 40
J/mm

8 WMMAMRE S

Fig. 8 Analysis of constitutive model of steel

BT RO Hr, AR SCHR R 2B O oH 24 R LR A
B TR REL i A R 0 MR R YT SR Y T 2
Bro 1 SRS RURA AT & TR SE B, 107 ELAE 2K 3R 1 AR T
it 7 T AT B ) 2 A i A

2 BERWMANESSHSHT

A% T S BRRE T A A R AR B R T
ALV BE 1 50 50, %5 IR )R T bR 28 A,
5 R T IR R A RS

2.1 #REAH
ob T FHLAEL 6 S A A ) AR Y P AR R IR e R R
=2 W B P B 1) S G BEFE AR .

http://www.cnki.net



88 & W

24

211 ZEWWMAH B ERELE

AR 30k Q235 Wb EAT 43 AT L A H TR Rt AN 4
FI BT KB AR B ) (GB 51249—2017) 1% i Xof 5 W R 45 1y
B )RR, AR AN R A A e IR R R i I
= AT R B, = (D) A (2) s .

7T — 4780 o o
s 20°C=<<T<C600°C
6T — 4760

Xt = (1)

1000 —T . .
—————— 600°C<<T<C1000°C
6T — 2800

1.0 20°C<<T<300°C
_ ) 1.24 X 10 °T° — 2.096
! X107 °T? 4 9.228 X
10 °T—0.216 8
SO oy A R T R A SR R TR R B TN AN A Y
MR 5 N R T KA %) i IR 5 5 T 0 2R B

(2)
300 °C << T<C800 °C

212 SREBRMMSEMERE

F T T A OGS o i A DL X 10.9 9% 7 ik 2 e A
e R T A B R AE DRI A Y R T A R A A O
F A1 10.9 G e i MR F A RLAE TR T B A A i
S JEE T U R B T 2 i an =X (3) Rk (4) B .

_E'l‘_ —973
wp=—-=06xX10"T"—8 X
E

10 °T* 4+ 0.001 6T + 0.943 3 (3)
AT:@:zL X 10T — 6 X

Iy

10 %724 0.001 1T + 0.960 3 (4)

S o AR T o SR MR A 10 LA A 47 2R B Ol
T 10.9 2 e 5i BRAR AR A9 SR RS 5 R IR T 10.9 4%
1 R R A A ) AR S AR 5 Ay Sy R R TS R R SR A ) J i
FETI R B £ M TR T 10.9 22 o SR g A4 bRk 14 Je R 2 5
S LR 10,9 e s MR AR AR B4 i IR SR EE

22 SHIWMAR

AR S e ST 147 AN SR R PR Y RS BR AT T A Y
1o i A7 TR R AR AEBE % T 2 0 A RSN D a0 IR EE
R BE ¢ 25 0 AR MR 8 B H TR A5 96 b, TR A5 3
Ho VL B BE TS50, Bk S 5n £ 3R . 1
LR EE T % )8 T 20 °C . 100 °C . 200 °C . 300 °C.400 °C .
500 “CH1600 Cix 7 4~ B {5 /Y =2

T T XA AR SCHLE N SO S5 g C AR R
CEZETCNUARR AT TR IREET . BAYCN1T100”
o), HAC U Ry 100 CRY 932 TR 417

2.3 IR
2.3.1 WIMBEXSE AL &
3 147 AR HEAT RO TS AR T IR 2R

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

R3 SHIMAR

Tab.3 Schemes of parameter analysis #.{7:mm

R G5 D t H b, H,
CN1T20~CN1T600 150 10 160 60 120
CN2T20~CN2T600 110 10 160 60 120
CN3T20~CN3T600 130 10 160 60 120
CN4T20~CN4T600 170 10 160 60 120
CN5T20~CN5T600 190 10 160 60 120
CN6T20~CN6T600 150 8 160 60 120
CN7T20~CN7T600 150 9 160 60 120
CN8T20~CNS8T600 150 11 160 60 120
CNOT20~CN9T600 150 12 160 60 120

CN10T20~CN10T600 150 10 120 60 120
CNI1IT20~CNI11T600 150 10 130 60 120
CN12T20~CNI12T600 150 10 140 60 120
CNI13T20~CNI13T600 150 10 150 60 120
CN14T20~CN14T600 150 10 160 50 120
CN15T20~CN15T600 150 10 160 55 120
CN16T20~CN16T600 150 10 160 65 120
CN17T20~CN17T600 150 10 160 70 120
CN18T20~CNI18T600 150 10 160 60 130
CNI19T20~CN19T600 150 10 160 60 140
CN20T20~CN20T600 150 10 160 60 150
CN21T20~CN21T600 150 10 160 60 160
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Fig. 11 Failure processes of compressed joint
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Fig. 13 Parameter analysis of thickness of hollow cylinder
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2.4.5

of hollow cylinder
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Fig. 15 Parameter analysis of width of rectangular tube

SRR N B BEAT A B T 0, B TR A SR N 120 mm B
2% 3 K F) 160 mm, A BRI LRI E 0 B A e T
16.45% .12.18% .4.56 % F16.61 % , %7 5 il B FR 7R 2% 11 7%

—*-20°C ——400C

BT 3.17% . 7.87% .5.49% F15.44% . gl
UL, i 25 R 1R B A B R, Y A R L A2 T ) A I A
e B A 2 T bl 2 3 K

—*-20°C ——400 C

200 1 100 °C —a—500 °C
=300 C
160
z 140
-~
= 120 /
100
80 ’—’./././0
60 1 1 )
110 130 150 170
o/ mm

b) X A1

16 ERESESHSN

Fig. 16 Parameter analysis of height of rectangular tube
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Tab.4 Numerical analysis results
HIRARB A HFRAR B A
A o 5 EE/N AR % 5 ®E/%
Foppp/kN Fuy /KN Foppep/kN Fyi./kN
CNIT20 142.76 141.65 —0.77 CN11T400 138.52 140.71 1.58
CNIT100 142.49 141.65 —0.59 CNI1TS500 108.37 108.85 0.44
CNI1TZ200 142.03 141.65 —0.26 CNI1T600 69.92 69.74 —0.25
CNIT300 141.29 141.65 0.26 CN12T20 148.84 149.45 0.41
CNI1T400 129.64 129.47 —0.13 CN12T100 148.61 149.45 0.57
CNIT500 101.13 100.15 —0.97 CN12T200 148.13 149.45 0.89
CNIT600 65.21 64.17 —1.60 CN12T300 147.38 149.45 1.40
CN2T20 177.01 178.72 0.97 CN12T400 134.91 136.59 1.25
CN2T100 176.65 178.72 1.17 CNI12T500 105.52 105.66 0.13
CN2T200 176.04 178.72 1.52 CNI12T600 68.05 67.70 —0.52
CNZ2T300 175.00 178.72 2.12 CNI13T20 146.21 145.37 —0.58
CN2T400 160.12 163.35 2.02 CN13T100 145.97 145.37 —0.41
CN2T500 125.27 126.35 0.87 CN13T200 145.50 145.37 —0.09
CN2T600 80.83 80.96 0.16 CN13T300 144.74 145.37 0.43
CN3T20 155.93 151.01 —3.16 CN13T400 132.48 132.87 0.30
CN3T100 155.31 151.01 —2.77 CN13T500 103.60 102.78 —0.80
CN3T200 155.14 151.01 —2.66 CN13T600 66.81 65.85 —1.44
CN3T300 154.30 151.01 —2.13 CN14T20 126.78 130.34 2.80
CN3T400 141.18 138.02 —2.24 CN14T100 126.51 130.34 3.03
CN3T500 110.18 106.76 —3.10 CN14T200 126.02 130.34 3.42
CN3T600 71.07 68.41 —3.74 CN14T300 125.24 130.34 4.07
CN4T20 140.88 138.79 —1.48 CN14T400 114.64 119.13 3.92
CN4T100 140.60 138.79 —1.29 CN14T500 89.82 92.15 2.99
CN4T200 140.12 138.79 —0.95 CN14T600 57.99 59.04 1.82
CN4T300 139.36 138.79 —0.41 CNI5T20 136.92 135.51 —1.03
CN4T400 127.57 126.86 —0.56 CN15T100 136.66 135.51 —0.84
CN4T500 99.84 98.13 —1.71 CN15T200 136.22 135.51 —0.52
CN4T600 64.40 62.87 —2.38 CN15T300 135.51 135.51 0.00
CN5T20 138.09 138.92 0.61 CN15T400 124.03 123.86 —0.14
CNS5T100 137.76 138.92 0.84 CN15T500 97.00 95.81 —1.23
CN5T200 137.17 138.92 1.28 CN15T600 62.55 61.39 —1.86
CN5T300 136.25 138.92 1.96 CNI16T20 149.23 148.92 —0.21
CN5T400 124.79 126.98 1.75 CNI16T100 149.23 148.92 —0.21
CN5T500 97.97 98.22 0.25 CN16T200 148.75 148.92 0.11
CNS5T600 63.30 62.93 —0.58 CN16T300 147.97 148.92 0.64
CN6T20 104.00 101.45 —2.45 CN16T400 135.43 136.11 0.50
CN6T100 103.80 101.45 —2.26 CN16T500 105.72 105.28 —0.42

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.
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sk
HIRARB A AR ARy
BEA 5 RE/N A o5 5 RE/%
Fripe/kKN  Fpy /kN Fripe/kN  Fpp /kN
CN6T200 103.46 101.45 —1.94 CN16T600 68.17 67.46 —1.05
CN6T300 102.90 101.45 —1.40 CN17T20 154.55 157.50 1.91
CN6T400 94.18 92.73 —1.54 CN17T100 154.25 157.50 2.10
CN6T500 73.68 71.73 —2.65 CN17T200 153.74 157.50 2.44
CN6T600 47.53 45.96 —3.30 CN17T300 152.92 157.50 2.99
CN7T20 119.09 120.90 1.52 CN17T400 139.98 143.95 2.84
CN7T100 118.85 120.90 1.73 CN17T500 109.51 111.35 1.68
CN7T200 118.42 120.90 2.09 CN17T600 70.62 71.35 1.03
CN7T300 117.73 120.90 2.69 CN18T20 147.44 151.03 2.44
CN7T400 107.75 110.50 2.56 CN18T100 147.15 151.03 2.64
CN7T500 87.09 85.47 —1.86 CN18T200 146.66 151.03 2.98
CN7T600 54.27 54.77 0.91 CN18T300 145.86 151.03 3.54
CN8T20 165.74 163.72 —1.22 CN18T400 133.50 138.04 3.40
CN8T100 165.43 163.72 —1.03 CNI18T500 104.44 106.78 2.24
CN8T200 164.90 163.72 —0.71 CNI18T600 67.35 68.42 1.58
CN8T300 164.00 163.72 —0.17 CN19T20 160.17 160.27 0.06
CNS8T400 150.07 149.64 —0.28 CN19T100 159.90 160.27 0.23
CN8TS00 117.35 115.75 —1.36 CN19T200 159.43 160.27 0.53
CNS8T600 75.67 74.17 —1.99 CN19T 300 158.65 160.27 1.02
CN9T20 187.22 187.12 —0.05 CN19T400 145.19 146.49 0.89
CN9T100 186.86 187.12 0.14 CN19T500 113.44 113.31 —0.11
CN9T200 186.26 187.12 0.47 CN19T600 73.11 72.60 —0.69
CNI9T300 185.24 187.12 1.02 CN20T20 169.49 169.38 —0.07
CN9T400 169.51 171.03 0.90 CN20T100 169.20 169.38 0.10
CNI9TS00 132.57 132.30 —0.20 CN20T200 168.71 169.38 0.40
CNI9T600 85.50 84.77 —0.85 CN20T300 167.90 169.38 0.88
CN10T20 159.90 158.98 —0.58 CN20T400 153.65 154.81 0.76
CN10T100 159.64 158.98 —0.41 CN20T500 120.03 119.75 —0.24
CN10T200 159.13 158.98 —0.10 CN20T600 77.35 76.73 —0.81
CN10T300 158.21 158.98 0.48 CN21T20 179.27 178.36 —0.51
CN10T400 144.83 145.30 0.33 CN21T100 178.97 178.36 —0.34
CN10T500 113.41 112.40 —0.90 CN21T200 178.45 178.36 —0.05
CN10T600 73.21 72.02 —1.64 CN21T300 177.59 178.36 0.44
CN11T20 152.81 153.95 0.75 CN21T400 162.51 163.02 0.32
CN11T100 152.60 153.95 0.89 CN21T500 126.95 126.10 —0.67
CN11T200 152.10 153.95 1.22 CN21T600 81.81 80.80 —1.23
CN11T300 151.32 153.95 1.74
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Tab.5 Parameters of models for validation #.{;.mm
BEA 4 5 D t H b, H,
YZ1 130 8 120 60 120
YZ2 170 12 120 60 120
YZ3 170 12 150 60 120

LA LAT E A58

(1) A BRORE 59 50 0 M R A =X 5 m g 249 2R 5%
PEA 9o H T AR T AT 3 94 50 2 SRR 2 BR A
FEAF A e, 5 BOH A 2 R R R BRI R SR RE A T 52
PR 00T B R SRR RE o DRI, 25 RO 48 0 24 R SE AT 4 5
PR B0, 0 SR BRAT 5 A5 52 T 1R BE A9 Al o 5 £ <1 A
7o

(2) 2z B AL AR A 30 a8 2 2R S L, 52 S5 ik
PRl 58 Ji 7 T 2 R A 4 S -5 AR T A 1 T 8 B8
BOMWIN o At , BEAE B A T i, 0 B IR A s A
RAE

(3) FE TSR Hr &5 R T AL, 38 0 20 R AT AR JEE
A 0 B8 AN T A g R 2 ] LR g MR A BRATE 1Y B0
T 32 TR R A3 RE 5 T3 O 25 O LA A A2 R g BE I R A
BROME T A5 A R R A2 R R M RE R B

(4) 7o i T AR i Al o J3E A 47 0 28 50T LA A M
b T A LA TR B R R R E AR SO
FR R A R R 5 R UL B2 T R 3 2 S CRE A8 v 1 b
B BRATE 1 A0 9 7 UL 32 T A BROR 8T
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Tab. 6 Analysis of validation results

IR AR Ay R AR Ay

AR %5 = E/% R G5 W’ E/%
Fop /KN Forp /KN Foppp/kN Fyy /kN
YZ1T20 128.03 120.18 —6.13 YZ2T400 196.15 186.94 —4.70
YZ1T100 127.80 120.18 —5.96 YZ2T500 153.68 144.60 —5.90
YZ1T200 127.39 120.18 —5.66 YZ2T600 99.21 92.65 —6.61
YZ1T300 126.69 120.18 —5.14 YZ3T20 195.91 187.03 —4.53
YZ1T400 115.92 109.84 —5.24 YZ3T100 195.52 187.03 —4.34
YZ1T500 90.64 84.97 —6.25 YZ3T200 194.86 187.03 —4.02
YZ1T600 58.47 54.44 —6.89 YZ3T300 193.77 187.03 —3.48
YZ2T20 216.86 204.53 —5.69 YZ3T400 177.35 170.95 —3.61
YZ2T100 216.39 204.53 —5.48 YZ3T500 138.77 132.23 —4.71
YZ2T200 215.58 204.53 —5.13 YZ3T600 89.51 84.72 —5.34
YZ2T300 214.27 204.53 —4.55
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Visual inspection model of UAV cluster based on improved pigeon flock hierarchy
Chen Qil, Cui Haoyang2

(1. Shantou Vocational and Technical College, Shantou 515000, China; 2. Shanghai Electric Power University, Shanghai 200090, China)

Abstract: Aim at UAV being vulnerable to the environmental interference and the low efficiency of the
traditional single-person-UAV model in the transmission line inspection, a visual inspection model for the
power line by UAV is proposed based on the improved pigeon flock hierarchy. The initial landmark point
of the UAV is generated based on GPS coordinates of the aircraft-carrying vehicle and the tower to be
inspected, and the movement trajectory is planned. The return point of the UAV is used to update the
initial landmark of onward UAV, which realizes the dynamic handover between the work-exchanging
UAV, and the landmark point is optimized. An advanced adaptive template matching algorithm is adopted
to improve the adaboost visual recognition of the patrol UAV, which can autonomously adjust the relative
position between UAV and the line by adaptively comparing the line spacing. Experimental results show
that the proposed model improves the inspection time in the air by 12% and the distance by 27.5% in
terms of inspection efficiency, and the quality of the inspection under the conditions of wind blows and
terrain changes increase by 21% and 15% respectively.

Keywords: UAV transmission line inspection; improved pigeon hierarchy algorithm; improved
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Fig. 1 Schematic diagram of UAV assembled ’

K2 SRz R e
Fig.2 Logic diagram of common PIO algorithm
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Fig. 3 Inspection model by multi-UAV by normal PIO algorithm
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K4 JETAEG SRS T ALEE R 5t
Fig. 4 Process of inspection by multi-UAV with common PIO algorithm

5 DRSS T AHLE A R 4t
Fig. 5 Patralling system by multi-UAV with proposed PIO algorithm
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Fig. 6 Relative location for UAVs and vehicle by optimized
PIO
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Fig. 8 Deviation of UAV and line to be inspected in different relative location
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Fig. 9 Diagram of transmission line inspection results under

different relative positions between drone and theline to be
inspected
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Fig. 10 Trajectory by UAVs on mission
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Fig. 11 Updating landmarks by improving map compass
operator
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