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Herein, we reported a label-free and reliable photoelectrochemical (PEC) platform for highly selective
monitoring of norepinephrine (NE) based on metallic Bi nanoparticles anchored on hollow porous
ZnSnOz microspheres (3D Bi/ZnSnOs) via a simple solvothermal strategy. The designed 3D Bi/ZnSnOs
Schottky junction exhibited a unique photoanodic response toward NE among other catechol derivatives,
such as epinephrine (EP) and dopamine (DA), and effectively shielded the interference from thirteen coex-
isting biomolecules like uric acid (UA) and ascorbic acid (AA). High selectivity and excellent sensitivity
could be correlated to the unique chelating coordination interaction between NE and Zn?* at surface
sites as well as the efficient carrier separation of Bi/ZnSnOs, thereby developing a novel “signal-on” label-
free and selective strategy for NE detection. The proposed Bi/ZnSnOsz-based PEC sensor achieved
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remarkable NE biosensing with a low detection limit of 0.68 nmol L™* and a wide response ranging from
0.002 to 350.0 pmol L™, The applicability of this biosensor was realized for the selective analysis of NE in
human serum, human urine and injection samples, laying the foundation for the label-free PEC monitor-
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1. Introduction

Photoelectrochemical (PEC) biosensing, as an advanced detec-
tion technique, has attracted extensive research interest in the
bioanalysis and medicine analysis fields, and offers higher
sensitivity and lower background signal than conventional
electrochemical sensors due to the separation of photo-
excitation and detection signals."* Portability, simple equip-
ment, rapid detection, high precision and cost-effectiveness
are the featured characteristics of PEC biosensors. However, it
is generally accepted that the broad PEC reaction on the photo-
electrode impedes the selectivity of many PEC systems.** To
resolve this problem, molecular recognition units such as
enzymes,” antibodies® and aptamers’ have been introduced
into the sensing system. However, the introduction of
additional recognition units is not only costly, but also time-
consuming. An effective strategy is the use of unique bonding
interactions between the photoelectrode and the target, result-
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ing in the improvement of selectivity and recognition ability.
For instance, Zhang et al. prepared an Agl/CuBi,O, heterojunc-
tion to selectively detect r-cysteine, based on the formation of
Cu-S and Ag-S bonds.® Wang et al. have constructed a “signal-
off” PEC sensor based on the I-BiOCI/N-GQD composite for
the selective detection of chlorpyrifos owing to the coordi-
nation of surface Bi*" with chlorpyrifos.® Thus, exploring reco-
gnition unit-free PEC biosensors is one of the main goals of
the present study.

Norepinephrine (NE) is one of the essential catecholamine
neurotransmitters in the mammalian central nervous systems.
NE in the medical field is able to treat bronchial asthma, heart
attacks and hypertension.’®* Abnormal concentrations of NE
are closely related to several adverse reactions, including
ganglia neuroblastoma, congestive arrhythmias and
Parkinson’s disease.">'* Hence, accurately monitoring the
concentration of NE is very important. However, the oxidation
signal of NE is commonly interfered with by those of other bio-
molecules coexisting in biological systems, particularly DA, AA
and amino acids, because they have similar characteristics and
structural features, and can be oxidized at close potentials.
Consequently, developing an accurate, sensitive and selective
method for the quantitative detection of NE in biological
fluids is an urgent priority.">'® Coincidentally, it has been
found that Zn-containing compounds can readily coordinate
with the catechol structure to form a steady chelate.'” Maikap
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et al. proposed a ZnO-based nonenzymatic electrochemical
sensor for the selective detection of catechol, confirming the
strong electrochemical interaction between the catechol and
the ZnO thin film."® Sakthinathan et al. demonstrated that the
strong coordination interaction between Zn** and -OH could
promote the selective adsorption of DA based on an RGO/Zn-
TPP-modified electrode."® Therefore, it is not only a great chal-
lenge to design high-efficiency Zn-based photoelectroactive
materials for selective sensing of NE, but also difficult to
achieve accurate discrimination of NE among various catechol
derivatives.

At present, extensive efforts have been made to promote the
PEC activity of photoelectroactive materials. For instance, the
PEC performance can be improved by appropriately designing,
doping and combining them with metals or other semi-
conductors to form heterostructures.” > It is worth noting
that it is difficult for the semiconductor-semiconductor het-
erojunction to achieve strong redox capability and effective
electron-hole separation simultaneously due to the accumu-
lation of photo-generated carriers in the band with lower redox
potentials.>* Recently, the metal/semiconductor Schottky junc-
tion has attracted considerable attention owing to its perfect
role in improving the PEC performance, which can not only
promote surface charge separation, but also form a Schottky
barrier that can also act as an effective electron trap to inhibit
the electron-hole pair recombination, and effectively preserve
excellent redox ability.>>*°

Inspired by these factors, metallic Bi nanoparticles were
modified on the surface of hollow ZnSnO; microspheres to
form a Schottky junction for the label-free PEC determination
of NE. The original architecture holds many attractive features
including a tight heterostructure interface, plentiful charge
transport channels, large contactable area and numerous
active sites for surface reactions. Based on the specific chelat-
ing interaction and controlling the bias potential, the devel-
oped PEC platform could highly sensitively recognize NE
among various catechol derivatives and shield other coexisting
biomolecules. Meanwhile, the possible mechanism of excel-
lent sensitivity and selectivity of the developed PEC platform
was also proposed and adequately explored. More importantly,
this research provided a new idea for the design of the PEC
sensing platform by considering the composition and inter-
action with targets.

2. Experimental

2.1 Materials and reagents

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), tin tetrachloride
pentahydrate (SnCl,;-5H,0), sodium hydroxide (NaOH),
bismuth nitrate (Bi(NO;);-5H,0), sodium sulfate (Na,SO,) and
ethylene glycol (EG) were bought from Sinopharm Chemical
Reagent Co., Ltd (Shenyang, China). Polyvinyl pyrrolidone
(PVP, K30) and norepinephrine (NE) were purchased from
Aladdin Biological Co., Ltd (Shanghai, China). All chemicals
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used were of analytical grade and used without any further
purification.

2.2 Instruments

The composition and microstructures of the obtained samples
were characterized by scanning electron microscopy (SEM,
HITACHI, SU8000, Japan), equipped with energy dispersive
X-ray spectroscopy (EDS). The microstructures were observed
under a transmission electron microscope (TEM, JEOL
JEM-2100, Japan). The crystalline phase of the samples was
characterised using a Siemens D5000 X-ray diffractometer
(XRD, Germany). Fourier transform infrared (FT-IR) spectra
were acquired with a Nicolet 330 spectrometer (Nicolet, USA).
UV-vis diffuse reflection spectra (DRS) were recorded on a
Shimadzu UV-2550 spectrophotometer (Japan).
Photoluminescence emission spectra (PL) were recorded on
the F-7000 spectrophotometer (Hitachi High Technologies,
Japan) with an excitation wavelength of 298 nm.

2.3 Material synthesis

The ZnSnO; hollow microspheres were prepared by an easy
one-pot template-free method and are described as follows.
Briefly, 6.0 mmol Zn(NOj3),-6H,0, 6.0 mmol SnCl;-5H,0 and
60.0 mmol NaOH were dissolved in water-ethanol solution
(140.0 mL, volume ratio was 2:1) with vigorous agitation for
20 min. Meanwhile, 150.0 mmol NaOH was dispersed in
40.0 mL water-ethanol solution and slowly added dropwise to
the above solution to form a white suspension. After stirring
for 15 min, the suspension was transferred to the water bath
and heated under reflux at 80 °C for 3 h. Then, the white pre-
cipitate was harvested by centrifugation and then rinsed
repeatedly with deionized water and ethanol, and dried at
60 °C overnight. Finally, the precursor was annealed at 400 °C
for 2 h to get the final product of ZnSnO; microspheres.

The Bi/ZnSnO; composites were prepared by a typical solvo-
thermal method. Firstly, 0.75 mmol Bi(NO3);-5H,0 was dis-
solved in 10.0 mL of HNOj; solution (1.0 mol L™") with inten-
sive stirring, followed by the addition of 55.0 mL of EG and
0.6 g of PVP until a clear solution was obtained. After that, a
certain amount of the pre-synthesized ZnSnO; powders was
added. After 10 min, the mixture was transferred into a
100.0 mL Teflon-lined stainless steel autoclave and heated at
150 °C for 12 h. The products were collected by centrifugation,
washing and drying at 60 °C. By changing the mass of the
ZnSnO; added, three Bi/ZnSnO; samples with different Bi
mass ratios (20, 30 and 40 wt%) were fabricated, and the
resulting samples were denoted as Bi/ZnSnOs-1, Bi/ZnSnO;-2,
and Bi/ZnSnO;-3, respectively. In addition, pure Bi nano-
particles were also synthesized using the same method in the
absence of ZnSnOj;.

2.4 Fabrication of PEC biosensor

Fluoride doped tin oxide glass (FTO) was pre-treated as
follows: the FTO substrate (1 cm x 2 cm) was successively
cleaned ultrasonically in acetone, ethanol and distilled water
for 30 min, respectively, and then dried under an infrared

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr00792k

Published on 02 April 2021. Downloaded by University of California- Santa Barbara on 5/15/2021 5:50:44 PM.

Nanoscale

lamp for use. 3.0 mg of the Bi/ZnSnO;-2 powder were ultra-
sonically dispersed in 0.5 mL of distilled water and sub-
sequently drop-casted on the cleaned FTO electrode with an
area of 1.0 cm? and dried naturally. The modified electrode
was denoted as Bi/ZnSnO;-2/FTO. As a contrast, Bi/ZnSnO;/
FTO with different ratios of metallic Bi was fabricated using
the same method.

2.5 PEC measurements

All PEC experiments were performed on a CHI660D electro-
chemical workstation (Chenhua Instrument Co., Shanghai,
China), which was connected with a classic three electrode
system including a modified FTO as a working electrode, a Pt
wire as the opposite electrode and a saturated calomel elec-
trode (SCE) as the reference electrode. The transient photocur-
rents were determined by the i-t technique for several on-off
cycles of light irradiation in a 0.1 mol L™" Na,SO, electrolyte
solution at a bias potential of 0.5 V (vs. SCE); a 300 W xenon
lamp (4 > 420 nm, Perfect Technology Co. Ltd, China) was
used as a light source. Electrochemical impedance spec-
troscopy (EIS) was performed under the dark and light con-
ditions at an open circuit potential, with a frequency swept
from 0.1 to 10 kHz in a 1.0 mmol L™ [Fe(CN)]*"*~ solution
containing 1.0 mol L™" KCI.

3. Results and discussion
3.1 Structural and morphological characteristics

The Bi/ZnSnO; Schottky junction was prepared via a two-step
growth process. Firstly, ZnSnO; microspheres were synthesized
by a template-free strategy. The representative SEM images in
Fig. 1A and B indicate that the diameter of the ZnSnO; micro-
spheres was about 700-900 nm, revealing that the surface of
the ZnSnO; microspheres was highly coarse and composed of
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many irregular nanoparticles. The broken microsphere image
in Fig. 1B and the TEM image in Fig. 1C clearly presented a
porous hollow structure. After the solvothermal reaction, many
Bi nanoparticles were observed to adhere tightly to the surface
of ZnSnO; microspheres, as shown in Fig. 1D and E. It could
be seen that the hollow structure of the microsphere was well
preserved. The individual TEM image (Fig. 1F) revealed the
darker surface edges of the microsphere, which was ascribed
to the filling of the surface spaces by Bi nanoparticles during
the synthesis process. A closer observation of the HRTEM
image is shown in Fig. 1F, inset. The fringes with a lattice
spacing of 0.328 and 0.238 nm could be indexed to (012) and
(104) planes of Bi, further confirming that Bi nanoparticles
were decorated on the surface of ZnSnO; microspheres.
Fig. S1A-Ct shows the SEM images of the Bi/ZnSnO; samples
decorated with different Bi contents. When the mass ratio was
increased to 40 wt%, the microspheres were covered by a large
number of nanoparticles. Moreover, the EDS images (Fig. S1D-
F1) showed the presence of elements Zn, Sn, O and Bi in the
Bi/ZnSnO; materials, and the results also revealed that the
final mass contents of Bi in the three composites were approxi-
mately 21.42, 30.21 and 40.04 wt%.

Fig. 2A shows the XRD patterns of ZnSnO; and the Bi/
ZnSnO; composites. All peaks were extremely narrow and
sharp, indicating that all samples had excellent crystallinity.
All of the diffraction peaks in the XRD patterns of the Bi/
ZnSnO; samples could be indexed to the ZnSnOj; perovskite
(JCPDS card no. 11-0247) and the rhombohedral Bi (JCPDS
card no. 44-1246) without shifts of positions, suggesting the
successful formation of Bi/ZnSnO; composites. Moreover, the
diffraction peak intensity of the metallic Bi became more
obvious and strengthened with the increase of the Bi content.
No other crystalline phases were observed in all of the pat-
terns, indicating that the synthesized samples were of good
purity. In the Raman spectra (Fig. 2B), two characteristic peaks

Fig. 1 Typical SEM (A, B) and TEM (C) images of ZnSnO3 hollow microspheres; SEM (D, E), TEM (F) and HRTEM (inset) images of the as-prepared Bi/

ZnSnO3-2 samples.
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Fig. 2 (A) XRD patterns of (a) ZnSnO3, (b) Bi/ZnSnOs-1, (c) Bi/ZnSnO3-2 and (c) Bi/ZnSnO3z-3 composites; (B) Raman spectra of ZnSnOs and Bi/

ZnSnO3-2 composites.

at 540 and 672 cm™" were assigned to pure ZnSnOs. The peak
located at 540 cm™ "' was related to the internal vibration of the
oxygen tetrahedron, while the other strong peak at 672 cm™"
was attributed to the typical Raman shift of ZnSn0;.>” It is
worth noting that a significant red-shift in the characteristic
peaks of ZnSnO; was observed in the Bi/ZnSnO; samples after
the introduction of metallic Bi, accompanied by a slight
decrease in intensity. The results demonstrate the electron
transfer and the interaction between the metallic Bi and
ZnSnO; at the interface,”®?*® indicating the successful for-
mation of the Bi/ZnSnO; Schottky junction.

3.2 Optical characteristics

UV-vis DRS were collected to study the optical properties of the
synthesized samples. As illustrated in Fig. 3A, pure ZnSnO;
showed a strong absorption edge at 397 nm owing to the
intrinsic bandgap absorption.>® When the metallic Bi was
decorated on ZnSnO;, the light-harvesting property of the Bi/
ZnSnO; composite was apparently improved ranging from the
UV light (200 nm) to near-infrared light (800 nm). In the
visible light region, the absorption curves of the Bi/ZnSnO;
samples strengthened in parallel with increasing the amount
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Fig. 3 (A) UV-Vis DRS spectra of (a) pure ZnSnOs, (b) Bi/ZnSnOs-1, (c) Bi/ZnSnO3-2, (d) Bi/ZnSnOs-3 and (e) metallic Bi; (B) plots of (ahv)? vs.
photon energy (hv) for ZnSnO3 and Bi/ZnSnOs composites (inset); (C) the energy band diagram of ZnSnOs and Bi (vs. NHE); (D) PL spectra of
ZnSnO3 and Bi/ZnSnOs composites; (E) photocurrent responses of ZnSnOz/FTO and different Bi/ZnSnO3z/FTO samples recorded in 0.1 mol L™*
Na,SOy; (F) EIS spectra of ZnSnO3/FTO and different Bi/ZnSnO3/FTO samples under dark and illumination conditions.
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of metallic Bi, which is in accordance with their color change
from white to dark gray. Furthermore, an obvious SPR absorp-
tion at 200-400 nm could be easily observed owing to the SPR
effect of the metallic Bi.*"** Undoubtedly, the introduction of
metallic Bi was crucial for photo-exciting more electron-hole
pairs to enhance the PEC activity of the Bi/ZnSnO; composites.
In addition, the band gap value (E,) of ZnSnO; was determined
to be approximately 3.2 eV by fitting the relationship between
(ahv)* and hv (Fig. 3B). Moreover, it was obvious that the E,
values of the Bi/ZnSnO; samples became narrower with the
introduction of Bi, indicating that Bi/ZnSnO; samples could
be more effectively excited by visible light.

The band energy potentials of the prepared samples were
determined using the Mott-Schottky (M-S) experiment. As
shown in Fig. S2, it can be seen that ZnSnO; showed the
n-type semiconductor behavior from the positive tangent
slope. The flat band (FB) potential of ZnSnO; was estimated to
be —0.42 eV. It is well known that the conduction band (CB)
position is generally lower than that of the FB by about 0.1-0.3
eV for the n-type semiconductor;**** thus, the CB of ZnSnO,
was determined to be —0.28 eV (vs. NHE). Based on the
equation E, = Ecg + Eyg, the VB position was calculated to be
2.92 eV, and the visualized energy band diagram is shown in
Fig. 3C, indicating that the photo-generated holes had a strong
oxidizing ability to satisfy the oxidation of NE.

PL spectra further confirmed the electron-hole separation
efficiency. Fig. 3D shows the room-temperature PL spectra of
the as-prepared samples. Notably, the emission peak intensity
of the Bi/ZnSnO; samples was sharply diminished as the Bi
content increased in comparison with pure ZnSnOj;, which
demonstrated that the metallic Bi played an important role in
the electron transfer, effectively inhibiting the recombination
of photogenerated carriers, and then improving the PEC per-
formance of Bi/ZnSnO; composites.

3.3. Electrochemical characterization

To some extent, the transient photocurrent reflects the separ-
ation efficiency of photogenerated electrons and holes and can
be used to assess the photoelectric properties of the catalyst.
The photocurrent responses of ZnSnO3/FTO and Bi/ZnSnO;/
FTO were examined in a 0.1 mol L™' Na,SO, solution. As
shown in Fig. 3E, ZnSnO;/FTO generated a weak anodic photo-
current owing to the low carrier separation efficiency. After
introducing the metallic Bi into the PEC system, it was appar-
ent that the PEC responses of all Bi/ZnSnO;/FTO increased
more significantly than that of the pure ZnSnO;/FTO, which
indicated that the metallic Bi-modified ZnSnO; possessed
excellent PEC performance and more effectively facilitated the
separation and transfer of photogenerated electrons at the
interface of composites.

EIS analysis was used to investigate the capability of the
interfacial charge transfer using [Fe(CN)]>”*~ as a redox
probe. It is well-known that the semicircle in the EIS curve
stands for the charge transfer resistance (R.) between the elec-
trode and the electrolyte, and the R value is equal to the dia-
meter of the semicircle. As shown in Fig. 3F, all Bi/ZnSnO;/
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FTO showed lower resistance than the single ZnSnO;/FTO, and
Bi/ZnSn0;-2/FTO displayed the lowest R.. values. More impor-
tantly, the R values of the modified electrodes were dramati-
cally decreased under illumination conditions. It can be
deduced that the combination of metallic Bi and ZnSnOj;
microspheres was beneficial for improving the conductivity of
the electrode, accelerating the interfacial electron transport,
and enhancing the PEC performance. However, excess Bi
attached to the ZnSnO; surface may cover the surface voids of
the microspheres and hinder sufficient contact between the
electrode and the probe. Overall, the experiment results were
as expected.

3.4. Highly sensitive PEC sensing of NE

To verify the feasibility of the Bi/ZnSnO;-based PEC sensor for
NE detection, several tests were conducted in the absence and
presence of NE. When NE was added into the PEC system, it
was easily oxidized by the photo-generated holes in the VB of
the ZnSnO;, and all of the modified electrodes displayed
obvious enhancement of the anodic signal (Fig. 4A). Note that
Bi/ZnSnO3-2/FTO presented a remarkable photocurrent
response, which was about 2.45-fold of that on ZnSnO;/FTO,
suggesting that Bi/ZnSnO;-2/FTO had good sensitivity to NE,
and the introduction of moderate metallic Bi would help to
improve the detection sensitivity of NE. Excess Bi nano-
particles covering the ZnSnO; microspheres restricted the
exposure of the surface Zn>" sites, which was not conducive to
the chelation interaction with target molecules, and the results
were in agreement with the EIS analysis. Thus, with balanced
properties, Bi/ZnSn0;-2/FTO showed the best potential in the
selective PEC sensing of NE.

After a series of experimental optimizations (Fig. S31), the
developed Bi/ZnSn0O;-2/FTO was utilized for NE determination.
The transient photocurrent responses of Bi/ZnSnO;-2/FTO
with increasing addition of different concentrations of NE are
shown in Fig. 4B. It can be seen that Bi/ZnSnO;-2/FTO dis-
played an excellent and rapid photocurrent response to NE
concentration, which demonstrated that more targets were
captured by the electrode surface and participated in the PEC
reaction, implying the fast interaction between NE molecules
and the photoelectrode. As shown in Fig. 4C, the photocurrent
increment value was proportional to the NE concentration in
the range of 0.002-350.0 pmol L™", expressed by the following
two regression equations: AI = 2.028¢ — 0.118 (R*> = 0.995,
0.002-10.0 pmol L™") and AT = 0.783¢ + 12.667 (R* = 0.998,
10.0-350.0 pmol L™"). The detection limit (LOD, 3S/N) was
about 0.68 nmol L', which is lower than those previously
reported for modified electrodes (Table S1f), demonstrating
better detection performance. In addition, the developed label-
free PEC biosensor also exhibited higher sensitivity and lower
LOD than the conventional electrochemical detection method
(LOD = 4.2 nmol L") (Fig. 4D). Such an excellent PEC sensing
performance of Bi/ZnSnO3-2/FTO was attributed to the fast
carrier separation efficiency, large contactable area and unique
interaction between the photoelectrode and targets, which
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Fig. 4 (A) Photocurrent responses of ZnSnOs/FTO and different Bi/ZnSnO3/FTO samples recorded in 0.1 mol L™ Na,SO, with and without 1.0 pmol
L' NE; (B) the amperometric responses of Bi/ZnSnO3z-2/FTO with different concentrations of NE; (C) corresponding calibration curve; (D) the
amperometric responses of Bi/ZnSnOs-2/FTO with different concentrations of NE under dark and illuminated conditions.

could serve as a promising sensor for monitoring NE

molecules.

3.5. Highly selective PEC sensing of NE

In order to study the selective recognition ability of the pro-
posed PEC sensor in depth, some catechol derivatives includ-
ing EP and DA and other coexisting substances in biological

fluids were chosen to investigate their influence on the
response of Bi/ZnSn0;-2/FTO. The results showed that only NE
could cause a notable PEC response (Fig. 5A). As revealed in
Fig. 5B, 2-fold DA, DOPA and EP, 5-fold CC and 30-fold UA, AA,
1-Cys and 1-tyrosine did not interfere with the photocurrent of
NE, while 50-fold of other compounds such as glucose, urea,
L-arginine, glutamic acid, glycine and galactose also showed a
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Fig. 5 (A) Photocurrent responses of different catechol derivatives on Bi/ZnSnOs-2/FTO in 0.1 mol L™ Na,SOy; (B) selectivity of Bi/ZnSnO3-2/FTO;
(C) FTIR spectra of Bi/ZnSnO3-2 samples before and after adsorption of NE; (D) UV-vis spectra of the NE solution before and after the experiment;
inset: photographs of the NE solution before and after the experiment.
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negligible effect, reflecting an outstanding specificity towards
NE analysis. This encouraged us to further analyze the under-
lying mechanism. Zn-based compounds might play a signifi-
cant role in the selective determination of NE. The ZnSnO;
photoelectrode (Zn**) can coordinate with the catechol struc-
ture to form a stable five-atom ring chelate for the selective
detection of catechol derivatives; hence CC shows a higher
PEC signal than resorcinol (RC) and hydroquinone (HQ), as
shown in Fig. 5A. Among these derivatives, it was noted that
EP was most likely to interfere with the determination of NE
because they have similar structures, which can also chelate
with the photoelectrode and produce a high PEC response.
However, it is known that photogenerated holes preferentially
react with targets with lower redox potentials.>® Thus, we con-
trolled the specific bias potential for the oxidation of NE (0.4 V)
to avoid interference from EP (0.501 V). Accordingly, the current
contribution from the oxidation of CC (0.527 V) and DOPA
(0.482 V) would be negligible. Quite interestingly, PV and DA
exhibited lower oxidation potentials (0.384 V and 0.369 V) than
NE (Fig. S47), and so should have higher photocurrents; but an
abnormal phenomenon was observed where NE preferentially
reacted. The reason for this phenomenon was probably that the
electron-accepting group in PV may greatly suppress its ability to
be oxidized. Compared to DA, the other two adjacent -OH and
amino groups in the NE species may also coordinate with the
surface Zn”" site, resulting in the formation of two stable five-
membered chelating ring structures, thus triggering a higher
photocurrent than DA. The above results confirmed that the
high sensitivity and selectivity of this PEC biosensor were
ascribed to the appropriate control of the bias potential and
unique chelating coordination interaction, showing the possi-
bility of selectively monitoring NE in real samples.

Furthermore, to fully verify the interaction between NE and
Bi/ZnSnO3/FTO, FTIR and Raman analysis were carried out to
reveal the underlying mechanism. As shown in Fig. 5C, the
characteristic peaks of O-H and M-O-M groups in Bi/ZnSnOj;
at 33857 and 1392.2 cm ' red shifted to 3446.4 and
1396.1 cm™ " after adsorption of NE, and the peak of M-O
shifted from 567.2 to 537.6 cm™*, which could be ascribed to
the coordination between Bi/ZnSnO; and NE.*® Moreover, Bi/
ZnSnO; samples bonded with NE also showed additional infra-
red bands at 2285.8, 1633.2 and 1172.2 cm ™, corresponding to
the N-H, C—=C and C-O stretching vibrations of NE,*” respect-
ively. Additionally, the Raman scattering peaks of Bi/ZnSnOj;
showed a red-shift after interaction with NE and two new,
weak peaks near 1132 and 1497 cm™' were recorded, which
could be attributed to the vibrational modes of C-O and C=C
bonds (Fig. S51).>® Both the FTIR and Raman results implied
the variation of the local coordination environment after
adsorption of NE and confirmed the chemical interaction
between Bi/ZnSnO; and NE. Subsequently, UV-vis spectropho-
tometry was performed to analyze the NE solution before and
after the PEC test (Fig. 5D). The results demonstrated that the
absorption peak shape and position for the tested samples
changed significantly compared to the original NE solution,
indicating that NE was oxidized into new compounds. In
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agreement with the expected result, the color of the NE solu-
tion turned light pink after the PEC test (inset in Fig. 5D).
Accordingly, we concluded that a label-free selective detection
strategy for NE was achieved.

3.6. PEC mechanism of the biosensor

On the basis of these factors, the possible mechanism of the
label-free Bi/ZnSnO;-based PEC biosensor for the selective
detection of NE is proposed, as shown in Scheme 1. Firstly, the
incorporation of Bi enhanced the light absorption ability of
ZnSnO; ranging from UV to near-infrared light, which helped to
produce more active electrons and holes on the ZnSnO; surface.
Upon light irradiation, the photo-generated electrons in the VB
of ZnSnO; were excited to the CB, and the holes left in the VB.
Since the Fermi energy of the metallic Bi (about —0.17 eV) was
lower than that of ZnSnOs;, the photoexcited electrons on the CB
of ZnSnO; would easily inject into the metallic Bi through the
Schottky barrier. Furthermore, the closely anchored metallic Bi
nanoparticles on the ZnSnO; surface could function as electron
acceptors to facilitate the separation of electron-hole pairs and
produced an enhanced anodic photocurrent signal, which was
also confirmed by the open circuit potential (OCP) test. As
shown in Fig. S6,1 the OCP of Bi/ZnSnO;-2/FTO was significantly
decreased upon light irradiation, further indicating that Bi/
ZnSnO; was an effective electron transport medium in the
photoanode.?>*® After adding NE to the PEC system, NE is
identified by Bi/ZnSnO3/FTO and forms a stable chelate with
Zn”" at the surface sites, further consuming the photo-generated
holes to be oxidized. Simultaneously, the photo-generated elec-
trons were eventually collected by the FTO substrate and entered
the external circuit, resulting in an amplified anode photo-
current. Based on this, a sensitive and selective PEC sensor
could be constructed considering the composition and inter-
action with target molecules.

3.7. Reproducibility, stability and application

To evaluate reproducibility, six PEC sensors were prepared
using the same method as above for the determination of NE

ad /s

z —
(s
34 Oxidation
product
4+ ZnSn0;
PEC measurement

Scheme 1 Proposed mechanism of the label-free PEC biosensing plat-
form for selective detection of NE.
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Fig. 6 (A) Photocurrent responses of five Bi/ZnSnOs-2/FTO in the presence of 1.0 pmol L™ NE and the repeated test of Bi/ZnSnO5-2/FTO for five
times, (B) the photocurrent stability of ZnSnOs/FTO and Bi/ZnSnOz-2/FTO in 0.1 mol L™ Na,SO4 with 1.0 pmol L™ NE; (C) XRD pattern of Bi/

ZnSnOs-2 after use.

(Fig. 6A). A relative standard deviation (RSD) of 3.2% was
obtained. The repeatability was also evaluated by using the
same sensors for five repeated analyses, with an RSD of 2.5%.
The operational stability of Bi/ZnSnO;-2/FTO was examined by
15 repeated “on-off” illumination cycles in the presence of NE.
As shown in Fig. 6B, the photoelectrode exhibited a relatively
stable photocurrent signal over the tested time range (1550 s),
indicating outstanding stability of the electrode during the
tests, while the signal attenuation of pure ZnSnO;/FTO was
obvious due to the rapid recombination of photoinduced elec-
tron-hole pairs. The used Bi/ZnSnO;-2 samples were further
examined by XRD (Fig. 6C), which confirmed the crystalline
nature of Bi/ZnSnO; was not transformed, further proving the
satisfactory test stability. In addition, the photocurrent signal
of the prepared PEC sensor remained at 92.6% after storing
for one week at room temperature. These results revealed that
the proposed PEC sensing platform had an acceptable accu-
racy and stability.

Based on the excellent sensing performance of Bi/ZnSnO;/
FTO, the analytical applicability of the proposed sensor was
evaluated for NE detection using human urine, human blood
serum and injection samples as model systems. The urine
sample was collected from healthy volunteers and the blood
serum sample was obtained from the Shenyang First People’s
Hospital. These samples were centrifuged for 10 min at 4000
rpm and filtered through a 0.45 pm membrane; then, each fil-
trate was diluted 5-fold with the electrolyte solution. The
unspiked samples were tested first, and the results obtained
were in good agreement with the NE normal values.*"*?
Furthermore, the commercial NE injection (2.0 mg mL™") was
bought from the local pharmacy. 10.0 pL of the initial NE
injection was added to the electrolyte for direct detecting. Two
different concentrations of NE were spiked into the above
samples for recovery evaluation, and the results are listed in
Table 1. These results clearly indicated that the recoveries were
in the range of 93.8-106.0% and the RSD was between 2.8 and
4.5, indicating that there was no significant matrix inter-
ference, and this PEC biosensor was accurate and suitable for

Nanoscale

Table 1 Analytical results of NE in the real samples using the proposed
PEC biosensor

Added Found“
Samples (pmol L™Y) (pmol L™Y) Recovery% RSD
Human urine 0.00 0.06 — 3.8
2.00 2.18 106.0 3.1
20.00 20.48 102.1 3.3
Human blood 0.00 0.001 — 4.1
2.00 1.96 98.0 4.2
20.00 20.93 104.6 3.1
NE injection 1 0.00 2.48 105.1 4.5
2.00 4.55 103.5 3.2
20.00 21.77 96.5 2.8
NE injection 2 0.00 2.25 95.3 4.3
2.00 4.11 103.0 2.9
20.00 20.81 93.8 3.1

“Mean of three measurements.

NE analysis in pharmaceutical and real samples, demonstrat-
ing its potential applicability and feasibility in clinical
diagnosis.

4. Conclusions

In summary, a novel label-free and visible-light-excited PEC
sensing platform based on the 3D Bi/ZnSnO; Schottky junc-
tion was successfully exploited for highly sensitive and rapid
NE detection. Based on the specific chelation and controlling
the bias potential, the designed PEC biosensor with remark-
able advantages of high selectivity can be directly applied for
distinguishing NE from various catechol derivatives and other
coexisting biomolecules. Specifically, the chelate interaction
between Zn>" at the surface sites and the adjacent -OH as well
as amino groups in NE possessed the ability to form two
stable five-atom ring structures, opening up a new selective
sensing approach. The fabricated PEC biosensor demonstrated
the accurate detection of NE and was successfully applied for
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NE evaluation in real samples. More importantly, the proposed
photoelectrocatalyst provided a new strategy for designing the
“signal-on” label-free PEC sensing platform for monitoring NE
in biological fluids for the diagnosis of diseases.
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