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Photoelectrochemical (PEC) sensing has become a hot research topic due to its low cost and ideal
sensitivity and has received widespread attention. However, the inherent complexity of multiple charge
separation, transfer, and recombination pathways poses a major challenge. Inefficient charge separation,
rapid recombination, and sluggish interfacial reactions of photogenerated carriers collectively limit
photoelectric performance and compromise long-term operational stability. Moreover, conventional
surface functionalization with insulating biorecognition macromolecules—commonly used to enhance
specificity—often leads to reduced sensitivity due to suppressed charge transfer. These limitations
underscore the urgent need for advanced surface and interface engineering strategies to improve PEC
sensing efficiency and stability. We have provided a comprehensive overview of the latest developments
in PEC interface engineering, with a focus on three key aspects: transfer channel, interface catalysis, and
interface recognition. Significant research milestones in the detection of new pollutants using
engineered PEC interfaces are highlighted. Through critical analysis and comparative discussion, we
evaluate the advantages and limitations of various interface design strategies. Finally, we outline future
directions and opportunities for developing next-generation PEC sensors with enhanced performance,
emphasizing the pivotal role of rational interface engineering in achieving efficient, selective, and durable
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versatility of PEC platforms, not only for fundamental mecha-
nism investigations but also for the development of highly
sensitive analytical tools applicable across environmental
monitoring, biomedical diagnostics, and energy-related
research.*"?

1 Introduction

Photoelectrochemical (PEC) sensing has become a powerful
platform for rapid and accurate detection of chemical and
biochemical molecules, leveraging its advantages of operational

simplicity, short response times, high sensitivity, and low
cost.”> The PEC process involves the mutual conversion of
electrical and chemical energy. Electron-hole pairs are gener-
ated when photons exceeding the bandgap energy of photo-
active materials are irradiated, which then migrate to the
electrode interface to participate in redox reactions.* In PEC
sensing systems, signal transducers are composed of photo-
sensitive materials fixed on the surface of electrodes, modu-
lating photoelectric responses in direct correlation with target-
specific interactions.** This interplay, including photophysical
mechanisms and interfacial redox chemistry, supports the
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Advanced interface engineering has become the key to
meeting high-performance PEC sensing requirements.'* As
mentioned above, the three key steps in the photoelectric
conversion process are photoexcitation, separation and migra-
tion of electron-hole pairs generated by light towards the
surface, and surface redox interactions. To improve the photo-
electric efficiency, one or more of the above three processes can
be improved as a practical strategy. Specifically, the perfor-
mance of PEC sensors is intrinsically limited by the light
absorption efficiency and charge separation kinetics of their
photoactive components.'>'® Moreover, another persistent
challenge lies in sluggish interfacial reactions, which accelerate
material corrosion and degrade long-term operational
stability.”*®* Recent advances in interfacial engineering aim to
address these limitations by optimizing carrier transport path-
ways and integrating cocatalysts to establish efficient charge
transfer channels. In addition, conventional surface modifica-
tions employing insulating biorecognition macromolecules
often compromise photoelectric responses, weakening the
detection sensitivity.”® At this time, emerging approaches
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leverage molecularly engineered recognition units and dynam-
ically adaptive interfacial design to achieve precise detec-
tion.>”?® Therefore, efficient interface engineering is expected to
meet high-performance PEC sensing requirements.

At present, some new methods for interface engineering
have been developed to improve the above mentioned prob-
lems, thereby achieving interface regulation to enhance PEC
sensing. However, recent reviews regarding PEC sensing mainly
focus on signal amplification strategies by using an enzyme-
catalyzed reaction,? nucleic acid cycle amplification® and redox
cascade reaction.’* Furthermore, advances in the PEC sensing
mode regulation have also been summarized, involving signal-
off mode,* signal-on mode®* and photocurrent polarity
switching mode.** There are still no review articles focusing on
interface engineering for boosting PEC sensing. These studies
mostly focus on macroscopic performance optimization, while
neglecting the underlying regulatory mechanisms by which the
interface microstructure influences sensing performance.
Actually, the sensitivity, selectivity, and stability of PEC sensors
essentially depend on the interface behavior between the pho-
toactive material and the analyte/electrolyte, including interface
structure regulation, catalytic activity optimization, and the
creation of novel sensing interfaces. Herein, we highlight the
recent research efforts on interface engineering as a promising
solution as well as the underlying mechanisms and challenges
in PEC sensing applications (Fig. 1). New pollutants of wide-
spread concern both domestically and internationally include
persistent organic pollutants (POPs), antibiotics, microplastics
and endocrine disruptors. To assess the environmental risk
posed by new pollutants, we need to use relatively accurate and
fast methods to identify them. By interface engineering, PEC
sensors achieve excellent performance in aspects of catalytic
activity, selectivity, and stability, establishing them as essential
tools for real-time, on-site monitoring in new pollutant control
and regulatory compliance. Finally, we conclude with some
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Fig. 1 Schematic diagram of various PEC interface regulation strate-
gies for sensing applications.

18006 | Chem. Sci, 2025, 16, 18005-18022

View Article Online

Review

perspectives and challenges in the development of rational
interface engineering for next-generation PEC sensors.

2 PEC sensing mechanism

2.1 Photoelectric conversion process

We know that the photons absorbed by photoactive materials
have sufficient energy to generate electron-hole pairs. When
photons exceeding the bandgap energy of photoactive materials
are irradiated, electron-hole pairs are generated and then
migrate to the electrode interface to participate in redox reac-
tions.*® The widely accepted mechanism involves four sequen-
tial steps: (i) photon absorption; (ii) charge separation; (iii)
charge migration and recombination; and (iv) charge utiliza-
tion.*® It is worth noting that the processes of charge separation
and surface catalytic reactions are not independent, but rather
synergistic. Generally, the light absorption efficiency (1.4ps), the
bulk phase separation efficiency (7cp), and the surface injection
efficiency (7in;) mainly affect the performance of the photo-
electrode, which can be expressed as J = Nabs X Nsep X Minj-> >
Here, n,ps refers to photon absorption and exciton generation,
7Nsep refers to charge separation and transport to the interface,
and 7;y; refers to interfacial charge transfer efficiency. A more
comprehensive understanding can be achieved by analyzing
specific parameters that characterize the distinct roles of
various materials within the photoelectrode.

2.2 Challenges in PEC sensing

The PEC process is highly intricate, involving light harvesting,
charge separation, and catalytic reactions, each spanning a wide
range of temporal and spatial scales. In particular, the charge
separation process is characterized by its vast temporal span,
linking ultrafast photoexcitation (within fs) to slower surface
reactions (ms to s), while simultaneously requiring energy
transfer within nanoscale spaces in Fig. 2.°

The interplay of multiple charge separation, transfer, and
recombination pathways further increases the complexity.
These complexities make the effective separation and transfer
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Fig. 2 A schematic depiction of the photocatalytic processes occur-
ring across timescales from femtoseconds to seconds.*® Copyright
2022, John Wiley and Sons.
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of photogenerated charges a major challenge. During this
process, the migration of photo-generated electrons and holes
in divergent directions leads to differences in the surface
potential of semiconductors, which can be evaluated by surface
photovoltage (SPV) measurements. To elucidate the associated
chemical states and band alignments under operational
conditions, in situ X-ray photoelectron spectroscopy (XPS) serves
as an effective tool to monitor surface redox processes and
interfacial charge redistributions. Concurrently, transient
photocurrent and photovoltage measurements emerge as
effective methodologies to evaluate carrier separation efficiency,
offering critical insights into the splitting of quasi-Fermi levels
for both electrons and holes, as well as the kinetics of surface
reactions. Femtosecond transient absorption spectroscopy (fs-
TAS) is predominantly utilized to explore the transient relaxa-
tion process of electron-hole pairs within the excited states,
typically exhibiting lifetimes in the picosecond regime.
Conversely, time-resolved photoluminescence (TRPL) serves to
investigate the radiative transitions as these excited states
transition back to their ground states, revealing longer-lived
phenomena generally observed on the nanosecond timescale.
Moreover, Kelvin probe force microscopy (KPFM) and surface
plasmon resonance spectroscopic visualization (SPRSV) enable
direct mapping of charge carrier transfer and accumulation
under operational conditions, facilitating the assessment of
surface voltage differentials across crystal planes. Additionally,
surface photoelectrochemical measurements (SPECMs) yield
complementary data by monitoring capacitance, charge trans-
fer resistance, and localized surface redox currents. Collectively,
these methodologies enable a comprehensive analysis of charge
carrier dynamics across both the bulk and surface regions of
photocatalytic materials, advancing our understanding of the
underlying mechanisms driving PEC efficiency.

Moreover, charge recombination occurs on ultrafast time
scales (picoseconds to milliseconds) and competes strongly
with charge separation processes. Furthermore, the ability of
efficient surface catalytic reactions is ideal, as catalytic reac-
tions occur at slower time scales (us-ms) compared to charge
generation (fs-ps) and separation (ps-us), highlighting the
importance of long-lived charges and surface reactions in
promoting kinetics. Faster catalytic reactions will facilitate
more excellent charge separation. However, due to the
complexity of the structure of some biomolecules, the
conventional surface modification of insulating biometric
macromolecules usually damage the photoelectric
response and weaken the detection sensitivity. In addition,
because some probes lack recognition groups, the selectivity of
these probes to specific small molecules is still insufficient.
Therefore, it remains a challenge to develop a highly sensitive
and selective interface recognition method.*>** Meanwhile, the
stability of the photoelectrode is also one of the main factors
that need to be considered to meet practical application
requirements. Consequently, a thorough understanding of
how different interface engineering strategies influence device
performance is essential for developing optimized approaches
to PEC sensing. We will introduce recent advances in interface
engineering of PEC sensing and explain several general

will

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

strategies that may alleviate various obstacles involved in
achieving efficient PEC sensing.

3 Interface engineering

The PEC process comprises three fundamental steps: photo-
induced charge generation, migration, and surface utilization.
Efficient light absorption constitutes the fundamental
prerequisite. At present, thermodynamic regulation of charge
separation via structural engineering is conducted. Further-
more, the kinetics of surface redox reactions can be optimized
by implementing interface catalysis strategies, thereby
reducing activation barriers and accelerating interface reac-
tions. Beyond these approaches, interfacial recognition
mechanisms enabled by molecular recognition elements and
functional groups enhance thermodynamic stability while
dynamically refining the electrode-electrolyte interface via
real-time feedback. The interface regulation engineering is
crucial for achieving PEC sensors with exceptional sensitivity,
advancing their applicability in precision bioanalysis and
environmental monitoring.

3.1 Transfer channel

In the absence of a driving force, the unfavourable electron-
hole recombination caused by the random charge flow after the
separation of photogenerated carriers largely hinders the pho-
tocatalytic activity. The efficiency of the charge diffusion
process critically depends on whether the PEC system can
provide effective channels for transferring carriers so that they
can reach the redox reaction sites.”** The charge transfer
channels can be constructed through various strategies, in
which the bonding manner and contact area greatly affect the
charge transfer channel.*” In this section, we focus on the recent
exploration of charge transfer channel design principles from
the following perspectives, including heterojunction conversion
and interfacial bonding mode modulation.

3.1.1 Heterojunction conversion. At present, most research
focuses on the single semiconductor-modified electrodes, but
this method is limited by the wide bandgap of the material itself
and the high electron-hole recombination rate, which makes it
difficult to meet the sensitivity and detection limit require-
ments of practical applications. For example, vertically aligned
TiO, nanotube (TNT) arrays offer advantages such as a larger
surface area, enhanced charge transfer, and improved reus-
ability compared to traditional nanoparticle-based photo-
catalysts. However, the intrinsic wide bandgap of TiO, (3.0-3.2
eV) limits its ability to effectively absorb visible light. As a result,
the practical use of TiO, is still constrained by its high electron-
hole recombination rate and low efficiency in utilizing solar
energy.**** In response to the above issues, modification
methods such as element doping,*® deposition of precious
metal surfaces, and construction of heterojunctions have been
proposed to improve sensing performance.** Among them, the
regulation of heterojunction types can realize precise regulation
of space charge layers and band bending, which further estab-
lishes efficient charge transfer channels.***

Chem. Sci., 2025, 16, 18005-18022 | 18007
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(a) Schematic diagram of the band structure and charge transfer path of the CeO,/g-CsN4 heterojunction. (b) Schematic diagram of the

band structure and charge transfer path of the Zn-CeO,/g-C3sN4 heterojunction. (c) Energy-level diagrams of g-C3N4, CeO, and Zn-CeO5. (d)
Variation of Eg with different feeding ratios.** Copyright 2023, Springer Nature. (e) The synthesis route and interaction of SnS,COF, along with its
photocatalytic mechanism for U(vi) reduction.®” Copyright 2023, Elsevier. (f) Illustrative diagram of the 2D/2D S-scheme heterostructures with
strong -7 conjugation and an intense built-in electric field.®? Copyright 2023, American Chemical Society.

Although type-II heterojunctions can partially enhance the
separation efficiency of electron-hole pairs, this charge transfer
reduces the redox abilities.*”**® In contrast, the Z-scheme and S-
scheme heterojunctions differ fundamentally in their electron
transfer directionality.*** The Z-scheme heterojunction,
inspired by natural photosynthesis, employs redox mediators or
direct interface charge recombination to stabilize electrons and
holes, thereby enhancing photocatalytic activity. The composi-
tion of the S-scheme heterojunction can reasonably explain the
electron transfer mechanism based on the Z-scheme hetero-
junction structure, revealing the charge transfer path through
the enhancement of a built-in electric field and band bending,
which eliminates the requirement for redox media and provides
a more direct and efficient charge transfer pathway. It directs
charge transfer along optimized pathways, significantly
enhancing the redox performance of materials.** So far, three
experimental approaches can be used to identify S-scheme
photocatalysts: (i) ex situ and in situ irradiated XPS character-
ization. For oxidation photocatalysts, variations in electron
density, observable as shifts in XPS peaks under both illumi-
nated and non-illuminated conditions, provide direct evidence
of charge carrier migration across interfaces. (ii) KPFM char-
acterization. KPFM allows for the simultaneous mapping of
surface morphology and potential. The surface potential
distribution of the material can be readily obtained, revealing
the transfer of photo-generated electrons from the oxidizing

18008 | Chem. Sci,, 2025, 16, 18005-18022

photocatalyst to the reducing photocatalyst under light irradi-
ation, which is reflected in an increase in the surface potential
of the oxidizing photocatalyst. This supports the confirmation
of an S-scheme charge transfer pathway. (iii) Electron para-
magnetic resonance (EPR) characterization. EPR enables the
detection of ‘O,  and "OH radicals, which are indicative of
redox processes. The sustained redox ability associated with S-
shaped charge transfer can be inferred by analyzing the
produced free radicals. Additionally, density functional theory
(DFT) calculations can be employed to directly assess the work
function and charge densities, providing further insight into
interface charge separation and transfer mechanisms.

To improve the interfacial and charge transfer properties of
heterojunction-based electrodes, strategies for heterojunction
conversion have been developed in recent years. For example,
a promising method is introduced based on a novel Zn-doped
Ce0,/g-C3N, heterostructure that achieves the transition of
charge transfer mechanisms from the original type-II to the
advanced S-scheme configuration (Fig. 3a and b). Namely, the
conversion of heterojunction types can be achieved by regu-
lating material composition. As a result, a Zn-dependent
volcano-type correlation was systematically established to
precisely regulate the Er of CeO, through atomic doping strat-
egies. In combination with the conduction band and Eg, the
band structures are shown in Fig. 3c. Zn-CeO,(5%)/g-C3;N, with
optimized Er had the best PEC response (Fig. 3d), thereby

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly improving photoelectric conversion efficiency,
implying that the heterojunction conversion can achieve the
separation of photogenerated charges.*® This conversion breaks
through the bottleneck of weakened redox ability in type II
heterojunctions and significantly improves charge separation
efficiency through atomic-level charge channels and electric-
field-driven transport.

3.1.2 Interfacial bonding mode modulation. In addition to
heterojunction conversion through adjustment of Er, interface
bridging can also be formed through interface bonding mode
modulation to reduce interfacial energy barriers and enable
rapid charge transfer.*® Typically, the interfacial interactions of
heterojunction photocatalysts can be classified into three
types: (i) physically adsorbed interfaces;** (ii) intermolecular
- interaction interfaces for van der Waals heterojunction
photocatalysts;* (iii) chemically bridged interfaces in
heterojunctions.>®

Among them, the van der Waals force interaction shows
more flexibility and convenience. Liu et al. constructed an
organic-inorganic heterojunction material (SnS,COF) by the
combination of a COF and layered semiconductor SnS, through
van der Waals force (Fig. 3e).”” In addition, the large contact
area of van der Waals interactions promotes the rapid migration
of photo-generated charge carriers. Meanwhile, the separation
of photo-generated electrons and holes is promoted in the
presence of an internal electric field. Generally, from the view-
point of intimate contact, the utilization of ultra-thin, sheet-like
nanostructures to construct 2D/2D heterojunctions offers the
advantage of an expanded interface contact area, thereby
reducing the carrier transport distance.*®* However, the pres-
ence of lattice mismatches between distinct components can

View Article Online
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introduce substantial resistance at the heterojunction interface,
impeding efficient carrier transfer. Consequently, in two-
dimensional heterojunctions dominated by van der Waals
forces, increasing the interface contact area to establish effec-
tive charge transfer pathways has become a promising strategy
to alleviate this limitation. Compared with electrostatic
adsorption, enhancing intermolecular interactions through m—
T conjugation is widely regarded as a method for regulating the
interfacial properties of organic semiconductors.®* Zhu et al.
proposed an S-scheme heterojunction based on a 2D/2D dual-
metalloporphyrin metal organic framework, CuTCPP(Cu)/
CuTCPP(Fe), by modulating the central metal atoms (Fig. 3f).
The resulting heterojunction exhibited a large built-in electric
field, offering a substantial driving force for efficient charge
carrier separation and migration. The ultra-thin nanosheet
structure reduces the distance of carrier migration by
enhancing the interface contact area, while the similar
porphyrin main chain promotes reasonable interface matching,
thereby suppressing the recombination of photo-generated
carriers.®

Interface bonding mode modulation can control bulk charge
separation and transfer by enhancing the internal polarity
electric field. This can be achieved through atomic doping to
change the interface bonding type. For example, Ni-doped
Zn, ,Cdy ¢S quantum dots, which were screened through DFT
simulation, were coupled with TiO, microspheres to form an S-
scheme charge transfer system (Fig. 4a). To enhance H,
adsorption, DFT calculations are initially carried out to identify
the optimal dopant for modifying Zn, ,Cd,gS. The increased
built-in electric field in the S-scheme heterojunction results
from strengthened interfacial interactions through Ni-O
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(a) Schematic depiction of electron transfer of TZCS40 and TNZCS40 driven by internal electric fields (E).3® Copyright 2023, John Wiley

and Sons. (b) Schematic depiction of the interfacial Fe—O bond between the FO(110) facet and BTOC(001) facet. (c) Comparison of interfacial
charge transfer energy barriers without and with Fe—O bond formation.*® Copyright 2022, John Wiley and Sons. (d) Diagrammatic illustration of
interface chemical bond optimization via atomic-level Pt doping to boost PEC efficiency. (e) Photocurrent response. (f) Schematic depiction of
the energy bands of CeO,, Pt-CeO, and CuTCPP(Fe).*® Copyright 2025, Oxford University Press.
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bonding and a reduced energy barrier.®® In contrast to electro-
static interactions, which are prone to electron-hole recombi-
nation, chemical bonds provide a more effective means of
promoting charge migration due to their stronger atomic
interactions compared to hydrogen bonds, electrostatic forces,
and van der Waals interactions.

Specifically, the chemically bridged interface serves as an
effective charge transfer channel for efficient carrier separation.
Chemical bonds can maintain strong redox and light-harvesting
capabilities in light energy conversion and storage applications.
They influence the interfacial electronic structure, accelerate
charge transfer, and achieve the separation of photogenerated
carriers.*** Therefore, it is crucial to design high-quality
interfaces in heterostructures in a reasonable manner to guide
interface charge transfer. Recently, Huang et al. developed
innovative dot-on-plate Z-scheme heterojunctions by in situ
anchoring a-Fe,0; nanodots onto the surface of Bi;MOCl (M =
Nb, Ta) nanoplates, creating interfacial chemical bonds and an
internal electric field. For simplicity, a-Fe,O; and Bi, TaOgCl are
referred to as FO and BTOC, respectively. The interfacial inter-
action and electron flow direction between FO(110) and
BTOC(001) are mediated by the Fe-O bond (Fig. 4b). When FO
and BTOC interact through van der Waals forces, electron
transfer from BTOC to FO faces a significant energy barrier of
9.3 eV. Nevertheless, the energy barrier can be reduced to 3.8 eV
through an interfacial Fe-O chemical bond (Fig. 4c), indicating
that electron transfer along the Fe-O bond is more advanta-
geous in terms of energy and space.®®

Constructing chemical bonds at heterojunction interfaces
provides a promising approach to enhance the interfacial
transfer of photogenerated charge carriers. However, deliberate
modulation of these interfacial chemical bonds is difficult to
achieve. Zhu et al. presented the synthesis of a p-n junction
formed by atomic-level Pt-doped CeO, and 2D metalloporphyrin
metal-organic framework nanosheets, Pt-CeO,/CuTCPP(Fe).
The introduction of Pt doping at the atomic scale into CeO,
enhances the density of oxygen vacancies and induces lattice
oxygen distortion, which in turn reduces the adsorbed oxygen.
This facilitates a shift in the coordination of Fe with oxygen
from indirect axial bonds (Fe-O,) to direct axial bonds with
lattice oxygen (Fe-Oy). This transition alters the charge flow at
the interface, directing it from Fe-O,-Ce to Fe-Oy, thereby
shortening the carrier transport pathway along the atomic-level
charge transport route (Fig. 4d). As a result, this modification
leads to a 2.5-fold enhancement in PEC performance compared
with CeO,/CuTCPP(Fe) (Fig. 4e). Furthermore, these chemical
bonds lower the interfacial energy barrier and reduce the carrier
transport distance, thereby improving charge transfer effi-
ciency. This interaction facilitates the formation of unique
heterostructure interfaces, in which chemical bonds mediate
interfacial interactions. These chemical bonds act as specific
“bridges” that enhance charge transfer between semi-
conductors, contributing to the overall efficiency of the
system.®>%” In general, the Er difference determines the strength
of the built-in electric field. Pt atom doping increases the
discrepancy in Er between semiconductors, thus enhancing the
built-in electric field for fast charge transfer (Fig. 4f). Adjusting

18010 | Chem. Sci., 2025, 16, 18005-18022
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semiconductor lattice atoms and optimizing interface bonding
modes will provide more opportunities for establishing effective
interface chemical bonds and gaining a deeper understanding
of transition mechanisms. Furthermore, the establishment of
chemical bonding at interfaces can function as a pathway for
electron transfer at the atomic scale. These strategies enable
efficient signal transduction, which is critical for high-perfor-
mance sensing applications.

3.2 Interface catalysis

Current strategies in PEC sensing systems predominantly focus
on enhancing light-harvesting efficiency and optimizing charge
transfer dynamics. However, the often-overlooked challenge lies
in the sluggish redox reactions at the photoelectrode/electrolyte
interface. This oversight can result in significant photocorrosion
of the semiconductor, driven by the accumulation of surface
photogenerated charge carriers. Consequently, introducing effi-
cient cocatalysts to promote interfacial redox reactions can
further construct high-performance PEC biosensors.®*”* One
promising approach to address this issue involves interfacial
catalysis, which mitigates charge recombination by optimizing
the interfacial band energetics and catalytic kinetics, thereby
enhancing operational stability.

3.2.1 Cocatalyst loading. Cocatalysts are frequently
employed as reaction sites to facilitate surface reactions. Given
that photogenerated charges can be rapidly consumed on
cocatalysts, these materials play a dual role in photocatalysis:
one is to reduce the overpotential required to drive the catalytic
process, while also enhancing charge separation and transport
through the formation of junctions or interfaces.*®®7* In this
section, we will try to illustrate the intrinsic roles and mecha-
nisms of cocatalysts. Additionally, the catalytic processes
involving photogenerated charge separation and transfer will
also be included.

Recent studies have highlighted that the incorporation of
individual atoms into photoactive materials can serve as active
sites, thereby accelerating interfacial reaction kinetics while
improving charge separation efficiency. Single-atom catalysts
(SACs), which consist of isolated metal atoms dispersed on
suitable supports, have been extensively investigated across
various domains, including electrocatalysis,” photocatalysis,”
and biomimetic catalysis,”® owing to their high catalytic activity,
special electronic configuration, and clear active sites.

To enhance the photoelectric conversion mechanism,
accelerate the directional migration of charge carriers, and
improve interfacial reaction kinetics, effective control of the
solid-liquid interface is essential. Zhu et al. demonstrated that
well-defined Fe single-atom catalysts (Fe SACs) were effectively
integrated onto the surface of semiconductors (Fig. 5a), thereby
enhancing PEC signals through the promotion of the oxygen
reduction reaction (ORR). Fe SACs featuring atomically
dispersed FeN, active sites have been widely recognized for
their superior performance in the ORR compared to N-C.”® As
shown in Fig. 5b, the ORR activity of Fe SACs is assessed using
cyclic voltammetry (CV) in 0.1 M PBS solution (pH = 7.4) under
both N, and O, saturation. In N,-saturated electrolyte, where

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic view of the operation of the Fe SACs/Cu,O/TizC,T, PEC analytical system, with the expected photocurrent modulation

resulting from bifunctional Fe SACs. (b) CV curves of Fe SACs recorded in 0.1 M PBS (pH 7.4) under N, and O,. (c) Photocurrent responses of Fe
SACs/Cu,O/TizC,T, in the air, O,, and N, saturated-buffer electrolyte, respectively. (d) Photocurrent responses for Cu,O, Cu,O/TizC,T,, Fe
SACs/Cu,O/TizC,T,, and N-C/Cu,O/TizC,T,.*2 Copyright 2022, American Chemical Society. (e) Illustrative diagram of the PEC process based on
tuning metal active sites in the photocathode electron transport layer. (f) Work function comparison of CuO, Ni-N,O,@C, C, and Ni-N,@C. (g)
Flat band potential comparison of CuO, Ni-N,O,@C/CuO, C/CuQ, and Ni-N,@C/CuO.”” Copyright 2023, the Royal Society of Chemistry.

dissolved O, is purged, a minimal photocurrent is detected for
the Fe SACs/Cu,O/Ti;C,T,-based photoelectrode (Fig. 5c).
Subsequently, photocurrent responses of different samples
were measured under on-off light irradiation (Fig. 5d). As
anticipated, the Fe SACs/Cu,O/Ti;C,T,-modified photo-
electrode exhibits a notable PEC signal, approximately 2.2 times
higher than that of Cu,O/Ti;C,T,. The enhancement in PEC
performance can be attributed to the accelerated interfacial
ORR process, which reduces charge carrier accumulation and
minimizes interfacial charge recombination.

Notably, the strong interaction between the metal atom and
the support offers the opportunity to regulate the local envi-
ronment of the single atom, thereby modulating electron
transfer pathways. This regulation can promote the extraction
of photogenerated carriers from semiconductor materials and
subsequently inject them into the electrolytes, promoting
overall device performance.” For example, carbon-supported
nickel single atoms (Ni SA@C) with catalytic sites of Ni-N, and
Ni-N,O, were synthesized and integrated with CuO, respectively
(Fig. 5e). In terms of the built-in electric field strength formed,
due to the similarity of Eg, a similar electron extraction capa-
bility is exhibited at the semiconductor/catalyst interface
(Fig. 5f). Additionally, the flat band potential (Eg,) was
measured by the Mott-Schottky (M-S) technique in a 1000 Hz
PBS solution (pH = 7.4) (Fig. 5g). As a result, the electrons in the
CB of Ni-N,@C/CuO are more likely to react with O,, and the
driving force is greater due to the high energy level.”” This

© 2025 The Author(s). Published by the Royal Society of Chemistry

approach offers deeper insights into the contribution of cocat-
alysts, which mainly promote the surface reaction kinetics of
photoexcited minority carriers in semiconductor-electro-
catalyst photoelectrodes. In addition, the enhanced p-type
properties of nickel oxide nanocrystals significantly improve
their PEC performance in the presence of methanol as a sacri-
ficial electron donor. This study demonstrates that nanoscale
nickel oxide exhibits superior catalytic and PEC performance
compared to its bulk counterpart, primarily due to its higher
minority carrier extraction rate. Notably, the incorporation of Pt
nanoparticles further enhances the photocatalytic efficiency of
NiO. This improvement is attributed not only to Pt reducing
reaction overpotential but also to its role in facilitating elec-
tron-hole separation at the NiO-Pt interface.”

Additionally, the appropriate surface loading of oxygen
evolution reaction (OER) cocatalysts plays an important role in
terms of promoting charge separation and transport, reducing
reaction energy barriers, enhancing oxidation kinetics, and
enhancing long-term PEC performance.”” For example, the
incorporation of interfacial oxygen through O; treatment
enhances the formation of In-O-Sn chemical bonds at the
ZnlIn,S, (ZIS) and SnS, (TS) interface, resulting in a ZnIn,S,-O0;-
SnS, (denoted as ZIS-O-TS) structure. Additionally, the
distinctive morphology of ZIS-O-TS serves as an effective
cocatalyst, facilitating the transfer of photogenerated holes and
mitigating bulk recombination. Experimental results, sup-
ported by theoretical simulations, reveal that the In-O-Sn bond
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accelerates carrier transport between the interface and bulk,
increases the density of active sites, and lowers the surface
overpotential for the OER.

Through the dual effects of interface chemical bond band
regulation and cocatalysts, a significant increase in photo-
current was achieved while reducing OER overpotential,
providing a new strategy for efficient PEC performance. The
introduction of OER cocatalysts can notably improve the
stability of traditional photoanodes by increasing charge
extraction efficiency and minimizing surface self-oxidation.
However, modifying only a single cocatalyst is inadequate to
fully overcome the issues of low catalytic efficiency and
stability commonly seen in conventional photoanodes. This
limitation arises from the amorphous or porous characteris-
tics of the catalyst film, which leave certain regions of the
semiconductor exposed to the electrolyte despite the deposi-
tion of the cocatalyst. Consequently, more advanced and
precise interface engineering is required to achieve interface
strategies for high-performance PEC system.

3.2.2 Charge extraction layer. Specifically, photoelectrodes
incorporating semiconductors and cocatalysts have attracted
considerable attention due to their ability to reduce photog-
enerated charge carrier recombination, promote charge sepa-
ration and transfer, and enhance surface reaction kinetics.
However, the energy level mismatch between the semi-
conductor and cocatalyst remains a significant challenge,
hindering the efficient extraction of photogenerated carriers to
the active sites of the cocatalyst. This mismatch leads to
substantial recombination at the semiconductor/cocatalyst
interface, diminishing the thermodynamic driving force for the
interface reaction. To address this, the integration of an elec-
tron extraction layer facilitates direct electron transfer, reducing
recombination, enhancing charge separation efficiency, and
improving the interface quality. This section further explores
interface catalysis through potential electronic interactions
between the charge extraction layer and the cocatalyst, which
influence the kinetics of interface reactions. The electron
extraction layer must align with the energy levels of both the
semiconductor and cocatalyst to ensure efficient electron
transfer from the semiconductor to the cocatalyst. The inter-
action of electronic states between these components is crucial
to ensure that electrons flow through the interface unimpeded.

A novel strategy for electron extraction layers has been
introduced, combining platinum nanoclusters and iron single-
atom catalysts (Ptyc/Fe-N-C) with a semiconductor to resolve
the interface mismatch issue (Fig. 6a). Upon contact, an ohmic
contact forms between CuO and platinum nanoclusters (Ptyc),
promoting efficient carrier extraction from the semiconductor.
The solid-liquid interfacial charge transfer rate for CuO@Ptnc/
Fe-N-C (K¢ = 3.65) is found to be 4.6 and 3.1 times greater than
that for CuO (K = 0.79) and CuO@Fe-N-C (Ko = 1.17),
respectively (Fig. 6b and c), which highlights the pivotal role of
Ptye in modulating the Fe-N-C interface to enhance the
kinetics of solid-liquid interfacial reactions.* Furthermore, the
Fe SACs on the carbon supports act as stable anchors for Ptyc,
creating strong interactions that establish a distinctive Pt-Fe
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charge transfer pathway, which enhances the interfacial ORR
kinetics.

In addition, the severe electron-hole recombination at the
BiVO,/oxygen evolution cocatalyst (OEC) interface still limits
the PEC performance. Developing an efficient electron-hole
separation pathway between BiVO, and OECs is essential for
enhancing PEC performance. One promising approach to ach-
ieve this is the use of a hole extraction layer (HEL). Rapid
extraction of holes can effectively minimize charge recombina-
tion and improve the modest thermodynamic driving force for
water oxidation. A thin film of cadmium sulfide nanosheets
(CdS NSs) is deposited onto the BivVO, surface (Fig. 6d), followed
by the construction of a series of hole transport molecules (HTs)
with tunable energy band structures on the BiVO,|CdS
composite. These HT molecules are uniformly anchored on the
CdS NSs and form a monolayer via disulfide bonds. Under
suitable thermodynamic conditions, photogenerated holes are
efficiently extracted by the HTs (Fig. 6e). The oxidized HT
molecules (HT") then undergo isoenergetic hopping between
adjacent HT molecules, ultimately transferring oxidative
equivalents to the OEC. The outer surface is then coated with
a thin layer of an OEC (CoBi). This heterostructure, with its
cascading energy band alignment, strongly drives photogene-
rated holes from BiVO, to the CoBi surface, enhancing PEC
performance. Notably, the BiVO, (BVO)|CdS-triphenylamine
(TPA)|CoBi configuration exhibited the highest charge transfer
efficiency across a wide range of applied potentials, demon-
strating excellent charge separation capability (Fig. 6f). The
strategy of interface catalysis to accelerate reaction dynamics
and enhance durability has become a significant method for
improving the charge transport efficiency in PEC sensing. This
interface engineering strategy advances cocatalyst design for
enhanced energy conversion and sensing applications by
simultaneously addressing carrier dynamics and interfacial
reaction barriers.

3.3 Interface recognition

Chemical recognition of target analytes, coupled with optically
modulated electrochemical readouts, enables the precise
detection of a wide range of analytes. By strategically designing
small-molecule recognition units, dynamically modulating
interface structures, and optimizing biocompatibility, interface
recognition strategies have emerged as crucial elements in
improving the performance of PEC sensors. The integration of
these strategies in PEC sensing has led to significant advance-
ments in detection sensitivity, selectivity, and resistance to
interference. Furthermore, innovative interfacial recognition
elements have been explored to enhance exciton energy transfer
efficiency, presenting an alternative to traditional biomolecular
recognition probes. This advancement could substantially
propel the development of PEC bioassays.

3.3.1 Small molecule probes. A novel in situ sensitization
approach using small-molecule probes enables the develop-
ment of efficient PEC biosensors, replacing traditional biomo-
lecular recognition elements. In situ sensitization refers to
a real-time and dynamic interface functionalization strategy in

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06181d

Open Access Article. Published on 16 September 2025. Downloaded on 6/30/2026 3:09:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Chemical Science
a bs c 4
——CuO dark 3.65
CuO@Fe-N-C Tip light
—— CUO@Pt,Fe-N-C 3
% 234
Fe¥*, , Fe?| §
yi o 21
o
— =
\;: 1.17
i * 14 0.79 0.84
light X 0.61
T T 0
0 1 2 3 4 CuO  CuO@Fe-N-C CuUO@Pt,Fe-N-C
L=d/ry
d e f
H,O 1 1.0
2|, e P >
= 208
g. _e 02\.« Q)\"_L h* h _é
| “Ho 57 L L € o6
2 Q/‘\ ‘T T et
b% % e G __— "=~ BVO|CdS-TPA[CoBi
> “*1 ® —— BVO|CdS-PTZ|CoBi
o _th > @ / wtsv0|cas-CZ|chi
Q} w [= ] —
- 021 """ svolcasicosi
€ —— BVO|CoBi
N 0.0
04 06 08 10 12

Fig. 6

Potential (V vs. RHE)

(a) Design principles of photoelectrodes for strategies involving dual interface modulation. (b) SECM feedback mode approach curves
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light and dark conditions.8® Copyright 2025, Springer Nature. (d) Preparation of the BVO|CdS-HT|CoBi photoanode. (e) The process of
photogenerated carrier transfer. (f) Charge transfer efficiency obtained from IMPS spectra of different photoanodes at various potentials.®*

Copyright 2022, American Chemical Society.

PEC sensing. Its core is to trigger the generation or signal
amplification mechanism of photoactive materials directly on
the electrode surface through the specific binding of small
molecule probes to target substances. For example, small
molecule silane probes are modified on the surface of graphitic
carbon nitride to form a stable interfacial layer (SP-C3N,)
through chemical bonding (Fig. 7a). This design not only avoids
the inhibition of photoelectric signals by the insulation of
traditional biomolecules such as antibodies, but also generates
Si nanoparticles (SN-C3;N,) in situ through a specific reaction
between silane and the enzyme-catalyzed hydrolysis product
hydroquinone, constructing a Si/g-C;N, heterojunction inter-
face. This facilitates electron transfer from Si NPs to g-C3N, with
O-Si bonds as energy transfer channels, leading to a strong
built-in electric field.**

Photocurrent regulation in PEC systems is achieved through
fluorescence resonance energy transfer (FRET), where the
emission of the energy donor is modulated by the target SO,
concentration, influencing the photocurrent of the photoactive
material.*® This light-modulation approach circumvents selec-
tivity issues, while the fabricated PEC microelectrodes demon-
strate commendable stability and reproducibility in vivo. A
coumarin dye, cSO,, selectively binds SO,, serving as both the
recognition unit and energy acceptor. FRET between upcon-
version nanoparticles (UCNPs) and ¢SO, is governed by SO,
levels, while UCNP luminescence modulates the photocurrent
of CdTe quantum dots combined with multiwalled carbon
nanotubes (CdTe/MWNTSs). This FRET-modulated PEC sensor
exhibits high selectivity for SO,. In ex vivo studies, sulfite, rep-
resenting SO, in equilibrium with bisulfites and sulfites in
biological systems, was used to probe the PEC microelectrode's

© 2025 The Author(s). Published by the Royal Society of Chemistry

photocurrent response, which correlates with sulfite concen-
tration, enabling quantitative detection. Since SO, equilibrates
with aqueous bisulfites and sulfites (1:3, m/m) in biosystems,
sulfite was used to represent SO, in ex vivo investigations. The
photocurrent signal of the PEC microelectrode was dependent
on the concentration of sulfite, providing an opportunity to
quantitatively detect the target. Besides, this FRET-based PEC
coupling signal amplification strategy achieves a detection limit
as low as 46.5 nM. Moreover, this approach can be generalized
to detect other small molecules (e.g., NO and H,S) by replacing
the dye recognition units with aptamers or metal-organic
frameworks, offering a versatile platform for the in vivo moni-
toring of electrochemically inactive species. Additionally, by
establishing the quantitative structure-activity relationship
model of “crystal configuration molecular recognition carrier
transport”, the three-dimensional layered TiO, nanoflower (3D
HTNF) photoelectrode with the {110} plane as the main surface
has been developed.®* An integrated PEC biosensor was further
developed by combining a microelectromechanical system
(MEMS) signal acquisition module. It has been demonstrated
through experimental means that the specific recognition of
uric acid (UA) molecules on the crystal surface can trigger
a significantly positive photocurrent response, which elucidates
the interplay mechanism of the crystal surface tuning energy
band structure and the interfacial kinetics of response.®**®
3.3.2 Docking mode recognition. Traditional biosensors
rely on biological recognition units, such as antibodies and
aptamers, which suffer from fragility, irreversible binding, poor
selectivity, and susceptibility to degradation in vivo, limiting the
performance of implantable sensors.®”~*° Recently, Zhang et al.
developed photoelectrodes that utilize atomic anchoring

Chem. Sci., 2025, 16, 18005-18022 | 18013
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response of NE with the chemical structure of NEoy representing the final NE reaction product.?” Copyright 2025, Springer Nature.

technology for the precise immobilization of antibiotic mole-
cules, enhancing target molecule recognition. The atomic
dispersion of Cu atoms on a TiO,_, substrate (Cu;-TiO,_,)
provides a promising approach to creating synergistic
anchoring sites, thereby facilitating the efficient and selective
capture of tetracycline (TET) molecules (Fig. 7b). The recogni-
tion mechanism of tetracycline (TET) on Cuy-TiO,_, is shown
in Fig. 7c, where Cu single atoms on the TiO,_, surface coor-
dinate with the dual-carbonyl group of TET (red, Fig. 7d), and
adjacent Ti sites bond with its dual-hydroxyl group (blue,
Fig. 7d). This triple-site recognition unit selectively captures
molecules with a matching structure, significantly improving
selectivity and avoiding false positives. The strong interaction
between recognition unit elements on the electrode surface
eliminates the need for biological components, ensuring
stability and robustness for in vivo applications. FTIR and
Raman spectra confirmed selective TET adsorption on Cu;-
TiO,_,, validating the triple-site recognition strategy (Fig. 7e
and f). By exploiting these molecular interactions, implantable
PEC sensors with Cu;-TiO,_, photoelectrodes, encapsulated in
an antifouling layer formed via in situ metal-organic framework
synthesis, enable the selective capture and identification of TET
molecules, allowing long-term in vivo monitoring of TET
metabolism.”

18014 | Chem. Sci., 2025, 16, 18005-18022

Similarly, a Zn single-atom (Zn,-TiO,) PEC biosensor inte-
grated onto a TiO, substrate has been developed for selective in
vivo detection of norepinephrine (NE). The biosensor employs
a cooperative three-point molecular recognition mechanism for
NE binding to Zn;-TiO, (Fig. 7g). Specifically, the o-phenol
hydroxyl group of NE coordinates with two Ti ligands, and the
hydroxyl and primary amine groups form a stable five-
membered ring with Zn single atoms, facilitating a “lock-in”
binding mode at the cooperative atomic anchor sites (Fig. 7h).
This interaction enhances NE adsorption, while photogene-
rated holes oxidize NE to NEgx, which detaches from the Zn,—
TiO, surface. In contrast, dopamine (DA) and epinephrine (EP)
are unable to bind due to the steric hindrance and lack of dual
recognition sites.*” Thus, the Zn,;-TiO, photoelectrode enables
the precise detection of NE, distinguishing it from DA and EP.
The Zn,-TiO, electrode shows significantly greater photocur-
rent variation in response to NE, even at 50-fold higher
concentrations of DA and EP, confirming its selective detection
capability. Additionally, the biosensor distinguishes NE from
serotonin (5-HT) and its metabolites (DOPET and DOPEGAL)
and other potential interferents, including artificial cerebro-
spinal fluid (aCSF). These findings underscore the promising
potential of Zn,-TiO, for selective recognition of NE, showing
superior anti-interference ability even in the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The advantages and disadvantages of the three types of interface engineering
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Samples

Type

Advantages

Disadvantages

Charge transfer channel Zn-Ce0,/g-C;3N, (ref. 45)

Pt-CeO,/CuTCPP(Fe) (ref. 40)

CuTCPP(Cu)/CuTCPP(Fe) (ref. 62)

Interface catalysis Fe SACs/Cu,O/Ti;C,T, (ref. 32)

Ni-N,@C/Cu (ref. 77)

CuO@Ptyc/Fe-N-C (ref. 80)
Interface recognition SN-C3N, (ref. 82)
CdTe/MWNTs (ref. 83)

Zn,;-TiO, (ref. 87)

Realizing the conversion of
heterojunction types

Regulating chemical bonds to
reduce the carrier transport
distance

Enhancing interfacial interaction
and shortening the carrier transport
distance

Investigate the interface catalytic
mechanism at the atomic level by
accelerating the ORR

Enhance the reaction driving force
and reduce the barriers to
photoelectron migration

Achieve rapid carrier extraction and
improve interfacial reaction kinetics
Outstanding accuracy and excellent
anti-interference ability
Molecular-level specificity and high
sensitivity

Docking recognition mode exhibits

Continuous control of delicate
Fermi levels is required
Tuning the lattice atoms of the
semiconductor is required

Materials with a large interface
contact area are required

The preparation process of SACs is
complex

Atomically dispersed metal sites are
required

The high cost of noble metal
cocatalysts

Large-scale fabrication of complex
heterojunction structures

Specific requirements on the dye
molecules

Relies on the specific structural

excellent selectivity and stability

complex in vivo environments. The biocompatibility of TiO,,
combined with the stable coordination environment provided
by the single zinc atom, ensures the long-term stability and
reliability of the sensor for in vivo applications. In PEC
biosensors, interface recognition is the core hub of signal
conversion and amplification. It potentially improves the
performance of traditional biosensors by reverse design of
customized adsorption sites for specific target molecules and
synergistic enhancement of photogenerated carrier separation
efficiency. Therefore, interface engineering has become the
most critical breakthrough in improving PEC performance by
precisely regulating dominant charge separation and interface
reaction kinetics. Finally, we have summarized the advantages
and disadvantages of the three interface engineering strategies
by comparing the representative materials (Table 1).

4 PEC sensors for new pollutant
detection

New pollutants are a broad concept that, compared to tradi-
tional pollutants, refers to any artificially synthesized or natu-
rally occurring chemicals or microorganisms that exist in the
environment and may cause toxic effects and health hazards.
We call these compounds new pollutants. Substances such as
POPs, antibiotics, microplastics and endocrine disruptors pose
considerable environmental risks due to their high toxicity,
bioaccumulation potential, and persistent removal challenges.
The advancement of interface engineering in PEC sensors has
significantly augmented their potential for monitoring
emerging pollutants. Through the optimization of electrode
material catalytic performance and selectivity, PEC sensors can
now sustain high stability and reliability even under complex

© 2025 The Author(s). Published by the Royal Society of Chemistry

features of target molecules

environmental conditions. Notably, the utility of PEC sensors
extends beyond controlled laboratory settings, demonstrating
substantial applicability for in situ monitoring with remarkable
flexibility. Consequently, PEC sensors are poised to drive the
future of novel pollutant detection technologies, contributing to
global environmental protection efforts and addressing the
evolving environmental and public health challenges posed by
new pollutants. This strategic focus on diverse environmental
targets highlights the adaptability of PEC sensors in addressing
various pollutants. Interface engineering exhibits excellent
performance in terms of catalytic activity, selectivity, and
stability, establishing PEC sensors as essential tools for real-
time, on-site monitoring in pollution control and regulatory
compliance.

4.1 Persistent organic pollutants

POPs are hazardous to the environment and humans because of
their high persistence, bioaccumulation, and toxicity.*®* The
widespread use of POPs in daily life has resulted in contami-
nation of ground and surface water worldwide.*>*® In vivo
tracking of POPs is crucial for evaluating their ecological and
health risks. Existing detection methods are hindered by lethal
sampling, complex sample preparation, or bulky equipment.
PEC sensing offers high sensitivity with simple instrumenta-
tion, providing a more efficient alternative and is a rapidly
developing in vivo analysis method. A major challenge for in vivo
PEC sensors is the separation and implantation of multiple
electrodes and light sources, leading to issues like biological
contamination, electroactive molecule interference, and
uncertain electrode placement.

To address this, Li et al. developed a coaxial implantable
optical fuel microsensor, integrating a fiber-based photoanode
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within a glass capillary (GC)-based biocathode. This sensor
detects 3,3',4,4’-tetrachlorobiphenyl (PCB77) with an ultra-low
detection limit of 2.8 fg mL™". The integrated self-powered
platform, shown in Fig. 8a, allows in vivo tracking of POPs in
freely swimming fish brains. As illustrated in Fig. 8b, the pho-
toactive Ag,S-Bi,S; on the optical fiber (OF) generates electron—
hole pairs when excited by red light, while the AA fuel in the GC
helps separate the pairs. Due to the band matching between
Ag,S and Bi,S;, the excited electrons in Bi,S; transfer to Ag,S
with a relatively negative Eyg, then migrate to multiwalled
carbon nanotubes (MWNTs) and OF/Au, and finally reach the
GC/Au cathode through an external circuit, generating elec-
tricity. Addition of PCB77 forms an Apt-PCB77 complex on the
cathode, hindering electron-hole pair separation and reducing
open-circuit potential (OCP). This sensor can be easily adapted
for detecting other pollutants or biomolecules in vivo.**
Additionally, a 3D layered Cu,SnS;@SnS, flower with
a sandwich Cu,SnS;-SnS,-Cu,SnS; double interface hetero-
junction assembled from petal-like lamellae was successfully
designed and synthesized for PEC sensors, as shown in Fig. 8c.
The unique double interface heterostructure combines the 3D
flower structure at the same time, which greatly increases light
absorption. The composition ratio of Cu,SnS; and SnS, is
controlled by adjusting the electrodeposition time, so that the
Cu,SnS;@SnS, heterojunction exhibits a dual-mode signal. The
Cu,SnS;@SnS,/FTO electrode demonstrates excellent photo-
electron reduction for ultra-sensitive detection of trace nitro-
benzene (NB) and photoelectron oxidation for selective
detection of r-cysteine (1-Cys) without enzymes under light.®

€ e
v PCB77 aptamer/

¥
Bi,S;-Ag,S/MWNT/ 1/
optical fiber photoanode

a

............. . glass capillary biocathodei

Nafion 117 membrane
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4.2 Antibiotics

Quinolones from the 1980s have emerged as vital agents in the
treatment of bacterial infections, owing to their broad-spectrum
efficacy and established safety profiles. Well-known compounds
such as norfloxacin, ciprofloxacin, and ofloxacin have garnered
considerable attention in both veterinary and human medicine.
However, the extensive use of quinolone antibiotics has resulted
in their pervasive presence in environmental systems, raising
significant concerns regarding their potential effects on human
health and ecosystems. Furthermore, the persistence of these
residues contributes to the alarming rise in antibiotic resis-
tance, presenting a toxicological threat to aquatic organisms.**
Consequently, the trace detection and quantification of these
pollutants have become critical for monitoring environmental
systems, as well as food and biological samples.

To detect multiple targets, it is very important to develop
a bias potential-addressing PEC biosensor. A bias potential-
controlled PEC aptasensor for simultaneous detection of
enrofloxacin (ENR) and ciprofloxacin (CIP) using CulnS,/3DNG
and Bi**/B-TiO,/rGO was developed (Fig. 9a). Subsequently,
selectivity experiments were conducted on the adapter sensor
with other antibiotics, including tetracycline (Tc), tobramycin
(TOB), and sulfamethoxazole (SDZ). By showing that these
antibiotics compete with ENR and CIP, the change in photo-
current intensity is relatively small, confirming that the sensor
exhibits high selectivity for detecting ENR and CIP. Potentio-
metric photocurrents revealed distinct cathodic and anodic
currents for ENR (CulnS,/3DNH) and CIP (Bi**/B-TiO,/rGO),
respectively. The sensor showed wide linear ranges (ENR: 0.01-

/
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(a) Schematic diagram of the implanted photofuel microsensor for self-powered in situ detection of POPs in a swimming fish brain using

a coaxially integrated photoanode biocathode light source platform. (b) Schematic illustration of the developed sensor structure and its sensing
mechanism for PCB77.%* Copyright 2023, American Chemical Society. (c) Schematic of the sensing mechanism and charge transfer in the double
p—n heterojunction Cu,SnSs@SnS, PEC system.®2 Copyright 2019, Elsevier.
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(a) Fabrication of the PEC aptasensor for detecting two antibiotics.®* Copyright 2021, Elsevier. (b) Preparation of the sensor platform.®®

Copyright 2021, American Chemical Society. (c) Schematic illustration of the PEC aptasensor for OTC detection based on the Bi/BiVO4/g-CzN4
heterojunction.®® Copyright 2020, Elsevier. (d) Construction process of the PEC POCT platform for detecting DBP.*” Copyright 2023, Elsevier.

10000 ng mL ™", CIP: 0.01-1000 ng mL ") and low detection
limits (3.3 pg mL~" for both). Detection in milk samples high-
lights the potential of sensors for simultaneous antibiotic
contaminant monitoring in food.**

Recently, a self-powered PEC aptasensor for oxytetracycline
(OTC) detection was developed, featuring a dual Z-scheme
photoanode and an aptamer-based cathode. The photoanode
was constructed by modifying a fluorine-doped tin oxide (FTO)
electrode with a ternary WO;/g-C;N,/MnO, composite,
leveraging the dual Z-scheme heterostructure for enhanced
photocurrent generation. A reduced graphene oxide/Au nano-
particle (rGO/Au NP)-modified FTO electrode served as the
cathode, replacing traditional noble metal catalysts (e.g, Pt) to
reduce cost and eliminate the need for oxygen supply. By
combining an aptamer with 6-mercaptohexanol (MCH) for
target capture, the cathode achieved both selective recognition
of OTC and the formation of a well-aligned DNA monolayer.

This design enabled sensitive, selective, and stable OTC
detection by separating light-harvesting and recognition steps.**
Meanwhile, the Z-scheme heterojunctions, consisting of an
electronic mediator and semiconductors with complementary
band gaps, not only significantly improved the separation effi-
ciency of photogenerated charge carriers, but also maintained
the strong redox ability of electrons and holes. A novel three-
component Z-scheme heterojunction, comprising Bi/BiVO,/g-
C;N,, was synthesized via an in situ reduction process using
NaBH, as the reducing agent. The plasmonic Bi metal bridges
BivO, and g-C;N,, enabling Z-scheme formation and enhancing
electron-hole pair separation (Fig. 9c). The PEC aptasensor

© 2025 The Author(s). Published by the Royal Society of Chemistry

demonstrates OTC detection with a wide linear range (0.01-
1000 nM) and a low detection limit of 3.3 x 107> nM.*®

4.3 Microplastics

Global concern over micro- and nano-plastics (MNPs) has risen
due to their ubiquity and associated risks. Accurate MNP
detection is essential for understanding their environmental
fate, transformation, and toxicity. Inadequate recycling and
uncontrolled emissions have resulted in substantial plastic
waste, which may degrade under ultraviolet radiation,
mechanical wear and biodegradation, and finally form micro-
plastics (MP, 1 pm to 5 mm). In the contemporary environ-
mental landscape, the pervasive distribution of micro/
nanoplastics constitutes a dire threat, necessitating the advent
of innovative remediation strategies.

As the main harmful additive released by microplastics and
nanoplastics, the identification of dibutyl phthalate (DBP) in
complex matrices has attracted increasing attention from
environmental monitoring and food safety. Cu,O/CuzSnS,
nanoflowers used as photoactive materials were first prepared,
which can be constructed as a PEC point-of-care test (POCT)
based on smartphones (Fig. 9d). The effective energy level
matching between Cu,O and Cu;SnS, accelerates the transfer of
photo-generated electron-hole pairs, significantly improving
the performance of intelligent PEC POCT. Cu,0O/CuzSnS, has
been proven to be a Z-type heterojunction through DFT calcu-
lations. Competitive immunoassay was achieved on the Cu,O/
Cu;SnS, modified electrode, significantly reducing the photo-
current signal and enhancing POCT sensitivity. Smartphones

Chem. Sci., 2025, 16, 18005-18022 | 18017
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have been used to record and transmit PEC results. Under
the PEC POCT system demonstrates
a linear range of 0.04-400 ng mL " and a low detection limit of
7.94 pg mL™" in real samples, along with excellent stability,
reproducibility, repeatability, and selectivity. It shows strong
performance and practicality for DBP detection in water and
edible oil samples.®”

In contrast to the traditional three-electrode system, the self-
powered sensor omits the need to combine photoelectric signal
conversion and biometrics on the same electrode. The photo-
cathode is dedicated solely to the immuno-recognition process,
while the photoanode serves to enhance the photoelectric
signal, thereby improving both the stability and sensitivity of
the sensor. A self-powered PEC portable sensor (Fig. 10a)
combines a photocathode and photoanode for precise, sensi-
tive, and user-friendly detection of polystyrene microplastics (PS
MPs). Under optimal conditions, it achieves a detection limit of
0.09 ug mL " and a linear range of 0.5-1000 pg mL~". Notably,
the sensor exhibits robust resistance to interference from heavy
metal ions and organic compounds, maintaining an accuracy
exceeding 97% even in the presence of such contaminants.”®

optimal conditions,

4.4 Endocrine disruptors

Although endocrine-disrupting chemicals have low concentra-
tions in water, once they enter an organism, they can accumu-
late and be transmitted from one to another through the food
chain, which can lead to cancer or problems with the
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reproductive and endocrine systems. The self-purification
ability of water can alleviate environmental pollution problems
to a certain extent, but the continuous accumulation of endo-
crine-disrupting chemicals will still exceed the self-purification
ability of water. Therefore, it is particularly necessary to effec-
tively remove endocrine-disrupting chemicals from water.

The interaction between PEC semiconductor nanomaterial
sensitive interfaces and microscopic substances has created
infinite potential for effective detection of endocrine disruptors.
A highly efficient PEC aptamer sensor, based on Cu;BiS;
sensitized CuV,0, nanocomposites, demonstrates excellent
visible light PEC performance for the detection of bisphenol A
(BPA) (Fig. 10b). By integrating Cu3BiS; nanosheets as photo-
sensitizers, CuV,0s nanowire structures synthesized using
a simple hydrothermal method were sensitized. The alignment
of the band gaps between Cu;BiS; and CuV,O, facilitates
a stable PEC response, leading to an effective interface struc-
ture. The surface of the CuV,0,/Cu;BiS; electrode is function-
alized with a BPA-specific aptamer, which can specifically bind
to BPA and accurately quantify its content. The resulting sensor
exhibits a broad detection range from 5.00 x 10" to 5.00 x 10*
ng mL ", along with a low detection limit of 1.60 x 10" ng
mL ™' (S/N = 3). Notably, the sensor maintains its stability,
repeatability, and reproducibility even after 20 testing cycles
and prolonged storage.”” A novel PEC aptamer sensor for
selective BPA detection was developed using ZnO nanopencils
activated by Au nanoparticles (Fig. 10c) and surface plasmon
(SPR). Light irradiation induces a higher
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(a) Schematic diagram of the construction process of a self-powered portable PEC sensor based on a dual-photoelectrode.®® Copyright

2025, Elsevier. (b) Schematic diagram of the PEC aptasensor construction process.®® Copyright 2024, Springer Nature. (c) Illustrative diagram of
the PEC aptasensor working mechanism for bisphenol A (BPA) using Au-decorated ZnO nanoarrays.*°® Copyright 2016, Elsevier. (d) Illustration of
the BiOI/ZnO NR PEC aptasensing platform for DEHP and the construction steps of the platform. (e) The detection recognition mechanism for

DEHP.*°* Copyright 2024, Elsevier.
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photocurrent in Au/ZnO nanoparticles due to hot electrons
from excited gold nanoparticles, compared to pure ZnO. The
selectivity of the PEC aptamer sensor for BPA was evaluated by
comparing its response to several other common bisphenol
compounds, including 4,4’-bisphenol, 6F-bisphenol A, and bi-
sphenol B, all at a concentration of 60 nmol L™". The interfer-
ence from these species was minimal, with no more than a 6%
impact on BPA determination. This can be attributed to the
high specificity of the aptamer for BPA, indicating that the
prepared PEC aptamer sensor has superior selectivity. BPA
binding induces a conformational change in the aptamer to a G-
quadruplex structure, blocking photogenerated electron trans-
port. The sensor successfully detects BPA in drinking water and
liquid milk samples.*®

A PEC biosensor for bis(2-ethylhexyl) phthalate (DEHP)
detection was developed using BiOI/ZnO nanoarrays (NRs) as
transducers and DEHP aptamers as recognition elements
(Fig. 10d and e). ZnO NRs, prepared via hydrothermal synthesis,
enhance light absorption due to their large surface area. The
combination of BiOI and ZnO NRs promotes visible light
absorption and charge carrier separation via the built-in electric
field, yielding a strong photocurrent response. The sensor
demonstrates high sensitivity, selectivity, and reproducibility
(RSD = 1.6%) for DEHP detection.**

5 Conclusion and outlooks

Compared to traditional bulk material modification, interface
engineering directly acts on the final utilization of photogene-
rated carriers, breaking through the bottlenecks of charge
separation efficiency, reaction kinetics, and stability through
multidimensional structural design and functional integra-
tion.'>'*® The semiconductor/electrolyte interface is critical for
achieving efficient and stable photoelectrodes and has attracted
considerable attention.'**'®> Various interface engineering
strategies have been extensively developed, driving rapid
advances in the PEC field.

In this review, we first introduced the principles, challenges
and advantages of PEC sensing. Then, the interface engineering
breaks through the sensitivity and stability bottlenecks of
traditional sensing technology by regulating the charge trans-
fer, surface reaction kinetics of photoelectrodes and the novel
sensing interface. Finally, the application of PEC sensors based
on interface engineering for new pollutant detection was di-
scussed. Moreover, the current interface engineering strategy
still has limitations, such as the high cost of noble metal
cocatalysts and challenges in large-scale fabrication of complex
heterojunction structures. Nevertheless, further insights are
required to enhance photoelectrode performance, and real-
time, in situ monitoring can provide valuable information for
this purpose. To design an effective interface for PEC sensing,
several factors need to be considered.

5.1 Dynamic interface modulation

Effective real-time tracking and in situ measurement can
provide important information, such as composition changes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and interface changes in the PEC process, which is very
important for determining the modification strategy. Using
multiple quantitative and visual experiments for collaborative
characterization is becoming increasingly necessary. This
dynamic modulation not only improves charge carrier separa-
tion but also facilitates more efficient charge transfer, thus
maximizing the photoelectric response.

5.2 Biomimetic transfer channel engineering

In the natural photosynthesis system, efficient electron flow is
achieved through an electron transport chain (ETC), enabling
effective directional migration for charge separation. More-
over, the two photosynthetic systems that undergo oxidation
and reduction reactions in natural photosynthesis are spatially
separated. This emphasizes the potential for collaboration
between PEC and biomimetic technology, as demonstrated by
the complex photosystem I (PSI) and photosystem II (PSII)
systems inherent in photosynthesis. Within this process, the
ETC orchestrates the efficient transfer of electrons between
PSII and PSI, facilitating effective charge separation. Notably,
PSI and PSII engage in distinct oxidation and reduction reac-
tions, occurring in physically separated structural domains,
which is crucial for their functional coordination in energy
conversion. This inspires us to design artificial photosynthetic
systems that simulate natural photosynthesis by combining
spatially separated redox sites and directed charge transfer
pathways.

5.3 Interfacial catalytic mechanisms

The understanding and optimization of interfacial catalytic
mechanisms are paramount to improving the overall efficiency
of PEC sensing systems. At the interface between photoactive
materials and the electrolyte, catalytic processes govern key
reactions, such as charge transfer and redox processes. The
investigation of reaction kinetics at interfaces, coupled with the
identification of reaction intermediates and the clarification of
the roles played by surface interactions and catalytic sites, offers
critical insights into the fundamental mechanisms underlying
these processes.

5.4 Multiple-target recognition interface

Advancements in PEC sensing also depend on the development
of novel strategies for interface recognition. The selective
detection of target analytes relies on the design of interfaces
that can specifically interact with molecular species of interest.
This requires the incorporation of recognition elements, such
as functionalized surfaces, molecular imprinting, or tailored
receptor molecules, to facilitate selective binding and recogni-
tion at the interface. By integrating these strategies, PEC
sensors can achieve enhanced specificity, ultrahigh sensitivity,
and a wider dynamic range, enabling the simultaneous detec-
tion of multiple new pollutants in complex environmental
matrices. Such advancements will significantly improve the
monitoring of new pollutants, supporting timely risk assess-
ment and regulatory decision-making.
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