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ABSTRACT: The application of photocathodes in photoelectrochemical (PEC) devices is
constrained by the low efficiency of light-induced electron—proton coupling and interfacial
charge transfer. Herein, the nanoheterojunction structure formed by BiFeO; and CuO exhibits
broad visible-light absorption and an adjustable photogenerated carrier separation potential.
Based on this, we demonstrate that rapid ion adsorption in copper hexacyanoferrate (CuFe
HCF)-modified cathode materials in the liquid phase can significantly enhance electron
coupling efficiency. Precise modulation of the electron—ion receptor characteristics of the
cathode materials enables targeted optimization of the coupling process, thereby improving the
separation and transport efficiency of photogenerated charge carriers in the ion-assisted
photoelectrochemical (IAPEC) system for the target recognition response. Furthermore, the
incorporation of a microfluidic system physically isolates the automatic sampling recognition
zone from the photoelectrochemical detection zone, fully exposing the active sites of the
photoelectrochemical cathode material for detection. The IAPEC biosensing achieves highly
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efficient detection of the marine pollutant okadaic acid toxin, featuring a low detection limit of 23.1 pg/mL and a broad linear range
of 0.1-200 ng/mL. This dual-engineering strategy not only overcomes the long-standing limitations of standard PEC systems but
also establishes a foundational framework for designing efficient biosensors for marine environmental monitoring.

B INTRODUCTION

Prussian Blue Analogues (PBAs) are a class of functional

In recent years, the interdisciplinary development of photo-
electrochemical (PEC) and microfluidic technologies has
opened new opportunities for designing efficient and sensitive
biosensing platforms.'~" The core of PEC technology lies in
the separation and transport of photogenerated charges, where
the efficiency of electron—hole separation is a critical
determinant of performance.”'’ Traditional PEC systems
are inherently limited by rapid recombination of photo-
generated carriers and unfavorable charge-transfer kinetics at
the interface, resulting in generally low energy conversion
efficiency.'"'> To address these challenges, researchers have
focused on developing novel functional materials and
innovative architectures to enhance carrier separation
efficiency and interfacial charge-transfer rates."*~'® For
instance, the introduction of nanomaterials (e.g., graphene,17
carbon nanotubes,'® and metal—organic frameworks'®) has
been employed to improve charge separation efliciency, while
strategies such as plasmonic resonance effects and electro-
chemical signal amplification have been utilized to enhance
detection sensitivity.”’">’ These innovative studies provide
new perspectives and directions for optimizing PEC-based
biosensor performance.”*** Microfluidic systems, by precisely
controlling sample delivery and reaction conditions, signifi-
cantly irnzprove the sensitivity and selectivity of analyte
detection.”®?’ Consequently, advancements in microfluidic
technology have provided critical support for enhancing the
performance of PEC sensors.”””’
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materials characterized by three-dimensional open frame-
works,*”*' which have garnered significant attention due to
their exceptional ionic intercalation properties and electro-
chemical performance.*”*> The chemical composition of
conventional PBAs is typically represented as AM[Fe-
(CN)gl,(1-y)H,O, where iron and M are coordinated to
six cyanide groups via Fe—C and M—N bonds, forming
octahedral structures.”® The three-dimensional open-frame-
work structure of PBAs provides extensive pathways for ion
migration, enabling rapid ion insertion and extraction.>>*® This
feature significantly enhances the charge storage capacity and
electron transfer efficiency.”” Counterions A and H,O
molecules occupy the internal spaces of the framework,
transforming the open-framework lattice into cubic, mono-
clinic, rhombic, or triclinic structures.*® The three-dimensional
open-framework structure of these materials allows for the
reversible insertion and extraction of ions such as H* and
Na*.*” In the field of photocatalysis, PBAs have been
successfully utilized as photoanode and photocathode
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Scheme 1. Okadaic Acid Detection in a Microfluidic Chip
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materials, with their ionic intercalation properties playing a
critical role in enhancing light responsiveness and overall
device performance.*”*' The ability of PBAs to regulate
electrode electronic properties through ionic intercalation
makes them highly promising candidates for designing high-
performance photocatalytic sensors. Notably, copper hexacya-
noferrate (CuFe HCF) materials, which exhibit Cu*/Cu?** and
Fe?*/Fe®* redox couples, demonstrate excellent electro-
chemical activity, effectively facilitating the transport and
separation of photogenerated electrons.””** This further
highlights their potential for applications in PEC systems.

Bismuth-based semiconductor nanomaterial BiFeO; has
become a research hotspot due to its suitable bandgap of
~2.2 eV, low toxicity, ease of synthesis, and high stability.***
CuO, p-type semiconductor materials with a bandgap width of
~1.4 eV, exhibit excellent light absorption properties in the
visible-light range.** The band structures enable the formation
of effective charge transfer pathways in heterojunctions,
facilitating the separation of photogenerated electron—hole
pairs and thus offering potential for enhanced PEC conversion
efficiency.”” Based on these properties, this work developed an
innovative ion-assisted PEC (IAPEC) microfluidic biosensing
platform that fully leverages the superior characteristics of
BiFeO;/CuO composite materials and CuFe HCF. The ion-
embedding property of CuFe HCF significantly enhances the
electron—ion coupling effect, effectively promoting the
separation of photogenerated electron—hole pairs in BiFeO;/
CuO and amplifying the PEC signal. Furthermore, CuFe HCF
exhibits peroxidase-like nanoenzyme activity, enabling the
catalytic conversion of hydrogen peroxide, released during the
aptamer-based biorecognition process, with 4-chloro-1-naph-
thol (4-CN) to form precipitates on the photoelectrode
surface. This process restricts the influence of ion diffusion on
the electron—ion coupling process. By integrating microfluidic
technology, the platform achieves precise control over analyte
flow, further optimizing sensor performance. The innovative
design of the electro-ion storage layer not only provides new
insights into the design of high-performance photocatalytic
materials and PEC-based biosensing platforms but also lays a
foundation for their practical applications in biomedical
diagnostics and environmental monitoring.
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B EXPERIMENTAL SECTION

Preparation of CuFe HCF and BiFeO;/CuO/CuFe HCF

CuFe HCF was grown on the surface of BiFeO;/CuO using the
successive ionic layer adsorption and reaction (SILAR) method. First,
the prepared BiFeO;/CuO substrate material was immersed in a 1
mM CuCl, solution for 10 s. Subsequently, it was immersed in a 1
mM K,[Fe(CN)g] solution for another 10 s. The CuFe HCF layer
was formed on the surface of BiFeO;/CuO. After repeating the above
immersion process in the two solutions 5 times, the surface of the
sample was rinsed with deionized water, and finally, the BiFeO;/
CuO/CuFe HCF composite material was obtained.

The synthesis of CuFe HCF was achieved by combining 20 mL of
5 mM CuCl, and K,[Fe(CN)g], and continuously stirred at 30 °C for
2 h. Then, the reaction solution was centrifuged to separate the
precipitate. The precipitate was alternately washed with ultrapure
water and absolute ethanol by centrifugation S times. The resulting
material was then subjected to vacuum desiccation at 60 °C to yield
the final CuFe HCF product.

Procedure of Okadaic Acid Detection in a Microfluidic
Chip

According to Scheme 1, on the prepared microfluidic chip, the gas-
film switch was turned on to separate the PEC reaction zone from the
target recognition zone. In the target recognition zone, 20 uL of
magnetic beads-aptamer (MB-Apt), 20 uL of complementary DNA-
polydopamine-glucose oxidase (cDNA-PDA-GOD), 20 uL of 0.1%
bovine serum albumin (BSA), and 20 uL of okadaic acid (OA) at
different concentrations were successively injected through different
injection ports. Each step of the reaction was carried out under
oscillation at 37 °C for 1 h. After the reaction, magnetic separation
was performed on the reaction solution, and it was washed with PBS.
Subsequently, 20 uL of 0.1 M glucose solution was added. After 30
min, the gas membrane was opened, and the solution was transferred
to the PEC detection zone. During this period, 20 yL of 5 mM 4-CN
was injected through the injection port. After 20 min, the solution was
drained and washed. Finally, the air film switch was turned off to
separate the target recognition from the PEC detection zone again.
The microfluidic chip was positioned under a 100 mW/cm? LED light
source for experimental analysis in a 0.16 M Na,SO, solution at zero-
bias conditions. The detailed structure diagram and physical image of
the microfluidic chip are presented in Figure SI.
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Figure 1. (A) XRD images of BiFeO;, CuO, and CuFe HCF; (B) XRD images of BiFeO;/CuO and BiFeO,;/CuO/CuFe HCF; (C) UV—vis image
of BiFeQ;, CuO, CuFe HCF, BiFeO;/Cu0, and BiFeO;/CuO/CuFe HCF; SEM images of (D) BiFeO;, (E) CuO, (F) BiFeO;/CuO, and (G)
BiFeO,/CuO/CuFe HCF; (H) SEM mappings of BiFeO;/CuO/CuFe HCF.

B RESULTS AND DISCUSSION

Characterization of Materials

A composite structure of BiFeO;/CuO/CuFe HCF was
prepared via the sol—gel method, hydrothermal, and SILAR
method, as shown in Scheme 1. The crystal structures of
BiFeO;, CuO, CuFe HCF, and their composite were
investigated by X-ray diffraction (XRD) analysis. The XRD
pattern of the BiFeOj; thin film exhibited characteristic peaks
with lattice constants consistent with JCPDS card No. 82—
1254 in Figure 1A. CuO showed distinct peaks at 35.5°, 38.7°,
and 48.7°, corresponding to the (—111), (111), and (—202)
planes of CuOQ, respectively, and its lattice constants matched
JCPDS card No. 72—0629. CuFe HCF displayed diffraction
peaks at 15.3°, 17.7°, 25.1°, and 35.8°, corresponding to the
(111), (200), (220), and (400) planes of CuFe HCF in JCPDS
card No. 86—0499, respectively. Furthermore, as depicted in
Figure 1B, the diffraction patterns for both BiFeO,;/CuO and
the BiFeO;/CuO/CuFe HCF composite show no evidence of
extraneous phases, indicating that the heterostructure had high
purity and a well-defined crystal structure. The optical
properties of BiFeO;/CuO/CuFe HCF were studied using
solid-state ultraviolet—visible (UV—vis) absorption spectros-
copy. As shown in Figure 1C, BiFeO; exhibited strong
absorption in the visible region (300—600 nm), with an
absorption edge at 550 nm. CuO with an absorption edge

above 800 nm showed absorption in the near-infrared region.
CuFe HCF displayed absorption in the 500—700 nm region.
The layered structure of the heterostructure enabled efficient
light absorption across the entire spectrum from ultraviolet to
near-infrared. The absorption range of the BiFeO;/CuO/CuFe
HCF composite structure was slightly smaller than that of the
BiFeO;/CuO heterojunction structure. The micromorphology
of the materials was confirmed by scanning electron
microscopy (SEM). As shown in Figure 1D, the surface of
the deposited BiFeO; thin film had a dense and smooth
structure. Figure 1E presents the structure of CuO nanowires,
and Figure 1F shows the growth of CuO nanowires on the
surface of the BiFeO; thin film. Figure 1G displays the
structure after further growth of CuFe HCF on the surface of
BiFeO;/CuO by the SILAR method. The surface morphology
and elemental composition of BiFeO,;/CuO/CuFe HCF were
investigated by energy-dispersive spectroscopy (EDS). The
EDS spectrum (Figure 1H) confirmed the presence of Bi, Fe,
Cu, C, N, and O elements with a uniform elemental
distribution, which verified the successful preparation.
Furthermore, SEM and TEM results indicate that the PDA
is uniformly sized nanospheres with a diameter of approx-
imately 150 nm, providing the necessary conditions for the
loading of Apt in Figure S2A,B.

The surface composition and chemical states of elements in
the BiFeO;/CuO/CuFe HCF composite material were

https://doi.org/10.1021/acs.analchem.6c03166
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Figure 2. XPS spectra of (A) Fe 2p, (B) Cu 2p, (C) Bi 4f, (D) C s, (E) N 1s and (F) O 1s.

systematically analyzed using X-ray photoelectron spectrosco-
py (XPS) technology. The Fe 2p spectrum in Figure 2A shows
two main peaks located at 710.0 and 723.7 eV, corresponding
to the 2p;, and 2p, , energy levels of Fe*" ions in BiFeO, and
CuFe HCF, respectively. And the Fe 2p peaks are observed in
the lower binding energy region (708.3 and 721.7 eV),
confirming the existence of Fe’* ions in CuFe HCF.
Correspondingly, the Cu 2p spectrum illustrated in Figure
2B exhibits two characteristic peaks at 932.8 and 952.5 eV,
which are assigned to the 2p;,, and 2p,/, transitions of
monovalent Cu’ ions, respectively. The peaks at 935.4 and
955.4 eV indicate the presence of Cu®** ions. In addition, the
satellite peaks in the higher binding energy region (943.8 and
963.2 €V) further confirm the presence of Cu®** ions. The Bi 4f
spectrum in Figure 2C shows two main peaks located at 163.8
and 158.5 eV, corresponding to the 4f;,, and 4f;, energy levels
of Bi** ions in BiFeO; The high-resolution C 1s spectrum
shown in Figure 2D reveals three prominent peaks centered at
284.9,285.9, and 288.4 eV, which represent the chemical states
of C—C, C=N, and C=O0 bonds. The N 1s spectrum in
Figure 2E can be resolved into two characteristic peaks located
at 397.8 eV (Fe—C=N) and 399.1 eV (Fe—N). The O 1s
spectrum presented in Figure 2F features a distinct peak at
529.5 eV, which is attributed to the presence of lattice oxygen.
Meanwhile, the peak located at S31.5 eV is associated with the
oxygen involved in C—O bonding. The XPS analysis confirms
the successful incorporation of Fe, Cu, Bi, C, N, and O into the
BiFeO;/CuO/CuFe HCF composite.

PEC and IAPEC Process

The time-photocurrent intensity method was employed to
evaluate the PEC and IAPEC processes of the photocathode in
Figure 3A. The photocurrents of BiFeO; and CuFe HCF were
weak, while the photocurrent of CuO was —5 pA. The
photocurrent of the BiFeO;/CuO heterojunction was higher
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than that of the single materials. After the growth of CuFe
HCF on the surface of the BiFeO;/CuO photoelectrode, the
current intensity increased significantly, which confirmed that
this composite structure was conducive to the effective
separation of electrons and holes. The performance of the
materials under dark and illumination conditions was tested by
electrochemical impedance spectroscopy (EIS). Figure 3B
shows that the EIS of BiFeO;/CuO in the dark was lower than
that of BiFeO;, which proved the formation of the
heterojunction. However, the EIS of BiFeO;/CuO/CuFe
HCF was higher than that of BiFeO;/CuO, indicating that
there was no effective charge transfer path between CuFe HCF
and BiFeO;/CuO in the dark. Under illumination, the EIS of
BiFeO;/CuO/CuFe HCF was significantly smaller than that of
BiFeO;/CuO and its own impedance in the dark, suggesting
that it could form an efficient electron transfer path among the
three components under illumination. The characterization of
photocurrent intensity and electrochemical impedance pre-
liminarily confirmed that in the BiFeO;/CuO/CuFe HCF
composite structure, the PEC process occurred in BiFeO;/
CuO, and the IAPEC process might occur in BiFeO;/CuO/
CuFe HCF. Therefore, the open-circuit voltage (OPV) of this
process under illumination and different ion concentrations
was further characterized in Figure 3C. The OPV of BiFeO;/
CuO in 0.2 M NaCl was similar to that in 0.05 M NaCl. The
OPV of BiFeO;/CuO/CuFe HCF in 0.2 M NaCl was higher
than that in 0.05 M NaCl, which proved the influence of cation
concentration on the IAPEC process. However, the photo-
voltages of BiFeO;/CuO and BiFeO;/CuO/CuFe HCF in 0.2
M MgCl, solution were lower than those in 0.2 M NaCl
solution. This result indicates that ions with large radii have
difficulty in ion intercalation. The schematic diagram of the
crystal structure of CuFe HCF after Na* insertion is shown in
Figure 3D. CuFe HCF features a rigid, three-dimensional face-
centered cubic open-framework topology. In this crystalline
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Figure 3. (A) PEC and IAPEC responses in 0.16 M Na,SO, solution at 0 V; (B) EIS tests in the dark or under light irradiation in 5.0 mM
[Fe(CN)4]** containing 0.1 M KCl; (C) OPV tests in different concentration solutions of ions; (D) schematic diagram of crystal structure of
CuFe HCF after Na* insertion; (E) XPS spectra of Na 1s before and after Na* insertion; in situ XPS spectra of Fe 2p (F), Cu 2p (G), and Bi 4f (H)
of BiFeO;/CuO in the dark or under light irradiation and (I) ESR spectra of BiFeO;/CuO in the dark or under light irradiation.
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matrix, transition metal nodes (Cu** and Fe**/Fe**) are
precisely linked via bridging cyano (—C=N-) ligands. This
specific spatial arrangement yields highly ordered, spacious

interstitial channels, creating optimal isotropic diffusion
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pathways that facilitate highly selective and reversible cation
adsorption and intercalation. The high-resolution XPS spectra
of the Na element in BiFeO,;/CuO/CuFe HCF before and

after the reaction further confirmed the effective intercalation
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Figure S. (A) PEC response in 0.16 M Na,SO, solution at 0 V (0.1, 0.5, 1, S, 10, 50, 100, and 200 ng/mL); (B) the corresponding calibration
curve of OA detection; (C) reproducibility test in 0.16 M Na,SO, solution (¢ = S ng/mL); and (D) selectivity test in 0.16 M Na,SO, solution (c =

S ng/mL). Error bars = SD (n = 3).

of Na' ions after illumination in Figure 3E. In contrast, as
shown in Figure S3, there was no obvious change in the state
of K* ions before and after the reaction.

Possible Mechanisms and Feasibility Analysis

An in-depth investigation was conducted to elucidate the
possible mechanism of the PEC and IAPEC processes.
Through quantitative bandgap analysis using the Tauc
equation, the intrinsic bandgaps of BiFeO; CuO, and CuFe
HCF were determined to be 2.26, 1.43, and 1.88 eV,
respectively (Figure S4). The calculation of valence band
(VB) positions was based on VB-XPS data, employing the
formula: Eyg = @ + Eyp, XPS —4.44, where ¢ represents the
work function of the XPS instrument (4.8 eV), and 4.44 eV
corresponds to the constant work function difference between
the vacuum potential and the standard hydrogen electrode at
pH = 0.*” The XPS spectra shown in Figure SS reveal that the
valence bands of BiFeO; (+2.26 eV), CuO (+0.72 eV), and
CuFe HCF (+1.42 eV) exhibit an interlaced band displace-
ment characteristic. By applying the fundamental relationship
Ecp = Eyg — E, the conduction band (Ecg) positions were
pinpointed at 0.00 eV for BiFeO; —0.71 eV for CuO, and
—0.46 eV for CuFe HCF. Electron spin resonance (ESR)
analysis detected the

DMPO (S,5-dimethyl-1-pyrrolidin-N-oxide) *OH™ signal in
CuFe HCF in ultrapure water (UP) containin§ H,0, (Figure
S6), confirming its peroxidase-like activity.***” Based on the
above analysis, it can be clearly determined that there are three
electron transfer pathways and their corresponding detection
mechanisms in the BiFeO;/CuO heterojunction. Through in-
depth research, the IAPEC process rules out the possibility of
the band-mismatched PEC process shown in Figure 4A.
Further in situ XPS analysis reveals changes in the binding
energies of various elements in the BiFeO3;/CuO hetero-
junction under light illumination. Specifically, the binding
energy of Fe 2p;, increases by 0.3 eV in Figure 3F, that of Cu
2p;/, decreases by 0.3 eV in Figure 3G, and that of Bi 4f;,,
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increases by 0.2 eV in Figure 3H. This phenomenon indicates
that electrons in BiFeO; migrate toward CuO under light
illumination. Combining with this experimental result, the
possibility of the type-II heterojunction shown in Figure 4B
can be excluded. In addition, the ESR test results show that no
DMPO-*0,~ signal is detected in the BiFeO3;/CuO hetero-
junction under dark conditions (as shown in Figure 31). After 5
min of light illumination, an obvious signal of the DMPO-*O,~
adduct appears. This result further confirms that the BiFeO,/
CuO heterojunction is a Z-scheme heterojunction. Therefore,
the IAPEC detection process is as follows: Under light
illumination, electrons in the VB of BiFeO; and CuO are
excited to the conduction bands. The electrons in the
conduction band of BiFeO; migrate to CuO, and the
photogenerated electrons in the conduction band of CuO
migrate to CuFe HCF. Simultaneously, Na" ions are inserted
into the interior to achieve charge balance. This process
enables the efficient separation of electrons and holes in Figure
4C. After the target biomolecule recognition process, glucose
oxidase decomposes glucose to generate H,0,. The addition of
4-CN leads to the formation of an insoluble precipitate, 4-CD,
on the electrode surface under the catalytic action of CuFe
HCEF. This precipitate hinders the insertion of ions into the
interior of CuFe HCF. The change in photocurrent realizes the
detection of the target concentration.

OA Analysis

OA, a toxin widely present in the marine environment, exhibits
significant bioaccumulation characteristics. Ingesting an
excessive amount of OA can cause damage to multiple vital
systems in the human body, such as the nervous system and
the digestive system. On the basis of this, the IAPEC sensor
was designed and constructed for the efficient and sensitive
detection of OA. When preparing CuFe HCF via the SILAR
method, the optimal conditions (the number of cycles was )
were determined through experimental optimization in Figure
S7A. Additionally, the concentration of the Na® electrolyte
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used in the photocurrent test was 0.16 mol/L, as shown in
Figure S7B. In the detection system of this sensor, the different
concentrations of OA present in the detection sample affect
the IAPEC processes. The results shown in Figure SA
demonstrate the feasibility of this strategy. The plotted
corresponding standard curve (Figure SB) results show that
in the range of 0.1 ng/mL to 200 ng/mL, there is a linear
relationship between the logarithm of the OA concentration
and the photocurrent (I). The obtained linear regression
equation is I = —3.021g ¢ —10.12 (R? = 0.992), and the limit of
detection (LOD) can be as low as 23.1 pg/mL (S/N = 3). To
verify the advantages of this sensor, we compared it with
several commonly used OA detection methods, including
surface-enhanced Raman scattering sensors, electrochemical
sensors, electrochemiluminescence sensors, and fluorescence
sensors (Table S1). The comparison results show that the
IAPEC sensor in this study has a wider detection range and a
lower LOD. This indicates that this sensor has great potential
in practical applications and is expected to become an effective
tool for the rapid and accurate detection of OA.

Performance Analysis of the IAPEC Biosensor

To evaluate the reproducibility of the sensors, we selected
sensors from different batches to detect OA at a concentration
of 5 ng/mL. The detection results are shown in Figure 5C. The
IAPEC responses of sensors from each batch toward the target
analyte at the same concentration were consistent, and the
relative standard deviations (RSDs) were all controlled within
3.5%. This result indicates that the sensors possess good
reproducibility. Considering the complex and diverse compo-
sition of the marine environment, this study used the proposed
method to conduct a specificity analysis on interferents at a
concentration of 10 ng/mL (present individually or mixed with
5 ng/mL of OA), including microcystin-LR (MC-LR), domoic
acid (DA), and microcystin-YR (MC-YR) as target analytes. As
can be seen from Figure 5D, when the interferents were used
as target analytes alone, their signals were similar to the IAPEC
intensity of the blank samples, and the RSD of the four groups
of data was 2.8%. When OA was mixed with any one of the
interferents or with all of the interferents, the RSD of the
IAPEC intensity was 3.2%. This result demonstrates that the
proposed method has the ability to resist interference from the
complex samples.

Serum Sample Analysis

Polluted scallop samples were selected as research objects.
High-performance liquid chromatography (HPLC) was
utilized to quantify the original level of the target analyte,
which was found to be 12.58 ng/mL. Meanwhile, the IAPEC
method was used for simultaneous determination, and the
measured value was 12.75 ng/mL. This result indicates that
there is no significant difference between the two methods in
the measurement results, suggesting that the IAPEC method
has a certain degree of accuracy. Then, three different
concentrations of OA solutions (5.00 ng/mL, 8.00 ng/mL,
and 12.00 ng/mL) were added to the original samples,
respectively. Subsequently, the samples after the addition of
the standard solutions were measured by the JAPEC method.
The results showed that the recovery rate of OA ranged from
96.1% to 103.7%, and the relative standard deviation of the
detected values was less than 4.3%, as shown in Table S2.
These data and phenomena confirm that the proposed IAPEC
method has broad and promising application potential in
relevant fields.
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B CONCLUSION

In summary, this study presents an innovative methodology
that leverages ion-assisted nanomaterial engineering to over-
come the inherent challenges associated with traditional
photocathode materials. By integrating CuFe HCF as a
cathode modifier with exceptional ion adsorption, the
photoinduced electron—hole coupling efficiency in BiFeO;/
CuO heterostructures has been significantly changed. The
incorporation of a microfluidic system ensures precise spatial
segregation between the sampling recognition and detection
zones, thereby maximizing the exposure of active sites on the
cathode material and improving the detection accuracy. This
dual-engineering strategy not only transcends the limitations of
conventional PEC systems but also offers a universal solution
for designing high-performance biosensors tailored to marine
environmental monitoring.
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