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Ferroelectric perovskite-enhanced
photoelectrochemical immunoassay with the
photoexcited charge-transfer of a built-in electric
field†
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Efficient separation of photo-induced electrons and holes in the photoelectrochemical (PEC) sensors

plays an important role in improving detection sensitivity. Based on this point, we report a simple and

sensitive photoelectrochemical bioassay for prostate-specific antigen (PSA) detection using lanthanide-

doped bismuth ferrite/reduced graphene oxide/tungsten oxide nanohybrids (BLFO/rGO/WO3) as the

photo-sensing material. Initially, WO3 was excited under the continuous illumination to generate photo-

induced electron–hole pairs. Then, rGO (as a suitable charge transfer medium) could effectively build a

bridge between WO3 and BLFO. With the mediation of the built-in electric field in BLFO, the transferred

charges were allowed for directional migration in the circuit, thus achieving an effective separation of

the photogenerated electron–hole pairs. Coupling with the amplification of enzymatic production

(H2O2) and specific recognition of antigen–antibody immunoreaction, target concentration was relative

to the corresponding photocurrent, thereby realizing the PSA sensitive detection. Under optimal

conditions, the PEC immunoassay exhibited a good linear relationship within a dynamic working range

from 0.1 ng mL�1 to 200 ng mL�1 with a detection limit of 49.4 pg mL�1. In addition, this study afforded

satisfying specificity, reproducibility, and long-term storage, which also matched well with the

commercial PSA ELISA kit.

Introduction

Driven by the growing emphasis on health management and
disease diagnosis, the sensitive and accurate detection of
biomarkers has been deployed in numerous sensing strategies
that are expected to reduce the reliance on expensive equipment
and complicated operations.1–4 Photoelectrochemical (PEC) bio-
sensors have attracted increasing attention in recent years
because of their high sensitivity, simple structure and operation,
and wide response range.5–12 In general, PEC biosensors need
appropriate photoelectric electrodes as the sensing platforms to
adapt to the specific probes and recognition events. Due to the
low photon utilization efficiency and rapid complexation of
photo-generated electron–hole pairs at single photoactive

substances, some strategies are generally applied to improve
the performance of photoelectronic materials, such as
constituting homogeneous junctions13 and heterogeneous
junctions,14 doping with noble metals,15 dye sensitization16

and shape engineering.17,18 Although it has been shown that
two-dimensional (2D) van der Waals heterojunctions and higher
order 2D superlattices can availably break through the material
range boundaries, they are approaching a bottleneck due to the
intractability of most materials.19 Therefore, it is necessary
and tricky to develop new strategies to improve the photon
utilization and electron–hole pairs mobility of photoelectronic
semiconductors.

In terms of charge separation, ferroelectric materials are
expected to be new players for building photoelectric electrodes
due to their special built-in electric fields. To date, ferroelectric
materials such as [KNbO3]1�x[BaNi1/2Nb1/2O3�d]x,20 the classical
perovskite BaTiO3

21 and the organic ferroelectric perovskite
CH3NH3PbI3

22,23 have been successfully applied to PEC
bioanalysis due to their excellent photoelectric conversion properties.
However, the traditional heterojunctions of ferroelectric
materials always suffer from the problem that the high
concentration of free charges in the charge collector inevitably
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shields the built-in electric field, jeopardizing the performances
of the PEC sensors.24–26 A direct way to solve this issue is to
avoid excess electrons in ferroelectric materials by inserting
electron collectors with the moderate free electron concen-
tration between ferroelectric materials and photoelectric
semiconductors. Importantly, Chen et al. reported a method
for tuning the interfacial electron energy level by ferroelectric
polarization to obtain a remarkable performance gain.27 The
use of graphene as an intermediate sandwich layer helps
to balance carrier collection and charge screening in the piezo-
electric and ferroelectric devices. Inspired by this study,
there is no doubt that the new electrode structure, ferroelectric
thin film-graphene-photosensitive semiconductor, can
serve the construction of PEC sensors. In addition,
lanthanum-doped bismuth ferrate (BLFO) is used for the
demonstration due to its excellent ferroelectric stability and
large remnant polarization.28,29

On the other hand, the selection of the photoelectric semi-
conductor is also an essential part for the construction of the
photoactive electrode. Tungsten trioxide (WO3), an n-type semi-
conductor (B2.6 eV), has drawn attention as a semiconductor,
owing to its good photocorrosion inhibition and excellent
electron transport properties.30–32 However, the pristine state
of WO3 has relatively low photoelectric activity due to its high
electron–hole pair complexation and low photon absorbance.
The construction of heterojunctions is a dominant method to
solve these defects, which is the most commonly used
modification method. In a previous study, we synthesized

WO3–Au–CdS nanocomposites as the photosensitive material,
and designed a solid metal-mediated Z-Scheme photoelectro-
chemical immunoassay for prostate-specific antigen (PSA),
where the special heterojunction structure effectively enhanced
the photocurrent.3 To the best of our knowledge, there is no
report focusing on electron collectors through tuning the
electric field of ferroelectric materials to enhance the PEC
bioanalytical platform for photosensitive substances.

In this study, we report the proof-of-concept of facile strategy
for enhancing PEC biosensors that depends on an unique
electrode structure. Different from the traditional photo-
electrochemical biosensors, BLFO and WO3 are immobilized on
the electrode by layer-by-layer coating, and rGO was introduced as
the intermediate interlayer to rapidly separate the electrons and
holes generated by WO3. In addition, a classical sandwich-type
immunoassay model is designed in the detection strategy, as
shown in Scheme 1. Initially, detachable polystyrene highly
conjugated microplates coated with the anti-PSA monoclonal
antibody (mAb1) are used as the sites for immunoreaction.
Sandwich immune complexes are then formed between target
PSA and glucose oxidase-labeled anti-PSA polyclonal antibody
(pAb2). The enzymatic product hydrogen peroxide is obtained
upon the addition of glucose, which is transferred to the
photodetection cell as the light sacrificial agent. This classical
enzyme-linked immunoreaction can significantly increase the
photocurrent, so that the hydrogen peroxide concentration is
proportional to the PSA concentration, enabling the sensitive
detection of PSA. The introduction of BLFO is expected to improve

Scheme 1 Schematic illustration of the ferroelectric perovskite-enhanced photoelectrochemical immunoassay with photoexcited charge-transfer of
built-in electric field for the monitoring of prostate-specific antigen (PSA) (BLFO: lanthanum-doped bismuth ferrate; rGO: reduced graphene oxide; WO3:
Tungsten trioxide; mAb1: monoclonal anti-PSA capture antibody; pAb2: polyclonal anti-PSA detection antibody; AuNP: Au nanoparticle; GOx: glucose
oxidase).
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PEC immunoassay sensitivity and versatility, contributing to the
application of ferroelectric materials in PEC biosensing.

Experimental section
Synthesis of the ferroelectric perovskite BLFO film

BLFO film was prepared on a FTO substrate via a one-step
liquid-phase synthesis and annealing treatment. Initially,
1.3606 g of bismuth nitride [Bi(NO3)3�5H2O], 1.2120 g of iron
nitrate [Fe(NO3)3�9H2O], and 0.1948 g of lanthanum nitrate
[La(NO3)3�6H2O] were dissolved in 4.0 mL of 2-methoxy-
ethanol. A slight excess of bismuth nitrate was used to
compensate for the loss of Bi during the annealing process.
Then, 2.0 mL of acetic acid and 3.0 mL of acetic anhydride were
added to the solution as a dehydrating agent, stirring at a
medium speed throughout the process. Finally, 0.1 mL of
ethanolamine was added and the volume was adjusted to
10 mL using 2-methoxyethanol. The precursor solution was
stirred vigorously for 12 h. The obtained BLFO precursor
solution was spin-coated onto the FTO electrode. The obtained
sample was transferred to a muffle furnace for pyrolysis at
350 1C for 5 min, and then the temperature was raised to 600 1C
for annealing for 20 min to obtain a uniform brownish yellow
thin film of BLFO on the FTO electrode surface.

Synthesis of GO and rGO

The synthesis of GO was carried out according to the Hummers’
method with slight modification.7 The operation was briefly
described as follows: 0.5 g of graphite powder and 1.0 g of
sodium nitrate were added to 30 mL of concentrated sulfuric
acid and stirred in the ice-water bath for 15 min. Subsequently,
3.0 g of potassium permanganate was added and stirred in the
ice-water bath for 60 min. The above solution was transferred to
a 35 1C water bath and stirred for 30 min, followed by the
addition of 40 mL of ultrapure water and stirring for 30 min.
30% H2O2 was slowly added to the above the solution until the
colour of the liquid changed to yellow. Finally, the suspension
was centrifuged several times and washed with ultrapure water
to neutral, and dried under vacuum at 60 1C.

The rGO dispersion solution was prepared by the thermal
reduction method. The as-synthesized GO (8.0 mg mL�1) was
first dispersed by ultrasonication for 30 min. The dispersed
graphene solution was transferred to an autoclave and kept in
an oven at 200 1C for 16 h. After that, the autoclave was removed
and the solution was cooled quickly to prevent overreaction.
The obtained rGO was subjected to sonication before further
processing.

Synthesis of WO3 nanoplates

The synthesis of WO3 nanoplates was achieved by a facile
one-pot hydrothermal method. Initially, 3.0 g of sodium tung-
state dihydrate was dissolved in 30 mL of ultrapure water and
then transferred to a 120 mL autoclave with a Teflon liner.
15 mL of 35% hydrochloric acid was added to the solution at
room temperature under vigorous stirring. After that, the

autoclave was transferred to an oven for heat treatment at
180 1C for 8 h. After natural cooling, the solution was centri-
fuged and washed several times with ethanol and deionized
water until it was nearly neutral. Lastly, the product was dried
in a vacuum oven at 70 1C and collected for storage.

Preparations of the BLFO/rGO/WO3 composite photoelectrode

The fabrication of the photoelectrode was mainly achieved by
the drop coating technique. The obtained rGO and WO3

nanoplates were diluted and sonicated to facilitate drop coating
and to obtain refined photoelectrode. The obtained BLFO
precursor solution was spin-coated onto the FTO electrode
(2000 rpm, 30 s). The obtained sample was transferred to a
muffle furnace for pyrolysis at 350 1C for 5 min, and then the
temperature was raised to 600 1C for annealing for 20 min to
obtain a uniform brownish yellow thin film of BLFO on the FTO
electrode surface. 100 mL of the as-synthesized rGO precursor
solution was fixed to 5 mL, and sonicated vigorously for 20 min.
40 mL of the diluted rGO solution was drop-coated onto the
FTO/BLFO electrode and dried in a vacuum drying oven at
60 1C. Similarly, 0.0250 g of the as-synthesized WO3 nanoplates
was dissolved in 1.0 mL of ultrapure water and sonicated. 10 mL
of the as-prepared WO3 solution was coated dropwise on the
FTO/BLFO/rGO electrode and dried in an oven to obtain the
photoelectric working electrode.

Photoelectrochemical measurement

The photoelectric response of the PEC sensor was measured in a
three-electrode system using a CHI 430A electrochemical work-
station (Chenhua, Shanghai, China). The as-prepared electrode,
Pt wire, and Ag/AgCl electrode were used as the working
electrode, counter electrode, and reference electrode, respectively.
Photocurrents were measured under the irradiation of a Xenon
lamp (500 W). Different concentrations of PSA were configured
prior to the analysis, and then PEC measurements were
performed on the assembled electrodes at room temperature.
The method of constructing antigen–antibody immune sandwich
complexes and condition optimization experiments are shown in
the ESI.†

Results and discussion
Structural and compositional characterization

In this study, the successful preparations of ferroelectric
thin films and photosensitive materials were essential for the
construction of the PEC platform. Therefore, the synthesis of
BLFO thin films with excellent ferroelectric properties, fully
exfoliated rGO, and WO3 nanoplates were the focuses of this
study. Scanning electron microscopy (SEM) was used in this
study to obtain the microstructures of the as-synthesized
materials and characterize the structure of the constructed
electrodes. Fig. 1A schematically illustrates the three-
dimensional structure of the as-fabricated FTO/BLFO/rGO/
WO3 electrode device. As shown in Fig. 1B, the BLFO film
grown on the FTO electrode showed a neat arrangement, and
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the rGO attached to the BLFO surface showed a curved edge
with a thickness of about 20 nm, which was the typical
morphological feature of rGO.33,34 The appearance of holes in
the BLFO film might have originated from the overflow of
organic compounds during the annealing process, which
was normal in the synthesis of BLFO.29 As shown in the
cross-sectional SEM image (Fig. 1B, inset), the thickness of
the ferroelectric film spin-coated on the FTO electrode was
332 nm. Moreover, we also characterized the morphology of
the as-synthesized WO3 and rGO via transmission electron
microscopy (TEM). As shown in Fig. S1 (ESI†), the rGO was
the monolayer, and the morphology of WO3 showed a regular
nanoplate structure.

In addition, the elemental analysis of films was carried out
via X-ray photoelectron spectroscopy (XPS; Thermo Scientific
K-Alpha). Fig. 1C shows the peaks of La, Fe, O, Bi, and W, which
indicated the presence of these elements in the as-prepared

products. As depicted in Fig. S2 (ESI†), the binding energy for W
4f5/2 and W 4f7/2 was at 37.5 and 35.3 eV, respectively, which
concurred well to the previous results.35 Fig. 1D–F show the
binding energies of Bi 4f and Fe 2p peaks. They were concen-
trated at 164.9 (Bi 4f5/2), 158.5 eV (Bi 4f7/2), 723.2 eV (Fe 2p1/2),
and 709.9 eV (Fe 2p3/2), respectively, which were characteristic
values for Bi and Fe species in the perovskite.36 It could be seen
in Fig. 1F that the peaks with the binding energies of 833.9 and
850.9 eV, which belonged to La 3d5/2 and La 3d3/2, respectively.
The energy difference between the La 3d3/2 and La 3d5/2 states
was about 18 eV, which was similar to the energy difference of
La doped in BiFeO3.37 In addition, we could clearly observe the
appearance of a unique satellite peak associated with La 3d5/2

at the higher binding energy at 837.9 eV and another one
associated with La 3d3/2 at 854.6 eV. The above-obtained results
indicated that the expected photoelectrode was successfully
constructed.

Fig. 1 (A) Schematic diagram of BLFO/rGO/WO3 structure; (B) SEM image of BLFO/rGO/WO3 surfaces (inset: cross-sectional SEM image of BLFO);
(C) XPS patterns of composite electrodes; and (D–F) high-resolution XPS spectra of (D) Bi 4f, (E) Fe 2p and (F) La 3d.

Fig. 2 (A) XRD patterns of FTO substrate and BLFO ferroelectric film; (B) ferroelectric hysteresis loop of the BLFO film (inset: the spontaneous
polarization direction of the ferroelectric film); and (C) photocurrent responses of rGO/WO3, WO3, and BLFO/rGO/WO3.
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Characterization of ferroelectric properties

To understand the ferroelectric behavior of the as-synthesized
BLFO films and their role in PEC, X-ray diffraction (XRD) and
ferroelectric analysis were performed. Fig. 2A presents the
XRD pattern of the BLFO film. The regular and shape of the
diffraction peaks indicated that the film was well formed. In
addition, no secondary phase spurious peaks appeared in the
detection range of the diffractometer, which indicated that the
BLFO film was successfully synthesized via the liquid-phase
synthesis and spin-coating thermal annealing. We also
observed the merging of the (110)/(1%10) peaks, which indicated
the distortion of the original perovskite structure. This
phenomenon mainly was attributed to the distortion of the
structure caused by the doping of La into the position of Bi, and
it was worth noting that this distortion was beneficial to
improve the ferroelectric properties.29 To further demonstrate
that the as-synthesized material is ferroelectric, we performed
electrical hysteresis loop measurements on the BLFO films with
the measured frequency of 10 kHz. We focused on the point in
the figure, where the curve intersects the Y-axis, and it is clear
from the Fig. 2B that when the electric field was 0, the curve
data started at about �10 mC cm�2 in the negative direction
with the Y-axis. Although the shape of the hysteresis line was
not saturated, which was related to the polarization conditions,
it was a direct evidence that the material was ferroelectric
without polarization at room temperature.29,38

The separation of photogenerated electrons and holes and
the corresponding enhancement of photocurrent could also
be used to describe the ferroelectric behaviour of the film.

As shown in Fig. 2C, the WO3 nanosheets and rGO/WO3

nanosheets showed weak photocurrent responses of
369.7 nA cm�2 and 432.0 nA cm�2, respectively, while BLFO/
rGO/WO3 showed significantly enhanced photocurrent.
Importantly, the photocurrent of WO3 was converted from
anodic to cathodic photocurrent after the introduction of
BLFO, which possibly was due to the opposite direction of the
self-polarizing electric field of BLFO and electron movement.
This was consistent with the results of the electric hysteresis
lines. The above-mentioned results showed that the as-
synthesized BLFO has the property of spontaneous polarization
and the ferroelectric field could effectively improve the charge
separation of the photoelectrode.

Analytical performance of the PEC immunosensing platform

To explore the performance of the as-prepared photoelectrode
for the detection of target PSA, a photoelectrochemical biosensor
was constructed. The photocurrent was observed continuously in
a detection cell containing 0.1 M Na2SO4 in the presence or
absence of 2.0 ng mL�1 PSA. The results are depicted in Fig. 3A.
The ferroelectric material-modified electrode had a larger
photocurrent change than the electrode with only a single
photoelectric semiconductor WO3, which indicated that the
ferroelectric field-mediated photoelectric electrode had a better
charge separation efficiency. More profoundly, the ferroelectric
material coupled with rGO could cause a huge rearrangement of
the free carriers in the WO3 layer, resulting in a larger width of
the depletion region and several-fold increase in photocurrent.27

In addition, photoactive semiconductor materials were excited to

Fig. 3 (A) Photocurrents of WO3 and composite BLFO/rGO/WO3 in the absence and presence of target PSA (2.0 ng mL�1); (B) photocurrents of the PEC
immunosensing system based on BLFO/rGO/WO3 for different-concentration PSA standards; (C) the corresponding calibration curve; (D) the specificity
of the immunosensing system against PSA, CEA, AFP, CA-125, and BSA (the concentration of interfering substances was 50 ng mL�1, and the
concentration of PSA was 2.0 ng mL�1); (E) the stability of the PEC immunosensing system; (F) photocurrents in the presence of target PSA (2.0 ng mL�1)
and absence of target PSA for 0–30 days.
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generate electrons and holes, which moved directionally towards
the surface of the electrode to output an electrical signal under
the modulation of the ferroelectric electric field. The spike-
shaped photocurrent was mainly due to the compounding of
electrons and holes in the bulk phase. In general, the dissolved
oxygen or other active substances in the water might change
the size and shape of the photocurrent.39 On the other hand, the
influx of carriers for a long time might have changed the
spontaneously polarized ferroelectric domains arranged in a
single direction in the BLFO, thus weakening the ferroelectric
field and exhibiting a difference in the photocurrent.27

Some factors that might influence the detection results
should be investigated, including the immunoreaction time, pH,
and number of spins. The results are described in the Supporting
Information (Fig. S3 and the corresponding description, ESI†).
Under optimal conditions, the immunosensor showed a gradually
increasing signal with the increase in the concentration of PSA, as
shown in Fig. 3B. In Fig. 3C, the photocurrent showed a good
liner relationship with the logarithm of PSA concentration within
0.1 ng mL�1–200 ng mL�1 and the linear regression equation
could be fitted as I (mA cm�2) = �7.8994–4.6124 � lg C (ng mL�1)
(R2 = 0.9916, n = 8) with a detection limit (LOD) of 49.4 pg mL�1.
This significantly enhanced the PEC sensor performance was
attributed to the introduction of ferroelectric field to induce the
separation of photo-generated electron–hole pairs in the photo-
active semiconductor. By comparing the results with different
detection schemes for PSA (Table 1), the results showed that our
PEC sensor could be comparable or even better than the
previous works.

The specificity of the PEC immunoassay was validated with
the interferences of common proteins or biomarkers, such as
alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA),
bovine serum albumin (BSA) and cancer antigen 125 (CA-125).
The concentrations of all interferents were set at 50 ng mL�1,
and the target PSA concentration of 2.0 ng mL�1 was used as the
assay standard. As shown in Fig. 3D, the photocurrent changes
induced by high-concentration non-target proteins/biomarkers
were minor, while a significant photocurrent increase was
achieved in the mixture including PSA, indicating the excellent
interference resistance of the sensor. Such a superior signal
recognition was mainly attributed to the specific recognition
of the antigen and antibody. To further evaluate the accuracy
and reliability of the ferroelectric BLFO-enhanced PEC sensor,

we performed spiked recovery tests by doping different
concentrations of PSA into clinical sample matrices that did
not contain target PSA. The test results obtained from the
constructed PEC sensor were compared with commercial PSA
ELISA kit (Wuhan Cusabio Biotech. Inc. China, https://www.
cusabio.com/). The results are shown in Table S1 (ESI†). By
comparison, the average recoveries of the ferroelectric-
enhanced PEC-based sensor system and the PSA ELISA kit were
94.4–104.4% and 98.2–102.9%, respectively. No significant
differences were observed in the detection of real samples,
indicating that the method was highly accurate and could be
implemented for the clinical detection of the target PSA.

For the PEC biosensing system, which was mainly based on
the photosensitive material, the output signal might be affected
by various factors in the photoelectrochemical measurements.
For a well-performing PEC sensor, the as-prepared photo-
electrode should have good reproducibility and stability. In
this case, we investigated the reproducibility and stability of the
carefully prepared electrode. The results are shown in Fig. 3E
and F. The photocurrent of the ferroelectric chalcogenide
BLFO-modified FTO electrode was monitored during 400 s
consecutive runs by regularly giving light and dark conditions,
as shown in Fig. 3E. It showed that the photocurrent responses
of the as-prepared electrode were very stable over 400 s and the
magnitude of the photocurrent outputs were almost indistin-
guishable (calculated after the third light turn-on cycle). The
test was repeated again for electrodes placed for long periods of
time in the absence and presence of the target PSA. The results
are shown in Fig. 3F. Taking 2.0 ng mL�1 PSA as an example,
the results showed that the photocurrents could be maintained
at 100.4%, 98.27%, 97.21%, and 95.90% of the initial intensity
after 7, 14, 22, and 30 days, respectively (n = 3). Thus, the above
results indicated that this PEC sensor had good stability and
reproducibility.

Conclusions

In summary, this study describes a PEC biosensor with
enhanced electron and hole separation by a ferroelectric electric
field. In comparison to conventional PEC sensing platforms, the
emphasis of this study is summarized as follows: (i) the
introduction of the BLFO self-polarizing electric field in WO3

nanoplates enables efficient charge separation, thereby improves
the sensitivity of the PEC sensing platform; (ii) the amplification
of the photocurrent is catalyzed by a split-type antigen–antibody
immunoreaction to produce a sacrificial agent, thus reducing
the interference in the detection system; and (iii) monolayer rGO
with de-shielding effect and efficient electron conductor as a
multifunctional mediating layer to build efficient PEC sensors.
The strategy of effectively combining ferroelectric materials with
semiconductors opens up new ways for the sensitive detection of
biomarkers and disease-related biomolecules. The major
objective of this study was to provide a new methodology for
the enhancement of separation of photo-induced electrons and
holes on PEC sensing performance. This paper revealed that the

Table 1 Comparison of different detection schemes for PSA detection
(dynamic range: ng mL�1; LOD: pg mL�1)

Detection method
Dynamic
range LOD Ref.

Electrochemical aptasensor 0.01–500 1.24 40
Fluorescence sensor 0.1–10 10 41
Capacitance sensor 0.1–50 57 42
Impedimetric immunosensor 0.001–10 0.48 31
Acoustic resonator sensor 1–10 340 43
Surface–enhanced Raman spectroscopy 0.1–20 100 44
PEC immunoassay 0.001–8 0.52 45
PEC immunoassay 0.05–40 16.3 46
PEC immunoassay 0.1–200 49.4 This work
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built-in electric field of the ferroelectric perovskite effectively
improved the charge separation efficiency to enhance the
sensitive response of photoelectrochemical sensors, thus providing
a new idea for the construction of new PEC biosensors.
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