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on” photoelectrochemical sensor
based on a 3D-FM/BiOI heterostructure for the
sensitive detection of L-ascorbic acid†

Huijun Guo, * Xin Wang, Shihao Wang, Hanyu Ma and Jianzhi Liu

A highly efficient 3D flower MoS2 (3D-FM)-based heterostructure photocatalyst (3D-FM/BiOI) was

successfully obtained via a simple hydrothermal synthesis strategy. 3D-FM/BiOI showed prominent

photoelectrochemical performance, distinguished stability and good selectivity. The introduction of

3D-FM, by promoting the photoelectric property attributed to it, facilitated the separation of

photogenerated electron–hole pairs. Since the redox process of L-ascorbic acid (L-AA) resulted in an

increasing photocurrent of 3D-FM/BiOI, a signal “switch-on” photoelectrochemical sensor (PECS) was

designed to sensitively determine L-AA for the first time. Under optimized conditions, the 3D-FM/BiOI

PECS worked over a wide range from 1 mM to 0.8 mM with a low detection limit of 0.05 mM (S/N = 3).

The PECS was successfully exploited for L-AA sensing in human urine with excellent accuracy and

applicability, demonstrating its practical precision and superb serviceability. Furthermore, the 3D-FM/BiOI

PECS exhibited satisfactory selectivity and stability, providing a great potential platform for the

construction of an L-AA sensor in various practical samples and complicated environments.
1 Introduction

As a crucial component in biological metabolism, L-ascorbic acid
(L-AA) is present in many bodily uids and participates in several
biological processes of great relevance.1 Furthermore, it is signif-
icant to the immune response and prevents free-radicals, such as
those found in cancer and Parkinson's disease.2 Many fruits and
vegetables contain L-AA, especially beverages derived from fruit
juice. In the presence of heat, light and iron, the air-oxidation rate
of L-AA is sharply accelerated.3 However, humans cannot self-
synthesize it. Therefore, the development of a facile and rapid
analytical method for the sensing of L-AA with high selectivity and
sensitivity is particularly crucial in diagnostic applications and the
pharmaceutical eld.4,5

To date, several traditional methods, such as liquid chro-
matography,6 uorescence,7 chemiluminescence and electro-
chemical methods,8 have been exploited for the determination
of L-AA. Among these analytical methods, photoelectrochemical
(PEC) detection9 is a brand-new approach to a sensing platform
for biochemical molecules, which is attributed to electron
transfer between target, photocatalyst and electrode with photo-
irradiation.10 It integrates electrochemical and optical tech-
niques to analyze the concentration of target analytes. Due to
their electrochemical detection in conjunction with photo-
lin Institute of Chemical Technology, Jilin

3.com

tion (ESI) available. See DOI:

67
irradiation, PEC11 sensors present some excellent properties,
such as low background noise, and simple sample processing
and operation.12 Inorganic semiconductors possess exceptional
photoelectric conversion efficiency and are widely adopted
photoelectric materials for constructing PEC sensors.

BiOX (X = Cl, Br, I) are p-type semiconductors and eminent
photocatalyst materials, attributed to their pertinent band gaps
and unique tetragonal crystal structure with a strong internal
electric eld, which can increase the effective separation of
electron–hole pairs.13 Bi oxides with a band gap ranging from
1.8 to 3.0 eV yield high photocatalytic efficiency under visible
light irradiation.14 Among Bi oxides, bismuth oxyhalides (BiOX,
X = Br, Cl, I) with their great electrochemical and optical
properties have attracted growing attention in modern appli-
cations such as photocatalysis15 and optoelectronic devices.16 Bi
oxyhalides are characterized by a unique layered structure
which makes them the dominant family of photoactive mate-
rials under visible light irradiation. The electrical eld between
[Bi2O2]

2+ sheets and X slabs inhibits electron–hole recombina-
tion, which can increase the photocatalytic performance.
Among BiOX catalysts, bismuth oxyiodide (BiOI) has been the
subject of growing attention due to its narrow band gap (1.7–1.8
eV) and effective visible-light activity.

Recently, many important studies have been reported into
BiOX, such as photocurrent-polarity switching between
methylene-blue-loaded liposome and iodine-doped BiOCl for
in situ amplied immunoassay17 and ultrathin mesoporous
BiOCl nanosheet-mediated liposomes for photoelectrochemical
immunoassay with in situ signal amplication.18 BiOI with its
© 2024 The Author(s). Published by the Royal Society of Chemistry
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layered structure and strong internal electric eld shows the
best visible light response with a relatively narrow band gap
compared with other BiOX (Cl or Br).19 Unfortunately, BiOI still
exhibits some disadvantages of slow separation of photo-
generated electron–hole pairs and the limitation of its band
structure.20 To overcome these shortcomings, many approaches
have been employed to modify BiOI to extend the lifetime of
charge carriers, including morphological modulation21 and
combination with other semiconductors.22 Therefore, various
attempts, including co-catalysts, constructing heterostructures
and doping, have been exploited to enhance its property. Con-
structing heterogeneous structures has been reported to be an
effective approach, such as constructing g-C3N4/BiOI,23 BiOI/
Bi2MoO6 nanocomposite24 and BiOI/graphene hydrogel.25

A 3D-FM construction composed of 2D nanosheets is
supposed to be a particularly good catalyst for practical appli-
cations,26 which not only increases its structural stability but
also maximizes the exposure of its active sites. It possesses high
charge mobility, a large specic surface area and excellent
photo-electron conversion with wide application in photo-
catalysis,27 dry lubrication,28 lithium batteries,29 and hydrogen
production.30 Furthermore, 3D-FM plays a crucial role in pho-
tocatalysis and photoelectrochemistry. It is reported that 3D-FM
can form a heterojunction with semiconductors such as Cu2O/
3D-FM nanohybrid,31 In2O3/3D-FM nanolm32 and Naon/
hemoglobin/3D-FM.33 Nevertheless, to the best of our knowl-
edge, there have been few reports exploring the application of
MoS2/semiconductor heterostructures for PEC sensing.

In this work, 3D-FM/BiOI composites were successfully
synthesized through a facile and convenient one-step solvent
thermal method, which exhibited much stronger photoactivity
than BiOI. The 3D-FM/BiOI photocatalysts displayed greatly
improved photocatalytic performance under visible light. The
intimate interfacial contact between 3D-FM and BiOI nano-
sheets promoted charge separation efficiency. A 3D-FM/BiOI
heterojunction-based PEC sensing system can promote the
transfer of interfacial charges and improve the separation of
photo-generated electron–hole pairs. A signal “switch-on” PECS
was designed to sensitively determine L-AA, based on the redox
process of L-AA. The enhanced activity was ascribed primarily to
the formed heterostructure, which can promote the transfer of
interfacial charges and improve the separation of photo-
generated electron–hole pairs. The results showed that 3D-
FM/BiOI exhibited excellent sensitivity, selectivity and
stability, and the performance of the 3D-FM/BiOI sensor was
superior to that of most reported sensors. To further verify its
practical applicability, the established sensor was applied for L-
AA detection in human urine samples. This work will provide
inspiration to scientic researchers to construct photo-
electrochemical sensors using heterostructure materials that
will have potential application value.

2 Experimental section
2.1. Synthesis of the photocatalysts

All reagents were chemical analysis grade and there was no
further purication for the experiments.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.1.1 Synthesis of 3D-FM. All 3D-FM hemispheres were
synthesized by a facile hydrothermal method.34 First, 7 mmol of
thiourea (H2CSNH2), 0.25 mmol of ammonium molybdate
(NH4)6Mo7O24$4H2O, and 1 mmol of hexadecyl-
trimethylammonium bromide (CTAB) were all diffused in
10 mL of ultrapure water to form a well-distributed solution.
Then, the well-distributed solution was kept in a state of intense
agitation until the addition of ammonia solution (3 M) adjusted
the pH to the appropriate value. Subsequently, the obtained
solution was transferred into a 25 mL Teon-lined autoclave
and heated at 200 °C for 24 h. The powdered product was ob-
tained aer naturally cooling down to room temperature. It was
washed several times with analysis-grade ethanol and ultrapure
water. Finally, the product was dried at 60 °C for 12 h to obtain
the pure product.

2.1.2 Preparation of 3D-FM/BiOI. 3D-FM/BiOI was fabri-
cated according to a previous report35 with some modication.
First, 0.1 g of the obtained 3D-FM was added into a solution of
Bi(NO3)3$5H2O in ethylene glycol (60 mL, 0.10 M). Aer the
mixture had formed a homogeneous suspension under ultra-
sound, KI ethylene glycol solution (60 mL, 0.20 M) was added
drop by drop into the above mixture with vigorous stirring. The
above mixture solution was kept under stirring for 1 h and then
transferred to a 100 mL Teon-lined autoclave. It was heated to
160 °C for 12 h. Subsequently, the product was washing alter-
nately with ethanol and ultrapure water. Finally, the solid was
dried at 60 °C for 4 h to obtain 3D-FM/BiOI pure product.

For comparison, pure BiOI was synthesized by the above
method without adding 3D-FM.

2.2. Preparation of 3D-FM/BiOI/ITO electrodes

ITO electrodes were cleaned with acetone, isopropanol, ethanol,
and deionized water in sequence for 30 min each under ultra-
sonic conditions, then dried at 60 °C for 2 h. Then, 10 mg of the
prepared 3D-FM/BiOI and 20 mL of Naon (5 wt%) were added
to 1 mL of ultrapure water, and then subjected to ultrasonic
waves for 1 h to obtain a 10 mg mL−1 3D-FM/BiOI suspension.
Next, 50 mL of suspension was dropped onto the clean ITO, and
dried at room temperature to obtain a 3D-FM/BiOI electrode.
For comparison, individual suspensions of pure BiOI and 3D-
FM were dropped onto ITO to give 3D-FM/ITO and BiOI/ITO
by the above method.

2.3. PEC measurements

The PEC properties were measured with an electrochemical
workstation (CHI 760E, Shanghai Chenhua Instrument Corpo-
ration, China) in a standard three-electrode system. An Ag/AgCl
electrode in 3 M KCl, a Pt plate and 3D-FM/BiOI/ITO were
exploited as the reference electrode, counter electrode and
working electrode, respectively. The electrochemical behavior of
3D-FM/BiOI/ITO was investigated at different scanning speeds.
A 20 W xenon lamp provided simulated sunlight (Beijing New-
bet Technology Co., Ltd, China) and 0.1 M phosphate buffer
solution (PBS, pH = 7.4) was used as the electrolyte. Cyclic
voltammetry (CV) curves were performed from −0.2 V to 0.6 V
vs. Ag/AgCl at a scan rate of 50 mV s−1. Electrochemical
RSC Adv., 2024, 14, 4556–4567 | 4557
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impedance spectroscopy (EIS) was conducted in 0.1 M KCl
solution containing 0.5 mM of K3Fe(CN)6/K4Fe(CN)6 at −0.2 V
vs. a reversible hydrogen electrode (RHE) with a small-
amplitude alternating current of 10 mV in the frequency
range from 0.1 Hz to 100 kHz. The PEC tests for L-AA were
performed at a bias potential of −0.228 V (vs. saturated Ag/
AgCl).
3 Results and discussion
3.1. Characterization of the synthesized materials

Themorphology and elemental distribution of BiOI, 3D-FM and
3D-FM/BiOI were observed by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS). The
microstructure of BiOI showed a regular spherical structure and
a diameter of approximately 2–3 mm (Fig. 1a). The high-
magnication image of the 3D-FM hemispheres showed that
the uniform 2D nanosheet petals are arranged together in
a disorganized and staggered manner, which could effectively
inhibit the aggregation of a single 3D-FM nanosheet (Fig. 1b).
The micrograph of BiOI showed it was attached closely to the
surface of 3D-FM (Fig. 1c), indicating the form of the 3D-FM/
BiOI heterostructure. Fig. 1d shows the EDS region of the 3D-
FM/BiOI composite and its corresponding EDS mappings
(Fig. 1e–i), which demonstrate that there are only Bi, O, I, Mo
and S elements in the 3D-FM/BiOI composite and the BiOI are
evenly distributed. To further investigate themorphological and
structural information for the 3D-FM/BiOI composite, the TEM
of BiOI and the 3D-FM/BiOI composite were analyzed, as shown
in Fig. 2a and b, and the elemental distributions were observed
with energy-dispersive X-ray spectroscopy (EDS) (c–g). The
HRTEM of 3D-FM/BiOI was analyzed, and the results are shown
in Fig. S1a and b,† and different lattice fringes are found.

The crystalline structures of BiOI, 3D-FM and 3D-FM/BiOI
were identied by X-ray diffraction (XRD). The XRD pattern of
3D-FM was consistent with that reported in the literature.36 As
Fig. 1 The SEMmorphology of (a) BiOI, (b) 3D-FM and (c) 3D-FM/BiOI. (d
BiOI composite and its corresponding EDS mappings (e–i).

4558 | RSC Adv., 2024, 14, 4556–4567
shown in Fig. 3, the diffraction peaks of the tetragonal phase of
BiOI were consistent with the diffraction peaks of (012), (110),
(014) and (212) in the composites. The XRD pattern of the 3D-
FM/BiOI heterostructure showed predominantly the main
peaks of BiOI and one weak peak (004) of 3D-FM, due to the
better crystallinity and stronger peak intensity of BiOI and the
small content of 3D-FM.

X-ray photoelectron spectroscopy (XPS) was undertaken to
investigate the elemental composition and valence states of the
3D-FM/BiOI composites. Fig. 4 shows the typical survey scan
and high-resolution spectra of the Bi (4f, 4d and 4p), Mo 3p, S
2p, O 1s, and I 3d peaks for the 3D-FM/BiOI composites, which
are in accordance with the above EDS result. Bi, O, and I
elements related to BiOI and the Mo, O, and S elements related
to 3D-FM were observed in the survey XPS of 3D-FM/BiOI,
illustrating that BiOI was successfully attached to 3D-FM.
Fig. 5a clearly shows the binding energy of Bi 4f, in which the
two peaks located at 165 eV and 156.5 eV are the characteristic
peaks of Bi 4f5/2 and Bi 4f7/2 in 3D-FM/BiOI, suggesting that the
chemical valence state of Bi element in the 3D-FM/BiOI
composites is +3.32 The binding energies of I 3d3/2 and I 3d5/2
in 3D-FM/BiOI are located at 616 eV and 627.5 eV, respectively
(Fig. 5d). This is the characteristic peak of I− in the 3D-FM/BiOI
samples. For the O 1s spectrum (Fig. 5b), the peaks for the Bi–O
bond (527.1 eV) and I–O bond (529.5 eV) were ascribed to BiOI.
The peak of S 2P was exhibited in the spectrum of Bi + S
(Fig. 5a). However, the existence of Mo indicates that 3D-FM had
been successfully introduced into the composite (Fig. 5c). The
above XPS analysis conrmed the successful fabrication of a 3D-
FM/BiOI heterojunction.

The bonding and chemical composition of BiOI and the 3D-
FM/BiOI composites were investigated using FT-IR spectra.
From Fig. 6, the band at about 3425 cm−1 is the stretching
vibration of O–H, which is the deformation vibration of absor-
bed water molecules.35 The band at 498 cm−1 corresponds to the
stretching mode of Bi–O, which results from BiOI. With
) The energy-dispersive X-ray spectroscopy (EDS) region of the 3D-FM/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The TEM morphology of BiOI (a) and (b) 3D-FM/BiOI. (c–g) The elemental distribution observed with energy-dispersive X-ray spec-
troscopy (EDS).

Fig. 3 The X-ray diffraction patterns of BiOI, 3D-FM and 3D-FM/BiOI. Fig. 4 XPS spectra of 3D-FM/BiOI.
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increasing 3D-FM content, the peak of the 3D-FM/BiOI
composites at 498 cm−1 is shied slightly compared with pure
BiOI. This proves the interaction of 3D-FM nanosheets and BiOI
nanosheets, which formed an excellent heterojunction struc-
ture. The FT-IR results are in accordance with the XRD analysis,
and indicate that the 3D-FM has been successfully coupled with
BiOI.
3.2. Sensing mechanism of the 3D-FM/BiOI sensing system

Hydroxyl radicals (cOH) and photogenerated holes (h+) are the
major active factors in the process of photocatalytic oxidation.
Similar research has been reported, such as a contactless pho-
toelectrochemical biosensor based on the ultraviolet-assisted
gas sensing interface of 3D-SnS2 nanosheets37 and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
photoelectrochemical bioanalysis of microRNA on yolk-in-shell
Au@CdS based on a catalytic hairpin-assembly-mediated
CRISPR-Cas12a system,38 etc.39,40 According to the properties
of semiconductors, p-type semiconductors enter the solution
with holes under light, and electrons enter the counter elec-
trode.41,42 The electron donor consumes the holes, and the
electron donor undergoes an oxidation reaction. In contrast, n-
type semiconductors enter the solution under light, and holes
enter the counter electrode. The electron acceptor consumes
electrons in the solution, and the electron acceptor undergoes
a reduction reaction. Above all, L-AA is easily oxidized and
generally serves as an electron donor, and so serves as a hole
scavenger. The probable mechanism of 3D-FM/BiOI as a pho-
tocatalyst was explored for an increase in photocatalytic capa-
bilities and detecting the content of L-AA (Fig. 8). The minimum
RSC Adv., 2024, 14, 4556–4567 | 4559
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Fig. 5 Survey spectra and high-resolution core spectra for (a) Bi + S, (b) O 1s, (c) Mo and (d) I 3d.

Fig. 6 The FT-IR spectra of BiOI and 3D-FM/BiOI.
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position of the conduction band (CB) and the maximum posi-
tion of the valence band (VB) of BiOI and 3D-FM are estimated
by employing the empirical formulae:
4560 | RSC Adv., 2024, 14, 4556–4567
EVB = X − Ee + 0.5Eg (1)

ECB = EVB − Eg, (2)

where X is the absolute electronegativity, which is 5.94 eV. Ee is
a constant of the free electrons energy with respect to the
hydrogen scale (z4.5 eV), and Eg is the forbidden bandwidth of
a semiconductor. On the basis of the UV-vis spectra, the band
gap energy of BiOI nanosheets is 1.38 eV (Fig. 7a). Therefore, the
calculated EVB and ECB of BiOI are 2.13 and 0.75 eV, respec-
tively. According to the Nernst equation (eqn (3)), the EVB (vs.
NHE, pH = 7.4) and ECB (vs. NHE, pH = 7.4) of BiOI were
calculated to be 1.69 V and 0.31 V, respectively.

E(NHE, pH = 7.4) = E(NHE, pH = 0) − 0.059 pH (3)

Furthermore, the Fermi level (EF) of the 3D-FM nanosheets
(0.41 eV) (Fig. 7b) is more positive than the CB potential of BiOI,
which favors the transfer of photoelectrons on the VB of BiOI to
3D-FM through the heterojunction interface, thereby promoting
the separation of photocarriers.

Under visible light irradiation (l > 400 nm), the photo-
generated electrons on the VB are excited and transferred to the
corresponding CB, and the holes are le on the valence band of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The photon energy (hn) for BiOI and (b) the Fermi level (EF) of 3D-FM nanosheets.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:1

6:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
BiOI and 3D-FM nanosheets. Because the CB potential of 3D-FM
is more negative than that of BiOI, the photo-induced electrons
on the CB of 3D-FM can easily transfer to the CB of BiOI through
the interface. At the same time, the VB position of 3D-FM is
more negative than that of BiOI, so the holes can migrate from
BiOI to the 3D-FM nanosheets; thus the efficient separation of
photogenerated carriers occurs.

L-AA is an effective hole capture agent in photoelectric
detection. The 3D-FM/BiOI PEC sensor is a kind of target-
analyzing device based on a photoelectrically active mate-
rial. When the light is on, the electrons in the 3D-FM/BiOI
material are excited, and the identifying probe on the mate-
rial captures L-AA, causing a change in photocurrent or pho-
tovoltage. The photoelectric signal changes with the
Fig. 8 The probable mechanisms of 3D-FM/BiOI as photocatalysts und

© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration of L-AA, and there is a functional relationship
between the two. Therefore, the change in the photoelectric
signal can be used to quantitatively determine the L-AA. The
valence band potential of the photocatalysts of the 3D-FM/
BiOI composite is much higher than the oxidation potential
of L-AA (+0.153 eV). When 3D-FM/BiOI/ITO is stimulated by
light, L-AA can easily be oxidized by holes to dehydroascorbic
acid (DHA), and the hydrogen ions gain electrons and will be
reduced to H2 at the opposite electrode. In this process, L-AA
acts as a hole scavenger by providing electrons to the photo-
catalysts of the 3D-FM/BiOI composite, reducing the recom-
bination of the electron–hole pair and enhancing the
photocurrent signal. The PEC sensing mechanism on L-AA
may follow eqn (4)–(6):
er visible light.

RSC Adv., 2024, 14, 4556–4567 | 4561
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Fig. 9 (a) Photoluminescence emission spectra of (a) 3D-FM, BiOI and 3D-FM/BiOI. (b) EIS plots of BiOI and 3D-FM/BiOI/ITO.
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BiOI/3D-FM + hn / BiOI/3D-FM + h+ + e− (4)

L-AA + h+ / DHA + H+ (5)

4H+ + 4e− / 2H2 (6)

The separation rate of electrons and holes determines the
effect of the photocatalytic activity. Weak PL peaks repre-
sented low recombination rates of photo-excited electrons
and holes. PL spectra of BiOI, 3D-FM and BiOI/3D-FM with an
excitation wavelength of 350 nm (Fig. 9a) showed that the
peaks of BiOI/3D-FM samples are lower than those of BiOI
and 3D-FM, which suggested that the recombination of elec-
trons and holes is restrained due to the formation of a heter-
ojunction between BiOI and 3D-FM. The sample of BiOI/3D-
FM had the lowest PL intensity among all the samples,
which indicated the heterojunctions and surface-active
Fig. 10 (a) CV curves of 3D-FM/BiOI and pure BiOI. (b) Photocurrent of

4562 | RSC Adv., 2024, 14, 4556–4567
oxygen between BiOI and 3D-FM. The cooperative effect of
the above two factors caused it to have higher migration
efficiency of photoelectron and hole pairs, which improved
the ability for photocatalytic performance.

3.3. Characteristics of PEC sensing

The electrochemical property of the 3D-FM/BiOI electrode was
further explored with the CV curves (Fig. 10a) in 1.0 M KCl
solution containing 5.0 mM [Fe(CN)6]

3−/4−. 3D-FM/BiOI
exhibited almost no signicant variation in redox peak
current compared to that in pure BiOI, which may be attributed
to the addition of a small amount of 3D-FM.

The relationship between the enhanced photocurrent and
charge transfer was investigated by EIS. The semicircle in an EIS
plot can reveal the charge transfer resistance. As depicted in
Fig. 9b, 3D-FM/BiOI/ITO exhibited a smaller arc size than BiOI
and the calculated charge transfer resistance value of 3D-FM/
3D-FM/BiOI, BiOI and 3D-FM under visible light illumination.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The effects of (a) the ratio of BiOI to 3D-FM; (b) concentration of BiOI/3D-FM; (c) applied potential. Conditions: (a) concentration: 10 mg
mL−1; applied potential, −0.2 V; (b) the ratio of BiOI to 3D-FM, 10 : 3; applied potential, −0.2 V; (c) the ratio of BiOI to 3D-FM, 10 : 3; concen-
tration, 10 mg L−1 (All experiments were conducted in 0.1 M PBS (pH 7.4) containing 1 mM L-AA.).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:1

6:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
BiOI (200.5 U) was also smaller than that of BiOI (275 U). These
results further conrmed that the introduction of 3D-FM could
promote charge transfer and reduce overall charge transfer
resistance, which plays an important role in enhancing the
photocurrent.

Under visible light illumination, the PEC properties of 3D-
FM, BiOI and 3D-FM/BiOI were explored to evaluate the tran-
sient photocurrent response by estimating 60 s photocurrent
curves. As shown in Fig. 10b, 3D-FM exhibited a weak anode
photocurrent, while BiOI as a p-type semiconductor showed an
extremely weak cathode photocurrent owing to its relatively
narrow band gap (1.95 eV), whichmakes the electrons and holes
easy to recombine. Aer introducing 3D-FM into BiOI,
a remarkably improved photocurrent response was observed for
the 3D-FM/BiOI electrode, which was several times larger than
that of BiOI. The sensitive photocurrent response is attributed
to the effective separation and transmission of photocarriers in
3D-FM/BiOI, which is due to the excellent conductivity of
multilayer 3D-FM and the strong interface connection between
3D-FM and BiOI.
Fig. 12 (a) PEC responses of the BiOI/3D-FM sensor at different L-AA c
mination of L-AA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4. Optimization of experimental conditions

All optimization of experimental conditions was conducted in
0.1 M PBS (pH 7.4) containing 1 mM of L-AA. To achieve optimal
performance of the PEC sensor, a study of the inuence of the
ratio of BiOI to 3D-FM was conducted. When the ratio of BiOI to
3D-FM was signicantly increased from 10 : 1 to 10 : 3, the
photocurrent difference also signicantly increased. However,
when the ratio was further increased to 10 : 4, the photocurrent
difference increased only slowly (Fig. 11a). This is because the
introduction of 3D-FM can enhance the photoelectric activity,
but it is not conducive to the oxidation of L-AA. Therefore, the
optimal ratio of 3D-FM to BiOI was 10 : 3 and this was selected
for the sensing experiments.

The inuence of the concentration of 3D-FM/BiOI was then
explored. When the concentration of BiOI/3D-FM was varied
from 3 to 12 mg mL−1, the photocurrent difference was greatly
enhanced (Fig. 11b). When the concentration was further
increased from 10 to 12 mg mL−1, a signicant decrease in
photocurrent difference was exhibited. The decline was due to
the thicker coating on the surface of ITO hindering electron
oncentrations. (b) The corresponding calibration curve for the deter-

RSC Adv., 2024, 14, 4556–4567 | 4563
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Table 1 Recovery of L-AA in human urine by 3D-FM/BiOI/ITO photoelectric detectiona

Sample Determined (mM) Spiked (mM) Found (mM) Recovery (%) RSD (%)

1 0.45 � 0.01 5 4.82 96.40 4.32
2 0.43 � 0.01 20 21.3 106.50 3.05
3 0.47 � 0.03 100 101.5 101.5 2.63

a RSD (%) = (standard deviation/the average of the data obtained by repeating 3 times) × 100%.
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transfer, thereby affecting the oxidation of L-AA and leading to
a decrease in the photocurrent difference. Thus, 10 mg mL−1

was adopted as the appropriate concentration of 3D-FM/BiOI
for the subsequent experiments.

The applied potential of a PEC sensor can affect the ampli-
tude of the photocurrent. A more negative application potential
leads to a stronger cathode photocurrent and electron dri
caused by larger measurement bias. Furthermore, the effect of
an applied potential ranging from −0.3 V to 0 V was investi-
gated. As illustrated in Fig. 11c, the photocurrent difference was
greatly enhanced, resulting in the negative shi of the potential.
However, a larger applied voltage will lead to a stronger back-
ground noise signal, which will interfere with the detection of
a low content L-AA. Thus, a bias voltage of−0.2 V was ultimately
used in the following experiments.
3.5. Analytical performance of the 3D-FM/BiOI PEC sensing
system

The sensing property of the 3D-FM/BiOI sensing platform for
accurate detection of L-AA was explored under optimal conditions.
As shown in Fig. 12a, the concentration of L-AA increased in the
range from 1 mM to 0.8 mM, corresponding to an increase in the
photocurrent difference of the 3D-FM/BiOI sensor. Fig. 12b
demonstrates that there is a good linear relationship between the
concentration of L-AA and photocurrent difference. The linear
equation can be described as DI = 6.7750[C] + 0.0576 and the
coefficient is 0.9941, where DI represents the photocurrent
difference of L-AA at different concentrations and [C] is the
concentration of L-AA. The limit of detection (LOD) calculated
from the equation LOD = 3s/k was 0.05 mM, where s is the
Fig. 13 (a) Evaluation of selectivity of the BiOI/3D-FM sensor to interfer

4564 | RSC Adv., 2024, 14, 4556–4567
standard deviation of the blank solution (n= 10) and k is the slope
of the linear equation.
3.6. Applications in real sample analysis

To conrm the practicability and feasibility of the developed
method, and also to evaluate the applicability of this fabricated
photoelectrode for L-AA detection in real human urine samples (as
shown in Table 1), in general the standard addition method was
used to detect L-AA in a real sample and three repeated experi-
ments were conducted to ensure the authenticity of the data. The
urine samples were collected from onemale who was 25 years old.
Typically, 20 mL of human urine sample was added to 20 mL of
0.1 M PBS (pH 7.4) solution, and then it was measured by the
proposed method. To evaluate the accuracy of the analytical
result, a recovery test was conducted at three spiked levels (5, 20,
100 mM). The recoveries of L-AA detection in human urine were
96.40–106.50% with a relative standard deviation below 4.32%,
indicating the feasibility and good reproducibility of the 3D-FM/
BiOI sensor in the detection of human urine samples.
3.7. Selectivity, reproducibility and stability of the 3D-FM/
BiOI sensor

The selectivity of 3D-FM/BiOI was explored and investigated in
the presence of potential interferents. Sensing solutions
including L-AA, dopamine, L-threonine, uric acid, urea, L-argi-
nine and sucrose D-AA were added to the electrolyte to investi-
gate their potential effects on L-AA detection (Fig. 13a).
Compared with the photocurrent of 1 mM L-AA, the change in
photocurrent was less than 3% aer adding 50 mM of
ing substances. (b) Photocurrent stability of BiOI/3D-FM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of linear range and detection limit of enzyme-free photoelectrochemical sensors for the determination of L-AAa

Modied material Linear range Detection LOD Reference

BiVO4/FTO 5–300 mM 1 mM 43
Au/ZnSe/ZnO 0.2–1.8 mM — 44
Dy-OSCN/FTO 7.94 mM–1.113 × 10−2

M
3.35 mM 45

CoOOH-modied PD 0.1–10 mM 33.4 nM 46
CoHCF-modied Pt 1.0 × 10−6–1.0 × 10−3

M
1 mM 47

g-C3N4NSs 0.25–100 mM — 48
This work 1 mM–0.8 mM 0.05 mM

a Dy6-SCN monocrystal: [Dy6L2(m3-OH)4(m2-OH)2(SCN)8(H2O)4]$6CH3CN$2CH3OH$H2O PDI: perylenediimide CoHCF: cobalt hexacyanoferrate g-
C3N4 NSs: graphitic carbon nitride nanosheets.
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interferents to the electrolyte with 1 mM of L-AA, which proved
that the 3D-FM/BiOI sensor possesses excellent selectivity and
anti-interference capability. The good selectivity is attributed to
the structure of the 3D-FM/BiOI PEC sensor and the charge
generation/transfer mechanism of 3D-FM/BiOI.

The serviceability of 3D-FM/BiOI was estimated according to
reproducibility and stability. The experiments were conducted
in 0.1 M PBS (pH 7.4) containing 1 mM of L-AA. Different batches
of 3D-FM/BiOI were explored, which showed similar PEC
performance for the determination of L-AA, demonstrating the
good reproducibility of 3D-FM/BiOI. The stability of the 3D-FM/
BiOI sensor was investigated by repeating on/off cycles within
1000 s under intermittent visible light irradiation. Fig. 13b
shows that the photocurrent can still maintain its initial
intensity and there is almost no change aer 1000 s. Further-
more, the PEC properties of 3D-FM/BiOI remained unchanged
aer it was stored at 4 °C in the dark for 7 days. The stability of
3D-FM/BiOI for L-AA was proved by all the results.

3.8. Comparison with other sensors toward L-AA

The analytical performance of the 3D-FM/BiOI PEC sensor
toward L-AA was compared with other reported PEC sensors
(Table 2). Compared with other reported PEC sensors,43–48 the
established PEC sensor exhibited a wider linear range and
much lower LOD for detection of L-AA due to the separated light
source and electric detection signal of the PEC sensor, which
can effectively reduce the background noise.

4 Conclusions

In summary, a PECS of 3D-FM/BiOI was successfully prepared
and applied in sensing L-AA in human urine with excellent
accuracy and applicability, demonstrating its practical preci-
sion and superb serviceability. Furthermore, the 3D-FM/BiOI
PECS exhibited satisfactory selectivity and stability, providing
a great potential platform for the construction of an L-AA sensor
in various practical samples and complicated environments.
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