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In this study, Au–NiFe2O4 hetero-nanostructures (Au–NFO HNs) have been successfully developed and

proposed as an efficient photoactive material for the construction of a photoelectrochemical sensor for

the detection of paracetamol (PCM) under visible light irradiation. When Au NPs were in intimate contact

with NFO NFs, a built-in electric field and Schottky barrier at the NFO/Au interface were established and

downward band bending occurred. By using monochromatic 532 nm laser excitation, the photo-

generated electrons on the NFO conduction band were promptly migrated to the Au Fermi level due to

the presence of a built-in electric field and downward band bending, and together with the hot

electrons induced by localized surface plasmon resonance characteristics of Au NPs could concurrently

contribute to the enhanced photoelectrochemical activity. Furthermore, the Schottky barrier prevents

the transfer of photo-generated holes from the valence band of NFO to Au, thereby suppressing the

recombination of photo-generated electron–hole pairs and prolonging charge carrier lifetimes. A series

of electrochemical kinetic parameters were determined and the results showed that in the presence of

visible light irradiation, the interfacial charge transfer ability, electrocatalytic activity, and adsorption/

diffusion capacity of Au–NFO HNs-modified electrode were remarkably enhanced compared to the dark

environment. As a result, the photoelectrochemical sensing platform based on Au–NFO HNs showed

noteworthy analytical performance towards PCM detection in the wide linear ranges from 0.5–200 mM,

high electrochemical sensitivity of 1.089 mA mM−1 cm−2, and low detection limit of 0.38 mM.

Furthermore, the repeatability, anti-interference ability, and feasibility of the proposed

photoelectrochemical sensor were also evaluated. This study will establish a more comprehensive

understanding and promote ongoing interest in constructing advanced and efficient plasmonic metal/

semiconductor hetero-nanostructures for analytical photoelectrochemistry.
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1. Introduction

The photoelectrochemical sensor, as an evolutionary generation
of electrochemical sensing technology, has been becoming
a fast-developing and high-performance analytical platform due
to the advantages of optical and electrochemical analysis.1–3

Compared with traditional analytical techniques such as high-
performance liquid chromatography (HPLC), liquid
chromatography-mass spectrometry (LC/MS), or enzyme-linked
immunosorbent assay (ELISA), photoelectrochemical sensing
has the merits of operational simplicity, remarkable sensitivity
and selectivity, inherent miniaturization, cost effectiveness, and
strong real-time monitoring capability.2,4 Since the sensing
performance of a photoelectrochemical sensor is closely related
to the photoelectric conversion efficiency of the photoactive
RSC Adv., 2024, 14, 34471–34485 | 34471

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06752e&domain=pdf&date_stamp=2024-10-28
http://orcid.org/0000-0002-2440-2042
http://orcid.org/0000-0003-2204-7590
http://orcid.org/0000-0002-4191-1834
https://doi.org/10.1039/d4ra06752e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06752e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014046


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
8/

20
26

 2
:2

9:
22

 A
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
electrode, the light harvesting and converting ability of photo-
active materials play a non-negligible role.2,5,6 Fortunately, the
breakthroughs and tremendous advances in nanoscience and
nanotechnology have now paved the way for the rational design
and engineering strategies employed in the construction of
promising photoactive nanomaterials with well-designed
congurations, robust structural/electrochemical stability, tail-
orable morphologies, and improved electrochemical properties
to fulll practical applications.

In recent years, semiconductor nanostructures-based pho-
tocatalysts have formed the basis for the fast development in
a myriad of elds such as photochemical applications,7,8 solar
energy conversion and storage,9,10 environmental remedia-
tion,11,12 and other areas. As is well known, under visible and/or
ultraviolet irradiation, the photo-generated electron–hole pairs
at photoactive semiconductor materials can directly interact
with molecules in the reaction medium, which in turn act as
reducing agent and oxidizing agent and initiate the photo-
chemical reactions.13,14 However, the performance of such
semiconductor-based photoelectrochemical systems is
restricted by two major intrinsic constraints. Since visible light
constitutes ∼43% of the solar spectrum, the core issue is the
visible light harvesting ability of photoactive semiconductor
nanomaterials, which directly affect its practical applications in
normal light conditions.15 Therefore, the semiconductor pho-
tocatalyst should rst have sufficiently narrow bandgap (1.23 eV
< Eg < 3.0 eV, 400 < l < 1000 nm) to absorb as much visible light
as possible, thereby maximizing the photocatalytic activity.13

Another critical issue is the dynamics of photo-generated elec-
tron–hole pairs, e.g., charge separation efficiency, mobility, and
lifetimes. Aer the photo-excited charge carriers are generated,
the recombination rate and the lifetimes needs to be hindered
and prolonged, respectively. In addition, a high migration rate
of photo-generated electrons and holes to the catalyst surface is
needed, allowing them to participate in photoelectrochemical
reactions at the photocatalytic active sites.

Among various types of semiconductors, nickel ferrite
(NiFe2O4 – NFO) has recently been recognized as an efficient
photoactive material, owing to the inherent merits of its rela-
tively narrow bandgap energy, high photoreactivity, high
photosensitivity, easy synthesis methodology, stable physico-
chemical properties and cost-effectiveness.16,17 Our previous
work has veried the feasibility of utilizing NiFe2O4 nanoakes
in improving the analytical sensing performance of visible light-
assisted electrochemical sensor for the sensitive detection of
azithromycin antibiotic.18 Nevertheless, to further enhance the
analytical performance of photoelectrochemical sensors, it is
imperative to develop a new class of high-efficiency visible-light
sensitive photocatalyst. Noble metal nanomaterials have been
attracting great attention for their ability to interact intensely as
well as absorb strongly with light in the visible range, thanks to
their localized surface plasmon resonance (LSPR).19,20 They can
serve as electron traps and active reaction sites to efficiently
suppress the recombination of photo-generated electron–hole
pairs, prolong charge carrier lifetimes, and improve charge
separation due to the Schottky barrier built at the semi-
conductor–metal interface.21–23
34472 | RSC Adv., 2024, 14, 34471–34485
Recently, substantial endeavors have been devoted to
developing hetero-nanostructures (HNs) composed of semi-
conductors and plasmonic metal components, because they
exhibit superior optical characteristics in the visible-to-near-
infrared regions, which was found to be highly effective in
amplifying the efficiency of light harvesting and charge trans-
fer.22,24 The engineering of HNs consisting of plasmonic noble
metal nanomaterials (e.g., Au, Ag, Pt, etc.) and low-bandgap
semiconductors is considered as an efficient strategy to
improve the lifetimes and efficiency of photo-excited in the
semiconductors upon light absorption.14,22,23,25 The integration
of plasmonic materials and semiconductors with the close
conjunction of LSPR effect and low band gap may result in the
energy band alignment on both sides of the interface,24,26 thus
leading to spatial charge separation across the semiconductor–
metal nanojunction under visible light irradiation. The high
separation efficiency of photo-generated charge carriers can be
harnessed for redox reactions and play a signicant role in
enhancing the sensing performance of photoelectrochemical
reactions. By taking advantage of the combinatorial properties
and the synergistic coupling effects, diverse noble metal–
semiconductor HNs have been extensively explored in many
elds, such as photocatalytic organic pollutant degradation,27

photochemical water splitting,28 surface-enhanced Raman
scattering detection,29 and solar-to-chemical energy conver-
sion.30 Nevertheless, to the best of our knowledge, there have
been few reports of the application of photoactive noble metal/
low-bandgap semiconductor HNs for the detection of antibi-
otics using photoelectrochemical sensing platform under
visible light irradiation.

Motivated by previous pioneering studies, we have developed
an innovative approach using Au–NFO HNs as an efficient
photoactive nanomaterial for the construction of a photo-
electrochemical sensing platform towards the sensitive detec-
tion of paracetamol (PCM). The crystalline phase formation,
micro/nanostructures, morphological features, and optical
properties of the as-prepared Au–NFO HNs were investigated. A
greatly enhanced interfacial electron transfer, adsorption/
diffusion capacity, and intrinsic electrocatalytic activity of Au–
NFO HNs-based photoelectrochemical sensor under visible
light irradiation is demonstrated by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), chro-
noamperometry (CA) and differential pulse voltammetry (DPV)
techniques. Furthermore, by investigating the energy band
diagram of metal and n-type semiconductor, the underlying
mechanism of the interactions between Au and NFO before and
aer contact was also proposed to clarify the possible electron-
transfer pathways across the Au/NFO interfaces under visible
light irradiation. According to that, the synergistic coupling
effect of the built-in electric eld and Schottky barrier for
capturing photo-generated electrons, prolonging their life-
times, and suppressing the recombination of electron–hole
pairs during the photoelectrochemical reaction was undoubt-
edly unraveled. As a result, the Au–NFO-based photo-
electrochemical sensing platform presented high sensitivity,
satisfactory repeatability, excellent anti-interference ability, and
good practical applicability toward the detection of PCM. We
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hope that this study will provide researchers with a unique
approach to improve the further exploration of diverse and
advanced plasmonic metal/semiconductor hetero-
nanostructure and develop more high-performance photo-
electrochemical nanosensors.
2. Experimental procedures
2.1. Chemicals

Nickel dichloride hexahydrate (NiCl2$6H2O), ferric chloride
hexahydrate (FeCl3$6H2O), gold(III) chloride hydrate (HAuCl4-
$H2O), sodium citrate (Na3C6H5O7), and sodium hydroxide
(NaOH) were purchased from Xilong Scientic Co., Ltd. Potas-
sium ferricyanide (K3Fe(CN)6), potassium ferrocyanide
(K3Fe(CN)6), potassium dihydrogen phosphate (KH2PO4), and
dibasic sodium phosphate (Na2HPO4), potassium chloride
(KCl), and sodium chloride (NaCl) were purchased from Merck
KGaA, Germany. The synthetic standard of PCM analyte was
supplied by the National Institute of Drug Quality Control of
Vietnam. All chemicals employed in this study were analytical
grade and used without additional renement.
2.2. Synthesis of Au–NFO HNs and construction of Au–NFO-
modied SPE electrode

The NFO HNs were synthesized by a one-pot hydrothermal
method. Typically, 0.594 g of NiCl2$6H2O and 0.676 g of
FeCl3$6H2O (molar ratio of 1 : 1) were dispersed in 80 mL
distilled water, followed by stirring for 1 hour until creating
a homogeneous solution. Then, 10 mL of 2 M NaOH solution
was added to the previous mixture drop by drop and themixture
was stirred for an additional 30 min. Aer that, the resulting
mixture was transferred into a Teon container, sealed, and
heated in an oven at 180 °C for a duration of 2 hours. Aer
cooling down to room temperature, the resulting precipitate
was thoroughly washed with deionized water and absolute
ethanol to remove impurities, dried in a vacuum oven at 80 °C
overnight to obtain NFO HNs. For the preparation of Au–NFO
HNs, 100 mg of the obtained NFO HNs was dissolved in 100 mL
distilled water containing 10 mg HAuCl4$H2O, followed by
ultrasonication in the sonication bath for 30 min until creating
a homogeneous solution. Subsequently, 0.1 wt% Na3C6H5O7

was added and this mixture was maintained at 80 °C under
stirring for 1 hour and the precipitate was centrifuged for
20 min at 5000 rpm and ltered, washed to remove any residual
material. Finally, the obtained product was naturally dried in an
oven at 80 °C for a period of 24 h to obtain the Au–NFO HNs.

The simple multiple drop-casting method was used to
prepare the Au–NFO-modied SPE electrode. Firstly, 1 mg Au–
NFO HNs powder were ultrasonically dispersed in 1 mL of
distilled water for 3 h to obtain a homogeneous suspension.
Subsequently, a 2 mL amount of the resulting Au–NFO suspen-
sion was coated on the working electrode surface of the bare
SPE and dried naturally. Eventually, the Au–NFO-modied SPE
electrode was rinsed carefully with PBS solution and stored at
4 °C for further use.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3. Electrochemical assessments and characterization of
Au–NFO HNs

Electrochemical experiments including cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), chro-
noamperometry (CA) and differential pulse voltammetry (DPV)
were all carried out using PSTrace 5.8 soware with a PalmSens
4 electrochemical workstation (PS Trace, PalmSens, The Neth-
erlands). The commercially screen-printed carbon electrode was
utilized throughout the electrochemical experiments with
carbon working electrode, a carbon counter electrode, and
a silver/silver chloride (Ag/AgCl) reference electrode.

Powder X-ray diffraction (XRD, Bruker D5005 X-ray Diffrac-
tometer, Cu Ka radiation (l = 0.15405 nm)), scanning electron
micrographs (SEM, eld emission scanning electron micros-
copy FESEM, S-4800), and UV-vis absorbance spectra (Macherey-
Nagel spectrophotometer nanocolor UV-vis II within a wave-
length range from 300 to 900 nm) were conducted in order to
characterize the structural, morphological, and optical proper-
ties of the as-synthesized NFO and Au–NFO HNs.
3. Results and discussion
3.1. Physical characterization of NFO–Au HNs

Firstly, a powder X-ray diffractometer is used to get information
about the crystalline structure, phase composition and crystal-
lite size of as-synthesized Au–NFO HNs. XRD patterns of Au–
NFO sample is shown in Fig. 1a, revealing the coexistence of two
different crystalline phases in the Au–NFO HNs. Six character-
istic diffraction peaks at 30.1°, 35.5°, 43.1°, 53.6°, 57.1°, and
62.8° are indexed to (220), (311), (400), (422), (511), and (440)
planes can be clearly seen, which was in agreement with the
cubic spinel phase of NiFe2O4 with the space group Fd3m. This
XRD pattern is well matched with the Joint Committee on
Powder Diffraction Standards (JCPDS) card no. 10-0325, illus-
trating trevorite phase of NiFe2O4. Some secondary peaks at 2q
= 38.1°, 44.1°, and 64.4° coincided with the diffraction planes
of (111), (200), and (220) were observed, indicating a typical
crystalline face-centered cubic (fcc) structure of Au (JCPDS card
no. 04-0784). The result veries the existence of NFO and Au in
the as-prepared Au–NFO HNs. Furthermore, the average grain
sizes of NFO and Au were calculated to be 20.4 and 10.8 nm,
respectively, obtained by the standard Scherrer equation:31

D ¼ kl

b cos q
(1)

where D is the grain size (nm), k is the crystallite shape factor =
0.94, l is the X-rays wavelength (l = 0.15406 nm), b (radians) is
the full width at half maximum of the diffraction peak and q is
the Bragg diffraction angle.

The optical properties of the prepared Au–NFO HNs is an
essential factor in the visible light-assisted electrochemical
sensor. Therefore, ultraviolet-visible (UV-vis) measurements of
pure NFO and Au–NFO HNs through the wavelength range from
300 to 900 nm were conducted to determine light absorption
characteristics and band gap properties and the results were
shown in Fig. 1b. As for pure NFO, the spectrum displayed
RSC Adv., 2024, 14, 34471–34485 | 34473
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Fig. 1 (a) XRD diffractogram and (b) UV-vis absorption spectra of pure NFO and Au–NFO HNs with inset showing the Tauc plot and band gap
value of the NFO and Au–NFO HNs; (c and d) FE-SEM images with different magnification of the Au–NFO HNs.
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a broad absorption band in the wavelength range from 600 nm
to 900 nm. To clarify the presence of possible peaks, tting the
Gaussian function was conducted in Origin 9.0 (Fig. S1†). The
blue and pink lines represent a correlated Gaussian t of these
data. It can be found that the two Gaussian curves tted the
original curve perfectly with two peaks at 689 and 752 nm which
can be assigned to d–d transitions.32 As compared to pure NFO,
a new absorption peak at 526 nm was observed in the UV-vis
absorption spectra of the as-prepared Au–NFO HNs. This peak
can be attributed from the localized surface plasmon resonance
(LSPR) characteristics of Au nanoparticles (NPs).32 The appear-
ance of two kinds of characteristic absorption bands further
conrms that the Au–NFO sample is composed of NFO nano-
akes and Au nanoparticles. The optical band gap of pure NFO
and Au–NFO HNs has been evaluated from the absorption
spectrum using the Tauc's equation:

(aħn)1/n = C(ħn − Eg) (2)

where a is the absorption coefficient, ħ implies Planck's
constant, n represents the photo frequency, C is an energy
dependent constant, and n is the power factor of the transition
mode, which is dependent upon the nature of the material. The
average band gap was estimated from the intercept of the linear
portion of the (aħn)2 vs. (ħn) plots on (ħn) axis as shown in inset
Fig. 1b. The band gap energies of pure NFO and Au–NFO HNs
were calculated to be 2.15 eV and 1.89 eV, respectively. The
lower band gap value means that the as-synthesized Au–NFO
HNs has an effective absorption of visible light with a more
pronounced surface plasmon band in the visible light region,
thereby suppressing the recombination of photo-generated
electron–hole pairs. Upon exposure of the Au–NFO HNs-based
34474 | RSC Adv., 2024, 14, 34471–34485
photo electrochemical sensor to visible light, a great number
of electrons and holes can be generated and actively participate
in the electrochemical oxidation and reduction reaction,
leading to the improvement of the photoelectrochemical anal-
ysis performance.

The morphology, surface characteristics and particle size of
the Au–NFO HNs was conrmed using FE-SEM analysis
different magnication of 5 and 1 mm; the corresponding
images are shown in Fig. 1c and d. The low-magnication FE-
SEM image shows that the as-obtained Au–NFO HNs have
homogeneous particle size, uniform distribution, and robust
network structure. The size distribution analysis of Au and NFO
in the Au–NFO HNs from SEM images was performed using the
widespread image analysis soware ImageJ (National Institutes
of Health, Bethesda, Maryland, USA) and their average diame-
ters were determined by Lorentz tting of size histograms. The
high-magnication FE-SEM image revealed that the NFO has
a homogeneous population of ake-shaped particles with an
average diameter in the range of 65 to 203 nm. Interestingly, it
was found that small spherical-like Au NPs (marked by the red
circle) with an average size of less than 35 nm were tightly
coupled and sparingly scattered over the surface of ake-like
NFO. This observation further suggests the successful forma-
tion of the heterostructural system of the as-prepared Au–NFO
HNs and the strong interactions between two components.
3.2. Electrochemical properties of unmodied and Au–NFO-
modied SPE electrodes

In order to obtain insight into the electrochemical redox prop-
erties and electrocatalytic activity of the bare SPE and Au–NFO-
modied SPE, CV and EIS measurements were conducted in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) CV curves of the bare SPE and Au–NFO/SPE at a scan rate of 50mV s−1 in 0.1 M KCl solution containing 5mM [Fe(CN)6]
3–/4– and (b) the

corresponding bar chart diagram of the oxidation/reduction peak currents with error bars and peak current ratio; (c) Nyquist plots and (d) the
corresponding bar chart diagram of charge-transfer resistance (Rct) and the heterogeneous electron-transfer rate constants (k0) value of the bare
SPE and Au–NFO/SPE in 0.1 M KCl solution containing 5 mM [Fe(CN)6]

3–/4–. Inset (c): the diagram of Randles equivalent circuit model.
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0.1 M KCl solution containing 5 mM [Fe(CN)6]
3–/4– (Fig. 2). As

shown in Fig. 2a, two pairs of well-dened redox peaks are
observed in the CV curves of the bare SPE and Au–NFO/SPE,
corresponding to the one-electron transfer process of Fe2+

reversibly into Fe3+. The rectangular-like shape of CV curves
together with reversible peaks verify the combination of pseudo-
capacitance behavior and double electric layer effect through
reversible redox reaction of [Fe(CN)6]

3–/4–.33 For unmodied
electrode, the anodic and cathodic peak currents (DIpa and DIpc)
were calculated to be about 129.0 and 138.9 mA, respectively
(Fig. 2b). The CVs of Au–NFO-modied SPE showed an
augmentation in both DIpa and DIpc values (166.4 and 167.2 mA),
which were 1.29 and 1.20 times larger than unmodied SPE
counterpart, respectively. More interestingly, it is noteworthy
that the ratio of anodic and cathodic peak currents of the bare
SPE was 0.929, and with the introduction of Au–NFO HNs onto
working electrode of SPE, DIpa/DIpc value was almost equal to
unity. Furthermore, owing to the presence of Au–NFO HNs on
the electrode surface, the onset potential value of Au–NFO/SPE
(71.8 mV) was found to shi towards a more negative potential
compared to the bare SPE (81.2 mV). The surface area under the
CV curves was determined according to the equation

AUC ¼ Ð V1
V2

IdV ; where AUC stands for the absolute area under

the curve (AV), V2–V1 stands for the potential range, and I stands
for the response current (A).34 The CV absolute area of the bare
© 2024 The Author(s). Published by the Royal Society of Chemistry
SPE and Au–NFO/SPE were calculated to be 1 × 10−4 and 1.05 ×

10−4 AV. These obtained results indicate the modication of the
bare SPE with Au–NFO HNs can accelerate the electrochemical
reaction and the electron transfer rate.

To further conrm the intrinsic electrocatalytic activity of
Au–NFO HNs, one of the essential factors governing the elec-
trochemical sensing performance, the electrochemically active
surface area (ECSA) was determined. Fig. S2† depicts CV curves
of the bare SPE and Au–NFO/SPE in 0.1 M KCl solution con-
taining 5 mM [Fe(CN)6]

3–/4– at different scan rates from 10 to
60 mV s−1 and linear plots for square root of scan rate vs.
anodic/cathodic peak currents. It can be seen that with an
increment in the scan rate, the DIpa and DIpc values increased in
both unmodied and modied electrodes. Furthermore, an
excellent linear dependence between the redox current intensity
and the square root of the scan rate was observed, demon-
strating that the processes at both electrodes are diffusion
controlled.35,36 Its linear regression equations were expressed as:

For SPE:

DIpa (mA) = 372.8n1/2 (V s−1) + 42.0/R2 = 0.97

DIpc (mA) = −445.1n1/2 (V s−1) − 33.4/R2 = 0.98

For Au–NFO/SPE:
RSC Adv., 2024, 14, 34471–34485 | 34475
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DIpa (mA) = 582.2n1/2 (V s−1) + 27.3/R2 = 0.98

DIpc (mA) = −595.6n1/2 (V s−1) − 26.7/R2 = 0.98

The ECSA values of the bare SPE and Au–NFO/SPE were
determined by utilizing the Randles–Sevcik equation,37 which
describes the relationship between anodic/cathodic peak
currents (DIp, mA), square root of scan rate (n1/2, V s−1), number
of transferred electrons (n), the coefficient of diffusion of
[Fe(CN)6]

3–/4– redox probe (D, cm2 s−1), the bulk concentration
of [Fe(CN)6]

3−/4− solution (C, mol cm−3), and electrochemically
active surface area (ECSA, cm2). This equation is explained as:

DIp = 2.69 × 105n3/2D1/2ACn1/2 (3)

According to that, the ECSA value of Au–NFO-modied
electrode was 0.18 cm2, which is much higher than that of
unmodied electrode (0.13 cm2). In general, the larger the
active surface area, the higher the enrichment efficiency of
target analytes.38,39 This nding suggests that the Au–NFO-
modied SPE is poised to possess excellent electron and mass
transport at the electrode/electrolyte interface, resulting in
superior electrocatalytic performance.

EIS is a powerful tool in electrochemical analysis for the
determination of the charge transfer resistance, the standard
heterogeneous electron transfer rate constant, and the
exchange current density as it gives some information about the
electron-transfer kinetics for the analyte at the interface of the
electrode surface-electrolyte solution during the redox reac-
tions.40 Fig. 2c shows the Nyquist plots of the bare SPE and Au–
NFO/SPE in 0.1 M KCl solution containing 5 mM [Fe(CN)6]

3–/4–

in the frequency range between 100 kHz and 0.01 Hz with an
excitation signal of 10 mV amplitude. Evidently, while the bare
SPE presents a large semi-circle at high-frequency region,
indicative of a high charge transfer resistance, the presence of
Au–NFO HNs onto the working electrode markedly reduced the
impedance of SPE. Employing the conventional Randles
equivalent circuit, the charge transfer resistance (Rct) values of
the bare SPE and Au–NFO/SPE were determined (Fig. 2d). As
illustrated in Fig. S3a,† the unmodied electrode exhibits the
high radius with Rct value of 1089 U due to slow heterogeneous
Fig. 3 (a) CV curves and (b) the corresponding bar diagram of oxidation
NFO/SPE in 0.1 M PBS (pH 7.0) solution containing 50 mM PCM in the ab

34476 | RSC Adv., 2024, 14, 34471–34485
electron transfer and indirect electron transfer ability. Upon the
incorporation of Au–NFO HNs at the SPE working surface,
a notably lower Rct value of 278.4 U was obtained, showing
obvious enhancement in the electrical conductivity of Au–NFO/
SPE (Fig. S3b†). Furthermore, the heterogeneous electron-
transfer rate constant (k0) and the exchange current density
(j0) values for the bare SPE and Au–NFO/SPE can be calculated
from the obtained ECSA and Rct values using the equation:36,39

k0 ¼ RT

n2 F 2ACRct

(4)

j0 ¼ RT

nFARct

(5)

where R stands for the universal gas constant (R= 8.314 J mol−1

K−1), T is for thermo-dynamic temperature (T= 298.15 K), and F
shows the Faraday constant (F = 96 485.33 C mol−1). It was
observed that the k0 and j0 values for the Au–NFO/SPE (1.1 ×

10−6 cm s−1 and 5.3 × 10−4 A cm−2) were 2.97 and 2.94 times
greater than the bare SPE (0.37 × 10−6 cm s−1 and 1.8 × 10−4 A
cm−2), respectively.

Based on the visible-light-response property of Au–NFO HNs
and the CV and EIS results in [Fe(CN)6]

3–/4– redox probe, it is
expected that the activation of Au–NFO HNs by visible light
irradiation together with large ECSA and predened electron
transfer pathway may provide a rapid charge separation of
photogenerated electron–hole pairs and efficient interfacial
charge transfer, which is a key factor in the visible light
enhanced photoelectrochemical sensing performance.
3.3. Photoelectrochemical redox reaction of PCM at Au–
NFO-modied SPE electrodes

In order to investigate the inuence of visible light on the
electrochemical redox behavior of PCM at Au–NFO/SPE, CV
measurement was conducted in 0.1 M PBS (pH 7.0) solution
containing 50 mM PCM at a scan rate of 50 mV s−1 under dark
environment and visible light irradiation, and the results are
presented in Fig. 3. The Au–NFO-modied electrode in the
presence of visible light irradiation exhibits a relatively high
background current intensity, suggesting that visible light-
assisted-Au–NFO/SPE has a higher electrochemical response as
/reduction peak currents and the electron transfer coefficient of Au–
sence and presence of visible light. The scan rate of CV is 50 mV s−1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to under the dark condition (Fig. 3a). Moreover, it is
clearly seen that the Au–NFO/SPE possesses electrocatalytic
activities toward the redox reaction of PCM with an anodic
potential at around 0.2 V vs. Ag/AgCl corresponds to the electro-
oxidation of PCM to N-acetyl-p-benzoquinone-imine (NAPQI)
and a cathodic peak at around 0.3 V vs. Ag/AgCl corresponds to
the electro-reduction of NAPQI to PCM.41,42 The calculated peak-
to-peak separation potential value, DEp = jEpa − Epcj of 105 mV,
was greater than the theoretically predicted (59/n) mV for
a reversible electrochemical process. This observation is indic-
ative of a quasi-reversible behavior of the PCM electrochemical
redox reaction on Au–NFO-modied electrode.36,41 More inter-
estingly, when the modied electrode is shined by visible light
during the process of detecting PCM, the anodic and cathodic
peak current is signicantly enhanced compared to that without
visible light irradiation. As shown in Fig. 3b, the DIpa and DIpc
values in the presence of visible light irradiation were 1.41 and
Fig. 4 CV curves of Au–NFO/SPE recorded at various scan rates from
reduction peak current vs. scan rate and the square root of scan rate in t

© 2024 The Author(s). Published by the Royal Society of Chemistry
1.19 times higher than in the dark, respectively. Furthermore,
the electron transfer kinetic parameters such as electron
transfer coefficient (a) and apparent charge transfer rate
constant (ks) can be determined using eqn (5)–(7):43,44

Epc ¼ E00 � RT
ln n

anF
(6)

E00 ¼ Epa þ Epc

2
(7)

Log ks ¼ a logð1� aÞ þ ð1� aÞlog a� log
RT

nFn

� að1� aÞnFDEp

2:3RT
(8)

in here, E00 is the formal peak potential, which was calculated
from the midpoint of the reduction and oxidation peak poten-
tials, Epa/Epc is the anodic/cathodic peak potential, and DEp is
10 to 60 mV s−1, the corresponding calibration plots of oxidation/
he absence (a–c) and in the presence (d–f) of visible light, respectively.

RSC Adv., 2024, 14, 34471–34485 | 34477
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the peak-to-peak separation. Upon exposure the electro-
chemical sensing platform to visible light, the Au–NFO/SPE
exhibits competitive a and ks values of 0.75 and 2.30 s−1,
larger than that of under dark condition, which are only 0.65
and 2.07 s−1, respectively.

To further quantitatively distinguish the relative contribu-
tion of the surface-controlled kinetic and diffusion-controlled
processes, CV analyzes of Au–NFO/SPE at various scan rates
from 10 to 60mV s−1 in the absence and presence of visible light
were conducted (Fig. 4). As illustrated in Fig. 4a and d, the
electrochemical oxidation and reduction processes of PCM at
Au–NFO/SPE in the absence and presence of visible light were
substantially enhanced upon increasing the scan rate. In both
cases, the anodic and cathodic peak current of PCM increased
with the increasing scan rate. Surprisingly, linear relationships
were observed for both redox peak currents vs. scan rate and vs.
square root of scan rate under dark environment (Fig. 4b and c)
and visible light irradiation (Fig. 4e and f). This result suggested
that the quasi-reversible electron transfer reaction on the Au–
NFO-modied electrode is controlled by the mixing of diffusion
and adsorption processes, which was consistent with the redox
behavior of PCM in the previous studies.36,45 According to Lav-
iron's theory, the calculated slope value between the anodic/

cathodic peak currents and the scan rate is equal to
n2F2AG
4RT

:

Therefore, the adsorption capacity (G) of PCM analyte in the
absence and presence of visible light were calculated to be
about 2.3 × 10−7 and 4.1 × 10−7 mol cm−2, respectively. The
Au–NFO-modied electrode shows the higher electron transfer
Fig. 5 CA curves of Au–NFO/SPE in 0.1 M PBS (pH 7.0) solution containi
plot of I vs. t−1/2 in the absence (a and b) and presence (c and d) of visible
PCM concentration.

34478 | RSC Adv., 2024, 14, 34471–34485
coefficient, apparent charge transfer rate constant, and
adsorption capacity under the visible light irradiation
compared to those of in the dark environment, which suggests
that the introduction of external visible light provides the
improved PCM analytical performance.

In order to get more information about the electrocatalytic
activity of PCM analyte at Au–NFO-modied electrode in the
absence and presence of visible light irradiation, chro-
noamperometry (CA) was used to evaluate the diffusion coeffi-
cient (D) and the catalytic rate constant (kcat). For the
determination of D values, CAmeasurements of 25, 50, 100, 150,
and 200 mM PCM in 0.1 M PBS (pH 7.0) under dark and visible
light conditions were recorded with the potential of the working
electrode being set at 250 mV vs. Ag/AgCl, as shown in Fig. 5a
and c. As can be observed, the current responses of the PCM
electrochemical oxidation increase with the increasing the
concentration of PCM, and with the extension of the catalysis
time, the transient current gradually decayed. The plot of
catalytic current (Icat) to different concentration of PCM vs.
negative square root of time (t−1/2) presented a good level of
linearity in both dark and visible light conditions (Fig. 5b and
d). Meanwhile, an excellent linear dependence was seen
between the slopes of the resulting straight lines and the cor-
responding PCM concentration. The linear regression equa-
tions are expressed as follow:

SlopeI–t−1/2 (mA s−1/2) = 0.011CPCM (mM) + 0.410/R2 = 0.994

(in the absence of visible light irradiation)
ng different concentrations of PCM (25, 50, 100, 150, and 200 mM) and
light, respectively. Inset the plot of the slope of the straight lines against

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SlopeI–t−1/2 (mA s−1/2) = 0.016CPCM (mM) + 0.527/R2 = 0.998

(in the presence of visible light irradiation)

The diffusion coefficient (D) in the electro-oxidation process
of PCM at Au–NFO/SPE under dark environment and visible
light irradiation was obtained according to the Cottrell
equation:37

I ¼ nFAD
1
2C

p
1
2t

1
2

(9)

From the Cottrell equation and slope of the straight line
shown in inset Fig. 5a and c, the average diffusion coefficient
values of PCM in the absence and presence of visible light were
calculated as 0.56 × 10−7 and 1.01 × 10−7 cm2 s−1, respectively.

The catalytic rate constant (kcat) for the electro-oxidation
reaction between PCM and Au–NFO/SPE in the absence and
presence of visible light irradiation can be also determined by
using CA technique, according to the Galus method:37

IC/IL = p1/2(kcatCbt)
1/2 (10)

Fig. S4a† shows chronoamperograms recorded at Au–NFO-
modied electrode in 0.1 M PBS and 0.1 M PBS containing
200 mM PCM under dark environment and visible light condi-
tion. At the potential of the working electrode of 250 mV vs. Ag/
AgCl, the presence of visible light irradiation led to an increase
in the catalytic current of PCM oxidation. Plots of the ratio of
catalytic current to blank current (IC/IL) vs. the square root of
time (t1/2) without and with the visible light yields two straight
lines with slopes equal to p1/2(kcatCb)

1/2 (Fig. S4b and c†), which
can be expressed as:

IC/IL=−81.78t1/2 + 344.9/R2= 0.97 (in the absence of visible light

irradiation)

IC/IL = −142.3t1/2 + 589.3/R2 = 0.97 (in the presence of visible

light irradiation)

As a result, the mean values of the catalytic rate constant
(kcat) of Au–NFO/SPE for the electrocatalytic oxidation reaction
of PCM under dark environment and visible light condition
were estimated to be 1.06 × 107 and 3.22 × 107 M−1 s−1,
respectively. To sum up, during the photoelectrocatalytic reac-
tion, when the working surface of Au–NFOmodied electrode is
irradiated with visible light, the diffusion coefficient and the
catalytic rate constant were 1.8 and 3 times higher than in the
dark condition, respectively, indicating a substantial impact
and a strong electrocatalytic effect of visible light irradiation on
the analytical sensing performance of the proposed Au–NFO-
based electrochemical sensor.

3.4. Optimization of electrochemical parameters

The peak current response and peak potential strongly depend
on the pH of the supporting electrolyte because of the involve-
ment of protons in the overall electrode reaction. Therefore, to
© 2024 The Author(s). Published by the Royal Society of Chemistry
determine the optimal pH value of buffer solution for the PCM
electro-oxidation using Au–NFO/SPE, differential pulse voltam-
mograms (DPVs) were recorded in various pH values from acidic
to basic values. As shown in Fig. 6a, as there is an increment on
pH value from 3.0 to 11.0, the oxidation peak potential of PCM
shied slightly towards less positive potentials, which indicated
that protons have taken part in the electrode reaction processes.
Fig. 6b summarizes the plots between peak current response vs.
pH value (black plot) and peak potential vs. pH value (red plot).
With an elevation in pH from acidic to basic values (pH 3.0–7.0),
the electro-oxidation peak current of PCM increases. In
contrast, the electro-oxidation peak current of PCM decreases
when the solution deviated from the neutral condition. Both
acidic and alkaline conditions made the electrochemical
oxidation reaction of PCM happen on the Au–NFO/SPE less
favorable, which suggested that pH 7.0 was the most optimal
pH for all subsequent analyses of PCM electrochemical
determination.

More interestingly, the PCM oxidation peak potential
became pH-independent within examined pH range with the
linear relationship between the peak potential and the pH of the
PBS electrolyte can be expressed as follows:

Epa (V) = −0.048pH + 0.06/R2 = 0.989

The slope obtained was −0.048 V pH−1 which was nearer to
the Nernst theoretical value −0.059m/n V pH−1 (m and n stand
for number of proton and electron involved in electrochemical
reaction), indicating the number of proton transfer is equal to
the number of electron transfer. As the electro-oxidation of PCM
is a two-electron process, the number of protons taking part in
the electrode reaction was found to be two protons. Thus, the
possible electrochemical oxidation reaction mechanism of PCM
on the Au–NFO-modied electrode were in good agreement
with some previously proposed mechanisms,36,42,46 as shown in
Fig. 6c.

The inuences of crucial factors, including pulse potential
and pulse time on the analytical performance were also opti-
mized using DPV technique at different Epluse values from 0.025
to 0.15 V and various tpluse values from 0.01 to 0.15 s (Fig. S5a
and c†). The results in Fig. S5b† show that the anodic peak
current of AZM increased up to a pulse potential of 0.125 V and
substantially decreased for higher pulse potential value. It is
clearly noticed from Fig. S5d† that when the pulse time value
increased from 0.01 to 0.025 s, the anodic peak current of PCM
was improved, and further increase in the pulse time value from
0.025 to 0.15 s resulting in a decrease in the anodic peak
current. Therefore, 0.125 V and 0.025 s were selected as the
optimum operating conditions for subsequent experiments.

3.5. Photoelectrochemical determination of PCM at Au–
NFO-modied SPE electrodes

Under the optimized experimental conditions described above,
the inuence of visible light irradiation of the analytical sensing
performance of Au–NFO/SPE towards PCM including linear
range, limit of detection, and electrochemical sensitivity was
RSC Adv., 2024, 14, 34471–34485 | 34479
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Fig. 6 (a) DPV curves of 50 mM PCM at various pH values from 3.0 to 11.0 at Au–NFO/SPE, (b) the corresponding calibration plots of oxidation
peak current responses and oxidation peak potentials against pH values, and (c) the electrochemical oxidation mechanism of PCM.
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investigated. Fig. 7a and c present the DPV curves for the PCM
concentration ranges of 2.5–200 mM and 0.5–200 mM under the
dark environment and visible light condition, respectively.
From the gures, it is observed that the anodic peak current
increased as the PCM concentration increased in both cases.
Comparatively, the introduction of visible light into Au–NFO-
based electrochemical sensor made the anodic peak current
of the electro-oxidation at each PCM concentration much
higher than the anodic peak current under the dark condition.
As a result, the minimum detectable concentration of PCM
using Au–NFO-modied electrode in the presence of visible
Fig. 7 DPV curves of Au–NFO/SPE in 0.1 M PBS (pH 7.0) solution contain
the calibration plots between oxidation peak current responses vs. various
of visible light, respectively.

34480 | RSC Adv., 2024, 14, 34471–34485
light irradiation was 0.5 mM, which was 5 times lower than
under the dark environment (2.5 mM). Simultaneously, Fig. 7b
and d show that there are good linear correlations between the
anodic peak current and the PCM concentration in the linear
range from 2.5 to 100 mM in the absence of visible light and
from 0.5 to 200 mM in the presence of visible light. The linear
equations were described as following:

DIpa (mA) = 0.179CPCM (mM) + 0.337/R2 = 0.998 (in the absence

of visible light irradiation)
ing different concentrations from 0.5 to 200 mM in 0.1 PBS (pH 7.0) and
concentrations of PCM in the absence (a and b) and presence (c and d)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DIpa (mA) = 0.196CPCM (mM) + 0.307/R2 = 0.999 (in the presence

of visible light irradiation)

By using IUPAC formula as follows LOD ¼ 3Sb
m

; where Sb is

the standard deviation of the blank solution m is the slope of
the calibration curve, the detection limit of the Au–NFO-based
electrochemical sensor for the detection of PCM under the
dark environment and visible light condition were determined
to be 1.85 and 0.37 mM, respectively. Furthermore, the electro-
chemical sensitivities were calculated to be 0.994 mA mM−1 cm−2

under the dark condition and 1.089 mA mM−1 cm−2 under visible
light irradiation. These obtained values are compared with
analytical parameters reported by other research groups for the
electrochemical determination of PCM, and the corresponding
results were summarized and listened in Table S1.† As expected,
the Au–NFO-based electrochemical sensor with the assistance
of visible light irradiation possesses comparable electroanalyt-
ical performance for the robust and efficient detection of PCM,
suggesting that the proposed photoelectrochemical sensing
platform has strong potential for the determination of other
analytes.
Fig. 8 (a) Energy-band diagram of Au and NFO before and after physic
performance of Au–NFO-based photoelectrochemical sensor for the de

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.6. Mechanisms of Schottky barrier formation and the
enhanced mechanism of proposed photoelectrochemical
performance under visible light irradiation

Fig. 8a depicts a schematic illustration of the energy-band
diagram of Au–NFO nanoheterostructures before and aer Au
NPs contacting with NFO NFs. According the previous works,
the work functions of Au metal and NFO p-type semiconductor
are 5.1 and 5.28 eV, respectively.47,48 On the other hand, the
electron affinity (cS) in a semiconductor is dened as the energy
difference between the lowest energy level in the conduction
band and the vacuum level, and it equals 3.22 V for NFO.47,49 The
band gap of NFO was calculated to be about 2.15 eV in the
Characterization section. The degree of bending of the energy
band of the semiconductor at the interface equals the work
function difference between metal and semiconductor, VBB =

jWM − WSj, where fM and fS are work functions of metal and
semiconductor, respectively. According to that, the VBB value
was estimated to be about 0.18 eV. Generally, when metal is
intimately integrated with p-type semiconductor with their work
functions satisfying fM > fS, a Schottky barrier will be estab-
lished at the interface of metal and semiconductor to drive the
al contact with each other; (b) mechanism of the enhanced analytical
tection of PCM under visible light irradiation.

RSC Adv., 2024, 14, 34471–34485 | 34481
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transfer of electrons from the low work function material to
high work function material.49–51 Therefore, in Au–NFO HNs
case, when Au and NFO came into contact with each other,
electrons ow from Au into NFO and the situation would be
reversed for holes, thereby forming an internal electric eld
(also known as built-in electric eld) in the interfacial region at
the thermodynamic equilibrium. Meanwhile, aer the contact
between Au and NFO is made, since the Fermi energy level of
NFO is lower than that of Au, the electron transfer process from
Au to NFO will continue until the Fermi level on the two sides
reach equilibrium and form a new Fermi energy level. Due to
the formation of built-in electric eld, the energy band edges of
NFO are raised up and bent downward toward the interface,
forming the Schottky barrier at the metal–semiconductor
interface.49,52

To propose the mechanism of the enhanced analytical
sensing performance of the Au–NFO-based photo-
electrochemical sensor under visible light irradiation, it is
imperative to clarify the role of each components (metal and
semiconductor) in the as-prepared nanoheterostructures. As
a semiconductor, upon excitation by visible light irradiation
with energy (hn) larger than or equal to bandgap (Eg) of NFO, the
photogenerated electrons (e−) will be excited from the valence
band (VB) to the conduction band (CB), simultaneously creating
the same amount of holes (h+) in the VB, leading to the gener-
ation of electron–hole pairs.13,22 Generally, these negatively
charged electrons at CB are not physically separate from posi-
tively charged holes at VB, most of the photogenerated electrons
and holes tend to recombine in just several nanoseconds,22,53,54

thereby lowering the photoelectrochemical activity. For the case
of Au NPs, due to the localized surface plasmon resonances
(LSPR) of the noble metal NPs induced by the oscillating electric
eld of the incident light with a specic frequency, the electric
polarization results in a large local electro-magnetic elds and
enhanced light harvesting ability.20,25,55 Because metals have no
band gap, so when Au NPs are irradiated with visible light, the
LSPR absorption can couple the light ux to the conducting
electrons to excite these electrons to higher energy states from
the lower levels.20 The resulting energetic electrons can promote
photoelectrochemical reactions through direct interaction with
reactant molecules absorbed on the working electrode of
modied electrode and activating them for oxidation or
reduction reactions.

In this developed electrochemical sensor, judicious integra-
tion of Au with NFO at nanoscale for rationally constructing Au–
NFO HNs, where both materials can be simultaneously excited
by the light in the visible region affords the synergistic effect of
internal electric eld and Schottky barrier, making them ideal
material for enhanced analytical sensing performance. Fig. 8b
shows the proposed mechanism for the enhanced photo-
electrochemical detection of PCM using Au–NFO HNs-modied
electrode under visible light irradiation. Under simultaneous
excitation, the photo-generated electrons from VB to CB in NFO
are directly transferred to the adjacent Au because the CB edge
of NFO lies higher in energy than the Fermi level of Au, allowing
fast interfacial electron transfer. In this way, the electron
transfer process from semiconductor to metal becomes
34482 | RSC Adv., 2024, 14, 34471–34485
energetically favorable and remains predominating, in which
Au serves as an “electron sink” and an active reaction site for the
accumulation of photo-generated electrons. Moreover, at the
thermodynamic equilibrium, the established and enhanced
internal electric eld at the interface of Au and NFO could
facilitate direct interfacial electron transfer and make the elec-
tron transfer rapidly. As a result, the recombination of photo-
generated electrons and holes is suppressed and the lifetime
of transferred hot electrons is substantially prolonged. Besides
the photo-generated electrons from NFO, the resonant optical
excitation of surface plasmons also generated energetic hot
electrons.25,55,56 These plasmon-induced hot electrons of Au,
together with the transferred photo-generated electrons from
NFO to Au could initiate the electrochemical reduction reaction
with the PCM analytes absorbed on the working electrode,
concurrently contributing to improved photoelectrochemical
activity.

For the case of holes, due to the localized Schottky barrier of
the Au–NFO interface, it is very difficult for photo-generated
holes on the VB of NFO to migrate to Au. Consequently, the
photogenerated electron–hole recombination is hindered by the
absence of electrons in NFO under visible light irradiation. As
a result, the separated holes on the VB of NFO could promote
the electrochemical oxidation reaction of PCM to NAPQI.
Generally speaking, the coupling of the metal Au plasmon and
semiconductor NFO exciton can build up built-in electric eld
and Schottky barrier at the interface, which could drive the
photo-generated electrons and holes to migrate in different
directions, thereby limiting the interaction and facilitating the
superior separation of photogenerated carriers. The detailed
kinetic parameters and analytical parameters of the Au–NFO-
based electrochemical sensing platform under dark environ-
ment and visible light are shown in Table 1. On the basis of the
above discussions, it can be concluded that the synergistic
combination of Au NPs and NFO NFs would promote interfacial
charge transfer, electrocatalytic activity, and large adsorption/
diffusion capacity, which contribute to markedly improved
photoelectrochemical performance for the detection of PCM of
Au–NFO HNs.
3.7. Repeatability, anti-interference ability, and feasibility of
the proposed photoelectrochemical sensor

In real-world condition, the presence of non-target metal ions,
organic compounds, andmany types of antibiotics can interfere
with the analytical results of the PCM electrochemical detec-
tion. Therefore, the anti-interference ability of the Au–NFO-
based photoelectrochemical sensing platform was performed
using DPV technique with consecutive additions of 1000 mM of
metal ions (K+, Na+, Fe2+, Fe3+, Co2+, and Cr6+) and antibiotic
drugs (amoxicillin (AMX), erythromycin (ERM), azithromycin
(AZM), furazolidone (FZD), chloramphenicol (CAP), and oox-
acin (OFX)) in the presence of 100 mM PCM (Fig. 9a). It can be
clearly seen that the presence of the interfering metal ions and
antibiotics caused slightly changes in the DPV background
current but did not possess any interference peak within the
potential range of 0.0 to 0.6 V. As shown in Fig. 9b, the relative
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The electrochemical kinetic parameters of the bare SPE and Au–NFO/SPE in [Fe(CN)6]
3–/4– redox probe and the analytical parameters of

Au–NFO-based electrochemical sensing platform for the detection of PCM in the absence and presence of visible light irradiation

Analyte: [Fe(CN)6]
3–/4–

Electrochemical kinetic parameters Bare SPE Au–NFO/SPE Variance (%)

Anodic peak current (DIpa, mA) 129.0 166.4 29.0
Cathodic peak current (DIpc, mA) 138.9 167.2 20.4
Anodic/cathodic peak current ratio 0.929 0.995 7.1
Onset potential (mV) 81.2 71.8 11.6
Surface area under the CV curve 1 × 10−4 1.05 × 10−4 5
Electrochemically active surface area (ECSA, cm2) 0.13 0.18 38.5
Charge-transfer resistance (Rct, U) 1089 278.4 291.2
Heterogeneous electron-transfer rate constant (k0, cm s−1) 0.37 × 10−6 1.1 × 10−6 197.3
Exchange current density (j0, A cm−2) 1.8 × 10−4 5.3 × 10−4 194.4

Electrode: Au–NFO/SPE; analyte: PCM

Analytical parameters Without visible light With visible light Variance (%)

Anodic peak current (DIpa, mA) 4.2 5.9 40.5
Cathodic peak current (DIpc, mA) 3.2 3.8 18.8
Electron transfer coefficient (a) 0.65 0.75 15.4
Apparent charge transfer rate constant (ks, s

−1) 2.07 2.30 11.1
Adsorption capacity (G, mol cm−2) 2.3 × 10−7 4.1 × 10−7 78.3
Diffusion coefficient (D, cm2 s−1) 0.56 × 10−7 1.01 × 10−7 80.4
Catalytic rate constant (kcat, M

−1 s−1) 1.06 × 107 3.22 × 107 203.8
Linear range (mM) 2.5–100 0.5–200 —
Electrochemical sensitivity (mA mM−1 cm−2) 0.994 1.089 9.5
Limit of detection (mM) 1.85 0.38 386.9

Fig. 9 (a and b) Interference investigation of Au–NFO/SPE in 0.1 M PBS solution containing 100 mM PCM with 10-fold concentration of
interference substances and (c and d) the repeatability performance of Au–NFO/SPE for 10 consecutive measurements in 0.1 M PBS solution
containing 100 mM PCM.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 34471–34485 | 34483
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error values, which was calculated by dividing the absolute error
of DIpa value of 100 mMPCM in the presence of the interferers by
the measured DIpa value of 100 mM PCM, were less than 8.8%,
implying good anti-interfering capability of the Au–NFO-
modied electrode for the electrochemical detection of PCM
under visible light irradiation.

The electrochemical repeatability of the developed sensor
was also scrutinized by measuring the anodic peak current
response of PCM using DPV technique for 10 consecutive
measurements, and the results were presented in Fig. 9c. The
Au–NFO/SPE exhibited excellent antifouling properties under
the visible light condition with a relative standard deviation
(RSD) of 2.0% was obtained for 10 successive DPV measure-
ments (Fig. 9d), indicating the good signal stability and
repeatability of the visible light-assisted electrochemical sensor.

To evaluate the feasibility of the developed visible light
assisted-electrochemical sensor, the Au–NFO/SPE were
employed to determine PCM in human urine samples using the
standard addition method. Initially, no anodic or cathodic peak
currents were found in urine samples, indicating that the real
samples were absolutely free of PCM or the concentrations of
PCM were below the limit of detection. Therefore, the standard
solutions of 5, 25, and 50 mM PCM were spiked into urine
samples, and recorded anodic peak currents were compared
with the values from the linear regression. The calculated
results are summarized in Table S2.† The mean recoveries ob-
tained from triplicate DPV measurements was in the range of
92.0 and 98.6% with the largest RSD value among all the
measurements was 2.0%. The obtained satisfactory recovery
and relative standard deviation results conrm the accuracy
and feasibility of the proposed electrochemical sensor.

4. Conclusions

In summary, by taking advantage of the suitable energy-level
matching between metal Au NPs and low bandgap semi-
conductor NFO NFs, we have successfully demonstrated the
employment of Au–NFO nano-heterostructures-based electro-
chemical sensor to signicantly improve the electrochemical
sensing performance towards detection of PCM under visible
light irradiation. The intimate contact of Au NPs with NFO NFs
led to the formation of built-in electric eld and Schottky
barrier at the Au–NFO interface. Upon excitation by visible light
irradiation, the built-in electric eld together with the down-
ward band bending caused the effective migration of photo-
generated electrons from the CB of NFO to the Fermi level of
Au, while the plasmon-induced hot electrons were also simul-
taneously generated on the outer surface of Au NPs. In the
meantime, the Schottky barrier prevents the transfer of photo-
generated holes from the VB of NFO to Au. As results, the
recombination between photo-generated electrons, plasmon-
induced hot electrons, and photo-generated holes is sup-
pressed and the lifetime of charge carriers is prolonged, making
them available for participating and promoting the electro-
chemical oxidation/reduction reaction. Through optimizing the
detection conditions, the Au–NFO-modied electrode exhibited
a high electrochemical sensitivity of 1.089 mA mM−1 cm−2,
34484 | RSC Adv., 2024, 14, 34471–34485
a wide linear sensing range from 0.5 to 200 mM, and a low
detection limit of 0.38 mM. Furthermore, the visible light-
assisted electrochemical sensor based on Au–NFO HNs
showed satisfactory repeatability, high anti-interference ability,
and good practical applicability with admire recovery results in
human urine samples. This work will provide useful guidance
for designing efficient plasmonic metal/semiconductor nano-
heterostructures for improving electrochemical sensing
performance under visible light irradiation, which has a broad
application prospect in the eld of environmental and phar-
maceutical analysis.
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