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The strategic integration of anisotropic plasmonic nanostructures
with two-dimensional (2D) semiconductors presents an emerging
route for designing multifunctional hybrid systems with advanced
photoelectrochemical (PEC) capabilities. In this work, we report the
synthesis of a core—shell nanohybrid, Au nanobipyramid@MoS,
(AuNBP@MOoS;), wherein gold nanobipyramids are uniformly encap-
sulated by few-layer MoS, nanosheets. This architecture promotes
direct plasmon-semiconductor coupling under 808 nm near-
infrared (NIR) excitation, enabling efficient hot electron generation,
enhanced interfacial charge separation, and photothermal-assisted
transport via localized surface plasmon resonance (LSPR). When
immobilized on a glassy carbon electrode (AuNBP@MoS,/GC), the
hybrid device delivers exceptional PEC performance for both none-
nzymatic biosensing and electrocatalysis. The sensor exhibits ultra-
sensitive detection of H,O, and glucose with wide linear ranges
(10 pM-30 mM and 100 pM—-8 mM), low detection limits (7.25 pM and
5.95 uM), and high sensitivities (376.86 and 23.42 pA mM~* cm™3),
accompanied by ~11-fold photocurrent enhancement under LSPR. It
further enables selective HelLa cancer cell detection via biomarker-
triggered H,O, release. In electrocatalysis, the hybrid electrode exhi-
bits outstanding hydrogen evolution reaction (HER) activity, with a
low onset potential (—0.18 V vs. RHE), an overpotential of —0.32 V at
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New concepts

Biosensors for H,0,, glucose, and cancer cells are crucial for monitoring
metabolic health, diagnosing diseases like diabetes, and enabling early
and selective detection of cancer biomarkers, respectively. The advantage
of developing a new type of hybrid material, such as the AuUNBP@MoS,
nanohybrid, lies in its direct plasmon-enhanced dual-mode biosensing
property and HER activity. This unique architecture facilitates efficient
hot electron generation, enhanced interfacial charge separation, and
photothermal-assisted transport under NIR excitation, leading to an
exceptional level of photoelectrochemical performance. For the first time,
we investigate the dual-mode biosensing capabilities of this platform,
enabling ultrasensitive, high-sensitivity detection of H,0O, or glucose and
selective cancer cell detection, alongside its outstanding hydrogen evolu-
tion reaction activity, showcasing a powerful synergistic platform for both
advanced biosensing and sustainable energy applications.

10 mA cm ™2, and a Tafel slope of 92 mV dec™* under NIR illumination.
Addition of ethanol as a sacrificial agent further reduces the over-
potential to —0.316 V and enhances the exchange current density by
~12-fold due to suppressed charge recombination and improved hot
carrier utilization. Mechanistic investigations combining experimental
and theoretical analyses attribute these enhancements to synergistic
plasmonic effects, efficient hot electron injection, and photothermal
contributions. This work underscores the immense potential of aniso-
tropic plasmonic—semiconductor hybrids in driving next-generation
technologies for biosensing, electrocatalysis, and sustainable energy
applications.

Introduction

The advancement of high-performance biosensors remains a
critical pursuit across biomedical diagnostics, environmental
surveillance, and industrial process monitoring. Among various
analytes of physiological and pathological relevance, hydrogen
peroxide (H,0,) occupies a pivotal position owing to its dual
role as a cellular messenger and a hallmark of oxidative
stress.””> As a key reactive oxygen species (ROS), H,0, is
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generated in vivo through enzymatic and non-enzymatic oxida-
tive processes and participates in diverse biochemical pathways
involving glucose oxidase, cholesterol oxidase, amino acid
oxidases, and mitochondrial respiration.® While physiologically
regulated concentrations of H,0, are crucial for maintaining
redox homeostasis and signal transduction, aberrant levels are
directly linked to the onset and progression of several degen-
erative and inflammatory diseases including atherosclerosis,
myocardial infarction, neurodegenerative disorders (e.g., Par-
kinson’s and Alzheimer’s), and multiple forms of cancer.*
Therefore, the precise, real-time, and in situ detection of H,0,
is indispensable for both fundamental biological research and
early clinical diagnostics.>® Beyond its direct biomedical sig-
nificance, H,0, also serves as a quantitative reporter molecule
in enzymatic biosensing, particularly in glucose detection,
where its production via glucose oxidase-catalysed oxidation
is stoichiometrically correlated with glucose concentration.”
Such enzyme-based electrochemical biosensors constitute the
gold standard for diabetes monitoring.® Furthermore, recent
advances in redox biology have underscored the relevance of
H,0, as a biomarker for cancer cell detection, given that cancer
cells exhibit elevated ROS production due to aberrant metabo-
lism and mitochondrial dysfunction.’ In this context, the
indirect electrochemical sensing of H,O, released by live cancer
cells has emerged as a powerful approach for non-invasive
cancer diagnosis.>'° Electrochemical biosensors, in particular,
have garnered widespread attention due to their high sensitiv-
ity, rapid response, miniaturization capability, operational
simplicity, and cost-effectiveness.® Integrating nanomaterials
with redox-active surfaces enhances electron transfer kinetics,
increases analyte binding affinity, and improves overall signal-
to-noise ratios, making them promising candidates for next-
generation biosensing platforms.""

Concurrently, the escalating demand for sustainable energy
solutions has catalysed extensive research into hydrogen (H,)
production via water electrolysis, with the hydrogen evolution
reaction (HER) at the cathode playing a central role."> Molecu-
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lar hydrogen is a clean, high-energy-density fuel whose com-
bustion yields only water, positioning it as a cornerstone of
future energy infrastructures.® However, the widespread adop-
tion of electrochemical H, production remains hindered by the
reliance on scarce and costly noble metal catalysts such as
platinum (Pt), rhodium (Rh), and palladium (Pd)."* This
has driven the search for earth-abundant, low-cost, and effi-
cient HER electrocatalysts. Among emerging materials, two-
dimensional (2D) transition metal dichalcogenides (TMDs),
especially molybdenum disulfide (MoS,), have gained signifi-
cant traction due to their layered structure and tunable electro-
nic properties and exposure of catalytically active edge sites.™
Since semiconducting 2H-MoS, suffers from low electrical
conductivity, strategies such as phase transformation to metal-
lic 1T-MoS, and hybridization with conductive substrates
or nanostructures have been employed to overcome this
limitation.">"”

An emerging strategy to boost the performance of such
systems involves coupling TMDs with plasmonic nanostruc-
tures. Noble metals such as gold (Au), silver (Ag), and copper
(Cu) exhibit localized surface plasmon resonance (LSPR), a
collective oscillation of conduction electrons under resonant
light excitation, resulting in the generation of energetic hot
carriers and enhanced local electromagnetic fields.*®° These
plasmonic effects can be harnessed to promote photothermal
heating, increase surface reaction rates, and drive charge
transfer processes across metal-semiconductor interfaces.”'
When coupled with semiconductors, hot electrons from plas-
monic metals can be injected into the conduction band of the
adjacent semiconductor, effectively enhancing photocatalytic
or electrocatalytic activity by promoting charge separation and
minimizing recombination losses.'®?* Notably, anisotropic
plasmonic nanostructures (AuNSs) offer further advantages
due to their shape-dependent optical properties.'® Their sharp
tips support strong LSPR in both visible and near-infrared (NIR)
regions and localize intense electromagnetic fields (“hot
spots”), which amplify hot electron generation and enhance
sensitivity in light-assisted applications.'®>¢

In this context, the mechanistic understanding of plasmon-
induced hot electron injection into semiconductors has greatly
advanced our knowledge of light-matter interactions at the
nanoscale. Initially demonstrated in the early 2000s, this phe-
nomenon enables energetic electrons, generated via LSPR, to
transfer across metal-semiconductor interfaces and drive redox
reactions.”” A key breakthrough came in 2015 when Xia et al.
introduced the concept of direct plasmon-accelerated electro-
chemical reactions (PAER), reporting an ~ 3-fold HER enhance-
ment using an Au-MoS, hybrid under NIR-light excitation.®
Since then, a range of plasmonic-semiconductor nanostruc-
tures, such as winged AU@MOoS,,%® core-shell Au-MoS,,*°
AUNP@rGO@Pd,*° and AgAuNPs/Co-MOFNs,*! have demon-
strated improved HER activity due to enhanced light harvest-
ing, hot carrier transfer, and local photothermal effects.
Similarly, PAER-active nanostructures have been used for
photoelectrochemical (PEC) biosensing of analytes including
H,0,, glucose, ascorbic acid, and cancer cells, with platforms
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Scheme 1 Schematic representation of the enhanced electrochemical
performances of AUNBPs@MoS, upon LSPR excitation.

like AuAg@1GO,>* PTA nanobipyramids,* and our previously
developed AuNRs** and AuNRs@rGO*® exhibiting significant
LSPR-driven signal enhancement. Despite this progress, the
field still lacks a comprehensive mechanistic framework. Issues
such as carrier lifetime, interfacial energetics, and structure-
activity relationships remain unresolved. Therefore, further
development of efficient, robust PAER platforms, coupled with
in-depth mechanistic investigations, is essential to translate
this emerging strategy into real-world applications in energy
conversion and biomedical diagnostics (Scheme 1).

In this work, we present a rationally designed core-shell
hybrid nanostructure composed of gold nanobipyramids
wrapped with few-layer MoS, nanosheets (AuNBP@MOoS,).
The AuNBPs were surface-functionalized with 3-amino-
propyltriethoxysilane (APTES) to facilitate electrostatic inter-
action and uniform wrapping with exfoliated ce-MoS,. The
resulting hybrid was integrated onto a glassy carbon (GC)
electrode to fabricate a multifunctional PEC platform, capable
of dual channel non-enzymatic, ultrasensitive detection of
H,0,, glucose, and cancer cells, as well as facilitating efficient
plasmon-assisted hydrogen evolution. Under 808 nm NIR
LSPR excitation, the system exhibited enhanced photocurrent
response, superior charge separation dynamics, and prolonged
hot carrier lifetimes. Furthermore, in the presence of ethanol as
a hole scavenger, the hybrid displayed significantly improved
HER activity, demonstrating its dual capability for biosensing
and sustainable energy generation. This work highlights the
synergistic coupling of plasmonic and catalytic functionalities
within a single nanostructure, paving the way for development
of advanced multifunctional materials for diagnostics and
green energy technologies.

Experimental
Chemicals

The following high-purity chemicals were procured from
Sigma-Aldrich and used without further purification: gold(r)
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chloride trihydrate (HAuCl,-3H,0, >99.9%), sodium borohy-
dride (NaBH,, 99%), trisodium citrate dihydrate, and N-
formylmethionyl-leucyl-phenylalanine (fMLP), silver nitrate
(AgNO3;, >99%), r-ascorbic acid, cetyltrimethylammonium
bromide (CTAB, >98%), cetyltrimethylammonium chloride
(CTAC, >98%), (3-aminopropyl)triethoxysilane (APTES, 99%),
phosphate-buffered saline (PBS) tablets, concentrated hydro-
chloric acid (HCl, 37%), molybdenum disulfide powder (MoS,,
99%), n-butyllithium solution, Nafion perfluorinated resin, and
glucose oxidase (GOx). Aqueous hydrogen peroxide solution
(H,0,, 30%) was sourced from Finar Limited and ammonium
hydroxide (NH,OH, 30%) was acquired from Merck.

Synthesis of AuUNBPs@MoS, NPs

AuNBPs and MoS, NSs were prepared by the previously
reported methods of Wang et al and Chou et al,
respectively.***” Then, a 2 mL aqueous solution of Au NBPs
and 50 uL of APTES were mixed and stirred for 30 min. The
amine functionalized AuNBPs were collected by centrifugation
at 8000 rpm for 10 min and again redispersed in 2 mL of water.
The obtained AuNBP solution was then added to 5 mL aqueous
solution of chemically exfoliated MoS, (3.0 x 10”7 M) dropwise
under vortexing. The reaction was continued for 24 h under
very slow stirring and AuNBP@MoS, was collected by centrifu-
gation and purified by washing with water two times.

Electrochemical measurements

Electrochemical measurements were performed using a con-
ventional three-electrode configuration, comprising a platinum
wire counter electrode, an Ag/AgCl reference electrode, and a
glassy carbon working electrode functionalized with AuNBP@-
MoS, nanocomposites (AuNBP@MoS,/GC). The working elec-
trode was prepared via drop-casting: 4 mL of the synthesized
AuNBP@MoS, dispersion was centrifuged, and the resulting
precipitate was redispersed in a 50 pL ethanolic solution
containing 0.5% Nafion (5 pL). Subsequently, 4 pL of this
homogeneous suspension was deposited onto the GC electrode
surface (3 mm diameter) and allowed to dry under ambient
conditions. PEC biosensing studies for H,O, and glucose were
conducted in 25 mL of 0.1 M PBS (pH 7.4) at 25 °C. HER
performance was evaluated in 0.5 M H,SO, electrolyte at room
temperature (25 °C). For cancer cell detection, electrochemical
measurements were performed in 10 mL of PBS (0.1 M, pH 7.4)
containing a cellular suspension with a density of approxi-
mately 9.0 x 10° cells per mL.

Instruments and measurements

Microstructural characterization was performed using field
emission scanning electron microscopy (FESEM, JEOL
JSM6700-F) and high-resolution transmission electron micro-
scopy (HR-TEM, JEOL JSM2100-F operated at 100 kV). Optical
properties were analyzed through UV-vis-NIR spectroscopy
(Varian Cary5000 spectrophotometer) and Raman spectroscopy
(LabRam HREvo 800 system, HORIBA Jobin Yvon). Electrochemi-
cal measurements were carried out using a CH Instruments
600SE potentiostat/galvanostat system. For photoelectrochemical
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studies, an 808 nm near-infrared laser (IRM808TA-3000FC, SLOC
Co. Ltd) served as the excitation source. Cellular imaging was
conducted using a Nikon D-Eclipse C1 confocal fluorescence
microscope.

Finite-difference time-domain (FDTD) simulation studies

Optical simulations were performed using Lumerical FDTD
Solutions to calculate electric field distribution. An 808 nm
plane wave source excited single Au NBPs, with periodic
boundaries along the x- and y-axes and a PML along the z-
axis. The mesh size was set to 0.5 nm, and the surrounding
medium was modeled as water (n = 1.33). Optical constants for
Au and MoS, were taken from Johnson and Christy and the
previous literature, respectively.’®° The sizes of Au NBPs and
AuNBP@MoS, were based on TEM-derived averages.

Results and discussion
Synthesis and characterization of AUNBPs@MoS, NPs

Monodisperse AuNBPs and 2D MoS, NSs were synthesized
following the reported procedures by Wang et al. and Chou
et al., respectively.’®?” The 2D MoS, NSs were obtained via
lithium ion-intercalation and subsequent chemical exfoliation
of bulk MoS,. Meanwhile, the Au NBPs were produced through
a seed-mediated growth approach and later modified with
APTES to enhance electrostatic binding. The corresponding
FESEM and TEM images of AuUNBPs and MoS, NSs are provided
in Fig. S1. The AuNBPs exhibited a highly uniform bipyramidal
morphology with an average length of 110 nm and a width of
35 nm having the aspect ratio of 3.14. Hybrid core@shell
nanostructures (AuNBP@MoS,) were subsequently prepared
by uniform encapsulation of AuNBPs with MoS, NSs using an
electrostatic interaction mechanism by a modified version of

Length =110 £10 nm
Width =35 +10 nm

Zeta Potential (mV)

AuNBP@Mos,

View Article Online
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our previously reported protocol.>” The resulting hybrid mate-
rial showed a well-defined wrapping of AuNBPs by ~5 nm
thicker 2D MoS, NSs, as observed in Fig. 1a-c. HRTEM analysis
(Fig. 1d) revealed the highly crystalline nature of the AuNBPs,
characterized by sharp vertices and well-defined facets. A lattice
spacing of 2.34 A corresponding to the (111) crystal plane of Au
was observed. The consistent morphology and size distribution
indicate a well-controlled synthesis with minimal aggregation,
ensuring high reproducibility. Zeta potential measurements
(Fig. 1e) confirmed the stepwise surface modification during
hybrid formation. The surface charge shifted from +14.6 mV
(for AuNBPs) to —11.3 mV after MoS, coating, indicating
successful deposition of negatively charged MoS, NSs onto
the AuNBP surface. Energy-dispersive X-ray spectroscopy
(EDS) analysis (Fig. 1f) displayed distinct elemental peaks
corresponding to Au (2.1, 9.7, and 11.4 keV), Mo (2.3, 17.4,
and 19.6 keV), and S (~2.3 keV), confirming the presence of
both AuUNBPs and MoS, in the hybrid nanostructure.’” Raman
spectroscopy (Fig. 1g) further validated the presence of MoS,
through its characteristic vibrational modes, E,; and Ajg,
observed at 378.4 and 407.9 cm ™, respectively.'® Upon integra-
tion with AuNBPs, a slight blueshift (~2 ¢m™) and an
enhancement in Raman intensity were noted, attributed to
strong interfacial interactions and the surface-enhanced
Raman scattering (SERS) effect induced by AuNBPs, which well
matched with previous reports.*® Optical properties were exam-
ined by UV-vis-NIR absorption spectroscopy (Fig. 1f). The
characteristic absorbance of MoS, was observed at 398 nm in
the UV region. In the hybrid structure, the LSPR band of
AuNBPs exhibited a significant redshift (40 nm) from 787 to
827 nm, along with a weak transverse plasmon band at
521 nm.'®*® The observed redshift and intensity enhancement
are indicative of strong plasmon-exciton coupling and

——AuNBP@Mos,
Mos,

" 1350 360 370 380 300 400 410 420 430
- Raman Shift (cm™)
(h)

—Au NBP
——AuNBP@Mos,

Absorbance (a.u.)

300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 1 Structural characterizations and optical property. (a) FESEM image of AuNBP@MoS,. (b) TEM image and (c) and (d) HRTEM image of
AuNBP@MOoS,. (e) Stepwise zeta potential measurements of Au NBPs, MoS, and AUNBP@MoS,. (f) EDS spectra of AuNBP@MoS, (g) Raman spectra

and (h) UV-vis absorbance spectra of AUNBPs and AUNBP@MoS,.
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electronic interaction between the AuNBPs and MoS, NSs in the
hybrid system. Additionally, the redshift and broadening sug-
gest successful hybridization, which could optimize light-mat-
ter interactions for multifunctional applications.

Photoelectrochemical/photoelectrocatalysis properties of the
AuNBP@MoS,/GC device

The photo-electrochemical/photo-electrocatalysis performance
of the AuNBP@MoS, nanohybrid modified GC electrode
(AUNBP@MO0S,/GC) was then explored in 0.1 M PBS (pH 7.4,
25 °C) with the protection of N, using three electrode cell setups
under 808 nm LSPR excitation (2 W ecm™2). The cyclic voltam-
metry (CV) curves presented in the image reflect the electro-
chemical behavior of three different electrode systems — bare
GC, AuNBP@MoS, modified GC (AuNBP@MOS,/GC) in the
dark, and AuNBP@MOoS,/GC under NIR light illumination
(808 nm, 2 W cm™?) (scan rate: 50 mV s~ '), and are displayed
in Fig. 2a. The bare GC electrode exhibits minimal redox
activity, as shown by its nearly featureless curve (Fig. 2a, purple
curve). In contrast, the AUNBP@MO0S,/GC electrode in the
dark displays three distinct redox features: two oxidation
peaks at +0.40 V and +0.83 V, and a reduction peak at
—0.65 V (vs. Ag/AgCl) (Fig. 2a, black curve), which is in good
agreement with our previous reports as well as with earlier
reports on AuNS-based electrodes.>**>*"*> These redox peaks

5.0
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o
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arise due to the surface plasmon-assisted electron transfer
processes at the AuNBP interface, where the oxidation peaks
likely correspond to the formation of gold oxide species or
oxidative transformation of adsorbed intermediates (+0.40 V:
Au® - AuOH/Au,0;, surface oxidation of Au; +0.83 V: AuOH —
AuO,/Au(m), further oxidation), while the reduction peak
reflects the reduction of these oxidized surface species
(-0.65 V: AuO, — Au’, reduction of Au oxide).*>*> Upon
plasmonic excitation using NIR light in the AuNBP@MoS,/GC
system (Fig. 2a, red curve), there is a notable enhancement
in all peak currents (~2-fold: at —0.65 V, from —8.84 pA to
—16.57 pA) along with decrease in overpotential (60 mV) by the
LSPR effect under 808 nm light illumination. The pronounced
electrocatalytic enhancement of the AuNBP@MoS,/GC elec-
trode under LSPR excitation is attributed to the plasmon-
assisted electrochemical reaction (PAER) mechanism, coupled
with the photothermal properties of the nanohybrid.'®?°** The
anisotropic AuNBPs exhibit intense near-field plasmonic effects
under resonant illumination, generating a high density of hot
electrons that are efficiently injected into the MoS, conduction
band, thereby driving the PAER process and reducing charge
recombination. This plasmonic charge transfer is further
amplified by the photothermal effect, as the non-radiative
relaxation of LSPR-excited AuNBPs induces localized heating,
which lowers the activation barrier for electrochemical

®
o
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Fig. 2 Electrochemical performance of the AuUNBP@MoS,/GC device. (a) CV curves of bare GC (purple) and AuUNBP@MoS,/GC electrodes with (red) and
without (black) NIR light illumination (808 nm, 2 W cm™2) in N, saturated 0.1 M PBS, pH 7.4 (scan rate: 50 mV s™%). (b) Current—time response curves of
MoS, and AUNBP@MoS,/GC electrodes in N, saturated 0.1 M PBS (pH 7.4) at —0.65 V (grey and black), +0.4 V (navy blue and red), and +0.77 V (green and
blue), respectively, under periodic OFF/ON of NIR light illumination (808 nm, 2 W cm™2). (c) CV curves of the AUNBP/GC electrode with addition of
1.0 mM H,0, in N, saturated 0.1 M PBS (pH 7.4) under NIR light illumination (808 nm, 2 W cm™3). (d) Current—time response curves of the AUNBP@MoS,/
GC electrode with addition of 1.0 mM H,O, into N, saturated 0.1 M PBS (pH 7.4) at —0.65 V (black), +0.4 V (red), and +0.77 V (blue) under OFF/ON of NIR
light illumination (808 nm, 2 W cm™2). (e) CV curves of the AuN BP@MoS,/GC electrode in 0.1 M PBS, pH 7.4 (scan rate: 50 mV s~ 1) without (black), with
1.0 mM glucose (red), and with glucose and under NIR light illumination (808 nm, 2 W cm™2) (blue). (f) Current—time response curves of the
AuNBP@MoS,/GC electrode with and without 1.0 mM glucose in 0.1 M PBS (pH 7.4) at —0.65 V (grey and pink) and +0.77 V (black and red) under periodic
OFF/ON of NIR light illumination (808 nm, 2 W cm™2).
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reactions and enhances mass transport kinetics. Meanwhile,
the 2D MoS, nanosheets not only facilitate rapid electron
extraction and transport due to their high conductivity but also
provide abundant edge-active sites for catalytic turnover.'®2%4°
The synergistic interaction between AuNBPs and MoS, under
LSPR illumination thus results in a pronounced enhancement
in redox activity, making this hybrid system highly effective for
light-assisted electrochemical applications.

To further evaluate the PEC performance, steady-state
photocurrent (i-t) measurements were conducted by the chron-
oamperometric (CA) technique for both MoS,/GC and
AuNBP@MOoS,/GC electrodes under LSPR excitation (808 nm,
2 W cm™?). The experiments were performed under periodic
light ON/OFF switching for 280 s at three distinct bias poten-
tials: —0.65 V, +0.40 V, and +0.77 V. As shown in Fig. 2b,
the MoS,/GC electrode exhibited discernible photocurrent
responses upon light illumination at all three applied poten-
tials represented by the grey, green, and navy traces, respec-
tively, likely due to the promotion of exciton separation in MoS,
facilitated by the moderate electric field. However, the relatively
low photocurrent density observed indicates a modest PEC
performance (Fig. S2).'® In stark contrast, the AUNBP@MOoS,/
GC hybrid electrode exhibited a pronounced, rapid increase in
photocurrent upon illumination, followed by a quick return to
baseline once the light was turned off. This reversible sharp
ON/OFF photocurrent response confirms efficient charge
separation and robust PEC activity, attributable to the syner-
gistic interaction between MoS, and plasmonic AuNBPs. The
device maintained consistent performance over four consecu-
tive cycles without significant signal degradation, demonstrat-
ing excellent photostability. Quantitative analysis revealed that
the AUNBP@MOoS,/GC electrode delivered up to an 11-fold
enhancement in photocurrent at +0.77 V (from 0.318 pA to
3.52 pA), compared to the pristine MoS,/GC. Similarly, photo-
current enhancements of approximately 5-fold and 8-fold were
observed at +0.40 V and —0.65 V, respectively. These results
highlight the superior PEC response of the AuUNBP@MoS,/GC
hybrid system across multiple bias conditions, establishing it
as a highly promising candidate for PEC applications. This
performance represents a significant advancement over pre-
viously reported MoS,-based systems.'® Further insight into
charge carrier dynamics was gained from the CA decay curve,
which revealed a hot electron lifetime (z) of 1.85 s for AUNBP@:-
MoS,/GC under LSPR excitation. This extended lifetime reflects
suppressed recombination and sustained carrier availability at
the interface, underscoring the role of plasmonic AuNBPs in
facilitating efficient energy transfer and charge stabilization
within the MoS, matrix, thereby amplifying the overall PEC
performance of the hybrid electrode.

Plasmon-enhanced electrocatalysis towards biologically active

species

After fruitful PEC response, the AuNBP@MOo0S,/GC electrode
device was tested for the non-enzymatic electrocatalytic sensing
of biologically active species like hydrogen peroxide and glu-
cose as reference species. The CV analysis of the AUNBP@MOoS,/
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GC hybrid electrode under NIR irradiation in a three-electrode
system (0.1 M PBS, pH 7.4, 25 °C, N, protection) reveals rich
redox behaviour and compelling electrocatalytic response
toward H,O, as shown in Fig. 2c. In the absence of H,0, (red
curve), the system exhibits anodic and cathodic peaks centred
at +0.40 V, +0.83 V, and —0.65 V as discussed previously. Upon
addition of 1.0 mM H,0,, the hybrid electrode demonstrates
marked enhancement in both anodic and cathodic peak cur-
rents (blue curve): the anodic peak at +0.77 V increases from
11.60 pA to 22.62 pA (~95% enhancement), and the cathodic
peak at —0.65 V intensifies from —17.36 pA to —32.18 pA
(~85% enhancement). The peak at +0.40 V increases from
7.15 pA to 12.94 pA (~ 81% enhancement). The peak separation
between oxidation and reduction processes (AE, = 104-142 mV)
suggests a quasi-reversible redox system, matching with the
ideal Nernstian value (60-200 mV), thus indicating facilitated
charge transfer under photo-enhanced conditions.*' The
AuUNBP@MOoS,/GC electrode was further examined to assess
how varying scan rates affect the current peaks associated with
H,0, oxidation and reduction (Fig. S2b and c). The linear
relationship observed with the square root of the scan rate
suggests rapid catalytic activity, with the electrochemical reac-
tion being predominantly quasi-reversible and diffusion-
controlled.”” The diffusion coefficient (D) for H,O, oxidation
and reduction at the AuNBP@MOoS,/GC electrode was deter-
mined to be 7.69 x 107> cm”® s, which holds significant
implications for electrocatalysis.*> Moreover, the heteroge-
neous electron transfer rate constant (k°) based on Laviron’s
theory was also calculated as 1.17 x 10~ cm s~ ', which also
indicates very fast electron transfer.*” Thus, all these results
confirm the catalytic involvement of H,0, in both oxidation
and reduction pathways (reactions are given in the inset of
Fig. 2c), underscoring dual-channel electrocatalysis. The
increased peak currents and reduced overpotentials under
LSPR excitation indicate improved electron transfer
kinetics.*® Peak broadening under light suggests a diffusion-
controlled regime, likely aided by plasmon-induced hot-
electron generation and localized heating.*® The amplified
currents are attributed to hot-electron transfer from
excited AuNBPs to MoS,, along with a photothermal effect
that lowers the activation barrier, thereby enhancing surface
redox reactions.'®'%*"** Additionally, the enhanced anodic-to-
cathodic current ratio (|I,a/Ipc|) in the presence of H,O, implies
higher electrochemical reversibility in the modified
environment.”" The symmetry of the redox couple suggests that
electron transfer is not only rapid but also well-coupled to the
surface catalytic process.”® These features are highly beneficial
for sensor performance, as they contribute to increased sensi-
tivity, faster response times, and robust detection capability in
a non-enzymatic system.

Additionally, the steady-state photocurrent (i-t) response of
the AUNBP@MoS,/GC hybrid system was investigated under
808 nm laser illumination (2 W cm™?) in the presence of
1.0 mM H,0, at applied potentials of —0.650 V, +0.40 V, and
+0.77 V (Fig. 2d), revealing an ~4.5-fold enhancement in
photocurrent (from 3.52 pA to 15.85 pA) compared to the

This journal is © The Royal Society of Chemistry 2025
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H,0,-free system (Fig. 2b), while maintaining reversible ON/
OFF switching behaviour due to the PAER mechanism. This
significant improvement is attributed to H,O, acting as an
efficient electron scavenger, which rapidly consumes photo-
generated charge carriers (electrons and holes) at the electrode—
electrolyte interface, thereby suppressing recombination and
prolonging carrier lifetime. Notably, hot electron lifetime ana-
lysis from CA decay curves showed a substantial increase from
1.85 s (without H,0,) to 5.58 s in the presence of H,O, under
LSPR excitation. This ~ 3-fold enhancement in carrier lifetime
further confirms the role of H,O, in stabilizing photogenerated
charges by facilitating fast interfacial redox reactions.”® The
synergistic interplay between plasmonic AuNBPs and MoS,,
coupled with the redox-active nature of H,0,, promotes effi-
cient charge separation and transfer, ultimately leading to a
markedly amplified and sustained PEC response. These find-
ings underscore the critical importance of suitable electron
acceptors in optimizing plasmonic-semiconductor hybrid sys-
tems for advanced multi-channel PEC applications.

In a subsequent investigation, we evaluated the glucose
biosensing performance of the AuNBP@MoS,/GC hybrid elec-
trode under LSPR excitation at 808 nm (2 W cm™?), with glucose
selected as a representative biomarker for diabetes
monitoring.*> The experimental protocol and electrochemical
measurement conditions were consistent with those employed
for H,0, detection, except for the introduction of glucose
oxidase (GOx; 20 pL, 20 mg L") into the PBS electrolyte. As
shown in Fig. 2e, CV of the AuNBP@MOoS,/GC electrode in the
absence of glucose and without LSPR illumination (dark con-
dition) exhibited distinct redox features with anodic peaks at
+0.77 V and +0.40 V and a cathodic peak at —0.65 V (red curve),
reflecting the inherent electrochemical activity of the hybrid
electrode. Upon the addition of 1.00 mM glucose, the electrode
response was significantly amplified, with the anodic peak
current increasing from 6.82 pA to 29.37 pA, and the cathodic
current from —25.86 pA to —44.20 pA. This enhancement
demonstrates the electrode’s efficient electrocatalytic response
to generated H,0,, confirming its high sensitivity toward
glucose detection even in the absence of optical excitation.
Notably, under LSPR illumination, the peak currents further
increased to 55.44 pA (anodic) and —66.28 pA (cathodic),
representing an ~ 8-fold enhancement in current response
compared to the baseline condition. This pronounced increase
underscores the electrode’s plasmon-enhanced PEC sensing
capability toward glucose. The sensing mechanism is driven
by the oxidation of glucose by GOx, which produces H,0, as a
byproduct.*® The resulting H,0, undergoes redox reactions at
the AuNBP@MOoS,/GC surface, generating amplified current
signals. The dominant oxidation peak at +0.77 V corresponds
to H,0O, oxidation, which suppresses the secondary oxidation
feature at +0.40 V, indicating a shift in redox dynamics likely
due to selective H,O,-mediated charge transfer processes under
LSPR-induced hot carrier generation. This suggests that the
plasmonic activation not only enhances sensitivity but also
modulates the electrochemical pathway to favour efficient
analyte detection.

This journal is © The Royal Society of Chemistry 2025
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The steady-state photocurrent (i-¢) response of the AuNBP@
MoS,/GC hybrid system was further examined in the presence
of glucose under conditions identical to those used for the
H,0, experiments, applying both anodic (+0.77 V) and cathodic
(—0.65 V) potentials (Fig. 2f). As anticipated, reversible ON/OFF
photocurrent switching was observed at both potentials, reaf-
firming the superior PEC performance and rapid photo-
response dynamics of the hybrid electrode under LSPR excita-
tion. This enhancement arises from the rapid electro-oxidation
and reduction of in situ generated H,0,, produced via the
reaction between glucose and GOx, along with efficient separa-
tion of plasmon-induced hot charge carriers at the electrode
interface.*® Notably, an ~8-fold increase in photocurrent
response (from 3.44 pA to 26.58 pA) was achieved, further
validating the exceptional PEC capability of the AuNBP@-
MoS,/GC hybrid system. Importantly, hot carrier lifetime ()
analysis revealed a lifetime of 5.02 s under LSPR excitation in
the presence of glucose, significantly longer than the 1.85 s
observed in the absence of any redox mediator and comparable
to the 5.58 s observed with H,0,. This extended lifetime in the
glucose-containing system highlights the effective generation
and scavenging of H,0, at the interface, which minimizes
recombination and sustains hot electron dynamics.”>*" These
findings emphasize the pivotal role of biochemical redox
processes in prolonging carrier lifetimes and amplifying PEC
signals in plasmonic-semiconductor hybrid architectures.

The PEC responses in all the above-mentioned experiments
are found to be more effective at an applied potential of +0.77 V
having the maximum enhancement of 11-fold, because it
provides an optimal driving force for efficient separation and
transfer of photogenerated charge carriers towards the external
circuit while minimizing recombination losses at the electrode-
electrolyte interface.

Plasmon-enhanced PEC biosensing

Based on prior experimental outcomes, we further investigated
the PEC performance of the AuUNBP@MOoS,/GC hybrid electrode
under LSPR excitation, aiming to develop a nonenzymatic PEC
biosensor for biologically relevant species, specifically H,O,
and glucose. The biosensing capability was evaluated using the
CA technique at selected anodic and cathodic potentials in
0.1 M PBS (pH 7.4, 25 °C, N,) using the standard three-electrode
configuration. As presented in Fig. 3a, a distinct and repeatable
stepwise increase in current was observed upon successive
addition of H,0, (0-200 mM) to the PBS solution using the
AuNBP@MOoS,/GC electrode, both in the absence (black curve)
and presence (red curve) of LSPR illumination at an applied
potential of —0.65 V. The catalytic current increased signifi-
cantly under illumination, highlighting the plasmonic
enhancement in charge transfer. The corresponding calibration
curve (Fig. 3b) demonstrated an initial linear increase in
current with H,0, concentration, eventually reaching satura-
tion. Notably, the sensor attained ~95% of its steady-state
response within 3-5 s following H,0, addition, indicating fast
kinetics. Under LSPR illumination, the device exhibited an
excellent linear detection range of 10 pM to 30 mM, with a
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Fig. 3 PEC biosensing activity of the AuNBP@MoS,/GC device towards H,O, and glucose. (a) Chronoamperometric responses and (b) the
corresponding calibration plots of the AUNBP@MoS,/GC electrode in N, saturated 0.1 M PBS (pH 7.4) at —0.657 V with (red) and without (black) NIR
light illumination (808 nm, CW, 2 W cm™2) with consecutive addition of H,O, from 0 to 200 mM. (c) The calibration plots of catalytic current response
versus H,O, concentrations of the AUNBP@MoS,/GC electrode at +0.40 V (blue), and +0.77 V (orange) under NIR light illumination with concentration of
added H,O, from 0 to 200 mM. (d) The corresponding linear fitted calibration plots of current response versus H,O, concentrations of the
AuNBP@MoS,/GC electrode at various applied potentials: at —0.65 V in the dark (black), —0.65 V under NIR light illumination (red), +0.40 V under
NIR light illumination (blue), and +0.77 V under NIR light illumination (orange). (e) CA responses of the AUNBP@MoS,/GC electrode in 0.1 M PBS at
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concentrations of the AUNBP@MoS,/GC electrode at +0.77 V (green) and —

correlation coefficient (R?) of 0.99097, a limit of detection (LOD) of
5 UM (S/N = 3), and a high sensitivity of 376.86 pA mM ™" cm 2,
as determined from the i-t calibration plot (Fig. 3d, green).
This performance markedly outperforms the dark condition
(no illumination), which showed a linear range of 10 pM to
5 mM, R* = 0.97933, and reduced sensitivity, thereby validating
the LSPR-assisted PEC enhancement.”” To further understand
the anodic response, CA experiments were conducted under
LSPR excitation at two positive potentials: +0.40 V and +0.77 V
(Fig. 3c). In both cases, the hybrid electrode maintained rapid
response times (3-5 s) and clear stepwise current increases
upon H,0, addition (0-200 mM). At +0.40 V, the device
achieved a linear detection range of 10 pM to 10 mM,
R*> = 0.97046, an LOD of 4.9 uM, and a sensitivity of
136.14 pA mM " ecm 2 (Fig. 3d, blue). Remarkably, at +0.77 V,
the linear range extended to 10 puM-30 mM, with a lower LOD
of 1.4 pM, R* = 0.97967, and an enhanced sensitivity of
315.00 pA mM ' ecm 2 (Fig. 3d, orange). The AUNBP@MOoS,/
GC hybrid electrode, under LSPR excitation, demonstrates
remarkable PEC biosensing capabilities for H,O, detection,
outperforming previously reported systems (e.g., AuNR/GC
and AUNR@GO/GC) as compared in Table S1.*

To extend the biosensing utility of the AuNBP@MOoS,/GC
hybrid system, we further evaluated its plasmon-assisted PEC
response toward glucose detection under optimized conditions.
CA measurements were performed in N,-purged 0.1 M PBS
(pH 7.4, 25 °C) using a three-electrode setup, under LSPR
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0.65 V (navy blue) under NIR light illumination.

illumination to leverage the plasmonic enhancement of
AuNBPs. As shown in Fig. 3e, the hybrid electrode displayed a
distinct stepwise increase in anodic photocurrent upon succes-
sive additions of glucose (0-25 mM) at an applied potential of
+0.77 V under LSPR illumination. The current reached a steady
state within 4-6 s after each glucose addition, indicating fast
and sensitive response kinetics. The corresponding calibration
curve (Fig. 3f, green) demonstrated a broad linear detection
range of 100 uM to 8 mM, with a correlation coefficient (R*) of
0.99093, a limit of detection (LOD) of 32.0 uM, and a sensitivity
of 23.42 pA mM ' em 2. These results affirm the robust anodic
PEC sensing ability of the AuNBP@MOoS,/GC electrode for
glucose under physiological conditions.*****” To probe the versa-
tility of the sensing mechanism, the glucose response was also
investigated at a cathodic potential of —0.65 V under similar
conditions. The inset of Fig. 3f shows the corresponding
calibration plot, with a linear detection range of 100 puM to
8 mM, R* = 0.99386, an LOD of 27 uM, and a sensitivity of
8.04 pA mM ' cm > While the sensitivity under cathodic bias is
lower than that of the anodic condition, it still validates the device’s
dual-channel sensing capability. The AuUNBP@MOoS,/GC electrode,
under plasmonic excitation, exhibits ultrasensitive and rapid PEC
glucose detection in both anodic and cathodic modes, which are
also compared in previous reports as listed in Table $2.">**” The
superior sensitivity, broad linear range, and low detection limit
underscore its potential as a powerful nonenzymatic PEC biosensor
for clinical diagnostics and biomedical applications.

This journal is © The Royal Society of Chemistry 2025
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To evaluate the practical applicability of the AUNBP@MoS,/
GC biosensor, its operational stability, reproducibility, and
anti-interference capability were systematically examined. The
device retained approximately 99% of its initial PEC response
over five successive measurements, indicating excellent short-
term stability. Reproducibility tests across five independently
fabricated electrodes yielded a relative standard deviation
(RSD) of ~3.5%, confirming consistent sensor fabrication.
Long-term stability was further validated by storing the sensor
at 4 °C in the dark for 30 days, with negligible loss in PEC
activity. The biosensor also demonstrated high selectivity, with
minimal current response variation in the presence of common
electroactive interferents such as uric acid, dopamine, t-
cysteine, and glutathione (each at 0.05 mM) (Fig. S3a).>® Post-
operational TEM analysis (Fig. S4b) confirmed the morpholo-
gical integrity of the AUNBP@MOoS, architecture after the PEC
experiment compared to that of pure AuNBPs (Fig. S4a), under-
scoring the structural robustness of the hybrid material. Col-
lectively, these results affirm the sensor’s high durability,
reproducibility, and interference tolerance, underscoring its
strong potential for real-world biosensing applications.

PEC biosensing of cancer cells

Inspired by the excellent PEC performance of the AuNBP@
MoS,/GC device, we extended our investigation to evaluate its
efficacy for real-time biosensing of cancer cells under LSPR
excitation (Fig. 4a). Leveraging the enhanced PEC response of

(a) fMLP — N-Formylmethionine-leucyl-phenylalanine

W — AuNBP@MoS,/GC
C — Platinum
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the AUNBP@MOoS, interface, we conducted CA measurements
to monitor the secretion of H,O, from live HeLa cells stimu-
lated with the pro-inflammatory agent N-formylmethionyl-
leucyl-phenylalanine (fMLP) (Fig. 4a).'°**%> The secretion of
H,0, from HeLa cancer cells following treatment with fLMP, a
pro-inflammatory stimulant, was further validated using the
DCFH-DA-based cellular imaging technique. A distinct green
fluorescence observed within the cytoplasm confirmed the
elevated intracellular levels of H,0, (Fig. 4b).*®

Under near-infrared LSPR illumination (808 nm, 2 W cm?)
at an applied potential of —0.65 V, a pronounced increase in
cathodic current was recorded upon addition of fMLP to the
HeLa cell suspension in PBS (pH 7.4), confirming the effective
PEC detection of cell-released H,O, (Fig. 4c, red trace). Notably,
control experiments without fMLP (Fig. 4c, blue trace) or in the
absence of cells (Fig. 4c, black trace) exhibited no response,
emphasizing the selectivity of the platform for biologically
relevant H,0, signalling. Anti-interference studies with com-
mon electroactive species (AA, UA, L-cysteine; 0.05 mM each)
showed negligible responses compared to the strong signal
from fMLP-stimulated HeLa cells (Fig. S3b), confirming the
high selectivity of AUNBP@MOoS,/GC for biologically generated
H,0, in complex media.

The observed signal changes at two different applied poten-
tials at —0.65 V (Al = 21.3 pA) and +0.77 V (Al = 24.5 pA), as
shown in Fig. 4d, correspond to an estimated H,O, concen-
tration of approximately 1.24 mM, with each HeLa cell secreting
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Fig. 4 Sensor device for cancer cell detection. (a) Schematic illustration of PEC cancer cell detection by the AUNBP@MoS,/GC electrode under NIR light
illumination. (b) CLSM images of Hela cells incubated with fLMP followed by treatment with DCFH-DA for determination of elevated intracellular H,O,
levels. (c) CA responses of the AUNBP@MoS,/GC electrode device in N, saturated 0.1 M PBS (pH 7.4) solution through biosensing H,O, released from
Hela cells with addition of 5 mM fMLP at an applied potential of —0.65 V. (d) Comparison of generated current response for cancer cell detection using
the AuNBP@MoS,/GC electrode device as controlled and at —0.65 V and +0.77 V applied potentials. (¢) Comparison of cellular assay by the
AUuNBP@MoS,/GC device for detection of cancerous cells (HeLa) compared to a normal cell (HEK 293).
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~138 amol of H,0,, values that are consistent with those
reported for stimulated cancer cells.***® The average number
of H,0, molecules (N,) secreted per HeLa cell was estimated to
be 8.32 x 10%, which aligns well with previously reported data,
further validating the accuracy of the biosensing approach.
Importantly, under identical conditions, normal human
embryonic kidney (HEK 293) cells elicited a negligible catalytic
current response (Fig. 4e), clearly distinguishing them from the
pronounced signal observed for HeLa cells.”> The AuNBP@-
MoS,/GC biosensor demonstrates excellent sensitivity, selectiv-
ity and stability for real-time H,0, detection, showcasing strong
potential for cancer diagnostics and redox biology applications.

Mechanism of direct plasmon-enhanced photoelectrocatalysis
(PEC)

To unravel the underlying mechanism responsible for the
significantly improved PEC performance of the AuNBP®@-
MoS,/GC hybrid electrode under LSPR excitation, a series of
complementary electrochemical and optical experiments were
performed, supported by computational simulations. These
efforts collectively reveal how plasmonic nanostructures
can directly mediate and enhance charge transfer kinetics
and catalytic efficiency in a hybrid PEC platform.
Electrochemical impedance spectroscopy (EIS) was
employed to assess the charge transfer characteristics across
different configurations (Fig. 5a). Bare GC exhibited a large
semicircular Nyquist profile with a high charge transfer resis-
tance (R.. = 2197 Q), indicative of inefficient electron transport
(Fig. 5a, black curve).*® Upon modification with AUNBP@MOoS,,
R.: decreased to 1470 Q in the dark, affirming improved
conductivity due to the formation of an efficient electron

4000
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pathway. Remarkably, under 808 nm LSPR illumination
(2 W em™?), R, further dropped to 697 Q, validating enhanced
interfacial charge separation and accelerated transport, a direct
consequence of hot carrier injection from excited AuNBPs into
the MoS, matrix.*®>® The schematic equivalent circuit confirms
this evolution of impedance behaviour. The observed light-
induced enhancement reflects the synergistic coupling between
the plasmonic core and the semiconducting shell, enabling a
cascade of rapid photoinduced charge separation and migra-
tion events. Additionally, the open-circuit potential (OCP)
response under light-dark cycling displays a clear shift
(~25 pA), further substantiating the generation and successful
transfer of photoexcited hot electrons to MoS,, followed by
efficient conduction to the external circuit.**

Photo-response analysis as a function of illumination wave-
length (Fig. 5b) showed a peak photocurrent at 827 nm, coin-
ciding with the LSPR maximum of the AUNBP@MOoS, system.
This resonance matching confirms the dominance of plasmo-
nic excitation over bulk photothermal or bandgap-mediated
photoactivity in driving PEC enhancements.***> Furthermore,
the photocurrent response scaled linearly with increasing laser
intensity (0 to 2.0 W cm™?) (Fig. 5¢), peaking at 12.27 pA. This
behaviour suggests a higher generation rate of non-equilibrium
hot electrons at elevated photon flux, thereby improving both
the probability of interfacial charge transfer and the charge
carrier lifetime. This linear correlation is a hallmark of hot-
carrier-involved mechanisms rather than simple thermal heat-
ing effects.>*** To further validate this, measurements
were conducted in the presence of ethanol (EtOH) as a hole
scavenger (Fig. 5d), which resulted in a markedly enhanced
current response. This enhancement is attributed to effective
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Investigation of the mechanism behind superior PEC properties. (a) Nyquist plots of bare GC (black curve) and AUNBP@MoS,/GC electrodes in

0.1 M PBS containing 5 mM Fe(CN)g**/3* with (orange) and without (violet) NIR light illumination (808 nm, 2 W cm™2). (b) Catalytic peak currents (Al) of
the AUNBP@Mo0S,/GC electrode in 0.1 M PBS at +0.77 V under variable wavelength illumination of the NIR light source (2 W cm™2). (c) Catalytic peak
currents (Al) of the AUNBPs@MoS,/GC electrode in 0.1 M PBS at +0.77 V with an adaptable irradiation intensity of 808 nm NIR light. (d) Catalytic peak
currents of the AUNBP@MoS,/GC electrode in 0.1 M PBS at +0.77 V with H,O, in the absence and presence of EtOH. (e) FDTD simulations and local field
enhancement intensity of AUNBP and AUNBP@MoS, obtained at an incident excitation wavelength of 808 nm. (f) Plot of peak current vs. temperature
with laser light on and off for electrochemical oxidation/reduction of H,O, by AUNBP@MoS,/GC. Inset: plot of In(/) vs. reciprocal of temperature (1/7). (g)
The ratio of ((I — lp)/l) at different temperatures, where Iy is the peak current in the dark and / is the peak current of H,O, electrochemical oxidation/
reduction under LSPR excitation. (h) Proposed mechanism for the superior PEC activity of the AUNBP@MoS,/GC device under LSPR illumination.
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suppression of electron-hole recombination, as EtOH prefer-
entially consumes photogenerated holes, thus promoting
improved charge carrier separation and utilization.

To visualize the spatial distribution and amplification of the
localized electromagnetic (EM) fields, finite-difference time-
domain (FDTD) simulations were conducted (Fig. 5e). For bare
AuNBPs, intense near-field hot spots were observed at the
bipyramidal tips, yielding a field enhancement factor |E/E,|*
of 19787.3. In contrast, the AuNBP@MoS, heterostructure
exhibited a significantly elevated |E/E,|> of 26419.4, corres-
ponding to ~1.3-fold enhancement.”’ This increase arises
from plasmonic coupling and dielectric confinement at the
metal-semiconductor interface. MoS, not only acts as a charge
acceptor but also modulates the local dielectric environment,
promoting stronger field localization and, consequently, more
efficient hot-electron injection into its conduction band. This
improved EM confinement directly correlates with the observed
photocurrent enhancements and underscores the critical role
of anisotropic nanogeometry in dictating light-matter inter-
action strength.3>°

To delineate the thermally and non-thermally activated
pathways towards H,0, oxidation/reduction, temperature-
dependent electrochemical measurements were carried out
(Fig. 5f and g). The apparent activation energy (E,) under dark
conditions was calculated to be 41.2 k] mol ™", which signifi-
cantly decreased to 33.7 k] mol ' upon LSPR illumination. This
reduction in E, under NIR light underscores the facilitative role
of hot carriers in overcoming kinetic barriers to electron
transfer.** Interestingly, while the photocurrent enhancement
[ — Iy)/1] initially increases with temperature (298-308 K), it
starts to decline at higher temperatures (318-328 K), implying a
mechanistic transition. At lower temperatures, photothermal
effects dominate by increasing charge mobility, whereas at
elevated temperatures, the hot carrier contribution becomes
the primary driver of PEC enhancement.** This temperature-
dependent crossover reaffirms a dual mechanism - wherein
both LSPR-induced heating and hot carrier effects synergisti-
cally operate, with the latter being more decisive at higher
operating temperatures.**

We explicitly quantify and correlate three key mechanistic
parameters—hot carrier lifetime, interfacial energetics, and
structure-activity relationships—based on combined electro-
chemical and simulation data. The hot carrier lifetime (7)
extends from 1.85 s to 5.58 s with redox scavenging, the
activation energy (E,) decreases from 41.2 to 33.7 kJ mol *
under LSPR illumination, and FDTD simulations reveal that the
anisotropic AuNBP geometry yields a maximum near-field
enhancement (|E/Eo|*) of 26419.4, all of which directly con-
tribute to the observed PEC enhancement.

Thus, the most plausible mechanism underlying the direct
plasmon-enhanced PEC activity of the AuNBPs@MoS,/GC
hybrid system under 808 nm NIR light illumination is schema-
tically depicted in Fig. 5h. Upon LSPR excitation of the aniso-
tropic AuNBPs, electrons from the d-band are excited to higher
energy states above the Fermi level, creating energetic hot
electrons and corresponding hot holes."®*"*” Due to the sharp
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tips of AuNBPs, intense electromagnetic ‘hot-spots” are
formed where hot carrier generation and localized photother-
mal effects are maximized.’” These hot electrons can be
injected into the conduction band of MoS,, facilitated by
suitable band alignment and a low Schottky barrier, followed
by transfer to the GC electrode and through the external circuit
under an applied bias, leading to an enhanced PEC signal.'®*°
Simultaneously, hot holes accumulate on the AuNBP surface,
causing a downward shift in the Fermi level, thereby improving
their oxidative power.”’ This dual process enables both
the oxidation and reduction of H,O, at the photoactive inter-
face: hot holes oxidize H,0,, generating reactive oxygen species
like *OH and °*OOH radicals, while the accumulated hot
electrons can reduce H,0,, thus facilitating bidirectional
electrocatalysis.”>**>*” In biosensing applications, H,0, may
either be present directly or produced from oxidation of glucose
by GOX, making the system suitable for PEC biosensing of both
H,0, and glucose.>"*>*” Furthermore, the NIR-induced photo-
thermal effect increases the local temperature, improving
charge carrier mobility and lowering activation energy barriers
for redox reactions.**** Therefore, the enhanced PEC response
arises from a synergistic combination of LSPR-generated hot
carriers, bidirectional electrocatalysis of H,0,, effective charge
separation, and photothermal facilitation, collectively making
AuNBPs@MoS,/GC an efficient PEC platform for sensitive and
amplified biosensing applications.

Plasmon-accelerated HER activity

The photo-electrocatalytic hydrogen evolution reaction (HER)
performance of the plasmonic AuNBP@MOoS,/GC hybrid elec-
trode was systematically investigated using a standard three-
electrode configuration in N,-saturated 0.5 M H,SO, electrolyte
at 30 °C. LSPR excitation was achieved using an 808 nm laser
source with an intensity of 2 W cm 2 The linear sweep
voltammetry (LSV) curves recorded under various conditions
are shown in Fig. 6a. The GC electrode modified solely with
exfoliated MoS, exhibited limited HER activity, as evidenced by
a high onset potential of approximately —0.31 V vs. the rever-
sible hydrogen electrode (RHE) under dark conditions (Fig. 6a,
grey curve). This is consistent with the inherently poor elec-
trical conductivity and basal-plane inactivity of pristine semi-
conducting MoS,."® However, incorporation of AuNBPs into the
MoS, matrix (AuNBP@MoS,/GC) markedly improved the
catalytic performance. In the absence of illumination, the
hybrid electrode showed a positive shift in the onset
potential to —0.28 V (AE = 33 mV), suggesting enhanced charge
transport and favourable interfacial electronic interactions
between Au and MoS, (Fig. 6a, black curve).*® Under LSPR
excitation, a further anodic shift in the onset potential to
—0.19 V was recorded (AE = 88 mV), accompanied by a
substantial reduction in overpotential at —10 mA cm 2, from
—0.513 V to —0.354 V (AE = 159 mV) (Fig. 6a, red curve). This
significant improvement highlights the effective role of
plasmon-induced hot electron injection in enhancing HER
kinetics (Table S3).'%?%31°0753 Notably, a sharp increase in
cathodic current density was observed upon laser irradiation
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Fig. 6 Plasmon accelerated HER performance. (a) LSV polarization curves of MoS,/GC (grey curve) and AUNBP@MoS,/GC electrodes in N, saturated

0.5 M H,SO4 (30 °C, scan rate: 10 mV s™%) with (red curve), without (blac
2 W cm™2) as well as with ethanol (10%) under NIR light illumination (green

k curve) and sudden off (purple curve) of NIR light illumination (808 nm,
curve) and sudden off (blue curve) of NIR light. (b) Current—time response

curves of MoS,/GC (black) and AUNBP@MoS,/GC electrodes (red) in N saturated 0.5 M H,SO,4 under periodic ON/OFF of NIR light. (c) Plot of current vs.
time, with an exponential fit to the decay for the AUNBP@MoS,/GC device after switch off of NIR light. (d) Tafel plots of AUNBP@MoS, with (red), without

(black) NIR light illumination, and in the presence of ethanol with NIR light

illumination (808 nm, 2 W cm™2). (e) Plot of exchange current density (jo)

under three different conditions: AUNBP@MoS, in the dark, under LSPR illumination and under LSPR illumination in the presence of EtOH. (f) Plot of
plasmon enhancement factor with variable potentials for AUNBP@MoS, under LSPR illumination with and without EtOH. (g) Current density vs. inverse
temperature at a fixed potential of —0.3 V for AUNBP@MOoS; in the dark, under LSPR illumination and under LSPR illumination in the presence of EtOH. (h)
Arrhenius plots: plot of In(}) vs. reciprocal of temperature (1/T) for AUNBP@MoS; in the dark, under LSPR illumination and under LSPR illumination with

EtOH. (i) Schematic energy diagram showing the direct plasmon-enhanced

at —0.15 V, which promptly declined upon switching off the
light (Fig. 6a, purple curve), demonstrating rapid and reversible
photocurrent generation. The minimal residual current after
laser off suggests negligible thermal effects, confirming that
hot electrons, generated through non-radiative plasmon decay,
are the primary contributors to enhanced HER activity.'®?°
Further improvement was achieved by introducing ethanol as
a sacrificial hole scavenger. The onset potential further shifted
to —0.14 V (AE = 47 mV), and the overpotential at —10 mA cm >
decreased to —0.316 V (Fig. 6a, green curve). This enhancement
likely arises from suppressed electron-hole recombination
and more effective utilization of photo-excited charge
18:35,5053 Interestingly, even after switching off the light
at —0.4 V, the current did not completely revert to the dark
baseline (Fig. 6a, blue curve), possibly due to residual

carriers.
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HER mechanism in AUNBP@MoS,.

photogenerated carrier dynamics or localized heating
effects.®® These enhancements compare favourably or even
exceed those observed in analogous plasmonic systems, such
as AuNRs@MoS, (onset at ~—0.16 V) and AuNPs@rGO
hybrids, further demonstrating the advantage of the anisotro-
pic bipyramidal geometry in concentrating the electromagnetic
field and facilitating charge transfer (Table S3).'*?%°° More-
over, the comparative HER tests with commercial Pt/C (0.5 M
H,S0,) showed superior HER activity (an onset potential of
—0.004 V and a Tafel slope of 26.3 mV dec '), while our
AuNBP@MOoS, exhibited a competitive onset (—0.14 V) and
the performance gap narrowed markedly due to hot carrier
contributions under LSPR illumination (Fig. S5a). A long-term
durability test (1000 LSV cycles, Fig. S5b) was also conducted for
the AuNRs@MoS, hybrid system, which revealed minimal
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degradation in HER activity, confirming the structural and
electrochemical stability of the hybrid electrode under opera-
tional conditions.

The CA measurement was performed at a constant potential
of —0.19 V to examine the photo-response dynamics (Fig. 6b).
Upon illumination, the photocurrent surged from —0.22 pA to
—3.06 pA, representing a 14-fold increase. The current returned
to its baseline after the light was turned off and showed
excellent reproducibility across multiple cycles, affirming the
optical stability and reversibility of the AuNBP@MoS, hybrid
electrode. In contrast, the MoS,-only electrode exhibited negli-
gible photocurrent under identical conditions (Fig. 6b, black
curve), underscoring the critical role of AuNBPs in harvesting
NIR light and driving the catalytic process.'® Moreover, analysis
of the CA decay curve revealed a hot carrier lifetime (7) of 5.03 s
for the AuNBP@MoS, system under LSPR excitation (Fig. 6c).
This prolonged carrier lifetime indicates efficient suppression
of recombination and sustained hot electron availability at the
electrode surface, which is vital for enhancing the HER perfor-
mance. The extended lifetime facilitates more effective inter-
facial electron transfer to protons in the electrolyte, thereby
improving the kinetics and overall efficiency of the HER process
under photoelectrochemical conditions."®>°™*

The Tafel slope analysis further elucidates the mechanistic
shift in HER kinetics. Under dark conditions, the Tafel slope of
149 mV dec™ ' suggests that the Volmer step (H" adsorption) is
rate-limiting, consistent with low hydrogen coverage (©y) on
the catalyst surface (Fig. 6d, black line). Upon LSPR illumina-
tion, the Tafel slope decreases to 117 mV dec " (Fig. 6d, red
line), indicating a partial transition toward the Heyrovsky step
(electrochemical desorption), implying an increased @y due to
enhanced electron availability.'® Remarkably, the introduction
of ethanol as a hole scavenger further decreases the Tafel slope
to 92 mV dec™ " (Fig. 6d, blue line), closely approaching the
theoretical value associated with the Tafel recombination
mechanism, indicative of a near-saturated surface coverage of
hydrogen intermediates.>** This phenomenon highlights the
synergistic contribution of plasmonic excitation and efficient
hole scavenging to facilitate charge carrier separation and
inhibit electron-hole recombination, thereby significantly
enhancing the kinetics of the hydrogen evolution reaction.

Electrochemical double layer capacitance (Cq) measure-
ments were conducted to evaluate the electrochemically active
surface area (ECSA) of the AuNBP@MoS, catalyst. In the
absence of LSPR excitation, the Cg was found to be
4.6 mF cm 2, indicating limited surface charge accumul-
ation.’**** Under 808 nm LSPR illumination, the Cg
increased significantly to 12.9 mF cm ™2, suggesting a substan-
tial enhancement in accessible active sites.>>***> This increase
is attributed to plasmon-induced effects such as hot electron
injection, localized electric field enhancement, and improved
interfacial charge distribution, confirming that LSPR excitation
effectively activates the catalyst surface for improved electro-
chemical performance.

The kinetic analysis of AuNBP@MOoS,/GC under varying
conditions (dark, LSPR illumination, and LSPR with ethanol)
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provides compelling evidence for plasmon-mediated enhance-
ment of the HER. The exchange current density (j,), a key
parameter reflecting intrinsic catalytic activity, exhibits a sub-
stantial increase from 0.036 mA cm 2 (dark) to 0.2418 mA cm >
(LSPR illumination) and further to 0.455 mA cm™> (LSPR +
EtOH), corresponding to plasmonic enhancement ratios of 6.7
and 13.7, respectively (Fig. 6€).>° This dramatic improvement is
attributed to the injection of hot electrons from AuNBPs into
the conduction band of MoS, upon resonant excitation at
808 nm, which aligns with the LSPR of AuNBPs. The injected
electrons increase the charge carrier density in MoS,, effectively
modulating its Fermi level closer to the thermodynamic
potential for the HER, thereby reducing the overpotential
required for proton reduction.'®?° The plasmonic enhance-
ment factor (PEF) analysis at different applied potentials
reveals that the highest enhancement (PEF = 12-fold) occurs
at —0.3 V vs. RHE under LSPR in the presence of EtOH,
demonstrating that the plasmonic effect is most pronounced
at moderate overpotentials where charge transfer kinetics dom-
inate (Fig. 6f)."° At higher overpotentials (—0.5 to —0.6 V), the
PEF decreases due to mass transport limitations, but the overall
current density remains significantly higher than that under
dark conditions, highlighting the sustained catalytic advantage
of plasmonic excitation.>”

The activation energy (E,) analysis provides additional
mechanistic insights. The E, for the HER decreases from
94.97 k] mol " (dark) to 74.975 kJ mol " (LSPR illumination)
and further to 59.98 k] mol~" (LSPR + EtOH), confirming that
plasmonic hot electron injection and hole scavenging synergis-
tically lower the energy barrier for proton reduction (Fig. 6g and
h).’® The reduction in E, is consistent with the observed
enhancement in exchange current density and Tafel kinetics,
reinforcing the role of plasmonic excitation in facilitating
charge transfer and surface reaction dynamics. To gain deeper
mechanistic understanding, the turnover frequency (TOF) of
active sites on the AuNBP@MoS,/GC device was evaluated
under three distinct conditions: in the dark, under LSPR
illumination, and under LSPR illumination in the presence of
EtOH. In the absence of illumination, the HER TOF was
determined to be 0.40 s~'. Upon excitation of the LSPR mode,
the TOF increased significantly to 2.65 s~ ', corresponding to an
~6.6-fold enhancement, attributable to the injection of
plasmon-generated hot electrons into MoS,."®* Remarkably, in
the presence of both LSPR excitation and EtOH, the TOF further
increased to 4.82 s™', representing an overall ~12-fold
enhancement relative to the dark conditions. The TOF values
are in good agreement as calculated for plasmon based MoS,
materials exhibiting high catalytic activity for the HER."83>0733
This substantial improvement highlights the synergistic effect
of hot electron generation and effective hole scavenging in
suppressing charge recombination and accelerating HER
kinetics.

The schematic diagram as displayed in Fig. 6i thus illus-
trates the proposed mechanism of the enhanced HER perfor-
mance of the AuUNBP@MoS,/GC system under near-infrared
(808 nm) laser excitation, which activates the LSPR of the
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AuNBPs. Upon excitation, the LSPR decay of AuNBPs generates
energetic non-equilibrium charge carriers, namely hot elec-
trons and hot holes within the metal nanostructure.'® These
hot electrons are efficiently injected into the conduction band
(CB) of MoS, due to the favourable band alignment and
relatively low Schottky barrier at the Au-MoS, interface, creat-
ing a dynamic charge-separated state with the hot electrons
localized in the CB of MoS, and holes retained within the Au d-
band region.'® This electron transfer raises the Fermi level of
MoS,, thereby making its energy level more closely aligned with
the hydrogen redox potential (H'/H,), which results in a low-
ered overpotential requirement for the HER.*® Simultaneously,
the presence of these photoexcited electrons in MoS, enhances
the carrier density and conductivity of the semiconductor,
leading to an overall improvement in photocurrent density
and catalytic turnover. Moreover, the electromagnetic field
enhancement around the sharp tips of the AuNBPs intensifies
the local electric field, promoting near-field effects that further
accelerate interfacial charge transfer kinetics and may contri-
bute to mild photothermal heating.'® These combined effects
facilitate the electrochemical reduction of protons at the MoS,
surface, enabling efficient evolution of molecular hydrogen
(H,). Importantly, in the presence of a sacrificial hole scavenger
such as ethanol, the recombination of hot electrons and holes
is significantly suppressed, which leads to a further enhance-
ment of HER kinetics.'® Collectively, the AUNBP@MOoS,/GC
system demonstrates outstanding PEC activity, robust cycling
stability, and efficient light-to-chemical energy conversion,
making it a compelling candidate for next-generation, LSPR-
assisted hydrogen evolution applications.

Conclusions

We report the design of a plasmonic Au nanobipyramid@MoS,
(AUNBP@MOoS,) nanohybrid that integrates LSPR-driven hot
electron generation with 2D semiconductor charge transport
for high-performance photoelectrochemical applications. The
study establishes a clear mechanistic link between extended
hot carrier lifetime (up to 5.58 s), reduced activation energy
(41.2 — 33.7 kJ mol™"), and anisotropic plasmonic field
enhancement (|E/Eo|> = 26419.4) as the key drivers of the
exceptional PEC performance. The AuNBP@MoS,/GC electrode
enabled dual channel non-enzymatic detection of H,O, with a
broad linear range (10 pM-30 mM), ultra-low detection limit
(1.4 uM), and high sensitivity (376.86 pA mM ' cm?). For
glucose, it achieved a linear range of 100 pM-8 mM, LOD of
27 uM, and sensitivity of 23.42 pA mM " cm 2. The device also
selectively detected cancer cells via real-time monitoring of
secreted H,0,. In HER studies, the hybrid electrode showed
remarkable improvement with a low onset potential (—0.14 V),
Tafel slope of 92 mV dec !, and up to 14-fold photocurrent
enhancement under LSPR. These enhancements stem from
synergistic hot electron injection, photothermal activation,
and MoS,-mediated catalysis. Overall, this work presents
a robust, multifunctional platform for biosensing, cancer
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diagnostics, and photo-enhanced hydrogen evolution, offering
new pathways for LSPR-assisted energy and biomedical
technologies.
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