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Interband excitation of plasmonic metals generates highly oxidizing d-band holes that, in principle, can

drive demanding oxidative transformations. However, their ultrafast relaxation and recombination severely

limit their chemical utilization. Here we identify d-band hole extraction as the intrinsic rate-limiting step in

interband plasmonic photocatalysis and demonstrate that subtle modulation of metal–ligand electronic

coupling provides a quantitative handle to overcome this bottleneck. Using gold nanorods functionalized

with electronically distinct yet structurally analogous thiophenol ligands, we combine single-particle

spectroscopy, ensemble photocatalysis, and density functional theory to establish a direct correlation

between ligand HOMO–metal d-band coupling strength and overall photocatalytic efficiency. Despite

comparable morphology and surface coverage, small enhancements in hole-transfer coupling accelerate

oxidative charge extraction, suppress recombination, and amplify both reduction and oxidation reaction

pathways. Marcus–Hush analysis reveals that hole transport is intrinsically slower than electron transfer by

two orders of magnitude, rendering d-band hole extraction the dominant kinetic constraint under inter-

band excitation. These findings establish molecular electronic coupling as a predictive descriptor for con-

trolling d-hole flow and provide a general design principle for exploiting short-lived oxidative equivalents

in plasmon-driven chemistry.

Introduction

Plasmonic metal nanostructures serve as versatile platforms
for photochemical energy conversion, converting incident
photons into highly energetic charge carriers capable of
driving thermodynamically uphill redox processes.1–8 The
efficacy of these hot electrons and holes in interfacial catalysis
is governed by their excess energy, temporal evolution, and
spatial localization within the nanostructure.9 These character-
istics are inherently nanoscale in origin, arising from localized
surface plasmon resonance (LSPR)-driven near-field confine-
ment, size and shape factors, crystallographic structures, and
non-equilibrium carrier generation. Under interband exci-
tation of gold nanoparticles, d-band electrons are promoted to
the sp-band, generating highly oxidizing d-band holes that are
distributed across the metal volume alongside warm electrons
above the Fermi level.10 These holes exhibit sub-picosecond
lifetimes (≤100 fs), short mean free path, and are generated
over the entire volume of the metal, rendering their diffusive
transport to surface-active sites kinetically prohibitive and

subject to dominant ultrafast energy relaxation and recombi-
nation with electrons, a process that dissipates oxidative equi-
valent energies as heat while concomitantly curtailing electron
availability for reductive half-reactions.11 Devising strategies to
selectively extract and redirect these highly energetic yet short-
lived d-band holes constitutes a foundational challenge in many
plasmonic photocatalysis reactions.12 This limitation is particu-
larly crucial for many important plasmonic-driven reactions,
such as CO2 reduction, nitrogen fixation, and solar-to-fuel con-
version, where efficient oxidative half-reactions are essential for
sustaining overall catalytic cycles. In such systems, the accumu-
lation and utilization of photogenerated electrons strongly
depend on the simultaneous removal of holes to maintain
charge balance and suppress rapid recombination. Inefficient
extraction of d-band holes therefore not only limits oxidative
chemistry but also indirectly restricts electron-driven reduction
pathways, ultimately reducing overall catalytic efficiency.
Consequently, strategies that enable selective and efficient hot-
hole extraction are expected to play a central role in the develop-
ment of high-performance plasmonic photocatalysts for solar
energy conversion and artificial photosynthesis.

Plasmonic antenna–reactor hybrids provide an effective
strategy that promotes hot-carrier separation and transfer.13–16

In these architectures, a plasmonic “antenna” concentrates the
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electromagnetic field and generates energetic charge carriers,
one of which is subsequently transferred to a catalytically
active “reactor” domain where redox reactions occur. Such
systems typically comprise metal–semiconductor17–20 or
metal–metal hybrids.21–24 Although a few reports exist on
specific design of antenna reactors for selective separation and
transport of hot holes,18,25–31 a vast majority of reported
designs have focused predominantly on the effective harvest-
ing and utilization of hot electrons,32–34 leaving d-band hot
holes underutilized. Alternatively, sacrificial electron donors or
hole scavengers can promote charge-carrier-driven photochem-
istry by selectively quenching one carrier type at the interface,
thereby extending the lifetime of the complementary species
and suppressing recombination;35 this approach, while
effective, introduces additional chemical waste and adds to
overall process costs. Recently, organic ligands have emerged
as versatile mediators for charge separation in plasmonic
systems, enabling directed transfer of hot carriers across
metal–ligand interfaces to suppress recombination and
enhance photocatalytic efficiency. In this context, the metal–
ligand interface represents a critical nanoscale junction where
electronic coupling can actively regulate charge-carrier extrac-
tion rather than merely serving as a passive surface modifier.
In gold nanoparticles under interband excitation, polyvinylpyr-
rolidone (PVP) molecules have been shown to facilitate d-band
hot-hole extraction.36 Recent studies, including our prior work,
demonstrated qualitative trends where aromatic thiols influ-
ence hot-carrier flow.37,38 However, these investigations have
either lacked a controlled ligand comparison that decouples
electronic effects from structural variations or a direct corre-
lation of ligand-controlled hole extraction to simultaneous oxi-
dative and reductive reaction halves.

This study used gold nanorods capped with structurally
analogous yet electronically distinct thiophenol ligands,
4-fluorothiophenol (FTP) and 4-bromothiophenol (BrTP) (here-
after referred to as Au–FTP and Au–BrTP, respectively) as a
platform to dissect d-band hot-hole extraction under 488 nm
interband excitation. Single-particle optical microscopy and
spectroscopy, complemented by bulk photocatalysis experi-
ments, enabled comprehensive probing of both hot-electron-
and hot-hole-driven processes, establishing a complete
mechanistic picture that directly relates efficient d-hole extrac-
tion to simultaneous enhancement of reduction and oxidation
processes. We establish that the nanorod-bound FTP mole-
cules enable better d-hole extraction than their BrTP counter-
part producing substantially higher Au3+ photoreduction rates
and enhanced hydroxyl radical (•OH) generation from water
oxidation. First-principle theoretical analysis reveals that the
favorable energetic alignment between the gold d-band and
the highest occupied molecular orbital (HOMO) of FTP pro-
motes more efficient hot-hole transfer to the ligand. This
process effectively stabilizes spatially separated charge carriers,
suppresses recombination, and leaves hot electrons available
to drive reduction reactions. These findings demonstrate that
interfacial electronic coupling serves as a tunable nanoscale
design parameter that governs charge-carrier dynamics and

photocatalytic efficiency. Our calculations further indicate that
d-hole transfer rates are significantly slower than electron
transfer, creating a photocatalytic bottleneck that underscores
the need for the development of d-hole extraction strategies.
By establishing a direct link between molecular-level interface
design and hot-carrier utilization, this work provides generaliz-
able design principles for overcoming kinetic limitations in
plasmon-driven catalysis and for advancing nanoscale photo-
catalytic systems toward energy-relevant applications.

Results and discussion

The AuNRs were synthesized via a slightly modified seed-
mediated growth method reported previously.39,40 The extinc-
tion spectrum of the as-synthesized nanorods in aqueous
medium exhibited distinct transverse (TSPR) and longitudinal
(LSPR) plasmon bands centered at 530 and 650 nm, respect-
ively (Fig. S1a). Scanning electron microscopy (SEM) confirmed
their rod-like morphology, with an average length of 51 ± 5 nm
and width of 21 ± 3 nm, corresponding to an aspect ratio of
approximately 2.4 (Fig. S1b).

Functionalization with FTP and BrTP was performed as
described in the Experimental section. Upon ligand attach-
ment, the extinction spectra exhibited redshifts of ∼8 nm and
∼10 nm for Au–FTP and Au–BrTP, respectively (Fig. 1a), indi-
cating modifications in the local dielectric environment that
influence the plasmon resonance. Surface-enhanced Raman
spectroscopy (SERS) further verified thiol binding through
characteristic vibrational modes of the ligands (Fig. 1b).
Prominent peaks at ∼1570 cm−1 (νCvC), 1070–1075 cm−1 (νC–
S), and 1080 cm−1 (νC–Br) confirmed functionalization, while
the absence of the 915 cm−1 feature excluded nonspecific
adsorption of unbound thiols.41,42 Inductively coupled plasma
optical emission spectroscopy (ICP-OES) quantified thiol
loading, yielding Au and S contents of 104 ± 2.5 μg and 15.47 ±
0.2 μg for Au–FTP and 112 ± 2 μg and 16 ± 2 μg for Au–BrTP
(Fig. S2). The resulting Au : S ratios, 6.74 (Au–FTP) and 6.88
(Au–BrTP), indicate comparable ligand coverage in both
systems. STEM–EDX elemental mapping revealed homo-
geneous distribution of sulfur element on the Au–FTP (Fig. 1c–
f ) and Au–BrTP surface (Fig. 1g–j). SEM analysis after ligand
exchange confirmed that the nanorods retained their mor-
phology and size, with average dimensions of 52 ± 4 nm
(length) and 21 ± 3 nm (width) for Au–FTP (Fig. 1k), and 51 ±
3 nm (length) and 20 ± 3 nm (width) for Au–BrTP (Fig. 1l), con-
sistent with structural stability during surface modification.

X-ray photoelectron spectroscopy (XPS) provided further
insight into the surface composition (Fig. S3). For Au–FTP, the
Au 4f7/2 and Au 4f5/2 peaks were located at 83.7 and 87.4 eV,
respectively. The corresponding peaks for Au–BrTP appeared
slightly upshifted at 83.8 and 87.5 eV. This minor shift can be
attributed to the lower electronegativity of bromine compared
to fluorine, resulting in altered electronic interaction with the
Au surface. All observed binding energies lie within the charac-
teristic range for metallic Au(0).
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To investigate ligand-dependent charge separation and
photocatalytic activity, single-particle dark-field scattering
(DFS) spectroscopy was employed to monitor in situ volume
changes associated with plasmon-induced reduction of Au3+ to
Au0 on individual nanorods. This reduction-driven overgrowth
was identified via LSPR spectral shifts and intensity enhance-
ments in single-particle scattering signals. Unlike ensemble-
averaged measurements, single-particle analysis directly corre-
lates spectral evolution with individual nanorod reactivity.
Control experiments showed that neither Au–FTP nor Au–BrTP
nanorods exhibited any discernible spectral shift or intensity
change when incubated in HAuCl4 solution in the absence of
illumination, confirming that no spontaneous reduction
occurred in the dark (Fig. S6).

When Au–FTP nanorods immersed in HAuCl4 solution were
irradiated with a 488 nm laser (interband excitation) for
60 minutes, their LSPR exhibited a redshift of ∼40 nm and the
scattering intensity increased by approximately 2-fold. Spectral
evolution of a representative nanorod is shown in Fig. 2a. The
redshift suggests elongation or anisotropic overgrowth along
the longitudinal axis, while the intensity enhancement reflects
an increase in nanorod volume. In contrast, illumination at
633 nm (intraband excitation) did not induce any significant
spectral changes (a representative nanorod is shown in
Fig. 2b), indicating negligible reactivity under these
conditions.

Time-dependent comparisons of plasmon shifts and inten-
sity variations under dark, interband, and intraband con-
ditions (Fig. 2c and d) corroborate these observations.

In comparison, Au–BrTP nanorods displayed minimal LSPR
shifts (∼20 nm) and no appreciable changes in scattering
intensity upon interband illumination for 60 minutes (a repre-
sentative nanorod is shown in Fig. 2e), suggesting a signifi-
cantly slower reduction of Au3+ to Au0. Intraband illumination
likewise produced no notable spectral variations (a representa-
tive nanorod is shown in Fig. 2f). Comparative plasmon shifts
and intensity variations under dark, interband, and intraband
conditions are represented in Fig. 2g and h. Statistical analyses
of 20 individual nanorods (repeated three times for reproduci-
bility) revealed that the average scattering intensity for Au–FTP
increased almost linearly with time, reaching ∼2.4-fold
enhancement and a simultaneous ∼41 nm redshift in
60 minutes (Fig. 3a and c). These results indicate preferential
tip overgrowth consistent with anisotropic Au deposition.

In contrast, Au–BrTP exhibited only a ∼10% increase in
intensity in 60 min resulting in a modest initial redshift
(∼15 nm) within 30 minutes, followed by stabilization, possibly
reflecting slight side dissolution rather than overgrowth
(Fig. 3b and d). Under intraband excitation, neither system
showed overgrowth, confirming that photoreduction does not
proceed under these conditions. A minor decrease in scatter-
ing intensity, likely due to Cl−-induced dissolution, was
observed for both samples.43

We considered the influence of excitation polarization on
photocatalytic activity, given the anisotropic geometry of gold
nanorods. For this, we simulated the absorption spectrum
(Fig. S7) of a 20 × 50 nm nanorod using COMSOL Multiphysics
software. The absorption cross-section at 490 nm is found to

Fig. 1 Extinction spectra (a) and SERS spectra (b) of AuNR (black), Au–FTP (magenta) and Au–BrTP (blue). STEM-EDX analysis on Au–FTP (c–f ) and
Au–BrTP (g–j): (c and g) HAADFSTEM image, (d and h) elemental mapping images of Au, (e and i) elemental mapping images of S. (f and j) Overlay of
elemental mapping of Au and S. SEM images of Au–FTP (k) and Au–BrTP (l).
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be nearly independent of the polarization and therefore we do
not expect to see any significant reactivity differences as func-
tion of the polarization for interband excitations. Under
633 nm excitation, the absorption cross-section of gold nano-
rods depends strongly on their orientation relative to the polar-
ization direction, with maximum absorption when aligned par-

allel to the incident polarization, leading to increased photon
absorption and higher charge-carrier generation. However, the
energies of these carriers are determined solely by the exci-
tation wavelength, and since the overall reactivity is limited by
their insufficient energy, variations in absorption efficiency are
not expected to significantly affect the reaction outcome. To
further assess the role of polarization, Au3+ reduction experi-
ments were performed under circularly polarized illumination
at 633 nm using Au–FTP, and no significant differences in
growth behavior were observed compared to linearly polarized
excitation (Fig. S8). These results confirm that while carrier
density depends on polarization, the overall reactivity is gov-
erned primarily by the photon energy.

SEM imaging corroborated the single-particle DFS findings.
Although identical nanorods could not be imaged before and
after illumination, statistical comparisons revealed distinct mor-
phological trends. SEM images of Au–FTP nanorods post-488 nm
irradiation exhibited increased average length and width (83 nm
and 33 nm) relative to their initial dimensions (∼55 nm and
∼27 nm), consistent with photoinduced Au3+ reduction and Au0

deposition (Fig. 4a, inset). Conversely, Au–BrTP nanorods
retained their original size and morphology after illumination
(Fig. 4b, inset), confirming negligible photoreduction.

Plasmon-induced Au3+ reduction is well-documented to
proceed via hot-electron transfer.44 To verify hot-electron invol-
vement, Au–BrTP nanorods were irradiated under interband

Fig. 2 Representative in situ spectral evolution of a single Au–FTP submerged in 20 µM HAuCl4 under (a) 488 nm and (b) 633 nm illumination (c)
and (d) shows the corresponding changes in LSPR and intensity, respectively, with grey markers indicating changes in dark, blue markers indicating
changes under 488 nm illumination and red markers under 633 nm illumination. (e) and (f ) Display the in situ spectral evolution of a single Au–BrTP
under 488 nm and 633 nm illumination, respectively, while (g) and (h) show the corresponding changes in LSPR and intensity, respectively.

Fig. 3 Average intensity change (normalized) and LSPR shift (nm) for gold
nanorods: (a and c) Au–FTP, and (b and d) Au–BrTP, under illumination
with 488 nm (blue dots), 633 nm (red dots), and in the dark (grey dots).
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excitation in the presence of a hole quencher (ethanol). The
addition of ethanol drastically increased the reaction rate,
leading to a ∼2.4-fold intensity enhancement and a ∼23 ±
5 nm redshift in LSPR within 60 minutes (Fig. 5).

This enhancement indicates that photogenerated hot elec-
trons facilitate the reduction process, while hole quenching by
ethanol suppresses charge recombination. No changes were

observed in the absence of illumination (Fig. S9), confirming a
purely photochemical reaction pathway.

We note that, although in the present study LSPR excitation
does not significantly enhance the catalytic process, numerous
reports have demonstrated that plasmon excitation can sub-
stantially promote chemical reactions. Such enhancements
may arise from hot-electron transfer, electromagnetic near-
field amplification, or photothermal effects, depending on the
system energetics. A notable example45 is the light-driven syn-
thesis of shape-controlled silver nanoparticles under LED
irradiation, where morphological evolution occurs in a closed
system without continuous precursor supply and is governed
primarily by plasmon-induced field enhancement, leading to
aggregation and reshaping of pre-formed nanoparticles. In
contrast, our system operates in the presence of Au3+ ions,
enabling a continuous photochemical reduction pathway.
Under these conditions, plasmonic excitation does not play a
dominant role in the observed reactivity, as the hot electrons
generated via intraband transitions lack sufficient energy to
effectively drive the reduction process.

We also examined the potential contribution of photother-
mal effects to the observed reactivity. The estimated local
temperature increase is ∼71 μK at 488 nm and ∼460 μK at
633 nm (detailed calculation in the SI). Such minimal tempera-
ture rises are unlikely to produce any appreciable enhance-
ment in the reaction kinetics, indicating that photothermal
contributions are negligible under the present conditions.

To rationalize the pronounced difference in reactivity
between Au–FTP and Au–BrTP, we consider possible ligand-
mediated mechanisms. Previous studies suggest that ligands
can modulate catalytic activity by altering the interfacial
electrostatic potential, thereby influencing reactant access to
the surface.46,47 However, both Au–FTP and Au–BrTP exhibited
similar zeta potentials (30.9 and 38.9 mV), ruling out signifi-
cant difference in electrostatic environment around the nano-
rods. Alternatively, the ligands may influence hot-carrier
dynamics by facilitating charge separation—either by scaven-
ging hot holes (through HOMO-level interactions) or accepting
hot electrons (via LUMO coupling). To probe these possibili-
ties, extensive density functional theory (DFT) calculations
were performed under 488 nm excitation to evaluate charge
transfer efficiencies and electronic coupling for both systems.

Fig. 6 summarizes the computed electronic structure of the
Au–BrTP and Au–FTP systems. The molecular orbitals of the
thiol ligands are shown in cyan, while the electronic states of
the Au nanorods are shown in golden; the HOMO and LUMO
levels are highlighted in blue. Under interband excitation at
488 nm (Fig. 6a and b), electronic transitions predominantly
involve excitation of electrons from deeper-lying Au d-band
states to sp-band states above the Fermi level, thereby generat-
ing d-band hot holes and low-energy hot electrons. To quanti-
tatively assess the fate of these charge carriers, we evaluated
the rates of charge transfer from Au d-band hole states to
ligand HOMO orbitals, as well as from sp-band electrons
above the Fermi level to ligand LUMO orbitals, using the
Marcus–Hush formalism.

Fig. 4 (a) Dark-field (DF) scattering spectra of Au–FTP before (blue)
and after (magenta) incubation in HAuCl4 under 488 nm excitation for
60 min; inset: SEM image of Au–FTP after Au0 deposition. (b) DF scatter-
ing spectra of Au–BrTP before (blue) and after (red) incubation under
identical conditions; inset: SEM image of Au–BrTP after Au0 deposition.

Fig. 5 Statistics of the change in (a) LSPR and (b) scattering intensity of
Au–BrTP upon Au3+ reduction to Au0 and subsequent deposition, from
their corresponding scattering spectra, obtained in the absence of
ethanol (green) and in the presence of ethanol (magenta) under 488 nm
illumination.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2026 Nanoscale

Pu
bl

is
he

d 
on

 0
6 

M
ay

 2
02

6.
 D

ow
nl

oa
de

d 
by

 M
ax

-P
la

nc
k 

In
st

itu
te

 f
ur

 P
ol

ym
er

fo
rs

ch
un

g 
on

 5
/2

1/
20

26
 1

:5
9:

32
 P

M
. 

View Article Online

https://doi.org/10.1039/d6nr00804f


The charge-transfer rate constant is given by

k ¼
ð
J2

ħ

ffiffiffiffiffiffi
π
λkt

r
n exp

� λ� ΔE þ qηð Þ2
4λkT

� �

where J is the electronic coupling between a given Au state
(with degeneracy n) and the relevant ligand orbital, ΔE is the
energy difference between the donor and acceptor states, λ is
the reorganization energy of the ligand, and η is the interfacial
overpotential, taken to be zero for all calculations.
Importantly, this formulation highlights that a single energy-
level alignment does not govern the overall charge-transfer
rate; rather, it arises from the collective contribution of coup-
ling across all energetically accessible metal states.

Fig. 7a and b compares the coupling strength between the
ligand HOMO and Au states lying below the maximum valence
band, where d-band holes reside. Although the absolute differ-
ences in coupling values between Au–BrTP and Au–FTP are

subtle and not immediately apparent by visual inspection, a
statistically meaningful trend emerges: the F-substituted
system exhibits a consistently higher probability of stronger
coupling, reflected in its lower log J (i.e., higher J) distribution.
This enhanced coupling indicates more effective electronic
communication between the ligand HOMO and the Au d-band
hole states in Au–FTP. Crucially, this observation underscores
that small but systematic differences in coupling strength,
when integrated over the dense manifold of metal states, can
translate into substantial differences in charge-transfer
kinetics.

While coupling strength and energy-level alignment alone
do not allow a definitive prediction of photocatalytic perform-
ance, the Marcus–Hush formalism enables a comprehensive
evaluation by summing over contributions from all relevant
states. The calculated rate constants reveal that, in both
systems, hole transfer is intrinsically slower than electron
transfer by approximately two orders of magnitude (Table 1).

Fig. 6 Density of states and energy level plots for thiol-Au interfaces with (a) Au–BrTP and (b) Au–FTP. Golden lines represent the energy states of
Au, with the upper magenta line indicating the conduction band minimum (CBM) and the lower magenta line marking the valence band maximum
(VBM). The upper blue line corresponds to the LUMO and the lower green line to the HOMO of the thiol ligand. The black dotted line denotes the
Fermi level of the interface.

Fig. 7 Histogram showing distribution of coupling values (log J) for the two system (a) Br substituted thiol functionalized Au and (b) F substituted
thiol functionalized Au.
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This significant disparity establishes d-band hole extraction as
the rate-limiting step in the overall photocatalytic process
under interband excitation.48 Notably, although Au–BrTP exhi-
bits an electron transfer rate that is nearly an order of magni-
tude higher than that of Au–FTP, its overall photocatalytic
activity is significantly lower. This apparent contradiction is
resolved by considering the hole-transfer kinetics: Au–BrTP
suffers from markedly slower hole extraction due to weaker
coupling between the ligand HOMO and the Au d-band states,
leading to rapid recombination of holes with conduction-band
electrons. In contrast, Au–FTP exhibits a faster hole transfer
rate, enabled by stronger HOMO–d-band coupling. This
efficient hole extraction stabilizes spatially separated charge
carriers, suppresses recombination, and prolongs the lifetime
of hot electrons in the sp-band.49 As a result, these electrons
can participate more effectively in plasmon-induced reduction
reactions, such as the conversion of Au3+ to Au0.

Overall, these results establish that even modest enhance-
ments in electronic coupling between ligand HOMO levels and
Au d-band states can decisively control photocatalytic
efficiency when hole transfer is rate-limiting. The findings
highlight ligand-mediated modulation of coupling—not
merely energetic alignment—as a critical design parameter for
exploiting d-band hot holes in interband-driven plasmonic
photocatalysis.

It is important to note that the present theoretical frame-
work is specifically focused on the interfacial transfer of photo-
generated charge carriers from the metal to the ligand and
does not explicitly incorporate the preceding processes of
carrier generation, transport within the metal, or plasmonic
near-field enhancement. These processes are inherently nano-
scale in nature and are strongly governed by nanoparticle geo-
metry, size, and optical response.50,51 In anisotropic gold
nanorods, for example, aspect-ratio-dependent plasmonic
modes give rise to localized electromagnetic field enhance-
ment and spatially heterogeneous excitation profiles, which
can significantly influence both the generation rate and spatial
distribution of hot carriers.52 Furthermore, because the
dimensions of the nanostructure are comparable to carrier
mean free paths, the high surface-to-volume ratio increases the
probability that photogenerated carriers reach the interface
prior to relaxation, thereby enhancing the efficiency of inter-
facial extraction processes. Thus, the overall photocatalytic per-
formance is determined by the combined influence of charge-
carrier generation and extraction dynamics. In the present
study, however, we specifically investigated the ligand-assisted

d-band hole extraction process with the assumption that the
intrinsic plasmonic charge-carrier generation characteristics of
the gold nanorods remain largely unaffected by the ligand
environment.

To further substantiate that charge separation is more
efficient in Au–FTP, we examined the participation of hot
holes by monitoring the water oxidation reaction. Previous
studies have shown that plasmon-generated hot holes can
drive water oxidation, leading to the formation of •OH.53

Because the amount of •OH formed at the single-particle level
is exceedingly small and difficult to detect spectroscopically,
we performed ensemble measurements using a densely
packed film of functionalized nanorods prepared by drop-
casting a concentrated colloidal solution onto a glass substrate
(Fig. S12). The substrate was immersed in water and illumi-
nated with a 440 nm light-emitting diode (LED). The gene-
ration of •OH was monitored using terephthalic acid (TPA) as a
fluorescent probe, which reacts with •OH to form 2-hydroxyter-
ephthalic acid (HTPA), exhibiting strong fluorescence around
430 nm (Fig. 8a). Fig. 8b (inset) presents the fluorescence
spectra recorded after 5 hours of illumination for both Au–FTP
and Au–BrTP samples. The emission intensity corresponding
to HTPA formation was significantly higher for Au–FTP, indi-
cating a greater yield of hydroxyl radicals compared to Au–
BrTP. Quantitative analysis of the fluorescence data revealed
that Au–FTP nanorods generated approximately twice the
amount of •OH (347 μM mg−1 Au) relative to Au–BrTP (177 μM
mg−1 Au) under identical conditions. These findings are con-
sistent with our theoretical results, which predict faster hole
transfer kinetics in Au–FTP. Importantly, no •OH generation

Fig. 8 (a) A reaction scheme for the detection of •OH detection using
terephthalic acid. (b) OH radical generation via water oxidation using
Au–FTP (blue) and Au–BrTP (magenta) as catalysts, under 440 LED illu-
mination, and in the dark. The inset shows the fluorescent peak (at
430 nm) generated due to HTPA formed after the generation of the OH
radical from water oxidation.

Table 1 Calculated rates of Au d-band-to-HOMO hole transport and
sp-band-to-LUMO electron transport in the Au–ligand systems

Sample

Calculated hole transport
rate (s−1): Au d-band to
ligand HOMO

Calculated electron transport
rate (s−1): Au sp-band to
ligand LUMO

4-FTP 2.81 × 106 2.51 × 108

4-BrTP 1.88 × 106 1.82 × 109
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was observed in the absence of light excitation or without the
nanorods, confirming the photocatalytic origin of the reaction.

Fig. 9 presents a schematic illustration summarizing the
proposed mechanism of ligand-mediated charge separation
and photocatalytic behavior in the functionalized Au nano-
rods. Under intraband excitation at 633 nm, excitation of con-
duction band (sp-band) electrons generates hot electrons
above Fermi Level and warm hole near the Fermi level.
Although these hot electrons can transiently possess sufficient
kinetic energy, their lifetime is extremely short due to rapid
electron–electron scattering and recombination with low-
energy holes that remain localized within the metal. In both
Au–FTP and Au–BrTP, most of these holes have energies below
the ligand HOMO level, hindering their transfer across the
metal–ligand interface. This inefficient hole extraction leads to
a fast recombination of photogenerated carriers, forming a
bottleneck that prevents the reduction of Au3+ at the nano-
particle surface.

In contrast, interband excitation (λ = 488 nm) directly
excites electrons from the d-band to the sp-band of Au, gener-
ating deep d-band holes characterized by higher potential
energy. These hot holes can be efficiently transferred to the
HOMO of the surface-bound thiol ligands, a process that is
energetically more favorable for the Au–FTP compared to Au–
BrTP. The efficient hole transfer to the ligand stabilizes charge
separation by spatially isolating the photogenerated electrons,

thereby enhancing their lifetime and reducing the rate of elec-
tron–hole recombination. The hot electrons in the sp-band
subsequently drive the reduction of Au3+ ions in the surround-
ing medium to Au0, promoting anisotropic overgrowth along
the nanorod tips. Although the bulkier BrTP ligand could, in
principle, introduce additional steric constraints that affect
interfacial accessibility of Au3+ ions, control experiments per-
formed in the presence of a hole scavenger revealed a substan-
tial enhancement in the photoreduction rate (Fig. 5), similar
to that observed for FTP-functionalized nanorods. These obser-
vations indicate that the overall reaction kinetics are governed
predominantly by the efficiency of d-band hole extraction and
charge separation rather than by steric limitations associated
with ligand structure. This ligand-facilitated hole extraction
thus plays a critical role in enabling the hot-electron–driven
photoreduction reaction and explains the markedly higher
photocatalytic efficiency observed for Au–FTP relative to Au–
BrTP under interband excitation.

We note that in principle, the crystallographically distinct
tip and side facets of nanorods may differ in their local density
of electronic states, surface coordination environment, and
ligand adsorption characteristics, which could influence local
interfacial charge-transfer kinetics. In our experiments,
however, we did not observe evidence for substantial differ-
ences in ligand binding affinity or surface functionalization
density between the tips and side facets for either 4-FTP or
4-BrTP ligands (Fig. 1e and i). Accordingly, our current experi-
mental and theoretical analyses treat the ligand layer as
approximately uniform across the nanorod surface.
Nevertheless, the spatial distribution of hot carriers in aniso-
tropic plasmonic nanostructures is an important nanoscale
consideration. Studies have shown hot electron localization
coincides with electric near-field distribution leading to loca-
lized chemistry at tips of the gold nanorods54 or nanoprisms.55

In a recent study, Link and co-workers,56 have shown that
d-band holes generated under optical excitation can exhibit
preferential localization near nanorod tips due to geometry-
dependent plasmonic and electronic effects. Such localization
could potentially enhance the probability of interfacial hole
transfer at these regions even in the absence of strong facet-
dependent ligand adsorption differences. We therefore expect
that the overall hole-extraction process likely reflects an inter-
play between nanoscale carrier localization and interfacial
electronic coupling.

Conclusion

In conclusion, this study identifies the ligand electronic structure
as a critical design parameter for modulating interfacial hot-
carrier dynamics in plasmonic metals, particularly for harnessing
the often-overlooked contribution of hot holes. By integrating
experiments and theory, we establish a clear mechanistic frame-
work demonstrating how small-molecule thiol ligands can effec-
tively extract d-band holes, thereby promote charge separation
and enhance photocatalytic efficiency under interband excitation.

Fig. 9 Light driven Au3+ reduction as model reaction (a) schematic of
volume change when Au–FTP and Au–BrTP immersed in HAuCl4 are
irradiated with 488 nm (blue) and 633 nm (red) lasers. (b) Schematic
energy diagram illustrating the mechanism of effective d-hole transport
for interband excitation, which promotes efficient charge separation
and subsequent overgrowth of AuNRs, whereas rapid electron–hole
recombination for intraband excitation does not lead to any chemical
reaction.
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These ligand-directed design principles provide a general strategy
for tailoring hot-carrier pathways and are expected to contribute
to the development of next-generation plasmonic photocatalysts
for a broad range of photoelectrochemical and energy conversion
applications.

Experimental methods
Synthesis of gold nanorods used for experiments

Materials. Chloroauric acid trihydrate (HAuCl4, 99.9%,
520918-1G, Sigma Aldrich), silver nitrate (AgNO3), ascorbic
acid, sodium borohydride (NaBH4), cetyltrimethylammonium
bromide (CTAB), purchased from Sigma-Aldrich were used as
received. Millipore water with a resistivity of 18.2 MΩ cm was
used for the synthesis.

Synthesis of seed solution. To synthesize the seed solution,
5 mL of 0.2 M CTAB was first taken in a vial. Next, 5 mL of
0.5 mM HAuCl4 was added. The mixture was stirred for a few
seconds to yield a homogeneous solution. To the above solu-
tion, 200 µL of freshly prepared 0.01 M NaBH4 was added
rapidly under vigorous stirring. As the reaction progressed, the
solution changed from pale yellow to brownish, indicating the
formation of small gold seed nanoparticles. The seed solution
was left undisturbed at 30 °C for 30 minutes to age before use
in the growth process.

Preparation of growth solution. To prepare the growth solu-
tion, 10 mL of 0.2 M CTAB was taken in a vial and kept in a
water bath maintained at 30 °C. To this 100 µL of 4mM AgNO3

was added, and the solution was kept undisturbed for
15 minutes. Further, 10 mL of 1 mM HAuCL4 was added, fol-
lowed by the addition of 140 µL of 78.8 mM ascorbic acid.
When ascorbic acid was added, the solution became colour-
less. 12 µL of the seed solution was added to the prepared
growth solution. This solution was kept undisturbed for 12 h
for nanorods to grow. The prepared gold nanorods were centri-
fuged and redispersed in a 200 µM CTAB solution for storage
and experimental use.

Bulk characterization of AuNR

The extinction spectrum of prepared gold nanorods was acquired
in aqueous medium with a UV-vis (Analytik Jena) spectrophoto-
meter. Further, the morphological analysis of the nanorods was
done with Scanning electron microscopy (Jeol FESEM).

Surface modification and sample preparation of gold
nanorods

CTAB was partially removed by centrifuging the synthesized
AuNR solution at 8000 rpm for 5 min. The supernatant was care-
fully discarded, and the residue was redispersed in Milli-Q water
to achieve a tenfold dilution. Subsequently, 20 µL of a 10 mM
thiol solution in ethanol was added to the diluted AuNR dis-
persion, and the mixture was incubated for a few minutes. The
functionalized nanorod solution was again centrifuged to remove
unbound thiols. The supernatant was discarded, and the residue
was redispersed in Milli-Q water. The solution was characterized

using UV-vis spectroscopy, SEM and was further used for elemen-
tal mapping, Surface Enhanced Raman- Spectroscopy (SERS) and
Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) analyses.

Characterization of functionalized gold nanorods with UV-vis
spectroscopy, Raman spectroscopy, and elemental mapping

The functionalized nanorods were characterized using UV-vis
spectroscopy. Further SERS analyses were performed using an
in situ Raman probe (Kaiser Raman Rxn System) equipped
with a 785 nm laser diode (10 mW power, 10 s exposure time).
The presence of ligands on the surface of the nanorods was
also confirmed with Transmission Electron Microscope (TEM)
and Scanning Transmission Electron Microscope (STEM)
mapping using a Thermo Titan Themis, 300 kV, equipped
with a CCD camera for image acquisition. TEM samples were
prepared by drop-casting 5 µL of the functionalized AuNR solu-
tion onto a carbon-coated 300-mesh copper grid. The presence
of tiols on the functionalized AuNRs was confirmed from
elemental mapping by mapping –S elements (Fig. S2).

Sample preparation for ICP-OES analysis

The functionalized nanorods were deposited by drop-casting
the solution onto cleaned glass slides and allowing them to
dry. The glass slides were then digested in aqua regia for
6 hours. The digested samples were subsequently diluted in a
2% HNO3 solution and used for ICP-OES analysis.

Sample preparation for single particle experiments

Corning cover glasses (24 × 60 mm and 24 × 40 mm) were
cleaned by sequential sonication in methanol (15 min),
acetone (15 min), and isopropyl alcohol (15 min). The cover
glasses were dried under a nitrogen stream and subjected to
ozone cleaning for 30 min. A 10 µL of thiolated AuNR solution
was spin-coated onto the cleaned cover glasses. The substrate
was then washed with water and ethanol to remove unbound
thiols from the glass surface, followed by drying under a
stream of nitrogen.

Preparation of flowcell

The flow cell was constructed using an aluminum frame with
two flow channels. A 24 × 40 mm Corning cover glass was
placed at the centre of the flow cell and secured with polydi-
methylsiloxane (PDMS). A 2 mm thick layer of PDMS was
spread onto the aluminium frame and left overnight to solidify
partially. A flow channel was then cut through the semi-solid
PDMS, aligning with the flow channels of the aluminum
frame. Coverslips with spin-coated samples were placed on the
PDMS, ensuring that the nanorod-coated surface faced the
interior of the flow cell.

Single particle spectroscopy

All dark-field measurements were performed using a home-
built confocal microscope consisting of an inverted micro-
scope (Olympus IX73P2F), equipped with an XYZ nano-posi-
tioning stage (PIMars P-561.3CD), a 488 nm laser (Coherent
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Obis), a 633 nm laser (Oxxius), an avalanche photodiode
(APD), and a spectrometer (Andor Kymera 328i-A) integrated
with a CCD camera (DU416A-LDC-DD). A 100 W halogen lamp,
integrated with the microscope, was used to illuminate the
nanorods with white light through a condenser (N.A. = 1.4) at
an oblique angle. The scattered light from the nanorods was
collected using an oil immersion objective (Olympus, 60×, N.A.
= 0.65, UPlanFL N) and directed to the APD (Excelitas) and
spectrometer to record both the scattering image and the
corresponding spectrum of the nanorods, respectively. The
movement of the piezo stage was controlled via a LabVIEW
program, enabling the acquisition of nanorod scattering
images by the APD with an integration time of 10 ms. Spectral
data were obtained by directing the scattered light to the
spectrometer using a flip mirror. All acquired data were ana-
lyzed using custom MATLAB scripts. The intensity of each
spectrum was corrected using the formula:

Intensity ¼ ðsignal-backgroundÞ=ðbackground-darkcountÞ

Correlation of darkfield and SEM image

To trace the nanorod volume changes, single-particle experi-
ments were performed on a glass slide with a defined mark.
The reaction was carried out near those mark to facilitate easy
localization in SEM imaging. After the reaction, the slide was
sputter-coated with platinum to ensure conductivity. The same
region near the mark was then located, and SEM images of the
corresponding nanorods were acquired (Fig. S11).

Generation of hydroxyl radical from water oxidation by hot
holes

For the •OH experiments, the functionalized AuNRs were first
dried onto cleaned glass slides. Prior to use in the water oxi-
dation experiments, the slides were washed thoroughly with
ethanol followed by water. A 0.5 mM TPA solution in water was
prepared in a 15 mL vial, and the functionalized glass slides
were then immersed in this solution. The vial was sealed with
a septum and Parafilm, followed by Ar purging for 30 minutes.
After purging, the vial was resealed and irradiated with a
440 nm LED for 5 hours. Following irradiation, the sample was
examined under fluorescence to detect 2-hydroxyterephthalic
acid (HTPA) formed from the reaction between •OH radicals
generated during water oxidation and the TPA present in
solution.

Density functional theory studies

DFT (Density Functional Theory)57,58 simulations were carried
out on a model of a gold slab having a substituted thiol
attached to its surface via an S–Au bond. The gold slab consist-
ing of 288 atoms was arranged in four layers, out of which the
top two layers were kept mobile to represent the surface, and
the bottom layers were held frozen to represent the bulk.59 All
calculations were conducted using the Quickstep module of the
CP2K60,61 program. The convergence criteria for nuclear forces
were set to 10−4 a.u. DFT calculations were performed using a
mixed basis set scheme designed to ensure a balance between

computational efficiency and accuracy. Au atoms were described
using the TZ-GTH basis set, while the TZVP-MOLOPT-GTH62,63

basis set was employed for all other lighter elements, as it pro-
vides reliable accuracy for both molecular and condensed-phase
systems. Exchange-correlation potentials were described using
the generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional. The energy cutoff for the
auxiliary plane wave expansion of the charge density was set to
415 Ry. Valence electrons were explicitly modeled, while core elec-
trons were represented using Goedecker–Teter–Hutter (GTH)
pseudopotentials.64,65

The Projection Operator Diabatization (POD) method was
applied to the optimized system to find out the energy levels and
coupling values of the thiol adsorbate (treated as one block) and
Au slab (treated as another block). Fermi–Dirac smearing with an
electronic temperature of 298.15 K was employed to maintain
fractional occupation near the Fermi energy. The interfacial elec-
tronic structure characterization was performed through the
PROPERTIES module of CP2K, with particular emphasis on the
ET_COUPLING functionality for determination of orbital/state
energy levels and electronic coupling matrix elements between
the gold substrate and molecular ligands. Simulated parameters
obtained from the POD calculation were incorporated into the
Marcus–Hush equation:66,67

ket ¼ ð2πÞ
ħ

ð
JE2ðEÞ 1

1þ exp
ðE � EFÞ

kT

nðEÞ 1pð4πλkTÞ exp
�ðλþ ΔE þ qηÞ2

4λkT
dE

Here, JE represents the coupling between the ligand’s orbital
(HOMO) and the Au states at energy level E, q denotes the
elementary charge, with a value of 1.6 × 10−19 coulombs, and
n(E) represents the density of states at the energy level E, ΔE is
the energy difference between E and the ligand orbital (HOMO),
EF is the Fermi level, λ is the reorganization energy of the
adsorbed species, η is the overpotential of metal surface, k is the
Boltzmann constant, and T is the temperature (298.15 K). All
these parameters, when taken together, can give us an idea
about the rate of charge (hole, in this case) transfer across a func-
tionalized interface, denoted here by ket. Here, qη was considered
as 0 eV and λ as 0.1 eV, and ket was calculated using the energy
level and coupling values of the concerned states of Au and the
orbital of thiol.
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