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Effective Reactive Reach of Plasmonic Hot Holes through 
Molecular Barriers
Julian Michael Heeg,a Neda Irannejad Najafabadi,a Daniel Velev Latchev,a Arthur Andreis,a Angeliki 
Betsista,a Dan Li,b Mikaela Görlin,b and Jacinto Sáa, c,*

The efficiency of plasmon‐driven oxidation reactions depends on 
the ability of plasmon‐generated hot holes to reach reactive 
interfaces. Here, we probe the effective reactive reach of 
plasmonic hot holes using alkanethiol self‐assembled monolayers 
of varying chain length on Au nanoparticles. Operando 
photocurrent measurements combined with selective bromide 
poisoning isolate the contribution of hot holes traversing the 
molecular layer. The resulting activity exhibits a volcano‐type 
dependence on chain length, with maximum reactivity observed for 
octanethiol (C8), corresponding to an effective barrier thickness of 
~1 nm. Shorter chains enable rapid charge transfer but increase 
recombination losses, whereas longer chains hinder hole transport 
across the molecular layer. These findings demonstrate that 
plasmon‐generated hot holes remain chemically reactive across 
nanometer‐scale molecular barriers, with optimal performance 
achieved when transport occurs within the tunnelling regime.

Hot carriers generated during the non-radiative decay of the light-
induced localized surface plasmons in metallic nanoparticles have 
attracted strong interest for driving photocatalytic redox reactions.1,2 
In particular, hot holes play a crucial role in oxidation reactions of 
organic molecules such as alcohols, which are key steps in solar fuels 
3-6 and synthetic and pharmaceutical chemistry.7,8 Unlike traditional 
harsh oxidants, plasmon-mediated hot hole oxidation can be 
initiated under mild conditions with visible or near-infrared light.9,10

The efficiency of hot hole-driven transformations depends 
strongly on their generation, transport, and lifetime within the 
nanoparticle and across interfaces.11-13 Gold nanoparticles (Au 
NPs) are especially promising due to their tunable localized 
surface plasmon resonance (LSPR) in the visible range6 and their 

stability as oxidation catalysts.14 While the extraction of hot 
electrons across Schottky junctions has been widely explored,15-

17 direct measurement of hot hole transport and their effective 
range remains challenging.18

Chidsey’s pioneering work on electron tunnelling through 
alkanethiols,19 inspired approaches to probe plasmonic hot 
electron transport lengths on Au NPs surfaces functionalized 
with self-assembled monolayers (SAMs) of thiols. By 
systematically varying the chain length, these studies 
established effective distances and efficiencies of hot electron 
transfer.20 Building on this concept, we hypothesize that a 
similar strategy can be employed to probe how molecular 
barrier thickness governs plasmonic hot-hole-mediated 
interfacial reactivity.

Figure 1. Schematic illustration of the experimental concept used to test the hole 
transfer length hypothesis on Au NPs surfaces functionalized with self-assembled 
monolayers (SAMs) of thiols.

In this study, we investigated the effective reactive reach of 
plasmon-generated hot holes across molecular barriers within 
thiol-functionalized Au nanoparticles and their role to drive 
interfacial chemistry reactions. By applying 
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chronoamperometry under controlled plasmonic excitation, we 
correlated the structure of the thiol SAMs with the resulting 
photocurrent, allowing us to identify an effective molecular 
barrier thickness at which hot-hole-mediated oxidation is 
maximized (Figure 1). This provides fundamental insight into 
charge separation and migration in plasmonic systems and 
establishes essential design guidelines for optimizing plasmon-
assisted catalysis.
The plasmonic electrode employed in this work operates on an 
energy-selection strategy adapted from our previously 
established designs,21,22 in which a dielectric barrier is utilized to 
control the extraction of photoexcited charge carriers. When 
metal nanoparticles absorb visible light, plasmon dephasing 
generates electrons and holes spanning a wide energy range. By 
introducing an interfacial layer with a well-defined band 
alignment, only carriers possessing sufficient excess energy can 
cross into the underlying collector, effectively imposing a 
threshold on charge transfer. This selective gating separates 
high-energy carriers from the thermal background and enables 
controlled access to the energetic fraction responsible for 
driving redox chemistry.

Figure 2. Scanning electron microscopy (SEM) images of Au NPs deposited on an 
FTO/TiO2 substrate, collected at an acceleration voltage of 5.00 kV. (a) Low-
magnification image (200×); (b) high-magnification image (1000×).

Fabrication of the plasmonic electrode followed established 
procedures, with full details provided in the Supporting 
Information (SI). Briefly, a 10 nm amorphous TiO2 layer was 
deposited on FTO via chemical vapor deposition by NSG-
Pilkington to serve as a pinhole-free energy filter that 

electronically decouples the Au nanoparticles from the collector 
and selectively extracts electrons with excess energies above 
~0.5–0.6 eV, while blocking lower-energy electrons and hot 
holes. The energetic filtering behaviour of this TiO2 layer has 
been previously introduced and experimentally validated for an 
essentially identical FTO/TiO2/Au nanoparticle architecture, and 
the same TiO2 thickness, deposition method, and electrode 
configuration are employed in the present study.21

A thin 2 nm Au film was deposited via physical vapor deposition 
onto the FTO/TiO2 substrate and subsequently annealed in air 
at 723 K for 30 min to produce a dense array of 10-14 nm gold 
nanoparticles (Au NPs) (Figure 2), which exhibited a localized 
surface plasmon resonance near 594 nm (Figure 3). Note that 
the optical trace represents the net absorbance, obtained by 
subtracting the FTO/TiO2 substrate spectrum from the 
measured signal. 
Introducing a SAM layer onto the electrode did not cause a 
measurable change in the Au LSPR absorbance (see 
representative example in Figure 3). This indicates that the SAM 
does not alter the optical properties of the plasmonic 
nanoparticles to an extent that could influence their response. 
Consequently, the activity changes discussed below cannot be 
ascribed to optical phenomena, but rather to modifications in 
charge transfer or interfacial processes.

Figure 3. Net visible absorbance of Au NPs on an FTO/TiO2 substrate, and the 
effect of introducing a SAM layer.

Catalytic activity towards ethanol oxidation was evaluated 
through photocurrent measurements in a three-electrode 
electrochemical setup (see supporting information (SI) for more 
detail). The plasmonic substrate served as the working 
electrode, a Pt wire was used as the counter electrode, and a 
non-aqueous Ag/Ag+ electrode acted as the reference 
electrode. A continuous-wave 635 nm laser (maximum 
intensity: 132 mW·cm-2) illuminated a 0.95 cm2 area of the 
working electrode, and the beam was modulated at 0.5 Hz. This 
modulation frequency was chosen because it allows clear 
separation of photocatalytic contributions from heat-driven 
responses, which can otherwise complicate plasmonic 
measurements.21

To assess whether thermal effects contribute to the measured 
photocurrent, the temperature of both the electrolyte and the 
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electrode surface was monitored using a thermocouple during 
illumination. The observed temperature changes were 
consistent with uniform laser heating of the system and did not 
indicate plasmon-induced photothermal contributions. 
Accordingly, bare FTO/TiO2 substrates were used as controls to 
establish a baseline response. Under identical illumination, bias, 
and modulation conditions, no measurable photocurrent was 
detected, demonstrating that the temperature increase alone is 
insufficient to drive ethanol oxidation. Consistently, FTO/TiO2 
electrodes exposed to alkanethiol and NaBr also showed no 
photocurrent, as expected given the low applied bias and the 
non-photoactive nature of amorphous TiO2 under 635 nm 
illumination. 
It is worth noting that, according to X-ray photoelectron 
spectroscopy (XPS) survey analysis, the alkanethiol content 
estimated from the S 2p signal and the NaBr content estimated 
from the Br 3d signal - both normalized to the Ti 2p signal - were 
consistently below 3% for S and 6% for Br. These values are 
significantly lower than those obtained in the presence of Au 
NPs (discussed below), which is consistent with the preferential 
attachment of alkanethiols and Br- to Au.
The stepwise, in situ surface functionalization of the same 
plasmonic electrodes rules out variations in Au nanoparticle 
loading or distribution as the source of the observed changes in 
photocatalytic activity, indicating that they stem from the 
introduced interfacial modifications. In the present study, the 
alkanethiol monolayers are used as a controlled molecular 
barrier family rather than as idealized, defect-free tunnelling 
spacers, and the observed trends reflect effective barrier 
properties under identical assembly conditions.
To further assess whether the surface coverage of alkanethiol 
monolayers varies significantly with ligand chain length, 
additional electrochemical impedance spectroscopy (EIS) 
measurements were performed on SAM modified electrodes. In 
the standard electrode architecture, a TiO2 insulating layer is 
placed between the Au NP light absorber and the conductive 
FTO substrate to act as an energy filter. While this configuration 
is advantageous for device operation, it complicates reliable EIS 
measurements. To address this limitation, additional electrodes 
were prepared with a much thinner TiO2 layer (ca. 5 nm). SEM 
analysis confirmed that the resulting FTO/Au NP electrodes 
exhibit Au nanoparticles with an average diameter of 7–8 nm, 
with a minor population of larger particles (~20 nm) 
representing less than 5% of the particles observed. Although 
the average particle size is slightly smaller than in the standard 
electrodes, the exposed Au surface remains comparable and 
therefore suitable for evaluating SAM formation.
The EIS spectra display two characteristic semicircles (Fig. S6): a 
smaller semicircle associated with the counter electrode and a 
larger semicircle corresponding to the electrode/electrolyte 
interface. Bare Au NP electrode exhibits a smaller interfacial 
resistance compared with thiol-functionalized electrodes, 
consistent with the presence of surface-bound ligands. 
However, the differences between electrodes functionalized 
with alkanethiols of different chain lengths are relatively minor. 
A similar trend is observed after treatment with NaBr (Fig. S6): 
although the overall resistance increases, no significant 

differences between the various thiol-modified electrodes are 
detected. These observations indicate that the different 
alkanethiols provide comparable surface coverage of the Au 
nanoparticles and that NaBr treatment does not significantly 
alter their relative coverage. This supports the hypothesis that 
the thiol surface concentration is largely independent of chain 
length, and therefore the trends observed in the photocatalytic 
response can be attributed primarily to differences in the 
effective hole reactive reach rather than variations in SAM 
surface coverage.

Figure 4. Photocurrent response of Au NPs supported on an FTO/TiO2 substrate 
during ethanol oxidation in 1.6 mM KNO3/ethanol serving as electrolyte. The lower 
panel shows an expanded view of the traces, highlighting the stable signal and the 
square-wave response to light modulation.

The photocurrent response under pulsed illumination is shown 
in Figure 4. Upon switching the light on, a brief anodic spike is 
observed, corresponding to charging of the electrochemical 
double layer and its rapid relaxation. This transient behaviour 
closely resembles the current–time response reported in 
classical potential-step studies by Chidsey.19 As the system 
approaches steady state, the photocurrent adopts an ideal 
square-wave profile that follows the light modulation, 
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indicating that the signal arises from a sustained photoinduced 
interfacial electron-transfer process rather than from heat-
driven effects, which typically give rise to slower, cumulative 
current drifts under continuous illumination.23,24

To quantify hot-hole transfer kinetics during 
photoelectrocatalysis, we applied a modified version of the 
Chidsey model19 previously adapted for light-triggered systems, 
which enables extraction of rate constants from the decay of 
the photocurrent following each illumination step.21 To exclude 
mass-transport limitations, a Cottrell analysis for planar 
electrodes was applied to each individual light-on transient to 
identify the onset of diffusion-limited behaviour. Only the data 
preceding this onset were retained, and charge-transfer rate 
constants were extracted exclusively from this diffusion-
independent time window using the adapted Chidsey approach. 
Although the electrode consists of nanostructured Au particles, 
the early-time transient regime analysed here is well described 
by a planar-electrode approximation, as the fitting is restricted 
to short times prior to the onset of diffusion-limited behaviour. 
The complete data-processing workflow is illustrated 
schematically in Figure S1 of the SI and exemplified for the data 
shown in Figure 4.

Table 1. Estimated ethanol photooxidation rate constants obtained from the 
adapted Chidsey model. The various thiols used were 1-butanethiol (C4), 1-
octanethiol (C8), 1-dodecanethiol (C12), and 1-hexadecanethiol (C16), without 
and with additions of 1 mM NaBr to the 1.6 mM KNO3/ethanol electrolyte for 
poisoning effect.

Thiol 
used

Au pristine
(s-1)

Au-SAM
(s-1)

Au-SAM + NaBr
(s-1)

C4 0.178 ± 0.001 0.408 ± 0.001 0.263 ± 0.003

C8 0.163 ± 0.001 0.203 ± 0.001 0.309 ± 0.010

C12 0.284 ± 0.001 0.218 ± 0.002 0.367 ± 0.023

C16 0.259 ± 0.001 0.221 ± 0.002 0.266 ± 0.008

The kinetic analysis is based on the potential-step methodology 
introduced by Chidsey,19 in which interfacial charge-transfer 
rate constants are obtained from the temporal decay of the 
current following a step perturbation. In this framework, the 
initial transient is associated with charging of the 
electrochemical double layer, followed by an exponential decay 
governed by the sum of the forward and backward electron-
transfer rates. When diffusion and capacitive contributions are 
excluded, the decay rate directly reflects the intrinsic interfacial 
charge-transfer kinetics. In systems incorporating molecular 
spacers, this approach provides a robust means of probing 
distance-dependent tunnelling-mediated charge transfer.
After the photocurrent response reached a stable regime, at 
least 100 illumination cycles (2 s ON, 2 s OFF per cycle) were 
analyzed to determine average hole-transfer rate constants. For 
each experimental condition (pristine, SAM-modified, and 
bromide-poisoned), measurements were performed on 
multiple independently prepared electrodes (n ≥ 3). The 
electrode-to-electrode variability was small compared to the 
systematic trends observed as a function of alkanethiol chain 
length, and does not affect the conclusions drawn from the 
kinetic analysis.

 The illumination pulse duration was optimized to reproduce 
the characteristic current–time response of potential-step 
experiments described by Chidsey,19 consisting of a brief anodic 
transient at light-on followed by a cathodic transient at light-off. 
Under these conditions, the photocurrent adopts an ideal 
square-wave profile when the full reaction mixture is present, 
indicating that the signal arises from non-thermal interfacial 
charge transfer. Longer illumination periods were found to 
introduce gradual current evolution associated with 
photothermal mass-transport effects, whereas shorter pulses 
suppress these contributions while preserving kinetic 
information.23,24 The resulting values are summarized in Table 
1. For unmodified (pristine) electrodes, the extracted rates fall 
within the range of 0.16–0.28 s-1, confirming comparable 
catalytic quality across the electrodes used in this study.
The SAM layers were formed in situ on each electrode following 
the procedure described in the SI. Electrochemical impedance 
spectroscopy (EIS) could not be applied to this system because 
the Au NPs are electronically decoupled from the FTO collector 
by the insulating amorphous TiO2 layer, which prevents a 
measurable response to the small potential perturbations 
required for EIS. Instead, XPS provides spectroscopic evidence 
for alkanethiol binding to the Au nanoparticles. Upon 
functionalization, the S 2p signal increases from <3% (relative to 
Ti 2p) for FTO/TiO2 substrates to approximately 7% in the 
presence of Au nanoparticles, with the S 2p3/2 component 
centred at ~162.5 eV, consistent with Au–S bonding.25 
Additional support for partial surface coverage is obtained from 
bromide poisoning experiments: the Br 3d signal decreases 
from ~14% on pristine Au NPs electrodes to ~8.3% after 
alkanethiol functionalization, indicating that a substantial 
fraction of Au surface sites (ca. 40%) is occupied by the SAM. To 
ensure meaningful comparison across samples, the sulphur 
content was controlled such that variations among 
alkanethiol-modified electrodes did not exceed ±10%. 
Moreover, the absence of photocurrent degradation during 
repeated illumination cycles confirms the stability of the SAM 
layers under the applied photoelectrochemical conditions.
In all cases, introduction of the alkanethiol layer resulted in a 
pronounced decrease in photocurrent (Figure 5). This 
suppression is attributed to the increased hole-transfer 
distance imposed by the molecular layer rather than to a change 
in the reaction mechanism, as the extracted reaction rate 
constants remain essentially unchanged (Table 1). The selected 
alkanethiol chain lengths were chosen to balance statistically 
resolvable changes in molecular barrier thickness with SAM 
stability and signal detectability under operando conditions. 
SEM imaging revealed no detectable changes in nanoparticle 
morphology or distribution upon alkanethiol functionalization, 
consistent with the molecular-scale nature of the SAM 
modification.
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To isolate the dominant photocurrent contribution arising from 
the SAM-covered Au sites, the SAM-modified electrodes were 
poisoned by additions of NaBr to the electrolyte consisting of 
1.6 mM KNO3 dissolved in ethanol. Bromide ions selectively 
adsorb on exposed Au atoms, effectively blocking catalysis at 
any unfunctionalized surface regions.26,27 To verify this 
poisoning effect, we monitored the photocurrent of an 
unmodified Au electrode after introducing 1 mM NaBr into the 
electrolyte. As shown in Figure S2, the photocurrent decays to 
nearly zero within 100 s on pristine Au + NaBr, confirming that 
Br- efficiently suppresses photocatalytic activity originating 
from bare Au sites. Importantly, no recovery or drift in 
photocurrent is observed during extended illumination and 
repeated light modulation, and post-mortem XPS analysis 
reveals nearly identical Br 3d signal intensities before and after 
the experiments, indicating that bromide adsorption remains 
stable throughout the measurements.
XPS of the electrodes before and after NaBr treatment confirms 
that photocurrent suppression is caused by Br- adsorption. 

Following the poisoning step, distinct Br 3d features emerge in 
the spectrum (Figure S3), and the Au 4f peak shifts by 0.1 eV to 
lower binding energy (Figure S4), indicating electron donation 
from Br- to Au0. These changes are consistent with electronic 
coupling between the adsorbed bromide ions and the gold 
surface. These features are absent in the unmodified sample. 
Importantly, the photocatalytic changes observed upon NaBr 
addition cannot be ascribed to modifications in the optical 
response of the Au NPs. The Au LSPR variations are negligible at 
the excitation wavelength (Figure S5), ruling out an optical 
origin for the observed photocurrent decline.
With the suppression of the photocurrent generated by 
uncovered surface Au atoms through NaBr poisoning, the 
remaining signal is dominated by contributions from hot holes 
that traverse SAM-covered regions of the Au surface under 
selective site blocking. This enables evaluation of how 
alkanethiol chain length influences the dominant hot-hole-
mediated photocurrent contribution. The resulting data are 
shown in Figure 5. The extracted rate constants closely match 

Figure 5. Overlaid photocurrent traces of pristine Au NPs (blue curves), subsequently functionalized in situ with (a) 1-butanethiol (C4), (b) 1-octanethiol (C8), (c) 1-
dodecanethiol (C12), and (d) 1-hexadecanethiol (C16) (pink curves), and finally poisoned with 1 mM NaBr additives corresponding to the photocurrent dominated by hot-hole 
reactions (green curves).
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those obtained previously (Table 1), indicating that the ethanol 
oxidation mechanism remains unchanged. However, Figure 5 
clearly shows that the photocurrent dominated by hot-hole 
reactions has a strong dependence with alkanethiol length. 

Figure 6. Photocurrent response associated with ethanol oxidation by hot holes 
traveling through the SAM layer after addition of 1 mM NaBr. (a) Temporal 
evolution of the steady-state photocurrent; and (b) average photocurrent as a 
function of alkanethiol chain length.

To quantify this trend, the steady-state currents and their 
averages for each alkanethiol are presented in Figure 6.  For 
each experiment, the photocurrent measured after alkanethiol 
functionalization and NaBr poisoning was normalized to the 
average maximum photocurrent of the corresponding pristine 
Au nanoparticle electrode recorded under identical illumination 
and bias conditions. To ensure electrode comparability, only 
electrodes for which the pristine Au photocurrent varied by less 
than ±5% were included in the analysis, while electrodes 
outside this range were excluded.
The data reveal a volcano-type dependence, with the maximum 
activity observed for octanethiol (C8), corresponding to an 
effective molecular barrier thickness on the order of 1 nm.28 

This behavior can be rationalized using the mechanism 
illustrated in Scheme 1. For short-chain alkanethiols, hot holes 
can rapidly reach the substrate surface and react; however, 
their proximity to the Au nanoparticles increases the likelihood 
of charge recombination, which limits the catalytic activity 
relative to the optimum. In contrast, for long-chain alkanethiols 
(> 1 nm), hole transport across the SAM becomes hindered, 
restricting their ability to reach the reaction interface and 
thereby reducing the photocatalytic response. Thus, an 
intermediate chain length (~1 nm) provides the optimal 
balance: hole transfer is sufficiently fast to compete with 
recombination while still enabling efficient charge separation.

Scheme 1. Illustration of the underlying processes governing ethanol 
photooxidation as a function of SAM alkanethiol chain length.

Taken together, these findings indicate that plasmonic hot holes 
can remain chemically reactive across nanometer-scale 
molecular barriers, but maximum reactivity is achieved only 
when the transport length remains within the tunneling regime, 
as reported for electrons.29-31 While recombination and 
distance-dependent tunnelling provide a physically intuitive 
framework for interpreting this behaviour, the observed 
volcano-type dependence should be regarded as an empirical 
optimum resulting from the interplay of multiple interfacial 
factors rather than as evidence for a single, uniquely identified 
mechanism.

Conclusions
This work provides experimental evidence for 
the molecular-barrier-dependent reactivity of plasmonic hot 
holes during ethanol photooxidation on thiol-functionalized Au 
nanoparticles. By combining in situ formation of self-assembled 
monolayers with selective bromide poisoning and operando 
photocurrent analysis, we isolate the dominant contribution of 
hot holes that reach catalytic sites through the molecular layer 
under controlled site blocking. The resulting activity exhibits a 
volcano-type dependence on alkanethiol chain length, with 
maximum reactivity observed for octanethiol (C8), 
corresponding to an effective molecular barrier thickness of 
approximately 1 nm. Shorter chains enable rapid interfacial 
charge transfer but increase the probability of recombination at 
the nanoparticle surface, whereas longer chains increasingly 
hinder hole transport across the molecular layer, limiting overall 
reactivity.
These findings indicate that plasmon-generated hot holes can 
remain chemically reactive across nanometer-scale molecular 
barriers, while optimal catalytic performance is achieved when 
charge transport remains within the tunnelling regime, 
consistent with theoretical expectations and prior studies of 
distance-dependent charge transfer.
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The present conclusions are drawn for Au NPs with a narrow 
size distribution (≈10–14 nm), selected to ensure uniform 
plasmonic response and high electrode-to-electrode 
reproducibility. Because hot-carrier energy distributions 
depend on nanoparticle size, variations in particle diameter are 
expected to influence hot-hole energetics and may shift the 
optimal barrier thickness. A systematic exploration of size 
effects, as well as extension of this approach to other molecular 
architectures and reactions, represents an important direction 
for future investigations into plasmon-assisted charge-transfer 
processes.
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