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c Structural Chemistry Division, Department of Chemistry - Angstrom Laboratory, Uppsala University, 751 20, Uppsala, Sweden 
d X-ray Photon Science, Department of Physics and Astronomy, Uppsala University, 751 20, Uppsala, Sweden 
e Synthetic Molecular Chemistry, Department of Chemistry - Angstrom Laboratory, Uppsala University, 751 20, Uppsala, Sweden 
f Institute of Physical Chemistry, Polish Academy of Sciences, Marcina Kasprzaka 44/52, 01-224, Warsaw, Poland  

A B S T R A C T   

Photoredox catalysis’s relevance in organic synthesis research and innovation will increase in the coming decades. However, the processes rely almost exclusively on 
expensive noble metal complexes, most notably iridium complexes, to absorb light and transfer a single charge to a substrate or a catalyst to initiate cascade 
transformations. Light-triggered plasmon resonances generate a non-Fermi-Dirac energy distribution with many hot carriers that decay in ~1 ps. Their ultrafast 
relaxation makes performing single electron transfer (SET) transformations challenging. Herein, a novel photosystem is proposed based on surface-modified gold 
nanoparticles (aka plasmon "molecularization"), which improved charge separation and, more importantly, enabled SET reactions, expanding the portfolio of pho-
tocatalysts available for photoredox catalysis. The photosystem was made into an electrode, permitting its use in photoelectrochemical arrangements that leverage 
electro- and photo-chemical approaches’ benefits and chemical engineering solutions, helping the synthetic chemistry efforts towards greener synthesis and synthesis 
of more complex structures on a scale.   

1. Introduction 

Chemistry and its industry contribute to almost every part of modern 
life, producing fuels, bulk chemicals, polymers, fine chemicals and 
pharmaceuticals [1]. It is fair to say that the chemical industry improved 
living standards by increasing food supply, nutrition, sanitation, and 
medications. While these positive contributions to the quality of life can 
be recognised, the chemical industry and its manufacturing operations 
are directly responsible for Earth’s natural resources decline and sig-
nificant greenhouse gas emissions [2]. The rise of globalised supply 
chains that have enabled the chemical industry to source materials and 
precursors from suppliers in developing nations drove down the price of 
products. It has also influenced consumer behaviour, promoting a 
"throw-away" culture with immeasurable social, environmental, and 
economic costs. It is incumbent on scientists and engineers to develop 
novel synthetic routes and chemical processes to manufacture chemicals 
in line with the UN sustainability goals. 

Photoredox catalysis is a class of chemical transformations in which 

photoactive catalysts, typically a noble metal complex, such as iridium 
or ruthenium complexes, generate electrical charges (electrons and 
holes) upon light absorption, which are subsequently transferred to a 
substrate or catalyst that initiates cascade reactions [3–5]. Photoredox 
catalysis is a relatively new approach in organic synthesis but has shown 
great aptitude in developing more sustainable and efficient chemical 
synthesis methods [6]. However, their overreliance on expensive noble 
metal complexes limits reaction engineering and complicates workflows 
that separate them from the reaction medium. Heterogenisation is a 
possibility [7], but it often affects catalytic performance and is prone to 
catalyst leaching. One needs disruptive new ways to initiate these 
transformations to maximise photoredox catalysis potential. 

Plasmons are highly effective materials for light absorption and hot 
carrier generation, which is why they have been applied to photo-
catalysis [8–19]. The excitation of its localised surface plasmon reso-
nance creates a non-thermal distribution of multiple carriers that could 
be harnessed for chemical reactions [20,21]. However, multi-charge 
makes its adaptation to photoredox catalysis difficult because, in 
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photoredox catalysis, single electron transfer (SET) is the primary 
mechanism of the reaction [22–24]. The fact is exacerbated by the ul-
trafast relaxation of the carriers (~1 ps), which left questions about their 
involvement in the photocatalytic process [25,26]. This is a fair remark 
since most of the reported plasmon photocatalysis could be equally 
catalysed by the photothermal process, which is inescapably present. 

SET is a chemical reaction in which an electron is transferred from 
one molecule (the electron donor) to another molecule (the electron 
acceptor) in a single step, often a system consisting of a photosensitiser 
and a substrate or catalyst. This process typically occurs through inter-
mediate steps involving forming transient species, such as radicals. The 
rate of SET reactions is governed by the energy difference between the 
donor and acceptor drives electron transfer (Marcus’s theory) [27]. 
According to Marcus’s theory, the rate of an electron transfer reaction 
depends on the electronic coupling between the donor and acceptor, the 
reorganisation of the solvent and the energy difference between the 
donor and acceptor. Examples include biological systems, e.g., 
enzyme-catalysed reactions, photosynthesis and respiration, and inor-
ganic systems, e.g., electrochemical cells and solar energy conversion 
[28–36]. Importantly, these processes occur at moderate temperatures 
and involve single electrical charges, challenging for plasmonic mate-
rials due to multiple charges and their ultrafast relaxations. 

Herein, a strategy to transform Au plasmonic into a SET photo-
catalyst is proposed. Surface modification with thiophenols enabled SET 
chemical reactions in solid electrodes. Crucially, the provenience of the 
carriers could be traced to the plasmon resonance decay by ultrafast 

infrared spectroscopy. The findings establish plasmons as a viable photo- 
sensitiser/-catalyst for photoredox catalysis. They keep their inherent 
advantages, such as strong light absorption, chemical stability and 
extensive redox window, while offering easy design and tunability by 
simple ligand surface modification. 

2. Results & discussion 

Materials synthesis and electrode manufacturing are described in 
supporting information (SI). The Au colloidal nanoparticles (Au NPs) 
were prepared using a modified version of the modified Turkevich 
method [37]. Dynamic light scattering (DLS) analysis has a single 
feature centred at 8 ± 2 nm, confirming sample homogeneity regarding 
particle size distribution (Fig. S1), which was also substainciated by 
atomic force microscopy (Fig. S2). The Au NPs have an optical plas-
monic peak at 515 nm, which shifted to 550 nm when deposited on 
fluorinated tin oxide (FTO) glass (Fig. S3). Adding thiophenols (modi-
fiers) did not significantly change the absorption peak position (Fig. S3). 
Deposition of the Au NPs on TiO2 shifted further the absorption to about 
580–590 nm due to changes in the dielectric surrounding. Note that the 
capping agent (citrate) is completely removed after the annealing step, 
as confirmed by infrared measurements. 

X-ray photoelectron spectroscopy (XPS) survey analysis was used to 
establish the Au relative abundance (Figs. S4 and S5). Looking at the 
relative intensity of the Ti 2p and Au 4f peaks, it is clear that the samples 
are relatively homogeneous in Au abundance. Thus, differences in 

Fig. 1. Surface modification and effect on ferrocene reversible SET reaction. A) XPS Au 4f region of TiO2/Au without modification (TiO2–Au) and modified with 
4-methoxy thiophenol (TiO2–Au-4MPT); B) XPS S 2p region of TiO2/Au modified with 4-methoxy thiophenol (TiO2–Au-4MPT); C) Reaction scheme depicting the 
reversible photo-oxidation of ferrocene with TiO2/Au electrodes with 4-methoxy thiophenol modification; and D) In situ chronoamperometry studies of the reversible 
ferrocene oxidation with 0.1 V vs Ag/Ag+ ion non aqueous reference electrode, depicting the effect of surface modification. (on) under 532 nm CW laser illumination; 
and (off) without light. 
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catalytic output are unrelated to the samples’ gold content. Fig. 1A 
shows the XPS narrow scan region of Au 4f of TiO2/Au pristine (TiO2-
–Au) and modified with 4-methoxy thiophenol (TiO2–Au-4MPT). In the 
absence of thiphenol the Au 4f was fitted with a single doublet and had 
an Au 4f7/2 with a binding energy of 83.7 eV, which is consistent with 
gold in metallic form [38,39]. The addition of the thiophenol did not 
change the gold fitting or binding energy. The S 2p of the modified 
sample is presented in Fig. 1B. The signal was fitted with a single doublet 
with an S 2p3/2 at 168 eV. Note that thiophenol modification of Au oc-
curs with a formation of an Au–S bond [40]. The Au–S bond from thiol 
modification of gold surfaces yields an S 2p3/2 peak at 162 eV [41], in 
which the sulfur is not donating electron density to the gold. An addi-
tional small peak at 164 eV is occasionally observed due to unbound 
sulfur on the surface [42,43]. However, in the present case, a single 
feature at high binding energy was detected that did not change in in-
tensity after sample washing. According to XPS O 1s signal (Fig. S6), 
there is also no evidence of sulfur oxidation, which is dominated by a 
single peak from the TiO2 semiconductor. Therefore, this is a bonded 
sulfur with a higher binding energy, suggesting a significant electron 
donation to the Au nanoparticles. 

The reversible ferrocene oxidation is a common SET reaction with an 
Fc/Fc+ oxidation potential of +0.31 V vs SCE [44,45]. According to Roth 
et al., the potential is within the oxidation window of the thiophenol 
modifiers (Fig. S7) [46]. Fig. 1C shows a schematic representation of the 
reaction and the electrodes used to evaluate the effect of gold-surface 
modifications. Briefly, the excitation of the gold plasmon resonance 
results in the formation of hot electrons and holes. The electrons are 
transferred to the TiO2 (electron acceptor) and the holes to the thio-
phenol (hole acceptor), which in the figure is represented by the 
4-methoxythiophenol. Once there, the hole can react with the ferrocene 
oxidising it. The electron is sent across the electrochemical cell and re-
acts with the oxidised ferrocene molecule at the counter electrode. There 
is also the possibility that the hot hole reacts directly with the ferrocene 
on the Au surface, which is why the activity is compared to the un-
modified system. Monitoring of the photoelectrochemical current pro-
vides direct information on system activity. 

Fig. 1D compares the activities of TiO2/Au without modification 
(TiO2–Au) and modified with 4-methoxy thiophenol (TiO2–Au-4MPT) 
in the absence and presence of ferrocene and light. Both systems showed 
very small photocurrents when ferrocene was absent, thus confirming 
that the measured photocurrent relates to the ferrocene oxidation re-
action. No current was detected when the light was absent (not shown). 
In the presence of ferrocene, both systems showed measurable amounts 
of photocurrent, with the system modified with 4-methoxy thiophenol 
showing ~ 4–5 times more photocurrent. From XPS analysis, it is 
possible to exclude the possibility that the changes in activity are related 
to differences in the amount of gold. Therefore, the increased photo-
current indicates a constructive role of surface modification in the cat-
alytic output. Note that despite the absence of electrolyte and active 
stirring, the current responds to light modulation promptly, supporting 
the involvement of hot electrons rather than a photothermal-mediated 
reaction [47]. Moreover, the gold loading is comparable, meaning one 
can expect a similar contribution (if any) of the photothermal process in 
the conversion for both samples. Thus, the difference in activity cannot 
be related to it. Finally, it is worth pointing out that ferrocene has 
relatively low thermal stability decomposing at temperatures between 
450 and 500 K [48], which are insufficient to perform the oxidation 
reaction from an energetic perspective. 

The adaptability and versatility of the approach were evaluated 
using two additional thiophenols, namely naphthalene thiophenol and 
thiophenol, which have an oxidation potential of 1.33 V vs standard 
calomel electrode (SCE) and 1.51 V vs SCE, respectively that is higher 
than the 4-methoxy thiophenol (1.15 V vs SCE) (Fig. S6). Despite being 
prepared using the same methodology and having the same anchoring 
group (i.e., S–H), the loading was significantly different for reasons that 
are not 100 % clear. Therefore, to compare catalytic activity, the 

chronoamperometry was normalised by the XPS area ratio of S 2p and 
Au 4f7/2 (Table S1). The normalised chronoamperometry data is shown 
in Fig. S8. All modifications positively affected the measured photo-
current, demonstrating the approach’s adaptability. 

The normalised integrated photocurrent was plotted versus the 
oxidation potential (Fig. S9) to evaluate if there is any trend. The data 
reveals a volcano shape with an optimum obtained with naphthalene 
thiophenol. The reaction occurs via the collision of the substrate with 
the thiophenol, which should not be affected significantly by the 
molecule structure. Therefore, the findings relate to changes in oxida-
tion potential (i.e., changes in reaction driving force according to Mar-
cus’ theory) [21] and the amount of charge available. As the oxidation 
potential of the modifier increases, the rate increases since the driving 
force increases. However, the hot carriers follow a Boltzmann energy 
distribution. Thus, at some point, the population of carriers with suffi-
cient oxidation potential becomes limiting, meaning fewer modifiers are 
oxidised. Consequently, there is a drop in activity, as seen with thio-
phenol. Note that this is a preliminary analysis of the modifier effect, and 
further studies need to be performed to validate this hypothesis, which is 
beyond the scope of the work. 

To substantiate the involvement of the hot electrons in the process, 
ultrafast transient infrared absorption spectroscopy (TIRAS) experi-
ments were conducted. TIRAS experiments were performed, exciting the 
Au-plasmon resonance on the red of the absorption peak (550 nm) to 
capture related solely to the plasmon component, i.e., avoid intraband 
unravel contributions to the signal [49,50]. The TIRAS colour maps 
(Fig. 2A and S10) are dominated by a broad featureless absorption, 
characteristic of forming a quasi-metallic state due to free carriers [51, 
52]. Fig. 2B shows the kinetic traces extracted at 5200 nm (1923 cm− 1) 
for data normalised to the highest intensity. Both systems showed 
characteristic signals associated with electron injection into TiO2 pre-
venient from the Au plasmon. The injection occurs within the instru-
ment function resolution (~300 fs). It is also noticeable that most of the 
charge recombines too quickly to be useful for catalysis. Still, a small 
population of charge surviving beyond 1 ns (≥2 %) would accumulate 
under continuous illumination (reaction conditions), making them 
beneficial to drive the photocatalytic process. Finally, from a simple 
visual inspection, adding 4-methoxy thiophenol positively affects the 
charge separation state lifetime. 

Kinetic trace decays were fitted with three exponential decays. The 
shorter decay relates to interfacial recombination shortly after injection, 
and the second and third decays to bulk recombination. For the TiO2/Au 
system, the fitted time components were τ1 = 0.11 ± 0.10 ps (95 %), τ2 
= 1.7 ± 0.2 ps (3.8 %) and τ3 = 52.7 ± 14 ps (1.2 %), while for the TiO2/ 
Au modified with 4-methoxy thiophenol, they were τ1 = 1.32 ± 0.19 ps 
(66 %), τ2 = 13.3 ± 4.4 ps (21 %) and τ3 = 285 ± 14 ps (13 %). The 
addition of the 4-methoxy thiophenol dramatically increases the lifetime 
of the system, in particular, the longed lived charge, where both time 
and percentage of amount surviving increase significantly. 

Fig. 2C shows the TIRAS kinetic trace for the unnormalised data at a 
short time range. It is perceptible that the signal intensity around time 
zero is smaller for the modified system than the pristine TiO2/Au. To 
interpret this difference, one must establish if electrons on TiO2 are the 
sole corporate for the observed ‘free carrier’ signal and if there is evi-
dence for the sulfur oxidation. Tight-binding computational calculations 
using the semiempirical GFN2-xTB model [53] indicate that hole 
transfer to the thiophenols with a hole localisation at the sulfur atom 
should change the absorption peaks (Figs. S11–S13). However, TIRAS 
measurements performed in the region of interest (2900-3100 cm− 1) did 
not yield measurable changes in the signal even when the experiments 
were carried out with Au NPs and modifiers without the TiO2. The 
Au-4-methoxy thiophenol sample showed a signal resembling the ‘free 
carrier’, namely broad featureless absorption across the entire 
mid-infrared region (Fig. 2D). The kinetic traces of the normalised signal 
extracted at 5200 nm comparing Au and Au-modified 4-methoxy thio-
phenol is shown in Fig. S14 and reveals a longer-lived signal when the 
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modifier is present. This indicates that the modifier contributes to the 
signal related to Au transient absorption due to laser-induced conduc-
tivity changes. The observation suggests that Au-thiophenol assemble 
‘shares’ the hole, i.e., the hole is not localised at the sulfur, which is 
expected for strong plasmon-molecular coupling systems [54]. The 
strong coupling was aforementioned when presenting the XPS analysis. 

While this explains the shape of the signal observed when TiO2 is 
absent, it makes the decrease in signal amplitude even more puzzling 
since, in the modified samples, two species are contributing to the free 
carrier signal. Thus, one would expect a higher signal amplitude. 
Recently, we demonstrated that hot hole injection effectively decreases 
the average temperature of the electrons [55], i.e., the number of hot 
electrons with sufficient energy to overcome the Au–TiO2 Schottky 
barrier (~1.0 eV).34 Therefore, the result indicates that the hot holes 
are efficiently transferred to the thiophenol before the hot electrons are 
injected into the TiO2. Because of that, the electrons’ average temper-
ature in the resonance decreases, decreasing the number of injectable 
electrons. Further support for this hypothesis is that the signal amplitude 
changes relate to the amount of thiophenol on the surface, meaning hot 
holes saturate the available ligands quickly; hence their concentration 
regulates the average electron temperature in the resonance. 

The reversible oxidation of ferrocene provided support that surface 
modification of plasmons unlocks the possibility of doing SET trans-
formations. However, the transformation is simple and without syn-
thetic value. Direct aminooxygenation of alkenes provides 
straightforward and efficient access to the 1,2-aminoalcohol motif in 
various bioactive molecules, natural products, and chiral reagents 

[56–59]. Xu et al.60 developed an electrochemical protocol for the 
intramolecular aminooxygenation of unactivated alkenes. The process 
involves the addition of nitrogen-centred radicals, generated through 
electrochemical oxidation, to alkenes, followed by trapping of the 
cyclised radical intermediate with 2,2,6,6-tetramethylpiperidine-N-oxyl 
radical (TEMPO) with a constant 10 mA current, reticulated vitreous 
carbon (RVC) anode and a platinum wire cathode. By replacing the RVC 
anode with the TiO2–Au system modified with 4-methoxy thiophenol 
photoanode, it was possible to validate the applicability of the proposed 
photosystem in synthetically relevant transformations. 3-Methylbu-
t-2-enyl phenylcarbamate was used as the substrate, prepared accord-
ing to Xu et al. [60] reported methodology. The substrate structure was 
confirmed by 1H and 13C nuclear magnetic resonance (NMR) (Figs. S14 
and S15), matching what has been reported elsewhere [61,62]. 

Fig. 3A shows the light modulation chronoamperometry data when 
3-methylbut-2-enyl phenylcarbamate was used only substrate. The 
current was only detected in the presence of light, and thus it relates to 
the photocatalytic process. The photocurrent detected is very low in the 
absence of TEMPO. With only TEMPO, the detected photocurrent was 
two orders of magnitude higher (Fig. 3B), confirming the critical role of 
TEMPO as substrate and co-catalyst. Nevertheless, it is noticeable that 
the thiophenol-modified photoelectrode had almost double the photo-
current compared to the unmodified, corroborating the findings with the 
ferrocene experiments. 

Fig. 3B shows the light modulation chronoamperometry data with 3- 
methylbut-2-enyl phenylcarbamate and TEMPO. Once more, it is 
noticeable that the photoelectrode modification with thiophenol 

Fig. 2. TIRAS measurements depicting hot carriers transfer after Au-plasmon excitation at 550 nm. A) colour map of the sample TiO2/Au modified with 4- 
methoxy thiophenol; B) kinetic traces of the normalised data extracted at 5200 nm over the entire delay line; C) kinetic traces of the unnormalised data extracted at 
5200 nm at shorter times; and D) colour map of Au-4-methoxy thiophenol after Au-plasmon excitation at 550 nm. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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significantly improves the photoelectrocatalytic performance. Reaction 
performed over 10 h with continuous illumination showed continuous 
photocurrent (Fig. S16) and yielded a single product. The product was 
isolated from the reaction crude and identified with 1H and 13C NMR 
(Figs. S17 and S18). The product spectra matched the one related to 3- 
phenyl-4-(2-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)propan-2-yl)oxa-
zolidin-2-one [60], the expected reaction product. The average isolated 
yield of two separate reactions was 87 %. 

Fig. 3C illustrates the reaction mechanism, adapted from Xu et al. 
[60] electrocatalytic process. Light excitation of the plasmon resonance 
creates a coherent excitation of the valence electrons, which dephases 
via Landau damping, forming hot electrons and holes. The hot electrons 
are transferred to the TiO2 semiconductor, consistent with TIRAS and 
TAS measurements, and react at the counter electrode, leading to 
hydrogen production and hydroxide ions (base). The hot holes are 
transferred to the thiophenol modifiers, according to TIRAS and TAS 
measurements, and subsequently utilised to oxidise TEMPO. The 

oxidised TEMPO and the hydroxide ions react with the phenylcarbamate 
alkene substrate, forming a nitrogen-centred radical believed to occur 
through a concerted proton-coupled electron transfer mechanism. The 
formed nitrogen-centred radical intermediate cyclises and is quenched 
by TEMPO to create the final product. 

3. Conclusion 

Thiophenol modifications of plasmonic surface catalysed SET 
transformations, expanding the photoredox catalysis photocatalyst 
portfolio and leveraging the unique plasmonic photophysics. The strat-
egy shows that plasmonic materials can be tuned and adapted by care-
fully selecting surface modifiers to exhibit the correct potentials and 
charge. The photosystem was made into an electrode, permitting its use 
in photoelectrochemical arrangements that leverage electro- and photo- 
chemical approaches’ benefits. The system also provides a more sus-
tainable solution and workflow for photoredox catalysis, liberating it 

Fig. 3. Single electron transfer aminooxygenation of unactivated alkenes on TiO2/Au modified with 4-methoxy thiophenol with 0.3 V vs Ag/Ag þ ion non- 
aqueous reference electrode and 532 nm laser illumination. A) In situ chronoamperometry data recorded during the catalytic reaction with 3-methylbut-2-enyl 
phenylcarbamate as the only substrate to establish the role of the thiophenol modification. B) In situ chronoamperometry data recorded during the catalytic reaction 
revealing the critical role of TEMPO in the reaction; and C) Schematic representation of the reaction mechanism for SET oxidation with 3-Methylbut-2-enyl phe-
nylcarbamate and TEMPO as substrates. 
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from its dependence on noble metal complexes that are expensive, un-
stable and difficult to separate while unlocking the possibility of using 
chemical engineering solutions to improve catalytic performance and 
suppress the photoredox catalysis scale-up bottleneck. 
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