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Thiocoumarin-based Au(I) Complexes and Au(0) Systems
over TiO2 as Hybrid Photocatalysts for Hydrogen
Generation under UV–Vis Light

Asier Agrelo-Lestón, Jordi Llorca,* Elizabeth Martínez, Inmaculada Angurell,
Laura Rodríguez, and Lluís Soler*

This work focuses on the photocatalytic production of hydrogen from the
photodehydrogenation of ethanol using several gold(I) complexes and gold(0)
systems over titanium dioxide (P90 TiO2) as hybrid photocatalysts. The
photocatalytic systems are composed of at least one coumarin-based ligand,
which can enhance the photocatalytic activity by its photon-absorbing capacity
due to its chromophore properties. The photocatalytic behavior for hydrogen
generation of the studied samples is compared under UV–vis light setting the
total gold-based co-catalyst loading at 1 wt% onto the TiO2 photocatalysts
and when the gold content is maintained at 0.25 wt%. The incorporation of
gold co-catalysts results in an enhancement of hydrogen production up to 2.7
times compared to a conventional Au/TiO2 reference sample. The results
show an increase in the total hydrogen production under UV–vis light due to
the combined presence of coumarin chromophore, gold-based co-catalysts,
and gold plasmonic nanoparticles. A deep characterization of the samples
from each group is performed by UV–vis spectroscopy, XPS, HRTEM, and
HAADF-STEM, observing the presence of plasmonic gold nanoparticles for
sample “AuL1NPs” and the reduction of the gold present in sample “AuL1a,”
which explains the highest observed hydrogen production rates of this study.
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1. Introduction

Hydrogen (H2) is considered a highly
promising energy carrier for the decar-
bonization of the global energy system.[1] It
is currently projected to be a leader in the
energy sector in both stationary and mobile
applications.[2] Nevertheless, the use of H2
for the decarbonization of the energy sys-
tem will not proceed if it is not based on a
sustainable H2 production system.[3] Nowa-
days, most of the produced H2 for indus-
trial applications comes from the reforming
of natural gas,[4–8] with its associated CO2
emissions.

Photocatalytic H2 production is currently
attracting a lot of interest due to its po-
tential for the use and storage of solar
energy, which in the future could make
a major contribution to mitigate high en-
ergy demands and reduce greenhouse gas
emissions.[9] Despite significant research in
the field of photocatalysis, there is still a
significant gap between lab-scale working

systems and their industrial applications.[9] One of the main chal-
lenges of the photocatalytic processes is to find a material able to
exploit a large part of the solar spectrum, as well as other charac-
teristics such as high photoreaction efficiency, stability, and low
cost.[10,11] There are different approaches to improve the catalytic
activity of a photocatalyst, where the use of co-catalysts stands
out as an effective way to reduce the recombination rate of the
electron-hole pairs.[11] On several occasions, the integration of
metallic complexes to a photocatalysts in order to enhance its
photoactivity has been studied.[12,13] In this kind of hybrid sys-
tems the particular interaction between the catalysts and the pho-
tosensitizer, in combination with the nature of the metal, plays a
key role in its resultant performance and stability.[13] These sys-
tems are, typically, based on transition metals such as copper,
nickel, cobalt, zinc, iridium, or ruthenium.[14–16] The introduc-
tion of these co-catalysts allows the absorption of visible light
and the possibility of transferring excited stated to TiO2, thus, en-
hancing its photocatalytic activity under solar radiation.[17,18] This
strategy not only broadens the utilization of solar energy but also
offers the potential for controlling the photocatalytic properties
by the design of the metal-ligand environment.[19] For instance,
Kong et al.[20] reported different Co, Ni, and Cu-based metal
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Figure 1. Molecular structure of L1 and L2 and the corresponding Au(I)-complexes and Au(0)-systems.

complex loaded over TiO2 photocatalysts with high stability and
improved activity. Xao et al.[21] developed some aldehyde func-
tionalized Iridium (III) complexes to photosensitize titania for
hydrogen production using blue and green light. Despite the ad-
vancements in the last 10 years, the most of photocatalytic tech-
nologies for H2 production are still at low technology readiness
levels (TRLs) TRL 1–3.[22,23]

Here, we report a research study to follow up the work by
Aguiló et al.,[3] in which some gold(I) complexes containing a
coumarin and a phosphane (DAPTA, 3,7-diacetyl- 1,3,7-triaza-5-
phosphabicyclo[3.3.1]nonane or PPh3, triphenylphosphine) lig-
ands were prepared and tested for the photogeneration of H2
under UV light, showing better performances than a conven-
tional Au/TiO2 prepared by impregnation. In the present work,
the tested complexes are based on two different coumarin lig-
ands, which could have an influence on the photoinduced elec-
tron transfer of gold to titania due to its chromophoric proper-
ties, as they could act as photon capturers broadening effectively
the absorption capacity of the photocatalyst to the visible region.
Both coumarin ligands contain thiol groups at the terminal po-
sitions to facilitate the coordination with gold. The main differ-
ence among them is the proximity of the coumarin to the metal
center, which was also evaluated in this work. The effect of the
DAPTA ligand on hydrogen production was also studied since
the presence of the phosphane in Au(I) complexes could enhance
the charge transfer from the semiconductor bands to the Au ac-
tive site.[3,24] The same thio-coumarin ligands have been used to
stabilize Au(0) nanoparticles that were also studied for compari-
son purposes. A comparison between co-catalyst with preformed
stabilized small-size nanoparticles and single atom catalyst was
also carried out. All the hybrid photocatalysts have been tested in
the generation of hydrogen at room temperature under dynamic
conditions in gas phase and irradiated with UV–vis light, with

the aim of using the visible spectrum for efficient production of
H2.

2. Results and Discussion

2.1. Characterization of the Synthesized Complexes and Systems

Two different thiocoumarin-based ligands (4-mercapto-2H-
chromen-2-one and 4-((10-mercaptodecyl)oxy)-2H-chromen-2-
one) were synthesized and named L1 and L2, respectively. Both
L1 and L2 ligands contain a thiol group to facilitate the coordina-
tion with the gold. The main difference among L1 and L2 thio-
coumarins is the incorporation of a ten-carbon chain in ligand
L2 to increase the distance from the coumarin group to the gold
site, as stated in Figure 1. Six different Au-based co-cocatalysts
were synthesized and studied, which are included in Figure 1.
Two main groups can be distinguished within the six studied co-
catalysts: those based on Au(I) (named AuL1a, AuL1b, AuL1c,
and AuL2d; see their chemical formulas in Figure 1) and those
based on preformed gold nanoparticles (named AuL1NPs and
AuL2NPs; see their chemical formulas in Figure 1). The first
studied co-catalyst, named AuL1a, is a single-atom co-catalyst
composed of a gold atom coordinated to a thiocoumarin (L1 lig-
and) and a DAPTA ligand, in a thiocoumarin:Au-DAPTA 1:1 mo-
lar ratio. The second studied co-catalyst, named AuL1b, is a co-
catalyst similar to AuL1a, but AuL1b included a thiocoumarin:Au-
DAPTA 1:2 molar ratio, i.e., it is composed of two gold atoms,
each Au atom was coordinated to a DAPTA ligand and both Au
atoms were bonded to the same sulfur atom of the thiocoumarin
(L1 ligand). The third studied co-catalyst, named AuL1c, is sim-
ilar to AuL1a but it has a triphenylphosphine (PPh3) ligand in-
stead of the DAPTA ligand present in AuL1a. The fourth stud-
ied co-catalyst, named AuL2d, incorporated a ten-carbon chain
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in the thiocoumarin ligand (labeled L2 ligand), which increased
the number of carbon atoms between the thiocoumarin group
and the gold center. AuL2d also included a PPh3 as a ligand of
the Au atom. The fifth studied co-catalyst, named AuL1NPs, was
a gold nanoparticle-based system, which was stabilized by three
thiocoumarin (L1 ligands) directly coordinated to the gold site
and five hydrocarbon chains (six carbon atoms per each hydro-
carbon chain) bonded to the Au nanoparticle through a sulfur
atom per chain. The sixth studied co-catalyst, named AuL2NPs,
included seven L2 ligands coordinated with the Au nanoparticle
and eight hydrocarbon chains (six carbon atoms per each hydro-
carbon chain) bonded to the Au nanoparticle through a sulfur
atom per chain.

To follow and confirm the successful obtention of the
thiocoumarin-based ligands we performed 1H NMR, IR spec-
troscopy and MS spectrometry. For L1, by 1H NMR the thiol
group could be observed as a singlet at 3.86 ppm (Figure S1,
Supporting Information). The same thiol group was seen as a
middle intensity band at 2477 cm−1 in IR spectrum due to the
SH stretching (Figure S2, Supporting Information). In the case
of L2, the obtention of the ligand could be easily followed by 1H
NMR due to the signal of the methylene group closer to the -SR
shifts from 2.86 to 2.53 ppm, and changes in its multiplicity from
a triplet to a pseudo quartet with a coupling constant ≈8 Hz as
well as the -SH group is obtained (Figure S3, Supporting Infor-
mation). In the IR spectrum, it could be observed a weak band at
2575 cm−1 corresponding to the SH stretching (Figure S4, Sup-
porting Information), and ESI(+) mass spectrometry also con-
firmed the obtention of the ligand (m/z: 335.17 [M+H]+, Figure
S5, Supporting Information).

All synthesized L1 and L2 containing Au(I) complexes (AuL1a,
AuL1b, AuL1c, and AuL2d, see Scheme 2 in section Synthesis
of Au(0)-based systems) were obtained with moderate yields and
characterized by IR, NMR, and MS Spectrometry. The absence of
the SH stretching in the IR spectra (Figures S6–S9, Supporting
Information) suggested the coordination of the thiolate group in
all L1 containing Au(I) complexes, which was lately confirmed by
1H NMR as the disappearance of the terminal thiol proton was
observed at 3.86 ppm as a singlet (Figures S10–S12, Supporting
Information, for L1 ligand) upon the coordination of the metal.
This result was a clear indication of the successful formation of
the complexes.

The 1H NMR signals corresponding to the coumarin shifted
significantly respect to free L1, especially those protons closer to
the thiol group, which is a clear indication of the successful co-
ordination to the metal center. H5 shifted from 7.64 ppm to 8.26
for AuL1c and to 8.14 for AuL1a and AuL1b. H3 shifted from
6.42 to 7.01 ppm and 6.86 ppm for PPh3-containing (AuL1c) and
DAPTA-containing complexes (AuL1a and AuL1b), respectively.
DAPTA signals were observed in the range of 5.80–3.67 ppm for
complexes AuL1a and AuL1b. The integration of the signals con-
firmed the DAPTA stoichiometry of the complexes, 1:1 and 1:2
for AuL1a and AuL1b (Figures S10 and S11, Supporting Infor-
mation).

The assignments of the 13C{1H} NMR signals were made with
1H-13C heteronuclear single quantum coherence spectroscopy
(HSQC) experiments (Figures S13–S17, Supporting Informa-
tion). C5 and C3 signals of the coumarin were downfield shifted
relative to the starting L1 ligand, while C6-8 were upfield shifted.

The 31P{1H} NMR spectra (Figures S18–S20, Supporting In-
formation) present a unique resonance for all complexes, at
38.3 ppm, −24.8, and −28.4 ppm, for AuL1c, AuL1a, and AuL1b
respectively. It is worth noting that the signal of AuL1c is up-
field shifted (4 ppm) compared with AuL1a. A single signal of
31P in the NMR spectrum provided a clear sign of the obtention
of a pure product since it demonstrated a single environment
around P. The mass spectra (ESI(+)) presented for all the neu-
tral compounds the molecular peak [M+H]+, and for the cationic
complex the peak [M-Cl]+ (Figures S21–S23, Supporting Infor-
mation), again as evidence of the successful synthesis of the com-
plexes.

AuL2d synthesis was confirmed by IR,1H NMR, and 31P{1H}
NMR, and MS spectrometry (Figures S24–S26, Supporting Infor-
mation). The coordination of L2 to the gold atom was associated
with the shifting downfield of the signal of the CH2S (from 2.53
to 3.01 ppm), and again to the change in the multiplicity of the
signal. 31P{1H} NMR showed a broad signal at 36.2 ppm, and
ESI(+) MS spectra a peak at 793.22 attributed at [M+H]+.

Au(0) based systems where characterized by 1H NMR, IR spec-
troscopy, TGA, and TEM. The 1H NMR of systems AuL1NPs and
AuL2NPs revealed the presence of L1 and L2, respectively. As
expected, the signals of the protons closer to the surface of the
gold nanoparticles were wide and no clear (Figures S27 and S28,
Supporting Information). Therefore, to quantify the proportion
of L1 or L2 to the 1-hexanethiol, which stabilizes gold nanopar-
ticles, a decomplexation reaction using iodine in methanol was
performed.[25] 1H NMR measurements were performed to the
disulphide ligands (Figures S27 and S28, Supporting Informa-
tion), which showed a ratio of 1-hexanethiol to ligand L1 of 1:0.07
and a ratio of 1-hexanethiol to ligand L2 of 1:0.8 in the systems
AuL1NPs and AuL2NPs, respectively, confirming the successful
synthesis of both Au(0) based systems.

The IR spectra of the nanoparticles (Figures S29 and S30, Sup-
porting Information) also revealed the presence of the coumarin
moieties through the existence of bands of the C═O stretching at
1676 and 1645 cm−1 in the case of AuL1NPs, and at 1717 cm−1

in the case of AuL2NPs. It is worth noting that an important
shift of the C═O band was observed in AuL1NPs, indicating that
the thiol group is binding gold atoms in agreement with the val-
ues obtained in gold(I) complexes described before. In the case
of AuL2NPs, no significative change in the C═O vibrational fre-
quency was observed, related to the longer distance between the
coumarin moiety and the metal center.

Thermogravimetric analysis of both Au(0) based showed gold
contents of 86% and 72% for AuL1NPs and AuL2NPs, respec-
tively (Figure S31, Supporting Information). The nanoparticle
size measurements made from TEM images obtained for both
Au(0) systems (Figure S32, Supporting Information) revealed a
mean size of 3.1 ± 0.8 nm.

2.2. Photocatalytic Activity

In this work, hydrogen molecules were produced through the
well-known photocatalytic dehydrogenation of ethanol (C2H5OH
→ CH3CHO + H2),[26] where acetaldehyde was also obtained as a
byproduct of the reaction in a H2:acetaldehyde stoichiometric ra-
tio of 1:1. To assess the photocatalytic behavior of the synthesized
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Figure 2. Hydrogen photoproduction rates (black bars) and AQY (red
bars) of the different samples under (a) UV light irradiation with Au(I)-
complex or Au(0)-system loading of 1 wt% over TiO2 P90: (A) TiO2, (B)
Au-1/TiO2, (C) AuL1a/TiO2 (Au 0.32 wt%), (D) AuL1b/TiO2 (Au 0.37
wt%), (E) AuL1c/TiO2 (Au 0.31 wt%), (F) AuL2d/TiO2 (Au 0.25 wt%),
(G) AuL1NPs/TiO2 (Au 0.86 wt%), (H) AuL2NPs/TiO2 (Au 0.72 wt%).
(b) under UV light irradiation with gold loading of 0.25 wt%: (A) TiO2,
(B) Au-0.25/TiO2, (C) AuL1a/TiO2, (D) AuL1b/TiO2, (E) AuL1c/TiO2, (F)
AuL2d/TiO2, (G) AuL1NPs/TiO2, (H) AuL2NPs/TiO2.

Au(I)-complexes and Au(0)-systems, which were employed as co-
catalysts in the present work, we first tested all the hybrid Au(I)-
complex-TiO2 and Au(0)-systems-TiO2 for hydrogen photogener-
ation, fixing a total co-catalyst load of 1 wt% over TiO2 P90 in each
case, and compared them to the Au-1/TiO2 reference sample with
a gold loading of 1 wt% and also to bare TiO2-P90, which actually
showed a very low photocatalytic activity (0.09 mmol h−1 gcat

−1)
due to the well-known fast recombination of the photogenerated
electron-hole pairs in pristine TiO2.[27] As depicted in Figure 2a,
all the prepared hybrid photocatalysts resulted to be more ac-
tive in hydrogen production compared to pristine TiO2-P90 and
the reference sample Au-1/TiO2. Specifically, AuL1a/TiO2 and
AuL1NPs/TiO2 resulted to be the most active samples under ir-
radiation of UV light (see (C) and (G) results in Figure 2a, re-
spectively), reaching hydrogen production rates 1.5 and 1.7 times
greater than a conventional Au-1/TiO2 reference sample (see (B)
in Figure 2a). Nevertheless, the variation of the molecular weights
of the ligands among the different synthesized Au(I)-complexes
and Au(0)-systems caused a difference in the gold content when
the same amount of co-catalyst was impregnated over TiO2 (see

differences of wt% Au contents in Figure 2a). For this reason, we
prepared and tested a second set of hybrid photocatalytic sam-
ples with an equal gold mass loading of 0.25 wt%, in order to
compare the different samples under the same gold basis and
to explore the influence of the different ligands on the photocat-
alytic activity. As shown in Figure 2b, the tendency toward hydro-
gen production of the hybrid photocatalytic samples with Au 0.25
wt% remained similar to the previous set of samples containing
1 wt% of Au(I)-complexes or Au(0)-systems, with the exception of
the sample impregnated with AuL1c (see (E) in Figure 2b), which
suffered a large decrease in the observed hydrogen production
rate when the Au content was fixed to 0.25 wt%. Under the same
gold basis, AuL1a/TiO2 and AuL1NPs/TiO2 kept as the most pho-
toactive samples under UV light irradiation (see (C) and (G) re-
sults in Figure 2b, respectively), reaching hydrogen production
rates 2.7 and 2.6 times greater than a conventional Au-0.25/TiO2
reference sample.

To gain more insight into the influence of the chemical struc-
ture of the studied ligands of the Au(I)-complexes on the pho-
tocatalytic activity, we also compared the observed photocatalytic
activities of the different tested hybrid Au(I)-complexes/TiO2, i.e.,
AuL1a, AuL1b, AuL1c, and AuL2d containing the same Au ba-
sis (0.25 wt%). Although all the tested Au-complexes included a
coumarin ligand in each complex, the tested complexes differed
in the distance (i.e., number of carbon atoms in the chain) be-
tween the coumarin group and the gold site (L1 or L2) and they
also differed in both the number and/or type of the other ligands
(DAPTA, PPh3) different than the coumarin. Therefore, a careful
discussion of the results is given below. The effect of the presence
of DAPTA ligand on the photocatalytic activity can be observed
comparing the hydrogen production results obtained with sam-
ples AuL1a/TiO2 (containing the DAPTA phosphane ligand, see
sample (C) in Figure 2b) versus AuL1c/TiO2 (containing the PPh3
phosphane, see sample (E) in Figure 2b). The presence of PPh3
had a negative effect on its hydrogen photoproduction perfor-
mance, as observed comparing (C) versus (E) results in Figure 2b.
Additionally, the substitution of the DAPTA group by a PPh3 led
to shorter induction periods to reach a steady state on hydrogen
production (47 h for AuL1a/TiO2 against 15 h for AuL1c/TiO2,
respectively), as shown in Figures 3a and S33a (Supporting In-
formation), which could be related to a more significant reduc-
tion of the gold atoms in AuL1a/TiO2, when DAPTA ligand was
present in the complex.

The stoichiometric ratio of the coumarin:Au-DAPTA in the
tested Au-complexes could have an impact on hydrogen pho-
toproduction. Consequently, the activity of AuL1a/TiO2 and
AuL1b/TiO2 hybrid photocatalysts was compared (see (C) and (D)
results in Figure 2b). These two complexes differ in the amount
of Au-DAPTA bonded to the thiocoumarin, since AuL1a had a
stoichiometry of 1:1 coumarin:Au-DAPTA whereas AuL1b had a
stoichiometry of 1:2 coumarin:Au-DAPTA. As stated in Figure 2,
the photocatalytic performance of AuL1a/TiO2 was higher than
AuL1b/TiO2 in both basis for comparison (1 wt% total amount of
complex, Figure 2a, and 0.25 wt% total amount of Au, Figure 2b).
Therefore, a stoichiometric ratio of 1:1 coumarin:Au-DAPTA site
benefited the photocatalytic activity of the hybrid samples.

Moreover, the number of carbon atoms between the coumarin
and the gold site could also have influence on the photocatalytic
activity. Hence, we compared the obtained results for AuL1c/TiO2
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Figure 3. Hydrogen generation rates under different light irradiation conditions with Au(I)-complex or Au(0)-system loading of 1 wt% over TiO2 P90.
(a) AuL1a/TiO2 (Au 0.32 wt%) activation phase. (b) AuL1a/TiO2 (Au 0.32 wt%) analysis of light and heat effect. (c) AuL1NPs/TiO2 (Au 0.86 wt%). (d)
Hydrogen generation rates at different light irradiation combinations, UV (purple), UV + vis (yellow), UV + heat (red): (A) AuL1a/TiO2 (Au 0.32 wt%),
(B) AuL1b/TiO2 (Au 0.37 wt%), (C) AuL1c/TiO2 (Au 0.31 wt%), (D) AuL2d/TiO2 (Au 0.25 wt%), (E) AuL1NPs/TiO2 (Au 0.86 wt%), (F) AuL2NPs/TiO2
(Au 0.72 wt%).

and AuL2d/TiO2 samples (see (E) and (F) in Figure 2b), because
AuL2d/TiO2 incorporated a long carbon chain to separate the
coumarin group and the Au site. As shown in Figure 2b, the hy-
drogen photoproduction was higher employing AuL2d/TiO2 than
AuL1c/TiO2 (see (F) and (E) in Figure 2b, respectively). There-
fore, a higher number of carbon atoms between the coumarin
and the gold site enhanced the photocatalytic activity. Addi-
tionally, according to the above-mentioned comparison between
AuL1a/TiO2 and AuL1c/TiO2 (see (C) vs (E) results in Figure 2b),
the negative effect on the hydrogen photoproduction due to the
presence of PPh3 disappeared with the addition of a long hydro-
carbon chain between the coumarin and the gold site. A pos-
sible hypothesis could be that the PPh3 group was producing
a shadowing effect, in which the coumarin was not efficiently
acting as a photon capturer, because the presence of a close
PPh3 group could either impede an appropriate light interaction
of the coumarin group and/or the combined interaction of the
coumarin group, the Au site and the TiO2 particle under light ir-
radiation. So, an increase of the number of carbon atoms between
the coumarin and the PPh3 group prevented the shadowing ef-
fect and benefited the photocatalytic activity. Actually, a compar-
ison of AuL1a vs AuL2d (see (C) vs (F) in Figure 2b) demon-
strated that the replacement of a DAPTA ligand by a PPh3 lig-
and when the coumarin is separated from the Au site by a higher
number of carbon atoms (L2 ligand instead of L1 ligand) resulted

in similar photocatalytic hydrogen production rates. In fact, the
photocatalytic activity was slightly higher for the AuL1a (contain-
ing a DAPTA ligand) than the AuL2d (containing a “coumarin-
separated” PPh3 ligand), which could point out to a particular
combined effect of the “coumarin + Au site + DAPTA + TiO2”
under light irradiation. Nevertheless, the combined effect of the
“coumarin + ten carbon chain + Au site + PPh3” shows a compa-
rable photocatalytic activity to AuL1a, concluding that the DAPTA
ligand would play a less important role in the hybrid photocat-
alyst behavior. On the other hand, the observed positive effect
of a longer hydrocarbon chain between Au and the coumarin
group changed when we used hybrid photocatalysts based on
gold nanoparticles (AuL1NPs/TiO2 and AuL2NPs/TiO2) instead
hybrid photocatalysts with Au-single atom complexes. In the case
of Au nanoparticle-based systems, a longer hydrocarbon chain
between the coumarin group and the Au nanoparticle provoked
a negative effect on the photocatalytic hydrogen production, as
shown in Figure 2b for (G) and (H) results, which correspond to
AuL1NPs/TiO2 and AuL2NPs/TiO2, respectively.

As described in the experimental section, the photocatalytic
tests were divided into different steps to evaluate the changes
on hydrogen production provoked by different light irradiation
conditions (see Scheme S1, Supporting Information). Figure 3
shows the hydrogen production rate profiles of the most ac-
tive samples, AuL1a/TiO2 and AuL1NPs/TiO2, based on Au(I)
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and Au(0), respectively. Actually, all Au(I)-based hybrid samples
showed a long induction period (15–47 h) in which there was a
continuous increase of the hydrogen production rate until reach-
ing a steady state (Figure 3a; Figures S33–S35, Supporting In-
formation). As further discussed in section 2.3, this effect could
be attributed to a progressive reduction of the Au(I) species to
form Au(0) nanoparticles. In the case of samples containing
Au(0) nanoparticles, there was not observed any induction pe-
riod during the photocatalytic experiment under UV-light irradi-
ation(Figure 3c; Figure S36, Supporting Information).

All the explored hybrid samples in this work showed pho-
tocatalytic response to visible light irradiation when UV light
was also present (third step), being samples AuL1a/TiO2 and
AuL1NPs/TiO2 the most active ones (Figure 3d). These samples
reached H2 production rates of ≈9.9 and 11.5 mmol h−1 gcat

−1, re-
spectively, which means a relative improvement of 25% in both
cases, compared to the H2 production rates observed under UV
irradiation. An increase of the reaction temperature was observed
when both UV and visible light sources were employed simulta-
neously. This temperature increase was attributed to the intrin-
sic thermal irradiation of the visible light source employed in
the experiments. Consequently, an extra control experiment was
performed applying external heat to the reaction system when
it was illuminated with UV light (Scheme S1, Supporting Infor-
mation, fifth step), in order to assess the contribution of the in-
crease of temperature on the hydrogen production rate, with the
absence of visible light irradiation. The obtained H2 production
rate values when applying UV light together with an external heat
source, reaching the same value of observed temperature when
the sample was irradiated with both UV+ visible light sources,
were lower than the H2 production rate obtained under both UV
and visible light irradiation. Therefore, the temperature increase
was excluded as the main reason for the improvement of the ob-
served photocatalytic catalytic activity and it was confirmed that
all the hybrid catalysts based on TiO2 with Au(I) complexes and
Au(0) systems tested in the present study showed a higher activ-
ity on the hydrogen photoproduction rates under both ultraviolet
and visible light irradiation than under only ultraviolet light irra-
diation (see Figure 3d).

2.3. Characterization of the Hybrid Photocatalysts

We carried out a detailed characterization before and after the
photoreaction of the two most active samples for the photo-
generation of hydrogen, AuL1a/TiO2 and AuL1NPs/TiO2, which
were based on coumarin-Au(I)-DAPTA complexes and coumarin-
Au(0)-nanoparticles, respectively, in order to shed light on the rea-
sons for their particular catalytic behavior.

Figure 4 shows the Raman spectra of the fresh samples (be-
fore reaction) compared to pure TiO2 P90. The five typical peaks
related to anatase phase[28] are observed in all samples at 143.6
(Eg), 196.4 (Eg), 396.7 (B1 g), 516.2 (A1 g + B1 g), and 638.3 cm−1

(Eg). Rutile-related peaks are not seen in any of the samples. A
small shift to higher wavenumbers can be observed in both im-
pregnated samples compared to pristine TiO2 P90 (143.6 vs 145.8
cm−1). This shift is related to crystalline defects formed at the con-
tact area of gold and TiO2, which can act as charge carrier trap
sites.[29–31]

Figure 4. Raman spectra of TiO2-P90, AuL1a/TiO2 and AuL1NPs/TiO2.
(a) Complete Raman spectra. (b) zoom of the highlighted area.

UV–vis spectroscopy was used to determine the possible plas-
monic bands of gold co-catalysts loaded over TiO2 and to deter-
mine the band gap of the studied photocatalysts by means of Tauc
plots. Figure 5a,b shows UV–vis spectra of both samples before
and after the reaction. There is significant change for AuL1a/TiO2
sample in the after-reaction spectra, as a surface plasmon reso-
nance band of the gold appeared ≈535 nm, which confirmed the
previously mentioned reduction of the gold present in this com-
plex to form Au(0) nanoparticles. Accordingly, this sample suf-
fered a macroscopic color changes of the powder before and after
the photocatalytic reaction from white to brownish color (Figure
S37a, Supporting Information) as a consequence of the Au re-
duction. In the case of AuL1NPs/TiO2, the surface plasmon res-
onance band of gold is present both before and after the reac-
tion, as this system was based on preformed gold nanoparticles
(Figure 5a,b). Nevertheless, there is a small shift from 540 nm
(before reaction) to 547 nm (after reaction). It is well known that
the localized surface plasmon resonance effect of gold nanopar-
ticles is size- and shape-dependent, so this minor shift could be
attributed to a slight agglomeration of gold nanoparticles under
photoreaction.[32]

The bandgap energy values calculated from Tauc plots
(Figure 5c,d) on the fresh samples were 3.20, 3.21, and
3.17 eV for pure TiO2 P90, AuL1a/TiO2, and AuL1NPs/TiO2,
respectively. All three values remain quite similar, being
AuL1NPs/TiO2 slightly lower than bare TiO2. After reaction,
the obtained values were 3.16 eV for AuL1a/TiO2 and 3.10 eV
for AuL1NPs/TiO2, which are lower bandgap values compared
to bare TiO2. A lower band gap value is indicative of the sur-
face plasmon resonance effect of the metal present on the an-
chored co-catalysts, which enhances light absorption on visible
spectra.[33–35]

The sample AuL1a/TiO2 was examined after reaction by
HRTEM (Figure 6a,b) and HAADF-STEM (Figure 6c). HAADF-
STEM images clearly confirmed the formation of gold nanopar-
ticles (bright particles) after reaction with a mean size of 3.1
± 0.9 nm (Figure 6d). HRTEM images also allowed to unam-
biguously identify the presence of Au metal nanoparticles. Lat-
tice fringes at 2.08 and 2.37 Å corresponding to the (200) and
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Figure 5. UV–vis spectra for the (a) fresh samples and (b) After reaction samples. Tauc plots of. (c) Fresh samples. (d) After reaction samples.

(111) crystallographic planes of Au, respectively, were measured
in the nanoparticles with high electron contrast (see insets in
Figure 6a,b). From the HRTEM analysis we could also confirm
a strong contact between Au nanoparticles and TiO2. Since this
sample was based on Au(I), we deduce that the induction pe-
riod observed on the photocatalytic experiments (see Figure 3a;
Figures S33–S35, Supporting Information) could be a conse-

quence of the reduction of those gold atoms while their coordina-
tion environment changed. Possible changes in the co-catalyst co-
ordination environment were consistent with the obtained C/Ti
ratios from XPS spectra in Table S1 (Supporting Information),
which will be further discussed. Regarding the tested fresh hy-
brid photocatalyst samples, we expected the co-catalyst to be co-
ordinated to the TiO2, probably through the oxygen atom from
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Figure 6. HRTEM (a,b), HAADF-STEM, (c) and nanoparticle size distribution (d) of AuL1a/TiO2 after reaction.

the carbonyl group of the thiocoumarin, as noticed in previous
work by Aguiló et al.[3]

X-ray Photoelectron Spectroscopy (XPS) was used to analyze
the oxidation state of gold in both samples. In this particular char-
acterization, the gold content of the samples was increased to 1.5
wt% to ensure metallic concentration values above the detection
limit of the XPS instrument. Figure 7a,b corresponds to the Au 4f
region of sample AuL1a/TiO2 before and after the reaction. As ex-
pected, before the photocatalytic reaction there was no presence
of metallic gold in the complex based on Au(I). The gold 4f peaks
shape suggested the presence of gold in two oxidation states. The
peak located at 84.9 eV confirmed the existence of Au(I),[36,37]

while peak at 87.1 eV refers to the presence of Au(III).[38–40] In
the post-reaction sample a reduction of the Au(I) peak was ob-
served together with the appearance of a peak at 83.6 eV corre-
sponding to metallic gold, which confirmed the reduction of the
gold contained in the AuL1a/TiO2 sample as discussed above. To-
gether with these peaks there is also a 4f7/2 peak corresponding
to Au(III) at 86.7 eV and another peak at 92.6 eV which could be
attributed to metallic iron 3s due to contamination of the sample
from the stainless-steel sample holders.

Figure 7c,d showed the Au 4f region for sample
AuL1NPs/TiO2 before and after the reaction. The shape of

the peaks showed the co-existence of more than one gold
species, which is why two doublets have been introduced. Fo-
cusing the attention on the peak corresponding to 4f7/2, the
position of the contributions that conform it, 82.9 and 85 eV,
confirmed the existence of gold in two oxidation states, being
Au(0) and Au(I) respectively,[41–43] as expected. When analyzing
the sample post-reaction, no major changes were observed, the
main oxidation state was metallic gold with its 4f7/2 peak located
at 83.1 eV. Peaks at 84.7 and 86.1 eV can also be observed which
were assigned as Au(I) and Au(III), respectively. As in the previ-
ous case, an extra peak was seen at 92.4 eV which was attributed
to the 3s orbital of the metallic iron due to contamination from
the sample holders.

Hence, the obtained results from UV–vis spectroscopy and
HRTEM measurements confirmed the presence of gold plas-
monic nanoparticles for both AuL1a/TiO2 and AuL1NPs/TiO2
samples, and XPS spectra revealed their main metallic nature.
Thus, Au(0) could be attributed as the main active oxidation state
in samples with Au(0)-based co-catalysts and also for the Au(I)
single-atom based co-catalysts samples, which partially evolved
to Au(0) during the photocatalytic reaction.

Au/Ti and C/Ti ratios were calculated from the XPS data for
both samples (Table S1, Supporting Information). In the case of
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Figure 7. XPS spectra of fresh and after reaction samples. (a) AuL1a/TiO2-fresh, (b) AuL1a/TiO2-after reaction, (c) AuL1NPs/TiO2-fresh, (d)
AuL1NPs/TiO2-after reaction.

fresh and reacted AuL1NPs/TiO2 samples, both the Au/Ti ratio
(0.006 vs 0.007, “fresh” vs “after reaction,” respectively) and the
C/Ti ratio (0.80 vs 1.00, “fresh” vs “after reaction,” respectively)
remained very similar. However, in the case of the fresh and after
reaction AuL1a/TiO2 samples, the Au/Ti ratio decreased (0.016 vs
0.010 “fresh” vs “reacted,” respectively) after the photocatalytic re-
action, which could be explained by the reduction of Au(I) atoms
and the consequent formation of Au nanoparticles (see Figure 7),
causing the Au species to be less dispersed throughout the sur-
face of the sample. The C/Ti ratio for the AuL1a/TiO2 sample
slightly increased after the reaction (1.06 vs 1.55), an effect that
could be attributed to some ligands bonded with gold being un-
bonded upon Au reduction, thus causing the unbonded carbon
species to be more dispersed throughout the surface of the sam-
ple. These results are consistent with the change in the coordi-
nation environment of the samples suggested by the HRTEM
observations and the observed induction period attributed to a
reorganization of the Au-containing TiO2 hybrid samples during
the photocatalytic reaction.

Therefore, the use of different Au species in combination with
TiO2 achieved several key points that boosted their photoactiv-

ity: I) the catalytic character of Au species induced an enhance-
ment of the H2 evolution reaction; II) due to the nature of the Au
species tested, plasmonic optical resonances under visible light
irradiation could generate high energy electrons (hot electrons);
III) when TiO2 came into contact with Au species, producing the
hybrid Au/TiO2 photocatalysts reported in this study, their Fermi
levels (EF) equilibrated. To do so, a transfer of free electrons from
TiO2 to Au species occurred, since the TiO2 work function value
(4.1–4.4 eV)[44] is lower than the 5.1–5.3 eV work function value
reported for Au species.[45] The resultant accumulation of charges
occurring at the Au/TiO2 heterojunction induced a band bending
of the energy bands of the semiconductor that resulted in a Schot-
tky barrier (ϕSB), i.e., an energy barrier for electrons; when the hy-
brid Au/TiO2 photocatalysts were exposed to UV–vis irradiation,
the system became out of equilibrium and the photogenerated
electrons and holes were distributed throughout the band struc-
ture of the hybrid Au/TiO2 photocatalysts minimizing their en-
ergy, as depicted in Scheme 1. According to the obtained results
(see Figure 2), all the studied Au(I)-complexes and Au(0)-systems
accounted as effective cocatalysts for the selective transport of
holes and, therefore, decreasing the recombination of charge
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Scheme 1. Simplified energy band distribution diagram for the studied
hybrid Au/TiO2 photocatalysts in this work. EF, Fermi energy; ECB, energy
of conduction band; EVB, energy of valence band, ϕSB Schottky barrier.

carriers as a result of the generated Schottky barrier. We hypoth-
esize that the ϕSB value could be affected by the Au(0), Au(I), and
Au(III) ratios of the hybrid Au/TiO2 photocatalysts, leading to the
different photocatalytic activities observed in Figure 2.

2.4. Stability

Two types of stability tests were carried out, i.e., long-term and
cyclic stability tests, to evaluate the durability of the studied
hybrid photocatalysts studied in this work (see section Pho-
tocatalytic Experiments). The long-term stability tests for both
AuL1a/TiO2 and AuL1NPs/TiO2 (Figure 8a,c) showed reasonably
stable hydrogen photoproductions, as in both cases the decrease
on the hydrogen production rate was less than 5% after running
a continuous photocatalytic reaction for more than 40 h. Regard-
ing the cyclic tests to assess the performance of the hybrid photo-
catalysts in consecutive dark-UV light irradiation steps, it was ob-
served that after seven consecutive cycles the AuL1a/TiO2 sample
was not only deactivated but continued increasing its hydrogen
production rate to around a 16%, as stated in Figure 8b, com-
paring the H2 production rates of the first and the seventh cycle.
A similar behavior was observed for AuL1NPs/TiO2 (Figure 8d),
in which the hydrogen photoproduction rates increased cycle by
cycle until the fifth cycle, where stable values of hydrogen pro-
duction rates were reached. Therefore, the results on the stability
tests demonstrated a high stability of the prepared hybrid photo-
catalysts under the studied experimental conditions.

3. Conclusion

We have demonstrated that all prepared hybrid photocatalysts
based on coumarin-Au(I) complexes and coumarin-Au(0) sys-
tems exhibited higher activities than bare TiO2 P90 and Au/TiO2
reference samples, concluding that the choice of thiocoumarin
based ligands was crucial. Among all samples, AuL1NPs/TiO2
and AuL1a/TiO2 showed the highest hydrogen photoproduction
rates, ca. 2.6 and 2.7 times higher than the hydrogen photopro-
duction rate of the reference Au/TiO2 sample, respectively, under
the same gold basis (0.25 wt%). After deep analysis of the differ-
ences among the hybrid photocatalysts based on Au(I) complexes

and Au (0) systems, we concluded that, in case of Au(I)-based
complexes, the inclusion of the DAPTA group in the complex
was preferred over the PPh3 group, as the latter could block part
of the incident light from reaching the coumarin group and/or
could hamper the combined photocatalytic effect of the coumarin
group, Au site, and TiO2 under light irradiation, causing a shad-
owing effect on the hybrid photocatalyst. Additionally, a stoichio-
metric Au to coumarin ratio of 1:1 proved to be more effective
toward hydrogen production than increasing the gold content in
the Au:coumarin ratio. Moreover, the inclusion of a longer hy-
drocarbon chain between the coumarin and the Au- PPh3 group
helped to decrease the shadowing effect when a PPh3 was present
in the Au(I) complex acting as co-catalyst onto TiO2 P90 photo-
catalyst. However, in case of Au(0)-based systems, the behavior of
the hydrocarbon chains was different, as the inclusion of long hy-
drocarbon chains between the coumarin and the Au nanoparticle
decreased the photocatalytic activity, which again confirmed the
positive impact of the coumarin group on the photocatalytic activ-
ity. Raman spectra revealed a slight shift of the main peak related
to anatase, suggesting a strong interaction between the gold co-
catalysts and the TiO2 P90. The characterization of AuL1a/TiO2
by UV–vis spectroscopy, HRTEM, and XPS demonstrated the ap-
pearance of surface plasmon resonance bands attributed to gold
species and the formation of ca. 3 nm gold nanoparticles dur-
ing the photocatalytic reaction, indicating the reduction of Au(I)-
based complexes to form metallic gold nanoparticles. The de-
crease of the obtained bandgap values from the Tauc plots for
the hybrid photocatalysts after reaction suggested an enhanced
light absorption in the visible spectrum due to the localized sur-
face plasmon resonance effect. Thus, Au(0) species could be at-
tributed as the main photoactive oxidation state in the studied hy-
brid Au/TiO2 samples, since the Au(I) complexes were partially
reduced to Au(0) during the photocatalytic H2 evolution reaction.
The incorporation of coumarin-based Au(I) complexes and Au(0)
systems led to enhancements ≈25% of the hydrogen photopro-
duction under both visible and UV light irradiation, due to the
presence of plasmonic gold nanoparticles. From the obtained re-
sults and characterization, we conjecture that the Schottky bar-
rier formed in the Au/TiO2 heterojunction could be affected by
the particular composition of Au(0), Au(I), and Au(III) species
found in each hybrid Au/TiO2 photocatalyst, which led to dis-
tinct photocatalytic activities. The findings in this work proved
that thiocoumarin-based Au(I) complexes can be tailored to boost
the light-harvesting properties of hybrid photocatalysts, in order
to enhance the AQY values of upcoming photocatalytic applica-
tions.

4. Experimental Section
Reagents: 10-bromo-1-decene (Aldrich), thioacetic acid (Aldrich),

Azobisisobutyronitrile (AIBN)(Aldrich), 4-hydroxycoumarin (Aldrich), hy-
drochloric acid (Panreac), Toluene (Scharlau), dichloromethane (Schar-
lau), sodium chloride (Panreac), sodium hydrogencarbonate (Probus),
hexane (Scharlau), dimethylformamide (Merck), Potassium carbon-
ate (Probus), methanol (Labkem), Sodium methoxide, diethyl ether
(Scharlav), Potassium hydroxide (Panreac), tetraoctylammonium bromide
(TOAB) (Aldrich), hydrogen tetrachloroaurate (III) (Johnson Matthey), 1-
hexanethiol (Aldrich), sodium borohydride (SDS), Gold (III) acetate (Alfa
Aesar, 99.9%), TiO2 P90 (Degussa, ca. 90 m2 g−1), absolute ethanol

Adv. Sci. 2024, 2404969 2404969 (10 of 15) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202404969 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [05/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadvs.202404969&mode=


www.advancedsciencenews.com www.advancedscience.com

Figure 8. Stability tests. (a,c) Continuous stability test of (a) AuL1a/TiO2 (Au 0.32 wt%) and (c) AuL1NPs/TiO2 (Au 0.86 wt%) (the highlighted area
is considered as the stability test period; see section Photocatalytic Experiments). (b,d) Cyclic stability tests of (b) AuL1a/TiO2 (Au 0.32 wt%) and (d)
AuL1NPs/TiO2 (Au 0.86 wt%).

(Scharlau), glacial acetic acid (Sigma-Aldrich), were used without fur-
ther purification. Milli-Q water (H2O) was routinely used. The phosphane
gold chloride precursors [AuCl(PPh3)], [AuCl(DAPTA)] (DAPTA = 3,7-
diacetyl- 1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane) were prepared from
the reaction of [AuCl(tht)] with the appropriate phosphane, as reported
elsewhere.[46]

Synthesis of the Ligands L1 and L2: L1 (4-mercapto-2H-chromen-2-
one) was obtained using a procedure reported elsewhere.[47] The syn-
thesis of L2 (4-((10-mercaptodecyl)oxy)-2H-chromen-2-one) was based in
a synthetic protocol elsewhere reported[48] and it was performed as fol-
lows (Scheme S2, Supporting Information). To a solution of commercial
10-bromo-1-decene (0.680 g, 3.10 mmol) and thioacetic acid (1.2 mL,
16.1 mmol) in 25 mL of toluene, AIBN (Azobisisobutyronitrile) was added
(0.234 g, 1.45 mmol) and the mixture was heated at 95 °C for 5 h. Then
the toluene solvent was removed under vacuum and the resulting or-
ange oil was dissolved in dichloromethane. This solution was first washed
with a saturated aqueous solution of sodium chloride (50 mL), second
washed with a saturated solution of sodium hydrogencarbonate (50 mL)
and the resultant mixture was finally dried with anhydrous sodium sul-
phate. The dichloromethane solvent was removed under vacuum, and the
residue was purified by liquid chromatography on a silica gel column us-
ing as eluent a mixture of hexane and dichloromethane 1:1 in volume.
(Yellow solid, 72% yield, compound A). In a second step, a Williamson
reaction between the bromo-derivative obtained in the first step and 4-
hydroxycoumarin was performed.[49] For that, the formerly obtained com-

pound A (0.611 g, 2.07 mmol) was dissolved in 3 mL of dimethylfor-
mamide and was added dropwise to a solution of 4-hydroxycoumarin
(0.342 g, 2.07 mmol) and potassium carbonate (0.600 g, 4.34 mmol) in
4 mL of dimethylformamide. The reaction mixture was stirred at 60 °C
for 4 h. Then, 50 mL of dichloromethane were added, and the organ-
ics were washed with deionized water. After that, the organic phase was
dried, evaporated under reduced pressure almost to dryness, and an ex-
cess of ethanol was added to precipitate a white solid, that was filtered and
dried (Yield: 70%, 0.544 g, compound B). Finally, to introduce the termi-
nal thiol group to the compound B obtained in the previous step (0.544 g,
1.44 mmol), all the precipitate was dissolved in 35 mL of methanol and
1.7 mL of hydrochloric acid 37% (20.5 mmol) was added. The solution was
stirred at 75 °C for 3 h. Then, 50 mL of water was added, and the resultant
solution was extracted with dichloromethane (3 × 50 mL). The organic
phase was dried with anhydrous sodium sulphate and the solvent was re-
moved under vacuum. The residue was washed with hexane to obtain L2
as a white powder in 61% yield. If needed, L2 can be purified by silica
gel chromatography using dichloromethane/methanol 20:1 in volume as
eluent.

Preparation of Au(0) Systems and Au(I) Complexes: In total, six differ-
ent gold-based derivatives (Scheme 2) were prepared. Those could be dis-
tinguished into two groups, Au(0) based systems and Au(I) based com-
plexes, each of them with different combinations of organic ligands, be-
ing the coumarin the common ligand among all the synthesized com-
plexes. As result of the combination of different ligands, the gold content
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Scheme 2. Synthesis of the studied Au(I) complexes and Au(0) systems.

in the molecular weight of the resultant co-catalysts varied from 25% to
85%.

Synthesis of Au(I)-based Complexes: AuL1a preparation started with
the addition of 37 mg of sodium methoxide (0.69 mmol) to a solu-
tion of 99 mg of L1 (0.56 mmol) in 10 mL of methanol, and the mix-

ture was stirred for 30 min.[21] Then, a solution of 121 mg (0.53 mmol)
of [AuCl(DAPTA)] in 10 mL of a mixture 1:1 of dichloromethane and
methanol was added and stirred for 1 h. The solution was concentrated
under reduced pressure until the solvent was removed and the obtained
solid was filtered, washed with diethyl ether, and dried under reduced
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pressure. 204 mg of [Au(L1)(DAPTA)] were obtained as a white powder
(Yield: 61%).

The preparation of AuL1b followed an analogous procedure used for
AuL1a but, in this case, 18 mg of L1 (0.108 mmol) and 100 mg of
[AuCl(DAPTA)] (0.216 mmol) were used (Yield 78%).

AuL1c was prepared as follows. Sodium methoxide (12 mg, 0.22 mmol)
was added to a solution of L1 (33 mg, 0.19 mmol) in 10 mL of methanol,
and the mixture was stirred at room temperature for 30 min. Then, a solu-
tion of [AuCl(PPh3)] (91 mg, 0.18 mmol) in 10 mL of dichloromethane was
added and stirred overnight. The solution was concentrated to dryness and
the solid obtained was recrystallized in dichloromethane/hexane, filtered,
and dried under vacuum (Yield: 60%).

When preparing AuL2d, potassium hydroxide (0.011 g, 0.20 mmol) was
added to a solution of L2 (0.033 g, 0.10 mmol) in 10 mL of methanol and
the mixture was stirred at room temperature for 30 min. Then, a solution of
[AuCl(PPh3)] (0.048 g, 0.01 mmol) in dichloromethane was added and the
colorless solution reacted overnight protected from light. The solution was
evaporated until small volume and diethyl ether were added to precipitate
a withe solid, that was filtered and dried (Yield: 71%).

Synthesis of Au(0)-based Systems: The preparation of AuL1NPs was
made as follows. According to the Burst–Shiffrin method,[50] 40 mL of
a solution 0.05 m of tetraoctylammonium bromide (TOAB) in toluene (2
mmol) was added to 15 mL of an aqueous solution of hydrogen tetra-
chloroaurate (III) 0.03 M (0.45 mmol), as stated in Scheme 2. The mix-
ture was vigorously stirred until all the gold was transferred to the or-
ganic phase. Then, a mixture of 31 μL of 1-hexanethiol (0.21 mmol) and
37 mg of L1 (0.21 mmol) in 5 mL of 1:1 toluene/dichloromethane mix-
ture was added. Finally, a freshly prepared aqueous solution of sodium
borohydride 0.4 m (12.5 mL, 5 mmol) was slowly added with constant and
vigorous stirring. The solution was left stirring for 3 h and then the organic
phase was separated and the solvent was evaporated under vacuum. Then,
200 mL of ethanol were added, and the obtained solid was first centrifu-
gated and washed in ethanol (3 × 25 mL) and afterward with a mixture of
10:1 ethanol/hexane (3 × 25 mL). The gold nanoparticles functionalized
with 1-hexanethiol and L1 were obtained as a dark-greyish-powder.

To prepare AuL2NPs, a ligand interchange reaction was performed.
Thus, in a first step gold nanoparticles functionalized with 1-hexanethiol
were synthesized using the Brust–Schifrin method[50] as above mentioned
and depicted in Scheme 2. In a second step, 79 mg of these AuNPs were
dispersed in 5 mL of dichloromethane, and 36 mg of L2 (0.11 mmol) were
added. The mixture was stirred at room temperature for 24 h and the sol-
vent was evaporated to dryness. The residue was washed with ethanol and
hexane.

Preparation of Hybrid Au(I)-Complex-TiO2 and Au(0) System-TiO2 Pho-
tocatalysts: Two series of hybrid Au(I)-complex-TiO2 and Au(0) system-
TiO2 photocatalytic samples were prepared by i) fixing the loading of the
co-catalysts at 1 wt% or by ii) fixing the Au loading at 0.25 wt%. A conven-
tional impregnation method (incipient wetness impregnation, IWI) was
used for their preparation. Briefly, dissolution or suspension of each co-
catalyst was prepared in either chloroform for Au(I) based complexes or
toluene for Au(0) based systems. The total amount of Au-based co-catalyst
in each solution/suspension was changed according to the desired mass
fraction (wt%) loading over TiO2 P90. This dissolution (or suspension)
was added dropwise directly on 178.2 mg of TiO2 P90 and the resultant
impregnated powder was dried in an oven at 50 °C for 3 h. The prepared
samples were denoted as AuLXY/TiO2, being X the number of the cor-
responding coumarin ligand (L1 or L2) and Y refers to the group of co-
catalyst, being a, b, c, and d for the gold(I)-based complexes and NPs for
the gold(0)-based.

Preparation of Au/TiO2 Reference: Two reference samples with differ-
ent Au loading were prepared by IWI using gold(III) acetate as metal pre-
cursor. The required amount of gold(III) acetate was dissolved in 15 mL
of glacial acetic acid applying ultrasounds and heat and the resultant solu-
tion was added dropwise onto 285 mg of TiO2 P90. The samples were
first dried at 50 °C for 3 h and then calcined at 300 °C for 3 h, to en-
sure a strong metal-support interaction.[51] The samples were labeled
as Au-X/TiO2, where X refers to the total gold loading in mass fraction
(wt%).

Photocatalytic Experiments: An exact amount of photocatalyst was
weighed and dispersed in 1 mL of ethanol to obtain a homogeneous
suspension. Conventional laboratory filter paper (F4573 grade, 73gr m−2,
CHMLAB Group, 170 μm thickness) was used as a fixed bed of the photore-
actor. The suspension containing the photocatalyst was impregnated onto
a circular zone (diameter 3.9 cm) of the supporting paper. After that, the
impregnated paper was dried at 50 °C for 20 min. The photocatalytic exper-
iments were performed under dynamic conditions at room temperature
and atmospheric pressure. The photoreactor used in this experiment con-
sists of two cylindrical parts made of glass, where the upper glass part con-
tains a thermocouple, which allows to measure the temperature change of
the photocatalytic samples during the experiments (Figure S39, Support-
ing Information). In this experimental setup, argon (Ar) was used as carrier
gas, which was regulated to 20 mL min−1 (GHSV = 5900 h−1) with a mass-
flow controller (MFC D-5111, Mass-Stream M+W Instruments). The Ar(g)
was flowed through a Dreschel bottle that contained a water and ethanol
mixture in a molar proportion of 9:1. The outlet of the Dreschel bottle was
connected to the lower part of the photoreactor, which contains the light
source. The photocatalytic sample was placed in the middle of the two
parts, with the impregnated side facing the light source. The photoreactor
was sealed using an O-ring made of polydimethylsiloxane (PDMS) and a
3D-printed clamp. The sample was irradiated with a 4-+LED light source
able to irradiate both UVA (365 nm, 80 mW cm−2) and visible light (CCT
6000K). The gas outlet of the photoreactor was connected to a micro gas
chromatography (Micro GC 490-PRO, Agilent) equipped with MS 5 Å, Plot
U and Stabilwax columns, which allowed to continuously monitor the out-
let gases from the photoreactor. The apparent quantum yield (AQY) was
calculated by the following Equation (1):

AQY =
2nH2

np
⋅ 100 =

2nNA

ET∕EP
⋅ 100 =

2nNA

(PSt) ∕
(

h⋅c
𝜆

) ⋅ 100 (1)

where nH2
refers to the number of hydrogen molecules produced and np

refers to the incident photons reaching the photocatalyst. The number
of hydrogen molecules can be calculated as nH2

= nNA, where n was the
amount of hydrogen moles produced during a determined time (t) of light
exposure, and NA was the Avogadro’s number. The np can be calculated
as np = ET /EP, where ET and EP were the total energy reaching the cata-
lyst and the energy amount of a photon, respectively. The total energy that
reaches the catalyst can be expressed as ET = PSt, where P refers to the
power density of incident monochromatic light (W m−2), S was the irradi-
ated area (m2) and t was the irradiated time (s). EP can be calculated as EP
= hc/𝜆, where h was the Planck’s constant (J·s), c was the speed of light
(m s−1) and 𝜆 was the wavelength of the incident light (m).

The photocatalytic experiments were divided into several steps with dif-
ferent combinations of light irradiation (Scheme S1, Supporting Informa-
tion). The first one was carried out in the absence of light in order to purge
the remaining oxygen in the photoreactor. In the second step, ultraviolet
(UV) light was turned on until the stabilization of hydrogen production.
Once a steady state was reached, visible light irradiation was added to UV
(third step) in order to analyze any possible enhancement on hydrogen
production values. The addition of visible light resulted in an increase of
the sample temperature of ≈5 °C, due to residual heat emitted by the lamp.
Once again, this third step was maintained until the hydrogen production
reached the steady state. The fourth step consisted of suppressing visible
light and keeping only UV light irradiation to check any behavior modifi-
cation of the sample in comparison to the second step. After reaching the
steady state, the fifth step consisted on irradiating UV light while a hot air
gun was employed as an external heat source to reach the same tempera-
ture value obtained in the third step (combination of both lights). As it was
known that visible light can contribute to the enhancement of photocat-
alytic activity due to thermal promotion,[52] this step allowed to separate
the contribution of heat to the enhancement of hydrogen photoproduction
by visible light. After reaching the steady state, the system was left to cool
down to its previous temperature under UV light irradiation and wait till
the H2 production was again stabilized, to check any further activation of
the sample, comparing with steps second and fourth. In the case that a
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higher activity than step fourth was detected, both UV and Vis lights were
again turned on to check any possible higher H2 production activity than
the observed in the third step. Finally, all the irradiating light sources were
turned off and the experiment was concluded.

Two types of stability tests were carried out, on the one hand, long-term
stability tests (UV light irradiation for more than 40 h) and, on the other
hand, UV light on/off cyclic stability tests with ca. Three hours light irradi-
ation periods. In the long-term tests, the starting point was considered as
the time at which the sample had reached the steady state of the observed
hydrogen production rate. In the case of the cyclic tests, a previous light
irradiation step was carried out to reach the steady state of the observed
hydrogen production rate, with the aim of avoiding the observation of the
induction period during the cyclic stability test. After reaching the steady
state on the hydrogen production rate, seven on/off UV light irradiation
cycles were carried out, divided into 3 h of light irradiation and 1.5 h of
dark conditions in each cycle.

Characterization of the Au(I) and Au(0) Systems: Infrared spectra have
been recorded on an FT-IR Nicolet iS 5 Spectrophotometer. 1H NMR
(𝛿(TMS) = 0.0 ppm) and 31P{1H} NMR (𝛿(85% H3PO4) = 0.0 ppm) spec-
tra were recorded at 400 or 500 MHz using Varian and Bruker spectrom-
eters at 25 °C. ESI mass spectra were recorded on a Fisons VG Quatro
spectrometer. Thermogravimetric Analysis (TGA) was performed on an
IGA 851 Mettler-Toledo instrument, nitrogen flow (50 mL min−1), from 30
to 1000 °C at a gradient of 10 °C min−1. Transmission electron microscopy
(TEM) images were registered at 200 kV using a JEOL 2010F instrument
having a point resolution of 0.21 nm.

Characterization of Hybrid Catalysts: Raman spectroscopy was carried
out on a confocal Raman spectrometer (Renishaw in Via Qontor) equipped
with a Leica DM2700 M micro-scope over the range of 50–800 cm−1.
A laser excitation source of 532 nm and a grating of 2400 lines mm−1

were used. A power of the laser of 1 mW·cm−2 was kept in all samples.
UV–vis reflectance spectroscopy was measured on a double beam spec-
trophotometer Shimadzu UV2700i UV–vis/NIR equipped with an ISR 3100
Ulbricht integrating sphere. BaSO4 was used as a reference standard.
The spectra were recorded at room temperature in air atmosphere within
the range of 300–800 nm. The acquired diffuse reflectance spectra were
converted to absorbance through the standard Kubelka–Munk function
F(R).[53] The band gap energies (Eg) of the prepared samples were esti-
mated from the UV–vis spectra by Tauc plots of [F(R) h𝜈]1/2 versus h𝜈,
using a modified version of the Tauc’s equation,[54,55] where the mate-
rial absorption coefficient (𝛼) can be substituted by F(R), since they were
proportional to each other.[56] High-resolution transmission electron mi-
croscopy (HRTEM) and high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) were carried out on a FEI Tecnai
F20 electron microscope equipped with a field emission electron gun and
operated at an accelerating voltage of 200 kV. X-ray photoelectron spec-
troscopy (XPS) was performed using a SPECS system equipped with a
PHOIBOS 150 EP hemispherical energy analyser, an MCD-9 detector, and
an XR-50 X-ray source operating at 150 W. CasaXPS program (Casa Soft-
ware Ltd., UK) was used to analyze the XPS data (Shirley type background).
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