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ABSTRACT: Molecular engineering of efficient HER catalysts is an attractive approach for controlling the spatial 
environment of specific building units selected for their intrinsic functionality required within the multistep HER process. 
As the {Mo3S4} core derived as various coordination complexes has been identified as one as the most promising MoSx-
based HER electrocatalysts, we demonstrate that the covalent association between the {Mo3S4} core and the redox-active 
macrocyclic {P8W48} polyoxometalate (POM) produces a striking synergistic effect featured by high HER performance. 
Various experiments carried out in homogeneous conditions showed that this synergistic effect arises from the direct 
connection between the {Mo3S4} cluster and the toroidal {P8W48} units featured by a stoichiometry which can be tuned from 
two to four {Mo4S4} cores per {P8W48} unit. In addition, we report that this effect is preserved within heterogeneous 
photoelectrochemical devices where the {Mo3S4}-{P8W48} (thio-POM) assembly was used as co-catalyst (cocat) onto a 
microstructured p-type silicon. Using drop-casting procedure to immobilize cocat onto the silicon interface led to high 
initial HER performance under simulated sunlight achieving a photocurrent density of 10 mA.cm-2 at +0.13 V vs RHE. 
Furthermore, electrostatic incorporation of the thio-POM anion cocat into a poly(3,4-ethylenedioxythiophene) (PEDOT) 
film is demonstrated to be efficient and straightforward to durably retain the cocat at the interface of a micropyramidal 
silicon (SimPy) photocathode. The thio-POM/PEDOT-modified photocathode is able to produce H2 under 1 Sun 
illumination at a rate of ca. 100 µmol cm-2 h-1 at 0 V vs RHE, highlighting the excellent performance of this 
photoelectrochemical system. 

1. Introduction
The development of a large scale economically viable 
technology based on the photochemical water splitting requires 
upstream implementations to identify efficient and robust 
catalytic interfaces able to carry out water decomposition into 
hydrogen and oxygen under harsh conditions. Among the 
processes able to promote artificial water splitting, sunlight-
driven electrochemical reaction provides an exciting solution to 
convert solar energy into clean fuel such as hydrogen. Then 
photo-assisted electrochemical reduction of protons (HER) 
represents nowadays a highly promising eco-friendly route 
towards clean fuels of high-density energy.1,2,3 In context of 
solar fuels, silicon (bandgap of 1.12 eV) has appeared as one of 

the most promising semiconducting materials to be used as a 
photocathode because its abundance, biocompatibility and 
ability to harvest photons from a large portion of the solar 
spectrum, as well as its tunable electronic properties.4,5 

Nevertheless, bare semiconducting silicon as photocathode 
exhibits weak HER efficiency, featured by low overpotentials 
concomitantly with  modest HER rates. 
Therefore, the immobilization of an appropriate co-catalyst 
(cocat) onto the photocathode surface is required to increase the 
HER catalytic efficiency.5,6 Noble metals such as platinum 
exhibit high HER efficiency but its scarcity and high related 
cost have stimulated intensive research in exploring other noble 
metal-free and abundant alternatives. In that context, silicon 
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photocathodes derivatized with molybdenum sulfide-based 
complexes, such as molybdenum disulfide (MoSx) 7,8,9,10,11,12,13,14 
and molecular derivatives15,16 including the cuboidal molecular 
clusters {Mo3S4}4+ core,17,18 have demonstrated high catalytic 
efficiency for sunlight-driven HER. More generally, 
molybdenum-sulfide based materials, known as standard 
industrial catalysts for the hydrodesulphurization 
heterogeneous process of oils, are emerging as one of the most 
credible candidates for the electro- or photo-catalytic HER 
processes. In addition to the MoSx electropolymerization onto 
the electrode surface, the molecular approach using discrete 
thiomolybdate clusters to mimic the catalytic sites at the MoS2 
surface is probably a promising strategy, even though it 
corresponds to a well-established and conventional approach 
developed in the 80’s in the context of the fossil oils refinery.19 
In this publication, we report on results arising from a new 
paradigm that allows designing a breakthrough generation of 
catalytic materials, engineered as function of the elementary 
HER principles involving concerted proton/electron transfers 
(PECT) prior to hydrogen evolution. Linking electroactive 
molybdenum-sulfur clusters to electron/proton storage units at 
the molecular level can be achieved taking benefit of the rich 
coordination chemistry arisen from the {Mo3S4} core combined 
to polyoxometalate ions. Basically, polyoxometalate (POM) 
compounds such as metatungstate ion [H2W12O40]6- have been 
featured as electrons sponges capable to exchange up to 32 
electrons (and protons) without any significant structural 
change.20,21,22 Such striking properties led naturally to the use of 
polyoxometalate materials as active components for 
electrochemical applications such as lithium ions batteries.

23 In 
the HER context, polyoxometalates could be envisioned as 
electron/proton collecting modules associated to MoSx catalytic 
unit able to convert collected electrons and protons into 
hydrogen. Actually, synthetic strategies have been developed to 
access the so-called thio-POMs including the {Mo3S4} or 
{Mo2O2S2} cores, as constitutional unit, linker or template 
within the metal-oxo framework.24,25 Thus, such hybrid 
oxysulfide molecular compounds have been considered 
recently as cost-effective catalysts for HER immobilized on 
silicon surfaces.26 Interestingly, the thio-POM-modified silicon 
photocathodes exhibited enhanced long-term stability
compared with electrodes integrating the parent {Mo3S4} 
cluster derived as coordination complexes.26

Herein, we report on the remarkable and significant synergistic 
catalytic effect arising from the grafting of the [Mo3S4(H2O)9]4+ 
(abbreviated as {Mo3S4}) onto the robust macrocyclic 
polyoxotungstate [H7P8W48O184]33- (noted {P8W48}). This 
remarkable increase of the HER efficiency was first evidenced 
in homogeneous conditions using carbon-based electrodes and 
then transposed successfully in heterogeneous conditions using 
modified silicon photocathodes. In addition, we show that the 
standard drop-casting method employed for depositing the 
cocat on the electrode surface results in weak attractive 
interactions that lead to the partial release of the cocat from the 
silicon surface.26 We thus report an effective method to improve 
the time stability of the photocathode by using the electrostatic 
entrapment of the negatively charged thio-POM into a cationic 
polymer film, namely poly(3,4-ethylenedioxythiophene) 
(PEDOT). This method is applied on microstructured silicon 
surfaces12,17,27,28 in order to considerably improve light 
absorption to yield robust photocathodes with appreciable 
solar-driven HER activity observed above 0 V vs Reversible 
Hydrogen Electrode (RHE). 

Figure 1. a) Structural representation of the [H7P8W48O184]33- anion 
resulting from the cyclic connection of four {P2W12O48} subunits. The large 
central cavity is lined on the both faces by eight nucleophlic oxo/hydroxo 
groups. b) Structure of the aqua ion [Mo3S4(H2O)9]4+ showing the nine labile 
aqua ligands able to be exchanged for nucleophilic oxo groups belonging to 
POM unit. c) Schematic view of reacting species i.e electrophilic and 
nucleophilic units leading to the {P8W48}-supported {Mo3S4} 
electrocatalysts.

2. Results and Discussion
2.1. Formation and characterization of the catalytic 
Mo3S4-P8W48 adduct. {P8W48} POM ion exhibits a large toric 
arrangement built from the cyclic connections of four 
{P2W12O48} subunits that delimit a large cavity of about 12 Å 
in diameter (Figure 1).29 The metal-oxo backbone of the 
{P8W48} ion is stable over a large pH scale leading to a large 
diversity of protonation states varying from 16 at pH < 1 to 7-8 
at pH = 4.8.30 This ion has been described as “superlacunary” 
species, due to its striking ability to entrap a large variety of 
guests. Thus, various metallic cations, such as copper, iron, 
cobalt or lanthanides and recently actinides have been included 
and characterized as inner polymetallic clusters closely 
entrapped within the central cavity.31,32,33 Using bulkier 
polymetallic groups featured by specific coordination 
requirement led to a distinct scenario. For instance, with the 
[Mo2E2S2(H2O)6]2+ aqua cations (with E = O or S), the resulting 
species correspond to the {P8W48} skeleton capped on both 
sides of the torus by two symmetric tetranuclear aggregates 
[Mo4E4O4(OH)2(H2O)3] acting as basket handles.34,35 In such an 
assembly, the large {P8W48} anion can be viewed as a redox-
active support allowing the immobilization of the {MoSx} 
species through the eight oxo/hydroxo groups which line both 
sides of the central hole (Fig. 1). Actually, as previously 
reported, the {P8W48} anion is able to exchange reversibly and 
simultaneously up to sixteen electrons/protons under acid 
conditions (pH = 1-3), in three reversibly 4/4/8-electron transfer 
steps within a narrow potential range. Herein, a similar 
methodology has been applied using the {Mo3S4} aqua ion as 
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grafted species and consists to condense the electrophilic 
thiomolybdic aqua cation on the {P8W48} surface.

Figure 2. a) UV-vis titration of {Mo3S4} solution by {P8W48}: variation of 
the absorbance at 500 nm shows a breaking-point corresponding to four 
{Mo3S4} per {P8W48}. b) Electrochemical titration of a {P8W48} solution by 
{Mo3S4} unit. The electrocatalytic HER overpotential measured at a fixed 
current decreases continuously until a plateau corresponding to the limiting 
stoichiometry 4{Mo3S4} + {P8W48}. In the presence of oxalate ion 
(oxalate/{Mo3S4} = 10), the synergistic effect arising from {P8W48} support 
and the {Mo3S4} cluster appears partially cancelled.

Reaction was carried out in pH = 1 aqueous solution and led to 
a clear color change from olive-green to yellow-brown. 
{Mo3S4}-{P8W48} solutions gave the characteristic absorptions 
in the visible region of the {Mo3S4} chromophore while the 
{P8W48} ion absorbed below 380 nm. UV-vis titration of 
{Mo3S4}-containing solutions with POM showed a significant 
increase of the absorbance as the POM/{Mo3S4} ratio increased 
until a break-point observed for POM/{Mo3S4} = 0.25, 
corresponding to a limiting stoichiometry of four {Mo3S4} units 
per POM moiety (Figure 2a and Figure S1 in the Electronic 
Supporting Information). Besides, change of the electronic 
spectra features modifications of the coordination spheres of the 
Mo centers occurring through the grafting process, such as 
substitutions of some aquo ligands for oxo groups of the POM 
subunit. Furthermore, the limit stoichiometry corresponding to 
four {Mo3S4} cores per {P8W48} unit appears consistent with 
two {Mo3S4} cores grafted on each face of the {P8W48}, 
involving the eight nucleophilic oxo groups that line the both 
sides of the central cavity (Figure 1). Such a type of 
arrangement should be similar to that found within the 
{Mo2O2S2}-containing {P8W48}.35 Synthetic procedures were 
established allowing getting solids as potassium acidic salts 
with {Mo3S4} content varying from zero up to four equivalents 
(see ESI). Despite numerous attempts, getting single crystals for 
X-ray diffraction analysis failed whatever the applied 
conditions (pH, {Mo3S4}/POM ratio, ionic strength, nature of 
the counter ions…). Such a result can be explained in part by 
31P NMR study which showed complex spectra featured by 
many signals ranging from about -6 to -9 ppm responsible of 
the collapse of the NMR response, while the {P8W48} precursor 
gave a single sharp line at -6.5 ppm in aqueous solution (Figures 
S2 and S3). This observation is rather consistent with statistical 
distributions of {Mo3S4} species over the two faces of the 
toroidal support producing several species and isomers. 
Nevertheless, the substantial broadening of the 31P resonances 
could also reflect the dynamic behavior of these {Mo3S4} 
clusters on the POM surface. Actually, the large number of 
generated species and their related dynamics should favor the 
formation of amorphous precipitates rather than well-defined 
molecular species included within single-crystal materials. 
Infrared spectra of the resulting mixed potassium-lithium acidic 
salts remained nearly unchanged between the {P8W48} 

precursor and the {Mo3S4}-containing compounds, which 
suggests the full retention of the metal-oxo framework in the 
presence of the {Mo3S4}-supported cluster (Figure S4). In short, 
the reported solution studies demonstrate that the {Mo3S4} aqua 
cation interacts with {P8W48} surface leading to the {P8W48}-
supported {Mo3S4} catalytic materials which can differ in their 
{Mo3S4} loading, ranging from 0 to 4 {Mo3S4} cores per POM 
unit. Molecular materials featured by three {Mo3S4} clusters per 
{P8W48} unit have been isolated through straightforward 
procedures giving either a water soluble mixed potassium acidic 
salt K15H13P8W48(Mo3S4)3O184 • 89 H2O (1a) or a 
tetrabutylammonium salt (NBu4)14K2H12P8W48(Mo3S4)3O184 • 
60 H2O (1b). As compound 1a was used for HER investigations 
in homogeneous conditions, 1b was employed for the 
preparation of cocat-supported silicon HER photocathodes.

Figure 3. Polarization curves of 5 × 10-4 mol L-1 {P8W48} (blue), {Mo3S4} 
(purple) and 1a (red) recorded on glassy carbon showing the highest 
efficiency of the hybrid {P8W48}-supported {Mo3S4} catalyst in 0.5 mol L-1 
aqueous sulfate solution pH = 1 (scan rate = 50 mV s-1). The inset highlights 
the influence of {Mo3S4} on the redox behavior of the {P8W48} ion. Prior to 
the HER electrocatalytic discharge, eight electrons and protons are 
transferred within the {P8W48} subunit. 

2.2. Evidence of the HER synergistic effect within the 
Mo3S4-P8W48 adduct. Investigation of the electrocatalytic 
HER activity of the {Mo3S4}-containing {P8W48} has been 
conducted first in homogeneous conditions at pH = 1. The 
electrochemical behavior of the {P8W48} anion is well-
established36 and corresponds to three reversible 4/4/8 electrons 
reduction waves observed at E°’ = +0.11, 0.02 and -0.16 V vs 
RHE (Figure 3). Furthermore, previous studies have revealed a 
potential dependency for these three processes of about -60 mV 
per pH unit suggesting a concomitant transfer involving an 
equal number of electrons and protons. Moreover, no 
significant HER process was evidenced in this potential range. 
In contrast, grafting three {Mo3S4} clusters onto the {P8W48} 
support (compound 1a) provokes a sharp and abrupt 
exponential increase in the magnitude of the cathodic current 
that overlaps with the third electron transfer step observed at      
-0.16 V vs RHE (Figure 3). Below –0.15 V vs RHE, the 
characteristic HER activity has been measured showing a direct 
relationship between the catalytic current and the evolved 
hydrogen with a faradaic yield up to 95% (Figure S5). For 
comparison, the HER electrocatalytic activity of the {Mo3S4} 
aqua ion measured under similar conditions showed a lower 
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efficiency featured by a substantial increase of the overpotential 
of about 200 mV (Figures 3 and S6). Furthermore, replacing the 
terminal aqua ligands attached to the three Mo centers by other 
groups such as oxalate ions (which reproduce roughly the oxo 
coordinating sphere of the POM) afforded only weak beneficial 
gain to the {Mo3S4} HER activity (Fig. S6). Therefore, these 
results evidence a synergistic interplay between the {P8W48} 
support and the {Mo3S4} catalytic units, which can be 
understood from the redox behavior and the electronic 
properties of the POM as a result of delocalization of 4d-
electrons over the metal-oxo framework through fast hopping 
process. At last, the electrocatalytic interplay between the 
{Mo3S4} unit and the POM matrix has been further highlighted 
through a in situ solution titration of {P8W48} by {Mo3S4} aqua 
cation (Figures 2b and S7). As the number of {Mo3S4} units 
increases in solution, the HER potential measured arbitrarily at 
2.8 mA cm-2 decreases continuously until reaching a plateau for 
the stoichiometry of about four {Mo3S4} units per {P8W48} unit 
(Fig. 2b). Excess in thiomolybdic cation did not afford any 
further significant benefit upon the HER efficiency, meaning 
that the origin of this synergistic HER gain arises from the direct 
covalent interaction between the {Mo3S4} core and the {P8W48} 
support. Interestingly, the same titration experiment carried out 
in the presence of ten equivalents of oxalate per {Mo3S4} unit 
led to a significantly weaker overpotential gain, reflecting the 
partial cancellation of this invoked synergistic effect (Figures 
2b and S7). In this case, competition process between oxalate 
ligands and the {P8W48} anion toward {Mo3S4} coordination 
limited the formation of the highly efficient thio-POM. To 
further verify this synergistic interplay, a reverse titration has 
been carried out, showing the HER performance of the {Mo3S4} 
core enhanced in the presence of various equivalents of 
{P8W48} (Figure S8). In this report, we demonstrate through a 
series of experiments that {Mo3S4} core and {P8W48} 
polyoxometalate associates their intrinsic electrochemical 
properties to produce highly efficient thio-POM molecular 
electrocatalyst.          

2.3. Structured Si photocathodes modified with thio-
POM. In order to evaluate the possibility of integrating the 
thio-POM on a silicon photocathode in heterogeneous 
conditions, glassy carbon was replaced by a photoactive oxide-
free p-type silicon modified with thio-POM by drop-casting. 
Resulting photocathodes have been modified using different 
molecular materials, namely the parent POM {P8W48} ion, the 
thio-POM derivative {(Mo3S4)3(P8W48)} 1b and the {Mo3S4} 
core derived as [Mo3S4(H2O)3(acacBu)3]+ complex (acacBu = 
butyl-acetylacetonate and noted {Mo3S4-acacBu} hereafter). 
Linear sweep voltammetry (LSV) curves measured under 
simulated sunlight (AM 1.5G, 100 mW cm-2) provided a clear 
evidence for the superior HER catalytic activity of thio-POM in 
acidic conditions by comparison of the other respective 
voltammetric responses (Figure 4). 

Figure 4. Linear sweep voltammograms at 20 mV s-1 of different catalyst-
modified flat p-type Si(100) photocathodes under simulated sunlight (AM 
1.5G, 100 mW cm-2) in 1.0 mol L-1 H2SO4. The black and red dotted lines 
correspond to the LSV curves of photocathodes in the dark and 1b-modified 
glassy carbon, respectively. The electrodes were prepared by drop-casting 
of a catalyst solution to reach a loading of 2.9 × 10-5 mmol cm-2.

Indeed, the 1b-modified photocathode showed an overpotential 
of +0.07 V vs RHE (corresponding to +0.13 V when the Ohmic 
drop was corrected, Figure S9) at a photocurrent density of -10 
mA cm-2. We notice that the overpotential value measured at -
10 mA cm-2 for the 1b-modified photocathode is among the 
lowest reported so far for thiomolybdate-based HER 
electrocatalysts immobilized on p-type Si photocathodes (Table 
1).10,12,17,26,27 

Table 1. Catalytic Performances of Different MoS2 and Derived 
Molecular Clusters-Coated p-Type Silicon Photocathodes for 
Simulated Sunlight-Assisted HERa 

Si/Catalystb Onset 
potential 
/VRHE c

E /VRHE at 
-10 mA cm-2

-jL

/mA cm-2 d
pH Ref

SiNWs/MoS2

SiPL/MoS2

SiPL/Mo3S4

SiPIL/Mo3S4

SiPL/Mo3S4

SiPL/{Mo3S4}
{AsW12}
SimPy/{Mo3S4}
{P8W48}

+0.20
+0.28
+0.15
+0.15
-0.04
-0.02

+0.33

< -0.20 
+0.10 
-0.05
~0.00
-0.45
-0.37

+0.07

e

26.5
10.5
14
25.8
21.5

25.0

5.0
0.0
0.0
0.0
0.3
0.3

0.3

10
11
17
17
26
26

This 
work

aThe electrodes based on n+p-Si junctions have been deliberately omitted 
and the indicated potentials are Ohmic drop-uncorrected. bPL: planar 
silicon, PIL: silicon pillars, MWs: microwires, NWs: nanowires and 
mPy: micropyramids. cDetermined for a current density of 0.25 mA cm-

2.dPlateau current density corresponding to the light-limited catalytic 
current. eNot indicated.

The slight differences observed in the light-limited 
photocurrent densities between the catalysts are attributed 
mainly to differences in both the amount of deposited catalytic 
material and light absorption. Importantly, these results 
demonstrate that the synergistic effect arising from the 
{Mo3S4}-{P8W48} combination can be transposed from the 
homogeneous to the heterogeneous phases. Furthermore, this 
striking thio-POM synergistic effect is even amplified when the 
catalytic material was deposited on a silicon photocathode. 
Indeed, under such conditions, the {Mo3S4}-{P8W48} 
association leads to a net decrease of the overpotential of about 
ca. 400 mV compared with the other cocat-modified 
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illuminated silicon photocathodes while in homogeneous 
conditions using glassy carbon as the cathode, the decrease of 
the overpotential never exceeded ca. 200 mV (Fig. 3). Besides, 
a net photovoltage of ca. 430 mV is measured from the 
difference between the onset potentials of 1b-modified 
reference glassy carbon and illuminated Si electrodes, 
highlighting the activation of the electrocatalytic process by 
electrons photogenerated at the semiconductor. 
Despite these promising intrinsic catalytic features, the 1b-
modified photocathode was electrochemically unstable as 
evidenced by the fast degradation of the photocurrent response 
upon electrochemical cycling (Figure S10). A dramatic 
decrease of the onset potential from 0.33 to 0.06 V vs RHE was 
observed after ten successive LSV scans. A similar trend was 
noticed for the two other {P8W48} and {Mo3S4-acacBu} 
modified photocathodes. Such a behavior was attributed to the 
release of the catalytic material from the electrode interface into 
the electrolytic solution, as previously reported for other 
thiomolybdate17,37- or thio-POM26 -modified surfaces. 
Consequently, in order to retain more durably the catalytic 
material grafted on the semiconducting surface, 1b was 
electrostatically entrapped into a PEDOT film taking advantage 
of the anionic charge of the catalyst and the strong affinity of 
PEDOT for large multivalent anions.38 Experimentally, a 
solution containing 1b and PEDOT (Figure S11) was used for 
the deposition of the catalytic material. Indeed, the EDOT 
electropolymerization method must be precluded to avoid any 
oxidation of the underlying silicon surface that would occur 
inevitably at the anodic potentials required to promote EDOT 
polymerization. Moreover, a microstructured silicon surface 
was selected as the immobilization substrate, namely 
micropyramid (SimPy) arrays, instead of flat Si to increase the 
surface area of the photocathode (and therefore its 
photoelectrochemical activity) counterbalancing the antagonist 
effect of PEDOT absorption in the visible region (vide infra). 
SimPy array was fabricated through alkaline etching of p-type 
Si (100) surfaces, which resulted in the formation of pyramids 
ranging from 5 to 15 µm heights (see ESI for experimental 
details and Figure S12 for an illustrative SEM cross-section 
view). The SEM analysis of the 1b/PEDOT-modified surfaces 
showed a ca. 200-300 nm-thick porous and cracked material 
layer covering not homogeneously the SimPy array (Figure 5). 
We anticipate that such an aerated structure should facilitate the 
removal of H2 gas bubbles during electrolytic HER tests (vide 
infra).

10 µm

10 µm

200 nm

200 nm

a b

c d

Figure 5. SEM pictures of 1b/PEDOT-coated SimPy before (a, b) and after 
electrolysis at 0 V vs RHE for 3 h in 1M H

2
SO

4
 (c, d). 

The X-ray photoelectron spectroscopy (XPS) analysis of the 
doped polymer-modified surface confirmed the entrapment of 
the thio-POM in the PEDOT matrix. The survey spectrum 
showed all characteristic peaks related to both components of 
the catalytic material i.e. organic and inorganic parts (Figure 
S13). The high-resolution C 1s spectrum could be reasonably 
fitted using five components at 285.0, 285.3, 286.1, 286.9 and 
288.1 eV corresponding to different carbon atoms present in the 
EDOT pattern, namely C-C/C-H, C-S in the α position, C=C-O 
in the  position and C-O-C in the ethylene bridge, respectively, 
and to the * shake-up transition of the aromatic ring, as 
well (Figure 6a).39,40,41 The main Mo 3d5/2 and Mo 3d3/2 lines at 
230.1 and 233.0 eV were consistent with molybdenum in the 
formal +IV state (Figure 6b).42 The S 2s signal showed two 
components at 226.7 and 228.2 eV which are characteristic of 
sulfur in thio-POM and in the thiophene ring,43 respectively. 
The S 2p spectrum could be deconvoluted into three spin-split 
doublets, 2p3/2 and 2p1/2, with an energy splitting of 1.2 eV and 
an intensity ratio of 1:2, as theoretically expected (Figure 6d).

Figure 6. C 1s (a), Mo 3d and S 2s (b), W 4f (c) and S 2p (d) high-resolution 
spectra of 1b/PEDOT-coated SimPy. Experimental data and fitting 
envelopes are represented by black dotted and solid lines, respectively. The 
peak observed at ca. 225 eV (indicated by an asterisk) is attributed to a 
satellite peak intrinsic to the used XPS source. The colored lines are fitted 
curves using Gaussian−Lorentzian mixed peaks corresponding to different 
components.

The broad signal observed at 168.2 eV was attributed to the 
plasmon loss peak of Si 2s. The first doublet at 161.8 eV (S 
2p3/2) and 163.0 eV (S 2p1/2) could be ascribed to S2- ligands of 
thio-POM26,44,45 while the two other ones at 163.7/164.9 eV (S 
2p3/2/S 2p1/2) and 165.3/166.5 eV corresponded to the 
contributions of S2

2- units of thio-POM and neutral EDOT 
sulfur,39,41 and positively charged EDOT sulfur,41 respectively. 
The W 4f and W 4d lines observed at 35.3 (W 4f7/2), 37.5 (W 
4f5/2), 247.7 (W 4d5/2), and 260.5 (W 4d3/2) eV were consistent 
with W−O/W=O species involving tungsten in the formal +VI 
state (Figures 6c and S14).46,47,48 The position of the P 2p peak 
at 133.2 eV was consistent with phosphate species (Figure 
S14).49 Finally, the O 1s spectrum consisted of two components 
centered at 531.7 and 533.8 eV which were associated with W-
O-W in thio-POM50 and C-O-C bonding in PEDOT,39 
respectively. The experimental ratio between the areas under 
the P 2p and Mo 3d peaks was estimated at 1.2, in relatively 
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close agreement with the theoretical ratio of 0.9 (8:9). Using 
tungsten as the characteristic element of thio-POM, we notice a 
nice agreement between the experimental W 4d3/2/Mo 3d5/2 ratio 
of 5.2 and that theoretically expected, i.e. 5.3 (48:9). 
Photoelectrocatalytic properties of 1b/PEDOT-coated SimPy 
were examined under similar conditions to those used for 
PEDOT-free flat Si photocathodes (Figure 4). A control 
experiment with a SimPy photocathode modified with a 
perchlorate-doped PEDOT film without catalyst revealed a 
cathodic peak at 0.18 V vs RHE corresponding to the 
conversion of the positively charged conducting PEDOT to its 
insulating neutral form (Figure 7). This photocathode exhibited 
a poor HER efficiency observed at -0.3 V vs RHE while a better 
efficiency featured by higher photocurrents were measured for 
1b/PEDOT-coated SimPy at low overpotentials. Plateau current 
density of ~7 mA cm-2 was reached for potentials lower than      
-0.38 V vs RHE. A careful examination of the LSV curve also 
evidenced a cathodic shoulder at ca. 0.12 V vs RHE which can 
be ascribed to the reduction of positively charged PEDOT to its 
neutral form. As the HER process occurs in a potential window 
wherein the polymer film becomes electronically insulating, 
electron hopping between the cocat sites should be considered 
as the main charge transport mechanism required for supplying 
the HER activity. Besides, intensive research on redox polymer-
modified electrodes has demonstrated that charge propagated 
through a redox polymer film by electron hopping was not 
necessarily limiting for efficient electrocatalysis.51 The cathodic 
photocurrent densities measured in the presence of PEDOT 
were however about 3.5 times weaker than those obtained on 
flat Si without PEDOT (Fig. 4) in spite of a higher 
electrochemical surface area. Such a trend is reasonably 
explained by the light absorption of the PEDOT film52 which 
substantially reduces light intensity transmitted to silicon and 
thus decreases the photocurrent densities.

Figure 7. LSV curves at 20 mV s-1 of ClO4
-
/PEDOT- and 1b/PEDOT-

modified SimPy photocathodes under simulated sunlight (AM 1.5G, 100 
mW cm-2) in 1.0 mol L-1 H2SO4.

This is supported by the total reflectance and incident photon-
to-current efficiency (IPCE) spectra. As shown in Figure 8a, the 
UV-visible reflectance of 1b/PEDOT-coated SimPy was much 
smaller than that measured for bare SimPy, 10-17% against 15-
35%, but comparable to that of ClO4

--doped PEDOT-coated 
SimPy, i.e. 10-12%. This overall increase of light absorption 
was confirmed by the IPCE substantial decrease from about 
90% for unmodified SimPy (in close agreement with those 
previously reported)53,54 to 22-27% after deposition of the 
1b/PEDOT layer onto SimPy (Fig. 8b).

Figure 8. Total reflectance (a) and IPCE (b) spectra obtained for bare flat 
silicon (black dotted line), bare SimPy (black solid line), 1b/PEDOT (red 
line) and ClO4

-/PEDOT (orange line) -modified SimPy. The ICPE spectra 
were recorded at -0.54 V vs RHE for 1b/PEDOT-modified SimPy and -1.24 
V vs RHE for bare SimPy.

However, the 1b/PEDOT-modified photocathode was found to 
operate fairly for sunlight-assisted HER at 0 V vs RHE. 
Stability in operation was investigated during controlled-
potential electrolysis tests over a period of 3 h. As shown in 
Figure 9, the modified photocathode yielded H2 with a rate of 
production of 100 ± 10 µmol cm-2 h-1 [detected by gas 
chromatography (GC)] and a faradaic efficiency of 94 ± 2%. 
After an initial period of about 30 min, the measured 
photocurrent density remained relatively stable around 4.0 mA 
cm-2 during the electrolysis time. Furthermore, a stability test 
over a period exceeding 5 h did not show any noticeable 
degradation in the photocurrent (Figure S15). This stationary 
4.0 mA cm-2 value is in quite good agreement with that derived 
from the LSV curve at the tested potential (shown in Fig. 7). 
The slight decrease at the initial step in the cathodic current was 
caused probably by the reduction of positively charged PEDOT 
to its neutral form. Nevertheless, the similarity between the 
LSV curves before and after electrolysis (Fig. 9c) demonstrates 
the high stability of the 1b/PEDOT-modified photocathode and 
rules out any degradation of the catalyst during electrolysis.

Figure 9. a) Photocurrent density−time curve obtained during the 
potentiostatic electrolysis at 0 V vs RHE using the 1b/PEDOT-coated 
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SimPy photocathode under simulated sunlight (AM 1.5G, 100 mW cm-2). 
b) Amount of H2 evolved at the photocathode as a function of the 
electrolysis time. The mole number of produced gas was determined by GC. 
The dotted black line corresponds to the theoretical fit assuming a 100% 
Faradaic efficiency. c) LSV curves at 20 mV s-1 of 1b/PEDOT-coated 
SimPy before and after electrolysis at 0 V vs RHE. 

3. Conclusions
In this study, we evidenced nicely that {P8W48}-supported 
Mo3S4 generates a striking HER synergistic effect compared 
with the parent moieties, leading to substantial decrease of the 
HER overpotential. Such an effect was first evidenced in 
homogenous solution using glassy carbon as the working 
electrode. Solution studies revealed that this synergy requires 
the direct interplay between both components i.e. the {Mo3S4} 
catalytic unit and the {P8W48} electron-collecting unit, arising 
from the covalent anchoring. Such {P8W48}-supported {Mo3S4} 
molecular catalyst has been used as cocat for the preparation of 
modified silicon photocathodes showing that HER synergy is 
retained and even amplified in the heterogeneous 
electrochemical process. Furthermore, the use of a conjugated 
polymer film as the cocat-embedding matrix appears as a 
promising and scalable approach to retain the thio-POM active 
phase on the silicon photocathode in a durably functioning 
photocathode. Even though intrinsic limitations related to the 
partial light absorption by PEDOT reduces the catalytic 
efficiency, the modified photocathodes were found to operate 
efficiently for HER at 0 V vs RHE under simulated sunlight, 
producing approximately 100 ± 10 µmol of H2 cm-2 h-1. In 
addition, no decomposition of the catalytic material was 
observed over a test period of several hours highlighting the 
relevancy of the thio-POM materials as HER electrocatalyst. 
The thio-POM strategy opens many improvements or 
optimization that could be engineered at multi-scale steps such 
as i) the POM-cluster combination, ii) the control of the 
catalytic material-electrode interface, iii) implementing the 
cocat entrapment procedure using adapted covering polymer 
(conducting, transparent, cationic or hydrophobic…).  
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