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Abstract

2D photoactive materials may offer interesting opportunities in photocatalytic devices since
they combine strong light absorption and shortening of charge carrier’s diffusion path.
Because of their high surface defect concentration and the formation of a majority of
edge/plane vs plane/plane contacts between the anisotropic building blocks, surface defect
passivation and improvement of charge carrier transport are critical for the large
development of high surface area, 2D photo-catalysts. Here, we propose a hetero-structure
nanoporous network with a patch-like coating as high performance 2D photo-catalysts. The
hetero-structured building blocks are composed of a photo-active WSe, nanoflake in direct
contact both with a conducting rGO nanosheet and with an ultrathin layer of healing
catalyst. The resulting nanoporous film achieves a photocurrent density for H, evolution up
to 5 mA cm™ demonstrating that the patch-like hetero-structures have been used as an
effective strategy to improve at once hole collection, defect passivation and charge transfer.
These hetero-structures made of an ultrathin layer of healing catalyst represent promising
building blocks for the bottom-up fabrication of high surface area photocathodes particularly

suited for 2D photo-catalysts displaying high defect concentration.
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1. Introduction

Hydrogen production from photocatalytic solar water splitting represents a critical step for
clean, efficient renewable and sustainable energy conversion [1,2]. Intense researches on
various synthetic processes including Physical Vapor Deposition [3], Chemical Vapor
Deposition [4], soft chemistry [5], or self-assembly of nano-sized building blocks [6] were
devoted to the design and fabrication of efficient nanostructured photo-electrodes in order
to greatly increase their performances. Champion photo electrode nanostructures [4-5] for
solar water splitting generally exhibit high surface area, defect-free, highly crystallized
photoactive materials which are usually achieved at high temperatures, T > 450 °C. Designing
innovative and more efficient photo-catalyst nanostructures remains a prerequisite for the
large scale development of solar photocatalytic water splitting. Various strategies have been
proposed for film nano-structure optimization including formation of intimate nanojunctions
between a photoactive material and a catalyst [7], nanopore size control [5], or achievement
of a low proportion of high-angle grain boundaries between primary crystallites forming the
photoactive film [4]. Recently, new opportunities have emerged with the discovery of the
vast library of 2D materials displaying unique optoelectronic properties [8-10]. Indeed, the
high anisotropic form factor displayed by these 2D materials favors maximum sunlight
harvesting and promotes the mass transfer of reactants and products. More important,
these 2D materials may drastically shorten diffusion length of photo-generated charge
carriers thus minimizing their recombination. Interestingly, these 2D materials can develop
increased contact areas between the photoactive nanosheets and planar co-catalysts which
are beneficial for the separation of electrons/holes diminishing the barrier for electron
transport through the co-catalyst. Thus, particular attention has been paid to the formation
and role of 2D/2D interfaces. Recent construction strategies for the photocatalytic
decomposition of pollutants or for the hydrogen evolution reaction proposed 2D/2D
heterojunctions [11-15] including p/n hetero-junctions [11] or co-catalyst/photoactive
nanosheets hetero-structures [11]. Among these 2D materials, 2D Transition Metal Di
Chalcogenides (TMDC) nanosheets and nanoflakes are interesting photoactive materials [9]
displaying unique light absorption properties [16] combined with appropriate band

conduction levels for the Hydrogen Evolution Reaction (HER) [17-18]. More particularly,



TMDC materials are ideal candidates for tandem cells fabrication because they display
various HER onset potentials and adjustable band gaps depending of their chemical
composition [19-20] and thickness, i.e. varying from monolayer to a few layers [9]. Despite
the recent development of 2D photocatalysts, they still face several significant challenges:
(1) The high concentration of surface defects of these 2D materials [21] acting as
recombination sites for the charge carriers, has greatly hampered the development of these
materials in photo-catalysis. Various strategies have been already proposed to passivate
these defects [6, 22-23], improving their performances in water splitting. Particularly, the
design of a multicomponent film achieving defects passivation and possessing catalytic
properties [6, 24] should offer the advantage of a better control of the film microstructure.
(2) Another important obstacle hindering their development in practical applications is their
low surface area [8]. Although recent efforts have focused on the design of macroporous
architectures [25], their nanoporous counterparts constructed from these 2D materials
yielding higher surface areas generally suffer from poor charge carrier transport due to a
majority of edge/edge or edge/plane vs plane/plane contacts. Thus, it is highly desirable to
develop innovative routes for the design of new nanostructured films fabricated from 2D
photo-catalysts and displaying high photo-electrochemical performances.

In this work, a nanoporous network of patch-like hetero-structures fabricated from 2D WSe,
nanoflakes and including an ultrathin layer of healing co-catalyst is proposed for the
photocatalytic water splitting. 2D WSe, was chosen as 2D materials because of its band gap
properties (1.5 eV) which closely match the solar spectrum [9] and its high stability in acidic
or alkaline solutions. The hetero-structured nanoporous network have been first designed to
improve the photo-generated hole collection through the implementation of a percolating
network of conducting reduced Graphene Oxide (rGO) nanosheets connected to the
Fluorine-doped Tin Oxide (FTO) back electrode. Taking advantage of their analogous layered
structures, we have thus focused in a first step on the construction of WSe,/rGO layered
heterojunctions with partial coverage of the WSe, surface by the rGO nanosheets. The
patch-like, high surface area, layered hetero-structure was prepared in this first step by a co-
self-assembly process of WSe, nanoflakes and Graphene Oxide (GO) nanosheets of lower
lateral size. GO nanosheets which were later transformed into rGO by thermal reduction
under Ar atmosphere, were chosen because they interact with the WSe, nanoflakes by

amphiphilic interactions [26]. Indeed, GO nanosheet acts as an amphiphilic surfactant, in



binding to WSe, through the hydrophobic, un-oxidized, poly-aromatic islands located in its
basal plane while the hydrophilic (i.e. carboxyl and hydroxyl) groups on the edges ensure the
colloidal stabilisation of the GO/WSe, ensemble in dimethylformamide (DMF). In addition to
this amphiphilic fydeephitie interaction, the formation of the WSe, nanoporous layered
hetero-structure was driven by short-range complexing interactions between the WSe,
surface and a sacrificial template. For this purpose, a customized nanometer-size, colloidal,
mixed-metallic sulfide (SngsSbosS:5) template interacting with the TMDC nanoflakes surface
was specially-engineered and synthesized to ensure minimal oxidation of the WSe, thin
nanoflakes during the whole self-assembly process. In a second step, simultaneous surface
defect passivation of the photoactive 2D WSe; and its catalytic activation were performed
yielding the co-catalyst/ WSe,/rGO hetero-structure network. To preserve its high surface
area, we have used a multicomponent ultrathin film displaying multifunctional properties to
homogeneously coat the photoactive film. This film composed of different thio- and oxo-
thio-Mo complexes denoted in the following Mo,S,, includes thio- and oxo-thio-Mo
monomers with healing properties while presence of thio- and oxo-thio-Mo dimers and
trimers develop catalytic properties [6]. Using high resolution transmission microscopy (HR-
TEM) and Intensity Modulated Photocurrent Spectroscopy (IMPS), we demonstrate the
patch-like coating of the WSe, photo-active surface respectively by the rGO conductive
nanosheets and the healing co-catalyst film. High photocurrents up to 5 mA cm™ under 1 sun
illumination were achieved highlighting the beneficial use of a healing co-catalyst in the

fabrication of these patch-like hetero-structures.

2. Methods.
2.1. Materials
Preparation of MoxSy/WSe,/rGO hetero-structures.

Preparation of Sn(I1V)-Sb,S; ( Sb=0.5 molar) colloids. SbCl; (Sigma, 8 mmol, 1.83 g) and SnCl,
5H,0 (Sigma, 8 mmol, 2.8 g) are dissolved in 32 ml dimethylsulfoxide (DMSQO). A (NH4),S
aqueous solution is prepared by adding H,0 to 3.23 M S solution (Sigma, 64 mmol, 19.81
ml) to a total volume of 128 ml. Precipitation of a brown solid is observed after the
instantaneous addition of the DMSO metallic salts solution to the sulfide solution. After

stirring one night at room temperature (RT), the reaction mixture is aged at 30 °C (two days)



until a yellow limpid solution containing the anionic metallic chalcogenide species is
obtained. After dilution of the freshly prepared anionic chalcogenide solution (20 ml of the
mother solution diluted to 200 ml by H,0), temperature polycondensation of the soluble
anionic species is performed in a pre-heated constant temperature bath at 65 °C. When the
solution turns to yellow green turbid (2 hours), the reaction is immediately quenched by
addition of 200 ml H,0 to the solution. After aging for one night at RT, the colloidal solution
is washed on a 3 KD membrane by 200 ml H,O and finally post-concentrated by
ultrafiltration yielding an orange colloidal dispersion. Transfer in (DMF) is performed by
adding DMF into the aqueous dispersions and slow evaporation during 16 h in Air
atmosphere at 65 °C.

WSe,/rGO co-textured powder formation. WSe, powder (Alfa Aesar) was exfoliated in
solvent [27] using an ultrasonicator 750 W at 40% amplitude. The Di Chloro Benzene (DCB) solvent-
exfoliated WSe, nanoflakes were collected after size-fractionation (selection at 800 rpm) and
redispersion in DMF. The WSe, (40 g I'l) and SngsSbosS;15 (100 g I'1) DMF concentrated colloidal
dispersions were mixed at room temperature at a WSe; volume fraction, ®vyse2, PVwser=
Vwse2/(Vwse2+Vsnsps)= 0.15. Then, 1 ml of GO dispersion (1 g I? lateral size L= 80 nm) was
added to the previous mixture to achieve a r.go molar ratio, r.go= rGO/(rGO+WSe,), rGO=
0.05. The resulting solution was poured in a large surface open reactor and evaporated at
room temperature under a hood equipped with Air flow. The resulting dried co-textured
powder was collected and calcined under Ar at 200 °C during 1 hour. Dissolution of the
template from the co-textured powder was performed by adding 20 ml of (NH4),S 1.5 M.
This operation was performed 3 times and the powder was finally washed in H,0. No trace
of Sn or Sb was detected by energy dispersive spectroscopy (EDS) analysis on the WSe,/rGO
dried co-textured powder.

WSe,/rGO photo-electrodes. The photo-electrodes were made by drop casting a solution
containing the WSe,/rGO co-textured powder previously described (r,go= 0.05) dispersed in
a GO colloidal aqueous solution to achieve a total rGO content, r,go = 0.15. Two sets of
WSe,/rGO photoelectrodes (S= 1 cmz), denoted hereafter nanostructured films, were
prepared with deposition of 4 or 8 layers, with solvent (H,0) evaporation between each
layer deposition. Typical average thicknesses of the films were e= 2 and 4 um respectively
achieved with mass loading, m= 2 and 4 mg. The WSe,/rGO electrodes were post-calcined

with a heating rate of 25° h™ under Ar at 300 °C during 2h.



MoxSy healing co-catalyst film deposition. A thio-, oxo-thio-Mo complexe solution is
prepared as previously described [6] by dissolving 2.5 millimoles of (NHz), MoS,4(0.65 g), into
8 ml of 0.31 M (NH4),S solution. The solution is adjusted at pH 9 with 4.5 ml of HCI 0.5 M and
diluted to 250 ml. Solid precipitate in small quantity is removed by ultracentrifugation at
15 000 rpm during 10 min. The healing catalyst film is deposited by successive dip coatings
(2x 16 h) of the WSe,/rGO-FTO photo-electrode under slow stirring into the thio-, oxo-thio-
Mo complexes solution (0.01M Mo) previously prepared.

2.2. General characterization.

Conductivity measurements were performed using a Signatone S 1060R conductimeter
equipped with four QUAD PRO electrodes. Measurements were performed on drop-cast and
nanostructured WSe,-based films deposited on Glass substrates with a film thickness of ~ 2
um and electrodes inter-distance of 1.6 mm.

Continuous wave photoluminescence (PL) has been performed on the non-coated and co-
catalyst coated WSe, photocathodes by exciting the samples mounted on an AttoCube atto
700 cryostat with a He-Ne laser (excitation 632.8 nm). The laser light has been focused on
the sample using a high numerical aperture lens (NA= 0.55) to a ~ 2 um spot-size with powers
ranging from 50 to 500 uW. The PL signal, collected from the sample in backscattering mode,
has been dispersed by an imaging monochromator and the spectrum recorded using a liquid
nitrogen-cooled silicon charge coupled device (CCD camera).

(TEM) studies were performed using a JEOL JEM-ARM 200F spherical-aberration probe
corrected electron microscope equipped with a cold field emission gun operated at 200 kV.
The complete equipment includes an ultrafast Ultrascan 2k x 2k camera (Gatan) for TEM,
high-angle annular dark field (HAADF) detectors (JEOL) for STEM imaging, a Centurio X-ray
detector (JEOL) for ultra-high resolution EDS mappings. Plan view sections were prepared by
Focussed lon Beam (FIB) The sample is thinned by standard tripod polishing until it is a few
um thick. The final sample is thinned using a Gatan PIPS 691 ion beam miller to create an
electron transparent sample.

2.3. Hydrogen and photo-electrochemical measurements.

Linear scanning voltammetry (LSV) curves were recorded using a Gamry potentiostat in a
three-electrode configuration equipped with a Pt foil and a Ag/AgCl reference electrode. In

a typical LSV acquisition, the voltage applied to the working electrode (S= 1 cm?) was swept



cathodically (10 mV s™) between +0.4 V and -0.4 V vs NHE in H,SO, 0.5 M for the MoxSy
/WSe,/rGO electrode. The light source used in the photoelectrochemical (PEC)
measurements was a 100 W Xe lamp including AM 1.5G filter. By adjusting the distance
between the sample and the simulator, we finely controlled the irradiance of 1 sun using a
pyranometer (PMA 2144 Solar light).

A three electrode closed set-up was used for the hydrogen detection. The real-time analysis
of the composition of the gas was performed using a Gas Chromatograph (Shimadzu, GC-
2014 AT). The Faradic efficiency of our cell is calculated assuming 100 % efficiency for a Pt
calibration cell equipped with Pt foils as both the working electrode and counter electrode.
Incident-photon-to-current-efficiency (IPCE) measurements of the photocathodes were
performed illuminating the photocathode using a set of high-power light emitting diodes
(H2A1 Series LED) from Roithner Laser Technik.

IMPS measurements were performed in H,SO4 0.5 M for bias range of +0.4 to -0.2 V vs NHE
and a frequency range of 0.1 Hz to 10 KHz. The modulated illumination was provided by a
light emitting diode (Roithner Laser Technik, A= 760 nm, 0.4 Watt). The AC amplitude was

set up to 40 % of the applied DC base intensity.

3. Results-Discussion.

3.1. 2D WSe; nanostructured film by co-self-assembly.

Fabrication of the 2D WSe, nanostructured photocatalyst involves the colloidal co-self-
assembly of GO nanosheets, WSe, nanoflakes of optimal thickness and a post leachable
template of controlled size (D= 65 nm, Figure 1a). In a first step, we prepare nanoporous co-
textured WSe,/rGO powder by colloidal self-assembly in DMF of GO nanosheets, solvent-
exfoliated WSe, nanoflakes and spherical (SngsSbosS:5) colloidal templates (Figure 1b,c and
Figure S1). Indeed, Sb,S; which forms highly soluble complexes with sulfide anions [28]
proves to be a good candidate as a hard template. Sn(lV) cations were incorporated into
Sb,S3 to significantly improve the colloidal stabilization of the Sb,S; nanoparticles while
providing molecular Sn chalcogenides as surface ligands [29,30]. To fully exploit the layered
character of the photo-active film, we select ultrathin GO nanosheets of slightly lower lateral
size as building blocks to construct the conducting percolating network. GO nanosheets,

instead of graphene [31,32], were used to favour amphiphilic interactions with the WSe,



nanoflakes building blocks [26] during the co self-assembly process. With the objective to
conduct the co-self-assembly in a highly repulsive regime, (SngsSbosSis) colloids and GO
nanosheets building blocks were prepared in highly alkaline aqueous solution (Figure S1),
thus developing similar negative surface charge. To prevent any phase separation with the
WSe, nanoflakes, the co-self-assembly process was driven in DMF solvent. After solvent
evaporation, thermal consolidation of the WSe,/rGO network under Ar at 200 °C and post-
dissolution of the (SngsSbosS1s) template in S,% aqueous solution, a composite textured
powder is collected. To get more insight into the interactions driving the co self-assembly
process, we first conducted separately self-assembly of WSe, nanoflakes and of GO
nanosheets with the (SngsSbosS1s) colloids template. BET measurements performed on the
corresponding dried textured powders clearly show the presence of significant pore volume
exclusively on the textured WSe, sample (Figure S2). This demonstrates that the metallic
sulfide colloidal template interacts preferentially with the WSe;, nanoflakes and not with the
GO surfaces. In addition, no phase separation of the GO nanosheets was observed during the
co-assembly. Thus, our process probably involves a second interaction regime based on

bydeephilie amphiphilic interactions between WSe, nanoflakes and GO nanosheets [26] as

previously reported.
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Figure 1: a) Schematic of the co-self-assembly process. b) Photograph of (SngsSbgsS:s) template colloidal

dispersion in DMF c) TEM image showing monodisperse spherical (SngsSbg5S15) colloids.



To improve percolation of the rGO network, additional infiltration of GO nanosheets was
performed by drop-casting mixed solutions containing in addition to the co-textured
WSe,/rGO powder prepared as previously described, free-standing GO nanosheets. After air
evaporation, a calcination step was performed at 350 °C (12 h ramp time) under Ar to
convert GO into rGO. It is worthy to note that the long duration time of the calcination step
improves connection between the WSe,/rGO co-textured powder thus vyielding a
nanoporous film composed of layered WSe,/rGO building blocks. These nanostructured
films, denoted hereafter nanostr. WSe,/rGO films, exhibit r,go = 0.15. For comparison, two
reference films were prepared using i) rGO-free textured WSe, powder, denoted nanostr.
WSe,/rGO-free films and ii) exfoliated WSe, nanoflakes prepared in similar exfoliation and
selection conditions —but without self-assembling- which were simply drop-cast, denoted
drop-cast WSe;, films.

Because WSe, nanosheets are sensitive to oxidation, chemical degradation of the
nanostructured WSe,/rGO films prepared from WSe, nanoflakes exfoliated in air
atmosphere was assessed by X-ray photoelectron spectroscopy (XPS) (Figure S3). From data
extracted from the W 4f (WSe,, B.E.: 31.7; 33.7 eV) and Se 3p regions, we determine
Se/Wnolar= 2, indicating absence of significant WSe, degradation. A more quantitative value
of the oxidation ratio, ry.o=W..0 / (W..O + W..Se), rw.o = 0.135, was extracted from 4f 7/2,
4f 5/2, tungsten oxide (WOx) peaks (B.E.= 35.3 and 37.4 eV, [33-34]) confirming a low
oxidation ratio. Because a similar value of ry o was observed on freshly exfoliated WSe,
nanoflakes, the observed slight oxygen contamination thus mainly arises from the exfoliation
process performed in air atmosphere. This result also demonstrates that no significant

chemical oxidation of the WSe; nanoflakes occurs during the whole co-self-assembly process

including the GO thermal reduction step when using WSe, building blocks selected at 800

888-rpm- Importantly, the cyclic voltammetry curves recorded on the nanostr. WSe,/rGO-
free film prepared from WSe;, nanoflakes selected at 800 rpm show an enhancement of the
electrochemical surface area. A 4-fold increase of the capacitance compared to the drop-cast
photo-electrode is observed revealing a remarkable improvement of the electrochemically

accessible surface area with nanostructuration (Figure 2).



Typical cross-section SEM image of the nanostr. WSe,/rGO film (Figure 2a) was recorded at
relatively low magnification after sequential slicing using FIB milling. We can clearly observe
a porous skeleton composed of interconnected building blocks displaying anisotropic
morphology. Presence of W and Se shown by EDS analysis in these anisotropic building
blocks demonstrate that these building blocks could be fully identified as WSe, nanoflakes.
Fine inspection of this SEM image reveals that the photoactive film contains bundles of WSe,
nanoflakes of average lateral dimension, L= 400 nm, and thickness, e= 100-120 nm, each
bundle being composed of an in-plane stacking of ~ 3 primary nanoflakes of ~ 40 nm
thickness (Figure 2b). Consistently with this thickness value determined from a small probed
volume, a similar thickness value was calculated from the experimentally determined BET
surface area of 7 m? g™ (Details in Figure S2). Moreover, from an in-depth X-ray investigation
and using a Williamson-Hall model [35], two sets of data are clearly observed yielding two
different plots resulting from the anisotropic morphology of the ordered domains (Figure
S4). As expected, larger ordered domain size is observed for the diffraction peak of the (00I)
basal plane. More important, the ordered domain size determined for the (100), (105)
diffraction peak (e= 46 nm) is in line with the primary building blocks thickness of the WSe,

nano-flakes determined from SEM picture (Figures 2a, 3a).

a nanostructured film free from preferential orientation indicate that these primary
nanoflakes were indeed monocristalline. The intimate mixture of rGO nanosheets and WSe;
nanoflakes is illustrated on Figure 2c showing a rGO nanosheet coating the WSe, nanoflake.
Although the partial extension of the rGO nanosheet beyond the WSe, nanoflake was clearly
observed, thus favoring the formation of a percolated network of rGO nanosheet till the
back FTO electrode, several clues confirm that the WSe; nanoflakes are intimately coated by
the rGO nanosheets. First, nanostructured WSe, powders prepared with and without rGO
were shown to display nearly similar pore volume, pore distribution and BET surface area
(Figure S2a,b). In addition, although slightly lower, a similar order of magnitude for the
electrochemically active surface was determined by voltammetry (C-V curves, Figure 2e) in
0.5 M H,S0,; on the nanostructured WSe,/rGO photo-electrodes prepared from the co-
textured WSe,/rGO powder compared with a reference nanostructured rGO-free WSe,
powder. Taking in account that the rGO ratio incorporated into the film is lower than the

amount required for the full coverage of the WSe, nanoflakes surface (Figure S2), all these



results indicate a patch-like coating of the WSe, surface by the rGO nanosheets rather than

the presence of a high proportion of free-standing rGO.

3.2. Decrease of charge carrier accumulation by construction of a percolated rGO
nanosheets network.

In contrast to drop-cast reference films displaying a large number of plane-to-plane contacts,
the majority of contacts observed in the cross section image of the nanostructured films
composed of 2D nanoflakes are edge-to-plane or edge-to-edge contacts (Figure 2a). More
specifically, the large decrease of plane-to-plane contacts should greatly affect the electrical
conductivity of the film. As expected, significant decrease of the lateral conductivity over a
large distance (1.6 mm) was observed on nanostructured WSe, films for measurements
performed in Air atmosphere using a four-electrode set-up on WSe,-Glass films (Figure 2f).
The better conductivity of the reference drop-cast film indicates reasonable long-range
conductivity in the range of 10% S m™ resulting both from the in-plane conductivity of the
primary WSe, nanoflakes [36] and from the higher number of plane-plane contacts into
these films. In contrast, in the nanostructured WSe; film displaying mainly edge-to-plane or
edge-to-edge contacts, the significant electrical conductivity decrease down to 10* s.m™
highlights the poor electrical connectivity of these contacts. Interestingly, although the rGO
nanosheets produced from thermal reduction of ultra-sonicated GO were not well-
crystallized, the long range electrical conductivity was restored within the nanostr.
WSe,/rGO film by insertion of a low rGO concentration (0.72 % wt rGO or r,go= 0.2).

Using a co-self-assembly process, this result demonstrates the formation of a percolated
network of rGO nanosheets occurring at a rGO/WSe, surface coverage ratio o= 0.85 (for

details, Figure S2). Similarly, LSV curves recorded on the

nanostr. WSe,/rGO films also show higher photocurrents for an optimal rGO ratio at r,go=
0.2 (Figure 2g) in H,SO4 0.5 M. More insights into the rGO contribution were gained from
electrochemical impedance spectroscopy (EIS) measurements. The lower resistance values
extracted from the low frequency range of the Nyquist plots are observed at a similar
optimal ratio, r,go= 0.20 (Figure 2g). Because these low frequency data are associated to the
semiconductor-electrolyte interface [37,38], this indicates an improved charge transfer at

this interface occurring simultaneously with the net decrease of the charge carrier
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Figure 2: WSe,/rGO nanostructured 2D photocatalyst properties. a) FIB-TEM cross section image showing a
percolating network of WSe,/rGO nanoflakes displaying mainly edge-edge or edge-plane contacts. b) Insert:
Zoom showing that the 120 nm thick, WSe, bundle is composed of 3 primary nanoflakes of ~ 40 nm. c) TEM
image showing a rGO nanosheet covering a WSe, nanoflake. W, Se and C EELS spectra showing a rGO
nanosheet stretching out outside the WSe, surface over 5 nm. d) Carbon, tungsten and selenium mapping
showing coating of WSe, by rGO. e) Capacitance —Voltage (C-V) curves recorded at 20 mV/sec in 0.5M H,SO, for
the rGO-free/WSe, and rGO/WSe, nanostructured films. Comparison with the C-V curve recorded on drop-cast
WSe, reference film, given for reference highlights the high electrochemical accessible surface area for the
rGO-free/WSe, and rGO/WSe, nanostructured photo-catalysts. f) In-plane electrical conductivity of
nanostructured 2D rGO/WSe, and WSe, films. Data collected from a drop-cast WSe, film is also given for
reference. g) LSV curves showing ro ratio dependence of photo-current. Insert: Dark EIS plots of
corresponding films showing decrease of charge transfer resistance with r,go ratio. H,SO, 0.5 M. E= -0.2 V vs

NHE.

accumulation and recombination resulting from the formation of the percolating conducting
network in the photoactive film (Figure 2f,g). All these results highlight the crucial
importance of improving charge carrier transport within high surface area, nanoporous
photo-electrodes composed of 2D building blocks. Effects of nanostructuration implemented
to the patch-like hetero-structures are demonstrated from the significant differences
observed on typical LSV curves recorded on drop-cast and nanostructured WSe,/rGO photo-

electrodes after rGO ratio optimisation (Figure S5).

3.3. Catalytic activation of the 2D photocatalyst by a multicomponent ultrathin film.



To fully benefit from the unique properties displayed by the architectured 2D WSe, photo-
catalyst, an ultrathin film of healing catalyst was designed to coat intimately the rGO-
partially-coated WSe, nanoporous skeleton. Use of a multicomponent layer capable of both
healing the WSe, surface defects and displaying a high catalytic activity [6] favours the
formation of more homogeneous hetero-structures possessing more uniform thickness. To
preserve the small mean free-path of charge carriers relevant to these layered
nanostructures, it is mandatory to efficiently passivate and catalytically activate the photo-
electrode with a film thickness as thin as possible. In this context, the formation of a
continuous ultrathin film was thus explored at ambient temperature in a heterogeneous
growth regime from a large variety of diluted aqueous Mo sulfide complexes solutions (Mo=
0.01M,4<S/Mo<6,8.0<pH<9.7).

Best photocatalytic performances were achieved by deposition of an ultrathin film
performed in low supersaturation conditions (0.01 M Mo) from a distribution of Mo sulfides
complexes formed spontaneously in H,O and prepared at pH 9 and S/Mo= 5. In addition to
the thio- and oxo-thio- Mo monomers species such as (MoS4)%, (M00S3)%, an electro-spray
ionization mass spectrometry (ESI-MS) investigation (Figure S6) reveals that these solutions
display peak concentrations of highly catalytically active dimers (M0,512)*[39], (M0,S¢0,)*
[40] and trimers (Mo3SsO)>. Formation of a stable, ultrathin film displaying high photo-
electrochemical performances was achieved using a selective dip coating process including
successive long duration time (up to 2x 16 h) alternating with H,O washings [6].

Typical cross-section SEM image the co-catalyst /WSe,/ rGO hetero-structures was recorded
after sequential slicing (Figure 3a) using a FIB. We can clearly observe a porous skeleton
composed of interconnected building blocks displaying an anisotropic morphology.
Interestingly, consistently with XRD data (Figure S4a), the-sbservation presence of random
orientations of the WSe, nanoflake building blocks indicates a successful 3D self-assembly.
Fine inspection of the interconnected network reveals the presence of irregular contours on
the periphery of nanoflakes and curved domains at inter-nanoflakes junctions. This indicates
the presence of a continuous film coating the WSe, nanoflakes. Although the accurate
determination of the average thickness of the WSe;, nanoflakes remains difficult from the
SEM images, the WSe, nanoflakes exhibit an average thickness around ~ 120 nm, close to the
average thickness previously determined on the catalyst-free WSe,/rGO nanostructures.

Careful observation of the SEM images also reveals the presence of higher contrast linear



domains all along the co-catalyst/WSe,/rGO skeleton confirming as previously observed on
the nanostr. co-catalyst-free/WSe,/rGO film that these anisotropic hetero-structures of -~
120 nm thick are indeed mainly composed of the stacking of ~ 3 primary nanoflakes (Insert
Figure 3a). Note that from an in-depth inspection of the sample, we cannot discard the
presence of isolated WSe, nanoflakes of lower thickness. For example, better illustration of
the properties of the co-catalyst/WSe, interface was performed on isolated nanoflakes of
lower thickness (~ 8 nm thickness composed of ~ 12 elementary nanosheets) coated by an
ultrathin film of co-catalyst (Figure 3b). From EDS analysis, both the nanoflakes as well as the
lower contrast domain coating the nanoflakes were fully identified as WSe, and co-catalyst
with the respective presence of W, Se and Mo, S. Figure 3b reveals the formation onto the
WSe, surface of a homogenous, compact and perfectly adherent co-catalyst coating.
Electronic diffraction performed on this coating clearly demonstrates its amorphous feature.
A high resolution STEM image taken at a nanometer scale (Figure 3c) reveals that the Van
der Waals layered structure remains largely intact with an interlayer spacing of 0.66 nm
which is within 0.5 % of the one reported for bulk WSe, [41]. More important, the HRTEM
image also shows that the layered structure of the WSe; is preserved up to the WSe,
nanoflake periphery after co-catalyst deposition without any diminishing in lateral size,
clearly demonstrating that no degradation occurs at the edges of the WSe, nanoflakes as
shown in Figure 3c. Details of the Mo,S,/WSe,/rGO hetero-structure is provided by high
resolution STEM-EDS mapping. The HAADF image (Figure 3d) shows a WSe, nanoflake of 12
nm thickness composed of ~ 16 elementary nanosheets in a cross-section view where the
elementary nanosheets can be observed by contrast. As expected, STEM—EDS mapping
reveals the presence of a ~ 12 nm core containing the W, Se elements. Although our co-self-
assembly process favors the formation of 2D/2D, WSe,/rGO planar interfaces, the coating of
the WSe, nanoflake edges by rGO nanosheets has also been observed as shown from Carbon
STEM—EDS mapping. This unambiguously demonstrates the presence of rGO in our hetero-
structures. In addition, STEM-EDS mapping analysis of Mo and S clearly shows the presence
of Mo and S on the periphery of the WSe, nanoflake. Consistently with the post-deposition
of an ultrathin (1 to 2 nm thick) Mo,S, film onto the WSe,/rGO nanostructured film, the
WSe, nanoflake is sandwiched between two ultrathin layers of co-catalyst. This is an
experimental evidence of the formation of the layered anisotropic hetero-structure spatially

distributed according to the well-defined sequence Mo,S,/WSe,/rGO (Figure 3d).
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Figure 3. Properties of co catalyst/WSe,/rGO photo-electrodes. a) FIB-SEM cross section image showing an
interconnected 3D porous assembly of WSe, anisotropic nanoflakes. Insert: Zoom showing presence of higher
contrast linear domains all along the 120 nm thick co-catalyst/WSe, skeleton highlighting the stacking of 3
nanoflakes. b) High Resolution TEM image showing WSe, nanoflakes embedded in amorphous Mo,S, co-
catalyst. ¢c) HRTEM image at the nanoscale demonstrating no degradation at the edge of a WSe, few-layer after
co-catalyst deposition. d, e) Atomic-resolution HAADF-STEM image showing the detailed structure at the
nanometer scale of the Mo,S,/WSe, layered hetero-structure. The ~ 5 nm thick WSe, nanoflake is sandwiched

between an ultrathin, co-catalyst film of ~2 nm Mo,S,.

Note that extension of rGO nanosheets outside the WSe, nanoflake has been also observed.
On another HAADF-STEM —EDS image, Figure S7 depicts a 40 nm thick WSe, nanoflake
together with an rGO nanosheet spreading out 60 nm from the WSe, nanoflake in a non-
coiled conformation. All these results indicate the successful formation of a nanoporous
skeleton formed from 120 nm thick, tri-layer hetero-structure building blocks composed of
co-catalyst ultrathin film, WSe; nanoflake and rGO nanosheet.

Chemical composition of the ultrathin co-catalyst film was probed by XPS analysis. Because
of the porous structure of the film and of the low average thickness (e.c < 10 nm) of the co-

catalyst film, XPS can be used to provide quantitative data of the chemical composition of



the whole co-catalyst film as well as of the WSe; nanoflake surfaces. From the data extracted
from the Mo 3d and the S 2p regions and using assignments previously reported in the
literature [42], an average value of S/MoOmea= 4.5 was determined for co-catalyst film
withdrawn after the first hours of dip coating (5 h dip coating). Importantly, films displaying
high photo-electrochemical performances and prepared at longer dip coating time (2x 16 h),
exhibit a significant increase of S/Mo ratio to S/Mo= 5.2 (Figure S3). Changes observed in the
S/Mo ratio during the growth of the co-catalyst film probably result from different growth
mechanisms. In a first step, deposition of thio-, oxo-thio- Mo complexes may be driven by
adsorption energies on the bare WSe, while coordination—reticulation may later dictate the
film growth process. The S/Mo value determined on our co-catalyst film compared with
previously reported data [43,44] suggests the presence in high proportions of (M0,5:)*
species displaying both high catalytic activity [39] ane=high-S/Me-—ratie; in association with
species displaying lower small S/Mo ratios such as (M00S3)*, (M0,S¢0)* and (MoS,)?.

3.4. Healing and optoelectronic properties of the co-catalyst ultrathin film.

The healing properties of the co-catalyst film were first demonstrated by a
photoluminescence investigation (Figure 4a). Rheteluminesecence PL measurements on the
nanostr. catalyst-free/WSe,/rGO films reveal no measurable luminescence as a consequence
of the high concentration of electronically active surface defects usually present in these 2D
materials. In contrast, despite bulk WSe, is known to display poor luminescence due to its
indirect nature of the band gap, luminescence signals were clearly recorded for

measurements performed on the Mo,S,/WSe,/rGO hetero-structures. Figure 4a shows the
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Figure 4: Healing properties of the Mo,S, co-catalyst ultrathin film. a) Normalized PL of co-catalyst coated 2D
WSe, photo-catalyst at 4 K and 300 K. b) LSV curve recorded on Mo,S, coated-nanostructured 2D WSe, photo-
catalyst showing beneficial effect of nanostructuration. LSV curves on various reference photo-electrodes are
given for comparison. Insert: LSV curves recorded on drop-cast (reference) and nanostructured co-catalyst
coated/WSe, photo-electrodes. c) Charge transfer resistances R and d) Capacitances fit from impedance
responses of bare and co-catalyst coated WSe,/rGO nanostructured photo-electrodes under illumination (A=
450 nm), H,SO, 0.5 M, E= -0.1 V vs NHE. e) IMPS spectra of=-WSe,-based photo-electrodes: E= 0.0 V vs NHE.
Electrolyte H,SO, 0.5 M. A = 680 nm. f) IMPS spectra of co-catalyst/WSe,/rGO photo-electrode. Electrolyte
H,S0, 0.5 M. A = 680 nm. g) Recombination rate constants and h) Charge transfer rate constants for WSe,-
based photo-electrodes. Insert Fig. 4h: Zoom showing increase of charge transfer efficiency (n.; = ki / (ke +

k..c)) with polarization for co-catalyst coated/WSe, nanostructured photo-electrodes.

wavelength shift of the PL emission peak-position from ~909 nm (1.36 eV) at 300 K to 780
nm (1.59 eV) at 4 K exciting the sample with the red line of a He-Ne laser (1 = 632.8 nm)
with a power of 500 pW. While the position of the PL peak of the room temperature
photoluminescence could be interpreted as an envelope including mainly building blocks
formed from several nanoflakes with an average thickness around 20 - 45 nm [45-46], the
measurement of a sizeable PL intensity in these multilayer structures indicates the successful
mitigation of defect-mediated non-radiative recombination and clearly demonstrates
passivation of surface defects.

In addition to the surface defects passivation, the co-catalyst film exhibits semi-conduction
as demonstrated by UV-Vis spectroscopy (Figure S8). From Mott-Schottky analysis, we have
shown the n-type semi-conduction and determined the flat band potential of the co-catalyst
film. Interestingly, in combination with the p-character of the WSe, nanoflakes (Figure S8),

the n-Mo sulfide co-catalyst ultrathin film was shown to build a beneficial p/n junction [47].

3.5. Increasing photo-electrochemical performances of the 2D photocatalyst by

nanostructuration.



Performance improvements resulting from the nanostructuration are clearly shown on the
LSV curves (Figure 4b) recorded on films prepared at r,go= 0.15 using WSe,/rGO co-textured
powder in combination with a GO nanosheets post-addition. Compared with photocurrents
recorded on reference photo-electrodes fabricated from drop-cast exfoliated-WSe,
nanoflakes or nanostr. rGO-free/WSe, films, a remarkable large average photocurrent up to
j=5 mA cm™ at -0.2 V / NHE (on six replicate electrodes tested) in the range of the best
values of the state of the art for photoactive 2D WSe; electrodes [23] was recorded under
intermittent 1 sun illumination on the co-catalyst/WSe,/rGO-hetero-structures. While no
thickness dependence was observed for the rGO-free films, it is worth noting that the larger
photocurrents were achieved on relatively thick rGO/WSe,/co-catalyst films (e= 4 um). Using
the hetero-structuration strategy developed in this work, an optimal thickness of 4-5 um was
determined for our 2D nanoporous film vyielding a 3-fold increase of the photocurrent
density.

To demonstrate that the recorded photocurrent could be ascribed to the hydrogen
formation, we have measured the real-time hydrogen evolution by gas chromatography
(Figure S9). Under continuous illumination, evolved H; gas was measured and compared to a
Pt calibration curve. A Faradic yield around 95 % was determined indicating proton
reduction as the main reaction. Moreover, another important criterion is film stability. The
chrono-amperometric behaviour of the catalyst/WSe,/rGO photo-electrode in 0.5 M H,S0,
is reported Figure S10 showing a nearly constant photocurrent observed under intermittent
illumination demonstrating photo-electrode stability. In addition, no significant evolution
was observed on the Raman spectra and TEM images recorded before and after HER testing.
Although the co-catalyst film was formed from water-soluble Mo complexes, all these results

are consistent with the formation of a partially well-reticulated, stable, co-catalyst film.

Incident-photon-to-current efficiency (IPCE) measurements were performed illuminating the
photocathode using a set of high-power light emitting diodes (Figure S11). The better IPCE
value was determined at A= 760 nm with IPCE= 13.2 %. Although a better photon absorption

is measured (Figure S11) in the WSe) film over the wavelengths range 400-600 nm, as

shown from the absorbance spectrum, lower IPCE values (10 % at A= 515 nm) are

determined at shorter wavelengths.



3.6. Effect of coverage ratio of the WSe, nanoflakes by rGO and MoxSy film on charge
transfer and surface recombination.

In addition to the LSV curves previously reported, an electrochemical impedance
spectroscopy investigation (Figure S12) under illumination (A= 450 nm) clearly reveals a
lower charge transfer resistance along with a higher capacitance observed for the co-catalyst
coated Mo,S,/WSe,/rGO photo-electrode compared with the bare one (Figure 4c,d). For
regular electrochemical processes under charge transfer control, the current is expected to
vary exponentially with polarisation as observed for the bare sample (Figure 4c). This is not
the case for the coated one indicating a better charge separation and collection for this
sample. Thus, in contrast to the regular exponential charge transfer dependence, the more
efficient charge separation and longer minority charge carrier lifetime achieved for the
coated Mo,S,/WSe,/rGO sample allow the building up of a larger interface charge
concentration and a higher capacitance (Figure 4d). In addition to highlight the increase of
the effective charge transfer surface site number, the capacitance increase can also be
interpreted as a clear evidence of charge accumulation throughout the co-catalyst film.
Indeed, several authors [37] have proposed that the capacitance increase could be assigned
to the transfer of photo-generated charge carriers to the co-catalyst layer instead of being
trapped in surface states of the photoactive material. In this interpretation, the charge
carrier accumulation may imply a redox reaction involving the formation of intermediate
species within the co-catalyst film such as unsaturated Mo(IV) sites which were furthermore
previously identified as catalytically ready species. In addition, because these intermediates
are subjected to recombination by oxidation, the observed increase of capacitance with
polarization could be explained by hindered recombination with applied potential and band
bending. Despite a partial coverage of the WSe; surface by the rGO nanosheet hindering the
passivation of a proportion of in-plane surface defects, these results unambiguously
demonstrate the beneficial effect of the co-catalyst film on improving the electron transfer
as well as lowering the surface recombination.

Because EIS investigation of the semiconductor/electrolyte interfaces involves a potential
variation to modulate the whole reaction rate, this technique does not allow to deconvolute
the surface recombination and charge transfer processes. Better insight into the overall
effective charge transfer resistance, i.e. deconvolution of the dark and photocurrent, can be

obtained by intensity modulated photocurrent spectroscopy (IMPS) [48] allowing



modulation of one reactant, i.e. the surface concentration of photo-generated carriers.
Typical IMPS complex plots recorded in H,SO4 0.5 M on non-coated and co-catalyst coated
WSe,/rGO nanostructured photo-electrodes are reported Figure 4e,f and Figure S12. The
IMPS reference curves determined on drop-cast, non-coated and co-catalyst coated rGO-
free, WSe, photo-electrodes are also given for comparison (Figure S12-4). Except for the co-
catalyst/WSe,/rGO photo-electrode, all the photo-electrodes (WSe,, WSe,/rGO and co-
catalyst/WSe,) exhibit low frequency intercepts indicating, consistently with the
photocurrents recorded on the LSV curves, a small fraction of the photocurrent injected into
the electrolyte even at high cathodic potential. Inspection of these IMPS curves also reveals
a low dependence of the Nyquist curves with applied potential observed for the WSe,
photo-electrode. In contrast, a different behaviour is observed for the co-catalyst coated
photo-electrodes. Particularly, the co-catalyst/WSe,/rGO photo-electrode shows a much
more potential dependent high frequency intercept together with a larger fraction of photo-
generated electrons that reach the semiconductor/electrolyte interface. This notable
difference, in agreement with the J -V curve (Figure 4b) recorded on the nanostructured
WSe,/rGO photo-electrode after co-catalyst deposition, probably results from the p/n
junction formation following the co-catalyst deposition. Figure 4g,h depicts the charge
transfer (ky) and the recombination (k) rates extracted from these plots. While a
reasonable increase of ki values was determined with applied cathodic potentials for the
non-coated, rGO-free, WSe, photo-electrode, deposition of the co-catalyst film yields as
expected larger values of k. in the whole range of applied potentials. More important, IMPS
data also clearly reveal that the addition of rGO significantly decreases the ki values. As
previously observed from the HRTEM images, this could be attributed to the partial coverage
of the WSe; nanoflake surfaces by the rGO nanosheets thus diminishing the WSe,
electrochemically active surface area. It is worth noting that this partial coverage of the
photoactive WSe; surface by the rGO nanosheets was achieved for an incorporated r.go ratio
(rrco= 0.15) which corresponds to an equivalent surface coverage ~0.64. Note that this value
is probably overestimated due to the presence of some rGO nanosheets of larger size
extending out from the WSe, surface as shown from the TEM images (Figure S7). Another
key point extracted from these IMPS curves is the large values of k... The larger values of ke
observed for the co-catalyst coated WSe, photo-electrode probably arise both from the non-

favourable band offset displayed by the co-catalyst band conduction level against the



hydrogen evolution potential and from hindered hole transport to the back electrode.
Consistently, a significant and favourable evolution of the k. values is observed either with
applied cathodic potentials or after rGO insertion into the co-catalyst coated WSe, photo-
electrode. Although the rGO-containing WSe,/co-catalyst photo-electrode displays lower kec
values compared with the rGO-free, WSe,/co-catalyst photo-electrode, nearly similar charge
transfer efficiency values (ncr= ki/kitkrec) Were extracted from the IMPS curves.

Our results show that the partial coating of the WSe, photoactive material by the rGO
nanosheets does not significantly alter the charge transfer efficiency of the WSe, photo-
electrode. Despite the loss of photoactive surface area caused by the rGO shielding, the
patch-like hetero-structuration strategy developed in this work proves to significantly
increase the performances of the 2D photo-electrodes. This reveals that this loss is larger
compensated by the surface area gain achieved by the mass loading increase resulting from

the rGO addition.

3.7. Healing properties by thio-, oxo-thio-Mo monomers adsorption on WSe, edge defects.
2D materials are known to display a large concentration of defects. These defects were
mainly identified as in-plane (or internal) point defects including W or Se vacancies [49,50]
especially for WSe2 nanosheets of low thickness, i.e. e < 4 nm. For WSe2 nanoflakes
possessing a higher thickness (e= 45-70 nm), edge defects become more important, making
crucial interactions between edge defects and oxo-thio-Mo- complexes. To get better

insights into the effect of MoxSy co-catalyst film on the passivation of the WSe) photo-
electrode, adsorption energies of thio-, oxo-thio-Mo monomers (MoOS3)2_ and dimers

(Molez)z' forming the co-catalyst layers were thus determined from DFT calculations.

Because the edge defects were predominant in our nanoflakes, we first focused on
adsorption modes (coordination and energies) of oxo-thio-Mo complexes on edge defects of
a WSe> nanoflake.

Our model, built like any slab, from a 2H WSe; bulk system, see Supplementary Information
for the computational details, exhibits few distinct adsorption sites, after a strong edge
reconstruction, as it can be seen in Figure S13. Indeed upon geometry optimization, the two

edges presenting W-termination reconstruct themselves to always present Se-terminations.



To investigate the adsorption modes of the molecular complexes we have used their radical

form, to avoid the complexity of studying charged species in periodic boundary conditions.

From these series of calculations, the MoOS,;” complex was shown to display high
adsorption energies towards the edge defects, around -4.83 to -5.51 eV depending on the
coordination mode, while the adsorption energies for (Mozslz)z' complex are much weaker,
from -0.66 eV to -0.84 eV. The most stable adsorption modes of (Mozslz)z' and (Moosg)z'

complexes on these edge defects are given in Figure 5. This suggests that passivation of edge

Figure 5. Side views (a) and top views (b) of the most stable adsorption modes for (M0053)2- in the left panel

and (Mozslz)z_ species in the right panel. Se atoms are in green, W in gray, S in yellow, O in red, when Mo

atoms are in black. Black arrows correspond to the most stable coordination for a H atom.

defects probably results from the strong adsorption of the smaller molecular complexes on
the edges. Moreover, these edge defects strongly adsorbed by the small thio-, oxo- thio-Mo-
complexes probably act as nucleation sites thus favoring the formation of a continuous

highly adherent coating of catalyst by chemical deposition.

With the findings of the most stable H-adsorption configurations for the two deposited Mo-

based complexes, as given in Figure 5, one can estimate their corresponding AGy [51].
Interestingly the adsorption of an H species on an adsorbed (MoOS;,)Z' gives a AGy of 0.66 eV

while it is -0.26 eV for (Mo0,S1,)”. Although good catalytic activity for this Mo-dimer was



previously reported in the literature in its free-standing form [37], our calculations show

better catalytic performance of the (Mozslz)z' dimer -vs (M0053)2' monomer- in their
anchored configurations. Thus, DFT calculations clearly suggest that small complexes with

low S/Mo ratio are strongly adsorbed and act as healing additives while polynuclear
complexes such as (Mo,S;,)° display catalytic activity. It is worth noting that these later
complexes were shown by XPS to be localized at the film periphery in contact with the

electrolyte.

Our patch-like hetero-structures exhibit 2D/2D, WSe,/rGO interfaces achieved from a co-
self-assembly process. Partial coverage of the photoactive WSe, nanoflake surfaces was
tuned by use of rGO nanosheets of lower lateral size and control of the rGO addition ratio.
As a result, the partial coating of the WSe, surface by the rGO nanosheets vyields a
proportion of non-healed, in-plane surface defects. Despite the presence of these non-
healed, in-plane defects, our hetero-structuration strategy was proven to be efficient. This
may result both from i) the relatively large thickness of the WSe, nanoflakes exhibiting a
larger population of edge rather than in-plane defects ii) The favored injection of carrier into
the electrolyte to achieve HER via these edge sites. Indeed, the photo-generated charge
carriers flow preferentially through the in-plane direction as a result of its higher electronic
conductivity [36,52]. Coating these edge-sites by a healing co-catalyst thus allows
passivation of the recombination centers while improving the charge transfer process on

neighboring edge sites, yielding a significant increased photocurrent.

4. Conclusions

A new film nanostructure composed of interconnected ultrathin, layered hetero-structures
made of WSe, nanoflakes, rGO nanosheets and a healing co-catalyst film is proposed. The
WSe,-based nanoporous network was prepared by co-self-assembly of WSe, nanoflakes, GO
nanosheets of lower lateral size, and post-deposition of a co-catalyst ultrathin film. A
resulting patch-like, layered, hetero-structure was achieved with partial coverages of the
photoactive WSe, surface both by the rGO nanosheets and by the ultrathin film of co-

catalyst. Despite the partial shielding by the rGO nanosheets hindering the surface defects



passivation by the healing co-catalyst film, the patch-like hetero-structuration strategy
developed in this work proves to significantly increase the performances of 2D photo-
electrodes. Good photoelectrochemical properties of WSe,-based, patch-like hetero-
structures were demonstrated with photocurrent densities up to 5 mA cm™ for hydrogen
generation. Future research efforts will be devoted to 2D TMDC films with lower thickness
with the objective to increase surface area and photocurrent densities. We hope that this
new strategy to improve charge transport properties in high surface area, layered hetero-
structures will provide a new and exciting opportunity to boost the performances of 2D

photoactive materials for energy conversion.
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