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Modulating the heterojunction interfaces at the nanoscale is paramount to developing effective photoca-
talysts. Nanodimensional heterostructures, essentially, expose a large fraction of active edge sites, which,
along with excellent electronic communication, can result in high solar energy to chemical fuel conver-
sion efficiencies. In this work, mesoporous heterojunction architectures made of ultrasmall MoS, nano-
layers (ca. 10-15 nm in lateral size) and sub 5 nm sized CdS nanocrystals have been prepared through a
polymer-templated oxidative aggregation of CdS nanocrystals followed by a wet-chemical deposition of
exfoliated MoS, nanosheets on the CdS surface. Thorough chemical, morphological and structural
investigations by electron microprobe analysis, X-ray diffraction, electron microscopy, X-ray photo-
electron spectroscopy and N, physisorption prove that the MoS,-modified CdS nanocatalysts are com-
posed of a porous network of connected cubic CdS nanocrystals and 2H-phase MoS, nanosheets and
possess a high internal BET surface area (ca. 159-225 m? g~%) and uniform pores (ca. 6-9 nm in dia-
meter). Photocatalytic studies coupled with UV-vis/NIR, photoluminescence and electrochemical impe-
dance spectroscopy measurements indicate that the nanoscale MoS,/CdS junctions provide more
efficient electronic connectivity and charge carrier dissociation across the catalyst interfaces, resulting in
a remarkable enhancement in the photocatalytic H, production activity. The optimized MoS,/CdS catalyst
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at 20 wt% MoS, content achieves a H, production rate up to ~0.4 mmol h™ (or ~19 mmol h™ g~ mass
activity) with remarkable stability under visible light irradiation, corresponding to an overall 6.7x enhance-
ment of H, generation efficiency relative to the unmodified CdS. We also obtained an apparent quantum

rsc.li/frontiers-inorganic yield (AQY) of 51.2% for the hydrogen generation reaction using monochromatic light of 420 nm.

ration. These materials satisfy the most important criteria of
effective photocatalysts, such as substantial photon absorption

1. Introduction

Over the last few years, various renewable technologies have
been used to effectively produce chemical fuels, such as hydro-
gen which is a promising alternative target for clean chemical
energy source.”> Among them, solar hydrogen production by
water-splitting photocatalysis has emerged as a particularly
propitious approach because of the low cost, easy maintenance
and environmental effectiveness.® Thus far, a great variety of
semiconducting materials, including metal oxides® and
sulfides,>® have been applied for catalytic hydrogen fuel gene-
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(bandgap energy ~2-2.8 eV) and favourable reduction and oxi-
dation band positions.”® Metal sulfides, especially CdS, have
been extensively studied due to their narrow bandgap (ca.
2.3-2.6 eV) and high negative conduction band (CB) level rela-
tive to the thermodynamic H' reduction potential (—=0.41 V, pH
7). However, the practical use of these materials is still
plagued by photochemical corrosion and low photon-to-hydro-
gen conversion efficiency. To improve the photocatalytic
activity of CdS, various strategies have been developed, includ-
ing heterojunctions, core-shell structures, doping with metal
or non-metal elements and loading of co-catalysts. For
example, numerous reports have shown that electron-accepting
co-catalysts, such as noble metals Pd and Pt on a CdS support,
can mitigate charge recombination and thus accelerate the
surface reaction for hydrogen evolution."*'* Moreover, consid-
ering the high cost and limited availability of noble metals, in-
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expensive Earth-abundant metal-based co-catalysts have been
recently examined.'*>'®

After the revolution of graphene, transition metal dichalco-
genides (TMDs), with the formula MX, where M is Mo, W, etc.
and X is S, Se, and Te, have also received attention as ideal co-
catalysts for the photocatalytic H, evolution reaction.'”” Among
TMDs, 2D molybdenum disulfide (MoS,), consisting of stacked
S-Mo-S layers weakly bonded by van der Waals forces, has
attracted significant attention owing to the low cost and excel-
lent optical, physical and electronic properties.'® In the bulk
or multilayer form, MoS, has an indirect energy gap of about
1.3 eV, which transitions to a direct gap of 1.9 eV for a single
monolayer. Besides the thermodynamically stable hexagonal
2H phase (semiconducting phase), MoS, also adopts two meta-
stable phases, that is, the rhombohedral 3R (semiconducting
phase) and trigonal 1T (metallic phase) structure.'® Among
these polytypes, 2H-MoS, although exhibits lower mobility for
transporting charge carriers than the metallic 1T-MoS,, shows
better stability and interesting semiconducting properties that
are useful for applications in light energy conversion and opto-
electronics.*® Also, the 2H phase of MoS, can exhibit better
photocatalytic activities than the semiconducting 3R counter-
part due to the unexfoliated structure of 3R-MoS,. In particu-
lar, the three-layered (3R) MoS, form adopts a relatively more
stable stacking structure between the S-Mo-S layers, which
can result in lower accessibility of the reactants to the inter-
layer active sites.>! For this purpose, considering the semicon-
ducting properties of MoS,, there have been extensive studies
on various heterostructures using 2H-MoS, as the co-catalyst
for improved H, production yield.”*** For instance, Zhang
et al. demonstrated the selective growth of single-layer MoS,
nanoflakes, with a 4-10 nm lateral size, on the Cd-rich (0001)
surface of wurtzite CdS particles.>® This catalyst was reported
to undergo photocatalytic reduction of water in the presence of
lactic acid as the hole scavenger, yielding a H, evolution rate of
1.47 mmol h™" g™, Song’s group successfully prepared a 2D/
2D heterojunction by assembling ultrathin MoS, sheets and
exfoliated CdS nanolayers through an adsorption-calcination
process.”® They found that the optimal photocatalyst presented
a maximum photocatalytic H, production activity of
18.43 mmol h™" ¢~*. More recently, Fujishima and coworkers
coupled 2D MoS, thin sheets as H, evolution catalysts with
CdS microspheres by a template-free solvothermal method.>®
The nanostructured core-shell CdS@MoS, particles showed
high carrier transport efficiency and a remarkable H, pro-
duction activity of 4.16 mmol h™" ¢~ under natural solar light.

In the previous work, we have described the synthesis of
mesoporous networks of small-sized CdS nanocrystals (NCs)
through a polymer-assisted self-assembly method.>” These
materials compared to the isolated nanoparticles and conven-
tional porous solids have shown adequate photocatalytic pro-
perties, which resulted from the strong electronic communi-
cation between the constituent nanoparticles and the large
exposed surface area of the assembled structure. Such CdS NC-
linked structures combine a number of interesting features,
such as a 3D open-pore structure, high internal surface area,
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visible light absorption and excellent structural stability.”® In
this study, we report the synthesis of new high surface-area
mesoporous frameworks consisting of CdS NCs (ca. 4-5 nm in
diameter) and exfoliated 2H-MoS, nanosheets (NSs) with an
ultrasmall lateral size (ca. 10-15 nm) and evaluate their per-
formance as catalysts for water splitting and H, evolution
under visible light. The 2D/3D MoS,/CdS nano-hetero-
structures with various loadings of MoS, NSs, namely from 5
to 25 wt%, were synthesized through a facile deposition
method. By using a combination of spectroscopic and electro-
chemical techniques, we provide an in-depth understanding of
the structural, electronic and photochemical characteristics of
the obtained catalysts. We demonstrate that the nanoscale
dimension of the MoS,/CdS contacts minimizes electron-hole
recombination and increases the electron density and mobility
at the MoS,/CdS junction, yielding accelerated water reduction
kinetics. Owing to these characteristics, the optimized catalyst
with 20 wt% MoS, NSs exhibits a significant enhancement of
the photocatalytic activity, yielding an apparent quantum yield
(AQY) of 51.2% for H, evolution at 420 nm, a record efficiency
for MoS,-modified CdS photocatalysts, to the best of our
knowledge.

2. Experimental section
2.1 Synthesis of catalysts

2.1.1 CdS NC synthesis. CdS NCs of 4-5 nm size were syn-
thesized according to ref. 29. In a typical procedure, CdCl,
(7 mmol) was dissolved in deionized (DI) water (50 mL), to
which 3-mercaptopropionic acid (3-MPA, 15 mmol) was added
and the mixture was left under continuous stirring at room
temperature (RT) for 15 min. The pH of the solution was then
increased to 9-10 using concentrated NH,OH. Next, a Na,S
aqueous solution (7 mmol in 20 mL) was gradually added and
the resulting yellow colloidal sol was kept under stirring at RT
for an additional 1 h. The MPA-stabilized CdS NCs were col-
lected by centrifugation with the addition of 2-propanol
(60 mL), and dried at 40 °C overnight.

2.1.2 Mesoporous CdS NCAs. The procedure to prepare
mesoporous CdS NC assemblies (NCAs) was based on our pre-
viously reported work.”” Briefly, 2.0 mmol MPA-stabilized CdS
NCs were first suspended in DI water (2.5 mL) under stirring at
RT. Then, few drops of NH,OH were added until a clear colloid
solution was observed. Next, this colloid sol was dropped into
an aqueous solution containing Pluronic F-127 (~10% w/v,
2.5 mL) and the resulting mixture was kept under stirring at
RT for 1 h. Finally, H,O, solution (3 wt%, 1 mL) was added
dropwise under continuous stirring until gelation was
observed. After being stirred for at least 30 min, the gel sus-
pension was transferred into a 50 mL glass beaker and heated
in an oven for 3 days at 40 °C to slowly evaporate the solvent
under static conditions. The final mesoporous product was
collected after several washing cycles (one cycle with 20 ml of
ethanol and three cycles with 20 ml of DI water), vacuum fil-
tration and drying at 40 °C overnight.

This journal is © the Partner Organisations 2022
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2.1.3 MoS, NS synthesis. For the synthesis of the 2H-MoS,
NSs, monovacant Keggin-type phosphomolybdate
(Na;[PMo0,,030]) was synthesized following a previously
reported procedure.’® Next, Na;[PMo,,03,] (0.0175 mmol) was
dissolved in DI water (10 mL) at RT. To this solution, thioaceta-
mide (1 mmol) was added and the resulting mixture was kept
under stirring at RT for 2 h. The final blue solution was sealed
in a 50 mL Teflon-lined autoclave and heated in an oven at
200 °C for 12 h. The black product was isolated by centrifu-
gation, washed with water and dried at 60 °C for 24 h.

For comparison purposes, MoS, microflakes were also syn-
thesized following a similar procedure, but using
(NH,4)sMo0,0,4-4H,0 (0.0275 mmol) as the Mo source.

2.1.4 Mesoporous MoS,/CdS NCAs. Porous structures of
MoS, NSs and CdS NCs with different MoS, contents, namely,
5, 10, 15, 20 and 25 wt%, were prepared by a facile deposition
method. For a typical synthesis of a 20 wt% MoS,-modified
CdS sample, the as-prepared MoS, NSs (20 mg) were added to
a H,0 : isopropanol (IPA) solution (2: 1 v/v, 30 mL) in a 50 mL
beaker. The suspension was ultrasonicated for 2 h until a
homogeneous black solution of exfoliated MoS, NSs was
formed. In a separate vial, mesoporous CdS NCAs (80 mg) were
dispersed in a H,O:IPA solution (2:1 v/v, 5 mL) under vigor-
ous stirring at RT. Finally, the suspension of exfoliated MoS,
NSs was added gradually to the CdS NCA dispersion and the
resulting green mixture was left under stirring and low heat
(50-60 °C) for slow evaporation of the solvents. The respective
5, 10, 15 and 25 wt% MoS,-modified CdS samples were syn-
thesized following a similar procedure using the stoichio-
metric amount of MoS, NSs for each case.

A bulk-like MoS,-modified CdS catalyst (designated as
20-MoS,/CdS_b) was also prepared by depositing 20 wt% of
MoS, microflakes on the surface of mesoporous CdS.

2.2 Photocatalytic water splitting study

The photocatalytic H, evolution experiments were performed in
an air-tight Pyrex glass cell with 20 mg of catalyst suspended in
20 mL of aqueous solution containing 0.25 M Na,SO; and
0.35 M Na,S (except otherwise noted). Before irradiation, the
suspension was bubbled with argon for 40 min. The reactor was
illuminated using a 300 W Xe lamp (Variac Cermax) with a UV-
cutoff filter (4 > 420 nm) and the reaction temperature was ther-
mostated to 20 = 2 °C by a water-cooling system. During the
experiment, 100 pL of gas was collected from the reactor’s head-
space and the generated H, was measured using a gas chro-
matograph (Shimadzu GC-2014, TCD, with Ar as the carrier gas).
The apparent quantum yield (AQY) was estimated by
measuring the amount of hydrogen evolved at 1 = 420 + 10 nm
irradiation wavelength, according to the following equation:

AQY = (amount of evolved H, molecules x 2)/
(total incident photons).

The intensity of light was measured using a StarLite power
meter equipped with a FL400A-BB-50 thermal sensor (Ophir
Optronics Ltd).

This journal is © the Partner Organisations 2022
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2.3 Characterization methods

X-Ray diffraction was performed on a Panalytical X’pert Pro
MPD instrument with Cu-Ka radiation (1 = 1.5418 A), operated
at 45 kv and 40 mA. Energy-dispersive X-ray spectroscopy was
performed on a JEOL JSM 6390 LV scanning electron micro-
scope (SEM) equipped with an Oxford INCA PentaFETx3 detec-
tor (Oxfordshire, UK). For EDS analysis, because of the overlap
of Mo-La and S-Ka lines, the samples were annealed at 800 °C
in air for 3 h in order to detect the Mo : Cd atomic ratios, and
the measurements were performed on at least five different
regions of each sample using 20 kV acceleration voltage and
100 s accumulation time. Transmission electron microscopy
measurements were performed with a JEOL JEM-2100 instru-
ment (LaBg filament) operating at 200 kV. The samples were
prepared by dispersing fine powders in ethanol using soni-
cation and then drop-casting on a holey carbon-coated Cu
grid. X-ray photoelectron spectroscopy (XPS) was conducted on
a SPECS spectrometer using a Phoibos 100 1D-DLD electron
analyzer and Al Ko radiation as the energy source (1486.6 eV).
Binding energy values were corrected with reference to the C
1s (284.8 eV) signal of adventitious carbon. UV-vis/near IR
diffusion reflectance spectra were recorded with a Shimadzu
UV-2600 spectrophotometer, using BaSO, powder as a 100%
reflectance reference. The diffuse reflectance data were trans-
formed with the Kubelka-Munk function [a/S = (1 — R)?/(2R),
where R is the measured reflectance and « and S are the
absorption and scattering coefficients, respectively] into
absorption spectra. N, adsorption-desorption isotherms were
obtained at —196 °C with a Quantachrome NOVA 3200e system.
Prior to analysis the samples were heated at 80 °C under low
pressure (<107> Torr) to remove residual solvents and water.
The surface areas were determined from the adsorption data
(P/P, range 0.04-0.22) using the Brunauer-Emmett-Teller
(BET) method, and the total pore volumes were calculated
from the adsorbed N, amount at P/P, = 0.98. The pore size dis-
tribution plots were calculated from the absorption data using
the non-local density functional theory (NLDFT) fitting model.
Room temperature photoluminescence and decay curve ana-
lysis performed Edinburgh  FS5
spectrofluorometer.

were with  an

2.4 Electrochemical measurements

Mott-Schottky plots, Nyquist plots and current-voltage (J-V)
curves were measured in a 0.5 M Na,SO, electrolyte (pH = 7)
using a single-channel potentiostat-galvanostat (Princeton
Applied Research VersaSTAT 4) equipped with a three-electrode
cell, consisting of a sample-coated FTO working electrode, an
Ag/AgCl (saturated KCl) reference electrode, and a Pt-wire
counter electrode. The working electrodes were prepared as
follows: 10 mg of each sample were dispersed in a 2-propanol/
DI water solution (1:2 v/v, 1 mL). Then, 20 pL Nafion solution
(5 wt%) was added and the mixture was ultrasonicated for
15 min and left under stirring for 24 h. When a uniform sus-
pension was formed, 100 pL of the solution was dropped on a
fluorinated tin oxide (FTO, 10 Q sq') substrate (effective
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surface 1 cm?) and the film was dried under heat at 40-50 °C
for 1 h.

The space-charge capacitance (Cy.) of the semiconductor/
electrolyte interface was measured at 1 kHz, with 10 mV AC
voltage amplitude and the obtained flat-band potentials were
converted to the reversible hydrogen electrode (RHE) scale
using the equation: Egrpg = Eag/agct T 0.197 V, where Egyg is the
potential in the RHE scale and Eag/agci is the measured poten-
tial in the Ag/AgCl scale.

The donor density (Np) of the as-prepared materials was cal-
culated according to the Mott-Schottky equation: Np =
Cs>2-(E — Epg)le-eg-eo, where, Cgc is the space charge capaci-
tance, Epp is the flat band potential, E is the applied potential,
Np is the donor density of the electrode material, ¢ is the
dielectric constant (8.9 for CdS), ¢, is the vacuum permittivity
(8.8542 x 107" F cm™), ¢, is the elementary charge (1.602 x
107" C) and the term (E — Epy)-Csc” is the reciprocal of the
slope of the Mott-Schottky plot.

For Nyquist plots, the current output was recorded between
1 Hz and 1 MHz with a 10 mV AC perturbation, under open-
circuit potential. The EIS data were fitted to an equivalent
circuit model using ZView Software.

3. Results and discussion

3.1 Materials synthesis and characterization

Porous networks of connected CdS NCs and 2H-MoS, NSs were
produced using a polymer-templated oxidative aggregating
method followed by a wet-chemical deposition process.
Initially, 2D nanolayers of 2H-MoS, were prepared through a
hydrothermal sulfurization reaction, using Na,[PMo,;03,] and
thioacetamide (CH3;CSNH,) as the Mo and S source, respect-
ively.*" After annealing to a certain temperature, thioacetamide
begins to decompose and evolve H,S that is capable of trans-
forming MoOy"~ species into MoS,. The X-ray diffraction
(XRD) pattern of as-made MoS, NSs, in Fig. S1,} indicates the
successful chemical transformation of phosphomolybdate
clusters into MoS, under our liquid-phase conditions; all the
diffraction peaks can be assigned to the hexagonal (2H) struc-
ture of MoS,. Besides, the broadened XRD diffractions point to
the nanoscale dimension of the MoS, layers. Nanoporous net-
works of CdS NC assemblies (NCAs) were prepared based on a

View Article Online
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method described in a recent study, which involves the oxi-
dative coupling of thiol-capped CdS nanoparticles with the
assistance of a tri-block copolymer (Pluronic F-127) surfactant.
MoS, modification of the mesoporous CdS structure was rea-
lized by depositing the liquid exfoliated MoS, NSs onto the
surface of CdS NCAs. Following this process, several n-MoS,/
CdS NCAs with different compositions of grafted MoS,,
namely n = 5, 10, 15, 20 and 25 wt%, were prepared. The
Mo/Cd atomic ratios of the as-prepared materials were
determined by elemental analysis with energy dispersive X-ray
spectroscopy (EDS). All the EDS spectra affirm that the Mo
content in MoS,/CdS NCAs is very close to the nominal compo-
sition of the samples (within an 8% deviation), suggesting the
complete binding of MoS, to the CdS surface (Fig. S2,1 and
Table 1).

The crystallinity and surface chemistry of the as-synthesized
materials were examined by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 1a, the
XRD patterns of CdS and MoS,/CdS NCAs display three Bragg
diffraction peaks at 26 scattering angles of 20°-60°, which can
be indexed to the (111), (220) and (311) diffractions of the zinc
blende phase of CdS (JCPDS no. 42-1411). Besides, the peak
widening of the XRD diffractions implies the formation of CdS
particles with a very small grain size; indeed, peak-width ana-
lysis using the Scherrer equation gave an average CdS domain
size of ~2.3 nm. Note that, after MoS, deposition, CdS still
maintains its crystallinity, indicating that MoS, nanolayers are
mainly studded on the CdS surface. In XRD patterns, however,
no additional peak is identified after MoS, deposition, even in
the XRD plot of the composite sample with 25 wt% MoS,,
which is due to the good dispersion and nanoscale size of the
MosS, layers.

Typical XPS spectra of the best catalyst (20-MoS,/CdS) are
shown in Fig. 1b-d. The XPS Cd 3d spectrum, in Fig. 1b, pre-
sents a doublet peak at 405.3 and 412.2 + 0.2 eV binding ener-
gies, corresponding to the Cd 3ds, and Cd 3dj/, core level
lines of Cd*" in CdS, respectively.>* The XPS spectrum of the
Mo 3d scan confirmed the presence of Mo"" species in MoS,,
showing two peaks at 229.1 + 0.2 eV (3ds5,,) and 232.4 + 0.2 eV
(3ds/,) binding energies with a spin-obit splitting of 3.3 eV
(Fig. 1c), in line with other reports.>® Besides the prominent
Mo™* 3d signal, there exists a weak doublet peak at a relatively
higher binding energy (231 + 0.2 eV and 234.4 + 0.2 eV), which

Table 1 Chemical composition and textural and optical properties of the as-prepared CdS and MoS,/CdS NCAs

Catalyst MoS, content® (wt%) BET surface area (m” g™*) Pore volume (cm® g7) Pore size (nm) Energy gap (eV)
CdS NCAs — 225 0.34 9.1 2.71
5-MoS,/CdS 5.4 196 0.26 8.1 2.71
10-MosS,/CdS 10.8 185 0.23 6.6 2.71
15-MoS,/CdS 15.9 176 0.23 6.6 2.68
20-MoS,/CdS 21.7 166 0.22 6.6 2.68
25-MoS,/CdS 26.2 159 0.20 6.1 2.63
20-MoS,/CdS_b 21.5 169 0.23 7.6 2.67

“Based on EDS analysis.
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(a) XRD plots for the mesoporous CdS and MoS,/CdS NCAs. The standard diffraction data of the zinc blende CdS according to the JCPDS

card no. 42-1411 are also shown (black bars). (b—d) Typical XPS core-level spectra of the Cd 3d (b), Mo 3d (c) and S 2p (d) region for the 20-MoS,/

CdS catalyst.

can be assigned to unsaturated Mo*" atoms and/or higher oxi-
dation state of Mo species due to mild surface oxidation
after the synthesis process.** As for the singlet peak observed
at 226.6 + 0.2 eV, this is associated with the S 2s signal of sul-
fides (S>7).*> Furthermore, the XPS S 2p spectrum (Fig. 1d)
exhibited a prominent peak at 162.2 + 0.3 eV that is character-
istic of the S>~ ions in metal sulfides.’® Quantitative analysis
of the XPS spectra also indicated a Mo-to-Cd atomic ratio close
to 20.4:79.6 that corresponds to a ~22.1 wt% MoS, content,
which is comparable to the composition obtained by EDS.

The morphology of the title materials was recorded via
transmission electron microscopy (TEM), and the representa-

Fig. 2 Representative (a) TEM and (b) HRTEM images of the 20-MoS,/
CdS NCAs catalyst.

This journal is © the Partner Organisations 2022

tive TEM images for the 20-MoS,/CdS sample are shown in
Fig. 2. The images reveal that the framework of 20-MoS,/CdS is
composed of approximately 4-5 nm sized CdS interconnected
nanoparticles (Fig. 2a). In addition, from the high-resolution
TEM (HRTEM) observation in Fig. 2b, some layered particles
with a lateral dimension of around 10-15 nm can be discerned
on the surface of CdS. A careful inspection reveals a layer-to-
layer distance of ~6.5 A that reasonably correlates to the (002)
planes of MoS, NSs. This suggests a small enlargement of the
interlayer distance of MoS, NSs with respect to the bulk MoS,
(6.2 A), which is due primarily to the small lateral size of the
MosS, layers. A similar effect was previously observed for other
MoS, nanostructures.>” Taken together with XPS characteriz-
ation of the surface structure, these results confirm that small-
size MoS, NSs are anchored on the surface of linked CdS nano-
particles and, importantly, with a close contact that is advan-
tageous for interfacial charge transfer and separation.

The N, physisorption method was applied to determine the
porosity of the as-synthesized materials. The nitrogen adsorp-
tion and desorption isotherms and associated pore size distri-
bution of the mesoporous 20-MoS,/CdS NCAs are compared as
shown in Fig. 3a to those of unmodified CdS NCAs. The
respective plots for the other MoS,-modified catalysts (i.e.,
with 5, 10, 15 and 25 wt% MoS, content) are depicted in
Fig. S3.1 All samples display characteristic type-IV isotherms
with a H,-type hysteresis loop (according to the International
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Fig. 3 (a) N, adsorption—desorption isotherms of the mesoporous CdS
(gray symbols) and 20-MoS,/CdS (orange symbols) NCAs. The isotherm
data of CdS NCAs are shifted by 30 cm® g~ for clarity. Inset: the NLDFT
pore size distribution plots calculated from the adsorption data. (b) UV—-
vis/NIR diffuse reflectance spectra of mesoporous CdS and MoS,/CdS
NCAs with 5, 10, 15, 20 and 25 wt% MoS, content. Inset: the corres-
ponding Tauc plots for direct bandgap semiconductors.

Union of Pure and Applied Chemistry classification), recom-
mending mesoporous solids with interconnected pores.*® The
resulting mesoporous MoS,/CdS architectures exhibit
Brunauer-Emmett-Teller (BET) surface areas of 159-196 m>
¢~! and pore volumes of 0.20-0.26 cm?® g™, which are slightly
smaller than the values of the CdS pristine sample (225 m”> g™*
and 0.28 cm® g', respectively). The pore width in these
materials was estimated by applying the non-local density
functional theory (NLDFT) fitting model on the adsorption
data.®® The results reveal that all the samples have a quite
narrow distribution of pore sizes with a peak maximum at
~9.1 nm for CdS NCAs and ~6.1-8.1 nm for the MoS,-modi-
fied catalysts (insets of Fig. 3a and S3+t). The slight decrease in
the porosity of composite materials with increasing MoS,
content can be attributed to the successful deposition of MoS,
NSs on the pore walls of mesoporous CdS, which is consistent
with our TEM observations. The textural parameters for all the
prepared materials are summarized in Table 1.
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To determine the optical absorption properties of CdS and
MoS,/CdS NCAs, ultraviolet-visible/near-IR  (UV-vis/NIR)
diffuse reflectance spectroscopy was performed. As shown in
Fig. 3b, the mesoporous CdS NCAs show an absorption edge of
~457 nm (2.71 eV) due to the intrinsic electron transition from
the valence band (VB) to the CB in CdS NCs. Note that, com-
pared with typical bulk CdS (it has a bandgap of 2.4 eV), CdS
NCAs exhibit a notable blue shift in the interband absorption,
which probably results from the quantum confinement effect
arising from the very small size of the constituent CdS NCs (ca.
4-5 nm in size according to TEM observations). Meanwhile,
the absorption edge position of the MoS,-modified materials
undergoes a small downshift upon increasing the concen-
tration of MoS,. In particular, the bandgap energy (E;) of the
MoS,/CdS NCAs estimated according to the Tauc method
[(hv)*  (hv — Ey), where, a is the absorption coefficient and
hv is the energy of incident photons] falls in the range of 2.63
to 2.71 eV, see the inset of Fig. 3b and Table 1. The tiny, yet
noteworthy, small reduction of the energy bandgap is ascribed
to the strong interactions between the CdS NCs and MoS,
layers, which allows electron transport across the interface to
take place. Moreover, the MoS,-modified samples also showed
a significant absorption tail in the 480-1400 nm range, which
is most likely due to the visible and NIR light response of
MoS, NSs. Indeed, the intensity of this absorption progress-
ively increases with increasing MoS, content in composite
samples and also correlates well with the absorption spectrum
of MoS, (Fig. S41). The MoS, NSs exhibit an energy gap of 1.62
eV that is greater than the typical bandgap of bulk MoS, (~1.3
eV), probably due to the small size and few-layered structure of
the as-synthesized MoS, nanolayers.

3.2 Photocatalytic evolution of H,

The photocatalytic H, evolution activities of the different nano-
catalysts were investigated under visible light irradiation (1 >
420 nm), using an aqueous solution containing Na,S/Na,SO;
as the sacrificial reagent. Fig. 4a compares the rates of H, pro-
duction over the different MoS,-modified catalysts; the H, evol-
ution rates were determined during the first 2 h of illumina-
tion. It can be seen that bare CdS NCAs exhibit relatively poor
H, production performance (0.06 mmol h™"), which is primar-
ily related to the fast recombination of photoexcited electron—
hole pairs. On the contrary, MoS, modification of catalysts led
to a significant increase in photocatalytic activity, which is by a
factor of 6.3x compared to CdS NCAs. In particular, the H,
evolution activity scales almost linearly with the MoS, content
and reaches a maximum (0.39 mmol h™) at 20 wt%. The depo-
sition of an excessive amount of MoS, (25 wt%) apparently
results in the light shading effect on CdS nanoparticles and/or
the formation of interfacial charge-carrier recombination
centers, leading to a decrease in the H, production rate
(0.29 mmol h™"). It should be noted that when MoS, NSs were
used as catalysts, no evolution of H, was observed under the
examined conditions (results not shown). Also, blank experi-
ments in the absence of light or catalyst did not show any evol-
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NCAs. The H, evolution rate of the catalyst with 20 wt% bulk MoS;
(20-MoS,/CdS_b) is also given. (b) Photocatalytic recycling tests of the
20-MoS,/CdS NCAs. The columns show the H, production rates of the
5 h time intervals. Reaction conditions: 20 mg catalyst (or 30 mg for re-
cycling study), 20 mL aqueous solution of 0.35 M Na,S and 0.25 M
Na SOz, 300 W Xenon light source with a cut-off filter (4 > 420 nm), 20
+2°C.

ution of H,, indicating that H, is produced by a photocatalytic
reaction.

Besides chemical composition, morphological effects are
an important aspect of the efficiency of the MoS,/CdS nanoca-
talysts. To elucidate this, we also prepared a reference catalyst
by depositing 20 wt% of bulk MoS, flakes (ca. 1.2-3 pm in
lateral size)*' on the surface of mesoporous CdS NCAs (desig-
nated as 20-MoS,/CdS_b), and their H, evolution performance
was assessed under identical conditions (i.e., using 20 mg of
the 20-MoS,/CdS_b catalyst dispersed in 0.35 M Na,S and 0.25
M Na,SOj; aqueous solution; 4 > 420 nm light radiation, 20 =+
2 °C). EDS analysis indicated that this catalyst contains
21.5 wt% MoS, (Fig. S5at). Also, it possesses almost identical
textural and optical characteristics to those of the nano-
structured 20-MoS,/CdS analogue, as inferred by XRD, N, phy-
sisorption and UV-vis/NIR measurements, see Figs. S5b-df
and Table 1. Interestingly, the resultant 20-MoS,/CdS_b cata-
lyst showed a 1.4x decrease of the H, evolution performance
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(0.27 mmol h™") over that of the 20-MoS,/CdS nanocatalyst
(Fig. 4a), despite exhibiting very similar chemical composition,
porosity and light absorption abilities. Therefore, the pro-
nounced enhancement in the photocatalytic performance of
20-MoS,/CdS NCAs is clearly associated with the nanoscale
interfacial contact between MoS, nanolayers and CdS NCs,
which probably contributes to an increased concentration of
exposed S-edge sites of MoS, and better electronic communi-
cation within the heterostructure. In general, reduction of the
MoS, layer size could increase the number of bridging S,>~
and terminal S~ edge atoms, which are the catalytic active
sites in MoS,.*° As for the facile electron transfer from CdS to
MoS,, this is further supported by photoluminescence and
electrochemical studies (see below).

To optimize the reaction parameters, various photocatalytic
H, evolution tests were carried out using different sacrificial
hole scavengers and mass loadings of the 20-MoS,/CdS cata-
lyst. To this end, a series of sacrificial reagents, namely
phenol, methanol, triethanolamine, triethylamine, lactic acid
and Na,S/Na,SO;, were examined in 20 mL of water that con-
tained a fixed amount of catalyst. As shown in Fig. S6,f we
obtained optimal results with the $>7/SO®*~ mixture and used
this sacrificial reagent during further studies. In general, S*>~
and SO®” ions not only enable H, production by consuming
the surface-reaching holes, but also $>~ can replenish sulfur
defects in metal sulfide materials originating from anodic
photocorrosion.”* Also, photocatalytic tests using different
concentrations of the 20-MoS,/CdS catalyst indicated that the
rate of H, evolution increases with increasing catalyst dose up
to 1 g L' (Fig. S71). We interpret this as the saturation in light
absorption by the catalyst particles. For higher catalyst concen-
trations (1.5 g L™, the slight reduction in the H, production
rate (0.30 mmol h™") can be attributed to the light scattering
effect of the catalyst particles. Overall, under the optimum
reaction conditions (1 g L™' catalyst dose; Na,S/Na,SO;
aqueous solution), 20-MoS,/CdS NCAs catalyze water splitting
with a H, production rate of ~0.4 mmol h™" (or ~19 mmol h™*
¢~! mass activity) and a calculated apparent quantum yield
(AQY) of 51.2% at 420 + 10 nm. To the best of our knowledge,
this efficiency far exceeds that of other MoS,-modified CdS
photocatalysts in previous reports. A comparison of the H,
evolution activities of various MoS,-modified CdS photocata-
lysts is presented in Table S1.7

Except for high photocatalytic activity, the mesoporous
20-MoS,/CdS NCAs also exhibited persistent stability under the
studied conditions. The stability of the catalyst was evaluated
by repeated catalytic measurements for three cycles. Between
each run, the catalyst was collected by centrifugation and re-
suspended in a fresh Na,S/Na,SO; solution. Also, before each
catalytic test, the reaction mixture was bubbled with Ar gas for
at least 30 min, so that no H, and O, gases were detected by
gas-chromatography (GC). As shown in Fig. 4b, 20-MoS,/CdS
presents a quite stable H, evolution rate, retaining approxi-
mately 90% of its initial activity after three runs. Nevertheless,
a small decline of the H, production rate during the third run
may be caused by minor photocorrosion and/or mass loss of
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catalyst during the recycling tests. EDS and N, physisorption
measurements were performed to verify the stability of the
reused catalyst. The EDS spectra indicated a Mo/Cd atomic
ratio of 19.9: 80.1 that corresponds to a MoS, content of about
21.6 wt%, while N, physisorption data showed a surface area
of 156 m”> g~', pore size ~6 nm and pore volume of 0.16 cm®
g~ (Fig. S87), very close to the values obtained from the fresh
catalyst. Moreover, no change in the chemical state of elements
in 20-MoS,/CdS NCAs was observed after the stability test, as
shown by XPS spectra (see Fig. S97), substantiating the excel-
lent stability of the catalyst during the photocatalytic reactions.

3.3 Role of MoS, NSs in the photochemical activity

To rationalize the role of MoS, NSs on the catalytic perform-
ance and to better understand the charge-transfer dynamics at
the nanoscale MoS,/CdS interfaces, we used electrochemical
impedance spectroscopy (EIS). Fig. 5a depicts Mott-Schottky
plots (1/Csc® versus applied voltage E curves) of the meso-
porous CdS and MoS,/CdS NCAs; all the examined materials
were drop-cast as thin films on a fluorinated tin oxide (FTO)
glass substrate. From these plots, the flat band potentials (Egg)
of the samples were determined using the tangent lines of the
1/Cs.> — E curves. As shown in Table 2, the obtained Egy values
of MoS,/CdS NCA catalysts range from —0.68 V to —0.75 V,
whereas the Egp position of CdS NCAs locates at —0.84 V; all
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Table 2 Electrochemical results obtained from EIS analysis for MoS;
NSs and different mesoporous MoS,-modified CdS catalysts

EFB EVB

(Vvs. RHE, Donor density
Catalyst pH7) (Np, cm™) Ret (kQ)
MoS, NSs —0.68 0.94 6.89 x 10"
CdS NCAs —0.84 1.87 5.87 x 10'° 13.5
5-M0S,/CdS —0.75 1.96 1.17 x 10" 6.3
10-MoS,/CdS —0.72 2.00 1.22 x 10" 5.6
15-MoS,/CdS -0.71 1.97 1.43 x 10" 5.3
20-MoS,/CdS —0.68 2.00 1.70 x 10" 2.7
25-Mo0S,/CdS —0.69 1.94 1.65 x 10" 4.5
20-Mo0S,/CdS_b —-0.75 1.92 1.13 x 10" 5.2

electrochemical potentials are reported versus the reversible
hydrogen electrode (RHE) at pH 7. Moreover, the positive
slopes of the 1/Cs.> — E plots express that electrons are the
majority charge-carriers (n-type conductivity) in these
materials. By combining the Erg potentials with the respective
bandgaps (as obtained from optical UV-vis/NIR spectroscopy),
we obtained the band-edge potentials for each catalyst and the
respective band-edge diagrams are presented in Fig. 5b. More
specifically, for the calculation of band diagrams we have con-
sidered that the Egp level is located very close to the CB
minimum of heavily doped n-type semiconductors and thus
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(a) Mott—Schottky plots of the MoS,-modified CdS NCAs (inset: the Mott—Schottky plot of CdS NCAs). (b) Band-edge positions and (c)

Nyquist plots for MoS, NSs, CdS NCAs and various MoS,-modified CdS NCAs (inset: equivalent circuit model Rs[Cy/(Rct + Zul). (d) Comparative
time-resolved photoluminescence (TRPL) decay profiles of pristine CdS and MoS,-modified CdS NCAs with 20 wt% MoS, NSs (20-MoS,/CdS) and

MoS; bulk flakes (20-MoS,/CdS_b).
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the VB potential (Eyg) was obtained by adding the energy gap
(E,) to the Egp level; the calculated Eyg values for each catalyst
are listed in Table 2. As seen from the band diagrams, the Epg
level progressively undergoes an anodic shift from —0.84 V to
—0.68 V with increasing the MoS, NS content on the surface of
CdS. Moreover, as deduced from the magnitude of the slopes
of 1/Csc” vs. E plots, MoS, modification also increases the
donor density (Np) of the catalysts. The measured Ny, values
for the MoS,/CdS NCAs range from 1.17 to 1.70 x 10" cm™3,
which are significantly larger than that obtained for the unmo-
dified CdS NCAs (5.87 x 10'® cm ™), as shown in Table 2. The
observed anodic shift at the Epg position of MoS,/CdS NCAs
can be interpreted by the lower Egg of MoS, NSs (i.e., —0.68 V
vs. RHE, as determined through Mott-Schottky measurements,
see Fig. S10at) compared to that of CdS mesoporous. This
results in the formation of an internal electric field across the
MoS,/CdS junction (upon contact) that drives electrons from
CdS to MoS, until the Fermi levels reach equilibrium; for
heavily n-doped semiconductors (such as CdS NCs and MoS,
NSs), we assume that the Fermi level is located near to the CB
edge position. Such an electron flow forms a depletion layer at
the CdS surface, which lowers the CB energy potential closer
to that of MoS,. Indeed, the intrinsic electric field at the
contact interface can result in an increase in charge separation
and, therefore, in electron donor density (Np) at the MoS,/CdS
junctions, which is in line with the above Mott-Schottky ana-
lysis results.

Moreover, the charge transfer properties of the prepared
catalysts were also studied by EIS Nyquist plots. Fig. 5¢ shows
the Nyquist plots of pristine and MoS,-modified CdS samples
recorded in the 0.5 M Na,SO, electrolyte under open circuit
conditions over a frequency span from 1 Hz to 1 MHz. A
typical Randles equivalent circuit was used to fit the experi-
mental data consisting of a solution resistance (R;), a charge-
transfer resistance (R.), a double layer capacitance (C4) and a
diffusional resistance element (Z,,) (see the inset of Fig. 5c),
and the results of the fitting parameters are given in
Table S2.7 Fitting results indicated that the MoS,-modified cat-
alysts have R values of ~2.7-6.3 kQ, which are significantly
lower than that of CdS NCAs (~13.5 kQ) (Table 2), suggesting a
more favorable charge transfer across the MoS,/CdS junctions.
Subsequently, this process contributes to the improved photo-
catalytic efficiency of the MoS,-modified catalysts. It is worth
mentioning that among diverse MoS,/CdS catalysts, 20-MoS,/
CdS NCAs possessed the lowest resistance in carrier mobility
(~2.7 k), which associates well with their remarkable photo-
catalytic H, evolution performance. Notably, the bulk reference
catalyst (20-MoS,/CdS_b) manifests a relatively higher R value
(~5.2 kQ) than the nanostructured analogue (20-MoS,/CdS),
thereby suggesting more sluggish charge transfer kinetics,
despite having similar composition and band edge positions
(see Fig. 5b and Fig. S10b¥). In addition, as shown in Table 2,
the charge carrier density of 20-MoS,/CdS_b is lower than that
of 20-MoS,/CdS according to the Mott-Schottky equation (1.13
x 10" vs. 1.70 x 10”7 em™"), suggesting an inferior electronic
contact between the bulk MoS, layers and CdS nanostructure.
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This observation agrees with Nyquist charge-transfer resistance
measurements and confirms that the nanoscale dimensional-
ity of the MoS, layers has a prominent impact on the charge
separation dynamics at the MoS,/CdS interfaces. This is also
elaborated by the photoluminescence (PL) study of catalysts
under 375 nm excitation wavelength. As shown in Fig. S11,f
the 20-MoS,/CdS catalyst shows a weaker PL emission at
~460 nm (corresponding to the near band-edge excitonic relax-
ation) than the pristine CdS and bulk 20-MoS,/CdS_b samples,
indicating better mitigation of electron-hole recombination by
the nanoscale MoS,/CdsS junctions.

The dynamics of charge-carrier recombination in these
materials was also investigated using time-resolved photo-
luminescence (TRPL) decay measurements upon monochro-
matic excitation at 375 nm. To extract the PL lifetimes, we
used a biexponential function [F(¢) =y, + > ae /%, i = 1, 2]

1

to fit the PL decay data, where a; denotes the amplitude frac-
tions (Z a = 1) and 7; is the carrier lifetime (Fig. 5d); we
i

used a two-component equation describing the surface and
possible defect-mediated (fast) and bulk (slow) radiative
charge-carrier recombination, respectively. Through this fitting
analysis the average lifetimes (z,) of mesoporous CdS,
20-MoS,/CdS and 20-MoS,/CdS_»b catalysts were determined as
3.12, 4.15 and 3.46 ns, respectively; the fitting parameters of
the PL decay curves are listed in Table S3.f Once again, TRPL
results evidence that the formation of MoS,/CdS nanojunc-
tions has a prominent impact on the charge-transfer kinetics
at the catalyst interface, promoting a better separation of
charge carriers and a more efficient utilization of the long-
lived photoexcited electrons for the H, evolution reaction, in
line with the respective decrease of PL intensity shown in
Fig. S11.1 This is also apparent in the current density-voltage
(J-V) data provided in Fig. S12,} which indicates a substan-
tially lower proton reduction potential (by 0.18 V) in MoS,-
modified catalysts compared to the pristine CdS. The observed
positive shift in the onset potential with MoS, deposition can
be ascribed to the increased charge separation at the MoS,/
CdS interface and the lower energy barrier for H, evolution at
the MoS, edge sites. Moreover, in comparison to the bulk
reference catalyst (20-MoS,/CdS_b), 20-MoS,/CdS NCAs exhibi-
ted a quick current response, implying more rapid reaction
kinetics caused by the low dimensionality of MoS, layers and
increased amount of active MoS, edge-sites. For example, the
current density at an applied voltage of —1.1 V versus Ag/AgCl
is greatly enhanced from 0.65 mA cm™ to 1.34 mA cm™> with
20-MoS,/CdS_b and 20-MoS,/CdS catalyst, respectively.
According to the above analysis, a possible reaction mecha-
nism for the photocatalytic H, evolution reaction by MoS,/CdS
nanocatalysts was suggested, as presented in Scheme 1. Light
irradiation first excites the electrons from the VB of CdS and
MoS, to their respective CB, producing photogenerated car-
riers. Subsequently, due to the lower CB potential of MoS,
than CdS and the intrinsic electric field formed at their
contact interface, electrons are transferred from CdS to the
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Scheme 1 Expected charge transfer during photocatalytic H, pro-
duction on mesoporous MoS,/CdS NCAs under visible light excitation.

active edge sites of MoS, NSs, where they efficiently reduce H"
to H,. The smooth charge transfer and abated electron-hole
recombination, which are effectively induced by the nanoscale
MoS,/CdS junctions, would provide prolonged lifetime and
thus more possibilities for electrons to engage in catalytic
proton reduction. In parallel, the photoexcited holes on the
surface of CdS and/or MoS, oxidize the sacrificial reagents
(such as S*~ and SO3>"). Evidence of such charge-transfer path-
ways within the MoS,/CdS nanojunction network was found
from EIS and TRPL studies.

4. Conclusions

In summary, nanojunction networks of sub 5 nm sized CdS
NCs and ultrasmall MoS, NSs (ca. 10-15 nm in lateral size)
with different compositions have been successfully synthesized
by depositing MoS, NSs on the surface of mesoporous CdS NC
assemblies. The chemical composition, crystallinity and mor-
phology of the prepared catalysts were confirmed by electron
microprobe analysis, X-ray diffraction, electron microscopy, N,
porosimetry and X-ray photoelectron spectroscopy measure-
ments. These mesoporous structures have a proper electronic
structure that allows spatial separation and transport of charge
carriers across the MoS,/CdS nano-interfaces and promotes
high H, production efficiency of the photoexcited electrons.
Evidence for this was provided by photoluminescence and
electrochemical impedance spectroscopy. Owing to these
unique characteristics, the MoS,/CdS nanojunction network
with the optimized MoS, content (20 wt%) attains a 6.3x and
1.4x increase in the H, production rate compared to bare
mesoporous CdS and the bulk MoS,/CdS analogue, respect-
ively. It also presents an energy conversion efficiency of 51.2%
at 420 + 10 nm, which is one of the highest reported for MoS,-
modified CdS catalysts. The recycling test indicated persistent
H, evolution activity and excellent chemical and structural
stability of the nanoparticle-assembled structure. The results
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of this study provide an understanding of the charge transfer
dynamics at the MoS,/CdS nanoscale junctions and support
the potential viability of the present MoS,-modified CdS nano-
architectures as photocatalysts for clean energy conversion.
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