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Abstract

Sustainable hydrogen production is attracting increasing attention and visible-light-driven water splitting is
considered as one of the most promising approaches for hydrogen evolution and solar energy storage. Different
materials have been screened at mild conditions in the recent decades and 2-dimensional (2D) layered materials are
considered as good candidates for the photocatalytic water splitting reaction. 2D single layer MoS; has shown its
potential in various catalytic systems, which has also been used in photocatalytic water splitting reaction recently.
However, current studies of MoS, monolayers give low intrinsic activity, preventing it from practical applications.
This is attributed to the rapid recombination of the photo-excited charge carriers at room temperature, resulting in
poor quantum efficiency (QE). Herein, a state-of-the-art strategy to prolong the exciton lifetimes is reported, which
is achieved by combining the 2D MoS; nanosheets with solid state polar-faceted supports. The charge separation
process can be facilitated by the strong local polarisation introduced by the polar-faceted supports, and tuned by
changing the supports with different surface polarities. Polar oxide surface is the exposure of oxygen-terminated
high energetic facet, which is known to give a net dipole moment perpendicular to its surface. Such variation in
the surface properties of the support to the above metal would lead to a difference in metal-support
interaction(s). The resulted composite structures show great enhancement toward the visible-light-driven
photocatalytic water splitting reaction, giving hydrogen and oxygen evolution in a stoichiometric 2:1 ratio at elevated
temperatures from pure water. Photocatalytic performances are improved by the prolonged exciton lifetimes and
exceptional hydrogen evolution activity of 2977 pmol gth™ with impressive quantum efficiencies are obtained over
Ru-doped MoS; nanosheets on polar ceria support, which is among the best of the reported results of similar catalytic
systems up to date. More excitingly, the linear relationship between the exciton lifetimes and strength of the local
polarisation is also observed, indicating that the rational design of photocatalysts can be simply achieved via

engineering their local polarisation by incorporation of polar-faceted materials.
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1. Introduction

Two-dimensional (2D) materials such as graphene and transition metal dichalcogenides (TMDs), etc. have
been proved to show a great potential in catalysis, energy conversion and many other fields in recent decades.
Among the 2D materials, single molecular-layer MoS; (SL-MoS>) has attracted considerable attention for
photocatalytic and electrochemical hydrogen evolution reaction (HER) due to its suitable band structure and
low overpotential [1-5], and recent study also shows its potential in ammonia synthesis [6,7]. It has been
reported that with the reduction of the thickness of MoS., their optical, electronic and magnetic properties
can change dramatically, leading to enhanced catalytic performances [8—10]. The absorption properties and
band structures have been therefore well-studied [9], which depict that as MoS; is exfoliated to monolayer,
its bandgap is broadened, making its conduction band and valance band reach the proper positions for the
hydrogen and oxygen evolution reactions, respectively [11]. Such properties make the SL-MoS; as a
promising candidate for solar-light-driven photocatalytic water splitting, which converts the fluctuated solar
energy to stable chemical energy in the form of hydrogen. Theoretically, stoichiometric hydrogen and
oxygen can be produced from pure water in the presence of the SL-MoS; based photocatalysts and sunlight.
However, so far, the SL-MoS; are still commonly used as a substitute of noble metal like Pt in photocatalytic
or electrocatalytic hydrogen evolution systems, but very few studies reported MoS, alone as the
photocatalyst. In addition, sacrificial reagents are frequently engaged in such photocatalytic water splitting
systems to capture the photo-generated holes due to the fast intrinsic charge recombination process, leading
to unwanted by-products and extra costs [4,5,12]. Therefore, strategies to facilitate the charge separation of

this 2D material without using additive(s) are urgently needed.

Efforts have been made to suppress the charge recombination process of the 2D materials including SL-
MoS;, and approaches such as the heterojunction formation, defects engineering and introduction of internal
electric fields have been developed [13-15]. Apparently, it is tremendously important to enhance the local
polarisation within the photocatalyst particle to facilitate the separation of photoexcited electrons and holes
[15,16]. Li et al. recently reported a Janus (Cl.)-(Bi12017)-(Mo0S>) bilayer junction structure as a photocatalyst
which showed prolonged exciton lifetime due to the internal electric field, however, the use of sacrificial
reagents is still inevitable [14]. DFT studies indicated that the edge-modification and heterojunction
formation of the 2D materials can lead to enhanced photocatalytic water splitting performances, which,
however, still lacks further experimental evidence [17,18]. Synthesis methods can also influence the physical
and chemical properties of the SL-Mo0S; [19]. However, most of these strategies need very fine control and
are only feasible in certain situations, which limit the use of these techniques. Moreover, oxygen and
hydrogen cannot yet be produced stoichiometrically over SL-MoS; as hole-scavenger or another bandgap

semiconductor is still required. Therefore, a facile and versatile strategy to introduce local polarisation and



tune the charge separation will be greatly valuable. We have recently discovered that the photocatalytic
overall water splitting activities of N-doped TiO: particles can be enhanced by mixing with polar-faceted
MgO (111) support particles [20,21]. However, it is not easy to systematic vary the interfaces between the
polar-faceted MgO (111) and the catalyst particle in proximity and see the correlation. Therefore, assembling
the 2D SL-MoS; with polar-faceted materials is a more promising approach to tame the separation process
of the photo-generated charge carriers, given the fact that the polar effect is quite localised and the structural

flexibility of small SL-MoS; sheets to encapsulate on the support may lead to stronger interaction.

Herein, we propose a simple but versatile approach to modify the exciton lifetimes of 2D SL-MoS; by
introducing a local electric field (LEF) through the use of polar-faceted materials. Polar-faceted metal oxides
and layered double hydroxides (LDHs) were combined with the SL-MoS; to tune its separation process of
the photo-generated charge carriers. The time-resolved photoluminescence (TRPL) technique was employed
to investigate the extension of exciton lifetimes resulted from the local polarisation effect. The assembled
materials were also utilised in the visible-light-driven overall water splitting reaction as photocatalysts.
Remarkable promotion effect was achieved with the help of polar-faceted materials at the interfaces, which
leads to much enhanced hydrogen evolution rate of 2977 pumol g*h? for SL-MoS,-based materials. In
addition, impressive quantum efficiencies (QE) of 66.8% were obtained under visible light irradiation (437
nm) at 270 °C without sacrificial additives. Subsequently, a systematic study was carried out and the inter-
relationships between photocatalytic activities, exciton lifetimes and polarities were derived quantitatively.
Thus, in this work, the local polarisation effect is extensively demonstrated, which will contribute towards
the rational design of the photocatalysts, not only for water splitting reaction, but may also be applicable for

other photocatalytic processes.

2. Results and discussion

2D SL-MoS; was chemically exfoliated by lithium intercalation method, followed by different metal doping
via hydrothermal process (Fig. 1A). The morphologies of the SL-MoS; were initially studied by transmission
electron microscopy (TEM) and compared with the bulk form, of which the images are shown in Fig. 1B
and Fig. S1. Given that bulk MoS; mainly exhibits large particle of extensive layered-structures which is in
accordance with the observations in literature [22,23], it is exciting to see the TEM images of the exfoliated
SL-MoS; which illustrate a thin sheet-like morphology. Atomic force microscopy (AFM) was subsequently
engaged to confirm that the thickness of individual layers is about 0.6-0.7 nm, which is in good accordance
with the ca. 0.65 nm of the S-Mo-S building block (Fig. S2). The single layer morphology was also revealed

by the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of



the SL-MoS, as shown in Fig. 1C. X-ray diffraction (XRD) was carried out before and after the exfoliation,
and the patterns sharply decreased and disappeared after the exfoliation, showing nearly a flat line, implying
the successful synthesis of mostly single layer nanosheets (Fig. S3). Different metals were then attached onto
the single layer nanosheets via the identical hydrothermal process after the exfoliation, where a metal loading
of ca. 1.8% was confirmed by ICP analysis [10]. XRD patterns of the metal-doped SL-MoS; are given in
Fig. S3, which exhibit almost straight lines for all the samples. Enlarged XRD patterns at the range of 10-
20° are also shown, in which no obvious peaks of metal NPs can be observed and the original peak of bulk
MoS; at 20 of 14.2° is severely reduced for each pattern, suggesting the SL-MoS; kept as ultrathin layers
and no apparent re-stacking took place even after the hydrothermal process. The HAADF-STEM images of
a typical metal-doped SL-MoS; are shown in Fig. 1D and Fig. S4, implying single atoms are attached onto
the single layer nanosheets and overlap the Mo and S positions. EPR results were obtained and shown in
Fig. S5, as expected, SL-MoS; showed a strong EPR signal at around g=2.00, which is originated from the
sulphur vacancies, while bulk MoS; remained silent on EPR measurements. EPR also showed that after the
metal doping, the signal decreased dramatically compared with that observed in pure SL-MoS;, which
suggested that the metal ions are favourably adsorbed and anchored on the sulphur vacancy sites. Time-
resolved photoluminescence (TRPL) spectroscopy suggested that the exciton lifetime of the SL-MoS; is
largely prolonged compared with its bulk counterpart, presumably due to the change of the band structures

and the introduction of defects during the chemical exfoliation [10,24].

Initial evaluation of the photocatalytic water splitting performance was carried out using the conditions in
our previous study [20] and more details can be found in the Experimental Section. As shown in Table S1,
with visible light excitation, the bulk MoS; shows no activity toward this water splitting reaction at 270°C,
while SL-MoS; exhibits a hydrogen evolution rate of 157 umol g*h™t. Controlled experiments that carried
out in dark or in the absence of catalysts also showed no activity, confirming the hydrogen production is due
to the photocatalytic water splitting over MoS;-based photocatalysts. Photocatalytic activities are largely
enhanced after the metal doping, among which Ru-doped SL-MoS; (Ru:SL-MoS;) shows the best hydrogen
production ability, depicting a hydrogen evolution rate of 821 umol g*h™* (Table 1), presumably due to its
similar hydrogen adsorption energy as Pt with low overpotential of hydrogen reduction [25]; meanwhile the
inexpensive Fe-doped SL-MoS; (Fe:SL-Mo0S) also gives a promising activity of 615 umol g*h™ (as shown
in Table S1 and Fig. S6). The following study was focused on the Ru:SL-MoS;, which shows the highest
activity among all the metals studied here. As can be observed from the aforementioned characterisations
including XRD, EPR, etc. (Fig. S3 and S5), the Ru:SL-MoS; maintains mainly the monolayer morphology
after metal doping via hydrothermal method, and the S-vacancies are substantially decreased due to the

anchoring of Ru atoms. HAADF-STEM image also indicates the dispersion of Ru atoms on the SL-MoSy,



occupying Mo atop sites as well as the S-vacancy sites without extensive formation large metal nanoparticles
or clusters (Fig. 1E). More importantly, to precisely investigate the local atomic and electronic structures of
the Ru:SL-MoS; sample, X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements were conducted, which are shown in the Fig. 1F and 1G. Clearly, Fig. 1F
shows the XANES curves at Ru K-edge of Ru:SL-MoS, sample and the Ru foil as reference. It is found that
the Ru:SL-MoS; shares nearly the same absorption edge as the Ru foil reference, indicating that the Ru in
the sample has an oxidation state of zero. Fourier transformed (FT) EXAFS analysis was then performed at
Ru K-edge to further investigate the local interaction of the doped Ru atoms (Fig. 1G). In the FT-EXAFS
spectra of Ru K-edge, no peak related to Ru-Ru scattering at 2.42 A (before phase shift) could be observed,
indicating the absence of Ru-Ru bond in the Ru:SL-MoS;. Instead, the peak at 1.98 +0.03 A was observed
for Ru:SL-MoS; which is attributed to the contribution of Ru-S scattering. Moreover, the coordination
number was derived by fitting the EXAFS curves, showing a value of 2.8 0.3 with an R-factor of 3.5%,
which is in accordance with our expectation that the doped Ru atoms are anchored in the S sites with each

Ru is surrounded by 3 nearest sulphur atoms. More details of EXAFS fittings can be found in Fig. S7
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Figure 1. Synthesis and characterisations of the metal-doped SL-Mo0S,. (A) Synthesis of the SL-MoS;
via chemical exfoliation and metal doped SL-MoS; via hydrothermal process (yellow: sulphur; blue:
molybdenum; brown: doped metal atom); (B) conventional TEM image of the SL-MoS,; HAADF-STEM
image of (C) SL-Mo0S,,(D) Fe:SL-MoS; and (E) Ru:SL-MoS;. Scales and doped metal atoms are labelled in
the images; (F) XANES and (G) FT-EXAFS spectra of Ru:SL-MoS; for Ru K-edge.

Subsequently, the study of local polarisation effect was carried out by combining the Ru:SL-MoS; with
various polar-faceted metal oxide supports, including CeO, (100) nanocubes (NCs), MgO (111) and ZnO
(0001) nanoplates (NPs), and their non-polar counterparts CeO, nanospheres (NSs), MgO (100) and ZnO
nanorods (NRs) were included for comparison. These polar surfaces display alternative layers of anions and
cations hence the top surfaces will cover with non-cancellable polarity. Microscopic images of the polar and
non-polar metal oxide supports are displayed in Figs. S8-10. For example, distinctive layers of Ce** and O*
layers in (100) terminal facets can be directly visualised and indexed from Fig. S8. Such charge separation
in alternative layers can generate strong surface polarity. Morphologies of ZnO nanoplates and nanorods are
shown in Fig. S9, while those of MgO (111) and (100) are in Fig. S10, all of which indicate the successful
engineering of the dominantly exposed facets. More detailed structural studies have also been reported
elsewhere [26,27].The unique surface polarity of the polar oxide arrangement was further confirmed by the
solid-state nuclear magnetic resonance (NMR) (Fig. S11). The probe-assisted *P NMR results clearly
showed the different *'P chemical shift of the polar-faceted metal oxides compared with their non-polar
counterparts. More characterisations were then carried out to exclude the influence of the structural
differences. XRD was carried out to investigate the structural information of the polar and non-polar metal
oxides. It is clearly shown in Fig. S12 that the XRD patterns barely change with different dominant facet
exposure. Taking CeO; as an example, the nanocubes and nanospheres share almost the identical XRD
patterns as can be seen in Fig. S12A, with the nanocubes exhibiting slightly stronger signals than the
nanospheres. Such similarities also occur in the cases of MgO and ZnO samples (Figs. S12B and S12C).
EPR analysis was then performed on the polar-faceted and non-polar oxides, which clearly indicates that
MgO (111) and ZnO NPs show no obviously difference compared with their non-polar counterparts, while
CeO2 NCs shows higher signal intensity which is attributed to the formation of Ce®" at the surface [28,29],
as shown in Fig. S13. As can be seen in the TEM images of a typical assembled photocatalyst, Ru:SL -
MoS,/CeO; NCs (Fig. S14A and S14B), the SL-MoS; monolayers are well dispersed on the surface of the
CeO; nanocubes, which is further confirmed by the energy-dispersive spectroscopy (EDS) mapping (Fig.
S14C and S14D). The photocatalytic water splitting activities of the metal oxide supports were also tested

under the same conditions and the result show no hydrogen production (as shown in Table S1).



The charge separation process of the assembled materials was investigated by the TRPL spectroscopy.
Interestingly, the exciton lifetimes of the Ru:SL-MoS; were much prolonged, showing a more than 4-fold
improvement from 1.02 ns to 4.53 ns after mixed with CeO, NCs, and for the assembly with the MgO (111)
and ZnO NPs, thus, the exciton lifetimes as shown in Fig. 2 are increased to 3.10 ns and 1.32 ns, respectively.
However, those that combined with the non-polar metal oxides give no obvious change, as can be seen in
Fig. 2A, Table 1 and Table S2. More direct comparison of the TRPL spectra between Ru:SL-MoS;, Ru:SL-
Mo0S,/Ce0O; NCs and Ru:SL-Mo0S,/CeO; NSs is also illustrated in the Fig. S15. Subsequently, the
photocatalytic water splitting performance of these assembled materials were evaluated. Excitingly, the
photocatalytic activity of Ru:SL-MoS; was greatly enhanced after assembled to the polar-faceted oxides. As
seen in Fig. 2C, the Ru:SL-M0S2/CeO; NCs shows a high hydrogen evolution rate of 2977 pmol g*h"* under
visible light illumination, while those of Ru:SL-MoS,/MgO(111) and Ru:SL-M0S2/ZnO NPs are 2184 pumol
g'h? and 1152 pmol gth?, respectively. On the other hand, the combination with their non-polar
counterparts were also tested which still shows no improvement of the photocatalytic activities of overall
water splitting reaction (Fig.S16). It is noted that there has been nearly 4 times promotion in activity when
blended with polar CeO, NCs support. Apparently, the greatly prolonged exciton lifetimes result in the
remarkable enhancement of photocatalytic activities. The correlation of exciton lifetimes derived from TRPL

results with photocatalytic water splitting activity is also summarised in Table 1 for comparison, more details

can also be found in the Table S1 and S2.
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Figure 2. The relationship of local polarity between photocatalytic performance and exciton lifetime.
(A) Comparison of the TRPL spectra of Ru:SL-MoS; after mixed with polar and non-polar faceted oxide
supports; (B, E) Exciton lifetimes of the Ru:SL-MoS; photocatalysts promoted by polar-faceted oxide
supports and LDHs, plotted against the electronegativities. The errors were shown in the Table 1 and Table
S2; (C, F) Photocatalytic activities of Ru:SL-MoS; after combined with polar-faceted oxides and LDHs,
respectively, plotted against the electronegativities. Error bars are given as the standard deviations; (D) TRPL

spectra of Ru:SL-MoS; after combined with LDHs,

Table 1. The correlation of exciton lifetime and photocatalytic water splitting activity of the

photocatalysts studied in this work.

Entry  Photocatalyst Exciton lifetime (ns) Activity (umol h't g?)
1 Ru:SL-MoS; 1.02+0.01 821433
2 Ru:SL-Mo0S2/CeO, NCs 4.53+0.05 2977485
3 Ru:SL-Mo0S,/CeO; NSs 1.04+0.03 770431
4 Ru:SL-Mo0S2/MgO (111) 3.10 +0.02 2184476
5 Ru:SL-MoS,/MgO (100) 1.024+0.04 808140
6 Ru:SL-Mo0S2/ZnO NPs 1.32+0.03 1152465
7 Ru:SL-MoS2/ZnO NRs 1.0340.02 839429
8 Ru:SL-MoS2/MgAl-LDH 2.6210.05 1811460
9 Ru:SL-MoS»/MgCo-LDH 1.9340.03 1431443
10 Ru:SL-MoS2/MgCr-LDH 2.3240.04 1670453
11 Ru:SL-MoS2/MgFe-LDH 2.0510.02 1520459

To strike more understanding of the controlling of the charge separation process via the polarisation effect
by using polar-faceted oxides, we tried to find the relationship between the polarity and photocatalytic
activities. Obviously, polarity is related to the electronegativity difference of the metal and oxygen in a polar-
faceted oxide, and the metal with lower electronegativity gives higher polarity near the surface of the polar-
faceted oxide in this negative to positive layer configuration. Thus, the photocatalytic activities and exciton
lifetimes are plotted against the polarity, respectively (Fig. 2B and Fig. 2C). It is interesting to see that both
the photocatalytic activities and exciton lifetimes show apparent linear relationships with the polarity within
experimental errors, which confirm that the exciton lifetime of a photocatalyst can be proportionally
prolonged by the local electric field introduced by the polarisation effect of the polar-faceted oxide supports.
Bearing in mind that the local polarisation effect observed so far should not be limited to the polar-faceted
metal oxides, this technigue may be extended to other kinds of solid materials. As a result, further exploration
of the local polarisation effect was attempted on using layered double hydroxides (LDHSs) structure. As is

well known, LDHs are well-defined materials with layered structures, which consist of metal layers and



hydroxide layers carrying alternative negative and positive charge along their main crystallographic [100]
direction. Thus, the LDHSs can also introduce a local electric field via the surface polarity. Moreover, the
surface polarity can be more flexibly controlled by changing the metal elements and ratios of the LDHs.
Various LDHs were thus prepared by co-precipitation method, including MgAI-LDH, MgCr-LDH, MgFe-
LDH and MgCo-LDH, and each of them was assembled with the Ru:SL-MoS; by refluxing in water. As
shown in Fig. S17, the structure of each LDH is confirmed by XRD with their characteristic peaks observed
at 20=11.4° and 22.9°, implying the existence of (003) and (006) facets of the LDHSs [30,31].

The recombination process of the photo-excited electron-hole pairs of the as-prepared materials was
subsequently investigated by TRPL, as is summarised in Fig. 2D. Not surprisingly, the charge carrier
separation is substantially facilitated when Ru:SL-MoS; is mixed with LDHs: the exciton lifetime increases
from 1.02 ns of Ru:SL-MoS; to 2.62 ns of Ru:SL-MoS,/MgAI-LDH. Photocatalytic activity of water
splitting reaction was evaluated. As expected, the photocatalytic performance was also apparently enhanced
compared with Ru:SL-MoS;. It is exciting to see that the most common MgAI-LDH shows the highest
enhancement factor among the four selected LDHs, leading to a hydrogen evolution rate of 1811 pumol gh"
1. This value is among the best of the visible-light-driven overall water splitting systems. The layered
structure of LDHSs allows the formation of the oriented polarisation inside the LDHSs, which leads to the
presence of the LEF near the surface, therefore prolongs the exciton lifetime of Ru:SL-MoS;, resulting in
the enhanced photocatalytic activities. Considering that all these LDHSs share similar structures according to
the XRD results with only the trivalent metal altered, it is reasonable to argue that the polarisation intensities
near the surface are proportional to the electronegativities of the trivalent metals. Thus, their exciton lifetimes
and photocatalytic activities are then plotted against the electronegativities of the trivalent metals. Obviously,
both exciton lifetime and photocatalytic activity follow a similar nice linear trend against the

electronegativity, akin to the same condition as the polar-faceted oxides (Fig. 2E and Fig. 2F).
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Although the polar-faceted metal oxides and LDHs as supports have been studied separately, further
rationalisation of these photocatalyst supports with prolonged exciton lifetimes may be useful for the
generalisation of the correlation. It should be borne in mind that the binary metal oxides and LDHs have
very different compositions and structures. Thus, the contributions of Mg and trivalent metals are taken into
account with considering their metal ratios. So, a total polarity is calculated, as shown in the following

equations:
For polar-faceted metal oxides:

Total polarity 1= Yoxygen — Ymetal 1)
For LDHs:

Total polarity Xt = Yoxygen — (XMg X ®Mg + X2 X ®2) (2)

(%oxygen, Xmetal, XMg> X2— T he electronegativity of oxygen, metal ions in metal oxides, magnesium and the
trivalent metal ions in the LDHSs, wmg, ®>—The molar percentage of magnesium and the trivalent metal in

the LDHs.)
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Figure 4 Photocatalytic water splitting performance tests. (A) Schematic illustration of the charge
separation process promoted by local polarisation introduced by polar-faceted oxide, resulting in enhanced
photocatalytic water splitting performance (yellow: sulphur; blue: molybdenum; brown: ruthenium; ivory:
cerium; red: oxygen); (B) Photocatalytic activity tests: stable stoichiometric decomposition of water to 2:1
H./O, at 270°C in an autoclave with no sacrificial reagent over Ru:SL-MoS; with and without polar CeO;
NCs support at constant rate for 10 hours; (C) QE of Ru:SL-MoS; with and without polar CeO, NCs using
incident light with wavelengths of 385 nm, 437 nm, 575 nm and 650 nm, respectively.

In the Equation (1), the total polarity 1 of polar-faceted oxides is defined by the difference between the
electronegativity of oxygen and metal; while for those of LDHSs, both trivalent metal and bivalent metal (Mg)
are considered, and the contribution of each is normalised depending on the molar ratio, as demonstrated in
Equation (2). Then all the photocatalytic activities and exciton lifetimes of the Ru:SL-MoS; based materials
are plotted against the total polarity. Interestingly, new linear relationships are clearly observed, as a result,
exciton lifetimes are found proportional to the total polarities x1 (Fig. 3A), which further confirms that the
charge separation process can be controlled by tuning the local polarity through different polar-faceted
supports. Such facilitated charge separation therefore contributes to the enhanced photocatalytic
performance, making the photocatalytic water splitting activities also proportional to the total polarities y 1
(Fig. 3B). Strong LEF is exerted to the catalyst by the surface of the polar-faceted materials, and such

polarisation effect prolong the exciton lifetimes at the interfaces, which largely enhances the photocatalytic



activities. This LEF promoted mechanism is also demonstrated in the Fig. 4A. According to this study, it is
found that the local polarisation effect introduced by polar-faceted supports plays a very important role in the
photocatalytic water splitting performance. The polar-faceted metal oxides consist of alternate O and metal ions layers,
terminated with either negative charged O-layer or positive charged metal-layer, respectively. The polarisation on the
surface arises from the net non-zero dipole moment of such ionic arrangements, which is defined by both the charge
densities and distances between these layers (u=cR, where |, o and R represents the dipole moment, charge density
and interlayer distance, respectively) [32,33]. For binary compounds like metal oxides with M-O without considering
charge numbers for cation and anion and their structural factor, the strength of polarisation can simply correlate to
the difference in electronegativities (EN) of the M-O constituents. Therefore, in this work as shown in Fig. 3, such
method was applied and the strength of polarity on the surface was calculated as the electronegativity differences
between metal cations and O anions. However, Ce has higher cationic charge number than the second best Mg and
thus giving much higher charge density hence the higher polarisation. Excitingly, the photocatalytic performance
appears to show a strong dependency on the change of polarity strength, with the exciton lifetime showing a similar
trend. As a result, taking the charge numbers and EN difference into account, CeO; nanocubes with polar (100)
exposed facets shows the highest surface polarity, thus gives the strongest local polarisation effect to the Ru:SL-MoS,
photocatalyst. The high polarisation of this support can also be reflected by the probe-assisted solid-state NMR and
TRPL results as shown in Fig. S11 and Fig. 3.

Ru:SL-MoS; and Ru:SL-Mo0S,/CeO, NCs were then tested for a period of 10 hours, both of which showed
good stability without obvious change of the hydrogen evolution rates. As shown in Fig. 4B, both catalysts
show a stable production of H, and O stoichiometrically in a 2:1 ratio. It is widely agreed that for a
photocatalytic system, the QE, which evaluates the conversion efficiency of the photons at a certain
wavelength to hydrogen, is one of the most important parameters when evaluating the performance of
renewable solar energy to hydrogen fuel systems [34]. Different from the overall solar-to-hydrogen
conversion efficiency or hydrogen evolution rate, the QE provides more detailed and fundamental
information about the photocatalytic systems, bearing in mind that a photocatalyst performs differently when
harness the photons from different wavelengths. Remarkable QEs are frequently reported in the presence of
sacrificial reagents, unfortunately, for the overall water splitting system. Almost all the reported QEs are
extremely low under the visible light irradiation (rarely exceeding 5 % at 420 nm), which cannot reach the
requirement of any practical applications. In our photocatalytic system, the QE is evaluated at 270 °C with
the highest water ionisation at wavelengths ranging from ultraviolet to visible light using different band pass
filters (Fig. S18). As illustrated in Fig. 4C, high QE of about 90% are obtained for each photocatalyst at 385
nm due to high absorption. It is exciting that when the light irradiation is changed to visible light, an

extraordinary QE of 66.8 % for Ru:SL-Mo0S2/CeO, NCs can still be maintained at 437 nm, which is more



than 10 times higher than most results reported so far. QE sharply drops with further increasing the
wavelength due to the rapid decrease of photon absorption at longer wavelengths [14]. However, it is
surprising that MoS;-based photocatalysts show considerable QE of 7.5% at even 650 nm at elevated
temperature and more detailed comparison of the activities and QE can be found in Tables S3 and S4. An

example of the QE calculation is shown in the Supplementary Discussion.

So far, the local polarisation effects introduced by the polar-faceted support materials have been systematic
studied and exciting photocatalytic water splitting performance can be achieved over SL-MoS; based
materials. The feasibility of using solely the renewable solar energy to supply both the required thermal heat
and visible photons for photocatalytic splitting of water for H»/O, production are also considered. To
demonstrate this point, a four-mirror floating-zone light furnace equipped with four halogen lamps and
concave mirrors was used to mimic a solar light concentrator, in which not any other direct thermal energy
input from an electrical device was used, and the reactor temperature of 270 °C was maintained by the light
source with the black body radiation [20]. Constant H, evolution rates of about 3 mmol g*h'* and 10 mmol
gth? are achieved over Ru:SL-MoS; without and with polar CeO, support (see Fig. S19), respectively,
indicating the great potential of further application of this photocatalytic water splitting system over nano-

catalysts.

3. Conclusion

In conclusion, a series of SL-MoS; based photocatalysts are studied in this work, which show promising
catalytic performance toward water splitting reaction at elevated temperature under visible light illumination.
It is demonstrated that the photo-generated charge carrier separation can be substantially facilitated by
assembling to polar-faceted materials as supports, which can exert strong LEF in proximity of the interfaces.
The resulted prolonged exciton lifetimes allow the charge carriers travel to the surface of the photocatalysts
and make the subsequent chemical reactions take place. This local polarisation effect on excitons is
systematic explored and studied with the help of TRPL, which confirms the enhancement of the exciton
lifetime and the control of the charge separation process. It is noted that both photocatalytic activities and
exciton lifetimes show an obvious linear relationship with the intensity of the LEF. Therefore, the local
polarisation effect can give a strong enhancement to photocatalysis by promoting the separation of the
photoexcited electron-hole pairs. This observation provides a simple but versatile means to control the
recombination process, leading to rational design of the photocatalysts using polar support materials, not
only for water splitting system but may also be valuable for other photocatalytic processes, which may also

contribute to the future utilisation of solar energy.



4. Experimental section
4.1 Materials

MoS, powder (reagent grade, Sigma-Aldrich); Cerium nitrate hexahydrate (reagent grade, Sigma-Aldrich);
Magnesium chloride (reagent grade, Sigma-Aldrich); Benzoic acid (reagent grade, Sigma-Aldrich); Zinc acetate
dihydrate (reagent grade, Sigma-Aldrich); 1,2-ethanediamine (reagent grade, Sigma-Aldrich); Iron chloride
hexahydrate (reagent grade, Alfa Aesar); n-butyllithium/hexane (reagent grade, Sigma-Aldrich);
Polyvinylpyrrolidone (PVP, reagent grade, Sigma-Aldrich); Chromium(lIl) nitrate nonahydrate (reagent grade,
Sigma-Aldrich); Manganese chloride tetrahydrate (reagent grade, Sigma-Aldrich); Ruthenium(l1l) acetylacetonate
(reagent grade, Sigma-Aldrich); Nickel chloride hexahydrate (reagent grade, Sigma-Aldrich); Cobalt nitrate
hexahydrate (reagent grade, Sigma-Aldrich); Hydrogen tetrachloroaurate trihydrate (reagent grade, Sigma-Aldrich);
Isopropanol (99.9%, Sigma-Aldrich); Methanol (anhydrous, > 99.8% (HPLC), Sigma-Aldrich); H2SO. ( > 98%,
Sigma-Aldrich); Ammonia gas (anhydrous, BOC); Argon gas (99.99%, BOC); Helium gas (99.99%, BOC); Nitrogen
gas (99.99%, BOC).

4.2 Methods

Synthesis of single layer MoS; and metal doping. Single layer MoS, was prepared based on our previous
report [10]: 2 g of commercial bulk MoS; powder was soaked in 16 mL of 1.6 M n-butyllithium/hexane for
48 h in N2 atmosphere. After the lithium intercalation process, the obtained intercalated MoS, was washed
with 50 mL of hexane to remove excess butyl lithium and organics and centrifuged and then dried under No.
Then the powder was immersed in 500 mL of water and the resulting suspension was sonicated to assist the
exfoliation process. The dispersion was centrifuged at 5,000 rpm for 15 min to remove unexfoliated
precursors and only the supernatant was collected. Eventually, the exfoliated MoS; single layers remained
totally suspended in aqueous solution. To collect the SL-MoS; powder, HCI solution was added dropwise
into the above colloid until the pH value reaching around 7. The precipitate was then washed and collected

by centrifugation several times and the final product was dried under vacuum overnight.

Metal doped SL-MoS; photocatalysts (denoted as M:SL-MoS;, M represents the metal doping) were
prepared using a hydrothermal method. Certain amount of corresponding metal precursors (2 wt.%
calculated loading amount) and 150 mg of thiourea were added to 10 ml of water and left overnight to form
the complex. Subsequently this solution was then added into 50 mL colloid containing 180 mg SL-MoS; (30
v/iv% isopropanol/water with 50 mg of polyvinylpyrrolidone). A mixed homogeneous solution was then

transferred to an autoclave, followed by hydrothermal treatment at 160 °C for 24 h. After the reaction, the



precipitate was washed three times using deionised water and then dried under vacuum for 12 h and finally

treated with H2 at 300 °C for 1 h prior to storage.

Assembly of the photocatalysts with metal oxides or LDHs. Ru:SL-MoS; was mixed and grinded with
different metal oxides thoroughly at 50:50 wt.% and allowed to disperse in water and sonicated for 2 hours,
filtered, dried and calcined in N2 at 400 °C for 2 h prior to use. The assembly of photocatalysts with LDHs
was modified from a method reported in literature [14]: Ru:SL-MoS; was mixed with different LDHs
thoroughly at 50:50 wt.% and dispersed in 50 mL water, followed by refluxing at 60 °C for 1h. Subsequently
the flask was allowed to cool to room temperature naturally and then the solid was separated by
centrifugation at 5000 rpm for 10 min and washed with DI water for 3 times. The product was dried under

vacuum for further use.
4.3 Characterisations

The morphologies of the materials were studied by High-angle annular dark field scanning transition electron
microscopy (HAADF-STEM, JEOL-JEM2100 Aberration-Corrected Transmission Electron Microscope).
XRD measurements were performed on a Bruker D8 Advance diffractometer with LynxEye detector and Cu
Kal radiation (A= 1.5406 A). Continuous-wave EPR spectra were obtained by using an X-band (9.4 GHz)
Bruker EMX EPR spectrometer. The exciton lifetimes were evaluated by time-resolved photoluminescence
(TRPL) spectroscopy using a bespoke micro photoluminescence setup in which a Ti-Sapphire laser (A =266
nm, pulse duration = 150 fs, repetition rate = 76 MHz) is directed onto the sample. The exciton lifetime is

obtained by fitting corresponding background-corrected PL spectrum.

4.4 Evaluation of photocatalytic performances

Photocatalytic water splitting activity tests. The photocatalytic activity was determined by measuring the
amount of hydrogen and oxygen evolved from the water splitting. Reactions were carried out in a close 25
mL stainless steel autoclave system equipped with two quartz windows (10 mm in diameter and 18 mm in
thickness). In a typical experiment, catalyst contains 2 mg of SL-MoS; is added to 10 mL Milli-Q H.O in a
glass lining (20 mm i.d.x24 mm 0.d.x52 mm height) under vigorous magnetic stirring (750 rpm), then the
autoclave was pressurised with 2 bar of Ar gas as inert gas after being well sealed. The mixture in the reactor

would then be allowed to heat up to the designated temperature (270 °C).

Tungsten light (70 W, Glamox Professional 2000) was then applied through the quartz windows to provide
visible light irradiation after the autoclave reached certain temperature. After 2 h reaction, the autoclave was

cooled down naturally to room temperature and the amounts of hydrogen and oxygen were measured by gas



chromatography (GC) equipped with thermoconductivity detectors (TCD) with He and N> as carrier gas,

respectively.

Quantum efficiency (QE) measurements and calculation. Apparent quantum efficiency was measured in
the same autoclave and conditions were kept the same as those for a typical photocatalytic test, while the
autoclave was then irradiated by a 300 W Xenon lamp (Newport) using bandpass filters of 385+40 nm,
437+10 nm, 575220 nm and 650+20 nm, respectively (as shown in Fig. S18). Numbers of photons were
calculated from the irradiation powers in each wavelength region measured by a light meter at the
corresponding wavelengths. The apparent quantum efficiency can be calculated using the following equation

[35], and a typical calculation of QE is given in the Supplementary Discussion:

QE (%)=(Number of evolved hydrogen moleculesx2)/(Number of incident photons) x 100%
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