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Molecular surfactants have been widely used to control morphologies of low dimension,
including two-dimensional (2D) nanomaterials in colloidal chemical synthesis, but it is
still highly challenging to accurately control single-layer growth for 2D materials. This
work developed a scalable stacking-hinderable strategy to not only enable exclusive
single-layer growth mode for transition metal dichalcogenides (TMDs) selectively
sandwiched by surfactant molecules, but also retain sandwiched single-layer TMDs’
photoredox activities. The single-layer growth mechanism was well explained by
theoretical calculation. Three types of single-layer TMDs, including MoS2, WSz and
ReS2, have been successfully synthesized and demonstrated in solar H2 fuel production
from hydrogen-stored liquid carrier -methanol. Such Hz fuel production from single-
layer MoS: is COx-free and reliably workable under room temperature and normal
pressure with generation rate reaching ~ 617 pmole-g*-h! and excellent photoredox
endurability. This strategy opens up the feasible avenue to develop methanol-storable
solar H: fuel with facile chemical re-bonding actualized by 2D single-layer

photocatalysts.

With continuous materials science advancing last decade, nano to atomic-thick 2D
materials have been intensively studied from fundamental science, applied science to
technological engineering, covering the areas of energy, environment, photonics,
optoelectronic, electronics, biomedicine and sensing, etc.'® Among these research activities,
materials synthesis is, firstly, vitally important step no matter what applications to be targeted.
Things normally go with two sides: when we want to thin/size down materials to pursue
unique functionalities, more complicated synthesis protocols have to rely on, including the
well-known surfactant directing strategy extensively used in colloidal synthesis. Colloidal
chemistry has been playing vital roles and making huge contributions to our society and has

become one of the most welcome synthesis methods for its ready upscalability towards
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commercialization. Up to date, quite some 2D materials have been synthesized via colloidal
chemistry, such as WS, CuS, MoS;, MoSez, MoTe, TaSz, SnSy, InSe, TiSz, ZrSz, HfS;, VS,
NbS», TaSy, TiSey, ZrSes, HfSes, VSez, NbSez, TaSez, GeS, GeSe, SnSy, SnS, SnSe, ShaTes,
Bi;Tes, CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, and PbS.*'? However, the functions from
surfactants were mostly underestimated or even neglected; and regrettably, instead of being
utilized, most surfactants will be removed by calcination to meet the requirements in various
applications.

On the other hand, modern society is facing increasing energy exhaustion and
deteriorating ecological environment issues due to the highly extensive usage of unsustainable
sources like fossil fuels. Owing to its high energy density and zero pollution on environments,
hydrogen energy, as the cleanest renewable energy carrier, holds great promise for green
future. In-situ harnessing clean energy, hydrogen from aqueous-phase methanol at room
temperature is a promising sustainable route towards “hydrogen economy” because methanol
is rich hydrogen content (12.6 wt%), cheap and the easier manufacturing way from renewable
resources,*® which is expected to overcome the major obstacles coming from the physical
properties of hydrogen so does for the transportation and handling issues.’* However, the
traditional catalytic fuel reforming processes, which are the major choices for hydrogen
production over the years, liberate CO and/or CO> into the atmosphere along with their long
demanding high temperatures (> 200 °C) and high pressure (25-50 bars) requirements. This
limits its potential implementation in portable applications such as hydrogen vehicles.** To
move away from above dilemma, an alternative approach could be the photocatalytic
methanol decomposition into hydrogen and formaldehyde at room temperature as follows:**

CH3OH _— H2 + CH20

1)
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It is evident from reaction (1) that the photocatalytic methanol decomposition doesn’t
generate any COx compounds at all. Unfortunately, no work has reported solar-driven
methano-to-H: fuel conversions at room temperature and normal pressure. 1%

Altavilla et al. reported a wet-chemical synthesis of single and multilayer MoS>
nanosheets using oleylamine as the surfactant/solvent at a temperature as high as the boiling
point of oleylamine, i.e. 360 °C.%® Since this growth temperature for MoS; nanosheets is at the
boiling point of the surfactant, oleylamine ligands are more prone to liberate from the surfaces
of the nanomaterials, which in turn, leads to uncontrollable extensive stacking. Therefore, one
of the main drawbacks of this synthesis is that the yield of single-layer MoS, nanosheets
prepared at 360 °C is low as the layer-layer stacking will drive multilayer MoS; formation
with increasing the reaction time, making it difficult to prepare high-yield single-layer MoS>
nanosheets exclusively. Furthermore, the growth mechanism underpinning the formation of
single-layer MoS> nanosheets is not yet known.

Herein, we demonstrated a scalable stacking-hinderable colloidal strategy to not only
enable exclusive single-layer growth mode for transition metal dichalcogenides (TMDs)
selectively sandwiched by surfactant molecules at a temperature of well below the boiling
point of oleylamine, but also retain the photoredox activities from the sandwiched single-layer
TMDs (Scheme 1). Our strategy is a general process that can be further expanded to
synthesize other two types of high-quality single-layer TMDs such as WS, and ReS;
nanosheets. Impressively, we first realized solar-driven recoverable methanol-to-pure
hydrogen fuel conversion under room temperature and normal pressure using 2D single-layer
photocatalysts (Scheme 1). Such H: fuel production is COx-free and reliably workable under
room temperature and normal pressure with a generation rate reaching ~ 617 pmole-g*-h
from single-layer MoS,. The successful synthesis of single-layered TMDs in this work will
put forward a new attempt for chasing efficient photocatalysts for high-efficiency methanol

decomposition for hydrogen generation.
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Single-layer MoS, anosheets were synthesized by a one-pot colloidal wet-chemical
approach (see Methods for detailed information). The thermal decomposition of the single-
source precursor of ammonium tetrathiomolybdate [(NH4)2M0S4)] at 280 °C in the presence
of octadecene (ODE) and oleylamine exclusively produced single-layer MoS, nanosheets
(Figure 1a). Purification of the crude solution produced substantial amount of dried MoS;
nanosheets, i.e. 1.26 g (Scheme 1) with a yield of >95% (Figure S1), which are about two
orders of magnitude larger than the amount of nanoparticles obtained in a conventional
colloidal synthesis. The low-magnification transmission electron microscopy (TEM) image
(Figure S2) showed that the products were deposited on the amorphous carbon film. As
shown in Figure 1a, roselike 2D MoS: nanosheets with distinct ripples and corrugations were
clearly observed, demonstrating their ultrathin features. TEM measurements on nanosheets
standing on their edges reveal a uniform thickness of ~0.6 nm (inset of Figure 1a), which is
consistent with the thickness of the single-layer MoS; nanosheets.!” Such single-layer
nanosheets intertwined into a network structure owing to their ultrathin thickness. The atomic
force microscopic (AFM) measurement further confirmed their uniform thickness of 0.6 nm
corresponding to single-layer MoS> nanosheets (Figure 1b, Figure S3).

UV-Vis absorption spectroscopy was measured to correlate the optical properties to the
number of layers of MoS nanosheets (Figure 1c). The absorption spectra in Figure 1c reveals
that the as-synthesized nanosheets have two absorption peaks at A (600 nm) and B (401 nm).
These two absorption peaks can be attributed to the direct-gap transition between the maxima
of split valence bands and the minimum of the conduction band located at the K point of the
Brillouin zone. The absorption peak at 401 nm of the products is in good agreement with that
of single-layer MoS> nanosheets and is significantly different from that of the three-layer (416
nm) and five-layer (424 nm) MoS, nanosheets.!® The as-prepared single-layer MoS;
nanosheets could be easily re-dispersed in a variety of organic solvents ranging from

chloroform, hexane to toluene for further use (inset of Figure 1c).
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X-ray diffraction (XRD) measurement (Figure 1d) confirms the 2H phase of MoS;

(JCPDS card no. 37-1492) of the products. Two obvious peaks at 33° and 56° can be indexed
to the (100) and (110) planes of 2H MoS». A shoulder in the range of angles smaller than 30
degree in the XRD patterns corresponds to the organic oleylamine ligand, which has also been
previously observed in other nanoparticles synthesized using oleylamine as the ligand.18>&¢
The disappearance of the diffraction peak at 14.4° corresponding to the (002) lattice plane
further proves the obtained products are single-layer MoS; nanosheets.!*?® X-ray
photoelectron spectroscopy (XPS) analysis was performed to explore the surface conditions
and valence state of the single-layer MoS> nanosheets. The XPS survey spectrum shows that
Mo and S elements coexisted in the system (Figure S4). The high-resolution XPS spectra
show that the XPS spectrum of Mosq can be resolved into four peaks at around 235.4 eV,
232.5 eV, 232 eV and 229 eV, respectively (Figure 1e). The strongest peaks located at 232 eV
and 229 eV can be assigned to Mo** 3ds2 and Mo** 3ds,, respectively.??? As Mo** 3ds/, and
Mo** 3ds, of 1T phase MoS; show characteristic XPS peaks at 228.2 and 231.2 eV, the
absence of these two peaks indicates that the prepared MoS; is 2H phase instead of 1T
phase.?! The peaks at 235.4 eV and 232.5 eV match well with the binding energy of Mo®* 3d.
The observed oxidation state of Mo may be attributed to presence of MoO3 species, which is
often observed in solution prepared MoS, nanosheets.”® Two peaks (Figure 1f) located at
162.2 eV and 163.4 eV can be assigned to S 2ps;2 and S 2pu12 of S(-2), respectively. The XPS
results confirm the formation of the 2H phase MoS, nanosheets in terms of XPS peak
positions and shapes for both Mo and S. The elemental mapping of MoS, nanosheets
collected from high-angle annular dark-field (HAADF)-scanning TEM (STEM) reveals the
homogeneous distribution of Mo (red) and S (green) through the whole nanosheets (Figure
1g-i). Both STEM-EDX mapping and EDX spectrum (Figure S5) further confirm the co-

presence of both Mo and S in the obtained samples.
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In this section, we will discuss how the thermal decomposition of single-source precursor
of ammonium tetrathiomolybdate [(NH4)2Mo0S4] produces single-layer MoS, nanosheets in
the presence of oleylamine and ODE. Previous differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) indicate (NH4)2M0S4 compound may decompose under
vacuum by the following equation:?*

(NH4)2M0Ss — MoSz + NHz + HzS + S

Although the thermal decomposition of (NH4)2MoS4 in oleylamine and ODE solutions
could be very complex, the species formed in the reaction are similar to the products of the
above equation. As MoS> has layered structures with relatively weak interlayer Van der
Waals interactions, whether thermal decomposition of MoS; produces single-layer or multi-
layer sheets will mostly likely depend on how strong of the adhesion energy among the MoS>
layers in comparison to the adsorption energy of molecules binding on MoS,.?°

In this case, possible adsorbates are the NHs and H.S molecules and the oleylamine
surfactant. Since oleylamine exhibits affinity to surfaces through the -NHz functional group,
one would expect a similar surface adsorption energy for both oleylamine and NHs, which can
be feasibly modelled by NHs. We therefore investigated the effects of adsorbates on the
interlayer cohesion of MoS> by comparing the interlayer cohesion strength of MoS, with the
binding strengths of NHs and H.S on the surfaces of MoS> (See Methods for details). The
calculated Econ are plotted in Figure 2b and 2c. The calculated adsorption energy per NHs
molecule at a sparse occupancy of 25% (0.126 eV/molecule) agrees with previous data of
0.127 eV/molecule.?® Nonetheless, no matter which functional is used, the binding of
molecules with MoS; becomes stronger than the MoS; interlayer binding beyond ~55%
occupancy (Figure 2b). Inset in Figure 2c shows the obtained most stable adsorption
configurations for NHs and H.S molecules on single-layer MoS, nanosheets. It should be
noted that the obtained most stable configurations may not be the ground-state configurations,

but for the ground state, the true adsorption energy should not be lower than the calculated
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ones. As can be seen in Figure 2b and 2c, the interlayer cohesion is very weak for MoSo,
which can be surpassed by the adsorption of either NHs or H2S molecules. In experiments we
have an environment of mixed NHsz and H2S molecules. If the two types of adsorbed
molecules are locally mixed on MoS; surface, it means that this is more energetically
favorable than the situation where adsorbed NH3z and H2S molecules are locally separated as
calculated above. Hence, the binding of molecules with MoS; in the presence of mixed
molecules can only be further strengthened. Therefore, we attribute the exclusive formation of
single-layer MoS: nanosheets to the effective and efficient interaction of adsorbate molecules
between the MoS: interlayers. Such a scenario can be illustrated by the three-dimensional
representation in Figure 2a.

The photocatalysts of single-layer MoS, nanosheets have been prepared using the
surfactants like oleylamine, which have significant effects on the formation of single-layer
MoS,. To avoid any obvious questionable effects on H2 production directly from the
surfactants, between which the single-layer MoS: photocatalysts were sandwiched, we have
tested the methanol to hydrogen (MTH) efficiency of the pure surfactant and mixture of
methanol and surfactant (1:1, vol) solutions under control experimental conditions. It is found
that the pure surfactant produces approximately 0.154 pumole of H, while the later one gives
nearly 0.159 pmole of Ha. In terms of H. production rate, it represents nearly 0.0094 umole g
L ht while 2 mg of MoS; provides 617 pmole g* h'%, as shown in the Figure 3a. This confirms
that the preparation methods of single-layer MoS, nanosheets with surfactants don’t have any
effects on Hz production from the surfactants themselves.

The concentration of MoS; nanosheets in methanol solution has significant effect on H»
production as is seen from Figure 3b. The concentration profile shows that the H> production
from methanol decomposition under solar light illumination follows an optimum condition
and, in this case, it is 2 mg of MoS, samples in 10 mL methanol, i.e. 0.2 mg-mL™. We have

tested three different amounts of samples and it is clearly evident that 2 mg of MoS, samples
8



WILEY-VCH

give the highest production rate for H, among others. With increasing concentration from 0.1
mg-mL* to 0.2 mg-mL?, the H, amount was increased from 0.46 to 2.50 pmole followed a
decline into 1.07 umole. The plausible reason for that decrease is that the excess amount of
MoS> nanosheets in the solution may hinder the photon availability into the active surface of
catalysts. In the context of H, production rate, 2 mg of MoS, sample provides almost 617
umole g-h't after 2 h continuous solar irradiation, while the calculated values for 1 mg and 3
mg of MoS; samples are 229.30 and 178.03 pmole g*-h, respectively as shown in Figure 3b.

For the practical application, both the cost of catalysts and their synthesis and the
stability of catalyst performance are important. In this work, the metal dichalcogenides are
composed from abundant elements and our developed one-step colloidal synthesis is low-cost
up-scalable method. It deserves our effort to study the performance endurance of single-layer
MoS;’s photoreaction. As seen from Figure 3c that the H> production was increased steadily
over the course of light irradiation from 2.5 to 12.54 umole followed by a steady state at
13.60 pmole for first cycle experiment. Correspondingly, the H. production rate after
converting the unit tends to saturate with time (Figure S6). This pattern for H, production was
maintained exactly the same in cycle two and three. The plausible reason for H2 production
reaching a steady state is that, first, the surface-active sites of single-layer MoS; nanosheets
were covered by in-situ H2 molecules and formaldehyde by-products, which Kinetically limit
the reactivity of MoS, with methanol molecules.*® Under such conditions, the photoexcited
electron-hole pairs on MoS; surface may easily recombine on the site resulting lower
performance.!® Second, with more and more H, molecules generated in a sealed reactor with
constant volume, the up-building partial pressure from H> gases will suppress the forward
methanol-to-hydrogen reaction, hence tending to a saturation phenomenon as observed in
Figure 3c. What is significant is that the H. production rates are refreshable. After the
photoreaction was stopped and opened the reactor to release the H> gases out of the reactor,

we re-performed the same photoreaction using the same MoS: photocatalysts from cycle one
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for the next cycle experiment. Surprisingly, the H> production rate can recover and reach the
comparable level as last cycle, based on the rates of 617, 612, and 605 pmole g* ht for cycle
one, two, and three, respectively, after first 2 h photoreaction as shown in Figure S6. That’s to
say the photocatalytic performance can be maintained at about 99% for the subsequent cycle.
With excellent electronic and optoelectronic properties, single-layer MoS, nanosheets have
been proven much stable under the operating conditions, at least for 198 h, which makes it
potential to develop room-temperature and normal pressure liquid carrier for Hx fuel with a
sustainable way.

Figure 3d-i shows further characterizations of the photocatalytic materials after cycling.
STEM and TEM images of the MoS> photocatalyst after cycling 198 h are shown in Figure 3d
and 3g, respectively. After such long-time photocatalytic tests, we find the morphology of
MoS; layers was preserved, and the elemental content of Mo and S were confirmed, as
manifested by the STEM element mapping results (Figure 3e, 3f). The Mo 3d and S 2p
binding energy (Figure 3h, 3i) in the samples after photocatalytic tests is in almost perfect
agreement with that of single-layer MoS; nanosheets before the photocatalytic reaction. The
above results overall demonstrate single-layer MoS», besides of high photocatalytic activity,
also has good photocatalytic stability and durability in methanol dehydrogenation for
hydrogen generation.

It is evident that the single-layer MoS> shows superior performance in terms of H;
production, which is associated to its excellent photon harvesting, exciton generation and
active photoredox reactions. Single-layer MoS: is a direct band-gap semiconductor with 1.8
eV energy gap and contains highly active edge sites, which is necessary for photocatalysis?’
and will be explored by theoretical calculation below.

We explored the catalytic hydrogen evolution reaction from methanol (CH3zOH) on the
edges of single-layer MoS nanosheets since the basal plane has been found chemically inert

by both experimental and theoretical studies.?®-*> The edge structures were represented by a
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semi-infinite MoS; stripe model as described in detail previously.?®3? There can be two edge
types, namely, the (1010) Mo-edge and the (1010) S-edge. Two energetically favorable
edge structures have been described before: the Mo-edge terminated with S monomers
(denoted as Mo-edge-m) and the S-edge terminated with alternative S monomers and dimers
(denoted as S-edge-m+d).?83032 Here, we explored the catalytic hydrogen evolution on these
two edges and another three edges: the Mo-edge without S termination (Mo-edge-b), the Mo-
edge terminated with alternative S monomers and dimers (Mo-edge-m+d), and the S-edge
terminated with S monomers (S-edge-m). The relaxed edge structures by using the PBE-D2
method are shown in Fig. 4al-el. The catalytic hydrogen evolution from methanol involves
two key deprotonation reactions which are related to the O-H and C-H bond scissions. We
considered the following pathway: the first process reaction is the adsorption of CH;OH on
edge sites of MoS: (denoted as *).

CH,0H +#%= CH,OH * (P1)

and then it is the scission of O-H bond

CH;0H = + *= CH;0= +H = (P2)

or the scission of C-H bond

CH,OH # + == CH,0H * +H= (P3)

These two processes above will be followed by

CH,0 =+ *= CH,0 = +H=* (P4)

and

CH,0H * + *= CH,0 = +H=*  (P5)

respectively. The last stage will be the desorption of CH,O, which can be represented by
CH,0 *= CH,0 +=* (P6)

The reaction free energy AG can be expressed by

AG = AE + AEzpz — TAS

11
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where AE, AEzpz, and AS are the potential energy difference, zero-point energy difference
and change of entropy, respectively. Usually, A5 is small and can be neglected. The correction
due to AE-pz is normally less than 0.2 eV at 300 K, and considering AEzpz only further
lowers AG for reactions above.®® Therefore, we can just simply take AG 2 AE,

The calculated AG by using the PBE-D2 method for the elementary processes P1-P6 on
the five edges are plotted in Fig. 4a2-e2. Of the five edges, we find the S-edge-m+d edge
(Figure 4d2) is most favourable for deprotonation of methanol. The O-H bond scission (P2) is
favoured over C-H bond scission (P3) for the first deprotonation of CH3OH. The structures
corresponding to P1, P2 and P4 occurred on the S-edge-m+d edge are plotted in Figure 4f1-f5.

It is postulated that the single-layer MoS; exposes active edge sites which is beneficial
not only for the charge-carrier separation but also accelerates the reaction processes at the
surface side and the improved photoactivity is ascribed to the excellent physical properties of
MoS;. The single-layer MoS nanosheets has excellent electron mobility which is beneficial
for effective charge carrier separation and transport across the active site. Upon light
illumination, MoS: nanosheets produce photo-generated charge carriers while the holes on the
valence band can easily oxidize the adsorbed CH3OH to generate the methoxy radical
intermediate, CH3O+ on MoS> edges (Figure S7). Due to their dynamical instability property,
the intermediate were further oxidized into aldehyde (CHOH) (Figure S8). On the other hand,
the photo-generated electrons at the conduction band of the MoS: reduces the protons into Hy
while leaving the aldehyde into the solution without any COx compounds, which nullifying
the environmental pollution.

Importantly, our synthetic approach based on the decomposition of a single precursor is
widely applicable. A series of nanocrystals of single-layer WS, and ReS, nanosheets were
successfully synthesized. For example, when ammonium tetrathiomolybdate [(NH4)2Mo0S4]
was replaced by ammonium tetrathiotungstate [(NH4)2WSs], single-layer WS, nanosheets

with an average thickness of 0.6 nm (Figure 5a-c, Figure S9) were synthesized. The high-
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resolution TEM image (Figure S10) shows that a lattice fringe of 0.309 nm, which
corresponds to the (004) plane of WS, nanosheets. The diffraction peaks in the XRD pattern
at 32.7° and 58.4° correspond to (100) and (110) planes of the 2H-WS;, nanosheets,
respectively (JCPDS card no. 08-0237) (Figure 5d). The XRD pattern of WS> nanosheets
shows no crystal plane diffraction peak appearance at 14.4°, indicating there is no stack along
(002) plane, and thus proving the product is single-layer WS, nanosheets, which are in
consistent with the results obtained from the TEM, STEM and AFM characterizations (Figure
5a-c). The UV-Vis absorption spectrum (Figure S11) does not show any obvious peak at 607
nm, which is in consistence with the previous results on single-layer WS, nanosheets.**% The
XPS survey scan (Figure S12), EDX spectrum (Figure S13) and STEM-EDX mapping
(Figure S14) of the as-prepared nanosheets show W and S co-exist in the obtained nanosheets.
Figure 5e and 5f show the high-resolution Mo 3d and S 2p XPS spectra of the single-layer
WS, nanosheets. The characteristic W 4f energy peaks of the prepared single-layer WS;
nanosheets are shown in Figure 5e. The presence of two characteristic peaks at 35.5 eV and
33.3 eV corresponding to 4fs; and W 4f72 of W*, respectively, confirm the formation of 2H-
WS, as they are different from the characteristic peaks at 34 eV and 32 eV of 1T-WS,. In
addition, the XPS spectrum shows two weak peaks at ~36.3 eV and 39.2 eV, which can be
assigned to the W-O species. The XPS peaks at 163.3 eV and 162.1 eV correspond to S 2p1..
and S 2psy2 respectively, of S (-2) (Figure 5f).2

Similarly, when single precursors such as tetrabutylammonium tetrathiorhenate(\V1I)
[(CsHo)4-NReS4] were thermal decomposed in a solution of oleylamine and ODE, the single-
layer ReS, nanosheets (Figure 5g-1, Figures S15-18) were also synthesized via the one-pot
process, demonstrating the generality of this synthetic approach. Moreover, we have
expanded this single-source precursor-based synthetic approach to prepare other non-layered
materials such as Sn>S nanosheets and CuxS nanoplates (Figure S19), which indeed further

verifies the versatility of this synthetic route.
13



WILEY-VCH

It is noteworthy that the hydrogen production from methanol over other single-layer WS;
and ReS; also shows promise. It is found that the MTH efficiency for single-layer WS; is
nearly 200 pmole g*-h** for 2 mg samples while single-layer ReS, contributes to about 130
umole gt-ht for the same quantity of samples (Figure S20). We have verified that this
excellent MTH efficiency solely comes from single-layer nanostructure necessarily
sandwiched by the surfactants under performing the thermal annealing at 400 °C for MoS:
catalysts. As seen from Figure S21, the higher the thermal exposure time, the more the H>
production rate decreases. The rationale for this phenomenon is that upon thermal annealing,
the surfactant will be partially or even fully removed. The coupling/stacking probability
between the exposed single-layers will increase, which will transform MoS2’s single-layer
structures into multilayer structures under the thermal treatment. Correspondingly, the
physical property of semiconductor MoS will also change; that’s to say its direct bandgap
nature from single-layer will be converted to indirect bandgap for multilayers.3® Resultantly,
the harvesting efficiency on solar photons, and hence the photoredox activity, will decrease as
observed.

In summary, we reported a general scalable colloidal strategy to exclusively produce a
family of single-layer TMD nanosheets from single-source precursors at a relatively low
temperature. The intercalation of NHz and H2S molecules between the layers weakens the
interlayer attraction of TMDs, leading to the formation of single-layer TMD nanosheets. The
single-layer photocatalysts demonstrated excellent photocatalytic performances in solar H;
fuel production from hydrogen-stored liquid carrier—methanol with good stability and
durability under room temperature and normal pressure. This work provides a basis for

methanol-storable solar H, fuel production using 2D single-layer photocatalysts.

Experimental Section

14
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Synthesis of single-layer TMDs nanosheets

Synthesis of single-layer MoS2 nanosheets: In a typical synthesis of single-layer MoS>
nanosheets, ammonium tetrathiomolybdate [(NH4)2M0Ss, 4 mmol] was mixed with 7 mL of
oleylamine and 8 mL of ODE in a 50 mL three neck round bottom flask. The mixture was
degassed at 110 °C for 30 min. Then, the temperature was raised to 280 °C under N2 flow,
and kept at this temperature for another 5 min. The temperature was cooled down to room
temperature and a 15 mL mixture of toluene/methanol = 1:1 was added. The whole resulting
product was centrifuged and washed three times with a 15 mL mixture of toluene/methanol =
1:1. The products were naturally dried in the glovebox.

Synthesis of single-layer WSz nanosheets: The single-layer WS> nanosheets were
synthesized using the same method for MoS; nanosheets, except that (NHs)2Mo0Ss was
replaced by ammonium tetrathiotungstate [(NH4)2WS4, 4 mmol].

Synthesis of single-layer ReS: nanosheets: The single-layer ReS, nanosheets were
synthesized using the same method for MoS; nanosheets, except that (NHs)2Mo0Ss was
replaced by tetrabutylammonium tetrathiorhenate(VI1) [(CsHg)s-NReS4, 0.1 mmol].

Synthesis of SnS2 nanosheets: (NH1)4Sn.Se was prepared according to a literature method.®’
In a typical synthesis, 0.1 mmol of (NH4)sSn2Se was mixed with 7 mL of oleylamine and 8
mL of ODE in a 50 mL three neck round bottom flask. The mixture was degassed at 110 °C
for 30 min. Then the temperature was raised to 280 °C under N2 flow, and kept at this
temperature for another 5 min. The temperature was cooled down to room temperature and a
15 mL mixture of toluene/methanol = 1:1 was added. The whole resulting product was
centrifuged and washed three times with a 15 mL mixture of toluene/methanol = 1:1. The
products were naturally dried in the glovebox.

Synthesis of CuxS nanoplates: The CuxS nanoplates were synthesized using the same
method for SnSz nanosheets, except that (NH4)4Sn2Se was replaced by copper(l) thiocyanate

[CuSCN, 0.1 mmol].
15
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Materials characterization

XRD patterns were acquired using a X'per PRO (PANalytical) X-ray diffractometer (40 kV,
40 mA) with Cu Ka radiation (A=1.5406 A). UV-Vis absorption spectroscopy was carried out
on a Perkin Elmer Lambda 35 UV/vis spectrometer. TEM images were taken using a JEOL
2100 transmission electron microscope at an acceleration voltage of 120 kV. HAADF-STEM,
HRTEM and STEM-EDX images were obtained on a FEI Titan G2 80-200 high-resolution
transmission electron microscope. AFM measurements were performed on a Bruker
Dimension Icon atomic force microscope with a Bruker NCHVA probe. XPS data were
collected on a Kratos Axis Ultra DLD spectrometer. The binding energy scale was calibrated
for each sample by setting the main line of the C 1s spectrum to 284.8 eV. Each high-
resolution spectrum was fitted with a Gaussian-Lorentzian (70%-30%) line shape using a
Shirley background. Nuclear magnetic resonance (NMR) test was carried out at AVANCE
400 MHz (Bruker) using deuterated methanol with sample to solvent ratio of 3:4.

Solar H2 fuel production

Photocatalytic hydrogen production from methanol was conducted in a 15 mL quartz bottle
reactor with a silicone rubber septum under room temperature and atmospheric pressure. A
300 W commercial microsolar lamp (Beijing Perfect light Technology Co., Ltd) with an
optical filter of AM 1.5 G was horizontally placed alongside the reactor. A certain amount of
photocatalyst was loaded into the reactor while 90 min sonication was performed to dissolve
the photocatalysts into the methanol solution. After that, the reactor was degassed for another
30 min to remove the residual air from the reactor by means of argon gases. The products
from the photocatalytic methanol decomposition was analysed by GC which equipped with a
TCD, and FID detectors and a chromatographic column. Before and after light irradiation, 50
ML of aliquots from the reactor dead space was taken out by a micro-syringe and manually
injected into the GC (Nexis 2030, Shimadzu Scientific instruments), which will work as the

reference. Typically, the photocatalytic reaction was carried out for 4 h, while the stability test
16
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was done for 66 h per cycle. During our measurement and analysis on the H» generation, we
did not extract out the first point of the generated H> amount, we normally analyze the
generated H> amount every two hours or longer duration after the light illumination.
Computational methods
Calculations were performed at the density functional theory level by using the Vienna Ab
initio Simulations Package (VASP)?%® and projected augmented wave (PAW) method3®-4!
(with 1s', 2s22p?, 2s?2p%, 3s?3p*, 4d°5s! as valence electrons for H, C, N, S and Mo,
respectively). The exchange-correlation interaction was treated with different approximations
including the local density approximation (LDA) and the generalized gradient approximation
(GGA) parameterized by Perdew, Burke and Ernzerhof (PBE).*? Van der Waals interaction
was treated by employing the empirical correction of Grimme (DFT-D2).*® The cutoff energy
of plane-wave basis was set to 600 eV. Brillouin zone was sampled by using a Gamma-
centred k-point set of 13x13x1 for 1H-MoS; and similar dense k-mesh was used for other
structures. The total energy was able to converge within 1 meV/atom. The energy was
converged within 10* eV/cell and the force was converged to less than 0.01 eV/A for all
structure relaxations.

We firstly calculated the interlayer cohesion energy of MoS;, from

Econ = [Ebu!k —nE

eim g:g)jma, where Enuik IS the total energy of bulk MoS; (space group
R3m, No. 160), Esingle is the total energy of single-layer MoSa, n is the number of layers in the
bulk, and A is the area of basal plane per formula. The calculated Econ by different methods
are plotted in Figure 2b. Then, we investigated the adsorption of NH3 and H>S molecules on
single-layer MoS; in a 2x2x1 supercell. The occupancy number is determined by the number
of molecules (N) on one side of MoS; single-layer over the number of MoS; formulas (four)

in the supercell. For each occupancy, we considered several configurations that are likely to

happen. We calculated the adsorption energy for adsorbed molecules by
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E ;. = [EMGL +NE, 1ocuts —E’,amgdm:mh}), which can be converted to the cohesion

n

energy between MoS; and molecules by E__;, = E_ . /4A.
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Scheme 1. Synthetic and methanol photocatalytic application of single-layer MoS:

nanosheets.
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Figure 1. Characterizations of single-layer MoSz nanosheets. a, TEM image of single-
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Intensity (a.u.)
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layer MoS; nanosheets. Inset shows the thickness of 0.6 nm of MoS; nanosheets standing on
their edges. Scale bar: 2 nm. b, AFM image shows the thickness of several individual single-
layer MoS; nanosheets. ¢, UV-Vis absorption spectrum of single-layer MoS; nanosheets.
Inset: Photograph of as-synthesized MoS, nanosheets dissolved in chloroform. d, XRD
pattern of single-layer MoS> nanosheets assembled on a Si wafer. e,f, XPS spectra of (e) Mozq,
and (f) Szp of MoS> nanosheets. g, HAADF-STEM image of MoS: nanosheets. h,i, STEM-

EDS elemental mapping of (h) Mo and (i) S of as-synthesized MoS; nanosheets.
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Figure 2. Growth mechanism of single-layer MoS: nanosheets. a, Three-dimensional
representation of NH3z and H2S molecular intercalated between 3-layer MoS; nanosheets. b,
Interlayer cohesion energy (Econ) in bulk MoSz (R3m) and between single-layer MoS;
nanosheets and molecules. A is the area of basal plane. Data at 4% is from.* ¢, The converted
cohesion energy (Econ) and the adsorption energy (Eads) for NHs and H.S on basal plane of
single-layer MoS> nanosheets with different molecule coverage. Inset: Configurations of NH3
and H2S molecules adsorbed on single-layer MoS; nanosheets. Mo, S, N and H are

represented by green, yellow, blue and pink balls, respectively.
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Figure 3. Photocatalytic performances and characterizations of single-layer MoS2
nanosheets after photocatalysis cycling. a, Effects of surfactant, methanol and
photocatalysts on MTH efficiency between three different samples while keeping all other
experimental conditions the same. Sample 1: 10 mL (~ 8.2 x 10% mg) pure surfactant, sample
2: 5 mL surfactant + 5 mL methanol, and sample 3: 2 mg MoS in 10 mL methanol. b,
Concentration profile of MoS; for Hz production rate. ¢, Absolute H> yield after 3 consecutive
cycling photocatalytic test of single-layer MoS, nanosheets. d, STEM image of MoS>
nanosheets after photocatalysis cycling. e,f, STEM-EDS elemental mapping of (e) Mo and (f)
S of as-synthesized MoS> nanosheets after photocatalysis cycling. g, The high-magnification
TEM image of MoS2 nanosheets after photocatalysis cycling. h,i, X-ray photoelectron
spectroscopy (XPS) spectra of (h) Moazq, and (i) Szp of MoS; nanosheets after photocatalysis

cycling.
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Figure 4. DFT calculations. al-el, Relaxed edge structures for (al) Mo-edge-b, (b1l) Mo-
edge-m, (c1) Mo-edge-m+d, (d1) S-edge-m+d, and (el) S-edge-m edges, respectively. Mo
and S are represented by green and yellow balls, respectively. a2-e2, Free energies AG (in eV)
for elementary reaction processes of hydrogen evolution from methanol catalysed on (a2) Mo-
edge-b, (b2) Mo-edge-m, (c2) Mo-edge-m+d, (d2) S-edge-m+d, and (e2) S-edge-m edges,

respectively. P1 to P6 are the elementary processes. Numbers inside box are AG and the
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number in bold text indicates the lowest one. We stopped exploring further reactions if the
lowest AG is bigger than 0.5 eV. The free energy for P2 in (c2) was not calculated because
there is no stable site available to locate H from the O-H bond scission. f1-f5, Configurations
of adsorbed specifieson the S-edge-m+d edge. (f1) CHsOH molecule, (f2) CH3O =+H =, (f3)

CH,0 *+ =, (f4) CH,OH * + =, and (f5) CH,0 *,
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Figure 5. Characterizations of single-layer WSz and ReS2 nanosheets. a, TEM image of
WS; nanosheets. b, STEM image of WS; nanosheets. ¢, AFM image shows the thickness of a
single-layer WS, nanosheet. d, XRD pattern of WS, nanosheets assembled on a Si wafer. e,f,
XPS spectra of (e) Wat, and (f) Sop of WS, nanosheets. g, TEM image of ReS> nanosheets. h,
STEM image of ReS; nanosheets. i, AFM image showing the thickness of a single-layer ReS>
nanosheet. j, XRD pattern of ReS, nanosheets assembled on a Si wafer. k,I, XPS spectra of

(k) Ress, and (1) Szp of ReS> nanosheets.
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The table of contents: A scalable stacking-hinderable strategy has been developed to
enable exclusive single-layer growth mode for transition metal dichalcogenides selectively
sandwiched by surfactant molecules, which can act as efficient solar-driven photocatalysts for

solar H> fuel production from hydrogen-stored liquid carrier—methanol.

Keywords: single-layer transition metal dichalcogenides, two-dimensional materials,
methanol-storable H; fuel, solar-driven photocatalysis
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