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MoSe,-Sensitized Water Splitting Assisted by C,,-Dendrons

on the Basal Surface

Tomoyuki Tajima,*™ Tomoki Matsuura, Arif Efendi,” Mariko Yukimoto,™ and

Yutaka Takaguchi*®!

To facilitate water splitting using MoSe, as a light absorber, we
fabricated water-dispersible MoSe,/Cq-dendron nanohybrids
via physical modification of the basal plane of MoSe,. Upon
photoirradiation, the mixed-dimension MoSe,/C¢, (2D/0D) het-
erojunction generates a charge-separated state (MoSe,**/Cq,"")
through electron extraction from the exciton in MoSe, to C,.

Photocatalytic solar hydrogen production is of increasing
interest as a method for converting solar energy into a chemical
fuel without carbon dioxide emissions."’ To enable scalable H,
production, many researchers have explored the use of 2D
nanomaterials as H, evolution photocatalysts (HEPs), since their
visible- and near-IR-responsiveness and large surface area are
highly promising for improving the solar energy conversion
efficiency.”” In this context, transition metal dichalcogenides
(TMDs) are very attractive because of their unique nanosheet
structure and the tunability of their band energy levels through
their components.”! However, hydrogen evolution from water
photosensitized by TMDs as light-absorber is quite rare, despite
the many reports of TMDs acting as efficient co-catalysts®® or
electron transport materials, photocatalysts consisting of light-
absorbing materials and co-catalysts in TMDs,®'” for hydrogen
generation. To use TMDs as light-absorber of particulate photo-
catalysts, the high binding energy (>500 meV) of the photo-
generated exciton in TMDs must be overcome to generate
mobile carriers."" Recently, we have developed carbon nano-
tube (CNT) photocatalysts for HEPs by solving a similar
problem.!>¥ Physical modification of semiconducting CNTs
with an amphiphilic C4-dendron leads to the formation of CNT/
Ceo (1D/0D) mixed-dimensional heterojunctions, which play a
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This process is followed by the hydrogen evolution reaction
(HER) from water in the presence of a sacrificial donor (1-
benzyl-1,4-dihydronicotinamide) and co-catalyst (Pt-PVP). The
apparent quantum yields of the HER were estimated to be
0.06% and 0.27 % upon photoexcitation at the A- and B-exciton
absorption peaks (4,,.,,=800 and 700 nm), respectively.

crucial role in electron and hole generation from excitons with
high binding energies (200-500 meV).""”

In this context, 2D/0D mixed-dimensional heterojunctions
consisting of TMDs and semiconducting molecules have the
potential to exhibit significant HEP activity through the
formation of a charge-separated state via electron or hole
extraction from excitons in the TMDs."*'” Recently, we have
achieved efficient photoinduced charge separation between
MoS, and anthracene using 2D/0D mixed-dimensional hetero-
junctions fabricated by exfoliation and surface-modification
with an amphiphilic anthryl dendron.™® The groups of Zhu and
Ouyang independently reported that C4, can act as an efficient
electron acceptor at WSe,/Cq, or MoS,/Cy, heterojunctions,
demonstrating long-lived charge separation and/or photo-
voltaic properties."” This background prompted us to explore
the fabrication of 2D/OD mixed-dimensional van der Waals
heterojunctions based on TMDs and Cg-dendrons, along with
their HEP activity. Herein, we propose a new class of HEPs
containing TMD not as a co-catalyst, but as a photosensitizer:
MoSe,/Cq-dendron 1 nanohybrids, assisted by 1-benzyl-1,4-
dihydronicotinamide (BNAH) as a sacrificial donor and Pt
nanoparticles as co-catalysts.

Ceo-dendron 1, a dendritic dispersant that contains fullerene
(Cgo) at its focal point, was synthesized according to our
previous report™ and used for the construction of mixed-
dimensional heterojunctions via the modification of fullerene
molecules (0D) onto the basal surface of MoSe, (2D). Typically, a
mixture of MoSe, powder (50 mg) and 1 (20 mg) in water
(10 mL) was sonicated for 25h. The suspension was then
centrifuged at 3000 G for 30 min to obtain a water dispersion of
MoSe,/1 nanohybrids as the supernatant (Figure 1).

Notably, Figure 1 shows a hybrid of single-layer MoSe, and
Ceo-dendron 1, but in reality, it is a mixture containing MoSe,
with various layer numbers. The synthesized MoSe,/1 nano-
hybrids is stable in water and does not precipitate even after
7 days, whereas MoSe, dispersion without Cg-dendron 1
immediately precipitates, indicating that C60-dendron 1 acts as
a dispersant. There have been several reports of attractive
interactions between TMDs and aromatic compounds to create
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Figure 1. Schematic illustration of MoSe,/1 nanohybrids.

Figure 2. Visible and NIR absorption spectra of 1, MoSe,, and MoSe,/1

i H [18,20] H H
2D/0D heterojunctions. It seems likely that the formation of nanohybrids in H.0.

MoSe,/1 nanohybrids leads to stable dispersion of MoSe, in
water. However, no direct evidence of the formation of MoSe,/1
nanohybrids has been obtained at present. The visible and NIR . X e ':‘ (b)
: . layer distance : 0.6 nm

absorption spectra of water dispersions of pristine MoSe,
nanosheets (NSs), 1, and MoSe,/1 nanohybrids are shown in
Figure 2. The pristine MoSe, exhibited two absorbance peaks at
699 and 804 nm, corresponding to the B- and A-excitonic
transitions between the split valence bands (VBs) and the
minima of the conduction band (CB) at the K-point of the
Brillouin zone for the MoSe, NSs (green line).?" 1 exhibited an
absorption band at 255 nm, which was ascribed to n-n*
transition, as shown in Figure S1a. The absorption spectrum of
MoSe,/1 nanohybrids is in good agreement with the super-
position of the spectra of MoSe, and 1 (red line). This indicates
that there is no strong electronic interaction between C4, and
MoSe, in the ground state.

MoSe,/1 nanohybrids in water remains stable and does not
precipitate even after dialysis to remove the excess 1 that did
not participate in the physical modification of MoSe, (Fig-
ure S1b). The typical TEM images of MoSe,/1 nanohybrids
shown in Figures 3a and b indicate that the flake size ranges
from 0.05-1 um. The lattice fringe of the flake was 0.60 nm,
which is identical to the theoretical layer distance of MoSe,.*?
To confirm the existence of exfoliated MoSe, NSs, AFM imaging N/J\—/
was carried out, as shown in Figures 3c and d. The height
profile of the selected area shows that the thickness of MoSe,/1 ‘ ‘ ‘ ; '
nanohybrids is 2.7 nm, which is consistent with few-layer MoSe, 2 25 80 Elm 300 B a0
NSs.”) Hence, we concluded that some of the MoSe, might be Raman shift (cm™)
exfoliated after hybridization with 1. The MoSe, layers were Figure 3. (a, b) TEM and (c) AFM images of MoSe,/1 nanohybrids. (d) Height

further investigated by Raman spectroscopy using a 488 nm profile of MoSe,/1 nanohybrids. (e) Raman spectra of MoSe,/1 nanohybrids
excitation laser (Figure 3e). Two typical Raman active modes,  (red) and pristine MoSe, (blue).

i.e, the Ay, Raman mode and the E,; Raman mode, are
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observed in the Raman spectra. The A;; mode relates to the
out-of-plane vibration of Se atoms, and the E,; mode is
associated with the in-plane vibration of Mo and Se atoms (see
the inset in Figure 3e). The frequency difference between the
E,; and A, modes is an important indicator of the thickness of
2D materials; this difference increases as the number of layers
decreases.” The frequency differences between E,g and A4 are
46.1 cm™' (monolayer), 43.7 cm™' (bulk), and 44.0 cm™' (MoSe,/1
nanohybrids). This result also supports the exfoliation of MoSe,
into few-layer NSs after hybridization with C4-dendron 1.

Figure 4 is an energy level diagram of the conduction and
valence bands (CB and VB) of mono- and multi-layer MoSe,,”
the LUMO and HOMO of C4,”? and the redox potentials of
BNAH, MV2*® and Pt nanoparticles (PVP—Pt). Upon photo-
excitation of MoSe,, electron extraction occurs from the CB of
MoSe, to the LUMO of Cg, generating a charge-separated (CS)
state (MoSe,"/1°7). Subsequently, the hole in the CS state
oxidizes BNAH, while the electron participates in the H,
evolution reaction via electron transfer to Pt nanoparticles
facilitated by the electron relay MV?*. We attempted to confirm
the photoinduced electron extraction from MoSe, to C4, of 1
through fluorescence quenching of MoSe,. However, we did
not detect any emission from MoSe, presumably due to
incomplete exfoliation. The electron transfer from Cg,*~ in the
CS state to MV>" was confirmed through the observation of
MV*T, the one-electron reduction product of MV?*, using
absorption spectroscopy under illumination (4., >422 nm) (Fig-
ure S2). It should be noted that that only monolayer or few-
layer MoSe, possesses photosensitization ability. However, the
MoSe,/1 nanohybrids used in our study contain MoSe, layers of
varying thicknesses (ranging from single-layer to multi-layer).
The energy levels of the VB and CB of MoSe, are known to vary
with the number of layers. Single or few-layer MoSe, favors
photoinduced electron transfer from the CB of MoSe,
(—0.61 V)" to the LUMO of Cg (—0.5V),*? because the CB
energy level of a single layer of MoSe, is higher than that of the
LUMO of Cg. In contrast, multi-layer MoSe, is less likely to
generate a CS state, because the energy level of the CB of
multi-layer MoSe, (—0.38 V, shown as a dotted line in Figure 4)
is lower than that of the LUMO of C,. The fabrication of MoSe,/
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Figure 4. Energy level diagram for water splitting using MoSe,/1 nano-
hybrids.
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1 nanohybrids consisting of solely monolayer or few-layer
MoSe, is crucial for enhancing photocatalytic H, production.
However, we have not yet succeeded in fabricating such
MoSe,/1 nanohybrids. Detailed reports on this endeavor will be
provided in the future.

In order to evaluate the HER activity of the MoSe,/Cq,
nanohybrid photocatalysts for the construction of a water
splitting system, we investigated the HER using MoSe,/1 nano-
hybrids in the presence of BNAH, MV?* and Pt-PVP as a
sacrificial donor, electron mediator, and co-catalyst, respec-
tively, upon selective photo-excitation with monochromatic
light at 800 nm, which corresponds to the A-exciton absorption
of MoSe, (Figure 5). Although H, production did not proceed
under the dark conditions during the first hour, steady
generation of H, (1.1 umol/h) without an induction period or a
decrease in activity was observed during the subsequent 7 h of
irradiation (Figure 5a), and the apparent quantum yield (AQY) of
the HER was estimated to be 0.06%. Under light irradiation at
700 nm, which corresponds to the absorption band of the B-
exciton in MoSe,, the hydrogen generation rate was 1.5 umol/h
with an AQY of 0.26%. The hydrogen evolution rates in the
presence and absence of the MoSe,/1 nanohybrids were
compared under visible light irradiation (A, >422nm). H,
evolution (70 umol/h, 280,000 pmolh™' g™") was observed in
the presence of MoSe,/1 (Figure 5b, i) but not in the absence of
MoSe,/1 nanohybrids (Figure 5b, iii). Therefore, the 2D/0D
heterojunction (MoSe,/Cq,) plays a crucial role in this water
splitting reaction. Moreover, the H, evolution rate of MoSe,/1
nanohybrids (280,000 umolh~" g7") is higher than that of light-
absorber/MoSe,-co-catalyst system such as eosin Y/MoSe,
(62,000 pmolh™ g™)® and  poly(diallyldimethylammonium
chloride)-functionalized reduced graphene oxide/MoSe,
(9,705 umolh™" g™").'" It demonstrates that MoSe, light-absorb-
er can function at high efficiencies without the need for dye-
sensitization. Additionally, when MoSe, was used instead of
MoSe,/1 nanohybrids, the H, evolution activity was quite low
(1.2 umol/h, Figure 5b, ii) due to the low efficiency of direct
electron extraction from the exciton in MoSe, to MV2". We then
examined the variation in the quantity of hydrogen generated
as a function of the pH value under visible light irradiation at
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Figure 5. (a) Time course of H, evolution from water using MoSe,/1
nanohybrids (1 =800 nm). (b) H, evolution rate in the presence and absence
of MoSe,/1 nanohybrids (1 >422 nm). The tested systems are: (i) BNAH/
MoSe,/1/MV?*/PVP—Pt, (ii) BNAH/MoSe,/MV?*/PVP—Pt, and (iii) BNAH/MV>*/
PVP—Pt. (c) Absorption spectrum of MoSe,/1 nanohybrids in H,0 and action
spectrum of H, evolution from water using MoSe,/1 nanohybrids as the
photocatalyst.
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pH 1, 2.5, 5, 7.5, and 9. The highest activity was observed at
pH 2.5, with the activity decreasing as the solution approached
basic conditions (Figure S3). This phenomenon was attributed
to the negative shift in the hydrogen generation potential as
the solution becomes more alkaline. In addition, an action
spectrum was obtained to confirm the photosensitizer in this
photocatalytic system. Figure 5c shows the action spectrum for
the evolution of H, using the MoSe,/1 nanohybrids under
various monochromatic wavelengths (650, 700, 760, 800 and
860 nm), along with the UV-vis spectrum of MoSe,. The
obtained action spectrum closely matches the absorbance
profile of MoSe,. The two AQY peaks (0.26% at 700 nm, 0.06 %
at 800 nm) were coincident with the two absorption bands of
MoSe,, i.e., the A- and B-excitonic transitions (804 and 699 nm).
This result indicates that MoSe, is the light absorber in this
photosensitizing system.

In conclusion, water-dispersible MoSe,/C4-dendron nano-
hybrids were successfully prepared via the physical modification
of MoSe, with Cg-dendron 1. The 2D/0D mixed-dimensional
heterojunction formed by MoSe, and Cq, is highly effective in
generating mobile carriers under visible and NIR light irradi-
ation. This process involves electron extraction from the exciton
in MoSe, to Cg, followed by electron transfer to Pt nano-
particles via MV?*, leading to H, production from water.
Notably, even NIR light, such as 800 nm light corresponding to
the A-exciton absorption of MoSe,, can facilitate water splitting.
The EQY of the H, evolution reaction was estimated to be
0.0027% in the presence of BNAH as a sacrificial donor. The
successful H, evolution from water through the fabrication of a
2D/0D mixed-dimensional heterojunction highlights the poten-
tial of TMDs as light absorbers. Further studies on TMD-
photocatalysts with mixed-dimensional heterojunctions are
underway in our group to develop Z-scheme photocatalytic
systems for solar fuel production and improve solar-to-hydro-
gen conversion efficiency.

Supporting Information Summary

The data that support the finding of this study are available in
the supplementary material of this paper.
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Upon photoirradiation of a water dis-
persion of MoSe,/C¢,-dendron nano-
hybrids, the hydrogen evolution
reaction (HER) proceeded in the
presence of a sacrificial donor (1-
benzyl-1,4-dihydronicotinamide) and
co-catalyst (Pt-PVP). The apparent
quantum yields of the HER were
estimated to be 0.06% and 0.27 %
upon photoexcitation at the A- and B-
exciton absorption peaks (A= 800
and 700 nm), respectively.
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MoSe,-Sensitized Water Splitting
Assisted by C¢-Dendrons on the
Basal Surface
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