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ABSTRACT: Two dimensional materials stand out with many intrinsic advantages
that can be utilized to enhance the photocatalytic efficiency of water splitting. Here,
based on ab initio calculations, we reveal that for monolayer and multilayer Rhenium
disulphide (ReS,), the band gap and band edge positions are in excellent match with
the water splitting energy level. Moreover, the effective masses of carriers are
relatively light and the optical absorption coefficients are high under visible
illumination. Due to the feature of weak interlayer coupling, these properties are
independent of the layer thickness. Our results suggest ReS, as a stable and efficient
photocatalyst with potential applications on using solar energy for water splitting.
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Introduction

The search for suitable materials as photocatalysts for the splitting of water by
using solar energy has become an important research direction because of the
important role it plays in solving energy and environmental problems'”. Determining
the absorbed range of the solar spectrum, a suitable bandgap is one of the most
important parameters for a semiconductor to be used as photocatalysts for the splitting
of water. The energy levels of the conduction and valence bands are also vital points
for semiconductor photocatalysts: the conduction band minimum (CBM) should be
located under the reduction potential of H'/H, (0 V vs. NHE), while the valence band
maximum (VBM) should be above the oxidation potential of O,/H,0O (1.23 V vs.
NHE)". Thus electrons and holes can be generated to reduce and oxidize the water
molecules respectively. The closer VBM and CBM stand to the redox potential of
water, the more efficient the photocatalyst will be.

Based on these two principles, remarkable progress has been made and lots of
semiconductors have been proposed as photocatalysts for water splitting, such as
metal oxides, sulfides, nitrides, oxynitrides during the past decades”2. Unfortunately,
most of these semiconductors with the band gaps satisfying the requirement for water
splitting are only active under ultraviolet irradiation, leading to a very inefficient
usage of sunlight. Take TiO; as an example, it has been extensively investigated due
to the potential on splitting water while its wide bandgap (~3.0 eV) limits the activity
to the UV region of the solar spectrum'’. Many methods have been proposed to solve
this problem. Reducing the band gap of photocatalyst to the visible light or
near-infrared light region through band gap engineering is one of the most popular

approaches. The cation or anion (co-)doping effects'*"

on enhancing the visible light
activity of TiO, have also been intensively studied both theoretically and
experimentally. Employing sacrificial reagents'® has been applied to enhance the half
reactions of water splitting, H, evolution reaction or O, evolution reaction.

Heterojunctions'™'® by coupling of two narrow band gap semiconductors with

well-matched band structures have shown a lot of advantages for overcoming band

Page 2 of 18



Page 3 of 18

Physical Chemistry Chemical Physics

alignment defects above of traditional photocatalysts. However, the development of
photocatalysts with high efficiencies for splitting production from water using solar
energy still faces major challenges.

Recently, two dimensional (2D) layered materials'®™>

, such as graphitic C3Ny,
(Mo, W)(S,Se),, and (Ga,In)(S,Se), have gained increasing interest as visible-light
photocatalyst in the water splitting hydrogen production process, due to suitable band
gaps within visible light regime. The 2D layered semiconductors exhibit two main
intrinsic advantages for applications as photocatalysts®®, including the maximum
surface area available for water splitting and the minimum distance that the generated
electrons and holes have to migrate, thus reducing the possibility of electron—hole
recombination and potentially enhancing their photocatalytic performance.

However, for most 2D layered semiconductors, their electronic structures are
strongly dependent on their thicknesses. For example, the bandgap and the conduction
and valence band positions of MoS; are highly dependent on the number of layers®.
Thus thin layer MoS; no longer has activity for photocatalytic H, evolution if it
reaches triple-layer27’28. These require accurately control of layer number during the
sample preparation if one takes MoS, as photocatalytic material. Similar thickness
dependent electronic behavior is also observed in other 2D layered
semiconductors®®”. Since precise control of the layer number is quite challenging, the
thickness dependent electronic properties of 2D layered semiconductors significantly
limit their potential applications as photocatalysts for water splitting. Thus, searching
2D layered compounds with layer number-independent suitable band gap and energy
level positions is highly desired.

ReS,*, as a 2D transition metal dichacogenide with the distorted 1T structure, has
recently attracted much attention®'*>. Most strikingly, the electronic and vibrational
properties of ReS, are almost independent with the number of layers®** due to the
weak interlayer interaction, which is different from other 2D transition metal
dichalcogenides. Even more, ReS, has a suitable band gap and can absorb all of the
visible light, making it highly efficient in solar-energy conversion.

In this work, the properties of monolayer and multilayer ReS, are systematically
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studied based on the density functional theory calculations. The band gaps of
multilayer ReS, are predicted to be about 1.80 eV with suitable band edge alignments
for water splitting, which are ideal for photocatalysts. The high carrier mobility,
superior optical absorption properties, and the thickness-independent electronic
properties ensure multilayer ReS, a perfect candidate as a high-efficiency and
universal visible-light photocatalysts for water splitting.

Results and Discussion

Different from other transition metal dichalcogenides such as MoS; and WS;, ReS;
crystallizes in a distorted T structure with clustering of Res units forming a
one-dimensional chain inside each monolayer®’. The top view of the monolayer ReS,
crystal structure is shown in Figure la. The primitive cell of mono-layer ReS, is
composed of four Re and eight S atoms, with two hexagonal planes of S atoms and an
intercalated hexagonal plane of Re atoms bound with S atoms in a trigonal prismatic
arrangement. As illustrated by two lines in the top view, there are two principle axes,
the h- and a-axes, which correspond to the shortest and second-shortest axes in the
basal plane. They are 61.03° or 118.97° apart, and the b-axis corresponds to the
direction of the Re-Re atomic chain.

Since the van der Waals (vdW) interaction always plays an important role in 2D
materials, such as that in MoS,. To check the influence of the van der Waals (vdW)
interaction, we plot the charge distribution across the layer for the highest valence
band and lowest conduction band in Figure 2 before we perform other calculations.
The electrons are highly localized within each layers, the overlay in the interlayer
region is quite small for ReS, which can be served as a direct evidence of the weak
interlayer coupling. All these are in good consistent with the previous work®” in
which Feng et al. also pointed out that the vdW interaction is relatively weak in ReS,.
Eventually, we present our results without considering the vdW interaction in the
following of our work.

Following we calculate the band gap of monolayer ReS,, which is the key quantity
for photocatalysts. Table 1 collects the band gaps obtained from PBE, HSE03, HSE06

and quasi-particle self-consistent GW calculations, together with experimental one.
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Through the PBE calculations, monolayer ReS, is found to have a direct band gap of
1.41eV, which is smaller than the experimental value (1.55 eV) from absorption
spectroscopy”’. Simultaneously the band gap of monolayer ReS, calculated through
the HSEO3 functional is found to be 1.89¢V, which is closer to the G value (1.87 eV)
compared with the corresponding gap from HSEOQ6 functional (2.2 eV). In general,
the GW gaps are very close to those direct experimental fitting of the absorption data
once excitonic effects are excluded®~*. Consequently, we present the results obtained
with the HSEO3 functional since the GW calculations are much more expensive.

The band dispersion of monolayer ReS, calculated through the HSE03 method is
shown in Figure 1c. It is clear that both the valence and conduction bands are well
dispersed and no localized states are present to act as recombination centers for the
photo generated electron-hole pairs. Hence the lifetime of the photo generated charge
carriers in monolayer ReS, is expected to be longer, which can lead to better
photocatalytic efficiency. We have also studied the electronic structure of multilayer
ReS; (2 to 5 layers), to evaluate the effect of interlayer coupling (band structures in
supporting materials). As shown in Figure 1b, the band gap is slightly reduced to 1.80
eV for 5-layer ReS,, only 0.09¢V decreased to monolayer ReS,. As for the bulk ReS,,
the calculated band gap is found to be 1.76 eV which is in agreement with the
experimental value®™®. The band gap values of ReS; are insensitive to the layer
thicknesses, indicating the very weak interlayer coupling compared with other layered
materials, such as MoS,, WS,, and phosphorene®?>**, The thickness dependent band
gap of MoS; is calculated for comparison as displayed in Figure 1b. It is found that
the band gap of bulk MoS; is about 1.20eV, about 0.6 eV decreased from 1.8 eV of
monolayer, which is in line with the previous report** *. Figure 1d displays the
projected density of states (DOS) of monolayer ReS, and the electronic structures of
multilayer ReS; are shown in Figure S1 and Figure S2. From the projected DOS, it
can be seen that the d orbitals of Re are spatially extended, the states around the Fermi
energy is dominated by Re-d orbital and additional contribution from the S-p state
indicating hybridization between them. Having a significant d character around the

Fermi energy may also result in large effective masses which will eventually lead to
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the low intrinsic carrier mobility. However, a particularly useful aspect is
their intrinsic optical absorption, which arises from the existence of partially filled d
orbitals.

As we know, the photocatalysis of water splitting includes the two basic processes:
(1) electron-hole pairs generated by photon irradiation with energy larger than that of
band gap; (2) the excited electrons and holes move to the surface of semiconductor for
the redox reaction. As more electron—hole pairs migrate to the surface, a higher
conversion efficiency of solar energy will be expected. So, the carrier mobility plays a
crucial role in photocatalytic water splitting. This issue could be mitigated by the
following two factors for the multilayer ReS,. First, the band structure of monolayer
in Figure 1c shows large dispersions near band edges, suggesting good carrier
transport properties. The calculated electron (hole) effective masses are -1.463 (0.602),
and -3.607 (1.389)m, (electron rest mass), respectively, along the 'K, and [-M
directions which is slightly larger than that of monolayer MoS,. The electron (hole)
effective masses of monolayer MoS,; are -0.57 (2.80) my along the I'-K, and '-M
directions®’. For the multilayer ReS,, they show the similar results to those of
monolayer. Second, Liu er al.’' recently reported experimentally that the carrier
mobility of multilayer ReS, could be higher than 10 cm?®Vs, which is comparable
with the carrier mobility in oxides.

We observe that multilayer ReS, possess bandgap about 1.8eV within the visible
light range. To confirm whether they are suitable for water splitting, we need to
determine the alignment of the CBM and VBM energies with the redox potentials of
water splitting. Figure 3 compares the CBM and VBM energy levels of multilayer
ReS; with the redox potentials of water splitting. For the single layer ReS,, the CBM
and VBM are found to be located at -6.15 and —4.26 eV respectively. The CBM is
located just (0.18eV) above the water reduction level, whereas the VBM is found to
be 0.48eV below the water oxidation potentials. The position of the band edges
obtained directly from HSEO3 functional may be shifted, it can nevertheless give the
band gap center (BGC) 3839 which is the average of the energies at VBM and CBM,
quite well. The individual obtained BGC energies as -5.20, -5.16, -5.15, -5.14, and
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-5.14 eV for 1- to 5- layer ReS,. Surprisingly, the resulting CBM (VBM) is still
negative (positive) than the redox potential of H'/H, (H,0/O,) when use the
experimental bandgap of 1.55 eV for monolayer ReS,. This anomalous result
indicates that monolayer ReS, with experimental bandgap is able to catalyze the
water-splitting reaction.

In the case of multilayer systems, the VBM and CBM energy levels remain
almost unchanged comparing with those in single layer. For the 5-layer ReS; the
CBM is about 0.2eV above the water reduction level, whereas the VBM is about
0.37eV below the water oxidation potentials, almost unchanged compared to
monolayer ReS,. Considering the band gap bulk ReS, with a band gap of 1.76 eV, and
the CBM is about 0.18 ¢V above the water reduction level, whereas the VBM is about
0.35eV below the water oxidation potentials. Consequently, for all the multilayer
ReS;, the CBM is located above the water reduction potential, and the VBM is well
below the water oxidation potential at pH=0, suggesting that all the multilayer ReS;
are suitable photocatalysts under the visible-light irradiation.

Usually, the less negative (positive) for CBM (VBM) locates compared with the
redox potential of H'/H, (H,O/O,), the more promising it will be for the water
reduction (oxidation). For example, TiO, prefers to the performance for H, evolution,
for the CBM is negative than the redox potential of H'/H, by only about 0.1 eV, while
the VBM is positive than the redox potential of H,0/O, by about 1.8 eV'*. For the
single layer MoS,, the CBM is located just (0.13eV) above the water reduction level™,
whereas the VBM is found to be 0.44eV below the water oxidation potentials. And
several experiments suggest that they exhibit excellent photocatalytic performance for
H, evolutions®” 2%, Similar result has been found in g-C3N419. For the multilayer ReS,,
CBM is right above water reduction potential (0.20 eV), and the VBM is just below
the water oxidation potential (0.35 eV). This displays that all of the multilayer ReS,
would exhibit excellent photocatalytic performance in both H, and O, evolutions of
water splitting under the visible-light irradiation. In other words, regardless of its
layer number, ReS; is an excellent photocatalyst under the sunlight to match the redox

potentials of water oxidation and reduction.
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In addition to an appropriate bandgap and a suitable band alignment, another
important property for photocatalysts is the optical absorption. As mentioned above,
both the CBM and VBM are contributed by 5d orbitals of Re. The absorption
coefficient is large due to the strong hybridization between Re-d and S-p orbitals. To
have a look at the optical absorption characteristics of these multilayer ReS; systems,

we have calculated the complex frequency dependent

-

dielectric £(w) = &4(@) +;£2(w) function, where ¢ and &, represent the real and

imaginary parts of the dielectric function, respectively. The absorption coefficient o(w)

has been obtained from the relation:

Figure 4 shows the optical absorbance a(w) of multilayer ReS, (from 1 to 5 layer)
systems as a function of photon energy ®. Interestingly, the absorption edges are not
changed with the layer number, but the absorption increases as the layer number
increases. It is seen that multilayer ReS, show substantial adsorption in the visible
light at about 660 nm (1.9¢V). This absorption peak arises from the optical transitions
between the valence and conduction bands around the I' point. It shows that the
absorption of multilayer ReS; is in visible light region of the spectrum. The high
optical absorption efficiency suggests that ReS, are promising candidates for the
visible light photocatalytic water splitting despite the layer thickness.
Conclusions

In summary, based on the density functional theory calculations, we have
systematically studied the properties of multilayer ReS, for the applications as a
photocatalyst. Due to the thickness-insensitive electronic properties, both the single
layer ReS, and multilayer ReS, are shown to have the direct band gap around 1.8 eV,
with suitable band edge positions for photocatalyst to split water. Moreover, both the
monolayer and multilayer ReS, show the superior visible light absorption and the
light carrier effective masses. All these findings suggest that ReS, stands stable and

efficient photocatalyst under visible illumination. We therefore advocate future
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experimental studies to confirm the attractive predications.
Methods

Our first-principles calculation is performed using the VASP (Vienna ab-initio
simulation package) code®™*!. A cutoff energy of 500 eV for the plane wave basis set
is used throughout all calculations and the atomic relaxations are carried out until the
Hellman-Feynman force on each atom is less than 0.001 eV/A. For few-layer ReS,,
we relaxed the internal coordinates with the in plane lattice constants fixed at the
experimental value™. The convergence criterion of self-consistent calculations was
10 eV between two consecutive steps. A 9x9x1 k-point mesh for the Brillouin-zone
sampling is used in the calculations. A vacuum spacing of 34 A along the ¢ direction
is adopted to ensure that the interactions between the layers are negligible. The
electronic calculations are performed using the generalized gradient approximation
(GGA) of Perdew-Becke-Erzenhof (PBE) functional®, Heyd-Scuseria-Emzerhof
(HSE03) hybrid functional***, HSE06 hybrid functional and quasi-particle
self-consistent G correction method*®*’. As presented in the above paragraphs, the
simulated band gap using HSEO3 functional in good agreement with the experimental
value, consequently we use HSEO3 functional in the following calculations. It is
worth to emphasize that our main results do not depend on the choices of functionals.
Supplementary Information

The band structures and density of states of 2-, 3-, 4-, 5-layer ReS,.
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Method Band gap (eV)
PBE 1.41
HSEO03 1.89
HSE06 2.20
GW 1.87
Experimental result 1.55

Table 1 Calculated Band Gap for monolayer ReS;
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