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ABSTRACT.

Photocatalytic water splitting, an environmentally friendly approach for producing hydrogen, is
a feasible and efficient solution for the environmental and energy crisis. A major challenge for
photocatalytic water splitting is searching for catalysts with suitable band gap and band alignment
with promising electronic and optical properties. Herein, we predict a novel two-dimensional
material, monolayer RhTeCl, which is potentially exfoliable from its bulk counterparts with a
small cleavage energy (~0.39 J/m?). Dynamical, thermal, and mechanical stabilities, as well as
suitable direct band gap (2.49 eV) and band edge positions qualify monolayer RhTeCl as a
promising candidate for photocatalytic water splitting. High electron mobility and exciton binding
energy further suppress the electron-hole recombination, and good light harvesting ability is
presented with pronounced optical absorbance in the visible light and ultraviolet regions. In
addition, the Gibbs free energy diagram shows that water splitting on monolayer RhTeCl can be
effectively driven by solar energy. These features render monolayer RhTeCl semiconductors as

promising photocatalysts for water splitting.



1. Introduction

Photocatalytic water splitting into hydrogen (H2) and oxygen (O2) with the help of solar energy,
has become a promising environmentally friendly approach for hydrogen production and energy
conversion since the pioneering work by Fujishima and Honda in 1972.! Three steps are usually
identified in the photocatalytic water splitting process: charge carriers generation induced by
excitons, charge separation and transfer, and hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) on the catalyst surface.> The efficiency of photocatalytic water splitting
is greatly determined by the performance of photocatalysts in the abovementioned steps. An ideal
photocatalyst should satisfy several conditions. First, the band gap of an ideal photocatalyst should
be larger than the thermodynamic potential of water splitting (1.23 eV), but smaller than 3.0 eV in
order to utilize solar energy of visible light efficiently.*¢ Second, the band edges should be at the
right potentials to drive the redox reactions, which means that the conduction band minimum
(CBM) of the photocatalyst should be higher than -4.44 eV (reduction potential of H'/H>) and the
valence band maximum (VBM) should be lower than -5.67 eV (oxidation potential of O2/H,0).%
7 Third, photocatalysts should have small exciton binding energy and low exciton recombination
rate, separate carriers efficiently, and transfer carriers rapidly to avoid surface charge
recombination.’ Unfortunately, the low efficiency hinders the mass applications of the currently
available photocatalysts. Therefore, searching for novel photocatalysts for water splitting has
become a major challenge.

Among all types of photocatalysts, two-dimensional (2D) materials stand out for the following
two reasons. On the one hand, 2D materials have large surface area and a high portion of exposed
active sites for enhancing surface photochemical reactions. On the other hand, reduced carrier

migration distance caused by the ultrathin nature of 2D materials can greatly enhance the carrier



separation, benefiting the photocatalysis process. These advantages make 2D semiconductors with
suitable band gap ranging from 1.5 to 3.0 eV attractive candidates for photocatalytic water
splitting.*> ® Theoretical calculation has been a powerful tool in designing novel 2D photocatalysts
for water splitting® °, and recent examples include, but not limited to, MnPSe;3!°, GeS/GeSe'!,
GeTe!'2, PdSeOs’, Pd3P2Ss!?, Janus MoSSe!* !>, Pd3(PS4)2'®, SiP>!7, Janus PtSSe!®, and penta-X>C
(X=P, As, Sb)'°. Nevertheless, the difficulty in the experimental realization urges more theoretical
work into this burgeoning area.

In 2018, Mounet and coworkers identified 1,825 compounds which are easily or potentially
easily exfoliable from their 3D counterparts by using high-throughput computations.?’ Their work
provided pioneer guidance for searching possible 2D photocatalysts for water splitting. Among
those compounds, we identify one compound, RhTeCl, as a potential candidate. It has a direct
band gap of 1.1 eV as estimated by Perdew-Burke-Ernzerhof (PBE) functional,?® which usually
underestimates the exact band gap values.?! The exact band gap value of monolayer RhTeCl may
satisfy the requirements for water splitting photocatalysts. Kohler et al. obtained the three-
dimensional rhodium chalcogenide halide (RhTeCl) crystals by chemical transport reaction in
1997.22 We also note a recent publication in which monolayer RhTeCl field-effect transistors were
simulated by using quantum transport approaches.”> However, a comprehensive study of the
properties and potential applications of monolayer RhTeCl in photocatalytic water splitting has
not yet been conducted theoretically or experimentally.

In this work, we systematically investigate the stabilities as well as the structural, elastic,
electronic, transport, and optical properties of monolayer RhTeCl by density functional theory
(DFT), ab initio molecular dynamics (AIMD), and non-equilibrium Green’s function (NEGF)

calculations. Results show that monolayer RhTeCl has dynamical, thermal, and mechanical



stabilities and a direct band gap of 2.49 eV. In addition, the aligned band edge (CBM at -4.01 eV
and VBM at -6.50 eV) also satisfies the requirement for water splitting photocatalysts. The
outstanding carrier transport and optical properties can effectively suppress the electron-hole
recombination in the photocatalysis, together with outstanding water splitting thermodynamics,

which make monolayer RhTeCl an ideal candidate for photocatalytic water splitting.

2. Computational Methods

First-principles density functional theory (DFT) calculations were performed by using projector-
augmented wave method implemented in the Vienna ab initio Simulation Package (VASP)**2°,
The PBE flavor of the generalized gradient approximation’® was applied for the exchange-
correlation functional. 4p5s4d, 5s5p, and 3s3p electrons were considered as valence electrons for
Rh, Te, and Cl. Kinetic energy cut-off was set as 450 eV in all calculations. Energy and force
convergence criteria were set as 13107 eV and 0.02 eV/A, respectively. The meshes of Monkhorst-
Pack k-points sampling?’ for the calculations of unit cell and 2x2x1 supercell were set as 17x7x1
and 5x3x1, respectively. Vacuum layer with a thickness of 20 A was used to avoid spurious
interactions between adjacent image cells. For the band structures and band alignment calculations,
a more sophisticated HSE06 hybrid functional with the fraction of local exact exchange of 0.25%%
29 was used. Grimme’s DFT-D3 scheme®® was applied to account for the van der Waals interactions
during the calculations. Crystal structures and electron localized function (ELF) were visualized
with the Visualization for Electronic and Structural Analysis (VESTA) version 3.3!

Phonon dispersion spectra were calculated by using the density functional perturbation theory
(DFPT) implemented in the PHONOPY code®? interfaced with VASP with the local density

approximation functionals. During phonon dispersion calculation, energy and force convergence



criteria were set as 1x10® eV and 0.001 eV/A, respectively, and a 3x3x1 supercell was used. 4b
initio molecular dynamics (AIMD) simulations were performed in the NVT (canonical) ensemble

with Nosé-Hoover thermostat’>-*

, and 2x2x1 supercell was applied in the simulations. The
quantum transport characteristics were simulated by combining NEGF with DFT (details can be
found in the Supporting Information)*>-’.

For the optical spectra calculations, the excitonic effect was included through solving the Bethe-

)*83% with Tamm-Dancoff approximation*’ on top of single-shot GW

Salpeter equation (BSE
(GoWoy). I'-centered 6x6x1 grid was used for k-points sampling during the GW and BSE

calculations, and the energy cut-off values for the plane-wave basis and response function were

400 and 150 eV, respectively. Absorption coefficient aw) was given by the following equation:

a(0) = V2w[ye1 (0)? + £(0)? — & (w)]*?
where €1(®) and &x(w) represent real and imaginary parts of the frequency-dependent dielectric
function, respectively.
The adsorption energy of adsorbate on a substrate was calculated using the formula:
Eaqs=E(total)-E(substrate)-E(adsorbate)
where E(substrate), E(adsorbate), and E(total) represent DFT-calculated total energies of the
substrate, the adsorbate, and the system including both, respectively. Gibbs free energy changes
for all intermediates in HER and OER were calculated as:*!
AG=AEpr1+AEzpe-TAS+AGpH

where AEprr, AEzpe, TAS, and AGpu represent the difference of DFT-calculated adsorption
energy, zero point energy (ZPE), entropic contribution, and free energy correction of pH in each
reaction step. Gibbs free energy for H™+e” was calculated through the conventional hydrogen

electrode (CHE) model to simulate the anode reaction (H222(H+e")):*



G(H¢)=0.5G(H,)-eU

where U represents the electrode potential relative to the CHE.
3. Results and Discussions

3.1 Geometric structure and stabilities of monolayer RhTeCl

The relaxed geometric structure of 2D RhTeCl is plotted in Figure 1 and it possesses the space
group P21/m (No. 11). The geometric structure of monolayer RhTeCl is similar to that of transition
metal dichalcogenides in the 1T phase and the Rh layer is sandwiched between two layers of
nonmetal atoms, with half of the Te atoms in the RhTe; replaced by Cl atoms along x-axis (Figure
la). Each Rh atom is coordinated by three Te and three Cl atoms and forms edge-shared octahedra.
The lattice constants which are optimized with PBE functional and DFT-D3 correction are a=3.67
A, b=6.65 A, which is very close to experimental values for bulk RhTeCl (a=3.64 A, b=6.65 A,

c=12.99 A)??, confirming the validity of our calculations.
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Figure 1. (a) Top and (b) side view of the geometric structure of monolayer RhTeCl. Dotted lines
denote the boundaries of the unit cell. Rh, Te, and CI atoms are represented by grey, brownish

yellow, and green balls, respectively.

Before we move on to other properties, the stabilities of 2D RhTeCl must be examined. The
phonon dispersion spectrum calculated by DFPT is shown in Figure 2a. It manifests that the low-
frequency optical and acoustic branches are well separated from each other near the I" point, and
no imaginary frequencies can be seen in the entire Brillouin zone except for small ones in the
transverse acoustical phonon branch near the I' point, which can be attributed to the artifacts of

numerical calculations.***** This indicates that monolayer RhTeCl is dynamically stable.
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Figure 2. (a) Phonon dispersion spectra of monolayer RhTeCl. Brillouin zone path is set as
1'(0,0,0)>X(0.5,0,0)—>S(0.5,0.5,0)>Y(0,0.5,0)>T". (b) Total energy and temperature as a
function of time during AIMD simulation of RhTeCl 2x2x1 supercell under 500 K, and (c) top

and side views of the snapshot of monolayer RhTeCl after 10 ps in AIMD simulation.

To check the thermal stability of monolayer RhTeCl, we perform AIMD simulation with NVT

ensemble under the temperature of 500 K for 10 ps. During the simulation, the total energy and



temperature reach their equilibrium values quickly and then oscillate around them, and a snapshot
of the geometric structure after the simulation shows no obvious structural reconstruction (Figure
2c¢). After the simulation, the pristine structure can be recovered by geometric relaxation again.
This suggests that monolayer RhTeCl is thermally stable.

Two-dimensional elastic constants are obtained from renormalization by multiply the thickness
of vacuum layer with three-dimensional elastic constants*> which are obtained from the strain-
stress relations*®. For simplicity, we use the conventional standard cell in the calculations, and only
four elastic constants (Ci1, Ci2, C22, and Ces in the Voigt notation 1-xx, 2-yy, and 6-xy*’) are
independent, with values of C11=51.78 N/m, C12=12.88 N/m, C2,=45.83 N/m, and Ce¢s=15.14 N/m.
The Born criteria (C11C22-C12%>0, C66>0)*® are satisfied, indicating that monolayer RhTeCl is
mechanically stable. In addition, we calculate the orientation-dependent Young’s modulus Y(0)

and Poisson’s ratio v(0) (0 is the angle with respect to the x axis) using the following formula:*->

D

Y(6) =

C,,c0s%0 + (CL; - 2C12) cos20sin?0 + C;,sin*0

Cypcos*0 — (C11 + Cyy — Cl%) cos%0sin®0 + C;,sin*0

C,,c08%0 + (Cl - 2C12) cos?0sin?6 + C;,sin*0
66

v(0) =

here, D = C;,C,, — Clzz. As shown in Figure 3a and 3b, Young’s moduli reach the maximum
values at 6=0°, and minimum ones at 6=45°. Poisson’s ratios, on the other hand, reach the
minimum along the x direction and maximum along the y direction (6=90°). The angular
dependences of Young’s modulus and Poisson’s ratio indicate mechanical anisotropy of
monolayer RhTeCl. It is interesting to notice that Young’s modulus of monolayer RhTeCl (32.8-
48.2 N/m) is far smaller than some typical 2D materials such as graphene (342 N/m)*’" and Mo$S,

(129 N/m)°!, indicative of the fact that RhTeCl is less rigid than these materials.
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Figure 3. Orientation-dependent (a) Young’s modulus and (b) Poisson’s ratio for monolayer
RhTeCl. (c) Cleavage energy as a function of enlarged distance for RhTeCl (inset shows the

schematic illustration of the modeling in the cleavage energy calculations).

A useful way of experimental synthesis of 2D materials is the mechanical or liquid exfoliation
of their bulk counterparts.>?>* Here, we check the feasibility of the experimental exfoliation of 2D
RhTeCl by calculating its cleavage energy. We first construct a structure containing a quintuple
layer of RhTeCl and then remove the first layer away from the others over a certain distance. We
calculate the cleavage energy as a function of the enlarged distance, as shown in Figure 3c. The
cleavage energy gradually increases with increased distance and converges to the value of 0.39
J/m?. This value is very close to that of graphene (~0.37 J/m?)** 3% and is lower than some
experimentally exfoliable 2D materials, including GeS (~0.52 J/m?)**>7 and CaxN (~1.09 J/m?)*®
59 Therefore, we expect that bulk RhTeCl will also be exfoliated either mechanically or chemically

down to monolayers.

3.2 Electronic, carrier transport, and optical properties of monolayer RhTeCl
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Next, we examine the electronic properties of monolayer RhTeCl. We first consider the
influence of spin-orbit coupling (SOC) effect. As shown in Figure S1, the band structures with and
without considering SOC are very similar and the band gap values calculated by PBE and
PBE+SOC are 1.14 and 1.11 eV, respectively, indicating that SOC effect does not have a
significant influence on the electronic structures of monolayer RhTeCl. Since PBE functional
seriously underestimates the exact band gap values, we use HSE06 hybrid functional to obtain
more precise band structure, as shown in Figure 4. Both PBE and HSE06 functionals give direct
band gap at Y point, and the band gap is 2.49 eV under HSE06, which is far larger than that under
PBE and satisfies the requirement for photocatalysts (1.23-3.0 eV). Analysis of density of states
(DOS) shows that VBM and CBM are mainly contributed by the Rh 4d orbital with small
contributions from the Te 5p and CI 3p orbitals. It is also noteworthy that the valence band near
VBM (Y point) is very flat, together with the d-p and inter p orbital hybridization, resulting in
large DOS in the vicinity of VBM (Figure 4), which benefits the light adsorption ability of

monolayer RhTeCl.%°

We further use the electron localization function (ELF) to analyze the
bonding characters of monolayer RhTeCl (Figure S2). ELF with the values of 1 and 0.5 show
covalent bond character (electrons fully localized) and metallic bond character (electrons fully
delocalized), respectively, while ELF close to zero shows ionic bond character and low charge

density.®! From Figure S2, we can conclude that Rh and Cl form strong ionic bonds (ELF~0.1),

while Rh and Te form weak ionic bonds (ELF~0.25).
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Figure 4. Band structure (left) and corresponding total and partial density of states (right) of
monolayer RhTeCl calculated by HSE06 functional with vacuum level correction. Dotted lines

denote water redox potential levels.

To assess whether the band edges of monolayer RhTeCl satisfy the redox potential, we further
align the band edge position by considering the vacuum level corrections. The vacuum level of
2.78 eV under HSEO6 is used as zero reference to locate the VBM and CBM at -6.50 ¢V and -4.01
eV, respectively. Since the CBM is higher than the hydrogen reduction potential (-4.44 eV) and
the VBM is lower than the hydrogen oxidation potential (-5.67 eV), the thermodynamic
requirement for overall water splitting is fulfilled (Figure 4). We further calculate the potential of
photogenerated electrons for hydrogen reduction (Ue) and holes for water oxidation (Un).” U,
defined as the difference between CBM and the hydrogen reduction potential divided by electron
charge, is 0.43 V at pH=0; Uy, on the other hand, is calculated to be 2.06 V as the difference

between VBM and the hydrogen reduction potential. Considering the pH dependence of band
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positions under the CHE model (0.059xpH)’, we get the pH dependence of those potentials as
Ue=0.43+0.059xpH and Unr=2.06-0.059%pH, and under neutral environment (pH=7), Ue and Up
are 0.84 V and 1.65 V, respectively, which can provide considerable driving force for both HER
and OER.

External strain engineering is an important way to tune the band gap and band edge alignment
for photocatalysts.® * 1213 16 Our results (Figure S3) show that biaxial strain can effectively
modulate the band edge positions for monolayer RhTeCl, and under the biaxial strain from -5%
(compression) to 4% (tensile), the band edge positions can still satisfy the requirements for
photocatalytic water splitting. The band gap value also varies with strain, and to be specific,
decreases under tensile strain and increases under compressive one.

We evaluate the carrier mobility p by the deformation potential theory:%?

B eh3C,p
H= kgTm*mg,(E;)?

where Cap, m”, E; represent 2D elastic modulus, the carrier (electron/hole) effective mass along

the transport direction, and the deformation potential constant, my; = \/m,*m,* is the average

effective mass, the temperature T is considered as 300 K, and E; is defined as E; = A?Tb; (AE, Al,
0

and [, denote the energy change of the band after deformation, the deformation of the lattice
constant, and the equilibrium lattice constant, respectively). Results are all summarized in Table
1. We can conclude that the electron mobility is two orders of magnitude higher than the hole
mobility along both x and y directions, remarkably facilitating the separation of electrons and holes
during the photocatalysis and suppressing the electron-hole recombination. Furthermore, the
electron mobility is highly anisotropic, and the value of electron mobility along y direction (420.56

cm? V! s1) is higher than many 2D semiconductors such as MoS, (~200 cm? V! s1)% and
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comparable to many recently reported 2D photocatalysts, such as Janus MoSSe (530 and 490 cm?

Vs along x and y directions)'* and PdsP2Ss (26 and 19 cm? V! s! along x and y directions)'?.

Table 1. 2D elastic modulus Cap, carrier effective mass m", deformation potential E,, and carrier

mobility p for monolayer RhTeCl.

Carrier type Caop (N/m) m’/mo Ei (eV) u(em? Vst
Electron (x) 51.78 2.12 2.60 84.95
Electron (y) 45.83 0.28 3.28 420.56

Hole (x) 51.78 18.1 2.80 0.76

Hole (y) 45.83 5.72 427 0.92

In field effect transistor (FET) devices, high carrier mobility usually produces large drain current
and anisotropic materials also produce different current characteristics. To further prove the high
carrier mobility of monolayer RhTeCl, we use the NEGF calculations to simulate the transport
properties of monolayer RhTeCl. Because of the anisotropy of carrier mobility in monolayer
RhTeCl, a transport model is established for two directions: one with the current flow in the x
direction (denoted as device 1, as shown in Figure S4a), and the other with current flow in the y
direction (denoted as device 2, as shown in Figure S5). Strong anisotropy of currents along y and
x directions can be concluded from the I-V curve (Figure S4b) , and according to the transmission
spectra (Figure S4c), the conductance channels along the y direction are larger (detailed analysis
can be found in the Supporting Information below Figure S5), which is consistent with our carrier
mobility calculations. Such comparatively large drain current differences in pure RhTeCl materials

without chemical adsorption or doping qualify them as superior conductors, which is beneficial to
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the fast transfer of electrons to the surface of catalysts during the photocatalysis and the occurrence
of redox reactions.

We also calculate the optical absorbance to investigate the light harvesting performance of
monolayer RhTeCl. By applying the GW+BSE approach, we predict more accurate optical
absorbance spectra (Figure 5) by accounting for the excitonic effect (electron-hole interaction)
while calculating the frequency-dependent dielectric function.®*** From Figure 5, we can conclude
that optical absorbance of monolayer RhTeCl is highly anisotropic, and pronounced light
absorption covering the visible and ultraviolet regions along both x and y directions. The
absorption coefficient with the level of magnitude of 10° cm™! is comparable to hybrid perovskite
solar cells,® indicating the good light harvesting ability of monolayer RhTeCl. The exciton binding
energy is about 0.45 eV which is determined by the difference of optical band gap calculated with
and without considering the excitonic effect. The considerable excitonic binding energy can avoid
the electron-hole recombination. To sum up, the optical properties of monolayer RhTeCl

semiconductors further ensure it as good photocatalysts for water splitting.
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Figure 5. Optical absorbance of monolayer RhTeCl along x and y directions calculated using the

GW+BSE approach.

3.3 Overall water splitting thermodynamics
In the final part, we aim to analyze the photocatalytic water splitting on monolayer RhTeCl from
the perspective of thermodynamics. The OER is considered as a four proton and coupled electron
transfer (PCET) process:®’
*+H,0—»>*OH+H +e’
*OH—>*O+ H'+e’
*O+H20—»>*OOH+H +e’

*OOH—O+H +e

16



where * denotes active sites on the surface of the photocatalyst. We identify the active site with
the lowest adsorption energy of *OH and the DFT-optimized structures of all intermediates are
plotted in Figure 6. Particularly, we calculate the Gibbs free energies for all intermediates in the
OER by adding the zero point energy and entropic contributions to the DFT-calculated adsorption
energies (Table S1). From the Gibbs free energy diagram shown in Figure 6, we can conclude that
all four steps during OER are exothermic and the potential determining step with the largest energy
barrier is *O—*OOH (1.55 eV). This energy barrier can be successfully driven by the potential of
photogenerated holes (Un) under pH=7 (1.65 V) during the photocatalysis so the solar-driven
oxygen evolution on monolayer RhTeCl is spontaneous. The theoretical overpotential is
subsequently defined from the maximum Gibbs free energy change:®’
n = max[AG]/e — 1.23 [V]
In this context, a low theoretical overpotential of 0.32 V can be determined for monolayer RhTeCl,

indicating outstanding OER activity. This value is lower than that on some literature-reported OER
catalysts such as well-established (10i4) surface of -CoOOH (0.48 V)®” and Mn supported on

C2N monolayer (0.67 V). In addition, the barrier in HER is calculated to be 1.14 eV (Figure S6),
which can be partially overcome by the potential of photogenerated electrons (0.84 eV). With
effective hydrogen evolution co-catalysts to lower the activation energy by 0.30 eV or above, the
photocatalytic overall water splitting on monolayer RhTeCl can be thermodynamically

Spontaneous.
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Figure 6. Gibbs free energy diagram for the oxygen evolution reaction on monolayer RhTeCl at
zero potential U. DFT-optimized structures of all intermediates are also shown (Grey: Rh;
brownish yellow: Te; green: Cl; red: O; pink: H). Relative Gibbs free energy change values for

each step are marked and shown in eV.

4. Conclusions

In this work, we predict a novel two-dimensional material, monolayer RhTeCl, which can be
potentially exfoliated from its bulk counterparts. Monolayer RhTeCl is dynamically, thermally,
and mechanically stable with a direct band gap of 2.49 eV calculated with HSE06 functional,
together with the aligned band edge positions, satisfying the requirements for water splitting
photocatalysts. The electron mobility of monolayer RhTeCl is far higher than the hole mobility,
effectively suppressing the electron-hole recombination during the photocatalysis. Moreover, the
optical absorbance shows that pronounced light harvesting ability in the visible and ultraviolet

regions for monolayer RhTeCl. In addition, the low theoretical OER overpotential of 0.32 V
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facilitates the solar-driven water oxidation process. These features indicate that monolayer RhTeCl

semiconductors have potential applications as water splitting photocatalysts.
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