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ABSTRACT. Two-dimensional (2D) materials are long considered as potential candidates for 

photocatalytic water splitting, but their applications are limited by high electron-hole 

recombination probability, low solar-to-hydrogen (STH) efficiencies, or ‘catalyst poisoning’ 

issues. Herein, we propose an ‘edge/basal plane half-reaction separation’ mechanism of 2D 

photocatalysts for water splitting for improving the photocatalytic efficiency. As a proof-of-

concept, we design a group of stable and potentially exfoliable 2D rhodium chalcogenide halide 

(RhXY, X=S, Se, Te; Y=Cl, Br, I) photocatalysts with band gap values from 1.93 to 2.71 eV and 

suitable band edges. The half-reactions for photocatalytic water splitting, i.e., hydrogen/oxygen 

evolution reaction (HER/OER), prefer to happen on the edge and basal planes of RhXY, 

respectively, and RhSCl, RhSeCl, and RhSeBr can also trigger HER and OER simultaneously 

without sacrificial reagents or cocatalysts. This work paves the way for the rational design of 2D 

photocatalysts with spatially separated half-reactions. 

 

 The past five decades have witnessed the unremitting development of photocatalytic 

water splitting techniques driven by solar energy ever since Fujishima and Honda discovered that 

TiO2 can catalyze the reaction.1 Nevertheless, most bulk oxide photocatalysts have too large 

band gap values (>3.0 eV) to effectively utilize visible light and near-infrared light, hindering the 

improvement of solar conversion efficiencies.2, 3 In general, a promising highly efficient 

photocatalyst for overall water splitting should satisfy the following six criteria:3, 4 (1) suitable 

band gap between 1.23 and 3.0 eV; (2) suitable band edge position to straddle the water redox 

potentials; (3) strong light harvesting ability; (4) efficient suppression of electron-hole 

recombination; (5) outstanding catalytic performance of the half-reactions of water splitting, i.e., 
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hydrogen evolution reaction (HER) and oxygen evolution reaction (OER); and (6) high stability. 

Due to such restrictions, the exploration of highly efficient photocatalysts for water splitting is 

still a challenging topic. 

 Two-dimensional (2D) materials have recently emerged as promising photocatalysts for 

water splitting due to their merits including large surface area and short migration paths for 

charge carriers originating from their low-dimensional nature.3-10 By means of theoretical 

calculations, a great many 2D materials, especially transition metal chalcogenides, have been 

predicted to possess suitable band structures for photocatalytic water splitting, including M2X3 

(X=S, Se, Te),11, 12 MnPSe3,
13 GeX,14-17 Janus transition metal dichalcogenides (TMDC),18-21 

PdSeO3,
22 Pd3P2S8,

23 Ge4Se9,
24 and AgBiP2Se6.

25 However, most reported 2D photocatalysts 

suffer from drawbacks including low solar-to-hydrogen (STH) efficiencies,11, 26 the need for 

cocatalysts to trigger the HER/OER,22 recombination of photogenerated electrons and holes,4, 21 

or difficult experimental synthesis, either of which could tremendously limit their practical 

applications. Furthermore, the competition between HER and OER active sites may induce the 

‘catalyst poisoning’ issues and impedes the long-time performance of photocatalytic reactions, 

decreasing the efficiency of photocatalysts. The rational design of 2D photocatalysts which 

simultaneously solve all the challenges remains an urgent issue. 

 In previous works, the active sites investigated for 2D photocatalysts are limited to those 

on the basal planes, while the studies about those on the edge planes remain elusive. Actually, 

the edge sites of 2D TMDC (MoS2) were proven to be the real active sites for electrocatalytic 

HER by experiments and theoretical calculations.27, 28 Inspired by this, we try to design 2D 

photocatalysts whose HER and OER half-reactions proceed on the edge and basal planes 

separately, which can induce the spatial separation effect to improve photocatalytic efficiencies. 
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The 2D rhodium telluride chloride (RhTeCl) is recently predicted as a wide-band-gap 

semiconductor,29-31 and can be potentially exfoliated from the RhTeCl crystals (reported in 

1997).32 The TMDC-like geometric structures with abundant chalcogenide sides and the wide-

band-gap nature make rhodium chalcogenide halide monolayers potential candidates for 

photocatalysts with spatially separated HER and OER half-reactions. 

 In this work, we extend the 2D rhodium chalcogenide halides family to RhXY (X=S, Se, 

Te; Y=Cl, Br, I) and use state-of-the-art theoretical approaches to investigate their potential 

applications in photocatalytic water splitting. After a comprehensive screening by using stability, 

band gap, band edge positions, half-reaction performance, light absorption ability, and electron-

hole separation ability as filters (Scheme 1), we identify three of them (RhSCl, RhSeCl, and 

RhSeBr) to be promising water splitting photocatalysts without the need for sacrificial reagents 

or cocatalysts. Most importantly, we propose an ‘edge/basal plane half-reaction separation’ 

mechanism based on the spatially separated active sites for HER and OER on the edge and basal 

planes, respectively, increasing the efficiency of the half-reactions and endowing 2D RhXY with 

great promise for future photocatalytic applications. 
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Scheme 1. The screening process of 2D RhXY as photocatalysts for water splitting based on the 

general requirements. 

 

 A representative geometric structure of 2D RhXY with the space group of P21/m (No. 

11) is shown in Figure 1a, which exhibits similar geometric structures to 1T-phase TMDC with 

ABC stacking, but half of the chalcogen atoms in the A and C layers are replaced by halide 

atoms, forming distorted RhX3Y3 octahedrons. The electron localization function (ELF) in 

Figure S1 exhibits that Rh atoms form covalent bonds with X (S/Se/Te) atoms (ELF close to 0.5) 

while the bonds between Rh and Y (Cl/Br/I) are partially ionic (ELF<0.5), and electrons are 

localized around both X and Y atoms. All the RhXY monolayers exhibit cohesive energies (Ecoh) 

values larger than 4.0 eV/atom (Table S1), suggesting that their formation is potentially feasible 

in experiments.11 
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Figure 1. (a) Side and top views of the representative geometric structure of 2D RhXY, (b) 

cleavage energy as a function of separation distance d for 2D RhXY (inset shows an example of 

the cleavage process of the RhXY monolayer from quintuple layers), and phonon dispersion 

spectra calculated by density functional perturbation theory for 2D (c) RhSCl, (d) RhSeCl, and 

(e) RhSeBr. 

 

 Mechanical or chemical exfoliation is a common approach to obtain 2D materials from 

their bulk counterparts,33, 34 and such possibilities are explored by calculating the cleavage 

energies. Results in Figure 1b show that cleavage energies converge to values between 0.33 J/m2 
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(RhSCl) and 0.40 J/m2 (RhTeCl); such values are close to or smaller than most of the common 

exfoliable 2D materials (Note S1 in the Supporting Information), indicating that 2D RhXY can 

be also synthesized by exfoliation. It should be noted that only bulk RhTeCl was synthesized 

experimentally by chemical transport reaction with elemental Rh, Te powder in Cl2 flux,32 and 

the synthesis of other RhXY is promising by using similar approaches, as confirmed by the 

reaction energy calculations (Table S1). Before investigating the photocatalytic activities for 2D 

RhXY, stability is a prerequisite. First, the phonon dispersion spectra are calculated to 

investigate the dynamic stability of 2D RhXY. Results in Figure 1c-e and Figure S2 show no 

imaginary frequencies in the whole Brillouin zone, and near the Γ point, the optical and acoustic 

branches are well-separated, indicating that RhXY monolayers are dynamically stable. Ab initio 

molecular dynamics (AIMD) simulations indicate that they are thermally stable (Figure S3) and 

can resist environmental O2 attacking (Figure S4). The in-plane elastic constants (Table S2) 

satisfy the Born-Huang criteria35 for all nine 2D RhXY structures, indicating their mechanical 

stability. We also observe the mechanical anisotropy in RhXY (Figure S5). 

 To avoid possible underestimation of the band gap,36 HSE06 hybrid functional is used to 

obtain the electronic band structures of 2D RhXY. The band edge positions relative to the 

vacuum level are calculated and plotted in Figure 2a. The nine RhXY monolayers possess band 

gap values ranging from 1.93 eV (RhTeI) to 2.71 eV (RhSeCl), their conduction band minimum 

(CBM) positions are all higher than -4.44 eV (potential for H+/H2), and their valence band 

maximum (VBM) positions are all lower than -5.67 eV (potential for O2/H2O) (Figure 2a, Table 

S3). These results indicate that all nine RhXY systems satisfy the band requirements for efficient 

photocatalysts for water splitting. The moderate-band-gap feature can ensure high light 

harvesting efficiency and adequate driving force for water splitting, and the suitable band edge 
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positions can ensure that they can straddle the water redox potentials to provide a solar-driven 

driving force for the water splitting half-reactions, i.e., HER and OER. For practical applications, 

the 2D RhXY may exist as bilayers (Figure S6a). Our HSE06 calculations further prove that 

although RhXY bilayers have smaller band gap values (1.41-2.46 eV) than their monolayer 

counterparts, eight of them except for RhTeI can still satisfy the requirements (Figure S6b). 

 

 

Figure 2. (a) The band edge positions of 2D RhXY relative to the vacuum level compared with 

the water redox potentials (pH=0), and the characteristic band structures calculated with HSE06 
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hybrid functional for (b) RhSCl, (c) RhSeCl, and (d) RhSeBr. The sizes of the dots in the figures 

are proportional to the weight of the projections of different atoms. Band gap values in eV are 

marked in (b)-(d). 

 

 We further investigate their band structures, as shown in Figure 2b-d and S7, five 

monolayers (RhSCl, RhSeCl, RhTeCl, RhSBr, and RhSeBr) are direct band gap semiconductors 

with CBM and VBM both at Y point; the other four possess indirect band gap feature, but the 

differences between indirect and direct band gap are smaller than 300 meV (Table S3), 

benefiting the photogenerated carriers.37 The characteristic band structures (Figure 2b-d and S7) 

and the projected density of states (DOS, Figure S8) imply that the major contributions to the 

bands near the VBM and CBM are from Rh 4d orbitals, while the contributions from X and Y 

atoms are smaller. Nevertheless, for the iodide monolayers, iodine atoms have larger 

contributions to the VBM, making it deviates from the Y point to points on the Y→S path. Such 

a phenomenon eventually leads to the change of semiconductor type from direct to indirect for 

these monolayers. The spatial distribution of VBM and CBM is further visualized through the 

band-decomposed charge density distribution for 2D RhXY (Figure S9). The VBM of RhXY 

originates from the top regions of X atoms and top/bottom regions of Rh atoms, while the CBM 

is contributed by side regions of Rh, X atoms and bottom regions of Y atoms. Moreover, the 

variation of VBM and CBM positions for different RhXY monolayers can be attributed to the 

different strengths of the Rh-X bonds, where the VBM/CBM positions move higher when the 

Rh-X bond strength decreases (Figure S10), and since VBM has a larger linear response to bond 

strength than CBM, the band gap values of RhXY increase with stronger Rh-X bonds. In 

addition, compressive biaxial strain can make the band edge positions shift upwards for 2D 
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RhXY (Figure S11), and under 5% compressive strain, RhSCl, RhSeCl, RhSBr, RhSeBr, and 

RhTeBr can readily provide adequate driving forces for both HER and OER at pH=7 (Figure 

S11b). 

 The potentials from the photogenerated carriers can be directly utilized as the driving 

force for HER and OER half-reactions for water splitting. The potentials provided by 

photogenerated electrons Ue and photogenerated holes Uh are calculated as the difference 

between hydrogen reduction potential and CBM/VBM, respectively (Table S4).22 We first 

investigate the HER thermodynamics on 2D RhXY. HER on the basal plane of 2D RhXY is not 

favorable (Figure S12-13). In contrast, the (100) edge plane of RhXY (Figure S14a) is highly 

HER-active with small ΔG*H values from -0.35 to 0.30 eV (Figure 3a-c and S15), and under the 

light-on condition (U=Ue), both steps in HER become downhill in Gibbs free energy for RhXY, 

implying that HER becomes spontaneous. This hydrogen stabilization effect can be attributed to 

the low-coordination nature of the edge sites, which can enhance the interactions between H and 

the catalyst surface through the dangling bonds. H prefers to be adsorbed on S sites for RhSCl 

and RhSI, while H on Rh sites is more stable for the other systems; CBM is contributed by both 

active sites (Figure S14b-d), so the photogenerated electrons can trigger HER directly. 

Specifically, 2D RhSCl and RhSeCl exhibit ΔG*H values of -0.02 and 0.09 eV at U=0, 

respectively, very close to the ideal value of zero as well as Pt(111) benchmark (-0.04 eV),38, 39 

indicating that their edge planes possess outstanding HER activities. In comparison, the two 

monolayers have inferior HER performance on (010) edge planes due to strong hydrogen 

adsorption on S/Se sites (Figure S16). 
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Figure 3. HER Gibbs free energy diagrams (left panel) under zero potential and applied 

potentials corresponding to Ue and OER Gibbs free energy diagrams (right panel) under zero 

potential and applied potentials corresponding to Uh for (a) RhSCl, (b) RhSeCl, and (c) RhSeBr 

monolayers. The solvation effect is included in the calculations by the implicit solvation model. 

(d) Schematic illustration of the spatially separated half-reactions on 2D RhXY. Color code for 

atoms: Rh in grey; X in yellow; Y in green; O in red; H in pale pink. 

 

 Next, the OER performance on the basal planes of 2D RhXY is studied. During the four-

electron process under the light-off situation (U=0), the second step (*OH→*O+H++e-) is the 

potential-limiting step (PLS) for eight RhXY monolayers except for RhSeI (Figure 3a-c and 

S17), and the ΔG values range from 1.68 eV (RhSeI) to 2.36 eV (RhSCl). Interestingly, three of 

them (RhSCl, RhSeCl, and RhSeBr) possess larger Uh values than ΔG values of the PLS, and 

under the light-on situation (U=Uh), all the elementary steps in OER can be exothermic (Figure 

3a-c). Combined with their HER activities, both HER and OER can proceed on these 
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photocatalysts spontaneously without the need for any sacrificial reagents or cocatalysts.22 For 

other monolayers, the Uh is not enough to trigger the OER spontaneously, so cocatalysts are 

needed. The OER active sites on the basal planes are X-sites, coinciding with the regions where 

VBM locate (Figure S8). In addition, the OER process on the (100) edge plane of RhSCl, 

RhSeCl, and RhSeBr is much suppressed with high ηOER values (Figure S18), which suggests 

that OER on the edge plane cannot be initiated by the photogenerated potentials. We summarize 

the case of water splitting half-reactions on RhXY in a spatially separated manner (Figure 3d): 

HER happens on the edge plane while OER proceeds on the basal plane. This feature guarantees 

that there will be no competition between the active sites of HER and OER, benefiting the 

increase of water splitting efficiencies. RhSCl and RhSeCl bilayers can also catalyze the half-

reactions through this mechanism (Figure S6c-d). Such an “edge/basal plane separation 

mechanism” can be extended to other 2D catalysts with different edge/basal plane catalytic 

selectivity for bifunctional applications. 

 For practical photocatalytic applications, the stability of 2D RhXY in aqueous solution 

under illumination is also evaluated. The calculated thermodynamic reduction potentials (φr) are 

all higher than that for H+/H2, and the oxidation potentials (φo) are all lower than that for O2/H2O 

(Note S2, Table S5-S6), indicating that RhXY can resist photoinduced corrosion.40 The thermal 

stability in acidic solutions is also confirmed by AIMD simulations (Figure S19). 

 Strong light absorption ability is another requirement for efficient photocatalysts. To 

include the excitonic effect, GW with Bethe-Salpeter equation (BSE) calculations are performed 

on 2D RhXY to calculate the frequency-dependent dielectric function and therefore obtain the 

optical absorption spectra.41-43 Results in Figure 4a indicate that: (1) all the 2D RhXY systems 

exhibit pronounced light absorbance coefficient values in the whole visible light region (380-750 
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nm), comparable to other reported photocatalysts (Note S3). (2) The optical absorption spectra of 

2D RhXY are highly anisotropic, which originate from their geometric anisotropy. The 

absorbance along the x-direction is much stronger than the y-direction in the visible light region, 

and the trend is reversed in the ultraviolet region, together contributing to the strong light 

harvesting ability in both regions. 

 

 

Figure 4. (a) Optical absorption spectra α(ω) and (b) exciton binding energies Eb (with 

comparisons to literature-reported values for 2D MoS2, phosphorene, and g-C3N4)
44-46 of 2D 
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RhXY calculated by GW+BSE method. (c) Heatmap for electron and hole mobilities along x- 

and y-directions (in-plane) for 2D RhXY calculated by deformation potential theory. 

 

 The effective separation of electron-hole pairs is also a crucial factor for photocatalyst 

design. The exciton binding energy Eb is defined as the difference between GW-calculated quasi-

particle band gap and the GW+BSE-calculated optical band gap47, 48 and can be used to estimate 

the possibility of electron-hole recombination. Except for RhSI, the other eight RhXY 

monolayers possess ultrasmall Eb ranging from 0.04 eV (RhSBr) to 0.29 eV (RhSeCl) (Figure 

4b), which are smaller than other reported 2D semiconductors (Table S7), indicating that 

photogenerated electrons and holes in 2D RhXY can be easily separated, benefiting 

photocatalysis. As for carrier mobilities, the electron mobilities are 1-2 orders of magnitude 

higher than the hole mobilities for most monolayers (Figure 4c, Table S8). Considering the 

smaller number of edge sites for HER than the number of basal sites for OER in large 2D flakes, 

higher electron mobilities can compensate for this and improve the kinetics of HER induced by 

the photogenerated electrons. All these features can contribute to the separation of electron-hole 

pairs on 2D RhXY and facilitate the transport of electrons to the HER active sites. 

 Finally, we calculate the STH efficiency ηSTH of 2D RhXY as ηSTH= ηabs×ηcu,
11 where ηabs 

and ηcu are the efficiencies for light absorption and carrier utilization, respectively (detailed 

methods can be found in the Supporting Information). Results in Table 1 show that 2D RhXY 

exhibits high STH efficiencies ranging from 15.0% to 23.6%, higher than previously reported 2D 

photocatalysts such as AgBiP2Se6 (10.0%),25 Janus WSSe (11.7%),20 heptazine-based framework 

(12.0%)26 and comparable to 2D M2X3 (2.6-32.1%),11 indicating that RhXY monolayers are 



 15 

highly efficient photocatalysts. Similar results (15.0% to 24.3%) are obtained if cocatalysts are 

used (Table S9). 

 

Table 1. χ(H2), χ(O2), the energy of photons utilized for water splitting E, efficiency for light 

absorption ηabs, efficiency for carrier utilization ηcu, and STH efficiencies ηSTH for 2D RhXY. 

 χ(H2)/eV χ(O2)/eV E/eV ηabs/% ηcu/% ηSTH/% 

RhSCl 0.15 1.29 2.67 42.8 37.8 16.2 

RhSeCl 0.38 1.10 2.71 40.9 37.4 15.3 

RhTeCl 0.44 0.82 2.72 51.0 29.4 15.0 

RhSBr 0.26 1.06 2.56 48.5 38.1 18.5 

RhSeBr 0.39 0.92 2.54 48.9 38.7 18.9 

RhTeBr 0.40 0.67 2.58 59.5 30.4 18.1 

RhSI 0.58 0.23 2.38 70.5 31.9 22.5 

RhSeI 0.67 0.23 2.34 67.1 34.9 23.4 

RhTeI 0.58 0.12 2.33 74.8 31.6 23.6 

 

 In summary, we theoretically predicted a group of 2D RhXY (X=S, Se, Te; Y=Cl, Br, I) 

to be promising photocatalysts for water splitting. The RhXY monolayers are wide-band-gap 

semiconductors (1.93-2.71 eV) with suitable band edge positions, strong light absorption in the 

whole visible-light region, theoretical stabilities, and can be potentially exfoliated from the 

corresponding bulk structures. More importantly, the HER and OER half-reactions of water 

splitting prefer to occur on the edge plane and basal plane of RhXY separately, greatly increasing 

the reaction efficiencies. Among all the systems, RhSCl, RhSeCl, and RhSeBr can trigger both 



 16 

HER and OER spontaneously under the potentials provided by the photogenerated carriers, 

suggesting no need for cocatalysts. In addition, RhXY monolayers exhibit high electron-hole 

separation abilities (small exciton binding energies) and STH efficiencies (>15%). This work 

paves the way for the development of 2D photocatalysts for water splitting with spatially 

separated half-reactions and can be extended to the design of other highly efficient 2D catalysts 

with bifunctional catalytic activities. 
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