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Supplementary Information Text 

Methods 

 

Candidate structures were searched using a particle-swarm optimisation (PSO) method 

within an  evolutionary algorithm, as implemented in CALYPSO code (1, 2). This has been 

successfully applied to predict stable 2D boron-carbon compounds (3), 2D FeB6 

monolayers (4), 2D Cu2Si monolayers (5), 2D boron hydride sheets (6), 2D ionic boron (7), 

and 2D electrides (8). In our PSO calculations, the population size was set to 1000, and the 

number of generations was maintained at 50. The required structural relaxations were 

performed using a PBE functional implemented in VASP code. After obtaining the most 

stable 2D monolayers, we placed each in the xy-plane with the z-direction perpendicular to 

the layer plane. A vacuum space of 15 Å in the z-direction was adopted to avoid 

interactions between adjacent layers. 

First-principle calculations were performed by employing a pseudopotential plane-wave 

(PP-PW) approach based on density functional theory (DFT) framework, as implemented 

in the Cambridge Serial Total Energy (CASTEP) code. CASTEP is a density functional 

theory-based pseudopotential total-energy code that employs special point integration over 

the Brillouin zone and has a plane-wave basis set for the expansion of wave functions (9). 

Norm-conserving pseudopotentials in the Kleinman–Bylander form (10) were used to 

describe the electron-ion interactions. The generalised gradient approximated (GGA) 

functional of Perdew−Burke−Ernzerhof for solid (PBEsol) exchange-correlation 

functional was used (11). The Broyden–Fletcher–Goldfarb–Shannon (BFGS) minimiser 

was employed to carry out unit cell optimisation (12). For the plane wave basis, we selected 

a high cut-off energy of 830 eV. The Brillouin zone was sampled with an 11 × 11 × 1 Γ-

centered Monkhorst−Pack k-points grid for geometry optimisation and self-consistent 

calculations. The energy tolerance was 5 × 10-6 eV per atom, the force tolerance was 0.001 

eV Å-1, the stress tolerance was 0.02 GPa, and the displacement tolerance was 5 × 10-4 Å. 

To strengthen the validation of these calculations, we also used  projector-augmented 

wave (PAW) pseudopotentials in a Vienna ab initio simulation program (VASP) for 

structural relaxation and determination of properties (13, 14). A kinetic energy cutoff of 

plane-wave basis expansion was set to 600 eV. The First Brillouin zone was sampled using 

an  automatically generated 11 × 11× 1 Monkhorst−Pack set of k points (15). In all these 

calculations the convergence criteria for total energy in the self-consistent field iteration 

was set to 1 × 10−8 eV, and geometry optimisations were carried out by full relaxations 

until the Hellmann−Feynman force component on each atom was less than 0.001 eV/Å. 

SCAN meta-GGA functional, and Heyd−Scuseria−Ernzerhof (HSE) screened hybrid 

functional  (16, 17) are adopted to obtain the accurate band structure. 

To evaluate the kinetic stability of these new graphene-like monolayer monoxides and 

monochlorides, phonon dispersion analysis was employed. This used density functional 

perturbation theory (DFPT) with a linear response method implemented in CASTEP code 

(18). To evaluate the thermal stability of new graphene-like monolayers, ab initio 

molecular dynamics (AIMD) simulations were performed using the PAW method and a 

GGA-PBEsol functional in CASTEP and VASP code. During MD simulations, initial 

configurations of the 2D monolayers in 3 × 3 supercells were annealed at different 

temperatures, with each MD simulation in the NVT ensemble lasting for 10 ps with a time 
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step of 2.0 fs. The temperature was controlled using Nosé−Hoover thermostats (19, 20) in 

the temperature range from 300 K to 3500 K.  

Bader charge analysis was performed using  code developed by Henkelman’s group (21–

23). Bader analysis uses zero flux surfaces to divide atoms, and the analysis is merely 

dependent on charge density distribution. The charge enclosed within the Bader volume is 

a good approximation to the total electronic charge of an atom. Mulliken atomic population 

analysis (24, 25) and Hirschfeld analysis (26, 27) were also performed for comparison.  

 

 

2D graphene-like structure without d-orbital.  

Several rock-salt-like binary compounds were filtered out and screened from the 

structure database. We then focused on some additional common materials with fewer or 

no d-orbitals, such as CaO, SrO, BaO, and HfO as shown in Figure S1. By using a particle 

swarm structural search (1) and first-principle calculations based on both density functional 

theory (DFT) and density functional perturbation theory (DFPT) (18, 28). 

2D graphene-like structure containing d-orbital 

Moreover, we also studied the rock-salt-like binary compounds containing d-orbitals, 

such as AgCl, HfO, and CdO for comparison and further verification. All these materials 

maintain a graphene-like structure within a one-atom-thickness planar hex-coordinate 

lattice.  

Fig. S1 and Fig. S2 show the 2D structure of CaO, SrO, BaO, and HfO monolayer 

sheets. Table S1 and Table S2 show the lattice parameters of bulk rock-salt-like binary 

compounds and their corresponding two-dimensional structure. 

 

Scanning tunneling microscopy analysis 

Scanning tunneling microscopy (STM) analysis of the discovered 2D monolayers were 

simulated based on the Tersoff and Hamann approximation (29) at constant height mode 

used to mimic the experimental setup (30). Fig. S3A shows the simulated STM images of 

graphene for comparison, which is in great agreement with the experimental results (31, 

32). For single-layer sheets of graphene, the asymmetry of graphite bulk is removed (32). 

All surface carbon atoms of graphene are identical, and a symmetrical honeycomb structure 

can be clearly observed in the simulated STM image. Fig. S3 B-F show the simulated STM 

images of discovered 2D BaO, AgCl, HfO, BeO, and CdO monolayers, respectively. The 

simulated STM images of 2D BaO sheets, 2D AgCl sheets, and 2D CdO sheets show 

surfaces with a hexagonal pattern, while the simulated STM images of 2D BeO sheets and 

2D HfO sheets reveal surfaces with triangular patterns. These outcomes will be useful in 

identifying and distinguishing future experimental STM images. 

Binding energy using different pseudopotentials 

The binding energy (Eb) of these 2D materials is calculated with the formula Eb = EAB − EA 

− EB, where EAB, EA, and EB are the energy of 2D monolayer compound AB, their 

constituent atoms A and B, respectively. The Fig. S4 shows the binding energy calculated 

using different pseudopotential schemes: the projector augmented wave (PAW) method 
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and norm-conserving pseudopotentials (NCP). The binding energy of graphene calculated 

using different pseudopotential shows the same value. For the predicted 2D materials, 

binding energy using norm-conserving pseudopotential is a bit higher than the binding 

energy using PAW pseudopotential. All the binding energy are negative by using different 

pseudopotential, indicating the stability of 2D monolayers. 

Analysis of kinetic stability 

The kinetic stability of the presented two-dimensional materials is performed by 

calculating the phonon dispersion using DFPT methods along the high-symmetry lines in 

the Brillouin zone. 

Fig. S5 shows the calculated phonon dispersion of pristine graphene for comparison, 

which is in great agreement with the experimental and other theoretical results (33–35).  

Similar to graphene (36–38), these 2D monolayers have six phonon branches: out-of-

plane acoustic (ZA) and out-of-plane optical (ZO) phonons, where Z indicates that the 

displacement vector is along the Z axis; transverse acoustic (TA), transverse optical (TO), 

longitudinal acoustic (LA) and longitudinal optical (LO) phonons, which correspond to 

vibrations within the 2D plane. All frequencies were positive, with no appearance of 

imaginary phonon modes, indicating that the graphene-like monoxides and monochlorides 

are thermodynamic stable. 

Discovery of graphene-like mononitride monolayer 

Adopting the same strategy in present work, we further studied the other rock-structure 

binary mononitrides such as scandium nitride (ScN) as seen in Fig. S6. 

Fig. S7 shows the phonon dispersion curve of predicted 2D ScN monolayer. All 

frequencies were positive, with no appearance of imaginary phonon modes, indicating that 

the graphene-like ScN is thermodynamic stable. 

Discovery of graphene-like monoselenide monolayer 

Adopting the same strategy in present work, we further studied the other rock-structure 

binary monoselenides such as cadmium selenide (CdSe). Fig. S8 shows the 2D structure 

of CdSe monolyer. 

Fig. S10 shows the phonon dispersion curve of predicted 2D ScN monolayer. 

Unfortunately, the frequencies at Gamma point are positive, while the frequencies at K and 

M points were negative. This reveals the metastable character of 2D CdSe monolayer. 

Stress engineering on the stability of graphene-like monoselenide monolayer 

To address the above issue of metastability of predicted 2D CdSe monolayer, we tried 

to apply the external stress on the 2D CdSe monolayer structure. 

The results show that the negative frequency can be converted to positive by considering 

the effects of external stress, as shown in Fig. S9 and Fig. S10. This indicates that ambient 

stresses can help stabilise 2D CdSe monolayers.  

Accurate band structure analysis 

Note that GGA calculations tend to underestimate the bandgaps of semiconducting 

materials. To obtain the more accurate band structure, we adopted SCAN meta-GGA 

functional, and Heyd−Scuseria−Ernzerhof screened hybrid functionals (HSE) (16, 17). The 
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semi-local meta-GGA strives to be more accurate than  GGA for a broader range of 

applications and chemical systems (39–41). Recently developed non-empirical strongly 

constrained and appropriately normed (SCAN) meta-generalized gradient approximation 

functional has been reported to predict accurate geometries and energies of diversely 

bonded molecules and materials, including covalent, metallic, ionic, hydrogen and van der 

Waals bonds (39, 42).  The more accurate HSE06 exchange functional was also used.  HSE 

functional incorporating a fraction of Hartree−Fock (HF) exchange into  short-range 

exchange interactions has been proposed and successfully applied to strong correlation 

systems (43). The resulting expression for the exchange-correlation energy is given by:  

 ( ) ( ) ( ) ( ), , ,1HSE HF SR PBE SR PBE LR PBE

xc x x x cE aE a E E E  = + − + +   (1) 

As can be seen above, the exchange energy ( HSE

xcE ) is separated into a short-range and long-

range component, labelled SR an LR, respectively. The SR part includes both HF ( ,HF SR

xE ) 

and PBE ( ,PBE SR

xE ) terms, while the LR part has only one PBE ( ,PBE LR

xE ) term. Here, a is 

the HF exchange mixing coefficient, and μ is a splitting parameter that defines the 

partitioning between the SR and LR components, which was adjusted to reproduce PBE 

hybrid heats of formation in molecules with some consideration given to band gaps in 

materials (16, 17). For the standard HSE06 functional, the parameter a was chosen as 0.25, 

which can accurately predict enthalpies of formation, ionisation potentials, and electron 

affinities for molecules as well as lattice constants and band gaps for solids (16).  

Fig. S14 shows the band structure of other 2D materials mentioned in the manuscripts. 

As seen, the calculated band gaps using GGA-PBEsol are in good accordance with the 

band gaps using SCAN. Within the SCAN meta-GGA exchange functional, the band 

structure is slightly improved, yet greater improvement is achieved using the HSE06 hybrid 

functional as seen in Fig. S14. 

Analysis of Mechanic stability 

The elastic constants are critical parameters for mechanical properties of materials. The 

elasticity tensor, Cij, of both 2D MgO monolayer and 2D NaCl monolayer were computed 

from the first derivatives of the stresses computed in VASP. Table S4 and Table S5 show 

the Cij matrix of 2D MgO monolayer and 2D NaCl monolayer. It is found that the elastic 

matrix for both monolayers are symmetric, i.e., Cij=Cji. Table S4 and Table S5 show the 

calculated eigenvalues of the elastic matrix. The matrix C and all eigenvalues of C are 

positive, indicating the elastic stability. The Born stability criteria for the stability of 

hexagonal system are 

(i) C11-C12>0; 

(ii)  2×C13×C13<C33×(C11+C12);  

(iii)  C44>0. 

From Table S4, we can see that all three conditions for both 2D NaCl monolayer and 2D 

MgO monolayer are satisfied, revealing the stability.  



 

 

6 

 

Electron charge analysis 

Bader charge analysis was performed using  code developed by Henkelman’s group (21–

23). Bader analysis uses zero flux surfaces to divide atoms, and the analysis is merely 

dependent on charge density distribution. The charge enclosed within the Bader volume is 

a good approximation to the total electronic charge of an atom. Mulliken atomic population 

analysis (24, 25) and Hirschfeld analysis (26, 27) were also performed for comparison.  
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Supplementary Figures 

 

  
Fig. S1  3D view of two-dimensional (A) CaO, (B) SrO, (C) BaO, and (D) HfO 

monolayer sheets. 
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Fig. S2 Planar and side view of 2D CaO, SrO, BaO, and HfO monolayer sheets. 
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Fig. S3 The simulated STM images of graphene (A) and predicted 2D monolayers: (B) 

BaO, (C) AgCl, (D) HfO, (E) BeO, and (F) CdO. 

  



 

 

10 

 

 

Fig. S4 Binding energy of 2D materials calculated using PAW and norm conserving 

pseudopotential 
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Fig. S5 Phonon dispersion of graphene. 
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Fig. S6 Two-dimensional structure of ScN monolayer. White sphere is Sc atom and blue 

sphere is N atom. 
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Fig. S7 Phonon dispersion of 2D ScN monolayer. 
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Fig. S8 Two-dimensional structure of CdSe monolayer. Orange sphere is Cd atom and 

light-yellow sphere is Se atom. 
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Fig. S9 Effect of external stress on the lowest phonon band. 
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Fig. S10 Phonon dispersion of 2D CdSe monolayer under different external tensile stress. 

(A) 0 GPa, (B) 1 GPa, (C) 2 GPa, (D) 3 GPa, (E) 4 GPa. 
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Fig. S11 Total potential energy of 2D SrO monolayer for 10 ps at different temperatures 

during AIMD simulation.   
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Fig. S12 Velocity autocorrelation function of 2D SrO monolayer for 10 ps at different 

temperatures during AIMD simulation.   
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Fig. S13 Forces of 2D SrO monolayer for 10 ps at different temperatures during AIMD 

simulation.  
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Fig. S14  Band structure of 2D monoxide and monochloride monolayers calculated using 

PAW-PBE, MetaGGA-SCAN, and HSE06 exchange functional. (A)  BeO, (B) CaO, (C) 

SrO, (D) BaO, (E) LiCl, and (F) AgCl 2D monolayers. 
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Fig. S15  Total density of states of 2D CdO monolayer using MetaGGA-SCAN, HSE06 

and GGA-PBE, inset shows the partial density of states. 
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Fig. S16 Isosurfaces of electron localization function for (A, B) LiCl, (C, D) NaCl, and (E, 

F) AgCl in the top and side view. 
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Fig. S17 Isosurfaces of electron localization function for 2D monoxide monolayers: (A) 

MgO, (B) CaO, (C) SrO, and (D) BaO in the top view. 
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Fig. S18 Isosurfaces of electron localization function for 2D monoxide monolayers: (A) 

MgO, (B) CaO , (C) SrO, and (D) BaO in the side view. 
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Supplementary Tables 

 

Table S1 Crystal lattice parameters of bulk rock-salt-like binary compounds. 

 

Bulk materials a, Å b, Å c, Å α, ° β, ° γ, ° Reference 

LiCl 5.1295 5.1295 5.1295 90 90 90 (44, 45) 

NaCl 5.62 5.62 5.62 90 90 90 (46, 47) 

AgCl 5.5463 5.5463 5.5463 90 90 90 (48) 

BeO 3.796 3.796 3.796 90 90 90 (49) 

MgO 4.217 4.217 4.217 90 90 90 (50) 

CaO 4.799 4.799 4.799 90 90 90 (51) 

SrO 5.1396 5.1396 5.1396 90 90 90 (51) 

BaO 5.496 5.496 5.496 90 90 90 (49) 

CdO 4.696 4.696 4.696 90 90 90 (52) 

HfO 5.115 5.115 5.115 90 90 90 (45) 
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Table S2  Crystal lattice parameters of bulk rock-salt-like binary compounds. 

2D materials a, Å b, Å α, ° β, ° γ, ° 

LiCl 3.9185 3.9185 90 90 120 

NaCl 4.5357 4.5357 90 90 120 

AgCl 4.2316 4.2316 90 90 120 

BeO 2.5958 2.5958 90 90 120 

MgO 3.3057 3.3057 90 90 120 

CaO 3.747 3.747 90 90 120 

SrO 3.9884 3.9884 90 90 120 

BaO 4.2552 4.2552 90 90 120 

CdO 3.6476 3.6476 90 90 120 
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Table S3 Band gap (Eg) for 2D materials derived from HSE06 in comparison with 

experimental values for 3D materials in unit eV. 

Materials Eg 2D Eg 3D 

LiCl 7.221 9.4 a 

NaCl 6.302 8.75 b 

AgCl 3.129 3.25 c 

BeO 6.846 10.6 d 

MgO 4.76 7.8 e 

CaO 3.801 7.09 f 

SrO 2.74 5.9 g 

BaO 2.153 5 h 

CdO 2.08 2.46 i 

a reference (53) 

b reference (54) 

c reference (55, 56) 

d reference (57, 58) 

e reference (59) 

f reference (59, 60) 

g reference (61)  

h reference (62) 

i reference (63) 
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Table S4 Cij matrix of 2D MgO monolayer, together with the corresponding eigenvalues.  

System Cij j=1 j=2 j=3 j=4 j=5 j=6 

 i=1 73.445 42.771 0.371 0 0 0 

 i=2 42.771 73.445 0.371 0 0 0 

MgO i=3 0.371 0.371 0.934 0 0 0 

 i=4 0 0 0 0.732 0 0 

 i=5 0 0 0 0 0.732 0 

 i=6 0 0 0 0 0 15.337 

 Eigenvalues 116.219 30.674 0.932 0.732 0.732 15.337 
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Table S5 Cij matrix of 2D NaCl monolayer, together with the corresponding eigenvalues.  

System Cij j=1 j=2 j=3 j=4 j=5 j=6 

 i=1 10.444 8.179 0.397 0 0 0 

 i=2 8.179 10.444 0.397 0 0 0 

NaCl i=3 0.397 0.397 0.309 0 0 0 

 i=4 0 0 0 0.061 0 0 

 i=5 0 0 0 0 0.061 0 

 i=6 0 0 0 0 0 1.133 

 Eigenvalues 18.641 2.265 0.292 0.061 0.061 1.133 
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Table S6 Bader charge, Mulliken charge, and Hirshfeld charge of the predicted 2D 

monolayer in unit e. 

 

2D materials Nominal charge Bader charge Mulliken charge Hirschfeld Charge 

LiCl 1 0.87555 0.94 0.23 

NaCl 1 0.85254 0.69 0.34 

AgCl 1 0.465 0.33 0.19 

BeO 2 1.68292 0.94 0.31 

MgO 2 1.618 1.21 0.5 

CaO 2 1.452 1.1 0.53 

SrO 2 1.52671 1.01 0.57 

BaO 2 1.471 0.98 0.57 

CdO 2 1.20193 0.98 0.45 
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