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Abstract 

Two-dimensional (2D) materials have gained a lot of attention being a new class of materials 

with unique properties that could influence future technologies. Concomitant computational design 

and discovery of new two-dimensional materials have therefore become a significant part of modern 

materials research. The stability of these predicted materials has emerged as the main issue due to 

drawbacks of the periodic boundary condition approximation that allow one to pass common criteria. 

Here, based on first-principle calculations, we demonstrate structural stability and instability of 

several recently proposed 2D materials with pentagonal morphology including the experimentally 

exfoliated single-layer PdSe2. It is found that an appropriate orientation of the central Pd sublattice 

with respect to Se2 dimers effectively compensates all mechanical stress and preserves the planar 

structure of PdSe2 nanoclusters, while the flakes of all other materials having pentagonal morphology 

exhibit non-zero curvature induced by excessive interatomic forces. The relative energies of the PdSe2 

monolayer and nanotubes per formula unit also confirm that the planar monolayer is a global energy 

minimum. Like the monolayer, (n,0) PdSe2 tubes are indirect band gap semiconductors with similar 

band gaps, while (n,n) tubes reveal indirect-direct band gap transitions following the increase of the 

tube diameter. Small strain energies of large diameter tubes reveal their possible experimental 

realization for various optoelectronic applications.  



 2 

 
TOC Figure 

 

The stability of two-dimensional (2D) structures has been a key issue since Landau’s and 

Peierls’ prediction of thermodynamic instability of two-dimensional crystals caused by short-range 

thermal fluctuations and transverse atomic displacements comparable to an order of interatomic 

distances at any finite temperature.1,2 Their arguments were then summarized and proved by Mermin 

and Wagner in the 70th.3,4 It has later been evidenced that such kind of fluctuations are suppressed by 

the interaction of in-plane and out-of-plane modes which induce waves in the structure.5–7 Therefore, 

two-dimensional structures like graphene and h-BN are stabilized due to the presence of long-range 

waves introducing curvature perpendicular to the plane of the 2D crystalline lattice. The birth of 

graphene in 2004 is perhaps the best confirmation of stability of a material in two dimensions.8,9  

Modern state-of-art high-throughput theoretical methods can be used to massively screen new 

potential 2D materials,10,11 for desired properties.12–14 Usually, metastability of newly proposed low-

dimensional materials is commonly theoretically confirmed via the absence of imaginary modes in 

the phonon spectra, and sometimes by molecular-dynamics simulations. However, the linear 

translation symmetry restrictions imposed by the periodic boundary conditions may result in false 

predicted stability of a low-dimensional material, as it symmetrically disables non-linear-periodical 

low-dimensional crystalline lattices because each atom in the computational cell interacts not only 

with other atoms in this cell, but also with their images in the adjacent boxes producing, in fact, an 

infinite structure without the possibility of bending. Mostly, first-principle software for crystal 

structure calculations utilizes linear translation symmetry within periodic boundary conditions (PBC). 

In crystalline lattices where constituting elements (atoms, ions) are bounded by strong interatomic 

bonds (non van-der-Waals crystals), internal stresses arising from structural features can be artificially 

truncated and modified by the next neighboring images within the PBC approximation that also affects 

the phonon spectra15–17 and other vibration-related properties.  
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Recently, various 2D nanomaterials with exotic penta-structures18–27 have been predicted. 

However, 2D PdSe2, which is naturally abundant in bulk layered materials, is the only existing 

synthesized experimentally 2D lattice composed of pentagonal structural blocks.28 PdSe2 is a well 

known bulk layered material,29 which is characterized by an orthorhombic PdS2-type structure with 

the Pbca space group of symmetry at ambient conditions.30 Penta-graphene18 is likely the most famous 

member of the penta-structures family made of only pentagons characterized by three-layer thick 

structure and resembling Cairo pentagonal tilling with central sp3 carbon sublattice and two 

perpendicular symmetrically nonequivalent sp2 carbon sublattices located in the top and bottom 

layers. In contrast to graphene, which is, in fact, a one-atom-thick material, penta-graphene has non-

zero thickness (1.2 Å). It was early theoretically proposed to be a thermodynamically and 

mechanically stable allotrope of graphene, however, further theoretical investigations have shown that 

it is mechanically,31 thermodynamically,32 symmetrically and topologically,16 as well as energetically 

and kinetically unstable.33 In particular, it has been shown that mutually perpendicular top and bottom 

sublattices create uncompensated mechanical stress, which consequently causes strong topological 

instability and bending of the 2D crystalline lattice. Though some unstable materials can be stabilized 

by a suitable substrate, this is not the case for penta-graphene because of the large internal stress.16 

While theoretical calculations have already highlighted its instability, dozens of authors and journals 

continue to report (see, for example [34–36] and many others) promising, unique or rather fantastic 

properties of many penta-structures consisting of other elements misleading key researches for years. 

The predicted unusual geometry and properties have made these materials attractive for further studies 

and the number of published papers has continued to increase by the year. However, all those 

theoretical papers are based on periodic boundary calculations, which makes it impossible to take into 

account edge effects making every new image bounded with the previous one, something that strongly 

affects the interatomic forces of boundary atoms.15 It is expected that phonon calculations formally 

show a local minimum because the internal stress is compensated by the next neighboring images of 

the unit cell. In this regard, one of the possible ways to prove the structural stability of the proposed 

materials is to relax a finite nanocluster, while a second way is to build nanotubes. These simple 

approaches make it possible to consider edge effects to avoid the influence of the image partners of 

the 2D structures taking into account the mechanical stress induced on edge atoms and can prove a 

global energy minimum if bending modes are disappeared.  

In this letter, we analyze the structural stability of several recently proposed nanomaterials 

including the experimentally observed PdSe2 monolayer. Strong instability is found when applying 

the finite cluster approach to predicted low-dimensional crystals with multiple inequivalent sublattices 



 4 

like penta-graphene,18 penta-SiC2,20 penta-AlN2,22 penta-B2C,27 penta-CN2,21 penta-SnS223, while the 

absence of internal mechanical stress in single-layer PdSe2 is validated by the same approach as well 

as by calculations of nanotubes of different diameter and chirality. Obtained total energies of 

monolayer PdSe2 and PdSe2 nanotubes per formula unit confirm that the monolayer is the global 

energy minimum. Like monolayer PdSe2, (n,0) PdSe2 tubes are indirect band gap semiconductors 

with similar band gap widths, while (n,n) tubes reveal indirect-direct band gap transitions with 

increasing diameter of the tubes. The small strain energy of large diameter tubes reveals their possible 

experimental realization for various optoelectronic applications. 

Density functional theory (DFT) implemented in the Vienna Ab-initio Simulation Package 

(VASP)37,38 was used within the projector augmented wave (PAW)39 method and the GGA PBE 

functional40 in plane-wave basis and PBC conditions. Following Refs. [28] and [41], the optPBE 

functional42 was used for all PdSe2 calculations to avoid artificial phase transitions.29 The wave 

functions were expanded to 400 eV. The first Brillouin-zone (BZ) for periodic calculations was 

sampled on a grid of 12 × 12 × 1 k-points according to the Monkhorst-Pack scheme.43 A k-point 

sampling of 1×1×6 was used for the structural relaxation of nanotubes, while a grid of 1×1×40 was 

used to calculate their band structures. The convergence tolerance of forces and electronic 

minimizations was 10-3 eV/Å and 10-5 eV, respectively. All periodic images were separated by a 

vacuum distance of at least 15 Å to avoid any interaction in the z-direction. All finite clusters were 

calculated at the Г-point of the Brillouin zone. The Gaussian smearing of 0.02 eV was utilized. All 

nanotubes were converged within the pressure of 0.5 kbar. The Visualization for Electronic and 

Structural Analysis (VESTA) software 44 was used for visualization of the results.  

 
Figure 1. Top and side views of the PdSe2 monolayer. Se and Pd atoms are in yellow and gray 

respectively. 
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The initial structure of monolayer PdSe2 was obtained from experimental data (a=5.75, b=5.87 

and c=7.69 Å)29 by cutting out one stoichiometric layer of bulk PdSe2. Two Pd and three Se atoms 

form here a so-called Cairo pentagonal tiling. The optimized structural parameters (a=5.72, b=5.93 Å, 

and β=87.6°) reveal that single-layer PdSe2 (Figure 1) lowers the symmetry to the P21/c space group, 

that agrees well with the reported experimental data.28,45 2D PdSe2 has 3 symmetrically inequivalent 

sublattices (distinct atomic layers) with the Pd ion sublattice located in the middle and two Se ion 

sublattices located on top and bottom of the lattice. The Pd ions have planar square coordination 

inclined by 25° with respect to the PdSe2 plane with the length of the Pd-Se bonds equalling 2.479 Å. 

The Se ions also form Se2 dimers (the length of Se-Se bonds is equal to 2.438 Å) each of which is 

bonded with 4 Pd ions (each Se ion is bonded with two Pd ions). Like other penta-structures, the top 

projection of penta-PdSe2 represents a typical Cairo tilling - its stability has been confirmed by 

numerous experimental realizations.28,46,47 This makes it further necessary to explain the stability of 

its unusual structure and compare it to other recently predicted penta-structures.  

One of the possible methods to confirm structural stability and the absence of bending 

mechanical strain is a comparison of the energy per formula unit upon the diameter of nanotubes with 

respect to the monolayer, which in fact is the limiting case of an infinite diameter tube. Similar to 

other 2D materials, like graphene or TMDCs, PdSe2 nanotubes can be designed by wrapping the 

monolayer along with specific directions described by two indices: (n,0) and (n,n). Due to the unusual 

structure, we cannot use notifications like “armchair” or “zigzag” common for nanotubes but it is 

clearly seen that nanotubes are different in chirality (Figure 2a,b) because top views represent different 

patterns. Hypothetical PdSe2 nanotubes have been investigated by means of DFT in Ref [48], 

however, the proposed nanotubes were built based on the 1T-PdSe2 monolayer that is completely 

different in structure from that observed in the recent experiment presented in Ref.28  

Comparing the total energies of the PdSe2 monolayer and nanotubes per formula unit (Figure 

2c), one can conclude that the monolayer is the energy minimum with respect to the nanotubes. The 

curves show that the strain energy exponentially decreases with the increase of the tube diameter, as 

is typical for other energetically stable nanotubes.49,50 Generally, the energy of (n,n) tubes is slightly 

higher compared to the (n,0) ones making the formation of the latter energetically preferable. An 

analysis of the energy curve of the (n,n) nanotubes indicates a deviation from perfect exponential 

dependence associated with a slight decrease of the band gap width in nanotubes larger than (9,9). 

Figure 2c demonstrates that the strain energy decreases with increasing tube diameter. When the 

tube diameters increase, the formation energy per formula unit becomes lower (below 0.05 eV per 

formula unit) and comparable to that of carbon nanotubes (CNT),50 suggesting that their formation 
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is energetically possible. Since the smallest diameter of MoS2 nanotubes produced experimentally 

is less than 10 Å,51 where the deformation energy reaches ~0.5-0.6 eV/formula unit,49 we believe 

that the PdSe2 nanotubes with pentagonal morphology also can be realized experimentally.  

 
Figure 2. Top and side views of (a) (12,0) PdSe2 nanotube and (b) (6,6) PdSe2 nanotube. The yellow 
and grey atoms correspond to Se and Pd, respectively. (c) Relative energies of the PdSe2 monolayer 
and nanotubes of different chirality and different diameter. The red and blue curves correspond to 
(n,n) and (n,0) types. (d) Typical band structures and corresponding (e) DOS (Fermi level is set to 0) 
of PdSe2 nanotubes of certain diameters. 

 

The electronic structure calculations reveal that (n,0) PdSe2 nanotubes are indirect band gap 

semiconductors with almost similar band gaps to that of the monolayer calculated at the same level 

of theory,41 while (n,n) tubes reveal indirect-direct band gap transitions with increasing diameter 

of the tubes (Figure 2d,e, Table 1). The band gaps of (6,0) and (3,3) tubes are drastically smaller 

in comparison with the larger diameter tubes as resulting from the structural strain of the former. 

Similar behavior has previously been found for MoS2 nanotubes.49 Both Se 4p and Pd 4d orbitals 

(Figure 2e) contribute to the VBM and CBM of the nanotubes. Well-defined dominating peaks of 
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the Pd d-band is found in the range of 1-3 eV below the Fermi level. It has been demonstrated that 

the many-body GW-BSE approach increases the optical gap of single-layer PdSe2 up to ~2 eV.41 

We believe that the use of such high-level methods should also result in a similar correction of the 

band gaps for the PdSe2 nanotubes.  

 

Table 1. The band gap widths with respect type and n index of PdSe2 nanotubes.  
n (n,0) (n,n) 
3 - 1.058 eV (indirect) 
4 - 1.192 eV (indirect) 
5 - 1.234 eV (indirect) 
6 1.215 eV (indirect)      1.245 eV (direct) 
7 -      1.257 eV (direct) 
8 1.285 eV (indirect) - 
9 -      1.226 eV (direct) 
10 1.285 eV (indirect)      1.234 eV (direct) 
12 1.306 eV (indirect) - 
15 1.314 eV (indirect) - 
18 1.315 eV (indirect) - 
20 1.319 eV (indirect) - 

 

As noted, another method to check the structural stability of a monolayer is to drop the 

translational symmetry and so allow relaxation of a finite nanocluster. The Pd24Se48 cluster, which 

perfectly represents a square fragment of the 2D PdSe2 crystalline lattice, with and without hydrogen 

termination, was chosen for further scrutiny of the optimized structure (Figure 3a). The number of 

added hydrogen atoms is equal to the number of dangling bonds needed to represent the structural 

motif. The relaxed clusters were found to preserve PdSe2 structural features except for small edge 

distortions caused by the edge effects, and to exhibit high structural stability and absence of internal 

uncompensated mechanical stress. Applying the same approach to penta-graphene clusters of different 

shapes and number of atoms (Figure 3b), strong distortions of the nanoclusters are found. The square 

(C120), triangle (C157) and snowflake-like (C96) nanoclusters with and without hydrogen termination 

were relaxed. The shape of distortion resemble a saddle-like form and was found not to depend on the 

geometry and size of the initial cluster.  
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Figure 3. (a) Geometry of the PdSe2 nanocluster before relaxation (top panel), after relaxation (middle 
panel), after relaxation of hydrogen(H)-terminated nanocluster (bottom panel). (b) The penta-
graphene nanoclusters of different shapes (square, snowflake-like and triangle) after relaxation. (c, d, 
f, g, h) Equilibrium geometries of penta-SiC2, penta-AlN2, penta-B2C, penta-CN2 and penta-CdS2 
nanocluster. (e) Geometry of the penta-SnS2 nanocluster after relaxation (top and middle) and 
equilibrium geometry of the newly found low-energy SnS2 monolayer (bottom). Capital “H” denotes 
a hydrogen-terminated cluster. 
 

To validate this method, we turn to other recently proposed penta- structures, namely penta-

SiC2, penta-AlN2, penta-B2C, penta-CN2, penta-SnS2 and penta-CdS2. In general, these materials 

represent the same structure as penta-graphene excluding penta-SnS2 which is perfectly flat. On the 

basis of the respected optimized unit cells, the parameters of which can be found in the supplementary 

information (SI), nanoclusters of A40B80 composition (A24B48 for penta-CdS2) were designed and 

relaxed. As we expected, all of them demonstrate strong bending instability (Figures 3c-h) caused by 

internal stress, which is suppressed within the PBC approximation due to the inability to change the z 

coordinate in a wide range of values and to properly relax the edges of the materials. Generally, all 

clusters demonstrate deformation along the z-direction with the only difference being in the geometry 

and amplitude of bending. It is interesting to note that the study on penta-SnS2 (also SnSe2, SnTe2) 

published in Ref. [23] did not report the results of phonon spectra, but rather focused on attractive 

properties like quantum spin Hall effects. We believe that the proposed structures are strongly unstable 
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and do even not represent local minima, but rather an artefact of the imposed symmetry constraints. 

Switching off the symmetry constraints or making small atomic displacements in penta-SnS2, one can 

easily observe a barrier-free transition to the new structure which is ~1.1 eV lower in energy than the 

proposed one (Figures 3e, bottom panel). It can be expected that a similar transition should occur in 

penta- SnSe2 and SnTe2 monolayers proposed in the same paper. The finite cluster calculations of 

penta-SnS2 (Sn40S80) demonstrate a complete breakdown of symmetry with an accompanying 

decomposition of the original structure. The quasi-random atomic structure leads also to complete 

cancellation of the bending mechanical stress and conservation of the quasi-planar structure of the 

cluster (Figures 3e).  

Several papers have reported stabilization of 2D crystalline lattices with pentagonal 

morphology like penta-graphene and penta-Si by hydrogenation.52–54 However, the reported lattices 

suggest that both sides should be hydrogenated simultaneously which is impossible in practice. Perfect 

hydrogenation without any defects is also an almost impossible task. Moreover, to check the 

hypothesis of possible stabilization, the atomic structure of C120H84 and C120H96 finite nanoclusters 

of penta-graphene with a different number of hydrogen atoms (Figure 4) were studied here as well. 

The only difference was that each third edge atom is left in the sp2 hybrid state in the former structure, 

while all atoms are saturated in the latter one. As a result of interatomic forces minimization, a 

structural transition to saddle-like structures occurs, demonstrating the failure of the proposed 

stabilization path. Though the middle part of C120H96 looks quite planar, the edges are completely 

bent, something that cannot be assigned only to an edge effect.  

 

Figure 4. The relaxed geometries of penta-graphene nanoclusters (a) C120H84 and (b) C120H96 
nanoclusters.  
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To understand the origin of 2D PdSe2 stability with respect to other proposed penta- structures, 

one has to pay attention to general structural features of 2D crystalline lattices with pentagonal 

morphology. These lattices consist of 3 symmetrically inequivalent sublattices, which effectively form 

a 3-layered unit cell (Figure 3). The central sublattice composed of one type of atoms (Pd for PdSe2, 

Cd for CdS2, C for penta-graphene, penta-B2C, penta-CN2, Al for AlN2, Si for penta-SiC2) is packed 

between the second (top atomic plain) and the third (bottom atomic plain) dimer sublattices except for 

PdSe2 where the top/bottom atomic layers are formed by the dimers belonging to both top and bottom 

layers. In contrast to other penta-lattices, the Se2 dimers in 2D PdSe2 are located not above or below 

the intermediate layer, but arranged at a certain angle (25°), linking the two outer layers and keeping 

the flat coordination of Pd atoms, which prefers to adopt the square-planar coordination in the d8 state 

that is typical for Pd2+ complexes. In contrast, the location of perpendicular X2 dimers in penta-AX2 

(AX2 = penta-graphene, penta-B2C, penta-CN2, penta-AlN2, penta-SiC2) with sp3 hybridization of 

the central A atoms induces uncompensated mechanical stress, causing a breakdown of linear 

translation symmetry with consequent formation of saddle-like structures. For instance, the location 

of N2 dimers in penta-CN2 induces an unusual mixed hybridization of the central carbon atoms with 

angles of 105.8° that is different from conventional 109.5°. Structurally, the central Pd sublattice in 

p-PdSe2 is formed by planar square PdSe4 units bounded via Se2 dimers, each of which belongs to 

both the up and bottom Se sublattices, effectively compensating all mechanical stress and preserving 

perfect 2D planar PdSe2 crystalline lattice. 

In conclusion, structural topological stability of several proposed 2D materials with pentagonal 

morphology, including the recently synthesized 2D PdSe2 material, has been analyzed. The large 

instability caused by internal stress, which is suppressed by linear translation symmetry of periodic 

boundary conditions, was found in most nanostructures excluding PdSe2. Its stability is explained by 

the proper location of Se2 dimers that form square planar coordination of Pd2+ ions suitable for d8 

metal complexes. The computed energy per formula unit of monolayer PdSe2 and PdSe2 nanotubes 

of different diameter and chirality confirms the absence of bending stress in the monolayer and reveals 

a possible experimental realization of tubular structures for various optoelectronic applications. Like 

the monolayer, (n,0) PdSe2 tubes are indirect band gap semiconductors with almost similar band gaps, 

while the (n,n) tubes reveal indirect-direct band gap transitions with increasing diameter of the tubes. 

These results demonstrate an effective approach to confirm the structural stability of 2D materials and 

could have a wide ramification for the study of various 2D materials of future technological interest.  
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