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Abstract:  

Two-dimensional (2D) materials are easily fabricated when their bulk form has a 

layered structure. The monolayer form in layered transition-metal dichalcogenides is 

typically the same as a single layer of the bulk material. However, PdSe2 presents a 

puzzle. Its monolayer form has been theoretically shown to be stable, but there have 

been no reports that monolayer PdSe2 has been fabricated. Here, combining atomic-

scale imaging in a scanning transmission electron microscope and density functional 

theory, we demonstrate that the preferred monolayer form of this material amounts to a 

melding of two bulk monolayers accompanied by the emission of Se atoms so that the 

resulting stoichiometry is Pd2Se3. We further verify the interlayer melding mechanism 



by creating Se vacancies in situ in the layered PdSe2 matrix using electron irradiation. 

The discovery that strong interlayer interactions can be induced by defects and lead to 

the formation of new 2D materials opens a new venue for the exploration of defect 

engineering and novel 2D structures. 

 

The discovery of graphene has stimulated intense research in two-dimensional (2D) 

materials  [1–4], due to the fascinating physical properties that are dramatically different from 

those of their bulk counterpart  [5–8]. Noble-metal dichalcogenides have attracted significant 

attention recently due to their unique atomic and electronic structures [9–11]. PdSe2 is one of 

these novel 2D noble-metal dichalcogenides known for its remarkable layer-dependent 

electronic structure  [12–15]: monolayer PdSe2 is predicted to be an indirect band gap 

semiconductor with a band gap of 1.43 eV, while the bulk exhibits a band gap of 0.03 

eV  [16]. In contrast to the frequently reported 1H and 1T (hexagonal) phases in layered 

transition-metal dichalcogenides (TMDs), PdSe2 has an uncommon structure. Pd atoms 

coordinate with four Se atoms, forming a square backbone network  [16–18] (Figure 1A). 

Whereas in most TMDs with 1H and 1T structures there is only metal-chalcogen 

bonding  [12,14], the two Se atoms located in the top and bottom planes of the PdSe2 structure 

form a tilted Se-Se dumbbell crossing the Pd layer, which results in the lack of rotational 

symmetry. Such structure is potentially sensitive against defects, as Se vacancies would break 

the symmetry of the Se-Se dumbbell and induce large structural distortion. This is in sharp 

contrast to the commonly observed 1H or 1T monolayer dichalcogenides, where the 

chalcogen vacancies can be accommodated at several concentrations leaving the lattice 

intact [19,20]. Therefore, even though bulk PdSe2 has been experimentally synthesized and 

investigated  [17,21], little is known on its monolayer form on the experimental side. 

 



In this paper we report the successful exfoliation of a stable monolayer phase from bulk 

PdSe2, but this phase does not have the expected PdSe2 stoichiometry and atomic structure. 

Combining scanning transmission electron microcopy (STEM) imaging and first-principles 

calculations, we unambiguously determine that the new monolayer phase has a novel atomic 

structure and its stoichiometry is Pd2Se3. Furthermore, the formation of the Pd2Se3 monolayer 

has its roots in Se vacancies in the PdSe2 system. Unlike most 2D layered materials such as 

graphene and MoS2, whose layers interact with each other only through weak van der Waal 

forces, even in the presence of defects, we show that, in PdSe2, Se vacancies reduce the 

distance between layers causing the melding of two layers into one, resulting in the formation 

of the new Pd2Se3 2D phase. This process is verified by successfully fabricating a Pd2Se3 

monolayer using the microscope’s electron beam and by observing in-situ the Pd2Se3-

monolayer growth along the edge of the few-layer PdSe2 matrix.  

 

We used the routine scotch-tape method to exfoliate a monolayer from bulk PdSe2 (schematic 

shown in Figure 1A). Figure 1B shows a small area that exhibits three distinct regions whose 

atomic structures are clearly visualized. Since the image intensity in STEM imaging is 

linearly proportional to the thickness of the few-layered film  [22,23], the intensity profile 

suggests the layer-by-layer thinning from tri-layer to (quasi) monolayer (detailed discussion 

in Fig. S1). The monolayer region shows a very discrete atomic contrast. Furthermore, the 

intensity of the monolayer region shows a deviation from the expected linear trend in layered 

materials (Fig. S1), suggesting that the monolayer may contain more atoms than expected.  

 

Figures 2A – 2D show experimental zoom-in images with atomic resolution (grey figures) 

and simulated ones (yellow figures) of the monolayer, bilayer and trilayer regions, 

respectively. Both the bilayer and trilayer agree well with the conventional stacking order in 



layered PdSe2 (Figures 2C and 2D), while the monolayer (Figure 2A), surprisingly, displays a 

completely different lattice structure from the monolayer PdSe2 expected from the bulk 

(Figure 2B). In order to study this discrepancy, electron energy loss spectroscopy (EELS) was 

applied to examine the chemical purity of the monolayer (Fig. S1), but no apparent difference 

is detected when compared to the bilayer PdSe2 in a wide energy region, i.e., the monolayer 

still comprises Pd and Se atoms only. Note that the electron dose during the imaging is 

controlled at a moderate level so that the electrons have a negligible effect on the monolayer 

structure. These results indicate that the monolayer has a different atomic structure than the 

expected monolayer model of PdSe2, i.e., a spontaneous reconstruction occurs in the 

monolayer limit of PdSe2.  

 

A fast Fourier transformation (FFT, similar to diffractogram) of the whole high-resolution 

ADF STEM image (Figure 1B) shows a clear epitaxial relationship between the few layers 

and the monolayer region, see inset in Figure 1B. This phenomenon suggests that the 

monolayer was presumably reconstructed from the bilayer PdSe2, and thus maintained the 

crystal orientation of the few-layer region. The FFT also suggests that the reconstructed 

monolayer inherits the squared network and unit cell parameters from the PdSe2 bilayer, 

similar to the lateral epitaxial behavior. A careful comparison of the FFT patterns between the 

reconstructed monolayer and the PdSe2 bilayer reveals more information about the heritage of 

the lattice symmetry (see the left panels in Figure 2A and 2C). Figure 2C (bilayer PdSe2 

region) shows a squared pattern with the principal diffraction points at the (200) plane 

(corresponding to ~3Å lattice periodicity), which is consistent with the bulk PdSe2 model. 

While the left panel of Figure 2A (monolayer region) shows that the diffraction point of (110) 

plane (corresponding to ~ 4.2Å lattice periodicity in the bilayer PdSe2 model) becomes 

dominant in the reconstructed monolayer region. It is clear that the unit cell of the 



reconstructed monolayer maintains a different lattice symmetry, whereas it is still squared but 

with an expanded periodicity from 3 Å to 4.2 Å. Simulations of the diffraction patterns are 

consistent with the above analysis (Fig. S2). These results imply that a novel heritage process 

occurs during the reconstruction of the monolayer.  

 

Combining the quantitative STEM image intensity analysis on each atomic column with 

density functional theory (DFT), we were able to find a novel and stable monolayer phase 

with a unique structure and new stoichiometry of Pd2Se3, that matches the experimental 

STEM image of the monolayer, as shown in Figure 2A. It is important to note that, to the 

extent of our knowledge, this structure has never been reported, even as a bulk phase. 

Furthermore, the new Pd2Se3 monolayer phase is physically stable as indicated by DFT 

phonon calculations and quantum molecular dynamics simulations (see detailed discussion in 

Figure S3) and exhibits a cohesive energy of 1.26 eV/atom, higher than the hypothetical 

PdSe2 monolayer obtained from bulk (0.98 eV/atom). This means that the chemical bonding 

of the Pd2Se3 monolayer is more robust. In this new Pd2Se3 monolayer, the Se-Se dumbbell is 

paired with another Se atom, each of which bonds to four Pd atoms in the squared network. 

Furthermore, the covalent Se-Se dumbbell is now outside and parallel to the Pd layer instead 

of crossing it, similar to the atomic-layer configuration found in 1H or 1T phases, in which 

chalcogen vacancies can be accommodated without much reconstruction (Fig. S4). It is 

notable that, all monolayer regions are in the Pd2Se3 phase other than PdSe2 (Fig. S5), 

suggesting the monolayer PdSe2 phase is highly unstable in the ambient condition. The bulk 

Pd2Se3 phase is predicted to also be a van der Waals-type layered material and observed in 

experiment (Fig. S6), where the layers are stacked periodically with an interlayer binding 

energy of 50 meV, the same order of magnitude as other layered materials  [24]. The Pd2Se3 



monolayer phase is predicted to be a semiconductor with a different bandgap value from its 

parent material (Fig. S7).  

 

By comparing the lattice structures, we found the similarities between the PdSe2 and Pd2Se3 

phases. As displayed in Figure 3A, square Pd backbone in the reconstructed Pd2Se3 

monolayer phase looks very similar to bilayer PdSe2. If the Pd atoms from the two PdSe2 

layers (red and blue dashed squares in Figure 3A) are merged vertically into the same layer 

but keeping their x-y coordination unchanged, a shorter Pd-Pd distance of the squared 

network (green dashed squares) can be obtained, which is almost identical to that in the 

Pd2Se3 monolayer (3 Å). This observation can explain the epitaxial behavior between the 

Pd2Se3 monolayer and PdSe2 bilayer as shown in the FFT patterns, i.e., the unit cell in both 

structures has a squared lattice but in different lattice symmetry. This result suggests that the 

reconstruction possibly involves merging of the two layers. 

 

The chemical stoichiometry changing from PdSe2 to Pd2Se3 suggests a Se-deficient condition 

in the parent materials. We performed DFT calculations on the Se vacancies in the PdSe2 

bilayer and found that as the concentration of Se vacancies increases, the interlayer distance 

decreases, as evidenced in Figure 3B. It is important to notice that the interlayer distance 

decreases from 4.55 Å to 2.84 Å (by 1.71 Å) when reaching the Pd2Se3 chemical 

stoichiometry, which is almost the length of a typical Pd-Se bond (2.5 Å), providing the 

premise for the merging of the two layers. The origin of the Se-vacancy-driven decrease in 

interlayer distance lies in the substantial reconstruction of the Pd atoms in the PdSe2 bilayer. 

The undercoordinated Pd atoms try to bond with the nearest Se atom, in this case, the one in 

the adjacent layer, which creates quantum force that pulls two layers towards each other as 

predicted by calculations (detail in Fig. S8). Such feature is absent in other TMD materials 



such as MoS2, where the reconstruction of Mo atoms is protected by the crystal symmetry 

(Fig. 3B). Furthermore, we enquired whether Se vacancies can be passivated by ambient 

oxygen. We found that oxygen has a negligible effect on the vacancy-mediated interlayer 

melding (see Fig. S9). 

 

The results presented above allow us to conclude that the Pd2Se3 reconstruction originates 

from an “interlayer fusion” mechanism. This mechanism is driven by Se vacancies and 

merges the Pd backbones from the two layers into one, which subsequently leads to the 

rearrangement of the Se atoms resulting in the formation of the Pd2Se3 monolayer, thus 

preserving all the lattice parameters of bilayer PdSe2. This “interlayer fusion” evolution path 

is further supported by the DFT calculations in the energy landscape. Figure 3C illustrates the 

difference in total energy between the defective bilayer PdSe2 with Se vacancies (Pd2Se3 

stoichiometry) and the reconstructed monolayer Pd2Se3. The latter is 1.36 eV/unit cell lower 

in energy, suggesting the monolayer Pd2Se3 as the energetically preferred system. The energy 

barrier is ~ 0.67 eV which can be overcome by thermal or electron beam excitations.  

 

Chalcogen deficiency in layered TMD materials can be intentionally introduced by electron 

irradiation and often induces massive reconstructions leading to new metastable 

structures  [25–28]. We attempted to create Se-deficient conditions using electron irradiation 

in PdSe2, i.e., artificially providing a reconstruction condition for Pd2Se3 in the PdSe2 matrix 

through interlayer fusion and simultaneously captured the in situ dynamical growing process. 

Figure 4 shows a series of snapshots of sequential STEM images of the reconstruction process 

from the bilayer PdSe2 to monolayer Pd2Se3 in two cases. Figure 4A shows the growth of the 

Pd2Se3 monolayer extending into the bilayer PdSe2 matrix gradually with the same lattice 

orientation as the electron dose increased. The growth process provides a direct evidence of 



the heritage of the new monolayer via interlayer fusion. Figure 4B shows another case where 

the growth of monolayer Pd2Se3 has a misoriented angle from the parent bilayer PdSe2. A 

small patch of Pd2Se3 monolayer may have rotated during the electron beam excitation, then 

the subsequent lattice fuses at the edge of bilayer PdSe2 and realigns with the crystal 

orientation of its template Pd2Se3 monolayer. All these evidence unambiguously shows the 

Pd2Se3 monolayer can be directly created from the PdSe2 matrix as found by our DFT 

calculations. 

  

In conclusion, we report a novel Pd2Se3 monolayer phase reconstructed from few-layers of 

PdSe2 via interlayer fusion, with all the lattice parameters and the metal network inherited 

virtually intact. Combining DFT calculations and in-situ dynamical observations, we further 

unveil that the reconstruction of Pd2Se3 originates from the extraordinary interlayer interaction 

between the PdSe2 layers, as driven by the introduction of Se vacancies in pristine PdSe2. Due 

to the inevitable Se vacancies that trigger the observed interlayer fusion, it remains uncertain 

whether the intrinsic monolayer PdSe2 phase is experimentally achievable by the top-down 

exfoliation method or even a bottom-up fabrication like chemical vapor deposition (CVD), 

though predicted stable by our DFT calculations (Fig. S3). The monolayer materials that have 

been reported so far in the literature show the same crystal structure as the bulk layers without 

exception. This work clearly demonstrates a discrepancy occurs in atomic structure between 

the monolayer and bulk phase due to the strong interlayer interaction.  
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FIGURES: 

 

Figure 1: Exfoliation of layered PdSe2 sample. (A) Schematic of the expected exfoliation of 

monolayer PdSe2 from its bulk form. The atomic structural model is shown with the Se-Se 

dumbbell highlighted as the inset. (B) High resolution ADF STEM images showing a thin 

few-layer PdSe2 region. The number of the layers can be identified by the difference of the 

image contrast. The inset is the FFT pattern of the whole image.  

 



 

 

Figure 2: Atomic resolution STEM images of the reconstructed monolayer Pd2Se3 and 

few layer PdSe2. (A-D) High resolution experimental (grey) and simulated (yellow) ADF 

STEM image of reconstructed Pd2Se3 monolayer (A), the hypothetical PdSe2 monolayer (B, 

only simulated, not observed in experiment), PdSe2 bilayer (C) and PdSe2 trilayer (D). The 

Fast Fourier transformation (FFT) of the Pd2Se3 monolayer and PdSe2 bilayer region are 

displayed in the left hand side of panels (A), and (C), respectively. The FFT indicates that 

even though the two systems have different lattice symmetry, they have similar lattice 

parameters. The principle diffraction planes of interest are highlighted by yellow circles. The 

unit cells of each structure are highlighted with red dashed squares.   

 



 

Figure 3: Interlayer fusion mechanism proposed by DFT calculations. (A) Schematic of 

the reconstruction mechanism from bilayer PdSe2 to monolayer Pd2Se3. The red and blue 

dashed squares represent the square Pd networks from the two layers before merging, and the 

green one displays the newly fused Pd squared network in the same layer after merging. The 

Se atoms are not displayed. (B) Interlayer distance as a function of chalcogen vacancy 

concentration in bilayer PdSe2 (red) and MoS2 (green). In PdSe2 the interlayer distance shows 

a clear decreasing trend as the vacancy concentration increased, while the change is negligible 

in MoS2. Inset shows the energy landscape of each step of the interlayer fusion process. 



 

Figure 4: In-situ observation of the reconstruction process from PdSe2 bilayer to Pd2Se3 

monolayer. (A, B) Sequential ADF STEM images showing the examples of the growth of the 

monolayer Pd2Se3 extending to the few-layer PdSe2 matrix as assisted by electron irradiation, 

with the same crystal orientation as the parent PdSe2 (direct lattice fusion, A) and with a 

misorientation angle of ~37°(fusion and realign, B). The time scale is indicated in both sets 

of the images. The blue crossings indicate the orientation of the squared Pd network.  


