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ABSTRACT: Using density functional theory, we carefully calculated the relative stability of
monolayer, few-layer, and cluster structures with Penta PdSe,, T-phase PdSe,, and Pd,Se;-
phase. We found that the stability of Penta PdSe, increases with the number of layers. The
Penta PdSe,, T-phase PdSe,, and Pd,Se; monolayers are all semiconducting, with band gaps
of 1.77, 0.81, and 0.65 eV, respectively. The formation energy of palladium selenide clusters
with different phase structures is calculated, considering the cluster size, stoichiometry, and
chemical environment. Under typical experimental conditions, Pd,Se; phase clusters are
found to be dominant, having the lowest formation energy among all of the phases
considered, with this dominance increasing as cluster size grows. Adjusting the Pd—Se ratio
in the environment allows for controlled synthesis of specific palladium selenide phases,
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providing theoretical insights into the nucleation mechanisms of PdSe, and other transition

metal chalcogenides.
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1. INDUCTION

The recent research on two-dimensional layered transition
metal dichalcogenides (TMDs) has revealed some interesting
physics phenomena, including the quantum spin Hall effect,
valley polarization,3‘4 strong light—matter interactions,” and
two-dimensional superconductivity,’ indicating the potential
application value of these materials in functional devices.””"*
Many of these physical properties are influenced by their
polymorphs, such as the semiconductor 2H phase, metallic 1T
phase, topologically insulating 1T” phase, and Weyl semimetal
Td phase;'>~'® therefore, precise control of the phases of
TMDs is crucial for their application in functional devices.

Recently, some research on TMDs has gradually shifted to
the tenth group of noble metal chalcogenides because they are
predicted to have high carrier mobility'” and good
stability.”*~** Among them, PdSe, is the most representative
group-10 compound, as it has a unique orthorhombic crystal
structure with a puckered pentagonal structure.””** PdSe, also
has other polymorphs, such as the T-phase PdSe, and
metastable phases, including all possible phases found in this
group.”™** Reports indicate that the wrinkled pentagonal
structure of layered PdSe, can be effectively controlled through
lithiation/delithiation processes, inducing a phase transition to
the octahedral coordinated hexagonal T-phase PdSe,.”°
Observations have shown that the T-phase PdSe, has
significant light-capturing capabilities, indicating its potential
candidacy for photovoltaic applications.”**

Although PdSe, has other polymorphs and is expected to be
applied in multiple fields, controlling the phase transition of
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PdSe, during the preparation process still poses a challenge. So
far, in addition to the commonly used mechanical exfoliation
method for preparing PdSe,”” bottom-up methods for
preparing high-quality MoS, and WSe,, have also been
employed to fabricate few-layer PdSe,, such as molecular
beam epitaxy,'* predeposition of Pd layer sulfides,” and
chemical vapor deposition (CVD).* In order to obtain even
fewer layers of PdSe, some studies have suggested using
oxygen plasma-assisted layer-by-layer thinning to prepare
palladium diselenide.’® Although these methods can produce
large-area, high-quality few-layer PdSe,, only the wrinkled
pentagonal structure of PdSe, has been observed in the
experimental products, greatly limiting the application of other
polymorphs of PdSe,. Interestingly, the occurrence of different
polycrystalline forms in PdSe, is found to be layer-dependent,
which is different from most transition metal dichalcogenides
(TMDs).*"** Although the theoretical stability of monolayer
PdSe, has been proven,”” direct experimental evidence for the
existence of monolayer Penta-PdSe, structure has not yet been
obtained. Experimental findings indicate that the optimal
monolayer structure of this material arises from the fusion of
two pentaphase monolayers accompanied by the emission of
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Figure 1. Top view (upper) and front view (lower) of optimized palladium selenide structures with different phases. (a) Penta PdSe,. (b) T-phase

PdSe,. (c) H-phase PdSe,. (d) Pd,Se;. (e) PdsSes nanowire.

Se atoms. By combining scanning transmission electron
microscopy (STEM) imaging and first-principles calculations,
the authors determined that the resulting monolayer phase
features a novel atomic structure with a chemical stoichiometry
of Pd,Se;.*” Therefore, even though few-layer PdSe, has been
experimentally synthesized and investigated, little is known
about its monolayer form on the experimental side.

In this article, we report a systematic study of palladium
selenide clusters of different phases and sizes using first-
principles calculations. First, we collected monolayer structures
of different phases, including Penta PdSe,, T-phase and H-
phase PdSe,, Pd,Se;, and PdsSes nanowires. Two different
DFT functionals were tested to calculate the structural
characteristics and the dynamic stability of these phases. The
formation energy and electronic properties of the monolayer
structures of each phase were calculated. Then, cluster
structures of different phases and sizes were built. The
thermodynamic stability of the clusters was evaluated in
different chemical environments, and the specific synthesis
route of monolayer palladium selenide compounds was
predicted. Further analysis revealed that the thermodynamic
stability of clusters is influenced by the stoichiometry of the
bulk and edges of the different phases. Our study provides
theoretical guidance for the controllable synthesis of palladium
selenide structures and advances the understanding of the
transition metal dichalcogenide (TMD) family.

2. COMPUTATIONAL DETAILS

Density functional theory calculations (DFT) were performed
using the Vienna Ab-initio Simulation Package (VASP),** with
projector-augmented-wave (PAW) pseudopotentials® and a
plane-wave expansion with a kinetic energy cutoff of 350 eV. In
order to more accurately describe interlayer interactions and
unify the energy scale, all clusters and few-layer structures were
optimized using the strongly constrained and appropriately
normed (SCAN) meta-generalized gradient approximation
(meta-GGA).*® Based on previously reported tests of the
SCAN functional,”” it has been found to predict formation
energies more accurately than PBE for strongly bound
compounds, including those containing chalcogens, which is
precisely the category that PdSe, falls into. Moreover, previous
studies have effectively employed the SCAN functional to
investigate the PdSe, system, the calculated band structure
overlaps with the measured ARPES spectra, demonstrating
significant consistency.”® Hence, all of the computational
results presented in this study rely on the utilization of the
SCAN functional. For a better descrigtion of the weak von der
Waals (vdW) interactions, DFT-D3* correction was adopted.
The Monkhorst—Pack scheme is used to sample the Brillouin
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zone with a 19 X 19 X 1 k-point mesh for monolayer and few-
layer structures, 19 X 19 X 19 for bulk structures, and 1 X 1 X
1 for clusters. During the relaxation, the convergence criteria
for energy and forces were set to 107 eV and 0.01 eV/A,
respectively. No spin-polarized calculation is considered in this
work. The first-principles investigations of the phonon
dispersion relations and phonon modes were performed by
using the finite displacement method.*

The formation energies can be calculated using the following
equation:

Ef(deSey) = EdeSe), — x,uPd — y'uSe (1)

where ppyq and pg. are the chemical potential of Pd and Se,
while x and y denote the quantity of Pd and Se atoms in the
structure, respectively. A lower formation energy signifies
greater stability.

3. RESULTS AND DISCUSSION
3.1. Structure and Stability

First, we attempt to elucidate the monolayer structure of
palladium selenide and explore its stability. Figure 1 shows the
optimized structures of the monolayer palladium selenide. The
lattice constants are summarized in Table 1. We constructed

Table 1. Lattice Constants of Different Palladium Selenide
Phases Calculated from Different DFT Functionals: (PBE-
D3/SCAN-D3)

a (A) b (A) c (A)
T 3.657/3.699 3.657/3.699
Penta 5.639/5.682 5.826/5.865
H 3.928/3.938 3.928/3.938
Pd,Se; 5.899/5.864 6.022/6.023
nanowire 4.554/5.03

the 1T and 2H phases, which were found widely in other
TMDs, and the unique puckered pentagonal structure of PdSe,
(Penta-phase). Pd,Se; monolayer is also considered, due to the
previous report that monolayer Penta PdSe, is energetically
unstable and tends to reconstruct into the Pd,Se; phase.*” To
consider different stoichiometries, the nanowire structure
PdySes is also introduced, which was first found in MoS,,
MoSe,, and WSe,."'

The stability of palladium selenide with different numbers of
layers and different phases is evaluated from the perspective of
formation energy. Figure 2 presents the formation energies
per-atom, where the chemical potential of Pd (upg) uses the
energy of pure Pd bulk, and g uses pure Se bulk. The
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Figure 2. Formation energies of PdSe, with different phase structures
and number of layers. The pink dashed line represents the formation
energy of the Pd¢Ses nanowires. The formation energy of H-phase
PdSe, is positive (+0.069 eV/atom), which is not shown in the figure.

formation energy of H-phase PdSe, is positive (+0.069 eV/
atom), indicating thermodynamic instability, which is not
shown in the figure. This aligns with the fact that H-phase
PdSe, has never been synthesized experimentally. The pink
dashed line in the figure represents the formation energy of
Pd4Ses nanowires, which is consistently higher than those of
other palladium selenide phases, indicating poor thermody-
namic stability. We can find that using the chemical potential
we choose, Pd,Se; always exhibits a better thermodynamic
advantage regardless of the layer number. It implies that the
number of layers has little impact on the stability of Pd,Se;.
For all of the Penta, T, and Pd,Se; phases, increasing the
number of layers will lower the formation energy, which comes
from the contribution from interlayer vdW interactions.
Especially, the relative stability of Penta and T-phase
experiences a reversal, when the number of layers change
from monolayer to bilayer and then to bulk. The formation
energy of the Penta PdSe, monolayer is 0.01 eV/atom higher
than the T-phase, while that of the Penta phase bulk is 0.02
eV/atom lower than the T-phase. It comes from the unique
folded pentagonal structure of the Penta PdSe,, leading to
stronger interlayer vdW interactions of the Penta PdSe, (1.97
meV/A? higher than the T-phase). From the perspective of
atomic arrangement, as shown in Figure 1(a), the central Pd
sublattice in the Penta PdSe, is formed by PdSe, units. Each

Se, dimer (Sel—Se4 and Se2—Se3) crosses the boundary of
the PdSe, unit and also diagonally traverses the main plane
formed by Pd atoms. This arrangement prevents the in-plane
PdSe, lattice from autonomously compensating for mechanical
stress and requires interactions with the upper and lower layers
of PdSe, to compensate for the mechanical stress caused by the
Se, dimers.”” Therefore, the per-atom formation energy of
Penta PdSe, decreases as the number of layers increases,
suggesting that a higher number of layers correlates with
improved thermodynamic stability.

To test the dynamical stability of the five phases, we
calculated the phonon spectra using the SCAN functional (see
the red lines in Figure 3), and the results using the PBE
functional are also shown (the black lines) as a comparison. It
can be seen that both functionals yield no imaginary
frequencies for the phonon spectra of T-phase PdSe, and
Pd,Se;, indicating the dynamic stability of these three
monolayer structures. However, in Figure 3a, if the atomic
structure of Penta PdSe, is relaxed using the SCAN functional,
there will be distinct imaginary frequencies in the phonon
spectra, while the atomic structure relaxed using the PBE
functional shows no imaginary frequencies in the phonon
spectra. In Figure 3c and e, both H-phase PdSe, and Pd,Se;
nanowire structures show imaginary frequencies in the phonon
spectra after relaxation using both the PBE and SCAN
functionals, indicating the instability of these two structures.
From the experimental results,” it is inferred that monolayer
Penta PdSe, is energetically unstable and tends to reconstruct
into the Pd,Se; phase. Since the H-phase of PdSe, has the
same stoichiometry as the Penta and T-phase, and there is the
presence of imaginary frequencies in the phonon spectrum, it is
not significant for subsequent research. Therefore, we excluded
H-phase PdSe, in the subsequent calculations.

3.2. Electrical Properties

Experimental and theoretical studies have demonstrated that
monolayer PdSe, exhibits high mobility and Seebeck
coefficient,®** which are beneficial for thermoelectric trans-
port. We calculated the electronic properties of each phase.
The band structure calculated along the high-symmetry path is
shown in Figure 4, where high symmetry lines are generated
from VASPKIT.* Here, the band gap is defined as the energy
difference between the valence band (VB) and the conduction
band (CB). The indirect band gaps of monolayer Penta PdSe,,
T-phase PdSe,, and Pd,Se;, which exhibit semiconductor
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Figure 3. Phonon spectra of palladium sulfide with different phases calculated from different DFT functionals: PBE-D3 (black lines) and SCAN-D3
(red lines). (a) Penta PdSe,. (b) T-phase PdSe,. (c) H-phase PdSe,. (d) Pd,Se;. (e) Pd¢Ses nanowire.
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Figure 4. Band structure and projected density of states (PDOS) of
different phases of the palladium sulfide monolayer. The Fermi level
was set to zero and represented by a dotted line. The dashed arrows
indicate the lowest energy transitions between the valence band
maximum (VBM) and conduction band minimum (CBM). (a) Penta
PdSe,. (b) T-phase PdSe,. (c) Pd,Se;. (d) Pd¢Ses nanowire.

characteristics, are 1.77, 0.81, and 0.65 eV, respectively. Our
calculated band gap for monolayer Penta PdSe, is 1.77 eV,
which lies between the values reported in previous studies
using the optPBE functional”® (1.37 eV) and the HSE06
method® (2.15 €V). For the Penta PdSe, monolayer, the VBM
is located between the high-symmetry points I' (0,0,0) and X
(0.5,0,0), while the CBM is located between the high-
symmetry points S (0.5,0.5,0) and Y (0,0.5,0). The predicted

density of states suggests that the Pd element contributes
relatively more to the VBM, while the Se element contributes
relatively more to the CBM (Figure 4a). For T-phase PdSe,,
the VBM is located at the high-symmetry point I" (0,0,0), and
the CBM is located between the high-symmetry points I'
(0,0,0) and M (0,5,0,0). The predicted density of states
suggests that the Se element contributes relatively more to
both the VBM and the CBM (Figure 4b). For Pd,Se;, the
VBM is located at the high-symmetry point I (0,0,0), and the
CBM is located between the high-symmetry points S
(0.5,0.5,0) and T (0,0,0). The predicted density of states
suggests that the Pd element contributes relatively more to
both the VBM and the CBM (Figure 4c). In Figure 4d, there is
no band gap in the band structure of the Pd¢Ses nanowire,
indicating its metallic nature along the axial direction.

3.3. Thermodynamic Stability and Phase Transition of
Clusters

Then we explore the possible phase transition mechanism
during the nucleation process of palladium selenide, driven by
the energy reversion between the T phase and Penta phase in
monolayer and few-layer forms and the interlayer fusion
mechanism observed in experiments. We calculated the relative
stability of palladium selenide clusters under different selenium
chemical potentials, including Pd,Se;, PdsSes nanowire, T-
phase (Se-rich edge), T-phase (Se-deficient edge), and Penta-
phase clusters. The PdsSes nanowire phase is considered to
achieve a diverse range of element stoichiometries.

The calculated formation energies are shown in Figure 5
(the dots), where the chemical potential of Se is selected as (a)
—-0.5, (b) 0.0, (c) 0.2, and (d) 0.6 eV relative to Se-bulk
(Ugepuic = 0 V), which correspond to the representative Se
chemical potentials of the four phases in Figure 6. And we
choose the chemical potential of Pd in the monolayer T-phase

100 " 100 "
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Figure S. Relationship between the DFT-calculated formation energy of clusters (dots) and the number of Pd atoms (x) in the clusters. The lines
represent the fitted curve. The chemical potential of Se is selected as (a) —0.5 eV, (b) 0.0 eV, (c) 0.2 eV, and (d) 0.6 €V relative to Se-bulk.
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PdSe,, because the formation energy of the T-phase is lowest
in the monolayer PdSe, (see Figure 2):

:upc] = lupd_T = (ET - nSeﬂse)/nPd

@)

We can see that the formation energy differences between the
small clusters are relatively small. As the cluster size increases,
the differences in the formation energy gradually become more
pronounced. The formation energy of clusters with a 1D
nanowire structure increases linearly with the number of Pd
atoms, but this is not the case for other 2D clusters. Their
formation energy is primarily influenced by the atoms at the
edges and the differences in the arrangement of internal atoms
compared with the most stable arrangement (T-phase).

The DFT-calculated formation energy as a function of size
can be fitted accordingly. As a 1D structure, the formation
energies of the nanowire phase can be fitted to a linear
relationship:

AE/(Pd,Se,) = ax + ¢ (3)
where x is the number of Pd atoms, which is proportional to
the length of the nanowire. The parameter c is the formation
energy of the two end points of nanowire clusters. The
formation energy of a 2D cluster can be fitted by

AEf(deSey) =ax + bJx +¢ (4)

where x is proportional to the area of the cluster, and
parameter b refers the intrinsic formation energy of the phase.
For example, in the chemical environment of Figure Sa, a =
0.013 for Penta PdSe, and a = —0.259 for Pd,Se; phase. In
addition, since the chemical potential of Pd used is the
chemical potential of Pd in the monolayer T-phase PdSe,, b is
equal to 0 for two types of T-phase clusters with different edge.
This indicates that in this chemical potential, the formation
energy of the Penta-phase monolayer is slightly higher than
that of the T-phase monolayer, while the energy of the Pd,Se;
monolayer is lower than that of the T-phase monolayer. This
suggests a Se-deficient chemical environment that favors the
formation of clusters with a higher Pd—Se ratio. /x is
proportional to the edge length of the cluster, therefore the
coefficient b is proportional to the edge formation energy of
the cluster. The constant term c represents the formation
energy of the cluster’s vertices.

The values of the typical chemical potential, including DFT-
calculated absolute energy and reference energy, which are
required for subsequent use are listed in Table 2. The chemical
potential of selenium (ug,) has two typical values. The first is
the total energy of a Se atom in the Se bulk (pg, pu = —20.13S
€V), which represents a Se-rich situation. The second is
calculated using g5, = (€pgse, — Hpa bun)/2 = —20.661 eV,

549

Table 2. DFT-Calculated Energies of Various Systems,

along with Corresponding Values from Different References
(in eV)

DFT-
calculated  Set Se bulk as  Set Pd bulk as
System energy reference reference
Epdse, ~74.305
Hse  Hse bulk —20.135 0
Hisolated_se -16.183 +3.592
(Epase,Hra bul)/2 —20.661 —0.526
Hpa  Hrd_bulk —32.984 0
Hisolated_pd — 28.427 +4.557
€pdse, ~ 2 Hse_buk —34.035 —1.051

which is half of the energy difference between Penta PdSe,
bulk and the energy of Pd in its bulk form. It represents a Se-
deficient situation. When the Se chemical potential equals the
energy of an isolated Se atom (fiojaeq se = —16.183 eV), it
represents an extremely Se-rich situation, which is not
achievable under typical experimental conditions. Thus, a Se
chemical potential range of —20.661 to —20.135 eV
corresponds to more common experimental conditions,
which is —0.526 to 0 eV if pg, i is used as the reference
energy. However, considering the energy of an isolated Se
atom, which is +3.592 eV relative to pg, puo we have
considered a broader range of chemical potentials (—0.5 to
+1 eV) to cover all relevant scenarios for a more
comprehensive and systematic analysis. Our findings indicate
that both Penta PdSe, and T-phase (Se-rich edge) PdSe,
appear in the region where the chemical potential of Se is
greater than 0, as shown in Figure 6.

From Figure §, it can be seen that the calculated formation
energies align well with the fitted curves. In Figure Sb, When
the cluster structure is smaller (with less than 20 Pd atoms in
the cluster), the formation energy of the PdsSe; nanowire-type
clusters is lower, indicating that it is easier for Pd4Seq
nanowire-type clusters to form during the nucleation process.
When the number of Pd atoms in the cluster increases, the
formation energy of the Pd,Se;-type clusters is lower instead,
indicating that Pd,Ses-type clusters are easier to form (in
general, yig, < 0 V).

We collected the most stable phases for all Se chemical
potentials in the range of x < 200 and obtained a phase
diagram, as shown in Figure 6. When ug, is very small,
indicating an extreme lack of Se in the environment, the
stability of the Pd¢Ses nanowire nucleus has a greater
advantage, in terms of energy. As the Se chemical potential
increases, the Pd,Se; phase gradually becomes dominant in the
phase diagram, and the critical size also decreases. As the Se
chemical potential continues to rise, the T-phase and the Penta
phase appear successively in the phase diagram. This is
consistent with experimental STEM observation.”” Under
electron beam irradiation, Se atoms tend to detach from the
material and escape, which leads to a decrease of yg,, thereby
promoting the formation of Pd,Se;.

In typical experimental conditions, the chemical potential of
Se is generally below that of bulk Se, ranging from —0.526 to 0
eV relative to the energy of bulk Se. As shown in the green
region of Figure 6, when g, is between 0 and —0.526 eV
relative to bulk Se, clusters with the Pd,Se; phase and
nanowire phase are dominant. Moreover, as the cluster size
increases, the proportion of clusters with the Pd,Se; phase
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Figure 7. (a) Relative content of Se, y/(x + y), changes with the size of the clusters in different phases, represented by the number of Pd atoms in
the cluster, x. (b) Optimized structures with different phases and edges. The chemical formulas for each cluster and the general chemical formulas
for each type of cluster are denoted accordingly. In these formulas, m represents the number of Pd atoms at the edge.

becomes more significant. Therefore, the experimentally
observed monolayer palladium selenide is most likely in the
Pd,Se; phase.

The relative stability of clusters with different phase
structures varies with the chemical potential of Se and the
size of the clusters rather than solely depending on the
inherent stability of the phases themselves. We hypothesize
that this variability may arise from the differing ratios of Pd and
Se atoms at the edges of clusters with different phases, which in
turn affects their stability in varying chemical environments.
Therefore, in Figure 7a, we plotted the curve showing the
variation of Se content in the clusters as a function of cluster
size, while Figure 7b presents the general chemical formulas of
each phase cluster, derived from the changes in the Pd and Se
atomic ratios with cluster size, along with the structures of
these clusters.

The Se content in the clusters is illustrated in Figure 7a. The
Se content in PdSes nanowire-type clusters is the lowest, and
as the cluster size increases, the proportion of edge Se atoms in
Pd¢Ses nanowire-type clusters decreases, causing the Se
content to gradually approach 0.5. Therefore, in a Se-deficient
environment (very low pig, in Figure 6), PdsSes nanowire-type
clusters are more likely to form despite the inherent instability
of the nanowire phase. The Se content in Pd,Se;-type clusters
is higher than in PdsSe4 nanowire-type clusters and also higher
than the stoichiometric ratio of 3/5 for the Pd,Se; phase
because excess Se is needed to saturate the edges. Hence, after
the increase in the chemical potential of Se Pd,Se;-type
clusters are more likely to form. Both the T phase and Penta
phase have a stoichiometric ratio of 1:2, but the Se content in
the corresponding clusters is higher than 0.66, with the Se
content in the Penta phase being slightly higher than that in
the T phase, especially for smaller cluster sizes. Thus, when the
chemical potential of Se increases to 0 eV and continues to rise
(which is not achievable under typical experimental con-
ditions), the T phase and Penta phase successively dominate.
The final phase structure of the material depends on the phase
structure during nucleation, and the final product’s phase
structure can be controlled by regulating the phase structure of
the clusters. Therefore, we can achieve the controlled synthesis
of palladium selenide phase structures by regulating the ratio of
Pd and Se in the environment.

4. CONCLUSIONS

In summary, the crystal structure of layered palladium selenide
and nanowire PdSe, was demonstrated, and two different DFT
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functionals were tested. The electrical properties of other
structures of PdSe,, except for the H-phase, were then
calculated, showing that layered palladium selenide is a
semiconductor with an indirect bandgap. The formation
energy calculation results for palladium selenide structures
with different numbers of layers indicate that the monolayer
Penta PdSe, is not energetically dominant. These findings
suggest the existence of a phase transition during the growth
process of PdSe,. Finally, calculations and fittings of the
formation energies for clusters of different sizes indicate that
the chemical potential of Se in the environment, cluster size,
and atomic structure all have an impact on their formation
energies. By adjusting the ratio of Pd and Se in the
environment, we can achieve the controlled synthesis of
palladium selenide phase structures. This also provides
theoretical guidance for understanding the nucleation mech-
anisms of other transition metal chalcogenides.
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