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A B S T R A C T

This investigation demonstrates that the pentagonal PdTe2 (penta-PdTe2) monolayer is a highly tunable two- 
dimensional (2D) photocatalyst, characterized by the bandgap of 1.87 eV and high hole mobility. Using den
sity functional theory calculations with the HSE06 functional, we show that tensile strain engineering (partic
ularly at +2% and +3%) is essential for enabling spontaneous water splitting. At these strain values, the valence- 
band maximum and conduction-band maximum straddle the water redox potentials (H+/H2 and O2/H2O) under 
both acidic (pH = 0) and neutral (pH = 7) conditions. The monolayer’s low hole effective mass facilitates rapid 
charge extraction, mitigating recombination and driving the oxygen evolution reaction (OER) more effectively 
than many hexagonal and pentagonal counterparts. The Gibbs free energy (ΔG) pathways indicate that over
potentials for the hydrogen evolution reaction (HER) and OER are highly sensitive to mechanical deformation, 
specifically biaxial strain, through which +3% tensile strain, yielding an optimized balance of overpotentials of 
ηHER = 0.70 V at pH = 0 and ηOER = 0.72 V at pH = 7. Finally, integrating optical absorption with thermody
namic driving forces results in a Solar-to-Hydrogen (STH) efficiency of 20.40% at pH = 7. This exceeds the 
performance of several previously reported 2D catalysts, positioning penta-PdTe2 as a superior candidate for 
sustainable, solar-driven hydrogen production.

1. Introduction

Pentagonal-based two-dimensional materials are considered a new 
emerging class of novel energy materials by possessing unique struc
tural, electronic, optical and catalytic properties attributed mainly to 
their puckered and non-centrosymmetric morphology [1,2]. In partic
ular, transition metal-based pentagonal 2D monolayers exhibit higher 
stability and semiconducting functionality, which are crucial for pho
tocatalytic and water splitting applications [3–6]. However, among the 
many proposed structures, only a few pentagonal polymorphs have been 
experimentally synthesized [7,8], while many others remain hypothet
ical and await experimental validation. Recently, a pentagonal PdTe2 
(penta-PdTe2) monolayer, which naturally crystallizes in the hexagonal 
1 T structure in bulk form, has been synthesized using an epitaxially 
stabilized technique [8]. This synthesis was possible through a 
symmetry-driven epitaxial method by both direct tellurization of Pd 
(100) single-crystal surfaces at 500◦C under ultrahigh vacuum and 

lattice matching with the square lattice of the substrate, which helped 
stabilize the pentagonal structure. The synthesized pentagonal PdTe2 is 
characterized as an indirect semiconductor with an energy bandgap of 
1.2 eV measured using scanning tunnelling spectroscopy (STS) and 
validated by electronic band structure calculations with a value of 1.05 
eV using density-functional theory (DFT) with the Perdew-Burke- 
Ernzerhof (GGA-PBE) functional [8].

In recent years, several DFT-based studies on the pentagonal PdTe2 
have reported its several physicochemical properties. The monolayer 
possesses excellent thermoelectric properties, exhibiting a high thermal 
conductivity of up to 0.83 W m− 1 K− 1 [9]. The presence of Te vacancies 
induces both spin polarization and magnetic moments of magnitudes up 
to 1.87 μB and creates mid-gap states, modifying its electronic and op
tical properties [10]. Compressing the monolayer up to − 10% leads to a 
semiconductor-to-metal transition, enabling switching ratios of 1011 for 
field-effect devices [11]. Moreover, the bilayer of pentagonal PdTe2 
exhibits a bulk photovoltaic effect with a shift current reaching 125.49 
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μA V− 2, which is attributed to spontaneous in-plane polarization of 1.70 
× 10− 10 C.m, significantly outperforming bilayer PdSe2 and PdS2 [12]. 
Very recently, Parkar et al. [13] demonstrated that Mo- and Ti- 
substituted pentagonal PdTe2 exhibits excellent HER performance 
with reduced overpotentials down to 50 meV, comparable to Pt cata
lysts. However, this latter study was limited to the hydrogen evolution 
reaction (HER) half-reaction and did not address the oxygen evolution 
reaction (OER), which is equally critical for overall water splitting.

Pentagonal 2D monolayers represent a fascinating and relatively 
recent frontier merging materials. Because a flat 2D crystalline plane 
cannot be tiled with regular pentagons without distortions, these ma
terials naturally exhibit unique structural puckering, lower symmetry, 
and highly anisotropic properties [14]. Since the prediction of penta- 
graphene, the field has expanded to include binary and ternary 
pentagonal systems that are often more thermodynamically stable and 
synthetically viable, such as penta-Transition Metal Dichalcogenides (p- 
TMDs) (e.g., penta-PdX2, with X = S, Se, Te and Janus derivatives) [3]. 
Unlike flat graphene, many p-TMDs are intrinsic semiconductors with 
indirect or direct bandgaps ranging from 1.0 eV to 2.5 eV, making them 
highly suitable for electronic devices without needing gap-engineering 
[3]. Because of the unique geometrical and physiochemical character
istics, they have been relevant for distinguished applications such as: (i) 
Photocatalytic water splitting: Many p-TMDs (like p-PdS2 and p-PdTe2) 
possess bandgaps that perfectly straddle the water reduction (H+/H2) 
and oxidation (H2O/O2) potentials. The conduction-band minimum 
(CBM) must be more negative than the hydrogen reduction potential 
− 4.44 eV vs vacuum at pH = 0; while the valence-band maximum 
(VBM) must be more positive than the oxygen oxidation potential − 5.67 
eV vs vacuum at pH = 0. Pentagonal PdX2 inherently satisfy these re
quirements at neutral and acidic conditions without requiring external 
bias. Moreover, due to the structural asymmetry, electrons and holes 
often travel in different directions at vastly different speeds. This 
intrinsic spatial separation drastically suppresses charge recombination, 
boosting photocatalytic efficiency [15]. (ii) Energy Storage (Hydrogen 
and Li/Na Ions): Decorating the monolayer with light metals (e.g., Li, K, 
Na) can drastically enhance their adsorption energy for H2 gas molecules 
[16]. (iii) Strain engineering: Due to their lower symmetry and buckled 
profiles, p-TMDs are incredibly sensitive to mechanical strain. Applying 
uniaxial of biaxial strain allows the tunning of bandgap from direct-to- 
indirect or even a semiconductor-to-metal transition. Applying strain 
can also alter the Gibbs free energy (ΔG) pathways of HER and OER to 
optimize catalytic performance [17]. Last but not the least, the use of 
noble metals like palladium (Pd) and platinum (Pt) is a cornerstone 
strategy in photocatalytic water splitting [18]. While they are too 
expensive to use as bulk materials, applying them as cocatalysts in 
microscopic or atomic amounts onto a host semiconductor (like TiO2, g- 
C3N4, or 2D monolayers) drastically boosts solar-to-hydrogen (STH) 
conversion efficiency [18]. From all these perspectives, we selected the 
recently synthesized p-PdTe2 monolayer for photocatalytic water split
ting applications. In contrast to many other p-TMDs, p-PdTe2 has not 
been explored in such applications while it has all potential character
istics for success as a competitor photocatalyst.

Furthermore, no prior work has systematically evaluated the band- 
edge alignment of pristine pentagonal PdTe2 relative to water redox 
potentials at different pH values, nor has any prior work calculated the 
carrier effective masses and mobilities to assess charge transport effi
ciency or predicted solar-to-hydrogen (STH) conversion efficiencies. All 
of these are essential parameters for photocatalytic applications. To 
determine these parameters, we present a first-principles investigation 
of the photocatalytic water-splitting properties of pristine pentagonal 
PdTe2 monolayers and examine improvements in efficiency via strain. 
We investigate both HER and OER processes at acidic (pH = 0) and 
neutral (pH = 7) environments, present the calculation of the complete 
Gibbs free energy pathways (ΔG) at equilibrium potential (U = 0), 
applied potential (U = Ue), and beyond the rate-determining step “RDS” 
(U > RDS) to determine overpotentials for full water splitting. We will 

calculate carrier effective masses (m*), deformation potentials (Ed, in 
eV), and in-plane elastic moduli (C2D, in N/m) along both the x- and y- 
axis to assess anisotropic charge-transport properties. Band alignment 
analysis reveals whether the valence and conduction band edges strad
dle the water redox potentials (H+/H2 at 0 V and O2/H2O at 1.23 V vs. 
Normal Hydrogen Electrode “NHE”), as a critical requirement for 
spontaneous photocatalytic water splitting without external bias. 
Additionally, we will evaluate the solar-to-hydrogen (STH) efficiency by 
integrating the optical absorption spectrum with the incorporation of 
thermodynamic driving forces, providing quantitative metrics for 
practical photocatalytic performance. This holistic approach will build 
on existing knowledge and propose the pentagonal PdTe2 as a promising 
candidate for efficient photocatalytic water-splitting applications.

2. Methodology

First-principles calculations for the pentagonal PdTe2 (penta-PdTe2) 
monolayer were performed within density functional theory (DFT) using 
the Vienna ab initio simulation package (VASP) [19]. The electron–ion 
interaction was described using the projector augmented-wave (PAW) 
method, and the Kohn–Sham states were expanded in a plane-wave basis 
set with an energy cutoff of 550 eV. Exchange-correlation effects were 
treated using the generalized gradient approximation (GGA) [20]. In 
addition, the screened hybrid functional HSE06 [21] was employed to 
obtain improved electronic band-gap estimates. For HSE06 calculations, 
the Hartree-Fock exchange fraction was set to 0.25 (AEXX = 0.25), and 
the screening parameter was set to 0.2 Å-1 (HFSCREEN = 0.2). The 
optimized primitive cell of penta-PdTe2 contains two palladium (Pd) 
atoms and four tellurium (Te) atoms arranged in the Cairo-tessellated 
arrangement. Periodic-image interactions along the out-of-plane direc
tion were minimized by inserting a vacuum spacing of 20 Å along the 
z-axis. Long-range dispersion interactions were included via Grimme’s 
DFT-D3 correction [22]. Brillouin-zone integrations were carried out 
using a Monkhorst–Pack 9 × 9 × 1 k-point mesh [23] for geometry 
relaxation, and a denser grid of 12 × 12 × 1 k-point mesh for density of 
states calculations. Geometry optimizations were considered converged 
when the total-energy change was below 10− 6 eV and the residual forces 
on each atom were less than 0.01 eV/Å. For the photocatalytic assess
ment, overall water splitting was evaluated under acidic and neutral 
conditions, corresponding to pH = 0 and pH = 7, respectively. The Gibbs 
free-energy changes (ΔG) for the HER and OER pathways were 
computed following the procedure described in the Electronic 
Supplementary Information (ESI), Equations S1-S17. The pH-dependent 
redox potentials were determined using the Nernst equation [24], ac
cording to which the water redox potentials shifted by 0.059 × pH unit 
at 298.15 K (Eq. S8-S9). The dynamical stability of the penta-PdTe2 
monolayer was examined by performing phonon dispersion calculations 
using PHON code [25]. In this method, small atomic displacements are 
introduced into a periodically repeated supercell, and the resulting 
Hellmann-Feynman forces are used to construct the interatomic force- 
constant matrix. For the present system, a 5 × 5 × 1 supercell of the 
optimized penta-PdTe2 monolayer was employed to obtain well- 
converged phonon frequencies.

3. Results and discussion

3.1. Structural and electronic properties

The pristine penta-PdTe2 monolayer is a Cairo-tessellated arrange
ment of Palladium (Pd) and Tellurium (Te) atoms [8]. The optimized 
primitive cell (top and side view) of penta-PdTe2 is shown in Fig. 1. 
Unlike the conventional hexagonal PdTe2 monolayer of P3m1 space 
group, the penta-PdTe2 monolayer exhibits monoclinic P21/c space 
group with lower symmetry [8,26]. As shown in Fig. 1, each Pd atom is 
tetra-coordinated, forming four bonds with Te atoms; two from the 
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upper and two from the lower layer, resulting in a Te–Te dimerization 
across the layer that gives rise to the puckered morphology. The average 
bond lengths between Pd-Te and Te-Te are 2.62 Å and 2.80 Å, respec
tively. The projected in-plane atomic configuration shows a well-defined 
rectangular unit cell with the calculated lattice parameters, a = 6.03Å, 
b = 6.37Å and α = β = γ = 90◦ , which are very close to experimental 
and previous theoretical studies [5,8,10,11,27]. The thickness of the 
monolayer (h = 1.79 Å) is considerably shorter than that of the hex
agonal PdTe2 (h = 2.76 Å) monolayer [27]. It is worth noting that the 
pentagonal monolayer shares the same C2h symmetry as the previously 
synthesized penta-PdX2 (X = S, Se) monolayers [7,28].

The dynamical and thermal stability of the penta-PdTe2 monolayer 
was examined using phonon dispersion and ab-initio molecular dy
namics (AIMD) simulations, as shown in Fig. 2. The phonon spectrum in 
Fig. 2a shows no negative frequencies throughout the high-symmetry 
lines of the Brillouin zone, confirming the dynamical stability of the 
optimized monolayer. To further evaluate its thermal robustness, AIMD 
simulations were performed at 300, 500, and 800 K. As presented in 
Fig. 2b, the total energy fluctuates with an amplitude less than 1% of the 
total energy value during time interval up to 8000 fs without any sudden 
energy drift, indicating that the structure remains thermally stable even 
at elevated temperature (i.e. up to 800 K). The relaxed atomic config
urations after AIMD simulations, shown in Fig. 2c, further confirm that 
the penta-PdTe2 monolayer is preserved at all the considered tempera
tures, with no obvious bond breaking or structural reconstruction.

To gain deeper insight into charge redistribution within the pristine 
penta-PdTe2 monolayer, we have plotted the charge density difference 
(CDD) in three dimensions (Fig. 3a) and its planar-average projection 
along the z-axis (Fig. 3b), accompanied by a Bader charge analysis. The 
yellow and cyan regions correspond to charge accumulation and 

depletion, respectively. Pronounced charge accumulation around Pd 
atoms and depletion near Te atoms indicate a net charge transfer from 
Te to Pd, quantified as approximately +0.32 e per Te atom and − 0.65 e 
per Pd atom from the Bader charge analysis. Although the electroneg
ativity difference between Pd (χ = 2.20) and Te (χ = 2.10) is relatively 
small. However, the charge transfer might arise from strong hybridiza
tion between Pd-4d and Te-5p orbitals, as well as from the structural 
asymmetry of the puckered lattice. This hybridization leads to a mixed 
metallic-covalent bonding character and stabilizes the Cairo-tessellated 
network of penta-PdTe2 monolayers.

The planar-averaged charge density profile ρ(z) (Fig. 3b) further 
supports this observation, showing alternating peaks of electron accu
mulation and depletion near the Te sublayers. The asymmetry of the 
charge distribution implies partial out-of-plane polarization, consistent 
with the puckered geometry, which leads to shorter interlayer vertical 
distance h = 1.79Å as compared to h = 2.76Å of a hexagonal PdTe2 
monolayer [27].

Thereafter, we calculated the projected electronic band structure and 
corresponding total/projected density of states (TDOS/PDOS) of the 
pristine penta-PdTe2 monolayer shown in Fig. 4. The band dispersion 
(Fig. 4a) shows that the penta-PdTe2 monolayer exhibits indirect semi
conducting bandgap behavior with VBM and CBM located between Y − Γ 
and Γ − X high-symmetry lines, respectively. Since DFT calculations with 
the PBE exchange–correlation functional underestimate the band gap, 
the band gap values obtained from the hybrid HSE06 functional are used 
for photocatalytic study. The calculated HSE06 band gap of 1.87 eV is in 
agreement with the previously reported HSE06-level theoretical values 
[3,5,10,11]. However, this value is larger than the experimentally re
ported scanning tunnelling spectroscopy (STS) band gap of ~1.2 eV for 
penta-PdTe2 monolayer grown on a metallic Pd(100) substrate [8]. The 
difference can be attributed to the different physical conditions 
considered: the experimental STS value corresponds to a substrate- 
supported monolayer, where substrate screening, interfacial coupling 
and tunneling to the metallic Pd substrate can modify the apparent band 
gap; whereas the present calculation considers a free-standing mono
layer. Analysis of PDOS (Fig. 4b) reveals that the VBM is primarily 
dominated by Te 5p orbitals (blue), whereas the CBM mainly originates 
from Pd 4d states. The strong hybridization between Pd-4d and Te-5p 
orbitals near the band edges confirms the covalent character of the 
Pd–Te bonding. The symmetric TDOS of spin up and spin down states 
further confirms the paramagnetic semiconducting character of the 
penta-PdTe2 monolayer. Furthermore, the influence of spin–orbit 
coupling (SOC) on the band structure was evaluated using the HSE06 +
SOC (Fig. S1, ESI) and found to have a negligible effect of order of − 0.03 
eV.

It is well known that mechanical strain can play an important role, 

Fig. 1. Top and side views of the optimized structure of the pristine pentagonal 
PdTe2 monolayer.

Fig. 2. (a) Phonon dispersion spectra of pristine penta-PdTe2 monolayer. (b) Total energy evolution using ab-initio molecular dynamics (AIMD) simulations at 300, 
500, and 800 K. The energy curves at 500 and 800 K are vertically shifted by 1.5 and 3.5 eV, respectively, for visual representation. (c) Relaxed configurations of 
penta-PdTe2 monolayer after AIMD simulations at 300 K, 500 K and 800 K.
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and based on this, one can develop strategies to modulate the electronic 
structure of 2D materials, enabling systematic control over band 
dispersion, carrier transport, optical absorption, and catalytic perfor
mance. Therefore, uniform biaxial strain (εxy) ranging from − 4% 
(compressive) to +4% (tensile) was applied on the penta-PdTe2 mono
layer to investigate strain-induced band modifications and their impli
cations on overall water splitting.

Fig. S2 (ESI) summarizes the calculated HSE06 band structures under 
compressive (− 4% to − 2%) and tensile (+2% to +4%) biaxial strain. 
The band gap remains indirect under these biaxial strain ranges, except 
that a tensile +2% strain results in a direct band gap nature. Under the 
compressive strain (Fig. S2a-b, ESI), both VBM and CBM move down
ward in energy, accompanied by a gradual relocation of CBM. For 
instance, the calculated bandgap energies of 1.76 eV, 1.69 eV and 1.63 
eV correspond to the compressive strains of − 2%, − 3% and − 4%, 
respectively. This reduction in the gap is primarily driven by enhanced 
orbital overlap resulting from lattice contraction, which destabilizes the 
conduction-band states. However, under tensile strain (Fig. S2c-d, ESI), 
the lattice expansion reduces orbital hybridization, pushing the VBM 
upward while shifting the CBM to higher energies. Consequently, the 
bandgap increases, for instance, to 1.90 eV at a tensile strain of +2%, 
where the monolayer exhibits a direct semiconductor nature. At +3% 
and +4% strain, the VBM shifts closer to the X–S high-symmetry line, 
indicating a reordering of the valence-band states and reduction of the 
energy gap to 1.77 eV (+3%) and 1.63 eV (+4%), while the indirect 
bandgap character is maintained.

3.2. Band alignment and carrier mobility

To further elucidate the photocatalytic capability of penta-PdTe2 
monolayer for overall water splitting, the band edge positions were 
calculated with respect to the vacuum level and compared to the redox 
potentials for the hydrogen evolution reaction (HER, EH+/H2 ) and oxygen 
evolution reaction (OER, EO2/H2O) at acidic (pH = 0) and natural (pH =
7) medium. For an efficient photocatalyst, the CBM must lie above the 
hydrogen reduction potential, while the VBM should lie below the ox
ygen oxidation potential of water. As shown in Fig. 5, both the CBM and 
VBM of penta-PdTe2 monolayer straddle the standard redox potentials of 
water at pH = 7 only (dotted red lines), confirming its thermodynamic 
suitability for driving both HER and OER under visible-light excitation. 
However, at pH = 0 (dotted blue line) only the CBM lies above the redox 
potential of hydrogen (− 4.44 eV at pH = 0), similar to the behavior 
reported for the hexagonal β-PdTe2 monolayer [29]. This result in
dicates that the HER can take place, but the OER (half-reaction) cannot 
proceed simultaneously in the case of a strongly acidic medium.

In addition, we also investigated how biaxial strain influences the 
photocatalytic suitability of the penta-PdTe2 monolayer. Fig. 5 illus
trates the shifts in CBM and VBM under biaxial strain ranging from − 4% 
(compressive) to +4% (tensile). Under compressive strain, both band 
edges shift downward, slightly improving VBM alignment at pH = 7 but 
still failing to span the full water-redox window. In contrast, tensile 
strain induces a more favorable downward shift in both the CBM and 
VBM. Notably, at +2% and +3% tensile strain, the band edges 

Fig. 3. Pentagonal PdTe2 monolayer: (a) The charge density difference (CDD) plot, and (b) planar-average projection along the z-axis ρ(z). The iso-surface value is 
0.005 e/Å3.

Fig. 4. Projected band structure and density of states at the HSE06 level theory. Color code: orange and blue for Pd and Te atoms, respectively.
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successfully encompass both the oxidation and reduction potentials at 
pH = 0 and pH = 7, whereas at +4% tensile strain, the CBM shifts 
beyond the required threshold at pH = 0. Therefore, +2% and +3% 
biaxial tensile strains are identified as the most stable and optimal re
gimes for enabling overall water splitting. Among these, +3% biaxial 
strain is selected as the representative condition for the subsequent 
photocatalytic reaction analysis because it provides stronger strain- 
induced band-edge modulation while maintaining suitable redox 
alignment at both pH = 0 and pH = 7.

Along with band alignment, carrier mobility (μc) is an important 
quantity for assessing the transport dynamics of photoexcited charge 
carriers. The μc is evaluated using the effective-mass approximation in 
conjunction with the 2D elastic modulus (C2D) under the framework of 
the deformation potential theory (DPT) [30]. This approach inherently 
accounts for carrier scattering by long-wavelength acoustic phonons, the 
dominant scattering mechanism at room temperature, and thus provides 
an upper bound on the intrinsic carrier mobility. Furthermore, the 
anisotropy in carrier transport arising from the x- or y-direction of the 
penta-PdTe2 monolayer, as well as variations in the effective mass and 
elastic properties, is effectively captured with this method. The C2D is 
calculated as: 

C2D =
1
S0

(
∂2Etotal

∂ε2

)

(1) 

where S0 is the equilibrium area of the unstrained unit cell, Etotal is the 
total strain energy and ε is the applied monoaxial strain as shown in 
Figure-S3a, ESI. The calculated C2D of 22.77 N/m and 51.32 N/m along 
the x- and y-axis, monoaxial strains are in good agreement with 

previously reported studies [5,24]. The C2D of the penta-PdTe2 mono
layer along the x and y axes is lower than that of penta-PdX2 (X = S, Se), 
whereas it is higher compared to hexagonal-PdTe2 monolayers [29,31]
as shown in Table 1. A higher C2D indicates a mechanically more rigid 
lattice that is less susceptible to strain fluctuations, thereby reducing 
phonon-induced scattering and enhancing carrier mobility.

Furthermore, the μc for 2D penta-PdTe2 monolayer is expressed as: 

μc =
eℏ3C2D

kBTm*mE2
d

(2) 

where e, ℏ, C2D, T, kB, m, m*, Ed and μc denote the electron charge, 
reduced Planck’s constant, in-plane elastic modulus, absolute tempera

ture (300 K), Boltzmann constant, average effective mass (m =
̅̅̅̅̅̅̅̅̅̅̅̅
m*

xm*
y

√
), 

effective mass along the transport direction, deformation potential 
constant, and the calculated carrier mobility, respectively. Here, effec
tive mass (m*) is defined as the inverse proportional to the curvature of 
the electronic band near the band edge and can be expressed as: 

m* = ±ℏ2

(
d2Ek

dk2

)− 1

(3) 

where E and k denote the energy and wavevector, respectively. The 
calculated carrier effective masses (m*/m0) of the penta-PdTe2 mono
layer are 1.47 and 1.32 along the x- and y-directions for electrons and 
0.38 and 0.34 for holes, respectively. Compared to penta-PdS2 (0.87/ 
0.25) and penta-PdSe2 (1.88/0.49), the electron effective masses of 
penta-PdTe2 are 69 times higher along the x-axis than PdS2, while 46 
times lower than penta-PdSe2 monolayer. Conversely, along the y-axis, 
they are significantly higher than penta-PdS2 (by ~428 times) and ~169 
times higher than penta-PdSe2. For holes, the effective masses of penta- 
PdTe2 are 47–81% smaller than those of PdS2 and 58–77% smaller than 
those of PdSe2, indicating lighter hole transport in the Te-based system. 
In comparison with the hexagonal-PdTe2 monolayers (Table 1), the 
penta-PdTe2 monolayer possesses significantly higher electron effective 
masses along both x and y-directions, suggesting higher carrier mobility 
and anisotropy in pentagonal monolayers. The results of calculations of 
carrier mobility along the x and y directions are shown in Table 2 and 
are compared with existing literature data.

Next, the deformation-potential constant (Ed) is calculated as Ed =

∂Eedge
∂εx/y

, where Eedge denotes the shift of the VBM or CBM induced by 
applying uniaxial strain ε = Δl/l0 along the x or y direction. Note that 
the deformation potential constant governs the scattering rate associ
ated with electron-acoustic phonon interactions. Therefore, smaller 
values of the deformation potential constant should correspond to 
weaker carrier-phonon coupling and, consequently, higher carrier 
mobility. As shown in Fig. S3b, ESI the deformation potential is obtained 
by fitting the strain-dependent variation of the band-edge energies. All 
band-edge energies Eedge are taken from electronic band-structure 

Fig. 5. Band gap alignment of pristine penta-PdTe2 with respect to applied 
biaxial strain. The dotted blue and red lines represent the reduction and 
oxidation potentials at pH 0 and 7, respectively.

Table 1 
Calculated effective mass (m*), deformation Ed (eV) and in plane elastic modulus C2D (N/m) along x and y-axis and their comparison with β-PdTe2 (hexagonal) and 
hexagonal-PdTe2 and other pentagonal materials.

Material Carrier type m*

m0
(x)

m*

m0
(y)

Ed(x) Ed(y) C2D(x) C2D(y) Ref.

Penta-PdTe2 e 1.47 1.32 1.78 1.62 22.77 51.32 This work
h 0.38 0.34 2.17 4.53

Penta-PdS2 e 0.87 0.25 8.59 9.40 58.00 82.00 [32]
h 0.72 1.75 2.12 3.11

Penta-PdSe2 e 1.88 0.49 5.24 5.03 38.44 98.18 [33]
h 0.90 1.45 1.12 1.89

β-PdTe2 

(hexagonal)
e 0.27 1.56 2.70 3.38 40.55 8.89 [29]
h 0.84 0.32 4.34 1.48

hexagonal-PdTe2 e 0.62 0.21 1.30 3.74 36.66 42.18 [31]
h 0.66 0.84 7.54 7.53
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calculations performed at the HSE06 level of theory. The Fermi level is 
used as the reference when determining the deformation potential Ed. 
For penta-PdTe2, the electron deformation potential are 1.78 eV and 
1.62 eV along the x and y-directions, respectively, which are signifi
cantly smaller than those of penta-PdX2 (X = S, Se) monolayers 
(Table 1). While the deformation potential of holes is somewhat larger, 
2.17 eV along the x-axis and 4.53 eV along the y-axis, indicating stronger 
hole-phonon coupling along the y-direction. In comparison with hex
agonal PdTe2 monolayers [31], the distinct behaviour of the pentagonal 
lattice is found. The electron Ed of hexagonal β-PdTe2 (2.70/3.38 eV) 
and hexagonal-PdTe2 (1.30/3.74 eV) are generally found larger along 
the y-direction, suggesting stronger electron–phonon coupling in the 
hexagonal structures. Using all these quantities, we finally calculated 
carrier mobility and found the electrons mobility to be 47.22 cm2.V− 1.

s− 1 and 159.35 cm2.V− 1⋅s− 1 along x and y direction, respectively. 
Whereas the hole mobilities are significantly higher, 475.47 cm2⋅V− 1⋅ 
s− 1 (along x-axis) and 307.17 cm2⋅V− 1⋅s− 1 (along y-axis). This clearly 
indicates that holes are the primary high-mobility carriers in penta- 
PdTe2, especially along the x-direction like other penta-PdX2 (X = S, Se) 
monolayers. This behaviour is consistent with the relatively small hole 
effective masses and moderate deformation potentials reported earlier, 
which together reduce phonon-limited scattering and enhance hole 
transport. In comparison with hexagonal PdTe2 monolayers, pentagonal 
PdTe2 displays a very different transport character. For β-PdTe2 (hex
agonal), the electron mobility is extremely high along x 
(1258.47 cm2⋅V− 1⋅s− 1) but very low along y (16.71 cm2⋅V− 1⋅s− 1), while 
holes show the opposite anisotropy (107.92 vs 544.86 cm2⋅V− 1⋅s− 1 for 
x/y). The other hexagonal-PdTe2 monolayer shows exceptionally high 
electron mobilities in both directions (2066.32 and 848.16 
cm2⋅V− 1⋅s− 1), whereas hole mobilities are relatively poor (≈
25 − 28 cm2⋅V− 1⋅s− 1). These results imply that hexagonal polymorphs 
are strongly electron-dominated, with very high n-type mobility but 
relatively suppressed hole transport. In the context of water splitting, the 
high hole mobility of penta-PdTe2 is beneficial for rapid extraction of 
photogenerated holes toward OER sites, whereas the hexagonal PdTe2 
phase is more suitable as an electron-transport component in reduction- 
dominated configurations. In addition, the carrier relaxation time (τ =

μm*/e) was estimated at 300 K, and the corresponding electron relax
ation time is found to be about 39.47 fs (119.61 fs) and for holes 
relaxation time to be 102.74 fs (59.39 fs) along x-axis (y-axis), respec
tively. The holes had longer relaxation time along x-axis while the 
opposite trend for electrons.

3.3. Photocatalytic properties of Penta-PdTe2 monolayer

To evaluate the thermodynamic feasibility of photocatalytic water 
splitting on the penta-PdTe2 monolayer, we systematically investigated 
the Gibbs free-energy (ΔG) profiles of both the HER and OER using the 
computational hydrogen electrode (CHE) framework. Solvation effects 

were explicitly included to capture the solid–liquid interfacial thermo
dynamics (see ESI section for Methods). The external potentials of 
photogenerated charge carriers directly affect the photocatalytic activ
ity and are calculated from previous literature [34,35]. At pH = 0 (acidic 
medium), the photogenerated electrons (Ue) and photogenerated holes 
(Uh) values of 0.72 and 1.14 eV are obtained, respectively. The hydrogen 
reduction potential shifts as function of pH as 
ΔGpH = − kBT ln(10) × pH = − 0.059 × pH leading to a decrease in Ue 

and an increase in Uh with increasing pH. Accordingly, at pH = 7 
(neutral medium), Ue decreases to 0.31 eV, while Uh increases to 1.55 
eV, confirming sufficient redox driving forces under neutral conditions.

The HER proceeds via a two-step Volmer-Heyrovsky mechanism. In 
the first step, the adsorption of a proton-electron pair leads to the for
mation of an *H intermediate, while the second step involves the com
bination of *H with another proton and electron to release an H2 
molecule. To identify the most favorable adsorption configuration for 
the reaction intermediates, all possible adsorption sites were systemat
ically examined. As shown in Fig. S4 (ESI), six distinct sites (S1–S6) were 
considered and their calculated total energies and Eads are presented in 
Table S1, ESI. Among these, the *H intermediate initially placed at sites 
S4 and S5 migrates spontaneously toward the top of the Te atom (site S2) 
exhibits the highest energetic active site with a binding energy of Eads =

1.15 eV at an optimal adsorption height of ~1.71 Å. Bader charge 
analysis further indicates that the adsorbed *H species donates an 
average charge of − 0.72e to the penta-PdTe2 surface, confirming the 
occurrence of charge transfer during the adsorption process. The 
calculated HER Gibbs free energy change (ΔGHER) under acidic (pH = 0) 
and neutral (pH = 7) conditions are shown in Fig. 6a and b. At zero 
applied potential (U = 0), formation of the *H intermediate constitutes 
the rate-limiting step (RDS), with an unfavorable ΔGHER of 1.24 eV (pH 
= 0) and 1.65 eV (pH = 7). Although the subsequent H2 formation step is 
exothermic by nature, the intrinsic photogenerated electron potential is 
insufficient to fully compensate this barrier (red line). Consequently, an 
additional external electron potential (ηHER) of 0.53 eV at pH = 0 and 
1.25 eV at pH = 7 or higher than the RDS (blue line) is required to 
effectively trigger the HER pathway thermodynamically downhill. 
Compared with other well-known 2D pentagon catalysts such as; 
PdS2 (1.175 eV) [33], PdSe2 (1.22 eV) [36], HgS2 (0.65–1.66 eV) [37], 
PtS2 (1.28 eV) [38] and the 2H phase MoS2 (~2.0 eV) [39], the penta- 
PdTe2 monolayer has comparable ΔGHER, which indicates that the 
penta-PdTe2 has potential application prospects in the field of photo
catalytic water decomposition.

Furthermore, the OER on penta-PdTe2 follows the conventional four- 
electron pathway involving *OH, *O, and *OOH intermediates. In the 
first step, a water molecule is oxidized to form the *OH intermediate. 
This is followed by the deprotonation of *OH to yield *O intermediate. 
In the third step, the *O species interacts with an additional H2O 
molecule to generate the *OOH intermediate. Finally, oxidation of 
*OOH releases an oxygen molecule, completing the catalytic cycle. The 
Eads of all intermediates (*OH, *O, *OOH) are presented in Table S1, ESI. 
To identify the most stable adsorption configurations, several initial 
geometries were examined for the larger oxygenated intermediates, 
particularly *OH and *OOH. These included tilted, O-facing and H- 
facing orientations toward penta-PdTe2 monolayer. During structural 
relaxation, the titled or H-facing configurations were spontaneously 
reoriented, making the O atom moving toward the surface to form the 
adsorbate–surface bond. This indicates that O-mediated adsorption is 
energetically preferred for these intermediates. Therefore, the lowest- 
energy relaxed O-bound configurations were used for the Eads and ΔG 
calculations. The results indicate that *OH preferentially binds at the Te- 
top site (S2 site) with an adsorption energy of ~1.41 eV; initial con
figurations placed at alternative sites (S1 and S5) relax spontaneously to 
the S2 site. The optimized O–H bond length is 0.99 Å, with an adsorption 
height of 2.07 Å above the surface. The *O intermediate exhibits 
stronger binding at the Pd–Te bridge site (S3), with an adsorption energy 
of ~1.90 eV, while configurations initially placed at the Pd site (S1) also 

Table 2 
Calculated carrier mobility μc(cm2V − 1S− 1) along x/y-axis, and calculated 
overpotential for HER (ηHER) and OER (ηOER) and their comparison with hex
agonal PdTe2 and other pentagonal materials at pH = 0 and U = 0.

Material Carrier 
type

μc(x)(cm2V− 1S− 1) μc(y)(cm2V− 1S− 1) Ref.

Penta-PdTe2 e 47.22 159.35 This 
workh 475.47 307.17

Penta-PdS2 e 40.97 169.11 [32]
h 339.25 91.73

Penta-PdSe2 e 29.40 229.01 [33]
h 534.55 184.59

β-PdTe2 

(hexagonal)
e 1258.47 16.71 [29]
h 107.92 544.86

hexagonal- 
PdTe2

e 2066.32 848.16 [31]
h 27.94 25.33
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migrate to this location. By contrast, *OOH adsorption is significantly 
less favourable, with a minimum adsorption energy of ~4.58–4.59 eV, 
reflecting the intrinsic difficulty of O-O bond formation. The optimized 
*OOH geometry exhibits an O–O–H bond angle of 101.0◦ and an 
adsorption height of ~2.20 Å. Consistent with these trends, Bader 
charge analysis reveals substantial charge transfer from the oxygenated 
intermediates to the substrate: − 0.66 e for *OH, − 1.24 e for *O, and 
− 0.55 e for *OOH. The Gibbs free energy profile (Fig. 6c and d) reveals 
that the deprotonation of *OH to form *O is the rate-determining step of 
the OER, exhibiting the largest free-energy barrier of 3.22 eV at pH =
0 and 2.82 eV at pH = 7, respectively. Even under the intrinsic photo
generated hole potential (Uh), all OER steps remain uphill, indicating 
that water oxidation cannot proceed spontaneously. Notably, at pH = 7, 
the first and third steps become downhill under the influence of Uh; 
however, the second and fourth steps remain energetically unfav
ourable. Consequently, additional external hole potential (ηOER) of 2.09 
eV at pH = 0 and 1.18 eV at pH = 7 or higher than RDS (blue line) is 
required for all OER intermediates to become downhill. With increasing 
pH, the OER barrier decreases, and the required external potential to 
trigger the oxidation half-reaction decreases. This trend indicates that 
OER proceeds more favorably in a neutral medium than in acidic 
environments.

It is well known that strain can tune the electronic structure of 2D 
photocatalysts (as discussed in the previous section), consequently, their 
redox driving force and surface reaction energies [40–43]. In penta- 
PdTe2, biaxial deformation modifies the band-edge positions relative to 

vacuum, thereby directly affecting the thermodynamic feasibility of 
HER and OER at different pH conditions. We recall that Fig. 5 summa
rizes the strain-dependent band-edge alignment of penta-PdTe2 
computed at the HSE06 level, showing that tensile strain systematically 
shifts the CBM/VBM and alters the available photovoltage for reduction 
and oxidation half-reactions.

Motivated by the favorable band-edge alignment at moderate tensile 
strain, we focus on +3% biaxial strain as a representative condition to 
evaluate the reaction thermodynamics. This strain condition was chosen 
because it provides clear strain-induced modulation of the electronic 
structure while maintaining suitable CBM and VBM alignment with the 
H+/H2 and O2/H2O redox potentials at both pH = 0 and pH = 7. To 
further confirm the structural stability of the +3% strained monolayer, 
AIMD simulations were performed at 300 K, 500 K and 800 K, as shown 
in Fig. S5, ESI. The total energy fluctuates within an amplitude of about 
~1 eV of less than 1% of total energy value during the simulation time 
interval (up to 8000 fs), indicating that the +3% biaxially strained 
penta-PdTe2 monolayer remains thermally stable even at high temper
atures (500 K and 800 K). The final relaxed configurations also preserve 
the pentagonal PdTe2 monolayer framework without significant struc
tural distortion or bond breaking. These results confirm that the selected 
+3% biaxial strain condition is structurally feasible for subsequent 
photocatalytic reaction analysis. The corresponding ΔG for HER and 
OER at both pH = 0 and pH = 7 are shown in Fig. 7. At U = 0, the 
formation of the *H intermediate remains the rate-determining step, 
with ΔGHER of 1.18 eV at pH = 0 and 1.60 eV at pH = 7 (Fig. 7a,b). These 

Fig. 6. Calculated free energy change for HER at potential U = 0 (black line), U = Ue (red line) and U > RDS (blue line) at a) pH = 0, b) pH = 7, and OER at c) pH =
0, d) pH = 7.
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barriers are significantly lower than those of the unstrained penta-PdTe2 
monolayer. Under +3% applied strain, the intrinsic photogenerated 
electron potentials are Ue = 0.49V at pH = 0 and Ue = 0.07V at pH = 7. 
Note that the Ue at pH = 7 is negligible; therefore, the minimum 
required potential for water decomposition (1.23 eV) is used as the 
reference case. The intrinsic Ue partially compensates the HER barrier 
but does not fully eliminate it. Only when an external potential 
exceeding the rate-determining step (U > RDS) is applied, all HER steps 
become downhill. These results indicate that tensile strain enhances 
HER activity by weakening *H binding, thereby promoting a more 
optimal adsorption regime. Furthermore, the OER exhibits a more pro
nounced strain response. As shown in Fig. 7(c,d), the rate-determining 
step under +3% tensile strain shifts to the *O to *OOH transformation, 
with free-energy barriers of 2.81 eV at pH = 0 and 2.40 eV at pH = 7 at 
U = 0. Compared with the unstrained system, the application of tensile 
strain stabilizes the *O intermediate, thereby lowering the barrier 
associated with *OH deprotonation. Under the influence of the intrinsic 
photogenerated Uh (red lines), the *O intermediate and the subsequent 
O2 formation step are further stabilized, particularly in neutral condi
tions. Nevertheless, at Uh alone, not all OER steps become downhill. A 
sufficiently large external hole potential is still required to overcome the 
rate-determining barrier, yielding minimum required overpotentials of 
ηOER = 1.54 V at pH = 0 and 0.72 V at pH = 7 for all steps to proceed 
thermodynamically downhill.

3.4. d-band center

To understand the electronic origin of the (photo)electrocatalytic 
activity of penta-PdTe2 and the strain effect, we have evaluated the d- 

band center (εd) of the active site. The hybridization between Pd d states 
and adsorbate (*H, *O, *OH, *OOH) valence states generate bonding/ 
antibonding states, and the relative occupation of antibonding states 
governs the net bond strength. Within the Hammer-Nørskov framework 
[44], εd is computed from the projected density of states (PDOS) as: 

∊d =

∫+∞

− ∞
E.ρ(E)dE

∫+∞

− ∞
ρ(E)dE

(4) 

Here, ρ(E) is the PDOS, and the integration is performed over − 1.0 to 
0  eV, considering only the occupied d orbitals near the Fermi level. As 
summarized in Table 3, the slight upward shift of εd toward the Fermi 
level under +3% strain, indicating the enhanced coupling between Pd-d 
states and adsorbate frontier orbitals. This strain-induced upward shift 
redistributes the Pd states near the Fermi level, enhancing electronic 
coupling to the adsorbate frontier orbitals and leading to a corre
sponding modification of intermediate energy barriers. Notably, the 

Fig. 7. Calculated ΔG for the HER at U = 0 (black), U = Ue(red), and U > RDS(blue) at (a) pH = 0 and (b) pH = 7, and for the OER at (c) pH = 0 and (d) pH = 7 
under +3% biaxial strain.

Table 3 
Calculated d-band center for adsorbed intermediates on strained and unstrained 
penta-PdTe2. Here * represents the penta-PdTe2 monolayer.

Surface absorbate Unstrained monolayer 
(eV)

Monolayer with +3% strain (eV)

* − 0.57 − 0.55
*H − 0.64 − 0.60
*O − 0.74 − 0.78
*OH − 0.68 − 0.66
*OOH − 0.56 − 0.59
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adsorbate-dependent εd values further reveal that strain affects different 
intermediates in a non-uniform manner. For HER, εd shifts from − 0.64 to 
− 0.60 eV upon *H adsorption under +3% strain, suggesting enhanced 
Pd-H interaction, consistent with the reduced ΔGHER barrier observed 
under tensile strain (Fig. 7). For OER intermediates, the response is 
intermediate-specific: εd changes from − 0.68 to − 0.66 eV for *OH and 
from − 0.56 to − 0.59 eV for *OOH, while *O shifts from − 0.74 to − 0.78 
eV, indicating preferential stabilization of the deprotonated oxygen in
termediate under strain. This trend indicates that the strain modifies the 
Pd-Te and Pd-O hybridization, changing the energy alignment and 
occupation of Pd-adsorbate antibonding states. As a result, certain in
termediates (notably *O) can be stabilized more strongly, while the 
energetic cost associated with O-O bond formation toward *OOH (*O to 
*OOH) increases, since this step is highly sensitive to the active site and 
occupation of adsorbate–metal antibonding states [45].

3.5. Solar to hydrogen efficiency

Solar-to-hydrogen (STH) efficiency is another key performance 
parameter in photocatalytic water splitting, quantifying a photo
catalyst's ability to convert incident solar energy into chemical energy 
stored in hydrogen fuel. The parameter, ηabs, describes the fraction of 
incident solar radiation effectively absorbed by the photocatalyst, ηcu 
denotes the efficiency with which photogenerated charge carriers are 
utilized in redox reactions, and ηSTH corresponds to the overall solar-to- 
hydrogen conversion efficiency. Under the idealized assumption of 
100% catalytic efficiency, the theoretical upper limits of light absorption 
efficiency, carrier utilization efficiency, and the overall STH efficiency 
can be estimated. The solar light absorption efficiency is defined as: 

ηabs =

∫∞
Eg

P(ℏω) d(ℏω)
∫∞

0 P(ℏω) d(ℏω)
(5) 

where P(ℏω) is the solar energy flux at a given photon energy, ℏω, 
evaluated under AM 1.5G illumination, and Eg is the bandgap energy of 
the photocatalyst. The carrier utilization efficiency is expressed as: 

ηcu =
ΔG
∫∞

E
P(ℏω)

ℏω d(ℏω)
∫∞

Eg
P(ℏω)d(ℏω)

(6) 

where ΔG = 1.23 eV is the Gibbs free energy corresponding to the redox 
potential difference between the H+/H2 and H2 O/O2 and E is the energy 
of available photons. The integration from E to ∞ in the numerator 
represents the effective photocurrent density generated by the absorbed 
solar spectrum. 

E =

⎧
⎪⎪⎨

⎪⎪⎩

Eg, (Ue ≥ 0.2, (Uh − 1.23)≥ 0.6)

Eg + 0.2 − Ue, (Ue < 0.2, (Uh − 1.23)≥ 0.6)

Eg + 0.6 − (Uh − 1.23), (Ue ≥ 0.2, (Uh − 1.23) < 0.6)

Eg + 0.8 − Ue − (Uh − 1.23), (Ue < 0.2, (Uh − 1.23) < 0.6)

(7) 

Finally, the total solar-to-hydrogen efficiency is then obtained as: 

ηSTH = ηabs × ηcu (8) 

The effective energy term E, which accounts for kinetic losses due to 
overpotentials, can be evaluated explicitly in terms of the overpotentials 
associated with the HER and OER as follows: 

E =

⎧
⎪⎪⎨

⎪⎪⎩

Eg, (Ue ≥ 0.2, (Uh − 1.23)≥ 0.6)

Eg + 0.2 − Ue, (Ue < 0.2, (Uh − 1.23)≥ 0.6)

Eg + 0.6 − (Uh − 1.23), (Ue ≥ 0.2, (Uh − 1.23) < 0.6)

Eg + 0.8 − Ue − (Uh − 1.23), (Ue < 0.2, (Uh − 1.23) < 0.6)

(9) 

Here, Eg, Ue and Uh are the calculated band gap, photogenerated carriers 

(electrons and holes), respectively.
Table 4 summarizes the calculated available photon energy E, light 

absorption efficiency, carrier utilization efficiency, and the corre
sponding theoretical ηSTH for penta-PdTe2 under unstrained and tensile- 
strain conditions, together with other pentagonal-based photocatalysts 
reported in the literature. For the unstrained monolayer (εxy = 0%), ηSTH 
is predicted to be 8.46% at pH = 0 (with E = 2.56 eV, ηabs = 42.67%, 
and ηcu = 19.83%). At pH = 7, the required photon energy decreases to 
2.15 eV, accompanied by increases in both light harvesting (ηabs =

47.67%) and carrier utilization (ηcu = 37.28%), leading to a markedly 
higher ηSTH of 15.91%. Upon applying +3% biaxial tensile strain, the 
available photon energy is further reduced to 2.32 eV (pH = 0) and 2.04 
eV (pH = 7), while ηabs remains high (~47.60%) and ηcu improves 
substantially (29.21% at pH = 0 and 42.86% at pH = 7). Consequently, 
the theoretical ηSTH increases to 13.91% at pH = 0 and reaches 20.40% 
at pH = 7, indicating that tensile strain significantly enhances overall 
energy conversion efficiency, primarily by improving carrier utilization. 
Notably, the strained penta-PdTe2 at pH = 7 outperforms several re
ported pentagonal photocatalysts; such as penta-PdSe2 (12.59%) [33], 
penta-HgS2 (11.83%) [37], penta-NiSSe (11.25%) [46], penta-SiPAs 
(10.30%) [47], and penta-PdSeTe (12.08%) [48]; highlighting the 
strong potential of strain engineering in optimizing pentagonal 2D 
monolayers for solar-driven hydrogen production.

4. Conclusion

A comprehensive first-principles investigation of the photocatalytic 
water splitting properties of the novel pentagonal PdTe2 monolayer is 
presented. Our aim was to investigate how catalytic efficiency can be 
improved by applying biaxial strain under bias in both neutral (pH = 7) 
and acidic (pH = 0) media. Special attention was focused on finding 
suitable conditions for the penta-PdTe2 monolayer to accommodate 
both HER and OER processes. To assess the plausibility of their occur
rences, we calculated the complete Gibbs free energy pathways (ΔG) at 
equilibrium potential (U = 0), applied bias (U = Ue), and beyond the 
rate-determining step (U > RDS) to estimate the overpotentials ηHER and 
ηOER corresponding to HER and OER, respectively, and leading to water 
splitting. As a requirement for spontaneous photocatalytic water split
ting, the valence-band maximum (VBM) and the conduction-band 
maximum (CBM) were determined using the HSE06 functional and 
compared to the water redox potentials (H+/H2 at 0 V and O2/H2O at 
1.23 eV vs NHE). Finally, we evaluated the solar-to-hydrogen (STH) 
efficiency by integrating the optical absorption spectra with 

Table 4 
Calculated available photon energy (E), energy conversion efficiency of light 
absorption (ηabs), carrier utilization (ηcu), and theoretical STH (ηSTH) of penta- 
PdTe2 monolayer with and without biaxial strain (εxy).

Material pH E 
(eV)

ηabs(%) ηcu(%) ηSTH(%) Reference

Penta-PdTe2 

(εxy = 0%)

pH =
0

2.56 42.67 19.83 8.46 This work

pH =
7

2.15 47.67 37.28 15.91

Penta-PdTe2 

(εxy = 3%)

pH =
0

2.32 47.60 29.21 13.91

pH =
7

2.04 47.60 42.86 20.40

Penta-PdSe2 pH =
0

– 30.42 41.40 12.59 [33]

Penta-HgS2 pH =
0

– 26.05 45.43 11.83 [37]

Penta-NiSSe pH =
0

– 24.97 45.05 11.25 [46]

Penta-SiPAs pH =
0

– 23.50 44.52 10.30 [47]

Penta-PdSeTe pH =
0

– 33.66 35.90 12.08 [48]
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thermodynamic driving forces. The results can be summarized as 
follows: 

1. Pristine pentagonal PdTe2 monolayer exhibits paramagnetic semi
conducting behavior with an energy bandgap of 1.87 eV. Under 
compressive strain, the band gap can be reduced.

2. The variation of VBM and CBM versus strain [− 4%, +4%] with 
respect to vacuum level was compared to the redox level of water 
splitting in both neutral (pH = 7) and acidic (pH = 0) media. At 
tensile strains of +2% and +3%, the band edges encompass both the 
oxidation and reduction potentials at pH = 0 and 7.

3. Calculations of carrier mobility and effective mass have shown that 
the PdTe2 monolayer is distinguished by high mobility and low 
effective mass of holes compared to many other pentagonal and 
hexagonal 2D materials. The high hole mobility facilitates rapid 
extraction of photogenerated holes to OER sites.

4. The Gibbs free energy results showed that the overpotentials were 
sensitive to tensile strain. At tensile strain of +3%, one can obtain the 
lowest overpotentials in both HER and OER processes with ηHER =

0.70 V (at pH = 0), 1.60 V (at pH = 7) and ηOER = 1.54 V (at pH = 0), 
0.72 V (at pH = 7), respectively.

5. The solar to hydrogen efficiency (STH) increases to 13.91% at pH =
0 and reaches 20.40% at pH = 7, outperforming several pentagonal 
photocatalysts reported in literature. This reveals the strong poten
tial of strain engineering in optimizing the penta-PdTe2 monolayer 
for solar-driven hydrogen production.

The above findings propose pentagonal PdTe2 as a promising 
candidate for efficient photocatalytic water splitting applications.
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analysis, Data curation. Dario Alfè: Writing – review & editing, Inves
tigation, Formal analysis, Data curation. Ravindra Pandey: Writing – 
review & editing, Supervision, Investigation, Conceptualization. Nacir 
Tit: Writing – original draft, Supervision, Investigation, Funding 
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors are indebted to the support of the Research Office at the 
United Arab Emirates University under grant number 12R162. One of us 
(N.K.) would extend his thanks to the College of Graduate Studies (CGS) 
for granting him the PhD Fellowship.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsusc.2026.167411.

Data availability

Data will be made available on request.

References

[1] Y. Shen, Q. Wang, Pentagon-based 2D materials: classification, properties and 
applications, Phys. Rep. 964 (2022) 41–42.

[2] S.B. Sharma, I. Qattan, S. Kc, S. Abedrabbo, First-principles prediction of new 2D p- 
SiPN: a wide bandgap semiconductor, Nanomaterials 12 (2022) 4068.

[3] Y. Qu, C.T. Kwok, Y. Shao, X. Shi, Y. Kawazoe, H. Pan, Pentagonal transition-metal 
(group X) chalcogenide monolayers: Intrinsic semiconductors for photocatalysis, 
Int. J. Hydrog. Energy 46 (2021) 9371–9379.

[4] K.L. Ao, Y. Shao, I.N. Chan, X. Shi, Y. Kawazoe, M. Yang, K.W. Ng, H. Pan, Design 
of novel pentagonal 2D transitional-metal sulphide monolayers for hydrogen 
evolution reaction, Int. J. Hydrog. Energy 45 (2020) 16201–16209.

[5] Y.S. Lan, X.R. Chen, C.E. Hu, Y. Cheng, Q.F. Chen, Penta-PdX2 (X = S, Se, Te) 
monolayers: promising anisotropic thermoelectric materials, J. Mater. Chem. A 7 
(2019) 11134–11142.

[6] T. Yang, C. Yan, S. Qiu, Y. Tang, A. Du, J. Cai, First-principles study of penta-PtXY 
(X = Se, Te; Y = S, Te; X ∕= Y) monolayer with highly anisotropic electronic and 
optical properties, ACS Omega 9 (2024) 32502–32512.

[7] A.D. Oyedele, S. Yang, L. Liang, A.A. Puretzky, K. Wang, J. Zhang, P. Yu, P. 
R. Pudasaini, A.W. Ghosh, Z. Liu, C.M. Rouleau, B.G. Sumpter, M.F. Chisholm, 
W. Zhou, P.D. Rack, D.B. Geohegan, K. Xiao, PdSe2: pentagonal two-dimensional 
layers with high air stability for electronics, J. Am. Chem. Soc. 139 (2017) 
14090–14097.

[8] L. Liu, Y. Ji, M. Bianchi, S.M. Hus, Z. Li, R. Balog, J.A. Miwa, P. Hofmann, A.P. Li, 
D.Y. Zemlyanov, Y. Li, Y.P. Chen, A metastable pentagonal 2D material synthesized 
by symmetry-driven epitaxy, Nat. Mater. 23 (2024) 1339–1346.

[9] L. Li, Z. Huang, J. Xu, H. Huang, Theoretical analysis of the thermoelectric 
properties of penta-PdX2 (X = Se, Te) monolayer, Front. Chem. 10 (2022) 1061703.

[10] P. Sharma, V. Roondhe, A. Shukla, Defect engineering in two-dimensional 
pentagonal PdTe2: tuning electronic, optical, and magnetic properties, Phys. Rev. B 
110 (2024) 214108.

[11] K. Han, C. Tao, P. Tang, Z. Peng, X. Xiao, T. Chen, Exploring pentagonal PdPTe and 
PdTe2 monolayers as potential in strain sensors, photodiode and gas sensors 
applications, Chem. Eng. J. 522 (2025) 168157.

[12] C. Hou, J. Xin, Y. Shen, Y. Guo, Q. Wang, Giant bulk photovoltaic effect in penta- 
PdTe2 induced by layer stacking, J. Phys. Chem. Lett. 16 (2025) 7177–7186.

[13] P. Parkar, A. Chaudhari, B. Chakraborty, Unveiling the HER potential of TM- 
substituted PdTe2 monolayers: a first-principles study, Phys. Chem. Chem. Phys. 28 
(2026) 1594–1607.

[14] Y. Shen, Q. Wang, Pentagon-based 2D materials: classification, properties and 
applications, Phys. Rep. 964 (2022) 1–42.

[15] Y. Li, J. Hao, B. Jia, C. Zhang, X. Zhang, G. Wu, W. Chen, Y. Ma, B. Zhang, Y. Yin, 
H. Gong, P. Lu, Mechanism analysis for highly efficient photocatalytic water 
splitting of penta-MX2/penta-graphene (M = Pd, Pt; X = S, Se) heterostructure, 
Comp. Mater. Sci. 258 (2025) 114011.

[16] Q. Liang, Z. Chen, Q. Zhang, A.T.S. Wee, Pentagonal 2D transition metal 
dichalcogenides: PdSe2 and beyond, Adv. Funct. Mater. 32 (2022) 2203555.

[17] F. Yang, X. Huang, C. Su, E.H. Song, B.X. Liu, B.B. Xiao, 2D transition metal 
dichalcogenides (TMDs) for electrocatalytic hydrogen evolution reaction: a review, 
ChemPhysChem 25 (2024) e202400640.

[18] N. Rozman, P. Nadrah, R. Cornut, B. Jousselme, M. Bele, G. Drazic, M. Gaberscek, 
S. Kuney, A.S. Skapin, TiO2 photocatalyst with single and dual noble co-catalysts 
for efficient water splitting and organic compound removal, Int. J. Hydrogen 
Energy 46 (2021) 32871–32881.

[19] J. Hafner, Ab-initio simulations of materials using VASP: Density-functional theory 
and beyond, J. Comput. Chem. 29 (2008) 2044–2078.

[20] M. Ernzerhof, G.E. Scuseria, Assessment of the Perdew–Burke–Ernzerhof exchange- 
correlation functional, J. Chem. Phys. 110 (1999) (1999) 5029–5036.

[21] J. Heyd, G.E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened 
Coulomb potential, J. Chem. Phys. 118 (2003) 8207–8215.

[22] S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion 
corrected density functional theory, J. Comput. Chem. 32 (2011) 1456–1465.

[23] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys. 
Rev. B 13 (1976) 5188–5192.

[24] M.L. Thompson, L.J. Kateley, The Nernst equation: determination of equilibrium 
constants for complex ions of silver, J. Chem. Educ. 76 (1999) 95.

[25] D. Alfe, PHON: a program to calculate phonons using the small displacement 
method, Comp. Phys. Commun. 180 (2009) 2622–2633, https://doi.org/10.1016/ 
j.cpc.2009.03.010.

[26] E. Li, Z.R. Zhang, H. Li, C. Liu, G. Li, J.O. Wang, T. Qian, H. Ding, Y.Y. Zhang, S. 
X. Du, X. Lin, H.J. Gao, High quality PdTe2 thin films grown by molecular beam 
epitaxy, Chin. Phys. B 27 (2018) 086804.

[27] Q. Zhong, Z. Dai, J. Liu, Y. Zhao, S. Meng, A comprehensive phonon thermal 
transport study of 2D hexagonal MX2 and orthorhombic M2X3 (M = Ni, Pd; X = S, 
Se and Te), Mater. Today Commun. 25 (2020) 101441.

[28] X. Zhang, G. Su, J. Lu, W. Yang, W. Zhuang, K. Han, X. Wang, Y. Wan, X. Yu, 
P. Yang, Centimeter-scale few-layer PdS2: fabrication and physical properties, ACS 
Appl. Mater. Interfaces 13 (2021) 43063–43074.

[29] M. Jakhar, A. Kumar, Two-dimensional β-PdX2 (X = S, Te) monolayers for efficient 
solar energy conversion applications, J. Mater. Chem. A 10 (2022) 6785–6795.

[30] J. Bardeen, W. Shockley, Deformation potentials and mobilities in non-polar 
crystals, Phys. Rev. 80 (1950) 72–80.

[31] B. Marfoua, J. Hong, High thermoelectric performance in hexagonal 2D PdTe2 
monolayer at room temperature, ACS Appl. Mater. Interfaces 11 (2019) 
38819–38827.

N. Kumar et al.                                                                                                                                                                                                                                  Applied Surface Science 744 (2026) 167411 

10 

https://doi.org/10.1016/j.apsusc.2026.167411
https://doi.org/10.1016/j.apsusc.2026.167411
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0005
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0005
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0010
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0010
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0015
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0015
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0015
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0020
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0020
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0020
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0025
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0025
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0025
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0030
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0030
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0030
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0035
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0035
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0035
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0035
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0035
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0040
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0040
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0040
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0045
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0045
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0050
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0050
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0050
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0055
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0055
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0055
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0060
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0060
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0065
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0065
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0065
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0070
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0070
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0075
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0075
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0075
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0075
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0080
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0080
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0085
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0085
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0085
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0090
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0090
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0090
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0090
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0095
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0095
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0100
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0100
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0105
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0105
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0110
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0110
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0115
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0115
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0120
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0120
https://doi.org/10.1016/j.cpc.2009.03.010
https://doi.org/10.1016/j.cpc.2009.03.010
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0130
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0130
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0130
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0135
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0135
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0135
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0140
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0140
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0140
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0145
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0145
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0150
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0150
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0155
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0155
http://refhub.elsevier.com/S0169-4332(26)01615-6/h0155


[32] Y. Wang, Y. Li, Z. Chen, Not your familiar two dimensional transition metal 
disulfide: structural and electronic properties of the PdS2 monolayer, J. Mater. 
Chem. C 3 (2015) 9603–9608.

[33] C. Long, Y. Liang, H. Jin, B. Huang, Y. Dai, PdSe2: flexible two-dimensional 
transition metal dichalcogenides monolayer for water splitting photocatalyst with 
extremely low recombination rat, ACS Appl. Energy Mater. 2 (2019) 513–520.

[34] J. Singh, A. Kumar, Janus β-Te2X (X = S, Se) monolayers for efficient excitonic 
solar cells and photocatalytic water splitting, J. Mater. Chem. C 11 (2023) 
1173–1183.

[35] R.N. Somaiya, A. Alam, Z.M. Wong, T.L. Tan, B. Chakraborty, Biphenylene 
nanoribbon as a promising electrocatalyst for hydrogen evolution, Phys. Rev. Appl 
21 (2024) 054007.

[36] R.O. Figueiredo, L. Seixas, Hydrogen-evolution reaction in two-dimensional PdS2 
by phase and defect engineering, Phys. Rev. Appl 17 (2022) 034035.

[37] B. Chen, K. Peng, W. Lei, W. Wang, F. Xiao, W. Zhang, X. Ming, A new type of 
pentagonal structure HgS2 monolayer with abundant active sites and low Gibbs 
free energy for photocatalytic water splitting, Int. J. Hydrog. Energy 87 (2024) 
1121–1128.

[38] G. Liu, J. Li, C. Dong, L. Wu, D. Liang, H. Cao, P. Lu, Hydrogen evolution reaction 
on in-plane platinum and palladium dichalcogenides via single-atom doping, Int. J. 
Hydrog. Energy 46 (2021) 18294–18304.

[39] H. Li, C. Tsai, A.L. Koh, L. Cai, A.W. Contryman, A.H. Fragapane, J. Zhao, H.S. Han, 
H.C. Manoharan, F. Abild-Pedersen, J.K. Nørskov, X. Zheng, Activating and 
optimizing MoS2 basal planes for hydrogen evolution through the formation of 
strained sulphur vacancies, Nat. Mater. 15 (2016) 48–53.

[40] B. You, M.T. Tang, C. Tsai, F. Abild-Pedersen, X. Zheng, H. Li, Enhancing 
electrocatalytic water splitting by strain engineering, Adv. Mater. 31 (2019) 
1807001.

[41] J. Wang, Y. Huang, F. Ma, J. Zhang, X. Wei, J. Liu, Strain engineering the electronic 
and photocatalytic properties of WS2/blue phosphene van der Waals 
heterostructures, Catal. Sci. Technol. 11 (2021) (2021) 179–190.

[42] A. Chelh, B. Akenoun, S. Dahbi, H. Ez-Zahraouy, Compressive strain effects on the 
photocatalytic and optoelectronic properties of CsInBr3 for efficient hydrogen 
production: a DFT study, Surf. Interfaces 72 (2025) 107356.

[43] J. Wang, Y. Huang, F. Ma, J. Zhang, X. Wei, G. Zhu, P. Du, Strain engineering the 
electronic and photocatalytic properties of g-C6N6/graphene heterostructures, 
Mater. Today Commun. 26 (2021) 101969.

[44] B. Hammer, J.K. Nørskov, Electronic factors determining the reactivity of metal 
surfaces, Surf. Sci. 343 (1995) 211–220.

[45] K. Li, Z. Tao, X. Ma, J. Wu, T. Wu, C. Guo, Y. Qi, J. Yu, J. Zheng, J. Xue, The 
application and research progress of d-band center theory in the field of water 
electrolysis, Int. J. Hydrog. Energy 132 (2025) 183–211.

[46] Y. Wang, X. Ma, H. Yuan, Z. Li, Ni-based janus pentagonal monolayers as promising 
water-splitting photocatalysts, J. Phys. Chem. 126 (2022) 20354–20363.

[47] G. Guo, C. Xu, P. Li, Pentagonal Janus SiXY monolayers: a new frontier for 2D 
photocatalysis with high solar-to-hydrogen efficiency, Phys. Chem. Chem. Phys. 27 
(2025) 23091–23104.

[48] Y.X. Yuan, L. Pan, Z.Q. Wang, Z.Y. Zeng, H.Y. Geng, X.R. Chen, Two-dimensional 
Janus pentagonal MSeTe (M = Ni, Pd, Pt): promising water-splitting photocatalysts 
and optoelectronic materials, Phys. Chem. Chem. Phys. 25 (2023) 26152–26163.

Narender Kumar earned an MSc in Physics from Himachal Pradesh University, Summer 
Hill, Shimla, India. He is currently a PhD student in the Physics Department at the United 
Arab Emirates University, under the supervision of Prof. Nacir Tit and co-supervision of 
Prof. Ravindra Pandey (Michigan Technological University, USA). His research interests 
are in computational materials science, particularly DFT methods. As applications, he is 
interested in gas sensing, spintronics, energy harvesting and storage.

Shambhu Bhandari Sharma earned an MSc in Physics from Tribhuvan University, 
Kathmandu, Nepal. He is currently a PhD student in the Department of Earth Sciences at 
the University College London under the supervision of Prof. Dario Alfiè. His work 
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