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ABSTRACT: This study aims to identify photo-/electrocatalysts
that can enhance the oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), and oxygen reduction reaction (ORR),
which are of utmost importance in electro-/photochemical energy
systems, such as solar energy, fuel cells, water electrolyzers, or
metal-air batteries. Our study focused on investigating the 2D
Ge2Se2P4 monolayer and found that it exhibits a bifunctional
photocatalyst with a very high solar-to-hydrogen efficiency. The
two-dimensional (2D) Ge2Se2P4 monolayer has superior HER
activity compared to that of most 2D materials, and it also
outperforms the reference catalysts IrO2(110) and Pt(111) in terms
of low overpotential values for ORR and OER mechanisms. Such
superior catalytic performance in the 2D Ge2Se2P4 monolayer can
be attributed to its electron states, charge transfer process, and suitable band alignments referring to normal hydrogen electrodes.
Overall, the study suggests that the Ge2Se2P4 monolayer could be an excellent bifunctional catalyst for advancing photo-/
electrochemical energy systems.

■ INTRODUCTION
The overuse of fossil fuel energy sources has worsened energy
depletion, environmental damage, and global warming. This
builds up the pressure on searching for renewable energies,
with hydrogen energy emerging as one of the most auspicious
renewable energy resources. Hydrogen fuel cells have large
capacity and fast refueling time, and they only emit water vapor
when generating electricity.1,2 Nevertheless, the majority of
hydrogen is presently generated via costly methods such as
electrolysis and steam reforming, which still rely on fossil fuels.
Therefore, the utilization of solar energy for the production of
hydrogen is widely recognized as having significant poten-
tial.3−5 Two-dimensional (2D) nanostructures are ideal for this
purpose because they have a high surface-to-volume ratio,
short charge transport distances, and other beneficial features
that vary depending on the material family.6−8 The ZnSe
monolayer, for example, was reported to have a high
photocurrent density of up to 2.14 mA cm−2.9 Meanwhile,
group-III and group-IV monochalcogenides, germanium, and
carbon nitrides are monolayers with a high visible light
absorption rate.10−14 Transition-metal dichalcogenides are
good 2D photocatalytic materials with high charge carrier
mobility.15−17 2D materials have many extraordinary physical
properties with many promising applications in next-gen-
eration devices.18−20

Recently, triphosphide monolayers XP3 [X = Sn, Ge, Ca, and
In] have been intensively investigated due to the diversity of
their components and unique photocatalytic properties.21−26

Since 1970, 3D SnP3 has been experimentally reported.27

Furthermore, theoretical calculations have predicted that SnP3
can exist in a monolayer form.28 The novel SnP3 monolayer is
expected to have high carrier mobility and a good optical
absorption rate that is beneficial for photovoltaic applica-
tions.23,29 Recently, the monolayer GeP3 was shown to have a
charge carrier mobility of some 103 cm2 V−1 s−1; this
characteristic is also observed in GaP3, InP3, SnP3, and
TlP5.

25,28,30,31 Jing and co-workers recently suggested the 2D
honeycomb-layered structure of GeP3 with high carrier
mobility (8.84 × 103 cm2 V−1 s−1) for the bilayer.21 Many
metal phosphide structures, including SnP3, InP3, and TlP5,
have been theoretically investigated. The metal phosphide
structures were found to have high carrier mobility, which
makes them suitable for applications in optoelectronic
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applications.25,28,30,31 Unfortunately, the bandgap of these
structures is found to be small, from 0.55 to 1.15 eV, implying
that they are unsuitable for photocatalytic water splitting.
Therefore, their electronic structures must be engineered to
match the requirement of redox processes to generate
hydrogen using water and solar energy. The existing studies
show that the desired electronic structure of 2D layered
nanostructures can be obtained by substituting the appropriate
element for one of the host atoms.32−34 Recently, Sn2S2P4 has
been found to be semiconducting with a wider bandgap (1.77
eV)35 than that of SnP3 (0.83 eV).23 The bandgap and band-
edges of Sn2S2P4 are appropriate for applications in water
splitting technologies. Besides, 2D ternary structures Ge2P4S2,
Ge2As4S2,

36 and BiMP6,
37 have been shown to possess

advantageous properties for photocatalytic processes.
In this study, the Ge2Se2P4 monolayer was constructed by

substituting Se for P in the GeP3 monolayer. The ability of the
Ge2Se2P4 monolayer to serve as a photocatalyst in redox
reactions is studied based on the examination of its electronic,
optical, charge transfer, and related characteristics. It is worth
noticing that the transition of a compound from bulk to 2D
phase reduces the screening of the electric field in materials;
therefore, the Coulomb interaction increases, and the
electron−hole pairs (excitons) become more strongly
bonded.38 As a result, excitons have a substantial impact on
the interaction of 2D materials with incident photons, as well
as their optical properties.39−42 Therefore, the exciton effect
was also considered when determining the optical features of
the Ge2Se2P4 material.

■ COMPUTATIONAL METHOD
The first-principles study in this work was performed by the
Vienna ab initio simulation package.43,44 In the projector
augmented wave method,45 the electron−core interaction is
replaced by a pseudopotential, whose wave function is
expanded with a cutoff energy of 500 eV. The exchange−
correlation of valence electrons is treated by the GGA-PBE
method (generalized gradient approximation which is para-
meterized by Perdew, Burke, and Ernzerhof)46 and hybrid
functional Heyd−Scuseria−Ernzerhof (HSE06).47 The spin−
orbit coupling (SOC) was included in the calculations for self-
consistency to investigate the influence of the SOC on the
electronic features of the studied structure.48 The quasiparticle
energy spectra were evaluated using the single-shot GW
(G0W0) approximation49 on the exchange−correlation self-
energies, with the screening effect included using the
Hybertsen−Louie plasmon-mode model.50 In the layered
Ge2Se2P4 structure, the van der Waals interactions may exist;
therefore, these interactions were also taken into account by
applying the DFT-D3 approach, which was developed by
Grimme.51 The Brillouin zone is constructed with a 20 × 20 ×
1 k-point mesh in the Γ sampling technique. The atomic model
of Ge2Se2P4 was constructed based on 2D GeP3,

21 where Se
atoms were substituted for P atoms. The height of the unit cell
was set to be 25 Å to reduce interactions between periodic
slabs. The structural optimization reaches convergence as the
difference in total energy and the forces acting on atoms are
smaller, respectively, than 10−5 eV and 0.001 eV/Å. The
mechanical stability of the Ge2Se2P4 monolayer was estimated
based on its phonon dispersion, which was carried out using
the PHONOPY code,52 where the density functional
perturbation theory53 was applied for a 4 × 4 × 1 supercell.
The thermal stability was studied by performing ab initio

molecular dynamics (AIMD) simulations.54 The transport
features were examined by applying the deformation potential
(DP) theory.55 To incorporate excitonic effects in optical
characteristics, we solved the Bethe−Salpeter equation
(BSE)56 of the interacting two-particle Green’s function. The
Tamm−Dancoff approximation57 was used, and energy cutoff
and k-point sampling were set to resemble those in the G0W0
calculations. A Lorentzian function with a maximum broad-
ening of 50 meV was employed as a substitute for the delta
function. In this study, the excitonic effects were treated by
using the three lowest conduction bands and the four highest
valence bands in the Bethe−Salpeter kernel.

■ RESULTS AND DISCUSSION
Stability and Mechanical Features of the Ge2Se2P4

Monolayer. The Ge2Se2P4 monolayer was constructed using
the buckling hexagonal structure of GeP3,

58 which remained
almost unchanged after structural optimization. The equili-
brium structure of a Ge2Se2P4 monolayer is depicted in Figure
1, and its lattice parameter a is 6.95 Å, which is very close to

that of a 2D GeP3 monolayer. However, the thickness h of the
monolayer decreases significantly from 2.42 Å of 2D GeP3 to
1.90 Å of the Ge2Se2P4 monolayer.58 This decrease has also
been observed in Ge2S2P4, Ge2As2P4, and Sn2S2P4 monolayers,
whose thickness is 1.85−1.91 Å.35,36 These results allow an
assumption that when phosphorus atoms in the 2D GeP3 are
replaced by atoms with more electrons to form ternary
compounds Ge2X2P4 (X = S, Se, and As), there are more
electrons to occupy the hybridized sp2 orbitals. Because of this,
the in-plane σ-bonds (formed by the end-to-end overlap of
hybridized sp2 orbitals) become stronger in keeping the
monolayer flat; meanwhile, the out-of-plane π-bonds (formed
by the side-by-side overlap of unhybridized pz orbitals) are
weakened, causing less buckling effect.

The cohesive energy of the Ge2Se2P4 monolayer is calculated
to be −4.67 eV; therefore, it is energetically stable. Some
monolayers such as GeS, GeSe, and SeTe have been
successfully synthesized.59−61 The cohesive energy of these
compounds is even less negative than that of the Ge2Se2P4
monolayer, indicating the possible experimental syntheses of
Ge2Se2P4 nanosheets. To further investigate the stability of
Ge2Se2P4, we calculate the phonon dispersions of Ge2Se2P4.
The Ge2Se2P4 monolayer has a buckling hexagonal structure,
so its phonon dispersion, presented in Figure 2a, was plotted
along the Γ−M−K−Γ path. The dynamical stability of
Ge2Se2P4 is confirmed by its phonon spectrum, as shown in

Figure 1. Optimized atomic structure of the Ge2Se2P4 monolayer with
the hexagonal cell shown in (a) top view and (b) side view. The
rhombus in (a) represents the unit cell.
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Figure 2a. It is noted that small negative frequencies are
present around the Γ point, which may be related to in-plane
bending.62 These small negative frequencies can be reduced by
applying strain.63 The thermal stability of Ge2Se2P4 was tested
by the AIMD simulation at 300 K within 10 ps. From Figure
2b, we can see that the atomic structure of Ge2Se2P4 stays
almost the same after being heated at 300 K. After 2 ps of
heating, the energy variation quickly decreases, and the total
energy remains near 36.5 eV, indicating the thermal stability at
room temperature of the Ge2Se2P4 monolayer, as depicted in
Figure 2c.

Elastic features are also important in determining the
possible syntheses of the Ge2Se2P4 monolayer as well as its
practical uses. As shown in Figure 3a, the Ge2Se2P4 monolayer
responds well to uniaxial and biaxial strains. The strains (ε
from −2 to 2%) along the x and y axes cause the energy of the
system to increase significantly. The energy is lowest at zero
strain; therefore, the optimized structure is the most
energetically stable one. Meanwhile, the stress rapidly increases
as the rate of strain gets higher, as shown in Figure 3b,
especially the uniaxial strain along the y-direction. It is worthy
to notice that strains of 18−20% cause the highest stress. A

Figure 2. Energetical features of the Ge2Se2P4 monolayer: (a) phonon dispersion, (b) atomic structure before and after heating, and (c) time-
dependent total energy.

Figure 3. Elastic properties of the Ge2Se2P4 monolayer: (a) 3D presentation of strain energy versus strain and (b) stress versus strain. In-plane
angle (θ)-dependent Young’s modulus Y(θ) (c) and Poisson’s ratio υ(θ) (d) of Ge2Se2P4.
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further increase of strain results in a sharp drop in stress, and
the stress−strain relationship is not continuous. This result
indicates that the ideal strain is 18−20%, and strains higher
than 20% can cause structural failure in the Ge2Se2P4
monolayer. The uniaxial strain along the x-axis causes a
maximum stress of 3.4 N m−1, while biaxial strains cause a
maximum stress of 3.8 N m−1. Also, the strain along the y-
direction causes the largest stress of more than 4.2 N m−1.
Among the three types of strains, the uniaxial strain along the
x-direction is well resisted by the Ge2Se2P4 monolayer because
the stress of the system slowly decreases as the strains are
higher than 20%. However, this decrease is slow, indicating
that the elasticity of the system slowly vanishes.

In the case of hexagonal monolayers, it is important to
determine the C11, C22, C12, and C66 elastic constants based on
which the 2D Young’s modulus Y(θ) and Poisson’s ratio υ(θ)
can be derived for each value of in-plane angle θ.64 The
obtained results for Y(θ) and υ(θ) are depicted in Figure 3c,d
as nearly circles, implying that these two elastic parameters are
almost independent of the direction. The calculated C11, C22,
C12, and C66 are 45.14, 7.78, 48.23, and 19.94 N m−1,
respectively. These elastic constants satisfy the conditions C11
> |C12|, C11C12−C12

2 > 0, and C66 > 0 of Born−Huang’s
stability criteria,65 indicating the stability of Ge2Se2P4 under
pressures. The Poisson’s ratios along the x- and y-axes are 0.16
and 0.17, which are close to those of graphene,66 a well-known
high-strength material. Similar to Ge2S2P4 and Ge2As2P4
monolayers,36 Young’s modulus of the Ge2Se2P4 monolayer
(43.89−46.89 N m−1) is rather small in comparison with that
of graphene, which is about 342 N m−1.67

Electronic Properties of the Ge2Se2P4 Monolayer. The
stability of the Ge2Se2P4 monolayer is studied and confirmed
based on its energetic and mechanical properties. To explore
other properties of this newly proposed monolayer, it is
necessary to understand its electronic structure. Generally, the
GGA-PBE method can provide a reliable electronic structure
with a low computational cost. However, the exchange−
correlation is not treated well, resulting in an unphysical
phenomenon when an electron repulses itself. This gives rise to
the energy levels of the valence bands, while the unoccupied
conduction bands stay the same, and the band gap becomes
smaller than it should be.68 Therefore, a correction must be
introduced to the exchange−correlation, and this is done in the
hybrid functional called HSE06.69 The two methods were
applied to calculate the band structure (along the Γ−M−K−Γ

path) of the Ge2Se2P4 monolayer. In Figure 4a, the bands
obtained using the GGA-PBE method are presented with blue
dashed curves, and the solid blue bands were examined with
the HSE06 method. The band diagrams of Ge2Se2P4 examined
by the two methods are similar to the conduction band
minimum (CBM) at the Γ point and the valence band
maximum (VBM) at the K point. Therefore, the calculation
shows that the Ge2Se2P4 monolayer is a semiconductor with an
indirect band gap. The bandgap calculated with the GGA−
PBE method is 1.11 eV, while the bandgap obtained by
applying the HSE06 method is 1.81 eV. The HSE06 bandgap
of Ge2Se2P4 is very close to that of Ge2S2P4 and Sn2S2P4
monolayers.35,36

The bandgaps of Ge2Se2P4, Ge2S2P4, and Sn2S2P4 are about
1 eV larger than those of 2D GeP3 and SnP3, which are 0.55−
0.72 eV.21,28,58 As revealed in Figure 4b, the band diagram of
Ge2Se2P4 is mainly constructed by sp2 hybridization. Any
change to these hybridized orbitals can cause significant
variation in the electronic features of the Ge2Se2P4 material. It
is obvious that the S and Se elements have more electrons than
the P element does. When one of these elements substitutes
for a P atom in GeP3 or SnP3, there are more electrons to
occupy the valence bands leading to degeneracy and orbital
splitting which widens the band gap. The role of orbitals from
each constituent element is well demonstrated in Figure 5,

where s-orbitals from Se atoms donate a minor part in both the
valence and conduction bands. Meanwhile, there are more s-
orbitals from Ge atoms in the valence bands, and the s-orbitals
predominate in the conduction bands. The p-orbitals from Se
and P atoms play an important role in determining the band
gap because they mainly construct the valence and conduction

Figure 4. (a) Band structure, (b) partial density of state, (c) Bader charge and difference in electron density, (d) electron localization function, and
(e) band edge alignment of the Ge2Se2P4 monolayer.

Figure 5. Weighted band structure of the Ge2Se2P4 monolayer.
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bands. The electron localization function, demonstrated in
Figure 4d, shows the covalent bonding nature of the Ge2Se2P4
monolayer as there is high electron density in the areas
between constituent atoms. Electrons mainly concentrate on
the Se sites; the Bader charge distribution in Figure 4c shows a
charge transfer of 0.093−0.094 |e| to Se ions.

Further, we examine the band diagram of Ge2Se2P4 by the
PBE + SOC method to consider the effect of the SOC on its
electronic features. It is found that the effect of the SOC on the
electronic properties of the Ge2Se2P4 monolayer is insignif-
icant. There is no significant change in the band structure of
the Ge2Se2P4 monolayer when SOC is included, as shown in
Figure 6a. The PBE + SOC band gap of the Ge2Se2P4
monolayer is found to be 1.10 eV, which is very close to its
GGA−PBE bandgap (1.11 eV). In Figure 6b, we show the
calculated results for the electrostatic potential of the Ge2Se2P4
monolayer. Through the obtained electrostatic potential, we
can find the work function based on the obtained Fermi and
vacuum levels. The Fermi level is found at −3.77 eV, and the
work function Φ of the Ge2Se2P4 material is 5.85 eV.

The work of Fujishima and Honda in 197270 has stimulated
great effort in searching for efficient photocatalysts for water
splitting. Among many candidates, 2D materials are considered
to be very promising materials as they have large surface areas,
fast carrier mobilities, and light harvesting ability.71,72 All the
2D materials must have appropriate band-edge positions,
where the CBM exhibits a greater positive value compared to
that of the reduction potential and the VBM has a greater
negativity value compared to that of the oxidation
potential.73,74 The possibility of the Ge2Se2P4 monolayer to
work as a photocatalyst in water splitting applications can be
determined based on the positions of CBM and VBM relative
to the redox potential, as presented in Figure 4e; the CBM
exceeds the reduction potential, while the VBM is lower than
the oxidation potential. Therefore, the Ge2Se2P4 monolayer
can trigger both hydrogen and oxygen production from water
using sunlight.
Optical and Transport Properties of the Ge2Se2P4

Monolayer. Besides electronic properties, the Ge2Se2P4
monolayer may possess interesting optical properties that
could be useful in optoelectronic applications. The optical
properties could be comprehended through the dielectric
functions, which are represented by ε(ω) = ε1(ω) + iε2(ω). In
which, the imaginary part of dielectric functions is related to
the excitation of electrons from the occupied states |vk⟩ to the
unoccupied ones |ck⟩ and can be achieved through Fermi’s
golden rule75

| | · | |vk e p ck E E( ) ( )
vck

ck vk2
2

(1)

where the oscillation strength and the transition energy of the
absorbance spectrum, correspondingly, are directly related to
the square of the velocity matrix element | | · | |vk e p ck 2 and the
electronic joint density of states δ(ω−Eck−Evk). The real part
ε1(ω) is then obtained via the Kramers−Kronig relations.76

The dielectric functions that include and exclude electron−
hole interactions are shown by the blue (G0W0-RPA) and the
red (G0W0-BSE) curves in Figure 7a. The static dielectric

constant ε1(0) of the Ge2Se2P4 monolayer is approximately 2.0
(G0W0-RPA) and 2.2 (G0W0-BSE), consistent with its large
electronic band gap nature.77 Concerning the imaginary part
ε2(ω), optical gaps of approximately 3.02 eV (G0W0-RPA) and
2.41 eV (G0W0-BSE) are obtained. The significant red shift in
the optical gap and the strong modification of the ε2(ω)
spectra of G0W0-BSE to that of G0W0-RPA indicate the
presence of strong excitonic effects due to quantum confine-
ment and the absence of vertical electronic screening. The
excitonic binding, which is determined by the difference in
energy between the optical gaps in cases with and without the
excitonic effect, is found to be 0.61 eV. This value of the
excitonic binding is comparable to similar 2D materials, such
as MoS2 (0.96 eV)78 and WS2 (0.71 eV).79

In addition to the dielectric functions, the optical absorption
spectra α(ω) could provide more information on the optical
characteristics of the Ge2Se2P4 monolayer, which is important
for practical applications. The absorbance spectra are rather
weak within the visible region, with typical values α(ω) of ≈1.0
× 105 cm−1 (G0W0-RPA) and ≈1.5 × 105 cm−1 (G0W0-BSE)
for energies within the range of 2.0 eV < ω < 4.0 eV. However,

Figure 6. PBE + SOC band structure (a) and electrostatic potential (b) of the Ge2Se2P4 monolayer.

Figure 7. Calculated dielectric function (a) and absorption coefficient
(b) of the Ge2Se2P4 monolayer by the G0W0-RPA and G0W0-BSE
methods.
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the optical absorption intensity significantly increases after
activation, particularly in the ultraviolet region (as illustrated in
Figure 7b). This characteristic makes Ge2Se2P4 useful for high-
energy optoelectronic devices.

Charge carrier mobility is a critical attribute of prospective
photocatalytic materials. For a 2D material, the charge carrier

mobility is defined as = *
e C

k Tm mE2D

3
2D

B d
2 . Here, e indicates the

elementary charge, ℏ is the Planck constant, and kB refers to
the Boltzmann constant. The 2D elastic constant C2D =
(∂2E(ε)/∂ε2)Ω0

−1, where Ω0 is the volume of the unit cell, and
the total energy E(ε) is a function of uniaxial strain ε, which is
s h o w n i n F i g u r e 7 a . T h e e ff e c t i v e m a s s

* =m E k k( ( )/ )2 2 2 1, where total energy E(k) is a function
of the k-vector in the reciprocal space. Finally, the deformation
energy Ed = ΔEedge/ε, where the band edge alignment Eedge is a
function of uniaxial strain ε, as presented in Figure 8b.

The obtained values for the carrier mobilities of Ge2Se2P4
are revealed in Table 1. It is demonstrated that the mobilities

of both the electron and hole are very high, signifying the good
photocatalytic property of the Ge2Se2P4 monolayer. Mobility
also strongly depends on the examined direction and the
carrier type. This is another advantage because the electron−
hole separation in the Ge2Se2P4 monolayer is expected to be
enhanced. The electron mobility along the x-direction is
7396.35 cm2 V−1 s−1, while the hole mobility along the y-
direction is 12,275.86 cm2 V−1 s−1. The obtained electron
mobility of the Ge2Se2P4 monolayer is higher than that of GeP3
(700 cm2 V−1 s−1),21 SnP3 (5020 cm2 V−1 s−1),23 and Sn2S2P4
(1923.42 cm2 V−1 s−1) .35 Also, it is noted that the carrier
mobility of Ge2Se2P4 is higher than that of 2D GeP3;

21

therefore, substitution is expected to be a good way to improve
the transport properties of Ge-based 2D materials. With high

charge carrier mobility, Ge2Se2P4 is a competitive candidate for
photocatalytic applications among other well-known 2D
nanomaterials such as black phosphorus, MoS2, and WS2.

15,80

Gibbs Free Energy Changes for the Hydrogen
Evolution Reactions and Oxygen Evolution Reactions.
To identify the most suitable catalyst for the hydrogen
evolution reaction (HER), it is crucial to evaluate the
adsorption energy of hydrogen atoms on the material surface.
The adsorption energy, denoted as EH*, is related to the Gibbs
free energy, ΔGH*, through the following equation

= + +* *G E E T S G GUH H ZPE pH (2)

where the hydrogen is adsorbed onto a particular surface
location of a certain substance, ΔEH* denotes the adsorption
energy computed for intermediate hydrogen adsorbed on the
monolayer, as defined below

i
k
jjj y

{
zzz=* * *E E E E

1
2n nH H ( 1)H H2 (3)

where *EnH represents the energy with n hydrogen adsorbed on
the monolayer, *E n( 1)H stands for the free energy of the (n −
1) hydrogen coverage system, and EHd2

is the energy of the H2

molecule in the gas phase. In eq 2, ΔEZPE denotes the
difference in zero-point energy corrections and has been found
to be 0.04 eV. The ΔS describes the difference in entropy and
can be estimated as the entropy of H2 gas under normal
circumstances, as written as

i
k
jjj y

{
zzz=S S S S

1
2

1
2H H H

0
2 2 (4)

where S1
2 H

0
2
refers to the entropy of the H2 molecule under the

standard conditions and the value is 130 mol−1 K−1.81 In this
context, the optimal value for HER is ΔGH* equal to zero. The
theoretical overpotential ηHER for HER is defined as a function
of ΔGH* as follows

= | |*G
eHER

H
(5)

The oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) mechanisms proceed through a 4e− trans-
ferred reaction pathway as follows

+ * * + ++H O(l) OH H e2 (6)

* * + ++OH O H e (7)

Figure 8. Total energy (a) and band-edge positions (b) as functions of uniaxial strains ϵ along the x and y directions of the Ge2Se2P4 lattice.

Table 1. Effective Mass m*, Elastic Modulus C2D, DP Ed, and
Mobility of Carriers μ2D of Ge2Se2P4 along the x-/y-
Directiona

carrier
type direction

C2D
(N m−1) m*(m0) Ed (eV)

μ2D
(cm2 V−1 s−1)

electron X 29.69 0.38 −0.88 7396.35
Y 28.90 0.23 −4.98 375.35

hole X 29.69 0.87 −2.23 155.95
Y 28.90 1.01 −0.23 12275.86

am0 is the mass of a free electron.
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+ * * + ++H O(l) O OOH H e2 (8)

* + ++OOH O (g) H e2 (9)

The theoretical Gibbs free energy difference ( *GOH , ΔGO*,
and *GOOH ) of each step involving one e− transfer is defined
by the following equation

= + +G E E T S G GUZPE pH (10)

where ΔE, ΔEZPE, and ΔS are the energy differences of
adsorption, zero-point energy, and entropy between the
adsorbed and freestanding states, respectively. The ΔE values
were computed by DFT calculations, and ΔEZPE and ΔS were
studied through DFT calculations and the standard thermody-
namic data, as given in Table 2. ΔGU (ΔGU = −eU) represents
the extra potential bias supplied by an electron in the electrode,
where U describes the potential difference with regard to the
standard hydrogen electrode potential. ΔGpH defines the effect
of pH on the free energy ΔG, which is written by the formula
ΔGpH = −kBT × ln[H+] = kBT × ln(10) × pH.

The variation of Gibbs free energy during 4e− paths for OER
could be defined as

= *G G1 OH (11)

= * *G G G2 O OH (12)

= * *G G G3 OOH O (13)

= *G G4.924 OOH (14)

The overpotential (ηOER) that could be employed to assess
the catalytic performance of OER is derived from the
subsequent equation

lmo
no

|}o
~o

=
G G G G

e
max

, , ,
1.23OER

1 2 3 4

(15)

In principle, achieving a full water-splitting operation
requires that both photogenerated electrons and holes possess
adequate energy to catalyze the HER and OER, respectively.
Previous studies have established that the difference in energy
levels between the +EH /H

red
2
and the VBM/CBM can serve as

the external potential for photogenerated holes/electrons (Uh/
Ue) to catalyze the HER/OER. It is noteworthy that the
reduction potential and oxidation potential are given by the
following equation

= + ×+E 4.44 pH 0.059H /H
red

2 (16)

= + ×E 5.67 pH 0.059H /H O
oxi

2 2 (17)

The external potential for photogenerated electrons and holes
is given as follows

Figure 9. (a) Energy diagram of water molecules (H2O) adsorbed at different active sites on the 2D Ge2Se2P4 monolayer. (b) 3D charge density
profile of the lowest energy configuration of hydrogen adsorption on Ge2Se2P4. The charge accumulation/depletion area is indicated by the yellow/
blue color, respectively. The isosurface value is set to be 0.15 × 10−3 eÅ3. (c) Gibbs free energy diagram of HER at different conditions. (d) Free
energy profile of HER mechanisms on the 2D Ge2Se2P4 monolayer. (d) The HER volcano curve is being compared to other 2D materials that have
been recently reported, including the widely used Pt.
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= ×U 0.40 pH 0.059e (18)

= + ×U 1.37 pH 0.059h (19)

The computed reduction potential and oxidation potential
show that the Ge2Se2P4 monolayer is appropriate for overall
water splitting for different values of pH ranging between 0 and
7. As a preliminary and crucial step, we first examined the
adsorption of H2O on the Ge2Se2P4 monolayer to identify the
most stable adsorption active site. To achieve this, we
evaluated three starting adsorption sites. As shown in Figure
9a, the three considered sites exhibit negative adsorption
energies. The P-site has the highest energy of −0.126 eV,
followed by the Se-site with an adsorption energy of about
−0.185 eV and the Ge-site at −0.203 eV, suggesting that the
adsorption of H2O on the Ge2Se2P4 surface is energetically
stable. It can also be noticed that the adsorbed water molecule
is slightly deformed and that the deformed bond lengths
between oxygen and hydrogen are about 0.973 and 0.977 Å
from 0.963 Å and the H−O−H angle is about 103.425° from
104.0°. The adsorption energies in all three adsorption sites are
higher compared to that of MoS2.

82 Furthermore, by analyzing
the charge transfer depicted in Figure 9b, it can be concluded
that a substantial charge transfer takes place between Ge2Se2P4
and the adsorbed water molecule, indicating that the adsorbed
water molecule can be effectively activated by the activation
site of Ge2Se2P4 catalysts. Furthermore, the strong interactions
between H2O molecules and the Ge2Se2P4 monolayer suggest
that the photocatalytic activity is promising.
Hydrogen Evolution Reaction. Generally, the Gibbs free

energy of the adsorbed intermediate hydrogen (ΔGH*) on the
catalyst is typically used to evaluate the performance of the
HER activity. An ideal catalyst should have a ΔGH* value of
zero.83,84 At first, we examined three distinct adsorption sites,
namely, TGe, TSe, and TP, and H, and we selected the
configuration with the most favorable energy. Originally, the H
atom is positioned in the middle in the hexagonal lattice
configuration. After full relaxation, the hydrogen atom
undergoes a displacement toward the germanium atom,
resulting in the formation of a bond between the hydrogen
atom and two germanium atoms. The optimized structure of
the Ge2Se2P4 monolayer with a single hydrogen atom slightly
changes the bond lengths near the site where the hydrogen is
adsorbed. The distorted chemical bond lengths are calculated
to be 2.437 Å from 2.486 Å for Ge−P and 2.316 Å from 2.620
Å for Ge−Se, and the Ge−H/P−H/Se−H bond lengths are
found to be 1.545/1.435/1.479 Å, respectively. Generally, the
criterion for determining whether a material exhibits HER
activity is based on the standard rule of evaluating the |ΔGH*|
value, which should be equal to or less than 0.2 eV.85 As shown
in Figure 9c,d and Table 2, the Gibbs free energy is about

−0.197 eV when the Ge2Se2P4 is in a dark environment (light
off and U = 0). Additionally, it is observed that the process of
HER can occur spontaneously when exposed to light since
both ΔGH* steps are downward. For comparison, the HER
activity performance of the Ge2Se2P4 monolayer was found to
be better than that of several other 2D materials, including
MoS2 (−2.08 eV), MoS2−Mo edge (−0.36 eV), PtS2 (0.86
eV), PdTe2 (0.74 eV), PtTe2 (0.54 eV), and PtSe2 (0.63
eV).86−89

In addition, the charge transfer between Ge2Se2P4 and the
hydrogen atom was examined through Bader analysis.90 Upon
the hydrogen adsorption on the Ge2Se2P4 surface, a charge
transfer of about 0.33e from the surface to the H atom is
obtained. Additionally, a distributed charge density at the most
stable active site is computed as shown in Figure 9b, where
yellow and blue colors indicate electron accumulation and
charge depletion, respectively. Figure 9d illustrates a volcanic
curve that compares the HER performance of Ge2Se2P4 with
previously reported 2D structures and well-examined Pt
catalysts. The top values on the curve represent the highest
catalytic activity. It is evident that the 2D Ge2Se2P4 monolayer
exhibits higher HER catalytic activity than that of other 2D
materials. This indicates that optimizing the Ge2Se2P4
monolayer with some other strategies, namely, single-atom
catalysts, could further enhance its catalytic activity for HER.

Oxygen Evolution Reaction/Oxygen Reduction Reaction.
Subsequently, a detailed investigation into the performance of
OER and ORR activities was conducted on the 2D Ge2Se2P4
monolayer. The OER reaction mechanism is intricate and
comprises four elementary reaction pathways: (i) the initial
dissociation of the water (H2O) molecule into H+ and OH* on
the catalyst’s surface; (ii) the further dissociation of HO* into
H+ and O*; (iii) the subsequent reaction of O* with the next
H2O molecule, resulting in H+ and HOO*; and (iv) the final
splitting of HOO* into H+ and the O2 molecule, followed by
the release of O2 from the catalyst’s surface. The complete
reaction mechanism for OER is illustrated in Figure 10a.
Notably, each elementary step involves the simultaneous
release of a cation (H+) and an electron. Thus, in the OER
mechanism, the release of a H+ cation and an electron occurs
concurrently at every reaction step. In this study, we have
investigated the energetic stability of the OER mechanism on
the 2D Ge2Se2P4 monolayer by computing the lowest energy
of all possible intermediates (O*, OH*, and HOO*). The
corresponding Gibbs free energies for each reaction step have
been determined and are presented in Figure 10b, and the
overpotential (ηOER) for OER has been obtained based on the
computed Gibbs free energy for each reaction step.

The rate-determining step for OER has been pinpointed by
the dotted red line in Figure 10b at an electrode potential of U
= 0 V and pH = 0 (light off). Our calculations show that the
overpotential value for the 2D Ge2Se2P4 monolayer is 0.42 V,
and the transformation of OH* to O* is the rate-determining
step. Notably, our calculated overpotential value (ηOER) for the
Ge2Se2P4 monolayer is lower than that of the extensively
studied Pt(111) surface (0.76 V)91 and slightly lower than
those of the metal atom-supported 2D C2N monolayer (0.67
V)92 and IrO2 (0.56 V).93 Moreover, we have computed the
limiting potential step as illustrated by the dotted green line in
Figure 10b at an electrode potential of U = 0 V and pH = 0, as
well as in Figure 10c under light irradiation conditions. Our
analysis shows that Ul

OER is 1.65 eV at pH = 0, which increases
to 1.94 eV at pH = 7. Based on our findings, we suggest that

Table 2. Adsorption Energies (eV), Zero-Point Energy EZPE
(eV), Entropy Contribution (eV), and the Gibbs Free
Energy (eV) of Molecules and Adsorbates Used on the 2D
Ge2Se2P4 Monolayer

HER OER

species H2(g) H2O(l) O2(g) H* OH* O* OOH*
ΔE −0.42 2.67 0.78 3.06
EZPE 0.27 0.57 0.11 0.22 0.32 0.19 0.42
TS 0.40 0.67 0.63 0.01 0.15 0.01 0.22
ΔG −6.76 −14.18 −8.84 −0.19 1.06 2.72 3.48
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the 2D Ge2Se2P4 monolayer has promising potential as an
excellent choice for the OER mechanism catalyst.

Hence, we conducted a further analysis into distinct active
adsorption sites and explored the migration behavior of O*
intermediate at these sites (namely, site I and site II, as shown
in Figure 10d). The inset within the red line demonstrates that
the energy barrier for O* diffusion from site I to site II is 0.164
eV. The low activation energy and high stability of site II
suggest that once O* is formed on the surface, it quickly moves
to site II, which is the next elemental reaction leading to
HOO* formation. These findings provide strong evidence
supporting the feasibility of the dual active site mechanism.
Furthermore, the transfer of O* from site I to site II in the
OER process allows the vacant active site I to participate in the
HER mechanism, generating H+. Hence, site I also acts as an
active site for the HER mechanism, further promoting the
kinetic rate and overall efficiency of water splitting.

Moving on to the ORR mechanism, which involves the
reduction of oxygen, we can complement our understanding of
the OER mechanism. Using the four-elementary reaction
mechanism, we calculate the overpotential for ORR (ηORR) by
determining the minimum step distance, which is the rate-
determining step shown by the dotted green line in Figure
10b,c. The free energy diagram shows that each step of the
ORR mechanism for each system shows a downward trend,
which indicates that each reaction proceeds spontaneously. In

a dark environment, the overpotential value is around 0.47 eV,
and the limiting potential step is approximately 0.76 eV, which
decreases to 0.35 eV at pH = 7. The computed overpotential
value is slightly higher or equivalent to that of the well-defined
catalyst Pt of 0.45 V,91 suggesting that the 2D Ge2Se2P4
monolayer is an excellent candidate for the ORR mechanism.
These results indicate that the 2D Ge2Se2P4 monolayer is a
highly versatile photocatalyst, showing exceptional perform-
ance not only for the ORR but also for the HER and OER.
Solar to Hydrogen Efficiency. The solar to hydrogen

(STH) conversion efficiency is determined by using the
methodology suggested by Yang et al.94 The STH efficiency
may be defined as the product of the efficiencies of light
absorption (noted as ηabs) and carrier utilization (denoted as
ηcu) by the reaction process.

= ×STH abs cu (20)

The light absorption efficiency is defined as

=
P h d h

P h d h

( ) ( )

( ) ( )

E

abs

0

g

(21)

where P(hω) represents the AM1.5G solar energy flow at a
specific photon energy hω and Eg refers to the bandgap of the
photocatalyst. The numerator indicates the light power density
absorbed by the photocatalyst, while the denominator is the

Figure 10. (a) The reaction pathway of the entire OER/ORR mechanism and its intermediates has been optimized to get the most efficient
configuration for the dual-active site mechanisms. (b,c) Free energy diagram of OER/ORR mechanisms on 2D Ge2Se2P4 at different conditions of
U (V) and pH. The green/red dashed lines illustrate the rate-determining step for ORR/OER, respectively. (d) Activation energy barrier of O*
from the catalytically active site I to II.
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overall power density of the reference sunshine spectrum
(AM1.5G). The efficiency of carrier utilization (ηcu) is defined
as

=
G d h

P h d h

( )

( ) ( )
E

P h
h

E

cu
H O

( )
2

g (22)

where GH O2
denotes the Gibbs free energy change associated

with the process of water splitting (1.23 eV) and the remainder
of the numerator indicates the effective photocurrent density. E
is the energy of photons that may be used in the water-splitting
process.
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To achieve a high efficiency, the STH efficiency of the
Ge2Se2P4 monolayer is determined as a function of the pH
value. Table 3 shows the adjusted overpotentials χ(H2) for
HER and χ(O2) for OER, the photon energy (E), the
efficiency of light absorption ηabc, and carrier utilization ηcu.
The values of ηSTH rise from 12.334 to 17.051% from pH = 0
to pH = 4 and then stay constant as the pH value increases.
Interestingly, the anticipated maximum value of ηSTH
(17.051%) for the Ge2Se2P4 monolayer is higher than the
previous report for GeN3 (12.63%) and AgBiP2Se6 (10.3%)
values, and it surpasses the crucial value of economic hydrogen
generation through photocatalytic water splitting (10%).72,95

As a result of these observations, the Ge2Se2P4 monolayer has
the potential to serve as an efficient photocatalyst for overall
water splitting under moderately acidic conditions.

■ CONCLUSIONS
In summary, our investigation has revealed the potential of the
novel 2D Ge2Se2P4 monolayer as an exceptional candidate for
photocatalytic applications. Through our computational
analysis, we determined that the Ge2Se2P4 monolayer behaves
as a semiconductor, exhibiting a band gap of 1.81 eV based on
the hybrid functional HSE06 approach, with the SOC effect
showing minimal influence on its electronic properties.
Notably, the Ge2Se2P4 monolayer demonstrates directionally

anisotropic carrier mobility, as the electron mobility in x-
direction is 7 × 103 cm2 V−1 s−1 surpassing the electron in y-
direction which is 375.35 cm2 V−1 s−1. Our comprehensive
study further unveils the superior catalytic performance of the
Ge2Se2P4 monolayer as HER/OER and OER/ORR bifunc-
tional electrocatalysts. Its ability to operate with lower
overpotentials suggests a highly efficient and versatile photo-
catalyst. These findings position the Ge2Se2P4 monolayer as a
promising candidate for advancing renewable energy produc-
tion technologies. By shedding light on the remarkable
properties of this material, our findings offer valuable insights
into the development of cost-effective, high-performance
photocatalysts, thereby driving the evolution of sustainable
energy technologies.
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