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Abstract

Solar-driven photocatalytic water splitting is a promising approach for green hydrogen
production. Despite the great potential of g-CsN4 photocatalysts, non-metal doping stud-
ies currently suffer from conflicting results and unclear doping configurations. Herein,
first-principles calculations were adopted to compare P-, O-, and S-doped g-CsNa. P-g-
CsNa with P substituting N shows the best stability, a narrower band gap, and enhanced
visible light absorption. It achieves high carrier mobility and suitable band edges for over-
all water splitting, with a maximum STH efficiency of 15.8%. This work clarifies doping
mechanisms and offers solid theoretical support for developing high-performance g-
CsNu-based photocatalysts.

Keywords: P-g-CsN4; HER; DFT

1. Introduction

Hydrogen energy plays a pivotal role in advancing the global energy transition. Pho-
tocatalytic water splitting, which drives both the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), has emerged as a leading route to sustainable green hy-
drogen production [1]. Boasting zero carbon emissions, high energy density, and excellent
long-duration storage capacity, hydrogen is an ideal clean energy carrier [2]. By drawing
on the principles of natural photosynthesis, this technique harvests solar energy to split
water and generate hydrogen. Since it merely relies on sunlight, water, and functional
photocatalysts, the approach features low inherent costs and is expected to become a cost-
effective solution for green hydrogen synthesis.

Traditional three-dimensional (3D) photocatalysts, represented by TiO: [3], are
plagued by multiple technical bottlenecks. Their band gaps exceed 3 eV, which restricts
light capture capability. The 3D architecture also causes intense light scattering, lowering
photon transmission efficiency and resulting in quantum yields far below theoretical val-
ues [2]. Additionally, these catalysts involve complicated synthesis procedures and are
hard to recover; their intricate structures also impede uniform coating during large-scale
manufacturing [4]. Therefore, exploring new photocatalytic materials that combine high
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quantum efficiency, low manufacturing cost, and robust structural stability has become a
key research focus for water-splitting hydrogen production.

In studies of photocatalytic HER, two-dimensional (2D) materials have emerged as
highly competitive candidates against conventional photocatalysts by virtue of their large
specific surface area, abundant reactive sites, shortened carrier migration distances, and
outstanding optical properties [5]. As one representative material in this category, gra-
phitic carbon nitride (g-CsN4) draws extensive research attention for its inexpensive pre-
cursors, facile synthesis, non-toxic nature, and environmental compatibility. Even so, this
material still has inherent drawbacks, including restricted light absorption, rapid charge
carrier recombination, unsatisfactory electrical conductivity, and slow surface reaction ki-
netics [6].

Numerous theoretical and experimental works have proven that nonmetal doping
can effectively improve the photocatalytic activity of g-CsNs, with O [7], S [8], and P [9]
widely adopted as dopants in relevant investigations. For example, Lv et al. [10] synthe-
sized P-doped hollow g-CsNa photocatalysts with an ultrathin shell (thickness < 25 nm)
via a P vapor-assisted method. The as-obtained P-doped ultrathin hollow g-CsNa spheres
(P/UH-CNS) exhibited enlarged surface area and wider light absorption range. Mean-
while, the modified structure restrained charge recombination and alleviated carrier self-
trapping, thereby boosting charge transport capability. Benefiting from these improve-
ments, the sample delivered a prominent hydrogen evolution rate of 9653 pmol-h-g
under photocatalytic reactions.

Current academic studies regarding the modification and photocatalytic perfor-
mance optimization of g-CsNu via elemental doping still present several unresolved defi-
ciencies and inconsistent conclusions, which restrict the in-depth development of related
research. At present, there are still several issues regarding research on element doping of
g-CsNa. First, diverse non-metal doping elements exert disparate modification effects on
the photocatalytic properties of g-CsNs, and conflicting findings exist across the relevant
literature. In comparative studies on four common non-metal dopants (B, O, P, and S),
Arumugam et al. [11] verified that S doping delivers the most prominent improvement in
the electron transfer efficiency and photocatalytic CO: reduction performance of porous
g-CsNa. In contrast, the theoretical calculation results from Ghashghaee et al. [12] indi-
cated that among the four dopants (B, O, S, P), O doping triggers the most substantial
modulation of the HOMO-LUMO band gap in g-CsNs quantum dots, implying a more
significant regulatory effect on the electronic structure of the catalyst. Such divergent out-
comes fail to form a unified consensus on the optimal non-metal doping scheme for g-
CsNs modification. Second, the microscopic existing form of doped atoms in modified g-
CsNa4 materials has not been explicitly and quantitatively identified. Researchers have not
yet reached a consistent conclusion on whether doped atoms are anchored on the mate-
rial’s surface via grafting or embedded into the intrinsic crystal lattice of g-CsNa. Focusing
on O doping modification, Zhao et al. [13] demonstrated that O atoms tend to substitute
nitrogen lattice sites within the g-CsN4 framework under UV-induced doping conditions,
which eliminates deep electron trapping centers and improves CO: photoreduction ca-
pacity. Nevertheless, Sun et al. [7] proposed a dual existing form of doped O atoms, stat-
ing that O can not only replace framework N sites but also bond with surface N atoms to
form stable N-O bonds. Third, for dopants embedded in the g-CsNu crystal lattice, accu-
rate verification of their specific substitution positions remains a technical challenge, i.e.,
did the dopants replace C atoms or N atoms in g-CsNi? Relevant research on S-doped g-
CsN4 has revealed obvious discrepancies. Zhou et al. [14] confirmed that doped S atoms
can simultaneously replace C and N sites, forming C-S and N-S covalent bonds. On the
contrary, Guan et al. [15] concluded that S atoms only selectively substitute N sites in the
g-CsNa framework, with no C-site substitution observed in the synthetic system.
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To address the aforementioned issues, this work systematically explores the binding
energy characteristics and optical performance of g-CsNs modified with three typical non-
metal dopants, namely P, O, and S. We adopt VASP for DFT simulations owing to its
unique merits over Quantum ESPRESSO, CP2K, and CASTEP for 2D doped g-CsNu. Its
PAW potentials precisely describe diffuse p-orbitals and local lattice distortion induced
by heteroatom substitution, more accurate than ultrasoft pseudopotentials. Built-in DFT-
D3 corrections natively handle van der Waals forces in layered monolayers without extra
plug-ins. VASP delivers efficient parallel computation for our large doping supercells and
fully supports HSE06-based band, optical, mechanical, and reaction free-energy calcula-
tions. Moreover, massive validated precedents in carbon nitride photocatalysis guarantee
reliable, comparable results for binding energy, carrier mobility, and STH efficiency. The
computational and analytical results demonstrate that P-doped g-CsNa (P-g-CsN4) outper-
forms its O-doped and S-doped counterparts in terms of binding energy. Structural sta-
bility analysis verifies that the substitution of lattice N atoms by P heteroatoms delivers
the most stable configuration of the doped system. Moreover, P-g-CsN4 presents a well-
matched band gap and favorable band edge alignment relative to the redox potentials of
water splitting. This unique electronic structure enables spontaneous HER at C and OER
at P active sites. The optimized P-g-CsNa photocatalyst achieves a solar-to-hydrogen (STH)
conversion efficiency of up to 15.8%. Collectively, these results confirm that P-g-CsNa
serves as a promising and efficient photocatalytic material for water-splitting-driven hy-
drogen production.

2. Results and Discussion

The optimized lattice constant of pristine g-CsN« was calculated to be 7.13 A, which
closely matches the experimental and computational results reported in previous studies
[16]. To systematically explore the substitution behaviors of P, O, and S heteroatoms at
carbon or nitrogen lattice sites, as well as their surface adsorption characteristics on g-

CiNy, a \/5 X \/5 supercell model was constructed for all subsequent computational
simulations, as visualized in Figure S1 (Supplementary Information). For each dopant A
(A =P, O, or S), multiple computational models were established to cover substitution at
diverse lattice positions and adsorption on different surface sites of g-CsNa4. Binding en-
ergy (Ev) analysis serves as a reliable indicator for evaluating the structural stability of
modified systems, and the calculation results reveal that heteroatom doping yields far
more stable g-CsNu configurations than surface adsorption: the Ev values of doped struc-
tures are over 1.5 eV higher than those of adsorption-modified structures with identical
dopants.

Among all constructed doping models, the configuration where P atoms substitute
N2 lattice sites (see Figure S1) presents the maximal binding energy of 8.762 eV. According
to the definition of Eb in the Supplementary Information (Formula S1), a larger positive Ep
value indicates that the material is more stable. This value is at least 0.12 eV larger than
those of other P doping sites and all tested O- and S-doped g-CsN4 systems, demonstrating
its energy superiority. The optimal P doping site determined in this work is consistent
with the findings reported by Srinivasu et al. [17] and Liu et al. [18]. Collectively, these
results verify that lattice doping delivers higher structural stability than surface adsorp-
tion, and P doping endows g-CsN4 with the most stable structure among the three non-
metal modification strategies. Accordingly, subsequent discussions in this study primar-
ily focus on the optimized P-g-CsNa system. The geometric structure of the most stable P-
g-CsN4 model is displayed in Figure 1a, in which N, C, and P atoms are represented by
blue, gray, and pale purple spheres, respectively. Owing to the larger covalent radius of
P (1.233 A) relative to N (0.741 A), the newly formed P-C bonds exhibit an average bond
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length of 1.800 A, distinctly longer than the intrinsic C-N bond length of approximately
1.360 A in pristine g-CsNs. Meanwhile, the local structural distortion induced by P substi-
tution reduces the original C-N—C bond angle of nearly 120° to 97.909° for the C-P-C
linkage in the optimized doped structure.
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Figure 1. (a) Top and side views (the dashed box indicates the unit cell), (b) CDD, (c) Raman spec-

trum of monolayer P—g-CsNa.

Charge density difference (CDD) calculations were performed to elucidate the charge
transfer behavior between doped P atoms and the g-CsN4 substrate framework. As illus-
trated in Figure 1b, electron migration occurs from the P p-orbitals to the surrounding P-
C bonding regions within the optimized structure. In the CDD cloud diagram, yellow do-
mains correspond to electron depletion areas, whereas green domains denote electron ac-
cumulation regions. Complementary Mulliken charge analysis further validates the
charge distribution characteristics observed from CDD results. Quantitative calculation
data show that the P atom loses 0.58 valence electrons in the optimized P-g-CsNa system,
which can be fundamentally explained by its lower electronegativity (2.19) relative to C
atoms (2.55). To provide theoretical references for subsequent experimental characteriza-
tion of the synthesized P-g-CsNs monolayer, simulated Raman spectra of the optimized
structure were acquired and displayed in Figure 1c.

First-principles calculations were implemented to examine the mechanical properties
of the P-g-CsN4 monolayer through systematic evaluation of its elastic stiffness coefficients.
The elastic constants of the optimized structure were quantified in units of N m, yielding
the following values: C11=76.7, C2=99.5, C12= Cz1 = 4.6, and Cas=50.3. Structural mechan-
ical stability was further verified in accordance with classic Born stability criteria, which
require satisfaction of the inequalities C11C22— C122 > 0 and Cas > 0 [19]. The calculated in-
plane Young’s moduli of P-g-CsNs are Yx=76.5 N m™ and Yy = 99.2 N m™, which agree
with the parameter range of 90-110 N m™ reported in previous studies on P-g-CsNs [20].
Comparative analysis reveals that the Young’s moduli of P-g-CsNu are substantially lower
than those of pristine g-CsN4 (approximately 187 N m) [21], as well as C-doped (175-185
N m™) and B-doped g-CsNa systems (155-165 N m™) [20]. Additionally, the P-g-CsNs mon-
olayer exhibits extremely low Poisson’s ratios of vx = 0.05 and vy = 0.06. Such low values
indicate negligible lateral shrinkage when the material undergoes axial tensile defor-
mation. This unique mechanical characteristic endows P-g-CsNa with excellent structural
stability under external mechanical loading, broadening its potential applicability in pho-
tocatalytic device systems.

Figure 2a presents the electronic band structure of the pristine g-CsNs+ monolayer.
The material is confirmed to be an indirect-bandgap semiconductor. Calculations using
the HSEO06 functional yield a bandgap of 2.79 eV, which is consistent with previously re-
ported theoretical results [22]. Figure 2b displays the band structure of P-g-CsNa. In con-
trast, the P-doped sample exhibits a direct bandgap of 2.03 eV, which is close to that
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reported for the P-doped system [23]. A comparative analysis reveals that P doping nar-
rows the bandgap by 0.76 eV, a variation that greatly facilitates the photocatalytic HER.
Both the valence band maximum (VBM) and conduction band minimum (CBM) are situ-
ated at the X point within the first Brillouin zone. The partial density of states (PDOS) of
P-g-CsN4 demonstrates that the VBM originates from the hybridization of P_p and P_s
orbitals, while the CBM is predominantly contributed by C_p orbitals. Furthermore, the
electron density distribution of the P-g-CsNs monolayer (Figure 2c) indicates that the VBM
is localized mainly around P atoms, whereas the CBM is distributed over C atoms. These
observations agree well with the PDOS analysis. Spatial separation of photogenerated
charge carriers can effectively suppress carrier recombination throughout the photocata-
lytic redox reaction process, serving as a pivotal prerequisite for high-efficiency photoca-
talysis. Such favorable separation behavior substantially prolongs the lifespan of electrons
located at the CBM and greatly mitigates the recombination of internal charge carriers.
The exposed C atoms with partial negative charges can act as efficient active sites, ena-
bling the favorable adsorption of positively charged H protons during HER. In addition,
the bandgap value of P-g-CsNs is highly consistent with the optimal theoretical bandgap
of around 2.20 eV reported in previous studies [24]. This unique bandgap characteristic
endows the modified material with excellent catalytic potential for both HER and OER.

(a) —"T=I= /? s | (b)4 = s | (@
2 \ —N_p = /; - [ — N_p
< 2 —& | o2\ \“—% —
c 3 I —Ps
~— ~—~ Pip
> >
80 i 80 Al
E L == 2 y— N
i % — > I
-2 = -2 —e
—43{ — e N =
G X S Y PDOS G X SYG PDOS

Figure 2. Computed HSE06 band structure and PDOS of g—CsNs (a) and P—g-CsN4 (b) nanosheets.
The Fermi level is set to zero. Partial charge densities of VBM and CBM (c) of the P-g-CsNa

nanosheet. The isosurface value is taken as 0.10 e A=

Carrier mobility determines the overall working efficiency of optoelectronic devices.
Table 1 lists the critical parameters of the P-g-CsNs monolayer investigated in this work.
The effective mass (m*) of charge carriers exhibits obvious anisotropic characteristics,
which originate from the asymmetric atomic configuration of the material along the x and
y directions (Figure 1a). As summarized in Table 1, the hole effective mass along the x-
axis is nearly four-fold greater than that of the electron. This phenomenon aligns well with
the electronic band features presented in Figure 2a, where the valence band displays a flat
profile while the conduction band shows prominent dispersion. Generally, smaller m*
values enable faster carrier migration to catalytic active sites, which is beneficial to photo-
catalytic reaction kinetics. The energy-strain relationship was further analyzed to calcu-
late the in-plane 2D elastic moduli (Czp) of the material, which were measured as 71.22
N-mand 87.15 N-m™, respectively. Deformation potential (Eor) calculations also revealed
distinct directional differences: the absolute value for holes along the y-direction reaches
9.52 eV, far exceeding that for electrons (5.93 eV). Combined with the calculated m*, Cap,
and Epp, the carrier mobility at 300 K was quantitatively evaluated. The results show that
the electron mobility (ue) along the x-direction is 246.83 cm? V- s7, roughly four times
higher than the y-direction hole mobility (un, 47.26 cm?V-'s™). A comparison with the ex-
isting literature demonstrates that the pe value of P-g-CsNu is superior to that of pristine
g-CsN4 monolayer (127.39 cm? V- s71) [17] and 10% P-g-CsNs/SWCNT composites (6.12
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cm? V-1 s71) [25]. The remarkable improvement in carrier mobility allows photogenerated
electrons and holes to migrate along different directions, which effectively restrains the
recombination of electron-hole pairs.

Table 1. Calculated effective mass m* (me), elastic modulus Czo (N m™), absolute value of the defor-
mation potential constant Eor (eV), and carrier mobility p (cm? V! s71) along the x and y directions

for P-g-CsNa monolayer at 300 K. me is the electron rest mass.

Carrier Type Direction m* Co Epr u
e X 0.50 71.22 5.93 246.83
y 0.24 87.15 15.62 90.73
h X 1.913 71.22 7.36 11.60
y 0.914 87.15 5.71 47.26

A photocatalyst’s light-harvesting ability is a decisive factor that affects the overall
water splitting efficiency. The optical absorption behaviors of pristine g-CsN4 and P-g-
CsNi monolayers were simulated using the HSE06 hybrid exchange—correlation func-
tional, and the calculated spectral profiles are presented in Figure 3a. Consistent with ear-
lier results [26], pure g-CsNs only generates noticeable optical absorption when the photon
energy exceeds 3.5 eV, which restricts its usability within the solar spectrum. In contrast,
P doping greatly boosts the light absorption capability of g-CsNa and shifts the absorption
edge downward to 2.10 eV. Such a prominent red shift originates from the introduction
of P impurity states within the band gap, which optimizes the material’s optical response
range. For the P-g-CsN4 monolayer, two distinct absorption bands arise in the visible re-
gion. The first absorption peak occurs at 2.45 eV (507 nm) and the second at 3.20 eV (388
nm), both with absorption coefficients above 10* cm™ and in the visible light band. A
stronger absorption signal is also captured in the deep ultraviolet region at 4.36 eV (285
nm), with absorption intensity approaching 1 x 10> cm™. Quantitative analysis of reflec-
tivity and electron energy-loss spectra (EELS, Figure 52) reveals weak optical attenuation
and minor plasmonic energy loss over the calculated energy window; these two optical
observables collectively indicate limited energy dissipation of the monolayer. These opti-
cal characteristics confirm that P doping endows g-CsNa with broad and strong light ab-
sorption spanning visible and ultraviolet regions, making the modified material a prom-
ising candidate for practical visible-light-triggered overall water splitting.
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Figure 3. (a) Optical absorption coefficients of the g-CsNs and P-g-CsNs monolayers at the HSE06
level and solar radiation data of AM 1.5 G. (b) HSE06 level band edge positions compared with
water redox potentials of H*/Hz and H2O/O: at both neutral (pH =7) and acidic (pH = 0) conditions.

The vacuum energy level is set to 0.
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Suitable band edge alignment is a fundamental thermodynamic requirement for pho-
tocatalysts applied in overall water splitting. Specifically, the CBM must lie above the hy-

E +
drogen reduction potential ( /" /2 =-4.44 eV vs. vacuum), while the VBM needs to be

E
positioned below the water oxidation potential ( /10 = 567 eV vs. vacuum). These

criteria ensure that both the HER and OER proceed spontaneously. As illustrated in Fig-
ure 3b, the P-g-CsN4 monolayer exhibits a CBM potential of -3.87 eV and a VBM potential
of —=5.90 eV, which fully meets the band edge criteria for simultaneous water reduction
and oxidation at pH = 0. Valid band edge configurations can also be maintained under
neutral conditions (pH = 7). Although pristine g-CsN4 also satisfies the thermodynamic
requirements for water splitting, with a CBM of —-3.51 eV and a VBM of -6.30 eV, its in-
trinsically wider band gap severely limits solar light absorption capacity (Figure 3a).
Figure 4 displays the geometric structures of the P-g-CsN4 monolayer with adsorbed
intermediates throughout the OER and HER processes, alongside the corresponding
Gibbs free energy evolution profiles. Figure 4a depicts the conventional four-electron
transfer mechanism for OER [27], which involves four key reaction intermediates, namely
*OH, *O, *OOH, and *OO. The calculated Gibbs free energy changes (AG) for the OER
half-reaction in neutral aqueous solution are presented in Figure 4c, with black and red
curves representing the reaction states without and with external applied potential (U),
respectively. Under dark and neutral conditions, thermodynamic analysis reveals that
only the second and the fifth reaction steps proceed spontaneously among the entire OER
pathway. The initial step corresponds to the conversion of adsorbed water molecules into
*OH intermediates, which requires an energy input of 0.86 eV. The subsequent transfor-
mation from *OH to *O is an exergonic process with a AG value of -0.52 eV, which benefits
from the strong adsorption affinity of the P-g-CsNs surface toward oxygen species. In the
third step, the generated *O reacts with free water molecules to form *OOH intermediates
anchored at P sites, consuming a free energy of 1.30 eV. The fourth step for *OO formation
acts as the rate-determining step, possessing the maximum energy barrier of 2.01 eV. By
contrast, the final oxygen desorption step occurs spontaneously with a negative free en-
ergy change of —0.69 eV. These computational results demonstrate that the P-g-CsN4 mon-
olayer requires an overpotential of 2.01 V to complete the full OER catalytic cycle under
neutral dark conditions, which is lower than the overpotential of pristine g-CsNa (2.28 V)
[28]. This indicates that the OER process on P-g-CsNu cannot occur spontaneously in neu-
tral dark environments. Notably, photoexcitation effectively addresses this thermody-
namic limitation. Photogenerated holes endow the catalyst with an additional external
potential of 1.87 V, which activates the OER catalytic reaction. Under light irradiation, all
elementary reaction steps deliver negative AG values of -1.01, -0.52, -0.12, -0.08, and —0.03
eV in turn, verifying the thermodynamic spontaneity of water oxidation into oxygen in
neutral aqueous solution. Such photovoltage-driven catalytic behavior enables efficient
and sustainable OER conversion without external energy input under light illumination.
Further investigations were carried out for elementary HER pathways of the P-g-
CsNs monolayer under neutral pH conditions, with Gibbs free energy profiles for both
dark and illuminated states summarized in Figure 4b,d. Under dark environments (U =0
V), the adsorption process of hydrogen atoms to form *H intermediates on the P-g-CsNu
surface is thermodynamically unfavorable, with a free energy barrier of 0.46 eV. The sub-
sequent desorption process of *H to generate H2 molecules presents a negative free energy
change of 0.17 eV, indicating sluggish HER kinetics without light excitation. Conversely,
solar irradiation triggers the generation of photocarriers, providing a stable applied bias
of U=0.57 eV (in an acidic environment, pH = 0) to drive the HER process. This photoin-
duced potential completely modulates the thermodynamic properties of the reaction
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pathway, making both hydrogen adsorption and H: desorption steps spontaneous. The
corresponding free energy changes decrease to —0.11 eV and —0.25 eV, respectively, sug-
gesting a substantial reduction in reaction energy barriers. The above thermodynamic
analyses of HER and OER, combined with the band structure characteristics and mobili-
ties of P- g-CsNs, collectively demonstrate that P doping endows the g-CsN4 monolayer
with optimized electronic structures, favorable photoelectric transport performance, and
superior photocatalytic reaction thermodynamics.
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Figure 4. Pathways of water oxidation (a) and hydrogen reduction (b) half-reactions on the P-g-
C3Na monolayer with the adsorbed intermediates (*OH, *O, *OOH, *OO, and *H). The red (white)
ball is an O (H) atom. Gibbs free energy diagrams of OER (c) and HER (d) on P-g-CsN4 monolayer

under different conditions.

Energy conversion efficiency is a core evaluation index for quantifying the practical
performance of photocatalysts in water splitting systems. On the basis of band alignment
calculations, the energy conversion performance of the P-g-CsNs monolayer was evalu-
ated under the assumption of 100% catalytic reaction yield [29]. Key efficiency parameters
including light absorption efficiency (ns), carrier utilization efficiency (1), and solar-to-
hydrogen conversion efficiency (nsts) are summarized in Table S2. The P-g-CsNs mono-
layer achieves a nabs value of 34.3% and a N exceeding 30%, which is attributed to its
favorable 4 (H2) and X (O2) across a wide pH range of 0 to 7. Remarkably, the P-g-
CsNs monolayer delivers a maximum nsru of 15.8% at pH = 7, which benefits from the
synergistic effect of its excellent 1abs and 1 (Table S2). The high STH efficiency originates
from separated charge carriers, reduced bandgap, strong visible absorption, and fast elec-
tron transport. Its performance can be further promoted by optimizing P doping dosage,
loading HER/OER co-catalysts, or constructing 2D heterojunctions to suppress recombi-
nation and lower Gibbs free energy barriers of surface redox steps. This value is far higher
than the nsru of pristine g-CsNa (~2.2%) [30] and is close to the classic theoretical limit of
around 18% [29]. Furthermore, the nstx of P-g-CsNa surpasses the 10% threshold, which is
recognized as the minimum efficiency standard for economically feasible photocatalytic
hydrogen production [31].
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3. Computational Methods

All structural optimizations, total energy calculations, and photocatalytic property
evaluations in this study were implemented via VASP [32,33]. The projector augmented
wave (PAW) approach [34] was adopted to characterize the interactive behaviors between
electrons and ions within the simulated systems. For exchange-correlation energy pro-
cessing, the Perdew-Burke-Ernzerhof (PBE) functional [35] based on the generalized gra-
dient approximation (GGA) was applied throughout geometric optimization and energy
computation processes. Grimme’s DFT-D3 semiempirical correction method [36] was fur-
ther introduced to accurately capture van der Waals (vdW) interactions in all computa-
tional cases. To acquire more reliable electronic structure data and precise optical absorp-
tion spectral analysis, the HSE06 hybrid functional [37] was adopted for subsequent elec-
tronic and optical property calculations. Partial first-principles calculation outputs were
post-processed using the VASPKIT program [38] for further data sorting and analysis. De-
tailed computational principles and parameter settings for electronic characteristics, opti-
cal behaviors, and photocatalytic performance simulations are provided in the Supporting
Information (SI).

4. Conclusions

This work systematically explored the structural stability, electronic properties, and
optical characteristics of three non-metal atoms (P, O, and S) doped or adsorbed onto g-
CsN4 via DFT calculations, aiming to screen out optimal heteroatom dopants for boosting
its photocatalytic water splitting performance. Computational results demonstrate that P
doping endows the g-CsN4 monolayer with the strongest binding energy among all mod-
ified systems, which guarantees robust structural stability for long-term photocatalytic
reactions. In addition, the optimized P-g-CsNa4 material delivers a well-matched band gap
and favorable band edge alignment that fully covers the redox potential window of water
splitting. Benefiting from P atom modulation, the modified catalyst exhibits enhanced vis-
ible-light absorption capacity and superior electron migration efficiency. Thermodynamic
analysis further confirms that P-g-CsN4 can simultaneously drive spontaneous HER and
OER under solar irradiation. More importantly, the calculated solar-to-hydrogen conver-
sion efficiency of P-g-CsNa exceeds the 10% threshold for commercial hydrogen produc-
tion, achieving a technically and economically viable performance level. Collectively, this
theoretical evidence proves that P-g-CsNas serves as a competitive photocatalyst for large-
scale solar-driven hydrogen generation.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/catal16080743/s1. Computational details: Figure S1: Differ-
ent doping (a) and adsorption (b) sites of P, S, and O atoms in/on g-CsNa. The notations C1, etc.,
represent different doping sites in (a), while T1, etc., denote various adsorption sites in (b). Figure
S2: The electron energy loss spectra (EELS) and reflectivity of g-CsNa (a) and P-g-CsNa4 (b) monolay-
ers; Free energy difference (AG). Table S1: Zero-point energy correction (Ezre), entropy contribution
(TS, T = 298.15K), total energy (E), and the Gibbs free energy (G) of molecules and intermediate
products adsorbed on the P-g-C3sNs+ monolayer; the Solar-to-hydrogen (STH) efficiency. Table S2:
Calculated overpotentials for HER X (H2) and OER X (O2), the energy of photons of P—g-CsNu
monolayer, as a function of pH (Ept), and the energy conversion efficiency of light absorption (1abs),
carrier utilization (eu), and STH (nsta). References [39-42].
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