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Abstract: Density functional theory (DFT) is employed to study the electronic structures and properties
of the g-CsN4/Bi2MoOs (BMO) (010) heterojunction, and the energy band, density of states (DOS), and
charge transfer properties are analyzed to reveal the microscopic mechanism. Band structure
calculations reveal that the g-CsN+/Bi2MoOs(010) heterojunction possesses a direct band gap, which is
substantially narrower than those of its individual g-CsN+ and BMO constituents, thereby facilitating
electron transition and significantly enhancing its visible-light absorption. Analysis of the DOS reveals
that the valence band maximum (VBM) of the heterojunction primarily originates from the N 2p orbitals
of g-CsN4, while the conduction band minimum (CBM) is mainly composed of the Bi 6p and Mo 4d
orbitals of BizMoOs. The different orbitals at VBM and CBM enable effective separation of electron-hole
pairs, which significantly reduces the charge carrier recombination. Furthermore, analysis of the charge
density difference and work function reveals a clear interfacial charge redistribution at the g-
CsN4/Bi:zMoOs(010) interface, which effectively promotes the separation of photogenerated carriers and
inhibits their recombination. These findings provide a crucial theoretical foundation for guiding the
design of high-performance photocatalytic heterostructures and highlight their significant potential for
practical applications.
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1. Introduction

The increasing prominence of environmental deterioration and global energy shortages has garnered
widespread global attention'!. This has led to the development of research hotspots in the field of
photocatalysis centered on organic pollutant degradation and photocatalytic water splitting for Ha
evolution!?!, Consequently, the development of semiconductor photocatalysts with high solar energy
conversion efficiency has become a research imperativel>*. Although semiconductor photocatalysis
technology offers broad applicability in energy and environmental applications, its development is
currently constrained by the intrinsic performance of photocatalysts. Because the bandgap is relatively
large, photocatalysts can only respond to ultraviolet light, which accounts for a very low proportion of
sunlight, and the utilization efficiency of the visible spectrum is relatively low. Furthermore, the rapid
recombination and short lifetimes of photogenerated electron-hole pairs hinder their effective
participation in catalytic reactionst®. Therefore, effective technical strategies are needed to improve solar
energy utilization efficiency and extend the lifetime of electron-hole pairs. Addressing these challenges
represents a key research direction that requires breakthroughs in the field of photocatalysis!®. To
overcome these limitations, the construction of semiconductor heterojunctions has emerged as a potent
strategy for modulating and optimizing photocatalytic performance. Through bandgap matching and
interface interactions between different semiconductors, it can significantly broaden the light absorption
range, promote carrier spatial separation, and photocatalytic activity can be further improved”®l.

Biz2Mo0Os, a novel photocatalytic material®!%, has been widely studied owing to its remarkable
photocatalytic performance and efficient electron transfer capabilities!''"!*). The BMO mainly exists in a,
B, and vy three crystal phases, and satisfies the chemical formula Bi,O3*nMoOs3;. When n value takes 3, 2,
1, respectively, the corresponding chemical formulas are 0-Bi2M03O12, -Bi2M0:0s, and y-Bi2MoOe. o-
Bi:Mo0sO:2 is composed of a defective scheelite structure, where every three bismuth atoms have one
vacancy, and molybdenum atoms exhibit tetrahedral local coordination. Similarly, B-Biz2Mo020s is
constructed based on a defective fluorite phase containing metal site vacancies; its molybdenum atoms
also show tetrahedral local coordination features. While y-BiMoOs is a typical ternary aurivillius
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compound, its crystal structure consists of alternating fluorite-type (Bi202)** layers and (MoOa.)*
perovskite layers alternately arranged, forming a unique layered structure. This layered structure gives
v-BMO a stronger ability to capture visible light than the defective structures of a-BMO and p-BiMO ['4],

Meanwhile, g-C3N4 is a highly promising photocatalyst!'>!®! that is widely studied in photocatalysis
and pollutant degradation!'’], hydrogen production via water splitting 22!, and CO. reduction 2*23],
However, there are also disadvantages, such as low visible light absorption efficiency and rapid
recombination of photogenerated electron-hole pairs, which limit its further application. To enhance
photocatalytic efficiency and facilitate the effective separation of photogenerated charges, the
construction of a heterojunction is recognized as an effective approach to address the limitations of
single-phase photocatalysts. The heterostructures, such as ZnO/g-CsNa4 24, g-CsN4/CdS 23, and TiO»/g-
CsNa4 29T have been widely applied. Recently, g-CsN4#/BMO materials have also gained widespread
interest. Li et al. successfully prepared g-CsN4+/BMO heterostructures via a solvothermal approach and
studied photocatalytic degradation in Rhodamine B (RhB) [*7). The experimental research shows that the
heterostructure performs significantly better in the degradation of RhB under visible light in contrast to
individual components, and the performance improvement is mainly due to the efficient separation of
photogenerated carriers. However, current research on the effect of g-C3N4/BMO heterojunction interface
chemical bonds on photocatalytic performance mainly relies on experimental characterization. Due to
the limitations in the detection precision of experimental techniques, it is difficult to analyze the
microscopic configuration of interfacial bonding, the migration path of photogenerated charges, and the
energy variation patterns at the interface, thus limiting the understanding of the microscopic mechanism
of the heterojunction.

In this work, first-principles calculations based on DFT are adopted to reveal the physical parameters
of the g-C3N4/BMO heterojunction. The interfacial characteristics of g-C3N4+/BMO are studied, and the
charge transfer direction and the mechanism for the charge transfer direction at the interface are revealed,
providing a theoretical foundation for understanding the separation and migration of electron-hole pairs.
The results not only clarify the mechanisms for the improved performance in photocatalytic pollutant
degradation but also offer theoretical insights for the design of oxide-based photocatalytic
heterojunctions.

2. Computational methods

All simulations were carried out using the Vienna Ab initio Simulation Package (VASP) based on
DFT 2821, The ion-electron interactions were described using the pseudopotential wavefunction (PAW)
method, and the exchange-correlation potential is described using the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA) %, For the bulk structure of BMO, the
plane-wave cutoff energy is set to 500 ¢V, and the k-point grid was 5x3x3. The cutoff energy for g-C3N4
was set to 500 eV with a 5x5x1 k-point grid, whereas a 3x3x1 grid was used for the g-C3sN+/BMO (010),
the relaxation convergence precision is set to 10 eV. At the same time, to eliminate the influence of
interlayer interaction, a vacuum space of 15 A was added along the z-axis. The results of the electronic
structure were obtained using the VASPKIT package 31,

3. Results and discussion
3.1. Geometry structure and stability

To construct a heterojunction with lattice matching for g-CsN4 and the BMO (010) surface, we
expanded the monolayer g-C3N, to a 2x2%1, and the lattice mismatch degree is 3.54%. On this basis, we
performed geometry optimization of the g-CsN+/BMO (010) heterojunction and studied its geometric and
electronic structure. The space group of BMO is Pca2:, belonging to the orthorhombic structure. The
relaxed lattice constants are a=5.617 A, b= 16.625 A, and ¢ = 5.626 A, which are also consistent with
experimental and theoretical results 32331, The space group of g-CsNa is p-6m2, and the optimized lattice
constant is a=b =4.759 A, which is also consistent with experimental and theoretical data 3*3%]. Given
that previous experiments demonstrated enhanced photocatalytic performance on the exposed BMO (010)
surface 3371, we chose the BMO (010) surface to construct the g-CsN+/BMO(010) heterojunction (Figure

1.
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Figure 1: (a) 2x2%x1g-CsN4, (b) BMO(010) surface, (c) g-CsNo/BMO(010) heterojunction.
3.2. Band structure

In order to study the interfacial interaction mechanism of the g-CsN+/Bi2Mo0Os(010) heterojunction,
the band structures of bulk Bi-MoOs, the Bi2M0Os(010) surface, g-CsNa, and the g-CsN+/Bi2M0Os(010)
heterojunction were calculated (Figure 2). The results show that all these systems are direct band gap
semiconductors, with both the valence band maximum (VBM) and conduction band minimum (CBM)
located at the I' point of the Brillouin zone. Their band gap values are 1.95, 2.63, 1.56, and 0.97 ¢V,
respectively. Although the calculated values are lower than the experimental ones due to the inherent
underestimation of band gaps by the GGA-PBE functional, the trends in the VBM and CBM positions
are consistent with previous reports 323840 Notably, the band gap of the g-CsN4/Bi2M0Qs(010)
heterojunction is significantly narrower than that of the individual g-CsNa and Bi2MoOs components,
indicating a substantial enhancement in visible-light absorption. This band gap reduction facilitates
electron transitions, increases the concentration of photogenerated electrons and holes, boosts
photocatalytic activity, and induces a redshift of the absorption edge. Consequently, the redshift endows
the g-CsN4/BizM0Os(010) heterojunction with superior optical properties.
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Figure 2: Band structure: (a) bulk BMO, (b) BMO(010) surface, (c) monolayer g-CsNa+,; (d) g-
C3N+/BMO(010) heterojunction.

3.3. Density of States

To further analyze the properties of the g-CsNo/BMO heterojunction, we present in Figure 3 the
calculated total density of states (TDOS) and partial density of states (PDOS). The DOS of bulk BMO
and the BMO(010) surface shows significant contributions from O 2p orbitals in the valence band (VB),
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which dominate the region near the Fermi level (Er). This indicates that the VBM of BMO is mainly
derived from O 2p orbitals, while the conduction band (CB) mainly originates from Mo 4d and Bi 6p
orbitals (Figures 3a and 3b). Overall, p orbitals play a major role in both the VB and CB, serving as the
primary contributors to electron transitions. The VBM of g-CsNa is mainly derived from N 2p orbitals,
while its CBM primarily arises from hybridization between C 2p and N 2p orbitals (Figure 3c). For the
2-CsNo/BMO(010) heterojunction, the VBM is predominantly derived from the N 2p orbitals of g-CsNa,
and the CBM mainly originates from the Bi6p and Mo4d orbitals of BMO (Figure 3d). Under
visible-light irradiation, electrons in g-CsNa are excited from the N 2p-dominated VBM to the CBM
(which arises from C 2p orbitals). Driven by the built-in electric field at the interface, these electrons
transfer from g-CsNa to BMO, while holes simultaneously migrate from the O 2p-dominated valence
band of BMO to the N 2p-dominated valence band of g-CsNa. This charge separation mechanism
effectively suppresses carrier recombination and broadens the optical absorption in the visible region for
the g-CsN4+/BMO(010) heterojunction, thereby significantly improving its photocatalytic performance.
Moreover, our analysis further reveals the interfacial charge transfer mechanism, which underpins the
superior photoreactivity of the g-CaN+/BMO(010) heterojunction under visible light.
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Figure 3: TDOS and PDOS: (a) Bulk BMO, (b) BMO (010) surface,; (c) Monolayer g-CsN4;
(d) g-CsN+/BMO(010) heterojunction.

3.4. Differential Charge Density and Work Function

To study the properties of charge transfer for the g-CsN4/BMO (010) heterojunction, Figure 4
illustrates the interfacial charge redistribution within the heterostructure, where the yellow and cyan
surfaces correspond to electron density enrichment and deficiency. As shown in Figure 4, electrons
mainly migrate between N-C sites of g-C3N4 and Mo and O atoms of BMO. The local charge change of
Bi atoms is small due to the bonding characteristics constraining the charge redistribution. The charge
density rearrangement occurs at the g-C3N4/BMO interface and forms distinct regions of electron
accumulation and depletion. Moreover, the g-C3;N4 surface shows charge depletion and forms hole-
enriched active sites, while the Bi-MoOg (010) surface has strong charge accumulation, forming electron-
enriched active sites. The characteristics of charge spatial separation make electrons able to effectively
migrate from the g-CsN4 layer to the BMO surface, which provides an efficient charge transfer pathway
and facilitates the dissociation of photogenerated electron-hole pairs.
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Figure 4: Differential charge density of g-CsN+/Bi:2MoOs(010).
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Figure 5: Work function: (a) BMO(010) surface; (b) monolayer g-CsN4; (c) g-CsN+/BMO(010)

The work function is a crucial parameter for evaluating electron emission capability. In heterojunction
systems, it plays a key role in revealing interface charge transfer, the space charge field, and band bending.
To clarify the band alignment and the separation efficiency of photogenerated electron—hole pairs in the
heterojunction, the work functions of the BMO(010) surface, g-CsN4, and the g-CsN+/BMO(010)
heterojunction were calculated, as shown in Figure 5. The calculated work functions are 5.56, 4.26, and
3.82 eV, respectively, which are consistent with existing research 3241421, Owing to the relative positions
of the Fermi levels, electrons migrate from g-CsNa (higher Fermi level) to the BMO(010) surface (lower
Fermi level) until Fermi level equilibration is reached. The electron-depleted g-CsN4 becomes positively
charged, whereas the electron-enriched BMO(010) surface gains a negative charge; the resulting potential
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gradient creates an interfacial electric field directed from g-CsNs4 to BMO(010). These findings are
consistent with the charge density difference analysis. The work function indicates spontaneous electron
injection from g-CsNa to the BMO(010) layer, creating an interfacial potential gradient that promotes
charge separation, with electrons accumulating in BMO(010) and holes in g-CsNa. This significantly
inhibits carrier recombination. These results provide a key theoretical basis for improving the
photocatalytic performance of heterojunction materials.

4. Conclusion

In summary, first-principles methods based on DFT were used to study the photocatalytic mechanism
of the g-CsN+/BMO(010) heterojunction. The results indicate that the heterojunction exhibits a direct
band gap, which is significantly reduced compared to that of the individual components. These findings
improve electron transition efficiency, and the reduced band gap induces a red shift of the absorption
edge, which extends the visible-light response range. The synergistic effect overcomes the limitations of
single-component semiconductors in visible-light absorption and ensures efficient solar energy capture
and photocatalytic reactions. Moreover, the VBM of the heterojunction derives primarily from N 2p
orbitals, whereas the CBM arises from the Bi 6p and Mo 4d orbitals of BMO(010). The charge density
difference and work function demonstrate that the interfacial electric field effectively promotes the
separation of electron—hole pairs and inhibits their recombination. This study provides a theoretical basis
for the efficient photocatalytic properties of g-CsN+/BMO heterojunctions and offers clear guidance for
the design of heterojunction-based photocatalytic materials.
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