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Abstract: The two-dimensional layered heterostructure have been demonstrated as an effective
method for achieving efficient photocatalytic hydrogen production. In this work, we propose,
for the first time, the creation of van der Waals heterostructures from monolayers of SiH and
g-C3N4 using first-principle calculations. We also systematically investigated additional proper-
ties for the first time, such as the electronic structure and optical behavior of van der Waals het-
erostructures composed of SiH and g-C3N4 monolayers. The results of this study show that the
SiH/g-C3N4 heterostructure is categorized as a type-II heterostructure, which has a bandgap of
2.268 eV. Furthermore, the SiH/g-C3N4 heterostructure interface was observed to efficiently separate
and transfer photogenerated charges, resulting in an enhanced photocatalytic redox performance.
Moreover, the calculation of HOMO (Highest occupied molecular orbital) and LUMO (Least unoc-
cupied molecular orbital) and charge density difference can further confirm that the SiH/g-C3N4

heterojunction is a type-II heterojunction, which has excellent photocatalytic hydrogen production
and water decomposition performance. In addition, the SiH/g-C3N4 heterostructure exhibited excel-
lent HER (Hydrogen evolution reaction) efficiency. This is essential for the process of photocatalytic
water splitting. In SiH/g-C3N4 heterojunctions, the redox potential required for water splitting is
spanned by the band edge potential. Calculating the absorption spectra, it was discovered that the
SiH/g-C3N4 heterostructure possesses outstanding optical properties within the visible-light range,
implying its high efficiency in photocatalytic hydrogen production. This research provides a broader
research direction for the investigation of novel efficient photocatalysts and offers effective theoretical
guidance for future efficient photocatalysts.

Keywords: SiH/g-C3N4; first principles; heterostructure; photocatalyst

1. Introduction

The utilization of easily accessible solar energy and water resources to execute the
photocatalytic division of water for the production of hydrogen is a praiseworthy and
ecologically sound technique. From a solar energy perspective, the photonic energy con-
tained in the sun’s rays is used, not the thermal energy. To ensure optimal results in the
process of photocatalytic water splitting, it is crucial to optimize the utilization of both
ultraviolet and visible solar radiation. In 1972, the decomposition of water into hydrogen
using a TiO2 monocrystalline electrode irradiated by a xenon lamp was reported for the
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first time by Fujishima and Honda [1], thus initiating the research direction of solar-driven
photocatalytic hydrogen production.

The charge transport between the interfaces of photocatalytic materials directly affects
the excellent photocatalytic performance, and the interface structure dominates many be-
haviors of photogenerated charge carriers, which also has a direct impact on photocatalytic
efficiency [2]. The heterojunction structure generated based on the interface structure mod-
ification also has a direct impact on the photocatalytic efficiency [3,4]. Two-dimensional
layered materials have gained prominence in recent years, including heterostructures
constructed based on them, opening up a new avenue for designing novel photocatalytic
materials [5–9]. Two-dimensional materials have properties that are advantageous for
photocatalysis, including a reduced frequency of carrier recombination and an increased
ratio of surface area to volume. Therefore, they hold great potential for photocatalytic water
splitting [10–13]. Silicane, a 2D material with a hexagonal lattice that is similar to the
one found in graphene, has generated notable research interest owing to its remarkable
properties. Its objective qualities make it a subject of particular importance [14]. Fully
hydrogenated silicane, known as silicane (SiH), shares many of the exceptional electronic
characteristics exhibited by graphene. It has been thoroughly researched, both theoret-
ically and empirically [15–20]. Hydrogenation eliminates the conductivity of silicane,
stabilizing its structure and allowing for a finite bandgap within the range of visible-light
absorption, making it suitable for photocatalysis [21]. In 2014, Mang Niu et al. used com-
putational methods to discover the potential of the SiH/TiO2 heterostructure as a type-
II heterostructure under visible-light, and the results represent a promising avenue for
future research into high-performance optoelectronic devices [22]. Subsequently, other
systems like GaAs/SiH [23], InSe/SiH [24], AlAs/SiH [25], and SiH/CeO2. ZENG et al. [26]
have since been shown to be type-II heterostructures, and have demonstrated outstanding
photocatalytic performance in water splitting under visible-light.

A newly developed two-dimensional layered semiconductor material, g-C3N4, dis-
plays a narrow bandgap (approximately 2.7 eV), outstanding chemical and thermal stability,
and is easily modifiable to achieve tunable electronic structures, making it suitable for
constructing various composite photocatalysts [27–33].

In 2D materials with similar crystal structures, atomic layer spacing, and thermal
stability, when stacked vertically, this “face-to-face” contact results in the formation of an
internal electric field. This internal field drives the directional migration of photogenerated
electrons and holes between different semiconductors. The two 2D structures in the com-
plex form a “face-to-face” full contact by maintaining the single molecular layer material in
the same van der Waals force. Their good size design and large specific surface area, such
as interface properties, organically combine the advantages of each 2D material, effectively
improving photocatalytic efficiency [34,35]. This is different from surface modification, and
the heterojunction is an interface modification starting from the interface structure [36].
Owing to the excellent properties of SiH and the excellent lattice matching of SiH with
g-C3N4, we can reasonably speculate that the SiH/g-C3N4 nanocomposite material might
be an excellent heterostructure photocatalyst that possesses outstanding properties on its
own. In this research work, through first-principles calculations, we comprehensively inves-
tigated the photocatalytic performance of a two-dimensional van der Waals heterostructure
material composed of SiH and g-C3N4 for the first time, including its geometric struc-
ture, thermodynamic stability band structure, charge density difference, edge potential,
Gibbs free energy, and light absorption properties. In conclusion, the computational data
show that SiH/g-C3N4 provides a conformationally stable and well-performing type-II
heterostructure that is favorable for the effective solation of photogenerated photoelectrons
and holes, subsequently achieving outstanding photocatalytic outcomes.

In summary, we provided theoretical evidence that the SiH/g-C3N4 heterostructure in
two dimensions is an innovative and effective photocatalyst, providing theoretical guid-
ance for experimentalists for designing highly active catalysts in the field going forward,
proving its broad research direction and application prospects. It also provides effec-
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tive information for experimenters involved in high-quality semiconductor visible-light
water-cracking catalysts.

2. Computational Methodology

This study employed density functional theory (DFT) for model structures and perfor-
mance calculations [37], utilizing the software package Vienna Ab-initio Simulation Package
(VASP 5.4.4), which was conceived by the University of Vienna. The software provides a
reliable tool for research [38,39]. To ensure precision in representing long-range interactions
within the density functional method, we utilized the Perdew–Burke–Ernzerhof (PBE)
method of generalized gradient approximation (GGA) [40–43] for modelling the exchange
correlation potential. The DFT-D3 approach was utilized to consider the feeble interlayer
van der Waals interactions [44,45].

With a cutoff energy of 500 eV for the plane-wave basis, the vacuum layer along the
z-axis was set to 15 Å. A MonkhorstPack grid with dimensions of 5 × 5 × 1 was used to
integrate the Brillouin zone. The total energy and forces were deemed to have converged at
10−6 eV and 0.01 eV/Å, respectively. However, for two-dimensional materials, the bandgap
values obtained using PBE calculations significantly deviated from the experimental values
of the materials themselves. To reduce this discrepancy, the electronic and optical charac-
teristics of the material structure were calculated using a more accurate hybrid function,
Hyd-Scuseria-Emzerhof2006 (HSE06) [46,47]. When parameter a is set as the default value,
to better satisfy the energy gap in the experiment, the default value 0.25 is set to 0.175, and
the calculation results are visualized using VESTA.

3. Results

Before examining the SiH/g-C3N4 heterostructure, this study systematically analyzed
the geometric structure and corresponding electronic properties of individual monolayers
of SiH and g-C3N4 molecules. Figure 1a,b shows 2D monolayers of SiH and g-C3N4,
respectively. The lattice constants for isolated SiH and g-C3N4 were calculated to be 3.85 Å
and 4.806 Å, respectively. The length of the Si-Si bond was also measured at 2.38 Å, while
the Si-H bond was found at 1.5 Å. In addition, the bond lengths for C-N1 and C-N2 were
identified as 1.32 Å and 1.42 Å, respectively. This study’s observations agree with prior
research [23,48–51].
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Coatings 2024, 14, 263 4 of 13

The band structures of the SiH and g-C3N4 monolayers obtained using the HSE06
functional are illustrated in Figure 1. In this figure, the black dashed line at the y-axis zero
position represents the Fermi level. For the single layer of SiH in isolation, the apex of the
VBM is positioned at the G point, while the nadir of the CBM is located at the K point,
leading to an indirect bandgap of 2.843 eV (as shown by the arrow in Figure 2a). According
to the PDOS results on the right panel of Figure 2a, it can be observed that the VBM and
CBM of the isolated monolayer of SiH mainly originate from Si atoms. It can be inferred
that the isolated monolayer of SiH is a semiconductor with a relatively large bandgap,
which is not conducive to efficient carrier transitions. The calculated findings indicate that
g-C3N4 possesses a direct bandgap of 3.5 eV (as shown by the arrow in Figure 2b). Figure 2b
illustrates the band structure and PDOS of g-C3N4, with both VBM and CBM situated in
the same spatial position. During electron transitions, the generated electrons and electron
holes absorb energy, categorizing g-C3N4 as a direct bandgap semiconductor. From the
band structures and PDOS of these two 2D materials, it can be preliminarily inferred that
they do not possess the ability for photocatalytic hydrogen production. Therefore, we
further investigated the 2D SiH/g-C3N4 heterostructure.
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of g-C3N4.

Considering various factors, we chose to form a heterostructure with a two-dimensional
monolayer of SiH and g-C3N4, aiming to compensate for the deficiencies caused by the
individual materials in photocatalytic hydrogen production and water splitting. As shown
in Figure 3, to construct a matched periodic interface in the SiH/g-C3N4 heterostructure,
SiH (2 × 2) was stacked with g-C3N4 (

√
3 ×

√
3). After structural optimization, the SiH/g-

C3N4 heterostructure’s lattice constant is 7.89 Å, with a lattice mismatch of less than 0.5%,
all within a controllable range. To improve the durability assessment of the SiH/g-C3N4
heterostructure model, we calculated the interface binding energy ∆E:

∆E = Ewhole − ESiH − Eg-C3N4 (1)

In this context, the energies of the SiH/g-C3N4 heterostructure, SiH, and g-C3N4
monolayers are represented by Ewhole, ESiH, and Eg-C3N4, respectively. In the SiH/g-C3N4
heterojunction model, the binding energy of the supercell is −0.39 eV, and the binding energy
of the cellular is −0.0975 eV. Typically, a lower binding energy indicates greater stability of the
model’s structure [52]. Thus, the binding energy of −0.39 eV suggests that the SiH/g-C3N4
heterostructure model has a certain energy advantage and is structurally stable.
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Figure 3. The SiH/g-C3N4 heterostructure is shown in both the top and side views.

To confirm the theoretical and practical research value of the SiH/g-C3N4 heterostructure
under study, we conducted a deeper validation of its structural stability using thermodynamic
(AIMD) and dynamic (PHONOPY) approaches. As shown in Figure 4a, we expanded the
supercell to 2 × 2 in our study. In Figure 4b, it can be observed that after continuous heating
for 3.0 ps at room temperature, the structural integrity of the SiH/g-C3N4 heterostructure
model remains intact, and there are no occurrences of bond breakage. Furthermore, the
results of calculating the dynamic stability, as shown in Figure 4c, show that the majority
of the phonon branch frequencies in the Brillouin zone are positive, with some negligi-
ble imaginary frequencies [53,54]. This further verified the stability of the SiH/g-C3N4
heterostructure for research purposes.
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Figure 4. (a) View from the top of the 2 × 2 supercell heterostructure of SiH/g-C3N4. (b) Variation
curve of total potential energy during molecular dynamics simulation, where the temperature was
set at 300 K. (c) Calculated phonon dispersion spectrum.

We acquired the SiH/g-C3N4 heterostructure’s projected band structure, PDOS,
HOMO, and LUMO outcomes via HSE06 calculations, as demonstrated in Figure 5. In the
projected band structure, there is a band overlap visible on the left-hand side of Figure 5.
Analyzing the PDOS plot in the middle panel of Figure 5, we find that SiH contributes signif-
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icantly to the VBM, whereas g-C3N4 plays an important role in the CBM. This suggests that
the VBM and CBM of the SiH/g-C3N4 heterostructure arise in separate components, thus
confirming its classification as a typical type-II heterostructure. Furthermore, the band gap
of the SiH/g-C3N4 heterostructure was computed to be 2.268 eV (as shown by the arrow in
the left panel of Figure 5), indicating a lower value than that of the separate SiH and g-C3N4
monolayers. This enhanced the chemical activity of the SiH/g-C3N4 heterostructure by
facilitating electronic transitions between its valence and conduction bands.
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Additionally, we computed the charge densities of the LUMO and HOMO of the
SiH/g-C3N4 heterostructures. The right-hand section of Figure 5 clearly illustrates the
results. The SiH monolayer contributes to the HOMO, whereas g-C3N4 primarily produces
the LUMO. This aligns with the information obtained from the band structure and PDOS
calculations, confirming that in the SiH/g-C3N4 heterostructure, the VBM is composed of a
SiH monolayer, and the CBM is contributed by the g-C3N4 monolayer.

In conclusion, in the SiH/g-C3N4 heterostructure, the charge carriers created by light
move from the valence band maximum originating from the SiH layer to the conduc-
tion band minimum associated with the g-C3N4 layer. This creates a spatial potential
gradient that stimulates the splitting of electron-hole pairs created through light absorp-
tion at a particular location. Hence, this type-II SiH/g-C3N4 heterostructure effectively
broadens light absorption, facilitates photogenerated charge separation and transport, and
enhances photocatalytic redox capabilities, ultimately achieving efficient photocatalytic
hydrogen production.

The hydrogen atom adsorption activity during the hydrogen evolution reaction (HER)
process for photocatalytic water splitting, resulting in hydrogen production, was inves-
tigated to enhance the credibility of the photocatalytic function of the SiH/g-C3N4 het-
erostructure. The reaction process for HER can be represented as follows:

H+ + e−+∗ → H (2)

H → 1/2H2 (3)
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Here, * denotes the SiH/g-C3N4 heterostructure, and its surface sites are available for
free adsorption in this study, while H* represents the material with adsorbed H ions at the
top. The Gibbs free energy (∆G) of the intermediate state may be expressed as shown [55]:

∆G = ∆Eads + ∆EZPE − T∆S (4)

Here, the adsorption energy of hydrogen for each of the intermediate reactions is
given by ∆Eads, ∆EZPE, and ∆S, the zero-point energy (ZPE) for hydrogen adsorption on
H2, and the entropy (∆S), respectively. The overall temperature (T) in this study was set to
298.15 K. If ∆G is close to zero, then the catalyst can achieve a faster hydrogen evolution
efficiency [56,57]. In this study, hydrogen evolution reactions were performed on the carbon
and nitrogen atoms of the SiH/g-C3N4 heterostructure. The ∆G values obtained from the
reaction results are shown in Figure 6. The value of ∆G was calculated to be 1.578 eV for
the hydrogen evolution reaction on the carbon atom, whereas, for the reaction on the N
atom, ∆G is calculated to be 0.734 eV.
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Figure 6. Presents the hydrogen evolution Gibbs free energy diagrams of the C and N atoms of the
SiH/g-C3N4 heterostructure (T = 298.15 K).

These findings suggest that the nitrogen atom serves as a more suitable adsorption
site for the hydrogen evolution reaction on the SiH/g-C3N4 heterostructure when com-
pared to the carbon atom. For the nitrogen atom to react, the Gibbs free energy, which
is the adsorption point on the SiH/g-C3N4 heterostructure, was calculated, and it was
the smallest and closest to zero. Therefore, the SiH/g-C3N4 heterostructure possesses the
capability for photocatalytic water splitting and holds promising prospects for practical
hydrogen production, especially when the hydrogen evolution reaction takes place on the
nitrogen atom.

The band-edge potentials of the SiH monolayer, g-C3N4 monolayer, and SiH/g-C3N4
heterostructure were calculated and compared with the standard hydrogen electrolyte
using Figure 7a. Their VBM (CBM) potentials relative to the normal hydrogen electrode are
1.29 (−1.62) eV, 2.1 (−1.38) eV, and 1.26 (−1.38) eV, respectively. From the graph, it is evident
that the bandgaps of these materials span the redox potentials for water decomposition,
with the oxidation potential of water (Eo2/H2O) being 1.23 eV and the reduction potential of
water (EH+/H2

) being 0 eV. This indicates that photocatalytic water splitting redox reactions
can be effectively carried out on the SiH/g-C3N4 heterostructure.
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In addition, we sketch the charge transfer between the SiH/g-C3N4 heterojunction
interfaces and the principle of photocatalysis in Figure 7b. First, the electrons in the VBM
layer in SiH and g-C3N4 were photoexcited and transitioned to the CBM layer, and the holes
remained in the VBM. Then, under the driving force of the valence band shift (VBO) and
conduction band shift (CBO), photogenerated electrons and holes are collected on the CBM
of g-C3N4 and VBM of SiH, respectively, and the effective separation of electrons and holes
is realized. In addition, the recombination of photogenerated carriers can be alleviated
within a certain range. In turn, the electrons and holes generated by photoexcitation can be
applied to a great extent in the REDOX reaction, which also allows the hydrogen evolution
and oxygen evolution reactions to be effectively carried out independently on different
components, thus greatly improving the efficiency of photocatalysis.

In addition to the mentioned characteristics, further research and analysis are needed
for the properties of the heterojunction interface. The charge density distribution can
reflect the distribution of electrons in the entire lattice space in an equilibrium system and
intuitively represent information such as the direction of electron transfer and bonding
between different atoms. Therefore, we plotted Figure 8 based on the calculation results. In
(a), a 3D plot is shown to illustrate the variation in the charge density. The corresponding
function curve of the average difference in the charge density at different positions along
the z-axis is also shown. The method for calculating the 3D charge density is as follows:

∆ρ = ρSiH/g-C3N4
− ρSiH − ρg-C3N4

(5)

Here, ρSiH/g-C3N4
, ρSiH, and ρg-C3N4

represent the charge densities of the SiH/g-C3N4
heterostructure, SiH monolayer, and g-C3N4 monolayer, respectively. This is shown in
Figure 8a,b from the planar and 3D differences in charge density. At the interface of the
SiH/g-C3N4 heterostructure, especially in the positive x-direction from SiH, charge transfer
is significantly active. This illustrates the SiH/g-C3N4 heterostructure’s excellent chemical
activity. The separation and transfer of photogenerated charges can effectively operate
in the SiH/g-C3N4 heterostructure. From Bader’s calculations in Table 1, it is clear that
0.013 electrons were transferred from the SiH layer to the g-C3N4 layer. Furthermore, the
nitrogen atoms located within the g-C3N4 layer have the capability to hold an average
of 1.1637 electrons, indicating the existence of a SiH/g-C3N4 heterojunction. The N atom
symbolizes the active centre site in the g-C3N4 layer.
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Table 1. The Bader charge analysis of SiH, g-C3N4 monolayer, and SiH/g-C3N4 vdW heterojunctions.

Structure SiH g-C3N4 SiH/g-C3N4

Bader
charge (e)

Si −0.5782 C −1.5502 SiH −0.013
H 0.5766 N 1.1637 g-C3N4 0.013

Optical properties are essential for the photocatalysts to perform well, besides the
electronic and interfacial properties stated earlier. The electronic structure of photocatalytic
materials determines properties such as the generation, recombination, and transport of
photoinduced carriers, whereas the optical properties directly determine the material’s
absorption of incident light, which is the first crucial step in photocatalytic reactions. Most
of the capacity of the solar spectrum is concentrated in the visible-light and infrared light
regions, so the calculation and confirmation of the utilization of sunlight by the optical
absorption spectrum plays a very important role in the photocatalytic decomposition of
water. Figure 9 illustrates the optical absorption spectra of the SiH monolayer, g-C3N4
monolayer, and SiH/g-C3N4 heterostructure calculated using the HSE06 method. As can be
seen in Figure 9, the g-C3N4 monolayer shows the highest absorption peak in the ultraviolet
region, while it absorbs very little of the visible-light. The SiH monolayer, on the other hand,
shows commendable light absorption capabilities in the visible range. The SiH/g-C3N4
heterostructure shows superior light absorption in the visible region over the SiH and
g-C3N4 monolayers after heterostructure construction. Thus, it is evident that the ability
of g-C3N4 to capture visible-light is enhanced by the modification and support of the SiH.
Hence, the SiH/g-C3N4 heterostructure shows considerable potential as a photocatalyst for
utilizing visible-light during the process of water splitting. Its vast potential positions it as
a suitable research candidate for further investigation in this field.
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4. Conclusions

In summary, a photocatalyst composed of a monolayer of SiH and g-C3N4 in a van
der Waals heterostructure was examined through first-principles calculations for the first
time. Analysis of the band structure and electronic properties reveals that the SiH/g-C3N4
heterostructure is a conventional type-II heterostructure. The material possesses a direct
bandgap of 2.268 eV, allowing for the spatial separation of photoinduced electrons and
holes. Furthermore, molecular dynamics simulations and phonon dispersion calculations
demonstrated the stability of the SiH/g-C3N4 heterostructure studied in this research.
Moreover, the calculated ∆G values for the adsorption points on N atoms in the SiH/g-
C3N4 heterostructure were lower and closer to zero, indicating excellent catalytic ability
for hydrogen production and water reduction. Additionally, the interfacial properties of
the SiH/g-C3N4 heterostructure were calculated. These results indicate that there is a
spatial potential difference on each side of the interface that drives a significant amount
of electrons from g-C3N4 to SiH. This study highlights the exceptional potential of the
SiH/g-C3N4 heterostructure as a photocatalyst for the efficient separation and transfer of
photoinduced charges, and it also exhibits efficient photocatalytic capabilities for producing
hydrogen by splitting water. These research findings provide feasible directions for future
experimental researchers to design efficient and high-quality semiconductor photocatalysts.
It also provides a feasible direction for the development of green energy in the future.
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