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ABSTRACT: Global environmental issues, in addition to limited fossil fuel
resources, are being addressed by quests in search of efficient visible-light-driven
water splitting catalysts for hydrogen production. The photocatalytic water
splitting activities of CdX/C2N (X = S, Se) heterostructures have been
investigated here using hybrid density functional theory calculations. The
calculated band gaps of CdS/C2N and CdSe/C2N heterostructures are 1.48 and
2.12 eV, respectively. These are ideal band gap values that make possible
harvesting of more visible light from the solar spectrum, which will result in high
solar to energy conversion efficiencies. Charge density difference analysis shows
that the charge redistributions mainly occur in the interface regions and that the
charges transfer from the C2N to CdX layers. It is interesting to note that the
CdX/C2N heterostructures possess a type-II band alignment, where the relative
band alignment of the C2N and CdX monolayers promotes a spatial separation of the electrons (that resides in C2N) and holes (that
resides in CdX). Importantly, the band edges of the heterostructures straddle the water redox potential under different pH
conditions. This study demonstrates that the CdS/C2N and CdSe/C2N heterostructures are suitable materials to split water (from
various sources) in different ranges of pH values.

■ INTRODUCTION
Consumption of fossil fuels and the industrial revolution pose
a severe threat to the global environment. Using an alternative
energy with low or no greenhouse gas emissions is one of the
promising ways to mitigate the energy and environmental
issues. The production of hydrogen (being a clean fuel) from
water splitting, with the help of sunlight, is a promising way.1−3

TiO2, ZnO, and SrTiO3 are the well-known photocatalysts that
exhibit high photocatalytic activities. However, they are not
interesting anymore because of their wide band gaps, which
limit their absorption of the visible part of the solar spectra.
Screening materials with an optimal band gap (1.8 to 2.2 eV)
and a favorable band edge position with respect to the water
redox potentials is a key step in photocatalysis.4

The utilization of nanostructured materials for energy
conversion and storage exhibits improved efficiency. This is
due to their large surface areas, low diffusion length, and
unique possibilities to tune the rich surface active sites.5−7

Nanostructured two-dimensional materials (2D) have gained
significant interest owing to their remarkable properties, such
as enhanced electron−hole separation, fast mobility of
photogenerated charge carriers, and reduced recombination
rate.8,9 However, in most cases, the pure form would not be
efficient enough to show improved efficiencies. Tailoring the
materials, with the purpose of achieving the required
functionalities and efficiencies, is the primary strategy in
materials science research today. Doping, introducing defects,
layer-by-layer or heterostructure mapping, chemical adsorp-

tion, strain engineering, and external electric field are examples
of other widely used approaches, and each one has its own
advantage and disadvantage.10−12

Among the strategies mentioned above, van der Waals
(vdW) stacking of two different 2D materials has been shown
to exhibit improved photocatalytic activity, far beyond the
activities for the corresponding single components.13,14 This is
due to the effect of interfacial electron relocalization and the
resulting built-in electric field. This specific stacking spatially
separates the charge carriers, thereby preventing charge
recombination. It also triggers the redox reactions on the
different component layers. In addition, the 2D heterostructure
can induce novel active sites for the photocatalytic reactions to
occur. To date, several 2D heterostructures have been
proposed as catalysts for photocatalytic water splitting.9,15

Despite the experimental and theoretical efforts in developing
potential catalysts for hydrogen production, it is still a great
challenge to develop a promising photocatalyst with high
activity and stability.
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Cadmium sulfide (CdS) is an attractive material that
possesses a direct band gap of 2.4 eV (at room temperature),
which facilitates more abundant visible light absorption.2 Also,
its conduction band edge position favors a stronger water
reduction power, as compared with well-known photocatalysts
such as TiO2, ZnO, and SrTiO3.

16 The shortcomings of the
CdS nanoparticle (small adsorption capacity toward reactants,
poor photostability, and increased recombination rate) can be
overcome by coupling with other semiconductors.3,17−19

Recently, it has been reported that the single layer of CdS,
cleaved out from the wurtzite phase, is a potential candidate for
visible light photocatalysis.20,21 Since then, there has been an
explosive growth in the use of CdS monolayers, stacked with
other 2D materials, to explore the photocatalytic proper-
ties.22−26

In the present study, we propose to stack CdX (X = S, Se)
layers with 2D-C2N since the latter is a well-studied material
for various catalysis applications.27−31 In addition, the C2N
monolayer forms a well-matched interface with the CdX layer.
Detailed hybrid density functional calculations reveal that the
CdS/C2N and CdSe/C2N heterostructures are promising
photocatalysts for overall water splitting. Further, their
electronic band gaps and the band edge positions are suitable
for visible light photocatalysis. The type-II band alignment and
charge transfer mechanism reveal the presence of spatial charge
separation upon photoexcitation (which results in reduced
carrier recombination rate). All these observations favor the
enhanced photocatalytic activities in CdS/C2N and CdSe/C2N
heterostructures.

■ RESULTS AND DISCUSSION
Structural and Electronic Properties. Before discussing

the CdS/C2N and CdSe/C2N heterostructures, let us take a

look at the structural properties of freestanding CdS, CdSe,
and C2N layers (see Table.1). The optimized structure of the
C2N monolayer is shown in Figure 1a. In the C2N structure,
the benzene rings are bridged by pyrazine rings in such a way
that periodic holes are present. The calculated in-plane bond
lengths (C−C = 1.429/1.468 Å; C−N = 1.336 Å) are in good
agreement with reported values.32,33 2 × 2 supercells of CdS
and CdSe monolayers are illustrated in Figure 1b,c. CdS and
CdSe monolayers were cleaved out from the (0001) plane of
the wurtzite phase of CdS and CdSe, respectively. The
geometry-optimized CdS and CdSe monolayers ended up with
corrugated structures (similar to that of silicene)34 with
buckling parameters of 0.07 and 0.41 Å, respectively. The
optimized lattice parameters for CdS (a = 4.23 Å) and CdSe (a
= 4.40 Å) are consistent with values obtained from similar
calculations.21,35 In the present study, in order to construct
CdS/C2N and CdSe/C2N heterostructures, 2 × 2 CdS and
CdSe monolayers were stacked on top of a C2N monolayer (as
shown in Figure 1d,e). The lattice mismatch between these
layers is only 0.57% for CdS/C2N and 1.8% for CdSe/C2N,
which is suitable in the construction of these heterostructures.
Due to the presence of the C2N monolayer, both CdS and
CdSe layers were observed to undergo somewhat larger
geometric distortions. Thus, the buckling parameters increased
to 0.86 Å for the case of CdS and 1.02 Å for the case of CdSe
(as can be seen in Figure 1d,e). Moreover, the calculated
equilibrium interlayer distances were 2.97 Å for the C2N and
CdS monolayers and 3.25 Å for the C2N and CdSe
monolayers, which are the values of vdW equilibrium spacings.
To address the thermodynamic stabilities of the CdX/C2N

heterostructures, the interface adhesion energies were calcu-
lated according to the following equation

Table 1. Calculated Lattice Constant (a) in Å, Interlayer Distance (D) in Å, Buckling Constant (δz) in Å, Which Stems from
the Difference between the Smallest and Largest z Coordinates of Atoms, Bonding Distance between Cd and S/Se in Å,
Bonding Distance between C and C in Å, Bonding Distance between C and N in Å, Interface Adhesion Energy (Ead) in eV, for
the CdS/C2N and CdSe/C2N Heterostructures, and Band Gap (Eg) in eV

system a D δz dCd − S/Se dC − C dC − N Ead Eg

CdS 4.23 0.07 2.44 2.72
CdSe 4.40 0.41 2.57 2.53
C2N 8.32 1.43/1.46 1.33 2.46

CdS/C2N 8.32 2.97 0.86 2.45 1.43/1.47 1.34 −0.66 1.48
CdSe/C2N 8.40 3.25 1.02 2.52 1.43/1.48 1.34 −0.24 2.12

Figure 1. Schematic geometrical structure of (a) C2N, (b) CdS, (c) CdSe, (d) the CdS/C2N heterostructure, and (e) the CdSe/C2N
heterostructure in top and side views. C, N, Cd, S, and Se atoms are marked in brown, lavender, magenta, gray, and green, respectively.
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E E E Ead CdX C N CdX C N2 2
= − −− (1)

where ECdX − C2N, ECdX, and EC2N are the total energies of the
relaxed CdX/C2N heterostructure, CdX, and C2N monolayers,
respectively. The calculated interface adhesion energies were
−0.66, and −0.24 eV for CdS/C2N and CdSe/C2N,
respectively. The negative adhesion energies indicate that the
CdX/C2N heterostructures can form a stable interface.
The calculated electronic band structures of C2N, CdS, and

CdSe monolayers using the GGA-PBE functional are displayed
in Figure S1 (in the Supplementary Information). As can be
seen in Figure S1, it is clear that the C2N, CdS, and CdSe
monolayers are direct band gap semiconductors, as their
valence band maximum (VBM) and conduction band
minimum (CBM) lie at the Γ point in the Brillouin zone.
The calculated band gap values for the C2N, CdS, and CdSe
monolayers are 1.66, 1.66, and 1.31 eV, respectively. In order
to predict the photocatalytic properties more reliably, the
electronic properties need to be accurately calculated. It is well-
known that the PBE functional underestimates the band gap36

and in some cases it may misjudge the band dispersion.
Therefore, the band structure and density of states (DOS)
have here been calculated using the HSE06 functional since it
accurately describes the exchange-correlation energy of
electrons in solids.
The band structure of C2N, CdS, and CdSe monolayers,

calculated with the HSE06 functional, is shown in Figure 2.
The calculated band gap value of C2N, CdS, and CdSe
monolayers are 2.46, 2.72, and 2.53 eV, respectively. It is to be
noted that the valence band of the C2N monolayer (along Γ−
M and Γ−K) and the conduction band (along Γ−K) are well
dispersed. Hence, the band structure is expected to have a
relatively low hole effective mass along the Γ−M and Γ−K
directions as well as a low electron effective mass along the Γ−
K direction. There are, thus, high hole and electron mobilities
in this type-specific system (since the effective mass is inversely
proportional to the carrier mobility). Similarly, for the CdS and
CdSe monolayer cases, the bands in the valence and
conduction edges are well dispersed, leading to a low effective
mass of charge carriers. These observations lead to the
conclusion that the photogenerated electrons and holes would
respond quickly, which results in improved carrier mobilities
and reduced recombination rates in these heterostructures and
thus high photocatalytic efficiency.
Figure 3a,d shows the band structures of the CdS/C2N and

CdSe/C2N heterostructures, as calculated using the HSE06
functional, respectively. Both CdS/C2N and CdSe/C2N
heterostructures preserve the direct band gap behavior, and
the calculated band gaps are 1.48 and 2.12 eV, respectively.

Notably, the ideal band gap for a semiconductor to harvest
more visible light from the solar spectrum is 1.5 eV.37

Interestingly, the calculated band gaps of the CdS/C2N and
CdSe/C2N heterostructures are 1.48 and 2.12 eV. Therefore, it
could absorb more abundant visible light, which is about 42%
of the solar spectrum. This result suggests that these materials
possess high solar energy conversion efficiency and thus
improved photocatalytic water splitting activity.
Figure 3b,c schematically presents the band-decomposed

charge density, corresponding to the VBM and CBM at the Γ
point for the CdS/C2N and CdSe/C2N heterostructures,
respectively. It is evident from this analysis that the charges at
the VBM are from CdX layers, whereas the charges at the
CBM are from the C2N monolayer. Hence, upon photo-
excitation, the electrons and holes will reside at the C2N and
CdX layers, respectively. This extends the lifetime of charge
carriers as the charge carriers are spatially well separated, and
this would result in a reduced recombination rate. It is to be
noted that the essential criteria for 2D semiconductors to be
used for photocatalytic water splitting applications are direct
band gap, high carrier mobility, efficient charge separation, and
excellent optical absorptivity. The CdS/C2N and CdSe/C2N
heterostructures and their respective material layers have here
been shown to meet all the above criteria, which indicate that
these systems may be promising photocatalysts. However, their
water redox capabilities have to be identified in order to
confirm its potential for water splitting applications.
In order to determine the character of electrons at the band

edges, the total DOSs (TDOS) and orbital projected density of
states (PDOSs) have been calculated (with results displayed in
Figure 4). As can be seen from the TDOSs, the VBM is
dominated by carriers from CdX, whereas the CBM is
dominated by electrons from the C2N monolayer. This result

Figure 2. Calculated band structure of the (a) C2N, (b) CdS, and (c) CdSe monolayers obtained from the HSE06 functional. The Fermi level is set
to zero.

Figure 3. Calculated band structure of (a) CdS/C2N and (d) CdSe/
C2N heterostructures (obtained from the HSE06 functional). Band
decomposed charge densities, corresponding to the VBM and CBM of
the (b) CdS/C2N and (c) CdSe/C2N heterostructures, are shown
with an isosurface value of 0.006e Å−3. The Fermi level is set to zero.
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suggests that the charge separation will be efficient in these
heterostructures. The PDOS of C2N shows that the 2p orbital
of nitrogen is the main contributor to the valence band, with
small contributions from the C 2p and N 2s states, whereas the
conduction band originates from the C 2p and N 2p states. In

the case of CdX monolayers, the valence band mainly
originates from the S 3p/Se 4p states, with negligible
contributions from Cd 4d and Cd 4p states, whereas the
conduction band originates from the hybridization of S 3p/Se
4p and Cd 5s states. Moreover, the VBM of the CdX

Figure 4. Calculated total and orbital projected DOSs of (a) CdS/C2N and (b) CdSe/C2N heterostructures (using the HSE06 functional). The
Fermi level is set to zero.

Figure 5. Calculated charge density difference for (a) CdS/C2N and (c) CdSe/C2N heterostructures. Planar averaged charge density difference,
Δρ along the z direction for the (b) CdS/C2N and (d) CdSe/C2N heterostructures.
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monolayers is positioned at higher energies than that of the
C2N monolayer, whereas the CBM of the C2N monolayer is
positioned at a lower energy than those of the CdX
monolayers. This observation clearly indicates that the CdS/
C2N and CdSe/C2N heterostructures are of a typical type-II
staggered band alignment, which is the most crucial for
photocatalytic water splitting.
Charge Transfer and Separation Mechanism. In order

to understand the charge transfer processes during the
formation of the CdX/C2N heterostructures, the charge
density differences have been obtained by subtracting the
charge densities of pristine C2N and CdX monolayers from the
CdX/C2N heterostructure (results are displayed in Figure 5)
Here, the cyan color indicates the charge depletion, and the
yellow color indicates the charge accumulation. As can be seen
in Figure 5, the charge redistribution mainly occurs in the
interface region. However, there is no charge redistribution
observed in the CdX layer further away from the interface
region. This is due to the weak van der Waals interaction
between the CdX and C2N layers. To understand the charge
transfer processes during the formation of the heterostructures
more in detail, the planar charge density difference along the z
direction has also been calculated. The positive values denote
charge accumulation, and the negative values denote charge
depletion. The electron transfer from the C2N side to the CdX
side, i.e., across the interface, is demonstrated in Figure 5. The
charge carriers are here shown to be transferred from C2N to
CdX, which once again proves that the system is of a type-II
conventional heterojunction. Hence, the existence of a type-II
band alignment together with the charge transfer between the
CdX and C2N layers results in a considerable interfacial built-
in potential. This will favor the electron−hole separation in the
heterostructures.
Optical Absorption. The photocatalyst will activate upon

photon absorption, so the optical absorption property of a
material is crucial in the photocatalytic water splitting
mechanism. In order to improve the catalytic efficiency, the
photocatalyst should absorb visible light, which is about 42% of
the solar spectra. Figure 6 shows the calculated optical

absorption spectra of the C2N monolayer and of the CdS/C2N
and CdSe/C2N heterostructure, as a function of photon energy
versus wavelength. As can be seen in Figure 6, the optical
absorption of the C2N monolayer was found to increase with
photon energy in the visible light region, while it showed a
maximum optical absorption at 3.2 eV. The observation

presented above has been studied in an earlier work by the
present authors.33 It was then shown that the absorption peak
at 3.2 eV is ascribed to the n → π* electron transition,
involving electron lone pairs of the nitrogen atoms. Although
both CdS/C2N and CdSe/C2N heterostructures possess an
absorption peak in the visible region, the CdS/C2N
heterostructure has an absorption edge that extends a bit to
the visible region (as evident in Figure 6). The band gap
reduction is attributed to the observed notable red-shift of the
absorption edge in the CdS/C2N heterostructure. Hence, it is
evident that CdS/C2N and CdSe/C2N heterostructures could
harvest the maximum portion (visible light) of the solar
spectrum, which helps to improve the efficiency of photo-
catalytic water splitting.

Hydrogen Production Capabilities. An essential crite-
rion for a material to be employed for water splitting is that the
band edge positions should straddle the water redox potentials;
i.e., the energy level of the CBM has to lie above the reduction
reaction potential (−4.44 eV vs the vacuum level) and the
energy level of the VBM has to lie below the oxidation reaction
potential (−5.67 eV vs the vacuum level). Moreover, the redox
potential depends on the pH value.38,39 Hence, the standard
redox potentials (with respect to the vacuum level) for H+/H2
and O2/H2O are calculated using the following equations

E 4.44 eV pH 0.059 eVH /H
red

2
= − + ×+ (2)

E 5.67 eV pH 0.059 eVO /H O
ox

2 2
= − + × (3)

The band edge positions of C2N and CdX monolayers
before contact (with respect to the vacuum potential) and the
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) potentials at pH = 0, pH = 7, and pH = 8 are
shown in Figure 7. In order to use the photocatalysts for large-
scale applications, they should be able to split seawater (with
its pH value being ∼8). As can be seen in Figure 7, the band
edge positions straddle the water redox potentials. This
indicates that the studied materials here could not only reduce
and oxidize water at pH = 0 and 7 but also split the seawater to
produce hydrogen. As can also be seen in Figure 4, the CdX/
C2N heterostructures preserve the type-II band alignment after
contact. When the CdX/C2N heterostructures absorb photon
energies, electrons in the valence band get promoted to the
conduction bands (CBs). Simultaneously, photogenerated
holes are created in the valence bands (VBs). These
photogenerated electrons in the CBs of the CdX layers can
easily be moved to the CB of C2N. Conversely, the
photogenerated holes in the VB of C2N can easily be moved
to the VB of the CdX due to the type-II band alignment with a
small band offset. As a result, the reduction reaction occurs at
C2N, and the oxidation reaction occurs at the CdX layers. This
results in an excellent charge separation and leads to the low
carrier recombination rate in the proposed CdS/C2N and
CdSe/C2N heterostructures. Thus, it improves the photo-
catalytic hydrogen production.

■ CONCLUSIONS
Photocatalytic water splitting activities of CdS/C2N and
CdSe/C2N heterostructures have in the present study been
theoretically demonstrated using accurate density functional
calculations. HSE06 band structure analysis reveals that CdS,
CdSe, C2N, CdS/C2N, and CdSe/C2N heterostructures are
direct band gap semiconductors, with band gaps of 2.72, 2.52,

Figure 6. Optical absorption spectrum for the C2N monolayer as well
as for the CdS/C2N and CdSe/C2N heterostructures (calculated
using the PBE functional followed by a rigid energy shift to take the
band gap underestimation of the PBE functional into account). The
area between the red and the violet dashed lines represents the visible
range.
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2.46, 1.48, and 2.12 eV, respectively. The nature of the direct
band gaps and the optimum band gap values indicate that the
CdX/C2N heterostructures harvest the visible part of the solar
spectrum efficiently. Moreover, the optical absorption spectra
confirm that the CdX/C2N heterostructures could absorb
visible light from the solar spectra. DOS analysis of the CdX/
C2N heterostructures shows that the VBMs and CBMs are
mainly dominated by the carriers from CdX and C2N layers,
respectively. Therefore, charge carriers are spatially well
separated, resulting in a low carrier recombination rate, and
the redox reactions occur in two different semiconductors. The
band alignment, with respect to the water redox potentials,
shows that constructed heterostructures are of a type-II band
alignment. Interestingly, the band edges will straddle the redox
potentials not only at pH = 0 and pH = 7 but also at pH = 8.
Therefore, the CdX/C2 heterostructure can even split seawater
to produce hydrogen. The present results suggest that both the
CdS/C2N and the CdSe/C2N heterostructures are potential
candidates for visible-light photocatalysis for hydrogen
production.

■ COMPUTATIONAL METHODS

The Vienna ab initio simulation package (VASP)40 was used to
perform the first-principles calculation. The electron−ion
interaction was described using the projector augmented
wave (PAW) method. Structure relaxations were carried out
using the generalized gradient approximation, as proposed by
Perdew, Burke, and Ernzerhof (GGA-PBE),41 with van der
Waals (vdW) corrections (proposed by Grimme (DFT-
D2)).42 Moreover, the Heyd−Scuseria−Ernzerhof (HSE06)
hybrid functional43 was used to avoid the disadvantages with
DFT-PBE calculations in predicting an accurate band gap. The
Brillouin zone was sampled using the Monkhorst−Pack
scheme,44 and a k mesh of 9 × 9 × 1 and 11 ×11 × 1 was
employed for the monolayers of C2N and CdX, respectively.
The 5 ×5 × 1 k mesh was used for the more expensive HSE06
calculations. Furthermore, an energy cutoff, for the plane-wave
basis set, was fixed at 520 eV. Also, a large vacuum layer of ∼20
Å was used to avoid interlayer interactions between periodi-
cally repeated model slabs. The convergence criterion for
energies was set to 10−5 eV between two consecutive SCF
cycles, and the forces became converged when the Hellmann−
Feynman forces that were acting on each atom were less than
0.01 eV/Å upon ionic relaxation. The calculation details for
band alignment and optical absorption can be found in ref 33.
The postprocessing of VASP-calculated data has been done
using the VASPKIT code.45
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