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Constructing heterostructures by combining COFs and TMD is a new strategy to design efficient
photocatalysts for CO, reduction reaction (CO,RR) due to their good stability, tunable band gaps and
efficient charge separation. Based on the synthesis of completely novel C4N—COF in our previous reported
work, a new C4N/MoS, heterostructure was constructed and then the related structural, electronic and
optical properties were also studied using first principle calculations. The interlayer coupling effect and
charge transfer between the C4N and MoS; layer are systematically illuminated. The reduced band gap of
the C4N/MoS; heterostructure is beneficial to absorb more visible light. For the formation of type-II band
alignment, a built-in electric field appears which separates the photogenerated electrons and holes into
different layers efficiently and produces redox active sites. The band alignment of the heterostructure
ensures its photocatalytic activities of the whole CO, reduction reaction. Furthermore, the charge density
difference and charge carrier mobility confirm the existence of the built-in electric field at the interface of
the C4N/MoS, heterostructure directly. Finally, the high optical absorption indicates it is an efficient
visible light harvesting photocatalyst. Therefore, this work could provide strong insights into the internal
mechanism and high photocatalytic activity of the C4N/MoS, heterostructure and offer guiding of
designing and synthesizing COF/TMD heterostructure photocatalysts.
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Two-dimensional materials such as graphene [1,2], h-BN [3,4],
carbon nitride [5-7] and transition metal dichalcogenides (TMD)
[8-11] have been widely investigated in recent years because of
their superb properties and application in photoelectric fields.
According to recent reports, heterostructures constructed with
different 2D materials through van der Waals interaction could
produce new electronic structures, which results in their
electronic or optoelectronic properties surpass those of the
individual 2D materials [12-14]. For example, the calculated
small band gaps are opened at the Dirac points of graphene and
silene in hybrid G/S heterostructure [15] and the self-doping way
is tuned by interlayer distance in G/S heterostructure. Smaller
band gap than each individual monolayer appears and can be
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tuned by the distance between two layers in BP/g-GeC vdW
heterostructure [16]. Electron-hole pair separation and high
photoabsorption performance can be realized in MoS,/Zn0O vdW
heterostructure [17]. Black phosphorus stacked on GeC shows
promising potential as a visible-light photocatalyst for its smaller
and tunable band gap [16].

Both moderate electronic band gap and effective photoin-
duced electron-hole pair separation are indispensable factors
for application of semiconductor in photocatalytic CO, reduc-
tion reaction [18-20]. Recent works have demonstrated that a
new 2D semiconducting materials with a direct band gap,
namely, the covalent organic framework C4N (C4N—COF), have
been successfully synthesized through hydrothermal solvent
method [21]. C4N with distributed hexagonal pores and C, N
stoichiometry (4:1) possesses ordered crystalline structure and
exhibits excellent electrocatalysis. It possesses a suitable band
gap which is lower than the minimum visible-light energy and
reaction active sites for OER, which makes C4N a potential
candidate for applications in visible photocatalytic CO, reduc-
tion reaction (CO,RR).

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Meanwhile, to design a new effective heterostructure for
photocatalytic CO,RR as an efficient photocatalyst, researchers
recently start focusing on vdW heterostructure based on COFs and
TMDs [22-25]. It is well known that vdW heterostructure utilize
the characteristics of constituent 2D materials leaving their
electronic properties unaffected to a large extent. Depending on
the relative positions of band edges of the two constituent 2D
layers, different types of heterojunctions can be formed. Among
them, type-II heterostructures are promising for attaining smaller
band gap and efficient charge separation because the valence-band
maximum (VBM) and conduction-band minimum (CBM) appears
in different layers. Therefore, when the photogenerated electron-
hole pairs split at the interface, the electrons would transfer from a
material to another and the holes would transfer in the opposite
direction. This phenomenon makes type-II heterostructures very
suitable for application in photocatalytic reaction.

MoS, is a typical TMD which has a direct bandgap and is a
potential photocatalyst for CO, reduction [26-28]. However, the
recombination rate of photogenerated electron-hole pairs in MoS,
monolayer is high [27,29,30], which affect its photocatalysis
seriously. It is reported that g-C3N4/MoS, nanocomposite [31]
forms a type-Il band alignment resulting the charge transfer
between MoS, and g-C3N4 and leads to the high hydrogen-
evolution reaction activity. Kumar et al. demonstrated that C,N/
WS, vdW heterostructure shows high charge carrier mobility,
indicating their efficient utilization in reduction and oxidation
reactions [32]. Moreover, C;N/WS, vdW heterostructure has
absorption coefficient of 2.98 x 10° cm™! in the visible light region
which ensured that it is an efficient visible light harvesting
photocatalyst. Hence, C4N—COF stacked on MoS, monolayer to
form a C4;N/MoS, vdW heterostructure is undoubtedly a new and
efficient photocatalyst for CO,RR.

In this work, we studied the geometric stability, electronic and
optical properties of the C4N/MoS, heterostructure by using first
principle calculations. We concentrated on the basic mechanism of
the interfacial coupling effect and charge transfer and separation in
the C4N/MoS; heterostructure. Our calculations reveal that after
forming the C4N/MoS, heterostructure, the bandgap and the band
edge positions of C4,N and MoS, will change correspondingly
because of the interlayer interaction of the C4,N/MoS, interlayer.
The type-II band alignment and the difference of work function
indicates that a built-in electric field is formed within the
heterostructure. The built-in electric field could separate the
photogenerated electrons and holes which produce the active sites
for photocatalytic CO, reduction reaction. Furthermore, we found
that the optical absorption coefficient of the C4N/MoS, hetero-
structure is higher than those of individual C4N and MoS, under
visible-light irradiation. In the paper, we take volumes to describe
for understanding the interlayer properties and especially the
detailed interfacial properties of the C4N/MoS, heterostructure.

All calculations were performed using density functional
theory, as implemented in the Vienna Ab initio Simulation Package
(VASP) [33,34] with the projector augmented wave (PAW) method
[35]. Compared with other functionals, we also tested the
calculation with and without spin-orbital coupling (SOC) correc-
tion. Finally, the exchange and correlation potential were described
with the Perdew-Burke-Ernzerhof (PBE) [36] of the generalized
gradient approximation (GGA) [37,38]. Due to the absence of
strong bonding interactions between C4N and MoS,, weak van der
Waals interactions are expected to play a large role. We adopted a
DFT-D2 method proposed by Grimme to describe vdW interactions
correctly. All force field parameters are obtained based on the PBE
functional, as given in the literature [39]. The total energy (Etotal) iS
represented as:

Etotal = Exs-prr + Evaw

Where Exs_prr is the conventional Kohn-Sham DFT energy and Eygw
is the dispersion correction. The energy cutoff is set to be 520 eV
and a I'-centered mesh of 4 x 4x1 k-points is used to sample the
structure optimizations and total energy calculations of the C4N/
MoS, heterostructure, respectively. All calculations are fully
converged. Geometry optimizations were terminated when the
energy and force on each ion were reduced below 107> eV per atom
and 0.01eV/A, and the optimized structures were then used to
calculate the structural, electronic and optical properties.

To explore the optical properties of the C4N/MoS, hetero-
structure, the optical absorption spectra are simulated by
converting the complex dielectric function to the absorption
coefficient a,ps according to the following relation [40]:

s = ﬁw( e12(@) + £22(@) - a(w)f

Where ¢(w) and &(w) are the real and imaginary parts of the
frequency dependent complex dielectric function ¢(w) . Taking into
account the tensor nature of the dielectric function, & (w) and &(w)
are averaged over three polarization vectors.

Before investigating the electronic properties of the C4;N/MoS,
heterostructure, the crystal structures of the C4JN monolayer and
MoS, monolayer was considered firstly. 2H phase, space group of
P3m1 was used in this work for its high stability and its quasi -two-
dimensional nature that enables the creation of a stable MoS,
monolayer by micromechanical cleavage and liquid exfoliation
[10,26]. The optimized lattice parameters of C4N, MoS, monolayers
are 12.64 A and 3.16 A, which are consistent with other theoretical
and experimental results (12.66 A and 3.19 A) [21,26,41-43].
4 x 4x1 supercell of MoS, and unit cell C4N are utilized. Hence, the
lattice parameters of two components are 12.64 A and 12.66 A,
respectively, and the average of them is 12.65 A as the lattice
constant of the heterostructure. The structural match of crystals
can be quantified by the lattice mismatch, defined as
&= |ac,ny — Amos, | x 2/(dc,n + Amos, ), Where ac,y is the lattice
constant of the C4N and aygs, is the lattice constant of MoS,
monolayer. The lattice mismatch is only 0.1% between C4N and
MoS,, which is very ideal to build hybrid structure model. The
lattice mismatch of C4N/MoS, with a reasonable and acceptable
range is much smaller than that of other reported heterostructures
such as ZnO/MoS, (3.95%), SiC/MoS, (2.92%), GeC/MoS, (2.84%)
[17,42].

The interlayer interaction between C4N and MoS, is van der
Wiaals interaction which would affect the structural stability and
electronic properties of the fabricated layers. In this case, we
considered that C4JN stack on the MoS, in different relative

90-C0000Ce

A AR

Configuration II Configuration IIl  Configuration IV

Configuration I

Fig. 1. Geometric structures of the C4N/MoS, heterostructures with different
configurations.
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matching positions as different configurations. Four representative
configurations for heterostructure are discussed, as shown in Fig. 1.

After geometric optimization, the C4N monolayer surface
showed a little deformation which is similar with the results
observed in g-C3N4/MoS; nanocomposite [34]. The total energy,
equilibrium distance, binding energy and bandgap are calculated
and the results are listed in Table 1. By comparing the total energies
of these configurations, the configuration IIl with the lowest total
energy is the most stable structure of C4N/MoS, there. The
comparison between different configurations is not only in energy
but also in the interlayer distance. The equilibrium distances are
calculated to be 3.32 A to 3.46 A, which are the typical vdW
equilibrium spacings. The most stable configuration has the
shortest the interlayer space, indicating strong physical interaction
between the two independent layers. This phenomenon has also
observed in SiC/MoS, [41], graphene/ZnO [44] and Blue phospho-
rus/g-GeC heterostructure [16].

To determine the thermodynamic stability of the C4N/MoS,
heterostructure the binding energies (E,) are calculated from
formula: E, = Et + Ec — Ey, Where Er, Ec and Ey; are the total energies
of heterostructures, C4N layer and MoS; layer. It is clear to find that
the binding energy of configuration Il is -11.94 eV (-86.1 MeV/A2),
which is more negative than that of other configurations. The vdW
interaction is stronger than that of C;N/C3N,4 (-16.9 MeV/A?) [45],
g-C3N4/MoS, (-17.8 MeV/A?) [31] and ZnO/MoS, (-31.11 MeV/A?)
[17], which indicates its high thermal stability. Overall, the
structure of configuration III is a fairly qualified vdW hetero-
structure. Hence, the configuration Il was selected as the following
research model system.

To investigate the enhanced photocatalytic activity of C4N/MoS,
heterostructure, the band structures of the C4N monolayer, MoS,
monolayer and C4;N/MoS, heterostructure are calculated as shown
in Fig. 2. The calculated results indicate that the C4N monolayer has
a direct band gap of 1.391 eV in which the valence band maximum
(VBM) and conduction band minimum (CBM) are located at the I'
point as shown in Fig. 2a. The band gap of MoS, monolayer
(1.743 eV) is a direct band gap at the K point as shown in Fig. 2b
which is slightly smaller than the experimental results (1.8 eV) and
it is close to previous calculation reports (1.68eV, 1.97eV)
[43,26,41,46,47]. The density of states (DOS) of C4,N and MoS,
monolayer are also calculated indicating C, N elements have equal
contribution to CBM and VBM in C4N monolayer and Mo element
has main contribution to CBM and VBM in MoS, monolayer.
Moreover, to investigate the bonding nature in the monolayers, the
electron localization function (ELF) is performed as well, as shown
in Fig. 2c. From the ELF analysis, ELF = 0.5 presents all around the
atoms confirming the presence of 7 electrons delocalized over the
planer C4N monolayer. The ionic character in the MoS, monolayer’s
bonds is confirmed by the ELF value of 1 around S atoms and 0.5
observed around Mo atoms.

Compared with the band structure of C4N monolayer and MoS,
monolayer, the band structure of C4N/MoS, heterostructure is not a
simple superimposition of the C4N monolayer and MoS, mono-
layer. The band structure is influenced by the vdW interaction
between two layers. From the Fig. 2d, C4N/MoS, heterostructure
shows an indirect band gap of 1.237 eV in which the CBM at the I"

Table 1

Calculation results of the C4N/MoS, heterostructure.
Configuration Ey (eV) D (A) Bandgap (eV) Etotar (eV)
I —-11.92 3.46 1.288 —647.78
11 —-11.94 3.39 1.260 —647.78
11 —-11.94 3.32 1.237 —647.81
v -11.93 3.39 1.241 —647.80

point and the VBM at the K point. The electronic structures of other
three representational configurations were also calculated and
added as shown in Fig. S1 (Supporting information). The band gap
is smaller than those of C4N monolayer and MoS, monolayer which
indicates constructing heterostructure can enhance the lower
energy absorption. Obviously, the VBM is contributed by the
elements of MoS, monolayer and the CBM is attributed by C4N
monolayer. Besides, we also calculated projected density of states
(PDOS) with between —2eV and 3 eV to analyze the electronic
structure of C4N/MoS, heterostructure.

It is clear to find that the VBM is mainly attributed by 5d state of
Mo atoms and slightly by C and N atoms. On the other hand, the
CBM has equal contributions from 2p states of C and N atoms. The
CBM and VBM of the heterostructure reside on different
monolayers. This analysis is further demonstrated by the wave
functions of the CBM and VBM shown in Fig. 2d. The VBM resides
on the MoS, layer, while its CBM presents entirely on the C4N
monolayer. On basis of above analysis, we found that the C4N/MoS,
heterostructure was a typical type-II band alignment structure.
The work function is a crucial parameter in investigating the
charge transfer of the interface and band alignment in composite
materials. The work function is defined as Wk = Ey - Er, where Ey is
the vacuum level, and Eg is the Fermi level [48,49]. To gain further
insights into the C4N/MoS, heterostructure, the work functions of
isolated C4N layer, MoS; layer and the whole heterostructure were
calculated respectively, and shown in Figs. 3a-c. We artificially set
the vacuum level to 0, and the Fermi level relative to the vacuum
level would equal to the opposite value of the work function after
artificial setting. The work function of the C4N is 5.67eV
corresponding to the relative Fermi level is -5.67 eV. The work
function of the MoS, is 5.71 eV which is similar with the value of
Li’'s work (5.68 eV) [41]. And the Fermi level of the MoS; is -5.71 eV.
Besides, the work function of the heterostructure is 5.61eV
corresponding to the Fermi level is -5.61 eV. It can be found that
the two monolayers' Fermi levels would reach the similar level
after forming the C4,N/MoS, heterostructure.

According to the theory of solid physics, once two semi-
conductors with different Fermi energy levels interact with each
other on the absence of solar, electrons in the semiconductor with
higher Fermi level will transfer to the semiconductor with lower
Fermi level, which would result to the appearance of built-in
electric field. Electrons would transfer from C4N with higher Fermi
level to MoS, with lower Fermi level in the process of forming C4N/
MoS, heterostructure. Thus, the negative charges would accumu-
late in the MoS, layer and the C4N layer would carry positive
charges. The fermi level of the two layers reaches the same value
finally. Due to the charge transfer between two layers, unbalanced
charge distribution occurs at the interface of the heterostructure.
As a result, a built-in electric filed is formed at the interface with
the direction from C4N layer to MoS, layer as shown in Fig. 3d. The
potential drop AV can evaluate the built-in electric field intensity.
The electrostatic potential drop across the C4;N/MoS, interface is
0.93 eV shown in Fig. 3¢, which could further confirm the existence
of built-in electric field in the heterostructure. And the electric field
intensity is related to the electrostatic potential energy difference
between two monolayers [50]. The built-in electric field can
separate photogenerated electron-hole pairs and prevent the
recombination of photogenerated electrons and holes which
greatly increase the lifetime of photogenerated electrons and
holes. Consequently, under the irradiation of light, the electrons
and holes would be generated in (4N and MoS, layer of the
heterostructure. The photogenerated electrons in MoS, layer
would flow into C4N layer and produce reactive sites for reduction
reaction like CO,RR. On the other hand, the photogenerated holes
would transfer from C4N layer to MoS, layer producing reactive
sites for oxidation reaction like OER. Thus, the C4N/MoS,
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heterostructure has enhanced photocatalytic activity of C4N
monolayer and MoS, monolayer.

The activity of photocatalytic CO, reduction reaction to CH, for
the C4N/MoS, heterostructure is evaluated by comparing the band
edge potential relative to the reduction potential and oxidation
potential. Thermodynamically, the CBM must be higher than the
CO,/CH4 reduction potential (0.16 V vs. NHE at pH 0), while the
VBM must be located below the 0,/H,0 oxidation potential (1.23 V
vs. NHE at pH 0). The band edges of the C4N monolayer, the MoS,
monolayer and the C4N/MoS, heterostructure are calculated with
respect to the vacuum level and plotted in the Fig. 3d. It is clear to
show that both the band edges of the monolayers and the
heterostructure straddle the reduction potential and oxidation
potential of CO,/CH4 and O,/H,0 and they favor the whole CO,
reduction reaction. The band decomposed charge density for VBM
and CBM of heterostructure was also calculated and plotted in
Figs. 4a and b. The CBM of the C4N/MoS, heterostructure is
occupied by the electron orbitals of C4N, whereas the VBM is
occupied by the electron orbitals of MoS,, which is consistent with
the above DOS and wave function analysis. Thus, the CO, would be
reduced on C4N layer till to CH4, and the OER would appear in MoS,
layer. Moreover, the C4N/MoS, heterostructure has a smaller
bandgap comparing to the C4;N and MoS, monolayer, which
indicates it can utilize the energy of visible light in a wider
wavelength range.

The three-dimensional charge density difference was also calculated
to further explore the charge transfer and separation between the C4;N
and MoS; layer, as shown in the Figs. 4c and d. The charge density
difference is defined as Ap = pc,n/Mos, — PN — Pmos,» While
Pc,NMos,» Pc,n and pyes, are charge densities of the hetero-
structure, C4N and MoS, monolayers. It clearly shows that charge
density is redistributed within the C4N/MoS, interface. The yellow
region represents electron accumulation, and the cyan region
shows electron depletion. At the interface of the heterostructure,
the electrons mainly accumulate in the C4N layer and deplete in the
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MoS, surface, which indicates electrons transfer from MoS, layer
to C4N layer through interface. The result is the same as that of
previous electric field analysis. Furthermore, the planar averaged
charge density difference along the Z direction of the C4N/MoS,
heterostructure was also calculated as shown in Fig. 4e. The
positive values indicate the charge accumulation and the negative
values indicate the charge depletion. It reveals the charge density
rearrangement within two layers and confirms the charge transfer
from MoS, to C4N layer. Thus, the accumulation of electrons in C4N
layer and depletion in MoS, layer would intuitively prove the
existence of built-in electric field which produces reaction active
sites for CO,RR and OER.

Charge carrier mobility plays an important role in determining
the catalytic activity of a photocatalyst. Based on the Bardeen-
Shockley approach [51], the smaller effective mass of charge
carriers is, the higher charge mobility is. To evaluate the charge
carrier mobility of the heterostructure, we calculated the effective
charge mass as shown in Table 2. For the heterostructure, the
effective mass of holes along the I"-M and I"-K direction is smaller
than that along the K-M and K-I" I" direction. The effective mass of
electrons along the I'-M and I"-K direction is larger than that along
the K-M and K-1" direction. We find that the effective mass of holes
of the C4N/MoS, heterostructure is overall smaller than that of the
C4N monolayer. Similarly, the effective mass of electrons of the
C4N/MoS,; heterostructure is smaller than that of MoS; monolayer.
The phenomenon implies the heterostructure possesses higher
charge carrier mobility of photogenerated holes and electrons
comparing to the C4N monolayer and MoS, monolayer, respec-
tively. The experiments have demonstrated the direct correlation
between charge carrier mobility and photocatalytic activity [52].
Thus, the improvement of charge carrier mobility for the C4N/MoS,
heterostructure indicates that complex of C4N and MoS, would
enhance the photocatalytic activity.

The optical absorption is another important parameter to
explain the photocatalytic performance of materials and it is
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Fig. 4. (a, b) The charge density difference. (c, d) Band decomposed charge density of the C4N/MoS, heterostructure and (e) planar averaged charge density difference of the
C4N/MoS; heterostructure. (f) The optical spectrum of the C4N, MoS, monolayer and the C4N/MoS, heterostructure.



2324 R. Zhang et al./ Chinese Chemical Letters 31 (2020) 2319-2324

Table 2
Effective charge mass of C4N, MoS, and C4N/MoS, heterostructure.
System I-M I'-K
mp Me Mmp me
C4N 0.531 0.403 0.694 0.410
C4N/MoS: 0.319 0414 0.321 0.424
K-M K-I”
Mp Me Mmp Me
MoS, 0.709 0.549 0.583 0.503
C4N/MoS, 0.713 0.248 0.590 0.341

directly proportional with photocatalytic activities. Therefore, the
optical absorption spectra of the C4N monolayer, MoS, monolayer
and C4N/MoS, heterostructure are investigated by calculating their
imaginary part of the dielectric function, as shown in Fig. 4f. We
find that the C4N/MoS, heterostructure possesses a broad
absorption in the visible light range (1.55-3.1eV) and the
absorption coefficient of the C4N/MoS, heterostructure is much
larger comparing to that of the C4N and MoS, monolayer. Besides,
the absorption edge is significantly shifted down by about 0.85 eV.
These results indicate that the C4N/MoS, heterostructure utilized
the visible light much more than the individual monolayers. Hence,
the C4N/MoS, heterostructure can utilize the visible light
sufficiently and it is an efficient visible light harvesting photo-
catalyst.

Using first-principles calculations, we systematically study the
geometric stability, electronic properties and optical properties of
the C4N/MoS, heterostructure. The C4N/MoS, is constructed by
C4N and MoS, monolayer and the interaction between the two
layers is van der Waals interaction. The negative binding energy
and the equilibrium distance of the heterostructure ensure its
thermodynamic stability. Comparing with the C4N monolayer and
MoS, monolayer, the C4N/MoS; heterostructure has a smaller band
gap which can utilize more visible light. The band edge potential
straddled the redox potential of CO,RR indicates the C4N/MoS,
heterostructure can be a new photocatalyst for CO, reduction
reaction from CO, to CH4 thermodynamically. Furthermore, the
type-Il band alignment and the difference of work function
indicate a built-in electric field is formed within the hetero-
structure. The built-in electric field could separate the photo-
generated electrons and holes efficiently which produce active
sites for photocatalytic reaction and enhance photocatalytic
activity. More importantly, the optical absorption coefficient of
the C4N/MoS; heterostructure is significantly higher than that of
the C4N monolayer and MoS, monolayer. Therefore, the C4N/MoS,
heterostructure is obviously an efficient photocatalyst, which has
strong redox ability. Our results reveal that the C4N/MoS,
heterostructure can be used as an efficient photocatalyst and
has potential developments in photocatalytic application.
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