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a b s t r a c t

The electronic properties of g-C3N4 with different building block and sheet staggered arrangement are
studied by using first-principles calculations. The calculated lattice constants and band gaps of bulk g-
C3N4 with different space group P-6m2, R3m, Cmcm and P63/mmc consistent well with the previous
results. The hybrid functional HSE06 is performed to evaluate the electronic properties of graphitic
carbon nitride, and it is suggested that the HSE06 hybrid functional could predict more reasonable band
gap than the traditional functional. The band gaps of bulk g-C3N4 with P-6m2, R3m, Cmcm and P63/mmc
structure are about 2.8 eV, 2.6 eV, 2.6 eV and 2.4 eV, respectively. The electronic properties of monolayer
triazine- and heptazine-based structure for g-C3N4 are also studied, and the corresponding band gaps are
3.0 eV and 2.7 eV, respectively. Compared to the monolayer g-C3N4, the decreasing band gaps of bulk
structures should be attributed to the band overlapping among the neighboring graphitic CN sheets. The
thermodynamic properties of bulk g-C3N4 are also investigated, and the results show that the heptazine-
based structures have larger thermal expansion coefficient and relatively smaller thermal conductivity
compared to the triazine-based structures. These calculated results are suggested that not only building
block but also sheet staggered arrangement has important effect on the electronic properties of g-C3N4.
Furthermore, the charge density of monolayer g-C3N4 shows that C and N atoms of g-C3N4 sheets with
different building block are all sp2 hybridization, which is similar to that of graphite. Our results unveil
that the building block and sheet staggered arrangement are effective factors to tune the electronic
structure and enhance the sunlight absorption efficiency of g-C3N4.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

As the attractive functional semiconductor, two-dimensional
structures, including graphene, silicene, black phosphorus, mo-
lybdenum disulfide, graphitic carbon nitride and etc, have been
attracted much attention for their quantum transport, excellent
photoelectric performances, and good photocatalytic properties
[1e5]. Among them, g-C3N4 has been an important two-
dimensional metal-free photocatalytic material in past two
.P. Sun), sunjh@jsut.edu.cn
decades, which can product hydrogen by means of water dissoci-
ation [4e8]. However, the low catalytic efficiency hinders its
practical application. Many efforts, especially on morphology con-
trolling and doping with some non-metal impurities, are tried out
to achieve better light absorptive properties.

A commendably comprehending of geometric structures for g-
C3N4 is very important for morphology controlling. The graphitic
C3N4 have different geometric structures distinguished by the two
different nitrogen-linked building block in in-plane organization,
including triazine-based (s-triazine units, ring of C3N3) and
heptazine-based structure (tri-s-triazine units, tri-ring of C6N7)
[9,10]. In fact, these triazine- and heptazine-based structures of
bulk graphitic carbon nitrides have different space groups,
including P-6m2, R3m and Cmcm. These bulk structures are
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composed of nitrogen-linked triazine or heptazine units, and the
neighboring layers separated by weak van der Waals forces. Siller
[11] has grown the large macroscopical crystalline film of triazine-
based graphitic C3N4 (space group P-6m2) by ionothermal inter-
facial reaction, and found that triazine-based structure can be
applied in the electronic device field, especially for light-emitting
diode and field-effect transistor. Liu [12] proposed that doping
with P atoms can effectively improve the visible-light photo-
catalytic properties of P-6m2 structure. Furthermore, it is found
that the heptazine-based structure g-t-s-C3N4 (space group Cmcm)
have a relatively high stability in graphitic CN structure [13e15]. In
Zhang's earlier study [16], the other heptazine-based bulk g-C3N4
with space group P63/mmc is established and investigated, and
some interesting results have been obtained.

The graphitic C3N4 sheets can exhibit enhanced intrinsic light
absorptive performances compared to the corresponding bulk
structures [17], due to their lager surface area, lots of active sites,
reduced photocarrier recombination, and advantaged mass trans-
port effect. It is suggested that the morphology controlling and
comprehension of geometric structure by the first-principles cal-
culations [18,19] can help for tuning the electronic structure and
enhancing the sunlight absorption efficiency. Ma [20], Lu [21] and
Cui [22] have discussed the geometric, electronic and optical per-
formance of monolayer heptazine-based graphitic C3N4 doped with
some non-metal impurities by the first-principle calculations, and
found that doping with P, S, O, and etc can enhance the visible-light
absorption.

Although there are a lot of efforts on improving the photoelec-
tric performances of g-C3N4 based materials in two decades, the
electronic properties of the pristine g-C3N4 are not very clear and
lacking in commendably comprehending, and the information
about the effect of geometric structures on the electronic properties
of graphitic carbon nitride is still far from being sufficient. In this
paper, we investigated the electronic properties of g-C3N4 with
different building block and sheet staggered arrangement using
first-principles calculations, then analyzed and compared the
calculated results with available experimental and theoretical
results.
2. Computational methods and geometric structures

2.1. Computational methods

The triazine- and heptazine-based structure of bulk graphitic
carbon nitrides with different space group P-6m2, R3m, Cmcm and
P63/mmc are investigated in this work. Fig. 1 shows four geometric
structures of bulk g-C3N4 with different space group. These bulk g-
Fig. 1. The geometric models of bulk g-C3N4 with (a) P-6m
C3N4 seem to have similar hexagonal unit cell, which is a ¼ b s c,
a ¼ b ¼ 90�, g ¼ 120�. However, they belong to different space
group and different crystal system. P-6m2 and P63/mmc structures
are hexagonal system, R3m structure is rhombohedral system, and
Cmcm structure is orthorhombic system.

The present calculations were performed based on density
functional theory, as implemented in VASP [23,24]. In projector
augmented wave (PAW) [25] calculations, the Perdew-Burke-
Ernzerhof (PBE) functional [26] was adopted, and an empirical
correction method DFT-D2 [27] was employed to determined the
weak van der Waals interactions. The Heyd-Scuseria-Ernzerhof
hybrid functional (HSE06) [28] was implemented to examine and
validate the electronic properties, the mixing parameter was 0.2.
The cutoff energy was 520 eV, and the valence configurations
included C-2s22p2, N-2s22p3. The Monkhorst-Pack k-points [29]
12 � 12 � 8, 12 � 12 � 8, 8 � 8 � 8, and 8 � 8 � 8 were used to
integrate the Brillouin zone for P-6m2, R3m, Cmcm and P63/mmc
structures. The atomic structure symmetry was fixed, and all
atomic positions in these structures were optimized until the total
energy convergence was less than 1 � 10�5 eV/atom. A high-
symmetry path along G (0,0,0), A (0,0,0.5), H (�0.333,0.667,0.5), K
(�0.333,0.667,0), G (0,0,0), M (0,0.5,0), L (0,0.5,0.5), and H
(�0.333,0.667,0.5) was used to computed the band structures for
hexagonal system (P-6m2 and P63/mmc). A high-symmetry points
along G (0,0,0), Z (0,0,0.5), T (0.5,0.5,0.5), Y (0.5,0.5,0), G (0,0,0), S
(0,0.5,0), R (0,0.5,0.5), and Z (0,0,0.5) was used for orthorhombic
system (Cmcm), and a high-symmetry points along G (0,0,0), Z
(0.5,0.5,0.5), F (0.5,0.5,0), L (0,0.5,0) and G (0,0,0) was used for
rhombohedral system (R3m). Every 15 k-points were generated
between two neighboring points.
2.2. Geometric structures

To distinguish their structural difference, the sheet staggered
arrangement of triazine- and heptazine-based structure are given
in Fig. 2. It is seen that C and N atoms of g-C3N4 sheets of four
structures with different building block are all sp2 hybridization.
The triazine-based structure consists of 3-fold coordinated C, 2-fold
coordinated N (edge N), and 3-fold coordinated N (bridged N)
atoms, while the heptazine-based structure includes 3-fold coor-
dinated N (inner N) besides mentioned in triazine-based structure.
And the unsaturated edge N atoms are regarded as the doping site
for the substitutions site [6,12,20,22] and the active site for catalysts
[15,30].

Among the triazine-based structure, there are two different
configuration patterns. One configuration is stacked in an ABAB-
type fashion (space group P-6m2). Each bridged N atoms of the
2, (b) R3m, (c) Cmcm, and (d) P63/mmc space groups.



Fig. 2. The sheet staggered arrangement of bulk g-C3N4 with (a) P-6m2, (b) R3m, (c) Cmcm and (d) P63/mmc space groups.
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second layer are located on the top of the central ring (C3N3) of
triazine units in the first layer, and the edge N atoms of the second
layer are superimposed on the open hollow site in the first layer.
The other configuration is an ABCABC-type staggered arrangement
[11] (space group R3m), where each bridged N atoms of the latter
layer is superimposed on the central ring of the former layer. The
heptazine-based structure (space group Cmcm) has an ABAB-type
staggered arrangement [9,22], and is considered as the relatively
stable pristine g-C3N4. Its one ring (C3N3) of heptazine units in the
second layer is superimposed on the central of the open hollow site
in the first layer, and two edge N atoms of the second layer are
superimposed on the central triazine ring in the first layer. P63/mmc
structure in Zhang's work [16] also has ABAB-type staggered
arrangement and nitrogen-linked heptazine units, but it is different
from Cmcm structure. As shown in Fig. 2d, the heptazine units of
the second layer in P63/mmc structure are almost fully located on
the open hollow site in the first layer, while there is some over-
lapping between the neighboring layers for Cmcm structure. If we
move the second layer of P63/mmc structure along the body diag-

onal direction (½0110�) with a vector of
ffiffiffi

3
p
9 a, P63/mmc structure

could be transformed to Cmcm structure. Owing to a weak van der
Waals force among the neighboring layers, it is not difficult for
monolayer stripping and interlayer slipping. Therefore, these two
configurations with different sheet staggered arrangement could
be occurred in graphitic CN sheets.

3. Results and discussion

3.1. Structural properties of bulk g-C3N4

Table 1 lists the calculated lattice constants of bulk g-C3N4 with
different space group. The lattice constants of triazine-based
structure with space group P-6m2 are a ¼ 4.774 Å, c ¼ 6.755 Å,
and the average deviation of lattice constants to the available data
in Refs. [31,32,35] is 1%. Moreover, the lattice constants of R3m
structure are a ¼ 4.777 Å, c ¼ 9.256 Å. Unfortunately, there is no
related structural data found in the literature for the R3m structure.
From Table 1, it is obvious that R3m structure has a smaller inter-
layer spacing than that of P-6m2 structure, which could be ascribed
to the interaction among the multilayers.

The lattice constants of heptazine-based structure with space
group Cmcm are a ¼ 7.150 Å, c ¼ 7.059 Å, which is consistent well
with others' results [13,20,22,38]. The lattice constants of P63/mmc
structure is a ¼ 7.145 Å, c ¼ 6.919 Å. It is noted that the calculated
lattice constants of P63/mmc structure is close to that of Cmcm
structure, but lager than Zhang's reported results [16].

Although there are few deviations from some reported data, it is
clear that the obtained lattice constants of bulk g-C3N4 are
consistent well with the previous results listed in Table 1. The dif-
ference should be derived from the different exchange-correlation
functionals and approximate approach of van der Waals in-
teractions among the neighboring layers.

It is expected that van der Waals (vdW) interaction affects the
lattice constant c of bulk C3N4. In fact, the distance between the
C3N4 layers can be reduced by the vdW interaction affection [41,42],
and the same phenomenon also occur in the interlayer distance of
graphite [42]. We have also calculated lattice constant c of P-6m2
structure by the approach with no vdW correction, and found that
the lattice constant c is 6.759 Å. Compared to the value without
vdW correction, the lattice constant c of vdW correction 6.755 Å
(listed in Table 1) has a slight decrease, which is consist with the
viewpoints in Refs. [41,42]. However, the effect of vdW correction
on the interlayer distance has large discrepancy among the
different calculated results by different person, which should be
owing to different functionals, k-points and other computational
parameters.

In order to discuss the structural stability, we have computed
the total energies of bulk g-C3N4 with different space group. Table 2
lists the total energies and relative total energies per C3N4 molecule
of bulk g-C3N4 with different space group. The relative total energy
per C3N4 molecule is corresponding to P63/mmc structure. From
Table 2, two heptazine-based structures have smaller relative total



Table 1
The calculated lattice constants and band gaps of bulk g-C3N4 with different space group.

space group building block sheet staggered arrangement Ref. a/Å c/Å method vdW Eg/eV

P-6m2 triazine-based ABAB this work 4.774 6.755 PBE þ HSE DFT-D2 2.8
Ref. [11] 5.042 6.576 exp. e 1.6-2.0
Ref. [31] 4.742 6.721 LDA e

Ref. [32] 4.742 6.721 PBE e

Ref. [33] 4.791 6.769 PBE þ HSE e

Ref. [34] 4.746 6.586 LDA þ GW e 2.97
Ref. [12] 4.774 6.134 PBE þ HSE DFT-D2 2.73
Ref. [34] 4.72 6.64 PBE þ HSE DFT-D2 3.3
Ref. [35] 4.74 6.69 LDA e 1.25
Ref. [36] 4.78 6.52 LDA DFT-D2 1.31

R3m triazine-based ABCABC this work 4.777 9.256 PBE þ HSE DFT-D2 2.6
Cmcm heptazine-based ABAB this work 7.150 7.059 PBE þ HSE DFT-D2 2.6

Ref. [37] 7.30 6.72 exp. e

Ref. [4] 6.81 6.52 exp. e 2.7
Ref. [38] 7.133 7.086 PBE e

Ref. [13] 7.13 6.92 GGA e

Ref. [34] 7.083 6.871 LDA þ GW e 2.88
Ref. [39] 6.79 6.65 PBE DFT-D3 2.19
Ref. [40] 7.10 PBE e 1.0
Ref. [20] 7.16 6.96 PW91 DFT-D2 1.19
Ref. [22] 7.14 6.94 GGA e 1.18
Ref. [41] 7.13 6.01 PBE DFT-D2 1.10

P63/mmc heptazine-based ABAB this work 7.145 6.919 PBE þ HSE DFT-D2 2.4
Ref. [16] 6.99 6.56 PBE þ HSE DFT-D2 2.71

Table 2
The total energies and relative total energies per C3N4 molecule of bulk g-C3N4 with different space group. (unit: eV).

space group total energy total energy per C3N4 molecule relative total energy per C3N4 molecule

P-6m2 �156.08 �78.04 0.25
R3m �234.29 �78.10 0.20
Cmcm �313.04 �78.26 0.03
P63/mmc �313.17 �78.29 0
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energy than those of two triazine-based structures by about 0.2 eV
per C3N4 molecule. It is suggested that the heptazine-based struc-
tures have better structural stability than the triazine-based
structures, which agrees with the previous results [13e16].
3.2. Electronic properties of bulk g-C3N4

The graphitic carbon nitride system can display different
structures and therefore distinct properties. To investigate these
electronic properties of these geometric structures, the charge
density and deformation charge density of bulk g-C3N4 with P-6m2,
R3m, Cmcm and P63/mmc space groups are given in Fig. 3. As
mentioned in Refs. [22,43], the charge accumulation around C and
N atoms is an important evidence of CeN covalent bonding. It also
can be seen from Fig. 3 that C and N atoms of g-C3N4 sheet with
different building block are all sp2 hybridization.

Fig. 4 shows the band structures and density of states (DOS) of
bulk g-C3N4 with P-6m2, R3m, Cmcm and P63/mmc structures. It is
seen that the band structures of two triazine-based structures
exhibit some obvious difference, which should be owing to their
different geometric structures and different calculated high-
symmetry paths. However, the conduction band minimum (CBM)
and valence band maximum (VBM) are at G point, indicating that
both of the two triazine-based structures are direct semi-
conductors, which is consistent with Ref. [16,35,36]. The band gaps
of P-6m2 and R3m structures are around 2.8 eV and 2.6 eV. The
band gap of R3m structure is smaller slightly than that of P-6m2,
which should be attributed to the band overlapping of complex
staggered multilayers. And it is suggested that the sheet staggered
arrangement can affect the electronic properties of g-C3N4. The
band gaps of bulk g-C3N4 with different structures are also given in
Table 1. It is seen that our results agree well with other's previous
results [12,34].

For heptazine-based structures (Fig. 4ced), the VBM locates at G
point, while CBM locates at near Y point (Cmcm) or K point (P63/
mmc), suggesting that the heptazine-based structures are indirect
semiconductors [34]. According to Ref. [16], the indirect semi-
conductor (heptazine-based structure) is more suitable for the
photocatalytic application than the direct semiconductors
(triazine-based structures). Compared to the triazine-based struc-
tures, the heptazine-based structures have relatively flat band
width of the VBM, which indicates their strong electron localization
and low carrier mobility. The band gap of Cmcm structure is 2.6 eV,
and smaller slightly than that of P-6m2 structure, which agrees
with Ref. [34,36,41]. And it is clear that besides the sheet staggered
arrangement, the building block also has an important influence on
the electronic properties.

And the electronic properties of P63/mmc structure calculated
by our approaches are given in Fig. 4d. As shown in Fig. 4d, the
electronic properties of P63/mmc structure are also similar to those
of Cmcm structure, due to their identical building block. And our
calculated band gap of P63/mmc structure is 2.4 eV, and smaller
slightly than that of Cmcm structure (2.6 eV). It is suggested that the
electronic properties and band gaps of g-C3N4 are influenced by the
sheet staggered arrangement. Moreover, it is observed that our
calculated band gap is smaller than 2.71 eV obtained in Ref. [16],
which should be ascribed to different optimized lattice constants
and mixing parameter in HSE (0.2 is used in this work, but 0.25 is
used in Ref. [16]).

As show in Fig. 4 eeh, there is not different obviously from the



Fig. 3. (a), (b), (c) and (d) are the charge density of P-6m2, R3m, Cmcm and P63/mmc structures, respectively, and the corresponding (e), (f), (g) and (h) are the deformation charge
density.
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DOS for the four structures. It is clear that the VBM of four struc-
tures is dominated primarily by N-2p, and CBM is contributed by N-
2p and C-2p, which agrees with that of Ref. [12]. As mentioned in
Refs. [20e22,44], the C-2p states interact with the N-2p states in
both valence band and conduction band, which can confirm the
results of above deformation charge density (Fig. 3).

In the present work, the hybrid functional HSE06 is performed
to evaluate the electronic properties of graphitic carbon nitride. If
neglecting the explicit occupied orbital information, the electronic
properties of semiconductor cannot be appropriately predicted. As
a comparison, some available band gap results of g-C3N4 systems
are given in Table 1. Obviously, the present band gap calculations
agree well with experiments than other's results obtained by the
non-hybrid functional approach in Refs. [20,22,35,36,40,41], for the
latter totally ignored the effect of screened Coulomb potential. It is
suggested that the HSE06 hybrid functional could predict more
reasonable band gap than traditional functional.

3.3. Thermodynamic properties of bulk g-C3N4

The elastic properties and thermodynamic properties are
important for bulk g-C3N4, but their related information is lacked.
In this paper, the elastic properties and thermodynamic properties
of P-6m2 and R3m structures are also calculated.

Table 3 lists the elastic constants of P-6m2 and R3m structures. It
is seen that the elastic constants satisfy Born's criteria [45,46],
which indicates that P-6m2 and R3m structures have good elastic
stability. We can find some obvious differences from other theo-
retical results [42,47], which should be ascribed to the use of
different functionals.

According to Voigt-Ruess-Hill approximations [46], the me-
chanical properties of P-6m2 and R3m structures can be predicted
and shown in Table 4. The Bv and Gv of P-6m2 structure are
185.0 GPa and 149.4 GPa, and these values of R3m structure are
203.8 GPa and 167.0 GPa, respectively. The Young's modulus of P-
6m2 and R3m structures are 180.3 GPa and 215.1 GPa, which is
smaller obviously than the predicted results in Ref. [42]. However,
the Poisson's ratios and G/B of P-6m2 and R3m structures are close
to Manyali's calculated results [42]. The Poisson's ratios of P-6m2
and R3m structures are 0.19 and 0.21, and their G/B are 0.78 and
0.73, which indicates that P-6m2 and R3m structures are intrinsic
brittle.

According to Ref. [48e51], the thermodynamic properties of
four different structures of bulk g-C3N4 are investigated in this
work. The heat capacity of P-6m2, R3m, Cmcm and P63/mmc
structures is shown in Fig. 5. As shown in Fig. 5, the heat capacity of
the bulk g-C3N4 structures is almost identical except CP of P63/mmc
at high temperature. The heat capacity CV and CP increase rapidly
with T3 at low temperature. However, CP increases approximately
linearly at high temperature, while CV approaches a constant
3nNAkB (~174.6 J,mol�1,K�1) following the DulongePetit limit.
Ruan [41] also studied the heat capacity of a heptazine-based
structure for bulk g-C3N4. But we can't compare our results with
their calculations because their results seem to have some obvious
error (their DulongePetit limit is 195J,mol�1,K�1).

Fig. 6a shows the thermal expansion coefficient of P-6m2, R3m,
Cmcm and P63/mmc structures. The thermal expansion coefficient
increases drastically with T3 at low temperature, and increases
approximately linearly at high temperature. It is found that the
heptazine-based structures have larger thermal expansion coeffi-
cient compared to triazine-based structures. The thermal expan-
sion coefficient of bulk g-C3N4 structures from small to large
followed the sequencewas R3m, P-6m2, Cmcm and P63/mmc, which
is similar to the sequence of the above heat capacity.

Using the modified Slack's model in Refs. [52,53], the thermal
conductivity of four different structures is given in Fig. 6b. Com-
parison with triazine-based structure, the heptazine-based struc-
ture has lower thermal conductivity because of increasing phonon
scattering rate due to the larger geometric void. Mortazavi [54]
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Fig. 4. (a), (b), (c) and (d) are the band structures of P-6m2, R3m, Cmcm and P63/mmc structures, respectively, and the corresponding (e), (f), (g) and (h) are the DOS.

Table 3
The elastic constants (GPa) of P-6m2 and R3m structures.

space group Ref. method vdW C11 C12 C13 C33 C44 C14

P-6m2 this work PBE þ HSE DFT-D2 718.5 119.6 �5.2 9.7 1.0 e

Ref. [46] LDA e 803 166 �3 34 5 e

LDA DFT-D2 904 181 �9 111 12 e

R3m this work PBE þ HSE DFT-D2 781.7 128.4 �8 45.4 4.9 �0.6
Ref. [46] LDA e 772 235 �2 43 6 0

LDA DFT-D2 910 156 �8 107 10 0
Ref. [47] LDA e 870 148 �3 57 14 1

Table 4
The mechanical properties of P-6m2 and R3m structures.

space group Ref. vdW BV GV BR GR BH GH E n G/B

P-6m2 this work DFT-D2 185.0 149.4 92.2 20.8 97.1 75.7 180.3 0.19 0.78
Ref. [46] e 217 164 393 0.20 0.80

DFT-D2 249 194 462 0.19 0.80
R3m this work DFT-D2 203.8 167.0 39.9 11.3 121.9 89.2 215.1 0.21 0.73

Ref. [46] e 227 146 362 0.23 0.70
DFT-D2 245 198 469 0.18 0.70

S.P. Sun et al. / Journal of Alloys and Compounds 735 (2018) 131e139136



Fig. 5. The heat capacity of P-6m2, R3m, Cmcm and P63/mmc structures.

Fig. 6. The thermal expansion coefficient and thermal conductivity of P-6m2, R3m, Cmcm and P63/mmc structures.
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investigated the thermal conductivity of g-C3N4 nanosheets by
molecular dynamics approach, and discovered an identical phe-
nomenon. As mentioned in Refs. [52,53], the modified Slack's
model should underestimate the thermal conductivity at high
temperature, and our calculated thermal conductivity is larger than
Mortazavi's results [54].
3.4. Electronic properties of monolayer g-C3N4 sheets

Compared to the corresponding bulk structure, the graphitic
C3N4 sheets exhibit remarkable feature and performance [21], and
thus the graphitic CN monolayer is also investigated in this work.
The g-C3N4 monolayer with different building block is optimized,
and a vacuum space with 15 Å is used to minimize the interlayer
interaction. The band structures of two monolayer g-C3N4 sheets
are computed along the k-space high-symmetry points G (0,0,0), M
(0,0.5,0), K (�0.333,0.667,0), and G (0,0,0). It is noteworthy that the
g-C3N4 monolayer is almost flat and has no obvious buckling after
the optimization for 1 � 1 pristine structure, which is in good
accordance with other's results [20,38,43].

The charge density and deformation charge density of mono-
layer triazine- and heptazine-based structures for g-C3N4 are given
in Fig. 7. Because the electronegativity of N (3.04) is lager than that
of C (2.55), the N atoms of pristine g-C3N4 can attract more valence
electrons compared to the C atoms. As mentioned in Ref. [20], the
charge of C atoms is positive, while that of N atoms is negative. It is
seen from Fig. 7 that the bonding behavior of C and N atoms of g-
C3N4 sheet with different building block are all the same-sp2 hy-
bridization, which is similar to that of graphite.

The band structures and DOS of monolayer triazine- and
heptazine-based structures for g-C3N4 are shown in Fig. 8. The band
structures and DOS of monolayer structures for g-C3N4 are similar
to those of their corresponding bulk structures, especially for the
DOS. As shown in the DOS (Fig. 8ced), the hybridization of C-2p and
N-2p leads to the formation of the covalent bond, which is in good
accordance with the above charge density (Fig. 7). The band gaps of
monolayer triazine- and heptazine-based structure are 3.0 eV and
2.7 eV, respectively. The calculated band gaps of monolayer g-C3N4
sheets are larger slightly than those of bulk counterparts, which
agree well with the others' findings [11,16,17,22,39]. Compared to
the monolayer g-C3N4, the decreased band gaps of bulk structures
should be ascribed to the band overlapping among the neighboring
graphitic CN sheets.

The band gap of monolayer heptazine-based structure is smaller
slightly than 2.80 eV [39] calculated by DFTB, but higher than the
reported values 1.02 eV [15] and 1.21 eV [22] assessed by non-
hybrid functional. As reported in Refs. [15,22,43], the monolayer
heptazine-based structure is an indirect semiconductor, which is
similar to the corresponding bulk structure. Compared to the
monolayer triazine-based structure, the monolayer heptazine-
based structure has a respectively small band gap, which agrees
with the other's results [12,16,20].



Fig. 7. (a) and (b) are the charge density of monolayer triazine- and heptazine-based structures for g-C3N4, respectively, and the corresponding (c) and (d) are the deformation
charge density.

Fig. 8. (a) and (b) are the band structures of monolayer triazine- and heptazine-based
structures for g-C3N4, respectively, and the corresponding (c) and (d) are the DOS.
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It is known that thesemonolayer g-C3N4 sheets should show the
different optical absorption behavior compared to bulk counter-
parts [16,17]. The absorption curves of four bulk structures and two
monolayer g-C3N4 sheets is shown in Fig. 9. It is seen that these
monolayer g-C3N4 sheets have almost the same absorption peaks to
the corresponding bulk structures. However, the bulk structures
have larger absorption than the monolayer g-C3N4 sheets.
Compared with bulk g-C3N4, there is obvious shift towards the
short wavelength side of the intrinsic absorption edge in these
monolayer g-C3N4 sheets, which agrees well with the experiments
[17]. Moreover, the absorption peaks of the heptazine-based
monolayer sheet and bulk structures shift red due to smaller
band gaps compared to triazine-based counterparts, which should
indicate their relatively high catalytic efficiency.

Owing to the weak van der Waals force among the neighboring
layers, we can achieve easily the graphitic CN sheets from bulk
Fig. 9. The absorption curves of four bulk structures and two monolayer g-C3N4 sheets.



S.P. Sun et al. / Journal of Alloys and Compounds 735 (2018) 131e139 139
structure, which is similar to the preparation of graphene [16,17].
Compared with traditional bulk structure, two-dimensional mate-
rial has large surface and appropriate band gap, which is more
suitable for the photocatalytic application [16].

In summary, both the building block and sheet staggered
arrangement predominantly affect the geometric structure of
graphitic carbon nitride, leading to the eventual reorientation in
the atomic orbitals which can in turns tune the band gap.

4. Conclusions

The electronic properties of g-C3N4 with different building block
and sheet staggered arrangement are studied by using first-
principles calculations. The calculated lattice constants of bulk g-
C3N4 with different space group P-6m2, R3m, Cmcm and P63/mmc
are consistent well with the previous results. The hybrid functional
HSE06 is performed to evaluate the electronic properties of
graphitic carbon nitride, and it is suggested that the HSE06 hybrid
functional could predict more reasonable band gap than the
traditional functional. The band gaps of bulk g-C3N4 with P-6m2,
R3m, Cmcm and P63/mmc structure are about 2.8 eV, 2.6 eV, 2.6 eV
and 2.4 eV, respectively. The electronic properties of monolayer
triazine- and heptazine-based structure for g-C3N4 are also studied,
and the corresponding band gaps are 3.0 eV and 2.7 eV, respec-
tively. Compared to themonolayer g-C3N4, the decreased band gaps
of bulk structures should be ascribed to the band overlapping
among the neighboring graphitic CN sheets. The thermodynamic
properties of bulk g-C3N4 are also investigated, and the results
show that the heptazine-based structures have larger thermal
expansion coefficient and relatively smaller thermal conductivity
compared to the triazine-based structures. These calculated results
are suggested that both the building block and sheet staggered
arrangement have important effect on the electronic properties of
g-C3N4. Furthermore, the charge density of monolayer g-C3N4
shows that C and N atoms of g-C3N4 sheets with different building
block are all sp2 hybridization, which is similar to that of graphite.
Our results will pave theway for tuning the electronic structure and
enhancing the sunlight absorption efficiency of g-C3N4.
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