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Structure and electronic structure of S-doped graphitic

C3N4 investigated by density functional theory∗
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The structures of the heptazine-based graphitic C3N4 and the S-doped graphitic C3N4 are investigated by using

the density functional theory with a semi-empirical dispersion correction for the weak long-range interaction between

layers. The corrugated structure is found to be energetically favorable for both the pure and the S-doped graphitic

C3N4. The S doptant is prone to substitute the N atom bonded with only two nearest C atoms. The band structure

calculation reveals that this kind of S doping causes a favorable red shift of the light absorption threshold and can

improve the electroconductibility and the photocatalytic activity of the graphitic C3N4.
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1. Introduction

The photocatalytic reaction utilizes the inex-

haustible solar energy to produce hydrogen from wa-

ter or to clean the environment. Developing new

and more efficient photocatalysts is important to ad-

dress energy shortage and environmental pollution

problems. Since Fujishima et al. reported that

it can decompose water (H2O) to obtain hydrogen

(H2),
[1] titanium dioxide (TiO2) has attracted ex-

tensive attention.[2,3] However, as a wide band gap

(3.0 eV–3.2 eV) semiconductor, TiO2 only shows the

photocatalytic activity under the ultraviolent (UV) ir-

radiation. TiO2 is transparent to visible light, and

this restricts its capability to effectively utilize solar

energy. Many studies have been devoted to modify-

ing TiO2 to shift the absorption threshold towards

visible light[4−6] or to look for new non-titania-based

photocatalysts.[7−10]

As a metal-free photocatalyst, graphitic carbon

nitride (g-C3N4) can produce H2 from water under

the visible-light irradiation,[10] and it is also reported

as a promising candidate in environmental catalysis

for NO decomposition.[11] g-C3N4 can be prepared

by a simple pyrolysis of urea[12] or directly heating

melamine,[13] indicating that it is easy and inexpensive

to obtain g-C3N4. g-C3N4 is stable in acid (pH=0)

or base (pH=14) conditions due to the strong cova-

lent bond between carbon and nitrogen. These merits

of g-C3N4 have attracted intense interest.[14−16] How-

ever, there are some drawbacks to pure g-C3N4 being

used as a photocatalyst. Firstly, although the photo-

catalytic activity under visible light is observed, the

band gap of g-C3N4 is about 2.7 eV,[10] which means it

only absorbs photons with wavelengths shorter than

459 nm (blue light). Secondly, the H2 evolution of

the bare g-C3N4 is fluctuant, and the efficiency is low

(about 0.1 µmol·h−1–4 µmol·h−1). To improve the

photocatalytic activity of g-C3N4, some modifications

are necessary. It is reported that depositing a small

amount of Pt particles could weaken the fluctuant H2

evolution and improve the H2 production rate.[10,17]

Doping Zn to g-C3N
[18]
4 or forming the Ag/g-C3N4

hybrid catalyst[19] could also improve the photocat-

alytic activity and increase the H2 production rate

because metal dopants/particles can capture the pho-

togenerated electrons and create active sites for H2

production. The non-metal doping of g-C3N4 keeps

the photocatalytic system metal-free. Boron doped

into g-C3N4 can decrease the band gap and improve

the light absorption ability,[20] phosphorus doped into
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g-C3N4 can improve the electrical conductivity.[21] Liu

et al. reported that sulfur-doped g-C3N4 has a unique

electronic structure, which can improve the H2 evo-

lution rate to be 7.2 and 8 times higher than that of

pure g-C3N4 at light wavelengths longer than 300 nm

and 420 nm, respectively.[22]

In order to understand the micromechanism of the

photocatalystic process and design better photocata-

lysts, we need to obtain detailed and accurate infor-

mation of structure, formation energy, charge density,

band structure, density of states, etc. Ab initio calcu-

lations can be a useful tool in determining the dopant

position and the atomic relaxation near the dopant

atom and comparing the electronic structures of the

pure and the doped g-C3N4. In this paper, the struc-

ture and the electronic structure of the pure and the

S-doped g-C3N4 are studied by using the density func-

tional theory (DFT). A semi-empirical correction to

the exchange–correlation functional is employed to de-

scribe the weak interaction between the g-C3N4 layers

in determining the equilibrium structure and the for-

mation energy of S dopant in different non-equivalent

sites. The difference of electronic structure between

undoped and doped g-C3N4 is closely examined, and

the connection between the electronic structure vari-

ation and the photocatalytic property is discussed.

2. Calculation methods

The calculations are based on the CASTEP,

a plane-wave pseudopotential code.[23] The correct

long-range interaction tail is absent in the popular

local-density approximation (LDA) or the general-

ized gradient approximation (GGA) for the exchange–

correlation functionals of DFT, so the standard DFT

with LDA or GGA often predicts a considerably

larger distance between the graphitic-like layers than

the experimental value, or gives a value depend-

ing on the initial input and thus gives a random

prediction in some cases. In order to describe

the weak interaction between the graphitic-like lay-

ers of g-C3N4 more accurately, we use the DFT

with the semi-empirical dispersion–correction scheme

(DFT-D).[24,25] The exchange–correlation energy is

described by the GGA of PBE type.[26] The plane-

wave cutoff energy is chosen to be 310 eV. A 2×2×4

Monkhorst–Pack grid is used for k-point sampling in

the first Brillouin zone for the supercell containing

112 atoms. The structural relaxation is conducted us-

ing the Broyden–Fletcher–Goldfarb–Shanno (BFGS)

method.[27] The symmetry of the structure is lifted off

in the geometry optimization to determine the internal

positions of atoms and the crystal lattice parameters

without any previous assumptions. The convergence

tolerances are chosen to be 5.0×10−6 eV/atom for en-

ergy, 5.0×10−4 Å (1 Å=0.1 nm) for maximum dis-

placement, and 0.01 eV/Å for maximum stress. The

electronic structure calculation is carried out using the

optimized structure.

3. Results and discussion

3.1.Crystal structure

Several potential allotropes of g-C3N4 have been

proposed according to the repeated unit within each

layer and the stacking sequence of layers.[28,29] A

heptazine (C6N7)-based phase is regarded to be the

most stable and usually found g-C3N4. We study

the heptazine-based phase of g-C3N4 in this work.

The ideal coplanar heptazine-based g-C3N4 belongs to

space group Cmcm. A supercell including 112 atoms

is selected for both the pure and the doped g-C3N4.

Both the coplanar and the corrugated supercells of

g-C3N4 are shown in Fig. 1. According to the ex-

perimental characterization by Liu et al.,[22] the C–

S bonds are formed in the framework of C–N bonds

by replacing N with S. The doping configurations are

shown in Fig. 2. There are three kinds of N atoms

(NCen, NAro, and NTet as shown in Fig. 2(a)). The

NTet atom plays an important role in mediating the

three nearest heptazine rings. The doped g-C3N4 with

the S atom substituting the NTet atom is energetically

unfavorable. So we only consider the other two kinds

of substitutional sites, i.e., NAro and NCen sites. There

is one S dopant in the 112-atom supercell.

The optimized structural parameters are shown

in Table 1. Note that the lattice constants corre-

spond to the 112-atom supercell. The distance be-

tween the adjacent layers in the corrugated g-C3N4 is

larger than that in the coplanar g-C3N4. The energy

of the corrugated g-C3N4 is lower than that of the

coplanar g-C3N4, benefiting from avoiding the strong

repulsive interactions among lone electron pairs of the

N atoms.[30] From the viewpoint of total energy, the

corrugated configuration is preferred.
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(a)

(b)

Fig. 1. (colour online) (a) Coplanar and (b) corrugated

configurations of the supercell of g-C3N4, where C and N

atoms are depicted by grey and blue balls, respectively.

The coplanar layer can be maintained when the S

atom is doped into the coplanar g-C3N4 at the NAro

site (Fig. 2(b)), though a corrugated configuration

(Fig. 2(c)) is energetically more stable. The coplanar

layers cannot be maintained if the NCen atom is sub-

stituted. So only the corrugated configuration of the

S dopant on the NCen site is considered (Fig. 2(d)).

The corrugated g-C3N3.94S0.06 with S sitting at the

NAro site has the lowest energy among the three dop-

ing models (Table 1). Just like the corrugated g-

C3N4, the corrugated g-C3N3.94S0.06 has a larger dis-

tance between the adjacent layers than the coplanar

g-C3N3.94S0.06(NAro atom substituted). The analy-

sis of bond length shows that all the C–S bonds in the

doped system are longer than the initial C–N bonds in

the undoped g-C3N4. A bilayer supercell is employed,

and the structure changes of the second layer during

corrugation are similar to those of the first layer shown

in Fig. 2.

(a)

(b)

(c)

(d)

Fig. 2. (colour online) The structure of S-doped g-C3N4:

(a) schematic view of the doping sites (NAro and NCen)

and the nearest C atoms, (b) S dopant on the NAro site

with coplanar configuration, (c) S dopant on the NAro site

with corrugated configuration, (d) S dopant on the NCen

site with conrugated configuration. The C, N, and S atoms

are depicted by grey, blue, and yellow balls, respectively.

Table 1. Structural parameters and total energies of undoped and doped g-C3N4. The total energy of the corrugated

g-C3N3.94S0.06 with S dopant on NAro site is set to 0 eV. The total energy is corresponding to a supercell containing

112 atoms.

Lattice constant/Å Angle/(◦) Energy/eV

a b c α β γ

g-C3N4 (coplanar) 14.28 14.28 6.05 90 90 59.98 10.456

g-C3N4 (corrugated) 13.83 13.83 6.71 90.46 90.08 60.41 5.303

S dopant on NAro site (coplanar) 14.36 14.27 6.08 90 90 59.87 4.591

S dopant on NAro site (corrugated) 13.94 13.83 6.73 91.35 90.55 60.37 0

S dopant on NCen site 13.86 13.86 6.73 90.70 91.08 60.28 0.530

The impurity formation energy can be calculated

as

Ef = E[C48N63S]− E[C48N64]− µS + µN, (1)

where E[C48N63S] and E[C48N64] are the total ener-

gies of the doped and the undoped systems, respec-

tively, µN and µS are the chemical potentials of N

and S, respectively. As an approximation, we simply
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take the chemical potentials of N in N2 and S in bulk

sulfur for µN in g-C3N4 and µS in dopant source. As

the corrugated configuration is energetically favorable,

the formation energy for S substituting the NAro atom

(1.17 eV) is smaller than that for S substituting the

NCen atom (1.70 eV). So it is more favorable for S to

substitute the NAro atom than the NCen atom. The

positive impurity formation energy shows that both

kinds of substitutions are difficult. Our calculated

formation energies qualitatively agree with those re-

ported by Liu et al.[22]

3.2. Electronic structure

Atomic charges obtained by the Mulliken analy-

sis for dopant atoms on different sites and its near-

est neighbors are given in Table 2. Because the elec-

tronegativity of N is lower than that of C, the N atoms

in pure g-C3N4 attract more valence electrons as com-

pared to the C atoms, so the C atomic charge is pos-

itive, and the N atomic charge is negative. Note that

the atomic charge of the C4 atom is different from that

of C2, C3, and C5 atoms, although they are all bond-

ing with two NAro and one NCen atoms. The C4 atom

is different from the others when the nearest layers are

taken into account. The C4 atom is sitting nearly on

the top of a C atom in the nearest layer, whereas C2,

C3, and C5 are sitting on the top of voids between

the heptazine rings. So the chemical environment of

the C4 atom is different from that of C2, C3, and C5

atoms, and this results in the different atomic charges.

Table 2. Atomic charges obtained by the Mulliken analysis for C atoms near the dopant site and for S dopant and N

atom before and after the substitution.

NTet C1 C2 NAro SAro C3 C4 C5 NCen SCen

g-C3N4 (coplanar) –0.28 0.45 0.52 –0.38 0.52 0.48 0.52 -0.29

g-C3N4 (corrugated) –0.28 0.48 0.52 –0.40 0.52 0.51 0.52 -0.30

S dopant on NAro site (coplanar) –0.26 0.13 0.20 0.49 0.52 0.48 0.52 -0.29

S dopant on NAro site (corrugated) –0.26 0.15 0.19 0.47 0.51 0.51 0.52 -0.30

S dopant on NCen site –0.27 0.48 0.51 –0.42 0.25 0.24 0.21 0.54

After the N atom is substituted by the S atom,

there is no distinct valence electron transfer between

the S dopant and its nearest C atoms due to the simi-

lar electronegativities of S (Pauling’s electronegativity

2.58) and C (Pauling’s electronegativity 2.55) atoms.

The atomic population values of all the S dopants and

its nearest C atoms are positive, indicating that all of

them lose valence electrons after S is doped (Table 2).

The population of the C–S bond is smaller than that

of the original C–N bond (Table 3). It indicates that

the C–S bond is obviously weaker than the C–N bond.

The S dopant has more valence electrons but forms

weaker covalent bonds with the nearest C atoms.

Table 3. Bond populations obtained by the Mulliken analysis in pure and doped g-C3N4.

C1–NAro C2–NAro C3–NCen C4–NCen C5–NCen

(C1–SAro) (C2–SAro) (C3–SCen) (C4–SCen) (C5–SCen)

g-C3N4 (coplanar) 1.03 1.08 0.83 0.83 0.83

g-C3N4 (corrugated) 1.04 1.05 0.83 0.84 0.85

S dopant on NAro site (coplanar) 0.44 0.69

S dopant on NAro site (corrugated) 0.61 0.67

S dopant on NCen site 0.48 0.49 0.58

In order to investigate the influences of the S

dopant on different sites, the band structures of pure-

and S-doped g-C3N4 are shown in Figs. 3–5. Although

the coplanar structures are less stable from the view-

point of total energy, their band structures are also

shown in Figs. 3 and 4, because the coplanar struc-

ture has been discussed in many literatures and a com-

parison between the band structures of coplanar and

corrugated structures is helpful for understanding the

effect of corrugation.
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The lowest conduction band (band A) and the

highest valence band (band B) are depicted by lines

with open squares. Our calculations are based on

the DFT-GGA predict direct band gaps of 1.10 eV

(Fig. 3(a)) and 1.55 eV (Fig. 3(b)) for coplanar and

corrugated g-C3N4, respectively. The theoretical band

gap is smaller than the experimental reported value of

2.7 eV[10] and the theoretical band gap of 2.88 eV from

the GW method.[31] It is a well-known problem that

the DFT–LDA or DFT–GGA will underestimate the

band gap. But this will not hinder us to analyze the

relative change of the band structure induced by the

S dopant on different sites.
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Fig. 3. Band structures of (a) coplanar and (b) corrugated g-C3N4.
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Fig. 4. Band structures of S-doped g-C3N4 with S dopant substituted the NAro atom in (a) coplanar (b)

corrugated configurations.

Figure 4 shows the band structures of coplanar

and corrugated g-C3N4 with the NAro atom substi-

tuted by the S atom. A new band (band C) appears

between bands A and B. The partially-filled band C

can be found at the upper range of the band gap and

is close to band A of the S-doped g-C3N4, implying an

n-type doping. A density of states analysis (Figs. 6(c)

and 6(d)) shows that band C is mainly composed of

the p orbital of the S atom. The energy difference

between bands C and A is smaller than the band gap
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of the undoped g-C3N4. Keeping in mind that the

DFT–GGA underestimates the band gap and the ex-

perimental reported band gap is 2.7 eV for g-C3N4, we

know that this red shift of optical excitation threshold

coming from the S substitution of the NAro atom will
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Fig. 5. Band structure of S-doped g-C3N4 with S dopant

substituted the NCen atom.
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Fig. 6. (colour online) Density of states (DOS) analysis

for g-C3N4: (a) total DOS of coplanar g-C3N4, (b) total

DOS of corrugated g-C3N4, (c) total DOS and S partial

DOS of coplanar g-C3N4 with S dopant occupied the NAro

site, (d) total DOS (dotted line) and S partial DOS (red

thick line) of corrugated g-C3N4 with S dopant occupied

the NAro site, (e) total DOS (dotted line), S partial DOS

(red thick line), and C (near S dopant) partial DOS (blue

thin line) of g-C3N4 with S dopant occupied the NCen site.

The S partial DOS is enlarged 10 times and the C partial

DOS is enlarged 20 times for easy visualization.

enable the g-C3N4 photocatalyst to make better use of

the visible light. It is one of the key purposes of mod-

ifying the photocatalyst with a wide band gap. The

partially-filled band C just below band A can provide

more electrons for band A via thermal excitation. This

is favorable for increasing the probability of capturing

electrons for H+. So the doped g-C3N4 with S sub-

stituted the NAro atom can achieve a higher hydrogen

generation efficiency than the pure g-C3N4.

When the S dopant substitutes the NCen atom

sitting at the center of the three nearest C atoms,

only the corrugated configuration is possible. In the

band structure (Fig. 5), a new band C lies at the mid-

dle of the band gap. The partial density of states

(PDOS) analysis (Fig. 6(e)) shows that the partially-

filled band C mainly corresponds to the p orbitals of

the C atoms near the S dopant. Though band C can

also reduce the threshold energy to absorb light and

thus can make use of visible light photon with smaller

energy, this kind of deep level also captures the photon

excited carriers and acts as an effective recombination

center of electron–hole pair. So this type of doping is

unfavorable for the photocatalyzed H2 generation.

4. Conclusion

The structure and the electronic structure of pure

and S-doped g-C3N4 have been investigated. The cor-

rugated configuration of the heptazine-based g-C3N4

is energetically favorable compared to the coplanar

configuration. When a S atom substitutes the NAro

atom bonded only with two nearest C atoms in g-

C3N4, the electronic structure analysis shows that the

impurity energy level lies just below the CBM. So the

S dopant on the NAro site can provide electrons to the

conduction band and cause a favorable red shift of the

light absorption threshold. This can improve the elec-

troconductibility and the photocatalytic activity. If

the NCen atom, which is bonded with its three nearest

C atoms, is substituted by S, a deep energy level is

found to lie at the middle of the band gap. This deep

level can act as a recombination center of electron–

hole pairs and deteriorates the photocatalytic activity.

The impurity formation energy analysis shows that it

is easier for S substituting the NAro atom than sub-

stituting the NCen atom. So when S is doped into

g-C3N4, S dopant favorably occupies the NAro atom

site, and this is the doping mechanism that can im-

prove the photocatalytic activity.
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