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AA- and ABA-stacked carbon nitride (C3N4): novel
photocatalytic water splitting solar-to-hydrogen
energy conversion

A. H. Reshak abc

We report the development of the C3N4 structure by integrating two different structures: (i) two

identical layers as AA-stacked C3N4 and (ii) intercalating one different layer between two identical layers

as ABA-stacked C3N4. This in turn endows C3N4 with significantly promoted charge migration, up-shifted

conduction-band (CB) level, enhanced CB potential from �0.89 eV (AA-stacked C3N4) to �1.03 eV

(ABA-stacked C3N4), broadened band gap as well as enhanced surface area, all of which favor the

enhancement of the photocatalytic performance. The optical absorption level exhibited significant

enhancement in the visible light region when shifting from AA-stacked C3N4 to ABA-stacked C3N4,

where the absorption edge moves from l = 508.1 - l = 454.1 nm. This corresponds to the direct

optical band gap of 2.44 eV - 2.73 eV, which is well matched with the solar spectrum and the sufficient

negative CB potential for H+/H2 reduction. Based on these results, we can conclude that AA-stacked and

ABA-stacked C3N4 satisfies all the requirements to be efficient photocatalysts. This study will significantly

improve the search efficiency and considerably aid the experimentalists in the exploration of novel

photocatalysts.

1. Introduction

Carbon nitride (C3N4) has gained considerable interest as a
potential candidate for various technological applications.1–14

Metal-free graphitic carbon nitride (g-C3N4) shows tremendous
potentials in energy and environmental applications. Nonetheless,
amelioration on the crystal configuration, electronic structure and
microstructure of C3N4 for high-performing visible-light (VIS)
photocatalysis is still challenging. Wang et al.15 reported that
g-C3N4 is a metal free photocatalyst that can absorb VIS due to
its band gap (2.70 eV), which is well matched with the solar
spectrum and possesses sufficiently negative conduction band
(CB) potential for H+/H2 reduction. It also has high chemical
stability, extraordinary optical characteristics and good thermal
solidity, which make g-C3N4 an active photocatalyst under VIS
irradiation. The electrochemical properties of tubular g-C3N4

were investigated,16,17 and it has been reported that the tubular
g-C3N4 shows high suitability as a photocatalyst and super-
capacitor. The improvement in the performance of g-C3N4 is

due to its high surface area that includes more active sites for
reaction. The phenomenon of absorbing electromagnetic radiation
is very important for photocatalysts to be used for environment
remediation and energy storage purposes. C3N4 with its high
stability and reasonable band gap has been a fascinating research
topic for theorists and as well as experimentalists. Graphitic carbon
nitride (g-C3N4), as a nontoxic metal-free and easily available layered
material, shows high capabilities of photocatalytic hydrogen
evolution,15 contaminant elimination10 and CO2 reduction.18

Nonetheless, the photocatalytic performance of g-C3N4 is limited by
the low quantum efficiency derived from its slow charge mobility
and fast recombination of charge carriers. To resolve these draw-
backs, various attempts have been made, such as building sundry
nanoarchitectures,19 surface modification,20 fabrication of hetero-
junction21 and doping with chemical elements.22–28 Herein, we
report the development of a C3N4 structure using (i) two identical
layers of C3N4 as AA-stacked C3N4 and (ii) intercalating one
different layer between two identical layers as ABA-stacked C3N4.
This in turn endows C3N4 with significantly promoted charge
migration, up-shifted CB level, enhanced potential of CB from
�0.89 eV (AA-stacked C3N4) to – 1.03 eV (ABA-stacked C3N4),
broadened band gap as well as enhanced surface area. We should
emphasize that the layer structure favors the enhancement of the
photocatalytic performance.29

It is well known that the first-principles calculations have the
capability to precisely predict the properties of the materials,
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which helps to design new materials with novel properties. This
significantly helps the experimentalists in the exploration of
novel materials with excellent properties.30–34 Recently, density
functional theory (DFT) approaches have been used to explore
new photocatalysts with efficient photocatalytic performance,
which agree well with the experimental data.32–43 In this study,
we will concentrate on the photocatalytic activity of AA- and
ABA-stacked C3N4 as novel, green and efficient photocatalysts.
This is a natural extension to our previous study on calculating
the electronic structure, linear and nonlinear optical properties
and the thermoelectric properties of the same materials.44–46 In
our previous study37 we reported the development of chlorine
(Cl)-intercalated g-C3N4 via co-pyrolysis of melamine and excess
ammonium chloride for water splitting to produce H2, CO2

reduction, and removal of liquid and air contaminants.47

2. Methodology aspect

DFT calculations were performed to investigate the suitability
of AA- and ABA-stacked C3N4 to be used as active photocatalysts
in the VIS region. The structures of AA- and ABA-stacked C3N4

are stable in hexagonal symmetry.4 For more details about the
structure information of AA- and ABA-stacked C3N4, we refer
the readers to ref. 4 and our previous studies.44–46 The full-
potential augmented plane wave plus local orbitals (FPLAPW +
lo) based on the DFT within the framework of wien2k package48

was used. The self-consistent calculations were achieved using
generalized gradient approximation (PBE � GGA),49 and the
ground state properties were obtained by using the recently
modified Becke–Johnson potential scheme (mBJ).50 For the
convergence of energy eigenvalues, the wave function in the
interstitial regions were expended in plane waves with cutoff
RMTKmax = 7.0, where RMT and Kmax stand for the muffin-tin
(MT) sphere radius and magnitude of the largest K vector in
plane wave expansion, respectively. The chosen RMT value was
1.24 atomic units (a.u.) for C and N atoms for both AA- and
ABA-stacked C3N4. The wave function inside the sphere was
expended up to lmax = 10, whereas the Fourier expansion of the

charge density was up to Gmax = 12 (a.u.)�1. The self-consistent
calculations were converged with the difference in total energy
of the crystal that did not exceed 10�5 Ryd for successive steps.
The self-consistent calculations were obtained for both cases by
using 5000k points in the irreducible Brillouin zone (IBZ).

3. Results and discussion
3.1. Structure–property

The schematics of charge transfer and the photocatalytic
mechanism of AA- and ABA-stacked C3N4 are shown in Fig. 1. It
is clearly seen that the photogenerated electron and hole (e�–h+)
pairs are produced when the photocatalyst absorbs radiation. This
stage is referred to as the semiconductor’s photo-excitation state.
The proton (H+) assisted the multi-electron processes for CO2

photoreduction,51,52 while the photoexcited e� can react with
surface adsorbed CO2 in the presence of H+ (produced in water
oxidation) to evolve CH4 as a primary product. Moreover, the
generated h+ are involved in water oxidation, producing O2

and H+.51,52

We used the calculated electronic band structure (Fig. 2a
and b) to explore the photocatalytic performance53 of AA-/ABA-
stacked C3N4. Fig. 2a and b clearly show that the conduction
band minimum (CBM) and the valence band maximum (VBM)
are located at A point for AA-stacked C3N4 and at G point
for ABA-stacked C3N4, resulting in a direct band gap (Eg).
The calculated value of the fundamental Eg is about 2.589 eV
(AA-stacked C3N4) and 2.990 eV (ABA-stacked C3N4). It is interesting
to highlight that the N 2p orbital is dominant and plays a major role
in formation of the VBM, while the CBM is mainly derived from
hybridized C 2p and N 2p orbitals. The valence band is fashioned by
hybridized C 2p and N 2p with a small component of C 2s and N 2s.
We can also see strong hybridization between C 2s and N 2s states
and C 2p and N 2p states, which favors the enhancement of
covalent bonding as can be observed from electronic charge density
contours. Covalent bonding is more favorable for efficient carriers’
transportation than ionic bonding.54 The C–C and C–N bonds
possess strong electron cloud overlap and prefer to attract h+ and

Fig. 1 The schematics of charge transfer and photocatalytic mechanism of AA- and ABA-stacked C3N4. When a photocatalyst absorbs radiation from
sunlight, it produces electron and hole pairs. The electron of the valence band becomes excited when illuminated by light. The excess energy of this
excited electron promoted the electron to the conduction band therefore, creating the negative electron (e�) and positive hole (h+) pair. This stage is
referred as the semiconductor’s ‘photo-excitation’ state.
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repel e�, thus facilitating separation of the e��h+ pairs. This in turn
enhances the photocatalytic performance.55

Fig. 2a and b show that the bands at around the Fermi level
(EF) possess low effective masses (me* and mh*), resulting in
high-mobility carriers (Table 1), which enhance the charge
transfer process. The photogenerated carriers with high mobility
also enhance the photocatalytic activity.56,57 Moreover, the great

effective mass difference (D = me*/mh*), as shown in Table 1, can
assist the e� and h+ migration and separation and finally
improve the photocatalytic activity. It is clearly seen from
Table 1 that mh* 4 me*, resulting in a significant difference in
the mobility between e� and h+. The mobility of e� and h+ can be
indirectly assessed by their me* and mh* following the expression
((mobility)e = ete/me* and (mobility)h = eth/mh*). The large
mobility difference is useful in the separation of e� and h+,
reduction of e� and h+ recombination rate, and improvement of
the photocatalytic performance. Moreover, it is clear from Table 1
that me* and mh* are small; thus, we can deduce that the e� and
h+ transfer can be fast along different directions.

The other crucial issue to understand the photocatalytic
mechanism in AA-/ABA-stacked C3N4 is the carriers’ concentration
(n) and their mobility. Thus, we investigated the influence of
temperature (T) on n at a certain value of the chemical potential
(m = EF), as shown in Fig. 2c. We can see that n increases almost

Fig. 2 (a and b) The calculated electronic band structure of AA- and ABA-stacked C3N4. (c) The carriers’ concentration of AA- and ABA-stacked C3N4.
(d) The schematics of potential in eV vs. NHE for AA- and ABA-stacked C3N4.

Table 1 Calculated effective masses

Effective mass AA-stacked C3N4 AB-stacked C3N4

me*/mo 0.02047 0.02497
mhh*/mo 0.03609 0.03547
mlh*/mo 0.00802 0.00757
D = mhh*/me* 1.76306 1.42050
D = me*/mhh* 0.56719 0.70397
D = mlh*/me* 0.39179 0.30316
D = me*/mlh* 2.55238 3.29858
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linearly with the increase in T. We should highlight that the
carriers’ concentration was obtained from the ground state
within the limits of Boltzmann theory58–60 and the constant
relaxation time approximation, as implemented in the Boltz-
TraP code.61

The photocatalytic oxidation is mainly attributed to the
participation of O2

��, �OH and the photogenerated h+ 62 (Fig. 1).
In order to understand the photocatalytic mechanism of AA- and
ABA-stacked C3N4, the reduction and oxidation potentials of the
CBM and the VBM at the point of zero charge can be calculated
using the equations taken from ref. 63:

ECB = w � EC � (Eg/2) (1)

EVB = ECB + Eg (2)

The ECB and EVB values of AA- and ABA-stacked C3N4 are shown
in Fig. 2d. This figure illustrates the probable energy level
diagram (potential vs. NHE) and CO2 photoreduction, displaying
the relative positions of CB and VB for AA- and ABA-stacked C3N4,
and redox potentials for CO2/CH4 and O2/H2O. AA-stacked C3N4

appears to be a more efficient photocatalyst for CO2 photo-
reduction, possessing a CBM at �0.89 eV, and a corresponding
VBM at 1.55 eV. The CBM lies above the redox potential of
CO2/CH4 (0.17 eV), whereas the VBM lies above the O2/H2O
redox potential (1.23 eV).52 It can be clearly seen that the CB
edge potential of ABA-stacked C3N4 is more negative than that
of AA-stacked C3N4, indicating that the ABA-stacked C3N4 has
stronger reduction power for H2 production than the AA-stacked
C3N4. A semiconductor with a more negative CB edge potential
has stronger reduction power for H2 production from water.64–67

According to the results shown in Fig. 2d, AA- and ABA-stacked
C3N4 possess high negative reduction potential of excited elec-
trons due to their higher CB position and hence, the location of
the CBM and VBM accommodates the redox capacity.

3.2. Photo-electrochemical properties

The free radicals O2
�� and �OH with high oxidation ability can

oxidize various organic and inorganic carbon compounds to

produce carbon dioxide, water and other non-toxic small organic
molecules. Hence, Eg of the photocatalyst determines the range
of the light absorbed (see Fig. 3a and b). The optical absorption
induces the transfer of e� from the VB - CB, generating the
e��h+ pairs, which can then migrate to the surface to participate
in oxidation and reduction reactions.68,69 Usually the locations of
the VBM and the CBM determine the oxidation and reduction
capabilities of the photogenerated e� and h+, respectively.68 The
reduction potential level of the e�-acceptors should be energetically
below the CBM, whereas the oxidization potential level of the
e�-donors should be above the VBM.70 The optical Eg value of
the AA-stacked and ABA-stacked C3N4 can be estimated from the
absorption spectrum, as shown in Fig. 3a and b. The square of
the absorption coefficient I(o) is linear with photon energy (hn)
for direct optical transitions in the absorption edge region,
whereas the square root of I(o) is linear with hn for indirect
optical transitions.32 The data plots of [I(o)]2 vs. hn in the
absorption edge region are shown in the inset of Fig. 3a and b.
It is clearly shown that [I(o)]2 vs. hn is linear in the absorption edge
region. Therefore, the absorption edge of the AA-stacked and
ABA-stacked C3N4 is caused by direct transitions. Furthermore,
the absorption edge occurs at l = 508.1 nm (AA-stacked C3N4)
and l = 454.1 nm (ABA-stacked C3N4) and the optical Eg is
estimated (lg = 1239.8/Eg(optical)

71) to be 2.44 eV (AA-stacked
C3N4) and 2.73 eV (ABA-stacked C3N4).

3.3. The electronic charge density and charge transfer
relationship

The electronic charge density distribution of AA-stacked and
ABA-stacked C3N4, which is derived from the reliable converged
wave function,72,73 were calculated and shown in Fig. 4 to
investigate the e� and h+ transfer. According to the Pauling
scale, the low electro-negativity difference between C and N
atoms points to an almost non-polar covalent bond with only
9% of ionic character.74 It is clear that maximum charge is
accumulated around C and N atoms, as indicated by the blue
color. This implies that efficient charge transfer occurs towards

Fig. 3 (a and b) The data plots of [I(o)]2 versus photon energy in the absorption edge region. From the absorption spectrum, the optical band gap value
of the semiconductor can be solved as follows: the square of the absorption coefficient I(o) is linear with photon energy for direct optical transitions in
the absorption edge region. It is clearly shown that [I(o)]2 vs. photon energy is linear in the absorption edge region. This plot suggests that the absorption
edge of the investigated material is caused by direct transitions.
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N atom due to the fact that the electro-negativity of N atom is
larger than that of C atom. According to the thermo-scale (Fig. 4c),
the blue color represents the maximum charge distribution and
strong charge sharing between C and N atoms, resulting in strong
covalent bonding, while the red color represents zero charge.
Thus, the formation of AA-stacked and ABA-stacked C3N4

efficaciously extends the local 2D-conjugated system of g-C3N4

into 3D space and subsequently promotes the separation and
mobility of charge carriers.

4. Conclusions

Two configurations of C3N4, namely, AA-stacked and ABA-stacked
C3N4 are proposed to enhance the photocatalytic performance of
C3N4 with significantly promoted charge migration, up-shifted
CB level, enhanced CB potential, increased Eg as well as
enhanced surface area, all of which favor the enhancement
of the photocatalytic performance. The calculated value of the
fundamental Eg is about 2.589 eV (AA-stacked C3N4) and
2.990 eV (ABA-stacked C3N4). The absorption edge occurs at
l = 508.1 nm (AA-stacked C3N4) and l = 454.1 nm (ABA-stacked
C3N4), which correspond to an optical Eg of about 2.44 eV
(AA-stacked C3N4) and 2.73 eV (ABA-stacked C3N4). The C–C
and C–N bonds possess strong electron cloud overlap and prefer
to attract h+ and repel e�, thus facilitating separation of the
photogenerated e��h+ pairs. This in turn enhances the photo-
catalytic activity. AA-stacked C3N4 appears to be a more efficient
photocatalyst for CO2 photoreduction, possessing a CBM at
�0.89 eV and a corresponding VBM at 1.55 eV. The CBM bottom
lies above the redox potential of CO2/CH4 (0.17 eV), whereas the

VBM lies above the O2/H2O redox potential (1.23 eV). It can be
clearly seen that the CB edge potential of ABA-stacked C3N4 is
more negative than that of AA-stacked C3N4, indicating that the
ABA-stacked C3N4 has stronger reduction power for H2 production
than the AA-stacked C3N4. The suitable Eg width and the appro-
priate CBM position together contribute to the optimal H2

production activity under light illumination. Therefore, a balance
between the light absorption capability and the reduction
power leads to higher efficiency of light-driven photocatalytic
H2 production.
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