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H I G H L I G H T S
c Relative stability of nanosized C3N4 has been studied.
c Nanosized b-C3N4 becomes more stable than the g-C3N4 phase.
c Electronic properties of nanosized C3N4 have been analyzed.
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a b s t r a c t

Relative stability of nanosized b-C3N4 and graphitic C3N4 has been studied by using first principles

calculations. It has been demonstrated that the relative stability sequence changes with increasing size

of the nanostructure. When the number of C3N4 molecules in the C3N4 nanostructure is less than a

threshold number, the b-C3N4 nanostructure is in the stability phase. When the number of C3N4

molecules in the C3N4 nanostructure exceeds the threshold number, the graphitic C3N4 is in the

stability phase. In addition, size-dependence electronic properties of b-C3N4 and graphitic C3N4

nanostructures have also been analyzed in this work.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Based on the first principles calculations, the bulk modulus
and hardness of b-C3N4 phase were predicted to be similar to
those of diamond by Liu and Cohen in 1989 [1]. Hereafter, many
theoretical [2–4] and experimental works [5–16] have been
performed to study and synthesize this potentially superhard
material. In spite of these effects, there has been no unambiguous
evidence of successful synthesis of b-C3N4 phase crystallization
with stoichiometric C3N4 composition to date [5]. In many
experiments [11–16], the final product is mainly amorphous
carbon nitride compound. However, in some experimental works
(e. g. [11]), some nanosized b-C3N4 crystals embedded in the
amorphous carbon nitride compound matrix have been found. It
is worth noting that many nanosized dense phases are more
thermodynamically stable than the corresponding nanosized
lower dense phases [17–20]. These facts imply that nanosized
dense b-C3N4 crystals may be in a more thermodynamically
stable phase compared to the nanosized lower dense graphitic
C3N4 (g-C3N4) phase. To verify this hypothesis, an accurate
ll rights reserved.
description of the relative stability of nanosized b-C3N4 and
g-C3N4 structures has been presented in this work. The heats of
formation for a number of b-C3N4 and g-C3N4 nanostructures
have been found by first principle calculations. Our results
indicate that the b-C3N4 phase for the number of molecules
smaller than a threshold numbers becomes thermodynamically
more stable than the g-C3N4 phase.
2. Computational method

In this contribution, we analyze in detail a series of nanosized
b-C3N4 prism structures and a series of nanosized g-C3N4 sheets
with D3h symmetry and various side lengths. For the prism
b-C3N4 nanostructures, three kinds of nanostructures with differ-
ent cross sections have been considered here, that is, 2�2, 2�1
and 1�1 cross sections, where the numbers represent parallelo-
gram cross section side lengths. For example, 2�2 means that the
two parallelogram cross section side lengths are two times of
b-C3N4 lattice a. For every nanostructure considered here, the
outer dangling bonds were fully terminated by hydrogen atoms.
Such treatment corresponds to experimental measurements of
hydrogen existence in g-C3N4 from decomposition of melamine
[21]. Hence, the hydrogen terminated C3N4 clusters considered
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here include C24H64N32, C48H80N64, C72H96N96, C96H112N128, and
C120H128N160 for the 2�2 cross section b-C3N4 nanostructure,
C12H36N16, C24H48N32, C36H60N48, C48H72N64, C60H84N80, C72H96

N96, and C84H108N112 for the 2�1 cross section b-C3N4 nano-
structure, C6H20N8, C12H28N16, C18H36N24, C24H44N32, C30H52N40,
C36H60N48, C42H68N56, C48H76N64, C54H84N72, C60H92N80, and
C66H100N88 for the 1�1 cross section b-C3N4 nanostructure, and
C3H6N6, C9H9N15, C18H12N28, C30H15N45, C45H18N66, C63H21N91,
C84H24N120, C108H27N153, C135H30N190, as well as C165H33N231 for
the g-C3N4 nanostructure. Fig. 1 shows two representative struc-
tures for a b-C3N4 nanostructure of C120H128N160 and a g-C3N4

nanostructure of C165H33N231. Owing to symmetry breaking of
g-C3N4 nanostructures, the proportion of N:C in a g-C3N4
nanostructure is larger than 4:3.

The geometries for these nanosized b–C3N4 and g-C3N4 were
optimized using a density functional theory (DFT) with effective
core potentials implemented in the DMOL package [22,23]. We
used a double numerical basis including a d-polarization function
(DND) and adopted the generalized gradient approximation
(GGA) with the PBE parameterization [24] to describe the
exchange-correlation interaction. First, we optimized the lattice
parameters of the bulk g-C3N4. The lattice parameters a and c,
obtained for bulk g-C3N4, are 4.742 and 6.721 Å respectively,
which agree well with the experimental and previous theoreti-
cally predicted values [3]. This confirmed that the computation
scheme used in this paper is reliable.
g-C3N4 nanostructure: C165H33N231

β-C3N4 nanostructure: C120H128N160

Fig. 1. Atomic structures of the representatives of a b-C3N4 nanostructure of

C120H128N160 and a g-C3N4 nanostructure of C165H33N231. Gray ball: carbon; white

ball: hydrogen; blue ball: nitrogen. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
3. Results and discussions

To study the relative stability between hydrogen terminated
b-C3N4 and g-C3N4 nanostructures, the heats of formation per C3N4

molecule have been calculated by using the following formula:

EðC3N4ÞmHnNs

f orm ¼ EðC3N4ÞmHnNs

total �mEC3N4

graphitic�
n

2
EH2

gas�
s

2
EN2
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where EðC3N4ÞmHnNs

f orm is the heat of formation per C3N4 molecule for a

C3mHnN4mþ s nanostructure, EðC3N4ÞmHnNs

total refers to the total energy

of a relaxed C3mHnN4mþ s nanostructure that includes 3m C atoms,

n H atoms and 4mþs N atoms, EC3N4

graphiticis the total energy per C3N4

molecule in g-C3N4 solid, EH2
gas is the total energy of a H2 molecule

and EN2
gas is the total energy of a N2 molecule. As mentioned, the

geometries of these hydrogen terminated C3N4 nanostructures
were optimized by using the DFT with effective core potentials
implemented in the DMOL package, and the total energies for
these optimized nanostructures were obtained. The heats of
formation for these nanostructures have been calculated by using
Eq. (1), and the relationship between the heats of formation and
the size for various phases of hydrogen terminated C3N4 nanos-
tructures have been plotted in Fig. 2. The heats of formation per

C3N4 molecule, EðC3N4ÞmHnNs

f orm , as a function of the number of C3N4

molecules in the nanostructure is shown in Fig. 2a. Note that with
the increase in the number of C3N4 molecules, the heat of

formation per C3N4 molecule, EðC3N4ÞmHnNs

f orm , for both b-C3N4 and g-

C3N4 nanostructures, increases monotonously. Fig. 2b shows the

heat of formation per C3N4 molecule, EðC3N4ÞmHnNs

f orm , as a function of

cluster size inverse m�1/3, where m is the number of C3N4

molecules in these hydrogen terminated C3N4 nanostructures.
As can be seen from Fig. 2b, the heat of formation per C3N4

molecule, EðC3N4ÞmHnNs

f orm , decreases with cluster size inverse m�1/3for

all nanostructures studied in this work. It is known that the ratio
of surface atom number and internal atom number increases with
increasing of cluster size inverse m�1/3, therefore, with increasing
of surface atom number, the heat of formation for C3N4 nanos-

tructure decrease. For the 2�2 cross section b-C3N4 nanostruc-
ture, with increasing cluster size inverse m�1/3, the heat of

formation per C3N4 molecule, Eb�C3N4

f orm , can be approximated

according to an exponential relationship: Eb�C3N4

f orm ¼�0:97exp

ð3:14m�1=3Þþ1:98. For the g-C3N4 nanostructure, with increasing
cluster size inversem�1/3, the heat of formation per C3N4 mole-

cule,EGraphitic
f orm decreases according to an exponential relationship:

EGraphitic
f orm ¼�3:81exp ð0:68m�1=3Þþ3:53. The extrapolated values

1.01 and �0.28 eV/C3N4 at the bulk limit compare well to the
heats of formation (1.41 and 0 eV/C3N4) obtained for the solid

b-C3N4 and g-C3N4 crystals, respectively. This result is an addi-
tional confirmation that the computational parameters used in
this work are reliable. Note, however, that the heat of formation

per C3N4 molecule, EðC3N4ÞmHnNs

f orm , for both b-C3N4 and g-C3N4

nanostructures is lower than that of bulk C3N4. These results also
indicate that with decreasing size of C3N4 nanostructures, their
stability increases. From Fig. 2, it can be seen that there are cross
points for the heat of formation curves of b-C3N4 and g-C3N4

nanostructures, which indicates that the relative stability sequence
changes with increasing size of nanostructures. It also suggests that
the b-C3N4 nanostructure is thermodynamically more stable than
the g-C3N4 nanostructure when the nanostructure size smaller than
a threshold number. However, for different cross section b-C3N4

nanostructures, this threshold number is different. More precisely,
the threshold numbers are 9, 8 and 4 for 2�2, 2�1 and 1�1 cross
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Fig. 2. (a) The total energy per C3N4 molecule as a function of the size of C3N4

nanostructure. (b) The total energy per C3N4 molecule as a function of cluster size

inverse m�1/3 (m is the number of C3N4 molecules in the C3N4 nanostructure).

(c) Relationships between heat of formation and R (hydrogen concentration) for

different C3N4 nanostructures.
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section b-C3N4, respectively. The cross point position (or the thresh-
old number) shift is due to the different hydrogen concentrations
and edge atom in different cross section b-C3N4 nanostructures. This
result implies that the hydrogen concentration and edge atom can
affect the relative stability of C3N4 nanostructure.
To further study the effect of hydrogen concentration and edge
atom on the relative stability and threshold numbers, a propor-
tion of H atoms number n and the number of C3N4 molecules m in
these hydrogen terminated C3N4 nanostructures, R¼ n

m, has been
defined, which correspond with the hydrogen concentration in a
C3N4 nanostructure. In Fig. 2c, a relationship between heat of
formation and R for different C3N4 nanostructures has been
plotted. As can be seen from Fig. 2c, the heat of formation per
C3N4 molecule decreases with increasing of R for all nanostruc-
tures studied in this work, this indicates that the stability
increased with increasing hydrogen concentration. For different
b-C3N4 nanostructures studied in this work, with increasing of R,
the heat of formation per C3N4 molecule decreases linearly, and
the corresponding slopes are approximately same. This result
implies that hydrogen concentrations is the main influencing
factors on the stability of b-C3N4 nanostructures, and edge atom’s
effect on the stability of b-C3N4 nanostructures is less than
hydrogen concentrations for these nanostructures studied here.
For the g-C3N4 nanostructure, the heat of formation per C3N4

molecule decreases exponentially with increasing of R. From
Fig. 2c, it can be seen that there are no cross points for the heat
of formation curves of b-C3N4 and g-C3N4 nanostructures, this
indicates that hydrogen concentrations is different for different
type of C3N4 nanostructures with same number of C3N4 molecules
m, and the phase transformation between b-C3N4 and g-C3N4

nanostructures will have additional hydrogen atoms transforma-
tion. It is for this reason that the threshold number is shifted for
different type of C3N4 nanostructures. Because only three types of
b-C3N4 nanostructures have been discussed in this work, the edge
atom’s effect on stability is not obvious. If to further study this
effect, many types of b-C3N4 nanostructures are needed and this
is also our work in future.

To understand the electronic properties of these C3N4 nanos-
tructures, size dependent highest occupied molecular orbital/
lowest unoccupied molecular orbital (HOMO–LUMO) energy gaps
have been calculated and plotted in Fig. 3. Due to a failure of
describing systems with localized d and f electrons, the energy
gap is often underestimated by using GGA approaches in the DFT
scheme [19]. In this work, the experimental band energy gap of g-
C3N4 is 2.7 eV [25], whereas our calculated band gap is only
1.415 eV. As can be seen from Fig. 3a, for all C3N4 nanostructures
considered in this work, the calculated HOMO–LUMO energy gap
was also estimated from below and it was found that all HOMO–
LUMO energy gaps decrease with increasing cluster size. For
g-C3N4 nanostructures, all HOMO–LUMO energy gaps are larger
than that of bulk g-C3N4. However, for b-C3N4 nanostructures,
when the cluster is small, the HOMO–LUMO energy gap is larger
than that of bulk b-C3N4. At the same time, with increasing
cluster size and larger than a threshold number, the HOMO–
LUMO energy gap becomes lower than that of bulk b-C3N4. The
results also indicate that the hydrogen concentration and shape of
nanostructures not only affects the relative stability of C3N4

nanostructures, but also it affects the electronic properties of
b-C3N4 nanostructures.

To further study the effect of hydrogen concentration and
shape of nanostructures on the electronic properties of C3N4

nanostructures, relationships between HOMO–LUMO gap and R

for different C3N4 nanostructures have been plotted in Fig. 3b, it
can be seen that with increasing R, all HOMO–LUMO energy gaps
increase. This result also corresponds to the result in Fig. 3a, with
decreasing cluster size, the ratio of surface atom number and
internal atom number increases and the hydrogen concentration
increases. Therefore, the increasing HOMO–LUMO energy gaps
not only from size effect but also from surface hydrogen atom
effect. Due to the size of nanostructure and surface hydrogen
atom concentration is relational in the nanostructure studied in
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this work; it is hard to distinguish which factor is a main
influencing factor on the HOMO–LUMO energy gaps. Then it is
obvious that the shape of nanostructure has a significant effect on
the HOMO–LUMO energy gaps, because the fact that the HOMO–
LUMO energy gaps is conspicuous different for different shape of
C3N4 nanostructures with same size or hydrogen concentration
(or the value of R).
4. Conclusions

In summary, first principle calculations have been carried out
to determine the relative stability between g-C3N4 and b-C3N4
nanostructures. The size dependence HOMO–LUMO energy gaps
have also been obtained. Our results indicate that the relative
stability sequence changes with increasing size of nanostructures,
the b-C3N4 nanostructure is thermodynamically more stable than
the g-C3N4 nanostructure when the nanostructure size is smaller
than a threshold number. However, for different cross section
b-C3N4 nanostructures, this threshold number is different. Finally,
it also indicates that the hydrogen concentration not only affects
the relative stability of C3N4 nanostructure, but it also affects the
electronic properties of b-C3N4 nanostructures.
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