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This detailed investigation employs an ab initio approach to explore the atomic structure and electronic prop-
erties of an amorphous carbon nitride (C3N4) model. The model, designed with an exact 3:4 ratio, is based on an
amorphous boron nitride configuration. The study reveals crucial insights into the mean coordination number for
C and N atoms within the amorphous structure. With values of 2.95 for C atoms and 2.21 for N atoms, these

coordination numbers closely resemble those observed in graphite-like crystals. The local structure of the
amorphous network exhibits similarities to the triazine-based graphitic C3Ny4 crystal and is notably devoid of
homopolar bonds. The estimated band gap for the amorphous C3N4 model is 1.2 eV, representing a significant
reduction compared to the crystal structure, which exhibits a band gap of about 2.93 eV as determined through

GGA+U calculations.

1. Introduction

Over the years, the exploration of various carbon nitride (CN)
structures has unfolded, revealing diverse possibilities. In 1989, Liu and
Cohen introduced the B-C3Ny4 structure by substituting C for Si in B-SigNy4
[1]. Ab initio calculations suggested its hardness to be comparable to, or
even surpassing, that of diamond. Based on GW approximation, its in-
direct band gap was estimated to be 6.4 + 0.5 eV [2]. Subsequently, Liu
and Wentzcovitch proposed alternative structures for C3Ny, including
zinc-blende-like cubic C3N4 and layered graphite-like rhombohedral
C3Ny4 [3]. Teter and Hemley expanded the repertoire to five structures:
a-C3Ny4, B-C3Ny, cubic-C3N4, pseudocubic- C3Ny4, and graphitic-CgNy
(g-C3N4) [4]. Calculations indicated that g-C3N4 possessed the lowest
total energy.

From 1996 onward, various forms of g-C3N4 were investigated, with
two frequently proposed structural models based on the presence of
either triazine cores or heptazine (tri-s-triazine) cores [5]. Both models
consist of 6-membered rings with sp?-type bonds between C and N
atoms, reminiscent of graphite. Notably, these structures inherently
feature vacancies surrounded by N atoms. The presence of intrinsic
vacancies and the rotational flexibility at the N—N bonding linking two
building blocks, whether triazine or heptazine cores, appear to hinder
the development of large-sized layers, posing challenges in achieving
crystalline phases [5]. Consequently, products obtained through various
synthesis processes are often reported to exhibit poor crystallinity [5].

The generation of amorphous CN samples with a C/N atomic ratio of
about 3:4 was achieved through the heat treatment of partially
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crystalline graphitic CN, with the partial crystal structure initially pos-
sessing a bandgap of 2.82 eV [6]. The resulting amorphous variant was
expected to exhibit a reduced band gap, estimated to be 1.90 eV. In this
study, amorphous C3N4 (a-C3N4) was represented by a random rotation
of heptazine cores. The process of homogeneous amorphization involved
breaking in-plane hydrogen bonds between strands with NH/NH2
groups through annealing bulk melon [7]. A straightforward heating
process, utilizing a mixture with varying mass ratios of ammonium ac-
etate and urea in a crucible, led to the formation of amorphous CN with
three-coordinate nitrogen vacancies [8]. The estimated band gap for one
sample was approximately 2.58 eV. Furthermore, amorphous CNy
samples (where x > 1) were produced using various precursor-based
methods, with proposed network structures based on cross-linked
triazine units [9]. Amorphous CN powders with a C/N atomic ratio
3:4 were prepared by a solid-state reaction between cyanuric chloride or
its fluoro analogue and lithium nitride [10]. The powder exhibited a
graphite-like sp2-bonded structure composed of building blocks of
s-triazine rings and had a bandgap of 3.1 eV. These findings underscore
the sensitivity of the electronic structure of amorphous CN to factors
such as local structure, C/N ratio, impurities (H, O), etc. The intricate
interplay of these elements highlights the complexity and tunability of
amorphous CN’s properties.

The intrinsic narrow bandgap in amorphous CN holds significant
advantages, particularly in the context of photocatalysis, when
compared to partially crystalline CN [11]. However, detailed
atomistic-level information regarding amorphous forms remains
limited, necessitating further studies to deepen our understanding of
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these structures.

The conventional "melt and quench" technique, employed in stan-
dard density functional molecular dynamics approaches, faced chal-
lenges in generating amorphous CN due to the formation of numerous
N—N bonds, impeding the formation of melem units [12]. As an alter-
native, Lu et al. adopted a method utilizing an amorphous boron nitride
(BN) random network to indirectly achieve an amorphous CN configu-
ration [12]. The resulting network demonstrated a C and N composition
ratio of 1:0.98 and featured melem-type units. However, the excess of C
atoms resulted in the presence of C—C bonds, and the HES06 functional
indicated a band gap of 0.3 eV. In contrast, hydrogenated networks
exhibited a calculated band gap close to 1.9 eV.

Building upon the methodology outlined in Ref. 12, this study rep-
licates the generation of an a-C3N4 network. The resulting network
consists of triazine-based g-C3Ny, free from homopolar bonds, and ex-
hibits a band gap of 1.2 eV, as determined through GGA+U calculations.

2. Method

In this investigation, we employed an ab initio technique grounded
in the principles of density functional theory (DFT) [13]. To enhance
pseudopotential contraction, the Troullier and Martins scheme was
utilized [14]. For valence electrons, we adopted double zeta + polarized
(DZP) basis sets, and Brillouin zone integration was carried out at the I'
point. The Perdew Burke Ernzerhof (PBE) generalized gradient
approximation (GGA) [15] with Grimmer Dispersion correction [16]
was employed, and a mesh grid energy cut-off of 150 Ry was imple-
mented to determine Hartree and exchange-correlation contributions to
energy.

The construction of the C3N4 model followed the methodology out-
lined in Ref.12. An initial structure of a 200-atom amorphous BN model
(100 B and 100 N atoms) was utilized, where all B atoms were replaced
with C atoms. Subsequent to the removal of single C or N atoms, the
system underwent complete relaxation, encompassing atomic co-
ordinates and volume, using the variable cell conjugate gradient method
until the highest force reached a magnitude less than 0.01 eV/A. This
iterative process continued until achieving a stoichiometric ratio of 3:4,
resulting in a final model consisting of 154 atoms (66 C and 88 N atoms).
The system was then subjected to thermal equilibration at 300 K for 10.0
ps using a Nose thermostat and subsequently relaxed once more using
the variable cell conjugate gradient method, employing the same force
criteria as mentioned above. The crystal structure data were obtained
from the Materials Project website [17]. Utilizing the lattice parameters,
where a =b = 4.78 A and c = 7.08 A, we constructed a 112-atom crystal
structure comprising 48 C and 64 N atoms. This crystal structure
exhibited hexagonal symmetry (P6m2) with triazine and AB stacking.
Subsequently, the structure was relaxed using the parameters and ap-
proaches described earlier.

Accurate estimation of the band gap energy for the structures was
conducted through GGA+U calculations. The Hubbard potential (U) was
determined by focusing on the crystal model, with U = 8.35 eV for the N-
p state. This yielded an approximate band gap energy of about 2.93 eV
for the crystal, considering the difference between the HOMO and
LUMO states as the band gap. This value is consistent with literature
findings ranging from 2.54 to 3.1 eV [6,18,19]. This parameter was
uniformly applied across the amorphous configuration to predict its
electronic structure. Partial analysis of the structures was carried out
with the ISAACS program [20].

3. Results

To scrutinize the atomic arrangement disparities between the
amorphous and crystalline (P6m2 with triazine and AB stacking) con-
figurations of C3N4 at the atomistic level, we embarked on an analysis by
examining and plotting their partial pair correlation functions (PPCFs),
as illustrated in Fig. 1. Notably, the positional alignment of the first two
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Fig. 1. Comparison of the partial pair correlation functions of amorphous and
crystalline C3Ny.

peaks in the PPCFs displayed a significant overlap for both forms of
C3Ny. This intriguing observation implies a notable similarity in their
short-range and medium-range atomic arrangements. The medium-
range order is likely associated with triazine units. Additionally, it is
noteworthy that, akin to the graphitic crystal, the amorphous network
exhibits a certain degree of chemical order.

For both the crystalline and amorphous forms, the C—N bond length
measures 1.341 A. This value is comparable to the range observed in
crystalline structures, which typically falls between 1.327 A and 1.463 A
[18]. In the case of amorphous CN, the C—N bond length is reported to
be in the range of 1.30-1.43 A [12]. The consistent C—N bond length
between the amorphous and crystalline forms of C3Ny4, as well as the
comparison with amorphous CN, provides insights into the structural
similarities and differences among these configurations.

The mean coordination numbers, calculated with a cutoff radius of
C—N = 1.97 [o\, reveal distinctive characteristics of the atomic
arrangement in the a-C3Ny structure. Specifically, the mean coordina-
tion number for C atoms is determined to be 2.95, while for N atoms, it is
2.21. These values closely align with coordination numbers of 3.0 for C
and 2.25 for N in graphite-like crystals, where the fraction of threefold
coordinated N is 25 %, and twofold coordinated N is 75 %. These values
of the crsytal are determined using a cutoff radius of C—N = 1.93 A.

Breaking down the specifics, around 86 % of C atoms manifest a
threefold coordination, and approximately 7.5 % exhibit a twofold co-
ordination. The remaining C atoms are found to be fourfold coordinated.
On the N side, 76 % of atoms are twofold coordinated, 23 % are threefold
coordinated, and there is a single N atom demonstrating onefold coor-
dination. These statistics provide valuable insights into the local atomic
environment and connectivity within the a-C3N4 structure. Importantly,
they closely resemble the expected coordination patterns observed in
graphitic crystals, contributing to a deeper understanding of the struc-
tural characteristics of the material.

The atomic structure of the amorphous configuration undergoes a
more in-depth analysis through a three-body correlation function, spe-
cifically the bond angle distribution functions. C—N-C and N—C-N
distributions are depicted in Fig. 2, and each displays a principal peak
near 120°, signifying predominant trigonal symmetry. Additionally, the
presence of a four-membered ring results in a weak peak around 85-90°,
and chain-like structures produce weak peaks at large angles. This



M. Durandurdu

0.087

5 0.06F

BADF (C-N-
o
(e}
K
T

=4

S

NS
T

o

(DA

— Amorphous
— Crystal

80

I
100

1\
120

140

VAN
160 180 200

0.087

2 0.06

BADF (N-C-
()
=
e
T
1

e
<)

2~ —

) [ N W
100 120 140 160 180 200
Angle (degree)

l
80
Fig. 2. Bond angle distribution of both amorphous and crystalline C3N4.

emphasizes the slightly diverse nature of the amorphous arrangement,
showcasing variations in the bond angles within the structure. The
distribution of bond angles provides valuable insights into the local
geometry and connectivity of the atoms in the amorphous state.

A ring statistical analysis was conducted to gain insights into the
topological connectivity of the amorphous state, and the results are
presented in Fig. 3. Within the amorphous configuration, six- and
twelve-membered rings are the most frequently observed. Such rings
exist in triazine-based crystals, leading to the reasonable claim that the
amorphous network is structurally similar to triazine-based crystals,
given the prevalence of these specific ring sizes in both configurations.
The analysis provides valuable information about the distribution of
ring sizes, contributing to a better understanding of the topological
features of the amorphous carbon nitride structure.

The electron density of states (EDOS) for both crystalline and
amorphous forms of C3Ny, calculated using the GGA+U method, is
illustrated in Fig. 4, with the Fermi level shifted to zero eV. Defining the
HOMO-LUMO state as a forbidden band gap, the crystal exhibits a
bandgap energy of approximately 2.93 eV, aligning with previous
findings in the range of 2.54-3.1 eV for the crystalline structures [6,18,
19]. In contrast, the amorphous configuration presents a bandgap of
about 1.2 eV. Although this value is notably lower than experimentally
observed results of 1.90, 2.58 and 3.1 eV [6,8,10], it is significantly
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Fig. 3. Ring distribution for the amorphous and crystalline forms.
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Fig. 4. The electron density of states (EDOS) for both crystalline and amor-
phous forms of C3Ny4, near the Fermi level, shifted to zero eV. The Gaussian
smoothing factor is used to plot EDOS and hence the band gaps may appear
smaller than the actual HOMO-LUMO difference.

larger than the 0.3 eV predicted using the HES06 functional [12]. It is
important to note that the direct comparison of our theoretical data with
experimental results provides insights into the electronic structure of
amorphous CN. However, it should be acknowledged that this com-
parison has limitations due to the inherent structural differences be-
tween experimental samples and theoretical models. Despite these
challenges, the calculated electronic properties contribute valuable in-
formation to our understanding of the amorphous C3Ny4 system.

The degree of localization of states in disordered networks is a crucial
factor, and it can be characterized by the inverse participation ratio
(IPR),

IPR (y;) = NXN:“T4/<ZN;QTZ>Z

i=1

where y,, = Z?Lla;"qbi is the m" eigenstate and N is the number of
atoms. The IPR values estimated for the amorphous model are illustrated
in Fig. 5. Notably, both valence and conduction states around the Fermi
level (at zero eV) exhibit a considerable degree of localization, as evi-
denced by their high IPR values. This observation differs from early
theoretical predictions, which suggested strong localization primarily in
the upper valence states [12]. The discrepancy may be attributed to the
distinct structural arrangements of the amorphous configurations pro-
posed in the present and previous studies, highlighting the sensitivity of
electronic states to structural details in disordered systems.
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Fig. 5. Inverse participation ratio (IPR) of a-C3N4.
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The degree of localization of states can provide valuable insights into
selecting suitable types of impurities for the amorphous model. Sym-
metry in the localization of states suggests that shifting the Fermi energy
to either the valence band or the conduction band is equally probable.
Consequently, both types of doping, whether n-type or p-type, have an
equal likelihood of occurrence. This symmetry in localization facilitates
a balanced consideration of different doping scenarios, providing flexi-
bility in tailoring the electronic properties of the amorphous system
based on specific application requirements.

4. Conclusions

This study has delved into the intriguing realm of a-C3gNy4, uncovering
its structural and electronic properties through meticulous ab initio
calculations. The contracted a-C3N4 model, maintaining a precise 3:4
composition ratio, provides a realistic representation of this complex
network. Our investigation unveils a key feature of a-C3Ny4: its close
resemblance to graphite-like C3N4 in terms of local structure and
average coordination numbers. Specifically, the mean coordination
numbers for C and N atoms in our model (2.95 and 2.21, respectively)
align closely with those observed in crystalline counterparts. This sug-
gests a familiar building block — the triazine unit - plays a crucial role in
both crystalline and amorphous forms. Perhaps the most captivating
finding lies in the electronic realm. Our calculations reveal a signifi-
cantly reduced band gap for a-C3Ny4 (1.2 eV) compared to its crystalline
counterpart (2.93 eV). Our study sheds light on the fundamental nature
of a-C3Ny but also highlights the necessity for further exploration. While
the compact size and customized structural properties of the starting
amorphous BN model facilitated precise composition control, proving
valuable in this initial investigation, it may pose limitations in terms of
generalizability. To achieve a more comprehensive understanding of
this intriguing material, future studies should explore diverse starting
configurations and consider larger model sizes, despite the potential
challenges involved in maintaining precise composition and avoiding
homopolar bonds. By broadening our scope beyond the current model,
we can gain deeper insights into how the initial structural properties
influence the final structure and properties of a-C3Ng.
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