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Abstract

The configurations, stabilities, electronic, and magnetic attributes of the first row
transition metal (TM)-substituted TMC¢N; clusters have been investigated at the
PBE level. The results display that the first row TM atoms are inclined to replace the
N atom which approaches the N atom out of the C—N rings except for Cu and Zn.
As for the CuCgN; and ZnC¢Nj clusters, the N atom out of the C-N rings is inclined
to be substituted. The ScCy¢N,(GS), TiC¢N4(GS), VC¢N,;(GS), CoC¢N,(GS),
TiC¢N;(a), and CoC¢N,(a) clusters display more structurally stabilities than the pris-
tine C¢N; clusters. The ground-state 3d TMCgN;, clusters exhibit more dynamic sta-
bilities than the pristine C¢Ng clusters except for Zn. Partial of 4s orbital electrons
of TM atoms is transferred to the neighbor C atoms. The V, Cr, Mn, and Fe atoms of
the ground-state TMC¢N; clusters display the opposite spin to Co and Ni atoms of
the ground-state TMCgN; clusters.

Keywords C¢Nj clusters - First-principles - Electronic properties - Magnetic
properties

Introduction

Graphite carbon nitride (g-C;N,) has been regarded as an excellent carbon car-
rier of catalyst [1]. It has the advantages of low cost, simple synthesis, thermal and
chemical stabilities, biocompatibility, and non-toxicity, etc. [2-5]. However, the
photocatalytic efficiency of pristine g-C;N, is limited by the intrinsic lack of light-
absorbance, charge mobility, and recombination rate of electron—hole pairs [6]. To
solve these problems, doping has been widely adopted to modulate the electronic
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configurations of g-C;N, to improve conductivity, optics, magnetism, etc. [7]. That
is, doping reduces electronic transition energy and provides a ‘bridge’ for lower
energy photo-generated electrons [3]. Various non-metals and metals have been con-
sidered to modify the intrinsic characteristics and obtain novel properties of layered
g-C5N, [8]. g-C5N,, with rich pyridine-like nitrogen, prefers to trap TM atoms to
the hexagonal rings of g-C;N, [1, 3]. At present, a large number of studies have
been performed on first row TM (i.e., Ti [9], V [10], Cr [4], Mn [1, 8, 11], Fe [1, 7,
11-18], Co [1, 11, 14, 16, 19], Ni [20], Cu [11, 12, 16, 21, 22], and Zn [11, 17, 23])
doping on the g-C;N, sheet. The strong hybridization between 3d orbitals of TM
atoms and the p, orbitals of g-C;N, not only can improve the photocatalytic prop-
erties but also can induce spin polarization [1, 3, 8]. Given the complexity of the
reaction process, we have calculated the 3d TM-substituted TMCsNg clusters [24].
However, the difference in the radius of C (0.86 nm) and N (0.80 nm) atoms is so
small [3]. The precise recognition of the effective active sites has not been explored
[25]. gh-C;N, is more stable than gt-C;N, [8], and the structural unit of g-C;N, is
ordered tri-s-triazine (C¢N;) which is planar and aromatic [26]. C¢N; can provide
many binding sites that interact with metals or other pollutants [18].

C;N, exhibits versatile electronic and magnetic properties which originate
from the holey geometrical character [27, 28]. In this study, the configurations,
stabilities, electronic, and magnetic properties of the TMC4N, clusters are inves-
tigated by using density functional theory (DFT). It is very important to under-
stand the evolution mechanisms of gh-C;N,-based materials. It is also helpful to
control defects and design novel properties of C;N,-based materials [28].

Computational details

The pristine C¢Ng clusters are extracted by gh-C;N, in Ref. [8]. A TM atom is
adopted to substitute a N atom of the pristine C¢Ng clusters in order to design the
TMC¢N, clusters, respectively. The optimization and property calculations have
been performed by DFT which are implemented in the DMol® package. The Per-
dew—Burke—Ernzerhof (PBE) functional (including a semi-empirical van der Waals
(vdW) correction) within the generalized gradient approximation (GGA) is adopted
for the exchange—correlation [26, 29]. Because of strong electronic coupling of TM
atoms of the TMCN;, clusters [30], the approximate semi-classical dispersion cor-
rection scheme DFT +D must be selected [31, 32]. In order to avoid omitting certain
configurations of the TMC¢N,, clusters, symmetry unconstraints is adopted [33, 34].
Considering the electron relativity effects of the TM atoms, all electron relativistic
treatment is selected [35]. Spin polarized is selected as a result of certain TM atoms
exhibit high spins [34]. Double numerical plus polarization (DNP) is used [32, 36].
Furthermore, the Miilliken population analysis is executed to obtain the net charges
and spin properties of the TMCgN; clusters [34].

The average binding energy (E,) of the TMC(N; clusters was calculated to
determine the structural stability [34]:
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E, = [E(TM) + 6E(C) + 7E(N) — E(TMC(N,)]/14 (1

where E(TM), E(C), and E(N) present the total energies of isolated TM, C, and N
atoms, respectively. E(TMC4N-) is the total energy of the TMC¢N;, clusters.

In order to determine the accuracy of the PBE functional selected, the calculated
distance (6.840 /OX) between two nitride pores is compared with the corresponding
experimental value (6.81 A) [37]. And the calculated lattice constant (7.138 A) of
gh-C;N, agree well with the other computational results (7.13 A [38] and 7.14 A
[39]) and the experimental value (7.13 A [40]). As for the TM atom doping, it has
been confirmed in our previous work [35]. Consequently, the PBE functional is
selected to investigate the TMC¢N;, clusters.

Results and discussion
Configurations

The optimized configurations of the TMC¢N;, clusters have been displayed in Fig. 1.
The gray balls present C atoms, the blue balls present N atoms, and other balls present
TM atoms, respectively. Owing to the radius of TM atoms is larger generally than the
substituted N atoms. It leads to the symmetry of the pristine C¢Nj clusters is degraded
to C,. The unplanar structures of the TMC¢N,, clusters in Fig. 1 are labeled a star (*¥).
As for these unplanar TMCgNj clusters, the pseudo-Jahn-Teller distortion due to the
electronic coupling of TM atoms leads to the planar C¢Ng clusters is transformed into
the characteristic buckling [41]. And TM atoms will advance the transformation from
the quasi-planar configurations to three-dimensional structures [42]. As for the planar
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Fig. 1 Configurations of the TMC¢N, clusters
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TMCN; clusters which have not yield any significant distortion, it suggests that the
interaction between them is weaker [43]. 3d atoms are inclined to replace the N atom
which approaches the N atom out of the C-N rings except for Cu and Zn. As for the
CuCyN; and ZnCN;, clusters, the N atom out of the C—N rings is inclined to be substi-
tuted. It derives from the polarization of Cu™ ion and Zn”* ion is stronger than that of
other 3d TM atoms according to electron configurations, which leads to the prominent
polarization between them and the C¢N, fragments, and the corresponding chemical
bonds transition from ionic bonds to covalent bonds. The isomers (d) which the N
atoms in the centre of C—N rings substituted except for ZnC¢N,(d) are the most unsta-
ble structures. It originates from a larger effective decay radius of Zn which indicates
a more intense localization of impurity states [43]. Wang et al. [2] have observed the
pore size of the Zn-doped C;N, sheet expands by the BET analysis. The ZnCN-(b)
clusters become a typical. Even it is more exaggerating than the ZnCsNg(c) clusters
[24]. And Yue et al. [23] have confirmed that Zn doping partly damages the struc-
ture of g-C;N,,. Nevertheless, cross-link effect of Zn between the interlayers of g-C;N,
sheet is helpful to obstruct the exfoliation of g-C;N, [2]. However, Zn doping will cre-
ate active sites on the surface of g-C;N, for reducing protons into H, [44].

Stabilities

The average binding energies E, of the TMCyN; clusters have been displayed in
Fig. 2. The first row TM symbols are listed to expound the abscissa of Figs. 2, 3,
4, 5. The negative value of the binding energy presents a stable doping system [3].
ScCgN4(GS), TiCeN,(GS), VCN4(GS), CoCeN,(GS), TiC¢N,(a), and CoCyN-(a)
actually improve the structural stabilities of the C¢Njy clusters. As for other 3d TM
atoms, they prefer to segregate and then aggregate the TM clusters [26]. In our pre-
vious work, only ScCsNg(GS), TiCsNg(GS), and VCsNg(GS) can increase the struc-
tural stabilities of the pristine C¢Njy clusters [24]. Xiong et al. [45] have confirmed
Ti doping can improve the thermodynamic stabilities of the CN, coatings.
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Fig.2 Average binding energies of the TMC¢Nj clusters
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Fig. 3 HOMO-LUMO gaps of
the TMC¢N, clusters

Fig.4 Net charges of the TM
atoms in the TMCgN;, clusters

Fig.5 Spins of the TM atoms in
the TMC¢N, clusters
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The energy gaps between the highest occupied molecular orbital (HOMO) states and
the lowest unoccupied molecular orbital (LUMO) states of the TMC¢N, clusters have
been plotted in Fig. 3. Although the calculated HOMO-LUMO gap (0.694 eV) of the
pristine C¢Nj clusters is significantly narrower than the experimental value (2.7 eV) of
C;N, [4], it seems to be confirmed by that (1.24 eV) of monolayer CN [38] and that
(1.22 eV) of two-dimensional C4Ng [28], and that (1.040 eV) of the sole g-C;N, [29].
The HOMO-LUMO gaps of the ground-state TMC¢N, clusters as an example, the TM
substituting can improve the dynamic stabilities of the pristine C¢{N; clusters except for
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Zn. It is significantly different from those of the TMC;N; clusters [24]. It originates
from the hybridization between d orbitals of the TM atoms and p orbitals of the neigh-
bor C atoms in the TMC¢N,, clusters which is less than that between d-p orbitals of TM
and N atoms of the TMCsNj clusters [24, 26]. The metallic properties of Zn at the top
site of the ZnC¢N; clusters are better kept because of Zn atoms exhibit the all paired
3d" orbital systems [26]. The metal-like electronic density of states of Zn will increase
the non-adiabatic instability of the pristine C4Ny clusters [46].

To expound the influence of TM atom substituted the pristine C4Ng clusters, the
HOMO and LUMO states of the ground-state TMC¢N;, clusters have been displayed
in Table 1. The blue regions prefer to trap electrons, and the yellow regions prefer to

Table 1 HOMO and LUMO orbitals of the ground-state TMC4N clusters

Cluster HOMO LUMO
ScCeN~; !g xﬁ
§ &
MnC¢N; !§ g
FeCgN, % &‘
CoC¢Ny & %
NiCeN & é
CuC¢N; & &
ZnCgN7 é é
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release electrons [47]. The total charge density displays a high charge density around
the TM atoms [47, 48], projecting to the C-TM bonds, indicating charge transfer
from TM to C atoms. The degree of charge redistribution is mainly proportional to
the interaction strength [48]. As for the ground-state TMC¢N, clusters except for the
ZnCgN; clusters, the HOMO and LUMO states display the hybridization between
the 3d orbital electrons of the TM atoms and the 2p orbital electrons of the C atoms.
While for the ground-state ZnC¢N; clusters, the hybridization effect is limited
because of the Zn atoms exhibit the all paired 3d'° orbital systems [26].

Electronic properties

The net charges of the TM atoms of the TMCyN, clusters have been plotted in Fig. 4.
The positive charges on the TM atoms decrease generally as atomic number of the
TM atoms increasing which is similar to that on TM embedded the sole g-C;N,
[29]. As for the ground-state TMC¢N; clusters, the TM atoms loss a few electrons
within the scope of 0.113 lel and 1.039 lel. As for the transferred charge amounts of
TM atoms of the TMCgN, clusters are generally less than those (from 0.375lel to
1.150lel) of TM atoms of the TMC;Nj clusters [24]. It derives from the TM atoms
and the neighbor C atoms of the TMC¢N,, clusters prefer to the electropositive which
is different from that of the TM atoms and the neighbor negative N atoms of the
TMC;Ng clusters [48]. Z. Zhu et al. [38] have confirmed that the charge transfer of
Co and g-C;N, by Raman enhancement factors. The electron transfer follows the
formation of chemical bonds [49]. The covalent bonding character of TM-C of TM-
adsorbed BC¢N have been confirmed [43]. The differences in the net charges of TM
atoms of the TMC¢N; isomers are shown in Fig. 4 and the Miilliken charges of the
C and N atoms of the TMC¢Nj; clusters are given in Table 2. (The Miilliken charges
in Table 2 have been listed by the order from top to bottom and from left to right
of atoms of the TMC(N; isomers in Fig. 1.) It originates from the different atomic
arrangements [50].

The natural electron configurations of the ground-state TMC4N, clusters have
been listed in Table 3. Compare the natural electron configurations of isolated
TM atoms with those of the TM atoms of the TMC4N,, clusters in Table 3, the 4s
orbital of the TM atoms of the TMC4N,, clusters lose more electrons than the 3d
and 4p orbitals of the obtained. It confirms the hybridization mechanism of the
sp orbital electrons of the TMC¢N; clusters.

Magnetic properties

The spins of TM atoms of the TMC¢N,, clusters have been displayed in Fig. 5. The
spins of the TM atoms of the TMC¢N,, clusters are found to be lower than those of
isolated TM atoms in Ref. [35], it originates from the certain d orbital electrons
are transferred or magnetic couplings in the TMC¢N; clusters [26, 48]. As for the
ground-state TMCgN; clusters, the maximum spins of the TM atoms appear at Cr
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Table 3 Natural electron

configurations of the TM atoms Cluster Atom Natural electron configuration

ic‘;l::tzr%“’““d's‘ate TMCGN; ScC N, Sc [core]3d(1.610)45(0.216)4p(0.181)
TiCN; Ti [core]3d(2.579)45(0.204)4p(0.301)
VC¢N, \% [core]3d(3.742)45(0.340)4p(0.277)
CrCyN, Cr [core]3d(4.786)45(0.359)4p(0.282)
MnCyN;, Mn [core]3d(5.857)45(0.447)4p(0.335)
FeC¢N, Fe [core]3d(6.705)45(0.508)4p(0.342)
CoC¢N, Co [core]3d(7.793)45(0.524)4p(0.388)
NiCgN; Ni [core]3d(8.785)45(0.559)4p(0.323)
CuC¢N, Cu [core]3d(9.745)45(0.934)4p(0.096)
ZnCyN, Zn [core]3d(9.990)4s(1.471)4p(0.265)

and Fe. It derives from the 3d orbitals of Cr which display strong spin exchange
splitting €, [51]. The V, Cr, and Fe atoms doping the g-C;N, display ferromagnetic
states [26], while Mn exhibits an anti-ferromagnetic behavior [26, 52]. While for
Cu and Zn atoms of the TMC¢Nj clusters display the nonmagnetic states because of
the all paired d orbital structures [26]. The Cu and Zn atoms of TM-g-C;N, sheets
display nonmagnetic which has been confirmed [26]. As for the discrete spins of the
TMC¢N, isomers, it derives from the spatial arrangements of interacting magnetic
orbitals [26]. The neighboring Cq,. atoms exhibit oppositely spin polarized with
respect to the TM atoms [8].

Conclusions

In summary, the configurations, stabilities, electronic, and magnetic attributes of the
first row transition metal (TM)-substituted TMC¢N, clusters have been investigated
at the PBE level. The results display that the 3d TM atoms are inclined to replace the
N atom which approaches the N atom out of the C-N rings except for Cu and Zn. As
for the CuC¢N, and ZnC¢Nj; clusters, the N atom out of the C-N rings prefers to be
substituted. The ScC¢N-(GS), TiC{N4(GS), VC4N4(GS), CoCyN4(GS), TiC4N-(a),
and CoC¢N,(a) clusters display more structurally stabilities than the C4Ng clusters.
The ground-state 3d TMCgN; clusters exhibit more dynamic stabilities than the
CgNjg clusters except for Zn. A small amount of 4s orbital electrons of the TM atoms
is transferred to the neighbor C atoms by the net charge distribution of the TMC(N,
clusters. The V, Cr, Mn, and Fe atoms of the ground-state TMC(N; clusters display
the opposite spin to Co and Ni atoms of the ground-state TMC¢N, clusters.
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