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Abstract

Two-dimensional polyaniline (2D PANI) with structural unit C3N is an indirect
semiconductor with 0.4 eV band gap, which has attracted a lot of interest because of its
unusual electronic, optoelectronic, thermal and mechanical properties useful for various
applications. Adsorption of adatoms is an effective method to improve and tune the
properties of C3N. Using first-principles calculations we investigated the adsorption of
adatoms including H, O, S, ,F, Cl, B, C, Si, N, P, Al, Li, Na, K, Be, Mg, Ca, Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu and Zn on C3N. Depending on the adatom size and the num-
ber of valence electrons they may induce metallic, half-metallic, semiconducting and
ferromagnetic-metallic behavior. In addition, we investigate the effects of an electrical
field, charging and strain on C3N and found how the electronic and magnetic proper-

ties are modified. Semi and fully hydrogenation, are studied. From the mechanical and
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thermal stability of CsN monolayer, we found it to be a hard material which can with-
stand large strain. From our calculations we gained novel insights into the properties
of C3N demonstrating its unique electronic and magnetic properties that can be useful

for semiconducting, nanosensor and catalytic applications.

Introduction

Progress in synthesis and characterization of nanostructural of materials, have opened up
important possibilities for the research of two-dimensional materials (2DM). Graphene” as a
single layer honeycomb lattice of carbon atoms, has attracted a surge of interest due to their
unusual properties?® and numerous potential applications in various fields such as catalysis,
energy storage, optoelectronic devices, spintronics and sensors.”™ Due to the lack of a band
gap in graphene, a lot of research efforts has gone towards the investigation of how a band gap
can be artificially induced.™ ™ Recent studies have demonstrated, that adatom adsorption

o007

may open a bandgap in its electronic structure and also may lead to the emergence

of magnetism in graphene® with potential applications.?* Several computational studies
have been conducted to investigate adatom adsorption on 2D monolayers.?* 5"

2DM including hexagonal boron-nitride (h-BN), and transition metal dichalcogenides
have been extracted from layered bulk materials. These monolayer atomic structures ex-
hibit unique physical properties quite distinct from their original 3D bulk structures.®5* %
Several monolayers from group IV elements, such as silicene, germanene, and stanene, have
been synthesized.* ¥ Transition metal dichalcogenides (TMDCs) with optical adsorption in
the visible range are suitable as field effect transistors (FET), solar cells and photo-catalysis
applications.*** MXenes, a family of complex layered materials, are candidate for electrode
material for various electrochemical energy storage devices including lithium-ion, sodium-
ion batteries and supercapacitors.** In spite of the fact that 2DM hold great potential for

a wide usage of applications, it will be necessary to modulate their intrinsic properties to

transfer them into real applications. In recent years, several approaches have been developed
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to modify the electronic and magnetic properties of 2DM. These methods involve substitu-
tional doping, defect engineering, surface functionalization with adatoms, and application of
an electric field.™* From another perspective, the properties of 2DM can be modulated by
strain engineering which does not involve any complicated chemical processing.®"

Most recently, 2D polyaniline with stoichiometric formula C3N and a graphene-like struc-
ture in which nitrogen is uniformly distributed has been successfully synthesized.®? C3N is
predicted to offer a variety of applications such as solar cell devices, electrolyte gating and
doping of transistors and anode material.>* 3 The single layer C3N, was first reported to be
an indirect band-gap semiconductor and three possible planar structures were suggested. %57
It exhibits ferromagnetic order at low temperatures when doped with hydrogen atoms.® The
electronic structure of monolayer C3N is give in Refs,556:52.59

Theoretical studies showed that C3N exhibits ultrahigh stiffness and thermal conductiv-
ity."™ Furthermore, DFT calculations showed that the electronic properties of C3N can be
tuned by adatom adsorption.® ®* In this work we present an extensive analysis and consider
adsorption of 27 adatoms such as, Al, alkali metal(AM) (Li, Na, K), alkaline earth metal
(AEM) (Be, Mg and Ca) and 3d transition metal(TM) (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu
and Zn) elements, and nonmetallic adatoms such as H, B, C, N, O, F, and P on the struc-
tural, electronic and magnetic properties of C3N. Each adatom can be adsorbed at six stable
adsorption sites within a 2 x 2 supercell of C3N. We found that H, O, S, F and Cl adatoms
are adsorbed at stable To-site and B, C, Si, N, P and Cu preferentially at Bce-site, while
other adatoms at Hgoe-site. In conclusion, while C3N is a nonmagnetic semiconductor, its
band gap can be modulated through adatom adsorption. In specific cases C3N attains its
magnetic properties and becomes metallic and the adsorbed adatoms give rise to donor or
acceptor states in the band gap. In addition we investigate the effects of charging, electrical

field, strain and adatoms coverage on the properties of C3N and Ad/C3N. Some of these

properties can be useful and very promising for future applications.
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Method

We choose the OpenMX code®® for our calculations which is one of the fastest DFT codes.
It can quickly perform structural optimization of molecular structures using atomic orbital
basis (PAO) sets and pseudopotential method, which can simulate a wide range of properties
of crystals and surfaces of materials such as semiconductors, ceramics, metals and minerals.
In this paper, we performed first-principles total energy and electronic structure calcula-
tions, within the Perdew-Burke-Ernzerhof variant of the generalized gradient approximation
(PBE-GGA)® method, to deal with the exchange-correlation functionals. We used norm-
conserving pseudopotentials,”™ for carbon, nitrogen and adatoms. The wave functions are
expanded in a linear combination of multiple pseudoatomic orbitals (LCPAOs) generated by
using a confinement scheme.® In the first step, the atomic structure positions in the CsN
and Ad/C3N are optimized using OpenMX, which implements a quasi-Newton algorithm for
atomic force relaxation. The geometries were fully relaxed with force acting on each atom
less than 1 meV/ A. The K-points for sampling over the Brillouin zone (BZ) integration were
generated using the Monkhorst-Pack scheme.®™ For a primitive cell of hexagonal C3N, a K-
mesh grid of 15 x 15 x 1 was used. After the convergence tests in OpenMX, we chose cutoffs
of 250 Ry for C3N, so that the total-energies converge below 1.0 meV /atom. With these
parameters the resulting structures are found to be sufficiently relaxed to obtain various
properties in the next steps of the calculation. The charge transfer was calculated using the
Mulliken charge analysis.™

Furthermore, we used the PW basis set with QUANTUM ESPRESSO™ code, with ki-
netic energy cutoffs of 40 Ry and 320 Ry for the wave-functions and charge densities, with
convergence in the total energy below 1.0 meV /atom. All atomic positions and lattice con-
stants are optimized by using the conjugate gradient method, where the total energy and
atomic forces are minimized. The convergence for total energy difference is less than 1076
Ry between two steps, and the maximum force allowed on each atom is less than 1073

a.u. between subsequent iterations. The Brillouin zone (BZ) is sampled by K-mesh grid of
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23 x 23 x 1 for primitive unit cell and scaled according to the size of the supercells. The large
difference in the numbers of k-points in the PW and PAO basis sets is due to the different
symmetrization treatments in the programs.

In addition calculations within SIESTA code™ are performed where the eigenstates of the
Kohn-Sham Hamiltonian are expressed as linear combinations of numerical atomic orbitals.
The exchange-correlation functional of the GGA-PBE was used. A 200 Ry mesh cut-off is
chosen and the self-consistent calculations are performed with a mixing rate of 0.1. Core
electrons are replaced by norm-conserving, nonlocal Troullier-Martins pseudopotential. The
convergence criterion for the density matrix is taken as 10™* Ry. The C3N are modeled as
a periodic slab with a sufficiently large vacuum layer (20 A) in order to avoid interaction
between adjacent layers. In order to accurately describe the vdW interaction in the C3N,
we adopted the empirical correction method presented by Grimme (DFT-D2), which had
been proven reliable for describing the long-range vdW interactions.™ In order to reveal
whether the adsorbed adatoms can diffuse or migrate, we investigate the energy barriers for
the displacement of the adatoms. The barrier is estimated through the Nudged Elastic Band
(NEB) method.™ In short, the NEB method allows for the determination of a minimum
energy path (MEP) for the reaction pathway between two optimized structures by the use
of images connected by fictitious springs. Simulated scanning tunneling microscopy (STM)
images were obtained using the Tersoff-Hamann theory™ for STM images, as supplied with
OpenMX code. The STM simulated images are given for bias of +2.0 V (unoccupied states)
and were graphed using WSxM software.™ We performed molecular dynamics simulations
at 500, 1000 and 1500 K temperatures for adatom prototypes with C3N, to ensure that the

adsorbed adatom on C3N are thermodynamically stable.
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Pristine C3N

The honeycomb atomic structure of C3N is a planar lattice which contains eight atoms (6 C
and 2 N atoms) and can be regarded as a 2 x 2 supercell of graphene with two C substituted
by two N atoms, as shown in Fig. 1(a). The optimized lattice constant of C3N is 4.861 A,
which agrees well with the experimental value of 4.75 A® and the C-C(d¢¢) and C-N (dy¢)
bond lengths are, 1.404 and 1.403 A respectively, which agrees with previous theoretical
calculations.®™™™%? The total and difference charge densities are shown in Fig. 1(a). Notice
that a high charge density is found around the N atoms. The difference charge density is
calculated by subtracting the charge densities of free C and N atoms from the charge density
of C3N. The high charge density around N atoms indicate a charge transfer from C to N
atoms. The C-N bonds have covalent bond character.

Bader charge was analysis performed with the QUANTUM ESPRESSO code. Our result
shows that for Cs, each N atom gains about 0.6 electrons from the adjacent C atoms. The
charge redistributions are due to the different electro-negativities of the atoms 2.0 (C) and
3.0 (N). First-principles DFT method was used to calculate the STM image which we show
in Fig. 1(b). To produce the calculated STM image, the Kohn-Sham charge density was
integrated from the Fermi level to 2 eV below the Ep. Inset structure represents C3N
repeating unit with carbon atom (gray ball) and nitrogen atom (blue ball).

The electronic band structure, DOS and PDOS of C3N, are shown in Fig. 2(a). The
present GGA-PBE calculations demonstrate that C3N is an indirect semiconductor with 0.4
eV band gap between the valence band maximum (VBM) at I" and the conduction band min-
imum (CBM) at M point. The energy band gap value can be compared with the measured
2.67 eV by electrochemical method® and other experimental (0.39 eV) results.”® Our calcu-
lated gap value using GGA-PBE functional is in good agreement with previous results. 52575
The energy band gap between CB and VB are dominated by the orbital character of C/N-p,
states as shown in Fig. 2(a), with red and green curves near Er. Since in C3N two C atoms

are replaced by N, the p, orbital band is fully occupied by the additional two electrons. In
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addition the higher electro-negativities and smaller atomic size of N as compared with C,
result in a shorter partially covalent C-N bond. This leads to semiconducting behavior with
band gap between the p. states forming a Dirac-point, which is 2.25 eV below Ep. The
DOS and PDOS of the C3N, are similar to those of C3N presented in Fig. 2(a). In addition
the density of state (DOS) and Partial DOS were calculated using Gaussian smearing with
a width of 0.2 eV. From PDOS, we see that the VBM of C3N is dominated by the N-p,
orbitals and the Dirac-Point is formed by N-p, orbitals, whereas the CBM is prominent by
C-p, orbital states. The s-orbital states have a flat band and reflect heavy charge carriers.
The C/N-p, orbitals, open a gap in the C3N as bonding and antibonding combinations.
The DOS and band structure calculations of pristine C3N calculated with QUANTUM
ESPRESSO (plane-wave basis set)™ and SIESTA (atomic orbitals basis set),”™ are shown
in Fig. 2(b). The unit cell parameters are the same for both cases. The plane-wave basis
set takes two orders of magnitude more calculation time as compared to the atomic orbital
basis set calculation. One can see from Fig. 2(b), that C3N VB are identical and it is a
semiconductor with an indirect band gap of ~ 0.4 eV using QUANTUM ESPRESSO and

SIESTA, and is very similar to the OpenMX results.

Adatoms

Adsorption of adatoms will affect the structural, electronic and magnetic properties of pris-
tine C3N. The minimum energy or most stable sites of various adsorbed adatoms are obtained
by placing the adatom to six prefable adsorption sites at an initiaa height of ~ 2 A from
the surface of C3N as schematically illustrated in Fig. 3(a). With fully structural optimiza-
tions, where all atoms are relaxed in all directions, we determine the most stable site as the
minimum energy configuration among the six different sites. These six possible adsorption
sites are; (1) the hollow site above the center of a hexagon with six C atoms (Hee), (2) the

hollow site above the center of a hexagon composed of both C and N atoms (Hyc¢), (3) the
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bridge site above the middle of a C-C bond (Be¢e), (4) the bridge site above the middle of
a N-C bond (Byc¢), (5) the top site above a C atom (T¢), and (6) the top site above a N
atom (T) (see Fig. 3(a)). The adsorption energy is defined as F, = Ec,ny — Eag— Eaa/csn,
where Eqq/c,n is the total energy of the structure with adatom adsorption on C3N, Ec,n
is total energy of pristine C3N without adatom, and FE 44 is the total energy of an isolated
adatom in vacuum. The adatoms adsorption energy, is shown in Fig. 3(b). The variation
of structural parameters including bond length, height and buckling for different adatoms
adsorbed C3N at the stable sites, are shown in Figs. 3(c-f).

The structural, electronic and magnetic parameters of Ad/C3N at the stable adsorption
sites involving the T, Boe and Hpe sites are summarized in Table I. We present also the
corresponding structural, electronic and magnetic parameters including bond length between
adatom and its nearest atom (dac); the bond length between C-C atoms (doc¢); the bond
length between N-C atoms (dy¢); the height of adatom from the C3N plane(h); the buckling
of C3N defined by the difference between the largest and smallest Z coordinates of C atoms
in C3N (Az); the adsorption energy of adatom, (F,) and the magnetic moment per supercell
(). Electronic state is specified as metal (M), half-metal (HM) or semiconductor (SC). The
band gap of the system after adsorption (E,); the charge transfer (AQ) between adatoms
and C3N are listed in Table I. The adsorption energy at stable T¢-site, is significantly larger
with value in the range F, ~ 1.5 — 4.2¢V with smaller dac ~ 1.1-2.4 A. While at stable
Bee-site, B, C, Si, N, P and Cu adatoms, possess adsorption energies in the range ~ 1.8-3.7
eV with smaller dao ~ 1.4-2.0 A.

The adsorption energy of Al, AMs (Li, Na and K) and AEMs (Be, Mg and Ca) adatoms
at stable Hge-site, in the range of 0.037 eV-0.89 eV and have a larger d o= 2.2-3.6 A. For
TM adatoms, the adsorption energy is larger than for Al, AM, AEMs and dac ~ 2-3.5 A. In
the situation that the d ¢ is long, the E, tends to decrease and the adatoms show physical
adsorption. In contrast, when d4¢ is short, the F, tends to increase and the adatom exhibit

chemical adsorption. We found that adatom species at stable Ty and Bge sites, causes
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the C atom to move out of plane and this geometrical transformation changes the structural
parameters. The adsorption of adatom at stable Ty and B sites, can result in considerable
lattice deformations due to the relative stronger interaction between adatom and C3N. Thus
a buckling of Az ~ 0.5 A of C3N is occurs; the doe and dye with its first neighbors are
elongated to ~ 1.50 A, which compares with 1.40 A for C5N.

Now we study the effects of adatoms adsorbed to C3N at stable T¢-site on electronic
and magnetic properties by calculating band structure, DOS and PDOS (see Figs. 4(a,b).
Here the analysis of new states appearing around Ef is essential for a better insight of the
electronic band structure. We found that the energy band dispersion of pristine C3N with
adsorption of adatom at stable T¢-site is strongly modified by the adatoms. The bonding
between adatom and C3N is covalent. The energy bands below and above Er are mainly due
to the adatom orbital states and appear as localized impurity states. The shape of Dirac-
point in pristine C3N and Ad/C3N are shown in Fig. 4(a). In comparison with pristine
CsN, the shape of Dirac-point is greatly changed due to the strong disturbance of p, states
caused by the adatom. This illustrates that the interaction between adatom and C3N may
be determined by adatom p.-orbital states rather than s states. From the DOS and PDOS
shown in Fig. 4(b), we can see that the VBM of Ad/C3N is due to the hybridization of s and
pay-adatoms as well as p.-orbitals of the nearest C and N atoms. The main contribution to
VBM comes from, for example H-s, O-p,, and C and N-p, orbitals hybridization, whereas
p.-orbital of O, S adatoms does not mix with surrounding C and N states. The CBM of both
O and S is formed by hybridization of p,, with p,, . orbital states of CsN. The interaction
of adatoms with C3N induces metallic and semiconducting properties. For adatoms at stable
Te-site, the H and Cl/C3N becomes a metal and the O, S, F/C3N becomes a semiconductor
with E; ~ 60-90 meV. As they mostly provide a p-type charge carrier by moving the Ep to
the VB edge. We found that the Ad/C3N at stable T-site exhibits a nonmagnetic ground
state (see Table I).

Figs. 5(a,b) show the energy band structure with corresponding DOS and PDOS for

9
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Ad/C3N (Ad=B, C, Si, N and P). The interaction of these adatoms with C3N, eliminates
the semiconducting band gap of pristine C3N and induce metallic properties, and mostly
provide a p-type charge carrier. From the DOS and PDOS shown in Fig. 5(b), we can
see that the VBM of Ad/C;sN is due to the hybridization of s, p,, .-adatoms orbitals with
p.-orbitals of the nearest C and N atoms. The main contribution to VBM comes from;
for example B-s, B-p, and C and N-p, orbitals hybridization, whereas B-p,, and C/N-p,
orbitals does not mix. The CBM of both B and N is formed by hybridization of B-p, with
N-p. orbital states of C3N.

Next, we study the adsorption of Al, AMs (Li, Na and K) and AEMs (Be, Mg and Ca)
adatoms at stable Hpoc-site. These adatoms species are located above the hollow site above
the center of a hexagon with six C atoms of C3N at stable Hoo-site. In contrast H, O, S,
F, C, Si, N and P cause strongly distortions in the C3N structure, adsorption of Li, Na, K,
Be, Mg, Ca and Al adatoms to C3N, due to the weaker interaction between adatoms and
C3N, does not yield any significant distortion. Accordingly, calculated adsorption energies
range between 0.44 and 1.2 eV. The structure of the Ad/C3N and the structural parameters
of the adatoms adsorbed on C3N are also presented in Fig. 3(e) and Table I. The adatoms
adsorbed on C3N at Hgo-site have h=1.8-3.6 A, and the adatoms do not shift neighboring
C atoms and buckling is negligible. Among the adatoms, Na adatom binds most strongly
to C3N, which generates the shortest d c=2.25 A and the smallest h=1.83 A. It is also
found that h increases from Li to K due to the increasing atomic radius. The transfer of
charge between adatoms and the C3N is ~ 0.2-0.9 eV for Li, Na and K/C3N, respectively,
indicating an ionic bonding character between adatoms and its neighboring C atoms. The
band structure, DOS and PDOS of Ad/C3N (Ad= Li, Na, K, Be, Mg, Ca and Al) at the
stable Hoo-site are shown in Figs. 6(a,b). The adsorption of Be, Mg and Ca adatoms turns
semiconductor C3N into metallic. In the case of Be, Mg and Ca, due to the donation of
~ 0.8¢ charge from the Li, Na and K into C3N, it remains semiconductor with 0.43, 0.43

and 0.16 eV band gaps, respectively. In comparison with pristine CsN, the Li, Na and K
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adatoms result in bands concentrated mainly at the vicinity of 0.5 eV, which are formed by
the hybridization between s-orbital of adatom and C/N-p, orbital states. Each isolated Li,
Na and K has a net initial magnetic moment of 1 5, and the 1 and | spin degeneracy is not
broken upon charge transfer and therefore the Li, Na, K, Be, Mg, Ca and Al/C3N become
nonmagnetic.

From the PDOS shown in Fig. 6(b), the VBM of Ad/C3N is due to the hybridization
of C-p, orbital with the Li, Na, K, Be, Mg, Ca and Al adatoms s-orbital states around Ep.
Due to the charge transfer, Er is shifted, while p, , .-orbital of adatoms does not mix with
C states. The CBM of Ad/C3N is due to the hybridization of C-p, orbital with adatoms
Dzy,--0rbital states. For example, the CBM of Al is formed by hybridization of Al-p,, and
C-p, orbital states of C3N. Differing from Be and Mg, Ca/C3N yield Ca states around FEp.
While the VB originate mainly from the N-p, orbital states, the CB is composed of C-p,
orbitals.

For the TMs/C3N (TM=Se, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn), adsorption energies
are in the range of ~ 0.08-3 €V (see Table I). Ti and Zn have largest and smallest adsorption
energy among TMs adatoms on C3N. The Zn adatom has the largest bond length of 3.4 A.
Top and side views of the structure of TMs/C3N and the structural parameters including
dac, doe, dye, h, Az for adatoms are shown in Fig. 3(f). For TMs/C3N, the adatoms
height are also relative larger (about 2-3 A), while the buckling of C atoms is relative small.
For Ti/C3N, a charge accumulation appears in the region between Ti and the neighboring
C atoms and shows a strong covalent bonding character in the formed dr;_¢. Such strong
covalent bonding is also found in most other TMs/C3N. In addition, we also calculated the
charge transfer between TM adatom and the C3N. The corresponding results are listed in
Table I, with some degree of ionic bonding for these structures. After optimization, it is the
Fe and Co adatoms that bind to the six C with adatom height 1.5 A for both and dpe_c and
dy;_c is only 2 A. We can see that for Cu/C3N at the stable Boo-site, dac= 2 A, and the

C atoms directly below Cu adatom undergoes a notable displacement towards the opposite
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direction, resulting in a buckling of 0.369 A. However, the charge accumulation in the region
between Zn and the neighboring C atoms is less for Zn/C3N, and thus the dz,_¢ only display
slightly covalent bonding character.

The band structure of TMs adatoms at stable site with corresponding spin-polarization
DOS and PDOS, are shown in Figs. 7(a,b). Though the 3d-orbital have similar energy
values with 4s-orbital states, is partially occupied, in addition the initial magnetic moments
of isolated TMs are nonzero unless the 3d-orbital shell is completely occupied. As the 3d-
orbital are near to the nucleus, TMs with their partially occupied 3d-orbital shells are relaxed
to different stable sites on C3N and we can expect a variety of electronic properties. We can
see that in the Sc, Ti and V/C3N energy bands split into 1 and | spin channels resulting in a
ferromagnetic-metal, while the Cr/C3N, becomes a direct semiconductor with 0.44 eV band
gap. The Mn/C3N exhibit a ferromagnetic-metal for both 1 and | spin channels (see Fig.
8(a)). The hybridized sp-orbital states of C and N are shown at the CB and lower energy of
the VB (see Fig. 8(b)). For TMs adatoms, strong and weak hybridization between 3d and
the C/N-p, orbital states is found, while we found a strong as well as weak covalent bonding
character between TM adatom and CsN. The TMs adsorption induces magnetic moments
in the C3N yielding an exchange-splitting in 3d-orbital.

In the case of Ni, Cr, Zn and Cu exhibit no spin-splitting due to their nonmagnetic
ground state (see Fig. 8(b)). While the isolated Sc, Ti and V adatoms, have initial magnetic
moments of 1.0, 2.0 and 3.0 up, respectively and when on C3N exhibits a ferromagnetic-
metal with 1.1, 2.56 and 2.0 pup magnetic moments, respectively for the Sc-4s and Sc-3d
orbital states, spin-splitting can be found in the vicinity of Er of the main 3d-orbital peaks
located at the CBM zone. Metallic energy bands of the Sc/C3N originate from the Sc-d,, (1)
and C/N-p, orbital states. For Ti, the spin-splitting is slightly larger than for Sc, resulting
in strong bonding and the degeneracies of the Ti-3d orbital states are broken. Metallic state
originate from the 7% — 3d,2,2(1)/4s(1) with C and N-p,(]) orbital states. In the V/C3N,

metallic energy bands originates from the 3d,2,2(1)/4s(1) with C-p.({) and N-p.(7) orbitals,
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respectively. With adsorption of Mn, the degeneracy of 1 and | spin channels is shifted and
induce 3.56 pup and both spin states have metallic character, that originates from the 4s(?)
and 3d.2(])/3dy,-orbital at Er with 3.6 pp magnetic moment (see Fig. 7(b)).

The Fe and Co have the smallest atomic size of the considered TMs, they are the most
closely bonded one among all TM adatoms. The Fe/C3N, exhibit a dilute-magnetic semi-
conductor with an indirect band gap of 0.35 and zero eV in the 1 and | spin channels,
respectively. The bands around Fr mainly originate from the hybridization of Fe-4s(1) or-
bital. For Co/C3N, the configuration remains semiconducting with a direct band gap of ~
0.55 €V in the electron 1 spin state, whereas the | spin band shows a metallic behavior,
thus the density of T and | spin channels exhibit a spin polarization at Fr and Co/C3N
becomes a half-metal. This suggests that the charge carriers within the vicinity of Er are
mobile, which is not only useful for conductive behavior but also for magnetic coupling. The
bands around Ep mainly originate from the hybridization of dyy . »./d.2,2(])-orbitals and
the C-p,(]) orbital states. In addition, the degeneracy of 1 and | spin states are broken and
induces 2.0 and 1.0 g magnetic moments, respectively. Note that the half-metal behavior in
Co/C3N can be quite important for application in spintronics. The Ni and Zn/C3N, exhibit
a direct semiconductor with 0.46 and 0.4 eV band gaps, respectively, while the Cu/C3N,
becomes a metal. For Ni, Zn and Cu/C3N, we can see that the 4s and 3d-orbitals in the 1
and | spin states are completely occupied and there is no spin-splitting and the configuration
is nonmagnetic (see Fig. 8(b)).

In order to know the spin state arrangement on each atom, the difference spin density of
the Sc, Ti, V, Mn, Fe and Co/C3N is shown in Fig. 9(a). The blue and yellow colors show
the 1 and | spin states, respectively. The difference spin density of Sc and Ti/C3N, show
that the spin accumulates mainly around Sc and Ti adatom with its six C atom neighbors,
thus displaying ferromagnetic interaction between them. We can see, a highly localized
spin density around V and Mn/C3N and its six C atom neighbors, thus indicating an anti-

ferromagnetic interaction between them. The difference spin density of Co/C3N, shows that
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the spin accumulates mainly around Co adatom and its six C atom neighbors, thus displaying
FM interaction between them, while this is different for Fe/C3N. We can see from right panel
of Fig. 9(a), a highly localized difference spin density around Fe adatom and its six C atom
neighbors, indicating an anti-ferromagnetic interaction between them.

Adsorption of TMs adatoms on the C3N can significantly modulate the magnetic and
electronic properties. In here we analyze the spin-splitting of 3d-orbitals in the TMs/C3N
under hexagonal crystal field. The hexagon ring of C3N is made of six C atoms as a stable
Hee-site, creating hexagonal crystal field, that can trap TMs adatoms. As a result the
occupied asymmetrically d,,/d,2,2-orbital, could break the hexagonal symmetry leading to
a Jahn-Teller-type distortion,”™ which cause TMs adatoms shift toward d,,/d,z2,2 orbitals.
From Fig. 9(b), we see that the degenerate 3d-orbitals are broken into three energy levels,
which consist of two-fold degenerate d,./d,. and d,2,2/d,, with non-degenerate d,2-orbital.
Due to the repulsive effect between 3d-orbital electrons and the C-p,, orbital states, the
in-plane 3d-orbitals including d,,/d,z2,2-orbitals, have a relatively higher energy because of
facing the C-p,, orbitals, while the other orbitals are out of plane, such as d,.,d,. and
d2-orbitals that are located at lower energy.

In order to reveal whether the adatoms adsorbed on CsN can diffuse or migrate, we
investigate as an example the energy barriers for the displacement of single H, O and F
adatoms. The variation of total energy in the Ad/C3N at the symmetry points and motion
along the T — Boc — Heoe — T directions or the migration on a hexagon is shown
in Fig. 10. By using these total energy curves we obtain the energy barriers that have to be
overcome by the adsorbate in order to diffuse or migrate on the C3N surface. The minimum
energy barrier occurs at the Boo-site between two adjacent T-sites. This analysis suggests
that a diffusing adatom can take a path of minimum energy barrier following the edges of
the hexagon at one T-site to an other T-site through the barrier in the range of 1-4 eV at
Hege-site. This barrier energy is very large and does not allow adatoms to migrate on the

surface of C3N.
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Effect of charging, electric field and strain

We present here the effect of charging, electric field and strain on the properties of C3N. In
Figs. 11(a,b), the changes in the band structure and DOS with charging are shown. For ¢
= +1 e, the Fermi level shift into the VBM and creates holes, while for q = -1 e, the Fermi
level shifts into the CBM and creates electrons. Incidentally, as a result of negative charging
(q = -8 e), Dirac-point moves to the Fermi level and the VBM and CBM touch each other at
the Fermi level. The electronic band structure and DOS of the C3N as a function of electric
field, is shown in Fig. 11(c). The F= +0.1 and -0.1 V/A denotes electric field parallel and
antiparallel to the z-axis, respectively. For both F = +0.1 and -0.1 V/A, the C3N did not
yield any change in electronic state as a result of applied electrical field.

The 2DM are often put on a substrate which may induce strain. Strain engineering is an
important method to change the properties of 2DM. We investigate the effects of uniaxial
and biaxial strains in the tensile and compression states on the C3N monolayer. The tensile
and compression strain are defined as € = (“f%) x 100, where a and @y are strained and non-
strained lattice constants, respectively. The positive and negative values denotes tensile and
compression states, respectively. The uniaxial and biaxial strains are applied along zigzag
and ab-axis direction, respectively. The band structure under uniaxial strain in tensile and
compression state, are shown in Figs. 12(a,b). Under uniaxial tensile strain along zigzag
direction, C3N exhibit a metallic character when it is larger than +14%. The reason is that
the CBM at the K point shifts down and in the VBM vicinity the I' point rises up to Ep.
Interestingly, the Dirac-point (located at about -2.25 eV) will move away from the K point to
the M point. Under uniaxial compression strain along zigzag direction the structure becomes
metallic when larger than -8% and the Dirac-point will move away from the K point to the
M point. The band structure under biaxial strains are shown in Figs. 12(c,d). For biaxial
compression strain, we can see from Fig. 12(c) that C3N transforms into a metal if the
amount of compression strain is larger than -8%. This differs from the case of biaxial tensile

strain where semiconducting behavior is found up to +14%. Fig. 12(e), shows the variation
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of energy band gap with strain. The energy band with increase of uniaxial strain, decreases
to zero gap for compression strain of -8%, and becomes metallic for tensile strain of +14%.
In addition, the band gap increases from 0.4 eV as biaxial tensile strain is applied to C3N
and the energy band gap increases with biaxial compression and becomes metal at -8%.

The effect of charging, electric field and strain on the electronic and magnetic properties
of the Ti, Mn and Fe/C3N are here discussed. We show the calculated variation of the
magnetic moment with charging in the case of ¢ = +1 e (when one electron is removed) and
q = -1 e (when one electron is added). The variations of the calculated magnetic moment of
the Ti, Mn and Fe/C3N as a function of charging, is shown in the lower insets of Fig. 13(a).
Our results show that the Ti/C3sN becomes spin-polarized with 2.58 pp and the magnetic
moment increases to 2.6 up at @ = +1 e and remains a ferromagnetic-metal, whereas for
excess electronic charge of q = -1 e, the magnetic moment increases to 2.95 g and it become
a ferromagnetic-half metal (see Fig. 13(b)). Namely it is metal for one spin channel, but a
semiconductor for the opposite spin channel. This material transports electrons only in one
spin channel and can function as a spin valve. The Mn/C3N is a ferromagnetic-metal with
3.47 pp and reach 2.62 pup, when 1 electron is removed (q = +1 e) from the Mn/C3N and
it remains metal. Under excess electronic charge a reverse situation is observed, where the
magnetic moment decreases to 4 upg for ¢ = -1 e and C3N becomes a semiconductor. For
Fe/C3N, which is a semiconductor with 2 pp in neutral state, magnetic moment decreases
to 0.11 up (at ¢ = +1 e) and 1.51 pp (at ¢ = -1 e) and becomes metal. The variation of
magnetic moment is due to the accommodation of different electronic charges of TMs 3d
-orbital states for different values of q.

The variation of magnetic moment for Ti, Mn and Fe adatoms as a function of electric
field is now investigated (see Figs. 14(a,b)). F= 40.1 and -0.1 V/A which denotes electric
field parallel and antiparallel to the z-axis, respectively. The applied electric field effects on
the electronic and magnetic properties are significant and cause spin polarizations of Ti, Mn

and Fe/C3N. In the case of Ti/C3N, magnetic moments decreases to 2.37 up with F = +0.1
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V/A, and increases to 2.74 pp for F=-0.1 V/A. In both cases it remains a metal. For F
= 4+0.1V/ A, the charge on the Ti decreases with increasing F and Ti/C3N remains metal
and with F =-0.1V/ A, the charge of Ti enhances with increasing of F and excess electronic
charge on the Ti adatom is transferred from C atoms. The magnetic moment of Mn/C3N
decreases to 3.33 up (at F = +0.1 V/A), and increases to 3.62 ug (at F = -0.1 V/A).
Now, the strain effect on the electronic and magnetic properties of the TMs/C3N are
investigated. The band structure under uniaxial tensile and compression strain for Mn
and Fe/C3N are shown in Figs. 15(a,b). The range of uniaxial strain is from —8% to
+8%. We see, that Mn/C3N is initially a ferromagnetic-metal but becomes half-metal under
compression larger than -8%, while with increasing tensile strain, the structure preserves
ferromagnetic-metallic character. The Fe/C3N is a dilute-magnetic semiconductor, and we
can see that C3N transforms into a half-metal if the amount of compression strain is larger
than -8%, while Fe/C3N, keeps its dilute-magnetic semiconducting character with increasing
strain to +8% (see Fig. 15(b)). Fig. 15(c) shows the variation of the energy band gap of
Fe/C3N with strain. The band gap decreases with increase of uniaxial strain and becomes
zero for compression, and remains semiconductor with increasing tensile strain but the band
gap decreases for both 1T and | spin channels. The variation of magnetic moment of Mn
and Fe/C3N as a function of uniaxial strain, is shown in Fig. 15(d). For Mn/C3N, mag-
netic moment decreases from 3.5 pp to 3 up with tensile strain of +8%, and increases to
larger than 3.7 pup with increasing compression strain. The magnetic moment of Fe/C3N is
approximately constant in the range of —8% to +8%. For Ti/C3N the magnetic moment
is approximately constant in the range of 0% to —8% and decreases in the range of 0% to

+8%.
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Adatom coverage dependence

The electronic properties of CsN strongly depend on the adatom coverage and the exact
pattern of coverage. As an example we consider the electronic structure corresponding to H
and B atoms adsorbed at different stable Ti-sites of the C3N with 1H/1B (3.1%), 2H/2B
(6.2%), 3H/3B (9.3%) and 4H/4B (12.5%) adatom coverages per computational unit cell
(see Figs. 16(a,b)). We found that H and B coverage alter the atomic structure of C3N as
compared with that of pristine C3N. In the case of 1H and 1B/C3N (3.1%), nearest C atom
moves in the upward direction. As the H and B adsorbed ratio increases to two (7.14%),
the surface distortion becomes more apparent and the bond length is changed significantly.
With further increase of H and B coverage, a similar behavior is observed with more distorted
surface geometry. Our results show that the H and B adatoms adsorption cause a strong
structural distortion and this may result in a modification of the electronic structure. The
1H and 1B/C3N, displays a metallic behavior unlike pristine C3N. As the H and B coverage
increases to 7.14%, metallic behavior increasingly appears and we found a metallic state.
Further increase of H coverage to 9.3% and 12.5%, we still obtain metallic behavior. Our
results shows that the electronic structure of C3N is significantly affected by H and B atoms
coverages.

In the following, we investigate the structural and electronic properties of the semi and full
coverage of C3N with H atom in chair-like conformation. Hereafter, the semi-hydrogenated
CsN and fully-hydrogenated CsN, will be labeled with SH and FH-C3N abbreviations, re-
spectively. The optimized structures and corresponding structural parameters such as lattice
constant, the bond lengths between C-H, N-C and C-C and buckling parameter for semi and
fully hydrogenated-C3N, are shown in Figs. 17(a,c). For C3N, the lattice constant and
the bond length between C-H, N-C and C-C are slightly enhanced upon semi and fully hy-
drogenation. My results show that H atom are adsorbed on C atom with bonds arranged
approximately normal to the C3N surface. In general, the C-C ad C-N bond lengths without

hydrognation is smaller than that between the C and N atoms with one or both C and N
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atoms bonded with H atoms (C-Cy or Cy-Cy). Notice that SH- and FH-C3N have slightly
enlarges lattice constant from 4.861 in pristine C3N, to 5.080 and 5.313 A, respectively. The
increase in the lattice parameter is due to the increase in the bond length, which is increased
from 1.4 to 1.5 (for SH-C3N) and 1.6 A (for FH-C3N). For chair-like SH-C3N, CyH bond
length is 1.147 A and bond angle between C'y-N-C'y, N-Cy-C and C-C'yC are 105, 113 and
115°, respectively. The values of buckling for SH and FH-C3N are 0.114 A and 0.244 A,
respectively. The difference charge density are shown in Figs. 17(a,c), with high charge
density around C and N atoms. The high charge density around C bonded to H and N
atoms projected toward the C-N and C-H bonds indicate charge transfer from C to N and
H atoms.

In order to understand the effects of SH, SF-C3N, we investigate the energy band struc-
tures, DOS and PDOS. The electronic structure with corresponding DOS and PDOS of semi
and fully hydrogenated-C3N are shown in Figs. 17(b,d). Our result shows that SH-C3N is
metallic, while FH-C3N is an insulator with 4.8 eV band gap. From DOS and PDOS in Figs.
17(b,d), we can see that the metallic behavior, mainly comes from the H and N atomic or-
bitals. The band gap in FH-C3N comes from the C-p, orbital which lowers in energy and the
nature of hydrogenation determines the lowering. In SH-C3N, all the H atoms are held at one
side, which naturally results in a repulsion among the H atoms that results in a shift of most
C-p, orbital type band. This further causes the crystal to expand. It becomes evident from
comparison that in case of FH-C3N, the C-p, and H-s orbitals are shifted toward Er. In fact,
the contribution from C-p, orbital is almost as large as that of H-s orbital. The difference
charge density are presented in the lower insets of Figs. 17(a,c). Notice, there is a charge
accumulation in the region between the H atom and the neighboring C atoms, resulting in
a strong H-C covalent bond. The electronic structure of C3N is modified by adsorption of
two H on two-sided of C3N. We found that the energy band dispersion is strongly disturbed,
thus the bonding type between H and C3N is covalent.

The optimized atomic structures, band structures and DOS for adsorption of two H atoms
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on two-sided C3N are shown in Fig. 18(a). After relaxation, the C-C'y-N bond angle is 110°.
The bond length between H and its C atoms is 1.118 A. We see from Fig. 18(a), that the
C atoms directly below H atom undergoes a notable shifting towards the opposite direction,
thus finally resulting in buckling of 0.650 A. The interaction of 2H on two-sided C5N, induce

metallic property and shows a nonmagnetic ground state.

Vacancy

Next, we consider one H atom vacancy (1H-vacancy) from single-sided FH-C3N. The opti-
mized atomic structure of 1H-vacancy in FH-C3N is shown in Fig. 18(b). Each 1H-vacancy
can be created by removing H atoms from single side, leading to a half-filled sp?-like orbital
on the C3N surface whereas the band gap decrease by the vacancy defect states that are
located around Fr. Here it is worth to note that each 1H-vacancy induce a local magnetic
moment of 1 pp, as shown in Fig. 18(b). Upon desorption of a single H atom, local bonding
through sp® bonding orbital is re-transformed into planar sp® bonding and perpendicular
p.-orbitals. At the vacancy site one electron accommodated by the dangling p.-orbital be-
comes unpaired and hence induce a 1 pp magnetic moment. We can see from Fig. 18(b),
that FH-C3N becomes an insulator with 4.8 eV band gap and attains permanent magnetic
moment in the presence of 1H-vacancy. The magnetic properties with magnetic moments on

C3N are useful for future data storage and spintronics applications.

Summary and conclusions

In summary, based on first-principles calculations, we investigated the structural, electronic
and magnetic properties of a novel 2D material, with stoichiometry CsN that has been re-
cently synthesized from carbonized organic single crystals. The C3N is an indirect band-gap
semiconductor. This study highlights that the adatom adsorption to C3N is a favorable

approach to modulate its properties which may have significant importance because of its

20

ACS Paragon Plus Environment

Page 20 of 51



Page 21 of 51

oNOYTULT D WN =

The Journal of Physical Chemistry

basic relevance to applications in catalysis, batteries and nanoelectronics. These results will
be very useful for theoretical and experimental studies that are considering the use of atoms
and molecules as building blocks for making new nano devices. We investigated system-
atically the interaction between 27 different adatoms and the C3N honeycomb structure.
These adatoms lead to considerable modifications in the electronic structure, when the re-
lated adsorption energy is significant. Under these conditions, the band gap of C3N can be
reduced and the system becomes metal or semiconductor. We presented here the effect of
charging, electric field and strain on the electronic and magnetic properties of C3N and Ti,
Mn and Fe/C3N. Our results show that the band gap and magnetic moment considerable
changes with charging, applied electric field and strain. In this way it is possible to tune the
electronic and magnetic properties.

We predict that C3N can withstand a strain of +19, +15% for uniaxial strain along zigzag
or armchair directions, and +15% for biaxial strain along ab-axis. It is found that C3N is
destroyed through the breaking of the C-N bonds, which suggests that C-C bonds in C3N
are stronger than the C-N bonds.

From pristine C3N with semi-hydrogenated and then to fully-hydrogenated, C3N changes
from semiconductor to metal and then to insulator. The functionalization provides a novel
approach to tune the properties of C3N. Our calculations show that adsorption of adatoms on
CsN provides viable electronic and magnetic properties which can be useful in a diversity of
future applications including, solar cells, photocatalysis, sensors, nanoelectronics and nano-
magnetics devices. Moreover the existence of a tunable band gap in C3N is highly desirable

for its use in nanoscale optoelectronic device applications.
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Table 1: The structural, electronic and magnetic parameters of Ad/CsN at the stable ad-
sorption sites T, Boe and Hoe shown in Fig. 3(a). The corresponding structural, electronic
and magnetic parameters including bond length between adatom and its nearest atom (dac);
the bond length between C-C atoms (de¢); the bond length between N-C atoms (dy¢); the
height of adatom from the C3N plane(h); the buckling of C3N defined by the difference
between the largest and smallest z coordinates of C atoms in C3N (Az); the adsorption
energy of adatom, (F,); the magnetic moment per supercell (1). Electronic states are spec-
ified as metal (M), half-metal (HM) or semiconductor (SC). The band gap the system after
adsorption (E,); the charge transfer (AQ) between adatoms and C3N are also listed.

adatom | Site | E, (eV) [ dac (A) [h (A) [ dye (A) [dec (A) [ Az (A) [ AQ () | Miuw(ug) | E, (eV)
H Te | 1.801 | 1121 | 1.597 | 1.503 1495 | 0.509 | 0.02 0 M
0 Te | 4.22 1.305 | 1.937 | 1.569 1.522 | 0.640 | -1.98 0 M
S Te | 2654 | 1.809 |2.322| 1.506 1.496 | 0.517 | -0.73 0 M
F Te | 3297 | 1.530 | 1.948 | 1.452 1469 | 0439 | -0.95 0 M
Cl To | 1.685 | 2485 | 2559 | 1.410 1.422 | 0.083 | -0.37 0 M
B Boe | 1.846 | 1.644 | 1.904 | 1.460 1.537 | 0464 | -1.15 0 M
C Bee | 3756 | 1.522 | 1781 | 1.444 1.522 | 0.469 | +0.23 0 M
Si | Boo | 2054 | 2.006 |2.339| 1.470 1.498 | 0479 | +1.13 0 M
N | Boe | 3575 | 1430 | 1.690 | 1.497 1461 | 0469 | -1.24 0 M
P Bee | 1.836 | 1.895 | 2230 | 1481 1491 | 0493 | +1.46 0 M
Li | Hee| 0837 | 2254 | 1.834 | 1.396 1417 | 0.059 | +0.95 0 M
Na | Hoo| 0.89 2.927 | 2.597 | 1.400 1.409 | 0.031 | +0.88 0 M
K | Heel| 071 3.074 | 2737 | 1.401 1.409 | 0.004 | +0.74 0 M
Be | Hee| 044 3.476 | 3.153 | 1.403 1.402 | -0.027 | +0.01 0 SC(0.43)
Mg | Hoe | 0.037 | 3.650 |3.309 | 1.404 1.402 | -0.061 | +0.23 0 SC(0.43)
Ca | Hoo| 0.44 2774 | 2.384 | 1.402 1.385 | -0.008 | +0.92 0 M
Al | Hoe | 1219 | 2596 | 2227 | 1.391 1.391 | 0.052 | +1.34 0 SC(0.16)
Sc | Hoe| 1551 | 2297 | 1.961 | 1.418 1442 | 0.156 | +1.12 1.10 M
Ti | Hoe| 3137 | 2267 | 1.778 | 1.403 1415 | 0.007 | +0.98 2.56 M
V| Hoe| 2136 | 2159 | 1.627 | 1.407 1412 | -0.005 | +0.99 1.97 M
Cr | Hoo | 1.201 | 2.074 | 1.459 | 1.408 1.416 | -0.093 | +0.76 0.00 | SC(0.44)
Mn | Hoe | 1714 | 2.092 | 1.599 | 1.405 1413 | 0.058 | 1+0.55 3.50 M
Fe | Hoo| 2647 | 2.042 | 1489 | 1.406 1417 | 0.020 | +0.73 2.00 | SC(0.35)
Co | Hoo| 2790 | 2050 | 1.485 | 1.406 1.419 | 0.008 | +0.64 1 HM
Ni | Hoe | 1.808 | 2.090 | 1.616 | 1.407 1.422 | 0.085 | +0.59 0.00 | SC(0.46)
Cu | Boe | 0457 | 2.082 | 2450 | 1.449 1457 | 0.369 | +0.05 0.09 M
Zn | Hee | 0079 | 3.427 | 3.085 | 1.404 1.402 | -0.042 | +0.03 0.00 | SC(0.4)
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Side view

Figure 1: (a) The optimized atomic structure of C3N, with its hexagonal primitive unit cell,
23 indicated by a red parallelogram. The blue (brown) dots are N (C) atoms. The total and
24 difference charge density isosurfaces are also shown in the same panel. (b) Simulated STM
25 image of C3N structure. Inset structure represents CsN repeating unit cell.
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Figure 2: (a) Electronic band structure of C3N with corresponding DOS and PDOS on C
and N atoms. The zero of energy is set to the Fermi level (Er). (b) The DOS and band
structure (insets) of C3N calculated with OpenMX, QUANTUM ESPRESSO and SIESTA

codes.
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Figure 3: (a) Schematic view of possible adsorption sites of adatoms on C3N. (b) Adsorption
energy of different atoms on C3N. (c-f) Variation of structural parameters including bond
lengths, height and buckling for different adatoms adsorbed on C3N at the stable sites.
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Figure 6: (a) Electronic band structure with corresponding (b) DOS and PDOS of adsorbed
Li, Na, K, Be, Mg, Ca and Al adatoms at stable Hgc-site. The zero of energy is set to EF,
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44 Figure 7: (a) Electronic band structure with corresponding (b) DOS and PDOS of adsorbed

Sc, Ti, V, Cr and Mn adatoms at stable Hoc-site. The zero of energy is set to Er, shown
47 by the green dash-point line.
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Figure 8: (a) Electronic band structure with corresponding (b) DOS and PDOS of adsorbed
Fe, Co, Ni, Cu and Zn adatoms at stable site. The zero of energy is set to Er, shown by the
green dash-point line.
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42 blue and yellow colors show the 1 and | spin states, respectively. (b) Magnetic moment of
43 Ad/C3N. The energy scheme of 3d-orbital spin-splitting under hexagonal crystal field (top
figure).
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Figure 10: Variation of total energy in the H, O and F adsorbed C3N at the symmetry points
and motion along the T — Boe —> Hoe — Te directions as shown in the insets.
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35 Figure 11: Electronic band structure and DOS of C3N as a function of (a,b) charging and
36 (c) electric field. The q= +1 e and q= -1 e, corresponds to charging where one electron
37 is removed from and added to the C3N, respectively. The F= +0.1 and -0.1 V/A denotes
38 parallel and antiparallel to the z-axis, respectively. The zero of energy is set to Er, shown
by the green dash-point line.
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Figure 12: Electronic band structure of C3N as a function of (a,b) uniaxial strains along
zigzag directions and (c,d) biaxial strains The different colored curves correspond with dif-
ferent strengths of strain as indicated on the curves of the insets. The uniaxial and biaxial
strain applied on C3N along ab-axis, are shown at top right. (e) The band gap as a func-

tion of uniaxial and biaxial strains.
dash-point line.
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Figure 13: (a) Band structure with DOS and (b) PDOS for Ti, Mn and Fe adsorbed C3N
as a function of charging. The q= +1 e (q= -1 e), corresponds to the charging where one

electron is removed (added) to C3N.
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Figure 14: (a) Band structure with corresponding DOS and (b) PDOS for Ti, Mn and Fe
adsorbed C3N as a function of electric field (F). The F= +0.1 and -0.1 V/A denotes parallel
and antiparallel to the z-axis, respectively. The zero of energy is set to Fr, shown by the
green dash-point line.
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Figure 15: (a,b) Electronic band structure of Mn and Fe adsorbed C3N as a function of
uniaxial strain. (c) Variation of band gap as a function of uniaxial strain for Fe/C3N. (d)
Variation of magnetic moment for the Ti, Mn and Fe/C3N as a function of uniaxial strain.
The zero of energy is set to Er, shown by the green dash-point line.
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Figure 16: (a,b) Band structure with corresponding DOS of (a) H and (b) B atoms coverage.
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Figure 17: Top and side view of optimized structures, band structure with corresponding
DOS and PDOS of the chair-like conformation, (a,b) Semi-hydrogenated C3N and (c,d)
Fully-hydrogenated C3N. The zero of energy is set to Er, shown by the green dash-point
line. The difference charge density is shown in panels (a) and (¢) at bottom-right. The blue
and yellow regions represent charge accumulation and depletion, respectively.
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