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ARTICLE INFO ABSTRACT

The authors dedicate this article to the memory
of Prof. Alexander A. Kuzubov.

First-row transition metal (TM) atoms adsorption and migration on nanoporus 2D materials like bigraphene with
double vacancies and g-C3Nj, as the active sites for TM nanocluster’s growth was studied within the framework of
density functional theory. Both thermodynamic and kinetic aspects of composite synthesis were discussed. It was

Keywords: found that potential barriers of adatom’s migration from bigraphene’s outer surface to the interlayer space
Bigraphene through the double vacancy are rather low values. High potential barriers of TM migration along the carbon
8-CaN4 plane prevents TM clusterization due to enhanced chemical activity of double vacancies which gives a possibility
Transition metal .

Adsorption to capture the surface adatoms. As was shown for the monolayer graphene, the decrease of vacancies con-
Migralt)ion centration reduces the barrier of adatom migration along the surface while the second graphene sheet in bi-

graphene stabilizes the structure. The behavior of TM-atom regarding g-CN, and g-CN; nanosheets was in-
vestigated. Potential energy surfaces were obtained and discussed. The migration barriers were found
surmountable that means high probability of migration of TM adatoms to global minima and formation of TM
vacancies. Comparison of barriers values with Boltzmann factor demonstrated that just standalone temperature
fluctuations cannot initiate structural transitions. The properties of designed structures can be of interest of
catalysts and biosensors for biomedical applications.

1. Introduction

Graphene is known to be one of the most promising nanomaterials.
Being one-atom-thick, it can be used in various electrochemical and
photovoltaic applications, e.g. fuel cells or solar cells etc. [1]. Besides
that, graphene possesses incredible conductivity and high surface area.

A number of experimental [1] theoretical [2-4] works are devoted
to the investigation of the impurity effects on graphene’s electronic
structure and spin properties. Transition metal (TM) atoms which can
be effectively adsorbed on graphene, have strong binding energy and
can be applied for the substrate-based graphene systems [5]. Transition
metal (TM) atoms primarily form covalent bonds with graphene atoms
via strong hybridization between the adatom d orbitals and the sp or-
bitals of the graphene substrate, and charge transfer to graphene [6],
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particularly with atoms adsorbed on its vacancy sites [1,7,8]. The
presence of vacancies increases the reactivity of carbon structure and
allows sorprion of adatoms on graphene sheet. Transition metal atoms
form covalent bonds with carbon atoms in the vicinity of the vacancies
[9].

In order to estimate the lability of these structures, one has to know
the height of potential barriers for TM adatoms migration along the
surface. According to the results obtained by Krasheninnikov et al. [10],
a perfect graphene sheet doesn’t tend to form strong bonds with metal
atoms. For instance, first-row transition metals like Ti, Co, Fe, Cr and
Mn demonstrate energies of bonding with graphene surface lying in the
range of (—0.2-1.5 eV). Along with that, the height of migration po-
tential barriers (0.2-0.8 eV) witness a high movability of metal adatoms
deposited on carbon surface.
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Since vacancies are considered as the most favorable sites for metal
atoms adsorption, one may be interested if vacancy-adsorbed atoms can
leave the initial adsorption sites as easy as atoms adsorbed on perfect
graphene sheet. Migration barriers calculated for single vacancy-ad-
sorbed Au, Pt, Fe, Co and Ni were found to be relatively high and equal
to 2.1, 3.1, 3.6, 3.2 and 3.1 eV, respectively [10], in a good agreement
with experimental data (2.4 and 2.6 for Au and Pt, respectively) [9].
One could expect migration barriers of the same magnitude for other
transition metal atoms as well.

Migration barrier calculated for Au atom adsorbed on the graphene
double vacancy (5 eV) [10] also agrees well with experimental values
[11]. Thus, in contrast to the ones adsorbed on a perfect graphene
sheet, vacancy-adsorbed TM atoms are not likely to move along the
surface at room temperature.

Previous study [12] demonstrated a possibility of TM atoms
(TM = Cr, Fe, Mn, Ti and V) to be adsorbed on the outer surface of
bigraphene and enter the interlayer space through the single vacancy.
Height of calculated potential barriers between these two possible ad-
sorption sites implies that such migration may occur at temperatures
above 1000 K. This model can be used to describe the TM clusters
formation on graphite thin flakes.

Double vacancies can be formed by migration and recombination of
single vacancies at 3000 K [13]. Molecular dynamics simulations of
vacancy behavior in graphene demonstrated [14] that the double va-
cancy is basically the 5-8-5 defect consisting of two pentagons and one
octagon between them. Such 5-8-5 vacancy is extremely stable and
doesn’t undergo any structural changes up to 90 ps at 3000 K. It can be
further transformed to 555-777 defect (three pentagons and three
heptagons) by increasing temperature up to 3800 K [15].

A graphitic carbon nitride (g-C3N,4), being structurally analogous to
defected grapheme [16] and recently predicted to possess challenging
electronic properties [17], now gains significant attention as a pro-
mising material for various applications in electronic devices [18-22].
There are two polymorphs of g-C3N,, namely, g-CN; constructed from
triazine and g-CN, constructed from tri-s-triazine (heptazine) mono-
mers, respectively [23]. Unlike most organic compounds, g-C3Ny is
chemically and thermally stable [18,24-26]. It’s water insoluble and
can be synthesized using different techniques like CVD, PVD, sol-
vothermal method etc [27]. The valence band of g-C3N, is formed by
the lone electron pair of nitrogen and m-bonding system so it could be
tuned by changing chemical environment. Recently, g-C3N,4 nanosheets
doped by metal ions have been synthesized and catalytic efficiency of
such nanostructures was examined [28]. It was found that catalytic
efficiency could be ascribed to the band gap reduction, decrement of
charge carrier recombination and the peroxymonosulfate (PMS) acti-
vation. Unfortunately, no attention was paid to the process of doping
and migration barriers estimation [29,30].

This paper is aimed to describe the features of the first-row transi-
tion metal atoms adsorption and migration on bigraphene with double
vacancy and g-C3N4 as the models for experimentally observed condi-
tions of TM nanocluster’s growth. Metallic clusters formation opens
opportunities of using such material in catalysis and medicine as bio-
sensor. This fact determines the importance of shading the light on the
features of cluster formation. The results for bigraphene double vacancy
are also compared with those for the bigraphene’s single vacancy and
graphene monolayer. To determine the role of bigraphene’s second
graphene layer in TM migration, structure calculations for TM migra-
tion through the single vacancy in single graphene layer.

2. Computational methods

All calculations were performed using Vienna Ab-initio Simulation
Package (VASP) [31-33] within the DFT framework [34,35]. Plane
wave basis set with projector augmented wave (PAW) method [36,37],
GGA-PBE functional and Grimme correction for van-der-Waals inter-
action [38] were implemented. Single point calculations for bond

Applied Surface Science 540 (2021) 148223

nature analysis was made at GGA/PBEO level of theory. Nudged elastic
band (NEB) method was used for minimum energy path calculation of
TM atom migration from outer surface to the inner space [39]. Mon-
khorst-Pack Brillouin zone k-point sampling was implemented, and the
k-point mesh contained 12 X 12 x 1 k-points along a, b and c direc-
tions for the bigraphene and g-C3Ny4 unit cells, and 3 x 3 x 1 k-points
for the corresponding supercells, respectively. A vacuum interval of
20 A was set normal to the plane to avoid artificial interactions between
adjacent images. The cutoff energy was equal to 400 eV. Maximum
force acting on atoms being less than 0.001 eV/A was used as a stopping
criterion for structural optimizations.

The unit cell optimization was performed first for defectless bi-
graphene hexagonal cell (a = b = 2.45 A, ¢ = 20.00 A) and then for
bigraphene sheet with a double vacancy using 5 x 5 x 1 supercell. For
further calculations of the migration barriers through the double va-
cancy the 3d metal atoms Mn and Ti were chosen. Since Mn and Ti
atoms possess the smallest (2.94 and 3.78 eV, respectively) and the
largest (5.82 and 6.60 eV, respectively) values of the migration barriers
through the single vacancy amongst other 3d metal atoms [12] (see
Section 3.2 for notations), they were considered in the study. Both outer
surface and interlayer space were considered in order to estimate the
migration barriers between two adsorption sites. The electronic struc-
ture calculations for TM migration through the monovacancy in single
graphene layer were performed in order to shed the light on the role of
bigraphene’s second graphene layer in TM migration. In order to esti-
mate the effect of concentration of the vacancies on the barrier height,
two different supercells were considered: The first one had the same
size as for bigraphene (5 X 5 x 1), and the second was four times
bigger (10 x 10 X 1).

Two different isomers were considered for structural optimization of
C3Ny4: g-CN; based on triazine and g-CN, based on heptazine (g-CNy)
[23]. TM/g-CN; and TM/g-CN, hybrid structures were then designed
by filing each single vacancy of g-CN; and g-CN, with transition metal
atom (TM = Mn, Fe) exactly inside the pore (plane) or atop the pore
(out-of-plane). Two additional positions, namely, TM-ion atop the
aromatic ring of CN; sheet (aromatic) and TM-ion placed in asymmetric
position (asymmetric) (were also introduced) in order to describe the
migration pathway along the surface (see Fig. 10).

3. Results and discussion
3.1. Model structures for TM adsorption

The unit cell optimization was performed for defectless bigraphene
hexagonal cell (a = b = 2.45 A, ¢ = 20.00 A) as well as for bigraphene
sheet with a double vacancy using 5 x 5 x 1 supercell. Fig. 1 illustrates
the optimized structure of double vacancy introduced in one graphene
layer of bigraphene supercell. The 5-8-5 defect was formed during the
geometry optimization process.

Fig. 1. Bigraphene with double vacancy after optimization, 5-8-5 defect is
formed. Carbon atoms of upper and lower graphene layers are denoted as or-
ange and purple balls, respectively.
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Fig. 2. Atomic structure of (a) g-CN; and (b) g-CN,. The unit cells are indicated by the parallelograms. Carbon atoms are depicted in brown and nitrogen atoms are

depicted in grey.

Table 1
Structural parameters of g-CN; and g-CNa.

a, A (GGA/PBE) a, A (experiment)

4.789
7.102

4.742
7.113

g-CN;
g-CNz

Fig. 2 demonstrates the results of free-standing g-CN; and g-CN,
geometry optimization. Corresponding unit cell parameters are pre-
sented in Table 1 and display good agreement with experimental data
[25]: the divergences with the experimental XRD data are equal to 1%
for g-CN; and 0.15% for g-CN».

3.2. TM atoms adsorption on double vacancy in bigraphene

Since Mn and Ti atoms possess the smallest (2.94 and 3.78 eV, re-
spectively) and the largest (5.82 and 6.60 eV, respectively) values of the
migration barriers through the single vacancy amongst other 3d metal
atoms [12] (see Section 3.2 for notations), they were chosen for further
calculations. Binding energies and structural parameters of Mn and Ti
atoms adsorbed on single and double vacancies in bigraphene are
summarized in Table 2. Likewise the previous study [12], both outer
surface and interlayer space were considered in order to estimate the
migration barriers between two adsorption sites.

The Fig. 3 presents the 5 x 5 X 1 supercell of bigraphene
(a =b = 245 10\, ¢ = 20.00 ./°\) with single vacancy and adsorbed
transition metal. It demonstrates structural features of the system under
consideration. Here, D; is the distance between the transition metal and
the nearest atomic carbon atom at the site of vacancies while indicates
the distance between the transition metal and the carbon plane below
the metal. Binding energies of TM atoms with bigraphene sheet notably
decreased comparing to the case of single vacancy adsorption which
can be attributed to larger metal to carbon atoms due to the size of
double vacancy (see Table 2). When TM is adsorbed on the double
vacancy from outside of the carbon surface, the metal is attracted closer
than in the case of monovacancy due to the stronger binding of TM to

Table 2

the double vacancies. Therefore, the distance D, (the distance between
the transitional metal and the pore) for monovacancies is almost twice
as much as for double vacancies. On the contrary, when the metal is
embedded into the vacancy, i.e. in the interlayer space, the metal atom
moves away from the carbon surface. Hence, the distance D, for the
interlayer space is larger than D, for bilayer graphene on the surface.
This can be explained by the influence of the second layer of graphene
which will attract TM, thereby increasing the distance.

Fig. 4 shows spatial spin density distribution in bigraphene with
double vacancy filled by Mn adatom. Manganese atom demonstrates
positive magnetic moment due to unpaired d-electrons, and four
nearest carbon atoms gain negative spin polarization giving the net
magnetic moment of 3 pg for both inner- and outer-sorbed Mn. No spin
polarization was observed for Ti-based structure.

3.3. Migration pathways of TM atoms in the vicinity of double vacancy

Potential barriers of TM atoms migration through the double va-
cancy (see Fig. 5) are summarized in Table 3. As can be seen, TM atoms
can move through the double vacancy much easier than through the
single one [12]. For example, the Mn atom moves through a double
vacancy from the surface to the interlayer space with a barrier of
0.38 eV in contrast to 2.94 eV barrier in case of single one vacancy. This
can be attributed to the increased volume of the vacancy with respect to
the surface area as well as the decreased binding energies with bi-
graphene surface: The higher the binding energy, the less the mobility
of adsorbed atom. Migration equilibrium is shifted to formation of
inner-sorbed complex for both Mn and Ti, in agreement with the data
regarding single vacancy [11].

In order to estimate the stability of the TM/bigraphene complexes,
the migration pathways of TM atoms out of the vacancy along the
surface were simulated (Fig. 6). A TM atom can either go in or out of the
vacancy by relocating between several sites schematically denoted in
Fig. 6 as 1, 2, 3 and 4. The starting position for the metal atom is the
center of the vacancy denoted as position 1. It then starts moving to the
corner, e.g. position 2. Approaching position 3 or 4 requires leaving the
vacancy and binding to the neighboring hexagons of the carbon surface.

Binding energies and structural parameters for Ti and Mn atoms adsorbed on single and double bigraphene vacancies.

™ Property Double vacancy Single vacancy
Inner sorption Outer sorption Inner sorption Outer sorption
Ti Binding energy, eV -1.99 -1.17 —3.25 [12] —2.61 [12]
TM-C shortest distance (D,), A 2.09 2.05 2.01 1.98
Distance to the carbon plane (D,), A 0.89 0.82 1.61 1.53
Mn Binding energy, eV —0.83 —0.47 —2.93 [12] —2.18 [12]
TM-C shortest distance (D,), A 1.99 1.97 1.83 1.80
Distance to the carbon plane (D,), A 0.68 0.56 1.29 1.22
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The results of potential energy surface scanning performed by applying
NEB method to each transition are presented in Table 4.

The transition of metal atom from position 1, to position 2 has the
maximum height of potential barrier both for monovacancy and double
vacancy (Table 3). The more TM-carbon bonds are formed, the more
stable the structure is. When moving to the position 2, TM atom loses
one bond with carbon while others deform and become weaker. How-
ever, 1-2 transition has lower barrier for double vacancy than for the
single one (Table 4). This fact may be explained in terms of structure
stabilization via forming 5-8-5 defect with TM atom inside which is not
possible when large TM atom adopts the position 1 (Fig. 7). Fig. 7
shows the change in the length of C-C bonds due to the migration of the
transition metal atom along the surface.

Next, the TM atom can move to either position 3 or 4 (2-3 and 2-4
transitions in Fig. 6b). For both pathways the potential barriers are
lower than the 1-2 one but still considerably high (Table 4). In contrast,
inverse barriers for transitions of metal atoms back to the center of the
vacancy are much lower than direct barriers witnessing the stability of
initial structures. For example, the barrier of Mn transition from posi-
tion 1 to position 2 is 4.22 eV while the inverse transition from position
2 to position 1 is only 0.02 eV (Table 4).

Probability of Mn migration at double vacancy was evaluated using
equilibrium constants (Table 5), calculated as the ratio of corre-
sponding rate constants using the Arrhenius equation:

—EbarrierTapproach
K= kapproach _e kT
- = —Ebarrierre
krl:‘moval ¢ bumirT removal (1)

Here A (pre-exponential) factors were omitted, T is temperature,
Eparrier is the height of the potential barriers, which were defined as the
difference in energies between the top of the potential barrier and the
minimum at the potential energy curves.

The values of the equilibrium constants at a temperature of 298 K
are very low, the migration outside the vacancy of Mn is very unlikely.
This indicates the stability of the initial structures.

Applied Surface Science 540 (2021) 148223

Fig. 3. Structural parameters of TM atom ad-
sorption on bivacancy in bigraphene. TM and
carbon atoms are denoted as gold and purple
balls, respectively. D, is the distance between the
transition metal and the nearest atomic carbon
atom at the site of vacancies. D2 is the distance
between the transitional metal and the pore.

3.3.1. TM migration outside the vacancy in single graphene layer

Electronic structure calculations for TM migration pathways
through the monovacancy in single graphene were performed in order
to shed light on the role of bigraphene second graphene layer in TM
migration on top of bigraphene. In order to estimate the effect of con-
centration of the vacancies on the barrier, two different supercells were
considered: The first one was the same as for bigraphene sheet
(5 X 5 x 1), and the second was four times bigger (10 X 10 x 1).

The Fig. 8 shows the Mn atom passing through the mono-vacancy by
approaching the carbon lattice, entering the vacancy and exiting from it
on the other side of graphene sheet. Table 6 shows the results of po-
tential barrier calculations.

10 x 10 x 1 supercell demonstrates 21% lower barrier for mi-
gration of Mn than 5 X 5 X 1 one does, and 13% barrier decreasing is
observed for Ti. Thus, the less the vacancy concentration, the less ad-
ditional tension of the whole structure is, lowering the migration bar-
rier. Values of migration barriers for monolayer graphene are actually
in between of those for the outer-inner transition and the inner-outer
one (see Table 6). For example, the value of the migration barrier for
the Mn atom in a single layered graphene is 3.14 eV, which is an in-
termediate value between the transition to the outer surface of 3.78 eV
and the interlayer space of 2.94 eV. The second layer in bigraphene
does stabilize the adsorbed TM atom by increasing the inner-outer
barrier and decreasing the outer-inner one. This is confirmed by the
values of binding energies of TM atoms with single layered graphene
(see Table 7) which are also in between of corresponding inner and
outer sorption energies.

3.3.2. Adsorption of Fe and Mn atoms by g-C3N,4

To localize global and local minima in TM/C3Ny4 hybrid structures
(TM = Fe, Mn), several possible coordinations of TM atoms were
considered. Structural optimizations reveal 4 energy minima, namely
plane site (denoted as a,c, Fig. 9) with TM-atoms coordinated to the
center of the vacancies in g-CNy matrix and out-of-plane site (denoted
as b,d in Fig. 9) with TM atoms coordinated above the vacancies.

The energy differences between planar and out-of-plane conformers

Fig. 4. Spin density spatial distribution in (a) outer-sorbed Mn; (b) inner-sorbed Mn on bigraphene’s double vacancy. Carbon atoms of upper and lower graphene
layers are denoted as orange and purple balls. Yellow (blue) areas correspond to spin-up (spin-down) density.
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Fig. 5. The transition metal migrates from the surface of bilayer graphene, passing through a bivacancy into the interlayer space. TM and carbon atoms are denoted
as gold and purple balls, respectively. Bigraphene’s second layer is not presented for the sake of better representation.

Table 3
Potential barriers of TM atom migration from the outer surface of bigraphene to
its interlayer space and vice versa through the single and double vacancies.

Table 4
Potential barriers for TM atom migration pathways on defect mono- and bi-
graphene (Fig. 6).

TM  Height of migration barrier, eV

Double vacancy Single vacancy

To the interlayer To the outer To the interlayer To the outer
space surface space surface
Ti 2.15 2.97 5.82 [12] 6.60 [12]
Mn 0.38 0.74 2.94 [12] 3.78 [12]
were calculated using the formula:
AE = Eplane - = Eout—of—planex (2)

where Ejjane and Eqyeof-plane Stand for the total energies of the plane and
out-of-plane structures, respectively. It was estimated that out-of-plane
conformer is energetically favorable in comparison with planar one
(Table 8).

Calculated structural parameters of TM/g-CN; and TM/g-CN; con-
formers are presented in Table 8. The structure calculations revealed
that the unit cell parameters of TM/g-CN; depend upon the ionic radii
of TM atoms, whereas the structure of TM/g-CN, remains unchanged
because of relatively large vacancies of pristine g-CNs.

The electronic structure calculations revealed low-spin state
(3.10pg, 2.00us, 4.96 up, and 3.74 pp) to be favorable for TM/g-CN; and
high-spin state (4.58p, 3.33p, 4.80up, 3.71pp) to be favorable for TM/
g-CN, hybrid structures, respectively. Also the differences between
magnetic moments (Table 8) for planar and out-of-the-plane TM/g-CN;
can define the changes of electron transport and the bonding nature of
TM ion with nitrogen sites. Low-spin states can be realized by an
electron transfer of nitrogen lone electron pair to vacant d-orbitals of
Fe/Mn atoms. This assumption could be proved by the Fig. 10 showing
how the positive spin density localizes at both TM and nitrogen sites
indicating direct chemical interactions between them. The short

Metal Migration step Height of migration barrier, eV
Double vacancy Monovacancy
Direct Inverse Direct Inverse
Mn 1-2 4.22 0.02 5.25 0.03
2-3 1.51 0.13 1.12 0.32
2-4 - - 0.92 0.43
Ti 1-2 3.56 0.03 5.00 0.01
2-3 1.47 0.09 0.86 0.29
2-4 - - 0.70 0.52

distances between nitrogen and TM atoms lead to electron transfer from
p-orbitals of nitrogen to d-orbitals of TM. Contrary to previously men-
tioned, out-of-the-plane structure spin density is much more localized at
TM ion (Figs. 10 and 11).

TM-atom - nitrogen chemical bonding for both Fe and Mn was
found to be that strong that there is no way to keep metal atom n the
surface of TM/g-CN, heterostructure, i.e. TM-atoms should penetrate
inside the pore. In contrast to that, small size of the g-CN; vacancy
keeps both TM-atoms out of the pore.

3.3.3. Migration of Fe and Mn atoms on g-C3N, lattices

The little chance due to high potential energy barrier of TM-atom
penetration into the g-CN; pore along with g-CN; structure shape al-
lows one to assume a presence of different metal configurations at TM/
g-CN; surface. In addition to two adsorption sites studied before, an-
other two points on potential energy surfaces were considered to in-
vestigate the migration pathways of Fe and Mn atoms on g-CN;. Thus,
four different positions of TM-ion were considered, namely, aromatic
(1), asymmetric (2), out-of-the-plane (3) and plane (4) sites (Fig. 12).
Different migration pathways were chosen to estimate the barriers and

Fig. 6. Model for the TM migration path out of the (a) double vacancy; (b) single vacancy. TM and carbon atoms are denoted as green and purple balls, respectively.
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Table 5
Equilibrium constants for Mn migration at double vacancy.

Migration step Equilibrium constants

Applied Surface Science 540 (2021) 148223

Fig. 7. Structural changes (from left to
right) of the vacancy during the migration of
a metal atom over a surface: bonds de-
formation and formation of a 5-8-5 defect.
Carbon atoms are depicted in Violet; TM
atom is depicted in light green.

Table 6

Potential barriers for TM migration through the monovacancy in single gra-
phene layer.

Supercell size TM  Height of migration barrier, eV

Double vacancy Monovacancy
K, ki/kz K, ki/k2 Single layered Bigraphene
graphene
1-2 4,5510°¢ 4,7610° To the interlayer To the outer
= 1,7610® 3,27-10™* space surface
5x5x 1 Mn 3.14 2.94 3.78
assume the probability of transitions between the sites. 10 x 10 x 1 247 - -

A global minimum for TM/g-CN; was localized during the proce- 5x5x1 Ti  6.20 5.82 6.60
dure of barrier calculations. Asymmetric (2) position was eventually 10 x 10 x 1 5.40 - -
found to be energetically favorable with energy difference of —0.67 eV
in comparison with out-of-plane (3) position. The reason of total energy Table 7

able

decreasing is supposed to be relaxation and little distortion from plane
nanosheet, i.e. deviation from initial planar shape.

The NEB method was used to calculate barriers along 1-2-3-4 mi-
gration pathways (Table 9). Minimal energy path for TM-CN; is pre-
sented in Fig. 13. It was found that the Fe atom coordinates only to
asymmetric (2) position, while Mn coordinates both to aromatic (1) and
asymmetric (2) positions because of relatively high transition barrier
presence 1(1.91 eV). Due to high values of inverse (2 — 3 and 3 — 4)
barriers (2.65 eV, 4.18 eV) it can be estimated a little probability of
such inverse transition. Comparison of the data with temperature factor
demonstrate that metal atoms will form metallic clusters, i.e. the least
value is 0.34 eV that corresponds to 3945 K and the temperature
fluctuation cannot initiate the migration. It means that all Fe atoms
wherever they are initially placed should migrate to asymmetric (2)
positions, while all Mn atoms should migrate to either aromatic (1) or
asymmetric (2) positions

4. Bond nature analysis

To analyze the nature of chemical bonding, orbital resolved of Np-,
Cp-, and Fe/Mnd-states partial density of states (PDOSes) were calcu-
lated at GGA/PBEO level of theory (Fig. 14). Alongside 4 above-
mentioned localized structural minima, all transition states were ex-
amined as well. The analysis demonstrates similar results for Fe/g-CN;
and Mn/g-CN;. The characterization of TM/g-CN; heterostructure
electronic properties is presented in Fig. 14.

TM/g-CN; (TM = Mn, Fe) heterostructures (Fig. 14) can be defined
as a medium band gap semiconductors for both a and (3 spin channels
(1.1 eV and 1.6 eV band gaps for Mn/g-CN; and Fe/g-CNj,

Binding energies for TM atoms adsorbed on bilayered graphene.

Supercell size  TM  Binding energy, eV

Single layered graphene  Bigraphene

Inner sorption  Outer sorption

5x5x1 Mn —222 —-2.93 —-2.18
10 x 10 x 1 —1.40 - -
5x5x1 Ti —3.24 -3.25 —2.61
10 x 10 x 1 -1.65 - -

a

©0—00)—00—00)—00—-00)—00—-0—00

Fig. 9. Atomic structure of planar (a,c) Fe/g-CNy and out-of-plane (b,d) Fe/g-
CNy for g-CN; (top) and g-CN, (bottom). The Fe atoms are depicted in golden,
the carbon and nitrogen atoms are depicted in grey and brown, respectively.
Mn/g-CNy heterostructures have the same crystalline lattices but different lat-
tice constants listed in Table 8.

respectively). The structures can be characterized as highly spin-po-
larized due to high asymmetry of DOS intensities at different spin
channels. In B spin channel, the 1 and 5 peaks coincidence demon-
strates mixture of Np, orbitals with Cp, and Mnd,2_,2 due to a good

Fig. 8. TM migration pathway through the monovacancy in single-layer graphene (5 X 5 X 1). Carbon atoms are depicted in yellow, TM atom is depicted in light

green. The arrow indicates the direction of sorption.
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Fig. 10. Spatial distribution of spin density of plane Mn/g-CN; (a) and Mn/g-CN (b). Spin-down spin-density is depicted in blue and spin-up spin density is depicted
in yellow. The unit cells are indicated by parallelograms. The carbon atoms are depicted in brown and nitrogen atoms are depicted in grey, the Mn atoms are depicted

in purple.

Table 8

Lattice parameters (a, }o\), metal-nitrogen bond lengths (Me-N, 10\), magnetic
moments (u, up) and energy difference (AE, eV) of TM/g-CN; and TM/g-CN,
hybrid compounds.

TM ion Planar Out-of-plane AE, eV
a, A MeN,A Magnetic a,A MeN,A Magnetic
moment, [y moment, g

TM/g-CN;

Mn 539 171 3.10 4.83 2.05 4.58 —2.963
Fe 5.23 1.79 2.00 4.83 197 3.33 —2.033
TM/g-CN;

Mn 7.10 2.35 4.96 7.05 235 4.80 —0.257
Fe 7.10 2.35 3.74 7.05 235 3.71 —0.220

match of the PDOSes shapes in [—2;0] eV energy interval. a spin
channel demonstrates Mnd,2_y2, Mn dy,, Np,, and Cp, mixture in [—3;
0] eV energy interval (peaks number 2-4) as well as Np,, Mn
dy;,Mnd,2_,2 mixture in [1.3; 3] eV energy range for vacant states. The
orbital mixing analysis for Fe/g-CN; demonstrates the mixture of Np,
orbitals with Fe dy, and Fe d,2_,2 due to a good match in a spin channel
[—3;0] eV energy range (peaks number 3-4). B spin state Fe d,y, Fe
dxz_yz, Np,, Cp,, mixture in [—1.7; 0] eV (peaks number 1 and 5). In
sum up, the Fe/g-CN; clearly demonstrates complex bonding between
Fe atoms and g-C3N, in contrast with Mn/g-CN; for which the Mn
atoms are bonded to g-C3N, by simple Coulomb interactions.

5. Conclusions

The pathways of TM atoms (Ti, Mn, Fe) adsorption and migration at
2D g-CNy and double-vacancy bigraphene sheets were investigated
using state-of-the-art GGA PW PBC electronic structure calculations.
First-row transition metal atoms adsorption on bigraphene double va-
cancy is characterized by lower binding energies and potential barriers

O

Fig. 12. Sites of TM atoms on g-CNj;. The unit cells are indicated by paralle-
lograms. The Fe/Mn atoms are depicted in golden. Each single position is in-
dicated by correspondent numbers: aromatic (1), asymmetric (2), out-of-the-
plane (3) and plane (4).

of migration between inner and outer adsorption sites in comparison
with those of single-vacancy bigraphene. The comparison of the ab-
sorption energies revealed that formation of inner-sorbed complexes is
preferable, and potential barriers of TM atoms migration along the

Fig. 11. Spatial distribution of spin density of out-of-plane Fe/g-CN; from different sides (left/right). The negative spin-density is depicted in blue and the positive
spin density is depicted in yellow. The unit cells are indicated by parallelograms. The carbon atoms are depicted in brown and nitrogen atoms are depicted in grey,

the Fe ions are depicted in gold.
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Table 9
Potential barriers (eV) for TM atom migration in g-CNy,
Metal 1—-2 2—-3 3—-4
Direct Inverse Direct Inverse Direct Inverse
Mn 1.91 0.34 1.22 4.18 3.29 0.43
Fe 0.44 2.65 1.59 0.44 2.40 0.37
5

Reaction pathway

0

Fig. 13. Minimum energy paths of Fe and Mn atoms migration in g-CN1, de-
picted in black and purple, respectively. Each position is indicated by corre-
spondent number in golden circle (Fig. 10).

Mn/g-CN;

TDOS
PDOS p,C
—PDOS p,N
PDOS d,,Mn
PDOS d2 pMn

—TDOS
PDOS p,C

——PDOS p,N
PDOS dFe

PDOS dg oFe M

Fe/g-CN,

Arb. Units

Energy, eV

Fig. 14. Orbital resolved GGA/PBEO PDOSes of Mn/g-CN; heterostructure
global minimum (2 - Asymmetric position) (top) and PDOS of Fe/g-CN; het-
erostructure global minimum (2 — Asymmetric position) (bottom).

surface outside vacancy are considerably high ensuring the stability of
the hybrid structures. Bigraphene’s second layer was proved to play an
important role in stabilization of the structures due to the formation of
inner-sorbed complexes. Fe/Mn atoms was found to penetrate g-CN,
nanosheet, while at g-CN; they stay at the surface. The transition state
of Fe site was estimated at 7.5 A distance from g-CNj. It was found that
asymmetric (2) position is energetically favorable and the Fe atom can
migrate to it from aromatic (1) and out-of-plane (3) sites. It was found
as well that metal atoms can form metallic clusters. The unique atomic
and electronic structure and spin properties of nanoporus 2D TM/bi-
graphene and TM/g-C3N, heterostructures is very promising for ad-
vanced applications as catalysts and biosensors for biomedical

Applied Surface Science 540 (2021) 148223

applications.
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