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Iron(ll) Phthalocyanine Adsorbed on Defective Graphenes: A Density
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ABSTRACT: The adsorptions of iron(II) phthalocyanine (FePc) on graphene and defective graphene were investigated
systematically using density functional theory. Three types of graphene defects covering stone-wales (SW), single vacancy (SV), and
double vacancy (DV) were taken into account, in which DV defects included DV(5-8-5), DV(555-777), and DV(5555-6-7777). The
calculations of formation energies of defects showed that the SW defect has the lowest formation energy, and it was easier for DV
defects to form compared with the SV defect. It is more difficult to rotate or move FePc on the surface of defective graphenes than
on the surface of graphene due to bigger energy differences at different sites. Although the charge analysis indicated the charge
transfers from graphene or defective graphene to FePc for all studied systems, the electron distributions of FePc on various defective
graphenes were different. Especially for FePc@SV, the d,, orbital of Fe in the conduction band moved toward the Fermi level about
1 eV, and the d,, of Fe in the valence band for FePc@SV also moved toward the Fermi level compared with FePc@graphene and
other FePc@defective graphenes. Between the planes of FePc and defective graphene, the electron accumulation occurs majorly in
the position of the FePc molecular plane for FePc@SW, FePc@DV(5-8-5), and FePc@DV(5555-6-7777) as well as FePc@
graphene. However, electrons were accumulated on the upper and lower surfaces of the FePc molecular plane for FePc@SV and
FePc@DV(555-777). Thus, the electron distribution of FePc can be modulated by introducing the interfaces of different defective
graphenes.

1. INTRODUCTION

Organic optoelectronic materials have broad applications in
the fields of electroluminescent devices, organic photovoltaic
devices, and organic solar cells."” The research of these

Graphene could be a promising ideal carrier owing to these
unique properties.

Recently, iron phthalocyanine (FePc) and the FePc—carbon
complex were prepared to investigate the catalytic activity in

materials has always been a hot topic for scientists.” > Metal
phthalocyanines (MPcs), which form through the coordination
of four isoindolyl nitrogen atoms with a central metal cation,
have excellent optical and electrical properties and high
chemical stability.”” Researchers usually construct composites
to maximize the utilization of MPcs.~"" Graphene, a two-
dimensional (2D) structure with a single atomic layer
composed of sp® hybrid carbon atoms with the honeycomb
configuration, was first prepared by Novoselov et al. in
2004."" Due to its structural specificity, graphene has unique
physicochemical properties, such as ultra-high specific surface
area, excellent strength, and high mobility of electrons."* ™7
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oxygen reduction reaction, revealing that FePc was a promising
non-precious metal catalyst and the graphene carrier could
significantly improve the stability, conductivity, and surface
1823 .

Actually, various defects were
observed in graphene due to the presence of uncertainties in

properties of FePc.
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the material production process.”*”>° The electronic structure
characteristics and optical properties of graphene may be
affected by those defects. The defects in monolayer graphene
were classified as point defects and one-dimensional defects by
Banhart et al.”” Stone-wales (SW), single vacancy (SV), double
vacancy (DV), carbon and foreign adatoms, and substitutional
impurities all belong to point defects. Although the
consequences of the weak interactions between FePc and
different substrates on the electronic structure of complex
materials have been noticed by some workers,”* ™" systematic
investigations are still scarce, especially the interaction between
FePc and the 2D defective graphene.

Our previous work has carried out a density functional study
of the adsorption of various MPc molecules (M = Cu, Fe, Zn,
and Sn) on a perfect graphene monolayer.”” It was found that
the amount of charge transfer was the biggest in graphene—
FePc. Thus, in this work, we focus on the electronic structure
of FePc upon adsorption on various defective graphenes. Some
physicochemical properties of defective graphene could be
given to FePc by compounding it with various defective
graphenes. Theoretically, we demonstrated that the interfacial
electronic structure between FePc and graphene can be
effectively modulated by the kinds of defects.

2. COMPUTATIONAL DETAILS

All calculations were performed with the density functional
theory (DFT) using the spin-polarized version of the Vienna
Ab initio Simulation Package.”*** The Perdew—Burke—
Ernzerhof (PBE)™ form of generalized gradient approximation
(GGA) was used for the exchange—correlation functional, and
the PAW® potentials were used to illustrate the electron—ion
interaction. For FePc, the simplified GGA + U method
proposed by Dudarev et al.,>” of which the parameters U and |
do not enter separately and only the difference (U — J) is
meaningful, was employed to describe the d electrons of Fe.
Based on previous works,””***’ we set U — ] = 4.5 eV for the d
orbital of Fe. The orthogonal supercell of graphene (a = 19.72
A, b =21.33 A) containing 160 carbon atoms was employed
for building defective graphenes. Periodic boundary conditions
were used for all structures, and a distance of 15 A along the z
axis was applied to eliminate the interaction of stacked slabs.
The 1 X 1 X 1 k-point was applied for structural optimization
of graphene and defective graphene. The lattice parameters
and atomic coordinates of all systems were fully relaxed with
an energy cutoff of 400 eV. The energy convergence criterion
for the self-consistent calculation was 107" eV and the
determination of the optimal atomic positions were undertaken
until the magnitude of the force acting on all atoms was less
than 0.04 eV/A. For the electronic property calculations, the
I'-centered 6 X 6 X 1 k—goints were used. Grimme dispersion
corrections (DFT-D2)* were applied for all adsorption
systems to include the impact of van der Waals interaction.
The formation energy E; of defective graphene is defined as

E; = Ed—graphene +nXE - Egraphene (1)

where Eq gyphene a0d Egophene Tepresent the total energy of the
defective graphene and the perfect graphene, respectively, n
represents the number of defective atom, and E. means the
energy of a single C atom in the perfect graphene.

To evaluate the interaction of FePc with different defective
graphenes, the adsorption energy is calculated as

Ea = EFePc@d—graphene - Ed—graphene - EFePc (2)

where Epepc@d-graphener Ed-graphener 30d Epepc represent the total
energies of FePc@defective-graphene systems, defective
graphene, and FePc, respectively.

To further unravel the electron transfer patterns between the
FePc plane and various defective graphenes, the charge density
difference was calculated as follows.

FePc@d—graphene FePc d—graphene
—p P (3)

Ap=p

where pFePe@d-graphene - yFePe g p represent the charge

densities of FePc@defective-graphene, the FePc molecule, and
defective graphene, respectively.

For more visualization of the amount of electron transfer,
the planar-averaged charge density curves along the z-axis of
FePc@defective-graphene systems were exhibited. One-dimen-
sional differential charge density distribution curve along the z-
axis can be defined as

Aq(z') = f_:o /_':0 Ap(x, y, 2')dxdy (4)

d-graphene

3. RESULTS AND DISCUSSION

3.1. Structures of Defective Graphenes. Perfect
graphene has a 2D crystalline structure consisting of
honeycomb-like carbon hexagonal rings (Figure la) with the

DV/(5-8-5) DV(555-777)

DV(5555-6-7777)

Figure 1. Top views of graphene (a) and various defective graphenes

(b—f).

C—C bond of 142 A and bond angles of 120.00°. The
common point defects of graphene can be divided into three
main categories: SW, SV, and DV.”” The SW defective
configuration is generated by the rotation of a pair of
neighboring C atoms yielding adjacent two pentagonal and
heptagonal rings (Figure 1b). The formation of a C vacancy in
a carbon hexagonal ring can produce an SV defect (Figure 1c).
The DV defects are built based on the SV defect with the loss
of another C atom. Three kinds of DV defects are considered:
DV(5-8-5), DV(555-777), and DV(5555-6-7777). DV(5-8-3)
refers to the removal of a pair of neighboring C atoms yielding
two pentagonal rings and one octagonal ring. Rotation of the
C—C bond on one or both sides of the pair of C removed will
generate DV(555-777) or DV(5555-6-7777) defects, accom-
panying the formation of three pentagonal rings and three
heptagonal rings or one hexagonal ring, four pentagonal rings,
and four heptagonal rings (Figure lef). The electron
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localization functions (ELFs) of various defects were shown in
Figure S1. In the structures of graphene, SW, DV(5-8-S),
DV(555-777), and DV(5555-6-7777) defective graphene, the
electrons were localized between two C atoms and the adjacent
C atoms are connected by covalent bonds. The formation of a
C vacancy in SV yield three dangling bonds with bond angles
of 112.75, 112.79, and 127.00°, respectively (details are in
Figure S2). However, the ELF of the SV defect reveals that a
pair of electrons will be localized between C78 and C82,
forming a covalent bond with a bond length of 1.94 A.
Obviously, there was a dangling bond on the C81 atom with
one lonely electron localization, which is consistent with the
results observed experimentally by Meyer et al.*' and Ugeda et
al.** The total magnetic moment of SV-graphene is 1.19 g,
which is mainly localized on the dangling bond.

The calculated formation energies of various defects in
graphene are listed in Table 1. The calculated formation

Table 1. Calculated Formation Energies of Various Defects
in Graphene

defects formation energy (eV)
SW 4.45
N 7.63
DV(5-8-5) 6.74
DV(555-777) 635
DV(5555-6-7777) 6.17

energy of the SW defect in graphene is 4.45 eV, a bit larger
than the one for the SiC monolayer.43 However, it is smaller
than those reported in the literature for a monolayer of
graphite (4.8 eV by GGA and 52 eV by local density
. . 44 N . . .
approximation),”* which is mainly due to the different
concentration of the SW defect, that is, different sizes of
lattice cells used in the calculations. The SV defect has a much

higher formation energy (7.63 eV) than the SW defect,
indicating that it is easier for the SW defect to form in
experiments. The calculated formation energy of the SV defect
is close to the reported value (7.78 eV).” The average
formation energies for each C vacancy in DV defects (3.09 ~
3.37 eV) are much lower than the one in the SV defect.
Therefore, the DV defects are thermodynamically more
favorable than the SV defect. Among the DV defects, DV(5-
8-5) has the highest formation energy and DV(5555-6-7777)
has the lowest formation energy. As observed by Kotakoski et
al.*® using an electron microscope, the rotation of C—C based
on the DV(5-8-5) defect results in more configurations of
DV(5555-6-7777) than those of DV(555-777).

The density of states (DOSs) of graphene and defective
graphenes are shown in Figure 2. We can clearly see the Dirac
point overlapping with the Fermi energy level in the perfect
graphene (Figure 2a). Defects in graphene affect the electronic
properties significantly due to the p,-orbital overlap altered in
the vicinity of structural defects. The spin polarization occurs
in the SV defect due to the presence of dangling bonds where
the electrons were not completely paired (Figure 2c). No
magnetism was present in other defects. Due to the symmetry
breaking, the formation of band gaps was seen in the SW,
DV(5-8-S), and DV(5555-6-7777) defects. The band gap
opening in SW-graphene agrees with the results of Peng et al.*
The Dirac point moved toward a higher energy (around 0.5
€V) in DV(555-777) defective graphene. The DOSs at the
Fermi level increase for SV, which is mainly localized at the
dangling bond. The result of the SV defect is consistent with
the protrusion in scanning tunneling microscope images in
experiments.42

3.2. Structures and Electronic Properties of FePc
Adsorbed on Graphene and Defective Graphenes. We
first focus our attention to the adsorption of FePc on the
perfect graphene. Three different representative sites (Figure

20 ~ v 20 W T 20 o i
graphene ——spin up
(a) (b) (c) — spin down
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7] %3
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Figure 2. Total DOSs of (a) graphene and (b—f) defective graphenes. The black and red curves represent spin-up (a spin) and spin-down (/3 spin),

respectively.
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S3) were considered for all adsorptions with the center of the
FePc atop a carbon atom (t), at the bridge site of C—C bond
(b), and the hollow site of the carbon polygonal ring (h).
Table 2 lists the adsorption energies of FePc at different sites

Table 2. Adsorption Energies E, of FePc at Different Sites
on Graphene

adsorption sites E, (eV)
top —2.28
bridge -2.33
hollow —2.30

on graphene. The difference between them is small, within
0.05 eV. The bridge site of graphene is the most stable
adsorption site for FePc, with an adsorption energy of —2.33
eV. For the bridge site of FePc@graphene (Figure S4), we
considered the rotations of FePc on graphene and optimized
the structure of FePc@graphene by rotating FePc 15, 30, 45,
60, 75, and 90° clockwise around the c-axis with Fe as the
center, respectively, and the calculated relative energies are also
shown in Figure S4. The difference in energies between them
for FePc@graphene is also small, indicating that it is easy to
move FePc on the surface of graphene. In the most stable
configuration, the average distance between FePc to graphene
(Fe atom to graphene carbon atom) is 3.13 A. Rumpling of the
carbon atom of graphene was 0.14 A, which has also been
calculated in our previous work.”> For comparison with
defective graphene, we still show the DOS and charge density
difference of FePc@graphene in Figure S5. The band structure
of graphene near the Dirac point is not appreciably affected
after the adsorption of FePc, and the transfer of electrons from
graphene to FePc can be clearly observed. An obvious loss of
electrons occurs from 3.3 to 4.3 A, with subsequent
accumulation at about 5.1—6.0 A.

All sites nearby the defects are considered to determine the
most stable site for the adsorption of FePc on defective
graphenes, as shown in Figure S6. The energy differences
between different adsorption sites on defective graphenes are
much bigger than that on graphene. Figure S7 shows the
optimal adsorption sites of FePc on different defective
graphenes. The results show that FePc prefers to adsorb at
the bridge sites near the defects, except for DV(5-8-S). For the
most stable adsorption site of FePc@defective graphenes
(Figure S7), we also considered the rotations of FePc on
defective graphenes and optimized the structure of FePc@
defective graphenes by rotating FePc 15, 30, 45, 60, 7S, and
90° clockwise around the c-axis with Fe as the center,
respectively, and the calculated relative energies are shown in
Figure 3. The differences in energies during the rotation are
larger in defective graphenes, indicating that it is more difficult
to rotate FePc on the surface of defective graphenes than on
the surface of graphene.

The average distance, adsorption energy, and rumpling of a
carbon atom of defective graphene for the optimal stable
adsorption configurations of FePc@defective-graphene are
displayed in Table 3. For all adsorptions, FePc was floating
around 3.1 A above the defective graphene. The adsorption
energies for FePc@SW, FePc@SV, FePc@DV(5-8-5), FePc@
DV(555-777), and FePc@DV(5555-6-7777) are —2.36, —2.26,
—2.27, —=2.28, and —2.30 eV, respectively. The defects have
little effect on the adsorption energies. Rumplings of carbon
atom in defective graphenes and FePc@defective-graphene are

0.30
| —=— FePc@DV(5-8-5)
= FePc@DV(555-777)
025+ FePc@DV/(5555-6-7777)
1 —m— FePc@SW
0.20 FePc@SV
=— FePc@graphene /'\
< 0.15 \
()

o9 | |
g ]
< 0.10

|

A7\

-
T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Degrees of rotation (°)

Figure 3. Relative energies for the rotation of FePc on graphene and
defective graphenes at the most stable adsorption site. FePc was
rotated 185, 30, 45, 60, 75, and 90° clockwise around the c-axis with Fe
as the center.

exhibited in Tables S1 and 3. The rumple in defective
graphene is almost negligible except for SV-graphene, while
their rumplings are obvious after the adsorption of FePc. In
comparison with FePc@graphene, a slight increase of the
rumple in defective graphene after the adsorption of FePc was
found. However, the situation of FePc@SV is a bit different.
The Ad of SV-graphene was 0.02 A. Following the adsorption
of FePc, the Ad: became 0.04 A, which is much smaller
compared with that of other defective graphenes. This might
be caused by the presence of the dangling bond.

The change of magnetic moment of Fe in FePc@defective-
graphene was also evaluated. The calculated magnetic moment
of Fe in FePc is about 2.0 i3, and Fe is in an intermediate spin
state, which is verified by previous calculations and
experiments.”’ Table 3 shows that the magnetic moments of
Fe calculated by PBE + U remained unchanged after the
adsorption of graphene or defective graphenes, which is
consistent with the calculation of Haldar et al.* The total
magnetic moment of FePc@SV is about 1.0 g higher than
those of others due to the dangling bond in SV-graphene.

Hirshfeld charge analysis*’ was performed to obtain further
insights into the charge transfer in the adsorption process.
Table S2 lists the sums of Hirshfeld charges of various
graphenes (graphene and defective graphenes) and FePc in the
complex systems. The charge analysis indicated the charge
transfers from graphene or defective graphene to FePc. The
amount of the transferred charge is almost not related to the
adsorption energy, which is similar to the previous result of Li
adsorption on SiC surfaces.*’

Figure 4 shows the calculated DOSs for the most stable
FePc@graphene and FePc@defective-graphene using the PBE
+ U functional. All studied composite materials become
magnetic, producing different spin-up and spin-down densities
of states due to the adsorption of FePc. For FePc@graphene,
the states around the Dirac point of graphene are not
significantly affected, and the gap of graphene does not open.
The small band gaps in SW, DV(5-8-5), and DV(5555-6-
7777) defective graphenes were still preserved after the
adsorption of FePc. For SV-graphene, the small peaks at the
Fermi level which come from the dangling bond move toward
conduction bands after the adsorption of FePc. The new peaks
at the bottom of the conduction bands and the top of the
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Table 3. Average Distance d, Adsorption Energy E,, Rumpling of Carbon Atom Ad, and Magnetic Moments for FePc@

graphene and FePc@defective-Graphene.

d (A) E, (eV) Ade (A)"

FePc

FePc@graphene 3.13 —2.33 0.14
FePc@SW 3.13 —2.36 0.19
FePc@SV 3.13 —2.26 0.04
FePc@DV(5-8-S) 3.11 -2.27 0.17
FePc@DV(555-777) 3.10 —2.28 0.16
FePc@DV(5555-6-7777) 3.11 -2.30 0.15

magnetic moment of Fe (ﬂB) total magnetic moment (,uB)

2.03 1.95
2.03 191
2.03 1.92
2.04 3.11
2.04 1.93
2.04 1.93
2.04 1.93

“The average distance of an Fe atom to a graphene carbon atom. “The distance of the highest C and the lowest C of graphene or defective
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Figure 4. DOSs of (a) FePc@graphene, (b) FePc@SW, (c) FePc@SV, (d) FePc@DV(5-8-5), (e) FePc@DV(555-777), and (f) FePc@DV(5555-
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valence bands in the composite system come from the
contribution of FePc. Figure S8 shows the partial DOSs of
Fe in the most stable FePc@graphene and FePc@defective-
graphene by PBE + U. The positions of d,, and d,, of Fe for
FePc@SV differs significantly from the ones in FePc@
graphene and other FePc@defective-graphenes. The d,, of
Fe in the conduction band for FePc@SV move toward the
Fermi level about 1 eV, and the d,, of Fe in the valence band
for FePc@SV also move toward the Fermi level.

The charge density differences of FePc@defective-graphene
are shown in Figure Sa—e, and the planar-averaged charge
density along the z-axis of FePc@defective-graphene is shown
in Figure 5f. A complex rearrangement of the charge density
occurred in the FePc@defective-graphene systems. For FePc@
SV and FePc@DV(555-777), they have similar charge transfer
patterns with the loss of electrons at the ranges of 2.0—2.8 and
34-5.5 A and electron accumulation from 5.5 to 6.4 A.
Although the charge accumulation declines in the FePc
molecular plane, the whole is in a state of charge accumulation
in the range of 5.5 to 6.4 A for FePc@SV and FePc@DV(555-
777). For FePc@DV(5-8-5) and FePc@DV(5555-6-7777), the
electron accumulation mainly takes place at 6.0 A. For FePc@
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SW, the electron accumulates around 3.0, 5.3, and 6.0 A, with
the maximum peak at 6.0 A. However, there is a reversal with a
maximum electron loss at 5.6 and 6.5 A. For different FePc@
defective-graphenes, the most significant differences can be
observed in the electron transfer patterns at 5.4—6.7 A. For
FePc@SV and FePc@DV(555-777), the charges start to
accumulate as they get closer to the FePc molecular plane,
and they reach the largest values on the upper and lower
surfaces of the FePc molecule (at the positions of 5.8 and 6.3
A) but decrease in the FePc plane (at the position of 6.0 A).
For FePc@SW, FePc@DV(5-8-5), and FePc@DV(5555-6-
7777), the electron loss remains significant as the position (at
the position of 5.6 A) gets closer to the FePc molecular plane,
yet the electron accumulation reaches a maximum value in the
FePc molecular plane (at the position of 6.0 A). Thus, the
electron distribution around FePc can be regulated by its
adsorption on various defective graphenes.

4. CONCLUSIONS

In this paper, the interaction between iron(1I) phthalocyanine
and defective graphene, such as SW, SV, DV(5-8-5), DV(55S-
777), and DV(5555-6-7777), was investigated based on first-
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principles calculations. Among these five graphene defects, the
formation energy of the SW defect was the lowest, and the DV
defects were easier to form compared to the SV defect. The
comparison of the adsorption of FePc at different sites on
defective graphenes indicated that FePc preferred to float with
Fe on the top of the edge of the defects in graphene. The
Hirshfeld charge analysis showed the charge transfers from
graphene or defective graphene to FePc, but the charge
transfer patterns between FePc and defective graphene were
diverse in different adsorption systems. Between the FePc
plane and defective graphene plane of the adsorption systems,
the electron accumulation occurs majorly in the position of the
FePc molecular plane for FePc@SW, FePc@DV(5-8-5), and
FePc@DV(5555-6-7777) as well as FePc@graphene. How-
ever, electrons were accumulated on the upper and lower
surfaces of the FePc molecular plane for FePc@SV and FePc@
DV(555-777) systems. The DOS calculations showed that the
energy levels of some d orbitals changed after the adsorption of
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FePc on graphene or defective graphene. These discrepancies
might be used to modulate the electrons distribution of FePc.
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