Open Access Article. Published on 20 March 2017. Downloaded on 1/31/2026 5:48:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue,

CrossMark
& click for updates

Cite this: RSC Adv., 2017, 7, 17417

Received 12th February 2017
Accepted 10th March 2017

DOI: 10.1039/c7ra01762f

New carbon allotropes with metallic conducting
properties: a first-principles predictiont

Xinyu Fan, Jiao Li and Gang Chen*

Combining density functional theory computation and the global minimum structural search, we have
found new o-, B-, and d-phographene carbon allotropes. The a-phographene is almost degenerate in
energy with the previously reported phagraphene, which is energetically favorable as compared to the B-
and d-phographenes and the other known non-honeycomb two-dimensional carbon allotropes. Our
careful studies of the a- and B-phographenes show good dynamic, thermal, and mechanical stabilities.
The pristine a- and B-phographenes are metallic, which would be altered to wide-gap semiconductors
by hydrogenation. Additionally, the a-phographene shows enhanced joint density of states at the energy
of ~1.6 eV, which may find applications in photoelectronics. The analyses on the growth of structural
motifs and the effects of net charge suggest the possibilities for experimentally fabricating o-
phographene. Interestingly, the a-phographene has a Young's modulus and Poisson's ratio close to
those of graphene, showing remarkable mechanical properties. It may also find applications in
supporting Au or Pt clusters as high-performance complex catalyst nanostructures, calling for further
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1. Introduction

Due to the rich electronic hybridization configurations of sp,
sp?, sp>, and their combinations, carbon is known as the most
versatile element to form many allotropes ranging from
zero-, one-, and two-dimensional nanostructures to three-
dimensional bulk materials,"* such as fullerene, carbon
nanotubes, graphene, graphite and diamond. The planar
structures featuring the sp> or sp>-based mixing hybridizations
are the base materials for building many low-dimensional (2D)
carbon nanostructures, which could be either wrapped to form
fullerene or rolled into carbon nanotubes. The fullerene found
in 1985 by Smalley et al' consists of 12 carbon pentagons
separated from each other by 20 carbon hexagons, which gains
high electronic stability as a molecular cluster due to the large
gap (~1.6 eV) between the highest occupied molecular orbital
and the lowest unoccupied molecular orbital, stimulating
extraordinary studies to form fullerene chemistry. In 1991,
Iijima first reported the carbon nanotube,” whose conducting
properties are determined by the rolling curvature associated
with the chiral vector of its base material - the honeycomb
carbon sheet,® triggering numerous investigations of both
fundamental properties and potential applications. Though the
sheet structure based low-dimensional carbon nanostructures
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investigations on both theory and experiment.

had been extensively studied in both theory and experiment, the
first two-dimensional carbon sheet was only successfully
synthesized on experiment in 2004 by Novoselov et al*
Preserved by both inversion symmetry and time reversal
symmetry, the conjugate 7 and 7* bands touch at Fermi energy
to form Dirac cones at K and K’ points in reciprocal space with
nearly linear dispersion, resulting in high mobility massless
charge carriers. The success of graphene has motivated exten-
sive researches for newer forms of 2D materials.

The outstanding progress in the research field of graphene
has also inspired the investigations of various 2D carbon allo-
tropes. Besides the hexagonal graphene with ideal sp” electronic
configuration, the experimentalist has the methodologies to
generate networks of combinations of sp, sp*> and sp® hybrid-
ized carbons.> Carbon that can form a variety of polygons
ranging from linear chains to dodecagons attracts a lot of
attentions in exploring new carbon planar nanostructures,
which are, for example, the graphyne,'®*® graphdiyne,**>* gra-
phenylene,*»* biphenylene,*>* radialenes,*® pentagraphene,*
pentahexoctite,®** HOP-graphene,* pentaheptities,*»** haeck-
elites,* squarographenes,® planar C, sheet**** OP-gra-
phene,***  circumcoro-graphyne,*  coro-graphene,*® W-
sheet,**** and phagraphene.*** Very interesting it is the
successful fabrication of graphdiyne on experiment,*** which
shows the promise in experimentally producing new carbon
sheet structures. Recently, Wang et al.*’ proposed the phag-
raphene composed of 5-6-7 carbon polygons, which is lower in
energy than most of the previously predicted 2D carbon allo-
tropes. Also, considering the fact of the 5-7 polygons known as
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Stone-Wales defect*>* is stable in the defected graphene, the
phagraphene holds the promise for fabrication. In addition to
the geometrical stability of the 5-7 polygons, the 5-8 polygons
are actually also stable configuration as evidenced in the
experimental studies of the 5-8 defect chain in graphene.*>** By
arranging the pentagons, hexagons, and octagons, Mandal
et al.®* and Sharma et al.*® recently reported two different 2D
carbon allotropes composed of the 5-6-8 carbon rings, which
are referred in this paper as the y- and e-phographenes
(accounting the pentagon-hexagon-octagon structural charac-
teristics) to facilitate discussion. By carrying out the global
minimum structure search with the efficient evolutionary
algorithm, we have found three new structural isomers of the
phographene, which would be discussed as the a-, -, and -
phographenes in this paper. Among the structural isomers of
phographene, the a-phographene has the lowest energy. The
previously reported y- and e-phographenes are ~50 and ~150
meV per atom higher in total energy, suppressing their experi-
mental fabrications. Furthermore, the a-phographene is a little
lower in energy than the recently reported 5-6-7 polygon
characterized phagraphene,” which may gain much lower total
energy in the charged state. This in combination with our
detailed studies of the dynamic, thermal, and mechanical
stabilities suggest the priority of its experimental realization.
Additionally, our studies on the electronic properties, the
mechanical properties, the hydrogenation effects, and the usage
in supporting precious metal clusters as complex catalyst
nanostructures show attractive fundamental and application
properties of the phographene, calling for further investigations
on both theory and experiment.

2. Computational details

The first principles calculations were carried out with the
density functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).** Both the projector
augmented-wave potential and the planewave basis set were
used.> The cutoff energy of the plane-wave basis set was set to
500 eV. The exchange and correlation energies were treated by
using the generalized gradient approximation (GGA) with the
Perdew, Burke, and Ernzerhof (PBE) parameterization.”® The
phographene was placed in the xy plane, with a vacuum of 15 A
along z direction to minimize the effects from its neighboring
images. The Monkhorst-Pack technique®® was used to sample
the & points in Brillouin zone. According to the primitive unit
cells for the planar a-, B-, v-, 8- and e-phases, the k-meshes of 7
X7%X1,5x11x1,9%x11x1,5%x9x1,and 9 x 13 X 1 were
carefully tested. The energies were converged to 10~° eV and the
calculated Hellmann-Feynman forces acting on each atom were
converged to 20 meV A~'. The phonon dispersion was calcu-
lated with the Phonopy code using the finite displacement
method.”” In order to obtain reliable results, the density func-
tional theory calculations with higher accuracy were performed,
for which the criteria of 10~% eV and 0.1 meV A~! were adopted
for the convergences of the energies and the Hellmann-Feyn-
man forces. Ab initio molecular dynamics simulations (AIMD)
were carried out to estimate the thermal stability. Referring to
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the primitive unit cell, we used the 4 x 4 x 1 sized supercell to
minimize the effects from the periodic boundary conditions to
explore the possible structural reconstruction. During the
simulation, the temperature was controlled via the Nosé-Hoo-
ver technique.”® The global minimum structural search was
carried out by using an efficient evolutionary algorithm as
implemented in the Universal Structure Predictor: Evolutionary
Xtallography (USPEX),**** which is interfaced with VASP code to
select the low-energy structural configurations. Among the 17
plane space groups, the randomly selected 2D symmetry groups
were adopted in generating geometrical structures of the 2D
carbon structures. The structural searches started with the
input carbon atoms ranging from 6 to 24, using the randomly
generated lattice parameters and atomic coordinates.

3. Results and discussion
3.1 Geometrical configuration and stability

We began our study with a global minimum structural search
using an efficient and systematic evolutionary structural search
algorithm developed by Oganov and coworkers.*** In the
evolutionary process of the structural search, the population of
30% of the structure candidates with low total energies were
evolved over successive generations of random variation and
selection. The structural evolutionary search with 20 carbon
atoms in the unit cell is schematically shown in Fig. 1 for
illustration. Besides the lowest energy honeycomb structure of
graphene, both the previously reported phagraphene*
composed of 5-6-7 carbon rings and the carbon allotropes
composed of 5-6-8 carbon rings were found as the low energy
planar allotropes. In order to facilitate discussion, we would like
to refer the 5-6-8 (penta-hexa-octa) carbon allotrope as phog-
raphene. In Fig. 2, we show the geometrical configurations of
the phographenes and the corresponding phase diagram
calculated on PBE-level. The corresponding lattice parameters
are prvodied in Table 1. The a-, B-, and 3-phases are the first
time proposed carbon allotropes while the y- and e-phases
correspond to the previously reported ones by Mandal et al.>
and Sharma et al.,* respectively. Referring to the lowest energy
a-phographene, the B-, y-, 3-, and e-phases are calculated on
PBE-level to be 7, 50, 64, and 157 meV per atom higher in total
energy, respectively. Besides the relative energies calculated
with PBE functional, the corresponding energies calculated
with the local density approximation (LDA),**** Perdew-Wang
91 (PW91),* Tao-Perdew-Staroverov-Scuseria (TPSS)*® and the
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Fig. 1 Typical enthalpy evolution for the evolutionary structural
search.
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Fig.2 Geometrical configurations in the (a), (b), (c), (d), and (e) are for
the a-, B-, y-, 8-, and e-phographenes, respectively. The corre-
sponding primitive unit cells are highlighted by the light-brown shaded
areas. The cyan balls stand for the carbon atoms. The phase diagrams
of the studied phographenes are shown in (f).

Table 1 The lattice constants (A) of the primitive unit cells a x b and
the corresponding numbers N of the carbon atoms contained in the
unit cells. The primitive unit cells of the studied phographenes are
shown in Fig. 2

Parameter o B Y d 3
a 7.42 11.14 5.61 8.66 5.79
b 7.42 4.91 4.89 5.71 3.83
N 20 20 10 18 8

revised TPSS meta-GGA (rev-TPSS)®” are also tabulated in
Table 2. The newly proposed a-phographene is almost degen-
erate in energy with the previously reported phagraphene. The
in-plane densities of the carbon atoms of the «- and B-phogra-
phenes and the phagraphene* are 0.363, 0.366, and 0.371
atoms per A%, The a-phographene with smaller atomic density is
found to have the lowest energy, hinting the effects of the
topological arrangement of the carbon polygons. The other new
carbon allotropes B- and d-phographenes are about 7 and 64
meV per atom higher in energy. The previously reported y- and
e-phographenes have about 51 and 156 meV per atom higher
energies. The other carbon allotropes as the biphenylene,*®
OPG-L,* OPG-Z,* circumcoro-graphyne,* coro-graphene,* C,
sheet,**** graphenylene,**** graphyne,'*° graphdiyne®*** and
penta-graphene® are found to be about 103, 112, 148, 129, 231,
307, 427, 502, 555, and 708 meV per atom higher in energy,
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Table 2 The relative energies (meV per atom) calculated on different
theoretical levels of the 2D carbon allotropes as referred to the lowest
energy one. Besides the newly proposed a-, 8-, and 3-phographenes,
the previously reported y-3' and g-phographenes,*® phagraphene,®
biphenylene,?® OPG-L and OPG-Z,% circumcoro-graphene (CCG),*
coro-graphene (CG),** C, sheet3*% graphenylene?*? graph-
diyne,?~2* graphyne,’*~2° and penta-graphene?® are also calculated for
comparison

Allotrope LDA PWI1 PBE TPSS rev-TPSS
Phagraphene 0.0 0.0 0.4 1.8 1.9
a-Phographene 5.9 0.4 0.0 0.0 0.0
B-Phographene 10.6 7.5 6.8 7.7 6.9
y-Phographene 54.5 50.9 50.3 51.8 51.2
3-Phographene 67.9 64.4 63.5 64.5 62.4
e-Phographene 157.4 157.6 156.7 155.5 152.2
Biphenylene 112.4 104.4 103.3 102.8 102.4
OPG-L 122.9 114.0 112.3 112.3 110.7
OPG-Z 158.0 149.3 147.6 148.3 146.1
CCG 143.5 131.7 132.5 125.2 126.3
CG 251.4 235.9 234.1 226.7 226.3
C, sheet 337.8 310.1 315.7 298.7 301.6
Graphenylene 461.6 429.9 426.5 426.4 424.4
Graphdiyne 676.5 557.2 564.6 538.4 558.5
Graphyne 594.2 502.3 508.6 489.7 505.5
Penta-graphene 691.0 709.0 704.0 718.8 698.4

respectively. Based on the analyses on the calculated energies,
we would like hereafter to concentrate on discussing the newly
proposed o- and B-phographenes. At the end of the section of
the discussion and results, we would also attempt to discuss the
possibilities of their fabrications.

The dynamic and thermal stabilities of the o- and B-phog-
raphenes are studied in Fig. 3. The calculated phonon spectrum
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Fig. 3 The phonon spectra (left) and the total energies as a function of
the time of the AIMD simulations (right). The (a) and (b) are for the a-
and B-phographenes, respectively. The insets show the structures
obtained at the end of simulations and the corresponding structures
fully optimized at O K.
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of a-phographene does not have any imaginary mode in the
entire Brillouin zone, confirming its dynamic stability.
However, the phonon spectrum shows the almost neglected
imaginary modes round I point for the B-phographene.
Considering the good stabilities judged from our later discus-
sion of the AIMD simulations and the mechanical stability
evaluation, the presence of the imaginary modes may be
attributed to the uncertainties of our calculations. Also, these
imaginary modes would be easily removed by applying a slight
tensile strain on the B-phographene. In Fig. 3, we have carefully
evaluated the melting temperature of the o- and B-phogra-
phenes to estimate their heat stabilities by using the AIMD
simulations, which have been confirmed to be useful in evalu-
ating the thermal stabilities of planar materials.®®*® In order to
minimize the constraints of the periodic boundary conditions
on the atomic movement, the carbon allotropes were simulated
by using the 4 x 4 x 1 supercells for exploring possible struc-
tural reconstructions. The geometrical structures were moni-
tored during the simulations. The stabilities of the coro-
graphene and circumcoro-graphyne*® were previously esti-
mated at 300 K, which are evaluated at 1000 K of the phag-
raphene” and penta-graphene.” In our studies, we have
estimated the highest temperatures for the o- and B-phogra-
phenes to withstand against structural reconstructions, which
are found to be 4000 and 3500 K, respectively. In Fig. 3, the
evolutions of their total potential energies as a function of
simulation time for the AIMD simulations at the corresponding
highest temperatures are shown, respectively. Additionally, the
structures obtained at the end of the simulations are presented
as the insets in Fig. 3, which are 0.63 and 0.49 eV per atom
higher in energy than the ideal planar structures of the corre-
sponding ground states. Although structural distortions could
be clearly seen, the structural skeletons are in fact preserved.
Using them as the initial states, we have also carried out full
structural optimizations at 0 K, which could quickly converge to
the corresponding ground states, suggesting o- and B-phogra-
phenes to be protected by high energy barriers against struc-
tural transitions on the potential energy surface.

As to the application, the strain may also happen to the
carbon allotrope, for example, which could be induced by the
lattice mismatch between the planar sheet and the supporting
substrate. Therefore, the mechanical stabilities of a- and B-
phographenes are also worth of evaluating. In Fig. 4, we have
studied the strain energy versus the applied strain, which is
calculated by subtracting the total energy of the ground state
structure from that of the strained structure. The Fig. 4a and e
show the results of the a- and B-phographenes under the equi-
biaxial and uniaxial strains, respectively. The corresponding
energy surfaces versus the strains applied along the arbitrary in-
plane directions are provided in Fig. 4b and f, respectively. The
smooth evaluations of strain energies show that the deforma-
tion energies keep positive in the range of the studied strain
loading in Fig. 4b and f, which suggest the mechanical stabili-
ties according to the mechanical stability criteria.®* Additionally,
we have calculated the corresponding linear elastic constants by
using the finite distortion method. Following the standard Voigt
notation, the elastic strain energy per unit can be written as:
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Fig.4 The (a)-(d) and (e)—(h) show the mechanical stabilities of the a-
and B-phographenes, respectively. The (a) and (e) are the energy
increases induced by the uniaxial and equi-biaxial in-plane strains.
And, the corresponding energy surfaces versus the arbitrary in-plane
strains are shown in (b) and (f). The stress—strain relationships (c and g)
and the phonon spectra (d and h) of the equi-biaxiallly strained
phographenes are also shown.

U({:‘) = %C”{:‘aaz —+ %szé‘bbz + Clzeaaebb + 2C()6€ab2 (1)
where ¢,, and &, are the uniaxial strains respectively applied
along a and b directions, and ¢,y, is the equi-biaxial strain. Cy,
Cs,, C15, and Cge are the components of elastic modulus tensor,
which could be obtained by calculating the second partial
derivative of strain energy with respect to strain.*® In order to
validate the accuracy of our method, the elastic constants of the
graphene sheet were firstly computed. We got the data of Cy; =
Cay = 346.3 and Cy, = C,; = 71.8 N m ™, in agreement with the
experimental measurements” and the previous computations.®®
For the carbon allotropes a- and B-phographenes, the calculated
elastic constants are tabulated in Table 3. One can see that both
of them have the C1,C,, — C1,> > 0 and Cgg > 0, satisfying the
Born-Huang mechanical stability criteria.”* Besides, we have
estimated the maximum equi-biaxial strain that the phogra-
phene could withstand. The results of the a- and B-phogra-
phenes as presented in Fig. 4c and g show that the maximum
values happen at the 13.5% and 17.0%, respectively, hinting

This journal is © The Royal Society of Chemistry 2017
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Table 3 The calculated elastic constants of the «- and B-
phographenes

Phographene Cq1 Coo Cia Cee
o 310.41 310.41 79.65 130.63
B 320.41 293.58 141.86 95.64

good mechanical stabilities. Considering the facts that the
dynamic effects may worse the stability of the strained sheet
material,”” we also analyzed the corresponding phonon spectra
of the phographenes after applying the equi-biaxial strains. The
calculated phonon spectra presented in Fig. 4d and h show that
the maximum values before structural collapse occurring are
reduced to 13.1% and 7.4% for the o- and B-phographenes,
respectively. The o-phographene shows better mechanical
stability than the B-phographene.

Providing to use the new carbon allotrope in air conditions,
the structural stability may bear effects from the oxygen. In our
studies, we have carefully studied the adsorption of an O,
molecule on the phographenes. Same as to the hexagonal gra-
phene, both the a-phographene and the B-phographene could
not adsorb the O,, hinting the structural stability for the
applications in air conditions. Additionally, hydrogenation is
the often used technique for modifying the properties of 2D
materials. We have also evaluated the stabilities of the hydro-
genated o- and B-phographenes, whose lowest energy configu-
rations are schematically shown in Fig. 5 along with the
corresponding phonon spectra (the higher energy hydrogena-
tion configurations are provided in the ESI Fig. S1 and S2t). In
comparison with the phonon spectra for the pristine phogra-
phenes shown in Fig. 3, the presence of the high frequency
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Fig. 5 The lowest energy configurations of the hydrogenated phog-
raphenes and the corresponding phonon spectra. The (a) and (b) are
for the a- and B-phographenes, respectively. The cyan and white balls
stand for the carbon and hydrogen atoms, respectively.
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modes comes from the covalent C-H bonding. Also, no imagi-
nary mode in the simulated spectra suggests the structural
stabilities.

3.2 Mechanical and electronic properties

Considering the applications, the mechanical properties of the
carbon allotropes are also worth of evaluating on theory. Based
on the tensor components calculated for the eqn (1), we studied
the in-plane Young's modulus for the a- and B-phographenes,
which are shown in Fig. 6. The 0°, 45°, and 90° angles corre-
spond to the directions along with the lattice a, the diagonal
axis, and the lattice b of the corresponding primitive unit cells,
respectively. For the a-phographene, the lattices a and b are
symmetrically equivalent resulting in the same Young's moduli
along them, which are calculated to be 290.0 N m ™. As shown
in Fig. 6, the modulus along with the directions corresponding
to the angles between 0° and 90° would get larger. The largest
Young's modulus is found to be in the diagonal direction
(corresponds to the 45° angle), which is 312.9 N m~". The B-
phographene has different conditions, whose modulus along
the lattices a and b are calculated to be 251.9 and 230.8 N m ™,
respectively. The maximum is also found in the diagonal
direction, which is 268 N m . Both of the primitive unit cells of
them contain 20 C atoms, respectively. The areas of the 2D unit
cells are 55.1 and 54.7 A* for the a- and B-phographenes,
respectively. However, the calculated in-plane Young's moduli
show that the B-phographene with slightly densely arranged C
atoms is softer than the a-phographene, bearing the effects
from the topological arrangements of the penta-, hexa-, and
octa-carbon rings. Additionally, the Young's moduli of gra-
phene,* phagraphene,” and penta-graphene® are calculated to
be 331.4, 292.9, 263.8 N m™ ', respectively. The a-phographene
shows comparable in-plane stiffness with graphene, suggesting
good mechanical properties. In Fig. 6, the Poisson's ratio, », has
also been theoretically estimated. The stiffer a-phographene
shows overall smaller ratios as compared with the B-phogra-
phene. In comparison with the » = 0.21 referring to the

(a)

b)

Se 0
b
v

Fig.6 The orientation-dependences of the Young's modulus in N m~!

(left) and Poisson's ratio (right) of the «- and B-phographenes,
respectively.
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stretching in the lattice direction of graphene, the studied
Poisson's ratios also show remarkable mechanical properties of
the a-phographene. If the a-phographene was stretched, it
would act similarly with its cousin part graphene which would
only shrink slightly in the lateral direction. The maximum and
minimum values happen to the situations of stretching the a-
phographene along the lattice direction and the diagonal
direction, which are ~0.26 and 0.20, respectively. The
maximum and minimum values of the f-phographene would be
obtained by stretching it along the lattice b and a directions,
which are calculated to be 0.44 and 0.38, respectively. Again, the
a-phographene shows superior mechanical properties than the
B-phographene.

The calculated energy bandstructures are presented in Fig. 7
for the o- and B-phographenes. Unlike graphene, no Dirac
electronic characteristics are found. Both of them show metallic
conducting properties. The effects of different topological
arrangements of C atoms in the 2D carbon allotropes could also
be seen in the corresponding conducting properties. Previous
studies show that the graphene,* OPG-Z,** phagraphene,*” and
circumcoro-graphyne* have Dirac cones showing semimetal
properties. The graphyne,'*>° graphdiyne, graphenylene,*
coro-graphene,”” and penta-graphene® are semiconductors.
And, the radialenes,”® pentahexoctite,*® HOP-graphene,*" pen-
taheptities,**** haeckelites,** squarographene,® C, sheet,**** W-
sheet,*** and OPG-L**** are reported to be metallic. It is well
known that the DFT with GGA-PBE has the deficiency in
describing bandgap in the calculated bandstructure. It reduces
the original problem to an auxiliary problem involving fictitious
noninteracting particles moving in a one-body effective poten-
tial, the familiar Hartree potential, and an exchange-correlation

20-23

P~
3
~

Energy (eV)
Energy (eV)

Energy (eV)

Fig. 7 The orbital-resolved bandstructures of the phographenes (left)
and the corresponding hydrogenated sheets (right). The a- and B-
phographenes are studied in the (a) and (b), respectively.
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potential. The byproduct of the Kohn-Sham approach is a set of
single-particle eigenvalues, which tends to underestimate the
bandgap. In this study, we have also applied the more accurate
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional which
includes a screened short-range Hartree-Fock exchange
term.””* The HSEO06 functional with the empirical parameter
a = 0.25 was adopted, which is widely used for studying the
semiconductor materials. Our calculations on HSE level
confirm the conducting properties of the o- and B-phogra-
phenes. One can see that the bandstructures shown in Fig. 7
have distinct characteristics for the o- and B-phographenes.
There are nearly parallel bands in the proximity of Fermi energy
of the a-phographene to help increase the joint density of states
at the energy of ~1.6 eV, which may find applications in
photoelectronics.

As shown in Fig. 7, both the valence and conducting bands
around Fermi energy originate from the p, orbitals in the o- and
B-phographenes, which would form the m-like bonds on both
sides of the 2D carbon allotropes, agreeing with the sp’like
electronic hybridization configurations. In the fully hydroge-
nated allotropes, the p, orbital would be saturated with
hydrogen atoms. All of the electrons would be bound in the
strong o-like covalent bonds, opening wide bandgaps in the
calculated bandstructures of the hydrogenated o- and B-phog-
raphenes. Previously, Sun and coworkers reported that the
remarkable ferromagnetic properties could be obtained in the
semi-hydrogenated graphene.” As to the semi-hydrogenated
phographenes, our careful analyses of the phonon spectra
support their structural stabilities. Unlike the
hydrogenated graphene, the ground states of the hydrogenated
phographenes are antiferromagnetic with more than 19 meV
per coupling than the corresponding ferromagnetic states,
respectively. In the lowest energy configuration of the semi-
hydrogenated phographene, the naked C-C dimer pair gains
presence in the pentagonal carbon rings, which tends to form
m-like bond paring the corresponding p, electrons. The
unpaired p, electrons are distributed on 4 carbon atoms in the
carbon octagon, which are separated with each other by the
carbon atoms bonded with H atoms on the octagonal ring,
preferring the antiferromagnetic couplings.

semi-

3.3 Discussion on the structural growth

As shown in Table 2, the newly proposed a-and B-phographenes
are almost degenerate with the previously reported phag-
raphene in energy. From the point of view of the energy, the
phagraphene and the low-lying phographenes gain almost the
same possibilities in structural growing, challenging the
experimental fabrications of a- or B-phographene single crystal
materials. In experimental studies, the metal surfaces, such as
the {111}-faceted surfaces of Cu, Ag, Au, and Pt, are usually used
as substrates for growing 2D materials, which are rich of elec-
trons in surface states. Furthermore, the methodology of near-
surface alloy could be used to alter the reactive of metal
surfaces,”’”” which could be used to enhance the charge trans-
fer between the metal substrate and its supported 2D materials.
Additionally, the injection of electrons was previously used to

This journal is © The Royal Society of Chemistry 2017
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engineer the reactivity of 2D materials.”® Therefore, we would
like to consider the effects of the electron injection on the
structural growth of carbon allotropes, with the purpose to shed
light on the corresponding experimental fabrications. In Fig. 8a,
the energy evolutions of the low energy carbon allotropes are
studied as a function of the quantity of the injected electrons.
Among the examined allotropes, the «- and B-phographenes
could be separated from the other ones, which would get much
more favored for experimental fabrications according to the
lower total energies in the charged states. For example, the
phagraphene would be ~60 meV per atom higher than the a-
and B-phographenes in the —0.2 e per atom charged state,
which are however almost degenerate in energy in the neutral
state.

From the point of view of the energy, we reach now that the
a- and B-phographenes could be not separated with each other
in both neutral and negatively charged states. Though the
positively charged state may have difficulty to be realized on
experiment, we also calculated the energies of the a- and -
phographenes after removing some electrons from the corre-
sponding neutral states, which however could not bring obvious
energy difference between them also. In order to shed light on
the possibilities of which phase of phographene would gain
priority for fabrication, we also studied the formation of the
corresponding structural units. The pentagonal, hexagonal,
heptagonal, and octagonal rings are the structural units which
could be obtained on experiment for carbon nanostructures.
We start our studies with an isolated carbon octagon, followed

~
L
-

-8.85

—&— o-PHOG
—O— SPHOG
—&— »PHOG
—O— &PHOG
—A— &PHOG
—8— OPGZ

—4A— OPGL

—O— Biphenylene
—#— Phagraphene

-9.00

Energy (eV/atom)

-9.15

0.00 eV 1.12 eV

Fig.8 (a) The calculated total energy (eV per atom) as a function of the
amount M of the injected electrons. (b) The structural motifs of the a.-
and B-phographenes. The motif of the B-phographene is 1.12 eV
higher in total energy than the one of the a-phographene. The cyan
and white balls stand for the carbon and hydrogen atoms, respectively.
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by introducing more carbon rings (see the ESI Fig. S37). Based
on the carbon octagon, the formation of an adjacent carbon
hexagon is a little lower in energy than a carbon pentagon.
Introducing one more carbon ring, the configuration of the
hexagonal and pentagonal rings adhering on the adjacent C-C
edges of the seed structural unit - the carbon octagon and
sharing one C-C between them would be preferable. Again,
adding one more carbon ring, the lowest energy structure shows
the tendency for arranging the hexagonal and pentagonal rings
alternatively on the adjacent C-C edge of the carbon octagon.
Following this trend, the structural fragment of the a-phogra-
phene could be obtained (see the Fig. 8b). In comparison, the
structural fragment of the B-phographene shown in Fig. 8b is
also studied. While both the studied fragments contain 20 C
atoms and 12 H atoms, the one for the a-phographene gains
1.12 eV lower total energy to gain priority for experimentally
synthesis. This may facilitate the fabrication of the a-phogra-
phene, calling for experimental realization.

3.4 Catalytic properties as supporting noble metal catalysts

Interestingly, a most recent theory-experiment joint study
shows the advances in achieving high-performance catalytic
properties by using the nitrogen-doped graphene to support
platinum atoms or particles, where the enhanced interaction
between Pt and N-doped graphene plays an important role.” In
the ideal pristine graphene, the p, electrons would be bound in
the conjugate m-bonds making the graphene to some sense
inert, whose reactivity could be enhanced by the structural
defect, chemical modification, bending curvature, and tensile
strain, etc.®*® Compared with the graphene, the sp> hybrid-
ization in phographene is perturbed, which may in turn also
affect the reactivity. Hereafter, with the purpose to facilitate
discussion and considering the above discussion on the struc-
tural growth, we would like to take the a-phographene as the
prototype structure for examining the topologically enhanced
reactivity. In our studies, we have calculated the adsorption of
the O,, H,, CO, and N, gas molecules on the a-phographene,
which would not be hold in chemisorption states. However, the
difference in reactivity between graphene and phographene
could be seen in the adsorption of Au atom. In our studies, we
have calculated the adsorptions of Au and Pt clusters with the
PBE functional. The relativistic effects were included by using
the scalar relativistic approach. A single Au atom could not be
adsorbed on graphene while it can adhere on phographene by
developing chemical-like bonding between them. The best
adsorption site is upon a carbon atom (see Fig. 9a). The bond
length between Au and C atoms is 2.19 A, being slightly longer
than the corresponding atomic radius sum (2.05 A). Addition-
ally, the adsorption energy, E.q, is calculated to be 0.43 eV by the
below definition.

Ead = Esheel + Emelal - Emetal/sheet (2)

where the Egpeet, Emetal, aNd Epetaysheer @re the calculated total
energies of the free-standing carbon sheet, the studied metal
species, and the metal adsorbed carbon sheet. Also, compared
to the adsorption on graphene, a Pt atom could be bound more
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Fig. 9 The geometrical configuration of the Au (a) and Pt (b) clusters
adsorbed on the a-phographene. The cyan, golden, and azure balls
stand for the C, Au, and Pt atoms, respectively. Both top and side views
are provided.

strongly on phographene. The adsorption energies of a single Pt
adsorbed on graphene and phographene are calculated to be
1.58 and 2.16 eV, respectively. The adsorption is upon the
bridge site of a C-C bond (see Fig. 9b). On the graphene doped
with a N atom, the lowest energy adsorption site for Pt atom is
on the bridge site upon the C-C bond adjacent to the N dopant.
The presence of N makes its nearby C atoms more reactive to
enhance the adsorption energy to 1.92 eV. One can see that the
binding of Pt on the a-phographene is a little stronger than that
on the N doped graphene. Additionally, we have also studied the
dimers and trimers of Au and Pt, whose adsorption energies on
both graphene and phographene allotropes are tabulated in
Table 4. The bigger size clusters of the Au,¢ with hollow cage
structure®>*® and the Pt;; with icosahedral compact structure®”
are also used as prototypes to shed light on the adsorptions of
noble metal clusters on the phographene. As seen in Table 4,
though the Au,, Aus, and Au, clusters could not be adsorbed on
graphene, they would like to adhere to the phographene allo-
trope, suggesting the enhanced activities of the phographene.
As compared to the adsorptions on the graphene, the binding
strengths of the Pt clusters are also significantly enhanced.
Similar as the complex catalyst nanostructures of the
dispersedly adsorbed Pt clusters on the N doped graphene, the
phographene allotrope may also gain preference in dispersedly
supporting noble metal clusters as complex catalyst nano-
materials. With the purpose to shed light on the catalytic
properties of the adsorbed noble metal clusters, we have

Table 4 The adsorption energies (eV) of the precious metal clusters
adsorbed on the graphene and a-phographene

Structure Au Au, Aus Au, Pt Pt, Pt; Pty
Graphene — — — — 1.59 0.96 1.44 0.57
Phographene 0.43 0.73 1.18 0.31 2.16 1.68 2.67 1.72
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examined the adsorption of the O, molecule. It would be
adsorbed in chemisorption states with the O-O bond being
parallel adhered upon a Au-Au or Pt-Pt bonds. Referring to the
>3 ¢ ground state O,, the lengths are elongated of ~13% and
11% on average of the O, molecules adsorbed on the studied Au
and Pt clusters, respectively, being in activated state with
enhanced reactivity for oxidizing CO etc.***® To conclude, our
results on the adsorptions of the Pt and Au species show the
promise to anchor precious noble metal atoms or clusters on
phographene to design high-performance catalyst, calling for
further experimental investigations for realization.

4. Conclusions

Based on the density functional theory computation and the
global minimum structural search, we have found the a-, -, and
d-phographenes as new carbon allotropes. The a-phographene
is almost degenerate in energy with the previously reported
phagraphene. The 8- and 3-phographenes are about 7 and 63
meV per atom higher in energy. The previously reported y- and
e-phographenes have about 51 and 155 meV per atom higher
energies. The other known non-honeycomb 2D carbon allo-
tropes including the graphyne, graphdiyne, C,-sheet, penta-
graphene, etc. are >100 meV per atom higher in energy. Both
the a- and B-phographenes are found to have superior dynamic,
thermal, and mechanical stabilities. In the charged state, the a-
and B-phographenes would be significantly lowered in energy as
compared to the phagraphene. Furthermore, our analysis on
the growth of structural motifs shows the preference of the
fabrication of a-phographene. Additionally, the a-phographene
has close Young's modulus and Poisson's ratio to those of
graphene, indicating remarkable mechanical properties. Both
a- and B-phographenes are metallic. The a-phographene shows
enhanced joint density of states at the energy of ~1.6 eV, which
may find applications in photoelectronics. Hydrogenation
would alter them to wide-gap semiconductors. The enhanced
adsorptions of the Pt and Au clusters on the a-phographene
show the probabilities in supporting precious metal species to
form high-performance complex catalyst nanostructures, being
attractive to call for experimental investigations.
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