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Penta-graphene has recently been proposed as a new allotrope of carbon composed of pure pentagons,
and displays many novel properties going beyond graphene [Zhang et al, Proc. Natl. Acad. Sci. U. S. A.,
2015, 112, 2372]. To further explore the property modulations, we have carried out a theoretical
investigation of the hydrogenated and fluorinated penta-graphene sheets. Our first-principles calculations
reveal that hydrogenation and fluorination can effectively tune the electronic and mechanical properties of
penta-graphene: turning the sheet from semiconducting to insulating; changing the Poisson’s ratio from
negative to positive, and reducing the Young's modulus. Moreover, the band gaps of the hydrogenated
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and fluorinated penta-graphene sheets are larger than those of fully hydrogenated and fluorinated
graphene by 0.37 and 0.04 eV, respectively. The phonon dispersions and ab initio molecular dynamics
simulations confirm that the surface modified penta-graphene sheets are dynamically and thermally stable,
and show that the hydrogenated penta-graphene has more Raman-active modes with higher frequencies
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Introduction

Currently, two-dimensional (2D) atomic-layer-based materials
are being widely studied due to their unique electronic and
magnetic properties. One such example is that of graphene,’
which has a covalently bonded honeycomb lattice exhibiting
robust stability and exceptional properties such as high carrier
mobility, thermal conductivity, optical transmittance and
anomalous quantum Hall effect.>* However, graphene is a zero
band-gap semimetal, limiting its possible application in the
field of optics, optoelectronics and microelectronics. Thus a
wealth of 2D carbon allotropes beyond graphene and their
derivatives have since been hotly pursued.*” For instance,
recently a new three-fold and four-fold coordinated hybrid
carbon sheet composed of only pentagons, penta-graphene,
was proposed.” It is a quasi-direct band gap semiconductor
with a band gap of 3.25 eV and exhibits exceptional mechanical
properties such as negative Poisson’s ratio and ultrahigh ideal
strength under biaxial strain, making it a versatile material for
many promising applications. On the other hand, function-
alization of graphene for opening its band gap® and tuning its
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as compared to the fluorinated penta-graphene.

properties for more fascinating applications has received consider-
able attention.’ First-principles calculations have demonstrated
that surface modification can effectively tune the electronic,
magnetic and mechanical properties of graphene, going from
metallic to semiconducting,’® and from nonmagnetic to
magnetic.'>*® Thus, a question arises: how do the properties
of penta-graphene change upon surface modification?

In this work, we have studied the chemical functionalization
of penta-graphene by introducing hydrogen and fluorine atoms
on both sides of this sheet, respectively. We have calculated the
adsorption energy, phonon dispersion and thermal stability,
and electronic and mechanical properties of the hydrogenated
and fluorinated penta-graphene sheets. We show that both
hydrogenated and fluorinated penta-graphene sheets are stable,
and their electronic band structures and elastic moduli differ
from those of pristine penta-graphene.

Methods

Our first-principles calculations and ab initio molecular
dynamics (AIMD) simulations are based on density functional
theory and all of the calculations are performed using the
Vienna Ab initio Simulation Package (VASP)."> A vacuum space
of 20 A in the direction perpendicular to the sheet is used
to separate it from its periodic images. Wave functions are
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expanded using the projector augmented wave (PAW) method
with a kinetic energy cutoff of 500 eV. The exchange-correlation
potential is incorporated using the generalized gradient
approximation (GGA). The Perdew-Burke-Ernzerhof (PBE)"
functional is used in most of our calculations whereas the hybrid
Heyd-Scuseria-Ernzerhof (HSE06)">'° functional is used for high-
accuracy electronic structure calculations. The first Brillouin zone
is represented by k points in the reciprocal space sampled using
the Monkhorst-Pack scheme'” with a grid density of 2rn x
0.02 A™". The lattice and atoms are relaxed without any sym-
metry constraints. The convergence criterion of total energy is
set as 1 meV in AIMD simulations and temperature control is
achieved using the Nosé thermostat.'® Phonon calculations are
performed by using the finite displacement method implemented
in the phonopy package.'® For geometry optimization, the con-
vergence thresholds for total energy and force components are set
as 10~* eV and 0.01 eV A™?, respectively.

Results and discussion

Unlike graphene where all carbon atoms are sp>-hybridized,
there are two chemically nonequivalent carbon atoms in penta-
graphene. The unit cell contains two four-fold coordinated and
four three-fold coordinated carbon atoms. Due to the special
atomic configuration, we found that only the three-fold coordi-
nated carbon atoms can adsorb hydrogen or fluorine atoms
forming the quasi-2D hydrogenated or fluorinated penta-
graphene sheets, as shown in Fig. 1, where all carbon atoms
become four-fold coordinated. In these two structures, the ratio
of C:H or C:F is 3:2, differing from that of 1:1 in the fully
hydrogenated (graphane)*® or fluorinated graphene (fluoro-
graphene).'” After full geometry optimization, we found that
the two functionalized structures still retain the P42,m symmetry,
indicating that the full hydrogenation/fluorination does not
change the crystallographic symmetry of penta-graphene. For
convenience of discussion, we group the four-fold and three-
fold coordinated carbon atoms of the pristine penta-graphene as
C1 and C2, respectively, and label the hydrogenated/fluorinated
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Fig. 1 Top and side views of the optimized structures of (a) the hydrogenated
and (b) fluorinated penta-graphene. The squares marked by red dashed lines
denote the unit cells, and the highlighted yellow spheres represent the four-
fold coordinated C atoms in the pristine penta-graphene.
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Table1l Optimized structure parameters, distance 4 between the top and
bottom layers of the carbon atoms, electronic band gap E4 calculated by
using the PBE/HSEQ6 functional, and binding energy E,, of the function-
alized penta-graphene and graphene

H-PG-H F-PG-F HGH F-GF
d (C1-C2) (A) 1.55 1.57 — —

d (c2-c2) (A) 1.55 1.58 1.53 1.58
d (C-H/C-F) (&) 1.10 1.37 1.11 1.38
Ocz-c1-col0ci-co-cn~ 116.9/105.9°  117.8/106.7°  — —

A (A) 1.62 1.60 0.46 0.49
E, (PBE) (eV) 4.29 3.36 3.86 3.11
E, (HSEO06) (eV) 5.35 4.78 4.97 4.74
Ey, (eV per atom) 3.65 4.22 2.47 2.92

penta-graphene as H-PG-H/F-PG-F. Accordingly, the hydrogenated/
fluorinated graphene is labeled as H-G-H/F-G-F for comparison.
The bond lengths of C1-C2 and C2-C2 are 1.55/1.57 A and 1.55/
1.58 A for the hydrogenated/fluorinated penta-graphene,
respectively, which are close to that of 1.53 A in diamond, but
longer than that of 1.42 A in graphene, showing a single bond
character. The bond angles 0¢;_ci1-c, and 0¢q-cp-c1 are 116.9°/
117.8° and 105.9°/106.7°, respectively, indicating the distorted
sp® hybridization of the carbon atoms. The increase of the
C2-C2 bond length from 1.34 A to 1.55/1.58 A due to the
hydrogenation/fluorination implies the transformation from
the double bond to the single bond, while the change of the
C1-C2 bond length is subtle after hydrogenation or fluorina-
tion. The optimized structure parameters of H-PG-H and F-PG-F
as well as H-G-H and F-G-F are summarized in Table 1. We
define the buckling height 4 as the vertical coordinate difference
of the top and bottom carbon layers (see Fig. 1). One can see that
after hydrogenation/fluorination, the buckling height increases
to 1.62/1.60 A from 1.20 A of the pristine penta-graphene, while
for the hydrogenated/fluorinated graphene, 4 is 0.46/0.49 A
respectively.

We then calculated the binding energy of the hydrogen/
fluorine atom with penta-graphene, which is defined by E}, =
7(Et0tal — Epg — 4Eadatom)/4y where Etotaly Epg, and Eadatom stand
for, respectively, the total energy of the ground state configu-
ration of the hydrogenated/fluorinated penta-graphene, pristine
penta-graphene, and isolated hydrogen/fluorine atom. There are
four adsorbed hydrogen/fluorine atoms per unit cell, and the
binding energy is averaged on each adsorbed atom. The calcu-
lated binding energy is 3.65 eV/H and 4.22 eV/F for the hydro-
genated and fluorinated penta-graphene, respectively. The large
binding energy indicates that the attractive interactions between
hydrogen/fluorine atoms and the penta-graphene sheet are
strong. The possible reason is that the adsorption of hydrogen/
fluorine atoms on penta-graphene enlarges the C-C bond length
due to the formation of C-H/C-F bonds and thus partially
releases the stress imposed by the pentagonal configuration.
This is reminiscent of the experimentally synthesized dodecahedral
C,o fullerene, which was obtained by using hydrogenated or
brominated C,, as the precursor.*** For comparison, we also
calculated the binding energy of hydrogen/fluorine atoms with
graphene, which is 2.47 eV/H and 2.92 eV/F, respectively, in good
agreement with previous calculations.”*** The larger binding
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energy of hydrogen/fluorine atoms with penta-graphene indicates
that the adsorption of hydrogen/fluorine is energetically favorable
over that of graphene. This can be understood from the following
facts: the buckling structure of penta-graphene has more space for
the adsorbed atoms, and the three-fold coordinated C2 atoms in
penta-graphene are chemically more active than the C atoms
in graphene that are relatively inert due to the delocalized
n electrons. In addition, the surface modification of penta-
graphene elongates the bond length of C2-C2, thus partially
releasing the strain stored in the pristine structure while for
graphene, the structure becomes distorted after the surface
modification, which introduces strain reversely.

To examine the stability of the hydrogenated/fluorinated
penta-graphene, we first performed ab initio molecular dynamics
simulations at 300 K and 1000 K, respectively, for 10 000 steps with
a time step of 1 fs. To reduce the periodic constraints, the 2D sheet
of the hydrogenated/fluorinated penta-graphene is simulated using
a (4 x 4) supercell containing 160 atoms. The fluctuations of the
total potential energies and the geometric structures at the end of
the AIMD simulations for the hydrogenated/fluorinated penta-
graphene are presented in Fig. 2, which show in both cases of
the hydrogenated and fluorinated penta-graphene that the average
values of the total potential energies remain nearly constant and
the 2D sheets maintain their integrated structures during the
molecular dynamics simulations at 300 K and 1000 K, respectively,
indicating that both the hydrogenated and fluorinated penta-
graphene sheets are not only thermally stable at room temperature,
but can also withstand temperatures as high as 1000 K.
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We then calculated the phonon dispersions of the hydro-
genated and fluorinated penta-graphene sheets along the high
symmetric paths in the first Brillouin zone to study their
dynamic stability. The results are presented in Fig. 3. No
imaginary frequencies are observed in the entire Brillouin zone
for both of the two structures, confirming the dynamical stability
of the hydrogenated/fluorinated penta-graphene. Similar to the
case of graphene®>?® and penta-graphene, the phonon spectra of
H-PG-H and F-PG-F both exist in three distinct acoustic modes
and the two-fold degeneracy remains on the X-M path, which is
the boundary of the first Brillouin zone. One can see from
Fig. 3(a;) and (b) that a large phonon gap is observed in the
case of H-PG-H, while for F-PG-F the phonon gap is relatively
small. After a careful analysis of the corresponding atom-
resolved phonon density of states (PhDOS), we found that, for
H-PG-H, the ¢ bond between H and C2 atoms plays a dominant
role in the dispersionless high-frequency modes, which agrees
with that of the previous reported hydrocarbon structures.>””*®
However, the formation of a single bond between F and C2
atoms in F-PG-F only leads to the dense phonon modes in the
range of 0-10 THz, which can be seen when comparing (a,) and
(b) in Fig. 3, thus resulting in a relatively smaller phonon gap.
We argue that the different phonon dispersion relations between
the hydrogenated and fluorinated penta-graphene can be partially
attributed to the differences in electronegativity and atomic mass
between hydrogen and fluorine atoms. The surface modification
breaks the double bonds between the C2 atoms, which results in
the absence of high-frequency modes in the range of 45-50 THz,
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Fig. 2 The fluctuations of total potential energy of (a) H-PG-H and (b) F-PG-F during the AIMD simulations at 300 K and 1000 K. The insets are

snapshots of the structures at the end of simulations.
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Fig. 3 Phonon band structures and corresponding atom-resolved PhDOS of (a;) H-PG-H and (b) F-PG-F. (a) is the phonon band structures of H-PG-H
in the low frequency region. The inset in (a;) represents the high-symmetric g-point paths: I" (0, 0)-X (1/2, 0)-M (1/2, 1/2)-T (0O, 0).
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Fig. 4 Raman-active and IR-active modes of (a) H-PG-H and (b) F-PG-F. The degenerate modes are not shown here.
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while the formation of C-H bonds and C-F bonds introduces
several new vibration modes. Since the vibration frequency is
inversely proportional to the effective mass and the atomic mass
of fluorine is much bigger than that of the hydrogen atom, the
vibration modes of C-H bonds mainly lie in the high frequency
region which is much higher than that of double bonds of C2
atoms, whereas the phonon modes of C-F bonds are mainly
located in the frequency range above acoustic modes.

We further analyzed the vibrational activity at the I' point in
the Brillouin zone center so that one can distinguish the
hydrogenated and fluorinated penta-graphene by comparing
their Raman and Infrared (IR) spectra. The hydrogenated and
fluorinated penta-graphene both belong to the D,4 point group,
and the irreducible representations of the phonons at the
Brillouin zone center can be expressed as:

I'=4A(R) @ A, @ 3B4(R) @ 4B,(I +R) ® 8E(I + R)

where A, and B, modes are Raman-active, B, and E modes are
both Raman- and infrared-active, and the A, mode is neither

View Article Online
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Raman-active nor infrared-active. Although there are same
irreducible representations of phonons at the I' point, the
frequency and intensity of Raman/IR activity of vibration
modes are different for the hydrogenated and fluorinated
penta-graphene. In the case of H-PG-H, there is obvious
Raman-activity at 2945.89, 2911.14, 1267.57, 1179.84, 1115.23,
990.23 and 780.64 cm ™', IR-activity at 2943.53 and 2911.14 cm™ ',
respectively. But for F-PG-F, the frequencies of pronounced Raman-
active modes are 1219.33, 1077.20, 1012.18 and 491.26 cm ™' while
the IR-active modes are 1261.45, 1130.71 and 545.58 cm ™. The
atomic vibration details of the Raman and IR active modes
mentioned above are illustrated in Fig. 4.

To study the effect of the hydrogenation/fluorination on the
electronic structure of penta-graphene, we calculated the elec-
tronic band structure and corresponding partial density of
states (DOS) of the hydrogenated/fluorinated penta-graphene.
The results are plotted in Fig. 5, which shows that H-PG-H/F-PG-F
has an indirect band gap of 4.29 eV/3.36 €V at the PBE level. The
underestimation of the PBE functional in predicting electronic
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Fig. 5 Electronic band structure and atom-decomposed partial DOS of (a;) H-PG-H and (b;) F-PG-F. Blue dashed lines and red solid lines correspond to
the PBE and HSEOG results, respectively. The corresponding band-decomposed charge density distributions of (a;) H-PG-H and (b,) F-PG-F.
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Fig. 6 Strain—energy relationship of the hydrogenated and fluorinated penta-graphene sheets under (a) uniaxial strain and (b) equi-biaxial strain.

band gaps of materials is well-known, and hence we used the
hybrid HSE06 functional to get more accurate results. Although
the band structures obtained by using the HSE06 functional are
similar to those obtained by using the PBE functional, the band
gaps change to 5.35 eV and 4.78 eV respectively, showing that both
hydrogenation and fluorination can effectively tune the electronic
structure of penta-graphene and change it from a semiconductor
to an insulator. Thus, the functionalized penta-graphene sheets
with low density and large band gap could serve as the dielectric
layers in field effect transistors (FETSs), substituting for silicon
oxides.>*' The band gaps of graphane and fluorographene were
calculated as well for comparison, and the results are presented in
Table 1, in which the PBE results agree well with the previous
studies.’*** Although the surface functionalized and pristine
penta-graphene are all indirect band gap structures, as their
valence band maximum (VBM) and conduction band minimum
(CBM) are located at different k points in the momentum space:
the VBM/CBM shifts from the I''X/M-I" path to the M/I" path
respectively after the hydrogenation/fluorination, and the sub-
VBM in penta-graphene disappears upon the functionalization,
as shown in Fig. 5(a;) and (b;). This can be attributed to the
redistribution of charge density. The charge density distributions
of the band edge states for the hydrogenated and fluorinated
penta-graphene were calculated and plotted in Fig. 5(a,) and (b,),
respectively. The results show that the VBM state of the hydro-
genated/fluorinated penta-graphene has o, and o, characters
while the CBM state has o;* and o,s* characters, which are
different from that of penta-graphene. The atom-decomposed
partial DOSs were calculated for further analysis of the electronic
band structures. The partial DOS of the hydrogenated penta-
graphene shows that the electronic states near the Fermi level
are mainly from C1 and C2 atoms, while for the fluorinated penta-
graphene, the partial DOS in the vicinity of the Fermi level
originates from both of C and F atoms, which is confirmed by
the band-decomposed charge density distributions (see Fig. 5).
The difference of the partial DOS between the hydrogenated and
fluorinated penta-graphene can be ascribed to the electro-
negativity of ad-atoms. The electronegativity increases from hydro-
gen to carbon to fluorine; therefore, in hydrogenated penta-graphene
the C2 atoms serve as acceptors while in the fluorinated one they
become donors, consistent with Bent’s rule.**** That is, in the case

14196 | Phys. Chem. Chem. Phys., 2016, 18, 14191-14197

Table 2 Elastic constants, Young's modulus E, and Poisson’s ratio v of
pristine and the functionalized penta-graphene

PG* H-PG-H F-PG-F
C1; (GPa nm) 265 218.42 253.20
C1» (GPa nm) —18 53.13 59.70
E (GPa nm) 263.8 205.50 239.12
v —0.068 0.243 0.236

of H-PG-H the charge transfers from hydrogen to carbon while from
carbon to fluorine for that of F-PG-F.

Finally, we investigated the mechanical properties of the
hydrogenated/fluorinated penta-graphene. Penta-graphene has
robust mechanical stability and outstanding mechanical properties.
How do they change upon hydrogenation and fluorination? To this
end, we calculated the in-plane Young’s modulus and Poisson’s
ratio of the hydrogenated and fluorinated penta-graphene by fitting
the energy curves associated with uniaxial and equi-biaxial strains,*
which are shown in Fig. 6. The calculated results are presented in
Table 2. After surface modification, the in-plane Young’s modulus
for the hydrogenated and fluorinated penta-graphene is 205.50 and
239.12 GPa nm respectively, which is still comparable to 263.8 GPa
nm of penta-graphene. The slight decrease of Young’s modulus can
be attributed to the difference in the bond order and bond type
between pristine and the functionalized penta-graphene.

Conclusions

Motivated by the unique geometry and novel properties of
penta-graphene proposed recently, and the advances of surface
modification for 2D materials, we have studied the effect of
hydrogenation and fluorination on the electronic and mechan-
ical properties of penta-graphene. State-of-the-art theoretical
calculations reveal that the surface-modified structures have
higher thickness as compared to penta-graphene. The binding of
hydrogen/fluorine atoms with penta-graphene is stronger than
that with graphene. The functionalized sheets are not only dyna-
mically and thermally stable at room temperature, but can also
withstand temperatures as high as 1000 K. Hydrogenation and
fluorination significantly widen the band gap of penta-graphene,
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leading to the transformation from a semiconductor to an
insulator. Compared with the fluorination, the hydrogenation
results in a larger energy band gap, a larger Poisson’s ratio but a
smaller Young’s modulus, and more Raman active modes with
higher frequencies. The in-plane Young’s modulus changes to
205.50/239.12 GPa nm from 263.8 GPa nm upon hydrogenation/
fluorination. This study suggests that hydrogenation and fluor-
ination can effectively tune the electronic and mechanical pro-
perties of penta-graphene for new potential applications.
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