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A biphenylene network, the first synthesized non-graphene planar carbon allotrope composed entirely of
spz—hybridized carbon atoms, has attracted widespread interest due to its unique structure, and electronic
and mechanical properties. A pristine biphenylene network is metallic, and the effective regulation of its
electronic properties will greatly expand its application in the fields of optoelectronics, nanoelectronic
devices and photocatalysis. In this paper, the hydrogenation and halogenation of biphenylene networks
were investigated using density functional theory, and their electronic properties were tuned by varying
the functionalization concentration. Calculation results show that the maximum functionalization degree
is CH1.00. CFi00. CCloey and CBrg 3, respectively. The band gap could be modulated in the range of
0.00-4.86 eV by hydrogenation, 0.012-4.82 eV by fluorination, 0.090-3.44 eV by chlorination, and
0.017-1.73 eV by bromination. It is also found that CH, (x = 0.92, 1.00), CF, (x = 0.75, 1.00), and CCl, (x

Received 14th June 2022 = 0.42-0.67) have the potential to photolyse water. Our research indicates that hydrogenation and
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halogenation can effectively regulate the electronic properties of the biphenylene network by controlling

DOI: 10.1039/d2ra03673h the concentration of functionalization, thus expanding its potential applications in the field of electronic
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Introduction

Graphene, a two-dimensional (2D) monolayer honeycomb
lattice structure composed of sp*-carbon atoms,* has received
extensive attention due to its unique chemical and physical
properties,>® and has been successfully applied in the fields of
energy, biology and medicine."* As a new allotrope of gra-
phene, a biphenylene network has a different fully sp>-hybrid-
ized carbon network composed of quadrilaterals, hexagons and
octagons, and has several fascinating properties.”*” Owing to
the existence of non-hexagonal rings, the synthesis of a biphe-
nylene network has always been a great challenge. Until 2021,
Gottfried et al. reported the bottom-up growth of a biphenylene
network with periodically arranged quadrilaterals, hexagons
and octagons of sp>-hybridized carbon atoms through an on-
face inter-polymer dehydrofluorination reaction.'® This was
the successful synthesis of the first non-graphene planar carbon
allotropes composed entirely of sp>-carbon atoms.
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The biphenylene network has exhibited strong lithium and
sodium storage capabilities,"**® which reveals its great potential
as an anode material. However, the metallicity of the bipheny-
lene network'® limits its potential application in the field of
optoelectronics, electronic devices and photocatalysis.
Numerous previous studies have reported that the conversion of
sp>-C atoms into sp>-C atoms by functionalization is an effective
way to regulate the electronic properties of graphene and other
2D carbon allotropes.”*** For example, Gao et al.>* modulated
the band gap of graphene in the range of 0.00-4.66 eV by
changing the degree of hydrogenation. Subsequently, nearly
fully hydrogenated graphene was successfully synthesized* and
showed great application potential in the fields of electro-
catalysis, photocatalysis, flexible spintronic devices and photo-
detectors.”** Similarly, halogenated graphene can be used as
catalysts for redox reactions and as hydrophobic materials due
to its non-zero band gap.***' Hydrogenation and halogenation
are also used to successfully modulate the band gaps of gra-
phene allotropes by varying the concentrations of functionali-
zation. Our previous work found that the band gap of
graphenylene can be regulated in a wide range by hydrogena-
tion and halogenation, and the modified graphenylenes at some
concentrations can be used as potential materials for water
photolysis.** Inspired by these works, we believe that chemical
functionalization is expected to be an effective way to regulate
the electronic properties of biphenylene network, thus
expanding its application potential. Up to now, the band gap of
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fully hydrogenated biphenylene network up to 4.00 eV (ref. 33
and 34) and the insulating properties of fully hydrogenated
biphenylene network nanoribbons® all demonstrate that the
electronic properties of biphenylene network can be tuned
effectively by functionalization. Hence, it is of great significance
to systematically investigate the functionalization of bipheny-
lene network and explore the regulation of electronic properties
under different functionalization degrees.

In this work, biphenylene networks were hydrogenated and
halogenated at 12 different concentrations, and the structures,
stabilities and electronic properties of the obtained function-
alized biphenylene networks were investigated using first-
principles calculations. The results show that by controlling
the concentrations of hydrogenation and halogenation, the
band gap of functionalized biphenylene networks can be
adjusted in a wide range, i.e., 0.00-4.86 eV for hydrogenation
and 0.012-4.82 eV for halogenation. The fluorinated bipheny-
lene network has the highest thermodynamic stability. The
band-edge calculations show that some functionalized biphe-
nylene networks are feasible as catalysts for water photolysis.
Our work shows that the electronic properties of biphenylene
network can be successfully regulated by hydrogenation and
halogenation with different concentrations, thus expanding its
potential application in 2D electronic devices and
photocatalysis.

Methodology

All calculations in this work were carried out by density func-
tional theory (DFT)** as implemented in Vienna ab initio
simulation package (VASP)*” with a projector augmented wave
(PAW)*®* method. The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE)* scheme was used
to describe the exchange correlation energy functional. Due to
the underestimation of the band gap by PBE, the Heyd-Scu-
seria-Ernzerhof (HSE)* scheme was also used to obtain accu-
rate band gap values. To avoid the interaction between two
neighboring slabs, the vacuum thickness was set to 20 A along
the z-direction. The plane wave cutoff energy was taken to be
550 eV in all calculations. The Brillouin zone was sampled by 3
x 3 x 1 Monkhorst-Pack*" k-points mesh. The convergence
criteria for energy and Hellmann-Feynman force were set to
107" eV per atom and 10~ % eV A~' during the geometric opti-
mization, respectively.

Results and discussion

Fig. 1a shows the optimized structure of biphenylene network in
a 2 x 2 supercell consisting of four quadrilaterals, four hexa-
gons and four octagons. It contains a total of 24 sp>-hybridized
C atoms, which form four types of C-C bonds with bond lengths
of 1.41 A, 1.45 A, 1.45 A and 1.46 A, respectively. The lattice
parameters of the optimized biphenylene network are a = 7.51
A and b = 9.05 A. These geometric parameters are consistent
with previously reported work.*” In this work, we systematically
study hydrogenated and halogenated biphenylene networks at
different concentrations. The obtained functionalized
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Fig.1 (a) Top view of the 2D structure of biphenylene network in a 2
x 2 supercell. The unit of lattice parameters and bond lengths is
angstrom (A). (b) The PBE band structures and density of states of
biphenylene network.

biphenylene networks were named as CM,, where M is the
functionalization atom (including hydrogen, fluorine, chlorine,
bromine and iodine), and x is the concentration of functional-
ization. Totally 12 hydrogen or halogen molecules can be
adsorbed on the surface of a biphenylene network 2 x 2
supercell, therefore there are 12 concentration values, i.e., x =
0.08, 0.17, 0.25, 0.33, 0.42, 0.50, 0.58, 0.67, 0.75, 0.83, 0.92, 1.00.

Among the four types of C-C bonds, the bond shared by
hexagon and octagon (highlighted in red in Fig. 1a) has the
shortest bond length, which indicates that it has more double
bond nature. Therefore, in the process of functionalization, the
first pair of M atoms were preferentially adsorbed on this C-C
bond, with one atom above the biphenylene network plane and
the other below the plane. It is worthy to note that combining M
atoms on different sides of biphenylene network to form sp*-C
can increase the distance between the atoms on the same side,
reduce interactions and avoid aggregation, thus making the
whole structure more stable. With the increase of the func-
tionalization concentration, more pairs of M atoms will be
adsorbed on the surface of biphenylene network. We consid-
ered all possible adsorption positions and only selected the
energetically most stable structures for further investigations.
Fig. 2 summarizes the binding order of M atoms on the surface
of biphenylene network. It can be seen that hydrogen and
fluorine atoms are preferentially bound to the same hexagon
until this ring is fully functionalized before being added to
other hexagons. The difference is that the second hexagon for
hydrogenation is connected to the first hexagon through
a quadrilateral, while the second hexagon for fluorination is
connected to the first hexagon through an octagon. Chlorine
and bromine atoms are gradually added to different hexagons,
which could be attributed to their larger atomic radii.

The most stable structures of hydrogenated, fluorinated,
chlorinated, and brominated biphenylene networks at different
concentrations are shown in Fig. 3a-d and S1a-d.f It should be
noted that we did not obtain any stable configuration for the
addition of iodine to biphenylene network, so the iodination of
biphenylene network is impossible. As seen from Fig. 3,
hydrogenated and fluorinated biphenylene networks at 12
concentrations can be obtained, while the maximum concen-
trations of chlorination and bromination are only 0.67 and 0.33.
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Fig. 2 The binding order of H (a), F (b), Cl (c) and Br (d) atoms to
biphenylene network.
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Fig. 3 The side views of structures of biphenylene networks func-
tionalized by H (a), F (b), Cl (c) and Br (d) at different concentrations.
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Comparing the structures of all the functionalized biphenylene
networks, it can be found that the structures gradually become
plicated, which is because sp*-hybridized C atoms become
dominant  with increasing the concentration  of
functionalization.

The lattice parameters of the functionalized biphenylene
network structures are shown in Table 1. For hydrogenation,
fluorination, and chlorination, the lattice parameters in the
a and b directions change very slightly at low concentrations,
and then increase with the increase of concentrations, which is
3% and 2% for hydrogenation, 6% and 5% for fluorination and
5% and 8% for chlorination. For bromination, the Iattice
parameters of brominated biphenylene networks are almost
unchanged because the maximum concentration of bromina-
tion is only 0.33.

In order to investigate the thermodynamic stability of func-
tionalized biphenylene networks and the effect of different
concentrations of M atoms on the thermodynamic stability, we
calculated the binding energies for the most stable structures in
each system. The calculation formula is as follows:

Epinding’ (M) =

(E'CMr - Ebiphenylene network — nEM)/n

where Epinging’ (M) is the binding energy of each M atom at
functionalization concentration x, Ecy, is the total energy of
functionalized biphenylene network CM,, Epiphenylene network iS
the energy of the pristine biphenylene network, E\, is the energy
of per M atom of an M, molecule in vacuum, and n is the
number of M atoms in a functionalized biphenylene network.
All calculated binding energies are plotted in Fig. 4. As can be
seen from the figure, the binding energies of hydrogen and
fluorine atoms are always negative at all concentrations,
ranging from —0.43 to —0.070 eV per atom for hydrogenation
and —1.92 to —1.78 eV per atom for fluorination. With the
increase of concentration, the binding energies of hydrogen
atoms decrease slightly, while those of fluorine atoms remain
almost unchanged. For the chlorinated biphenylene networks,
the binding energies are negative (—0.13 to —0.070 eV per atom)
at concentrations below 0.33, but become positive and gradually
increase with increasing concentrations. For brominated
biphenylene networks, the binding energies are always positive.
These positive binding energies indicate that the binding of
bromine atoms on biphenylene network is endothermic and
therefore unstable. The fluorine atom has the lowest binding
energy among the four atoms, which can be attributed to the
strongest electronegativity and smaller ionic radius of fluorine.
The gradually decreasing binding energy of chlorine and
bromine atoms to biphenylene network is owning to their larger
atomic radius and mutual repulsion.

Generally, different methods of hydrogenation and haloge-
nation will have different effects on the stability of functional-
ized biphenylene networks. In our work, we considered a variety
of possible ways of adding M atoms, and finally found that the
structures with preferentially addition of M atoms to the hexa-
gons on both sides of biphenylene network have the best
stability. Compared with the work of hydrogenated biphenylene
network reported by Lee et al.,** the binding energy of each H

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The lattice parameters (A) of hydrogenated and halogenated biphenylene networks at different concentrations

Hydrogenation Fluorination Chlorination Bromination
Concentration a b a b a b a b
0.08 7.51 9.05 7.51 9.04 7.51 9.05 7.51 9.05
0.17 7.55 9.04 7.54 9.04 7.51 9.03 7.51 9.03
0.25 7.59 9.04 7.61 9.04 7.49 9.03 7.50 9.03
0.33 7.58 9.06 7.65 9.05 7.49 9.01 7.50 9.02
0.42 7.58 9.10 7.67 9.05 7.56 9.15
0.50 7.61 9.13 7.75 9.06 7.61 9.28
0.58 7.61 9.15 7.77 9.14 7.76 9.53
0.67 7.67 9.13 7.78 9.18 7.91 9.87
0.75 7.70 9.16 7.83 9.26
0.83 7.70 9.19 7.86 9.34
0.92 7.70 9.21 7.88 9.41
1.00 7.73 9.25 7.94 9.49
1.0 well-known underestimation of the band gaps by PBE function,
H . . .
——F a hybrid DFT functional (HSE)* was used to obtain more
0.5 - o—Cl accurate band gap values, as shown in red lines in Fig. 5. Note
~—— Br| . . .
—a——0 - = that the following discussions of band gaps are all based on

WO — = == /= — m m — - - — - —

Binding Energy (eV/atom)
s
o
T

g

1 1 1 1 1 1 1 1 1 1 1 1

0.08 0.17 0.25 0.33 0.42 0.50 0.58 0.67 0.75 0.83 0.92 1.00
The concentration x in CM,

Fig. 4 The binding energies of hydrogen and halogen atoms on
biphenylene networks at different concentrations.

atom is —0.36 eV at the concentration of 1.00, which is higher
than ours (—0.43 eV per H). Clearly, the fully hydrogenated
biphenylene network obtained in this work has better thermo-
dynamic stability, which is mainly due to different hydrogena-
tion methods. In their work, hydrogen is preferentially added to
quadrilaterals on the same side, and the mutual repulsion of
these hydrogen atoms may reduce the binding stability to the
substrate. Therefore, the hydrogenation method proposed by us
is a more suitable and effective method for hydrogenating
biphenylene network, and this strategy can be applied to the
research of other functionalized materials in the future.

In order to explore the effect of functionalization on the
electronic properties, we calculated the electronic band struc-
tures and densities of states of pristine and functionalized
biphenylene networks. As shown in Fig. 1b, the pristine
biphenylene network has a zero-band gap and exists states near
the Fermi level, indicating its metallicity, which is consistent
with previous reports.* The PBE band structures and densities
of states of hydrogenated biphenylene networks at different
concentrations are shown in black lines in Fig. 5. Due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

HSE results. The band gap results show that for CH,, when x is
0.08-0.50, the band gaps are 0.21, 0.14, 0.066, 0.00, 0.13 and
0.11 eV, respectively. Hydrogenated biphenylene networks are
metallic at 0.33 and semiconducting with small indirect band
gaps at all other concentrations. When x is 0.58-1.00, the band
gaps are opened to 1.05, 3.69, 4.53, 3.90, 4.86, and 4.82 eV,
respectively. They have direct band gaps at the concentration of
0.67 and 0.75, and indirect band gaps at other concentrations.
The bands near the valence band maximum (VBM) and
conduction band minimum (CBM) have great dispersion effects
when x = 0.50, which reflects high mobilities of electrons and
holes. However, when x > 0.50, the bands near VBM and CBM
gradually become flatter, which indicates that the mobilities of
electrons and holes decrease gradually.

The PBE and HSE band structures and densities of states of
halogenated biphenylene networks at different concentrations
are shown in Fig. S2-S4.7 For CF,, there is the similar trend with
hydrogenation. At low concentrations, fluorinated biphenylene
networks are semiconductors with indirect small band gaps
(0.097, 0.014 and 0.012 eV), and with the increase of concen-
trations, the band gaps are opened to 1.81, 3.13, 4.14, 3.81, 4.40,
4.56, 3.89, 4.68, 4.82 eV when x > 0.33. Among which, they have
direct band gaps when x is 0.50, 0.67, 0.75 and 0.83, and indirect
band gaps at other concentrations. Unlike hydrogenation, the
bands near the Fermi level become flat when x is 0.33. For CCl,,
small indirect band gaps (0.15 and 0.090 eV) were obtained
when x is 0.08 and 0.17 and the band gaps were opened to 1.00,
2.24, 2.16, 2.55, 2.56 and 3.44 eV at the concentrations of 0.25-
0.67. Except x = 0.50 and 0.67, all the chlorinated biphenylene
networks have direct band gaps. For CBr,, the band gaps are
0.13,0.017, 0.97, and 1.73 eV, respectively, and there exists only
one direct band gap (x = 0.25). For both chlorination and
bromination, the bands near the Fermi level become flat at x =
0.25, which is earlier than other three systems.

RSC Adv, 2022, 12, 20088-20095 | 20091
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Fig. 5 The PBE (black lines) and HSE (red lines) band structures of
hydrogenated biphenylene networks at different hydrogen concen-
tration x. The Fermi levels are shown by dashed lines.

Fig. 6 summarizes the calculated PBE and HSE band gaps of
hydrogenated and halogenated biphenylene networks as the
function of concentration x. It can be seen from the figure that
the variation trend of the changes of two kinds of band gaps
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with concentrations is consistent, but the HSE band gaps are
always larger than the PBE values at the same functionalization
concentration. For example, for hydrogenated biphenylene
network at x = 1.00, the PBE band gap is 3.82 eV, which is 1 eV
smaller than 4.82 eV calculated by HSE. The band gaps are
maintained in a narrow range before CH, 50, CFy 55, CCly 17, and
CBry,7. Then the band gaps gradually increase with the
increases of concentrations, and reach the maximum values at
CHy.95, CF1.90, CCly 67, and CBr, ;3. Based on the above discus-
sion, functionalization can tune the band gaps of biphenylene
networks over a wide range, and the tuning range is 0.00-
4.86 eV for hydrogenation, 0.012-4.82 eV for fluorination,
0.090-3.44 eV for chlorination, and 0.017-1.73 eV for bromi-
nation, respectively.

To investigate the potential applications of functionalized
biphenylene networks for photolysis of water, we also per-
formed band-edge calculations at different concentrations and
aligned the band edges with the normal hydrogen electrode
(NHE) potential. The vacuum energy levels of each structure
were obtained by calculating their electrostatic potentials using
VASPKIT* and their VBM and CBM were firstly aligned with the
vacuum energy levels. Then, the corresponding VBM and CBM
relative to NHE are calculated using the following formula:

ENHE =45 — Evac/e

where Enyg and E,,. are the values of VBM and CBM relative to
NHE and the energy levels of vacuum, respectively. The calcu-
lated VBM and CBM positions using the PBE and HSE func-
tionals are plotted in Fig. 7, and the dashed lines in the figure
represent the redox potentials of photolysis of water. As seen
from Fig. 7, VBM and CBM of halogenated biphenylene networks
are lower than those of hydrogenated biphenylene networks at
the same functionalization concentration, which indicates that
halogenated biphenylene networks have larger ionization ener-
gies and electron affinities. It is known that when VBM is lower
than the potential of OER oxidation reaction and CBM is higher
than the potential of HER reduction reaction, it can be a poten-
tial semiconductor material for photolysis of water.** It can be
seen from the figure that the band-edge energies of CHgop,
CHi00, CFo75, CFig0, CCloaz, CCloso, CCloss and CClygr
completely cover the redox potentials for photolysis of water.
Their CBMs are 3.58, 3.55, 0.028, 0.20, 0.21, 0.45, 0.97, and
1.62 eV higher than the HER potentials, and VBMs are 0.049,
0.034, 3.30, 3.39, 0.72, 0.86, 0.35, and 0.59 eV lower than the OER
potentials, respectively. Previous study has demonstrated that
the larger energy difference between CBM/VBM and the water
reduction/oxidation potential, the higher reducing/oxidizing
ability.** Therefore, CH, o, has the strongest reduction ability,
and CF; o has the strongest oxidation ability. For other func-
tionalized biphenylene networks, CH, (x = 0.67-0.83) possess
favorable CBM positions for HER to produce hydrogen, while CF,
(x = 0.33-0.67, 0.83 and 0.92), CCl,. and CBr, (x = 0.25 and 0.33)
have suitable positions for OER to produce oxygen. In summatry,
functionalized biphenylene networks show their potential in
catalytic applications by modulating the concentrations of
hydrogenation and halogenation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The calculated PBE and HSE band gap values of biphenylene
networks functionalized by hydrogen and halogen atoms as a function
of the concentration x.
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redox potentials.

Conclusions

In this work, we explored the hydrogenation and halogenation
of biphenylene networks using first-principles calculations, and
modulated the electronic properties by varying the concentra-
tion of functionalization. The calculation results show that the
maximum functionalization concentrations are 1.00 for hydro-
genation and fluorination, 0.67 for chlorination and 0.33 for
bromination, respectively. Among functionalized biphenylene
networks, fluorinated biphenylene networks possess the best
thermodynamic stabilities. Calculations of the electronic
properties show that the band gaps of biphenylene network
were opened very weakly at low concentrations of functionali-
zation, and could be modulated over a wide range with
increasing the concentrations. The band gaps can be regulated
in the range of 0-4.86 eV for hydrogenation, 0.012-4.82 eV for
fluorination, 0.090-3.44 eV for chlorination, and 0.017-1.73 eV

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for bromination, respectively. The band-edge calculations show
that the functionalized biphenylene networks have catalytic
potential for photolysis of water at the concentrations of 0.92
and 1.00 for hydrogenation, 0.75 and 1.00 for fluorination, and
0.42-0.67 for chlorination. Our work illustrates that hydroge-
nation and halogenation can effectively modulate the electronic
properties of biphenylene networks, which may have potential
applications in electronic devices, photocatalysis and other
fields.
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