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In this work, density functional theory computations with van de Waals (vdW) corrections revealed the

existence of rather strong C—H:--F—C hydrogen bonding between hydrofluorinated graphene (HGF)

monolayers, which have Janus-like geometrics. Interestingly, the individual HGF monolayer is

semiconducting with a direct energy gap of 2.82 eV while HGF bilayer is metallic in its most stable

stacking pattern. Especially, applying an external electric field can effectively open a band gap for HGF

bilayer, and correspondingly cause a metallic-semiconducting transition. These results open opportunities

in fabricating electronic and optoelectronic devices based on HGF nanosheets, and call for more usage of

the weak interactions for band structure engineering.

Introduction

Janus, which is depicted to have two faces, is the god of
beginnings and transitions in ancient Roman religion. In recent
years, the myth of Janus also stimulated people to fabricate
various nanostructures with Janus-like configuration due to the
promising applications of Janus anisotropy in molecular
recognition,' self-assembly, * sensors,* and drug delivery.” For
instance, self-assembly of molecular Janus particles based on
derivatives of MNPs, fullerene and POM were used as building
blocks to form structural stable two-dimensional (2D)
nanocrystals,® which has been widely recognized as an effective
"bottom-up" approach to engineer advanced functional materials.

Graphene, a single layer of graphite, has attracted considerable
research attention in the past decade due to its intriguing physical
properties, such as mass-less Dirac fermions, ultrahigh carrier
mobility, superior thermal conductivity and high mechanical
strength.”'> These properties endow graphene many promising
applications in various fields. However, the lack of a band gap
has essentially restricted the applications of graphene in
macroelectronics. To conquer this problem, various approaches
towards generating a band gap in graphene have been proposed
and explored. Notably, it has been shown that the covalent
functionalization, such as hydrogenation and fluorination, is an
effective approach for the band gap opening of graphene.'® Both
experimental and theoretical studies have demonstrated that both
fully hydrogenated (graphane)'*'® and fluorinated graphene
(fluorographene)'®* are semiconducting with rather large band
gaps, and even single-sided patterned hydrogenated or fluorinated
graphene also presents a large band gap ( > 3 V). However,
such large band gaps also restrict the wide applications of these
graphene derivatives because most microelectronics and
optoelectronics devices require semiconductors with no more
than 3 eV band gap. Therefore, new strategies for achieving
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graphene materials with a moderate band gap are strongly
required.

The intensive studies of Janus nanostructures inspire us to
answer an interesting question: if the two sides of graphene are
functionalized by H and F, respectively, what novel electronic
properties can the as-obtained hydrofluorinated graphene (HGF)
present? Can it have a smaller band gap than these of graphene
hydrides and fluorides? Furthermore, recent studies have showed
that the weak interactions not only can combine some 2D
materials together, but also can modify their electronic properties
significantly.”’** For instance, Fokin ef al computationally
demonstrated that there is strong interlayer bonding between
multilayered graphanes.’® Li et a/. demonstrated that the novel
CH/m interaction between graphene and partially hydrogenated
graphene can lead to the bandgap opening for graphene.*® Li et al.
also demonstrated that there exists considerable C—H:--F—C
bonding between graphane and fluorographene layers, and the
graphane/fluorographene bilayer has a band gap much lower than
those of individual graphane or fluorographene monolayer.”’
Inspired by these interesting studies, we wonder that whether it is
possible to pair two HGF monolayer together through the
interfacial weak interactions? If yes, can HGF bilayer present
different electronic properties from those of HGF monolayer? To
address these issues, density functional theory computations with
van de Waals (vdW) corrections were performed.

In this work, we systematically investigated the structural and
electronic properties of HGF monolayer and bilayer by means of
vdW-corrected density functional theory computations. We
demonstrated that two HGF monolayers can be paired together
through considerable interfacial C—H---F—C hydrogen bonding.
Interestingly, the HGF bilayer is metallic while the individual
HGF monolayer is semiconducting with a direct energy gap of
2.82 eV, suggesting the possibility of tuning the electronic
properties of nanomaterials via weak interactions. Moreover, we
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also show that a metallic-semiconducting transition can occur in
HGF bilayer by applying an external electronic field (E-field).

Computational details

Our density functional theory computations were performed
using the Vienna Ab initio Simulation Package.”® The projector-
augmented wave (PAW) method was employed to represent the
ion-electron interaction. The generalized gradient approximation
(GGA) expressed by the PBE functional®® and a 500 eV cutoff
energy for the plane-wave basis set were adopted in all
computations. Since standard PBE functional are unable to
describe correctly weak interactions resulting from dynamical
correlations between fluctuating charge distributions, we adopted
a PBE-D2 (D stands for dispersion) approach with the Grimme
vdW correction by adding a semi-empirical dispersion potential
to the conventional Kohn-Sham DFT energy.*” This approach
introduces damped atom-pairwise dispersion correction of the
form C¢R® in the DFT formalism. From the DFT ground state
electron density and reference values of the free atoms, the Cg
coefficients and the vdW radii (R) can be directly determined.
The accuracy of PBE-D2 has been well validated in recent
literature.*’

The optimizations of the lattice constants and the atom
coordinates were carried out by minimizing the total energies.
Cutoff energy of 500 eV is good enough for numerical
convergence using 9x9x1 Monkhorst-Pack k-mesh grids. All
structures were fully relaxed until the force on each atom is less
than 10~ eV/A and the total energy changes are less than 107 eV.
Self-consistent computations were performed with a convergence
criterion of 107 eV in energy. For the density of states (DOS)
computations, 15x15x1 k-point grids were employed.*""** We set
the x and y directions parallel and the z direction perpendicular to
the layer planes, and adopted a vacuum space 25 A in the z

direction to prevent the interaction effect from neighbouring cells.

Results and discussion

Structural and Electronic Properties of HGF Monolayer. The
first question is which is the most stable conformation for HGF
monolayer? Similar to graphane and fluorographene, HGF has
three possible conformers, viz., chair, boat, and stirrup. In the
chair and boat conformers, H and F atoms alternates singly and in
pairs on both sides of the graphene sheet, respectively,*> ** while
in the stirrup conformer, three consecutive H and F atoms
alternate on either side of the sheet.** ** For graphane and
fluorographene, the chair conformers have been found to have the
highest stability, while in the H and F co-grafting 4-BN sheets,*’
the most stable structure is the stirrup conformer. As shown in
Fig. 1(a), our computations showed that the chair conformer of
HGF has the highest stability, which is 0.46 and 0.36 eV/unit cell

lower in energy than the boat and stirrup conformers, respectively.

Thus, the chair conformer was then adopted for the following
HGEF bilayer construction. The lattice constant of chair conformer
was optimized to be 2.55 A, which is reasonable as it lies
between the lattice constants of graphane (2.54 A"’) and
fluorographene 2.60 A*"). Due to the addition of H and F, all
carbon atoms are tuned from sp” to sp® hybridization, and the C-H
and C-F bond length are 1.11 and 1.38 A respectively. Our
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computations show that the H and F co-grafting HGF monolayer
has a slightly smaller direct energy gap of 2.82 eV, with the
valence band maximum (VBM) and conduction band minimum
(CBM) both located at the I' point (Figure 1b). For comparison,
we also calculated the electronic properties of the graphane
monolayer and fluorographane monolayer, which have a wider
direct energy gap of 3.44 and 3.11 eV, respectively (See ESI).
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Fig. 1 (a) Top (upper) and side (bottom) views of ground state structure
of HGF monolayer. (b) Electronic band structures of HGF monolayer.
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Structural Properties of HGF Bilayer. Next we constructed the
infinite 2D HGF bilayer by attaching two HGF monolayers
together. Considering the structural properties of HGF monolayer,
two HGF monolayer can be paired together through C-H---F-C,
C-H---H-C, or C-F---F-C interaction. To identify which type of
interlayer interaction is energetically favourable for HGF bilayer,
for each stacking pattern we performed a set of lateral shifts of
one HGF monolayer to the basal plane of the other and got
several stable configurations. The most stable configuration for
each stacking pattern are displayed in Fig. 2 while the meta-stable
configurations are displayed in Fig. S1.

(b)

Fig. 2 Side (upper) and top (bottom) views of the most stable structure of
HGEF bilayer for (a) C-H---F-C, (b) C-H---H-C, and (c) C-F---F-C
interaction, respectively. The ground state structure favors the C-H---F-C
bonding type.

Our computations revealed that the most stable configuration of
HGF bilayer favors the C-H:--F-C interaction with one F (or H)
atom of one HGF monolayer points to the centre site of three H
(or F) atoms on the other HGF monolayer. The binding energy of
C-H---F-C bilayer is 126 meV/unit cell, while the binding
energies of C-H---H-C and C-F---F-C bilayers are 54 and 22

2 | J. Mater. Chem. C, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 6



Page 3 of 6

Journal of Materials Chemistry C

o

s

20

w
by

meV/unit cell, respectively. These results reflect the stronger
strength of C-H---F-C interaction than that of C-H---H-C or C-
F---F-C interaction. Considering the bonding strength, the C-
H---F-C and C-H--‘-H-C interactions can be seen as hydrogen
bonding while the C-F---F-C interaction is mainly of vdw
interaction. Computed at the same PBE-D2 theoretical level, the
binding energy of the energetically most favourable HGF bilayer
(126 meV/unit cell) is larger than that of graphene bilayer (106
meV/unit cell), but slightly lower than that of 4#-BN bilayer (139
meV/unit cell). For comparison, the binding energies of graphane
bilayer (82 meV/unit cell) and fluorographane bilayer (73
meV/unit cell) were also calculated, which are much lower than
that of HGF bilayer. The above results indicate that the C-H:--F-
C hydrogen bonding between HGF bilayer is a strong enough to
combine two HGF monolayers together.

Why there exists so strong interfacial C—H---F-C hydrogen
bonding in HGF bilayer? According to Bader charge population
analysis, there is about 0.024 |e|/unit cell charge transfer from the
bottom HGF monolayer to upper HGF monolayer, resulting in a
spontaneous interlayer polarization in the direction from upper
layer to bottom layer. This is a direct evidence for the bridge role
of C-F---H-C bonding in the electron transfer between the HGF
monolayers. Actually, this charge redistribution is a nature of
hydrogen bonding systems, which could lead to relatively strong
interaction between HGF monolayers.

Electronic Properties of HGF Bilayer. To explore the effect of
interfacial C-H---F-C hydrogen bonding on the electronic
properties of the HGF bilayer, we calculated the band structure
and the density of states (DOS) of HGF bilayer, which are shown
in Fig. 3(a). As a comparison, the electronic properties of
graphane bilayer and fluorographane bilayer were also calculated
(see ESI).

To match two HGF monolayers together, the elongation of
lattice constant by 0.6 % further slightly increases the energy gap
of individual HGF from ground state of 2.82 to 2.89 eV. However,
when two HGF monolayers are paired together by C-H:--F-C
hydrogen bonding, a remarkable modification occurs in the band
structure of HGF bilayer. As shown in Fig. 3(a), the computed
band structure shows that HGF bilayer is metallic, with an energy
level crossing the Fermi level. In sharp contrast, the band gap of
graphane bilayer (3.50 eV) and fluorographene bilayer (2.97 eV)
are quite close to those of monolayered graphane (3.44 eV) and
fluorographene (3.11 eV). Moreover, considering that the
standard GGA functionals systematically underestimates band
gaps of semiconducting materials, we also computed the band
gaps of HGF bilayer as well as monolayer by using the HSE06
hybrid functional for validation. The HSE06 band gap for the
HGF monolayer is 4.03 eV and the HGF bilayer is still metallic,
indicating that HSE06 and PBE actually predict qualitatively the
same trends.

The density of states (DOS) analysis reveals that the states for
valence bands close to Fermi level mainly come from the p
orbitals bottom HGF layer, while those for conduction bands are
dominantly contributed by the p orbitals upper HGF layer. Thus,
the VBM and CBM of HGF bilayer are well separated on the
bottom and upper HGF layers, respectively.

To get a better understanding of the mechanism of the band
gap reduction in HGF bilayer, we calculated the partial charge

densities plots of the VBM (Fig. 3(b)) and the CBM (Fig. 3(c)) at

o the I' point for HGF bilayer. We clearly see that the VBM is
contributed by the carbon skeleton and F atoms on the bottom
HGF layer, whereas the CBM exhibits a strong delocalized
feature which almost comes from the carbon skeleton and the H
atoms on the upper HGF layer. This is well consistent with the

s above DOS analyses. In this way, our research suggests a rather
flexible way to modify the semiconducting properties of 2D
materials to metallic, opening new opportunities in fabricating
practical electronics and optical devices.
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70 Fig. 3 (a) Electronic band structures (left) and density of states (right) of
HGEF bilayer. The Fermi level is assigned at 0 eV. The partial charge
densities of the (b) valence band maximum (VBM) and (c) conduction
band minimum (CBM) at the T point. The isovalue is 0.03 e/A°.

We also explored the effect of the interlayer polarization by
75 calculating the plane-averaged electrostatic potential along the
normal of the HGF bilayer, as plotted in Fig. 4. Clearly, a
significant electrostatic potential difference was found between
two HGF monolayers, as denoted by two potential wells.
Compared with the bottom HGF monolayer, the electrostatic
so potential of the upper HGF monolayer is obviously lowered.
Correspondingly, the energy levels of the upper HGF monolayer
would move downwards while those on the upper monolayer
would be shifted upwards, leading to the band gap closure for
HGF bilayer. Therefore, the spontaneous interlayer polarization
ss induced by the C-F---H-C hydrogen bonding should be
responsible for the semiconducting-metallic transition in HGF
bilayer.
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Fig. 4 Plane-averaged electrostatic potential along the HGF bilayer

9% normal.
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Effect of External E-field. Appling external E-field has proven an
efficient approach toward tuning the electronic properties of
many 2D materials.*®*>° Inspired by these studies, we
systematically investigated the effect of the E-field on the
electronic properties of HGF nanosheets. In this work, the
direction of E-field is applied to be perpendicular to the plane of
HGF bilayer, pointing from the bottom HGF layer to upper HGF
layer (Fig. 5(a)). The band gap of HGF monolayer and bilayer as
a function of E-field are both plotted in Fig. 5(b).
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Fig. 5 (a) Schematic diagram of HGF bilayer with the E-field. The arrows
denote the positive direction of the E-field. (b) Energy gap of HGF
monolayer (black square) and bilayer (red circle) as a function of E-field.
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Our computations show that the external E-field truly has a
remarkable impact on the electronic properties for both HGF
monolayer and bilayer, and HGF bilayer is more sensitive to the
external E-field than HGF monolayer. For HGF monolayer, the
calculated band gap shows linear reductions with the external E-
field. For HGF bilayer, it keeps to be metallic under the negative
electric filed; when the E-field is applied in the positive direction,
the band gap increases rapidly with increasing E-filed, and can
increase up to 2.31 eV at the E-field of 0.025 V/A.

The opposite effect of the external E-field on VBM and CBM
of HGF bilayer would be responsible for the metallic-
semiconducting transition. With a positive E-field, the
electrostatic potential on the bottom HGF monolayer is lowered
while that on the upper monolayer is increased. As a result, the
VBM on the bottom HGF moves downward while the CBM on
the upper monolayer would be shifted upwards. This mechanism
effectively opens the energy gap of HGF bilayer to
semiconducting. In contrast, with a negative E-field, the potential
difference between two HGF monolayer would be enlarged.
Correspondingly, the VBM on the bottom layer moves
continuously upward while the CBM of the upper HGF is further
shifted downward, eventually keeps the HGF bilayer metallic.

Moreover, the required E-field for metallic-semiconducting
transition is experimentally realizable,”' therefore, the band gap
of HGF bilayer can be efficiently tuned by the external E-field,
and the metallic-semiconducting transition can be easily achieved.
Although the GGA method may systematically underestimate the
value of band gap, the trends of the electronic properties of HGF
nanosheets subjected to external E-field predicted here should not
be changed.

Conclusions

In summary, our comprehensive theoretical computations
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revealed considerable interactions between HGF bilayer via
C-H---F-C hydrogen bonding. Quite different from the
individual HGF monolayer that has a wide band gap of 2.82 eV,
HGEF bilayer is metallic, suggesting a rather flexible way toward
tuning the electronic properties of 2D materials. Furthermore,
HGF bilayer can be efficiently tuned from metallic to
semiconducting under an reliable  E-field.
Considering the recent progress in synthesizing 2D Janus
materials®>> and self-assembly of graphene materials, we are
optimistic that HGF nanosheets can be realized experimentally
sooner.
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The electronic properties of hydrofluorinated graphene nanosheets can be efficiently modified by
the interlayer C—H---F—C hydrogen bonding



