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A novel hydrogenated boron—carbon monolayer
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Although immense research on the extension of the two-dimensional (2D) material family has
been carried out, 2D materials with a satisfactory band gap, high carrier mobility, and outstanding
thermodynamic stability under ambient conditions are still limited. In this work, using first principles
calculations, we proposed new 2D ternary materials consisting of C, B, and H atoms, namely hexagonal-
BCH (h-BCH) and tetragonal-BCH (t-BCH). Both phonon calculations and ab initio molecular dynamics
simulations show that these proposed sheets are thermodynamically stable phases. The electronic
structure calculations indicate that h-BCH and t-BCH sheets are semiconductors with a band gap of
2.66 and 2.22 eV, respectively. Remarkably, the h-BCH (t-BCH) sheet exhibits electron mobility as high
as 7.41 x 10° (1.09 x 10% cm? V! s% which is higher than that of the MoS, monolayer, though the
hole mobility is about one (two) order of magnitude lower. Equally important is the fact that the position
of both the conduction and valence band edges of the h-BCH sheet matches well with the chemical
reaction potential of Hy/H* and O,/H,0, giving a 2D photocatalyst as a potential candidate for overall
visible-light-driven water splitting. Therefore, the designed h-BCH and t-BCH monolayers have
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1 Introduction

Two-dimensional (2D) crystals have received significant atten-
tion in recent years, because of their potential applications
in catalysis, electronics, electrochemical energy storage, and
spintronic devices.'™ As compared to their bulk counterparts,
the physical and chemical properties of 2D materials can be
easily tailored by adapting external strain, controlling defects,
or stacking multiple layers of 2D structures by van der Waals
interactions.®™® All these advantages endow 2D materials with
potential for applications in catalysis, sensors, photocatalysis,
and nanophotonics."® Graphene is famous for its superior
physical properties including excellent mechanical strength, high
electrical conductivity, and transporting properties. However, an
intrinsic zero-band-gap of pristine graphene is disadvantageous
for application in electronic devices;' few-layer black phos-
phorus with high carrier mobility (up to ~1000 cm®> V™" s7') is
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promising applications in future electronics and photocatalysts.

another alternative material, while its instability in air will
lead to speedy performance deterioration.">> Thus, although
immense research on the extension of the 2D material family
has been carried out, 2D materials with a satisfactory band gap,
high carrier mobility, and outstanding thermodynamic stability
under ambient conditions are still limited.

It was widely reported that controlled functionalized
modifications, including oxidation and hydrogenation, were
powerful techniques to tune the chemical properties of 2D
crystals. A wide range of graphene derivatives with tunable
chemical properties was demonstrated."* > Apart from graphene,
four stable hydrogenated borophene sheets with massless Dirac
fermions and high stability were reported;'® the tunable electronic
and optical properties of oxidized blue phosphorene (or blue
phosphorene oxide) were investigated."” Recently, Pan et al.
designed an organic C,N;H monolayer with high Fermi velocity,
inspired by the experimentally synthesized C,N-h2D structure;'®*°
a single-layer borophene hydride sheet with high thermal
conductivity and attractive optical properties was reported by
Mortazavi et al.>® These results suggested that 2D materials
with improved performance had been realized by using oxida-
tion or hydrogenation technology.

Herein, motivated by our previous work on 2D B-C and Si-C
binary sheets,”"** and by the experimentally accessible hydro-
genation process, we propose two hitherto-unknown 2D materials
that we term as h-BCH and t-BCH because their structures can

This journal is © the Owner Societies 2019


http://orcid.org/0000-0003-1873-3416
http://orcid.org/0000-0001-7851-9900
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp06346j&domain=pdf&date_stamp=2019-01-17
https://github.com/agrh/Papers
https://github.com/agrh/Papers
http://rsc.li/pccp
https://doi.org/10.1039/c8cp06346j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021005

Published on 03 January 2019. Downloaded by University of Montpellier on 6/3/2020 12:07:35 PM.

Paper

be viewed as hexagonal and tetragonal lattices, respectively.
According to our phonon dispersion calculations, mechanical
parameter calculations, and ab initio molecular dynamics
(AIMD) simulations, we demonstrate that h-BCH and t-BCH
sheets are dynamically, mechanically, and thermally stable.
h-BCH (t-BCH) is predicted to be a semiconductor with a band
gap of 2.66 (2.22) eV and a high carrier mobility of 7.41 (1.09) x
10° cm® V™' 57!, dramatically higher than that of semiconducting
H-MoS, (~200 cm® V™' s7"),”® rendering the h-BCH (t-BCH)
monolayer a promising 2D material for electronic applications.
Of particular importance is the fact that the calculated band edge
positions indicate that h-BCH is a promising candidate as an
efficient photocatalyst for overall water splitting.

2 Computational methods

All calculations were performed in the Vienna ab initio Simula-
tion Package (VASP) based on density functional theory (DFT)
and the projector augmented wave (PAW) method.**** A basis
of plane waves with an energy cutoff of 650 eV was used to
expand the valence electron wave functions. The electronic
exchange-correlation interaction was treated by using the
Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA).*® The Heyd-Scuseria-Ernzerhof
(HSE06) functional was adopted to calculate the accurate band
structure.”” A slab model containing a 15 A vacuum region was
chosen to simulate the isolated 2D crystals. Geometry optimiza-
tion was carried out by using convergence criteria of 10> eV for
energy and 102 eV per A for force. The first Brillouin zone was set
with a 20 x 20 x 1 and 12 x 12 x 1 Monkhorst-Pack special
k-point mesh for h-BCH and t-BCH, respectively. For the calcula-
tion of mobility, a dense k-point mesh along the Brillouin zone
directions was used, i.e., 100 spaced k-points were used along the
I'-X direction in the Brillouin zone of the t-BCH monolayer.
Phonon calculations were performed by using the Phonopy
code.”® Thermal stability is also investigated by using AIMD
simulations with a time step of 1 fs for a total time of 5 ps. The
DFT-D2 method with the van der Waals force correction was also
chosen to describe the possible long-range interactions.>® The
strain is defined as ¢ = (a — ay)/ay, where a and a, are the lattice
constants with and without strain, respectively.

3 Results and discussion
3.1 Geometric structures

The design of h-BCH and t-BCH was inspired by our previously
proposed B,C; sheet containing a novel hexa-coordinated
sp” carbon moiety and a t-SiC sheet containing a quasi-planar
four-coordinated carbon moiety, respectively.>'** Fig. 1a pre-
sents the top and side views of the atomic structure of h-BCH
with the P3m1 space group. This structure is described by
a hexagonal primitive cell. The optimized lattice constants are
a = b =2.62 A, featured by one C atom surrounded by six B-C
bonds. The length of the C-B bond (1.72 A) in h-BCH mono-
layer is slightly shorter than that in the B,C; sheet (~1.77 A).**
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Fig. 1 Top (upper) and side (lower) views of the optimized structure of (a)
h-BCH and (b) t-BCH monolayers. The blue lines denote the unit cell. The
red, green, and white balls represent carbon, boron, and hydrogen atoms,
respectively.

Simultaneously, the length of the B-H bond is consistent
with that of the previously proposed 2D boron-hydride sheets
(1.19 A).'® However, in the t-BCH monolayer, the hydrogen
atoms are located on both sides of tetragonal B-C planes
forming a puckered structure, which belongs to the P4/nmm
space group. The C-B and C-H bond lengths are calculated to
be 1.67 and 1.09 A, respectively.

3.2 Stabilities

First, to assess the energetic stability of the proposed mono-
layers, we calculated the cohesive energy (E.on), as defined
by Econ = (NcEc + ngEg + nyEy — EgCH)/(ng + ng + ny), where
Ec, Eg, Ey, and Epcy are the calculated total energies of isolated
C, B, and H atoms and the corresponding BCH monolayer,
respectively; n¢, ng, and ny; are the number of C, B, and H atoms
in the unit cell of the monolayer, respectively. According to our
computations, the cohesive energy of the proposed sheets
determined from the difference in the total energy between
the h-BCH (t-BCH) sheet and isolated B, C, and H atoms is
5.53 (4.90) eV per atom, indicating that the monolayers can be
stable. As a reference, the cohesive energies of silicene and
phosphorene, which have been synthesized experimentally,*>°
were reported to be 3.71 and 3.61 eV per atom, respectively.*'
Therefore, the even higher cohesive energy ensures that t-BCH
and h-BCH are strongly bonded networks.

Next, the dynamic stability is further determined by the phonon
dispersion calculations, which show no imaginary frequency
in the whole Brillouin zone, as shown in Fig. 2. This means that
t-BCH and h-BCH are dynamically stable and possess local
energy minima. As expected, the detailed analysis of partial
phonon density of states (Ph DOS) reveals that the highest
frequency of h-BCH and t-BCH monolayers is mainly contributed
by B-H and C-H bonds, respectively. Moreover, AIMD simula-
tions demonstrate that these monolayers are also stable under
ambient conditions. We consider the 4 x 4 supercell of h-BCH
containing 80 atoms, and the 3 x 3 supercell of the t-BCH
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Fig. 2 Phonon dispersion curves of (a) h-BCH and (b) t-BCH. Evolution of
the total energy and snapshots of (c) h-BCH and (d) t-BCH from AIMD
simulations at 0 and 5 ps.

monolayer containing 54 atoms. The simulations lasted for
5.0 ps with a time step of 1.0 fs. As shown in Fig. 2, h-BCH and
t-BCH can maintain their monolayer structures after AIMD
simulations at 300 K for 5.0 ps. The evolution of the total
energy and snapshots of h(t)-BCH after AIMD simulations at
500 and 700 K are shown in Fig. S1 (ESIf). Clearly, for the
h-BCH monolayer, significant atomic rearrangement took place
and was substantially disordered after AIMD simulations at
500 and 700 K. However, from the snapshots, the t-BCH
monolayer was found to maintain its structural integrity even
at 700 K. Hence, h-BCH can maintain its structural integrity at
room temperature while t-BCH remains stable even at 700 K,
revealing that both of the proposed monolayers show satisfac-
tory dynamic stabilities. It is also essential to consider their
structural stability in the aqueous environment using AIMD
simulations.?” Further analysis of the AIMD simulations with
the interaction of water molecules also reveals the high stability
of the structures at 300 K, as shown in Fig. S2 (ESIf) (with low
density of H,O molecules) and Fig. S3 (ESIt) (with high density
of H,0 molecules). Clearly, all proposed sheets can maintain
their structural integrities either with or without the existence
of water molecules at room temperature.

Additionally, we verify the mechanical stabilities of h-BCH
and t-BCH by estimating their elastic constants. In general,
for a mechanically stable 2D structure, the calculated elastic
constants should satisfy C11C5, — C15C5; > 0 and Cge > 0.%°
For h-BCH, we used a rectangular lattice to calculate its elastic
constants, and all the calculated results are listed in Table S1
(ESIf). All elastic constants of the structures satisfy the above-
mentioned criteria, suggesting that h-BCH and t-BCH sheets
have favorable mechanical stabilities. The in-plane stiffness is
E =(Ci,” — C12%)/Cy1 = 223 N m™ " for h-BCH (233 N m™"' for
t-BCH), which is lower than that of graphene (340 N m~"),>* but
higher than or comparable to that of the C,N;H monolayer
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(173.1 and 114.3 N m™"),"® t-SiC (105 and 119 N m™"),>> MoS,
(140 N m™"),*® tetr-TiC (202 N m™*),*® and TiNX (X = F, Cl, Br,
181-229 N m™').* The high in-plane stiffness also essentially
reflects the robust bonding feature of h-BCH and t-BCH.

3.3 Electronic structures and carrier mobilities

We then investigate the electronic properties of these new
sheets using the hybrid functional (HSE06), due to the well-
known significant underestimation of the band gaps of the
conventional DFT calculation. The calculated band structures
of h-BCH and t-BCH are shown in Fig. 3a, revealing that h-BCH
shows an indirect band gap (2.66 eV), in contrast, t-BCH
possesses a direct band gap of 2.22 eV. For h-BCH, its conduc-
tion band minimum (CBM) is located at the k-point, while the
valence band maximum (VBM) is located at the I'-point. How-
ever, the VBM and the CBM of t-BCH are both located at the I'-
point. The partial densities of states (DOS) of the sheets, shown
in Fig. S4 (ESIf), indicate that the main contribution to the
valence band and conduction band stems from B-p and C-p
states (also see Fig. 3b), while the contribution of s-states of the
H atom is negligible. However, the H-s orbital is mainly
distributed in the energy range of 0.5-1.5 eV in h-BCH and 3-
5 eV in t-BCH below the VBM, indicating a strong hybridization
between boron and hydrogen atoms and a covalent bonding
feature with both B and C atoms. To further elucidate the
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Fig. 3 (a) Calculated HSEO6 band structures of h-BCH (left) and t-BCH
(right). The Fermi level (green line) is set to zero. (b) The highest occupied
orbital (upper) and the lowest unoccupied orbital (lower) at the high
symmetry point for h-BCH (left) and t-BCH (right), respectively. The
isosurface value is set to 0.001 e per A®. (c) Top (upper) and side (lower)
views of the electron localization function (ELF) for h-BCH (left) and t-BCH
(right), respectively. The isovalue is set to 0.75.
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bonding nature of the proposed structure, we then calculated
the electron localization function (ELF) to analyze its electron
distributions, as shown in Fig. 3c. It can be seen that the ELF
patterns are clearly located between the C-B and C-H bonds,
suggesting that these bonds have robust covalent electron
states with o-like sp>-hybridization for h-BCH.*"

From the calculated electronic band structure of the
proposed structures, it can be clearly seen that the conduction
bands are dispersive significantly, suggesting a potential high
electron mobility. To confirm this conjecture, we calculated the
carrier mobilities of h-BCH and t-BCH, on the basis of the
obtained effective mass (m*), deformation potential constants
(E4), and 2D elastic modulus (C,p). The carrier mobility is given
by the expression:*”~3°

€h3C2D

= €y
kg Tmemg ()

I

where 7 is the reduced Planck’s constant, e is the electron
charge, m.* is the effective mass along the transport direction;
myq is the average effective mass determined by mq = /m."m,*;
and the term E; denotes the deformation potential constant
of the CBM for electrons and the VBM for holes along the
transport direction, described by equation: El = AVil(All),
where AV; is the energy change of the ith band under moderate
compression and tension (using a step of 0.5%, see Fig. S5 and
S6, ESIt); [, is the lattice constant along the transport direction;
and Al is the deformation of [,. The elastic modulus C,p is
derived using equation: C,p, = h([C11> — C1,°]/C11), where Cyq
and C;, represent elastic constants (GPa) given by VASP and
h represents the height of the cell (A) for structures.>*-4°
The calculated m*, E, C,p, and mobility values are summar-
ized in Table 1. One can see that the calculated m* values of
electrons are smaller than those of the holes, owing to the flat
valence band and a more dispersive conduction band of the
structures. The flat valence band feature also results in extre-
mely low hole mobility in both directions. The highest electron
mobility for h-BCH is predicted to be 7.41 x 10> em* V™' s~ ' at
300 K, which is significantly higher than that of the previously
reported MoS, monolayer (~200 cm* V' s7"),** and compar-
able with that of black phosphorus (~1.13 x 10* em* V' s )8
suggesting its promising application potential for future
nano-electronics. For t-BCH, the electron mobility is

Table 1 Calculated effective mass (m*, [mgl), deformation potential
constant (E, [eV]), 2D elastic modulus (Cop, IN m™), and mobility (uzp,
[x10% cm? V71 s71) for electrons and holes along different directions
at 300 K

Carrier type m* E Cop Lop
h-BCH Electron (I'-Y) 0.332 2.43 222.7 7.32
Electron (Y—F) 0.328 2.43 222.7 7.41
Hole (F—Y) 0.541 6.96 222.7 0.327
Hole (I'-X) 0.564 6.82 222.7 0.326
t-BCH Electron (F—Y) 0.310 6.84 232.6 1.09
Electron (F—X] 0.314 6.98 232.4 1.04
Hole (I'-X) 1.47 7.19 232.6 0.044
Hole (F—Y) 1.47 7.19 232.4 0.044

This journal is © the Owner Societies 2019

View Article Online

PCCP
1.04 x 10° em® V7' s7', (along the I'-X direction) while the
hole mobility is 44 cm® V™' s™'. Therefore, for these two
structures, the electron mobilities could be comparable to or
even higher than that of many previously proposed 2D semi-
conductors, such as Group 15 monolayers," single-layer T1,0,*"
and Te-based monolayers.*

3.4 Photocatalytic properties

Fig. 4a shows the band-gap changes as functions of applied
compressive and tensile strains along different directions for
h-BCH (left) and t-BCH (right). For h-BCH, the band-gap
decreases with compressive strains, while it increases with
tensile strains whether under the uniaxial or biaxial stress
loading. However, for t-BCH, the band-gap decreases with
uniaxial compressive and tensile strains; whereas under the
biaxial stress loading, the band-gap decreases with compressive
strains and increases with tensile strains. Therefore, the band-
gap of strain-modified h-BCH ranges from 2.27 to 1.93 eV using
the HSEO6 functional, exceeding the free energy of water
splitting of 1.23 eV. Such suitable band gaps are located in
the visible light region (1.62-3.11 eV), making it an effective
2D material for visible-light-driven overall water splitting. To
investigate this possibility, the energy positions of the VBM and
CBM for h-BCH were then calculated at the HSEO06 level, as
shown in Fig. 4b. It can be seen that the VBM and CBM of h-BCH
are more positive than the reduction potential of H'/H, and
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Fig. 4 (a) Electronic band gap of h-BCH (left) and t-BCH (right) cells
at various strains calculated using the HSEO6 screened hybrid density
functional. (b) The calculated band alignment of the h-BCH structure
based on the HSEO6 screened hybrid density functional. The vacuum level
is set to 0 eV. The chemical reaction potentials for H*/H, and O,/H,O are
also plotted with dashed lines (pH = 0).
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Fig. 5 Theoretically calculated Raman and IR spectra of h-BCH (upper)

and t-BCH (lower). The structural motifs are also plotted. Arrows represent
the directions of the corresponding oscillation.

more negative than the oxidation potential of O,/H,0, respec-
tively, which means that it can be used as a visible-light-driven
photocatalyst for hydrogen reduction and oxygen production in
overall water splitting. Thus, the calculated band gap and band
edge alignment provide persuasive evidence that the h-BCH
monolayer is a promising material for overall water splitting.

Additionally, the indirect band gap of h-BCH is certainly a
disadvantage for efficient light absorption, but, it does discourage
radiative electron-hole pair recombination and might be beneficial
for carrier separation.”® Simultaneously, the most common photo-
catalyst possesses an indirect band gap.**** On the other hand, the
CBM of h-BCH shows a strong isotropic distribution because it
mainly consists of symmetrically hybridized B-p and H-s states,
forming a well-delocalized wave function (see Fig. 3b). This
suggests strongly that the photocatalytic activity of h-BCH does
not significantly depend on the orientation, giving a potential
high performance photocatalyst for water splitting.

3.5 Raman and IR properties

Raman and IR spectra were simulated based on phonon vibra-
tional modes in the Brillouin zone, which are related to the
symmetry of the structure. As shown in Fig. 5, the calculated
highest Raman active frequencies are located at 2599 cm ™" for
h-BCH and 3115 cm ™' for t-BCH, respectively. For h-BCH, the
out-of-plane vibration of B-H muotifs leads to the Raman active
mode at 1113 cm ™" and the out-of-plane vibration of C-H motifs
leads to the Raman active mode at 901 cm™ ", respectively. However,
the IR spectra of these monolayers exhibit two distinguishing peaks
below 1000 cm™*. These Raman or IR spectra would be useful to
experimentally check the formation of these 2D structures.

4 Conclusions

In summary, we have theoretically designed two 2D ternary
semiconductors, h-BCH and t-BCH, respectively. The state-of-
the-art first principles quantum chemical calculations have
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confirmed the dynamic, thermal, and mechanical stabilities
of these new structures, respectively, by their phonon disper-
sion characteristics, AIMD simulations at 300 K, and mechan-
ical criteria. The calculated band structure and DOS reveal
that the proposed monolayers are semiconductors with high
electron mobility (7.41 x 10° em® V™' s7'), which is higher
than those of some experimental synthetic 2D materials (i.e.,
~200 cm?® V' s~ for MoS,). Moreover, our theoretical calcula-
tions highlight that h-BCH satisfies the requirement for the
reduction and oxidation levels for overall visible-light water
splitting. All these results demonstrate that the designed 2D
BCH material with high mobility can be comparable to other
2D derivatives. Our findings give novel materials that can be
applied in future nano-devices and photocatalysts.
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