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Two-dimensional H- and F-BX (X = O, S, Se, and
Te) photocatalysts with ultrawide bandgap and

enhanced photocatalytic performance for water

splittingt
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We theoretically propose a type of monolayer structure, H— or F—=BX (X = As, Sb; Y = P, As), produced by

surface hydrogenation or fluorination, with high stability, large band structures and high light absorption

for photocatalytic water splitting. Based on first-principles calculations with the HSEO6 functional, the

electronic properties and optical properties were explored to reveal their potential performance in

semiconductor devices. Additionally, owing to the Janus structure and high electronegativity of the

monolayers, our calculations showed that surface fluorination can easily create an internal electric field
compared with surface hydrogenation, which results in different trends of increasing bandgaps in

monolayer H-— and F-BX. We also found that the monolayers H- and F-BX have suitable band edges
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and high solar to hydrogen (STH) efficiency, enabling them to be photocatalysts for water splitting. Our

work not only proposes eight monolayer semiconductors for expanding the number of two-dimensional
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1. Introduction

Since the successful isolation of graphene,'? resulting in

potential candidates for developing high performance elec-
tronic and optoelectronic nano-devices, the exploration of more
novel 2D materials with various properties has attracted intense
research interest. There are numerous 2D materials that have
been reported, such as phosphorene,*® MXenes,”™ transition
metal dichalcogenides (TMDCs),">*° and silicene.?*>* The use of
these 2D materials in field-effect transistors, quantum devices,
and energy storage, as well as conversion applications, has
demonstrated excellent potential. In particular, because of their
ultrathin atomic thickness and large specific surface area, these
2D materials are considered appealing candidates for use in
flexible electronic devices**** and photocatalysts.>*** However,
the current 2D materials have two obvious drawbacks. First,
although there are a few 2D materials with ultrawide bandgaps
(>3.40 eV), the majority of 2D pristine materials have bandgaps
between 0 and 3.40 eV,*** which limits their application in
high-energy and high-frequency devices as well as insulators.
Second, due to the rigorous constraints of band structures,
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semiconductors, but also provides a guide for how to regulate semiconductors for application in
photocatalytic water splitting by using surface hydrogenation and fluorination.

optical absorption, exciton recombination behaviors, and
stability, there are only a few 2D materials, such as monolayer
SiP, and BgP,, that perform well in photocatalytic water
splitting.**** Due to the lack of 2D materials for high-energy and
high-frequency devices, more effort should be made to investi-
gate more 2D materials for use in ultrawide bandgap technol-
ogies and photocatalytic water splitting.

Recently, first-principles calculation has grown in impor-
tance. It can be separated into two parts. One part is the design
of whole new structures, which is critical for enriching 2D
materials,***® and the second part is the creation of new models
and improvement of their performance by applying doping,
heterojunction, or surface modifications.””** Due to the recent
discovery of countless new 2D models, the first part is becoming
increasingly challenging. Therefore, the second part is
becoming more popular. Hydrogenation and fluorination are
recognized as common but effective surface modification
methods to tune the structures and properties of newly
discovered materials. For example, the hydrogenation and
fluorination of graphene can result in bandgaps of approxi-
mately 4.00 and 3.13 eV, respectively.”*"*® In addition, applying
hydrogenation to the top side of bilayer h-BN and fluorination
to its bottom side simultaneously can form a new metal-free
Janus photocatalyst that can drive infrared-light photocatalytic
water splitting.>” Furthermore, hydrogenation can also improve
the stability of monoatomic-layer MX (M = Ga and In, X = S, Se,
and Te) nanosheets.*® In comparison to the bandgaps of typical
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monolayer MX, the bandgaps of hydrogenated MX nanosheets
are direct and larger. As a result, we are driven to try to create
new 2D structures with ultrawide bandgaps and appropriate
efficiency for photocatalytic water splitting via surface hydro-
genation and fluorination. If the outcome is favorable, it will
encourage the development of 2D materials in ultrawide
bandgap technology and photocatalytic water splitting.

Based on first-principles density functional theory, we have
theoretically proposed the monolayers H- and F-BX (X = O, S,
Se, and Te) by applying hydrogenation and fluorination to
monoatomic-layer hexagonal BX. The binding energies and
phonon spectra of these nanosheets were analyzed to identify
their dynamics and energy stability. The calculations of their
band structures and densities of states were performed to study
their electronic structure properties. Furthermore, the edge
levels, work functions, optical absorption spectra, and solar to
hydrogen (STH) efficiencies of the H- and F-BX monolayers
were studied to explore their performance in optical devices and
photocatalysts for water splitting.

2. Computational details

Our entire analysis was based on first-principles density func-
tional theory. The Vienna Ab initio Simulation Package (VASP)*®
was used to calculate structure optimizations, band structures,
densities of states, and optical absorption spectra, utilizing
projector-augmented-wave pseudopotentials.” The plane-wave
cutoff energy was set to 500 eV. To relax our structure models,
we used the generalized gradient approximation expressed by
the Perdew-Burke-Ernzerhof (PBE) functional.®® Once fully
relaxed, the forces in the optimized monolayers H- and F-BX
were less than 0.001 eV A~* and the energy tolerances were less
than 1 x 10~ ° eV per atom. A 20 A vacuum layer was adopted
between adjacent layers. In the Monkhorst-Pack system,* the
Brillouin zone was represented by a 6 x 6 x 1 k-point sample.**
For studying the electrical structures and optical properties, the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was
used.®” The phonon spectra of the monolayers were computed
using the Cambridge Series of Total Energy Package (CASTEP)
and linear response approach.®** The norm-conserving pseu-
dopotentials and a plane-wave cutoff energy of 940 eV were
employed in the phonon spectra computations, while the other
settings were the same as in VASP setting.

3. Results and discussion

3.1 Rationality and stability of monolayer H- and F-BX
structures

From Fig. S2(a)-(d),T we can see that all the phonon spectra of
monoatomic-layer BX (X = O, S, Se, and Te) clearly show a soft
model in their Brillouin zones, thus we can confirm that
monoatomic-layer hexagonal BX (X = O, S, Se, and Te) is
unstable. In typical monolayer B,X,, two monoatomic-layer
hexagonal BX structures stack directly, and the top sub-layer's
B atoms connect with the bottom sub-layer's B atoms to saturate
each other's unpaired electrons. As a result, we can use H and F
atoms to saturate the unpaired electrons of the B atoms,
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Fig.1 (a)and (b) Structure model of the monolayers H— and F-BX (X =
O, S, Se, and Te) and (c) Brillouin zone of monolayer H— and F-BX (X =
O, S, Se, and Te) with high-symmetry points.

resulting in the formation of new monolayers H- and F-BX (X =
O, S, Se, and Te), as shown in Fig. 1(a) and (b). The lattice
parameters of the monolayers H- and F-BX after optimization
of their entire structures are presented in Table 1. As can be
seen in Fig. 1(a) and (b), the B,X, monolayer clearly shows two
different sublayers, an H or F sublayer and an X (X = O, S, Se,
and Te) sublayer. This unique asymmetric geometry results in
an out-of-plane built-in electric field of up to 0.96-1.31 Debye, as
listed in Table 1. From looking at the dipoles of the H- and F-
BX monolayers, we find that the dipoles of the F-BX monolayers
are higher than those of the corresponding H-BX monolayers
due to the strong electronegativity of the F atom. Meanwhile,
the dipoles of the H- and F-BX monolayers increase with the
decrease of the electronegativity of the X atom. Furthermore,
the increase of the dipoles in the H-BX monolayers happens
faster than that in the F-BX monolayers, which may further
influence the change of the band structure. Although the
monolayers H- and F-BX have suitable bonding character,
further research into their energy and dynamics stability is
required. To study the energy stability of the monolayers H- and
F-BX, we calculated two types of binding energies (E},). The first
type Ep; is a typical one, which is calculated by the following
formula:

_ Etot - Eatom(B) - Eatom(HorF) - Ealom(X)

Ey 3 (1)

where E. is the total energy of the monolayers H- and F-BX
and E,¢on is the energy of the free atoms. The results are shown
in Table 1. The Ey,; values of the eight monolayers reveal that the
monolayers H- and F-BX may have stable energies owing to
their low binding energies. More evidence should be provided
to support the claim that these eight monolayers have stable
energies. Then, we calculated Ep,, which can provide the
strength values of the H- or F-B bonds. The corresponding
formula is as follows:

EbZ = Etot - E(BX) - Eatom(HorF) (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The lattice constants and two types of binding energy in the monolayers H- and F-BX (X = O, S, Se, and Te)

H-BO H-BS H-BSe H-BTe F-BO F-BS F-BSe F-BTe
a (A) 2.46 3.06 3.27 3.59 2.53 3.10 3.32 3.65
h(A) 1.74 2.00 2.08 2.17 1.88 2.19 2.27 2.37
Ep, (eV per atom) —6.32 —5.07 —4.78 —4.46 —6.97 —5.73 —5.45 —5.10
Eps (V) —5.87 —5.43 —5.57 —5.32 ~7.82 ~7.42 ~7.57 -7.23
p (Debye) 0.02 0.44 0.67 0.96 0.91 0.84 0.94 1.31

where E(BX) is the total energy of the monoatomic-layer
hexagonal BX (X = O, S, Se, and Te) after full relaxation. The
Ey, values of the monolayers H- and F-BX are shown in Table 1.
We also calculated the E}, values of the monolayer B,X, (X = O,
S, Se, and Te), which show the bond energies of the B-B bonds.
The corresponding formula is as follows:
Ey, = Eior — 2E(BX) (3)
where E is the total energy of the monolayer B,X,. The Ey,
values of the monolayers B,0O,, B,S,, B,Se,, and B,Te, are —4.32,
—3.65, —3.88, and —3.47 eV, respectively. It is clear that the Ey,,
values of the monolayer B,X, are higher than those of the H-
and F-BX monolayers. This means that H and F atoms bonding
with the monoatomic-layer hexagonal BX are more stable than
BX bonding with BX. Thus, we confirm that the monolayers H-
and F-BX have stable energies.
Fig. 2 shows the phonon spectra of the monolayers H- and
F-BX, which are expected to indicate the dynamics stability. The

phonon spectra without imaginary frequencies strongly indi-
cate that the monolayers H- and F-BX have stable dynamics.
Fig. 2 shows nine lattice wave branches in all the phonon
spectra and a lack of imaginary frequencies in all the acoustic
branches. Although we are unable to provide more evidence for
monolayer thermodynamic stability and other types of stability
owing to limited computing resources, the study of the binding
energies and phonon spectra clearly indicates that the mono-
layers H- and F-BX are stable.

3.2 Electronic band structures of the monolayers H- and F-
BX

Fig. 3 illustrates the band structures of the monolayers H~- and
F-BX as simulated by the HSE06 hybrid functional. Fig. 3(a) and
(e) demonstrates that the bandgaps of the insulators H-BO and
F-BO are 8.58 eV and 9.63 eV, respectively. The H-BS (4.36 eV),
H-BSe (4.56 eV), F-BS (5.00 eV), and F-BSe (4.06 eV) are indirect,
ultrawide bandgap semiconductors (>3.40), as shown in

(a) m-BO (b) m-Bs (c) H-BSe (d) H-BTe
844 84 - 84 84
704 70 70 70
;:656- §56- §56- §55-
£ E E =
g 42+ gu- g-‘.z- 542-
éza-@::: Lg’za- §28< §28—
) 14-% 14 14 144
04 O_A 0_@ —
G M K G G M K G G M K G G M K G
(¢) F-BO ()  rBs (g) F-Bse (h) rBre

w
o
L

Frequency (THz)
N
o
L

w
o
1

Frequency (THz)
n
o
1

10-%

40

w
o
L

Frequency (THz)
N
o
L

Frequency (THz)
&
)

Z

Fig. 2 Phonon spectra of monolayers H— and F-BX (X = O, S, Se, and Te).
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Fig. 3 Band structures of the monolayers H— and F-BX (X = O, S, Se, and Te).

Fig. 3(b), (c), (f) and (g). Additionally, the H-BTe and F-BTe (see
Fig. 3(d) and (h)) are indirect, large bandgap semiconductors
with values of 3.30 and 2.62 eV, respectively. From the bandgaps
of F-BX and H-BX, we notice that bandgaps of the F-BX
monolayers change faster than those of H-BX, resulting in the
bandgap of H-BO being smaller than that of F-BO, but the
bandgap of H-BTe being larger than that of F-BTe. These
different trends in the bandgaps could be caused by the
different trends of the increase of the built-in electric field.
Meanwhile, we also found that the valence band maximum
(VBM) of F-BO is located at the G point, whereas the VBM of H-
BO occurs along the K-G direction. The conduction band
minimum (CBM) values of both H-BO and F-BO lie at the G
point. All the VBM values of the other monolayers H- and F-BX
lie at the G point, while all their CBM values lie at the M point.
For the above band structure analysis, the corresponding Bril-
louin zone of H-BO and F-BO with high-symmetry points can
be seen in Fig. 1(c). We also calculated the band structure of the
1T-phase B,X, as shown in Fig. S37 and the bandgaps of the
B,X, monolayers match well with those found in previous
work.®”*® Compared with the corresponding monolayer B,X,,
the monolayers H- and F-BX have much larger bandgaps,
implying that hydrogenation and fluorination of monoatomic-
layer hexagonal BX can enlarge their bandgaps and broaden
their applications in insulator and semiconductor technologies.

As shown in Fig. 4 and 5, we calculated the projected density
of states (PDOS) of the monolayers H- and F-BX in order to

2304 | RSC Adv, 2023, 13, 2301-2310

determine the contribution of each atom to the electronic
states. For H-BO and H-BS (shown in Fig. 4(a) and (b),
respectively), the occupied states near the VBM are filled by B, O
(S), and H atoms, while their occupied states near the CBM are
mainly filled by B and O (S) atoms. Fig. 4(c) and (d) demon-
strates that B and Se (Te) atoms are significant contributors to
the occupied states adjacent to the VBMs and CBMs, while H
atoms are practically insignificant. Therefore, as shown in
Fig. 4, the carriers in H-BX mainly transport on the BX planes,
which may cause a hard separation of electron and hole pairs.
For F-BX, the occupied states near the VBM and CBM, as shown
in Fig. 5, are also mainly contributed to by B and X atoms.
However, in contrast to H-BX, although it is not so strongly, F
atoms in F-BX contribute to the occupied states near the VBM
and CBM, which means that F atoms can provide carriers. Due
to the noncoplanarity of the B, X, and F atoms, these
phenomena allow F-BX to be more effective as a photocatalyst
for separating electrons and holes.

3.3 Optical and photocatalytic properties of the monolayers
H- and F-BX

Due to their large bandgaps, the monolayers H- and F-BX are
likely to be suitable photocatalysts for water splitting. Thus,
calculating the work function of these eight monolayers allowed
us to determine the vacuum level alignment of the band edge
levels, as shown in Fig. 6(a). When we calculated the work
function, we applied the dipole correction owing to the Janus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structures of the monolayers H- and F-BX. Fig. 6(a) indicates
that all the monolayers H- and F-BX have a large work function
(>6.0 eV). In combination with their large enough bandgaps as
mentioned above, we propose that these monolayers may be
used in photocatalytic water splitting. Furthermore, it is inter-
esting to note that the work functions of the monolayer F-BX for
the top (F atoms) and bottom (B and X atoms) sides are
different. In contrast, the work functions of the monolayer H-
BX on the top (H atoms) and bottom (B and X atoms) sides are
the same. This phenomenon will cause the monolayers F-BX
and H-BX to exhibit different photocatalytic mechanisms. The
monolayer H-BX utilizes the conventional photocatalytic
mechanism and is anticipated to be used in photocatalytic
water splitting, as shown in Fig. 6(c). Fig. 6(c) demonstrates that
in semiconductor photocatalysts, the CBM relative to the
vacuum level must be lower than the oxidation potential [V(O,/
H,0) = —5.67 eV] and the VBM relative to the vacuum level must
be greater than the reduction potential [V(H,/H') = —4.44 eV].
The Janus photocatalytic process used by the monolayer F-BX is
depicted in Fig. 6(b), and it shows that the internal electric field
and vacuum level difference will help separate electrons and
holes on the top and bottom sides and increase the driving
energy of the redox reaction in water splitting. Next, we will
study the photocatalytic properties of the monolayers H- and F-
BX for water splitting.

As can be seen in Fig. 7(a), comparing the CBM and VBM of
the monolayers H- and F-BX with the redox potentials in water
splitting, the band edge positions of the monolayers H- and F-

2306 | RSC Adv, 2023, 13, 2301-2310

BX match with the band structure requirements for photo-
catalytic water splitting. Additionally, Fig. 7(a) demonstrates
that every monolayer of H- and F-BX has a sufficiently large
driving energy value (>0.4 eV) to support both the reduction of
H,0 to O, and H' to H,. According to this discovery, the
monolayers H- and F-BX might be thought of as potential 2D
semiconductors for photocatalytic water splitting. However,
even though these monolayers meet the band structure
requirements for photocatalytic water splitting, it is still vital to
consider the solar to hydrogen efficiency and optical absorp-
tion, which are crucial standards for the photocatalytic effi-
ciency. The STH efficiency (n4sn) of the monolayer H-BX can be
calculated by the following formula:*®

AGJ P(hw)
g hw

J: P(hw)d(hw)

d(hw)

(4)

Nsth =

where P(iw) denotes the AM1.5G solar energy flux, which varies
with photon energy 7w, and AG is set to 1.23 eV. The minimum
energy E of the photons is given as follows:

x(02) =0.6)

2)<0.2, x(0;)=0.6)
2)=02, x(H,) <0.6)

) (x(Hz) <0.2, x(0O, ) <0.6)

E, (x(Hy)=0.2,

E, 102 x(Hz) (x(H
E +0.6 — x(02) (x(H

E, +08 x(Ha) — x(0,

(5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where E, is the bandgap of the monolayer H-BX, x(O,) denotes
the driving energy of reactions involving the evolution of
oxygen, and x(H,) denotes the driving energy of reactions
involving the evolution of hydrogen, which can be seen in
Fig. 6(b) and (c). The STH efficiencies of H-BO, H-BS, and H-
BSe tend to zero, whereas the H-BTe has a STH efficiency value
of 3.38%, as shown in Fig. 7(b). The monolayer H-BX (X = O, S,
Se, and Te) exhibits unsatisfactory performance because of large
bandgaps. The STH efficiency of the monolayer F-BX needs to
be adjusted because of its internal electric field, which influ-
ences electron-hole separation during photocatalytic water
splitting in a positive way:*®

o

J: P(hw)d(hw)

“ P(hw)
g ho

(6)

’
MNsth = Msth X J~oo

Plho)d(he) + A¢J d(hw)

0
where A® (shown in Fig. 6(b)) is the electrostatic potential
difference defined as |Vpotom — Viopl- Fig. 7(b) indicates that the
STH efficiencies of F-BO, F-BS, and F-BSe also tend to zero
owing to their large bandgaps. However, the STH efficiency of F-
BTe reaches 11.94% (>10%), which means that it has certain
economic value when applied in photocatalytic hydrogen
production.

i
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(a) and (b) Optical absorption spectra of the monolayers H-BX and F-BX (X = S, Se, and Te), respectively.
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Additionally, as can be seen in Fig. 8, we estimated the
optical absorption spectra to investigate the optical absorption
coefficients of the monolayers H- and F-BX. The derived
frequency-dependent dielectric function can be written as ¢(w)
= ¢;(w) + iey(w), which can be used to determine the absorption
coefficient using the following expression:

1/2
o 26 (812 +£22)1/2 — 81:|

a(F) = = a ?)

Studying the optical absorption of H- and F-BO makes little
sense due to their insulating characteristics. As a result, we
only examine the optical absorption spectra of the monolayers
H- and F-BX (X = S, Se, and Te) in this research. The optical
absorption spectra of the monolayers H-BX and F-BX (X = S,
Se, and Te) are shown in Fig. 8(a) and (b), respectively. Fig. 8
shows that the optical absorption zones of the monolayers H-
BX (X = S, Se, and Te) and F-BX (X = S and Se) exhibit
considerable optical absorption in the high-frequency ultravi-
olet range. It follows that the monolayers H-BX (X = S, Se, and
Te) and F-BX (X = S and Se) might play a significant role in the
development of UV light-emitting diodes (LEDs), high-
frequency, high-temperature, and high-power electronic
devices, and UV photocatalysts. By combining its band edge
state with the fact that F-BTe exhibits apparent optical
absorption in the visible-light region, the monolayer can be
employed as a photocatalyst in visible-light water splitting, as
shown in Fig. 8(b).

4. Conclusion

In summary, using first-principles calculations, we have studied
the monolayers H- and F-BX (X = O, S, Se, and Te). The
conclusions are as follows: first, the calculation of the binding
energies and phonon spectra of the monolayers H- and F-BX
indicate that the monolayers H- and F-BX have both highly
stable energies and dynamics.

Second, upon studying their electronic properties, we find
that H-BO and F-BO are insulators, while H-BS, H-BSe, F-BS,
and F-BSe are indirect, ultrawide bandgap semiconductors.

Additionally, H-BTe and F-BTe are indirect semiconductors
with broad bandgaps that fulfill the demands of photocatalysts
for water splitting. Our research also reveals that F-BTe is
a potential candidate for visible-light photocatalytic water
splitting because of its excellent photocatalytic qualities, which
include high light harvesting capacity, internal electric field,
and desirable STH efficiency.

Our work verifies the beneficial effects of surface hydroge-
nation and fluorination in adjusting the characteristics of 2D
materials and also introduces eight new monolayers for use in
ultrawide bandgap technology and photocatalytic water
splitting.
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