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Recently novel two-dimensional materials for solar water splitting have drawn enormous research attention
because of their tunable electronic properties for enhancing photocatalytic performance. Here, based on
extensive density functional theory calculations, we clearly reveal that single- and few-layer BiOl have

favorable band gaps, light electron effective masses, excellent optical absorptions, and nice band edge
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Accepted 6th April 2017 alignments with the water redox potentials. Moreover, due to the weak interlayer interactions, these
remarkable electronic properties are robust, and almost independent of the layer thickness of the BiOl

DOI: 10.1039/c7ra01723e nanosheets. Our theoretical results suggest that the BiOl nanosheets can be efficient photocatalysts for
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1 Introduction

The increasingly serious energy crisis and the environmental
contamination caused by burning fossil fuels have led to the
urgent need for renewable and environmentally benign alter-
native energy resources. Hydrogen, a sustainable and clean
energy source with the combustion product of only water, has
been considered as a promising energy carrier for the future.
Given the natural abundance of water and sunlight, the use of
semiconductors with solar energy to split water could provide
a practical and reliable route to clean hydrogen fuel genera-
tion."* Hence, the development of highly efficient and active
semiconductor photocatalysts for hydrogen production is in
great demand.

Since the pioneering work by Fujishima and Honda on
photoelectrochemical water splitting on a TiO, electrode,®
hundreds of semiconductor materials and their derivatives have
been proposed as photocatalysts for water splitting, such as
metal oxides, sulfides, nitrides, and oxynitrides.** Unfortu-
nately, photocatalysts for practical applications with relatively
high productivity are limited so far.®™**

Usually, for a desirable semiconductor to facilitate photo-
catalytic water splitting, two important conditions need to be
satisfied: (1) the ideal band gap of the semiconductor should be
around 2.0 eV to allow for the electrons and holes to overcome
kinetic barriers while still harvesting a significant fraction of
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solar light;'»** (2) a suitable semiconductor photocatalyst
requires a conduction band minimum (CBM) energy that is
more negative than the reduction potential of H'/H, (0 V vs.
NHE) and its valence band maximum (VBM) energy must be
more positive than the oxidation potential of O,/H,0 (1.23 V vs.
NHE).*** Under these conditions, the excited electrons can
participate in the reduction reaction to generate hydrogen and
the holes take part in the oxidation reduction reaction gener-
ating oxygen when sunlight shines on a semiconductor
photocatalyst.

Since the experimental realization of graphene,'® two-
dimensional (2D) layered materials, such as metal oxides,
MXenes, graphitic C;N,, and transition metal chalcogenides,
have attracted intense research interest in the field of photo-
catalytic water splitting."”>* These 2D layered semiconductors
possess diverse and tunable electronic and optical properties,
exhibiting the more efficient use of visible-light in the photo-
catalytic process.*>*® Moreover, 2D materials not only have ultra-
high specific surface areas available for photocatalytic reac-
tions, but they also have the minimum distance for the photo-
generated electrons and holes to migrate, reducing the
possibility of electron-hole recombination, and then giving
high quantum yields.”

In general, the electronic structures of 2D layered semi-
conductors are strongly dependent on their thicknesses.”®*®
From a single-layer to a few layers, the band gap and the
conduction and valence band positions will change a lot, such
as for MoS, and phosphorene.***' Since accurate control of the
layer number is quite difficult in experiments, the potential
applications of 2D layered semiconductors as photocatalysts are
seriously limited by the thickness-dependent electronic prop-
erties. Thus, searching for 2D photocatalysts with suitable,
thicknesses-independent band gaps and band edge positions is
urgently needed.

This journal is © The Royal Society of Chemistry 2017
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Recently, bismuth oxyhalides (BiOX, X = Cl, Br, I), which are
a new family of promising photocatalysts, have drawn enor-
mous research attention because of their unique 2D layered
structures.**** However, the fast recombination of charges and
poor conductivity significantly limit the practical application of
photocatalytic water splitting for hydrogen production. In order
to improve the photocatalytic activity of BiOX, various strategies
have been developed, such as doping, the deposition of noble
metals, the control of crystal facets, and heterojunctions.*® In
particular, great efforts have been devoted to synthesising BiOX
nanosheets exposed with {001} facets, which exhibit excellent
photocatalytic activities under visible-light illumination.*”-** For
instance, Guan et al.*® found that ultrathin BiOCI nanosheets
show excellent solar photocatalytic activity, even with an
extremely low photocatalyst loading. A similar phenomenon
has also been found in BiOBr and BiOI, where these nanosheets
with large exposed surface areas of the {001} facets exhibited
higher photocatalytic activities.**** Among these 2D nanosheets
of BiOX, bismuth oxyiodide (BiOI) is considered to be a poten-
tially interesting visible-light active photocatalyst due to the
suitable band gap.** However, only a few computational studies
have been carried out on BiOX,**™*® and more attention should
be paid to BiOI nanosheets to explore whether these single- and
few-layer BiOI have outstanding electronic and optical proper-
ties for solar water splitting.

In this work, the stability, electronic and optical properties of
single- and few-layer BiOI are systematically investigated based
on first principles calculations. We first concentrate on
exploring the electronic structure properties, the optical prop-
erties and the band edge positions of single-layer BiOI. We then
discuss the effect of the layer numbers on the band gaps and the
VBM/CBM positions of few-layer BiOI. The obtained results
clearly reveal that the BiOI nanosheets possess suitable band
gaps, excellent band edge alignment, a superior optical
absorption property, and thickness-independent electronic
properties. That is to say, BiOI nanosheets should be efficient
photocatalysts for solar water splitting.

2 Computational model and methods

First-principles calculations are performed based on density
functional theory (DFT) using the Vienna Ab initio Simulation
Package (VASP).*” The generalized gradient approximation in
the Perdew, Burke, and Ernzerhof form (GGA-PBE) is adopted as
the exchange correlation functional*® for the geometry relaxa-
tions. In our electronic structure calculations, in order to avoid
the disadvantages of GGA-PBE calculations for predicting the
band gap and optical absorption spectra, we adopt the Heyd-
Scuseria-Ernzerhof (HSE06) hydride functional,*** which can
successfully describe the electronic structures and defect levels
of transition metal oxides.”* Meanwhile, a van der Waals
correction proposed by Grimme is also incorporated to better
describe nonbonding interactions.> The interaction between
the core and valence electrons is described using the frozen-
core projector augmented wave approach.” A vacuum region
greater than 18.0 A perpendicular to the sheets (along the c-axis)
is applied to avoid interactions between the layers caused by the
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periodic boundary conditions. The cutoff energy is set to 520 eV,
and the Monkhorst-Pack mesh of k-points® with 15 x 15 x 1
points is used to sample the Brillouin zone. All atomic positions
are fully relaxed by using the conjugate gradient algorithm until
the total energy and atomic forces are converged to 10> eV and
0.01 eV A"

Here, the VBM and CBM positions of single- and few-layer
BiOI are determined by the calculated band gap center energy
(Essc) and the band gaps E,, as

EVBM = EBGC - 1/2Eg7 [1)
Ecgm = Egce + 1/2E,.

In contrast to the band gaps, the band gap center energies
are insensitive to the choice of exchange-correlation func-
tional.*® Thus, the less computationally expensive PBE func-
tional is used with confidence for calculating the Eggc and the
more accurate HSE06 functional is employed to calculate the
band gaps. To align the energy levels for the different materials,
their vacuum levels are set to zero. For the water splitting
reaction, the commonly used values of the standard reduction
potential for H'/H, and the oxidation potential for O,/H,O are
—4.44 and —5.67 eV, respectively.””

To evaluate the optical properties of single- and few-layer
BiOI, the optical absorption spectra are simulated by convert-
ing the complex dielectric function to the absorption coefficient
Qaps according to the following relation,*

[SIE

e = V20(Ver2(0) + e () — (@), @

where ¢;(w) and &,(w) are the real and imaginary parts of the
frequency dependent complex dielectric function ¢(w), respec-
tively. Considering the appropriate transition momentum
matrix elements, the imaginary part of the dielectric function,
&(w), is calculated by summing all of the possible transitions
from the unoccupied to the occupied wave functions within the
selection rules. The real part of the dielectric function, & (w),
can be derived from e¢,(w) using the Kramer-Kronig
relationship.

3 Results and discussion

The initial structure for the geometric relaxation of single-layer
BiOl is constructed from the (001) plane of the bulk structure. A
typical atomic structure is illustrated in Fig. 1(a), and the unit
cell is composed of one [Bi,0,]*" slab and two iodine atoms.
Upon relaxation at the PBE level, the lateral lattice constants (a
and b, they are equal) for single-layer BiOI are optimized to be
4.02 A, which is very close to the experimental value of 3.99 A for
bulk BiOI.*” The relative deviation of the lattice parameter is
below 1%, indicating that exfoliated free-standing single-layer
BiOI can keep its geometric integrity and experiences negli-
gible relaxation or construction.

Subsequently, we compare the stability of single-layer BiOI to
its bulk form via calculating the formation energy (Ey), which is
defined as

RSC Adv., 2017, 7, 24446-24452 | 24447
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Fig.1 (a) Top and side views of the geometric structure of single-layer
BiOIl. (b) Phonon spectra for single-layer BiOl along the high-
symmetric points in the Brillouin zone.

Ey = E>p/N>p — E3p/Nsp, (3)

where E, and N,p, are the total energy and the number of atoms
for the single-layer BiOI unit cells, while E;p and N;p are the
corresponding energy and atom number for the bulk BiOI unit
cells. In our calculations, the E for single-layer BiOI is predicted
to be 45 meV per atom according to the HSE06 + vdW method,
which is significantly smaller than that of MoS, (77 meV),*
demonstrating that it is possible to extract single-layer BiOI
from the bulk phase. In fact, a threshold formation energy of
<200 meV per atom has been empirically observed for experi-
mentally produced freestanding 2D materials.””*®

In order to check the dynamical stability of single-layer BiOI,
we calculate its phonon spectra by post-processing the force
constants calculated with density functional perturbation
theory as implemented in VASP and the Phonopy package.* It
can be clearly seen from Fig. 1(b) that no imaginary vibration
frequency is found at any wave vector, which indicates that this
freestanding single-layer BiOI has a high dynamic stability.

After exploring the possibility of exfoliating single-layer BiOI
from its bulk form, we now turn to calculate its electronic
properties. The band structures of the single-layer BiOI are
calculated by the HSE06 functional, and they are plotted in
Fig. 2(a). Clearly, the CBM is located at the I' point, while the
VBM is located between the X and I' points in the irreducible
Brillouin zone. Single-layer BiOI exhibits an indirect semi-
conductor characteristic. This indirect band gap is predicted to
be 2.28 eV, indicating that single-layer BiOI possesses excellent
capability for harvesting solar light. Usually, an indirect band
gap will make the material a poor absorber of light since
phonons are required to mediate electronic excitations from the
VBM to the CBM. Fortunately, the direct band gap (2.55 eV) at
the I' point is close to the predicted indirect band gap with an
energy difference of 0.3 eV, and thus can partly abate the
disadvantage.

To explore the electronic properties more clearly, we further
calculate the total density of states (DOS) and projected DOS for
single-layer BiOI. The obtained results are plotted in Fig. 2(b). It
is clear that the states near the VBM are mainly contributed to
by the 5p orbitals of the I atom, while the states near the CBM
mainly originate from the 6p orbitals of the Bi atom. It is thus
reasonable to expect that the conduction and valence band
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Fig. 2 (a) Band structure, and (b) density of states of single-layer BiOl

at the HSE level. Here, the Fermi energy is set to zero.

edges with different characteristics would cause a big difference
between the m, and the m;,.

In general, precise control of the layer number is quite
challenging in experiments, thus, the BiOI nanosheet synthe-
sized in experiments is usually of the nanometer-scale thick-
ness.*»*> One would wonder whether the band structure of BiOI
could show a thickness-independent behavior. To examine the
thickness dependence of their electronic properties, we calcu-
late the band structures of few-layer BiOI (2 to 5 layers) at the
HSE level, as shown in Fig. 3. Interestingly, compared with the
single-layer, there is little change in the band structures on
increasing their thickness. All few-layer BiOI are indirect gap
semiconductors. As shown in Table 1, the band gaps decrease
very slightly as the thickness increases. For example, the band
gap is slightly reduced to 2.22 eV for 5-layer BiOI, which is only
a 0.06 eV decrease compared to the band gap value of the single-
layer BiOI. That is to say, the band gaps of few-layer BiOI are
almost insensitive to the layer thickness, which is in sharp
contrast to most other 2D materials, such as MoS,.?** The
remarkable properties of the BiOI nanosheets are almost
insensitive to the layer thickness due to the weak interlayer
interactions since the vertical separation between two neigh-
boring layers is predicted to be about 3.97 A. As an example, we
further plot the charge density of the CBM and VBM of 2-layer

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Band structures of the (a) 2-layer, (b) 3-layer, (c) 4-layer, and (d) 5-layer BiOl nanosheets at the HSEO6 level. (e) Spatial distribution of

charge density of the CBM and VBM of 2-layer BiOl.

Table 1 The calculated band gaps (in eV) using the PBE and HSEO6
functionals and the band gap centers (in eV) at the PBE level. The
electron (m.) and hole (my) effective mass of single- and few-layer
BiOl at the I' point (for electrons) and at the X point (for holes) in the
Brillouin zone in the units of free-electron mass are also listed

BiOI  Eg™  ES° ERSG CBM VBM m, my,

1L 1.49  2.28 —532 —4.18 —6.46 036  2.46
2L 147 2.4 —533 —4.21 —6.45 034 238
3L 1.46  2.23 —534 —4.23 —6.46 033 241
4L 1.44  2.22 —536 —4.25 —6.47 036  2.43
5L 1.44 222 —541  —430 —6.52 032  2.51

BiOI in Fig. 3(e). It is clear that the charge density highly
localizes within each layer while its distribution at the interfa-
cial region is neglectable, indicating that the interlayer inter-
action is weak.

As we know, the separation and diffusion rate of the photo-
induced electrons and holes are important indexes for an
excellent photocatalyst.®~*> In general, if the effective mass of
the photogenerated carrier is lighter, the carriers will have more
probability of reaching the surface reaction sites within their
life-time, thus improving the photocatalytic activity.® In prin-
ciple, the curvatures of the top of the valence band and bottom
of the conduction band determine the hole and electron effec-
tive masses, respectively. Here, the effective masses of the
electron (m,) and hole (m; ) are estimated by fitting parabolic
functions to the VBMs and CBMs of single-layer BiOI. The
photo-generated electrons have a relatively lighter effective
mass with values of 0.36m,, which are smaller than those of
some common photocatalysts.®**> The relatively small m_ indi-
cates that the migration of photogenerated electrons to the

This journal is © The Royal Society of Chemistry 2017

reactive sites would be easier in the photocatalytic process. This
is consistent with the high carrier mobility reported by Fan
et al.** On the other hand, the m;, at the VBM is calculated to be
2.46m. along X-I', thus, the photo-generated holes diffuse
relatively slowly. The significant difference between the m_ and
the m; leads to the effective separation of the electron-hole
pairs, which may reduce the recombination probability of the
photogenerated carriers. As listed in Table 1, similar results are
observed for these few-layer BiOI nanosheets.

As mentioned in the Introduction, to effectively utilize visible
light for water splitting, the typical band gap of the semi-
conductor should lie within the range of 2.0 to 3.0 eV. As shown
in Table 1, all of the BiOI nanosheets possess a band gap of
about 2.3 eV within the visible spectrum. That is to say, these
BiOI nanosheets have great potential to harvest a significant
fraction of solar light. Besides a suitable band gap being needed
to enhance visible-light absorption, a semiconductor photo-
catalyst also requires favorable band edge positions to fit the
water oxidation and reduction potentials. To confirm whether
these BiOI materials are photocatalytically active for water
splitting, we calculate the band edge positions for single- and
few-layer BiOI relative to the vacuum energy level based on eqn
(1). 1t is well known that the oxidation and reduction abilities
are measured by the VBM energy and the CBM energy, respec-
tively. The higher the CBM energy to the hydrogen production
level, the stronger the reducing power is, while the lower the
VBM energy, the stronger the oxidizing power is.®**

As shown in Fig. 4(a), for single-layer BiOI, the CBM and VBM
are predicted to be located at —4.18 and —6.46 €V, respectively.
Comparing with the water redox potentials, the CBM is located
at —0.26 eV, just above the reduction potential of H'/H,,
whereas the VBM is found to be 0.79 eV below the oxidation

RSC Adv., 2017, 7, 24446-24452 | 24449
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Fig. 4 Band edge positions of (a) single-layer BiOl and (b) few-layer
BiOl with reference to the water redox potentials of H*/H, and O,/
H,O at pH = 0.

potential of O,/H,0. This indicates that both the water oxida-
tion and reduction reactions are thermodynamically feasible for
single-layer BiOI without an additional bias voltage. In addition,
it should be noted that the standard redox potentials for water
splitting shown in Fig. 4(a) are at the condition of pH = 0, and
they will increase with pH by pH x 0.059 eV, shifting the
oxidation and reduction potentials of water upward.**** Clearly,
this shift is beneficial to the oxygen evolution reaction while
being disadvantageous to the hydrogen reduction reaction.
Once the pH values of the solutions exceed about 4.4, the CBM
energy of single-layer BiOI will be lower than the reduction
potential of H'/H,, and then the reduction reactions will be
energetically unfavorable.

In the case of few-layer BiOI, as shown in Fig. 4(b), the VBM
and CBM energy levels for 2- to 5-layer BiOI show minor changes
compared to those of the single-layer BiOI. Moreover, all of the
BiOI nanosheets have band edges located in energetically
favorable positions for both water oxidation and reduction
reactions. For 5-layer BiOI, the CBM is about 0.14 eV above the
water reduction level, whereas the VBM is about 0.85 eV below
the water oxidation potential. This observation suggests that the
BiOX nanosheets are still able to produce hydrogen and oxygen
with up to 5 layers. Thus, accurate control of the layer number is

24450 | RSC Adv., 2017, 7, 24446-24452
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dispensable during the sample preparation if BiOI is used as
a photocatalyst for solar water splitting.

In addition to the above mentioned requirements for an
appropriate and thickness-independent band gap and band
edge positions, another very important condition for efficient
photocatalytic water splitting is that the materials should
capture a significant fraction of visible light because it counts
for more than 40% of the solar spectrum.®® Consequently, we
further simulate optical absorption spectra of single- and few-
layer BiOI using the HSE06 functional to examine whether
they meet the criteria for efficient visible-light absorption. As
shown in Fig. 5, single-layer BiOI has a perfect optical absorp-
tion in the solar spectrum since it can harvest the major portion
of solar light (400-500 nm), demonstrating its potential as an
excellent light-absorber, although single-layer BiOI is an indi-
rect semiconductor. Interestingly, when the layer number
increases, the absorption edges do not obviously change while
the absorption intensity increases in comparison to that of the
single-layer BiOI. From the optical absorption spectra, for up to
five layers, the BiOI nanosheets still show substantial adsorp-
tion in the visible-light region at about 500 nm. Such a high
optical absorption efficiency suggests that the BiOI nanosheets
are promising photocatalysts with potential applications in the
use of solar energy for water splitting.

As mentioned in the Introduction, to effectively utilize solar
energy for water splitting, the optimal band gap of the photo-
catalyst should lie within the range of 2.0 to 3.0 eV and the band
edges should straddle the water redox potentials. Single- and
few-layer BiOI have suitable band gaps (2.3 eV) for water split-
ting, but their CBM positions are located just slightly above the
reduction potential of water, which might not have enough
thermodynamic driving force for the hydrogen reduction reac-
tion. A feasible method to resolve this problem is with band gap
engineering through introducing strain. To assess the effect of
strain on the band edge positions, we apply compressive strain
on single- and few-layer BiOI. As an example, the positions of
the CBM and VBM of bilayer BiOI are plotted in Fig. 6, which

4
—I1L
B —L
Q
—3L
8
3 —aL
S —5L
8 2
<
=
=
=
a,
)
0 " 1 1 "
200 300 400 500 600
Wavelength (nm)

Fig. 5 Optical absorption spectra of single- and few-layer BiOl at the
HSEOQ6 level.
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Fig. 6 The band edge positions of the single- and few-layer BiOl
nanosheets under a compressive strain of —4.0%.

provides an important guidance to effectively tune their band
edge positions, and then to enhance the efficiency of photo-
catalytic water splitting. The CBM and VBM positions under
a compressive strain of —4.0% shift upwards to higher energy
positions with respect to the redox potential levels of water.
These CBMs are located above the water reduction potential of
about 0.9-1.0 eV. The reduction capability of photogenerated
electrons could then be sufficient to generate hydrogen from
water.

4 Conclusions

In conclusion, we comprehensively investigate the stability, and
electronic and optical properties of single- and few-layer BiOI,
and explore their potential photocatalytic properties through
performing extensive DFT calculations. By analyzing the band
gaps, the carrier effective masses, the VBM/CBM positions and
the optical absorptions, single- and few-layer BiOI are found to
be excellent photocatalysts for solar water splitting. Moreover,
these remarkable properties of the BiOI nanosheets are almost
insensitive to the layer thickness due to the weak interactions.
These theoretical findings suggest that the BiOI nanosheets
should be promising candidates for photocatalytic water split-
ting using solar energy.
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