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Computational design of enhanced photocatalytic
activity of two-dimensional cadmium iodidet

Lin Tao and Le Huang®*

The recent synthesis of two-dimensional cadmium iodide (Cdl,) opens up the questions of its properties
and potential applications in optoelectronic and photovoltaic devices. Using a first-principles design
approach, the electronic structure of 2D Cdl; is determined. The calculated results of the band gaps and
band edges demonstrated that Cdl, is a suitable photocatalyst for water splitting. Monolayer Cdl, should
exhibit a relatively low photocatalytic activity due to its large band gap (about 3.0 eV). Some favourable
doping can introduce extra bands to its band gap with the redox potentials of water straddled in its band
gap, which can lead to improved photocatalytic performance. Multilayer Cdl, with a narrower band gap
may absorb a finite amount of visible light, making it a more suitable photocatalyst. Furthermore,
multilayer Cdl, exhibits significant modulation of its band gap and band alignment by applying normal
strain and a vertical electric field. A reduced band gap with the CBM and VBM approaching the H*/H,
and the H,O/O, potentials, respectively, can result in an enhanced photocatalytic activity by applying
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Introduction

The conversion of solar light into hydrogen by photocatalytic
water splitting is an attractive technology for producing an
alternative energy resource to fossil fuels without environ-
mental pollution."™ To achieve high efficiency, the photo-
catalyst should satisfy several requirements.>® The
photocatalyst should have suitable band edges to straddle the
redox potentials of water. Specifically, its conduction band
minimum (CBM) should be higher than the hydrogen reduction
potential (H'/H,) and the valence band maximum (VBM) should
be lower than the water oxidation potential (H,O/O,). The
standard H'/H, and H,0/0, potentials with respect to the
vacuum level are —4.44 eV and —5.67 eV, respectively.” In
addition to this, the photocatalyst should possess a band gap
between 1.5 and 3.0 eV in order to utilize UV light and visible
light.®®

Recently, various two-dimensional (2D) materials have been
predicted to have remarkable photocatalytic activities.'*"* First-
principles calculations have predicted that single-layer group-III
monochalcogenides are suitable for photocatalytic water split-
ting."* Some previous works demonstrated that single-layer
MosS,, WS,, PtS, and PtSe, are potential photocatalysts due to
their suitable band edges with respect to the redox potentials of
water."*® 2D SnS and GeSe materials are demonstrated to be
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normal strain and a vertical electric field.

promising alternative materials for optoelectronic applica-
tions.”** Furthermore, heterobilayer GeSe/SnS could have
promising applications in photovoltaic devices by modifying its
electronic structure.* These 2D materials maximize the surface
area available for water splitting and minimize the distance of
generated electron and hole migration, which enhances their
catalytic performance.*

Beyond 2D chalcogenide materials, metal halide materials
with layered crystal structures (e.g., Pbl, and Cdl,) have also
attracted significant attention due to their importance as
precursors for the synthesis of halide perovskites.”*? Our
previous works have demonstrated that layered PbI, possesses
great potential in photovoltaic devices.”®* 2D CdI, nanoplates
have also been synthesized by using a vapor transport and
deposition approach.>*=%*" However, the physical properties of
2D CdI, are far from clear. In particular, we focus on layered
CdI, as a possible photocatalyst and propose some effective
approaches to improve its photocatalytic performance.

Computational methods

All calculations are implemented in the VASP code**** within
the projector-augmented plane-wave method.** The generalized
gradient approximation (GGA) of the Perdew, Burke and Ern-
zerhof (PBE) functional® is adopted for the electron exchange
and correlation. The plane-wave cutoff energy is set as 450 eV
and the HSE06 hybrid functional®*?® is used to calculate the
band structure of monolayer CdI,. A vacuum larger than 15 A is
used to simulate the isolated sheet. The pair-wise force field in
the DFT-D2 method of Grimme* is employed in the
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calculations of multilayer CdI, to correctly describe the vdwW
interactions between layers. For the relaxation of CdlI, of various
thicknesses, a (15 x 15 x 1) Monkhorst-Pack grid*® is used,
whereas for the relaxation of a doped CdI, monolayer, the first
Brillouin zone is sampled with a (5 x 5 x 1) Monkhorst-Pack
grid. All structures are fully relaxed with a force tolerance of
0.02evVA "

Results and discussion

Compared with layered transition metal dichalcogenides, Cdl,
has a layered structure with a hexagonal unit cell and it crys-
tallizes in the space group P6zmc. This indicates that the 1T
phase of CdI, is the most stable, rather than the 2H phase. As
shown in Fig. 1a, each sheet of Cd atoms is sandwiched between
two sheets of I atoms through strong ionic bonding,***> and the
atomic layers combined together via weak van der Waals (vdW)
interactions. The optimized lattice constant of monolayer Cdl,
is 4.33 A. Its band structure calculated on the PBE level indicates
an indirect band gap of 2.53 eV in Fig. 1b. According to the
calculated density of states (Fig. 1c), the VBM is mainly
contributed to by Cd_p and I_p orbitals and the CBM is
composed of I_p and Cd_s orbitals. In order to correct the PBE
band gaps, a hybrid Heyd-Scuseria-Ernzerhof functional is
adopted to describe the electron exchange and correlation
(Fig. S17). The general features of the band structure are well
preserved except for a larger band gap than that of the PBE
functional. Furthermore, the spin-orbit coupling (SOC) effect is
taken into consideration in Fig. S1.f An obvious spin-orbit
splitting is observed at the VBM of the band structure. As
a result, the initial quadruple degenerate VBM becomes doubly
degenerate. Meanwhile, the SOC exerts little influence on the
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Fig. 1 (a) The lattice structure of single-layer Cdl, from top and side

views. The purple and brown balls denote the Cd and | atoms,
respectively. (b) The band structure of single-layer Cdl, and (c) the
projected density of states (PDOS) and total density of states (TDOS).
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CBM of the CdI, bands. This is attributed to the strong coupling
between the Cd_d and I_p orbitals at the VBM and the absence
of the Cd_d orbital at the CBM in the band structure of CdI,.
Although an indirect band gap is not favourable for water
splitting, layered CdI, has suitable band edges to straddle the
redox potentials of water. The photocatalytic activity can be
enhanced when combining CdI, with other photocatalysts, such
as C;3N,, to construct a direct Z-scheme type photocatalysis
system for water splitting.**** What is more, the imaginary part
of the dielectric function and light absorption (Fig. S21) indicate
good absorption in solar light. Our results are in good agree-
ment with previous works except for an energy shift that is due
to the underestimation of the GGA-PBE functional. CdI, thin
films are reported by experimental works to have a direct optical
energy gap of ~3.5 eV which seems too large for photo-
catalysis.*>** It is indicated by our results and previous experi-
mental works that CdI, exhibits good absorption in ultraviolet
light and has great potential in photocatalysis. Efficient ways to
modulate its band edges are desired to improve the optoelec-
tronic properties and the photocatalytic activity.

It seems that the band gap of monolayer Cdl, is too large to
efficiently utilize the visible light in photocatalysis. It is well
known that the electronic properties including the band gaps of
most layered transition metal dichalcogenides are strongly
dependent on the thickness of the materials.***® Thus we
checked the thickness-dependent electronic structure of CdI, as
shown in Fig. 2a and b. It is indicated that both the CBM and
the VBM approach the Fermi level, resulting in a decrease of the
band gap of CdI, with thickness. The vacuum level is taken as
a reference in Fig. 2b. It is indicated in Fig. 2b that the energies
of both the CBM and the VBM increase with the number of
layers. Furthermore, the band gap decreases gradually with the
number of layers. The evolution of the band edges and band gap
with the thickness is not very significant because of the rather
weak interlayer coupling. What is more, the redox potentials of
water are straddled between the band edges of CdI, with various
thicknesses. The reduced band gap can make CdI, a good
photocatalyst with it absorbing solar light over a wider wave-
length range. Consequently, the photocatalytic performance
can be improved to some extent by increasing the thickness of
CdI, to a suitable value.

According to Fig. 2a and b, the band edges and band gap of
CdI, exhibit weak dependence on the thickness with respect to
most 2D transition metal dichalcogenides. An efficient
approach to improve its photocatalytic performance is desired.
It has been demonstrated that 2D materials exhibit significant
modulation of their electronic structures by applying a normal
strain. The evolution of the band structures of bilayer Cd, with
an applied normal strain is shown in Fig. S3.1 The normal strain
is calculated as ¢ = (dy — d)/d,. Our results indicate that the
band gap of bilayer CdI, decreases with the applied normal
strain (Fig. 2c). Clear insight can be obtained from the variation
of the band edges of bilayer CdI, with the applied normal strain
(Fig. 2d). The VBM increases gradually with the applied strain
while the CBM does not show a monotonous trend because of
the CBM’s shift from the M point to the I' point. Furthermore,
the redox potentials of water are always straddled between the

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Band structures and (b) band alignments of Cdl, of different thickness. Evolution of (c) band gap (red circles), total energy (blue squares)

and (d) band edges of the Cdl, bilayer as functions of the applied normal strain. (e) Transfer charge results from Bader charge analysis in the
doped Cdl, monolayer. The insets are the charge density difference in the Mo-doped and the Br-doped Cdl, monolayer. (f) Band alignments of
the doped Cdl, monolayer. The red stripes in the band gap are the dopant bands introduced by substitution. The vacuum level is set as zero and is
taken as a reference in (b), (d), and (f). The redox potentials of water are plotted as red dashed lines.

VBM and the CBM of the pressed Cdl, bilayer. The CdI, bilayer
with a reduced band gap from the application of normal strain
is a good photocatalyst with improved performance due to the
widened wavelength range for light absorption.

It should be mentioned that the interlayer binding in the
CdI, bilayer is relatively weaker than that in most of the tran-
sition metal dichalcogenide bilayers such as those of MoS,.
Fig. 2c also shows the evolution of the total energy of the Cdl,
bilayer. The charge density difference (Fig. S41) shows slight
charge transfer between layers in the CdI, bilayer upon binding
together. The weak binding gives rise to the relatively weak
response of the electronic structure and strain energy to the
applied strain. Similar evidence comes from the integrated
charge density of the CdI, bilayer under different normal strain
(Fig. S51). It is found that applying a normal strain will bring
about extra charge exchanging between layers. It can be
concluded that applying a normal strain is an efficient way to
improve the photocatalytic performance.

Besides applying normal strain, substituted doping has also
been demonstrated to be an effective method to modulate the
band alignment of a semiconductor. In Fig. 2e and f, several
non-magnetic atoms are employed to make substituting
dopants in a (4 x 4 x 1) CdI, monolayer supercell. Dopant
bands are induced either in the band gap or near the band
edges (Fig. S61), which should exert a significant influence on
the optoelectronic and photovoltaic properties of monolayer
CdI,. In Fig. 2e, Bader charge analysis demonstrates that charge
transfer occurs between dopants and it defected the CdI,
monolayer.

The band alignments of these doped CdI, monolayers are
plotted in Fig. 2f. It is found that In, Mo and Pd will introduce
dopant bands in the redox potential of water, making the

This journal is © The Royal Society of Chemistry 2017

corresponding doped CdI, not suitable for photocatalysis, while
other dopants employed here will not introduce extra bands in
the redox potential of water. Ag, As and Sn dopants will induce
extra bands between the VBM and the H,O/O, potential, and Hg
can induce extra bands between the H'/H, potential and the
CBM, making the corresponding doped CdI, suitable for pho-
tocatalysis in water splitting.

In many optoelectronic and photovoltaic devices, the mate-
rials are always subjected to a vertical electric field (E ).
Multilayer 2D materials usually exhibit significant modulation
of their electronic structures by applying an £, . As shown in
Fig. 3a, the band structures of the CdI, bilayer under different
E, are calculated. Our results indicate that its band gap is
significantly reduced by the applied E, . Further insight can be
obtained from the variation of the band edges with the E, in
Fig. 3b. It is clear that the CBM exhibits a linear descending
trend with the £, while the VBM is hardly influenced by the E | .
As a photocatalyst, when subjected to a vertical electric field, the
CBM of CdI, will approach the H'/H, level. This will improve the
absorption of solar light, further leading to enhanced photo-
catalytic activity. However, a strong E, will reduce the CBM of
CdI, to the position below the H/H, level, making CdI,
unsuitable as a photocatalyst.

To make the distinct responses of the VBM and the CBM to
the applied E | clear, the band decomposed charge density of
the CBM and the VBM at the four high-symmetry k-points (I', M,
K, A) is shown in Fig. 3c and d. A is the k-point between K and T,
which is given in Fig. 3a. As can be seen, the lowest-energy
carriers (holes) are almost completely localized around the I
atoms, forming 7 bonds. The absence of a polarized distribu-
tion between the I and Cd atoms results in the weak response of
the VBM to the applied E | , while at the CBM, the lowest-energy

RSC Adv., 2017, 7, 53653-53657 | 53655
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Fig. 3 Evolution of the (a) band structure and (b) band edges of the Cdl, bilayer as functions of the applied vertical electric field. (c) and (d) plot
the band decomposed charge density of the VBM and CBM at four high-symmetry k-points (I', M, K, A) of the Cdl, bilayer, respectively. The A

point is the k-point between the K and the I' points.

carriers (electrons) are neither localized on the I atoms nor the
Cd atoms. Charge exchange exists between I and Cd atoms. As
a result, the applied E, exerts a significant influence on the
CBM.

Conclusions

In summary, the electronic structure of 2D CdI, is explored by
density functional theory calculations. The calculated results of
the band gaps and band edges demonstrated that Cdl, is
a suitable photocatalyst for water splitting. Monolayer Cdl,
should exhibit a low photocatalytic activity due to its large band
gap (about 3.0 eV). Multilayer CdI, with a narrower band gap
may absorb a finite amount of visible light, making it a more
suitable photocatalyst. What is more, its photocatalytic activity
can be enhanced by applying normal strain and a vertical
electric field with two distinct mechanisms. Both the CBM and
VBM of bilayer CdI, can be tuned by applying a normal strain,
while a vertical E | is only able to modulate the CBM of bilayer
CdI,. Some favourable substituting dopants can also make the
band alignment of CdI, more suitable for photocatalysis. These
results provide valuable guidance for enhancing the photo-
catalytic activity of 2D CdlL,.
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