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Novel photocatalytic water splitting solar-to-
hydrogen energy conversion: CdLa2S4 and
CdLa2Se4 ternary semiconductor compounds

A. H. Reshak

Comprehensive ab initio calculations from first- to second-principles methods are performed to

investigate the suitability of non-centro-symmetric CdLa2S4 and CdLa2Se4 to be used as active

photocatalysts under visible light illumination. The calculations reveal the direct band gap nature of both

compounds with large absorption coefficients (104–105 cm�1). The absorption edges of CdLa2S4 and

CdLa2Se4 occur at l = 579.3 nm and l = 670.1 nm, and the optical band gaps are estimated to be

2.14 eV and 1.85 eV for CdLa2S4 and CdLa2Se4, respectively. These gaps are larger than 1.23 eV the

required optical band gap for photocatalytic performance to split water under visible light illumination.

The calculated potentials of the conduction band and the valence band edges indicate that CdLa2S4 and

CdLa2Se4 have strong reducing powers for H2 production. The obtained results reveal that the high

photogenerated carrier mobility favors enhancement of the photocatalytic performance. It has been

found that there is a large mobility difference between the electrons (e�) and the holes (h+), which is useful for

the separation of e� and h+, reduction of e� and h+ recombination rate, and improvement of the photocatalytic

activity. Based on these findings, one can conclude that CdLa2S4 and CdLa2Se4 satisfied all requirements to be

efficient photocatalysts. This will greatly improve the search efficiency and greatly help experiments to save

resources in the exploration of new photocatalysts with good photocatalytic performances.

1. Introduction

Hydrogen production via photocatalytic water splitting utilizing
solar light has enormous potential in solving the global energy
and environmental crisis. The requirements are to develop
efficient photocatalysts which must satisfy some criteria such
as high chemical and photochemical stability, effective charge
separation and strong solar-light absorption. Photocatalytic
water splitting is an efficient way to convert solar energy into
clean H2 energy. In order to utilize the solar energy efficiently, it
is required that the photocatalysts should be sensitive to visible
light, which makes up about 43% of the whole solar energy.1

The other important requirement is that the photocatalysts
must show efficient separation and migration abilities of the
photoexcited carriers, due to the fact that the photocatalytic
reaction utilizes the photoexcited electrons and holes migrating
to the surface of the photocatalyst. The photocatalysis process
doesn’t produce any pollutants because it uses photon energy
and water, and hence, it will make a great contribution
to energy and environmental challenges in the near future.

One good example of the photocatalyst is the ternary semi-
conductor compounds ABmCn (A = Cu, Ag, Zn, Cd,. . .; B = Al,
Ga, In, La,. . . and C = S, Se, Te) with a chalcopyrite structure.
These materials have attracted considerable attention in
recent years due to their applications in optical sensing, light-
emitting diodes, biological labeling, solar cells, and as photo-
catalysts.2–13 The ternary semiconductor compounds with
chalcopyrite structures with suitable band-edges can split water
into hydrogen and oxygen stoichiometrically under visible light
illumination. The sulfides, selenides and stable metals which
contain elements with d10 electronic configurations (i.e., Cd,
Zn, and In) show good migration ability of the photoexcited
carriers because their conduction bands are constructed from
the hybridized and broadly dispersed sp orbitals. However, the
surface of the materials comprise cadmium or mercury, which
are toxic elements, is very sensitive with respect to Ar+ ion-
bombardment which causes significant changes in the element
stoichiometry resulting in an abrupt decrease of Cd and Hg
content in the top surface layers.14 Therefore, the Cd and
Hg content becomes free of Cd and Hg in the top surface
layers. This treatment makes the top surface of the materials
comprise free of Cd and Hg, and hence, free of risk which
makes it possible to be used in advanced technological
applications.15–17
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We would like to highlight that Guangjian et al.6 and Zhu
et al.13 reported the photocatalytic properties of CdLa2S4. To
the best of our knowledge, no comprehensive work neither
experimental data on the transport and optical properties nor
first principles calculations on the structural, electronic, trans-
port, photocatalytic and optical properties of CdLa2X4 (X = S or
Se) have appeared in the literature. Therefore, as a natural
extension to previous existing work detailed depiction of
the electronic structure, transport, photocatalytic and optical
properties of CdLa2X4 (X = S or Se) using a full potential method
is timely and would bring us important insights in under-
standing the origin of the band structure, density of states,
photocatalytic and photophysical properties. Hence, it is very
important to use a full potential method based on the density
functional theory (DFT). The full-potential method18 within
different types of exchange correlation (XC) potentials, namely
general gradient approximation (PBE-GGA)19 and modified Becke–
Johnson potential (mBJ),20 are used to ascertain the influence of
the XC on the resulting band gap, and hence, on the photocatalytic
properties of CdLa2X4 (X = S or Se). In this work, ab initio
calculations from first- to second-principles methods are
performed to investigate the suitability of the non-centro-
symmetric CdLa2X4 (X = S or Se) to be used as active photo-
catalysts under visible light irradiation.

In this work ab initio calculations from first- to second-
principles methods18,21–24 are performed to investigate the
suitability of CdLa2S4 and CdLa2Se4 to be used as active photo-
catalysts under visible light illumination. In recent years, due to
the improvement of computational technologies, it has been
proven that first-principles calculations are a strong and useful
tool to predict the crystal structure and properties related to the
electron configuration of a material before its synthesis.25–33 It
is well known that DFT approaches have the ability to accurately
predict the ground state properties of the materials, and the
developed analysis tools are vital for investigating their intrinsic
mechanism. This microscopic understanding has further
guided the molecular engineering design for new crystals with
novel structures and properties. It is anticipated that first-
principle material approaches will greatly improve the search
efficiency and greatly help experiments to save resources in the
exploration of new materials with good performances.25–33 For
instance, several researchers have used DFT calculations to explore
new photocatalysts and they have found good agreement with the
experimental results.34–40

We would like to mention that, in our previous works,41–44

we have calculated the photocatalytic properties and the energy
band gaps using a full potential method for several systems
whose photocatalytic and energy band gaps are known experi-
mentally and a very good agreement with the experimental data
was obtained. Thus, we believe that our calculations reported in
this paper would produce very accurate and reliable results
which will greatly help experiments to save resources in the
exploration of new photocatalysts with good photocatalytic
performances. The aim of this work is to focus on the photo-
catalytic activity of non-centro-symmetric CdLa2S4 and CdLa2Se4

as new, green and efficient photocatalysts.

2. Methodology aspect

In this study, two types of ternary semiconductor compounds
with non-centro-symmetric chalcopyrite structures are investigated
for their suitability to be used as active photocatalysts in the visible
light region. The two compounds are CdLa2S4 and CdLa2Se4

with tetragonal symmetry (I%42d) and lattice parameters
a = b = 8.5919900 Å, c = 9.00872271 Å and Z = 4 for CdLa2S4,45

and a = b = 8.93262736 Å, c = 9.40390262 Å and Z = 4 for
CdLa2Se4.46 The crystal structure of CdLa2S4 and CdLa2Se4

form through a combination of the covalent CdX4 and LaX8

structural units (Fig. 1). The X-ray diffraction data45,46 are used
as an input to calculate the ground state properties of CdLa2S4

and CdLa2Se4. As the first step, the reported lattice constants and
the atomic positions45,46 are optimized using the full-potential
method (wien2k package18) within the generalized gradient
approximation (PBE-GGA)19 as shown in Tables 1 and 2. The
resulting relaxed geometrical structures are used to calculate the
ground state properties, and hence, the photocatalytic properties
of CdLa2S4 and CdLa2Se4 utilizing the recently modified
Becke–Johnson potential (mBJ).20 To achieve accurate results
the muffin-tin spheres (RMT) are chosen in such a way that the
spheres did not overlap. Therefore, to insure that no charge
leakage is left out of the atomic sphere cores the RMT0s are
chosen to be 2.5 atomic unit (a.u.) for Cd, La, and Se while it is
2.31 a.u. for S. We should emphasize that to achieve the total
energy convergence the basis functions in the interstitial region
(IR) are expanded up to RMT � Kmax = 7.0 and inside the atomic
spheres for the wave function, the lmax is taken to be equal to 10,
and the charge density is Fourier expanded up to Gmax = 12 (a.u.)�1.
A mesh of 1000

-

k points in the irreducible Brillouin zone (IBZ)
is used to obtain the self-consistency which is converged since
the total energy of the system is stable within 0.01 mRy.
The ground state properties, and hence the photocatalytic
properties are obtained using 50 000

-

k points in the IBZ. The
modified tetrahedron method47 is used to calculate the total
and partial density of states (DOS). The inputs required for DOS
calculations are the energy eigenvalues and eigenfunctions
which are the natural outputs of band structure calculations.

3. Results and discussion
3.1. Photo-electrochemical properties

For photocatalytic performance under visible light illumination,
it is necessary to have a material with an optical band gap larger
than 1.23 eV in order to split the water.48 For use in photocatalytic
water splitting, the optical band gap of the photocatalyst material
must be sufficiently large to overcome the endothermic character
of the water-splitting reaction, i.e. larger than 1.23 eV. Moreover,
the positions of the conduction band minimum (CBM) and the
valence band maximum (VBM) are very crucial requirements in
photocatalytic water splitting. For instance, the CBM must be
more negative than the reduction potential of H+ to H2 (EH+/H2

=
0.0 V vs. NHE at pH = 0.0), and the VBM must be more positive
than the oxidation potential of water (EO2/H2O = 1.23 V vs. NHE at
pH = 0.0) in order to evolve oxygen (Fig. 1b). Which implies that
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the photocatalytic activities are directly related to the materials
electronic band structure.49 Therefore, we investigated the electronic
band structure of CdLa2S4 and CdLa2Se4 as shown in Fig. 2a and b.
The calculated electronic band structures explore the positions of
the VBM, CBM, the value and the nature of the fundamental energy
band gaps. Fig. 2a and b reveals the direct band gap nature of
CdLa2S4 and CdLa2Se4 since the valence VBM and the CBM are
located at G point of the BZ, which implies that the electrons (e�)
can recombine directly with holes (h+).

Both CdLa2S4 and CdLa2Se4 crystallize in a non-centro-
symmetric structure; it is interesting to highlight that the

non-centro-symmetric structure induces a spontaneous polar-
ization due to the displacement of the center of the positive and
negative charges in a unit cell.50 As their positive and negative
charges have different centers of symmetry, the non-centro-
symmetric materials belong to ferroelectric materials that have
a macroscopic polarization which induces the accumulation of
charges at the surfaces.51 Thus, a spontaneous polarization can
be screened by free electrons in the CB and free holes in the VB,
and/or by ions adsorbed on the surface from the solution
forming a Stern layer.52 A positive charge in positive fields is
screened by external and internal mechanisms.53 The internal

Fig. 1 (a) Crystal structure of CdLa2S4 and CdLa2Se4 with tetragonal symmetry (I %42d) and lattice parameters a = b = 8.5919900 Å, c = 9.00872271 Å and
Z = 4 for CdLa2S4, and a = b = 8.93262736 Å, c = 9.40390262 Å and Z = 4 for CdLa2Se4. The crystal structure of CdLa2S4 and CdLa2Se4 forms through a
combination of the covalent CdX4 and LaX8 structural units; (b) the ECB and EVB values of CdLa2S4 and CdLa2Se4.
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mechanism forms a negatively charged region below the
surface, and the external mechanism consists of the adsorption
of foreign negatively charged ions at the surface, whereas the
opposite reactions take place in negative fields, and the
adsorbed foreign ions are positively charged. This charge
reallocation generates an electric field around the charge
region.54 A polarization field is compensated at equilibrium by
the screening mechanisms. Thus, the photogenerated electrons
can easily migrate to the surface and give rise to oxidation and
reduction products at different locations.55 This in turn enhances
the photocatalytic activity. We should emphasize that the unique
photochemistry of the non-centro symmetric materials may be
utilized to launch some new photoreaction pathways. It is well
known that CdX4 is one of the most active groups in non-centro
symmetric crystals and possesses a polarized covalent bonding.
Moreover, the Cd–X units possess a strong electron cloud overlap
and prefer to attract h+ and repel e�, thus facilitating separation
of the photogenerated e�–h+ pairs. This in turn enhances the
photocatalytic activity. It is interesting to highlight that the
polarizability results in lowering of the potential energy of
the charged particles and transition states regardless of whether
these particles are negatively or positively charged.56

The photocatalytic oxidation of the materials is mainly
attributed to the participation of superoxide radicals (O2

��),
hydroxyl radicals (�OH) and photogenerated holes,57 see Fig. 2c.
In order to understand the photocatalytic mechanism of
CdLa2S4 and CdLa2Se4, the reduction and oxidation potentials

of CB and the VB edges at the point of zero charge can be
calculated following the expressions given in ref. 58:

ECB = w � EC � (Eg/2) (1)

EVB = ECB + Eg (2)

where ECB and EVB, respectively, are the potentials of the
conduction band and valence band edges, EC is the free energy
corresponding to the hydrogen scale, and the value is B4.5 eV,58

Eg and w are the band gap and the electronegativity of semi-
conductors, respectively. The w is defined as the geometric mean
of the absolute electronegativities of the constituent atoms. The
absolute electronegativity of an individual atom is the arithmetic
mean of the atomic electron affinity and the first ionization
energy.58 The ECB and EVB values of CdLa2S4 and CdLa2Se4 are
shown in Table 3 and Fig. 1b. This figure illustrates the probable
energy level diagram (potential vs. NHE) and CO2 photoreduction,
displaying the relative positions of CB and VB for CdLa2S4 and
CdLa2Se4, and redox potentials for CO2/CH4 and O2/H2O. CdLa2Se4

appears as a more efficient photocatalyst for CO2 photoreduction,
possessing a CBM at �0.615 eV, and a corresponding VBM at
1.24 eV. The downward shifted CB bottom lies above the redox
potential of CO2/CH4 (0.17 eV), whereas the VB top lies above
the O2/H2O redox potential (1.23 eV).59 It can be clearly seen
that the CB edge potential of CdLa2S4 is more negative than that
of CdLa2Se4, indicating that CdLa2S4 has a stronger reducing
power for H2 production than CdLa2Se4. A semiconductor with a
more negative CB edge potential has a stronger reducing power
for the H2 production from water.58 It can be clearly seen that the
CB edge potential becomes more negative with increasing optical
band gap and with substitution of Se by S. Generally, an appropriate
band gap width and suitable CB edge position together attribute to
the optimal H2 production activity under light irradiation.
Therefore, a balance between the light absorption capacity
and the reducing power in the investigated materials leads to
a higher efficiency of light-driven photocatalytic H2 production.

The other crucial issue in the photocatalytic activities is the
size of the optical band gap, therefore, we have calculated the
absorption spectrum of CdLa2S4 and CdLa2Se4 as shown in
Fig. 2d and e to estimate the size of the optical band gap. It is
clear that the direct band gap semiconductors have large
absorption coefficients (104 cm�1). The optical band gap value
of the semiconductor materials could be solved as follows; the
square of absorption coefficient I(o) is linear with energy (E) for
direct optical transitions in the absorption edge region, whereas
ffiffiffiffiffiffiffiffiffiffi
IðoÞ

p
is linear with E for indirect optical transitions.60,61 Since

the calculated electronic band structure of CdLa2S4 and
CdLa2Se4 confirms the direct nature of the band gap therefore,
the data plots of [I(o)]2 vs. E show the linear relationship
between [I(o)]2 and E in the absorption edge region, as shown
in Fig. 2f and g. These plots suggest that the absorption edge of
CdLa2S4 and CdLa2Se4 is caused by direct transitions. Following
Fig. 2f and g, we can conclude that the absorption edges of
CdLa2S4 and CdLa2Se4 occur at l = 579.3 nm and l = 670.1 nm,
and the optical band gaps are estimated (lg = 1239.8/Eg(optical)

62)
to be 2.14 eV and 1.85 eV for CdLa2S4 and CdLa2Se4, respectively.

Table 1 Optimized lattice constants and the atomic positions of CdLa2S4

in comparison with the available data45

Cell parameters (Å) a = b c

Ref. 20 8.5919900 9.00872271
This work 8.5918988 9.0079877

Atomic positions

Atom xa x optim. ya y optim. za z optim.

Cd 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
La 0.142454 0.142399 0.250000 0.250000 0.625000 0.624000
S 0.068753 0.068698 0.197081 0.196911 0.312699 0.312678

a Ref. 45.

Table 2 Optimized lattice constants and the atomic positions of
CdLa2Se4 in comparison with the available data46

Cell parameters (Å) a = b c

Ref. 21 8.93262736 9.40390262
This work 8.93219855 9.40389201

Atomic positions

Atom xa x optim. ya y optim. za z optim.

Cd 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
La 0.138043 0.137935 0.250000 0.250000 0.125000 0.124000
Se 0.069394 0.068432 0.194870 0.194669 0.810563 0.810323

a Ref. 46.
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The obtained band gaps show good agreement with the available
experimental data6,13 and are much better than the reported
values using VASP code within GGA,45,46 due to the fact that GGA
underestimates the energy band gap value.63 While the mBJ is a
modified Becke–Johnson potential, which allows calculation of
the energy band gap with an accuracy similar to that of the very
expensive GW calculations.20 It is a local approximation to an
atomic ‘‘exact-exchange’’ potential and a screening term. There-
fore, based on our experience in using different XC functionals
(LDA, PBE-GGA, EV-GGA, LDA-mBJ and PBE-GGA-mBJ) on several
systems whose energy band gaps are known experimentally,63–65

in those previous calculations we found that the PBE-GGA-mBJ
gives very good agreement with the experimental data.64–66

This motivated us to use PBE-GGA-mBJ to calculate the band
structure, and hence, the related properties of CdLa2S4 and
CdLa2Se4.

The other crucial issues to understand the photocatalytic
mechanisms in CdLa2S4 and CdLa2Se4, are the carriers con-
centration (n) and their mobility. Therefore, we have investigated

the influence of temperature (T) on the carrier concentration (n)
of CdLa2S4 and CdLa2Se4 at a certain value of chemical potential
(m = EF). It is clear that the carrier concentration of both
compounds (Fig. 3a) shows a slight deviation from the linear
temperature dependence and the positive sign indicates that
CdLa2S4 and CdLa2Se4 exhibit p-type conductions. It has been
noticed that the carrier concentration of CdLa2S4 is slightly
higher than that of CdLa2Se4. To support this statement, we have
investigated the n in the vicinity of EF at three T values, as shown
in Fig. 3b and c. It has been noticed that the difference between
chemical potential and Fermi energy (m � EF) is positive for
valence bands and negative for conduction bands and CdLa2S4

and CdLa2Se4 exhibit a maximal n in the vicinity of EF.
For an efficient photocatalytic mechanism, a material with

the high mobility carriers is required. To achieve this, a
material with small effective masses is needed. It has been
noticed from the electronic band structure (Fig. 2a and b) that
the high k-dispersion bands around the Fermi level (EF) possess
low effective masses and, hence, the high mobility carriers
(Table 4) which favor an enhancement of the charge transfer
process, and that the effective mass provides essential information
regarding the photocatalytic mechanism. The mobility of the
photogenerated carriers significantly influences the photocatalytic
efficiency67,68 and the higher photogenerated carrier mobility
enhances the photocatalytic performance.69–73 Moreover, the great

Fig. 2 (a and b) The calculated electronic band structure which clearly show the conduction band minimum, valence band maximum and the energy
band gap; (c) schematic diagrams of charge transfer and photocatalytic mechanism of CdLa2S4 and CdLa2Se4; when a photocatalyst absorbs radiation
from sunlight, it produces electron and hole pairs. The electron of the valence band becomes excited when illuminated by light. The excess energy of this
excited electron promoted the electron to the conduction band therefore, creating the negative electron (e�) and positive hole (h+) pair. This stage is
referred to as the semiconductor 0s ‘photo-excitation’ state; (d and e) calculated absorption coefficient of CdLa2S4 and CdLa2Se4 it is clear that the direct
band gap semiconductors have large absorption coefficients (104–105 cm�1); (f and g) the estimated optical band gap values of CdLa2S4 and CdLa2Se4,
the data plots clearly show that [I(o)]2 versus E is linear in the absorption edge region thus, the absorption edge of CdLa2S4 and CdLa2Se4 is caused by
direct transitions. The absorption edges of CdLa2S4 and CdLa2Se4 occur at l = 579.3 nm, and l = 670.1 nm, and the optical band gaps are estimated to be
2.14 eV, and 1.85 eV for CdLa2S4 and CdLa2Se4, respectively.

Table 3 The calculated ECB and EVB

Compound ECB (eV) EVB (eV)

CdLa2S4 �0.740 1.40
CdLa2Se4 �0.615 1.24
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effective mass difference (D = mh*/me* and D = me*/mh*)
between electron (e�) and hole (h+) (Table 4) can facilitate the
e� and h+ migration and separation, and finally improve the

photocatalytic performance.70–73 The effective mass of e� is
bigger than that of h+, resulting in a significant difference in
the mobility between e� and h+. Therefore, the mobility of e� is
much higher than that of h+, which consequently results in
a striking difference in the mobility between the photoexcited
e� and h+. This character is beneficial in suppressing the
recombination of the e�–h+ pairs and improving the photo-
catalytic efficiency.70–73 The mobility of photoexcited carriers
can be indirectly assessed by their effective mass (Ze = ete/me*
and Zh = eth/mh*); here we call the mobility Z in order to
distinguish between the mobility and chemical potential (m).
The large mobility difference is useful in the separation of
e� and h+, in the reduction of the e� and h+ recombination rate,

Fig. 3 (a) The carrier concentration of CdLa2S4 and CdLa2Se4 as function of temperature; (b and c) the carrier concentration of CdLa2S4 and CdLa2Se4 as
function of chemical potential m � EF at room temperature and two other randomly selected temperatures; (d) the mobility of CdLa2S4 and CdLa2Se4 as a
function of carrier concentration; (e) the mobility of CdLa2S4 and CdLa2Se4 as a function of temperature.

Table 4 Calculated effective masses

Effective mass CdLa2S4 CdLa2Se4

me*/mo 0.01303 0.00695
mhh*/mo 0.08479 0.05930
mlh*/mo 0.01023 0.00799
D = mhh*/me* 6.50729 8.53237
D = me*/mhh* 0.15367 0.11720
D = mlh*/me* 0.78511 1.14964
D = me*/mlh* 1.27370 0.86983
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Fig. 4 (a–h) The projected density of states along with the angular momentum character of various structures for of CdLa2S4 and CdLa2Se4.
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and in the improvement of the photocatalytic activity. It is clear
from Table 4, that the effective mass of e� and h+ are small, and
thus, we can deduce that the photogenerated carrier transfer
can be fast along different directions. Fig. 3d shows the carrier
mobility as a function of carriers concentration (n) which
clearly shows a significant reduction in the carrier mobility by
increasing the carriers concentration due to increasing the
scattering. To support this statement we have investigated
the carrier mobility as a function of temperature as shown in
Fig. 3e. A significant reduction in the carrier mobility with
increasing temperature is clearly shown which is attributed to
the fact that raising the temperature causes an increase in the

vibration, and hence, the mobility resulting in an increase in
the scattering which leads to suppression of the mobility.

3.2. Structure–property and electronic charge density
relationship

To gain a deeper insight into the photocatalytic mechanism in
CdLa2S4 and CdLa2Se4, the angular momentum projected density
of states are investigated as shown in Fig. 4a–h. The electronic
band structure of both compounds shows highly dispersive CB
and VB which provide favorable support to facilitate the transport
of photoinduced charge carriers, which is considered to be a
significant process for photocatalysis. Furthermore, it shows the

Fig. 5 The charge density distribution of CdLa2S4 in (100) plane; (b) the charge density distribution of CdLa2Se4 in (100) plane; (c) the charge density
distribution of CdLa2S4 in (101) plane; (d) the charge density distribution of CdLa2Se4 in (101) plane; (e) shows an efficient charge transfer occurs towards
Cd, S or Se atoms, as the Cd, S or Se atoms are surrounded by uniform spheres of charge density and the maximum charge accumulates around Cd, S or
Se atoms as indicated by the blue color; (f) the thermoscale showing the blue color indicates the maximum charge intensity (1.0000).
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direct band gap nature for both compounds since the VBM and
the CBM are situated at the G point of the BZ. The VB of CdLa2S4

(CdLa2Se4) is composed of S-3p (Se-4p), La-5p/4d and Cd-4p
states, it is clear that the S-3p (Se-4p) states are responsible for
constructing the VBM which could induce relatively localized
photoholes; whereas La-5p/4d and Cd-4p states contribute little
to the composition of the VBM. The CBM is mainly formed by
Cd-5s states while La-6s/5p/4d, Cd-4p, and S-3s/3p (Se-5s/4p)
states contribute little to the composition of the CBM. The angular
momentum projected density of states reveal the hybridization
between the states for instance Cd-5s and La-4d states strongly
hybridized with S-3p (Se-4p) states, and meanwhile Cd-5s hybridized
La-4d states. The hybridization may lead to the formation of
covalent bonding depending on the degree of the hybridization,
which is more favorable for the transport of the carriers than ionic
bonding.74 To support this statement and in order to reveal the
chemical bonding properties of CdLa2S4 and CdLa2Se4, the
electronic charge density is calculated in two crystallographic
planes; (1 0 0) and (1 0 1) as shown in Fig. 5a–f. The charge
localizes mainly between Cd and the neighboring S or Se atoms
in the CdX4 unit, and also between La and S or Se atoms in the
LaX8 unit indicating a partial ionic and strong covalent bonding.
The strength of the interactions between the atoms is due to the
degree of the hybridization and the electronegativity differences.
According to the Pauling scale, the electro-negativity of Cd, La, S
and Se are 1.69, 1.1, 2.58 and 2.55, respectively. To describe the
character of the chemical bonding in CdLa2S4 and CdLa2Se4,
the difference of the electronegativity (XA � XB) is crucial,75

where XA and XB denotes the electronegativity of the A and B
atoms in general. By increasing the (XA � XB) difference the
ionic character (P) of the bonding increases. The percentage
of P for the chemical bonding can be obtained using the
expression:75

P (%) = 16(XA � XB) + 3.5(XA � XB)2 (3)

The calculated values of P are given in Table 5. It is clear that
the Cd–S (Cd–Se) and La–S (La–Se) bonds are mostly covalent
and partially ionic, see Table 5. The covalent bonding is more
favorable for the transport of the carriers than ionic bonding.74

Also, due to the electronegativity differences between the
atoms, some valence electrons are transferred to S or Se atoms
as it is clear that these atoms are surrounded by uniform blue
spheres which indicate the maximum charge accumulation
according to the thermoscale (Fig. 5f). The Cd–S, Cd–Se, La–S
and La–Se units possess strong electron cloud overlap and
prefer to attract holes and repel electrons, thus facilitating
separation of the photogenerated e–h pairs. This in turn
enhances the photocatalytic activity.76

4. Conclusions

The photocatalytic performances of two ternary semiconductor
compounds namely CdLa2S4 and CdLa2Se4 have been investigated.
Ab initio calculations from first- to second-principles methods were
used to investigate the suitability of CdLa2S4 and CdLa2Se4 to be
used as active photocatalysts under visible light illumination. The
investigated compounds possess direct band gaps with absorption
edges of about 579.3 nm and 670.1 nm, corresponding to the
energy band gaps of 2.14 eV and 1.85 eV for CdLa2S4 and CdLa2Se4,
respectively. The obtained energy band gap values are larger
than the required value for splitting water under visible light
illumination. The calculated ECB and EVB reveal that the investigated
materials exhibit strong reducing powers for H2 production and
efficient photocatalysis for CO2 photoreduction. CdLa2Se4 appears
to be a more efficient photocatalyst for CO2 photoreduction than
CdLa2S4. While CdLa2S4 has a stronger reducing power for H2

production than CdLa2Se4. A semiconductor with a more negative
CB edge potential has a stronger reducing power for H2 production
from water. It can be clearly seen that the CB edge potential
becomes more negative with increasing optical band gap and with
substitution of Se by S. It has been found that CdLa2S4 and
CdLa2Se4 possess high photogenerated carrier mobilities
and favor enhancement of the photocatalytic performance.
Furthermore, the obtained large mobility difference between
the electrons (e�) and holes (h+) is useful for the separation of
e� and h+, reduction of the e� and h+ recombination rate, and
improvement of the photocatalytic activity. Thus non-centro-
symmetric CdLa2S4 and CdLa2Se4 satisfied all the requirements
to be efficient photocatalysts. This will greatly improve the
search efficiency and greatly help experiments to save resources
in the exploration of new photocatalysts with good photo-
catalytic performances.
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Table 5 The calculated values of the ionic character

Bonds P (%)

Cd–S 17.01
Cd–Se 16.34
La–S 31.34
La–Se 30.55
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