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a b s t r a c t

The photocatalytic performance of the novel borate CsZn2B3O7 is theoretically investigated by means of
density functional theory. The calculation highlights that the packing of the BO3 structural unit is the
main source for the large macroscopic photophysical properties in CsZn2B3O7 due to high anisotropic
electron distribution. The potentials of the conduction band (CB) and valence band (VB) edges values of
CsZn2B3O7 are �1.789 eV and 3.891 eV, respectively. The CB edge potential of CsZn2B3O7 is more negative
than the redox potential of Hþ/H2, indicating that the CsZn2B3O7 has strong reduction power for H2

production. The absorption edge of CsZn2B3O7 occurs at l¼ 218 nm and the optical band gap is estimated
to be 5.68 eV, in good agreement with the experimental data (5.69 eV). Therefore, CsZn2B3O7 expected to
be an efficient photocatalyst in the ultraviolet (UV) region. Thus, CsZn2B3O7 possesses an appropriate
band gap width and suitable CB edge position together, which leads to a higher efficiency of light-driven
photocatalytic H2 production. Also, it possesses high photogenerated carrier mobility and high electronic
conductivity, which favors the enhancement of the photocatalytic performance. The large photocatalytic
performance is due to the strong interactions between the ZnO4 tetrahedra and co-parallel BO3 triangle
groups. In this study we provide a detailed investigation concerning the suitability of CsZn2B3O7 to be
used as an efficient photocatalyst under UV irradiation utilizing the first-principle material approaches,
which greatly improves the search efficiency and greatly helps experiments to save resources in the
exploration of new photocatalysts with good photocatalytic performance.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The search for novel photocatalysts, materials with promising
structural and photocatalytic performance, is still a challenge for
scientists. To produce efficient photocatalytic performance, the
materials should possess high mobility carriers, suitable band gap
width and, hence, good absorption capacity [1,2]. A balance be-
tween the light absorption capacity and the reduction power in the
investigated material leads to a higher efficiency of light-driven
photocatalytic H2 production [3,4]. The other important require-
ment is, the photocatalysts must show efficient separation and
migration ability of the photoexcited carriers, due to the fact that
the photocatalytic reaction utilizes the photoexcited electrons (e�)
and holes (hþ) 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. Also, the high-performance photocatalyst system requires
low recombination of photogenerated e� and hþ to ensure that the
reduction and oxidation reactions can occur favorably in the con-
duction band (CB) and valence band (VB) of a semiconductor
photocatalyst [5]. However, it remains challenging to efficiently
design a suitable high-performing photocatalyst material.

It was reported that in borate materials, the large electro-
negativity difference between B and O atoms is very favorable for
transmittance of short-wavelength light [6]. In general, the B and O
atoms in borates form planer triangles (BO3)3� and (BO4)5� poly-
hedra. The BO3 groups can adopt a coplanar configuration pro-
moting efficient absorption capacity. In BO3 groups, three O atoms
are linked with a B atom, eliminating three dangling bonds of the
BO3 groups, which further widens its transparency in the UV re-
gion. Moreover, the high anisotropic electron distribution in BO3
groups favors the enhancement of the absorption capacity [7].
Therefore, searching for novel photocatalyst materials able to
produce efficient photocatalytic performance in visible and UV
regions has attracted a great deal of research in recent years. Good

mailto:maalidph@yahoo.co.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.01.227&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.01.227
https://doi.org/10.1016/j.jallcom.2018.01.227
https://doi.org/10.1016/j.jallcom.2018.01.227


Fig. 1. The crystal structure of the newly synthesized CsZn2B3O7.

A.H. Reshak / Journal of Alloys and Compounds 741 (2018) 1258e1268 1259
examples are studies of KBe2BO3F2 (KBBF) and Sr2Be2B2O7 (SBBO)
single crystals [8e11], which could generate efficient photocatalytic
performance in the UV region but, due to the high toxicity of the
beryllium oxide powders, it remains challenging to safely grow
crystals of large size. To overcome the drawback of the high toxicity,
substitution of Zn for Be is suggested to eliminate the toxicity issues
inherent in the synthesis of KBBF and SBBO from beryllium oxide
powders. Therefore, introducing the new CsZn2B3O7 single crystal
opens the ability to safely grow crystals and increase the efficiency
of the photocatalytic performance almost to double in borate
crystals due to the presence of the distorted (ZnO4)6� tetrahedra.
Moreover, the introduction of the Zn atom causes red-shift to the
absorption edge of CsZn2B3O7 to 218 nm [6]. Thus, we addressed
ourselves to investigate the influence of (ZnO4)6� tetrahedra on the
crystal structure and, hence, on the resulting photocatalytic per-
formance. The packing of the BO3 structural unit may also affect the
macroscopic structure [12] and, hence, the photocatalytic perfor-
mance. The large absorption capacity is due to the strong in-
teractions between the cations and co-parallel BO3 triangle groups
[12]. The novelty and the aim of this work is to provide a qualitative
and quantitative investigation to report reliable photocatalytic
performance from CsZn2B3O7.

Because it is still desirable to find materials with promising
photocatalytic properties, the search for a better candidate has not
ceased. Therefore, we provide a detailed depiction of the electronic
structure, transport, photocatalytic and optical properties of
CsZn2B3O7 using the full-potential method, which is timely and will
bring us important insights into understanding 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). It is well
known that the DFT approaches have the ability to accurately
predict the ground state properties of materials, and the developed
analytic tools are vital to investigating their intrinsic mechanism.
This microscopic understanding has further guided molecular en-
gineering design for new materials with novel structures and
properties. It is anticipated that first-principle material approaches
will greatly improve the search efficiency and greatly help experi-
ments to save resources in the exploration of new crystals with
good performance [13e27]. For instance, several researchers have
used the first-principles calculation to explore new photocatalysts
and found good agreement with the experimental results [22e34].
We would like to mention that, in our previous work [28e34], we
calculated the energy band gaps and the photophysical properties
using the full-potential method for several systems whose energy
band gaps and photophysical properties are known experimentally,
and a very good agreement with the experimental data was ob-
tained. Thus, we believe that our calculations reported in this paper
will produce very accurate and reliable results which will greatly
help experiments to save resources in the exploration of new
photocatalysts with good photocatalytic performance.

2. Computational details

The photocatalytic performance of the newly synthesized
CsZn2B3O7, with sixteen formula units per unit cell crystallizing in a
Cmc21 orthorhombic space group [8,35], is theoretically investi-
gated by means of density functional theory. It was reported that
CsZn2B3O7 is isostructural to KBe2BO3F2 (KBBF) [10,11], Sr2Be2B2O7
(SBBO) [36e39] and KBe2B3O7 [23], but with a larger optical
response due to the presence of the distorted (ZnO4)6� tetrahedra,
and eliminates the toxicity issues from beryllium oxide powders
and the red-shift of the absorption edge of CsZn2B3O7. Fig. 1 shows
the crystal structure of the newly synthesized CsZn2B3O7, in which
the BO3 anionic groups exhibit a planar shape with conjugated
electron orbitals, which make the BO3 anionic groups the main
source of the large optical properties in CsZn2B3O7. The distorted
(ZnO4)6� tetrahedra are the main source to increase the efficiency
of the optical absorbance. The B3O6 groups originate from the
connection of three BO3 triangles, in which only B3, B4 and B5
atoms participate in B3O6 groups, whereas B1, B2 and B6 atoms
form (B1O3, B2O3 and B6O3) isolated triangles. These isolated tri-
angles adopt a nearly coplanar configuration, which enhances the
optical absorbance in borate crystals. It is interesting to highlight
that the BO3 triangles in CsZn2B3O7 are connected by ZnO4 tetra-
hedra to form 2D-[Zn2BO3O2]∞ layers (Fig. 1). Also three of the BO3

triangles are connected to form 1D-B3O6 layers (Fig. 1). The struc-
ture of these layers is believed to be favorable to the formation of a
self-built internal static electric field, which is very beneficial to the
separation and migration of photoinduced e� and hþ [23,39].

To investigate the suitability of CsZn2B3O7 to be used as an
efficient photocatalyst, the experimental crystallographic data of
CsZn2B3O7 [35] are optimized using the all-electron full-potential
method (wien2k code [40]) within the Perdew, Burke, Ernzerhof
generalized gradient approximation (PBE-GGA) [41]. More details
about the DFT calculation and level of theory are provided as sup-
plementary materials. The optimized structure of CsZn2B3O7 along
with [Zn2BO3O2]∞ and B3O6 layers are shown in Fig. 1. Using the
recently modified Becke-Johnson potential (mBJ) [42], the resulting
optimized geometrical structure is used to investigate the suit-
ability of CsZn2B3O7 to be used as an efficient photocatalyst. For
this, the basis functions in the interstitial region are expanded up to
RMT� Kmax¼ 7.0 and inside the atomic spheres for the wave func-
tion. The lmax¼ 10 and the charge density is Fourier expanded up to

Gmax ¼ 12ða:u:Þ�1. To obtain self-consistency, a mesh of 4000 k
.

points in the irreducible Brillouin zone (IBZ) is used. The self-
consistent calculations are converged, since the total energy of

the system is stable within 0.00001 Ry. A mesh of 50000 k
.

points
in the IBZ is used to perform the calculation of the photophysical
and photocatalytic properties. The input required for calculating
the photophysical and photocatalytic properties are the energy
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eigenvalues and eigenfunctions which are the natural outputs of
band structure calculation.

3. Results and discussion

3.1. Structure-property relationship

Since CsZn2B3O7 crystallizes in a non-centro-symmetric struc-
ture, it is very interesting to highlight that the non-centro-
symmetric structure induces a spontaneous polarization due to
the displacement of the center of the positive and negative charges
in a unit cell [43]. Due to the fact that their positive and negative
charges have different centers of symmetry, the non-centro-
symmetric materials are among the ferroelectric materials that
have amacroscopic polarizationwhich induces the accumulation of
charges at the surfaces [44]. Thus, a spontaneous polarization can
be screened by free electrons ðe�Þ in the CB and free holes ðhþÞ in
the VB, and/or by ions adsorbed on the surface from the solution
forming a Stern layer [45]. A positive charge in positive fields is
screened by external and internal mechanisms [46]. The internal
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 re-
actions take place in negative fields, and the adsorbed foreign ions
are positively charged. This charge reallocation generates an elec-
tric field around the charge region [47]. A polarization field is
compensated for at equilibrium by the screening mechanisms.
Thus, the photogenerated electrons can easily migrate to the sur-
face and give rise to oxidation and reduction products at different
locations [48e50]. This in turn enhances the photocatalytic activity.
We should emphasizes that the unique photochemistry of the non-
centro-symmetric materials may be utilized to launch some new
photoreaction pathways.

The trigonal BO3 anionic group possesses a conjugated p orbital
which can be polarized easily. It is well known that BO3 is one of the
most active groups in non-centro-symmetric borate crystals [51].
Moreover, the B�O units possess strong electron cloud overlap and
prefer to attract hþ and repel e�, thus facilitating separation of the
photogenerated e� � hþ pairs. This in turn enhances the photo-
catalytic activity. It is interesting to highlight that the polarizability
causes the potential energy of charged particles and transition
states to lower regardless of whether these particles are negatively
or positively charged [52].

To investigate the suitability of CsZn2B3O7 to be used as an
efficient photocatalyst, it is necessary to examine the electronic
structure [53], since the photocatalytic performance is directly
related to the electronic band structure and, hence, to the location
of the top of valence bands (TVB) and the bottom of conduction
bands (BCB). The electronic band structure along the high sym-
metry directions of the first BZ and the total density of states of
CsZn2B3O7 are calculated to explore the bands' dispersion and the
nature of the fundamental energy band gap, and the locations of
the TVB and BCB, as shown in Fig. 2(a). The photocatalytic oxidation
of the materials is mainly attributed to the participation of super-
oxide radicals (O2

��), hydroxyl radicals (�OH) and photogenerated
holes [54]. To understand the photocatalytic mechanism of
CsZn2B3O7, the reduction and oxidation potentials of the CB and the
VB edges at the point of zero charge can be obtained following the
equations given in Ref. [55]:

ECB ¼ c� EC � �
Eg
�
2
�

(1)

EVB ¼ ECB þ Eg (2)
where ECB and EVB are the potentials of CB and VB edges, respec-
tively, EC is the free energy corresponding to the hydrogen scale,
and the value is ~4.5 eV [55], Eg and c are the band gap and the
electronegativity of semiconductors, respectively [55]. The ECB and
EVB values of CsZn2B3O7 are �1.789 eV and 3.891 eV, respectively
Fig. 2(b). This Fig. 2(b) illustrates the probable energy level diagram
(potential vs. NHE), displaying the relative positions of CB and VB
for CsZn2B3O7, and redox potentials for O2/H2O and H2/H2O. The
downward shifted CB bottom lies below the redox potential of H2/
H2O (0.0 eV), whereas the VB top lies above the O2/H2O redox po-
tential (1.23 eV) [56]. For H2 evolution, the CB of the photocatalyst
must be more negative than the redox potential of Hþ/H2, and the
reduction power depends on the position of the CB edge. Following
Fig. 2(b), it can be clearly seen that the CB of CsZn2B3O7 is more
negative than the redox potential of Hþ/H2, indicating that the
CsZn2B3O7 has strong reduction power for H2 production. Gener-
ally, an appropriate band gap width and suitable CB edge position
together contribute to the optimal H2 production activity under
light irradiation. Therefore, a balance between the light absorption
capacity and the reduction power in the investigated material leads
to a higher efficiency of light-driven photocatalytic H2 production.
Thus, the second important factor for photocatalysts to be efficient
is the band gap width and, hence, the absorption capacity. It has
been reported that the substitution of Be by Zn causes a red-shift in
the absorption edge of CsZn2B3O7 to 218 nm [6] with respect to the
absorption edge of its isostructural KBe2BO3F2, Sr2Be2B2O7 and
KBe2B3O7 (144 nm) [8,9,35e39], which implies that the absorption
edge of CsZn2B3O7 occurs in the UV region. To confirm this, the
absorption spectrum is calculated and presented in Fig. 2(c), which
shows that CsZn2B3O7 exhibits strong absorption at the level of
104 cm�1.

In general, the absorption edge's value of the semiconductors
can be clarified as follow: the square of the absorption coefficient,

½IðuÞ�2, is linear with energy (E) for direct optical transitions in the

absorption edge region, whereas ½IðuÞ�1=2 is linear with E for indi-
rect optical transitions [23,24]. Since the calculated electronic band
structure of CsZn2B3O7 confirms the direct nature of the band gap,

the data plots of the ½IðuÞ�2 vs. E is linear in the absorption edge
region, as shown in the inset of Fig. 2(c). Thus, the absorption edge
of CsZn2B3O7 is caused by direct transitions and the absorption
edge occurs at l¼ 218 nm, which corresponds to the optical band
gap 5.68 eV, in good agreement with the experimental data
(5.69 eV) [35]. One very important requirement is that the photo-
catalysts must show efficient migration ability of the photoexcited
carriers, due to the fact that the photocatalytic reaction utilizes the
photoexcited e� and hþ migrating to the surface of the photo-
catalyst. Therefore, the extinction coefficient, KðuÞ, as a function of
photon energy is plotted and shown in Fig. 2(d and e). The
extinction coefficient is directly proportional to the absorption
coefficient, IðuÞ, i.e. shows a direct relation to the absorption of the
material. The extinction coefficient shows the amount of loss of
absorption when an electromagnetic wave passes through the
material. It is represented by the following equation [57e59]:

IðuÞ ¼ 4pKðuÞ=l; (3)

where l is the wave length of light. Thus, the extinction coefficient
obtained from equation (3) is given below [57e59]:

KðuÞ ¼ IðuÞl=4pK: (4)

Following Fig. 2(d and e), the extinction coefficient graph is
increasing with energy to reach its maximum value of about
10.0 eV. At this energy limit, i.e. where the peaks are maximum, the
compounds have the affinity to absorbmore light. Furthermore, the
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frequency-dependent optical conductivity Fig. 2(f) confirms that
the absorption edge of the CsZn2B3O7 occurs at 5.68 eV, corre-
sponding to l¼ 218 nm. The optical conductivity can be obtained
from the complex first-order linear optical dielectric function

following the expression εðuÞ ¼ 1þ 4pisðuÞ
u , [58,59]. It consists of

imaginary and real parts; therefore, it completely characterizes the
linear optical properties.

In comparison, KBBF derivatives contain two types of B�O
groups; one of the B�O groups consists of the coparallel BO3 tri-
angles. The second B�O group is located between the two adjacent
[Be2BO3O2] and connects them together with an antiparallel
arrangement, resulting in canceling their contribution to the
macroscopic optical response. Hence, the optical responses in KBBF
Fig. 2. (a) Schematic diagrams of charge transfer and photocatalytic mechanism of CsZn2B3O
(d, e) Extinction coefficient as a function of photon energy and wavelength; (f) Calculated s

and szz2 ðuÞ (light dotted dashed curve -green color online) along with Calculated sxx1 ðuÞ (dark
(light solid curve - violet color online). (For interpretation of the references to color in this
derivatives mainly arise from the coparallel BO3 triangles. There-
fore, the number density of the coparallel BO3 triangles will
determine the optical response of the KBBF [9e11]. In contrast, in
CsZn2B3O7, the B3O6 groups are located between adjacent
[Zn2BO3O2] layers and are antialigned (Fig. 1). Thus, the optical
response of CsZn2B3O7 should also come from the coparallel BO3
triangles, which was confirmed by Yu et al. [8]. They reported that
the net dipolemoment of the BO3 triangles and (ZnO4)6� tetrahedra
are pointed along the polar c-axis, which means that BO3 triangles
and (ZnO4)6� tetrahedra largely contribute to the optical response
more than B3O6 groups [8]. Moreover, our investigation confirms
that the CsZn2B3O7 possesses a large optical response, considerable
optical anisotropy, an absorption edge at l¼ 218 nm and the
7.; (b) potential for CBM and VBM for CsZn2B3O7; (c) The calculated absorption spectra;
xx
2 ðuÞ (dark solid curve-black color online),syy2 ðuÞ (light dashed curve-red color online)
solid curve-blue color online), syy1 ðuÞ (light dashed curve-red brown online) and szz1 ðuÞ
figure legend, the reader is referred to the Web version of this article.)



Fig. 2. (continued).
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presence of the distorted (ZnO4)6� tetrahedral, which opens the
ability to safely grow crystals and increase the efficiency of the
optical response almost to double in borate crystals in the UV re-
gion. Therefore, based on these promising results, one can conclude
that the CsZn2B3O7 possesses great efficiency of light-driven pho-
tocatalytic H2 production.
3.2. Photoelectrochemical properties

The charge transfer and photocatalytic mechanism in CsZn2B3O7
can be explained as follows: when a photocatalyst absorbs radia-
tion from sunlight, it produces e��hþ pairs. The electron of VB
becomes excited when illuminated by light. The excess energy of
this excited electron promotes the electron to the CB, therefore
creating e��hþ pairs. This stage is referred to as the semi-
conductor's 'photo-excitation' state. To further understand the
photocatalytic mechanism in CsZn2B3O7, the influence of the tem-
perature (T) on the carriers' concentration ðnÞ of CsZn2B3O7 at a
certain value of the chemical potential ðm ¼ EF Þ is investigated, as
shown in Fig. 3(a). It was found that n almost linearly increases with
increasing T, and the positive sign indicates that the CsZn2B3O7
exhibits p-type conductions. Furthermore, the carriers' concentra-
tion in the vicinity of EF at three T values is investigated, as shown in
Fig. 3(b). It was noticed that the difference between chemical po-
tential ðmÞ and Fermi energy ðEFÞ is positive for VBs and negative for
CBs, and CsZn2B3O7 exhibits a maximal n in the vicinity of EF .

For an efficient photocatalytic mechanism, a material with high
mobility carriers is required. To achieve this, a material with small
effective masses ðm*Þ is needed. It was noticed from the electronic
band structure of CsZn2B3O7 Fig. 2(a) that the high k- dispersion
bands around EF possess low m* and, hence, the high mobility
carriers (Table 1) favor the enhancement of the charge transfer
process. It is well known that them* provides essential information
to understand the photocatalytic mechanism. The mobility of the
photogenerated carriers significantly influences the photocatalytic
efficiency [60,61] and the higher photogenerated carriers' mobility
enhances the photocatalytic performance [26,62e64]. Moreover,
the great effective mass difference (D ¼ m*

h=m
*
e and D ¼ m*

e=m
*
h)

between e� and hþ (Table 1) can facilitate the e� and hþ migration
and separation, and finally improve the photocatalytic performance
[26,63,64]. The effective mass of e� is bigger than that of the hþ,
resulting in a significant difference in the mobility between e� and
hþ. Therefore, the mobility of e� is much higher than that of hþ,
which consequently results in a striking difference in the mobility
between the photoexcited e� and hþ. This characteristic is benefi-
cial in suppressing the recombination of the e�ehþ pairs and
improving the photocatalytic efficiency [26,63,64]. The mobility of
photoexcited carriers can be indirectly assessed by their effective
mass (ðmobilityÞe ¼ ete=m*

e and ðmobilityÞh ¼ eth=m
*
h). The large

mobility difference is useful to the separation of e� and hþ, the
reduction of the e� and hþ recombination rate, and improvement of
the photocatalytic activity. It is clear from Table 1 that the effective
masses of the e� and hþ are small, and thus, we can deduce that the
photogenerated carrier transfer can be fast along different di-
rections. Fig. 3(c) shows the carriers' mobility as a function of n,
which clearly shows a significant reduction in the carriers' mobility
with increasing n, due to increasing the scattering. To support this
statement, we investigated the carriers' mobility as a function of
temperature, as shown in Fig. 3(d). It clearly shows a significant
reduction in the carriers' mobility with increasing the temperature,



Fig. 3. (a) The carrier concentration of CsZn2B3O7 as function of temperature; (b) The carrier concentration of CsZn2B3O7 as function of chemical potential m� EF at room tem-
perature and other two randomly selected temperature; (c) the mobility of CsZn2B3O7 s a function of carrier concentration; (e) the mobility of CsZn2B3O7 as a function of tem-
perature; (e) the electronic conductivity of CsZn2B3O7 s a function of carrier concentration; (f) the electronic conductivity of CsZn2B3O7 as a function of temperature.



Table 1
Calculated effective masses of CsZn2B3O7.

Effective mass

m*
e=mo 0.01013

m*
hh=mo 0.08448

D ¼ m*
hh=m

*
e 8.33958

D ¼ m*
e=m

*
hh

0.11991
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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.

The other important factor to improve the photocatalytic per-
formance is the electronic conductivity ðs=tÞ of the photogenerated
carriers; therefore, the materials should possess high s=t. It is well
known that s=t is directly related to the charge carriers' concen-
tration and their mobility ðs=t ¼ nehÞ; here we call the mobility h

in order to distinguish between themobility and chemical potential
ðmÞ. Since CsZn2B3O7 possesses high mobility and high carrier
concentration, one expects that CsZn2B3O7 will exhibit high s=t. To
verify this, the s=t as a function of n is shown in Fig. 3(e). It has been
found that s=t increases with increasing n. Furthermore, the s=t as
a function of temperature is plotted in Fig. 3(f), which shows that
s=t increases with increasing the temperature. Following Fig. 3(e
Fig. 4. (aed) The projected density of states along with the angu
and f), one can conclude that s=t significantly depends on the
temperature and n. Therefore, the photogenerated carriers in
CsZn2B3O7 possess high electronic conductivity, favoring
enhancement of the photocatalytic efficiency.

Further understanding of the photocatalytic mechanism in
CsZn2B3O7, can be gained from the angular momentum projected
density of states, as shown in Fig. 4(aed). The angular momentum
projected density of states shows that the electronic structure ex-
hibits highly dispersive CB and VB which provide favorable support
to facilitate the transport of photoinduced charge carriers. This is
considered a significant process for photocatalysis. Furthermore, it
shows the direct band gap nature, since the TVB and the BCB are
situated at G point of the BZ. The TVB is composed of Zn-3d, and O-
2p, with a small contribution from Zn-4s/3p states. It is clear that
the Zn-3d state is responsible for constructing the TVB, which could
induce relatively localized photoholes. The BCB is mainly formed by
the Zn-4s state, while Cs-6s and O-2s states contribute little to the
composition of the BCB. This implies that the presence of the dis-
torted (ZnO4)6� tetrahedra cause a significant band gap reduction
towards the UV region. Thus, separate occupation of the orbitals
from cationic and anionic layers in the CB and VB favors separation
of the photogenerated e� � hþ. The angular momentum projected
density of states reveals the hybridization between the states; for
instance, Zn-3d strongly hybridized with the O-2p state, the O-2p
state hybridizes with Cs-4d, Zn-4s with the O-2s, Zn-3p and B-2s/
lar momentum character of various structures of CsZn2B3O7.



Fig. 5. (a) The electron cloud of the BO3 anionic groups which exhibit planar shape with conjugated electron orbitals which make the BO3 anionic groups are the main source of the
large birefringence in CsZn2B3O7. The electron cloud of the distorted (ZnO4)6� tetrahedra. (b) thermoscale show the blue color indicates the maximum charge intensity (1.0000). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
The calculated values of the ionic character.

Bonds P (%)

B�O 29.26
Zn�O 39.85
Cs�B 26.46
Cs�O 68.36
Cs�Zn 17.23

A.H. Reshak / Journal of Alloys and Compounds 741 (2018) 1258e12681266
2p 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 an ionic
bonding [65].

To support this statement and in order to reveal the chemical
bonding nature of CsZn2B3O7, the electronic charge density distri-
bution is calculated in two crystallographic planes: (1 0 0) and (1
0 1), as shown in Fig. 5. The charge localizes mainly between Zn and
the neighboring O atoms in ZnO4 tetrahedra, also between B and O
atoms in the co-parallel BO3 triangle groups, 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
electronegativity of Cs, Zn, B and O are 0.75, 1.65, 2.04 and 3.44,
respectively. To describe the character of the chemical bonding in
CsZn2B3O7, the difference of the electronegativity (XA�XB) is crucial
[66], where XA and XB denote the electronegativity of the A and B
atoms in general. With an increase in 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 [66]:

Pð%Þ ¼ 16ðXA � XBÞ þ 3:5ðXA � XBÞ2: (5)

The calculated values of P are given in Table 2. It is clear that the
Zn�O and B�O bonds are mostly covalent and partially ionic
bonding. The covalent bonding is more favorable for the transport
of the carriers than ionic bonding [65]. Also, due to the electro-
negativity differences between the atoms, some valence electrons
are transferred to O atoms, as it is clear that these atoms are sur-
rounded by uniform blue spheres which indicate the maximum
charge accumulation according to the thermoscale Fig. 5(b). The
Zn�O and B�O units possess strong electron cloud overlap and
prefer to attract holes and repel electrons, thus facilitating sepa-
ration of the photogenerated e� � hþ pairs. This in turn enhances
the photocatalytic activity [4].

Electronegativity is probably the most important concept to
understand the inorganic chemistry. Electronegativity refers to the
power of an atom in a molecule to attract electrons to itself. If the
Zn, B and O atoms are compared in terms of electronegativity, the
oxygen is more electronegative than Zn and B; thus, oxygen has
greater power to attract electrons to itself than Zn and B do. If one
thinks about the electrons and the covalent bonds between B and O
that are shared, they are shared unequally due the fact that O is
more electronegative and, thus, it pulls the electrons closer to itself
and becomes more negatively charged, and B loses some electrons
and electron density. Therefore, B is partially positive and O is
partially negative; that is a polarized situation and since the elec-
tronegativity difference between B and O is less than 1.7 [64], it is a
polar covalent bond. In contrast, for Zn and O the electronegativity
difference is 1.79; therefore, it is a polar ionic bond.
4. Conclusions

An ab-initio calculation utilizing the full-potential method is
used to investigate the photocatalytic performance of the novel
borate CsZn2B3O7. The calculation highlights that: (i) the potentials
of CB and VB edge values of CsZn2B3O7 are �1.789 eV and 3.891 eV.
Thus, the CB edge potential of CsZn2B3O7 is more negative than the
redox potential of Hþ/H2, indicating that the CsZn2B3O7 has strong
reduction power for H2 production. (ii) the absorption edge of
CsZn2B3O7 occurs in the UV region with strong absorption of about
104 cm�1. Thus, CsZn2B3O7 possesses an appropriate band gap
width and suitable CB edge position together, which leads to a
higher efficiency of light-driven photocatalytic H2 production. It
also possesses high photogenerated carrier mobility and high
electronic conductivity, favoring the enhancement of the photo-
catalytic performance. (iii) efficient separation and migration
ability of the photoexcited carriers, due to the fact that the photo-
catalytic reaction utilizes the photoexcited e� and hþ migrating to
the surface of the photocatalyst. (iv) the packing of the BO3 struc-
tural unit is the main source for the high macroscopic photo-
physical properties in CsZn2B3O7 due to high anisotropic electron
distribution. The high photocatalytic performance is due to the
strong interactions between the ZnO4 tetrahedra and co-parallel
BO3 triangle groups. The absorption edge of CsZn2B3O7 occurs at
l¼ 218 nm and the optical band gap is estimated to be 5.68 eV, in
good agreement with the experimental data (5.69 eV). Therefore,
based on these results, one can conclude that CsZn2B3O7 possess
appropriate band gap width and satisfies all requirements to be an
efficient photocatalyst. This will greatly improve the search effi-
ciency and greatly help experiments to save resources in the
exploration of new photocatalysts with good photocatalytic
performance.
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