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The electronic structures of cocatalyst/photocatalyst inter-
face (NiOx/K2La2Ti3O10) used for water splitting were investi-
gated by the two-dimentional surface model DFT calculations.
The difference in electronic states at the interface between the
cocatalyst and photocatalyst was characterized in terms of the
crystal faces of support photocatalyst. This result explains the
difference in mobility of the photoexcited electron from the
support photocatalyst to the cocatalyst between two different
crystal surfaces of photocatalyst.

It has been common strategy that the electronic states of the
water splitting photocatalyst materials are discussed from a
quantum chemistry viewpoint.1–3 Usually the bulk structures
are employed for the calculation with the plane wave based den-
sity functional theory method. These results bring about the
knowledge for the development of new photocatalytic materials.
However, computational chemistry approach has not yet been
done to clarify the electron structure of the interface between
cocatalyst and support photocatalyst although it is the most
interesting for the photocatalytic reaction. In recent years, the
quantum chemistry methodology for vacuum slab has been
developed.4 Consequently, the techniques managing the crystal
surface and interface structures as the two-dimensional periodic
boundary condition model and with a high degree of accuracy
have been established and incorporated in many MD and DFT
method programs. It means that the theoretical approaches to
the difficult region from the experimental analysis become pos-
sible. In this study, we try to analyze to the electronic structure at
the interfaces of two different crystal surface of photocatalyst
based on the DFT calculations. As the calculation models of
cocatalyst/photocatalyst, NiOx/K2La2Ti3O10 photocatalyst5,6

for water splitting was adopted in this letter, for which much in-
formation such as crystal structure, surface physical properties,
cocatalyst condition, and photocatalytic properties is available.
It has been already reported that the inside of NiOx particle is
Ni metal whereas the surface is NiO oxide.7,8 Ni metal is in con-
tact with the support surface of K2La2Ti3O10 photocatalyst.

For selection of the loading surface, the (002) and (101)
crystal surfaces of K2La2Ti3O10 photocatalyst were selected
by the morphology analysis using molecular dynamics9,10 and
the experimental reports.5,6 The two interface unit cell models
consisting of the (002) and (101) surfaces of the photocatalyst
having six atom layers and the Ni(111) cocatalyst having four
atom layers were created. For the photocatalyst side, the most
stable surface is a polar face consisted of O atoms. However,
the (101) crystal surfaces of K2La2Ti3O10 contained unsaturated

Ti site partially. The optimized structure is shown in Figure 1.
The thickness of vacuum region was set to ca. 20 Å. The band
calculation for these interface models was carried out using
the plane wave DFT program package Castep.11 The Perdew–
Burke–Ernzerhof functional was employed.12 The ultrasoft core
potential scheme was employed.13 The valence electronic con-
figurations for individual atoms were 3d84s2 for Ni, 3s23p64s1

for K, 5s25p65d16s2 for La, 3s23p63d24s2 for Ti, and 2s22p4

for O. The kinetic energy cutoff was set to 300 eV.
For both the Ni(111)/K2La2Ti3O10(002) and (101) interface

models, it was revealed that the band gap region of the
K2La2Ti3O10 photocatalyst was energetically overlapped with
the Ni3d bands. Additionally, the Fermi level of Ni metal ap-
peared in the band gap region and one third of the band gap
width below the bottom of conduction band. Figure 2 shows
the electron density contour maps for the bottom of conduction
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Figure 1. Ni(111)/K2La2Ti3O10(002) surface unit cell models.
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Figure 2. Electron density contour maps for the bottom of con-
duction band of K2La2Ti3O10 photocatalyst.
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band of K2La2Ti3O10 photocatalyst. In the Ni(111)/K2La2-
Ti3O10(101) interface model, the Ni3d+Ti3d hybrid orbitals
spread from the interface region to the Ni bulk. On the other
hand, for the Ni(111)/K2La2Ti3O10(002) interface model, the
electron density is only localized within the photocatalyst. It
suggests that the photoexcited electron transfer to Ni cocatalyst
is more smooth for the (101) crystal face of K2La2Ti3O10 than
the (002) crystal face.

The Mulliken population analysis was carried out to esti-
mate the bonding nature and charge on atoms.15,16 In both the
interface models, the values of Ni–Ni bonding strength were
equal as shown in Table 1. However, the polarization of charge
was recognized between the outer and inner Ni atoms within the
Ni(111) slab attached on K2La2Ti3O10(002) model. This means
that the electron mobility to Ni bulk via the K2La2Ti3O10(002)
interface is constrained, although Ni metal bulk has generally
high conductivity. Therefore, it is concluded that the perform-
ance of the interfacial electron transfer differs for each crystal
faces of K2La2Ti3O10 photocatalyst.

Moreover, the semiquantitative work function (WFcal) of
nickel metal bulk was calculated using the electrostatic potential
(Vpot) of the vacuum slab and the relative Fermi level (EFermi)
decided by the electron occupation, as in eq 1.4

WFcal ¼ ð�VpotÞ � EFermi ð1Þ

The semiquantitative work function is a relative value, and it
can not be compared with the experimental values. It is possible
to compare with two values of WFcal as the Ni level position
of cocatalyst in each Ni(111)/K2La2Ti3O10 unit cell model. Ac-
cording to the calculation results, the value ofWFcal of Ni(111)/
K2La2Ti3O10(101) model was smaller than that of Ni(111)/
K2La2Ti3O10(002) model, and then the photoexcited electron
which transferred to Ni metal cocatalyst from (101) crystal face
can keep up high potential. It means that the keeping of high
potential leads to the good driving force for the Hþ reduction.
Therefore, it is concluded that the position of Ni3d level is
influenced by the crystal face of the K2La2Ti3O10 photocatalyst
and brings to the difference in the efficiency of photocatalytic
activity for H2 evolution as shown in Figure 3.

From the viewpoint of both the mobility of the electron
transfer on the interface and the work function of Ni metal, it
is concluded that the loading on (101) crystal face is favorable.
It is the first time to our knowledge that the electronic structures
of the interface region between the cocatalyst and each crystal
faces of photocatalyst can be characterized by the surface model
DFT calculations with the two-dimentional periodic boundary
condition. Although the traditional cocatalyst loading was car-
ried out on all crystal faces, this study suggests a possibility that

improvement of photocatalytic activity will be attained by the
selective loading on the crystal faces through good electron
mobility and the selective crystal growth exposing favorable
crystal faces. The present calculation technique is also applica-
ble for other cocatalyst/photocatalyst systems.
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Table 1. Calculation results of interface unit cell models

Ni(111) Ni(111)

/K2La2Ti3O10(101) /K2La2Ti3O10(002)

Ni–Ni Bonding strength
0.90–1.10 0.90–1.10

(Mulliken bond population)

Charge polarization

in Ni metal
Whole: +0.05

Outer: +0.26

(Mulliken charge population) Inner: �0:05

Semiquantitative

work function of Ni(111)a
ca. 2.8 ca. 3.3

(Calc.) (eV)

aWork function of bulk Ni(111) (Expt.14): 5.35 eV.
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Figure 3. Route of photoexcited electron transfer.
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