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a  b  s  t  r  a  c  t

The  use  of semiconductor  materials  for  solar  fuel  production  and  environmental  remediation  has
attracted  increasing  attention  in the  past  decades  due  to  their potential  to address  important  energy  and
environmental  problems.  Ion-exchangeable  semiconductor  materials  represent  one  family  of promising
materials  due  to their  unique  crystal  structures  and structure-related  photocatalytic  activity.  However,
most of  the  ion-exchangeable  semiconductor  materials  can  only  absorb  UV  light  due  to  their  wide
band-gap.  To  efficiently  utilize  solar  energy,  it is  indispensable  to  develop  visible  light-responsive  semi-
conductor  materials  which  can  efficiently  absorb  solar  electromagnetic  radiation  reaching  the  Earth’s
surface.  In this  review  article,  we  summarize  the  recent  advances  on  ion-exchangeable  semiconductor
materials  as  visible  light-responsive  photocatalysts  with  particular  focus  on the  band-gap  engineering
strategies  and their  photocatalytic  applications.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Background and basic mechanism of photocatalysis

The increasing concern over the depletion of traditional fossil
fuels and the serious environmental problems has re-triggered the
passion on the utilization of solar energy at the turn of the new
century. The main fascinating features afforded by solar energy
are its abundance and cleanness. It is estimated that the magni-
tude of the available solar energy striking the earth’s surface in 1 h
(4.3 × 1020 J) is even higher than that consumed on the planet in 1
year (4.1 × 1020 J in 2001) [1]. Therefore, the capability of harvesting
solar energy through a sustainable and cost-effective manner offers
an ideal approach to satisfy the human’s demand for renewable
energy [2,3]. However, the huge gap between the actual utilization
of solar energy and its enormous theoretical potential defines a
compelling imperative to develop credible avenue of utilizing solar
energy.

The conversion of solar energy via photocatalytic reactions that
occur on the surface of semiconductor materials has been exten-
sively investigated ever since the pioneer work of Fujishima and
Honda on using TiO2 photoanode for photochemical water split-
ting [4]. Up to now, several approaches such as photocatalytic
and photoelectrochemical water splitting, solar cells, etc. have
been proposed and developed to deposit solar energy into dif-
ferent energy forms such as H2 fuel and electricity. Moreover,
photocatalysis has been considered as a promising approach for
the sustainable organic pollutants decomposition in water and air,
which has been already used in some practical applications [5].

Regardless of the different reactions occur on the semicon-
ductor surface, the basic mechanism for all the above-mentioned
photocatalytic reactions is essentially the same. Fundamentally,
photocatalytic reactions involve the following steps shown in Fig. 1:
(1) Light energy is absorbed by the photocatalyst. If the incident
light energy is equivalent to or higher than the band-gap of the
semiconductor, electrons can receive energy from the photons and
are excited from the valence band to the conduction band, leaving
free holes in the valence band. (2) The photo-generated electrons
and holes (charge carriers) may  recombine either in bulk or on sur-
face of semiconductor within a very short time, releasing energy
in the form of heat or photons. However, if the electrons and
holes are lucky enough, they could migrate to the surfaces of the

Fig. 1. Schematic steps for photocatalytic reactions that occur on semiconductor
surface.

semiconductor particles. (3) The free electrons can subsequently
undergo reduction reactions with electron acceptors adsorbed by
the surface of semiconductor, whereas the holes can directly oxi-
dize adsorbed molecules or react with surface hydroxyl groups to
produce hydroxyl radicals which are strong oxidizing agents. These
oxidation and reduction processes together with some subsequent
secondary reactions are the basic mechanisms of photocatalytic
process, which underpin the development of a number of very
important photocatalytic applications including organic pollutant
decomposition (oxidation process by holes) for water and air purifi-
cations, water splitting and CO2 conversion.

1.2. Ion-exchangeable semiconductor materials

As semiconductor materials are the most important component
in a photocatalytic system, the development of cost-effective, non-
toxic, and highly stable semiconductor materials has been the focus
of investigation. Up to now, different material systems, such as
oxide, sulfide, phosphide, nitride, oxynitride, oxysulfide have been
developed for the conversion of solar energy [6]. Among all the
materials under investigation, ion-exchangeable materials are of
great interest due to their unique crystal structures and attractive
photocatalytic performance.

Generally, there are two  types of ion-exchangeable materials,
oxide and hydroxide materials. Fig. 2a shows the schematic crys-
tal structure of Cs0.68Ti1.83O4 oxide. This representative material
is typical of a lepidocrocite-type layered structure. Two layers of
the network of TiO6 octahedra sharing four edges are nested into
a zigzag sheet as the structure unit of the layered titanate, and the
zigzag sheets are separated by Cs+ or hydrated proton as inter-
layer counter-ions. Fig. 2b shows the schematic crystal structure
of brucite-like Layered Double Hydroxide (LDH) materials. LDH
materials are composed of positively charged layers as the build-
ing block. The layers consist of two kinds of metals that typically
have +2, +3, or +4 oxidation states, octahedrally surrounded by oxo
bridges and hydroxyl groups. Negatively charged anions are located
in the inter-gallery to compensate for the excess charges of the
building layers. One of the most interesting features of these two
types of materials is their exchangeable nature of the interlayer
cations or anions, which facilitates the incorporation of functional
foreign ions into the materials. More interestingly, through well-
developed intercalation–exfoliation, appreciable number of these
materials can be exfoliated into single-layer two-dimensional (2D)
nanosheets, which can act as versatile building blocks for electronic,
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