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ABSTRACT: Titanium dioxide is widely known as a prominent
photocatalyst material and research in this area has increased
substantially over the last decades. However, the photoactivity of
TiO2 is hindered by several factors, such as a relatively high
photogenerated electron−hole recombination rate and a wide
bandgap of ∼3.2 eV, rendering it inactive under visible light.
Approaches to optimize the TiO2 photocatalyst, either by altering
its morphological or chemical properties, have been conducted for
many years, yet further modification of this semiconductor has the
potential to yield photocatalysts with excellent properties and
higher photocatalytic activity. This could be effectively explored
using combinatorial synthesis coupled with high-throughput
characterization approaches. Such an approach has been widely
applied for the discovery of new functional materials, including photocatalysts. By using high-throughput synthesis and
characterization technology, preparation and screening of materials on small sample scales can be accelerated; hence, new TiO2-
based photocatalysts with enhanced photocatalytic activity can be acquired more rapidly. Additionally, the large database of
materials being systematically examined will greatly build our fundamental understanding of the relation between materials
structure/composition and photocatalytic activity. This review details various high-throughput syntheses and characterization
techniques applied to improve the photocatalytic properties of TiO2 materials and discuss several challenges that have been
raised or may be encountered in the future when using this approach.
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1. INTRODUCTION

As a fundamental requirement for life, the availability of a clean
environment cannot be understated. The negative effects of our
lifestyle and continued industrial growth upon the environ-
ment, such as hazardous waste, water contamination and air
pollution are inevitable. One approach to addressing this
problem in part is photocatalysis that utilizes solar energy
(which is abundant and clean) and has become an extremely
active research area in recent years. Photocatalytic processes
have been applied in various areas, such as water splitting to
produce hydrogen,1−3 bacteriacides,4 self-cleaning materials,5

decomposition of crude spills,6−8 as well as in medical
applications, such as inactivation of cancer cells.9,10 Semi-
conductors with photocatalytic properties are materials of
choice due to their unique and beneficial characteristics.
Titanium dioxide (TiO2) in particular is widely studied for
photocatalysis as it is nontoxic, abundant, inexpensive, and has
tunable properties.11−13 A great number of reviews have been
published covering various aspects of TiO2-based materials for
photocatalytic applications.11,12,14−17

In most studies, the convention to produce and to assess the
viability of a photocatalyst is by performing the synthesis and
characterization one sample at a time, which can be time-
consuming. Meanwhile, the challenge of developing new

photocatalysts and optimizing the photocatalytic activity of
existing materials is quite demanding, requiring extensive
workloads that are tedious, as they include the preparation of
samples (often in gram quantity or slightly less) followed by
laborious material screening. This is because the photocatalytic
activity can be affected by many factors associated with the
material properties and the testing conditions. To circumvent
such time-consuming issues, researchers have changed the
strategy of their research toward high-throughput methods.
Here, the terms “combinatorial” and “high-throughput” are
often interchangeably used to represent automated parallel or
rapid sequential processing of either material synthesis or
evaluation.18 The combinatorial synthesis and high-throughput
screening method has been widely used since the late 1980s in
pharmaceutical research to create new antibodies from a wide
range of molecular libraries,19−21 as well as for new drug
discovery.22,23 Such systems have then motivated researchers in
the area of solid-state technology to create libraries of materials
using a high-throughput approach. In 1995, the use of a
combinatorial method to discover a new library of super-
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conducting compounds was first demonstrated by Xiang et al.24

This work caught the attention of researchers as it exhibited the
potential of the high-throughput approach as an effective
technique to create libraries of samples. Soon after, the high-
throughput methodology, either in the form of synthesis or
screening, was implemented for a wider range of applications,
such as luminescence,25−27 magnetoresistivity,28 ferroelectric/
dielectric materials,29 and solid-state catalysis.30 In the field of
photocatalysis itself, the high-throughput approach has been
applied to either establish libraries of new photocatalysts or
improve on existing materials. Figure 1 illustrates the number of

published manuscripts in the area of photocatalysis and high-
throughput/combinatorial studies within the field of chemistry
and materials science. High-throughput techniques have
attracted much interest, but clearly this technique has had
limited impact in the area of photocatalysis with just less than
150 papers published to date. This area of research holds great
potential and, therefore, deserves an in-depth study.
A typical process cycle for the discovery of new materials

using the high-throughput methodology is described in Figure
2a. As the focus here is high-throughput photocatalysis
research, the processes are further detailed in Figure 2b.
Initially, the material of interest should be defined and a group
of related materials with certain variations should be
determined. This step will be strongly affected by the main
goal of the research itself. In principle, high-throughput studies
are performed based on two different objectives: discovery of
new materials and optimization of existing materials. The goal
of the study will therefore affect the materials library design,
however, the overall experimental procedure remains rather
similar. The next step is material preparation, which can be
categorized into two techniques, physical- or instrumental-
based deposition and chemical-based synthesis. Following the
synthesis step, the resulting material library is evaluated using
high-throughput screening. The screening process for photo-
catalysts covers two aspects: material properties and photo-
catalytic activity, which could include several steps. First
screening, for instance, could be done through a rapid process
where hundreds of samples are tested. In this initial screening,
the complexity of the tested parameter is kept low as the main
purpose is to distinguish samples according to the main
characteristic of interest. For practical reasons, to select lead

materials, most researchers assess the materials library based
solely on the photocatalytic performance as their first screening
step. Further screening tests can be conducted in order to
identify the functional characteristics of the materials that
correlate to the photocatalytic performance (either in high-
throughput or, often, in low-throughput manner). It is essential
when performing high-throughput screening to ensure that the
analytical tool is valid. High-throughput screening is expected
to be rapid as well as accurate; hence, a careful validation step
prior to the experiments is a critical step that should not be
abandoned so as to preserve the reliability of the results.
Following analysis, the data is evaluated to either produce the
final output or to be used for further feedback. Overall, the
main advantage of the combinatorial research lies in the cycle
model in which every processing step can be used to update the
design of a material library database or be applied as a guide to
improve future investigations in a rapid manner.18,31,32

A number of reviews have been published covering high-
throughput research with particular highlights on the discovery
of new materials,18,34 including catalysts, solid state materi-
als,35,36 and thin films.37−40 These reviews signify the emerging
development of high-throughput research over the past few
years. However, to the best of our knowledge, there has been
little published in the area of photocatalysis to date. Gao and
his group provided a review on the development of high-
throughput synthesis and screening in photocatalyst discovery
in general.32 Here, we specifically aim to review the
implementation of high-throughput techniques for the develop-
ment of TiO2 photocatalyst materials. Particular emphasis has
been placed on TiO2 as this material has been the most widely
studied and applied in the area of photocatalysis due to its
excellent photocatalytic activity, abundance, nontoxicity, and
stability.11,12 The basic mechanism of photocatalysis and its
related theories will be summarized first. Then, a compre-
hensive review on the recent progress of high-throughput
methodologies for photocatalysis applications will be presented.
This discussion comprises two sections: the combinatorial
approach for the synthesis of TiO2 materials and the
characterization techniques. Although the primary focus is on
TiO2, some of the discussions on the high-throughput approach
also include other materials. This is required to provide further

Figure 1. Comparison of the number of publications, including
patents, appearing in the area of photocatalysis and high-throughput
(within the scope of chemistry and materials science) with the
intersect showing a relatively small number of publications combining
both areas. Data was collected from Web of Science on March 20,
2015.

Figure 2. (a) Typical experimental procedure applied in combinatorial
research in general, (b) high-throughput experimental flow including
synthesis (blue box) and performance measurement/screening (red
box) that are normally applied in photocatalysis research. Panel a is
reprinted with permission from ref 33. Copyright 2005 IOP
Publishing.
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insights, as well as to demonstrate the potential application of
combinatorial approaches to TiO2 materials research. To
conclude, a brief overview of the progress made so far in
combinatorial research of titania-based photocatalysts and its
future prospect toward further development is presented.

2. FUNDAMENTALS OF PHOTOCATALYSIS
2.1. Basic Principles. Photocatalysis is a term used to define

a process in which light changes the rate of chemical reaction in
the presence of a substance that absorbs the light. This light-
absorbing substance is referred to as the photocatalyst. A great
interest in the study of photocatalysis emerged after the early
1970s when the photocatalytic splitting of water into O2 and H2
using TiO2 and Pt electrodes in a photoelectrochemical system
was reported by Fujishima and Honda.41 There has been a
sharp increase in the number of published papers produced by
various researchers devoted to photocatalysis in the past two
decades.42 In general, these studies focused on three areas: to
obtain an understanding of the fundamental photocatalytic
mechanism, to enhance the photocatalytic activity of photo-
catalysts, or to improve the photocatalytic efficiency by
modifying the photocatalysis reactor set up.
Photocatalytic reactions may occur either homogeneously or

heterogeneously.11,43,44 In homogeneous photocatalysis, the
catalyst and the reactants are in the same phase. For example,
the ozonation of water to degrade organic materials, where
ozone acts as a direct photocatalyst that is dissociated upon UV
illumination and produces •OH radicals after reacting with
water.45,46 In heterogeneous photocatalysis, the reactants and
catalyst exist in different phases. The reaction system generally
involves a solid photocatalyst (in the form of metal oxides or
semiconductor, e.g., TiO2) that is in contact with either a liquid
or gas phase containing the reactants.
Photocatalysis involves a photoexcitation mechanism that

can be classified into two different types: “catalyzed photo-
reaction” and “sensitized photoreaction”.12 In a catalyzed
photoreaction, photoexcitation occurs in the adsorbate
molecules that then interact with the ground state catalyst
substrate. If the initial photoexcitation occurs in the catalyst
substrate followed by transfer into ground state molecules this
is referred to as a sensitized photoreaction. Here, the discussion
will focus on the sensitized photoreaction rather than catalyzed
photoreaction as the sensitized photoreaction is mostly found
in semiconductor-based heterogeneous photocatalysts.12,47

Semiconductors are the most common materials used in
heterogeneous photocatalysis because of their unique proper-
ties. Furthermore, their solid form facilitates high stability and
mobility of charge for interaction with the adsorbate molecules
in the surrounding medium.11,12 A semiconductor, by
definition, is a material with medium conductivity, which is
below the conductivity of conductors (metals) and above
insulators. The conductivity of semiconductor materials can be
explained by their electronic structure, which is characterized by
a filled valence band and an empty conduction band. An empty
energy region, where no energy levels exist, extends between
these two energy bands and is referred to as the bandgap energy
(Eg). In general, the critical mechanism of semiconductor-
mediated photocatalysis consists of two primary steps: the
photon absorption and charge transfer process. Initially, the
absorption of a photon with energy greater than the Eg of the
semiconductor will generate an electron−hole pair within the
conduction band (CB) and valence band (VB), respectively.
The photoexcited electron−hole pairs undergo one of two

subsequent charge transfer paths (Figure 3): (1) recombine
with each other and dissipate heat (path a) or (2) migrate to

the semiconductor catalyst surface and induce redox reactions
with the adsorbates (paths b and c). The first pathway, which is
recombination, could occur either at the surface or within the
bulk of the semiconductor because of crystal imperfections,
such as defects or the presence of impurities.48 Meanwhile, the
second pathway leads to separate reactions for the electrons
and holes. Electrons contribute to a reduction reaction with an
acceptor−usually oxygen (path b), whereas holes may combine
with electrons from the donors (path c). An example of the
overall reaction in semiconductor photocatalysis is summarized
in eqs 1−6.11 Photoexcited electrons (eCB

−) react with oxygen
to generate superoxide radicals (•O2

−) that will undergo
subsequent reactions to produce hydroxyl (•OH) radicals.
Meanwhile, holes in the valence band (hVB

+) react with the
surface hydroxyl group or adsorbed water to form •OH radicals.
These radical species then react with adsorbed or closely
associated organic molecules and eventually oxidize them into
CO2 and H2O (and HCl if chlorine forms part of the organic
molecule).11 In addition to these reactions, Teoh et al. provide
a summary of other reactions that could also occur following
photoexcitation within a semiconductor, resulting in electron
and hole pairs.42 For heterogeneous catalysis using a TiO2
catalyst, more detailed interfacial charge-transfer mechanisms
and reactions, including characteristic times for each step, can
be found in a number of reviews.11,49−51

+ ⎯ →⎯⎯⎯⎯ +
> + −hv h esemiconductor

hv E
VB CB

g
(1)

+ →− •−e O OCB 2,ads 2 (2)

+ →•− + •O H HO2 2 (3)

→ +•2HO H O O2 2 2 2 (4)

+ → +− • −eH O OH OH2 2 (5)

+ →+ − •h OH OHVB ads (6)

Quantum yield is generally the parameter used to measure
the efficiency of photocatalytic activities within a system. The
quantum yield (Φ) is defined as the ratio of the number of
molecules converted (i.e., mol of the reactant consumed or
product formed) to the number of photons absorbed.52 In

Figure 3. Schematic diagram of photoassisted charge transfer in a
semiconductor during the photocatalysis process that include either
recombination (a) or electron (b) and hole (c) migration to the
semiconductor surface, followed by redox reaction with the adsorbates.
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practice, the actual light absorption is difficult to quantify due
to photon scattering at the semiconductor surface and
transmission through the semiconductor. Therefore, the term
“apparent” quantum yield (Φapp), which is defined as the ratio
between reaction rate and incident light intensity (Ia) has often
been used instead.47 The mathematical expression of apparent
quantum yield is given in eq 7, where n is the number of
molecules that react at a certain time t, and Ia is the quantity of
absorbed photon flux from monochromatic light during the
same time. For the case where polychromatic light is used, Ia
should be replaced by I, which represents the total incident
light intensity. The resulting quantum yield is often referred to
as the formal quantum efficiency (FQE), which is generally less
than Φapp.

47 The rate of reaction (dn/dt) is strongly affected by
the rate of the charge transfer processes, kCT, and inversely
proportional to the rate of recombination, kR eq 8.12 This
mathematical formula highlights that recombination is a
limiting process in photocatalytic reactions and therefore
should be minimized. Recombination is detrimental as it will
reduce the population of highly charged electrons and holes for
further redox reactions.

Φ = n t
I

d /d
app

a (7)

∝
+

n t
k

k k
d /d CT

CT R (8)

To determine the apparent quantum yield, illumination
intensity is one of the important factors that affect the
photocatalytic degradation rate.53 This is because the photo-
generated electron−hole pair population is proportional to the
number of photons absorbed, which therefore affects the
number of hydroxyl radicals and reactive oxygen species on the
semiconductor surface. The relationship between light intensity
and photodegradation reaction rate has been controversial.
While some argued that photodegradation is significantly
enhanced in the presence of high intensity photons,54 others
reported that the relationship varies depending on the intensity
of the given light.55,56 The other important factors affecting the
photocatalytic reaction rate are light distribution within the
reactor,57 catalyst concentration,58 solution pH,59,60 concen-
tration of both catalyst and contaminant,61 temperature,62 and
the addition of dissolved oxygen.63 Further details on the
influence of these factors can be found in several reviews.53,64,65

2.2. Charge Transfer Physics in Semiconductors. To
improve the photocatalytic activity of any particular semi-
conducting material, it is imperative to understand the
fundamental physics of the system, including the kinetics of
semiconductor−liquid or −gas phase contacts. The mechanism
of the charge transfers on the semiconductor interface (e.g.,
semiconductor−metal/liquid/gas) is mainly determined by the
difference in electron affinity or electrochemical potential
between two materials. This implies the likelihood of these
materials to either lose or gain electrons. An electric field is
consequently produced by the interface of two materials and is
generally formed within 5−200 nm from the semiconductor
surface, whereas the direction is determined by the relative
electron affinity of both phases.66 For example, n-type
semiconductors (a semiconductor that contains excess
electrons) can have surface states that act to trap electrons
and cause the surface to become negatively charged. This will
attract holes toward the surface and repel electrons toward the

semiconductor bulk; hence causing a bending of band edges
upward toward the surface and the generated electric field will
result in electron−hole separation (see Figure 4).

A similar mechanism also applies in the presence of
semiconductor-solution/gas phase contact, which is typically
found in semiconductor powder-based photocatalysts or
photoelectrochemical cells. Figure 5 depicts the space charge

layers formed across the interface of an n-type semiconductor
upon contact with solutions containing different charges. A flat-
band refers to a condition in which there is no space charge
region present before any contact occurs. The formation of a
space charge region following subsequent contact with the
electrolyte solution can be classified into three different cases.
When the solution contains positive charges or acceptor
species, electrons as the majority carrier in an n-type
semiconductor are attracted toward the surface; hence, their
surface concentration is significantly increased and the surface
band edge bends downward, with the conduction band
approaching the Fermi level. This condition is referred to as
accumulation. In contrast, when the solution contains negative
charges or dopant species, the surface concentration of holes as
the minority carrier increases owing to charge neutrality and
the bands bend upward. The space charge layer formed under
this condition is called the depletion layer. If the concentration
of dopant species within the solution is increased, the surface
band energy bends further upward, with the valence band edge
approaching the Fermi level. This condition forms a space
charge region called an inversion layer. Under inversion

Figure 4. Electric field formation and charge separation within the
semiconductor surface due to negatively charged surface state.

Figure 5. Formation of a space charge layer and band bending at an n-
type semiconductor surface under different conditions depending on
the presence of charge at the semiconductor−liquid interface.
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conditions, the n-type semiconductor surface appears as an
imaginary p-type semiconductor because of the high concen-
tration of holes near the surface.
After understanding the charge transport within the semi-

conductor surface and bulk with respect to the presence of
charge across the interface, it is also essential to comprehend
the concept of redox reactions with the adsorbate molecules.
The rate and probability of the redox reactions occurring at the
semiconductor−solution interface are determined by the band
edge position of the semiconductor in correlation to the redox
potential of the adsorbate materials.12 Therefore, one of the
critical factors influencing the efficacy of semiconductor
photocatalysts in degrading organic compounds is their
bandgap edge positions. The lower-edge position of the
conduction band can be used to measure the reduction
strength of the photoexcited electrons, whereas the upper-edge
position of the valence band can be considered to measure the
oxidation probability of the photoexcited holes. The redox
potential of the H2O/

•OH is generally required to be within
the semiconductor bandgap.67 Figure 6 shows the band edge

energy levels of several semiconductors in an aqueous solution
of pH 1 with respect to the redox potentials of hydrogen (H2/
H2O), oxygen (O2/H2O), and several other elements.68 For
water splitting, SiC, TiO2, ZnO, CdS, and CdSe would be
excellent materials as their oxidation and reduction power is
strong enough to enable the production of hydrogen and
oxygen. However, this does not necessarily preclude the rest of
the materials as suitable photocatalysts. There are several ways
to improve their photoactivity, for instance with the addition of,
or combination with, other materials, details for which are given
later.

3. TiO2 PHOTOCATALYSTS
Titanium dioxide (TiO2) is typically considered as an n-type
semiconductor as the result of oxygen vacancies and Ti
interstitials that act as donor type defect.69 There are three
different TiO2 polymorphs, that is, anatase, rutile, and brookite.

Unlike brookite, which is generally difficult to prepare, anatase
and rutile have been preferred in many photocatalytic studies.14

Additionally, these polymorphs display differing photocatalytic
activities owing to their different crystal structures as
characterized by their lattice and electronic band structures.
The bandgap energy for anatase and rutile is 3.2 and 3.0 eV,
respectively.70,71 Although anatase is metastable and rutile is the
most stable form of TiO2, anatase has been widely reported to
give the best photocatalytic activity and photostability.72 Its
slightly higher Fermi level (0.1 eV) over that of rutile, which
leads to lower oxygen affinity and a higher number of surface
hydroxyl groups are believed to give the improved perform-
ance.14 Also, the relatively high intrinsic radiative recombina-
tion observed within rutile TiO2 nanoparticles, as observed
from photoluminescence studies, is suspected to further limit
its use as an active photocatalyst.73

To select semiconductor photocatalyst materials, several
factors need to be considered including the stability of the
semiconductor under illumination, the wavelength response,
and the efficiency of the photocatalytic process. As previously
discussed in relation to Figure 6, some materials could be
considered as photocatalysts based on their bandgap energy,
however, not all of them would meet the aforementioned
criteria. For example, CdS with a bandgap energy of 2.42 eV
may have band edges in suitable locations for redox reactions
and high absorption in the visible light spectrum, but it
photodegrades with time.74 Contrarily, TiO2 is relatively stable
but is only active in the UV range (λ < 400 nm), exhibiting
poor visible light response due to its higher bandgap energy.
This is a major constraint as the solar spectrum only consists of
approximately 4−5% of UV light.75 However, TiO2, as a
photocatalyst, remains favored due to its low cost, stability,
abundant availability, and tailorable electronics properties and
morphology. In an attempt to overcome its limitation, many
experiments have been conducted to modify the surface or bulk
properties of TiO2. The challenge in improving the photo-
catalytic activity of TiO2, in general, revolves around two main
issues: to acquire optimum photocatalytic reactions and to
increase the population of charge carriers. The rate of
photocatalytic reaction can be enhanced by preparing materials
with high active surface area. Meanwhile, a high population of
photogenerated electron−hole pairs can be obtained either by
increasing light absorption from a wide range of the light
spectrum or by limiting the rate of electron−hole recombina-
tion. Strategies to achieve all of the above improvements can be
grouped into two approaches as discussed in sections 3.1 and
3.2.

3.1. Morphological Modification. The aim of this
modification is to increase the surface area by either creating
smaller crystals or adding porosity. A smaller crystallite size and
highly porous structures provide a high surface to volume ratio,
thereby increasing the likelihood of adsorption of the organic
pollutant, increasing the photocatalytic reaction centers, and
also decreasing bulk recombination.76 The sol−gel method has
been the most widely reported technique applied to produce
such structures because it is facile yet allows relatively fine
control over the morphology and porosity of the material.
Monodisperse TiO2 nanoparticles have been the most popular
form studied to date due to the ease in controlling the diameter
and porosity of the particles.77 Meanwhile, research on the
synthesis of porous TiO2 has emerged in the last few decades
with mesoporous structures (pore diameter 2−50 nm) being
the most studied among others.78 Common synthesis

Figure 6. Energy level diagram indicating conduction (red) and
valence (green) band edge positions for various semiconductors in
contact with an aqueous electrolyte at pH = 1. The energy scales are in
electron volts using either a normal hydrogen electrode (NHE) or
vacuum energy level as the reference. Reprinted with permission from
ref 68. Copyright 2001 Macmillan Publishers Ltd.: Nature.
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techniques used to prepare ordered mesoporous TiO2 materials
usually include sol−gel synthesis combined with soft
templating,79 hard templating,80 and template-free methods.81

As a result of the various modifications, different forms of
titania nanostructures that include porous beads,82 hollow
spheres,83 nanotubes,84 nanowires,85 nanorods,86 nanofibers,87

and nanoribbons,88 have been reported. Scanning electron
microscopy images of some of these morphologies are shown in
Figure 7. Excellent reviews on the synthesis and general
applications of mesoporous TiO2 materials can be found in the
literature.17,89

3.2. Modification of Electronic Properties. This
approach is performed primarily to increase the population of
electron−hole carriers by modifying the intrinsic properties of
the photocatalysts. Modification of either the surface properties
or bulk properties of TiO2 can be achieved in several ways: (i)
prolonging the lifetime of charge carriers, (ii) introducing new
energy states within the bandgap, or (iii) narrowing the
bandgap by shifting the conduction band or valence band to
allow photoexcitation at lower energy.
These modifications are usually obtained through the

incorporation of additional elements into the TiO2 network,
such as doping with metal or nonmetal elements, coupling with
another semiconductor, or sensitizing the TiO2 surface. Much
research has been conducted in this area, as highlighted in this
section with the corresponding mechanisms described in Figure
8.
The incorporation of metal elements into TiO2 has been the

most widely reported approach to suppress electron−hole
recombination. This may include doping into the TiO2 lattice
or modifying the surface by embedding metal nanoparticles.
Modification of the TiO2 bandgap by doping with metal,
transition metal, and rare-earth metal ions has improved the
photocatalytic activity of TiO2 by creating an energy level
between the conduction and valence band because of the
presence of impurity (Figure 8a). This modification shifted the

spectral response of TiO2 toward the visible light region, thus
positively affecting the photocatalytic activity.90 Regardless of
the type of metal ions chosen, the challenge remains in
determining the optimum level of metal in the sample as
quantities above the optimum become detrimental. Transition
metal ion doping was also reported to cause thermal instability
in anatase.48 Importantly, the resulting photocatalytic activity of
the metal ion doped-TiO2 is determined by the preparation
method. There have been various attempts to incorporate metal
into TiO2 using either chemical doping (impregnation
method)91 or physical deposition such as the ion implantation
technique.92 Some authors argued that the impregnation
method may have limited impact as it only generates
substitution of the metal ions onto TiO2 surfaces and hardly
into bulk TiO2 lattices. In contrast, the latter method has been
shown to create bandgap narrowing of TiO2, resulting in the
successful substitution of Ti ions within the TiO2 lattices with
the implanted metal ions (see Figure 8a).90,93

The addition of noble metal nanoparticles such as Ag, Au, Pt,
and Pd have also been intensively investigated and shown to be
very effective in enhancing the photocatalytic activity of TiO2
with the optimum metal concentration depending on the metal
type.94 The reason for this improved photocatalytic perform-
ance is due to the higher work function of the noble metals,
when compared with that of TiO2, enabling them to act as
effective electron sinks that attract photoexcited electrons from
the conduction band of TiO2.
Another successful approach in modifying TiO2 properties is

to introduce nonmetal elements. This is an attractive option
because of lower materials cost compared with the cost of metal
doping. Nitrogen has been the most widely studied nonmetal
dopant because of its comparable atomic size with oxygen,
small ionization energy and high stability, allowing it to be
easily introduced into the TiO2 as a substitution element in the
oxygen lattice sites or the interstitial lattice sites.95 Through a
similar mechanism, the addition of carbon, phosphorus, and
sulfur have also lead to positive photocatalytic improvements
under visible light irradiation through lattice parameter
modification resulting in bandgap narrowing,96−98 although S-
doped TiO2 is rather difficult to prepare compared to N-doped
TiO2. Fluoride doping into TiO2 has shown positive enhance-
ments via a different mechanism. The incorporation of F−

induces partial conversion of Ti4+ to Ti3+ via charge
compensation, thereby improving charge separation as Ti3+

can act as an electron trap.99 Other promising approaches
include nonmetal codoping, for example, N−F-co-doped
TiO2,

100 and the synthesis of oxygen rich TiO2 structures.
101

Coupling with a different semiconductor has been another
option to improve the photocatalytic efficiency of TiO2 by
harnessing the advantages of the individual semiconductors and
overcoming their respective limitations. For example, coupling
TiO2 with a semiconductor possessing a suitable bandgap for
visible light absorption, such as CdS (Eg = 2.4 eV), despite CdS
being less stable, improves the spectral response of TiO2 as the
main photocatalyst. Thus, the overall photocatalytic efficiency
of the coupled system in the visible light range is improved due
to electron transfer from CdS to TiO2 following absorption of
visible light by CdS, effecting charge separation (see Figure
8b).12 However, one should note that the electron transfer in
this approach can only occur if the conduction band of the
coupled semiconductor is higher than the conduction band of
TiO2. Therefore, the bandgap properties of the selected
semiconductor must be considered. Carbon nanotube

Figure 7. SEM images of TiO2 with various morphologies: (a)
spheres,82 (b) hollow spheres,83 (c) nanotubes,84 and (d) nanowires.85

Reprinted and adapted with permission from ref 82, Copyright 2010
American Chemical Society; ref 83, Copyright 2007 American
Chemical Society; ref 84, Copyright 2006 American Chemical Society;
and ref 85, Copyright 2008 American Chemical Society.
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(CNT)−TiO2 composites have also shown improved photo-
catalytic activities compared to that of titania due to prolonged
carrier lifetime and higher surface areas, leading to more OH
radical formation.102 As an alternative approach to improve the
spectral response of the photocatalyst, surface sensitizing is
effective as it provides additional electrons from the photo-
excited dye molecules, as illustrated in Figure 8c. This principle
has been widely applied in photovoltaic applications (dye-
sensitized solar cells).103

The above modifications give a large number of choices in
regards to the synthesis of TiO2 materials with varied
configurations and structures and/or their combination with
other materials or dopants, either as single or multiple elements
(i.e., codoping). As such, considerable effort is required to
search for the optimal material combination giving the highest
photocatalytic efficiency. Therefore, the use of high-throughput
methods is an effective approach giving rapid preparation and
quick screening of numerous materials, which will be discussed
in the next sections.

4. HIGH-THROUGHPUT MATERIAL PREPARATION
The combinatorial approach has been developed to allow
synthesis of a large number of materials in an efficient manner.
Determination of the rapid synthesis method used in
combinatorial experiments is affected by the form of the
chosen material. For TiO2, combinatorial synthesis is generally
used to produce either powders or thin films. In addition,
parameters related to the preparation method, as well as the
compatibility of the high-throughput analytical techniques that
will be carried out afterward need to be considered. Reviews on
high-throughput material synthesis have been reported by
several groups for materials with a range of applications, for
example for solar water splitting,104 electronics, catalysts and
polymers,18,34,35 and also nanotechnology research.105 This

section focuses on several synthesis techniques applied for the
combinatorial production of TiO2-related photocatalyst materi-
als, both in the form of powders and thin films.

4.1. Synthesis of Powders. The sol−gel chemistry method
has been the most common approach used to synthesize
libraries of photocatalyst powders. This method in principle
offers some advantages, such as ease of processing, fine-tuning
of materials properties, homogeneity, and flexibility in material
compositions, including the introduction of dopants, all of
which can be controlled through the synthesis conditions. In
the case of high-throughput screening, it is worth mentioning
that the use of sol−gel chemistry to prepare the material
libraries containing large numbers of samples is the most widely
reported.106−109 In a high-throughput sol−gel synthesis, a
library of materials is usually synthesized by a robotic apparatus
producing small quantities of sample for each variation within
small vials (typically with 2 mL capacity), which also serve as
microreactors, and then rapidly screened to obtain the
optimum material. This method was first reported by Lettmann
et al., who created libraries of oxide−based materials containing
45 samples each.110 These oxide-based materials were screened
and tested as potential photocatalysts using a TiO2-based
library as a reference. The synthesis process was performed
within high performance liquid chromatography (HPLC)
flasks, using a robotic apparatus (Tecan Miniprep 50), to
facilitate further screening using HPLC. For TiO2 and SnO2
libraries, tetraisopropoxides were used as the metal oxide
precursors, and Na2WO4 was used to synthesize the WO3-
based materials. Hydrochloric and nitric acids (when Pb or Ag
dopants were involved) were added to accelerate the gelation.
An orbital shaker was employed throughout the preparation
process to aid the mixing of reagents. After gels were formed, all
of the libraries were aged for 2 weeks, calcined at 400 °C for 3 h
and then underwent screening. A similar automated procedure

Figure 8. Proposed energy level configurations in modified-TiO2 semiconductors leading to improved photocatalytic activities: (a) band structure
before and after bulk modification via doping, which could introduce a new energy level and bandgap narrowing, (b) enhanced photoexcitation via
coupling with CdS, and (c) multiple electron excitation steps, using a dye sensitizer, which involve electron transfer from the dye to the conduction
band of the TiO2 then into an adsorbed organic acceptor molecule (A).
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was also reported by Seyler et al. to prepare various doped
titanium oxides in 2 mL gas chromatography (GC) vials placed
in a 5 × 10 rack.111 The modified sol−gel reaction was
controlled using Plattenbau software and the synthesis was
performed by a commercial pipetting robot. All samples were
mixed using an orbital shaker then aged for 3 days and calcined
at 720 °C according to a specific ramp program.
The synthesis of TiO2 nanoparticles has also been reported

using a continuous hydrothermal flow synthesis (CHFS). The
basic principle of this system is to mix a stream of superheated
water with a metal ion stream in solution, which subsequently
produces precipitation of the metal ions as nanoparticles
because of the rapid change in their environment.112−114 The
schematic of this system is shown in Figure 9.112 For

photocatalysis, Thompson et al. reported the use of CHFS to
produce TiO2 nanopowders doped with Zn2+, Sr2+, La3+, Ag+,
and Pr3+.115 Titanium(IV) bis(ammonium lactato)dihydroxide
(TiBALD) was used as the main reagent. The reaction
processes of the reported CHFS system are as follows: first,
metal salt dopants were added to a diluted TiBALD solution
(0.4 mol/L). The metal salt solution from pump 2 was
subsequently combined with water from pump 3 in a T-piece
mixer. This mixture was then brought into contact with
preheated water at a supercritical temperature of 400 °C and
pressure of 24.1 MPa in a counter current mixer, in which a
stream of nanoparticles was subsequently generated. The
nanoparticles were then cooled, collected, and centrifuged.
Following the removal of the supernatant, samples were
subsequently washed in ethanol, recentrifuged, washed in DI
water twice, and then freeze-dried for further characterization.
The CHFS route showed potential in producing a large number
of metal doped compounds in a relatively short time.
In addition to sol−gel chemistry and CHFS, combustion

synthesis has been employed to produce catalyst powders in a
parallel manner. The solution combustion technique involves
rapid heating of a solution, inducing the instantaneous
formation of crystalline materials at high temperatures (up to
800 °C) within a short time. The application of a single-step
solution combustion method has been reported by some
authors; for example, Nagaveni et al. used this method to
produce metal doped TiO2 photocatalyst powders.

116−118 Gao

et al. also demonstrated that solution combustion is applicable
for combinatorial production of luminescent materials libraries
in the form of powders under high synthesis temperature.119

They have successfully fabricated a combination of mask and
microreactor array made from a corundum substrate to
facilitate parallel reactions. Masks and copper nets were
employed to contain the synthesized powders in their
individual microreactors. A similar setup was also used to
synthesize and assess a new class of photocatalysts based on
ABO3 binary oxides (A = Y, La, Nd, Sm, Eu, Gd, Dy, Yb; B =
Al, In), which are active under visible light.120 Another
technique that can potentially be applied for high-throughput
material preparation is gas phase flame synthesis. Dhumal et al.
reported the application of this method to synthesize titanium
suboxide nanoparticles (TiOx with x < 2), that are photo-
catalytically active under visible light.121 The high temperature
of the flame aerosol reactor breaks the Ti−O bonds and the
oxygen can be subsequently removed from the lattice. The
degree of oxygen deficiency can be subsequently manipulated
by controlling the oxygen flow and flame temperature, making
this system an attractive one-step high-throughput synthesis
method for nanostructured materials preparation.
As another alternative method, Gao’s group reported the use

of a homemade drop-on demand inkjet delivery system to
prepare nanoparticle suspensions of insoluble rare earth oxides
in pure water to produce photoluminescent materials.122 Their
setup consisted of computer-operated piezoelectric inkjet heads
with each head connected to a suspension reservoir. The
microreactor ceramic wells were fixed beneath the dispenser
head. This method is particularly suited to highly stable
(nonagglomerated) insoluble precursor suspensions with low
viscosity. Thus, the implementation of this method toward the
synthesis of TiO2, which has not been reported, is worth
investigating since the preparation methods commonly use
liquid precursors or solution routes.

4.2. Thin Film Deposition. The preparation of thin film
materials using combinatorial techniques has been more
frequently reported than powder synthesis. This is partly due
to the fact that films can be simultaneously synthesized in large
batches; hence, providing more feasibility for high-throughput
approaches. It is also synthetically versatile as it has the
advantage of forming artificial lattices, epitaxial overlayers, and
patterned films over a significant range of materials.24 Reviews
of thin film synthesis and the deposition of various functional
materials for different applications (mainly for catalysis), using
the high-throughput approach can be found in several
references.34,35,38,39 The high-throughput deposition techniques
vary, including electrochemical deposition,31 sputtering,24

molecular beam epitaxy,123 chemical vapor deposition,124

physical vapor deposition,125 metal organic decomposition,126

and inkjet printing technology.127

Sputtering techniques, using either radio frequency (RF) or
direct current (DC), have been employed to produce TiO2
films for over a decade.128−130 This method was also the first
reported in combinatorial catalyst discovery in which a suitable
physical masking technology was employed to isolate samples
with diverse parameters. In 1995, Xiang et al. developed the
first application of parallel RF magnetron sputtering to deposit
arrays of superconducting copper oxide thin films using
physical masks.24 The library was synthesized by sputtering
the precursors through a series of binary masks made by
overlaying a primary mask with a series of secondary masks.
Then, the thin films were sintered at 840 °C. Masking could be

Figure 9. Schematic configuration of a continuous hydrothermal flow
synthesis system for producing TiO2 nanoparticles doped with various
metal ions (M = metal ion, P = pump, T = T-piece mixer, H = heater,
R = counter current reactor, C = cooling, F = filter, and B = back-
pressure regulator).112 Reprinted with permission from ref 112.
Copyright 2007 American Chemical Society.
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performed using either physical shadow masks or photolitho-
graphic lift off.35 The number of compounds that can be
synthesized at the same time using these techniques was limited
by the spatial resolution of the mask, thus high resolution
physical masks are an essential requirement for a high density
library, as well as high resolution scanning detectors to analyze
the library. An efficient masking technology was also critical for
the application of other techniques such as combinatorial laser
molecular beam epitaxy (CLMBE), a combination of laser
MBE and combinatorial masking system. Koinuma’s group
applied CLMBE to deposit artificial lattices and heterojunctions
with control of the composition, thickness, and sequence in
each layer at atomic scale.131−136 In addition to the masking,
their distinct innovation included an in situ monitoring system
called reflection high energy electron diffraction (RHEED),
which was applied to monitor the growth of the deposited
films.134 The conceptual schematic configuration of CLMBE
featuring RHEED is shown in Figure 10. Matsumoto et al. have

demonstrated the application of such systems to obtain anatase
and rutile TiO2 films doped with transition metals grown on
SrTiO3 and Al2O3, respectively.135 By using pulsed laser
deposition (PLD) of target oxides, Koinuma et al. also reported
the fabrication of TiO2 films with varying thickness, ranging
from 0 to 40 nm on a conductive Nb-doped TiO2 substrate.

136

The film was subsequently immersed in AgNO3 solution under
UV irradiation. The resulting Ag precipitation was then
characterized using an X-ray fluorescence technique to analyze
the degree of photocatalytic activity across the film. The highest
photocatalytic activity was achieved with TiO2 films with a
thickness of ∼5 nm. They additionally demonstrated a new
design of combinatorial autoclave reactor for probing novel
catalysts via CO2 copolymerization.
Chemical vapor deposition (CVD) has been frequently used

to synthesize various types of thin films, including TiO2, for
both research as well as industrial applications. It is a versatile
technique that can be employed to coat a large surface area in a
relatively short time. The application of combinatorial
atmospheric pressure CVD (c-APCVD) to deposit a large
area TiO2 film has been demonstrated by Parkin ’s

group.124,137,138 One of their studies reported the preparation
of a nitrogen doped TiO2 film with gradual nitrogen
composition and tunable crystal phase from anatase to an
anatase−rutile mixture.124 The film was deposited on a glass
substrate coated with SiO2 as a barrier layer. The precursors
employed were TiCl4 and ethyl acetate (as the oxygen source),
which were heated and transferred by N2 as the carrier gas into
one chamber for mixing. Ammonia and plain N2 were then
flowed separately into the reactor to react with this mixture. As
the oxygen from the ethyl acetate and nitrogen entered the
reactor, a gradient of O:N ratios were formed across the film.
This subsequently produced N-doped TiO2 films with
gradation of color, whereby the intensity of the yellow tint
was proportional to the nitrogen concentration. The resulting
film was divided into 247 regions according to variation in
composition, and characterized for crystallinity, thickness, and
N:Ti ratio using various analytical tools. A similar method has
also been demonstrated to create continuous TiO2 thin films
doped with varying amounts of tungsten (see Figure 11a).139

Tungsten(VI) chloride and titanium(IV) chloride were trans-
ported into separate baffles with separate ethyl acetate flow and,
prior to entering the reactor, these gases were mixed to create a
range of W/Ti ratio in the precursor. The resulting film with
respect to the position of the precursor gases entering the
reactor is shown in Figure 11b. Another method similar to c-
APCVD that has been employed as a combinatorial method to
prepare Sn doped-TiO2 thin films is aerosol assisted chemical
vapor deposition (AACVD).140 Following synthesis, the
photocatalytic activity was analyzed using an intelligent ink
technique that will be discussed in section 5.
The application of high-throughput metal organic decom-

position (MOD) that employs automated systems to prepare
porous thin films of binary oxides was reported by Arai et al.126

In this technique, metal ions were dispersed at the atomic level
and stabilized by an organic compound, thereby minimizing
precipitation. To facilitate the high-throughput process, a
robotic arm was also employed to assist rapid transfer of the
materials library from the synthesis apparatus into the furnace.
A schematic of this system is shown in Figure 12. Two libraries

Figure 10. Schematic configuration of combinatorial laser beam
molecular beam epitaxy (CLMBE) combined with reflection high
energy electron diffusion (RHEED) to monitor the in situ reaction.
Multiple target pellets can be used in this configuration and various
moving mask plates can be placed between the heated sample and
target to allow deposition of single, binary or ternary thin films.
Reprinted with permission from ref 135. Copyright 2000 SPIE.

Figure 11. (a) Schematic diagram of the combinatorial atmospheric
chemical vapor deposition (c-APCVD) used to synthesize a TiO2 film
with varying amounts of tungsten dopant and (b) the resulting film
and the relative position of the Ti and W precursors introduced into
the reactor during the deposition. Reprinted and adapted with
permission from ref 139. Copyright 2011 American Chemical Society.
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for two different screenings were prepared. One library
consisted of 42 samples per substrate (with a maximum of
four substrates processed per experiment) for a high speed
evaluation procedure (HEP), whereas the other library only
comprised of 1 sample per substrate and was manually prepared
for a detailed evaluation procedure (DEP). Precursor solutions
in containers were first dispensed into the deep wells and then
mixed. Both solution containers and deep wells were
subsequently cooled, capped, and purged with dry N2. Then,
a small amount of sample solution was printed on a conductive
substrate and the photocurrent was subsequently measured.
Although the primary focus of the work was on iron-based
binary oxides, this setup was successfully applied to the printing
of TiO2 films, as a control experiment, using similar conditions.
Another combinatorial−feasible technique for material

synthesis is electrochemical deposition. This method offers
some advantages, particularly for high-throughput preparation
because the synthesis variables can be directly controlled from
variation in voltage, current density, and electrolyte.31,141 In the
area of catalysis, McFarland’s group has published several
studies on the application of an automated electrochemical-
based synthesis for depositing libraries of metal−oxide
semiconductor thin films such as porous alumina mem-
branes,142 WO3,

143,144 and mesoporous ZnO.145 For TiO2
films, they applied this technique to synthesize a 8 × 4 well
array materials library comprising TiO2 films with Au
nanoparticles deposited on its surface using an automated
pulsed electrodeposition technique.141 TiO2 anatase films, as
the cathodic substrate, were obtained by thermal oxidation at
400 °C and HAuCl4·3H2O was employed as the Au precursor.
The size of the Au nanoparticles was modulated by varying the
deposition times as controlled by the number of pulses. Figure
13 shows schematics of the setups in two configurations: serial
and parallel. In the serial electrochemical deposition system
(Figure 13a), the synthesis is performed sequentially using an x,
y, and z robotic stage, in which the electrodes (Pt and Ag wire
serving as the counter and reference electrode, respectively)
were dipped in each well one at a time. Meanwhile, an array of
stainless steel counter electrodes was used in the parallel
configuration (see Figure 13b). The parallel system allows

faster deposition, although better control can be achieved using
the serial configuration. For material diversity, deposition
conditions, such as time, voltage, current, surfactant additives,
and electrolyte, were varied accordingly.141 Such variation was
easily achieved in the serial configuration, whereas only
variation in voltage was possible in the parallel system. By
employing a similar automated photoelectrochemical system,
McFarland’s group also developed a high-throughput screening
setup which will be discussed later.141

Another interesting combinatorial method, as reported by
Parkinson et al., involved the use of inkjet printing to deposit
thin films of Fe-, Cu-, Cs-, Nd-, Co-, and Al-based oxide
photoelectrodes on conducting glass for water splitting
applications.127 They printed overlapping patterns of metal
oxide precursors from soluble metal salts onto a SnO2:F
substrate using inkjet printer cartridges. The printing was
repeated up to three times to obtain an adequate thickness. The
resulting layer was then sintered at 500 °C for 1 day to obtain
the metal oxide film. The efficiency of the photoelectrodes for
water splitting processes was assessed by measuring the
photocurrent following irradiation of the samples with a laser.
This method benefits from fast operation and low cost as no
sophisticated robotic system is required. A deposition method
using inkjet printing was also demonstrated by Liu et al. to
create a library of mesoporous binary, ternary, and quaternary
oxides for catalysis.146

5. HIGH-THROUGHPUT PROPERTY SCREENING
The screening process of a number of materials within a certain
library is a critical step, as it is required to produce high-yield
results, as well as accuracy equivalent to that offered by
conventional single sample testing methods. As previously
mentioned, the first application of a combinatorial approach on
solid-state materials library design was reported by Xiang et al.
as inspired by the creation of an organic molecules library in
biology.24 Their results have successfully established a super-
conducting oxides library containing 128 materials prepared by
thin film deposition and masking techniques. However, little
focus was made on the screening process as opposed to the thin
films material synthesis using the RF sputtering technique.
Several studies on the application of high-throughput
approaches for materials screening were reported in the
following years. Many screening methods were mostly applied
in search of reliable catalyst materials, especially in the form of
solid state, consequently triggering the discovery of photo-
catalysts for environmental remediation.

Figure 12. Schematic illustration of an automated liquid handling and
printing system using a metal organic decomposition method, which
includes the high-speed evaluation procedure (HEP) and detailed
evaluation procedure (DEP). Reprinted with permission from ref 126.
Copyright 2007 American Chemical Society.

Figure 13. (a) Serial and (b) parallel configurations of an automated
pulsed electrodeposition system for combinatorial synthesis. Reprinted
and adopted with permission from ref 141. Copyright 2005 IOP
Publishing.

ACS Combinatorial Science Review

DOI: 10.1021/acscombsci.5b00049
ACS Comb. Sci. 2015, 17, 548−569

557

http://dx.doi.org/10.1021/acscombsci.5b00049


T
ab
le
1.
O
ve
rv
ie
w
of

H
ig
h-
T
hr
ou

gh
pu

t
(H

T
)
P
ho

to
ca
ta
ly
ti
c
A
na
ly
ti
ca
lT

oo
ls
fo
r
A
ss
es
si
ng

th
e
P
ho

to
ca
ta
ly
ti
c
A
ct
iv
it
y
of

T
iO

2-
B
as
ed

P
ho

to
ca
ta
ly
st
s
in

V
ar
io
us

P
ho

to
ca
ta
ly
ti
c

R
ea
ct
io
ns

H
T
-p
ho
to
ca
ta
ly
tic

sc
re
en
in
g
m
et
ho
d

ph
ot
oc
at
al
yt
ic
ac
tiv
ity

m
ea
su
re
m
en
t
to
ol

ta
rg
et

co
m
po
un
d

nu
m
be
r
of

sa
m
pl
es
/

ba
tc
h

hi
gh
lig
ht
s
of

th
e
fi
nd
in
gs

re
f

po
w
de
rs

pa
ra
lle
l
ph
ot
od
eg
ra
da
tio

n
of

or
ga
ni
c
co
m
po
un
d

H
PL

C
4-
ch
lo
ro
ph
en
ol

45
do
pi
ng

w
ith

T
b,

M
n,

an
d
Pr

sh
ow

ed
ph
ot
oc
at
al
yt
ic
im
pr
ov
em

en
ts

11
0

pa
ra
lle
l
ph
ot
od
eg
ra
da
tio

n
of

or
ga
ni
c
co
m
po
un
d

U
V
−
vi
s
sp
ec
tr
os
co
py

ph
en
ol

20
1.
5
w
t
%

C
o
lo
ad
ed

in
T
iO

2
re
su
lte
d
in

th
e
hi
gh
es
t
de
gr
ad
at
io
n

10
9

di
sc
ol
or
at
io
n

U
V
−
vi
s
sp
ec
tr
os
co
py

m
et
hy
le
ne

bl
ue

10
th
e
co
up
lin
g
of

ra
re

ea
rt
h
ox
id
es

an
d
P2

5
gi
ve
s
hi
gh
er

ph
ot
oc
at
al
yt
ic
ac
tiv
ity

co
m
pa
re
d
to

pr
is
tin

e
T
iO

2
w
he
n
ca
lc
in
ed

at
80
0
°C

be
ca
us
e
of

th
e
re
ta
rd
at
io
n
of

an
at
as
e
to

ru
til
e
tr
an
sf
or
m
at
io
n

14
7

fl
uo
re
sc
en
ce
-b
as
ed

m
ea
su
re
m
en
t

fl
uo
re
sc
en
ce

ca
m
er
a

1,
6-
he
xa
m
et
hy
le
ne
di
am

in
e

14
4

T
iO

2
do
pe
d
w
ith

bo
th

N
b 2
O

5
an
d
W
O

3
ga
ve

a
st
ro
ng
er

ca
ta
ly
tic

pe
rf
or
m
an
ce

10
6

C
O

2
de
te
ct
io
n

C
O

2
(i
nf
ra
re
d)

de
te
ct
or

1,
2
et
ha
ne
di
ol
,1

-d
od
ec
an
ol
,9

-
oc
ta
de
ce
no
ic
ac
id
,a
nd

n-
he
pt
ad
ec
an
e

1
th
e
de
gr
ad
at
io
n
be
ha
vi
or

of
di
ff
er
en
t
or
ga
ni
c
co
m
po
un
ds

us
in
g
P2

5
is
de
pe
nd
en
t
on

th
e
ca
rb
on

co
m
po
si
tio

n
an
d
th
e
lig
ht

so
ur
ce

us
ed

14
8

hy
dr
og
en

de
te
ct
io
n

ga
s
ch
ro
m
at
og
ra
ph
y

n.
a.
(c
at
al
ys
t
po
w
de
r
w
as

su
sp
en
de
d

on
m
et
ha
no
l/
de
io
ni
ze
d
w
at
er
)

10
0

te
rn
ar
y
m
et
al
ox
id
e
co
m
po
si
tio

n
A
l 40
B
i 40
Pb

20
O

x
w
as

id
en
tifi

ed
as

th
e
ne
w
le
ad

ph
ot
oc
at
al
ys
t

di
sc
ol
or
at
io
n

U
V
−
vi
s
sp
ec
tr
os
co
py

m
et
hy
le
ne

bl
ue

9
5.
0
m
ol

%
of

A
g-
T
iO

2
pr
od
uc
ed

th
e
hi
gh
es
t
re
ac
tio

n
ra
te

11
5

th
in

fi
lm
s

pH
m
ea
su
re
m
en
t

pH
se
ns
or

n.
a.

9
co
ba
lt
co
nc
en
tr
at
io
ns

be
tw
ee
n
8.
8
an
d
9
at
om

%
at
ta
in
ed

th
e
hi
gh
es
t
ph
ot
oc
at
al
yt
ic
ac
tiv
iti
es

12
3

di
sc
ol
or
at
io
n

U
V
−
vi
s
sp
ec
tr
os
co
py

an
d
ph
ot
o
sc
an
ne
r

(f
ol
lo
w
ed

by
an
al
ys
is
us
in
g
R
G
B
Ex
tr
ac
to
r)

in
te
lli
ge
nt

in
k

n.
a.

tr
en
ds

in
bo
th

re
d
an
d
gr
ee
n
co
m
po
ne
nt
s
in

R
G
B
co
lo
r
w
as

sh
ow

n
to

be
re
la
te
d
to

th
e
ki
ne
tic
s
of

ph
ot
oc
at
al
yt
ic
re
ac
tio

n
13
8

el
ec
tr
oc
he
m
is
tr
y
ce
ll

po
te
nt
io
st
at

n.
a.

32
ca
ta
ly
tic

ac
tiv
ity

of
A
u−

T
iO

2
fo
r
C
O

ox
id
at
io
n
is
aff
ec
te
d
by

th
e
pa
rt
ic
le
si
ze

of
A
u

14
1

ph
ot
oe
le
ct
ro
de

ph
ot
oc
ur
re
nt

m
ea
su
re
m
en
t

n.
a.

16
th
e
hi
gh
es
t
ph
ot
oc
ur
re
nt

w
as

ob
ta
in
ed

at
a
T
iO

2/
W
O

3
m
ol
e
ra
tio

of
2:
8

14
9

ACS Combinatorial Science Review

DOI: 10.1021/acscombsci.5b00049
ACS Comb. Sci. 2015, 17, 548−569

558

http://dx.doi.org/10.1021/acscombsci.5b00049


The scope of photocatalysis screening is mainly classified into
two purposes: measurement of photocatalytic activity and
evaluation of the photocatalyst material properties. Section 5.1
details the various photocatalytic test setups employed for
photoactivity measurements, which are categorized according
to the type of photocatalyst materials, that is, powder or thin
films. The discussion includes the photoreactor design as well
as the method applied to quantify the photodegradation of the
target pollutant. Section 5.2 highlights the application of high-
throughput analytical tools used for physical characterizations
of the photocatalysts. More details will be given for the former
since more studies have been reported in this area.
5.1. Photocatalytic Activity Measurement. Scientists

have used several different techniques to determine the
photocatalytic activity of their materials. Likewise, in high-
throughput photocatalysis research, several analytical tools have
been applied. Table 1 lists high-throughput photocatalytic
measurement techniques that have been employed for
characterizing the photocatalytic activity of TiO2-based photo-
catalysts as published in various reports. The techniques and
setups are detailed afterward.
5.1.1. Screening of Photocatalyst Powders. Maier’s group

was the first to report on the implementation of semiautomatic
combinatorial systems, including both synthesis and screening,
to evaluate a new library of photocatalyst powders.110 They
utilized high performance liquid chromatography (HPLC) as
the main characterization tool to assess the photocatalytic
activity. Three sets of mixed-oxide material libraries, based on
TiO2, SnO2, and WO3, each consisting of 45 samples were
prepared. For the photodegradation testing, 4-chlorophenol (4-
CP) was chosen as the model pollutant. All samples within each
library were diluted with 1 mL of 4-CP and subjected to visible
light irradiation for 2.5 h, under agitation using a shaker (see
Figure 14). The samples were subsequently centrifuged and the

concentration of 4-CP was analyzed using an HPLC sampling
robot. The results revealed that the addition of Tb, Mn, and Pr
dopants to the TiO2-based mixed-oxides library improved the
photocatalytic activity. As for the SnO2 library, a larger variety
of dopant materials was found to increase the photodegradation
conversion compared with that of the TiO2 library. In contrast,
only a few materials in the WO3 library, improved the
photocatalytic activity. Although being a facile method to
apply, the procedure generated materials displaying phase
irregularity: for instance, some materials were in powder form
and others remained in a gel state. This influenced the
photocatalytic measurements that were carried out directly after
the final stage of the synthesis, that is, calcination. Although the

results indicated that the varied particle sizes obtained from the
synthesis influenced the photocatalytic activity of the samples,
no further characterization of the materials was provided to
clarify the effect of such variations on the material properties. A
similar photocatalytic reactor setup was also adapted and
reported by several authors using different target pollutants;
Sohn et al. reported the photocatalytic activity of TiO2
photocatalysts doped with Pt, Cu, Fe, Co, and Ni using
combinatorial techniques.109 However, they employed UV−vis
spectrometry to monitor the degree of photodegradation based
on the change in the concentration of phenol following
irradiation. The highest activity was achieved by Co−TiO2 with
a metal loading of 1.5 wt %.
Similar testing based on dye discoloration was performed by

other groups.115,120,147,150 Gao et al. used methylene blue (MB)
as a probe pollutant to investigate novel photocatalysts based
on ABO3 binary oxides (A = Y, La, Nd, Sm, Eu, Gd, Dy, Yb; B
= Al, In) that are active under visible light.120 After exposure,
cubic YInO3, and perovskite YalO3 were successfully identified
as novel photocatalysts that showed potential application
particularly for water splitting and toluene oxidation. Schmidt
and co-workers used several other organic dyes (rhodamine B,
malachite green, and acid blue) to assess the photocatalytic
suitability of TiO2 nanopowders doped with transition and rare
metals.150 Measurement of UV−vis absorbance is the most
common technique used in dye discoloration-based methods
for assessing their degradation. The application of UV−vis
spectroscopy preceded by centrifugation of the samples
generally offers the advantage of analyzing the change in the
pollutant concentration. However, laborious work and
prolonged processing time remain the downside of such
treatments. This may become another bottleneck in high-
throughput screening that should be taken into further
consideration. Some authors reported the application of such
a method for photocatalytic tests; however, only up to ten
parallel reactors can operate at the same time.115,147 In addition,
the use of dye photobleaching tests to determine the
photocatalytic activity, particularly under solar or visible light
irradiation, is often considered inappropriate because of the
dye-photosensitization. In this process, electron injection from
the electronically excited state of the dye, D*, into the
conduction band of the photocatalyst produces an oxidized dye
radical, D•+, which is unstable and able to decompose into
bleached products.151−153 Furthermore, Mills et al. also
reported that the photobleaching of dye (e.g., methylene
blue) is not equivalent to the rate of mineralization, as the latter
occurs over a longer time scale.154

Detection of the photocatalytic reaction products, such as
CO2, can also be applied to characterize the degree of
photocatalytic activity in a rapid fashion. Such an approach
has been reported by Ritter et al.148 By fabricating a custom-
built apparatus, they were able to quantify the degradation
behavior of four different nonvolatile organic compounds (1,2
ethanediol, 1-dodecanol, 9-octadecenoic acid, and n-heptade-
cane) under various illumination conditions using Aeroxide P25
nanoparticles as the photocatalyst. The yield of CO2 evolution
is defined as the ratio of the mass of the CO2 produced
(measured using a CO2 detector) to the equivalent amount of
CO2 generated in a complete mineralization. This technique
has also been successfully applied to investigate the photo-
catalytic degradation of formaldehyde on the irradiated surfaces
of fibers and fabrics containing TiO2 photocatalyst.155 This
novel method offers a relatively quick and straightforward

Figure 14. Schematic of a typical setup of a photocatalytic reactor for
the irradiation of powder-based libraries using organic compounds or
dyes as the model pollutant.
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screening method (45 min purging, 15 min irradiation, and 60
min purging). However, the ability for simultaneous character-
ization of multiple samples remains the significant challenge for
high-throughput characterization to date. A similar high-
throughput characterization technique using photocatalyst
powders based on the detection of reaction product was
demonstrated by Maier’s group.111 A mixed metal oxide library
prepared from 29 different liquid precursors was generated and
analyzed by gas chromatography techniques to discover new
catalyst materials for hydrogen production from aqueous
methanol solution. In their high-throughput setup, 100 gas
chromatography vials (which were also used as reaction vessels,
containing the photocatalyst) were irradiated with a 500 W
(covering UVA and visible range) light bulb. These vials were
placed 20 cm away above the light source and fans were used to
maintain the temperature. The setup is depicted in Figure 15.

After irradiation, the hydrogen content within each vial was
measured. The screening results indicated that Al40Bi40Pb20Ox
was the most active composition, with a relatively broad light
absorption in the visible light spectrum, compared to the
prepared carbon doped TiO2 that was included as a reference
catalyst.
The effectiveness of running different parallel photocatalytic

reactor setups for TiO2 nanopowders was recently examined by
Thompson et al.115 Three parallel screening methods, with
each reactor containing the same metal-doped TiO2 nano-
particles, were studied. The dopants being analyzed are Zn2+,
Sr2+, La3+, Ag+, and Pr3+. The three screening methods
involved: methylene-blue (MB) degradation as characterized
by UV−vis-spectroscopy; propan-2-ol oxidation as measured by
gas−liquid chromatography; and degradation of dichloroacetic
acid (DCA) in aqueous solution as measured by the
concentration of chloride ions. In addition to discovering the
best combination of photocatalysts, the feasibility of these
reactor setups as high-throughput photocatalytic screening
methods was assessed. Comparative studies of the different
reactors revealed that the effect of doping, including dopant
type and concentration, was determined by the reaction being
monitored. For example, the best result from the MB
degradation method was attained by 5.0 mol % of Ag-doped

TiO2, whereas 0.5 mol % of La doping was shown to be
superior for propan-2-ol oxidation and DCA degradation. On
the other hand, all three methods consistently showed the
detrimental effect of Pr doping on the photocatalytic activity of
TiO2. In terms of high-throughput feasibility, it was concluded
that only MB and DCA photodegradation methods were
suitable for parallel screening, as the propan-2-ol method
required gas−liquid chromatography conducted separately for
every data point collected for each sample. However, some
challenges in the MB and DCA photodegradation methods
remain. For the measurement of MB discoloration, every
sample needs to be centrifuged to remove the particulates prior
to the UV−vis measurement. As previously mentioned, such
treatment would increase the processing time and would be
impractical for a large number of samples. While the DCA
method offers more feasibility for large sample numbers, as the
reaction progress can be monitored continuously via a data
logger, the results are likely to be sensitive to the surface area of
the photocatalyst.
The application of fluorescence imaging to analyze the

photodegradation of aromatic polymer libraries, combined with
rutile TiO2 and carbon black as pigments, in 11 levels of
weatherability tests was reported by Potyrailo et al. in 2002.156

The same concept was also employed by Zhou and co-workers
who used a fluorescent compound as the probe indicator for
assessing photocatalytic activities under visible light.106−108 1,6-
Hexamethylenediamine (NH2(CH2)6NH2) was used as it is
able to produce fluorescent products when it reacts with
fluorescamine upon UV light illumination. Thus, the change in
fluorescence produced, as a result of 1,6-hexamethylenediamine
decomposition, was used as an indicator for measuring
photocatalytic activity. The characterization techniques in-
volved two different reactors. Reactor 1, the photocatalytic
reaction chamber, was an enclosed box containing a
polytetrafluoroethylene (PTFE) reaction plate and six mercury
lamps producing visible light (Figure 16a). Reactor 2 was used

as the detection chamber, which features a detection plate, UV
lamps, and CCD camera (Figure 16b). The measurement
method is briefly explained. First, the catalyst materials and
aqueous solution of 1,6-hexamethylenediamine were placed in
the wells of the PTFE reaction plate in Reactor 1 and these
mixtures were kept in the dark for 20−30 min to equilibrate.
Then, 30 μL of each solution was transferred to the detection
plate in reactor 2, and 30 μL of fluorescamine/DMF solution
was subsequently added and then set aside for 10 min at room
temperature. A picture of the detection plate was subsequently

Figure 15. High-throughput setup that enables simultaneous
irradiation of multiple samples. Reprinted with permission from ref
111. Copyright 2007 Elsevier.

Figure 16. Fluorescence-based imaging setup for photodegradation
measurements that consists of (a) photocatalytic reactor (reactor 1)
and (b) fluorescence detection setup (reactor 2). Reprinted with
permission from ref 106. Copyright 2006 Elsevier.
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taken and used as the initial data (referred to as data B).
Meanwhile, the rest of the catalyst and 1,6-hexamethylenedi-
amine mixtures in reactor 1 were illuminated with visible light
to initiate the photocatalytic process. Pictures (in reactor 2)
were taken at given irradiation times (referred to as data C) to
monitor the photocatalytic process. The change in 1,6-
hexamethylenediamine concentration in this method was
calculated as (data B − data C)/(data B − data A), where
data A is the data obtained from the image of the blank
detection plate. Several libraries containing a large number of
materials from a combination of TiO2, ZrO2, NB2O5, WO3,
V2O5, and MoO3 were prepared and investigated.106−108 The
authors concluded that TiO2-doped with both Nb2O5 and WO3
gave the best catalytic performance. In these studies, Zhou et al.
demonstrated the potential of the fluorescence imaging method
for discovering new catalytic materials.
In general, UV−vis spectroscopy and chromatography

(either liquid or gas) are the most common analytical tools
employed for high-throughput screening of photocatalyst
powders. Although these tools do not allow concurrent
measurements to be made, the sequential measurements of
several samples can be achieved in a relatively short time.
Therefore, this set up is naturally feasible for high-throughput
experimentation, although it may be relatively slow when
libraries with a significant number of samples are involved. An
alternative reading method such as a plate reader, which is
widely used in pharmaceutical and biotechnological industrial
research studies, could be a promising solution for this issue.
This apparatus is able to simultaneously measure the
absorption (or other features such as fluorescence and
luminescence) of multiple samples in small scale, which are
placed in arrays of wells within a microtiter plate. This
technique has been applied by Mallouk et al. to demonstrate
rapid screening of photolysis reactions using IrO2·xH2O
colloidal catalysts.157

5.1.2. Screening of Photocatalyst Thin Films. A unique
photocatalytic screening technique based on pH variation was
published in 2002 by Nakayama and co-workers.123 The aim
was to characterize the photocatalytic activity of 3 × 3 TiO2
libraries doped with cobalt at various concentrations. The
library was fabricated using combinatorial laser molecular beam
epitaxy (MBE) as discussed in section 4.2. TiO2-doped with
cobalt concentrations between 8.8 and 9 atom % displayed high
photocatalytic activities under visible light. Rather than
monitoring the degradation of reactant pollutants, the main
concept was to observe the amount of proton species produced
during the photocatalytic reactions. By placing a ferric sulfate
liquid film on the surface of the doped-TiO2 library, the
reductive path of H+ can be inhibited, as reduction of Fe3+ to
Fe2+ will take place instead. Hence, the quantity of the
originally produced H+ is proportional to the photocatalytic
activity. The characterization was conducted as follows: first,
ferric sulfate solution was placed on each sample and then
irradiation was performed. The library plate was subsequently
dried, inverted, and placed upside down on top of electrolyte
gel (to isolate the protons) above a pH image sensor. The
proton quantity was calculated from the pH, as measured by
photocurrent, on the device as shown schematically in Figure
17. Additionally, the photocatalytic activities could be visually
assessed according to the image colors. However, this method
has certain limitations. First, the pH imaging only supports two-
dimensional measurements, which limit the possibility of
establishing larger materials libraries with combinations of

more than one dopant material (examples of three-dimensional
characterization is given in these studies106−108,110). Also, this
technique is not feasible for hydrogen production, as such
process requires reduction energy that is higher than the
potential energy of the ferric ion reduction.
Parkin and co-workers also assessed the photocatalytic

activity of self-cleaning glass based on color change, that is,
by monitoring the conversion of resazurin (blue) to resorufin
(pink) under UV irradiation using an intelligent ink deposited
from a felt-tipped pen.138 This ink was an aqueous solution of
hydroxyl ethyl cellulose (HEC) polymer, glycerol, and resazurin
redox dye. When the semiconductor is coated with the
intelligent ink and illuminated, the sacrificial electron donor
acts as a hole trap and subsequently reduces the resazurin-blue
dye to its pink colored form, that is, resorufin. Such color
transformation occurs rapidly (see Figure 18). The color
change was subsequently monitored by a digital photographic
method under illumination and the resulting image was

Figure 17. Mechanism of proton diffusion from the sample into the
pH sensor, following the addition of ferric ions in order to replace the
reduction path of H+, thereby allowing the subsequent measurement
of the generated protons, isolated with the aid of the electrolyte gel
layer. Reprinted with permission from ref 123. Copyright 2002
Elsevier.

Figure 18. Color changes observed on a nitrogen-doped TiO2 film
with gradating nitrogen composition upon the application of
intelligent ink grids on the film surface over several periods of time.
The color transformation indicates the photocatalytic degradation
within the underlying film. Reprinted with permission from ref 139.
Copyright 2011 American Chemical Society.
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extracted into red-green-blue data using custom-made software
(RGB Extractor) to enable the mapping of photocatalytic
activity throughout the film. The advantage of this method lies
in the visual observation that can be easily performed using an
imaging method and thus eliminates the necessity of a robotic-
based apparatus. This has been applied to different substrates,
that is, titania thin film composites doped with nitrogen,124,138

tungsten,139 and tin oxide.140 The resazurin dye was typically
sprayed on top of the thin-film followed by irradiation and
monitoring of the digital images.139,140 In some cases, a felt tip
pen filled with intelligent ink was also used to draw grids on
TiO2 thin film to monitor each region individually.138,158

As mentioned in section 4, McFarland and co-workers have
developed an automated photoelectrochemical screening
system for evaluating the photocurrent properties of materials
within a library using electrochemical probes.141,143−145 The
setup employed for assessing the photoactivity of Au/TiO2

materials and other metal-oxide semiconductor catalysts is
illustrated in Figure 19. A computer controlled probe
containing Pt counter and Ag/AgCl reference electrodes was
employed to measure the photoelectrochemical properties in
each cell in which sodium acetate was used as the electrolyte.
The illumination was performed using a 1 kW Xe lamp through
an optical cable. The degree of photoactivity was measured as
the difference between the current (measured under illumina-
tion) and the dark current (in the absence of light). The
photodegradation rate was closely related to the particle size of
the highly dispersed Au, with small Au nanoparticles (diameter
<10 nm) showing relatively higher photoactivities.
Similar to photoelectrochemical-based approaches, Wood-

house et al.127 and Arai et al.126 evaluated the photoactivity of
iron-based materials for photoelectrolysis via photocurrent
measurements. The electrodes containing thin films were
immersed in the electrolyte. Every sample was subsequently
scanned with focused light while a constant potential was
applied and the photocurrent was measured simultaneously.
Likewise, a similar approach was recently reported by Xie et al.

to assess the photoactivity of TiO2 composites, that is, TiO2/
WO3/MnO2

149 and TiO2/ZnO/Fe2O3.
159 Rather than using a

model pollutant to demonstrate the photodegradation, the
recombination rate within the semiconductor was analyzed and
used as a measure of the photoactivity. This was performed by
detecting the population of photoexcited electron−hole pairs
that survived recombination through the photocurrent
measurement. The measured photocurrent is determined by
the number of electrons that reach the electrode. A library of
materials containing 66 composite samples made from three
different oxides was prepared with specific mole ratio patterns,
the so-called “ingredient triangle” (see Figure 20). The
combination of oxide semiconductor powders were mixed
using an agate ball milling tank at certain ratios and then
combined with an organic solvent as a thickening and
rheological agent to obtain paste. The paste was then printed
onto a gold interdigital electrode preprinted on an alumina
substrate using a screen printing method. Figure 21 shows a

Figure 19. High-throughput screening setup using an automated photoelectrochemical system. A cell containing the electrodes and light source
(magnified image) is moved across the library to measure the photocurrent of each sample. Reprinted with permission from ref 141. Copyright 2005
IOP Publishing.

Figure 20. (a) “Ingredient triangle” materials library which consists of
66 materials composed of different mole ratios. For example, point 49
represents a mole ratio of 2:3:5 for TiO2/WO3/MnO2 (as shown by
the red dot and arrows). (b) The materials library was prepared as thin
films, where each sample was separately deposited on a Au-preprinted
alumina substrate as the conducting electrode (right). Reprinted and
adapted with permission from ref 149. Copyright 2010 American
Chemical Society.
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schematic illustration for the screening setup. The quick,
simultaneous and separate photocurrent measurement of over
16 samples can be achieved with this setup. The testing
procedures are as follows: first, the conductivity of the
semiconductor is obtained by measuring the dark current
under an applied bias voltage for a few seconds. Then, the
sample is illuminated at a certain wavelength to generate
photoexcited electron−hole pairs while the applied bias voltage
helps to improve the charge separation. Four different light
sources in the form of light emitting diodes were employed to
analyze the photoresponse. Finally, the light source is turned off
rendering a quick charge recombination, which causes the
photocurrent to decrease rapidly. The maximum photocurrent
measured at the cutoff point (i.e., when the light is turned off
immediately before the photocurrent starts to decrease) is
chosen as the main parameter to compare the photoelectric
response among the samples within the library. As expected,
each sample behaves differently upon irradiation with different
light sources and the optimum composition of the materials can
be obtained for each light condition. This technique provides
an interesting insight into photocatalysis research, particularly
in regards to the charge transport. However, direct photo-
degradation evidence of a pollutant would be beneficial to
support the findings from this method since this technique
lacks an actual photocatalytic reaction.
5.2. Materials Characterization. This section reviews the

current literature on the use of high-throughput screening
techniques for characterizing the properties of materials, and is
not limited to TiO2. As part of their technological development,
some material characterization techniques have been naturally
upgraded to allow multiple functional materials to be elucidated
simultaneously. Characterization of the material is very
powerful as either a primary or secondary screening step,
since it provides further insight into the material properties,
which are strongly linked with the photocatalytic activity.
For the case of lab-based X-ray diffraction (XRD) and X-ray

fluorescence (XRF) techniques, two main problems arise in
analyzing combinatorial libraries, that is, the limited brightness
of the X-ray source, which can affect the sensitivity and
accuracy, and second, the relatively long processing time, hence
lowering the overall throughput.160 To overcome these
obstacles, various modifications can be applied, such as using
parallel beams, a convergent beam, divergent beam, or
synchrotron microbeam.38 In 1998, Isaacs et al. proposed the
application of a synchrotron X-ray microbeam to characterize
the chemical composition (using XRF), crystallographic
structure (using XRD), and valence states (using near edge

X-ray absorption fine structure spectroscopy, NEXAFS) of rare
earth thin film compounds.161 They also introduced the use of
elliptically bent mirrors that produced an improved spot size
with increased flux, which allows a larger area for phase
identification. Later, Ohtani et al. designed an X-ray
diffractometer that can spatially measure the XRD spectra of
epitaxial thin films integrated on a substrate.162 Meanwhile, Luo
et al. demonstrated an integrated measurement setup featuring
the application of energy dispersive XRD (EDXRD), XRF, and
X-ray photoluminescence by employing a polycapillary based
X-ray.160 Subsequent improvements in this analytical area have
continued to be reported, enabling further characterization of
both thin films and powders.163−165 In the area of TiO2
photocatalyst research, Woo et al. demonstrated the use of
combinatorial microbeam XRD featuring a parallel micro-
diffractometer with XYZ stage and Gobel mirrors to analyze the
crystal structure of 20 doped-TiO2 samples placed on top of a
Si wafer.109 They reported that all 20 samples were analyzed
within 3 h.
Another common technique used for characterizing catalyst

materials is infrared (IR) thermography. Moates et al. reported
the use of in situ IR thermography screening to select potential
metal catalysts impregnated on γ-alumina pellets, based on the
heat released from the hydrogen oxidation catalytic activities
during the process.166 Though their noninvasive IR thermo-
graphic method was able to identify active catalysts based on
the emissivity level, the heat and mass transport effect showed a
significant influence on the pellet temperature, which further
limits the data interpretation. One factor causing this was the
increase in the temperature of the reactants and products,
which was reflected on the library surface and obstructed the IR
emission image. Also, as the temperature difference between
the catalyst and library surfaces decreased with the catalyst
mass, it was difficult to measure the heat dissipation rate of the
small pellets. The sensitivity at lower temperatures had also
been an issue. The emissivity and reflectance differences in the
catalysts and library surfaces may lead to misinterpretations, as
the photon intensity captured by the camera may vary although
the surface temperature is the same. To overcome these
limitations, Maier and his group came up with some
improvements. A preliminary image correction was carried
out before the catalytic reaction was started and a low
reflectance slate plate was used as the library substrate. The
correction accounted for the heat emitted within the chamber
before the feed gas was released and the heat produced from
the reaction is liberated.167 Thus, quantification of the
temperature difference specific to the catalytic activity of the
heterogeneous catalysts was possible. A larger reactor featuring
200 wells and a pipetting robot was also built in the following
studies to further improve the system.168 IR thermography has
remained a popular method to discover novel catalyst materials.
Loskyll et al. recently provided a review on high-throughput IR
thermography and its development.169 Significant improve-
ments have also been reported to allow parallel screening in
Fourier Transform Infrared (FTIR) spectroscopy. In their
design, Snively et al. demonstrated the application of rapid-scan
FTIR spectral imaging to perform parallel studies of the
adsorbate and gas-phase reaction products of catalyst
libraries.170,171

Mass spectrometry is one of the most popular tools to have
been optimized for high-throughput experimentation, especially
in catalyst research. Various modifications such as using
microprobes and online mass spectrometry,172 multi stream

Figure 21. Schematic diagram of the high-throughput apparatus used
for measuring photoelectric current of multiple semiconductor
samples. Reprinted with permission from ref 149. Copyright 2010
American Chemical Society.
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mass-spectrometry screening (MSMSS) for parallel testing of
secondary heterogeneous catalyst libraries,173 and time-of-flight
(TOF) mass spectrometry coupled with gas chromatography
(GC),174 have been reported. Mass spectrometry combined
with chromatography is usually more common, including in the
area of combinatorial chemistry, as it is a powerful tool for
identifying substances on the molecular level based on
molecular structure.
Nuclear magnetic resonance (NMR) has also been reported

to support combinatorial research.175 As another alternative for
rapid screening, Senkan introduced a screening technique based
on the photoionization of product molecules, in the form of
benzene, within solid-state catalyst sites upon the application of
tunable ultraviolet laser beam, so-called resonance-enhanced
multiphonon ionization (REMPI).30 In this technique, photons
are detected by an array of microelectrodes located in close
proximity above the sample libraries. When an UV laser beam is
passed above the sample, these microelectrodes collect the
signal. The photon frequency of the applied beam corresponds
to the selectivity of the reaction products. This technique offers
a rapid selectivity; however, the challenge is to determine the
laser frequency used to stimulate the photoionization process of
the product molecule (especially other than benzene) if it is to
be applied for a different range of materials. Thus, the spectral
properties of the material of interest need careful consideration.

6. CONCLUSION
Research studies examining the development of an efficient
photocatalyst can be overwhelming since photocatalytic activity
is influenced by a large array of diverse factors. Therefore,
combinatorial techniques offer an effective route for either
discovering novel or optimizing any existing photocatalyst
materials. Various high-throughput techniques have been
developed to improve the pace of research in the photocatalysis
area, including studies of titania-based photocatalyts. While
TiO2 has been widely established as a benchmark photocatalyst,
optimization of this material through modification has
demonstrated promising results and has the potential to create
many new possibilities. By employing combinatorial ap-
proaches, rapid improvement of TiO2 photocatalysts has been
made possible in a more efficient way. The reported studies
discussed herein demonstrate how much progress has been
made in the high-throughput study for the optimization of
TiO2 photocatalysts within the past few years.
In planning high-throughput research, considerations for

selecting appropriate rapid synthesis and characterization
methods are inseparable. This should be taken into account
when determining the phase of the TiO2 photocatalyst library,
that is, in the form of dispersed powder or thin films, before
performing the actual high-throughput experiments. Combina-
torial synthesis of TiO2 has been demonstrated using sol−gel
and CHFS techniques. Sol−gel synthesis has been a popular
method of choice for many groups for preparing TiO2-based
nanopowders. While some groups have applied robotic tools to
upgrade the system, conventional sol−gel syntheses have been
reported for preparing a large group of materials library. Parallel
solution combustion synthesis and gas flame phase synthesis
are also shown to be feasible alternatives for combinatorial
TiO2 synthesis. On the other hand, research in high-throughput
TiO2 thin films synthesis is more technologically developed as
it involves more complex setup and more diverse techniques
compared with the high-throughput synthesis of TiO2 powders.
The reported techniques include MBE, CVD, and electro-

chemical deposition. One of the reasons behind the advanced
progress of thin films synthesis compared to powder synthesis
is presumably affected by the rapid development of
combinatorial synthesis for catalysis. Although powder photo-
catalysts are usually more advantageous for photocatalytic
reactions owing to their higher surface area, more complicated
treatments are generally associated with powders in contrast to
thin films. For instance, the use of powders usually requires
additional treatments such as separation from the suspension.
However, variation in properties in the sol−gel synthesized
powder libraries is normally easier to achieve using relatively
simple modifications. Contrarily, combinatorial deposition of
TiO2 thin films mostly involves complex equipment for physical
depositions that would require higher financial investment.
The number of publications in high-throughput TiO2 (and

other materials) photocatalytic screening to date has somewhat
outnumbered the quantity of published reports on high-
throughput synthesis. This implies that the demand for high-
throughput screening at the application stage is still considered
a more important issue. Some of the works reported the use of
sophisticated and automated systems and others have also
reported the application of basic self-developed equipment.
Different methods have been reported and can be grouped into
several approaches: i.e., pollutant degradation, change of color,
fluorescence intensity, pH imaging, detection of reaction
products, and photocurrent measurements. Some of the
aforementioned techniques demonstrated a direct photo-
catalytic reaction (such as using target pollutant or dye
discoloration techniques), while others provided alternative
techniques that served as an indirect photocatalytic indicator
(such as fluorescence, pH, and photocurrent measurements).
Although the latter seems to be a quick screening method to
assess the photocatalytic activity of the catalyst, an actual
photocatalytic reaction upon interaction with the target
pollutant would be beneficial to provide evidence of the
reliability of the proposed technique. Another factor that needs
to be taken into consideration in designing a high-throughput
photocatalytic screening system is the practicality of the
photoreactor design. One of the future challenges will be to
design a testing system in such a way that the outcome rate of
the reaction can be well-matched to that of the analysis. Often,
the photocatalytic reactions were conducted simultaneously in a
large batch, while the analysis was conducted as a sequential
process. Thus, the overall screening process was slowed down
and, consequently, precludes further adaptation into larger scale
applications, for example at the industrial level. The application
of an imaging-based screening method provides a good example
to overcome this problem, although to date, it has been
reported primarily for thin-film based photocatalysts.
In high-throughput photocatalyst research, knowledge and

ability to perform rapid materials characterization is also
beneficial. Thorough understanding of the materials properties
and the ability to assess them in parallel, therefore, would be
essential to reach the decision to create bulk quantities within a
reasonable time. However, the application of high-throughput
instruments for materials characterization in the photocatalysis
area has drawn less attention (compared with the study of
parallel photocatalytic screening) as this is commonly
performed in a low-throughput manner.
To date, studies on the combinatorial synthesis and high-

throughput screening of TiO2 mostly focus on the optimization
of TiO2 through doping with other materials, mainly noble,
transition, and rare earth metals. While the combinatorial
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doping of TiO2 with nonmetal anions and its high-throughput
screening have been less frequently reported, this doping
strategy holds much promise for the future as it can reduce the
materials cost. Based on the reported high-throughput studies
to date, it is difficult to make a direct comparison between the
enhancement in the photocatalytic activity obtained from
cation and anion doping, because the reports mostly focused on
a certain group of dopants. Thus, it would be interesting to see
such comparative work in the future. Also, in contrast, not
many have been reported in the scope of morphological
manipulation of TiO2. As such, combining material properties
and morphological modifications using a combinatorial
approach would be a challenge for future research. The main
task would therefore arise from adapting the conventional
synthesis into the combinatorial process. In this regards,
modification of the sol−gel synthesis would be a promising way
to start.
In addition to the optimization of the synthesis and screening

process, high-throughput experiments often require sophisti-
cated computational tools, including suitable software, to
control the experimental procedure as well as for advanced
data mining, storage, and analysis. This is particularly useful
when the data resulting from high-throughput experiments are
complex and abundant due to the inclusion of numerous
parameters or any substantial variations. Also, automation of
the whole process often becomes a necessity to improve the
overall control. A high degree of control is imperative during
synthesis and screening to avoid any unnecessary variations that
could introduce uncontrolled parameters across the library.
Therefore, research in the high-throughput area, including the
area of TiO2 photocatalysis, may expand into multidisciplinary
fields as it often requires a combination of knowledge from the
areas of materials science, chemistry, physics, engineering, and
informatics for data mining and processing. Advances in these
areas will lead to new opportunities in the development of
novel high-throughput systems for the study of TiO2 and other
photocatalysts in the future.
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