_adw

m‘\ Y
LN A
7
%

lﬁsﬁi
ROV

CAER — University of Kentucky, Center for Applied Energy Research ‘ vol. 17, No. 3, 2006

nergeia

Semiconductor Photocatalysis:
Still an Active Research Area Despite

Barriers to Commercialization
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INTRODUCTION

With the arrival of the 21st century there
has been an increasing demand for the
implementation of clean energy tech-
nologies rendering little or no environ-
mental footprint. However, until such
time that clean, non-carbon based en-
ergy becomes a reliable and affordable
commodity, environmental pollution
abatement for a multitude of everyday
industrial and domestic activities
remains a crucial responsibility.
Amongst the many abatement strategies
known, semiconductor mediated photo-
catalysis has been a subject of vigorous
academic research for the past 20 years.
This area of environmental catalysis
research has seen phenomenal growth
in the 1990s, with participation on a
global basis. It continues to receive
significant interest in the 21st century,
despite noticeable barriers towards
demonstrating commercial viability
beyond the scale of pilot projects. With
this communication, the basics and
applications of this field are briefly
reviewed, with special emphasis on
titanium dioxide as photocatalyst for
oxidative degradation reactions. The
major practical barriers associated with
scale-up, as they remain today, are

also revisited.

BACKGROUND

Due to the largely insoluble nature of
the catalysts during application, the area
of semiconductor photocatalysis (SP)
invariably constitutes a heterogeneous
catalytic system that adheres to the five
discrete processes associated with
conventional heterogeneous catalysis:

1. Transfer of liquid or gaseous phase
reactants to the catalytic surface

2. Adsorption of at least one
reactant

3. Reaction in the adsorbed phase

Desorption of product(s)

5. Removal of products from the
interface region

>

A photocatalytic reaction occurs in the
adsorbed phase (3), hence in proximity to

the catalytic surface. With SP, conventional
thermal activation of the catalyst is usually
replaced by photonic activation. However,
in recent years, combined thermal-photo-

catalytic activation has been demonstrated.

SP comprises a large variety of reactions
and processes, e.g. photocatalytic oxidation
(PCO), photocatalytic reduction, dehydro-
genation, hydrogen transfer, O,'-O,' and
deuterium-alkane isotopic exchange, metal
deposition, water detoxification, gas-phase
pollutants removal and a host of other
environmental applications.

PCO is most noteworthy within the family
of SP reactions and usually involves the
heterogeneous catalytic activation of a
semiconductor by irradiation from a light
source of appropriate wavelength, depend-
ing on the band gap energy of the semicon-
ductor. This activation generates hydroxyl
and other highly reactive oxygenated
radicals which facilitate oxidative degra-
dation of organic, inorganic and metallic
pollutants to render end-products such as
water, CO, and mineral acids.

Various metal oxides (i.e. TiO,, ZnO, MoO,,
CeO,, ZrO,, WO,, a-Fe,0,, and SnO,) and
metal chalcogenides (i.e. ZnS, CdS, CdSe,
WS, and MoS,) are used as catalysts in SP
reactions. In this regard, titanium dioxide
(TiO,) mediated photocatalysis has been of

particular interest.

Energeia Vol. 17, No. 3, 2006 © UK Center for Applied Energy Research

TiO, AS PHOTOCATALYST

The photocatalytic splitting of water on
TiO, electrodes was discovered in 1972
by Fujishima and Honda. This event
ushered in a new era for heterogeneous
photocatalysis with the utilization of
TiO, as a semiconductor, however it
was not until the mid-1980s that
research outputs started to flourish.

(continued, page 2)



Semiconductor Photocatalysis, (cont.)
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Figure 1: Hydroxyl radical formation via TiO, photocatalytic oxidation.

TiO, exhibits three distinct polymorphs
(anatase, rutile and brookite) of which
only anatase is functional as a photocat-
alyst. Anatase is a typical n-type semi-
conductor and requires about 3.20 eV to
be an electrical conductor. Photons with
wavelengths shorter than 380 nm are
sufficient in energy to excite electrons
from the valence band to the conduc-
tion band of this material. Throughout
the years, anatase has been the popular
choice as semiconductor photocatalyst
in research efforts, due to its non-toxic-
ity, high photo-activity, mechanical
stability, low cost and favorable overlap
with the ultra-violet portion of the solar
spectrum, making it an attractive option
for solar applications.

It is generally believed that PCO is
surface catalyzed in nature and not
induced in bulk aqueous solution. An
ongoing global debate still exists on
whether surface hydroxyl radicals or
positively charged holes are directly
responsible for PCO. These two hypoth-
eses cannot be differentiated by product
analysis alone, since both pathways
yield identical products. Currently,

the popular vote lies with the hydroxyl
radical pathway. Superoxide and
several other oxygenated radical
species (e.g. perhydroxyl, peroxyl and
oxyl radicals) may also contribute to

the complex series of surface catalyzed
oxidative degradation reactions.

A simplified mechanistic profile of TiO,
mediated PCO is presented in Figure 1.

Although rutile TiO, exhibits an energy

bandgap of 3.02 eV it remains photocat-

alytically inactive due to intrinsic crystal
defects attributed to a quick charge

recombination. This reaction exerts an
inhibitory effect on the photocatalytic
efficiency of semiconductors and is
usually associated with the dissipation
of heat energy and/or light. The lifetime
of the excited electron and the created
positive hole should be long enough to
enable their participation in reduction
and oxidation reactions. Moreover, both
charges must migrate to the surface of
the TiO, particle to be available to the
surrounding medium. The overall quan-
tum efficiency of the TiO, process is
typically below 5%. This solitary aspect
constitutes the overriding limitation
towards commercialization. The bulk of
the energy is lost through absorption,
surface scattering and the inevitable
recombination reaction.

Apart from initial substrate concentra-
tion, several other physical param-
eters complicate an optimization of

the photocatalytic efficiency. These
include, amongst others, (1) a choice

of catalyst loading in terms of reactor
configuration (2) irradiation source and
wavelengths of emission (3) tempera-
ture (4) radiant flux (5) quantum yield
and (6) catalyst modification strategy
to increase photo-response to visible
light. Moreover, by incorporating sur-
face-chemistry related criteria, such as
catalyst crystal structure, surface area,
porosity, and photo-physical measure-
ments of the density of surface hydroxyl
groups and rates of recombination of
positive holes and electrons, only
compounds the development process.

To date, a multitude of organic, inor-
ganic and organo-metallic compounds
have been oxidized and mineralized as
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target pollutants in PCO studies. This
has mainly been achieved at bench
scale using small PCO reactors operat-
ing as batch or flow reactor systems.
Although there are examples of reason-
ably successful pilot demonstrations,
the number of bench studies seriously
outweighs the pilot demonstrations.
This remains evident in recent years
when looking at conference contribu-
tions at TiO, photocatalysis meetings
around the world. For air purification,
the number of successful pilot trials for
treatment of several volatile organic
compounds, seems to indicate a better
success rate in this media.

On the biological and medical research
side, TiO, mediated PCO technologies
have been used successfully for the
treatment of bacteria, viruses, fungi,
yeast, cancer cells, tumor cells and
mouth microbes. Japanese inventors
report the use of self-cleaning materi-
als ranging from tiles to construction
materials and plastics coated with TiO,.
They also indicate and utilize enhanced
hydrophilic materials coated with TiO,.

Semiconductor mediated photo-elec-
trocatalysis, photo-reduction, organic
photo-synthesis, soil decontamination
and photocatalytic conversion of fossil
fuel (e.g. methane) to hydrogen and
methanol, have all been researched to
a limited extent, but may become more
tangible catalysis focus areas in the
future.

CHALLENGES TOWARDS
COMMERCIALIZATION

The task to develop and scale-up multi-
phase photocatalytic reactors (particu-
larly immobilized-bed configurations) is
significantly more complex than that of
conventional homogeneous photochem-
ical reactors. Factors to consider include
mixing regimes, mass transfer effects,
reaction kinetics, catalyst immobiliza-
tion and optimal illuminated specific
surface area. Elements such as model-
ing of momentum, mass and thermal
energy balances and the determination
of radiation field properties and emis-
sion models add to the complexity. In
addition, other challenges relating to the
practicality of reactor designs, optimal
use of light sources and the develop-
ment of efficient photocatalysts are
evident. The high degree of interaction
between transport processes, reaction
kinetics and light absorption leads to

a strong coupling of physico-chemical
phenomena, which complicates devel-
opment and modeling.

(continued, page 3)






