
Boosting the Efficiency of Suspended Photocatalysts for Overall
Water Splitting

It is a significant task to cover the residential energy demand
of a society (approximately 20% of the total) with solar

energy, but it is a much greater challenge to cover all of it,
including the demands of industry, commerce, and trans-
portation. The 20% goal may be achievable through photo-
voltaic-powered households and appliances, but the 100% goal
will require extensive facilities for storing, converting, and
distributing large quantities of electrons. The necessary
batteries and an expanded electrical grid do add to the cost
of photovoltaics and make solar energy technology even less
competitive with polluting fossil energy carriers.
Solar-energy-driven water electrolysis can be a viable solution

to this problem. Hydrogen is the smallest and easiest to
fabricate “battery” that exists, and it can be used as a gaseous
fuel or as an electron-rich precursor to liquid transportation
fuels. The technology for creating hydrogen by oxidation of
water (solar water splitting) already exists in the form of
multijunction photovoltaic systems coupled to water electro-
lyzers. These can achieve over 18% overall efficiency, but they
are so expensive that nobody will use them, especially not
anyone living on less than $10 a day, that is, the majority of
people in the world.
To make solar hydrogen affordable for everyone, and to have

it outcompete fossil fuels, the cost of water photoelectrolysis
needs to be reduced 100-fold. Photoelectrochemical cells that
combine photovoltaic and electrolytic functions in one unit are
a step in that direction.1 Such “Artificial Leafs” can reach
efficiencies of up to 12.4%,2 but these devices are still too fragile
and too expensive for widespread use. Another promising
technology consists of miniaturized photocatalysts that
generate hydrogen and oxygen upon exposure of a catalyst−
water mixture to sunlight. For these catalysts, the term
“photochemical diodes” was coined by Arthur Nozik many
years ago.3 Because of the total integration of components for
light absorption, charge separation, and water electrolysis, such
systems can be almost 1 order of magnitude cheaper than
photoelectrochemical cells at equal efficiency.4,5 Many exam-
ples of such photocatalysts are known today,6−10 but their solar
to fuel conversion efficiencies are 3 orders of magnitude too
low for practical application. Also, there are concerns about the
safe coevolution of hydrogen and oxygen in the same sample
space, but this problem can be minimized through reactor
compartmentalization and early gas separation.
A guide to optimization of water splitting catalysts can be

found in the equivalent circuit diagram for a photovoltaic cell
(Figure 1). In order to generate the free energy for water
electrolysis, a photocatalyst must be able to generate long-lived
charge carriers under sunlight illumination (large generation
current IL), it must be able to separate them into electrons and
holes (large diode current ID, large shunt resistance RSH), and it
must be able to quickly transfer them to water (small serial
resistance RS).

11 Suspended microscale powders have an
advantage here over conventional photoelectrodes because
charge transport pathways from the interior to the solid−water

interface are short, and the large surface area promotes redox
reactions with water (which reduces the series resistance RS).
At the same time, this large interface promotes reverse charge
transfer and recombination, which shunt the system (small RSH
in Figure 1), and dissipates the photochemical energy as heat.
Also, the rectifying (charge separating) function of the
photodiode is diminished in fine powders because the electric
field that forms inside the particle (band bending) is limited by
the particle size. Accordingly, the diode current ID is small.
These issues reduce the free energy that can be harvested

from illuminated semiconductor particle suspensions. In order
for solar hydrogen from inexpensive suspension catalysts to
become a reality, researchers must minimize these loss
mechanisms in microscale photodiodes.
A. They must develop inexpensive methods to prepare

recombination-resistant interfaces and surfaces. In photovoltaics,
expensive vacuum deposition methods are often necessary to
prepare defect-free interfaces that reduce interfacial recombi-
nation. For photocatalysts, analogous but inexpensive and
scalable methods for the deposition of “buffer” layers should be
developed also. The purpose of these buffer layers is to
eliminate midgap states at the surface that cause recombination.
Examples for such treatments include fluoride termination for
silicon,12 and the application of Al2O3

13 or SnO2,
14 overlayers

to Fe2O3 photoanodes or the use of low-defect molybdenum
chalcogenide layers in CIGS and CZTS solar cells. The buffer
layers should be made of conductive, diamagnetic wide gap
semiconductors that do not interfere with light absorption or
introduce new recombination sites.
B. They must develop new ways to separate electrons and holes at

interfaces. Because of the submicrometer size of many
photocatalysts, the built-in electric fields in the light absorbers
(space charge layers) are not effective for separating charge.
Therefore, new ways are needed to increase charge separation.
Recently, Krol’s group reported tungsten gradient-doping as a
way to generate a potential energy gradient inside of BiVO4.
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Figure 1. Equivalent circuit diagram for a photovoltaic cell. RSH: Shunt
resistance. RS: Serial resistance. ISH: Leakage current. IL: Generation
current. ID: Diode current.
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This gradient moves photoelectrons toward the electrode and
holes toward the solid−liquid interface. This is an elegant way
to control charge separation, but it likely will be only usable in
defect-tolerant semiconductors, such as BiVO4. For other
semiconductors, the use of electron- or hole-selective coatings
may be more suitable. Such coatings consist of transparent n- or
p-type metal oxides that selectively conduct electrons or holes
and effect carrier separation at the interface.16 For example, n-
SnO2 underlayers on BiVO4 photoanodes have been found to
boost the photocurrent by 300%17 and p-type NiO layers on
Fe2O3 improved the photovoltage by nearly 0.4 V.18 Many
conducting p- and n- metal oxides can now be deposited from
solution, and could potentially be applied to photocatalysts.19

C. They must develop proton-selective electrocatalysts to prevent
the H2/O2 back-reaction (chemical shunting). For many proton
reduction cocatalysts, electrochemical oxygen reduction
proceeds rapidly, leading to the formation of superoxide and
eventually water. This well-known back reaction limits the
function of water splitting catalysts in the presence of 1 atm of
oxygen/hydrogen. Possible solutions to this problem include
the use of a Rh/Cr2O3 cocatalyst on GaN:ZnO, which limits
oxygen reduction at the Rh reduction site though a Cr2O3
barrier layer.20 Another one is the use of proton reduction
cocatalysts with low activity for oxygen reduction, including
NiO, Au,21 and RuO2,

8 and a third one is the use of dopants,
like Fe3+, to suppress the oxygen reduction reaction on Pt.22

The development of these and other proton selective
electrocatalysts for uses in water splitting systems would be
desirable.
In combination with new methods for the measurement of

junction potentials,23,24 these guidelines should allow significant
improvement of suspended water splitting photocatalyst
technology and help define a path to inexpensive fuels from
solar energy.
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